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7KH� VFLHQWLILF� VWXG\� RI� QHWZRUNV�� VXFK� DV� FRPSXWHU� QHWZRUNV�� ELRORJLFDO� QHWZRUNV�� DQG� VRFLDO
QHWZRUNV�� LV� DQ� LQWHUGLVFLSOLQDU\� ILHOG� WKDW� FRPELQHV� LGHDV� IURP� PDWKHPDWLFV�� SK\VLFV�� ELRORJ\�
FRPSXWHU�VFLHQFH��WKH�VRFLDO�VFLHQFHV��DQG�PDQ\�RWKHU�DUHDV��7KH�ILHOG�KDV�EHQHILWHG�HQRUPRXVO\�IURP
WKH�ZLGH�UDQJH�RI�YLHZSRLQWV�EURXJKW�WR�LW�E\�SUDFWLWLRQHUV�IURP�VR�PDQ\�GLIIHUHQW�GLVFLSOLQHV��EXW�LW
KDV� DOVR� VXIIHUHG� EHFDXVH� KXPDQ� NQRZOHGJH� DERXW� QHWZRUNV� LV� GLVSHUVHG� DFURVV� WKH� VFLHQWLILF
FRPPXQLW\� DQG� UHVHDUFKHUV� LQ� RQH� DUHD� RIWHQ� GR� QRW� KDYH� UHDG\� DFFHVV� WR� GLVFRYHULHV� PDGH� LQ
DQRWKHU�� 7KH� JRDO� RI� WKLV� ERRN� LV� WR� EULQJ� RXU� NQRZOHGJH� RI� QHWZRUNV� WRJHWKHU� DQG� SUHVHQW� LW� LQ
FRQVLVWHQW� ODQJXDJH�DQG�QRWDWLRQ�� VR� WKDW� LW�EHFRPHV�D�FRKHUHQW�ZKROH�ZKRVH�HOHPHQWV�FRPSOHPHQW
RQH�DQRWKHU�DQG�LQ�FRPELQDWLRQ�WHDFK�XV�PRUH�WKDQ�DQ\�VLQJOH�HOHPHQW�FDQ�DORQH�
7KH�ERRN� LV�GLYLGHG� LQWR� ILYH�SDUWV��)ROORZLQJ�D� VKRUW� LQWURGXFWRU\�FKDSWHU��3DUW� ,�GHVFULEHV� WKH

EDVLF� W\SHV� RI� QHWZRUNV� VWXGLHG� E\� SUHVHQW�GD\� VFLHQFH� DQG� WKH� HPSLULFDO� WHFKQLTXHV� XVHG� WR
GHWHUPLQH� WKHLU�VWUXFWXUH��3DUW� ,,� LQWURGXFHV� WKH�IXQGDPHQWDO�PDWKHPDWLFDO� WRROV�XVHG� LQ� WKH�VWXG\�RI
QHWZRUNV� DV� ZHOO� DV� PHDVXUHV� DQG� VWDWLVWLFV� IRU� TXDQWLI\LQJ� QHWZRUN� VWUXFWXUH�� 3DUW� ,,,� GHVFULEHV
FRPSXWHU�DOJRULWKPV�IRU�WKH�HIILFLHQW�DQDO\VLV�RI�QHWZRUN�GDWD��ZKLOH�3DUW�,9�GHVFULEHV�PDWKHPDWLFDO
PRGHOV� RI� QHWZRUN� VWUXFWXUH� WKDW� FDQ� KHOS� XV� SUHGLFW� WKH� EHKDYLRU� RI� QHWZRUNHG� V\VWHPV� DQG
XQGHUVWDQG�WKHLU�IRUPDWLRQ�DQG�JURZWK��)LQDOO\��3DUW�9�GHVFULEHV�WKHRULHV�RI�SURFHVVHV�WDNLQJ�SODFH�RQ
QHWZRUNV��VXFK�DV�HSLGHPLFV�RQ�VRFLDO�QHWZRUNV�RU�VHDUFK�SURFHVVHV�RQ�FRPSXWHU�QHWZRUNV�
7KH� WHFKQLFDO� OHYHO� RI� WKH� SUHVHQWDWLRQ� YDULHV� DPRQJ� WKH� SDUWV�� 3DUW� ,� UHTXLULQJ� YLUWXDOO\� QR

PDWKHPDWLFDO� NQRZOHGJH� IRU� LWV� FRPSUHKHQVLRQ�� ZKLOH� 3DUWV� ,,� DQG� ,,,� UHTXLUH� D� JUDVS� RI� OLQHDU
DOJHEUD�DQG�FDOFXOXV�DW� WKH�XQGHUJUDGXDWH� OHYHO��3DUWV� ,9�DQG�9�DUH�PDWKHPDWLFDOO\�PRUH�DGYDQFHG
DQG�VXLWDEOH� IRU�DGYDQFHG�XQGHUJUDGXDWHV��SRVWJUDGXDWHV��DQG�UHVHDUFKHUV�ZRUNLQJ� LQ� WKH�ILHOG��7KH
ERRN�FRXOG�WKXV�EH�XVHG�DV�WKH�EDVLV�RI�D�WDXJKW�FRXUVH�DW�PRUH�WKDQ�RQH�OHYHO��$�OHVV�WHFKQLFDO�FRXUVH
VXLWDEOH�IRU�WKRVH�ZLWK�PRGHUDWH�PDWKHPDWLFDO�NQRZOHGJH�PLJKW�FRYHU�WKH�PDWHULDO�RI�&KDSWHUV���WR���
ZKLOH�D�PRUH�WHFKQLFDO�FRXUVH�IRU�DGYDQFHG�VWXGHQWV�PLJKW�FRYHU�WKH�PDWHULDO�RI�&KDSWHUV���WR����DQG
VHOHFWHG� PDWHULDO� WKHUHDIWHU�� (DFK� FKDSWHU� IURP� 3DUW� ,,� RQZDUG� LV� DFFRPSDQLHG� E\� D� VHOHFWLRQ� RI
H[HUFLVHV�WKDW�FDQ�EH�XVHG�WR�WHVW�WKH�UHDGHU¶V�XQGHUVWDQGLQJ�RI�WKH�PDWHULDO�
7KLV�ERRN�KDV�EHHQ�VRPH�\HDUV�LQ�WKH�PDNLQJ�DQG�PDQ\�SHRSOH�KDYH�KHOSHG�PH�ZLWK�LW�GXULQJ�WKDW

WLPH��,�PXVW�WKDQN�P\�HYHU�SDWLHQW�HGLWRU�6RQNH�$GOXQJ��ZLWK�ZKRP�,�KDYH�ZRUNHG�RQ�YDULRXV�ERRN
SURMHFWV�IRU�PRUH�WKDQ����\HDUV�QRZ��DQG�ZKRVH�FRQVWDQW�HQFRXUDJHPHQW�DQG�NLQG�ZRUGV�KDYH�PDGH
ZRUNLQJ� ZLWK� KLP� DQG� 2[IRUG� 8QLYHUVLW\� 3UHVV� D� UHDO� SOHDVXUH�� 7KDQNV� DUH� DOVR� GXH� WR� 0HODQLH
-RKQVWRQH�� $OLVRQ� /HHV�� (PPD� /RQLH�� DQG� $SULO� :DUPDQ� IRU� WKHLU� KHOS� ZLWK� WKH� ILQDO� VWDJHV� RI
EULQJLQJ�WKH�ERRN�WR�SULQW�
,� KDYH� EHQHILWHG� JUHDWO\� GXULQJ� WKH� ZULWLQJ� RI� WKLV� ERRN� IURP� WKH� FRQYHUVDWLRQ�� FRPPHQWV�

VXJJHVWLRQV�� DQG� HQFRXUDJHPHQW� RI�PDQ\� FROOHDJXHV� DQG� IULHQGV�� 7KH\� DUH�� VDGO\�� WRR� QXPHURXV� WR
PHQWLRQ�H[KDXVWLYHO\��EXW�VSHFLDO�WKDQNV�PXVW�JR�WR�6WHYH�%RUJDWWL��'XQFDQ�&DOODZD\��$DURQ�&ODXVHW�
%HWV\�)R[PDQ��/LQWRQ�)UHHPDQ��0LFKHOOH�*LUYDQ��0DUWLQ�*RXOG��0DUN�+DQGFRFN��3HWWHU�+ROPH��-RQ
.OHLQEHUJ��$OGHQ�.ORYGDKO��/L]D�/HYLQD��/DXUHQ�0H\HUV��&ULV�0RRUH��/RX�3HFRUD��0DVRQ�3RUWHU�
6LGQH\�5HGQHU�� 3XFN�5RPEDFK��&RVPD�6KDOL]L�� 6WHYH� 6WURJDW]��'XQFDQ�:DWWV��'RXJ�:KLWH�� /HQND
=GHERURYD�� DQG�%RE�=LII�� DV�ZHOO� DV� WR� WKH�PDQ\� VWXGHQWV�� SDUWLFXODUO\�0LFKHOOH�$GDQ��$OHMDQGUR
%DOELQ��&KULV�)LQN��5XWKL�+RUWVFK�� DQG� -DQH�:DQJ��ZKRVH� IHHGEDFN�KHOSHG� LURQ�RXW� D� ORW� RI� URXJK
VSRWV��,�ZRXOG�DOVR�HVSHFLDOO\�OLNH�WR�WKDQN�%ULDQ�.DUUHU��ZKR�UHDG�WKH�HQWLUH�ERRN�LQ�GUDIW�IRUP�DQG



JDYH�PH�PDQ\�SDJHV�RI�WKRXJKWIXO�DQG�WKRXJKW�SURYRNLQJ�FRPPHQWV��DV�ZHOO�DV�VSRWWLQJ�D�QXPEHU�RI
PLVWDNHV� DQG� W\SRV��5HVSRQVLELOLW\� IRU� DQ\� UHPDLQLQJ�PLVWDNHV� LQ� WKH� ERRN� RI� FRXUVH� UHVWV� HQWLUHO\
ZLWK�P\VHOI��DQG�,�ZHOFRPH�FRUUHFWLRQV�IURP�UHDGHUV�
)LQDOO\��P\� SURIRXQG� WKDQNV� JR� WR�P\�ZLIH�&DUULH� IRU� KHU� FRQWLQXDO� HQFRXUDJHPHQW� DQG� VXSSRUW

GXULQJ�WKH�ZULWLQJ�RI�WKLV�ERRN��:LWKRXW�KHU�WKH�ERRN�ZRXOG�VWLOO�KDYH�EHHQ�ZULWWHQ�EXW�,�ZRXOG�KDYH
VPLOHG�D�ORW�OHVV�
�

0DUN�1HZPDQ
$QQ�$UERU��0LFKLJDQ
)HEUXDU\���������
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$�VKRUW�LQWURGXFWLRQ�WR�QHWZRUNV�DQG�ZK\�ZH�VWXG\�WKHP
�

$�1(7:25.�LV��LQ�LWV�VLPSOHVW�IRUP��D�FROOHFWLRQ�RI�SRLQWV�MRLQHG�WRJHWKHU�LQ�SDLUV�E\�OLQHV��,Q�WKH
MDUJRQ�RI� WKH� ILHOG� WKH� SRLQWV� DUH� UHIHUUHG� WR� DV�YHUWLFHV�� RU�QRGHV� DQG� WKH� OLQHV� DUH� UHIHUUHG� WR� DV
HGJHV��0DQ\�REMHFWV�RI�LQWHUHVW�LQ�WKH�SK\VLFDO��ELRORJLFDO��DQG�VRFLDO�VFLHQFHV�FDQ�EH�WKRXJKW�RI�DV
QHWZRUNV�DQG��DV�WKLV�ERRN�DLPV�WR�VKRZ��WKLQNLQJ�RI�WKHP�LQ�WKLV�ZD\�FDQ�RIWHQ�OHDG�WR�QHZ�DQG�XVHIXO
LQVLJKWV�
:H�EHJLQ��LQ�WKLV�LQWURGXFWRU\�FKDSWHU��ZLWK�D�GLVFXVVLRQ�RI�ZK\�ZH�DUH�LQWHUHVWHG�LQ�QHWZRUNV�DQG

D�EULHI�GHVFULSWLRQ�RI�VRPH�VSHFLILF�QHWZRUNV�RI�QRWH��$OO� WKH� WRSLFV� LQ� WKLV�FKDSWHU�DUH�FRYHUHG� LQ
JUHDWHU�GHSWK�HOVHZKHUH�LQ�WKH�ERRN�

�

$�VPDOO�QHWZRUN�FRPSRVHG�RI�HLJKW�YHUWLFHV�DQG�WHQ�HGJHV�
�
�
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7KHUH�DUH�PDQ\�V\VWHPV�RI�LQWHUHVW�WR�VFLHQWLVWV�WKDW�DUH�FRPSRVHG�RI�LQGLYLGXDO�SDUWV�RU�FRPSRQHQWV
OLQNHG�WRJHWKHU�LQ�VRPH�ZD\��([DPSOHV�LQFOXGH�WKH�,QWHUQHW��D�FROOHFWLRQ�RI�FRPSXWHUV�OLQNHG�E\�GDWD
FRQQHFWLRQV��DQG�KXPDQ�VRFLHWLHV��ZKLFK�DUH�FROOHFWLRQV�RI�SHRSOH�OLQNHG�E\�DFTXDLQWDQFH�RU�VRFLDO
LQWHUDFWLRQ�
0DQ\�DVSHFWV�RI�WKHVH�V\VWHPV�DUH�ZRUWK\�RI�VWXG\��6RPH�SHRSOH�VWXG\�WKH�QDWXUH�RI�WKH�LQGLYLGXDO

FRPSRQHQWV²KRZ�D�FRPSXWHU�ZRUNV��IRU�LQVWDQFH��RU�KRZ�D�KXPDQ�EHLQJ�IHHOV�RU�DFWV²ZKLOH�RWKHUV
VWXG\�WKH�QDWXUH�RI�WKH�FRQQHFWLRQV�RU�LQWHUDFWLRQV²WKH�FRPPXQLFDWLRQ�SURWRFROV�XVHG�RQ�WKH�,QWHUQHW
RU� WKH� G\QDPLFV� RI� KXPDQ� IULHQGVKLSV�� %XW� WKHUH� LV� D� WKLUG� DVSHFW� WR� WKHVH� LQWHUDFWLQJ� V\VWHPV�
VRPHWLPHV�QHJOHFWHG�EXW�DOPRVW�DOZD\V�FUXFLDO�WR�WKH�EHKDYLRU�RI�WKH�V\VWHP��ZKLFK�LV�WKH�SDWWHUQ�RI
FRQQHFWLRQV�EHWZHHQ�FRPSRQHQWV�
7KH�SDWWHUQ�RI�FRQQHFWLRQV�LQ�D�JLYHQ�V\VWHP�FDQ�EH�UHSUHVHQWHG�DV�D�QHWZRUN��WKH�FRPSRQHQWV�RI

WKH�V\VWHP�EHLQJ�WKH�QHWZRUN�YHUWLFHV�DQG�WKH�FRQQHFWLRQV�WKH�HGJHV��8SRQ�UHIOHFWLRQ�LW�VKRXOG�FRPH
DV�QR�VXUSULVH��DOWKRXJK�LQ�VRPH�ILHOGV�LW�LV�D�UHODWLYHO\�UHFHQW�UHDOL]DWLRQ��WKDW�WKH�VWUXFWXUH�RI�VXFK
QHWZRUNV�� WKH�SDUWLFXODU�SDWWHUQ�RI�LQWHUDFWLRQV��FDQ�KDYH�D�ELJ�HIIHFW�RQ�WKH�EHKDYLRU�RI�WKH�V\VWHP�
7KH�SDWWHUQ�RI�FRQQHFWLRQV�EHWZHHQ�FRPSXWHUV�RQ�WKH�,QWHUQHW��IRU�LQVWDQFH��DIIHFWV�WKH�URXWHV�WKDW�GDWD
WDNH� RYHU� WKH� QHWZRUN� DQG� WKH� HIILFLHQF\� ZLWK� ZKLFK� WKH� QHWZRUN� WUDQVSRUWV� WKRVH� GDWD�� 7KH
FRQQHFWLRQV�LQ�D�VRFLDO�QHWZRUN�DIIHFW�KRZ�SHRSOH�OHDUQ��IRUP�RSLQLRQV��DQG�JDWKHU�QHZV��DV�ZHOO�DV
DIIHFWLQJ�RWKHU� OHVV�REYLRXV�SKHQRPHQD�� VXFK�DV� WKH� VSUHDG�RI�GLVHDVH��8QOHVV�ZH�NQRZ�VRPHWKLQJ
DERXW� WKH� VWUXFWXUH� RI� WKHVH� QHWZRUNV�� ZH� FDQQRW� KRSH� WR� XQGHUVWDQG� IXOO\� KRZ� WKH� FRUUHVSRQGLQJ
V\VWHPV�ZRUN�
$�QHWZRUN� LV� D� VLPSOLILHG� UHSUHVHQWDWLRQ� WKDW� UHGXFHV�D� V\VWHP� WR�DQ�DEVWUDFW� VWUXFWXUH�FDSWXULQJ

RQO\�WKH�EDVLFV�RI�FRQQHFWLRQ�SDWWHUQV�DQG�OLWWOH�HOVH��9HUWLFHV�DQG�HGJHV�LQ�D�QHWZRUN�FDQ�EH�ODEHOHG
ZLWK� DGGLWLRQDO� LQIRUPDWLRQ�� VXFK� DV� QDPHV�RU� VWUHQJWKV�� WR� FDSWXUH�PRUH� GHWDLOV� RI� WKH� V\VWHP�� EXW
HYHQ� VR� D� ORW� RI� LQIRUPDWLRQ� LV� XVXDOO\� ORVW� LQ� WKH� SURFHVV� RI� UHGXFLQJ� D� IXOO� V\VWHP� WR� D� QHWZRUN
UHSUHVHQWDWLRQ��7KLV�FHUWDLQO\�KDV�LWV�GLVDGYDQWDJHV�EXW�LW�KDV�DGYDQWDJHV�DV�ZHOO�

7KH�PRVW�FRPPRQ�QHWZRUN�YDULDQWV�DUH�GLVFXVVHG�LQ�GHWDLO�LQ�&KDSWHU���
�
6FLHQWLVWV�LQ�D�ZLGH�YDULHW\�RI�ILHOGV�KDYH��RYHU�WKH�\HDUV��GHYHORSHG�DQ�H[WHQVLYH�VHW�RI�WRROV²

PDWKHPDWLFDO�� FRPSXWDWLRQDO�� DQG� VWDWLVWLFDO²IRU� DQDO\]LQJ��PRGHOLQJ�� DQG�XQGHUVWDQGLQJ�QHWZRUNV�
0DQ\�RI�WKHVH�WRROV�VWDUW�IURP�D�VLPSOH�QHWZRUN�UHSUHVHQWDWLRQ��D�VHW�RI�YHUWLFHV�DQG�HGJHV��DQG�DIWHU
VXLWDEOH�FDOFXODWLRQV�WHOO�\RX�VRPHWKLQJ�DERXW�WKH�QHWZRUN�WKDW�PLJKW�ZHOO�EH�XVHIXO�WR�\RX��ZKLFK�LV
WKH�EHVW�FRQQHFWHG�YHUWH[��VD\��RU�WKH�OHQJWK�RI�D�SDWK�IURP�RQH�YHUWH[�WR�DQRWKHU��2WKHU�WRROV�WDNH�WKH
IRUP� RI� QHWZRUN� PRGHOV� WKDW� FDQ� PDNH� PDWKHPDWLFDO� SUHGLFWLRQV� DERXW� SURFHVVHV� WDNLQJ� SODFH� RQ
QHWZRUNV��VXFK�DV�WKH�ZD\�WUDIILF�ZLOO�IORZ�RYHU�WKH�,QWHUQHW�RU�WKH�ZD\�D�GLVHDVH�ZLOO�VSUHDG�WKURXJK
D�FRPPXQLW\��%HFDXVH� WKH\�ZRUN�ZLWK�QHWZRUNV� LQ� WKHLU�DEVWUDFW� IRUP�� WKHVH� WRROV�FDQ� LQ� WKHRU\�EH
DSSOLHG�WR�DOPRVW�DQ\�V\VWHP�UHSUHVHQWHG�DV�D�QHWZRUN��7KXV�LI�WKHUH�LV�D�V\VWHP�\RX�DUH�LQWHUHVWHG�LQ�
DQG�LW�FDQ�XVHIXOO\�EH�UHSUHVHQWHG�DV�D�QHWZRUN��WKHQ�WKHUH�DUH�KXQGUHGV�RI�GLIIHUHQW�WRROV�RXW�WKHUH�
DOUHDG\� GHYHORSHG� DQG� ZHOO� XQGHUVWRRG�� WKDW� \RX� FDQ� LPPHGLDWHO\� DSSO\� WR� WKH� DQDO\VLV� RI� \RXU
V\VWHP��&HUWDLQO\�QRW�DOO�RI� WKHP�ZLOO�JLYH�XVHIXO� UHVXOWV²ZKLFK�PHDVXUHPHQWV�RU�FDOFXODWLRQV�DUH



XVHIXO�IRU�D�SDUWLFXODU�V\VWHP�GHSHQGV�RQ�ZKDW�WKH�V\VWHP�LV�DQG�GRHV�DQG�RQ�ZKDW�VSHFLILF�TXHVWLRQV
\RX�DUH�WU\LQJ�WR�DQVZHU�DERXW�LW��6WLOO��LI�\RX�KDYH�D�ZHOO�SRVHG�TXHVWLRQ�DERXW�D�QHWZRUNHG�V\VWHP
WKHUH�ZLOO��LQ�PDQ\�FDVHV��DOUHDG\�EH�D�WRRO�DYDLODEOH�WKDW�ZLOO�KHOS�\RX�DGGUHVV�LW�
1HWZRUNV� DUH� WKXV� D� JHQHUDO� \HW� SRZHUIXO� PHDQV� RI� UHSUHVHQWLQJ� SDWWHUQV� RI� FRQQHFWLRQV� RU

LQWHUDFWLRQV� EHWZHHQ� WKH� SDUWV� RI� D� V\VWHP�� ,Q� WKLV� ERRN�� ZH� GLVFXVV� PDQ\� H[DPSOHV� RI� VSHFLILF
QHWZRUNV� LQ� GLIIHUHQW� ILHOGV�� DORQJ� ZLWK� WHFKQLTXHV� IRU� WKHLU� DQDO\VLV� GUDZQ� IURP� PDWKHPDWLFV�
SK\VLFV��WKH�FRPSXWHU�DQG�LQIRUPDWLRQ�VFLHQFHV��WKH�VRFLDO�VFLHQFHV��ELRORJ\��DQG�HOVHZKHUH��,Q�GRLQJ
VR�� ZH� EULQJ� WRJHWKHU� D� ZLGH� UDQJH� RI� LGHDV� DQG� H[SHUWLVH� IURP� PDQ\� GLVFLSOLQHV� WR� JLYH� D
FRPSUHKHQVLYH�LQWURGXFWLRQ�WR�WKH�VFLHQFH�RI�QHWZRUNV�
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2QH�RI�WKH�EHVW�NQRZQ�DQG�PRVW�ZLGHO\�VWXGLHG�H[DPSOHV�RI�D�QHWZRUN�LV�WKH�,QWHUQHW��WKH�FRPSXWHU
GDWD� QHWZRUN� LQ� ZKLFK� WKH� YHUWLFHV� DUH� FRPSXWHUV� DQG� WKH� HGJHV� DUH� SK\VLFDO� GDWD� FRQQHFWLRQV
EHWZHHQ� WKHP�� VXFK� DV� RSWLFDO� ILEHU� FDEOHV� RU� WHOHSKRQH� OLQHV�� )LJXUH� ���� VKRZV� D� SLFWXUH� RI� WKH
VWUXFWXUH�RI�WKH�,QWHUQHW��D�VQDSVKRW�RI�WKH�QHWZRUN�DV�LW�ZDV�LQ�������UHFRQVWUXFWHG�E\�REVHUYLQJ�WKH
SDWKV�WDNHQ�DFURVV�WKH�QHWZRUN�E\�D�ODUJH�QXPEHU�RI�,QWHUQHW�GDWD�SDFNHWV�WUDYHOLQJ�EHWZHHQ�GLIIHUHQW
VRXUFHV�DQG�GHVWLQDWLRQV�� ,W� LV� D� FXULRXV� IDFW� WKDW� DOWKRXJK� WKH� ,QWHUQHW� LV� D�PDQ�PDGH�DQG�FDUHIXOO\
HQJLQHHUHG�QHWZRUN�ZH�GRQ¶W�NQRZ�H[DFWO\�ZKDW�LWV�VWUXFWXUH�LV��VLQFH�LW�ZDV�EXLOW�E\�PDQ\�GLIIHUHQW
JURXSV�RI�SHRSOH�ZLWK�RQO\�OLPLWHG�NQRZOHGJH�RI�HDFK�RWKHU¶V�DFWLRQV�DQG�OLWWOH�FHQWUDOL]HG�FRQWURO�
2XU� EHVW� FXUUHQW� GDWD� RQ� LWV� VWUXFWXUH� DUH� GHULYHG� IURP� H[SHULPHQWDO� VWXGLHV�� VXFK� DV� WKH� RQH� WKDW
SURGXFHG�WKLV�ILJXUH��UDWKHU�WKDQ�IURP�DQ\�FHQWUDO�UHSRVLWRU\�RI�NQRZOHGJH�RU�FRRUGLQDWLQJ�DXWKRULW\�

:H�ORRN�DW�WKH�,QWHUQHW�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�����
�
7KHUH� DUH� D� QXPEHU� RI� H[FHOOHQW� SUDFWLFDO� UHDVRQV� ZK\� ZH� PLJKW� ZDQW� WR� VWXG\� WKH� QHWZRUN

VWUXFWXUH�RI�WKH�,QWHUQHW��7KH�IXQFWLRQ�RI�WKH�,QWHUQHW�LV�WR�WUDQVSRUW�GDWD�EHWZHHQ�FRPSXWHUV��DQG�RWKHU
GHYLFHV��LQ�GLIIHUHQW�SDUWV�RI�WKH�ZRUOG��ZKLFK�LW�GRHV�E\�GLYLGLQJ�WKH�GDWD�LQWR�SLHFHV�RU�SDFNHWV�DQG
VKLSSLQJ� WKHP� IURP�YHUWH[� WR� YHUWH[� DFURVV� WKH� QHWZRUN� XQWLO� WKH\� UHDFK� WKHLU� LQWHQGHG� GHVWLQDWLRQ�
&HUWDLQO\�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�ZLOO�DIIHFW�KRZ�HIILFLHQWO\�LW�DFFRPSOLVKHV�WKLV�IXQFWLRQ�DQG�LI
ZH�NQRZ�WKH�QHWZRUN�VWUXFWXUH�ZH�FDQ�DGGUHVV�PDQ\�TXHVWLRQV�RI�SUDFWLFDO�UHOHYDQFH��+RZ�VKRXOG
ZH� FKRRVH� WKH� URXWH� E\� ZKLFK� GDWD� DUH� WUDQVSRUWHG"� ,V� WKH� VKRUWHVW� URXWH� DOZD\V� QHFHVVDULO\� WKH
IDVWHVW"�,I�QRW��WKHQ�ZKDW�LV��DQG�KRZ�FDQ�ZH�ILQG�LW"�+RZ�FDQ�ZH�DYRLG�ERWWOHQHFNV�LQ�WKH�WUDIILF�IORZ
WKDW�PLJKW�VORZ�WKLQJV�GRZQ"�:KDW�KDSSHQV�ZKHQ�D�YHUWH[�RU�DQ�HGJH�IDLOV��ZKLFK�WKH\�GR�ZLWK�VRPH
UHJXODULW\�"�+RZ�FDQ�ZH�GHYLVH�VFKHPHV�WR�URXWH�DURXQG�VXFK�IDLOXUHV"�,I�ZH�KDYH�WKH�RSSRUWXQLW\�WR
DGG�QHZ�FDSDFLW\�WR�WKH�QHWZRUN��ZKHUH�VKRXOG�LW�EH�DGGHG"
.QRZOHGJH� RI� ,QWHUQHW� VWUXFWXUH� DOVR� SOD\V� D� FHQWUDO� UROH� LQ� WKH� GHYHORSPHQW� RI� QHZ

FRPPXQLFDWLRQV� VWDQGDUGV�� 1HZ� VWDQGDUGV� DQG� SURWRFROV� DUH� FRQWLQXDOO\� EHLQJ� GHYLVHG� IRU
FRPPXQLFDWLRQ� RYHU� WKH� ,QWHUQHW�� DQG� ROG� RQHV� DUH� UHYLVHG�� 7KH� SDUDPHWHUV� RI� WKHVH� SURWRFROV� DUH
WXQHG� IRU� RSWLPDO� SHUIRUPDQFH� ZLWK� WKH� VWUXFWXUH� RI� WKH� ,QWHUQHW� LQ� PLQG�� ,Q� WKH� HDUO\� GD\V� RI� WKH
QHWZRUN�� UDWKHU�SULPLWLYH�PRGHOV�RI�QHWZRUN�VWUXFWXUH�ZHUH�HPSOR\HG� LQ� WKH� WXQLQJ�SURFHVV��EXW�DV
EHWWHU� VWUXFWXUDO� GDWD� EHFRPH� DYDLODEOH� LW� EHFRPHV� SRVVLEOH� WR� EHWWHU� XQGHUVWDQG� DQG� LPSURYH
SHUIRUPDQFH�



�

)LJXUH������7KH�QHWZRUN�VWUXFWXUH�RI�WKH�,QWHUQHW���6HH�3ODWH�,�IRU�FRORU�YHUVLRQ���7KH�YHUWLFHV�LQ
WKLV� UHSUHVHQWDWLRQ�RI� WKH�,QWHUQHW�DUH�³FODVV�&�VXEQHWV´²JURXSV�RI�FRPSXWHUV�ZLWK�VLPLODU� ,QWHUQHW
DGGUHVVHV� WKDW� DUH� XVXDOO\� XQGHU� WKH� PDQDJHPHQW� RI� D� VLQJOH� RUJDQL]DWLRQ²DQG� WKH� FRQQHFWLRQV
EHWZHHQ� WKHP�UHSUHVHQW� WKH� URXWHV� WDNHQ�E\� ,QWHUQHW�GDWD�SDFNHWV�DV� WKH\�KRS�EHWZHHQ�VXEQHWV��7KH
JHRPHWULF�SRVLWLRQV�RI�WKH�YHUWLFHV�LQ�WKH�SLFWXUH�KDYH�QR�VSHFLDO�PHDQLQJ��WKH\�DUH�FKRVHQ�VLPSO\�WR
JLYH�D�SOHDVLQJ� OD\RXW�DQG�DUH�QRW� UHODWHG�� IRU� LQVWDQFH�� WR�JHRJUDSKLF�SRVLWLRQ�RI� WKH�YHUWLFHV��7KH
VWUXFWXUH� RI� WKH� ,QWHUQHW� LV� GLVFXVVHG� LQ� GHWDLO� LQ� 6HFWLRQ� ����� )LJXUH� FUHDWHG� E\� WKH� 2SWH� 3URMHFW
�ZZZ�RSWH�RUJ���5HSURGXFHG�ZLWK�SHUPLVVLRQ�



�
�
$�PRUH�DEVWUDFW� H[DPSOH�RI� D�QHWZRUN� LV� WKH�:RUOG�:LGH�:HE�� ,Q�FRPPRQ�SDUODQFH� WKH�ZRUGV

³:HE´�DQG�³,QWHUQHW´�DUH�RIWHQ�XVHG�LQWHUFKDQJHDEO\��EXW�WHFKQLFDOO\�WKH�WZR�DUH�TXLWH�GLVWLQFW��7KH
,QWHUQHW�LV�D�SK\VLFDO�QHWZRUN�RI�FRPSXWHUV�OLQNHG�E\�DFWXDO�FDEOHV��RU�VRPHWLPHV�UDGLR�OLQNV��UXQQLQJ
EHWZHHQ� WKHP��7KH�:HE��RQ� WKH�RWKHU�KDQG�� LV� D�QHWZRUN�RI� LQIRUPDWLRQ� VWRUHG�RQ�ZHE�SDJHV��7KH
YHUWLFHV� RI� WKH�:RUOG�:LGH�:HE� DUH� ZHE� SDJHV� DQG� WKH� HGJHV� DUH� ³K\SHUOLQNV�´� WKH� KLJKOLJKWHG
VQLSSHWV�RI�WH[W�RU�SXVK�EXWWRQV�RQ�ZHE�SDJHV�WKDW�ZH�FOLFN�RQ�WR�QDYLJDWH�IURP�RQH�SDJH�WR�DQRWKHU��$
K\SHUOLQN�LV�SXUHO\�D�VRIWZDUH�FRQVWUXFW��\RX�FDQ�OLQN�IURP�\RXU�ZHE�SDJH�WR�D�SDJH�WKDW�OLYHV�RQ�D
FRPSXWHU�RQ�WKH�RWKHU�VLGH�RI�WKH�ZRUOG�MXVW�DV�HDVLO\�DV�\RX�FDQ�OLQN�WR�D�IULHQG�GRZQ�WKH�KDOO��7KHUH
LV�QR�SK\VLFDO�VWUXFWXUH��OLNH�DQ�RSWLFDO�ILEHU��WKDW�QHHGV�WR�EH�EXLOW�ZKHQ�\RX�PDNH�D�QHZ�OLQN��7KH
OLQN�LV�PHUHO\�DQ�DGGUHVV�WKDW�WHOOV�WKH�FRPSXWHU�ZKHUH�WR�ORRN�QH[W�ZKHQ�\RX�FOLFN�RQ�LW�

7KH�:RUOG�:LGH�:HE�LV�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�����
�
$EVWUDFW�WKRXJK�LW�PD\�EH��WKH�:RUOG�:LGH�:HE��ZLWK�LWV�ELOOLRQV�RI�SDJHV�DQG�OLQNV��KDV�SURYHG

HQRUPRXVO\�XVHIXO��QRW�WR�PHQWLRQ�SURILWDEOH��WR�PDQ\�SHRSOH��DQG�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�RI�OLQNV
LV�RI�VXEVWDQWLDO�LQWHUHVW��6LQFH�SHRSOH�WHQG�WR�DGG�K\SHUOLQNV�EHWZHHQ�SDJHV�ZLWK�UHODWHG�FRQWHQW��WKH
OLQN�VWUXFWXUH�RI�WKH�:HE�UHYHDOV�VRPHWKLQJ�DERXW�WKH�FRQWHQW�VWUXFWXUH��:KDW¶V�PRUH��SHRSOH�WHQG�WR
OLQN�PRUH�RIWHQ� WR�SDJHV� WKDW� WKH\� ILQG�XVHIXO� WKDQ� WR� WKRVH� WKH\�GR�QRW�� VR� WKDW� WKH�QXPEHU�RI� OLQNV
SRLQWLQJ�WR�D�SDJH�FDQ�EH�XVHG�DV�D�PHDVXUH�RI� LWV�XVHIXOQHVV��$�PRUH�VRSKLVWLFDWHG�YHUVLRQ�RI� WKLV
LGHD�OLHV�EHKLQG�WKH�RSHUDWLRQ�RI�WKH�SRSXODU�:HE�VHDUFK�HQJLQH�*RRJOH��DV�ZHOO�DV�VRPH�RWKHUV�

7KH�PHFKDQLFV�RI�:HE�VHDUFK�DUH�GLVFXVVHG�LQ�6HFWLRQ������
�
7KH�:HE�DOVR�LOOXVWUDWHV�DQRWKHU�FRQFHSW�RI�QHWZRUN�WKHRU\��WKH� GLUHFWHG�QHWZRUN���+\SHUOLQNV�RQ

WKH�:HE�UXQ�LQ�RQH�VSHFLILF�GLUHFWLRQ��IURP�RQH�ZHE�SDJH�WR�DQRWKHU��*LYHQ�DQ�DSSURSULDWH�OLQN�RQ
SDJH�$��\RX�FDQ�FOLFN�DQG�DUULYH�DW�SDJH�%��%XW�WKHUH�LV�QR�UHTXLUHPHQW�WKDW�%�FRQWDLQV�D�OLQN�EDFN�WR
$�DJDLQ���,W�PD\�FRQWDLQ�VXFK�D�OLQN��EXW�WKHUH�LV�QR�ODZ�WKDW�VD\V�WKDW�LW�PXVW�DQG�PXFK�RI�WKH�WLPH�LW
ZLOO�QRW���2QH�VD\V�WKDW�WKH�HGJHV�LQ�WKH�:RUOG�:LGH�:HE�DUH� GLUHFWHG��UXQQLQJ�IURP�WKH�OLQNLQJ�SDJH
WR�WKH�OLQNHG�

6RFLDO�QHWZRUNV�DUH�GLVFXVVHG�LQ�PRUH�GHSWK�LQ�&KDSWHU���
�
0RYLQJ� DZD\� IURP� WKH� WHFKQRORJLFDO� UHDOP�� DQRWKHU� W\SH� RI� QHWZRUN� RI� VFLHQWLILF� LQWHUHVW� LV� WKH

VRFLDO�QHWZRUN��$�VRFLDO�QHWZRUN� LV��XVXDOO\��D�QHWZRUN�RI�SHRSOH��DOWKRXJK� LW�PD\�VRPHWLPHV�EH�D
QHWZRUN� RI� JURXSV� RI� SHRSOH�� VXFK� DV� FRPSDQLHV�� 7KH� SHRSOH� RU� JURXSV� IRUP� WKH� YHUWLFHV� RI� WKH
QHWZRUN�DQG�WKH�HGJHV�UHSUHVHQW�FRQQHFWLRQV�RI�VRPH�NLQG�EHWZHHQ�WKHP��VXFK�DV�IULHQGVKLS�EHWZHHQ
LQGLYLGXDOV� RU� EXVLQHVV� UHODWLRQVKLSV� EHWZHHQ� FRPSDQLHV�� 7KH� ILHOG� RI� VRFLRORJ\� KDV� SHUKDSV� WKH
ORQJHVW� DQG� EHVW� GHYHORSHG� WUDGLWLRQ� RI� WKH� HPSLULFDO� VWXG\� RI� QHWZRUNV� DV� WKH\� RFFXU� LQ� WKH� UHDO
ZRUOG��DQG�PDQ\�RI�WKH�PDWKHPDWLFDO�DQG�VWDWLVWLFDO�WRROV�WKDW�DUH�XVHG�LQ�WKH�VWXG\�RI�QHWZRUNV�DUH
ERUURZHG��GLUHFWO\�RU�LQGLUHFWO\��IURP�VRFLRORJLVWV�
)LJXUH� ���� VKRZV� D� IDPRXV� H[DPSOH� RI� D� VRFLDO� QHWZRUN� IURP� WKH� VRFLRORJ\� OLWHUDWXUH��:D\QH

=DFKDU\¶V�³NDUDWH�FOXE´�QHWZRUN��7KLV�QHWZRUN�UHSUHVHQWV�WKH�SDWWHUQ�RI�IULHQGVKLSV�DPRQJ�PHPEHUV
RI�D�NDUDWH�FOXE�DW�D�QRUWK�$PHULFDQ�XQLYHUVLW\��7KH�QHWZRUN�ZDV�FRQVWUXFWHG�E\�GLUHFW�REVHUYDWLRQ�RI
LQWHUDFWLRQV�EHWZHHQ�WKH�FOXE¶V�PHPEHUV��$V�LV�W\SLFDO�RI�VXFK�VWXGLHV�WKH�QHWZRUN�LV�VPDOO��KDYLQJ��LQ



WKLV� FDVH�� RQO\� ��� YHUWLFHV�� 1HWZRUN� UHSUHVHQWDWLRQV� RI� WKH� ,QWHUQHW� RU� WKH�:RUOG�:LGH�:HE�� E\
FRQWUDVW�� FDQ� KDYH� WKRXVDQGV� RU� PLOOLRQV� RI� YHUWLFHV�� ,Q� SULQFLSOH� WKHUH� LV� QR� UHDVRQ� ZK\� VRFLDO
QHWZRUNV�FDQQRW�EH�VLPLODUO\�ODUJH��7KH�HQWLUH�SRSXODWLRQ�RI�WKH�ZRUOG��IRU�H[DPSOH��FDQ�EH�UHJDUGHG
DV� D�YHU\� ODUJH� VRFLDO� QHWZRUN��%XW� LQ�SUDFWLFH� VRFLDO� QHWZRUN�GDWD� DUH� OLPLWHG� WR� UHODWLYHO\� VPDOO
JURXSV�EHFDXVH�RI�WKH�HIIRUW�LQYROYHG�LQ�FRPSLOLQJ�WKHP��7KH�QHWZRUN�RI�)LJ�������IRU�LQVWDQFH��ZDV
WKH� SURGXFW� RI� WZR�\HDUV� RI� REVHUYDWLRQV� E\�RQH� H[SHULPHQWHU�� ,Q� UHFHQW� \HDUV� D� IHZ� ODUJHU� VRFLDO
QHWZRUNV�KDYH�EHHQ�FRQVWUXFWHG�E\�GLQW�RI�HQRUPRXV�HIIRUW�RQ�WKH�SDUW�RI�ODUJH�JURXSV�RI�UHVHDUFKHUV�
$QG� RQOLQH� VRFLDO� QHWZRUNLQJ� VHUYLFHV�� VXFK� DV� )DFHERRN� RU� LQVWDQW� PHVVDJH� ³EXGG\� OLVWV�´� FDQ
SURYLGH�QHWZRUN�GDWD�RQ�D�SUHYLRXVO\�XQUHDFKDEOH�VFDOH��6WXGLHV�DUH�MXVW�EHJLQQLQJ�WR�HPHUJH�RI�WKH
VWUXFWXUH�DQG�SURSHUWLHV�RI�WKHVH�ODUJHU�QHWZRUNV�

�

)LJXUH� ����� )ULHQGVKLS� QHWZRUN� EHWZHHQ�PHPEHUV� RI� D� FOXE�� 7KLV� VRFLDO� QHWZRUN� IURP� D� VWXG\
FRQGXFWHG�LQ�WKH�����V�VKRZV�WKH�SDWWHUQ�RI�IULHQGVKLSV�EHWZHHQ�WKH�PHPEHUV�RI�D�NDUDWH�FOXE�DW�DQ
$PHULFDQ�XQLYHUVLW\��7KH�GDWD�ZHUH�FROOHFWHG�DQG�SXEOLVKHG�E\�=DFKDU\�>���@�
�
�

1HXUDO�QHWZRUNV�DUH�GLVFXVVHG�LQ�6HFWLRQ�����DQG�IRRG�ZHEV�LQ�6HFWLRQ����
�
$� WKLUG� UHDOP� LQ� ZKLFK� QHWZRUNV� KDYH� EHFRPH� LPSRUWDQW� LQ� UHFHQW� \HDUV� LV� ELRORJ\�� 1HWZRUNV

RFFXU�LQ�D�QXPEHU�RI�VLWXDWLRQV�LQ�ELRORJ\��6RPH�DUH�FRQFUHWH�SK\VLFDO�QHWZRUNV�OLNH�QHXUDO�QHWZRUNV
²WKH�QHWZRUNV�RI�FRQQHFWLRQV�EHWZHHQ�QHXURQV�LQ�WKH�EUDLQ²ZKLOH�RWKHUV�DUH�PRUH�DEVWUDFW��,Q�)LJ�
����ZH�VKRZ�D�SLFWXUH�RI�D�³IRRG�ZHE�´�DQ�HFRORJLFDO�QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�DUH�VSHFLHV�LQ�DQ
HFRV\VWHP�DQG�WKH�HGJHV�UHSUHVHQW�SUHGDWRU�SUH\�UHODWLRQVKLSV�EHWZHHQ�WKHP��7KDW�LV��SDLUV�RI�VSHFLHV
DUH�FRQQHFWHG�E\�HGJHV�LQ�WKLV�QHWZRUN�LI�RQH�VSHFLHV�HDWV�WKH�RWKHU��7KH�VWXG\�RI�IRRG�ZHEV�IRUPV�D
VXEVWDQWLDO�EUDQFK�RI�HFRORJ\�DQG�KHOSV�XV� WR�XQGHUVWDQG�DQG�TXDQWLI\�PDQ\�HFRORJLFDO�SKHQRPHQD�
SDUWLFXODUO\� FRQFHUQLQJ� HQHUJ\� DQG� FDUERQ� IORZV� LQ� HFRV\VWHPV�� )RRG�ZHEV� DOVR� SURYLGH� XV� ZLWK
DQRWKHU�H[DPSOH�RI�D�GLUHFWHG�QHWZRUN��OLNH�WKH�:RUOG�:LGH�:HE�GLVFXVVHG�SUHYLRXVO\��7KH�HGJHV�LQ
D� IRRG� ZHE� DUH� DV\PPHWULF� DQG� DUH� FRQYHQWLRQDOO\� WKRXJKW� RI� DV� SRLQWLQJ� IURP� WKH� SUH\� WR� WKH



SUHGDWRU�� LQGLFDWLQJ� WKH� GLUHFWLRQ� RI� WKH� IORZ� RI� HQHUJ\� ZKHQ� WKH� SUH\� LV� HDWHQ�� �7KLV� FKRLFH� RI
GLUHFWLRQ�LV�RQO\�D�FRQYHQWLRQ�DQG�RQH�FRXOG�FHUWDLQO\�PDNH�WKH�UHYHUVH�FKRLFH��7KH�LPSRUWDQW�SRLQW�LV
WKH�DV\PPHWU\�RI�WKH�SUHGDWRU�SUH\�LQWHUDFWLRQ��

�

)LJXUH������7KH�IRRG�ZHE�RI�/LWWOH�5RFN�/DNH��:LVFRQVLQ�� �6HH�3ODWH�,,�IRU�FRORU�YHUVLRQ���7KLV
HOHJDQW�SLFWXUH�VXPPDUL]HV�WKH�NQRZQ�SUHGDWRU\�LQWHUDFWLRQV�EHWZHHQ�VSHFLHV�LQ�D�IUHVKZDWHU�ODNH�LQ
WKH�QRUWKHUQ�8QLWHG�6WDWHV��7KH�YHUWLFHV� UHSUHVHQW� WKH� VSHFLHV�DQG� WKH�HGJHV� UXQ�EHWZHHQ�SUHGDWRU�
SUH\� VSHFLHV� SDLUV�� 7KH� YHUWLFDO� SRVLWLRQ� RI� WKH� YHUWLFHV� UHSUHVHQWV�� URXJKO\� VSHDNLQJ�� WKH� WURSKLF
OHYHO�RI� WKH�FRUUHVSRQGLQJ�VSHFLHV��7KH�ILJXUH�ZDV�FUHDWHG�E\�5LFKDUG�:LOOLDPV�DQG�1HR�0DUWLQH]
>���@�
�
�

%LRFKHPLFDO�QHWZRUNV�DUH�GLVFXVVHG�LQ�GHWDLO�LQ�6HFWLRQ�����
�
$QRWKHU�FODVV�RI�ELRORJLFDO�QHWZRUNV�LV�WKDW�RI�ELRFKHPLFDO�QHWZRUNV��VXFK�DV�PHWDEROLF�QHWZRUNV�

SURWHLQ�SURWHLQ� LQWHUDFWLRQ� QHWZRUNV�� DQG� JHQHWLF� UHJXODWRU\� QHWZRUNV�� $� PHWDEROLF� QHWZRUN�� IRU
LQVWDQFH��LV�D�UHSUHVHQWDWLRQ�RI�WKH�FKHPLFDO�UHDFWLRQV�WKDW�IXHO�FHOOV�DQG�RUJDQLVPV��7KH�UHDGHU�PD\
KDYH�VHHQ�WKH�ZDOOFKDUWV�RI�PHWDEROLF�UHDFWLRQV�WKDW�DGRUQ�WKH�RIILFHV�RI�VRPH�ELRFKHPLVWV��LQFUHGLEO\
GHWDLOHG�PDSV�ZLWK�KXQGUHGV�RI�WLQ\�LQVFULSWLRQV�OLQNHG�E\�D�PD]H�RI�DUURZV���7KH�LQVFULSWLRQV²WKH
YHUWLFHV�LQ�WKLV�QHWZRUN²DUH�PHWDEROLWHV��WKH�VXEVWUDWHV�DQG�SURGXFWV�RI�PHWDEROLVP��DQG�WKH�DUURZV
²GLUHFWHG�HGJHV²DUH�UHDFWLRQV�WKDW�WXUQ�RQH�PHWDEROLWH�LQWR�DQRWKHU��7KH�GHSLFWLRQ�RI�UHDFWLRQV�DV�D
QHWZRUN�LV�RQH�RI�WKH�ILUVW�VWHSV�WRZDUGV�PDNLQJ�VHQVH�RI�WKH�EHZLOGHULQJ�DUUD\�RI�ELRFKHPLFDO�GDWD
JHQHUDWHG�E\�UHFHQW�DQG�RQJRLQJ�H[SHULPHQWV�LQ�PROHFXODU�JHQHWLFV�
7KHVH�DUH�MXVW�D�IHZ�H[DPSOHV�RI�WKH�W\SHV�RI�QHWZRUN�ZKRVH�VWXG\�LV�WKH�IRFXV�RI�WKLV�ERRN��7KHUH

DUH�PDQ\�RWKHUV� WKDW�ZH�ZLOO�FRPH�DFURVV� LQ� ODWHU�SDJHV��$PRQJ� WKHP�VRPH�RI� WKH�EHVW�NQRZQ�DUH



WHOHSKRQH� QHWZRUNV�� URDG�� UDLO�� DQG� DLU� QHWZRUNV�� WKH� SRZHU� JULG�� FLWDWLRQ� QHWZRUNV�� UHFRPPHQGHU
QHWZRUNV�� SHHU�WR�SHHU� QHWZRUNV�� HPDLO� QHWZRUNV�� FROODERUDWLRQ� QHWZRUNV�� GLVHDVH� WUDQVPLVVLRQ
QHWZRUNV��ULYHU�QHWZRUNV��DQG�ZRUG�QHWZRUNV�
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�

:H�KDYH�VHHQ�WKDW�D�YDULHW\�RI�V\VWHPV�FDQ�EH�UHSUHVHQWHG�DV�QHWZRUNV��,I�ZH�FDQ�JDWKHU�GDWD�RQ�WKH
VWUXFWXUH�RI�RQH�RI�WKHVH�QHWZRUNV��ZKDW�WKHQ�FDQ�ZH�GR�ZLWK�WKRVH�GDWD"�:KDW�FDQ�WKH\�WHOO�XV�DERXW
WKH� IRUP�DQG� IXQFWLRQ�RI� WKH� V\VWHP� WKH�QHWZRUN� UHSUHVHQWV"�:KDW�SURSHUWLHV�RI�QHWZRUNHG�V\VWHPV
FDQ�ZH�PHDVXUH�RU�PRGHO�DQG�KRZ�DUH�WKRVH�SURSHUWLHV�UHODWHG�WR�WKH�SUDFWLFDO�LVVXHV�ZH�FDUH�DERXW"
7KLV��HVVHQWLDOO\�� LV� WKH� WRSLF�RI� WKLV�HQWLUH�ERRN��DQG�ZH�DUH�QRW�JRLQJ� WR�DQVZHU� LW� LQ� WKLV�FKDSWHU
DORQH��/HW�XV��KRZHYHU��ORRN�EULHIO\�KHUH�DW�D�IHZ�UHSUHVHQWDWLYH�FRQFHSWV��WR�JHW�D�IHHO�IRU�WKH�NLQGV
RI�LGHDV�ZH�ZLOO�EH�GHDOLQJ�ZLWK�
$�ILUVW�VWHS�LQ�DQDO\]LQJ�WKH�VWUXFWXUH�RI�D�QHWZRUN�LV�RIWHQ�WR�PDNH�D�SLFWXUH�RI�LW��)LJXUHV����������

DQG� ���� DUH� W\SLFDO� H[DPSOHV�� (DFK� RI� WKHVH� ZDV� JHQHUDWHG� E\� D� VSHFLDOL]HG� FRPSXWHU� SURJUDP
GHVLJQHG�IRU�QHWZRUN�YLVXDOL]DWLRQ�DQG�WKHUH�DUH�PDQ\�VXFK�SURJUDPV�DYDLODEOH��ERWK�FRPPHUFLDOO\
DQG� IRU� IUHH�� LI� \RX� ZDQW� WR� SURGXFH� SLFWXUHV� OLNH� WKHVH� IRU� \RXUVHOI�� 9LVXDOL]DWLRQ� FDQ� EH� DQ
H[WUDRUGLQDULO\� XVHIXO� WRRO� LQ� WKH� DQDO\VLV� RI� QHWZRUN� GDWD�� DOORZLQJ� RQH� WR� VHH� LQVWDQWO\� LPSRUWDQW
VWUXFWXUDO� IHDWXUHV� RI� D� QHWZRUN� WKDW�ZRXOG� RWKHUZLVH� EH� GLIILFXOW� WR� SLFN� RXW� RI� WKH� UDZ�GDWD��7KH
KXPDQ�H\H�LV�HQRUPRXVO\�JLIWHG�DW�SLFNLQJ�RXW�SDWWHUQV��DQG�YLVXDOL]DWLRQV�DOORZ�XV�WR�SXW�WKLV�JLIW�WR
ZRUN� RQ� RXU� QHWZRUN� SUREOHPV��2Q� WKH� RWKHU� KDQG�� GLUHFW� YLVXDOL]DWLRQ� RI� QHWZRUNV� LV� RQO\� UHDOO\
XVHIXO�IRU�QHWZRUNV�XS�WR�D�IHZ�KXQGUHGV�RU�WKRXVDQGV�RI�YHUWLFHV��DQG�IRU�QHWZRUNV�WKDW�DUH�UHODWLYHO\
VSDUVH��PHDQLQJ�WKDW�WKH�QXPEHU�RI�HGJHV�LV�TXLWH�VPDOO��,I�WKHUH�DUH�WRR�PDQ\�YHUWLFHV�RU�HGJHV�LQ�D
QHWZRUN� WKHQ�SLFWXUHV�RI� WKH�QHWZRUN�ZLOO� EH� WRR� FRPSOLFDWHG� IRU� WKH� H\H� WR� FRPSUHKHQG�DQG� WKHLU
XVHIXOQHVV� EHFRPHV� OLPLWHG�� 0DQ\� RI� WKH� QHWZRUNV� WKDW� VFLHQWLVWV� DUH� LQWHUHVWHG� LQ� WRGD\� KDYH
KXQGUHGV�RI�WKRXVDQGV�RU�HYHQ�PLOOLRQV�RI�YHUWLFHV��ZKLFK�PHDQV�WKDW�YLVXDOL]DWLRQ�LV�QRW�RI�PXFK�KHOS
LQ� WKHLU� DQDO\VLV� DQG�ZH� QHHG� WR� HPSOR\� RWKHU� WHFKQLTXHV� WR� GHWHUPLQH� WKHLU� VWUXFWXUDO� IHDWXUHV�� ,Q
UHVSRQVH�WR� WKLV�QHHG��QHWZRUN�WKHRU\�KDV�GHYHORSHG�D� ODUJH� WRROFKHVW�RI�PHDVXUHV�DQG�PHWULFV� WKDW
FDQ�KHOS�XV�XQGHUVWDQG�ZKDW�RXU�QHWZRUN�GDWD�DUH�WHOOLQJ�XV��HYHQ�LQ�FDVHV�ZKHUH�XVHIXO�YLVXDOL]DWLRQ
LV�LPSRVVLEOH�
$Q�H[DPSOH�RI�DQ�LPSRUWDQW�DQG�XVHIXO�FODVV�RI�QHWZRUN�PHDVXUHV�LV�WKDW�RI�PHDVXUHV�RI�FHQWUDOLW\�

&HQWUDOLW\�TXDQWLILHV�KRZ�LPSRUWDQW�YHUWLFHV��RU�HGJHV��DUH�LQ�D�QHWZRUNHG�V\VWHP��DQG�VRFLDO�QHWZRUN
DQDO\VWV� LQ� SDUWLFXODU� KDYH� H[SHQGHG� FRQVLGHUDEOH� HIIRUW� VWXG\LQJ� LW�� 7KHUH� DUH� D� ZLGH� YDULHW\� RI
PDWKHPDWLFDO�PHDVXUHV�RI�YHUWH[�FHQWUDOLW\�WKDW�IRFXV�RQ�GLIIHUHQW�FRQFHSWV�DQG�GHILQLWLRQV�RI�ZKDW�LW
PHDQV�WR�EH�FHQWUDO�LQ�D�QHWZRUN��$�VLPSOH�EXW�YHU\�XVHIXO�H[DPSOH�LV�WKH�PHDVXUH�FDOOHG�GHJUHH��7KH
GHJUHH� RI� D� YHUWH[� LQ� D� QHWZRUN� LV� WKH� QXPEHU� RI� HGJHV� DWWDFKHG� WR� LW�� ,Q� D� VRFLDO� QHWZRUN� RI
IULHQGVKLSV� EHWZHHQ� LQGLYLGXDOV�� IRU� LQVWDQFH�� VXFK� DV� WKH� QHWZRUN� RI� )LJ�� ����� WKH� GHJUHH� RI� DQ
LQGLYLGXDO�LV�WKH�QXPEHU�RI�IULHQGV�KH�RU�VKH�KDV�ZLWKLQ�WKH�QHWZRUN��,Q�WKH�,QWHUQHW�GHJUHH�ZRXOG�EH
WKH�QXPEHU�RI�GDWD�FRQQHFWLRQV�D�FRPSXWHU�� URXWHU��RU�RWKHU�GHYLFH�KDV�� ,Q�PDQ\�FDVHV� WKH�YHUWLFHV
ZLWK�WKH�KLJKHVW�GHJUHHV�LQ�D�QHWZRUN��WKRVH�ZLWK�WKH�PRVW�FRQQHFWLRQV��DOVR�SOD\�LPSRUWDQW�UROHV�LQ
WKH�IXQFWLRQLQJ�RI�WKH�V\VWHP��DQG�KHQFH�GHJUHH�FDQ�EH�D�XVHIXO�JXLGH�IRU�IRFXVLQJ�RXU�DWWHQWLRQ�RQ�WKH
V\VWHP¶V�PRVW�FUXFLDO�HOHPHQWV�

6HH�&KDSWHU���IRU�IXUWKHU�GLVFXVVLRQ�RI�FHQWUDOLW\�PHDVXUHV�
�



�

7KH�QXPEHU�EHVLGH�HDFK�YHUWH[�LQ�WKLV�VPDOO�QHWZRUN�LQGLFDWHV�WKH�YHUWH[¶V�GHJUHH�
�
�
,Q�XQGLUHFWHG�QHWZRUNV�GHJUHH�LV�MXVW�D�VLQJOH�QXPEHU��EXW�LQ�GLUHFWHG�QHWZRUNV�YHUWLFHV�KDYH�WZR

GLIIHUHQW�GHJUHHV��LQ�GHJUHH�DQG�RXW�GHJUHH��FRUUHVSRQGLQJ�WR�WKH�QXPEHU�RI�HGJHV�SRLQWLQJ�LQZDUG�WR
DQG�RXWZDUG�IURP�WKRVH�YHUWLFHV��)RU�H[DPSOH�� WKH� LQ�GHJUHH�RI�D�ZHE�SDJH� LV� WKH�QXPEHU�RI�RWKHU
SDJHV� WKDW� OLQN� WR� LW� DQG� WKH� RXW�GHJUHH� LV� WKH� QXPEHU� RI� SDJHV� WR�ZKLFK� LW� OLQNV��:H�KDYH� DOUHDG\
PHQWLRQHG� RQH� H[DPSOH� RI� KRZ� FHQWUDOLW\� FDQ� EH� SXW� WR� XVH� RQ� WKH�:HE� WR� DQVZHU� DQ� LPSRUWDQW
SUDFWLFDO�TXHVWLRQ��E\�FRXQWLQJ�WKH�QXPEHU�RI�OLQNV�D�ZHE�SDJH�JHWV²WKH�LQ�GHJUHH�RI�WKH�SDJH²ZH
�RU�D�VHDUFK�HQJLQH�RSHUDWLQJ�RQ�RXU�EHKDOI��FDQ�PDNH�D�JXHVV�DERXW�ZKLFK�SDJHV�DUH�PRVW�OLNHO\�WR
FRQWDLQ�LQIRUPDWLRQ�WKDW�PLJKW�EH�RI�XVH�WR�XV�
,W� LV� DQ� LQWHUHVWLQJ� REVHUYDWLRQ� WKDW� PDQ\� QHWZRUNV� DUH� IRXQG� WR� FRQWDLQ� D� VPDOO� EXW� VLJQLILFDQW

QXPEHU�RI�³KXEV´²YHUWLFHV�ZLWK�XQXVXDOO\�KLJK�GHJUHH��6RFLDO�QHWZRUNV�RIWHQ�FRQWDLQ�D�IHZ�FHQWUDO
LQGLYLGXDOV�ZLWK� YHU\�PDQ\� DFTXDLQWDQFHV�� WKHUH� DUH� D� IHZ�ZHEVLWHV�ZLWK� DQ� H[WUDRUGLQDULO\� ODUJH
QXPEHU�RI�OLQNV��WKHUH�DUH�D�IHZ�PHWDEROLWHV�WKDW�WDNH�SDUW�LQ�DOPRVW�DOO�PHWDEROLF�SURFHVVHV��$�PDMRU
WRSLF�RI�UHVHDUFK�LQ�UHFHQW�\HDUV�KDV�EHHQ�WKH�LQYHVWLJDWLRQ�RI�WKH�HIIHFWV�RI�KXEV�RQ�WKH�SHUIRUPDQFH
DQG�EHKDYLRU�RI�QHWZRUNHG�V\VWHPV��%RWK�HPSLULFDO�DQG�WKHRUHWLFDO�UHVXOWV�LQGLFDWH�WKDW�KXEV�FDQ�KDYH
D�TXLWH�GLVSURSRUWLRQDWH�HIIHFW��SOD\LQJ�D�FHQWUDO�UROH�SDUWLFXODUO\�LQ�QHWZRUN�WUDQVSRUW�SKHQRPHQD�DQG
UHVLOLHQFH��GHVSLWH�EHLQJ�IHZ�LQ�QXPEHU�

+XEV�DUH�GLVFXVVHG�IXUWKHU�LQ�6HFWLRQ�����
�
$QRWKHU�H[DPSOH�RI�D�QHWZRUN�FRQFHSW�WKDW�DULVHV�UHSHDWHGO\�DQG�KDV�UHDO�SUDFWLFDO�LPSOLFDWLRQV�LV

WKH� VR�FDOOHG�VPDOO�ZRUOG�HIIHFW��2QH�FDQ�GHILQH�D�GLVWDQFH�� FDOOHG� WKH�JHRGHVLF�GLVWDQFH��EHWZHHQ
WZR�YHUWLFHV�LQ�D�QHWZRUN�WR�EH�WKH�PLQLPXP�QXPEHU�RI�HGJHV�RQH�ZRXOG�KDYH�WR�WUDYHUVH�LQ�RUGHU�WR
JHW� IURP� RQH� YHUWH[� WR� WKH� RWKHU�� )RU� LQVWDQFH�� WZR� IULHQGV� ZRXOG� KDYH� JHRGHVLF� GLVWDQFH� �� LQ� D
IULHQGVKLS�QHWZRUN�EHFDXVH�WKHUH�LV�D�VLQJOH�HGJH�FRQQHFWLQJ�WKHP�GLUHFWO\��ZKLOH�WKH�IULHQG�RI�\RXU
IULHQG�ZRXOG�KDYH�GLVWDQFH���IURP�\RX��$V�GLVFXVVHG�LQ�6HFWLRQV�����DQG������LW�LV�IRXQG�HPSLULFDOO\
�DQG� FDQ� EH� SURYHQ�PDWKHPDWLFDOO\� LQ� VRPH� FDVHV�� WKDW� WKH�PHDQ� JHRGHVLF� GLVWDQFH�� DSSURSULDWHO\
GHILQHG���EHWZHHQ�YHUWH[�SDLUV�LV�YHU\�VKRUW��W\SLFDOO\�LQFUHDVLQJ�RQO\�DV�WKH�ORJDULWKP�RI�WKH�QXPEHU
RI�YHUWLFHV� LQ� WKH�QHWZRUN��$OWKRXJK� ILUVW� VWXGLHG� LQ� WKH� FRQWH[W� RI� IULHQGVKLS�QHWZRUNV�� WKLV� VPDOO�
ZRUOG�HIIHFW�DSSHDUV�WR�EH�YHU\�ZLGHVSUHDG��RFFXUULQJ�LQ�HVVHQWLDOO\�DOO�W\SHV�RI�QHWZRUNV��,Q�SRSXODU
FXOWXUH�LW�LV�UHIHUUHG�WR�DV�WKH�³VL[�GHJUHHV�RI�VHSDUDWLRQ�´�DIWHU�D�VXFFHVVIXO�VWDJH�SOD\�DQG�ILOP�RI�WKH
VDPH�QDPH��7KH�VHPL�P\WKRORJLFDO�FODLP�LV�WKDW�\RX�FDQ�JHW�IURP�DQ\RQH�LQ�WKH�ZRUOG�WR�DQ\RQH�HOVH
YLD�D�VHTXHQFH�RI�QR�PRUH�WKDQ�ILYH�LQWHUPHGLDWH�DFTXDLQWDQFHV²VL[�VWHSV�LQ�DOO�
7KH�VPDOO�ZRUOG�HIIHFW�FDQ�KDYH�LQWHUHVWLQJ�UHSHUFXVVLRQV��)RU�H[DPSOH��QHZV�DQG�JRVVLS�VSUHDG

RYHU�VRFLDO�QHWZRUNV��,I�\RX�KHDU�DQ�LQWHUHVWLQJ�UXPRU�IURP�D�IULHQG��\RX�PD\�SDVV�LW�RQ�WR�\RXU�RWKHU
IULHQGV��DQG�WKH\�LQ�WXUQ�SDVV�LW�RQ�WR�WKHLUV��DQG�VR�IRUWK��&OHDUO\�WKH�UXPRU�ZLOO�VSUHDG�IXUWKHU�DQG
IDVWHU�LI�LW�RQO\�WDNHV�VL[�VWHSV�WR�UHDFK�DQ\RQH�LQ�WKH�ZRUOG�WKDQ�LI�LW�WDNHV�D�KXQGUHG��RU�D�PLOOLRQ��,W�LV



D�PDWWHU�RI�FRPPRQ�H[SHULHQFH�WKDW�LQGHHG�D�VXLWDEO\�VFDQGDORXV�UXPRU�FDQ�UHDFK�WKH�HDUV�RI�DQ�HQWLUH
FRPPXQLW\�LQ�ZKDW�VHHPV�OLNH�WKH�EOLQN�RI�DQ�H\H��DQG�WKH�VWUXFWXUH�RI�VRFLDO�QHWZRUNV�KDV�D�ORW�WR�GR
ZLWK�LW�
$QG�FRQVLGHU�WKH�,QWHUQHW��2QH�RI�WKH�UHDVRQV�WKH�,QWHUQHW�IXQFWLRQV�DW�DOO�LV�EHFDXVH�DQ\�FRPSXWHU

RQ�WKH�QHWZRUN�LV�RQO\�D�IHZ�³KRSV´�RYHU�RSWLFDO�DQG�RWKHU�GDWD�OLQHV�IURP�DQ\�RWKHU��,Q�SUDFWLFH�WKH
SDWKV� WDNHQ�E\�SDFNHWV�RYHU� WKH�,QWHUQHW�DUH� W\SLFDOO\� LQ� WKH�UDQJH�RI�DERXW� WHQ� WR� WZHQW\�KRSV� ORQJ�
&HUWDLQO\� WKH�SHUIRUPDQFH�RI� WKH�QHWZRUN�ZRXOG�EH�PXFK�ZRUVH� LI�SDFNHWV�KDG� WR�PDNH�D� WKRXVDQG
KRSV�LQVWHDG�
$� WKLUG� H[DPSOH� RI� D� QHWZRUN� FRQFHSW� RI� SUDFWLFDO� LPSRUWDQFH� LV� SURYLGHG� E\� FOXVWHUV� RU

FRPPXQLWLHV�LQ�QHWZRUNV��:H�DUH�PRVW�RI�XV�IDPLOLDU�ZLWK�WKH�LGHD�WKDW�VRFLDO�QHWZRUNV�EUHDN�XS�LQWR
VXEFRPPXQLWLHV²WLJKWO\� NQLW� JURXSV� RI� IULHQGV� RU� DFTXDLQWDQFHV�ZLWKLQ� WKH� ODUJHU�� ORRVHU� QHWZRUN�
)ULHQGVKLS�QHWZRUNV��IRU�LQVWDQFH��WHQG�WR�FRQWDLQ�FOLTXHV��FLUFOHV��DQG�JDQJV�RI�IULHQGV�ZLWKLQ�ZKLFK
FRQQHFWLRQV�DUH�VWURQJ�DQG�IUHTXHQW�EXW�EHWZHHQ�ZKLFK�WKH\�DUH�ZHDNHU�RU�UDUHU��7KH�VDPH�LV�WUXH�RI
RWKHU� NLQGV� RI� VRFLDO� QHWZRUN� DOVR�� )RU� LQVWDQFH�� LQ� D� QHWZRUN� RI� EXVLQHVV� UHODWLRQVKLSV� EHWZHHQ
FRPSDQLHV�RQH�RIWHQ�ILQGV�FOXVWHUV�IRUPHG�RI�VHWV�RI�FRPSDQLHV�WKDW�RSHUDWH�LQ�SDUWLFXODU�VHFWLRQV�RI
WKH�HFRQRP\��&RQQHFWLRQV�PLJKW�EH�VWURQJHU��IRU�LQVWDQFH��EHWZHHQ�D�SDLU�RI�FRPSXWHU�FRPSDQLHV�RU�D
SDLU�RI�ELRWHFK�FRPSDQLHV�WKDQ�EHWZHHQ�D�FRPSXWHU�FRPSDQ\�DQG�D�ELRWHFK�FRPSDQ\��$QG�LI�LW�LV�WKH
FDVH�WKDW�FRPPXQLWLHV�FRUUHVSRQG�WR�JHQXLQH�GLYLVLRQV�RI�LQWHUHVW�RU�SXUSRVH�LQ�WKLV�ZD\��WKHQ�ZH�PD\
ZHOO�OHDUQ�VRPHWKLQJ�E\�WDNLQJ�D�QHWZRUN�DQG�H[DPLQLQJ�LW�WR�GHWHUPLQH�ZKDW�FRPPXQLWLHV�LW�FRQWDLQV�
7KH�ZD\�D�QHWZRUN�EUHDNV�GRZQ�LQWR�FRPPXQLWLHV�FDQ�UHYHDO�OHYHOV�DQG�FRQFHSWV�RI�RUJDQL]DWLRQ�WKDW
DUH�QRW�HDV\�WR�VHH�ZLWKRXW�QHWZRUN�GDWD��DQG�FDQ�KHOS�XV�WR�XQGHUVWDQG�KRZ�D�V\VWHP�LV�VWUXFWXUHG�
7KHUH� LV� D� VXEVWDQWLDO� UHVHDUFK� OLWHUDWXUH� LQ� VRFLDO� QHWZRUN� DQDO\VLV� DV� ZHOO� DV� LQ� RWKHU� ILHOGV
FRQFHUQHG� ZLWK� SUHFLVHO\� WKHVH� NLQGV� RI� TXHVWLRQV�� DQG� D� ODUJH� QXPEHU� RI� WHFKQLTXHV� KDYH� EHHQ
GHYHORSHG� WR�KHOS�XV�H[WUDFW�DQG�DQDO\]H� VXEFRPPXQLWLHV�ZLWKLQ� ODUJHU�QHWZRUNV��7KHVH�DUH�KLJKO\
DFWLYH�WRSLFV�RI�UHVHDUFK�DW�SUHVHQW��DQG�KROG�SURPLVH�IRU�H[FLWLQJ�DSSOLFDWLRQV�LQ�WKH�IXWXUH�
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7KLV�ERRN�LV�GLYLGHG�LQWR�ILYH�SDUWV��,Q�WKH�ILUVW�SDUW��FRQVLVWLQJ�RI�&KDSWHUV���WR����ZH�LQWURGXFH�WKH
YDULRXV� W\SHV� RI� QHWZRUN� HQFRXQWHUHG� LQ� WKH� UHDO� ZRUOG�� LQFOXGLQJ� WHFKQRORJLFDO�� VRFLDO�� DQG
ELRORJLFDO�QHWZRUNV��DQG�WKH�HPSLULFDO�WHFKQLTXHV�XVHG�WR�GLVFRYHU�WKHLU�VWUXFWXUH��$OWKRXJK�LW�LV�QRW
WKH�SXUSRVH�RI�WKLV�ERRN�WR�GHVFULEH�DQ\�RQH�SDUWLFXODU�QHWZRUN�LQ�JUHDW�GHWDLO��WKH�VWXG\�RI�QHWZRUNV
LV�QRQHWKHOHVV�ILUPO\�IRXQGHG�RQ�HPSLULFDO�REVHUYDWLRQV�DQG�D�JRRG�XQGHUVWDQGLQJ�RI�ZKDW�GDWD�DUH
DYDLODEOH�DQG�KRZ�WKH\�DUH�REWDLQHG�LV�LPPHQVHO\�KHOSIXO�LQ�XQGHUVWDQGLQJ�WKH�VFLHQFH�RI�QHWZRUNV�DV
LW�LV�SUDFWLFHG�WRGD\�
7KH�VHFRQG�SDUW�RI�WKH�ERRN��&KDSWHUV���WR����LQWURGXFHV�WKH�IXQGDPHQWDO�WKHRUHWLFDO�LGHDV�RQ�ZKLFK

RXU�FXUUHQW�XQGHUVWDQGLQJ�RI�QHWZRUNV� LV�EDVHG��&KDSWHU���GHVFULEHV� WKH�EDVLF�PDWKHPDWLFV�XVHG� WR
FDSWXUH� QHWZRUN� LGHDV�� &KDSWHU� �� GHVFULEHV� WKH�PHDVXUHV� DQG�PHWULFV�ZH� XVH� WR� TXDQWLI\� QHWZRUN
VWUXFWXUH��DQG�&KDSWHU���GHVFULEHV�VRPH�RI�WKH�LQWULJXLQJ�SDWWHUQV�DQG�SULQFLSOHV�WKDW�HPHUJH�ZKHQ�ZH
DSSO\�RXU�PDWKHPDWLFV�DQG�RXU�PHWULFV�WR�UHDO�ZRUOG�QHWZRUN�GDWD�
,Q�WKH�WKLUG�SDUW�RI�WKH�ERRN��&KDSWHUV���WR�����ZH�GLVFXVV�FRPSXWHU�DOJRULWKPV�IRU�DQDO\]LQJ�DQG

XQGHUVWDQGLQJ�QHWZRUN�GDWD��0HDVXUHPHQWV�RI�QHWZRUN�SURSHUWLHV��VXFK�DV�WKRVH�GHVFULEHG�LQ�&KDSWHU
���DUH�W\SLFDOO\�RQO\�SRVVLEOH�ZLWK�WKH�KHOS�RI�IDVW�FRPSXWHUV�DQG�PXFK�HIIRUW�KDV�EHHQ�GHYRWHG�RYHU
WKH�\HDUV�WR�WKH�GHYHORSPHQW�RI�HIILFLHQW�DOJRULWKPV�IRU�DQDO\]LQJ�QHWZRUN�GDWD��7KLV�SDUW�RI�WKH�ERRN
GHVFULEHV�LQ�GHWDLO�VRPH�RI�WKH�PRVW�LPSRUWDQW�RI�WKHVH�DOJRULWKPV��$�NQRZOHGJH�RI�WKLV�PDWHULDO�ZLOO
EH�RI�XVH�WR�DQ\RQH�ZKR�ZDQWV�WR�ZRUN�ZLWK�QHWZRUN�GDWD�
,Q�WKH�IRXUWK�SDUW�RI�WKH�ERRN��&KDSWHUV����WR�����ZH�ORRN�DW�PDWKHPDWLFDO�PRGHOV�RI�QHWZRUNV��7KH

PDWHULDO�LQ�WKHVH�FKDSWHUV�IRUPV�D�FHQWUDO�SDUW�RI�WKH�FDQRQ�RI�WKH�ILHOG�DQG�KDV�EHHQ�WKH�VXEMHFW�RI�D
YDVW� DPRXQW� RI� SXEOLVKHG� VFLHQWLILF� UHVHDUFK�� :H� VWXG\� ERWK� WUDGLWLRQDO� PRGHOV�� VXFK� DV� UDQGRP
JUDSKV�DQG�WKHLU�H[WHQVLRQV��DQG�QHZHU�PRGHOV��VXFK�DV�PRGHOV�RI�JURZLQJ�QHWZRUNV�DQG�WKH�³VPDOO�
ZRUOG�PRGHO�´
)LQDOO\��LQ�WKH�ILIWK�DQG�ODVW�SDUW�RI�WKH�ERRN��&KDSWHUV����WR�����ZH�ORRN�DW�SURFHVVHV�WDNLQJ�SODFH

RQ�QHWZRUNV�� LQFOXGLQJ�IDLOXUH�SURFHVVHV�DQG�UHVLOLHQFH��QHWZRUN�HSLGHPLRORJ\��G\QDPLFDO�V\VWHPV�
DQG� QHWZRUN� VHDUFK� SURFHVVHV�� 7KH� WKHRU\� RI� WKHVH� SURFHVVHV� LV� OHVV� ZHOO� GHYHORSHG� WKDQ� RWKHU
DVSHFWV�RI� WKH� WKHRU\�RI�QHWZRUNV�DQG� WKHUH� LV�PXFK�ZRUN�VWLOO� WR�EH�GRQH��7KH� ODVW�FKDSWHUV�RI� WKH
ERRN�SUREDEO\�UDLVH�DW�OHDVW�DV�PDQ\�TXHVWLRQV�DV�WKH\�DQVZHU��EXW�WKLV��VXUHO\��LV�D�JRRG�WKLQJ��:LWK
OXFN� UHDGHUV�ZLOO� IHHO� LQVSLUHG� WR�DQVZHU� VRPH�RI� WKRVH�TXHVWLRQV� WKHPVHOYHV�DQG� WKH�DXWKRU� ORRNV
IRUZDUG�WR�WKH�QHZ�DQG�H[FLWLQJ�UHVXOWV�WKH\�JHQHUDWH�ZKHQ�WKH\�GR�
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$�GLVFXVVLRQ�RI�HQJLQHHUHG�QHWZRUNV�OLNH�WKH�,QWHUQHW�DQG�WKH�SRZHU�JULG�DQG�KRZ�ZH
GHWHUPLQH�WKHLU�VWUXFWXUH

�

,1�7+(�QH[W� IRXU� FKDSWHUV�ZH�GHILQH� DQG�GHVFULEH� VRPH�RI� WKH�PRVW� FRPPRQO\� VWXGLHG�QHWZRUNV�
GLYLGLQJ� WKHP� LQWR� IRXU� JHQHUDO� FODVVHV²WHFKQRORJLFDO� QHWZRUNV�� VRFLDO� QHWZRUNV�� LQIRUPDWLRQ
QHWZRUNV��DQG�ELRORJLFDO�QHWZRUNV��:H�ZLOO�OLVW�WKH�PRVW�LPSRUWDQW�H[DPSOHV�LQ�HDFK�FODVV�DQG�WKHQ
GHVFULEH�WKH�WHFKQLTXHV�XVHG�WR�PHDVXUH�WKHLU�VWUXFWXUH���7KH�FODVVHV�DUH�QRW�ULJRURXVO\�GHILQHG�DQG
WKHUH�LV��DV�ZH�ZLOO�VHH��VRPH�RYHUODS�EHWZHHQ�WKHP��ZLWK�VRPH�QHWZRUNV�EHORQJLQJ�WR�PRUH�WKDQ�RQH
FODVV��1RQHWKHOHVV�� WKH� GLYLVLRQ� LQWR� FODVVHV� LV� D� XVHIXO� RQH�� VLQFH� QHWZRUNV� LQ� WKH� VDPH� FODVV� DUH
RIWHQ�WUHDWHG�XVLQJ�VLPLODU�WHFKQLTXHV�RU�LGHDV��
,W� LV�QRW�RXU�LQWHQWLRQ�LQ�WKLV�ERRN�WR�VWXG\�DQ\�RQH�QHWZRUN�LQ�JUHDW�GHWDLO��3OHQW\�RI�RWKHU�ERRNV

H[LVW� WKDW� GR� WKDW��1RQHWKHOHVV�� QHWZRUN� VFLHQFH� LV� FRQFHUQHG�ZLWK� XQGHUVWDQGLQJ� DQG�PRGHOLQJ� WKH
EHKDYLRU�RI�UHDO�ZRUOG�QHWZRUNHG�V\VWHPV�DQG�REVHUYDWLRQDO�GDWD�DUH�WKH�VWDUWLQJ�SRLQW�IRU�HVVHQWLDOO\
DOO�WKH�GHYHORSPHQWV�RI�WKH�ILHOG��VR�WKH�UHDGHU�ZLOO�ILQG�LW�XVHIXO�WR�KDYH�D�JUDVS�RI�WKH�W\SHV�RI�GDWD
WKDW�DUH�DYDLODEOH��WKHLU�VWUHQJWKV�DQG�OLPLWDWLRQV��DQG�WKH�PHDQV�XVHG�WR�DFTXLUH�WKHP��,Q�WKLV�FKDSWHU
ZH�ORRN�DW�WHFKQRORJLFDO�QHWZRUNV��WKH�SK\VLFDO�LQIUDVWUXFWXUH�QHWZRUNV�WKDW�KDYH�JURZQ�XS�RYHU�WKH
ODVW� FHQWXU\� RU� VR� DQG� IRUP� WKH� EDFNERQH� RI� PRGHUQ� WHFKQRORJLFDO� VRFLHWLHV�� 3HUKDSV� WKH� PRVW
FHOHEUDWHG� VXFK� QHWZRUN²DQG� D� UHODWLYHO\� UHFHQW� HQWU\� LQ� WKH� ILHOG²LV� WKH� ,QWHUQHW�� WKH� JOREDO
QHWZRUN� RI� GDWD� FRQQHFWLRQV�� HOHFWULFDO�� RSWLFDO�� DQG� ZLUHOHVV�� WKDW� OLQNV� FRPSXWHUV� DQG� RWKHU
LQIRUPDWLRQ�V\VWHPV�WRJHWKHU��6HFWLRQ�����LV�GHYRWHG�WR�D�GLVFXVVLRQ�RI�WKH�,QWHUQHW��$�QXPEHU�RI�RWKHU
LPSRUWDQW� H[DPSOHV� RI� WHFKQRORJLFDO� QHWZRUNV�� LQFOXGLQJ� SRZHU� JULGV�� WUDQVSRUWDWLRQ� QHWZRUNV�
GHOLYHU\�DQG�GLVWULEXWLRQ�QHWZRUNV��DQG�WHOHSKRQH�QHWZRUNV��DUH�GLVFXVVHG�LQ�VXEVHTXHQW�VHFWLRQV�
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7KH�,QWHUQHW�VKRXOG�QRW�EH�FRQIXVHG�ZLWK�WKH�:RUOG�:LGH�:HE��D�YLUWXDO�QHWZRUN�RI�ZHE�SDJHV
DQG�K\SHUOLQNV��ZKLFK�ZH�GLVFXVV�LQ�6HFWLRQ�����

�

7KH�,QWHUQHW�LV�WKH�ZRUOGZLGH�QHWZRUN�RI�SK\VLFDO�GDWD�FRQQHFWLRQV�EHWZHHQ�FRPSXWHUV�DQG�UHODWHG
GHYLFHV�� 7KH� ,QWHUQHW� LV� D�SDFNHW� VZLWFKHG� GDWD� QHWZRUN�� PHDQLQJ� WKDW� PHVVDJHV� VHQW� RYHU� LW� DUH
EURNHQ� XS� LQWR�SDFNHWV�� VPDOO� FKXQNV� RI� GDWD�� WKDW� DUH� VHQW� VHSDUDWHO\� RYHU� WKH� QHWZRUN� DQG
UHDVVHPEOHG� LQWR� D� FRPSOHWH�PHVVDJH� DJDLQ� DW� WKH� RWKHU� HQG�� 7KH� IRUPDW� RI� WKH� SDFNHWV� IROORZV� D
VWDQGDUG�NQRZQ�DV�WKH�,QWHUQHW�3URWRFRO��,3��DQG�LQFOXGHV�DQ�,3�DGGUHVV�LQ�HDFK�SDFNHW�WKDW�VSHFLILHV
WKH�SDFNHW¶V�GHVWLQDWLRQ��VR�WKDW�LW�FDQ�EH�URXWHG�FRUUHFWO\�DFURVV�WKH�QHWZRUN�

7KH�WHOHSKRQH�QHWZRUN�LV�GLVFXVVHG�LQ�6HFWLRQ�����
�
7KH�DOWHUQDWLYH�WR�D�SDFNHW�VZLWFKHG�QHWZRUN�LV�D�FLUFXLW�VZLWFKHG�QHWZRUN��WKH�FODVVLF�H[DPSOH�RI

ZKLFK� LV� WKH� WHOHSKRQH� V\VWHP�� ,Q� D� FLUFXLW� VZLWFKHG� QHWZRUN�� YHUWLFHV� UHTXHVW� FRQQHFWLRQV� ZKHQ
QHHGHG��VXFK�DV�ZKHQ�D�WHOHSKRQH�FDOO�LV�SODFHG��DQG�WKH�QHWZRUN�DOORFDWHV�D�VHSDUDWH�FLUFXLW�IRU�HDFK
FRQQHFWLRQ��UHVHUYHG�IRU�WKH�VROH�XVH�RI�WKDW�FRQQHFWLRQ�XQWLO�WKH�FRQQHFWLRQ�LV�HQGHG��7KLV�ZRUNV�ZHOO
IRU�YRLFH�WUDIILF��ZKLFK�FRQVLVWV�RI�GLVFUHWH�SKRQH�FDOOV�HDFK�ZLWK�D�GHILQLWH�EHJLQQLQJ�DQG�HQG��EXW�LW
ZRXOG� EH� D� SRRU�PRGHO� IRU� D� GDWD� QHWZRUN�� LQ� ZKLFK� GDWD� WUDQVPLVVLRQ� W\SLFDOO\� RFFXUV� LQ� EULHI�
LQWHUPLWWHQW�EXUVWV��8VLQJ�D�SDFNHW�VZLWFKHG�PRGHO�IRU�WKH�,QWHUQHW�DOORZV�FRPSXWHUV�WR�WUDQVPLW�DQG
UHFHLYH�GDWD� LQWHUPLWWHQWO\�RU�DW�YDU\LQJ� UDWHV�ZLWKRXW� W\LQJ�XS�FDSDFLW\�RQ� WKH�QHWZRUN��%\�PDNLQJ
SDFNHWV�UHDVRQDEO\�VPDOO��ZH�DOVR�DOORZ�IRU�D�FHUWDLQ�DPRXQW�RI�XQUHOLDELOLW\�LQ�WKH�QHWZRUN��,W�LV�QRW
XQFRPPRQ� IRU� SDFNHWV� WR� GLVDSSHDU� RQ� WKH� ,QWHUQHW� DQG� QHYHU� UHDFK� WKHLU� GHVWLQDWLRQ�� VRPHWLPHV
EHFDXVH�RI�KDUGZDUH�RU�VRIWZDUH�IDLOXUH��EXW�PRUH�RIWHQ�EHFDXVH�SDFNHWV�DUH�GHOLEHUDWHO\�GHOHWHG�WR
UHGXFH�FRQJHVWLRQ� LQ� WKH�EXVLHVW�SDUWV�RI� WKH�QHWZRUN�� ,I� D�PHVVDJH� LV�GLYLGHG� LQWR� VHYHUDO�SDFNHWV
EHIRUH� WUDQVPLVVLRQ� DQG� D� IHZ� SDFNHWV� DUH� ORVW�� WKHQ� RQO\� WKRVH� WKDW� DUH� ORVW� QHHG� EH� UHVHQW� WR
FRPSOHWH�WKH�PHVVDJH��$�VRIWZDUH�SURWRFRO�FDOOHG�7UDQVSRUW�&RQWURO�3URWRFRO �RU�7&3��ZKLFK�UXQV
RQ� WRS� RI� ,3�� SHUIRUPV� WKH� QHFHVVDU\� HUURU� FKHFNLQJ� DQG� UHWUDQVPLVVLRQ� DXWRPDWLFDOO\�� ZLWKRXW� WKH
QHHG�IRU�LQWHUYHQWLRQ�IURP�FRPSXWHU�XVHUV�RU�RWKHU�VRIWZDUH��
7KH�VLPSOHVW�QHWZRUN�UHSUHVHQWDWLRQ�RI�WKH�,QWHUQHW��WKHUH�DUH�RWKHUV��DV�ZH�ZLOO�VKRUWO\�VHH��LV�RQH

LQ�ZKLFK�WKH�YHUWLFHV�RI�WKH�QHWZRUN�UHSUHVHQW�FRPSXWHUV�DQG�RWKHU�GHYLFHV��DQG�WKH�HGJHV�UHSUHVHQW
SK\VLFDO� FRQQHFWLRQV� EHWZHHQ� WKHP�� VXFK� DV� RSWLFDO� ILEHU� OLQHV�� ,Q� IDFW�� RUGLQDU\� FRPSXWHUV�PRVWO\
RFFXS\�RQO\�WKH�YHUWLFHV�RQ�WKH�³RXWVLGH´�RI�WKH�QHWZRUN��WKRVH�WKDW�GDWD�IORZV�WR�DQG�IURP��EXW�WKH\
GR�QRW�DFW�DV�LQWHUPHGLDWH�SRLQWV�IRU�WKH�IORZ�RI�GDWD�EHWZHHQ�RWKHUV���,QGHHG��PRVW�FRPSXWHUV�RQO\
KDYH�D�VLQJOH�FRQQHFWLRQ�WR�WKH�QHW��VR�LW�ZRXOG�QRW�EH�SRVVLEOH�IRU�WKHP�WR�OLH�RQ�WKH�SDWK�EHWZHHQ�DQ\
RWKHUV��� 7KH� ³LQWHULRU´� QRGHV� RI� WKH� ,QWHUQHW� DUH� SULPDULO\�URXWHUV�� SRZHUIXO� VSHFLDO�SXUSRVH
FRPSXWHUV� DW� WKH� MXQFWLRQV� EHWZHHQ� GDWD� OLQHV� WKDW� UHFHLYH� GDWD� SDFNHWV� DQG� IRUZDUG� WKHP� LQ� RQH
GLUHFWLRQ�RU�DQRWKHU�WRZDUGV�WKHLU�LQWHQGHG�GHVWLQDWLRQ�
7KH�JHQHUDO�RYHUDOO�VKDSH�RI�WKH�,QWHUQHW�LV�VKRZQ��LQ�VFKHPDWLF�IRUP��LQ�)LJ�������7KH�QHWZRUN�LV

FRPSRVHG�RI�WKUHH�OHYHOV�RU�FLUFOHV�RI�YHUWLFHV��7KH�LQQHUPRVW�FLUFOH��WKH�FRUH�RI�WKH�QHWZRUN��LV�WKH



EDFNERQH� RI� WKH� QHWZRUN�� WKH� WUXQN� OLQHV� WKDW� SURYLGH� ORQJ�GLVWDQFH� KLJK�EDQGZLGWK� GDWD� WUDQVSRUW
DFURVV� WKH� JOREH�� DORQJ� ZLWK� WKH� KLJK�SHUIRUPDQFH� URXWHUV� DQG� VZLWFKLQJ� FHQWHUV� WKDW� OLQN� WKHP
WRJHWKHU�� 7KHVH� WUXQN� OLQHV� DUH� WKH� KLJKZD\V� RI� WKH� ,QWHUQHW�� EXLOW� ZLWK� WKH� IDVWHVW� ILEHU� RSWLF
FRQQHFWLRQV�DYDLODEOH��DQG�LPSURYLQJ�DOO�WKH�WLPH���7KH�EDFNERQH�LV�RSHUDWHG�E\�QHWZRUN�EDFNERQH
SURYLGHUV��1%3V���ZKR�DUH�SULPDULO\�QDWLRQDO�JRYHUQPHQWV�DQG�FRPPXQLFDWLRQV�FRPSDQLHV�VXFK�DV
$7	7��*OREDO�&URVVLQJ��%ULWLVK�7HOHFRP��DQG�RWKHUV�
7KH�VHFRQG�FLUFOH�RI�WKH�,QWHUQHW�LV�FRPSRVHG�RI�,QWHUQHW�VHUYLFH�SURYLGHUV�RU�,63V²FRPPHUFLDO

FRPSDQLHV�� JRYHUQPHQWV�� XQLYHUVLWLHV�� DQG� RWKHUV� ZKR� FRQWUDFW� ZLWK� 1%3V� IRU� FRQQHFWLRQ� WR� WKH
EDFNERQH�DQG�WKHQ�UHVHOO�RU�RWKHUZLVH�SURYLGH�WKDW�FRQQHFWLRQ�WR�HQG�XVHUV��WKH�XOWLPDWH�FRQVXPHUV�RI
,QWHUQHW�EDQGZLGWK��ZKR�IRUP�WKH�WKLUG�FLUFOH²EXVLQHVVHV��JRYHUQPHQW�RIILFHV��DFDGHPLFV��SHRSOH�LQ
WKHLU� KRPHV�� DQG� VR� IRUWK�� ,Q� IDFW�� DV�)LJ�� ���� VKRZV�� WKH� ,63V� DUH� IXUWKHU� VXEGLYLGHG� LQWR�UHJLRQDO
,63V�DQG�ORFDO�RU�FRQVXPHU�,63V��WKH�IRUPHU�EHLQJ�ODUJHU�RUJDQL]DWLRQV�ZKRVH�SULPDU\�FXVWRPHUV�DUH
WKH� ORFDO� ,63V��ZKR�LQ� WXUQ�VHOO�QHWZRUN�FRQQHFWLRQV� WR� WKH�HQG�XVHUV��7KLV�GLVWLQFWLRQ� LV�VRPHZKDW
EOXUUHG�KRZHYHU��EHFDXVH�ODUJH�FRQVXPHU�,63V��VXFK�DV�$PHULFD�2QOLQH�RU�%ULWLVK�7HOHFRP��RIWHQ�DFW
DV�WKHLU�RZQ�UHJLRQDO�,63V��DQG�VRPH�PD\�EH�EDFNERQH�SURYLGHUV�DV�ZHOO��
7KH� QHWZRUN� VWUXFWXUH� RI� WKH� ,QWHUQHW� LV� QRW� GLFWDWHG� E\� DQ\� FHQWUDO� DXWKRULW\�� 3URWRFROV� DQG

JXLGHOLQHV�DUH�GHYHORSHG�E\�DQ�LQIRUPDO�YROXQWHHU�RUJDQL]DWLRQ�FDOOHG�WKH�,QWHUQHW�(QJLQHHULQJ�7DVN
)RUFH��EXW�RQH�GRHV�QRW�KDYH�WR�DSSO\�WR�DQ\�FHQWUDO�,QWHUQHW�DXWKRULW\�IRU�SHUPLVVLRQ�WR�EXLOG�D�QHZ
VSXU�RQ�WKH�,QWHUQHW��RU�WR�WDNH�RQH�RXW�RI�VHUYLFH�

�

)LJXUH������$�VFKHPDWLF�GHSLFWLRQ�RI�WKH�VWUXFWXUH�RI�WKH�,QWHUQHW� �7KH�YHUWLFHV�DQG�HGJHV�RI�WKH
,QWHUQHW� IDOO� LQWR� D� QXPEHU� RI� GLIIHUHQW� FODVVHV�� WKH� ³EDFNERQH´� RI� KLJK�EDQGZLGWK� ORQJ�GLVWDQFH
FRQQHFWLRQV�� WKH� ,63V�� ZKR� FRQQHFW� WR� WKH� EDFNERQH� DQG� ZKR� DUH� GLYLGHG� URXJKO\� LQWR� UHJLRQDO
�ODUJHU�� DQG� ORFDO� �VPDOOHU�� ,63V�� DQG� WKH� HQG� XVHUV²KRPH� XVHUV�� FRPSDQLHV�� DQG� VR� IRUWK²ZKR
FRQQHFW�WR�WKH�,63V�
�
�



2QH�RI�WKH�UHPDUNDEOH�IHDWXUHV�RI�WKH�,QWHUQHW�LV�WKDW�WKH�VFKHPH�XVHG�IRU�WKH�URXWLQJ�RI�SDFNHWV�IURP
RQH�GHVWLQDWLRQ�WR�DQRWKHU�LV�DUULYHG�DW�E\�DXWRPDWHG�QHJRWLDWLRQ�DPRQJ�,QWHUQHW�URXWHUV�XVLQJ�D�V\VWHP
FDOOHG� WKH�%RUGHU�*DWHZD\�3URWRFRO ��%*3���%*3�LV�GHVLJQHG�LQ�VXFK�D�ZD\�WKDW�LI�QHZ�YHUWLFHV�RU
HGJHV� DUH� DGGHG� WR� WKH� QHWZRUN�� ROG� RQHV� GLVDSSHDU�� RU� H[LVWLQJ� RQHV� IDLO� HLWKHU� SHUPDQHQWO\� RU
WHPSRUDULO\�� URXWHUV� ZLOO� WDNH� QRWH� DQG� DGMXVW� WKHLU� URXWLQJ� SROLF\� DSSURSULDWHO\�� 6RPH� KXPDQ
RYHUVLJKW�LV�UHTXLUHG�WR�NHHS�WKH�V\VWHP�UXQQLQJ�VPRRWKO\��EXW�QR�³,QWHUQHW�JRYHUQPHQW´�LV�QHHGHG�WR
VWHHU� WKLQJV� IURP� RQ� KLJK�� WKH� V\VWHP� RUJDQL]HV� LWVHOI� E\� WKH� FRPELQHG� DFWLRQV� RI� PDQ\� ORFDO� DQG
HVVHQWLDOO\�DXWRQRPRXV�FRPSXWHU�V\VWHPV�
:KLOH�WKLV�LV�DQ�H[FHOOHQW�IHDWXUH�RI�WKH�V\VWHP�IURP�WKH�SRLQW�RI�YLHZ�RI�UREXVWQHVV�DQG�IOH[LELOLW\�

LW� LV�D�SUREOHP�IRU�WKRVH�ZKR�ZDQW�WR�VWXG\�WKH�VWUXFWXUH�RI�WKH�,QWHUQHW��EHFDXVH�WKHUH�LV�QR�FHQWUDO
UHJLVWU\�IURP�ZKLFK�RQH�FDQ�GHWHUPLQH�WKDW�VWUXFWXUH��7KHUH�LV�QR�RQH�ZKRVH�MRE�LW�LV�WR�PDLQWDLQ�DQ
RIILFLDO� PDS� RI� WKH� QHWZRUN�� ,QVWHDG� WKH� QHWZRUN¶V� VWUXFWXUH� PXVW� EH� GHWHUPLQHG� E\� H[SHULPHQWDO
PHDVXUHPHQWV�� 7KHUH� DUH� WZR� SULPDU\� PHWKRGV� IRU� GRLQJ� WKLV�� 7KH� ILUVW� XVHV� VRPHWKLQJ� FDOOHG
³WUDFHURXWH´��WKH�VHFRQG�XVHV�%*3�



������0($685,1*�,17(51(7�6758&785(�86,1*�75$&(5287(

�

,W�LV�QRW��DW�OHDVW�IRU�PRVW�RI�XV��SRVVLEOH�WR�SUREH�WKH�QHWZRUN�VWUXFWXUH�RI�WKH�,QWHUQHW�GLUHFWO\��:H
FDQ��KRZHYHU��TXLWH�HDVLO\�GLVFRYHU�WKH�SDUWLFXODU�SDWK�WDNHQ�E\�GDWD�SDFNHWV� WUDYHOLQJ�EHWZHHQ�RXU
RZQ� FRPSXWHU� �RU� DQ\� FRPSXWHU� WR� ZKLFK� ZH� KDYH� DFFHVV�� DQG� PRVW� RWKHUV� RQ� WKH� ,QWHUQHW�� 7KH
VWDQGDUG�WRRO�IRU�GRLQJ�WKLV�LV�FDOOHG�WUDFHURXWH�
,Q� DGGLWLRQ� WR� D� GHVWLQDWLRQ� DGGUHVV�� ZKLFK� VD\V� ZKHUH� LW� LV� JRLQJ�� HDFK� ,QWHUQHW� SDFNHW� DOVR

FRQWDLQV�D�VRXUFH�DGGUHVV��ZKLFK�VD\V�ZKHUH�LW�VWDUWHG�IURP��DQG�D�WLPH�WR�OLYH��77/���7KH�77/�LV�D
QXPEHU�WKDW�VSHFLILHV�WKH�PD[LPXP�QXPEHU�RI�³KRSV´�WKDW�WKH�SDFNHW�FDQ�PDNH�WR�JHW�WR�LWV�GHVWLQDWLRQ�
D�KRS�EHLQJ�WKH�WUDYHUVDO�RI�RQH�HGJH�LQ�WKH�QHWZRUN��$W�HYHU\�KRS��WKH�77/�LV�GHFUHDVHG�E\�RQH��DQG
LI�HYHU� LW� UHDFKHV�]HUR� WKH�SDFNHW� LV�GLVFDUGHG��PHDQLQJ� LW� LV�GHOHWHG�DQG�QRW� IRUZDUGHG�DQ\�IXUWKHU
RYHU�WKH�QHWZRUN��,I�ZH�DUH�XVLQJ�7&3��D�PHVVDJH�LV�DOVR�WKHQ�VHQW�EDFN�WR�WKH�VHQGHU�LQIRUPLQJ�WKHP
WKDW� WKH� SDFNHW� ZDV� GLVFDUGHG� DQG� ZKHUH� LW� JRW� WR�� �7KLV� LV� D� SDUW� RI� 7&3¶V� PHFKDQLVP� IRU
JXDUDQWHHLQJ�WKH�UHOLDEOH�WUDQVPLVVLRQ�RI�GDWD²VHH�DERYH���7KH�77/�H[LVWV�PDLQO\�DV�D�VDIHJXDUG�WR
SUHYHQW�SDFNHWV�IURP�JHWWLQJ�ORVW�RQ�WKH�,QWHUQHW�DQG�ZDQGHULQJ�DURXQG�IRUHYHU��EXW�ZH�FDQ�PDNH�XVH
RI�LW�WR�WUDFN�SDFNHW�SURJUHVV�DV�ZHOO��7KH�LGHD�LV�DV�IROORZV�
)LUVW�� ZH� VHQG� RXW� D� 7&3� SDFNHW� ZLWK� WKH� GHVWLQDWLRQ� DGGUHVV� RI� WKH� QHWZRUN� YHUWH[� ZH� DUH

LQWHUHVWHG�LQ�DQG�D�77/�RI����7KH�SDFNHW�PDNHV�D�VLQJOH�KRS�WR�WKH�ILUVW�URXWHU�DORQJ�WKH�ZD\��LWV�77/
LV�GHFUHDVHG�WR�]HUR��WKH�SDFNHW�LV�GLVFDUGHG�E\�WKH�URXWHU�DQG�D�PHVVDJH�LV�UHWXUQHG�WR�XV�WHOOLQJ�XV�
DPRQJ�RWKHU�WKLQJV��WKH�,3�DGGUHVV�RI�WKH�URXWHU��:H�UHFRUG�WKLV�DGGUHVV�DQG�WKHQ�UHSHDW�WKH�SURFHVV
ZLWK�D�77/�RI����7KLV�WLPH�WKH�SDFNHW�PDNHV�WZR�KRSV�EHIRUH�G\LQJ�DQG�WKH�UHWXUQHG�PHVVDJH�WHOOV�XV
WKH� ,3� DGGUHVV� RI� WKH� VHFRQG� URXWHU�� 7KH� SURFHVV� LV� UHSHDWHG�ZLWK� ODUJHU� DQG� ODUJHU� 77/� XQWLO� WKH
GHVWLQDWLRQ�LV�UHDFKHG��DQG�WKH�VHW�RI�,3�DGGUHVVHV�UHFHLYHG�DV�D�UHVXOW�VSHFLILHV�WKH�HQWLUH�URXWH�WDNHQ
WR�JHW�WKHUH���7KHUH�DUH�VWDQGDUG�VRIWZDUH�WRROV�WKDW�ZLOO�SHUIRUP�WKH�HQWLUH�SURFHGXUH�DXWRPDWLFDOO\
DQG� SULQW� RXW� WKH� OLVW� RI� ,3� DGGUHVVHV� IRU� XV�� 2Q�PRVW� FRPSXWHUV� WKH� WRRO� WKDW� GRHV� WKLV� LV� FDOOHG
³WUDFHURXWH�´
:H�FDQ�XVH�WUDFHURXWH��RU�D�VLPLODU�WRRO��WR�SUREH�WKH�QHWZRUN�VWUXFWXUH�RI�WKH�,QWHUQHW��7KH�LGHD�LV

WR�DVVHPEOH�D�ODUJH�GDWD�VHW�RI�WUDFHURXWH�SDWKV�EHWZHHQ�PDQ\�GLIIHUHQW�SDLUV�RI�SRLQWV�RQ�WKH�,QWHUQHW�
:LWK�OXFN��PRVW�RI�WKH�HGJHV�LQ�WKH�QHWZRUN��WKRXJK�XVXDOO\�QRW�DOO�RI�WKHP��ZLOO�DSSHDU�DW�OHDVW�RQFH
LQ� WKLV� VHW�� DQG� WKH�XQLRQ�RI� DOO� RI� WKHP�VKRXOG�JLYH� D� UHDVRQDEO\� FRPSOHWH�SLFWXUH�RI� WKH�QHWZRUN�
(DUO\�VWXGLHV��IRU�WKH�VDNH�RI�H[SHGLHQF\��OLPLWHG�WKHPVHOYHV�WR�MXVW�D�IHZ�VRXUFH�FRPSXWHUV��EXW�PRUH
UHFHQW�RQHV��VXFK�DV�WKH�',0(6�3URMHFW���PDNH�XVH�RI�GLVWULEXWHG�FROOHFWLRQV�RI�WKRXVDQGV�RI�VRXUFHV
WR�GHYHORS�D�YHU\�FRPSOHWH�SLFWXUH�RI�WKH�QHWZRUN�

6HH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�WUHH�QHWZRUNV�
�
7KH� SDWKV� IURP� DQ\� VLQJOH� VRXUFH� WR� D� VHW� RI� GHVWLQDWLRQV� IRUP� D� WUHH�OLNH� VWUXFWXUH� DV� VKRZQ

VFKHPDWLFDOO\�LQ�)LJ�����D��E��DQG�F���7KH�VRXUFH�FRPSXWHUV�VKRXOG��LGHDOO\��EH�ZHOO�GLVWULEXWHG�RYHU
WKH�QHWZRUN��,I�WKH\�DUH�FORVH�WRJHWKHU��WKHQ�WKHUH�PD\�EH�D�VXEVWDQWLDO�RYHUODS�EHWZHHQ�WKH�WUDFHURXWH
SDWKV�WR�GLVWDQW�YHUWLFHV��ZKLFK�PHDQV�WKDW�WKH\�ZLOO�GXSOLFDWH�QHHGOHVVO\�HDFK�RWKHU¶V�HIIRUWV��UDWKHU
WKDQ�UHWXUQLQJ�LQGHSHQGHQW�PHDVXUHPHQWV�
2QFH�RQH�KDV�D�VXLWDEOH�VHW�RI�WUDFHURXWH�GDWD��D�VLPSOH�XQLRQ�RI�DOO�WKH�SDWKV�DSSHDULQJ�LQ�WKH�GDWD



VHW�JLYHV�XV�RXU�VQDSVKRW�RI� WKH�QHWZRUN�VWUXFWXUH²VHH�)LJ�����G��7KDW� LV��ZH�JR�WKURXJK�HDFK�SDWK
DQG�UHFRUG�D�YHUWH[�IRU�HYHU\�,3�DGGUHVV�WKDW�DSSHDUV�LQ�WKH�SDWK�DQG�DQ�HGJH�EHWZHHQ�HYHU\�SDLU�RI
DGGUHVVHV�WKDW�DSSHDU�LQ�DGMDFHQW�SRVLWLRQV��$V�KLQWHG�DERYH��LW�LV�XQOLNHO\�WKDW�VXFK�D�SURFHGXUH�ZLOO
ILQG�DOO� WKH�HGJHV� LQ� WKH�QHWZRUN� �VHH�)LJ�����G�DJDLQ��� DQG� IRU� VWXGLHV�EDVHG�RQ� VPDOO�QXPEHUV�RI
VRXUFHV�WKHUH�FDQ�EH�TXLWH�VHYHUH�ELDVHV�LQ�WKH�VDPSOLQJ�RI�HGJHV�>�����@��+RZHYHU��EHWWHU�DQG�EHWWHU
GDWD�VHWV�DUH�EHFRPLQJ�DYDLODEOH�DV� WLPH�SDVVHV��DQG�LW� LV�EHOLHYHG�WKDW�ZH�QRZ�KDYH�D�UHDVRQDEO\
FRPSOHWH�SLFWXUH�RI�WKH�VKDSH�RI�WKH�,QWHUQHW�
,Q� IDFW�� LW� LV� UDUHO\�� LI�HYHU��GRQH� WR� UHFRUG�HYHU\� ,3�DGGUHVV�RQ� WKH�,QWHUQHW�DV�D�VHSDUDWH�YHUWH[�

7KHUH�DUH�EHOLHYHG�WR�EH�DERXW���ELOOLRQ�XQLTXH�,3�DGGUHVVHV�LQ�XVH�RQ�WKH�,QWHUQHW�DW�DQ\�RQH�WLPH�
ZLWK�PDQ\�RI�WKRVH�FRUUHVSRQGLQJ�WR�HQG�XVHU�FRPSXWHUV�WKDW�DSSHDU�DQG�GLVDSSHDU�DV�WKH�FRPSXWHUV
DUH� WXUQHG�RQ�RU�RII�RU�FRQQHFWLRQV� WR� WKH� ,QWHUQHW�DUH�PDGH�RU�EURNHQ��0RVW� VWXGLHV�RI� WKH� ,QWHUQHW
LJQRUH�HQG�XVHU�FRPSXWHUV�DQG� UHVWULFW� WKHPVHOYHV� WR� MXVW� WKH� URXWHUV�� LQ�HIIHFW�FRQFHQWUDWLQJ�RQ� WKH
LQQHU�]RQHV�LQ�)LJ������DQG�LJQRULQJ�WKH�RXWHUPRVW�RQH��:H�ZLOO�UHIHU�WR�VXFK�PDSV�RI�WKH�,QWHUQHW�DV
UHSUHVHQWDWLRQV� DW� WKH�URXWHU� OHYHO��7KH�YHUWLFHV� LQ� WKH�QHWZRUN�DUH� URXWHUV�� DQG� WKH� HGJHV�EHWZHHQ
WKHP�DUH�QHWZRUN�FRQQHFWLRQV�

�

)LJXUH������5HFRQVWUXFWLRQ�RI�WKH�WRSRORJ\�RI�WKH�,QWHUQHW�IURP�WUDFHURXWH�GDWD�� ,Q�SDQHOV� �D��
�E���DQG��F��ZH�VKRZ�LQ�EROG�WKH�HGJHV�LQ�WKUHH�VHWV�RI�WUDFHURXWH�SDWKV�VWDUWLQJ�IURP�HDFK�RI�WKH�WKUHH
KLJKOLJKWHG�VRXUFH�YHUWLFHV�� ,Q�SDQHO� �G��ZH�IRUP�WKH�XQLRQ�RI� WKHVH�HGJHV� WR�PDNH�D�SLFWXUH�RI� WKH
RYHUDOO� QHWZRUN� WRSRORJ\��1RWH� WKDW� D� IHZ�HGJHV� DUH�PLVVLQJ� IURP� WKLV�SLFWXUH� �WKH� UHPDLQLQJ�JUD\
HGJHV� LQ� SDQHO� �G��� EHFDXVH�� E\� FKDQFH�� WKH\� KDSSHQ� QRW� WR� DSSHDU� LQ� DQ\� RI� WKH� WKUHH� LQGLYLGXDO
WUDFHURXWH�GDWD�VHWV�
�
�
,W�PD\�DSSHDU� VWUDQJH� WR� LJQRUH� HQG�XVHU� FRPSXWHUV�� VLQFH� WKH� HQG�XVHUV� DUH�� DIWHU� DOO�� WKH� HQWLUH

UHDVRQ�IRU�WKH�,QWHUQHW¶V�H[LVWHQFH�LQ�WKH�ILUVW�SODFH��+RZHYHU��LW�LV�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�DW�WKH
URXWHU�OHYHO�WKDW�LV�UHVSRQVLEOH�IRU�PRVW�DVSHFWV�RI�WKH�SHUIRUPDQFH��UREXVWQHVV��DQG�HIILFLHQF\�RI�WKH
QHWZRUN�� WKDW� GLFWDWHV� WKH� SDWWHUQV� RI� WUDIILF� IORZ�RQ� WKH� QHWZRUN�� DQG� WKDW� IRUPV� WKH� IRFXV� RI�PRVW
ZRUN� RQ� ,QWHUQHW� VWUXFWXUH� DQG� GHVLJQ�� 7R� WKH� H[WHQW� WKDW� WKHVH� DUH� WKH� LVVXHV� RI� VFLHQWLILF� LQWHUHVW�



WKHUHIRUH��LW�PDNHV�VHQVH�WR�FRQFHQWUDWH�RXU�HIIRUWV�RQ�WKH�URXWHU�OHYHO�VWUXFWXUH�
$Q�H[DPSOH�RI�D�VWXG\�RI�WKH�WRSRORJ\�RI�WKH�,QWHUQHW�DW�WKH�URXWHU�OHYHO�LV�WKDW�RI�)DORXWVRV�HW�DO�

>���@�� ZKR� ORRNHG� DW� WKH� ³GHJUHH� GLVWULEXWLRQ´� RI� WKH� QHWZRUN� DQG� GLVFRYHUHG� LW� WR� IROORZ�
DSSUR[LPDWHO\��D�SRZHU�ODZ��:H�GLVFXVV�GHJUHH�GLVWULEXWLRQV�DQG�SRZHU�ODZV�LQ�QHWZRUNV�LQ�PRUH
GHWDLO�LQ�6HFWLRQ�����
(YHQ�DIWHU�UHPRYLQJ�DOO�RU�PRVW�HQG�XVHU�FRPSXWHUV�IURP�WKH�QHWZRUN��WKH�QHWZRUN�VWUXFWXUH�DW�WKH

URXWHU�OHYHO�PD\�VWLOO�EH�WRR�GHWDLOHG�IRU�RXU�SXUSRVHV��2IWHQ�ZH�ZRXOG�OLNH�D�PRUH�FRDUVH�JUDLQHG
UHSUHVHQWDWLRQ� RI� WKH� QHWZRUN� WKDW� JLYHV� XV� D� EURDGHU� RYHUDOO� SLFWXUH� RI� QHWZRUN� VWUXFWXUH�� 6XFK
UHSUHVHQWDWLRQV� DUH� FUHDWHG� E\� JURXSLQJ� VHWV� RI� ,3� DGGUHVVHV� WRJHWKHU� LQWR� VLQJOH� YHUWLFHV�� 7KUHH
GLIIHUHQW�ZD\V�RI�JURXSLQJ�DGGUHVVHV�DUH�LQ�FRPPRQ�XVH�JLYLQJ�ULVH�WR�WKUHH�GLIIHUHQW�FRDUVH�JUDLQHG
UHSUHVHQWDWLRQV��DW�WKH�OHYHO�RI�VXEQHWV��GRPDLQV��DQG�DXWRQRPRXV�V\VWHPV�
$�VXEQHW�LV�D�JURXS�RI�,3�DGGUHVVHV�GHILQHG�DV�IROORZV��,3�DGGUHVVHV�FRQVLVW�RI�IRXU�QXPEHUV��HDFK

RQH� LQ� WKH� UDQJH� IURP��� WR����� �HLJKW�ELWV� LQ�ELQDU\�� DQG� W\SLFDOO\�ZULWWHQ� LQ� D� VWULQJ� VHSDUDWHG�E\
SHULRGV�RU�GRWV��)RU�H[DPSOH��WKH�,3�DGGUHVV�RI�WKH�PDLQ�ZHE�VHUYHU�DW�WKH�DXWKRU¶V�KRPH�LQVWLWXWLRQ�
WKH� 8QLYHUVLW\� RI� 0LFKLJDQ�� LV� ����������������� ,3� DGGUHVVHV� DUH� DOORFDWHG� WR� RUJDQL]DWLRQV� LQ
EORFNV��7KH�8QLYHUVLW\�RI�0LFKLJDQ��IRU�LQVWDQFH��RZQV��DPRQJ�RWKHUV��DOO�WKH�DGGUHVVHV�RI�WKH�IRUP
������������[[[��ZKHUH�³[[[´�FDQ�EH�DQ\�QXPEHU�EHWZHHQ���DQG������6XFK�D�EORFN��ZKHUH�WKH�ILUVW
WKUHH�QXPEHUV�LQ�WKH�DGGUHVV�DUH�IL[HG�DQG�WKH�ODVW�FDQ�EH�DQ\WKLQJ��LV�FDOOHG�D�FODVV�&�VXEQHW��7KHUH
DUH�DOVR�FODVV�%�VXEQHWV��ZKLFK�KDYH�WKH�IRUP���������[[[�\\\��DQG�FODVV�$�VXEQHWV��ZKLFK�KDYH�WKH
IRUP�����[[[�\\\�]]]�
6LQFH� DOO� WKH� DGGUHVVHV� LQ� D� FODVV� &� VXEQHW� DUH� XVXDOO\� DOORFDWHG� WR� WKH� VDPH� RUJDQL]DWLRQ�� D

UHDVRQDEOH�ZD\�RI�FRDUVH�JUDLQLQJ�,QWHUQHW�QHWZRUN�GDWD�LV�WR�JURXS�YHUWLFHV�LQWR�FODVV�&�VXEQHWV��,Q
PRVW�FDVHV�WKLV�ZLOO�JURXS�WRJHWKHU�YHUWLFHV�LQ�WKH�VDPH�RUJDQL]DWLRQ��DOWKRXJK�ODUJHU�RUJDQL]DWLRQV�
OLNH�WKH�8QLYHUVLW\�RI�0LFKLJDQ��RZQ�PRUH�WKDQ�RQH�FODVV�&�VXEQHW��VR�WKHUH�ZLOO�VWLOO�EH�PRUH�WKDQ
RQH�YHUWH[�LQ�WKH�FRDUVH�JUDLQHG�QHWZRUN�FRUUHVSRQGLQJ�WR�VXFK�RUJDQL]DWLRQV��*LYHQ�WKH�WRSRORJ\�RI
WKH�QHWZRUN�DW�WKH�URXWHU�OHYHO��WKH�OHYHO�RI�LQGLYLGXDO�,3�DGGUHVVHV��LW�LV�HDV\�WR�OXPS�WRJHWKHU�LQWR�D
VLQJOH�YHUWH[�DOO�DGGUHVVHV�LQ�HDFK�FODVV�&�VXEQHW�DQG�SODFH�DQ�HGJH�EHWZHHQ�DQ\�WZR�VXEQHWV�LI�DQ\
URXWHU� LQ� RQH� KDV� D� QHWZRUN� FRQQHFWLRQ� WR� DQ\� URXWHU� LQ� WKH� RWKHU�� )LJXUH� ���� RQ� SDJH� �� VKRZV� DQ
H[DPSOH�RI�WKH�QHWZRUN�VWUXFWXUH�RI�WKH�,QWHUQHW�UHSUHVHQWHG�DW�WKH�OHYHO�RI�FODVV�&�VXEQHWV�
7KH�VHFRQG�FRPPRQ�W\SH�RI�FRDUVH�JUDLQLQJ�LV�FRDUVH�JUDLQLQJ�DW�WKH�GRPDLQ�OHYHO��$�GRPDLQ�LV�D

JURXS�RI�FRPSXWHUV�DQG�URXWHUV�XQGHU��XVXDOO\��WKH�FRQWURO�RI�D�VLQJOH�RUJDQL]DWLRQ�DQG�LGHQWLILHG�E\�D
VLQJOH�GRPDLQ�QDPH��QRUPDOO\�WKH�ODVW�WZR�RU�WKUHH�SDUWV�RI�D�FRPSXWHU¶V�DGGUHVV�ZKHQ�WKH�DGGUHVV�LV
ZULWWHQ� LQ� KXPDQ�UHDGDEOH� WH[W� IRUP� �DV� RSSRVHG� WR� WKH� UDZ� ,3� DGGUHVVHV� FRQVLGHUHG� DERYH��� )RU
H[DPSOH��³XPLFK�HGX´�LV� WKH�GRPDLQ�QDPH�IRU�WKH�8QLYHUVLW\�RI�0LFKLJDQ�DQG�³RXS���FR���XN´�LV� WKH
GRPDLQ�QDPH�IRU�2[IRUG�8QLYHUVLW\�3UHVV��7KH�QDPH�RI�WKH�GRPDLQ�WR�ZKLFK�D�FRPSXWHU�EHORQJV�FDQ
EH� GHWHUPLQHG� LQ� D� VWUDLJKWIRUZDUG� PDQQHU� IURP� WKH� FRPSXWHU¶V� ,3� DGGUHVV� E\� D� ³UHYHUVH� '16
ORRNXS�´� D� QHWZRUN� VHUYLFH� VHW� XS� WR� SURYLGH� SUHFLVHO\� WKLV� W\SH� RI� LQIRUPDWLRQ�� 7KXV�� JLYHQ� WKH
URXWHU�OHYHO� QHWZRUN� WRSRORJ\�� LW� LV� D� VLPSOH� WDVN� WR� GHWHUPLQH� WKH� GRPDLQ� WR� ZKLFK� HDFK� URXWHU
EHORQJV�DQG�JURXS�YHUWLFHV�LQ�WKH�QHWZRUN�DFFRUGLQJ�WR�WKHLU�GRPDLQ��$Q�HGJH�LV�WKHQ�SODFHG�EHWZHHQ
WZR�YHUWLFHV�LI�DQ\�URXWHU�LQ�RQH�KDV�D�GLUHFW�QHWZRUN�FRQQHFWLRQ�WR�DQ\�URXWHU�LQ�WKH�RWKHU��7KH�VWXG\
E\� )DORXWVRV�HW�DO�� >���@�PHQWLRQHG� HDUOLHU� ORRNHG� DW� WKH� GRPDLQ�OHYHO� VWUXFWXUH� RI� WKH� ,QWHUQHW� DV
ZHOO�DV�WKH�URXWHU�OHYHO�VWUXFWXUH�
7KH� WKLUG� FRPPRQ� FRDUVH�JUDLQLQJ� RI� WKH� QHWZRUN� LV� FRDUVH�JUDLQLQJ� DW� WKH� OHYHO� RI� DXWRQRPRXV

V\VWHPV��$Q� DXWRQRPRXV� V\VWHP� LV� VLPLODU� WR� D� GRPDLQ�� LW� LV� D� JURXS� RI� FRPSXWHUV�� XVXDOO\� XQGHU
VLQJOH� DGPLQLVWUDWLYH� FRQWURO�� DQG� LW� RIWHQ� �WKRXJK� QRW� DOZD\V�� FRLQFLGHV� ZLWK� D� GRPDLQ�� &RDUVH�



JUDLQLQJ� DW� WKH� DXWRQRPRXV� V\VWHP� OHYHO� LV� QRW� XVXDOO\� XVHG� ZLWK� GDWD� GHULYHG� IURP� WUDFHURXWH
VDPSOLQJ�EXW�ZLWK�GDWD�GHULYHG�XVLQJ�DQ�DOWHUQDWLYH�PHWKRG�EDVHG�RQ�%*3�URXWLQJ�WDEOHV��IRU�ZKLFK�LW
IRUPV�WKH�PRVW�QDWXUDO�XQLW�RI�UHSUHVHQWDWLRQ��7KH�%*3�PHWKRG�DQG�DXWRQRPRXV�V\VWHPV�DUH�GLVFXVVHG
LQ�GHWDLO�LQ�WKH�QH[W�VHFWLRQ�
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,QWHUQHW� URXWHUV� PDLQWDLQ�URXWLQJ� WDEOHV� WKDW� DOORZ� WKHP� WR� GHFLGH� LQ� ZKLFK� GLUHFWLRQ� LQFRPLQJ
SDFNHWV�VKRXOG�EH�VHQW�WR�EHVW�UHDFK�WKHLU�GHVWLQDWLRQ��5RXWLQJ�WDEOHV�DUH�FRQVWUXFWHG�IURP�LQIRUPDWLRQ
VKDUHG�EHWZHHQ�URXWHUV�XVLQJ�WKH�%RUGHU�*DWHZD\�3URWRFRO��%*3���7KH\�FRQVLVW�RI�OLVWV�RI�FRPSOHWH
SDWKV�IURP�WKH�URXWHU�LQ�TXHVWLRQ�WR�GHVWLQDWLRQV�RQ�WKH�,QWHUQHW��:KHQ�D�SDFNHW�DUULYHV�DW�D�URXWHU��WKH
URXWHU�H[DPLQHV�LW�WR�GHWHUPLQH�LWV�GHVWLQDWLRQ�DQG�ORRNV�XS�WKDW�GHVWLQDWLRQ�LQ�WKH�URXWLQJ�WDEOH��7KH
ILUVW�VWHS�RI�WKH�SDWK�LQ�WKH�DSSURSULDWH�WDEOH�HQWU\�WHOOV�WKH�URXWHU�KRZ�WKH�SDFNHW�VKRXOG�EH�VHQW�RQ�LWV
ZD\�� ,QGHHG�� LQ� WKHRU\� URXWHUV�QHHG� VWRUH�RQO\� WKH� ILUVW� VWHS�RQ�HDFK�SDWK� LQ�RUGHU� WR� URXWH�SDFNHWV
FRUUHFWO\��+RZHYHU��IRU�HIILFLHQW�FDOFXODWLRQ�RI�URXWHV�XVLQJ�%*3��WKH� WHFKQLTXHV�RI�ZKLFK�ZH�ZLOO
QRW�JR�LQWR�KHUH��LW�LV�KLJKO\�GHVLUDEOH�WKDW�URXWHUV�EH�DZDUH�RI�WKH�HQWLUH�SDWK�WR�HDFK�GHVWLQDWLRQ��DQG
VLQFH�WKH�HDUOLHVW�GD\V�RI�WKH�,QWHUQHW�DOO�URXWHUV�KDYH�RSHUDWHG�LQ�WKLV�ZD\��:H�FDQ�PDNH�XVH�RI�WKLV
IDFW�WR�PHDVXUH�WKH�VWUXFWXUH�RI�WKH�,QWHUQHW�
5RXWLQJ� WDEOHV� LQ� URXWHUV� DUH� UHSUHVHQWHG� DW� WKH� OHYHO� RI�DXWRQRPRXV� V\VWHPV� �$6HV��� $Q

DXWRQRPRXV� V\VWHP� LV� D� FROOHFWLRQ� RI� FRPSXWHUV� DQG� URXWHUV�� XVXDOO\� XQGHU� VLQJOH� DGPLQLVWUDWLYH
FRQWURO��ZLWKLQ�ZKLFK� GDWD� URXWLQJ� LV� KDQGOHG� LQGHSHQGHQWO\� RI� WKH�ZLGHU� ,QWHUQHW�� KHQFH� WKH� QDPH
³DXWRQRPRXV�V\VWHP�´�7KDW�LV��ZKHQ�D�GDWD�SDFNHW�DUULYHV�DW�D�URXWHU�ZLWKLQ�DQ�DXWRQRPRXV�V\VWHP�
GHVWLQHG�IRU�D�VSHFLILF�FRPSXWHU�ZLWKLQ� WKDW�VDPH�DXWRQRPRXV�V\VWHP�� LW� LV� WKH�UHVSRQVLELOLW\�RI� WKH
DXWRQRPRXV�V\VWHP�WR�JHW�WKH�SDFNHW�WKH�ODVW�IHZ�VWHSV�WR�LWV�ILQDO�GHVWLQDWLRQ��'DWD�SDVVLQJ�EHWZHHQ
DXWRQRPRXV� V\VWHPV�� KRZHYHU�� LV� KDQGOHG� E\� WKH� ,QWHUQHW�ZLGH� PHFKDQLVPV� RI� %*3�� 7KXV� LW¶V
QHFHVVDU\�IRU�%*3�WR�NQRZ�DERXW�URXWLQJ�RQO\�GRZQ�WR� WKH� OHYHO�RI�DXWRQRPRXV�V\VWHPV�DQG�KHQFH
%*3�WDEOHV�DUH�PRVW�FRQYHQLHQWO\�UHSUHVHQWHG�LQ�DXWRQRPRXV�V\VWHP�WHUPV��,Q�SUDFWLFH��DXWRQRPRXV
V\VWHPV�� RI� ZKLFK� WKHUH� DUH� �DW� WKH� WLPH� RI� ZULWLQJ�� DERXW� WZHQW\� WKRXVDQG� RQ� WKH� ,QWHUQHW�� RIWHQ
FRLQFLGH�ZLWK�GRPDLQV��RU�QHDUO\�VR�
$XWRQRPRXV� V\VWHPV� DUH� DVVLJQHG� XQLTXH� LGHQWLILFDWLRQ� QXPEHUV�� $� URXWLQJ� SDWK� FRQVLVWV� RI� D

VHTXHQFH� RI� WKHVH� $6� QXPEHUV� DQG� VLQFH� URXWHU� WDEOHV� FRQVLVW� RI� SDWKV� WR� D� ODUJH� QXPEHU� RI
GHVWLQDWLRQV��ZH�FDQ�FRQVWUXFW�D�SLFWXUH�RI�WKH�,QWHUQHW�DW�WKH�DXWRQRPRXV�V\VWHP�OHYHO�E\�H[DPLQLQJ
WKHP��7KH�SURFHVV� LV� YHU\� VLPLODU� WR� WKDW� XVHG� IRU� WKH� WUDFHURXWH�PHWKRG�GHVFULEHG� LQ� WKH�SUHYLRXV
VHFWLRQ� DQG�GHSLFWHG� LQ�)LJ�� �����:H� ILUVW� REWDLQ� D� QXPEHU� RI� URXWHU� WDEOHV��7KLV� LV� QRUPDOO\� GRQH
VLPSO\�E\�WKH�JUDFLRXV�FRRSHUDWLRQ�RI�URXWHU�RSHUDWRUV�DW�D�YDULHW\�RI�RUJDQL]DWLRQV��(DFK�URXWHU�WDEOH
FRQWDLQV�D�ODUJH�QXPEHU�RI�SDWKV�VWDUWLQJ�IURP�D�VLQJOH�VRXUFH��WKH�URXWHU���DQG�WKH�XQLRQ�RI�WKHVH�SDWKV
JLYHV�D�JRRG�EXW�QRW�FRPSOHWH�QHWZRUN�VQDSVKRW�LQ�ZKLFK�WKH�YHUWLFHV�DUH�DXWRQRPRXV�V\VWHPV�DQG�WKH
HGJHV�DUH� WKH�FRQQHFWLRQV�EHWZHHQ�DXWRQRPRXV�V\VWHPV��$V�ZLWK� WUDFHURXWH�� LW� LV� LPSRUWDQW� WKDW� WKH
URXWHUV� XVHG� EH�ZHOO� VFDWWHUHG� RYHU� WKH� QHWZRUN� WR� DYRLG� WRR�PXFK� GXSOLFDWLRQ� RI� UHVXOWV�� DQG� WKH
QXPEHU� RI� URXWHUV� XVHG� VKRXOG� EH� DV� ODUJH� DV� SRVVLEOH� WR�PDNH� WKH� VDPSOLQJ� RI� QHWZRUN� HGJHV� DV
FRPSOHWH� DV� SRVVLEOH�� )RU� H[DPSOH�� WKH�5RXWHYLHZV�3URMHFW��� D� ODUJH�%*3�EDVHG� ,QWHUQHW�PDSSLQJ
HIIRUW� EDVHG� DW� WKH�8QLYHUVLW\� RI�2UHJRQ�� XVHV� �DJDLQ� DW� WKH� WLPH� RI�ZULWLQJ�� D� WRWDO� RI� ���� VRXUFH
FRPSXWHUV�DURXQG�WKH�ZRUOG�WR�PHDVXUH�WKH�VWUXFWXUH�RI�WKH�HQWLUH�QHWZRUN�HYHU\�WZR�KRXUV�
)LJXUH�����VKRZV�D�SLFWXUH�RI�WKH�,QWHUQHW�DW�WKH�$6�OHYHO�GHULYHG�IURP�URXWLQJ�WDEOHV��4XDOLWDWLYHO\�

WKH� SLFWXUH� LV� VLPLODU� WR� )LJ�� ���� IRU� WKH� FODVV�&� VXEQHW� VWUXFWXUH�� EXW� WKHUH� DUH� GLIIHUHQFHV� DULVLQJ
EHFDXVH�FODVV�&�VXEQHWV�DUH�VPDOOHU�XQLWV�WKDQ�PDQ\�DXWRQRPRXV�V\VWHPV�DQG�VR�)LJ������LV�HIIHFWLYHO\
D�ILQHU�JUDLQHG�UHSUHVHQWDWLRQ�WKDQ�)LJ������



8VLQJ� URXWHU��� VXEQHW��� GRPDLQ��� RU� $6�OHYHO� VWUXFWXUDO� GDWD� IRU� WKH� ,QWHUQHW�� PDQ\� LQWULJXLQJ
IHDWXUHV� RI� WKH� QHW¶V� WRSRORJ\� KDYH� EHHQ� GLVFRYHUHG� LQ� UHFHQW� \HDUV� >���� ���� ����� ����� ����� ���@�
PDQ\�RI�ZKLFK�DUH�GLVFXVVHG�LQ�ODWHU�FKDSWHUV�RI�WKLV�ERRN�

�

)LJXUH������7KH�VWUXFWXUH�RI�WKH�,QWHUQHW�DW�WKH�OHYHO�RI�DXWRQRPRXV�V\VWHPV���6HH�3ODWH�,,,�IRU
FRORU�YHUVLRQ���7KH�YHUWLFHV�LQ�WKLV�QHWZRUN�UHSUHVHQWDWLRQ�RI�WKH�,QWHUQHW�DUH�DXWRQRPRXV�V\VWHPV�DQG
WKH�HGJHV�VKRZ�WKH�URXWHV�WDNHQ�E\�GDWD�WUDYHOLQJ�EHWZHHQ�WKHP��7KLV�ILJXUH�LV�GLIIHUHQW�IURP�)LJ������
ZKLFK�VKRZV�WKH�QHWZRUN�DW�WKH�OHYHO�RI�FODVV�&�VXEQHWV��7KH�SLFWXUH�ZDV�FUHDWHG�E\�+DO�%XUFK�DQG
%LOO� &KHVZLFN�� 3DWHQW�V�� SHQGLQJ� DQG� &RS\ULJKW� /XPHWD� &RUSRUDWLRQ� ������ 5HSURGXFHG� ZLWK
SHUPLVVLRQ�
�
�
2QH�IXUWKHU�DVSHFW�RI�WKH�,QWHUQHW�ZRUWK�PHQWLRQLQJ�KHUH�LV�WKH�JHRJUDSKLF�ORFDWLRQ�RI�LWV�YHUWLFHV�RQ

WKH�VXUIDFH�RI�WKH�(DUWK��,Q�PDQ\�RI�WKH�QHWZRUNV�WKDW�ZH�ZLOO�VWXG\�LQ�WKLV�ERRN��YHUWLFHV�GR�QRW�H[LVW



DW�DQ\�SDUWLFXODU�SRVLWLRQ�LQ�UHDO�VSDFH²WKH�YHUWLFHV�RI�D�FLWDWLRQ�QHWZRUN�IRU�LQVWDQFH�DUH�QRW�ORFDWHG
RQ�DQ\�SDUWLFXODU�FRQWLQHQW�RU�LQ�DQ\�SDUWLFXODU�WRZQ��1RW�VR�WKH�,QWHUQHW��LWV�YHUWLFHV��E\�DQG�ODUJH��DUH
TXLWH�ZHOO� ORFDOL]HG� LQ�VSDFH��<RXU�FRPSXWHU�VLWV�RQ�\RXU�GHVN��D� URXWHU�VLWV� LQ� WKH�EDVHPHQW�RI�DQ
RIILFH� EXLOGLQJ�� DQG� VR� IRUWK��7KLQJV� EHFRPH�PRUH� EOXUU\� RQFH� WKH� QHWZRUN� LV� FRDUVH�JUDLQHG��7KH
GRPDLQ�XPLFK��HGX�FRYHUV�ODUJH�SDUWV�RI�WKH�VWDWH�RI�0LFKLJDQ��7KH�GRPDLQ�DRO��FRP�FRYHUV�PRVW�RI
1RUWK�$PHULFD�� 7KHVH� DUH� VRPHZKDW� VSHFLDO� FDVHV�� KRZHYHU�� EHLQJ� XQXVXDOO\� ODUJH� GRPDLQV�� 7KH
PDMRULW\�RI�GRPDLQV�KDYH�D�ZHOO�GHILQHG�ORFDWLRQ�DW�OHDVW�WR�ZLWKLQ�D�IHZ�PLOHV��)XUWKHUPRUH��WRROV
QRZ� H[LVW� IRU� GHWHUPLQLQJ�� DW� OHDVW� DSSUR[LPDWHO\�� WKH� JHRJUDSKLF� ORFDWLRQ� RI� D� JLYHQ� ,3� DGGUHVV�
GRPDLQ��RU�DXWRQRPRXV�V\VWHP��([DPSOHV�LQFOXGH�1HW*HR��1HW$FXLW\��*HR1HW0DS��DQG�PDQ\�RWKHUV�
*HRJUDSKLF� ORFDWLRQV�DUH�GHWHUPLQHG�SULPDULO\�E\� ORRNLQJ� WKHP�XS� LQ�RQH�RI�VHYHUDO� UHJLVWULHV� WKDW
UHFRUG� WKH� RIILFLDO� DGGUHVVHV� RI� WKH� UHJLVWHUHG� RZQHUV� RI� GRPDLQV� RU� DXWRQRPRXV� V\VWHPV�� 7KHVH
DGGUHVVHV� QHHG� QRW� LQ� DOO� FDVHV� FRUUHVSRQG� WR� WKH� DFWXDO� ORFDWLRQ� RI� WKH� FRUUHVSRQGLQJ� FRPSXWHU
KDUGZDUH��)RU� LQVWDQFH�� WKH�GRPDLQ� LEP��FRP�LV� UHJLVWHUHG� LQ�1HZ�<RUN�&LW\��EXW� ,%0¶V�SULQFLSDO
RSHUDWLRQV�DUH�LQ�&DOLIRUQLD��1RQHWKHOHVV��DQ�DSSUR[LPDWH�SLFWXUH�RI�WKH�JHRJUDSKLF�GLVWULEXWLRQ�RI�WKH
,QWHUQHW�FDQ�EH�GHULYHG�E\�WKHVH�PHWKRGV��DQG�WKHUH�KDV�EHHQ�VRPH�LQWHUHVW�LQ�WKH�UHVXOWV�>���@�
*HRJUDSKLF�ORFDOL]DWLRQ�LV�D�IHDWXUH�WKH�,QWHUQHW�VKDUHV�ZLWK�VHYHUDO�RWKHU�WHFKQRORJLFDO�QHWZRUNV�

DV�ZH�ZLOO�VHH�LQ�WKH�IROORZLQJ�VHFWLRQV��EXW�UDUHO\�ZLWK�QHWZRUNV�RI�RWKHU�NLQGV��
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7KH�,QWHUQHW�LV�WKH�EHVW�VWXGLHG�H[DPSOH�RI�D�WHFKQRORJLFDO�QHWZRUN��DW�OHDVW�DV�PHDVXUHG�E\�YROXPH�RI
UHFHQW�DFDGHPLF�ZRUN��7KLV�LV�SDUWO\�EHFDXVH�GDWD�RQ�,QWHUQHW�VWUXFWXUH�DUH�UHODWLYHO\�HDV\�WR�FRPH�E\
DQG�SDUWO\�EHFDXVH�RI�LQWHQVH�LQWHUHVW�DPRQJ�HQJLQHHUV�DQG�FRPSXWHU�VFLHQWLVWV�DQG�DPRQJ�WKH�SXEOLF
DW� ODUJH��6HYHUDO�RWKHU� WHFKQRORJLFDO�QHWZRUNV�KRZHYHU�DUH�ZRUWK\�RI�PHQWLRQ�KHUH�� ,Q� WKLV�DQG� WKH
IROORZLQJ�VHFWLRQV�RI� WKH�FKDSWHU�ZH� ORRN�EULHIO\�DW� WKH� WHOHSKRQH�QHWZRUN�DQG�YDULRXV�GLVWULEXWLRQ
DQG� WUDQVSRUWDWLRQ� QHWZRUNV�� $� IHZ� RWKHU� QHWZRUNV�� VXFK� DV� VRIWZDUH� FDOO� JUDSKV� DQG� HOHFWURQLF
FLUFXLWV��FRXOG�DOVR�EH�FRQVLGHUHG�WHFKQRORJLFDO�QHWZRUNV�DQG�KDYH�EHHQ�VWXGLHG�RFFDVLRQDOO\��EXW�DUH
EH\RQG�WKH�VFRSH�RI�WKLV�ERRN�
7KH� WHOHSKRQH� QHWZRUN²PHDQLQJ� WKH� QHWZRUN� RI� ODQGOLQHV� DQG� ZLUHOHVV� OLQNV��� WKDW� WUDQVPLWV

WHOHSKRQH� FDOOV²LV� RQH� RI� WKH� ROGHVW� FRPPXQLFDWLRQ� QHWZRUNV� VWLOO� LQ� XVH� �DOWKRXJK� WKH� SRVWDO
QHWZRUN�LV�FHUWDLQO\�ROGHU���EXW�LW�KDV�EHHQ�OLWWOH�VWXGLHG�E\�QHWZRUN�WKHRULVWV��SULPDULO\�EHFDXVH�RI�D
ODFN�RI�JRRG�GDWD�DERXW�LWV�VWUXFWXUH��2I�FRXUVH��WKH�VWUXFWXUH�RI�WKH�SKRQH�QHWZRUN�LV�NQRZQ��EXW�WKH
GDWD�DUH�ODUJHO\�SURSULHWDU\�WR�WKH�WHOHSKRQH�FRPSDQLHV�WKDW�RZQ�WKH�QHWZRUN�DQG��ZKLOH�QRW�SUHFLVHO\
VHFUHW��WKH\�DUH�QRW�RSHQO\�VKDUHG�ZLWK�WKH�UHVHDUFK�FRPPXQLW\�LQ�WKH�VDPH�ZD\�WKDW�,QWHUQHW�GDWD�DUH�
:H�KRSH� WKDW� WKLV� VLWXDWLRQ�ZLOO� FKDQJH��DOWKRXJK� WKH� LVVXH�PD\�EHFRPH�PRRW� LQ� WKH�QRW� WRR�GLVWDQW
IXWXUH�� DV� WHOHSKRQH� FRPSDQLHV� DUH� VHQGLQJ� DQ� LQFUHDVLQJ� DPRXQW� RI� YRLFH� WUDIILF� RYHU� WKH� ,QWHUQHW
UDWKHU�WKDQ�RYHU�GHGLFDWHG�WHOHSKRQH�OLQHV��DQG�LW�PD\�QRW�EH�ORQJ�EHIRUH�WKH�WZR�QHWZRUNV�PHUJH�LQWR
RQH�
6RPH�JHQHUDO�SULQFLSOHV�RI�RSHUDWLRQ�RI�WKH�WHOHSKRQH�QHWZRUN�DUH�FOHDU�KRZHYHU��%\�FRQWUDVW�ZLWK

WKH� ,QWHUQHW�� WKH� WUDGLWLRQDO� WHOHSKRQH�QHWZRUN� LV��DV�PHQWLRQHG� LQ�6HFWLRQ������QRW�SDFNHW�VZLWFKHG�
6LJQDOV�VHQW�RYHU�WKH�SKRQH�QHWZRUN�DUH�QRW�GLVDVVHPEOHG�DQG�VHQW�DV�VHWV�RI�GLVFUHWH�SDFNHWV��,QVWHDG
WKH�WHOHSKRQH�QHWZRUN�LV�FLUFXLW�VZLWFKHG��ZKLFK�PHDQV�WKDW�WKH�WHOHSKRQH�FRPSDQ\�KDV�D�QXPEHU�RI
OLQHV� RU� FLUFXLWV� DYDLODEOH� WR� FDUU\� WHOHSKRQH� FDOOV� EHWZHHQ� GLIIHUHQW� SRLQWV� DQG� LW� DVVLJQV� WKHP� WR
LQGLYLGXDO�FDOOHUV�ZKHQ�WKRVH�FDOOHUV�SODFH�SKRQH�FDOOV��,Q�WKH�HDUOLHVW�GD\V�RI�WKH�WHOHSKRQH�V\VWHPV
LQ�WKH�8QLWHG�6WDWHV�DQG�(XURSH�WKH�³OLQHV´�DFWXDOO\�ZHUH�LQGLYLGXDO�ZLUHV��RQH�HDFK�IRU�HDFK�FDOO�WKH
FRPSDQ\�FRXOG�FDUU\��,QFUHDVLQJ�WKH�FDSDFLW\�RI�WKH�QHWZRUN�WR�FDUU\�PRUH�FDOOV�PHDQW�SXWWLQJ�LQ�PRUH
ZLUHV�� 6LQFH� WKH� HDUO\� SDUW� RI� WKH� WZHQWLHWK� FHQWXU\�� KRZHYHU�� SKRQH� FRPSDQLHV� KDYH� HPSOR\HG
WHFKQLTXHV� IRU�PXOWLSOH[LQJ� SKRQH� VLJQDOV�� L�H��� VHQGLQJ� PDQ\� FDOOV� GRZQ� WKH� VDPH� ZLUH
VLPXOWDQHRXVO\��7KH�H[FHSWLRQ�LV�WKH�³ODVW�PLOH´�RI�FRQQHFWLRQ�WR�WKH�LQGLYLGXDO�VXEVFULEHU��7KH�SKRQH
FDEOH�HQWHULQJ�D�KRXVH�XVXDOO\�RQO\�FDUULHV�RQH�SKRQH�FDOO�DW�D�WLPH��DOWKRXJK�HYHQ�WKDW�KDV�FKDQJHG�LQ
UHFHQW�\HDUV�DV�QHZ�WHFKQRORJ\�KDV�PDGH�LW�SRVVLEOH�IRU�KRXVHKROGV�WR�KDYH�PRUH�WKDQ�RQH�WHOHSKRQH
QXPEHU�DQG�SODFH�PRUH�WKDQ�RQH�FDOO�DW�D�WLPH�
7KH� EDVLF� IRUP� RI� WKH� WHOHSKRQH� QHWZRUN� LV� UHODWLYHO\� VLPSOH�� 0RVW� FRXQWULHV� ZLWK� D� PDWXUH

ODQGOLQH��DV�RSSRVHG�WR�ZLUHOHVV��WHOHSKRQH�QHWZRUN�XVH�D�WKUHH�WLHUHG�GHVLJQ��,QGLYLGXDO�WHOHSKRQH
VXEVFULEHUV�DUH�FRQQHFWHG�RYHU� ORFDO� OLQHV� WR� ORFDO� WHOHSKRQH�H[FKDQJHV��ZKLFK�DUH� WKHQ�FRQQHFWHG
RYHU�VKDUHG�³WUXQN´�OLQHV�WR�ORQJ�GLVWDQFH�RIILFHV��VRPHWLPHV�DOVR�FDOOHG�WROO�VZLWFKLQJ�RIILFHV��7KH
ORQJ�GLVWDQFH�RIILFHV�DUH�WKHQ�FRQQHFWHG�DPRQJ�WKHPVHOYHV�E\�IXUWKHU�WUXQN�OLQHV��6HH�)LJ������IRU�D
VNHWFK�RI� WKH�QHWZRUN�VWUXFWXUH��7KH�VWUXFWXUH� LV�� LQ�PDQ\�ZD\V��UDWKHU�VLPLODU� WR� WKDW�RI� WKH�,QWHUQHW
�)LJ�� ������ HYHQ� WKRXJK� WKH� XQGHUO\LQJ� SULQFLSOHV� RQ� ZKLFK� WKH� WZR� QHWZRUNV� RSHUDWH� DUH� TXLWH
GLIIHUHQW�



�

)LJXUH� ����� $� VNHWFK� RI� WKH� WKUHH�WLHUHG� VWUXFWXUH� RI� D� WUDGLWLRQDO� WHOHSKRQH� QHWZRUN� � ,Q� D
WHOHSKRQH� QHWZRUN� LQGLYLGXDO� VXEVFULEHU� WHOHSKRQHV� DUH� FRQQHFWHG� WR� ORFDO� H[FKDQJHV�� ZKLFK� DUH
FRQQHFWHG� LQ� WXUQ� WR� ORQJ�GLVWDQFH� RIILFHV�� 7KH� ORQJ�GLVWDQFH� RIILFHV� DUH� FRQQHFWHG� DPRQJVW
WKHPVHOYHV�E\�IXUWKHU�OLQHV��DQG�WKHUH�PD\�EH�VRPH�FRQQHFWLRQV�EHWZHHQ�ORFDO�H[FKDQJHV�DV�ZHOO�
�
�
7KH�WKUHH�OHYHO�WRSRORJ\�RI�WKH�SKRQH�QHWZRUN�LV�GHVLJQHG�WR�H[SORLW� WKH�IDFW� WKDW�PRVW�WHOHSKRQH

FDOOV�LQ�PRVW�FRXQWULHV�DUH�ORFDO��PHDQLQJ�WKH\�FRQQHFW�VXEVFULEHUV�LQ�WKH�VDPH�WRZQ�RU�UHJLRQ��3KRQH
FDOOV� EHWZHHQ� VXEVFULEHUV� FRQQHFWHG� WR� WKH� VDPH� ORFDO� H[FKDQJH� FDQ� EH� KDQGOHG� E\� WKDW� H[FKDQJH
DORQH�DQG�GR�QRW�QHHG�WR�PDNH�XVH�RI�DQ\�WUXQN�OLQHV�DW�DOO��6XFK�FDOOV�DUH�XVXDOO\�UHIHUUHG�WR�DV�ORFDO
FDOOV��ZKLOH�FDOOV� WKDW�SDVV�RYHU� WUXQN� OLQHV�DUH� UHIHUUHG� WR�DV� WUXQN�RU� ORQJ�GLVWDQFH�FDOOV�� ,Q�PDQ\
FDVHV� WKHUH�PD\� DOVR� EH� GLUHFW� FRQQHFWLRQV� EHWZHHQ�QHDUE\� ORFDO� H[FKDQJHV� WKDW� DOORZ�FDOOV� WR� EH
KDQGOHG�ORFDOO\�HYHQ�ZKHQ�WZR�VXEVFULEHUV�DUH�QRW�WHFKQLFDOO\�DWWDFKHG�WR�WKH�VDPH�H[FKDQJH�
7KH�WHOHSKRQH�QHWZRUN�KDV�KDG�URXJKO\�WKLV�VDPH�WRSRORJ\�IRU�PRVW�RI�WKH�ODVW�KXQGUHG�\HDUV�DQG

VWLOO�KDV�LW�WRGD\��EXW�PDQ\�RI�WKH�GHWDLOV�DERXW�KRZ�WKH�QHWZRUN�ZRUNV�KDYH�FKDQJHG��,Q�SDUWLFXODU��DW
WKH�WUXQN�OHYHO�VRPH�WHOHSKRQH�QHWZRUNV�DUH�QR�ORQJHU�FLUFXLW�VZLWFKHG��,QVWHDG�WKH\�DUH�QRZ�GLJLWDO
SDFNHW� VZLWFKHG� QHWZRUNV� WKDW�ZRUN� LQ� D�PDQQHU� QRW� GLVVLPLODU� IURP� WKH� ,QWHUQHW��ZLWK� YRLFH� FDOOV
GLJLWL]HG�� EURNHQ� LQWR� SDFNHWV�� DQG� WUDQVPLWWHG� RYHU� RSWLFDO� ILEHU� OLQNV��2QO\� WKH� ³ODVW�PLOH´� WR� WKH
VXEVFULEHU¶V�WHOHSKRQH�LV�VWLOO�FDUULHG�RQ�DQ�ROG�IDVKLRQHG�GHGLFDWHG�FLUFXLW��DQG�HYHQ�WKDW�LV�FKDQJLQJ
ZLWK� WKH� DGYHQW� RI� GLJLWDO� DQG� ,QWHUQHW� WHOHSKRQH� VHUYLFHV�� 1RQHWKHOHVV�� LQ� WHUPV� RI� JHRPHWU\� DQG
WRSRORJ\�WKH�VWUXFWXUH�RI�WKH�SKRQH�QHWZRUN�LV�PXFK�WKH�VDPH�DV�LW�KDV�DOZD\V�EHHQ��EHLQJ�GLFWDWHG�LQ
ODUJH�SDUW�E\�WKH�FRQVWUDLQWV�RI�JHRJUDSK\�DQG�WKH�SURSHQVLW\�IRU�SHRSOH�WR�WDON�PRUH�RIWHQ�WR�RWKHUV�LQ
WKHLU�JHRJUDSKLF�YLFLQLW\�WKDQ�WR�WKRVH�IXUWKHU�DZD\�
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7KH� WRSRORJ\�RI�SRZHU�JULGV�KDV� UHFHLYHG�RFFDVLRQDO�VWXG\� LQ� WKH�QHWZRUNV� OLWHUDWXUH� >�������@��$
SRZHU� JULG�� LQ� WKLV� FRQWH[W�� LV� WKH� QHWZRUN� RI� KLJK�YROWDJH� WUDQVPLVVLRQ� OLQHV� WKDW� SURYLGH� ORQJ�
GLVWDQFH�WUDQVSRUW�RI�HOHFWULF�SRZHU�ZLWKLQ�DQG�EHWZHHQ�FRXQWULHV��/RZ�YROWDJH�ORFDO�SRZHU�GHOLYHU\
OLQHV� DUH� QRUPDOO\� H[FOXGHG�� 7KH� YHUWLFHV� LQ� D� SRZHU� JULG� FRUUHVSRQG� WR� JHQHUDWLQJ� VWDWLRQV� DQG
VZLWFKLQJ� VXEVWDWLRQV�� DQG� WKH� HGJHV� FRUUHVSRQG� WR� WKH� KLJK�YROWDJH� OLQHV�� 7KH� WRSRORJ\� RI� SRZHU
JULGV� LV� QRW� GLIILFXOW� WR� GHWHUPLQH�� 7KH� QHWZRUNV� DUH� XVXDOO\� RYHUVHHQ� E\� D� VLQJOH� DXWKRULW\� DQG
FRPSOHWH�PDSV�RI�JULGV�DUH�UHDGLO\�DYDLODEOH��,QGHHG��YHU\�FRPSUHKHQVLYH�GDWD�RQ�SRZHU�JULGV��DV
ZHOO� DV�RWKHU� HQHUJ\�UHODWHG�QHWZRUNV� VXFK� DV�RLO� DQG�JDV�SLSHOLQHV�� DUH� DYDLODEOH� IURP� VSHFLDOLVW
SXEOLVKHUV��HLWKHU�RQ�SDSHU�RU�LQ�HOHFWURQLF�IRUP��LI�RQH�LV�ZLOOLQJ�WR�SD\�IRU�WKHP�
7KHUH�LV�PXFK�RI�LQWHUHVW�WR�EH�OHDUQHG�E\�ORRNLQJ�DW�WKH�VWUXFWXUH�RI�SRZHU�JULGV��/LNH�WKH�,QWHUQHW�

SRZHU� JULGV� KDYH� D� VSDWLDO� DVSHFW�� WKH� LQGLYLGXDO� YHUWLFHV� HDFK�KDYH� D� ORFDWLRQ� VRPHZKHUH� RQ� WKH
JOREH��DQG�WKHLU�GLVWULEXWLRQ�LQ�VSDFH�LV�LQWHUHVWLQJ�IURP�JHRJUDSKLF��VRFLDO��DQG�HFRQRPLF�SRLQWV�RI
YLHZ�� 1HWZRUN� VWDWLVWLFV�� ERWK� JHRJUDSKLF� DQG� WRSRORJLFDO�� PD\� SURYLGH� LQVLJKW� LQWR� WKH� JOREDO
FRQVWUDLQWV� JRYHUQLQJ� WKH� VKDSH� DQG� JURZWK� RI� JULGV�� 3RZHU� JULGV� DOVR� GLVSOD\� VRPH� XQXVXDO
EHKDYLRUV��VXFK�DV�FDVFDGLQJ�IDLOXUHV��ZKLFK�FDQ�JLYH�ULVH�WR�VXUSULVLQJ�UHVXOWV�VXFK�DV�WKH�REVHUYHG
SRZHU�ODZ�GLVWULEXWLRQ�LQ�WKH�VL]HV�RI�SRZHU�RXWDJHV�>��@�
+RZHYHU��ZKLOH�WKHUH�LV�D�WHPSWDWLRQ�WR�DSSO\�VLPSOH�PRGHOV�RI�WKH�NLQG�GHVFULEHG�LQ�WKLV�ERRN�WR

WU\� WR� H[SODLQ� WKHVH� DQG�RWKHU� UHVXOWV�� LW� LV�ZLVH� WR� EH� FDXWLRXV��3RZHU� JULGV� DUH� YHU\� FRPSOLFDWHG
V\VWHPV��7KH�IORZ�RI�SRZHU�LV�JRYHUQHG�QRW�RQO\�E\�VLPSOH�SK\VLFDO� ODZV��EXW�DOVR�E\�SUHFLVH�DQG
GHWDLOHG� FRQWURO� RI� WKH� SKDVHV� DQG� YROWDJHV� DFURVV� WUDQVPLVVLRQ� OLQHV�� PRQLWRUHG� DQG� DGMXVWHG� RQ
UDSLG�WLPHVFDOHV�E\�VRSKLVWLFDWHG�FRPSXWHU�V\VWHPV�DQG�RQ�VORZHU�WLPHVFDOHV�E\�KXPDQ�RSHUDWRUV��,W
WXUQV�RXW�WKDW�SRZHU�IDLOXUHV�DQG�RWKHU�SRZHU�JULG�SKHQRPHQD�DUH�LQIOXHQFHG�UHODWLYHO\�OLWWOH�E\�WKH
UDZ�WRSRORJ\�RI�WKH�QHWZRUN�DQG�PXFK�PRUH�E\�RSHUDWRU�DFWLRQV�DQG�VRIWZDUH�GHVLJQ��DQG�DV�D�UHVXOW
QHWZRUN�WKHRU\�KDV�QRW��VR�IDU��EHHQ�YHU\�VXFFHVVIXO�DW�VKHGGLQJ�OLJKW�RQ�WKH�EHKDYLRU�RI�SRZHU�JULGV�
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$�PRGHUDWH�DPRXQW�RI�ZRUN�KDV�EHHQ�GRQH�RQ� WKH�VWUXFWXUH�DQG�IXQFWLRQ�RI� WUDQVSRUWDWLRQ�QHWZRUNV
VXFK�DV�DLUOLQH�URXWHV�DQG�URDG�DQG�UDLO�QHWZRUNV��7KH�VWUXFWXUH�RI�WKHVH�QHWZRUNV�LV�QRW�XVXDOO\�KDUG
WR�GHWHUPLQH��DOWKRXJK�FRPSLOLQJ� WKH�GDWD�PD\�EH� ODERULRXV��$LUOLQH�QHWZRUNV�FDQ�EH� UHFRQVWUXFWHG
IURP�SXEOLVKHG�DLUOLQH�WLPHWDEOHV��URDG�DQG�UDLO�QHWZRUNV�IURP�PDSV��*HRJUDSKLF�LQIRUPDWLRQ�V\VWHPV
�*,6��VRIWZDUH�FDQ�EH�XVHIXO�IRU�VSHHGLQJ�WKH�FRPSLODWLRQ�RI�WUDQVSRUWDWLRQ�GDWD��DQG�WKHUH�DUH�DOVR�D
YDULHW\�RI�RQOLQH�UHVRXUFHV�SURYLGLQJ�XVHIXO�LQIRUPDWLRQ�VXFK�DV�ODWLWXGH�DQG�ORQJLWXGH�RI�DLUSRUWV�
2QH�RI� WKH�HDUOLHVW�H[DPSOHV�RI�D�VWXG\�RI�D� WUDQVSRUWDWLRQ�QHWZRUN�LV� WKH�VWXG\�E\�3LWWV�>���@�RI

ZDWHUERUQH� WUDQVSRUW� RQ� 5XVVLDQ� ULYHUV� LQ� WKH� 0LGGOH�$JHV�� 7KHUH� ZDV� DOVR� D� PRYHPHQW� DPRQJ
JHRJUDSKHUV� LQ� WKH� ����V� DQG� ��V� WR� VWXG\� URDG� DQG� UDLO� QHWZRUNV�� SDUWLFXODUO\� IRFXVLQJ� RQ� WKH
LQWHUSOD\� EHWZHHQ� WKHLU� HFRQRPLFV� DQG� WKHLU� SK\VLFDO� VWUXFWXUH�� 7KH� PRVW� SURPLQHQW� QDPH� LQ� WKH
PRYHPHQW�ZDV�WKDW�RI�.DUHO�.DQVN\��DQG�KLV�ERRN�RQ�WUDQVSRUWDWLRQ�QHWZRUNV�LV�D�JRRG�SRLQW�RI�HQWU\
LQWR�WKDW�ERG\�RI�OLWHUDWXUH�>���@�
0RUH�UHFHQWO\�D�QXPEHU�RI�DXWKRUV�KDYH�SURGXFHG�VWXGLHV�DSSO\LQJ�QHZ�QHWZRUN�DQDO\VLV�LGHDV�WR

URDG�� UDLO�� DQG� DLU� QHWZRUNV� >���� ����� ���@�� ,Q�PRVW� RI� WKH�QHWZRUNV� VWXGLHG� WKH�YHUWLFHV� UHSUHVHQW
JHRJUDSKLF�ORFDWLRQV�DQG�WKH�HGJHV�URXWHV�EHWZHHQ�WKHP��)RU�LQVWDQFH��LQ�VWXGLHV�RI�URDG�QHWZRUNV�WKH
YHUWLFHV�XVXDOO\�UHSUHVHQW�URDG�LQWHUVHFWLRQV�DQG�WKH�HGJHV�URDGV��7KH�VWXG\�E\�6HQ�HW�DO��>���@�RI�WKH
UDLO�QHWZRUN�RI�,QGLD�SURYLGHV�DQ�LQWHUHVWLQJ�FRXQWHUH[DPSOH��6HQ�HW�DO��DUJXH��SODXVLEO\�� WKDW� LQ� WKH
FRQWH[W�RI�UDLO�WUDYHO�ZKDW�PDWWHUV�WR�PRVW�SHRSOH�LV�ZKHWKHU�WKHUH�LV�D�GLUHFW�WUDLQ�WR�WKHLU�GHVWLQDWLRQ
RU�� LI� WKHUH� LV�QRW��KRZ�PDQ\�WUDLQV� WKH\�ZLOO�KDYH� WR� WDNH� WR�JHW� WKHUH��3HRSOH�GR�QRW�FDUH�VR�PXFK
DERXW�KRZ�PDQ\�VWRSV�WKHUH�DUH�DORQJ�WKH�ZD\��VR�ORQJ�DV�WKH\�GRQ¶W�KDYH�WR�FKDQJH�WUDLQV��7KXV��6HQ
HW�DO�� DUJXH�� D�XVHIXO�QHWZRUN� UHSUHVHQWDWLRQ� LQ� WKH� FDVH�RI� UDLO� WUDYHO� LV� RQH� LQ�ZKLFK� WKH�YHUWLFHV
UHSUHVHQW� ORFDWLRQV�DQG� WZR�YHUWLFHV�DUH�FRQQHFWHG�E\�DQ�HGJH� LI�D� VLQJOH� WUDLQ� UXQV�EHWZHHQ� WKHP�
7KHQ�WKH�GLVWDQFH�EHWZHHQ�WZR�YHUWLFHV�LQ�WKH�QHWZRUN²WKH�QXPEHU�RI�HGJHV�\RX�QHHG�WR�WUDYHUVH�WR
JHW�IURP�$�WR�%²LV�HTXDO�WR�WKH�QXPEHU�RI�WUDLQV�\RX�ZRXOG�KDYH�WR�WDNH��$�EHWWHU�UHSUHVHQWDWLRQ�VWLOO
�DOWKRXJK� 6HQ�HW�DO��GLG�QRW�FRQVLGHU� LW��ZRXOG�EH�D�³ELSDUWLWH�QHWZRUN�´�D�QHWZRUN�FRQWDLQLQJ� WZR
W\SHV�RI�YHUWH[��RQH� UHSUHVHQWLQJ� WKH� ORFDWLRQV�DQG� WKH�RWKHU� UHSUHVHQWLQJ� WUDLQ� URXWHV��(GJHV� LQ� WKH
QHWZRUN�ZRXOG�WKHQ�MRLQ�ORFDWLRQV�WR�WKH�URXWHV�WKDW�UXQ�WKURXJK�WKHP��7KH�ILUVW��VLPSOHU�UHSUHVHQWDWLRQ
RI� 6HQ�HW� DO�� FDQ� EH� GHULYHG� IURP� WKH� ELSDUWLWH� RQH� E\� PDNLQJ� D� ³RQH�PRGH� SURMHFWLRQ´� RQWR� WKH
ORFDWLRQV�RQO\��%LSDUWLWH�QHWZRUNV�DQG�WKHLU�SURMHFWLRQV�DUH�GLVFXVVHG�LQ�JUHDWHU�GHWDLO�LQ�6HFWLRQ�����
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)DOOLQJ�VRPHZKHUH�EHWZHHQ�WUDQVSRUWDWLRQ�QHWZRUNV�DQG�SRZHU�JULGV�DUH� WKH�GLVWULEXWLRQ�QHWZRUNV�
DERXW� ZKLFK� UHODWLYHO\� OLWWOH� KDV� EHHQ� ZULWWHQ� ZLWKLQ� WKH� ILHOG� RI� QHWZRUNV� UHVHDUFK�� 'LVWULEXWLRQ
QHWZRUNV�LQFOXGH�WKLQJV�OLNH�RLO�DQG�JDV�SLSHOLQHV��ZDWHU�DQG�VHZHUDJH�OLQHV��DQG�WKH�URXWHV�XVHG�E\
WKH� SRVW� RIILFH� DQG� SDFNDJH� GHOLYHU\� DQG� FDUJR� FRPSDQLHV�� )LJXUH� ���� VKRZV� RQH� H[DPSOH�� WKH
(XURSHDQ�JDV�GLVWULEXWLRQ�QHWZRUN�� WDNHQ�IURP�D�VWXG\�E\�&DUYDOKR�HW�DO�� >��@��ZKR�FRQVWUXFWHG� WKH
ILJXUH�IURP�GDWD�SXUFKDVHG�IURP�LQGXVWU\�VRXUFHV��,Q�WKLV�QHWZRUN�WKH�HGJHV�DUH�JDV�SLSHOLQHV�DQG�WKH
YHUWLFHV�DUH�WKHLU�LQWHUVHFWLRQV��LQFOXGLQJ�SXPSLQJ��VZLWFKLQJ��DQG�VWRUDJH�IDFLOLWLHV�DQG�UHILQHULHV�
,I�RQH�LV�ZLOOLQJ�WR�LQWHUSUHW�³GLVWULEXWLRQ´�LQ�D�ORRVH�VHQVH��WKHQ�RQH�FODVV�RI�GLVWULEXWLRQ�QHWZRUNV

WKDW� KDV� EHHQ� UHODWLYHO\� ZHOO� VWXGLHG� LV� ULYHU� QHWZRUNV�� WKRXJK� LI� RQH� ZDQWV� WR� EH� SUHFLVH� ULYHU
QHWZRUNV� DUH� UHDOO\� FROOHFWLRQ� QHWZRUNV�� UDWKHU� WKDQ� GLVWULEXWLRQ� QHWZRUNV�� ,Q� D� ULYHU� QHWZRUN� WKH
HGJHV�DUH� ULYHUV�RU� VWUHDPV�DQG� WKH�YHUWLFHV� DUH� WKHLU� LQWHUVHFWLRQV��/LNH� URDG�QHWZRUNV�QR� VSHFLDO
WHFKQLTXHV� DUH� QHFHVVDU\� WR� JDWKHU� GDWD� RQ� WKH� VWUXFWXUH� RI� ULYHU� QHWZRUNV²WKH� KDUG� ZRUN� RI
VXUYH\LQJ�WKH�ODQG�KDV�DOUHDG\�EHHQ�GRQH�IRU�XV�E\�VXUYH\RUV�DQG�FDUWRJUDSKHUV��DQG�DOO�ZH�QHHG�GR
LV�FRS\�WKH�UHVXOWV�RII�WKHLU�PDSV��6HH�)LJ������IRU�DQ�H[DPSOH�RI�D�ULYHU�QHWZRUN�
7KH�WRSRORJLFDO�DQG�JHRJUDSKLF�SURSHUWLHV�RI�ULYHU�QHWZRUNV�KDYH�EHHQ�VWXGLHG�LQ�VRPH�GHWDLO�>���

��������@��2I�SDUWLFXODU�QRWH�LV� WKH�IDFW� WKDW�ULYHU�QHWZRUNV�� WR�DQ�H[FHOOHQW�DSSUR[LPDWLRQ�� WDNH�WKH
IRUP�RI� WUHHV��7KDW� LV�� WKH\�FRQWDLQ�QR� ORRSV��LI�RQH�GLVUHJDUGV� WKH�RFFDVLRQDO� LVODQG�PLGVWUHDP���D
SRLQW�WKDW�ZH�GLVFXVV�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�����
6LPLODU� LQ� VRPH� UHVSHFWV� WR� ULYHU� QHWZRUNV� DUH� QHWZRUNV� RI� EORRG� YHVVHOV� LQ� DQLPDOV�� DQG� WKHLU

HTXLYDOHQWV� LQ�SODQWV��VXFK�DV� URRW�QHWZRUNV��7KHVH� WRR�KDYH�EHHQ�VWXGLHG�DW�VRPH� OHQJWK��$Q�HDUO\
H[DPSOH�RI�D�PDWKHPDWLFDO�UHVXOW�LQ�WKLV�DUHD�LV�WKH�IRUPXOD�IRU�HVWLPDWLQJ�WKH�WRWDO�JHRPHWULF�OHQJWK�RI
DOO�HGJHV�LQ�VXFK�D�QHWZRUN�E\�REVHUYLQJ�WKH�QXPEHU�RI�WLPHV�WKH\�LQWHUVHFW�D�UHJXODU�DUUD\�RI�VWUDLJKW
OLQHV� >���@�� 7KLV� IRUPXOD�� ZKRVH� GHULYDWLRQ� LV� UHODWHG� WR� WKH� ZHOO�NQRZQ� ³%XIIRQ¶V� QHHGOH´
H[SHULPHQW�IRU�GHWHUPLQLQJ�WKH�YDOXH�RI�ʌ��LV�PRVW�RIWHQ�DSSOLHG�WR�URRW�V\VWHPV��EXW�WKHUH�LV�QR�UHDVRQ
LW�FRXOG�QRW�DOVR�EH�XVHIXO�LQ�WKH�VWXG\�RI�ULYHU�QHWZRUNV�RU��ZLWK�VXLWDEOH�PRGLILFDWLRQ��DQ\�RWKHU�W\SH
RI�JHRJUDSKLF�QHWZRUN�



�

)LJXUH������7KH�QHWZRUN�RI�QDWXUDO�JDV�SLSHOLQHV�LQ�(XURSH��7KLFNQHVV�RI�OLQHV�LQGLFDWHV�WKH�VL]HV
RI�WKH�SLSHV��)LJXUH�FUHDWHG�E\�5��&DUYDOKR�HW�DO��>��@��&RS\ULJKW������$PHULFDQ�3K\VLFDO�6RFLHW\�
5HSURGXFHG�ZLWK�SHUPLVVLRQ�
�
�



�

)LJXUH������'UDLQDJH�EDVLQ�RI�WKH�/RHVV�3ODWHDX��7KH�QHWZRUN�RI�ULYHUV�DQG�VWUHDPV�RQ�WKH�/RHVV
3ODWHDX� LQ� WKH�6KDQ[L�SURYLQFH�RI�&KLQD��7KH� WUHH�OLNH�VWUXFWXUH�RI� WKH�QHWZRUN� LV�FOHDUO\�YLVLEOH²
WKHUH�DUH�QR�ORRSV� LQ� WKH�QHWZRUN��VR�ZDWHU�DW�DQ\�SRLQW� LQ� WKH�QHWZRUN�GUDLQV�RII� WKH�SODWHDX�YLD�D
VLQJOH�SDWK��5HSURGXFHG�IURP�3HOOHWLHU�>���@�E\�SHUPLVVLRQ�RI�WKH�$PHULFDQ�*HRSK\VLFDO�8QLRQ�
�
�
$OVR�RI�QRWH� LQ� WKLV�DUHD� LV�ZRUN�RQ� WKH�VFDOLQJ� UHODWLRQVKLSV�EHWZHHQ� WKH�VWUXFWXUH�RI�EUDQFKLQJ

YDVFXODU�QHWZRUNV� LQ�RUJDQLVPV�DQG�PHWDEROLF�SURFHVVHV�>������������@��DQ�LPSUHVVLYH�H[DPSOH�RI
WKH�ZD\�LQ�ZKLFK�DQ�XQGHUVWDQGLQJ�RI�QHWZRUN�VWUXFWXUH�FDQ�EH�SDUOD\HG�LQWR�DQ�XQGHUVWDQGLQJ�RI�WKH
IXQFWLRQLQJ�RI�WKH�V\VWHPV�WKH�QHWZRUNV�UHSUHVHQW��:H�ZLOO�VHH�PDQ\�PRUH�H[DPSOHV�GXULQJ�WKH�FRXUVH
RI�WKLV�ERRN�
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$�GLVFXVVLRQ�RI�VRFLDO�QHWZRUNV�DQG�WKH�HPSLULFDO�WHFKQLTXHV�XVHG�WR�SUREH�WKHLU�VWUXFWXUH
�

62&,$/�QHWZRUNV�DUH�QHWZRUNV�LQ�ZKLFK�WKH�YHUWLFHV�DUH�SHRSOH��RU�VRPHWLPHV�JURXSV�RI�SHRSOH��DQG
WKH�HGJHV� UHSUHVHQW� VRPH�IRUP�RI� VRFLDO� LQWHUDFWLRQ�EHWZHHQ� WKHP��VXFK�DV� IULHQGVKLS��6RFLRORJLVWV
KDYH�GHYHORSHG�WKHLU�RZQ�ODQJXDJH�IRU�GLVFXVVLQJ�QHWZRUNV��WKH\�UHIHU�WR�WKH�YHUWLFHV��WKH�SHRSOH��DV
DFWRUV�DQG�WKH�HGJHV�DV�WLHV��:H�ZLOO�VRPHWLPHV�XVH�WKHVH�ZRUGV�ZKHQ�GLVFXVVLQJ�VRFLDO�QHWZRUNV�
:H�EHJLQ�WKLV�FKDSWHU�ZLWK�D�VKRUW�VXPPDU\�RI�WKH�RULJLQV�DQG�UHVHDUFK�IRFXV�RI�WKH�ILHOG�RI�VRFLDO

QHWZRUNV�� EHIRUH� GHVFULELQJ� LQ� GHWDLO� VRPH� RI� WKH� WHFKQLTXHV� XVHG� WR� GLVFRYHU� VRFLDO� QHWZRUN
VWUXFWXUH��7KH�PDWHULDO� LQ�WKLV�FKDSWHU�IRUPV�WKH�EDVLV�IRU�XQGHUVWDQGLQJ�PDQ\�RI�WKH�VRFLDO�QHWZRUN
H[DPSOHV�WKDW�DSSHDU�LQ�WKH�UHVW�RI�WKH�ERRN�
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7R�PRVW�SHRSOH�WKH�ZRUGV�³VRFLDO�QHWZRUN�´�LI�WKH\�PHDQ�DQ\WKLQJ��UHIHU�WR�RQOLQH�VRFLDO�QHWZRUNLQJ
VHUYLFHV� VXFK� DV�)DFHERRN� DQG�0\6SDFH�� 7KH� VWXG\� RI� VRFLDO� QHWZRUNV�� KRZHYHU�� JRHV� EDFN� IDU
IDUWKHU� WKDQ� WKH�QHWZRUNV¶�PRGHUQGD\�FRPSXWHU� LQFDUQDWLRQV�� ,QGHHG�� DPRQJ� UHVHDUFKHUV�ZKR� VWXG\
QHWZRUNV�� VRFLRORJLVWV� KDYH� SHUKDSV� WKH� ORQJHVW� DQG� EHVW� HVWDEOLVKHG� WUDGLWLRQ� RI� TXDQWLWDWLYH�
HPSLULFDO�ZRUN��7KHUH�DUH�FOHDU�DQWHFHGHQWV�RI�VRFLDO�QHWZRUN�DQDO\VLV�WR�EH�IRXQG�LQ�WKH�OLWHUDWXUH�DV
IDU� EDFN� DV� WKH� HQG�RI� WKH� QLQHWHHQWK� FHQWXU\��7KH� WUXH� IRXQGDWLRQ�RI� WKH� ILHOG�� KRZHYHU�� LV� XVXDOO\
DWWULEXWHG�WR�SV\FKLDWULVW�-DFRE�0RUHQR��D�5RPDQLDQ�LPPLJUDQW�WR�$PHULFD�ZKR�LQ�WKH�����V�EHFDPH
LQWHUHVWHG�LQ�WKH�G\QDPLFV�RI�VRFLDO�LQWHUDFWLRQV�ZLWKLQ�JURXSV�RI�SHRSOH��$W�D�PHGLFDO�FRQIHUHQFH�LQ
1HZ�<RUN�&LW\�LQ�0DUFK������KH�SUHVHQWHG�WKH�UHVXOWV�RI�D�VHW�RI�VWXGLHV�KH�KDG�SHUIRUPHG�WKDW�PD\
KDYH� EHHQ� WKH� ILUVW� WUXH� VRFLDO� QHWZRUN� VWXGLHV�� DQG� WKH�ZRUN� DWWUDFWHG� HQRXJK� DWWHQWLRQ� WR�PHULW� D
FROXPQ�LQ� WKH�1HZ�<RUN�7LPHV �D�IHZ�GD\V�ODWHU��$�\HDU�DIWHU�WKDW�0RUHQR�SXEOLVKHG�D�ERRN�HQWLWOHG
:KR�6KDOO� 6XUYLYH"� >���@�ZKLFK�� WKRXJK� QRW� D� ULJRURXV�ZRUN� E\�PRGHUQ� VWDQGDUGV�� FRQWDLQHG� WKH
VHHGV�RI�WKH�ILHOG�RI�VRFLRPHWU\��ZKLFK�ODWHU�EHFDPH�VRFLDO�QHWZRUN�DQDO\VLV�

�

)LJXUH������)ULHQGVKLSV�EHWZHHQ�VFKRROFKLOGUHQ��7KLV�HDUO\�KDQG�GUDZQ�LPDJH�RI�D�VRFLDO�QHWZRUN�
WDNHQ� IURP� WKH� ZRUN� RI� SV\FKLDWULVW� -DFRE� 0RUHQR�� GHSLFWV� IULHQGVKLS� SDWWHUQV� EHWZHHQ� WKH� ER\V
�WULDQJOHV��DQG�JLUOV� �FLUFOHV�� LQ�D�FODVV�RI�VFKRROFKLOGUHQ� LQ� WKH�����V��5HSURGXFHG�IURP�>���@�E\
NLQG�SHUPLVVLRQ�RI�WKH�$PHULFDQ�6RFLHW\�RI�*URXS�3V\FKRWKHUDS\�DQG�3V\FKRGUDPD�
�
�



0RUHQR�FDOOHG�KLV�GLDJUDPV�RI�KXPDQ�LQWHUDFWLRQ�VRFLRJUDPV��UDWKHU�WKDQ�VRFLDO�QHWZRUNV��D�WHUP
QRW�FRLQHG�XQWLO�DERXW�WZHQW\�\HDUV�ODWHU���EXW�LQ�HYHU\WKLQJ�EXW�QDPH�WKH\�DUH�FOHDUO\�ZKDW�ZH�QRZ
NQRZ� DV� QHWZRUNV�� )LJXUH� ����� IRU� LQVWDQFH�� VKRZV� D� KDQG�GUDZQ� ILJXUH� IURP� 0RUHQR¶V� ERRN�
GHSLFWLQJ�IULHQGVKLSV�ZLWKLQ�D�JURXS�RI�VFKRROFKLOGUHQ��7KH�WULDQJOHV�DQG�FLUFOHV�UHSUHVHQW�ER\V�DQG
JLUOV�UHVSHFWLYHO\�DQG�WKH�ILJXUH�UHYHDOV��DPRQJ�RWKHU�WKLQJV��WKDW�WKHUH�DUH�PDQ\�IULHQGVKLSV�EHWZHHQ
WZR�ER\V�RU�WZR�JLUOV��EXW�IHZ�EHWZHHQ�D�ER\�DQG�D�JLUO��,W� LV�VLPSOH�FRQFOXVLRQV�OLNH�WKLV��WKDW�DUH
ERWK�VRFLRORJLFDOO\�LQWHUHVWLQJ�DQG�HDV\�WR�VHH�RQFH�RQH�GUDZV�D�SLFWXUH�RI�WKH�QHWZRUN��WKDW�UDSLGO\
SHUVXDGHG�VRFLDO�VFLHQWLVWV�WKDW�WKHUH�ZDV�PHULW�LQ�0RUHQR¶V�PHWKRGV�
2QH� RI� WKH� PRVW� LPSRUWDQW� WKLQJV� WR� DSSUHFLDWH� DERXW� VRFLDO� QHWZRUNV� LV� WKDW� WKHUH� DUH� PDQ\

GLIIHUHQW�SRVVLEOH�GHILQLWLRQV�RI�DQ�HGJH�LQ�VXFK�D�QHWZRUN�DQG�WKH�SDUWLFXODU�GHILQLWLRQ�RQH�XVHV�ZLOO
GHSHQG�RQ�ZKDW�TXHVWLRQV�RQH�LV�LQWHUHVWHG�LQ�DQVZHULQJ��(GJHV�PLJKW�UHSUHVHQW�IULHQGVKLS�EHWZHHQ
LQGLYLGXDOV�� EXW� WKH\� FRXOG� DOVR� UHSUHVHQW� SURIHVVLRQDO� UHODWLRQVKLSV�� H[FKDQJH�RI� JRRGV�RU�PRQH\�
FRPPXQLFDWLRQ�SDWWHUQV��URPDQWLF�RU�VH[XDO�UHODWLRQVKLSV��RU�PDQ\�RWKHU�W\SHV�RI�FRQQHFWLRQ��,I�RQH�LV
LQWHUHVWHG�� VD\�� LQ� SURIHVVLRQDO� LQWHUDFWLRQV� EHWZHHQ� WKH� ERDUGV� RI� GLUHFWRUV� RI� )RUWXQH� ���
FRPSDQLHV�� WKHQ� D� QHWZRUN� RI�ZKR� LV� GDWLQJ�ZKRP�RU�ZKR� ORRNV� DW�ZKR� HOVH¶V� )DFHERRN� SDJH� LV
SUREDEO\� QRW� RI� PXFK� XVH�� 0RUHRYHU�� WKH� WHFKQLTXHV� RQH� XVHV� WR� SUREH� GLIIHUHQW� W\SHV� RI� VRFLDO
LQWHUDFWLRQ�FDQ�DOVR�EH�TXLWH�GLIIHUHQW��VR�WKDW�GLIIHUHQW�NLQGV�RI�VRFLDO�QHWZRUN�VWXGLHV�DUH�W\SLFDOO\
QHHGHG�WR�DGGUHVV�GLIIHUHQW�NLQGV�RI�TXHVWLRQV�
'LUHFW�TXHVWLRQLQJ�RI�H[SHULPHQWDO�VXEMHFWV� LV�SUREDEO\� WKH�PRVW�FRPPRQ�PHWKRG�RI�GHWHUPLQLQJ

WKH�VWUXFWXUH�RI�VRFLDO�QHWZRUNV��:H�GLVFXVV�LW�LQ�GHWDLO�LQ�6HFWLRQ������$QRWKHU�LPSRUWDQW�WHFKQLTXH�
WKH� XVH� RI� DUFKLYDO� UHFRUGV� �6HFWLRQV� ���� DQG� ������ LV� LOOXVWUDWHG� E\� D� GLIIHUHQW� HDUO\� H[DPSOH� RI� D
VRFLDO�QHWZRUN�VWXG\��,W�ZDV��DSSDUHQWO\��D�FRPPRQ�SUDFWLFH�LQ�WKH�86�LQ�WKH�����V�IRU�QHZVSDSHUV�WR
UHSRUW�RQ� WKH�SXEOLF�DSSHDUDQFHV�RI�VRFLHW\�ZRPHQ��DQG�'DYLV��*DUGQHU��DQG�*DUGQHU�PDGH�XVH�RI
WKLV� LQ�D� VWXG\�RI� D� VRFLDO�QHWZRUN�RI����ZRPHQ� LQ�D� FLW\� LQ� WKH�$PHULFDQ� VRXWK��7KLV� VWXG\��RIWHQ
UHIHUUHG� WR� LQ� WKH� OLWHUDWXUH� DV� WKH� ³6RXWKHUQ� :RPHQ� 6WXG\�´� ZDV� GHVFULEHG� LQ� D� ERRN� E\� WKH
UHVHDUFKHUV�SXEOLVKHG�LQ������>��@��DOWKRXJK�LW�ZDV�EDVHG�RQ�GDWD�IURP�������7KH\�WRRN�D�VDPSOH�RI
��� VRFLDO� HYHQWV� DWWHQGHG� E\� WKH� ZRPHQ� LQ� TXHVWLRQ� DQG� UHFRUGHG� ZKLFK� ZRPHQ� DWWHQGHG� ZKLFK
HYHQWV��:RPHQ� LQ� WKLV�QHWZRUN�PD\�EH�FRQVLGHUHG�FRQQHFWHG� LI� WKH\�DWWHQGHG�D�FRPPRQ�HYHQW��$Q
DOWHUQDWLYH�DQG�PRUH�FRPSOHWH�UHSUHVHQWDWLRQ�RI�WKH�GDWD�LV�DV�DQ�³DIILOLDWLRQ�QHWZRUN´�RU�³ELSDUWLWH
JUDSK�´� D� QHWZRUN� ZLWK� WZR� W\SHV� RI� YHUWH[�� UHSUHVHQWLQJ� WKH� ZRPHQ� DQG� WKH� HYHQWV�� ZLWK� HGJHV
FRQQHFWLQJ�HDFK�ZRPDQ�WR�WKH�HYHQWV�VKH�DWWHQGHG��$�YLVXDOL]DWLRQ�RI�WKH�DIILOLDWLRQ�QHWZRUN�IRU�WKH
6RXWKHUQ�:RPHQ�6WXG\�LV�VKRZQ�LQ�)LJ�������2QH�UHDVRQ�ZK\�WKLV�VWXG\�KDV�EHFRPH�VR�ZHOO�NQRZQ��LQ
DGGLWLRQ�WR�LWV�DQWLTXLW\��LV�WKDW�WKH�ZRPHQ�ZHUH�IRXQG�E\�WKH�UHVHDUFKHUV�WR�VSOLW�LQWR�WZR�VXEJURXSV�
WLJKWO\� NQLW� FOXVWHUV� RI� DFTXDLQWDQFHV�ZLWK� RQO\� UDWKHU� ORRVH� EHWZHHQ�FOXVWHU� LQWHUDFWLRQ��$� FODVVLF
SUREOHP�LQ�VRFLDO�QHWZRUN�DQDO\VLV�LV�WR�GHYLVH�D�PHWKRG�RU�DOJRULWKP�WKDW�FDQ�GLVFRYHU�DQG�H[WUDFW
VXFK� FOXVWHULQJ� IURP� UDZ� QHWZRUN� GDWD�� DQG� TXLWH� D� QXPEHU� RI� UHVHDUFKHUV� KDYH� PDGH� XVH� RI� WKH
6RXWKHUQ� :RPHQ� GDWD� DV� D� WHVW� FDVH� IRU� WKH� GHYHORSPHQW� RI� VXFK� PHWKRGV�� $IILOLDWLRQ� QHWZRUNV
UHFHLYH�IXUWKHU�DWWHQWLRQ�LQ�6HFWLRQ�����
6XFK�LV�WKH�SRZHU�RI�VRFLDO�QHWZRUN�DQDO\VLV�WKDW�LWV�WHFKQLTXHV�KDYH��VLQFH�0RUHQR�DQG�'DYLV�HW

DO���EHHQ�DSSOLHG�WR�DQ�H[WUDRUGLQDU\�YDULHW\�RI�GLIIHUHQW�FRPPXQLWLHV��LVVXHV��DQG�SUREOHPV��LQFOXGLQJ
IULHQGVKLS�DQG�DFTXDLQWDQFH�SDWWHUQV�LQ�ORFDO�FRPPXQLWLHV�DQG�LQ�WKH�SRSXODWLRQ�DW�ODUJH�>������������
��������@��DQG�DPRQJ�VWXGHQWV�>���@�DQG�VFKRROFKLOGUHQ�>�������������@��FRQWDFWV�EHWZHHQ�EXVLQHVV
SHRSOH� DQG� RWKHU� SURIHVVLRQDOV� >���� ���@�� ERDUGV� RI� GLUHFWRUV� RI� FRPSDQLHV� >���� ���� ���@�
FROODERUDWLRQV� RI� VFLHQWLVWV� >����� ����� ���@��PRYLH� DFWRUV� >���� ���@�� DQG�PXVLFLDQV� >���@�� VH[XDO
FRQWDFW�QHWZRUNV�>������������������@�DQG�GDWLQJ�SDWWHUQV�>��@��FRYHUW�DQG�FULPLQDO�QHWZRUNV�VXFK�DV



QHWZRUNV�RI�GUXJ�XVHUV�>���@�RU�WHUURULVWV�>���@��KLVWRULFDO�QHWZRUNV�>���@��RQOLQH�FRPPXQLWLHV�VXFK
DV�8VHQHW�>�������������@�RU�)DFHERRN�>���@��DQG�VRFLDO�QHWZRUNV�RI�DQLPDOV�>�������������@�

�

)LJXUH� ����� 7KH� DIILOLDWLRQ� QHWZRUN� RI� WKH� ³6RXWKHUQ�:RPHQ� 6WXG\�´ � 7KLV� QHWZRUN� �OLNH� DOO
DIILOLDWLRQ� QHWZRUNV�� KDV� WZR� W\SHV� RI� YHUWH[�� WKH� RSHQ� FLUFOHV� DW� WKH� ERWWRP� UHSUHVHQWLQJ� WKH� ��
ZRPHQ�ZKR�ZHUH�WKH�VXEMHFWV�RI� WKH�VWXG\�DQG�WKH�VKDGHG�FLUFOHV�DW� WKH�WRS�UHSUHVHQWLQJ�WKH�VRFLDO
HYHQWV� WKH\� DWWHQGHG�� 7KH� HGJHV� FRQQHFW� HDFK�ZRPDQ� WR� WKH� HYHQWV� VKH� DWWHQGHG�� DV� GHGXFHG� IURP
QHZVSDSHU�UHSRUWV��'DWD�FRXUWHV\�RI�/��)UHHPDQ�DQG�RULJLQDOO\�IURP�'DYLV�HW�DO��>��@�
�
�
:H�ZLOO� VHH� VRPH�H[DPSOHV�RI� WKHVH� DQG�RWKHU�QHWZRUNV� WKURXJKRXW� WKLV�ERRN�DQG�ZH�ZLOO� JLYH

GHWDLOV�DV�QHHGHG�DV�ZH�JR�DORQJ��7KH�UHVW�RI� WKH�SUHVHQW�FKDSWHU� LV�GHYRWHG� WR�D�GLVFXVVLRQ�RI� WKH
GLIIHUHQW�HPSLULFDO�PHWKRGV�XVHG�WR�PHDVXUH�VRFLDO�QHWZRUNV��7KH�WZR�WHFKQLTXHV�GHVFULEHG�DERYH�
QDPHO\�GLUHFW�TXHVWLRQLQJ�RI�VXEMHFWV�DQG�WKH�XVH�RI�DUFKLYDO�UHFRUGV��DUH�WZR�RI�WKH�PRVW�LPSRUWDQW�
EXW�WKHUH�DUH�VHYHUDO�RWKHUV�WKDW�ILQG�UHJXODU�XVH��7KLV�FKDSWHU�GRHV�QRW�JLYH�D�FRPSOHWH�UHYLHZ�RI�WKH
VXEMHFW²IRU�WKDW�ZH�UHIHU�WKH�UHDGHU�WR�VSHFLDOL]HG�WH[WV�VXFK�DV�WKRVH�RI�:DVVHUPDQ�DQG�)DXVW�>���@
DQG�6FRWW�>���@²EXW�ZH�LQWURGXFH�DV�PXFK�PDWHULDO�DV�ZLOO�EH�QHHGHG�IRU�WKH�ODWHU�FKDSWHUV�RI�WKH
ERRN��ZKLOH�DW�WKH�VDPH�WLPH��ZH�KRSH��JLYLQJ�VRPH�IODYRU�IRU�WKH�FKDOOHQJHV�RI�HPSLULFDO�VWXG\�LQ�WKH
ILHOG�RI�VRFLDO�QHWZRUNV�
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7KH�PRVW�FRPPRQ�JHQHUDO�PHWKRG�IRU�DFFXPXODWLQJ�GDWD�RQ�VRFLDO�QHWZRUNV�LV�VLPSO\�WR�DVN�SHRSOH
TXHVWLRQV��,I�\RX�DUH�LQWHUHVWHG�LQ�IULHQGVKLS�QHWZRUNV��WKHQ�\RX�DVN�SHRSOH�ZKR�WKHLU�IULHQGV�DUH��,I
\RX�DUH�LQWHUHVWHG�LQ�EXVLQHVV�UHODWLRQVKLSV�\RX�DVN�SHRSOH�ZKR�WKH\�GR�EXVLQHVV�ZLWK��DQG�VR�IRUWK�
7KH�DVNLQJ�PD\�WDNH�WKH�IRUP�RI�GLUHFW�LQWHUYLHZV�ZLWK�SDUWLFLSDQWV�RU�WKH�FRPSOHWLRQ�E\�SDUWLFLSDQWV
RI�TXHVWLRQQDLUHV��HLWKHU�RQ�SDSHU�RU�HOHFWURQLFDOO\��,QGHHG�PDQ\�PRGHUQ�VWXGLHV��SDUWLFXODUO\�VXUYH\V
FRQGXFWHG� E\� WHOHSKRQH�� HPSOR\� D� FRPELQDWLRQ� RI� ERWK� LQWHUYLHZV� DQG� TXHVWLRQQDLUHV�� ZKHUHLQ� D
SURIHVVLRQDO� LQWHUYLHZHU� UHDGV� TXHVWLRQV� IURP� D� TXHVWLRQQDLUH� WR� D� SDUWLFLSDQW�� %\� XVLQJ� D
TXHVWLRQQDLUH�� WKH� GHVLJQHUV� RI� WKH� VWXG\� FDQ� JXDUDQWHH� WKDW� TXHVWLRQV� DUH� DVNHG�� WR� D� JRRG
DSSUR[LPDWLRQ��LQ�D�FRQVLVWHQW�RUGHU�DQG�ZLWK�FRQVLVWHQW�ZRUGLQJ��%\�HPSOR\LQJ�DQ�LQWHUYLHZHU�WR�GR
WKH�DVNLQJ� WKH� VWXG\�JDLQV� IOH[LELOLW\�DQG� UHOLDELOLW\�� LQWHUYLHZHHV�RIWHQ� WDNH� VWXGLHV�PRUH� VHULRXVO\
ZKHQ�DQVZHULQJ�TXHVWLRQV�SXW�WR�WKHP�E\�D�KXPDQ�EHLQJ��DQG�LQWHUYLHZHUV�PD\�EH�JLYHQ�VRPH�ODWLWXGH
WR� SUREH� LQWHUYLHZHHV� ZKHQ� WKH\� DUH� XQFOHDU�� XQUHVSRQVLYH�� RU� FRQIXVHG�� 7KHVH� DUH� LPSRUWDQW
FRQVLGHUDWLRQV�� VLQFH� PLVXQGHUVWDQGLQJ� DQG� LQFRQVLVWHQW� LQWHUSUHWDWLRQ� RI� VXUYH\� TXHVWLRQV� DUH
VXEVWDQWLDO� VRXUFHV� RI� HUURU�� %\� PDNLQJ� TXHVWLRQV� DV� XQLIRUP� DV� SRVVLEOH� DQG� JLYLQJ� UHVSRQGHQWV
SHUVRQDO� KHOS� LQ� XQGHUVWDQGLQJ� WKHP�� WKHVH� HUURUV� FDQ� EH� UHGXFHG��$� JRRG� LQWURGXFWLRQ� WR� VRFLDO
VXUYH\�GHVLJQ�DQG�LPSOHPHQWDWLRQ�KDV�EHHQ�JLYHQ�E\�5HD�DQG�3DUNHU�>���@�
7R�ILQG�RXW�DERXW�VRFLDO�QHWZRUNV��VXUYH\V�W\SLFDOO\�HPSOR\�D�QDPH�JHQHUDWRU���DQ�LWHP�RU�VHULHV

RI�LWHPV�WKDW�LQYLWH�UHVSRQGHQWV�WR�QDPH�RWKHUV�ZLWK�ZKRP�WKH\�KDYH�FRQWDFW�RI�D�VSHFLILHG�NLQG��)RU
H[DPSOH��LQ�WKHLU�FODVVLF�VWXG\�RI�IULHQGVKLS�QHWZRUNV�DPRQJ�VFKRROFKLOGUHQ��5DSRSRUW�DQG�+RUYDWK
>���@�DVNHG�FKLOGUHQ�WR�FRPSOHWH�D�TXHVWLRQQDLUH�WKDW�LQFOXGHG�LWHPV�ZRUGHG�DV�IROORZV�

�

7KH� EODQNV� BBB � LQ� WKH� TXHVWLRQQDLUH� ZHUH� ILOOHG� LQ� ZLWK� WKH� DSSURSULDWH� VFKRRO� QDPH�� 7KH� OLVW
VWRSSHG�DW�WKH�HLJKWK�EHVW�IULHQG�DQG�PDQ\�FKLOGUHQ�GLG�QRW�FRPSOHWH�DOO�HLJKW�
,GHDOO\�DOO�VWXGHQWV�ZLWKLQ� WKH�VFKRRO�ZRXOG�EH�VXUYH\HG�� WKRXJK�5DSRSRUW�DQG�+RUYDWK�UHSRUWHG

WKDW� LQ� WKHLU� FDVH� D� IHZ� ZHUH� DEVHQW� RQ� WKH� GD\� WKH� VXUYH\� ZDV� FRQGXFWHG�� 1RWH� WKDW� WKH� VXUYH\
VSHFLILFDOO\�DVNV�FKLOGUHQ�WR�QDPH�RQO\�IULHQGV�ZLWKLQ�WKH�VFKRRO��7KH�UHVXOWLQJ�QHWZRUN�ZLOO�WKHUHIRUH
UHFRUG� IULHQGVKLS� WLHV� ZLWKLQ� WKH� VFKRRO� EXW� QRQH� WR� LQGLYLGXDOV� RXWVLGH�� 6LQFH� DOO� VRFLDO� QHWZRUN
VWXGLHV�DUH�OLPLWHG�WR�VRPH�FRPPXQLW\�RU�SRUWLRQ�RI�WKH�SRSXODWLRQ��DQG�VLQFH�LW�LV�KLJKO\�XQOLNHO\�WKDW
VXFK�D�FRPPXQLW\�ZLOO�KDYH�WLHV�VROHO\�ZLWKLQ�WKH�FRPPXQLW\�DQG�QRQH�RXWVLGH��DOO�VXUYH\V�PXVW�PDNH
VRPH� GHFLVLRQ� DERXW� KRZ� WR� GHDO� ZLWK� WLHV� WR� RXWVLGH� LQGLYLGXDOV�� 6RPHWLPHV� WKH\� DUH� UHFRUGHG�
6RPHWLPHV�� DV� KHUH�� WKH\� DUH� QRW�� 6XFK� GHWDLOV� FDQ� EH� LPSRUWDQW� VLQFH� VWDWLVWLFV� GHULYHG� IURP� WKH
VXUYH\�UHVXOWV�ZLOO�RIWHQ�GHSHQG�RQ�WKH�GHFLVLRQV�PDGH�
7KHUH� DUH� VRPH�SRLQWV� WR�QRWLFH� DERXW� WKH�GDWD�SURGXFHG�E\�QDPH�JHQHUDWRUV��)LUVW�� WKH�QHWZRUN



WLHV�� IULHQGVKLSV� LQ� WKH�FDVH�DERYH��DUH�GHWHUPLQHG�E\�RQH� UHVSRQGHQW�QRPLQDWLQJ�DQRWKHU�E\�QDPH�
7KLV� LV�D�IXQGDPHQWDOO\�DV\PPHWULF�SURFHVV��,QGLYLGXDO�$�LGHQWLILHV� LQGLYLGXDO�%�DV� WKHLU�IULHQG��,Q
PDQ\�FDVHV�%�ZLOO�DOVR�LGHQWLI\�$�DV� WKHLU�IULHQG��EXW�WKHUH�LV�QR�JXDUDQWHH�WKDW�WKLV�ZLOO�KDSSHQ�DQG�LW
LV�QRW�XQFRPPRQ�IRU�QRPLQDWLRQ�WR�JR�RQO\�RQH�ZD\��:H�QRUPDOO\�WKLQN�RI�IULHQGVKLS�DV�D�WZR�ZD\
W\SH�RI�UHODWLRQVKLS��EXW�VXUYH\V�VXJJHVW�WKDW�WKLV�QRW�DOZD\V�WKH�FDVH��$V�D�UHVXOW��GDWD�GHULYHG�IURP
QDPH�JHQHUDWRUV�DUH�RIWHQ�EHVW� UHSUHVHQWHG�DV�GLUHFWHG�QHWZRUNV��QHWZRUNV� LQ�ZKLFK�HGJHV�UXQ� LQ�D
SDUWLFXODU�GLUHFWLRQ�IURP�RQH�YHUWH[�WR�DQRWKHU��,I�WZR�LQGLYLGXDOV�QRPLQDWH�HDFK�RWKHU�WKHQ�ZH�KDYH
WZR�GLUHFWHG�HGJHV��RQH�SRLQWLQJ�LQ�HLWKHU�GLUHFWLRQ��(DFK�YHUWH[�LQ�WKH�QHWZRUN�DOVR�KDV�WZR�GHJUHHV�
DQ�RXWGHJUHH²WKH�QXPEHU�RI�IULHQGV�LGHQWLILHG�E\�WKH�FRUUHVSRQGLQJ�LQGLYLGXDO²DQG�DQ�LQ�GHJUHH²
WKH�QXPEHU�RI�RWKHUV�ZKR�LGHQWLILHG�WKH�LQGLYLGXDO�DV�D�IULHQG�

:H�HQFRXQWHUHG�GLUHFWHG�QHWZRUNV�SUHYLRXVO\�LQ�&KDSWHU����LQ�RXU�GLVFXVVLRQ�RI�WKH�:RUOG�:LGH
:HE��DQG�WKH\�DUH�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�����

�
7KLV�EULQJV�XV�WR�D�VHFRQG�SRLQW�DERXW�QDPH�JHQHUDWRUV��,W�LV�FRPPRQ��DV�LQ�WKH�H[DPSOH�DERYH��IRU

WKH� H[SHULPHQWHU� WR� SODFH� D� OLPLW� RQ� WKH� QXPEHU� RI� QDPHV� D� UHVSRQGHQW� FDQ� JLYH�� ,Q� WKH� VWXG\� RI
5DSRSRUW�DQG�+RUYDWK��WKLV�OLPLW�ZDV�HLJKW��6WXGLHV�WKDW�LPSRVH�VXFK�D�OLPLW�DUH�FDOOHG�IL[HG�FKRLFH
VWXGLHV��7KH�DOWHUQDWLYH�LV�WR�LPSRVH�QR�OLPLW��6WXGLHV�WKDW�GR�WKLV�DUH�FDOOHG�IUHH�FKRLFH�VWXGLHV�
/LPLWV�DUH�RIWHQ�LPSRVHG�SXUHO\�IRU�SUDFWLFDO�SXUSRVHV��WR�UHGXFH�WKH�ZRUN�WKH�H[SHULPHQWHU�PXVW

GR��+RZHYHU�� WKH\�PD\� DOVR� KHOS� UHVSRQGHQWV� XQGHUVWDQG�ZKDW� LV� UHTXLUHG� RI� WKHP�� ,Q� VXUYH\V� RI
VFKRROFKLOGUHQ��IRU�LQVWDQFH��WKHUH�DUH�VRPH�FKLOGUHQ�ZKR��ZKHQ�DVNHG�WR�QDPH�DOO�WKHLU�IULHQGV��ZLOO
SDWLHQWO\�QDPH�DOO� WKH�RWKHU� FKLOGUHQ� LQ� WKH� HQWLUH� VFKRRO�� HYHQ� LI� WKHUH� DUH�KXQGUHGV�RI� WKHP��6XFK
UHVSRQVHV� DUH� QRW� SDUWLFXODUO\� KHOSIXO� LQ� VXUYH\V²DOPRVW� FHUWDLQO\� WKH� FKLOGUHQ� LQ� TXHVWLRQ� DUH
HPSOR\LQJ�D�GHILQLWLRQ�RI�IULHQGVKLS�GLIIHUHQW�IURP�WKDW�HPSOR\HG�E\�PRVW�RI� WKHLU�SHHUV�DQG�E\�WKH
LQYHVWLJDWRUV�
+RZHYHU�� OLPLWLQJ� WKH� QXPEHU� RI� UHVSRQVHV� LV� IRU� PRVW� SXUSRVHV� XQGHVLUDEOH�� ,Q� SDUWLFXODU�� LW

FOHDUO\� OLPLWV� WKH� RXW�GHJUHH� RI� WKH� YHUWLFHV� LQ� WKH� QHWZRUN�� LPSRVLQJ� DQ� DUWLILFLDO� DQG� SRVVLEO\
XQUHDOLVWLF� FXW�RII�� $V� GLVFXVVHG� LQ� &KDSWHU� ��� DQ� LQWHUHVWLQJ� SURSHUW\� RI� PDQ\� QHWZRUNV� LV� WKH
H[LVWHQFH�RI�D�VPDOO�QXPEHU�RI�YHUWLFHV�ZLWK�XQXVXDOO\�KLJK�GHJUHH��DQG�LW�LV�NQRZQ�WKDW�LQ�VRPH�FDVHV
WKHVH�YHUWLFHV��WKRXJK�IHZ�LQ�QXPEHU��FDQ�KDYH�D�GRPLQDQW�HIIHFW�RQ�WKH�EHKDYLRU�RI�WKH�QHWZRUN�DV�D
ZKROH��%\�HPSOR\LQJ�D�QDPH�JHQHUDWRU�WKDW�DUWLILFLDOO\�FXWV�RII�WKH�GHJUHH��DQ\�LQIRUPDWLRQ�DERXW�WKH
H[LVWHQFH�RI�VXFK�YHUWLFHV�LV�ORVW�
,W�LV�ZRUWK�QRWLFLQJ��KRZHYHU��WKDW�HYHQ�LQ�D�IL[HG�FKRLFH�VWXG\�WKHUH�LV�QRUPDOO\�QR�OLPLW�RQ�WKH�LQ�

GHJUHH� RI� YHUWLFHV� LQ� WKH� QHWZRUN�� WKHUH� LV� QR� OLPLW� WR� WKH� QXPEHU� RI� WLPHV� DQ� LQGLYLGXDO� FDQ� EH
QRPLQDWHG�E\�RWKHUV��$QG�LQGHHG�LQ�PDQ\�QHWZRUNV�LW�LV�IRXQG�WKDW�D�VPDOO�QXPEHU�RI�LQGLYLGXDOV�DUH
QRPLQDWHG� DQ� XQXVXDOO\� ODUJH� QXPEHU� RI� WLPHV��5DSRSRUW� DQG�+RUYDWK� >���@� REVHUYHG� WKLV� LQ� WKHLU
IULHQGVKLS�QHWZRUNV��ZKLOH�PRVW�FKLOGUHQ�LQ�D�VFKRRO�DUH�QRPLQDWHG�DV�D�IULHQG�RI�RQO\�D�IHZ�RWKHUV��D
VPDOO�QXPEHU�RI�SRSXODU�FKLOGUHQ�DUH�QRPLQDWHG�YHU\�PDQ\�WLPHV��5DSRSRUW�DQG�+RUYDWK�ZHUH�VRPH
RI�WKH�ILUVW�VFLHQWLVWV�LQ�DQ\�ILHOG�WR�VWXG\�TXDQWLWDWLYHO\�WKH�GHJUHH�GLVWULEXWLRQ�RI�D�QHWZRUN��UHSRUWLQJ
DQG�FRPPHQWLQJ�H[WHQVLYHO\�RQ�WKH�LQ�GHJUHHV�LQ�WKHLU�IULHQGVKLS�QHWZRUNV�
1RW� DOO� VXUYH\V� HPSOR\LQJ� QDPH� JHQHUDWRUV� SURGXFH� GLUHFWHG� QHWZRUNV�� 6RPHWLPHV� ZH� DUH

LQWHUHVWHG�LQ�WLHV�WKDW�DUH�LQWULQVLFDOO\�V\PPHWULF�EHWZHHQ�WKH�WZR�SDUWLHV�LQYROYHG��LQ�ZKLFK�FDVH�WKH
HGJHV� LQ� WKH� QHWZRUN� DUH� SURSHUO\� UHSUHVHQWHG� DV� XQGLUHFWHG��$Q� H[DPSOH� LV� QHWZRUNV� RI� VH[XDO
FRQWDFW��ZKLFK�DUH�ZLGHO\�VWXGLHG�WR�KHOS�XV�XQGHUVWDQG�WKH�VSUHDG�RI�VH[XDOO\�WUDQVPLWWHG�GLVHDVHV
>������������������@��,Q�VXFK�QHWZRUNV�D�WLH�EHWZHHQ�LQGLYLGXDOV�$�DQG�%�PHDQV�WKDW�$�DQG�%�KDG



VH[��:KLOH� SDUWLFLSDQWV� LQ� VWXGLHV� VRPHWLPHV� GR� QRW� UHPHPEHU� ZKR� WKH\� KDG� VH[� ZLWK� RU�PD\� EH
XQZLOOLQJ�WR�WDON�DERXW�LW��LW�LV�DW�OHDVW�LQ�SULQFLSDO�D�VWUDLJKWIRUZDUG�\HV�RU�QR�TXHVWLRQ�ZKHWKHU�WZR
SHRSOH�KDG�VH[��DQG�WKH�DQVZHU�VKRXOG�QRW�GHSHQG�RQ�ZKLFK�RI�WKH�WZR�\RX�DVN����,Q�VXFK�QHWZRUNV
WKHUHIRUH��WLHV�DUH�QRUPDOO\�UHSUHVHQWHG�DV�XQGLUHFWHG�
6XUYH\V�FDQ�DQG�RIWHQ�GR�DVN�UHVSRQGHQWV�QRW�MXVW�WR�QDPH�WKRVH�ZLWK�ZKRP�WKH\�KDYH�WLHV�EXW�WR

GHVFULEH�WKH�QDWXUH�RI�WKRVH�WLHV�DV�ZHOO��)RU�LQVWDQFH��TXHVWLRQV�PD\�DVN�UHVSRQGHQWV�WR�QDPH�SHRSOH
WKH\�ERWK� OLNH�DQG�GLVOLNH��RU� WR�QDPH� WKRVH�ZLWK�ZKRP� WKH\�KDYH�FHUWDLQ� W\SHV�RI�FRQWDFW�� VXFK�DV
VRFLDOL]LQJ� WRJHWKHU��ZRUNLQJ� WRJHWKHU�� RU� DVNLQJ� IRU� DGYLFH�� )RU� H[DPSOH�� LQ� D� VWXG\� RI� WKH� VRFLDO
QHWZRUN� RI� D� JURXS� RI� PHGLFDO� GRFWRUV�� &ROHPDQ�HW� DO�� >��@� DVNHG� UHVSRQGHQWV� WKH� IROORZLQJ
TXHVWLRQV�

:KR�DPRQJ�\RXU�FROOHDJXHV�GR�\RX�WXUQ�WR�PRVW�RIWHQ�IRU�DGYLFH"

:LWK�ZKRP�GR�\RX�PRVW�RIWHQ�GLVFXVV�\RXU�FDVHV�LQ�WKH�FRXUVH�RI�DQ�RUGLQDU\�ZHHN"

:KR�DUH�WKH�IULHQGV�DPRQJ�\RXU�FROOHDJXHV�ZKR�\RX�VHH�PRVW�RIWHQ�VRFLDOO\"
�

7KH�QDPHV�RI�D�PD[LPXP�RI�WKUHH�GRFWRUV�FRXOG�EH�JLYHQ�LQ�UHVSRQVH�WR�HDFK�TXHVWLRQ��$�VXUYH\�VXFK
DV�WKLV��ZKLFK�DVNV�DERXW�VHYHUDO�W\SHV�RI�LQWHUDFWLRQV��HIIHFWLYHO\�JHQHUDWHV�GDWD�RQ�VHYHUDO�GLIIHUHQW
QHWZRUNV�DW�RQFH²WKH�QHWZRUN�RI�DGYLFH��WKH�GLVFXVVLRQ�QHWZRUN��DQG�VR�IRUWK�
6XUYH\V�PD\�DOVR�SRVH�TXHVWLRQV�DLPHG�DW�PHDVXULQJ�WKH�VWUHQJWK�RI�WLHV��DVNLQJ�IRU�LQVWDQFH�KRZ

RIWHQ�SHRSOH� LQWHUDFW� RU� IRU�KRZ� ORQJ�� DQG� WKH\�PD\�DVN� LQGLYLGXDOV� WR�JLYH� D�EDVLF�GHVFULSWLRQ�RI
WKHPVHOYHV��WKHLU�DJH��LQFRPH��HGXFDWLRQ��DQG�VR�IRUWK��6RPH�RI�WKH�PRVW�LQWHUHVWLQJ�UHVXOWV�RI�VRFLDO
QHWZRUN� VWXGLHV� FRQFHUQ� WKH� H[WHQW� WR�ZKLFK� SHRSOH¶V� FKRLFH� RI�ZKRP� WKH\� DVVRFLDWH�ZLWK� UHIOHFWV
WKHLU� RZQ� EDFNJURXQG� DQG� WKDW� RI� WKHLU� DVVRFLDWHV�� )RU� LQVWDQFH�� \RX� PLJKW� FKRRVH� WR� VRFLDOL]H
SULPDULO\�ZLWK�RWKHUV�RI�D�VLPLODU�DJH�WR�\RXUVHOI��EXW�WXUQ�IRU�DGYLFH�WR�WKRVH�ZKR�DUH�ROGHU�WKDQ�\RX�
7KH�PDLQ�GLVDGYDQWDJHV�RI�QHWZRUN�VWXGLHV�EDVHG�RQ�GLUHFW�TXHVWLRQLQJ�RI�SDUWLFLSDQWV�DUH�WKDW�WKH\

DUH�ILUVW�ODERULRXV�DQG�VHFRQG�LQDFFXUDWH��7KH�DGPLQLVWHULQJ�RI�LQWHUYLHZV�RU�TXHVWLRQQDLUHV�DQG�WKH
FROODWLRQ�RI�UHVSRQVHV�LV�D�GHPDQGLQJ�MRE�WKDW�KDV�EHHQ�RQO\�VRPHZKDW�KHOSHG�LQ�UHFHQW�\HDUV�E\�WKH
LQFUHDVLQJ� DYDLODELOLW\� RI� FRPSXWHUV� DQG� WKH� XVH� RI� RQOLQH� VXUYH\� WRROV�� 0RVW� VWXGLHV� KDYH� EHHQ
OLPLWHG�WR�D�IHZ�WHQV�RU�DW�PRVW�KXQGUHGV�RI�UHVSRQGHQWV²WKH����YHUWH[�VRFLDO�QHWZRUN�RI�)LJ������LV
D�W\SLFDO�H[DPSOH��,W�LV�D�UDUH�VWXG\�WKDW�FRQWDLQV�PRUH�WKDQ�D�WKRXVDQG�DFWRUV��DQG�VWXGLHV�VXFK�DV�WKH
1DWLRQDO�/RQJLWXGLQDO� 6WXG\�RI�$GROHVFHQW�+HDOWK����ZKLFK� FRPSLOHG� UHVSRQVHV� IURP� RYHU� ��� ���
SDUWLFLSDQWV��DUH�YHU\�XQXVXDO�DQG�H[WUDRUGLQDULO\�FRVWO\��2QO\�D�VXEVWDQWLDO�SXEOLF�LQWHUHVW�VXFK�DV��LQ
WKDW�FDVH��WKH�FRQWURO�RI�GLVHDVH��FDQ�MXVWLI\�WKHLU�IXQGLQJ�
'DWD� EDVHG� RQ� GLUHFW� TXHVWLRQLQJ� DUH� DOVR� SODJXHG� E\� XQFRQWUROOHG� ELDVHV�� $QVZHUV� JLYHQ� E\

UHVSRQGHQWV�DUH�DOZD\V��WR�VRPH�H[WHQW��VXEMHFWLYH��,I�\RX�DVN�SHRSOH�ZKR�WKHLU�IULHQGV�DUH��GLIIHUHQW
SHRSOH�ZLOO�LQWHUSUHW�³IULHQG´�LQ�GLIIHUHQW�ZD\V�DQG�WKXV�JLYH�GLIIHUHQW�NLQGV�RI�DQVZHUV��,QYHVWLJDWRUV
GR� WKHLU� EHVW� WR� SRVH� TXHVWLRQV� DQG� UHFRUG� DQVZHUV� LQ� D� XQLIRUP� IDVKLRQ�� EXW� LW� LV� LQHYLWDEOH� WKDW
LQFRQVLVWHQFLHV�ZLOO�EH�SUHVHQW�LQ�WKH�ILQDO�GDWD�DQG�DQ\RQH�ZKR�KDV�HYHU�FRQGXFWHG�D�VXUYH\�NQRZV
WKLV�ZHOO��7KLV� SUREOHP� LV� QRW� XQLTXH� WR� VRFLDO� QHWZRUN� VWXGLHV��9LUWXDOO\� DOO� VRFLDO� VXUYH\V� VXIIHU
IURP� VXFK� SUREOHPV� DQG� D� ODUJH� ERG\� RI� H[SHUWLVH� KDV� EHHQ� GHYHORSHG� FRQFHUQLQJ� WHFKQLTXHV� IRU
GHDOLQJ�ZLWK�WKHP��1RQHWKHOHVV��RQH�VKRXOG�EHDU�LQ�PLQG�ZKHQ�GHDOLQJ�ZLWK�DQ\�VRFLDO�QHWZRUN�GDWD
GHULYHG� IURP� LQWHUYLHZV� RU� TXHVWLRQQDLUHV� WKH� SRVVLELOLW\� RI� XQFRQWUROOHG� H[SHULPHQWDO� ELDV� LQ� WKH



UHVXOWV�
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�

6WXGLHV�RI�WKH�W\SH�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ��LQ�ZKLFK�DOO�RU�QHDUO\�DOO�RI�WKH�LQGLYLGXDOV�LQ�D
FRPPXQLW\�DUH�VXUYH\HG��DUH�FDOOHG�VRFLRPHWULF�VWXGLHV��D�WHUP�FRLQHG�E\�-DFRE�0RUHQR�KLPVHOI��VHH
WKH�GLVFXVVLRQ�DW� WKH�EHJLQQLQJ�RI� WKLV� FKDSWHU���)RU� WKH�SXUSRVHV�RI�GHWHUPLQLQJ�QHWZRUN� VWUXFWXUH�
VRFLRPHWULF� VWXGLHV� DUH� GHVLUDEOH�� XQOHVV�ZH� VXUYH\� DOO� RU� QHDUO\� DOO� RI� WKH� SRSXODWLRQ� RI� LQWHUHVW�
WKHUH�LV�QR�ZD\�ZH�FDQ�UHFRQVWUXFW�WKH�FRPSOHWH�QHWZRUN�RI�WLHV�ZLWKLQ�WKDW�SRSXODWLRQ��+RZHYHU��DV
GLVFXVVHG�DW�WKH�HQG�RI�WKH�SUHFHGLQJ�VHFWLRQ��VRFLRPHWULF�VWXGLHV�DOVR�UHTXLUH�D�ORW�RI�ZRUN�DQG�IRU
ODUJH�SRSXODWLRQV�PD\�VLPSO\�EH�LQIHDVLEOH�

�

$Q�HJR�FHQWHUHG�QHWZRUN�FRQVLVWLQJ�RI�DQ�HJR�DQG�ILYH�DOWHUV�
�
�
$W�WKH�RWKHU�HQG�RI�WKH�VSHFWUXP�OLH�VWXGLHV�RI�SHUVRQDO�QHWZRUNV�RU�HJR�FHQWHUHG�QHWZRUNV����$Q

HJR�FHQWHUHG� QHWZRUN� LV� WKH� QHWZRUN� VXUURXQGLQJ� RQH� SDUWLFXODU� LQGLYLGXDO�� PHDQLQJ�� XVXDOO\�� WKH
LQGLYLGXDO�VXUYH\HG�DQG�KLV�RU�KHU�LPPHGLDWH�FRQWDFWV��7KH�LQGLYLGXDO�VXUYH\HG�LV�UHIHUUHG�WR�DV�WKH
HJR�DQG�WKH�FRQWDFWV�DV�DOWHUV�
7KH� W\SLFDO� VXUYH\�RI� WKLV�NLQG� LV� FRQGXFWHG�XVLQJ�GLUHFW�TXHVWLRQLQJ� WHFKQLTXHV� VLPLODU� WR� WKRVH

GLVFXVVHG� LQ� 6HFWLRQ� ����� ZLWK� LQWHUYLHZV�� TXHVWLRQQDLUHV�� RU� D� FRPELQDWLRQ� RI� ERWK� EHLQJ� WKH
LQVWUXPHQWV�RI�FKRLFH��2QH�PLJKW��IRU�LQVWDQFH��VHOHFW�D�VDPSOH�RI�WKH�WDUJHW�SRSXODWLRQ�DW�UDQGRP���
DQG�DVN�WKHP�WR�LGHQWLI\�DOO�WKRVH�ZLWK�ZKRP�WKH\�KDYH�D�FHUWDLQ�W\SH�RI�FRQWDFW��3DUWLFLSDQWV�PLJKW
DOVR�EH�DVNHG�WR�GHVFULEH�VRPH�FKDUDFWHULVWLFV�ERWK�RI�WKHPVHOYHV�DQG�RI�WKHLU�DOWHUV��DQG�SHUKDSV�WR
DQVZHU�VRPH�RWKHU�VLPSOH�TXHVWLRQV��VXFK�DV�ZKLFK�DOWHUV�DOVR�KDYH�FRQWDFW�ZLWK�RQH�DQRWKHU�
2EYLRXVO\�VXUYH\V�RI�WKLV�W\SH��DQG�VWXGLHV�RI�HJR�FHQWHUHG�QHWZRUNV�LQ�JHQHUDO��FDQQRW�UHYHDO�WKH

VWUXFWXUH�RI�DQ�HQWLUH�QHWZRUN��2QH�UHFHLYHV�VQDSVKRWV�RI�VPDOO� ORFDO�UHJLRQV�RI�WKH�QHWZRUN��EXW�LQ
JHQHUDO� WKRVH� UHJLRQV� ZLOO� QRW� MRLQ� WRJHWKHU� WR� IRUP� D� FRPSOHWH� VRFLDO� QHWZRUN�� 7KHUH� DUH� FDVHV�
KRZHYHU��ZKHUH�ZH�DUH�SULPDULO\� LQWHUHVWHG� LQ� ORFDO�QHWZRUN�SURSHUWLHV�� DQG�HJRFHQWHUHG�QHWZRUN
VWXGLHV� FDQ�JLYH� XV� JRRG�GDWD� DERXW� WKHVH�� )RU� H[DPSOH�� LI�ZH�ZLVK� WR� NQRZ�DERXW� WKH� GHJUHHV� RI
YHUWLFHV� LQ�D�QHWZRUN�WKHQ�D�VWXG\�LQ�ZKLFK�D�UDQGRP�VDPSOH�RI�SHRSOH�DUH�HDFK�DVNHG�WR� OLVW� WKHLU
FRQWDFWV�FDQ�JLYH�XV�UHDVRQDEOH�GHJUHH�VWDWLVWLFV���6WXGLHV�SURELQJ�YHUWH[�GHJUHHV�DUH�GLVFXVVHG�PRUH
EHORZ���,I�ZH�DOVR�JDWKHU�GDWD�RQ�WKH�FRQWDFWV�EHWZHHQ�DOWHUV��ZH�FDQ�HVWLPDWH�FOXVWHULQJ�FRHIILFLHQWV
�VHH�6HFWLRQ�������,I�ZH�KDYH�GDWD�RQ�FKDUDFWHULVWLFV�RI�HJRV�DQG�DOWHUV�ZH�FDQ�PHDVXUH�DVVRUWDWLYH
PL[LQJ��6HFWLRQV������DQG������



$Q�H[DPSOH�RI�D� VWXG\�JDWKHULQJ�HJR�FHQWHUHG�QHWZRUN�GDWD� LV� WKH�*HQHUDO�6RFLDO�6XUYH\� �*66�
>��@�� D� ODUJH�VFDOH� VXUYH\� FRQGXFWHG� HYHU\� \HDU� LQ� WKH�8QLWHG� 6WDWHV� VLQFH� ����� �HYHU\� WZR� \HDUV
VLQFH��������7KH�*66�LV�QRW�SULPDULO\�D�VRFLDO�QHWZRUN�VWXG\��7KH�SXUSRVH�RI�WKH�VWXG\�LV�WR�JDWKHU
GDWD�DERXW� OLIH� LQ�WKH�8QLWHG�6WDWHV��KRZ�LW� LV�FKDQJLQJ��DQG�KRZ�LW�GLIIHUV�IURP�RU�UHODWHV� WR� OLIH� LQ
RWKHU�VRFLHWLHV��7KH�VWXG\�FRQWDLQV�D�ODUJH�QXPEHU�RI�LWHPV�UDQJLQJ�IURP�JHQHUDO�TXHVWLRQV�SURELQJ�WKH
GHPRJUDSKLFV� DQG� DWWLWXGHV� RI� WKH� SDUWLFLSDQWV�� WR� VSHFLILF� TXHVWLRQV� DERXW� UHFHQW� HYHQWV�� SROLWLFDO
WRSLFV��RU�TXDOLW\�RI�OLIH��+RZHYHU��DPRQJ�WKHVH�PDQ\�LWHPV�WKHUH�DUH�LQ�HDFK�LWHUDWLRQ�RI�WKH�VXUYH\�D
IHZ�TXHVWLRQV� DERXW� VRFLDO� QHWZRUNV��7KH� SUHFLVH� QXPEHU� DQG�ZRUGLQJ� RI� WKHVH� TXHVWLRQV� FKDQJHV
IURP�RQH�\HDU�WR�DQRWKHU��EXW�KHUH�VRPH�H[DPSOHV�IURP�WKH�VXUYH\�RI�������ZKLFK�ZDV�IDLUO\�W\SLFDO�

)URP�WLPH�WR�WLPH��PRVW�SHRSOH�GLVFXVV�LPSRUWDQW�PDWWHUV�ZLWK�RWKHU�SHRSOH��/RRNLQJ�EDFN�RYHU
WKH�ODVW�VL[�PRQWKV��ZKR�DUH�WKH�SHRSOH�ZLWK�ZKRP�\RX�GLVFXVVHG�PDWWHUV�LPSRUWDQW�WR�\RX"�'R
\RX�IHHO�HTXDOO\�FORVH�WR�DOO�WKHVH�SHRSOH"

7KLQNLQJ�QRZ�RI�FORVH�IULHQGV²QRW�\RXU�KXVEDQG�RU�ZLIH�RU�SDUWQHU�RU�IDPLO\�PHPEHUV��EXW
SHRSOH�\RX�IHHO�IDLUO\�FORVH�WR²KRZ�PDQ\�FORVH�IULHQGV�ZRXOG�\RX�VD\�\RX�KDYH"�+RZ�PDQ\�RI
WKHVH�FORVH�IULHQGV�DUH�SHRSOH�\RX�ZRUN�ZLWK�QRZ"�+RZ�PDQ\�RI�WKHVH�FORVH�IULHQGV�DUH�\RXU
QHLJKERUV�QRZ"

�

$QG� VR� RQ�� %\� WKHLU� QDWXUH� WKHVH� TXHVWLRQV� DUH� RI� D� ³IUHH� FKRLFH´� W\SH�� WKH� QXPEHU� RI� IULHQGV� RU
DFTXDLQWDQFHV�WKH�UHVSRQGHQW�FDQ�QDPH�EHLQJ�XQOLPLWHG��DOWKRXJK��DQG�WKLV�LV�D�FULWLFLVP�WKDW�KDV�EHHQ
OHYHOHG�DW�WKH�VXUYH\��WKH\�DUH�DOVR�TXLWH�YDJXH�LQ�WKHLU�GHILQLWLRQV�RI�IULHQGV�DQG�DFTXDLQWDQFHV��VR
SHRSOH�PD\�JLYH�DQVZHUV�RI�ZLGHO\�YDU\LQJ�NLQGV�
$QRWKHU�H[DPSOH�RI�DQ�HJR�FHQWHUHG�QHWZRUN�VWXG\�LV�WKH�VWXG\�E\�%HUQDUG�HW�DO��>����������������@

RI�WKH�GHJUHH�RI�LQGLYLGXDOV�LQ�DFTXDLQWDQFH�QHWZRUNV��L�H���WKH�QXPEHU�RI�SHRSOH�WKDW�SHRSOH�NQRZ���,W
LV�TXLWH�GLIILFXOW�WR�HVWLPDWH�KRZ�PDQ\�SHRSOH�D�SHUVRQ�NQRZV�EHFDXVH�PRVW�SHRSOH�FDQQRW�UHFDOO�DW
ZLOO� DOO� WKRVH�ZLWK�ZKRP� WKH\� DUH� DFTXDLQWHG� DQG� WKHUH� LV� EHVLGHV� D� ODUJH� DPRXQW� RI� YDULDWLRQ� LQ
SHRSOH¶V� VXEMHFWLYH� GHILQLWLRQ� RI� ³NQRZLQJ�´� %HUQDUG�HW�DO�� FDPH� XS�ZLWK� DQ� HOHJDQW� H[SHULPHQWDO
WHFKQLTXH� WR� FLUFXPYHQW� WKHVH� GLIILFXOWLHV�� 7KH\� DVNHG� SHRSOH� WR� UHDG� WKURXJK� D� OLVW� FRQWDLQLQJ� D
VDPSOH�RI�VHYHUDO�KXQGUHG�IDPLO\�QDPHV�GUDZQ�IURP�D�WHOHSKRQH�GLUHFWRU\����3DUWLFLSDQWV�FRXQWHG�XS
KRZ�PDQ\�SHRSOH�WKH\�NQHZ�ZLWK�QDPHV�DSSHDULQJ�RQ�WKH�OLVW��(DFK�SHUVRQ�ZLWK�D�OLVWHG�QDPH�ZDV
FRXQWHG�VHSDUDWHO\��VR�WKDW�WZR�DFTXDLQWDQFHV�FDOOHG�³6PLWK´�ZRXOG�FRXQW�DV�WZR�SHRSOH��7KH\�ZHUH
LQVWUXFWHG�WR�XVH�WKH�IROORZLQJ�SUHFLVH�GHILQLWLRQ�RI�DFTXDLQWDQFH�

<RX�NQRZ�WKH�SHUVRQ�DQG�WKH\�NQRZ�\RX�E\�VLJKW�RU�E\�QDPH��\RX�FDQ�FRQWDFW�WKHP�LQ�SHUVRQ�E\
WHOHSKRQH�RU�E\�PDLO��DQG�\RX�KDYH�KDG�FRQWDFW�ZLWK�WKH�SHUVRQ�LQ�WKH�SDVW�WZR�\HDUV�

�

�2I�FRXUVH��PDQ\�RWKHU�GHILQLWLRQV�DUH�SRVVLEOH��%\�YDU\LQJ�WKH�GHILQLWLRQ��RQH�FRXOG�SUREH�GLIIHUHQW
VRFLDO�QHWZRUNV���%HUQDUG�HW�DO��WKHQ�IHG�WKH�FRXQWV�UHSRUWHG�E\�SDUWLFLSDQWV�LQWR�D�VWDWLVWLFDO�IRUPXOD
WR�HVWLPDWH�WKH�WRWDO�QXPEHU�RI�DFTXDLQWDQFHV�RI�HDFK�SDUWLFLSDQW�
%HUQDUG�HW�DO�� UHSHDWHG� WKHLU� VWXG\�ZLWK� SRSXODWLRQV� GUDZQ� IURP� VHYHUDO� GLIIHUHQW� FLWLHV� DQG� WKH

UHVXOWV� YDULHG� VRPHZKDW� IURP� FLW\� WR� FLW\�� EXW� RYHUDOO� WKH\� IRXQG� WKDW� WKH� W\SLFDO� QXPEHU� RI
DFTXDLQWDQFHV��LQ�WKH�VHQVH�GHILQHG�DERYH��RI�WKH�DYHUDJH�SHUVRQ�LQ�WKH�8QLWHG�6WDWHV�LV�RQ�WKH�RUGHU
RI�DERXW�������,Q�WKH�FLW\�RI�-DFNVRQYLOOH��)ORULGD��IRU�LQVWDQFH��WKH\�IRXQG�D�ILJXUH�RI�������ZKLOH�LQ



2UDQJH�&RXQW\��&DOLIRUQLD�WKH\�IRXQG�D�ILJXUH�RI�������0DQ\�SHRSOH�ILQG�WKHVH�QXPEHUV�VXUSULVLQJO\
KLJK�XSRQ�ILUVW�HQFRXQWHULQJ�WKHP��SHUKDSV�SUHFLVHO\�EHFDXVH�ZH�DUH�SRRU�DW�UHFDOOLQJ�DOO�RI�WKH�PDQ\
SHRSOH�ZH�NQRZ��%XW�UHSHDWHG�VWXGLHV�KDYH�FRQILUPHG�ILJXUHV�RI�WKH�VDPH�RUGHU�RI�PDJQLWXGH��DW�OHDVW
LQ� WKH� 8QLWHG� 6WDWHV�� ,Q� VRPH� RWKHU� FRXQWULHV� WKH� ILJXUHV� DUH� ORZHU�� ,Q�0H[LFR� &LW\�� IRU� LQVWDQFH�
%HUQDUG�HW�DO��HVWLPDWHG�WKDW�WKH�DYHUDJH�SHUVRQ�NQRZV�DERXW�����RWKHUV�
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$Q� REYLRXV� PHWKRG� IRU� FRQVWUXFWLQJ� VRFLDO� QHWZRUNV� LV� GLUHFW� REVHUYDWLRQ�� 6LPSO\� E\� ZDWFKLQJ
LQWHUDFWLRQV�EHWZHHQ� LQGLYLGXDOV�RQH�FDQ��RYHU�D�SHULRG�RI� WLPH�� IRUP�D�SLFWXUH�RI� WKH�QHWZRUNV�RI
XQVHHQ�WLHV�WKDW�H[LVW�EHWZHHQ�WKRVH�LQGLYLGXDOV��0RVW�RI�XV��IRU�LQVWDQFH��ZLOO�EH�DW�OHDVW�VRPHZKDW
DZDUH�RI�IULHQGVKLSV�RU�HQPLWLHV� WKDW�H[LVW�EHWZHHQ�RXU�IULHQGV�RU�FRZRUNHUV��,Q�GLUHFW�REVHUYDWLRQ
VWXGLHV�� UHVHDUFKHUV� DWWHPSW� WR� GHYHORS� VLPLODU� LQVLJKWV� DERXW� WKH� PHPEHUV� RI� WKH� SRSXODWLRQ� RI
LQWHUHVW�
'LUHFW� REVHUYDWLRQ� WHQGV� WR� EH� D� UDWKHU� ODERU�LQWHQVLYH� PHWKRG� RI� VWXG\�� VR� LWV� XVH� LV� XVXDOO\

UHVWULFWHG� WR� UDWKHU� VPDOO� JURXSV�� SULPDULO\� RQHV�ZLWK� H[WHQVLYH� IDFH�WR�IDFH� LQWHUDFWLRQV� LQ� SXEOLF
VHWWLQJV��,Q�&KDSWHU���ZH�VDZ�RQH�VXFK�H[DPSOH��WKH�³NDUDWH�FOXE´�QHWZRUN�RI�=DFKDU\�>���@��$QRWKHU
H[DPSOH� LV� WKH� VWXG\� E\� )UHHPDQ�HW� DO�� >����� ���@� RI� WKH� VRFLDO� LQWHUDFWLRQV� RI� ZLQGVXUIHUV� RQ� D
EHDFK�� 7KH� H[SHULPHQWHUV� VLPSO\� ZDWFKHG� WKH� LQGLYLGXDOV� LQ� TXHVWLRQ� DQG� UHFRUGHG� WKH� OHQJWK� LQ
PLQXWHV�RI�HYHU\�SDLUZLVH�LQWHUDFWLRQ�DPRQJ�WKHP��$�ODUJH�QXPEHU�RI�GLUHFW�REVHUYDWLRQ�QHWZRUN�GDWD
VHWV�ZHUH�FRPSLOHG�E\�%HUQDUG�DQG�FR�ZRUNHUV�GXULQJ�WKH�����V�DQG���V�DV�SDUW�RI�D�OHQJWK\�VWXG\�RI
WKH�DFFXUDF\�RI�LQGLYLGXDOV¶�SHUFHSWLRQ�RI�WKHLU�RZQ�VRFLDO�VLWXDWLRQ�>���������������@��7KHVH�LQFOXGH
GDWD�VHWV�RQ�LQWHUDFWLRQV�EHWZHHQ�VWXGHQWV��IDFXOW\��DQG�VWDII�LQ�D�XQLYHUVLW\�GHSDUWPHQW��RQ�PHPEHUV�RI
D�XQLYHUVLW\�IUDWHUQLW\����RQ�XVHUV�RI�D�WHOHW\SH�VHUYLFH�IRU�WKH�GHDI��DQG�VHYHUDO�RWKHU�H[DPSOHV�
2QH�DUHQD�LQ�ZKLFK�GLUHFW�REVHUYDWLRQ�LV�HVVHQWLDOO\�WKH�RQO\�YLDEOH�H[SHULPHQWDO� WHFKQLTXH�LV� LQ

VWXGLHV�RI� WKH�VRFLDO�QHWZRUNV�RI�DQLPDOV²FOHDUO\�DQLPDOV�FDQQRW�EH�VXUYH\HG�XVLQJ� LQWHUYLHZV�RU
TXHVWLRQQDLUHV��2QH�PHWKRG� LV� WR� UHFRUG� LQVWDQFHV� RI� DQLPDO� SDLUV� HQJDJLQJ� LQ� UHFRJQL]DEOH� VRFLDO
EHKDYLRUV� VXFK�DV�PXWXDO�JURRPLQJ�� FRXUWLQJ��RU� FORVH� DVVRFLDWLRQ� DQG� WKHQ� WR�GHFODUH� WLHV� WR� H[LVW
EHWZHHQ� WKH� SDLUV� WKDW� HQJDJH� LQ� WKHVH� EHKDYLRUV� PRVW� RIWHQ� >���@�� 1RW� DOO� DQLPDO� VSHFLHV� IRUP
LQWHUHVWLQJ�RU�XVHIXO�VRFLDO�QHWZRUNV��EXW�LQIRUPDWLYH�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�RI��DPRQJVW�RWKHUV�
PRQNH\V� >����� ����� ���@�� NDQJDURRV� >���@�� DQG� GROSKLQV� >���� ���@�� 1HWZRUNV� LQ� ZKLFK� WKH� WLHV
UHSUHVHQW�DJJUHVVLYH�EHKDYLRUV�KDYH�DOVR�EHHQ�UHSRUWHG��VXFK�DV�QHWZRUNV�RI�EDERRQV�>���@��ZROYHV
>����� ���@�� DQG� DQWV� >��@�� ,Q� FDVHV� ZKHUH� DJJUHVVLYH� EHKDYLRUV� QRUPDOO\� UHVXOW� LQ� RQH� DQLPDO¶V
HVWDEOLVKLQJ� GRPLQDQFH� RYHU� DQRWKHU� WKH� UHVXOWLQJ� QHWZRUNV� FDQ� EH� UHJDUGHG� DV� GLUHFWHG� DQG� DUH
VRPHWLPHV�FDOOHG�GRPLQDQFH�KLHUDUFKLHV�>�����������@�
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$Q� LQFUHDVLQJO\� LPSRUWDQW�� YROXPLQRXV�� DQG� RIWHQ� KLJKO\� UHOLDEOH� VRXUFH� RI� VRFLDO� QHWZRUN� GDWD� LV
DUFKLYDO� UHFRUGV�� 6XFK� UHFRUGV� DUH�� VRPHWLPHV� DW� OHDVW�� UHODWLYHO\� IUHH� IURP� WKH� YDJDULHV� RI� KXPDQ
PHPRU\�DQG�DUH�RIWHQ�LPSUHVVLYH�LQ�WKHLU�VFDOH��DOORZLQJ�XV�WR�FRQVWUXFW�QHWZRUNV�RI�D�VL]H�WKDW�ZRXOG
UHTXLUH�IDU�PRUH�HIIRUW�ZHUH�RWKHU�WHFKQLTXHV�XVHG�

�

)LJXUH������,QWHUPDUULDJH�QHWZRUN�RI�WKH�UXOLQJ�IDPLOLHV�RI�)ORUHQFH��,Q�WKLV�QHWZRUN�WKH�YHUWLFHV
UHSUHVHQW�ILIWHHQWK�FHQWXU\�)ORUHQWLQH�IDPLOLHV�DQG�WKH�HGJHV�UHSUHVHQW�WLHV�RI�PDUULDJH�EHWZHHQ�WKHP�
$IWHU�3DGJHWW�DQG�$QVHOO�>���@�
�
�
$�ZHOO�NQRZQ� VPDOO� H[DPSOH� RI� D� VWXG\� EDVHG� RQ� DUFKLYDO� UHFRUGV� LV� WKH� VWXG\� E\� 3DGJHWW� DQG

$QVHOO�RI�WKH�UXOLQJ�IDPLOLHV�RI�)ORUHQFH�LQ�WKH�ILIWHHQWK�FHQWXU\�>���@��,Q�WKLV�ZRUN��WKH�LQYHVWLJDWRUV
ORRNHG� DW� FRQWHPSRUDQHRXV� KLVWRULFDO� UHFRUGV� WR� GHWHUPLQH� ZKLFK� DPRQJ� WKH� IDPLOLHV� KDG� WUDGH
UHODWLRQV��PDUULDJH�WLHV��RU�RWKHU�IRUPV�RI�VRFLDO�FRQWDFW�ZLWK�RQH�DQRWKHU��)LJXUH�����VKRZV�RQH�RI�WKH
UHVXOWLQJ� QHWZRUNV�� D� QHWZRUN� RI� LQWHUPDUULDJHV� EHWZHHQ� ��� RI� WKH� IDPLOLHV�� ,W� LV� QRWDEOH� WKDW� WKH
0HGLFL�IDPLO\�RFFXSLHV�D�FHQWUDO�SRVLWLRQ�LQ�WKLV�QHWZRUN��KDYLQJ�PDUULDJH�WLHV�ZLWK�PHPEHUV�RI�QR
IHZHU�WKDQ�VL[�RWKHU�IDPLOLHV��3DGJHWW�DQG�$QVHOO�FRQMHFWXUHG�WKDW�LW�ZDV�E\�VKUHZG�PDQLSXODWLRQ�RI
VRFLDO�WLHV�VXFK�DV�WKHVH�WKDW�WKH�0HGLFL�URVH�WR�D�SRVLWLRQ�RI�GRPLQDQFH�LQ�)ORUHQWLQH�VRFLHW\�
,Q� UHFHQW�\HDUV��ZLWK� WKH�ZLGHVSUHDG�DYDLODELOLW\�RI�FRPSXWHUV�DQG�RQOLQH�GDWDEDVHV��PDQ\�PRUH

QHWZRUNV�KDYH�EHHQ� FRQVWUXFWHG� IURP� UHFRUGV�RI� YDULRXV� W\SHV��$�QXPEHU�RI� DXWKRUV�� IRU� H[DPSOH�
KDYH�ORRNHG�DW�HPDLO�QHWZRUNV�>��������@��'UDZLQJ�RQ�HPDLO�ORJV²DXWRPDWLF�UHFRUGV�NHSW�E\�HPDLO
VHUYHUV�RI�PHVVDJHV�VHQW²LW� LV�SRVVLEOH�WR�FRQVWUXFW�QHWZRUNV�LQ�ZKLFK�WKH�YHUWLFHV�DUH�SHRSOH��RU
PRUH�FRUUHFWO\�HPDLO�DGGUHVVHV��DQG�WKH�GLUHFWHG�HGJHV�EHWZHHQ�WKHP�DUH�HPDLO�PHVVDJHV��([FKDQJH
RI�HPDLO�LQ�VXFK�D�QHWZRUN�FDQ�EH�WDNHQ�DV�D�SUR[\�IRU�DFTXDLQWDQFH�EHWZHHQ�LQGLYLGXDOV��RU�ZH�PD\



EH�LQWHUHVWHG�LQ�WKH�SDWWHUQV�RI�HPDLO�H[FKDQJH�IRU�VRPH�RWKHU�UHDVRQ��)RU�LQVWDQFH��HPDLO�PHVVDJHV
FDQ�FDUU\�FRPSXWHU�YLUXVHV�DQG�D�NQRZOHGJH�RI�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�RI�PHVVDJHV�PD\�KHOS�XV
WR�SUHGLFW�DQG�FRQWURO�WKH�VSUHDG�RI�WKRVH�YLUXVHV�
$QRWKHU�IRUP�RI�HPDLO�QHWZRUN�LV�WKH�QHWZRUN�IRUPHG�E\�HPDLO�DGGUHVV�ERRNV��$Q�HPDLO�DGGUHVV

ERRN�LV�D�FRPSXWHU�ILOH�LQ�ZKLFK�D�FRPSXWHU�XVHU�VWRUHV��IRU�FRQYHQLHQFH��WKH�HPDLO�DGGUHVVHV�RI�KLV
RU� KHU� UHJXODU� FRUUHVSRQGHQWV�� 7KH� VHW� RI� DOO� VXFK� DGGUHVV� ERRNV� FDQ� EH� UHJDUGHG� DV� GHILQLQJ� D
QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�UHSUHVHQW�WKH�RZQHUV�RI�WKH�DGGUHVV�ERRNV��DQG�WKHUH�LV�D�GLUHFWHG�HGJH
IURP�YHUWH[�$�WR�YHUWH[�%�LI�SHUVRQ�%¶V�DGGUHVV�DSSHDUV�LQ�SHUVRQ�$¶V�DGGUHVV�ERRN��7KLV�QHWZRUN�LV
DJDLQ�RI� LQWHUHVW� LQ� WKH�VWXG\�RI�FRPSXWHU�YLUXVHV�� VLQFH�VRPH�YLUXVHV�VHDUFK�DGGUHVV�ERRNV� IRU� WKH
DGGUHVVHV� RI� QHZ� YLFWLPV� WR� LQIHFW� DQG� KHQFH� VSUHDG� RYHU� WKH� DGGUHVV� ERRN� QHWZRUN�� 6LPLODU
QHWZRUNV�FDQ�DOVR�EH�FRQVWUXFWHG�IRU�RWKHU�IRUPV�RI�HOHFWURQLF�FRPPXQLFDWLRQ�WKDW�XVH�DGGUHVV�ERRNV�
VXFK�DV�LQVWDQW�PHVVDJLQJ�>���@�

7HOHSKRQH�FDOO�JUDSKV�DUH�TXLWH�GLVWLQFW�IURP�WKH�SK\VLFDO�QHWZRUN�RI�WHOHSKRQH�FDEOHV�GLVFXVVHG
LQ�6HFWLRQ������,QGHHG��D�FDOO�JUDSK�LV�WR�WKH�SK\VLFDO�WHOHSKRQH�QHWZRUN�URXJKO\�DV�DQ�HPDLO
QHWZRUN�LV�WR�WKH�,QWHUQHW�

�
$�IRUP�RI�QHWZRUN�VLPLODU�WR�EXW�ROGHU�WKDQ�WKH�HPDLO�QHWZRUN�LV�WKH�WHOHSKRQH�FDOO�JUDSK��,Q�VXFK

D� QHWZRUN� WKH� YHUWLFHV� UHSUHVHQW� WHOHSKRQH� QXPEHUV� DQG� GLUHFWHG� HGJHV� EHWZHHQ� WKHP� UHSUHVHQW
WHOHSKRQH�FDOOV�IURP�RQH�QXPEHU�WR�DQRWKHU��&DOO�JUDSKV�FDQ�EH�UHFRQVWUXFWHG�IURP�FDOO�ORJV�NHSW�E\
WHOHSKRQH�FRPSDQLHV��DOWKRXJK�VXFK�ORJV�DUH�JHQHUDOO\�SURSULHWDU\�DQG�QRW�HDVLO\�DYDLODEOH�RXWVLGH�RI
WKRVH�FRPSDQLHV��DQG�FDOO�JUDSKV�KDYH�DV�D�UHVXOW�RQO\�RFFDVLRQDOO\�EHHQ�H[DPLQHG�LQ�WKH�VFLHQWLILF
OLWHUDWXUH�>���������@�
5HFHQW� \HDUV� KDYH� VHHQ� WKH� UDSLG� HPHUJHQFH� RI� RQOLQH� VRFLDO� QHWZRUNLQJ� VHUYLFHV�� VXFK� DV

)DFHERRN� DQG�/LQNHGOQ��ZKLFK� H[LVW� SULPDULO\� WR� SURPRWH�� GRFXPHQW�� DQG� H[SORLW� WKH� QHWZRUNV� RI
FRQWDFWV� EHWZHHQ� LQGLYLGXDOV��$V� D� QDWXUDO� SDUW� RI� WKHLU� RSHUDWLRQ�� WKHVH� VHUYLFHV� EXLOG� UHFRUGV� RI
FRQQHFWLRQV� EHWZHHQ� WKHLU� SDUWLFLSDQWV� DQG� KHQFH� SURYLGH�� DW� OHDVW� LQ� SULQFLSOH�� D� ULFK� VRXUFH� RI
DUFKLYDO�QHWZRUN�GDWD��7KHVH�GDWD��KRZHYHU��OLNH�WKRVH�IRU�WHOHSKRQH�FDOOV��DUH�ODUJHO\�SURSULHWDU\�WR
WKH�FRPSDQLHV�RSHUDWLQJ�WKH�VHUYLFHV�DQG�KHQFH�TXLWH�GLIILFXOW�WR�JHW�KROG�RI��6R�IDU�RQO\�D�IHZ�VWXGLHV
KDYH� EHHQ� SXEOLVKHG� RI� RQOLQH� VRFLDO� QHWZRUNV� >��@�� EXW� LQWHUQDO� VWXGLHV� KDYH� QR� GRXEW� EHHQ
SHUIRUPHG� E\� WKH� FRPSDQLHV� WKHPVHOYHV� DQG� LW� LV� RQO\� D�PDWWHU� RI� WLPH� EHIRUH�PRUH� GDWD� EHFRPH
SXEOLFO\�DYDLODEOH�
$�IHZ�RWKHU�RQOLQH�FRPPXQLWLHV��QRW�H[SOLFLWO\�RULHQWHG�WRZDUGV�QHWZRUNV��KDYH�EHHQ�VWXGLHG�XVLQJ

QHWZRUN�WHFKQLTXHV��)RU�LQVWDQFH��+ROPH�HW�DO��>���@�WRRN�UHFRUGV�RI�LQWHUDFWLRQV�EHWZHHQ�PHPEHUV
RI� D� 6ZHGLVK� GDWLQJ�ZHEVLWH� DQG� UHFRQVWUXFWHG� IURP� WKHP� WKH� QHWZRUN� RI� LQWHUDFWLRQV� EHWZHHQ� WKH
VLWH¶V�PHPEHUV��7KLV�VWXG\�ZDV�XQXVXDO�LQ�WKDW�WKH�QHWZRUN�ZDV�WLPH�UHVROYHG²WKH�GDWH�DQG�WLPH�RI
HDFK� LQWHUDFWLRQ�ZHUH� UHFRUGHG�� DOORZLQJ� LQYHVWLJDWRUV� WR� UHFRQVWUXFW� DIWHU� WKH� IDFW� WKH� WLPLQJ� DQG
GXUDWLRQ�RI�FRQWDFWV�EHWZHHQ�LQGLYLGXDOV��0RVW�RI�WKH�VRXUFHV�RI�QHWZRUN�GDWD�FRQVLGHUHG�LQ�WKLV�ERRN
DUH�QRW�WLPH�UHVROYHG��EXW�PDQ\�RI�WKH�QHWZRUNV�WKH\�FRUUHVSRQG�WR�GR�QRQHWKHOHVV�FKDQJH�RYHU�WLPH�
7LPH�UHVROYHG�QHWZRUN�VWXGLHV��RU�ORQJLWXGLQDO�VWXGLHV��DV�WKH\�DUH�FDOOHG�LQ�VRFLRORJ\��DUH�FHUWDLQO\
D�JURZWK�DUHD�WR�ZDWFK�IRU�LQ�WKH�IXWXUH�
$QRWKHU�VRXUFH�RI�QHWZRUN�GDWD�UHSUHVHQWLQJ�RQOLQH�FRPPXQLWLHV�LV�WKH�,QWHUQHW�QHZVJURXS�V\VWHP

8VHQHW�� D�ZRUOGZLGH� RQOLQH�PHVVDJH�ERDUG� V\VWHP� WKDW� DOORZV� XVHUV� WR� SRVW�PHVVDJHV� RQ� D� ODUJH
YDULHW\�RI�WRSLFV��0HVVDJHV�DUH�GDWH�DQG�WLPH�VWDPSHG�DQG�LGHQWLILHG�ZLWK�WKH�QDPH�RU�HPDLO�DGGUHVV
RI�WKH�SRVWHU�DORQJ�ZLWK�D�XQLTXH�UHIHUHQFH�QXPEHU�WKDW�DOORZV�D�SRVWHU�WR�LQGLFDWH�ZKHQ�D�SRVWLQJ�LV�D



UHSO\� RU� IROORZ�RQ� WR� D� SUHYLRXV� SRVWLQJ�� 7KXV� RQH� FDQ� UHFRQVWUXFW� WKH� WKUHDG� RI� WKH� FRQYHUVDWLRQ
WDNLQJ�SODFH�LQ�D�QHZVJURXS��DQG�LQ�SDUWLFXODU�DVVHPEOH�D�QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�DUH�SRVWHUV
DQG� WKH� HGJHV� UHSUHVHQW� D� UHVSRQVH� E\� RQH� SRVWHU� WR� D� SRVWLQJ� E\� DQRWKHU�� 6WXGLHV� RI� QHZVJURXS
QHWZRUNV�RI�WKLV�NLQG�KDYH�EHHQ�SHUIRUPHG�E\�D�QXPEHU�RI�DXWKRUV�>�������������@�
:HEORJV�DQG�RQOLQH�MRXUQDOV�DUH�DQRWKHU�VRXUFH�RI�RQOLQH�VRFLDO�QHWZRUN�GDWD��2QOLQH�MRXUQDOV�RI

YDULRXV�NLQGV�KDYH�EHFRPH�SRSXODU�RQ�WKH�:RUOG�:LGH�:HE�VLQFH�DURXQG�WKH�WXUQ�RI�WKH�FHQWXU\��2Q
WKHVH�ZHEVLWHV�WKH�SURSULHWRU�SRVWV�ZKDWHYHU�WKRXJKWV�KH�RU�VKH�FDUHV�WR�PDNH�SXEOLF��DORQJ�ZLWK�OLQNV
WR� VLWHV�PDLQWDLQHG� E\� RWKHUV�� 7KHVH� OLQNV� IRUP� D� GLUHFWHG� QHWZRUN� WKDW� OLHV�� LQ� WHUPV� RI� VHPDQWLF
FRQWHQW�� VRPHZKHUH� EHWZHHQ� D� VRFLDO� QHWZRUN� DQG� WKH� :RUOG� :LGH� :HE�� WKH� OLQNV� DUH� RIWHQ
LQIRUPDWLRQDO²WKH�OLQNHU�ZLVKHV�WR�EULQJ�WR�KLV�RU�KHU�UHDGHUV¶�DWWHQWLRQ�WKH�FRQWHQWV�RI�WKH�OLQNHG�VLWH
²EXW� WKHUH� LV� D� VWURQJ� VRFLDO� HOHPHQW� DV� ZHOO�� VLQFH� SHRSOH� RIWHQ� OLQN� WR� VLWHV� RSHUDWHG� E\� WKHLU
IULHQGV� RU� DFTXDLQWDQFHV�� 7KLV� WUHQG� LV� SDUWLFXODUO\� QRWLFHDEOH�ZLWKLQ� MRXUQDO� FRPPXQLWLHV� VXFK� DV
/LYH-RXUQDO�DQG�DPRQJ�ZHEORJV�GHYRWHG�WR�VSHFLILF�WRSLFV��VXFK�DV�VFLHQFH�RU�SROLWLFV��7KH�VWUXFWXUH
RI�WKH�QHWZRUNV�RI�OLQNV�FDQ�EH�H[WUDFWHG�XVLQJ�³FUDZOHUV´�VLPLODU�WR�WKRVH�XVHG�WR�VHDUFK�WKH�:HE²
VHH�6HFWLRQ������6WXGLHV�RI�MRXUQDOV�DQG�ZHEORJV�KDYH�EHHQ�SHUIRUPHG�IRU�H[DPSOH�E\�$GDPLF�DQG
*ODQFH�>�@�DQG�0DF.LQQRQ�DQG�:DUUHQ�>���@�
$Q�LQWHUHVWLQJ�QHWZRUN�WKDW�KDV�IHDWXUHV�RI�ERWK�D�VRFLDO�DQG�D�WHFKQRORJLFDO�QHWZRUN�LV�WKH�QHWZRUN

RI� WUXVW� IRUPHG�E\� D� VHW� RI� FU\SWRJUDSKLF� NH\V��&U\SWRV\VWHPV�RU� F\SKHUV� �L�H��� VHFUHW� FRGHV��� ORQJ
DVVRFLDWHG�LQ�WKH�SXEOLF�PLQG�ZLWK�VSLHV�DQG�VNXOGXJJHU\��KDYH�EHFRPH�D�FUXFLDO�SDUW�RI�WKH�WZHQW\�
ILUVW�FHQWXU\�HFRQRP\��XVHG�WR�SURWHFW�LPSRUWDQW�GDWD��SDUWLFXODUO\�ILQDQFLDO�GDWD�VXFK�DV�FUHGLW�FDUG
QXPEHUV��IURP�WKHIW�DQG�PLVXVH��$Q�LPSRUWDQW�DGYDQFH��FHQWUDO�WR�WKH�ZLGHVSUHDG�DQG�FRQYHQLHQW�XVH
RI� FU\SWRJUDSK\�� ZDV� WKH� GHYHORSPHQW� LQ� WKH� ����V� RI�SXEOLF�NH\� FU\SWRJUDSK\�� ,Q� WUDGLWLRQDO
FU\SWRV\VWHPV��WZR�SDUWLHV�ZLVKLQJ�WR�H[FKDQJH�PHVVDJHV�PXVW�VKDUH�D�NH\�WKDW�WKH\�XVH�WR�HQFRGH�DQG
GHFRGH� WKH�PHVVDJHV�� 7KH� NH\� LV� W\SLFDOO\� D� ODUJH� QXPEHU��ZKLFK� LV� XVHG� LQ� FRPELQDWLRQ�ZLWK� WKH
FKRVHQ�FU\SWRV\VWHP�WR�GLFWDWH�H[DFWO\�KRZ�PHVVDJHV�DUH�FRQYHUWHG�IURP�WKHLU�RULJLQDO�³SODLQ� WH[W´
IRUP�LQWR�FRGH�DQG�EDFN�DJDLQ��7KLV�NH\��ZKLFK�DOORZV�DQ\RQH�SRVVHVVLQJ�LW�WR�GHFRGH�WKH�PHVVDJHV�
PXVW� EH� NHSW� VHFUHW� IURP� DQ\�PDOLFLRXV� VQRRSHUV�� DQG� WKLV� UDLVHV� WKH� GLIILFXOW� SUREOHP�RI� KRZ� WKH
SDUWLHV� LQ� TXHVWLRQ� DJUHH� RQ� WKH� NH\� LQ� WKH� ILUVW� SODFH��8VXDOO\� WKH� NH\� LV� JHQHUDWHG� E\� D� FRPSXWHU
SURJUDP�UXQ�E\�RQH�SDUW\��EXW�WKHQ�LW�PXVW�EH�WUDQVPLWWHG�VHFXUHO\�WR�WKH�RWKHU�SDUW\�ZLWKRXW�DQ\RQH
HOVH� VHHLQJ� LW�� 6HQGLQJ� WKH� NH\� RYHU� WKH� ,QWHUQHW� XQHQFU\SWHG� ZRXOG� SRVH� D� VLJQLILFDQW� ULVN� RI
GHWHFWLRQ��3K\VLFDO�WUDQVPLVVLRQ��IRU�H[DPSOH�E\�FRQYHQWLRQDO�PDLO��ZRXOG�EH�UHDVRQDEO\�VHFXUH��EXW
ZRXOG�WDNH�D�ORQJ�WLPH��0RVW�FXVWRPHUV�EX\LQJ�JRRGV�RYHU�WKH�,QWHUQHW�ZRXOG�QRW�ZDQW�WR�ZDLW�D�ZHHN
IRU�D�VHFUHW�NH\�WR�DUULYH�E\�PDLO�IURP�WKHLU�YHQGRU�
7KHVH�SUREOHPV�ZHUH�VROYHG�ZLWK�WKH�LQYHQWLRQ�RI�SXEOLF�NH\�FU\SWRJUDSK\�LQ�WKH�����V��3XEOLF�

NH\�FU\SWRV\VWHPV�PDNH�XVH�RI�DQ\�RI� VHYHUDO�GLIIHUHQW�DV\PPHWULF�F\SKHUV� LQ�ZKLFK� WZR�GLIIHUHQW
NH\V�DUH�XVHG��2QH�NH\��FDOOHG�WKH�SXEOLF�NH\��LV�HPSOR\HG�LQ�WKH�FRPSXWHU�DOJRULWKP�WKDW�FRQYHUWV�WKH
PHVVDJH� IURP� SODLQ� WH[W� LQWR� LWV� HQFU\SWHG� IRUP�� EXW� D� GLIIHUHQW� NH\�� WKH�SULYDWH� NH\�� LV� QHHGHG� WR
GHFU\SW�WKH�PHVVDJH��7KH�SXEOLF�NH\�FDQQRW�EH�XVHG�IRU�GHFU\SWLRQ����7KH�WZR�NH\V�DUH�JHQHUDWHG�DV�D
SDLU�E\�RQH�RI�WKH�WZR�SDUWLHV�ZLVKLQJ�WR�H[FKDQJH�LQIRUPDWLRQ�DQG�WKH�SXEOLF�NH\�LV�VHQW�RSHQO\�RYHU
WKH�,QWHUQHW�RU�RWKHU�FKDQQHO�WR�WKH�VHFRQG�SDUW\��7KH�SULYDWH�NH\�UHPDLQV�WKH�VHFUHW�SURSHUW\�RI� WKH
ILUVW�SDUW\�DQG�LV�QRW�VKDUHG��7KH�VHFRQG�SDUW\�FDQ�WKHQ�VHQG�PHVVDJHV�WR�WKH�ILUVW�E\�HQFRGLQJ�WKHP
ZLWK� WKH� SXEOLF� NH\� DQG� RQO\� WKH� ILUVW� SDUW\� FDQ� GHFRGH� WKHP���� $OWKRXJK� WKH� SXEOLF� NH\� FDQ� EH
LQWHUFHSWHG�E\�D� WKLUG�SDUW\� LQ� WUDQVPLVVLRQ�� LW�ZLOO�GR�WKH�WKLUG�SDUW\�QR�JRRG��VLQFH�WKH�SXEOLF�NH\
FDQQRW�EH�XVHG�WR�GHFRGH�PHVVDJHV��RQO\�WR�HQFRGH�WKHP��,QGHHG��LQ�PDQ\�FDVHV��XVHUV�RI�SXEOLF�NH\
V\VWHPV�GHOLEHUDWHO\�EURDGFDVW�WKHLU�SXEOLF�NH\V�WR�DQ\RQH�ZKR�PLJKW�ZDQW�WKHP��LQYLWLQJ�WKH�ZRUOG�WR



VHQG�WKHP�HQFRGHG�PHVVDJHV��PHVVDJHV�ZKLFK�RQO\�WKH\�FDQ�GHFRGH��,W�LV�IURP�VXFK�SUDFWLFHV�WKDW�WKH
QDPH�³SXEOLF�NH\�FU\SWRJUDSK\´�DULVHV�
6RPH� DV\PPHWULF� F\SKHUV� FDQ� DOVR� EH� XVHG� LQ� WKH� UHYHUVH� GLUHFWLRQ�� 7KDW� LV�� RQH� FDQ� HQFRGH� D

PHVVDJH�ZLWK�WKH�SULYDWH�NH\�DQG�LW�FDQ�RQO\�EH�GHFRGHG�ZLWK�WKH�SXEOLF�NH\��:K\�ZRXOG�RQH�ZDQW�WR
GR�WKLV��ZKHQ�HYHU\RQH�KDV�WKH�SXEOLF�NH\"�7KH�DQVZHU�LV�WKDW�\RX�FDQ�XVH�LW�WR�SURYH�\RXU�LGHQWLW\�
6RPHRQH�WDONLQJ�WR�\RX�RYHU�WKH�,QWHUQHW��VD\��PD\�ZDQW�WR�EH�FHUWDLQ�WKDW�\RX�DUH�ZKR�\RX�FODLP�WR�EH
�UDWKHU� WKDQ� VRPH� QHIDULRXV� LQWHUORSHU�� EHIRUH� WKH\� WUXVW� \RX� ZLWK�� IRU� LQVWDQFH�� WKHLU� FUHGLW� FDUG
QXPEHU��6R�WKH\�VHQG�\RX�D�VSHFLILF�PHVVDJH�WKDW�WKH\�FKRRVH��XVXDOO\�MXVW�D�UDQGRP�VWULQJ�RI�GLJLWV�
DQG�DVN�\RX� WR� HQFU\SW� LW� XVLQJ�\RXU�SULYDWH�NH\��+DYLQJ�GRQH� VR��\RX� VHQG� WKH� HQFU\SWHG�PHVVDJH
EDFN�WR�WKHP�DQG�WKH\�GHFRGH�LW�ZLWK�WKH�SXEOLF�NH\��,I�WKH�GHFRGHG�PHVVDJH�PDWFKHV�WKH�RULJLQDO�RQH
WKHQ�WKH\�NQRZ�WKDW�\RX�DUH�ZKR�\RX�VD\�\RX�DUH��VLQFH�QR�RQH�HOVH�KDV�\RXU�SULYDWH�NH\�DQG�KHQFH�QR
RQH�HOVH�FRXOG�KDYH�HQFU\SWHG�D�PHVVDJH�WKDW�GHFRGHV�FRUUHFWO\�ZLWK�WKH�SXEOLF�NH\����7KLV�³GLJLWDO
VLJQDWXUH´�SURFHVV�LV�D�FUXFLDO�SDUW�RI�HOHFWURQLF�FRPPHUFH��DOORZLQJ�EX\HUV�DQG�VHOOHUV�WR�FRQILUP
HDFK�RWKHU¶V�LGHQWLWLHV�EHIRUH�GRLQJ�EXVLQHVV��DQG�LV�XVHG�PLOOLRQV�RI�WLPHV�HYHU\�GD\�LQ�WUDQVDFWLRQV
RI�HYHU\�VRUW�
%XW� WKHUH� LV� VWLOO� D� IXQGDPHQWDO� SUREOHP� ZLWK� SXEOLF�NH\� HQFU\SWLRQ�� QDPHO\� WKH� SUREOHP� RI

NQRZLQJ�WKDW�WKH�SXEOLF�NH\�\RX�DUH�JLYHQ�UHDOO\�ZDV�FUHDWHG�E\�WKH�SHUVRQ�\RX�WKLQN�LW�ZDV�FUHDWHG
E\��6RPH�PDOLFLRXV�SHUVRQ�FRXOG�FUHDWH�D�SXEOLF�SULYDWH�NH\�SDLU�DQG�EURDGFDVW�WKH�SXEOLF�NH\�WR�WKH
ZRUOG��ODEHOHG�ZLWK��VD\��WKH�QDPH�RI�D�EDQN�RU�UHWDLO�WUDGHU��WKHQ�XVH�WKDW�NH\�LQ�D�GLJLWDO�VLJQDWXUH
VFKHPH�WR�SHUVXDGH�VRPH�XQVXVSHFWLQJ�YLFWLP�WKDW�WKH\�DUH�WKH�WUDGHU�DQG�WKDW�WKH�YLFWLP�VKRXOG�VHQG
WKHP�D�FUHGLW�FDUG�QXPEHU�
2QH�ZD\�DURXQG�WKLV�SUREOHP�LV�WR�KDYH�SHRSOH�VLJQ�HDFK�RWKHU¶V�SXEOLF�NH\V�>���@��7KDW�LV��SDUW\

$� WDNHV�D�SXEOLF�NH\� WKDW�FODLPV� WR�EHORQJ� WR�SDUW\�%��DQG� WKDW�$�NQRZV� LQ� IDFW� WR�EH�JHQXLQH��DQG
HQFU\SWV� LW�ZLWK� WKHLU� RZQ� SULYDWH� NH\��1RZ� LI� \RX� KDYH�$¶V� SXEOLF� NH\� DQG� \RX� EHOLHYH� LW� WR� EH
JHQXLQH��WKHQ�\RX�FDQ�WDNH�WKH�HQFU\SWHG�NH\�DQG�GHFRGH�LW�ZLWK�$¶V�SXEOLF�NH\��WKHUHE\�UHFRYHULQJ
%¶V�SXEOLF�NH\��ZKLFK�$�VD\V�LV�JHQXLQH��,I�\RX�WUXVW�$�WR�PDNH�WKLV�VWDWHPHQW��WKHQ�\RX�FDQ�QRZ�DOVR
WUXVW�WKDW�WKH�NH\�\RX�KDYH�LV�%¶V�WUXH�SXEOLF�NH\�
%XW�QRZ�RQH�FDQ�UHSHDW�WKH�SURFHVV��1RZ�WKDW�\RX�KDYH�D�JHQXLQH�SXEOLF�NH\�IRU�SDUW\�%��DQG�LI�\RX

WUXVW�%��WKHQ�%�FDQ�QRZ�VLJQ�WKH�NH\V�WKDW�WKH\�NQRZ�WR�EH�JHQXLQH�DQG�\RX�ZLOO�EH�DEOH�WR�YHULI\�WKDW
WKH\�DUH�JHQXLQH�DOVR��,Q�WKLV�ZD\��SDUWLHV�ZKR�WUXVW�HDFK�RWKHU�FDQ�VHFXUHO\�UHSUHVHQW�WR�RQH�DQRWKHU
WKDW�NH\V�DUH�JHQXLQH�
7KH�DFW�RI�GLJLWDOO\�VLJQLQJ�VRPHRQH�HOVH¶V�SXEOLF�NH\�LV�HTXLYDOHQW�WR�VD\LQJ�WKDW�\RX�NQRZ��RU�DW

OHDVW�EHOLHYH��WKH�SXEOLF�NH\�WR�EH�JHQXLQH��EHORQJLQJ�WR�WKH�SHUVRQ�LW�FODLPV�WR�EHORQJ�WR��7KDW�DFW�FDQ
EH� UHSUHVHQWHG� E\� D� GLUHFWHG� HGJH� LQ� D� QHWZRUN�� 7KH� YHUWLFHV� LQ� WKH� QHWZRUN� UHSUHVHQW� WKH� SDUWLHV
LQYROYHG�DQG�D�GLUHFWHG�HGJH�IURP�SDUW\�$�WR�SDUW\�%�LQGLFDWHV�WKDW�$�KDV�VLJQHG�%¶V�SXEOLF�NH\��7KH
UHVXOWLQJ�GLUHFWHG�QHWZRUN�FHUWDLQO\�KDV�WHFKQRORJLFDO�DVSHFWV�EXW�LV�LQ�PDQ\�ZD\V�PRUH�RI�D�VRFLDO
QHWZRUN�WKDQ�DQ\WKLQJ�HOVH��3HRSOH�WHQG�WR�YRXFK�IRU�WKH�NH\V�RI�RWKHU�SHRSOH�WKH\�NQRZ��SHRSOH�WKH\
KDYH�FRPPXQLFDWHG�ZLWK�RU�ZRUNHG�ZLWK�IUHTXHQWO\��VR�WKDW�WKH\�KDYH�ERWK�D�JRRG�LGHD�WKDW�WKH�NH\�LQ
TXHVWLRQ�LV�LQGHHG�JHQXLQH�DQG�D�SHUVRQDO�UHDVRQ�IRU�PDNLQJ�WKH�HIIRUW�WR�VLJQ�LW�
6LQFH�SXEOLF�NH\V�DQG�WKH�GLJLWDO�VLJQDWXUHV�RI�WKH�SHRSOH�ZKR�VLJQ�WKHP�DUH��E\�QHFHVVLW\��SXEOLF��LW

LV�UHODWLYHO\�HDV\�WR�FRQVWUXFW�D�NH\�VLJQLQJ�QHWZRUN�IURP�ZLGHO\�DYDLODEOH�GDWD��7KHUH�DUH�D�QXPEHU
RI�ZLGHO\� XVHG� NH\�VLJQLQJ� QHWZRUNV� DVVRFLDWHG�� XVXDOO\��ZLWK� SDUWLFXODU� FRPPHUFLDO� FU\SWRJUDSK\
SURGXFWV��2QH�RI� WKH� ODUJHVW�� IRU� LQVWDQFH�� LV� WKH�QHWZRUN�DVVRFLDWHG�ZLWK� WKH�FU\SWRJUDSK\�SURJUDP
3*3�>���@��7KHUH�KDYH�EHHQ�RQO\�D�VPDOO�QXPEHU�RI�VWXGLHV�VR�IDU�RI� WKH�SURSHUWLHV�RI�NH\�VLJQLQJ
QHWZRUNV�>�������@�EXW�WKHUH�DUH�FHUWDLQO\�LQWHUHVWLQJ�TXHVWLRQV�DZDLWLQJ�DQVZHUV�LQ�WKLV�DUHD�
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$Q�LPSRUWDQW�VSHFLDO�FDVH�RI� WKH�UHFRQVWUXFWLRQ�RI�QHWZRUNV�IURP�DUFKLYDO�UHFRUGV�LV� WKH�DIILOLDWLRQ
QHWZRUN��$Q� DIILOLDWLRQ� QHWZRUN� LV� D� QHWZRUN� LQ�ZKLFK� DFWRUV� DUH� FRQQHFWHG� YLD� FRPHPEHUVKLS� RI
JURXSV�RI�VRPH�NLQG��:H�VDZ�RQH�H[DPSOH� LQ� WKH� LQWURGXFWLRQ�WR� WKLV�FKDSWHU�� WKH�6RXWKHUQ�:RPHQ
6WXG\� RI� 'DYLV�HW�DO�� >��@�� LQ�ZKLFK� WKH� DXWKRUV�GUHZ� WKHLU�GDWD� IURP�QHZVSDSHU� UHSRUWV�RI� VRFLDO
HYHQWV�DQG�WKH�³JURXSV´�ZHUH�WKH�VHWV�RI�LQGLYLGXDOV�ZKR�DWWHQGHG�SDUWLFXODU�HYHQWV��$V�ZH�VDZ��WKH
PRVW� FRPSOHWH� UHSUHVHQWDWLRQ� RI� DQ� DIILOLDWLRQ� QHWZRUN� LV� DV� D� QHWZRUN� ZLWK� WZR� W\SHV� RI� YHUWH[
UHSUHVHQWLQJ� WKH� DFWRUV� DQG� WKH� JURXSV�� ZLWK� HGJHV� FRQQHFWLQJ� DFWRUV� WR� WKH� JURXSV� WR� ZKLFK� WKH\
EHORQJ²VHH�)LJ������RQ�SDJH�����,Q�VXFK�D�UHSUHVHQWDWLRQ��FDOOHG�D�³ELSDUWLWH�QHWZRUN´�RU�³WZR�PRGH
QHWZRUN�´� WKHUH�DUH�QR�HGJHV�FRQQHFWLQJ�DFWRUV�GLUHFWO\� WR�RWKHU�DFWRUV��RU�JURXSV� WR�RWKHU�JURXSV��
RQO\�DFWRUV�WR�JURXSV�

:H�VWXG\�ELSDUWLWH�QHWZRUNV�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�����
�
0DQ\�H[DPSOHV�RI�DIILOLDWLRQ�QHWZRUNV�FDQ�EH�IRXQG�LQ� WKH� OLWHUDWXUH��$QRWKHU�IDPRXV�FDVH� LV� WKH

VWXG\� E\�*DODVNLHZLF]� >���@� RI� WKH�&(2V� RI� FRPSDQLHV� LQ�&KLFDJR� LQ� WKH� ����V� DQG� WKHLU� VRFLDO
LQWHUDFWLRQ�YLD�FOXEV�WKDW�WKH\�DWWHQGHG��,Q�WKLV�QHWZRUN�WKH�&(2V�DUH�WKH�DFWRUV�DQG�WKH�FOXEV�DUH�WKH
JURXSV��$OVR�LQ�WKH�EXVLQHVV�GRPDLQ��TXLWH�D�QXPEHU�RI�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�RI�WKH�ERDUGV�RI
GLUHFWRUV� RI� FRPSDQLHV� >���� ���� ���@�� ,Q� WKHVH� QHWZRUNV� WKH� DFWRUV� DUH� FRPSDQ\� GLUHFWRUV� DQG� WKH
JURXSV�DUH�WKH�ERDUGV�RQ�ZKLFK�WKH\�VLW��,Q�DGGLWLRQ�WR�ORRNLQJ�DW�WKH�FRQQHFWLRQV�EHWZHHQ�GLUHFWRUV�LQ
VXFK�QHWZRUNV��ZKLFK�DULVH�DV�D�UHVXOW�RI� WKHLU�VLWWLQJ�RQ�ERDUGV� WRJHWKHU��D�FRQVLGHUDEOH�DPRXQW�RI
DWWHQWLRQ�KDV�DOVR�EHHQ�IRFXVHG�RQ�WKH�FRQQHFWLRQV�EHWZHHQ�ERDUGV��DQG�KHQFH�EHWZHHQ�FRPSDQLHV�
WKDW�DULVH�DV�D�UHVXOW�RI�WKHLU�VKDULQJ�D�FRPPRQ�GLUHFWRU��D�VR�FDOOHG�ERDUG�³LQWHUORFN�´
0RUH�UHFHQWO\��VRPH�H[WUHPHO\�ODUJH�DIILOLDWLRQ�QHWZRUNV�KDYH�EHHQ�VWXGLHG�LQ�WKH�PDWKHPDWLFV�DQG

SK\VLFV�OLWHUDWXUH��3HUKDSV�WKH�EHVW�NQRZQ�H[DPSOH�LV�WKH�QHWZRUN�RI�FROODERUDWLRQV�RI�ILOP�DFWRUV��LQ
ZKLFK�WKH�³DFWRUV´�LQ�WKH�QHWZRUN�VHQVH�DUH�DFWRUV�LQ�WKH�GUDPDWLF�VHQVH�DOVR��DQG�WKH�JURXSV�WR�ZKLFK
WKH\�EHORQJ�DUH� WKH�FDVWV�RI� ILOPV��7KLV�QHWZRUN� LV� WKH�EDVLV��DPRQJ�RWKHU� WKLQJV�� IRU�D�ZHOO�NQRZQ
SDUORU�JDPH��VRPHWLPHV�FDOOHG�WKH�³6L[�'HJUHHV�RI�.HYLQ�%DFRQ�´�LQ�ZKLFK�RQH�DWWHPSWV�WR�FRQQHFW
SDLUV� RI� DFWRUV� YLD� FKDLQV� RI� LQWHUPHGLDWH� FRVWDUV� LQ� D� PDQQHU� UHPLQLVFHQW� RI� WKH� VPDOO�ZRUOG
H[SHULPHQWV�RI�6WDQOH\�0LOJUDP��ZKLFK�ZH�GLVFXVV�LQ�6HFWLRQ������7KH�ILOP�DFWRU�QHWZRUN�KDV��ZLWK
WKH�DGYHQW�RI�WKH�,QWHUQHW��EHFRPH�YHU\�WKRURXJKO\�GRFXPHQWHG�DQG�KDV�DWWUDFWHG�WKH�DWWHQWLRQ�RI�PDQ\
QHWZRUN� DQDO\VWV� LQ� UHFHQW� \HDUV� >���� ���� ���@�� DOWKRXJK� LW� LV� QRW� FOHDU� ZKHWKHU� WKHUH� DUH� DQ\
FRQFOXVLRQV�RI�UHDO�VFLHQWLILF�LQWHUHVW�WR�EH�GUDZQ�IURP�LWV�VWXG\�
$QRWKHU�H[DPSOH�RI�D� ODUJH�DIILOLDWLRQ�QHWZRUN��RQH� WKDW�KROGV�PRUH�SURPLVH�RI�SURYLGLQJ�XVHIXO

UHVXOWV��LV�WKH�FRDXWKRUVKLS�QHWZRUN�RI�DFDGHPLFV��,Q�WKLV�QHWZRUN�DQ�DFWRU�LV�DQ�DFDGHPLF�DXWKRU�DQG
D�JURXS�LV�WKH�VHW�RI�DXWKRUV�RI�D�OHDUQHG�SDSHU��/LNH�WKH�ILOP�DFWRU�QHWZRUN��WKLV�QHWZRUN�KDV�EHFRPH
ZHOO� GRFXPHQWHG� LQ� WKH� ODVW� IHZ� \HDUV� ZLWK� WKH� DSSHDUDQFH� RI� H[WHQVLYH� RQOLQH� ELEOLRJUDSKLF
UHVRXUFHV�FRYHULQJ�PDQ\�DUHDV�RI�KXPDQ�HQGHDYRU��:KHWKHU�RQH�LV�LQWHUHVWHG�LQ�SDSHUV�SXEOLVKHG�LQ
MRXUQDOV�RU� LQ�PRUH�LQIRUPDO�IRUXPV�VXFK�DV�RQOLQH�SUHSULQW�VHUYHUV��H[FHOOHQW�UHFRUGV�QRZ�H[LVW� LQ
PRVW� DFDGHPLF� ILHOGV� RI� DXWKRUV� DQG� WKH� SDSHUV� WKH\� ZULWH�� DQG� D� QXPEHU� RI� VWXGLHV� RI� WKH
FRUUHVSRQGLQJ�DIILOLDWLRQ�QHWZRUNV�KDYH�EHHQ�SXEOLVKHG�>�������������������������@�
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$Q�XQXVXDO�FRQWULEXWLRQ�WR�WKH�VRFLDO�QHWZRUNV�OLWHUDWXUH�ZDV�PDGH�E\�WKH�H[SHULPHQWDO�SV\FKRORJLVW
6WDQOH\�0LOJUDP�LQ�WKH�����V�ZLWK�KLV�QRZ�IDPRXV�³VPDOO�ZRUOG´�H[SHULPHQWV�>��������@��0LOJUDP
ZDV�LQWHUHVWHG�LQ�TXDQWLI\LQJ�WKH�W\SLFDO�GLVWDQFH�EHWZHHQ�DFWRUV�LQ�VRFLDO�QHWZRUNV��$V�GLVFXVVHG�LQ
&KDSWHU� ��� WKH� ³JHRGHVLF� GLVWDQFH´� EHWZHHQ� WZR� YHUWLFHV� LQ� D� QHWZRUN� LV� WKH�PLQLPXP� QXPEHU� RI
HGJHV�WKDW�PXVW�EH�WUDYHUVHG�WR�WUDYHO�IURP�RQH�YHUWH[�WR�WKH�RWKHU�WKURXJK�WKH�QHWZRUN��0DWKHPDWLFDO
DUJXPHQWV�VXJJHVW��DV�ZH�ZLOO�VHH�ODWHU�LQ�WKLV�ERRN��WKDW�WKLV�GLVWDQFH�VKRXOG�EH�TXLWH�VPDOO�IRU�PRVW
SDLUV�RI�YHUWLFHV�LQ�PRVW�QHWZRUNV��D�IDFW�WKDW�ZDV�DOUHDG\�ZHOO�NQRZQ�LQ�0LOJUDP¶V�WLPH����0LOJUDP
ZDQWHG�WR�WHVW�WKLV�FRQMHFWXUH�LQ�UHDO�QHWZRUNV�DQG�WR�GR�WKLV�KH�FRQFRFWHG�WKH�IROORZLQJ�H[SHULPHQW���
0LOJUDP� VHQW� D� VHW� RI� SDFNDJHV�� ��� LQ� DOO�� WR� UHFLSLHQWV� UDQGRPO\� FKRVHQ� IURP� WKH� WHOHSKRQH

GLUHFWRU\�LQ�WKH�86�WRZQ�RI�2PDKD��1HEUDVND��7KH�SDFNDJHV�FRQWDLQHG�DQ�RIILFLDO�ORRNLQJ�ERRNOHW��RU
³SDVVSRUW�´� HPEOD]RQHG�ZLWK� WKH� FUHVW� RI�0LOJUDP¶V� KRPH� LQVWLWXWLRQ��+DUYDUG�8QLYHUVLW\��:ULWWHQ
LQVWUXFWLRQV�ZHUH� LQFOXGHG� DVNLQJ� WKH� UHFLSLHQWV� WR� DWWHPSW� WR�JHW� WKH�SDVVSRUW� WR� D� VSHFLILHG� WDUJHW
LQGLYLGXDO��D�IULHQG�RI�0LOJUDP¶V�ZKR�OLYHG�LQ�%RVWRQ��0DVVDFKXVHWWV��RYHU�D�WKRXVDQG�PLOHV�DZD\�
7KH�RQO\�LQIRUPDWLRQ�VXSSOLHG�DERXW�WKH�WDUJHW�ZDV�KLV�QDPH��DQG�KHQFH�LQGLUHFWO\�WKH�IDFW�WKDW�KH�ZDV
PDOH���KLV�DGGUHVV��DQG�KLV�RFFXSDWLRQ�DV�D�VWRFNEURNHU��%XW�WKH�SDVVSRUW�KROGHUV�ZHUH�QRW�DOORZHG
VLPSO\�WR�VHQG�WKHLU�SDVVSRUW�WR�WKH�JLYHQ�DGGUHVV��,QVWHDG�WKH\�ZHUH�DVNHG�WR�SDVV�LW�WR�VRPHRQH�WKH\
NQHZ�RQ� D� ILUVW�QDPH� EDVLV� DQG�PRUH� VSHFLILFDOO\� WKH� SHUVRQ� LQ� WKLV� FDWHJRU\�ZKR� WKH\� IHOW�ZRXOG
VWDQG�WKH�EHVW�FKDQFH�RI�JHWWLQJ�WKH�SDVVSRUW�WR�WKH�LQWHQGHG�WDUJHW��7KXV�WKH\�PLJKW�GHFLGH�WR�VHQG�LW�WR
VRPHRQH� WKH\� NQHZ�ZKR� OLYHG� LQ�0DVVDFKXVHWWV�� RU�PD\EH� VRPHRQH�ZKR�ZRUNHG� LQ� WKH� ILQDQFLDO
LQGXVWU\��7KH�FKRLFH�ZDV�XS�WR�WKHP��:KRHYHU�WKH\�GLG�VHQG�WKH�SDVVSRUW�WR�ZDV�WKHQ�DVNHG�WR�UHSHDW
WKH�SURFHVV��VHQGLQJ�LW�RQ�WR�RQH�RI�WKHLU�DFTXDLQWDQFHV��VR�WKDW�DIWHU�D�VXFFHVVLRQ�RI�VXFK�VWHSV�WKH
SDVVSRUW�ZRXOG��ZLWK�OXFN��ILQG�LWV�ZD\�LQWR�WKH�KDQGV�RI�LWV�LQWHQGHG�UHFLSLHQW��6LQFH�HYHU\�VWHS�RI�WKH
SURFHVV�FRUUHVSRQGHG�WR�WKH�SDVVSRUW¶V�FKDQJLQJ�KDQGV�EHWZHHQ�D�SDLU�RI�ILUVW�QDPH�DFTXDLQWDQFHV�
WKH�HQWLUH�SDWK�WDNHQ�FRUUHVSRQGHG�WR�D�SDWK�DORQJ�WKH�HGJHV�RI�WKH�VRFLDO�QHWZRUN�IRUPHG�E\�WKH�VHW�RI
DOO�VXFK�DFTXDLQWDQFHVKLSV��7KXV�WKH�OHQJWK�RI�WKH�SDWK�WDNHQ�SURYLGHG�DQ�XSSHU�ERXQG�RQ�WKH�JHRGHVLF
GLVWDQFH�LQ�WKLV�QHWZRUN�EHWZHHQ�WKH�VWDUWLQJ�DQG�HQGLQJ�LQGLYLGXDOV�LQ�WKH�FKDLQ�
2I�WKH����SDVVSRUWV�VHQW�RXW�����IRXQG�WKHLU�ZD\�WR�WKH�VWRFNEURNHU�WDUJHW�LQ�%RVWRQ��:KLOH�WKLV�PD\

DW�ILUVW�VRXQG�OLNH�D�ORZ�ILJXUH�� LW� LV�DFWXDOO\�UHPDUNDEO\�KLJK²UHFHQW�DWWHPSWV�WR�UHSHDW�0LOJUDP¶V
ZRUN�KDYH�UHVXOWHG�LQ�UHVSRQVH�UDWHV�RUGHUV�RI�PDJQLWXGH�ORZHU�>��@��0LOJUDP�DVNHG�SDUWLFLSDQWV�WR
UHFRUG�LQ�WKH�SDVVSRUW�HDFK�VWHS�RI�WKH�SDWK�WDNHQ��VR�KH�NQHZ��DPRQJ�RWKHU�WKLQJV��KRZ�ORQJ�HDFK�SDWK
ZDV�� DQG� KH� IRXQG� WKDW� WKH�PHDQ� OHQJWK� RI� FRPSOHWHG� SDWKV� IURP�2PDKD� WR� WKH� WDUJHW�ZDV� MXVW� ���
VWHSV��7KLV�UHVXOW�LV�WKH�RULJLQ�RI�WKH�LGHD�RI�WKH�³VL[�GHJUHHV�RI�VHSDUDWLRQ�´�WKH�SRSXODU�EHOLHI�WKDW
WKHUH�DUH�RQO\�DERXW�VL[�VWHSV�EHWZHHQ�DQ\�WZR�SHRSOH�LQ�WKH�ZRUOG���
7KHUH�DUH�RI�FRXUVH�PDQ\�UHDVRQV�ZK\�WKLV�UHVXOW�LV�RQO\�DSSUR[LPDWH��0LOJUDP�XVHG�RQO\�D�VLQJOH

WDUJHW� LQ�%RVWRQ��DQG� WKHUH� LV�QR�JXDUDQWHH� WKH� WDUJHW�ZDV� LQ�DQ\�ZD\�W\SLFDO�RI� WKH�SRSXODWLRQ�DV�D
ZKROH��$QG�DOO�WKH�LQLWLDO�UHFLSLHQWV�LQ�WKH�VWXG\�ZHUH�LQ�D�VLQJOH�WRZQ�LQ�WKH�VDPH�FRXQWU\�����1RQH�RI
WKH�FRPSOHWHG�FKDLQV�WKDW�UHDFKHG�WKH�WDUJHW�ZHQW�RXWVLGH�WKH�FRXQWU\���$OVR�WKHUH�LV�QR�JXDUDQWHH�WKDW
FKDLQV�WRRN�WKH�VKRUWHVW�SRVVLEOH�URXWH�WR�WKH�WDUJHW��3UREDEO\�WKH\�GLG�QRW��DW�OHDVW�LQ�VRPH�FDVHV��VR
WKDW� WKH� OHQJWKV� RI� WKH� SDWKV� IRXQG� SURYLGH�� DV� ZH� KDYH� VDLG�� RQO\� DQ� XSSHU� ERXQG� RQ� WKH� DFWXDO
JHRGHVLF� GLVWDQFH� EHWZHHQ�YHUWLFHV��$QG�PRVW� RI� WKH� FKDLQV� RI� FRXUVH�ZHUH� QHYHU� FRPSOHWHG��7KH



SDVVSRUWV�ZHUH�GLVFDUGHG�RU�ORVW�DQG�QHYHU�PDGH�WKHLU�ZD\�WR�WKH�WDUJHW��,W�LV�UHDVRQDEOH�WR�VXSSRVH
WKDW� WKH�FKDQFHV�RI�JHWWLQJ� ORVW�ZHUH�JUHDWHU� IRU�SDVVSRUWV� WKDW� WRRN� ORQJHU�SDWKV��DQG�KHQFH� WKDW� WKH
SDWKV�WKDW�ZHUH�FRPSOHWHG�ZHUH�D�ELDVHG�VDPSOH��KDYLQJ�W\SLFDO�OHQJWKV�VKRUWHU�WKDQ�WKH�DYHUDJH�
)RU�DOO�WKHVH�UHDVRQV�DQG�VHYHUDO�RWKHUV��0LOJUDP¶V�H[SHULPHQWV�VKRXOG�EH�WDNHQ�ZLWK�D�ODUJH�SLQFK

RI� VDOW��(YHQ� VR�� WKH� IXQGDPHQWDO� UHVXOW� WKDW� YHUWH[� SDLUV� LQ� VRFLDO� QHWZRUNV� WHQG� RQ� DYHUDJH� WR� EH
FRQQHFWHG�E\�VKRUW�SDWKV�LV�QRZ�ZLGHO\�DFFHSWHG��DQG�KDV�PRUHRYHU�EHHQ�VKRZQ�WR�H[WHQG�WR�PDQ\
RWKHU�NLQGV�RI�QHWZRUNV�DV�ZHOO��(QRXJK�H[SHULPHQWV�KDYH�FRQILUPHG�WKH�HIIHFW� LQ�HQRXJK�QHWZRUNV
WKDW��ZKDWHYHU�PLVJLYLQJV�ZH�PD\�KDYH�DERXW�0LOJUDP¶V�SDUWLFXODU�WHFKQLTXH��WKH�JHQHUDO�UHVXOW�LV�QRW
VHULRXVO\�FDOOHG�LQWR�TXHVWLRQ�

)XQQHOLQJ�LV�GLVFXVVHG�IXUWKHU�LQ�6HFWLRQ�����
�
0LOJUDP¶V�H[SHULPHQWV�DOVR��DV�D�ERQXV��UHYHDOHG�VRPH�RWKHU�LQWHUHVWLQJ�IHDWXUHV�RI�DFTXDLQWDQFH

QHWZRUNV�� )RU� LQVWDQFH�� 0LOJUDP� IRXQG� WKDW� PRVW� RI� WKH� SDVVSRUWV� WKDW� GLG� ILQG� WKHLU� ZD\� WR� WKH
VWRFNEURNHU�WDUJHW�GLG�VR�YLD�MXVW�WKUHH�RI�WKH�WDUJHW¶V�IULHQGV��7KDW�LV��D�ODUJH�IUDFWLRQ�RI�WKH�WDUJHW¶V
FRQQHFWLRQV�WR�WKH�RXWVLGH�ZRUOG�VHHPHG�WR�EH�WKURXJK�RQO\�D�IHZ�RI�KLV�DFTXDLQWDQFHV��D�SKHQRPHQRQ
VRPHWLPHV� UHIHUUHG� WR�DV� WKH�³IXQQHOLQJ´�HIIHFW��0LOJUDP�FDOOHG�VXFK�ZHOO�FRQQHFWHG�DFTXDLQWDQFHV
³VRFLRPHWULF� VXSHUVWDUV�´� DQG� WKHLU� H[LVWHQFH� KDV� RFFDVLRQDOO\� EHHQ� QRWHG� LQ� RWKHU� QHWZRUNV� DOVR�
VXFK�DV�FROODERUDWLRQ�QHWZRUNV�>���@��DOWKRXJK�QRW�LQ�VRPH�RWKHUV�>��@�
$�IXUWKHU� LQWHUHVWLQJ�FRUROODU\�RI�0LOJUDP¶V�H[SHULPHQW�KDV�EHHQ�KLJKOLJKWHG�E\�.OHLQEHUJ� >����

���@���0LOJUDP�KLPVHOI�VHHPV�QRW�WR�KDYH�DSSUHFLDWHG�WKH�SRLQW���7KH�IDFW�WKDW�D�PRGHUDWH�QXPEHU�RI
WKH�SDVVSRUWV�GLG�ILQG�WKHLU�ZD\�WR�WKH�LQWHQGHG�WDUJHW�SHUVRQ�VKRZV�QRW�RQO\�WKDW�VKRUW�SDWKV�H[LVW�LQ
WKH�DFTXDLQWDQFH�QHWZRUN��EXW�DOVR�WKDW�SHRSOH�DUH�JRRG�DW�ILQGLQJ�WKRVH�SDWKV��8SRQ�UHIOHFWLRQ�WKLV�LV
TXLWH�D�VXUSULVLQJ�UHVXOW��$V�.OHLQEHUJ�KDV�VKRZQ��LW�LV�SRVVLEOH�DQG�LQGHHG�FRPPRQ�IRU�D�QHWZRUN�WR
SRVVHVV� VKRUW� SDWKV� EHWZHHQ� YHUWLFHV� EXW� IRU� WKHP� WR� EH� KDUG� WR� ILQG� XQOHVV� RQH� KDV� FRPSOHWH
LQIRUPDWLRQ�DERXW�WKH�VWUXFWXUH�RI�WKH�HQWLUH�QHWZRUN��ZKLFK�WKH�SDUWLFLSDQWV�LQ�0LOJUDP¶V�VWXGLHV�GLG
QRW��.OHLQEHUJ�KDV� VXJJHVWHG� D� SRVVLEOH� H[SODQDWLRQ� IRU� KRZ�SDUWLFLSDQWV� IRXQG� WKH�SDWKV� WKH\�GLG�
EDVHG� RQ� FRQMHFWXUHV� DERXW� WKH� VWUXFWXUH� RI� WKH� QHWZRUN��:H�GLVFXVV� KLV� LGHDV� LQ� GHWDLO� LQ�6HFWLRQ
�����
5HFHQWO\� WKH� VPDOO�ZRUOG� H[SHULPHQW� KDV� EHHQ� UHSHDWHG� E\� 'RGGV�HW� DO�� >��@� XVLQJ� WKH�PRGHUQ

PHGLXP� RI� HPDLO�� ,Q� WKLV� YHUVLRQ� RI� WKH� H[SHULPHQW� SDUWLFLSDQWV� IRUZDUGHG� HPDLO� PHVVDJHV� WR
DFTXDLQWDQFHV�LQ�DQ�HIIRUW�WR�JHW�WKHP�XOWLPDWHO\�WR�D�VSHFLILHG�WDUJHW�SHUVRQ�DERXW�ZKRP�WKH\�ZHUH
WROG�D�IHZ�EDVLF�IDFWV��7KH�H[SHULPHQW� LPSURYHG�RQ� WKDW�RI�0LOJUDP�LQ� WHUPV�RI�VKHHU�YROXPH��DQG
DOVR�E\�KDYLQJ�PXFK�PRUH�QXPHURXV�DQG�GLYHUVH�WDUJHW�LQGLYLGXDOV�DQG�VWDUWLQJ�SRLQWV�IRU�PHVVDJHV�
��� ���� FKDLQV� ZHUH� VWDUWHG�� PRVW� �WKRXJK� QRW� DOO�� ZLWK� XQLTXH� VWDUWLQJ� LQGLYLGXDOV�� DQG� ZLWK� ��
GLIIHUHQW�SDUWLFLSDWLQJ�WDUJHWV�LQ����GLIIHUHQW�FRXQWULHV��2Q�WKH�RWKHU�KDQG��WKH�H[SHULPHQW�H[SHULHQFHG
HQRUPRXVO\�ORZHU�UDWHV�RI�SDUWLFLSDWLRQ�WKDQ�0LOJUDP¶V��SHUKDSV�EHFDXVH�WKH�SXEOLF�LV�E\�QRZ�TXLWH
MDGHG�LQ�LWV�DWWLWXGH�WRZDUGV�XQVROLFLWHG�PDLO��2I�WKH��������FKDLQV��RQO\������RU�������UHDFKHG�WKHLU
LQWHQGHG�WDUJHWV��FRPSDUHG�ZLWK�����LQ�0LOJUDP¶V�FDVH��6WLOO��WKH�EDVLF�UHVXOWV�ZHUH�VLPLODU�WR�WKRVH
RI�0LOJUDP��&RPSOHWHG�FKDLQV�KDG�DQ�DYHUDJH�OHQJWK�RI�MXVW�RYHU�IRXU�VWHSV��%HFDXVH�RI�WKHLU�EHWWHU
GDWD�DQG�FRQVLGHUDEO\�PRUH�FDUHIXO�VWDWLVWLFDO�DQDO\VLV��'RGGV�HW�DO��ZHUH�DOVR�DEOH�WR�FRPSHQVDWH�IRU
ELDVHV�GXH�WR�XQILQLVKHG�FKDLQV�DQG�HVWLPDWHG�WKDW�WKH�WUXH�DYHUDJH�SDWK�OHQJWK�IRU�WKH�H[SHULPHQW�ZDV
VRPHZKHUH�EHWZHHQ�ILYH�DQG�VHYHQ�VWHSV²YHU\�VLPLODU�WR�0LOJUDP¶V�UHVXOW��+RZHYHU��'RGGV�HW�DO�
REVHUYHG�QR�HTXLYDOHQW�RI�WKH�³VRFLRPHWULF�VXSHUVWDUV´�RI�0LOJUDP¶V�H[SHULPHQW��UDLVLQJ�WKH�TXHVWLRQ
RI�ZKHWKHU�WKHLU�DSSHDUDQFH�LQ�0LOJUDP¶V�FDVH�ZDV�PHUHO\�D�IOXNH�RI�WKH�SDUWLFXODU�WDUJHW�LQGLYLGXDO



KH�FKRVH�UDWKHU�WKDQ�D�JHQHULF�SURSHUW\�RI�VRFLDO�QHWZRUNV�
$Q�LQWHUHVWLQJ�YDULDQW�RQ�WKH�VPDOO�ZRUOG�H[SHULPHQW�KDV�EHHQ�SURSRVHG�E\�.LOOZRUWK�DQG�%HUQDUG

>�������@��ZKR�ZHUH�LQWHUHVWHG�LQ�KRZ�SHRSOH�³QDYLJDWH´�WKURXJK�VRFLDO�QHWZRUNV��DQG�VSHFLILFDOO\
KRZ�SDUWLFLSDQWV�LQ�WKH�VPDOO�ZRUOG�H[SHULPHQWV�GHFLGH�ZKRP�WR�IRUZDUG�PHVVDJHV�WR�LQ�WKH�HIIRUW�WR
UHDFK� D� VSHFLILHG� WDUJHW��7KH\� FRQGXFWHG�ZKDW� WKH\� FDOOHG� ³UHYHUVH� VPDOO�ZRUOG´� H[SHULPHQWV��� LQ
ZKLFK� WKH\�DVNHG�SDUWLFLSDQWV� WR�LPDJLQH� WKDW�WKH\�ZHUH�WDNLQJ�SDUW�LQ�D�VPDOO�ZRUOG�H[SHULPHQW��$
�ILFWLWLRXV��PHVVDJH�ZDV�WR�EH�FRPPXQLFDWHG�WR�D�WDUJHW�LQGLYLGXDO�DQG�SDUWLFLSDQWV�ZHUH�DVNHG�ZKDW
WKH\�ZDQWHG�WR�NQRZ�DERXW�WKH�WDUJHW�LQ�RUGHU�WR�PDNH�D�GHFLVLRQ�DERXW�ZKRP�WR�IRUZDUG�WKH�PHVVDJH
WR�� 7KH� DFWXDO� SDVVLQJ� RI� WKH� PHVVDJH� QHYHU� WRRN� SODFH�� WKH� H[SHULPHQWHUV� PHUHO\� UHFRUGHG� ZKDW
TXHVWLRQV� SDUWLFLSDQWV� DVNHG� DERXW� WKH� WDUJHW�� 7KH\� IRXQG� WKDW� WKUHH� FKDUDFWHULVWLFV� ZHUH� VRXJKW
RYHUZKHOPLQJO\�PRUH�RIWHQ�WKDQ�DQ\�RWKHUV��QDPHO\�WKH�QDPH�RI�WKH�WDUJHW��WKHLU�JHRJUDSKLF�ORFDWLRQ�
DQG� WKHLU� RFFXSDWLRQ²WKH� VDPH� WKUHH� SLHFHV� RI� LQIRUPDWLRQ� WKDW�0LOJUDP� SURYLGHG� LQ� KLV� RULJLQDO
H[SHULPHQW�� 6RPH� RWKHU� FKDUDFWHULVWLFV� FDPH� XS� ZLWK� PRGHUDWH� IUHTXHQF\�� SDUWLFXODUO\� ZKHQ� WKH
H[SHULPHQW� ZDV� FRQGXFWHG� LQ� QRQ�:HVWHUQ� FXOWXUHV� RU� DPRQJ� PLQRULWLHV�� LQ� VRPH� FXOWXUHV�� IRU
LQVWDQFH��SDUHQWDJH�RU�UHOLJLRQ�ZHUH�FRQVLGHUHG�LPSRUWDQW�LGHQWLI\LQJ�FKDUDFWHULVWLFV�RI�WKH�WDUJHW�

7KH�PHFKDQLVPV�RI�QHWZRUN�VHDUFK�DQG�PHVVDJH�SDVVLQJ�DUH�GLVFXVVHG�LQ�JUHDWHU�GHWDLO�LQ
6HFWLRQ������

�
:KLOH� WKH� UHYHUVH� VPDOO�ZRUOG� H[SHULPHQWV� GR� QRW� GLUHFWO\� WHOO� XV� DERXW� WKH� VWUXFWXUH� RI� VRFLDO

QHWZRUNV��WKH\�GR�JLYH�XV�LQIRUPDWLRQ�DERXW�KRZ�SHRSOH�SHUFHLYH�DQG�GHDO�ZLWK�VRFLDO�QHWZRUNV�
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)LQDOO\�LQ�WKLV�FKDSWHU�RQ�VRFLDO�QHWZRUNV�ZH�WDNH�D�ORRN�DW�D�FODVV�RI�QHWZRUNEDVHG�WHFKQLTXHV�IRU
VDPSOLQJ�KLGGHQ�SRSXODWLRQV�
6WXGLHV�RI�VRPH�SRSXODWLRQV��VXFK�DV�GUXJ�XVHUV�RU�LOOHJDO�LPPLJUDQWV��SUHVHQW�VSHFLDO�SUREOHPV�WR

WKH� LQYHVWLJDWRU�EHFDXVH� WKH�PHPEHUV�RI� WKHVH�SRSXODWLRQV�GR�QRW�XVXDOO\�ZDQW� WR�EH� IRXQG�DQG�DUH
RIWHQ� ZDU\� RI� JLYLQJ� LQWHUYLHZV�� 7HFKQLTXHV� KDYH� EHHQ� GHYHORSHG�� KRZHYHU�� WR� VDPSOH� WKHVH
SRSXODWLRQV� E\� PDNLQJ� XVH� RI� WKH� VRFLDO� QHWZRUN� WKDW� FRQQHFWV� WKHLU� PHPEHUV� WRJHWKHU�� 7KH� PRVW
ZLGHO\�XVHG�VXFK�WHFKQLTXH�LV�VQRZEDOO�VDPSOLQJ�>�������������@�
1RWH�WKDW��XQOLNH�WKH�RWKHU�H[SHULPHQWDO�WHFKQLTXHV�GLVFXVVHG�LQ�WKLV�FKDSWHU��VQRZEDOO�VDPSOLQJ�LV

QRW�LQWHQGHG�DV�D�WHFKQLTXH�IRU�SURELQJ�WKH�VWUXFWXUH�RI�VRFLDO�QHWZRUNV��5DWKHU��LW�LV�D�WHFKQLTXH�IRU
VWXG\LQJ�KLGGHQ�SRSXODWLRQV� WKDW� UHOLHV�RQ�VRFLDO�QHWZRUNV� IRU� LWV�RSHUDWLRQ�� ,W� LV� LPSRUWDQW� WR�NHHS
WKLV�GLVWLQFWLRQ�FOHDU��7R� MXGJH�E\� WKH� OLWHUDWXUH�� VRPH�SURIHVVLRQDO� VRFLDO�QHWZRUN�DQDO\VWV�GR�QRW�
DQG�WKH�UHVXOWV�DUH�RIWHQ�HUURQHRXV�FRQFOXVLRQV�DQG�EDG�VFLHQFH�
6WDQGDUG� WHFKQLTXHV� VXFK� DV� WHOHSKRQH� VXUYH\V� RIWHQ� GR� QRW� ZRUN� ZHOO� ZKHQ� VDPSOLQJ� KLGGHQ

SRSXODWLRQV��$Q�LQYHVWLJDWRU�FDOOLQJ�D�UDQGRP�WHOHSKRQH�QXPEHU�DQG�DVNLQJ�LI�DQ\RQH�RQ�WKH�RWKHU�HQG
RI� WKH�OLQH�XVHV�GUXJV�LV�XQOLNHO\�WR�UHFHLYH�D�XVHIXO�DQVZHU��7KH�WDUJHW�SRSXODWLRQ�LQ�VXFK�FDVHV� LV
VPDOO��VR�WKH�FKDQFHV�RI�ILQGLQJ�RQH�RI�LWV�PHPEHUV�E\�UDQGRP�VHDUFK�DUH�DOVR�VPDOO��DQG�ZKHQ�\RX
GR�ILQG�RQH�WKH\�ZLOO�YHU\�OLNHO\�EH�XQZLOOLQJ�WR�GLVFXVV�WKH�KLJKO\�SHUVRQDO�DQG�SRVVLEO\�LOOLFLW�WRSLF
RI�WKH�VXUYH\�ZLWK�DQ�LQYHVWLJDWRU�WKH\�KDYH�QHYHU�PHW�EHIRUH�DQG�KDYH�QR�UHDVRQ�WR�WUXVW�
6R� LQYHVWLJDWRUV�SUREH� WKH�SRSXODWLRQ� LQVWHDG�E\�JHWWLQJ� VRPH�RI� LWV�PHPEHUV� WR�SURYLGH�FRQWDFW

GHWDLOV� IRU� RWKHUV�� 7KH� W\SLFDO� VXUYH\� VWDUWV� RII� UDWKHU� OLNH� D� VWDQGDUG� HJR�FHQWHUHG� QHWZRUN� VWXG\
�6HFWLRQ���������<RX�ILQG�RQH�LQLWLDO�PHPEHU�RI� WKH�SRSXODWLRQ�RI� LQWHUHVW�DQG�LQWHUYLHZ�WKHP�DERXW
WKHPVHOYHV��7KHQ��XSRQ�JDLQLQJ�WKHLU�FRQILGHQFH��\RX�LQYLWH�WKHP�DOVR�WR�QDPH�RWKHU�PHPEHUV�RI�WKH
WDUJHW� SRSXODWLRQ� ZLWK� ZKRP� WKH\� DUH� DFTXDLQWHG�� 7KHQ� \RX� JR� DQG� ILQG� WKRVH� DFTXDLQWDQFHV� DQG
LQWHUYLHZ�WKHP� DVNLQJ� WKHP� DOVR� WR� QDPH� IXUWKHU� FRQWDFWV�� DQG� VR� IRUWK� WKURXJK� D� VXFFHVVLRQ� RI
³ZDYHV´�RI�VDPSOLQJ��3UHWW\�VRRQ�WKH�SURFHVV�³VQRZEDOOV´�DQG�\RX�KDYH�D�ODUJH�VDPSOH�RI�\RXU�WDUJHW
SRSXODWLRQ�WR�ZRUN�ZLWK�
&OHDUO\�WKLV�LV�D�EHWWHU�ZD\�RI�ILQGLQJ�D�KLGGHQ�SRSXODWLRQ�WKDQ�UDQGRP�VXUYH\V��VLQFH�HDFK�QDPHG

LQGLYLGXDO� LV� OLNHO\� WR� EH� D� PHPEHU� RI� WKH� SRSXODWLRQ�� DQG� \RX� DOVR� KDYH� WKH� DGYDQWDJH� RI� DQ
LQWURGXFWLRQ�WR�WKHP�IURP�RQH�RI�WKHLU�DFTXDLQWDQFHV��ZKLFK�PD\�PDNH�LW�PRUH�OLNHO\�WKDW�WKH\�ZLOO�WDON
WR�\RX��+RZHYHU��WKHUH�DUH�VRPH�VHULRXV�SUREOHPV�ZLWK�WKH�PHWKRG�DV�ZHOO��,Q�SDUWLFXODU��VQRZEDOO
VDPSOLQJ�JLYHV�KLJKO\�ELDVHG�VDPSOHV�� ,Q� WKH� OLPLW�RI�D� ODUJH�QXPEHU�RI�ZDYHV�� VQRZEDOO� VDPSOLQJ
VDPSOHV� DFWRUV� ZLWK� SUREDELOLW\� SURSRUWLRQDO� WR� WKHLU� ³HLJHQYHFWRU� FHQWUDOLW\´� �VHH� 6HFWLRQ� �����
8QIRUWXQDWHO\��WKLV�OLPLW�LV�UDUHO\�UHDFKHG�LQ�SUDFWLFH��DQG�LQ�DQ\�FDVH�WKH�HLJHQYHFWRU�FHQWUDOLW\�FDQQRW
EH�FDOFXODWHG�ZLWKRXW�NQRZOHGJH�RI�WKH�FRPSOHWH�FRQWDFW�QHWZRUN��ZKLFK�E\�GHILQLWLRQ�ZH�GRQ¶W�KDYH�
PDNLQJ�FRUUHFWLRQ�IRU�WKH�VDPSOLQJ�ELDV�GLIILFXOW��,Q�VKRUW��VQRZEDOO�VDPSOLQJ�JLYHV�ELDVHG�VDPSOHV�RI
SRSXODWLRQV�DQG�WKHUH�LV�OLWWOH�ZH�FDQ�GR�DERXW�LW��1RQHWKHOHVV��WKH�WHFKQLTXH�LV�VXIILFLHQWO\�XVHIXO�IRU
ILQGLQJ�SRSXODWLRQV�WKDW�DUH�RWKHUZLVH�KDUG�WR�SLQ�GRZQ�WKDW�LW�KDV�EHHQ�ZLGHO\�XVHG��ELDVHV�DQG�DOO�
LQ�VWXGLHV�RYHU�WKH�ODVW�IHZ�GHFDGHV�
6RPHWLPHV�� LQ� WKH�FDVH�RI�VPDOO� WDUJHW�SRSXODWLRQV��D� IHZ�ZDYHV�RI�VQRZEDOO� VDPSOLQJ�PD\�ILQG



HVVHQWLDOO\�DOO�PHPEHUV�RI�D�ORFDO�SRSXODWLRQ��LQ�ZKLFK�FDVH�WKH�PHWKRG�FDQ�EH�UHJDUGHG�DV�UHWXUQLQJ
GDWD� DERXW� WKH� VWUXFWXUH� RI� WKH� VRFLDO� QHWZRUN�� ,I� WKH� FRQWDFWV� RI� HDFK� LQWHUYLHZHG� SDUWLFLSDQW� DUH
UHFRUGHG� LQ� WKH� VWXG\�� LW� VKRXOG� EH� SRVVLEOH� WR� UHFRQVWUXFW� WKH� FRQWDFW� QHWZRUN� ZKHQ� WKH� VWXG\� LV
FRPSOHWH��7KLV�KDV�RFFDVLRQDOO\�EHHQ�GRQH�LQ�VXFK�VWXGLHV��DOWKRXJK�DV�QRWHG�DERYH�WKH�REMHFW�LV�PRUH
RIWHQ�WR�H[SORLW�WKH�VRFLDO�QHWZRUN�WR�ILQG�WKH�SRSXODWLRQ�WKDQ�WR�VWXG\�WKH�QHWZRUN�LWVHOI�
$�WHFKQLTXH�FORVHO\�UHODWHG�WR�VQRZEDOO�VDPSOLQJ�LV�FRQWDFW�WUDFLQJ��ZKLFK�LV�HVVHQWLDOO\�D�IRUP�RI

VQRZEDOO�VDPSOLQJ�DSSOLHG�WR�GLVHDVH�LQFLGHQFH��6RPH�GLVHDVHV��VXFK�DV� WXEHUFXORVLV�DQG�+,9��DUH
FRQVLGHUHG�VXIILFLHQWO\�VHULRXV�WKDW��ZKHQ�VRPHRQH�LV�GLVFRYHUHG�WR�EH�FDUU\LQJ�WKHP��DQ�HIIRUW�PXVW
EH�PDGH�WR�WUDFN�GRZQ�DOO�WKRVH�ZKR�PLJKW�DOVR�KDYH�EHHQ�LQIHFWHG��7KXV��LQ�PRVW�:HVWHUQ�FRXQWULHV�
ZKHQ�D�SDWLHQW�WHVWV�SRVLWLYH�IRU�+,9��IRU�LQVWDQFH��KH�RU�VKH�ZLOO�EH�TXHVWLRQHG�DERXW�UHFHQW�VH[XDO
FRQWDFWV�� DQG� SRVVLEO\� DERXW� RWKHU� W\SHV� RI� SRWHQWLDOO\� GLVHDVH�FDUU\LQJ� FRQWDFWV�� VXFK� DV� QHHGOH
VKDULQJ� LI� WKH�SDWLHQW� LV� DQ� LQMHFWLRQ�GUXJ�XVHU��7KHQ�KHDOWK� DXWKRULWLHV�ZLOO�PDNH� DQ� HIIRUW� WR� WUDFN
GRZQ�WKRVH�FRQWDFWV�DQG�WHVW�WKHP�DOVR�IRU�+,9��7KH�SURFHVV�LV�UHSHDWHG�ZLWK�DQ\�ZKR�WHVW�SRVLWLYH�
WUDFLQJ� WKHLU� FRQWDFWV�DV�ZHOO�� DQG� VR� IRUWK��XQWLO� DOO� OHDGV�KDYH�EHHQ�H[KDXVWHG��:KLOH� WKH�SULPDU\
SXUSRVH�RI�FRQWUDFW�WUDFLQJ�LV�WR�FXUWDLO�GLVHDVH�RXWEUHDNV�DQG�VDIHJXDUG�WKH�KHDOWK�RI�WKH�SRSXODWLRQ�
WKH�SURFHVV�DOVR�SURGXFHV�GDWD�DERXW� WKH�FRPPXQLW\�WKURXJK�ZKLFK�D�GLVHDVH�LV�VSUHDGLQJ�DQG�VXFK
GDWD�KDYH�VRPHWLPHV�EHHQ�XVHG�LQ�VFLHQWLILF�VWXGLHV��SDUWLFXODUO\�RI�VH[XDOO\�WUDQVPLWWHG�GLVHDVHV��IRU
ZKLFK� GDWD� PD\� RWKHUZLVH� EH� KDUG� WR� FRPH� E\�� 3RSXODWLRQ� VDPSOHV� GHULYHG� IURP� FRQWDFW� WUDFLQJ
VWXGLHV�GLVSOD\�ELDVHV�VLPLODU�LQ�W\SH�DQG�PDJQLWXGH�WR�WKRVH�VHHQ�LQ�VQRZEDOO�VDPSOLQJ�DQG�VKRXOG
EH�WUHDWHG�ZLWK�WKH�VDPH�FDXWLRQ��,QGHHG��WKH\�FRQWDLQ�H[WUD�ELDVHV�DV�ZHOO��VLQFH�FRQWDFWV�DUH�UDUHO\
SXUVXHG�ZKHQ�DQ� LQGLYLGXDO� WHVWV�QHJDWLYH� IRU� WKH�GLVHDVH� LQ�TXHVWLRQ�� VR� WKH� VDPSOH� LV�QHFHVVDULO\
GRPLQDWHG�E\�FDUULHUV�RI�WKH�GLVHDVH��ZKR�DUH�WKHPVHOYHV�XVXDOO\�D�ELDVHG�VDPSOH�RI�WKH�SRSXODWLRQ�DW
ODUJH��$OVR�� DV�ZLWK� VQRZEDOO� VDPSOLQJ�� FRQWDFW� WUDFLQJ� GDWD� FDQ� SURYLGH� XV�ZLWK� DQ� H[SHULPHQWDO
ZLQGRZ�RQ� WKH� VWUXFWXUH� RI� WKH� FRQWDFW� QHWZRUN� LWVHOI�� EXW� DJDLQ�ZH� H[SHFW� WKH� GDWD� WR� EH� VWURQJO\
ELDVHG��H[FHSW�LQ�FDVHV�RI�VPDOO�WDUJHW�SRSXODWLRQV�IRU�ZKLFK�WKH�VDPSOLQJ�SURFHVV�VDWXUDWHV�
7KHUH�LV�DQRWKHU�YDULDQW�RI�VQRZEDOO�VDPSOLQJ�WKDW�GHDOV�WR�VRPH�H[WHQW�ZLWK�WKH�SUREOHPV�RI�ELDV

LQ�WKH�VDPSOH��7KLV�LV�UDQGRP�ZDON�VDPSOLQJ�>��������@��,Q�WKLV�PHWKRG�RQH�DJDLQ�VWDUWV�ZLWK�D�VLQJOH
PHPEHU�RI�WKH�WDUJHW�FRPPXQLW\�DQG�LQWHUYLHZV�WKHP�DQG�GHWHUPLQHV�WKHLU�FRQWDFWV��7KHQ��KRZHYHU�
LQVWHDG�RI�LQWHUYLHZLQJ�DOO�RI�WKRVH�FRQWDFWV��RQH�FKRRVHV�RQH�RI�WKHP�DW�UDQGRP�DQG�LQWHUYLHZV�RQO\
WKDW�RQH�DW�WKH�QH[W�VWHS��,I�WKH�SHUVRQ�LQ�TXHVWLRQ�FDQQRW�EH�IRXQG�RU�GHFOLQHV�WR�EH�LQWHUYLHZHG��RQH
VLPSO\�FKRRVHV�DQRWKHU� FRQWDFW�� DQG� WKH�SURFHVV� LV� UHSHDWHG�� ,QLWLDOO\� LW� DSSHDUV� WKDW� WKLV�ZLOO�EH�D
PRUH�ODERULRXV�SURFHVV�WKDQ�VWDQGDUG�VQRZEDOO�VDPSOLQJ��VLQFH�RQH�VSHQGV�D�ORW�RI�WLPH�GHWHUPLQLQJ
WKH�QDPHV�RI� LQGLYLGXDOV�RQH�QHYHU� LQWHUYLHZV��EXW� WKLV� LV�QRW� WKH�FDVH�� ,Q�HLWKHU�PHWKRG�RQH�KDV� WR
GHWHUPLQH� WKH� FRQWDFWV� RI� HDFK� SHUVRQ� LQWHUYLHZHG�� VR� WKH� WRWDO� DPRXQW� RI�ZRUN� IRU� D� VDPSOH� RI� D
JLYHQ�VL]H�LV�WKH�VDPH��,W�LV�KRZHYHU�YHU\�LPSRUWDQW�WKDW�RQH�UHDOO\�GRHV�GHWHUPLQH�DOO�WKH�FRQWDFWV�RI
HDFK� LQGLYLGXDO��HYHQ� WKRXJK�PRVW�RI� WKH� WLPH�RQO\�RQH�RI� WKHP� LV�SXUVXHG��7KLV� LV�EHFDXVH� IRU� WKH
PHWKRG� WR� ZRUN� FRUUHFWO\� RQH�PXVW� PDNH� D� UDQGRP� FKRLFH� DPRQJ� WKRVH� FRQWDFWV�� IRU� H[DPSOH� E\
UROOLQJ�D�GLH��RU�VRPH�PRGHUQ�HOHFWURQLF�YHUVLRQ�WKHUHRI���7R�GR�WKLV�RQH�PXVW�NQRZ�WKH�IXOO�VHW�RI
FRQWDFWV�RQH�LV�FKRRVLQJ�EHWZHHQ�
7KH� DGYDQWDJH� RI� WKH� UDQGRP�ZDON� VDPSOLQJ� PHWKRG� LV� WKDW�� DV� VKRZQ� LQ� 6HFWLRQ� ������ WKH

DV\PSWRWLF�VDPSOLQJ�SUREDELOLW\�RI�YHUWLFHV�LQ�D�UDQGRP�ZDON�LV�VLPSO\�SURSRUWLRQDO�WR�YHUWH[�GHJUHH
�VHH�(T�� ���������:KDW¶V�PRUH�� WKH�DV\PSWRWLF� UHJLPH� LQ�VXFK�VWXGLHV� LV��XQOLNH�VQRZEDOO�VDPSOLQJ�
UHDFKHG�TXLWH�TXLFNO\�IRU�UHODWLYHO\�VPDOO�VDPSOH�VL]HV����
.QRZLQJ�WKLV��DQG�JLYHQ�WKDW�ZH�GHWHUPLQH�GHJUHH��L�H���WKH�QXPEHU�RI�FRQWDFWV�DQ�LQGLYLGXDO�KDV�

DV�D�SDUW�RI�WKH�LQWHUYLHZ�SURFHVV��ZH�FDQ�HDVLO\�FRPSHQVDWH�IRU�VDPSOLQJ�ELDV�DQG�PDNH�SRSXODWLRQ



HVWLPDWHV�RI�TXDQWLWLHV�LQ�D�ZD\�WKDW�LV��LQ�WKHRU\�DW�OHDVW��XQELDVHG��,Q�SUDFWLFH��PDQ\�VRXUFHV�RI�ELDV
UHPDLQ�� SDUWLFXODUO\� WKRVH� DVVRFLDWHG�ZLWK� SDUWLFLSDQW� VXEMHFWLYLW\�� LQDELOLW\� WR� UHFDOO� FRQWDFWV�� DQG
QRQ�SDUWLFLSDWLRQ�RI�QDPHG�FRQWDFWV��6WLOO��UDQGRP�ZDON�VDPSOLQJ�LV�D�JUHDW�LPSURYHPHQW�RQ�VWDQGDUG
VQRZEDOO� VDPSOLQJ�� DQG� VKRXOG� EH� XVHG� PRUH� WKDQ� LW� LV�� ,WV� SULQFLSDO� GLVDGYDQWDJH� LV� WKDW� LW� LV
UHODWLYHO\� VORZ�� 6LQFH� WKH� SDUWLFLSDQWV� DUH� LQWHUYLHZHG� VHULDOO\�� LQ� D� FKDLQ�� UDWKHU� WKDQ� LQ� SDUDOOHO
ZDYHV��D�VWULFW�LPSOHPHQWDWLRQ�RI�WKH�PHWKRG�FDQ�WDNH�D�ORQJ�WLPH�WR�GHYHORS�D�ODUJH�VDPSOH��2QH�FDQ
JHW�DURXQG�WKLV�REVWDFOH�WR�VRPH�H[WHQW�E\�UXQQLQJ�VHYHUDO�VKRUW�UDQGRP�ZDONV�LQ�SDUDOOHO�LQVWHDG�RI
RQH�ORQJ�RQH��EXW�WKH�ZDONV�FDQQRW�EH�WRR�VKRUW�RU�WKH\�ZLOO�QRW�UHDFK�WKH�DV\PSWRWLF�UHJLPH�LQ�ZKLFK
VDPSOLQJ�LV�SURSRUWLRQDO�WR�GHJUHH�
$QRWKHU�YDULDQW�RI�WKH�UDQGRP�ZDON�VDPSOLQJ�LGHD�LV�XVHG�WR�GHDO�ZLWK�D�GLIIHUHQW�SUREOHP��WKDW�RI

HQUROOLQJ�VWXG\�SDUWLFLSDQWV��,Q�VRPH�FDVHV�LW�LV�FRQVLGHUHG�XQHWKLFDO�WR�JHW�SDUWLFLSDQWV�WR�QDPH�WKHLU
FRQWDFWV��SDUWLFXODUO\�ZKHQ�WKH�WRSLF�RI�WKH�VWXG\�LV�RQH�RI�GXELRXV�OHJDOLW\��DQG�SHUPLVVLRQ�WR�SHUIRUP
VXFK� VWXGLHV�PD\� EH�ZLWKKHOG� E\� WKH� DXWKRULWLHV��7R� FLUFXPYHQW� WKLV� SUREOHP�RQH� FDQ�PDNH� XVH� RI
UHVSRQGHQW�GULYHQ�VDPSOLQJ� >���@��,Q� WKLV� WHFKQLTXH��SDUWLFLSDQWV�DUH�XVXDOO\�SDLG� WR� WDNH�SDUW��DQG
HQUROOPHQW�LV�DFKLHYHG�E\�KDQGLQJ�RXW�WLFNHWV�WR�LQWHUYLHZHHV��5DWKHU�WKDQ�DVNLQJ�SHRSOH�WR�QDPH�WKHLU
FRQWDFWV�� WKH� LQWHUYLHZHHV�DUH�VLPSO\� WROG� WKDW� WKH\�VKRXOG�JLYH� WKH� WLFNHWV� WR� WKHLU� IULHQGV��DQG� WKDW
ERWK� WKH\�DQG� WKH�IULHQGV�ZLOO� UHFHLYH�SD\PHQW� LI� WKH�IULHQG�EULQJV� WKH� WLFNHW� WR� WKH� LQYHVWLJDWRU�DQG
DJUHHV� WR� SDUWLFLSDWH� LQ� WKH� VXUYH\�� ,Q� WKLV� ZD\�� QR� RQH� LV� HYHU� DVNHG� WR� QDPH� QDPHV� DQG� DOO
SDUWLFLSDQWV�KDYH�DFWLYHO\�YROXQWHHUHG�WKHLU�SDUWLFLSDWLRQ��,Q�WKH�FDVH�ZKHUH�D�VLQJOH�WLFNHW�LV�JLYHQ�WR
HDFK�SDUWLFLSDQW��WKH�PHWKRG�LV�URXJKO\�HTXLYDOHQW�WR�UDQGRP�ZDON�VDPSOLQJ�DQG�VKRXOG�LQ�WKHRU\�JLYH
D� OHVV� ELDVHG� VDPSOH� WKDQ� VQRZEDOO� VDPSOLQJ� IRU� WKH� VDPH� UHDVRQV�� ,Q� SUDFWLFH�� D� QHZ� ELDV� LV
LQWURGXFHG�EHFDXVH�WKH�UHFLSLHQW�RI�WKH�WLFNHW�LV�QRW�QHFHVVDULO\�FKRVHQ�DW�UDQGRP�IURP�DQ�LQGLYLGXDO¶V
DFTXDLQWDQFHV��$OVR��WLFNHWV�IUHTXHQWO\�JHW�ORVW�RU�WKHLU�UHFLSLHQWV�GHFOLQH�WR�SDUWLFLSDWH��UHPXQHUDWLRQ
QRWZLWKVWDQGLQJ�� VR� RQH� ZRXOG� QRUPDOO\� JLYH� RXW� PRUH� WKDQ� RQH� WLFNHW� WR� HDFK� SDUWLFLSDQW�� ZKLFK
FRPSOLFDWHV�WKH�VDPSOLQJ�SURFHVV��(YHQ�VR��LW�LV�EHOLHYHG�WKDW�UHVSRQGHQW�GULYHQ�VDPSOLQJ�SURYLGHV
VXSHULRU�SRSXODWLRQ�VDPSOHV�WR�VQRZEDOO�VDPSOLQJ��DQG�LW�LV�WKH�PHWKRG�RI�FKRLFH�IRU�VWXGLHV�LQ�ZKLFK
RQH�FDQQRW�DVN�SHRSOH�WR�QDPH�WKHLU�FRQWDFWV�
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$�GHVFULSWLRQ�RI�QHWZRUNV�RI�LQIRUPDWLRQ�RU�GDWD��ZLWK�D�SDUWLFXODU�IRFXV�RQ�WKH�:RUOG�:LGH
:HE�DQG�FLWDWLRQ�QHWZRUNV

�

7+,6�&+$37(5� IRFXVHV� RQ� QHWZRUNV� RI� LQIRUPDWLRQ�� QHWZRUNV� FRQVLVWLQJ� RI� LWHPV� RI� GDWD� OLQNHG
WRJHWKHU�LQ�VRPH�ZD\��,QIRUPDWLRQ�QHWZRUNV�DUH�DOO��VR�IDU�DV�ZH�NQRZ��PDQ�PDGH��ZLWK�SHUKDSV�WKH
EHVW�NQRZQ�H[DPSOH�EHLQJ�WKH�:RUOG�:LGH�:HE��WKRXJK�PDQ\�RWKHUV�H[LVW�DQG�DUH�ZRUWK\�RI�VWXG\�
SDUWLFXODUO\�FLWDWLRQ�QHWZRUNV�RI�YDULRXV�NLQGV��7KHVH�DQG�VHYHUDO�RWKHU�W\SHV�RI�LQIRUPDWLRQ�QHWZRUNV
DUH�GLVFXVVHG�LQ�WKLV�FKDSWHU�
,Q�DGGLWLRQ�� WKHUH�DUH�VRPH�QHWZRUNV�ZKLFK�FRXOG�EH�FRQVLGHUHG�LQIRUPDWLRQ�QHWZRUNV�EXW�ZKLFK

DOVR�KDYH�VRFLDO�DVSHFWV�WR�WKHP��([DPSOHV�LQFOXGH�QHWZRUNV�RI�HPDLO�FRPPXQLFDWLRQV��QHWZRUNV�RQ
VRFLDO�QHWZRUNLQJ� ZHEVLWHV� VXFK� DV�)DFHERRN� RU�/LQNHG,Q�� DQG� QHWZRUNV� RI� ZHEORJV� DQG� RQOLQH
MRXUQDOV��7KHVH�DQG�VLPLODU�H[DPSOHV�ZHUH�GLVFXVVHG�LQ�WKH�SUHYLRXV�FKDSWHU�RQ�VRFLDO�QHWZRUNV��LQ
6HFWLRQ������EXW�WKH\�ZRXOG�KDYH�ILWWHG�SHUIHFWO\�ZHOO�LQ�WKH�SUHVHQW�FKDSWHU�DOVR��7KH�FODVVLILFDWLRQ�RI
QHWZRUNV�DV�VRFLDO�QHWZRUNV��LQIRUPDWLRQ�QHWZRUNV��DQG�VR�IRUWK�LV�D�IX]]\�RQH��DQG�WKHUH�DUH�SOHQW\�RI
H[DPSOHV�WKDW��OLNH�WKHVH��VWUDGGOH�WKH�ERXQGDULHV�
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$OWKRXJK�E\�QR�PHDQV� WKH� ILUVW� LQIRUPDWLRQ�QHWZRUN�FUHDWHG�� WKH�:RUOG�:LGH�:HE� LV�SUREDEO\� WKH
H[DPSOH�EHVW�NQRZQ�WR�PRVW�SHRSOH�DQG�D�JRRG�SODFH�WR�VWDUW�RXU�GLVFXVVLRQ�LQ�WKLV�FKDSWHU�
$V�GHVFULEHG�LQ�&KDSWHU����WKH�:HE�LV�D�QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�DUH�ZHE�SDJHV�FRQVLVWLQJ�RI

WH[W�� SLFWXUHV�� RU� RWKHU� LQIRUPDWLRQ� DQG� WKH� HGJHV� DUH� WKH�K\SHUOLQNV� WKDW� DOORZ�XV� WR�QDYLJDWH� IURP
SDJH� WR� SDJH�� 6LQFH� K\SHUOLQNV� UXQ� LQ� RQH� GLUHFWLRQ� RQO\�� WKH�:HE� LV� D� GLUHFWHG� QHWZRUN��:H� FDQ
SLFWXUH� WKH�QHWZRUN�ZLWK� DQ� DUURZ�RQ�HDFK� HGJH� LQGLFDWLQJ�ZKLFK�ZD\� LW� UXQV��6RPH�SDLUV�RI�ZHE
SDJHV� DUH� FRQQHFWHG� E\� K\SHUOLQNV� UXQQLQJ� LQ� ERWK� GLUHFWLRQV�� ZKLFK� FDQ� EH� UHSUHVHQWHG� E\� WZR
GLUHFWHG�HGJHV��RQH�LQ�HDFK�GLUHFWLRQ�EHWZHHQ�WKH�FRUUHVSRQGLQJ�YHUWLFHV��)LJXUH�����VKRZV�D�SLFWXUH
RI�D�VPDOO�SRUWLRQ�RI�WKH�:HE�QHWZRUN��UHSUHVHQWLQJ�WKH�FRQQHFWLRQV�EHWZHHQ�D�VHW�RI�ZHE�SDJHV�RQ�D
VLQJOH�ZHEVLWH�

�

)LJXUH������$�QHWZRUN�RI�SDJHV� RQ�D� FRUSRUDWH�ZHEVLWH� � 7KH� YHUWLFHV� LQ� WKLV� QHWZRUN� UHSUHVHQW
SDJHV�RQ�D�ZHEVLWH�DQG�WKH�GLUHFWHG�HGJHV�EHWZHHQ�WKHP�UHSUHVHQW�K\SHUOLQNV�
�
�
7KH�:RUOG�:LGH�:HE�ZDV� LQYHQWHG� LQ� WKH�����V�E\�VFLHQWLVWV�DW� WKH�&(51�KLJK�HQHUJ\�SK\VLFV

ODERUDWRU\�LQ�*HQHYD�DV�D�PHDQV�RI�H[FKDQJLQJ�LQIRUPDWLRQ�DPRQJ�WKHPVHOYHV�DQG�WKHLU�FRZRUNHUV�
EXW�LW�UDSLGO\�EHFDPH�FOHDU�WKDW�LWV�SRWHQWLDO�ZDV�PXFK�JUHDWHU�>���@��$W�WKDW�WLPH�WKHUH�ZHUH�VHYHUDO



VLPLODU�LGHDV�FRPSHWLQJ�IRU�GRPLQDQFH�RI�WKH�UDSLGO\�JURZLQJ�,QWHUQHW��EXW�WKH�:HE�ZRQ�WKH�EDWWOH�
ODUJHO\�EHFDXVH�LWV�LQYHQWRUV�GHFLGHG�WR�JLYH�DZD\�IRU�IUHH�WKH�VRIWZDUH�WHFKQRORJLHV�RQ�ZKLFK�LW�ZDV
EDVHG²WKH�+\SHUWH[W�0DUNXS�/DQJXDJH� �+70/�� XVHG� WR� VSHFLI\� WKH� DSSHDUDQFH� RI� SDJHV� DQG� WKH
+\SHUWH[W� 7UDQVSRUW� 3URWRFRO� �+773�� XVHG� WR� WUDQVPLW� SDJHV� RYHU� WKH� ,QWHUQHW�� 7KH� :HE¶V
H[WUDRUGLQDU\�ULVH�LV�QRZ�D�IDPLOLDU�VWRU\�DQG�PRVW�RI�XV�XVH�LWV�IDFLOLWLHV�DW�OHDVW�RFFDVLRQDOO\��DQG�LQ
VRPH�FDVHV�GDLO\��$�FUXGH�HVWLPDWH�RI�WKH�QXPEHU�RI�SDJHV�RQ�WKH�:HE�SXWV�WKDW�QXPEHU�DW�RYHU���
ELOOLRQ� DW� WKH� WLPH� RI� WKH�ZULWLQJ� RI� WKLV� ERRN���� 7KH� QHWZRUN� VWUXFWXUH� RI� WKH�:HE� KDV� RQO\� EHHQ
VWXGLHG�LQ�GHWDLO�UHODWLYHO\�UHFHQWO\�KRZHYHU�

�

)LJXUH������7KH�RSHUDWLRQ�RI�D�ZHE�FUDZOHU� �$�ZHE�FUDZOHU�LWHUDWLYHO\�GRZQORDGV�SDJHV�IURP�WKH
:HE��VWDUWLQJ�IURP�D�JLYHQ�LQLWLDO�SDJH��85/V�DUH�FRSLHG�IURP�WKH�OLQN�WDJV�LQ�WKDW�LQLWLDO�SDJH�LQWR�D
VWRUH��2QFH�DOO�OLQNV�KDYH�EHHQ�FRSLHG�IURP�WKH�LQLWLDO�SDJH��WKH�FUDZOHU�WDNHV�D�85/�IURP�WKH�VWRUH
DQG�GRZQORDGV�WKH�FRUUHVSRQGLQJ�SDJH��WKHQ�FRSLHV�OLQNV�IURP�WKDW��DQG�VR�RQ�
�
�

%UHDGWK�ILUVW�VHDUFK�LV�GLVFXVVHG�DW�OHQJWK�LQ�6HFWLRQ������
�
7KH�VWUXFWXUH�RI�WKH�:HE�FDQ�EH�PHDVXUHG�XVLQJ�D�FUDZOHU��D�FRPSXWHU�SURJUDP�WKDW�DXWRPDWLFDOO\

VXUIV�WKH�:HE�ORRNLQJ�IRU�SDJHV��,Q�LWV�VLPSOHVW�IRUP��WKH�FUDZOHU�SHUIRUPV�D�VR�FDOOHG�EUHDGWK�ILUVW
VHDUFK�RQ�WKH�:HE�QHWZRUN��DV�VKRZQ�VFKHPDWLFDOO\�LQ�)LJ�������2QH�VWDUWV�IURP�DQ\�LQLWLDO�ZHE�SDJH�
GRZQORDGV�WKH�WH[W�RI�WKDW�SDJH�RYHU�WKH�,QWHUQHW��DQG�ILQGV�DOO�WKH�OLQNV�LQ�WKH�WH[W��)XQFWLRQDOO\��D�OLQN
FRQVLVWV� RI� DQ� LGHQWLI\LQJ� ³WDJ´²D� VKRUW� SLHFH� RI� WH[W� PDUNLQJ� WKH� OLQN� DV� D� OLQN²DQG� D�8QLIRUP
5HVRXUFH�/RFDWRU�RU�85/��D�VWDQGDUGL]HG�FRPSXWHU�DGGUHVV�WKDW�VD\V�KRZ�DQG�ZKHUH�WKH�OLQNHG�ZHE
SDJH�FDQ�EH�IRXQG��%\�VFDQQLQJ�IRU�WKH�WDJV�DQG�WKHQ�FRS\LQJ�WKH�DGMDFHQW�85/V�D�ZHE�FUDZOHU�FDQ
UDSLGO\�H[WUDFW�85/V�IRU�DOO�WKH�OLQNV�RQ�D�ZHE�SDJH��VWRULQJ�WKHP�LQ�PHPRU\�RU�RQ�D�GLVN�GULYH��:KHQ



LW� LV�GRQH�ZLWK� WKH�FXUUHQW�SDJH�� LW� UHPRYHV�RQH�RI� WKH�85/V�IURP�LWV�VWRUH��XVHV� LW� WR� ORFDWH�D�QHZ
SDJH�RQ�WKH�:HE��DQG�GRZQORDGV�WKH�WH[W�RI�WKDW�SDJH��DQG�VR�WKH�SURFHVV�UHSHDWV��,I�DW�DQ\�SRLQW�WKH
FUDZOHU�HQFRXQWHUV�D�85/�WKDW�LV�WKH�VDPH�DV�RQH�DOUHDG\�LQ�LWV�VWRUH��WKHQ�WKDW�85/�LV�LJQRUHG�DQG�QRW
DGGHG�WR�WKH�VWRUH�DJDLQ��WR�DYRLG�GXSOLFDWH�HQWULHV��2QO\�85/V�WKDW�DUH�GLIIHUHQW�IURP�DOO�WKRVH�VHHQ
EHIRUH�DUH�DGGHG�WR�WKH�VWRUH�
%\�UHSHDWLQJ�WKH�SURFHVV�RI�GRZQORDGLQJ�DQG�85/�H[WUDFWLRQ�IRU�D�VXLWDEO\�ORQJ�SHULRG�RI�WLPH�RQH

FDQ�ILQG�D�VLJQLILFDQW�SRUWLRQ�RI�WKH�SDJHV�RQ�WKH�HQWLUH�:HE��,Q�SUDFWLFH��KRZHYHU��QR�ZHE�FUDZOHU
DFWXDOO\�ILQGV�DOO�WKH�SDJHV�RQ�WKH�:HE��7KHUH�DUH�D�QXPEHU�RI�UHDVRQV�IRU�WKLV��)LUVW��VRPH�ZHEVLWHV
IRUELG� FUDZOHUV� WR� FUDZO� WKHLU� SDJHV�� :HEVLWHV� FDQ� SODFH� D� ILOH� FDOOHG� URERWV� �� W[W� LQ� WKHLU� URRW
GLUHFWRU\�WKDW�VSHFLILHV�ZKLFK�ILOHV��LI�DQ\��FUDZOHUV�FDQ�ORRN�DW�DQG�PD\�RSWLRQDOO\�VSHFLI\�WKDW�VRPH
FUDZOHUV�DUH�DOORZHG�WR�ORRN�DW�ILOHV�ZKLOH�RWKHUV�DUH�QRW��&RPSOLDQFH�ZLWK�WKH�UHVWULFWLRQV�VSHFLILHG
LQ�D�URERWV���W[W�ILOH�LV�YROXQWDU\��EXW�LQ�SUDFWLFH�PDQ\�FUDZOHUV�GR�FRPSO\�
6HFRQG��PDQ\�SDJHV�RQ�WKH�:HE�DUH�G\QDPLFDOO\�JHQHUDWHG��WKH\�DUH�FUHDWHG�RQ�WKH�IO\�E\�VSHFLDO

VRIWZDUH� XVLQJ�� IRU� LQVWDQFH�� GDWD� IURP� D� GDWDEDVH��0DQ\� FRUSRUDWH�ZHEVLWHV�� DV�ZHOO� DV� WKH�ZHE
SDJHV� JHQHUDWHG� E\� VHDUFK� HQJLQHV� RU� GLUHFWRU\� VHUYLFHV�� IDOO� LQWR� WKLV� FDWHJRU\�� 7KH� QXPEHU� RI
SRVVLEOH�ZHE�SDJHV�WKDW�FDQ�EH�GLVSOD\HG�DV�D�UHVXOW�RI�D�VHDUFK�XVLQJ�WKH�*RRJOH�VHDUFK�HQJLQH��IRU
H[DPSOH��LV�VR�ODUJH�DV�WR�EH�HIIHFWLYHO\�LQILQLWH��LW�ZRXOG�QRW�EH�SRVVLEOH��RU�VHQVLEOH��IRU�D�FUDZOHU
WR�FUDZO�DOO�RI�WKHVH�SDJHV��7KH�FUDZOHU�WKHUHIRUH�KDV�WR�PDNH�VRPH�FKRLFH�DERXW�ZKDW�FRXQWV�DV�D
ZHE�SDJH�DQG�ZKDW�GRHV�QRW��2QH�FKRLFH�ZRXOG�EH�WR�UHVWULFW�RQHVHOI�WR�VWDWLF�ZHE�SDJHV²RQHV�WKDW
DUH�QRW�JHQHUDWHG�RQ� WKH�IO\��%XW� LW¶V�QRW�DOZD\V�VLPSOH� WR� WHOO�ZKLFK�SDJHV�DUH�VWDWLF��DQG�EHVLGHV�
PXFK�XVHIXO� LQIRUPDWLRQ� UHVLGHV� LQ� WKH�G\QDPLF�SDJHV�� ,Q�SUDFWLFH�� WKH�GHFLVLRQV�PDGH�E\�FUDZOHUV
DERXW�ZKLFK�SDJHV�WR�LQFOXGH�WHQG�WR�EH�IDLUO\�DUELWUDU\��DQG�LW�LV�QRW�HDV\�WR�JXHVV�ZKLFK�SDJHV�ZLOO
EH�LQFOXGHG�LQ�D�FUDZO�DQG�ZKLFK�ZLOO�QRW��%XW�RQH�FDQ�VD\�ZLWK�FHUWDLQW\�WKDW�PDQ\�ZLOO�QRW�DQG�LQ
WKLV�VHQVH�WKH�FUDZO�LV�DOZD\V�LQFRPSOHWH�
+RZHYHU��SHUKDSV� WKH�PRVW� LPSRUWDQW� UHDVRQ�ZK\�ZHE�FUDZOV�GR�QRW� UHDFK�DOO� WKH�SDJHV�RQ� WKH

:HE�LV�WKDW�WKH�QHWZRUN�VWUXFWXUH�RI�WKH�:HE�GRHV�QRW�DOORZ�LW��6LQFH�WKH�:HE�LV�D�GLUHFWHG�QHWZRUN�
QRW�DOO�SDJHV�DUH�UHDFKDEOH�IURP�D�JLYHQ�VWDUWLQJ�SRLQW��,Q�SDUWLFXODU��LW�LV�FOHDU�WKDW�SDJHV�WKDW�KDYH�QR
LQFRPLQJ� K\SHUOLQNV²SDJHV� WKDW� QR� RQH� OLQNV� WR²FDQ� QHYHU� EH� IRXQG� E\� D� FUDZOHU� WKDW� EOLQGO\
IROORZV�OLQNV��7DNLQJ�WKDW�LGHD�RQH�VWHS�IXUWKHU��LW�LV�DOVR�WKH�FDVH�WKDW�D�SDJH�ZLOO�QHYHU�EH�IRXQG�LI�LW
LV�RQO\�OLQNHG�WR�E\�SDJHV�WKDW�WKHPVHOYHV�KDYH�QR�LQFRPLQJ�OLQNV��$QG�VR�IRUWK��,Q�IDFW��WKH�:HE��DQG
GLUHFWHG�QHWZRUNV�LQ�JHQHUDO��KDYH�D�VSHFLDO�³FRPSRQHQW´�VWUXFWXUH��ZKLFK�ZH�ZLOO�H[DPLQH�LQ�GHWDLO
LQ�6HFWLRQ���������DQG�PRVW�FUDZOHUV�RQO\�ILQG�RQH�SDUW�RI�WKDW�VWUXFWXUH��WKH�³JLDQW�RXW�FRPSRQHQW�´�,Q
WKH� FDVH� RI� WKH�:RUOG�:LGH�:HE� WKH� JLDQW� RXW�FRPSRQHQW� FRQVWLWXWHV� RQO\� DERXW� D� KDOI� RI� DOO�ZHE
SDJHV�DQG�WKH�RWKHU�KDOI�RI�WKH�:HE�LV�XQUHDFKDEOH���
$OWKRXJK�ZH�DUH�LQWHUHVWHG�LQ�ZHE�FUDZOHUV�DV�D�WRRO�IRU�SURELQJ�WKH�VWUXFWXUH�RI�WKH�:HE�VR�WKDW

ZH�FDQ�VWXG\�LWV�QHWZRUN�SURSHUWLHV��WKLV�LV�QRW�WKHLU�PDLQ�SXUSRVH��7KH�SULPDU\�XVH�RI�ZHE�FUDZOHUV
LV� WR� FRQVWUXFW� GLUHFWRULHV� RI�ZHE� SDJHV� IRU� VHDUFK� SXUSRVHV��:HE� VHDUFK� HQJLQHV� VXFK� DV�*RRJOH
LQGXOJH� LQ�ZHE� FUDZOLQJ� RQ� D�PDVVLYH� VFDOH� WR� ILQG�ZHE� SDJHV�� SDUVH� WKHLU� FRQWHQW�� DQG� FRQVWUXFW
LQGH[HV� RI� WKH�ZRUGV� DQG� SLFWXUHV� WKH\� FRQWDLQ� WKDW� FDQ� ODWHU� EH� VHDUFKHG� RIIOLQH� E\� IDVW� GDWDEDVH
HQJLQHV�WR�ILQG�SDJHV�RI�LQWHUHVW�WR�VHDUFKHUV��%HFDXVH�WKHLU�SULPDU\�LQWHUHVW�LV�LQ�LQGH[LQJ��UDWKHU�WKDQ
LQ�UHFRQVWUXFWLQJ�WKH�QHWZRUN�VWUXFWXUH�RI�WKH�:HE��VHDUFK�HQJLQH�FRPSDQLHV�GRQ¶W�KDYH�DQ\�SDUWLFXODU
UHDVRQ�WR�WDNH�D�JRRG�VWDWLVWLFDO�VDPSOH�RI�WKH�:HE�DQG�LQ�QHWZRUN�WHUPV�WKHLU�FUDZOV�DUH�SUREDEO\
TXLWH�ELDVHG��6WLOO��PDQ\�RI�WKHP�KDYH�JUDFLRXVO\�PDGH�WKHLU�GDWD�DYDLODEOH�WR�DFDGHPLF�UHVHDUFKHUV
LQWHUHVWHG�LQ�ZHE�VWUXFWXUH��DQG�WKH�GDWD�DUH�JRRG�HQRXJK�WR�JLYH�XV�D�URXJK�SLFWXUH�RI�ZKDW�LV�JRLQJ
RQ��:H�ZLOO�VWXG\�D�YDULHW\�RI�IHDWXUHV�RI�WKH�:HE�QHWZRUN�LQ�VXEVHTXHQW�FKDSWHUV�



:HE�VHDUFKLQJ��ZKLFK�LWVHOI�UDLVHV�VRPH�LQWHUHVWLQJ�QHWZRUN�TXHVWLRQV��LV�GLVFXVVHG�LQ�6HFWLRQ
�����

�
,W� LVQ¶W� HQWLUHO\�QHFHVVDU\� WKDW�ZH� UHO\�RQ� VHDUFK� HQJLQH� FRPSDQLHV�RU�RWKHU�ZHE�HQWHUSULVHV� IRU

GDWD�RQ�WKH�VWUXFWXUH�RI�WKH�:HE��2QH�FDQ�DOVR�SHUIRUP�RQH¶V�RZQ�ZHE�FUDZOV��7KHUH�DUH�D�QXPEHU�RI
H[FHOOHQW�ZHE�FUDZOHUV�DYDLODEOH�IRU�IUHH��LQFOXGLQJ�ZJHW��1XWFK��*58%��/DUELQ��:HE63+,1;��DQG
KW���'LJ��:KLOH� PRVW� RI� XV� GRQ¶W� KDYH� WKH� WLPH� DQG� QHWZRUN� EDQGZLGWK� WR� FUDZO� ELOOLRQV� RI� ZHE
SDJHV�� WKHVH� SURJUDPV� FDQ� EH� XVHIXO� IRU� FUDZOLQJ� VLQJOH� ZHEVLWHV�� DQG� PXFK� XVHIXO� LQVLJKW� DQG
LQIRUPDWLRQ�FDQ�EH�DFTXLUHG�E\�GRLQJ�VR�
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�

$�OHVV�ZHOO�NQRZQ�EXW�PXFK�ROGHU�LQIRUPDWLRQ�QHWZRUN�LV�WKH�QHWZRUN�RI�FLWDWLRQV�EHWZHHQ�DFDGHPLF
SDSHUV��0RVW�SDSHUV�UHIHU�WR�RQH�RU�PRUH�RWKHU�SUHYLRXV�SDSHUV��XVXDOO\�LQ�D�ELEOLRJUDSK\�DW�WKH�HQG
RI�WKH�SDSHU��DQG�RQH�FDQ�FRQVWUXFW�D�QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�DUH�SDSHUV�DQG�WKHUH�LV�D�GLUHFWHG
HGJH�IURP�SDSHU�$�WR�SDSHU�%�LI�$�FLWHV�%�LQ�LWV�ELEOLRJUDSK\��7KHUH�DUH�PDQ\�UHDVRQV�ZK\�RQH�SDSHU
PLJKW�FLWH�DQRWKHU²WR�SRLQW�RXW�LQIRUPDWLRQ�WKDW�PD\�EH�XVHIXO�WR�WKH�UHDGHU��WR�JLYH�FUHGLW�IRU�SULRU
ZRUN��WR�LQGLFDWH�LQIOXHQFHV�RQ�FXUUHQW�ZRUN��RU�WR�GLVDJUHH�ZLWK�WKH�FRQWHQW�RI�D�SDSHU��,Q�JHQHUDO�
KRZHYHU��LI�RQH�SDSHU�FLWHV�DQRWKHU�LW�LV�XVXDOO\�DQ�LQGLFDWLRQ�WKDW�WKH�FRQWHQWV�RI�WKH�HDUOLHU�SDSHU�DUH
UHOHYDQW� LQ� VRPH� ZD\� WR� WKRVH� RI� WKH� ODWHU� RQH�� DQG� KHQFH� FLWDWLRQ� QHWZRUNV� DUH� QHWZRUNV� RI
UHODWHGQHVV�RI�VXEMHFW�PDWWHU�
4XDQWLWDWLYH�VWXGLHV�RI�FLWDWLRQ�QHWZRUNV�JR�EDFN�WR�WKH�����V��7KH�HDUOLHVW�VHHPV�WR�EH�WKH�����

VWXG\� E\� 3ULFH� >���@� �ZKLFK� LV� DOVR� WKH� HDUOLHVW� VWXG\� ZH� NQRZ� RI� WR� ILQG� D� ³SRZHU�ODZ� GHJUHH
GLVWULEXWLRQ�´�RI�ZKLFK�ZH�WDON�LQ�GHWDLO� LQ�6HFWLRQ�������6WXGLHV�VXFK�DV� WKLV�XVXDOO\�IDOO�ZLWKLQ�WKH
ILHOG� IRUPHUO\� NQRZQ� DV� ³OLEUDU\� VFLHQFH´� EXW� QRZ�PRUH� RIWHQ� FDOOHG� ³LQIRUPDWLRQ� VFLHQFH�´� 7KH
EUDQFK� RI� LQIRUPDWLRQ� VFLHQFH� GHDOLQJ� VSHFLILFDOO\� ZLWK� WKH� VWDWLVWLFDO� VWXG\� RI� SXEOLFDWLRQV� DQG
FLWDWLRQV�LV�FDOOHG�ELEOLRPHWULFV�
7KH�PRVW�FRPPRQ�ZD\�WR�DVVHPEOH�FLWDWLRQ�GDWD�LV�WR�GR�LW�E\�KDQG��VLPSO\�W\SLQJ�LQ�DOO�WKH�HQWULHV

LQ�WKH�ELEOLRJUDSKLHV�RI�SDSHUV�WR�FUHDWH�D�GDWDEDVH�WKDW�FDQ�WKHQ�EH�XVHG�WR�DVVHPEOH�WKH�QHWZRUN��,Q
WKH�����V�ZKHQ�3ULFH�FDUULHG�RXW�KLV� VWXG\�� VXFK�GDWDEDVHV�ZHUH� MXVW� VWDUWLQJ� WR�EH�FUHDWHG�DQG�KH
PDGH�XVH�RI�DQ�HDUO\�YHUVLRQ�RI�ZKDW�ZRXOG� ODWHU�EHFRPH� WKH�6FLHQFH�&LWDWLRQ� ,QGH[��7KH�6FLHQFH
&LWDWLRQ�,QGH[��DORQJ�ZLWK�LWV�VLVWHU�SXEOLFDWLRQV��WKH�6RFLDO�6FLHQFH�&LWDWLRQ�,QGH[�DQG�WKH�$UWV�DQG
+XPDQLWLHV�&LWDWLRQ�,QGH[��LV�QRZ�RQH�RI�WKH�SULPDU\�DQG�PRVW�ZLGHO\�XVHG�VRXUFHV�RI�FLWDWLRQ�GDWD�
$QRWKHU� GDWDEDVH�� 6FRSXV�� SURYLGHV� D� FRPSHWLQJ� EXW� ODUJHO\� VLPLODU� VHUYLFH�� %RWK� DUH� KDQG�
PDLQWDLQHG� E\� SURIHVVLRQDO� VWDII� DQG� WKHLU� FRYHUDJH� RI� WKH� OLWHUDWXUH� LV� UHDVRQDEO\� FRPSOHWH� DQG
DFFXUDWH��DOWKRXJK�WKH�GDWD�DUH�DOVR�TXLWH�H[SHQVLYH�WR�SXUFKDVH��6WLOO��LI�RQH�KDV�WKH�PRQH\��FUHDWLQJ�D
FLWDWLRQ�QHWZRUN� LV�RQO\�D�PDWWHU�RI�GHFLGLQJ�ZKLFK�SDSHUV�RQH�ZLVKHV� WR� LQFOXGH��XVLQJ�RQH�RI� WKH
GDWDEDVHV�WR�ILQG�WKH�FLWDWLRQV�EHWZHHQ�WKRVH�SDSHUV��DQG�DGGLQJ�WKH�DSSURSULDWH�GLUHFWHG�HGJHV�WR�WKH
QHWZRUN�XQWLO�LW�LV�FRPSOHWH�

6HH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�ZHE�FUDZOHUV�
�
0RUH�UHFHQWO\��DXWRPDWHG�FLWDWLRQ�LQGH[LQJ�E\�FRPSXWHU�KDV�VWDUWHG�WR�EHFRPH�PRUH�FRPPRQ��)RU

LQVWDQFH�� WKH� ZHEVLWH�&LWHVHHU�� PDLQWDLQHG� E\� 3HQQV\OYDQLD� 6WDWH� 8QLYHUVLW\�� SHUIRUPV� FLWDWLRQ
LQGH[LQJ�RI�SDSHUV�LQ�FRPSXWHU�VFLHQFH�DQG�LQIRUPDWLRQ�VFLHQFH�E\�FUDZOLQJ�WKH�:HE�WR�ILQG�IUHHO\
DYDLODEOH�PDQXVFULSWV�RI�SDSHUV�LQ�HOHFWURQLF�IRUP��DQG�WKHQ�VHDUFKLQJ�WKURXJK�WKRVH�PDQXVFULSWV�WR
LGHQWLI\�FLWDWLRQV�WR�RWKHU�SDSHUV��7KLV�LV�D�VRPHZKDW�KLW�RUPLVV�RSHUDWLRQ�EHFDXVH�PDQ\�SDSHUV�DUH
QRW�RQ�WKH�:HE�RU�DUH�QRW�IUHHO\�DYDLODEOH��FLWDWLRQV�LQ�SDSHUV�KDYH�D�ZLGH�YDULHW\�RI�GLIIHUHQW�IRUPDWV
DQG�PD\�LQFOXGH�HUURUV��DQG�WKH�VDPH�SDSHU�PD\�H[LVW�LQ�PRUH�WKDQ�RQH�SODFH�RQ�WKH�:HE�DV�ZHOO�DV�LQ
MRXUQDOV�RU�ERRNV��DQG�SRVVLEO\�LQ�PRUH�WKDQ�RQH�GLIIHUHQW�YHUVLRQ��1RQHWKHOHVV��HQRXJK�SURJUHVV�KDV
EHHQ�PDGH�IRU�&LWHVHHU�WR�EHFRPH�D�XVHIXO�WRRO�LQ�WKH�FRPSXWHU�VFLHQFH�FRPPXQLW\��2WKHU�DXWRPDWLF
FLWDWLRQ�LQGH[LQJ�SURMHFWV�LQFOXGH�&LWHEDVH��ZKLFK�LQGH[HV�SK\VLFV�SDSHUV��DQG�*RRJOH�6FKRODU�



$V�ZLWK�ZHE�FUDZOV��WKH�SULPDU\�SXUSRVH�RI�FLWDWLRQ�LQGH[HV�LV�QRW�WR�DOORZ�XV�WR�VWXG\�WKH�QHWZRUN
VWUXFWXUH�RI�FLWDWLRQ��&LWDWLRQ�LQGH[HV�DUH�SULPDULO\�UHVHDUFK�WRROV�WKDW�DOORZ�UHVHDUFKHUV�WR�GLVFRYHU
E\�ZKRP�D�SDSHU�KDV�EHHQ�FLWHG��DQG�KHQFH�WR�ILQG�UHVHDUFK�UHODWHG�WR�D�WRSLF�RI�LQWHUHVW��1RQHWKHOHVV�
GDWD� IURP�FLWDWLRQ� LQGLFHV�KDYH�EHHQ�ZLGHO\�XVHG� WR� UHFRQVWUXFW� WKH�XQGHUO\LQJ�QHWZRUNV� DQG� VWXG\
WKHLU�SURSHUWLHV�
&LWDWLRQ�QHWZRUNV�DUH�LQ�PDQ\�ZD\V�VLPLODU�WR�WKH�:RUOG�:LGH�:HE��7KH�YHUWLFHV�RI�WKH�QHWZRUN

KROG�LQIRUPDWLRQ�LQ�WKH�IRUP�RI�WH[W�DQG�SLFWXUHV��MXVW�DV�ZHE�SDJHV�GR��DQG�WKH�OLQNV�IURP�RQH�SDSHU
WR� DQRWKHU� SOD\� D� UROH� VLPLODU� WR� K\SHUOLQNV� RQ� ZHE� SDJHV�� DOHUWLQJ� WKH� UHDGHU� ZKHQ� LQIRUPDWLRQ
UHOHYDQW� WR� WKH� WRSLF� RI� RQH� SDSHU� FDQ�EH� IRXQG� LQ� DQRWKHU���� 3DSHUV�ZLWK�PDQ\� FLWDWLRQV� DUH� RIWHQ
PRUH�LQIOXHQWLDO�DQG�ZLGHO\�UHDG�WKDQ�WKRVH�ZLWK�IHZ��MXVW�DV�LV�WKH�FDVH�ZLWK�ZHE�SDJHV��DQG�RQH�FDQ
³VXUI� ´� WKH� FLWDWLRQ� QHWZRUN� E\� IROORZLQJ� D� VXFFHVVLRQ� RI� FLWDWLRQV� IURP� SDSHU� WR� SDSHU� MXVW� DV
FRPSXWHU�XVHUV�VXUI�WKH�:HE�

$F\FOLF�QHWZRUNV�DUH�GLVFXVVHG�IXUWKHU�LQ�6HFWLRQ�������
�
7KHUH� LV��KRZHYHU�� DW� OHDVW�RQH� LPSRUWDQW�GLIIHUHQFH�EHWZHHQ�D�FLWDWLRQ�QHWZRUN�DQG� WKH�:HE��D

FLWDWLRQ�QHWZRUN� LV�DF\FOLF��ZKLOH� WKH�:HE�LV�QRW��$Q�DF\FOLF�QHWZRUN�LV�RQH� LQ�ZKLFK�WKHUH�DUH�QR
FORVHG� ORRSV� RI� GLUHFWHG� HGJHV�� 2Q� WKH� :RUOG� :LGH� :HE�� LW� LV� HQWLUHO\� SRVVLEOH� WR� IROORZ� D
VXFFHVVLRQ�RI�K\SHUOLQNV�DQG�HQG�XS�EDFN�DW�WKH�SDJH�\RX�VWDUWHG�DW��,QGHHG�WKLV�KDSSHQV�RIWHQ��2Q�D
FLWDWLRQ�QHWZRUN��E\�FRQWUDVW��LW�LV�HVVHQWLDOO\�LPSRVVLEOH��7KH�UHDVRQ�LV�WKDW�LQ�RUGHU�WR�FLWH�D�SDSHU�
WKDW�SDSHU�PXVW�DOUHDG\�KDYH�EHHQ�ZULWWHQ��2QH�FDQQRW�FLWH�D�SDSHU�WKDW�GRHVQ¶W�H[LVW�\HW��7KXV�DOO�WKH
GLUHFWHG�HGJHV�LQ�D�FLWDWLRQ�QHWZRUN�SRLQW�EDFNZDUG�LQ�WLPH��IURP�QHZHU�SDSHUV�WR�ROGHU�RQHV��,I�ZH
IROORZ�D�SDWK�RI�VXFK�HGJHV�IURP�SDSHU�WR�SDSHU��ZH�ZLOO�WKHUHIRUH�ILQG�RXUVHOYHV�JRLQJ�EDFNZDUG�LQ
WLPH��EXW�WKHUH�LV�QR�ZD\�WR�JR�IRUZDUG�DJDLQ��VR�ZH�FDQQRW�FORVH�WKH�ORRS�DQG�UHWXUQ�WR�ZKHUH�ZH
VWDUWHG���

6HH�)LJ������IRU�DQ�LOOXVWUDWLRQ�RI�D�VPDOO�DF\FOLF�QHWZRUN�
�
&LWDWLRQ�QHWZRUNV�KDYH�VRPH�VXUSULVLQJ�VWDWLVWLFV��$ERXW�����RI�DOO�SDSHUV�LQ�WKH�6FLHQFH�&LWDWLRQ

,QGH[�KDYH�QHYHU�EHHQ�FLWHG�DW�DOO��2I�WKH�UHPDLQGHU�����KDYH�RQH�FLWDWLRQ�����KDYH�WZR��DQG�LW�JRHV
GRZQ�TXLFNO\�DIWHU�WKDW��2QO\�����RI�DOO�SDSHUV�KDYH����RU�PRUH�FLWDWLRQV��DQG�MXVW����KDYH�����RU
PRUH�� 7KHVH� ILJXUHV� DUH� D� FRQVHTXHQFH� RI� WKH� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQ� RI� WKH� QHWZRUN
PHQWLRQHG�DERYH�DQG�GLVFXVVHG�PRUH�LQ�6HFWLRQ�����
7KH�PRVW�KLJKO\�FLWHG�SDSHU�LQ�WKH�6FLHQFH�&LWDWLRQ�,QGH[�LV�D�SDSHU�E\�/RZU\�HW�DO��>���@��ZKLFK

KDV�EHHQ�FLWHG�PRUH� WKDQ�D�TXDUWHU�RI�D�PLOOLRQ� WLPHV����/LNH�PRVW�YHU\�KLJKO\�FLWHG�SDSHUV�� LW� LV�D
PHWKRGRORJLFDO�SDSHU�LQ�PROHFXODU�ELRORJ\�
&LWDWLRQ�QHWZRUNV�RI�WKH�W\SH�GHVFULEHG�VR�IDU�DUH�WKH�VLPSOHVW�EXW�QRW�WKH�RQO\�SRVVLEOH�QHWZRUN

UHSUHVHQWDWLRQ�RI�FLWDWLRQ�SDWWHUQV��$Q�DOWHUQDWLYH�DQG�ZLGHO\�VWXGLHG�UHSUHVHQWDWLRQ�LV�WKH�FRFLWDWLRQ
QHWZRUN��7ZR�SDSHUV�DUH�VDLG�WR�EH�FRFLWHG�LI�WKH\�DUH�ERWK�FLWHG�E\�WKH�VDPH�WKLUG�SDSHU��&RFLWDWLRQ
LV�RIWHQ�WDNHQ�DV�DQ�LQGLFDWRU�WKDW�SDSHUV�GHDO�ZLWK�UHODWHG�WRSLFV�DQG�WKHUH�LV�JRRG�HYLGHQFH�WKDW�WKLV
LV�D�UHDVRQDEOH�DVVXPSWLRQ�LQ�PDQ\�FDVHV�
$�FRFLWDWLRQ�QHWZRUN�LV�D�QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�UHSUHVHQW�SDSHUV�DQG�WKH�HGJHV�UHSUHVHQW

FRFLWDWLRQ�RI�SDLUV�RI�SDSHUV��%\�FRQWUDVW�ZLWK�RUGLQDU\�FLWDWLRQ�QHWZRUNV�� WKH�HGJHV� LQ�D�FRFLWDWLRQ
QHWZRUN�DUH�QRUPDOO\�FRQVLGHUHG�XQGLUHFWHG�� VLQFH�FRFLWDWLRQ� LV� D� V\PPHWULF� UHODWLRQVKLS��2QH�FDQ
DOVR�GHILQH�D�VWUHQJWK�IRU�WKH�FRFLWDWLRQ�EHWZHHQ�WZR�SDSHUV�DV�WKH�QXPEHU�RI�RWKHU�SDSHUV�WKDW�FLWH



ERWK�DQG�RQH�FDQ�FUHDWH�ZHLJKWHG�FRFLWDWLRQ�QHWZRUNV�LQ�ZKLFK�WKH�VWUHQJWKV�RI�WKH�HGJHV�DUH�HTXDO�WR
WKLV�FRFLWDWLRQ�VWUHQJWK�
$QRWKHU� UHODWHG� FRQFHSW�� DOWKRXJK� RQH� WKDW� LV� OHVV� RIWHQ� XVHG�� LV�ELEOLRJUDSKLF� FRXSOLQJ�� 7ZR

SDSHUV�DUH�VDLG�WR�EH�ELEOLRJUDSKLFDOO\�FRXSOHG�LI�WKH\�FLWH�WKH�VDPH�RWKHU�SDSHUV��UDWKHU�WKDQ�EHLQJ
FLWHG�E\�WKH�VDPH�SDSHUV���%LEOLRJUDSKLF�FRXSOLQJ��OLNH�FRFLWDWLRQ��FDQ�EH�WDNHQ�DV�DQ�LQGLFDWRU�WKDW
SDSHUV�GHDO�ZLWK�UHODWHG�PDWHULDO�DQG�RQH�FDQ�GHILQH�D�VWUHQJWK�RU�ZHLJKW�RI�FRXSOLQJ�E\�WKH�QXPEHU
RI� FRPPRQ� FLWDWLRQV� EHWZHHQ� WZR� SDSHUV�� )URP� WKH� ELEOLRJUDSKLF� FRXSOLQJ� ILJXUHV� RQH� FDQ� WKHQ
DVVHPEOH�D�ELEOLRJUDSKLF�FRXSOLQJ�QHWZRUN��HLWKHU�ZHLJKWHG�RU�QRW��LQ�ZKLFK�WKH�YHUWLFHV�DUH�SDSHUV
DQG�WKH�XQGLUHFWHG�HGJHV�LQGLFDWH�ELEOLRJUDSKLF�FRXSOLQJ�
&RFLWDWLRQ�DQG�ELEOLRJUDSKLF�FRXSOLQJ�DUH�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�������
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2XU�GLVFXVVLRQV�RI�FLWDWLRQ�QHWZRUNV�KDYH�VR�IDU�IRFXVHG�RQ�FLWDWLRQV�EHWZHHQ�DFDGHPLF�SDSHUV��EXW
WKHUH�DUH�RWKHU�W\SHV�RI�FLWDWLRQ�DOVR��7ZR�RI�SDUWLFXODU�LPSRUWDQFH�DUH�FLWDWLRQV�EHWZHHQ�SDWHQWV�DQG
EHWZHHQ�OHJDO�RSLQLRQV�
3DWHQWV�DUH�WHPSRUDU\�JUDQWV�RI�RZQHUVKLS�IRU�LQYHQWLRQV��ZKLFK�JLYH�WKHLU�KROGHUV�WKH�ULJKW�WR�WDNH

OHJDO� DFWLRQ� DJDLQVW� RWKHUV�ZKR� DWWHPSW� WR�SURILW�ZLWKRXW� SHUPLVVLRQ� IURP� WKH�SURWHFWHG� LQYHQWLRQV�
7KH\�DUH�W\SLFDOO\�LVVXHG�WR�LQYHQWRUV²HLWKHU�LQGLYLGXDOV�RU�FRUSRUDWLRQV²E\�QDWLRQDO�JRYHUQPHQWV
DIWHU� D� UHYLHZ� SURFHVV� WR� GHWHUPLQH� ZKHWKHU� WKH� LQYHQWLRQ� LQ� TXHVWLRQ� LV� RULJLQDO� DQG� KDV� QRW
SUHYLRXVO\�EHHQ�LQYHQWHG�E\�VRPHRQH�HOVH��,Q�DSSO\LQJ�IRU�D�SDWHQW��DQ�LQYHQWRU�PXVW�GHVFULEH�KLV�RU
KHU� LQYHQWLRQ� LQ� VXIILFLHQW� GHWDLO� WR� PDNH� DGHTXDWH� UHYLHZ� SRVVLEOH� DQG� SUHVHQW� WKH� FDVH� WKDW� WKH
LQYHQWLRQ� LV� ZRUWK\� RI� SDWHQW� SURWHFWLRQ�� $� SDUW� RI� WKLV� FDVH� W\SLFDOO\� LQYROYHV� GHWDLOLQJ� WKH
UHODWLRQVKLS�EHWZHHQ�WKH� LQYHQWLRQ�DQG�SUHYLRXVO\�SDWHQWHG� LQYHQWLRQV��DQG� LQ�GRLQJ�VR� WKH� LQYHQWRU
ZLOO� XVXDOO\� FLWH� RQH� RU� PRUH� SUHYLRXV� SDWHQWV�� &LWDWLRQV� PD\� KLJKOLJKW� GHSHQGHQFLHV� EHWZHHQ
WHFKQRORJLHV�� VXFK� DV� RQH� LQYHQWLRQ� GHSHQGLQJ� IRU� LWV� RSHUDWLRQ� RQ� DQRWKHU�� EXW� PRUH� RIWHQ� SDWHQW
FLWDWLRQV�DUH�³GHIHQVLYH�´�PHDQLQJ�WKDW�WKH�LQYHQWRU�FLWHV�WKH�SDWHQW�IRU�D�SUHYLRXV�WHFKQRORJ\�DQG�WKHQ
SUHVHQWV�DQ�DUJXPHQW�IRU�ZK\�WKH�QHZ�WHFKQRORJ\�LV�VXIILFLHQWO\�GLIIHUHQW�IURP�WKH�ROG�RQH�WR�PHULW�LWV
RZQ� SDWHQW��*RYHUQPHQWV�� LQ� WKH� SURFHVV� RI� H[DPLQLQJ� SDWHQW� DSSOLFDWLRQV��ZLOO� URXWLQHO\� FRQVLGHU
WKHLU�VLPLODULW\�WR�SUHYLRXV�LQYHQWLRQV��DQG�GHIHQVLYH�FLWDWLRQV�DUH�RQH�ZD\�LQ�ZKLFK�DQ�LQYHQWRU�FDQ
IHQG�RII�LQ�DGYDQFH�SRVVLEOH�REMHFWLRQV�WKDW�PLJKW�EH�UDLVHG��7\SLFDOO\�WKHUH�DUH�D�QXPEHU�RI�URXQGV
RI�FRPPXQLFDWLRQ��EDFN�DQG�IRUWK�EHWZHHQ�WKH�JRYHUQPHQW�SDWHQW�H[DPLQHU�DQG�WKH�LQYHQWRU��EHIRUH�D
SDWHQW�DSSOLFDWLRQ�LV�ILQDOO\�DFFHSWHG�RU�UHMHFWHG��'XULQJ�WKLV�SURFHVV�H[WUD�FLWDWLRQV�DUH�RIWHQ�DGGHG
WR�WKH�DSSOLFDWLRQ��HLWKHU�E\�WKH�LQYHQWRU�RU�E\�WKH�H[DPLQHU��WR�GRFXPHQW�WKH�IXUWKHU�SRLQWV�GLVFXVVHG
LQ�WKHLU�FRPPXQLFDWLRQV�
,I�DQG�ZKHQ�D�SDWHQW�LV�ILQDOO\�JUDQWHG��LW�LV�SXEOLVKHG��FLWDWLRQV�DQG�DOO��VR�WKDW�WKH�SXEOLF�PD\�NQRZ

ZKLFK�WHFKQRORJLHV�KDYH�SDWHQW�SURWHFWLRQ��7KHVH�SXEOLVKHG�SDWHQWV�SURYLGH�D�VRXUFH�RI�FLWDWLRQ�GDWD
WKDW�ZH�FDQ�XVH�WR�FRQVWUXFW�QHWZRUNV�VLPLODU�WR�WKH�QHWZRUNV�IRU�FLWDWLRQV�EHWZHHQ�SDSHUV��,Q�WKHVH
QHWZRUNV�WKH�YHUWLFHV�DUH�SDWHQWV��HDFK�LGHQWLILHG�E\�D�XQLTXH�SDWHQW�QXPEHU��DQG�WKH�GLUHFWHG�HGJHV
EHWZHHQ�WKHP�DUH�FLWDWLRQV�RI�RQH�SDWHQW�E\�DQRWKHU��/LNH�DFDGHPLF�FLWDWLRQ�QHWZRUNV��SDWHQW�QHWZRUNV
DUH�PRVWO\�DF\FOLF��ZLWK�HGJHV�UXQQLQJ�IURP�PRUH�UHFHQW�SDWHQWV�WR�ROGHU�RQHV��DOWKRXJK�VKRUW�ORRSV
FDQ�DULVH�LQ�WKH�QHWZRUN�LQ�WKH�QRW�XQFRPPRQ�FDVH�WKDW�DQ�LQYHQWRU�VLPXOWDQHRXVO\�SDWHQWV�D�QXPEHU�RI
PXWXDOO\�GHSHQGHQW�WHFKQRORJLHV��7KH�VWUXFWXUH�RI�SDWHQW�QHWZRUNV�UHIOHFWV�WKH�RUJDQL]DWLRQ�RI�KXPDQ
WHFKQRORJ\�LQ�PXFK�WKH�VDPH�ZD\�WKDW�DFDGHPLF�FLWDWLRQV�UHIOHFW�WKH�VWUXFWXUH�RI�UHVHDUFK�NQRZOHGJH�
3DWHQW�QHWZRUNV�KDYH�EHHQ� VWXGLHG� IDU� OHVV� WKDQ�DFDGHPLF�FLWDWLRQ�QHWZRUNV��EXW� VWXGLHV�KDYH�EHHQ
JURZLQJ�LQ�WKH�ODVW�IHZ�\HDUV�ZLWK�WKH�DSSHDUDQFH�RI�KLJK�TXDOLW\�GDWD�VHWV��SDUWLFXODUO\�IRU�86�SDWHQWV
>���@��DQG�WKHUH�DUH�D�QXPEHU�RI�LPSRUWDQW�WHFKQRORJLFDO�DQG�OHJDO�TXHVWLRQV��IRU�LQVWDQFH�FRQFHUQLQJ
DQWLWUXVW�SROLF\��WKDW�FDQ�EH�DGGUHVVHG�E\�H[DPLQLQJ�WKHLU�VWUXFWXUH�>��@�
$QRWKHU�FODVV�RI�FLWDWLRQ�QHWZRUN�WKDW�KDV�EHJXQ�WR�DWWUDFW�DWWHQWLRQ�LQ�UHFHQW�\HDUV�LV�WKDW�RI�OHJDO

FLWDWLRQ�QHWZRUNV�� ,Q� FRXQWULHV�ZKHUH� ODZ�FDVHV� FDQ�EH�KHDUG�E\� MXGJHV� UDWKHU� WKDQ� MXULHV�� VXFK�DV
FLYLO�FDVHV�RU�DSSHDOV�LQ�(XURSH�RU�WKH�86��D�MXGJH�ZLOO�IUHTXHQWO\�LVVXH�DQ�³RSLQLRQ´�DIWHU�GHFLGLQJ�D
FDVH�� D� QDUUDWLYH� HVVD\� H[SODLQLQJ� KLV� RU� KHU� UHDVRQLQJ� DQG� FRQFOXVLRQV�� ,W� LV� FRPPRQ� SUDFWLFH� LQ
ZULWLQJ� VXFK� DQ� RSLQLRQ� WR� FLWH� SUHYLRXV� RSLQLRQV� LVVXHG� LQ� RWKHU� FDVHV� LQ� RUGHU� WR� HVWDEOLVK



SUHFHGHQW��RU�RFFDVLRQDOO\�WR�DUJXH�DJDLQVW�LW��7KXV��OLNH�DFDGHPLF�SDSHUV�DQG�SDWHQWV��OHJDO�RSLQLRQV
IRUP� D� FLWDWLRQ� QHWZRUN�� ZLWK� RSLQLRQV� EHLQJ� WKH� YHUWLFHV� DQG� FLWDWLRQV� EHLQJ� WKH� GLUHFWHG� HGJHV�
$JDLQ� WKH� QHWZRUN� LV� DSSUR[LPDWHO\� DF\FOLF�� DV�ZLWK� WKH� RWKHU� QHWZRUNV� LQ� WKLV� VHFWLRQ�� 7KH� OHJDO
SURIHVVLRQ� KDV� ORQJ�PDLQWDLQHG� LQGH[HV� RI� FLWDWLRQV� EHWZHHQ� RSLQLRQV� IRU� XVH� E\� ODZ\HUV�� MXGJHV�
VFKRODUV��DQG�RWKHUV��DQG�LQ�UHFHQW�\HDUV�WKRVH�LQGH[HV�KDYH�PDGH�WKH�MXPS�WR�HOHFWURQLF�IRUP�DQG�DUH
QRZ�DYDLODEOH�RQOLQH�� ,Q� WKH�8QLWHG�6WDWHV�� IRU� LQVWDQFH�� WZR�FRPPHUFLDO� VHUYLFHV��/H[LV1H[LV� DQG
:HVWODZ���� SURYLGH� WKRURXJK� DQG� GHWDLOHG� GDWD� RQ� OHJDO� RSLQLRQV� DQG� WKHLU� FLWDWLRQV� YLD� RQOLQH
VHUYLFHV�� ,Q� WKH� ODVW� IHZ� \HDUV� D� QXPEHU� RI� VWXGLHV� KDYH� EHHQ� SXEOLVKHG� RI� WKH� VWUXFWXUH� RI� OHJDO
FLWDWLRQ�QHWZRUNV�XVLQJ�GDWD�GHULYHG�IURP�WKHVH�VHUYLFHV�>�������������@�
,Q�SULQFLSOH�LW�ZRXOG�EH�SRVVLEOH�DOVR�WR�FRQVWUXFW�QHWZRUNV�RI�FRFLWDWLRQ�RU�ELEOLRJUDSKLF�FRXSOLQJ

EHWZHHQ�HLWKHU�SDWHQWV�RU�OHJDO�RSLQLRQV��EXW�WKH�DXWKRU�LV�QRW�DZDUH�RI�DQ\�VWXGLHV�\HW�SXEOLVKHG�RI
VXFK�QHWZRUNV�
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7KHUH�DUH�PDQ\�RWKHU�QHWZRUNV�RI�LQIRUPDWLRQ��DOWKRXJK�QRQH�KDYH�UHFHLYHG�WKH�VDPH�OHYHO�RI�VWXG\�DV
WKH�:HE�DQG�FLWDWLRQ�QHWZRUNV��,Q�WKH�UHPDLQGHU�RI�WKLV�FKDSWHU�ZH�EULHIO\�GLVFXVV�D�IHZ�H[DPSOHV�RI
RWKHU�QHWZRUNV�
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3HHU�WR�SHHU��3�3��ILOH�VKDULQJ�QHWZRUNV�KDYH�EHFRPH�SRSXODU�DQG�ZLGHVSUHDG�LQ�WKH�ODVW�GHFDGH�RU
VR��$�SHHU�WR�SHHU�QHWZRUN�LV�D�QHWZRUN�LQ�ZKLFK�WKH�QRGHV�DUH�FRPSXWHUV�FRQWDLQLQJ�LQIRUPDWLRQ�LQ
WKH�IRUP��XVXDOO\��RI�GLVFUHWH�ILOHV��DQG�WKH�HGJHV�EHWZHHQ�WKHP�DUH�YLUWXDO� OLQNV�HVWDEOLVKHG�IRU� WKH
SXUSRVH�RI�VKDULQJ�WKH�FRQWHQWV�RI�WKRVH�ILOHV��7KH�OLQNV�H[LVW�RQO\�LQ�VRIWZDUH²WKH\�LQGLFDWH�RQO\�WKH
LQWHQWLRQ�RI�RQH�FRPSXWHU�WR�FRPPXQLFDWH�ZLWK�DQRWKHU�VKRXOG�WKH�QHHG�DULVH�
3HHU�WR�SHHU�QHWZRUNV�DUH�W\SLFDOO\�XVHG�DV�D�YHKLFOH�IRU�GLVWULEXWHG�GDWDEDVHV��SDUWLFXODUO\�IRU�WKH

VWRUDJH�DQG�GLVWULEXWLRQ��RIWHQ�LOOHJDOO\��RI�PXVLF�DQG�PRYLHV��DOWKRXJK�WKHUH�DUH�VXEVWDQWLDO�OHJDO�XVHV
DV� ZHOO�� VXFK� DV� ORFDO� VKDULQJ� RI� ILOHV� RQ� FRUSRUDWH� QHWZRUNV� RU� WKH� GLVWULEXWLRQ� RI� RSHQ�VRXUFH
VRIWZDUH�� �7KH� QHWZRUN� RI� URXWHU�WR�URXWHU� FRPPXQLFDWLRQV� XVLQJ� WKH� %RUGHU� *DWHZD\� 3URWRFRO
GHVFULEHG� LQ� 6HFWLRQ� ���� LV� DQRWKHU� OHVV� REYLRXV� H[DPSOH� RI� D� OHJLWLPDWH� DQG� XVHIXO� SHHU�WR�SHHU
QHWZRUN��
7KH� SRLQW� RI� D� SHHU�WR�SHHU� QHWZRUN� LV� WKDW� GDWD� LV� WUDQVIHUUHG� GLUHFWO\� EHWZHHQ� FRPSXWHUV

EHORQJLQJ�WR�WZR�HQG�XVHUV�RI�WKH�QHWZRUN��WZR�³SHHUV�´�7KLV�FRQWUDVWV�ZLWK�WKH�PRUH�FRPPRQ�VHUYHU�
FOLHQW�PRGHO��VXFK�DV� WKDW�XVHG�E\� WKH�:RUOG�:LGH�:HE�� LQ�ZKLFK�FHQWUDO�VHUYHU�FRPSXWHUV�VXSSO\
UHTXHVWHG�GDWD�WR�D�ODUJH�QXPEHU�RI�FOLHQW�PDFKLQHV��7KH�SHHU�WR�SHHU�PRGHO�LV�IDYRUHG�SDUWLFXODUO\
IRU� LOOLFLW� VKDULQJ�RI�FRS\ULJKWHG�PDWHULDO�EHFDXVH� WKH�RZQHUV�RI�D�FHQWUDOL]HG�VHUYHU�FDQ�HDVLO\�EH
REOLJHG� WR� WXUQ� RII� WKH� VHUYHU� E\� OHJDO� RU� ODZHQIRUFHPHQW� DFWLRQ�� EXW� VXFK� DFWLRQV� DUH�PXFK�PRUH
GLIILFXOW�ZKHQ�QR�FHQWUDO�VHUYHU�H[LVWV�
2Q�PRVW�SHHU�WR�SHHU�QHWZRUNV�HDFK�FRPSXWHU�LV�KRPH�WR�VRPH�LQIRUPDWLRQ��EXW�QR�FRPSXWHU�KDV

DOO� WKH� LQIRUPDWLRQ� LQ� WKH�QHWZRUN�� ,I� WKH�XVHU�RI�D�FRPSXWHU� UHTXLUHV� LQIRUPDWLRQ�VWRUHG�RQ�DQRWKHU
FRPSXWHU�� WKDW� LQIRUPDWLRQ�FDQ�EH� WUDQVPLWWHG� VLPSO\� DQG�GLUHFWO\�RYHU� WKH� ,QWHUQHW�RU�RYHU� D� ORFDO
DUHD�QHWZRUN��7KLV�LV�D�SHHU�WR�SHHU�WUDQVIHU��EXW�QR�VSHFLDO�LQIUDVWUXFWXUH�LV�QHFHVVDU\�WR�DFFRPSOLVK
LW²VWDQGDUG� ,QWHUQHW� SURWRFROV� DUH� SHUIHFWO\� DGHTXDWH� WR� WKH� WDVN�� 7KLQJV� JHW� LQWHUHVWLQJ�� KRZHYHU�
ZKHQ�RQH�ZDQWV� WR�ILQG�ZKLFK�RWKHU�FRPSXWHU�KDV�WKH�GHVLUHG�LQIRUPDWLRQ��2QH�ZD\�WR�GR�WKDW�LV�WR
KDYH�D�FHQWUDO�VHUYHU�FRQWDLQLQJ�QRQH�RI�WKH�LQIRUPDWLRQ�EXW�MXVW�DQ�LQGH[�RI�ZKLFK�LQIRUPDWLRQ�LV�RQ
ZKLFK� FRPSXWHUV�� 6XFK� D� V\VWHP�ZDV� HPSOR\HG� E\� WKH� HDUO\� ILOH�VKDULQJ� QHWZRUN�1DSVWHU�� EXW� WKH
FHQWUDO� LQGH[� VHUYHU� LV�� RQFH� DJDLQ�� VXVFHSWLEOH� WR� OHJDO� DQG� RWKHU� FKDOOHQJHV�� DQG� VXFK� FKDOOHQJHV
ZHUH�LQ�WKH�HQG�UHVSRQVLEOH�IRU�VKXWWLQJ�1DSVWHU�GRZQ���
7R� DYRLG� WKLV� SUREOHP�� GHYHORSHUV� KDYH� WXUQHG� WR� GLVWULEXWHG� VFKHPHV� IRU� VHDUFKLQJ� DQG� WKLV� LV

ZKHUH� QHWZRUN� FRQFHSWV� FRPH� LQWR� SOD\�� $Q� LOOXVWUDWLYH� H[DPSOH� RI� D� SHHU�WR�SHHU� V\VWHP� ZLWK
GLVWULEXWHG� VHDUFK� LV� WKH�*QXWHOOD� QHWZRUN�� ZKLFK� XQGHUOLHV� D� QXPEHU� RI� SRSXODU� ILOH�VKDULQJ
SURJUDPV� LQFOXGLQJ�/LPH:LUH� DQG� WKH� QRZ�GHIXQFW�0RUSKHXV�� ,Q� WKH� VLPSOHVW� LQFDUQDWLRQ� RI� WKLV
V\VWHP��PRUH�VRSKLVWLFDWHG�RQHV�DUH�LQ�XVH�QRZ��FRPSXWHUV�IRUP�OLQNV�WR�VRPH�QXPEHU�RI�WKHLU�SHHUV
LQ�VXFK�D�ZD\�WKDW�DOO�WKH�FRPSXWHUV�IRUP�D�FRQQHFWHG�QHWZRUN��$JDLQ��D�OLQN�KHUH�LV�SXUHO\�D�VRIWZDUH
FRQVWUXFW²D�FRPSXWHU� ¶V�QHWZRUN�QHLJKERUV� LQ� WKH�SHHU�WR�SHHU�VHQVH�DUH�PHUHO\� WKRVH�RWKHUV�ZLWK
ZKLFK�LW�LQWHQGV�WR�FRPPXQLFDWH�ZKHQ�WKH�QHHG�DULVHV�
:KHQ�D�XVHU� LQVWUXFWV�KLV�RU�KHU�FRPSXWHU� WR�VHDUFK� WKH�QHWZRUN� IRU�D� VSHFLILF� ILOH� WKH�FRPSXWHU

VHQGV� RXW� D� PHVVDJH� WR� LWV� QHWZRUN� QHLJKERUV� DVNLQJ� ZKHWKHU� WKH\� KDYH� WKDW� ILOH�� ,I� WKH\� GR�� WKH\
DUUDQJH� WR� WUDQVPLW� LW� EDFN� WR� WKH� ILUVW� FRPSXWHU�� ,I� WKH\� GR� QRW�� WKH\� SDVV� WKH�PHVVDJH� RQ� WR�WKHLU
QHLJKERUV�� DQG� VR� IRUWK� XQWLO� WKH� ILOH� LV� IRXQG��$V� SRLQWHG� RXW� LQ� 6HFWLRQ� ������ ZKHUH� ZH� GLVFXVV



VHDUFK�VWUDWHJLHV�RQ�SHHU�WR�SHHU�QHWZRUNV�DW�VRPH�OHQJWK��WKLV�DOJRULWKP�ZRUNV��EXW�RQO\�RQ�UHODWLYHO\
VPDOO�QHWZRUNV��6LQFH�LW�UHTXLUHV�PHVVDJHV�WR�EH�SDVVHG�EHWZHHQ�PDQ\�FRPSXWHUV�IRU�HDFK�LQGLYLGXDO
VHDUFK��WKH�DOJRULWKP�GRHV�QRW�VFDOH�ZHOO�DV�WKH�QHWZRUN�EHFRPHV�ODUJH��WKH�YROXPH�RI�QHWZRUN�WUDIILF
HYHQWXDOO\�VZDPSLQJ�WKH�DYDLODEOH�GDWD�EDQGZLGWK��7R�JHW�DURXQG�WKLV�SUREOHP��PRGHUQ�SHHU�WR�SHHU
QHWZRUNV��LQFOXGLQJ�UHFHQW�YHUVLRQV�RI�*QXWHOOD��HPSOR\�D�WZR�WLHUHG�QHWZRUN�WRSRORJ\�RI�QRGHV�DQG
³VXSHUQRGHV�´� LQ� ZKLFK� VHDUFKHV� DUH� SHUIRUPHG� RQO\� DPRQJ� WKH� VXSHUQRGHV� DQG� RUGLQDU\� QRGHV
FRQWDFW�WKHP�GLUHFWO\�WR�UHTXHVW�VHDUFKHV�EH�SHUIRUPHG��0RUH�GHWDLOV�DUH�JLYHQ�LQ�6HFWLRQ������
6R�ZKDW�LV�WKH�VWUXFWXUH�RI�D�SHHU�WR�SHHU�QHWZRUN�OLNH"�,Q�PDQ\�FDVHV��XQIRUWXQDWHO\��QRW�D�ORW�LV

NQRZQ�VLQFH�WKH�VRIWZDUH�LV�SURSULHWDU\�DQG�LWV�RZQHUV�DUH�UHOXFWDQW�WR�VKDUH�RSHUDWLRQDO�GHWDLOV��7KH
*QXWHOOD�V\VWHP�LV�PRUH�SURPLVLQJ��EHLQJ�VR�FDOOHG�RSHQ�VRXUFH�VRIWZDUH��PHDQLQJ�WKDW�WKH�RULJLQDO
FRPSXWHU�FRGH�IRU�WKH�VRIWZDUH�DQG�WKH�VSHFLILFDWLRQ�RI�WKH�SURWRFROV�LW�XVHV�DUH�IUHHO\�DYDLODEOH��%\
H[SORLWLQJ� FHUWDLQ� GHWDLOV� RI� WKHVH� SURWRFROV�� SDUWLFXODUO\� WKH� DELOLW\� IRU� FRPSXWHUV� LQ� WKH�*QXWHOOD
QHWZRUN�WR�³SLQJ´�RQH�DQRWKHU��L�H���DVN�HDFK�RWKHU�WR�LGHQWLI\�WKHPVHOYHV���D�QXPEHU�RI�DXWKRUV�KDYH
EHHQ� DEOH� WR� GLVFRYHU� VWUXFWXUHV� IRU� *QXWHOOD� QHWZRUNV� >����� ���@�� 7KH� QHWZRUNV� DSSHDU� WR� KDYH
DSSUR[LPDWHO\�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV�DQG�LW�KDV�EHHQ�VXJJHVWHG�WKDW�WKLV�SURSHUW\�FRXOG�EH
H[SORLWHG�WR�LPSURYH�VHDUFK�SHUIRUPDQFH�>�@�



������5(&200(1'(5�1(7:25.6

�

$�W\SH�RI�LQIRUPDWLRQ�QHWZRUN�LPSRUWDQW�IRU�WHFKQRORJ\�DQG�FRPPHUFH�LV�WKH�UHFRPPHQGHU�QHWZRUN�
5HFRPPHQGHU�QHWZRUNV�UHSUHVHQW�SHRSOH¶V�SUHIHUHQFHV�IRU�WKLQJV��VXFK�DV�IRU�FHUWDLQ�SURGXFWV�VROG
E\�D�UHWDLOHU��2QOLQH�PHUFKDQWV��IRU�LQVWDQFH��XVXDOO\�NHHS�UHFRUGV�RI�ZKLFK�FXVWRPHUV�ERXJKW�ZKLFK
SURGXFWV� DQG� VRPHWLPHV� DVN� WKHP�ZKHWKHU� WKH\� OLNHG� WKH� SURGXFWV� RU� QRW��0DQ\� ODUJH� VXSHUPDUNHW
FKDLQV� UHFRUG� WKH�SXUFKDVHV�PDGH�E\�HDFK�RI� WKHLU� UHJXODU�FXVWRPHUV� �XVXDOO\� LGHQWLILHG�E\�D�VPDOO
FDUG�ZLWK� D� EDUFRGH� RQ� LW� WKDW� LV� VFDQQHG�ZKHQ� SXUFKDVHV� DUH�PDGH�� DQG� VR� FDQ�ZRUN� RXW�ZKLFK
SURGXFWV�HDFK�FXVWRPHU�EX\V�IUHTXHQWO\�
7KH�IXQGDPHQWDO�UHSUHVHQWDWLRQ�RI�D�UHFRPPHQGHU�QHWZRUN�LV�DV�D�³ELSDUWLWH�QHWZRUN�´�D�QHWZRUN

ZLWK�WZR�W\SHV�RI�YHUWH[��RQH�UHSUHVHQWLQJ�WKH�SURGXFWV�RU�RWKHU�LWHPV�DQG�WKH�RWKHU�UHSUHVHQWLQJ�WKH
SHRSOH��ZLWK� HGJHV� FRQQHFWLQJ�SHRSOH� WR� WKH� LWHPV� WKH\�EX\�RU� OLNH��2QH� FDQ� DOVR� DGG� VWUHQJWKV�RU
ZHLJKWV�WR�WKH�HGJHV�WR�LQGLFDWH��IRU�LQVWDQFH��KRZ�RIWHQ�D�SHUVRQ�KDV�ERXJKW�DQ�LWHP�RU�KRZ�PXFK�KH
RU�VKH�OLNHV�LW��RU�WKH�VWUHQJWKV�FRXOG�EH�PDGH�QHJDWLYH�WR�LQGLFDWH�GLVOLNHV�

:H�HQFRXQWHUHG�ELSDUWLWH�QHWZRUNV�SUHYLRXVO\�LQ�6HFWLRQ�����DQG�ZLOO�VWXG\�WKHP�IXUWKHU�LQ
6HFWLRQ�����

�
5HFRPPHQGHU�QHWZRUNV�KDYH�EHHQ�VWXGLHG�IRU�PDQ\�W\SHV�RI�JRRGV�DQG�SURGXFWV��LQFOXGLQJ�ERRNV�

PXVLF��ILOPV��DQG�RWKHUV��7KH�SULPDU\�FRPPHUFLDO�LQWHUHVW�LQ�UHFRPPHQGHU�QHWZRUNV�DULVHV�IURP�WKHLU
XVH� LQ�FROODERUDWLYH� ILOWHULQJ� V\VWHPV�� DOVR� VRPHWLPHV� FDOOHG�UHFRPPHQGHU� V\VWHPV�� ZKLFK� DUH
FRPSXWHU�DOJRULWKPV�WKDW�DWWHPSW�WR�JXHVV�LWHPV�WKDW�SHRSOH�ZLOO�OLNH�E\�FRPSDULQJ�D�SHUVRQ¶V�NQRZQ
SUHIHUHQFHV�ZLWK�WKRVH�RI�RWKHU�SHRSOH��,I�SHUVRQ�$�OLNHV�PDQ\�RI�WKH�VDPH�WKLQJV�DV�SHUVRQV�%��&��DQG
'��DQG�LI�SHUVRQV�%��&��DQG�'�DOO�OLNH�VRPH�IXUWKHU�LWHP�WKDW�$�KDV�QHYHU�H[SUHVVHG�DQ�RSLQLRQ�DERXW�
WKHQ�PD\EH��WKH�WKHRU\�JRHV��$�ZRXOG�OLNH�WKDW�LWHP�WRR��$�ZLGH�YDULHW\�RI�FRPSXWHU�DOJRULWKPV�KDYH
EHHQ� GHYHORSHG� IRU� H[WUDFWLQJ� FRQFOXVLRQV� RI� WKLV� W\SH� IURP� UHFRPPHQGHU� QHWZRUNV� DQG� DUH� XVHG
H[WHQVLYHO\�E\�UHWDLOHUV�WR�VXJJHVW�SRVVLEOH�SXUFKDVHV�WR�WKHLU�FXVWRPHUV��LQ�WKH�KRSH�RI�GUXPPLQJ�XS
EXVLQHVV�� 7KH� ZHEVLWH� RI� WKH� RQOLQH� ERRNVHOOHU�$PD]RQ�FRP�� IRU� LQVWDQFH�� KDV� D� IHDWXUH� WKDW� OLVWV
UHFRPPHQGHG� ERRN� WLWOHV� WR� FXVWRPHUV� EDVHG� RQ� WKHLU� SUHYLRXVO\� H[SUHVVHG� SUHIHUHQFHV� DQG
SXUFKDVHV��$QG�PDQ\�VXSHUPDUNHWV�QRZ�SULQW�RXW�GLVFRXQW�FRXSRQV�DIWHU�FXVWRPHUV�KDYH�FRPSOHWHG
WKHLU� SXUFKDVHV�� FRXSRQV� IRU� SURGXFWV� WKDW� WKH� FXVWRPHU� KDV� QRW� ERXJKW� LQ� WKH� SDVW� EXW� PLJKW� EH
LQWHUHVWHG�WR�WU\�
5HVHDUFK� RQ� UHFRPPHQGHU� QHWZRUNV� KDV� LQ� WKH� SDVW� IRFXVHG�PDLQO\� RQ� WKH� GHYHORSPHQW� RI� QHZ

FROODERUDWLYH�ILOWHULQJ�DOJRULWKPV��EXW�LW�LV�UHDVRQDEOH�WR�VXSSRVH�WKDW�WKH�VXFFHVV�RI�WKHVH�DOJRULWKPV
VKRXOG� GHSHQG� WR� VRPH� H[WHQW� RQ� WKH� VWUXFWXUH� RI� WKH� UHFRPPHQGHU� QHWZRUN� LWVHOI�� DQG� WKHUH� LV
WKHUHIRUH� JRRG� UHDVRQ� WR� DOVR� VWXG\� WKDW� VWUXFWXUH��$� IHZ� VXFK� VWXGLHV� KDYH� EHHQ� SXEOLVKHG� LQ� WKH
VFLHQWLILF�OLWHUDWXUH�>�������@��EXW�WKHUH�LV�FOHDUO\�URRP�IRU�IXUWKHU�ZRUN�
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$QRWKHU� W\SH� RI� LQIRUPDWLRQ� QHWZRUN�� DOVR� ELSDUWLWH� LQ� IRUP�� LV� WKH�NH\ZRUG� LQGH[�� &RQVLGHU�� IRU
LQVWDQFH��D�VHW�RI�GRFXPHQWV�FRQWDLQLQJ�LQIRUPDWLRQ�RQ�YDULRXV�WRSLFV��2QH�FDQ�FRQVWUXFW�DQ�LQGH[�WR
WKDW�VHW�VR�WKDW�RQH�FDQ�ORRN�XS�ZRUGV�LQ�WKDW�LQGH[�DQG�WKH�LQGH[�ZLOO�OLVW�LPSRUWDQW�RFFXUUHQFHV�RI
WKRVH�ZRUGV�LQ�WKH�GRFXPHQWV��6XFK�LQGH[HV�KDYH�KLVWRULFDOO\�DSSHDUHG��RI�FRXUVH��LQ�ERRNV��DV�JXLGHV
WR� WKHLU� FRQWHQW�� EXW� PRUH� UHFHQWO\� LQGH[HV� KDYH� UHJXODUO\� EHHQ� FRQVWUXFWHG� DV� JXLGHV� WR� RWKHU
LQIRUPDWLRQ� FROOHFWLRQV�� LQFOXGLQJ� VHWV� RI� DFDGHPLF� SDSHUV� DQG� WKH�:RUOG�:LGH�:HE�� 7KH� LQGH[
FRQVWUXFWHG�E\�D�ZHE�VHDUFK�HQJLQH��DV�GLVFXVVHG�LQ�6HFWLRQ������LV�D�JRRG�H[DPSOH��LW�FRQVLVWV��DW�D
PLQLPXP��RI�D�OLVW�RI�ZRUGV�RU�SKUDVHV��ZLWK�HDFK�ZRUG�RU�SKUDVH�DFFRPSDQLHG�E\�D�OLVW�RI�WKH�ZHE
SDJHV�RQ�ZKLFK�LW�RFFXUV�
6XFK� LQGH[HV�FDQ�EH� UHSUHVHQWHG�DV�D�ELSDUWLWH�QHWZRUN� LQ�ZKLFK�RQH�RI� WKH� WZR� W\SHV�RI�YHUWH[

UHSUHVHQWV�ZRUGV�LQ�WKH�LQGH[�DQG�WKH�RWKHU�UHSUHVHQWV�GRFXPHQWV�RU�SDJHV��7KHQ�RQH�SODFHV�DQ�HGJH
EHWZHHQ�HDFK�ZRUG�DQG�WKH�GRFXPHQWV�LQ�ZKLFK�LW�RFFXUV��$OWKRXJK�VXFK�QHWZRUNV�FDQ�EH�FRQVWUXFWHG
IRU�� DPRQJVW�RWKHU� WKLQJV�� WKH�:HE�RU� FROOHFWLRQV�RI� DFDGHPLF�SDSHUV�� WKH\� VKRXOG�QRW�EH�FRQIXVHG
ZLWK�WKH�QHWZRUNV�RI�ZHE�OLQNV�RU�FLWDWLRQV�GLVFXVVHG�HDUOLHU�LQ�WKLV�FKDSWHU��7KRVH�DUH�DOVR�QHWZRUNV
RI�ZHE� SDJHV� DQG� GRFXPHQWV�� EXW� WKH\� DUH� GLIIHUHQW� IURP� D� NH\ZRUG� LQGH[�� 7KRVH� QHWZRUNV�ZHUH
QHWZRUNV�RI�GLUHFW�OLQNV�EHWZHHQ�GRFXPHQWV��$Q�LQGH[�LV�D�QHWZRUN�RI�OLQNV�EHWZHHQ�LQGH[�HQWULHV�DQG
WKH�GRFXPHQWV�WKH\�SRLQW�WR�
,QGH[HV�DUH�RI�SUDFWLFDO� LPSRUWDQFH�DV�D�PHWKRG� IRU� VHDUFKLQJ� ODUJH�ERGLHV�RI� LQIRUPDWLRQ��:HE

VHDUFK� HQJLQHV�� IRU� H[DPSOH�� UHO\� KHDYLO\� RQ� WKHP� WR� TXLFNO\� ILQG�ZHE� SDJHV� WKDW� FRUUHVSRQG� WR� D
SDUWLFXODU�TXHU\��+RZHYHU��LQGH[HV�DOVR�KDYH�RWKHU��PRUH�VRSKLVWLFDWHG�DSSOLFDWLRQV��7KH\�DUH�XVHG�
IRU�H[DPSOH��DV�D�EDVLV�IRU�WHFKQLTXHV�WKDW�DWWHPSW�WR�ILQG�GRFXPHQWV�RU�SDJHV�WKDW�DUH�VLPLODU�WR�RQH
DQRWKHU��,I�RQH�KDV�D�NH\ZRUG�LQGH[�WR�D�VHW�RI�GRFXPHQWV�DQG�ILQGV�WKDW�WZR�GRFXPHQWV�VKDUH�D�ORW�RI
WKH�VDPH�NH\ZRUGV��LW�PD\�EH�DQ�LQGLFDWLRQ�WKDW�WKH�WZR�FRYHU�VLPLODU�WRSLFV��$�YDULHW\�RI�FRPSXWHU
DOJRULWKPV� IRU� VSRWWLQJ� VXFK� FRQQHFWLRQV� KDYH� EHHQ� GHYHORSHG�� W\SLFDOO\�PDNLQJ� XVH� RI� LGHDV� YHU\
VLPLODU� WR� WKRVH� XVHG� LQ� WKH� UHFRPPHQGHU� V\VWHPV� GLVFXVVHG� DERYH²WKH� SUREOHP� RI� ILQGLQJ
GRFXPHQWV�ZLWK�VLPLODU�NH\ZRUGV�LV�LQ�PDQ\�ZD\V�VLPLODU�WR�WKH�SUREOHP�RI�ILQGLQJ�EX\HUV�ZKR�OLNH
VLPLODU�SURGXFWV�
7KH�LGHQWLILFDWLRQ�RI�VLPLODU�GRFXPHQWV�FDQ�EH�XVHIXO��IRU�H[DPSOH��ZKHQ�VHDUFKLQJ�WKURXJK�D�ERG\

RI�NQRZOHGJH��,Q�D�VWDQGDUG�LQGH[�VHDUFK��RQH�W\SLFDOO\�W\SHV�LQ�D�VHW�RI�NH\ZRUGV�DQG�JHWV�EDFN�D�OLVW
RI�GRFXPHQWV�FRQWDLQLQJ�WKRVH�ZRUGV��6HDUFK�HQJLQHV�WKDW�FDQ�WHOO�ZKHQ�GRFXPHQWV�DUH�VLPLODU�WR�HDFK
RWKHU�PD\�EH�DEOH�WR�UHVSRQG�PRUH�XVHIXOO\�WR�VXFK�TXHULHV�EHFDXVH�WKH\�FDQ�UHWXUQ�GRFXPHQWV�WKDW�GR
QRW�LQ�IDFW�FRQWDLQ�WKH�NH\ZRUGV�HQWHUHG��EXW�ZKLFK�DUH�VLPLODU�WR�GRFXPHQWV�WKDW�GR��,Q�FDVHV�ZKHUH�D
VLQJOH�FRQFHSW�LV�FDOOHG�E\�PRUH�WKDQ�RQH�QDPH��WKLV�PD\�EH�D�YHU\�HIIHFWLYH�VWUDWHJ\�IRU�ILQGLQJ�DOO�RI
WKH�UHOHYDQW�GRFXPHQWV�
,Q� WKH�FRQWH[W�RI�GRFXPHQW� UHWULHYDO�� WKH�FODVVLF�PHWKRG� IRU�GHWHUPLQLQJ�GRFXPHQW� VLPLODULW\� DQG

SHUIRUPLQJ� JHQHUDOL]HG� VHDUFKHV� RI� WKLV� W\SH� LV�ODWHQW� VHPDQWLF� LQGH[LQJ�� ZKLFK� LV� EDVHG� RQ� WKH
DSSOLFDWLRQ�RI�WKH�PDWUL[�WHFKQLTXH�NQRZQ�DV�VLQJXODU�YDOXH�GHFRPSRVLWLRQ�WR�WKH�ELSDUWLWH�QHWZRUN�RI
NH\ZRUGV�DQG�GRFXPHQWV��7KH�LQWHUHVWHG�UHDGHU�FDQ�ILQG�D�GLVFXVVLRQ�RI�ODWHQW�VHPDQWLF�LQGH[LQJ�LQ
5HI��>���@�
$V�ZLWK�UHFRPPHQGHU�V\VWHPV��LW�LV�UHDVRQDEOH�WR�VXSSRVH�WKDW�WKH�VXFFHVV�RI�PHWKRGV�IRU�ILQGLQJ



VLPLODU�GRFXPHQWV�RU�LPSURYLQJ�VHDUFKHV�XVLQJ�VLPLODULW\�LQIRUPDWLRQ�GHSHQGV�RQ�WKH�VWUXFWXUH�RI�WKH
ELSDUWLWH� NH\ZRUG�GRFXPHQW� QHWZRUN�� DQG� KHQFH� WKDW� VWXGLHV� RI� WKDW� VWUXFWXUH� FRXOG� JHQHUDWH� XVHIXO
LQVLJKWV��7KHUH�KDV�EHHQ�UHODWLYHO\�OLWWOH�LQWHUHVW�LQ�WKH�SUREOHP�ZLWKLQ�WKH�QHWZRUN�FRPPXQLW\�VR�IDU
DQG�DJDLQ�WKHUH�LV�SOHQW\�RI�URRP�IRU�IXWXUH�ZRUN�
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$�GLVFXVVLRQ�RI�YDULRXV�QHWZRUNV�RI�LQWHUHVW�LQ�ELRORJ\��LQFOXGLQJ�ELRFKHPLFDO�QHWZRUNV�
QHXUDO�QHWZRUNV��DQG�HFRORJLFDO�QHWZRUNV

�

1(7:25.6�DUH�ZLGHO\�XVHG�LQ�PDQ\�EUDQFKHV�RI�ELRORJ\�DV�D�FRQYHQLHQW�UHSUHVHQWDWLRQ�RI�SDWWHUQV
RI� LQWHUDFWLRQ� EHWZHHQ� DSSURSULDWH� ELRORJLFDO� HOHPHQWV�� 0ROHFXODU� ELRORJLVWV�� IRU� H[DPSOH�� XVH
QHWZRUNV� WR� UHSUHVHQW� WKH� SDWWHUQV� RI� FKHPLFDO� UHDFWLRQV� DPRQJ� FKHPLFDOV� LQ� WKH� FHOO�� ZKLOH
QHXURVFLHQWLVWV�XVH�WKHP�WR�UHSUHVHQW�SDWWHUQV�RI�FRQQHFWLRQV�EHWZHHQ�EUDLQ�FHOOV��DQG�HFRORJLVWV�VWXG\
WKH�QHWZRUNV�RI�LQWHUDFWLRQV�EHWZHHQ�VSHFLHV�LQ�HFRV\VWHPV��VXFK�DV�SUHGDWLRQ�RU�FRRSHUDWLRQ��,Q�WKLV
FKDSWHU� ZH� GHVFULEH� WKH� FRPPRQHVW� NLQGV� RI� ELRORJLFDO� QHWZRUNV� DQG� GLVFXVV� PHWKRGV� IRU
GHWHUPLQLQJ�WKHLU�VWUXFWXUH�
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$PRQJ� WKH� ELRORJLFDO� QHWZRUNV� WKRVH� DWWUDFWLQJ� WKH� PRVW� DWWHQWLRQ� LQ� UHFHQW� \HDUV� KDYH� EHHQ
ELRFKHPLFDO� QHWZRUNV�� QHWZRUNV� WKDW� UHSUHVHQW� WKH� PROHFXODUOHYHO� SDWWHUQV� RI� LQWHUDFWLRQ� DQG
PHFKDQLVPV�RI�FRQWURO�LQ�WKH�ELRORJLFDO�FHOO��7KH�SULQFLSDO�W\SHV�RI�QHWZRUNV�VWXGLHG�LQ�WKLV�DUHD�DUH
PHWDEROLF�QHWZRUNV��SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUNV��DQG�JHQHWLF�UHJXODWRU\�QHWZRUNV�
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0HWDEROLVP�LV�WKH�FKHPLFDO�SURFHVV�E\�ZKLFK�FHOOV�EUHDN�GRZQ�IRRG�RU�QXWULHQWV�LQWR�XVDEOH�EXLOGLQJ
EORFNV� �VR�FDOOHG�FDWDEROLF� PHWDEROLVP�� DQG� WKHQ� UHDVVHPEOH� WKRVH� EXLOGLQJ� EORFNV� WR� IRUP� WKH
ELRORJLFDO�PROHFXOHV�WKH�FHOO�QHHGV�WR�FRPSOHWH�LWV�RWKHU�WDVNV��DQDEROLF�PHWDEROLVP���7\SLFDOO\�WKLV
EUHDNGRZQ�DQG�UHDVVHPEO\� LQYROYHV�FKDLQV�RU�SDWKZD\V��VHWV�RI�VXFFHVVLYH�FKHPLFDO�UHDFWLRQV�WKDW
FRQYHUW�LQLWLDO�LQSXWV�LQWR�XVHIXO�HQG�SURGXFWV�E\�D�VHULHV�RI�VWHSV��7KH�FRPSOHWH�VHW�RI�DOO�UHDFWLRQV�LQ
DOO�SDWKZD\V�IRUPV�D�PHWDEROLF�QHWZRUN�
7KH�YHUWLFHV� LQ�D�PHWDEROLF�QHWZRUN�DUH� WKH�FKHPLFDOV�SURGXFHG�DQG�FRQVXPHG�E\� WKH�UHDFWLRQV�

7KHVH�FKHPLFDOV�DUH�NQRZQ�JHQHULFDOO\�DV�PHWDEROLWHV��%\�FRQYHQWLRQ�WKH�GHILQLWLRQ�RI�D�PHWDEROLWH
LV�OLPLWHG�WR�VPDOO�PROHFXOHV��PHDQLQJ�WKLQJV�OLNH�FDUERK\GUDWHV��VXFK�DV�VXJDUV��DQG�OLSLGV��VXFK�DV
IDWV��� DV� ZHOO� DV� DPLQR� DFLGV� DQG� QXFOHRWLGHV�� $PLQR� DFLGV� DQG� QXFOHRWLGHV� DUH� WKHPVHOYHV� WKH
EXLOGLQJ� EORFNV� IRU� ODUJHU� SRO\PHUL]HG�PDFURPROHFXOHV� VXFK� DV�'1$��51$�� DQG� SURWHLQV�� EXW� WKH
PDFURPROHFXOHV� DUH� QRW� WKHPVHOYHV� FRQVLGHUHG� PHWDEROLWHV²WKH\� DUH� QRW� SURGXFHG� E\� VLPSOH
FKHPLFDO�UHDFWLRQV�EXW�E\�PRUH�FRPSOH[�PROHFXODU�PDFKLQHU\�ZLWKLQ�WKH�FHOO��DQG�KHQFH�DUH�WUHDWHG
VHSDUDWHO\���:H�GLVFXVV�VRPH�RI�WKH�PHFKDQLVPV�E\�ZKLFK�PDFURPROHFXOHV�DUH�SURGXFHG�LQ�6HFWLRQ
�������
$OWKRXJK� WKH� IXQGDPHQWDO� SXUSRVH� RI� PHWDEROLVP� LV� WR� WXUQ� IRRG� LQWR� XVHIXO� ELRPROHFXOHV�� RQH

VKRXOG�EH�ZDU\�RI�WKLQNLQJ�RI�LW�VLPSO\�DV�DQ�DVVHPEO\�OLQH��HYHQ�D�YHU\�FRPSOLFDWHG�RQH��0HWDEROLVP
LV�QRW�MXVW�D�QHWZRUN�RI�FRQYH\RU�EHOWV�LQ�ZKLFK�RQH�UHDFWLRQ�IHHGV�DQRWKHU�XQWLO�WKH�ILQDO�SURGXFWV�IDOO
RXW�WKH�HQG��LW�LV�D�G\QDPLF�SURFHVV�LQ�ZKLFK�WKH�FRQFHQWUDWLRQV�RI�PHWDEROLWHV�FDQ�FKDQJH�ZLGHO\�DQG
UDSLGO\��DQG�WKH�FHOO�KDV�PHFKDQLVPV�IRU�WXUQLQJ�RQ�DQG�RII�WKH�SURGXFWLRQ�RI�SDUWLFXODU�PHWDEROLWHV�RU
HYHQ�HQWLUH�SRUWLRQV�RI�WKH�QHWZRUN��0HWDEROLVP�LV�D�FRPSOH[�PDFKLQH�WKDW�UHDFWV�WR�FRQGLWLRQV�ERWK
ZLWKLQ�DQG�RXWVLGH�WKH�FHOO�DQG�JHQHUDWHV�D�EURDG�YDULHW\�RI�FKHPLFDO�UHVSRQVHV��$�SULPDU\�UHDVRQ�IRU
WKH�KLJK�OHYHO�RI�VFLHQWLILF�LQWHUHVW�LQ�PHWDEROLF�QHWZRUNV�LV�WKHLU�LPSRUWDQFH�DV�D�VWHSSLQJ�VWRQH�RQ
WKH�SDWK�WRZDUGV�DQ�XQGHUVWDQGLQJ�RI�WKH�FKHPLFDO�G\QDPLFV�RI�WKH�FHOO�
*HQHULFDOO\��DQ�LQGLYLGXDO�FKHPLFDO�UHDFWLRQ�LQ�WKH�FHOO�LQYROYHV�WKH�FRQVXPSWLRQ�RI�RQH�RU�PRUH

PHWDEROLWHV� WKDW� DUH� EURNHQ� GRZQ� RU� FRPELQHG� WR� SURGXFH� RQH� RU� PRUH� RWKHUV�� 7KH� PHWDEROLWHV
FRQVXPHG�DUH�FDOOHG�WKH�VXEVWUDWHV�RI�WKH�UHDFWLRQ��ZKLOH�WKRVH�SURGXFHG�DUH�FDOOHG�WKH�SURGXFWV�
7KH�VLWXDWLRQ�LV�FRPSOLFDWHG�E\�WKH�IDFW�WKDW�PRVW�PHWDEROLF�UHDFWLRQV�GR�QRW�RFFXU�VSRQWDQHRXVO\�

RU�GR�VR�RQO\�DW�D�YHU\�ORZ�UDWH��7R�PDNH�UHDFWLRQV�RFFXU�DW�D�XVDEOH�UDWH��WKH�FHOO�HPSOR\V�DQ�DUUD\
RI� FKHPLFDO� FDWDO\VWV�� UHIHUUHG� WR� DV�HQ]\PHV�� 8QOLNH� PHWDEROLWHV�� HQ]\PHV� DUH� PRVWO\
PDFURPROHFXOHV�� XVXDOO\� SURWHLQV� EXW� RFFDVLRQDOO\� 51$V�� /LNH� DOO� FDWDO\VWV�� HQ]\PHV� DUH� QRW
FRQVXPHG� LQ� WKH� UHDFWLRQV� WKH\�FDWDO\]H�EXW� WKH\�SOD\�DQ� LPSRUWDQW� UROH� LQ�PHWDEROLVP�QRQHWKHOHVV�
1RW�RQO\�GR�WKH\�HQDEOH�UHDFWLRQV�WKDW�ZRXOG�RWKHUZLVH�EH�WKHUPRG\QDPLFDOO\�GLVIDYRUHG�RU�WRR�VORZ
WR�EH�XVHIXO��EXW�WKH\�DOVR�SURYLGH�RQH�RI�WKH�PHFKDQLVPV�E\�ZKLFK�WKH�FHOO�FRQWUROV�LWV�PHWDEROLVP�
%\�LQFUHDVLQJ�RU�GHFUHDVLQJ�WKH�FRQFHQWUDWLRQ�RI�WKH�HQ]\PH�WKDW�FDWDO\]HV�D�SDUWLFXODU�UHDFWLRQ��WKH
FHOO�FDQ�WXUQ�WKDW�UHDFWLRQ�RQ�RU�RII��RU�PRGHUDWH�LWV�VSHHG��(Q]\PHV�WHQG�WR�EH�KLJKO\�VSHFLILF�WR�WKH
UHDFWLRQV� WKH\� FDWDO\]H�� HDFK� RQH� HQDEOLQJ� RQO\� RQH� RU� D� VPDOO� QXPEHU� RI� UHDFWLRQV�� 7KRXVDQGV� RI
HQ]\PHV�DUH�NQRZQ�DQG�PDQ\�PRUH�DUH�QR�GRXEW�ZDLWLQJ� WR�EH�GLVFRYHUHG�� DQG� WKLV� ODUJH�DUUD\�RI
KLJKO\�VSHFLILF�FDWDO\VWV�DOORZV�IRU�D�ILQH�GHJUHH�RI�FRQWURO�RYHU�WKH�SURFHVVHV�RI�WKH�FHOO�
7KH� GHWDLOV� RI� PHWDEROLF� QHWZRUNV� YDU\� EHWZHHQ� GLIIHUHQW� VSHFLHV� RI� RUJDQLVPV� EXW�� DPRQJVW



DQLPDOV�DW�OHDVW��ODUJH�SDUWV�DUH�FRPPRQ�WR�DOO�RU�PRVW�VSHFLHV��0DQ\�LPSRUWDQW�SDWKZD\V��F\FOHV��RU
RWKHU�VXESRUWLRQV�RI�PHWDEROLF�QHWZRUNV�DUH�HVVHQWLDOO\�XQFKDQJHG�DFURVV�WKH�HQWLUH�DQLPDO�NLQJGRP�
)RU� WKLV� UHDVRQ�RQH�RIWHQ� UHIHUV� VLPSO\� WR� ³PHWDEROLVP´�ZLWKRXW� VSHFLI\LQJ� D�SDUWLFXODU� VSHFLHV�RI
LQWHUHVW��ZLWK�PLQRU�YDULDWLRQV��REVHUYDWLRQV�PDGH�LQ�RQH�VSHFLHV�RIWHQ�DSSO\�WR�RWKHUV�
7KH�PRVW�FRUUHFW�UHSUHVHQWDWLRQ�RI�D�PHWDEROLF�QHWZRUN�LV�DV�D�ELSDUWLWH�QHWZRUN��:H�HQFRXQWHUHG

ELSDUWLWH�QHWZRUNV�SUHYLRXVO\� LQ�6HFWLRQ�����RQ� VRFLDO� DIILOLDWLRQ�QHWZRUNV� DQG� LQ�6HFWLRQ�������RQ
UHFRPPHQGHU�QHWZRUNV��$�ELSDUWLWH�QHWZRUN�KDV�WZR�GLVWLQFW�W\SHV�RI�YHUWH[��ZLWK�HGJHV�UXQQLQJ�RQO\
EHWZHHQ�YHUWLFHV�RI�XQOLNH�NLQGV�� ,Q� WKH�FDVH�RI�DIILOLDWLRQ�QHWZRUNV�� IRU�H[DPSOH�� WKH� WZR� W\SHV�RI
YHUWH[�UHSUHVHQWHG�SHRSOH�DQG�WKH�JURXSV�WKH\�EHORQJHG�WR��,Q�WKH�FDVH�RI�D�PHWDEROLF�QHWZRUN�WKH\
UHSUHVHQW�PHWDEROLWHV�DQG�PHWDEROLF�UHDFWLRQV��ZLWK�HGJHV�MRLQLQJ�HDFK�PHWDEROLWH�WR�WKH�UHDFWLRQV�LQ
ZKLFK�LW�SDUWLFLSDWHV��,Q�IDFW��D�PHWDEROLF�QHWZRUN�LV�UHDOO\�D�GLUHFWHG�ELSDUWLWH�QHWZRUN��VLQFH�VRPH
PHWDEROLWHV�JR�LQWR�WKH�UHDFWLRQ��WKH�VXEVWUDWHV��DQG�VRPH�FRPH�RXW�RI� LW� �WKH�SURGXFWV���%\�SODFLQJ
DUURZV�RQ�WKH�HGJHV�ZH�FDQ�GLVWLQJXLVK�EHWZHHQ�WKH�LQJRLQJ�DQG�RXWJRLQJ�PHWDEROLWHV��$Q�H[DPSOH�LV
VNHWFKHG�LQ�)LJ�����D���
7KLV� ELSDUWLWH� UHSUHVHQWDWLRQ� RI� D� PHWDEROLF� QHWZRUN� GRHV� QRW� LQFOXGH� DQ\� ZD\� RI� UHSUHVHQWLQJ

HQ]\PHV�� ZKLFK�� WKRXJK� QRW�PHWDEROLWHV� WKHPVHOYHV�� DUH� VWLOO� DQ� LPSRUWDQW� SDUW� RI� WKH�PHWDEROLVP�
$OWKRXJK�LW¶V�QRW�RIWHQ�GRQH��RQH�FDQ�LQ�SULQFLSOH�LQFRUSRUDWH�WKH�HQ]\PHV�E\�LQWURGXFLQJ�D�WKLUG�FODVV
RI�YHUWH[�WR�UHSUHVHQW�WKHP��ZLWK�HGJHV�FRQQHFWLQJ�WKHP�WR�WKH�UHDFWLRQV�WKH\�FDWDO\]H��6LQFH�HQ]\PHV
DUH� QRW� FRQVXPHG� LQ� UHDFWLRQV�� WKHVH� HGJHV� DUH� XQGLUHFWHG²UXQQLQJ� QHLWKHU� LQWR� QRU� RXW� RI� WKH
UHDFWLRQV�WKH\�SDUWLFLSDWH�LQ��$Q�H[DPSOH�RI�VXFK�D�QHWZRUN�LV�VNHWFKHG�LQ�)LJ�����E��7HFKQLFDOO\�WKLV
LV�QRZ�D�WULSDUWLWH�QHWZRUN��SDUWO\�GLUHFWHG�DQG�SDUWO\�XQGLUHFWHG���
&RUUHFW�DQG�SRWHQWLDOO\�XVHIXO�WKRXJK�WKH\�PD\�EH��KRZHYHU��QHLWKHU�RI�WKHVH�UHSUHVHQWDWLRQV�LV�YHU\

RIWHQ�XVHG�IRU�PHWDEROLF�QHWZRUNV��7KH�PRVW�FRPPRQ�UHSUHVHQWDWLRQV�RI�PHWDEROLF�QHWZRUNV�SURMHFW
WKH�QHWZRUN�RQWR�MXVW�RQH�VHW�RI�YHUWLFHV��HLWKHU�WKH�PHWDEROLWHV�RU�WKH�UHDFWLRQV��ZLWK�WKH�IRUPHU�EHLQJ
WKH�PRUH�SRSXODU�FKRLFH��,Q�RQH�DSSURDFK�WKH�YHUWLFHV�LQ�WKH�QHWZRUN�UHSUHVHQW�PHWDEROLWHV�DQG�WKHUH
LV� DQ� XQGLUHFWHG� HGJH� EHWZHHQ� DQ\� WZR�PHWDEROLWHV� WKDW� SDUWLFLSDWH� LQ� WKH� VDPH� UHDFWLRQ�� HLWKHU� DV
VXEVWUDWHV�RU�DV�SURGXFWV��&OHDUO\�WKLV�SURMHFWLRQ�ORVHV�PXFK�RI�WKH�LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH�IXOO
ELSDUWLWH�QHWZRUN��EXW��DV�ZH�KDYH�VDLG��LW�LV�QRQHWKHOHVV�ZLGHO\�XVHG��$QRWKHU�DSSURDFK��SUREDEO\�WKH
PRVW� FRPPRQ�� LV� WR� UHSUHVHQW� WKH� QHWZRUN� DV� D� GLUHFWHG� QHWZRUN� ZLWK� D� VLQJOH� W\SH� RI� YHUWH[
UHSUHVHQWLQJ�PHWDEROLWHV�DQG�D�GLUHFWHG�HGJH�IURP�RQH�PHWDEROLWH�WR�DQRWKHU�LI�WKHUH�LV�D�UHDFWLRQ�LQ
ZKLFK� WKH� ILUVW�PHWDEROLWH� DSSHDUV� DV� D� VXEVWUDWH� DQG� WKH� VHFRQG� DV� D� SURGXFW��7KLV� UHSUHVHQWDWLRQ
FRQWDLQV�PRUH�RI� WKH� LQIRUPDWLRQ�IURP�WKH�IXOO�QHWZRUN��EXW� LV�VWLOO� VRPHZKDW�XQVDWLVIDFWRU\�VLQFH�D
UHDFWLRQ�ZLWK�PDQ\�VXEVWUDWHV�RU�PDQ\�SURGXFWV�DSSHDUV�DV�PDQ\�HGJHV��ZLWK�QR�HDV\�ZD\�WR�WHOO�WKDW
WKHVH�HGJHV�UHSUHVHQW�DVSHFWV�RI�WKH�VDPH�UHDFWLRQ��7KH�SRSXODULW\�RI�WKLV�UHSUHVHQWDWLRQ�DULVHV�IURP
WKH� IDFW� WKDW� IRU� PDQ\� PHWDEROLF� UHDFWLRQV� RQO\� RQH� SURGXFW� DQG� RQH� VXEVWUDWH� DUH� NQRZQ� RU� DUH
FRQVLGHUHG� LPSRUWDQW�� DQG� WKHUHIRUH� WKH� UHDFWLRQ�FDQ�EH� UHSUHVHQWHG�E\�RQO\�D� VLQJOH�GLUHFWHG�HGJH
ZLWK�QR�FRQIXVLRQ�DULVLQJ��$�QXPEHU�RI�FRPSDQLHV�SURGXFH�ODUJH�FKDUWV�VKRZLQJ�WKH�PRVW�LPSRUWDQW
SDUWV�RI�WKH�PHWDEROLF�QHWZRUN�LQ�WKLV�UHSUHVHQWDWLRQ��$Q�H[DPSOH�LV�VKRZQ�LQ�)LJ�������6XFK�FKDUWV
KDYH� EHFRPH� TXLWH� SRSXODU� DV� ZDOO� GHFRUDWLRQV� LQ� WKH� RIILFHV� RI� PROHFXODU� ELRORJLVWV� DQG
ELRFKHPLVWV��DOWKRXJK�ZKHWKHU�WKH\�DUH�DFWXDOO\�XVHIXO�LQ�SUDFWLFH�LV�XQFOHDU�



�

)LJXUH������%LSDUWLWH�DQG�WULSDUWLWH�UHSUHVHQWDWLRQV�RI�D�SRUWLRQ�RI�D�PHWDEROLF�QHWZRUN�� �D��$
PHWDEROLF� QHWZRUN� FDQ� EH� UHSUHVHQWHG� DV� D� GLUHFWHG� ELSDUWLWH� QHWZRUN� ZLWK� YHUWLFHV� IRU� WKH
PHWDEROLWHV� �FLUFOHV�� DQG� UHDFWLRQV� �VTXDUHV�� DQG� GLUHFWHG� HGJHV� LQGLFDWLQJ�ZKLFK�PHWDEROLWHV� DUH
VXEVWUDWHV��LQSXWV��DQG�SURGXFWV��RXWSXWV��RI�ZKLFK�UHDFWLRQV���E��$�WKLUG�W\SH�RI�YHUWH[��WULDQJOHV��FDQ
EH�LQWURGXFHG�WR�UHSUHVHQW�HQ]\PHV��ZLWK�XQGLUHFWHG�HGJHV�OLQNLQJ�WKHP�WR�WKH�UHDFWLRQV�WKH\�FDWDO\]H�
7KH�UHVXOWLQJ�QHWZRUN�LV�D�PL[HG�GLUHFWHG�XQGLUHFWHG�WULSDUWLWH�QHWZRUN�
�
�

3URMHFWLRQV�RI�ELSDUWLWH�QHWZRUNV�DQG�WKH�DVVRFLDWHG�ORVV�RI�LQIRUPDWLRQ�DUH�GLVFXVVHG�IXUWKHU�LQ
6HFWLRQ�����

�
7KH� H[SHULPHQWDO� PHDVXUHPHQW� RI� PHWDEROLF� QHWZRUNV� LV� D� FRPSOH[� DQG� ODERULRXV� SURFHVV�

DOWKRXJK�LW�KDV�EHHQ�PDGH�VRPHZKDW�HDVLHU� LQ�UHFHQW�\HDUV�ZLWK� WKH� LQWURGXFWLRQ�RI�QHZ�WHFKQLTXHV
IURP�PROHFXODU� JHQHWLFV�� ([SHULPHQWV� WHQG� WR� IRFXV� QHLWKHU� RQ� ZKROH� QHWZRUNV� QRU� RQ� LQGLYLGXDO
UHDFWLRQV� EXW� RQ� PHWDEROLF� SDWKZD\V�� $� QXPEHU� RI� WRROV� DUH� DYDLODEOH� WR� SUREH� WKH� GHWDLOV� RI
LQGLYLGXDO� SDWKZD\V�� 3HUKDSV� WKH� PRVW� FRPPRQ� LV� WKH� XVH� RI� UDGLRDFWLYH� LVRWRSHV� WR� WUDFH� WKH
LQWHUPHGLDWH�SURGXFWV�DORQJ�D�SDWKZD\��,Q�WKLV�WHFKQLTXH��WKH�RUJDQLVP�RU�FHOO�XQGHU�VWXG\�LV�LQMHFWHG
ZLWK�D�VXEVWUDWH�IRU�WKH�SDWKZD\�RI�LQWHUHVW�LQ�ZKLFK�RQH�RU�PRUH�RI�WKH�DWRPV�KDV�EHHQ�UHSODFHG�E\�D
UDGLRLVRWRSH��7\SLFDOO\�WKLV�KDV�OLWWOH�RU�QR�HIIHFW�RQ�WKH�PHWDEROLF�FKHPLVWU\��EXW�DV�WKH�UHDFWLRQV�RI
WKH�SDWKZD\�SURFHHG��WKH�UDGLRDFWLYH�DWRPV�PRYH�IURP�PHWDEROLWH�WR�PHWDEROLWH��0HWDEROLWHV�FDQ�WKHQ
EH�UHILQHG��IRU�H[DPSOH�E\�PDVV�VSHFWURVFRS\�RU�FKURPDWRJUDSK\��DQG�WHVWHG�IRU�UDGLRDFWLYLW\��7KRVH
WKDW�VKRZ�LW�FDQ�EH�DVVXPHG�WR�EH�³GRZQVWUHDP´�SURGXFWV�LQ�WKH�SDWKZD\�IHG�E\�WKH�LQLWLDO�UDGLRDFWLYH
VXEVWUDWH�
7KLV�PHWKRG�WHOOV�XV�WKH�SURGXFWV�DORQJ�D�PHWDEROLF�SDWKZD\��EXW�RI�LWVHOI�GRHV�QRW�WHOO�XV�WKH�RUGHU

RI�WKH�UHDFWLRQV�PDNLQJ�XS�WKH�SDWKZD\��.QRZOHGJH�RI�WKH�UHOHYDQW�ELRFKHPLVWU\²ZKLFK�PHWDEROLWHV
FDQ�EH�WUDQVIRUPHG�LQWR�ZKLFK�RWKHUV�E\�VRPH�FKHPLFDO�UHDFWLRQ²FDQ�RIWHQ�LGHQWLI\�WKH�RUGHULQJ�RU�DW
OHDVW�QDUURZ�GRZQ�WKH�SRVVLELOLWLHV��&DUHIXO�PHDVXUHPHQW�RI�WKH�VWUHQJWK�RI�UDGLRDFWLYLW\�RI�GLIIHUHQW
PHWDEROLWHV�� FRXSOHG� ZLWK� D� NQRZOHGJH� RI� WKH� KDOI�OLIH� RI� WKH� LVRWRSH� XVHG�� FDQ� DOVR� JLYH� VRPH
LQIRUPDWLRQ�DERXW�SDWKZD\�VWUXFWXUH�DV�ZHOO�DV�UDWHV�RI�UHDFWLRQV�
1RWLFH�� KRZHYHU�� WKDW� WKHUH� LV� QR�ZD\� WR� WHOO� LI� DQ\� RI� WKH� UHDFWLRQV� GLVFRYHUHG� KDYH� VXEVWUDWHV

RWKHU� WKDQ� WKRVH� WDJJHG�ZLWK� WKH� UDGLRLVRWRSH�� ,I� QHZ� VXEVWUDWHV� HQWHU� WKH� SDWKZD\� DW� LQWHUPHGLDWH
VWHSV��WKDW�LV��WKH\�DUH�QRW�SURGXFHG�E\�HDUOLHU�UHDFWLRQV�LQ�WKH�SDWKZD\��WKH\�ZLOO�QRW�EH�UDGLRDFWLYH



DQG�VR�ZLOO�QRW�EH�PHDVXUHG��6LPLODUO\��LI�WKHUH�DUH�UHDFWLRQ�SURGXFWV�WKDW�E\�FKDQFH�GR�QRW�FRQWDLQ
WKH�UDGLRDFWLYH�PDUNHU�WKH\�WRR�ZLOO�QRW�EH�PHDVXUHG�
$Q� DOWHUQDWLYH� DSSURDFK� WR� SURELQJ� PHWDEROLF� SDWKZD\V� LV� VLPSO\� WR� LQFUHDVH� WKH� OHYHO� RI� D

VXEVWUDWH�RU�HQ]\PH�IRU�D�SDUWLFXODU�UHDFWLRQ�LQ�WKH�FHOO��WKHUHE\�LQFUHDVLQJ�WKH�OHYHOV�RI�WKH�SURGXFWV
RI�WKDW�UHDFWLRQ�DQG�WKRVH�GRZQVWUHDP�RI�LW�LQ�WKH�UHOHYDQW�SDWKZD\�RU�SDWKZD\V��LQFUHDVHV�WKDW�FDQ�EH
PHDVXUHG�WR�GHWHUPLQH�WKH�FRQVWLWXHQWV�RI�WKH�SDWKZD\��7KLV�WHFKQLTXH�KDV�WKH�DGYDQWDJH�RI�EHLQJ�DEOH
WR� GHWHFW� SURGXFWV� RWKHU� WKDQ� WKRVH� WKDW� FDUU\� D� SDUWLFXODU� UDGLRDFWLYH� PDUNHU� LQKHULWHG� IURP� D
VXEVWUDWH��EXW�LW�LV�VWLOO�LQFDSDEOH�RI�LGHQWLI\LQJ�VXEVWUDWHV�RWKHU�WKDQ�WKRVH�SURGXFHG�DV�SURGXFWV�DORQJ
WKH�SDWKZD\�

�

)LJXUH� ����� $� PHWDEROLF� QHWZRUN� � �6HH� 3ODWH� ,9� IRU� FRORU� YHUVLRQ��� $� ZDOOFKDUW� VKRZLQJ� WKH
QHWZRUN� IRUPHG�E\� WKH�PDMRU�PHWDEROLF�SDWKZD\V��&UHDWHG�E\�'RQDOG�1LFKROVRQ��&RS\ULJKW�RI� WKH
,QWHUQDWLRQDO�8QLRQ�RI�%LRFKHPLVWU\�DQG�0ROHFXODU�%LRORJ\��5HSURGXFHG�ZLWK�SHUPLVVLRQ�
�
�
$� FRPSOHPHQWDU\� H[SHULPHQWDO� WHFKQLTXH� WKDW� FDQ� SUREH� WKH� VXEVWUDWHV� RI� UHDFWLRQV� LV� UHDFWLRQ



LQKLELWLRQ�� LQ�ZKLFK� D� UHDFWLRQ� LQ� D� SDWKZD\� LV� SUHYHQWHG� IURP� WDNLQJ� SODFH� RU� LWV� UDWH� LV� UHGXFHG�
2YHU� WLPH�� WKLV�UHVXOWV� LQ�D�EXLOG�XS�LQ� WKH�FHOO�RI� WKH�VXEVWUDWHV�IRU� WKDW� UHDFWLRQ��VLQFH� WKH\�DUH�QR
ORQJHU� EHLQJ� XVHG� XS�� %\�ZDWFKLQJ� IRU� WKLV� EXLOG�XS� RQH� FDQ� GHWHUPLQH� WKH� UHDFWLRQ� VXEVWUDWHV�� ,Q
SULQFLSOH� WKH�VDPH�PHWKRG�FRXOG�DOVR�EH�XVHG�WR�GHWHUPLQH�WKH�SURGXFWV�RI� WKH�UHDFWLRQ��VLQFH� WKHLU
FRQFHQWUDWLRQ�ZRXOG�GHFUHDVH�EHFDXVH� WKH\�DUH�QRW�EHLQJ�SURGXFHG�DQ\� ORQJHU�� EXW� LQ�SUDFWLFH� WKLV
WXUQV�RXW�WR�EH�D�GLIILFXOW�PHDVXUHPHQW�DQG�LV�UDUHO\�GRQH�
7KH�LQKLELWLRQ�RI�D�UHDFWLRQ�LV�XVXDOO\�DFKLHYHG�E\�GLVDEOLQJ�RU�UHPRYLQJ�DQ�HQ]\PH�QHFHVVDU\�IRU

WKH�UHDFWLRQ��7KLV�FDQ�EH�GRQH�LQ�D�FRXSOH�RI�GLIIHUHQW�ZD\V��2QH�FDQ�XVH�HQ]\PH�LQKLELWRUV��ZKLFK
DUH�FKHPLFDOV�WKDW�ELQG�WR�DQ�HQ]\PH�DQG�SUHYHQW�LW�IURP�SHUIRUPLQJ�LWV�QRUPDO�IXQFWLRQ�DV�D�FDWDO\VW�
RU�RQH�FDQ�JHQHWLFDOO\�DOWHU�WKH�RUJDQLVP�XQGHU�VWXG\�WR�UHPRYH�RU�LPSDLU�LWV�DELOLW\�WR�SURGXFH�WKH
HQ]\PH��D�VR�FDOOHG�NQRFNRXW�H[SHULPHQW���7KH�VDPH�WHFKQLTXHV�FDQ�DOVR�EH�XVHG�WR�GHWHUPLQH�ZKLFK
UHDFWLRQV�DUH�FDWDO\]HG�E\�ZKLFK�HQ]\PHV�LQ�WKH�ILUVW�SODFH��DQG�KHQFH�WR�GLVFRYHU�WKH�VWUXFWXUH�RI�WKH
WKLUG��HQ]\PDWLF�SDUW�RI�WKH�WULSDUWLWH�PHWDEROLF�QHWZRUN�SLFWXUHG�LQ�)LJ�����E�
7KH�FRQVWUXFWLRQ�RI�D�FRPSOHWH�RU�SDUWLDO�SLFWXUH�RI�D�PHWDEROLF�QHWZRUN�LQYROYHV�WKH�FRPELQDWLRQ

RI�GDWD�IURP�PDQ\�GLIIHUHQW�SDWKZD\V��DOPRVW�FHUWDLQO\�GHULYHG�IURP�H[SHULPHQWV�SHUIRUPHG�E\�PDQ\
GLIIHUHQW�H[SHULPHQWHUV�XVLQJ�PDQ\�GLIIHUHQW�WHFKQLTXHV��7KHUH�DUH�QRZ�D�QXPEHU�RI�SXEOLF�GDWDEDVHV
RI�PHWDEROLF� SDWKZD\�GDWD� IURP�ZKLFK� RQH� FDQ� GUDZ� WR� DVVHPEOH� QHWZRUNV�� WKH� EHVW� NQRZQ�EHLQJ
.(**�DQG�0HWD&\F��$VVHPEOLQJ�WKH�QHWZRUN�LWVHOI�LV�D�QRQ�WULYLDO�WDVN��%HFDXVH�WKH�GDWD�DUH�GUDZQ
IURP�PDQ\�VRXUFHV��FDUHIXO�FKHFNLQJ�DJDLQVW� WKH�H[SHULPHQWDO� OLWHUDWXUH� �RU�³FXUDWLRQ�´�DV� WKH� OLQJR
JRHV�� LV� QHFHVVDU\� WR� LQVXUH� FRQVLVWHQW� DQG� UHOLDEOH� LQSXWV� WR� WKH� SURFHVV�� DQG� PLVVLQJ� VWHSV� LQ
PHWDEROLF�SDWKZD\V�PXVW�RIWHQ�EH�ILOOHG�LQ�E\�JXHVVZRUN�EDVHG�RQ�ELRFKHPLVWU\�DQG�D�NQRZOHGJH�RI
WKH� JHQHWLFV��$� QXPEHU� RI� FRPSXWHU� VRIWZDUH� SDFNDJHV� KDYH� EHHQ� GHYHORSHG� WKDW� FDQ� UHFRQVWUXFW
QHWZRUNV�IURP�UDZ�PHWDEROLF�GDWD�LQ�DQ�DXWRPDWHG�IDVKLRQ��EXW�WKH�TXDOLW\�RI�WKH�QHWZRUNV�WKH\�FUHDWH
LV� JHQHUDOO\� WKRXJKW� WR� EH�SRRUHU� WKDQ� WKDW� RI� QHWZRUNV� FUHDWHG�E\�NQRZOHGJHDEOH� KXPDQ� VFLHQWLVWV
�DOWKRXJK�WKH�FRPSXWHUV�DUH�PXFK�IDVWHU��
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7KH�PHWDEROLF�QHWZRUNV�RI�WKH�SUHYLRXV�VHFWLRQ�GHVFULEH�WKH�SDWWHUQV�RI�FKHPLFDO�UHDFWLRQV�WKDW�WXUQ
RQH�FKHPLFDO� LQWR�DQRWKHU� LQ� WKH�FHOO��$V�ZH�KDYH�QRWHG�� WKH� WUDGLWLRQDO�GHILQLWLRQ�RI�PHWDEROLVP�LV
UHVWULFWHG� WR� VPDOO�PROHFXOHV�DQG�GRHV�QRW� LQFOXGH�SURWHLQV�RU�RWKHU� ODUJH�PROHFXOHV�� H[FHSW� LQ� WKH
UROH� RI� HQ]\PHV�� LQ� ZKLFK� WKH\� FDWDO\]H� PHWDEROLF� UHDFWLRQV� EXW� GR� QRW� WDNH� SDUW� DV� UHDFWDQWV
WKHPVHOYHV�
3URWHLQV�GR�KRZHYHU�LQWHUDFW�ZLWK�RQH�DQRWKHU�DQG�ZLWK�RWKHU�ELRPROHFXOHV��ERWK�ODUJH�DQG�VPDOO�

EXW� WKH� LQWHUDFWLRQV� DUH� QRW� SXUHO\� FKHPLFDO�� 3URWHLQV� VRPHWLPHV� LQWHUDFW� FKHPLFDOO\� ZLWK� RWKHU
PROHFXOHV²H[FKDQJLQJ�VPDOO�VXEJURXSV��IRU�H[DPSOH��VXFK�DV�WKH�H[FKDQJH�RI�D�SKRVSKDWH�JURXS�LQ
WKH� SURFHVV� NQRZQ� DV� SKRVSKRU\ODWLRQ�� %XW� WKH� SULPDU\� PRGH� RI� SURWHLQ�SURWHLQ� LQWHUDFWLRQ²
LQWHUDFWLRQV�RI�SURWHLQV�ZLWK�RWKHU�SURWHLQV²LV�SK\VLFDO��WKHLU�FRPSOLFDWHG�IROGHG�VKDSHV�LQWHUORFNLQJ
WR�FUHDWH�VR�FDOOHG�SURWHLQ�FRPSOH[HV��VHH�)LJ�������EXW�ZLWKRXW�WKH�H[FKDQJH�RI�SDUWLFOHV�RU�VXEXQLWV
WKDW�GHILQHV�FKHPLFDO�UHDFWLRQV�

�

)LJXUH� ����� 7ZR� SURWHLQV� MRLQHG� WR� IRUP� D� SURWHLQ� FRPSOH[� � 3URWHLQ� PROHFXOHV� FDQ� KDYH
FRPSOLFDWHG�VKDSHV�WKDW�LQWHUORFN�ZLWK�RQH�DQRWKHU�WR�IRUP�SURWHLQ�FRPSOH[HV�
�
�
7KH�VHW�RI�DOO�SURWHLQ�SURWHLQ� LQWHUDFWLRQV�IRUPV�D�SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUN �� LQ�ZKLFK

WKH�YHUWLFHV�DUH�SURWHLQV�DQG�WZR�YHUWLFHV�DUH�FRQQHFWHG�E\�DQ�XQGLUHFWHG�HGJH�LI�WKH�FRUUHVSRQGLQJ
SURWHLQV�LQWHUDFW��$OWKRXJK�WKLV�UHSUHVHQWDWLRQ�RI�WKH�QHWZRUN�LV�WKH�RQH�FRPPRQO\�XVHG��LW�RPLWV�PXFK
XVHIXO�LQIRUPDWLRQ�DERXW�WKH�LQWHUDFWLRQV��,QWHUDFWLRQV�WKDW�LQYROYH�WKUHH�RU�PRUH�SURWHLQV��IRU�LQVWDQFH�
DUH�UHSUHVHQWHG�E\�PXOWLSOH�HGJHV��DQG�WKHUH�LV�QR�ZD\�WR�WHOO�IURP�WKH�QHWZRUN�LWVHOI�WKDW�VXFK�HGJHV
UHSUHVHQW�DVSHFWV�RI� WKH�VDPH�LQWHUDFWLRQ��7KLV�SUREOHP�FRXOG�EH�DGGUHVVHG�E\�DGRSWLQJ�D�ELSDUWLWH
UHSUHVHQWDWLRQ�RI�WKH�QHWZRUN�VLPLODU�WR�WKH�RQH�ZH�VNHWFKHG�IRU�PHWDEROLF�QHWZRUNV�LQ�)LJ�������ZLWK



WZR�NLQGV�RI�YHUWH[�UHSUHVHQWLQJ�SURWHLQV�DQG�LQWHUDFWLRQV��DQG�XQGLUHFWHG�HGJHV�FRQQHFWLQJ�SURWHLQV
WR�WKH�LQWHUDFWLRQV�LQ�ZKLFK�WKH\�SDUWLFLSDWH��6XFK�UHSUHVHQWDWLRQV��KRZHYHU��DUH�UDUHO\�XVHG�
7KHUH� DUH� D� QXPEHU� RI� H[SHULPHQWDO� WHFKQLTXHV� DYDLODEOH� WR� SUREH� IRU� LQWHUDFWLRQV� EHWZHHQ

SURWHLQV�� 2QH� RI� WKH� PRVW� UHOLDEOH� DQG� WUXVWHG� LV�FR�LPPXQRSUHFLSLWDWLRQ�� ,PPXQRSUHFLSLWDWLRQ
�ZLWKRXW� WKH� ³FR�´�� LV� D� WHFKQLTXH� IRU� H[WUDFWLQJ� D� VLQJOH�SURWHLQ� VSHFLHV� IURP�D� VDPSOH� FRQWDLQLQJ
PRUH� WKDQ� RQH�� 7KH� WHFKQLTXH� ERUURZV� IURP� WKH� LPPXQH� V\VWHP�� ZKLFK� SURGXFHV�DQWLERGLHV�
VSHFLDOL]HG�SURWHLQV�WKDW�DWWDFK�RU�ELQG�WR�D�VSHFLILF�RWKHU�WDUJHW�SURWHLQ�ZKHQ�WKH�WZR�HQFRXQWHU�HDFK
RWKHU��7KH�LPPXQH�V\VWHP�XVHV�DQWLERGLHV�WR�QHXWUDOL]H�SURWHLQV��FRPSOH[HV��RU�ODUJHU�VWUXFWXUHV�WKDW
DUH� KDUPIXO� WR� WKH� ERG\�� EXW� H[SHULPHQWDOLVWV� KDYH� DSSURSULDWHG� WKHP� IRU� XVH� LQ� WKH� ODERUDWRU\�
,PPXQRSUHFLSLWDWLRQ�LQYROYHV�DWWDFKLQJ�DQ�DQWLERG\�WR�D�VROLG�VXUIDFH��VXFK�DV�WKH�VXUIDFH�RI�D�JODVV
EHDG��WKHQ�SDVVLQJ�D�VROXWLRQ�FRQWDLQLQJ�WKH�WDUJHW�SURWHLQ��DV�ZHOO�DV�RWKHUV��LQ�PRVW�FDVHV��RYHU�WKH
VXUIDFH�� 7KH� DQWLERG\� DQG� WKH� WDUJHW� SURWHLQ� ELQG� WRJHWKHU�� HIIHFWLYHO\� DWWDFKLQJ� WKH� SURWHLQ� WR� WKH
VXUIDFH�YLD�WKH�DQWLERG\��7KH�UHVW�RI�WKH�VROXWLRQ�LV�WKHQ�ZDVKHG�DZD\��OHDYLQJ�WKH�WDUJHW�SURWHLQ�WR�EH
UHFRYHUHG�IURP�WKH�VXUIDFH�

�

,Q�LPPXQRSUHFLSLWDWLRQ��DQWLERGLHV�DWWDFKHG�WR�D�VROLG�VXUIDFH�ELQG�WR�D�VSHFLILF�SURWHLQ��UHSUHVHQWHG
KHUH�E\�WKH�FLUFOHV��SXOOLQJ�LW�RXW�RI�WKH�VROXWLRQ�
�
�
7KHUH� DUH� NQRZQ� QDWXUDOO\� RFFXUULQJ� DQWLERGLHV� IRU� PDQ\� SURWHLQV� RI� VFLHQWLILF� LQWHUHVW�� EXW

UHVHDUFKHUV�DOVR�URXWLQHO\�FUHDWH�DQWLERGLHV�IRU�VSHFLILF�SURWHLQV�E\�LQMHFWLQJ�WKRVH�SURWHLQV��RU�PRUH
RIWHQ�D�SRUWLRQ�RI�D�SURWHLQ��LQWR�DQ�DQLPDO�WR�SURYRNH�LWV�LPPXQH�V\VWHP�WR�JHQHUDWH�WKH�DSSURSULDWH
DQWLERG\�
&R�LPPXQRSUHFLSLWDWLRQ� LV� DQ� H[WHQVLRQ� RI� WKH� VDPH� PHWKRG� WR� WKH� LGHQWLILFDWLRQ� RI� SURWHLQ

LQWHUDFWLRQV��$Q�DQWLERG\�LV�DJDLQ�DWWDFKHG�WR�D�VXLWDEOH�VROLG�VXUIDFH�DQG�ELQGV�WR�D�NQRZQ�SURWHLQ�LQ
D�VDPSOH��,I�WKDW�SURWHLQ�LV�DWWDFKHG�WR�RWKHUV��IRUPLQJ�D�SURWHLQ�FRPSOH[��WKHQ�WKH�HQWLUH�FRPSOH[�ZLOO
HQG�XS�DWWDFKHG�WR�WKH�VXUIDFH�DQG�ZLOO�UHPDLQ�DIWHU�WKH�VROXWLRQ�LV�ZDVKHG�DZD\��7KHQ�WKH�FRPSOH[
FDQ�EH�UHFRYHUHG�IURP�WKH�VXUIDFH�DQG�WKH�GLIIHUHQW�SURWHLQV�WKDW�PDNH�LW�XS�LQGLYLGXDOO\�LGHQWLILHG�
W\SLFDOO\�E\� WHVWLQJ� WR� VHH� LI� WKH\�ELQG� WR�RWKHU�NQRZQ�DQWLERGLHV� �D� WHFKQLTXH�NQRZQ�DV�D�:HVWHUQ
EORW��
$OWKRXJK� ZHOO�HVWDEOLVKHG� DQG� UHOLDEOH�� FR�LPPXQRSUHFLSLWDWLRQ� LV� DQ� LPSUDFWLFDO� DSSURDFK� IRU

UHFRQVWUXFWLQJ�HQWLUH�LQWHUDFWLRQ�QHWZRUNV��VLQFH�LQGLYLGXDO�H[SHULPHQWV��HDFK�WDNLQJ�GD\V��KDYH�WR�EH
SHUIRUPHG� IRU� HYHU\� LQWHUDFWLRQ� LGHQWLILHG�� ,I� DSSURSULDWH� DQWLERGLHV� DOVR� KDYH� WR� EH� FUHDWHG� WKH
SURFHVV�ZRXOG�WDNH�HYHQ�ORQJHU��WKH�FUHDWLRQ�RI�D�VLQJOH�DQWLERG\�LQYROYHV�ZHHNV�RU�PRQWKV�RI�ZRUN�



DQG�FRVWV�D�FRQVLGHUDEOH�DPRXQW�RI�PRQH\�WRR��$V�D�UHVXOW�� WKH� ODUJH�VFDOH�VWXG\�RI�SURWHLQ�SURWHLQ
LQWHUDFWLRQ�QHWZRUNV�GLG�QRW� UHDOO\� WDNH�RII� XQWLO� WKH� DGRSWLRQ� LQ� WKH�����V� DQG� HDUO\�����V�RI� VR�
FDOOHG�KLJK�WKURXJKSXW�PHWKRGV� IRU�GLVFRYHULQJ� LQWHUDFWLRQV��PHWKRGV� WKDW�FDQ� LGHQWLI\� LQWHUDFWLRQV
TXLFNO\�DQG�LQ�D�VHPL�DXWRPDWHG�IDVKLRQ�

7UDQVFULSWLRQ�IDFWRUV�DUH�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�������
�
7KH�ROGHVW�DQG�EHVW�HVWDEOLVKHG�RI�WKH�KLJK�WKURXJKSXW�PHWKRGV�IRU�SURWHLQ�LQWHUDFWLRQV�LV�WKH�WZR�

K\EULG�VFUHHQ��LQYHQWHG�E\�)LHOGV�DQG�6RQJ�LQ������>���@����7KLV�PHWKRG�UHOLHV�RQ�WKH�DFWLRQV�RI�D
VSHFLDOL]HG� SURWHLQ� NQRZQ� DV� D�WUDQVFULSWLRQ� IDFWRU�� ZKLFK�� LI� SUHVHQW� LQ� D� FHOO�� WXUQV� RQ� WKH
SURGXFWLRQ�RI�DQRWKHU�SURWHLQ��UHIHUUHG�WR�DV�D�UHSRUWHU��7KH�SUHVHQFH�RI�WKH�UHSRUWHU�FDQ�EH�GHWHFWHG
E\�WKH�H[SHULPHQWHU�E\�DQ\�RI�D�QXPEHU�RI�UHODWLYHO\�VLPSOH�PHDQV��7KH�LGHD�RI�WKH�WZR�K\EULG�VFUHHQ
LV�WR�DUUDQJH�WKLQJV�VR�WKDW� WKH�WUDQVFULSWLRQ�IDFWRU�LV�FUHDWHG�ZKHQ�WZR�SURWHLQV�RI�LQWHUHVW� LQWHUDFW�
WKHUHE\�WXUQLQJ�RQ�WKH�UHSRUWHU��ZKLFK�WHOOV�XV�WKDW�WKH�LQWHUDFWLRQ�KDV�WDNHQ�SODFH�
7KH�WZR�K\EULG�VFUHHQ�UHOLHV�RQ�WKH�IDFW� WKDW� WUDQVFULSWLRQ�IDFWRUV�DUH� W\SLFDOO\�FRPSRVHG�RI� WZR

GLVWLQFW� SDUWV�� D� VR�FDOOHG�ELQGLQJ� GRPDLQ� DQG� DQ�DFWLYDWLRQ� GRPDLQ�� ,W� WXUQV� RXW� WKDW� PRVW
WUDQVFULSWLRQ�IDFWRUV�GR�QRW�UHTXLUH�WKH�ELQGLQJ�DQG�DFWLYDWLRQ�GRPDLQV�WR�EH�DFWXDOO\�DWWDFKHG�WR�RQH
DQRWKHU�IRU�WKH�WUDQVFULSWLRQ�IDFWRU�WR�ZRUN��,I�WKH\�DUH�PHUHO\�LQ�FORVH�HQRXJK�SUR[LPLW\�SURGXFWLRQ�RI
WKH�UHSRUWHU�ZLOO�EH�DFWLYDWHG�
,Q� D� WZR�K\EULG� VFUHHQ�� D� FHOO�� XVXDOO\� D� \HDVW� FHOO�� LV� SHUVXDGHG� WR� SURGXFH� WZR� SURWHLQV� RI

LQWHUHVW�� HDFK� ZLWK� RQH� RI� WKH� GRPDLQV� RI� WKH� WUDQVFULSWLRQ� IDFWRU� DWWDFKHG� WR� LW�� 7KLV� LV� GRQH� E\
LQWURGXFLQJ�SODVPLGV�LQWR�WKH�FHOO��IUDJPHQWV�RI�'1$�WKDW�FRGH�IRU�WKH�SURWHLQV�DQG�GRPDLQV��7KHQ��LI
WKH�WZR�SURWHLQV�LQ�TXHVWLRQ�LQWHUDFW�DQG�IRUP�D�FRPSOH[��WKH�WZR�GRPDLQV�RI�WKH�WUDQVFULSWLRQ�IDFWRU
ZLOO�EH�EURXJKW�WRJHWKHU�DQG��ZLWK�OXFN��ZLOO�DFWLYDWH�SURGXFWLRQ�RI�WKH�UHSRUWHU�

6HH�6HFWLRQ�������IRU�D�GLVFXVVLRQ�RI�'1$�FRGLQJ�RI�SURWHLQV�
�
,Q�D�W\SLFDO�WZR�K\EULG�H[SHULPHQW��WKH�SURWHLQ�DWWDFKHG�WR�WKH�ELQGLQJ�GRPDLQ�RI�WKH�WUDQVFULSWLRQ

IDFWRU� LV� D� NQRZQ� SURWHLQ� �FDOOHG� WKH�EDLW� SURWHLQ�� ZKRVH� LQWHUDFWLRQV� WKH� H[SHULPHQWHU� ZDQWV� WR
SUREH��3ODVPLGV�FRGLQJ�IRU�D� ODUJH�QXPEHU�RI�RWKHU�SURWHLQV��FDOOHG�SUH\��DWWDFKHG�WR�FRSLHV�RI� WKH
DFWLYDWLRQ�GRPDLQ�DUH�FUHDWHG��UHVXOWLQJ�LQ�D�VR�FDOOHG�OLEUDU\�RI�SRVVLEOH�LQWHUDFWLRQ�WDUJHWV�IRU�WKH
EDLW��7KH�SODVPLGV�IRU�WKH�EDLW�DQG�WKH�OLEUDU\�RI�SUH\�DUH�WKHQ�LQWURGXFHG�LQWR�D�FXOWXUH�RI�\HDVW�FHOOV�
ZLWK�WKH�FRQFHQWUDWLRQ�RI�SUH\�FDUHIXOO\�FDOLEUDWHG�VR�WKDW�DW�PRVW�RQH�SUH\�SODVPLG�HQWHUV�HDFK�FHOO�LQ
PRVW�FDVHV��&HOOV�REVHUYHG�WR�SURGXFH�WKH�UHSRUWHU�DUH�WKHQ�DVVXPHG�WR�FRQWDLQ�SODVPLGV�FRGLQJ�IRU
SUH\�SURWHLQV�WKDW�LQWHUDFW�ZLWK�WKH�EDLW�DQG�WKH�SODVPLGV�DUH�UHFRYHUHG�IURP�WKRVH�FHOOV�DQG�DQDO\]HG
WR�GHWHUPLQH�WKH�SURWHLQV�WKH\�FRUUHVSRQG�WR�
7KH� WZR�K\EULG� VFUHHQ� KDV� WZR� LPSRUWDQW� DGYDQWDJHV� RYHU� ROGHU� PHWKRGV� OLNH� FR�

LPPXQRSUHFLSLWDWLRQ��)LUVW��RQH�FDQ�HPSOR\�D�ODUJH�OLEUDU\�RI�SUH\�DQG�KHQFH�WHVW�IRU�LQWHUDFWLRQV�ZLWK
PDQ\�SURWHLQV�LQ�D�VLQJOH�H[SHULPHQW��DQG�VHFRQG��WKH�PHWKRG�LV�VXEVWDQWLDOO\�FKHDSHU�DQG�IDVWHU�WKDQ
FR�LPPXQRSUHFLSLWDWLRQ� SHU� LQWHUDFWLRQ� GHWHFWHG�� :KHUH� FR�LPPXQRSUHFLSLWDWLRQ� UHTXLUHV� RQH� WR
REWDLQ�RU�FUHDWH�DQWLERGLHV�IRU�HYHU\�SURWHLQ�WHVWHG��WKH�WZR�K\EULG�VFUHHQ�UHTXLUHV�RQO\�WKH�FUHDWLRQ
RI� '1$� SODVPLGV� DQG� WKHLU� ODWHU� VHTXHQFH� DQDO\VLV�� ERWK� UHODWLYHO\� VLPSOH� RSHUDWLRQV� IRU� DQ
H[SHULPHQWHU�DUPHG�ZLWK�WKH�PDFKLQHU\�RI�PRGHUQ�JHQHWLF�HQJLQHHULQJ�
2QH� GLVDGYDQWDJH� RI� WKH� WZR�K\EULG� VFUHHQ� LV� WKDW� WKH� SUHVHQFH� RI� WKH� WZR� GRPDLQV� RI� WKH

WUDQVFULSWLRQ�IDFWRU�DWWDFKHG�WR�WKH�EDLW�DQG�SUH\�SURWHLQV�FDQ�JHW�LQ�WKH�ZD\�RI�WKHLU�LQWHUDFWLQJ�ZLWK



RQH�DQRWKHU� DQG�SUHYHQW� WKH� IRUPDWLRQ�RI� D�SURWHLQ� FRPSOH[��PHDQLQJ� WKDW� VRPH� OHJLWLPDWH�SURWHLQ�
SURWHLQ�LQWHUDFWLRQV�ZLOO�QRW�WDNH�SODFH�XQGHU�WKH�FRQGLWLRQV�RI�WKH�H[SHULPHQW�
7KH�SULQFLSDO�GLVDGYDQWDJH�RI�WKH�PHWKRG��KRZHYHU��LV�WKDW�LW�LV�VLPSO\�XQUHOLDEOH��,W�SURGXFHV�KLJK

UDWHV�RI�ERWK�IDOVH�SRVLWLYH�UHVXOWV²DSSDUHQW�LQWHUDFWLRQV�EHWZHHQ�SURWHLQV�WKDW�LQ�IDFW�GR�QRW�LQWHUDFW
²DQG�IDOVH�QHJDWLYH�UHVXOWV²IDLOXUH�WR�GHWHFW� WUXH�LQWHUDFWLRQV��%\�VRPH�HVWLPDWHV�WKH�UDWH�RI�IDOVH
SRVLWLYHV�PD\�EH�DV�KLJK�DV������PHDQLQJ�WKDW�IXOO\�KDOI�RI�DOO�LQWHUDFWLRQV�GHWHFWHG�E\�WKH�PHWKRG�DUH
QRW� UHDO��7KLV�KDV�QRW�VWRSSHG�D�QXPEHU�RI� UHVHDUFKHUV� IURP�SHUIRUPLQJ�DQDO\VHV�RQ� WKH� LQWHUDFWLRQ
QHWZRUNV�UHFRQVWUXFWHG�IURP�WZR�K\EULG�VFUHHQ�GDWD��EXW�WKH�UHVXOWV�VKRXOG�EH�YLHZHG�ZLWK�FDXWLRQ��,W
LV� FHUWDLQO\� SRVVLEOH� WKDW� PDQ\� RU� HYHQ� PRVW� RI� WKH� FRQFOXVLRQV� RI� VXFK� VWXGLHV� DUH� VXEVWDQWLDOO\
LQDFFXUDWH�
$Q� DOWHUQDWLYH� DQG� PRUH� DFFXUDWH� FODVV� RI� PHWKRGV� IRU� KLJK�WKURXJKSXW� GHWHFWLRQ� RI� SURWHLQ

LQWHUDFWLRQV� DUH� WKH�DIILQLW\� SXULILFDWLRQ� PHWKRGV� �DOVR� VRPHWLPHV� FDOOHG�DIILQLW\� SUHFLSLWDWLRQ
PHWKRGV���7KHVH�PHWKRGV�DUH�LQ�VRPH�ZD\V�VLPLODU�WR�WKH�FR�LPPXQRSUHFLSLWDWLRQ�PHWKRG�GHVFULEHG
SUHYLRXVO\�� EXW� DYRLG� WKH� QHHG� WR� GHYHORS� DQWLERGLHV� IRU� HDFK� SURWHLQ� SUREHG�� ,Q� DQ� DIILQLW\
SXULILFDWLRQ�PHWKRG�� D� SURWHLQ� RI� LQWHUHVW� LV� ³WDJJHG´� E\� DGGLQJ� D� SRUWLRQ� RI� DQRWKHU� SURWHLQ� WR� LW�
W\SLFDOO\� E\� LQWURGXFLQJ� D� SODVPLG� WKDW� FRGHV� IRU� WKH� SURWHLQ� SOXV� WDJ�� LQ� D� PDQQHU� VLPLODU� WR� WKH
LQWURGXFWLRQ�RI�SODVPLGV�LQ�WKH�WZR�K\EULG�VFUHHQ��7KHQ�WKH�SURWHLQ�LV�JLYHQ�WKH�RSSRUWXQLW\�WR�LQWHUDFW
ZLWK�D�VXLWDEOH�OLEUDU\�RI�RWKHU�SURWHLQV�DQG�D�VROXWLRQ�FRQWDLQLQJ�WKH�UHVXOWLQJ�SURWHLQ�FRPSOH[HV��LI
DQ\��SDVVHG�RYHU�D�VXUIDFH�WR�ZKLFK�DUH�DWWDFKHG�DQWLERGLHV�WKDW�ELQG�WR�WKH�WDJ��$V�D�UHVXOW��WKH�WDJ�
WKH�DWWDFKHG�SURWHLQ��DQG�LWV�LQWHUDFWLRQ�SDUWQHUV�DUH�ERXQG�WR�WKH�VXUIDFH�ZKLOH�WKH�UHVW�RI�WKH�VROXWLRQ
LV� ZDVKHG� DZD\�� 7KHQ�� DV� LQ� FR�LPPXQRSUHFLSLWDWLRQ�� WKH� UHVXOWLQJ� FRPSOH[� RU� FRPSOH[HV� FDQ� EH
DQDO\]HG�WR�GHWHUPLQH�WKH�LGHQWLWLHV�RI�WKH�LQWHUDFWLRQ�SDUWQHUV�
7KH�DGYDQWDJH�RI�WKLV�PHWKRG�LV� WKDW� LW�UHTXLUHV�RQO\�D�VLQJOH�DQWLERG\�WKDW�ELQGV�WR�D�NQRZQ�WDJ�

DQG�WKH�VDPH�WDJ�DQWLERG\�SDLU�FDQ�EH�XVHG�LQ�GLIIHUHQW�H[SHULPHQWV�WR�ELQG�GLIIHUHQW�SURWHLQV��7KXV�
DV�ZLWK�WKH�WZR�K\EULG�VFUHHQ��RQH�QHHG�RQO\�JHQHUDWH�QHZ�SODVPLGV�IRU�HDFK�H[SHULPHQW��ZKLFK�LV
UHODWLYHO\� HDV\�� DV� RSSRVHG� WR� JHQHUDWLQJ� QHZ� DQWLERGLHV�� ZKLFK� LV� VORZ� DQG� GLIILFXOW�� 6RPH
LPSOHPHQWDWLRQV�RI� WKH�PHWKRG�KDYH�D� UHOLDELOLW\�FRPSDUDEOH� WR� WKDW�RI�FR�LPPXQRSUHFLSLWDWLRQ��2I
SDUWLFXODU�QRWH� LV� WKH�PHWKRG�NQRZQ�DV�WDQGHP�DIILQLW\�SXULILFDWLRQ��ZKLFK�FRPELQHV� WZR�VHSDUDWH
SXULILFDWLRQ�VWDJHV�DQG�JHQHUDWHV�FRUUHVSRQGLQJO\�KLJKHU�TXDOLW\�UHVXOWV��7DQGHP�DIILQLW\�SXULILFDWLRQ
LV�WKH�VRXUFH�IRU�VRPH�RI�WKH�PRVW�UHOLDEOH�FXUUHQW�GDWD�IRU�SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUNV�
$V�ZLWK�PHWDEROLF�UHDFWLRQV��WKHUH�DUH�QRZ�VXEVWDQWLDO�GDWDEDVHV�RI�SURWHLQ�LQWHUDFWLRQV�DYDLODEOH

RQOLQH��RI�ZKLFK�WKH�PRVW�H[WHQVLYH�DUH�,QW$FW��0,17��DQG�',3��DQG�IURP�WKHVH�GDWDEDVHV�LQWHUDFWLRQ
QHWZRUNV�FDQ�EH�FRQVWUXFWHG�IRU�DQDO\VLV��$Q�H[DPSOH�LV�VKRZQ�LQ�)LJ������



�

)LJXUH������$�SURWHLQ�SURWHLQ� LQWHUDFWLRQ�QHWZRUN� IRU�\HDVW� �$�QHWZRUN�RI� LQWHUDFWLRQV�EHWZHHQ
SURWHLQV� LQ� WKH� VLQJOH�FHOOHG� RUJDQLVP�6DFFKDURP\FHV� FHUHYLVLDH � �EDNHU V� \HDVW��� DV� GHWHUPLQHG
XVLQJ�� SULPDULO\�� WZR�K\EULG� VFUHHQ� H[SHULPHQWV�� )URP� -HRQJ�HW� DO�� >���@�� &RS\ULJKW� 0DFPLOODQ
3XEOLVKHUV�/WG��5HSURGXFHG�E\�SHUPLVVLRQ�
�
�
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�

$V�GLVFXVVHG�LQ�6HFWLRQ�������� WKH�VPDOO�PROHFXOHV�QHHGHG�E\�ELRORJLFDO�RUJDQLVPV��VXFK�DV�VXJDUV
DQG� IDWV�� DUH�PDQXIDFWXUHG� LQ� WKH� FHOO� E\� WKH� FKHPLFDO� UHDFWLRQV�RI�PHWDEROLVP��3URWHLQV��KRZHYHU�
ZKLFK�DUH�PXFK�ODUJHU�PROHFXOHV��DUH�PDQXIDFWXUHG�LQ�D�GLIIHUHQW�PDQQHU��IROORZLQJ�UHFLSHV�UHFRUGHG
LQ�WKH�FHOO¶V�JHQHWLF�PDWHULDO��'1$�
3URWHLQV�DUH�ELRORJLFDO�SRO\PHUV��ORQJ�FKDLQ�PROHFXOHV�IRUPHG�E\�WKH�FRQFDWHQDWLRQ�RI�D�VHULHV�RI

EDVLF� XQLWV� FDOOHG�DPLQR� DFLGV�� 7KH� LQGLYLGXDO� DPLQR� DFLGV� WKHPVHOYHV� DUH� PDQXIDFWXUHG� E\
PHWDEROLF�SURFHVVHV��EXW�WKHLU�DVVHPEO\�LQWR�FRPSOHWH�SURWHLQV�LV�DFFRPSOLVKHG�E\�WKH�PDFKLQHU\�RI
JHQHWLFV��7KHUH�DUH����GLVWLQFW�DPLQR�DFLGV�WKDW�DUH�XVHG�E\�DOO�OLYLQJ�RUJDQLVPV�WR�EXLOG�SURWHLQV��DQG
GLIIHUHQW�VSHFLHV�RI�SURWHLQV�DUH�GLVWLQJXLVKHG�IURP�RQH�DQRWKHU�E\�WKH�SDUWLFXODU�VHTXHQFH�RI�DPLQR
DFLGV�WKDW�PDNH�WKHP�XS��2QFH�FUHDWHG��D�SURWHLQ�GRHV�QRW�VWD\�LQ�D�ORRVH�FKDLQ�OLNH�IRUP��EXW�IROGV�XS
RQ�LWVHOI�XQGHU�WKH�LQIOXHQFH�RI�WKHUPRG\QDPLF�IRUFHV�DQG�PHFKDQLFDO�FRQVWUDLQWV��UHOLDEO\�SURGXFLQJ
D�VSHFLILF�IROGHG�IRUP�RU�FRQIRUPDWLRQ�ZKRVH�GHWDLOHG�VKDSH�GHSHQGV�RQ�WKH�DPLQR�DFLG�VHTXHQFH²
VHH� )LJ�� ����� $� SURWHLQ¶V� FRQIRUPDWLRQ� GLFWDWHV� WKH� SK\VLFDO� LQWHUDFWLRQV� LW� FDQ� KDYH� ZLWK� RWKHU
PROHFXOHV�DQG�FDQ�H[SRVH�SDUWLFXODU�FKHPLFDO�JURXSV�RU�DFWLYH�VLWHV�RQ�WKH�VXUIDFH�RI�WKH�SURWHLQ�WKDW
FRQWULEXWH�WR�LWV�ELRORJLFDO�IXQFWLRQ�ZLWKLQ�WKH�RUJDQLVP�

�

)LJXUH������3URWHLQ�IROGLQJ��3URWHLQV��ZKLFK�DUH�ORQJ�FKDLQ�SRO\PHUV�RI�DPLQR�DFLGV��GR�QRW�QDWXUDOO\
UHPDLQ� LQ� DQ� RSHQ� VWDWH� �OHIW��� EXW� FROODSVH� XSRQ� WKHPVHOYHV� WR� IRUP� D�PRUH� FRPSDFW� IROGHG� VWDWH
�ULJKW��
�
�
$�SURWHLQ¶V�DPLQR�DFLG�VHTXHQFH�LV�GHWHUPLQHG�E\�D�FRUUHVSRQGLQJ�VHTXHQFH�VWRUHG�LQ�WKH�'1$�RI

WKH�FHOO�LQ�ZKLFK�WKH�SURWHLQ�LV�V\QWKHVL]HG��7KLV�LV�WKH�SULPDU\�IXQFWLRQ�RI�'1$�LQ�OLYLQJ�PDWWHU��WR
DFW�DV�DQ�LQIRUPDWLRQ�VWRUDJH�PHGLXP�FRQWDLQLQJ�WKH�VHTXHQFHV�RI�SURWHLQV�QHHGHG�E\�WKH�FHOO��'1$�LV
LWVHOI� D� ORQJ�FKDLQ� SRO\PHU� PDGH� XS� RI� XQLWV� FDOOHG�QXFOHRWLGHV�� RI� ZKLFK� WKHUH� DUH� IRXU� GLVWLQFW
VSHFLHV��DGHQLQH��F\WRVLQH��JXDQLQH��DQG�WK\PLQH��FRPPRQO\�GHQRWHG�$��&��*��DQG�7��UHVSHFWLYHO\� ��
7KH�DPLQR�DFLGV�LQ�SURWHLQV�DUH�HQFRGHG�LQ�'1$�DV�WULRV�RI�FRQVHFXWLYH�QXFOHRWLGHV�FDOOHG�FRGRQV�
VXFK�DV�$&*�RU�777��DQG�D�VXFFHVVLRQ�RI� VXFK�FRGRQV�VSHOOV�RXW� WKH�FRPSOHWH�VHTXHQFH�RI�DPLQR
DFLGV� LQ�D�SURWHLQ��$�VLQJOH� VWUDQG�RI�'1$�FDQ�FRGH� IRU�PDQ\�SURWHLQV²KXQGUHGV�RU� WKRXVDQGV�RI



WKHP²DQG�WZR�VSHFLDO�FRGRQV��FDOOHG�WKH�VWDUW�DQG�VWRS�FRGRQV��DUH�XVHG�WR�VLJQDO�WKH�EHJLQQLQJ�DQG
HQG�ZLWKLQ�WKH�ODUJHU�'1$�VWUDQG�RI�WKH�VHTXHQFH�FRGLQJ�IRU�D�SURWHLQ��7KH�'1$�FRGH�IRU�D�VLQJOH
SURWHLQ��IURP�VWDUW�FRGRQ�WR�VWRS�FRGRQ��LV�FDOOHG�D�JHQH�
3URWHLQV�DUH�FUHDWHG�LQ�WKH�FHOO�E\�D�PHFKDQLVP�WKDW�RSHUDWHV�LQ�WZR�VWDJHV��,Q�WKH�ILUVW�VWDJH��NQRZQ

DV�WUDQVFULSWLRQ��DQ�HQ]\PH�FDOOHG�51$�SRO\PHUDVH�PDNHV�D�FRS\�RI�WKH�FRGLQJ�VHTXHQFH�RI�D�VLQJOH
JHQH��7KH�FRS\�LV�PDGH�RI�51$��DQRWKHU�LQIRUPDWLRQ�EHDULQJ�ELRSRO\PHU��FKHPLFDOO\�VLPLODU�EXW�QRW
LGHQWLFDO� WR�'1$��51$�FRSLHV�RI� WKLV� W\SH�DUH�FDOOHG�PHVVHQJHU�51$V�� ,Q� WKH�VHFRQG�VWDJH��FDOOHG
WUDQVODWLRQ��WKH�SURWHLQ�LV�DVVHPEOHG��VWHS�E\�VWHS��IURP�WKH�51$�VHTXHQFH�E\�DQ�LQJHQLRXV�SLHFH�RI
PROHFXODU� PDFKLQHU\� NQRZQ� DV� D�ULERVRPH�� D� FRPSOH[� RI� LQWHUDFWLQJ� SURWHLQV� DQG� 51$�� 7KH
WUDQVODWLRQ�SURFHVV�LQYROYHV�WKH�XVH�RI�WUDQVIHU�51$V��VKRUW�PROHFXOHV�RI�51$�WKDW�KDYH�D�UHJLRQ�DW
RQH�HQG�WKDW�UHFRJQL]HV�DQG�ELQGV�WR�D�FRGRQ�LQ�WKH�PHVVHQJHU�51$�DQG�D�UHJLRQ�DW�WKH�RWKHU�HQG�WKDW
SXOOV�WKH�UHTXLUHG�DPLQR�DFLG�LQWR�WKH�FRUUHFW�SODFH�LQ�WKH�JURZLQJ�SURWHLQ��7KH�HQG�UHVXOW�LV�D�SURWHLQ�
DVVHPEOHG� IROORZLQJ� WKH� H[DFW� SUHVFULSWLRQ� VSHOOHG�RXW� LQ� WKH� FRUUHVSRQGLQJ�JHQH�� ,Q� WKH� MDUJRQ�RI
PROHFXODU�ELRORJ\��RQH�VD\V�WKDW�WKH�JHQH�KDV�EHHQ�H[SUHVVHG�
7KH� FHOO� GRHV� QRW�� LQ� JHQHUDO�� QHHG� WR� SURGXFH� DW� DOO� WLPHV� HYHU\� SRVVLEOH� SURWHLQ� IRU�ZKLFK� LW

FRQWDLQV�D�JHQH��,QGLYLGXDO�SURWHLQV�VHUYH�VSHFLILF�SXUSRVHV��VXFK�DV�FDWDO\]LQJ�PHWDEROLF�UHDFWLRQV�
DQG�LW�LV�LPSRUWDQW�IRU�WKH�FHOO�WR�EH�DEOH�WR�UHVSRQG�WR�LWV�HQYLURQPHQW�DQG�FLUFXPVWDQFHV�E\�WXUQLQJ
RQ�RU�RII� WKH�SURGXFWLRQ�RI� LQGLYLGXDO�SURWHLQV�DV� UHTXLUHG�� ,W�GRHV� WKLV�E\� WKH�XVH�RI�WUDQVFULSWLRQ
IDFWRUV��ZKLFK�DUH�WKHPVHOYHV�SURWHLQV�DQG�ZKRVH�MRE�LV�WR�FRQWURO�WKH�WUDQVFULSWLRQ�SURFHVV�E\�ZKLFK
'1$�VHTXHQFHV�DUH�FRSLHG�WR�51$�
7UDQVFULSWLRQ�LV�SHUIRUPHG�E\�WKH�HQ]\PH�51$�SRO\PHUDVH��ZKLFK�ZRUNV�E\�DWWDFKLQJ�WR�D�'1$

VWUDQG�DQG�PRYLQJ�DORQJ�LW��FRS\LQJ�QXFOHRWLGHV�RQH�E\�RQH��7KH�51$�SRO\PHUDVH�GRHVQ¶W�MXVW�DWWDFK
VSRQWDQHRXVO\��KRZHYHU��EXW� LV�DLGHG�E\�D�WUDQVFULSWLRQ�IDFWRU��7UDQVFULSWLRQ�IDFWRUV�DUH�VSHFLILF� WR
SDUWLFXODU�JHQHV�RU�VHWV�RI�JHQHV�DQG�UHJXODWH�WUDQVFULSWLRQ�LQ�D�YDULHW\�RI�ZD\V��EXW�PRVW�FRPPRQO\
E\�ELQGLQJ�WR�D�UHFRJQL]HG�VXE�VHTXHQFH�LQ�WKH�'1$��FDOOHG�D�SURPRWHU�UHJLRQ��ZKLFK�LV�DGMDFHQW�WR
WKH� EHJLQQLQJ� RI� WKH� JHQH�� 7KH� ELQGLQJ� RI� WKH� WUDQVFULSWLRQ� IDFWRU� WR� WKH� SURPRWHU� UHJLRQ�PDNHV� LW
WKHUPRG\QDPLFDOO\� IDYRUDEOH� IRU� WKH�51$�SRO\PHUDVH� WR� DWWDFK� WR� WKH�'1$�DW� WKDW� SRLQW� DQG� VWDUW
WUDQVFULELQJ� WKH� JHQH�� �7KH� HQG� RI� WKH� JHQH� LV�PDUNHG� E\� D� VWRS� FRGRQ� DQG� XSRQ� HQFRXQWHULQJ� WKLV
FRGRQ� WKH� 51$� SRO\PHUDVH� DXWRPDWLFDOO\� GHWDFKHV� IURP� WKH� '1$� VWUDQG� DQG� WUDQVFULSWLRQ� HQGV��
7KXV� WKH� SUHVHQFH� LQ� WKH� FHOO� RI� WKH� WUDQVFULSWLRQ� IDFWRU� IRU� WKH� JHQH� WXUQV� RQ� RU� HQKDQFHV� WKH
H[SUHVVLRQ� RI� WKDW� JHQH�� :H� HQFRXQWHUHG� DQ� H[DPSOH� RI� D� WUDQVFULSWLRQ� IDFWRU� SUHYLRXVO\� LQ� RXU
GLVFXVVLRQ�RI�WKH�WZR�K\EULG�VFUHHQ�LQ�6HFWLRQ�������
7KHUH�DUH�DOVR� WUDQVFULSWLRQ�IDFWRUV� WKDW� LQKLELW�H[SUHVVLRQ�E\�ELQGLQJ�WR�D�'1$�VWUDQG�LQ�VXFK�D

ZD\�DV�WR�SUHYHQW�51$�SRO\PHUDVH�IURP�DWWDFKLQJ�WR�WKH�VWUDQG�DQG�KHQFH�SUHYHQW�WUDQVFULSWLRQ�DQG
WKH�SURGXFWLRQ�RI�WKH�FRUUHVSRQGLQJ�SURWHLQ�
%XW�QRZ�KHUH�LV�WKH�LQWHUHVWLQJ�SRLQW��EHLQJ�SURWHLQV��WUDQVFULSWLRQ�IDFWRUV�DUH�WKHPVHOYHV�SURGXFHG

E\�WUDQVFULSWLRQ�IURP�JHQHV��7KXV�WKH�SURWHLQ�HQFRGHG�LQ�D�JLYHQ�JHQH�FDQ�DFW�DV�D�WUDQVFULSWLRQ�IDFWRU
SURPRWLQJ� RU� LQKLELWLQJ� SURGXFWLRQ� RI� RQH� RU� PRUH� RWKHU� SURWHLQV�� ZKLFK� WKHPVHOYHV� FDQ� DFW� DV
WUDQVFULSWLRQ�IDFWRUV�IRU�IXUWKHU�SURWHLQV�DQG�VR�IRUWK��7KH�FRPSOHWH�VHW�RI�VXFK�LQWHUDFWLRQV�IRUPV�D
JHQHWLF�UHJXODWRU\�QHWZRUN��7KH�YHUWLFHV�LQ�WKLV�QHWZRUN�DUH�SURWHLQV�RU�HTXLYDOHQWO\�WKH�JHQHV�WKDW
FRGH�IRU�WKHP�DQG�D�GLUHFWHG�HGJH�IURP�JHQH�$�WR�JHQH�%�LQGLFDWHV�WKDW�$�UHJXODWHV�WKH�H[SUHVVLRQ�RI
%��$�VOLJKWO\�PRUH�VRSKLVWLFDWHG�UHSUHVHQWDWLRQ�RI�WKH�QHWZRUN�GLVWLQJXLVKHV�EHWZHHQ�SURPRWLQJ�DQG
LQKLELWLQJ�WUDQVFULSWLRQ�IDFWRUV��JLYLQJ�WKH�QHWZRUN�WZR�GLVWLQFW�W\SHV�RI�HGJH�
7KH�H[SHULPHQWDO�GHWHUPLQDWLRQ�RI�WKH�VWUXFWXUH�RI�JHQHWLF�UHJXODWRU\�QHWZRUNV�LQYROYHV�LGHQWLI\LQJ

WUDQVFULSWLRQ�IDFWRUV�DQG�WKH�JHQHV�WKDW�WKH\�UHJXODWH��7KH�SURFHVV�KDV�VHYHUDO�VWHSV��7R�EHJLQ�ZLWK�



RQH�ILUVW�FRQILUPV�WKDW�D�JLYHQ�FDQGLGDWH�SURWHLQ�GRHV�ELQG�WR�'1$�URXJKO\�LQ�WKH�UHJLRQ�RI�D�JHQH�RI
LQWHUHVW�� 7KH� FRPPRQHVW� WHFKQLTXH� IRU� HVWDEOLVKLQJ� WKH� RFFXUUHQFH� RI� VXFK� D� ELQGLQJ� LV� WKH
HOHFWURSKRUHWLF�PRELOLW\�VKLIW�DVVD\ ���� ,Q� WKLV� WHFKQLTXH�RQH�FUHDWHV�VWUDQGV�RI�'1$�FRQWDLQLQJ� WKH
VHTXHQFH�WR�EH�WHVWHG�DQG�PL[HV�WKHP�LQ�VROXWLRQ�ZLWK�WKH�FDQGLGDWH�SURWHLQ��,I�WKH�WZR�LQGHHG�ELQG�
WKHQ� WKH� FRPELQHG� '1$�SURWHLQ� FRPSOH[� FDQ� EH� GHWHFWHG� E\�JHO� HOHFWURSKRUHVLV �� D� WHFKQLTXH� LQ
ZKLFK�RQH�PHDVXUHV�WKH�VSHHG�RI�PLJUDWLRQ�RI�HOHFWULFDOO\�FKDUJHG�PROHFXOHV�RU�FRPSOH[HV�WKURXJK
DQ�DJDURVH�RU�SRO\DFU\ODPLGH�JHO�LQ�DQ�LPSRVHG�HOHFWULF�ILHOG��,Q�WKH�SUHVHQW�FDVH�WKH�ELQGLQJ�RI�WKH
'1$�DQG�SURWHLQ�KLQGHUV�WKH�PRWLRQ�RI�WKH�UHVXOWLQJ�FRPSOH[�WKURXJK�WKH�JHO��PHDVXUDEO\�UHGXFLQJ�LWV
VSHHG�ZKHQ�FRPSDUHG�ZLWK�XQERXQG�'1$�VWUDQGV��7\SLFDOO\�RQH�UXQV�WZR�H[SHULPHQWV�VLGH�E\�VLGH�
RQH�ZLWK�SURWHLQ�DQG�RQH�ZLWKRXW��DQG�FRPSDUHV�WKH�UDWH�RI�PLJUDWLRQ�WR�GHWHUPLQH�ZKHWKHU�WKH�SURWHLQ
ELQGV�WR�WKH�'1$��2QH�FDQ�DOVR�UXQ�SDUDOOHO�H[SHULPHQWV�XVLQJ�PDQ\�GLIIHUHQW�'1$�VHTXHQFHV�WR�WHVW
ZKLFK��LI�DQ\��ELQG�WR�WKH�SURWHLQ�
$Q� DOWHUQDWLYH� WKRXJK� OHVV� VHQVLWLYH� WHFKQLTXH� IRU� GHWHFWLQJ� ELQGLQJ� LV� WKH�GHR[\ULERQXFOHDVH

IRRWSULQWLQJ� DVVD\�� 'HR[\ULERQXFOHDVHV� �DOVR� FDOOHG� '1DVHV� IRU� VKRUW�� DUH� HQ]\PHV� WKDW�� XSRQ
HQFRXQWHULQJ�'1$�VWUDQGV��FXW�WKHP�LQWR�VKRUWHU�VWUDQGV��7KHUH�DUH�PDQ\�GLIIHUHQW�'1DVHV��VRPH�RI
ZKLFK�FXW�'1$�RQO\�LQ�SDUWLFXODU�SODFHV�DFFRUGLQJ�WR�WKH�VHTXHQFH�RI�QXFOHRWLGHV��EXW�WKH�IRRWSULQWLQJ
WHFKQLTXH� XVHV� D� UHODWLYHO\� LQGLVFULPLQDWH� '1DVH� WKDW� ZLOO� FXW� '1$� DW� DQ\� SRLQW�� ,I�� KRZHYHU�� D
SURWHLQ�ELQGV�WR�D�'1$�VWUDQG�DW�D�SDUWLFXODU� ORFDWLRQ�LW�ZLOO�RIWHQ��WKRXJK�QRW�DOZD\V��SUHYHQW� WKH
'1DVH� IURP�FXWWLQJ� WKH�'1$�DW�RU�FORVH� WR� WKDW� ORFDWLRQ��)RRWSULQWLQJ�PDNHV�XVH�RI� WKLV�E\�PL[LQJ
VWUDQGV�RI�'1$�FRQWDLQLQJ�WKH�VHTXHQFH�WR�EH�WHVWHG�ZLWK�WKH�'1DVH�DQG�REVHUYLQJ�WKH�UHVXOWLQJ�PL[
RI�VWUDQG�OHQJWKV�DIWHU�WKH�'1DVH�KDV�FXW�WKH�'1$�VDPSOHV�LQWR�SLHFHV�LQ�D�YDULHW\�RI�GLIIHUHQW�ZD\V�
5HSHDWLQJ�WKH�H[SHULPHQW�ZLWK�WKH�SURWHLQ�SUHVHQW�ZLOO�UHVXOW�LQ�D�GLIIHUHQW�PL[�RI�VWUDQG�OHQJWK�LI�WKH
SURWHLQ� ELQGV� WR� WKH� '1$� DQG� SUHYHQWV� LW� IURP� EHLQJ� FXW� LQ� FHUWDLQ� SODFHV�� 7KH� PL[� LV� XVXDOO\
GHWHUPLQHG�DJDLQ�E\�JHO�HOHFWURSKRUHVLV��VWUDQGV�RI�GLIIHUHQW�OHQJWKV�PRYH�DW�GLIIHUHQW�VSHHGV�XQGHU
WKH�LQIOXHQFH�RI�WKH�HOHFWULF�ILHOG��DQG�RQH�DJDLQ�UXQV�VLGH�E\�VLGH�JHO�H[SHULPHQWV�ZLWK�DQG�ZLWKRXW
WKH�SURWHLQ�WR�ORRN�IRU�WKH�HIIHFWV�RI�ELQGLQJ�
%RWK�WKH�PRELOLW\�VKLIW�DQG�IRRWSULQWLQJ�DVVD\V�FDQ�WHOO�XV�LI�D�SURWHLQ�ELQGV�VRPHZKHUH�RQ�D�JLYHQ

'1$�VHTXHQFH��7R�SLQ�GRZQ�H[DFWO\�ZKHUH� LW�ELQGV�RQH� W\SLFDOO\�PXVW�GR�VRPH�IXUWKHU�ZRUN��)RU
LQVWDQFH�� RQH� FDQ� FUHDWH� VKRUW� VWUDQGV� RI� '1$�� FDOOHG�ROLJRQXFOHRWLGHV�� FRQWDLQLQJ� SRVVLEOH
VHTXHQFHV�WKDW�WKH�SURWHLQ�PLJKW�ELQG�WR��DQG�DGG�WKHP�WR�WKH�PL[��,I�WKH\�ELQG�WR�WKH�SURWHLQ�WKHQ�WKLV
ZLOO� UHGXFH� WKH� H[WHQW� WR� ZKLFK� WKH� ORQJHU� '1$V� ELQG� DQG� YLVLEO\� DIIHFW� WKH� RXWFRPH� RI� WKH
H[SHULPHQW�� %\� D� FRPELQDWLRQ� RI� VXFK� H[SHULPHQWV�� DORQJ� ZLWK� FRPSXWHU�DLGHG� JXHVVZRUN� DERXW
ZKLFK�ROLJRQXFOHRWLGHV�DUH�OLNHO\�WR�ZRUN�EHVW��RQH�FDQ�GHWHUPLQH�WKH�SUHFLVH�VXE�VHTXHQFH�WR�ZKLFK
D�SDUWLFXODU�SURWHLQ�ELQGV�
:KLOH�WKHVH�WHFKQLTXHV�FDQ�WHOO�XV�WKH�'1$�VHTXHQFH�WR�ZKLFK�D�SURWHLQ�ELQGV��WKH\�FDQQRW�WHOO�XV

ZKLFK�JHQH¶V�SURPRWHU�UHJLRQ�WKDW�VHTXHQFH�EHORQJV�WR��LI�DQ\���ZKHWKHU�WKH�SURWHLQ�DFWXDOO\�DIIHFWV
WUDQVFULSWLRQ�RI� WKDW�JHQH��RU�� LI� LW�GRHV��ZKHWKHU� WKH� WUDQVFULSWLRQ� LV�SURPRWHG�RU� LQKLELWHG��)XUWKHU
LQYHVWLJDWLRQV�DUH�QHHGHG�WR�DGGUHVV�WKHVH�LVVXHV�
,GHQWLILFDWLRQ� RI� WKH� JHQH� LV� W\SLFDOO\� GRQH� QRW� E\� H[SHULPHQW� EXW� E\� FRPSXWDWLRQDO� PHDQV� DQG

UHTXLUHV�D�NQRZOHGJH�RI�WKH�VHTXHQFH�RI�WKH�'1$�LQ�WKH�UHJLRQ�ZKHUH�WKH�SURWHLQ�ELQGV��,I�ZH�NQRZ
WKH�'1$�VHTXHQFH� WKHQ�ZH�FDQ�VHDUFK� LW� IRU�RFFXUUHQFHV�RI� WKH�VXE�VHTXHQFH� WR�ZKLFK�RXU�SURWHLQ
ELQGV��DQG�WKHQ�H[DPLQH�WKH�YLFLQLW\�WR�GHWHUPLQH�ZKDW�JHQH�RU�JHQHV�DUH�WKHUH��ORRNLQJ�IRU�H[DPSOH
IRU� VWDUW� DQG� VWRS� FRGRQV� LQ� WKH� UHJLRQ� DQG� WKHQ� UHFRUGLQJ� WKH� VHTXHQFH� RI� RWKHU� FRGRQV� WKDW� IDOOV
EHWZHHQ� WKHP��&RPSOHWH�'1$�VHTXHQFHV�DUH�QRZ�NQRZQ�IRU�D�QXPEHU�RI�RUJDQLVPV�DV�D� UHVXOW�RI
VHTXHQFLQJ� H[SHULPHQWV� VWDUWLQJ� LQ� WKH� ODWH� ����V�� DQG� WKH� LGHQWLILFDWLRQ� RI� JHQHV� LV� DV� D� UHVXOW� D



UHODWLYHO\�VWUDLJKWIRUZDUG�WDVN�
)LQDOO\��ZH� QHHG� WR� HVWDEOLVK�ZKHWKHU� RU� QRW� RXU� SURWHLQ� DFWXDOO\� DFWV� DV� D� WUDQVFULSWLRQ� IDFWRU�

ZKLFK�FDQ�EH�GRQH�HLWKHU�FRPSXWDWLRQDOO\�RU�H[SHULPHQWDOO\��7KH�FRPSXWDWLRQDO�DSSURDFK� LQYROYHV
GHWHUPLQLQJ�ZKHWKHU�WKH�VXE�VHTXHQFH�WR�ZKLFK�WKH�SURWHLQ�ELQGV�LV�LQGHHG�D�SURPRWHU�UHJLRQ�IRU�WKH
LGHQWLILHG�JHQH���,W� LV�SRVVLEOH�IRU�D�SURWHLQ�WR�ELQG�QHDU�D�JHQH�EXW�QRW�DFW�DV�D�WUDQVFULSWLRQ�IDFWRU
EHFDXVH�WKH�SRLQW�DW�ZKLFK�LW�ELQGV�KDV�QR�HIIHFW�RQ�WUDQVFULSWLRQ���7KLV�LV�D�VXEVWDQWLDOO\�KDUGHU�WDVN
WKDQ� VLPSO\� LGHQWLI\LQJ� QHDUE\� JHQHV�� 7KH� VWUXFWXUH� RI� SURPRWHU� UHJLRQV� LV�� XQIRUWXQDWHO\�� TXLWH
FRPSOH[�DQG�YDULHV�ZLGHO\��EXW�FRPSXWHU�DOJRULWKPV�KDYH�EHHQ�GHYHORSHG�WKDW�FDQ�LGHQWLI\�WKHP�ZLWK
VRPH�UHOLDELOLW\�
$OWHUQDWLYHO\�� RQH� FDQ� SHUIRUP� DQ� H[SHULPHQW� WR� PHDVXUH� GLUHFWO\� WKH� FRQFHQWUDWLRQ� RI� WKH

PHVVHQJHU�51$�SURGXFHG�ZKHQ�WKH�JHQH�LV�WUDQVFULEHG��7KLV�FDQ�EH�DFKLHYHG�IRU�H[DPSOH�E\�XVLQJ�D
PLFURDUUD\��FROORTXLDOO\�NQRZQ�DV�D�³'1$�FKLS´���WLQ\�GRWV�RI�'1$�VWUDQGV�DWWDFKHG�LQ�D�JULG�OLNH
DUUD\�WR�D�VROLG�VXUIDFH��51$�ZLOO�ELQG�WR�D�GRW�LI�D�SDUW�RI�LWV�VHTXHQFH�PDWFKHV�WKH�VHTXHQFH�RI�WKH
GRW¶V� '1$� DQG� WKLV� ELQGLQJ� FDQ� EH� PHDVXUHG� XVLQJ� D� IOXRUHVFHQFH� WHFKQLTXH�� %\� REVHUYLQJ� WKH
VLPXOWDQHRXV� FKDQJHV� LQ� ELQGLQJ� RQ� DOO� WKH� GRWV� RI� WKH� PLFURDUUD\�� RQH� FDQ� GHWHUPLQH� ZLWK� VRPH
DFFXUDF\� WKH� FKDQJH� LQ� FRQFHQWUDWLRQ� RI� DQ\� VSHFLILF� 51$� DQG� KHQFH� TXDQWLI\� WKH� HIIHFW� RI� WKH
WUDQVFULSWLRQ�IDFWRU��7KLV�WHFKQLTXH�FDQ�DOVR�EH�XVHG�WR�GHWHUPLQH�ZKHWKHU�D�WUDQVFULSWLRQ�IDFWRU�LV�D
SURPRWHU�RU�DQ�LQKLELWRU��VRPHWKLQJ�WKDW�LV�FXUUHQWO\�QRW�HDV\�XVLQJ�FRPSXWDWLRQDO�PHWKRGV�
$V�ZLWK�PHWDEROLF�SDWKZD\V�DQG�SURWHLQ�SURWHLQ�LQWHUDFWLRQV��WKHUH�QRZ�H[LVW�HOHFWURQLF�GDWDEDVHV

RI�JHQHV�DQG�WUDQVFULSWLRQ�IDFWRUV��VXFK�DV�(FR&\F��IURP�ZKLFK�LW�LV�SRVVLEOH�WR�DVVHPEOH�VQDSVKRWV�RI
JHQHWLF�UHJXODWRU\�QHWZRUNV��&XUUHQW�GDWD�RQ�JHQH�UHJXODWLRQ�DUH�VXEVWDQWLDOO\�LQFRPSOHWH�DQG�KHQFH
VR�DUH�RXU�QHWZRUNV��EXW�PRUH�GDWD�DUH�EHLQJ�DGGHG�WR�WKH�GDWDEDVHV�DOO�WKH�WLPH�
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$�FRPSOHWHO\�GLIIHUHQW�XVH�RI�QHWZRUNV�LQ�ELRORJ\�DULVHV�LQ�WKH�VWXG\�RI�WKH�EUDLQ�DQG�FHQWUDO�QHUYRXV
V\VWHP�LQ�DQLPDOV��2QH�RI�WKH�PDLQ�IXQFWLRQV�RI� WKH�EUDLQ�LV� WR�SURFHVV�LQIRUPDWLRQ�DQG�WKH�SULPDU\
LQIRUPDWLRQ�SURFHVVLQJ�HOHPHQW�LV�WKH�QHXURQ��D�VSHFLDOL]HG�EUDLQ�FHOO�WKDW�FRPELQHV��XVXDOO\��VHYHUDO
LQSXWV�WR�JHQHUDWH�D�VLQJOH�RXWSXW��'HSHQGLQJ�RQ�WKH�DQLPDO��DQ�HQWLUH�EUDLQ�FDQ�FRQWDLQ�DQ\ZKHUH�IURP
D�KDQGIXO�RI�QHXURQV�WR�PRUH�WKDQ�D�KXQGUHG�ELOOLRQ��ZLUHG�WRJHWKHU��WKH�RXWSXW�RI�RQH�FHOO�IHHGLQJ�WKH
LQSXW�RI�DQRWKHU��WR�FUHDWH�D�QHXUDO�QHWZRUN�FDSDEOH�RI�UHPDUNDEOH�IHDWV�RI�FDOFXODWLRQ�DQG�GHFLVLRQ
PDNLQJ�
)LJXUH�����VKRZV�D�VNHWFK�RI�D�W\SLFDO�QHXURQ��ZKLFK�FRQVLVWV�RI�D�FHOO�ERG\�RU�VRPD��DORQJ�ZLWK�D

QXPEHU�RI�SURWUXGLQJ�WHQWDFOHV��ZKLFK�DUH�HVVHQWLDOO\�ZLUHV�IRU�FDUU\LQJ�VLJQDOV�LQ�DQG�RXW�RI�WKH�FHOO�
0RVW�RI� WKH�ZLUHV� DUH� LQSXWV�� FDOOHG�GHQGULWHV��RI�ZKLFK�D�QHXURQ�PD\�KDYH� MXVW�RQH�RU� WZR��RU�DV
PDQ\� DV� D� WKRXVDQG� RU�PRUH��0RVW� QHXURQV� KDYH� RQO\� RQH�PDLQ� RXWSXW�� FDOOHG� WKH�D[RQ�� ZKLFK� LV
W\SLFDOO\�ORQJHU�WKDQ�WKH�GHQGULWHV�DQG�PD\�LQ�VRPH�FDVHV�H[WHQG�RYHU�ODUJH�GLVWDQFHV�WR�FRQQHFW�WKH
FHOO� WR�RWKHUV� VRPH�ZD\�DZD\��$OWKRXJK� WKHUH� LV� MXVW� RQH� D[RQ�� LW� XVXDOO\�EUDQFKHV�QHDU� LWV� HQG� WR
DOORZ�WKH�RXWSXW�RI�WKH�FHOO�WR�IHHG�WKH�LQSXWV�RI�VHYHUDO�RWKHUV��7KH�WLS�RI�HDFK�EUDQFK�HQGV�DW�DQ�D[RQ
WHUPLQDO� WKDW� DEXWV� WKH� WLS� RI� WKH� LQSXW� GHQGULWH� RI� DQRWKHU� QHXURQ�� 7KHUH� LV� D� VPDOO� JDS�� FDOOHG� D
V\QDSVH�� EHWZHHQ� WHUPLQDO� DQG� GHQGULWH� DFURVV� ZKLFK� WKH� RXWSXW� VLJQDO� RI� WKH� ILUVW� �SUHV\QDSWLF�
QHXURQ�PXVW�EH�FRQYH\HG�LQ�RUGHU� WR�UHDFK� WKH�VHFRQG��SRVWV\QDSWLF��QHXURQ��7KH�V\QDSVH�SOD\V�DQ
LPSRUWDQW�UROH�LQ�WKH�IXQFWLRQ�RI�WKH�EUDLQ��DOORZLQJ�WUDQVPLVVLRQ�IURP�FHOO�WR�FHOO�WR�EH�UHJXODWHG�E\
FKHPLFDOO\�PRGLI\LQJ�WKH�SURSHUWLHV�RI�WKH�JDS���

�

)LJXUH������7KH�VWUXFWXUH�RI�D�QHXURQ��$�W\SLFDO�QHXURQ�LV�FRPSRVHG�RI�D�FHOO�ERG\�RU�VRPD�ZLWK
PDQ\�GHQGULWHV� WKDW�DFW�DV� LQSXWV�DQG�D�VLQJOH�D[RQ�WKDW�DFWV�DV�DQ�RXWSXW��7RZDUGV� LWV� WLS�� WKH�D[RQ
EUDQFKHV�WR�DOORZ�LW�WR�FRQQHFW�WR�WKH�LQSXWV�RI�VHYHUDO�RWKHU�QHXURQV�
�
�
7KH� DFWXDO� VLJQDOV� WKDW� WUDYHO� ZLWKLQ� QHXURQV� DUH� HOHFWURFKHPLFDO� LQ� QDWXUH�� 7KH\� FRQVLVW� RI

WUDYHOLQJ� ZDYHV� RI� HOHFWULFDO� YROWDJH� FUHDWHG� E\� WKH� PRWLRQ� RI� SRVLWLYHO\� FKDUJHG� VRGLXP� DQG
SRWDVVLXP�LRQV�LQ�DQG�RXW�RI�WKH�FHOO��7KHVH�ZDYHV�DUH�FDOOHG�DFWLRQ�SRWHQWLDOV�DQG�W\SLFDOO\�FRQVLVW
RI�YROWDJHV�RQ�WKH�RUGHU�RI�WHQV�RI�PLOOLYROWV�WUDYHOLQJ�DW�WHQV�RI�PHWHUV�SHU�VHFRQG��:KHQ�DQ�DFWLRQ



SRWHQWLDO� UHDFKHV� D� V\QDSVH�� LW� FDQQRW� FURVV� WKH� JDS� EHWZHHQ� WKH� D[RQ� WHUPLQDO� DQG� WKH� RSSRVLQJ
GHQGULWH�DQG�WKH�VLJQDO�LV�LQVWHDG�WUDQVPLWWHG�FKHPLFDOO\��WKH�DUULYDO�RI�WKH�DFWLRQ�SRWHQWLDO�VWLPXODWHV
WKH�SURGXFWLRQ�RI�D�FKHPLFDO�QHXURWUDQVPLWWHU�E\�WKH�WHUPLQDO��DQG�WKH�QHXURWUDQVPLWWHU�GLIIXVHV�DFURVV
WKH�JDS�DQG� LV�GHWHFWHG�E\�UHFHSWRU�PROHFXOHV�RQ� WKH�GHQGULWH�DW� WKH�RWKHU�VLGH��7KLV� LQ� WXUQ�FDXVHV
LRQV�WR�PRYH�LQ�DQG�RXW�RI�WKH�GHQGULWH��FKDQJLQJ�LWV�YROWDJH�
7KHVH�YROWDJH�FKDQJHV��KRZHYHU��GR�QRW�\HW�JLYH�ULVH�WR�DQRWKHU�WUDYHOLQJ�ZDYH��7KH�VRPD�RI�WKH

SRVWV\QDSWLF�QHXURQ�VXPV�WKH�LQSXWV�IURP�LWV�GHQGULWHV�DQG�DV�D�UHVXOW�PD\��RU�PD\�QRW��VHQG�DQ�RXWSXW
VLJQDO�GRZQ�LWV�RZQ�D[RQ��7KH�QHXURQ�LV�VWDEOH�DJDLQVW�SHUWXUEDWLRQV�FDXVHG�E\�YROWDJHV�DW�D�VPDOO
QXPEHU�RI� LWV� LQSXWV��EXW� LI�HQRXJK� LQSXWV�DUH�H[FLWHG� WKH\�FDQ�FROOHFWLYHO\�GULYH� WKH�QHXURQ� LQWR�DQ
XQVWDEOH�UXQDZD\�VWDWH�LQ�ZKLFK�LW�³ILUHV�´�JHQHUDWLQJ�D�ODUJH�HOHFWURFKHPLFDO�SXOVH�WKDW�VWDUWV�D�QHZ
DFWLRQ� SRWHQWLDO� WUDYHOLQJ� GRZQ� WKH� FHOO¶V� D[RQ� DQG� VR� D� VLJQDO� LV� SDVVHG� RQ� WR� WKH� QH[W� QHXURQ� RU
QHXURQV� LQ� WKH� QHWZRUN�� 7KXV� WKH� QHXURQ� DFWV� DV� D� VZLWFK� RU� JDWH� WKDW� DJJUHJDWHV� WKH� VLJQDOV� DW� LWV
LQSXWV�DQG�RQO\�ILUHV�ZKHQ�HQRXJK�LQSXWV�DUH�H[FLWHG�
$V�GHVFULEHG�� LQSXWV� WR�QHXURQV�DUH�H[FLWDWRU\�� LQFUHDVLQJ� WKH�FKDQFH�RI� ILULQJ�RI� WKH�QHXURQ��EXW

LQSXWV� FDQ� DOVR� EH� LQKLELWLQJ²VLJQDOV� UHFHLYHG� DW� LQKLELWLQJ� LQSXWV�PDNH� WKH� UHFHLYLQJ� QHXURQ� OHVV
OLNHO\�WR�ILUH��([FLWDWRU\�DQG�LQKLELWLQJ�LQSXWV�FDQ�EH�FRPELQHG�LQ�D�VLQJOH�QHXURQ�DQG�WKH�FRPELQDWLRQ
DOORZV� QHXURQV� WR� SHUIRUP� TXLWH� FRPSOH[� LQIRUPDWLRQ� SURFHVVLQJ� WDVNV� DOO� RQ� WKHLU� RZQ��ZKLOH� DQ
HQWLUH� EUDLQ� RU� EUDLQ� UHJLRQ� FRQVLVWLQJ� RI� PDQ\� QHXURQV� FDQ� SHUIRUP� WDVNV� RI� H[WUDRUGLQDU\
FRPSOH[LW\��&XUUHQW�VFLHQFH�FDQQRW�\HW�WHOO�XV�H[DFWO\�KRZ�WKH�EUDLQ�SHUIRUPV�WKH�PRUH�VRSKLVWLFDWHG
FRJQLWLYH� WDVNV� WKDW� DOORZ� DQLPDOV� WR� VXUYLYH� DQG� WKULYH�� EXW� LW� LV� NQRZQ� WKDW� WKH� EUDLQ� FRQVWDQWO\
FKDQJHV� WKH� SDWWHUQ� RI� ZLULQJ� EHWZHHQ� QHXURQV� LQ� UHVSRQVH� WR� LQSXWV� DQG� H[SHULHQFHV�� DQG� LW� LV
SUHVXPHG� WKDW� WKLV�SDWWHUQ²WKH�QHXUDO�QHWZRUN²KROGV�PXFK�RI� WKH� VHFUHW��$Q�XQGHUVWDQGLQJ�RI� WKH
VWUXFWXUH�RI�QHXUDO�QHWZRUNV�LV�WKXV�FUXFLDO�LI�ZH�DUH�HYHU�WR�H[SODLQ�WKH�KLJKHU�OHYHO�IXQFWLRQV�RI�WKH
EUDLQ�

�

$�ZLULQJ�GLDJUDP�IRU�D�VPDOO�QHXUDO�QHWZRUN�
�
�
$W�WKH�VLPSOHVW� OHYHO��D�QHXURQ�FDQ�EH�WKRXJKW�RI�DV�D�XQLW� WKDW�DFFHSWV�D�QXPEHU�RI�LQSXWV��HLWKHU

H[FLWDWRU\� RU� LQKLELWLQJ�� FRPELQHV� WKHP�� DQG� JHQHUDWHV� DQ� RXWSXW� UHVXOW� WKDW� LV� VHQW� WR� RQH� RU�PRUH
IXUWKHU�QHXURQV��,Q�QHWZRUN�WHUPV��D�QHXUDO�QHWZRUN�FDQ�WKXV�EH�UHSUHVHQWHG�DV�D�VHW�RI�YHUWLFHV²WKH
QHXURQV²FRQQHFWHG�E\�WZR�W\SHV�RI�GLUHFWHG�HGJHV��RQH�IRU�H[FLWDWRU\�LQSXWV�DQG�RQH�IRU�LQKLELWLQJ
LQSXWV��%\� FRQYHQWLRQ�� H[FLWDWRU\� FRQQHFWLRQV� DUH� GHQRWHG� E\� DQ� HGJH� HQGLQJ�ZLWK� DQ� DUURZ� �
ZKLOH�LQKLELWLQJ�FRQQHFWLRQV�DUH�GHQRWHG�E\�DQ�HGJH�HQGLQJ�ZLWK�D�EDU� �
,Q� SUDFWLFH�� QHXURQV� DUH� QRW� DOO� WKH� VDPH�� 7KH\� FRPH� LQ� D� YDULHW\� RI� GLIIHUHQW� W\SHV� DQG� HYHQ

UHODWLYHO\� VPDOO� UHJLRQV� RU� FLUFXLWV� LQ� WKH� EUDLQ� PD\� FRQWDLQ� PDQ\� W\SHV�� 7KLV� YDULDWLRQ� FDQ� EH



HQFRGHG� LQ� RXU� QHWZRUN� UHSUHVHQWDWLRQ� E\� GLIIHUHQW� W\SHV� RI� YHUWH[�� 9LVXDOO\� WKH� W\SHV� DUH� RIWHQ
GHQRWHG� E\� XVLQJ� GLIIHUHQW� VKDSHV� IRU� WKH� YHUWLFHV� RU� E\� ODEHOLQJ�� ,Q� IXQFWLRQDO� WHUPV�� QHXURQV� FDQ
GLIIHU�LQ�D�YDULHW\�RI�ZD\V��LQFOXGLQJ�WKH�QXPEHU�DQG�W\SH�RI�WKHLU�LQSXWV�DQG�RXWSXWV��WKH�QDWXUH�DQG
VSHHG�RI�WKHLU�UHVSRQVH�WR�WKHLU�LQSXWV��ZKHWKHU�DQG�WR�ZKDW�H[WHQW�WKH\�FDQ�ILUH�VSRQWDQHRXVO\�ZLWKRXW
UHFHLYLQJ�LQSXWV��DQG�PDQ\�RWKHU�WKLQJV�EHVLGHV�
([SHULPHQWDO� GHWHUPLQDWLRQ� RI� WKH� VWUXFWXUH� RI� QHXUDO� QHWZRUNV� LV� GLIILFXOW� DQG� WKH� ODFN� RI

VWUDLJKWIRUZDUG� H[SHULPHQWDO� WHFKQLTXHV� IRU� SURELQJ� QHWZRUN� VWUXFWXUH� LV� D� PDMRU� LPSHGLPHQW� WR
FXUUHQW� SURJUHVV� LQ� QHXURVFLHQFH�� 6RPH� XVHIXO� WHFKQLTXHV� GR� H[LVW�� KRZHYHU�� DOWKRXJK� WKHLU
DSSOLFDWLRQ�FDQ�EH�H[WUHPHO\�ODERULRXV�
7KH� EDVLF� WRRO� IRU� VWUXFWXUH� GHWHUPLQDWLRQ� LV� PLFURVFRS\�� HLWKHU� RSWLFDO� RU� HOHFWURQLF�� 2QH

UHODWLYHO\� VLPSOH�DSSURDFK�ZRUNV�ZLWK�FXOWXUHG�QHXURQV�RQ� IODW�GLVKHV��1HXURQV� WDNHQ� IURP�DQLPDO
EUDLQV�DW�DQ�HDUO\�VWDJH�RI�HPEU\RQLF�GHYHORSPHQW�FDQ�EH�VXFFHVVIXOO\�FXOWXUHG�LQ�D�VXLWDEOH�QXWULHQW
PHGLXP�DQG�ZLOO��ZLWKRXW�SURPSWLQJ��JURZ�V\QDSWLF�FRQQHFWLRQV�WR�IRUP�D�QHWZRUN��,I�FXOWXUHG�RQ�D
IODW� VXUIDFH�� WKH� QHWZRUN� LV� WKHQ� URXJKO\� WZR�GLPHQVLRQDO� DQG� LWV� VWUXFWXUH� FDQ� EH� GHWHUPLQHG�ZLWK
UHDVRQDEOH�UHOLDELOLW\�E\�VLPSOH�RSWLFDO�PLFURVFRS\��7KH�DGYDQWDJH�RI�WKLV�DSSURDFK�LV�WKDW�LW�LV�TXLFN
DQG�LQH[SHQVLYH��EXW�LW�KDV�WKH�VXEVWDQWLDO�GLVDGYDQWDJH�WKDW�WKH�QHWZRUNV�VWXGLHG�DUH�QRW�WKH�QHWZRUNV
RI� UHDO� OLYLQJ� DQLPDOV� DQG� WKHLU� VWUXFWXUH� LV� SUREDEO\� QRW� YHU\� VLPLODU� WR� WKDW� RI� D� IXQFWLRQDO� EUDLQ
FLUFXLW�
,Q� WKLV� UHVSHFW�� VWXGLHV� RI� UHDO� EUDLQV� DUH� PXFK� PRUH� VDWLVIDFWRU\� DQG� OLNHO\� WR� OHDG� WR� JUHDWHU

LQVLJKW�� EXW� WKH\� DUH� DOVR� IDU� KDUGHU�� EHFDXVH� UHDO� EUDLQV� DUH� WKUHH�GLPHQVLRQDO� DQG� ZH� GR� QRW
FXUUHQWO\� KDYH� DQ\� IRUP� RI� PLFURVFRS\� VXLWDEOH� IRU� SURELQJ� VXFK� WKUHH�GLPHQVLRQDO� VWUXFWXUHV�
,QVWHDG��WKHUHIRUH��UHVHDUFKHUV�KDYH�UHVRUWHG�WR�FXWWLQJ�VXLWDEO\�SUHVHUYHG�EUDLQV�RU�EUDLQ�UHJLRQV�LQWR
WKLQ� VOLFHV�� ZKRVH� VWUXFWXUH� LV� WKHQ� GHWHUPLQHG� E\� HOHFWURQ�PLFURVFRS\�� *LYHQ� WKH� VWUXFWXUH� RI� DQ
HQWLUH� VHW� RI� FRQVHFXWLYH� VOLFHV�� RQH� FDQ�� DW� OHDVW� LQ� SULQFLSOH�� UHFRQVWUXFW� WKH� WKUHH�GLPHQVLRQDO
VWUXFWXUH��LGHQWLI\LQJ�GLIIHUHQW�W\SHV�RI�QHXURQV�E\�WKHLU�DSSHDUDQFH��ZKHUH�SRVVLEOH��,Q�WKH�HDUO\�GD\V
RI�VXFK�VWXGLHV��PRVW�UHFRQVWUXFWLRQ�ZDV�GRQH�E\�KDQG�EXW�PRUH�UHFHQWO\�UHVHDUFKHUV�KDYH�GHYHORSHG
FRPSXWHU� SURJUDPV� WKDW� FDQ� VLJQLILFDQWO\� VSHHG� WKH� UHFRQVWUXFWLRQ� SURFHVV��1RQHWKHOHVV�� VWXGLHV� RI
WKLV� NLQG� DUH� YHU\� ODERULRXV� DQG� FDQ� WDNH�PRQWKV� RU� \HDUV� WR� FRPSOHWH�� GHSHQGLQJ� RQ� WKH� VL]H� DQG
FRPSOH[LW\�RI�WKH�QHWZRUN�VWXGLHG�
)LJXUH����� VKRZV�DQ�H[DPSOH�RI�D�³ZLULQJ�GLDJUDP´�RI�D�QHXUDO�QHWZRUN�� UHFRQVWUXFWHG�E\�KDQG

IURP�HOHFWURQ�PLFURVFRSH�VWXGLHV�RI� WKLV� W\SH��7KH�QHWZRUN�LQ�TXHVWLRQ�LV� WKH�QHXUDO�QHWZRUN�RI� WKH
ZRUP�&DHQRUKDEGLWLV�HOHJDQV��RQH�RI�WKH�EHVW�VWXGLHG�RUJDQLVPV�LQ�ELRORJ\��7KH�EUDLQ�RI�&��HOHJDQV
LV� VLPSOH²LW� KDV� OHVV� WKDQ�����QHXURQV� DQG� HVVHQWLDOO\� HYHU\� VSHFLPHQ�RI� WKH�ZRUP�KDV� WKH� VDPH
ZLULQJ�SDWWHUQ��6HYHUDO�W\SHV�RI�QHXURQ��GHQRWHG�E\�VKDSHV�DQG�ODEHOV��DUH�VKRZQ�LQ�WKH�ILJXUH��DORQJ
ZLWK�D�QXPEHU�RI�GLIIHUHQW�W\SHV�RI�FRQQHFWLRQ��ERWK�H[FLWDWRU\�DQG�LQKLELWLQJ��6RPH�RI�WKH�FRQQHFWLRQV
UXQ�RXW�RI�WKH�ILJXUH�RU�HQWHU�IURP�VRPHZKHUH�RII�WKH�SDJH��7KHVH�DUH�FRQQHFWLRQV�WKDW�UXQ�WR�RU�IURP
RWKHU�SDUWV�RI�WKH�QHWZRUN�QRW�VKRZQ��7KH�RULJLQDO�H[SHULPHQWHUV�GHWHUPLQHG�WKH�VWUXFWXUH�RI�WKH�HQWLUH
QHWZRUN�DQG�SUHVHQWHG�LW�DV�VHW�RI�LQWHUFRQQHFWHG�ZLULQJ�GLDJUDPV�OLNH�WKLV�RQH�>���@�



�

)LJXUH������$�GLDJUDP�RI�D�SDUW�RI�WKH�EUDLQ�FLUFXLWU\�RI�D�ZRUP� �$�SRUWLRQ�RI�WKH�QHXUDO�FLUFXLWU\
RI�WKH�QHPDWRGH�&DHQRUKDEGLWLV�HOHJDQV��UHFRQVWUXFWHG�E\�KDQG�IURP�HOHFWURQ�PLFURJUDSKV�RI�VOLFHV
WKURXJK� WKH� ZRUP¶V� EUDLQ�� 5HSURGXFHG� IURP� :KLWH�HW� DO�� >���@�� &RS\ULJKW� RI� WKH� 5R\DO� 6RFLHW\�
5HSURGXFHG�E\�SHUPLVVLRQ�
�
�
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7KH� ILQDO� FODVV� RI� ELRORJLFDO� QHWZRUN� WKDW� ZH� FRQVLGHU� LQ� WKLV� FKDSWHU� LV� QHWZRUNV� RI� HFRORJLFDO
LQWHUDFWLRQV� EHWZHHQ� VSHFLHV�� 6SHFLHV� LQ� DQ� HFRV\VWHP� FDQ� LQWHUDFW� LQ� D� QXPEHU� RI� GLIIHUHQW�ZD\V�
7KH\�FDQ�HDW�RQH�DQRWKHU��WKH\�FDQ�SDUDVLWL]H�RQH�DQRWKHU��WKH\�FDQ�FRPSHWH�IRU�UHVRXUFHV��RU�WKH\�FDQ
KDYH� DQ\�RI� D�YDULHW\�RI�PXWXDOO\� DGYDQWDJHRXV� LQWHUDFWLRQV�� VXFK� DV�SROOLQDWLRQ�RU� VHHG�GLVSHUVDO�
$OWKRXJK� LQ� SULQFLSOH� WKH� SDWWHUQV� RI� LQWHUDFWLRQV� RI� DOO� RI� WKHVH� W\SHV� FRXOG� EH� UHSUHVHQWHG� LQ� D
FRPELQHG� ³LQWHUDFWLRQ� QHWZRUN´� ZLWK� VHYHUDO� GLIIHUHQW� HGJH� W\SHV�� HFRORJLVWV� KDYH� WUDGLWLRQDOO\
VHSDUDWHG�LQWHUDFWLRQ�W\SHV�LQWR�GLIIHUHQW�QHWZRUNV��)RRG�ZHEV��IRU�H[DPSOH²QHWZRUNV�RI�SUHGDWRU�
SUH\� LQWHUDFWLRQV� �L�H��� ZKR� HDWV� ZKRP�²KDYH� D� ORQJ� KLVWRU\� RI� VWXG\�� 1HWZRUNV� RI� KRVWV� DQG
SDUDVLWHV� RU� RI� PXWXDOLVWLF� LQWHUDFWLRQV� DUH� OHVV� ZHOO� VWXGLHG�� EXW� KDYH� QRQHWKHOHVV� UHFHLYHG
VLJQLILFDQW�DWWHQWLRQ�LQ�UHFHQW�\HDUV�
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7KH� ELRORJLFDO� RUJDQLVPV� RQ� RXU� SODQHW� FDQ� EH� GLYLGHG� LQWR�HFRV\VWHPV�� JURXSV� RI� RUJDQLVPV� WKDW
LQWHUDFW� ZLWK� RQH� DQRWKHU� DQG� ZLWK� HOHPHQWV� RI� WKHLU� HQYLURQPHQW� VXFK� DV� VRXUFHV� RI� PDWHULDO�
QXWULHQWV��DQG�HQHUJ\��0RXQWDLQV��YDOOH\V��ODNHV��LVODQGV��DQG�ODUJHU�UHJLRQV�RI�ODQG�RU�ZDWHU�FDQ�DOO
EH�KRPH�WR�HFRV\VWHPV�FRPSRVHG�RI�PDQ\�RUJDQLVPV�HDFK��:LWKLQ�HFRORJLFDO�WKHRU\��HFRV\VWHPV�DUH
XVXDOO\� WUHDWHG� DV� VHOI�FRQWDLQHG� XQLWV� ZLWK� QR� RXWVLGH� LQWHUDFWLRQV�� DOWKRXJK� LQ� UHDOLW\� SHUIHFW
LVRODWLRQ� LV� UDUH� DQG� PDQ\� HFRV\VWHPV� DUH� RQO\� DSSUR[LPDWHO\� VHOI�FRQWDLQHG�� 1RQHWKHOHVV�� WKH
HFRV\VWHP�FRQFHSW�LV�RQH�RI�VLJQLILFDQW�SUDFWLFDO�XWLOLW\�IRU�XQGHUVWDQGLQJ�HFRORJLFDO�G\QDPLFV�
$� IRRG�ZHE� LV�D�GLUHFWHG�QHWZRUN� WKDW� UHSUHVHQWV�ZKLFK�VSHFLHV�SUH\�RQ�ZKLFK�RWKHUV� LQ�D�JLYHQ

HFRV\VWHP����7KH�YHUWLFHV�LQ�WKH�QHWZRUN�FRUUHVSRQG�WR�VSHFLHV�DQG�WKH�GLUHFWHG�HGJHV�WR�SUHGDWRU�
SUH\�LQWHUDFWLRQV��)LJXUH�����VKRZV�D�VPDOO�H[DPSOH��UHSUHVHQWLQJ�SUHGDWLRQ�DPRQJ�VSHFLHV�OLYLQJ�LQ
$QWDUFWLFD��7KHUH�DUH�VHYHUDO�SRLQWV�ZRUWK�QRWLFLQJ�DERXW�WKLV�ILJXUH��)LUVW��QRWLFH�WKDW�QRW�DOO�RI�WKH
YHUWLFHV� DFWXDOO\� UHSUHVHQW� VLQJOH� VSHFLHV� LQ� WKLV� FDVH�� 6RPH� RI� WKHP� GR²WKH� YHUWLFHV� IRU� VSHUP
ZKDOHV�DQG�KXPDQV��IRU�LQVWDQFH��%XW�VRPH�RI�WKHP�UHSUHVHQW�FROOHFWLRQV�RI�VSHFLHV��VXFK�DV�ELUGV�RU
ILVK��7KLV�LV�FRPPRQ�SUDFWLFH�LQ�WKH�QHWZRUN�UHSUHVHQWDWLRQ�RI�IRRG�ZHEV��,I�D�VHW�RI�VSHFLHV�VXFK�DV
ELUGV�DOO�SUH\�XSRQ�DQG�DUH�SUH\HG�RQ�E\�WKH�VDPH�RWKHU�VSHFLHV��WKHQ�WKH�QHWZRUN�FDQ�EH�VLPSOLILHG
E\�UHSUHVHQWLQJ� WKHP�DV�D�VLQJOH�YHUWH[��ZLWKRXW� ORVLQJ�DQ\� LQIRUPDWLRQ�DERXW�ZKR�SUH\V�RQ�ZKRP�
,QGHHG��HYHQ�LQ�FDVHV�ZKHUH�D�VHW�RI�VSHFLHV�RQO\�KDYH�PRVWO\��EXW�QRW�H[DFWO\��WKH�VDPH�SUHGDWRUV�DQG
SUH\�ZH�VWLOO�VRPHWLPHV�JURXS�WKHP��LI�ZH�IHHO�WKH�EHQHILWV�RI�WKH�UHVXOWLQJ�VLPSOLILFDWLRQ�DUH�ZRUWK�D
VPDOO�ORVV�RI�LQIRUPDWLRQ��$�VHW�RI�VSHFLHV�ZLWK�WKH�VDPH�RU�VLPLODU�SUHGDWRUV�DQG�SUH\�LV�VRPHWLPHV
UHIHUUHG�WR�DV�D�WURSKLF�VSHFLHV�

�



)LJXUH� �����$� IRRG� ZHE� RI� VSHFLHV� LQ�$QWDUFWLFD� � 9HUWLFHV� LQ� D� IRRG� ZHE� UHSUHVHQW� VSHFLHV� RU
VRPHWLPHV��DV�ZLWK� VRPH�RI� WKH�YHUWLFHV� LQ� WKLV�GLDJUDP��JURXSV�RI� UHODWHG�VSHFLHV�� VXFK�DV� ILVK�RU
ELUGV��'LUHFWHG� HGJHV� UHSUHVHQW� SUHGDWRU�SUH\� LQWHUDFWLRQV� DQG� UXQ� LQ� WKH�GLUHFWLRQ�RI� HQHUJ\� IORZ�
L�H���IURP�SUH\�WR�SUHGDWRU�
�
�
6HFRQG��QRWLFH�WKH�GLUHFWLRQ�RI�WKH�HGJHV�LQ�WKH�QHWZRUN��2QH�PLJKW�LPDJLQH�WKDW�WKH�HGJHV�ZRXOG

SRLQW�IURP�SUHGDWRUV�WR�SUH\��EXW�HFRORJLVWV�FRQYHQWLRQDOO\�GUDZ�WKHP�LQ�WKH�RSSRVLWH�GLUHFWLRQ��IURP
SUH\�WR�SUHGDWRU��7KXV�WKH�HGJH�UHSUHVHQWLQJ�WKH�HDWLQJ�RI�ILVK�E\�ELUGV�UXQV�IURP�WKH�ILVK�YHUWH[�WR�WKH
ELUG� YHUWH[�� 7KH� UHDVRQ� IRU� WKLV� DSSDUHQWO\� RGG� FKRLFH� LV� WKDW� HFRORJLVWV� YLHZ� IRRG� ZHEV� DV
UHSUHVHQWDWLRQV�RI�WKH�IORZ�RI�HQHUJ\��RU�VRPHWLPHV�FDUERQ��ZLWKLQ�HFRV\VWHPV��7KH�DUURZ�IURP�ILVK
WR�ELUGV�LQGLFDWHV�WKDW�WKH�SRSXODWLRQ�RI�ELUGV�JDLQV�HQHUJ\�IURP�WKH�SRSXODWLRQ�RI�ILVK�ZKHQ�WKH�ELUGV
HDW�WKH�ILVK�
7KLUG��QRWLFH�WKDW�DOPRVW�DOO�WKH�DUURZV�LQ�WKH�ILJXUH�UXQ�XS�WKH�SDJH��'LUHFWHG�QHWZRUNV�ZLWK�WKLV

SURSHUW\²WKDW� WKH\� FDQ� EH� GUDZQ� VR� WKDW� WKH� HGJHV� DOO� UXQ� LQ� RQH� GLUHFWLRQ²DUH� FDOOHG�DF\FOLF
QHWZRUNV�� :H� HQFRXQWHUHG� DF\FOLF� QHWZRUNV� SUHYLRXVO\� LQ� RXU� GLVFXVVLRQ� RI� FLWDWLRQ� QHWZRUNV� LQ
6HFWLRQ������)RRG�ZHEV�DUH�XVXDOO\�RQO\�DSSUR[LPDWHO\�DF\FOLF��7KHUH�DUH�XVXDOO\�D�IHZ�HGJHV�WKDW�GR
QRW� UXQ� LQ� WKH� ULJKW�GLUHFWLRQ����EXW� LW� LV�RIWHQ�D�XVHIXO� DSSUR[LPDWLRQ� WR�DVVXPH� WKDW� WKH�QHWZRUN� LV
DF\FOLF�

$F\FOLF�QHWZRUNV�DUH�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�������
�
7KH�DF\FOLF�QDWXUH�RI�IRRG�ZHEV�LQGLFDWHV�WKDW�WKHUH�LV�DQ�LQWULQVLF�SHFNLQJ�RUGHU�DPRQJ�WKH�VSHFLHV

LQ�HFRV\VWHPV��7KRVH�KLJKHU�XS�WKH�RUGHU��ZKLFK�PHDQV�KLJKHU�XS�WKH�SDJH�LQ�)LJ�������SUH\�RQ�WKRVH
ORZHU�GRZQ��EXW�QRW�YLFH�YHUVD��$�VSHFLHV¶�SRVLWLRQ�LQ�WKLV�SHFNLQJ�RUGHU�LV�FDOOHG�E\�HFRORJLVWV�LWV
WURSKLF�OHYHO��6SHFLHV�DW�WKH�YHU\�ERWWRP�RI�WKH�IRRG�ZHE��RI�ZKLFK�WKHUH�LV�MXVW�RQH�LQ�RXU�H[DPSOH²
WKH�SK\WRSODQNWRQ²KDYH�WURSKLF�OHYHO����7KRVH�WKDW�SUH\�RQ�WKHP²NULOO��KHUELYRURXV�SODQNWRQ²KDYH
WURSKLF� OHYHO� ��� DQG� VR� IRUWK� DOO� WKH� ZD\� XS� WR� WKH� VSHFLHV� DW� WKH� WRS� RI� WKH� ZHE�� ZKLFK� KDYH� QR
SUHGDWRUV�DW�DOO�� ,Q�RXU�DQWDUFWLF�H[DPSOH� WKHUH�DUH� WZR�VSHFLHV� WKDW�KDYH�QR�SUHGDWRUV��KXPDQV�DQG
VPDOO�ZKDOHV�� �1RWH�KRZHYHU� WKDW�DOWKRXJK�VXFK�VSHFLHV�DUH�DOO�� LQ�D�VHQVH��DW�³WKH� WRS�RI� WKH� IRRG
FKDLQ´�WKH\�QHHG�QRW�KDYH�WKH�VDPH�WURSKLF�OHYHO��
7URSKLF�OHYHO�LV�D�XVHIXO�JHQHUDO�JXLGH�WR�WKH�UROHV�WKDW�VSHFLHV�SOD\�LQ�HFRV\VWHPV��WKRVH�LQ�ORZHU

WURSKLF�OHYHOV�WHQGLQJ�WR�EH�VPDOOHU��PRUH�DEXQGDQW�VSHFLHV�WKDW�DUH�SUH\�WR�RWKHU�VSHFLHV�KLJKHU�XS
WKH� IRRG� ZHE�� ZKLOH� WKRVH� LQ� KLJKHU� WURSKLF� OHYHOV� DUH� SUHGDWRUV�� XVXDOO\� ODUJHU�ERGLHG� DQG� OHVV
QXPHURXV��&DOFXODWLQJ�D�VSHFLHV¶�WURSKLF�OHYHO��KRZHYHU��LV�QRW�DOZD\V�HDV\��,Q�SULQFLSOH��WKH�UXOH�LV
VLPSOH��D�VSHFLHV¶�WURSKLF�OHYHO�LV���JUHDWHU�WKDQ�WKH�WURSKLF�OHYHO�RI�LWV�SUH\��7KXV�WKH�KHUELYRURXV
SODQNWRQ�DQG�NULOO�LQ�RXU�H[DPSOH�KDYH�WURSKLF�OHYHO����EHFDXVH�WKHLU�SUH\�KDV�WURSKLF�OHYHO����DQG�WKH
FDUQLYRURXV� SODQNWRQ� KDYH� WURSKLF� OHYHO� ��� 2Q� WKH� RWKHU� KDQG�� WKH� VTXLG� LQ� RXU� H[DPSOH� SUH\� RQ
VSHFLHV�DW�WZR�GLIIHUHQW�OHYHOV��OHYHOV���DQG����VR�LW�LV�XQFOHDU�ZKDW�OHYHO�WKH\�EHORQJ�WR��$�YDULHW\�RI
PDWKHPDWLFDO�GHILQLWLRQV�KDYH�EHHQ�SURSRVHG�WR�UHVROYH�WKLV�LVVXH��2QH�VWUDWHJ\�LV�WR�GHILQH�WURSKLF
OHYHO�WR�EH���JUHDWHU�WKDQ�WKH�PHDQ�RI�WKH�WURSKLF�OHYHOV�RI�WKH�SUH\��7KHUH�LV��KRZHYHU��QR�DFFHSWHG
VWDQGDUG�GHILQLWLRQ��DQG�WKH�RQO\�LQGLVSXWDEOH�VWDWHPHQW�RQH�FDQ�PDNH�LV�WKDW�LQ�PRVW�IRRG�ZHEV�VRPH
VSHFLHV�KDYH�LOO�GHILQHG�RU�PL[HG�WURSKLF�OHYHO�
7KH� IRRG�ZHEV�DSSHDULQJ� LQ� WKH�HFRORJLFDO� OLWHUDWXUH� FRPH� LQ� WZR�EDVLF� W\SHV��&RPPXQLW\� IRRG



ZHEV� DUH�FRPSOHWH�ZHEV� IRU�DQ�HQWLUH�HFRV\VWHP��DV� LQ�)LJ�����²WKH\� UHSUHVHQW��DW� OHDVW� LQ� WKHRU\�
HYHU\�SUHGDWRU�SUH\� LQWHUDFWLRQ� LQ� WKH� V\VWHP��6RXUFH�IRRG�ZHEV� DQG�VLQN� IRRG�ZHEV�DUH�VXEVHWV�RI
FRPSOHWH�ZHEV�WKDW�IRFXV�RQ�VSHFLHV�FRQQHFWHG��GLUHFWO\�RU�LQGLUHFWO\��WR�D�VSHFLILF�SUH\�RU�SUHGDWRU�
,Q�D�VRXUFH�IRRG�ZHE��IRU�LQVWDQFH��RQH�UHFRUGV�DOO�VSHFLHV�WKDW�GHULYH�HQHUJ\�IURP�D�SDUWLFXODU�VRXUFH
VSHFLHV��VXFK�DV�JUDVV��2XU�IRRG�ZHE�RI�DQWDUFWLF�VSHFLHV�LV��LQ�IDFW��ERWK�D�FRPPXQLW\�IRRG�ZHE�DQG�D
VRXUFH� IRRG� ZHE�� VLQFH� DOO� RI� WKH� VSHFLHV� LQ� WKH� QHWZRUN� GHULYH� WKHLU� HQHUJ\� XOWLPDWHO\� IURP
SK\WRSODQNWRQ�� 3K\WRSODQNWRQ� LV� WKH� VRXUFH� LQ� WKLV� H[DPSOH�� DQG� WKH� VSHFLHV� DERYH� LW� �DOO� RI� WKH
VSHFLHV�LQ�WKLV�FDVH��IRUP�WKH�FRUUHVSRQGLQJ�VRXUFH�ZHE��$�VLQN�IRRG�ZHE�LV�WKH�HTXLYDOHQW�FRQVWUXFW
IRU�D�SDUWLFXODU�WRS�SUHGDWRU�LQ�WKH�QHWZRUN��,Q�WKH�DQWDUFWLF�H[DPSOH��IRU�LQVWDQFH��KXPDQV�FRQVXPH
WKH�VSHUP�DQG�EDOHHQ�ZKDOHV�DQG�HOHSKDQW�VHDOV��ZKLFK�LQ�WXUQ�GHULYH�WKHLU�HQHUJ\�IURP�ILVK��VTXLG�
SODQNWRQ�� NULOO�� DQG� XOWLPDWHO\� SK\WRSODQNWRQ�� 7KLV� VXEVHW� RI� VSHFLHV�� WKHUHIRUH�� FRQVWLWXWHV� WKH� VLQN
IRRG�ZHE� IRU� KXPDQV²WKH�ZHE� WKDW� VSHFLILHV� WKURXJK�ZKLFK� VSHFLHV� RU� VSHFLHV� JURXSV� WKH� HQHUJ\
FRQVXPHG�E\�KXPDQV�SDVVHV�
7KH� H[SHULPHQWDO� GHWHUPLQDWLRQ� RI� WKH� VWUXFWXUH� RI� IRRG� ZHEV� LV� W\SLFDOO\� GRQH� LQ� RQH� RI� WZR

GLIIHUHQW�ZD\V��RU�VRPHWLPHV�D�PL[WXUH�RI�ERWK��7KH�ILUVW�DQG�PRVW�VWUDLJKWIRUZDUG�PHWKRG�LV�GLUHFW
PHDVXUHPHQW��+DYLQJ�VHWWOHG�RQ�WKH�HFRV\VWHP�WR�EH�VWXGLHG��RQH�ILUVW�DVVHPEOHV�D�OLVW�RI�WKH�VSHFLHV
LQ�WKDW�HFRV\VWHP�DQG�WKHQ�GHWHUPLQHV�WKHLU�SUHGDWRU�SUH\�LQWHUDFWLRQV��)RU�ODUJH�ERGLHG�DQLPDOV�VXFK
DV�PDPPDOV��ELUGV��RU� ODUJHU� ILVK�� VRPH�SUHGDWLRQ�FDQ�EH�HVWDEOLVKHG� VLPSO\�E\�REVHUYDWLRQ� LQ� WKH
ILHOG²ZH�VHH�D�ELUG�HDWLQJ�D�ILVK�DQG�WKH�SUHVHQFH�RI�WKH�FRUUHVSRQGLQJ�HGJH�LV�WKHUHE\�HVWDEOLVKHG�
0RUH�RIWHQ��KRZHYHU��DQG�SDUWLFXODUO\�ZLWK�VPDOOHU�ERGLHG�DQLPDOV�� LQWHUDFWLRQV�DUH�HVWDEOLVKHG�E\
FDWFKLQJ� DQG� GLVVHFWLQJ� WKH� DQLPDOV� LQ� TXHVWLRQ� DQG� H[DPLQLQJ� WKH� FRQWHQWV� RI� WKHLU� VWRPDFKV� WR
GHWHUPLQH�ZKDW�WKH\�KDYH�EHHQ�HDWLQJ�
7KH�VHFRQG�SULPDU\�PHWKRG�RI�FRQVWUXFWLQJ�IRRG�ZHEV�LV�E\�FRPSLODWLRQ�IURP�H[LVWLQJ�OLWHUDWXUH�

0DQ\� SUHGDWRU�SUH\� LQWHUDFWLRQV� DUH� DOUHDG\� NQRZQ� DQG� KDYH� EHHQ� UHFRUGHG� LQ� WKH� VFLHQWLILF
OLWHUDWXUH��EXW�QRW�LQ�WKH�FRQWH[W�RI�WKH�ODUJHU�IRRG�ZHE��DQG�RQH�FDQ�RIWHQ�UHFRQVWUXFW�D�FRPSOHWH�RU
SDUWLDO� SLFWXUH� RI� D� IRRG� ZHE� E\� VHDUFKLQJ� WKH� OLWHUDWXUH� IRU� VXFK� UHFRUGV��0DQ\� RI� WKH� FXUUHQWO\
DYDLODEOH� IRRG�ZHE� GDWD� VHWV�ZHUH� DVVHPEOHG� LQ� WKLV�ZD\� IURP� SUHH[LVWLQJ� GDWD�� DQG� VRPH� RWKHUV
ZHUH�DVVHPEOHG�E\�D�FRPELQDWLRQ�RI�H[SHULPHQWDO�PHDVXUHPHQW�DQG�OLWHUDWXUH�VHDUFKHV�
,Q�VRPH�FDVHV�DWWHPSWV�KDYH�DOVR�EHHQ�PDGH�WR�PHDVXUH�QRW�PHUHO\�WKH�SUHVHQFH��RU�DEVHQFH��RI

LQWHUDFWLRQV�EHWZHHQ�VSHFLHV�EXW�DOVR�WKH�VWUHQJWK�RI�WKRVH�LQWHUDFWLRQV��2QH�FDQ�TXDQWLI\�LQWHUDFWLRQ
VWUHQJWK�E\�WKH�IUDFWLRQ�RI�LWV�HQHUJ\�D�VSHFLHV�GHULYHV�IURP�HDFK�RI�LWV�SUHGDWRUV��RU�E\�WKH�WRWDO�UDWH
RI�HQHUJ\�IORZ�EHWZHHQ�D�SUH\�VSHFLHV�DQG�D�SUHGDWRU��7KH�UHVXOW�LV�D�ZHLJKWHG�GLUHFWHG�QHWZRUN�WKDW
VKHGV�FRQVLGHUDEO\�PRUH�OLJKW�RQ�WKH�IORZ�RI�HQHUJ\�WKURXJK�DQ�HFRV\VWHP�WKDQ�WKH�PRUH�FRQYHQWLRQDO
XQZHLJKWHG�IRRG�ZHE��0HDVXUHPHQWV�RI�LQWHUDFWLRQ�VWUHQJWK�DUH��KRZHYHU��WLPH�FRQVXPLQJ��GLIILFXOW�
DQG�\LHOG�XQFHUWDLQ�UHVXOWV��VR�WKH�FXUUHQW�GDWD�RQ�ZHLJKWHG�IRRG�ZHEV�VKRXOG�EH�WUHDWHG�ZLWK�FDXWLRQ�
)RRG�ZHE�GDWD�IURP�D�YDULHW\�RI�VRXUFHV�KDYH�EHHQ�DVVHPEOHG�LQWR�SXEOLFO\�DYDLODEOH�GDWDEDVHV�

VWDUWLQJ�LQ�WKH�ODWH�����V��([DPSOHV�LQFOXGH�WKH�(FRZHE�GDWDEDVH�>��@�DQG�WKH�ZHE�EDVHG�FROOHFWLRQ
DW�ZZZ�IRRGZHEV�RUJ�
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7ZR�RWKHU�W\SHV�RI�HFRORJLFDO�QHWZRUN�KDYH�UHFHLYHG�VLJQLILFDQW�DWWHQWLRQ�LQ�WKH�VFLHQWLILF�OLWHUDWXUH
�DOWKRXJK�OHVV�WKDQ�KDV�EHHQ�SDLG�WR�IRRG�ZHEV���+RVW��SDUDVLWH�QHWZRUNV�DUH�QHWZRUNV�RI�SDUDVLWLF
UHODWLRQVKLSV� EHWZHHQ� RUJDQLVPV�� VXFK� DV� WKH� UHODWLRQVKLS� EHWZHHQ� D� ODUJH�ERGLHG� DQLPDO� DQG� WKH
LQVHFWV� DQG�PLFURRUJDQLVPV� WKDW� OLYH� RQ� DQG� LQVLGH� LW�� ,Q� D� VHQVH� SDUDVLWLF� UHODWLRQV� DUH� D� IRUP� RI
SUHGDWLRQ²RQH�VSHFLHV�HDWLQJ�DQRWKHU²EXW�LQ�SUDFWLFDO�WHUPV�WKH\�DUH�TXLWH�GLVWLQFW�IURP�WUDGLWLRQDO
SUHGDWRU�SUH\�LQWHUDFWLRQV��3DUDVLWHV��IRU�H[DPSOH�� WHQG�WR�EH�VPDOOHU�ERGLHG�WKDQ�WKHLU�KRVWV�ZKHUH
SUHGDWRUV� WHQG� WR� EH� ODUJHU�� DQG� SDUDVLWHV� FDQ� OLYH� RII� WKHLU� KRVWV� IRU� ORQJ�� VRPHWLPHV� LQGHILQLWH�
SHULRGV�RI�WLPH�ZLWKRXW�NLOOLQJ�WKHP��ZKHUH�SUHGDWLRQ�XVXDOO\�UHVXOWV�LQ�WKH�GHDWK�RI�WKH�SUH\�
3DUDVLWLF� LQWHUDFWLRQV�� KRZHYHU�� GR� IRUP�QHWZRUNV� WKDW� DUH� VRPHZKDW� VLPLODU� WR� WUDGLWLRQDO� IRRG

ZHEV��3DUDVLWHV� WKHPVHOYHV�IUHTXHQWO\�SOD\�KRVW� WR�VWLOO�VPDOOHU�SDUDVLWHV��FDOOHG�³K\SHUSDUDVLWHV´��
ZKLFK�PD\�KDYH�WKHLU�RZQ�VWLOO�VPDOOHU�RQHV��DQG�VR�IRUWK�WKURXJK�VHYHUDO�OHYHOV����7KHUH�LV�D�PRGHVW
EXW�JURZLQJ�OLWHUDWXUH�RQ�KRVW�SDUDVLWH�QHWZRUNV��PXFK�RI�LW�EDVHG�RQ�UHVHDUFK�ZLWKLQ�WKH�DJULFXOWXUH
FRPPXQLW\�� D� SULPDU\� UHDVRQ� IRU� LQWHUHVW� LQ� SDUDVLWHV� EHLQJ� WKHLU� SUHYDOHQFH� LQ� DQG� HIIHFWV� RQ
OLYHVWRFN�DQG�FURS�VSHFLHV�
7KH�RWKHU�PDLQ�FODVV�RI�HFRORJLFDO�QHWZRUNV�LV�WKDW�RI�PXWXDOLVWLF�QHWZRUNV��PHDQLQJ�QHWZRUNV�RI

PXWXDOO\� EHQHILFLDO� LQWHUDFWLRQV� EHWZHHQ� VSHFLHV�� 7KUHH� VSHFLILF� W\SHV� RI� PXWXDOLVWLF� QHWZRUN� WKDW
KDYH�UHFHLYHG�DWWHQWLRQ�LQ�WKH�HFRORJLFDO�OLWHUDWXUH�DUH�QHWZRUNV�RI�SODQWV�DQG�WKH�DQLPDOV��SULPDULO\
LQVHFWV�� WKDW� SROOLQDWH� WKHP�� QHWZRUNV� RI� SODQWV� DQG� WKH� DQLPDOV� �VXFK� DV� ELUGV�� WKDW� GLVSHUVH� WKHLU
VHHGV�� DQG� QHWZRUNV� RI� DQW� VSHFLHV� DQG� WKH� SODQWV� WKDW� WKH\� SURWHFW� DQG� HDW�� 6LQFH� WKH� EHQHILW� RI� D
PXWXDOLVWLF� LQWHUDFWLRQ� UXQV��E\�GHILQLWLRQ�� LQ�ERWK�GLUHFWLRQV�EHWZHHQ�D�SDLU�RI� VSHFLHV��PXWXDOLVWLF
QHWZRUNV� DUH� XQGLUHFWHG� QHWZRUNV� �RU� ELGLUHFWLRQDO�� LI� \RX� SUHIHU��� LQ� FRQWUDVW� ZLWK� WKH� GLUHFWHG
LQWHUDFWLRQV� RI� IRRG�ZHEV� DQG� KRVW�SDUDVLWH� QHWZRUNV��0RVW�PXWXDOLVWLF� QHWZRUNV� VWXGLHG� DUH� DOVR
ELSDUWLWH��FRQVLVWLQJ�RI� WZR�GLVWLQFW��QRQ�RYHUODSSLQJ�VHWV�RI�VSHFLHV��VXFK�DV�SODQWV�DQG�DQWV���ZLWK
LQWHUDFWLRQV�RQO\�EHWZHHQ�PHPEHUV�RI�GLIIHUHQW�VHWV��,Q�SULQFLSOH��KRZHYHU��QRQ�ELSDUWLWH�PXWXDOLVWLF
QHWZRUNV�DUH�DOVR�SRVVLEOH�

6HH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�ELSDUWLWH�QHWZRUNV�
�
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$Q�LQWURGXFWLRQ�WR�WKH�PDWKHPDWLFDO�WRROV�XVHG�LQ�WKH�VWXG\�RI�QHWZRUNV��WRROV�WKDW�ZLOO�EH
LPSRUWDQW�WR�PDQ\�VXEVHTXHQW�GHYHORSPHQWV

�

,1�7+(� QH[W� WKUHH� FKDSWHUV�ZH� LQWURGXFH� WKH� IXQGDPHQWDO� TXDQWLWDWLYH� IRXQGDWLRQV� RI� WKH� VWXG\� RI
QHWZRUNV��FRQFHSWV�WKDW�DUH�FUXFLDO�IRU�HVVHQWLDOO\�DOO�ODWHU�GHYHORSPHQWV�LQ�WKLV�ERRN��,Q�WKLV�FKDSWHU
ZH�LQWURGXFH�WKH�EDVLF�WKHRUHWLFDO�WRROV�XVHG�WR�GHVFULEH�DQG�DQDO\]H�QHWZRUNV��PRVW�RI�ZKLFK�FRPH
IURP�JUDSK�WKHRU\��WKH�EUDQFK�RI�PDWKHPDWLFV�WKDW�GHDOV�ZLWK�QHWZRUNV��*UDSK�WKHRU\�LV�D�ODUJH�ILHOG
FRQWDLQLQJ�PDQ\�UHVXOWV�DQG�ZH�GHVFULEH�RQO\�D�VPDOO�IUDFWLRQ�RI�WKRVH�UHVXOWV�KHUH��IRFXVLQJ�RQ�WKH
RQHV�PRVW�UHOHYDQW� WR� WKH�VWXG\�RI�UHDO�ZRUOG�QHWZRUNV��5HDGHUV� LQWHUHVWHG� LQ�SXUVXLQJ� WKH�VWXG\�RI
JUDSK�WKHRU\�IXUWKHU�PLJKW�OLNH�WR�ORRN�DW�WKH�ERRNV�E\�+DUDU\�>���@�RU�:HVW�>���@�
,Q� WKH� WZR�FKDSWHUV� DIWHU� WKLV� RQH�ZH� ORRN� ILUVW� DW�PHDVXUHV� DQG�PHWULFV� IRU� TXDQWLI\LQJ�QHWZRUN

VWUXFWXUH� �&KDSWHU���� DQG� WKHQ�DW� VRPH�RI� WKH� UHPDUNDEOH�SDWWHUQV� UHYHDOHG� LQ� UHDO�ZRUOG�QHWZRUNV
ZKHQ�ZH�DSSO\�WKH�PDWKHPDWLFV�DQG�PHWULFV�ZH�KDYH�GHYHORSHG�WR�WKHLU�DQDO\VLV��&KDSWHU����
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7R�EHJLQ�DW�WKH�EHJLQQLQJ��D�QHWZRUN²DOVR�FDOOHG�D�JUDSK�LQ�WKH�PDWKHPDWLFDO�OLWHUDWXUH²LV��DV�ZH
KDYH� VDLG�� D� FROOHFWLRQ� RI� YHUWLFHV� MRLQHG� E\� HGJHV��9HUWLFHV� DQG� HGJHV� DUH� DOVR� FDOOHG�QRGHV� DQG
OLQNV� LQ�FRPSXWHU�VFLHQFH��VLWHV�DQG�ERQGV� LQ�SK\VLFV��DQG�DFWRUV��� DQG�WLHV�LQ�VRFLRORJ\��7DEOH����
JLYHV�VRPH�H[DPSOHV�RI�YHUWLFHV�DQG�HGJHV�LQ�SDUWLFXODU�QHWZRUNV�

�

7DEOH� �����9HUWLFHV� DQG� HGJHV� LQ� QHWZRUNV� � 6RPH� H[DPSOHV� RI� YHUWLFHV� DQG� HGJHV� LQ� SDUWLFXODU
QHWZRUNV�
�
�
7KURXJKRXW� WKLV�ERRN�ZH�ZLOO�QRUPDOO\�GHQRWH� WKH�QXPEHU�RI�YHUWLFHV� LQ�D�QHWZRUN�E\�Q� DQG� WKH

QXPEHU�RI�HGJHV�E\�P��ZKLFK�LV�D�FRPPRQ�QRWDWLRQ�LQ�WKH�PDWKHPDWLFDO�OLWHUDWXUH�
0RVW�RI� WKH�QHWZRUNV�ZH�ZLOO�VWXG\�LQ� WKLV�ERRN�KDYH�DW�PRVW�D�VLQJOH�HGJH�EHWZHHQ�DQ\�SDLU�RI

YHUWLFHV��,Q�WKH�UDUH�FDVHV�ZKHUH�WKHUH�FDQ�EH�PRUH�WKDQ�RQH�HGJH�EHWZHHQ�WKH�VDPH�SDLU�RI�YHUWLFHV
ZH�UHIHU�WR�WKRVH�HGJHV�FROOHFWLYHO\�DV�D�PXOWLHGJH��,Q�PRVW�RI�WKH�QHWZRUNV�ZH�ZLOO�VWXG\�WKHUH�DUH
DOVR�QR�HGJHV�WKDW�FRQQHFW�YHUWLFHV�WR�WKHPVHOYHV��DOWKRXJK�VXFK�HGJHV�ZLOO�RFFXU�LQ�D�IHZ�LQVWDQFHV�
6XFK�HGJHV�DUH�FDOOHG�VHOI�HGJHV�RU�VHOI�ORRSV�
$�QHWZRUN�WKDW�KDV�QHLWKHU�VHOI�HGJHV�QRU�PXOWLHGJHV�LV�FDOOHG�D�VLPSOH�QHWZRUN�RU�VLPSOH�JUDSK�

$� QHWZRUN� ZLWK� PXOWLHGJHV� LV� FDOOHG� D�PXOWLJUDSK���� )LJXUH� ���� VKRZV� H[DPSOHV� RI� �D�� D� VLPSOH
JUDSK�DQG��E��D�QRQ�VLPSOH�JUDSK�KDYLQJ�ERWK�PXOWLHGJHV�DQG�VHOI�HGJHV�
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�

7KHUH�DUH�D�QXPEHU�RI�GLIIHUHQW�ZD\V�WR�UHSUHVHQW�D�QHWZRUN�PDWKHPDWLFDOO\��&RQVLGHU�DQ�XQGLUHFWHG
QHWZRUN� ZLWK�Q� YHUWLFHV� DQG� OHW� XV� ODEHO� WKH� YHUWLFHV�ZLWK� LQWHJHU� ODEHOV� �� �� �� ��Q�� DV�ZH� KDYH�� IRU
LQVWDQFH��IRU�WKH�QHWZRUN�LQ�)LJ�����D��,W�GRHV�QRW�PDWWHU�ZKLFK�YHUWH[�JHWV�ZKLFK�ODEHO��RQO\�WKDW�HDFK
ODEHO�LV�XQLTXH��VR�WKDW�ZH�FDQ�XVH�WKH�ODEHOV�WR�UHIHU�WR�DQ\�YHUWH[�XQDPELJXRXVO\�
,I�ZH�GHQRWH�DQ�HGJH�EHWZHHQ�YHUWLFHV�L�DQG�M�E\��L�M��WKHQ�WKH�FRPSOHWH�QHWZRUN�FDQ�EH�VSHFLILHG

E\�JLYLQJ�WKH�YDOXH�RI�Q�DQG�D�OLVW�RI�DOO�WKH�HGJHV��)RU�H[DPSOH��WKH�QHWZRUN�LQ�)LJ�����D�KDV�Q� ��
YHUWLFHV�DQG�HGJHV�������������������������������������������DQG��������6XFK�D�VSHFLILFDWLRQ�LV�FDOOHG�DQ
HGJH� OLVW�� (GJH� OLVWV� DUH� VRPHWLPHV� XVHG� WR� VWRUH� WKH� VWUXFWXUH� RI� QHWZRUNV� RQ� FRPSXWHUV�� EXW� IRU
PDWKHPDWLFDO�GHYHORSPHQWV�OLNH�WKRVH�LQ�WKLV�FKDSWHU�WKH\�DUH�UDWKHU�FXPEHUVRPH�

�

)LJXUH������7ZR�VPDOO�QHWZRUNV� ��D��$�VLPSOH�JUDSK��L�H���RQH�KDYLQJ�QR�PXOWLHGJHV�RU�VHOI�HGJHV�
�E��$�QHWZRUN�ZLWK�ERWK�PXOWLHGJHV�DQG�VHOI�HGJHV�
�
�
$�EHWWHU�UHSUHVHQWDWLRQ�RI�D�QHWZRUN�IRU�SUHVHQW�SXUSRVHV�LV�WKH�DGMDFHQF\�PDWUL[��7KH�DGMDFHQF\

PDWUL[�$�RI�D�VLPSOH�JUDSK�LV�WKH�PDWUL[�ZLWK�HOHPHQWV�$LM�VXFK�WKDW

�

�����
�

�

)RU�H[DPSOH��WKH�DGMDFHQF\�PDWUL[�RI�WKH�QHWZRUN�LQ�)LJ�����D�LV



�

�����
�
�

7ZR�SRLQWV�WR�QRWLFH�DERXW�WKH�DGMDFHQF\�PDWUL[�DUH�WKDW��ILUVW��IRU�D�QHWZRUN�ZLWK�QR�VHOI�HGJHV�VXFK
DV�WKLV�RQH�WKH�GLDJRQDO�PDWUL[�HOHPHQWV�DUH�DOO�]HUR��DQG�VHFRQG�WKDW�LW�LV�V\PPHWULF��VLQFH�LI�WKHUH�LV
DQ�HGJH�EHWZHHQ�L�DQG�M�WKHQ�WKHUH�LV�DQ�HGJH�EHWZHHQ�M�DQG�L�
,W�LV�DOVR�SRVVLEOH�WR�UHSUHVHQW�PXOWLHGJHV�DQG�VHOI�HGJHV�XVLQJ�DQ�DGMDFHQF\�PDWUL[��$�PXOWLHGJH�LV

UHSUHVHQWHG�E\�VHWWLQJ�WKH�FRUUHVSRQGLQJ�PDWUL[�HOHPHQW�$LM�HTXDO�WR�WKH�PXOWLSOLFLW\�RI�WKH�HGJH��)RU
H[DPSOH��D�GRXEOH�HGJH�EHWZHHQ�YHUWLFHV�L�DQG�M�LV�UHSUHVHQWHG�E\�$LM� �$ML� ���
6HOI�HGJHV�DUH�D�OLWWOH�PRUH�FRPSOLFDWHG��$�VLQJOH�VHOI�HGJH�IURP�YHUWH[�L�WR�LWVHOI�LV�UHSUHVHQWHG�E\

VHWWLQJ�WKH�FRUUHVSRQGLQJ�GLDJRQDO�HOHPHQW�$LL�RI�WKH�PDWUL[�HTXDO�WR����:K\���DQG�QRW��"�(VVHQWLDOO\�LW
LV�EHFDXVH�HYHU\�VHOI�HGJH�IURP�L�WR�L�KDV�WZR�HQGV��ERWK�RI�ZKLFK�DUH�FRQQHFWHG�WR�YHUWH[�L��:H�ZLOO
ILQG� WKDW�PDQ\� RI� RXU�PDWKHPDWLFDO� UHVXOWV� FRQFHUQLQJ� WKH� DGMDFHQF\�PDWUL[�ZRUN� HTXDOO\�ZHOO� IRU
QHWZRUNV�ZLWK�DQG�ZLWKRXW�VHOI�HGJHV��EXW�RQO\� LI�ZH�DUH�FDUHIXO� WR�FRXQW�ERWK�HQGV�RI�HYHU\�HGJH�
LQFOXGLQJ�WKH�VHOI�HGJHV��E\�PDNLQJ�WKH�GLDJRQDO�PDWUL[�HOHPHQWV�HTXDO�WR���UDWKHU�WKDQ�����
$QRWKHU�ZD\�WR�ORRN�DW�WKLV�LV�WKDW�QRQ�VHOI�HGJHV�DSSHDU�WZLFH�LQ�WKH�DGMDFHQF\�PDWUL[²DQ�HGJH

IURP�L� WR�M�PHDQV� WKDW�ERWK�$LM� DQG�$ML�DUH����7R�FRXQW�HGJHV�HTXDOO\��VHOI�HGJHV�VKRXOG�DOVR�DSSHDU
WZLFH��DQG�VLQFH�WKHUH�LV�RQO\�RQH�GLDJRQDO�PDWUL[�HOHPHQW�$LL���ZH�QHHG�WR�UHFRUG�ERWK�DSSHDUDQFHV
WKHUH�
7R�JLYH�DQ�H[DPSOH��WKH�DGMDFHQF\�PDWUL[�IRU�WKH�PXOWLJUDSK�LQ�)LJ�����E�LV

�

�����
�

�
2QH�FDQ�DOVR�KDYH�PXOWLSOH�VHOI�HGJHV��RU�³PXOWL�VHOI�HGJHV´�SHUKDSV���6XFK�HGJHV�DUH�UHSUHVHQWHG

E\�VHWWLQJ�WKH�FRUUHVSRQGLQJ�GLDJRQDO�HOHPHQW�RI�WKH�DGMDFHQF\�PDWUL[�HTXDO�WR�WZLFH�WKH�PXOWLSOLFLW\
RI�WKH�HGJH�
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0DQ\�RI�WKH�QHWZRUNV�ZH�ZLOO�VWXG\�KDYH�HGJHV�WKDW�IRUP�VLPSOH�RQ�RII�FRQQHFWLRQV�EHWZHHQ�YHUWLFHV�
(LWKHU� WKH\�DUH� WKHUH�RU� WKH\�DUH�QRW�� ,Q�VRPH�VLWXDWLRQV��KRZHYHU�� LW� LV�XVHIXO� WR�UHSUHVHQW�HGJHV�DV
KDYLQJ�D�VWUHQJWK��ZHLJKW��RU�YDOXH� WR� WKHP��XVXDOO\�D� UHDO�QXPEHU��7KXV� LQ� WKH�,QWHUQHW�HGJHV�PLJKW
KDYH�ZHLJKWV�UHSUHVHQWLQJ�WKH�DPRXQW�RI�GDWD�IORZLQJ�DORQJ�WKHP�RU�WKHLU�EDQGZLGWK��,Q�D�IRRG�ZHE
SUHGDWRU�SUH\� LQWHUDFWLRQV� PLJKW� KDYH� ZHLJKWV� PHDVXULQJ� WRWDO� HQHUJ\� IORZ� EHWZHHQ� SUH\� DQG
SUHGDWRU�� ,Q� D� VRFLDO� QHWZRUN� FRQQHFWLRQV� PLJKW� KDYH� ZHLJKWV� UHSUHVHQWLQJ� IUHTXHQF\� RI� FRQWDFW
EHWZHHQ�DFWRUV��6XFK�ZHLJKWHG�RU�YDOXHG�QHWZRUNV�FDQ�EH�UHSUHVHQWHG�E\�JLYLQJ�WKH�HOHPHQWV�RI�WKH
DGMDFHQF\�PDWUL[�YDOXHV�HTXDO� WR� WKH�ZHLJKWV�RI� WKH�FRUUHVSRQGLQJ�FRQQHFWLRQV��7KXV� WKH�DGMDFHQF\
PDWUL[

�

�����
�

UHSUHVHQWV�D�ZHLJKWHG�QHWZRUN�LQ�ZKLFK�WKH�FRQQHFWLRQ�EHWZHHQ�YHUWLFHV���DQG���LV�WZLFH�DV�VWURQJ�DV
WKDW�EHWZHHQ���DQG����ZKLFK�LQ�WXUQ�LV�WZLFH�DV�VWURQJ�DV�WKDW�EHWZHHQ���DQG�����
:H� KDYH� QRZ� VHHQ� WZR� GLIIHUHQW� W\SHV� RI� QHWZRUN� ZKHUH� WKH� DGMDFHQF\� PDWUL[� FDQ� KDYH� RII�

GLDJRQDO�HOHPHQWV�ZLWK�YDOXHV�RWKHU�WKDQ���DQG����QHWZRUNV�ZLWK�ZHLJKWHG�HGJHV�DQG�QHWZRUNV�ZLWK
PXOWLHGJHV����,QGHHG��LI�WKH�ZHLJKWV�LQ�D�ZHLJKWHG�QHWZRUN�DUH�DOO�LQWHJHUV�LW� LV�SRVVLEOH�WR�FUHDWH�D
QHWZRUN� ZLWK� PXOWLHGJHV� WKDW� KDV� WKH� H[DFW� VDPH� DGMDFHQF\� PDWUL[�� E\� VLPSO\� FKRRVLQJ� WKH
PXOWLSOLFLWLHV�RI�WKH�PXOWLHGJHV�HTXDO�WR�WKH�FRUUHVSRQGLQJ�ZHLJKWV��7KLV�FRQQHFWLRQ�FRPHV�LQ�KDQG\
VRPHWLPHV�� ,Q� VRPH� FLUFXPVWDQFHV� LW� LV� HDVLHU� WR� UHDVRQ� DERXW� WKH� EHKDYLRU� RI� D�PXOWLJUDSK� WKDQ� D
ZHLJKWHG�QHWZRUN��RU�YLFH�YHUVD��DQG�VZLWFKLQJ�EHWZHHQ�WKH�WZR�FDQ�EH�D�XVHIXO�DLG�WR�DQDO\VLV�>���@�
7KH�ZHLJKWV�LQ�D�ZHLJKWHG�QHWZRUN�DUH�XVXDOO\�SRVLWLYH�QXPEHUV��EXW�WKHUH�LV�QR�UHDVRQ�LQ�WKHRU\

ZK\� WKH\� VKRXOG�QRW� EH�QHJDWLYH��)RU� H[DPSOH�� LW� LV� FRPPRQ� LQ� VRFLDO� QHWZRUN� WKHRU\� WR� FRQVWUXFW
QHWZRUNV� RI� VRFLDO� UHODWLRQV� EHWZHHQ� SHRSOH� LQ�ZKLFK� SRVLWLYH� HGJH�ZHLJKWV� GHQRWH� IULHQGVKLS� RU
RWKHU�FRUGLDO�UHODWLRQVKLSV�DQG�QHJDWLYH�RQHV�UHSUHVHQW�DQLPRVLW\��:H�GLVFXVV�VXFK�QHWZRUNV�IXUWKHU
LQ�6HFWLRQ������ZKHQ�ZH�FRQVLGHU�WKH�FRQFHSW�RI�VWUXFWXUDO�EDODQFH�
*LYHQ�WKDW�HGJHV�FDQ�KDYH�ZHLJKWV�RQ�WKHP��LW� LV�QRW�D�KXJH�OHDS�WR�FRQVLGHU�ZHLJKWV�RQ�YHUWLFHV

WRR�� RU� WR� FRQVLGHU�PRUH� H[RWLF� YDULDEOHV� RQ� HLWKHU� HGJHV� RU� YHUWLFHV�� VXFK� DV� YHFWRUV� RU� GLVFUHWH
HQXPHUDWLYH� YDULDEOHV� OLNH� FRORUV�� 0DQ\� VXFK� YDULDWLRQV� KDYH� EHHQ� FRQVLGHUHG� LQ� WKH� QHWZRUNV
OLWHUDWXUH� DQG�ZH�ZLOO� GLVFXVV� VRPH� RI� WKHP� ODWHU� LQ� WKH� ERRN�� 7KHUH� LV� RQH� FDVH� RI� YDULDEOHV� RQ
HGJHV��KRZHYHU��WKDW�LV�VR�FHQWUDO�WR�WKH�VWXG\�RI�QHWZRUNV�WKDW�ZH�GLVFXVV�LW�VWUDLJKW�DZD\�
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$�GLUHFWHG�QHWZRUN� RU�GLUHFWHG�JUDSK�� DOVR�FDOOHG�D�GLJUDSK� IRU�VKRUW�� LV�D�QHWZRUN�LQ�ZKLFK�HDFK
HGJH�KDV�D�GLUHFWLRQ��SRLQWLQJ�IURP�RQH�YHUWH[�WR�DQRWKHU��6XFK�HGJHV�DUH�WKHPVHOYHV�FDOOHG�GLUHFWHG
HGJHV��DQG�FDQ�EH�UHSUHVHQWHG�E\�OLQHV�ZLWK�DUURZV�RQ�WKHP²VHH�)LJ������

�

)LJXUH������$�GLUHFWHG�QHWZRUN� �$�VPDOO�GLUHFWHG�QHWZRUN�ZLWK�DUURZV�LQGLFDWLQJ�WKH�GLUHFWLRQV�RI
WKH�HGJHV�
�
�
:H� HQFRXQWHUHG� D� QXPEHU� RI� H[DPSOHV� RI� GLUHFWHG� QHWZRUNV� LQ� SUHYLRXV� FKDSWHUV�� LQFOXGLQJ� WKH

:RUOG�:LGH�:HE��LQ�ZKLFK�K\SHUOLQNV�UXQ�LQ�RQH�GLUHFWLRQ�IURP�RQH�ZHE�SDJH�WR�DQRWKHU��IRRG�ZHEV�
LQ�ZKLFK�HQHUJ\�IORZV�IURP�SUH\� WR�SUHGDWRUV��DQG�FLWDWLRQ�QHWZRUNV�� LQ�ZKLFK�FLWDWLRQV�SRLQW� IURP
RQH�SDSHU�WR�DQRWKHU�
7KH�DGMDFHQF\�PDWUL[�RI�D�GLUHFWHG�QHWZRUN�KDV�PDWUL[�HOHPHQWV

�

�����
�

�

1RWLFH� WKH� GLUHFWLRQ� RI� WKH� HGJH� KHUH²LW� UXQV�IURP� WKH� VHFRQG� LQGH[�WR� WKH� ILUVW�� 7KLV� LV� VOLJKWO\
FRXQWHU�LQWXLWLYH��EXW�LW�WXUQV�RXW�WR�EH�FRQYHQLHQW�PDWKHPDWLFDOO\�DQG�LW�LV�WKH�FRQYHQWLRQ�ZH�DGRSW�LQ
WKLV�ERRN�
$V�DQ�H[DPSOH��WKH�DGMDFHQF\�PDWUL[�RI�WKH�VPDOO�QHWZRUN�LQ�)LJ������LV



�

�����
�

�

1RWH� WKDW� WKLV� PDWUL[� LV� QRW� V\PPHWULF�� ,Q� JHQHUDO� WKH� DGMDFHQF\� PDWUL[� RI� D� GLUHFWHG� QHWZRUN� LV
DV\PPHWULF�
:H�FDQ��LI�ZH�ZLVK��WKLQN�RI�XQGLUHFWHG�QHWZRUNV�DV�GLUHFWHG�QHWZRUNV�LQ�ZKLFK�HDFK�XQGLUHFWHG

HGJH�KDV�EHHQ�UHSODFHG�ZLWK�WZR�GLUHFWHG�RQHV�UXQQLQJ�LQ�RSSRVLWH�GLUHFWLRQV�EHWZHHQ�WKH�VDPH�SDLU
RI�YHUWLFHV��7KH�DGMDFHQF\�PDWUL[�IRU�VXFK�D�QHWZRUN�LV�WKHQ�V\PPHWULF�DQG�H[DFWO\�WKH�VDPH�DV�IRU�WKH
RULJLQDO�XQGLUHFWHG�QHWZRUN�
/LNH� WKHLU�XQGLUHFWHG�FRXQWHUSDUWV��GLUHFWHG�QHWZRUNV�FDQ�KDYH�PXOWLHGJHV�DQG�VHOI�HGJHV��ZKLFK

DUH� UHSUHVHQWHG� LQ� WKH� DGMDFHQF\� PDWUL[� E\� HOHPHQWV� ZLWK� YDOXHV� JUHDWHU� WKDQ� �� DQG� E\� QRQ�]HUR
GLDJRQDO�HOHPHQWV��UHVSHFWLYHO\��$Q�LPSRUWDQW�SRLQW�KRZHYHU�LV�WKDW�VHOI�HGJHV�LQ�D�GLUHFWHG�QHWZRUN
DUH�UHSUHVHQWHG�E\�VHWWLQJ�WKH�FRUUHVSRQGLQJ�GLDJRQDO�HOHPHQW�RI�WKH�DGMDFHQF\�PDWUL[�WR����QRW���DV�LQ
WKH� XQGLUHFWHG� FDVH���� :LWK� WKLV� FKRLFH� WKH� VDPH� IRUPXODV� DQG� UHVXOWV�� LQ� WHUPV� RI� WKH� DGMDFHQF\
PDWUL[��DSSO\�IRU�QHWZRUNV�ZLWK�DQG�ZLWKRXW�VHOI�HGJHV�
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,W� LV� VRPHWLPHV� FRQYHQLHQW� WR� WXUQ� D� GLUHFWHG� QHWZRUN� LQWR� DQ� XQGLUHFWHG� RQH� IRU� WKH� SXUSRVHV� RI
DQDO\VLV²WKHUH�DUH�PDQ\�XVHIXO�DQDO\WLF�WHFKQLTXHV�IRU�XQGLUHFWHG�QHWZRUNV�WKDW�GR�QRW�KDYH�GLUHFWHG
FRXQWHUSDUWV��RU�DW�OHDVW�QRW�\HW��
2QH� VLPSOH� ZD\� WR� PDNH� D� GLUHFWHG� QHWZRUN� XQGLUHFWHG� LV� MXVW� WR� LJQRUH� WKH� HGJH� GLUHFWLRQV

HQWLUHO\��DQ�DSSURDFK�WKDW�FDQ�ZRUN�LQ�VRPH�FDVHV��EXW�LQHYLWDEO\�WKURZV�RXW�D�ORW�RI�SRWHQWLDOO\�XVHIXO
LQIRUPDWLRQ�DERXW� WKH�QHWZRUN¶V� VWUXFWXUH��$�PRUH� VRSKLVWLFDWHG�DSSURDFK� LV� WR�XVH�³FRFLWDWLRQ´�RU
³ELEOLRJUDSKLF� FRXSOLQJ�´� WZR� GLIIHUHQW� EXW� UHODWHG� LGHDV� WKDW� GHULYH� WKHLU� QDPHV� IURP� WKHLU
ZLGHVSUHDG�XVH�LQ�WKH�DQDO\VLV�RI�FLWDWLRQ�QHWZRUNV�

:H�EULHIO\�GLVFXVVHG�FRFLWDWLRQ�LQ�WKH�FRQWH[W�RI�FLWDWLRQ�QHWZRUNV�LQ�6HFWLRQ�����
�
7KH�FRFLWDWLRQ� RI� WZR� YHUWLFHV�L� DQG�M� LQ� D�GLUHFWHG�QHWZRUN� LV� WKH�QXPEHU�RI�YHUWLFHV� WKDW�KDYH

RXWJRLQJ� HGJHV� SRLQWLQJ� WR� ERWK�L� DQG�M�� ,Q� WKH� ODQJXDJH� RI� FLWDWLRQ� QHWZRUNV�� IRU� LQVWDQFH�� WKH
FRFLWDWLRQ�RI�WZR�SDSHUV�LV�WKH�QXPEHU�RI�RWKHU�SDSHUV�WKDW�FLWH�ERWK��*LYHQ�WKH�GHILQLWLRQ�DERYH�RI�WKH
DGMDFHQF\�PDWUL[�RI�D�GLUHFWHG�QHWZRUN��(T����������ZH�FDQ�VHH�WKDW�$LN�$MN� ���LI�L�DQG�M�DUH�ERWK�FLWHG
E\�N�DQG�]HUR�RWKHUZLVH��6XPPLQJ�RYHU�DOO�N��WKH�FRFLWDWLRQ�&LM�RI�L�DQG�M�LV

�

�����
�

ZKHUH� �LV�DQ�HOHPHQW�RI�WKH�WUDQVSRVH�RI�$��:H�FDQ�GHILQH�WKH�FRFLWDWLRQ�PDWUL[�&�WR�EH�WKH�Q�î�Q
PDWUL[�ZLWK�HOHPHQWV�&LM���ZKLFK�LV�WKXV�JLYHQ�E\

�

�����
�

�



�

9HUWLFHV�L�DQG�M�DUH�FLWHG�E\�WKUHH�FRPPRQ�SDSHUV��VR�WKHLU�FRFLWDWLRQ�LV���
�
�

1RWH�WKDW�&�LV�D�V\PPHWULF�PDWUL[��VLQFH�&7� ��$$7��7� �$$7� �&�
1RZ�ZH�FDQ�GHILQH�D�FRFLWDWLRQ�QHWZRUN�LQ�ZKLFK�WKHUH�LV�DQ�HGJH�EHWZHHQ�L�DQG�M�LI�&LM�!����IRU�L

�� M�� L�H��� DQ� HGJH� EHWZHHQ� DQ\� WZR� YHUWLFHV� WKDW� DUH� FRFLWHG� LQ� WKH� RULJLQDO� GLUHFWHG� QHWZRUN�� �:H
HQIRUFH� WKH�FRQVWUDLQW� WKDW�L� ��M�EHFDXVH�WKH�FRFLWDWLRQ�QHWZRUN�LV�FRQYHQWLRQDOO\�GHILQHG�WR�KDYH�QR
VHOI�HGJHV�� HYHQ� WKRXJK� WKH�GLDJRQDO� HOHPHQWV�RI� WKH� FRFLWDWLRQ�PDWUL[� DUH� LQ�JHQHUDO�QRQ]HUR²VHH
EHORZ���%HWWHU� VWLOO��ZH�FDQ�PDNH� WKH�FRFLWDWLRQ�QHWZRUN�D�ZHLJKWHG�QHWZRUN�ZLWK�SRVLWLYH� LQWHJHU
ZHLJKWV� RQ� WKH� HGJHV� HTXDO� WR� WKH� FRUUHVSRQGLQJ� HOHPHQWV�&LM�� 7KHQ� YHUWH[� SDLUV� FLWHG� E\� PRUH
FRPPRQ�QHLJKERUV�KDYH�D�VWURQJHU�FRQQHFWLRQ�WKDQ�WKRVH�FLWHG�E\�IHZHU��6LQFH�WKH�FRFLWDWLRQ�PDWUL[
LV�V\PPHWULF��WKH�FRFLWDWLRQ�QHWZRUN�LV�XQGLUHFWHG��PDNLQJ�LW�HDVLHU�WR�GHDO�ZLWK�LQ�PDQ\�UHVSHFWV�WKDQ
WKH�RULJLQDO�GLUHFWHG�QHWZRUN�IURP�ZKLFK�LW�ZDV�FRQVWUXFWHG�
7KH� FRFLWDWLRQ� QHWZRUN� WXUQV� RXW� WR�PDNH� D� ORW� RI� VHQVH� LQ�PDQ\� FDVHV�� ,Q� FLWDWLRQ� QHWZRUNV� RI

DFDGHPLF�SDSHUV��IRU�LQVWDQFH��VWURQJ�FRFLWDWLRQ�EHWZHHQ�SDSHUV�LV�RIWHQ�D�JRRG�LQGLFDWRU�RI�SDSHUV
WKDW�GHDO�ZLWK� UHODWHG� WRSLFV²LI� WZR�SDSHUV� DUH�RIWHQ� FLWHG� WRJHWKHU� LQ� WKH� VDPH�ELEOLRJUDSK\� WKH\
SUREDEO\�KDYH�VRPHWKLQJ�LQ�FRPPRQ��$QG�WKH�PRUH�RIWHQ�WKH\�DUH�FLWHG�WRJHWKHU��WKH�PRUH�OLNHO\�LW�LV
WKDW�WKH\�DUH�UHODWHG�
7KH�FRFLWDWLRQ�PDWUL[�WKXV�SOD\V�D�UROH�VLPLODU�WR�DQ�DGMDFHQF\�PDWUL[�IRU�WKH�FRFLWDWLRQ�QHWZRUN�

7KHUH� LV� KRZHYHU� RQH� DVSHFW� LQ�ZKLFK� WKH� FRFLWDWLRQ�PDWUL[� GLIIHUV� IURP� DQ� DGMDFHQF\�PDWUL[�� LWV
GLDJRQDO�HOHPHQWV��7KH�GLDJRQDO�HOHPHQWV�RI�WKH�FRFLWDWLRQ�PDWUL[�DUH�JLYHQ�E\

�

�����
�

ZKHUH�ZH�KDYH�DVVXPHG�WKDW�WKH�GLUHFWHG�QHWZRUN�LV�D�VLPSOH�JUDSK��ZLWK�QR�PXOWLHGJHV��VR�WKDW�DOO
HOHPHQWV�$LN�RI� WKH�DGMDFHQF\�PDWUL[�DUH�]HUR�RU�RQH��7KXV�&LL� LV�HTXDO�WR�WKH�WRWDO�QXPEHU�RI�HGJHV
SRLQWLQJ�WR�L²WKH�WRWDO�QXPEHU�RI�SDSHUV�FLWLQJ�L�LQ�WKH�FLWDWLRQ�QHWZRUN�ODQJXDJH��,Q�FRQVWUXFWLQJ�WKH
FRFLWDWLRQ�QHWZRUN�ZH�LJQRUH�WKHVH�GLDJRQDO�HOHPHQWV��PHDQLQJ�WKDW�WKH�QHWZRUN¶V�DGMDFHQF\�PDWUL[�LV
HTXDO�WR�WKH�FRFLWDWLRQ�PDWUL[�EXW�ZLWK�DOO�WKH�GLDJRQDO�HOHPHQWV�VHW�WR�]HUR�

�



9HUWLFHV�L�DQG�M�FLWH�WKUHH�RI�WKH�VDPH�SDSHUV�DQG�VR�KDYH�D�ELEOLRJUDSKLF�FRXSOLQJ�RI���
�
�
%LEOLRJUDSKLF� FRXSOLQJ� LV� VLPLODU� WR� FRFLWDWLRQ��7KH�ELEOLRJUDSKLF�FRXSOLQJ�RI� WZR�YHUWLFHV� LQ�D

GLUHFWHG� QHWZRUN� LV� WKH� QXPEHU� RI� RWKHU� YHUWLFHV� WR� ZKLFK� ERWK� SRLQW�� ,Q� D� FLWDWLRQ� QHWZRUN�� IRU
LQVWDQFH��WKH�ELEOLRJUDSKLF�FRXSOLQJ�RI�WZR�SDSHUV�L�DQG�M�LV�WKH�QXPEHU�RI�RWKHU�SDSHUV�WKDW�DUH�FLWHG
E\� ERWK�L� DQG�M�� 1RWLQJ� WKDW�$NL�$NM�  � �� LI�L� DQG�M� ERWK� FLWH�N� DQG�]HUR�RWKHUZLVH�� WKH�ELEOLRJUDSKLF
FRXSOLQJ�RI�L�DQG�M�LV

�

������
�

DQG�ZH�GHILQH�WKH�ELEOLRJUDSKLF�FRXSOLQJ�PDWUL[�%�WR�EH�WKH�Q�î�Q�PDWUL[�ZLWK�HOHPHQWV�%LM�VR�WKDW

�

������
�

�

7KH�ELEOLRJUDSKLF�FRXSOLQJ�PDWUL[�LV�DJDLQ�D�V\PPHWULF�PDWUL[�DQG�WKH�RII�GLDJRQDO�HOHPHQWV�FDQ�EH
XVHG�WR�GHILQH�D�ZHLJKWHG�XQGLUHFWHG�QHWZRUN��WKH�ELEOLRJUDSKLF�FRXSOLQJ�QHWZRUN��LQ�ZKLFK�WKHUH�LV
DQ�HGJH�ZLWK�ZHLJKW�%LM�EHWZHHQ�DQ\�YHUWH[�SDLU�L��M�IRU�ZKLFK�%LM�!����7KH�GLDJRQDO�HOHPHQWV�RI�%�DUH

�

������
�
�

7KXV�%LL�LV�HTXDO�WR�WKH�QXPEHU�RI�RWKHU�YHUWLFHV�WKDW�YHUWH[�L�SRLQWV�WR²WKH�QXPEHU�RI�SDSHUV�L�FLWHV�
LQ�WKH�FLWDWLRQ�ODQJXDJH�
%LEOLRJUDSKLF�FRXSOLQJ��OLNH�FRFLWDWLRQ��FDQ�EH�D�XVHIXO�PHDVXUH�RI�FRQQHFWLRQ�EHWZHHQ�YHUWLFHV��,Q

D�FLWDWLRQ�QHWZRUN��IRU�H[DPSOH��LI�WZR�SDSHUV�FLWH�PDQ\�RI�WKH�VDPH�RWKHU�SDSHUV�LW�LV�RIWHQ�D�JRRG



LQGLFDWLRQ�WKDW�WKH\�GHDO�ZLWK�VLPLODU�VXEMHFW�PDWWHU��DQG�WKH�QXPEHU�RI�FRPPRQ�SDSHUV�FLWHG�FDQ�EH
DQ�LQGLFDWRU�RI�KRZ�VWURQJO\�WKH\�RYHUODS�
$OWKRXJK� FRFLWDWLRQ� DQG� ELEOLRJUDSKLF� FRXSOLQJ� DUH�PDWKHPDWLFDOO\� VLPLODU�PHDVXUHV� WKH\� FDQ� LQ

SUDFWLFH�JLYH�QRWLFHDEO\�GLIIHUHQW� UHVXOWV�� ,Q�SDUWLFXODU�� WKH\�DUH� DIIHFWHG� VWURQJO\�E\� WKH�QXPEHU�RI
LQJRLQJ� DQG� RXWJRLQJ� HGJHV� WKDW� YHUWLFHV� KDYH�� )RU� WZR� YHUWLFHV� WR� KDYH� VWURQJ� FRFLWDWLRQ²WR� EH
SRLQWHG�WR�E\�PDQ\�RI�WKH�VDPH�RWKHU�YHUWLFHV²WKH\�PXVW�ERWK�KDYH�D�ORW�RI�LQFRPLQJ�HGJHV�LQ�WKH�ILUVW
SODFH��,Q�D�FLWDWLRQ�QHWZRUN��IRU�LQVWDQFH��WZR�SDSHUV�FDQ�RQO\�KDYH�VWURQJ�FRFLWDWLRQ�LI�WKH\�DUH�ERWK
ZHOO� FLWHG� DQG�KHQFH� VWURQJ� FRFLWDWLRQ� LV� OLPLWHG� WR� LQIOXHQWLDO� SDSHUV�� UHYLHZ� DUWLFOHV�� ERRNV�� DQG
VLPLODU�KLJKO\�FLWHG�LWHPV��&RQYHUVHO\��WZR�SDSHUV�FDQ�RQO\�KDYH�VWURQJ�ELEOLRJUDSKLF�FRXSOLQJ�LI�WKH\
ERWK�FLWH�PDQ\�RWKHUV��L�H���LI�WKH\�KDYH�ODUJH�ELEOLRJUDSKLHV��,Q�SUDFWLFH��WKH�VL]HV�RI�ELEOLRJUDSKLHV
YDU\� OHVV� WKDQ� WKH� QXPEHU� RI� FLWDWLRQV� SDSHUV� UHFHLYH�� DQG�KHQFH�ELEOLRJUDSKLF� FRXSOLQJ� LV� D�PRUH
XQLIRUP� LQGLFDWRU� RI� VLPLODULW\� EHWZHHQ� SDSHUV� WKDQ� FRFLWDWLRQ�� 7KH� 6FLHQFH� &LWDWLRQ� ,QGH[�� IRU
H[DPSOH��PDNHV�XVH�RI�ELEOLRJUDSKLF�FRXSOLQJ�LQ�LWV�³5HODWHG�5HFRUGV´�IHDWXUH��ZKLFK�DOORZV�XVHUV�WR
ILQG�SDSHUV�VLPLODU�WR�D�JLYHQ�SDSHU��&RFLWDWLRQ�ZRXOG�EH�OHVV�DSSURSULDWH�LQ�WKLV�VLWXDWLRQ��VLQFH�LW
WHQGV�QRW�WR�ZRUN�ZHOO�IRU�SDSHUV�ZLWK�IHZ�FLWDWLRQV�
%LEOLRJUDSKLF� FRXSOLQJ� DOVR� KDV� WKH� DGYDQWDJH� WKDW� LW� FDQ� EH� FRPSXWHG� DV� VRRQ� DV� D� SDSHU� LV

SXEOLVKHG� DQG� WKH� FRQWHQWV� RI� WKH� SDSHU¶V� ELEOLRJUDSK\� DUH� NQRZQ�� &RFLWDWLRQ�� RQ� WKH� RWKHU� KDQG�
FDQQRW�EH�FRPSXWHG�XQWLO�D�SDSHU�KDV�EHHQ�FLWHG�E\�RWKHU�SDSHUV��ZKLFK�XVXDOO\�GRHVQ¶W�KDSSHQ�XQWLO
DW� OHDVW� D� IHZ� PRQWKV� DIWHU� SXEOLFDWLRQ�� DQG� VRPHWLPHV� \HDUV�� )XUWKHUPRUH�� WKH� FRFLWDWLRQ� RI� WZR
SDSHUV�FDQ�FKDQJH�RYHU�WLPH�DV�WKH�SDSHUV�UHFHLYH�QHZ�FLWDWLRQV��ZKHUHDV�ELEOLRJUDSKLF�FRXSOLQJ�LV
IL[HG� IURP� WKH�PRPHQW� WKH�SDSHUV�DUH�SXEOLVKHG�� �7KLV�FRXOG�EH�DQ�DGYDQWDJH�RU�D�GLVDGYDQWDJH²
WKHUH� DUH� VLWXDWLRQV� LQ� ZKLFK� FKDQJHV� LQ� FRFLWDWLRQ� FRXOG� UHYHDO� LQWHUHVWLQJ� LQIRUPDWLRQ� DERXW� WKH
SDSHUV�WKDW�FDQQRW�EH�JOHDQHG�IURP�DQ�XQFKDQJLQJ�PHDVXUH�OLNH�ELEOLRJUDSKLF�FRXSOLQJ��
,Q�DGGLWLRQ�WR�WKHLU�XVH�DV�PHDVXUHV�RI�YHUWH[�VLPLODULW\��WKH�FRFLWDWLRQ�DQG�ELEOLRJUDSKLF�FRXSOLQJ

PDWULFHV�DUH�DOVR�XVHG�LQ�VHDUFK�DOJRULWKPV�IRU�GLUHFWHG�QHWZRUNV��DQG�LQ�SDUWLFXODU�LQ�WKH�VR�FDOOHG
+,76�DOJRULWKP��ZKLFK�ZH�GHVFULEH�LQ�6HFWLRQ�����
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$�F\FOH�LQ�D�GLUHFWHG�QHWZRUN�LV�D�FORVHG�ORRS�RI�HGJHV�ZLWK�WKH�DUURZV�RQ�HDFK�RI�WKH�HGJHV�SRLQWLQJ
WKH�VDPH�ZD\�DURXQG�WKH�ORRS��1HWZRUNV�OLNH�WKH�:RUOG�:LGH�:HE�KDYH�PDQ\�VXFK�F\FOHV�LQ�WKHP�
6RPH�GLUHFWHG�QHWZRUNV�KRZHYHU�KDYH�QR�F\FOHV�DQG�WKHVH�DUH�FDOOHG�DF\FOLF�QHWZRUNV����2QHV�ZLWK
F\FOHV�DUH�FDOOHG�F\FOLF��$�VHOI�HGJH²DQ�HGJH�FRQQHFWLQJ�D�YHUWH[�WR�LWVHOI²FRXQWV�DV�D�F\FOH��DQG
VR�DQ�DF\FOLF�QHWZRUN�DOVR�KDV�QR�VHOI�HGJHV�

�

$�F\FOH�LQ�D�GLUHFWHG�QHWZRUN�
�
�
7KH�FODVVLF�H[DPSOH�RI�DQ�DF\FOLF�GLUHFWHG�QHWZRUN�LV�D�FLWDWLRQ�QHWZRUN�RI�SDSHUV��DV�GLVFXVVHG�LQ

6HFWLRQ� �����:KHQ�ZULWLQJ� D� SDSHU� \RX� FDQ� RQO\� FLWH� DQRWKHU� SDSHU� LI� LW� KDV� DOUHDG\� EHHQ�ZULWWHQ�
ZKLFK�PHDQV�WKDW�DOO�WKH�GLUHFWHG�HGJHV�LQ�D�FLWDWLRQ�QHWZRUN�SRLQW�EDFNZDUG�LQ�WLPH��*UDSKLFDOO\�ZH
FDQ�GHSLFW�VXFK�D�QHWZRUN�DV�LQ�)LJ�������ZLWK�WKH�YHUWLFHV�WLPH�RUGHUHG²UXQQLQJ�IURP�ERWWRP�WR�WRS
RI� WKH� SLFWXUH� LQ� WKLV� FDVH²VR� WKDW� DOO� WKH� HGJHV� UHSUHVHQWLQJ� WKH� FLWDWLRQV� SRLQW� GRZQZDUG� LQ� WKH
SLFWXUH����7KHUH�FDQ�EH�QR�FORVHG�F\FOHV�LQ�VXFK�D�QHWZRUN�EHFDXVH�DQ\�F\FOH�ZRXOG�KDYH�WR�JR�GRZQ
WKH�SLFWXUH�DQG�WKHQ�FRPH�EDFN�XS�DJDLQ�WR�JHW�EDFN�WR�ZKHUH�LW�VWDUWHG�DQG�WKHUH�DUH�QR�XSZDUG�HGJHV
ZLWK�ZKLFK�WR�DFKLHYH�WKLV�

�

)LJXUH������$Q�DF\FOLF�GLUHFWHG�QHWZRUN��,Q�WKLV�QHWZRUN�WKH�YHUWLFHV�DUH�ODLG�RXW�LQ�VXFK�D�ZD\�WKDW



DOO�HGJHV�SRLQW�GRZQZDUG��1HWZRUNV�WKDW�FDQ�EH�ODLG�RXW� LQ� WKLV�ZD\�DUH�FDOOHG�DF\FOLF��VLQFH�WKH\
SRVVHVV� QR� FORVHG� F\FOHV� RI� HGJHV�� $Q� H[DPSOH� RI� DQ� DF\FOLF� QHWZRUN� LV� D� FLWDWLRQ� QHWZRUN� RI
FLWDWLRQV�EHWZHHQ�SDSHUV��LQ�ZKLFK�WKH�YHUWLFDO�D[LV�ZRXOG�UHSUHVHQW�GDWH�RI�SXEOLFDWLRQ��UXQQLQJ�XS
WKH�ILJXUH��DQG�DOO�FLWDWLRQV�ZRXOG�QHFHVVDULO\�SRLQW�IURP�ODWHU�SDSHUV�WR�HDUOLHU�RQHV�
�
�
,W�LV�OHVV�REYLRXV�EXW�VWLOO�WUXH�WKDW�LI�D�QHWZRUN�LV�DF\FOLF�LW�FDQ�EH�GUDZQ�LQ�WKH�PDQQHU�RI�)LJ�����

ZLWK�DOO�HGJHV�SRLQWLQJ�GRZQZDUG��7KH�SURRI�WKDW�WKLV�FDQ�EH�GRQH�WXUQV�RXW�WR�EH�XVHIXO��EHFDXVH�LW
DOVR�SURYLGHV�XV�ZLWK�D�PHWKRG�IRU�GHWHUPLQLQJ�ZKHWKHU�D�JLYHQ�QHWZRUN�LV�DF\FOLF�
6XSSRVH� ZH� KDYH� DQ� DF\FOLF� GLUHFWHG� QHWZRUN� RI�Q� YHUWLFHV�� 7KHUH�PXVW� EH� DW� OHDVW� RQH� YHUWH[

VRPHZKHUH�RQ� WKH�QHWZRUN� WKDW�KDV� LQJRLQJ�HGJHV�RQO\�DQG�QR�RXWJRLQJ�RQHV��7R� VHH� WKLV� FRQVLGHU
VWDUWLQJ� IURP�DQ\�YHUWH[� LQ� WKH�QHWZRUN� DQG�PDNLQJ� D� SDWK� DFURVV� WKH�QHWZRUN�E\� IROORZLQJ� HGJHV�
HDFK� LQ� WKH� FRUUHFW� GLUHFWLRQ� GHQRWHG� E\� LWV� DUURZ��(LWKHU� VXFK� D� SDWK�ZLOO� HYHQWXDOO\� HQFRXQWHU� D
YHUWH[�ZLWK�QR�RXWJRLQJ�HGJHV�� LQ�ZKLFK�FDVH�ZH�DUH�GRQH��RU�HDFK�YHUWH[� LW�HQFRXQWHUV�KDV�RQH�RU
PRUH�RXWJRLQJ�HGJHV��LQ�ZKLFK�FDVH�ZH�FKRRVH�RQH�VXFK�HGJH�DQG�FRQWLQXH�RXU�SDWK��,I�WKH�SDWK�QHYHU
UHDFKHV�D�YHUWH[�ZLWK�QR�RXWJRLQJ�HGJHV��WKHQ�LW�PXVW�HYHQWXDOO\�DUULYH�EDFN�DW�D�YHUWH[�WKDW�KDV�EHHQ
YLVLWHG� SUHYLRXVO\²DW�PRVW�ZH� FDQ� YLVLW� DOO�Q� YHUWLFHV� LQ� WKH� QHWZRUN� RQFH� EHIRUH� WKH� SDWK� HLWKHU
WHUPLQDWHV�RU�ZH�DUH� IRUFHG� WR� UHYLVLW�D�YHUWH[��+RZHYHU� LI�ZH�UHYLVLW�D�YHUWH[� WKHQ�ZH�KDYH�JRQH
DURXQG�D�F\FOH�LQ�WKH�QHWZRUN��ZKLFK�FDQQRW�EH�VLQFH�WKH�QHWZRUN�LV�DF\FOLF��7KXV�ZH�PXVW�DOZD\V�LQ
WKH�HQG�ILQG�D�YHUWH[�ZLWK�QR�RXWJRLQJ�HGJHV�DQG�KHQFH�DW�OHDVW�RQH�VXFK�YHUWH[�DOZD\V�H[LVWV�
,Q�SUDFWLFH��LW�LV�QRW�QHFHVVDU\�WR�DFWXDOO\�FRQVWUXFW�WKH�SDWKV�WKURXJK�WKH�QHWZRUN�WR�ILQG�D�YHUWH[

ZLWK�QR�RXWJRLQJ�HGJHV²VLQFH�ZH�NQRZ�WKDW�VXFK�D�YHUWH[�H[LVWV��ZH�FDQ�VLPSO\�ORRN�WKURXJK�HDFK
YHUWH[�LQ�WXUQ�XQWLO�ZH�ILQG�RQH�
:H� QRZ� WDNH� WKLV� YHUWH[�ZLWK� QR� RXWJRLQJ� HGJHV� DQG� GUDZ� LW� DW� WKH� ERWWRP� RI� RXU� SLFWXUH��:H

UHPRYH� WKLV� YHUWH[� IURP� WKH� QHWZRUN�� DORQJ�ZLWK� DQ\� HGJHV� DWWDFKHG� WR� LW�� DQG� UHSHDW� WKH� SURFHVV�
ILQGLQJ�DQRWKHU�YHUWH[�ZLWK�QR�RXWJRLQJ�HGJHV�LQ�WKH�UHPDLQLQJ�QHWZRUN��:H�GUDZ�WKLV�VHFRQG�YHUWH[
DERYH�WKH�ILUVW�RQH�LQ�WKH�ILJXUH��UHPRYH�LW�IURP�WKH�QHWZRUN�DQG�UHSHDW�DJDLQ��$QG�VR�IRUWK�
:KHQ�ZH�KDYH�GUDZQ�DOO� YHUWLFHV��ZH� WKHQ� DGG� WKH�GLUHFWHG� HGJHV�EHWZHHQ� WKHP� WR� WKH�SLFWXUH�

6LQFH�HDFK�HGJH��E\�GHILQLWLRQ��KDV�LQFRPLQJ�HGJHV�RQO\�IURP�YHUWLFHV�GUDZQ�DIWHU�LW²DQG�WKHUHIRUH
DERYH�LW²DOO�HGJHV�LQ�WKH�ILQDO�SLFWXUH�PXVW�EH�SRLQWLQJ�GRZQZDUG��1RWH�WKDW�WKH�SDUWLFXODU�RUGHU�LQ
ZKLFK�ZH�GUDZ�WKH�YHUWLFHV��DQG�KHQFH� WKH�SLFWXUH�ZH�SURGXFH�� LV�QRW�QHFHVVDULO\�XQLTXH�� ,I�DW�DQ\
VWDJH�LQ�WKH�SURFHVV�RI�GUDZLQJ�WKH�YHUWLFHV�WKHUH�LV�PRUH�WKDQ�RQH�YHUWH[�ZLWK�QR�RXWJRLQJ�HGJHV�WKHQ
ZH�KDYH�D�FKRLFH�DERXW�ZKLFK�RQH�ZH�SLFN�DQG�KHQFH�D�FKRLFH�EHWZHHQ�RYHUDOO�YHUWH[�RUGHUV�
7KLV� SURFHVV� LV� D� XVHIXO� RQH� IRU� YLVXDOL]LQJ� DF\FOLF� QHWZRUNV�� 0RVW� FRPSXWHU� DOJRULWKPV� IRU

GUDZLQJ�VXFK�QHWZRUNV�ZRUN�E\�DUUDQJLQJ�WKH�YHUWLFHV�LQ�RUGHU�DORQJ�RQH�D[LV�LQ�MXVW�WKLV�ZD\��DQG
WKHQ�PRYLQJ� WKHP� DURXQG� DORQJ� WKH� RWKHU� D[LV� WR�PDNH� WKH� QHWZRUN� VWUXFWXUH� DV� FOHDU� DQG� YLVXDOO\
SOHDVLQJ�DV�SRVVLEOH��ZKLFK�XVXDOO\�PHDQV�PLQLPL]LQJ�WKH�QXPEHU�RI�WLPHV�WKDW�HGJHV�FURVV��
7KH� SURFHVV� LV� XVHIXO� IRU� DQRWKHU� UHDVRQ� WRR�� LW� ZLOO� EUHDN� GRZQ� LI� WKH� QHWZRUN� LV� F\FOLF�� DQG

WKHUHIRUH�LW�JLYHV�XV�D�ZD\�WR�WHVW�ZKHWKHU�D�JLYHQ�QHWZRUN�LV�DF\FOLF��,I�D�QHWZRUN�FRQWDLQV�D�F\FOH�
WKHQ�QRQH�RI�WKH�YHUWLFHV�LQ�WKDW�F\FOH�ZLOO�HYHU�EH�UHPRYHG�GXULQJ�RXU�SURFHVV��QRQH�RI�WKHP�ZLOO�EH
ZLWKRXW�RXWJRLQJ�HGJHV�XQWLO�RQH�RI� WKH�RWKHUV� LQ� WKH�F\FOH� LV�UHPRYHG��DQG�KHQFH�QRQH�RI� WKHP�FDQ
HYHU�EH�UHPRYHG��7KXV��LI�WKH�QHWZRUN�FRQWDLQV�D�F\FOH�WKHUH�PXVW�FRPH�D�SRLQW�LQ�RXU�SURFHVV�ZKHUH
WKHUH�DUH�VWLOO�YHUWLFHV�OHIW�LQ�WKH�QHWZRUN�EXW�DOO�RI�WKHP�KDYH�RXWJRLQJ�HGJHV��6R�D�VLPSOH�DOJRULWKP
IRU�GHWHUPLQLQJ�ZKHWKHU�D�QHWZRUN�LV�DF\FOLF�LV�



���)LQG�D�YHUWH[�ZLWK�QR�RXWJRLQJ�HGJHV�
���,I�QR�VXFK�YHUWH[�H[LVWV��WKH�QHWZRUN�LV�F\FOLF��2WKHUZLVH��LI�VXFK�D�YHUWH[�GRHV�H[LVW��UHPRYH
LW�DQG�DOO�LWV�LQJRLQJ�HGJHV�IURP�WKH�QHWZRUN�

���,I�DOO�YHUWLFHV�KDYH�EHHQ�UHPRYHG��WKH�QHWZRUN�LV�DF\FOLF��2WKHUZLVH�JR�EDFN�WR�VWHS���
�
7KH� DGMDFHQF\� PDWUL[� RI� DQ� DF\FOLF� GLUHFWHG� QHWZRUN� KDV� LQWHUHVWLQJ� SURSHUWLHV�� 6XSSRVH� ZH

FRQVWUXFW�DQ�RUGHULQJ�RI�WKH�YHUWLFHV�RI�DQ�DF\FOLF�QHWZRUN�DV�GHVFULEHG�DERYH��VR�WKDW�DOO�HGJHV�SRLQW
LQ�RQH�GLUHFWLRQ��DQG�VXSSRVH�ZH�WKHQ�ODEHO�WKH�YHUWLFHV�LQ�WKDW�RUGHU��7KHQ�WKHUH�FDQ�EH�DQ�HGJH�IURP
YHUWH[�M�WR�YHUWH[�L�RQO\�LI�M�!�L��3XW�DQRWKHU�ZD\��WKH�DGMDFHQF\�PDWUL[�$��ZKRVH�HOHPHQW�$LM�UHFRUGV
WKH� SUHVHQFH� RI� DQ� HGJH�IURP� M� WR� L�� KDV� DOO� LWV� QRQ�]HUR� HOHPHQWV� DERYH� WKH�GLDJRQDO²LW� LV� XSSHU
WULDQJXODU��)RU�LQVWDQFH��WKH�DGMDFHQF\�PDWUL[�RI�WKH�QHWZRUN�VKRZQ�LQ�)LJ������LV

�

������
�

�

1RWH�DOVR� WKDW� WKH�GLDJRQDO�HOHPHQWV�RI� WKH�DGMDFHQF\�PDWUL[�DUH�QHFHVVDULO\�]HUR�� VLQFH�DQ�DF\FOLF
QHWZRUN� KDV� QR� VHOI�HGJHV�� 7ULDQJXODU� PDWULFHV� ZLWK� ]HURV� RQ� WKH� GLDJRQDO� DUH� FDOOHG�VWULFWO\
WULDQJXODU�
,I� WKH� YHUWLFHV� RI� DQ� DF\FOLF� QHWZRUN� DUH� QRW� QXPEHUHG� LQ� RUGHU� DV� GHVFULEHG� DERYH�� WKHQ� WKH

DGMDFHQF\�PDWUL[�ZLOO�QRW�EH� WULDQJXODU�� �,PDJLQH�VZDSSLQJ�URZV�DQG�FROXPQV�RI� WKH�PDWUL[�DERYH�
IRU�LQVWDQFH���+RZHYHU��ZH�FDQ�VD\�WKDW�IRU�HYHU\�DF\FOLF�GLUHFWHG�QHWZRUN�WKHUH�H[LVWV�DW�OHDVW�RQH
ODEHOLQJ�RI�WKH�YHUWLFHV�VXFK�WKDW�WKH�DGMDFHQF\�PDWUL[�ZLOO�EH�VWULFWO\�XSSHU�WULDQJXODU�
7KH�DGMDFHQF\�PDWUL[�DOVR�KDV� WKH�SURSHUW\� WKDW�DOO�RI� LWV� HLJHQYDOXHV�DUH�]HUR� LI� DQG�RQO\� LI� WKH

QHWZRUN�LV�DF\FOLF��7R�GHPRQVWUDWH�WKLV��ZH�PXVW�GHPRQVWUDWH�WKH�FRUUHVSRQGHQFH�LQ�ERWK�GLUHFWLRQV�
L�H���WKDW�WKH�DGMDFHQF\�PDWUL[�RI�DQ�DF\FOLF�QHWZRUN�KDV�DOO�HLJHQYDOXHV�]HUR�DQG�DOVR�WKDW�D�QHWZRUN
LV�DF\FOLF�LI�LWV�DGMDFHQF\�PDWUL[�KDV�DOO�HLJHQYDOXHV�]HUR�
7KH�IRUPHU�LV�WKH�HDVLHU�WR�SURYH��,I�D�QHWZRUN�LV�DF\FOLF�WKHQ�ZH�FDQ�RUGHU�DQG�ODEHO�WKH�YHUWLFHV

DV� GHVFULEHG� DERYH� DQG� KHQFH� ZULWH� WKH� DGMDFHQF\� PDWUL[� LQ� VWULFWO\� XSSHU� WULDQJXODU� IRUP�� 7KH
GLDJRQDO�HOHPHQWV�RI�D�WULDQJXODU�PDWUL[��KRZHYHU��DUH�LWV�HLJHQYDOXHV��DQG�VLQFH�WKHVH�DUH�DOO�]HUR�LW
IROORZV�LPPHGLDWHO\�WKDW�DOO�HLJHQYDOXHV�DUH�]HUR�IRU�DQ�DF\FOLF�QHWZRUN�
7R� VKRZ� WKH� FRQYHUVH�� WKDW� WKH� QHWZRUN� LV� DF\FOLF� LI� WKH� HLJHQYDOXHV� DUH� DOO� ]HUR�� LW� VXIILFHV� WR

GHPRQVWUDWH�WKDW�DQ\�F\FOLF�QHWZRUN�PXVW�KDYH�DW�OHDVW�RQH�QRQ�]HUR�HLJHQYDOXH��7R�GHPRQVWUDWH�WKLV
ZH�PDNH�XVH�RI�D�UHVXOW�GHULYHG�LQ�6HFWLRQ�������7KHUH�ZH�VKRZ�WKDW�WKH�WRWDO�QXPEHU�/U�RI�F\FOHV�RI
OHQJWK�U�LQ�D�QHWZRUN�LV



�

������
�

ZKHUH�țL� LV� WKH�LWK�HLJHQYDOXH�RI� WKH�DGMDFHQF\�PDWUL[��6XSSRVH�D�QHWZRUN� LV�F\FOLF��/HW�U�EH� WKH
OHQJWK�RI�RQH�RI�WKH�F\FOHV�LW�FRQWDLQV��7KHQ�E\�GHILQLWLRQ�/U�!���IRU�WKLV�QHWZRUN��+RZHYHU��WKLV�FDQ
RQO\�EH�WKH�FDVH�LI�DW�OHDVW�RQH�RI�WKH�WHUPV�LQ�WKH�VXP�RQ�WKH�ULJKW�KDQG�VLGH�RI�(T���������LV�JUHDWHU
WKDQ�]HUR��DQG�KHQFH�WKH�DGMDFHQF\�PDWUL[�KDV�DW�OHDVW�RQH�QRQ�]HUR�HLJHQYDOXH��,I�DOO�HLJHQYDOXHV�DUH
]HUR��WKHUHIRUH��WKH�QHWZRUN�FDQQRW�EH�F\FOLF�

�

)LJXUH������$�K\SHUJUDSK�DQG�FRUUHVSRQGLQJ�ELSDUWLWH�JUDSK� �7KHVH�WZR�QHWZRUNV�VKRZ�WKH�VDPH
LQIRUPDWLRQ²WKH� PHPEHUVKLS� RI� ILYH� YHUWLFHV� LQ� IRXU� GLIIHUHQW� JURXSV�� �D�� 7KH� K\SHUJUDSK
UHSUHVHQWDWLRQ�LQ�ZKLFK�WKH�JURXSV�DUH�UHSUHVHQWHG�DV�K\SHUHGJHV��GHQRWHG�E\�WKH�ORRSV�FLUFOLQJ�VHWV
RI�YHUWLFHV���E��7KH�ELSDUWLWH�UHSUHVHQWDWLRQ�LQ�ZKLFK�ZH�LQWURGXFH�IRXU�QHZ�YHUWLFHV��RSHQ�FLUFOHV�
UHSUHVHQWLQJ�WKH�IRXU�JURXSV��ZLWK�HGJHV�FRQQHFWLQJ�HDFK�YHUWH[�WR�WKH�JURXSV�WR�ZKLFK�LW�EHORQJV�
�
�
0DWULFHV�ZLWK�DOO�HLJHQYDOXHV�]HUR�DUH�FDOOHG�QLOSRWHQW�PDWULFHV��7KXV�RQH�FRXOG�DOVR�VD\� WKDW�D

QHWZRUN�LV�DF\FOLF�LI�DQG�RQO\�LI�LW�KDV�D�QLOSRWHQW�DGMDFHQF\�PDWUL[�
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�

,Q�VRPH�NLQGV�RI�QHWZRUN�WKH�OLQNV�MRLQ�PRUH�WKDQ�WZR�YHUWLFHV�DW�D�WLPH��)RU�H[DPSOH��ZH�PLJKW�ZDQW
WR�FUHDWH�D�VRFLDO�QHWZRUN�UHSUHVHQWLQJ�IDPLOLHV�LQ�D�ODUJHU�FRPPXQLW\�RI�SHRSOH��)DPLOLHV�FDQ�KDYH
PRUH�WKDQ�WZR�SHRSOH�LQ�WKHP�DQG�WKH�EHVW�ZD\�WR�UHSUHVHQW�IDPLO\�WLHV�LQ�VXFK�IDPLOLHV�LV� WR�XVH�D
JHQHUDOL]HG�NLQG�RI�HGJH�WKDW�MRLQV�PRUH�WKDQ�WZR�YHUWLFHV����6XFK�DQ�HGJH�LV�FDOOHG�D�K\SHUHGJH�DQG
D� QHWZRUN� ZLWK� K\SHUHGJHV� LV� FDOOHG� D�K\SHUJUDSK�� )LJXUH� ���D� VKRZV� D� VPDOO� H[DPSOH� RI� D
K\SHUJUDSK�LQ�ZKLFK�WKH�K\SHUHGJHV�DUH�GHQRWHG�E\�ORRSV�

�

7DEOH� �����+\SHUJUDSKV� DQG�ELSDUWLWH� JUDSKV� � ([DPSOHV� RI� QHWZRUNV� WKDW� FDQ� EH� UHSUHVHQWHG� DV
K\SHUJUDSKV� RU� HTXLYDOHQWO\� DV� ELSDUWLWH� JUDSKV�� 7KH� ODVW� FROXPQ� JLYHV� WKH� VHFWLRQ� RI� WKLV� ERRN� LQ
ZKLFK�HDFK�QHWZRUN�LV�GLVFXVVHG�
�
�
0DQ\� RI� WKH� QHWZRUNV� WKDW� ZH�ZLOO� HQFRXQWHU� LQ� WKLV� ERRN� FDQ� EH� SUHVHQWHG� DV� K\SHUJUDSKV�� ,Q

SDUWLFXODU�� DQ\� QHWZRUN� LQ� ZKLFK� WKH� YHUWLFHV� DUH� FRQQHFWHG� WRJHWKHU� E\� FRPPRQ� PHPEHUVKLS� RI
JURXSV�RI�VRPH�NLQG�FDQ�EH�UHSUHVHQWHG�LQ�WKLV�ZD\��,Q�VRFLRORJ\�VXFK�QHWZRUNV�DUH�FDOOHG�³DIILOLDWLRQ
QHWZRUNV´�DQG�ZH�VDZ�VHYHUDO�H[DPSOHV�RI� WKHP� LQ�6HFWLRQ������'LUHFWRUV�VLWWLQJ�RQ� WKH�ERDUGV�RI
FRPSDQLHV��VFLHQWLVWV�FRDXWKRULQJ�SDSHUV��DQG�ILOP�DFWRUV�DSSHDULQJ�WRJHWKHU�LQ�ILOPV�DUH�DOO�H[DPSOHV
RI�VXFK�QHWZRUNV��VHH�7DEOH������
:H�ZLOO�KRZHYHU�WDON�YHU\�OLWWOH�DERXW�K\SHUJUDSKV�LQ�WKLV�ERRN��EHFDXVH�WKHUH�LV�DQRWKHU�ZD\�RI

UHSUHVHQWLQJ�WKH�VDPH�LQIRUPDWLRQ�WKDW�LV�PRUH�FRQYHQLHQW�IRU�RXU�SXUSRVHV²WKH�ELSDUWLWH�QHWZRUN�
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�

7KH�PHPEHUVKLS�RI� YHUWLFHV� LQ� JURXSV� UHSUHVHQWHG�E\�K\SHUHGJHV� LQ� D� K\SHUJUDSK� FDQ� HTXDOO\� DQG
RIWHQ�PRUH�FRQYHQLHQWO\�EH� UHSUHVHQWHG�DV�D�ELSDUWLWH�QHWZRUN�� DOVR� FDOOHG� D�WZR�PRGH�QHWZRUN� LQ
WKH� VRFLRORJ\� OLWHUDWXUH�� ,Q� VXFK� D� QHWZRUN� WKHUH� DUH� WZR� NLQGV� RI� YHUWLFHV�� RQH� UHSUHVHQWLQJ� WKH
RULJLQDO�YHUWLFHV�DQG�WKH�RWKHU�UHSUHVHQWLQJ�WKH�JURXSV�WR�ZKLFK�WKH\�EHORQJ��:H�GLVFXVVHG�ELSDUWLWH
QHWZRUNV� SUHYLRXVO\� LQ� WKH� FRQWH[W� RI� DIILOLDWLRQ� QHWZRUNV� LQ� 6HFWLRQ� ���� DQG� RI� UHFRPPHQGHU
QHWZRUNV� LQ�6HFWLRQ� ������� )RU� H[DPSOH��ZH� FDQ� UHSUHVHQW� WKH� QHWZRUN� RI� ILOP� DFWRUV� GLVFXVVHG� LQ
6HFWLRQ�����DV�D�ELSDUWLWH�QHWZRUN�LQ�ZKLFK�WKH�WZR�W\SHV�RI�YHUWH[�DUH�WKH�DFWRUV�WKHPVHOYHV�DQG�WKH
ILOPV� LQ�ZKLFK� WKH\� DSSHDU�� 7KH� HGJHV� LQ� D� ELSDUWLWH� QHWZRUN� UXQ� RQO\� EHWZHHQ� YHUWLFHV� RI� XQOLNH
W\SHV�� LQ� WKH� ILOP�QHWZRUN� WKH\�ZRXOG� UXQ�RQO\�EHWZHHQ�DFWRUV�DQG� ILOPV��DQG�HDFK�DFWRU�ZRXOG�EH
FRQQHFWHG� E\� DQ� HGJH� WR� HDFK� ILOP� LQ� ZKLFK� KH� RU� VKH� DSSHDUHG��$� VPDOO� H[DPSOH� RI� D� ELSDUWLWH
QHWZRUN�LV�VKRZQ�LQ�)LJ�����E��7KLV�H[DPSOH�QHWZRUN�LQ�IDFW�SRUWUD\V�H[DFWO\�WKH�VDPH�VHW�RI�JURXS
PHPEHUVKLSV�DV�WKH�K\SHUJUDSK�RI�)LJ�����D��WKH�WZR�DUH�HQWLUHO\�HTXLYDOHQW�
%LSDUWLWH�QHWZRUNV�RFFXU�RFFDVLRQDOO\�LQ�FRQWH[WV�RWKHU�WKDQ�PHPEHUVKLS�RI�JURXSV��)RU�H[DPSOH��LI

ZH�ZHUH� WR� FRQVWUXFW� D� QHWZRUN�RI�ZKR� LV� RU� KDV� EHHQ�PDUULHG� WR�ZKRP�ZLWKLQ� D� SRSXODWLRQ�� WKDW
QHWZRUN�ZRXOG�EH�ELSDUWLWH��WKH�WZR�NLQGV�RI�YHUWH[�FRUUHVSRQGLQJ�WR�PHQ�DQG�ZRPHQ�DQG�WKH�HGJHV
EHWZHHQ�WKHP�PDUULDJHV���
7KH� HTXLYDOHQW� RI� DQ� DGMDFHQF\�PDWUL[� IRU� D� ELSDUWLWH� QHWZRUN� LV� D� UHFWDQJXODU�PDWUL[� FDOOHG� DQ

LQFLGHQFH�PDWUL[��,I�Q�LV�WKH�QXPEHU�RI�SHRSOH�RU�RWKHU�SDUWLFLSDQWV�LQ�WKH�QHWZRUN�DQG�J�LV�WKH�QXPEHU
RI�JURXSV��WKHQ�WKH�LQFLGHQFH�PDWUL[�%�LV�D�J�î�Q�PDWUL[�KDYLQJ�HOHPHQWV�%LM�VXFK�WKDW

�

������
�

�

)RU�LQVWDQFH��WKH���î���LQFLGHQFH�PDWUL[�RI�WKH�QHWZRUN�VKRZQ�LQ�)LJ�����E�LV

�

������
�
�



$OWKRXJK�D�ELSDUWLWH�QHWZRUN�PD\�JLYH�WKH�PRVW�FRPSOHWH�UHSUHVHQWDWLRQ�RI�D�SDUWLFXODU�QHWZRUN�LW
LV�RIWHQ�FRQYHQLHQW�WR�ZRUN�ZLWK�GLUHFW�FRQQHFWLRQV�EHWZHHQ�YHUWLFHV�RI�MXVW�RQH�W\SH��:H�FDQ�XVH�WKH
ELSDUWLWH� QHWZRUN� WR� LQIHU� VXFK� FRQQHFWLRQV�� FUHDWLQJ� D�RQH�PRGH� SURMHFWLRQ� IURP� WKH� WZR�PRGH
ELSDUWLWH� IRUP��$V� DQ� H[DPSOH�� FRQVLGHU� DJDLQ� WKH� FDVH�RI� WKH� ILOPV� DQG� DFWRUV��:H� FDQ� SHUIRUP� D
SURMHFWLRQ�RQWR�WKH�DFWRUV�DORQH�E\�FRQVWUXFWLQJ�WKH�Q�YHUWH[�QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�UHSUHVHQW
DFWRUV� DQG� WZR� DFWRUV� DUH� FRQQHFWHG� E\� DQ� HGJH� LI� WKH\� KDYH� DSSHDUHG� WRJHWKHU� LQ� D� ILOP�� 7KH
FRUUHVSRQGLQJ�RQH�PRGH�SURMHFWLRQ�RQWR�WKH�ILOPV�ZRXOG�EH�WKH�J�YHUWH[�QHWZRUN�ZKHUH�WKH�YHUWLFHV
UHSUHVHQW�ILOPV�DQG�WZR�ILOPV�DUH�FRQQHFWHG�LI�WKH\�VKDUH�D�FRPPRQ�DFWRU��)LJXUH�����VKRZV�WKH�WZR
RQH�PRGH�SURMHFWLRQV�RI�D�VPDOO�ELSDUWLWH�QHWZRUN�
:KHQ�ZH� IRUP�D�RQH�PRGH�SURMHFWLRQ�HDFK�JURXS� LQ� WKH�ELSDUWLWH�QHWZRUN� UHVXOWV� LQ�D�FOXVWHU�RI

YHUWLFHV� LQ� WKH� RQH�PRGH� SURMHFWLRQ� WKDW� DUH� DOO� FRQQHFWHG� WR� HDFK� RWKHU²D� ³FOLTXH´� LQ� QHWZRUN
MDUJRQ��VHH�6HFWLRQ���������)RU� LQVWDQFH�� LI�D�JURXS�FRQWDLQV�IRXU�PHPEHUV� LQ� WKH�ELSDUWLWH�QHWZRUN�
WKHQ� HDFK� RI� WKRVH� IRXU� LV� FRQQHFWHG� WR� HDFK� RI� WKH� RWKHUV� LQ� WKH� RQH�PRGH�SURMHFWLRQ� E\� YLUWXH� RI
FRPPRQ�PHPEHUVKLS�LQ�WKDW�JURXS���6XFK�D�FOLTXH�RI�IRXU�YHUWLFHV�LV�YLVLEOH�LQ�WKH�FHQWHU�RI�WKH�ORZHU
SURMHFWLRQ�LQ�)LJ��������7KXV�WKH�SURMHFWLRQ�LV��JHQHULFDOO\��WKH�XQLRQ�RI�D�QXPEHU�RI�FOLTXHV��RQH�IRU
HDFK�JURXS�LQ�WKH�RULJLQDO�ELSDUWLWH�QHWZRUN��7KH�VDPH�JRHV�IRU�WKH�RWKHU�SURMHFWLRQ�RQWR�WKH�JURXSV�

�

)LJXUH� ����� 7KH� WZR� RQH�PRGH� SURMHFWLRQV� RI� D� ELSDUWLWH� QHWZRUN�� 7KH� FHQWUDO� SRUWLRQ� RI� WKLV
ILJXUH� VKRZV�D�ELSDUWLWH�QHWZRUN�ZLWK� IRXU�YHUWLFHV�RI�RQH� W\SH� �RSHQ�FLUFOHV� ODEHOHG�$� WR�'��DQG
VHYHQ�RI�DQRWKHU��ILOOHG�FLUFOHV����WR�����$W�WKH�WRS�DQG�ERWWRP�ZH�VKRZ�WKH�RQH�PRGH�SURMHFWLRQV�RI
WKH�QHWZRUN�RQWR�WKH�WZR�VHWV�RI�YHUWLFHV�
�
�
7KH�RQH�PRGH�SURMHFWLRQ��DV�ZH�KDYH�GHVFULEHG�LW��LV�RIWHQ�XVHIXO�DQG�LV�ZLGHO\�HPSOR\HG��EXW�LWV

FRQVWUXFWLRQ�GLVFDUGV�D�ORW�RI�WKH�LQIRUPDWLRQ�SUHVHQW�LQ�WKH�VWUXFWXUH�RI�WKH�RULJLQDO�ELSDUWLWH�QHWZRUN



DQG�KHQFH� LW� LV�� LQ�D� VHQVH��D� OHVV�SRZHUIXO� UHSUHVHQWDWLRQ�RI�RXU�GDWD��)RU�H[DPSOH�� WKH�SURMHFWLRQ
ORVHV�DQ\�LQIRUPDWLRQ�DERXW�KRZ�PDQ\�JURXSV�WZR�YHUWLFHV�VKDUH�LQ�FRPPRQ��,Q�WKH�FDVH�RI�WKH�DFWRUV
DQG�ILOPV��IRU�LQVWDQFH��WKHUH�DUH�VRPH�SDLUV�RI�DFWRUV�ZKR�KDYH�DSSHDUHG�LQ�PDQ\�ILOPV�WRJHWKHU²
)UHG�$VWDLUH�DQG�*LQJHU�5RJHUV��VD\��RU�:LOOLDP�6KDWQHU�DQG�/HRQDUG�1LPR\²DQG�LW¶V�UHDVRQDEOH�WR
VXSSRVH�WKLV�LQGLFDWHV�D�VWURQJHU�FRQQHFWLRQ�WKDQ�EHWZHHQ�DFWRUV�ZKR�DSSHDUHG�WRJHWKHU�RQO\�RQFH�
:H�FDQ�FDSWXUH�LQIRUPDWLRQ�RI�WKLV�NLQG�LQ�RXU�SURMHFWLRQ�E\�PDNLQJ�WKH�SURMHFWLRQ�ZHLJKWHG��JLYLQJ

HDFK�HGJH�EHWZHHQ�WZR�YHUWLFHV� LQ� WKH�SURMHFWHG�QHWZRUN�D�ZHLJKW�HTXDO� WR� WKH�QXPEHU�RI�FRPPRQ
JURXSV� WKH� YHUWLFHV� VKDUH�� 7KLV� ZHLJKWHG� QHWZRUN� VWLOO� GRHV� QRW� FDSWXUH� DOO� WKH� LQIRUPDWLRQ� LQ� WKH
ELSDUWLWH�RULJLQDO²LW�GRHVQ¶W�UHFRUG�WKH�QXPEHU�RI�JURXSV�RU�WKH�H[DFW�PHPEHUVKLS�RI�HDFK�JURXS�IRU
LQVWDQFH²EXW�LW�LV�DQ�LPSURYHPHQW�RQ�WKH�XQZHLJKWHG�YHUVLRQ�DQG�LV�TXLWH�ZLGHO\�XVHG�
0DWKHPDWLFDOO\� WKH�SURMHFWLRQ�FDQ�EH�ZULWWHQ� LQ� WHUPV�RI� WKH� LQFLGHQFH�PDWUL[�%� DV� IROORZV��7KH

SURGXFW�%NL�%NM� ZLOO� EH� �� LI� DQG� RQO\� LI�L� DQG�M� ERWK� EHORQJ� WR� WKH� VDPH� JURXS�N� LQ� WKH� ELSDUWLWH
QHWZRUN��7KXV��WKH�WRWDO�QXPEHU�3LM�RI�JURXSV�WR�ZKLFK�ERWK�L�DQG�M�EHORQJ�LV

�
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ZKHUH� � LV� DQ� HOHPHQW� RI� WKH� WUDQVSRVH�%7� RI�%�� 7KH�Q� î�Q� PDWUL[�3�  �%7%� LV� VLPLODU� WR� DQ
DGMDFHQF\�PDWUL[�IRU�WKH�ZHLJKWHG�RQH�PRGH�SURMHFWLRQ�RQWR�WKH�Q�YHUWLFHV��,WV�RII�GLDJRQDO�HOHPHQWV
DUH�HTXDO�WR�WKH�ZHLJKWV�LQ�WKDW�QHWZRUN��WKH�QXPEHU�RI�FRPPRQ�JURXSV�VKDUHG�E\�HDFK�YHUWH[�SDLU��3
LV�QRW�TXLWH�DQ�DGMDFHQF\�PDWUL[��KRZHYHU��VLQFH�LWV�GLDJRQDO�HOHPHQWV�DUH�QRQ�]HUR��HYHQ�WKRXJK�WKH
QHWZRUN� LWVHOI�� E\� GHILQLWLRQ�� KDV� QR� VHOI�HGJHV�� �,Q� WKLV� UHVSHFW�3� LV� VRPHZKDW� VLPLODU� WR� WKH
FRFLWDWLRQ�PDWUL[�RI�6HFWLRQ���������7KH�GLDJRQDO�HOHPHQWV�KDYH�YDOXHV

�
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�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�WKH�IDFW�WKDW�%NL�RQO\�WDNHV�WKH�YDOXHV���RU����7KXV�3LL�LV�HTXDO�WR�WKH
QXPEHU�RI�JURXSV�WR�ZKLFK�YHUWH[�L�EHORQJV�
7KXV�WR�GHULYH�WKH�DGMDFHQF\�PDWUL[�RI�WKH�ZHLJKWHG�RQH�PRGH�SURMHFWLRQ��ZH�ZRXOG�FDOFXODWH�WKH

PDWUL[�3� �%7�%�DQG�VHW�WKH�GLDJRQDO�HOHPHQWV�HTXDO�WR�]HUR��$QG�WR�GHULYH�WKH�DGMDFHQF\�PDWUL[�RI
WKH�XQZHLJKWHG�SURMHFWLRQ��ZH�ZRXOG�WDNH�WKH�DGMDFHQF\�PDWUL[�RI�WKH�ZHLJKWHG�YHUVLRQ�DQG�UHSODFH
HYHU\�QRQ�]HUR�PDWUL[�HOHPHQW�ZLWK�D���
7KH�RWKHU�RQH�PRGH�SURMHFWLRQ��RQWR�WKH�JURXSV��FDQ�EH�UHSUHVHQWHG�E\�D�J� î�J�PDWUL[�3 �  �%%7�



ZKRVH�RII�GLDJRQDO� HOHPHQW� �JLYHV� WKH�QXPEHU�RI�FRPPRQ�PHPEHUV�RI�JURXSV�L� DQG�M��DQG�ZKRVH
GLDJRQDO�HOHPHQW� �JLYHV�WKH�QXPEHU�RI�PHPEHUV�RI�JURXS�L�
2QH� RFFDVLRQDOO\� DOVR� FRPHV� DFURVV� ELSDUWLWH� QHWZRUNV� WKDW� DUH� GLUHFWHG�� )RU� H[DPSOH�� WKH

PHWDEROLF�QHWZRUNV�GLVFXVVHG� LQ�6HFWLRQ�������FDQ�EH�UHSUHVHQWHG�DV�GLUHFWHG�ELSDUWLWH�QHWZRUNV²
VHH�)LJ�����D��$�YDULHW\�RI�PRUH�FRPSOH[�W\SHV�RI�SURMHFWLRQ�DUH�SRVVLEOH�LQ�WKLV�FDVH��DOWKRXJK�WKHLU
XVH�LV�UDUH�DQG�ZH�ZRQ¶W�VSHQG�WLPH�RQ�WKHP�KHUH��:HLJKWHG�ELSDUWLWH�QHWZRUNV�DUH�DOVR�SRVVLEOH�LQ
SULQFLSOH��DOWKRXJK�QR�H[DPSOHV�ZLOO�FRPH�XS�LQ�WKLV�ERRN�

�

)LJXUH������7ZR�VNHWFKHV�RI�WKH�VDPH�WUHH� �7KH�WZR�SDQHOV�KHUH�VKRZ�WZR�GLIIHUHQW�GHSLFWLRQV�RI�D
WUHH��D�QHWZRUN�ZLWK�QR�FORVHG�ORRSV��,Q��D��WKH�YHUWLFHV�DUH�SRVLWLRQHG�RQ�WKH�SDJH�LQ�DQ\�FRQYHQLHQW
SRVLWLRQ��,Q��E��WKH�WUHH�LV�D�ODLG�RXW�LQ�D�³URRWHG´�IDVKLRQ��ZLWK�D�URRW�QRGH�DW�WKH�WRS�DQG�EUDQFKHV
OHDGLQJ�GRZQ�WR�³OHDYHV´�DW�WKH�ERWWRP�
�
�
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�

$� WUHH� LV� D� FRQQHFWHG�� XQGLUHFWHG� QHWZRUN� WKDW� FRQWDLQV� QR� FORVHG� ORRSV²VHH� )LJ�� ���D���� %\
³FRQQHFWHG´�ZH�PHDQ�WKDW�HYHU\�YHUWH[�LQ�WKH�QHWZRUN�LV�UHDFKDEOH�IURP�HYHU\�RWKHU�YLD�VRPH�SDWK
WKURXJK� WKH� QHWZRUN�� $� QHWZRUN� FDQ� DOVR� FRQVLVW� RI� WZR� RU� PRUH� SDUWV�� GLVFRQQHFWHG� IURP� RQH
DQRWKHU����DQG�LI�DQ�LQGLYLGXDO�SDUW�KDV�QR�ORRSV�LW�LV�DOVR�FDOOHG�D�WUHH��,I�DOO�WKH�SDUWV�RI�WKH�QHWZRUN
DUH�WUHHV��WKH�FRPSOHWH�QHWZRUN�LV�FDOOHG�D�IRUHVW�
7UHHV�DUH�RIWHQ�GUDZQ�LQ�D�URRWHG�PDQQHU��DV�VKRZQ�LQ�)LJ�����E��ZLWK�D�URRW�QRGH�DW�WKH�WRS�DQG�D

EUDQFKLQJ�VWUXFWXUH�JRLQJ�GRZQ��7KH�YHUWLFHV�DW�WKH�ERWWRP�WKDW�DUH�FRQQHFWHG�WR�RQO\�RQH�RWKHU�YHUWH[
DUH� FDOOHG�OHDYHV����7RSRORJLFDOO\��D� WUHH�KDV�QR�SDUWLFXODU� URRW²WKH�VDPH� WUHH�FDQ�EH�GUDZQ�ZLWK
DQ\� QRGH�� LQFOXGLQJ� D� OHDI�� DV� WKH� URRW� QRGH�� EXW� LQ� VRPH� DSSOLFDWLRQV� WKHUH� DUH� RWKHU� UHDVRQV� IRU
GHVLJQDWLQJ�D�URRW��$�GHQGURJUDP�LV�RQH�H[DPSOH��VHH�EHORZ��
1RW�YHU\�PDQ\�RI�WKH�UHDO�ZRUOG�QHWZRUNV�WKDW�ZH�ZLOO�HQFRXQWHU�LQ�WKLV�ERRN�DUH�WUHHV��DOWKRXJK�D

IHZ�DUH��$�ULYHU�QHWZRUN�LV�DQ�H[DPSOH�RI�D�QDWXUDOO\�RFFXUULQJ�WUHH��VHH�)LJ�������IRU�LQVWDQFH���7UHHV
GR�QRQHWKHOHVV�SOD\�VHYHUDO�LPSRUWDQW�UROHV�LQ�WKH�VWXG\�RI�QHWZRUNV��,Q�&KDSWHU����IRU�LQVWDQFH�ZH
ZLOO�VWXG\�WKH�QHWZRUN�PRGHO�NQRZQ�DV�WKH�³UDQGRP�JUDSK�´�,Q�WKLV�PRGHO�ORFDO�JURXSV�RI�YHUWLFHV²
WKH� VR�FDOOHG� VPDOO� FRPSRQHQWV� LQ� WKH� QHWZRUN²IRUP� WUHHV�� DQG� ZH� FDQ� H[SORLW� WKLV� SURSHUW\� WR
GHULYH�D�YDULHW\�RI�PDWKHPDWLFDO� UHVXOWV� DERXW� UDQGRP�JUDSKV�� ,Q�6HFWLRQ���������ZH� LQWURGXFH� WKH
³GHQGURJUDP�´�D�XVHIXO�WRRO�WKDW�SRUWUD\V�D�KLHUDUFKLFDO�GHFRPSRVLWLRQ�RI�D�QHWZRUN�DV�D�WUHH��7UHHV
DOVR�RFFXU� FRPPRQO\� LQ� FRPSXWHU� VFLHQFH��ZKHUH� WKH\�DUH�XVHG�DV� D�EDVLF�EXLOGLQJ�EORFN� IRU�GDWD
VWUXFWXUHV� VXFK� DV�$9/� WUHHV� DQG� KHDSV� �VHH� 6HFWLRQV� ���� DQG� ���� DQG�5HIV�� >��� ��@�� DQG� LQ� RWKHU
WKHRUHWLFDO� FRQWH[WV� OLNH� PLQLPXP� VSDQQLQJ� WUHHV� >��@�� &D\OH\� WUHHV� RU� %HWKH� ODWWLFHV� >���@�� DQG
KLHUDUFKLFDO�PRGHOV�RI�QHWZRUNV��VHH�6HFWLRQ��������DQG�5HIV��>������������@��
3HUKDSV� WKH�PRVW� LPSRUWDQW�SURSHUW\�RI� WUHHV� IRU�RXU�SXUSRVHV� LV� WKDW�� VLQFH� WKH\�KDYH�QR�FORVHG

ORRSV��WKHUH�LV�H[DFWO\�RQH�SDWK�EHWZHHQ�DQ\�SDLU�RI�YHUWLFHV���,Q�D�IRUHVW�WKHUH�LV�DW�PRVW�RQH�SDWK��EXW
WKHUH�PD\�EH�QRQH���7KLV�LV�FOHDU�VLQFH�LI�WKHUH�ZHUH�WZR�SDWKV�EHWZHHQ�D�SDLU�RI�YHUWLFHV�$�DQG�%
WKHQ�ZH� FRXOG� JR� IURP�$� WR�%� DORQJ� RQH� SDWK� DQG� EDFN� DORQJ� WKH� RWKHU��PDNLQJ� D� ORRS��ZKLFK� LV
IRUELGGHQ�
7KLV� SURSHUW\� RI� WUHHV� PDNHV� FHUWDLQ� NLQGV� RI� FDOFXODWLRQ� SDUWLFXODUO\� VLPSOH�� DQG� WUHHV� DUH

VRPHWLPHV� XVHG� DV� D� EDVLF�PRGHO� RI� D� QHWZRUN� IRU� WKLV� UHDVRQ�� )RU� LQVWDQFH�� WKH� FDOFXODWLRQ� RI� D
QHWZRUN¶V�GLDPHWHU��6HFWLRQ����������WKH�EHWZHHQQHVV�FHQWUDOLW\�RI�D�YHUWH[��6HFWLRQ�������DQG�FHUWDLQ
RWKHU�SURSHUWLHV�EDVHG�RQ�VKRUWHVW�SDWKV�DUH�DOO�UHODWLYHO\�HDV\�ZLWK�D�WUHH�
$QRWKHU�XVHIXO�SURSHUW\�RI�WUHHV�LV�WKDW�D�WUHH�RI�Q�YHUWLFHV�DOZD\V�KDV�H[DFWO\�Q²���HGJHV��7R�VHH

WKLV��FRQVLGHU�EXLOGLQJ�XS�D�WUHH�E\�DGGLQJ�YHUWLFHV�RQH�E\�RQH��6WDUWLQJ�ZLWK�D�VLQJOH�YHUWH[�DQG�QR
HGJHV��ZH�DGG�D�VHFRQG�YHUWH[�DQG�RQH�HGJH�WR�FRQQHFW�LW�WR�WKH�ILUVW��6LPLODUO\�ZKHQ�ZH�DGG�D�WKLUG
YHUWH[�ZH�QHHG�DW� OHDVW�RQH�HGJH� WR�FRQQHFW� LW�RQH�RI� WKH�RWKHUV��DQG�VR�IRUWK��)RU�HYHU\�YHUWH[�ZH
PXVW�DGG�DW�OHDVW�RQH�HGJH�WR�NHHS�WKH�QHWZRUN�FRQQHFWHG��7KLV�PHDQV�WKDW�WKH�QXPEHU�RI�HGJHV�PXVW
DOZD\V�EH�DW�OHDVW�RQH�OHVV�WKDQ�WKH�QXPEHU�RI�YHUWLFHV��,Q�PDWKHPDWLFDO�WHUPV��Q�í���LV�D�ORZHU�ERXQG
RQ�WKH�QXPEHU�RI�HGJHV�
%XW�LW�LV�DOVR�DQ�XSSHU�ERXQG��EHFDXVH�LI�ZH�DGG�PRUH�WKDQ�RQH�HGJH�ZKHQ�ZH�DGG�D�QHZ�YHUWH[

WKHQ�ZH� FUHDWH� D� ORRS�� WKH� ILUVW� HGJH� FRQQHFWV� WKH� DGGHG� YHUWH[� WR� WKH� UHVW� RI� WKH� QHWZRUN� DQG� WKH
VHFRQG�WKHQ�FRQQHFWV�WRJHWKHU�WZR�YHUWLFHV�WKDW�DUH�DOUHDG\�SDUW�RI�WKH�QHWZRUN��%XW�DGGLQJ�DQ�HGJH



EHWZHHQ�WZR�YHUWLFHV�WKDW�DUH�DOUHDG\�FRQQHFWHG�YLD�WKH�QHWZRUN�QHFHVVDULO\�FUHDWHV�D� ORRS��+HQFH
ZH�DUH�QRW�DOORZHG�WR�DGG�PRUH�WKDQ�RQH�HGJH�SHU�YHUWH[�LI�WKH�QHWZRUN�LV�WR�UHPDLQ�IUHH�RI�ORRSV�
7KXV�WKH�QXPEHU�RI�HGJHV�LQ�D�WUHH�FDQQRW�EH�HLWKHU�PRUH�RU�OHVV�WKDQ�Q�í����DQG�KHQFH�LV�H[DFWO\�Q

í���
7KH�UHYHUVH�LV�DOVR�WUXH�� WKDW�DQ\�FRQQHFWHG�QHWZRUN�ZLWK�Q�YHUWLFHV�DQG�Q�í���HGJHV�LV�D�WUHH��,I

VXFK�D�QHWZRUN�ZHUH�QRW�D�WUHH�WKHQ�WKHUH�PXVW�EH�D�ORRS�LQ�WKH�QHWZRUN�VRPHZKHUH��LPSO\LQJ�WKDW�ZH
FRXOG�UHPRYH�DQ�HGJH�ZLWKRXW�GLVFRQQHFWLQJ�DQ\�SDUW�RI�WKH�QHWZRUN��'RLQJ�WKLV�UHSHDWHGO\�XQWLO�QR
ORRSV�DUH� OHIW��ZH�ZRXOG�HQG�XS�ZLWK�D� WUHH��EXW�RQH�ZLWK� OHVV� WKDQ�Q�í���HGJHV��ZKLFK�FDQQRW�EH�
+HQFH�ZH�PXVW�KDYH�KDG�D�WUHH�WR�EHJLQ�ZLWK��$V�D�FRUROODU\��WKLV�LPSOLHV�WKDW�WKH�FRQQHFWHG�QHWZRUN
RQ�Q�YHUWLFHV�ZLWK� WKH�PLQLPXP�QXPEHU�RI�HGJHV� LV�DOZD\V�D� WUHH��VLQFH�QR�FRQQHFWHG�QHWZRUN�KDV
OHVV�WKDQ�Q�í���HGJHV�DQG�DOO�QHWZRUNV�ZLWK�Q�í���HGJHV�DUH�WUHHV�

�

$GGLQJ�DQ�H[WUD�HGJH��JUD\��EHWZHHQ�DQ\�WZR�YHUWLFHV�RI�D�WUHH�FUHDWHV�D�ORRS�
�
�
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�

$�SODQDU�QHWZRUN�LV�D�QHWZRUN�WKDW�FDQ�EH�GUDZQ�RQ�D�SODQH�ZLWKRXW�KDYLQJ�DQ\�HGJHV�FURVV����)LJXUH
���D�VKRZV�D�VPDOO�SODQDU�QHWZRUN��1RWH� WKDW� LW� LV� LQ�PRVW�FDVHV�SRVVLEOH� WR� ILQG�D�ZD\� WR�GUDZ�D
SODQDU�QHWZRUN�VR�WKDW�VRPH�HGJHV�GR�FURVV��)LJ�����E���7KH�GHILQLWLRQ�RI�SODQDULW\�RQO\�VSHFLILHV�WKDW
DW�OHDVW�RQH�DUUDQJHPHQW�RI�WKH�YHUWLFHV�H[LVWV�WKDW�UHVXOWV�LQ�QR�FURVVLQJ�
0RVW� RI� WKH� QHWZRUNV�ZH�ZLOO� HQFRXQWHU� LQ� WKLV� ERRN� DUH� QRW� SODQDU�� HLWKHU� EHFDXVH� WKHUH� LV� QR

UHOHYDQW� WZR�GLPHQVLRQDO� JHRPHWU\� WR� ZKLFK� WKH� QHWZRUN� LV� FRQILQHG� �H�J��� FLWDWLRQ� QHWZRUNV�
PHWDEROLF�QHWZRUNV��FROODERUDWLRQ�QHWZRUNV���RU�HOVH�WKHUH�LV�EXW�WKHUH�LV�QRWKLQJ�WR�VWRS�HGJHV�IURP
FURVVLQJ� RQ� LW� �H�J��� WKH� ,QWHUQHW�� DLUOLQH� URXWH� PDSV�� HPDLO� QHWZRUNV��� +RZHYHU�� WKHUH� DUH� D� IHZ
LPSRUWDQW�H[DPSOHV�RI�QHWZRUNV�WKDW�DUH�SODQDU��)LUVW�RI�DOO��DOO�WUHHV�DUH�SODQDU��)RU�VRPH�WUHHV��VXFK
DV�ULYHU�QHWZRUNV��WKLV�LV�REYLRXV��5LYHUV�QHYHU�FURVV�RQH�DQRWKHU��WKH\�RQO\�IORZ�WRJHWKHU��,Q�RWKHU
FDVHV��VXFK�DV�WKH�WUHHV�XVHG�LQ�FRPSXWHU�GDWD�VWUXFWXUHV��WKHUH�LV�QR�REYLRXV�WZR�GLPHQVLRQDO�VXUIDFH
RQWR�ZKLFK�WKH�QHWZRUN�IDOOV�EXW�LW�LV�SODQDU�QRQHWKHOHVV�
$PRQJ�QRQ�WUHH�OLNH�QHWZRUNV�� VRPH�DUH�SODQDU� IRU�SK\VLFDO� UHDVRQV��$�JRRG�H[DPSOH� LV�D� URDG

QHWZRUN��%HFDXVH� URDGV� DUH� FRQILQHG� WR� WKH�(DUWK¶V� VXUIDFH� WKH\� IRUP�D� URXJKO\�SODQDU�QHWZRUN�� ,W
GRHV�KDSSHQ�VRPHWLPHV�WKDW�URDGV�PHHW�ZLWKRXW�LQWHUVHFWLQJ��RQH�SDVVLQJ�RYHU�WKH�RWKHU�RQ�D�EULGJH�
VR�WKDW�LQ�IDFW��LI�RQH�ZLVKHV�WR�EH�SUHFLVH��WKH�URDG�QHWZRUN�LV�QRW�SODQDU��+RZHYHU��VXFK�LQVWDQFHV
DUH� UDUH� �LQ� WKH� VHQVH� WKDW� WKHUH� DUH� IDU�PRUH� SODFHV�ZKHUH� URDGV� LQWHUVHFW� WKDQ� WKHUH� DUH� EULGJHV
ZKHUH�WKH\�GRQ¶W��DQG�WKH�QHWZRUN�LV�SODQDU�WR�D�JRRG�DSSUR[LPDWLRQ�

�

)LJXUH������7ZR�GUDZLQJV�RI�D�SODQDU�JUDSK� � �D��$�VPDOO�SODQDU�JUDSK�ZLWK�IRXU�YHUWLFHV�DQG�VL[
HGJHV��,W�LV�VHOI�HYLGHQW�WKDW�WKH�JUDSK�LV�SODQDU��VLQFH�LQ�WKLV�GHSLFWLRQ�LW�KDV�QR�HGJHV�WKDW�FURVV���E�
7KH�VDPH�JUDSK�UHGUDZQ�ZLWK� WZR�RI� LWV�HGJHV�FURVVLQJ��(YHQ� WKRXJK� WKH�HGJHV�FURVV�� WKH�JUDSK� LV
VWLOO�SODQDU²D�JUDSK�LV�SODQDU�LI�LW�FDQ�EH�GUDZQ�ZLWKRXW�FURVVLQJ�HGJHV�
�
�
$QRWKHU� H[DPSOH� LV� WKH� QHWZRUN� RI� VKDUHG�ERUGHUV� EHWZHHQ� FRXQWULHV�� VWDWHV�� RU� SURYLQFHV²VHH

)LJ�������:H�FDQ�WDNH�D�PDS�GHSLFWLQJ�DQ\�VHW�RI�FRQWLJXRXV�UHJLRQV��UHSUHVHQW�HDFK�E\�D�YHUWH[��DQG
GUDZ�DQ�HGJH�EHWZHHQ�DQ\� WZR� WKDW� VKDUH�D�ERUGHU�� ,W� LV�HDV\� WR� VHH� WKDW� WKH� UHVXOWLQJ�QHWZRUN�FDQ
DOZD\V�EH�GUDZQ�ZLWKRXW�FURVVLQJ�HGJHV�SURYLGHG�WKH�UHJLRQV�LQ�TXHVWLRQ�DUH�IRUPHG�RI�FRQWLJXRXV
ODQGPDVVHV�
1HWZRUNV� RI� WKLV� W\SH�� UHSUHVHQWLQJ� UHJLRQV� RQ� D�PDS�� SOD\� DQ� LPSRUWDQW� UROH� LQ� WKH�IRXU�FRORU



WKHRUHP�� D� WKHRUHP� WKDW� VWDWHV� WKDW� LW� LV� SRVVLEOH� WR� FRORU� DQ\� VHW� RI� UHJLRQV�RQ� D� WZR�GLPHQVLRQDO
PDS�� UHDO� RU� LPDJLQHG��ZLWK� DW�PRVW� IRXU� FRORUV� VXFK� WKDW� QR� WZR� DGMDFHQW� UHJLRQV� KDYH� WKH� VDPH
FRORU��QR�PDWWHU�KRZ�PDQ\�UHJLRQV�WKHUH�DUH�RU�RI�ZKDW�VL]H�RU�VKDSH����%\�FRQVWUXFWLQJ�WKH�QHWZRUN
FRUUHVSRQGLQJ�WR�WKH�PDS�LQ�TXHVWLRQ��WKLV�SUREOHP�FDQ�EH�FRQYHUWHG�LQWR�D�SUREOHP�RI�FRORULQJ�WKH
YHUWLFHV�RI�D�SODQDU�JUDSK� LQ�VXFK�D�ZD\� WKDW�QR� WZR�YHUWLFHV�FRQQHFWHG�E\�DQ�HGJH�KDYH� WKH� VDPH
FRORU��7KH�QXPEHU�RI�FRORUV�UHTXLUHG�WR�FRORU�D�JUDSK�LQ�WKLV�ZD\�LV�FDOOHG�WKH�FKURPDWLF�QXPEHU�RI
WKH�JUDSK�DQG�PDQ\�PDWKHPDWLFDO�UHVXOWV�DUH�NQRZQ�DERXW�FKURPDWLF�QXPEHUV��7KH�SURRI�RI�WKH�IRXU�
FRORU�WKHRUHP²WKH�SURRI�WKDW�WKH�FKURPDWLF�QXPEHU�RI�D�SODQDU�JUDSK�LV�DOZD\V�IRXU�RU�OHVV²LV�RQH
RI�WKH�WULXPSKV�RI�WUDGLWLRQDO�JUDSK�WKHRU\�DQG�ZDV�ILUVW�JLYHQ�E\�$SSHO�DQG�+DNHQ�>�����@�LQ�����
DIWHU�PRUH�WKDQ�D�KXQGUHG�\HDUV�RI�YDOLDQW�HIIRUW�ZLWKLQ�WKH�PDWKHPDWLFV�FRPPXQLW\���

�

)LJXUH������*UDSK�RI�WKH�DGMDFHQFLHV�RI�WKH�ORZHU����8QLWHG�6WDWHV�� ,Q� WKLV�QHWZRUN�HDFK�RI� WKH
ORZHU����VWDWHV�LQ�WKH�86�LV�UHSUHVHQWHG�DV�D�YHUWH[�DQG�WKHUH�LV�DQ�HGJH�EHWZHHQ�DQ\�WZR�YHUWLFHV�LI
WKH�FRUUHVSRQGLQJ�VWDWHV�VKDUH�D�ERUGHU��7KH�UHVXOWLQJ�JUDSK�LV�SODQDU��DQG�LQGHHG�DQ\�VHW�RI�VWDWHV�
FRXQWULHV��RU�RWKHU�UHJLRQV�RQ�D�WZR�GLPHQVLRQDO�PDS�FDQ�EH�WXUQHG�LQWR�D�SODQDU�JUDSK�LQ�WKLV�ZD\�
�
�
$Q�LPSRUWDQW�TXHVWLRQ�WKDW�DULVHV�LQ�JUDSK�WKHRU\�LV�KRZ�WR�GHWHUPLQH��JLYHQ�D�SDUWLFXODU�QHWZRUN�

ZKHWKHU� WKDW�QHWZRUN�LV�SODQDU�RU�QRW��)RU�D�VPDOO�QHWZRUN�LW� LV�D�VWUDLJKWIRUZDUG�PDWWHU� WR�GUDZ�D
SLFWXUH�DQG�SOD\�DURXQG�ZLWK� WKH�SRVLWLRQV�RI� WKH�YHUWLFHV� WR� VHH� LI� RQH�FDQ� ILQG�DQ� DUUDQJHPHQW� LQ
ZKLFK� QR� HGJHV� FURVV�� EXW� IRU� D� ODUJH� QHWZRUN� WKLV� LV� LPSUDFWLFDO� DQG� D� PRUH� JHQHUDO� PHWKRG� RI
GHWHUPLQLQJ� SODQDULW\� LV� QHHGHG�� /XFNLO\� D� VWUDLJKWIRUZDUG� RQH� H[LVWV��:H� ZLOO� RQO\� GHVFULEH� WKH
PHWKRG� KHUH�� QRW� SURYH� ZK\� LW� ZRUNV�� VLQFH� WKH� SURRI� LV� ORQJ� DQG� WHFKQLFDO� DQG� QRW� SDUWLFXODUO\
UHOHYDQW�WR�WKH�VWXG\�RI�UHDO�ZRUOG�QHWZRUNV��)RU�WKRVH�LQWHUHVWHG�LQ�VHHLQJ�D�SURRI��RQH�LV�JLYHQ�E\
:HVW�>���@�
)LJXUH�����VKRZV�WZR�VPDOO�QHWZRUNV��FRQYHQWLRQDOO\�GHQRWHG�.��DQG�8*�� WKDW�DUH�GHILQLWHO\�QRW

SODQDU����1HLWKHU�RI�WKHVH�QHWZRUNV�FDQ�EH�GUDZQ�ZLWKRXW�HGJHV�FURVVLQJ��,W�LPPHGLDWHO\�IROORZV�WKDW
DQ\� QHWZRUN� WKDW� FRQWDLQV� D� VXEVHW� RI� YHUWLFHV�� RU� VXEJUDSK�� LQ� WKH� IRUP� RI�.�� RU�8*�� LV� DOVR� QRW
SODQDU�



�

$Q�H[SDQVLRQ�RI�.��
�
�

�

)LJXUH������7KH�IXQGDPHQWDO�QRQ�SODQDU�JUDSKV�.��DQG�8*�HPSOR\HG�LQ�.XUDWRZVNL¶V�WKHRUHP�
7KHVH� WZR�VPDOO�JUDSKV�DUH�QRQ�SODQDU� DQG�.XUDWRZVNL¶V� WKHRUHP�VWDWHV� WKDW� DQ\�QRQ�SODQDU�JUDSK
FRQWDLQV�DW�OHDVW�RQH�VXEJUDSK�WKDW�LV�DQ�H[SDQVLRQ�RI�.��RU�8*�
�
�
$Q�H[SDQVLRQ� LV� D� QHWZRUN� GHULYHG� E\� DGGLQJ� H[WUD� YHUWLFHV� LQ� WKH�PLGGOH� RI� HGJHV� LQ� DQRWKHU

QHWZRUN��1R�VXFK�DGGHG�YHUWLFHV��KRZHYHU�QXPHURXV��ZLOO�HYHU�PDNH�D�QRQ�SODQDU�QHWZRUN�SODQDU��VR
LW�LV�DOVR�WKH�FDVH�WKDW�DQ\�H[SDQVLRQ�RI�.��RU�8*�LV�QRQ�SODQDU��DQG�KHQFH�WKDW�DQ\�QHWZRUN�FRQWDLQLQJ
DQ�H[SDQVLRQ�RI�.��RU�8*��LV�DOVR�QRQ�SODQDU�
.XUDWRZVNL¶V�WKHRUHP � �VRPHWLPHV�DOVR�FDOOHG� WKH�.XUDWRZVNL�UHGXFWLRQ� WKHRUHP��VWDWHV� WKDW� WKH

FRQYHUVH�LV�DOVR�WUXH�

(YHU\�QRQ�SODQDU�QHWZRUN�FRQWDLQV�DW�OHDVW�RQH�VXEJUDSK�WKDW�LV�DQ�H[SDQVLRQ�RI�.��RU�8*�
�

³([SDQVLRQ´� VKRXOG� EH� WDNHQ� KHUH� WR� LQFOXGH� WKH� QXOO� H[SDQVLRQV�� L�H��� WKH� JUDSKV� .�� DQG� 8*
WKHPVHOYHV�
7KLV� WKHRUHP�� ILUVW� SURYHG� E\� 3RQWU\DJLQ� LQ� ����� EXW� QDPHG� DIWHU� .XUDWRZVNL� ZKR� JDYH� DQ

LQGHSHQGHQW� SURRI� D� IHZ� \HDUV� ODWHU���� SURYLGHV� XV�ZLWK� D�ZD\� RI� GHWHUPLQLQJ�ZKHWKHU� D� JUDSK� LV
SODQDU��,I�LW�FRQWDLQV�D�VXEJUDSK�WKDW�LV�DQ�H[SDQVLRQ�RI�.��RU�8*�LW�LV�QRW��RWKHUZLVH�LW�LV�



.XUDWRZVNL¶V�WKHRUHP�LV�QRW��KRZHYHU��SDUWLFXODUO\�XVHIXO�IRU�WKH�DQDO\VLV�RI�UHDO�ZRUOG�QHWZRUNV�
EHFDXVH�VXFK�QHWZRUNV�DUH�UDUHO\�SUHFLVHO\�SODQDU���$QG�LI�WKH\�DUH��WKHQ��DV�LQ�WKH�FDVH�RI�WKH�VKDUHG
ERUGHU�QHWZRUN�RI� FRXQWULHV�RU� VWDWHV�� LW� LV� XVXDOO\�FOHDU� IRU�RWKHU� UHDVRQV� WKDW� WKH\�DUH�SODQDU� DQG
KHQFH�.XUDWRZVNL¶V�WKHRUHP�LV�XQQHFHVVDU\���0RUH�RIWHQ��OLNH�WKH�URDG�QHWZRUN��WKH\�DUH�YHU\�QHDUO\
SODQDU��EXW�KDYH�D�IHZ�HGJH�FURVVLQJV�VRPHZKHUH�LQ�WKH�QHWZRUN��)RU�VXFK�D�QHWZRUN��.XUDWRZVNL¶V
WKHRUHP�ZRXOG�WHOO�XV��FRUUHFWO\��WKDW�WKH�QHWZRUN�ZDV�QRW�SODQDU��EXW�ZH�ZRXOG�EH�PLVVLQJ�WKH�SRLQW�
:KDW�ZH�ZRXOG�UHDOO\�OLNH�LV�VRPH�PHDVXUH�RI�WKH�GHJUHH�RI�SODQDULW\�RI�D�QHWZRUN��D�PHDVXUH�WKDW

FRXOG�WHOO�XV��IRU�H[DPSOH��WKDW�WKH�URDG�QHWZRUN�RI�D�FRXQWU\�LV�����SODQDU��HYHQ�WKRXJK�WKHUH�DUH�D
IHZ�EULGJHV�RU� WXQQHOV�KHUH� DQG� WKHUH��2QH�SRVVLEOH� VXFK�PHDVXUH� LV� WKH�PLQLPXP�QXPEHU�RI� HGJH
FURVVLQJV� ZLWK� ZKLFK� WKH� QHWZRUN� FDQ� EH� GUDZQ�� 7KLV� KRZHYHU� ZRXOG� EH� D� GLIILFXOW� PHDVXUH� WR
GHWHUPLQH� VLQFH�� DW� OHDVW� LQ� WKH� VLPSOHVW� DSSURDFK�� LWV� HYDOXDWLRQ� ZRXOG� UHTXLUH� XV� WR� WU\� HYHU\
SRVVLEOH�ZD\�RI�GUDZLQJ�WKH�QHWZRUN��3HUKDSV�DQRWKHU�DSSURDFK�ZRXOG�EH�WR�ORRN�DW�WKH�QXPEHU�RI
VXEJUDSKV�LQ�D�QHWZRUN�WKDW�DUH�H[SDQVLRQV�RI�.��RU�8*��6R�IDU��KRZHYHU��QR�ZLGHO\�DFFHSWHG�PHWULF
IRU� GHJUHH� RI� SODQDULW\� KDV� HPHUJHG�� ,I� VXFK� D� PHDVXUH� ZHUH� WR� JDLQ� FXUUHQF\� LW� PLJKW� ZHOO� ILQG
RFFDVLRQDO�XVH�LQ�WKH�VWXG\�RI�UHDO�ZRUOG�QHWZRUNV�
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�

7KH�GHJUHH�RI�D�YHUWH[�LQ�D�JUDSK�LV�WKH�QXPEHU�RI�HGJHV�FRQQHFWHG�WR�LW��:H�ZLOO�GHQRWH�WKH�GHJUHH�RI
YHUWH[�L� E\�NL�� )RU� DQ� XQGLUHFWHG� JUDSK� RI�Q� YHUWLFHV� WKH� GHJUHH� FDQ� EH� ZULWWHQ� LQ� WHUPV� RI� WKH
DGMDFHQF\�PDWUL[�DV
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�
(YHU\�HGJH�LQ�DQ�XQGLUHFWHG�JUDSK�KDV�WZR�HQGV�DQG�LI�WKHUH�DUH�P�HGJHV�LQ�WRWDO�WKHQ�WKHUH�DUH��P

HQGV� RI� HGJHV��%XW� WKH� QXPEHU� RI� HQGV� RI� HGJHV� LV� DOVR� HTXDO� WR� WKH� VXP�RI� WKH� GHJUHHV� RI� DOO� WKH
YHUWLFHV��VR
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D�UHVXOW�WKDW�ZH�ZLOO�XVH�PDQ\�WLPHV�WKURXJKRXW�WKLV�ERRN�
7KH�PHDQ�GHJUHH�F�RI�D�YHUWH[�LQ�DQ�XQGLUHFWHG�JUDSK�LV

�
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DQG�FRPELQLQJ�WKLV�ZLWK�(T���������ZH�JHW

�

������
�

�

7KLV�UHODWLRQ�WRR�ZLOO�FRPH�XS�UHSHDWHGO\�WKURXJKRXW�WKH�ERRN�
7KH�PD[LPXP�SRVVLEOH�QXPEHU�RI�HGJHV� LQ�D�VLPSOH�JUDSK� �L�H���RQH�ZLWK�QR�PXOWLHGJHV�RU�VHOI�

HGJHV��LV� ��7KH�FRQQHFWDQFH�RU�GHQVLW\�ȡ�RI�D�JUDSK�LV�WKH�IUDFWLRQ�RI�WKHVH�HGJHV�WKDW�DUH
DFWXDOO\�SUHVHQW�

�
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�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�(T������������7KH�GHQVLW\�OLHV�VWULFWO\�LQ�WKH�UDQJH�����ȡ������0RVW�RI
WKH�QHWZRUNV�ZH�DUH�LQWHUHVWHG�LQ�DUH�VXIILFLHQWO\�ODUJH�WKDW�(T���������FDQ�EH�VDIHO\�DSSUR[LPDWHG�DV
ȡ� �F�Q�
$� QHWZRUN� IRU�ZKLFK� WKH� GHQVLW\�ȡ� WHQGV� WR� D� FRQVWDQW� DV�Q�ĺ��� LV� VDLG� WR� EH�GHQVH�� ,Q� VXFK� D

QHWZRUN� WKH� IUDFWLRQ�RI�QRQ�]HUR� HOHPHQWV� LQ� WKH� DGMDFHQF\�PDWUL[� UHPDLQV� FRQVWDQW� DV� WKH�QHWZRUN
EHFRPHV�ODUJH��$�QHWZRUN�LQ�ZKLFK�ȡ�ĺ���DV�Q�ĺ���LV�VDLG�WR�EH�VSDUVH��DQG�WKH�IUDFWLRQ�RI�QRQ�]HUR
HOHPHQWV�LQ�WKH�DGMDFHQF\�PDWUL[�DOVR�WHQGV�WR�]HUR��,Q�SDUWLFXODU��D�QHWZRUN�LV�VSDUVH�LI�F�WHQGV�WR�D
FRQVWDQW� DV�Q� EHFRPHV� ODUJH�� 7KHVH� GHILQLWLRQV� RI� GHQVH� DQG� VSDUVH� QHWZRUNV� FDQ�� KRZHYHU�� EH
DSSOLHG�RQO\�LI�RQH�FDQ�DFWXDOO\�WDNH�WKH�OLPLW�Q�ĺ����ZKLFK�LV�ILQH�IRU�WKHRUHWLFDO�PRGHO�QHWZRUNV�EXW
GRHVQ¶W� ZRUN� LQ� PRVW� SUDFWLFDO� VLWXDWLRQV��<RX� FDQQRW� IRU� H[DPSOH� WDNH� WKH� OLPLW� DV� DQ� HPSLULFDO
PHWDEROLF�QHWZRUN�RU�IRRG�ZHE�EHFRPHV�ODUJH²\RX�DUH�VWXFN�ZLWK�WKH�QHWZRUN�QDWXUH�JLYHV�\RX�DQG
LW�FDQ¶W�HDVLO\�EH�FKDQJHG�
,Q�VRPH�FDVHV�UHDO�ZRUOG�QHWZRUNV�GR�FKDQJH�WKHLU�VL]HV�DQG�E\�PDNLQJ�PHDVXUHPHQWV�IRU�GLIIHUHQW

VL]HV�ZH�FDQ�PDNH�D�JXHVV�DV�WR�ZKHWKHU�WKH\�DUH�EHVW�UHJDUGHG�DV�VSDUVH�RU�GHQVH��7KH�,QWHUQHW�DQG
WKH�:RUOG�:LGH�:HE�DUH�WZR�H[DPSOHV�RI�QHWZRUNV�ZKRVH�JURZWK�RYHU�WLPH�DOORZV�XV�WR�VD\�ZLWK
VRPH� FRQYLFWLRQ� WKDW� WKH\� DUH� EHVW� UHJDUGHG� DV� VSDUVH�� ,Q� RWKHU� FDVHV� WKHUH� PD\� EH� LQGHSHQGHQW
UHDVRQV�IRU�UHJDUGLQJ�D�QHWZRUN�WR�EH�VSDUVH�RU�GHQVH��,Q�D�IULHQGVKLS�QHWZRUN��IRU�LQVWDQFH��LW�VHHPV
XQOLNHO\�WKDW�WKH�QXPEHU�RI�D�SHUVRQ¶V�IULHQGV�ZLOO�GRXEOH�VROHO\�EHFDXVH�WKH�SRSXODWLRQ�RI�WKH�ZRUOG
GRXEOHV��+RZ�PDQ\�IULHQGV�D�SHUVRQ�KDV�LV�PRUH�D�IXQFWLRQ�RI�KRZ�PXFK�WLPH�WKH\�KDYH�WR�GHYRWH�WR



WKH�PDLQWHQDQFH�RI�IULHQGVKLSV� WKDQ� LW� LV�D�IXQFWLRQ�RI�KRZ�PDQ\�SHRSOH�DUH�EHLQJ�ERUQ��)ULHQGVKLS
QHWZRUNV�WKHUHIRUH�DUH�XVXDOO\�UHJDUGHG�DV�VSDUVH�
,Q� IDFW�� DOPRVW� RI� DOO� RI� WKH� QHWZRUNV� ZH� FRQVLGHU� LQ� WKLV� ERRN� DUH� FRQVLGHUHG� WR� EH� VSDUVH

QHWZRUNV��7KLV�ZLOO�EH�LPSRUWDQW�ZKHQ�ZH�ORRN�DW�WKH�H[SHFWHG�UXQQLQJ�WLPH�RI�QHWZRUN�DOJRULWKPV�LQ
&KDSWHUV���WR����DQG�ZKHQ�ZH�FRQVWUXFW�PDWKHPDWLFDO�PRGHOV�RI�QHWZRUNV�LQ�&KDSWHUV����WR�����2QH
SRVVLEOH�H[FHSWLRQ�WR�WKH�SDWWHUQ�LV�IRRG�ZHEV��6WXGLHV�FRPSDULQJ�HFRV\VWHPV�RI�GLIIHUHQW�VL]HV�VHHP
WR�VKRZ�WKDW�WKH�GHQVLW\�RI�IRRG�ZHEV�LV�URXJKO\�FRQVWDQW��UHJDUGOHVV�RI�WKHLU�VL]H��LQGLFDWLQJ�WKDW�IRRG
ZHEV�PD\�EH�GHQVH�QHWZRUNV�>��������@�
2FFDVLRQDOO\�ZH�ZLOO�FRPH�DFURVV�QHWZRUNV�LQ�ZKLFK�DOO�YHUWLFHV�KDYH�WKH�VDPH�GHJUHH��,Q�JUDSK

WKHRU\��VXFK�QHWZRUNV�DUH�FDOOHG�UHJXODU�JUDSKV��$�UHJXODU�JUDSK�LQ�ZKLFK�DOO�YHUWLFHV�KDYH�GHJUHH�N
LV�VRPHWLPHV�FDOOHG�N�UHJXODU��$Q�H[DPSOH�RI�D�UHJXODU�JUDSK�LV�D�SHULRGLF�ODWWLFH�VXFK�DV�D�VTXDUH�RU
WULDQJXODU�ODWWLFH��2Q�WKH�VTXDUH�ODWWLFH��IRU�LQVWDQFH��HYHU\�YHUWH[�KDV�GHJUHH�IRXU�

�

$Q�LQILQLWH�VTXDUH�ODWWLFH�LV�DQ�H[DPSOH�RI�D���UHJXODU�JUDSK�
�
�
9HUWH[�GHJUHHV�DUH�PRUH�FRPSOLFDWHG�LQ�GLUHFWHG�QHWZRUNV��,Q�D�GLUHFWHG�QHWZRUN�HDFK�YHUWH[�KDV

WZR�GHJUHHV��7KH�LQ�GHJUHH�LV�WKH�QXPEHU�RI�LQJRLQJ�HGJHV�FRQQHFWHG�WR�D�YHUWH[�DQG�WKH�RXW�GHJUHH
LV�WKH�QXPEHU�RI�RXWJRLQJ�HGJHV��%HDULQJ�LQ�PLQG�WKDW�WKH�DGMDFHQF\�PDWUL[�RI�D�GLUHFWHG�QHWZRUN�KDV
HOHPHQW�$LM� ���LI�WKHUH�LV�DQ�HGJH�IURP�M�WR�L��LQ��DQG�RXW�GHJUHHV�FDQ�EH�ZULWWHQ

�
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�

7KH�QXPEHU�RI�HGJHV�P�LQ�D�GLUHFWHG�QHWZRUN�LV�HTXDO�WR�WKH�WRWDO�QXPEHU�RI�LQJRLQJ�HQGV�RI�HGJHV�DW
DOO�YHUWLFHV��RU�HTXLYDOHQWO\�WR�WKH�WRWDO�QXPEHU�RI�RXWJRLQJ�HQGV�RI�HGJHV��VR
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�

7KXV�WKH�PHDQ�LQ�GHJUHH�FLQ�DQG�WKH�PHDQ�RXW�GHJUHH�FRXW�RI�HYHU\�GLUHFWHG�QHWZRUN�DUH�HTXDO�

�
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�
�

)RU�VLPSOLFLW\�ZH�ZLOO�MXVW�GHQRWH�ERWK�E\�F��DQG�FRPELQLQJ�(TV���������DQG��������ZH�JHW

�
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�
�

1RWH� WKDW� WKLV� GLIIHUV� E\� D� IDFWRU� RI� WZR� IURP� WKH� HTXLYDOHQW� UHVXOW� IRU� DQ� XQGLUHFWHG� QHWZRUN��(T�
�������
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�

$�SDWK� LQ�D�QHWZRUN� LV�DQ\�VHTXHQFH�RI�YHUWLFHV�VXFK� WKDW�HYHU\�FRQVHFXWLYH�SDLU�RI�YHUWLFHV� LQ� WKH
VHTXHQFH� LV� FRQQHFWHG� E\� DQ� HGJH� LQ� WKH� QHWZRUN�� ,Q� OD\PDQ V� WHUPV� D� SDWK� LV� D� URXWH� DFURVV� WKH
QHWZRUN�WKDW�UXQV�IURP�YHUWH[�WR�YHUWH[�DORQJ�WKH�HGJHV�RI�WKH�QHWZRUN��3DWKV�FDQ�EH�GHILQHG�IRU�ERWK
GLUHFWHG� DQG� XQGLUHFWHG� QHWZRUNV�� ,Q� D� GLUHFWHG� QHWZRUN�� HDFK� HGJH� WUDYHUVHG� E\� D� SDWK� PXVW� EH
WUDYHUVHG�LQ� WKH�FRUUHFW�GLUHFWLRQ�IRU� WKDW�HGJH��,Q�DQ�XQGLUHFWHG�QHWZRUN�HGJHV�FDQ�EH� WUDYHUVHG�LQ
HLWKHU�GLUHFWLRQ�

�

$�SDWK�RI�OHQJWK�WKUHH�LQ�D�QHWZRUN�
�
�
,Q�JHQHUDO�D�SDWK�FDQ�LQWHUVHFW�LWVHOI��YLVLWLQJ�DJDLQ�D�YHUWH[�LW�KDV�YLVLWHG�EHIRUH��RU�HYHQ�UXQQLQJ

DORQJ�DQ�HGJH�RU�VHW�RI�HGJHV�PRUH�WKDQ�RQFH��3DWKV�WKDW�GR�QRW�LQWHUVHFW�WKHPVHOYHV�DUH�FDOOHG�VHOI�
DYRLGLQJ�SDWKV�DQG�DUH�LPSRUWDQW�LQ�VRPH�DUHDV�RI�QHWZRUN�WKHRU\��*HRGHVLF�SDWKV�DQG�+DPLOWRQLDQ
SDWKV�DUH�WZR�VSHFLDO�FDVHV�RI�VHOI�DYRLGLQJ�SDWKV�WKDW�ZH�ZLOO�VWXG\�LQ�WKLV�ERRN�
7KH�OHQJWK�RI�D�SDWK�LQ�D�QHWZRUN�LV�WKH�QXPEHU�RI�HGJHV�WUDYHUVHG�DORQJ�WKH�SDWK��QRW�WKH�QXPEHU

RI�YHUWLFHV���(GJHV�FDQ�EH�WUDYHUVHG�PRUH�WKDQ�RQFH��DQG�LI�WKH\�DUH�WKH\�DUH�FRXQWHG�VHSDUDWHO\�HDFK
WLPH�WKH\�DUH�WUDYHUVHG��$JDLQ�LQ�OD\PDQ¶V�WHUPV��WKH�OHQJWK�RI�D�SDWK�LV�WKH�QXPEHU�RI�³KRSV´�WKH�SDWK
PDNHV�IURP�YHUWH[�WR�DGMDFHQW�YHUWH[�
,W�LV�VWUDLJKWIRUZDUG�WR�FDOFXODWH�WKH�QXPEHU�RI�SDWKV�RI�D�JLYHQ�OHQJWK�U�RQ�D�QHWZRUN��)RU�HLWKHU�D

GLUHFWHG�RU�DQ�XQGLUHFWHG�VLPSOH�JUDSK�WKH�HOHPHQW�$LM�LV���LI�WKHUH�LV�DQ�HGJH�IURP�YHUWH[�M�WR�YHUWH[�L�
DQG� �� RWKHUZLVH�� �:H� ZLOO� FRQVLGHU� RQO\� VLPSOH� JUDSKV� IRU� QRZ�� DOWKRXJK� WKH� GHYHORSPHQWV
JHQHUDOL]H�HDVLO\�WR�QRQ�VLPSOH�JUDSKV���7KHQ�WKH�SURGXFW�$LN$NM�LV���LI�WKHUH�LV�D�SDWK�RI�OHQJWK���IURP
M�WR�L�YLD�N��DQG���RWKHUZLVH��$QG�WKH�WRWDO�QXPEHU� �RI�SDWKV�RI�OHQJWK�WZR�IURP�M�WR�L��YLD�DQ\�RWKHU
YHUWH[��LV

�
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ZKHUH�>�����@LM�GHQRWHV�WKH�LMWK�HOHPHQW�RI�D�PDWUL[�
6LPLODUO\� WKH�SURGXFW�$LN$NO$OM�LV���LI�WKHUH�LV�D�SDWK�RI�OHQJWK�WKUHH�IURP�M� WR�L� YLD�O� DQG�N��LQ�WKDW

RUGHU��DQG���RWKHUZLVH��DQG�KHQFH�WKH�WRWDO�QXPEHU�RI�SDWKV�RI�OHQJWK�WKUHH�LV

�
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�

*HQHUDOL]LQJ�WR�SDWKV�RI�DUELWUDU\�OHQJWK�U��ZH�VHH�WKDW

�
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�
$�VSHFLDO�FDVH�RI� WKLV�UHVXOW� LV� WKDW� WKH�QXPEHU�RI�SDWKV�RI� OHQJWK�U� WKDW�VWDUW�DQG�HQG�DW� WKH�VDPH

YHUWH[�L�LV�>$U@LL��7KHVH�SDWKV�DUH�MXVW�ORRSV�LQ�WKH�QHWZRUN��ZKDW�ZH�FDOOHG�³F\FOHV´�LQ�RXU�GLVFXVVLRQ
RI�DF\FOLF�JUDSKV�LQ�6HFWLRQ������7KH�WRWDO�QXPEHU�/U�RI�ORRSV�RI�OHQJWK�U�DQ\ZKHUH�LQ�D�QHWZRUN�LV�WKH
VXP�RI�WKLV�TXDQWLW\�RYHU�DOO�SRVVLEOH�VWDUWLQJ�SRLQWV�L�

�
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�

�

1RWH�WKDW�WKLV�H[SUHVVLRQ�FRXQWV�VHSDUDWHO\�ORRSV�FRQVLVWLQJ�RI�WKH�VDPH�YHUWLFHV�LQ�WKH�VDPH�RUGHU�EXW
ZLWK�GLIIHUHQW�VWDUWLQJ�SRLQWV����7KXV�WKH�ORRS���ĺ���ĺ���ĺ���LV�FRQVLGHUHG�GLIIHUHQW�IURP�WKH�ORRS��
ĺ���ĺ���ĺ����7KH� H[SUHVVLRQ� DOVR� FRXQWV� VHSDUDWHO\� ORRSV� WKDW� FRQVLVW� RI� WKH� VDPH�YHUWLFHV� EXW
WUDYHUVHG�LQ�RSSRVLWH�GLUHFWLRQV��VR�WKDW���ĺ���ĺ���ĺ���DQG���ĺ���ĺ���ĺ���DUH�GLVWLQFW�
(TXDWLRQ��������FDQ�DOVR�EH�H[SUHVVHG�LQ�WHUPV�RI�WKH�HLJHQYDOXHV�RI�WKH�DGMDFHQF\�PDWUL[��/HW�XV

FRQVLGHU�WKH�FDVH�RI�DQ�XQGLUHFWHG�JUDSK�ILUVW��,Q�WKLV�FDVH��WKH�DGMDFHQF\�PDWUL[�LV�V\PPHWULF��ZKLFK



PHDQV�WKDW�LW�KDV�Q�UHDO�QRQ�QHJDWLYH�HLJHQYDOXHV��WKH�HLJHQYHFWRUV�KDYH�UHDO�HOHPHQWV��DQG�WKH�PDWUL[
FDQ�DOZD\V�EH�ZULWWHQ�LQ�WKH�IRUP�$� �8.87��ZKHUH�8�LV�WKH�RUWKRJRQDO�PDWUL[�RI�HLJHQYHFWRUV�DQG�.
LV�WKH�GLDJRQDO�PDWUL[�RI�HLJHQYDOXHV��7KHQ�$U� ��8.87�U� �8.U87�DQG�WKH�QXPEHU�RI�ORRSV�LV
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ZKHUH�țL� LV� WKH�LWK�HLJHQYDOXH�RI� WKH�DGMDFHQF\�PDWUL[�DQG�ZH�KDYH�PDGH�XVH�RI� WKH�IDFW� WKDW� WKH
WUDFH�RI�D�PDWUL[�SURGXFW�LV�LQYDULDQW�XQGHU�F\FOLF�SHUPXWDWLRQV�RI�WKH�SURGXFW�
)RU� GLUHFWHG� QHWZRUNV� WKH� VLWXDWLRQ� LV�PRUH� FRPSOLFDWHG�� ,Q� VRPH� FDVHV� WKH� VDPH� OLQH� RI� SURRI

ZRUNV�DQG�ZH�FDQ�DJDLQ�GHPRQVWUDWH�WKDW�(T���������LV�WUXH��EXW�LQ�RWKHU�FDVHV�WKH�SURRI�EUHDNV�GRZQ�
5HFDOO� WKDW�GLUHFWHG�JUDSKV�KDYH�� LQ�JHQHUDO��DV\PPHWULF�DGMDFHQF\�PDWULFHV�� DQG�VRPH�DV\PPHWULF
PDWULFHV�FDQQRW�EH�GLDJRQDOL]HG����$Q�H[DPSOH�LV�WKH�PDWUL[

�

7KLV�PDWUL[�KDV�RQO\�D�VLQJOH��ULJKW��HLJHQYHFWRU���������DQG�WKXV�RQH�FDQQRW�IRUP�DQ�RUWKRJRQDO�PDWUL[
RI�HLJHQYHFWRUV�ZLWK�ZKLFK�WR�GLDJRQDOL]H�LW��1RQHWKHOHVV�(T���������LV�VWLOO�WUXH�HYHQ�LQ�VXFK�FDVHV�
EXW�D�GLIIHUHQW�PHWKRG�RI�SURRI�LV�QHHGHG��DV�IROORZV�
(YHU\�UHDO�PDWUL[��ZKHWKHU�GLDJRQDOL]DEOH�RU�QRW��FDQ�EH�ZULWWHQ�LQ�WKH�IRUP�$� �4747��ZKHUH�4

LV� DQ� RUWKRJRQDO� PDWUL[� DQG�7� LV� DQ� XSSHU� WULDQJXODU� PDWUL[�� 7KLV� IRUP� LV� FDOOHG� WKH�6FKXU
GHFRPSRVLWLRQ�RI�$�>���@�
6LQFH�7�LV�WULDQJXODU��LWV�GLDJRQDO�HOHPHQWV�DUH�LWV�HLJHQYDOXHV��)XUWKHUPRUH�WKRVH�HLJHQYDOXHV�DUH

WKH� VDPH�DV� WKH� HLJHQYDOXHV�RI�$��7R� VHH� WKLV�� OHW�[� EH� D� ULJKW� HLJHQYHFWRU�RI�$� ZLWK� HLJHQYDOXH�ț�
7KHQ�4747[�  �$[�  �ț[�� DQG�PXOWLSO\LQJ� WKURXJKRXW� E\�47�� EHDULQJ� LQ�PLQG� WKDW�4� LV� RUWKRJRQDO�
JLYHV
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DQG�KHQFH�47[�LV�DQ�HLJHQYHFWRU�RI�7�ZLWK�WKH�VDPH�HLJHQYDOXH�ț�DV�WKH�DGMDFHQF\�PDWUL[����7KHQ
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WKH�ILQDO�HTXDOLW\� IROORZLQJ�EHFDXVH� WKH�GLDJRQDO�HOHPHQWV�RI�DQ\�SRZHU�RI�D� WULDQJXODU�PDWUL[�7
DUH�7 V�GLDJRQDO�HOHPHQWV�UDLVHG�WR�WKH�VDPH�SRZHU�
7KLV�GHPRQVWUDWLRQ�ZRUNV�IRU�DQ\�JUDSK��ZKDWHYHU�WKH�SURSHUWLHV�RI�LWV�DGMDFHQF\�PDWUL[��DQG�KHQFH

(T�� ������� LV� DOZD\V� WUXH��:H�XVHG� WKLV� UHVXOW� LQ�(T�� ������� WR� VKRZ� WKDW� WKH�JUDSK�GHVFULEHG�E\�D
QLOSRWHQW�DGMDFHQF\�PDWUL[��L�H���D�PDWUL[�ZKRVH�HLJHQYDOXHV�DUH�DOO�]HUR��PXVW�EH�DF\FOLF���$OO�VXFK
PDWULFHV�DUH�QRQ�GLDJRQDOL]DEOH��VR�RQH�PXVW�XVH�(T���������LQ�WKDW�FDVH��
6LQFH� WKH� DGMDFHQF\�PDWUL[� RI� D� GLUHFWHG� JUDSK� LV�� LQ� JHQHUDO�� DV\PPHWULF� LW�PD\� KDYH� FRPSOH[

HLJHQYDOXHV�� %XW� WKH� QXPEHU� RI� ORRSV�/U� DERYH� LV� QRQHWKHOHVV� DOZD\V� UHDO�� DV� LW� PXVW� EH�� 7KH
HLJHQYDOXHV�RI�WKH�DGMDFHQF\�PDWUL[�DUH�WKH�URRWV�RI�WKH�FKDUDFWHULVWLF�SRO\QRPLDO�GHW�ț,�í�$���ZKLFK
KDV� UHDO� FRHIILFLHQWV�� DQG� DOO� URRWV� RI� VXFK� D� SRO\QRPLDO� DUH� HLWKHU� WKHPVHOYHV� UHDO� RU� FRPH� LQ
FRPSOH[�FRQMXJDWH�SDLUV��7KXV��ZKLOH�WKHUH�PD\�EH�FRPSOH[�WHUPV�LQ�WKH�VXP�LQ�(T����������HDFK�VXFK
WHUP�LV�FRPSOHPHQWHG�E\�DQRWKHU�WKDW�LV�LWV�FRPSOH[�FRQMXJDWH�DQG�WKH�VXP�LWVHOI�LV�DOZD\V�UHDO�
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$� JHRGHVLF�SDWK�� DOVR� FDOOHG� VLPSO\� D�VKRUWHVW�SDWK�� LV� D� SDWK� EHWZHHQ� WZR� YHUWLFHV� VXFK� WKDW� QR
VKRUWHU�SDWK�H[LVWV�

�

$�JHRGHVLF�SDWK�RI�OHQJWK�WZR�EHWZHHQ�WZR�YHUWLFHV�
�
�

7KH� OHQJWK�RI� D�JHRGHVLF�SDWK��RIWHQ�FDOOHG� WKH�JHRGHVLF�GLVWDQFH� RU�VKRUWHVW�GLVWDQFH� �� LV� WKXV� WKH
VKRUWHVW� QHWZRUN� GLVWDQFH� EHWZHHQ� WKH� YHUWLFHV� LQ� TXHVWLRQ�� ,Q� PDWKHPDWLFDO� WHUPV�� WKH� JHRGHVLF
GLVWDQFH�EHWZHHQ�YHUWLFHV�L�DQG�M� LV�WKH�VPDOOHVW�YDOXH�RI�U�VXFK�WKDW�>$U@LM�!����,Q�SUDFWLFH�KRZHYHU
WKHUH�DUH�PXFK�EHWWHU�ZD\V�RI�FDOFXODWLQJ�JHRGHVLF�GLVWDQFHV�WKDQ�E\�HPSOR\LQJ�WKLV�IRUPXOD��:H�ZLOO
VWXG\�VRPH�RI�WKHP�LQ�6HFWLRQ������
,W� LV� SRVVLEOH� IRU� WKHUH� WR� EH� QR� JHRGHVLF� SDWK� EHWZHHQ� WZR� YHUWLFHV� LI� WKH� YHUWLFHV� DUH� QRW

FRQQHFWHG�WRJHWKHU�E\�DQ\�URXWH�WKRXJK�WKH�QHWZRUN��L�H���LI�WKH\�DUH�LQ�GLIIHUHQW�³FRPSRQHQWV´²VHH
6HFWLRQ� ������� ,Q� WKLV� FDVH� RQH� VRPHWLPHV� VD\V� WKDW� WKH� JHRGHVLF� GLVWDQFH� EHWZHHQ� WKH� YHUWLFHV� LV
LQILQLWH��DOWKRXJK�WKLV�LV�PRVWO\�MXVW�FRQYHQWLRQ²LW�GRHVQ¶W�UHDOO\�PHDQ�YHU\�PXFK�EH\RQG�WKH�IDFW�WKDW
WKH�YHUWLFHV�DUH�QRW�FRQQHFWHG�
*HRGHVLF�SDWKV�DUH�QHFHVVDULO\�VHOI�DYRLGLQJ��,I�D�SDWK�LQWHUVHFWV�LWVHOI�WKHQ�LW�FRQWDLQV�D�ORRS�DQG

FDQ�EH�VKRUWHQHG�E\�UHPRYLQJ�WKDW�ORRS�ZKLOH�VWLOO�FRQQHFWLQJ�WKH�VDPH�VWDUW�DQG�HQG�SRLQWV��DQG�KHQFH
VHOI�LQWHUVHFWLQJ�SDWKV�DUH�QHYHU�JHRGHVLF�SDWKV�

�

)LJXUH�������9HUWLFHV�L�DQG�M�KDYH�WKUHH�JHRGHVLF�SDWKV�EHWZHHQ�WKHP�RI�OHQJWK�WKUHH�



�
�
*HRGHVLF�SDWKV�DUH�QRW�QHFHVVDULO\�XQLTXH��KRZHYHU��,W�LV�SHUIHFWO\�SRVVLEOH�WR�KDYH�WZR�RU�PRUH

SDWKV� RI� HTXDO� OHQJWK� EHWZHHQ� D� JLYHQ� SDLU� RI� YHUWLFHV�� 7KH� SDWKV� PD\� HYHQ� RYHUODS� DORQJ� VRPH
SRUWLRQ�RI�WKHLU�OHQJWK²VHH�)LJ�������
7KH�GLDPHWHU�RI�D�JUDSK�LV�WKH�OHQJWK�RI�WKH�ORQJHVW�JHRGHVLF�SDWK�EHWZHHQ�DQ\�SDLU�RI�YHUWLFHV�LQ

WKH�QHWZRUN� IRU�ZKLFK�D�SDWK�DFWXDOO\�H[LVWV�� �,I� WKH�GLDPHWHU�ZHUH�PHUHO\� WKH� OHQJWK�RI� WKH� ORQJHVW
JHRGHVLF�SDWK� WKHQ� LW�ZRXOG�EH� IRUPDOO\� LQILQLWH� LQ�D�QHWZRUN�ZLWK�PRUH� WKDQ�RQH�FRPSRQHQW� LI�ZH
DGRSWHG�WKH�FRQYHQWLRQ�DERYH�WKDW�YHUWLFHV�FRQQHFWHG�E\�QR�SDWK�KDYH�LQILQLWH�JHRGHVLF�GLVWDQFH��2QH
FDQ�DOVR�WDON�DERXW�WKH�GLDPHWHUV�RI�WKH�LQGLYLGXDO�FRPSRQHQWV�VHSDUDWHO\��WKLV�EHLQJ�D�SHUIHFWO\�ZHOO�
GHILQHG�FRQFHSW�ZKDWHYHU�FRQYHQWLRQ�ZH�DGRSW�IRU�XQFRQQHFWHG�YHUWLFHV��
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�

$Q�(XOHULDQ�SDWK�LV�D�SDWK�WKDW�WUDYHUVHV�HDFK�HGJH�LQ�D�QHWZRUN�H[DFWO\�RQFH��$�+DPLOWRQLDQ�SDWK�LV
D�SDWK�WKDW�YLVLWV�HDFK�YHUWH[�H[DFWO\�RQFH��$�QHWZRUN�FDQ�KDYH�RQH�RU�PDQ\�(XOHULDQ�RU�+DPLOWRQLDQ
SDWKV��RU�QRQH��$�+DPLOWRQLDQ�SDWK�LV�E\�GHILQLWLRQ�VHOI�DYRLGLQJ��EXW�DQ�(XOHULDQ�SDWK�QHHG�QRW�EH�
,QGHHG�LI�WKHUH�DUH�DQ\�YHUWLFHV�RI�GHJUHH�JUHDWHU�WKDQ�WZR�LQ�D�QHWZRUN�DQ�(XOHULDQ�SDWK�ZLOO�KDYH�WR
YLVLW�WKRVH�YHUWLFHV�PRUH�WKDQ�RQFH�LQ�RUGHU�WR�WUDYHUVH�DOO�WKHLU�HGJHV�

�

([DPSOHV�RI�(XOHULDQ�DQG�+DPLOWRQLDQ�SDWKV�LQ�D�VPDOO�QHWZRUN�
�
�
(XOHULDQ�SDWKV�IRUP�WKH�EDVLV�RI�RQH�RI�WKH�ROGHVW�SURRIV�LQ�JUDSK�WKHRU\��ZKLFK�GDWHV�IURP������

$URXQG� WKDW� WLPH� WKH�JUHDW�PDWKHPDWLFLDQ�/HRQDUG�(XOHU�EHFDPH� LQWHUHVWHG� WKH�PDWKHPDWLFDO� ULGGOH
QRZ�NQRZQ�DV�WKH�.|QLJVEHUJ�%ULGJH�3UREOHP ��7KH�FLW\�RI�.|QLJVEHUJ��QRZ�.DOLQLQJUDG��ZDV�EXLOW
RQ�WKH�EDQNV�RI�WKH�ULYHU�3UHJHO��DQG�RQ�WZR�LVODQGV�WKDW�OLH�PLGVWUHDP��6HYHQ�EULGJHV�FRQQHFWHG�WKH
ODQG�PDVVHV�� DV� VKRZQ� LQ� )LJ�� ����D�� 7KH� ULGGOH� DVNHG�� ³'RHV� WKHUH� H[LVW� DQ\� ZDONLQJ� URXWH� WKDW
FURVVHV�DOO�VHYHQ�EULGJHV�H[DFWO\�RQFH�HDFK"´�/HJHQG�KDV�LW�WKDW�WKH�SHRSOH�RI�.|QLJVEHUJ�VSHQW�PDQ\
IUXLWOHVV�KRXUV�WU\LQJ�WR�ILQG�VXFK�D�URXWH��EHIRUH�(XOHU�SURYHG�WKH�LPSRVVLELOLW\�RI�LWV�H[LVWHQFH����7KH
SURRI�� ZKLFK� SHUKDSV� VHHPV� UDWKHU� WULYLDO� QRZ�� EXW� ZKLFK� DSSDUHQWO\� ZDVQ¶W� REYLRXV� LQ� �����
LQYROYHG� FRQVWUXFWLQJ� D� QHWZRUN� �WHFKQLFDOO\� D�PXOWLJUDSK��ZLWK� IRXU� YHUWLFHV� UHSUHVHQWLQJ� WKH� IRXU
ODQG�PDVVHV�DQG�VHYHQ�HGJHV�MRLQLQJ�WKHP�LQ�WKH�SDWWHUQ�RI�WKH�.|QLJVEHUJ�EULGJHV��)LJ������E���7KHQ
WKH�EULGJH�SUREOHP�EHFRPHV�D�SUREOHP�RI�ILQGLQJ�DQ�(XOHULDQ�SDWK�RQ�WKLV�QHWZRUN��DQG�LQGHHG�WKH
(XOHULDQ�SDWK�LV�QDPHG�LQ�KRQRU�RI�(XOHU�IRU�KLV�ZRUN�RQ�WKLV�SUREOHP���(XOHU�REVHUYHG�WKDW��VLQFH�DQ\
(XOHULDQ�SDWK�PXVW�ERWK�HQWHU�DQG�OHDYH�HYHU\�YHUWH[�LW�SDVVHV�WKURXJK�H[FHSW�WKH�ILUVW�DQG�ODVW��WKHUH
FDQ�DW�PRVW�EH�WZR�YHUWLFHV�LQ�WKH�QHWZRUN�ZLWK�RGG�GHJUHH�LI�VXFK�D�SDWK�LV�WR�H[LVW��6LQFH�DOO�IRXU



YHUWLFHV�LQ�WKH�.|QLJVEHUJ�QHWZRUN�KDYH�RGG�GHJUHH��WKH�EULGJH�SUREOHP�QHFHVVDULO\�KDV�QR�VROXWLRQ�

�

)LJXUH�������7KH�.|QLJVEHUJ�EULGJHV���D��,Q�WKH�HLJKWHHQWK�FHQWXU\�WKH�3UXVVLDQ�FLW\�RI�.|QLJVEHUJ�
EXLOW�RQ�IRXU�ODQGPDVVHV�DURXQG�WKH�ULYHU�3UHJHO��ZDV�FRQQHFWHG�E\�VHYHQ�EULGJHV�DV�VKRZQ���E��7KH
WRSRORJ\�RI� WKH� ODQGPDVVHV� DQG�EULGJHV� FDQ�EH� UHSUHVHQWHG� DV� D�PXOWLJUDSK�ZLWK� IRXU�YHUWLFHV� DQG
VHYHQ�HGJHV�
�
�
0RUH�SUHFLVHO\�D�QHWZRUN�FDQ�KDYH�DQ�(XOHULDQ�SDWK�RQO\�LI�WKHUH�DUH�H[DFWO\�WZR�RU�]HUR�YHUWLFHV

RI� RGG� GHJUHH²]HUR� LQ� WKH� FDVH�ZKHUH� WKH� SDWK� VWDUWV� DQG� HQGV� DW� WKH� VDPH� YHUWH[�� 7KLV� LV� QRW� D
VXIILFLHQW�FRQGLWLRQ�IRU�DQ�(XOHULDQ�SDWK��KRZHYHU��2QH�FDQ�HDVLO\�ILQG�QHWZRUNV�WKDW�VDWLVI\�LW�DQG�\HW
KDYH�QR�(XOHULDQ�SDWK��7KH�JHQHUDO�SUREOHP�RI� ILQGLQJ�HLWKHU�DQ�(XOHULDQ�RU�+DPLOWRQLDQ�SDWK�RQ�D
QHWZRUN�� RU� SURYLQJ� WKDW� QRQH� H[LVWV�� LV� D� KDUG� RQH� DQG� VLJQLILFDQW� ZRUN� LV� VWLOO� EHLQJ� GRQH� RQ
SDUWLFXODU�FDVHV�
(XOHULDQ�DQG�+DPLOWRQLDQ�SDWKV�KDYH�D�QXPEHU�RI�SUDFWLFDO�DSSOLFDWLRQV�LQ�FRPSXWHU�VFLHQFH��LQ�MRE

VHTXHQFLQJ��³JDUEDJH�FROOHFWLRQ�´�DQG�SDUDOOHO�SURJUDPPLQJ�>��@��$�+DPLOWRQLDQ�SDWK�SUREOHP�ZDV
DOVR��IDPRXVO\��WKH�ILUVW�SUREOHP�VROYHG�XVLQJ�D�'1$�EDVHG�FRPSXWHU�>�@�
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,W�LV�SRVVLEOH�IRU�WKHUH�WR�EH�QR�SDWK�DW�DOO�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV�LQ�D�QHWZRUN��7KH�QHWZRUN
VKRZQ� LQ� )LJ�� ������ IRU� H[DPSOH�� LV� GLYLGHG� LQWR� WZR� VXEJURXSV� RI� YHUWLFHV�� ZLWK� QR� FRQQHFWLRQV
EHWZHHQ�WKH�WZR��VR�WKDW�WKHUH�LV�QR�SDWK�IURP�DQ\�YHUWH[�LQ�WKH�OHIW�VXEJURXS�WR�DQ\�YHUWH[�LQ�WKH�ULJKW�
)RU� LQVWDQFH�� WKHUH� LV�QR�SDWK�IURP�WKH�YHUWH[� ODEHOHG�$�WR� WKH�YHUWH[� ODEHOHG�%��$�QHWZRUN�RI� WKLV
NLQG�LV�VDLG�WR�EH�GLVFRQQHFWHG��&RQYHUVHO\��LI�WKHUH�LV�D�SDWK�IURP�HYHU\�YHUWH[�LQ�D�QHWZRUN�WR�HYHU\
RWKHU�WKH�QHWZRUN�LV�FRQQHFWHG�
7KH�VXEJURXSV�LQ�D�QHWZRUN�OLNH�WKDW�RI�)LJ�������DUH�FDOOHG�FRPSRQHQWV��7HFKQLFDOO\�D�FRPSRQHQW

LV�D�VXEVHW�RI�WKH�YHUWLFHV�RI�D�QHWZRUN�VXFK�WKDW�WKHUH�H[LVWV�DW�OHDVW�RQH�SDWK�IURP�HDFK�PHPEHU�RI
WKDW�VXEVHW� WR�HDFK�RWKHU�PHPEHU��DQG�VXFK� WKDW�QR�RWKHU�YHUWH[� LQ� WKH�QHWZRUN�FDQ�EH�DGGHG� WR� WKH
VXEVHW�ZKLOH�SUHVHUYLQJ�WKLV�SURSHUW\���6XEVHWV�OLNH�WKLV��WR�ZKLFK�QR�RWKHU�YHUWH[�FDQ�EH�DGGHG�ZKLOH
SUHVHUYLQJ� D� JLYHQ� SURSHUW\�� DUH� FDOOHG�PD[LPDO� VXEVHWV��� 7KH� QHWZRUN� LQ� )LJ�� ����� KDV� WZR
FRPSRQHQWV�RI� WKUHH�DQG� IRXU�YHUWLFHV� UHVSHFWLYHO\��$�FRQQHFWHG�QHWZRUN�QHFHVVDULO\�KDV�RQO\�RQH
FRPSRQHQW��$�VLQJOHWRQ�YHUWH[�WKDW�LV�FRQQHFWHG�WR�QR�RWKHUV�LV�FRQVLGHUHG�WR�EH�D�FRPSRQHQW�RI�VL]H
RQH��DQG�HYHU\�YHUWH[�EHORQJV�WR�H[DFWO\�RQH�FRPSRQHQW�
7KH�DGMDFHQF\�PDWUL[�RI�D�QHWZRUN�ZLWK�PRUH�WKDQ�RQH�FRPSRQHQW�FDQ�EH�ZULWWHQ�LQ�EORFN�GLDJRQDO

IRUP�� PHDQLQJ� WKDW� WKH� QRQ�]HUR� HOHPHQWV� RI� WKH� PDWUL[� DUH� FRQILQHG� WR� VTXDUH� EORFNV� DORQJ� WKH
GLDJRQDO�RI�WKH�PDWUL[��ZLWK�DOO�RWKHU�HOHPHQWV�EHLQJ�]HUR�

�

������
�

�

1RWH�� KRZHYHU�� WKDW� WKH� YHUWH[� ODEHOV� PXVW� EH� FKRVHQ� FRUUHFWO\� WR� SURGXFH� WKLV� IRUP�� 7KH� YLVXDO
DSSHDUDQFH� RI� EORFNV� LQ� WKH� DGMDFHQF\� PDWUL[� GHSHQGV� RQ� WKH� YHUWLFHV� RI� HDFK� FRPSRQHQW� EHLQJ
UHSUHVHQWHG�E\�DGMDFHQW�URZV�DQG�FROXPQV�DQG�FKRLFHV�RI�ODEHOV�WKDW�GRQ¶W�DFKLHYH�WKLV�ZLOO�SURGXFH
QRQ�EORFN�GLDJRQDO�PDWULFHV�� HYHQ� WKRXJK� WKH� FKRLFH�RI� ODEHOV� KDV� QR� HIIHFW� RQ� WKH� VWUXFWXUH�RI� WKH
QHWZRUN�LWVHOI��7KXV��GHSHQGLQJ�RQ�WKH�ODEHOLQJ��LW�PD\�QRW�DOZD\V�EH�LPPHGLDWHO\�REYLRXV�IURP�WKH
DGMDFHQF\� PDWUL[� WKDW� D� QHWZRUN� KDV� VHSDUDWH� FRPSRQHQWV�� 7KHUH� GR�� KRZHYHU�� H[LVW� FRPSXWHU
DOJRULWKPV�� VXFK� DV� WKH� ³EUHDGWK�ILUVW� VHDUFK´� DOJRULWKP� GHVFULEHG� LQ� 6HFWLRQ� ������ WKDW� FDQ� WDNH� D
QHWZRUN�ZLWK�DUELWUDU\�YHUWH[�ODEHOV�DQG�TXLFNO\�GHWHUPLQH�LWV�FRPSRQHQWV�



�

)LJXUH�������$�QHWZRUN�ZLWK�WZR�FRPSRQHQWV��7KLV�XQGLUHFWHG�QHWZRUN�FRQWDLQV�WZR�FRPSRQHQWV�RI
WKUHH�DQG�IRXU�YHUWLFHV�UHVSHFWLYHO\��7KHUH�LV�QR�SDWK�EHWZHHQ�SDLUV�RI�YHUWLFHV�OLNH�$�DQG�%�WKDW�OLH
LQ�GLIIHUHQW�FRPSRQHQWV�
�
�
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:KHQ�ZH� ORRN� DW� GLUHFWHG� QHWZRUNV� WKH� GHILQLWLRQ� RI� FRPSRQHQWV� EHFRPHV�PRUH� FRPSOLFDWHG��7KH
VLWXDWLRQ� LV� ZRUWK� ORRNLQJ� DW� LQ� VRPH� GHWDLO�� EHFDXVH� LW� DVVXPHV� VRPH� SUDFWLFDO� LPSRUWDQFH� LQ
QHWZRUNV�OLNH�WKH�:RUOG�:LGH�:HE��&RQVLGHU�WKH�GLUHFWHG�QHWZRUN�VKRZQ�LQ�)LJ��������,I�ZH�LJQRUH
WKH�GLUHFWHG�QDWXUH�RI�WKH�HGJHV��FRQVLGHULQJ�WKHP�LQVWHDG�WR�EH�XQGLUHFWHG��WKHQ�WKH�QHWZRUN�KDV�WZR
FRPSRQHQWV�RI� IRXU�YHUWLFHV� HDFK�� ,Q� WKH� MDUJRQ�RI�JUDSK� WKHRU\� WKHVH� DUH� FDOOHG�ZHDNO\� FRQQHFWHG
FRPSRQHQWV��7ZR�YHUWLFHV�DUH�LQ�WKH�VDPH�ZHDNO\�FRQQHFWHG�FRPSRQHQW�LI�WKH\�DUH�FRQQHFWHG�E\�RQH
RU�PRUH�SDWKV�WKURXJK�WKH�QHWZRUN��ZKHUH�SDWKV�DUH�DOORZHG�WR�JR�HLWKHU�ZD\�DORQJ�DQ\�HGJH�
,Q�PDQ\�SUDFWLFDO�VLWXDWLRQV��KRZHYHU��WKLV�LV�QRW�ZKDW�ZH�FDUH�DERXW��)RU�H[DPSOH��WKH�HGJHV�LQ�WKH

:RUOG�:LGH�:HE�DUH�GLUHFWHG�K\SHUOLQNV�WKDW�DOORZ�:HE�XVHUV�WR�VXUI�IURP�RQH�SDJH�WR�DQRWKHU��EXW
RQO\�LQ�RQH�GLUHFWLRQ��7KLV�PHDQV�LW�LV�SRVVLEOH�WR�UHDFK�RQH�ZHE�SDJH�IURP�DQRWKHU�E\�VXUILQJ�RQO\�LI
WKHUH� LV� D� GLUHFWHG� SDWK� EHWZHHQ� WKHP�� L�H��� D� SDWK� LQ�ZKLFK�ZH� IROORZ� HGJHV� RQO\� LQ� WKH� IRUZDUG
GLUHFWLRQ�� ,W� ZRXOG� EH� XVHIXO� WR� GHILQH� FRPSRQHQWV� IRU� GLUHFWHG� QHWZRUNV� EDVHG� RQ� VXFK� GLUHFWHG
SDWKV�� EXW� WKLV� UDLVHV� VRPH� SUREOHPV�� ,W� LV� FHUWDLQO\� SRVVLEOH� IRU� WKHUH� WR� EH� D� GLUHFWHG� SDWK� IURP
YHUWH[�$�WR�YHUWH[�%�EXW�QR�SDWK�EDFN�IURP�%�WR�$��6KRXOG�ZH�WKHQ�FRQVLGHU�$�DQG�%�WR�EH�FRQQHFWHG"
$UH�WKH\�LQ�WKH�VDPH�FRPSRQHQW�RU�QRW"

�

)LJXUH� ������ &RPSRQHQWV� LQ� D� GLUHFWHG� QHWZRUN�� 7KLV� QHWZRUN� KDV� WZR� ZHDNO\� FRQQHFWHG
FRPSRQHQWV�RI�IRXU�YHUWLFHV�HDFK��DQG�ILYH�VWURQJO\�FRQQHFWHG�FRPSRQHQWV��VKDGHG��
�
�
&OHDUO\� WKHUH� DUH� YDULRXV� DQVZHUV� RQH� FRXOG� JLYH� WR� WKHVH� TXHVWLRQV��2QH� SRVVLELOLW\� LV� WKDW�ZH

GHILQH�$�DQG�%� WR�EH�FRQQHFWHG� LI� DQG�RQO\� LI� WKHUH�H[LVWV�ERWK�D�GLUHFWHG�SDWK� IURP�$� WR�%�DQG�D
GLUHFWHG� SDWK� IURP� %� WR� $�� $� DQG� %� DUH� WKHQ� VDLG� WR� EH� VWURQJO\� FRQQHFWHG�� :H� FDQ� GHILQH
FRPSRQHQWV�IRU�D�GLUHFWHG�QHWZRUN�XVLQJ�WKLV�GHILQLWLRQ�RI�FRQQHFWLRQ�DQG�WKHVH�DUH�FDOOHG�VWURQJO\
FRQQHFWHG�FRPSRQHQWV��7HFKQLFDOO\��D�VWURQJO\�FRQQHFWHG�FRPSRQHQW�LV�D�PD[LPDO�VXEVHW�RI�YHUWLFHV
VXFK� WKDW� WKHUH� LV� D�GLUHFWHG�SDWK� LQ�ERWK�GLUHFWLRQV�EHWZHHQ�HYHU\�SDLU� LQ� WKH� VXEVHW��7KH� VWURQJO\
FRQQHFWHG�FRPSRQHQWV�RI� WKH�QHWZRUN� LQ�)LJ�������DUH�KLJKOLJKWHG�E\� WKH� VKDGHG� UHJLRQV��1RWH� WKDW
WKHUH� FDQ� EH� VWURQJO\� FRQQHFWHG� FRPSRQHQWV� FRQVLVWLQJ� RI� MXVW� D� VLQJOH� YHUWH[� DQG�� DV� ZLWK� WKH
XQGLUHFWHG� FDVH�� HDFK� YHUWH[� EHORQJV� WR� H[DFWO\� RQH� VWURQJO\� FRQQHFWHG� FRPSRQHQW��1RWH� DOVR� WKDW
HYHU\�VWURQJO\�FRQQHFWHG�FRPSRQHQW�ZLWK�PRUH�WKDQ�RQH�YHUWH[�PXVW�FRQWDLQ�DW�OHDVW�RQH�F\FOH��,QGHHG
HYHU\�YHUWH[� LQ� VXFK� D� FRPSRQHQW�PXVW� EHORQJ� WR� DW� OHDVW� RQH� F\FOH�� VLQFH� WKHUH� LV� E\� GHILQLWLRQ� D



GLUHFWHG�SDWK�IURP�WKDW�YHUWH[�WR�HYHU\�RWKHU�LQ�WKH�FRPSRQHQW�DQG�D�GLUHFWHG�SDWK�EDFN�DJDLQ��DQG�WKH
WZR�SDWKV�WRJHWKHU�FRQVWLWXWH�D�F\FOH���$�FRUROODU\�RI�WKLV�REVHUYDWLRQ�LV�WKDW�DF\FOLF�GLUHFWHG�JUDSKV
KDYH�QR�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�ZLWK�PRUH�WKDQ�RQH�YHUWH[��VLQFH�LI�WKH\�GLG�WKH\�ZRXOGQ¶W�EH
DF\FOLF��
6WURQJO\�DQG�ZHDNO\�FRQQHFWHG�FRPSRQHQWV�DUH�QRW�WKH�RQO\�XVHIXO�GHILQLWLRQV�RI�FRPSRQHQWV�LQ�D

GLUHFWHG�QHWZRUN��2Q�WKH�:HE�LW�FRXOG�EH�XVHIXO�WR�NQRZ�ZKDW�SDJHV�\RX�FDQ�UHDFK�E\�VXUILQJ�IURP�D
JLYHQ�VWDUWLQJ�SRLQW��EXW�\RX�PLJKW�QRW�FDUH�VR�PXFK�ZKHWKHU�LW¶V�SRVVLEOH�WR�VXUI�EDFN�WKH�RWKHU�ZD\�
&RQVLGHUDWLRQV�RI�WKLV�NLQG�OHDG�XV�WR�GHILQH�WKH�RXW�FRPSRQHQW��ZKLFK�LV�WKH�VHW�RI�YHUWLFHV�WKDW�DUH
UHDFKDEOH�YLD�GLUHFWHG�SDWKV�VWDUWLQJ�DW�D�VSHFLILHG�YHUWH[�$��DQG�LQFOXGLQJ�$�LWVHOI�
$Q�RXW�FRPSRQHQW�KDV�WKH�SURSHUW\�WKDW�HGJHV�FRQQHFWLQJ�LW�WR�RWKHU�YHUWLFHV��RQHV�QRW�LQ�WKH�RXW�

FRPSRQHQW��RQO\�SRLQW�LQZDUG�WRZDUGV�WKH�PHPEHUV�RI�FRPSRQHQW��DQG�QHYHU�RXWZDUG��VLQFH�LI�WKH\
SRLQWHG� RXWZDUG� WKHQ� WKH� YHUWLFHV� WKH\� FRQQHFWHG� WR� ZRXOG� E\� GHILQLWLRQ� EH� PHPEHUV� RI� WKH� RXW�
FRPSRQHQW��
1RWH�WKDW�WKH�PHPEHUV�RI�DQ�RXW�FRPSRQHQW�GHSHQG�RQ�WKH�FKRLFH�RI�WKH�VWDUWLQJ�YHUWH[��&KRRVH�D

GLIIHUHQW� VWDUWLQJ� YHUWH[� DQG� WKH� VHW� RI� UHDFKDEOH� YHUWLFHV�PD\� FKDQJH��7KXV� DQ� RXW�FRPSRQHQW� LV� D
SURSHUW\� RI� WKH� QHWZRUN� VWUXFWXUH� DQG� WKH� VWDUWLQJ� YHUWH[�� DQG� QRW� �DV� ZLWK� VWURQJO\� DQG� ZHDNO\
FRQQHFWHG�FRPSRQHQWV��RI�WKH�QHWZRUN�VWUXFWXUH�DORQH��7KLV�PHDQV��DPRQJ�RWKHU�WKLQJV��WKDW�D�YHUWH[
FDQ� EHORQJ� WR�PRUH� WKDQ� RQH� GLIIHUHQW� RXW�FRPSRQHQW�� ,Q�)LJ�� ������ IRU� LQVWDQFH��ZH� VKRZ� WKH� RXW�
FRPSRQHQWV�RI�WZR�GLIIHUHQW�VWDUWLQJ�YHUWLFHV��$�DQG�%��9HUWLFHV�;�DQG�<�EHORQJ�WR�ERWK�
$�IHZ�RWKHU�SRLQWV�DUH�ZRUWK�QRWLFLQJ��)LUVW��LW�LV�VHOI�HYLGHQW�WKDW�DOO�WKH�PHPEHUV�RI�WKH�VWURQJO\

FRQQHFWHG� FRPSRQHQW� WR� ZKLFK� D� YHUWH[� $� EHORQJV� DUH� DOVR� PHPEHUV� RI� $¶V� RXW�FRPSRQHQW�
)XUWKHUPRUH��DOO�YHUWLFHV�WKDW�DUH�UHDFKDEOH�IURP�$�DUH�QHFHVVDULO\�DOVR�UHDFKDEOH�IURP�DOO�WKH�RWKHU
YHUWLFHV�LQ�WKH�VWURQJO\�FRQQHFWHG�FRPSRQHQW��7KXV�LW�IROORZV�WKDW�WKH�RXW�FRPSRQHQWV�RI�DOO�PHPEHUV
RI�D�VWURQJO\�FRQQHFWHG�FRPSRQHQW�DUH�LGHQWLFDO��,W�ZRXOG�EH�UHDVRQDEOH�WR�VD\�WKDW�RXW�FRPSRQHQWV
UHDOO\�³EHORQJ´�QRW�WR�LQGLYLGXDO�YHUWLFHV��EXW�WR�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�

�

)LJXUH�������2XW�FRPSRQHQWV�LQ�D�GLUHFWHG�QHWZRUN���D��7KH�RXW�FRPSRQHQW�RI�YHUWH[�$��ZKLFK�LV
WKH� VXEVHW� RI� YHUWLFHV� UHDFKDEOH� E\� GLUHFWHG� SDWKV� IURP�$�� �E�� 7KH� RXW�FRPSRQHQW� RI� YHUWH[� %�
9HUWLFHV�;�DQG�<�EHORQJ�WR�ERWK�RXW�FRPSRQHQWV�
�
�
9HU\�VLPLODU�DUJXPHQWV�DSSO\� WR�YHUWLFHV� IURP�ZKLFK� D�SDUWLFXODU�YHUWH[�FDQ�EH� UHDFKHG��7KH�LQ�

FRPSRQHQW�RI�D�VSHFLILHG�YHUWH[�$�LV�WKH�VHW�RI�DOO�YHUWLFHV�IURP�ZKLFK�WKHUH�LV�D�GLUHFWHG�SDWK�WR�$�
LQFOXGLQJ�$� LWVHOI�� ,Q�FRPSRQHQWV� GHSHQG� RQ� WKH� FKRLFH� RI� WKH� VSHFLILHG� YHUWH[�� DQG� D� YHUWH[� FDQ
EHORQJ� WR�PRUH� WKDQ� RQH� LQ�FRPSRQHQW�� EXW� DOO� YHUWLFHV� LQ� WKH� VDPH� VWURQJO\� FRQQHFWHG� FRPSRQHQW
KDYH� WKH� VDPH� LQ�FRPSRQHQW�� )XUWKHUPRUH�� WKH� VWURQJO\� FRQQHFWHG� FRPSRQHQW� WR� ZKLFK� D� YHUWH[



EHORQJV�LV�D�VXEVHW�RI�LWV�LQ�FRPSRQHQW��DQG�LQGHHG�D�YHUWH[�WKDW�LV�LQ�ERWK�WKH�LQ��DQG�RXW�FRPSRQHQWV
RI� $� LV� QHFHVVDULO\� LQ� WKH� VDPH� VWURQJO\� FRQQHFWHG� FRPSRQHQW� DV� $� �VLQFH� SDWKV� H[LVW� LQ� ERWK
GLUHFWLRQV��DQG�KHQFH�$¶V�VWURQJO\�FRQQHFWHG�FRPSRQHQW�LV�HTXDO�WR�WKH�LQWHUVHFWLRQ�RI�LWV�LQ��DQG�RXW�
FRPSRQHQWV�

�

7KH�LQ��DQG�RXW�FRPSRQHQWV�RI�D�YHUWH[�$�LQ�D�VPDOO�GLUHFWHG�QHWZRUN�
�
�
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�

$�SDLU�RI�YHUWLFHV�LQ�D�QHWZRUN�ZLOO�W\SLFDOO\�EH�FRQQHFWHG�E\�PDQ\�SDWKV�RI�PDQ\�GLIIHUHQW�OHQJWKV�
7KHVH�SDWKV�ZLOO�XVXDOO\�QRW�EH�LQGHSHQGHQW�KRZHYHU��7KDW�LV��WKH\�ZLOO�VKDUH�VRPH�YHUWLFHV�RU�HGJHV�
DV�LQ�)LJ�������IRU�LQVWDQFH��SDJH�������,I�ZH�UHVWULFW�RXUVHOYHV�WR�LQGHSHQGHQW�SDWKV��WKHQ�WKH�QXPEHU
RI�SDWKV�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV�LV�PXFK�VPDOOHU��7KH�QXPEHU�RI�LQGHSHQGHQW�SDWKV�EHWZHHQ
YHUWLFHV�JLYHV�D�VLPSOH�PHDVXUH�RI�KRZ�VWURQJO\�WKH�YHUWLFHV�DUH�FRQQHFWHG�WR�RQH�DQRWKHU��DQG�KDV
EHHQ�WKH�WRSLF�RI�PXFK�VWXG\�LQ�WKH�JUDSK�WKHRU\�OLWHUDWXUH�

�

)LJXUH�������(GJH�LQGHSHQGHQW�SDWKV���D��7KHUH�DUH�WZR�HGJH�LQGHSHQGHQW�SDWKV�IURP�$�WR�%�LQ�WKLV
ILJXUH��DV�GHQRWHG�E\�WKH�DUURZV��EXW�WKHUH�LV�RQO\�RQH�YHUWH[�LQGHSHQGHQW�SDWK��EHFDXVH�DOO�SDWKV�PXVW
SDVV� WKURXJK� WKH� FHQWHU� YHUWH[� &�� �E�� 7KH� HGJH�LQGHSHQGHQW� SDWKV� DUH� QRW� XQLTXH�� WKHUH� DUH� WZR
GLIIHUHQW�ZD\V�RI�FKRRVLQJ�WZR�LQGHSHQGHQW�SDWKV�IURP�$�WR�%�LQ�WKLV�FDVH�
�
�
7KHUH�DUH�WZR�VSHFLHV�RI�LQGHSHQGHQW�SDWK��HGJH�LQGHSHQGHQW�DQG�YHUWH[�LQGHSHQGHQW��7ZR�SDWKV

FRQQHFWLQJ� D� JLYHQ� SDLU� RI� YHUWLFHV� DUH�HGJH�LQGHSHQGHQW� LI� WKH\� VKDUH� QR� HGJHV�� 7ZR� SDWKV� DUH
YHUWH[�LQGHSHQGHQW��RU�QRGH�LQGHSHQGHQW��LI�WKH\�VKDUH�QR�YHUWLFHV�RWKHU�WKDQ�WKH�VWDUWLQJ�DQG�HQGLQJ
YHUWLFHV��,I�WZR�SDWKV�DUH�YHUWH[�LQGHSHQGHQW�WKHQ�WKH\�DUH�DOVR�HGJH�LQGHSHQGHQW��EXW�WKH�UHYHUVH�LV
QRW�WUXH��LW�LV�SRVVLEOH�WR�EH�HGJH�LQGHSHQGHQW�EXW�QRW�YHUWH[�LQGHSHQGHQW��)RU�LQVWDQFH��WKH�QHWZRUN
VKRZQ�LQ�)LJ������D�KDV�WZR�HGJH�LQGHSHQGHQW�SDWKV�IURP�$�WR�%��DV�GHQRWHG�E\�WKH�DUURZV��EXW�RQO\
RQH� YHUWH[�LQGHSHQGHQW� SDWK²WKH� WZR� HGJH�LQGHSHQGHQW� SDWKV� DUH� QRW� YHUWH[�LQGHSHQGHQW� EHFDXVH
WKH\�VKDUH�WKH�LQWHUPHGLDWH�YHUWH[�&�
,QGHSHQGHQW� SDWKV� DUH� DOVR� VRPHWLPHV� FDOOHG�GLVMRLQW� SDWKV�� SULPDULO\� LQ� WKH� PDWKHPDWLFDO

OLWHUDWXUH�� 2QH� DOVR� VHHV� WKH� WHUPV�HGJH�GLVMRLQW� DQG�YHUWH[GLVMRLQW� �� GHVFULELQJ� HGJH� DQG� YHUWH[
LQGHSHQGHQFH�
7KH�HGJH��RU�YHUWH[�LQGHSHQGHQW�SDWKV�EHWZHHQ�WZR�YHUWLFHV�DUH�QRW�QHFHVVDULO\�XQLTXH��7KHUH�PD\

EH�PRUH�WKDQ�RQH�ZD\�RI�FKRRVLQJ�D�VHW�RI�LQGHSHQGHQW�SDWKV��)RU�LQVWDQFH�)LJ������E�VKRZV�WKH�VDPH
QHWZRUN�DV�)LJ������D��EXW�ZLWK�WKH�WZR�SDWKV�FKRVHQ�D�GLIIHUHQW�ZD\��VR�WKDW�WKH\�FURVV�RYHU�DV�WKH\
SDVV�WKURXJK�WKH�FHQWUDO�YHUWH[�&�
,W� WDNHV�RQO\�D�PRPHQW¶V� UHIOHFWLRQ� WR�FRQYLQFH�RQHVHOI� WKDW� WKHUH�FDQ�EH�RQO\�D� ILQLWH�QXPEHU�RI

LQGHSHQGHQW�SDWKV�EHWZHHQ�DQ\�WZR�YHUWLFHV�LQ�D�ILQLWH�QHWZRUN��(DFK�SDWK�PXVW�FRQWDLQ�DW�OHDVW�RQH
HGJH� DQG� QR� WZR� SDWKV� FDQ� VKDUH� DQ� HGJH�� VR� WKH� QXPEHU� RI� LQGHSHQGHQW� SDWKV� FDQQRW� H[FHHG� WKH
QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�



7KH� QXPEHU� RI� LQGHSHQGHQW� SDWKV� EHWZHHQ� D� SDLU� RI� YHUWLFHV� LV� FDOOHG� WKH�FRQQHFWLYLW\� RI� WKH
YHUWLFHV����,I�ZH�ZLVK�WR�EH�H[SOLFLW�DERXW�ZKHWKHU�ZH�DUH�FRQVLGHULQJ�HGJH��RU�YHUWH[�LQGHSHQGHQFH�
ZH�UHIHU�WR�HGJH�RU�YHUWH[�FRQQHFWLYLW\���7KH�YHUWLFHV�$�DQG�%�LQ�)LJ�������KDYH�HGJH�FRQQHFWLYLW\��
EXW�YHUWH[�FRQQHFWLYLW\����VLQFH�WKHUH�LV�RQO\�RQH�YHUWH[�LQGHSHQGHQW�SDWK�EHWZHHQ�WKHP��
7KH�FRQQHFWLYLW\�RI�D�SDLU�RI�YHUWLFHV�FDQ�EH� WKRXJKW�RI�DV�D�PHDVXUH�RI�KRZ�VWURQJO\�FRQQHFWHG

WKRVH�YHUWLFHV�DUH��$�SDLU� WKDW�KDYH�RQO\�D�VLQJOH� LQGHSHQGHQW�SDWK�EHWZHHQ�WKHP�DUH�SHUKDSV�PRUH
WHQXRXVO\�FRQQHFWHG�WKDQ�D�SDLU�WKDW�KDYH�PDQ\�SDWKV��7KLV�LGHD�LV�VRPHWLPHV�H[SORLWHG�LQ�WKH�DQDO\VLV
RI�QHWZRUNV��IRU�LQVWDQFH�LQ�DOJRULWKPLF�PHWKRGV�IRU�GLVFRYHULQJ�FOXVWHUV�RU�FRPPXQLWLHV�RI�VWURQJO\
OLQNHG�YHUWLFHV�ZLWKLQ�QHWZRUNV�>���@�
&RQQHFWLYLW\�FDQ�DOVR�EH�YLVXDOL]HG�LQ�WHUPV�RI�³ERWWOHQHFNV´�EHWZHHQ�YHUWLFHV��9HUWLFHV�$�DQG�%

LQ�)LJ��������IRU�LQVWDQFH��DUH�FRQQHFWHG�E\�RQO\�RQH�YHUWH[�LQGHSHQGHQW�SDWK�EHFDXVH�YHUWH[�&�IRUPV
D�ERWWOHQHFN�WKURXJK�ZKLFK�RQO\�RQH�SDWK�FDQ�JR��7KLV�LGHD�RI�ERWWOHQHFNV�LV�IRUPDOL]HG�E\�WKH�QRWLRQ
RI�FXW�VHWV�DV�IROORZV�
&RQVLGHU�DQ�XQGLUHFWHG�QHWZRUN���,Q�IDFW�WKH�GHYHORSPHQWV�KHUH�DSSO\�HTXDOO\�WR�GLUHFWHG�RQHV��EXW

IRU�VLPSOLFLW\�OHW�XV�VWLFN�ZLWK�WKH�XQGLUHFWHG�FDVH�IRU�QRZ���$� FXW�VHW��RU�PRUH�SURSHUO\�D�YHUWH[�FXW
VHW��LV�D�VHW�RI�YHUWLFHV�ZKRVH�UHPRYDO�ZLOO�GLVFRQQHFW�D�VSHFLILHG�SDLU�RI�YHUWLFHV��)RU�H[DPSOH��WKH
FHQWUDO�YHUWH[�&�LQ�)LJ�������IRUPV�D�FXW�VHW�RI�VL]H���IRU�WKH�YHUWLFHV�$�DQG�%��,I�LW�LV�UHPRYHG��WKHUH
ZLOO�EH�QR�SDWK�IURP�$�WR�%��7KHUH�DUH�DOVR�RWKHU�FXW�VHWV�IRU�$�DQG�%�LQ�WKLV�QHWZRUN��DOWKRXJK�DOO�WKH
RWKHUV�DUH�ODUJHU�WKDQ�VL]H���
$Q�HGJH� FXW� VHW� LV� WKH� HTXLYDOHQW� FRQVWUXFW� IRU� HGJHV²LW� LV� D� VHW� RI� HGJHV�ZKRVH� UHPRYDO�ZLOO

GLVFRQQHFW�D�VSHFLILHG�SDLU�RI�YHUWLFHV�
$�PLQLPXP�FXW�VHW�LV�WKH�VPDOOHVW�FXW�VHW�WKDW�ZLOO�GLVFRQQHFW�D�VSHFLILHG�SDLU�RI�YHUWLFHV��,Q�)LJ�

�����WKH�VLQJOH�YHUWH[�&�LV�D�PLQLPXP�YHUWH[�FXW�VHW�IRU�YHUWLFHV�$�DQG�%��$�PLQLPXP�FXW�VHW�QHHG�QRW
EH�XQLTXH��)RU�LQVWDQFH��WKHUH�LV�D�YDULHW\�RI�PLQLPXP�YHUWH[�FXW�VHWV�RI�VL]H�WZR�EHWZHHQ�WKH�YHUWLFHV
$�DQG�%�LQ�WKLV�QHWZRUN�

�

^:�<`��^:�=`��^;�<`��DQG�^;�=`�DUH�DOO�PLQLPXP�FXW�VHWV�IRU�WKLV�QHWZRUN���7KHUH�DUH�DOVR�PDQ\
GLIIHUHQW�PLQLPXP�HGJH�FXW�VHWV���2I�FRXUVH�DOO�WKH�PLQLPXP�FXW�VHWV�PXVW�KDYH�WKH�VDPH�VL]H�
$Q� LPSRUWDQW� HDUO\� WKHRUHP� LQ� JUDSK� WKHRU\� DGGUHVVHV� WKH� VL]H� RI� FXW� VHWV��0HQJHU¶V� WKHRUHP

VWDWHV�

,I�WKHUH�LV�QR�FXW�VHW�RI�VL]H�OHVV�WKDQ�Q�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV��WKHQ�WKHUH�DUH�DW�OHDVW�Q
LQGHSHQGHQW�SDWKV�EHWZHHQ�WKH�VDPH�YHUWLFHV�

�

7KH�WKHRUHP�DSSOLHV�ERWK�WR�HGJHV�DQG�WR�YHUWLFHV�DQG�ZDV�ILUVW�SURYHG�E\�.DUO�0HQJHU�>���@�IRU�WKH
YHUWH[�FDVH��DOWKRXJK�PDQ\�RWKHU�SURRIV�KDYH�EHHQ�JLYHQ�VLQFH��$�VLPSOH�RQH�FDQ�EH� IRXQG� LQ�5HI�



>���@�
7R� XQGHUVWDQG� ZK\� 0HQJHU¶V� WKHRUHP� LV� LPSRUWDQW�� FRQVLGHU� WKH� IROORZLQJ� DUJXPHQW�� ,I� WKH

PLQLPXP�YHUWH[�FXW�VHW�EHWZHHQ�WZR�YHUWLFHV�KDV�VL]H�Q��0HQJHU¶V�WKHRUHP�WHOOV�XV�WKDW�WKHUH�PXVW�EH
DW�OHDVW�Q�YHUWH[�LQGHSHQGHQW�SDWKV�EHWZHHQ�WKRVH�YHUWLFHV��7KDW�LV��WKH�QXPEHU�RI�YHUWH[�LQGHSHQGHQW
SDWKV�LV�JUHDWHU�WKDQ�RU�HTXDO�WR�WKH�VL]H�RI�WKH�PLQLPXP�FXW�VHW��&RQYHUVHO\��LI�ZH�NQRZ�WKHUH�WR�EH
H[DFWO\�Q�YHUWH[�LQGHSHQGHQW�SDWKV�EHWZHHQ�WZR�YHUWLFHV��WKHQ��DW�WKH�YHU\�OHDVW��ZH�KDYH�WR�UHPRYH
RQH�YHUWH[�IURP�HDFK�SDWK�LQ�RUGHU�WR�GLVFRQQHFW�WKH�WZR�YHUWLFHV��VR�WKH�VL]H�RI�WKH�PLQLPXP�FXW�VHW
PXVW�EH�DW�OHDVW�Q��:H�WKXV�FRQFOXGH�WKDW�WKH�QXPEHU�RI�YHUWH[�LQGHSHQGHQW�SDWKV�PXVW�EH�ERWK�JUHDWHU
WKDQ�RU�HTXDO�WR�DQG�OHVV�WKDQ�RU�HTXDO�WR�WKH�VL]H�RI�WKH�PLQLPXP�FXW�VHW��ZKLFK�FDQ�RQO\�EH�WUXH�LI�WKH
WZR�DUH�LQ�IDFW�HTXDO��7KXV�0HQJHU¶V�WKHRUHP�LPSOLHV�WKDW�

7KH�VL]H�RI�WKH�PLQLPXP�YHUWH[�FXW�VHW�WKDW�GLVFRQQHFWV�D�JLYHQ�SDLU�RI�YHUWLFHV�LQ�D�QHWZRUN�LV
HTXDO�WR�WKH�YHUWH[�FRQQHFWLYLW\�RI�WKH�VDPH�YHUWLFHV�

�

*LYHQ�WKDW�0HQJHU¶V�WKHRUHP�DOVR�DSSOLHV�IRU�HGJHV��D�VLPLODU�DUJXPHQW�FDQ�EH�XVHG�WR�VKRZ�WKDW�WKH
VDPH�UHVXOW�DOVR�DSSOLHV�IRU�HGJH�FXW�VHWV�DQG�HGJH�FRQQHFWLYLW\�
7KH�HGJH�YHUVLRQ�RI�0HQJHU¶V�WKHRUHP�KDV�D�IXUWKHU�FRUROODU\�WKDW�ZLOO�EH�RI�VRPH�LPSRUWDQFH�WR�XV

ZKHQ�ZH�FRPH�WR�VWXG\�FRPSXWHU�DOJRULWKPV�IRU�DQDO\]LQJ�QHWZRUNV��,W�FRQFHUQV�WKH�LGHD�RI�PD[LPXP
IORZ�� ,PDJLQH�D�QHWZRUN�RI�ZDWHU�SLSHV� LQ� WKH�VKDSH�RI�VRPH�QHWZRUN�RI� LQWHUHVW��7KH�HGJHV�RI� WKH
QHWZRUN�FRUUHVSRQG�WR�WKH�SLSHV�DQG�WKH�YHUWLFHV�WR�MXQFWLRQV�EHWZHHQ�SLSHV��6XSSRVH�WKDW�WKHUH�LV�D
PD[LPXP� UDWH�U�� LQ� WHUPV�RI�YROXPH�SHU�XQLW� WLPH��DW�ZKLFK�ZDWHU�FDQ�IORZ�WKURXJK�DQ\�SLSH��:KDW
WKHQ� LV� WKH�PD[LPXP�UDWH�DW�ZKLFK�ZDWHU� WKDQ�FDQ� IORZ� WKURXJK� WKH�QHWZRUN� IURP�RQH�YHUWH[��$�� WR
DQRWKHU��%"�7KH�DQVZHU�LV�WKDW�WKLV�PD[LPXP�IORZ�LV�HTXDO�WR�WKH�QXPEHU�RI�HGJH�LQGHSHQGHQW�SDWKV
WLPHV�WKH�SLSH�FDSDFLW\�U�
:H�FDQ�FRQVWUXFW�D�SURRI�RI� WKLV� UHVXOW�VWDUWLQJ�IURP�0HQJHU¶V� WKHRUHP��)LUVW��ZH�REVHUYH� WKDW� LI

WKHUH� DUH�Q� LQGHSHQGHQW� SDWKV� EHWZHHQ�$� DQG�%�� HDFK� RI�ZKLFK� FDQ� FDUU\�ZDWHU� DW� UDWH�U�� WKHQ� WKH
QHWZRUN�DV�D�ZKROH�FDQ�FDUU\�D�IORZ�RI�DW�OHDVW�QU�EHWZHHQ�$�DQG�%��L�H���QU�LV�D�ORZHU�ERXQG�RQ�WKH
PD[LPXP�IORZ�
$W�WKH�VDPH�WLPH��E\�0HQJHU¶V�WKHRUHP��ZH�NQRZ�WKDW�WKHUH�H[LVWV�D�FXW�VHW�RI�Q�HGJHV�EHWZHHQ�$

DQG�%�� ,I� ZH� SXVK� WKH�PD[LPXP� IORZ� �ZKDWHYHU� LW� LV�� WKURXJK� WKH� QHWZRUN� IURP�$� WR� %� DQG� WKHQ
UHPRYH�RQH�RI�WKH�HGJHV�LQ�WKLV�FXW�VHW��WKH�PD[LPXP�IORZ�ZLOO�EH�UHGXFHG�E\�DW�PRVW�U��VLQFH�WKDW�LV
WKH�PD[LPXP�IORZ�DQ�HGJH�FDQ�FDUU\��7KXV� LI�ZH�UHPRYH�DOO�Q�HGJHV� LQ� WKH�FXW�VHW�RQH�E\�RQH��ZH
UHPRYH�DW�PRVW�QU�RI�IORZ��%XW��VLQFH�WKH�FXW�VHW�GLVFRQQHFWV�WKH�YHUWLFHV�$�DQG�%��WKLV�UHPRYDO�PXVW
VWRS�DOO�RI�WKH�IORZ��+HQFH�WKH�WRWDO�FDSDFLW\�LV�DW�PRVW�QU��L�H���QU�LV�DQ�XSSHU�ERXQG�RQ�WKH�PD[LPXP
IORZ�
7KXV�QU�LV�ERWK�DQ�XSSHU�DQG�D�ORZHU�ERXQG�RQ�WKH�PD[LPXP�IORZ��DQG�KHQFH�WKH�PD[LPXP�IORZ

PXVW�LQ�IDFW�EH�H[DFWO\�HTXDO�WR�QU�
7KLV�LQ�RXWOLQH�LV�D�SURRI�RI�WKH�PD[�IORZ�PLQ�FXW�WKHRUHP��LQ�WKH�VSHFLDO�FDVH�LQ�ZKLFK�HDFK�SLSH

FDQ� FDUU\� WKH� VDPH� IL[HG� IORZ�� 7KH� WKHRUHP� VD\V� WKDW� WKH�PD[LPXP� IORZ� EHWZHHQ� WZR� YHUWLFHV� LV
DOZD\V� HTXDO� WR� WKH� VL]H�RI� WKH�PLQLPXP�FXW� VHW� WLPHV� WKH� FDSDFLW\�RI� D� VLQJOH�SLSH��7KH� IXOO�PD[�
IORZ�PLQ�FXW�WKHRUHP�DSSOLHV�DOVR�WR�ZHLJKWHG�QHWZRUNV�LQ�ZKLFK�LQGLYLGXDO�SLSHV�FDQ�KDYH�GLIIHUHQW
FDSDFLWLHV��:H�ORRN�DW�WKLV�PRUH�JHQHUDO�FDVH�LQ�WKH�IROORZLQJ�VHFWLRQ�
,Q�FRPELQDWLRQ��0HQJHU¶V�WKHRUHP�IRU�HGJHV�DQG�WKH�PD[�IORZ�PLQ�FXW�WKHRUHP�VKRZ�WKDW�IRU�D�SDLU

RI�YHUWLFHV�LQ�DQ�XQGLUHFWHG�QHWZRUN�WKUHH�TXDQWLWLHV�DUH�DOO�QXPHULFDOO\�HTXDO�WR�HDFK�RWKHU��WKH�HGJH



FRQQHFWLYLW\�RI�WKH�SDLU��L�H���WKH�QXPEHU�RI�HGJH�LQGHSHQGHQW�SDWKV�FRQQHFWLQJ�WKHP���WKH�VL]H�RI�WKH
PLQLPXP�HGJH�FXW�VHW� �L�H��� WKH�QXPEHU�RI�HGJHV� WKDW�PXVW�EH�UHPRYHG� WR�GLVFRQQHFW� WKHP���DQG� WKH
PD[LPXP�IORZ�EHWZHHQ�WKH�YHUWLFHV�LI�HDFK�HGJH�LQ�WKH�QHWZRUN�FDQ�FDUU\�DW�PRVW�RQH�XQLW�RI�IORZ�
$OWKRXJK�ZH�KDYH�VWDWHG�WKHVH�UHVXOWV�IRU�WKH�XQGLUHFWHG�FDVH��QRWKLQJ�LQ�DQ\�RI�WKH�SURRIV�GHPDQGV�DQ
XQGLUHFWHG�QHWZRUN��DQG�WKHVH�WKUHH�TXDQWLWLHV�DUH�HTXDO�IRU�GLUHFWHG�QHWZRUNV�DV�ZHOO�
7KH�HTXDOLW\�RI�WKH�PD[LPXP�IORZ��WKH�FRQQHFWLYLW\��DQG�WKH�FXW�VHW�VL]H�KDV�DQ�LPSRUWDQW�SUDFWLFDO

FRQVHTXHQFH��7KHUH�DUH�VLPSOH�FRPSXWHU�DOJRULWKPV��VXFK�DV�WKH�DXJPHQWLQJ�SDWK�DOJRULWKP�RI�6HFWLRQ
��������WKDW�FDQ�FDOFXODWH�PD[LPXP�IORZV�TXLWH�TXLFNO\��LQ�SRO\QRPLDO�WLPH��IRU�DQ\�JLYHQ�QHWZRUN�
DQG�WKH�HTXDOLW\�PHDQV�WKDW�ZH�FDQ�XVH�WKHVH�VDPH�DOJRULWKPV�WR�TXLFNO\�FDOFXODWH�D�FRQQHFWLYLW\�RU
WKH�VL]H�RI�D�FXW�VHW�DV�ZHOO��0D[LPXP�IORZ�DOJRULWKPV�DUH�QRZ�WKH�VWDQGDUG�QXPHULFDO�PHWKRG�IRU
FRQQHFWLYLWLHV�DQG�FXW�VHWV�
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$V�GLVFXVVHG�LQ�6HFWLRQ������QHWZRUNV�FDQ�KDYH�ZHLJKWV�RQ�WKHLU�HGJHV�WKDW�LQGLFDWH�WKDW�VRPH�HGJHV
DUH�VWURQJHU�RU�PRUH�SURPLQHQW�WKDQ�RWKHUV��,Q�VRPH�FDVHV�WKHVH�ZHLJKWV�FDQ�UHSUHVHQW�FDSDFLWLHV�RI
WKH� HGJHV� WR� FRQGXFW� D� IORZ� RI� VRPH� NLQG�� )RU� H[DPSOH�� WKH\� PLJKW� UHSUHVHQW� PD[LPXP� WUDIILF
WKURXJKSXW�RQ� WKH� URDGV�RI�D� URDG�QHWZRUN�RU�PD[LPXP�GDWD�FDSDFLW\�RI� ,QWHUQHW� OLQHV��:H�FDQ�DVN
TXHVWLRQV� DERXW� QHWZRUN� IORZV�RQ� VXFK�QHWZRUNV� VLPLODU� WR� WKRVH�ZH�DVNHG� LQ� WKH� ODVW� VHFWLRQ��EXW
ZLWK�WKH�DGGHG�WZLVW�WKDW�GLIIHUHQW�HGJHV�FDQ�QRZ�KDYH�GLIIHUHQW�FDSDFLWLHV��)RU�H[DPSOH��ZH�FDQ�DVN
ZKDW�WKH�PD[LPXP�SRVVLEOH�IORZ�LV�EHWZHHQ�D�VSHFLILHG�SDLU�RI�YHUWLFHV��:H�FDQ�DOVR�DVN�DERXW�FXW
VHWV��$Q�HGJH�FXW�VHW�LV�GHILQHG�DV�EHIRUH�WR�EH�D�VHW�RI�HGJHV�ZKRVH�UHPRYDO�IURP�WKH�QHWZRUN�ZRXOG
GLVFRQQHFW�WKH�VSHFLILHG�SDLU�RI�YHUWLFHV��$�PLQLPXP�HGJH�FXW�VHW�LV�GHILQHG�DV�EHLQJ�D�FXW�VHW�VXFK
WKDW�WKH�VXP�RI�WKH�ZHLJKWV�RQ�WKH�HGJHV�RI�WKH�VHW�KDV�WKH�PLQLPXP�SRVVLEOH�YDOXH��1RWH�WKDW�LW�LV�QRW
QRZ�WKH�QXPEHU�RI�HGJHV�WKDW�LV�PLQLPL]HG��EXW�WKHLU�ZHLJKW��1RQHWKHOHVV��WKLV�GHILQLWLRQ�LV�D�SURSHU
JHQHUDOL]DWLRQ�RI�WKH�RQH�ZH�KDG�EHIRUH²ZH�FDQ�WKLQN�RI�WKH�XQZHLJKWHG�FDVH�DV�EHLQJ�D�VSHFLDO�FDVH
RI�WKH�ZHLJKWHG�RQH�LQ�ZKLFK�WKH�ZHLJKWV�RQ�DOO�HGJHV�DUH�HTXDO��DQG�WKH�VXP�RI�WKH�ZHLJKWV�LQ�WKH�FXW
VHW�LV�WKHQ�VLPSO\�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�HGJHV�LQ�WKH�VHW�
0D[LPXP�IORZV�DQG�PLQLPXP�FXW�VHWV�RQ�ZHLJKWHG�QHWZRUNV�DUH�UHODWHG�E\�WKH�PD[�IORZ�PLQ�FXW

WKHRUHP�LQ�LWV�PRVW�JHQHUDO�IRUP�

7KH�PD[LPXP�IORZ�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV�LQ�D�QHWZRUN�LV�HTXDO�WR�WKH�VXP�RI�WKH
ZHLJKWV�RQ�WKH�HGJHV�RI�WKH�PLQLPXP�HGJH�FXW�VHW�WKDW�VHSDUDWHV�WKH�VDPH�WZR�YHUWLFHV�

�

:H�FDQ�SURYH�WKLV�WKHRUHP�XVLQJ�WKH�UHVXOWV�RI�WKH�SUHYLRXV�VHFWLRQ���
&RQVLGHU�ILUVW�WKH�VSHFLDO�FDVH�LQ�ZKLFK�WKH�FDSDFLWLHV�RI�DOO�WKH�HGJHV�LQ�RXU�QHWZRUN�DUH�LQWHJHU

PXOWLSOHV�RI�VRPH�IL[HG�FDSDFLW\�U��:H�WKHQ�WUDQVIRUP�RXU�QHWZRUN�E\�UHSODFLQJ�HDFK�HGJH�RI�FDSDFLW\
NU� �ZLWK�N� LQWHJHU�� E\�N� SDUDOOHO� HGJHV� RI� FDSDFLW\�U� HDFK�� )RU� LQVWDQFH�� LI�U�  � ��ZH�ZRXOG� KDYH
VRPHWKLQJ�OLNH�WKLV�

�

,W�LV�FOHDU�WKDW�WKH�PD[LPXP�IORZ�EHWZHHQ�DQ\�WZR�YHUWLFHV�LQ�WKH�WUDQVIRUPHG�QHWZRUN�LV�WKH�VDPH
DV�WKDW�EHWZHHQ�WKH�FRUUHVSRQGLQJ�YHUWLFHV�LQ�WKH�RULJLQDO��$W�WKH�VDPH�WLPH�WKH�WUDQVIRUPHG�QHWZRUN
QRZ�KDV�WKH�IRUP�RI�D�VLPSOH�XQZHLJKWHG�QHWZRUN�RI�WKH�W\SH�FRQVLGHUHG�LQ�6HFWLRQ�������DQG�KHQFH�
IURP�WKH�UHVXOWV�RI�WKDW�VHFWLRQ��ZH�FDQ�LPPHGLDWHO\�VD\�WKDW�WKH�PD[LPXP�IORZ�LQ�WKH�QHWZRUN�LV�HTXDO
WR�WKH�VL]H�LQ�XQLW�HGJHV�RI�WKH�PLQLPXP�HGJH�FXW�VHW�
:H�QRWH�DOVR�WKDW�WKH�PLQLPXP�FXW�VHW�RQ�WKH�WUDQVIRUPHG�QHWZRUN�PXVW�LQFOXGH�HLWKHU�DOO�RU�QRQH�RI

WKH�SDUDOOHO�HGJHV�EHWZHHQ�DQ\�DGMDFHQW�SDLU�RI�YHUWLFHV��WKHUH�LV�QR�SRLQW�FXWWLQJ�RQH�VXFK�HGJH�XQOHVV
\RX� FXW� DOO� RI� WKH�RWKHUV� DV�ZHOO²\RX�KDYH� WR� FXW� DOO� RI� WKHP� WR� GLVFRQQHFW� WKH�YHUWLFHV��7KXV� WKH



PLQLPXP�FXW� VHW� RQ� WKH� WUDQVIRUPHG� QHWZRUN� LV� DOVR� D� FXW� VHW� RQ� WKH� RULJLQDO� QHWZRUN��$QG� LW� LV� D
PLQLPXP�FXW�VHW�RQ�WKH�RULJLQDO�QHWZRUN��EHFDXVH�HYHU\�FXW�VHW�RQ�WKH�RULJLQDO�QHWZRUN�LV�DOVR�D�FXW
VHW�ZLWK� WKH� VDPH�ZHLJKW�RQ� WKH� WUDQVIRUPHG�QHWZRUN�� DQG� LI� WKHUH�ZHUH�DQ\� VPDOOHU� FXW� VHW� RQ� WKH
RULJLQDO� QHWZRUN� WKHQ� WKHUH�ZRXOG� EH� D� FRUUHVSRQGLQJ� RQH� RQ� WKH� WUDQVIRUPHG� QHWZRUN��ZKLFK�� E\
K\SRWKHVLV��WKHUH�LV�QRW�
7KXV�WKH�PD[LPXP�IORZV�RQ�WKH�WZR�QHWZRUNV�DUH�WKH�VDPH��WKH�PLQLPXP�FXWV�DUH�DOVR�WKH�VDPH�

DQG�WKH�PD[LPXP�IORZ�DQG�PLQLPXP�FXW�DUH�HTXDO�RQ�WKH�WUDQVIRUPHG�QHWZRUN��,W� WKHUHIRUH�IROORZV
WKDW�WKH�PD[LPXP�IORZ�DQG�PLQLPXP�FXW�DUH�HTXDO�RQ�WKH�RULJLQDO�QHWZRUN�
7KLV�GHPRQVWUDWHV�WKH�WKHRUHP�IRU�WKH�FDVH�ZKHUH�DOO�HGJHV�DUH�FRQVWUDLQHG�WR�KDYH�ZHLJKWV�WKDW�DUH

LQWHJHU�PXOWLSOHV�RI�U��7KLV�FRQVWUDLQW�FDQ�QRZ�EH�UHPRYHG��KRZHYHU��E\�VLPSO\�DOORZLQJ�U�WR�WHQG�WR
]HUR��7KLV�PDNHV�WKH�XQLWV�LQ�ZKLFK�ZH�PHDVXUH�HGJH�ZHLJKWV�VPDOOHU�DQG�VPDOOHU��DQG�LQ�WKH�OLPLW�U
ĺ���WKH�HGJHV�FDQ�KDYH�DQ\�ZHLJKW²DQ\�ZHLJKW�FDQ�EH�UHSUHVHQWHG�DV�D��YHU\�ODUJH��LQWHJHU�PXOWLSOH
RI�U²DQG�KHQFH�WKH�PD[�IORZ�PLQ�FXW�WKHRUHP�LQ�WKH�IRUP�SUHVHQWHG�DERYH�PXVW�EH�JHQHUDOO\�WUXH�
$JDLQ� WKHUH� H[LVW� HIILFLHQW� FRPSXWHU� DOJRULWKPV� IRU� FDOFXODWLQJ� PD[LPXP� IORZV� RQ� ZHLJKWHG

QHWZRUNV�� VR� WKH�PD[�IORZ�PLQ�FXW� WKHRUHP�DOORZV�XV� WR�FDOFXODWH�PLQLPXP�FXW�ZHLJKWV� HIILFLHQWO\
DOVR��DQG�WKLV�LV�QRZ�WKH�VWDQGDUG�ZD\�RI�SHUIRUPLQJ�VXFK�FDOFXODWLRQV���
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6HFWLRQ�����LQWURGXFHG�DQ�LPSRUWDQW�TXDQWLW\��WKH�DGMDFHQF\�PDWUL[��ZKLFK�FDSWXUHV�WKH�HQWLUH�VWUXFWXUH
RI�D�QHWZRUN�DQG�ZKRVH�PDWUL[�SURSHUWLHV�FDQ�WHOO�XV�D�YDULHW\�RI�XVHIXO�WKLQJV�DERXW�QHWZRUNV��7KHUH
LV�DQRWKHU�PDWUL[��FORVHO\�UHODWHG�WR�WKH�DGMDFHQF\�PDWUL[�EXW�GLIIHULQJ�LQ�VRPH�LPSRUWDQW�UHVSHFWV��WKDW
FDQ�DOVR�WHOO�XV�PXFK�DERXW�QHWZRUN�VWUXFWXUH��7KLV�LV�WKH�JUDSK�/DSODFLDQ�
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�

'LIIXVLRQ� LV�� DPRQJ� RWKHU� WKLQJV�� WKH� SURFHVV� E\�ZKLFK� JDV�PRYHV� IURP� UHJLRQV� RI� KLJK� GHQVLW\� WR
UHJLRQV�RI�ORZ��GULYHQ�E\�WKH�UHODWLYH�SUHVVXUH��RU�SDUWLDO�SUHVVXUH��RI�WKH�GLIIHUHQW�UHJLRQV��2QH�FDQ
DOVR�FRQVLGHU�GLIIXVLRQ�SURFHVVHV�RQ�QHWZRUNV��DQG�VXFK�SURFHVVHV�DUH�VRPHWLPHV�XVHG�DV�D�VLPSOH
PRGHO�RI�VSUHDG�DFURVV�D�QHWZRUN��VXFK�DV�WKH�VSUHDG�RI�DQ�LGHD�RU�WKH�VSUHDG�RI�D�GLVHDVH��6XSSRVH
ZH�KDYH� VRPH� FRPPRGLW\� RU� VXEVWDQFH� RI� VRPH�NLQG� RQ� WKH� YHUWLFHV� RI� D� QHWZRUN� DQG� WKHUH� LV� DQ
DPRXQW�ȥL�RI�LW�DW�YHUWH[�L��$QG�VXSSRVH�WKDW�WKH�FRPPRGLW\�PRYHV�DORQJ�WKH�HGJHV��IORZLQJ�IURP�RQH
YHUWH[�M�WR�DQ�DGMDFHQW�RQH�L�DW�D�UDWH�&�ȥM�±�ȥL��ZKHUH�&�LV�D�FRQVWDQW�FDOOHG�WKH�GLIIXVLRQ�FRQVWDQW�
7KDW�LV��LQ�D�VPDOO�LQWHUYDO�RI�WLPH�WKH�DPRXQW�RI�IOXLG�IORZLQJ�IURP�M� WR�L� LV�&�ȥM� ±�ȥL��GW��7KHQ� WKH
UDWH�DW�ZKLFK�ȥL�LV�FKDQJLQJ�LV�JLYHQ�E\

�

������
�
�

7KH�DGMDFHQF\�PDWUL[�LQ�WKLV�H[SUHVVLRQ�LQVXUHV�WKDW�WKH�RQO\�WHUPV�DSSHDULQJ�LQ�WKH�VXP�DUH�WKRVH�WKDW
FRUUHVSRQG�WR�YHUWH[�SDLUV�WKDW�DUH�DFWXDOO\�FRQQHFWHG�E\�DQ�HGJH��(TXDWLRQ��������ZRUNV�HTXDOO\�ZHOO
IRU�ERWK�XQGLUHFWHG�DQG�GLUHFWHG�QHWZRUNV��EXW�OHW�XV�IRFXV�KHUH�RQ�XQGLUHFWHG�RQHV����:H�ZLOO�DOVR
FRQVLGHU�RXU�QHWZRUNV�WR�EH�VLPSOH��L�H���WR�KDYH�DW�PRVW�D�VLQJOH�HGJH�EHWZHHQ�DQ\�SDLU�RI�YHUWLFHV
DQG�QR�VHOI�HGJHV��
6SOLWWLQJ�WKH�WZR�WHUPV�LQ�(T����������ZH�FDQ�ZULWH

�

������
�

ZKHUH�NL�LV�WKH�GHJUHH�RI�YHUWH[�L�DV�XVXDO�DQG�ZH�KDYH�PDGH�XVH�RI�WKH�UHVXOW�NL� ��M�$LM²VHH�(T�
���������$QG�įLM�LV�WKH�.URQHFNHU�GHOWD��ZKLFK�LV���LI�L� �M�DQG���RWKHUZLVH��
(TXDWLRQ��������FDQ�EH�ZULWWHQ�LQ�PDWUL[�IRUP�DV



�

������
�

ZKHUH�ȥ� LV�WKH�YHFWRU�ZKRVH�FRPSRQHQWV�DUH�QXPEHUV�ȥL��$� LV� WKH�DGMDFHQF\�PDWUL[��DQG�'�LV�WKH
GLDJRQDO�PDWUL[�ZLWK�WKH�YHUWH[�GHJUHHV�DORQJ�LWV�GLDJRQDO�

�

������
�

�

,W�LV�FRPPRQ�WR�GHILQH�WKH�QHZ�PDWUL[

�

������
�

VR�WKDW�(T���������WDNHV�WKH�IRUP

�

������
�

ZKLFK� KDV� WKH� VDPH� IRUP� DV� WKH� RUGLQDU\� GLIIXVLRQ� HTXDWLRQ� IRU� D� JDV�� H[FHSW� WKDW� WKH� /DSODFLDQ
RSHUDWRU�ේ��WKDW�DSSHDUV�LQ�WKDW�HTXDWLRQ�KDV�EHHQ�UHSODFHG�E\�WKH�PDWUL[�/��7KH�PDWUL[�/�LV�IRU�WKLV
UHDVRQ�FDOOHG�WKH�JUDSK�/DSODFLDQ��DOWKRXJK�LWV�LPSRUWDQFH�VWUHWFKHV�PXFK�IXUWKHU�WKDQ�MXVW�GLIIXVLRQ
SURFHVVHV��7KH�JUDSK�/DSODFLDQ��DV�ZH�ZLOO�VHH�� WXUQV�XS� LQ�D�YDULHW\�RI�GLIIHUHQW�SODFHV�� LQFOXGLQJ
UDQGRP�ZDONV�RQ�QHWZRUNV��UHVLVWRU�QHWZRUNV��JUDSK�SDUWLWLRQLQJ��DQG�QHWZRUN�FRQQHFWLYLW\���
:ULWWHQ�RXW�LQ�IXOO��WKH�HOHPHQWV�RI�WKH�/DSODFLDQ�PDWUL[�DUH



�
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VR� LW� KDV� WKH� GHJUHHV� RI� WKH� YHUWLFHV� GRZQ� LWV� GLDJRQDO� DQG� D� í�� HOHPHQW� IRU� HYHU\� HGJH�
$OWHUQDWLYHO\�ZH�FDQ�ZULWH

�

������
�

�
:H�FDQ�VROYH�WKH�GLIIXVLRQ�HTXDWLRQ��������E\�ZULWLQJ�WKH�YHFWRU�ȥ�DV�D�OLQHDU�FRPELQDWLRQ�RI�WKH

HLJHQYHFWRUV�YL�RI�WKH�/DSODFLDQ�WKXV�

�

������
�

ZLWK� WKH� FRHIILFLHQWV�DL�W��YDU\LQJ�RYHU� WLPH��6XEVWLWXWLQJ� WKLV� IRUP�LQWR��������DQG�PDNLQJ�XVH�RI
/YL� �ȜLYL��ZKHUH�ȜL�LV�WKH�HLJHQYDOXH�FRUUHVSRQGLQJ�WR�WKH�HLJHQYHFWRU�YL��ZH�JHW

�

������
�

�

%XW� WKH�HLJHQYHFWRUV�RI�D�V\PPHWULF�PDWUL[�VXFK�DV�WKH�/DSODFLDQ�DUH�RUWKRJRQDO��DQG�VR�� WDNLQJ�WKH
GRW�SURGXFW�RI�WKLV�HTXDWLRQ�ZLWK�DQ\�HLJHQYHFWRU�YM��ZH�JHW



�
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�

IRU�DOO�L��ZKLFK�KDV�WKH�VROXWLRQ

�

������
�
�

*LYHQ�DQ�LQLWLDO�FRQGLWLRQ�IRU�WKH�V\VWHP��DV�VSHFLILHG�E\�WKH�TXDQWLWLHV�DL�����WKHUHIRUH��ZH�FDQ�VROYH
IRU� WKH� VWDWH� DW� DQ\� ODWHU� WLPH�� SURYLGHG� ZH� NQRZ� WKH� HLJHQYDOXHV� DQG� HLJHQYHFWRUV� RI� WKH� JUDSK
/DSODFLDQ�
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7KLV�LV�WKH�ILUVW�RI�PDQ\�LQVWDQFHV�LQ�ZKLFK�WKH�HLJHQYDOXHV�RI�WKH�/DSODFLDQ�ZLOO�DULVH��VR�LW�LV�ZRUWK
VSHQGLQJ�D�OLWWOH�WLPH�XQGHUVWDQGLQJ�WKHLU�SURSHUWLHV��7KH�/DSODFLDQ�LV�D�V\PPHWULF�PDWUL[��DQG�VR�KDV
UHDO�HLJHQYDOXHV��+RZHYHU��ZH�FDQ�VD\�PRUH�WKDQ�WKLV�DERXW�WKHP��,Q�IDFW��DV�ZH�QRZ�VKRZ��DOO�WKH
HLJHQYDOXHV�RI�WKH�/DSODFLDQ�DUH�DOVR�QRQ�QHJDWLYH�
&RQVLGHU�DQ�XQGLUHFWHG�QHWZRUN�ZLWK�Q� YHUWLFHV� DQG�P�HGJHV�DQG� OHW�XV�DUELWUDULO\�GHVLJQDWH�RQH

HQG�RI�HDFK�HGJH�WR�EH�HQG���DQG�WKH�RWKHU�WR�EH�HQG����,W�GRHVQ¶W�PDWWHU�ZKLFK�HQG�LV�ZKLFK��RQO\�WKDW
WKH\�KDYH�GLIIHUHQW�ODEHOV�
1RZ�OHW�XV�GHILQH�DQ�P�î�Q�PDWUL[�%�ZLWK�HOHPHQWV�DV�IROORZV�

�

������
�

�

7KXV�HDFK�URZ�RI�WKH�PDWUL[�KDV�H[DFWO\�RQH����DQG�RQH�í��HOHPHQW�
7KH�PDWUL[�%�LV�FDOOHG�WKH�HGJH�LQFLGHQFH�PDWUL[��,W�EHDUV�VRPH�UHODWLRQ�WR��EXW�LV�GLVWLQFW�IURP��WKH

LQFLGHQFH�PDWUL[�IRU�D�ELSDUWLWH�JUDSK�GHILQHG�LQ�6HFWLRQ�����
1RZ�FRQVLGHU�WKH�VXP��N�%NL%NM��,I�L���M��WKHQ�WKH�RQO\�QRQ�]HUR�WHUPV�LQ�WKH�VXP�ZLOO�RFFXU�LI�ERWK

%LN�DQG�%MN�DUH�QRQ�]HUR��L�H���LI�HGJH�N�FRQQHFWV�YHUWLFHV�L�DQG�M��LQ�ZKLFK�FDVH�WKH�SURGXFW�ZLOO�KDYH
YDOXH�í���)RU�D�VLPSOH�QHWZRUN��WKHUH�LV�DW�PRVW�RQH�HGJH�EHWZHHQ�DQ\�SDLU�RI�YHUWLFHV�DQG�KHQFH�DW
PRVW�RQH�VXFK�QRQ�]HUR�WHUP��VR�WKH�YDOXH�RI�WKH�HQWLUH�VXP�ZLOO�EH�í��LI�WKHUH�LV�DQ�HGJH�EHWZHHQ�L
DQG�M�DQG�]HUR�RWKHUZLVH�
,I�L�  �M� WKHQ� WKH� VXP� LV� ����ZKLFK�KDV�D� WHUP����IRU�HYHU\�HGJH�FRQQHFWHG� WR�YHUWH[�L�� VR� WKH

ZKROH�VXP�LV�MXVW�HTXDO�WR�WKH�GHJUHH�NL�RI�YHUWH[�L�
7KXV� WKH� VXP��N�%NL�%NM� LV� SUHFLVHO\� HTXDO� WR� DQ� HOHPHQW� RI� WKH� /DSODFLDQ��N%NL%NM�  �/LM²WKH

GLDJRQDO�WHUPV�/LL�DUH�HTXDO�WR�WKH�GHJUHHV�NL�DQG�WKH�RII�GLDJRQDO�WHUPV�/LM�DUH²��LI�WKHUH�LV�DQ�HGJH
�L��M��DQG�]HUR�RWKHUZLVH���6HH�(T�����������,Q�PDWUL[�IRUP�ZH�FDQ�ZULWH

�

������
�



ZKHUH�%7�LV�WKH�WUDQVSRVH�RI�%�
1RZ�OHW�YL�EH�DQ�HLJHQYHFWRU�RI�/�ZLWK�HLJHQYDOXH�ȜL��7KHQ

�

������
�

ZKHUH�ZH�DVVXPH�WKDW�WKH�HLJHQYHFWRU�YL�LV�QRUPDOL]HG�VR�WKDW�LWV�LQQHU�SURGXFW�ZLWK�LWVHOI�LV���
7KXV� DQ\� HLJHQYDOXH�ȜL� RI� WKH� /DSODFLDQ� LV� HTXDO� WR� ��%XW� WKLV� TXDQWLW\� LV� LWVHOI� MXVW� WKH

LQQHU�SURGXFW�RI� D� UHDO� YHFWRU� �%YL��ZLWK� LWVHOI�� ,Q� RWKHU�ZRUGV�� LW� LV� WKH� VXP�RI� WKH� VTXDUHV� RI� WKH
�UHDO��HOHPHQWV�RI�WKDW�YHFWRU�DQG�KHQFH�LW�FDQQRW�EH�QHJDWLYH��7KH�VPDOOHVW�YDOXH�LW�FDQ�KDYH�LV�]HUR�
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IRU�DOO�L�
7KLV�LV�DQ�LPSRUWDQW�SK\VLFDO�SURSHUW\�RI�WKH�/DSODFLDQ��,W�PHDQV��IRU�LQVWDQFH��WKDW�WKH�VROXWLRQ��(T�

��������RI�WKH�GLIIXVLRQ�HTXDWLRQ�RQ�DQ\�QHWZRUN�FRQWDLQV�RQO\�GHFD\LQJ�H[SRQHQWLDOV�RU�FRQVWDQWV�DQG
QRW� JURZLQJ� H[SRQHQWLDOV�� VR� WKDW� WKH� VROXWLRQ� WHQGV� WR� DQ� HTXLOLEULXP�YDOXH� DV�W�ĺ���� UDWKHU� WKDQ
GLYHUJLQJ���
:KLOH� WKH� HLJHQYDOXHV� RI� WKH� /DSODFLDQ� FDQQRW� EH� QHJDWLYH�� WKH\� FDQ� EH� ]HUR�� DQG� LQ� IDFW� WKH

/DSODFLDQ�DOZD\V�KDV�DW�OHDVW�RQH�]HUR�HLJHQYDOXH��&RQVLGHU�WKH�YHFWRU��� ��������������,I�ZH�PXOWLSO\
WKLV�YHFWRU�E\�WKH�/DSODFLDQ��WKH�LWK�HOHPHQW�RI�WKH�UHVXOW�LV�JLYHQ�E\

�

������
�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�(TV���������DQG���������,Q�YHFWRU�QRWDWLRQ��/�Â��� ����7KXV�WKH�YHFWRU��
LV�DOZD\V�DQ�HLJHQYHFWRU�RI�WKH�JUDSK�/DSODFLDQ�ZLWK�HLJHQYDOXH�]HUR����6LQFH�WKHUH�DUH�QR�QHJDWLYH
HLJHQYDOXHV��WKLV�LV�WKH�ORZHVW�RI�WKH�HLJHQYDOXHV�RI�WKH�/DSODFLDQ��)ROORZLQJ�FRQYHQWLRQ��ZH�QXPEHU
WKH�Q�HLJHQYDOXHV�RI�WKH�/DSODFLDQ�LQ�DVFHQGLQJ�RUGHU��Ȝ����Ȝ����������ȜQ��6R�ZH�DOZD\V�KDYH�Ȝ�� ���



1RWH� WKDW� WKH� SUHVHQFH� RI� D� ]HUR� HLJHQYDOXH� LPSOLHV� WKDW� WKH� /DSODFLDQ� KDV� QR� LQYHUVH�� WKH
GHWHUPLQDQW�RI�WKH�PDWUL[�LV�WKH�SURGXFW�RI�LWV�HLJHQYDOXHV��DQG�KHQFH�LV�DOZD\V�]HUR�IRU�WKH�/DSODFLDQ�
VR�WKDW�WKH�PDWUL[�LV�VLQJXODU�
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�

6HH�WKH�GLVFXVVLRQ�RI�EORFN�GLDJRQDO�PDWULFHV�LQ�6HFWLRQ������
�

6XSSRVH�ZH�KDYH�D�QHWZRUN�WKDW�LV�GLYLGHG�XS�LQWR�F�GLIIHUHQW�FRPSRQHQWV�RI�VL]HV�Q���Q��� �����QF��7R
PDNH� WKH� QRWDWLRQ� VLPSOH� OHW� XV� QXPEHU� WKH�YHUWLFHV� RI� WKH�QHWZRUN� VR� WKDW� WKH� ILUVW�Q�� YHUWLFHV� DUH
WKRVH�RI� WKH� ILUVW� FRPSRQHQW�� WKH�QH[W�Q��DUH� WKRVH�RI� WKH�VHFRQG�FRPSRQHQW��DQG�VR�IRUWK��:LWK� WKLV
FKRLFH�WKH�/DSODFLDQ�RI�WKH�QHWZRUN�ZLOO�EH�EORFN�GLDJRQDO��ORRNLQJ�VRPHWKLQJ�OLNH�WKLV�

�

������
�
�

:KDW� LV� PRUH�� HDFK� EORFN� LQ� WKH� /DSODFLDQ� LV�� E\� GHILQLWLRQ�� WKH� /DSODFLDQ� RI� WKH� FRUUHVSRQGLQJ
FRPSRQHQW�� LW� KDV� WKH� GHJUHHV� RI� WKH� YHUWLFHV� LQ� WKDW� FRPSRQHQW� DORQJ� LWV� GLDJRQDO� DQG� í�� LQ� HDFK
SRVLWLRQ� FRUUHVSRQGLQJ� WR� DQ� HGJH�ZLWKLQ� WKDW� FRPSRQHQW�� 7KXV�ZH� FDQ� LPPHGLDWHO\�ZULWH� GRZQ�F
GLIIHUHQW� YHFWRUV� WKDW� DUH� HLJHQYHFWRUV� RI�/�ZLWK� HLJHQYDOXH� ]HUR�� WKH�YHFWRUV� WKDW�KDYH�RQHV� LQ� DOO
SRVLWLRQV� FRUUHVSRQGLQJ� WR� YHUWLFHV� LQ� D� VLQJOH� FRPSRQHQW� DQG� ]HUR� HOVHZKHUH�� )RU� LQVWDQFH�� WKH
YHFWRU

�
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LV�DQ�HLJHQYHFWRU�ZLWK�HLJHQYDOXH�]HUR�
7KXV�LQ�D�QHWZRUN�ZLWK�F�FRPSRQHQWV�WKHUH�DUH�DOZD\V�DW�OHDVW�F�HLJHQYHFWRUV�ZLWK�HLJHQYDOXH�]HUR�

,Q�IDFW��LW�FDQ�EH�VKRZQ�WKDW�WKH�QXPEHU�RI�]HUR�HLJHQYDOXHV�LV�DOZD\V�H[DFWO\�HTXDO�WR�WKH�QXPEHU�RI
FRPSRQHQWV� >���@�� �1RWH� WKDW� WKH� YHFWRU��� RI� DOO� RQHV� LV� MXVW� HTXDO� WR� WKH� VXP� RI� WKH�F� RWKHU
HLJHQYHFWRUV��VR�LW�LV�QRW�DQ�LQGHSHQGHQW�HLJHQYHFWRU���$Q�LPSRUWDQW�FRUROODU\�RI�WKLV�UHVXOW�LV�WKDW�WKH



VHFRQG�HLJHQYDOXH�RI�WKH�JUDSK�/DSODFLDQ�Ȝ��LV�QRQ�]HUR�LI�DQG�RQO\�LI�WKH�QHWZRUN�LV�FRQQHFWHG��L�H��
FRQVLVWV� RI� D� VLQJOH� FRPSRQHQW�� 7KH� VHFRQG� HLJHQYDOXH� RI� WKH� /DSODFLDQ� LV� FDOOHG� WKH�DOJHEUDLF
FRQQHFWLYLW\�RI�WKH�QHWZRUN����,W�ZLOO�FRPH�XS�DJDLQ�LQ�6HFWLRQ������ZKHQ�ZH�ORRN�DW�WKH�WHFKQLTXH
NQRZQ�DV�VSHFWUDO�SDUWLWLRQLQJ�
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�

$QRWKHU�FRQWH[W�LQ�ZKLFK�WKH�JUDSK�/DSODFLDQ�DULVHV�LV�LQ�WKH�VWXG\�RI�UDQGRP�ZDONV�RQ�QHWZRUNV��$
UDQGRP�ZDON� LV�D�SDWK�DFURVV�D�QHWZRUN�FUHDWHG�E\� WDNLQJ�UHSHDWHG�UDQGRP�VWHSV��6WDUWLQJ�DW�VRPH
VSHFLILHG�LQLWLDO�YHUWH[��DW�HDFK�VWHS�RI�WKH�ZDON�ZH�FKRRVH�XQLIRUPO\�DW�UDQGRP�EHWZHHQ�WKH�HGJHV
DWWDFKHG�WR�WKH�FXUUHQW�YHUWH[��PRYH�DORQJ�WKH�FKRVHQ�HGJH�WR�WKH�YHUWH[�DW�LWV�RWKHU�HQG��DQG�UHSHDW�
5DQGRP�ZDONV�DUH�QRUPDOO\�DOORZHG�WR�JR�DORQJ�HGJHV�PRUH�WKDQ�RQFH��YLVLW�YHUWLFHV�PRUH�WKDQ�RQFH�
RU� UHWUDFH� WKHLU� VWHSV� DORQJ� DQ� HGJH� MXVW� WUDYHUVHG��6HOI�DYRLGLQJ�ZDONV�� ZKLFK� GR� QRQH� RI� WKHVH
WKLQJV��DUH�DOVR�VWXGLHG�VRPHWLPHV��EXW�ZH�ZLOO�QRW�GLVFXVV�WKHP�KHUH�
5DQGRP� ZDONV� DULVH�� IRU� LQVWDQFH�� LQ� WKH� UDQGRP� ZDON� VDPSOLQJ� PHWKRG� IRU� VRFLDO� QHWZRUNV

GLVFXVVHG�LQ�6HFWLRQ�����DQG�LQ�WKH�UDQGRP�ZDON�EHWZHHQQHVV�PHDVXUH�RI�6HFWLRQ�����
&RQVLGHU�D�UDQGRP�ZDON�WKDW�VWDUWV�DW�D�VSHFLILHG�YHUWH[�DQG�WDNHV�W�UDQGRP�VWHSV��/HW�SL�W��EH�WKH

SUREDELOLW\�WKDW�WKH�ZDON�LV�DW�YHUWH[�L�DW�WLPH�W��,I�WKH�ZDON�LV�DW�YHUWH[�M�DW�WLPH�W�í����WKH�SUREDELOLW\
RI� WDNLQJ� D� VWHS� DORQJ� DQ\� SDUWLFXODU� RQH� RI� WKH�NM� HGJHV� DWWDFKHG� WR�M� LV� ��NM�� VR� RQ� DQ� XQGLUHFWHG
QHWZRUN�SL�W��LV�JLYHQ�E\
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�

RU�S�W�� �$'í�S�W�í����LQ�PDWUL[�IRUP�ZKHUH�S� LV�WKH�YHFWRU�ZLWK�HOHPHQWV�SL�DQG��DV�EHIRUH��'� LV
WKH�GLDJRQDO�PDWUL[�ZLWK�WKH�GHJUHHV�RI�WKH�YHUWLFHV�GRZQ�LWV�GLDJRQDO�
7KHUH�DUH�D�FRXSOH�RI�RWKHU�XVHIXO�ZD\V�WR�ZULWH�WKLV�UHODWLRQ��2QH�LV�WR�GHILQH�'����WR�EH�WKH�PDWUL[

ZLWK�WKH�VTXDUH�URRWV� �RI�WKH�GHJUHHV�GRZQ�WKH�GLDJRQDO��VR�WKDW

�

������
�

�

7KLV�IRUP�LV�FRQYHQLHQW� LQ�VRPH�VLWXDWLRQV�EHFDXVH�WKH�PDWUL[�'í���$'í����LV�D�V\PPHWULF�RQH��7KLV
PDWUL[� LV� FDOOHG� WKH�UHGXFHG�DGMDFHQF\�PDWUL[� DQG�KDV� HOHPHQWV� HTXDO� WR� � LI� WKHUH� LV�DQ�HGJH
EHWZHHQ�L�DQG�M�DQG�]HUR�RWKHUZLVH��(TXDWLRQ��������WHOOV�XV�WKDW�WKH�YHFWRU�'í���S�JHWV�PXOWLSOLHG�E\
RQH�IDFWRU�RI� WKH�UHGXFHG�DGMDFHQF\�PDWUL[�DW�HDFK�VWHS�RI� WKH�UDQGRP�ZDON��DQG�VR�WKH�SUREOHP�RI



XQGHUVWDQGLQJ� WKH� UDQGRP� ZDON� FDQ� EH� UHGXFHG� WR� RQH� RI� XQGHUVWDQGLQJ� WKH� HIIHFWV� RI� UHSHDWHG
PXOWLSOLFDWLRQ�E\�D�VLPSOH�V\PPHWULF�PDWUL[�
)RU� RXU� SXUSRVHV�� KRZHYHU��ZH� WDNH� D� GLIIHUHQW� DSSURDFK�� ,Q� WKH� OLPLW� DV�W�ĺ��� WKH�SUREDELOLW\

GLVWULEXWLRQ�RYHU�YHUWLFHV�LV�JLYHQ�E\�VHWWLQJ�W� ����SL����� ��M�$LMSM����NM��RU�LQ�PDWUL[�IRUP�
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�

5HDUUDQJLQJ��WKLV�FDQ�DOVR�EH�ZULWWHQ�DV

�
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�

7KXV�'í�S�LV�DQ�HLJHQYHFWRU�RI�WKH�/DSODFLDQ�ZLWK�HLJHQYDOXH���
2Q� D� FRQQHFWHG� QHWZRUN�� IRU� LQVWDQFH²RQH� ZLWK� RQO\� D� VLQJOH� FRPSRQHQW²ZH� NQRZ� �6HFWLRQ

��������WKDW�WKHUH�LV�RQO\�D�VLQJOH�HLJHQYHFWRU�ZLWK�HLJHQYDOXH�]HUR��WKH�YHFWRU�ZKRVH�FRPSRQHQWV�DUH
DOO�HTXDO��7KXV��'í�S� �D���ZKHUH�D�LV�D�FRQVWDQW�DQG���LV�WKH�YHFWRU�ZKRVH�FRPSRQHQWV�DUH�DOO�RQHV�
(TXLYDOHQWO\�S�  �D'��� VR� WKDW�SL�  �DNL��7KHQ�RQ�D�FRQQHFWHG�QHWZRUN� WKH�SUREDELOLW\� WKDW�D� UDQGRP
ZDON�ZLOO�EH� IRXQG�DW�YHUWH[�L� LQ� WKH� OLPLW�RI� ORQJ� WLPH� LV�VLPSO\�SURSRUWLRQDO� WR� WKH�GHJUHH�RI� WKDW
YHUWH[��,I�ZH�FKRRVH�WKH�YDOXH�RI�D�WR�QRUPDOL]H�SL�SURSHUO\��WKLV�JLYHV
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ZKHUH�ZH�KDYH�XVHG�(T���������
7KH� VLPSOH�ZD\� WR�XQGHUVWDQG� WKLV� UHVXOW� LV� WKDW�YHUWLFHV�ZLWK�KLJK�GHJUHH� DUH�PRUH� OLNHO\� WR�EH

YLVLWHG�E\� WKH� UDQGRP�ZDON�EHFDXVH� WKHUH�DUH�PRUH�ZD\V�RI� UHDFKLQJ� WKHP��:H�XVHG�(T�� ������� LQ
6HFWLRQ�����LQ�RXU�DQDO\VLV�RI�WKH�UDQGRP�ZDON�VDPSOLQJ�PHWKRG�IRU�VRFLDO�QHWZRUNV�
$Q�LPSRUWDQW�TXHVWLRQ�DERXW�UDQGRP�ZDONV�FRQFHUQV�WKH�ILUVW�SDVVDJH�WLPH��7KH�ILUVW�SDVVDJH�WLPH

IRU�D�UDQGRP�ZDON�IURP�D�YHUWH[�X�WR�DQRWKHU�YHUWH[�Y�LV�WKH�QXPEHU�RI�VWHSV�EHIRUH�D�ZDON�VWDUWLQJ�DW



X�ILUVW�UHDFKHV�Y��6LQFH�WKH�ZDON�LV�UDQGRP��WKH�ILUVW�SDVVDJH�WLPH�EHWZHHQ�WZR�YHUWLFHV�LV�QRW�IL[HG��LI
ZH�UHSHDW�WKH�UDQGRP�ZDON�SURFHVV�PRUH�WKDQ�RQFH�LW�FDQ�WDNH�GLIIHUHQW�YDOXHV�RQ�GLIIHUHQW�RFFDVLRQV�
%XW�ZH�FDQ�DVN�IRU�H[DPSOH�ZKDW�WKH�PHDQ�ILUVW�SDVVDJH�WLPH�LV�
7R�DQVZHU�WKLV�TXHVWLRQ��ZH�PRGLI\�RXU�UDQGRP�ZDON�VOLJKWO\�WR�PDNH�LW�LQWR�DQ�DEVRUELQJ�UDQGRP

ZDON��$Q�DEVRUELQJ�ZDON�LV�RQH�WKDW�KDV�RQH�RU�PRUH�DEVRUELQJ�VWDWHV��PHDQLQJ�YHUWLFHV�WKDW�WKH�ZDON
FDQ�PRYH�WR��EXW�QRW�OHDYH�DJDLQ��:H�ZLOO�FRQVLGHU�MXVW�WKH�VLPSOHVW�FDVH�RI�D�VLQJOH�DEVRUELQJ�YHUWH[
Y��$Q\�ZDON�WKDW�DUULYHV�DW�YHUWH[�Y�PXVW�VWD\�WKHUH�HYHU�DIWHUZDUGV��EXW�RQ�WKH�UHVW�RI�WKH�QHWZRUN�WKH
ZDON� LV� MXVW� D� QRUPDO� UDQGRP� ZDON�� :H� FDQ� DQVZHU� TXHVWLRQV� DERXW� WKH� ILUVW� SDVVDJH� WLPH� E\
FRQVLGHULQJ�WKH�SUREDELOLW\�SY�W��WKDW�D�ZDON�LV�DW�YHUWH[�Y�DIWHU�D�JLYHQ�DPRXQW�RI�WLPH��VLQFH�WKLV�LV
DOVR�WKH�SUREDELOLW\�WKDW�WKH�ZDON�KDV�D�ILUVW�SDVVDJH�WLPH�WR�Y�WKDW�LV�OHVV�WKDQ�RU�HTXDO�WR�W��$QG�WKH
SUREDELOLW\�WKDW�D�ZDON�KDV�ILUVW�SDVVDJH�WLPH�H[DFWO\�W�LV�SY�W��±�SY�W�±�����ZKLFK�PHDQV�WKDW�WKH�PHDQ
ILUVW�SDVVDJH�WLPH�Ĳ�LV
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�
7R�FDOFXODWH�WKH�SUREDELOLW\�SY�W��ZH�FRXOG�DSSO\�(T����������RU���������UHSHDWHGO\�WR�ILQG�S�W��DQG

VXEVWLWXWH�WKH�UHVXOW�LQWR�(T����������1RWH��KRZHYHU��WKDW�VLQFH�WKH�UDQGRP�ZDON�FDQ�PRYH�WR�YHUWH[�Y
EXW�QRW�DZD\�IURP�LW�� WKH�DGMDFHQF\�PDWUL[�$� KDV� HOHPHQWV�$LY� ��� IRU�DOO�L� EXW�$YL�FDQ�VWLOO�EH�QRQ�
]HUR��7KXV� LQ�JHQHUDO�$� LV�DV\PPHWULF��$OWKRXJK�ZH�FDQ�ZRUN�ZLWK�VXFK�DQ�DV\PPHWULF�PDWUL[�� WKH
FRPSXWDWLRQV�DUH�KDUGHU�WKDQ�IRU�V\PPHWULF�PDWULFHV�DQG�LQ�WKLV�FDVH�WKHUH�LV�QR�QHHG��,QVWHDG�ZH�FDQ
XVH�WKH�IROORZLQJ�WULFN�
&RQVLGHU�(T���������IRU�DQ\�L���Y�
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ZKHUH�WKH�VHFRQG�HTXDOLW\�DSSOLHV�VLQFH�$LY� ���DQG�KHQFH�WKH�WHUPV�ZLWK�M� �Y�GRQ W�FRQWULEXWH�WR
WKH� VXP�� %XW� LI�L� ��Y� WKHQ� WKHUH� DUH� QR� WHUPV� LQ�$YM� LQ� WKH� VXP� HLWKHU�� 7KLV� DOORZV� XV� WR�ZULWH� WKH
HTXDWLRQ�LQ�WKH�PDWUL[�IRUP

�
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ZKHUH�S � LV�S� ZLWK� WKH�YWK� HOHPHQW� UHPRYHG� DQG�$ � DQG�' � DUH�$� DQG�'� ZLWK� WKHLU�YWK� URZ�DQG
FROXPQ�UHPRYHG��1RWH�WKDW�$ �DQG�' �DUH�V\PPHWULF�PDWULFHV��VLQFH�WKH�URZV�DQG�FROXPQV�FRQWDLQLQJ
WKH�DV\PPHWULF�HOHPHQWV�KDYH�EHHQ�UHPRYHG��,WHUDWLQJ�(T����������ZH�QRZ�JHW
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�
6LQFH�ZH�KDYH� UHPRYHG� WKH� HOHPHQW�SY� IURP� WKH� YHFWRU�S��ZH� FDQQRW� FDOFXODWH� LWV� YDOXH�GLUHFWO\

XVLQJ�WKLV�HTXDWLRQ��EXW�ZH�FDQ�FDOFXODWH�LW�LQGLUHFWO\�E\�QRWLQJ�WKDW��LSL�W�� ���DW�DOO�WLPHV��7KXV
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ZKHUH� DJDLQ���  � ���� ��� ��� ������ 8VLQJ� (TV�� �������� �������� DQG� �������ZH� WKHQ� KDYH� D�PHDQ� ILUVW
SDVVDJH�WLPH�RI
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ZKHUH�,�LV�WKH�LGHQWLW\�PDWUL[�DQG�ZH�KDYH�PDGH�XVH�RI�WKH�UHVXOW�WKDW

�
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�



IRU�DQ\�PDWUL[�0��DVVXPLQJ�WKH�VXP�DFWXDOO\�FRQYHUJHV��
:H�FDQ�VLPSOLI\�(T���������E\�ZULWLQJ
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VR�WKDW
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ZKHUH�WKH�V\PPHWULF�PDWUL[�/ƍ�LV�WKH�JUDSK�/DSODFLDQ�ZLWK�WKH�YWK�URZ�DQG�FROXPQ�UHPRYHG��/ƍ�LV
FDOOHG� WKH�YWK� UHGXFHG� /DSODFLDQ�� 1RWH� WKDW�� HYHQ� WKRXJK�� DV� ZH� QRWHG� LQ� 6HFWLRQ� �������� WKH
/DSODFLDQ�KDV�QR�ILQLWH�LQYHUVH��WKH�UHGXFHG�/DSODFLDQ�FDQ�KDYH�DQ�LQYHUVH��7KH�HLJHQYHFWRU����������
�����ZKRVH�]HUR�HLJHQYDOXH�FDXVHV� WKH�GHWHUPLQDQW�RI� WKH�/DSODFLDQ� WR�EH�]HUR� LV�� LQ�JHQHUDO��QRW�DQ
HLJHQYHFWRU�RI�WKH�UHGXFHG�PDWUL[�
)RU�FRQYHQLHQFH��ZH�QRZ� LQWURGXFH� WKH� V\PPHWULF�PDWUL[�ȁ�Y���ZKLFK� LV� HTXDO� WR�/ƍ���ZLWK� D�YWK

URZ�DQG�FROXPQ�UHLQWURGXFHG�KDYLQJ�HOHPHQWV�DOO�]HUR�

�
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�

7KHQ�ZH�REVHUYH�WKDW�IRU�D�ZDON�VWDUWLQJ�DW�YHUWH[�X��WKH�LQLWLDO�SUREDELOLW\�GLVWULEXWLRQ�Sƍ����KDV�DOO
HOHPHQWV� �� H[FHSW� WKH� RQH� FRUUHVSRQGLQJ� WR� YHUWH[�X��ZKLFK� LV����7KXV��FRPELQLQJ�(TV�� �������DQG
��������WKH�PHDQ�ILUVW�SDVVDJH�WLPH�IRU�D�UDQGRP�ZDON�IURP�X�WR�Y�LV�JLYHQ�E\



�
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ZKHUH�ZH� KDYH�PDGH� XVH� RI� WKH� IDFW� WKDW� WKH� QRQ�]HUR� HOHPHQWV� RI� WKH� GLDJRQDO�PDWUL[�'ƍ� DUH� WKH
GHJUHHV�NL�RI� WKH�YHUWLFHV��7KXV� LI�ZH�FDQ�FDOFXODWH� WKH� LQYHUVH�RI� WKH�YWK� UHGXFHG�/DSODFLDQ� WKHQ�D
VXP� RYHU� WKH� HOHPHQWV� LQ� WKH�XWK� FROXPQ� LPPHGLDWHO\� JLYHV� XV� WKH� PHDQ� ILUVW� SDVVDJH� WLPH� IRU� D
UDQGRP�ZDON�IURP�X�WR�Y��$QG�VXPV�RYHU�WKH�RWKHU�FROXPQV�JLYH�XV�WKH�ILUVW�SDVVDJH�WLPHV�IURP�RWKHU
VWDUWLQJ� YHUWLFHV� WR� WKH� VDPH� WDUJHW� YHUWH[�Y²ZH� JHW�Q� ILUVW� SDVVDJH� WLPHV� IURP� D� VLQJOH� PDWUL[
LQYHUVLRQ�
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�

7KHUH� DUH� LQWHUHVWLQJ� PDWKHPDWLFDO� FRQQHFWLRQV� EHWZHHQ� UDQGRP� ZDONV� RQ� QHWZRUNV� DQG� WKH
FDOFXODWLRQ�RI�FXUUHQW�IORZV�LQ�QHWZRUNV�RI�UHVLVWRUV��6XSSRVH�ZH�KDYH�D�QHWZRUN�LQ�ZKLFK�WKH�HGJHV
DUH� LGHQWLFDO� UHVLVWRUV�RI� UHVLVWDQFH�5�DQG�WKH�YHUWLFHV�DUH�MXQFWLRQV�EHWZHHQ�UHVLVWRUV��DV�VKRZQ�LQ
)LJ��������DQG�VXSSRVH�ZH�DSSO\�D�YROWDJH�EHWZHHQ�WZR�YHUWLFHV�V� DQG�W� VXFK� WKDW�D�FXUUHQW�,� IORZV
IURP�V� WR�W� WKURXJK� WKH� QHWZRUN�� :KDW� WKHQ� LV� WKH� FXUUHQW� IORZ� WKURXJK� DQ\� JLYHQ� UHVLVWRU� LQ� WKH
QHWZRUN"

�

)LJXUH�������$�UHVLVWRU�QHWZRUN�ZLWK�DSSOLHG�YROWDJH� �$�QHWZRUN�LQ�ZKLFK�WKH�HGJHV�DUH�UHVLVWRUV
DQG�WKH�YHUWLFHV�DUH�HOHFWULFDO�MXQFWLRQV�EHWZHHQ�WKHP��ZLWK�D�YROWDJH�DSSOLHG�EHWZHHQ�YHUWLFHV�V�DQG
W�VR�DV�WR�JHQHUDWH�D�WRWDO�FXUUHQW�,�
�
�
7KH� FXUUHQWV� LQ� WKH� QHWZRUN� REH\�.LUFKKRII¶V� FXUUHQW� ODZ��ZKLFK� LV� HVVHQWLDOO\� D� VWDWHPHQW� WKDW

HOHFWULFLW\�LV�FRQVHUYHG��VR�WKDW�WKH�QHW�FXUUHQW�IORZLQJ�LQ�RU�RXW�RI�DQ\�YHUWH[�LV�]HUR��/HW�9L�EH� WKH
YROWDJH� DW� YHUWH[�L��PHDVXUHG� UHODWLYH� WR� DQ\� FRQYHQLHQW� UHIHUHQFH� SRWHQWLDO�� 7KHQ�.LUFKKRII¶V� ODZ
VD\V�WKDW

�

������
�

ZKHUH�,L�UHSUHVHQWV�DQ\�FXUUHQW�LQMHFWHG�LQWR�YHUWH[�L�E\�DQ�H[WHUQDO�FXUUHQW�VRXUFH��,Q�RXU�FDVH�WKLV
H[WHUQDO�FXUUHQW�LV�QRQ�]HUR�RQO\�IRU�WKH�WZR�YHUWLFHV�V�DQG�W�FRQQHFWHG�WR�WKH�H[WHUQDO�YROWDJH�



�

������
�

�

�,Q�WKHRU\�WKHUH¶V�QR�UHDVRQ�ZK\�RQH�FRXOG�QRW�LPSRVH�PRUH�FRPSOH[�FXUUHQW�VRXUFH�DUUDQJHPHQWV�E\
DSSO\LQJ�DGGLWLRQDO�YROWDJHV�WR�WKH�QHWZRUN�DQG�PDNLQJ�PRUH�HOHPHQWV�,L�QRQ�]HUR��EXW�OHW�XV�VWLFN�WR
RXU�VLPSOH�FDVH�LQ�WKLV�GLVFXVVLRQ��
1RWLQJ�WKDW��M�$LM� �NL��(T���������FDQ�DOVR�EH�ZULWWHQ�DV�NL�9L�±��M�$LM�9M� �5,L�RU

�

������
�

ZKLFK�LQ�PDWUL[�IRUP�LV

�

������
�

ZKHUH�/� �'���$�LV�RQFH�DJDLQ�WKH�JUDSK�/DSODFLDQ�
$V�GLVFXVVHG� LQ�6HFWLRQ��������� WKH�/DSODFLDQ�KDV�QR� LQYHUVH�EHFDXVH� LW� DOZD\V�KDV�DW� OHDVW�RQH

HLJHQYDOXH� WKDW� LV�]HUR��VR�ZH�FDQQRW�VLPSO\� LQYHUW�(T��������� WR�JHW� WKH�YROWDJH�YHFWRU�9��:H�FDQ�
KRZHYHU��VROYH�IRU�9�E\�RQFH�DJDLQ�PDNLQJ�XVH�RI�WKH�UHGXFHG�/DSODFLDQ�RI�6HFWLRQ������
7KH�UHDVRQ�ZK\�ZH�FDQQRW� LQYHUW�(T��������� LV� WKDW� WKH�HTXDWLRQ�GRHV�QRW� LQ�IDFW� IL[� WKH�DEVROXWH

YDOXH�RI�WKH�YROWDJHV�9L��:H�FDQ�DGG�DQ\�PXOWLSOH�RI�WKH�YHFWRU��� ����������������WR�WKH�VROXWLRQ�RI�WKLV
HTXDWLRQ�DQG�JHW�DQRWKHU�VROXWLRQ��VLQFH���LV�DQ�HLJHQYHFWRU�RI�/�ZLWK�HLJHQYDOXH�]HUR�

�

������
�

�



,Q�SK\VLFDO�WHUPV�WKHVH�GLIIHUHQW�VROXWLRQV�FRUUHVSRQG�WR�GLIIHUHQW�FKRLFHV�RI�WKH�UHIHUHQFH�SRWHQWLDO
DJDLQVW�ZKLFK�ZH�PHDVXUH�RXU�YROWDJHV��7KH�DFWXDO�FXUUHQWV�IORZLQJ�DURXQG�WKH�V\VWHP�DUH�LGHQWLFDO
QR�PDWWHU�ZKDW�UHIHUHQFH�SRWHQWLDO�ZH�FKRRVH��,I�ZH�IL[�RXU�UHIHUHQFH�SRWHQWLDO�DW�D�SDUWLFXODU�YDOXH�
WKHQ�ZH�ZLOO�IL[�WKH�VROXWLRQ�IRU�WKH�YROWDJHV�DV�ZHOO��DQG�RXU�HTXDWLRQ�IRU�9�ZLOO�EHFRPH�VROYDEOH�
/HW�XV�FKRRVH��DUELWUDULO\��WR�VHW�RXU�UHIHUHQFH�SRWHQWLDO�HTXDO�WR�WKH�SRWHQWLDO�DW�WKH�WDUJHW�YHUWH[�W

ZKHUH�WKH�FXUUHQW�H[LWV�WKH�QHWZRUN���:H�FRXOG�FKRRVH�DQ\�RWKHU�YHUWH[�MXVW�DV�ZHOO��EXW�WKLV�FKRLFH�LV
WKH�VLPSOHVW���7KDW�LV�� WKH�YROWDJH�DW�WKLV�YHUWH[�LV�FKRVHQ�WR�EH�]HUR�DQG�DOO�RWKHUV�DUH�PHDVXUHG�LQ
WHUPV�RI�WKHLU�SRWHQWLDO�GLIIHUHQFH�IURP�YHUWH[�W��%XW�QRZ�ZH�FDQ�UHPRYH�WKH�HOHPHQW�9W� ���IURP�9�LQ
(T����������DORQJ�ZLWK�WKH�FRUUHVSRQGLQJ�FROXPQ�W�LQ�WKH�/DSODFLDQ��ZLWKRXW�DIIHFWLQJ�WKH�UHVXOW��VLQFH
WKH\�FRQWULEXWH�]HUR� WR� WKH�PDWUL[�PXOWLSOLFDWLRQ�DQ\ZD\��$QG�ZH�FDQ�DOVR�UHPRYH�URZ� W� IURP�ERWK
VLGHV�RI�WKH�HTXDWLRQ��VLQFH�ZH�DOUHDG\�NQRZ�WKH�YDOXH�RI�9W��VR�WKHUH¶V�QR�QHHG�WR�FDOFXODWH�LW��7KDW
OHDYHV� XV�ZLWK� D�PRGLILHG� HTXDWLRQ�/ƍ9ƍ�  �5,ƍ�� ZLWK�/ƍ� EHLQJ� WKH�WWK� UHGXFHG�/DSODFLDQ��ZKLFK� LQ
JHQHUDO�KDV�D�ZHOO�GHILQHG�LQYHUVH��7KHQ

�

������
�

DQG�RQFH�ZH�KDYH�WKH�YROWDJHV�ZH�FDQ�FDOFXODWH�LQ�D�VWUDLJKWIRUZDUG�PDQQHU�DQ\�RWKHU�TXDQWLW\�RI
LQWHUHVW��VXFK�DV�WKH�FXUUHQW�DORQJ�D�JLYHQ�HGJH�LQ�WKH�QHWZRUN�
1RWH�WKDW��IRU�WKH�VLPSOH�FDVH�GLVFXVVHG�KHUH�LQ�ZKLFK�FXUUHQW�LV�LQMHFWHG�LQWR�WKH�QHWZRUN�DW�MXVW

RQH� YHUWH[� DQG� UHPRYHG� DW� DQRWKHU��,ƍ� KDV� RQO\� RQH� QRQ�]HUR� HOHPHQW�� �7KH� RWKHU� RQH��,W�� KDV� EHHQ
UHPRYHG���7KXV�WKH�YHFWRU�9ƍ�RQ�WKH�OHIW�KDQG�VLGH�RI�(T���������LV�VLPSO\�SURSRUWLRQDO�WR�WKH�FROXPQ
RI�WKH�LQYHUVH�UHGXFHG�/DSODFLDQ�FRUUHVSRQGLQJ�WR�YHUWH[�V��7R�XVH�WKH�QRWDWLRQ�RI�6HFWLRQ�������LI�ȁ�W�

LV�WKH�LQYHUVH�RI�WKH�WWK�UHGXFHG�/DSODFLDQ�ZLWK�WKH�WWK�URZ�DQG�FROXPQ�UHLQWURGXFHG�KDYLQJ�HOHPHQWV
DOO�]HUR��VHH�(T�����������WKHQ

�

������
�

�

�
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�

����&RQVLGHU�WKH�IROORZLQJ�WZR�QHWZRUNV�

�

�D�
�
�

�

�E�
�
�

1HWZRUN��D��LV�D�GLUHFWHG�QHWZRUN��1HWZRUN��E��LV�XQGLUHFWHG�EXW�ELSDUWLWH��:ULWH�GRZQ�

D��WKH�DGMDFHQF\�PDWUL[�RI�QHWZRUN��D��
E��WKH�FRFLWDWLRQ�PDWUL[�RI�QHWZRUN��D��
F��WKH�LQFLGHQFH�PDWUL[�RI�QHWZRUN��E��
G��WKH�SURMHFWLRQ�PDWUL[��(T����������IRU�WKH�SURMHFWLRQ�RI�QHWZRUN��E��RQWR�LWV�EODFN�YHUWLFHV�

�

���� /HW�$� EH� WKH� DGMDFHQF\� PDWUL[� RI� DQ� XQGLUHFWHG� QHWZRUN� DQG��� EH� WKH� FROXPQ� YHFWRU� ZKRVH
HOHPHQWV�DUH�DOO����,Q�WHUPV�RI�WKHVH�TXDQWLWLHV�ZULWH�H[SUHVVLRQV�IRU�

D��WKH�YHFWRU�N�ZKRVH�HOHPHQWV�DUH�WKH�GHJUHHV�NL�RI�WKH�YHUWLFHV�
E��WKH�QXPEHU�P�RI�HGJHV�LQ�WKH�QHWZRUN�
F��WKH�PDWUL[�1�ZKRVH�HOHPHQW�1LM�LV�HTXDO�WR�WKH�QXPEHU�RI�FRPPRQ�QHLJKERUV�RI�YHUWLFHV�L�DQG
M�

G�� WKH� WRWDO� QXPEHU� RI� WULDQJOHV� LQ� WKH� QHWZRUN�� ZKHUH� D� WULDQJOH� PHDQV� WKUHH� YHUWLFHV�� HDFK



FRQQHFWHG�E\�HGJHV�WR�ERWK�RI�WKH�RWKHUV�
�

����&RQVLGHU�DQ�DF\FOLF�GLUHFWHG�QHWZRUN�RI�Q�YHUWLFHV��ODEHOHG�L� �������Q��DQG�VXSSRVH�WKDW�WKH�ODEHOV
DUH�DVVLJQHG�LQ�WKH�PDQQHU�RI�)LJ������RQ�SDJH������VXFK�WKDW�DOO�HGJHV�UXQ�IURP�YHUWLFHV�ZLWK�KLJKHU
ODEHOV�WR�YHUWLFHV�ZLWK�ORZHU�

D��)LQG�DQ�H[SUHVVLRQ�IRU�WKH�WRWDO�QXPEHU�RI�HGJHV�LQJRLQJ�WR�YHUWLFHV�������U�DQG�DQRWKHU�IRU�WKH
WRWDO�QXPEHU�RI�HGJHV�RXWJRLQJ�IURP�YHUWLFHV�������U��LQ�WHUPV�RI�WKH�LQ��DQG�RXW�GHJUHHV� �DQG�
�RI�WKH�YHUWLFHV�

E��+HQFH�ILQG�DQ�H[SUHVVLRQ�IRU�WKH�WRWDO�QXPEHU�RI�HGJHV�UXQQLQJ�WR�YHUWLFHV�������U�IURP�YHUWLFHV
U���������Q�

F��6KRZ�WKDW�LQ�DQ\�DF\FOLF�QHWZRUN�WKH�LQ��DQG�RXW�GHJUHHV�PXVW�VDWLVI\

IRU�DOO�U�
�

����&RQVLGHU�D�ELSDUWLWH�QHWZRUN��ZLWK�LWV�WZR�W\SHV�RI�YHUWH[��DQG�VXSSRVH�WKDW�WKHUH�DUH�Q��YHUWLFHV
RI�W\SH���DQG�Q��YHUWLFHV�RI�W\SH����6KRZ�WKDW�WKH�PHDQ�GHJUHHV�F��DQG�F��RI�WKH�WZR�W\SHV�DUH�UHODWHG
E\

�

����8VLQJ�.XUDWRZVNL¶V�WKHRUHP��SURYH�WKDW�WKLV�QHWZRUN�LV�QRW�SODQDU�

�

����&RQVLGHU�D�FRQQHFWHG�SODQDU�QHWZRUN�ZLWK�Q�YHUWLFHV�DQG�P�HGJHV��/HW�¦�EH�WKH�QXPEHU�RI�³IDFHV´



RI�WKH�QHWZRUN��L�H���DUHDV�ERXQGHG�E\�HGJHV�ZKHQ�WKH�QHWZRUN�LV�GUDZQ�LQ�SODQDU�IRUP��7KH�³RXWVLGH´
RI�WKH�QHWZRUN��WKH�DUHD�H[WHQGLQJ�WR�LQILQLW\�RQ�DOO�VLGHV��LV�DOVR�FRQVLGHUHG�D�IDFH��7KH�QHWZRUN�FDQ
KDYH�PXOWLHGJHV�DQG�VHOI�HGJHV�

�

D��:ULWH�GRZQ�WKH�YDOXHV�RI�Q��P��DQG�¦�IRU�D�QHWZRUN�ZLWK�D�VLQJOH�YHUWH[�DQG�QR�HGJHV�
E��+RZ�GR�Q��P��DQG�¦�FKDQJH�ZKHQ�ZH�DGG�D�VLQJOH�YHUWH[�WR�WKH�QHWZRUN�DORQJ�ZLWK�D�VLQJOH
HGJH�DWWDFKLQJ�LW�WR�DQRWKHU�YHUWH["

F��+RZ�GR�Q��P��DQG�¦�FKDQJH�ZKHQ�ZH�DGG�D�VLQJOH�HGJH�EHWZHHQ�WZR�H[WDQW�YHUWLFHV��RU�D�VHOI�
HGJH�DWWDFKHG�WR�MXVW�RQH�YHUWH[���LQ�VXFK�D�ZD\�DV�WR�PDLQWDLQ�WKH�SODQDULW\�RI�WKH�QHWZRUN"

G��+HQFH� E\� LQGXFWLRQ� SURYH� D� JHQHUDO� UHODWLRQ� EHWZHHQ�Q��P�� DQG�¦� IRU� DOO� FRQQHFWHG� SODQDU
QHWZRUNV�

H��1RZ�VXSSRVH�WKDW�RXU�QHWZRUN�LV�VLPSOH��L�H���LW�FRQWDLQV�QR�PXOWLHGJHV�RU�VHOI�HGJHV���6KRZ
WKDW�WKH�PHDQ�GHJUHH�F�RI�VXFK�D�QHWZRUN�LV�VWULFWO\�OHVV�WKDQ�VL[�

�

���� &RQVLGHU� WKH� VHW� RI� DOO� SDWKV� IURP� YHUWH[�V� WR� YHUWH[�W� RQ� DQ� XQGLUHFWHG� JUDSK�ZLWK� DGMDFHQF\
PDWUL[�$��/HW�XV�JLYH�HDFK�SDWK�D�ZHLJKW�HTXDO�WR�ĮU��ZKHUH�U�LV�WKH�OHQJWK�RI�WKH�SDWK�

D��6KRZ�WKDW� WKH�VXP�RI� WKH�ZHLJKWV�RI�DOO� WKH�SDWKV� IURP�V� WR�W� LV� JLYHQ� E\�=VW�ZKLFK� LV� WKH�VW
HOHPHQW�RI�WKH�PDWUL[�=� ��,���Į$�����ZKHUH�,�LV�WKH�LGHQWLW\�PDWUL[�

E��:KDW�FRQGLWLRQ�PXVW�Į�VDWLVI\�IRU�WKH�VXP�WR�FRQYHUJH"
F��+HQFH��RU�RWKHUZLVH��VKRZ�WKDW�WKH�OHQJWK�ƐVW�RI�D�JHRGHVLF�SDWK�IURP�V�WR�W��LI�WKHUH�LV�RQH��LV

�

�

����:KDW�LV�WKH�GLIIHUHQFH�EHWZHHQ�D���FRPSRQHQW�DQG�D���FRUH"�'UDZ�D�VPDOO�QHWZRUN�WKDW�KDV�RQH
��FRUH�EXW�WZR���FRPSRQHQWV�

���� ,Q� 6HFWLRQ� ������� ZH� JDYH� RQH� SRVVLEOH� GHILQLWLRQ� RI� WKH� WURSKLF� OHYHO�[L� RI� D� VSHFLHV� LQ� D
�GLUHFWHG��IRRG�ZHE�DV�WKH�PHDQ�RI�WKH�WURSKLF�OHYHOV�RI�WKH�VSHFLHV¶�SUH\��SOXV�RQH�



D��6KRZ�WKDW�[L��ZKHQ�GHILQHG�LQ�WKLV�ZD\��LV�WKH�LWK�HOHPHQW�RI�WKH�YHFWRU

[� �'���$����'� ���

ZKHUH�'� LV�WKH�GLDJRQDO�PDWUL[�RI�LQ�GHJUHHV��$� LV�WKH��DV\PPHWULF��DGMDFHQF\�PDWUL[��DQG��� 
���������������

E�� 7KLV� H[SUHVVLRQ� GRHV� QRW� ZRUN� IRU� DXWRWURSKV²VSHFLHV� ZLWK� QR� SUH\²EHFDXVH� WKH
FRUUHVSRQGLQJ�YHFWRU�HOHPHQW�GLYHUJHV��6XFK�VSHFLHV�DUH�XVXDOO\�JLYHQ�D�WURSKLF�OHYHO�RI�RQH�
6XJJHVW� D� PRGLILFDWLRQ� RI� WKH� FDOFXODWLRQ� WKDW� ZLOO� FRUUHFWO\� DVVLJQ� WURSKLF� OHYHOV� WR� WKHVH
VSHFLHV��DQG�KHQFH�WR�DOO�VSHFLHV�

�

�����:KDW�LV�WKH�VL]H�N�RI�WKH�PLQLPXP�YHUWH[�FXW�VHW�EHWZHHQ�V�DQG�W�LQ�WKLV�QHWZRUN"

�

3URYH�\RXU�UHVXOW�E\�ILQGLQJ�RQH�SRVVLEOH�FXW�VHW�RI�VL]H�N�DQG�RQH�SRVVLEOH�VHW�RI�N�LQGHSHQGHQW�SDWKV
EHWZHHQ�V�DQG�W��:K\�GR�WKHVH�WZR�DFWLRQV�FRQVWLWXWH�D�SURRI�WKDW�WKH�PLQLPXP�FXW�VHW�KDV�VL]H�N"



&+$37(5��
�

0($685(6�$1'�0(75,&6
�

$Q�LQWURGXFWLRQ�WR�VRPH�VWDQGDUG�PHDVXUHV�DQG�PHWULFV�IRU�TXDQWLI\LQJ�QHWZRUN�VWUXFWXUH�
PDQ\�RI�ZKLFK�ZHUH�LQWURGXFHG�ILUVW�LQ�WKH�VWXG\�RI�VRFLDO�QHWZRUNV��DOWKRXJK�WKH\�DUH�QRZ�LQ
ZLGH�XVH�LQ�PDQ\�RWKHU�DUHDV

�

,)�:(�.12:�WKH�VWUXFWXUH�RI�D�QHWZRUN�ZH�FDQ�FDOFXODWH�IURP�LW�D�YDULHW\�RI�XVHIXO�TXDQWLWLHV�RU
PHDVXUHV�WKDW�FDSWXUH�SDUWLFXODU�IHDWXUHV�RI�WKH�QHWZRUN�WRSRORJ\��,Q�WKLV�FKDSWHU�ZH�ORRN�DW�VRPH�RI
WKHVH�PHDVXUHV��0DQ\�RI�WKH�PRVW�LPSRUWDQW�LGHDV�LQ�WKLV�DUHD�FRPH�IURP�WKH�VRFLDO�VFLHQFHV��IURP�WKH
GLVFLSOLQH� RI�VRFLDO� QHWZRUN� DQDO\VLV�� ZKLFK� ZDV� GHYHORSHG� WR� DLG� RXU� XQGHUVWDQGLQJ� RI� VRFLDO
QHWZRUN�GDWD�VXFK�DV�WKRVH�GHVFULEHG�LQ�&KDSWHU����DQG�PXFK�RI�WKH�ODQJXDJH�XVHG�WR�GHVFULEH�WKHVH
LGHDV�UHIOHFWV�WKHLU�VRFLRORJLFDO�RULJLQ��1RQHWKHOHVV��WKH�PHWKRGV�GHVFULEHG�DUH�QRZ�ZLGHO\�XVHG�LQ
DUHDV� RXWVLGH� WKH� VRFLDO� VFLHQFHV�� LQFOXGLQJ� FRPSXWHU� VFLHQFH�� SK\VLFV�� DQG� ELRORJ\�� DQG� IRUP� DQ
LPSRUWDQW�SDUW�RI�WKH�EDVLF�QHWZRUN�WRROER[���
,Q� WKH� FKDSWHU� IROORZLQJ� WKLV� RQH� ZH� ZLOO� DSSO\� VRPH� RI� WKH� PHDVXUHV� GHYHORSHG� KHUH� WR� WKH

DQDO\VLV�RI�QHWZRUN�GDWD�IURP�D�YDULHW\�RI�ILHOGV�DQG�LQ�WKH�SURFHVV�UHYHDO�VRPH�LQWULJXLQJ�IHDWXUHV
DQG�SDWWHUQV�WKDW�ZLOO�SOD\�DQ�LPSRUWDQW�UROH�LQ�ODWHU�GHYHORSPHQWV�



����'(*5((�&(175$/,7<

�

$�ODUJH�YROXPH�RI�UHVHDUFK�RQ�QHWZRUNV�KDV�EHHQ�GHYRWHG�WR�WKH�FRQFHSW�RI�FHQWUDOLW\��7KLV�UHVHDUFK
DGGUHVVHV�WKH�TXHVWLRQ��³:KLFK�DUH�WKH�PRVW�LPSRUWDQW�RU�FHQWUDO�YHUWLFHV�LQ�D�QHWZRUN"´�7KHUH�DUH�RI
FRXUVH�PDQ\�SRVVLEOH� GHILQLWLRQV� RI� LPSRUWDQFH�� DQG� FRUUHVSRQGLQJO\�PDQ\� FHQWUDOLW\�PHDVXUHV� IRU
QHWZRUNV��,Q�WKLV�DQG�WKH�IROORZLQJ�VHYHUDO�VHFWLRQV�ZH�GHVFULEH�VRPH�RI�WKH�PRVW�ZLGHO\�XVHG�VXFK
PHDVXUHV�
3HUKDSV�WKH�VLPSOHVW�FHQWUDOLW\�PHDVXUH�LQ�D�QHWZRUN�LV�MXVW�WKH�GHJUHH�RI�D�YHUWH[��WKH�QXPEHU�RI

HGJHV�FRQQHFWHG� WR� LW� �VHH�6HFWLRQ�������'HJUHH� LV�VRPHWLPHV�FDOOHG�GHJUHH�FHQWUDOLW\� LQ� WKH�VRFLDO
QHWZRUNV�OLWHUDWXUH��WR�HPSKDVL]H�LWV�XVH�DV�D�FHQWUDOLW\�PHDVXUH��,Q�GLUHFWHG�QHWZRUNV��YHUWLFHV�KDYH
ERWK� DQ� LQ�GHJUHH� DQG� DQ� RXW�GHJUHH�� DQG� ERWK� PD\� EH� XVHIXO� DV� PHDVXUHV� RI� FHQWUDOLW\� LQ� WKH
DSSURSULDWH�FLUFXPVWDQFHV�
$OWKRXJK�GHJUHH�FHQWUDOLW\� LV�D�VLPSOH�FHQWUDOLW\�PHDVXUH�� LW�FDQ�EH�YHU\�LOOXPLQDWLQJ��,Q�D�VRFLDO

QHWZRUN��IRU�LQVWDQFH��LW�VHHPV�UHDVRQDEOH�WR�VXSSRVH�WKDW�LQGLYLGXDOV�ZKR�KDYH�FRQQHFWLRQV�WR�PDQ\
RWKHUV�PLJKW�KDYH�PRUH�LQIOXHQFH��PRUH�DFFHVV�WR�LQIRUPDWLRQ��RU�PRUH�SUHVWLJH�WKDQ�WKRVH�ZKR�KDYH
IHZHU�FRQQHFWLRQV��$�QRQ�VRFLDO�QHWZRUN�H[DPSOH� LV� WKH�XVH�RI�FLWDWLRQ�FRXQWV� LQ� WKH�HYDOXDWLRQ�RI
VFLHQWLILF�SDSHUV��7KH�QXPEHU�RI�FLWDWLRQV�D�SDSHU�UHFHLYHV�IURP�RWKHU�SDSHUV��ZKLFK�LV�VLPSO\�LWV�LQ�
GHJUHH�LQ�WKH�FLWDWLRQ�QHWZRUN��JLYHV�D�FUXGH�PHDVXUH�RI�ZKHWKHU�WKH�SDSHU�KDV�EHHQ�LQIOXHQWLDO�RU�QRW
DQG�LV�ZLGHO\�XVHG�DV�D�PHWULF�IRU�MXGJLQJ�WKH�LPSDFW�RI�VFLHQWLILF�UHVHDUFK�



����(,*(19(&725�&(175$/,7<

�

$�QDWXUDO�H[WHQVLRQ�RI�WKH�VLPSOH�GHJUHH�FHQWUDOLW\�LV�HLJHQYHFWRU�FHQWUDOLW\��:H�FDQ�WKLQN�RI�GHJUHH
FHQWUDOLW\� DV� DZDUGLQJ� RQH� ³FHQWUDOLW\� SRLQW´� IRU� HYHU\� QHWZRUN� QHLJKERU� D� YHUWH[� KDV��%XW� QRW� DOO
QHLJKERUV�DUH�HTXLYDOHQW��,Q�PDQ\�FLUFXPVWDQFHV�D�YHUWH[¶V�LPSRUWDQFH�LQ�D�QHWZRUN�LV�LQFUHDVHG�E\
KDYLQJ� FRQQHFWLRQV� WR� RWKHU� YHUWLFHV� WKDW� DUH�WKHPVHOYHV� LPSRUWDQW�� 7KLV� LV� WKH� FRQFHSW� EHKLQG
HLJHQYHFWRU� FHQWUDOLW\�� ,QVWHDG� RI� DZDUGLQJ� YHUWLFHV� MXVW� RQH� SRLQW� IRU� HDFK� QHLJKERU�� HLJHQYHFWRU
FHQWUDOLW\�JLYHV�HDFK�YHUWH[�D�VFRUH�SURSRUWLRQDO�WR�WKH�VXP�RI�WKH�VFRUHV�RI�LWV�QHLJKERUV��+HUH¶V�KRZ
LW�ZRUNV�
/HW�XV�PDNH�VRPH�LQLWLDO�JXHVV�DERXW�WKH�FHQWUDOLW\�[L�RI�HDFK�YHUWH[�L��)RU�LQVWDQFH��ZH�FRXOG�VWDUW

RII�E\�VHWWLQJ�[L� ���IRU�DOO�L��2EYLRXVO\�WKLV�LV�QRW�D�XVHIXO�PHDVXUH�RI�FHQWUDOLW\��EXW�ZH�FDQ�XVH�LW�WR
FDOFXODWH�D�EHWWHU�RQH� ��ZKLFK�ZH�GHILQH�WR�EH�WKH�VXP�RI�WKH�FHQWUDOLWLHV�RI�LƍV�QHLJKERUV�WKXV�
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ZKHUH�$LM� LV� DQ� HOHPHQW� RI� WKH� DGMDFHQF\� PDWUL[�� :H� FDQ� DOVR� ZULWH� WKLV� H[SUHVVLRQ� LQ� PDWUL[
QRWDWLRQ� DV�[ƍ�  �$[�� ZKHUH�[� LV� WKH� YHFWRU�ZLWK� HOHPHQWV�[L��5HSHDWLQJ� WKLV�SURFHVV� WR�PDNH�EHWWHU
HVWLPDWHV��ZH�KDYH�DIWHU�W�VWHSV�D�YHFWRU�RI�FHQWUDOLWLHV�[�W��JLYHQ�E\
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�

1RZ�OHW�XV�ZULWH�[����DV�D�OLQHDU�FRPELQDWLRQ�RI�WKH�HLJHQYHFWRUV�YL�RI�WKH�DGMDFHQF\�PDWUL[�WKXV�
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IRU�VRPH�DSSURSULDWH�FKRLFH�RI�FRQVWDQWV�FL��7KHQ
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ZKHUH� WKH�țL�DUH�WKH�HLJHQYDOXHV�RI�$��DQG�ț��LV�WKH�ODUJHVW�RI�WKHP��6LQFH�țL�ț������IRU�DOO�L������DOO
WHUPV�LQ�WKH�VXP�RWKHU�WKDQ�WKH�ILUVW�GHFD\�H[SRQHQWLDOO\�DV�W�EHFRPHV�ODUJH��DQG�KHQFH�LQ�WKH�OLPLW�W�ĺ
��ZH�JHW� ��,Q�RWKHU�ZRUGV��WKH�OLPLWLQJ�YHFWRU�RI�FHQWUDOLWLHV�LV�VLPSO\�SURSRUWLRQDO�WR�WKH
OHDGLQJ�HLJHQYHFWRU�RI�WKH�DGMDFHQF\�PDWUL[��(TXLYDOHQWO\�ZH�FRXOG�VD\�WKDW�WKH�FHQWUDOLW\�[�VDWLVILHV
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7KLV� WKHQ� LV� WKH� HLJHQYHFWRU� FHQWUDOLW\�� ILUVW� SURSRVHG� E\�%RQDFLFK� >��@� LQ� ������$V� SURPLVHG� WKH
FHQWUDOLW\�[L�RI�YHUWH[�L�LV�SURSRUWLRQDO�WR�WKH�VXP�RI�WKH�FHQWUDOLWLHV�RI�LƍV�QHLJKERUV�
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ZKLFK�JLYHV� WKH�HLJHQYHFWRU�FHQWUDOLW\� WKH�QLFH�SURSHUW\� WKDW� LW�FDQ�EH� ODUJH�HLWKHU�EHFDXVH�D�YHUWH[
KDV� PDQ\� QHLJKERUV� RU� EHFDXVH� LW� KDV� LPSRUWDQW� QHLJKERUV� �RU� ERWK��� $Q� LQGLYLGXDO� LQ� D� VRFLDO
QHWZRUN�� IRU� LQVWDQFH�� FDQ� EH� LPSRUWDQW�� E\� WKLV�PHDVXUH�� EHFDXVH� KH� RU� VKH� NQRZV� ORWV� RI� SHRSOH
�HYHQ�WKRXJK�WKRVH�SHRSOH�PD\�QRW�EH�LPSRUWDQW�WKHPVHOYHV��RU�NQRZV�D�IHZ�SHRSOH�LQ�KLJK�SODFHV�
1RWH�DOVR� WKDW� WKH�HLJHQYHFWRU�FHQWUDOLWLHV�RI� DOO�YHUWLFHV�DUH�QRQ�QHJDWLYH��7R� VHH� WKLV�� FRQVLGHU

ZKDW�KDSSHQV�LI�WKH�LQLWLDO�YHFWRU�[����KDSSHQV�WR�KDYH�RQO\�QRQ�QHJDWLYH�HOHPHQWV��6LQFH�DOO�HOHPHQWV
RI�WKH�DGMDFHQF\�PDWUL[�DUH�DOVR�QRQ�QHJDWLYH��PXOWLSOLFDWLRQ�E\�$�FDQ�QHYHU�LQWURGXFH�DQ\�QHJDWLYH
HOHPHQWV�WR�WKH�YHFWRU�DQG�[�W��LQ�(T��������PXVW�KDYH�DOO�HOHPHQWV�QRQ�QHJDWLYH���
(TXDWLRQ�������GRHV�QRW�IL[�WKH�QRUPDOL]DWLRQ�RI�WKH�HLJHQYHFWRU�FHQWUDOLW\��DOWKRXJK�W\SLFDOO\�WKLV

GRHVQ¶W�PDWWHU�EHFDXVH�ZH�FDUH�RQO\�DERXW�ZKLFK�YHUWLFHV�KDYH�KLJK�RU�ORZ�FHQWUDOLW\�DQG�QRW�DERXW
DEVROXWH�YDOXHV�� ,I�ZH�ZLVK��KRZHYHU��ZH�FDQ�QRUPDOL]H� WKH�FHQWUDOLWLHV�E\�� IRU� LQVWDQFH�� UHTXLULQJ



WKDW�WKH\�VXP�WR�Q��ZKLFK�LQVXUHV�WKDW�DYHUDJH�FHQWUDOLW\�VWD\V�FRQVWDQW�DV�WKH�QHWZRUN�JHWV�ODUJHU��

�

)LJXUH������$�SRUWLRQ�RI�D�GLUHFWHG�QHWZRUN� �9HUWH[�$�LQ�WKLV�QHWZRUN�KDV�RQO\�RXWJRLQJ�HGJHV�DQG
KHQFH�ZLOO�KDYH�HLJHQYHFWRU�FHQWUDOLW\�]HUR��9HUWH[�%�KDV�RXWJRLQJ�HGJHV�DQG�RQH�LQJRLQJ�HGJH��EXW
WKH�LQJRLQJ�RQH�RULJLQDWHV�DW�$��DQG�KHQFH�YHUWH[�%�ZLOO�DOVR�KDYH�FHQWUDOLW\�]HUR�
�
�
,Q� WKHRU\� HLJHQYHFWRU� FHQWUDOLW\� FDQ� EH� FDOFXODWHG� IRU� HLWKHU� XQGLUHFWHG� RU� GLUHFWHG� QHWZRUNV�� ,W

ZRUNV�EHVW�KRZHYHU�IRU�WKH�XQGLUHFWHG�FDVH��,Q�WKH�GLUHFWHG�FDVH�RWKHU�FRPSOLFDWLRQV�DULVH��)LUVW�RI
DOO��D�GLUHFWHG�QHWZRUN�KDV�DQ�DGMDFHQF\�PDWUL[�WKDW�LV��LQ�JHQHUDO��DV\PPHWULF��VHH�6HFWLRQ�������7KLV
PHDQV�WKDW�LW�KDV�WZR�VHWV�RI�HLJHQYHFWRUV��WKH�OHIW�HLJHQYHFWRUV�DQG�WKH�ULJKW�HLJHQYHFWRUV��DQG�KHQFH
WZR�OHDGLQJ�HLJHQYHFWRUV��6R�ZKLFK�RI�WKH�WZR�VKRXOG�ZH�XVH�WR�GHILQH�WKH�FHQWUDOLW\"�,Q�PRVW�FDVHV
WKH�FRUUHFW�DQVZHU�LV�WR�XVH�WKH�ULJKW�HLJHQYHFWRU��7KH�UHDVRQ�LV�WKDW�FHQWUDOLW\�LQ�GLUHFWHG�QHWZRUNV�LV
XVXDOO\�EHVWRZHG�E\�RWKHU�YHUWLFHV�SRLQWLQJ�WRZDUGV�\RX��UDWKHU�WKDQ�E\�\RX�SRLQWLQJ�WR�RWKHUV��2Q�WKH
:RUOG�:LGH�:HE��IRU�LQVWDQFH��WKH�QXPEHU�DQG�VWDWXUH�RI�ZHE�SDJHV�WKDW�SRLQW�WR�\RXU�SDJH�FDQ�JLYH
D�UHDVRQDEOH�LQGLFDWLRQ�RI�KRZ�LPSRUWDQW�RU�XVHIXO�\RXU�SDJH�LV��2Q�WKH�RWKHU�KDQG��WKH�IDFW�WKDW�\RXU
SDJH�PLJKW� SRLQW� WR� RWKHU� LPSRUWDQW�SDJHV� LV� QHLWKHU�KHUH� QRU� WKHUH��$Q\RQH�FDQ� VHW� XS� D�SDJH� WKDW
SRLQWV�WR�D�WKRXVDQG�RWKHUV��EXW�WKDW�GRHV�QRW�PDNH�WKH�SDJH�LPSRUWDQW����6LPLODU�FRQVLGHUDWLRQV�DSSO\
DOVR� WR� FLWDWLRQ� QHWZRUNV� DQG� RWKHU� GLUHFWHG� QHWZRUNV�� 7KXV� WKH� FRUUHFW� GHILQLWLRQ� RI� HLJHQYHFWRU
FHQWUDOLW\�IRU�D�YHUWH[�L�LQ�D�GLUHFWHG�QHWZRUN�PDNHV�LW�SURSRUWLRQDO�WR�WKH�FHQWUDOLWLHV�RI�WKH�YHUWLFHV
WKDW�SRLQW�WR�L�WKXV�
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ZKLFK�JLYHV�$[� �ț�[�LQ�PDWUL[�QRWDWLRQ��ZKHUH�[�LV�WKH�ULJKW�OHDGLQJ�HLJHQYHFWRU�
+RZHYHU��WKHUH�DUH�VWLOO�SUREOHPV�ZLWK�HLJHQYHFWRU�FHQWUDOLW\�RQ�GLUHFWHG�QHWZRUNV��&RQVLGHU�)LJ�

�����9HUWH[�$�LQ�WKLV�ILJXUH�LV�FRQQHFWHG�WR�WKH�UHVW�RI�WKH�QHWZRUN��EXW�KDV�RQO\�RXWJRLQJ�HGJHV�DQG�QR
LQFRPLQJ�RQHV��6XFK�D�YHUWH[�ZLOO�DOZD\V�KDYH�FHQWUDOLW\�]HUR�EHFDXVH�WKHUH�DUH�QR�WHUPV�LQ�WKH�VXP
LQ�(T���������7KLV�PLJKW�QRW�VHHP�WR�EH�D�SUREOHP��SHUKDSV�D�YHUWH[�WKDW�QR�RQH�SRLQWV�WR�VKRXOG�KDYH
FHQWUDOLW\�]HUR��%XW� WKHQ�FRQVLGHU�YHUWH[�%��ZKLFK�KDV�RQH� LQJRLQJ�HGJH��EXW� WKDW�HGJH�RULJLQDWHV�DW



YHUWH[�$��DQG�KHQFH�%�DOVR�KDV�FHQWUDOLW\�]HUR��EHFDXVH�WKH�RQH�WHUP�LQ�LWV�VXP�LQ�(T��������LV�]HUR�
7DNLQJ� WKLV� DUJXPHQW� IXUWKHU��ZH� VHH� WKDW� D�YHUWH[�PD\�EH�SRLQWHG� WR�E\�RWKHUV� WKDW� WKHPVHOYHV� DUH
SRLQWHG� WR� E\�PDQ\�PRUH�� DQG� VR�RQ� WKURXJK�PDQ\�JHQHUDWLRQV�� EXW� LI� WKH� SURJUHVVLRQ� HQGV�XS� DW� D
YHUWH[�RU�YHUWLFHV�WKDW�KDYH�LQ�GHJUHH�]HUR��LW�LV�DOO�IRU�QRWKLQJ²WKH�ILQDO�YDOXH�RI�WKH�FHQWUDOLW\�ZLOO
VWLOO�EH�]HUR�
,Q�PDWKHPDWLFDO� WHUPV�� RQO\�YHUWLFHV� WKDW� DUH� LQ� D� VWURQJO\� FRQQHFWHG� FRPSRQHQW� RI� WZR�RU�PRUH

YHUWLFHV��RU� WKH�RXW�FRPSRQHQW�RI� VXFK� D�FRPSRQHQW�� FDQ�KDYH�QRQ�]HUR� HLJHQYHFWRU� FHQWUDOLW\���� ,Q
PDQ\�FDVHV��KRZHYHU��LW�LV�DSSURSULDWH�IRU�YHUWLFHV�ZLWK�KLJK�LQ�GHJUHH�WR�KDYH�KLJK�FHQWUDOLW\�HYHQ�LI
WKH\�DUH�QRW�LQ�D�VWURQJO\�FRQQHFWHG�FRPSRQHQW�RU�LWV�RXW�FRPSRQHQW��:HE�SDJHV�ZLWK�PDQ\�OLQNV��IRU
LQVWDQFH�� FDQ� UHDVRQDEO\� EH� FRQVLGHUHG� LPSRUWDQW� HYHQ� LI� WKH\� DUH� QRW� LQ� D� VWURQJO\� FRQQHFWHG
FRPSRQHQW��5HFDOO�DOVR�WKDW�DF\FOLF�QHWZRUNV��VXFK�DV�FLWDWLRQ�QHWZRUNV��KDYH�QR�VWURQJO\�FRQQHFWHG
FRPSRQHQWV�RI�PRUH� WKDQ�RQH�YHUWH[� �VHH�6HFWLRQ���������� VR�DOO�YHUWLFHV�ZLOO�KDYH�FHQWUDOLW\�]HUR�
&OHDUO\�WKLV�PDNH�WKH�VWDQGDUG�HLJHQYHFWRU�FHQWUDOLW\�FRPSOHWHO\�XVHOHVV�IRU�DF\FOLF�QHWZRUNV�
$�YDULDWLRQ�RQ�HLJHQYHFWRU�FHQWUDOLW\�WKDW�DGGUHVVHV�WKHVH�SUREOHPV�LV�WKH�.DW]�FHQWUDOLW\��ZKLFK�LV

WKH�VXEMHFW�RI�WKH�QH[W�VHFWLRQ�



����.$7=�&(175$/,7<

�

2QH�VROXWLRQ�WR�WKH�LVVXHV�RI�WKH�SUHYLRXV�VHFWLRQ�LV�WKH�IROORZLQJ��ZH�VLPSO\�JLYH�HDFK�YHUWH[�D�VPDOO
DPRXQW� RI� FHQWUDOLW\� ³IRU� IUHH�´� UHJDUGOHVV� RI� LWV� SRVLWLRQ� LQ� WKH� QHWZRUN� RU� WKH� FHQWUDOLW\� RI� LWV
QHLJKERUV��,Q�RWKHU�ZRUGV��ZH�GHILQH

�

�����
�

ZKHUH�Į�DQG�ȕ�DUH�SRVLWLYH�FRQVWDQWV��7KH�ILUVW�WHUP�LV�WKH�QRUPDO�HLJHQYHFWRU�FHQWUDOLW\�WHUP�LQ�ZKLFK
WKH� FHQWUDOLWLHV� RI� WKH� YHUWLFHV� OLQNLQJ� WR�L� DUH� VXPPHG�� DQG� WKH� VHFRQG� WHUP� LV� WKH� ³IUHH´� SDUW�� WKH
FRQVWDQW�H[WUD�WHUP�WKDW�DOO�YHUWLFHV�UHFHLYH��%\�DGGLQJ�WKLV�VHFRQG�WHUP��HYHQ�YHUWLFHV�ZLWK�]HUR�LQ�
GHJUHH�VWLOO�JHW�FHQWUDOLW\�ȕ��DQG�RQFH�WKH\�KDYH�D�QRQ�]HUR�FHQWUDOLW\��WKHQ�WKH�YHUWLFHV�WKH\�SRLQW�WR
GHULYH�VRPH�DGYDQWDJH�IURP�EHLQJ�SRLQWHG�WR��7KLV�PHDQV�WKDW�DQ\�YHUWH[�WKDW�LV�SRLQWHG�WR�E\�PDQ\
RWKHUV�ZLOO� KDYH� D� KLJK� FHQWUDOLW\�� DOWKRXJK� WKRVH� WKDW� DUH� SRLQWHG� WR� E\�RWKHUV�ZLWK�KLJK� FHQWUDOLW\
WKHPVHOYHV�ZLOO�VWLOO�GR�EHWWHU�
,Q�PDWUL[�WHUPV��(T��������FDQ�EH�ZULWWHQ
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ZKHUH���LV�WKH�YHFWRU����������������5HDUUDQJLQJ�IRU�[��ZH�ILQG�WKDW�[� �ȕ�,���Į$���� ����$V�ZH�KDYH
VDLG��ZH�QRUPDOO\�GRQ¶W�FDUH�DERXW�WKH�DEVROXWH�PDJQLWXGH�RI�WKH�FHQWUDOLW\��RQO\�DERXW�ZKLFK�YHUWLFHV
KDYH�KLJK�RU� ORZ�FHQWUDOLW\�YDOXHV�� VR� WKH�RYHUDOO�PXOWLSOLHU�ȕ� LV�XQLPSRUWDQW��)RU�FRQYHQLHQFH�ZH
XVXDOO\�VHW�ȕ� ����JLYLQJ
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7KLV�FHQWUDOLW\�PHDVXUH�ZDV�ILUVW�SURSRVHG�E\�.DW]�LQ������>���@�DQG�ZH�ZLOO�UHIHU�WR�LW�DV�WKH�.DW]
FHQWUDOLW\�
7KH�.DW]�FHQWUDOLW\�GLIIHUV�IURP�RUGLQDU\�HLJHQYHFWRU�FHQWUDOLW\�LQ�WKH�LPSRUWDQW�UHVSHFW�RI�KDYLQJ�D

IUHH� SDUDPHWHU�Į��ZKLFK�JRYHUQV�WKH�EDODQFH�EHWZHHQ�WKH�HLJHQYHFWRU� WHUP�DQG�WKH�FRQVWDQW� WHUP�LQ
(T���������,I�ZH�ZLVK�WR�PDNH�XVH�RI�WKH�.DW]�FHQWUDOLW\�ZH�PXVW�ILUVW�FKRRVH�D�YDOXH�IRU�WKLV�FRQVWDQW�
,Q�GRLQJ�VR�LW�LV�LPSRUWDQW�WR�XQGHUVWDQG�WKDW�Į�FDQQRW�EH�DUELWUDULO\�ODUJH��,I�ZH�OHW�Į�ĺ����WKHQ�RQO\
WKH�FRQVWDQW�WHUP�VXUYLYHV�LQ�(T��������DQG�DOO�YHUWLFHV�KDYH�WKH�VDPH�FHQWUDOLW\�ȕ��ZKLFK�ZH�KDYH�VHW
WR� ����$V� ZH� LQFUHDVH�Į� IURP� ]HUR� WKH� FHQWUDOLWLHV� LQFUHDVH� DQG� HYHQWXDOO\� WKHUH� FRPHV� D� SRLQW� DW
ZKLFK�WKH\�GLYHUJH��7KLV�KDSSHQV�DW�WKH�SRLQW�ZKHUH��,���Į$����GLYHUJHV�LQ�(T����������L�H���ZKHQ�GHW��,
��Į$��SDVVHV�WKURXJK�]HUR��5HZULWLQJ�WKLV�FRQGLWLRQ�DV
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ZH�VHH�WKDW�LW�LV�VLPSO\�WKH�FKDUDFWHULVWLF�HTXDWLRQ�ZKRVH�URRWV�Į���DUH�HTXDO�WR�WKH�HLJHQYDOXHV�RI
WKH�DGMDFHQF\�PDWUL[����$V�Į� LQFUHDVHV�� WKH�GHWHUPLQDQW�ILUVW�FURVVHV�]HUR�ZKHQ�Į���  �ț��� WKH� ODUJHVW
HLJHQYDOXH�RI�$��RU�DOWHUQDWLYHO\�ZKHQ�Į� ���ț���7KXV��ZH�VKRXOG�FKRRVH�D�YDOXH�RI�Į�OHVV�WKDQ�WKLV�LI
ZH�ZLVK�WKH�H[SUHVVLRQ�IRU�WKH�FHQWUDOLW\�WR�FRQYHUJH���
%H\RQG� WKLV��KRZHYHU�� WKHUH� LV� OLWWOH�JXLGDQFH� WR�EH�KDG�DV� WR� WKH�YDOXH� WKDW�Į� VKRXOG� WDNH��0RVW

UHVHDUFKHUV�KDYH�HPSOR\HG�YDOXHV�FORVH�WR�WKH�PD[LPXP�RI���ț���ZKLFK�SODFHV�WKH�PD[LPXP�DPRXQW
RI� ZHLJKW� RQ� WKH� HLJHQYHFWRU� WHUP� DQG� WKH� VPDOOHVW� DPRXQW� RQ� WKH� FRQVWDQW� WHUP�� 7KLV� UHWXUQV� D
FHQWUDOLW\�WKDW�LV�QXPHULFDOO\�TXLWH�FORVH�WR�WKH�RUGLQDU\�HLJHQYHFWRU�FHQWUDOLW\��EXW�JLYHV�VPDOO�QRQ�
]HUR�YDOXHV�WR�YHUWLFHV�WKDW�DUH�QRW�LQ�WKH�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�RU�WKHLU�RXW�FRPSRQHQWV�
7KH�.DW]�FHQWUDOLW\�FDQ�EH�FDOFXODWHG�GLUHFWO\�IURP�(T���������E\�LQYHUWLQJ�WKH�PDWUL[�RQ�WKH�ULJKW�

KDQG�VLGH��EXW�RIWHQ�WKLV�LVQ¶W�WKH�EHVW�ZD\�WR�GR�LW��,QYHUWLQJ�D�PDWUL[�RQ�D�FRPSXWHU�WDNHV�DQ�DPRXQW
RI� WLPH�SURSRUWLRQDO� WR�Q��� ZKHUH�Q� LV� WKH�QXPEHU�RI�YHUWLFHV��7KLV�PDNHV�GLUHFW� FDOFXODWLRQ�RI� WKH
.DW]�FHQWUDOLW\�SURKLELWLYHO\�VORZ�IRU�ODUJH�QHWZRUNV��1HWZRUNV�RI�PRUH�WKDQ�D�WKRXVDQG�YHUWLFHV�RU
VR�SUHVHQW�VHULRXV�SUREOHPV�
$� EHWWHU� DSSURDFK� LQ� PDQ\� FDVHV� LV� WR� HYDOXDWH� WKH� FHQWUDOLW\� GLUHFWO\� IURP� (T�� ������ �RU

HTXLYDOHQWO\��(T����������2QH�PDNHV�DQ�LQLWLDO�HVWLPDWH�RI�[²SUREDEO\�D�EDG�RQH��VXFK�DV�[� ��²DQG
XVHV�WKDW�WR�FDOFXODWH�D�EHWWHU�HVWLPDWH
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5HSHDWLQJ�WKH�SURFHVV�PDQ\�WLPHV��[�FRQYHUJHV�WR�D�YDOXH�FORVH�WR�WKH�FRUUHFW�FHQWUDOLW\��6LQFH�$�KDV
P� QRQ�]HUR� HOHPHQWV�� HDFK� LWHUDWLRQ� UHTXLUHV�P�PXOWLSOLFDWLRQ� RSHUDWLRQV� DQG� WKH� WRWDO� WLPH� IRU� WKH
FDOFXODWLRQ�LV�SURSRUWLRQDO�WR�UP��ZKHUH�U�LV�WKH�QXPEHU�RI�LWHUDWLRQV�QHFHVVDU\�IRU�WKH�FDOFXODWLRQ�WR
FRQYHUJH��8QIRUWXQDWHO\��U�GHSHQGV�RQ�WKH�GHWDLOV�RI�WKH�QHWZRUN�DQG�RQ�WKH�FKRLFH�RI�Į��VR�ZH�FDQQRW
JLYH�D�JHQHUDO�JXLGH�WR�KRZ�PDQ\�LWHUDWLRQV�ZLOO�EH�QHFHVVDU\��,QVWHDG�RQH�PXVW�ZDWFK�WKH�YDOXHV�RI�[L
WR�REVHUYH�ZKHQ�WKH\�FRQYHUJH�WR�FRQVWDQW�YDOXHV��1RQHWKHOHVV��IRU�ODUJH�QHWZRUNV�LW�LV�DOPRVW�DOZD\V
ZRUWKZKLOH�WR�HYDOXDWH�WKH�FHQWUDOLW\�WKLV�ZD\�UDWKHU�WKDQ�E\�LQYHUWLQJ�WKH�PDWUL[�
:H� KDYH� SUHVHQWHG� WKH�.DW]� FHQWUDOLW\� DV� D� VROXWLRQ� WR� WKH� SUREOHPV� HQFRXQWHUHG�ZLWK� RUGLQDU\

HLJHQYHFWRU�FHQWUDOLW\�LQ�GLUHFWHG�QHWZRUNV��+RZHYHU��WKHUH�LV�QR�UHDVRQ�LQ�SULQFLSOH�ZK\�RQH�FDQQRW
XVH�.DW]�FHQWUDOLW\�LQ�XQGLUHFWHG�QHWZRUNV�DV�ZHOO��DQG�WKHUH�DUH�WLPHV�ZKHQ�WKLV�PLJKW�EH�XVHIXO��7KH
LGHD�RI�DGGLQJ�D�FRQVWDQW�WHUP�WR�WKH�FHQWUDOLW\�VR�WKDW�HDFK�YHUWH[�JHWV�VRPH�ZHLJKW�MXVW�E\�YLUWXH�RI
H[LVWLQJ�LV�D�QDWXUDO�RQH��,W�DOORZV�D�YHUWH[�WKDW�KDV�PDQ\�QHLJKERUV�WR�KDYH�KLJK�FHQWUDOLW\�UHJDUGOHVV
RI� ZKHWKHU� WKRVH� QHLJKERUV� WKHPVHOYHV� KDYH� KLJK� FHQWUDOLW\�� DQG� WKLV� FRXOG� EH� GHVLUDEOH� LQ� VRPH
DSSOLFDWLRQV�
$�SRVVLEOH�H[WHQVLRQ�RI�WKH�.DW]�FHQWUDOLW\�LV�WR�FRQVLGHU�FDVHV�LQ�ZKLFK�WKH�DGGLWLYH�FRQVWDQW�WHUP

LQ�(T��������LV�QRW�WKH�VDPH�IRU�DOO�YHUWLFHV��2QH�FRXOG�GHILQH�D�JHQHUDOL]HG�FHQWUDOLW\�PHDVXUH�E\

�

������
�

ZKHUH�ȕL�LV�VRPH�LQWULQVLF��QRQ�QHWZRUN�FRQWULEXWLRQ�WR�WKH�FHQWUDOLW\�IRU�HDFK�YHUWH[��)RU�H[DPSOH�
LQ�D�VRFLDO�QHWZRUN�WKH�LPSRUWDQFH�RI�DQ�LQGLYLGXDO�PLJKW�GHSHQG�RQ�QRQ�QHWZRUN�IDFWRUV�VXFK�DV�WKHLU
DJH�RU�LQFRPH�DQG�LI�ZH�KDG�LQIRUPDWLRQ�DERXW�WKHVH�IDFWRUV�ZH�FRXOG�LQFRUSRUDWH�LW�LQWR�WKH�YDOXHV�RI
WKH�ȕL��7KHQ�WKH�YHFWRU�[�RI�FHQWUDOLWLHV�LV�JLYHQ�E\

�

������
�

ZKHUH�ȕ� LV� WKH� YHFWRU� ZKRVH� HOHPHQWV� DUH� WKH�ȕL�� 2QH� QLFH� IHDWXUH� RI� WKLV� DSSURDFK� LV� WKDW� WKH
GLIILFXOW�SDUW�RI� WKH�FDOFXODWLRQ²WKH� LQYHUVLRQ�RI� WKH�PDWUL[²RQO\�KDV� WR�EH�GRQH�RQFH� IRU�D�JLYHQ
QHWZRUN� DQG� FKRLFH� RI�Į�� )RU� GLIIHUHQFH� FKRLFHV� RI� WKH�ȕL�ZH�QHHG�QRW� UHFDOFXODWH� WKH� LQYHUVH�� EXW
VLPSO\�PXOWLSO\�WKH�LQYHUVH�LQWR�GLIIHUHQW�YHFWRUV�ȕ�



����3$*(5$1.

�

7KH�.DW]�FHQWUDOLW\�RI�WKH�SUHYLRXV�VHFWLRQ�KDV�RQH�IHDWXUH�WKDW�FDQ�EH�XQGHVLUDEOH��,I�D�YHUWH[�ZLWK
KLJK�.DW]�FHQWUDOLW\�SRLQWV�WR�PDQ\�RWKHUV�WKHQ�WKRVH�RWKHUV�DOVR�JHW�KLJK�FHQWUDOLW\��$�KLJK�FHQWUDOLW\
YHUWH[�SRLQWLQJ�WR�RQH�PLOOLRQ�RWKHUV�JLYHV�DOO�RQH�PLOOLRQ�RI�WKHP�KLJK�FHQWUDOLW\��2QH�FRXOG�DUJXH²
DQG�PDQ\�KDYH²WKDW� WKLV� LV�QRW�DOZD\V�DSSURSULDWH��,Q�PDQ\�FDVHV�LW�PHDQV�OHVV� LI�D�YHUWH[�LV�RQO\
RQH� DPRQJ�PDQ\� WKDW� DUH� SRLQWHG� WR�� 7KH� FHQWUDOLW\� JDLQHG� E\� YLUWXH� RI� UHFHLYLQJ� DQ� HGJH� IURP� D
SUHVWLJLRXV�YHUWH[� LV�GLOXWHG�E\�EHLQJ�VKDUHG�ZLWK�VR�PDQ\�RWKHUV��)RU� LQVWDQFH�� WKH� IDPRXV�<DKRR�
ZHE�GLUHFWRU\�PLJKW�FRQWDLQ�D�OLQN�WR�P\�ZHE�SDJH��EXW�LW�DOVR�KDV�OLQNV�WR�PLOOLRQV�RI�RWKHU�SDJHV�
<DKRR��LV�DQ�LPSRUWDQW�ZHEVLWH��DQG�ZRXOG�KDYH�KLJK�FHQWUDOLW\�E\�DQ\�VHQVLEOH�PHDVXUH��EXW�VKRXOG�,
WKHUHIRUH� EH� FRQVLGHUHG� YHU\� LPSRUWDQW� E\� DVVRFLDWLRQ"� 0RVW� SHRSOH� ZRXOG� VD\� QRW�� WKH� KLJK
FHQWUDOLW\�RI�<DKRR��ZLOO�JHW�GLOXWHG�DQG�LWV�FRQWULEXWLRQ�WR�WKH�FHQWUDOLW\�RI�P\�SDJH�VKRXOG�EH�VPDOO
EHFDXVH�P\�SDJH�LV�RQO\�RQH�RI�PLOOLRQV�
:H�FDQ�DOORZ�IRU�WKLV�E\�GHILQLQJ�D�YDULDWLRQ�RQ�WKH�.DW]�FHQWUDOLW\�LQ�ZKLFK�WKH�FHQWUDOLW\�,�GHULYH

IURP� P\� QHWZRUN� QHLJKERUV� LV� SURSRUWLRQDO� WR� WKHLU� FHQWUDOLW\�GLYLGHG� E\� WKHLU� RXW�GHJUHH�� 7KHQ
YHUWLFHV�WKDW�SRLQW� WR�PDQ\�RWKHUV�SDVV�RQO\�D�VPDOO�DPRXQW�RI�FHQWUDOLW\�RQ�WR�HDFK�RI� WKRVH�RWKHUV�
HYHQ�LI�WKHLU�RZQ�FHQWUDOLW\�LV�KLJK�
,Q�PDWKHPDWLFDO�WHUPV�WKLV�FHQWUDOLW\�LV�GHILQHG�E\

�

������
�

�

7KLV�JLYHV�SUREOHPV�KRZHYHU�LI�WKHUH�DUH�YHUWLFHV�LQ�WKH�QHWZRUN�ZLWK�RXW�GHJUHH� ��,I�WKHUH�DUH
DQ\�VXFK�YHUWLFHV�WKHQ�WKH�ILUVW�WHUP�LQ�(T���������LV�LQGHWHUPLQDWH²LW�LV�HTXDO�WR�]HUR�GLYLGHG�E\�]HUR
�EHFDXVH�$LM� ���IRU�DOO�L���7KLV�SUREOHP�LV�HDVLO\�IL[HG�KRZHYHU��,W�LV�FOHDU�WKDW�YHUWLFHV�ZLWK�QR�RXW�
JRLQJ�HGJHV� VKRXOG�FRQWULEXWH� ]HUR� WR� WKH� FHQWUDOLW\�RI� DQ\�RWKHU�YHUWH[��ZKLFK�ZH�FDQ�FRQWULYH�E\
DUWLILFLDOO\�VHWWLQJ� �IRU�DOO�VXFK�YHUWLFHV���,Q�IDFW��ZH�FRXOG�VHW� �WR�DQ\�QRQ�]HUR�YDOXH�DQG�WKH
FDOFXODWLRQ�ZRXOG�JLYH�WKH�VDPH�DQVZHU��
,Q�PDWUL[�WHUPV��(T����������LV�WKHQ

�

������
�



ZLWK��� EHLQJ� DJDLQ� WKH� YHFWRU� ���� ��� ��� ����� DQG�'� EHLQJ� WKH� GLDJRQDO� PDWUL[� ZLWK� HOHPHQWV�
��5HDUUDQJLQJ��ZH�ILQG�WKDW�[� �ȕ�,���Į$'������ ����DQG�WKXV��DV�EHIRUH��ȕ�SOD\V�WKH�UROH

RQO\�RI�DQ�XQLPSRUWDQW�RYHUDOO�PXOWLSOLHU�IRU�WKH�FHQWUDOLW\��&RQYHQWLRQDOO\�ZH�VHW�ȕ� ����JLYLQJ

�

������
�

�

:HE�VHDUFK�LV�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�6HFWLRQ������
�
7KLV�FHQWUDOLW\�PHDVXUH�LV�FRPPRQO\�NQRZQ�DV�3DJH5DQN��ZKLFK�LV�WKH�WUDGH�QDPH�JLYHQ�LW�E\�WKH

*RRJOH�ZHE�VHDUFK�FRUSRUDWLRQ��ZKLFK�XVHV�LW�DV�D�FHQWUDO�SDUW�RI�WKHLU�ZHE�UDQNLQJ�WHFKQRORJ\�>��@�
7KH� DLP� RI� WKH� *RRJOH� ZHE� VHDUFK� HQJLQH� LV� WR� JHQHUDWH� OLVWV� RI� XVHIXO� ZHE� SDJHV� IURP� D
SUHDVVHPEOHG�LQGH[�RI�SDJHV�LQ�UHVSRQVH�WR�WH[W�TXHULHV��,W�GRHV�WKLV�E\�ILUVW�VHDUFKLQJ�WKH�LQGH[�IRU
SDJHV�PDWFKLQJ�D�JLYHQ�TXHU\�XVLQJ�UHODWLYHO\�VLPSOH�FULWHULD�VXFK�DV�WH[W�PDWFKLQJ��DQG�WKHQ�UDQNLQJ
WKH�DQVZHUV�DFFRUGLQJ� WR� VFRUHV�EDVHG�RQ�D�FRPELQDWLRQ�RI� LQJUHGLHQWV�RI�ZKLFK�3DJH5DQN� LV�RQH�
*RRJOH� UHWXUQV� XVHIXO� DQVZHUV� WR� TXHULHV� QRW� EHFDXVH� LW� LV� EHWWHU� DW� ILQGLQJ� UHOHYDQW� SDJHV�� EXW
EHFDXVH� LW� LV�EHWWHU� DW� GHFLGLQJ�ZKDW�RUGHU� WR�SUHVHQW� LWV� ILQGLQJV� LQ�� LWV�SHUFHLYHG�DFFXUDF\�DULVHV
EHFDXVH�WKH�UHVXOWV�DW�WKH�WRS�RI�WKH�OLVW�RI�DQVZHUV�LW�UHWXUQV�DUH�RIWHQ�KLJKO\�UHOHYDQW�WR�WKH�TXHU\��EXW
LW�LV�SRVVLEOH�DQG�LQGHHG�OLNHO\�WKDW�PDQ\�LUUHOHYDQW�DQVZHUV�DOVR�DSSHDU�RQ�WKH�OLVW��ORZHU�GRZQ�
3DJH5DQN�ZRUNV� RQ� WKH�:HE�SUHFLVHO\� EHFDXVH� KDYLQJ� OLQNV� WR� \RXU� SDJH� IURP� LPSRUWDQW� SDJHV

HOVHZKHUH� LV� D� JRRG� LQGLFDWLRQ� WKDW� \RXU� SDJH�PD\� EH� LPSRUWDQW� WRR�� %XW� WKH� DGGHG� LQJUHGLHQW� RI
GLYLGLQJ�E\�WKH�RXW�GHJUHHV�RI�SDJHV�LQVXUHV�WKDW�SDJHV�WKDW�VLPSO\�SRLQW� WR�DQ�HQRUPRXV�QXPEHU�RI
RWKHUV�GR�QRW�SDVV�PXFK�FHQWUDOLW\�RQ�WR�DQ\�RI�WKHP��VR�WKDW��IRU�LQVWDQFH��QHWZRUN�KXEV�OLNH�<DKRR�
GR�QRW�KDYH�D�GLVSURSRUWLRQDWH�LQIOXHQFH�RQ�WKH�UDQNLQJV�
$V�ZLWK�WKH�.DW]�FHQWUDOLW\��WKH�IRUPXOD�IRU�3DJH5DQN��(T����������FRQWDLQV�RQH�IUHH�SDUDPHWHU�Į�

ZKRVH�YDOXH�PXVW�EH�FKRVHQ�VRPHKRZ�EHIRUH�WKH�DOJRULWKP�FDQ�EH�XVHG��%\�DQDORJ\�ZLWK�(T��������
DQG�WKH�DUJXPHQW�WKDW�IROORZV�LW��ZH�FDQ�VHH�WKDW�WKH�YDOXH�RI�Į�VKRXOG�EH�OHVV�WKDQ�WKH�LQYHUVH�RI�WKH
ODUJHVW�HLJHQYDOXH�RI�$'����)RU�DQ�XQGLUHFWHG�QHWZRUN�WKLV�ODUJHVW�HLJHQYDOXH�WXUQV�RXW�WR�EH���DQG�WKH
FRUUHVSRQGLQJ�HLJHQYHFWRU�LV��N���N���N���������ZKHUH�NL�LV�WKH�GHJUHH�RI�WKH�LWK�YHUWH[����7KXV�Į�VKRXOG
EH�FKRVHQ�OHVV�WKDQ����)RU�D�GLUHFWHG�QHWZRUN��WKLV�UHVXOW�GRHV�QRW�IROORZ�DQG�LQ�JHQHUDO�WKH�OHDGLQJ
HLJHQYDOXH�ZLOO�EH�GLIIHUHQW�IURP����DOWKRXJK�LQ�SUDFWLFDO�FDVHV�LW�LV�XVXDOO\�VWLOO�URXJKO\�RI�RUGHU���
7KH�*RRJOH�VHDUFK�HQJLQH�XVHV�D�YDOXH�RI�Į� ������LQ�LWV�FDOFXODWLRQV��DOWKRXJK�LW¶V�QRW�FOHDU�WKDW

WKHUH� LV� DQ\� ULJRURXV� WKHRU\� EHKLQG� WKLV� FKRLFH�� 0RUH� OLNHO\� LW� LV� MXVW� D� VKUHZG� JXHVV� EDVHG� RQ
H[SHULPHQWDWLRQ�WR�ILQG�RXW�ZKDW�ZRUNV�ZHOO�
$V�ZLWK� WKH�.DW]�FHQWUDOLW\�ZH�FDQ�JHQHUDOL]H�3DJH5DQN� WR� WKH�FDVH�ZKHUH� WKH�DGGLWLYH�FRQVWDQW

WHUP�LQ�(T���������LV�GLIIHUHQW�IRU�GLIIHUHQW�YHUWLFHV�

�



������
�

�

,Q�PDWUL[�IRUP�WKLV�JLYHV�D�VROXWLRQ�IRU�WKH�FHQWUDOLW\�YHFWRU�RI

�

������
�
�

2QH�FRXOG�� IRU� LQVWDQFH��XVH� WKLV� IRU� UDQNLQJ�ZHE�SDJHV��JLYLQJ�ȕL�D�YDOXH�EDVHG�SHUKDSV�RQ� WH[WXDO
UHOHYDQFH�WR�D�VHDUFK�TXHU\��3DJHV�WKDW�FRQWDLQHG�WKH�ZRUG�RU�ZRUGV�EHLQJ�VHDUFKHG�IRU�PRUH�RIWHQ�RU
LQ�PRUH�SURPLQHQW�SODFHV�FRXOG�EH�JLYHQ�D�KLJKHU�LQWULQVLF�FHQWUDOLW\�WKDQ�RWKHUV��WKHUHE\�SXVKLQJ�WKHP
XS� WKH� UDQNLQJV��7KH� DXWKRU� LV� QRW� DZDUH�� KRZHYHU�� RI� DQ\� FDVHV� LQ�ZKLFK� WKLV� WHFKQLTXH� KDV� EHHQ
LPSOHPHQWHG�LQ�SUDFWLFH�
)LQDOO\��RQH�FDQ�DOVR�LPDJLQH�D�YHUVLRQ�RI�3DJH5DQN�WKDW�GLG�QRW�KDYH�WKH�DGGLWLYH�FRQVWDQW�WHUP�LQ

LW�DW�DOO�

�

������
�

ZKLFK�LV�VLPLODU�WR�WKH�RULJLQDO�HLJHQYHFWRU�FHQWUDOLW\�LQWURGXFHG�EDFN�LQ�6HFWLRQ������EXW�QRZ�ZLWK
WKH�H[WUD�GLYLVLRQ�E\�NM��)RU�DQ�XQGLUHFWHG�QHWZRUN��KRZHYHU��WKLV�PHDVXUH�LV�WULYLDO��LW�LV�HDV\�WR�VHH
WKDW�LW�JLYHV�VLPSO\�[L� �NL�DQG�WKHUHIRUH�LV�MXVW�WKH�VDPH�DV�RUGLQDU\�GHJUHH�FHQWUDOLW\��)RU�D�GLUHFWHG
QHWZRUN��RQ�WKH�RWKHU�KDQG��LW�GRHV�QRW�UHGXFH�WR�DQ\�HTXLYDOHQW�VLPSOH�YDOXH�DQG�LW�PLJKW�SRWHQWLDOO\
EH�RI�XVH��DOWKRXJK�LW�GRHV�QRW�VHHP�WR�KDYH�IRXQG�XVH�LQ�DQ\�SURPLQHQW�DSSOLFDWLRQ���,W�GRHV�VXIIHU
IURP� WKH� VDPH�SUREOHP� DV� WKH� RULJLQDO� HLJHQYHFWRU� FHQWUDOLW\�� WKDW� LW� JLYHV� QRQ�]HUR� VFRUHV� RQO\� WR
YHUWLFHV�WKDW�IDOO�LQ�D�VWURQJO\�FRQQHFWHG�FRPSRQHQW�RI�WZR�RU�PRUH�YHUWLFHV�RU�LQ�WKH�RXW�FRPSRQHQW
RI�VXFK�D�FRPSRQHQW��$OO�RWKHU�YHUWLFHV�JHW�D�]HUR�VFRUH��
,Q�7DEOH� ����ZH� JLYH� D� VXPPDU\� RI� WKH�GLIIHUHQW�PDWUL[� FHQWUDOLW\�PHDVXUHV�ZH� KDYH� GLVFXVVHG�

RUJDQL]HG�DFFRUGLQJ�WR�WKHLU�GHILQLWLRQV�DQG�SURSHUWLHV��,I�\RX�ZDQW�WR�XVH�RQH�RI�WKHVH�PHDVXUHV�LQ
\RXU� RZQ� FDOFXODWLRQV� DQG� ILQG� WKH� PDQ\� DOWHUQDWLYHV� EHZLOGHULQJ�� HLJHQYHFWRU� FHQWUDOLW\� DQG
3DJH5DQN�DUH�SUREDEO\�WKH�WZR�PHDVXUHV�WR�IRFXV�RQ�LQLWLDOO\��7KH\�DUH�WKH�WZR�PRVW�FRPPRQO\�XVHG
PHDVXUHV�RI�WKLV�W\SH��7KH�.DW]�FHQWUDOLW\�KDV�IRXQG�ZLGHVSUHDG�XVH�LQ�WKH�SDVW�EXW�KDV�EHHQ�IDYRUHG
OHVV�LQ�UHFHQW�ZRUN��ZKLOH�WKH�3DJH5DQN�PHDVXUH�ZLWKRXW�WKH�FRQVWDQW�WHUP��(T����������LV�WKH�VDPH�DV



GHJUHH�FHQWUDOLW\�IRU�XQGLUHFWHG�QHWZRUNV�DQG�QRW�LQ�FRPPRQ�XVH�IRU�GLUHFWHG�RQHV�

�

7DEOH������)RXU� FHQWUDOLW\�PHDVXUHV� � 7KH� IRXU�PDWUL[�EDVHG� FHQWUDOLW\�PHDVXUHV� GLVFXVVHG� LQ� WKH
WH[W�DUH�GLVWLQJXLVKHG�E\�ZKHWKHU�RU�QRW�WKH\�LQFOXGH�DQ�DGGLWLYH�FRQVWDQW�WHUP�LQ�WKHLU�GHILQLWLRQ�DQG
ZKHWKHU� WKH\� DUH� QRUPDOL]HG� E\� GLYLGLQJ� E\� WKH� GHJUHHV� RI� QHLJKERULQJ� YHUWLFHV�� 1RWH� WKDW� WKH
GLDJRQDO� PDWUL[�'�� ZKLFK� QRUPDOO\� KDV� HOHPHQWV�'LL�  �NL�� PXVW� EH� GHILQHG� VOLJKWO\� GLIIHUHQWO\� IRU
3DJH5DQN��DV�'LL� �PD[����NL�²VHH�(T���������DQG�WKH�IROORZLQJ�GLVFXVVLRQ��(DFK�RI�WKH�PHDVXUHV�FDQ
EH� DSSOLHG� WR� GLUHFWHG� QHWZRUNV� DV� ZHOO� DV� XQGLUHFWHG� RQHV�� DOWKRXJK� RQO\� WKUHH� RI� WKH� IRXU� DUH
FRPPRQO\� XVHG� LQ� WKLV� ZD\�� �7KH� PHDVXUH� WKDW� DSSHDUV� LQ� WKH� WRS� ULJKW� FRUQHU� RI� WKH� WDEOH� LV
HTXLYDOHQW� WR� GHJUHH� FHQWUDOLW\� LQ� WKH� XQGLUHFWHG� FDVH� EXW� WDNHV� PRUH� FRPSOLFDWHG� YDOXHV� LQ� WKH
GLUHFWHG�FDVH�DQG�LV�QRW�ZLGHO\�XVHG��
�
�



����+8%6�$1'�$87+25,7,(6

�

,Q� WKH�FDVH�RI�GLUHFWHG�QHWZRUNV�� WKHUH� LV�DQRWKHU� WZLVW� WR�WKH�FHQWUDOLW\�PHDVXUHV�LQWURGXFHG�LQ� WKLV
VHFWLRQ��6R�IDU�ZH�KDYH�FRQVLGHUHG�PHDVXUHV�WKDW�DFFRUG�D�YHUWH[�KLJK�FHQWUDOLW\�LI�WKRVH�WKDW�SRLQW�WR
LW� KDYH� KLJK� FHQWUDOLW\��+RZHYHU�� LQ� VRPH� QHWZRUNV� LW� LV� DSSURSULDWH� DOVR� WR� DFFRUG� D� YHUWH[� KLJK
FHQWUDOLW\�LI�LW�SRLQWV�WR�RWKHUV�ZLWK�KLJK�FHQWUDOLW\��)RU�LQVWDQFH��LQ�D�FLWDWLRQ�QHWZRUN�D�SDSHU�VXFK�DV
D�UHYLHZ�DUWLFOH�PD\�FLWH�RWKHU�DUWLFOHV�WKDW�DUH�DXWKRULWDWLYH�VRXUFHV�IRU�LQIRUPDWLRQ�RQ�D�SDUWLFXODU
VXEMHFW��7KH�UHYLHZ�LWVHOI�PD\�FRQWDLQ�UHODWLYHO\�OLWWOH�LQIRUPDWLRQ�RQ�WKH�VXEMHFW��EXW�LW�WHOOV�XV�ZKHUH
WR� ILQG� WKH� LQIRUPDWLRQ�� DQG� WKLV� RQ� LWV� RZQ� PDNHV� WKH� UHYLHZ� XVHIXO�� 6LPLODUO\�� WKHUH� DUH� PDQ\
H[DPSOHV�RI�ZHE�SDJHV�WKDW�FRQVLVW�SULPDULO\�RI�OLQNV�WR�RWKHU�SDJHV�RQ�D�JLYHQ�WRSLF�RU�WRSLFV�DQG
VXFK�D�SDJH�RI�OLQNV�FRXOG�EH�YHU\�XVHIXO�HYHQ�LI�LW�GRHV�QRW�LWVHOI�FRQWDLQ�H[SOLFLW�LQIRUPDWLRQ�RQ�WKH
WRSLF�LQ�TXHVWLRQ�
7KXV� WKHUH� DUH� UHDOO\� WZR� W\SHV� RI� LPSRUWDQW� QRGH� LQ� WKHVH� QHWZRUNV��DXWKRULWLHV� DUH� QRGHV� WKDW

FRQWDLQ�XVHIXO�LQIRUPDWLRQ�RQ�D�WRSLF�RI�LQWHUHVW��KXEV�DUH�QRGHV�WKDW�WHOO�XV�ZKHUH�WKH�EHVW�DXWKRULWLHV
DUH�WR�EH�IRXQG��$Q�DXWKRULW\�PD\�DOVR�EH�D�KXE��DQG�YLFH�YHUVD��UHYLHZ�DUWLFOHV�RIWHQ�FRQWDLQ�XVHIXO
GLVFXVVLRQV�RI�WKH�WRSLF�DW�KDQG�DV�ZHOO�DV�FLWDWLRQV�WR�RWKHU�GLVFXVVLRQV��&OHDUO\�KXEV�DQG�DXWKRULWLHV
RQO\�H[LVW�LQ�GLUHFWHG�QHWZRUNV��VLQFH�LQ�WKH�XQGLUHFWHG�FDVH�WKHUH�LV�QR�GLVWLQFWLRQ�EHWZHHQ�SRLQWLQJ
WR�D�YHUWH[�DQG�EHLQJ�SRLQWHG�WR�
2QH� FDQ� LPDJLQH� GHILQLQJ� WZR� GLIIHUHQW� W\SHV� RI� FHQWUDOLW\� IRU� GLUHFWHG� QHWZRUNV�� WKH�DXWKRULW\

FHQWUDOLW\� DQG� WKH�KXE�FHQWUDOLW\��ZKLFK�TXDQWLI\� YHUWLFHV¶� SURPLQHQFH� LQ� WKH� WZR� UROHV��7KLV� LGHD
ZDV� ILUVW� SXW� IRUZDUG�E\�.OHLQEHUJ� >���@� DQG�GHYHORSHG� E\�KLP� LQWR� D� FHQWUDOLW\� DOJRULWKP�FDOOHG
K\SHUOLQN�LQGXFHG�WRSLF�VHDUFK�RU�+,76�
7KH�+,76�DOJRULWKP�JLYHV�HDFK�YHUWH[�L�LQ�D�QHWZRUN�DQ�DXWKRULW\�FHQWUDOLW\�[L�DQG�D�KXE�FHQWUDOLW\

\L��7KH�GHILQLQJ�FKDUDFWHULVWLF�RI�D�YHUWH[�ZLWK�KLJK�DXWKRULW\�FHQWUDOLW\�LV�WKDW�LW�LV�SRLQWHG�WR�E\�PDQ\
KXEV��L�H���E\�PDQ\�RWKHU�YHUWLFHV�ZLWK�KLJK�KXE�FHQWUDOLW\��$QG�WKH�GHILQLQJ�FKDUDFWHULVWLF�RI�D�YHUWH[
ZLWK�KLJK�KXE�FHQWUDOLW\�LV�WKDW�LW�SRLQWV�WR�PDQ\�YHUWLFHV�ZLWK�KLJK�DXWKRULW\�FHQWUDOLW\�
7KXV�DQ�LPSRUWDQW�VFLHQWLILF�SDSHU��LQ� WKH�DXWKRULW\�VHQVH��ZRXOG�EH�RQH�FLWHG�LQ�PDQ\�LPSRUWDQW

UHYLHZV��LQ�WKH�KXE�VHQVH���$Q�LPSRUWDQW�UHYLHZ�LV�RQH�WKDW�FLWHV�PDQ\�LPSRUWDQW�SDSHUV��5HYLHZV�
KRZHYHU��DUH�QRW� WKH�RQO\�SXEOLFDWLRQV� WKDW�FDQ�KDYH�KLJK�KXE�FHQWUDOLW\��2UGLQDU\�SDSHUV�FDQ�KDYH
KLJK� KXE� FHQWUDOLW\� WRR� LI� WKH\� FLWH� PDQ\� RWKHU� LPSRUWDQW� SDSHUV�� DQG� SDSHUV� FDQ� KDYH� ERWK� KLJK
DXWKRULW\� DQG� KLJK� KXE� FHQWUDOLW\�� 5HYLHZV� WRR� PD\� EH� FLWHG� E\� RWKHU� KXEV� DQG� KHQFH� KDYH� KLJK
DXWKRULW\�FHQWUDOLW\�DV�ZHOO�DV�KLJK�KXE�FHQWUDOLW\�
,Q�.OHLQEHUJ¶V�DSSURDFK��WKH�DXWKRULW\�FHQWUDOLW\�RI�D�YHUWH[�LV�GHILQHG�WR�EH�SURSRUWLRQDO�WR�WKH�VXP

RI�WKH�KXE�FHQWUDOLWLHV�RI�WKH�YHUWLFHV�WKDW�SRLQW�WR�LW�
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�



ZKHUH�Į� LV� D� FRQVWDQW�� 6LPLODUO\� WKH� KXE� FHQWUDOLW\� RI� D� YHUWH[� LV� SURSRUWLRQDO� WR� WKH� VXP�RI� WKH
DXWKRULW\�FHQWUDOLWLHV�RI�WKH�YHUWLFHV�LW�SRLQWV�WR�
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ZLWK�ȕ� DQRWKHU�FRQVWDQW��1RWLFH� WKDW� WKH� LQGLFHV�RQ� WKH�PDWUL[�HOHPHQW�$ML�DUH�VZDSSHG�DURXQG� LQ
WKLV�VHFRQG�HTXDWLRQ��LW�LV�WKH�YHUWLFHV�WKDW�L�SRLQWV�WR�WKDW�GHILQH�LWV�KXE�FHQWUDOLW\�
,Q�PDWUL[�WHUPV�WKHVH�HTXDWLRQV�FDQ�EH�ZULWWHQ�DV
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RU��FRPELQLQJ�WKH�WZR�
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ZKHUH�Ȝ� ��Įȕ�����7KXV�WKH�DXWKRULW\�DQG�KXE�FHQWUDOLWLHV�DUH�UHVSHFWLYHO\�JLYHQ�E\�HLJHQYHFWRUV�RI
$$7�DQG�$7�$�ZLWK�WKH�VDPH�HLJHQYDOXH��%\�DQ�DUJXPHQW�VLPLODU�WR�WKH�RQH�ZH�XVHG�IRU�WKH�VWDQGDUG
HLJHQYHFWRU�FHQWUDOLW\�LQ�6HFWLRQ�����ZH�FDQ�VKRZ�WKDW�ZH�VKRXOG�LQ�HDFK�FDVH�WDNH�WKH�HLJHQYHFWRU
FRUUHVSRQGLQJ�WR�WKH�OHDGLQJ�HLJHQYDOXH�
$� FUXFLDO� FRQGLWLRQ� IRU� WKLV� DSSURDFK� WR� ZRUN�� LV� WKDW�$$7� DQG�$7$� KDYH� WKH� VDPH� OHDGLQJ

HLJHQYDOXH�Ȝ��RWKHUZLVH�ZH�FDQQRW�VDWLVI\�ERWK�FRQGLWLRQV�LQ�(T����������,W�LV�HDVLO\�SURYHG��KRZHYHU�
WKDW�WKLV�LV�WKH�FDVH��DQG�LQ�IDFW�WKDW�DOO�HLJHQYDOXHV�DUH�WKH�VDPH�IRU�WKH�WZR�PDWULFHV��,I�$$7[�  �Ȝ[
WKHQ�PXOWLSO\LQJ�ERWK�VLGHV�E\�$7�JLYHV
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�

DQG� KHQFH�$7[� LV�DQ�HLJHQYHFWRU�RI�$7$�ZLWK� WKH�VDPH�HLJHQYDOXH�Ȝ��&RPSDULQJ�ZLWK�(T�� ������
WKLV�PHDQV�WKDW
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ZKLFK�JLYHV�XV�D�IDVW�ZD\�RI�FDOFXODWLQJ�WKH�KXE�FHQWUDOLWLHV�RQFH�ZH�KDYH�WKH�DXWKRULW\�RQHV²WKHUH
LV�QR�QHHG�WR�VROYH�ERWK�WKH�HLJHQYDOXH�HTXDWLRQV�LQ�(T���������VHSDUDWHO\�
1RWH� WKDW�$$7� LV� SUHFLVHO\� WKH� FRFLWDWLRQ� PDWUL[� GHILQHG� LQ� 6HFWLRQ� ������ �(T�� ������� DQG� WKH

DXWKRULW\�FHQWUDOLW\�LV�WKXV��URXJKO\�VSHDNLQJ��WKH�HLJHQYHFWRU�FHQWUDOLW\�IRU�WKH�FRFLWDWLRQ�QHWZRUN���

6LPLODUO\�$7$�LV�WKH�ELEOLRJUDSKLF�FRXSOLQJ�PDWUL[��(T����������DQG�KXE�FHQWUDOLW\�LV�WKH�HLJHQYHFWRU
FHQWUDOLW\�IRU�WKH�ELEOLRJUDSKLF�FRXSOLQJ�QHWZRUN�
$� QLFH� IHDWXUH� RI� WKH� KXE� DQG� DXWKRULW\� FHQWUDOLWLHV� LV� WKDW� WKH\� FLUFXPYHQW� WKH� SUREOHPV� WKDW

RUGLQDU\�HLJHQYHFWRU�FHQWUDOLW\�KDV�ZLWK�GLUHFWHG�QHWZRUNV��WKDW�YHUWLFHV�RXWVLGH�RI�VWURQJO\�FRQQHFWHG
FRPSRQHQWV�RU�WKHLU�RXW�FRPSRQHQWV�DOZD\V�KDYH�FHQWUDOLW\�]HUR��,Q�WKH�KXEV�DQG�DXWKRULWLHV�DSSURDFK
YHUWLFHV�QRW�FLWHG�E\�DQ\�RWKHUV�KDYH�DXWKRULW\�FHQWUDOLW\�]HUR��ZKLFK�LV�UHDVRQDEOH���EXW�WKH\�FDQ�VWLOO
KDYH� QRQ�]HUR� KXE� FHQWUDOLW\�� $QG� WKH� YHUWLFHV� WKDW� WKH\� FLWH� FDQ� WKHQ� KDYH� QRQ�]HUR� DXWKRULW\
FHQWUDOLW\� E\� YLUWXH� RI� EHLQJ� FLWHG�� 7KLV� LV� SHUKDSV� D� PRUH� HOHJDQW� VROXWLRQ� WR� WKH� SUREOHPV� RI
HLJHQYHFWRU�FHQWUDOLW\� LQ�GLUHFWHG�QHWZRUNV� WKDQ� WKH�PRUH�DG�KRF�PHWKRG�RI� LQWURGXFLQJ�DQ�DGGLWLYH
FRQVWDQW� WHUP� DV� ZH� GLG� LQ� (T�� �������:H� FDQ� VWLOO� LQWURGXFH� VXFK� D� FRQVWDQW� WHUP� LQWR� WKH� +,76
DOJRULWKP�LI�ZH�ZLVK��RU�HPSOR\�DQ\�RI�WKH�RWKHU�YDULDWLRQV�FRQVLGHUHG�LQ�SUHYLRXV�VHFWLRQV��VXFK�DV
QRUPDOL]LQJ�YHUWH[�FHQWUDOLWLHV�E\�WKH�GHJUHHV�RI�WKH�YHUWLFHV�WKDW�SRLQW�WR�WKHP��6RPH�YDULDWLRQV�DORQJ
WKHVH�OLQHV�DUH�H[SORUHG�LQ�5HIV��>�������@��EXW�ZH�OHDYH�WKH�SXUVXLW�RI�VXFK�GHWDLOV�WR�WKH�HQWKXVLDVWLF
UHDGHU�
7KH�+,76�DOJRULWKP�LV�DQ�HOHJDQW�FRQVWUXFWLRQ�WKDW�VKRXOG�LQ�WKHRU\�SURYLGH�PRUH�LQIRUPDWLRQ�DERXW

YHUWH[�FHQWUDOLW\�WKDQ�WKH�VLPSOHU�PHDVXUHV�RI�SUHYLRXV�VHFWLRQV��EXW�LQ�SUDFWLFH�LW�KDV�QRW�\HW�IRXQG
PXFK�DSSOLFDWLRQ�� ,W� LV�XVHG�DV� WKH�EDVLV� IRU� WKH�ZHE� VHDUFK�HQJLQHV�7HRPD� DQG�$VN�FRP�� DQG�ZLOO
SHUKDSV�LQ�IXWXUH�ILQG�IXUWKHU�XVH��SDUWLFXODUO\�LQ�FLWDWLRQ�QHWZRUNV��ZKHUH�LW�KROGV�FOHDU�DGYDQWDJHV
RYHU�RWKHU�HLJHQYHFWRU�PHDVXUHV�
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$Q�HQWLUHO\�GLIIHUHQW�PHDVXUH�RI�FHQWUDOLW\� LV�SURYLGHG�E\� WKH�FORVHQHVV�FHQWUDOLW\��ZKLFK�PHDVXUHV
WKH�PHDQ�GLVWDQFH�IURP�D�YHUWH[�WR�RWKHU�YHUWLFHV��,Q�6HFWLRQ��������ZH�HQFRXQWHUHG�WKH�FRQFHSW�RI�WKH
JHRGHVLF�SDWK��WKH�VKRUWHVW�SDWK�WKURXJK�D�QHWZRUN�EHWZHHQ�WZR�YHUWLFHV��6XSSRVH�GLM�LV�WKH�OHQJWK�RI�D
JHRGHVLF� SDWK� IURP�L� WR�M��PHDQLQJ� WKH� QXPEHU� RI� HGJHV� DORQJ� WKH� SDWK���� 7KHQ� WKH�PHDQ� JHRGHVLF
GLVWDQFH�IURP�L�WR�M��DYHUDJHG�RYHU�DOO�YHUWLFHV�M�LQ�WKH�QHWZRUN��LV
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7KLV�TXDQWLW\� WDNHV� ORZ�YDOXHV� IRU�YHUWLFHV� WKDW�DUH�VHSDUDWHG�IURP�RWKHUV�E\�RQO\�D�VKRUW�JHRGHVLF
GLVWDQFH�RQ�DYHUDJH��6XFK�YHUWLFHV�PLJKW�KDYH�EHWWHU�DFFHVV�WR�LQIRUPDWLRQ�DW�RWKHU�YHUWLFHV�RU�PRUH
GLUHFW� LQIOXHQFH� RQ� RWKHU� YHUWLFHV�� ,Q� D� VRFLDO� QHWZRUN�� IRU� LQVWDQFH�� D� SHUVRQ� ZLWK� ORZHU� PHDQ
GLVWDQFH�WR�RWKHUV�PLJKW�ILQG�WKDW�WKHLU�RSLQLRQV�UHDFK�RWKHUV�LQ�WKH�FRPPXQLW\�PRUH�TXLFNO\�WKDQ�WKH
RSLQLRQV�RI�VRPHRQH�ZLWK�KLJKHU�PHDQ�GLVWDQFH�
,Q�FDOFXODWLQJ�WKH�DYHUDJH�GLVWDQFH�VRPH�DXWKRUV�H[FOXGH�IURP�WKH�VXP�LQ��������WKH�WHUP�IRU�M�  �L�

VR�WKDW
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ZKLFK� LV� D� UHDVRQDEOH� VWUDWHJ\�� VLQFH� D� YHUWH[¶V� LQIOXHQFH�RQ� LWVHOI� LV� XVXDOO\� QRW� UHOHYDQW� WR� WKH
ZRUNLQJ�RI�WKH�QHWZRUN��2Q�WKH�RWKHU�KDQG��WKH�GLVWDQFH�GLL�IURP�L�WR�LWVHOI�LV�]HUR�E\�GHILQLWLRQ��VR�WKLV
WHUP�LQ�IDFW�FRQWULEXWHV�QRWKLQJ�WR�WKH�VXP��7KH�RQO\�GLIIHUHQFH�WKH�FKDQJH�PDNHV�WR�ƐL�LV�LQ�WKH�OHDGLQJ
GLYLVRU��ZKLFK�EHFRPHV����Q��� ��� LQVWHDG�RI� ��Q��PHDQLQJ� WKDW�ƐL� FKDQJHV� E\� D� IDFWRU� RI�Q��Q� �� ���
6LQFH� WKLV� IDFWRU� LV� LQGHSHQGHQW� RI�L� DQG� VLQFH�� DV� ZH� KDYH� VDLG�� ZH� XVXDOO\� FDUH� RQO\� DERXW� WKH
UHODWLYH�FHQWUDOLWLHV�RI�GLIIHUHQW�YHUWLFHV�DQG�QRW� DERXW� WKHLU� DEVROXWH�YDOXHV��ZH�FDQ� LQ�PRVW� FDVHV
LJQRUH�WKH�GLIIHUHQFH�EHWZHHQ�(TV���������DQG���������,Q�WKLV�ERRN�ZH�XVH��������EHFDXVH�LW�WHQGV�WR
JLYH�VOLJKWO\�PRUH�HOHJDQW�DQDO\WLF�UHVXOWV�
7KH�PHDQ�GLVWDQFH�ƐL� LV� QRW� D� FHQWUDOLW\�PHDVXUH� LQ� WKH� VDPH� VHQVH�DV� WKH�RWKHUV� LQ� WKLV� FKDSWHU�



VLQFH�LW�JLYHV�ORZ�YDOXHV�IRU�PRUH�FHQWUDO�YHUWLFHV�DQG�KLJK�YDOXHV�IRU�OHVV�FHQWUDO�RQHV��ZKLFK�LV�WKH
RSSRVLWH� RI� RXU� RWKHU�PHDVXUHV�� ,Q� WKH� VRFLDO� QHWZRUNV� OLWHUDWXUH�� WKHUHIRUH�� UHVHDUFKHUV� FRPPRQO\
FDOFXODWH�WKH�LQYHUVH�RI�ƐL�UDWKHU�WKDQ�ƐL�LWVHOI��7KLV�LQYHUVH�LV�FDOOHG�WKH�FORVHQHVV�FHQWUDOLW\�&L�
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&ORVHQHVV� FHQWUDOLW\� LV� D� YHU\� QDWXUDO� PHDVXUH� RI� FHQWUDOLW\� DQG� LV� RIWHQ� XVHG� LQ� VRFLDO� DQG� RWKHU
QHWZRUN�VWXGLHV��%XW� LW�KDV� VRPH�SUREOHPV��2QH� LVVXH� LV� WKDW� LWV�YDOXHV� WHQG� WR� VSDQ�D� UDWKHU� VPDOO
G\QDPLF� UDQJH� IURP� ODUJHVW� WR� VPDOOHVW�� $V� GLVFXVVHG� LQ� 6HFWLRQV� ����� ����� DQG� ������ JHRGHVLF
GLVWDQFHV�GLM�EHWZHHQ�YHUWLFHV�LQ�PRVW�QHWZRUNV�WHQG�WR�EH�VPDOO��WKH�W\SLFDO�GLVWDQFH�LQFUHDVLQJ�RQO\
ORJDULWKPLFDOO\�ZLWK� WKH� VL]H� RI� WKH� HQWLUH� QHWZRUN��7KLV�PHDQV� WKDW� WKH� UDWLR� EHWZHHQ� WKH� VPDOOHVW
GLVWDQFH��ZKLFK�LV����DQG�WKH�ODUJHVW��ZKLFK�LV�RI�RUGHU�ORJ�Q�� LV�LWVHOI�RQO\�RI�RUGHU�ORJ�Q��ZKLFK� LV
VPDOO��%XW�WKH�VPDOOHVW�DQG�ODUJHVW�GLVWDQFHV�SURYLGH�ORZHU�DQG�XSSHU�ERXQGV�RQ�WKH�DYHUDJH�GLVWDQFH
ƐL��DQG�KHQFH�WKH�UDQJH�RI�YDOXHV�RI�ƐL�DQG�VLPLODUO\�RI�&L�LV�DOVR�VPDOO��,Q�D�W\SLFDO�QHWZRUN�WKH�YDOXHV
RI�&L�PLJKW�VSDQ�D�IDFWRU�RI�ILYH�RU�OHVV��:KDW�WKLV�PHDQV�LQ�SUDFWLFH�LV�WKDW�LW�LV�GLIILFXOW�WR�GLVWLQJXLVK
EHWZHHQ�FHQWUDO�DQG�OHVV�FHQWUDO�YHUWLFHV�XVLQJ�WKLV�PHDVXUH��WKH�YDOXHV�WHQG�WR�EH�FUDPSHG�WRJHWKHU
ZLWK�WKH�GLIIHUHQFHV�EHWZHHQ�DGMDFHQW�YDOXHV�VKRZLQJ�XS�RQO\�ZKHQ�\RX�H[DPLQH�WKH�WUDLOLQJ�GLJLWV�
7KLV�PHDQV� WKDW� HYHQ� VPDOO� IOXFWXDWLRQV� LQ� WKH� VWUXFWXUH�RI� WKH�QHWZRUN� FDQ�FKDQJH� WKH�RUGHU�RI� WKH
YDOXHV�VXEVWDQWLDOO\�
)RU�H[DPSOH��LW�KDV�EHFRPH�SRSXODU�LQ�UHFHQW�\HDUV�WR�UDQN�ILOP�DFWRUV�DFFRUGLQJ�WR�WKHLU�FORVHQHVV

FHQWUDOLW\� LQ� WKH� QHWZRUN� RI�ZKR� KDV� DSSHDUHG� LQ� ILOPV�ZLWK�ZKR� HOVH� >���@��8VLQJ� GDWD� IURP� WKH
,QWHUQHW�0RYLH�'DWDEDVH����ZH�ILQG�WKDW�LQ�WKH�ODUJHVW�FRPSRQHQW�RI�WKH�QHWZRUN��ZKLFK�LQFOXGHV�PRUH
WKDQ� ���� RI� DOO� DFWRUV�� WKH� VPDOOHVW� FORVHQHVV� FHQWUDOLW\� RI� DQ\� DFWRU� LV� ������� IRU� WKH� DFWRU
&KULVWRSKHU�/HH����ZKLOH�WKH�ODUJHVW�LV��������IRU�DQ�,UDQLDQ�DFWUHVV�QDPHG�/HLD�=DQJDQHK��7KH�UDWLR
RI�WKH�WZR�LV�MXVW�����DQG�DERXW�KDOI�D�PLOOLRQ�RWKHU�DFWRUV�OLH�LQ�EHWZHHQ��$V�ZH�FDQ�LPPHGLDWHO\�VHH�
WKH� YDOXHV�PXVW� EH� YHU\� FORVHO\� VSDFHG��7KH� VHFRQG�EHVW� FHQWUDOLW\� VFRUH� EHORQJV� WR� DFWRU�'RQDOG
3OHDVHQFH��ZKR�VFRUHV��������� MXVW�D� WHQWK�RI�D�SHUFHQW� OHVV� WKDQ�ZLQQHU�/HH��%HFDXVH�RI� WKH�FORVH
VSDFLQJ� RI� YDOXHV�� WKH� OHDGHUV� XQGHU� WKLV� GXELRXV�PHDVXUH� RI� VXSHULRULW\� FKDQJH� IUHTXHQWO\� DV� WKH
VPDOO�GHWDLOV�RI�WKH�ILOP�QHWZRUN�VKLIW�ZKHQ�QHZ�ILOPV�DUH�PDGH�RU�ROG�RQHV�DGGHG�WR�WKH�GDWDEDVH��,Q
DQ�DQDO\VLV�XVLQJ�DQ�HDUOLHU�YHUVLRQ�RI�WKH�GDWDEDVH��:DWWV�DQG�6WURJDW]�>���@�SURFODLPHG�5RG�6WHLJHU
WR�EH�WKH�DFWRU�ZLWK�WKH�ORZHVW�FORVHQHVV�FHQWUDOLW\��6WHLJHU�IDOOV�LQ�VL[WK�SODFH�LQ�RXU�DQDO\VLV�DQG�LW�LV
HQWLUHO\�SRVVLEOH�WKDW�WKH�UDQNLQJV�ZLOO�KDYH�FKDQJHG�DJDLQ�E\�WKH�WLPH�\RX�UHDG�WKLV��2WKHU�FHQWUDOLW\
PHDVXUHV�� LQFOXGLQJ� GHJUHH� FHQWUDOLW\� DQG� HLJHQYHFWRU� FHQWUDOLW\�� W\SLFDOO\� GRQ¶W� VXIIHU� IURP� WKLV
SUREOHP�EHFDXVH�WKH\�KDYH�D�ZLGHU�G\QDPLF�UDQJH�DQG�WKH�FHQWUDOLW\�YDOXHV��SDUWLFXODU� WKRVH�RI� WKH
OHDGHUV��WHQG�WR�EH�ZLGHO\�VHSDUDWHG�
7KH�FORVHQHVV�FHQWUDOLW\�KDV�DQRWKHU�SUREOHP�WRR��,I��DV�GLVFXVVHG�LQ�6HFWLRQ���������ZH�GHILQH�WKH

JHRGHVLF�GLVWDQFH�EHWZHHQ�WZR�YHUWLFHV�WR�EH�LQILQLWH�LI�WKH�YHUWLFHV�IDOO�LQ�GLIIHUHQW�FRPSRQHQWV�RI�WKH



QHWZRUN�� WKHQ�ƐL� LV� LQILQLWH� IRU� DOO�L� LQ� DQ\� QHWZRUN�ZLWK�PRUH� WKDQ� RQH� FRPSRQHQW� DQG�&L� LV� ]HUR�
7KHUH�DUH�WZR�VWUDWHJLHV�IRU�JHWWLQJ�DURXQG�WKLV��7KH�PRVW�FRPPRQ�RQH�LV�VLPSO\�WR�DYHUDJH�RYHU�RQO\
WKRVH�YHUWLFHV�LQ�WKH�VDPH�FRPSRQHQW�DV�L��7KHQ�Q�LQ�(T���������EHFRPHV�WKH�QXPEHU�RI�YHUWLFHV�LQ�WKH
FRPSRQHQW�DQG�WKH�VXP�LV�RYHU�RQO\�WKDW�FRPSRQHQW��7KLV�JLYHV�XV�D�ILQLWH�PHDVXUH��EXW�RQH�WKDW�KDV�LWV
RZQ�SUREOHPV��,Q�SDUWLFXODU��GLVWDQFHV�WHQG�WR�EH�VPDOOHU�EHWZHHQ�YHUWLFHV�LQ�VPDOO�FRPSRQHQWV��VR
WKDW� YHUWLFHV� LQ� VXFK� FRPSRQHQWV� JHW� ORZHU� YDOXHV� RI� ƐL� DQG� KLJKHU� FORVHQHVV� FHQWUDOLW\� WKDQ� WKHLU
FRXQWHUSDUWV� LQ� ODUJHU� FRPSRQHQWV�� 7KLV� LV� XVXDOO\� XQGHVLUDEOH�� LQ� PRVW� FDVHV� YHUWLFHV� LQ� VPDOO
FRPSRQHQWV� DUH� FRQVLGHUHG�OHVV� ZHOO� FRQQHFWHG� WKDQ� WKRVH� LQ� ODUJHU� RQHV� DQG� VKRXOG� WKHUHIRUH� EH
JLYHQ�ORZHU�FHQWUDOLW\�
3HUKDSV�D�EHWWHU�VROXWLRQ��WKHUHIRUH��LV�WR�UHGHILQH�FORVHQHVV�LQ�WHUPV�RI�WKH�KDUPRQLF�PHDQ�GLVWDQFH

EHWZHHQ�YHUWLFHV��L�H���WKH�DYHUDJH�RI�WKH�LQYHUVH�GLVWDQFHV�
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�1RWLFH�WKDW�ZH�DUH�REOLJHG�LQ�WKLV�FDVH�WR�H[FOXGH�IURP�WKH�VXP�WKH�WHUP�IRU�M� �L��VLQFH�GLL� ���ZKLFK
ZRXOG�PDNH�WKLV� WHUP�LQILQLWH��7KLV�PHDQV� WKDW� WKH�VXP�KDV�RQO\�Q� ����WHUPV�LQ�LW��KHQFH�WKH�OHDGLQJ
IDFWRU�RI����Q�������
7KLV� GHILQLWLRQ� KDV� D� FRXSOH� RI� QLFH� SURSHUWLHV�� )LUVW�� LI�GLM�  ��� EHFDXVH�L� DQG�M� DUH� LQ� GLIIHUHQW

FRPSRQHQWV�� WKHQ� WKH� FRUUHVSRQGLQJ� WHUP� LQ� WKH� VXP� LV� VLPSO\� ]HUR� DQG� GURSV� RXW�� 6HFRQG�� WKH
PHDVXUH�QDWXUDOO\�JLYHV�PRUH�ZHLJKW�WR�YHUWLFHV�WKDW�DUH�FORVH�WR�L�WKDQ�WR�WKRVH�IDU�DZD\��,QWXLWLYHO\
ZH�PLJKW�LPDJLQH�WKDW�WKH�GLVWDQFH�WR�FORVH�YHUWLFHV�LV�ZKDW�PDWWHUV�LQ�PRVW�SUDFWLFDO�VLWXDWLRQV²RQFH
D�YHUWH[�LV�IDU�DZD\�LQ�D�QHWZRUN�LW�PDWWHUV�OHVV�H[DFWO\�KRZ�IDU�DZD\�LW� LV��DQG�(T���������UHIOHFWV
WKLV��KDYLQJ�FRQWULEXWLRQV�FORVH�WR�]HUR�IURP�DOO�VXFK�YHUWLFHV�
'HVSLWH� LWV� GHVLUDEOH� TXDOLWLHV�� KRZHYHU�� (T�� ������� LV� UDUHO\� XVHG� LQ� SUDFWLFH��:H� KDYH� VHHQ� LW

HPSOR\HG�RQO\�RFFDVLRQDOO\�
$Q�LQWHUHVWLQJ�SURSHUW\�RI�HQWLUH�QHWZRUNV��ZKLFK�LV�UHODWHG�WR�WKH�FORVHQHVV�FHQWUDOLW\��LV�WKH�PHDQ

JHRGHVLF� GLVWDQFH�EHWZHHQ�YHUWLFHV�� ,Q�6HFWLRQ�����ZH�ZLOO� XVH�PHDVXUHPHQWV� RI�PHDQ�GLVWDQFH� LQ
QHWZRUNV�WR�VWXG\�WKH�VR�FDOOHG�³VPDOO�ZRUOG�HIIHFW�´
)RU� D� QHWZRUN� ZLWK� RQO\� RQH� FRPSRQHQW�� WKH� PHDQ� GLVWDQFH� EHWZHHQ� SDLUV� RI� YHUWLFHV�

FRQYHQWLRQDOO\�GHQRWHG�MXVW�Ɛ��QRZ�ZLWKRXW�WKH�VXEVFULSW���LV
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�



�

,Q�RWKHU�ZRUGV�Ɛ�LV�MXVW�WKH�PHDQ�RI�ƐL�RYHU�DOO�YHUWLFHV�
)RU�D�QHWZRUN�ZLWK�PRUH�WKDQ�RQH�FRPSRQHQW�ZH�UXQ�LQWR�WKH�VDPH�SUREOHPV�DV�EHIRUH��WKDW�GLM� LV

LQILQLWH�ZKHQ�L�DQG�M�DUH�LQ�GLIIHUHQW�FRPSRQHQWV�DQG�KHQFH�Ɛ�LV�DOVR�LQILQLWH��7KH�PRVW�FRPPRQ�ZD\
DURXQG�WKLV�SUREOHP�LV�WR�DYHUDJH�RQO\�RYHU�SDWKV�WKDW�UXQ�EHWZHHQ�YHUWLFHV�LQ�WKH�VDPH�FRPSRQHQW�
/HW�^&P`�EH�WKH�VHW�RI�FRPSRQHQWV�RI�D�QHWZRUN��ZLWK�P� ����������7KHQ�ZH�GHILQH

�
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ZKHUH�QP�LV�WKH�QXPEHU�RI�YHUWLFHV�LQ�FRPSRQHQW�&P��7KLV�PHDVXUH�LV�QRZ�ILQLWH�IRU�DOO�QHWZRUNV�
DOWKRXJK�LW�LV�QRW�QRZ�HTXDO�WR�D�VLPSOH�DYHUDJH�RYHU�WKH�YDOXHV�RI�ƐL�IRU�HDFK�YHUWH[�
$Q�DOWHUQDWLYH�DQG�SHUKDSV�EHWWHU�DSSURDFK�ZRXOG�EH�WR�XVH�WKH�WULFN�IURP�(T���������DQG�GHILQH�D

KDUPRQLF�PHDQ�GLVWDQFH�Ɛƍ�DFFRUGLQJ�WR

�

������
�

RU�HTXLYDOHQWO\

�

������
�

ZKHUH� �LV�WKH�KDUPRQLF�PHDQ�FORVHQHVV�RI�(T�����������1RWH�WKDW��DV�LQ���������ZH�H[FOXGH�IURP�WKH
ILUVW�VXP�LQ��������WKH�WHUPV�IRU�L� �M��ZKLFK�ZRXOG�EH�LQILQLWH�VLQFH�GLL� ����
(TXDWLRQ� ������� DXWRPDWLFDOO\� UHPRYHV� DQ\� FRQWULEXWLRQV� IURP� YHUWH[� SDLUV� IRU� ZKLFK�GLM�  � ��

'HVSLWH�LWV�HOHJDQFH��KRZHYHU��(T����������OLNH�(T����������LV�KDUGO\�HYHU�XVHG�



����%(7:((11(66�&(175$/,7<

�

$�YHU\�GLIIHUHQW�FRQFHSW�RI�FHQWUDOLW\�LV�EHWZHHQQHVV�FHQWUDOLW\��ZKLFK�PHDVXUHV�WKH�H[WHQW�WR�ZKLFK�D
YHUWH[�OLHV�RQ�SDWKV�EHWZHHQ�RWKHU�YHUWLFHV��7KH�LGHD�RI�EHWZHHQQHVV�LV�XVXDOO\�DWWULEXWHG�WR�)UHHPDQ
>���@� LQ� ������ DOWKRXJK� DV�)UHHPDQ�KLPVHOI� KDV� SRLQWHG�RXW� >���@�� LW�ZDV� LQGHSHQGHQWO\�SURSRVHG
VRPH�\HDUV�HDUOLHU�E\�$QWKRQLVVH�>��@�LQ�DQ�XQSXEOLVKHG�WHFKQLFDO�UHSRUW�
6XSSRVH� ZH� KDYH� D� QHWZRUN� ZLWK� VRPHWKLQJ� IORZLQJ� DURXQG� LW� IURP� YHUWH[� WR� YHUWH[� DORQJ� WKH

HGJHV��)RU�LQVWDQFH��LQ�D�VRFLDO�QHWZRUN�ZH�PLJKW�KDYH�PHVVDJHV��QHZV��LQIRUPDWLRQ��RU�UXPRUV�EHLQJ
SDVVHG� IURP� RQH� SHUVRQ� WR� DQRWKHU�� ,Q� WKH� ,QWHUQHW� ZH� KDYH� GDWD� SDFNHWV� PRYLQJ� DURXQG�� /HW� XV
LQLWLDOO\�PDNH�WKH�VLPSOH�DVVXPSWLRQ�WKDW�HYHU\�SDLU�RI�YHUWLFHV�LQ�WKH�QHWZRUN�H[FKDQJHV�D�PHVVDJH
ZLWK�HTXDO�SUREDELOLW\�SHU�XQLW�WLPH��PRUH�SUHFLVHO\�HYHU\�SDLU�WKDW�LV�DFWXDOO\�FRQQHFWHG�E\�D�SDWK�
DQG� WKDW�PHVVDJHV� DOZD\V� WDNH� WKH� VKRUWHVW� �JHRGHVLF�� SDWK� WKRXJK� WKH� QHWZRUN�� RU� RQH� VXFK� SDWK�
FKRVHQ�DW�UDQGRP��LI�WKHUH�DUH�VHYHUDO��7KHQ�OHW�XV�DVN�WKH�IROORZLQJ�TXHVWLRQ��LI�ZH�ZDLW�D�VXLWDEO\
ORQJ�WLPH�XQWLO�PDQ\�PHVVDJHV�KDYH�SDVVHG�EHWZHHQ�HDFK�SDLU�RI�YHUWLFHV��KRZ�PDQ\�PHVVDJHV��RQ
DYHUDJH��ZLOO�KDYH�SDVVHG�WKURXJK�HDFK�YHUWH[�HQ�URXWH�WR�WKHLU�GHVWLQDWLRQ"�7KH�DQVZHU�LV�WKDW��VLQFH
PHVVDJHV� DUH� SDVVLQJ� GRZQ� HDFK� JHRGHVLF� SDWK� DW� WKH� VDPH� UDWH�� WKH� QXPEHU� SDVVLQJ� WKURXJK� HDFK
YHUWH[� LV� VLPSO\� SURSRUWLRQDO� WR� WKH� QXPEHU� RI� JHRGHVLF� SDWKV� WKH� YHUWH[� OLHV� RQ�� 7KLV� QXPEHU� RI
JHRGHVLF�SDWKV�LV�ZKDW�ZH�FDOO�WKH�EHWZHHQQHVV�FHQWUDOLW\��RU�MXVW�EHWZHHQQHVV�IRU�VKRUW�
9HUWLFHV�ZLWK�KLJK�EHWZHHQQHVV� FHQWUDOLW\�PD\�KDYH� FRQVLGHUDEOH� LQIOXHQFH�ZLWKLQ� D� QHWZRUN�E\

YLUWXH� RI� WKHLU� FRQWURO� RYHU� LQIRUPDWLRQ� SDVVLQJ� EHWZHHQ� RWKHUV�� 7KH� YHUWLFHV� ZLWK� KLJKHVW
EHWZHHQQHVV� LQ� RXU� PHVVDJH�SDVVLQJ� VFHQDULR� DUH� WKH� RQHV� WKURXJK� ZKLFK� WKH� ODUJHVW� QXPEHU� RI
PHVVDJHV�SDVV��DQG�LI� WKRVH�YHUWLFHV�JHW� WR�VHH� WKH�PHVVDJHV�LQ�TXHVWLRQ�DV� WKH\�SDVV��RU� LI� WKH\�JHW
SDLG�IRU�SDVVLQJ�WKH�PHVVDJHV�DORQJ��WKH\�FRXOG�GHULYH�D�ORW�RI�SRZHU�IURP�WKHLU�SRVLWLRQ�ZLWKLQ�WKH
QHWZRUN��7KH�YHUWLFHV�ZLWK�KLJKHVW�EHWZHHQQHVV�DUH�DOVR�WKH�RQHV�ZKRVH�UHPRYDO�IURP�WKH�QHWZRUN
ZLOO�PRVW�GLVUXSW�FRPPXQLFDWLRQV�EHWZHHQ�RWKHU�YHUWLFHV�EHFDXVH� WKH\�OLH�RQ� WKH� ODUJHVW�QXPEHU�RI
SDWKV� WDNHQ� E\� PHVVDJHV�� ,Q� UHDO�ZRUOG� VLWXDWLRQV�� RI� FRXUVH�� QRW� DOO� YHUWLFHV� H[FKDQJH
FRPPXQLFDWLRQV�ZLWK�WKH�VDPH�IUHTXHQF\��DQG�LQ�PRVW�FDVHV�FRPPXQLFDWLRQV�GR�QRW�DOZD\V�WDNH�WKH
VKRUWHVW�SDWK��1RQHWKHOHVV��EHWZHHQQHVV�FHQWUDOLW\�PD\�VWLOO�EH�DQ�DSSUR[LPDWH�JXLGH�WR�WKH�LQIOXHQFH
YHUWLFHV�KDYH�RYHU�WKH�IORZ�RI�LQIRUPDWLRQ�EHWZHHQ�RWKHUV�
+DYLQJ�VHHQ�WKH�EDVLF�LGHD�RI�EHWZHHQQHVV�FHQWUDOLW\��OHW�XV�PDNH�WKLQJV�PRUH�SUHFLVH��)RU�WKH�VDNH

RI�VLPSOLFLW\��VXSSRVH�IRU�WKH�PRPHQW�WKDW�ZH�KDYH�DQ�XQGLUHFWHG�QHWZRUN�LQ�ZKLFK�WKHUH�LV�DW�PRVW
RQH�JHRGHVLF�SDWK�EHWZHHQ�DQ\�SDLU�RI�YHUWLFHV���7KHUH�PD\�EH�]HUR�SDWKV�LI�WKH�YHUWLFHV�LQ�TXHVWLRQ
DUH� LQ� GLIIHUHQW� FRPSRQHQWV��� &RQVLGHU� WKH� VHW� RI� DOO� JHRGHVLF� SDWKV� LQ� VXFK� D� QHWZRUN�� 7KHQ� WKH
EHWZHHQQHVV�FHQWUDOLW\�RI�D�YHUWH[�L�LV�GHILQHG�WR�EH�WKH�QXPEHU�RI�WKRVH�SDWKV�WKDW�SDVV�WKURXJK�L�
0DWKHPDWLFDOO\��OHW� �EH���LI�YHUWH[�L�OLHV�RQ�WKH�JHRGHVLF�SDWK�IURP�V�WR�W�DQG���LI�LW�GRHV�QRW�RU�LI

WKHUH� LV� QR� VXFK� SDWK� �EHFDXVH�V� DQG�W� OLH� LQ� GLIIHUHQW� FRPSRQHQWV� RI� WKH� QHWZRUN��� 7KHQ� WKH
EHWZHHQQHVV�FHQWUDOLW\�[L�LV�JLYHQ�E\

�
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1RWH�WKDW�WKLV�GHILQLWLRQ�FRXQWV�VHSDUDWHO\�WKH�JHRGHVLF�SDWKV�LQ�HLWKHU�GLUHFWLRQ�EHWZHHQ�HDFK�YHUWH[
SDLU��6LQFH�WKHVH�SDWKV�DUH�WKH�VDPH�RQ�DQ�XQGLUHFWHG�QHWZRUN�WKLV�HIIHFWLYHO\�FRXQWV�HDFK�SDWK�WZLFH�
2QH�FRXOG�FRPSHQVDWH�IRU�WKLV�E\�GLYLGLQJ�[L�E\����DQG�RIWHQ�WKLV�LV�GRQH��EXW�ZH�SUHIHU�WKH�GHILQLWLRQ
JLYHQ�KHUH�IRU�D�FRXSOH�RI�UHDVRQV��)LUVW��LW�PDNHV�OLWWOH�GLIIHUHQFH�LQ�SUDFWLFH�ZKHWKHU�RQH�GLYLGHV�WKH
FHQWUDOLW\�E\���� VLQFH�RQH� LV�XVXDOO\�FRQFHUQHG�RQO\�ZLWK� WKH� UHODWLYH�PDJQLWXGHV�RI� WKH�FHQWUDOLWLHV
DQG�QRW�ZLWK�WKHLU�DEVROXWH�YDOXHV��6HFRQG��DV�GLVFXVVHG�EHORZ��(T���������KDV�WKH�DGYDQWDJH�WKDW�LW
FDQ� EH� DSSOLHG� XQPRGLILHG� WR� GLUHFWHG� QHWZRUNV�� LQ�ZKLFK� WKH� SDWKV� LQ� HLWKHU� GLUHFWLRQ� EHWZHHQ� D
YHUWH[�SDLU�FDQ�GLIIHU�
1RWH�DOVR�WKDW�(T���������LQFOXGHV�SDWKV�IURP�HDFK�YHUWH[�WR�LWVHOI��6RPH�SHRSOH�SUHIHU�WR�H[FOXGH

VXFK�SDWKV� IURP� WKH�GHILQLWLRQ�� VR� WKDW� �EXW�DJDLQ� WKH�GLIIHUHQFH� LV� W\SLFDOO\�QRW� LPSRUWDQW�
(DFK�YHUWH[�OLHV�RQ�RQH�SDWK�IURP�LWVHOI�WR�LWVHOI��VR�WKH�LQFOXVLRQ�RI�WKHVH�WHUPV�VLPSO\�LQFUHDVHV�WKH
EHWZHHQQHVV�E\����EXW�GRHV�QRW�FKDQJH�WKH�UDQNLQJV�RI�WKH�YHUWLFHV²ZKLFK�RQHV�KDYH�KLJKHU�RU�ORZHU
EHWZHHQQHVV²UHODWLYH�WR�RQH�DQRWKHU�
7KHUH�LV�DOVR�D�FKRLFH�WR�EH�PDGH�DERXW�ZKHWKHU�WKH�SDWK�IURP�V�WR�W�VKRXOG�EH�FRQVLGHUHG�WR�SDVV

WKURXJK� WKH�YHUWLFHV�V�DQG�W�WKHPVHOYHV��,Q�WKH�VRFLDO�QHWZRUNV�OLWHUDWXUH�LW�LV�XVXDOO\�DVVXPHG�WKDW�LW
GRHV�QRW��:H�SUHIHU� WKH�GHILQLWLRQ�ZKHUH� LW�GRHV�� LW�VHHPV�UHDVRQDEOH� WR�GHILQH�D�YHUWH[� WR�EH�RQ�D
SDWK�EHWZHHQ�LWVHOI�DQG�VRPHRQH�HOVH��VLQFH�QRUPDOO\�D�YHUWH[�KDV�FRQWURO�RYHU�LQIRUPDWLRQ�IORZLQJ
IURP� LWVHOI� WR� RWKHU� YHUWLFHV� RU� YLFH� YHUVD�� ,I�� KRZHYHU�� ZH� H[FOXGH� WKH� HQGSRLQWV� RI� WKH� SDWK� DV
VRFLRORJLVWV� FRPPRQO\�GR�� WKH�RQO\� HIIHFW� LV� WR� UHGXFH� WKH�QXPEHU�RI�SDWKV� WKURXJK�HDFK�YHUWH[�E\
WZLFH�WKH�VL]H�RI�WKH�FRPSRQHQW�WR�ZKLFK�WKH�YHUWH[�EHORQJV��7KXV�WKH�EHWZHHQQHVVHV�RI�DOO�YHUWLFHV
ZLWKLQ�D�VLQJOH�FRPSRQHQW�DUH�MXVW�UHGXFHG�E\�DQ�DGGLWLYH�FRQVWDQW�DQG�WKH�UDQNLQJ�RI�YHUWLFHV�ZLWKLQ
WKH� FRPSRQHQW� LV� DJDLQ� XQFKDQJHG�� �7KH� UDQNLQJV� RI� YHUWLFHV� LQ� GLIIHUHQW� FRPSRQHQWV� FDQ� FKDQJH
UHODWLYH�WR�RQH�DQRWKHU��EXW�WKLV�LV�UDUHO\�DQ�LVVXH�EHFDXVH�EHWZHHQQHVV�FHQWUDOLW\�LV�QRW�W\SLFDOO\�XVHG
WR�FRPSDUH�YHUWLFHV�LQ�GLIIHUHQW�FRPSRQHQWV��VLQFH�VXFK�YHUWLFHV�DUH�QRW�FRPSHWLQJ�IRU�LQIOXHQFH�LQ�WKH
VDPH�DUHQD��

�

9HUWLFHV�$�DQG�%�DUH�FRQQHFWHG�E\�WZR�JHRGHVLF�SDWKV��9HUWH[�&�OLHV�RQ�ERWK�SDWKV�
�
�
7KHVH�GHYHORSPHQWV�DUH�DOO�IRU�WKH�FDVH�LQ�ZKLFK�WKHUH�LV�DW�PRVW�RQH�JHRGHVLF�SDWK�EHWZHHQ�HDFK

YHUWH[� SDLU�� 0RUH� JHQHUDOO\�� KRZHYHU�� WKHUH� PD\� EH� PRUH� WKDQ� RQH�� 7KH� VWDQGDUG� H[WHQVLRQ� RI
EHWZHHQQHVV� WR� WKLV�FDVH�JLYHV�HDFK�SDWK�D�ZHLJKW�HTXDO� WR� WKH� LQYHUVH�RI� WKH�QXPEHU�RI�SDWKV��)RU
LQVWDQFH��LI�WKHUH�DUH�WZR�JHRGHVLF�SDWKV�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV��HDFK�RI�WKHP�J�HWV�ZHLJKW� �
7KHQ�WKH�EHWZHHQQHVV�RI�D�YHUWH[�LV�GHILQHG�WR�EH�WKH�VXP�RI�WKH�ZHLJKWV�RI�DOO�JHRGHVLF�SDWKV�SDVVLQJ



WKURXJK�WKDW�YHUWH[�
1RWH�WKDW� WKH�JHRGHVLF�SDWKV�EHWZHHQ�D�SDLU�RI�YHUWLFHV�QHHG�QRW�EH�YHUWH[�LQGHSHQGHQW��PHDQLQJ

WKH\�PD\�SDVV�WKURXJK�VRPH�RI�WKH�VDPH�YHUWLFHV��VHH�ILJXUH���,I�WZR�RU�PRUH�SDWKV�SDVV�WKURXJK�WKH
VDPH�YHUWH[� WKHQ� WKH�EHWZHHQQHVV� VXP� LQFOXGHV�FRQWULEXWLRQV� IURP�HDFK�RI� WKHP��7KXV� LI� WKHUH�DUH�
VD\��WKUHH�JHRGHVLF�SDWKV�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV�DQG�WZR�RI�WKHP�SDVV�WKURXJK�D�SDUWLFXODU
YHUWH[��WKHQ�WKH\�FRQWULEXWH� �WR�WKDW�YHUWH[¶V�EHWZHHQQHVV�
)RUPDOO\��ZH�FDQ�H[SUHVV�WKH�EHWZHHQQHVV�IRU�D�JHQHUDO�QHWZRUN�E\�UHGHILQLQJ� �WR�EH�WKH�QXPEHU

RI�JHRGHVLF�SDWKV�IURP�V�WR�W�WKDW�SDVV�WKURXJK�L��$QG�ZH�GHILQH�JVW�WR�EH�WKH�WRWDO�QXPEHU�RI�JHRGHVLF
SDWKV�IURP�V�WR�W��7KHQ�WKH�EHWZHHQQHVV�FHQWUDOLW\�RI�YHUWH[�L�LV

�

������
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ZKHUH�ZH�DGRSW�WKH�FRQYHQWLRQ�WKDW� �DUH�]HUR��7KLV�GHILQLWLRQ�LV�HTXLYDOHQW�WR
RXU�PHVVDJH�SDVVLQJ�WKRXJKW�H[SHULPHQW�DERYH��LQ�ZKLFK�PHVVDJHV�SDVV�EHWZHHQ�DOO�SDLUV�RI�YHUWLFHV
LQ� D� QHWZRUN� DW� WKH� VDPH� DYHUDJH� UDWH�� WUDYHOLQJ� DORQJ� VKRUWHVW� SDWKV�� DQG� LQ� WKH� FDVH� RI� VHYHUDO
VKRUWHVW�SDWKV�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV� WKH\�FKRRVH�DW�UDQGRP�EHWZHHQ�WKRVH�VHYHUDO�SDWKV�
7KHQ�[L�LV�SURSRUWLRQDO�WR�WKH�DYHUDJH�UDWH�DW�ZKLFK�WUDIILF�SDVVHV�WKRXJK�YHUWH[�L�
%HWZHHQQHVV� FHQWUDOLW\� FDQ� EH� DSSOLHG� WR� GLUHFWHG� QHWZRUNV� DV� ZHOO�� ,Q� D� GLUHFWHG� QHWZRUN� WKH

VKRUWHVW�SDWK�EHWZHHQ� WZR�YHUWLFHV�GHSHQGV�� LQ�JHQHUDO��RQ� WKH�GLUHFWLRQ�\RX� WUDYHO� LQ��7KH�VKRUWHVW
SDWK�IURP�$�WR�%�LV�GLIIHUHQW�IURP�WKH�VKRUWHVW�SDWK�IURP�%�WR�$��,QGHHG�WKHUH�PD\�EH�D�SDWK�LQ�RQH
GLUHFWLRQ�DQG�QR�SDWK�DW�DOO�LQ�WKH�RWKHU��7KXV�LW�LV�LPSRUWDQW�LQ�D�GLUHFWHG�QHWZRUN�H[SOLFLWO\�WR�LQFOXGH
WKH�SDWK�FRXQWV�LQ�HLWKHU�GLUHFWLRQ�EHWZHHQ�HDFK�YHUWH[�SDLU��7KH�GHILQLWLRQ�LQ�(T���������DOUHDG\�GRHV
WKLV�DQG�VR��DV�PHQWLRQHG�DERYH��ZH�FDQ�XVH�WKH�VDPH�GHILQLWLRQ�ZLWKRXW�PRGLILFDWLRQ�IRU�WKH�GLUHFWHG
FDVH��7KLV�LV�RQH�UHDVRQ�ZK\�ZH�SUHIHU�WKLV�GHILQLWLRQ�WR�RWKHU�VOLJKW�YDULDQWV�WKDW�DUH�VRPHWLPHV�XVHG�
$OWKRXJK�WKH�JHQHUDOL]DWLRQ�RI�EHWZHHQQHVV�WR�GLUHFWHG�QHWZRUNV�LV�VWUDLJKWIRUZDUG��KRZHYHU��LW�LV

UDUHO\� LI� HYHU� XVHG�� VR� ZH� ZRQ¶W� GLVFXVV� LW� IXUWKHU� KHUH�� FRQFHQWUDWLQJ� LQVWHDG� RQ� WKH� PXFK� PRUH
FRPPRQ�XQGLUHFWHG�FDVH�
%HWZHHQQHVV�FHQWUDOLW\�GLIIHUV�IURP�WKH�RWKHU�FHQWUDOLW\�PHDVXUHV�ZH�KDYH�FRQVLGHUHG�LQ�EHLQJ�QRW

SULQFLSDOO\�D�PHDVXUH�RI�KRZ�ZHOO�FRQQHFWHG�D�YHUWH[�LV��,QVWHDG�LW�PHDVXUHV�KRZ�PXFK�D�YHUWH[�IDOOV
³EHWZHHQ´�RWKHUV��,QGHHG�D�YHUWH[�FDQ�KDYH�TXLWH�ORZ�GHJUHH��EH�FRQQHFWHG�WR�RWKHUV�WKDW�KDYH�ORZ
GHJUHH��HYHQ�EH�D� ORQJ�ZD\�IURP�RWKHUV�RQ�DYHUDJH��DQG�VWLOO�KDYH�KLJK�EHWZHHQQHVV��&RQVLGHU� WKH
VLWXDWLRQ�GHSLFWHG�LQ�)LJ�������9HUWH[�$�OLHV�RQ�D�EULGJH�EHWZHHQ�WZR�JURXSV�ZLWKLQ�D�QHWZRUN��6LQFH
DQ\�VKRUWHVW�SDWK��RU�LQGHHG�DQ\�SDWK�ZKDWVRHYHU��EHWZHHQ�D�YHUWH[�LQ�RQH�JURXS�DQG�D�YHUWH[�LQ�WKH
RWKHU�PXVW�SDVV�DORQJ�WKLV�EULGJH��$�DFTXLUHV�YHU\�KLJK�EHWZHHQQHVV��HYHQ�WKRXJK�LW� LV� LWVHOI�RQ�WKH
SHULSKHU\� RI� ERWK� JURXSV� DQG� LQ� RWKHU� UHVSHFWV�PD\�EH�QRW�ZHOO� FRQQHFWHG�� SUREDEO\�$�ZRXOG� QRW
KDYH�SDUWLFXODUO\�LPSUHVVLYH�YDOXHV�IRU�HLJHQYHFWRU�RU�FORVHQHVV�FHQWUDOLW\��DQG�LWV�GHJUHH�FHQWUDOLW\
LV�RQO\����EXW�QRQHWKHOHVV�LW�PLJKW�KDYH�D�ORW�RI�LQIOXHQFH�LQ�WKH�QHWZRUN�DV�D�UHVXOW�RI�LWV�FRQWURO�RYHU
WKH� IORZ�RI� LQIRUPDWLRQ�EHWZHHQ�RWKHUV��9HUWLFHV� LQ� UROHV� OLNH� WKLV�DUH�VRPHWLPHV�UHIHUUHG� WR� LQ� WKH
VRFLRORJLFDO�OLWHUDWXUH�DV�EURNHUV���



�

)LJXUH������$�ORZ�GHJUHH�YHUWH[�ZLWK�KLJK�EHWZHHQQHVV� �,Q�WKLV�VNHWFK�RI�D�QHWZRUN��YHUWH[�$�OLHV
RQ�D�EULGJH�MRLQLQJ�WZR�JURXSV�RI�RWKHU�YHUWLFHV��$OO�SDWKV�EHWZHHQ�WKH�JURXSV�PXVW�SDVV�WKURXJK�$�
VR�LW�KDV�D�KLJK�EHWZHHQQHVV�HYHQ�WKRXJK�LWV�GHJUHH�LV�ORZ�
�
�
%HWZHHQQHVV� FHQWUDOLW\� DOVR� KDV� DQRWKHU� LQWHUHVWLQJ� SURSHUW\�� LWV� YDOXHV� DUH� W\SLFDOO\� GLVWULEXWHG

RYHU� D�ZLGH� UDQJH��7KH�PD[LPXP�SRVVLEOH�YDOXH� IRU� WKH�EHWZHHQQHVV�RI� D�YHUWH[�RFFXUV�ZKHQ� WKH
YHUWH[�OLHV�RQ�WKH�VKRUWHVW�SDWK�EHWZHHQ�HYHU\�RWKHU�SDLU�RI�YHUWLFHV��7KLV�RFFXUV�IRU�WKH�FHQWUDO�YHUWH[
LQ� D�VWDU�JUDSK�� D� QHWZRUN� FRPSRVHG� RI� D� YHUWH[� DWWDFKHG� WR�Q��� �� RWKHUV� E\� VLQJOH� HGJHV�� ,Q� WKLV
VLWXDWLRQ�WKH�FHQWUDO�YHUWH[�OLHV�RQ�DOO�Q��VKRUWHVW�SDWKV�EHWZHHQ�YHUWH[�SDLUV�H[FHSW�IRU�WKH�Q�����SDWKV
IURP�WKH�SHULSKHUDO�YHUWLFHV�WR�WKHPVHOYHV��7KXV�WKH�EHWZHHQQHVV�FHQWUDOLW\�RI�WKH�FHQWUDO�YHUWH[�LV�Q�
��Q������$W�WKH�RWKHU�HQG�RI�WKH�VFDOH��WKH�VPDOOHVW�SRVVLEOH�YDOXH�RI�EHWZHHQQHVV�LQ�D�QHWZRUN�ZLWK�D
VLQJOH�FRPSRQHQW�LV��Q������VLQFH�DW�D�PLQLPXP�HDFK�YHUWH[�OLHV�RQ�HYHU\�SDWK�WKDW�VWDUWV�RU�HQGV�ZLWK
LWVHOI���7KHUH�DUH�Q�����SDWKV�IURP�D�YHUWH[�WR�RWKHUV��Q�����SDWKV�IURP�RWKHUV�WR�WKH�YHUWH[��DQG�RQH�SDWK
IURP�WKH�YHUWH[�WR�LWVHOI��IRU�D�WRWDO�RI���Q���������� ��Q�������7KLV�VLWXDWLRQ�RFFXUV��IRU�LQVWDQFH��ZKHQ
D�QHWZRUN�KDV�D�³OHDI´�DWWDFKHG� WR� LW��D�YHUWH[�FRQQHFWHG� WR� WKH�UHVW�RI� WKH�QHWZRUN�E\� MXVW�D�VLQJOH
HGJH�

�

$�VWDU�JUDSK�
�
�
7KXV�WKH�UDWLR�RI�ODUJHVW�DQG�VPDOOHVW�SRVVLEOH�EHWZHHQQHVV�YDOXHV�LV

�



������
�

ZKHUH�WKH�HTXDOLW\�EHFRPHV�H[DFW�LQ�WKH�OLPLW�RI�ODUJH�Q��7KXV�LQ�WKHRU\�WKHUH�FRXOG�EH�D�IDFWRU�RI
DOPRVW� �EHWZHHQ�WKH�ODUJHVW�DQG�VPDOOHVW�EHWZHHQQHVV�FHQWUDOLWLHV��ZKLFK�FRXOG�EHFRPH�YHU\�ODUJH
IRU� ODUJH� QHWZRUNV�� ,Q� UHDO� QHWZRUNV� WKH� UDQJH� LV� XVXDOO\� FRQVLGHUDEO\� VPDOOHU� WKDQ� WKLV�� EXW� LV
QRQHWKHOHVV�ODUJH�DQG�W\SLFDOO\�LQFUHDVLQJ�ZLWK�LQFUHDVLQJ�Q�
7DNLQJ�DJDLQ� WKH�H[DPSOH�RI� WKH�QHWZRUN�RI� ILOP�DFWRUV� IURP�WKH�SUHYLRXV�VHFWLRQ�� WKH� LQGLYLGXDO

ZLWK� WKH� KLJKHVW� EHWZHHQQHVV� FHQWUDOLW\� LQ� WKH� ODUJHVW� FRPSRQHQW� RI� WKH� DFWRU� QHWZRUN� LV� WKH� JUHDW
6SDQLVK�DFWRU�)HUQDQGR�5H\��PRVW� IDPRXV� LQ� WKH�(QJOLVK�VSHDNLQJ�ZRUOG� IRU�KLV������VWDUULQJ� UROH
QH[W� WR� *HQH� +DFNPDQ� LQ�7KH�)UHQFK�&RQQHFWLRQ���� 5H\� KDV� D� EHWZHHQQHVV� VFRUH� RI� ����� î� ����
ZKLOH�WKH�ORZHVW�VFRUH�RI�DQ\�DFWRU���LQ�WKH�ODUJH�FRPSRQHQW�LV�MXVW������î������7KXV�WKHUH�LV�D�UDWLR�RI
DOPRVW�D�WKRXVDQG�EHWZHHQ�WKH�WZR�OLPLWV²D�PXFK�ODUJHU�G\QDPLF�UDQJH�WKDQ�WKH�UDWLR�RI�����ZH�VDZ
LQ�WKH�FDVH�RI�FORVHQHVV�FHQWUDOLW\��2QH�FRQVHTXHQFH�RI�WKLV�LV�WKDW�WKHUH�DUH�YHU\�FOHDU�ZLQQHUV�DQG
ORVHUV� LQ� WKH� EHWZHHQQHVV� FHQWUDOLW\� FRPSHWLWLRQ�� 7KH� VHFRQG� KLJKHVW� EHWZHHQQHVV� LQ� WKH� DFWRU
QHWZRUN�LV� WKDW�RI�&KULVWRSKHU�/HH��DJDLQ���ZLWK������î������D�����SHUFHQW�GLIIHUHQFH�IURP�ZLQQHU
)HUQDQGR� 5H\��$OWKRXJK� EHWZHHQQHVV� YDOXHV�PD\� VKLIW� D� OLWWOH� DV� QHZ�PRYLHV� DUH�PDGH� DQG� QHZ
DFWRUV�DGGHG�WR�WKH�QHWZRUN��WKH�FKDQJHV�DUH�W\SLFDOO\�VPDOO�FRPSDUHG�ZLWK�WKHVH�ODUJH�JDSV�EHWZHHQ
WKH� OHDGHUV�� VR� WKDW� WKH� RUGHULQJ� DW� WKH� WRS� RI� WKH� OLVW� FKDQJHV� UHODWLYHO\� LQIUHTXHQWO\�� JLYLQJ
EHWZHHQQHVV�FHQWUDOLW\�UHVXOWV�D�UREXVWQHVV�QRW�VKDUHG�E\�WKRVH�IRU�FORVHQHVV�FHQWUDOLW\�
7KH�YDOXHV�RI�EHWZHHQQHVV�FDOFXODWHG�KHUH�DUH�UDZ�SDWK�FRXQWV��EXW�LW�LV�VRPHWLPHV�FRQYHQLHQW�WR

QRUPDOL]H� EHWZHHQQHVV� LQ� VRPH� ZD\�� 6HYHUDO� RI� WKH� VWDQGDUG� FRPSXWHU� SURJUDPV� IRU� QHWZRUN
DQDO\VLV��VXFK�DV�3DMHN�DQG�8&,1(7��SHUIRUP�VXFK�QRUPDOL]DWLRQV��2QH�QDWXUDO�FKRLFH�LV�WR�QRUPDOL]H
WKH� SDWK� FRXQW� E\� GLYLGLQJ� E\� WKH� WRWDO� QXPEHU� RI� �RUGHUHG�� YHUWH[� SDLUV�� ZKLFK� LV�Q��� VR� WKDW
EHWZHHQQHVV�EHFRPHV�WKH�IUDFWLRQ��UDWKHU�WKDQ�WKH�QXPEHU��RI�SDWKV�WKDW�UXQ�WKURXJK�D�JLYHQ�YHUWH[�

�

������
�

�

:LWK�WKLV�GHILQLWLRQ��WKH�YDOXHV�RI�WKH�EHWZHHQQHVV�OLH�VWULFWO\�EHWZHHQ�]HUR�DQG�RQH�
6RPH�RWKHU�YDULDWLRQV�RQ�WKH�EHWZHHQQHVV�FHQWUDOLW\�LGHD�DUH�ZRUWK�PHQWLRQLQJ��%HWZHHQQHVV�JHWV

DW� DQ� LPSRUWDQW� LGHD� LQ�QHWZRUN�DQDO\VLV�� WKDW�RI� WKH� IORZ�RI� LQIRUPDWLRQ�RU�RWKHU� WUDIILF�DQG�RI� WKH
LQIOXHQFH�YHUWLFHV�PLJKW�KDYH�RYHU�WKDW�IORZ��+RZHYHU��EHWZHHQQHVV�DV�GHILQHG�E\�)UHHPDQ�LV�EDVHG
RQ�FRXQWLQJ�RQO\�WKH�VKRUWHVW�SDWKV�EHWZHHQ�YHUWH[�SDLUV��HIIHFWLYHO\�DVVXPLQJ�WKDW�DOO�RU�DW�OHDVW�PRVW
WUDIILF�SDVVHV�DORQJ�WKRVH�VKRUWHVW�SDWKV��,Q�UHDOLW\�WUDIILF�IORZV�DORQJ�SDWKV�RWKHU�WKDQ�WKH�VKRUWHVW�LQ
PDQ\�QHWZRUNV��0RVW�RI�XV��IRU�LQVWDQFH��ZLOO�KDYH�KDG�WKH�H[SHULHQFH�RI�KHDULQJ�QHZV�DERXW�RQH�RI
RXU� IULHQGV� QRW� IURP� WKDW� IULHQG� GLUHFWO\� EXW� IURP� DQRWKHU� PXWXDO� DFTXDLQWDQFH²WKH� PHVVDJH� KDV
SDVVHG�DORQJ�D�SDWK�RI�OHQJWK�WZR�YLD�WKH�PXWXDO�DFTXDLQWDQFH��UDWKHU�WKDQ�DORQJ�WKH�GLUHFW��JHRGHVLF�
SDWK�RI�OHQJWK�RQH�



$�YHUVLRQ� RI� EHWZHHQQHVV� FHQWUDOLW\� WKDW�PDNHV� VRPH� DOORZDQFH� IRU� HIIHFWV� OLNH� WKLV� LV� WKH�IORZ
EHWZHHQQHVV�� ZKLFK�ZDV� SURSRVHG� E\� )UHHPDQ�HW�DO�� >���@� DQG� LV� EDVHG� RQ� WKH� LGHD� RI�PD[LPXP
IORZ��,PDJLQH�HDFK�HGJH�LQ�D�QHWZRUN�DV�D�SLSH�WKDW�FDQ�FDUU\�D�XQLW�IORZ�RI�VRPH�IOXLG��:H�FDQ�DVN
ZKDW�WKH�PD[LPXP�SRVVLEOH�IORZ�WKHQ�LV�EHWZHHQ�D�JLYHQ�VRXUFH�YHUWH[�V�DQG�WDUJHW�YHUWH[�W� WKURXJK
WKHVH� SLSHV�� ,Q� JHQHUDO� WKH� DQVZHU� LV� WKDW�PRUH� WKDQ� D� VLQJOH� XQLW� RI� IORZ� FDQ� EH� FDUULHG� EHWZHHQ
VRXUFH�DQG�WDUJHW�E\�PDNLQJ�VLPXOWDQHRXV�XVH�RI�VHYHUDO�GLIIHUHQW�SDWKV�WKURXJK�WKH�QHWZRUN��7KH�IORZ
EHWZHHQQHVV� RI� D� YHUWH[�L� LV� GHILQHG� DFFRUGLQJ� WR�(T�� �������� EXW�ZLWK� � EHLQJ�QRZ� WKH� DPRXQW�RI
IORZ�WKURXJK�YHUWH[�L�ZKHQ�WKH�PD[LPXP�IORZ�LV�WUDQVPLWWHG�IURP�V�WR�W�

6HH�6HFWLRQ������IRU�D�GLVFXVVLRQ�RI�PD[LPXP�IORZ�LQ�QHWZRUNV�
�
$V�ZH�VDZ�LQ�6HFWLRQ�������WKH�PD[LPXP�IORZ�EHWZHHQ�YHUWLFHV�V�DQG�W�LV�DOVR�HTXDO�WR�WKH�QXPEHU

RI� HGJH�LQGHSHQGHQW� SDWKV� EHWZHHQ� WKHP�� 7KXV� DQRWKHU� ZD\� HTXLYDOHQW� WR� ORRN� DW� WKH� IORZ
EHWZHHQQHVV�ZRXOG�EH�WR�FRQVLGHU� �WR�EH�WKH�QXPEHU�RI�LQGHSHQGHQW�SDWKV�EHWZHHQ�V�DQG�W�WKDW�UXQ
WKURXJK�YHUWH[�L�
$� VOLJKW� SUREOHP�DULVHV� EHFDXVH� WKH� LQGHSHQGHQW� SDWKV� EHWZHHQ� D� JLYHQ�SDLU� RI� YHUWLFHV� DUH� QRW

QHFHVVDULO\� XQLTXH�� )RU� LQVWDQFH�� WKH� QHWZRUN� VKRZQ� LQ� )LJ�� ���� KDV� WZR� HGJH�LQGHSHQGHQW� SDWKV
EHWZHHQ�V�DQG�W�EXW�ZH�KDYH�WZR�FKRLFHV�DERXW�ZKDW�WKRVH�SDWKV�DUH��HLWKHU�WKH�SDWKV�GHQRWHG�E\�WKH
VROLG�DUURZV��RU�WKRVH�GHQRWHG�E\�WKH�GDVKHG�RQHV��)XUWKHUPRUH��RXU�UHVXOW�IRU�WKH�IORZ�EHWZHHQQHVV
ZLOO�GHSHQG�RQ�ZKLFK�FKRLFH�ZH�PDNH��WKH�YHUWLFHV�ODEHOHG�$�DQG�%�IDOO�RQ�RQH�VHW�RI�SDWKV�EXW�QRW
WKH� RWKHU�� 7R� JHW� DURXQG� WKLV� SUREOHP�� )UHHPDQ� HW� DO�� GHILQH� WKH� IORZ� WKURXJK� D� YHUWH[� IRU� WKHLU
SXUSRVHV� WR� EH� WKH�PD[LPXP� SRVVLEOH� IORZ�RYHU� DOO� SRVVLEOH� FKRLFHV� RI�SDWKV�� RU� HTXLYDOHQWO\� WKH
PD[LPXP�QXPEHU�RI�LQGHSHQGHQW�SDWKV��7KXV�LQ�WKH�QHWZRUN�RI�)LJ�������WKH�FRQWULEXWLRQ�RI�WKH�IORZ
EHWZHHQ�V�DQG�W�WR�WKH�EHWZHHQQHVV�RI�YHUWH[�$�ZRXOG�EH����VLQFH�WKLV�LV�WKH�PD[LPXP�YDOXH�LW�WDNHV
RYHU�DOO�SRVVLEOH�FKRLFHV�RI�IORZ�SDWKV�

�

)LJXUH������(GJH�LQGHSHQGHQW�SDWKV�LQ�D�VPDOO�QHWZRUN��7KH�YHUWLFHV�V�DQG�W�LQ�WKLV�QHWZRUN�KDYH
WZR� LQGHSHQGHQW� SDWKV� EHWZHHQ� WKHP�� EXW� WKHUH� DUH� WZR� GLVWLQFW� ZD\V� RI� FKRRVLQJ� WKRVH� SDWKV�
UHSUHVHQWHG�E\�WKH�VROLG�DQG�GDVKHG�FXUYHV�
�
�
,Q� WHUPV� RI� RXU� LQIRUPDWLRQ� DQDORJ\�� RQH� FDQ� WKLQN� RI� IORZ� EHWZHHQQHVV� DV� PHDVXULQJ� WKH

EHWZHHQQHVV� RI� YHUWLFHV� LQ� D� QHWZRUN� LQ� ZKLFK� D� PD[LPDO� DPRXQW� RI� LQIRUPDWLRQ� LV� FRQWLQXRXVO\
SXPSHG� EHWZHHQ� DOO� VRXUFHV� DQG� WDUJHWV�� )ORZ� EHWZHHQQHVV� WDNHV� DFFRXQW� RI� PRUH� WKDQ� MXVW� WKH
JHRGHVLF� SDWKV� EHWZHHQ�YHUWLFHV�� VLQFH� IORZ�FDQ�JR� DORQJ�QRQ�JHRGHVLF� SDWKV� DV�ZHOO� DV� JHRGHVLF
RQHV�� �)RU� H[DPSOH�� WKH� SDWKV� WKURXJK� YHUWLFHV�$� DQG� %� LQ� WKH� H[DPSOH� DERYH� DUH� QRW� JHRGHVLF��
,QGHHG��LQ�VRPH�FDVHV�QRQH�RI�WKH�SDWKV�WKDW�DSSHDU�LQ�WKH�VROXWLRQ�RI�WKH�PD[LPXP�IORZ�SUREOHP�DUH



JHRGHVLF�SDWKV��VR�JHRGHVLF�SDWKV�PD\�QRW�EH�FRXQWHG�DW�DOO�E\�WKLV�PHDVXUH�
%XW�WKLV�SRLQW�KLJKOLJKWV�D�SUREOHP�ZLWK�IORZ�EHWZHHQQHVV��DOWKRXJK�LW�W\SLFDOO\�FRXQWV�PRUH�SDWKV

WKDQ�WKH�VWDQGDUG�VKRUWHVW�SDWK�EHWZHHQQHVV��IORZ�EHWZHHQQHVV�VWLOO�RQO\�FRXQWV�D�VXEVHW�RI�SRVVLEOH
SDWKV��DQG�VRPH�LPSRUWDQW�RQHV��VXFK�DV�JHRGHVLF�SDWKV��PD\�EH�PLVVHG�RXW�DOWRJHWKHU��2QH�ZD\�WR
ORRN�DW�WKH�LVVXH�LV�WKDW�ERWK�VKRUWHVW�SDWK�EHWZHHQQHVV�DQG�IORZ�EHWZHHQQHVV�DVVXPH�IORZV�WKDW�DUH
RSWLPDO�LQ�VRPH�VHQVH²SDVVLQJ�RQO\�DORQJ�VKRUWHVW�SDWKV�LQ�WKH�ILUVW�FDVH�DQG�PD[LPL]LQJ�WRWDO�IORZ
LQ�WKH�VHFRQG��-XVW�DV�WKHUH�LV�QR�UHDVRQ�WR�VXSSRVH�WKDW�LQIRUPDWLRQ�RU�RWKHU�WUDIILF�DOZD\V�WDNHV�WKH
VKRUWHVW� SDWK�� WKHUH� LV�QR� UHDVRQ� LQ�JHQHUDO� WR� VXSSRVH� LW� VKRXOG� DFW� WR�PD[LPL]H� IORZ� �DOWKRXJK�RI
FRXUVH�WKHUH�PD\�EH�VSHFLDO�FDVHV�LQ�ZKLFK�LW�GRHV��

6HH�6HFWLRQ������IRU�D�GLVFXVVLRQ�RI�UDQGRP�ZDONV�
�
$� EHWZHHQQHVV� YDULDQW� WKDW� GRHV� FRXQW� DOO� SDWKV� LV� WKH�UDQGRP�ZDON�EHWZHHQQHVV� >���@�� ,Q� WKLV

YDULDQW�WUDIILF�EHWZHHQ�YHUWLFHV�V� DQG�W�LV�WKRXJKW�RI�DV�SHUIRUPLQJ�DQ��DEVRUELQJ��UDQGRP�ZDON�WKDW
VWDUWV� DW� YHUWH[�V� DQG�FRQWLQXHV�XQ� WLO� LW� UHDFKHV�YHUWH[�W��7KH�EHWZHHQQHVV� LV�GHILQHG�DFFRUGLQJ� WR�

�EXW�ZLWK� �QRZ�EHLQJ�WKH�QXPEHU�RI�WLPHV�WKDW�WKH�UDQGRP�ZDON�IURP�V�WR�W�SDVVHV�WKURXJK�L
RQ�LWV�MRXUQH\��DYHUDJHG�RYHU�PDQ\�UHSHWLWLRQV�RI�WKH�ZDON�
1RWH�WKDW�LQ�WKLV�FDVH� �LQ�JHQHUDO��HYHQ�RQ�DQ�XQGLUHFWHG�QHWZRUN��)RU�LQVWDQFH��FRQVLGHU�WKLV

SRUWLRQ�RI�D�QHWZRUN�

�

$�UDQGRP�ZDON�IURP�V� WR�W�PD\�SDVV�WKURXJK�YHUWH[�$�EHIRUH�UHWXUQLQJ�WR�V�DQG�VWHSSLQJ� WKHQFH� WR�W�
EXW�D�ZDON�IURP�W�WR�V�ZLOO�QHYHU�SDVV�WKURXJK�$�EHFDXVH�LWV�ILUVW�VWHS�DZD\�IURP� W�ZLOO�DOZD\V�WDNH�LW
WR�V�DQG�WKHQ�WKH�ZDON�ZLOO�ILQLVK�
6LQFH�HYHU\�SRVVLEOH�SDWK�IURP�V�WR�W�RFFXUV�LQ�D�UDQGRP�ZDON�ZLWK�VRPH�SUREDELOLW\��DOEHLW�D�YHU\

VPDOO�RQH��WKH�UDQGRP�ZDON�EHWZHHQQHVV�LQFOXGHV�FRQWULEXWLRQV�IURP�DOO�SDWKV����1RWH��KRZHYHU��WKDW
GLIIHUHQW�SDWKV�DSSHDU�LQ�JHQHUDO�ZLWK�GLIIHUHQW�SUREDELOLWLHV��VR�SDWKV�GR�QRW�FRQWULEXWH�HTXDOO\�WR�WKH
EHWZHHQQHVV�VFRUHV��ORQJHU�SDWKV�W\SLFDOO\�PDNLQJ�VPDOOHU�FRQWULEXWLRQV�WKDQ�VKRUWHU�RQHV��D�ELDV�WKDW
LV�SODXVLEOH�LQ�VRPH�EXW�E\�QR�PHDQV�DOO�FDVHV�
5DQGRP�ZDON�EHWZHHQQHVV�ZRXOG�EH�DQ�DSSURSULDWH�EHWZHHQQHVV�PHDVXUH�IRU�WUDIILF�WKDW�WUDYHUVHV

D�QHWZRUN�ZLWK�QR�LGHD�RI�ZKHUH�LW�LV�JRLQJ²LW�VLPSO\�ZDQGHUV�DURXQG�DW�UDQGRP�XQWLO�LW�UHDFKHV�LWV
GHVWLQDWLRQ�� 6KRUWHVW�SDWK� EHWZHHQQHVV� LV� WKH� H[DFW� RSSRVLWH�� ,W� LV� WKH� DSSURSULDWH� PHDVXUH� IRU
LQIRUPDWLRQ�WKDW�NQRZV�H[DFWO\�ZKHUH�LW�LV�JRLQJ�DQG�WDNHV�WKH�PRVW�GLUHFW�SDWK�WR�JHW�WKHUH��,W�VHHPV
OLNHO\�WKDW�PRVW�UHDO�ZRUOG�VLWXDWLRQV�IDOO�VRPHZKHUH�LQ�EHWZHHQ�WKHVH�WZR�H[WUHPHV��+RZHYHU��LW�LV
IRXQG�LQ�SUDFWLFH�>���@�WKDW�WKH�WZR�PHDVXUHV�RIWHQ�JLYH�TXLWH�VLPLODU�UHVXOWV��LQ�ZKLFK�FDVH�RQH�FDQ
ZLWK�UHDVRQDEOH�MXVWLILFDWLRQ�DVVXPH�WKDW�WKH�³FRUUHFW´�DQVZHU��WKH�RQH�O\LQJ�EHWZHHQ�WKH�OLPLWV�VHW�E\
WKH�VKRUWHVW�SDWK�DQG�UDQGRP�ZDON�PHDVXUHV�� LV�VLPLODU� WR�ERWK�� ,Q�FDVHV�ZKHUH� WKH� WZR�GLIIHU�E\�D
FRQVLGHUDEOH�PDUJLQ��KRZHYHU��ZH�VKRXOG�EH�ZDU\�RI�DWWULEXWLQJ�WRR�PXFK�DXWKRULW\�WR�HLWKHU�PHDVXUH



²WKHUH�LV�QR�JXDUDQWHH�WKDW�HLWKHU�LV�WHOOLQJ�XV�D�JUHDW�GHDO�DERXW�WUXH�LQIRUPDWLRQ�IORZ�LQ�WKH�QHWZRUN�
2WKHU� JHQHUDOL]DWLRQV� RI� EHWZHHQQHVV� DUH� DOVR� SRVVLEOH�� EDVHG� RQ� RWKHU� PRGHOV� RI� GLIIXVLRQ�

WUDQVPLVVLRQ��RU�IORZ�DORQJ�QHWZRUN�HGJHV��:H�UHIHU�WKH�LQWHUHVWHG�UHDGHU�WR�WKH�DUWLFOH�E\�%RUJDWWL
>��@��ZKLFK�GUDZV�WRJHWKHU�PDQ\�RI�WKH�SRVVLELOLWLHV�LQWR�D�EURDG�JHQHUDO�IUDPHZRUN�IRU�EHWZHHQQHVV
PHDVXUHV�



����*52836�2)�9(57,&(6

�

0DQ\� QHWZRUNV�� LQFOXGLQJ� VRFLDO� DQG� RWKHU� QHWZRUNV�� GLYLGH� QDWXUDOO\� LQWR� JURXSV� RU� FRPPXQLWLHV�
1HWZRUNV�RI�SHRSOH�GLYLGH�LQWR�JURXSV�RI�IULHQGV��FRZRUNHUV��RU�EXVLQHVV�SDUWQHUV��WKH�:RUOG�:LGH
:HE�GLYLGHV�LQWR�JURXSV�RI�UHODWHG�ZHE�SDJHV��ELRFKHPLFDO�QHWZRUNV�GLYLGH�LQWR�IXQFWLRQDO�PRGXOHV�
DQG� VR� IRUWK��7KH� GHILQLWLRQ� DQG� DQDO\VLV� RI� JURXSV�ZLWKLQ� QHWZRUNV� LV� D� ODUJH� DQG� IUXLWIXO� DUHD� RI
QHWZRUN�WKHRU\��,Q�&KDSWHU����ZH�GLVFXVV�VRPH�RI�WKH�VRSKLVWLFDWHG�FRPSXWHU�PHWKRGV�WKDW�KDYH�EHHQ
GHYHORSHG� IRU� GHWHFWLQJ� JURXSV�� VXFK� DV� KLHUDUFKLFDO� FOXVWHULQJ� DQG� VSHFWUDO� SDUWLWLRQLQJ�� ,Q� WKLV
VHFWLRQ�ZH�GLVFXVV� VRPH�VLPSOHU�FRQFHSWV�RI�QHWZRUN�JURXSV�ZKLFK�FDQ�EH�XVHIXO� IRU�SURELQJ�DQG
GHVFULELQJ� WKH� ORFDO� VWUXFWXUH� RI� QHWZRUNV�� 7KH� SULPDU\� FRQVWUXFWV�ZH� ORRN� DW� DUH� FOLTXHV�� SOH[HV�
FRUHV��DQG�FRPSRQHQWV�



������&/,48(6��3/(;(6��$1'�&25(6

�

$�FOLTXH�LV�D�PD[LPDO�VXEVHW�RI�WKH�YHUWLFHV�LQ�DQ�XQGLUHFWHG�QHWZRUN�VXFK�WKDW�HYHU\�PHPEHU�RI�WKH
VHW� LV�FRQQHFWHG�E\�DQ�HGJH� WR�HYHU\�RWKHU��7KH�ZRUG�³PD[LPDO´�KHUH�PHDQV� WKDW� WKHUH� LV�QR�RWKHU
YHUWH[�LQ�WKH�QHWZRUN�WKDW�FDQ�EH�DGGHG�WR�WKH�VXEVHW�ZKLOH�SUHVHUYLQJ�WKH�SURSHUW\�WKDW�HYHU\�YHUWH[
LV�FRQQHFWHG�WR�HYHU\�RWKHU��7KXV�D�VHW�RI�IRXU�YHUWLFHV�LQ�D�QHWZRUN�ZRXOG�EH�D�FOLTXH�LI��DQG�RQO\�LI�
HDFK� RI� WKH� IRXU� LV� GLUHFWO\� FRQQHFWHG� E\� HGJHV� WR� WKH� RWKHU� WKUHH�DQG� LI� WKHUH� LV� QR� RWKHU� YHUWH[
DQ\ZKHUH�LQ�WKH�QHWZRUN�WKDW�FRXOG�EH�DGGHG�WR�PDNH�D�JURXS�RI�ILYH�YHUWLFHV�DOO�FRQQHFWHG�WR�HDFK
RWKHU��1RWH�WKDW�FOLTXHV�FDQ�RYHUODS��PHDQLQJ�WKDW�WKH\�FDQ�VKDUH�RQH�RU�PRUH�RI�WKH�VDPH�YHUWLFHV�
7KH�RFFXUUHQFH�RI�D�FOLTXH� LQ�DQ�RWKHUZLVH�VSDUVH�QHWZRUN� LV�QRUPDOO\�DQ� LQGLFDWLRQ�RI�D�KLJKO\

FRKHVLYH�VXEJURXS��,Q�D�VRFLDO�QHWZRUN��IRU�LQVWDQFH��RQH�PLJKW�HQFRXQWHU�D�VHW�RI�LQGLYLGXDOV�HDFK�RI
ZKRP�ZDV� DFTXDLQWHG�ZLWK� HDFK�RI� WKH�RWKHUV�� DQG� VXFK� D� FOLTXH�ZRXOG�SUREDEO\� LQGLFDWH� WKDW� WKH
LQGLYLGXDOV�LQ�TXHVWLRQ�DUH�FORVHO\�FRQQHFWHG²D�VHW�RI�FRZRUNHUV�LQ�DQ�RIILFH�IRU�H[DPSOH�RU�D�JURXS
RI�FODVVPDWHV�LQ�D�VFKRRO�

�

$�FOLTXH�RI�IRXU�YHUWLFHV�ZLWKLQ�D�QHWZRUN�
�
�

�

7ZR� RYHUODSSLQJ� FOLTXHV�� 9HUWLFHV�$� DQG� %� LQ� WKLV� QHWZRUN� ERWK� EHORQJ� WR� WZR� FOLTXHV� RI� IRXU



YHUWLFHV�
�
�
+RZHYHU��LW¶V�DOVR�WKH�FDVH�WKDW�PDQ\�FLUFOHV�RI�IULHQGV�IRUP�RQO\�QHDUFOLTXHV��UDWKHU�WKDQ�SHUIHFW

FOLTXHV��7KHUH�PD\�EH�VRPH�PHPEHUV�RI�WKH�JURXS�ZKR�DUH�XQDFTXDLQWHG��HYHQ�LI�PRVW�PHPEHUV�NQRZ
RQH�DQRWKHU��7KH�UHTXLUHPHQW�WKDW�HYHU\�SRVVLEOH�HGJH�EH�SUHVHQW�ZLWKLQ�D�FOLTXH�LV�D�YHU\�VWULQJHQW
RQH��DQG�LW�VHHPV�QDWXUDO� WR�FRQVLGHU�KRZ�ZH�PLJKW�UHOD[�WKLV�UHTXLUHPHQW��2QH�FRQVWUXFW� WKDW�GRHV
WKLV�LV�WKH�N�SOH[��$�N�SOH[�RI�VL]H�Q�LV�D�PD[LPDO�VXEVHW�RI�Q�YHUWLFHV�ZLWKLQ�D�QHWZRUN�VXFK�WKDW�HDFK
YHUWH[�LV�FRQQHFWHG�WR�DW� OHDVW�Q���N�RI� WKH�RWKHUV�� ,I�N� ����ZH�UHFRYHU�WKH�GHILQLWLRQ�RI�DQ�RUGLQDU\
FOLTXH²D���SOH[�LV�WKH�VDPH�DV�D�FOLTXH��,I�N� ����WKHQ�HDFK�YHUWH[�PXVW�EH�FRQQHFWHG�WR�DOO�RU�DOO�EXW�
RQH�RI�WKH�RWKHUV��$QG�VR�IRUWK����/LNH�FOLTXHV��N�SOH[HV�FDQ�RYHUODS�RQH�DQRWKHU��D�VLQJOH�YHUWH[�FDQ
EHORQJ�WR�PRUH�WKDQ�RQH�N�SOH[�
7KH�N�SOH[�LV�D�XVHIXO�FRQFHSW�IRU�GLVFRYHULQJ�JURXSV�ZLWKLQ�QHWZRUNV��LQ�UHDO�OLIH�PDQ\�JURXSV�LQ

VRFLDO� DQG� RWKHU� QHWZRUNV� IRUP�N�SOH[HV�� 7KHUH� LV� QR� VROLG� UXOH� DERXW� ZKDW� YDOXH�N� VKRXOG� WDNH�
([SHULPHQWDWLRQ�VWDUWLQJ�IURP�VPDOO�YDOXHV�LV�WKH�XVXDO�ZD\�WR�SURFHHG��6PDOOHU�YDOXHV�RI�N�WHQG�WR�EH
PHDQLQJIXO� IRU� VPDOOHU� JURXSV��ZKHUHDV� LQ� ODUJH� JURXSV� WKH� VPDOOHU� YDOXHV� LPSRVH� WRR� VWULQJHQW� D
FRQVWUDLQW�EXW�ODUJHU�YDOXHV�RIWHQ�JLYH�XVHIXO�UHVXOWV��7KLV�VXJJHVWV�DQRWKHU�SRVVLEOH�JHQHUDOL]DWLRQ�RI
WKH�FOLTXH�LGHD��RQH�FRXOG�VSHFLI\�WKDW�HDFK�PHPEHU�EH�FRQQHFWHG�WR�D�FHUWDLQ�IUDFWLRQ�RI�WKH�RWKHUV�
VD\�����RU�������$V�IDU�DV�ZH�NQRZ��WKLV�YDULDQW�GRHVQ¶W�KDYH�D�QDPH�DQG�LW�LV�QRW�LQ�ZLGH�XVH��EXW
SHUKDSV�LW�VKRXOG�EH��
0DQ\�RWKHU�YDULDWLRQV�RQ�WKH�FOLTXH�LGHD�KDYH�EHHQ�SURSRVHG�LQ�WKH�OLWHUDWXUH��)RU�LQVWDQFH�)ODNH�HW

DO��>���@�SURSRVHG�D�GHILQLWLRQ�RI�D�JURXS�DV�D�VXEVHW�RI�YHUWLFHV�VXFK�WKDW�HDFK�KDV�DW�OHDVW�DV�PDQ\
FRQQHFWLRQV� WR� YHUWLFHV� LQVLGH� WKH� JURXS� DV� WR� YHUWLFHV� RXWVLGH�� 5DGLFFKL�HW� DO�� >���@� SURSRVHG� D
ZHDNHU�GHILQLWLRQ�RI�D�JURXS�DV�D�VXEVHW�RI�YHUWLFHV�VXFK�WKDW�WKH�WRWDO�QXPEHU�RI�FRQQHFWLRQV�RI�DOO
YHUWLFHV�LQ�WKH�JURXS�WR�RWKHUV�LQ�WKH�JURXS�LV�JUHDWHU�WKDQ�WKH�WRWDO�QXPEHU�RI�FRQQHFWLRQV�WR�YHUWLFHV
RXWVLGH���
$QRWKHU� FRQFHSW� FORVHO\� UHODWHG� WR� WKH�N�SOH[� LV� WKH�N�FRUH�� $�N�FRUH� LV� D� PD[LPDO� VXEVHW� RI

YHUWLFHV�VXFK�WKDW�HDFK�LV�FRQQHFWHG�WR�DW�OHDVW�N�RWKHUV�LQ�WKH�VXEVHW����,W�VKRXOG�EH�REYLRXV��RU�\RX
FDQ�HDVLO\�SURYH�LW�IRU�\RXUVHOI��WKDW�D�N�FRUH�RI�Q�YHUWLFHV�LV�DOVR�DQ��Q���N��SOH[��+RZHYHU��WKH�VHW�RI
DOO�N�FRUHV�IRU�D�JLYHQ�YDOXH�RI�N�LV�QRW�WKH�VDPH�DV�WKH�VHW�RI�DOO�N�SOH[HV�IRU�DQ\�YDOXH�RI�N�� VLQFH�Q�
WKH� VL]H� RI� WKH� JURXS�� FDQ� YDU\� IURP�RQH�N�FRUH� WR� DQRWKHU��$OVR�� XQOLNH�N�SOH[HV� �DQG� FOLTXHV���N�
FRUHV�FDQQRW�RYHUODS�� VLQFH�E\� WKHLU�GHILQLWLRQ� WZR�N�FRUHV� WKDW�VKDUHG�RQH�RU�PRUH�YHUWLFHV�ZRXOG
MXVW�IRUP�D�VLQJOH�ODUJHU�N�FRUH�
7KH�N�FRUH�LV�RI�SDUWLFXODU�LQWHUHVW�LQ�QHWZRUN�DQDO\VLV�IRU�WKH�SUDFWLFDO�UHDVRQ�WKDW�LW�LV�YHU\�HDV\

WR�ILQG�WKH�VHW�RI�DOO�N�FRUHV�LQ�D�QHWZRUN��$�VLPSOH�DOJRULWKP�LV�WR�VWDUW�ZLWK�\RXU�ZKROH�QHWZRUN�DQG
UHPRYH�IURP�LW�DQ\�YHUWLFHV�WKDW�KDYH�GHJUHH�OHVV�WKDQ�N��VLQFH�FOHDUO\�VXFK�YHUWLFHV�FDQQRW�XQGHU�DQ\
FLUFXPVWDQFHV� EH�PHPEHUV� RI� D�N�FRUH�� ,Q� VR� GRLQJ�� RQH�ZLOO� QRUPDOO\� DOVR� UHGXFH� WKH� GHJUHHV� RI
VRPH�RWKHU�YHUWLFHV�LQ�WKH�QHWZRUN²WKRVH�WKDW�ZHUH�FRQQHFWHG�WR�WKH�YHUWLFHV�MXVW�UHPRYHG��6R�ZH
WKHQ�JR�WKURXJK�WKH�QHWZRUN�DJDLQ�WR�VHH�LI�WKHUH�DUH�DQ\�PRUH�YHUWLFHV�WKDW�QRZ�KDYH�GHJUHH�OHVV�WKDQ
N� DQG� LI� WKHUH� DUH� ZH� UHPRYH� WKRVH� WRR��$QG� VR� ZH� SURFHHG�� UHSHDWHGO\� SUXQLQJ� WKH� QHWZRUN� WR
UHPRYH�YHUWLFHV�ZLWK� GHJUHH� OHVV� WKDQ�N�XQWLO�QR�VXFK�YHUWLFHV� UHPDLQ����:KDW� LV� OHIW�RYHU�ZLOO�� E\
GHILQLWLRQ��EH�D�N�FRUH�RU�D�VHW�RI�N�FRUHV��VLQFH�HDFK�YHUWH[�LV�FRQQHFWHG�WR�DW�OHDVW�N�RWKHUV��1RWH�WKDW
ZH� DUH� QRW� QHFHVVDULO\� OHIW� ZLWK� D�VLQJOH� N�FRUH²WKHUH¶V� QR� JXDUDQWHH� WKDW� WKH� QHWZRUN� ZLOO� EH
FRQQHFWHG�RQFH�ZH�DUH�GRQH�SUXQLQJ�LW��HYHQ�LI�LW�ZDV�FRQQHFWHG�WR�VWDUW�ZLWK�
7ZR� RWKHU� JHQHUDOL]DWLRQV� RI� FOLTXHV� PHULW� D� EULHI� PHQWLRQ��$� N�FOLTXH� LV� D� PD[LPDO� VXEVHW� RI



YHUWLFHV�VXFK�WKDW�HDFK�LV�QR�PRUH�WKDQ�D�GLVWDQFH�N�DZD\�IURP�DQ\�RI�WKH�RWKHUV�YLD�WKH�HGJHV�RI�WKH
QHWZRUN��)RU�N� ���WKLV�MXVW�UHFRYHUV�WKH�GHILQLWLRQ�RI�DQ�RUGLQDU\�FOLTXH��)RU�ODUJHU�N�LW�FRQVWLWXWHV�D
UHOD[DWLRQ�RI� WKH� VWULQJHQW� UHTXLUHPHQWV�RI� WKH�XVXDO�FOLTXH�GHILQLWLRQ��8QIRUWXQDWHO\� LW� LV�QRW�D�YHU\
ZHOO�EHKDYHG�RQH��VLQFH�D�N�FOLTXH�E\�WKLV�GHILQLWLRQ�QHHG�QRW�EH�FRQQHFWHG�YLD�SDWKV�WKDW�UXQ�ZLWKLQ
WKH� VXEVHW� �VHH� ILJXUH��� ,I� ZH� UHVWULFW� RXUVHOYHV� WR� SDWKV� WKDW� UXQ� RQO\� ZLWKLQ� WKH� VXEVHW� WKHQ� WKH
UHVXOWLQJ� REMHFW� LV� NQRZQ� DV� HLWKHU� D�N�FODQ� RU� D�N�FOXE�� �7KH� GLIIHUHQFH� EHWZHHQ� WKH� WZR� OLHV� LQ
ZKHWKHU�ZH�LPSRVH�WKH�UHVWULFWLRQ�WKDW�SDWKV�VWD\�ZLWKLQ�WKH�JURXS�IURP�WKH�RXWVHW��RU�ZKHWKHU�ZH�ILUVW
ILQG�N�FOLTXHV�DQG�WKHQ�GLVFDUG�WKRVH�ZLWK�RXWVLGH�SDWKV��7KH�HQG�UHVXOWV�FDQ�EH�GLIIHUHQW�LQ�WKH�WZR
FDVHV��)RU�PRUH�GHWDLOV�VHH�:DVVHUPDQ�DQG�)DXVW�>���@���

�

7KH�RXWOLQHG�VHW�RI�WKUHH�YHUWLFHV�LQ�WKLV�QHWZRUN�FRQVWLWXWH�D���FOLTXH��EXW�RQH�WKDW�LV�QRW�FRQQHFWHG
YLD�SDWKV�ZLWKLQ�WKH���FOLTXH�
�
�
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,Q�6HFWLRQ������ZH�LQWURGXFHG�WKH�FRQFHSW�RI�D�FRPSRQHQW��$�FRPSRQHQW�LQ�DQ�XQGLUHFWHG�QHWZRUN�LV�D
PD[LPDO�VXEVHW�RI�YHUWLFHV�VXFK�WKDW�HDFK�LV�UHDFKDEOH�E\�VRPH�SDWK�IURP�HDFK�RI�WKH�RWKHUV��$�XVHIXO
JHQHUDOL]DWLRQ� RI� WKLV� FRQFHSW� LV� WKH�N�FRPSRQHQW�� $�N�FRPSRQHQW� �VRPHWLPHV� DOVR� FDOOHG� D�N�
FRQQHFWHG�FRPSRQHQW�� LV�D�PD[LPDO�VXEVHW�RI�YHUWLFHV�VXFK�WKDW�HDFK�LV�UHDFKDEOH�IURP�HDFK�RI�WKH
RWKHUV� E\� DW� OHDVW�N� YHUWH[�LQGHSHQGHQW� SDWKV²VHH� )LJ�� ����� �5HFDOO� WKDW� WZR� SDWKV� DUH� VDLG� WR� EH
YHUWH[�LQGHSHQGHQW�LI�WKH\�VKDUH�QRQH�RI�WKH�VDPH�YHUWLFHV��H[FHSW�WKH�VWDUWLQJ�DQG�HQGLQJ�YHUWLFHV²
VHH� 6HFWLRQ� ������� )RU� WKH� FRPPRQ� VSHFLDO� FDVHV�N�  � �� DQG�N�  � ���N�FRPSRQHQWV� DUH� DOVR� FDOOHG
ELFRPSRQHQWV�DQG�WULFRPSRQHQWV�UHVSHFWLYHO\�
$���FRPSRQHQW�E\�WKLV�GHILQLWLRQ�LV�MXVW�DQ�RUGLQDU\�FRPSRQHQW²WKHUH�LV�DW�OHDVW�RQH�SDWK�EHWZHHQ

HYHU\�SDLU�RI�YHUWLFHV²DQG�N�FRPSRQHQWV� IRU�N�����DUH�QHVWHG�ZLWKLQ�HDFK�RWKHU��$���FRPSRQHQW�RU
ELFRPSRQHQW�� IRU�H[DPSOH�� LV�QHFHVVDULO\�D�VXEVHW�RI�D���FRPSRQHQW��VLQFH�DQ\�SDLU�RI�YHUWLFHV� WKDW
DUH�FRQQHFWHG�E\�DW�OHDVW�WZR�SDWKV�DUH�DOVR�FRQQHFWHG�E\�DW�OHDVW�RQH�SDWK��6LPLODUO\�D�WULFRPSRQHQW
LV�QHFHVVDULO\�D�VXEVHW�RI�D�ELFRPSRQHQW��DQG�VR�IRUWK���6HH�)LJ������DJDLQ��
$V� GLVFXVVHG� LQ� 6HFWLRQ� ������ WKH� QXPEHU� RI� YHUWH[�LQGHSHQGHQW� SDWKV� EHWZHHQ� WZR� YHUWLFHV� LV

HTXDO�WR�WKH�VL]H�RI�WKH�YHUWH[�FXW�VHW�EHWZHHQ�WKH�VDPH�WZR�YHUWLFHV��L�H���WKH�QXPEHU�RI�YHUWLFHV�WKDW
ZRXOG�KDYH�WR�EH�UHPRYHG�LQ�RUGHU�WR�GLVFRQQHFW�WKH�WZR��6R�DQRWKHU�ZD\�RI�GHILQLQJ�D�N�FRPSRQHQW
ZRXOG� EH� WR� VD\� WKDW� LW� LV� D� PD[LPDO� VXEVHW� RI� YHUWLFHV� VXFK� WKDW� QR� SDLU� RI� YHUWLFHV� FDQ� EH
GLVFRQQHFWHG�IURP�HDFK�RWKHU�E\�UHPRYLQJ�OHVV�WKDQ�N�YHUWLFHV�
$�YDULDQW�RI�WKH�N�FRPSRQHQW�FDQ�DOVR�EH�GHILQHG�XVLQJ�HGJH�LQGHSHQGHQW�SDWKV��VR�WKDW�YHUWLFHV�DUH

LQ�WKH�VDPH�N�FRPSRQHQW�LI�WKH\�DUH�FRQQHFWHG�E\�N�RU�PRUH�HGJH�LQGHSHQGHQW�SDWKV��RU�HTXLYDOHQWO\�LI
WKH\�FDQQRW�EH�GLVFRQQHFWHG�E\� WKH� UHPRYDO�RI� OHVV� WKDQ�N� HGJHV�� ,Q�SULQFLSDO� WKLV�YDULDQW�FRXOG�EH
XVHIXO�LQ�FHUWDLQ�FLUFXPVWDQFHV�EXW�LQ�SUDFWLFH�LW�LV�UDUHO\�XVHG�

�

)LJXUH������7KH�N�FRPSRQHQWV�LQ�D�VPDOO�QHWZRUN��7KH�VKDGHG�UHJLRQV�GHQRWH�WKH�N�FRPSRQHQWV�LQ
WKLV�VPDOO�QHWZRUN��ZKLFK�KDV�D�VLQJOH���FRPSRQHQW��WZR���FRPSRQHQWV��RQH���FRPSRQHQW��DQG�QR�N�
FRPSRQHQWV�IRU�DQ\�KLJKHU�YDOXH�RI�N��1RWH�WKDW�WKH�N�FRPSRQHQWV�DUH�QHVWHG�ZLWKLQ�RQH�DQRWKHU��WKH
��FRPSRQHQWV� IDOOLQJ� LQVLGH� WKH� ��FRPSRQHQW� DQG� WKH� ��FRPSRQHQW� IDOOLQJ� LQVLGH� RQH� RI� WKH� ��
FRPSRQHQWV�
�



�
7KH�LGHD�RI�D�N�FRPSRQHQW�LV�D�QDWXUDO�RQH�LQ�QHWZRUN�DQDO\VLV��EHLQJ�FRQQHFWHG�ZLWK�WKH�LGHD�RI

QHWZRUN� UREXVWQHVV�� )RU� LQVWDQFH�� LQ� D� GDWD� QHWZRUN� VXFK� DV� WKH� ,QWHUQHW�� WKH� QXPEHU� RI� YHUWH[�
LQGHSHQGHQW�SDWKV�EHWZHHQ�WZR�YHUWLFHV�LV�DOVR�WKH�QXPEHU�RI�LQGHSHQGHQW�URXWHV�WKDW�GDWD�PLJKW�WDNH
EHWZHHQ�WKH�VDPH�WZR�YHUWLFHV��DQG�WKH�VL]H�RI�WKH�FXW�VHW�EHWZHHQ�WKHP�LV�WKH�QXPEHU�RI�YHUWLFHV�LQ
WKH�QHWZRUN²W\SLFDOO\�URXWHUV²WKDW�ZRXOG�KDYH�WR�IDLO�RU�RWKHUZLVH�EH�NQRFNHG�RXW�WR�VHYHU�WKH�GDWD
FRQQHFWLRQ�EHWZHHQ�WKH�WZR�HQGSRLQWV��7KXV�D�SDLU�RI�YHUWLFHV�FRQQHFWHG�E\�WZR�LQGHSHQGHQW�SDWKV
FDQQRW� EH� GLVFRQQHFWHG� IURP� RQH� DQRWKHU� E\� WKH� IDLOXUH� RI� DQ\� VLQJOH� URXWHU�� $� SDLU� RI� YHUWLFHV
FRQQHFWHG�E\�WKUHH�SDWKV�FDQQRW�EH�GLVFRQQHFWHG�E\�WKH�IDLOXUH�RI�DQ\�WZR�URXWHUV��$QG�VR�IRUWK��$� N�
FRPSRQHQW� ZLWK�N� �� �� LQ� D� QHWZRUN� OLNH� WKH� ,QWHUQHW� LV� D� VXEVHW� RI� WKH� QHWZRUN� WKDW� KDV� UREXVW
FRQQHFWLYLW\� LQ� WKLV� VHQVH��2QH�ZRXOG� KRSH�� IRU� LQVWDQFH�� WKDW�PRVW� RI� WKH� QHWZRUN� EDFNERQH²WKH
V\VWHP�RI�KLJK�YROXPH�ZRUOG�VSDQQLQJ�OLQNV�WKDW�FDUU\�ORQJ�GLVWDQFH�GDWD��VHH�6HFWLRQ�����²LV�D�N�
FRPSRQHQW�ZLWK�KLJK�N��VR�WKDW�LW�ZRXOG�EH�GLIILFXOW�IRU�SRLQWV�RQ�WKH�EDFNERQH�WR�ORVH�FRQQHFWLRQ�ZLWK
RQH�DQRWKHU�

�

7KH�WZR�KLJKOLJKWHG�YHUWLFHV�LQ�WKLV�QHWZRUN�IRUP�D�WULFRPSRQHQW��HYHQ�WKRXJK�WKH\�DUH�QRW�GLUHFWO\
FRQQHFWHG�WR�HDFK�RWKHU��7KH�RWKHU�WKUHH�YHUWLFHV�DUH�QRW�LQ�WKH�WULFRPSRQHQW�
�
�
1RWH� WKDW� IRU�N� �� ��� WKH�N�FRPSRQHQWV� LQ�D�QHWZRUN�FDQ�EH�QRQ�FRQWLJXRXV��VHH�ILJXUH���2UGLQDU\

FRPSRQHQWV����FRPSRQHQWV��DQG�ELFRPSRQHQWV��E\�FRQWUDVW��DUH�DOZD\V�FRQWLJXRXV��:LWKLQ�WKH�VRFLDO
QHWZRUNV� OLWHUDWXUH�� ZKHUH� QRQ�FRQWLJXRXV� FRPSRQHQWV� DUH� RIWHQ� FRQVLGHUHG� XQGHVLUDEOH��N�
FRPSRQHQWV� DUH� VRPHWLPHV� GHILQHG� VOLJKWO\� GLIIHUHQWO\�� D�N�FRPSRQHQW� LV� GHILQHG� WR� EH� D�PD[LPDO
VXEVHW�RI�YHUWLFHV�VXFK�WKDW�HYHU\�SDLU�LQ�WKH�VHW�LV�FRQQHFWHG�E\�DW�OHDVW�N�YHUWH[�LQGHSHQGHQW�SDWKV
WKDW�WKHPVHOYHV�DUH�FRQWDLQHG�HQWLUHO\�ZLWKLQ�WKH�VXEVHW ��7KLV�GHILQLWLRQ�UXOHV�RXW�QRQ�FRQWLJXRXV�N�
FRPSRQHQWV��EXW� LW� LV�DOVR�PDWKHPDWLFDOO\�DQG�FRPSXWDWLRQDOO\�PRUH�GLIILFXOW� WR�ZRUN�ZLWK� WKDQ� WKH
VWDQGDUG� GHILQLWLRQ�� )RU� WKLV� UHDVRQ�� DQG� EHFDXVH� WKHUH� DUH� DOVR� SOHQW\� RI� FDVHV� LQ� ZKLFK� LW� LV
DSSURSULDWH� WR� FRXQW� QRQ�FRQWLJXRXV�N�FRPSRQHQWV�� WKH� VWDQGDUG�GHILQLWLRQ� UHPDLQV� WKH�PRVW�ZLGHO\
XVHG�RQH�LQ�ILHOGV�RWKHU�WKDQ�VRFLRORJ\�
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$�SURSHUW\�YHU\�LPSRUWDQW�LQ�VRFLDO�QHWZRUNV��DQG�XVHIXO�WR�D�OHVVHU�GHJUHH�LQ�RWKHU�QHWZRUNV�WRR��LV
WUDQVLWLYLW\��,Q�PDWKHPDWLFV�D�UHODWLRQ�³Ƞ´�LV�VDLG�WR�EH�WUDQVLWLYH�LI�D� �E�DQG�E� �F�WRJHWKHU�LPSO\�D�
F��$Q� H[DPSOH�ZRXOG� EH� HTXDOLW\�� ,I�D�  �E� DQG�E�  �F�� WKHQ� LW� IROORZV� WKDW�D�  �F� DOVR�� VR� ³ ´� LV� D
WUDQVLWLYH�UHODWLRQ��2WKHU�H[DPSOHV�DUH�³JUHDWHU�WKDQ�´�³OHVV�WKDQ�´�DQG�³LPSOLHV�´
,Q� D� QHWZRUN� WKHUH� DUH� YDULRXV� UHODWLRQV� EHWZHHQ� SDLUV� RI� YHUWLFHV�� WKH� VLPSOHVW� RI� ZKLFK� LV

³FRQQHFWHG�E\�DQ�HGJH�´�,I�WKH�³FRQQHFWHG�E\�DQ�HGJH´�UHODWLRQ�ZHUH�WUDQVLWLYH�LW�ZRXOG�PHDQ�WKDW�LI
YHUWH[�X�LV�FRQQHFWHG�WR�YHUWH[�Y��DQG�Y�LV�FRQQHFWHG�WR�Z�� WKHQ�X�LV�DOVR�FRQQHFWHG�WR�Z��,Q�FRPPRQ
SDUODQFH�� ³WKH� IULHQG� RI� P\� IULHQG� LV� DOVR� P\� IULHQG�´�$OWKRXJK� WKLV� LV� RQO\� RQH� SRVVLEOH� NLQG� RI
QHWZRUN� WUDQVLWLYLW\²RWKHU� QHWZRUN� UHODWLRQV� FRXOG� EH� WUDQVLWLYH� WRR²LW� LV� WKH� RQO\� RQH� WKDW� LV
FRPPRQO\�FRQVLGHUHG��DQG�QHWZRUNV�VKRZLQJ�WKLV�SURSHUW\�DUH�WKHPVHOYHV�VDLG�WR�EH�WUDQVLWLYH��7KLV
GHILQLWLRQ�RI�QHWZRUN�WUDQVLWLYLW\�FRXOG�DSSO\�WR�HLWKHU�GLUHFWHG�RU�XQGLUHFWHG�QHWZRUNV��EXW�OHW�XV�WDNH
WKH�XQGLUHFWHG�FDVH�ILUVW��VLQFH�LW¶V�VLPSOHU�
3HUIHFW�WUDQVLWLYLW\�RQO\�RFFXUV�LQ�QHWZRUNV�ZKHUH�HDFK�FRPSRQHQW�LV�D�IXOO\�FRQQHFWHG�VXEJUDSK�RU

FOLTXH�� L�H��� D� VXEJUDSK� LQ� ZKLFK� DOO� YHUWLFHV� DUH� FRQQHFWHG� WR� DOO� RWKHUV���� 3HUIHFW� WUDQVLWLYLW\� LV
WKHUHIRUH�SUHWW\�PXFK�D�XVHOHVV�FRQFHSW�LQ�QHWZRUNV��+RZHYHU��SDUWLDO�WUDQVLWLYLW\�FDQ�EH�YHU\�XVHIXO�
,Q� PDQ\� QHWZRUNV�� SDUWLFXODUO\� VRFLDO� QHWZRUNV�� WKH� IDFW� WKDW�X� NQRZV�Y� DQG�Y� NQRZV�Z� GRHVQ¶W
JXDUDQWHH� WKDW�X�NQRZV�Z��EXW�PDNHV�LW�PXFK�PRUH�OLNHO\��7KH�IULHQG�RI�P\�IULHQG�LV�QRW�QHFHVVDULO\
P\� IULHQG�� EXW� LV� IDU� PRUH� OLNHO\� WR� EH� P\� IULHQG� WKDQ� VRPH� UDQGRPO\� FKRVHQ� PHPEHU� RI� WKH
SRSXODWLRQ�

�

7KH� SDWK�XYZ� �VROLG� HGJHV�� LV� VDLG� WR� EH� FORVHG� LI� WKH� WKLUG� HGJH� GLUHFWO\� IURP�X� WR�Z� LV� SUHVHQW
�GDVKHG�HGJH��
�
�
:H�FDQ�TXDQWLI\�WKH�OHYHO�RI�WUDQVLWLYLW\�LQ�D�QHWZRUN�DV�IROORZV��,I�X�NQRZV�Y�DQG�Y�NQRZV�Z��WKHQ

ZH�KDYH�D�SDWK�XYZ�RI�WZR�HGJHV�LQ�WKH�QHWZRUN��,I�X�DOVR�NQRZV�Z��ZH�VD\�WKDW�WKH�SDWK�LV�FORVHG²LW
IRUPV�D�ORRS�RI�OHQJWK�WKUHH��RU�D�WULDQJOH��LQ�WKH�QHWZRUN��,Q�WKH�VRFLDO�QHWZRUN�MDUJRQ��X��Y��DQG�Z�DUH
VDLG�WR�IRUP�D�FORVHG�WULDG��:H�GHILQH�WKH�FOXVWHULQJ�FRHIILFLHQW���WR�EH�WKH�IUDFWLRQ�RI�SDWKV�RI�OHQJWK
WZR�LQ�WKH�QHWZRUN�WKDW�DUH�FORVHG��7KDW�LV��ZH�FRXQW�DOO�SDWKV�RI�OHQJWK�WZR��DQG�ZH�FRXQW�KRZ�PDQ\
RI�WKHP�DUH�FORVHG��DQG�ZH�GLYLGH�WKH�VHFRQG�QXPEHU�E\�WKH�ILUVW�WR�JHW�D�FOXVWHULQJ�FRHIILFLHQW�&�WKDW
OLHV�LQ�WKH�UDQJH�IURP�]HUR�WR�RQH�



�

������
�

�
&� ���LPSOLHV�SHUIHFW�WUDQVLWLYLW\��L�H���D�QHWZRUN�ZKRVH�FRPSRQHQWV�DUH�DOO�FOLTXHV��&� ���LPSOLHV

QR�FORVHG�WULDGV��ZKLFK�KDSSHQV�IRU�YDULRXV�WRSRORJLHV��VXFK�DV�D�WUHH��ZKLFK�KDV�QR�FORVHG�ORRSV�RI
DQ\�NLQG²VHH�6HFWLRQ������RU�D�VTXDUH�ODWWLFH��ZKLFK�KDV�FORVHG�ORRSV�ZLWK�HYHQ�QXPEHUV�RI�YHUWLFHV
RQO\�DQG�QR�FORVHG�WULDGV��
1RWH�WKDW�SDWKV�LQ�QHWZRUNV��DV�GHILQHG�LQ�6HFWLRQ������KDYH�D�GLUHFWLRQ�DQG�WZR�SDWKV�WKDW�WUDYHUVH

WKH�VDPH�HGJHV�EXW�LQ�RSSRVLWH�GLUHFWLRQV�DUH�FRXQWHG�VHSDUDWHO\�LQ�(T����������7KXV�XYZ�DQG�ZYX�DUH
GLVWLQFW� SDWKV� DQG� DUH� FRXQWHG� VHSDUDWHO\�� 6LPLODUO\�� FORVHG� SDWKV� DUH� FRXQWHG� VHSDUDWHO\� LQ� HDFK
GLUHFWLRQ���
$Q�DOWHUQDWLYH�ZD\�WR�ZULWH�WKH�FOXVWHULQJ�FRHIILFLHQW�LV

�

������
�

�

:K\�WKH�IDFWRU�RI�VL["�,W�DULVHV�EHFDXVH�HDFK�WULDQJOH�LQ�WKH�QHWZRUN�JHWV�FRXQWHG�VL[�WLPHV�RYHU�ZKHQ
ZH�FRXQW�XS�WKH�QXPEHU�RI�FORVHG�SDWKV�RI�OHQJWK�WZR��6XSSRVH�ZH�KDYH�D�WULDQJOH�XYZ��7KHQ� WKHUH
DUH�VL[�SDWKV�RI�OHQJWK�WZR�LQ�LW��XYZ��YZX��ZXY��ZYX��YXZ��DQG�XZY��(DFK�RI�WKHVH�VL[�LV�FORVHG��VR
WKH�QXPEHU�RI�FORVHG�SDWKV�LV�VL[�WLPHV�WKH�QXPEHU�RI�WULDQJOHV�



�

$�WULDQJOH�FRQWDLQV�VL[�GLVWLQFW�SDWKV�RI�OHQJWK�WZR��DOO�RI�WKHP�FORVHG�
�
�
<HW�DQRWKHU�ZD\�WR�ZULWH�WKH�FOXVWHULQJ�FRHIILFLHQW�ZRXOG�EH�WR�QRWH�WKDW�LI�ZH�KDYH�D�SDWK�RI�OHQJWK

WZR��XYZ��WKHQ�LW�LV�DOVR�WUXH�WR�VD\�WKDW�YHUWLFHV�X�DQG�Z�KDYH�D�FRPPRQ�QHLJKERU�LQ�Y²WKH\�VKDUH�D
PXWXDO�DFTXDLQWDQFH�LQ�VRFLDO�QHWZRUN�WHUPV��,I�WKH�WULDG�XYZ� LV�FORVHG� WKHQ�X� DQG�Z�DUH�WKHPVHOYHV
DFTXDLQWHG��VR�WKH�FOXVWHULQJ�FRHIILFLHQW�FDQ�EH�WKRXJKW�RI�DOVR�DV�WKH�IUDFWLRQ�RI�SDLUV�RI�SHRSOH�ZLWK
D�FRPPRQ�IULHQG�ZKR�DUH�WKHPVHOYHV�IULHQGV�RU�HTXLYDOHQWO\�DV�WKH�PHDQ�SUREDELOLW\�WKDW�WZR�SHRSOH
ZLWK�D�FRPPRQ�IULHQG�DUH�WKHPVHOYHV�IULHQGV��7KLV�LV�SHUKDSV�WKH�PRVW�FRPPRQ�ZD\�RI�GHILQLQJ�WKH
FOXVWHULQJ�FRHIILFLHQW��,Q�PDWKHPDWLFDO�QRWDWLRQ�

�

������
�

�

+HUH�D�³FRQQHFWHG�WULSOH´�PHDQV�WKUHH�YHUWLFHV�XYZ�ZLWK�HGJHV��X��Y��DQG��Y��Z����7KH�HGJH��X��Z��FDQ
EH�SUHVHQW�RU�QRW���7KH�IDFWRU�RI�WKUHH�LQ�WKH�QXPHUDWRU�DULVHV�EHFDXVH�HDFK�WULDQJOH�JHWV�FRXQWHG�WKUHH



WLPHV�ZKHQ�ZH�FRXQW�WKH�FRQQHFWHG�WULSOHV�LQ�WKH�QHWZRUN��7KH�WULDQJOH�XYZ�IRU�LQVWDQFH�FRQWDLQV�WKH
WULSOHV�XYZ�� YZX�� DQG�ZXY�� ,Q� WKH� ROGHU� VRFLDO� QHWZRUNV� OLWHUDWXUH� WKH� FOXVWHULQJ� FRHIILFLHQW� LV
VRPHWLPHV�UHIHUUHG�WR�DV�WKH�³IUDFWLRQ�RI�WUDQVLWLYH�WULSOHV�´�ZKLFK�LV�D�UHIHUHQFH�WR�WKLV�GHILQLWLRQ�RI
WKH�FRHIILFLHQW�
6RFLDO� QHWZRUNV� WHQG� WR� KDYH� TXLWH� KLJK� YDOXHV� RI� WKH� FOXVWHULQJ� FRHIILFLHQW�� )RU� H[DPSOH�� WKH

QHWZRUN� RI� ILOP� DFWRU� FROODERUDWLRQV� GLVFXVVHG� HDUOLHU� KDV� EHHQ� IRXQG� WR� KDYH�&�  � ����� >���@�� D
QHWZRUN�RI�FROODERUDWLRQV�EHWZHHQ�ELRORJLVWV�KDV�EHHQ�IRXQG� WR�KDYH�&� ������>���@��D�QHWZRUN�RI
ZKR� VHQGV� HPDLO� WR�ZKRP� LQ� D� ODUJH� XQLYHUVLW\� KDV�&�  � ����� >���@�� 7KHVH� DUH� W\SLFDO� YDOXHV� IRU
VRFLDO� QHWZRUNV�� 6RPH� GHQVHU� QHWZRUNV� KDYH� HYHQ� KLJKHU� YDOXHV�� DV� KLJK� DV� ���� RU� ����
�7HFKQRORJLFDO�DQG�ELRORJLFDO�QHWZRUNV�E\�FRQWUDVW�WHQG�WR�KDYH�VRPHZKDW�ORZHU�YDOXHV��7KH�,QWHUQHW
DW� WKH� DXWRQRPRXV� V\VWHP� OHYHO�� IRU� LQVWDQFH�� KDV� D� FOXVWHULQJ� FRHIILFLHQW� RI� RQO\� DERXW� ������ 7KLV
SRLQW�LV�GLVFXVVHG�LQ�PRUH�GHWDLO�LQ�6HFWLRQ������
,Q�ZKDW� VHQVH�DUH� WKHVH�FOXVWHULQJ� FRHIILFLHQWV� IRU� VRFLDO� QHWZRUNV�KLJK"�:HOO�� OHW�XV� DVVXPH�� WR

PDNH�WKLQJV�VLPSOH��WKDW�HYHU\RQH�LQ�D�QHWZRUN�KDV�DERXW�WKH�VDPH�QXPEHU�F�RI�IULHQGV��&RQVLGHU�RQH
RI� P\� IULHQGV� LQ� WKLV� QHWZRUN� DQG� VXSSRVH� WKH\� SLFN�WKHLU� IULHQGV� FRPSOHWHO\� DW� UDQGRP� IURP� WKH
ZKROH�SRSXODWLRQ��7KHQ� WKH�FKDQFH� WKDW�RQH�RI� WKHLU�F� IULHQGV�KDSSHQV� WR�EH�D�SDUWLFXODU�RQH�RI�P\
RWKHU�IULHQGV�ZRXOG�EH�F�Q��ZKHUH�Q�LV�WKH�VL]H�RI�WKH�QHWZRUN��7KXV�LQ�WKLV�QHWZRUN�WKH�SUREDELOLW\�RI
WZR�RI�P\�IULHQGV�EHLQJ�DFTXDLQWHG��ZKLFK�LV�E\�GHILQLWLRQ�WKH�FOXVWHULQJ�FRHIILFLHQW��ZRXOG�EH� MXVW
F�Q��2I�FRXUVH�LW�LV�QRW�WKH�FDVH�WKDW�HYHU\RQH�LQ�D�QHWZRUN�KDV�WKH�VDPH�QXPEHU�RI�IULHQGV��DQG�ZH
ZLOO�VHH�KRZ�WR�SHUIRUP�EHWWHU�FDOFXODWLRQV�RI�WKH�FOXVWHULQJ�FRHIILFLHQW�ODWHU��6HFWLRQ��������EXW�WKLV
FUXGH�FDOFXODWLRQ�ZLOO�VHUYH�RXU�SXUSRVHV�IRU�WKH�PRPHQW�
)RU� WKH� QHWZRUNV� FLWHG� DERYH�� WKH� YDOXH� RI�F�Q� LV� ������� �ILOP� DFWRUV��� �������� �ELRORJ\

FROODERUDWLRQV���DQG����������HPDLO�PHVVDJHV���7KXV� WKH�PHDVXUHG�FOXVWHULQJ�FRHIILFLHQWV�DUH�PXFK
ODUJHU� WKDQ� WKLV� HVWLPDWH�EDVHG�RQ� WKH� DVVXPSWLRQ�RI� UDQGRP�QHWZRUN� FRQQHFWLRQV��(YHQ� WKRXJK� WKH
HVWLPDWH�LJQRUHV��DV�ZH�KDYH�VDLG��DQ\�YDULDWLRQ�LQ�WKH�QXPEHU�RI�IULHQGV�SHRSOH�KDYH��WKH�GLVSDULW\
EHWZHHQ� WKH� FDOFXODWHG� DQG� REVHUYHG� YDOXHV� RI� WKH� FOXVWHULQJ� FRHIILFLHQW� LV� VR� ODUJH� WKDW� LW� VHHPV
XQOLNHO\� LW�FRXOG�EH�HOLPLQDWHG� MXVW�E\�DOORZLQJ� WKH�QXPEHU�RI� IULHQGV� WR�YDU\��$�PXFK�PRUH� OLNHO\
H[SODQDWLRQ�LV�WKDW�RXU�RWKHU�DVVXPSWLRQ��WKDW�SHRSOH�SLFN�WKHLU�IULHQGV�DW�UDQGRP��LV�VHULRXVO\�IODZHG�
7KH�QXPEHUV�VXJJHVW� WKDW� WKHUH� LV�D�PXFK�JUHDWHU�FKDQFH� WKDW� WZR�SHRSOH�ZLOO�EH�DFTXDLQWHG� LI� WKH\
KDYH�DQRWKHU�FRPPRQ�DFTXDLQWDQFH�WKDQ�LI�WKH\�GRQ¶W�
$OWKRXJK� WKLV� DUJXPHQW� LV� DGPLWWHGO\� FUXGH�� ZH� ZLOO� VHH� LQ� 6HFWLRQ� ���� KRZ� WR� PDNH� LW� PRUH

DFFXUDWH�DQG�VR�VKRZ�WKDW�RXU�EDVLF�FRQFOXVLRQ�LV�LQGHHG�FRUUHFW�
6RPH� VRFLDO� QHWZRUNV�� VXFK� DV� WKH� HPDLO� QHWZRUN� DERYH�� DUH� GLUHFWHG� QHWZRUNV�� ,Q� FDOFXODWLQJ

FOXVWHULQJ�FRHIILFLHQWV�IRU�GLUHFW�QHWZRUNV��VFLHQWLVWV�KDYH�W\SLFDOO\�MXVW�LJQRUHG�WKHLU�GLUHFWHG�QDWXUH
DQG� DSSOLHG� (T�� ������� DV� LI� WKH� HGJHV� ZHUH� XQGLUHFWHG�� ,W� LV� KRZHYHU� SRVVLEOH� WR� JHQHUDOL]H
WUDQVLWLYLW\�WR�WDNH�DFFRXQW�RI�GLUHFWHG�OLQNV��,I�ZH�KDYH�D�GLUHFWHG�UHODWLRQ�EHWZHHQ�YHUWLFHV�VXFK�DV
³X�OLNHV�Y´�WKHQ�ZH�FDQ�VD\�WKDW�D�WULSOH�RI�YHUWLFHV�LV�FORVHG�RU�WUDQVLWLYH�LI�X�OLNHV�Y��Y� OLNHV�Z��DQG
DOVR�X�OLNHV�Z���1RWH�WKDW�WKHUH�DUH�PDQ\�GLVWLQFW�ZD\V�IRU�VXFK�D�WULSOH�WR�EH�WUDQVLWLYH��GHSHQGLQJ�RQ
WKH�GLUHFWLRQV�RI�WKH�HGJHV��7KH�H[DPSOH�JLYHQ�KHUH�LV�RQO\�RQH�RI�VL[�GLIIHUHQW�SRVVLELOLWLHV���2QH�FDQ
FDOFXODWH� D� FOXVWHULQJ� FRHIILFLHQW� RU� IUDFWLRQ� RI� WUDQVLWLYH� WULSOHV� LQ� WKH� REYLRXV� IDVKLRQ� IRU� WKH
GLUHFWHG� FDVH�� FRXQWLQJ� DOO� GLUHFWHG� SDWKV� RI� OHQJWK� WZR� WKDW� DUH� FORVHG� DQG� GLYLGLQJ� E\� WKH� WRWDO
QXPEHU�RI�GLUHFWHG�SDWKV�RI�OHQJWK�WZR��)RU�VRPH�UHDVRQ��KRZHYHU��VXFK�PHDVXUHPHQWV�KDYH�QRW�RIWHQ
DSSHDUHG�LQ�WKH�OLWHUDWXUH�



�

$�WUDQVLWLYH�WULSOH�RI�YHUWLFHV�LQ�D�GLUHFWHG�QHWZRUN�
�
�
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:H�FDQ�DOVR�GHILQH�D�FOXVWHULQJ�FRHIILFLHQW�IRU�D�VLQJOH�YHUWH[��)RU�D�YHUWH[�L��ZH�GHILQH

�

������
�
�

7KDW� LV�� WR� FDOFXODWH�&L� ZH� JR� WKURXJK� DOO� GLVWLQFW� SDLUV� RI� YHUWLFHV� WKDW� DUH� QHLJKERUV� RI�L� LQ� WKH
QHWZRUN�� FRXQW� WKH� QXPEHU� RI� VXFK� SDLUV� WKDW� DUH� FRQQHFWHG� WR� HDFK� RWKHU�� DQG� GLYLGH� E\� WKH� WRWDO
QXPEHU� RI� SDLUV�� ZKLFK� LV� � ZKHUH�NL� LV� WKH� GHJUHH� RI�L��� &L� LV� VRPHWLPHV� FDOOHG� WKH�ORFDO
FOXVWHULQJ�FRHIILFLHQW�DQG�LW�UHSUHVHQWV�WKH�DYHUDJH�SUREDELOLW\�WKDW�D�SDLU�RI�LƍV�IULHQGV�DUH�IULHQGV�RI
RQH�DQRWKHU�
/RFDO�FOXVWHULQJ�LV�LQWHUHVWLQJ�IRU�VHYHUDO�UHDVRQV��)LUVW��LQ�PDQ\�QHWZRUNV�LW�LV�IRXQG�HPSLULFDOO\

WR�KDYH�D�URXJK�GHSHQGHQFH�RQ�GHJUHH��YHUWLFHV�ZLWK�KLJKHU�GHJUHH�KDYLQJ�D�ORZHU� ORFDO�FOXVWHULQJ
FRHIILFLHQW�RQ�DYHUDJH��7KLV�SRLQW�LV�GLVFXVVHG�LQ�GHWDLO�LQ�6HFWLRQ�������
6HFRQG��ORFDO�FOXVWHULQJ�FDQ�EH�XVHG�DV�D�SUREH�IRU�WKH�H[LVWHQFH�RI�VR�FDOOHG�³VWUXFWXUDO�KROHV´�LQ

D�QHWZRUN��:KLOH�LW�LV�FRPPRQ�LQ�PDQ\�QHWZRUNV��HVSHFLDOO\�VRFLDO�QHWZRUNV��IRU�WKH�QHLJKERUV�RI�D
YHUWH[� WR� EH� FRQQHFWHG� DPRQJ� WKHPVHOYHV�� LW� KDSSHQV� VRPHWLPHV� WKDW� WKHVH� H[SHFWHG� FRQQHFWLRQV
EHWZHHQ�QHLJKERUV�DUH�PLVVLQJ��7KH�PLVVLQJ�OLQNV�DUH�FDOOHG�VWUXFWXUDO�KROHV�DQG�ZHUH�ILUVW�VWXGLHG
LQ� WKLV� FRQWH[W� E\�%XUW� >��@�� ,I�ZH� DUH� LQWHUHVWHG� LQ� HIILFLHQW� VSUHDG� RI� LQIRUPDWLRQ� RU� RWKHU� WUDIILF
DURXQG�D�QHWZRUN��DV�ZH�ZHUH�LQ�6HFWLRQ������WKHQ�VWUXFWXUDO�KROHV�DUH�D�EDG�WKLQJ²WKH\�UHGXFH�WKH
QXPEHU�RI�DOWHUQDWLYH� URXWHV� LQIRUPDWLRQ�FDQ� WDNH� WKURXJK� WKH�QHWZRUN��2Q� WKH�RWKHU�KDQG�VWUXFWXUDO
KROHV�FDQ�EH�D�JRRG�WKLQJ�IRU�WKH�FHQWUDO�YHUWH[�L�ZKRVH�IULHQGV�ODFN�FRQQHFWLRQV��EHFDXVH�WKH\�JLYH�L
SRZHU�RYHU�LQIRUPDWLRQ�IORZ�EHWZHHQ�WKRVH�IULHQGV��,I�WZR�IULHQGV�RI�L�DUH�QRW�FRQQHFWHG�GLUHFWO\�DQG
WKHLU�LQIRUPDWLRQ�DERXW�RQH�DQRWKHU�FRPHV�LQVWHDG�YLD�WKHLU�PXWXDO�FRQQHFWLRQ�ZLWK�L�WKHQ�L�FDQ�FRQWURO
WKH� IORZ� RI� WKDW� LQIRUPDWLRQ�� 7KH� ORFDO� FOXVWHULQJ� FRHIILFLHQW� PHDVXUHV� KRZ� LQIOXHQWLDO�L� LV� LQ� WKLV
VHQVH�� WDNLQJ� ORZHU� YDOXHV� WKH�PRUH� VWUXFWXUDO� KROHV� WKHUH� DUH� LQ� WKH� QHWZRUN� DURXQG�L�� 7KXV� ORFDO
FOXVWHULQJ� FDQ� EH� UHJDUGHG� DV� D� W\SH� RI� FHQWUDOLW\�PHDVXUH�� DOEHLW� RQH� WKDW� WDNHV� VPDOO� YDOXHV� IRU
SRZHUIXO�LQGLYLGXDOV�UDWKHU�WKDQ�ODUJH�RQHV�



�

:KHQ� WKH� QHLJKERUV� RI� D� QRGH� DUH� QRW� FRQQHFWHG� WR� RQH� DQRWKHU� ZH� VD\� WKH� QHWZRUN� FRQWDLQV
³VWUXFWXUDO�KROHV�´
�
�
,Q�WKLV�VHQVH��ORFDO�FOXVWHULQJ�FDQ�DOVR�EH�WKRXJKW�RI�DV�DNLQ�WR�WKH�EHWZHHQQHVV�FHQWUDOLW\�RI�6HFWLRQ

�����:KHUH�EHWZHHQQHVV�PHDVXUHV�D�YHUWH[¶V�FRQWURO�RYHU�LQIRUPDWLRQ�IORZLQJ�EHWZHHQ�DOO�SDLUV�RI
YHUWLFHV� LQ� LWV� FRPSRQHQW�� ORFDO� FOXVWHULQJ� LV� OLNH� D� ORFDO� YHUVLRQ� RI� EHWZHHQQHVV� WKDW� PHDVXUHV
FRQWURO�RYHU�IORZV�EHWZHHQ�MXVW�WKH�LPPHGLDWH�QHLJKERUV�RI�D�YHUWH[��2QH�PHDVXUH�LV�QRW�QHFHVVDULO\
EHWWHU�WKDQ�DQRWKHU��7KHUH�PD\�EH�FDVHV�LQ�ZKLFK�ZH�ZDQW�WR�WDNH�DOO�YHUWLFHV�LQWR�DFFRXQW�DQG�RWKHUV
ZKHUH� ZH� ZDQW� WR� FRQVLGHU� RQO\� LPPHGLDWH� QHLJKERUV²WKH� FKRLFH� ZLOO� GHSHQG� RQ� WKH� SDUWLFXODU
TXHVWLRQV� ZH� ZDQW� WR� DQVZHU�� ,W� LV� ZRUWK� SRLQWLQJ� RXW� KRZHYHU� WKDW� EHWZHHQQHVV� LV� PXFK� PRUH
FRPSXWDWLRQDOO\�LQWHQVLYH�WR�FDOFXODWH�WKDQ�ORFDO�FOXVWHULQJ��VHH�6HFWLRQ����������DQG�WKDW�LQ�SUDFWLFH
EHWZHHQQHVV�DQG�ORFDO�FOXVWHULQJ�DUH�VWURQJO\�FRUUHODWHG�>��@��7KHUH�PD\�LQ�PDQ\�FDVHV�EH�OLWWOH�WR�EH
JDLQHG� E\� SHUIRUPLQJ� WKH� PRUH� FRVWO\� IXOO� FDOFXODWLRQ� RI� EHWZHHQQHVV� DQG� PXFK� WR� EH� VDYHG� E\
VWLFNLQJ�ZLWK�FOXVWHULQJ��JLYHQ�WKDW�WKH�WZR�FRQWDLQ�PXFK�WKH�VDPH�LQIRUPDWLRQ����
,Q�KLV�RULJLQDO�VWXGLHV�RI�VWUXFWXUDO�KROHV��%XUW�>��@�GLG�QRW�LQ�IDFW�PDNH�XVH�RI�WKH�ORFDO�FOXVWHULQJ

FRHIILFLHQW� DV� D� PHDVXUH� RI� WKH� SUHVHQFH� RI� KROHV����� ,QVWHDG�� KH� XVHG� DQRWKHU� PHDVXUH�� ZKLFK� KH
FDOOHG�UHGXQGDQF\��7KH�RULJLQDO�GHILQLWLRQ�RI�UHGXQGDQF\�ZDV�UDWKHU�FRPSOLFDWHG��EXW�%RUJDWWL�>��@
KDV� VKRZQ� WKDW� LW� FDQ� EH� VLPSOLILHG� WR� WKH� IROORZLQJ�� WKH� UHGXQGDQF\�5L� RI� D� YHUWH[�L� LV� WKH�PHDQ
QXPEHU�RI�FRQQHFWLRQV�IURP�D�QHLJKERU�RI�L� WR�RWKHU�QHLJKERUV�RI�L��&RQVLGHU� WKH�H[DPSOH�VKRZQ�LQ
)LJ������LQ�ZKLFK�YHUWH[�L�KDV�IRXU�QHLJKERUV��(DFK�RI�WKRVH�IRXU�FRXOG�EH�DFTXDLQWHG�ZLWK�DQ\�RI�WKH
WKUHH�RWKHUV��EXW�LQ�WKLV�FDVH�QRQH�RI�WKHP�LV�FRQQHFWHG�WR�DOO�WKUHH��2QH�LV�FRQQHFWHG�WR�QRQH�RI�WKH
RWKHUV��WZR�DUH�FRQQHFWHG�WR�RQH�RWKHU��DQG�WKH�ODVW�LV�FRQQHFWHG�WR�WZR�RWKHUV��7KH�UHGXQGDQF\�LV�WKH
DYHUDJH�RI� WKHVH�QXPEHUV� ��7KH�PLQLPXP�SRVVLEOH�YDOXH�RI�WKH�UHGXQGDQF\�RI�D
YHUWH[�LV�]HUR�DQG�WKH�PD[LPXP�LV�NL�í����ZKHUH�NL�LV�WKH�GHJUHH�RI�YHUWH[�L�

�



)LJXUH� ����� 5HGXQGDQF\�� 7KH� QHLJKERUV� RI� WKH� FHQWUDO� YHUWH[� LQ� WKLV� ILJXUH� KDYH� ��� ��� ��� DQG� �
FRQQHFWLRQV� WR� RWKHU� QHLJKERUV� UHVSHFWLYHO\�� 7KH� UHGXQGDQF\� LV� WKH� PHDQ� RI� WKHVH� YDOXHV��

�
�
�
,W¶V�SUREDEO\�REYLRXV�WKDW�5L�LV�UHODWHG�WR�WKH�ORFDO�FOXVWHULQJ�&L��7R�VHH�SUHFLVHO\�ZKDW�WKH�UHODWLRQ

LV��ZH�QRWH�WKDW�LI�WKH�DYHUDJH�QXPEHU�RI�FRQQHFWLRQV�IURP�D�IULHQG�RI�L�WR�RWKHU�IULHQGV�LV�5L��WKHQ�WKH
WRWDO�QXPEHU�RI�FRQQHFWLRQV�EHWZHHQ�IULHQGV�LV� ���$QG�WKH�WRWDO�QXPEHU�RI�SDLUV�RI�IULHQGV�RI�L� LV�

���7KH�ORFDO�FOXVWHULQJ�FRHIILFLHQW��(T����������LV�WKH�UDWLR�RI�WKHVH�WZR�TXDQWLWLHV�

�

������
�

�

*LYHQ� WKDW�NL� í� �� LV� WKH�PD[LPXP�YDOXH� RI�5L�� WKH� ORFDO� FOXVWHULQJ� FRHIILFLHQW� FDQ�EH� WKRXJKW� RI� DV
VLPSO\�D�YHUVLRQ�RI�WKH�UHGXQGDQF\�UHVFDOHG�WR�KDYH�D�PD[LPXP�YDOXH�RI����$SSO\LQJ�(T���������WR
WKH�H[DPSOH�RI�)LJ������LPSOLHV�WKDW�WKH�ORFDO�FOXVWHULQJ�FRHIILFLHQW�IRU�WKH�FHQWUDO�YHUWH[�VKRXOG�EH�

��DQG�WKH�UHDGHU�FDQ�HDVLO\�YHULI\�WKDW�WKLV�LV�LQGHHG�WKH�FDVH�
$� WKLUG�FRQWH[W� LQ�ZKLFK� WKH� ORFDO�FOXVWHULQJ�FRHIILFLHQW�DULVHV� LV� LQ� WKH�FDOFXODWLRQ�RI� WKH�JOREDO

FOXVWHULQJ�FRHIILFLHQW�LWVHOI��:DWWV�DQG�6WURJDW]�>���@�SURSRVHG�FDOFXODWLQJ�D�FOXVWHULQJ�FRHIILFLHQW�IRU
DQ�HQWLUH�QHWZRUN�DV�WKH�PHDQ�RI�WKH�ORFDO�FOXVWHULQJ�FRHIILFLHQWV�IRU�HDFK�YHUWH[�

�

������
�

ZKHUH�Q� LV� WKH�QXPEHU�RI�YHUWLFHV� LQ� WKH�QHWZRUN��7KLV� LV�D�GLIIHUHQW�GHILQLWLRQ�IRU� WKH�FOXVWHULQJ
FRHIILFLHQW� IURP� WKH� RQH� JLYHQ� HDUOLHU�� (T�� �������� DQG� WKH� WZR� GHILQLWLRQV� DUH� QRW� HTXLYDOHQW�
)XUWKHUPRUH�� WKH\� FDQ� JLYH� VXEVWDQWLDOO\� GLIIHUHQW� QXPEHUV� IRU� D� JLYHQ� QHWZRUN� DQG� EHFDXVH� ERWK
GHILQLWLRQV�DUH�LQ�UHDVRQDEO\�FRPPRQ�XVH�WKLV�FDQ�JLYH�ULVH�WR�FRQIXVLRQ��:H�IDYRU�RXU�ILUVW�GHILQLWLRQ
IRU�&��(T����������EHFDXVH�LW�KDV�D�VLPSOH�LQWHUSUHWDWLRQ�DQG�EHFDXVH�LW�LV�QRUPDOO\�HDVLHU�WR�FDOFXODWH�
$OVR�WKH�VHFRQG�GHILQLWLRQ��(T����������WHQGV�WR�EH�GRPLQDWHG�E\�YHUWLFHV�ZLWK�ORZ�GHJUHH��VLQFH�WKH\
KDYH�VPDOO�GHQRPLQDWRUV�LQ�(T����������DQG�WKH�PHDVXUH�WKXV�JLYHV�D�UDWKHU�SRRU�SLFWXUH�RI�WKH�RYHUDOO
SURSHUWLHV�RI�DQ\�QHWZRUN�ZLWK�D�VLJQLILFDQW�QXPEHU�RI�VXFK�YHUWLFHV�����,W¶V�ZRUWK�QRWLQJ��KRZHYHU�
WKDW�WKH�GHILQLWLRQ�RI�(T���������ZDV�DFWXDOO\�SURSRVHG�EHIRUH�(T���������DQG��SHUKDSV�EHFDXVH�RI�WKLV�
LW�ILQGV�PRGHUDWHO\�ZLGH�XVH�LQ�QHWZRUN�VWXGLHV��6R�\RX�QHHG�DW�OHDVW�WR�EH�DZDUH�RI�ERWK�GHILQLWLRQV



DQG�FOHDU�ZKLFK�LV�EHLQJ�XVHG�LQ�DQ\�SDUWLFXODU�VLWXDWLRQ�
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�

7KH�FOXVWHULQJ�FRHIILFLHQW�RI�6HFWLRQ�����PHDVXUHV�WKH�IUHTXHQF\�ZLWK�ZKLFK�ORRSV�RI�OHQJWK�WKUHH²
WULDQJOHV²DSSHDU� LQ� D�QHWZRUN��2I� FRXUVH�� WKHUH� LV� QR� UHDVRQ�ZK\�RQH� VKRXOG� FRQFHQWUDWH�RQO\�RQ
ORRSV�RI�OHQJWK�WKUHH��DQG�SHRSOH�KDYH�RFFDVLRQDOO\�ORRNHG�DW�WKH�IUHTXHQF\�RI�ORRSV�RI�OHQJWK�IRXU�RU
PRUH� >���� ������������ ���@�� 7ULDQJOHV� RFFXS\� D� VSHFLDO� SODFH� KRZHYHU� EHFDXVH� LQ� DQ� XQGLUHFWHG
VLPSOH�JUDSK�WKH�WULDQJOH�LV�WKH�VKRUWHVW�ORRS�ZH�FDQ�KDYH��DQG�XVXDOO\�WKH�PRVW�FRPPRQO\�RFFXUULQJ��
+RZHYHU�� LQ� D�GLUHFWHG� QHWZRUN� WKLV� LV�QRW� WKH� FDVH�� ,Q� D� GLUHFWHG�QHWZRUN��ZH� FDQ�KDYH� ORRSV�RI
OHQJWK�WZR²D�SDLU�RI�YHUWLFHV�EHWZHHQ�ZKLFK�WKHUH�DUH�GLUHFWHG�HGJHV�UXQQLQJ�LQ�ERWK�GLUHFWLRQV²
DQG�LW�LV�LQWHUHVWLQJ�WR�DVN�DERXW�WKH�IUHTXHQF\�RI�RFFXUUHQFH�RI�WKHVH�ORRSV�DOVR�

�

$�ORRS�RI�OHQJWK�WZR�LQ�D�GLUHFWHG�QHWZRUN�
�
�
7KH�IUHTXHQF\�RI�ORRSV�RI�OHQJWK�WZR�LV�PHDVXUHG�E\�WKH�UHFLSURFLW\��DQG�WHOOV�\RX�KRZ�OLNHO\�LW�LV

WKDW�D�YHUWH[�WKDW�\RX�SRLQW� WR�DOVR�SRLQWV�EDFN�DW�\RX��)RU� LQVWDQFH��RQ�WKH�:RUOG�:LGH�:HE�LI�P\
ZHE�SDJH�OLQNV�WR�\RXU�ZHE�SDJH��KRZ�OLNHO\�LV�LW��RQ�DYHUDJH��WKDW�\RXUV�OLQN�EDFN�DJDLQ�WR�PLQH"�,Q
JHQHUDO�� LW¶V�IRXQG�WKDW�\RX�DUH�PXFK�PRUH� OLNHO\�WR� OLQN� WR�PH�LI�,� OLQN�WR�\RX�WKDQ� LI�,�GRQ¶W�� �7KDW
SUREDEO\� LVQ¶W� DQ� (DUWK�VKDWWHULQJ� VXUSULVH�� EXW� LW¶V� JRRG� WR� NQRZ� ZKHQ� WKH� GDWD� EHDU� RXW� RQH¶V
LQWXLWLRQV��� 6LPLODUO\� LQ� IULHQGVKLS� QHWZRUNV�� VXFK� DV� WKH� QHWZRUNV� RI� VFKRROFKLOGUHQ� GHVFULEHG� LQ
6HFWLRQ�����ZKHUH�UHVSRQGHQWV�ZHUH�DVNHG�WR�QDPH�WKHLU�IULHQGV��LW�LV�PXFK�PRUH�OLNHO\�WKDW�\RX�ZLOO
QDPH�PH�LI�,�QDPH�\RX�WKDQ�LI�,�GR�QRW�
,I�WKHUH�LV�D�GLUHFWHG�HGJH�IURP�YHUWH[�L�WR�YHUWH[�M�LQ�D�GLUHFWHG�QHWZRUN�DQG�WKHUH�LV�DOVR�DQ�HGJH

IURP�M� WR�L� WKHQ�ZH�VD\�WKH�HGJH�IURP�L� WR�M� LV�UHFLSURFDWHG�� �2EYLRXVO\� WKH�HGJH�IURP�M� WR�L� LV�DOVR
UHFLSURFDWHG���3DLUV�RI�HGJHV�OLNH�WKLV�DUH�DOVR�VRPHWLPHV�FDOOHG�FR�OLQNV��SDUWLFXODUO\�LQ�WKH�FRQWH[W
RI�WKH�:RUOG�:LGH�:HE�>���@�
7KH�UHFLSURFLW\�U�LV�GHILQHG�DV�WKH�IUDFWLRQ�RI�HGJHV�WKDW�DUH�UHFLSURFDWHG��1RWLQJ�WKDW�WKH�SURGXFW�RI

DGMDFHQF\�PDWUL[�HOHPHQWV�$LM�$ML�LV���LI�DQG�RQO\�LI�WKHUH�LV�DQ�HGJH�IURP�L�WR�M�DQG�DQ�HGJH�IURP�M� WR�L
DQG�LV�]HUR�RWKHUZLVH��ZH�FDQ�VXP�RYHU�DOO�YHUWH[�SDLUV�L��M�WR�JHW�DQ�H[SUHVVLRQ�IRU�WKH�UHFLSURFLW\�

�



������
�

ZKHUH�P�LV��DV�XVXDO��WKH�WRWDO�QXPEHU�RI��GLUHFWHG��HGJHV�LQ�WKH�QHWZRUN�
&RQVLGHU�IRU�H[DPSOH�WKLV�VPDOO�QHWZRUN�RI�IRXU�YHUWLFHV�

�

7KHUH�DUH�VHYHQ�GLUHFWHG�HGJHV�LQ�WKLV�QHWZRUN�DQG�IRXU�RI�WKHP�DUH�UHFLSURFDWHG��VR�WKH�UHFLSURFLW\�LV
��,Q�IDFW��WKLV�LV�DERXW�WKH�VDPH�YDOXH�DV�VHHQ�RQ�WKH�:RUOG�:LGH�:HE��7KHUH�LV�DERXW�D����

SHUFHQW�FKDQFH� WKDW� LI�ZHE�SDJH�$�OLQNV� WR�ZHE�SDJH�%� WKHQ�%�DOVR� OLQNV�EDFN� WR�$� ����$V� DQRWKHU
H[DPSOH��LQ�D�VWXG\�RI�D�QHWZRUN�RI�ZKR�KDV�ZKRP�LQ�WKHLU�HPDLO�DGGUHVV�ERRN�LW�ZDV�IRXQG�WKDW�WKH
UHFLSURFLW\�ZDV�DERXW�U� ������>���@�
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�

,Q� VRPH� VRFLDO� QHWZRUNV�� DQG� RFFDVLRQDOO\� LQ� RWKHU� QHWZRUNV�� HGJHV� DUH� DOORZHG� WR� EH� HLWKHU
³SRVLWLYH´�RU�³QHJDWLYH�´�)RU�LQVWDQFH��LQ�DQ�DFTXDLQWDQFH�QHWZRUN�ZH�FRXOG�GHQRWH�IULHQGVKLS�E\�D
SRVLWLYH�HGJH�DQG�DQLPRVLW\�E\�D�QHJDWLYH�HGJH�

�

2QH�FRXOG�DOVR�FRQVLGHU�YDU\LQJ�GHJUHHV�RI� IULHQGVKLS�RU�DQLPRVLW\²QHWZRUNV�ZLWK�PRUH� VWURQJO\
SRVLWLYH�RU�QHJDWLYH�HGJHV�LQ�WKHP²EXW�IRU�WKH�PRPHQW�OHW¶V�VWLFN�WR�WKH�VLPSOH�FDVH�ZKHUH�HDFK�HGJH
LV� LQ� MXVW� RQH� RI� WZR� VWDWHV�� SRVLWLYH� RU� QHJDWLYH�� OLNH� RU� GLVOLNH�� 6XFK� QHWZRUNV� DUH� FDOOHG�VLJQHG
QHWZRUNV�DQG�WKHLU�HGJHV�DUH�FDOOHG�VLJQHG�HGJHV�
,W� LV� LPSRUWDQW�WR�EH�FOHDU�KHUH�WKDW�D�QHJDWLYH�HGJH�LV�QRW�WKH�VDPH�DV�WKH�DEVHQFH�RI�DQ�HGJH��$

QHJDWLYH�HGJH�LQGLFDWHV��IRU�H[DPSOH��WZR�SHRSOH�ZKR�LQWHUDFW�UHJXODUO\�EXW�GLVOLNH�HDFK�RWKHU��7KH
DEVHQFH�RI�DQ�HGJH�UHSUHVHQWV�WZR�SHRSOH�ZKR�GR�QRW�LQWHUDFW��:KHWKHU�WKH\�ZRXOG�OLNH�RQH�DQRWKHU�LI
WKH\�GLG�LQWHUDFW�LV�QRW�UHFRUGHG�
1RZ� FRQVLGHU� WKH� SRVVLEOH� FRQILJXUDWLRQV� RI� WKUHH� HGJHV� LQ� D� WULDQJOH� LQ� D� VLJQHG� QHWZRUN�� DV

GHSLFWHG� LQ�)LJ������� ,I� ³�´�DQG�³í´� UHSUHVHQW� OLNH�DQG�GLVOLNH�� WKHQ�ZH�FDQ� LPDJLQH� VRPH�RI� WKHVH
FRQILJXUDWLRQV�FUHDWLQJ�VRFLDO�SUREOHPV�LI�WKH\�ZHUH�WR�DULVH�EHWZHHQ�WKUHH�SHRSOH�LQ�WKH�UHDO�ZRUOG�
&RQILJXUDWLRQ� �D�� LV� ILQH�� HYHU\RQH� OLNHV� HYHU\RQH� HOVH�� &RQILJXUDWLRQ� �E�� LV� SUREDEO\� DOVR� ILQH�
DOWKRXJK�WKH�VLWXDWLRQ�LV�PRUH�VXEWOH�WKDQ��D���,QGLYLGXDOV�X�DQG�Y�OLNH�RQH�DQRWKHU�DQG�ERWK�GLVOLNH�Z�
EXW� WKH� FRQILJXUDWLRQ� FDQ� VWLOO� EH� UHJDUGHG� DV� VWDEOH� LQ� WKH� VHQVH� WKDW�X� DQG�Y� FDQ� DJUHH� RYHU� WKHLU
GLVOLNH� RI�Z� DQG� JHW� DORQJ� MXVW� ILQH�� ZKLOH�Z� KDWHV� ERWK� RI� WKHP��1R� RQH� LV� FRQIOLFWHG� DERXW� WKHLU
DOOHJLDQFHV�
3XW� DQRWKHU�ZD\��Z� LV�X V� HQHP\�DQG�Y� LV�Z V�HQHP\��EXW� WKHUH� LV�QR�SUREOHP�ZLWK�X� DQG�Y�EHLQJ

IULHQGV�LI�RQH�FRQVLGHUV�WKDW�WKH�³HQHP\�RI�P\�HQHP\�LV�P\�IULHQG�´
&RQILJXUDWLRQ��F��KRZHYHU�FRXOG�EH�SUREOHPDWLF��,QGLYLGXDO�X�OLNHV�LQGLYLGXDO�Y�DQG�Y� OLNHV�Z��EXW

X� WKLQNV�Z� LV� DQ� LGLRW��7KLV� LV�JRLQJ� WR�SODFH�D� VWUDLQ�RQ� WKH� IULHQGVKLS�EHWZHHQ�X� DQG�Y� EHFDXVH�X
WKLQNV�Y V�IULHQG�LV�DQ�LGLRW��$OWHUQDWLYHO\��IURP�WKH�SRLQW�RI�YLHZ�RI�Y��Y�KDV�WZR�IULHQGV��X�DQG�Z�DQG
WKH\�GRQ¶W�JHW�DORQJ��ZKLFK�SXWV�Y�LQ�DQ�DZNZDUG�SRVLWLRQ��,Q�PDQ\�UHDO�OLIH�VLWXDWLRQV�RI�WKLV�NLQG�WKH
WHQVLRQ�ZRXOG�EH�UHVROYHG�E\�RQH�RI�WKH�DFTXDLQWDQFHV�EHLQJ�EURNHQ��L�H���WKH�HGJH�ZRXOG�EH�UHPRYHG
DOWRJHWKHU��3HUKDSV�Y�ZRXOG�VLPSO\�VWRS�WDONLQJ�WR�RQH�RI�KLV�IULHQGV��IRU�LQVWDQFH�



�

)LJXUH� ����� 3RVVLEOH� WULDG� FRQILJXUDWLRQV� LQ� D� VLJQHG� QHWZRUN�� &RQILJXUDWLRQV� �D�� DQG� �E�� DUH
EDODQFHG� DQG� KHQFH� UHODWLYHO\� VWDEOH�� EXW� FRQILJXUDWLRQV� �F�� DQG� �G�� DUH� XQEDODQFHG� DQG� OLDEOH� WR
EUHDN�DSDUW�
�
�
&RQILJXUDWLRQ� �G�� LV� VRPHZKDW� DPELJXRXV��2Q� WKH� RQH� KDQG�� LW� FRQVLVWV� RI� WKUHH� SHRSOH�ZKR� DOO

GLVOLNH�HDFK�RWKHU��VR�QR�RQH�LV�LQ�GRXEW�DERXW�ZKHUH�WKLQJV�VWDQG��HYHU\RQH�MXVW�KDWHV�HYHU\RQH�HOVH�
2Q�WKH�RWKHU�KDQG��WKH�³HQHP\�RI�P\�HQHP\´�UXOH�GRHV�QRW�DSSO\�KHUH��,QGLYLGXDOV�X�DQG�Y�PLJKW�OLNH
WR�IRUP�DQ�DOOLDQFH�LQ�UHFRJQLWLRQ�RI�WKHLU�MRLQW�GLVOLNH�RI�Z��EXW�ILQG�LW�GLIILFXOW�WR�GR�VR�EHFDXVH�WKH\
DOVR�GLVOLNH�HDFK�RWKHU��,Q�VRPH�FLUFXPVWDQFHV�WKLV�PLJKW�FDXVH�WHQVLRQ���7KLQN�RI�WKH�XQHDV\�DOOLDQFH
RI� WKH�86� DQG�5XVVLD� DJDLQVW�*HUPDQ\� GXULQJ�:RUOG�:DU� ,,�� IRU� LQVWDQFH��� %XW�ZKDW� RQH� FDQ� VD\
GHILQLWHO\� LV� WKDW�FRQILJXUDWLRQ��G�� LV�RIWHQ�XQVWDEOH��7KHUH�PD\�EH� OLWWOH� UHDVRQ�IRU� WKH� WKUHH� WR�VWD\
WRJHWKHU�ZKHQ�QRQH�RI�WKHP�OLNHV�WKH�RWKHUV��4XLWH�SUREDEO\�WKUHH�HQHPLHV�VXFK�DV�WKHVH�ZRXOG�VLPSO\
VHYHU�WKHLU�FRQQHFWLRQV�DQG�JR�WKHLU�VHSDUDWH�ZD\V�

�

7ZR�VWDEOH�FRQILJXUDWLRQV�LQ�ORRSV�RI�OHQJWK�IRXU�
�
�
7KH�IHDWXUH�WKDW�GLVWLQJXLVKHV�WKH�WZR�VWDEOH�FRQILJXUDWLRQV�LQ�)LJ������IURP�WKH�XQVWDEOH�RQHV�LV�WKDW

WKH\� KDYH� DQ� HYHQ� QXPEHU� RI� PLQXV� VLJQV� DURXQG� WKH� ORRS����� 2QH� FDQ� HQXPHUDWH� VLPLODU
FRQILJXUDWLRQV�IRU�ORQJHU�ORRSV��RI�OHQJWK�IRXU�RU�JUHDWHU��DQG�DJDLQ�ILQG�WKDW�ORRSV�ZLWK�HYHQ�QXPEHUV
RI�PLQXV�VLJQV�DSSHDU�VWDEOH�DQG�WKRVH�ZLWK�RGG�QXPEHUV�XQVWDEOH�
7KLV�DORQH�ZRXOG�EH�DQ�REVHUYDWLRQ�RI�RQO\�VOLJKW�LQWHUHVW��ZKHUH�LW�QRW�IRU�WKH�LQWULJXLQJ�IDFW�WKDW

WKLV� W\SH�RI�VWDELOLW\�UHDOO\�GRHV�DSSHDU�KDYH�DQ�HIIHFW�RQ�WKH�VWUXFWXUH�RI�QHWZRUNV�� ,Q�VXUYH\V� LW� LV



IRXQG�WKDW�WKH�XQVWDEOH�FRQILJXUDWLRQV�LQ�)LJ�������WKH�RQHV�ZLWK�RGG�QXPEHUV�RI�PLQXV�VLJQV��RFFXU�IDU
OHVV�RIWHQ�LQ�UHDO�VRFLDO�QHWZRUNV�WKDQ�WKH�VWDEOH�FRQILJXUDWLRQV�ZLWK�HYHQ�QXPEHUV�RI�PLQXV�VLJQV�
1HWZRUNV� FRQWDLQLQJ� RQO\� ORRSV�ZLWK� HYHQ� QXPEHUV� RI�PLQXV� VLJQV� DUH� VDLG� WR� VKRZ�VWUXFWXUDO

EDODQFH��RU�VRPHWLPHV� MXVW�EDODQFH��$Q�LPSRUWDQW�FRQVHTXHQFH�RI�EDODQFH�LQ�QHWZRUNV�ZDV�SURYHG
E\�+DUDU\�>���@�

$�EDODQFHG�QHWZRUN�FDQ�EH�GLYLGHG�LQWR�FRQQHFWHG�JURXSV�RI�YHUWLFHV�VXFK�WKDW�DOO�FRQQHFWLRQV
EHWZHHQ�PHPEHUV�RI�WKH�VDPH�JURXS�DUH�SRVLWLYH�DQG�DOO�FRQQHFWLRQV�EHWZHHQ�PHPEHUV�RI
GLIIHUHQW�JURXSV�DUH�QHJDWLYH�

�

1RWH�WKDW�WKH�JURXSV�LQ�TXHVWLRQ�FDQ�FRQVLVW�RI�D�VLQJOH�YHUWH[�RU�PDQ\�YHUWLFHV��DQG�WKHUH�PD\�EH�RQO\
RQH� JURXS� RU� WKHUH�PD\�EH� YHU\�PDQ\��)LJXUH� ���� VKRZV� D� EDODQFHG� QHWZRUN� DQG� LWV� GLYLVLRQ� LQWR
JURXSV�� 1HWZRUNV� WKDW� FDQ� EH� GLYLGHG� LQWR� JURXSV� OLNH� WKLV� DUH� VDLG� WR� EH�FOXVWHUDEOH�� +DUDU\¶V
WKHRUHP�WHOOV�XV�WKDW�DOO�EDODQFHG�QHWZRUNV�DUH�FOXVWHUDEOH�

�

)LJXUH������$�EDODQFHG��FOXVWHUDEOH�QHWZRUN� �(YHU\�ORRS�LQ�WKLV�QHWZRUN�FRQWDLQV�DQ�HYHQ�QXPEHU
RI� PLQXV� VLJQV�� 7KH� GRWWHG� OLQHV� LQGLFDWH� WKH� GLYLVLRQ� RI� WKH� QHWZRUN� LQWR� FOXVWHUV� VXFK� WKDW� DOO
DFTXDLQWDQFHV�ZLWKLQ� FOXVWHUV� KDYH� SRVLWLYH� FRQQHFWLRQV� DQG� DOO� DFTXDLQWDQFHV� LQ� GLIIHUHQW� FOXVWHUV
KDYH�QHJDWLYH�FRQQHFWLRQV�
�
�
+DUDU\¶V� WKHRUHP� LV� VWUDLJKWIRUZDUG� WR� SURYH�� DQG� WKH� SURRI� LV� ³FRQVWUXFWLYH�´� PHDQLQJ� WKDW� LW

VKRZV�QRW�RQO\�ZKHQ�D�QHWZRUN�LV�FOXVWHUDEOH�EXW�DOVR�WHOOV�XV�ZKDW�WKH�JURXSV�DUH�����:H�FRQVLGHU
LQLWLDOO\�RQO\�QHWZRUNV�WKDW�DUH�FRQQHFWHG²WKH\�KDYH�MXVW�RQH�FRPSRQHQW��,Q�D�PRPHQW�ZH�ZLOO�UHOD[
WKLV�FRQGLWLRQ��:H�ZLOO�FRORU�LQ�WKH�YHUWLFHV�RI�WKH�QHWZRUN�HDFK�LQ�RQH�RI�WZR�FRORUV��GHQRWHG�E\�WKH
RSHQ�DQG�ILOOHG�FLUFOHV�LQ�)LJ�������IRU�LQVWDQFH��:H�VWDUW�ZLWK�DQ\�YHUWH[�ZH�SOHDVH�DQG�FRORU�LW�ZLWK
ZKLFKHYHU�FRORU�ZH�SOHDVH��7KHQ�ZH�FRORU�LQ�WKH�RWKHUV�DFFRUGLQJ�WR�WKH�IROORZLQJ�DOJRULWKP�

��� $� YHUWH[�Y� FRQQHFWHG� E\� D� SRVLWLYH� HGJH� WR� DQRWKHU�X� WKDW� KDV� DOUHDG\� EHHQ� FRORUHG� JHWV
FRORUHG�WKH�VDPH�DV�X�

��� $� YHUWH[�Y� FRQQHFWHG� E\� D� QHJDWLYH� HGJH� WR� DQRWKHU�X� WKDW� KDV� DOUHDG\� EHHQ� FRORUHG� JHWV
FRORUHG�WKH�RSSRVLWH�FRORU�IURP�X�

�
)RU�PRVW�QHWZRUNV�LW�ZLOO�KDSSHQ�LQ�WKH�FRXUVH�RI�WKLV�FRORULQJ�SURFHVV�WKDW�ZH�VRPHWLPHV�FRPH

XSRQ�D�YHUWH[�ZKRVH�FRORU�KDV�DOUHDG\�EHHQ�DVVLJQHG��:KHQ�WKLV�KDSSHQV�WKHUH�LV�WKH�SRVVLELOLW\�RI�D
FRQIOLFW�DULVLQJ�EHWZHHQ�WKH�SUHYLRXVO\�DVVLJQHG�FRORU�DQG�WKH�RQH�WKDW�ZH�ZRXOG�OLNH�WR�DVVLJQ�WR�LW



QRZ�DFFRUGLQJ�WR�WKH�UXOHV�DERYH��+RZHYHU��DV�ZH�QRZ�VKRZ��WKLV�FRQIOLFW�RQO\�DULVHV�LI�WKH�QHWZRUN
DV�D�ZKROH�LV�XQEDODQFHG�
,I�LQ�FRORULQJ�LQ�D�QHWZRUN�ZH�FRPH�XSRQ�D�YHUWH[�WKDW�KDV�DOUHDG\�EHHQ�FRORUHG�LQ��LW�LPPHGLDWHO\

LPSOLHV�WKDW�WKHUH�PXVW�EH�DQRWKHU�SDWK�E\�ZKLFK�WKDW�YHUWH[�FDQ�EH�UHDFKHG�IURP�RXU�VWDUWLQJ�SRLQW�DQG
KHQFH�WKDW�WKHUH�LV�DW�OHDVW�RQH��DQG�SRVVLEO\�PRUH�WKDQ�RQH��ORRS�LQ�WKH�QHWZRUN�WR�ZKLFK�WKLV�YHUWH[
EHORQJV²WKH� ORRS� FRQVLVWLQJ� RI� WKH� WZR� SDWKV� EHWZHHQ� WKH� VWDUWLQJ� SRLQW� DQG� WKH� YHUWH[�� 6LQFH� WKH
QHWZRUN�LV�EDODQFHG��HYHU\�ORRS�WR�ZKLFK�RXU�YHUWH[�EHORQJV�PXVW�KDYH�DQ�HYHQ�QXPEHU�RI�QHJDWLYH
HGJHV�DURXQG�LW��1RZ�OHW�XV�VXSSRVH�WKDW�WKH�FRORU�DOUHDG\�DVVLJQHG�WR�WKH�YHUWH[�LV�LQ�FRQIOLFW�ZLWK
WKH�RQH�ZH�ZRXOG�OLNH�WR�DVVLJQ�LW�QRZ��7KHUH�DUH�WZR�ZD\V�LQ�ZKLFK�WKLV�FRXOG�KDSSHQ��DV�LOOXVWUDWHG
LQ�)LJ�������,Q�FDVH��D���ZH�FRORU�LQ�D�YHUWH[�X�DQG�WKHQ�PRYH�RQWR�LWV�QHLJKERU�Y��RQO\�WR�ILQG�WKDW�Y
KDV�DOUHDG\�EHHQ�FRORUHG�WKH�RSSRVLWH�FRORU�WR�X��HYHQ�WKRXJK�WKH�HGJH�EHWZHHQ�WKHP�LV�SRVLWLYH��7KLV
SUHVHQWV� D� SUREOHP��%XW� LI�X� DQG�Y� DUH�RSSRVLWH� FRORUV�� WKHQ�DURXQG�DQ\� ORRS�FRQWDLQLQJ� WKHP�ERWK
WKHUH�PXVW�EH�DQ�RGG�QXPEHU�RI�PLQXV�VLJQV��VR� WKDW� WKH�FRORU�FKDQJHV�DQ�RGG�QXPEHU�RI� WLPHV�DQG
HQGV�XS�WKH�RSSRVLWH�RI�ZKDW�LW�VWDUWHG�RXW�DV��$QG�LI�WKHUH�LV�DQ�RGG�QXPEHU�RI�PLQXV�VLJQV�DURXQG�WKH
ORRS��WKHQ�WKH�QHWZRUN�LV�QRW�EDODQFHG�

�

)LJXUH� ����� 3URRI� WKDW� D� EDODQFHG�QHWZRUN� LV� FOXVWHUDEOH�� ,I�ZH� IDLO� WR� FRORU� D� QHWZRUN� LQ� WZR
FRORUV�DV�GHVFULEHG�LQ�WKH�WH[W��WKHQ�WKHUH�PXVW�H[LVW�D�ORRS�LQ�WKH�QHWZRUN�WKDW�KDV�RQH�RU�RWKHU�RI�WKH
WZR� FRQILJXUDWLRQV� VKRZQ� KHUH�� ERWK� RI� ZKLFK� KDYH� DQ� RGG� QXPEHU� RI� PLQXV� VLJQV� DURXQG� WKHP
�FRXQWLQJ�WKH�RQH�EHWZHHQ�WKH�YHUWLFHV�X�DQG�Y���DQG�KHQFH�WKH�QHWZRUN�LV�QRW�EDODQFHG�
�
�
,Q�FDVH��E��YHUWLFHV�X�DQG�Y�KDYH�WKH�VDPH�FRORU�EXW�WKH�HGJH�EHWZHHQ�WKHP�LV�QHJDWLYH��$JDLQ�ZH

KDYH� D� SUREOHP��%XW� LI�X� DQG�Y� DUH� WKH� VDPH� FRORU� WKHQ� WKHUH�PXVW� EH� DQ�HYHQ� QXPEHU� RI� QHJDWLYH
HGJHV�DURXQG�WKH�UHVW�RI�WKH�ORRS�FRQQHFWLQJ�WKHP�ZKLFK��DORQJ�ZLWK�WKH�QHJDWLYH�HGJH�EHWZHHQ�X�DQG
Y��JLYHV�XV�DJDLQ�DQ�RGG�WRWDO�QXPEHU�RI�QHJDWLYH�HGJHV�DURXQG�WKH�HQWLUH�ORRS��DQG�KHQFH�WKH�QHWZRUN
LV�DJDLQ�QRW�EDODQFHG�
(LWKHU�ZD\��LI�ZH�HYHU�HQFRXQWHU�D�FRQIOLFW�DERXW�ZKDW�FRORU�D�YHUWH[�VKRXOG�KDYH�WKHQ�WKH�QHWZRUN

PXVW�EH�XQEDODQFHG��,I�WKH�QHWZRUN�LV�EDODQFHG��WKHUHIRUH��ZH�ZLOO�QHYHU�HQFRXQWHU�VXFK�D�FRQIOLFW�DQG
ZH�ZLOO�EH�DEOH�WR�FRORU�WKH�HQWLUH�QHWZRUN�ZLWK�MXVW�WZR�FRORUV�ZKLOH�REH\LQJ�WKH�UXOHV�
2QFH�ZH� KDYH� FRORUHG� WKH� QHWZRUN� LQ� WKLV�ZD\��ZH� FDQ� LPPHGLDWHO\� GHGXFH� WKH� LGHQWLW\� RI� WKH

JURXSV� WKDW� VDWLVI\� +DUDU\¶V� WKHRUHP�� ZH� VLPSO\� GLYLGH� WKH� QHWZRUN� LQWR� FRQWLJXRXV� FOXVWHUV� RI
YHUWLFHV�WKDW�KDYH�WKH�VDPH�FRORU²VHH�)LJ������DJDLQ��,Q�HYHU\�VXFK�FOXVWHU��VLQFH�DOO�YHUWLFHV�KDYH
WKH�VDPH�FRORU��WKH\�PXVW�EH�MRLQHG�E\�SRVLWLYH�HGJHV��&RQYHUVHO\��DOO�HGJHV�WKDW�FRQQHFWHG�GLIIHUHQW
FOXVWHUV� PXVW� EH� QHJDWLYH�� VLQFH� WKH� FOXVWHUV� KDYH� GLIIHUHQW� FRORUV�� �,I� WKH\� GLG� QRW� KDYH� GLIIHUHQW
FRORUV�WKH\�ZRXOG�EH�FRQVLGHUHG�WKH�VDPH�FOXVWHU��
7KXV�+DUDU\ V�WKHRUHP�LV�SURYHG�DQG�DW�WKH�VDPH�WLPH�ZH�KDYH�GHGXFHG�D�PHWKRG�IRU�FRQVWUXFWLQJ



WKH�FOXVWHUV�����,W�RQO\�UHPDLQV�WR�H[WHQG�WKH�SURRI�WR�QHWZRUNV�WKDW�KDYH�PRUH�WKDQ�RQH�FRPSRQHQW��EXW
WKLV�LV�WULYLDO��VLQFH�ZH�FDQ�VLPSO\�UHSHDW�WKH�SURRI�DERYH�IRU�HDFK�FRPSRQHQW�VHSDUDWHO\�
7KH�SUDFWLFDO�LPSRUWDQFH�RI�+DUDU\¶V�UHVXOW�UHVWV�RQ�WKH�IDFW�WKDW��DV�PHQWLRQHG�HDUOLHU��PDQ\�UHDO

VRFLDO� QHWZRUNV� DUH� IRXQG� QDWXUDOO\� WR� EH� LQ� D� EDODQFHG� RU�PRVWO\� EDODQFHG� VWDWH�� ,Q� VXFK� FDVHV� LW
ZRXOG� EH� SRVVLEOH�� WKHUHIRUH�� IRU� WKH� QHWZRUN� WR� IRUP� LQWR� JURXSV� VXFK� WKDW� HYHU\RQH� OLNHV� RWKHUV
ZLWKLQ� WKHLU� JURXS� ZLWK� ZKRP� WKH\� KDYH� FRQWDFW� DQG� GLVOLNHV� WKRVH� LQ� RWKHU� JURXSV�� ,W� LV� ZLGHO\
DVVXPHG� LQ� VRFLDO� QHWZRUN� WKHRU\� WKDW� WKLV� GRHV� LQGHHG� RIWHQ� KDSSHQ�� 6WUXFWXUDO� EDODQFH� DQG
FOXVWHUDELOLW\�LQ�QHWZRUNV�DUH�WKXV�D�PRGHO�IRU�FOLTXLVKQHVV�RU�LQVXODULW\��ZLWK�SHRSOH�WHQGLQJ�WR�VWLFN
WRJHWKHU�LQ�OLNH�PLQGHG�JURXSV�DQG�GLVGDLQLQJ�HYHU\RQH�RXWVLGH�WKHLU�LPPHGLDWH�FRPPXQLW\�
,W�LV�ZRUWK�DVNLQJ�ZKHWKHU�WKH�LQYHUVH�RI�+DUDU\¶V�FOXVWHUDELOLW\�WKHRUHP�LV�DOVR�WUXH��,V�LW�DOVR�WKH

FDVH� WKDW� D� QHWZRUN� WKDW� LV� FOXVWHUDEOH� LV� QHFHVVDULO\� EDODQFHG"� 7KH� DQVZHU� LV� QR�� DV� WKLV� VLPSOH
FRXQWHU�H[DPSOH�VKRZV�

�

,Q�WKLV�QHWZRUN�DOO�WKUHH�YHUWLFHV�GLVOLNH�HDFK�RWKHU��VR�WKHUH�LV�DQ�RGG�QXPEHU�RI�PLQXV�VLJQV�DURXQG
WKH�ORRS��EXW�WKHUH�LV�QR�SUREOHP�GLYLGLQJ�WKH�QHWZRUN�LQWR�WKUHH�FOXVWHUV�RI�RQH�YHUWH[�HDFK�VXFK�WKDW
HYHU\RQH�GLVOLNHV�WKH�PHPEHUV�RI�WKH�RWKHU�FOXVWHUV��7KLV�QHWZRUN�LV�FOXVWHUDEOH�EXW�QRW�EDODQFHG�



�����6,0,/$5,7<

�

$QRWKHU� FHQWUDO� FRQFHSW� LQ� VRFLDO� QHWZRUN� DQDO\VLV� LV� WKDW� RI� VLPLODULW\� EHWZHHQ� YHUWLFHV�� ,Q�ZKDW
ZD\V�FDQ�YHUWLFHV�LQ�D�QHWZRUN�EH�VLPLODU��DQG�KRZ�FDQ�ZH�TXDQWLI\�WKDW�VLPLODULW\"�:KLFK�YHUWLFHV�LQ
D�JLYHQ�QHWZRUN�DUH�PRVW�VLPLODU�WR�RQH�DQRWKHU"�:KLFK�YHUWH[�Y�LV�PRVW�VLPLODU�WR�D�JLYHQ�YHUWH[�X"
$QVZHUV� WR� TXHVWLRQV� OLNH� WKHVH� FDQ� KHOS� XV� WHDVH� DSDUW� WKH� W\SHV� DQG� UHODWLRQVKLSV� RI� YHUWLFHV� LQ
VRFLDO�QHWZRUNV�� LQIRUPDWLRQ�QHWZRUNV��DQG�RWKHUV��)RU� LQVWDQFH��RQH�FRXOG� LPDJLQH� WKDW� LW�PLJKW�EH
XVHIXO�WR�KDYH�D�OLVW�RI�ZHE�SDJHV�WKDW�DUH�VLPLODU²LQ�VRPH�DSSURSULDWH�VHQVH²WR�DQRWKHU�SDJH�WKDW
ZH�VSHFLI\��,Q�IDFW��VHYHUDO�ZHE�VHDUFK�HQJLQHV�DOUHDG\�SURYLGH�D�IHDWXUH� OLNH�WKLV��³&OLFN�KHUH�IRU
SDJHV�VLPLODU�WR�WKLV�RQH�´
6LPLODULW\� FDQ� EH� GHWHUPLQHG� LQ�PDQ\� GLIIHUHQW�ZD\V� DQG�PRVW� RI� WKHP� KDYH� QRWKLQJ� WR� GR�ZLWK

QHWZRUNV��)RU�H[DPSOH��FRPPHUFLDO�GDWLQJ�DQG�PDWFKPDNLQJ�VHUYLFHV�WU\�WR�PDWFK�SHRSOH�ZLWK�RWKHUV
WR�ZKRP�WKH\�DUH�VLPLODU�E\�XVLQJ�GHVFULSWLRQV�RI�SHRSOH¶V�LQWHUHVWV��EDFNJURXQG��OLNHV��DQG�GLVOLNHV�
,Q� HIIHFW�� WKHVH� VHUYLFHV� DUH� FRPSXWLQJ� VLPLODULW\� PHDVXUHV� EHWZHHQ� SHRSOH� EDVHG� RQ� SHUVRQDO
FKDUDFWHULVWLFV��2XU�IRFXV�LQ�WKLV�ERRN��KRZHYHU��LV�RQ�QHWZRUNV��VR�ZH�ZLOO�FRQFHQWUDWH�RQ�WKH�PRUH
OLPLWHG� SUREOHP�RI� GHWHUPLQLQJ� VLPLODULW\� EHWZHHQ� WKH� YHUWLFHV� RI� D� QHWZRUN� XVLQJ� WKH� LQIRUPDWLRQ
FRQWDLQHG�LQ�WKH�QHWZRUN�VWUXFWXUH�
7KHUH� DUH� WZR� IXQGDPHQWDO� DSSURDFKHV� WR� FRQVWUXFWLQJ� PHDVXUHV� RI� QHWZRUN� VLPLODULW\�� FDOOHG

VWUXFWXUDO�HTXLYDOHQFH� DQG�UHJXODU�HTXLYDOHQFH�� 7KH� QDPHV� DUH� UDWKHU� RSDTXH�� EXW� WKH� LGHDV� WKH\
UHSUHVHQW�DUH�VLPSOH�HQRXJK��7ZR�YHUWLFHV�LQ�D�QHWZRUN�DUH�VWUXFWXUDOO\�HTXLYDOHQW�LI�WKH\�VKDUH�PDQ\
RI� WKH� VDPH� QHWZRUN� QHLJKERUV�� ,Q� )LJ�� ���D� ZH� VKRZ� D� VNHWFK� GHSLFWLQJ� VWUXFWXUDO� HTXLYDOHQFH
EHWZHHQ�WZR�YHUWLFHV�L�DQG�M²WKH�WZR�VKDUH��LQ�WKLV�FDVH��WKUHH�RI�WKH�VDPH�QHLJKERUV��DOWKRXJK�ERWK
DOVR�KDYH�RWKHU�QHLJKERUV�WKDW�DUH�QRW�VKDUHG�
5HJXODU�HTXLYDOHQFH�LV�PRUH�VXEWOH��7ZR�UHJXODUO\�HTXLYDOHQW�YHUWLFHV�GR�QRW�QHFHVVDULO\�VKDUH�WKH

VDPH� QHLJKERUV�� EXW� WKH\� KDYH� QHLJKERUV�ZKR� DUH� WKHPVHOYHV� VLPLODU�� 7ZR� KLVWRU\� VWXGHQWV� DW
GLIIHUHQW�XQLYHUVLWLHV��IRU�H[DPSOH��PD\�QRW�KDYH�DQ\�IULHQGV�LQ�FRPPRQ��EXW�WKH\�FDQ�VWLOO�EH�VLPLODU
LQ� WKH� VHQVH� WKDW� WKH\� ERWK� NQRZ� D� ORW� RI� RWKHU� KLVWRU\� VWXGHQWV�� KLVWRU\� LQVWUXFWRUV�� DQG� VR� IRUWK�
6LPLODUO\�� WZR�&(2V� DW� WZR�GLIIHUHQW� FRPSDQLHV�PD\�KDYH� QR� FROOHDJXHV� LQ� FRPPRQ�� EXW� WKH\� DUH
VLPLODU� LQ� WKH� VHQVH� WKDW� WKH\�KDYH�SURIHVVLRQDO� WLHV� WR� WKHLU� UHVSHFWLYH�&)2��&,2��PHPEHUV� RI� WKH
ERDUG��FRPSDQ\�SUHVLGHQW��DQG�VR�IRUWK��5HJXODU�HTXLYDOHQFH�LV�LOOXVWUDWHG�LQ�)LJ�����E�

�

)LJXUH������6WUXFWXUDO�HTXLYDOHQFH�DQG�UHJXODU�HTXLYDOHQFH�� �D�� 9HUWLFHV� L� DQG�M� DUH� VWUXFWXUDOO\
HTXLYDOHQW� LI� WKH\�VKDUH�PDQ\�RI� WKH�VDPH�QHLJKERUV���E��9HUWLFHV� L� DQG�M�DUH�UHJXODUO\�HTXLYDOHQW� LI



WKHLU�QHLJKERUV�DUH�WKHPVHOYHV�HTXLYDOHQW��LQGLFDWHG�KHUH�E\�WKH�GLIIHUHQW�VKDGHV�RI�YHUWLFHV��
�
�
,Q� WKH� QH[W� IHZ� VHFWLRQV� ZH� GHVFULEH� VRPH� PDWKHPDWLFDO� PHDVXUHV� WKDW� TXDQWLI\� WKHVH� LGHDV� RI

VLPLODULW\��$V�ZH�ZLOO� VHH��PHDVXUHV� IRU� VWUXFWXUDO� HTXLYDOHQFH� DUH� FRQVLGHUDEO\� EHWWHU� GHYHORSHG
WKDQ�WKRVH�IRU�UHJXODU�HTXLYDOHQFH�



�������&26,1(�6,0,/$5,7<

�

:H� VWDUW� E\� ORRNLQJ� DW�PHDVXUHV� RI� VWUXFWXUDO� HTXLYDOHQFH� DQG�ZH�ZLOO� FRQFHQWUDWH� RQ� XQGLUHFWHG
QHWZRUNV��3HUKDSV�WKH�VLPSOHVW�DQG�PRVW�REYLRXV�PHDVXUH�RI�VWUXFWXUDO�HTXLYDOHQFH�ZRXOG�EH�MXVW�D
FRXQW�RI�WKH�QXPEHU�RI�FRPPRQ�QHLJKERUV�WZR�YHUWLFHV�KDYH��,Q�DQ�XQGLUHFWHG�QHWZRUN�WKH�QXPEHU�QLM
RI�FRPPRQ�QHLJKERUV�RI�YHUWLFHV�L�DQG�M�LV�JLYHQ�E\

�

������
�

ZKLFK�LV�WKH�LMWK�HOHPHQW�RI�$���7KLV�TXDQWLW\�LV�FORVHO\�UHODWHG�WR�WKH�³FRFLWDWLRQ´�PHDVXUH�LQWURGXFHG
LQ� 6HFWLRQ� ������� &RFLWDWLRQ� LV� GHILQHG� IRU� GLUHFWHG� QHWZRUNV� ZKHUHDV� ZH� DUH� KHUH� FRQVLGHULQJ
XQGLUHFWHG�RQHV��EXW�RWKHUZLVH�LW�LV�HVVHQWLDOO\�WKH�VDPH�WKLQJ�
+RZHYHU�� D� VLPSOH� FRXQW� RI� FRPPRQ� QHLJKERUV� IRU� WZR� YHUWLFHV� LV� QRW� RQ� LWV� RZQ� D� YHU\� JRRG

PHDVXUH�RI�VLPLODULW\��,I�WZR�YHUWLFHV�KDYH�WKUHH�FRPPRQ�QHLJKERUV�LV�WKDW�D�ORW�RU�D�OLWWOH"�,W¶V�KDUG�WR
WHOO� XQOHVV� ZH� NQRZ�� IRU� LQVWDQFH�� ZKDW� WKH� GHJUHHV� RI� WKH� YHUWLFHV� DUH�� RU� KRZ� PDQ\� FRPPRQ
QHLJKERUV�RWKHU�SDLUV�RI�YHUWLFHV�VKDUH��:KDW�ZH�QHHG�LV�VRPH�VRUW�RI�QRUPDOL]DWLRQ�WKDW�SODFHV�WKH
VLPLODULW\�YDOXH�RQ�VRPH�HDVLO\�XQGHUVWRRG�VFDOH��2QH�VWUDWHJ\�PLJKW�EH�VLPSO\�WR�GLYLGH�E\�WKH�WRWDO
QXPEHU� RI� YHUWLFHV� LQ� WKH� QHWZRUN�Q�� VLQFH� WKLV� LV� WKH�PD[LPXP�QXPEHU� RI� FRPPRQ�QHLJKERUV� WZR
YHUWLFHV�FDQ�KDYH�LQ�D�VLPSOH�JUDSK���7HFKQLFDOO\�WKH�PD[LPXP�LV�DFWXDOO\�Q�í����EXW�WKH�GLIIHUHQFH�LV
VPDOO� ZKHQ�Q� LV� ODUJH���+RZHYHU�� WKLV� XQGXO\� SHQDOL]HV� YHUWLFHV�ZLWK� ORZ� GHJUHH�� LI� D� YHUWH[� KDV
GHJUHH� WKUHH�� WKHQ� LW� FDQ�KDYH� DW�PRVW� WKUHH�QHLJKERUV� LQ� FRPPRQ�ZLWK� DQRWKHU� YHUWH[�� EXW� WKH� WZR
YHUWLFHV� ZRXOG� VWLOO� UHFHLYH� D� VPDOO� VLPLODULW\� YDOXH� LI� WKH� GLYLVRU�Q� ZHUH� YHU\� ODUJH�� $� EHWWHU
PHDVXUH�ZRXOG�DOORZ� IRU� WKH�YDU\LQJ�GHJUHHV�RI�YHUWLFHV��6XFK�D�PHDVXUH� LV� WKH�FRVLQH� VLPLODULW\�
VRPHWLPHV�DOVR�FDOOHG�6DOWRQ¶V�FRVLQH�
,Q�JHRPHWU\��WKH�LQQHU�RU�GRW�SURGXFW�RI�WZR�YHFWRUV�[�DQG�\�LV�JLYHQ�E\�[ \ �_[_�_\_�FRV�ș��ZKHUH�_[_

LV� WKH� PDJQLWXGH� RI�[� DQG�ș� LV� WKH� DQJOH� EHWZHHQ� WKH� WZR� YHFWRUV�� 5HDUUDQJLQJ��ZH� FDQ�ZULWH� WKH
FRVLQH�RI�WKH�DQJOH�DV

�

������
�

�



6DOWRQ�>���@�SURSRVHG�WKDW�ZH�UHJDUG�WKH�LWK�DQG�MWK�URZV��RU�FROXPQV��RI�WKH�DGMDFHQF\�PDWUL[�DV�WZR
YHFWRUV�DQG�XVH�WKH�FRVLQH�RI� WKH�DQJOH�EHWZHHQ�WKHP�DV�RXU�VLPLODULW\�PHDVXUH��1RWLQJ�WKDW�WKH�GRW
SURGXFW�RI�WZR�URZV�LV�VLPSO\��N�$LN$NM�IRU�DQ�XQGLUHFWHG�QHWZRUN��WKLV�JLYHV�XV�D�VLPLODULW\

�

������
�
�

$VVXPLQJ�RXU�QHWZRUN�LV�DQ�XQZHLJKWHG�VLPSOH�JUDSK��WKH�HOHPHQWV�RI�WKH�DGMDFHQF\�PDWUL[�WDNH�RQO\
WKH�YDOXHV���DQG����VR�WKDW� �IRU�DOO�L��M��7KHQ� ��ZKHUH�NL�LV�WKH�GHJUHH�RI�YHUWH[�L
�VHH�(T�����������7KXV

�

������
�
�

7KH� FRVLQH� VLPLODULW\� RI�L� DQG�M� LV� WKHUHIRUH� WKH� QXPEHU� RI� FRPPRQ� QHLJKERUV� RI� WKH� WZR� YHUWLFHV
GLYLGHG� E\� WKH� JHRPHWULF�PHDQ� RI� WKHLU� GHJUHHV�� )RU� WKH� YHUWLFHV�L� DQG�M� GHSLFWHG� LQ�)LJ�� ���D�� IRU
LQVWDQFH��WKH�FRVLQH�VLPLODULW\�ZRXOG�EH

�

������
�
�

1RWLFH� WKDW� WKH� FRVLQH� VLPLODULW\� LV� WHFKQLFDOO\� XQGHILQHG� LI� RQH� RU� ERWK� RI� WKH� YHUWLFHV� KDV� GHJUHH
]HUR��EXW�E\�FRQYHQWLRQ�ZH�QRUPDOO\�VD\�LQ�WKDW�FDVH�WKDW�ıLM� ���
7KH�FRVLQH�VLPLODULW\�SURYLGHV�D�QDWXUDO�VFDOH�IRU�RXU�VLPLODULW\�PHDVXUH��,WV�YDOXH�DOZD\V�OLHV�LQ

WKH� UDQJH� IURP� �� WR� ���$� FRVLQH� VLPLODULW\� RI� �� LQGLFDWHV� WKDW� WZR� YHUWLFHV� KDYH� H[DFWO\� WKH� VDPH
QHLJKERUV��$�FRVLQH�VLPLODULW\�RI�]HUR�LQGLFDWHV�WKDW�WKH\�KDYH�QRQH�RI�WKH�VDPH�QHLJKERUV��1RWLFH�WKDW
WKH� FRVLQH� VLPLODULW\� FDQ�QHYHU�EH�QHJDWLYH�� EHLQJ� D� VXP�RI�SRVLWLYH� WHUPV�� HYHQ� WKRXJK� FRVLQHV� LQ



JHQHUDO�FDQ�RI�FRXUVH�EH�QHJDWLYH�
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�

$Q�DOWHUQDWLYH�ZD\�WR�QRUPDOL]H� WKH�FRXQW�RI�FRPPRQ�QHLJKERUV� LV� WR�FRPSDUH� LW�ZLWK� WKH�H[SHFWHG
YDOXH�WKDW�FRXQW�ZRXOG�WDNH�RQ�D�QHWZRUN�LQ�ZKLFK�YHUWLFHV�FKRRVH� WKHLU�QHLJKERUV�DW�UDQGRP��7KLV
OLQH�RI�DUJXPHQW�OHDGV�XV�WR�WKH�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�
6XSSRVH�YHUWLFHV�L�DQG�M�KDYH�GHJUHHV�NL�DQG�NM�UHVSHFWLYHO\��+RZ�PDQ\�FRPPRQ�QHLJKERUV�VKRXOG

ZH�H[SHFW�WKHP�WR�KDYH"�7KLV�LV�VWUDLJKWIRUZDUG�WR�FDOFXODWH�LI�WKH\�FKRRVH�WKHLU�QHLJKERUV�SXUHO\�DW
UDQGRP��,PDJLQH�WKDW�YHUWH[�L�FKRRVHV�NL�QHLJKERUV�XQLIRUPO\�DW�UDQGRP�IURP�WKH�Q�SRVVLELOLWLHV�RSHQ
WR�LW��RU�Q�í���RQ�D�QHWZRUN�ZLWKRXW�VHOI�ORRSV��EXW�WKH�GLVWLQFWLRQ�LV�VOLJKW�IRU�D�ODUJH�QHWZRUN���DQG
YHUWH[�M� VLPLODUO\� FKRRVHV�NM� QHLJKERUV� DW� UDQGRP�� )RU� WKH� ILUVW� QHLJKERU� WKDW�M� FKRRVHV� WKHUH� LV� D
SUREDELOLW\� RI�NL�Q� WKDW� LW� ZLOO� FKRRVH� RQH� RI� WKH� RQHV�NL� FKRVH�� DQG� VLPLODUO\� IRU� HDFK� VXFFHHGLQJ
FKRLFH���:H�QHJOHFW�WKH�SRVVLELOLW\�RI�FKRRVLQJ�WKH�VDPH�QHLJKERU�WZLFH��VLQFH�LW�LV�VPDOO�IRU�D�ODUJH
QHWZRUN���7KHQ�LQ�WRWDO�WKH�H[SHFWHG�QXPEHU�RI�FRPPRQ�QHLJKERUV�EHWZHHQ�WKH�WZR�YHUWLFHV�ZLOO�EH�NM
WLPHV�WKLV��RU�NLNM�Q�
$� UHDVRQDEOH� PHDVXUH� RI� VLPLODULW\� EHWZHHQ� WZR� YHUWLFHV� LV� WKH� DFWXDO� QXPEHU� RI� FRPPRQ

QHLJKERUV�WKH\�KDYH�PLQXV�WKH�H[SHFWHG�QXPEHU�WKDW�WKH\�ZRXOG�KDYH�LI�WKH\�FKRVH�WKHLU�QHLJKERUV�DW
UDQGRP�

�

������
�

ZKHUH� $L� GHQRWHV� WKH� PHDQ�Qí���N�$LN� RI� WKH� HOHPHQWV� RI� WKH�LWK� URZ� RI� WKH� DGMDFHQF\�PDWUL[�
(TXDWLRQ��������ZLOO�EH�]HUR�LI�WKH�QXPEHU�RI�FRPPRQ�QHLJKERUV�RI�L�DQG�M�LV�H[DFWO\�ZKDW�ZH�ZRXOG
H[SHFW� RQ� WKH� EDVLV� RI� UDQGRP� FKDQFH�� ,I� LW� LV� SRVLWLYH�� WKHQ�L� DQG�M� KDYH�PRUH� QHLJKERUV� WKDQ�ZH
ZRXOG� H[SHFW� E\� FKDQFH��ZKLFK�ZH� WDNH� DV� DQ� LQGLFDWLRQ� RI� VLPLODULW\� EHWZHHQ� WKH� WZR�� (TXDWLRQ
������� FDQ� DOVR� EH� QHJDWLYH�� LQGLFDWLQJ� WKDW�L� DQG�M� KDYH� IHZHU�QHLJKERUV� WKDQ�ZH�ZRXOG� H[SHFW�� D
SRVVLEOH�VLJQ�RI�GLVVLPLODULW\�
(TXDWLRQ� ������� LV� VLPSO\�Q� WLPHV� WKH� FRYDULDQFH� FRY�$L��$M�� RI� WKH� WZR� URZV� RI� WKH� DGMDFHQF\

PDWUL[�� ,W� LV� FRPPRQ� WR�QRUPDOL]H� WKH� FRYDULDQFH�� DV�ZH�GLG�ZLWK� WKH� FRVLQH� VLPLODULW\�� VR� WKDW� LWV
PD[LPXP�YDOXH�LV����7KH�PD[LPXP�YDOXH�RI�WKH�FRYDULDQFH�RI�DQ\�WZR�VHWV�RI�TXDQWLWLHV�RFFXUV�ZKHQ
WKH�VHWV�DUH�H[DFWO\�WKH�VDPH��LQ�ZKLFK�FDVH�WKHLU�FRYDULDQFH�LV�MXVW�HTXDO�WR�WKH�YDULDQFH�RI�HLWKHU�VHW�



ZKLFK�ZH�FRXOG�ZULWH�DV� �RU� ��RU�LQ�V\PPHWULF�IRUP�DV�ıLıM��1RUPDOL]LQJ�E\�WKLV�TXDQWLW\�WKHQ�JLYHV
XV�WKH�VWDQGDUG�3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW�

�

������
�

�

7KLV�TXDQWLW\�OLHV�VWULFWO\�LQ�WKH�UDQJH�í����ULM�����
7KH�3HDUVRQ�FRHIILFLHQW�LV�D�ZLGHO\�XVHG�PHDVXUH�RI�VLPLODULW\��,W�DOORZV�XV�WR�VD\�ZKHQ�YHUWLFHV

DUH�ERWK� VLPLODU�RU�GLVVLPLODU�FRPSDUHG�ZLWK�ZKDW�ZH�ZRXOG�H[SHFW� LI� FRQQHFWLRQV� LQ� WKH�QHWZRUN
ZHUH�IRUPHG�DW�UDQGRP�
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�

7KHUH� DUH� PDQ\� RWKHU� SRVVLEOH� PHDVXUHV� RI� VWUXFWXUDO� HTXLYDOHQFH�� )RU� LQVWDQFH�� RQH� FRXOG� DOVR
QRUPDOL]H� WKH�QXPEHU�QLM�RI�FRPPRQ�QHLJKERUV�E\�GLYLGLQJ�E\��UDWKHU�WKDQ�VXEWUDFWLQJ��WKH�H[SHFWHG
YDOXH�RI�NLNM�Q��7KDW�ZRXOG�JLYH�XV�D�VLPLODULW\�RI

�

������
�
�

7KLV� TXDQWLW\�ZLOO� EH� �� LI� WKH�QXPEHU� RI� FRPPRQ�QHLJKERUV� LV� H[DFWO\� DV� H[SHFWHG�RQ� WKH�EDVLV� RI
FKDQFH�� JUHDWHU� WKDQ� RQH� LI� WKHUH� DUH� PRUH� FRPPRQ� QHLJKERUV� WKDQ� WKDW�� DQG� OHVV� WKDQ� RQH� IRU
GLVVLPLODU� YHUWLFHV� ZLWK� IHZHU� FRPPRQ� QHLJKERUV� WKDQ� ZH� ZRXOG� H[SHFW� E\� FKDQFH�� ,W� LV� QHYHU
QHJDWLYH� DQG� KDV� WKH� QLFH� SURSHUW\� WKDW� LW� LV� ]HUR� ZKHQ� WKH� YHUWLFHV� LQ� TXHVWLRQ� KDYH� QR� FRPPRQ
QHLJKERUV�� 7KLV�PHDVXUH� FRXOG� EH� ORRNHG� XSRQ� DV� DQ� DOWHUQDWLYH� WR� WKH� FRVLQH� VLPLODULW\�� WKH� WZR
GLIIHU�LQ�WKDW�RQH�KDV�WKH�SURGXFW�RI�WKH�GHJUHHV�NLNM�LQ�WKH�GHQRPLQDWRU�ZKLOH�WKH�RWKHU�KDV�WKH�VTXDUH
URRW� RI� WKH� SURGXFW� �� ,W� KDV� EHHQ� VXJJHVWHG� WKDW� (T�� ������� PD\� LQ� VRPH� FDVHV� EH� D� VXSHULRU
PHDVXUH� WR� WKH� FRVLQH� VLPLODULW\� EHFDXVH�� E\� QRUPDOL]LQJ� ZLWK� UHVSHFW� WR� WKH� H[SHFWHG� QXPEHU� RI
FRPPRQ� QHLJKERUV� UDWKHU� WKDQ� WKH� PD[LPXP� QXPEHU�� LW� DOORZV� XV� WR� HDVLO\� LGHQWLI\� VWDWLVWLFDOO\
VXUSULVLQJ� FRLQFLGHQFHV� EHWZHHQ� WKH� QHLJKERUKRRGV� RI� YHUWLFHV�� ZKLFK� FRVLQH� VLPLODULW\� GRHV� QRW
>���@�
$QRWKHU�PHDVXUH�RI�VWUXFWXUDO�HTXLYDOHQFH�LV�WKH�VR�FDOOHG�(XFOLGHDQ�GLVWDQFH������ZKLFK�LV�HTXDO

WR�WKH�QXPEHU�RI�QHLJKERUV�WKDW�GLIIHU�EHWZHHQ�WZR�YHUWLFHV��7KDW�LV��LW�LV�WKH�QXPEHU�RI�YHUWLFHV�WKDW
DUH� QHLJKERUV� RI�L� EXW� QRW� RI�M�� RU�YLFH�YHUVD��(XFOLGHDQ�GLVWDQFH� LV� UHDOO\�D�GLVVLPLODULW\�PHDVXUH�
VLQFH�LW�LV�ODUJHU�IRU�YHUWLFHV�WKDW�GLIIHU�PRUH�
,Q�WHUPV�RI�WKH�DGMDFHQF\�PDWUL[�WKH�(XFOLGHDQ�GLVWDQFH�GLM�EHWZHHQ�WZR�YHUWLFHV�FDQ�EH�ZULWWHQ

�

������
�

�

$V� ZLWK� RXU� RWKHU� PHDVXUHV� LW� LV� VRPHWLPHV� FRQYHQLHQW� WR� QRUPDOL]H� WKH� (XFOLGHDQ� GLVWDQFH� E\
GLYLGLQJ�E\�LWV�SRVVLEOH�PD[LPXP�YDOXH��7KH�PD[LPXP�YDOXH�RI�GLM�RFFXUV�ZKHQ�WZR�YHUWLFHV�KDYH�QR



QHLJKERUV�LQ�FRPPRQ��LQ�ZKLFK�FDVH�WKH�GLVWDQFH�LV�HTXDO�WR�WKH�VXP�RI�WKH�GHJUHHV�RI�WKH�YHUWLFHV��GLM
 �NL���NM��'LYLGLQJ�E\�WKLV�PD[LPXP�YDOXH�WKH�QRUPDOL]HG�GLVWDQFH�LV

�

������
�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�WKH�IDFW�WKDW� �EHFDXVH�$LM�LV�DOZD\V�]HUR�RU�RQH��DQG�QLM�LV�DJDLQ�WKH
QXPEHU�RI�QHLJKERUV�WKDW�L�DQG�M�KDYH�LQ�FRPPRQ��7R�ZLWKLQ�DGGLWLYH�DQG�PXOWLSOLFDWLYH�FRQVWDQWV��WKLV
QRUPDOL]HG�(XFOLGHDQ�GLVWDQFH�FDQ� WKXV�EH�UHJDUGHG�DV� MXVW�DQRWKHU�DOWHUQDWLYH�QRUPDOL]DWLRQ�RI� WKH
QXPEHU�RI�FRPPRQ�QHLJKERUV�
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�

7KH� VLPLODULW\� PHDVXUHV� GLVFXVVHG� LQ� WKH� SUHFHGLQJ� VHFWLRQV� DUH� DOO� PHDVXUHV� RI� VWUXFWXUDO
HTXLYDOHQFH��L�H���WKH\�DUH�PHDVXUHV�RI�WKH�H[WHQW�WR�ZKLFK�WZR�YHUWLFHV�VKDUH�WKH�VDPH�QHLJKERUV��7KH
RWKHU� PDLQ� W\SH� RI� VLPLODULW\� FRQVLGHUHG� LQ� VRFLDO� QHWZRUN� DQDO\VLV� LV� UHJXODU� HTXLYDOHQFH�� $V
GHVFULEHG�DERYH��UHJXODUO\�HTXLYDOHQW�YHUWLFHV�DUH�YHUWLFHV�WKDW��ZKLOH�WKH\�GR�QRW�QHFHVVDULO\�VKDUH
QHLJKERUV��KDYH�QHLJKERUV�ZKR�DUH�WKHPVHOYHV�VLPLODU²VHH�)LJ�����E�DJDLQ�
4XDQWLWDWLYH�PHDVXUHV�RI�UHJXODU�HTXLYDOHQFH�DUH�OHVV�ZHOO�GHYHORSHG�WKDQ�PHDVXUHV�RI�VWUXFWXUDO

HTXLYDOHQFH��,Q� WKH�����V�VRFLDO�QHWZRUN�DQDO\VWV�FDPH�XS�ZLWK�VRPH�UDWKHU�FRPSOLFDWHG�FRPSXWHU
DOJRULWKPV�� VXFK� DV� WKH� ³5(*(´� DOJRULWKP� RI�:KLWH� DQG� 5HLW]� >����� ���@�� WKDW� ZHUH� LQWHQGHG� WR
GLVFRYHU�UHJXODU�HTXLYDOHQFH�LQ�QHWZRUNV��EXW�WKH�RSHUDWLRQ�RI�WKHVH�DOJRULWKPV�LV� LQYROYHG�DQG�QRW
HDV\� WR� LQWHUSUHW��0RUH� UHFHQWO\�� KRZHYHU�� VRPH� VLPSOHU� DOJHEUDLF�PHDVXUHV� KDYH� EHHQ� GHYHORSHG
WKDW�DSSHDU�WR�ZRUN�UHDVRQDEO\�ZHOO��7KH�EDVLF�LGHD�>������������@�LV�WR�GHILQH�D�VLPLODULW\�VFRUH�ıLM
VXFK� WKDW�L� DQG�M� KDYH� KLJK� VLPLODULW\� LI� WKH\� KDYH� QHLJKERUV�N� DQG�O� WKDW� WKHPVHOYHV� KDYH� KLJK
VLPLODULW\��)RU�DQ�XQGLUHFWHG�QHWZRUN�ZH�FDQ�ZULWH�WKLV�DV

�

������
�

RU�LQ�PDWUL[�WHUPV�ı� �Į$ı$��$OWKRXJK�LW�PD\�QRW�EH�LPPHGLDWHO\�FOHDU��WKLV�H[SUHVVLRQ�LV�D�W\SH�RI
HLJHQYHFWRU�HTXDWLRQ��ZKHUH�WKH�HQWLUH�PDWUL[�ı�RI�VLPLODULWLHV�LV�WKH�HLJHQYHFWRU��7KH�SDUDPHWHU�Į�LV
WKH�HLJHQYDOXH��RU�PRUH�FRUUHFWO\��LWV�LQYHUVH��DQG��DV�ZLWK�WKH�HLJHQYHFWRU�FHQWUDOLW\�RI�6HFWLRQ�����
ZH�DUH�QRUPDOO\�LQWHUHVWHG�LQ�WKH�OHDGLQJ�HLJHQYDOXH��ZKLFK�FDQ�EH�IRXQG�E\�VWDQGDUG�PHWKRGV�

�

9HUWLFHV�L�DQG�M�DUH�FRQVLGHUHG�VLPLODU��GDVKHG�OLQH��LI�WKH\�KDYH�UHVSHFWLYH�QHLJKERUV�N�DQG�O�WKDW�DUH
WKHPVHOYHV�VLPLODU�
�
�



6HH�6HFWLRQ������IRU�D�GLVFXVVLRQ�RI�FRPSXWHU�DOJRULWKPV�IRU�ILQGLQJ�HLJHQYHFWRUV�
�
7KLV� IRUPXOD�KRZHYHU�KDV�VRPH�SUREOHPV��)LUVW�� LW�GRHVQ¶W�QHFHVVDULO\�JLYH�D�KLJK�YDOXH� IRU� WKH

³VHOI�VLPLODULW\´�ıLL�RI�D�YHUWH[�WR�LWVHOI��ZKLFK�LV�FRXQWHU�LQWXLWLYH��3UHVXPDEO\��DOO�YHUWLFHV�DUH�KLJKO\
VLPLODU� WR� WKHPVHOYHV��$V� D� FRQVHTXHQFH� RI� WKLV�� (T�� ������� DOVR� GRHVQ¶W� QHFHVVDULO\� JLYH� D� KLJK
VLPLODULW\� VFRUH� WR� YHUWH[� SDLUV� WKDW� KDYH� D� ORW� RI� FRPPRQ� QHLJKERUV�� ZKLFK� LQ� WKH� OLJKW� RI� RXU
H[DPLQDWLRQ�RI�VWUXFWXUDO�HTXLYDOHQFH�LQ�WKH�SUHFHGLQJ�IHZ�VHFWLRQV�ZH�SHUKDSV�IHHO�LW�VKRXOG��,I�ZH
KDG�KLJK�VHOI�VLPLODULW\�VFRUHV�IRU�DOO�YHUWLFHV��RQ�WKH�RWKHU�KDQG��WKHQ�(T���������ZRXOG�DXWRPDWLFDOO\
JLYH�KLJK�VLPLODULW\�DOVR�WR�YHUWLFHV�ZLWK�PDQ\�FRPPRQ�QHLJKERUV�
:H�FDQ�IL[�WKHVH�SUREOHPV�E\�LQWURGXFLQJ�DQ�H[WUD�GLDJRQDO�WHUP�LQ�WKH�VLPLODULW\�WKXV�

�

������
�

RU�LQ�PDWUL[�QRWDWLRQ

�

������
�

�
+RZHYHU��ZKLOH�H[SUHVVLRQV�OLNH�WKLV�KDYH�EHHQ�SURSRVHG�DV�VLPLODULW\�PHDVXUHV��WKH\�VWLOO�VXIIHU

IURP�VRPH�SUREOHPV��6XSSRVH�ZH�HYDOXDWH�(T���������E\�UHSHDWHG�LWHUDWLRQ��WDNLQJ�D�VWDUWLQJ�YDOXH�
IRU�H[DPSOH��RI�ı���� ���DQG�XVLQJ�LW�WR�FRPSXWH�ı���� �Į$ı$���,��DQG�WKHQ�UHSHDWLQJ�WKH�SURFHVV�PDQ\
WLPHV�XQWLO�ı�FRQYHUJHV��2Q�WKH�ILUVW�IHZ�LWHUDWLRQV�ZH�ZLOO�JHW�WKH�IROORZLQJ�UHVXOWV�

�

�����D�
�

�

�

�����E�



�
�

�

�����F�
�

�

�

,Q� WKH�PRGLILHG�GHILQLWLRQ�RI� UHJXODU� HTXLYDOHQFH�YHUWH[�L� LV� FRQVLGHUHG� VLPLODU� WR�YHUWH[�M� �GDVKHG
OLQH��LI�LW�KDV�D�QHLJKERU�N�WKDW�LV�LWVHOI�VLPLODU�WR�M�
�
�

7KH� SDWWHUQ� LV� FOHDU�� LQ� WKH� OLPLW� RI� PDQ\� LWHUDWLRQV�� ZH� ZLOO� JHW� D� VXP� RYHU� HYHQ� SRZHUV� RI� WKH
DGMDFHQF\� PDWUL[�� +RZHYHU�� DV� GLVFXVVHG� LQ� 6HFWLRQ� ������ WKH� HOHPHQWV� RI� WKH�UWK� SRZHU� RI� WKH
DGMDFHQF\�PDWUL[�FRXQW�SDWKV�RI� OHQJWK�U�EHWZHHQ�YHUWLFHV��DQG�KHQFH�WKLV�PHDVXUH�RI�VLPLODULW\�LV�D
ZHLJKWHG�VXP�RYHU�WKH�QXPEHUV�RI�SDWKV�RI�HYHQ�OHQJWK�EHWZHHQ�SDLUV�RI�YHUWLFHV�
%XW�ZK\� VKRXOG�ZH� FRQVLGHU� RQO\� SDWKV� RI� HYHQ� OHQJWK"�:K\� QRW� FRQVLGHU� SDWKV� RI� DOO� OHQJWKV"

7KHVH�TXHVWLRQV�OHDG�XV�WR�D�EHWWHU�GHILQLWLRQ�RI�UHJXODU�HTXLYDOHQFH�DV�IROORZV��YHUWLFHV�L�DQG�M�DUH
VLPLODU�LI�L�KDV�D�QHLJKERU�N�WKDW�LV�LWVHOI�VLPLODU�WR�M�����$JDLQ�ZH�DVVXPH�WKDW�YHUWLFHV�DUH�VLPLODU�WR
WKHPVHOYHV�� ZKLFK� ZH� FDQ� UHSUHVHQW� ZLWK� D� GLDJRQDO�įLM� WHUP� LQ� WKH� VLPLODULW\�� DQG� RXU� VLPLODULW\
PHDVXUH�WKHQ�ORRNV�OLNH

�

������
�

RU



�

������
�

LQ�PDWUL[�QRWDWLRQ��(YDOXDWLQJ�WKLV�H[SUHVVLRQ�E\�LWHUDWLQJ�DJDLQ�VWDUWLQJ�IURP�ı���� ����ZH�JHW

�

�����D�
�

�

�

�����E�
�

�

�

�����F�
�

�

,Q�WKH�OLPLW�RI�D�ODUJH�QXPEHU�RI�LWHUDWLRQV�WKLV�JLYHV

�

������
�

ZKLFK�ZH�FRXOG�DOVR�KDYH�GHGXFHG�GLUHFWO\�E\�UHDUUDQJLQJ�(T����������1RZ�RXU�VLPLODULW\�PHDVXUH
LQFOXGHV�FRXQWV�RI�SDWKV�DW�DOO�OHQJWKV��QRW�MXVW�HYHQ�SDWKV��,Q�IDFW��ZH�FDQ�VHH�QRZ�WKDW�WKLV�VLPLODULW\
PHDVXUH�FRXOG�EH�GHILQHG�D�FRPSOHWHO\�GLIIHUHQW�ZD\��DV�D�ZHLJKWHG�FRXQW�RI�DOO�WKH�SDWKV�EHWZHHQ�WKH
YHUWLFHV�L�DQG�M�ZLWK�SDWKV�RI�OHQJWK�U�JHWWLQJ�ZHLJKW�ĮU��6R�ORQJ�DV�Į������ORQJHU�SDWKV�ZLOO�JHW�OHVV



ZHLJKW� WKDQ�VKRUWHU�RQHV��ZKLFK�VHHPV�VHQVLEOH�� LQ�HIIHFW�ZH�DUH�VD\LQJ� WKDW�YHUWLFHV�DUH�VLPLODU� LI
WKH\�DUH�FRQQHFWHG�HLWKHU�E\�D�IHZ�VKRUW�SDWKV�RU�E\�YHU\�PDQ\�ORQJ�RQHV�
(TXDWLRQ��������LV�UHPLQLVFHQW�RI�WKH�IRUPXOD�IRU�WKH�.DW]�FHQWUDOLW\��(T����������:H�FRXOG�FDOO�(T�

�������WKH�³.DW]�VLPLODULW\´�SHUKDSV��DOWKRXJK�.DW]�KLPVHOI�QHYHU�GLVFXVVHG�LW��7KH�.DW]�FHQWUDOLW\�RI
D�YHUWH[�ZRXOG�WKHQ�EH�VLPSO\�WKH�VXP�RI�WKH�.DW]�VLPLODULWLHV�RI�WKDW�YHUWH[�WR�DOO�RWKHUV��9HUWLFHV�WKDW
DUH�VLPLODU�WR�PDQ\�RWKHUV�ZRXOG�JHW�KLJK�FHQWUDOLW\��D�FRQFHSW�WKDW�FHUWDLQO\�PDNHV�LQWXLWLYH�VHQVH��$V
ZLWK�WKH�.DW]�FHQWUDOLW\��WKH�YDOXH�RI�WKH�SDUDPHWHU�Į�LV�XQGHWHUPLQHG²ZH�DUH�IUHH�WR�FKRRVH�LW�DV�ZH
VHH� ILW²EXW� LW�PXVW� VDWLVI\�Į�����ț�� LI� WKH�VXP�LQ�(T�� ������� LV� WR�FRQYHUJH��ZKHUH�ț�� LV� WKH� ODUJHVW
HLJHQYDOXH�RI�WKH�DGMDFHQF\�PDWUL[�
,Q� D� VHQVH�� WKLV� UHJXODU� HTXLYDOHQFH� PHDVXUH� FDQ� EH� VHHQ� DV� D� JHQHUDOL]DWLRQ� RI� RXU� VWUXFWXUDO

HTXLYDOHQFH� PHDVXUHV� LQ� HDUOLHU� VHFWLRQV�� :LWK� WKRVH� PHDVXUHV� ZH� ZHUH� FRXQWLQJ� WKH� FRPPRQ
QHLJKERUV�RI�D�SDLU�RI�YHUWLFHV��EXW�WKH�QXPEHU�RI�FRPPRQ�QHLJKERUV�LV�DOVR�RI�FRXUVH�WKH�QXPEHU�RI
SDWKV�RI�OHQJWK�WZR�EHWZHHQ�WKH�YHUWLFHV��2XU�³.DW]�VLPLODULW\´�PHDVXUH�PHUHO\�H[WHQGV�WKLV�FRQFHSW
WR�FRXQWLQJ�SDWKV�RI�DOO�OHQJWKV�
6RPH�YDULDWLRQV�RI�WKLV�VLPLODULW\�PHDVXUH�DUH�SRVVLEOH��$V�GHILQHG�LW�WHQGV�WR�JLYH�KLJK�VLPLODULW\

WR� YHUWLFHV� WKDW� KDYH� KLJK� GHJUHH�� EHFDXVH� LI� D� YHUWH[� KDV�PDQ\� QHLJKERUV� LW� WHQGV� WR� LQFUHDVH� WKH
QXPEHU� RI� WKRVH� QHLJKERUV� WKDW� DUH� VLPLODU� WR� DQ\� RWKHU� JLYHQ� YHUWH[� DQG� KHQFH� LQFUHDVHV� WKH� WRWDO
VLPLODULW\�WR�WKDW�YHUWH[��,Q�VRPH�FDVHV�WKLV�PLJKW�EH�GHVLUDEOH��PD\EH�WKH�SHUVRQ�ZLWK�PDQ\�IULHQGV
VKRXOG� EH� FRQVLGHUHG�PRUH� VLPLODU� WR�RWKHUV� WKDQ� WKH�SHUVRQ�ZLWK� IHZ��+RZHYHU�� LQ�RWKHU� FDVHV� LW
JLYHV� DQ� XQZDQWHG� ELDV� LQ� IDYRU� RI� KLJK�GHJUHH� QRGHV�� :KR� LV� WR� VD\� WKDW� WZR� KHUPLWV� DUH� QRW
³VLPLODU´� LQ� DQ� LQWHUHVWLQJ� VHQVH"� ,I�ZH�ZLVK��ZH� FDQ� UHPRYH� WKH� ELDV� LQ� IDYRU� RI� KLJK� GHJUHH� E\
GLYLGLQJ�E\�YHUWH[�GHJUHH�WKXV�
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�

RU�LQ�PDWUL[�QRWDWLRQ�ı� �Į'í��$ı���,��ZKHUH��DV�SUHYLRXVO\��'�LV�WKH�GLDJRQDO�PDWUL[�ZLWK�HOHPHQWV
'LL� �NL��7KLV�H[SUHVVLRQ�FDQ�EH�UHDUUDQJHG�WR�UHDG�

�

������
�

�
$QRWKHU� XVHIXO� YDULDQW� LV� WR� FRQVLGHU� FDVHV� ZKHUH� WKH� ODVW� WHUP� LQ� (TV�� ������� RU� ������� LV� QRW

VLPSO\�GLDJRQDO��EXW�LQFOXGHV�RII�GLDJRQDO�WHUPV�WRR��6XFK�D�JHQHUDOL]DWLRQ�ZRXOG�DOORZ�XV�WR�VSHFLI\
H[SOLFLWO\� WKDW�SDUWLFXODU�SDLUV�RI�YHUWLFHV�DUH�VLPLODU��EDVHG�RQ�VRPH�RWKHU��SUREDEO\�QRQ�QHWZRUN�
LQIRUPDWLRQ�WKDW�ZH�KDYH�DW�RXU�GLVSRVDO��*RLQJ�EDFN�WR�WKH�H[DPSOH�RI�&(2V�DW�FRPSDQLHV�WKDW�ZH



JDYH�DW�WKH�EHJLQQLQJ�RI�6HFWLRQ�������ZH�PLJKW��IRU�H[DPSOH��ZDQW�WR�VWDWH�H[SOLFLWO\�WKDW�WKH�&)2V
DQG�&,2V�DQG�VR�IRUWK�DW�GLIIHUHQW�FRPSDQLHV�DUH�VLPLODU��DQG�WKHQ�RXU�VLPLODULW\�PHDVXUH�ZRXOG��ZH
KRSH�� FRUUHFWO\� GHGXFH� IURP� WKH� QHWZRUN� VWUXFWXUH� WKDW� WKH� &(2V� DUH� VLPLODU� DOVR�� 7KLV� NLQG� RI
DSSURDFK�LV�SDUWLFXODUO\�XVHIXO� LQ� WKH�FDVH�RI�QHWZRUNV�WKDW�FRQVLVW�RI�PRUH�WKDQ�RQH�FRPSRQHQW��VR
WKDW�VRPH�SDLUV�RI�YHUWLFHV�DUH�QRW�FRQQHFWHG�DW�DOO��,I��IRU�LQVWDQFH��ZH�KDYH�WZR�VHSDUDWH�FRPSRQHQWV
UHSUHVHQWLQJ�SHRSOH� LQ� WZR�GLIIHUHQW� FRPSDQLHV�� WKHQ� WKHUH�ZLOO� EH�QR�SDWKV� RI� DQ\� OHQJWK�EHWZHHQ
LQGLYLGXDOV�LQ�GLIIHUHQW�FRPSDQLHV��DQG�KHQFH�D�PHDVXUH�OLNH��������RU��������ZLOO�QHYHU�DVVLJQ�D�QRQ�
]HUR� VLPLODULW\� WR� VXFK� LQGLYLGXDOV�� ,I� KRZHYHU�� ZH� H[SOLFLWO\� LQVHUW� VRPH� VLPLODULWLHV� EHWZHHQ
PHPEHUV� RI� WKH�GLIIHUHQW� FRPSDQLHV�� RXU�PHDVXUH�ZLOO� WKHQ�EH� DEOH� WR� JHQHUDOL]H� DQG� H[WHQG� WKRVH
LQSXWV�WR�GHGXFH�VLPLODULWLHV�EHWZHHQ�RWKHU�PHPEHUV�
7KLV�LGHD�RI�JHQHUDOL]LQJ�IURP�D�IHZ�JLYHQ�VLPLODULWLHV�DULVHV�LQ�RWKHU�FRQWH[WV�WRR��)RU�H[DPSOH��LQ

WKH�ILHOGV�RI�PDFKLQH�OHDUQLQJ�DQG�LQIRUPDWLRQ�UHWULHYDO�WKHUH�LV�D�FRQVLGHUDEOH�OLWHUDWXUH�RQ�KRZ�WR
JHQHUDOL]H�NQRZQ�VLPLODULWLHV�EHWZHHQ�D�VXEVHW�RI�WKH�REMHFWV�LQ�D�FROOHFWLRQ�RI��VD\��WH[W�GRFXPHQWV
WR�WKH�UHVW�RI�WKH�FROOHFWLRQ��EDVHG�RQ�QHWZRUN�GDWD�RU�RWKHU�LQIRUPDWLRQ�
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&RQVLGHU�)LJ��������ZKLFK�VKRZV�D�IULHQGVKLS�QHWZRUN�RI�FKLOGUHQ�DW�DQ�$PHULFDQ�VFKRRO��GHWHUPLQHG
IURP�D�TXHVWLRQQDLUH�RI�WKH�W\SH�GLVFXVVHG�LQ�6HFWLRQ���������2QH�YHU\�FOHDU�IHDWXUH�WKDW�HPHUJHV�IURP
WKH�ILJXUH�LV�WKH�GLYLVLRQ�RI�WKH�QHWZRUN�LQWR�WZR�JURXSV��,W�WXUQV�RXW�WKDW�WKLV�GLYLVLRQ�LV�SULQFLSDOO\
DORQJ� OLQHV� RI� UDFH�� 7KH� GLIIHUHQW� VKDGHV� RI� WKH� YHUWLFHV� LQ� WKH� SLFWXUH� FRUUHVSRQG� WR� VWXGHQWV� RI
GLIIHUHQW�UDFH�DV�GHQRWHG�LQ�WKH�OHJHQG��DQG�UHYHDO�WKDW�WKH�VFKRRO�LV�VKDUSO\�GLYLGHG�EHWZHHQ�D�JURXS
FRPSRVHG�SULQFLSDOO\�RI�EODFN�FKLOGUHQ�DQG�D�JURXS�FRPSRVHG�SULQFLSDOO\�RI�ZKLWH�

�

)LJXUH�������)ULHQGVKLS�QHWZRUN�DW�D�86�KLJK�VFKRRO��7KH�YHUWLFHV� LQ� WKLV�QHWZRUN�UHSUHVHQW����
VWXGHQWV�DW�D�86�KLJK�VFKRRO��DJHV����WR����\HDUV���7KH�YHUWLFHV�DUH�FRORU�FRGHG�E\�UDFH�DV�LQGLFDWHG
LQ�WKH�NH\��'DWD�IURP�WKH�1DWLRQDO�/RQJLWXGLQDO�6WXG\�RI�$GROHVFHQW�+HDOWK�>�������@�
�
�
7KLV�LV�QRW�QHZV�WR�VRFLRORJLVWV��ZKR�KDYH�ORQJ�REVHUYHG�DQG�GLVFXVVHG�VXFK�GLYLVLRQV�>���@��1RU

LV�WKH�HIIHFW�VSHFLILF�WR�UDFH��3HRSOH�DUH�IRXQG�WR�IRUP�IULHQGVKLSV��DFTXDLQWDQFHV��EXVLQHVV�UHODWLRQV�
DQG�PDQ\�RWKHU�W\SHV�RI�WLH�EDVHG�RQ�DOO�VRUWV�RI�FKDUDFWHULVWLFV��LQFOXGLQJ�DJH��QDWLRQDOLW\��ODQJXDJH�
LQFRPH��HGXFDWLRQDO�OHYHO��DQG�PDQ\�RWKHUV��$OPRVW�DQ\�VRFLDO�SDUDPHWHU�\RX�FDQ�LPDJLQH�SOD\V�LQWR
SHRSOH¶V�VHOHFWLRQ�RI�WKHLU�IULHQGV��3HRSOH�KDYH��LW�DSSHDUV��D�VWURQJ�WHQGHQF\�WR�DVVRFLDWH�ZLWK�RWKHUV
ZKRP�WKH\�SHUFHLYH�DV�EHLQJ�VLPLODU�WR�WKHPVHOYHV�LQ�VRPH�ZD\��7KLV�WHQGHQF\�LV�FDOOHG�KRPRSKLO\
RU�DVVRUWDWLYH�PL[LQJ�
0RUH�UDUHO\��RQH�DOVR�HQFRXQWHUV�GLVDVVRUWDWLYH�PL[LQJ��WKH�WHQGHQF\�IRU�SHRSOH�WR�DVVRFLDWH�ZLWK

RWKHUV� ZKR� DUH�XQOLNH� WKHP��3UREDEO\� WKH�PRVW�ZLGHVSUHDG� DQG� IDPLOLDU� H[DPSOH�RI�GLVDVVRUWDWLYH



PL[LQJ� LV� PL[LQJ� E\� JHQGHU� LQ� VH[XDO� FRQWDFW� QHWZRUNV�� 7KH� PDMRULW\� RI� VH[XDO� SDUWQHUVKLSV� DUH
EHWZHHQ� LQGLYLGXDOV� RI� RSSRVLWH� VH[�� VR� WKH\� UHSUHVHQW� FRQQHFWLRQV� EHWZHHQ� SHRSOH�ZKR� GLIIHU� LQ
WKHLU�JHQGHU��2I�FRXUVH��VDPH�VH[�SDUWQHUVKLSV�GR�DOVR�RFFXU��EXW�WKH\�DUH�D�PXFK�VPDOOHU�IUDFWLRQ�RI
WKH�WLHV�LQ�WKH�QHWZRUN�
$VVRUWDWLYH��RU�GLVDVVRUWDWLYH��PL[LQJ�LV�DOVR�VHHQ�LQ�VRPH�QRQVRFLDO�QHWZRUNV��3DSHUV�LQ�D�FLWDWLRQ

QHWZRUN��IRU�LQVWDQFH��WHQG�WR�FLWH�RWKHU�SDSHUV�LQ�WKH�VDPH�ILHOG�PRUH�WKDQ�WKH\�GR�SDSHUV�LQ�GLIIHUHQW
ILHOGV��:HE�SDJHV�ZULWWHQ�LQ�D�SDUWLFXODU�ODQJXDJH�WHQG�WR�OLQN�WR�RWKHUV�LQ�WKH�VDPH�ODQJXDJH�
,Q�WKLV�VHFWLRQ�ZH�ORRN�DW�KRZ�DVVRUWDWLYH�PL[LQJ�FDQ�EH�TXDQWLILHG��$VVRUWDWLYH�PL[LQJ�E\�GLVFUHWH

FKDUDFWHULVWLFV�VXFK�DV�UDFH��JHQGHU��RU�QDWLRQDOLW\�LV�IXQGDPHQWDOO\�GLIIHUHQW�IURP�PL[LQJ�E\�D�VFDODU
FKDUDFWHULVWLF�OLNH�DJH�RU�LQFRPH��VR�ZH�WUHDW�WKH�WZR�FDVHV�VHSDUDWHO\�
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6XSSRVH�ZH�KDYH�D�QHWZRUN�LQ�ZKLFK�WKH�YHUWLFHV�DUH�FODVVLILHG�DFFRUGLQJ�WR�VRPH�FKDUDFWHULVWLF�WKDW
KDV� D� ILQLWH� VHW� RI� SRVVLEOH� YDOXHV�� 7KH� YDOXHV� DUH� PHUHO\� HQXPHUDWLYH²WKH\� GRQ¶W� IDOO� LQ� DQ\
SDUWLFXODU� RUGHU�� )RU� LQVWDQFH�� WKH� YHUWLFHV� FRXOG� UHSUHVHQW� SHRSOH� DQG� EH� FODVVLILHG� DFFRUGLQJ� WR
QDWLRQDOLW\��UDFH��RU�JHQGHU��2U�WKH\�FRXOG�EH�ZHE�SDJHV�FODVVLILHG�E\�ZKDW�ODQJXDJH�WKH\�DUH�ZULWWHQ
LQ��RU�ELRORJLFDO�VSHFLHV�FODVVLILHG�E\�KDELWDW��RU�DQ\�RI�PDQ\�RWKHU�SRVVLELOLWLHV�
7KH�QHWZRUN�LV�DVVRUWDWLYH�LI�D�VLJQLILFDQW�IUDFWLRQ�RI�WKH�HGJHV�LQ�WKH�QHWZRUN�UXQ�EHWZHHQ�YHUWLFHV

RI� WKH� VDPH� W\SH�� DQG� D� VLPSOH� ZD\� WR� TXDQWLI\� DVVRUWDWLYLW\� ZRXOG� EH� WR� PHDVXUH� WKDW� IUDFWLRQ�
+RZHYHU�� WKLV� LV�QRW�D�YHU\�JRRG�PHDVXUH�EHFDXVH��IRU�LQVWDQFH�� LW� LV��� LI�DOO�YHUWLFHV�EHORQJ�WR�WKH
VDPH�VLQJOH�W\SH��7KLV�LV�D�WULYLDO�VRUW�RI�DVVRUWDWLYLW\��DOO�IULHQGV�RI�D�KXPDQ�EHLQJ��IRU�H[DPSOH��DUH
DOVR�KXPDQ�EHLQJV�����EXW�WKLV�LV�QRW�UHDOO\�DQ�LQWHUHVWLQJ�VWDWHPHQW��:KDW�ZH�ZRXOG�OLNH�LQVWHDG�LV�D
PHDVXUH�WKDW�LV�ODUJH�LQ�QRQ�WULYLDO�FDVHV�EXW�VPDOO�LQ�WULYLDO�RQHV�
$� JRRG�PHDVXUH� WXUQV� RXW� WR� EH� WKH� IROORZLQJ��:H� ILQG� WKH� IUDFWLRQ� RI� HGJHV� WKDW� UXQ� EHWZHHQ

YHUWLFHV�RI�WKH�VDPH�W\SH��DQG�WKHQ�ZH�VXEWUDFW�IURP�WKDW�ILJXUH�WKH�IUDFWLRQ�RI�VXFK�HGJHV�ZH�ZRXOG
H[SHFW�WR�ILQG�LI�HGJHV�ZHUH�SRVLWLRQHG�DW�UDQGRP�ZLWKRXW�UHJDUG�IRU�YHUWH[�W\SH��)RU�WKH�WULYLDO�FDVH
LQ�ZKLFK�DOO�YHUWLFHV�DUH�RI�D�VLQJOH� W\SH�� IRU� LQVWDQFH�������RI�HGJHV� UXQ�EHWZHHQ�YHUWLFHV�RI� WKH
VDPH�W\SH��EXW�WKLV�LV�DOVR�WKH�H[SHFWHG�ILJXUH��VLQFH�WKHUH�LV�QRZKHUH�HOVH�IRU�WKH�HGJHV�WR�IDOO��7KH
GLIIHUHQFH�RI�WKH�WZR�QXPEHUV�LV�WKHQ�]HUR��WHOOLQJ�XV�WKDW�WKHUH�LV�QR�QRQ�WULYLDO�DVVRUWDWLYLW\�LQ�WKLV
FDVH��2QO\�ZKHQ�WKH�IUDFWLRQ�RI�HGJHV�EHWZHHQ�YHUWLFHV�RI�WKH�VDPH�W\SH�LV�VLJQLILFDQWO\�JUHDWHU�WKDQ
ZH�ZRXOG�H[SHFW�RQ�WKH�EDVLV�RI�FKDQFH�ZLOO�RXU�PHDVXUH�JLYH�D�SRVLWLYH�VFRUH�
,Q�PDWKHPDWLFDO�WHUPV��OHW�XV�GHQRWH�E\�FL�WKH�FODVV�RU�W\SH�RI�YHUWH[�L��ZKLFK�LV�DQ�LQWHJHU�������QF��

ZLWK�QF�EHLQJ�WKH�WRWDO�QXPEHU�RI�FODVVHV��7KHQ�WKH�WRWDO�QXPEHU�RI�HGJHV�WKDW�UXQ�EHWZHHQ�YHUWLFHV�RI
WKH�VDPH�W\SH�LV
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ZKHUH�į�P��Q��LV�WKH�.URQHFNHU�GHOWD�DQG�WKH�IDFWRU�RI� �DFFRXQWV�IRU�WKH�IDFW�WKDW�HYHU\�YHUWH[�SDLU
L��M�LV�FRXQWHG�WZLFH�LQ�WKH�VHFRQG�VXP�
&DOFXODWLQJ�WKH�H[SHFWHG�QXPEHU�RI�HGJHV�EHWZHHQ�YHUWLFHV�LI�HGJHV�DUH�SODFHG�DW�UDQGRP�WDNHV�D

OLWWOH�PRUH�ZRUN��&RQVLGHU�D�SDUWLFXODU�HGJH�DWWDFKHG�WR�YHUWH[�L��ZKLFK�KDV�GHJUHH�NL��7KHUH�DUH�E\
GHILQLWLRQ��P�HQGV�RI�HGJHV�LQ�WKH�HQWLUH�QHWZRUN��ZKHUH�P�LV�DV�XVXDO�WKH�WRWDO�QXPEHU�RI�HGJHV��DQG
WKH�FKDQFHV�WKDW�WKH�RWKHU�HQG�RI�RXU�SDUWLFXODU�HGJH�LV�RQH�RI�WKH�NM�HQGV�DWWDFKHG�WR�YHUWH[�M�LV�WKXV
NM��P� LI� FRQQHFWLRQV� DUH� PDGH� SXUHO\� DW� UDQGRP����� &RXQWLQJ� DOO�NL� HGJHV� DWWDFKHG� WR�L�� WKH� WRWDO
H[SHFWHG�QXPEHU�RI�HGJHV�EHWZHHQ�YHUWLFHV�L�DQG�M�LV�WKHQ�NLNM��P��DQG�WKH�H[SHFWHG�QXPEHU�RI�HGJHV



EHWZHHQ�DOO�SDLUV�RI�YHUWLFHV�RI�WKH�VDPH�W\SH�LV
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ZKHUH� WKH� IDFWRU� RI� �� DV� EHIRUH�� SUHYHQWV� XV� IURP� GRXEOH�FRXQWLQJ� YHUWH[� SDLUV�� 7DNLQJ� WKH
GLIIHUHQFH�RI��������DQG��������WKHQ�JLYHV�XV�DQ�H[SUHVVLRQ�IRU�WKH�GLIIHUHQFH�EHWZHHQ�WKH�DFWXDO�DQG
H[SHFWHG�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�WKDW�MRLQ�YHUWLFHV�RI�OLNH�W\SHV�
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�

&RQYHQWLRQDOO\��RQH�FDOFXODWHV�QRW�WKH�QXPEHU�RI�VXFK�HGJHV�EXW�WKH�IUDFWLRQ��ZKLFK�LV�JLYHQ�E\�WKLV
VDPH�H[SUHVVLRQ�GLYLGHG�E\�WKH�QXPEHU�P�RI�HGJHV�
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7KLV� TXDQWLW\�4� LV� FDOOHG� WKH�PRGXODULW\� >��������@�DQG� LV�D�PHDVXUH�RI� WKH�H[WHQW� WR�ZKLFK� OLNH� LV
FRQQHFWHG�WR�OLNH�LQ�D�QHWZRUN��,W�LV�VWULFWO\�OHVV�WKDQ����WDNHV�SRVLWLYH�YDOXHV�LI�WKHUH�DUH�PRUH�HGJHV
EHWZHHQ�YHUWLFHV�RI� WKH�VDPH� W\SH� WKDQ�ZH�ZRXOG�H[SHFW�E\�FKDQFH��DQG�QHJDWLYH�RQHV� LI� WKHUH�DUH
OHVV�
)RU�)LJ�������� IRU� LQVWDQFH��ZKHUH� WKH� W\SHV�DUH� WKH� WKUHH�HWKQLF�FODVVLILFDWLRQV�³EODFN�´�³ZKLWH�´

DQG�³RWKHU�´�ZH�ILQG�D�PRGXODULW\�YDOXH�RI�4� ��������LQGLFDWLQJ��SRVLWLYH��DVVRUWDWLYH�PL[LQJ�E\�UDFH
LQ� WKLV�SDUWLFXODU�QHWZRUN�����1HJDWLYH�YDOXHV�RI� WKH�PRGXODULW\� LQGLFDWH� GLVDVVRUWDWLYH�PL[LQJ��:H
PLJKW� VHH� D� QHJDWLYH� PRGXODULW\�� IRU� H[DPSOH�� LQ� D� QHWZRUN� RI� VH[XDO� SDUWQHUVKLSV� ZKHUH� PRVW
SDUWQHUVKLSV�ZHUH�EHWZHHQ�LQGLYLGXDOV�RI�RSSRVLWH�VH[�
7KH�TXDQWLW\
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LQ�(T���������DSSHDUV�LQ�D�QXPEHU�RI�VLWXDWLRQV�LQ�WKH�VWXG\�RI�QHWZRUNV��:H�ZLOO�HQFRXQWHU�LW��IRU
LQVWDQFH�� LQ� 6HFWLRQ� ����� ZKHQ�ZH� VWXG\� FRPPXQLW\� GHWHFWLRQ� LQ� QHWZRUNV�� ,Q� VRPH� FRQWH[WV� LW� LV
XVHIXO�WR�FRQVLGHU�%LM�WR�EH�DQ�HOHPHQW�RI�D�PDWUL[�%��ZKLFK�LWVHOI�LV�FDOOHG�WKH�PRGXODULW\�PDWUL[�
7KH�PRGXODULW\��(T����������LV�DOZD\V�OHVV�WKDQ���EXW�LQ�JHQHUDO�LW�GRHV�QRW�DFKLHYH�WKH�YDOXH�4� ��

HYHQ�IRU�D�SHUIHFWO\�PL[HG�QHWZRUN��RQH�LQ�ZKLFK�HYHU\�YHUWH[�LV�FRQQHFWHG�RQO\�WR�RWKHUV�RI�WKH�VDPH
W\SH��'HSHQGLQJ�RQ�WKH�VL]HV�RI�WKH�JURXSV�DQG�WKH�GHJUHHV�RI�YHUWLFHV��WKH�PD[LPXP�YDOXH�RI�4�FDQ
EH�FRQVLGHUDEO\�OHVV�WKDQ����7KLV�LV�LQ�VRPH�ZD\V�XQVDWLVIDFWRU\��KRZ�LV�RQH�WR�NQRZ�ZKHQ�RQH�KDV
VWURQJ� DVVRUWDWLYH�PL[LQJ� DQG� ZKHQ� RQH� GRHVQ¶W"� 7R� UHFWLI\� WKH� SUREOHP�� ZH� FDQ� QRUPDOL]H�4� E\
GLYLGLQJ� E\� LWV� YDOXH� IRU� WKH� SHUIHFWO\�PL[HG� QHWZRUN��:LWK� SHUIHFW�PL[LQJ� DOO� HGJHV� IDOO� EHWZHHQ
YHUWLFHV�RI�WKH�VDPH�W\SH�DQG�KHQFH�į�FL�FM�� ���ZKHQHYHU�$LM� ����7KLV�PHDQV�WKDW�WKH�ILUVW�WHUP�LQ�WKH
VXP�LQ�(T���������VXPV�WR��P�DQG�WKH�PRGXODULW\�IRU�WKH�SHUIHFWO\�PL[HG�QHWZRUN�LV
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�

7KHQ�WKH�QRUPDOL]HG�YDOXH�RI�WKH�PRGXODULW\�LV�JLYHQ�E\

�
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7KLV�TXDQWLW\�� VRPHWLPHV�FDOOHG�DQ�DVVRUWDWLYLW\�FRHIILFLHQW��QRZ�WDNHV�D�PD[LPXP�YDOXH�RI���RQ�D
SHUIHFWO\�PL[HG�QHWZRUN�
$OWKRXJK� LW� FDQ� EH� D� XVHIXO�PHDVXUH� LQ� VRPH� FLUFXPVWDQFHV�� KRZHYHU�� (T�� ������� LV� RQO\� UDUHO\

XVHG��0RVW�RIWHQ��WKH�PRGXODULW\�LV�XVHG�LQ�LWV�XQQRUPDOL]HG�IRUP��(T���������
$Q�DOWHUQDWLYH� IRUP�IRU� WKH�PRGXODULW\��ZKLFK� LV� VRPHWLPHV�XVHIXO� LQ�SUDFWLFDO� VLWXDWLRQV��FDQ�EH

GHULYHG�LQ�WHUPV�RI�WKH�TXDQWLWLHV
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ZKLFK�LV�WKH�IUDFWLRQ�RI�HGJHV�WKDW�MRLQ�YHUWLFHV�RI�W\SH�U�WR�YHUWLFHV�RI�W\SH�V��DQG

�
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�

ZKLFK�LV�WKH�IUDFWLRQ�RI�HQGV�RI�HGJHV�DWWDFKHG�WR�YHUWLFHV�RI�W\SH�U��7KHQ��QRWLQJ�WKDW

�
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�

ZH�KDYH��IURP�(T��������

�

������
�

�

7KLV�IRUP�FDQ�EH�XVHIXO��IRU�LQVWDQFH��ZKHQ�ZH�KDYH�QHWZRUN�GDWD�LQ�WKH�IRUP�RI�D�OLVW�RI�HGJHV�DQG
WKH�W\SHV�RI�WKH�YHUWLFHV�DW�WKHLU�HQGV��EXW�QR�H[SOLFLW�GDWD�RQ�YHUWH[�GHJUHHV��,Q�VXFK�D�FDVH�HUV�DQG�DU
DUH�UHODWLYHO\�HDV\�WR�FDOFXODWH��ZKLOH�(T���������LV�TXLWH�DZNZDUG�
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:H� FDQ� DOVR� KDYH� KRPRSKLO\� LQ� D� QHWZRUN� DFFRUGLQJ� WR� VFDODU� FKDUDFWHULVWLFV� OLNH� DJH� RU� LQFRPH�
7KHVH�DUH�FKDUDFWHULVWLFV�ZKRVH�YDOXHV�FRPH�LQ�D�SDUWLFXODU�RUGHU��VR�WKDW�LW�LV�SRVVLEOH�VD\�QRW�RQO\
ZKHQ� WZR� YHUWLFHV� DUH� H[DFWO\� WKH� VDPH� DFFRUGLQJ� WR� WKH� FKDUDFWHULVWLF� EXW� DOVR� ZKHQ� WKH\� DUH
DSSUR[LPDWHO\�WKH�VDPH��)RU�LQVWDQFH��ZKLOH�WZR�SHRSOH�FDQ�FHUWDLQO\�EH�RI�H[DFWO\�WKH�VDPH�DJH²
ERUQ�RQ�WKH�VDPH�GD\�HYHQ²WKH\�FDQ�DOVR�EH�DSSUR[LPDWHO\�WKH�VDPH�DJH²ERUQ�ZLWKLQ�D�FRXSOH�RI
\HDUV�RI�RQH�DQRWKHU��VD\²DQG�SHRSOH�FRXOG��DQG�LQ�IDFW�RIWHQ�GR��FKRRVH�ZKR�WKH\�DVVRFLDWH�ZLWK�RQ
WKH�EDVLV�RI�VXFK�DSSUR[LPDWH�DJHV��7KHUH�LV�QR�HTXLYDOHQW�DSSUR[LPDWH�VLPLODULW\�IRU�WKH�HQXPHUDWLYH
FKDUDFWHULVWLFV�RI�WKH�SUHYLRXV�VHFWLRQ��WKHUH�LV�QR�VHQVH�LQ�ZKLFK�SHRSOH�IURP�)UDQFH�DQG�*HUPDQ\�
VD\��DUH�PRUH�QHDUO\�RI�WKH�VDPH�QDWLRQDOLW\�WKDQ�SHRSOH�IURP�)UDQFH�DQG�6SDLQ����
,I� QHWZRUN� YHUWLFHV�ZLWK� VLPLODU� YDOXHV� RI� D� VFDODU� FKDUDFWHULVWLF� WHQG� WR� EH� FRQQHFWHG� WRJHWKHU

PRUH� RIWHQ� WKDW� WKRVH� ZLWK� GLIIHUHQW� YDOXHV� WKHQ� WKH� QHWZRUN� LV� FRQVLGHUHG� DVVRUWDWLYHO\� PL[HG
DFFRUGLQJ�WR�WKDW�FKDUDFWHULVWLF��,I��IRU�H[DPSOH��SHRSOH�DUH�IULHQGV�ZLWK�RWKHUV�DURXQG�WKH�VDPH�DJH�DV
WKHP�� WKHQ� WKH�QHWZRUN� LV�DVVRUWDWLYHO\�PL[HG�E\�DJH��6RPHWLPHV�\RX�PD\�DOVR�KHDU� LW� VDLG� WKDW� WKH
QHWZRUN�LV�VWUDWLILHG�E\�DJH��ZKLFK�PHDQV�WKH�VDPH�WKLQJ²RQH�FDQ�WKLQN�RI�DJH�DV�D�RQH�GLPHQVLRQDO
VFDOH�RU�D[LV��ZLWK�LQGLYLGXDOV�RI�GLIIHUHQW�DJHV�IRUPLQJ�FRQQHFWHG�³VWUDWD´�ZLWKLQ�WKH�QHWZRUN�

�

$�VNHWFK�RI� VWUDWLILHG�QHWZRUN� LQ�ZKLFK�PRVW�FRQQHFWLRQV� UXQ�EHWZHHQ�YHUWLFHV�DW�RU�QHDU� WKH�VDPH
³OHYHO´�LQ�WKH�QHWZRUN��ZLWK�OHYHO�DORQJ�WKH�YHUWLFDO�D[LV�LQ�WKLV�FDVH�DQG�DOVR�GHQRWHG�E\�WKH�VKDGHV
RI�WKH�YHUWLFHV�
�
�
&RQVLGHU�)LJ��������ZKLFK�VKRZV�IULHQGVKLS�GDWD�IRU�WKH�VDPH�VHW�RI�86�VFKRROFKLOGUHQ�DV�)LJ������

EXW�QRZ�DV�D�IXQFWLRQ�RI�DJH��(DFK�GRW�LQ�WKH�ILJXUH�FRUUHVSRQGV�WR�RQH�SDLU�RI�IULHQGV�DQG�WKH�SRVLWLRQ
RI�WKH�GRW�DORQJ�WKH�WZR�D[HV�JLYHV�WKH�DJHV�RI�WKH�IULHQGV��ZLWK�DJHV�PHDVXUHG�E\�VFKRRO�JUDGHV����



$V�WKH�ILJXUH�VKRZV��WKHUH�LV�VXEVWDQWLDO�DVVRUWDWLYH�PL[LQJ�E\�DJH�DPRQJ�WKH�VWXGHQWV��PDQ\�GRWV�OLH
ZLWKLQ� WKH�ER[HV�FORVH� WR� WKH�GLDJRQDO� OLQH� WKDW� UHSUHVHQW� IULHQGVKLSV�EHWZHHQ� VWXGHQWV� LQ� WKH� VDPH
JUDGH��7KHUH� LV� DOVR�� LQ� WKLV� FDVH�� D�QRWDEOH� WHQGHQF\� IRU� VWXGHQWV� WR�KDYH�PRUH� IULHQGV�RI� D�ZLGHU
UDQJH�RI�DJHV�DV�WKHLU�DJH�LQFUHDVHV�VR�WKHUH�LV�D�ORZHU�GHQVLW\�RI�SRLQWV�LQ�WKH�WRS�ULJKW�ER[�WKDQ�LQ�WKH
ORZHU�OHIW�RQH�

�

)LJXUH�������$JHV�RI�SDLUV�RI�IULHQGV�LQ�KLJK�VFKRRO� �,Q�WKLV�VFDWWHU�SORW�HDFK�GRW�FRUUHVSRQGV�WR�RQH
RI�WKH�HGJHV�LQ�)LJ��������DQG�LWV�SRVLWLRQ�DORQJ�WKH�KRUL]RQWDO�DQG�YHUWLFDO�D[HV�JLYHV�WKH�DJHV�RI�WKH
WZR� LQGLYLGXDOV� DW� HLWKHU� HQG� RI� WKDW� HGJH�� 7KH� DJHV� DUH� PHDVXUHG� LQ� WHUPV� RI� WKH� JUDGHV� RI� WKH
VWXGHQWV��ZKLFK�UXQ�IURP���WR�����,Q�IDFW��JUDGHV�LQ�WKH�86�VFKRRO�V\VWHP�GRQ¶W�FRUUHVSRQG�SUHFLVHO\
WR�DJH�VLQFH�VWXGHQWV�FDQ�VWDUW�RU�HQG�WKHLU�KLJK�VFKRRO�FDUHHUV�HDUO\�RU�ODWH��DQG�FDQ�UHSHDW�JUDGHV�
�(DFK�VWXGHQW�LV�SRVLWLRQHG�DW�UDQGRP�ZLWKLQ�WKH�LQWHUYDO�UHSUHVHQWLQJ�WKHLU�JUDGH��VR�DV�WR�VSUHDG�WKH
SRLQWV�RXW�RQ�WKH�SORW��1RWH�DOVR�WKDW�HDFK�IULHQGVKLS�DSSHDUV�WZLFH��DERYH�DQG�EHORZ�WKH�GLDJRQDO��
�
�
2QH�FRXOG�PDNH�D�FUXGH�PHDVXUH�RI� DVVRUWDWLYH�PL[LQJ�E\� VFDODU� FKDUDFWHULVWLFV�E\�DGDSWLQJ� WKH

LGHDV�RI�WKH�SUHYLRXV�VHFWLRQ��2QH�FRXOG�JURXS�WKH�YHUWLFHV�LQWR�ELQV�DFFRUGLQJ�WR�WKH�FKDUDFWHULVWLF�RI
LQWHUHVW��VD\�DJH��DQG�WKHQ�WUHDW�WKH�ELQV�DV�VHSDUDWH�³W\SHV´�RI�YHUWH[�LQ�WKH�VHQVH�RI�6HFWLRQ��������
)RU�LQVWDQFH��ZH�PLJKW�JURXS�SHRSOH�E\�DJH�LQ�UDQJHV�RI�RQH�\HDU�RU�WHQ�\HDUV��7KLV�KRZHYHU�PLVVHV
PXFK�RI�WKH�SRLQW�DERXW�VFDODU�FKDUDFWHULVWLFV��VLQFH�LW�FRQVLGHUV�YHUWLFHV�IDOOLQJ�LQ�WKH�VDPH�ELQ�WR�EH
RI�LGHQWLFDO�W\SHV�ZKHQ�WKH\�PD\�EH�RQO\�DSSUR[LPDWHO\�VR��DQG�YHUWLFHV�IDOOLQJ�LQ�GLIIHUHQW�ELQV�WR�EH
HQWLUHO\�GLIIHUHQW�ZKHQ�LQ�IDFW�WKH\�PD\�EH�TXLWH�VLPLODU�
$�EHWWHU�DSSURDFK�LV�WR�XVH�D�FRYDULDQFH�PHDVXUH�DV�IROORZV��/HW�[L�EH�WKH�YDOXH�IRU�YHUWH[�L�RI�WKH

VFDODU�TXDQWLW\��DJH��LQFRPH��HWF���WKDW�ZH�DUH�LQWHUHVWHG�LQ��&RQVLGHU�WKH�SDLUV�RI�YDOXHV��[L��[M�� IRU
WKH�YHUWLFHV�DW�WKH�HQGV�RI�HDFK�HGJH��L��M��LQ�WKH�QHWZRUN�DQG�OHW�XV�FDOFXODWH�WKHLU�FRYDULDQFH�RYHU�DOO
HGJHV�DV�IROORZV��:H�GHILQH�WKH�PHDQ�ȝ�RI�WKH�YDOXH�RI�[L�DW�WKH�HQG�RI�DQ�HGJH�WKXV�



�

������
�

�

1RWH� WKDW� WKLV� LV� QRW� VLPSO\� WKH�PHDQ� YDOXH� RI�[L� DYHUDJHG� RYHU� DOO� YHUWLFHV�� ,W� LV� DQ� DYHUDJH� RYHU
HGJHV��DQG�VLQFH�D�YHUWH[�ZLWK�GHJUHH�NL�OLHV�DW�WKH�HQGV�RI�NL�HGJHV�LW�DSSHDUV�NL�WLPHV�LQ�WKH�DYHUDJH
�KHQFH�WKH�IDFWRU�RI�NL�LQ�WKH�VXP��
7KHQ�WKH�FRYDULDQFH�RI�[L�DQG�[M�RYHU�HGJHV�LV

�

������
�

ZKHUH� ZH� KDYH� PDGH� XVH� RI� (TV�� ������� DQG� �������� 1RWH� WKH� VWURQJ� VLPLODULW\� EHWZHHQ� WKLV
H[SUHVVLRQ�DQG�(T���������IRU�WKH�PRGXODULW\²RQO\�WKH�GHOWD�IXQFWLRQ�į�FL���FM��LQ��������KDV�FKDQJHG�
EHLQJ�UHSODFHG�E\�[L[M�
7KH�FRYDULDQFH�ZLOO�EH�SRVLWLYH�LI��RQ�EDODQFH��YDOXHV�[L��[M�DW�HLWKHU�HQG�RI�DQ�HGJH�WHQG�WR�EH�ERWK

ODUJH� RU� ERWK� VPDOO� DQG� QHJDWLYH� LI� WKH\� WHQG� WR� YDU\� LQ� RSSRVLWH� GLUHFWLRQV�� ,Q� RWKHU� ZRUGV�� WKH
FRYDULDQFH�ZLOO�EH�SRVLWLYH�ZKHQ�ZH�KDYH�DVVRUWDWLYH�PL[LQJ�DQG�QHJDWLYH�IRU�GLVDVVRUWDWLYH�PL[LQJ�
-XVW�DV�ZLWK�WKH�PRGXODULW\�PHDVXUH�RI�6HFWLRQ���������LW�LV�VRPHWLPHV�FRQYHQLHQW�WR�QRUPDOL]H�WKH

FRYDULDQFH� VR� WKDW� LW� WDNHV� WKH� YDOXH� �� LQ� D� SHUIHFWO\�PL[HG� QHWZRUN²RQH� LQ�ZKLFK� DOO� HGJHV� IDOO
EHWZHHQ�YHUWLFHV�ZLWK�SUHFLVHO\�HTXDO�YDOXHV�RI�[L��DOWKRXJK�LQ�PRVW�FDVHV�VXFK�DQ�RFFXUUHQFH�ZRXOG
EH�H[WUHPHO\�XQOLNHO\�LQ�SUDFWLFH���3XWWLQJ�[M� �[L�LQ�(T���������JLYHV�D�SHUIHFW�PL[LQJ�YDOXH�RI

�



������
�

DQG�WKH�QRUPDOL]HG�PHDVXUH��VRPHWLPHV�FDOOHG�DQ�DVVRUWDWLYLW\�FRHIILFLHQW��LV�WKH�UDWLR�RI�WKH�WZR�

�

������
�

�

$OWKRXJK� LW�PD\� QRW� EH� LPPHGLDWHO\� REYLRXV�� WKLV� LV� LQ� IDFW� DQ� H[DPSOH� RI� D� �3HDUVRQ�� FRUUHODWLRQ
FRHIILFLHQW��KDYLQJ�D�FRYDULDQFH�LQ�LWV�QXPHUDWRU�DQG�D�YDULDQFH�LQ�WKH�GHQRPLQDWRU��:H�HQFRXQWHUHG
DQRWKHU�H[DPSOH�LQ�D�GLIIHUHQW�FRQWH[W� LQ�6HFWLRQ���������7KH�FRUUHODWLRQ�FRHIILFLHQW�YDULHV� LQ�YDOXH
EHWZHHQ� D�PD[LPXP�RI� �� IRU� D� SHUIHFWO\� DVVRUWDWLYH�QHWZRUN� DQG� D�PLQLPXP�RI�í�� IRU� D� SHUIHFWO\
GLVDVVRUWDWLYH� RQH�� $� YDOXH� RI� ]HUR� LPSOLHV� WKDW� WKH� YDOXHV� RI�[L� DW� WKH� HQGV� RI� HGJHV� DUH
XQFRUUHODWHG����
)RU�WKH�GDWD�RI�)LJ�������WKH�FRUUHODWLRQ�FRHIILFLHQW�LV�IRXQG�WR�WDNH�D�YDOXH�RI�U� ��������LQGLFDWLQJ

WKDW� WKH� VWXGHQW� IULHQGVKLS� QHWZRUN� KDV� VLJQLILFDQW� DVVRUWDWLYH� PL[LQJ� E\� DJH²VWXGHQWV� WHQG� WR� EH
IULHQGV�ZLWK�RWKHUV�ZKR�KDYH�DJHV�FORVH�WR�WKHLUV�
,W�ZRXOG�EH�SRVVLEOH�LQ�SULQFLSOH�DOVR�WR�KDYH�DVVRUWDWLYH��RU�GLVDVVRUWDWLYH��PL[LQJ�DFFRUGLQJ�WR

YHFWRU� FKDUDFWHULVWLFV�� ZLWK� YHUWLFHV� ZKRVH� YHFWRUV� KDYH� VLPLODU� YDOXHV�� DV� PHDVXUHG� E\� VRPH
DSSURSULDWH�PHWULF�� EHLQJ�PRUH� �RU� OHVV�� OLNHO\� WR� EH� FRQQHFWHG� E\� DQ� HGJH��2QH� H[DPSOH� RI� VXFK
PL[LQJ� LV� WKH�IRUPDWLRQ�RI� IULHQGVKLSV�EHWZHHQ� LQGLYLGXDOV�DFFRUGLQJ� WR� WKHLU�JHRJUDSKLF� ORFDWLRQV�
ORFDWLRQ�EHLQJ�VSHFLILHG�E\�D�WZR�GLPHQVLRQDO�YHFWRU�RI��IRU�H[DPSOH��ODWLWXGH�ORQJLWXGH�FRRUGLQDWHV�
,W�LV�FHUWDLQO\�WKH�FDVH�WKDW�LQ�JHQHUDO�SHRSOH�WHQG�WR�EH�IULHQGV�ZLWK�RWKHUV�ZKR�OLYH�JHRJUDSKLFDOO\
FORVH�WR�WKHP��VR�RQH�ZRXOG�H[SHFW�PL[LQJ�RI�WKLV�W\SH�WR�EH�DVVRUWDWLYH��)RUPDO�WUHDWPHQWV�RI�YHFWRU
DVVRUWDWLYH�PL[LQJ��KRZHYHU��KDYH�QRW�EHHQ�PXFK�SXUVXHG�LQ�WKH�QHWZRUN�OLWHUDWXUH�VR�IDU�
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�

$�VSHFLDO�FDVH�RI�DVVRUWDWLYH�PL[LQJ�DFFRUGLQJ�WR�D�VFDODU�TXDQWLW\��DQG�RQH�RI�SDUWLFXODU�LQWHUHVW��LV
WKDW� RI� PL[LQJ� E\� GHJUHH�� ,Q� D� QHWZRUN� WKDW� VKRZV� DVVRUWDWLYH� PL[LQJ� E\� GHJUHH� WKH� KLJK�GHJUHH
YHUWLFHV�ZLOO�EH�SUHIHUHQWLDOO\�FRQQHFWHG�WR�RWKHU�KLJK�GHJUHH�YHUWLFHV��DQG�WKH�ORZ�WR�ORZ��,Q�D�VRFLDO
QHWZRUN��IRU�H[DPSOH��ZH�KDYH�DVVRUWDWLYH�PL[LQJ�E\�GHJUHH�LI�WKH�JUHJDULRXV�SHRSOH�DUH�IULHQGV�ZLWK
RWKHU�JUHJDULRXV�SHRSOH�DQG�WKH�KHUPLWV�ZLWK�RWKHU�KHUPLWV��&RQYHUVHO\��ZH�FRXOG�KDYH�GLVDVVRUWDWLYH
PL[LQJ�E\�GHJUHH��ZKLFK�ZRXOG�PHDQ�WKDW�WKH�JUHJDULRXV�SHRSOH�ZHUH�KDQJLQJ�RXW�ZLWK�KHUPLWV�DQG
YLFH�YHUVD�
7KH� UHDVRQ� WKLV�SDUWLFXODU�FDVH� LV� LQWHUHVWLQJ� LV�EHFDXVH��XQOLNH�DJH�RU� LQFRPH��GHJUHH� LV� LWVHOI�D

SURSHUW\�RI� WKH�QHWZRUN� VWUXFWXUH��+DYLQJ�RQH� VWUXFWXUDO�SURSHUW\� �WKH�GHJUHHV��GLFWDWH� DQRWKHU� �WKH
SRVLWLRQV� RI� WKH� HGJHV�� JLYHV� ULVH� WR� VRPH� LQWHUHVWLQJ� IHDWXUHV� LQ� QHWZRUNV�� ,Q� SDUWLFXODU�� LQ� DQ
DVVRUWDWLYH�QHWZRUN��ZKHUH�WKH�KLJK�GHJUHH�QRGHV�WHQG�WR�VWLFN�WRJHWKHU��RQH�H[SHFWV�WR�JHW�D�FOXPS�RU
FRUH�RI�VXFK�KLJK�GHJUHH�QRGHV�LQ�WKH�QHWZRUN�VXUURXQGHG�E\�D�OHVV�GHQVH�SHULSKHU\�RI�QRGHV�ZLWK
ORZHU�GHJUHH��7KLV�FRUH�SHULSKHU\�VWUXFWXUH�LV�D�FRPPRQ�IHDWXUH�RI�VRFLDO�QHWZRUNV��PDQ\�RI�ZKLFK
DUH� IRXQG� WR� EH� DVVRUWDWLYHO\� PL[HG� E\� GHJUHH�� )LJXUH� ����D� VKRZV� D� VPDOO� DVVRUWDWLYHO\� PL[HG
QHWZRUN�LQ�ZKLFK�WKH�FRUH�SHULSKHU\�VWUXFWXUH�LV�FOHDUO\�YLVLEOH�
2Q�WKH�RWKHU�KDQG��LI�D�QHWZRUN�LV�GLVDVVRUWDWLYHO\�PL[HG�E\�GHJUHH�WKHQ�KLJK�GHJUHH�YHUWLFHV�WHQG

WR� FRQQHFWHG� WR� ORZ�GHJUHH� RQHV�� FUHDWLQJ� VWDU�OLNH� IHDWXUHV� LQ� WKH� QHWZRUN� WKDW� DUH� RIWHQ� UHDGLO\
YLVLEOH��)LJXUH�����E�VKRZV�DQ�H[DPSOH�RI�D�VPDOO�GLVDVVRUWDWLYH�QHWZRUN��'LVDVVRUWDWLYHO\�QHWZRUNV
GR�QRW�XVXDOO\�KDYH�D�FRUH�SHULSKHU\�VSOLW�EXW�DUH�LQVWHDG�PRUH�XQLIRUP�
$VVRUWDWLYH�PL[LQJ�E\�GHJUHH�FDQ�EH�PHDVXUHG�LQ�WKH�VDPH�ZD\�DV�PL[LQJ�DFFRUGLQJ�WR�DQ\�RWKHU

VFDODU�TXDQWLW\��:H�GHILQH�D�FRYDULDQFH�RI�WKH�W\SH�GHVFULEHG�E\�(T����������EXW�ZLWK� [L�QRZ�HTXDO�WR
WKH�GHJUHH�NL�

�

������
�

RU� LI� ZH� ZLVK� ZH� FDQ� QRUPDOL]H� E\� WKH� PD[LPXP� YDOXH� RI� WKH� FRYDULDQFH� WR� JHW� D� FRUUHODWLRQ
FRHIILFLHQW�RU�DVVRUWDWLYLW\�FRHIILFLHQW�

�

������



�
�

:H�JLYH�H[DPSOHV�RI�WKH�DSSOLFDWLRQ�RI�WKLV�IRUPXOD�WR�D�QXPEHU�RI�QHWZRUNV�LQ�6HFWLRQ�����
2QH�SRLQW�WR�QRWLFH�LV�WKDW�WKH�HYDOXDWLRQ�RI�(T���������RU�(T���������UHTXLUHV�RQO\�WKH�VWUXFWXUH�RI

WKH�QHWZRUN�DQG�QR�RWKHU�LQIRUPDWLRQ��XQOLNH�WKH�FDOFXODWLRQV�IRU�RWKHU�IRUPV�RI�DVVRUWDWLYH�PL[LQJ��
2QFH� ZH� NQRZ� WKH� DGMDFHQF\� PDWUL[� �DQG� KHQFH� WKH� GHJUHHV�� RI� DOO� YHUWLFHV� ZH� FDQ� FDOFXODWH�U�
3HUKDSV� IRU� WKLV� UHDVRQ�PL[LQJ�E\�GHJUHH� LV�RQH�RI� WKH�PRVW� IUHTXHQWO\� VWXGLHG� W\SHV�RI�DVVRUWDWLYH
PL[LQJ�

�

)LJXUH� ������$VVRUWDWLYH� DQG� GLVDVVRUWDWLYH� QHWZRUNV�� 7KHVH� WZR� VPDOO� QHWZRUNV� DUH� QRW� UHDO
QHWZRUNV²WKH\�ZHUH�FRPSXWHU�JHQHUDWHG�WR�GLVSOD\�WKH�SKHQRPHQRQ�RI�DVVRUWDWLYLW\�E\�GHJUHH���D��$
QHWZRUN�WKDW�LV�DVVRUWDWLYH�E\�GHJUHH��GLVSOD\LQJ�WKH�FKDUDFWHULVWLF�GHQVH�FRUH�RI�KLJK�GHJUHH�YHUWLFHV
VXUURXQGHG�E\�D�SHULSKHU\�RI� ORZHU�GHJUHH�RQHV���E��$�GLVDVVRUWDWLYH�QHWZRUN��GLVSOD\LQJ�WKH�VWDU�
OLNH� VWUXFWXUHV� FKDUDFWHULVWLF� RI� WKLV� FDVH��)LJXUH� IURP�1HZPDQ�DQG�*LUYDQ� >���@��&RS\ULJKW� ����
6SULQJHU�9HUODJ� %HUOLQ� +HLGHOEHUJ�� 5HSURGXFHG� ZLWK� NLQG� SHUPLVVLRQ� RI� 6SULQJHU� 6FLHQFH� DQG
%XVLQHVV�0HGLD�
�
�

�
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�

����&RQVLGHU�D�N�UHJXODU�XQGLUHFWHG�QHWZRUN��L�H���D�QHWZRUN�LQ�ZKLFK�HYHU\�YHUWH[�KDV�GHJUHH�N��

D��6KRZ�WKDW�WKH�YHFWRU��� ����������������LV�DQ�HLJHQYHFWRU�RI�WKH�DGMDFHQF\�PDWUL[�ZLWK�HLJHQYDOXH
N�

E��%\�PDNLQJ�XVH�RI�WKH�IDFW�WKDW�HLJHQYHFWRUV�DUH�RUWKRJRQDO��RU�RWKHUZLVH���VKRZ�WKDW�WKHUH�LV
QR�RWKHU�HLJHQYHFWRU�WKDW�KDV�DOO�HOHPHQWV�SRVLWLYH��7KH�3HUURQ��)UREHQLXV�WKHRUHP�VD\V�WKDW
WKH�HLJHQYHFWRU�ZLWK�WKH�ODUJHVW�HLJHQYDOXH�DOZD\V�KDV�DOO�HOHPHQWV�QRQ�QHJDWLYH��VHH�IRRWQRWH
��RQ�SDJH�������DQG�KHQFH�WKH�HLJHQYHFWRU���JLYHV��E\�GHILQLWLRQ��WKH�HLJHQYHFWRU�FHQWUDOLW\�RI
RXU�N�UHJXODU�QHWZRUN�DQG�WKH�FHQWUDOLWLHV�DUH�WKH�VDPH�IRU�HYHU\�YHUWH[�

F��)LQG�WKH�.DW]�FHQWUDOLWLHV�RI�DOO�YHUWLFHV�LQ�D�N�UHJXODU�QHWZRUN�
G��<RX� VKRXOG� KDYH� IRXQG� WKDW�� DV�ZLWK� WKH� HLJHQYHFWRU� FHQWUDOLW\�� WKH�.DW]� FHQWUDOLWLHV� RI� DOO
YHUWLFHV� LQ� WKH� QHWZRUN� DUH� WKH� VDPH�� 1DPH� D� FHQWUDOLW\� PHDVXUH� WKDW� FRXOG� JLYH� GLIIHUHQW
FHQWUDOLW\�YDOXHV�IRU�GLIIHUHQW�YHUWLFHV�LQ�D�UHJXODU�QHWZRUN�

�

����6XSSRVH�D�GLUHFWHG�QHWZRUN� WDNHV� WKH� IRUP�RI�D� WUHH�ZLWK�DOO� HGJHV�SRLQWLQJ� LQZDUG� WRZDUGV�D
FHQWUDO�YHUWH[�

�

:KDW�LV�WKH�3DJH5DQN�FHQWUDOLW\�RI�WKH�FHQWUDO�YHUWH[�LQ�WHUPV�RI�WKH�VLQJOH�SDUDPHWHU�Į�DSSHDULQJ�LQ
WKH�GHILQLWLRQ�RI�3DJH5DQN�DQG�WKH�JHRGHVLF�GLVWDQFHV�GL�IURP�HDFK�YHUWH[�L�WR�WKH�FHQWUDO�YHUWH["

����&RQVLGHU�DQ�XQGLUHFWHG�WUHH�RI�Q�YHUWLFHV��$�SDUWLFXODU�HGJH�LQ�WKH�WUHH�MRLQV�YHUWLFHV���DQG���DQG
GLYLGHV�WKH�WUHH�LQWR�WZR�GLVMRLQW�UHJLRQV�RI�Q��DQG�Q��YHUWLFHV�DV�VNHWFKHG�KHUH�



�

6KRZ�WKDW�WKH�FORVHQHVV�FHQWUDOLWLHV�&��DQG�&��RI�WKH�WZR�YHUWLFHV��GHILQHG�DFFRUGLQJ�WR�(T���������
DUH�UHODWHG�E\

�

����&RQVLGHU�DQ�XQGLUHFWHG��FRQQHFWHG��WUHH�RI�Q�YHUWLFHV��6XSSRVH�WKDW�D�SDUWLFXODU�YHUWH[�LQ�WKH�WUHH
KDV� GHJUHH�N��VR� WKDW� LWV�UHPRYDO�ZRXOG�GLYLGH� WKH� WUHH� LQWR�N�GLVMRLQW� UHJLRQV��DQG�VXSSRVH� WKDW� WKH
VL]HV�RI�WKRVH�UHJLRQV�DUH�Q������QN�

D��6KRZ�WKDW�WKH�XQQRUPDOL]HG�EHWZHHQQHVV�FHQWUDOLW\�[�RI�WKH�YHUWH[��DV�GHILQHG�LQ�(T����������LV

�

E��+HQFH��RU�RWKHUZLVH��FDOFXODWH�WKH�EHWZHHQQHVV�RI�WKH�LWK�YHUWH[�IURP�WKH�HQG�RI�D�³OLQH�JUDSK´
RI�Q�YHUWLFHV��L�H���Q�YHUWLFHV�LQ�D�URZ�OLNH�WKLV�

�

�

����&RQVLGHU�WKHVH�WKUHH�QHWZRUNV�

�

D��)LQG�D���FRUH�LQ�WKH�ILUVW�QHWZRUN�



E��:KDW�LV�WKH�UHFLSURFLW\�RI�WKH�VHFRQG�QHWZRUN"
F��:KDW�LV�WKH�FRVLQH�VLPLODULW\�RI�YHUWLFHV�$�DQG�%�LQ�WKH�WKLUG�QHWZRUN"

�

����$PRQJ�DOO�SDLUV�RI�YHUWLFHV�LQ�D�GLUHFWHG�QHWZRUN�WKDW�DUH�FRQQHFWHG�E\�DQ�HGJH�RU�HGJHV��VXSSRVH
WKDW�KDOI�DUH�FRQQHFWHG�LQ�RQO\�RQH�GLUHFWLRQ�DQG�WKH�UHVW�DUH�FRQQHFWHG�LQ�ERWK�GLUHFWLRQV��:KDW�LV�WKH
UHFLSURFLW\�RI�WKH�QHWZRUN"
�

����,Q�WKLV�QHWZRUN���DQG�í�LQGLFDWH�SDLUV�RI�SHRSOH�ZKR�OLNH�HDFK�RWKHU�RU�GRQƍW��UHVSHFWLYHO\�

�

D��,V�WKH�QHWZRUN�VWUXFWXUDOO\�EDODQFHG�DQG�ZK\"
E��,V�LW�FOXVWHUDEOH�DQG��LI�VR��ZKDW�DUH�WKH�FOXVWHUV"

�

����,Q�D�VXUYH\�RI�FRXSOHV�LQ�WKH�86�FLW\�RI�6DQ�)UDQFLVFR��&DWDQLD�HW�DO��>��@�UHFRUGHG��DPRQJ�RWKHU
WKLQJV��WKH�HWKQLFLW\�RI�WKHLU�LQWHUYLHZHHV�DQG�FDOFXODWHG�WKH�IUDFWLRQ�RI�FRXSOHV�ZKRVH�PHPEHUV�ZHUH
IURP�HDFK�SRVVLEOH�SDLULQJ�RI�HWKQLF�JURXSV��7KH�IUDFWLRQV�ZHUH�DV�IROORZV�

�

$VVXPLQJ� WKH� FRXSOHV� LQWHUYLHZHG� WR� EH� D� UHSUHVHQWDWLYH� VDPSOH� RI� WKH� HGJHV� LQ� WKH� XQGLUHFWHG
QHWZRUN�RI�UHODWLRQVKLSV�IRU�WKH�FRPPXQLW\�VWXGLHG��DQG�WUHDWLQJ�WKH�YHUWLFHV�DV�EHLQJ�RI�IRXU�W\SHV²
EODFN��+LVSDQLF��ZKLWH��DQG�RWKHU²FDOFXODWH�WKH�QXPEHUV�HUU�DQG�DU�WKDW�DSSHDU�LQ�(T���������IRU�HDFK
W\SH��+HQFH�FDOFXODWH�WKH�PRGXODULW\�RI�WKH�QHWZRUN�ZLWK�UHVSHFW�WR�HWKQLFLW\�
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$�GLVFXVVLRQ�RI�VRPH�RI�WKH�UHFXUULQJ�SDWWHUQV�DQG�VWUXFWXUHV�UHYHDOHG�ZKHQ�ZH�DSSO\�WKH
FRQFHSWV�GHYHORSHG�LQ�SUHYLRXV�FKDSWHUV�WR�WKH�VWXG\�RI�UHDO�ZRUOG�QHWZRUNV

�

,1� 35(9,286� FKDSWHUV� RI� WKLV� ERRN� ZH� KDYH� ORRNHG� DW� GLIIHUHQW� W\SHV� RI� QDWXUDO� DQG�PDQ�PDGH
QHWZRUNV� DQG� WHFKQLTXHV� IRU� GHWHUPLQLQJ� WKHLU� VWUXFWXUH� �&KDSWHUV� �� WR� ���� WKH�PDWKHPDWLFV� XVHG� WR
UHSUHVHQW� QHWZRUNV� IRUPDOO\� �&KDSWHU� ���� DQG� WKH� PHDVXUHV� DQG� PHWULFV� XVHG� WR� TXDQWLI\� QHWZRUN
VWUXFWXUH� �&KDSWHU� ���� ,Q� WKLV� FKDSWHU� ZH� FRPELQH� ZKDW� ZH� KDYH� OHDUQHG� VR� IDU�� DSSO\LQJ� RXU
WKHRUHWLFDO�LGHDV�DQG�PHDVXUHV�WR�HPSLULFDO�QHWZRUN�GDWD�WR�JHW�D�SLFWXUH�RI�ZKDW�QHWZRUNV�ORRN�OLNH
LQ�WKH�UHDO�ZRUOG�
$V� ZH� ZLOO� VHH�� WKHUH� DUH� D� QXPEHU� RI� FRPPRQ� UHFXUULQJ� SDWWHUQV� VHHQ� LQ� QHWZRUN� VWUXFWXUHV�

SDWWHUQV�WKDW�FDQ�KDYH�D�SURIRXQG�HIIHFW�RQ�WKH�ZD\�QHWZRUNHG�V\VWHPV�ZRUN��$PRQJ�RWKHU�WKLQJV��ZH
GLVFXVV�LQ�WKLV�FKDSWHU�FRPSRQHQW�VL]HV��SDWK�OHQJWKV�DQG�WKH�VPDOO�ZRUOG�HIIHFW��GHJUHH�GLVWULEXWLRQV
DQG�SRZHU�ODZV��DQG�FOXVWHULQJ�FRHIILFLHQWV�
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�

:H�EHJLQ�RXU�GLVFXVVLRQ�RI�WKH�VWUXFWXUH�RI�UHDO�ZRUOG�QHWZRUNV�ZLWK�D�ORRN�DW�FRPSRQHQW�VL]HV��,Q�DQ
XQGLUHFWHG�QHWZRUN��ZH�W\SLFDOO\�ILQG�WKDW�WKHUH�LV�D�ODUJH�FRPSRQHQW�WKDW�ILOOV�PRVW�RI�WKH�QHWZRUN²
XVXDOO\�PRUH�WKDQ�KDOI�DQG�QRW�LQIUHTXHQWO\�RYHU����²ZKLOH�WKH�UHVW�RI�WKH�QHWZRUN�LV�GLYLGHG�LQWR�D
ODUJH�QXPEHU�RI�VPDOO�FRPSRQHQWV�GLVFRQQHFWHG�IURP�WKH�UHVW��7KLV�VLWXDWLRQ�LV�VNHWFKHG�LQ�)LJ������
�7KH�ODUJH�FRPSRQHQW�LV�RIWHQ�UHIHUUHG�WR�DV�WKH�³JLDQW�FRPSRQHQW�´�DOWKRXJK�WKLV�LV�D�VOLJKWO\�VORSS\
XVDJH�� $V� GLVFXVVHG� LQ� 6HFWLRQ� ������ WKH� ZRUGV� ³JLDQW� FRPSRQHQW´� KDYH� D� VSHFLILF� PHDQLQJ� LQ
QHWZRUN�WKHRU\�DQG�DUH�QRW�SUHFLVHO\�V\QRQ\PRXV�ZLWK�³ODUJHVW�FRPSRQHQW�´�,Q�WKLV�ERRN�ZH�ZLOO�EH
FDUHIXO�WR�GLVWLQJXLVK�EHWZHHQ�³ODUJHVW´�DQG�³JLDQW�´�
$�W\SLFDO�H[DPSOH�RI�WKLV�NLQG�RI�EHKDYLRU�LV�WKH�QHWZRUN�RI�ILOP�DFWRUV�GLVFXVVHG�LQ�6HFWLRQ������,Q

WKLV�QHWZRUN�WKH�YHUWLFHV�UHSUHVHQW�DFWRUV�LQ�PRYLHV�DQG�WKHUH�LV�DQ�HGJH�EHWZHHQ�WZR�DFWRUV�LI�WKH\
KDYH� HYHU� DSSHDUHG� LQ� WKH� VDPH�PRYLH�� ,Q� D� YHUVLRQ� RI� WKH�QHWZRUN� IURP�0D\������ >���@�� LW�ZDV
IRXQG�WKDW���������RXW�RI���������DFWRUV�ZHUH�FRQQHFWHG�WRJHWKHU�LQ�WKH�ODUJHVW�FRPSRQHQW��RU�DERXW
�����7KXV�MXVW����RI�DFWRUV�ZHUH�QRW�SDUW�RI�WKH�ODUJHVW�FRPSRQHQW�

�

)LJXUH������&RPSRQHQWV� LQ�DQ�XQGLUHFWHG�QHWZRUN�� ,Q�PRVW�XQGLUHFWHG�QHWZRUNV� WKHUH� LV�D�VLQJOH
ODUJH�FRPSRQHQW�RFFXS\LQJ�D�PDMRULW\��RU�DW�OHDVW�D�VLJQLILFDQW�IUDFWLRQ��RI�WKH�QHWZRUN��DORQJ�ZLWK�D
QXPEHU�RI�VPDOO�FRPSRQHQWV��W\SLFDOO\�FRQVLVWLQJ�RI�RQO\�D�KDQGIXO�RI�YHUWLFHV�HDFK�
�
�

6HH�6HFWLRQ��������IRU�WKH�GHILQLWLRQ�RI�D�ZHDNO\�FRQQHFWHG�FRPSRQHQW�
�



7DEOH�����VXPPDUL]HV�WKH�SURSHUWLHV�RI�PDQ\�RI�WKH�QHWZRUNV�GLVFXVVHG�LQ�WKLV�FKDSWHU��DQG�JLYHV�
DPRQJ�RWKHU�WKLQJV��WKH�VL]H�6�RI�WKH�ODUJHVW�FRPSRQHQW�LQ�HDFK�FDVH�DV�D�IUDFWLRQ�RI�WRWDO�QHWZRUN�VL]H�
�)RU�WKH�GLUHFWHG�QHWZRUNV�LQ�WKH�WDEOH�LW�LV�WKH�VL]H�RI�WKH�ODUJHVW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�WKDW�LV
TXRWHG��&RPSRQHQW�VL]HV�LQ�GLUHFWHG�QHWZRUNV�DUH�GLVFXVVHG�IXUWKHU�LQ�WKH�IROORZLQJ�VHFWLRQ���$V�ZH
FDQ�VHH�IURP�WKH�WDEOH�RXU�ILJXUH�IRU�WKH�DFWRU�QHWZRUN�LV�TXLWH�W\SLFDO�IRU�WKH�QHWZRUNV�OLVWHG�DQG�QRW
XQXVXDOO\�ODUJH�
$V�WKH�WDEOH�DOVR�VKRZV��WKHUH�DUH�TXLWH�D�IHZ�QHWZRUNV�IRU�ZKLFK�WKH�ODUJHVW�FRPSRQHQW�ILOOV�WKH

HQWLUH�QHWZRUN�VR�WKDW�6� ����L�H���WKH�QHWZRUN�KDV�RQO\�D�VLQJOH�FRPSRQHQW�DQG�QR�VPDOOHU�FRPSRQHQWV�
,Q� WKH� FDVHV� ZKHUH� WKLV� KDSSHQV� WKHUH� LV� XVXDOO\� D� JRRG� UHDVRQ�� )RU� LQVWDQFH�� WKH� ,QWHUQHW� LV� D
FRPPXQLFDWLRQ�QHWZRUN²LWV�UHDVRQ�IRU�H[LVWHQFH�LV�WR�SURYLGH�FRQQHFWLRQV�EHWZHHQ�LWV�QRGHV��7KHUH
PXVW�EH�DW�OHDVW�RQH�SDWK�IURP�\RXU�YHUWH[�WR�\RXU�IULHQG¶V�YHUWH[�LI�WKH�QHWZRUN�LV�WR�VHUYH�LWV�SXUSRVH
RI�DOORZLQJ�\RXU�DQG�\RXU�IULHQG�WR�FRPPXQLFDWH��7R�SXW�LW�DQRWKHU�ZD\��WKHUH�ZRXOG�EH�QR�SRLQW�LQ
EHLQJ�D�SDUW�RI�WKH�,QWHUQHW�LI�\RX�DUH�QRW�SDUW�RI�LWV�ODUJHVW�FRPSRQHQW��VLQFH�WKDW�ZRXOG�PHDQ�WKDW�\RX
DUH�GLVFRQQHFWHG�IURP�DQG�XQDEOH�WR�FRPPXQLFDWH�ZLWK�DOPRVW�HYHU\RQH�HOVH��7KXV�WKHUH�LV�D�VWURQJ
SUHVVXUH�RQ�HYHU\�YHUWH[�RI� WKH�,QWHUQHW� WR�EH�SDUW�RI� WKH� ODUJHVW�FRPSRQHQW�DQG� WKXV�IRU� WKH� ODUJHVW
FRPSRQHQW�WR�ILOO�WKH�HQWLUH�QHWZRUN��,Q�RWKHU�FDVHV�WKH�ODUJHVW�FRPSRQHQW�ILOOV�WKH�QHWZRUN�EHFDXVH�RI
WKH�ZD\�WKH�QHWZRUN�LV�PHDVXUHG��7KH�ILUVW�:HE�QHWZRUN�OLVWHG�LQ�WKH�WDEOH��IRU�LQVWDQFH��LV�GHULYHG
IURP�D�VLQJOH�ZHE�FUDZO��DV�GHVFULEHG�LQ�6HFWLRQ������6LQFH�D�FUDZOHU�FDQ�RQO\�ILQG�D�ZHE�SDJH�LI
WKDW�SDJH�LV�OLQNHG�WR�E\�DQRWKHU�SDJH��LW�IROORZV�DXWRPDWLFDOO\�WKDW�DOO�SDJHV�IRXQG�E\�D�VLQJOH�FUDZO
ZLOO� EH� FRQQHFWHG� LQWR� D� VLQJOH� FRPSRQHQW��$�:HE� QHWZRUN� PD\�� KRZHYHU�� KDYH� PRUH� WKDQ� RQH
FRPSRQHQW� LI�� OLNH� WKH� $OWD�9LVWD � QHWZRUN� LQ� WKH� WDEOH�� LW� LV� DVVHPEOHG�XVLQJ� VHYHUDO�ZHE� FUDZOV
VWDUWLQJ�IURP�GLIIHUHQW�ORFDWLRQV�

�

7DEOH� ����� %DVLF� VWDWLVWLFV� IRU� D� QXPEHU� RI� QHWZRUNV� � 7KH� SURSHUWLHV� PHDVXUHG� DUH�� W\SH� RI



QHWZRUN��GLUHFWHG�RU�XQGLUHFWHG��WRWDO�QXPEHU�RI�YHUWLFHV�Q��WRWDO�QXPEHU�RI�HGJHV�P��PHDQ�GHJUHH�F�
IUDFWLRQ�RI�YHUWLFHV�LQ�WKH�ODUJHVW�FRPSRQHQW�6��RU�WKH�ODUJHVW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�LQ�WKH�FDVH
RI�D�GLUHFWHG�QHWZRUN���PHDQ�JHRGHVLF�GLVWDQFH�EHWZHHQ�FRQQHFWHG�YHUWH[�SDLUV�Ɛ��H[SRQHQW�Į�RI�WKH
GHJUHH�GLVWULEXWLRQ�LI�WKH�GLVWULEXWLRQ�IROORZV�D�SRZHU�ODZ��RU�³�´�LI�QRW��LQ�RXW�GHJUHH�H[SRQHQWV�DUH
JLYHQ�IRU�GLUHFWHG�JUDSKV���FOXVWHULQJ�FRHIILFLHQW�&�IURP�(T����������FOXVWHULQJ�FRHIILFLHQW�&:6�IURP
WKH�DOWHUQDWLYH�GHILQLWLRQ�RI�(T����������DQG�WKH�GHJUHH�FRUUHODWLRQ�FRHIILFLHQW�U�IURP�(T����������7KH
ODVW� FROXPQ� JLYHV� WKH� FLWDWLRQ�V�� IRU� HDFK� QHWZRUN� LQ� WKH� ELEOLRJUDSK\�� %ODQN� HQWULHV� LQGLFDWH
XQDYDLODEOH�GDWD�
�
�
&DQ�D�QHWZRUN�KDYH�WZR�RU�PRUH�ODUJH�FRPSRQHQWV�WKDW�ILOO�D�VL]DEOH�IUDFWLRQ�RI�WKH�HQWLUH�JUDSK"

8VXDOO\�WKH�DQVZHU�WR�WKLV�TXHVWLRQ�LV�QR��:H�ZLOO�VWXG\�WKLV�SRLQW�LQ�PRUH�GHWDLO�LQ�6HFWLRQ�������EXW
WKH� EDVLF� DUJXPHQW� LV� WKLV�� ,I� ZH� KDG� D� QHWZRUN� RI�Q� YHUWLFHV� WKDW� ZDV� GLYLGHG� LQWR� WZR� ODUJH
FRPSRQHQWV�RI�DERXW� �YHUWLFHV�HDFK��WKHQ�WKHUH�ZRXOG�EH� �SRVVLEOH�SDLUV�RI�YHUWLFHV�VXFK�WKDW�RQH
YHUWH[�ZDV� LQ�RQH�ODUJH�FRPSRQHQW�DQG�WKH�RWKHU�YHUWH[�LQ�WKH�RWKHU� ODUJH�FRPSRQHQW�� ,I� WKHUH� LV�DQ
HGJH�EHWZHHQ�DQ\�RI�WKHVH�SDLUV�RI�YHUWLFHV��WKHQ�WKH�WZR�FRPSRQHQWV�DUH�MRLQHG�WRJHWKHU�DQG�DUH�LQ
IDFW�MXVW�RQH�FRPSRQHQW��)RU�H[DPSOH��LQ�RXU�QHWZRUN�RI�PRYLH�DFWRUV��ZLWK�KDOI�D�PLOOLRQ�YHUWLFHV�
WKHUH�ZRXOG�DERXW����ELOOLRQ�SDLUV��RQO\�RQH�RI�ZKLFK�ZRXOG�KDYH�WR�EH�MRLQHG�E\�DQ�HGJH�WR�MRLQ�WKH
WZR�ODUJH�FRPSRQHQWV� LQWR�RQH��([FHSW� LQ�YHU\�VSHFLDO�FDVHV�� LW� LV�KLJKO\�XQOLNHO\� WKDW�QRW�RQH�VXFK
SDLU�ZRXOG�EH�FRQQHFWHG��DQG�KHQFH�DOVR�KLJKO\�XQOLNHO\�WKDW�ZH�ZLOO�KDYH�WZR�ODUJH�FRPSRQHQWV�
$QG�ZKDW�DERXW�QHWZRUNV�ZLWK�QR�ODUJH�FRPSRQHQW"�,W�LV�FHUWDLQO\�SRVVLEOH�IRU�QHWZRUNV�WR�FRQVLVW

RQO\�RI�VPDOO�FRPSRQHQWV��VPDOO�JURXSV�RI�YHUWLFHV�FRQQHFWHG�DPRQJ�WKHPVHOYHV�EXW�QRW�FRQQHFWHG�WR
WKH� UHVW� RI� WKH� ZRUOG��$Q� H[DPSOH� ZRXOG� EH� WKH� QHWZRUN� RI� LPPHGLDWH� IDPLO\� WLHV�� LQ� ZKLFK� WZR
SHRSOH� DUH� FRQVLGHUHG� FRQQHFWHG� LI� WKH\� DUH� IDPLO\� PHPEHUV� OLYLQJ� XQGHU� WKH� VDPH� URRI�� 6XFK� D
QHWZRUN�LV�FOHDUO\�EURNHQ�LQWR�PDQ\�VPDOO�FRPSRQHQWV�FRQVLVWLQJ�RI�LQGLYLGXDO�IDPLOLHV��ZLWK�QR�ODUJH
FRPSRQHQW� DW� DOO�� ,Q� SUDFWLFH�� KRZHYHU�� VLWXDWLRQV� OLNH� WKLV� DULVH� UDWKHU� LQIUHTXHQWO\� LQ� WKH� VWXG\�RI
QHWZRUNV�IRU�WKH�DQWKURSRFHQWULF�UHDVRQ�WKDW�SHRSOH�GRQ¶W�XVXDOO\�ERWKHU�WR�UHSUHVHQW�VXFK�VLWXDWLRQV
E\� QHWZRUNV� DW� DOO�� 1HWZRUN� UHSUHVHQWDWLRQV� RI� V\VWHPV� DUH� QRUPDOO\� RQO\� XVHIXO� LI� PRVW� RI� WKH
QHWZRUN�LV�FRQQHFWHG�WRJHWKHU��,I�D�QHWZRUN�LV�VR�VSDUVH�DV�WR�EH�PDGH�RQO\�RI�VPDOO�FRPSRQHQWV��WKHQ
WKHUH�LV�QRUPDOO\�OLWWOH� WR�EH�JDLQHG�E\�DSSO\LQJ�WHFKQLTXHV�OLNH�WKRVH�GHVFULEHG�LQ�WKLV�ERRN��7KXV�
HVVHQWLDOO\�DOO�RI�WKH�QHWZRUNV�ZH�ZLOO�EH�ORRNLQJ�DW�GR�FRQWDLQ�D�ODUJH�FRPSRQHQW��DQG�FHUWDLQO\�DOO
WKRVH�LQ�7DEOH������DOWKRXJK�IRU�VRPH�RI�WKHP�WKH�VL]H�RI�WKDW�FRPSRQHQW�KDV�QRW�EHHQ�PHDVXUHG�DQG
WKH�UHOHYDQW�HQWU\�LQ�WKH�WDEOH�LV�EODQN��
6R� WKH� EDVLF� SLFWXUH� ZH� KDYH� RI� WKH� VWUXFWXUH� RI� PRVW� QHWZRUNV� LV� WKDW� RI� )LJ�� ����� RI� D� ODUJH

FRPSRQHQW�ILOOLQJ�PRVW�RI�WKH�QHWZRUN��VRPHWLPHV�DOO�RI�LW��DQG�SHUKDSV�VRPH�RWKHU�VPDOO�FRPSRQHQWV
WKDW�DUH�QRW�FRQQHFWHG�WR�WKH�EXON�RI�WKH�QHWZRUN�
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$V�GLVFXVVHG�LQ�6HFWLRQ�������WKH�FRPSRQHQW�VWUXFWXUH�RI�GLUHFWHG�QHWZRUNV�LV�PRUH�FRPSOLFDWHG�WKDQ
IRU�XQGLUHFWHG�RQHV��'LUHFWHG�JUDSKV�KDYH�ZHDNO\�DQG�VWURQJO\�FRQQHFWHG�FRPSRQHQWV��7KH�ZHDNO\
FRQQHFWHG�FRPSRQHQWV�FRUUHVSRQG�FORVHO\�WR�WKH�FRQFHSW�RI�D�FRPSRQHQW�LQ�DQ�XQGLUHFWHG�JUDSK��DQG
WKH�W\SLFDO�VLWXDWLRQ�IRU�ZHDNO\�FRQQHFWHG�FRPSRQHQWV�LV�VLPLODU�WR�WKDW�IRU�XQGLUHFWHG�JUDSKV��WKHUH�LV
XVXDOO\� RQH� ODUJH�ZHDNO\� FRQQHFWHG� FRPSRQHQW� SOXV�� RSWLRQDOO\�� RWKHU� VPDOO� RQHV�� )LJXUHV� IRU� WKH
VL]HV�RI�WKH�ODUJHVW�ZHDNO\�FRQQHFWHG�FRPSRQHQWV�LQ�VHYHUDO�GLUHFWHG�QHWZRUN�DUH�JLYHQ�LQ�7DEOH�����
$�VWURQJO\�FRQQHFWHG�FRPSRQHQW��DV�GHVFULEHG�LQ�6HFWLRQ�������LV�D�PD[LPDO�VXEVHW�RI�YHUWLFHV�LQ�D

QHWZRUN�VXFK� WKDW�HDFK�FDQ� UHDFK�DQG� LV� UHDFKDEOH� IURP�DOO�RI� WKH�RWKHUV�DORQJ�D�GLUHFWHG�SDWK��$V
ZLWK�ZHDNO\�FRQQHFWHG�FRPSRQHQWV�� WKHUH� LV� W\SLFDOO\�RQH� ODUJH�VWURQJO\�FRQQHFWHG�FRPSRQHQW� LQ�D
GLUHFWHG� QHWZRUN� DQG� D� VHOHFWLRQ� RI� VPDOO� RQHV�� 7KH� ODUJHVW� VWURQJO\� FRQQHFWHG� FRPSRQHQW� RI� WKH
:RUOG�:LGH�:HE��IRU�LQVWDQFH��ILOOV�DERXW�D�TXDUWHU�RI�QHWZRUN�>��@�
$VVRFLDWHG�ZLWK� HDFK� VWURQJO\� FRQQHFWHG� FRPSRQHQW� LV� DQ�RXW�FRPSRQHQW� �WKH� VHW� RI� DOO� YHUWLFHV

WKDW�FDQ�EH�UHDFKHG�IURP�DQ\�VWDUWLQJ�SRLQW�LQ�WKH�VWURQJO\�FRQQHFWHG�FRPSRQHQW�DORQJ�D�GLUHFWHG�SDWK�
DQG� DQ� LQ�FRPSRQHQW� �WKH� VHW� RI� YHUWLFHV� IURP� ZKLFK� WKH� VWURQJO\� FRQQHFWHG� FRPSRQHQW� FDQ� EH
UHDFKHG��� %\� WKHLU� GHILQLWLRQ�� LQ±DQG� RXW�FRPSRQHQWV� DUH� VXSHUVHWV� RI� WKH� VWURQJO\� FRQQHFWHG
FRPSRQHQW� WR� ZKLFK� WKH\� EHORQJ� DQG� LI� WKHUH� LV� D� ODUJH� VWURQJO\� FRQQHFWHG� FRPSRQHQW� WKHQ� WKH
FRUUHVSRQGLQJ� LQ±DQG�RXW�FRPSRQHQWV�ZLOO�RIWHQ�FRQWDLQ�PDQ\�YHUWLFHV� WKDW� OLH�RXWVLGH� WKH� VWURQJO\
FRQQHFWHG� FRPSRQHQW�� ,Q� WKH�:HE�� IRU� H[DPSOH�� WKH� SRUWLRQ� RI� WKH� LQ±DQG� RXW�FRPSRQHQWV� WKDW� OLH
RXWVLGH� WKH� ODUJHVW� VWURQJO\� FRQQHFWHG� FRPSRQHQW� HDFK� DOVR� RFFXS\� DERXW� D� TXDUWHU� RI� WKH� QHWZRUN
>��@�
(DFK�RI� WKH�VPDOO�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�ZLOO�KDYH�LWV�RZQ�LQ±DQG�RXW�FRPSRQHQWV�DOVR�

2IWHQ� WKHVH� ZLOO� WKHPVHOYHV� EH� VPDOO�� EXW� WKH\� QHHG� QRW� EH�� ,W� FDQ� KDSSHQ� WKDW� D� VPDOO� VWURQJO\
FRQQHFWHG�FRPSRQHQW�&�LV�FRQQHFWHG�E\�D�GLUHFWHG�SDWK�WR�WKH�ODUJH�VWURQJO\�FRQQHFWHG�FRPSRQHQW��LQ
ZKLFK�FDVH� WKH�RXW�FRPSRQHQW�RI� WKH� ODUJH�VWURQJO\�FRQQHFWHG�FRPSRQHQW�EHORQJV� WR� �DQG�SUREDEO\
IRUPV� WKH� EXON� RI��& V� RXW�FRPSRQHQW��1RWLFH� WKDW� WKH� ODUJH� RXW�FRPSRQHQW� FDQ� EH� UHDFKDEOH� IURP
PDQ\�VPDOO�FRPSRQHQWV�LQ�WKLV�ZD\²WKH�RXW�FRPSRQHQWV�RI�GLIIHUHQW�VWURQJO\�FRQQHFWHG�FRPSRQHQWV
FDQ� RYHUODS� LQ� GLUHFWHG� QHWZRUNV� DQG� DQ\� YHUWH[� FDQ� DQG� XVXDOO\� GRHV� EHORQJ� WR� PDQ\� RXW�
FRPSRQHQWV��6LPLODU�DUJXPHQWV�DSSO\��RI�FRXUVH��IRU�LQ�FRPSRQHQWV�DV�ZHOO�

�



)LJXUH������7KH�³ERZ� WLH´�GLDJUDP�RI� FRPSRQHQWV� LQ�D�GLUHFWHG�QHWZRUN�� 7KH� W\SLFDO� GLUHFWHG
QHWZRUN�FRQVLVWV�RI�RQH�ODUJH�VWURQJO\�FRQQHFWHG�FRPSRQHQW�DQG�PDQ\�VPDOO�RQHV��HDFK�ZLWK�DQ�LQ�
FRPSRQHQW� DQG� DQ� RXW�FRPSRQHQW�� 1RWH� WKDW� E\� GHILQLWLRQ� HDFK� LQ�FRPSRQHQW� LQFOXGHV� WKH
FRUUHVSRQGLQJ� VWURQJO\� FRQQHFWHG� FRPSRQHQW� DV� D� VXEVHW�� DV�GRHV� HDFK�RXW�FRPSRQHQW��7KH� ODUJHVW
VWURQJO\�FRQQHFWHG�FRPSRQHQW�DQG�LWV�LQDQG�RXW�FRPSRQHQWV�W\SLFDOO\�RFFXS\�D�VLJQLILFDQW�IUDFWLRQ�RI
WKH�ZKROH� QHWZRUN��7KH�SHUFHQWDJHV� VKRZQ�KHUH� LQGLFDWH� KRZ�PXFK�RI� WKH�QHWZRUN� LV� WDNHQ�XS�E\
HDFK�SDUW�RI�WKH�ERZ�WLH�LQ�WKH�FDVH�RI�WKH�:RUOG�:LGH�:HE��$IWHU�%URGHU�HW�DO��>��@�
�
�
7KH� RYHUDOO� SLFWXUH� IRU� D� GLUHFWHG� QHWZRUN� FDQ� EH� UHSUHVHQWHG� XVLQJ� WKH� ³ERZ� WLH´� GLDJUDP

LQWURGXFHG�E\�%URGHU�DQG�FR�ZRUNHUV�>��@��,Q�)LJ������ZH�VKRZ�WKH�ERZ�WLH�IRU�WKH�FDVH�RI�WKH�:RUOG
:LGH�:HE�� LQFOXGLQJ� SHUFHQWDJHV� �IURP�5HI�� >��@�� IRU� WKH� IUDFWLRQ� RI� WKH� QHWZRUN� RFFXSLHG� E\� LWV
GLIIHUHQW�SDUWV�
1RW� DOO� GLUHFWHG�QHWZRUNV�KDYH� D� ODUJH� VWURQJO\� FRQQHFWHG� FRPSRQHQW�� ,Q� SDUWLFXODU�� DQ\� DF\FOLF

GLUHFWHG�QHWZRUN�KDV�QR�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�RI�VL]H�JUHDWHU�WKDQ�RQH�VLQFH�LI�WZR�YHUWLFHV
EHORQJ� WR� WKH� VDPH� VWURQJO\� FRQQHFWHG� FRPSRQHQW� WKHQ� E\� GHILQLWLRQ� WKHUH� H[LVWV� D� GLUHFWHG� SDWK
WKURXJK�WKH�QHWZRUN�LQ�ERWK�GLUHFWLRQV�EHWZHHQ�WKHP��DQG�KHQFH�WKHUH�LV�D�F\FOH�IURP�RQH�YHUWH[�WR�WKH
RWKHU� DQG� EDFN�� 7KXV� LI� WKHUH� DUH� QR� F\FOHV� LQ� D� QHWZRUN� WKHUH� FDQ� EH� QR� VWURQJO\� FRQQHFWHG
FRPSRQHQWV�ZLWK�WZR�RU�PRUH�YHUWLFHV��5HDO�OLIH�QHWZRUNV�DUH�QRW�XVXDOO\�SHUIHFWO\�DF\FOLF��EXW�VRPH�
VXFK� DV� FLWDWLRQ� QHWZRUNV� �6HFWLRQ� ����� DUH� DSSUR[LPDWHO\� VR�� 6XFK� QHWZRUNV� W\SLFDOO\� KDYH� D� IHZ
VPDOO�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�RI�WZR�RU�SHUKDSV�WKUHH�YHUWLFHV�HDFK��EXW�QR�ODUJH�RQHV�
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2QH�RI�WKH�PRVW�UHPDUNDEOH�DQG�ZLGHO\�GLVFXVVHG�RI�QHWZRUN�SKHQRPHQD�LV� WKH�VPDOO�ZRUOG�HIIHFW�
WKH�ILQGLQJ�WKDW�LQ�PDQ\²SHUKDSV�PRVW²QHWZRUNV�WKH�W\SLFDO�QHWZRUN�GLVWDQFHV�EHWZHHQ�YHUWLFHV�DUH
VXUSULVLQJO\� VPDOO�� ,Q�6HFWLRQ�����ZH�GLVFXVVHG�6WDQOH\�0LOJUDP¶V� OHWWHU�SDVVLQJ�H[SHULPHQW� LQ� WKH
����V��LQ�ZKLFK�SHRSOH�ZHUH�DVNHG�WR�JHW�D�OHWWHU�IURP�DQ�LQLWLDO�KROGHU�WR�D�GLVWDQW�WDUJHW�SHUVRQ�E\
SDVVLQJ�LW�IURP�DFTXDLQWDQFH�WR�DFTXDLQWDQFH�WKURXJK�WKH�VRFLDO�QHWZRUN��7KH�OHWWHUV�WKDW�PDGH�LW�WR�WKH
WDUJHW�GLG�VR�LQ�D�UHPDUNDEO\�VPDOO�QXPEHU�RI�VWHSV��DURXQG�VL[�RQ�DYHUDJH��0LOJUDP¶V�H[SHULPHQW�LV
D� EHDXWLIXO� DQG� SRZHUIXO� GHPRQVWUDWLRQ� RI� WKH� VPDOO�ZRUOG� HIIHFW�� DOWKRXJK� DOVR� D� UDWKHU� SRRUO\
FRQWUROOHG�RQH��%XW�ZLWK�WKH�YHU\�FRPSOHWH�QHWZRUN�GDWD�ZH�KDYH�IRU�PDQ\�QHWZRUNV�WKHVH�GD\V�LW�LV
QRZ�SRVVLEOH�WR�PHDVXUH�GLUHFWO\�WKH�SDWK�OHQJWKV�EHWZHHQ�YHUWLFHV�DQG�YHULI\�WKH�VPDOO�ZRUOG�HIIHFW
H[SOLFLWO\�
,Q�6HFWLRQ�����ZH�GHILQHG�WKH�PHDQ�GLVWDQFH�Ɛ�EHWZHHQ�YHUWLFHV�LQ�D�QHWZRUN��VHH�(TV���������DQG

��������� ,Q�PDWKHPDWLFDO� WHUPV�� WKH� VPDOO�ZRUOG� HIIHFW� LV� WKH� K\SRWKHVLV� WKDW� WKLV�PHDQ� GLVWDQFH� LV
VPDOO�� LQ� D� VHQVH� WKDW�ZLOO� EH� GHILQHG� VKRUWO\�� ,Q�7DEOH� ����ZH� OLVW� WKH� YDOXH� RI� Ɛ� IRU� HDFK� RI� WKH
QHWZRUNV� LQ� WKH� WDEOH�� DQG�ZH� VHH� WKDW� LQGHHG� LW� WDNHV�TXLWH� VPDOO� YDOXHV�� DOZD\V� OHVV� WKDQ���� DQG
XVXDOO\�OHVV�WKDQ�����HYHQ�WKRXJK�VRPH�RI�WKH�QHWZRUNV�KDYH�PLOOLRQV�RI�YHUWLFHV�
2QH� FDQ� ZHOO� LPDJLQH� WKDW� WKH� VPDOO�ZRUOG� HIIHFW� FRXOG� KDYH� VXEVWDQWLDO� LPSOLFDWLRQV� IRU

QHWZRUNHG�V\VWHPV��6XSSRVH�D�UXPRU�LV�VSUHDG�RYHU�D�VRFLDO�QHWZRUN�IRU�LQVWDQFH��RU�D�GLVHDVH�IRU
WKDW�PDWWHU���&OHDUO\�LW�ZLOO�UHDFK�SHRSOH�PXFK�IDVWHU�LI�LW�LV�RQO\�DERXW�VL[�VWHSV�IURP�DQ\�SHUVRQ�WR
DQ\�RWKHU�WKDQ�LI�LW�LV�D�KXQGUHG��RU�D�PLOOLRQ��6LPLODUO\��WKH�VSHHG�ZLWK�ZKLFK�RQH�FDQ�JHW�D�UHVSRQVH
IURP�DQRWKHU� FRPSXWHU�RQ� WKH� ,QWHUQHW�GHSHQGV�RQ�KRZ�PDQ\� VWHSV�RU� ³KRSV´�GDWD�SDFNHWV� KDYH� WR
PDNH�DV�WKH\�WUDYHUVH�WKH�QHWZRUN��&OHDUO\�D�QHWZRUN�LQ�ZKLFK�WKH�W\SLFDO�QXPEHU�RI�KRSV�LV�RQO\�WHQ
RU�WZHQW\�ZLOO�SHUIRUP�PXFK�EHWWHU�WKDQ�RQH�LQ�ZKLFK�LW�LV�WHQ�WLPHV�DV�PXFK���:KLOH�WKLV�SRLQW�ZDV
QRW�DUWLFXODWHG�E\�WKH�RULJLQDO�GHVLJQHUV�RI�WKH�,QWHUQHW�LQ�WKH�����V��WKH\�PXVW�KDYH�KDG�VRPH�LGHD�RI
LWV�WUXWK��HYHQ�LI�RQO\�YDJXHO\��WR�EHOLHYH�WKDW�D�QHWZRUN�OLNH�WKH�,QWHUQHW�FRXOG�EH�EXLOW�DQG�PDGH�WR
ZRUN��
,Q�IDFW��RQFH�RQH�ORRNV�PRUH�GHHSO\�LQWR�WKH�PDWKHPDWLFV�RI�QHWZRUNV��ZKLFK�ZH�ZLOO�GR�LQ�ODWHU

FKDSWHUV��RQH�GLVFRYHUV�WKDW� WKH�VPDOO�ZRUOG�HIIHFW� LV�QRW�VR�VXUSULVLQJ�DIWHU�DOO��$V�ZH�ZLOO�VHH� LQ
6HFWLRQ�������PDWKHPDWLFDO�PRGHOV�RI�QHWZRUNV�VXJJHVW�WKDW�SDWK�OHQJWKV�LQ�QHWZRUNV�VKRXOG�W\SLFDOO\
VFDOH�DV�ORJ�Q�ZLWK�WKH�QXPEHU�Q�RI�QHWZRUN�YHUWLFHV��DQG�VKRXOG�WKHUHIRUH�WHQG�WR�UHPDLQ�VPDOO�HYHQ
IRU�ODUJH�QHWZRUNV�EHFDXVH�WKH�ORJDULWKP�LV�D�VORZO\�JURZLQJ�IXQFWLRQ�RI�LWV�DUJXPHQW�

�

7KH�VKRUWHVW�SDWK�IURP�L�WR�M�LQ�WKLV�QHWZRUN�KDV�OHQJWK����EXW�WKH�VKRUWHVW�SDWK�IURP�M�WR�L�KDV�OHQJWK���
�



�
2QH� FDQ� DVN� DERXW� SDWK� OHQJWKV� RQ� GLUHFWHG� QHWZRUNV� DV� ZHOO�� DOWKRXJK� WKH� VLWXDWLRQ� LV� PRUH

FRPSOLFDWHG�WKHUH��6LQFH�LQ�JHQHUDO�WKH�SDWK�IURP�YHUWH[�L�WR�YHUWH[�M�LV�GLIIHUHQW�LQ�D�GLUHFWHG�QHWZRUN
IURP� WKH� SDWK� IURP�M� WR�L�� WKH� WZR� SDWKV� FDQ� KDYH� GLIIHUHQW� OHQJWKV��2XU� DYHUDJH� GLVWDQFH� Ɛ� VKRXOG
WKHUHIRUH�LQFOXGH�WHUPV�IRU�ERWK�GLVWDQFHV�VHSDUDWHO\��,W¶V�DOVR�SRVVLEOH�IRU�WKHUH�WR�EH�QR�SDWK�LQ�RQH
GLUHFWLRQ�EHWZHHQ�WZR�YHUWLFHV��ZKLFK�ZH�ZRXOG�FRQYHQWLRQDOO\�GHQRWH�E\�VHWWLQJ�GLM� ����$V�EHIRUH
ZH�FRXOG�JHW�DURXQG�WKH�SUREOHPV�FDXVHG�E\�WKH�LQILQLWH�YDOXHV�E\�GHILQLQJ�Ɛ�DV�DQ�DYHUDJH�RYHU�RQO\
WKH�ILQLWH�RQHV��DV�LQ�(T����������9DOXHV�FDOFXODWHG�LQ�WKLV�ZD\�DUH�JLYHQ�IRU�WKH�GLUHFWHG�QHWZRUNV�LQ
7DEOH� ����� 2QH� FRXOG� DOVR� �DQG� SHUKDSV� PRUH� HOHJDQWO\�� XVH� D� KDUPRQLF� PHDQ� DV� LQ� (T�� �������
DOWKRXJK�WKLV�LV�UDUHO\�GRQH�
2QH� FDQ� DOVR� H[DPLQH� WKH� GLDPHWHU� RI� D� QHWZRUN��ZKLFK�� DV� GHVFULEHG� LQ� 6HFWLRQ� �������� LV� WKH

OHQJWK�RI�WKH�ORQJHVW�ILQLWH�JHRGHVLF�SDWK�DQ\ZKHUH�LQ�WKH�QHWZRUN��7KH�GLDPHWHU�LV�XVXDOO\�IRXQG�WR�EH
UHODWLYHO\� VPDOO� DV� ZHOO� DQG� FDOFXODWLRQV� XVLQJ� QHWZRUN� PRGHOV� VXJJHVW� WKDW� LW� VKRXOG� VFDOH
ORJDULWKPLFDOO\� ZLWK�Q� MXVW� DV� WKH� DYHUDJH� GLVWDQFH� GRHV�� 7KH� GLDPHWHU� LV� LQ� JHQHUDO� D� OHVV� XVHIXO
PHDVXUH� RI� UHDO�ZRUOG� QHWZRUN� EHKDYLRU� WKDQ� PHDQ� GLVWDQFH�� VLQFH� LW� UHDOO\� RQO\� PHDVXUHV� WKH
GLVWDQFH� EHWZHHQ� RQH� VSHFLILF� SDLU� RI� YHUWLFHV� DW� WKH� H[WUHPH� HQG� RI� WKH� GLVWULEXWLRQ� RI� GLVWDQFHV�
0RUHRYHU�� WKH� GLDPHWHU� RI� D� QHWZRUN� FRXOG� EH� DIIHFWHG� VXEVWDQWLDOO\� E\� D� VPDOO� FKDQJH� WR� RQO\� D
VLQJOH�YHUWH[�RU�D�IHZ�YHUWLFHV��ZKLFK�PDNHV�LW�D�SRRU�LQGLFDWRU�RI�WKH�EHKDYLRU�RI�WKH�QHWZRUN�DV�D
ZKROH�� 1RQHWKHOHVV�� WKHUH� DUH� FDVHV� ZKHUH� LW� LV� RI� LQWHUHVW�� ,Q� 6HFWLRQ� ���� ZH� GLVFXVV� VR�FDOOHG
³VFDOH�IUHH´� QHWZRUNV�� L�H��� QHWZRUNV� ZLWK� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQV�� 6XFK� QHWZRUNV� DUH
EHOLHYHG�WR�KDYH�DQ�XQXVXDO�VWUXFWXUH�FRQVLVWLQJ�RI�D�FHQWUDO�³FRUH´�WR�WKH�QHWZRUN�WKDW�FRQWDLQV�PRVW
RI�WKH�YHUWLFHV�DQG�KDV�D�PHDQ�JHRGHVLF�GLVWDQFH�EHWZHHQ�YHUWH[�SDLUV�WKDW�VFDOHV�RQO\�DV�ORJ�ORJ�Q
ZLWK�QHWZRUN�VL]H��DQG�QRW�DV�ORJ�Q��PDNLQJ�WKH�PHDQ�GLVWDQFH�IRU�WKH�ZKROH�QHWZRUN�VFDOH�DV�ORJ�ORJ
Q�DOVR��2XWVLGH�RI�WKLV�FRUH�WKHUH�DUH�ORQJHU�³VWUHDPHUV´�RU�³WHQGULOV´�RI�YHUWLFHV�DWWDFKHG�WR�WKH�FRUH
OLNH�KDLU��ZKLFK�KDYH�OHQJWK�W\SLFDOO\�RI�RUGHU�ORJ�Q��PDNLQJ�WKH�GLDPHWHU�RI�WKH�QHWZRUN�RI�RUGHU�ORJ
Q� >���� ��@�� 7KLV� VRUW� RI� EHKDYLRU� FRXOG� EH� GHWHFWHG� E\� PHDVXULQJ� VHSDUDWHO\� WKH� PHDQ� JHRGHVLF
GLVWDQFH�DQG�GLDPHWHU�RI�QHWZRUNV�RI�YDULRXV�VL]HV�WR�FRQILUP�WKDW�WKH\�YDU\�GLIIHUHQWO\�ZLWK�Q�� �,W¶V
ZRUWK�QRWLQJ��KRZHYHU��WKDW�EHKDYLRU�RI�WKH�IRUP�ORJ�ORJ�Q�LV�YHU\�GLIILFXOW�WR�FRQILUP�LQ�UHDO�ZRUOG
GDWD�EHFDXVH�ORJ�ORJ�Q�LV�D�YHU\�VORZO\�YDU\LQJ�IXQFWLRQ�RI�Q��
$QRWKHU�LQWHUHVWLQJ�WZLVW�RQ�WKH�VPDOO�ZRUOG�HIIHFW�ZDV�GLVFXVVHG�E\�0LOJUDP�LQ�KLV�RULJLQDO�SDSHU

RQ� WKH�SUREOHP��+H�QRWLFHG�� LQ� WKH�FRXUVH�RI�KLV� OHWWHU�SDVVLQJ�H[SHULPHQWV�� WKDW�PRVW�RI� WKH� OHWWHUV
GHVWLQHG�IRU�D�JLYHQ�WDUJHW�SHUVRQ�SDVVHG�WKURXJK�MXVW�RQH�RU�WZR�DFTXDLQWDQFHV�RI�WKH�WDUJHW��7KXV��LW
DSSHDUHG��PRVW�SHRSOH�ZKR�NQHZ�WKH�WDUJHW�SHUVRQ�NQHZ�KLP�WKURXJK�WKHVH�RQH�RU�WZR�SHRSOH��7KLV
LGHD��WKDW�RQH�RU�WZR�RI�\RXU�DFTXDLQWDQFHV�DUH�HVSHFLDOO\�ZHOO�FRQQHFWHG�DQG�UHVSRQVLEOH�IRU�PRVW�RI
WKH� FRQQHFWLRQ� EHWZHHQ� \RX� DQG� WKH� UHVW� RI� WKH� ZRUOG� KDV� EHHQ� GXEEHG�IXQQHOLQJ�� DQG� LW� WRR� LV
VRPHWKLQJ�ZH�FDQ�WHVW�DJDLQVW�FRPSOHWH�QHWZRUNV�ZLWK�WKH�FRSLRXV�GDWD�DYDLODEOH�WR�XV�WRGD\��,I��IRU
LQVWDQFH��ZH�IRFXV�RQ�JHRGHVLF�SDWKV�EHWZHHQ�YHUWLFHV��DV�ZH�KDYH�EHHQ�GRLQJ�LQ�WKLV�VHFWLRQ��WKHQ�ZH
FRXOG�PHDVXUH�ZKDW�IUDFWLRQ�RI�WKH�VKRUWHVW�SDWKV�EHWZHHQ�D�YHUWH[�L�DQG�HYHU\�RWKHU�UHDFKDEOH�YHUWH[
JR�WKURXJK�HDFK�RI�L¶V�QHLJKERUV�LQ�WKH�QHWZRUN��)RU�PDQ\�QHWZRUNV��WKLV�PHDVXUHPHQW�GRHV�UHYHDO�D
IXQQHOLQJ� HIIHFW��)RU� LQVWDQFH�� LQ� WKH�FRDXWKRUVKLS�QHWZRUN�RI�SK\VLFLVWV� IURP�7DEOH����� LW� LV� IRXQG
WKDW��IRU�SK\VLFLVWV�KDYLQJ�ILYH�RU�PRUH�FROODERUDWRUV������RI�JHRGHVLF�SDWKV�JR�WKURXJK�RQH�QHLJKERU
RI�WKH�DYHUDJH�YHUWH[��WKH�UHPDLQLQJ�����EHLQJ�GLVWULEXWHG�RYHU�WKH�RWKHU�IRXU�RU�PRUH�QHLJKERUV��$
VLPLODU� UHVXOW� LV� VHHQ� LQ� WKH� ,QWHUQHW��$PRQJ� QRGHV� KDYLQJ� GHJUHH� ILYH� RU� JUHDWHU� LQ� D�0D\� ����
VQDSVKRW�RI�,QWHUQHW�VWUXFWXUH�DW�WKH�DXWRQRPRXV�V\VWHP�OHYHO��DQ�DYHUDJH�RI�����RI�JHRGHVLF�SDWKV�JR
WKURXJK�RQH�QHLJKERU�RI� WKH�DYHUDJH�YHUWH[�� ,W� LV� WHPSWLQJ� WR�GUDZ�FRQFOXVLRQV�DERXW� WKH� URXWLQJ�RI



,QWHUQHW�SDFNHWV�IURP�WKLV�ODWWHU�UHVXOW²SHUKDSV�WKDW�WKH�QHWZRUN�ZLOO�WHQG�WR�RYHUORDG�D�VPDOO�QXPEHU
RI� ZHOO�FRQQHFWHG� QRGHV� UDWKHU� WKDQ� GLVWULEXWLQJ� ORDG� PRUH� HYHQO\²EXW� LW� LV� ZRUWK� QRWLFLQJ� WKDW�
DOWKRXJK�,QWHUQHW�SDFNHWV�WHQGHG�WR�EH�URXWHG�DORQJ�VKRUWHVW�SDWKV�GXULQJ�WKH�HDUO\�GD\V�RI�WKH�,QWHUQHW�
PXFK�PRUH�VRSKLVWLFDWHG�URXWLQJ�VWUDWHJLHV�DUH�LQ�SODFH�WRGD\��VR�VWDWLVWLFV�IRU�VKRUWHVW�SDWKV�PD\�QRW
UHIOHFW�DFWXDO�SDFNHW�IORZV�YHU\�FORVHO\�

0LOJUDP�UHIHUUHG�WR�WKHVH�SHRSOH�DV�³VRFLRPHWULF�VXSHUVWDUV�´�:H�GLVFXVVHG�WKHP�SUHYLRXVO\�LQ
6HFWLRQ�����

�
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,Q� WKLV� VHFWLRQ�� ZH� ORRN� DW� RQH� RI� WKH� PRVW� IXQGDPHQWDO� RI� QHWZRUN� SURSHUWLHV�� WKH� IUHTXHQF\
GLVWULEXWLRQ�RI�YHUWH[�GHJUHHV��7KLV�GLVWULEXWLRQ�ZLOO�FRPH�XS�WLPH�DQG�DJDLQ�WKURXJKRXW�WKLV�ERRN�DV�D
GHILQLQJ�FKDUDFWHULVWLF�RI�QHWZRUN�VWUXFWXUH�
$V�GHVFULEHG�LQ�6HFWLRQ������WKH�GHJUHH�RI�D�YHUWH[�LV�WKH�QXPEHU�RI�HGJHV�DWWDFKHG�WR�LW��/HW�XV�ILUVW

FRQVLGHU�XQGLUHFWHG�QHWZRUNV��:H�GHILQH�SN�WR�EH�WKH�IUDFWLRQ�RI�YHUWLFHV�LQ�VXFK�D�QHWZRUN�WKDW�KDYH
GHJUHH�N��)RU�H[DPSOH��FRQVLGHU�WKLV�QHWZRUN�

�

,W�KDV�Q� ����YHUWLFHV��RI�ZKLFK���KDV�GHJUHH������KDYH�GHJUHH������KDYH�GHJUHH������KDYH�GHJUHH���
DQG���KDV�GHJUHH����7KXV�WKH�YDOXHV�RI�SN�IRU�N� ����������DUH

�

�����
�

DQG�SN� ���IRU�DOO�N�!����7KH�TXDQWLWLHV�SN�UHSUHVHQW�WKH�GHJUHH�GLVWULEXWLRQ�RI�WKH�QHWZRUN�
7KH� YDOXH�SN�FDQ�DOVR�EH�WKRXJKW�RI�DV�D�SUREDELOLW\��LW� LV�WKH�SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ

YHUWH[�LQ�WKH�QHWZRUN�KDV�GHJUHH�N��7KLV�ZLOO�EH�D�XVHIXO�YLHZSRLQW�ZKHQ�ZH�VWXG\�WKHRUHWLFDO�PRGHOV
RI�QHWZRUNV�LQ�&KDSWHUV����WR����
6RPHWLPHV��UDWKHU�WKDQ�WKH�IUDFWLRQ�RI�YHUWLFHV�ZLWK�D�JLYHQ�GHJUHH��ZH�ZLOO�ZDQW�WKH�WRWDO�QXPEHU

RI� VXFK�YHUWLFHV��7KLV� LV� HDVLO\�FDOFXODWHG� IURP� WKH�GHJUHH�GLVWULEXWLRQ��EHLQJ�JLYHQ� VLPSO\�E\�QSN�
ZKHUH�Q�LV�DV�XVXDO�WKH�WRWDO�QXPEHU�RI�YHUWLFHV�
$QRWKHU� FRQVWUXFW� FRQWDLQLQJ� HVVHQWLDOO\� WKH� VDPH� LQIRUPDWLRQ� DV� WKH� GHJUHH� GLVWULEXWLRQ� LV� WKH

GHJUHH�VHTXHQFH��ZKLFK� LV� WKH� VHW� ^N���N���N�����`� RI� GHJUHHV� IRU� DOO� WKH� YHUWLFHV�� )RU� LQVWDQFH�� WKH
GHJUHH�VHTXHQFH�RI�WKH�VPDOO�JUDSK�DERYH�LV�^����������������������������`���7KH�GHJUHH�VHTXHQFH�QHHG
QRW� QHFHVVDULO\� EH� JLYHQ� LQ� DVFHQGLQJ� RUGHU� RI� GHJUHHV� DV� KHUH�� )RU� LQVWDQFH�� LQ� PDQ\� FDVHV� WKH
YHUWLFHV�DUH�JLYHQ�QXPHULF�ODEHOV�DQG�WKHLU�GHJUHHV�DUH�WKHQ�OLVWHG�LQ�WKH�RUGHU�RI�WKH�ODEHOV��
,W� LV�SUREDEO\�REYLRXV��EXW�EHDUV� VD\LQJ�DQ\ZD\�� WKDW�D�NQRZOHGJH�RI� WKH�GHJUHH�GLVWULEXWLRQ� �RU



GHJUHH� VHTXHQFH�� GRHV� QRW�� LQ� PRVW� FDVHV�� WHOO� XV� WKH� FRPSOHWH� VWUXFWXUH� RI� D� QHWZRUN�� )RU� PRVW
FKRLFHV�RI�YHUWH[�GHJUHHV�WKHUH�LV�PRUH�WKDQ�RQH�QHWZRUN�ZLWK�WKRVH�GHJUHHV��7KHVH�WZR�QHWZRUNV��IRU
LQVWDQFH��DUH�GLIIHUHQW�EXW�KDYH�WKH�VDPH�GHJUHHV�

�

�

)LJXUH������7KH�GHJUHH�GLVWULEXWLRQ�RI�WKH�,QWHUQHW��$�KLVWRJUDP�RI�WKH�GHJUHH�GLVWULEXWLRQ�RI� WKH
YHUWLFHV�RI�WKH�,QWHUQHW�JUDSK�DW�WKH�OHYHO�RI�DXWRQRPRXV�V\VWHPV�
�
�

7KXV�ZH�FDQQRW�WHOO�WKH�FRPSOHWH�VWUXFWXUH�RI�D�QHWZRUN�IURP�LWV�GHJUHHV�DORQH��7KH�GHJUHH�VHTXHQFH
FHUWDLQO\� JLYHV� XV� YHU\� LPSRUWDQW� LQIRUPDWLRQ� DERXW� D� QHWZRUN�� EXW� LW� GRHVQ¶W� JLYH� XV� FRPSOHWH
LQIRUPDWLRQ�
,W�LV�RIWHQ�LOOXPLQDWLQJ�WR�PDNH�D�SORW�RI�WKH�GHJUHH�GLVWULEXWLRQ�RI�D�ODUJH�QHWZRUN�DV�D�IXQFWLRQ�RI

N��)LJXUH�����VKRZV�DQ�H[DPSOH�RI�VXFK�D�SORW�IRU�WKH�,QWHUQHW�DW�WKH�OHYHO�RI�DXWRQRPRXV�V\VWHPV��7KH
ILJXUH�UHYHDOV�VRPHWKLQJ�LQWHUHVWLQJ��PRVW�RI�WKH�YHUWLFHV�LQ�WKH�QHWZRUN�KDYH�ORZ�GHJUHH²RQH�RU�WZR
RU� WKUHH²EXW� WKHUH� LV� D� VLJQLILFDQW� ³WDLO´� WR� WKH� GLVWULEXWLRQ�� FRUUHVSRQGLQJ� WR� YHUWLFHV� ZLWK
VXEVWDQWLDOO\�KLJKHU�GHJUHH�����7KH�SORW�FXWV�RII�DW�GHJUHH�����EXW�LQ�IDFW�WKH�WDLO�JRHV�PXFK�IXUWKHU�WKDQ
WKLV��7KH�KLJKHVW�GHJUHH�YHUWH[� LQ� WKH�QHWZRUN�KDV�GHJUHH�������6LQFH� WKHUH�DUH�� IRU� WKLV�SDUWLFXODU
GDWD�VHW��D�WRWDO�RI��������YHUWLFHV�LQ�WKH�QHWZRUN��WKDW�PHDQV�WKDW�WKH�PRVW�KLJKO\�FRQQHFWHG�YHUWH[�LV
FRQQHFWHG�WR�DERXW�����RI�DOO�RWKHU�YHUWLFHV�LQ�WKH�QHWZRUN��:H�FDOO�VXFK�D�ZHOO�FRQQHFWHG�YHUWH[�D
KXE�����+XEV�ZLOO�SOD\�DQ�LPSRUWDQW�UROH�LQ�WKH�GHYHORSPHQWV�RI�WKH�IROORZLQJ�FKDSWHUV�



�

)LJXUH������7KH�GHJUHH�GLVWULEXWLRQV�RI�WKH�:RUOG�:LGH�:HE� �+LVWRJUDPV�RI� WKH�GLVWULEXWLRQV�RI
LQ±DQG�RXW�GHJUHHV�RI�SDJHV�RQ�WKH�:RUOG�:LGH�:HE��'DWD�DUH�IURP�WKH�VWXG\�E\�%URGHU�HW�DO��>��@�
�
�
,Q�IDFW��LW�WXUQV�RXW�WKDW�DOPRVW�DOO�UHDO�ZRUOG�QHWZRUNV�KDYH�GHJUHH�GLVWULEXWLRQV�ZLWK�D�WDLO�RI�KLJK�

GHJUHH�KXEV�OLNH�WKLV��,Q�WKH�ODQJXDJH�RI�VWDWLVWLFV�ZH�VD\�WKDW�WKH�GHJUHH�GLVWULEXWLRQ�LV�ULJKW�VNHZHG�
5LJKW�VNHZHG�GHJUHH�GLVWULEXWLRQV�DUH�GLVFXVVHG�IXUWKHU�LQ�6HFWLRQ������DQG�ZLOO�UHDSSHDU�UHSHDWHGO\
WKURXJKRXW�WKLV�ERRN�
2QH� FDQ� DOVR� FDOFXODWH� GHJUHH� GLVWULEXWLRQV� IRU� GLUHFWHG� QHWZRUNV��$V� GLVFXVVHG� LQ� 6HFWLRQ� ����

GLUHFWHG�QHWZRUNV�KDYH�WZR�GLIIHUHQW�GHJUHHV�IRU�HDFK�YHUWH[��WKH�LQ�GHJUHH�DQG�WKH�RXW�GHJUHH��ZKLFK
DUH�� UHVSHFWLYHO\�� WKH� QXPEHU� RI� HGJHV� LQJRLQJ� DQG� RXWJRLQJ� DW� WKH� YHUWH[� RI� LQWHUHVW�� 7KHUH� DUH�
FRUUHVSRQGLQJO\�� WZR� GLIIHUHQW� GHJUHH� GLVWULEXWLRQV� LQ� D� GLUHFWHG� QHWZRUN�� WKH� LQ�GHJUHH� DQG� RXW�
GHJUHH�GLVWULEXWLRQV��DQG�RQH�FDQ�PDNH�D�SORW�RI�HLWKHU��RU�ERWK��)LJXUH������IRU�H[DPSOH��VKRZV�WKH
GHJUHH�GLVWULEXWLRQV�IRU�WKH�:RUOG�:LGH�:HE�
,I� ZH� ZLVK� WR� EH� PRUH� VRSKLVWLFDWHG�� ZH� PLJKW� REVHUYH� WKDW� WKH� WUXH� GHJUHH� GLVWULEXWLRQ� RI� D

GLUHFWHG� QHWZRUN� LV� UHDOO\� D� MRLQW� GLVWULEXWLRQ� RI� LQ±DQG� RXW�� GHJUHHV��:H� FDQ� GHILQH�SMN� WR� EH� WKH
IUDFWLRQ� RI� YHUWLFHV� KDYLQJ� VLPXOWDQHRXVO\� DQ� LQ�GHJUHH�M� DQG� DQ� RXW�GHJUHH�N�� 7KLV� LV� D� WZR�
GLPHQVLRQDO�GLVWULEXWLRQ�WKDW�FDQQRW�EH�SORWWHG�DV�D�VLPSOH�KLVWRJUDP��DOWKRXJK�LW�FRXOG�EH�SORWWHG�DV�D
WZR�GLPHQVLRQDO�GHQVLW\�SORW�RU�DV�D� VXUIDFH�SORW��%\�XVLQJ�D� MRLQW�GLVWULEXWLRQ� LQ� WKLV�ZD\�ZH�FDQ
DOORZ�IRU�WKH�SRVVLELOLW\�WKDW�WKH�LQ±DQG�RXW�GHJUHHV�RI�YHUWLFHV�PLJKW�EH�FRUUHODWHG��)RU�LQVWDQFH��LI
YHUWLFHV�ZLWK�KLJK�LQ�GHJUHH�DOVR�WHQGHG�WR�KDYH�KLJK�RXW�GHJUHH��WKHQ�ZH�ZRXOG�VHH�WKLV�UHIOHFWHG�LQ
ODUJH�YDOXHV�RI�SMN�ZKHQ�ERWK�M�DQG�N�ZHUH�ODUJH��,I�ZH�RQO\�KDYH�WKH�VHSDUDWH�GLVWULEXWLRQV�RI�LQDQG
RXW�GHJUHH� LQGLYLGXDOO\�� EXW� QRW� WKH� MRLQW� GLVWULEXWLRQ�� WKHQ� WKHUH� LV� QR� ZD\� RI� WHOOLQJ� ZKHWKHU� WKH
QHWZRUN�FRQWDLQV�VXFK�FRUUHODWLRQV�
,Q�SUDFWLFH�� WKH�MRLQW� LQ�RXW�GHJUHH�GLVWULEXWLRQ�RI�GLUHFWHG�QHWZRUNV�KDV�UDUHO\�EHHQ�PHDVXUHG�RU

VWXGLHG��VR�WKHUH�LV�UHODWLYHO\�OLWWOH�GDWD�RQ�LW��7KLV�LV��LQ�VRPH�ZD\V��D�SLW\��VLQFH�PDQ\�RI�RXU�WKHRULHV
RI�GLUHFWHG�QHWZRUNV�GHSHQG�RQ�D�NQRZOHGJH�RI�WKH�MRLQW�GLVWULEXWLRQ�WR�JLYH�DFFXUDWH�DQVZHUV��VHH
6HFWLRQ���������ZKLOH�RWKHUV�PDNH�SUHGLFWLRQV�DERXW�WKH�MRLQW�GLVWULEXWLRQ�WKDW�ZH�ZRXOG�OLNH�WR�WHVW
DJDLQVW�HPSLULFDO�GDWD��)RU�WKH�PRPHQW��KRZHYHU��WKLV�LV�DQ�DUHD�DZDLWLQJ�PRUH�WKRURXJK�H[SORUDWLRQ�
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5HWXUQLQJ� WR� WKH� ,QWHUQHW�� DQRWKHU� LQWHUHVWLQJ� IHDWXUH� RI� LWV�GHJUHH�GLVWULEXWLRQ� LV� VKRZQ� LQ�)LJ�� ����
ZKHUH�ZH�KDYH�UHSORWWHG� WKH�KLVWRJUDP�RI�)LJ������XVLQJ�ORJDULWKPLF�VFDOHV�� �7KDW� LV��ERWK�D[HV�DUH
ORJDULWKPLF��:H� KDYH� DOVR� PDGH� WKH� UDQJH� RI� WKH� ELQV� ELJJHU� LQ� WKH� KLVWRJUDP� WR� PDNH� WKH� HIIHFW
FOHDUHU²WKH\�DUH�RI�ZLGWK�ILYH�LQ�)LJ������ZKHUH�WKH\�ZHUH�RQO\�RI�ZLGWK�RQH�EHIRUH���$V�WKH�ILJXUH
VKRZV��ZKHQ�YLHZHG�LQ�WKLV�ZD\��WKH�GHJUHH�GLVWULEXWLRQ�IROORZV��URXJKO\�VSHDNLQJ��D�VWUDLJKW�OLQH��,Q
PDWKHPDWLFDO�WHUPV��WKH�ORJDULWKP�RI�WKH�GHJUHH�GLVWULEXWLRQ�SN�LV�D�OLQHDU�IXQFWLRQ�RI�GHJUHH�N�WKXV�

�

�����
�

ZKHUH�Į� DQG�F�DUH�FRQVWDQWV��7KH�PLQXV�VLJQ�KHUH� LV�RSWLRQDO²ZH�FRXOG�KDYH�RPLWWHG� LW²EXW� LW� LV
FRQYHQLHQW�� VLQFH� WKH� VORSH�RI� WKH� OLQH� LQ�)LJ�� ���� LV� FOHDUO\�QHJDWLYH��PDNLQJ�Į� D� SRVLWLYH�FRQVWDQW
HTXDO�WR�PLQXV�WKH�VORSH�LQ�WKH�ILJXUH��,Q�WKLV�FDVH��WKH�VORSH�JLYHV�XV�D�YDOXH�IRU�Į�RI�DERXW�����
7DNLQJ�WKH�H[SRQHQWLDO�RI�ERWK�VL]HV�RI�(T���������ZH�FDQ�DOVR�ZULWH�WKLV�ORJDULWKPLF�UHODWLRQ�DV

�

�����
�

ZKHUH�&� �HF� LV�DQRWKHU�FRQVWDQW��'LVWULEXWLRQV�RI� WKLV� IRUP��YDU\LQJ�DV�D�SRZHU�RI�N��DUH�FDOOHG
SRZHU� ODZV�� %DVHG� RQ� WKH� HYLGHQFH� RI� )LJ�� ���� ZH� FDQ� VD\� WKDW�� URXJKO\� VSHDNLQJ�� WKH� GHJUHH
GLVWULEXWLRQ�RI�WKH�,QWHUQHW�IROORZV�D�SRZHU�ODZ�



�

)LJXUH������7KH�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�RI� WKH�,QWHUQHW��$QRWKHU�KLVWRJUDP�RI� WKH�GHJUHH
GLVWULEXWLRQ�RI� WKH� ,QWHUQHW�JUDSK��SORWWHG� WKLV� WLPH�RQ� ORJDULWKPLF�VFDOHV��7KH�DSSUR[LPDWH�VWUDLJKW�
OLQH�IRUP�RI�WKH�KLVWRJUDP�LQGLFDWHV�WKDW�WKH�GHJUHH�GLVWULEXWLRQ�URXJKO\�IROORZV�D�SRZHU�ODZ�RI�WKH
IRUP�������
�
�
7KLV�LV��LQ�IDFW��D�FRPPRQ�SDWWHUQ�VHHQ�LQ�TXLWH�D�IHZ�GLIIHUHQW�QHWZRUNV��)RU�LQVWDQFH��DV�VKRZQ�LQ

)LJ������RQ�SDJH������ERWK�WKH�LQ±DQG�RXW�GHJUHHV�RI�WKH�:RUOG�:LGH�:HE�URXJKO\�IROORZ�SRZHU�ODZ
GLVWULEXWLRQV��DV�GR�WKH�LQGHJUHHV�LQ�PDQ\�FLWDWLRQ�QHWZRUNV��EXW�QRW�WKH�RXW�GHJUHHV��
7KH� FRQVWDQW�Į� LV� NQRZQ� DV� WKH�H[SRQHQW� RI� WKH� SRZHU� ODZ��9DOXHV� LQ� WKH� UDQJH� �� ��Į� �� �� DUH

W\SLFDO��DOWKRXJK�YDOXHV�VOLJKWO\�RXWVLGH�WKLV�UDQJH�DUH�SRVVLEOH�DQG�DUH�REVHUYHG�RFFDVLRQDOO\��7DEOH
���� JLYHV� WKH�PHDVXUHG� YDOXHV� RI� WKH� H[SRQHQWV� IRU� D� QXPEHU� RI� QHWZRUNV� WKDW� KDYH� SRZHU�ODZ�RU
DSSUR[LPDWHO\�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV��DQG�ZH�VHH�WKDW�PRVW�RI�WKHP�IDOO� LQ�WKLV�UDQJH��7KH
FRQVWDQW�&� LQ�(T�� ������ LV�PRVWO\�XQLQWHUHVWLQJ��EHLQJ� IL[HG�E\� WKH� UHTXLUHPHQW�RI�QRUPDOL]DWLRQ�� DV
GHVFULEHG�LQ�6HFWLRQ�������
'HJUHH�GLVWULEXWLRQV�GR�QRW�XVXDOO\�IROORZ�(T��������RYHU�WKHLU�HQWLUH�UDQJH��/RRNLQJ�DW�)LJ�������IRU

H[DPSOH�� ZH� FDQ� VHH� WKDW� WKH� GHJUHH� GLVWULEXWLRQ� LV� QRW� PRQRWRQLF� IRU� VPDOO�N�� HYHQ� DOORZLQJ� IRU
VWDWLVWLFDO� IOXFWXDWLRQV� LQ� WKH�KLVWRJUDP��$� WUXH�SRZHU�ODZ�GLVWULEXWLRQ� LV�PRQRWRQLFDOO\� GHFUHDVLQJ
RYHU�LWV�HQWLUH�UDQJH�DQG�KHQFH�WKH�GHJUHH�GLVWULEXWLRQ�PXVW�LQ�WKLV�FDVH�GHYLDWH�IURP�WKH�WUXH�SRZHU
ODZ�LQ�WKH�VPDOO�N�UHJLPH��7KLV�LV�W\SLFDO��$�FRPPRQ�VLWXDWLRQ�LV�WKDW�WKH�SRZHU�ODZ�LV�REH\HG�LQ�WKH
WDLO� RI� WKH� GLVWULEXWLRQ�� IRU� ODUJH� YDOXHV� RI�N�� EXW� QRW� LQ� WKH� VPDOO�N� UHJLPH��:KHQ� RQH� VD\V� WKDW� D
SDUWLFXODU�QHWZRUN�KDV�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�RQH�QRUPDOO\�PHDQV�RQO\�WKDW�WKH�WDLO�RI�WKH
GLVWULEXWLRQ�KDV�WKLV�IRUP��,Q�VRPH�FDVHV��WKH�GLVWULEXWLRQ�PD\�DOVR�GHYLDWH�IURP�WKH�SRZHU�ODZ�IRUP
IRU�KLJK�N�DV�ZHOO��)RU�LQVWDQFH��WKHUH�LV�RIWHQ�D�FXW�RII�RI�VRPH�W\SH�WKDW�OLPLWV�WKH�PD[LPXP�GHJUHH�RI
YHUWLFHV�LQ�WKH�WDLO�
1HWZRUNV�ZLWK�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV�DUH�VRPHWLPHV�FDOOHG�VFDOH�IUHH�QHWZRUNV��DQG�ZH

ZLOO�XVH� WKLV� WHUPLQRORJ\�RFFDVLRQDOO\��2I�FRXUVH�� WKHUH�DUH�DOVR�PDQ\�QHWZRUNV� WKDW�DUH�QRW�VFDOH�
IUHH�� WKDW� KDYH� GHJUHH� GLVWULEXWLRQV�ZLWK� QRQ�SRZHU�ODZ� IRUPV�� EXW� WKH� VFDOH�IUHH� RQHV�ZLOO� EH� RI
SDUWLFXODU� LQWHUHVW� WR�XV�EHFDXVH� WKH\�KDYH�D�QXPEHU�RI� LQWULJXLQJ�SURSHUWLHV��7HOOLQJ� WKH� VFDOH�IUHH
RQHV� IURP� WKH� QRQ�VFDOH�IUHH� LV� QRW� DOZD\V� HDV\� KRZHYHU�� 7KH� VLPSOHVW� VWUDWHJ\� LV� WR� ORRN� DW� D



KLVWRJUDP� RI� WKH� GHJUHH� GLVWULEXWLRQ� RQ� D� ORJ�ORJ� SORW�� DV�ZH� GLG� LQ� )LJ�� ����� WR� VHH� LI�ZH� KDYH� D
VWUDLJKW�OLQH��7KHUH�DUH��KRZHYHU��D�QXPEHU�RI�SUREOHPV�ZLWK�WKLV�DSSURDFK�DQG�ZKHUH�SRVVLEOH�ZH
UHFRPPHQG�\RX�XVH�RWKHU�PHWKRGV��DV�ZH�QRZ�H[SODLQ�
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$V�D�WRRO�IRU�YLVXDOL]LQJ�RU�GHWHFWLQJ�SRZHU�ODZ�EHKDYLRU��D�VLPSOH�KLVWRJUDP�OLNH�)LJ������SUHVHQWV
VRPH�SUREOHPV��2QH�SUREOHP�REYLRXV�IURP�WKH�ILJXUH�LV�WKDW�WKH�VWDWLVWLFV�RI�WKH�KLVWRJUDP�DUH�SRRU�LQ
WKH�WDLO�RI�WKH�GLVWULEXWLRQ��WKH�ODUJH�N�UHJLRQ��ZKLFK�LV�SUHFLVHO\�WKH�UHJLRQ�LQ�ZKLFK�WKH�SRZHU�ODZ�LV
QRUPDOO\�IROORZHG�PRVW�FORVHO\��(DFK�ELQ�RI�WKH�KLVWRJUDP�LQ�WKLV�UHJLRQ�FRQWDLQV�RQO\�D�IHZ�VDPSOHV�
ZKLFK�PHDQV�WKDW�VWDWLVWLFDO�IOXFWXDWLRQV�LQ�WKH�QXPEHU�RI�VDPSOHV�IURP�ELQ�WR�ELQ�DUH�ODUJH��7KLV�LV
YLVLEOH�DV�D�³QRLV\�VLJQDO´�DW�WKH�ULJKWKDQG�HQG�RI�)LJ������WKDW�PDNHV�LW�GLIILFXOW�WR�GHWHUPLQH�ZKHWKHU
WKH�KLVWRJUDP�UHDOO\�IROORZV�D�VWUDLJKW�OLQH�RU�QRW��DQG�ZKDW�WKH�VORSH�RI�WKDW�OLQH�LV�
7KHUH�DUH� D�QXPEHU�RI� VROXWLRQV� WR� WKLV�SUREOHP��7KH� VLPSOHVW� LV� WR�XVH�D�KLVWRJUDP�ZLWK� ODUJHU

ELQV��VR�WKDW�PRUH�VDPSOHV�IDOO�LQWR�HDFK�ELQ��,Q�IDFW��ZH�DOUHDG\�GLG�WKLV�LQ�JRLQJ�IURP�)LJ������WR�)LJ�
���²ZH�LQFUHDVHG�WKH�ELQ�ZLGWK�IURP�RQH�WR�ILYH�EHWZHHQ�WKH�WZR�ILJXUHV��/DUJHU�ELQV�FRQWDLQ�PRUH
VDPSOHV�DQG�KHQFH�JLYH�OHVV�QRLVH�LQ�WKH�WDLO�RI�WKH�KLVWRJUDP��EXW�DW�WKH�H[SHQVH�RI�OHVV�GHWDLO�RYHUDOO�
VLQFH�WKH�QXPEHU�RI�ELQV�LV�FRUUHVSRQGLQJO\�UHGXFHG��%LQ�ZLGWK�LQ�WKLV�VLWXDWLRQ�LV�DOZD\V�VRPHWKLQJ
RI�D�FRPSURPLVH��ZH�ZRXOG�OLNH�WR�XVH�YHU\�ZLGH�ELQV�LQ�WKH�WDLO�RI�WKH�GLVWULEXWLRQ�ZKHUH�QRLVH�LV�D
SUREOHP��EXW�QDUURZHU�RQHV�DW�WKH�OHIW�KDQG�HQG�RI�WKH�KLVWRJUDP�ZKHUH�WKHUH�DUH�PDQ\�VDPSOHV�DQG
ZH�ZRXOG�SUHIHU�WR�KDYH�PRUH�ELQV�LI�SRVVLEOH�
$OWHUQDWLYHO\�� ZH� FRXOG� WU\� WR� JHW� WKH� EHVW� RI� ERWK� ZRUOGV� E\� XVLQJ� ELQV� RI� GLIIHUHQW� VL]HV� LQ

GLIIHUHQW�SDUWV�RI� WKH�KLVWRJUDP��)RU�H[DPSOH��ZH�FRXOG�XVH�ELQV�RI�ZLGWK�RQH�IRU� ORZ�GHJUHHV�DQG
VZLWFK� WR� ZLGWK� ILYH� IRU� KLJKHU� GHJUHHV�� ,Q� GRLQJ� WKLV� ZH� PXVW� EH� FDUHIXO� WR� QRUPDOL]H� WKH� ELQV
FRUUHFWO\�� D� ELQ� RI� ZLGWK� ILYH� ZLOO� RQ� DYHUDJH� DFFUXH� ILYH� WLPHV� DV� PDQ\� VDPSOHV� DV� D� VLPLODUO\
SODFHG�ELQ�RI�ZLGWK�RQH��VR�LI�ZH�ZLVK�WR�FRPSDUH�FRXQWV�LQ�WKH�WZR�ZH�VKRXOG�GLYLGH�WKH�QXPEHU�RI
VDPSOHV� LQ� WKH�ODUJHU�ELQ�E\�ILYH��0RUH�JHQHUDOO\��ZH�VKRXOG�GLYLGH�VDPSOH�FRXQWV�E\� WKH�ZLGWK�RI
WKHLU�ELQV�WR�PDNH�FRXQWV�LQ�ELQV�RI�GLIIHUHQW�ZLGWKV�FRPSDUDEOH�
:H�QHHG�QRW�UHVWULFW�RXUVHOYHV�WR�RQO\�WZR�GLIIHUHQW�VL]HV�RI�ELQ��:H�FRXOG�XVH�ODUJHU�DQG�ODUJHU

ELQV�DV�ZH�JR�IXUWKHU�RXW�LQ�WKH�WDLO��:H�FDQ�HYHQ�PDNH�HYHU\�ELQ�D�GLIIHUHQW�VL]H��HDFK�RQH�D�OLWWOH
ODUJHU�WKDQ�WKH�RQH�EHIRUH�LW��2QH�FRPPRQO\�XVHG�YHUVLRQ�RI�WKLV�LGHD�LV�FDOOHG�ORJDULWKPLF�ELQQLQJ�
,Q�WKLV�VFKHPH��HDFK�ELQ�LV�PDGH�ZLGHU�WKDQ�LWV�SUHGHFHVVRU�E\�D�FRQVWDQW�IDFWRU�D��)RU�LQVWDQFH��LI�WKH
ILUVW�ELQ�LQ�D�KLVWRJUDP�FRYHUV�WKH�LQWHUYDO�����N������PHDQLQJ�WKDW�DOO�YHUWLFHV�RI�GHJUHH���IDOO�LQ�WKLV
ELQ��DQG�D� ����WKHQ�WKH�VHFRQG�ZRXOG�FRYHU�WKH�LQWHUYDO�����N������YHUWLFHV�RI�GHJUHHV���DQG�����WKH
WKLUG�WKH�LQWHUYDO�����N������DQG�VR�IRUWK��,Q�JHQHUDO�WKH�QWK�ELQ�ZRXOG�FRYHU�WKH�LQWHUYDO�DQ�����N���DQ
DQG�KDYH�ZLGWK�DQ�±�DQ��� ��D� ����DQ����7KH�PRVW�FRPPRQ�FKRLFH�IRU�D� LV�D� ����VLQFH�ODUJHU�YDOXHV
WHQG�WR�JLYH�ELQV�WKDW�DUH�WRR�FRDUVH�ZKLOH�VPDOOHU�RQHV�JLYH�ELQV�ZLWK�QRQ�LQWHJHU�OLPLWV�
)LJXUH� ���� VKRZV� WKH� GHJUHH� GLVWULEXWLRQ� RI� WKH� ,QWHUQHW� ELQQHG� ORJDULWKPLFDOO\� LQ� WKLV�ZD\��:H

KDYH�EHHQ�FDUHIXO�WR�QRUPDOL]H�HDFK�ELQ�E\�GLYLGLQJ�E\�LWV�ZLGWK��DV�GHVFULEHG�DERYH��$V�ZH�FDQ�VHH�
WKH�KLVWRJUDP�LV�QRZ�PXFK�OHVV�QRLV\�LQ�WKH�WDLO�DQG�LW�LV�FRQVLGHUDEO\�HDVLHU�WR�VHH�WKH�VWUDLJKW�OLQH
EHKDYLRU�RI�WKH�GHJUHH�GLVWULEXWLRQ��7KH�ILJXUH�DOVR�UHYHDOV�D�QLFH�SURSHUW\�RI�ORJDULWKPLFDOO\�ELQQHG
KLVWRJUDPV�� QDPHO\� WKDW� ZKHQ� SORWWHG� RQ� ORJDULWKPLF� VFDOHV� DV� KHUH�� WKH� ELQV� LQ� VXFK� D� KLVWRJUDP
DSSHDU�WR�KDYH�HTXDO�ZLGWK��7KLV�LV��LQ�IDFW��WKH�SULQFLSDO�UHDVRQ�IRU�WKLV�SDUWLFXODU�FKRLFH�RI�ELQV�DQG
DOVR�WKH�RULJLQ�RI�WKH�QDPH�³ORJDULWKPLF�ELQQLQJ�´
1RWH� WKDW� RQ� D� ORJDULWKPLFDOO\� ELQQHG� KLVWRJUDP� WKHUH� LV� QHYHU� DQ\� ELQ� WKDW� FRQWDLQV� YHUWLFHV� RI

GHJUHH�]HUR��6LQFH�WKHUH�LV�QR�]HUR�RQ�ORJDULWKPLF�VFDOHV�OLNH�WKRVH�RI�)LJ�������WKLV�GRHVQ¶W�XVXDOO\



PDNH�PXFK�GLIIHUHQFH��EXW�LI�ZH�GR�ZDQW�WR�NQRZ�KRZ�PDQ\�YHUWLFHV�WKHUH�DUH�RI�GHJUHH�]HUR�ZH�ZLOO
KDYH�WR�PHDVXUH�WKLV�QXPEHU�VHSDUDWHO\�
$� GLIIHUHQW� VROXWLRQ� WR� WKH� SUREOHP� RI� YLVXDOL]LQJ� D� SRZHU�ODZ� GLVWULEXWLRQ� LV� WR� FRQVWUXFW� WKH

FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ��ZKLFK�LV�GHILQHG�E\

�

)LJXUH� ����� +LVWRJUDP� RI� WKH� GHJUHH� GLVWULEXWLRQ� LI� WKH� ,QWHUQHW�� FUHDWHG� XVLQJ� ORJDULWKPLF
ELQQLQJ��,Q�WKLV�KLVWRJUDP�WKH�ZLGWKV�RI�WKH�ELQV�DUH�FRQVWDQW�RQ�D�ORJDULWKPLF�VFDOH��PHDQLQJ�WKDW�RQ�D
OLQHDU�VFDOH�HDFK�ELQ�LV�ZLGHU�E\�D�FRQVWDQW�IDFWRU�WKDQ�WKH�RQH�WR�LWV�OHIW��7KH�FRXQWV�LQ�WKH�ELQV�DUH
QRUPDOL]HG�E\�GLYLGLQJ�E\�ELQ�ZLGWK�WR�PDNH�FRXQWV�LQ�GLIIHUHQW�ELQV�FRPSDUDEOH�
�

�

�

�����
�

�

,Q� RWKHU�ZRUGV��3N� LV� WKH� IUDFWLRQ�RI�YHUWLFHV� WKDW�KDYH�GHJUHH�N�RU�JUHDWHU�� �$OWHUQDWLYHO\�� LW� LV� WKH
SUREDELOLW\�DW�D�UDQGRPO\�FKRVHQ�YHUWH[�KDV�GHJUHH�N�RU�JUHDWHU��
6XSSRVH�WKH�GHJUHH�GLVWULEXWLRQ�SN�IROORZV�D�SRZHU�ODZ�LQ�LWV�WDLO��7R�EH�SUHFLVH��OHW�XV�VD\�WKDW�SN

 �&NíĮ�IRU�N���NPLQ�IRU�VRPH�NPLQ��7KHQ�IRU�N���NPLQ�ZH�KDYH



�

�����
�

ZKHUH�ZH�KDYH�DSSUR[LPDWHG�WKH�VXP�E\�DQ�LQWHJUDO��ZKLFK�LV�UHDVRQDEOH�VLQFH�WKH�SRZHU�ODZ�LV�D
VORZO\�YDU\LQJ�IXQFWLRQ�IRU�ODUJH�N���:H�DUH�DOVR�DVVXPLQJ�WKDW�Į�!���VR�WKDW�WKH�LQWHJUDO�FRQYHUJHV��
7KXV�ZH�VHH�WKDW�LI�WKH�GLVWULEXWLRQ�SN�IROORZV�D�SRZHU�ODZ��WKHQ�VR�GRHV�WKH�FXPXODWLYH�GLVWULEXWLRQ
IXQFWLRQ�3N��EXW�ZLWK�DQ�H[SRQHQW�Į�í���WKDW�LV���OHVV�WKDQ�WKH�RULJLQDO�H[SRQHQW�

�

)LJXUH������&XPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�IRU�WKH�GHJUHHV�RI�YHUWLFHV�RQ�WKH�,QWHUQHW��)RU�D
GLVWULEXWLRQ�ZLWK� D� SRZHU�ODZ� WDLO�� DV� LV� DSSUR[LPDWHO\� WKH� FDVH� IRU� WKH� GHJUHH� GLVWULEXWLRQ� RI� WKH
,QWHUQHW��WKH�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ��(T���������DOVR�IROORZV�D�SRZHU�ODZ��EXW�ZLWK�D�VORSH��
OHVV�WKDQ�WKDW�RI�WKH�RULJLQDO�GLVWULEXWLRQ�
�
�
7KLV� JLYHV� XV� DQRWKHU� í� ZD\� RI� YLVXDOL]LQJ� D� SRZHU�ODZ� GLVWULEXWLRQ�� ZH� SORW� WKH� FXPXODWLYH

GLVWULEXWLRQ� IXQFWLRQ� RQ� ORJ�ORJ� VFDOHV�� DV� ZH� GLG� IRU� WKH� RULJLQDO� KLVWRJUDP�� DQG� DJDLQ� ORRN� IRU
VWUDLJKW�OLQH�EHKDYLRU��:H�KDYH�GRQH�WKLV�LQ�)LJ������IRU�WKH�FDVH�RI�WKH�,QWHUQHW��DQG�WKH��DSSUR[LPDWH�
VWUDLJKW�OLQH�IRUP�LV�FOHDUO\�YLVLEOH��7KUHH�PRUH�H[DPSOHV�DUH�VKRZQ�LQ�)LJ�������IRU�WKH�LQ±DQG�RXW�
GHJUHH�GLVWULEXWLRQV�RI�WKH�:RUOG�:LGH�:HE�DQG�IRU�WKH�LQ�GHJUHH�GLVWULEXWLRQ�RI�D�FLWDWLRQ�QHWZRUN�
7KLV�DSSURDFK�KDV�VRPH�DGYDQWDJHV��,Q�SDUWLFXODU��WKH�FDOFXODWLRQ�RI�3N�GRHV�QRW�UHTXLUH�XV�WR�ELQ

WKH�YDOXHV�RI�N�DV�ZH�GR�ZLWK�D�QRUPDO�KLVWRJUDP��3N�LV�SHUIHFWO\�ZHOO�GHILQHG�IRU�DQ\�YDOXH�RI�N�DQG
FDQ�EH�SORWWHG�MXVW�DV�D�QRUPDO�IXQFWLRQ��:KHQ�ELQV�LQ�D�KLVWRJUDP�FRQWDLQ�PRUH�WKDQ�RQH�YDOXH�RI�N²
L�H���ZKHQ�WKHLU�ZLGWK�LV�JUHDWHU�WKDQ��²WKH�ELQQLQJ�RI�GDWD�QHFHVVDULO\�WKURZV�DZD\�TXLWH�D�ORW�RI�WKH
LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH�GDWD��HOLPLQDWLQJ��DV�LW�GRHV��WKH�GLVWLQFWLRQ�EHWZHHQ�DQ\�WZR�YDOXHV�WKDW



IDOO� LQWR� WKH� VDPH� ELQ�� 7KH� FXPXODWLYH� GLVWULEXWLRQ� IXQFWLRQ� RQ� WKH� RWKHU� KDQG� SUHVHUYHV� DOO� RI� WKH
LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH�GDWD��EHFDXVH�QR�ELQV�DUH�LQYROYHG��7KH�PRVW�REYLRXV�PDQLIHVWDWLRQ�RI
WKLV� GLIIHUHQFH� LV� WKDW� WKH� QXPEHU� RI� SRLQWV� LQ� D� SORW� OLNH� )LJ�� ���� RU� )LJ�� ���� LV� UHODWLYHO\� VPDOO�
ZKHUHDV� LQ� D� FXPXODWLYH� GLVWULEXWLRQ� SORW� OLNH� )LJ�� ���� WKHUH� DUH� DV� PDQ\� SRLQWV� DORQJ� WKH�N
�KRUL]RQWDO��D[LV�DV�WKHUH�DUH�GLVWLQFW�YDOXHV�RI�N�

�

)LJXUH������&XPXODWLYH�GLVWULEXWLRQ�IXQFWLRQV�IRU�LQ±DQG�RXW�GHJUHHV�LQ�WKUHH�GLUHFWHG�QHWZRUNV�
�D��7KH�LQ�GHJUHH�GLVWULEXWLRQ�RI�WKH�:RUOG�:LGH�:HE��IURP�WKH�GDWD�RI�%URGHU� HW�DO��>��@���E��7KH
RXW�GHJUHH� GLVWULEXWLRQ� IRU� WKH� VDPH� :HE� GDWD� VHW�� �F�� 7KH� LQ�GHJUHH� GLVWULEXWLRQ� RI� D� FLWDWLRQ
QHWZRUN�� IURP�WKH�GDWD�RI�5HGQHU� >���@��7KH�GLVWULEXWLRQV�IROORZ�DSSUR[LPDWH�SRZHU�ODZ�IRUPV� LQ
HDFK�FDVH�
�
�
7KH�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�LV�DOVR�HDV\�WR�FDOFXODWH��7KH�QXPEHU�RI�YHUWLFHV�ZLWK�GHJUHH

JUHDWHU�WKDQ�RU�HTXDO�WR�WKDW�RI�WKH�UWK�KLJKHVW�GHJUHH�YHUWH[�LQ�D�QHWZRUN�LV��E\�GHILQLWLRQ��U��7KXV�WKH
IUDFWLRQ�ZLWK�GHJUHH�JUHDWHU�WKDQ�RU�HTXDO�WR�WKDW�RI�WKH�UWK�KLJKHVW�GHJUHH�YHUWH[�LQ�D�QHWZRUN�LV�3N� 
U�Q��6R�D�VLPSOH�ZD\�RI�ILQGLQJ�3N�LV�WR�VRUW�WKH�GHJUHHV�RI�WKH�YHUWLFHV�LQ�GHVFHQGLQJ�RUGHU�DQG�WKHQ
QXPEHU�WKHP�IURP���WR�Q�LQ�WKDW�RUGHU��7KHVH�QXPEHUV�DUH�WKH�VR�FDOOHG�UDQNV�UL�RI�WKH�YHUWLFHV��$�SORW
R I�UL�Q� DV� D� IXQFWLRQ� RI� GHJUHH�NL�� ZLWK� WKH� YHUWLFHV� LQ� UDQN� RUGHU�� WKHQ� JLYHV� XV� RXU� FXPXODWLYH
GLVWULEXWLRQ�SORW����
)RU�LQVWDQFH��FRQVLGHU�DJDLQ�WKH�VPDOO�H[DPSOH�QHWZRUN�ZH�ORRNHG�DW�DW�WKH�EHJLQQLQJ�RI�6HFWLRQ

�����RQ�SDJH������7KH�GHJUHHV�RI�WKH�YHUWLFHV�LQ�WKDW�FDVH�ZHUH�^����������������������������`��/LVWLQJ
WKHVH�LQ�GHFUHDVLQJ�RUGHU�DQG�QXPEHULQJ�WKHP��ZH�FDQ�HDVLO\�FDOFXODWH�3N�DV�IROORZV�



�

7KHQ�D�SORW�RI�WKH�ODVW�FROXPQ�DV�D�IXQFWLRQ�RI�WKH�ILUVW�JLYHV�XV�RXU�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�
&XPXODWLYH�GLVWULEXWLRQV�GR�KDYH�VRPH�GLVDGYDQWDJHV��2QH� LV� WKDW� WKH\�DUH� OHVV� HDV\� WR� LQWHUSUHW

WKDQ� RUGLQDU\� KLVWRJUDPV�� VLQFH� WKH\� DUH� RQO\� LQGLUHFWO\� UHODWHG� WR� WKH� DFWXDO� GLVWULEXWLRQ� RI� YHUWH[
GHJUHHV�� $� PRUH� VHULRXV� GLVDGYDQWDJH� LV� WKDW� WKH� VXFFHVVLYH� SRLQWV� RQ� D� FXPXODWLYH� SORW� DUH
FRUUHODWHG²WKH�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�LQ�JHQHUDO�RQO\�FKDQJHV�D�OLWWOH�IURP�RQH�SRLQW�WR�WKH
QH[W�� VR� DGMDFHQW� YDOXHV� DUH� QRW� DW� DOO� LQGHSHQGHQW�� 7KLV�PHDQV� WKDW� LW� LV� QRW� YDOLG� IRU� LQVWDQFH� WR
H[WUDFW�WKH�H[SRQHQW�RI�D�SRZHU�ODZ�GLVWULEXWLRQ�E\�ILWWLQJ�WKH�VORSH�RI�WKH�VWUDLJKW�OLQH�SRUWLRQ�RI�D
SORW� OLNH� )LJ�� ���� DQG� HTXDWLQJ� WKH� UHVXOW� ZLWK�Į� í� ��� DW� OHDVW� LI� WKH� ILWWLQJ� LV� GRQH� XVLQJ� VWDQGDUG
PHWKRGV�VXFK�DV�OHDVW�VTXDUHV�WKDW�DVVXPH�LQGHSHQGHQFH�EHWZHHQ�WKH�GDWD�SRLQWV�
,Q�IDFW�� LW� LV� LQ�JHQHUDO�QRW�JRRG�SUDFWLFH�WR�HYDOXDWH�H[SRQHQWV�E\�SHUIRUPLQJ�VWUDLJKW�OLQH�ILWV� WR

HLWKHU� FXPXODWLYH� GLVWULEXWLRQ� IXQFWLRQV� RU� RUGLQDU\� KLVWRJUDPV�� %RWK� DUH� NQRZQ� WR� JLYH� ELDVHG
DQVZHUV��DOWKRXJK�IRU�GLIIHUHQW�UHDVRQV�>�������@��,QVWHDG��LW�LV�XVXDOO\�EHWWHU�WR�FDOFXODWH�Į�GLUHFWO\
IURP�WKH�GDWD��XVLQJ�WKH�IRUPXOD

�

�����
�

�

+HUH��NPLQ�LV�WKH�PLQLPXP�GHJUHH�IRU�ZKLFK�WKH�SRZHU�ODZ�KROGV��DV�EHIRUH��DQG�1�LV�WKH�QXPEHU�RI
YHUWLFHV�ZLWK�GHJUHH�JUHDWHU�WKDQ�RU�HTXDO�WR�NPLQ��7KH�VXP�LV�SHUIRUPHG�RYHU�RQO\�WKRVH�YHUWLFHV�ZLWK
N���NPLQ��DQG�QRW�RYHU�DOO�YHUWLFHV�
:H�FDQ�DOVR�FDOFXODWH�WKH�VWDWLVWLFDO�HUURU�RQ�Į�IURP�WKH�IRUPXOD�

�



�����
�

�

)RU�H[DPSOH��DSSO\LQJ�(TV��������DQG�������WR�WKH�GHJUHH�VHTXHQFH�RI�WKH�,QWHUQHW�IURP�)LJ������JLYHV
DQ�H[SRQHQW�YDOXH�RI�Į� �������������
7KH�GHULYDWLRQ�RI�WKHVH�IRUPXODV��ZKLFK�PDNHV�XVH�RI�PD[LPXP�OLNHOLKRRG�WHFKQLTXHV��ZRXOG�WDNH

XV�VRPH�ZD\�IURP�RXU�SULPDU\�WRSLF�RI�QHWZRUNV��VR�ZH�ZLOO�QRW�JR�LQWR�LW�KHUH��7KH�LQWHUHVWHG�UHDGHU
FDQ�ILQG�D�GLVFXVVLRQ�LQ�5HI��>��@��DORQJ�ZLWK�PDQ\�RWKHU�GHWDLOV�VXFK�DV�PHWKRGV�IRU�GHWHUPLQLQJ�WKH
YDOXH�RI�NPLQ�DQG�PHWKRGV�IRU�WHOOLQJ�ZKHWKHU�D�SDUWLFXODU�GLVWULEXWLRQ�IROORZV�D�SRZHU�ODZ�DW�DOO�
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�

4XDQWLWLHV�ZLWK�SRZHU�ODZ�GLVWULEXWLRQV�EHKDYH�LQ�VRPH�VXUSULVLQJ�ZD\V��:H�WDNH�D�IHZ�SDJHV�KHUH
WR� ORRN�DW� VRPH�RI� WKH�SURSHUWLHV�RI�SRZHU�ODZ�GLVWULEXWLRQV�� VLQFH� WKH� UHVXOWV�ZLOO�EH�RI�XVH� WR�XV
ODWHU�RQ�
3RZHU�ODZV�WXUQ�XS�LQ�D�ZLGH�YDULHW\�RI�SODFHV��QRW�MXVW�LQ�QHWZRUNV��7KH\�DUH�IRXQG�LQ�WKH�VL]HV�RI

FLW\�SRSXODWLRQV�>�������@��HDUWKTXDNHV�>���@��PRRQ�FUDWHUV�>���@��VRODU�IODUHV�>���@��FRPSXWHU�ILOHV
>��@��DQG�ZDUV�>���@��LQ�WKH�IUHTXHQF\�RI�XVH�RI�ZRUGV�LQ�KXPDQ�ODQJXDJHV�>��������@��WKH�IUHTXHQF\
RI�RFFXUUHQFH�RI�SHUVRQDO�QDPHV�LQ�PRVW�FXOWXUHV�>���@��WKH�QXPEHUV�RI�SDSHUV�VFLHQWLVWV�ZULWH�>���@�
DQG�WKH�QXPEHU�RI�KLWV�RQ�ZHE�SDJHV�>�@��LQ�WKH�VDOHV�RI�ERRNV��PXVLF�UHFRUGLQJV��DQG�DOPRVW�HYHU\
RWKHU�EUDQGHG�FRPPRGLW\� >�������@��DQG� LQ� WKH�QXPEHUV�RI� VSHFLHV� LQ�ELRORJLFDO� WD[D� >�������@��$
UHYLHZ�RI�WKH�GDWD�DQG�VRPH�PDWKHPDWLFDO�SURSHUWLHV�RI�SRZHU�ODZV�FDQ�EH�IRXQG�LQ�5HI��>���@��+HUH
ZH�KLJKOLJKW�MXVW�D�IHZ�LVVXHV�WKDW�ZLOO�EH�UHOHYDQW�IRU�RXU�VWXG\�RI�QHWZRUNV�

1RUPDOL]DWLRQ�� 7KH� FRQVWDQW�&� DSSHDULQJ� LQ�(T�� ������ LV� IL[HG� E\� WKH� UHTXLUHPHQW� WKDW� WKH� GHJUHH
GLVWULEXWLRQ�EH�QRUPDOL]HG��7KDW�LV��ZKHQ�ZH�DGG�XS�WKH�WRWDO�IUDFWLRQ�RI�YHUWLFHV�KDYLQJ�DOO�SRVVLEOH
GHJUHHV�N� ����������ZH�PXVW�JHW���

�

�����
�
�

,I�RXU�GHJUHH�GLVWULEXWLRQ�WUXO\�IROORZV�D�SXUH�SRZHU�ODZ��REH\LQJ�(T��������IRU�DOO�N��WKHQ�QR�YHUWLFHV
RI� GHJUHH� ]HUR� DUH� DOORZHG�� EHFDXVH�S�� ZRXOG� WKHQ� EH� LQILQLWH�� ZKLFK� LV� LPSRVVLEOH� VLQFH� LW� LV� D
SUREDELOLW\�DQG�PXVW�OLH�EHWZHHQ���DQG����/HW�XV�VXSSRVH�WKHUHIRUH�WKDW�WKH�GLVWULEXWLRQ�VWDUWV�DW�N� ���
6XEVWLWXWLQJ�IURP�(T��������ZH�WKHQ�ILQG�WKDW�&�N�NíĮ� ����RU

�

�����
�

ZKHUH�ȗ��Į��LV�WKH�5LHPDQQ�]HWD�IXQFWLRQ��7KXV�WKH�FRUUHFWO\�QRUPDOL]HG�SRZHU�ODZ�GLVWULEXWLRQ�LV



�
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IRU�N�!���ZLWK�S�� ���
7KLV�LV�D�UHDVRQDEOH�VWDUWLQJ�SRLQW�IRU�PDWKHPDWLFDO�PRGHOV�RI�VFDOH�IUHH�QHWZRUNV²ZH�ZLOO�XVH�LW

LQ�&KDSWHU���²EXW�LW¶V�QRW�D�YHU\�JRRG�UHSUHVHQWDWLRQ�RI�PRVW�UHDO�ZRUOG�QHWZRUNV��ZKLFK�GHYLDWH
IURP�SXUH�SRZHU�ODZ�EHKDYLRU�IRU�VPDOO�N�DV�GHVFULEHG�DERYH�DQG�VHHQ�LQ�)LJ�������,Q�WKDW�FDVH��WKH
QRUPDOL]DWLRQ� FRQVWDQW� ZLOO� WDNH� VRPH� RWKHU� YDOXH� GHSHQGHQW� RQ� WKH� SDUWLFXODU� VKDSH� RI� WKH
GLVWULEXWLRQ��EXW�QRQHWKHOHVV� LW� LV� VWLOO� IL[HG�E\� WKH� UHTXLUHPHQW�RI�QRUPDOL]DWLRQ�DQG�ZH�PXVW�PDNH
VXUH�ZH�JHW�LW�ULJKW�LQ�RXU�FDOFXODWLRQV�
)RU� VRPH�RI�RXU�FDOFXODWLRQV�ZH�ZLOO�EH� LQWHUHVWHG�RQO\� LQ� WKH� WDLO�RI� WKH�GLVWULEXWLRQ�ZKHUH� WKH

SRZHU�ODZ�EHKDYLRU�KROGV�DQG�FDQ�GLVFDUG�WKH�UHVW�RI�WKH�GDWD��,Q�VXFK�FDVHV��ZH�QRUPDOL]H�RYHU�RQO\
WKH�WDLO��VWDUWLQJ�IURP�WKH�PLQLPXP�YDOXH�NPLQ�IRU�ZKLFK�WKH�SRZHU�ODZ�KROGV��DV�DERYH��7KLV�JLYHV
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ZKHUH�ȗ��Į��NPLQ���LV�WKH�VR�FDOOHG�JHQHUDOL]HG�RU�LQFRPSOHWH�]HWD�IXQFWLRQ�
$OWHUQDWLYHO\��ZH�FRXOG�REVHUYH��DV�ZH�GLG�IRU�(T���������WKDW�LQ�WKH�WDLO�RI�WKH�GLVWULEXWLRQ�WKH�VXP

RYHU�N�LV�ZHOO�DSSUR[LPDWHG�E\�DQ�LQWHJUDO��VR�WKDW�WKH�QRUPDOL]DWLRQ�FRQVWDQW�FDQ�ZULWWHQ

�

������
�

RU

�
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�

,Q�WKH�VDPH�DSSUR[LPDWLRQ�WKH�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ��(T���������LV�JLYHQ�E\

�
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�
�

0RPHQWV��2I�JUHDW�LQWHUHVW�WR�XV�ZLOO�EH�WKH�PRPHQWV�RI�WKH�GHJUHH�GLVWULEXWLRQ��7KH�ILUVW�PRPHQW�RI
D�GLVWULEXWLRQ�LV�LWV�PHDQ�

�

������
�
�

7KH�VHFRQG�PRPHQW�LV�WKH�PHDQ�VTXDUH�

�

������
�
�

$QG�WKH�PWK�PRPHQW�LV

�

������
�



�
6XSSRVH�ZH�KDYH�D�GHJUHH�GLVWULEXWLRQ�SN�WKDW�KDV�D�SRZHU�ODZ�WDLO�IRU�N���NPLQ��LQ�WKH�PDQQHU�RI

WKH�,QWHUQHW�RU�WKH�:RUOG�:LGH�:HE��7KHQ

�
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�

�

6LQFH� WKH� SRZHU� ODZ� LV� D� VORZO\� YDU\LQJ� IXQFWLRQ� RI�N� IRU� ODUJH�N�� ZH� FDQ� DJDLQ� DSSUR[LPDWH� WKH
VHFRQG�VXP�E\�DQ�LQWHJUDO�WKXV�
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�

7KH� ILUVW� WHUP�KHUH� LV� VRPH� ILQLWH�QXPEHU�ZKRVH�YDOXH�GHSHQGV�RQ� WKH�SDUWLFXODU� �QRQ�SRZHU�ODZ�
IRUP�RI�WKH�GHJUHH�GLVWULEXWLRQ�IRU�VPDOO�N��7KH�VHFRQG�WHUP�KRZHYHU�GHSHQGV�RQ�WKH�YDOXHV�RI�P�DQG
Į��,I�P�í�Į����������WKHQ�WKH�EUDFNHW�KDV�D�ILQLWH�YDOXH��DQG�NP�LV�ZHOO�GHILQHG��%XW�LI�P��Į��������
WKHQ�WKH�EUDFNHW�GLYHUJHV�DQG�ZLWK�LW�WKH�YDOXH�RI�NP��7KXV��WKH�PWK�PRPHQW�RI�WKH�GHJUHH�GLVWULEXWLRQ
LV�ILQLWH�LI�DQG�RQO\�LI�Į�!�P������3XW�DQRWKHU�ZD\��IRU�D�JLYHQ�YDOXH�RI�Į�DOO�PRPHQWV�ZLOO�GLYHUJH�IRU
ZKLFK�P���Į�í���
2I�SDUWLFXODU�LQWHUHVW�WR�XV�ZLOO�EH�WKH�VHFRQG�PRPHQW�N���ZKLFK�DULVHV�LQ�PDQ\�FDOFXODWLRQV�WR�GR

ZLWK� QHWZRUNV� �VXFK� DV� PHDQ� GHJUHH� RI� QHLJKERUV�� 6HFWLRQ� ������ UREXVWQHVV� FDOFXODWLRQV�� 6HFWLRQ
��������HSLGHPLRORJLFDO�SURFHVVHV��6HFWLRQ���������DQG�PDQ\�RWKHUV���7KH�VHFRQG�PRPHQW�LV�ILQLWH�LI
DQG�RQO\� LI�Į�!����$V�GLVFXVVHG�DERYH��KRZHYHU��PRVW�UHDO�ZRUOG�QHWZRUNV�ZLWK�SRZHU�ODZ�GHJUHH
GLVWULEXWLRQV� KDYH� YDOXHV� RI�Į� LQ� WKH� UDQJH�����Į������ZKLFK�PHDQV� WKDW� WKH�VHFRQG�PRPHQW�VKRXOG
GLYHUJH��DQ�REVHUYDWLRQ�WKDW�KDV�D�QXPEHU�RI�UHPDUNDEOH�LPSOLFDWLRQV�IRU�WKH�SURSHUWLHV�RI�VFDOH�IUHH
QHWZRUNV�� VRPH� RI� ZKLFK� ZH� ZLOO� H[SORUH� LQ� FRPLQJ� FKDSWHUV�� 1RWLFH� WKDW� WKLV� DSSOLHV� HYHQ� IRU
QHWZRUNV�ZKHUH� WKH�SRZHU� ODZ�RQO\�KROGV� LQ� WKH� WDLO� RI� WKH�GLVWULEXWLRQ²WKH�GLVWULEXWLRQ�GRHV�QRW
KDYH�WR�IROORZ�D�SRZHU�ODZ�HYHU\ZKHUH�IRU�WKH�VHFRQG�PRPHQW�WR�GLYHUJH�
7KHVH�FRQFOXVLRQV��KRZHYHU��DUH� VOLJKWO\�PLVOHDGLQJ�� ,Q�DQ\� UHDO�QHWZRUN�DOO� WKH�PRPHQWV�RI� WKH

GHJUHH�GLVWULEXWLRQ�ZLOO�DFWXDOO\�EH�ILQLWH��:H�FDQ�DOZD\V�FDOFXODWH�WKH�PWK�PRPHQW�GLUHFWO\�IURP�WKH
GHJUHH�VHTXHQFH�WKXV�
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DQG�VLQFH�DOO�WKH�NL�DUH�ILQLWH��VR�PXVW�WKH�VXP�EH��:KHQ�ZH�VD\�WKDW�WKH�PWK�PRPHQW�LV�LQILQLWH��ZKDW
ZH�PHDQ�LV�WKDW�LI�ZH�ZHUH�WR�FDOFXODWH�LW�IRU�DQ�DUELWUDULO\�ODUJH�QHWZRUN�ZLWK�WKH�VDPH�SRZHU�ODZ
GHJUHH�GLVWULEXWLRQ�WKH�YDOXH�ZRXOG�EH�LQILQLWH��%XW�IRU�DQ\�ILQLWH�QHWZRUN�(T���������DSSOLHV�DQG�DOO
PRPHQWV�DUH�ILQLWH�
7KHUH� LV� KRZHYHU� DQRWKHU� IDFWRU� WKDW� OLPLWV� WKH� YDOXHV� RI� WKH� KLJKHU� PRPHQWV� RI� WKH� GHJUHH

GLVWULEXWLRQ�� QDPHO\� WKDW� PRVW� UHDO�ZRUOG� QHWZRUNV� DUH� VLPSOH� JUDSKV�� 7KDW� LV�� WKH\� KDYH� QR
PXOWLHGJHV�DQG�QR�VHOI�ORRSV��ZKLFK�PHDQV�WKDW�D�YHUWH[�FDQ�KDYH��DW�PRVW��RQH�HGJH�WR�HYHU\�RWKHU
YHUWH[�LQ�WKH�QHWZRUN��JLYLQJ�LW�D�PD[LPXP�GHJUHH�RI�Q�í����ZKHUH�Q�LV�WKH�WRWDO�QXPEHU�RI�YHUWLFHV��,Q
SUDFWLFH�� WKH�SRZHU�ODZ�EHKDYLRU�RI�WKH�GHJUHH�GLVWULEXWLRQ�PD\�EH�FXW�RII�IRU�RWKHU�UHDVRQV�EHIRUH
ZH�UHDFK�WKLV� OLPLW��EXW�LQ�WKH�ZRUVW�FDVH��DQ�LQWHJUDO�VXFK�DV�WKDW�RI�(T���������ZLOO�EH�FXW�RII� LQ�D
VLPSOH�JUDSK�DW�N� �Q�VR�WKDW
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DV�Q�ĺ���IRU�P� !�Į�í����7KLV�DJDLQ�JLYHV�PRPHQWV�WKDW�DUH�ILQLWH�RQ�ILQLWH�QHWZRUNV�EXW�EHFRPH
LQILQLWH�DV�WKH�VL]H�RI�WKH�QHWZRUN�EHFRPHV�LQILQLWH��)RU�LQVWDQFH��WKH�VHFRQG�PRPHQW�JRHV�DV

�
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�

�

,Q�D�QHWZRUN�ZLWK� ��WKLV�GLYHUJHV�DV�Q����DV�WKH�QHWZRUN�EHFRPHV�ODUJH�
:H�ZLOO�WKURXJKRXW�WKLV�ERRN�GHULYH�UHVXOWV�WKDW�GHSHQG�RQ�PRPHQWV�RI�WKH�GHJUHH�GLVWULEXWLRQV�RI

QHWZRUNV��6RPH�RI�WKRVH�UHVXOWV�ZLOO�VKRZ�XQXVXDO�EHKDYLRU�LQ�SRZHU�ODZ�QHWZRUNV�EHFDXVH�RI�WKH
GLYHUJHQFH�RI�WKH�PRPHQWV��2Q�SUDFWLFDO��ILQLWH�QHWZRUNV�WKDW�GLYHUJHQFH�LV�UHSODFHG�E\�ODUJH�ILQLWH
YDOXHV�RI�WKH�PRPHQWV��,Q�PDQ\�FDVHV��KRZHYHU��WKLV�SURGXFHV�VLPLODU�UHVXOWV�WR�D�WUXH�GLYHUJHQFH��2Q
WKH� ,QWHUQHW�� IRU� LQVWDQFH�� ZLWK� LWV� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQ� DQG� D� WRWDO� RI� DERXW�Q� � ��� ���
DXWRQRPRXV� V\VWHPV� DV� YHUWLFHV�� ZH� FDQ� H[SHFW� WKH� VHFRQG� �DQG� DOO� KLJKHU� PRPHQWV�� WR� WDNH� QRW
LQILQLWH�EXW�YHU\�ODUJH�YDOXHV��)RU�WKH�,QWHUQHW�GDWD�ZH�XVHG�LQ�)LJV������DQG�����WKH�VHFRQG�PRPHQW



KDV�WKH�YDOXH�N��� �������ZKLFK�FDQ�LQ�SUDFWLFH�EH�WUHDWHG�DV�LQILQLWH�IRU�PDQ\�SXUSRVHV�

7RS�KHDY\� GLVWULEXWLRQV� � $QRWKHU� LQWHUHVWLQJ� TXDQWLW\� LV� WKH� IUDFWLRQ� RI� HGJHV� LQ� D� QHWZRUN� WKDW
FRQQHFW�WR�WKH�YHUWLFHV�ZLWK�WKH�KLJKHVW�GHJUHHV��)RU�D�SXUH�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ��LW�FDQ�EH
VKRZQ�>���@�WKDW�D�IUDFWLRQ�:�RI�HQGV�RI�HGJHV�DWWDFK�WR�D�IUDFWLRQ�3�RI�WKH�KLJKHVW�GHJUHH�YHUWLFHV�LQ
WKH�QHWZRUN��ZKHUH
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�

$�VHW�RI�FXUYHV�RI�:�DJDLQVW�3�LV�VKRZQ�LQ�)LJ������IRU�YDULRXV�YDOXHV�RI�Į��&XUYHV�RI�WKLV�NLQG�DUH
FDOOHG�/RUHQ]� FXUYHV�� DIWHU� 0D[� /RUHQ]�� ZKR� ILUVW� VWXGLHG� WKHP� DURXQG� WKH� WXUQ� RI� WKH� WZHQWLHWK
FHQWXU\� >���@��$V� WKH� ILJXUH� VKRZV�� WKH� FXUYHV�DUH� FRQFDYH�GRZQZDUG� IRU� DOO�YDOXHV�RI�Į�� DQG� IRU
YDOXHV�RQO\�D�OLWWOH�DERYH���WKH\�KDYH�D�YHU\�IDVW�LQLWLDO�LQFUHDVH��PHDQLQJ�WKDW�D�ODUJH�IUDFWLRQ�RI�WKH
HGJHV�DUH�FRQQHFWHG�WR�D�VPDOO�IUDFWLRQ�RI�WKH�KLJKHVW�GHJUHH�QRGHV�
7KXV��IRU�H[DPSOH��WKH�LQ�GHJUHH�GLVWULEXWLRQ�RI�WKH�:RUOG�:LGH�:HE�IROORZV�D�SRZHU�ODZ�DERYH

DERXW�NPLQ� ����ZLWK�H[SRQHQW�DURXQG�Į� ������(TXDWLRQ��������ZLWK� �WKHQ�WHOOV�XV�WKDW�ZH�ZRXOG
H[SHFW� WKDW� DERXW�:�  � ����� RU� ���� RI� DOO� K\SHUOLQNV� OLQN� WR� SDJHV� LQ� WKH� WRS� KDOI� RI� WKH� GHJUHH
GLVWULEXWLRQ��ZKLOH�WKH�ERWWRP�KDOI�JHWV�D�PHUH������&RQYHUVHO\��LI�ZH�VHW� �LQ�(T���������ZH�JHW
3� ��������LPSO\LQJ�WKDW�����RI�DOO� WKH�OLQNV�JR�WR�OHVV� WKDQ����RI� WKH�³ULFKHVW´�YHUWLFHV��7KXV�WKH
GHJUHH� GLVWULEXWLRQ� LV� LQ� D� VHQVH� ³WRS�KHDY\�´� D� ODUJH� IUDFWLRQ� RI� WKH� ³ZHDOWK´²PHDQLQJ� LQFRPLQJ
K\SHUOLQNV�LQ�WKLV�FDVH²IDOOLQJ�WR�D�VPDOO�IUDFWLRQ�RI�WKH�YHUWLFHV�
7KLV� FDOFXODWLRQ� DVVXPHV� D� GHJUHH� GLVWULEXWLRQ� WKDW� IROORZV� D� SHUIHFW� SRZHU� ODZ�� ZKHUHDV� LQ

UHDOLW\��DV�ZH�KDYH�VHHQ��GHJUHH�GLVWULEXWLRQV�XVXDOO\�RQO\�IROORZ�D�SRZHU�ODZ�LQ�WKHLU�KLJK�GHJUHH
WDLO��7KH�EDVLF�SULQFLSOH�VWLOO�KROGV��KRZHYHU��DQG�HYHQ�LI�ZH�FDQQRW�ZULWH�DQ�H[DFW�IRUPXOD�OLNH�(T�
�������IRU�D�SDUWLFXODU�QHWZRUN�ZH�FDQ�HDVLO\�HYDOXDWH�:�DV�D�IXQFWLRQ�RI�3�GLUHFWO\�IURP�GHJUHH�GDWD�
)RU�WKH�UHDO�GHJUHH�GLVWULEXWLRQ�RI�WKH�:HE����ZH�ILQG�WKDW�����RI�WKH�LQFRPLQJ�K\SHUOLQNV�SRLQW�WR
MXVW������RI�WKH�ULFKHVW�YHUWLFHV��VR�(T���������ZDV�QRW�WRR�EDG�LQ�WKLV�FDVH��



�

)LJXUH������/RUHQ]�FXUYHV� IRU� VFDOH�IUHH�QHWZRUNV�� 7KH� FXUYHV� VKRZ� WKH� IUDFWLRQ�:� RI� WKH� WRWDO
QXPEHU�RI�HQGV�RI�HGJHV�LQ�D�VFDOH�IUHH�QHWZRUN�WKDW�DUH�DWWDFKHG�WR�WKH�IUDFWLRQ�3�RI�YHUWLFHV�ZLWK�WKH
KLJKHVW�GHJUHHV��IRU�YDULRXV�YDOXHV�RI�WKH�SRZHU�ODZ�H[SRQHQW�Į�
�
�
6LPLODUO\��IRU�SDSHU�FLWDWLRQV������RI�WKH�KLJKHVW�FLWHG�SDSHUV�JHW�����RI�DOO�WKH�FLWDWLRQV����DQG�RQ

WKH�,QWHUQHW�MXVW������RI�WKH�PRVW�KLJKO\�FRQQHFWHG�QRGHV�KDYH�����RI�WKH�FRQQHFWLRQV����
,Q� WKH� UHPDLQLQJ�FKDSWHUV�RI� WKLV�ERRN�ZH�ZLOO� VHH�PDQ\�H[DPSOHV�RI�QHWZRUNV�ZLWK�SRZHU�ODZ

GHJUHH�GLVWULEXWLRQV��DQG�ZH�ZLOO�PDNH�XVH�RI�WKH�UHVXOWV�RI�WKLV�VHFWLRQ�WR�GHYHORS�DQ�XQGHUVWDQGLQJ
RI�WKHLU�EHKDYLRU�
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9HUWH[�GHJUHH�LV�MXVW�RQH�RI�D�YDULHW\�RI�FHQWUDOLW\�PHDVXUHV�IRU�YHUWLFHV�LQ�QHWZRUNV��DV�GLVFXVVHG�LQ
&KDSWHU����2WKHU�FHQWUDOLW\�PHDVXUHV�LQFOXGH�HLJHQYHFWRU�FHQWUDOLW\�DQG�LWV�YDULDWLRQV��6HFWLRQV�����WR
������FORVHQHVV�FHQWUDOLW\��6HFWLRQ�������DQG�EHWZHHQQHVV�FHQWUDOLW\��6HFWLRQ�������7KH�GLVWULEXWLRQV�RI
WKHVH�RWKHU�PHDVXUHV��ZKLOH�RI�OHVVHU�LPSRUWDQFH�LQ�WKH�VWXG\�RI�QHWZRUNV�WKDQ�WKH�GHJUHH�GLVWULEXWLRQ�
DUH�QRQHWKHOHVV�RI�VRPH�LQWHUHVW�
(LJHQYHFWRU�FHQWUDOLW\�FDQ�EH�WKRXJKW�RI�DV�DQ�H[WHQGHG�IRUP�RI�GHJUHH�FHQWUDOLW\��LQ�ZKLFK�ZH�WDNH

LQWR� DFFRXQW� QRW� RQO\� KRZ� PDQ\� QHLJKERUV� D� YHUWH[� KDV� EXW� DOVR� KRZ� FHQWUDO� WKRVH� QHLJKERUV
WKHPVHOYHV�DUH��6HFWLRQ�������*LYHQ�LWV�VLPLODULW\�WR�GHJUHH�FHQWUDOLW\��LW�LV�SHUKDSV�QRW�VXUSULVLQJ�WR
OHDUQ� WKDW� HLJHQYHFWRU�FHQWUDOLW\�RIWHQ�KDV�D�KLJKO\� ULJKW�VNHZHG�GLVWULEXWLRQ��7KH� OHIW�SDQHO�RI�)LJ�
����� VKRZV� WKH� FXPXODWLYH� GLVWULEXWLRQ� RI� HLJHQYHFWRU� FHQWUDOLWLHV� IRU� WKH� YHUWLFHV� RI� WKH� ,QWHUQHW�
XVLQJ�DJDLQ�WKH�DXWRQRPRXV�V\VWHP�OHYHO�GDWD� WKDW�ZH�XVHG� LQ�6HFWLRQ������$V� WKH�ILJXUH�VKRZV�� WKH
WDLO�RI�WKH�GLVWULEXWLRQ�DSSUR[LPDWHO\�IROORZV�D�SRZHU�ODZ�EXW�WKH�GLVWULEXWLRQ�UROOV�RII�IRU�YHUWLFHV
ZLWK�ORZ�FHQWUDOLW\��6LPLODU�URXJKO\�SRZHU�ODZ�EHKDYLRU�LV�DOVR�VHHQ�LQ�HLJHQYHFWRU�FHQWUDOLWLHV�IRU
RWKHU�VFDOH�IUHH�QHWZRUNV��VXFK�DV�WKH�:RUOG�:LGH�:HE�DQG�FLWDWLRQ�QHWZRUNV��ZKLOH�RWKHU�QHWZRUNV
VKRZ�ULJKW�VNHZHG�EXW�QRQ�SRZHU�ODZ�GLVWULEXWLRQV�
%HWZHHQQHVV� FHQWUDOLW\� �6HFWLRQ� ����� DOVR� WHQGV� WR� KDYH� ULJKW�VNHZHG� GLVWULEXWLRQV� RQ� PRVW

QHWZRUNV�� 7KH� ULJKW� SDQHO� RI� )LJ�� ����� VKRZV� WKH� FXPXODWLYH� GLVWULEXWLRQ� RI� EHWZHHQQHVV� IRU� WKH
YHUWLFHV� RI� WKH� ,QWHUQHW� DQG�� DV� ZH� FDQ� VHH�� WKLV� GLVWULEXWLRQ� LV� DJDLQ� URXJKO\� SRZHU�ODZ� LQ� IRUP�
$JDLQ�WKHUH�DUH�VRPH�RWKHU�QHWZRUNV�WKDW�DOVR�KDYH�SRZHU�ODZ�EHWZHHQQHVV�GLVWULEXWLRQV�DQG�RWKHUV
VWLOO�WKDW�KDYH�VNHZHG�EXW�QRQ�SRZHU�ODZ�GLVWULEXWLRQV�
$Q�H[FHSWLRQ�WR�WKLV�SDWWHUQ�LV�WKH�FORVHQHVV�FHQWUDOLW\��6HFWLRQ�������ZKLFK�LV�WKH�PHDQ�JHRGHVLF

GLVWDQFH�IURP�D�YHUWH[�WR�DOO�RWKHU�UHDFKDEOH�YHUWLFHV��$V�GLVFXVVHG�LQ�6HFWLRQ�����WKH�YDOXHV�RI�WKH
FORVHQHVV�FHQWUDOLW\�DUH�W\SLFDOO\�OLPLWHG�WR�D�UDWKHU�VPDOO�UDQJH�IURP�D�ORZHU�ERXQG�RI���WR�DQ�XSSHU
ERXQG�RI�RUGHU� ORJ�Q��DQG�WKLV�PHDQV�WKDW�WKHLU�GLVWULEXWLRQ�FDQQRW�KDYH�D�ORQJ�WDLO��,Q�)LJ��������IRU
LQVWDQFH��ZH�VKRZ�WKH�GLVWULEXWLRQV�RI�FORVHQHVV�FHQWUDOLWLHV�IRU�RXU�VQDSVKRW�RI�WKH�,QWHUQHW��DQG�WKH
GLVWULEXWLRQ�VSDQV�ZHOO�XQGHU�DQ�RUGHU�RI�PDJQLWXGH�IURP�D�PLQLPXP�RI������WR�D�PD[LPXP�RI������
7KHUH� LV� QR� ORQJ� WDLO� WR� WKH� GLVWULEXWLRQ�� DQG� WKH� GLVWULEXWLRQ� LV� QRW� HYHQ� URXJKO\� PRQRWRQLFDOO\
GHFUHDVLQJ��DV�RXU�RWKHUV�KDYH�EHHQ��EXW�VKRZV�FOHDU�SHDNV�DQG�GLSV�



�

)LJXUH�������&XPXODWLYH�GLVWULEXWLRQ�IXQFWLRQV�IRU�FHQWUDOLWLHV�RI�YHUWLFHV�RQ�WKH�,QWHUQHW�� /HIW
SDQHO��HLJHQYHFWRU�FHQWUDOLW\��5LJKW�SDQHO��EHWZHHQQHVV�FHQWUDOLW\�
�
�



����&/867(5,1*�&2()),&,(176

�

6HH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�FOXVWHULQJ�FRHIILFLHQWV�
�

7KH� FOXVWHULQJ� FRHIILFLHQW� PHDVXUHV� WKH� DYHUDJH� SUREDELOLW\� WKDW� WZR� QHLJKERUV� RI� D� YHUWH[� DUH
WKHPVHOYHV�QHLJKERUV��,Q�HIIHFW�LW�PHDVXUHV�WKH�GHQVLW\�RI�WULDQJOHV�LQ�WKH�QHWZRUNV�DQG�LW�LV�RI�LQWHUHVW
EHFDXVH�LQ�PDQ\�FDVHV�LW�LV�IRXQG�WR�KDYH�YDOXHV�VKDUSO\�GLIIHUHQW�IURP�ZKDW�RQH�ZRXOG�H[SHFW�RQ�WKH
EDVLV�RI� FKDQFH��7R� VHH�ZKDW�ZH�PHDQ�E\� WKLV�� ORRN�DJDLQ� DW�7DEOH�����RQ�SDJH������ZKLFK�JLYHV
PHDVXUHG�YDOXHV�RI�WKH�FOXVWHULQJ�FRHIILFLHQW�IRU�D�YDULHW\�RI�QHWZRUNV���/RRN�DW�WKH�FROXPQ�GHQRWHG
&��ZKLFK�JLYHV�YDOXHV�IRU�WKH�FRHIILFLHQW�GHILQHG�E\�(T�����������0RVW�RI�WKH�YDOXHV�DUH�RI�WKH�RUGHU�RI
WHQV� RI� SHUFHQW²WKHUH� LV� W\SLFDOO\� D� SUREDELOLW\� EHWZHHQ� DERXW� ���� DQG� PD\EH� ���� WKDW� WZR
QHLJKERUV�RI�D�YHUWH[�ZLOO�EH�QHLJKERUV�WKHPVHOYHV��+RZHYHU��DV�ZH�ZLOO�VHH�LQ�6HFWLRQ�������LI�ZH
FRQVLGHU�D�QHWZRUN�ZLWK�D�JLYHQ�GHJUHH�GLVWULEXWLRQ�LQ�ZKLFK�FRQQHFWLRQV�EHWZHHQ�YHUWLFHV�DUH�PDGH
DW�UDQGRP��WKH�FOXVWHULQJ�FRHIILFLHQW�WDNHV�WKH�YDOXH

�
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,Q�QHWZRUNV�ZKHUH�N��DQG�N�KDYH�IL[HG�ILQLWH�YDOXHV�� WKLV�TXDQWLW\�EHFRPHV�VPDOO�DV�Q�ĺ���DQG
KHQFH�ZH�H[SHFW�WKH�FOXVWHULQJ�FRHIILFLHQW�WR�EH�YHU\�VPDOO�RQ�ODUJH�QHWZRUNV��7KLV�PDNHV�WKH�YDOXHV
LQ�7DEOH������ZKLFK�DUH�RI�RUGHU����TXLWH� VXUSULVLQJ�� DQG� LQGHHG�PDQ\�RI� WKHP� WXUQ�RXW� WR�EH�PXFK
ODUJHU�WKDQ�WKH�HVWLPDWH�JLYHQ�E\�(T����������)RU�LQVWDQFH��WKH�FROODERUDWLRQ�QHWZRUN�RI�SK\VLFLVWV�LV
PHDVXUHG�WR�KDYH�D�FOXVWHULQJ�FRHIILFLHQW�RI�������3OXJJLQJ�WKH�DSSURSULDWH�YDOXHV�IRU�Q��N��DQG�N�
LQWR�(T���������RQ�WKH�RWKHU�KDQG�JLYHV�&� ���������7KXV�WKH�PHDVXUHG�YDOXH�LV�PRUH�WKDQ�D�KXQGUHG
WLPHV�JUHDWHU�WKDQ�WKH�YDOXH�ZH�ZRXOG�H[SHFW�LI�SK\VLFLVWV�FKRVH�WKHLU�FROODERUDWRUV�DW�UDQGRP�



�

)LJXUH�������+LVWRJUDP�RI�FORVHQHVV�FHQWUDOLWLHV�RI�YHUWLFHV�RQ�WKH�,QWHUQHW��8QOLNH�)LJ�������WKLV
LV�D�QRUPDO�QRQ�FXPXODWLYH�KLVWRJUDP�VKRZLQJ�WKH�DFWXDO�GLVWULEXWLRQ�RI�FORVHQHVV�FHQWUDOLWLHV��7KLV
GLVWULEXWLRQ�GRHV�QRW�IROORZ�D�SRZHU�ODZ�
�
�
3UHVXPDEO\�WKLV�ODUJH�GLIIHUHQFH�LV�LQGLFDWLYH�RI�UHDO�VRFLDO�HIIHFWV�DW�ZRUN��7KHUH�DUH�D�QXPEHU�RI

UHDVRQV�ZK\� D� UHDO� FROODERUDWLRQ� QHWZRUN�PLJKW� FRQWDLQ�PRUH� WULDQJOHV� WKDQ� RQH�ZRXOG� H[SHFW� E\
FKDQFH��EXW�IRU�H[DPSOH�LW�PLJKW�EH�WKDW�SHRSOH�LQWURGXFH�SDLUV�RI�WKHLU�FROODERUDWRUV�WR�RQH�DQRWKHU
DQG�WKRVH�SDLUV� WKHQ�JR�RQ�WR�FROODERUDWH� WKHPVHOYHV��7KLV� LV�DQ�H[DPSOH�RI� WKH�SURFHVV� WKDW�VRFLDO
QHWZRUN�DQDO\VWV�FDOO�WULDGLF�FORVXUH��DQ�³RSHQ´�WULDG�RI�YHUWLFHV��L�H���D�WULDG�LQ�ZKLFK�RQH�YHUWH[�LV
OLQNHG�WR�WKH�RWKHU�WZR��EXW�WKH�WKLUG�SRVVLEOH�HGJH�LV�DEVHQW��LV�³FORVHG´�E\�WKH�DGGLWLRQ�RI�WKH�ODVW
HGJH��IRUPLQJ�D�WULDQJOH�
2QH�FDQ�VWXG\�WULDGLF�FORVXUH�SURFHVVHV�GLUHFWO\�LI�RQH�KDV�WLPH�UHVROYHG�GDWD�RQ�WKH�IRUPDWLRQ�RI�D

QHWZRUN��7KH�QHWZRUN�RI�SK\VLFV�FROODERUDWRUV�GLVFXVVHG�KHUH�ZDV�VWXGLHG�LQ�WKLV�ZD\�LQ�5HI��>���@�
ZKHUH� LW�ZDV� VKRZQ� WKDW�SDLUV�RI� LQGLYLGXDOV�ZKR�KDYH�QRW�SUHYLRXVO\�FROODERUDWHG��EXW�ZKR�KDYH
DQRWKHU�PXWXDO�FROODERUDWRU��DUH�HQRUPRXVO\�PRUH� OLNHO\� WR�FROODERUDWH� LQ� IXWXUH� WKDQ�SDLUV�ZKR�GR
QRW²D� IDFWRU� RI� ��� WLPHV� DV� OLNHO\� LQ� WKDW� SDUWLFXODU� VWXG\�� )XUWKHUPRUH�� WKH� SUREDELOLW\� RI� IXWXUH
FROODERUDWLRQ�DOVR�JRHV�XS�VKDUSO\�DV�WKH�QXPEHU�RI�PXWXDO�FROODERUDWRUV�LQFUHDVHV��ZLWK�SDLUV�KDYLQJ
WZR�PXWXDO�FROODERUDWRUV�EHLQJ�PRUH�WKDQ�WZLFH�DV�OLNHO\�WR�FROODERUDWH�LQ�IXWXUH�DV�WKRVH�KDYLQJ�MXVW
RQH�
+RZHYHU�� LW� LV� QRW� DOZD\V� WKH� FDVH� WKDW� WKH�PHDVXUHG� FOXVWHULQJ� FRHIILFLHQW� JUHDWO\� H[FHHGV� WKH

H[SHFWHG� YDOXH� JLYHQ� E\� (T�� �������� 7DNH� WKH� H[DPSOH� RI� WKH� ,QWHUQHW� DJDLQ�� )RU� WKH� GDWD� VHW� ZH
H[DPLQHG�HDUOLHU�WKH�PHDVXUHG�FOXVWHULQJ�FRHIILFLHQW�LV�MXVW��������7KH�H[SHFWHG�YDOXH��LI�FRQQHFWLRQV
ZHUH�PDGH� DW� UDQGRP�� LV� ������ �7KH� ODUJH� YDOXH� DULVHV� EHFDXVH�� DV� GLVFXVVHG� LQ� 6HFWLRQ� ����� WKH
,QWHUQHW�KDV�D�KLJKO\�ULJKW�VNHZHG�GHJUHH�GLVWULEXWLRQ��ZKLFK�PDNHV�N�� ODUJH���&OHDUO\�LQ�WKLV�FDVH
WKH�FOXVWHULQJ�LV�IDU�OHVV�WKDQ�RQH�ZRXOG�H[SHFW�RQ�WKH�EDVLV�RI�FKDQFH��VXJJHVWLQJ�WKDW�LQ�WKH�,QWHUQHW
WKHUH�DUH�IRUFHV�DW�ZRUN�WKDW�VK\�DZD\�IURP�WKH�FUHDWLRQ�RI�WULDQJOHV����
,Q�VRPH�RWKHU�QHWZRUNV��VXFK�DV�IRRG�ZHEV�RU� WKH�:RUOG�:LGH�:HE��FOXVWHULQJ�LV�QHLWKHU�KLJKHU

QRU�ORZHU�WKDQ�H[SHFWHG��WDNLQJ�YDOXHV�URXJKO\�FRPSDUDEOH�ZLWK�WKRVH�JLYHQ�E\�(T����������,W�LV�QRW
\HW� ZHOO� XQGHUVWRRG� ZK\� FOXVWHULQJ� FRHIILFLHQWV� WDNH� VXFK� GLIIHUHQW� YDOXHV� LQ� GLIIHUHQW� W\SHV� RI



QHWZRUN��DOWKRXJK�RQH�WKHRU\�LV�WKDW�LW�PD\�EH�FRQQHFWHG�ZLWK�WKH�IRUPDWLRQ�RI�JURXSV�RU�FRPPXQLWLHV
LQ�QHWZRUNV�>���@�
7KH� FOXVWHULQJ� FRHIILFLHQW� PHDVXUHV� WKH� GHQVLW\� RI� WULDQJOHV� LQ� D� QHWZRUN�� 7KHUH� LV� QR� UHDVRQ�

KRZHYHU�� IRU� XV� WR� OLPLW� RXUVHOYHV� WR� VWXG\LQJ� RQO\� WULDQJOHV��:H� FDQ� DOVR� ORRN� DW� WKH� GHQVLWLHV� RI
RWKHU�VPDOO�JURXSV�RI�YHUWLFHV��RU�PRWLIV��DV�WKH\�DUH�RIWHQ�FDOOHG��2QH�FDQ�GHILQH�FRHIILFLHQWV�VLPLODU
WR� WKH� FOXVWHULQJ� FRHIILFLHQW� WR� PHDVXUH� WKH� GHQVLWLHV� RI� GLIIHUHQW� PRWLIV�� DOWKRXJK� PRUH� RIWHQ� RQH
VLPSO\� FRXQWV� WKH� QXPEHUV� RI� WKH�PRWLIV� RI� LQWHUHVW� LQ� D� QHWZRUN��$QG�� DV�ZLWK� WULDQJOHV�� RQH� FDQ
FRPSDUH�WKH�UHVXOWV�ZLWK�WKH�YDOXHV�RQH�ZRXOG�H[SHFW�WR�ILQG�LI�FRQQHFWLRQV�LQ�WKH�QHWZRUN�DUH�PDGH
DW�UDQGRP��,Q�JHQHUDO��RQH�FDQ�ILQG�FRXQWV�WKDW�DUH�KLJKHU��ORZHU��RU�DERXW�WKH�VDPH�DV�WKH�H[SHFWHG
YDOXHV�� DOO� RI�ZKLFK� FDQ� KDYH� LPSOLFDWLRQV� IRU� WKH� XQGHUVWDQGLQJ� RI� WKH� QHWZRUNV� LQ� TXHVWLRQ�� )RU
H[DPSOH��0LOR�HW�DO��>���@�ORRNHG�DW�PRWLI�FRXQWV�LQ�JHQHWLF�UHJXODWRU\�QHWZRUNV�DQG�QHXUDO�QHWZRUNV
DQG�IRXQG�FHUWDLQ�VPDOO�PRWLIV�WKDW�RFFXUUHG�IDU�PRUH�RIWHQ�WKDQ�ZDV�H[SHFWHG�RQ�WKH�EDVLV�RI�FKDQFH�
7KH\� FRQMHFWXUHG� WKDW� WKHVH�PRWLIV�ZHUH� SOD\LQJ� WKH� UROH� RI� IXQFWLRQDO� ³FLUFXLW� HOHPHQWV�´� VXFK� DV
ILOWHUV� RU� SXOVH� JHQHUDWRUV�� DQG� WKDW� WKHLU� IUHTXHQW� RFFXUUHQFH� LQ� WKHVH� QHWZRUNV� PLJKW� EH� DQ
HYROXWLRQDU\�UHVXOW�RI�WKHLU�XVHIXOQHVV�WR�WKH�RUJDQLVPV�LQYROYHG�
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�

,Q�6HFWLRQ�������ZH�LQWURGXFHG�WKH�ORFDO�FOXVWHULQJ�FRHIILFLHQW�IRU�D�YHUWH[�

�

������
�

ZKLFK�LV�WKH�IUDFWLRQ�RI�SDLUV�RI�QHLJKERUV�RI�YHUWH[�L�WKDW�DUH�WKHPVHOYHV�QHLJKERUV��,I�ZH�FDOFXODWH
WKH� ORFDO�FOXVWHULQJ�FRHIILFLHQW�IRU�DOO�YHUWLFHV� LQ�D�QHWZRUN��DQ� LQWHUHVWLQJ�SDWWHUQ�HPHUJHV� LQ�PDQ\
FDVHV��ZH� ILQG� WKDW� RQ� DYHUDJH�YHUWLFHV�RI�KLJKHU�GHJUHH� WHQG� WR�KDYH� ORZHU� ORFDO� FOXVWHULQJ� >����
���@�� )LJXUH� ������ IRU� H[DPSOH�� VKRZV� WKH� DYHUDJH� YDOXH� RI� WKH� ORFDO� FOXVWHULQJ� FRHIILFLHQW� IRU
YHUWLFHV�RI�GHJUHH�N�RQ�WKH�,QWHUQHW�DV�D�IXQFWLRQ�RI�N��7KH�GHFUHDVH�RI�WKH�DYHUDJH�&L�ZLWK�N�LV�FOHDU��,W
KDV�EHHQ�FRQMHFWXUHG�WKDW�SORWV�RI�WKLV�W\SH�WDNH�HLWKHU�WKH�IRUP�&L�ฏ�N������>���@�RU�WKH�IRUP�&L�ฏ�N��
>���@�� ,Q� WKLV�SDUWLFXODU�FDVH�QHLWKHU�RI� WKHVH�FRQMHFWXUHV�PDWFKHV� WKH�GDWD�YHU\�ZHOO��EXW� IRU� VRPH
RWKHU�QHWZRUNV�WKH\�DSSHDU�UHDVRQDEOH�

&RPPXQLW\�VWUXFWXUH�LQ�QHWZRUNV�LV�GLVFXVVHG�DW�VRPH�OHQJWK�LQ�&KDSWHU����
�
2Q� SRVVLEOH� H[SODQDWLRQ� IRU� WKH� GHFUHDVH� LQ�&L� ZLWK� LQFUHDVLQJ� GHJUHH� LV� WKDW� YHUWLFHV� JURXS

WRJHWKHU�LQWR�WLJKWO\�NQLW�JURXSV�RU�FRPPXQLWLHV��ZLWK�YHUWLFHV�EHLQJ�FRQQHFWHG�PRVWO\�WR�RWKHUV�ZLWKLQ
WKHLU�RZQ�JURXS��,Q�D�QHWZRUN�VKRZLQJ�WKLV�NLQG�RI�EHKDYLRU�YHUWLFHV�WKDW�EHORQJ�WR�VPDOO�JURXSV�DUH
FRQVWUDLQHG�WR�KDYH�ORZ�GHJUHH��EHFDXVH�WKH\�KDYH�UHODWLYHO\�IHZ�IHOORZ�JURXS�PHPEHUV�WR�FRQQHFW
WR��ZKLOH�WKRVH�LQ�ODUJHU�JURXSV�FDQ�KDYH�KLJKHU�GHJUHH���7KH\�GRQ¶W�KDYH�WR�KDYH�KLJKHU�GHJUHH��EXW
WKH\�FDQ���$W�WKH�VDPH�WLPH��WKH�ORFDO�FOXVWHULQJ�FRHIILFLHQW�RI�YHUWLFHV�LQ�VPDOO�JURXSV�ZLOO�WHQG�WR�EH
ODUJHU��7KLV�RFFXUV�EHFDXVH�HDFK�JURXS��EHLQJ�PRVWO\�GHWDFKHG�IURP�WKH�UHVW�RI�WKH�QHWZRUN��IXQFWLRQV
URXJKO\�DV�LWV�RZQ�VPDOO�QHWZRUN�DQG��DV�GLVFXVVHG�LQ�6HFWLRQ������VPDOOHU�QHWZRUNV�DUH�H[SHFWHG�WR
KDYH� KLJKHU� FOXVWHULQJ��:KHQ� DYHUDJHG� RYHU� PDQ\� JURXSV� RI� GLIIHUHQW� VL]HV�� WKHUHIRUH�� ZH� ZRXOG
H[SHFW�YHUWLFHV�RI�ORZHU�GHJUHH�WR�KDYH�KLJKHU�FOXVWHULQJ�RQ�DYHUDJH��DV�LQ�)LJ����������



�

)LJXUH�������/RFDO�FOXVWHULQJ�DV�D�IXQFWLRQ�RI�GHJUHH�RQ�WKH�,QWHUQHW��$�SORW�RI�WKH�PHDVXUHG�PHDQ
ORFDO�FOXVWHULQJ�FRHIILFLHQW�RI�YHUWLFHV�RQ�WKH�,QWHUQHW��DW�WKH�OHYHO�RI�DXWRQRPRXV�V\VWHPV��DYHUDJHG
RYHU�DOO�YHUWLFHV�ZLWK�WKH�JLYHQ�GHJUHH�
�
�
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�

$VVRUWDWLYH�PL[LQJ�RU�KRPRSKLO\�LV�WKH�WHQGHQF\�RI�YHUWLFHV�WR�FRQQHFW�WR�RWKHUV�WKDW�DUH�OLNH�WKHP�LQ
VRPH�ZD\��:H�GLVFXVVHG� DVVRUWDWLYH�PL[LQJ� LQ�6HFWLRQ�������ZKHUH�ZH�JDYH� VRPH� H[DPSOHV� IURP
VRFLDO�QHWZRUNV��VXFK�DV�WKH�KLJK�VFKRRO�IULHQGVKLSV�GHSLFWHG�LQ�)LJV�������DQG������LQ�ZKLFK�VFKRRO
VWXGHQWV�WHQG�WR�DVVRFLDWH�PRUH�ZLWK�RWKHUV�RI�WKH�VDPH�HWKQLFLW\�RU�DJH�DV�WKHPVHOYHV�
2I�SDUWLFXODU� LQWHUHVW� LV� DVVRUWDWLYH�PL[LQJ�E\�GHJUHH�� WKH� WHQGHQF\�RI� YHUWLFHV� WR� FRQQHFW�RWKHUV

ZLWK� GHJUHHV� WKDW� DUH� VLPLODU� WR� WKHLU� RZQ��:H� FDQ� DOVR� KDYH� GLVDVVRUWDWLYH�PL[LQJ� E\� GHJUHH�� LQ
ZKLFK� YHUWLFHV� FRQQHFW� WR� RWKHUV� ZLWK� YHU\� GLIIHUHQW� GHJUHHV�� $V� ZH� VDZ� LQ� 6HFWLRQ� �������
DVVRUWDWLYH�PL[LQJ� FDQ� KDYH� VXEVWDQWLDO� HIIHFWV� RQ� WKH� VWUXFWXUH� RI� D� QHWZRUN� �VHH� SDUWLFXODUO\� )LJ�
������
$VVRUWDWLYH�PL[LQJ�E\�GHJUHH�FDQ�EH�TXDQWLILHG�LQ�D�QXPEHU�RI�GLIIHUHQW�ZD\V��2QH�RI�WKHP�LV�WR�XVH

WKH�FRUUHODWLRQ�FRHIILFLHQW�GHILQHG�LQ�(T���������

�

������
�

�

,I�ZH�ZHUH�JRLQJ�WR�FDOFXODWH�WKH�YDOXH�RI�WKLV�FRHIILFLHQW��KRZHYHU��ZH�VKRXOG�QRW�GR�LW�GLUHFWO\�IURP
WKLV�HTXDWLRQ��EHFDXVH�WKH�GRXEOH�VXP�RYHU�YHUWLFHV�L�DQG�M�KDV�D�ORW�RI�WHUPV��Q��RI�WKHP��DQG�LV�VORZ
WR�HYDOXDWH�RQ�D�FRPSXWHU��,QVWHDG�ZH�ZULWH

�

������
�

ZLWK

�

������



�

ZKHUH�WKH�VHFRQG�VXP�LV�RYHU�DOO�GLVWLQFW��XQRUGHUHG��SDLUV�RI�YHUWLFHV��L��M��FRQQHFWHG�E\�DQ�HGJH�
DQG

�

������
�
�

7KH�FRPSXWHU�WLPH�QHHGHG�WR�FDOFXODWH�QHWZRUN�TXDQWLWLHV�LV�DQ�LPSRUWDQW�WRSLF�LQ�LWV�RZQ�ULJKW�
:H�GLVFXVV�WKH�PDLQ�LVVXHV�LQ�&KDSWHU���

�

7KH�VXP�LQ��������KDV�P�WHUPV��ZKHUH�P�LV�WKH�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�DQG�WKH�VXPV�LQ�������
KDYH�Q�WHUPV�HDFK��VR�(T���������LV�XVXDOO\�D�ORW�IDVWHU�WR�HYDOXDWH�WKDQ�(T���������
,Q�7DEOH�����ZH�VKRZ�WKH�YDOXHV�RI�U�IRU�D�UDQJH�RI�QHWZRUNV�DQG�WKH�UHVXOWV�UHYHDO�DQ�LQWHUHVWLQJ

SDWWHUQ��:KLOH�QRQH�RI�WKH�YDOXHV�DUH�RI�YHU\�ODUJH�PDJQLWXGH²WKH�FRUUHODWLRQV�EHWZHHQ�GHJUHHV�DUH
QRW�HVSHFLDOO\�VWURQJ²WKHUH�LV�D�FOHDU�WHQGHQF\�IRU�WKH�VRFLDO�QHWZRUNV�WR�KDYH�SRVLWLYH�U��LQGLFDWLQJ
DVVRUWDWLYH�PL[LQJ�E\�GHJUHH��ZKLOH�WKH�UHVW�RI�WKH�QHWZRUNV²WHFKQRORJLFDO��LQIRUPDWLRQ��ELRORJLFDO
²KDYH�QHJDWLYH�U��LQGLFDWLQJ�GLVDVVRUWDWLYH�PL[LQJ�
7KH� UHDVRQV� IRU� WKLV�SDWWHUQ�DUH�QRW�NQRZQ�IRU�FHUWDLQ��EXW� LW� DSSHDUV� WKDW�PDQ\�QHWZRUNV�KDYH�D

WHQGHQF\�WR�QHJDWLYH�YDOXHV�RI�U�EHFDXVH�WKH\�DUH�VLPSOH�JUDSKV��$V�VKRZQ�E\�0DVORY�HW�DO�� >���@�
JUDSKV� WKDW� KDYH� RQO\� VLQJOH� HGJHV� EHWZHHQ� YHUWLFHV� WHQG� LQ� WKH� DEVHQFH� RI� RWKHU� ELDVHV� WR� VKRZ
GLVDVVRUWDWLYH�PL[LQJ�E\�GHJUHH�EHFDXVH�WKH�QXPEHU�RI�HGJHV�WKDW�FDQ�IDOO�EHWZHHQ�KLJK�GHJUHH�YHUWH[
SDLUV�LV�OLPLWHG��6LQFH�PRVW�QHWZRUNV�DUH�UHSUHVHQWHG�DV�VLPSOH�JUDSKV�WKLV�LPSOLHV�WKDW�PRVW�VKRXOG
EH�GLVDVVRUWDWLYH��DV�LQGHHG�7DEOH�����LQGLFDWHV�WKH\�DUH�
$QG� ZKDW� DERXW� WKH� VRFLDO� QHWZRUNV"� 2QH� VXJJHVWLRQ� LV� WKDW� VRFLDO� QHWZRUNV� DUH� DVVRUWDWLYHO\

PL[HG� EHFDXVH� WKH\� WHQG� WR� EH� GLYLGHG� LQWR� JURXSV�� DV� GLVFXVVHG� LQ� 6HFWLRQ� ������� ,I� D� QHWZRUN� LV
GLYLGHG� XS� LQWR� WLJKWO\� NQLW� JURXSV� RI� YHUWLFHV� WKDW� DUH� PRVWO\� GLVFRQQHFWHG� IURP� WKH� UHVW� RI� WKH
QHWZRUN��WKHQ��DV�ZH�KDYH�VDLG��YHUWLFHV�LQ�VPDOO�JURXSV�WHQG�WR�KDYH�ORZHU�GHJUHH�WKDQ�YHUWLFHV�LQ
ODUJHU�JURXSV��%XW�VLQFH�WKH�PHPEHUV�RI�VPDOO�JURXSV�DUH�LQ�JURXSV�ZLWK�RWKHU�PHPEHUV�RI�WKH�VDPH
VPDOO�JURXSV��LW�IROORZV�WKDW�WKH�ORZ�GHJUHH�YHUWLFHV�ZLOO� WHQG�WR�EH�FRQQHFWHG�WR�RWKHU�ORZ�GHJUHH
YHUWLFHV�� DQG� VLPLODUO\� IRU� KLJK�GHJUHH� RQHV�� 7KLV� VLPSOH� LGHD� FDQ� EH� WXUQHG� LQWR� D� TXDQWLWDWLYH
FDOFXODWLRQ�>���@�DQG�LQGHHG�LW�DSSHDUV�WKDW��DW�OHDVW�XQGHU�VRPH�FLUFXPVWDQFHV��WKLV�PHFKDQLVP�GRHV
SURGXFH�SRVLWLYH�YDOXHV�RI�U�
7KXV�D�SRVVLEOH�H[SODQDWLRQ�RI�WKH�SDWWHUQ�RI�U�YDOXHV�VHHQ�LQ�7DEOH�����LV�WKDW�PRVW�QHWZRUNV�DUH

QDWXUDOO\�GLVDVVRUWDWLYH�E\�GHJUHH�EHFDXVH�WKH\�DUH�VLPSOH�JUDSKV�ZKLOH�VRFLDO�QHWZRUNV��DQG�SHUKDSV
D�IHZ�RWKHUV��RYHUULGH�WKLV�QDWXUDO�ELDV�DQG�EHFRPH�DVVRUWDWLYH�E\�YLUWXH�RI�WKHLU�JURXS�VWUXFWXUH�

�
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�

����2QH�FDQ�FDOFXODWH�WKH�GLDPHWHU�RI�FHUWDLQ�W\SHV�RI�QHWZRUN�H[DFWO\�

D��:KDW�LV�WKH�GLDPHWHU�RI�D�FOLTXH"
E��:KDW�LV�WKH�GLDPHWHU�RI�D�VTXDUH�SRUWLRQ�RI�VTXDUH�ODWWLFH��ZLWK�/�HGJHV��RU�HTXLYDOHQWO\�/����
YHUWLFHV��DORQJ�HDFK�VLGH��OLNH�WKLV�

�

:KDW� LV� WKH�GLDPHWHU� RI� WKH� FRUUHVSRQGLQJ� K\SHUFXELF� ODWWLFH� LQ�G� GLPHQVLRQV� ZLWK�/� HGJHV
DORQJ�HDFK�VLGH"�+HQFH�ZKDW�LV�WKH�GLDPHWHU�RI�VXFK�D�ODWWLFH�DV�D�IXQFWLRQ�RI�WKH�QXPEHU�Q�RI
YHUWLFHV"

F��$� &D\OH\� WUHH� LV� D� V\PPHWULF� UHJXODU� WUHH� LQ� ZKLFK� HDFK� YHUWH[� LV� FRQQHFWHG� WR� WKH� VDPH
QXPEHU�N�RI�RWKHUV��XQWLO�ZH�JHW�RXW�WR�WKH�OHDYHV��OLNH�WKLV�

�

�:H�KDYH�N� ���LQ�WKLV�SLFWXUH��
6KRZ�WKDW�WKH�QXPEHU�RI�YHUWLFHV�UHDFKDEOH�LQ�G�VWHSV�IURP�WKH�FHQWUDO�YHUWH[�LV�N�N�í���Gí�

IRU�G� �� ���+HQFH� ILQG� DQ� H[SUHVVLRQ� IRU� WKH� GLDPHWHU� RI� WKH� QHWZRUN� LQ� WHUPV� RI�N� DQG� WKH



QXPEHU�RI�YHUWLFHV�Q�
G��:KLFK�RI�WKH�QHWZRUNV�LQ�SDUWV��L����LL���DQG��LLL��GLVSOD\V�WKH�VPDOO�ZRUOG�HIIHFW��GHILQHG�DV
KDYLQJ�D�GLDPHWHU�WKDW�LQFUHDVHV�DV�ORJ�Q�RU�VORZHU"

�

����6XSSRVH� WKDW�D�QHWZRUN�KDV�D�GHJUHH�GLVWULEXWLRQ� WKDW� IROORZV� WKH�H[SRQHQWLDO� IRUP�SN�  �&HíȜN�
ZKHUH�&�DQG�Ȝ�DUH�FRQVWDQWV�

D��)LQG�&�DV�D�IXQFWLRQ�RI�Ȝ�
E��&DOFXODWH�WKH�IUDFWLRQ�3�RI�YHUWLFHV�WKDW�KDYH�GHJUHH�N�RU�JUHDWHU�
F��&DOFXODWH�WKH�IUDFWLRQ�:�RI�HQGV�RI�HGJHV�WKDW�DUH�DWWDFKHG�WR�YHUWLFHV�RI�GHJUHH�N�RU�JUHDWHU�
G�� +HQFH� VKRZ� WKDW� IRU� WKH� H[SRQHQWLDO� GHJUHH� GLVWULEXWLRQ�ZLWK� H[SRQHQWLDO� SDUDPHWHU�Ȝ�� WKH
/RUHQ]�FXUYH²WKH�HTXLYDOHQW�RI�(T��������²LV�JLYHQ�E\

�

H��6KRZ�WKDW�WKH�YDOXH�RI�:�LV�JUHDWHU�WKDQ�RQH�IRU�VRPH�YDOXHV�RI�3�LQ�WKH�UDQJH�����3������:KDW
LV�WKH�PHDQLQJ�RI�WKHVH�³XQSK\VLFDO´�YDOXHV"

�

����$�SDUWLFXODU�QHWZRUN�LV�EHOLHYHG�WR�KDYH�D�GHJUHH�GLVWULEXWLRQ�WKDW�IROORZV�D�SRZHU�ODZ��$PRQJ�D
UDQGRP� VDPSOH� RI� YHUWLFHV� LQ� WKH� QHWZRUN�� WKH� GHJUHHV� RI� WKH� ILUVW� ��� YHUWLFHV� ZLWK� GHJUHH� ��� RU
JUHDWHU�DUH�

�

(VWLPDWH�WKH�H[SRQHQW�Į�RI�WKH�SRZHU�ODZ�DQG�WKH�HUURU�RQ�WKDW�HVWLPDWH�XVLQJ�(TV��������DQG�������

����&RQVLGHU�WKH�IROORZLQJ�VLPSOH�DQG�UDWKHU�XQUHDOLVWLF�PDWKHPDWLFDO�PRGHO�RI�D�QHWZRUN��(DFK�RI�Q
YHUWLFHV�EHORQJV�WR�RQH�RI�VHYHUDO�JURXSV��7KH�PWK�JURXS�KDV�QP�YHUWLFHV�DQG�HDFK�YHUWH[�LQ�WKDW�JURXS
LV�FRQQHFWHG�WR�RWKHUV�LQ�WKH�JURXS�ZLWK�LQGHSHQGHQW�SUREDELOLW\�SP� �$�QP�í���íȕ��ZKHUH�$�DQG�ȕ�DUH
FRQVWDQWV��EXW�QRW�WR�DQ\�YHUWLFHV�LQ�RWKHU�JURXSV��7KXV�WKLV�QHWZRUN�WDNHV�WKH�IRUP�RI�D�VHW�RI�GLVMRLQW
FOXVWHUV�RU�FRPPXQLWLHV�

D��&DOFXODWH�WKH�H[SHFWHG�GHJUHH�N�RI�D�YHUWH[�LQ�JURXS�P�
E��&DOFXODWH�WKH�H[SHFWHG�YDOXH� �RI�WKH�ORFDO�FOXVWHULQJ�FRHIILFLHQW�IRU�YHUWLFHV�LQ�JURXS�P�
F��+HQFH�VKRZ�WKDW� �
G��:KDW�YDOXH�ZRXOG�ȕ�KDYH�WR�KDYH�IRU�WKH�H[SHFWHG�YDOXH�RI�WKH�ORFDO�FOXVWHULQJ�WR�IDOO�RII�ZLWK
LQFUHDVLQJ�GHJUHH�DV�N����"



�
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�

$Q�LQWURGXFWLRQ�WR�VRPH�RI�WKH�EDVLF�FRQFHSWV�RI�FRPSXWHU�DOJRULWKPV�IRU�QHWZRUN
FDOFXODWLRQV��SDUWLFXODUO\�GDWD�VWUXFWXUHV�IRU�VWRULQJ�QHWZRUNV�DQG�PHWKRGV�IRU�HVWLPDWLQJ�WKH
WLPH�FRPSXWDWLRQV�ZLOO�WDNH

�

,1�7+(�SUHFHGLQJ�FKDSWHUV�RI�WKLV�ERRN�ZH�KDYH�LQWURGXFHG�YDULRXV�W\SHV�RI�QHWZRUNV�HQFRXQWHUHG
LQ�VFLHQWLILF�VWXG\��PHWKRGV�IRU�FROOHFWLQJ�GDWD�DERXW�WKRVH�QHWZRUNV��DQG�VRPH�RI�WKH�EDVLF�WKHRUHWLFDO
WRROV�XVHG�WR�GHVFULEH�DQG�TXDQWLI\�QHWZRUNV��7KHQ�LQ�WKH�ODVW�FKDSWHU�ZH�FRPELQHG�WKHVH�LGHDV�LQ�DQ
DQDO\VLV� RI� WKH� VWUXFWXUDO� IHDWXUHV� RI� D� YDULHW\� RI� UHDO�ZRUOG� QHWZRUNV�� UHYHDOLQJ� LQ� WKH� SURFHVV� D
QXPEHU� RI� LQWHUHVWLQJ� SDWWHUQV� WKDW�ZLOO� EH� LPSRUWDQW� WR� RXU� IXUWKHU� VWXGLHV� LQ� WKH� UHPDLQGHU� RI� WKH
ERRN�
$QDO\VLV� RI� WKLV� NLQG�� DQG� PRVW� DQDO\VLV� LQYROYHG� LQ� WKH� FRQWHPSRUDU\� VWXG\� RI� QHWZRUNV�� LV

SULPDULO\� SHUIRUPHG�XVLQJ� FRPSXWHUV�� ,Q� WKH� HDUO\� GD\V� RI� QHWZRUN� DQDO\VLV� LQ� WKH� ILUVW� SDUW� RI� WKH
WZHQWLHWK� FHQWXU\�� FDOFXODWLRQV� ZHUH� PRVWO\� SHUIRUPHG� E\� KDQG�� SDUWO\� RXW� RI� QHFHVVLW\�� VLQFH
FRPSXWHUV� ZHUH� VORZ�� H[SHQVLYH�� DQG� UDUH�� EXW� DOVR� EHFDXVH� WKH� QHWZRUNV� VWXGLHG� ZHUH� W\SLFDOO\
TXLWH� VPDOO�� FRQVLVWLQJ� RI� SHUKDSV� MXVW� D� IHZ� GR]HQ� YHUWLFHV� RU� HYHQ� OHVV�� 7KHVH� GD\V� ZH� DUH
FRQFHUQHG�ZLWK�QHWZRUNV� WKDW�KDYH� WKRXVDQGV�RU�HYHQ�PLOOLRQV�RI�YHUWLFHV��*DWKHULQJ�DQG�DQDO\]LQJ
WKH�GDWD�IRU�QHWZRUNV�OLNH�WKHVH�LV�RQO\�SRVVLEOH�EHFDXVH�RI�WKH�DGYHQW�RI�IDVW�FKHDS�FRPSXWLQJ�
6RPH�QHWZRUNV�FDOFXODWLRQV�DUH�VLPSOH�HQRXJK�WKDW�LW�LV�REYLRXV�KRZ�RQH�ZRXOG�JHW�D�FRPSXWHU�WR

FDUU\�WKHP�RXW��EXW�PDQ\�DUH�QRW�DQG�SHUIRUPLQJ�WKHP�HIILFLHQWO\�UHTXLUHV�FDUHIXO�FRQVLGHUDWLRQ�DQG
WKRXJKWIXO�SURJUDPPLQJ��(YHQ�PHUHO\�VWRULQJ�D�QHWZRUN� LQ�D�FRPSXWHU� UHTXLUHV�VRPH� WKRXJKW��VLQFH
WKHUH�DUH�PDQ\�PHWKRGV�IRU�GRLQJ�LW�DQG�WKH�FKRLFH�RI�PHWKRG�FDQ�PDNH�D�VXEVWDQWLDO�GLIIHUHQFH�WR�WKH
SHUIRUPDQFH�RI�VXEVHTXHQW�FDOFXODWLRQV�
,Q�WKLV�FKDSWHU�DQG�WKH�IROORZLQJ�WZR�ZH�GLVFXVV�VRPH�RI� WKH� WHFKQLTXHV�DQG�DOJRULWKPV�XVHG�IRU

QHWZRUN�FDOFXODWLRQV�RQ�FRPSXWHUV��$�JRRG�XQGHUVWDQGLQJ�RI�WKH�PDWHULDO�GLVFXVVHG�KHUH�ZLOO�IRUP�D
VROLG�IRXQGDWLRQ�IRU�ZULWLQJ�VRIWZDUH�WR�SHUIRUP�D�ZLGH�YDULHW\�RI�FDOFXODWLRQV�ZLWK�QHWZRUN�GDWD�
,Q�WKLV�FKDSWHU�ZH�GHVFULEH�VRPH�VLPSOH�EXW�LPSRUWDQW�LGHDV�DERXW�WKH�UXQQLQJ�WLPH�RI�DOJRULWKPV

DQG�GDWD� VWUXFWXUHV� IRU� WKH� VWRUDJH�RI�QHWZRUNV��:H�ZLOO� QRW�GHVFULEH� DQ\�DFWXDO� DOJRULWKPV� LQ� WKLV
FKDSWHU��EXW�WKH�LGHDV�LQWURGXFHG�IRUP�D�IRXQGDWLRQ�IRU�XQGHUVWDQGLQJ�WKH�DOJRULWKPV�WKDW�DSSHDU�LQ�WKH
IROORZLQJ�FKDSWHUV�
,Q�&KDSWHU����ZH�GHVFULEH�D�VHOHFWLRQ�RI�EDVLF�QHWZRUN�DOJRULWKPV��LQFOXGLQJ�PDQ\�RI�WKH�FODVVLFV

RI�WKH�ILHOG��VXFK�DV�DOJRULWKPV�IRU�FDOFXODWLQJ�FHQWUDOLW\�LQGLFHV��ILQGLQJ�FRPSRQHQWV��DQG�FDOFXODWLQJ
VKRUWHVW� SDWKV� DQG�PD[LPXP� IORZV��:H� FRQWLQXH� RXU� VWXG\�RI� DOJRULWKPV� LQ�&KDSWHU� ����ZKHUH�ZH
ORRN�DW�PDWUL[�EDVHG�DOJRULWKPV�DQG�SDUWLFXODUO\�DW�PHWKRGV�IRU�QHWZRUN�³SDUWLWLRQLQJ�´
8QGHUVWDQGLQJ� WKH� FRQWHQW� RI� WKHVH� FKDSWHUV� GRHV� QRW� UHTXLUH� WKDW� \RX� NQRZ� KRZ� WR� SURJUDP� D

FRPSXWHU�� :H� ZLOO� QRW�� IRU� LQVWDQFH�� GLVFXVV� SDUWLFXODU� SURJUDPPLQJ� ODQJXDJHV�� +RZHYHU�� VRPH
H[SHULHQFH�ZLWK�SURJUDPPLQJ�ZLOO�FHUWDLQO\�KHOS�HQRUPRXVO\� LQ�XQGHUVWDQGLQJ� WKH�PDWHULDO��DQG�WKH



UHDGHU�ZKR�KDV�QRQH�ZLOO�LQ�DQ\�FDVH�SUREDEO\�QRW�KDYH�YHU\�PXFK�XVH�IRU�WKH�PHWKRGV�ZH�GHVFULEH�
&RQYHUVHO\��UHDGHUV�ZKR�DOUHDG\�KDYH�D�WKRURXJK�NQRZOHGJH�RI�FRPSXWHU�DOJRULWKPV�PD\�ZHOO�ILQG

VRPH�RI�WKH�PDWHULDO�KHUH�WRR�EDVLF�IRU�WKHP��SDUWLFXODUO\�WKH�PDWHULDO�RQ�UXQ�WLPHV�DQG�GDWD�VWUXFWXUHV
LQ�WKH�SUHVHQW�FKDSWHU��6XFK�UHDGHUV�VKRXOG�IHHO�IUHH�WR�VNLS�PDWHULDO�DV�DSSURSULDWH�DQG�PRYH�TXLFNO\
RQ�WR�WKH�SRVVLEO\�OHVV�IDPLOLDU�VXEMHFW�PDWWHU�RI�&KDSWHUV����DQG�����)RU�YHU\�DGYDQFHG�UHDGHUV�IRU
ZKRP�DOO� WKH�PDWHULDO�FRYHUHG�KHUH� LV�DOUHDG\�IDPLOLDU��RU� UHDGHUV�ZKR�VLPSO\�ZLVK� WR�JR� LQWR� WKH
VXEMHFW� LQ� JUHDWHU� GHWDLO�� ZH� UHFRPPHQG� WKH� ERRNV� E\� &RUPHQ�HW� DO�� >��@�� ZKLFK� LV� D� JHQHUDO
FRPSXWHU� VFLHQFH� WH[W� RQ� DOJRULWKPV�� DQG� E\� $KXMD�HW� DO�� >�@�� ZKLFK� LV� VSHFLILFDOO\� RQ� QHWZRUN
DOJRULWKPV�
%HIRUH�ZH�OHDS�LQWR�WKH�VWXG\�RI�DOJRULWKPV��RQH�IXUWKHU�ZRUG�RI�DGYLFH�LV�ZRUWKZKLOH��0DQ\�RI�WKH

VWDQGDUG� DOJRULWKPV� IRU� WKH� VWXG\� RI� QHWZRUNV� DUH� DOUHDG\� DYDLODEOH�� UHDG\�PDGH�� LQ� WKH� IRUP� RI
SURIHVVLRQDO�QHWZRUN�DQDO\VLV�VRIWZDUH�SDFNDJHV��0DQ\�RI� WKHVH�SDFNDJHV�DUH�RI�YHU\�KLJK�TXDOLW\�
SURGXFHG�E\�H[FHOOHQW�DQG�NQRZOHGJHDEOH�SURJUDPPHUV��DQG�LI�WKH\�DUH�DGHTXDWH�IRU�\RXU�QHHGV�WKHQ
WKHUH� LV� QR� UHDVRQ� QRW� WR� XVH� WKHP��:ULWLQJ� DQG� GHEXJJLQJ� \RXU� RZQ� VRIWZDUH� IRU� WKH� DQDO\VLV� RI
QHWZRUN�GDWD�FDQ�WDNH�KRXUV�RU�GD\V��DQG�WKHUH�LV�OLWWOH�UHDVRQ�WR�H[SHQG�WKDW�WLPH�ZKHQ�VRPHRQH�HOVH
KDV�DOUHDG\�GRQH�LW�IRU�\RX��7DEOH�����OLVWV�VRPH�RI�WKH�PRVW�ZLGHO\�XVHG�FXUUHQW�VRIWZDUH�SDFNDJHV
IRU�WKH�DQDO\VLV�RI�QHWZRUN�GDWD�DORQJ�ZLWK�D�EULHI�GHVFULSWLRQ�RI�ZKDW�WKH\�GR��7KH�SUHVHQW�DXWKRU��IRU
LQVWDQFH��KDV�PDGH�FRQVLGHUDEOH�XVH�RI�*UDSKYL]��3DMHN��DQG�\(G��DOO�RI�ZKLFK�SURYLGH�XVHIXO�IHDWXUHV
WKDW� FRXOG� VDYH� \RX� D� ORW� RI� WLPH� LQ� \RXU� ZRUN�� 6RPH� RWKHU� QHWZRUN� FDOFXODWLRQV�� HVSHFLDOO\� WKH
PDWUL[�EDVHG�PHWKRGV�RI�&KDSWHU����DQG�FDOFXODWLRQV�XVLQJ�WKH�PRGHOV�RI�&KDSWHUV����WR�����FDQ�EH
SHUIRUPHG�XVLQJ�VWDQGDUG�PDWKHPDWLFDO�VRIWZDUH�VXFK�DV�0DWODE��0DWKHPDWLFD��RU�0DSOH��DQG�DJDLQ
WKHUH�LV�QR�UHDVRQ�QRW�WR�PDNH�XVH�RI�WKHVH�UHVRXUFHV�LI�WKH\�DUH�DGHTXDWH�IRU�WKH�SDUWLFXODU�WDVN�EHIRUH
\RX�

�

7DEOH� �����$� VHOHFWLRQ� RI� VRIWZDUH� LPSOHPHQWLQJ� FRPPRQ� QHWZRUN� DOJRULWKPV� � 3ODWIRUPV� DUH
0LFURVRIW�:LQGRZV��:���$SSOH�0DFLQWRVK��0���DQG�/LQX[��/���0RVW�/LQX[�SURJUDPV�DOVR�UXQ�XQGHU
8QL[�DQG�8QL[�OLNH�V\VWHPV�VXFK�DV�%6'��DQG�PDQ\�:LQGRZV�SURJUDPV�FDQ�UXQ�RQ�0DFV�DQG�/LQX[
V\VWHPV�XVLQJ�HPXODWLRQ�VRIWZDUH�
�
�
7KDW� VDLG� WKHUH� DUH� VWLOO� VRPH� H[FHOOHQW� UHDVRQV� IRU� VWXG\LQJ� QHWZRUN� DOJRULWKPV� DQG� FRPSXWHU



PHWKRGV�� )LUVW� RI� DOO�� HYHQ� ZKHQ� \RX� DUH� PDNLQJ� XVH� RI� SUH�SDFNDJHG� VRIWZDUH� WR� GR� \RXU
FDOFXODWLRQV�� LW� KHOSV� JUHDWO\� LI� \RX� XQGHUVWDQG� KRZ� WKH� DOJRULWKPV�ZRUN� DQG�ZKDW� WKH� VRIWZDUH� LV
GRLQJ�� 0XFK� WLPH� FDQ� EH� ZDVWHG� ZKHQ� SHRSOH� IDLO� WR� XQGHUVWDQG� KRZ� D� SURJUDP� ZRUNV� RU
PLVXQGHUVWDQG� WKH� NLQGV� RI� DQVZHUV� WKH� SURJUDP� FDQ� JLYH� WKHP�� )XUWKHUPRUH�� LI� \RX� DUH� JRLQJ� WR
XQGHUWDNH�D�VXEVWDQWLDO�DPRXQW�RI�ZRUN�XVLQJ�QHWZRUN�GDWD��\RX�ZLOO�VRRQHU�RU�ODWHU�ILQG�WKDW�\RX�QHHG
WR�GR�VRPHWKLQJ�WKDW�FDQQRW�EH�GRQH�ZLWK�VWDQGDUG�VRIWZDUH�DQG�\RX¶OO�KDYH�WR�ZULWH�VRPH�SURJUDPV
RI�\RXU�RZQ�
6HFRQG�� WKHUH� LV� D� PDUNHG� WHQGHQF\� LQ� WKH� FXUUHQW� QHWZRUNV� OLWHUDWXUH� IRU� VRPH� UHVHDUFKHUV� WR

UHVWULFW�WKHLU�FDOFXODWLRQV�WR�WKRVH�WKDW�FDQ�EH�FDUULHG�RXW�XVLQJ�WKH�VWDQGDUG�VRIWZDUH��%\�UHO\LQJ�RQ
SUH�SDFNDJHG�SURJUDPV� WR�GR� WKHLU�FDOFXODWLRQV� IRU� WKHP�� UHVHDUFKHUV�KDYH�EHFRPH� OLPLWHG� LQ�ZKDW
W\SHV� RI� DQDO\VLV� WKH\� FDQ� SHUIRUP�� ,Q� WKLV�ZD\�� WKH� VWDQGDUG� SDFNDJHV� KDYH�� LQ� HIIHFW�� VKDSHG� WKH
UHVHDUFK�DJHQGD�RI�WKH�HPSLULFDO�VLGH�RI�WKH�ILHOG��ZKLFK�LV�FRPSOHWHO\�WKH�UHYHUVH�RI�ZKDW�LW�VKRXOG
EH��*RRG�UHVHDUFK�GHFLGHV�WKH�LQWHUHVWLQJ�TXHVWLRQV�ILUVW�DQG�WKHQ�JRHV�LQ�VHDUFK�RI�DQVZHUV��5HVHDUFK
WKDW� UHVWULFWV� LWVHOI�RQO\� WR� WKH�TXHVWLRQV� LW�DOUHDG\�NQRZV�KRZ� WR�DQVZHU�ZLOO�EH�QDUURZO\� IRFXVHG
LQGHHG��%\�IROORZLQJ�WKH�GHYHORSPHQWV�LQ�WKLV�DQG�WKH�IROORZLQJ�FKDSWHUV��DQG��LI�\RX�ZLVK��UHDGLQJ
IXUWKHU� LQ� WKH� DOJRULWKPV� OLWHUDWXUH�� \RX� JLYH� \RXUVHOI� WKH� RSSRUWXQLW\� WR� SXUVXH� ZKDWHYHU� QHWZRUN
TXHVWLRQV�DUH�RI�LQWHUHVW�WR�\RX��ZLWKRXW�KDYLQJ�WR�UHO\�RQ�RWKHUV�WR�SURGXFH�VRIWZDUH�WR�WDFNOH�WKRVH
TXHVWLRQV�



����5811,1*�7,0(�$1'�&20387$7,21$/�&203/(;,7<

�

%HIRUH�ZH�FDQ�ORRN�DW�H[DFWO\�KRZ�QHWZRUN�DOJRULWKPV�ZRUN��WKHUH�LV�DQ�LPSRUWDQW�LVVXH�ZH�QHHG�WR
WDFNOH�� WKDW� RI�FRPSXWDWLRQDO�FRPSOH[LW\�� ,I�\RX�KDYH�SURJUDPPHG�FRPSXWHUV�EHIRUH��\RX�PD\�ZHOO
KDYH� KDG� WKH� H[SHULHQFH� RI� ZULWLQJ� D� SURJUDP� WR� SHUIRUP� D� SDUWLFXODU� FDOFXODWLRQ� DQG� VHWWLQJ� LW
UXQQLQJ��RQO\�WR�ILQG�WKDW�LW�LV�VWLOO�UXQQLQJ�DQ�KRXU�RU�HYHQ�D�GD\�ODWHU��3HUIRUPLQJ�D�TXLFN�EDFN�RI�WKH�
HQYHORSH�FDOFXODWLRQ��\RX�GLVFRYHU� WR�\RXU�GLVPD\� WKDW� WKH�FDOFXODWLRQ�\RX�KDYH�VWDUWHG�ZLOO� WDNH�D
WKRXVDQG�\HDUV�WR�ILQLVK��DQG�KHQFH�WKDW�WKH�SURJUDP�\RX�ZURWH�LV�EDVLFDOO\�XVHOHVV�
7KH� FRQFHSW� RI� FRPSXWDWLRQDO� FRPSOH[LW\� �RU� MXVW� ³FRPSOH[LW\´� IRU� VKRUW�� LV� HVVHQWLDOO\� D�PRUH

IRUPDO�YHUVLRQ�RI�EDFN�RI�WKH�HQYHORSH�FDOFXODWLRQV�OLNH�WKLV�RQH��DQG�LV�XVHIXO�SUHFLVHO\�EHFDXVH�LW
KHOSV� XV� WR� DYRLG�ZDVWLQJ� RXU� HQHUJLHV� RQ� SURJUDPV� WKDW�ZLOO� QRW� ILQLVK� UXQQLQJ� LQ� DQ\� UHDVRQDEOH
DPRXQW�WLPH��%\�FRQVLGHULQJ�WKH�FRPSOH[LW\�RI�DQ�DOJRULWKP�EHIRUH�ZH�HYHQ�VWDUW�WR�ZULWH�D�FRPSXWHU
SURJUDP��ZH�FDQ�EH�VXUH�ZH�DUH�ZULWLQJ�RQH�WKDW�ZLOO�DFWXDOO\�ILQLVK�
&RPSXWDWLRQDO� FRPSOH[LW\� LV� D�PHDVXUH�RI� WKH� UXQQLQJ� WLPH�RI� D� FRPSXWHU� DOJRULWKP��&RQVLGHU� D

VLPSOH�H[DPSOH��KRZ�ORQJ�GRHV�LW�WDNH�WR�ILQG�WKH�ODUJHVW�QXPEHU�LQ�D�OLVW�RI�Q�QXPEHUV"�$VVXPLQJ�WKH
QXPEHUV�DUH�QRW�JLYHQ�WR�XV�LQ�VRPH�VSHFLDO�RUGHU��VXFK�DV�ODUJHVW�ILUVW���WKHQ�WKHUH�LV�QR�TXLFNHU�ZD\
WR�ILQG�WKH�ODUJHVW�WKDQ�VLPSO\�WR�JR�WKURXJK�WKH�ZKROH�OLVW��LWHP�E\�LWHP��NHHSLQJ�D�UXQQLQJ�UHFRUG�RI
WKH�ODUJHVW�QXPEHU�ZH�KDYH�VHHQ��XQWLO�ZH�JHW�WR�WKH�HQG�
7KLV�LV�D�YHU\�VLPSOH�H[DPSOH�RI�D�FRPSXWHU�DOJRULWKP��:H�FRXOG�XVH�LW��IRU�LQVWDQFH��WR�ILQG�WKH

YHUWH[�LQ�D�QHWZRUN�WKDW�KDV�WKH�KLJKHVW�GHJUHH��7KH�DOJRULWKP�FRQVLVWV�RI�D�QXPEHU�RI�VWHSV��RQH�IRU
HDFK�QXPEHU� LQ� WKH� OLVW��2Q�HDFK�VWHS��ZH�H[DPLQH�WKH�QH[W�QXPEHU� LQ� WKH� OLVW�DQG�DVN�ZKHWKHU� LW� LV
ODUJHU� WKDQ� WKH� ODUJHVW�ZH�KDYH� VHHQ� VR� IDU�� ,I� LW� LV�� LW� EHFRPHV� WKH�QHZ� ODUJHVW�QXPEHUVHHQ�VR�IDU�
RWKHUZLVH�QRWKLQJ�KDSSHQV�DQG�ZH�PRYH�RQ�WR�WKH�QH[W�VWHS�
1RZ�KHUH�LV�WKH�FUXFLDO�SRLQW��LQ�WKH�ZRUVW�SRVVLEOH�FDVH�WKH�PRVW�ZRUN�ZH�ZLOO�KDYH�WR�GR�IRU�WKLV

DOJRULWKP�LV�RQ�HDFK�VWHS� WR� ����H[DPLQH� WKH�QH[W�QXPEHU�� ����FRPSDUH� LW�ZLWK�RXU�SUHYLRXV� UHFRUG
KROGHU��DQG�����UHSODFH�WKH�SUHYLRXV�UHFRUG�KROGHU�ZLWK�WKH�QHZ�QXPEHU��7KDW�LV��WKH�ODUJHVW�DPRXQW�RI
ZRUN�ZH�KDYH�WR�GR�KDSSHQV�ZKHQ�HYHU\�QXPEHU�LV�ELJJHU�WKDQ�DOO�WKH�RQHV�EHIRUH�LW�
,Q�WKLV�FDVH�WKH�DPRXQW�RI�ZRUN�ZH�GR�LV�WKH�VDPH�RQ�HYHU\�VWHS�DQG�KHQFH�WKH�WRWDO�WLPH�WDNHQ�WR

FRPSOHWH�WKH�DOJRULWKP��LWV�UXQQLQJ�WLPH��LV�MXVW�QĲ��ZKHUH�Ĳ�LV�WKH�WLPH�WDNHQ�RQ�HDFK�LQGLYLGXDO�VWHS��,I
ZH�DUH�OXFN\��WKH�DFWXDO�WLPH�WDNHQ�PD\�EH�OHVV�WKDQ�WKLV��EXW�LW�ZLOO�QHYHU�EH�PRUH��7KXV�ZH�VD\�WKDW
WKH�UXQQLQJ�WLPH�RU�WLPH�FRPSOH[LW\�RI�WKLV�DOJRULWKP�LV�RUGHU�Q��RU�MXVW�2�Q��IRU�VKRUW��7HFKQLFDOO\�WKH
QRWDWLRQ�2�Q��PHDQV�WKDW�WKH�UXQQLQJ�WLPH�YDULHV�DV�D�FRQVWDQW�WLPHV�Q�RU�OHVV��WR�OHDGLQJ�RUGHU�LQ�Q����
:H�VD\�³WR�OHDGLQJ�RUGHU´�EHFDXVH�LW�LV�SRVVLEOH�WKDW�WKHUH�PD\�EH�FRQWULEXWLRQV�WR�WKH�UXQQLQJ�WLPH
WKDW�LQFUHDVH�ZLWK�V\VWHP�VL]H�PRUH�VORZO\�WKDQ�WKLV�OHDGLQJ�RUGHU�WHUP��)RU�LQVWDQFH��WKHUH�PLJKW�EH
VRPH�LQLWLDO�VWDUW�XS�WLPH�IRU�WKH�DOJRULWKP��VXFK�DV�WLPH�WDNHQ�LQLWLDOL]LQJ�YDULDEOHV��WKDW�LV�D�FRQVWDQW
LQGHSHQGHQW�RI�Q��:H�ZRXOG�GHQRWH�WKLV�WLPH�DV�EHLQJ�2�����L�H���D�FRQVWDQW�WLPHV����%\�FRQYHQWLRQ�
KRZHYHU��RQH�GURSV�VXFK�VXE�OHDGLQJ�WHUPV�ZKHQ�FLWLQJ�WKH�FRPSOH[LW\�RI�DQ�DOJRULWKP��EHFDXVH�LI�Q
LV� ODUJH� HQRXJK� WKDW� WKH� UXQQLQJ� WLPH� RI� WKH� SURJUDP�EHFRPHV� D� VHULRXV� LVVXH� WKHQ� WKH� VXE�OHDGLQJ
WHUPV� ZLOO� XVXDOO\� EH� VPDOO� HQRXJK� E\� FRPSDULVRQ� ZLWK� WKH� OHDGLQJ� RQHV� WKDW� WKH\� FDQ� EH� VDIHO\
QHJOHFWHG�����7KXV�WKH�WLPH�FRPSOH[LW\�RI�RXU�VLPSOH�ODUJHVW�QXPEHU�DOJRULWKP�LV�MXVW�2�Q��
7HFKQLFDOO\��WKH�FRPSXWDWLRQDO�FRPSOH[LW\�RI�DQ�DOJRULWKP�LV�DQ�LQGLFDWLRQ�RI�KRZ�WKH�DOJRULWKP¶V

UXQQLQJ�WLPH�VFDOHV�ZLWK�WKH�VL]H�RI�LWV�LQSXW��,Q�RXU�H[DPSOH��WKH�LQSXW�WR�WKH�DOJRULWKP�LV�WKH�OLVW�RI



QXPEHUV�DQG� WKH� VL]H�RI� WKDW� LQSXW� LV� WKH� OHQJWK�Q�RI� WKH� OLVW�� ,I� WKLV�DOJRULWKP�ZHUH�XVHG� WR� ILQG� WKH
KLJKHVW�GHJUHH�QRGH� LQ�D�QHWZRUN�� WKHQ� WKH�VL]H�RI� WKH� LQSXW�ZRXOG�EH� WKH�QXPEHU�RI�YHUWLFHV� LQ� WKH
QHWZRUN�� ,Q�PDQ\� RI� WKH� QHWZRUN� DOJRULWKPV�ZH�ZLOO� ORRN� DW� WKLV�ZLOO� EH� WKH� FDVH²WKH� QXPEHU� RI
YHUWLFHV�Q�ZLOO�EH�WKH�LPSRUWDQW�SDUDPHWHU�ZH�FRQVLGHU��,Q�RWKHU�FDVHV��WKH�LPSRUWDQW�SDUDPHWHU�ZLOO
EH� WKH�QXPEHU�RI� HGJHV�P� LQ� WKH�QHWZRUN��ZKLOH� LQ�RWKHUV� VWLOO�ZH�ZLOO� QHHG�ERWK�P� DQG�Q� WR� IXOO\
VSHFLI\�WKH�VL]H�RI�WKH�LQSXW²WKHUH�FRXOG�EH�GLIIHUHQW�SDUWV�WR�DQ�DOJRULWKP��IRU�LQVWDQFH��WKDW�RSHUDWH
VHSDUDWHO\� RQ� WKH� YHUWLFHV� DQG� WKH� HGJHV�� VR� WKDW� WKH� WRWDO� UXQQLQJ� WLPH� GHSHQGV� RQ� ERWK��7KXV�� IRU
H[DPSOH��ZH�ZLOO� VHH� LQ�6HFWLRQ������ WKDW� WKH� DOJRULWKP�NQRZQ�DV� ³EUHDGWK�ILUVW� VHDUFK�´�ZKLFK� LV
XVHG� IRU� ILQGLQJ� JHRGHVLF� SDWKV� LQ� QHWZRUNV�� KDV� D� FRPSXWDWLRQDO� FRPSOH[LW\� 2�P�� �� 2�Q�� IRU� D
QHWZRUN� ZLWK�P� HGJHV� DQG�Q� YHUWLFHV�� PHDQLQJ� WKDW� LW� UXQV� LQ� WLPH�DP� ��EQ� ZKHUH�D� DQG�E� DUH
FRQVWDQWV��RU�TXLFNHU��9HU\�RIWHQ�RQH�ZULWHV�WKLV��LQ�VKRUWKDQG�DQG�VOLJKWO\�VORSS\�IRUP��DV�2�P���Q��
7KLV�ODWWHU�QRWDWLRQ�LV�QRW�PHDQW�WR�LPSO\�WKDW�WKH�FRQVWDQWV�LQ�IURQW�RI�P�DQG�Q�DUH�WKH�VDPH�
,Q� D� ORW� RI� QHWZRUNV� UHVHDUFK� ZH� DUH� FRQFHUQHG� ZLWK� VSDUVH� JUDSKV� �VHH� 6HFWLRQ� ����� DQG

SDUWLFXODUO\�ZLWK� JUDSKV� IRU�ZKLFK�P� LQFUHDVHV� LQ� SURSRUWLRQ� WR�Q� DV�Q� EHFRPHV� ODUJH��7R� SXW� WKDW
DQRWKHU�ZD\�� WKH�PHDQ� GHJUHH� RI� WKH� QHWZRUN�F�  � �P�Q� UHPDLQV� FRQVWDQW� �VHH�(T�� ��������� ,Q� VXFK
QHWZRUNV��2�P���Q��Ł�2�Q��DQG�ZH�FDQ�GURS�WKH�P�IURP�RXU�QRWDWLRQ�
7KH� LPSRUWDQFH� RI� WKH� FRPSXWDWLRQDO� FRPSOH[LW\� OLHV� LQ� LWV� XVH� IRU� HVWLPDWLQJ� WKH� DFWXDO� UXQQLQJ

WLPH� RI� UHDO� DOJRULWKPV�� ,I� D� SDUWLFXODU� DOJRULWKP� LV� JRLQJ� WR� WDNH� D� PRQWK� WR� VROYH� D� SUREOHP� RI
LQWHUHVW��RU�D�\HDU�RU�D�FHQWXU\��ZH¶G�OLNH�WR�NQRZ�WKDW�LQ�DGYDQFH��:H�ZDQW�WR�HVWLPDWH�KRZ�ORQJ�WKH
FDOFXODWLRQ�LV�JRLQJ�WR�WDNH�EHIRUH�ZH�VWDUW�LW��VR�ZH�FDQ�PDNH�D�GHFLVLRQ�DERXW�ZKHWKHU�WKH�ZDLW�LV
MXVWLILHG��$�NQRZOHGJH�RI�WKH�FRPSXWDWLRQDO�FRPSOH[LW\�DOORZV�XV�WR�GR�WKDW�E\�PHDVXULQJ�UXQ�WLPH�RQ
D�VPDOO�SUREOHP�DQG�WKHQ�VFDOLQJ�XS�DSSURSULDWHO\�WR�WKH�VL]H�RI�WKH�UHDO�SUREOHP�
)RU� H[DPSOH�� VXSSRVH�ZH�ZLVK� WR� UXQ� WKH� EUHDGWK�ILUVW� VHDUFK� DOJRULWKP�PHQWLRQHG� DERYH� RQ� D

QHWZRUN� ZLWK� D� PLOOLRQ� YHUWLFHV� DQG� WHQ� PLOOLRQ� HGJHV�� .QRZLQJ� WKDW� WKH� DOJRULWKP� KDV� WLPH
FRPSOH[LW\�2�P���Q���ZH�FRXOG�VWDUW�RXW�ZLWK�D�VPDOO�WHVW�UXQ�RI�WKH�SURJUDP�RQ�D�QHWZRUN�ZLWK�Q� 
����� YHUWLFHV�� VD\�� DQG�P� ��������HGJHV��2IWHQ�ZH�DUWLILFLDOO\� FUHDWH� VPDOO�QHWZRUNV� MXVW� IRU� WKH
SXUSRVHV�RI�VXFK�WHVWV��3HUKDSV�ZH�ILQG�WKDW�WKH�SURJUDP�ILQLVKHV�LQ�D�VHFRQG�RQ�WKH�WHVW�QHWZRUN��:H
WKHQ�VFDOH�XS�WKLV�UHVXOW�NQRZLQJ�WKDW�WKH�UXQQLQJ�WLPH�YDULHV�DV�DP���EQ��2Q�WKH�IXOO�QHWZRUN�ZLWK�Q� 
����������DQG�P� ������������ERWK�Q�DQG�P�DUH�D�WKRXVDQG�WLPHV�ODUJHU�WKDQ�RQ�WKH�WHVW�QHWZRUN��VR
WKH�SURJUDP�VKRXOG�WDNH�DERXW�D�WKRXVDQG�WLPHV�ORQJHU�WR�ILQLVK��L�H���D�WKRXVDQG�VHFRQGV�RU�DERXW�D
TXDUWHU�RI�DQ�KRXU��$UPHG�ZLWK�WKLV�LQIRUPDWLRQ�ZH�FDQ�VDIHO\�VWDUW�RXU�SURJUDP�ZRUNLQJ�RQ�WKH�ODUJHU
SUREOHP�DQG�VWHS�RXW�IRU�D�FXS�RI�WHD�RU�D�SKRQH�FDOO�ZKLOH�ZH�ZDLW�IRU�LW�ILQLVK�
&RQYHUVHO\��VXSSRVH�ZH�KDG�DQ�DOJRULWKP�ZLWK�FRPSXWDWLRQDO�FRPSOH[LW\�2�Q����7KDW�PHDQV�WKDW�LI

ZH�LQFUHDVH�WKH�QXPEHU�RI�YHUWLFHV�Q�LQ�RXU�QHWZRUN�E\�D�IDFWRU�RI�D�WKRXVDQG�WKH�UXQQLQJ�WLPH�ZLOO
LQFUHDVH�E\�D�WULOOLRQ��,Q�VXFK�D�FDVH�LW�DOPRVW�GRHV�QRW�PDWWHU�ZKDW�WKH�UXQ�WLPH�RI�WKH�DOJRULWKP�LV�RQ
RXU�VPDOO�WHVW�QHWZRUN��WKH�UXQ�WLPH�RQ�WKH�IXOO�QHWZRUN�LV�JRLQJ�WR�EH�SURKLELWLYHO\�ORQJ��)RU�LQVWDQFH�
LI�WKH�WHVW�QHWZRUN�WDNHV�D�VHFRQG�DJDLQ��WKHQ�WKH�IXOO�QHWZRUN�ZRXOG�WDNH�D�WULOOLRQ�VHFRQGV��ZKLFK�LV
DURXQG��������\HDUV��,Q�WKLV�FDVH��ZH�ZRXOG�FHUWDLQO\�DEDQGRQ�WKH�FDOFXODWLRQ��RU�DW�OHDVW�ORRN�IRU�D
IDVWHU�DOJRULWKP�WKDW�FDQ�FRPSOHWH�LW�LQ�UHDVRQDEOH�WLPH�
)LQGLQJ�WKH�FRPSXWDWLRQDO�FRPSOH[LW\�RI�DQ�DOJRULWKP��JHQHUDWLQJ�WHVW�QHWZRUNV��SHUIRUPLQJ�VPDOO

UXQV��DQG�GRLQJ�VFDOLQJ�FDOFXODWLRQV�RI�WKLV�W\SH�DOO�UHTXLUH�VRPH�ZRUN²DGGLWLRQDO�ZRUN�RQ�WRS�RI�WKH
ZRUN� RI� GHYHORSLQJ� DQG� SURJUDPPLQJ� WKH� FRPSXWHU� DOJRULWKP� LQ� WKH� ILUVW� SODFH�� 1RQHWKHOHVV�� WKLV
H[WUD�ZRUN�LV�ZHOO�ZRUWK�WKH�HIIRUW�LQYROYHG�DQG�RQH�VKRXOG�DOZD\V�SHUIRUP�WKLV�W\SH�RI�DQDO\VLV��DW
OHDVW� LQ�VRPH� URXJK�PDQQHU��EHIRUH�HPEDUNLQJ�RQ�DQ\�PDMRU�QXPHULFDO�FDOFXODWLRQV��&RPSXWDWLRQDO
FRPSOH[LW\� ZLOO� EH� RQH� RI� RXU�PDMRU� FRQFHUQV� WKURXJKRXW� RI� WKH� GLVFXVVLRQV� RI� DOJRULWKPV� LQ� WKLV



FKDSWHU�DQG�WKH�IROORZLQJ�WZR��$Q�DOJRULWKP�LV�QH[W�WR�XVHOHVV�LI�LWV�UXQQLQJ�WLPH�VFDOHV�SRRUO\�ZLWK
WKH�VL]H�RI�D�QHWZRUN��,Q�SUDFWLFH��DQ\�DOJRULWKP�WKDW�VFDOHV�ZLWK�V\VWHP�VL]H�DV�2�Q�����RU�JUHDWHU�LV
XVHOHVV�IRU�ODUJH�QHWZRUNV��DOWKRXJK�VXFK�DOJRULWKPV�VWLOO�ILQG�VRPH�XVH�IRU�WKH�VPDOOHU�FDVHV��,Q�WKH
ZRUOG�RI�FRPSXWHU�VFLHQFH��ZKHUH�PDQ\�UHVHDUFKHUV�KDYH�GHYRWHG�WKHLU�HQWLUH�FDUHHUV�WR�WKH�LQYHQWLRQ
RI�QHZ�DOJRULWKPV�IRU�VROYLQJ�SDUWLFXODU�SUREOHPV��WKH�FDOFXODWLRQ�RI�WKH�FRPSXWDWLRQDO�FRPSOH[LW\�RI
DQ�DOJRULWKP�LV�D�SULPDU\�JRDO²RIWHQ�WKH�SULPDU\�JRDO²RI�UHVHDUFK��3OHQW\�RI�SDSHUV�DUH�SXEOLVKHG
ZKRVH�VROH�FRQWULEXWLRQ�LV�WR�SURYLGH�D�FDOFXODWLRQ�RI�WKH�FRPSOH[LW\�RI�VRPH�DOJRULWKP�
,W�LV�ZRUWK�PHQWLRQLQJ�WKDW�FDOFXODWLRQV�RI�WKH�UXQ�WLPH�RI�DOJRULWKPV�EDVHG�RQ�WKHLU�FRPSOH[LW\��DV

DERYH��GR�QRW�DOZD\V�JLYH�YHU\�DFFXUDWH�DQVZHUV��:H�KDYH�PHQWLRQHG�DOUHDG\�WKDW�VWDQGDUG�PHDVXUHV
RI� WLPH� FRPSOH[LW\� QHJOHFW� VXE�OHDGLQJ� FRQWULEXWLRQV� WR� WKH� UXQ� WLPH�� ZKLFK� PD\� LQWURGXFH
LQDFFXUDFLHV�LQ�SUDFWLFDO�VLWXDWLRQV��%XW�LQ�DGGLWLRQ�WKHUH�DUH��IRU�WHFKQLFDO�UHDVRQV��PDQ\�FDVHV�ZKHUH
WKH�EHKDYLRU�RI�WKH�UXQ�WLPH�LV�FRQVLGHUDEO\�SRRUHU�WKDQ�D�VLPSOH�VFDOLQJ�DUJXPHQW�ZRXOG�VXJJHVW��)RU
LQVWDQFH�� LQ�FDOFXODWLRQV�RQ�QHWZRUNV� LW� LV� LPSRUWDQW� WKDW� WKH�HQWLUH�QHWZRUN� ILW� LQ� WKH�PDLQ�PHPRU\
�5$0��RI�RXU�FRPSXWHU�LI�WKH�DOJRULWKP�LV�WR�UXQ�TXLFNO\��,I�WKH�QHWZRUN�LV�VR�ODUJH�WKDW�DW�OHDVW�SDUW�RI
LW�PXVW�EH�VWRUHG�RQ�D�GLVN�RU�VRPH�RWKHU�VORZ�IRUP�RI�VWRUDJH��WKHQ�WKH�SHUIRUPDQFH�RI�WKH�DOJRULWKP
PD\�EH�VXEVWDQWLDOO\�KLQGHUHG�����(YHQ� LI� WKH�HQWLUH�QHWZRUN� ILWV� LQ� WKH�PDLQ�PHPRU\�� WKHUH�PD\�EH
DGGLWLRQDO�VSDFH�UHTXLUHG�IRU�WKH�RSHUDWLRQ�RI�WKH�DOJRULWKP��DQG�WKDW�PXVW�ILW�LQ�WKH�PHPRU\�WRR��$OVR�
QRW�DOO�NLQGV�RI�PHPRU\�DUH�HTXDOO\�IDVW��0RGHUQ�FRPSXWHUV�KDYH�D�VPDOO�DPRXQW�RI�H[WUD�IDVW�³FDFKH´
PHPRU\�WKDW�WKH�FRPSXWHU�FDQ�XVH�IRU�VWRULQJ�VPDOO�TXDQWLWLHV�RI�IUHTXHQWO\�XVHG�GDWD��,I�DOO�RU�PRVW�RI
WKH�GDWD�IRU�D�FDOFXODWLRQ�ILW�LQ�WKH�FDFKH��WKHQ�WKH�SURJUDP�ZLOO�UXQ�IDU�IDVWHU�WKDQ�LI�LW�GRHV�QRW�
7KHUH� DUH� DOVR� FDVHV� LQ� ZKLFK� D� SURJUDP� ZLOO� SHUIRUP� EHWWHU� WKDQ� WKH� HVWLPDWH� EDVHG� RQ� LWV

FRPSOH[LW\� ZRXOG� LQGLFDWH�� ,Q� SDUWLFXODU�� WKH� FRPSOH[LW\� LV� XVXDOO\� FDOFXODWHG� E\� FRQVLGHULQJ� WKH
EHKDYLRU� RI� WKH� SURJUDP� LQ� WKH� ZRUVW� FDVH�� %XW� IRU� VRPH� SURJUDPV� WKH� ZRUVW�FDVH� EHKDYLRU� LV
UHODWLYHO\�UDUH��RFFXUULQJ�RQO\�IRU�FHUWDLQ�VSHFLDO�YDOXHV�RI�WKH�SURJUDP�LQSXWV�RU�SDUWLFXODUO\�XQOXFN\
SDUDPHWHU� FKRLFHV�� DQG� WKH� W\SLFDO� EHKDYLRU� LV� VLJQLILFDQWO\� EHWWHU� WKDQ� WKH� ZRUVW� FDVH�� )RU� VXFK
SURJUDPV�WKH�FRPSOH[LW\�FDQ�JLYH�DQ�XQUHDVRQDEO\�SHVVLPLVWLF�HVWLPDWH�RI�UXQQLQJ�WLPH�
)RU�DOO�RI�WKHVH�UHDVRQV��DQG�VRPH�RWKHUV�DV�ZHOO��SURJUDPV�FDQ�VKRZ�XQH[SHFWHG�EHKDYLRUV�DV�WKH

VL]H�RI�WKHLU�LQSXW�LQFUHDVHV��VRPHWLPHV�VORZLQJ�GRZQ�VXEVWDQWLDOO\�PRUH�WKDQ�ZH�ZRXOG�H[SHFW�JLYHQ
WKHLU� WKHRUHWLFDO� WLPH� FRPSOH[LW\� DQG� VRPHWLPHV� UXQQLQJ� IDVWHU�� 1RQHWKHOHVV�� FRPSXWDWLRQDO
FRPSOH[LW\� LV� VWLOO� D�XVHIXO�JHQHUDO�JXLGH� WR�SURJUDP�SHUIRUPDQFH�DQG�DQ� LQGLVSHQVDEOH� WRRO� LQ� WKH
FRPSXWHU�DQDO\VLV�RI�ODUJH�QHWZRUNV�
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7KH� ILUVW� WDVN� RI� PRVW� SURJUDPV� WKDW� ZRUN� ZLWK� QHWZRUN� GDWD� LV� WR� UHDG� WKH� GDWD�� XVXDOO\� IURP� D
FRPSXWHU�ILOH��DQG�VWRUH�LW�LQ�VRPH�IRUP�LQ�WKH�PHPRU\�RI�WKH�FRPSXWHU��1HWZRUN�GDWD�VWRUHG�LQ�ILOHV
FDQ�EH�LQ�DQ\�RI�D�ODUJH�QXPEHU�RI�GLIIHUHQW�IRUPDWV��VRPH�VWDQGDUG��VRPH�QRW��EXW�W\SLFDOO\�WKH�ILOH
FRQWDLQV�DQ�HQWU\�FRQWDLQLQJ�LQIRUPDWLRQ�IRU�HDFK�YHUWH[�RU�IRU�HDFK�HGJH��RU�VRPHWLPHV�ERWK��7KH�ZD\
WKH�GDWD�DUH�VWRUHG�LQ�WKH�FRPSXWHU�PHPRU\�DIWHU�WKH\�DUH�UHDG�IURP�WKH�ILOH�FDQ��DV�ZH�ZLOO�VHH��PDNH
D�VXEVWDQWLDO�GLIIHUHQFH�WR�ERWK�WKH�VSHHG�RI�D�SURJUDP�DQG�WKH�DPRXQW�RI�PHPRU\�LW�XVHV��+HUH�ZH
GLVFXVV�VRPH�RI�WKH�FRPPRQHVW�ZD\V�WR�VWRUH�QHWZRUN�GDWD�
7KH�ILUVW�VWHS�LQ�UHSUHVHQWLQJ�D�QHWZRUN�LQ�D�FRPSXWHU�LV�WR�ODEHO�WKH�YHUWLFHV�VR�WKDW�HDFK�FDQ�EH

XQLTXHO\�LGHQWLILHG��7KH�PRVW�FRPPRQ�ZD\�RI�GRLQJ�WKLV�LV�WR�JLYH�HDFK�D�QXPHULF�ODEHO��XVXDOO\�DQ
LQWHJHU��MXVW�DV�ZH�KDYH�EHHQ�GRLQJ�LQ�RXU�PDWKHPDWLFDO�WUHDWPHQW�RI�QHWZRUNV�LQ�&KDSWHUV���DQG����,Q
WKH�VLPSOHVW�FDVH��ZH�FDQ�QXPEHU�WKH�Q�YHUWLFHV�RI�D�QHWZRUN�E\�WKH�FRQVHFXWLYH�LQWHJHUV�L� ���������Q�
DOWKRXJK�LQ�VRPH�FDVHV�ZH�PLJKW�ZLVK�WR�XVH�QRQ�FRQVHFXWLYH�LQWHJHUV�IRU�VRPH�UHDVRQ�RU�WR�VWDUW�WKH
QXPEHULQJ�IURP�D�GLIIHUHQW�SRLQW���)RU�LQVWDQFH��LQ�WKH�&�SURJUDPPLQJ�ODQJXDJH�LW�LV�FRQYHQWLRQDO�IRU
QXPEHULQJ� WR� VWDUW� DW� ]HUR� DQG� UXQ� WKURXJK�L�  � �� �� �� ��Q� í� ����0RVW�� WKRXJK�QRW� DOO�� ILOH� IRUPDWV� IRU
VWRULQJ�QHWZRUNV�DOUHDG\�VSHFLI\�LQWHJHU�ODEHOV�IRU�YHUWLFHV��ZKLFK�PD\�VLPSOLI\�WKLQJV��)RU�WKRVH�WKDW
GRQ¶W��RQH�W\SLFDOO\�MXVW�ODEHOV�YHUWLFHV�FRQVHFXWLYHO\�LQ�WKH�RUGHU�WKH\�DUH�UHDG�IURP�WKH�ILOH��,Q�ZKDW
IROORZV��ZH�ZLOO�DVVXPH�WKDW�YHUWLFHV�DUH�QXPEHUHG�������Q�
2IWHQ�WKH�YHUWLFHV�LQ�D�QHWZRUN�KDYH�RWKHU�QRWDWLRQV�RU�YDOXHV�DWWDFKHG�WR�WKHP�LQ�DGGLWLRQ�WR�WKHLU

LQWHJHU�ODEHOV��7KH�YHUWLFHV�LQ�D�VRFLDO�QHWZRUN��IRU�LQVWDQFH��PLJKW�KDYH�QDPHV��YHUWLFHV�LQ�WKH�:RUOG
:LGH� :HE� PLJKW� KDYH� 85/V�� YHUWLFHV� RQ� WKH� ,QWHUQHW� PLJKW� KDYH� ,3� DGGUHVVHV� RU� $6� QXPEHUV�
9HUWLFHV� FRXOG� DOVR� KDYH� SURSHUWLHV� OLNH� DJH�� FDSDFLW\�� RU� ZHLJKW� UHSUHVHQWHG� E\� RWKHU� QXPEHUV�
LQWHJHU�RU�QRW��$OO�RI�WKHVH�RWKHU�QRWDWLRQV�DQG�YDOXHV�FDQ�EH�VWRUHG�VWUDLJKWIRUZDUGO\�LQ�WKH�PHPRU\
RI� WKH� FRPSXWHU� E\� GHILQLQJ� DQ� DUUD\� RI� D� VXLWDEOH� W\SH�ZLWK�Q� HOHPHQWV�� RQH� IRU� HDFK� YHUWH[�� DQG
ILOOLQJ�LW�ZLWK�WKH�DSSURSULDWH�YDOXHV�LQ�RUGHU��)RU�H[DPSOH��ZH�PLJKW�KDYH�DQ�DUUD\�RI�Q�WH[W�VWULQJV�WR
VWRUH�WKH�QDPHV�RI�WKH�LQGLYLGXDOV�LQ�D�VRFLDO�QHWZRUN��DQG�DQRWKHU�DUUD\�RI�LQWHJHUV�WR�VWRUH�WKHLU�DJHV
LQ�\HDUV�
+DYLQJ�GHYLVHG� D� VXLWDEOH� VFKHPH� IRU� VWRULQJ� WKH�SURSHUWLHV� RI� YHUWLFHV��ZH� WKHQ�QHHG� D�ZD\� WR

UHSUHVHQW�WKH�HGJHV�LQ�WKH�QHWZRUN��7KLV�LV�ZKHUH�WKLQJV�JHW�PRUH�FRPSOLFDWHG�
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,Q�PRVW� RI� WKH�PDWKHPDWLFDO� GHYHORSPHQWV� RI� SUHYLRXV� FKDSWHUV�ZH� KDYH� UHSUHVHQWHG� QHWZRUNV� E\
WKHLU�DGMDFHQF\�PDWUL[�$LM²VHH�6HFWLRQ������7KH�DGMDFHQF\�PDWUL[�DOVR�SURYLGHV�RQH�RI�WKH�VLPSOHVW
ZD\V� WR� UHSUHVHQW� D� QHWZRUN� RQ� D� FRPSXWHU�� 0RVW� FRPSXWHU� ODQJXDJHV� SURYLGH� WZR�GLPHQVLRQDO
DUUD\V�WKDW�FDQ�EH�XVHG�WR�VWRUH�DQ�DGMDFHQF\�PDWUL[�GLUHFWO\�LQ�PHPRU\��$Q�DUUD\�RI�LQWHJHUV�FDQ�EH
XVHG� LI� WKH� DGMDFHQF\�PDWUL[� FRQVLVWV� RQO\� RI� LQWHJHUV�� DV� LW� GRHV� IRU� XQZHLJKWHG� VLPSOH� JUDSKV� RU
PXOWLJUDSKV��$Q�DUUD\�RI�IORDWLQJ�SRLQW�QXPEHUV�LV�QHHGHG�IRU�DQ�DGMDFHQF\�PDWUL[�WKDW�PD\�KDYH�UHDOV
�QRQ�LQWHJHUV��DV�LWV�HOHPHQWV��DV�GRHV�WKH�DGMDFHQF\�PDWUL[�RI�VRPH�ZHLJKWHG�QHWZRUNV²VHH�6HFWLRQ
����
6WRULQJ� D� QHWZRUN� LQ� WKH� IRUP� RI� DQ� DGMDFHQF\�PDWUL[� LV� FRQYHQLHQW� LQ�PDQ\�ZD\V��0RVW� RI� WKH

IRUPXODV�DQG�FDOFXODWLRQV�GHVFULEHG�LQ�WKLV�ERRN�DUH�ZULWWHQ�RXW�LQ�WHUPV�RI�DGMDFHQF\�PDWULFHV��6R�LI
ZH�KDYH� WKDW�PDWUL[�VWRUHG� LQ�RXU�FRPSXWHU� LW� LV�XVXDOO\�D� WULYLDO�PDWWHU� WR� WXUQ� WKRVH� IRUPXODV� LQWR
FRPSXWHU�FRGH�WR�FDOFXODWH�WKH�FRUUHVSRQGLQJ�TXDQWLWLHV�
7KH�DGMDFHQF\�PDWUL[�FDQ�EH�KLJKO\�DGYDQWDJHRXV�IRU�RWKHU�UHDVRQV�WRR��)RU�LQVWDQFH��LI�RQH�ZLVKHV

WR�DGG�RU�UHPRYH�DQ�HGJH�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV��WKLV�FDQ�EH�DFKLHYHG�YHU\�TXLFNO\�ZLWK�DQ
DGMDFHQF\�PDWUL[��7R�DGG�DQ�HGJH�EHWZHHQ�YHUWLFHV�L�DQG�M�RQH�VLPSO\�LQFUHDVHV�WKH�LMWK�HOHPHQW�RI�WKH
DGMDFHQF\�PDWUL[�E\�RQH��7R�UHPRYH�DQ�HGJH�EHWZHHQ�WKH�VDPH�YHUWLFHV�RQH�GHFUHDVHV�WKH�HOHPHQW�E\
RQH��7KHVH�RSHUDWLRQV�WDNH�D�FRQVWDQW�DPRXQW�RI� WLPH�UHJDUGOHVV�RI� WKH�VL]H�RI� WKH�QHWZRUN��VR�WKHLU
FRPSXWDWLRQDO�FRPSOH[LW\� LV�2�����6LPLODUO\� LI�ZH�ZDQW� WR� WHVW�ZKHWKHU� WKHUH� LV�DQ�HGJH�EHWZHHQ�D
JLYHQ�SDLU�RI�YHUWLFHV�L�DQG�M�ZH�QHHG�RQO\�LQVSHFW�WKH�YDOXH�RI�WKH�DSSURSULDWH�PDWUL[�HOHPHQW��ZKLFK
FDQ�DOVR�EH�GRQH�LQ�2����WLPH�
8QGLUHFWHG� QHWZRUNV� JLYH� D� VOLJKW� WZLVW� WR� WKH� LVVXH� VLQFH� WKH\� DUH� UHSUHVHQWHG� E\� V\PPHWULF

PDWULFHV��,I�ZH�ZDQW�WR�DGG�DQ�XQGLUHFWHG�HGJH�EHWZHHQ�YHUWLFHV�L�DQG�M��WKHQ�LQ�SULQFLSOH�ZH�VKRXOG
LQFUHDVH�ERWK�WKH�LMWK�DQG�MLWK�HOHPHQWV�RI�WKH�DGMDFHQF\�PDWUL[�E\�RQH��EXW�LQ�SUDFWLFH�WKLV�LV�D�ZDVWH
RI�WLPH��$�EHWWHU�DSSURDFK�LV�WR�XSGDWH�RQO\�HOHPHQWV�LQ�WKH�XSSHU�WULDQJOH�RI�WKH�PDWUL[�DQG�OHDYH�WKH
ORZHU�RQH�HPSW\��NQRZLQJ�WKDW�LWV�FRUUHFW�YDOXH�LV�MXVW�WKH�PLUURU�LPDJH�RI�WKH�XSSHU�WULDQJOH�����7R
SXW� WKLV�DQRWKHU�ZD\��ZH�RQO\�XSGDWH�HOHPHQWV��L��M��RI� WKH�PDWUL[� IRU�ZKLFK�L� ��M�� �)RU�QHWZRUNV� LQ
ZKLFK� VHOI�HGJHV� DUH� DOORZHG��ZH�ZRXOG� XVH� WKH� GLDJRQDO� HOHPHQWV� DV�ZHOO�� VR�ZH�ZRXOG� XSGDWH
HOHPHQWV�ZLWK�L� ��M²VHH�6HFWLRQ�������)RU�LQVWDQFH��LI�ZH�ZLVK�WR�FUHDWH�DQ�HGJH�EHWZHHQ�YHUWH[��
DQG�YHUWH[����WKLV�PHDQV�LQ�SULQFLSOH�WKDW�ZH�ZDQW�WR�LQFUHDVH�ERWK�WKH��������HOHPHQW�DQG�WKH�������
HOHPHQW� RI� WKH� DGMDFHQF\�PDWUL[� E\� RQH�� %XW�� VLQFH� ZH� DUH� RQO\� XSGDWLQJ� HOHPHQWV� ZLWK�L� ��M�� ZH
ZRXOG�LQFUHDVH�RQO\�WKH��������HOHPHQW�DQG�OHDYH�WKH�RWKHU�DORQH����
7DNLQJ�WKLV�LGHD�RQH�VWHS�IXUWKHU��ZH�FRXOG�QRW�ERWKHU�WR�VWRUH�WKH�ORZHU�WULDQJOH�RI�WKH�DGMDFHQF\

PDWUL[�LQ�PHPRU\�DW�DOO��,I�ZH�DUH�QRW�JRLQJ�WR�XSGDWH�LW��ZK\�ZDVWH�PHPRU\�VWRULQJ�LW"�8QIRUWXQDWHO\�
GURSSLQJ� WKH� ORZHU� WULDQJOH� RI� WKH� PDWUL[� PDNHV� RXU� UHPDLQLQJ� PDWUL[� WULDQJXODU� LWVHOI�� DQG� PRVW
FRPSXWHU� ODQJXDJHV�GRQ¶W�FRQWDLQ�DUUD\V�GHVLJQHG� WR�KROG� WULDQJXODU� VHWV�RI�TXDQWLWLHV��2QH�FDQ��E\
GLQW�RI�D�FHUWDLQ�DPRXQW�RI�ZRUN��DUUDQJH�WR�VWRUH�WULDQJXODU�PDWULFHV�XVLQJ��IRU�H[DPSOH��WKH�G\QDPLF
PHPRU\�DOORFDWLRQ�IDFLOLWLHV�SURYLGHG�E\�ODQJXDJHV�OLNH�&�DQG�-$9$��EXW�WKLV�LV�RQO\�ZRUWK�WKH�HIIRUW
LI�PHPRU\�VSDFH�LV�WKH�OLPLWLQJ�IDFWRU�LQ�SHUIRUPLQJ�\RXU�FDOFXODWLRQ�
7KH�DGMDFHQF\�PDWUL[�LV�QRW�DOZD\V�D�FRQYHQLHQW�UHSUHVHQWDWLRQ��KRZHYHU��,W�LV�FXPEHUVRPH�LI��IRU

LQVWDQFH��ZH�ZDQW� WR� UXQ� TXLFNO\� WKURXJK� WKH� QHLJKERUV� RI� D� SDUWLFXODU� YHUWH[�� DW� OHDVW� RQ� D� VSDUVH



JUDSK�� 7KH� QHLJKERUV� RI� YHUWH[�L� DUH� GHQRWHG� E\� QRQ�]HUR� HOHPHQWV� LQ� WKH�LWK� URZ�RI� WKH� DGMDFHQF\
PDWUL[� DQG� WR� ILQG� WKHP� DOO�ZH�ZRXOG� KDYH� WR� JR� WKURXJK� DOO� WKH� HOHPHQWV� RI� WKH� URZ� RQH� E\� RQH
ORRNLQJ�IRU�WKRVH�WKDW�DUH�QRQ�]HUR��7KLV�WDNHV�WLPH�2�Q���VLQFH�WKDW�LV�WKH�OHQJWK�RI�WKH�URZ���ZKLFK
FRXOG� EH� D� ORW� RI� WLPH� LQ� D� ODUJH� QHWZRUN�� DQG� \HW� RQ� D� VSDUVH� JUDSK�PRVW� RI� WKDW� WLPH� LV�ZDVWHG
EHFDXVH�HDFK�YHUWH[�LV�FRQQHFWHG�WR�RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�RWKHUV�DQG�PRVW�RI�WKH�HOHPHQWV�LQ�WKH
DGMDFHQF\�PDWUL[�DUH�]HUR��$V�ZH�ZLOO�VHH�LQ�WKLV�FKDSWHU��PDQ\�QHWZRUN�DOJRULWKPV�GR�LQGHHG�UHTXLUH
XV�WR�ILQG�DOO�QHLJKERUV�RI�D�YHUWH[��RIWHQ�UHSHDWHGO\��DQG�IRU�VXFK�DOJRULWKPV�WKH�DGMDFHQF\�PDWUL[�LV
QRW�DQ�LGHDO�WRRO�

�

7DEOH������7KH�OHDGLQJ�RUGHU�WLPH�FRPSOH[LW\�RI�IRXU�RSHUDWLRQV�IRU�YDULRXV�UHSUHVHQWDWLRQV�RI�D
QHWZRUN� RI�Q� YHUWLFHV� DQG�P� HGJHV�� 7KH� RSHUDWLRQV� DUH� DGGLQJ� DQ� HGJH� WR� WKH� QHWZRUN� �LQVHUW��
UHPRYLQJ�DQ�HGJH�IURP�WKH�QHWZRUN��GHOHWH���WHVWLQJ�ZKHWKHU�D�JLYHQ�SDLU�RI�YHUWLFHV�DUH�FRQQHFWHG�E\
DQ�HGJH��ILQG���DQG�OLVWLQJ�WKH�QHLJKERUV�RI�D�JLYHQ�YHUWH[��HQXPHUDWH��
�
�
7KH�FRPSXWDWLRQDO�FRPSOH[LW\�RI�WKH�QHWZRUN�RSHUDWLRQV�GLVFXVVHG�KHUH�IRU�DQ�DGMDFHQF\�PDWUL[�LV

VXPPDUL]HG�LQ�7DEOH�����
$QRWKHU� GLVDGYDQWDJH� RI� WKH� DGMDFHQF\�PDWUL[� UHSUHVHQWDWLRQ� LV� WKDW� IRU� VSDUVH� JUDSKV� LW� PDNHV

LQHIILFLHQW�XVH�RI�FRPSXWHU�PHPRU\��,Q�D�QHWZRUN�LQ�ZKLFK�PRVW�HOHPHQWV�RI�WKH�DGMDFHQF\�PDWUL[�DUH
]HUR��PRVW�RI�WKH�PHPRU\�RFFXSLHG�E\�WKH�PDWUL[�LV�XVHG�IRU�VWRULQJ�WKRVH�]HURV��$V�ZH�ZLOO�VHH��RWKHU
UHSUHVHQWDWLRQV�H[LVW�� VXFK�DV� WKH�³DGMDFHQF\� OLVW�´� WKDW� DYRLG� VWRULQJ� WKH�]HURV� DQG� WKHUHE\� WDNH�XS
PXFK�OHVV�VSDFH����
,W�LV�D�VLPSOH�PDWWHU�WR�ZRUN�RXW�KRZ�PXFK�PHPRU\�LV�FRQVXPHG�LQ�VWRULQJ�WKH�DGMDFHQF\�PDWUL[�RI

D�QHWZRUN��7KH�PDWUL[�KDV�Q��HOHPHQWV��,I�HDFK�RI� WKHP�LV�DQ�LQWHJHU��ZKLFK�UHTXLUHV���E\WHV�IRU� LWV
VWRUDJH�RQ�PRVW�PRGHUQ�FRPSXWHUV��WKHQ�WKH�HQWLUH�PDWUL[�ZLOO�WDNH��Q��E\WHV��$W�WKH�WLPH�RI�ZULWLQJ��D
W\SLFDO�FRPSXWHU�KDV�DERXW������E\WHV�RI�5$0�����*%���DQG�KHQFH� WKH� ODUJHVW�QHWZRUN� WKDW�FDQ�EH
VWRUHG�LQ�DGMDFHQF\�PDWUL[�IRUPDW�VDWLVILHV��Q�� �������RU�Q� ���������7KLV�LV�QRW�QHDUO\�ODUJH�HQRXJK
WR�VWRUH�WKH�ODUJHVW�QHWZRUNV�RI�LQWHUHVW�WRGD\��VXFK�DV�ODUJH�VXEVHWV�RI�WKH�:HE�JUDSK�RU�ODUJH�VRFLDO
QHWZRUNV��DQG�LV�QRW�HYHQ�ELJ�HQRXJK�IRU�VRPH�RI�WKH�PHGLXP�VL]HG�RQHV�
7KH�GLVDGYDQWDJHV�RI�WKH�DGMDFHQF\�PDWUL[�UHSUHVHQWDWLRQ�GHVFULEHG�KHUH�DSSO\�SULPDULO\�WR�VSDUVH

QHWZRUNV��,I�RQH�LV�LQWHUHVWHG�LQ�GHQVH�QHWZRUNV²WKRVH�LQ�ZKLFK�D�VLJQLILFDQW�IUDFWLRQ�RI�DOO�SRVVLEOH
HGJHV� DUH� SUHVHQW²WKHQ� WKH� DGMDFHQF\�PDWUL[� IRUPDW�PD\� EH� DSSURSULDWH�� ,W�ZLOO� VWLOO� XVH� D� ORW� RI
PHPRU\� LQ� VXFK� FDVHV�� EXW� VR�ZLOO� DQ\� GDWD� IRUPDW�� VLQFH� WKHUH� LV� VLPSO\� D� ORW� RI� LQIRUPDWLRQ� WKDW
QHHGV�WR�EH�VWRUHG��VR�WKH�DGYDQWDJHV�RI�RWKHU�IRUPDWV�DUH�OHVV�VLJQLILFDQW��7KH�DGMDFHQF\�PDWUL[�PD\
DOVR�EH�D�JRRG�FKRLFH�LI�\RX�DUH�RQO\�LQWHUHVWHG�LQ�UHODWLYHO\�VPDOO�QHWZRUNV��)RU�LQVWDQFH��WKH�VRFLDO
QHWZRUN�DQDO\VLV�SDFNDJH�8&,1(7��ZKLFK�LV�WDUJHWHG�SULPDULO\�DW�VRFLRORJLFDO�SUDFWLWLRQHUV�ZRUNLQJ
ZLWK� VPDOOHU� QHWZRUNV�� XVHV� WKH� DGMDFHQF\� PDWUL[� IRUPDW� H[FOXVLYHO\�� 0RVW� FXUUHQW� UHVHDUFK� RQ



QHWZRUNV�KRZHYHU�LV�IRFXVHG�RQ�ODUJHU�GDWD�VHWV��DQG�IRU�WKHVH�DQRWKHU�UHSUHVHQWDWLRQ�LV�QHHGHG�
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�

7KH�VLPSOHVW�DOWHUQDWLYH�WR�VWRULQJ�WKH�FRPSOHWH�DGMDFHQF\�PDWUL[�RI�D�QHWZRUN�LV�WR�XVH�DQ�DGMDFHQF\
OLVW��7KH�DGMDFHQF\�OLVW�LV��LQ�IDFW��SUREDEO\�WKH�PRVW�ZLGHO\�XVHG�QHWZRUN�UHSUHVHQWDWLRQ�IRU�FRPSXWHU
DOJRULWKPV�
$Q�DGMDFHQF\�OLVW�LV�DFWXDOO\�QRW�MXVW�D�VLQJOH�OLVW�EXW�D�VHW�RI�OLVWV��RQH�IRU�HDFK�YHUWH[�L��(DFK�OLVW

FRQWDLQV�WKH�ODEHOV�RI� WKH�RWKHU�YHUWLFHV�WR�ZKLFK�L� LV�FRQQHFWHG�E\�DQ�HGJH��7KXV��IRU�H[DPSOH��WKLV
VPDOO�QHWZRUN�

ZRXOG�EH�UHSUHVHQWHG�E\�WKLV�DGMDFHQF\�OLVW�

�

$Q� DGMDFHQF\� OLVW� FDQ� EH� VWRUHG� LQ� D� VHULHV� RI� LQWHJHU� DUUD\V�� RQH� IRU� HDFK� YHUWH[�� RU� DV� D� WZR�
GLPHQVLRQDO�DUUD\�ZLWK�RQH�URZ�IRU�HDFK�YHUWH[�����,W�LV�FRPPRQ�WR�DOVR�VWRUH�VRPHZKHUH�WKH�GHJUHH
RI�HDFK�YHUWH[��VR�WKDW�ZH�NQRZ�KRZ�PDQ\�HQWULHV�WKHUH�DUH�LQ�WKH�OLVW�RI�QHLJKERUV�IRU�HDFK�YHUWH[�
WKLV�FDQ�EH�GRQH�XVLQJ�D�VHSDUDWH�DUUD\�RI�Q� LQWHJHUV��1RWH�DOVR�WKDW�WKHUH�LV�XVXDOO\�QR�UHTXLUHPHQW
WKDW� WKH� QHLJKERUV� RI� D� YHUWH[� LQ� WKH� DGMDFHQF\� OLVW� DSSHDU� LQ� QXPHULFDO� RUGHU�� 1RUPDOO\� WKH\� DUH
DOORZHG�WR�DSSHDU�LQ�DQ\�RUGHU�
,Q� WKH� H[DPSOH� DGMDFHQF\� OLVW� DERYH�� HDFK� HGJH� DSSHDUV� WZLFH��)RU� LQVWDQFH�� WKH� H[LVWHQFH�RI� DQ

HGJH�EHWZHHQ�YHUWLFHV���DQG���PHDQV�WKDW�YHUWH[���LV�OLVWHG�DV�D�QHLJKERU�RI�YHUWH[���DQG�YHUWH[���LV
DOVR�OLVWHG�DV�D�QHLJKERU�RI�YHUWH[����7R�UHSUHVHQW�P�HGJHV��WKHUHIRUH��ZH�QHHG�WR�VWRUH��P� LQWHJHUV�
7KLV�LV�PXFK�EHWWHU�WKDQ�WKH�Q��LQWHJHUV�XVHG�WR�VWRUH�WKH�IXOO�DGMDFHQF\�PDWUL[�����)RU�LQVWDQFH��RQ�D
FRPSXWHU�ZKHUH�HDFK�LQWHJHU�RFFXSLHV���E\WHV�RI�PHPRU\��D�QHWZRUN�ZLWK�Q� ��������YHUWLFHV�DQG�P
 � ���� ���� HGJHV�ZRXOG� RFFXS\� ���� N%� LQ� DGMDFHQF\� OLVW� IRUP�� DV� RSSRVHG� WR� ����0%� LQ�PDWUL[
IRUPDW��7KH�GRXEOH�VWRUDJH�RI�WKH�HGJHV�LV�VOLJKWO\�ZDVWHIXO²ZH�FRXOG�VDYH�DQ�DGGLWLRQDO�IDFWRU�RI
WZR� LI� ZH� RQO\� VWRUHG� HDFK� HGJH� RQFH�� +RZHYHU�� WKH� GRXEOH� VWRUDJH� WXUQV� RXW� WR� KDYH� RWKHU
DGYDQWDJHV��PDNLQJ�RXU�DOJRULWKPV�VXEVWDQWLDOO\�IDVWHU�DQG�HDVLHU�WR�SURJUDP�LQ�PDQ\�FDVHV��DQG�WKHVH
EHQHILWV�DUH�QRUPDOO\�ZRUWK�WKH�H[WUD�FRVW�LQ�WHUPV�RI�VSDFH��,Q�WKHVH�GD\V�RI�FKHDS�PHPRU\��QRW�PDQ\



QHWZRUNV�DUH�ODUJH�HQRXJK�WKDW�VSDFH�WR�VWRUH�DQ�DGMDFHQF\�OLVW�LV�D�VHULRXV�FRQVLGHUDWLRQ�
$Q�DGMDFHQF\�OLVW�FDQ�VWRUH�QHWZRUNV�ZLWK�PXOWLHGJHV�RU�VHOI�HGJHV��$�PXOWLHGJH�LV�UHSUHVHQWHG�E\

PXOWLSOH�LGHQWLFDO�HQWULHV�LQ�WKH�OLVW�RI�QHLJKERUV�RI�D�YHUWH[��DOO�SRLQWLQJ�WR�WKH�VDPH�DGMDFHQW�YHUWH[�
$�VHOI�HGJH�LV�UHSUHVHQWHG�E\�DQ�HQWU\�LGHQWLI\LQJ�D�YHUWH[�DV�LWV�RZQ�QHLJKERU��,Q�IDFW��D�VHOI�HGJH�LV
PRVW�FRUUHFWO\�UHSUHVHQWHG�E\�WZR�VXFK�HQWULHV�LQ�WKH�OLVW��VR�WKDW�WKH�WRWDO�QXPEHU�RI�HQWULHV�LQ�WKH�OLVW
LV�VWLOO�HTXDO�WR�WKH�GHJUHH�RI�WKH�YHUWH[���5HFDOO�WKDW�D�VHOI�HGJH�DGGV���WR�WKH�GHJUHH�RI�WKH�YHUWH[�LW�LV
FRQQHFWHG�WR��
7KH�H[DPSOH� DGMDFHQF\� OLVW� DERYH� LV� IRU� DQ�XQGLUHFWHG�QHWZRUN��EXW� DGMDFHQF\� OLVWV� FDQ�EH�XVHG

ZLWK�GLUHFWHG�QHWZRUNV�DV�ZHOO��)RU� LQVWDQFH�� WKLV�QHWZRUN��FRXOG�EH�UHSUHVHQWHG�E\� WKLV�DGMDFHQF\
OLVW�

�

�

+HUH� ZH� KDYH� OLVWHG� WKH� RXWJRLQJ� HGJHV� IRU� HDFK� YHUWH[�� 6LQFH� HDFK� HGJH� LV� RXWJRLQJ� IURP�VRPH
YHUWH[��WKLV�DSSURDFK�LV�JXDUDQWHHG�WR�FDSWXUH�HYHU\�HGJH�LQ�WKH�QHWZRUN��EXW�HDFK�HGJH�QRZ�DSSHDUV
RQO\�RQFH�LQ�WKH�DGMDFHQF\�OLVW��QRW�WZLFH�DV�LQ�WKH�XQGLUHFWHG�FDVH�
$OWHUQDWLYHO\��ZH�FRXOG� UHSUHVHQW� WKH� VDPH�QHWZRUN�E\� OLVWLQJ� WKH� LQJRLQJ� HGJHV� IRU� HDFK�YHUWH[

WKXV�

�

,Q�SULQFLSOH� WKHVH� WZR�UHSUHVHQWDWLRQV�DUH�HTXLYDOHQW��%RWK� LQFOXGH�DOO� WKH�HGJHV�DQG�HLWKHU�RI� WKHP
FDQ�EH�FRQVWUXFWHG�IURP�D�NQRZOHGJH�RI� WKH�RWKHU��:KHQ�FUHDWLQJ�FRPSXWHU�SURJUDPV��KRZHYHU�� WKH
FUXFLDO�SRLQW� LV� WR�KDYH� WKH� LQIRUPDWLRQ�\RX�QHHG� IRU�\RXU�FDOFXODWLRQV�HDVLO\�DYDLODEOH�� VR� WKDW� WKH
SURJUDP�UXQV�IDVW��'LIIHUHQW�FDOFXODWLRQV�UHTXLUH�GLIIHUHQW� LQIRUPDWLRQ�DQG�VRPH�PLJKW�QHHG�LQJRLQJ



HGJHV�ZKLOH�RWKHUV�QHHG�RXWJRLQJ�RQHV��7KH�FKRLFH�RI�ZKLFK�DGMDFHQF\�OLVW�WR�XVH�WKXV�GHSHQGV�RQ�WKH
SDUWLFXODU� FDOFXODWLRQV�EHLQJ�SHUIRUPHG��6RPH�FDOFXODWLRQV� HYHQ� UHTXLUH�ERWK� LQJRLQJ�DQG�RXWJRLQJ
HGJHV��LQ�ZKLFK�FDVH�ZH�FRXOG�FUHDWH�D�GRXEOH�DGMDFHQF\�OLVW�OLNH�WKLV�

�

1RWH� WKDW�� DV� LQ� WKH� XQGLUHFWHG� FDVH� FRQVLGHUHG� DERYH�� WKLV� GRXEOH� DGMDFHQF\� OLVW� VWRUHV� HDFK� HGJH
WZLFH��RQFH�DV�DQ�LQFRPLQJ�HGJH�DQG�RQFH�DV�DQ�RXWJRLQJ�RQH��DQG�LV�WKXV�LQ�VRPH�UHVSHFWV�ZDVWHIXO�RI
VSDFH��DOWKRXJK�QRW�WR�DQ�H[WHQW�WKDW�LV�QRUPDOO\�D�SUREOHP�
$V�ZLWK�WKH�DGMDFHQF\�PDWUL[�LW�LV�LPSRUWDQW�DOVR�WR�DVN�KRZ�IDVW�RXU�FDOFXODWLRQV�ZLOO�UXQ�LI�ZH�XVH

DQ�DGMDFHQF\�OLVW��:LOO�WKH\�VWLOO�UXQ�DW�D�UHDVRQDEOH�SDFH"�,I�WKH�DQVZHU�LV�QR��WKHQ�WKH�DGMDFHQF\�OLVW
LV�QRW�D�XVHIXO�UHSUHVHQWDWLRQ��QR�PDWWHU�ZKDW�LWV�RWKHU�DGYDQWDJHV�PD\�EH�
&RQVLGHU� WKH� XQGLUHFWHG� FDVH���� DQG� WKH� IRXU� EDVLF� QHWZRUN� RSHUDWLRQV� WKDW� ZH� FRQVLGHUHG

SUHYLRXVO\� IRU� WKH� DGMDFHQF\� PDWUL[�� DGGLWLRQ� DQG� UHPRYDO� RI� HGJHV�� ILQGLQJ� ZKHWKHU� DQ� HGJH� LV
SUHVHQW��DQG�HQXPHUDWLRQ�RI�DOO�HGJHV�FRQQHFWHG�WR�D�YHUWH[²VHH�7DEOH�����
:H�FDQ�DGG�DQ�HGJH�WR�RXU�QHWZRUN�YHU\�TXLFNO\��WR�DGG�DQ�HGJH�� L��M��ZH�QHHG�RQO\�DGG�RQH�QHZ

HQWU\�HDFK�WR�WKH�HQGV�RI�WKH�QHLJKERU�OLVWV�IRU�YHUWLFHV�L�DQG�M��ZKLFK�WDNHV�WLPH�2����
)LQGLQJ�RU�UHPRYLQJ�DQ�HGJH�LV�D�OLWWOH�KDUGHU��7R�ILQG�ZKHWKHU�DQ�HGJH�H[LVWV�EHWZHHQ�YHUWLFHV� L

DQG�M�ZH�QHHG� WR�JR� WKURXJK� WKH� OLVW�RI�QHLJKERUV�RI�L� WR� VHH�ZKHWKHU�M� DSSHDUV� LQ� WKDW� OLVW�� RU�YLFH
YHUVD��6LQFH�WKH�OLVW�RI�QHLJKERUV�LV�LQ�QR�SDUWLFXODU�RUGHU��WKHUH�LV�QR�TXLFNHU�ZD\�RI�GRLQJ�WKLV�WKDQ
VLPSO\�JRLQJ�WKURXJK�WKH�HQWLUH�OLVW�VWHS�E\�VWHS�IURP�WKH�EHJLQQLQJ��,Q�WKH�ZRUVW�FDVH��ZH�ZLOO�KDYH
FKHFN�DOO�HOHPHQWV�WR�ILQG�RXU�HGJH�RU�WR�FRQILUP�WKDW�LW�GRHV�QRW�H[LVW��DQG�RQ�DYHUDJH����WKLV�ZLOO�WDNH
WLPH�RI�RUGHU�WKH�PHDQ�QXPEHU�F�RI�HOHPHQWV�LQ�WKH�OLVW��ZKLFK�LV�JLYHQ�E\�WKH�PHDQ�GHJUHH�F� ��P�Q
�(T���������7KXV�WKH�³ILQG´�RSHUDWLRQ�WDNHV�WLPH�2�P�Q��IRU�D�QHWZRUN�LQ�DGMDFHQF\�OLVW�IRUP��7KLV�LV�D
ELW�VORZHU�WKDQ�WKH�VDPH�RSHUDWLRQ�XVLQJ�DQ�DGMDFHQF\�PDWUL[��ZKLFK�WDNHV�WLPH�2�����6HFWLRQ������
2Q�D� VSDUVH�JUDSK�ZLWK� FRQVWDQW�PHDQ�GHJUHH�� VR� WKDW�P� �Q� �VHH�6HFWLRQV�����DQG�������2�P�Q�� Ł
2�����VR�WHFKQLFDOO\�WKH�FRPSOH[LW\�RI�WKH�DGMDFHQF\�OLVW�LV�DV�JRRG�DV�WKDW�RI�WKH�DGMDFHQF\�PDWUL[��EXW
LQ�SUDFWLFH�WKH�IRUPHU�ZLOO�EH�VORZHU�WKDQ�WKH�ODWWHU�E\�D�FRQVWDQW�IDFWRU�ZKLFK�FRXOG�EHFRPH�ODUJH�LI
WKH�DYHUDJH�GHJUHH�LV�ODUJH�

�

7KH�HOHPHQW�³�´�LV�GHOHWHG�IURP�D�OLVW�E\�PRYLQJ�WKH�ODVW�HOHPHQW�³�´�WR�RYHUZULWH�LW�



�
�
5HPRYLQJ� DQ� HGJH� LQYROYHV� ILUVW� ILQGLQJ� LW�� ZKLFK� WDNHV� WLPH�2�P�Q��� DQG� WKHQ� GHOHWLQJ� LW�� 7KH

GHOHWLRQ� RSHUDWLRQ� FDQ� EH� DFKLHYHG� LQ� 2���� WLPH� E\� VLPSO\� PRYLQJ� WKH� ODVW� HQWU\� LQ� WKH� OLVW� RI
QHLJKERUV�WR�RYHUZULWH�WKH�HQWU\�IRU�WKH�GHOHWHG�HGJH�DQG�GHFUHDVLQJ�WKH�GHJUHH�RI�WKH�YHUWH[�E\�RQH
�VHH�ILJXUH����,I�WKHUH�LV�QR�ODVW�HOHPHQW��WKHQ�ZH�QHHG�GR�QRWKLQJ�RWKHU�WKDQ�GHFUHDVLQJ�WKH�GHJUHH�E\
RQH���7KXV�WKH�OHDGLQJ�RUGHU�UXQQLQJ�WLPH�IRU�WKH�HGJH�UHPRYDO�RSHUDWLRQ�LV�2�P�Q��
+RZHYHU�� WKH�DGMDFHQF\� OLVW� UHDOO\�FRPHV� LQWR� LWV�RZQ�ZKHQ�ZH�QHHG� WR� UXQ�TXLFNO\� WKURXJK� WKH

QHLJKERUV�RI�D�YHUWH[��D�FRPPRQ�RSHUDWLRQ�LQ�PDQ\�QHWZRUN�FDOFXODWLRQV��DV�GLVFXVVHG�LQ�6HFWLRQ�����
:H�FDQ�GR� WKLV�YHU\�HDVLO\�E\� VLPSO\� UXQQLQJ� WKURXJK� WKH� VWRUHG� OLVW�RI�QHLJKERUV� IRU� WKH�YHUWH[� LQ
TXHVWLRQ��ZKLFK�WDNHV� WLPH�SURSRUWLRQDO� WR� WKH�QXPEHU�RI�QHLJKERUV��ZKLFK�RQ�DYHUDJH� LV�F� ��P�Q�
7KH�OHDGLQJ�RUGHU�WLPH�FRPSOH[LW\�RI�WKH�RSHUDWLRQ�LV�WKXV�2�P�Q���PXFK�EHWWHU�WKDQ�WKH�2�Q��RI� WKH
DGMDFHQF\�PDWUL[�IRU�WKH�VDPH�RSHUDWLRQ�
7KH�FRPSXWDWLRQDO�FRPSOH[LW\�RI�RSHUDWLRQV�RQ�WKH�DGMDFHQF\�OLVW�LV�VXPPDUL]HG�LQ�7DEOH�����



����75((6

�

7KH�DGMDFHQF\�OLVW� LV��DV�ZH�KDYH�VDLG��SUREDEO\� WKH�PRVW�FRPPRQO\�XVHG�IRUPDW�IRU� WKH�VWRUDJH�RI
QHWZRUNV�� ,WV�PDLQ�GLVDGYDQWDJH� LV� WKH� FRPSDUDWLYHO\� ORQJ� WLPH� LW� WDNHV� WR� ILQG�RU� UHPRYH�HGJHV²
2�P�Q��WLPH��FRPSDUHG�ZLWK�WKH�2����RI�WKH�DGMDFHQF\�PDWUL[��,Q�PDQ\�RI�WKH�PRVW�FRPPRQ�QHWZRUN
DOJRULWKPV�� VXFK� DV� WKH� EUHDGWK�ILUVW� VHDUFK� RI� 6HFWLRQ� ����� RU� WKH� DXJPHQWLQJ� SDWK� DOJRULWKP� RI
6HFWLRQ� ������ WKLV� LV� QRW� D� SUREOHP�� VLQFH� RQH� QHYHU� QHHGV� WR� SHUIRUP� WKHVH� RSHUDWLRQV�� 6RPH
DOJRULWKPV��KRZHYHU��VXFK�DV�WKH�DOJRULWKP�IRU�FDOFXODWLQJ�WKH�FOXVWHULQJ�FRHIILFLHQW�JLYHQ�LQ�6HFWLRQ
������GR�UHTXLUH�WKHVH�RSHUDWLRQV�DQG�FDQ�EH�VORZHG�E\�WKH�XVH�RI�DQ�DGMDFHQF\�OLVW��2Q�D�QHWZRUN
ZLWK�PHDQ�GHJUHH������IRU�LQVWDQFH��WKH�HGJH�ILQGLQJ�RSHUDWLRQV�LQ�WKH�FOXVWHULQJ�FRHIILFLHQW�DOJRULWKP
FDQ� EH� H[SHFWHG� WR� VORZ� WKH� FDOFXODWLRQ� GRZQ� E\� DERXW� D� IDFWRU� RI� ����� ZKLFK� FRXOG� PDNH� WKH
GLIIHUHQFH�EHWZHHQ�D�FDOFXODWLRQ�WKDW�WDNHV�DQ�KRXU�WR�ILQLVK�DQG�RQH�WKDW�WDNHV�D�ZHHN�
$�GDWD� VWUXFWXUH� WKDW� KDV�PRVW� RI� WKH� DGYDQWDJHV� RI� WKH� DGMDFHQF\� OLVW��ZKLOH� EHLQJ� FRQVLGHUDEO\

IDVWHU�LQ�PDQ\�VLWXDWLRQV��LV�WKH�DGMDFHQF\�WUHH�����$Q�DGMDFHQF\�WUHH�LV�LGHQWLFDO�WR�DQ�DGMDFHQF\�OLVW
H[FHSW�WKDW�HDFK�³URZ´²WKH�VHW�RI�QHLJKERUV�RI�HDFK�YHUWH[²LV�VWRUHG�LQ�D�WUHH�UDWKHU�WKDQ�D�VLPSOH
DUUD\��,I�\RX�DOUHDG\�NQRZ�ZKDW�D�WUHH�LV�WKHQ�\RX�SUREDEO\�GRQ¶W�QHHG�WR�UHDG�WKH�UHVW�RI�WKLV�VHFWLRQ
²\RX¶OO�KDYH�JRW�WKH�LGHD�DOUHDG\��,I�\RX�GRQ¶W�NQRZ�ZKDW�D�WUHH�LV��UHDG�RQ����
$�WUHH�LV�D�GDWD�VWUXFWXUH�IRU�VWRULQJ�YDOXHV�RI�VRPH�NLQG��VXFK�DV�LQWHJHUV�RU�UHDO�QXPEHUV��LQ�D�ZD\

WKDW�DOORZV�WKHP�WR�EH�DGGHG��UHPRYHG��DQG�ORFDWHG�TXLFNO\��7UHHV�FRPH�LQ�D�QXPEHU�RI� W\SHV��:H
FRQVLGHU�WKH�FDVH�ZKHUH�WKH�YDOXHV�VWRUHG�DUH�DOO�GLVWLQFW��ZKLFK�LV�WKH�UHOHYDQW�FDVH�IRU�RXU�SXUSRVHV�
DOWKRXJK�LW�LV�RQO\�VOLJKWO\�PRUH�FRPSOLFDWHG�WR�DOORZ�IRU�LGHQWLFDO�YDOXHV�
)LJXUH����D�VKRZV�DQ�H[DPSOH�RI�D�WUHH�WKDW�LV�EHLQJ�XVHG�WR�VWRUH�WKH�LQWHJHUV�^����������������������

��`��7KH�EDVLF�VWUXFWXUH�LV�RQH�RI�D�VHW�RI�QRGHV��QRW�WR�EH�FRQIXVHG�ZLWK�WKH�QRGHV�RI�WKH�QHWZRUN�WKDW
ZH�DUH�VWRULQJ���ZKLFK�FRUUHVSRQG�WR�PHPRU\�ORFDWLRQV�LQ�WKH�FRPSXWHU��HDFK�FRQWDLQLQJ�RQH�RI�WKH
LQWHJHUV��7KH�WUHH�QRGHV�DUH�DUUDQJHG�LQ�D�WRS�GRZQ�IDVKLRQ�ZLWK�D�URRW�QRGH�DW�WKH�WRS�����(DFK�QRGH
FDQ�KDYH�]HUR��RQH��RU� WZR�FKLOG�QRGHV� WKDW�DUH�GUDZQ�LPPHGLDWHO\�EHORZ�LW�DQG�FRQQHFWHG�WR�LW�E\
OLQHV� WR� LQGLFDWH� WKH� FKLOG� UHODWLRQVKLS�� 2QH� FDQ� FUHDWH� WUHHV� ZLWK� QRGHV� WKDW� KDYH�PRUH� WKDQ� WZR
FKLOGUHQ��EXW� IRU�RXU� SXUSRVHV� LW�ZRUNV�EHWWHU� WR� OLPLW� WKH�QXPEHU� WR� WZR��$� WUHH�ZLWK� DW�PRVW� WZR
FKLOGUHQ�SHU�QRGH�LV�FDOOHG�D�ELQDU\�WUHH�
(DFK�QRGH� LQ� WKH� WUHH�� H[FHSW� IRU� WKH� URRW�� KDV� H[DFWO\� RQH�SDUHQW�QRGH��7KH� URRW�KDV�QR�SDUHQW�

1RGHV� ZLWK� QR� FKLOGUHQ� DUH� FDOOHG�OHDYHV�� 2Q� D� FRPSXWHU� D� WUHH� LV� W\SLFDOO\� LPSOHPHQWHG� ZLWK
G\QDPLFDOO\�DOORFDWHG�PHPRU\�ORFDWLRQV�WR�VWRUH�WKH�QXPEHUV��DQG�SRLQWHUV�IURP�RQH�QRGH�WR�DQRWKHU
WR�LQGLFDWH�WKH�FKLOG�DQG�SDUHQW�UHODWLRQVKLSV����



�

)LJXUH������7ZR�WUHHV�FRQWDLQLQJ�WKH�VDPH�VHW�RI�QXPEHUV� �7KH�WZR�WUHHV�GHSLFWHG�KHUH�ERWK�VWRUH
WKH�QXPEHUV�^�������������������������`���D��$�EDODQFHG�WUHH�LQ�ZKLFK�WKH�GHSWKV�RI�WKH�VXEWUHHV�EHORZ
HDFK�QRGH�GLIIHU�E\�QR�PRUH�WKDQ�����E��$Q�XQEDODQFHG�WUHH�
�
�
$�GHILQLQJ�SURSHUW\�RI�RXU�ELQDU\�WUHH�ZLOO�EH�WKDW�WKH�YDOXHV�VWRUHG�LQ�WKH�OHIW�FKLOG�RI�QRGH�L� �LI

WKHUH� LV� RQH�� DQG� LQ� DOO� RWKHU� QRGHV� GHVFHQGHG� IURP� WKDW� FKLOG�� DUH�OHVV� WKDQ� WKH� YDOXH� VWRUHG� LQ�L
LWVHOI��&RQYHUVHO\��WKH�YDOXHV�VWRUHG�LQ�WKH�ULJKW�FKLOG�RI�L��LI�WKHUH�LV�RQH��DQG�DOO�QRGHV�GHVFHQGHG
IURP�LW�DUH�JUHDWHU�WKDQ�WKH�YDOXH�VWRUHG�LQ�L��7KH�UHDGHU�PLJKW�OLNH�WR�FRQILUP�WKDW�WKH�YDOXHV�LQ�)LJ�
���D�VDWLVI\�WKHVH�UHTXLUHPHQWV�DW�HYHU\�QRGH�LQ�WKH�WUHH�
2XU�JRDO�LV�WR�XVH�WUHHV�WR�VWRUH�WKH�OLVWV�RI�QHLJKERUV�RI�HDFK�YHUWH[�LQ�D�QHWZRUN��:H�ZLOO�VKRZ

WKDW�LI�ZH�GR�VR�ZH�FDQ�SHUIRUP�RXU�IRXU�EDVLF�QHWZRUN�RSHUDWLRQV²DGGLWLRQ��UHPRYDO��DQG�ILQGLQJ�RI
HGJHV��DQG�HQXPHUDWLRQ�RI�WKH�FRPSOHWH�VHW�RI�D�YHUWH[¶V�QHLJKERUV²YHU\�TXLFNO\�RQ�DYHUDJH��%HORZ
ZH�ILUVW�H[SODLQ�LQ�WKH�JHQHUDO�ODQJXDJH�RI�WKH�ELQDU\�WUHH�KRZ�WKHVH�RSHUDWLRQV�DUH�DFKLHYHG��$W�WKH
HQG�RI�WKH�VHFWLRQ�ZH�GLVFXVV�KRZ�WKH\�DUH�XVHG�LQ�WKH�VSHFLILF�FRQWH[W�RI�WKH�DGMDFHQF\�WUHH�IRUPDW
IRU�QHWZRUNV�
�

7KH� ILQG� RSHUDWLRQ�� 7KH� ILUVW� WUHH� RSHUDWLRQ� ZH� FRQVLGHU� LV� WKH� ³ILQG´� RSHUDWLRQ�� ZKLFK� LV� WKH
RSHUDWLRQ� RI� GHWHUPLQLQJ� ZKHWKHU� D� SDUWLFXODU� YDOXH� LV� SUHVHQW� LQ� RXU� WUHH�� :H� DFFRPSOLVK� WKLV
RSHUDWLRQ�DV�IROORZV��6WDUWLQJ�DW�WKH�URRW�QRGH�

���([DPLQH�WKH�YDOXH�[�LQ�WKH�FXUUHQW�QRGH��,I�LW�LV�WKH�YDOXH�ZH�DUH�ORRNLQJ�IRU��VWRS²RXU�WDVN�LV
GRQH�

���,I�QRW�DQG�WKH�YDOXH�ZH�DUH�ORRNLQJ�IRU�LV�OHVV�WKDQ�[��WKHQ�E\�WKH�SURSHUWLHV�GHVFULEHG�DERYH�
WKH� YDOXH� ZH� DUH� ORRNLQJ� IRU� PXVW� EH� LQ� WKH� OHIW� FKLOG� RI� WKH� FXUUHQW� QRGH� RU� RQH� RI� LWV
GHVFHQGDQWV�� 6R� ZH� QRZ� PRYH� WR� WKH� OHIW� FKLOG�� LI� WKHUH� LV� RQH�� ZKLFK� EHFRPHV� RXU� QHZ
FXUUHQW�QRGH��,I�WKHUH�LV�QR�OHIW�FKLOG��WKHQ�WKH�YDOXH�ZH�DUH�ORRNLQJ�IRU�GRHV�QRW�H[LVW�LQ�WKH
WUHH�DQG�RXU�WDVN�LV�GRQH�

���&RQYHUVHO\� LI� WKH�YDOXH�ZH�DUH� ORRNLQJ� IRU� LV�JUHDWHU� WKDQ�[��ZH�PRYH� WR� WKH� ULJKW� FKLOG�� LI
WKHUH�LV�RQH��ZKLFK�EHFRPHV�RXU�QHZ�FXUUHQW�QRGH��,I�WKHUH�LV�QR�ULJKW�FKLOG��WKH�YDOXH�ZH�DUH
ORRNLQJ�IRU�GRHV�QRW�H[LVW�LQ�WKH�WUHH�DQG�RXU�WDVN�LV�GRQH�



���5HSHDW�IURP�VWHS���
�

7DNLQJ� WKH� H[DPSOH� RI� WKH� WUHH� LQ� )LJ�� ���D�� VXSSRVH� WKDW� ZH� DUH� WU\LQJ� WR� GHWHUPLQH� ZKHWKHU� WKH
QXPEHU���DSSHDUV�LQ�WKH�WUHH��6WDUWLQJ�DW�WKH�URRW�QRWH�ZH�ILQG�D����ZKLFK�LV�QRW�WKH�QXPEHU���WKDW�ZH
DUH�ORRNLQJ�IRU��6LQFH���LV�JUHDWHU�WKDQ����ZH�PRYH�WR�WKH�ULJKW�FKLOG�RI�WKH�URRW�DQG�WKHUH�ILQG�D����
6LQFH���LV�OHVV�WKDQ����ZH�PRYH�WR�WKH�OHIW�FKLOG�DQG�WKHUH�ZH�ILQG�RXU�QXPEHU����DQG�RXU�VHDUFK�LV
RYHU�

�

7KH�SDWK�WDNHQ�WKURXJK�RXU�ELQDU\�WUHH�WR�ORFDWH�WKH�QXPEHU���
�
�
2Q�WKH�RWKHU�KDQG��VXSSRVH�ZH�ZLVK�WR�GHWHUPLQH�ZKHWKHU�WKH�QXPEHU���DSSHDUV�LQ�WKH�WUHH��$JDLQ

ZH�ZRXOG�VWDUW�DW�WKH�URRW�DQG�PRYH�ULJKW��WKHQ�OHIW��WKHQ�ULJKW�DV�ZH�ZHQW�GRZQ�WKH�WUHH��DUULYLQJ�DIWHU
WKUHH�VWHSV�DW�WKH�QRGH�FRQWDLQLQJ�WKH�QXPEHU�����7KLV�QXPEHU�LV�QRW�HTXDO�WR�WKH�QXPEHU���DQG�VLQFH��
LV�OHVV�WKDQ����ZH�ZRXOG�QRUPDOO\�QRZ�PRYH�WR�WKH�OHIW�FKLOG�GRZQ�WKH�WUHH��,Q�WKLV�FDVH��KRZHYHU�
WKHUH�LV�QR�OHIW�FKLOG��DQG�KHQFH�ZH�FRQFOXGH�WKDW�WKH�QXPEHU�ZH�DUH�ORRNLQJ�IRU�GRHV�QRW�H[LVW�LQ�WKH
WUHH�
+RZ�ORQJ�GRHV�WKH�³ILQG´�RSHUDWLRQ�WDNH"�7KDW�GHSHQGV�RQ�KRZ�PDQ\�VWHSV�ZH�KDYH�WR�WDNH�WKURXJK

WKH� WUHH�� ZH� KDYH� WR� SHUIRUP� WKH� VDPH� RSHUDWLRQV� RQ� HDFK� VWHS�� VR� WKH� WLPH� WDNHQ� LV� VLPSO\
SURSRUWLRQDO�WR�WKH�QXPEHU�RI�VWHSV��7KH�PD[LPXP�QXPEHU�RI�VWHSV�WR�UHDFK�DQ\�QRGH�IURP�WKH�URRW�LV
FDOOHG� WKH�GHSWK� RI� WKH� WUHH��8QIRUWXQDWHO\�� WKH�GHSWK�GRHVQ¶W� KDYH� D� VLPSOH� IL[HG�YDOXH��7KHUH� DUH
PDQ\�SRVVLEOH�ZD\V�WR�VWRUH�WKH�VDPH�QXPEHUV�LQ�D�WUHH�ZKLOH�VWLOO�REH\LQJ�WKH�FRQGLWLRQV�RQ�FKLOG
DQG�SDUHQW�QRGHV��)RU�LQVWDQFH��ERWK�RI�WKH�WUHHV�LQ�)LJ������DUH�YDOLG�ZD\V�WR�VWRUH�WKH�VDPH�VHW�RI
QXPEHUV��7KH� RQH� LQ� SDQHO� �D�� KDV� GHSWK� ���ZKLOH� WKH�RQH� LQ� SDQHO� �E�� KDV� GHSWK���� ,Q� JHQHUDO� WKH
PD[LPXP�SRVVLEOH�GHSWK�LV�JLYHQ�E\�DQ�DUUDQJHPHQW�OLNH��E��DQG�LV�HTXDO�WR�WKH�QXPEHU�N�RI�YDOXHV
VWRUHG�LQ�WKH�WUHH��)RU�VXFK�D�WUHH�WKH�ILQG�RSHUDWLRQ�ZRXOG��LQ�WKH�ZRUVW�FDVH��WDNH�2�N��WLPH��ZKLFK�LV
QR�EHWWHU� WKDQ�ZKDW�ZH�JHW� LI�ZH�VWRUH� WKH�YDOXHV� LQ�D�VLPSOH�DUUD\²LQ�HLWKHU�FDVH�ZH� MXVW�HQG�XS
JRLQJ�WKURXJK�WKH�YDOXHV�RQH�E\�RQH�XQWLO�ZH�ILQG�WKH�RQH�ZH�ZDQW�
2Q�WKH�RWKHU�KDQG��LI�ZH�FDQ�PDNH�WKH�WUHH�UHDVRQDEO\�EDODQFHG��OLNH�WKH�RQH�LQ�)LJ�����D��WKHQ�WKH

GHSWK�FDQ�EH�D�ORW� OHVV� WKDQ�N��/HW�XV�FDOFXODWH� WKH�PLQLPXP�GHSWK�UHTXLUHG�WR�VWRUH�N�YDOXHV�� ,I�ZH
VWDUW� DW� WKH� WRS�RI� WKH� WUHH� DQG� ILOO� LQ� WKH� OHYHOV�RQH�E\�RQH��ZH�FDQ�SXW�RQH�YDOXH� DW� WKH� URRW�� WZR
YDOXHV�LQ�WKH�VHFRQG�OHYHO��IRXU�LQ�WKH�WKLUG��DQG�VR�IRUWK��HDFK�OHYHO�KROGLQJ�WZLFH�DV�PDQ\�YDOXHV�DV
WKH�SUHYLRXV�RQH��,Q�JHQHUDO��OHYHO�O�FDQ�KROG��O���YDOXHV�DQG�WKH�WRWDO�QXPEHU�RI�YDOXHV�LQ�/�OHYHOV�LV



�

�����
�

�

6HWWLQJ�WKLV�HTXDO�WR�N�DQG�UHDUUDQJLQJ��ZH�ILQG�WKDW�/� �ORJ���N�������+RZHYHU��/�PXVW�EH�DQ�LQWHJHU�
VR��URXQGLQJ�XS��ZH�FRQFOXGH�WKDW�D�PLQLPXP�RI

�

�����
�

OHYHOV�DUH�QHHGHG�WR�VWRUH�N�QXPEHUV��ZKHUH� �GHQRWHV�WKH�VPDOOHVW�LQWHJHU�QRW�OHVV�WKDQ�[��,I�ZH�FDQ
SDFN�WKH�YDOXHV�LQWR�WKH�WUHH�OLNH�WKLV��ILOOLQJ�HDFK�OHYHO�FRPSOHWHO\��WKHQ�RXU�ILQG�RSHUDWLRQ�ZLOO�RQO\
WDNH� � WR� FRPSOHWH�� ,Q� IDFW�� VLQFH� �ZH�FRXOG� DOVR� VD\� WKDW� LW�ZLOO
WDNH�2��ORJ���N���������WLPH��ZKHUH�DV�XVXDO�ZH�KDYH�NHSW�RQO\�WKH�OHDGLQJ�RUGHU�WHUP�DQG�GURSSHG�WKH
VXE�OHDGLQJ����WHUP��:H�FDQ�DOVR�QHJOHFW�WKH�EDVH�RI�WKH�ORJDULWKP��VLQFH�DOO�ORJV�DUH�SURSRUWLRQDO�WR
RQH�DQRWKHU��UHJDUGOHVV�RI�WKHLU�EDVH��DQG�ZH�FDQ�UHSODFH�ORJ�N������E\�ORJ�N�VLQFH�DJDLQ�ZH�DUH�RQO\
LQWHUHVWHG�LQ�WKH�OHDGLQJ�RUGHU�VFDOLQJ�
7KXV��ZH�FRQYHQWLRQDOO\�VD\�WKDW�WKH�ILQG�RSHUDWLRQ�LQ�D�EDODQFHG�WUHH�FRQWDLQLQJ�N�YDOXHV�FDQ�EH

FRPSOHWHG�LQ�WLPH�2�ORJ�N���7KLV�LV�PXFK�EHWWHU�WKDQ�WKH�2�N��RI�WKH�VLPSOH�OLVW�RU�WKH�XQEDODQFHG�WUHH�
)RU�D�WUHH�ZLWK�N� �����YDOXHV�VWRUHG�LQ�LW�ZH�KDYH�ORJ��N� ����VR�WKH�ILQG�RSHUDWLRQ�VKRXOG�EH�DERXW
������ ����WLPHV�IDVWHU�WKDQ�IRU�WKH�VLPSOH�OLVW��DQG�WKH�VSHHG�DGYDQWDJH�LQFUHDVHV�IXUWKHU�WKH�ODUJHU
WKH�YDOXH�RI�N�
�

7KH�DGGLWLRQ�RSHUDWLRQ��$QG�KRZ�GR�ZH�DGG�D�QHZ�YDOXH�WR�D�WUHH"�7KH�FUXFLDO�SRLQW�WR�QRWLFH�LV
WKDW�LQ�DGGLQJ�D�QHZ�YDOXH�ZH�PXVW�SUHVHUYH�WKH�UHODWLRQV�EHWZHHQ�SDUHQW�DQG�FKLOG�QRGHV��WKDW�ORZHU
YDOXHV�DUH�VWRUHG�LQ�WKH�OHIW�FKLOG�RI�D�QRGH�DQG�LWV�GHVFHQGDQWV�DQG�KLJKHU�RQHV�LQ�WKH�ULJKW�FKLOG�DQG
GHVFHQGDQWV��7KHVH�UHODWLRQV�ZHUH�FUXFLDO�WR�WKH�VSHHG\�SHUIRUPDQFH�RI�WKH�ILQG�RSHUDWLRQ�DERYH��VR
ZH�PXVW�PDNH�VXUH�WKH\�DUH�PDLQWDLQHG�ZKHQ�QHZ�LWHPV�DUH�DGGHG�WR�WKH�WUHH�
7KLV��KRZHYHU�� WXUQV�RXW�QRW� WR�EH�GLIILFXOW��7R�DGG�DQ� LWHP�WR� WKH� WUHH�ZH�ILUVW�SHUIRUP�D�³ILQG´

RSHUDWLRQ�DV�DERYH�� WR�FKHFN�LI� WKH�YDOXH� LQ�TXHVWLRQ�DOUHDG\�H[LVWV� LQ� WKH� WUHH�� ,I� WKH�YDOXH�DOUHDG\
H[LVWV��WKHQ�ZH�GRQ¶W�QHHG�WR�DGG�LW���,PDJLQH�IRU�H[DPSOH�WKDW�ZH�DUH�DGGLQJ�DQ�HGJH�WR�D�QHWZRUN��,I
WKDW�HGJH�DOUHDG\�H[LVWV�WKHQ�ZH�GRQ¶W�QHHG�WR�DGG�LW��
2Q�WKH�RWKHU�KDQG��LI�WKH�YDOXH�GRHV�QRW�H[LVW�LQ�WKH�WUHH�WKHQ�WKH�ILQG�RSHUDWLRQ�ZLOO�ZRUN�LWV�ZD\

GRZQ�WKH� WUHH�XQWLO� LW�JHWV� WR� WKH� OHDI�QRGH� WKDW�ZRXOG�KDYH�EHHQ� WKH�SDUHQW�RI�RXU�YDOXH��EXW�ZKLFK
GRHV�QRW�KDYH�DQ�DSSURSULDWH�FKLOG�QRGH��7KHQ�ZH�VLPSO\�DGG�WKH�DSSURSULDWH�FKLOG�RI�WKDW�OHDI�QRGH
DQG�VWRUH�RXU�YDOXH� LQ� LW�� WKHUHE\� LQFUHDVLQJ� WKH�QXPEHU�RI�QRGHV� LQ� WKH� WUHH�E\�RQH��6LQFH� WKH� ILQG
RSHUDWLRQ�WDNHV�2�ORJ�N��WLPH�DQG�WKH�FUHDWLRQ�RI�WKH�QHZ�QRGH�WDNHV�FRQVWDQW�WLPH��WKH�OHDGLQJ�RUGHU



FRPSOH[LW\�RI�WKH�DGGLWLRQ�RSHUDWLRQ�LV�2�ORJ�N��

�

)LJXUH������7KH�VWUXFWXUH�RI�D�WUHH�GHSHQGV�RQ�WKH�RUGHU�LQ�ZKLFK�HOHPHQWV�DUH�DGGHG�WR�LW��+HUH
WKH�YDOXHV���WR���DUH�DGGHG�WR�D�WUHH�LQ�WZR�GLIIHUHQW�RUGHUV��,Q��D��WKH\�DUH�DGGHG�LQ�WKH�RUGHU���������
������������UHVXOWLQJ�LQ�D�SHUIHFWO\�EDODQFHG�WUHH�ZLWK�WKH�PLQLPXP�SRVVLEOH�GHSWK�RI�WKUHH��,Q��E��WKH\
DUH�DGGHG�LQ�WKH�RUGHU����������������������UHVXOWLQJ�LQ�DQ�XQEDODQFHG�WUHH�ZLWK�WKH�PD[LPXP�SRVVLEOH
GHSWK�RI�VHYHQ�
�
�

%DODQFLQJ�WKH�WUHH��7KLV� LV� VDWLVI\LQJ� DQG� VLPSOH�� EXW� LW� LPPHGLDWHO\� UDLVHV� DQRWKHU� SUREOHP��7KH
SRVLWLRQ�D�QHZO\�DGGHG�YDOXH�RFFXSLHV�LQ�WKH�WUHH�GHSHQGV�RQ�WKH�YDOXHV�WKDW�DUH�DOUHDG\�LQ�WKH�WUHH�
DQG�KHQFH�WKH�VKDSH�RI�WKH�WUHH�GHSHQGV��LQ�JHQHUDO��RQ�WKH�YDOXHV�ZH�DGG�WR�LW�DQG�WKH�RUGHU�LQ�ZKLFK
ZH�DGG�WKHP��,QGHHG��LW�WXUQV�RXW�D�WUHH�FDQ�WDNH�TXLWH�GLIIHUHQW�VKDSHV�HYHQ�IRU�WKH�VDPH�YDOXHV��MXVW
DV�D�UHVXOW�RI�DGGLQJ�WKRVH�YDOXHV�LQ�GLIIHUHQW�RUGHUV��,Q�SDUWLFXODU�D�WUHH�FDQ�HQG�XS�EDODQFHG�RU�QRW�DV
D�UHVXOW�RI�GLIIHUHQW�RUGHUV�RI�DGGLWLRQ²VHH�)LJ�����²DQG�LI�ZH�DUH�XQOXFN\�DQG�JHW�DQ�XQEDODQFHG
WUHH�WKHQ�WKH�VSHHG�RI�RXU�WUHH�RSHUDWLRQV�FDQ�EH�VHYHUHO\�DIIHFWHG��2EYLRXVO\�ZH�ZRXOG�OLNH�WR�DYRLG
WKLV�LI�SRVVLEOH�

�

$GGLWLRQ�RI�WKH�QXPEHU���WR�WKH�WUHH�



�
�
)RU�DOJRULWKPV�LQ�ZKLFK�HOHPHQWV�DUH�DGGHG�WR�WKH�WUHH�RQO\�DW�WKH�EHJLQQLQJ�RI�WKH�SURJUDP�DQG�QR

HOHPHQWV�DUH�DGGHG�RU�UHPRYHG�WKHUHDIWHU��WKH�FOXVWHULQJ�FRHIILFLHQW�DOJRULWKP�RI�6HFWLRQ������LV�DQ
H[DPSOH���D�VLPSOH�VROXWLRQ�WR�WKH�SUREOHP�LV�MXVW�WR�UDQGRPL]H�WKH�RUGHU�LQ�ZKLFK�WKH�HOHPHQWV�DUH
DGGHG��$OWKRXJK�WKH�UHVXOWLQJ�WUHH�LV�QRW�FRPSOHWHO\�SDFNHG�IXOO��DV�LQ�WKH�FDVH�FRQVLGHUHG�DERYH��LW
ZLOO�VWLOO�KDYH�GHSWK�2�ORJ�N��RQ�DYHUDJH����
,I�RXU�DOJRULWKP�UHTXLUHV�XV�WR�DGG�RU�UHPRYH�YDOXHV�DV�ZH�JR�DORQJ��WKHQ�WKLV�DSSURDFK�ZLOO�QRW

ZRUN� DQG�ZH�PXVW� H[SOLFLWO\� EDODQFH� WKH� WUHH� E\� SHUIRUPLQJ�UHEDODQFLQJ� RSHUDWLRQV�ZKHQHYHU� WKH
WUHH�EHFRPHV�XQEDODQFHG��:H�W\SLFDOO\�GRQ¶W�DWWHPSW�WR�NHHS�WKH�HOHPHQWV�SDFNHG�DV�WLJKWO\�LQ�WKH�WUHH
DV�SRVVLEOH��EXW�ZH�FDQ�VWLOO�DFKLHYH�2�ORJ�N��UXQ�WLPHV�E\�DGRSWLQJ�D�ORRVHU�GHILQLWLRQ�RI�EDODQFH�
2QH�SUDFWLFDO�DQG�VLPSOH�GHILQLWLRQ��WKRXJK�QRW�WKH�RQO\�RQH��LV�WKDW�D�WUHH�LV�EDODQFHG�LI�WKH�GHSWK�RI
WKH�WZR�VXEWUHHV�EHORZ�DQ\�QRGH�GLIIHU�E\�QR�PRUH�WKDQ����7KH�WUHH�LQ�)LJ�����D�VDWLVILHV�WKLV�FULWHULRQ�
)RU�LQVWDQFH��WKH�GHSWKV�RI�WKH�VXEWUHHV�RI�WKH�QRGH�FRQWDLQLQJ�WKH�YDOXH����DUH���RQ�WKH�OHIW�DQG���RQ
WKH�ULJKW�
,W�LV�VWUDLJKWIRUZDUG�WR�SURYH�WKDW�D�WUHH�VDWLVI\LQJ�WKLV�FULWHULRQ��ZKLFK�LV�FDOOHG�DQ�$9/�WUHH ��KDV

GHSWK� 2�ORJ�N��� :KDW¶V� PRUH� LW� LV� SRVVLEOH� WR� PDLQWDLQ� WKLV� OHYHO� RI� EDODQFH� ZLWK� IDLUO\� VLPSOH
UHEDODQFLQJ� RSHUDWLRQV� FDOOHG� ³SLYRWV´� WKDW� WKHPVHOYHV� WDNH� RQO\� 2�ORJ�N�� WLPH� WR� SHUIRUP��$V� D
UHVXOW��ZH�FDQ�ERWK�ILQG�HOHPHQWV� LQ�DQG�DGG�HOHPHQWV� WR�DQ�$9/�WUHH� LQ� WLPH�2�ORJ� N���HYHQ� LI�ZH
KDYH�WR�UHEDODQFH�WKH�WUHH�DIWHU�HYHU\�VLQJOH�DGGLWLRQ��DOWKRXJK�XVXDOO\�ZH�ZLOO�QRW�KDYH�WR�GR�WKLV��
'HWDLOV�RI�WKH�ZRUNLQJV�RI�WKH�$9/�WUHH�FDQ�EH�IRXQG�LQ�PRVW�ERRNV�RQ�FRPSXWHU�DOJRULWKPV��VXFK

DV�&RUPHQ�HW�DO��>��@��+RZHYHU��LI�\RX�QHHG�WR�XVH�VXFK�D�WUHH�LQ�\RXU�RZQ�ZRUN�LW¶V�SUREDEO\�QRW
ZRUWK�SURJUDPPLQJ�LW�\RXUVHOI��7KHUH�DUH�PDQ\�UHDGLO\�DYDLODEOH�VWDQGDUG�LPSOHPHQWDWLRQV�RI�$9/
WUHHV�RU�RWKHU�EDODQFHG�WUHHV�WKDW�ZLOO�GR�WKH�MRE�MXVW�ILQH�DQG�VDYH�\RX�D�ORW�RI�HIIRUW��$�VXLWDEOH�RQH
DSSHDUV��IRU�LQVWDQFH��LQ�WKH�VWDQGDUG�&���OLEUDU\�67/��ZKLFK�LV�DYDLODEOH�ZLWK�HYHU\�LQVWDOODWLRQ�RI
&���
�

7KH�GHOHWLRQ�RSHUDWLRQ��7KH�SURFHVV�RI�GHOHWLQJ�D�YDOXH�IURP�D�WUHH�LV�UDWKHU�LQYROYHG��EXW�QRQH�RI
WKH�DOJRULWKPV�GHVFULEHG�LQ�WKLV�ERRN�UHTXLUH�LW��VR�ZH�ZLOO�QRW�JR�LQWR�LW�LQ�GHWDLO�KHUH��7KH�EDVLF�LGHD
LV�WKDW�\RX�ILUVW�ILQG�WKH�YDOXH�\RX�ZDQW�WR�GHOHWH�LQ�WKH�QRUPDO�ZD\��ZKLFK�WDNHV�WLPH�2�ORJ�N��� WKHQ
GHOHWH�LW�DQG�SHUIRUP�D�³SLYRW´�RSHUDWLRQ�RI�WKH�W\SH�PHQWLRQHG�DERYH�WR�UHPRYH�WKH�KROH�OHIW�E\�WKH
GHOHWLRQ��(DFK�RI� WKHVH�RSHUDWLRQV� WDNHV�DW�PRVW� WLPH�2�ORJ�N��DQG�KHQFH� WKH�HQWLUH�GHOHWLRQ�FDQ�EH
FRPSOHWH�LQ�2�ORJ�N��WLPH��7KH�LQWHUHVWHG�UHDGHU�FDQ�ILQG�WKH�GHWDLOV�LQ�5HI��>��@�
�

(QXPHUDWLQJ� WKH� LWHPV� LQ� D� WUHH��:H� FDQ� DOVR� TXLFNO\� UXQ� WKURXJK� WKH� LWHPV� VWRUHG� LQ� D� WUHH�� DQ
RSHUDWLRQ�WKDW�WDNHV�2�N��WLPH��MXVW�DV�LW�GRHV�IRU�D�VLPSOH�OLVW�VWRUHG�LQ�DQ�DUUD\��7R�GR�WKLV�ZH�XVH�DQ
(XOHU�WRXU��ZKLFK� LV�D�FLUFXLW�RI� WKH� WUHH� WKDW�YLVLWV�HDFK�QRGH�DW�PRVW� WZLFH�DQG�HDFK�HGJH�H[DFWO\
WZLFH��$Q�(XOHU�WRXU�VWDUWV�DW�WKH�URRW�RI�WKH�WUHH�DQG�FLUFXPQDYLJDWHV�WKH�WUHH�E\�IROORZLQJ�LWV�RXWVLGH
HGJH�DOO�WKH�ZD\�URXQG��VHH�ILJXUH���0RUH�SUHFLVHO\��VWDUWLQJ�IURP�WKH�URRW�ZH�PRYH�WR�WKH�OHIW�FKLOG�RI
WKH�FXUUHQW�QRGH�LI�ZH�KDYHQ¶W�DOUHDG\�YLVLWHG�LW�DQG�IDLOLQJ�WKDW�ZH�PRYH�WR�WKH�ULJKW�FKLOG��,I�ZH�KDYH
DOUHDG\�YLVLWHG�ERWK�FKLOGUHQ�ZH�PRYH�XSZDUG�WR�WKH�SDUHQW��:H�UHSHDW�WKHVH�VWHSV�XQWLO�ZH�UHDFK�WKH
URRW�DJDLQ��DW�ZKLFK�SRLQW�WKH�WRXU�LV�FRPSOHWH��6LQFH�HDFK�HGJH�LV�WUDYHUVHG�WZLFH�DQG�WKHUH�DUH�N�í��
HGJHV� LQ� D� WUHH� ZLWK�N� QRGHV� �VHH� 6HFWLRQ� ������ WKLV� LPPHGLDWHO\� WHOOV� XV� ZH� FDQ� UXQ� WKURXJK� DOO



HOHPHQWV�LQ�WKH�WUHH�LQ�2�N��WLPH�

�

$Q�(XOHU�WRXU�
�
�
*LYHQ�WKH�DERYH�SURSHUWLHV�RI�WUHHV��WKH�DGMDFHQF\�WUHH�IRU�D�QHWZRUN�LV�QRZ�VLPSOH�WR�GHILQH��ZH

VWRUH�WKH�OLVW�RI�QHLJKERUV�RI�HDFK�YHUWH[�DV�YDOXHV�LQ�D�ELQDU\�WUHH��7KHUH�LV�RQH�WUHH�IRU�HDFK�YHUWH[�
RU� WZR� IRU� D� GLUHFWHG�QHWZRUN� LI�ZH�ZDQW� WR� VWRUH�ERWK� WKH� LQFRPLQJ� HGJHV� DQG� WKH�RXWJRLQJ�RQHV�
(GJHV�FDQ�EH�IRXQG��DGGHG��RU�GHOHWHG�IURP�WKH�WUHH�IRU�D�JLYHQ�YHUWH[�LQ�WLPH�2�ORJ�N���ZKHUH�N�LV�WKH
GHJUHH�RI�WKH�YHUWH[��RU�2���ORJ�N���ZKHQ�DYHUDJHG�RYHU�DOO�YHUWLFHV��+RZHYHU��WKH�DYHUDJH�RI�WKH
ORJV�RI�D�VHW�RI�SRVLWLYH�QXPEHUV�LV�DOZD\V�OHVV�WKDQ�WKH�ORJ�RI�WKHLU�DYHUDJH��VR�D�UXQQLQJ�WLPH�RI�2
�ORJ�N��DOVR�LPSOLHV�D�UXQQLQJ�WLPH�RI�2�ORJN��Ł�2�ORJ�P�Q���
7KH� FRPSXWDWLRQDO� FRPSOH[LW\� RI� RSHUDWLRQV� RQ� WKH� DGMDFHQF\� WUHH� LV� VXPPDUL]HG� LQ� 7DEOH� ����

&RPSDULQJ�RXU� WKUHH� VWRUDJH� IRUPDWV� IRU�QHWZRUNV�� WKH�DGMDFHQF\�PDWUL[�� OLVW��DQG� WUHH��ZH�VHH� WKDW
WKHUH�LV�QR�RYHUDOO�ZLQQHU��WKH�FKRLFH�RI�IRUPDW�LV�JRLQJ�WR�GHSHQG�RQ�ZKDW�ZH�ZDQW�WR�GR�ZLWK�LW��)RU
XVH�LQ�DOJRULWKPV�ZKHUH�ZH�DUH�RQO\�JRLQJ�WR�DGG�DQG�UHPRYH�HGJHV�DQG�FKHFN�IRU�WKHLU�H[LVWHQFH��WKH
DGMDFHQF\�PDWUL[� LV� WKH� IDVWHVW� RSWLRQ��2Q� WKH� RWKHU� KDQG�� LQ� DOJRULWKPV�ZKHUH�ZH� DUH� RQO\� DGGLQJ
HGJHV�RU�HQXPHUDWLQJ�WKH�QHLJKERUV�RI�YHUWLFHV��ZKLFK�LQFOXGHV�PRVW�RI�WKH�DOJRULWKPV�LQ�WKLV�FKDSWHU�
WKH�DGMDFHQF\�OLVW� LV�WKH�FOHDU�ZLQQHU��7KH�DGMDFHQF\�WUHH�LV�WKH�IDVWHVW�IRUPDW�LI�ZH�QHHG�WR�ILQG�RU
GHOHWH� HGJHV� DV�ZHOO� DV� FUHDWH� WKHP�� �1RWH� WKDW� ORJ�P�Q�� LV� XVXDOO\� PXFK� EHWWHU� WKDQ� D� PHUH�P�Q�
SDUWLFXODUO\�LQ�WKH�FDVH�ZKHUH�WKH�PHDQ�GHJUHH�F�ª�����,Q�DOJRULWKPV�WKDW�RQO\�QHHG�WR�HQXPHUDWH�HGJHV
DQG�QRW�ILQG��DGG��RU�GHOHWH�WKHP��WKH�DGMDFHQF\�OLVW�DQG�DGMDFHQF\�WUHH�DUH�HTXDOO\�JRRG�LQ�SULQFLSOH�
,Q� SUDFWLFH�� KRZHYHU�� WKH� DGGLWLRQDO� FRPSOH[LW\� RI� WKH� DGMDFHQF\� WUHH� XVXDOO\� PDNHV� LW� VRPHZKDW
VORZHU�DQG�WKH�DGMDFHQF\�OLVW�LV�WKH�IRUPDW�RI�FKRLFH�
,W¶V�ZRUWK�EHDULQJ�LQ�PLQG�WKDW�VSHHG�LVQ¶W�HYHU\WKLQJ��DQG�LQ�SDUWLFXODU� WKDW� WKH�DGMDFHQF\�PDWUL[

IRUPDW�XVHV�D�SURKLELWLYH�DPRXQW�RI�PHPRU\�VSDFH�IRU�QHWZRUNV�ZLWK�ODUJH�QXPEHUV�RI�YHUWLFHV��VHH
6HFWLRQ�������2YHUDOO��DV�ZH�KDYH�VDLG��WKH�DGMDFHQF\�OLVW�LV�WKH�IRUPDW�XVHG�PRVW�RIWHQ��EXW�WKH�RWKHUV
FHUWDLQO\�KDYH�WKHLU�SODFH�DQG�HDFK�ZLOO�EH�XVHIXO�WR�XV�PRUH�WKDQ�RQFH�LQ�WKH�UHPDLQGHU�RI�WKLV�ERRN�
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:H�KDYH�GLVFXVVHG�WKUHH�ZD\V�RI�UHSUHVHQWLQJ�QHWZRUN�GDWD�LQ�WKH�PHPRU\�RI�D�FRPSXWHU��7KHVH�DUH
SUREDEO\�WKH�PRVW�XVHIXO�VLPSOH�UHSUHVHQWDWLRQV�DQG�WKH�RQHV�WKDW�\RX�DUH�PRVW�OLNHO\�WR�QHHG�LI�\RX
ZULWH� \RXU� RZQ� SURJUDPV� WR� DQDO\]H� QHWZRUNV�� EXW� WKHUH� DUH� D� IHZ� RWKHU� UHSUHVHQWDWLRQV� WKDW� LW� LV
ZRUWK�NQRZLQJ�DERXW�
�

+\EULG�PDWUL[�OLVW�UHSUHVHQWDWLRQV��7KH�UHSUHVHQWDWLRQV�RI�7DEOH�����DOO�KDYH�WKHLU�DGYDQWDJHV�DQG
GLVDGYDQWDJHV��EXW�QRQH�LV�RSWLPDO��,Q�WKH�EHVW�RI�DOO�SRVVLEOH�ZRUOGV��ZH�ZRXOG�OLNH�D�GDWD�VWUXFWXUH
WKDW�FDQ�LQVHUW��GHOHWH��DQG�ILQG�HGJHV�LQ�2����WLPH�DQG�HQXPHUDWH�WKH�2�P�Q��QHLJKERUV��RQ�DYHUDJH�
RI�D�JLYHQ�YHUWH[�LQ�2�P�Q��WLPH��EXW�QRQH�RI�RXU�UHSUHVHQWDWLRQV�FDQ�GR�WKLV��,W�LV�SRVVLEOH�WR�FUHDWH�D
UHSUHVHQWDWLRQ�WKDW�FDQ�GR�WKLV��KRZHYHU��LI�ZH�DUH�ZLOOLQJ�WR�VDFULILFH�PHPRU\�VSDFH��ZH�FDQ�PDNH�D
K\EULG�UHSUHVHQWDWLRQ�WKDW�FRQVLVWV�RI�DQ�DGMDFHQF\�PDWUL[�DQG�DQ�DGMDFHQF\�OLVW��1RQ�]HUR�HOHPHQWV�LQ
WKH� DGMDFHQF\�PDWUL[�� WKRVH� FRUUHVSRQGLQJ� WR� HGJHV�� DUH� DFFRPSDQLHG� E\� SRLQWHUV� WKDW� SRLQW� WR� WKH
FRUUHVSRQGLQJ� HOHPHQWV� LQ� WKH� DGMDFHQF\� OLVW�� 7KHQ�ZH� FDQ� ILQG�ZKHWKHU� DQ� HGJH� H[LVWV� EHWZHHQ� D
VSHFLILHG�SDLU�RI�YHUWLFHV�LQ�2����WLPH�XVLQJ�WKH�DGMDFHQF\�PDWUL[�DV�XVXDO��$QG�ZH�FDQ�HQXPHUDWH�WKH
QHLJKERUV�RI�D�YHUWH[�LQ�2�P�Q��WLPH�XVLQJ�WKH�DGMDFHQF\�OLVW��:H�FDQ�DGG�DQ�HGJH�LQ�2����WLPH�VLQFH
ERWK�PDWUL[�DQG�OLVW�DOORZ�WKLV�DQ\ZD\��7DEOH�������$QG�ILQDOO\��ZH�FDQ�GHOHWH�DQ�HGJH�LQ�2����WLPH
E\� ILUVW� ORFDWLQJ� LW� LQ� WKH� DGMDFHQF\� PDWUL[� DQG� VHWWLQJ� WKH� FRUUHVSRQGLQJ� HOHPHQW� WR� ]HUR�� WKHQ
IROORZLQJ�WKH�SRLQWHUV�WR�WKH�UHOHYDQW�HOHPHQWV�RI�WKH�DGMDFHQF\�OLVW�DQG�GHOHWLQJ�WKRVH�WRR�E\�PRYLQJ
WKH�ODVW�HOHPHQW�RI�WKH�OLVW�WR�ILOO�WKHLU�SODFH�
,Q�WHUPV�RI�WLPH�FRPSOH[LW\��L�H���VFDOLQJ�RI�UXQ�WLPH�ZLWK�QHWZRUN�VL]H��WKLV�K\EULG�GDWD�VWUXFWXUH�LV

RSWLPDO����� ,WV� PDLQ� GLVDGYDQWDJH� LV� WKDW� LW� XVHV� HYHQ� PRUH� PHPRU\� WKDQ� WKH� RUGLQDU\� DGMDFHQF\
PDWUL[�� DQG� KHQFH� LV� VXLWDEOH� RQO\� IRU� UHODWLYHO\� VPDOO� QHWZRUNV�� XS� WR� D� IHZ� WHQV� RI� WKRXVDQGV� RI
YHUWLFHV�RQ�D�W\SLFDO�FRPSXWHU�DW�WKH�WLPH�RI�ZULWLQJ��,I�WKLV�LV�QRW�DQ�LVVXH�LQ�\RXU�FDVH��KRZHYHU��DQG
VSHHG�LV��WKHQ�WKLV�K\EULG�UHSUHVHQWDWLRQ�PD\�EH�ZRUWK�FRQVLGHULQJ�
�

5HSUHVHQWDWLRQV�ZLWK� YDULDEOHV� RQ� HGJHV�� ,Q� VRPH� QHWZRUNV� WKH� HGJHV� KDYH� YDOXHV�� ZHLJKWV�� RU
ODEHOV�RQ�WKHP��2QH�FDQ�VWRUH�DGGLWLRQDO�SURSHUWLHV�OLNH�WKHVH�XVLQJ�VLPSOH�YDULDQWV�RI�WKH�DGMDFHQF\
PDWUL[�RU�DGMDFHQF\�OLVW�UHSUHVHQWDWLRQV��)RU�LQVWDQFH��LI�HGJHV�FRPH�LQ�VHYHUDO�W\SHV�ZH�FRXOG�GHILQH
DQ� DGGLWLRQDO�Q� î�Q�PDWUL[� WR�JR�ZLWK� WKH�DGMDFHQF\�PDWUL[� WKDW�KDV�HOHPHQWV� LQGLFDWLQJ� WKH� W\SH�RI
HDFK�H[WDQW�HGJH���)RU�HGJHV�WKDW�GR�QRW�H[LVW�WKH�HOHPHQWV�RI�VXFK�D�PDWUL[�ZRXOG�KDYH�QR�PHDQLQJ��
2U�RQH�FRXOG�FRPELQH�WKH�WZR�PDWULFHV�LQWR�D�VLQJOH�RQH�WKDW�KDV�D�QRQ�]HUR�HOHPHQW�IRU�HYHU\�H[WDQW
HGJH�ZKRVH�YDOXH�LQGLFDWHV�WKH�HGJH�W\SH��,I�WKHUH�DUH�PDQ\�GLIIHUHQW�YDULDEOHV�DVVRFLDWHG�ZLWK�HDFK
HGJH�� DV� WKHUH� DUH� IRU� LQVWDQFH� LQ� VRPH� VRFLDO� QHWZRUN� VWXGLHV�� WKHQ� RQH� FRXOG� XVH�PDQ\� GLIIHUHQW
PDWULFHV��RQH�IRU�HDFK�YDULDEOH��RU�D�PDWUL[�ZKRVH�HOHPHQWV�DUH�WKHPVHOYHV�DUUD\V�RI�YDOXHV�RU�PRUH
FRPSOLFDWHG�SURJUDPPLQJ�REMHFWV�OLNH�VWUXFWXUHV��6LPLODUO\��ZLWK�DQ�DGMDFHQF\�OLVW�RQH�FRXOG�UHSODFH
WKH� HOHPHQWV� RI� WKH� OLVW� ZLWK� DUUD\V� RU� VWUXFWXUHV� WKDW� FRQWDLQ� DOO� WKH� GHWDLOV� RI� WKH� HGJHV� WKH\
FRUUHVSRQG�WR�
+RZHYHU�� WKHVH� UHSUHVHQWDWLRQV� FDQ� EH� ZDVWHIXO� RU� FOXPV\�� 7KH�PDWUL[�PHWKRG� FDQ� ZDVWH� KXJH



DPRXQWV�RI�PHPRU\�VWRULQJ�PHDQLQJOHVV�PDWUL[�HOHPHQWV�LQ�DOO� WKH�SRVLWLRQV�FRUUHVSRQGLQJ�WR�HGJHV
WKDW�GRQ¶W�H[LVW��7KH�DGMDFHQF\� OLVW� �IRU�DQ�XQGLUHFWHG�QHWZRUN��FRQWDLQV� WZR�HQWULHV� IRU�HDFK�HGJH�
ERWK�RI�ZKLFK�ZRXOG�KDYH� WR�EH�XSGDWHG�HYHU\� WLPH�ZH�PRGLI\� WKH�SURSHUWLHV�RI� WKDW�HGJH�� ,I�HDFK
HGJH�KDV�PDQ\�SURSHUWLHV�WKLV�PHDQV�D�ORW�RI�H[WUD�ZRUN�DQG�ZDVWHG�VSDFH�
,Q� VRPH� FDVHV�� WKHUHIRUH�� LW� LV� ZRUWKZKLOH� WR� FUHDWH� DQ� DGGLWLRQDO� GDWD� VWUXFWXUH� WKDW� VWRUHV� WKH

SURSHUWLHV�RI�WKH�HGJHV�VHSDUDWHO\��)RU�LQVWDQFH��RQH�PLJKW�XVH�D�VXLWDEOH�DUUD\�RI�P�HOHPHQWV��RQH�IRU
HDFK� HGJH�� 7KLV� DUUD\� FDQ� EH� OLQNHG� WR� WKH� PDLQ� UHSUHVHQWDWLRQ� RI� WKH� QHWZRUN� VWUXFWXUH�� ZLWK� DQ
DGMDFHQF\�OLVW�ZH�FRXOG�VWRUH�D�SRLQWHU�IURP�HDFK�HQWU\�LQ�WKH�OLVW�WR�WKH�FRUUHVSRQGLQJ�HOHPHQW�LQ�WKH
DUUD\�RI�HGJH�GDWD��7KHQ�ZH�FDQ�LPPHGLDWHO\�ILQG�WKH�SURSHUWLHV�RI�DQ\�HGJH�ZH�HQFRXQWHU�LQ�WKH�PDLQ
DGMDFHQF\�OLVW��6LPLODUO\��HDFK�HQWU\�LQ�WKH�DUUD\�RI�HGJH�GDWD�FRXOG�LQFOXGH�SRLQWHUV�WR�WKH�HOHPHQWV�LQ
WKH�DGMDFHQF\�OLVW�WKDW�FRUUHVSRQG�WR�WKH�HGJH�LQ�TXHVWLRQ��7KLV�ZRXOG�DOORZ�XV�WR�JR�WKURXJK�WKH�DUUD\
RI�HGJH�GDWD�ORRNLQJ�IRU�HGJHV�ZLWK�VRPH�SDUWLFXODU�SURSHUW\�DQG��IRU�H[DPSOH��GHOHWH�WKHP�
�

(GJH�OLVWV��2QH�YHU\�VLPSOH�UHSUHVHQWDWLRQ�RI�D�QHWZRUN�WKDW�ZH�KDYH�QRW�\HW�PHQWLRQHG�LV�WKH�HGJH
OLVW��7KLV�LV�VLPSO\�D�OLVW�RI�WKH�ODEHOV�RI�SDLUV�RI�YHUWLFHV�WKDW�DUH�FRQQHFWHG�E\�HGJHV��*RLQJ�EDFN�WR
WKLV�QHWZRUN��ZKLFK�ZH�VDZ�LQ�6HFWLRQ�����

WKH�HGJH�OLVW�UHSUHVHQWDWLRQ�ZRXOG�EH���������������������������������7KH�RUGHU�RI�WKH�HGJHV�LV�XVXDOO\�QRW
LPSRUWDQW�LQ�DQ�HGJH�OLVW��QRU�LV�WKH�RUGHU�RI�WKH�YHUWLFHV�LQ�WKH�YHUWH[�SDLUV�
7KH� HGJH� OLVW� LV� D� FRQYHQLHQW� DQG� VSDFH�HIILFLHQW� ZD\� WR� VWRUH� WKH� VWUXFWXUH� RI� D� QHWZRUN�� DQG

IXUWKHUPRUH� DOORZV� XV� HDVLO\� WR� DVVRFLDWH� SURSHUWLHV� ZLWK� WKH� HGJHV²ZH� FDQ� VLPSO\� VWRUH� WKRVH
SURSHUWLHV� DORQJ�ZLWK� WKH� FRUUHVSRQGLQJ�SDLUV�RI� ODEHOV�� ,W� LV� QRW� VXFK�D� JRRG� UHSUHVHQWDWLRQ� LI�ZH
ZLVK�WR�VWRUH�SURSHUWLHV�RI�YHUWLFHV��,QGHHG��WKH�UHSUHVHQWDWLRQ�GRHVQ¶W�H[SOLFLWO\�OLVW�YHUWLFHV�DW�DOO�
VR�WKHUH�LV�QR�ZD\�WR�WHOO�WKDW�D�YHUWH[�HYHQ�H[LVWV�LI�LW�LV�QRW�FRQQHFWHG�WR�DQ\�HGJHV��9HUWH[���LQ�WKH
QHWZRUN� DERYH� LV� DQ� H[DPSOH�RI� WKLV� SUREOHP�� LW� GRHVQ¶W� DSSHDU� LQ� WKH� HGJH� OLVW� EHFDXVH� LW� KDV� QR
HGJHV��2Q�WKH�RWKHU�KDQG��WKLV�SUREOHP�DQG�WKH�SUREOHP�RI�VWRULQJ�YHUWH[�SURSHUWLHV�FDQ�EH�UHPHGLHG
HDVLO\�HQRXJK�E\�FUHDWLQJ�D�VHSDUDWH�OLVW�RI�YHUWLFHV�DQG�WKH�GDWD�DVVRFLDWHG�ZLWK�WKHP�
+RZHYHU��WKH�HGJH�OLVW�LV�D�SRRU�IRUPDW�IRU�VWRULQJ�QHWZRUN�GDWD�LQ�FRPSXWHU�PHPRU\�IRU�PRVW�RI

WKH�DOJRULWKPV�ZH�ZLOO�EH�FRQVLGHULQJ�LQ� WKLV�ERRN��,W�GRHV�QRW��IRU� LQVWDQFH��DOORZ�XV� WR�GHWHUPLQH
TXLFNO\�ZKHWKHU�D�SDUWLFXODU�HGJH�H[LVWV²ZH�ZRXOG�KDYH�WR�JR�WKURXJK�WKH�HQWLUH�OLVW�WR�DQVZHU�WKDW
TXHVWLRQ��$QG��FUXFLDOO\��LW�GRHV�QRW�DOORZ�XV�HDVLO\�WR�HQXPHUDWH�WKH�QHLJKERUV�RI�D�JLYHQ�YHUWH[��DQ
RSHUDWLRQ�WKDW�LV�FHQWUDO�WR�PDQ\�DOJRULWKPV��)RU�WKHVH�UHDVRQV��WKH�HGJH�OLVW�LV�KDUGO\�HYHU�XVHG�DV�D
IRUPDW�IRU�WKH�UHSUHVHQWDWLRQ�RI�D�QHWZRUN�LQ�PHPRU\�
:KHUH�LW�GRHV�ILQG�XVH�LV�LQ�ILOH�IRUPDWV�IRU�QHWZRUNV��%HLQJ�D�IDLUO\�FRPSDFW�UHSUHVHQWDWLRQ��HGJH

OLVWV�DUH�RIWHQ�XVHG�DV�D�ZD\�WR�VWRUH�QHWZRUN�VWUXFWXUH�LQ�FRPSXWHU�ILOHV�RQ�D�GLVN�RU�RWKHU�VWRUDJH
PHGLXP��:KHQ�ZH�ZLVK�WR�SHUIRUP�FDOFXODWLRQV�RQ�WKHVH�QHWZRUNV�ZH�PXVW�UHDG�WKH�ILOH�DQG�FRQYHUW
LWV�FRQWHQWV�LQWR�D�PRUH�VXLWDEOH�IRUP�IRU�FDOFXODWLRQ��VXFK�DV�DQ�DGMDFHQF\�PDWUL[�RU�DGMDFHQF\�OLVW�



7KLV��KRZHYHU��LV�VLPSOH��ZH�FUHDWH�DQ�HPSW\�QHWZRUN�LQ�WKH�PHPRU\�RI�RXU�FRPSXWHU��RQH�ZLWK�QR
HGJHV� LQLWLDOO\�� WKHQ� UXQ� WKURXJK� WKH� HGJHV� VWRUHG� LQ� WKH� HGJH� OLVW� DQG� DGG� WKHP� RQH� E\� RQH� WR� WKH
QHWZRUN�LQ�WKH�PHPRU\��6LQFH�WKH�RSHUDWLRQ�RI�DGGLQJ�DQ�HGJH�FDQ�EH�DFFRPSOLVKHG�TXLFNO\�LQ�DOO�RI
WKH�IRUPDWV�ZH�KDYH�FRQVLGHUHG��7DEOH�������WKLV�QRUPDOO\�GRHV�QRW�WDNH�D�VLJQLILFDQW�DPRXQW�RI�WLPH�
:KHQ�LW�LV�ILQLVKHG��ZH�KDYH�D�FRPSOHWH�FRS\�RI�WKH�QHWZRUN�LQ�WKH�IRUPDW�RI�RXU�FKRLFH�VWRUHG�LQ�WKH
PHPRU\�RI�WKH�FRPSXWHU��DQG�ZH�DUH�UHDG\�WR�FRQWLQXH�ZLWK�RXU�FRPSXWDWLRQV�



����+($36

�

7KH� ODVW�GDWD� VWUXFWXUH�ZH�GHVFULEH� LQ� WKLV�FKDSWHU� LV� D� VSHFLDOL]HG� VWUXFWXUH�FDOOHG�D�ELQDU\� KHDS�
8QOLNH� WKH� VWUXFWXUHV� LQWURGXFHG� LQ� WKH� ODVW� IHZ� VHFWLRQV�� KHDSV� DUH� QRW� QRUPDOO\� XVHG� IRU� VWRULQJ
QHWZRUNV� WKHPVHOYHV��EXW�DUH�XVHG�IRU�VWRULQJ�YDOXHV�RQ�QHWZRUNV��XVXDOO\�YDOXHV�DVVRFLDWHG�ZLWK�D
QHWZRUN¶V�YHUWLFHV��7KH�GHILQLWLYH�SURSHUW\�RI�D�KHDS�LV�WKDW�LW�DOORZV�XV�WR�TXLFNO\�ILQG�WKH�HQWU\�LQ
WKH�KHDS�ZLWK�WKH�PLQLPXP��RU�PD[LPXP��YDOXH�
:H�ZLOO�PDNH�XVH�RI� WKH�ELQDU\�KHDS� LQ�6HFWLRQ������ZKHQ�ZH� VWXG\�RQH�RI� WKH�PRVW� IDPRXV�RI

QHWZRUN�DOJRULWKPV��'LMNVWUD¶V�DOJRULWKP��ZKLFK�LV�DQ�DOJRULWKP�IRU�ILQGLQJ�VKRUWHVW�SDWKV�RQ�ZHLJKWHG
QHWZRUNV��7KLV�LV�WKH�PDLQ�SODFH�WKH�KHDS�ZLOO�FRPH�XS�LQ�WKLV�ERRN��VR�LI�\RX�DUH�QRW�LQWHUHVWHG�LQ��RU
GR�QRW�QHHG�WR�NQRZ��WKH�GHWDLOHG�ZRUNLQJV�RI�'LMNVWUD¶V�DOJRULWKP��\RX�FDQ�VDIHO\�VNLS�WKH�UHPDLQGHU
RI�WKLV�FKDSWHU��2WKHUZLVH��UHDG�RQ�
6XSSRVH��WKHQ��WKDW�ZH�KDYH�VRPH�QXPHULFDO�YDOXH�DVVRFLDWHG�ZLWK�HYHU\�YHUWH[�LQ�D�QHWZRUN��7KDW

YDOXH�PLJKW�EH��IRU�LQVWDQFH��WKH�GLVWDQFH�IURP�DQRWKHU�YHUWH[�LQ�WKH�QHWZRUN��RU�D�WLPH�XQWLO�VRPHWKLQJ
KDSSHQV�� 7R� JLYH� D� FRQFUHWH� H[DPSOH�� FRQVLGHU� D� GLVHDVH� VSUHDGLQJ� DFURVV� D� VRFLDO� QHWZRUN�� DV
GLVFXVVHG�LQ�&KDSWHUV���DQG����DQG�VXSSRVH�ZH�ZDQW�WR�PDNH�D�FRPSXWHU�PRGHO�RI�WKH�VSUHDG��2QH
VLPSOH� DQG� HIILFLHQW� ZD\� WR� GR� WKLV� LV� WR� DVVRFLDWH� ZLWK� HDFK� YHUWH[� RI� WKH� QHWZRUN� D� QXPEHU
UHSUHVHQWLQJ�RXU�FXUUHQW�HVWLPDWH�RI�WKH�WLPH�DW�ZKLFK�WKDW�YHUWH[�ZLOO�EH�LQIHFWHG�E\�WKH�GLVHDVH��LI�LW
HYHU� LV��� ,QLWLDOO\�HDFK�RI� WKHVH� WLPHV� LV� VHW� WR����H[FHSW� IRU�D� VLQJOH�YHUWH[� UHSUHVHQWLQJ� WKH� LQLWLDO
FDUULHU�RI� WKH�GLVHDVH�� IRU�ZKLFK�WKH� WLPH�LV�VHW� WR�]HUR��7KHQ�D�VLPSOH�DOJRULWKP�IRU�VLPXODWLQJ� WKH
GLVHDVH� LQYROYHV� DW� HDFK� VWHS� ILQGLQJ� WKH� QH[W� YHUWH[� WR� EH� LQIHFWHG�� L�H��� WKH� RQH�ZLWK� WKH� HDUOLHVW
LQIHFWLRQ� WLPH�� LQIHFWLQJ� LW�� DQG� WKHQ� FDOFXODWLQJ� WKH� WLPH� XQWLO� LW� VXEVHTXHQWO\� LQIHFWV� HDFK� RI� LWV
QHLJKERUV�� ,I� DQ\� RI� WKRVH� LQIHFWLRQ� WLPHV� LV� HDUOLHU� WKDQ� WKH� FXUUHQW� UHFRUGHG� WLPH� IRU� WKH� VDPH
QHLJKERU��WKH�QHZ�WLPH�VXSHUVHGHV�WKH�ROG�RQH��7KHQ�ZH�ILQG�WKH�YHUWH[�LQ�WKH�QHWZRUN�ZLWK�WKH�QH[W
HDUOLHVW�LQIHFWLRQ�WLPH�DQG�WKH�SURFHVV�SURFHHGV�
7KH�FUXFLDO�UHTXLUHPHQWV�IRU�WKLV�DOJRULWKP�WR�UXQ�HIILFLHQWO\�DUH�WKDW�ZH�VKRXOG�EH�DEOH�WR�TXLFNO\

ILQG�WKH�VPDOOHVW�YDOXH�RI�WKH�LQIHFWLRQ�WLPH�DQ\ZKHUH�RQ�WKH�QHWZRUN�DQG�WKDW�ZH�VKRXOG�EH�DEOH�WR
TXLFNO\�GHFUHDVH�WKH�YDOXH�DW�DQ\�RWKHU�JLYHQ�YHUWH[��7KH�ELQDU\�KHDS�LV�D�GDWD�VWUXFWXUH�WKDW�DOORZV�XV
WR�GR�WKHVH�WKLQJV�
7KH�ELQDU\�KHDS�LV�EXLOW�XSRQ�D�ELQDU\�WUHH�VWUXFWXUH�VLPLODU�WR�WKH�WUHHV�LQ�6HFWLRQ������DOWKRXJK�WKH

WUHH�LQ�D�ELQDU\�KHDS�LV�DUUDQJHG�DQG�XVHG�LQ�D�GLIIHUHQW�IDVKLRQ��(DFK�RI�WKH�LWHPV�VWRUHG�LQ�D�KHDS
�LWHPV�WKDW�ZLOO�UHSUHVHQW�YHUWLFHV�LQ�WKH�QHWZRUN�FRQWH[W��FRQVLVWV�RI�WZR�SDUWV��DQ�LQWHJHU�ODEHO�WKDW
LGHQWLILHV�WKH�LWHP�DQG�D�QXPHULFDO�YDOXH��,Q�WKH�GLVHDVH�H[DPSOH�DERYH��IRU�LQVWDQFH��WKH�ODEHOV�DUH
WKH�YHUWH[� LQGLFHV�L� ��� �� �� ��Q�IRU�YHUWLFHV�QRW�\HW�LQIHFWHG�DQG�WKH�YDOXHV�DUH�WKH�WLPHV�DW�ZKLFK�WKH
YHUWLFHV�DUH�LQIHFWHG�ZLWK�WKH�GLVHDVH�
7KH�LWHPV�LQ�WKH�KHDS�DUH�VWRUHG�DW�WKH�QRGHV�RI�D�ELQDU\�WUHH�DV�GHSLFWHG�LQ�)LJ�������7KHUH�DUH�WZR

LPSRUWDQW�IHDWXUHV�WR�QRWLFH�DERXW�WKLV�VWUXFWXUH��)LUVW��WKH�WUHH�LV�DOZD\V�FRPSOHWHO\�SDFNHG��:H�ILOO
WKH�WUHH�URZ�E\�URZ�VWDUWLQJ�ZLWK�WKH�URRW�QRGH�DW�WKH�WRS�DQG�ILOOLQJ�HDFK�URZ�IURP�OHIW�WR�ULJKW��7KXV
WKH�WUHH�LV�GHQVHU�WKDQ�WKH�W\SLFDO�ELQDU\�WUHH�RI�6HFWLRQ�����DQG�DOZD\V�KDV�D�GHSWK�WKDW�LV�ORJDULWKPLF
LQ�WKH�QXPEHU�RI�LWHPV�LQ�WKH�WUHH²VHH�(T��������
6HFRQG�� WKH�YDOXHV�DVVRFLDWHG�ZLWK� WKH� LWHPV� LQ� WKH�KHDS��WKH� ORZHU�QXPEHU�DW�HDFK�QRGH� LQ�)LJ�

�����DUH�SDUWLDOO\�RUGHUHG ��7KLV�PHDQV�WKDW�HDFK�YDOXH�LV�JUHDWHU�WKDQ�RU�HTXDO�WR�WKH�RQH�DERYH�LW�LQ



WKH�WUHH�DQG�OHVV�WKDQ�RU�HTXDO�WR�ERWK�RI�WKH�WZR�EHORZ�LW��,I�ZH�IROORZ�DQ\�EUDQFK�GRZQ�WKH�WUHH²
DQ\�SDWK� IURP� WRS� WR�ERWWRP²WKH�YDOXHV� JURZ� ODUJHU� DORQJ� WKH�EUDQFK�RU� VWD\� WKH� VDPH�� EXW� QHYHU
GHFUHDVH�� 7KH� YDOXHV� DUH� VDLG� WR� EH� ³SDUWLDOO\´� RUGHUHG� EHFDXVH� WKH� RUGHULQJ� RQO\� DSSOLHV� DORQJ
EUDQFKHV�DQG�QRW�EHWZHHQ�GLIIHUHQW�EUDQFKHV��7KDW�LV��WKHUH�LV�QR�VSHFLDO�UHODWLRQ�EHWZHHQ�YDOXHV�RQ
GLIIHUHQW�EUDQFKHV�RI�WKH�WUHH��WKH\�PD\�EH�ODUJHU�RU�VPDOOHU�WKDQ�RQH�DQRWKHU��ZKHWKHU�WKH\�DUH�RQ�WKH
VDPH�OHYHO�LQ�WKH�WUHH�RU�RQ�GLIIHUHQW�OHYHOV�

�

)LJXUH������7KH�VWUXFWXUH�RI�D�ELQDU\�KHDS��$�ELQDU\�KHDS�FRQVLVWV�RI�WZR�SDUWV��D�WUHH�DQG�DQ�LQGH[�
7KH�QRGHV�RI�WKH�WUHH�HDFK�FRQWDLQ�D�ODEHO�DQG�D�QXPHULFDO�YDOXH��DQG�WKH�WUHH�LV�SDUWLDOO\�RUGHUHG�VR
WKDW�WKH�QXPHULFDO�YDOXH�DW�HDFK�QRGH�LV�JUHDWHU�WKDQ�RU�HTXDO�WR�WKH�YDOXH�DERYH�LW�LQ�WKH�WUHH�DQG�OHVV
WKDQ� RU� HTXDO� WR� ERWK� RI� WKH� YDOXHV� EHORZ� LW�� 7KH� LQGH[� LV� D� VHSDUDWH� DUUD\� WKDW� OLVWV� E\� ODEHO� WKH
SRVLWLRQV�RI�HDFK�RI� WKH� LWHPV� LQ� WKH� WUHH�� VR� WKDW�ZH�FDQ� ILQG�D�JLYHQ� LWHP�TXLFNO\��1HZ�LWHPV�DUH
DGGHG�WR�WKH�WUHH�LQ�WKH�QH[W�DYDLODEOH�VSDFH�DW�WKH�ERWWRP��VWDUWLQJ�D�QHZ�URZ�LI�QHFHVVDU\�
�
�
7KH�SURSHUW\�RI�SDUWLDO�RUGHULQJ�KDV�WKH�LPSRUWDQW�UHVXOW�WKDW�WKH�YDOXH�VWRUHG�DW�WKH�URRW�QRGH�RI�WKH

WUHH�LV�DOZD\V�WKH�VPDOOHVW�YDOXH�DQ\ZKHUH��6LQFH�YDOXHV�DUH�QRQ�GHFUHDVLQJ�DORQJ�DOO�EUDQFKHV�RI�WKH
WUHH�VWDUWLQJ�IURP�WKH�URRW��LW�IROORZV�WKDW�QR�YDOXH�FDQ�EH�VPDOOHU�WKDQ�WKH�URRW�YDOXH�
7KH�ELQDU\�KHDS�DOVR�KDV� DQRWKHU� FRPSRQHQW� WR� LW�� WKH�LQGH[��ZKLFK� WHOOV�XV� WKH� ORFDWLRQ�RI� HDFK

LWHP�LQ�WKH�WUHH��7KH�LQGH[�LV�DQ�DUUD\�FRQWDLQLQJ�WKH�FRRUGLQDWHV�LQ�WKH�WUHH�RI�DOO�WKH�LWHPV��OLVWHG�LQ
RUGHU�RI�WKHLU�ODEHOV��,W�PLJKW��IRU�LQVWDQFH��FRQWDLQ�WKH�URZ�LQ�WKH�WUHH�DQG�SRVLWLRQ�DORQJ�WKDW�URZ�RI
HDFK�LWHP��VWDUWLQJ�ZLWK�WKH�LWHP�ZLWK�ODEHO���DQG�SURFHHGLQJ�WKURXJK�HDFK�LQ�WXUQ²VHH�)LJ������DJDLQ�
$�KHDS�DOORZV�XV�WR�SHUIRUP�WKUHH�RSHUDWLRQV�RQ�LWV�FRQWHQWV������DGGLQJ�DQ�LWHP�WR�WKH�KHDS�����

UHGXFLQJ�WKH�QXPHULFDO�YDOXH�VWRUHG�LQ�WKH�LWHP�ZLWK�D�VSHFLILHG�ODEHO��DQG�����ILQGLQJ�DQG�UHPRYLQJ
WKH�LWHP�ZLWK�WKH�VPDOOHVW�QXPHULFDO�YDOXH�IURP�WKH�KHDS��/HW�XV�ORRN�DW�KRZ�HDFK�RI�WKHVH�RSHUDWLRQV
LV�FDUULHG�RXW�



�

)LJXUH������6LIWLQJ�D�YDOXH�XS�WKH�KHDS��$�EUDQFK�LQ�WKH�WUHH�LQLWLDOO\�FRQWDLQV�WKUHH�LWHPV�DV�VKRZQ�
$�QHZ�LWHP�ZLWK�YDOXH�����LV�DGGHG�DW�WKH�ERWWRP��7KH�XSZDUG�VLIW�UHSHDWHGO\�FRPSDUHV�DQG�VZDSV
WKLV�YDOXH�ZLWK�WKH�YDOXH�DERYH�LW�XQWLO�LW�UHDFKHV�LWV�FRUUHFW�SODFH�LQ�WKH�SDUWLDO�RUGHULQJ��,Q�WKLV�FDVH
WKH�DGGHG�YDOXH�����JHWV�VZDSSHG�WZLFH��HQGLQJ�XS��FRUUHFWO\��EHWZHHQ�WKH�YDOXHV�����DQG�����
�
�

$GGLQJ�DQ�LWHP��7R�DGG�DQ�LWHP�WR�WKH�KHDS�ZH�SODFH�LW�LQ�WKH�ILUVW�DYDLODEOH�IUHH�VSDFH�DW�WKH�ERWWRP
RI� WKH� WUHH� DV� LQGLFDWHG� LQ�)LJ�� ����� ,I� WKH�ERWWRP� URZ�RI� WKH� WUHH� LV� IXOO��ZH� VWDUW� D�QHZ� URZ�� ,W� LV
LPSRUWDQW�LQ�DGGLQJ�DQ�LWHP�WR�WKH�WUHH�WKDW�ZH�SUHVHUYH�WKH�SDUWLDOO\�RUGHUHG�VWUXFWXUH��EXW�D�QHZ�LWHP
DGGHG�DW�WKH�ERWWRP�PD\�ZHOO�YLRODWH�WKDW�VWUXFWXUH�E\�KDYLQJ�D�QXPHULFDO�YDOXH�VPDOOHU�WKDQ�WKH�LWHP
DERYH�LW��:H�FDQ�IL[�WKLV�E\�VLIWLQJ�WKH�WUHH�DV�LOOXVWUDWHG�LQ�)LJ�������7KH�QHZO\�DGGHG�LWHP�LV�³VLIWHG
XS´�LWV�EUDQFK�RI�WKH�WUHH�E\�FRPSDULQJ�LWV�YDOXH�ZLWK�WKDW�RI�WKH�LWHP�DERYH�LW��,I�LWV�YDOXH�LV�VPDOOHU�
WKH� WZR�DUH�VZDSSHG�� WKH�QHZ� LWHP�PRYLQJ�XS�RQH� URZ��:H�UHSHDW� WKLV�SURFHVV�XQWLO� WKH�QHZ� LWHP
HLWKHU�UHDFKHV�D�SRLQW�ZKHUH�LW�LV�QRW�VPDOOHU�WKDQ�WKH�LWHP�DERYH�LW��RU�LW�KDV�ULVHQ�WR�WKH�URRW�RI�WKH
WUHH��,I�LW�ULVHV�WR�WKH�URRW�RI�WKH�WUHH��WKHQ�E\�GHILQLWLRQ�LW�LV�KDV�WKH�VPDOOHVW�YDOXH�LQ�WKH�WUHH�EHFDXVH
LW�LV�VPDOOHU�WKDQ�WKH�YDOXH�IRU�WKH�SUHYLRXV�URRW�LWHP�
:KHQ�ZH�DGG�D�QHZ�LWHP�ZH�DOVR�KDYH�WR�XSGDWH�WKH�LQGH[�RI�WKH�KHDS��7KH�FRRUGLQDWHV�RI�WKH�QHZ

LWHP�DUH� UHFRUGHG�DW� WKH�SRVLWLRQ�LQ� WKH� LQGH[�FRUUHVSRQGLQJ� WR� WKH� LWHP¶V� ODEHO�DQG� WKHQ�GXULQJ� WKH
VLIWLQJ�RSHUDWLRQ��ZH�VLPSO\�VZDS�WKH�LQGH[�HQWULHV�IRU�HYHU\�WZR�LWHPV�WKDW�DUH�VZDSSHG�LQ�WKH�WUHH�
6LQFH�WKH�WUHH�LV�FRPSOHWHO\�SDFNHG�LW�KDV�GHSWK�JLYHQ�E\�(T���������ZKLFK�LV�2�ORJ�N���ZKHUH�N� LV

WKH�QXPEHU�RI�LWHPV�LQ�WKH�WUHH��7KXV�WKH�PD[LPXP�QXPEHU�RI�VZDSV�ZH�KDYH�WR�GR�GXULQJ�WKH�VLIWLQJ
SURFHVV�LV�2�ORJ�N��DQG�WKH�WRWDO�WLPH�WR�DGG�DQ�LWHP�WR�WKH�KHDS��LJQRULQJ�VXE�OHDGLQJ�WHUPV��LV�DOVR
2�ORJ�N��
�

5HGXFLQJ�D�YDOXH�LQ�WKH�KHDS��5HGXFLQJ�WKH�QXPHULFDO�YDOXH�DVVRFLDWHG�ZLWK�D�JLYHQ�ODEHOHG�LWHP�LV
VLPLODU� WR� WKH�DGGLWLRQ�RSHUDWLRQ��:H�ILUVW�XVH�WKH� LQGH[�WR�ORFDWH� WKH�JLYHQ�LWHP�LQ� WKH�WUHH�DQG�ZH
UHGXFH�LWV�QXPHULFDO�YDOXH�DV�GHVLUHG��6LQFH�WKLV�PD\�PHDQ�WKDW�WKH�LWHP�LV�QRZ�VPDOOHU�WKDQ�RQH�RU
PRUH�RI�WKRVH�DERYH�LW��YLRODWLQJ�WKH�SDUWLDO�RUGHULQJ��ZH�VLIW�XS�DV�EHIRUH�XQWLO�WKH�LWHP�UHDFKHV�LWV
FRUUHFW�SODFH�LQ�WKH�RUGHULQJ��XSGDWLQJ�WKH�LQGH[�DV�ZH�JR��7KLV�RSHUDWLRQ��OLNH�WKH�DGGLWLRQ�RSHUDWLRQ�
WDNHV�WLPH�2�ORJ�N��
�



)LQGLQJ�DQG�UHPRYLQJ�WKH�VPDOOHVW�YDOXH��7KH�LWHP�LQ�WKH�KHDS�ZLWK�WKH�VPDOOHVW�QXPHULFDO�YDOXH�LV
HDVLO\� IRXQG� VLQFH�� DV� ZH� KDYH� VDLG�� LW� LV� DOZD\V� ORFDWHG� DW� WKH� URRW� RI� WKH� WUHH�� ,Q� )LJ�� ����� IRU
H[DPSOH��WKH�VPDOOHVW�YDOXH�LV�����IRU�WKH�LWHP�ZLWK�ODEHO���
:H�UHPRYH� WKH�VPDOOHVW� LWHP�E\�ILUVW�GHOHWLQJ� LW� IURP�WKH� WUHH�DQG�GHOHWLQJ� LWV�HQWU\� LQ� WKH� LQGH[�

7KLV�OHDYHV�D�KROH�LQ�WKH�WUHH�ZKLFK�YLRODWHV�WKH�FRQGLWLRQ�WKDW�WKH�WUHH�EH�FRPSOHWHO\�SDFNHG��EXW�ZH
FDQ�IL[�WKLV�SUREOHP�E\�WDNLQJ�WKH�ODVW� LWHP�IURP�WKH�ERWWRP�URZ�RI� WKH�WUHH�DQG�PRYLQJ�LW�XS�WR�WKH
URRW��DW�WKH�VDPH�WLPH�XSGDWLQJ�WKH�UHOHYDQW�HQWU\�LQ�WKH�LQGH[��7KLV��KRZHYHU��FUHDWHV�LWV�RZQ�SUREOHP
EHFDXVH�LQ�PRYLQJ�WKH�LWHP�ZH�ZLOO�OLNHO\�RQFH�DJDLQ�FUHDWH�D�YLRODWLRQ�RI�WKH�SDUWLDO�RUGHULQJ�RI�WKH
WUHH��7KH�LWHP�DW�WKH�URRW�RI�WKH�WUHH�LV�VXSSRVHG�WR�KDYH�WKH�VPDOOHVW�QXPHULFDO�YDOXH�DQG�LW¶V�UDWKHU
XQOLNHO\� WKDW� WKH� LWHP�ZH�KDYH�PRYHG� VDWLVILHV� WKLV� FRQGLWLRQ��7KLV�SUREOHP�ZH� FDQ� IL[�E\� ³VLIWLQJ
GRZQ�´� 6LIWLQJ� GRZQ� LQYROYHV� FRPSDULQJ� WKH� QXPHULFDO� YDOXH� VWRUHG� LQ� WKH� URRW� LWHP�ZLWK�ERWK� RI
WKRVH�EHORZ�LW�� ,I� LW� LV� ODUJHU� WKDQ�HLWKHU�RI� WKHP��ZH�VZDS�LW�ZLWK�WKH�VPDOOHU�RI� WKH�WZR�DQG�DW� WKH
VDPH�WLPH�VZDS�WKH�FRUUHVSRQGLQJ�HQWULHV�LQ�WKH�LQGH[��:H�UHSHDWHGO\�SHUIRUP�VXFK�FRPSDULVRQV�DQG
VZDSV��PRYLQJ�RXU�LWHP�GRZQ�WKH�WUHH�XQWLO�HLWKHU�LW�UHDFKHV�D�SRLQW�DW�ZKLFK�LW�LV�VPDOOHU�WKDQ�ERWK�RI
WKH�LWHPV�EHORZ�LW��RU�LW�UHDFKHV�WKH�ERWWRP�RI�WKH�WUHH�
$JDLQ� WKH� VLIWLQJ� SURFHVV�� DQG� KHQFH� WKH� HQWLUH� SURFHVV� RI� UHPRYLQJ� WKH� URRW� LWHP� IURP� WKH� WUHH�

WDNHV�WLPH�2�ORJ�N��
�
7KXV�WKH�ELQDU\�KHDS�DOORZV�XV�WR�GR�DOO�WKUHH�RI�RXU�RSHUDWLRQV²DGGLQJ�DQ�LWHP��UHGXFLQJ�D�YDOXH�

RU�ILQGLQJ�DQG�UHPRYLQJ�WKH�LWHP�ZLWK�WKH�VPDOOHVW�YDOXH²LQ�WLPH�2�ORJ�N��
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����:KDW��URXJKO\��LV�WKH�WLPH�FRPSOH[LW\�RI�

D��9DFXXPLQJ�D�FDUSHW�LI�WKH�VL]H�RI�WKH�LQSXW�WR�WKH�RSHUDWLRQ�LV�WKH�QXPEHU�Q�RI�VTXDUH�IHHW�RI
FDUSHW"

E��)LQGLQJ�D�ZRUG�LQ�D��SDSHU��GLFWLRQDU\�LI�WKH�VL]H�RI�WKH�LQSXW�LV�WKH�QXPEHU�Q�RI�ZRUGV�LQ�WKH
GLFWLRQDU\"

�

����6XSSRVH�\RX�KDYH�D�VSDUVH�QHWZRUN�ZLWK�P��Q��:KDW�LV�WKH�WLPH�FRPSOH[LW\�RI�

D��0XOWLSO\LQJ�DQ�DUELWUDU\�Q�HOHPHQW�YHFWRU�E\�WKH�DGMDFHQF\�PDWUL[��LI�WKH�QHWZRUN�LV�VWRUHG�LQ
WKH�DGMDFHQF\�PDWUL[�IRUPDW�

E��3HUIRUPLQJ�WKH�VDPH�PXOWLSOLFDWLRQ�LI�WKH�QHWZRUN�LV�LQ�DGMDFHQF\�OLVW�IRUPDW�
F��7KH�³PRGXODULW\�PDWUL[´�%�RI�D�QHWZRUN�LV�WKH�PDWUL[�ZLWK�HOHPHQWV

�

�6HH�(T���������RQ�SDJH�������:KDW�LV�WKH�WLPH�FRPSOH[LW\�RI�PXOWLSO\LQJ�DQ�DUELWUDU\�YHFWRU
E\�WKH�PRGXODULW\�PDWUL[�RI�RXU�VSDUVH�QHWZRUN�LI�WKH�QHWZRUN�LV�LQ�DGMDFHQF\�OLVW�IRUPDW"

G�� ,Q� IDFW�� LI�ZH�DUH�FOHYHU�DERXW� LW�� WKLV� ODVW�RSHUDWLRQ�FDQ�EH�SHUIRUPHG� LQ� WLPH�2�Q�� IRU� WKH
VSDUVH�QHWZRUN�ZLWK�P��Q��'HVFULEH�DQ�DOJRULWKP�WKDW�DFKLHYHV�WKLV�

�

����$Q�LQWHUHVWLQJ�TXHVWLRQ��ZKLFK�LV�GLVFXVVHG�LQ�VRPH�GHWDLO�LQ�&KDSWHU�����FRQFHUQV�ZKDW�KDSSHQV
WR� D� QHWZRUN� LI� \RX� GLVDEOH� RU� UHPRYH� LWV� YHUWLFHV� RQH� E\� RQH�� 7KH� TXHVWLRQ� LV� RI� UHOHYDQFH�� IRU
LQVWDQFH��WR�WKH�YDFFLQDWLRQ�RI�SRSXODWLRQV�DJDLQVW�WKH�VSUHDG�RI�GLVHDVH��2QH�W\SLFDO�DSSURDFK�LV�WR
UHPRYH�YHUWLFHV�LQ�RUGHU�RI�WKHLU�GHJUHHV��VWDUWLQJ�ZLWK�WKH�KLJKHVW�GHJUHHV�ILUVW��1RWH�WKDW�RQFH�\RX
UHPRYH�RQH�YHUWH[� �DORQJ�ZLWK� LWV�DVVRFLDWHG�HGJHV�� WKH�GHJUHHV�RI�VRPH�RI� WKH�RWKHU�YHUWLFHV�PD\
FKDQJH�
,Q�PRVW�FDVHV�LW�LV�QRW�SRVVLEOH�WR�GR�WKH�H[SHULPHQW�RI�UHPRYLQJ�YHUWLFHV�IURP�D�UHDO�QHWZRUN�WR

VHH�ZKDW�HIIHFW�LW�KDV��EXW�ZH�FDQ�VLPXODWH�WKH�SURFHVV�RQ�D�FRPSXWHU�E\�WDNLQJ�D�QHWZRUN�VWRUHG�LQ
FRPSXWHU� PHPRU\�� UHPRYLQJ� LWV� YHUWLFHV�� DQG� WKHQ� PHDVXULQJ� YDULRXV� SURSHUWLHV� RI� WKH� UHPDLQLQJ
QHWZRUN�

D��:KDW� LV� WKH� WLPH�FRPSOH[LW\�RI�ILQGLQJ�WKH�KLJKHVW�GHJUHH�YHUWH[� LQ�D�QHWZRUN��DVVXPLQJ�WKH
YHUWLFHV�DUH�JLYHQ�WR�\RX�LQ�QR�SDUWLFXODU�RUGHU"

E�� ,I�ZH� SHUIRUP� WKH� UHSHDWHG� YHUWH[� UHPRYDO� LQ� D� GXPE�ZD\�� VHDUFKLQJ� H[KDXVWLYHO\� IRU� WKH
KLJKHVW�GHJUHH�YHUWH[��UHPRYLQJ�LW��WKHQ�VHDUFKLQJ�IRU�WKH�QH[W�KLJKHVW��DQG�VR�IRUWK��ZKDW�LV�WKH



WLPH�FRPSOH[LW\�RI�WKH�HQWLUH�RSHUDWLRQ"
F��'HVFULEH�KRZ�WKH�VDPH�RSHUDWLRQ�FRXOG�EH�SHUIRUPHG�ZLWK�WKH�GHJUHHV�RI�WKH�YHUWLFHV�VWRUHG
LQVWHDG� LQ�D�KHDS��<RX�ZLOO�QHHG� WR�PRGLI\� WKH�KHDS�VWUXFWXUH�RI�6HFWLRQ����� LQ�D�FRXSOH�RI
ZD\V�WR�PDNH�WKH�DOJRULWKP�ZRUN��2QH�PRGLILFDWLRQ�LV�WULYLDO��WKH�KHDS�QHHGV�WR�EH�VRUWHG�LQ
WKH�RSSRVLWH�RUGHU�VR�WKDW�WKH�ODUJHVW�HOHPHQW�LV�DW�WKH�URRW��:KDW�RWKHU�PRGLILFDWLRQ�LV�QHHGHG�
DQG�KRZ�ZRXOG�\RX�GR�LW"�:KDW�QRZ�LV�WKH�WLPH�FRPSOH[LW\�RI�WKH�HQWLUH�FDOFXODWLRQ"

G��7DNLQJ� WKH�VDPH�DSSURDFK��GHVFULEH� LQ�D�VHQWHQFH�RU� WZR�D�PHWKRG� IRU� WDNLQJ�Q� QXPEHUV� LQ
UDQGRP� RUGHU� DQG� VRUWLQJ� WKHP� LQWR� GHFUHDVLQJ� RUGHU� XVLQJ� D� KHDS�� 6KRZ� WKDW� WKH� WLPH
FRPSOH[LW\�RI�WKLV�VRUWLQJ�DOJRULWKP�LV�2�Q�ORJ�Q��

H��7KH�GHJUHHV�RI�WKH�YHUWLFHV�LQ�D�VLPSOH�JUDSK�DUH�LQWHJHUV�EHWZHHQ�]HUR�DQG�Q��,W�LV�SRVVLEOH�WR
VRUW�VXFK�D�VHW�RI�LQWHJHUV�LQWR�QXPHULFDO�RUGHU��HLWKHU�LQFUHDVLQJ�RU�GHFUHDVLQJ��LQ�WLPH�2�Q��
'HVFULEH�EULHIO\�DQ�DOJRULWKP�WKDW�DFKLHYHV�WKLV�IHDW�

�
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$�GLVFXVVLRQ�RI�VRPH�RI�WKH�PRVW�LPSRUWDQW�DQG�IXQGDPHQWDO�DOJRULWKPV�IRU�SHUIRUPLQJ
QHWZRUN�FDOFXODWLRQV�RQ�D�FRPSXWHU

�

$50('�:,7+�WKH�WRROV�DQG�GDWD�VWUXFWXUHV�RI�&KDSWHU����ZH�ORRN�LQ�WKLV�FKDSWHU�DW�WKH�DOJRULWKPV
WKDW�DUH�XVHG�WR�SHUIRUP�QHWZRUN�FDOFXODWLRQV��:H�VWDUW�ZLWK�VRPH�VLPSOH�DOJRULWKPV�IRU�FDOFXODWLQJ
TXDQWLWLHV�VXFK�DV�GHJUHHV��GHJUHH�GLVWULEXWLRQV��DQG�FOXVWHULQJ��,Q�WKH�ODWHU�VHFWLRQV�RI�WKH�FKDSWHU�ZH
ORRN� DW� PRUH� VRSKLVWLFDWHG� DOJRULWKPV� IRU� VKRUWHVW� SDWKV�� EHWZHHQQHVV��PD[LPXP� IORZV�� DQG� RWKHU
QRQ�ORFDO�TXDQWLWLHV�
,Q�WKH�IROORZLQJ�FKDSWHU�ZH�H[WHQG�RXU�H[DPLQDWLRQ�RI�QHWZRUN�DOJRULWKPV�WR�DOJRULWKPV�EDVHG�RQ

PDWUL[� FDOFXODWLRQV� DQG� OLQHDU� DOJHEUD�� LQFOXGLQJ� DOJRULWKPV� IRU� PDWUL[�EDVHG� FHQWUDOLWLHV� OLNH
HLJHQYHFWRU�FHQWUDOLW\�DQG�DOJRULWKPV�IRU�JUDSK�SDUWLWLRQLQJ�DQG�FRPPXQLW\�GLVFRYHU\�LQ�QHWZRUNV�



�����$/*25,7+06�)25�'(*5((6�$1'�'(*5((�',675,%87,216

�

0DQ\�QHWZRUN�TXDQWLWLHV�DUH�HDV\�WR�FDOFXODWH�DQG�UHTXLUH�RQO\�WKH�VLPSOHVW�RI�DOJRULWKPV��DOJRULWKPV
WKDW�DUH�OLWWOH�PRUH�WKDQ�WUDQVODWLRQV�LQWR�FRPSXWHU�FRGH�RI�WKH�GHILQLWLRQV�RI�WKH�TXDQWLWLHV�LQ�TXHVWLRQ�
1RQHWKHOHVV��LW�LV�ZRUWK�ORRNLQJ�DW�WKHVH�DOJRULWKPV�DW�OHDVW�EULHIO\��IRU�WZR�UHDVRQV��)LUVW��WKHUH�LV�LQ
VRPH�FDVHV�PRUH�WKDQ�RQH�VLPSOH�DOJRULWKP�IRU�FDOFXODWLQJ�D�TXDQWLW\��DQG�RQH�DOJRULWKP�PD\�EH�PXFK
IDVWHU�WKDQ�DQRWKHU��,W�SD\V�WR�HYDOXDWH�RQH¶V�DOJRULWKP�DW�OHDVW�PRPHQWDULO\�EHIRUH�ZULWLQJ�D�FRPSXWHU
SURJUDP��WR�PDNH�VXUH�RQH�LV�JRLQJ�DERXW�WKH�FDOFXODWLRQ�LQ�WKH�PRVW�VHQVLEOH�PDQQHU��6HFRQG��LW� LV
ZRUWKZKLOH�WR�FDOFXODWH�WKH�FRPSXWDWLRQDO�FRPSOH[LW\�RI�HYHQ�WKH�VLPSOHVW�DOJRULWKP��VR�WKDW�RQH�FDQ
PDNH� DQ� HVWLPDWH� RI� KRZ� ORQJ� D� FRPSXWDWLRQ� ZLOO� WDNH� WR� ILQLVK²VHH� 6HFWLRQ� ����� (YHQ� VLPSOH
DOJRULWKPV�FDQ�WDNH�D�ORQJ�WLPH�WR�UXQ�
2QH� RI� WKH� PRVW� IXQGDPHQWDO� DQG� LPSRUWDQW� RI� QHWZRUN� TXDQWLWLHV� LV� WKH� GHJUHH� RI� D� YHUWH[�

1RUPDOO\� GHJUHHV� DUH� YHU\� VLPSOH� WR� FDOFXODWH�� ,Q� IDFW�� LI� D� QHWZRUN� LV� VWRUHG� LQ� WKH� IRUP� RI� DQ
DGMDFHQF\� OLVW���� WKHQ�� DV� GHVFULEHG� LQ� 6HFWLRQ� ����� ZH� QRUPDOO\� PDLQWDLQ� DQ� DUUD\� FRQWDLQLQJ� WKH
GHJUHH�RI�HDFK�YHUWH[�VR�WKDW�ZH�NQRZ�KRZ�PDQ\�HQWULHV� WKHUH�DUH�LQ� WKH�OLVW�RI�QHLJKERUV�IRU�HDFK
YHUWH[��7KDW�PHDQV�WKDW�ILQGLQJ�WKH�GHJUHH�RI�DQ\�SDUWLFXODU�YHUWH[�LV�D�VLPSOH�PDWWHU�RI�ORRNLQJ�LW�XS
LQ�WKLV�DUUD\��ZKLFK�WDNHV�2����WLPH�
,I� WKH�QHWZRUN� LV�VWRUHG� LQ�DQ�DGMDFHQF\�PDWUL[�� WKHQ�WKH�FDOFXODWLRQ� WDNHV� ORQJHU��&DOFXODWLQJ� WKH

GHJUHH�RI�D�YHUWH[�L� LQ�WKLV�FDVH�LQYROYHV�JRLQJ�WKURXJK�DOO�HOHPHQWV�RI�WKH�LWK�URZ�RI�WKH�DGMDFHQF\
PDWUL[� DQG� FRXQWLQJ� WKH� QXPEHU� WKDW� DUH� QRQ�]HUR�� 6LQFH� WKHUH� DUH�Q� HOHPHQWV� LQ� HDFK� URZ� RI� WKH
PDWUL[��ZKHUH�Q�LV�WKH�QXPEHU�RI�YHUWLFHV�LQ�WKH�QHWZRUN��WKH�FDOFXODWLRQ�WDNHV�WLPH�2�Q���PDNLQJ�WKH
FDOFXODWLRQ� IDU� VORZHU� WKDQ� IRU� WKH� DGMDFHQF\� OLVW�� ,I� RQH� QHHGHG� WR� ILQG� WKH� GHJUHHV� RI� YHUWLFHV
IUHTXHQWO\� GXULQJ� WKH� FRXUVH�RI� D� ODUJHU� FDOFXODWLRQ�XVLQJ� DQ� DGMDFHQF\�PDWUL[�� LW�PLJKW�PDNH�JRRG
VHQVH� WR� FDOFXODWH� WKH� GHJUHH� RI� HDFK� YHUWH[� RQFH� DQG� IRU� DOO� DQG� VWRUH� WKH� UHVXOWV� IRU� ODWHU� HDV\
UHWULHYDO�LQ�D�VHSDUDWH�DUUD\�
,Q�6HFWLRQ�����ZH�GLVFXVVHG�GHJUHH�GLVWULEXWLRQV��ZKLFK�DUH�RI�FRQVLGHUDEOH�LQWHUHVW�LQ�WKH�VWXG\�RI

QHWZRUNV�IRU� WKH�HIIHFW�WKH\�KDYH�RQ�QHWZRUN�VWUXFWXUH�DQG�SURFHVVHV�RQ�QHWZRUNV��VHH�&KDSWHUV���
DQG������&DOFXODWLQJ�D�GHJUHH�GLVWULEXWLRQ�SN�LV�DOVR�YHU\�VWUDLJKWIRUZDUG��RQFH�ZH�KDYH�WKH�GHJUHHV
RI�DOO�YHUWLFHV��ZH�PDNH�D�KLVWRJUDP�RI�WKHP�E\�FUHDWLQJ�DQ�DUUD\�WR�VWRUH�WKH�QXPEHU�RI�YHUWLFHV�RI
HDFK� GHJUHH� XS� WR� WKH� QHWZRUN�PD[LPXP�� VHWWLQJ� DOO� WKH� DUUD\� HOHPHQWV� LQLWLDOO\� WR� ]HUR�� DQG� WKHQ
UXQQLQJ� WKURXJK� WKH� YHUWLFHV� LQ� WXUQ�� ILQGLQJ� WKH� GHJUHH�N� RI� HDFK� DQG� LQFUHPHQWLQJ� E\� RQH� WKH�NWK
HOHPHQW�RI�WKH�DUUD\��7KLV�SURFHVV�WULYLDOO\�WDNHV�WLPH�2�Q��WR�FRPSOHWH��2QFH�LW�LV�GRQH�WKH�IUDFWLRQ
SN�RI�YHUWLFHV�RI�GHJUHH�N�LV�JLYHQ�E\�WKH�FRXQW�LQ�WKH�NWK�DUUD\�HOHPHQW�GLYLGHG�E\�Q�
7KH�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�3N�RI�6HFWLRQ�������UHTXLUHV�D�OLWWOH�PRUH�ZRUN��7KHUH�DUH�WZR

FRPPRQ�ZD\V�WR�FDOFXODWH�LW��2QH�LV�ILUVW�WR�IRUP�D�KLVWRJUDP�RI�WKH�GHJUHHV�DV�GHVFULEHG�DERYH�DQG
WKHQ�WR�FDOFXODWH�WKH�FXPXODWLYH�GLVWULEXWLRQ�GLUHFWO\�IURP�LW�XVLQJ

�



������
�

�

1RWLQJ�WKDW� �ZH�FDQ�WKHQ�VWDUW�IURP�3��DQG�XVH�(T���������WR�FDOFXODWH�VXFFHVVLYH�3N�XS
WR�DQ\�GHVLUHG�YDOXH�RI�N��7KLV�SURFHVV�WULYLDOO\�WDNHV�2�Q��WLPH�DQG��VLQFH�WKH�FDOFXODWLRQ�RI�SN�DOVR
WDNHV�2�Q��WLPH��WKH�ZKROH�SURFHVV�LV�2�Q��
,Q� IDFW�� KRZHYHU�� DV� GHVFULEHG� LQ� 6HFWLRQ� ������� WKLV� LV� QRW� XVXDOO\� KRZ� RQH� FDOFXODWHV� WKH

FXPXODWLYH�GLVWULEXWLRQ� IXQFWLRQ��$OWKRXJK� WKH�PHWKRG� LV� IDVW�� LW¶V� DOVR�PRGHUDWHO\� FRPSOLFDWHG�DQG
WKHUH� LV� D� VLPSOHU�ZD\�RI�GRLQJ� WKH�FDOFXODWLRQ� WKDW� LQYROYHV� WDNLQJ� WKH�GHJUHHV�RI�DOO� WKH�YHUWLFHV�
VRUWLQJ�WKHP�LQ�GHVFHQGLQJ�RUGHU��DQG�UDQNLQJ�WKHP�IURP���WR�Q��$�SORW�RI�WKH�UDQN�GLYLGHG�E\�Q�DV�D
IXQFWLRQ� RI� GHJUHH� WKHQ� JLYHV� WKH� FXPXODWLYH� GLVWULEXWLRQ�� 7KH� PRVW� WLPH�FRQVXPLQJ� SDUW� RI� WKLV
FDOFXODWLRQ� LV� WKH� VRUWLQJ� RI� WKH� GHJUHHV�� 6RUWLQJ� LV� D�ZHOO�VWXGLHG� SUREOHP� DQG� WKH� IDVWHVW� JHQHUDO
DOJRULWKPV����UXQ�LQ�WLPH�2�Q� ORJ�Q���7KXV�WKH�OHDGLQJ�RUGHU�VFDOLQJ�RI�WKLV�DOJRULWKP�WR�FDOFXODWH�WKH
FXPXODWLYH�GLVWULEXWLRQ� LV�2�Q� ORJ�Q���7KLV� LV� VORZHU� WKDQ� WKH� ILUVW�PHWKRG�GHVFULEHG�DERYH��ZKLFK
ZDV�2�Q���EXW�QRW�PXFK�VORZHU�DQG�WKH�VHFRQG�PHWKRG�KDV�WKH�FRQVLGHUDEOH�DGYDQWDJH�WKDW�DOPRVW�DOO
FRPSXWHUV�SURYLGH�VWDQGDUG�VRIWZDUH�IRU�VRUWLQJ�QXPEHUV��ZKLFK�PHDQV�WKDW�LQ�PRVW�FDVHV�RQH�GRHVQ¶W
KDYH�WR�ZULWH�D�SURJUDP�DW�DOO�WR�FDOFXODWH�WKH�FXPXODWLYH�GLVWULEXWLRQ��$OO�VSUHDGVKHHW�SURJUDPV��IRU
LQVWDQFH��LQFOXGH�IDFLOLWLHV�IRU�VRUWLQJ�QXPEHUV��VR�RQH�FDQ�FDOFXODWH�FXPXODWLYH�GLVWULEXWLRQV�GLUHFWO\
LQ�D�VSUHDGVKHHW�
$QRWKHU�TXDQWLW\�RI� LQWHUHVW� LV� WKH� FRUUHODWLRQ� FRHIILFLHQW�U� IRU�YHUWH[�GHJUHHV��(T�� ��������ZKLFK

PHDVXUHV�DVVRUWDWLYH�PL[LQJ�E\�GHJUHH��7KLV�WRR�LV�VWUDLJKWIRUZDUG�WR�FDOFXODWH²RQH�XVHV�(T��������
DQG� WKH� VXPV� GHILQHG� LQ�(TV�� ������� DQG� ��������*LYHQ� WKH� GHJUHHV� RI� DOO� YHUWLFHV�� WKH� VXP� LQ�(T�
�������WDNHV�WLPH�2�P��WR�HYDOXDWH��ZKHUH�P�LV�WKH�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN��DQG�WKH�VXPV�LQ
(T���������HDFK�WDNH�WLPH�2�Q���VR�WKH�WRWDO�WLPH�UHTXLUHG�WR�FDOFXODWH�U�LV�2�P���Q���$V�PHQWLRQHG�LQ
6HFWLRQ������ZH�DUH�RIWHQ�FRQFHUQHG�ZLWK�VSDUVH�QHWZRUNV�LQ�ZKLFK�WKH�PHDQ�GHJUHH�UHPDLQV�FRQVWDQW
DV�WKH�QHWZRUN�JHWV�ODUJHU��L�H���QHWZRUNV�LQ�ZKLFK�P��Q��,Q�VXFK�QHWZRUNV�2�P���Q��Ł�2�Q��DQG�WKH
WLPH� WR� FDOFXODWH�U� WDNHQ� MXVW� VFDOHV�DV� WKH�QXPEHU�RI�YHUWLFHV��2Q� WKH�RWKHU�KDQG�� LI� WKH�QHWZRUN� LV
GHQVH��PHDQLQJ�WKDW�P��Q�����WKHQ�2�P��Ł�2�Q�������ZKLFK�LV�FRQVLGHUDEO\�ZRUVH�
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7KH� FDOFXODWLRQ� RI� FOXVWHULQJ� FRHIILFLHQWV� LV� RQO\� VOLJKWO\�PRUH� FRPSOLFDWHG� WKDQ� WKH� FDOFXODWLRQ� RI
GHJUHHV��7R�VHH�KRZ�LW�ZRUNV��ZH�VWDUW�E\�FDOFXODWLQJ�WKH�ORFDO�FOXVWHULQJ�FRHIILFLHQW�&L�IRU�D�VLQJOH
YHUWH[�L�RQ�DQ�XQGLUHFWHG�QHWZRUN��(T���������

�

������
�
�

&DOFXODWLQJ� WKH� QXPHUDWRU� LQYROYHV� JRLQJ� WKURXJK� HYHU\� SDLU� RI� GLVWLQFW� QHLJKERUV� RI� YHUWH[�L� DQG
FRXQWLQJ� KRZ� PDQ\� DUH� FRQQHFWHG�� :H� QHHG� RQO\� FRQVLGHU� HDFK� SDLU� RQFH�� ZKLFK� ZH� FDQ� GR
FRQYHQLHQWO\� E\� UHVWULFWLQJ� RXUVHOYHV� WR� SDLUV� �M�� O�� IRU� ZKLFK�M� ��O�� )RU� HDFK� SDLU� ZH� GHWHUPLQH
ZKHWKHU�DQ�HGJH�H[LVWV�EHWZHHQ�WKHP��ZKLFK�LV�GRQH�LQ�YDULRXV�ZD\V�GHSHQGLQJ�RQ�WKH�UHSUHVHQWDWLRQ
XVHG�IRU�WKH�QHWZRUN�DV�GHVFULEHG�LQ�6HFWLRQV����������DQG�FRXQW�XS�WKH�QXPEHU�RI�VXFK�HGJHV��7KHQ
ZH� GLYLGH� WKH� UHVXOW� E\� WKH� QXPEHU� RI� SDLUV��ZKLFK� LV� MXVW� � �� ZKHUH�NL� LV� WKH� GHJUHH� RI� WKH
YHUWH[�
7R�FDOFXODWH�WKH�RYHUDOO�FOXVWHULQJ�FRHIILFLHQW�IRU�WKH�HQWLUH�QHWZRUN��ZKLFK�LV�JLYHQ�E\

�
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�VHH�(T�� ���������ZH�H[WHQG� WKH� VDPH�FDOFXODWLRQ� WR� WKH�ZKROH�QHWZRUN��7KDW� LV�ZH�FRQVLGHU� IRU
HYHU\�YHUWH[�HDFK�SDLU�RI�QHLJKERUV��M��O��ZLWK�M���O�DQG�ILQG�ZKHWKHU�WKH\�DUH�FRQQHFWHG�E\�DQ�HGJH����
:H� DGG� XS� WKH� WRWDO� QXPEHU� RI� VXFK� HGJHV� RYHU� DOO� YHUWLFHV� DQG� WKHQ� GLYLGH� E\� WKH� QXPEHU� RI
FRQQHFWHG�WULSOHV��ZKLFK�LV� �
7KLV� ODVW� DOJRULWKP� LV� VLPSOH� DQG� VWUDLJKWIRUZDUG�� D� GLUHFW� LPSOHPHQWDWLRQ� RI� WKH� IRUPXOD� ������

GHILQLQJ�WKH�FOXVWHULQJ�FRHIILFLHQW��EXW�VRPH�LQWHUHVWLQJ�LVVXHV�QRQHWKHOHVV�FRPH�XS�ZKHQ�ZH�FRQVLGHU
LWV�UXQQLQJ�WLPH��(YHQ�ZLWKRXW�SHUIRUPLQJ�D�IXOO�FDOFXODWLRQ�RI�WKH�FRPSOH[LW\�RI�WKH�DOJRULWKP�ZH�FDQ
VHH�WKDW�VRPHWKLQJ�XQXVXDO�LV�JRLQJ�WR�KDSSHQ�EHFDXVH�D�YHUWH[�L�ZLWK�GHJUHH�NL� KDV� �SDLUV�RI
QHLJKERUV��:H�KDYH�WR�FKHFN�IRU�WKH�SUHVHQFH�RI�DQ�HGJH�EHWZHHQ�HDFK�VXFK�SDLU�RQ�WKH�HQWLUH�QHWZRUN
DQG�KHQFH�WKH�WRWDO�QXPEHU�RI�FKHFNV�ZH�KDYH�WR�SHUIRUP�LV



�

������
�

ZKHUH

�

������
�

DUH�WKH�PHDQ�DQG�PHDQ�VTXDUH�GHJUHH�IRU�WKH�QHWZRUN���:H�SUHYLRXVO\�GHQRWHG�WKH�PHDQ�GHJUHH�E\
F��EXW�ZH�XVH� WKH�DOWHUQDWH�QRWDWLRQ� N�KHUH� IRU�FODULW\��DQG� WR�KLJKOLJKW� WKH�GLVWLQFWLRQ�EHWZHHQ� WKH
PHDQ�DQG�WKH�PHDQ�VTXDUH��

6HH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�GHJUHH�GLVWULEXWLRQV�
�
7KH�LQWHUHVWLQJ�SRLQW�KHUH�LV�WKDW�(T���������GHSHQGV�LQ�D�QRQ�WULYLDO�ZD\�RQ�WKH�GHJUHH�GLVWULEXWLRQ

RI� RXU� QHWZRUN�� 7KH� UXQQLQJ� WLPHV� RI� RWKHU� DOJRULWKPV�ZH� KDYH� VHHQ� VR� IDU� KDYH� GHSHQGHG� RQ� WKH
QXPEHU�RI�YHUWLFHV�Q�DQG�WKH�QXPEHU�RI�HGJHV�P��DQG�KHQFH��LQGLUHFWO\��RQ�WKH�PHDQ�GHJUHH�N� ��P��
Q��)RU�WKH�FOXVWHULQJ�FRHIILFLHQW��KRZHYHU��ZH�VHH�WKDW�WKH�DPRXQW�RI�ZRUN�ZH�KDYH�WR�GR��DQG�KHQFH
DOVR� WKH� UXQQLQJ� WLPH�� GHSHQGV� QRW� RQO\� RQ�Q� DQG� N�� EXW� RQ� WKH� VHFRQG�PRPHQW� N���ZKLFK� LV� DQ
DGGLWLRQDO�LQGHSHQGHQW�SDUDPHWHU��(YHQ�LI�ZH�VXSSRVH�WKDW�WKH�GHJUHH�GLVWULEXWLRQ�UHPDLQV�WKH�VDPH
ZLWK� LQFUHDVLQJ�Q� VR� WKDW� WKH�TXDQWLWLHV� N� DQG� N�� FDQ�EH� FRQVLGHUHG� FRQVWDQW�� VWUDQJH� WKLQJV� FDQ
KDSSHQ��&RQVLGHU�WKH�FDVH�RI�D�QHWZRUN�ZKRVH�GHJUHH�GLVWULEXWLRQ�IROORZV�D�SRZHU�ODZ�SN�ฏ�N�Į��DV
GHVFULEHG�LQ�6HFWLRQ������)RU�VXFK�QHWZRUNV��WKH�ILUVW�PRPHQW�LV�ZHOO�EHKDYHG�EXW�WKH�VHFRQG�PRPHQW
N��IRUPDOO\�GLYHUJHV�LI�Į������VHH�6HFWLRQ��������ZKLFK�LPSOLHV�WKDW�LW�ZLOO�WDNH�DQ�LQILQLWH�DPRXQW�RI
WLPH�WR�HYDOXDWH�WKH�FOXVWHULQJ�FRHIILFLHQW�
7R� XQGHUVWDQG� EHWWHU� ZKDW� LV� JRLQJ� RQ� OHW� XV� SHUIRUP� D� PRUH� FDUHIXO� FDOFXODWLRQ� RI� WKH� WLPH

FRPSOH[LW\� RI� RXU� FOXVWHULQJ� FRHIILFLHQW� DOJRULWKP��:H� VWDUW� E\� FRQVLGHULQJ� DJDLQ� D� VLQJOH� YHUWH[� L�
$QG�OHW�XV�DVVXPH�WKDW�ZH�KDYH�RXU�QHWZRUN�VWRUHG�LQ�DGMDFHQF\�OLVW�IRUP��,Q�WKDW�FDVH��ZH�FDQ��DV�ZH
KDYH� VHHQ�� HDVLO\� HQXPHUDWH� DOO� RI� WKH� QHLJKERUV� RI� RXU� YHUWH[� LQ� WLPH� WKDW� JRHV� OLNH�NL�� )RU� HDFK
QHLJKERU�M�ZH�UXQ�WKURXJK�HDFK�RWKHU�QHLJKERU�O�!�M�WKDW�FRXOG�EH�SDLUHG�ZLWK�LW��IRU�D�WRWDO�RI�
SDLUV�DQG�GHWHUPLQH�IRU�HDFK�SDLU�ZKHWKHU�DQ�HGJH�H[LVWV�EHWZHHQ�WKHP��7KLV�ODWWHU�RSHUDWLRQ�WDNHV�D
WLPH�SURSRUWLRQDO��WR�OHDGLQJ�RUGHU��WR�HLWKHU�NM�RU�WR�NO��VHH�7DEOH�������GHSHQGLQJ�RQ�ZKHWKHU�ZH�ILQG
WKH�HGJH�E\�ORRNLQJ�DW�WKH�DGMDFHQF\�OLVW�IRU�YHUWH[�M�RU�IRU�YHUWH[�O��/HW�XV�IRU�WKH�PRPHQW�DVVXPH�D
VLPSOH� DOJRULWKP� WKDW� FKRRVHV� DW� UDQGRP�EHWZHHQ� WKH� WZR� YHUWLFHV�� LQ�ZKLFK� FDVH� WKH� W\SLFDO� WLPH
WDNHQ�ZLOO�JR�DV�WKH�DYHUDJH�RI�WKH�WZR�GHJUHHV��L�H���LW�ZLOO�EH�SURSRUWLRQDO�WR�NM���NO�
/HW�īL�GHQRWH�WKH�VHW�RI�QHLJKERUV�RI�YHUWH[�L��7KHQ�WKH�WRWDO�WLPH�WDNHQ�WR�FKHFN�IRU�HGJHV�EHWZHHQ



DOO�SDLUV�RI�QHLJKERULQJ�YHUWLFHV�LV�SURSRUWLRQDO�WR
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�
7KH�WRWDO�WLPH�QHHGHG�WR�FDOFXODWH�WKH�QXPHUDWRU�RI�(T���������LV�WKHQ�SURSRUWLRQDO�WR�WKH�VXP�RI�WKLV

TXDQWLW\�RYHU�DOO�YHUWLFHV�L�

�

������
�

ZKHUH�$LM�LV�DQ�HOHPHQW�RI�WKH�DGMDFHQF\�PDWUL[�DQG�ZH�KDYH�PDGH�XVH�RI�WKH�UHVXOW��L�$LM� �NM��(T�
��������
&RPSDUH�WKLV�HTXDWLRQ�ZLWK�RXU�HDUOLHU�H[SUHVVLRQ�IRU�WKH�FRUUHODWLRQ�FRHIILFLHQW�U�EHWZHHQ�GHJUHHV

LQ�D�QHWZRUN��(T����������ZKLFK�TXDQWLILHV�DVVRUWDWLYLW\�E\�GHJUHH�LQ�QHWZRUNV�

�

������
�

�

$V� ZH� FDQ� VHH�� WKH� ILUVW� WHUP� LQ� (T�� ������� LV� WKH� VDPH� DV� WKH� ILUVW� WHUP� LQ� WKH� QXPHUDWRU� RI� WKH
FRUUHODWLRQ� FRHIILFLHQW��$V� D� UHVXOW�� RXU� HVWLPDWH� RI� WKH� WLPH� WR� FDOFXODWH� WKH� FOXVWHULQJ� FRHIILFLHQW
GHSHQGV�RQ�ZKHWKHU�WKH�GHJUHHV�RI�YHUWLFHV�DUH�FRUUHODWHG�RU�QRW��7KLV�FDQ�OHDG�WR�VRPH�LQWHUHVWLQJ
EHKDYLRUV� IRU� VSHFLILF� QHWZRUNV�� EXW� IRU� VLPSOLFLW\� OHW� XV� DVVXPH� KHUH� WKDW� WKHUH� LV� QR� FRUUHODWLRQ
EHWZHHQ�GHJUHHV�� WKDW�WKH�QHWZRUN�ZH�DUH�FRQVLGHULQJ�KDV�QR�DVVRUWDWLYLW\��,Q�WKDW�FDVH�U� ���LQ�(T�
��������ZKLFK�FDQ�RQO\�RFFXU�LI�WKH�QXPHUDWRU�LV�LWVHOI�]HUR��RU�HTXLYDOHQWO\�LI



�
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&RPELQLQJ�WKLV�UHVXOW�ZLWK�(T����������WKH�UXQQLQJ�WLPH�IRU�RXU�FDOFXODWLRQ�RI�WKH�FOXVWHULQJ�FRHIILFLHQW
RQ�DQ�XQFRUUHODWHG�QHWZRUN�LV�SURSRUWLRQDO�WR

�

�������
�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�WKH�IDFW�WKDW��P� ��LNM� �QN��VHH�(T����������
7KLV� LV� D�PHDVXUH�RI� WKH� WLPH� WDNHQ� WR�HYDOXDWH� WKH�QXPHUDWRU�RI�(T�� ��������7KH�GHQRPLQDWRU� LV

VLPSO\�HTXDO�WR��LNL�NL�í����DQG�VR�MXVW�WDNHV�2�Q��WLPH�WR�HYDOXDWH��JLYHQ�WKDW��IRU�D�QHWZRUN�VWRUHG�LQ
DGMDFHQF\� OLVW� IRUPDW�� ZH� DOUHDG\� KDYH� WKH� GHJUHHV� RI� DOO� YHUWLFHV� DYDLODEOH�� 7KLV� ZLOO� QHYHU� EH
ORQJHU� WKDQ� WKH� WLPH� UHSUHVHQWHG� LQ� (T�� ��������� VR� (T�� �������� JLYHV� WKH� OHDGLQJ�RUGHU� WLPH
FRPSOH[LW\�RI�WKH�FDOFXODWLRQ�RI�WKH�FOXVWHULQJ�FRHIILFLHQW�
6R�ZH�VHH�WKDW�WKH�FDOFXODWLRQ�RI�WKH�FOXVWHULQJ�FRHIILFLHQW�LQGHHG�WDNHV�D�WLPH�WKDW�GHSHQGV�QRW�RQO\

RQ�Q�DQG�P�EXW�DOVR�RQ�WKH�VHFRQG�PRPHQW�N��RI�WKH�GHJUHH�GLVWULEXWLRQ��,Q�PDQ\�FDVHV�WKLV�GRHV�QRW
PDWWHU��VLQFH�WKH�VHFRQG�PRPHQW�RIWHQ�WHQGV�WR�D�PRGHVW�FRQVWDQW�YDOXH�DV�WKH�QHWZRUN�EHFRPHV�ODUJH�
%XW�IRU�QHWZRUNV�ZLWK�KLJKO\�VNHZHG�GHJUHH�GLVWULEXWLRQV�N��FDQ�EHFRPH�YHU\�ODUJH�DQG�LQ�WKH�FDVH
RI�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�ZLWK�H[SRQHQW�Į�����LW�IRUPDOO\�GLYHUJHV��VHH�6HFWLRQ��������DQG
ZLWK�LW�VR�GRHV�WKH�H[SHFWHG�UXQQLQJ�WLPH�RI�RXU�DOJRULWKP�
0RUH�UHDOLVWLFDOO\��LI�WKH�QHWZRUN�LV�D�VLPSOH�JUDSK�ZLWK�QR�PXOWLHGJHV��WKHQ�WKH�PD[LPXP�DOORZHG

GHJUHH� LV�N� �Q�DQG�WKH�GHJUHH�GLVWULEXWLRQ�LV�FXW�RII��ZKLFK�PHDQV�WKDW�WKH�VHFRQG�PRPHQW�VFDOHV�DW
ZRUVW� DV�Q�íĮ� �(T�� �������� ZKLOH� WKH� ILUVW� PRPHQW� UHPDLQV� FRQVWDQW�� 7KLV� LQ� WXUQ� LPSOLHV� WKDW� WKH
UXQQLQJ�WLPH�RI�RXU�FOXVWHULQJ�FRHIILFLHQW�DOJRULWKP�RQ�D�VFDOH�IUHH�QHWZRUN�ZRXOG�JR�DV�Q� î�Q��Į�î
Q��Į� �Q���Į��)RU�YDOXHV�RI�Į�LQ�WKH�W\SLFDO�UDQJH�RI�����Į������7DEOH�������WKLV�JLYHV�UXQQLQJ�WLPHV�WKDW
YDU\�IURP�D�PLQLPXP�RI�2�Q�� IRU�Į� ���WR�D�PD[LPXP�RI�2�Q��� IRU�Į� ����)RU�WKH�ORZHU�YDOXHV�RI�Į
WKLV� PDNHV� WKH� FDOFXODWLRQ� RI� WKH� FOXVWHULQJ� FRHIILFLHQW� TXLWH� DUGXRXV�� WDNLQJ� D� WLPH� WKDW� LQFUHDVHV
VKDUSO\�DV�WKH�QHWZRUN�JHWV�ODUJHU�
6R� FDQ�ZH� LPSURYH� RQ� WKLV� DOJRULWKP"�7KHUH� DUH� YDULRXV� SRVVLELOLWLHV��0RVW� RI� WKH�ZRUN� RI� WKH

DOJRULWKP� LV� LQ� WKH�³ILQG´�RSHUDWLRQ� WR�GHWHUPLQH�ZKHWKHU� WKHUH� LV�DQ�HGJH�EHWZHHQ�D�JLYHQ�SDLU�RI
YHUWLFHV�� DQG� WKH� DOJRULWKP� ZLOO� EH� FRQVLGHUDEO\� IDVWHU� LI� ZH� FDQ� SHUIRUP� WKLV� RSHUDWLRQ� PRUH
HIILFLHQWO\��2QH�VLPSOH� �WKRXJK�PHPRU\�LQHIILFLHQW��PHWKRG� LV� WR�PDNH�XVH�RI� WKH�K\EULG�PDWUL[�OLVW
GDWD�VWUXFWXUH�RI�6HFWLRQ������ZKLFK�FDQ�SHUIRUP�WKH�ILQG�RSHUDWLRQ�LQ�FRQVWDQW�WLPH�����(YHQ� LQ� WKLV
FDVH��KRZHYHU�� WKH�QXPEHU�RI�ILQG�RSHUDWLRQV�WKDW�PXVW�EH�SHUIRUPHG�LV�VWLOO�HTXDO�WR�WKH�QXPEHU�RI
FRQQHFWHG�WULSOHV�LQ�WKH�QHWZRUN��ZKLFK�PHDQV�WKH�UXQQLQJ�WLPH�LV�JLYHQ�E\�(T����������DQG�KHQFH�VWLOO



IRUPDOO\�GLYHUJHV�RQ�D�QHWZRUN�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ��2Q�D�VLPSOH�JUDSK�IRU�ZKLFK
WKH�SRZHU�ODZ�LV�FXW�RII�DW�N� �Q��LW�ZLOO�JR�DV�Q��Į��ZKLFK�UDQJHV�IURP�2�Q��WR�2�Q���IRU�YDOXHV�RI�Į�LQ
WKH�LQWHUHVWLQJ�UDQJH�����Į������7KLV�LV�EHWWHU�WKDQ�RXU�HDUOLHU�DOJRULWKP��EXW�VWLOO�UHODWLYHO\�SRRU�IRU
WKH�ORZHU�YDOXHV�RI�Į�
7KHVH�GLIILFXOWLHV�DUH�VSHFLILF�WR�WKH�FDVH�RI�VFDOH�IUHH�QHWZRUNV��,Q�RWKHU�FDVHV�WKHUH�LV�XVXDOO\�QR

SUREOHP� FDOFXODWLQJ� WKH� FOXVWHULQJ� FRHIILFLHQW� TXLFNO\�� 6RPH� DOWHUQDWLYH� DOJRULWKPV� KDYH� EHHQ
SURSRVHG� IRU� FDOFXODWLQJ� DSSUR[LPDWH� YDOXHV� RI� WKH� FOXVWHULQJ� FRHIILFLHQW� UDSLGO\�� VXFK� DV� WKH
DOJRULWKP�RI�6FKDQN�DQG�:DJQHU�>���@��DQG�WKHVH�PD\�EH�ZRUWK�FRQVLGHULQJ�LI�\RX�QHHG�WR�SHUIRUP
FDOFXODWLRQV�RQ�YHU\�ODUJH�QHWZRUNV�



�����6+257(67�3$7+6�$1'�%5($'7+�),567�6($5&+

�

:H� QRZ�PRYH� RQ� WR� VRPH�PRUH� FRPSOH[� DOJRULWKPV�� DOJRULWKPV� IRU� FDOFXODWLQJ� PRVWO\� QRQ�ORFDO
TXDQWLWLHV� RQ� WKH� QHWZRUNV�� VXFK� DV� VKRUWHVW� SDWKV� EHWZHHQ� YHUWLFHV�� 7KH� VWXG\� RI� HDFK� RI� WKHVH
DOJRULWKPV�KDV�WKUHH�SDUWV��7ZR�DUH��DV�EHIRUH��WKH�GHVFULSWLRQ�RI�WKH�DOJRULWKP�DQG�WKH�DQDO\VLV�RI�LWV
UXQQLQJ�WLPH��%XW�QRZ�ZH�DOVR�LQFOXGH�D�SURRI�WKDW�WKH�DOJRULWKP�GHVFULEHG�SHUIRUPV�WKH�FDOFXODWLRQ�LW
FODLPV�WR��)RU�WKH�SUHYLRXV�DOJRULWKPV�LQ�WKLV�FKDSWHU�VXFK�SURRIV�ZHUH�XQQHFHVVDU\�� WKH�DOJRULWKPV
ZHUH� GLUHFW� LPSOHPHQWDWLRQV� RI� WKH� HTXDWLRQV� GHILQLQJ� WKH� TXDQWLWLHV� FDOFXODWHG��$V�ZH�PRYH� RQWR
PRUH�FRPSOH[�DOJRULWKPV��KRZHYHU��LW�ZLOO�EHFRPH�PXFK�OHVV�REYLRXV�ZK\�WKRVH�DOJRULWKPV�JLYH�WKH
UHVXOWV�WKH\�GR��DQG�WR�JDLQ�D�IXOO�XQGHUVWDQGLQJ�ZH�ZLOO�QHHG�WR�H[DPLQH�WKHLU�ZRUNLQJ�LQ�VRPH�GHWDLO�
7KH�ILUVW�DOJRULWKP�ZH�ORRN�DW�LV�WKH�VWDQGDUG�DOJRULWKP�IRU�ILQGLQJ�VKRUWHVW�GLVWDQFHV�LQ�D�QHWZRUN�

ZKLFK� LV� FDOOHG�EUHDGWK�ILUVW�VHDUFK �����$�VLQJOH�UXQ�RI� WKH�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�ILQGV� WKH
VKRUWHVW� �JHRGHVLF�� GLVWDQFH� IURP� D� VLQJOH� VRXUFH� YHUWH[�V� WR�HYHU\� RWKHU� YHUWH[� LQ� WKH� VDPH
FRPSRQHQW�RI�WKH�QHWZRUN�DV�V��,Q�VRPH�FDVHV�ZH�ZDQW�WR�NQRZ�RQO\�WKH�VKRUWHVW�GLVWDQFH�EHWZHHQ�D
VLQJOH� SDLU� RI� YHUWLFHV�V�� W�� EXW� WKHUH� LV� QR�SURFHGXUH�NQRZQ� IRU� FDOFXODWLQJ� VXFK� D� GLVWDQFH� WKDW� LV
IDVWHU�LQ�WKH�ZRUVW�FDVH�WKDQ�FDOFXODWLQJ�WKH�GLVWDQFHV�IURP�V�WR�HYHU\�RWKHU�YHUWH[�XVLQJ�EUHDGWK�ILUVW
VHDUFK�DQG�WKHQ�WKURZLQJ�DZD\�DOO�RI�WKH�UHVXOWV�H[FHSW�IRU�WKH�RQH�ZH�ZDQW����
:LWK�RQO\�PLQRU�PRGLILFDWLRQV��DV�ZH�ZLOO�GHVFULEH��EUHDGWK�ILUVW�VHDUFK�FDQ�DOVR�ILQG�WKH�JHRGHVLF

SDWK�RQH�PXVW�WDNH�WR�UHDOL]H�HDFK�VKRUWHVW�GLVWDQFH�DQG�LI�WKHUH�LV�PRUH�WKDQ�RQH�JHRGHVLF�SDWK��LW�FDQ
ILQG�DOO�VXFK�SDWKV��,W�ZRUNV�DOVR�RQ�ERWK�GLUHFWHG�DQG�XQGLUHFWHG�QHWZRUNV��DOWKRXJK�RXU�GHVFULSWLRQ
ZLOO�IRFXV�RQ�WKH�XQGLUHFWHG�FDVH�



�������'(6&5,37,21�2)�7+(�$/*25,7+0

�

%UHDGWK�ILUVW�VHDUFK�ILQGV�WKH�VKRUWHVW�GLVWDQFH�IURP�D�JLYHQ�VWDUWLQJ�YHUWH[�V�WR�HYHU\�RWKHU�YHUWH[�LQ
WKH�VDPH�FRPSRQHQW�DV�V��7KH�EDVLF�SULQFLSOH�EHKLQG�WKH�DOJRULWKP�LV�LOOXVWUDWHG�LQ�)LJ��������,QLWLDOO\
ZH�NQRZ�RQO\� WKDW�V�KDV�GLVWDQFH���IURP�LWVHOI�DQG� WKH�GLVWDQFHV� WR�DOO�RWKHU�YHUWLFHV�DUH�XQNQRZQ�
1RZ�ZH�ILQG�DOO�WKH�QHLJKERUV�RI�V��ZKLFK�E\�GHILQLWLRQ�KDYH�GLVWDQFH���IURP�V��7KHQ�ZH�ILQG�DOO�WKH
QHLJKERUV� RI�WKRVH� YHUWLFHV�� ([FOXGLQJ� WKRVH� ZH� KDYH� DOUHDG\� YLVLWHG�� WKHVH� YHUWLFHV� PXVW� KDYH
GLVWDQFH����$QG�WKHLU�QHLJKERUV��H[FOXGLQJ�WKRVH�ZH�KDYH�DOUHDG\�YLVLWHG�KDYH�GLVWDQFH����DQG�VR�RQ�
2Q�HYHU\�LWHUDWLRQ��ZH�JURZ�WKH�VHW�RI�YHUWLFHV�YLVLWHG�E\�RQH�VWHS�

�

)LJXUH� ������ %UHDGWK�ILUVW� VHDUFK�� $� EUHDGWK�ILUVW� VHDUFK� VWDUWV� DW� D� JLYHQ� YHUWH[�� ZKLFK� E\
GHILQLWLRQ�KDV�GLVWDQFH���IURP�LWVHOI��DQG�JURZV�RXWZDUG�LQ�OD\HUV�RU�ZDYHV��7KH�YHUWLFHV�LQ�WKH�ILUVW
ZDYH��ZKLFK�DUH� WKH� LPPHGLDWH�QHLJKERUV�RI� WKH� VWDUWLQJ�YHUWH[��KDYH�GLVWDQFH����7KH�QHLJKERUV�RI
WKRVH�QHLJKERUV�KDYH�GLVWDQFH����DQG�VR�IRUWK�
�
�

�

$�QHWZRUN�SDWK�IURP�V�WR�W�RI�OHQJWK�G��ZKHUH�G� ���LQ�WKLV�FDVH��QHFHVVDULO\�LQFOXGHV�D�SDWK�RI�OHQJWK



G±���L�H������IURP�V�WR�DQ�LPPHGLDWH�QHLJKERU�RI�W�
�
�
7KLV�LV�WKH�EDVLF�LGHD�RI�EUHDGWK�ILUVW�VHDUFK��1RZ�OHW�XV�JR�RYHU�LW�PRUH�FDUHIXOO\�WR�VHH�KRZ�LW

ZRUNV�LQ�SUDFWLFH�DQG�VKRZ�WKDW�LW�UHDOO\�GRHV�ILQG�FRUUHFW�JHRGHVLF�GLVWDQFHV��:H�EHJLQ�E\�QRWLQJ�WKH
IROORZLQJ�IDFW�

(YHU\�YHUWH[�ZKRVH�VKRUWHVW�GLVWDQFH�IURP�V�LV�G�KDV�D�QHWZRUN�QHLJKERU�ZKRVH�VKRUWHVW�GLVWDQFH
IURP�V�LV�G�í���

�

7KLV�IROORZV�VLQFH�LI� WKH�VKRUWHVW�SDWK�IURP�V� WR�D�YHUWH[�W� LV�RI� OHQJWK�G� WKHQ�WKH�SHQXOWLPDWH�YHUWH[
DORQJ�WKDW�SDWK��ZKLFK�LV�D�QHLJKERU�RI�W��FDQ��E\�GHILQLWLRQ��EH�UHDFKHG�LQ�G�����VWHSV�DQG�KHQFH�FDQQRW
KDYH�VKRUWHVW�GLVWDQFH�JUHDWHU�WKDQ�G�����,W�DOVR�FDQQRW�KDYH�VKRUWHVW�GLVWDQFH�OHVV�WKDQ�G����EHFDXVH�LW
LI�GLG�WKHUH�ZRXOG�EH�D�SDWK�WR�W�RI�OHQJWK�OHVV�WKDQ�G�
1RZ�VXSSRVH�WKDW�ZH�DOUHDG\�NQRZ�WKH�GLVWDQFH�WR�HYHU\�YHUWH[�RQ�WKH�QHWZRUN�WKDW�LV�G�VWHSV�RU

OHVV�IURP�RXU�VRXUFH�YHUWH[�V��)RU�H[DPSOH��ZH�PLJKW�NQRZ�DOO�WKH�GLVWDQFHV�WR�YHUWLFHV�DW�GLVWDQFH��
RU� OHVV� IURP�WKH�FHQWUDO�YHUWH[� LQ�)LJ��������)RU�HYHU\�QHLJKERU�RI�RQH�RI� WKH�YHUWLFHV�DW�GLVWDQFH�G
WKHUH�H[LVWV�D�SDWK�RI�OHQJWK�G�����WR�WKDW�QHLJKERU��ZH�FDQ�JHW�WR�WKH�YHUWH[�DW�GLVWDQFH�G�DORQJ�D�SDWK
RI�OHQJWK�G�DQG�WKHQ�ZH�WDNH�RQH�PRUH�VWHS�WR�LWV�QHLJKERU��7KXV�HYHU\�VXFK�QHLJKERU�LV�DW�PRVW�G����
VWHSV�IURP�V��EXW�LW�FRXOG�EH�OHVV�WKDQ�G�����IURP�V�LI�WKHUH�LV�DQRWKHU�VKRUWHU�SDWK�WKURXJK�WKH�QHWZRUN�
+RZHYHU�� ZH� DOUHDG\� NQRZ� ZKHWKHU� WKHUH� LV� D� VKRUWHU� SDWK� WR� DQ\� SDUWLFXODU� YHUWH[�� VLQFH� E\
K\SRWKHVLV�ZH�NQRZ�WKH�GLVWDQFH�WR�HYHU\�YHUWH[�G�VWHSV�RU�OHVV�IURP�V�
&RQVLGHU�WKH�VHW�RI�DOO�YHUWLFHV�WKDW�DUH�QHLJKERUV�RI�YHUWLFHV�DW�GLVWDQFH�G�EXW�WKDW�DUH�QRW�DOUHDG\

NQRZQ� WR� KDYH� GLVWDQFH�G� RU� OHVV� IURP�V��:H�FDQ�VD\� LPPHGLDWHO\� WKDW� ����DOO�QHLJKERUV� LQ� WKLV�VHW
KDYH� GLVWDQFH�G� �� �� IURP�V�� DQG� ���� WKDW� WKHUH� DUH� QR� RWKHU� YHUWLFHV� DW� GLVWDQFH�G� �� ��� 7KH� ODWWHU
IROORZV�IURP�WKH�SURSHUW\�FLWHG�DERYH��DOO�YHUWLFHV�DW�GLVWDQFH�G�����PXVW�EH�QHLJKERUV�RI�YHUWLFHV�DW
GLVWDQFH�G��7KXV�ZH�KDYH� IRXQG� WKH� VHW� RI�YHUWLFHV� DW� GLVWDQFH�G������ DQG�KHQFH�ZH�QRZ�NQRZ� WKH
GLVWDQFHV�WR�DOO�YHUWLFHV�WKDW�DUH�G�����RU�OHVV�IURP�V�
1RZ�ZH�MXVW�UHSHDW�WKH�SURFHVV��2Q�HDFK�URXQG�RI�WKH�DOJRULWKP�ZH�ILQG�DOO�WKH�YHUWLFHV�RQH�VWHS

IXUWKHU� RXW� IURP�V� WKDQ�RQ� WKH� ODVW� URXQG��7KH� DOJRULWKP�FRQWLQXHV�XQWLO�ZH� UHDFK� D� SRLQW� DW� DOO� WKH
QHLJKERUV� RI� YHUWLFHV� DW� GLVWDQFH�G� DUH� IRXQG� DOUHDG\� WR� KDYH� NQRZQ� GLVWDQFHV� RI�G� RU� OHVV�� 7KLV
LPSOLHV�WKDW�WKHUH�DUH�QR�YHUWLFHV�RI�GLVWDQFH�G�����DQG�KHQFH��E\�WKH�SURSHUW\�DERYH��QR�YHUWLFHV�RI
DQ\�JUHDWHU�GLVWDQFH�HLWKHU��DQG�VR�ZH�PXVW�KDYH�IRXQG�HYHU\�YHUWH[�LQ�WKH�FRPSRQHQW�FRQWDLQLQJ�V�
$V�D�FRUROODU\�RI�WKH�SURFHVV�RI�ILQGLQJ�GLVWDQFH��EUHDGWK�ILUVW�VHDUFK�WKXV�DOVR�ILQGV�WKH�FRPSRQHQW

WR� ZKLFK� YHUWH[�V� EHORQJV�� DQG� LQGHHG� EUHDGWK�ILUVW� VHDUFK� LV� WKH� DOJRULWKP� RI� FKRLFH� IRU� ILQGLQJ
FRPSRQHQWV�LQ�QHWZRUNV�
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/HW�XV�QRZ�FRQVLGHU�KRZ�ZH�ZRXOG� LPSOHPHQW�EUHDGWK�ILUVW� VHDUFK�RQ�RXU�FRPSXWHU��7KH�VLPSOHVW
DSSURDFK��EXW�QRW��DV�ZH�ZLOO� VHH�� WKH�EHVW��ZRXOG�JR�VRPHWKLQJ� OLNH� WKLV��:H�FUHDWH�DQ�DUUD\�RI�Q
HOHPHQWV�WR�VWRUH�WKH�GLVWDQFH�RI�HDFK�YHUWH[�IURP�WKH�VRXUFH�YHUWH[�V��DQG�LQLWLDOO\�VHW�WKH�GLVWDQFH�RI
YHUWH[�V� IURP� LWVHOI� WR� EH� ]HUR� ZKLOH� DOO� RWKHU� YHUWLFHV� KDYH� XQNQRZQ� GLVWDQFH� IURP�V�� 8QNQRZQ
GLVWDQFHV�FRXOG�EH�LQGLFDWHG��IRU�LQVWDQFH��E\�VHWWLQJ�WKH�FRUUHVSRQGLQJ�HOHPHQW�RI�WKH�DUUD\�WR�í���RU
VRPH�VLPLODU�YDOXH�WKDW�FRXOG�QHYHU�RFFXU�LQ�UHDOLW\�
:H� DOVR� FUHDWH� D� GLVWDQFH� YDULDEOH�G� WR� NHHS� WUDFN� RI�ZKHUH�ZH� DUH� LQ� WKH� EUHDGWK�ILUVW� VHDUFK

SURFHVV�DQG�VHW�LWV�YDOXH�LQLWLDOO\�WR�]HUR��7KHQ�ZH�GR�WKH�IROORZLQJ�

���)LQG�DOO�YHUWLFHV� WKDW�DUH�GLVWDQFH�G� IURP�V��E\�JRLQJ� WKURXJK� WKH�GLVWDQFH�DUUD\��HOHPHQW�E\
HOHPHQW�

���)LQG�DOO� WKH�QHLJKERUV�RI� WKRVH�YHUWLFHV� DQG�FKHFN�HDFK�RQH� WR� VHH� LI� LWV�GLVWDQFH� IURP�V� LV
XQNQRZQ��GHQRWHG��IRU�H[DPSOH��E\�DQ�HQWU\�í��LQ�WKH�GLVWDQFH�DUUD\��

���,I�WKH�QXPEHU�RI�QHLJKERUV�ZLWK�XQNQRZQ�GLVWDQFHV�LV�]HUR��WKH�DOJRULWKP�LV�RYHU��2WKHUZLVH�
LI� WKH� QXPEHU� RI� QHLJKERUV�ZLWK�XQNQRZQ�GLVWDQFHV� LV� QRQ�]HUR�� VHW� WKH� GLVWDQFH�RI� HDFK�RI
WKRVH�QHLJKERUV�WR�G�����

���,QFUHDVH�WKH�YDOXH�RI�G�E\���
���5HSHDW�IURP�VWHS���

�

:KHQ�WKH�DOJRULWKP�LV�ILQLVKHG�ZH�DUH�OHIW�ZLWK�DQ�DUUD\�WKDW�FRQWDLQV�WKH�GLVWDQFHV�WR�HYHU\�YHUWH[�LQ
WKH�FRPSRQHQW�RI�WKH�QHWZRUN�WKDW�FRQWDLQV�V��DQG�HYHU\�YHUWH[�LQ�HYHU\�RWKHU�FRPSRQHQW�KDV�XQNQRZQ
GLVWDQFH��
+RZ�ORQJ�GRHV�WKLV�DOJRULWKP�WDNH"�)LUVW�RI�DOO�ZH�KDYH�WR�VHW�XS�WKH�GLVWDQFH�DUUD\��ZKLFK�KDV�RQH

HOHPHQW�IRU�HDFK�YHUWH[��:H�VSHQG�D�FRQVWDQW�DPRXQW�RI�WLPH�VHWWLQJ�XS�HDFK�HOHPHQW��VR�RYHUDOO�ZH
VSHQG�2�Q��WLPH�VHWWLQJ�XS�WKH�GLVWDQFH�DUUD\�
)RU� WKH� DOJRULWKP� SURSHU�� RQ� HDFK� LWHUDWLRQ�ZH� JR� WKURXJK� DOO�Q� YHUWLFHV� ORRNLQJ� IRU� WKRVH�ZLWK

GLVWDQFH�G��0RVW�ZLOO�QRW�KDYH�GLVWDQFH�G�LQ�ZKLFK�FDVH�ZH�SDVV�RYHU�WKHP��VSHQGLQJ�RQO\�2����WLPH
RQ�HDFK��7KXV�WKHUH�LV�D�EDVLF�FRVW�RI�2�Q��WLPH�IRU�HDFK�LWHUDWLRQ��7KH�WRWDO�QXPEHU�RI�LWHUDWLRQV�ZH
ZLOO�IRU�WKH�PRPHQW�FDOO�U��DQG�RYHUDOO�ZH�WKXV�VSHQG�2�UQ��WLPH�RQ�WKLV�SDUW�RI�WKH�DOJRULWKP��LQ�WKH
ZRUVW�FDVH�
+RZHYHU�� ZKHQ� ZH�GR� FRPH� DFURVV� D� YHUWH[�ZLWK� GLVWDQFH�G��ZH�PXVW� SDXVH� DW� WKDW� YHUWH[� DQG

VSHQG� DQ� DGGLWLRQDO� DPRXQW� RI� WLPH� FKHFNLQJ� HDFK� RI� LWV� QHLJKERUV� WR� VHH� LI� WKHLU� GLVWDQFHV� DUH
XQNQRZQ� DQG� DVVLJQLQJ� WKHP� GLVWDQFH�G����� LI� WKH\� DUH�� ,I�ZH�DVVXPH� WKDW� WKH�QHWZRUN� LV� VWRUHG� LQ
DGMDFHQF\�OLVW�IRUPDW��VHH�6HFWLRQ������WKHQ�ZH�FDQ�JR�WKURXJK�WKH�QHLJKERUV�RI�D�YHUWH[�LQ�2��P� ��Q�
RQ�DYHUDJH��DQG�GXULQJ� WKH�ZKROH�FRXUVH�RI� WKH�DOJRULWKP�ZH�SDXVH� OLNH� WKLV�DW�HDFK�YHUWH[�H[DFWO\
RQFH�VR�WKDW�WKH�WRWDO�H[WUD�WLPH�ZH�VSHQG�RQ�FKHFNLQJ�QHLJKERUV�RI�YHUWLFHV�LV�Q�î�2�P���Q�� �2�P��
7KXV�WKH�WRWDO�UXQQLQJ�WLPH�RI�WKH�DOJRULWKP��LQFOXGLQJ�VHW�XS��LV�2�Q���UQ���P��
$QG�ZKDW�LV�WKH�YDOXH�RI�WKH�SDUDPHWHU�U"�7KH�YDOXH�RI�U�LV�WKH�PD[LPXP�GLVWDQFH�IURP�RXU�VRXUFH

YHUWH[�V� WR�DQ\�RWKHU�YHUWH[��,Q�WKH�ZRUVW�FDVH��WKLV�GLVWDQFH�LV�HTXDO�WR�WKH�GLDPHWHU�RI� WKH�QHWZRUN
�6HFWLRQ���������DQG�WKH�ZRUVW�FDVH�GLDPHWHU�LV�VLPSO\�Q��ZKLFK�LV�UHDOL]HG�ZKHQ�WKH�QHWZRUN�LV�MXVW�D



FKDLQ�RI�Q�YHUWLFHV�VWUXQJ�RQH�DIWHU�DQRWKHU�LQ�D�OLQH��7KXV�LQ�WKH�ZRUVW�FDVH�RXU�DOJRULWKP�ZLOO�KDYH
UXQQLQJ�WLPH�2�P���Q�����ZKHUH�ZH�KDYH�GURSSHG�WKH�ILUVW�Q�EHFDXVH�ZH�DUH�NHHSLQJ�RQO\�WKH�OHDGLQJ�
RUGHU�WHUPV��
7KLV� LV� YHU\� SHVVLPLVWLF�� KRZHYHU��$V� GLVFXVVHG� LQ� 6HFWLRQV� ���� DQG� ����� WKH� GLDPHWHU� RI�PRVW

QHWZRUNV�LQFUHDVHV�RQO\�DV� ORJ�Q��LQ�ZKLFK�FDVH�RXU�DOJRULWKP�ZRXOG�UXQ�LQ�WLPH�2�P� ��Q� ORJ�Q�� WR
OHDGLQJ�RUGHU��7KLV�PD\�EH�D�PRRW�SRLQW��KRZHYHU��VLQFH�ZH�FDQ�GR�VLJQLILFDQWO\�EHWWHU�WKDQ�WKLV�LI�ZH
XVH�D�OLWWOH�FXQQLQJ�LQ�WKH�LPSOHPHQWDWLRQ�RI�RXU�DOJRULWKP�
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7KH�WLPH�FRQVXPLQJ�SDUW�RI�WKH�LPSOHPHQWDWLRQ�GHVFULEHG�LQ�WKH�SUHYLRXV�VHFWLRQ�LV�VWHS����LQ�ZKLFK
ZH�JR�WKURXJK�WKH�OLVW�RI�GLVWDQFHV�WR�ILQG�YHUWLFHV�WKDW�DUH�GLVWDQFH�G�IURP�WKH�VWDUWLQJ�YHUWH[�V��6LQFH
WKLV�RSHUDWLRQ�LQYROYHV�FKHFNLQJ�WKH�GLVWDQFHV�RI�DOO�Q�YHUWLFHV��RQO\�D�VPDOO�IUDFWLRQ�RI�ZKLFK�ZLOO�EH
DW�GLVWDQFH�G��LW�ZDVWHV�D�ORW�RI�WLPH��2EVHUYH��KRZHYHU��WKDW�LQ�HDFK�ZDYH�RI�WKH�EUHDGWK�ILUVW�VHDUFK
SURFHVV�ZH�ILQG�DQG�ODEHO�DOO�YHUWLFHV�ZLWK�D�JLYHQ�GLVWDQFH�G������,I�ZH�FRXOG�VWRUH�D�OLVW�RI�WKHVH
YHUWLFHV��WKHQ�RQ�WKH�QH[W�ZDYH�ZH�ZRXOGQ¶W�KDYH�WR�VHDUFK�WKURXJK�WKH�ZKROH�QHWZRUN�IRU�YHUWLFHV�DW
GLVWDQFH�G������ZH�FRXOG�MXVW�XVH�RXU�OLVW�
7KH�PRVW� FRPPRQ� LPSOHPHQWDWLRQ� RI� WKLV� LGHD�PDNHV� XVH� RI� D�ILUVW�LQ�ILUVWRXW� EXIIHU� RU�TXHXH�

ZKLFK�LV�QRWKLQJ�PRUH�WKDQ�DQ�DUUD\�RI��LQ�WKLV�FDVH��Q�HOHPHQWV�WKDW�VWRUH�D�OLVW�RI�ODEHOV�RI�YHUWLFHV�
2Q�HDFK�VZHHS�RI�WKH�DOJRULWKP��ZH�UHDG�WKH�YHUWLFHV�ZLWK�GLVWDQFH�G�IURP�WKH�OLVW��ZH�XVH�WKHVH�WR
ILQG�WKH�YHUWLFHV�ZLWK�GLVWDQFH�G������DGG�WKRVH�YHUWLFHV�ZLWK�GLVWDQFH�G�����WR�WKH�OLVW��DQG�UHSHDW�
7R�GR�WKLV�LQ�SUDFWLFH��ZH�ILOO�XS�WKH�TXHXH�DUUD\�VWDUWLQJ�IURP�WKH�EHJLQQLQJ��:H�NHHS�D�SRLQWHU�

FDOOHG� WKH�ZULWH� SRLQWHU��ZKLFK� LV� D� VLPSOH� LQWHJHU� YDULDEOH�ZKRVH� YDOXH� LQGLFDWHV� WKH� QH[W� HPSW\
ORFDWLRQ�DW�WKH�HQG�RI�WKH�TXHXH�WKDW�KDV�QRW�EHHQ�XVHG�\HW��:KHQ�ZH�ZDQW�WR�DGG�DQ�LWHP�WR�WKH�TXHXH�
ZH�VWRUH�LW�LQ�WKH�HOHPHQW�RI�WKH�DUUD\�SRLQWHG�WR�E\�WKH�ZULWH�SRLQWHU�DQG�WKHQ�LQFUHDVH�WKH�SRLQWHU�E\
RQH�WR�SRLQW�WR�WKH�QH[W�HPSW\�ORFDWLRQ�
$W�WKH�VDPH�WLPH�ZH�DOVR�NHHS�DQRWKHU�SRLQWHU��WKH�UHDG�SRLQWHU��ZKLFK�SRLQWV�WR�WKH�QH[W�LWHP�LQ�WKH

OLVW�WKDW�LV�WR�EH�UHDG�E\�RXU�DOJRULWKP��(DFK�LWHP�LV�UHDG�RQO\�RQFH�DQG�RQFH�LW�LV�UHDG�WKH�UHDG�SRLQWHU
LV�LQFUHDVHG�E\�RQH�WR�SRLQW�WR�WKH�QH[W�XQUHDG�LWHP�
+HUH�LV�D�VNHWFK�RI�WKH�RUJDQL]DWLRQ�RI�WKH�TXHXH�

�

2XU�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�QRZ�XVHV�WZR�DUUD\V�RI�Q�HOHPHQWV��RQH�IRU�WKH�TXHXH�DQG�RQH�IRU
WKH�GLVWDQFHV�IURP�V�WR�HDFK�RWKHU�YHUWH[��7KH�DOJRULWKP�LV�DV�IROORZV�

���3ODFH�WKH�ODEHO�RI�WKH�VRXUFH�YHUWH[�V�LQ�WKH�ILUVW�HOHPHQW�RI�WKH�TXHXH��VHW�WKH�UHDG�SRLQWHU�WR
SRLQW� WR� LW��DQG�VHW� WKH�ZULWH�SRLQWHU� WR�SRLQW� WR�WKH�VHFRQG�HOHPHQW��ZKLFK�LV� WKH�ILUVW�HPSW\
RQH�� ,Q� WKH� GLVWDQFH� DUUD\�� UHFRUG� WKH� GLVWDQFH� RI� YHUWH[�V� IURP� LWVHOI� DV�EHLQJ�]HUR� DQG� WKH
GLVWDQFHV� WR� DOO� RWKHU� YHUWLFHV� DV� ³XQNQRZQ´� �IRU� LQVWDQFH�� E\� VHWWLQJ� WKH� FRUUHVSRQGLQJ
HOHPHQWV�RI�WKH�GLVWDQFH�DUUD\�WR�����RU�VRPH�VLPLODU�LPSRVVLEOH�YDOXH��

��� ,I� WKH� UHDG� DQG�ZULWH� SRLQWHUV� DUH� SRLQWLQJ� WR� WKH� VDPH� HOHPHQW� RI� WKH�TXHXH� DUUD\� WKHQ� WKH
DOJRULWKP�LV�ILQLVKHG��2WKHUZLVH��UHDG�D�YHUWH[�ODEHO�IURP�WKH�HOHPHQW�SRLQWHG�WR�E\�WKH�UHDG
SRLQWHU�DQG�LQFUHDVH�WKDW�SRLQWHU�E\�RQH�



���)LQG�WKH�GLVWDQFH�G�IRU�WKDW�YHUWH[�E\�ORRNLQJ�LQ�WKH�GLVWDQFH�DUUD\�
���*R�WKURXJK�HDFK�QHLJKERULQJ�YHUWH[�LQ�WXUQ�DQG�ORRN�XS�LWV�GLVWDQFH�LQ�WKH�GLVWDQFH�DUUD\�DV
ZHOO�� ,I� LW� KDV� D� NQRZQ� GLVWDQFH�� OHDYH� LW� DORQH�� ,I� LW� KDV� DQ� XQNQRZQ� GLVWDQFH�� DVVLJQ� LW
GLVWDQFH�G������VWRUH�LWV�ODEHO�LQ�WKH�TXHXH�DUUD\�LQ�WKH�HOHPHQW�SRLQWHG�WR�E\�WKH�ZULWH�SRLQWHU�
DQG�LQFUHDVH�WKH�ZULWH�SRLQWHU�E\�RQH�

���5HSHDW�IURP�VWHS���
�

1RWH�WKH�WHVW�DSSOLHG�LQ�VWHS����LI�WKH�UHDG�SRLQWHU�SRLQWV�WR�WKH�VDPH�HOHPHQW�DV�WKH�ZULWH�SRLQWHU��WKHQ
WKHUH� LV� QR� YHUWH[� WR� EH� UHDG� IURP� WKH� TXHXH� �VLQFH� WKH� ZULWH� SRLQWHU� DOZD\V� SRLQWV� WR� DQ� HPSW\
HOHPHQW���7KXV� WKLV� WHVW� WHOOV� XV�ZKHQ� WKHUH� DUH� QR� IXUWKHU� YHUWLFHV�ZDLWLQJ� WR� KDYH� WKHLU� QHLJKERUV
LQYHVWLJDWHG�
1RWH�DOVR�WKDW�WKLV�DOJRULWKP�UHDGV�DOO�WKH�YHUWLFHV�ZLWK�GLVWDQFH�G�IURP�WKH�TXHXH�DUUD\�RQH�DIWHU

DQRWKHU� DQG�XVHV� WKHP� WR� ILQG� DOO� WKH�YHUWLFHV�ZLWK�GLVWDQFH�G������7KXV�DOO�YHUWLFHV�ZLWK� WKH� VDPH
GLVWDQFH�DSSHDU�RQH�DIWHU�DQRWKHU�LQ�WKH�TXHXH�DUUD\��ZLWK�WKH�YHUWLFHV�RI�GLVWDQFH�G�����LPPHGLDWHO\
DIWHU�WKRVH�RI�GLVWDQFH�G��)XUWKHUPRUH��HDFK�YHUWH[�DSSHDUV�LQ�WKH�TXHXH�DUUD\�DW�PRVW�RQFH��$�YHUWH[
PD\�RI�FRXUVH�EH�D�QHLJKERU�RI�PRUH�WKDQ�RQH�RWKHU��EXW�D�YHUWH[�LV�DVVLJQHG�D�GLVWDQFH�DQG�SXW�LQ�WKH
TXHXH�RQO\�RQ�WKH�ILUVW�RFFDVLRQ�RQ�ZKLFK�LW�LV�HQFRXQWHUHG��,I�LW�LV�HQFRXQWHUHG�DJDLQ��LWV�GLVWDQFH�LV
NQRZQ�UDWKHU�WKDQ�XQNQRZQ��DQG�KHQFH�LW�LV�QRW�DJDLQ�DGGHG�WR�WKH�TXHXH��2I�FRXUVH��D�YHUWH[�PD\�QRW
DSSHDU� LQ� WKH�TXHXH�DUUD\�DW�DOO� LI� LW� LV�QHYHU� UHDFKHG�E\� WKH�EUHDGWK�ILUVW� VHDUFK�SURFHVV�� L�H��� LI� LW
EHORQJV�WR�D�GLIIHUHQW�FRPSRQHQW�IURP�V�
7KXV�WKH�TXHXH�GRHV�H[DFWO\�ZKDW�ZH�ZDQWHG�LW�WR��LW�VWRUHV�DOO�YHUWLFHV�ZLWK�D�VSHFLILHG�GLVWDQFH

IRU�XV�VR�WKDW�ZH�KDYH�WKH�OLVW�KDQG\�RQ�WKH�QH[W�VZHHS�RI�WKH�DOJRULWKP��7KLV�VSDUHV�XV�IURP�KDYLQJ�WR
VHDUFK�WKURXJK�WKH�QHWZRUN�IRU�WKHP�DQG�VR�VDYHV�XV�D�ORW�RI�WLPH��,Q�DOO�RWKHU�UHVSHFWV�WKH�DOJRULWKP
ZRUNV�H[DFWO\�DV�LQ�WKH�VLPSOH�LPSOHPHQWDWLRQ�RI�6HFWLRQ��������DQG�JLYHV�WKH�VDPH�DQVZHUV�
+RZ�ORQJ�GRHV�WKLV�LPSOHPHQWDWLRQ�RI�WKH�DOJRULWKP�WDNH�WR�UXQ"�$JDLQ�WKHUH�LV�DQ�LQLWLDO� WLPH�RI

2�Q�� WR� VHW�XS� WKH�GLVWDQFH� DUUD\� �VHH�6HFWLRQ����������7KHQ�� IRU� HDFK� HOHPHQW� LQ� WKH�TXHXH��ZKLFK
PHDQV�IRU�HDFK�RI�WKH�YHUWLFHV�LQ�WKH�VDPH�FRPSRQHQW�DV�V��ZH�GR�WKH�IROORZLQJ�RSHUDWLRQV��ZH�UXQ
WKURXJK�LWV�QHLJKERUV��RI�ZKLFK�WKHUH�DUH�2�P���Q��RQ�DYHUDJH��DQG�HLWKHU�FDOFXODWH�WKHLU�GLVWDQFH�DQG
DGG�WKHP�WR�WKH�TXHXH��RU�GR�QRWKLQJ�LI�WKHLU�GLVWDQFH�LV�DOUHDG\�NQRZQ��(LWKHU�ZD\�WKH�RSHUDWLRQV�WDNH
2����WLPH��7KXV�IRU�HDFK�YHUWH[�LQ�WKH�FRPSRQHQW��RI�ZKLFK�WKHUH�DUH�LQ�WKH�ZRUVW�FDVH�Q��ZH�VSHQG
WLPH�2�P� ��Q�� DQG� KHQFH�ZH� UHTXLUH� RYHUDOO� DW�PRVW� D� WLPH�Q� î�2�P� ��Q�� �2�P�� WR� FRPSOHWH� WKH
DOJRULWKP�IRU�DOO�Q�YHUWLFHV�
7KXV�� LQFOXGLQJ� WKH� WLPH� WR� VHW� XS� WKH� GLVWDQFH� DUUD\�� WKH�ZKROH� DOJRULWKP� WDNHV� WLPH�2�P� ��Q��

ZKLFK�LV�EHWWHU�WKDQ�WKH�2�P���Q�ORJ�Q��RI�WKH�QDLYH�LPSOHPHQWDWLRQ��6HFWLRQ����������)RU�WKH�FRPPRQ
FDVH�RI�D�VSDUVH�QHWZRUN�ZLWK�P��Q��2�P���Q��LV�HTXLYDOHQW�WR�2�Q��DQG�RXU�DOJRULWKP�UXQV�LQ�WLPH
SURSRUWLRQDO� WR� WKH� QXPEHU� RI� YHUWLFHV����� 7KLV� VHHPV� MXVW� DERXW� RSWLPDO�� VLQFH� WKH� DOJRULWKP� LV
FDOFXODWLQJ�WKH�GLVWDQFH�RI�DOO�Q�YHUWLFHV�IURP�WKH�VRXUFH�YHUWH[�V��7KXV�LW�LV�DVVLJQLQJ�Q�QXPEHUV�WR�WKH
Q�HOHPHQWV�RI�WKH�GLVWDQFH�DUUD\��ZKLFK�LQ�WKH�EHVW�SRVVLEOH�FDVH�PXVW�WDNH�2�Q��WLPH�
2Q�D�VSDUVH�QHWZRUN��WKHUHIRUH��WKH�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�GRHV�DV�ZHOO�DV�ZH�FDQ�KRSH�IRU

LQ�ILQGLQJ�WKH�GLVWDQFHV�IURP�D�VLQJOH�YHUWH[�WR�DOO�RWKHUV��DQG�LQGHHG�LW�LV�WKH�IDVWHVW�NQRZQ�DOJRULWKP
IRU�SHUIRUPLQJ�WKLV�RSHUDWLRQ�
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7KHUH�DUH�D�QXPEHU�RI�PLQRU�YDULDQWV�RI�EUHDGWK�ILUVW� VHDUFK� WKDW�PHULW� D�PHQWLRQ��)LUVW��RQH�PLJKW
ZLVK� WR� FDOFXODWH� WKH� VKRUWHVW� GLVWDQFH� EHWZHHQ� RQO\� D� VLQJOH� SDLU� RI� YHUWLFHV�V� DQG�W�� UDWKHU� WKDQ
EHWZHHQ�V�DQG�DOO�RWKHUV��$V�PHQWLRQHG�LQ�6HFWLRQ������WKHUH�LV�QR�NQRZQ�ZD\�WR�GR�WKLV�IDVWHU�WKDQ
XVLQJ�EUHDGWK�ILUVW�VHDUFK��:H�FDQ��KRZHYHU��LPSURYH�WKH�UXQQLQJ�WLPH�VOLJKWO\�E\�WKH�REYLRXV�WDFWLF
RI� VWRSSLQJ� WKH�DOJRULWKP�DV� VRRQ�DV� WKH�GLVWDQFH� WR� WKH� WDUJHW�YHUWH[�W�KDV�EHHQ� IRXQG��7KHUH� LV�QR
SRLQW�LQ�FRQWLQXLQJ�WR�FDOFXODWH�GLVWDQFHV�WR�WKH�UHPDLQLQJ�YHUWLFHV�RQFH�ZH�KDYH�WKH�DQVZHU�ZH�ZDQW�
,Q�WKH�ZRUVW�FDVH��WKH�FDOFXODWLRQ�VWLOO�WDNHV�2�P���Q��WLPH�VLQFH��DIWHU�DOO��RXU�SDUWLFXODU�WDUJHW�YHUWH[
W�PLJKW� WXUQ�RXW� WR�EH� WKH� ODVW�RQH� WKH�DOJRULWKP�ILQGV�� ,I�ZH�DUH� OXFN\��KRZHYHU��DQG�HQFRXQWHU� WKH
WDUJHW�HDUO\�WKHQ�WKH�UXQQLQJ�WLPH�PLJKW�EH�FRQVLGHUDEO\�VKRUWHU�
&RQYHUVHO\��ZH�VRPHWLPHV�ZDQW�WR�FDOFXODWH�WKH�VKRUWHVW�GLVWDQFH�EHWZHHQ�HYHU\�SDLU�RI�YHUWLFHV�LQ

DQ�HQWLUH�QHWZRUN��ZKLFK�ZH�FDQ�GR�E\�SHUIRUPLQJ�D�EUHDGWK�ILUVW�VHDUFK�VWDUWLQJ�DW�HDFK�YHUWH[�LQ�WKH
QHWZRUN�LQ�WXUQ��7KH�WRWDO�UXQQLQJ�WLPH�IRU�WKLV�³DOO�SDLUV�VKRUWHVW�SDWK´�FDOFXODWLRQ�LV�Q�î�2�P���Q�� 
2�Q�P���Q����RU�2�Q���RQ�D�VSDUVH�JUDSK��$V�ZLWK�WKH�VWDQGDUG�EUHDGWK�ILUVW�VHDUFK��WKLV�LV�RSWLPDO�LQ
WKH�VHQVH�WKDW�ZH�DUH�FDOFXODWLQJ�2�Q���TXDQWLWLHV�LQ�2�Q���WLPH��ZKLFK�LV�WKH�EHVW�ZH�FDQ�KRSH�IRU�
$V�PHQWLRQHG�LQ�WKH�SUHYLRXV�VHFWLRQ��EUHDGWK�ILUVW�VHDUFK�FDQ�DOVR�EH�XVHG�WR�LGHQWLI\�WKH�PHPEHUV

RI�WKH�FRPSRQHQW�WR�ZKLFK�D�YHUWH[�V�EHORQJV��$W�WKH�HQG�RI�WKH�DOJRULWKP�WKH�GLVWDQFH�DUUD\�FRQWDLQV
WKH�GLVWDQFH�IURP�V�WR�HYHU\�YHUWH[�LQ�LWV�FRPSRQHQW��ZKLOH�GLVWDQFHV�WR�DOO�RWKHU�YHUWLFHV�DUH�UHFRUGHG
DV�XQNQRZQ��7KXV�ZH�FDQ�ILQG�WKH�VL]H�RI�WKH�FRPSRQHQW�MXVW�E\�FRXQWLQJ�WKH�QXPEHU�RI�YHUWLFHV�ZLWK
NQRZQ�GLVWDQFHV��,W�WDNHV�WLPH�2�Q��WR�SHUIRUP�WKH�FRXQW��VR�WKH�RSHUDWLRQ�RI�ILQGLQJ�WKH�FRPSRQHQW
VWLOO�WDNHV�2�P���Q��WLPH�LQ�WRWDO�
7KH�FORVHQHVV�FHQWUDOLW\�RI�6HFWLRQ�����FDQ�DOVR�EH� FDOFXODWHG� VLPSO\�XVLQJ�EUHDGWK�ILUVW� VHDUFK�

5HFDOO�WKDW�FORVHQHVV�LV�GHILQHG�DV�WKH�LQYHUVH�RI�WKH�PHDQ�GLVWDQFH�IURP�D�YHUWH[�WR�DOO�RWKHUV�LQ�WKH
VDPH�FRPSRQHQW��6LQFH�RXU�EUHDGWK�ILUVW�VHDUFK�FDOFXODWHV�GLVWDQFHV�WR�DOO�RWKHUV�LQ�D�FRPSRQHQW�ZH
QHHG�WKHQ�RQO\�JR�WKURXJK�WKH�GLVWDQFH�DUUD\��FDOFXODWH�WKH�VXP�RI�DOO�NQRZQ�GLVWDQFHV��GLYLGH�E\�WKH
VL]H�RI�WKH�FRPSRQHQW��DQG�WDNH�WKH�LQYHUVH��$JDLQ�WKH�UXQQLQJ�WLPH�LV�2�Q���P���7KH�YDULDQW�FORVHQHVV
GHILQHG�LQ�WHUPV�RI�WKH�KDUPRQLF�PHDQ�LQ�(T���������FDQ�DOVR�EH�FDOFXODWHG��LQ�WKH�VDPH�UXQQLQJ�WLPH�
E\�D�VLPLODU�PHWKRG�
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7KH�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�DV�ZH�KDYH�GHVFULEHG�LW�VR�IDU�ILQGV�WKH�VKRUWHVW�GLVWDQFH�IURP�D
YHUWH[�V�WR�DOO�RWKHUV�LQ�WKH�VDPH�FRPSRQHQW�RI�WKH�QHWZRUN��,W�GRHV�QRW�WHOO�XV�WKH�SDUWLFXODU�SDWK�RU
SDWKV� E\�ZKLFK� WKDW� VKRUWHVW� GLVWDQFH� LV� DFKLHYHG��:LWK�RQO\� D� UHODWLYHO\� VPDOO�PRGLILFDWLRQ�RI� WKH
DOJRULWKP��KRZHYHU��ZH�FDQ�FDOFXODWH�WKH�SDWKV�DV�ZHOO��7KH�WULFN�LV�WR�FRQVWUXFW�DQRWKHU�QHWZRUN�RQ
WRS�RI�RXU�RULJLQDO�QHWZRUN��WKLV�RQH�GLUHFWHG��WKDW�UHSUHVHQWV�WKH�VKRUWHVW�SDWKV��7KLV�RWKHU�QHWZRUN�LV
RIWHQ�FDOOHG�WKH�VKRUWHVW�SDWK�WUHH��DOWKRXJK�LQ�WKH�PRVW�JHQHUDO�FDVH�LW�LV�D�GLUHFWHG�DF\FOLF�JUDSK��QRW
D�WUHH�
7KH� LGHD� LV� DV� IROORZV��$W� WKH� VWDUW� RI� RXU� DOJRULWKP� ZH� FUHDWH� DQ� H[WUD� QHWZRUN�� ZKLFK� ZLOO

EHFRPH�RXU� VKRUWHVW�SDWK� WUHH��ZLWK� WKH� VDPH�QXPEHU�Q�RI�YHUWLFHV� DV�RXU�RULJLQDO�QHWZRUN�DQG� WKH
VDPH�YHUWH[�ODEHOV��EXW�ZLWK�QR�HGJHV�DW�DOO��7KHQ�ZH�VWDUW�RXU�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�IURP�WKH
VSHFLILHG� VRXUFH� YHUWH[�V� DV� EHIRUH�� 7KH� DOJRULWKP� UHSHDWHGO\� SXOOV� D� YHUWH[� RXW� RI� WKH� TXHXH� DQG
H[DPLQHV� LWV�QHLJKERUV�� DV�GHVFULEHG� LQ�6HFWLRQ���������EXW�QRZ�HYHU\� WLPH� WKH�QHLJKERU�M� RI� VRPH
YHUWH[�L�WXUQV�RXW�WR�EH�D�SUHYLRXVO\�XQVHHQ�YHUWH[��RQH�ZKRVH�GLVWDQFH�LV�UHFRUGHG�DV�³XQNQRZQ�´�ZH
QRW�RQO\�DVVLJQ�M�D�GLVWDQFH�DQG�VWRUH�LW�LQ�WKH�TXHXH��ZH�DOVR�DGG�D�GLUHFWHG�HGJH�WR�RXU�VKRUWHVW�SDWK
WUHH�IURP�YHUWH[�M�WR�YHUWH[�L��7KLV�GLUHFWHG�HGJH�WHOOV�XV�WKDW�ZH�IRXQG�M�E\�IROORZLQJ�D�SDWK�IURP�LWV
QHLJKERU�L��+RZHYHU��YHUWH[�L�ZLOO�DOVR�KDYH�D�GLUHFWHG�HGJH�OHDGLQJ�IURP�LW�WR�RQH�RI�LWV�QHLJKERUV�
WHOOLQJ� XV� WKDW�ZH� IRXQG�L� E\� IROORZLQJ�WKDW� SDWK�� DQG� VR� IRUWK��7KXV�� E\� IROORZLQJ�D� VXFFHVVLRQ�RI
WKHVH�GLUHFWHG� HGJHV�ZH� HYHQWXDOO\� JHW� DOO� WKH�ZD\�EDFN� WR�V�� DQG� VR�ZH�FDQ� UHFRQVWUXFW� WKH�HQWLUH
VKRUWHVW�SDWK�EHWZHHQ�M�DQG�V�

�

)LJXUH�������6KRUWHVW�SDWK�WUHHV���D��$�VLPSOH�VKRUWHVW�SDWK�WUHH�IRU�WKH�QHWZRUN�RI�)LJ��������(DFK
YHUWH[� KDV� D� GLUHFWHG� HGJH� SRLQWLQJ� WR� WKH� YHUWH[� E\�ZKLFK� LW�ZDV� UHDFKHG� GXULQJ� WKH� EUHDGWK�ILUVW
VHDUFK� SURFHVV�� %\� IROORZLQJ� GLUHFWHG� HGJHV� IURP� DQ\� YHUWH[� ZH� FDQ� ILQG� D� VKRUWHVW� SDWK� WR� WKH
VWDUWLQJ�YHUWH[� LQ� WKH�FHQWHU�� �E��7KH�IXOO�VKRUWHVW�SDWK� WUHH��ZKLFK� LV�DFWXDOO\�QRW�D� WUHH�DW�DOO�EXW�D
GLUHFWHG�DF\FOLF�JUDSK��FRQWDLQV�H[WUD�GLUHFWHG�HGJHV�WKDW�DOORZ�XV�WR�UHFRQVWUXFW�DOO�SRVVLEOH�VKRUWHVW



SDWKV�
�
�
6R��ZKHQ� RXU� EUHDGWK�ILUVW� VHDUFK� LV� ILQLVKHG�� WKH� VKRUWHVW� SDWK� WUHH� FRQWDLQV� WKH� LQIRUPDWLRQ�ZH

QHHG�WR�ILQG� WKH�DFWXDO�VKRUWHVW�SDWK�IURP�HYHU\�YHUWH[� LQ� WKH�FRPSRQHQW�FRQWDLQLQJ�V� WR�V� LWVHOI��$Q
H[DPSOH�RI�D�VKRUWHVW�SDWK�WUHH�LV�VKRZQ�LQ�)LJ������D�IRU�WKH�VDPH�QHWZRUN�DV�LQ�)LJ�������
7KLV� DOJRULWKP�ZRUNV�ZHOO� DQG� WKH� H[WUD� VWHS�RI� DGGLQJ� DQ� HGJH� WR� WKH� VKRUWHVW� SDWK� WUHH� FDQ�EH

DFFRPSDQLHG�TXLFNO\²LQ�2����WLPH�LI�ZH�VWRUH�WKH�QHWZRUN�LQ�DGMDFHQF\�OLVW�IRUPDW��VHH�7DEOH������
7KXV�WKH�RYHUDOO�UXQQLQJ�WLPH�RI�WKH�DOJRULWKP�LV�VWLOO�2�P� ��Q�� WR� ILQG�DOO�GLVWDQFHV� IURP�V�DQG� WKH
FRUUHVSRQGLQJ�VKRUWHVW�SDWKV�
7KH�DOJRULWKP�GRHV�KDYH�RQH�VKRUWFRPLQJ��KRZHYHU��ZKLFK�LV�WKDW�LW�RQO\�ILQGV�RQH�VKRUWHVW�SDWK�WR

HDFK�YHUWH[��$V�SRLQWHG�RXW�LQ�6HFWLRQ���������D�SDLU�RI�YHUWLFHV�PD\�KDYH�PRUH�WKDQ�RQH�VKRUWHVW�SDWK
EHWZHHQ�WKHP��VHH�)LJ���������$QRWKHU�VOLJKW�PRGLILFDWLRQ�RI�WKH�DOJRULWKP�DOORZV�XV�WR�GHDO�ZLWK�WKLV
FDVH�
0XOWLSOH�VKRUWHVW�SDWKV�H[LVW�EHWZHHQ�DQ\�YHUWH[�DQG�WKH�VRXUFH�YHUWH[�V�LI�WKH�SDWK�WR�V�VSOLWV�LQ�WZR

RU�PRUH�GLUHFWLRQV�DW�VRPH�SRLQW�DORQJ�LWV�OHQJWK��7KLV�RFFXUV�LI�WKHUH�LV�D�YHUWH[�M�VRPHZKHUH�DORQJ
WKDW�SDWK��VD\�DW�GLVWDQFH�G�����IURP�V��WKDW�KDV�PRUH�WKDQ�RQH�QHLJKERU�DW�GLVWDQFH�G²VHH�)LJ������E�
:H�FDQ�UHFRUG�WKLV�FLUFXPVWDQFH�LQ�RXU�VKRUWHVW�SDWK�WUHH�E\�DGGLQJ�PRUH�WKDQ�RQH�GLUHFWHG�HGJH�IURP
M� WR�HDFK�RI� WKH�UHOHYDQW�QHLJKERUV��7KHVH�GLUHFWHG�HGJHV� WHOO�XV� WKDW�ZH�FDQ�ILQG�D�VKRUWHVW�SDWK� WR
YHUWH[�V�E\�WDNLQJ�D�VWHS�WR�DQ\�RI�WKRVH�QHLJKERULQJ�YHUWLFHV�
7R�GR�WKLV�ZH�PRGLI\�RXU�DOJRULWKP�DV�IROORZV��:H�SHUIRUP�WKH�EUHDGWK�ILUVW�VHDUFK�VWDUWLQJ�IURP� V

DV�EHIRUH��DQG�DGG�GLUHFWHG�HGJHV�IURP�QHZO\�IRXQG�YHUWLFHV�WR�WKHLU�QHLJKERU�DV�EHIRUH��%XW�ZH�DOVR
DGG�DQ�H[WUD�VWHS��,I��LQ�WKH�SURFHVV�RI�H[DPLQLQJ�WKH�QHLJKERUV�RI�D�YHUWH[�L�WKDW�KDV�GLVWDQFH�G� IURP
WKH�VRXUFH�YHUWH[��ZH�GLVFRYHU�D�QHLJKERU�M�WKDW�DOUHDG\�KDV�DQ�DVVLJQHG�GLVWDQFH��DQG�WKDW�GLVWDQFH�LV
G������ WKHQ�ZH�NQRZ�WKDW�D�SDWK�RI� OHQJWK�G�����KDV�DOUHDG\�EHHQ�IRXQG�WR�M��EXW�ZH�DOVR�NQRZ�WKDW
DQRWKHU�SDWK�RI�OHQJWK�G�����PXVW�H[LVW�YLD�WKH�FXUUHQW�YHUWH[�L��6R�ZH�DGG�DQ�H[WUD�GLUHFWHG�HGJH�WR
WKH�VKRUWHVW�SDWK� WUHH� IURP�M� WR�L��7KLV�PDNHV�WKH�VKRUWHVW�SDWK�WUHH�QR�ORQJHU�D� WUHH�EXW��DV�ZH�KDYH
VDLG��LW¶V�XVXDOO\�FDOOHG�D�WUHH�DQ\ZD\��,Q�DQ\�FDVH��WKH�DOJRULWKP�JLYHV�H[DFWO\�ZKDW�ZH�ZDQW��:KHQ�LW
LV� ILQLVKHG� UXQQLQJ� WKH� VKRUWHVW� SDWK� ³WUHH´� DOORZV� XV� WR� UHFRQVWUXFW� DOO� VKRUWHVW� SDWKV� IURP� HYHU\
YHUWH[�LQ�WKH�FRPSRQHQW�WR�WKH�VRXUFH�YHUWH[�V��6HH�)LJ������E�
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,Q�6HFWLRQ�����ZH�GHVFULEHG�EHWZHHQQHVV�FHQWUDOLW\��D�ZLGHO\�XVHG�FHQWUDOLW\�LQGH[�WKDW�PHDVXUHV�WKH
H[WHQW� WR� ZKLFK� D� YHUWH[� LQ� D� QHWZRUN� OLHV� RQ� WKH� SDWKV� EHWZHHQ� RWKHU� YHUWLFHV�� 7KH� EHWZHHQQHVV
FHQWUDOLW\�RI�YHUWH[�Y�LV�WKH�QXPEHU�RI�JHRGHVLF�SDWKV�EHWZHHQ�SDLUV�RI�YHUWLFHV�V��W�WKDW�SDVV�WKURXJK
Y�� �6RPHWLPHV� LW� LV� QRUPDOL]HG� WR� EH� WKH� IUDFWLRQ� RI� VXFK� SDWKV�� UDWKHU� WKDQ� WKH� WRWDO� QXPEHU�� 7KH
GLIIHUHQFH� LV� RQO\� D� PXOWLSOLFDWLYH� FRQVWDQW²VHH� 6HFWLRQ� ������ *LYHQ� WKDW� ZH� KDYH� D� PHWKRG� IRU
ILQGLQJ� WKH� VKRUWHVW�SDWK� �RU�SDWKV��EHWZHHQ�DQ\� WZR�YHUWLFHV� �6HFWLRQ����������ZH�FDQ�ZLWK�RQO\�D
OLWWOH�PRUH�ZRUN�QRZ�FUHDWH�DQ�DOJRULWKP�IRU�FDOFXODWLQJ�EHWZHHQQHVV�
7KH�VLPSOHVW�ZD\� WR�FDOFXODWH�EHWZHHQQHVV�ZRXOG�EH� WR� LPSOHPHQW� WKH�GHILQLWLRQ�RI� WKH�PHDVXUH

GLUHFWO\�� XVH�EUHDGWK�ILUVW� VHDUFK� WR� ILQG� WKH� VKRUWHVW� SDWK�EHWZHHQ�V� DQG�W�� DV� GHVFULEHG� LQ�6HFWLRQ
��������DVVXPLQJ�VXFK�D�SDWK�H[LVWV���DQG�WKHQ�ZRUN�RXU�ZD\�DORQJ�WKDW�SDWK�FKHFNLQJ�WKH�YHUWLFHV�LW
SDVVHV�WKRXJK�WR�VHH�LI�WKH�YHUWH[�Y�ZH�DUH�LQWHUHVWHG�LQ�OLHV�DPRQJ�WKHP��5HSHDWLQJ�WKLV�SURFHVV�IRU
HYHU\�GLVWLQFW� SDLU�V��W��ZH�FDQ�WKHQ�FRXQW�WKH� WRWDO�QXPEHU�RI�SDWKV�WKDW�SDVV� WKURXJK�Y�� �7KLQJV�DUH
VOLJKWO\�PRUH�FRPSOLFDWHG� IRU� WKH�FDVH� LQ�ZKLFK�D�SDLU�RI�YHUWLFHV�DUH�FRQQHFWHG�E\�PRUH� WKDQ�RQH
VKRUWHVW�SDWK��EXW�OHW�XV�LJQRUH�WKLV�FRPSOLFDWLRQ�IRU�WKH�PRPHQW²ZH�ZLOO�FRPH�WR�LW�VRRQ��
7KLV�DOJRULWKP�LV�FHUWDLQO\�D�FRUUHFW�DOJRULWKP�DQG�LW�ZRXOG�ZRUN��EXW�LW�LV�DOVR�LQHIILFLHQW��$V�ZH

KDYH�VHHQ��EUHDGWK�ILUVW�VHDUFK�WDNHV�WLPH�2�P���Q��WR�ILQG�D�VKRUWHVW�SDWK�EHWZHHQ�WZR�YHUWLFHV��DQG
WKHUH�DUH� �GLVWLQFW�SDLUV�RI�YHUWLFHV�V��W��7KXV�WKH�ZRUN�RI�FDOFXODWLQJ�EHWZHHQQHVV�IRU�D�VLQJOH
YHUWH[�ZRXOG�WDNH�2�Q���P���Q���WLPH��RU�2��Q���LQ�WKH�FRPPRQ�FDVH�RI�D�VSDUVH�JUDSK�IRU�ZKLFK�P�
Q���7KH�RSHUDWLRQ�RI�FKHFNLQJ�WKH�YHUWLFHV�DORQJ�HDFK�VKRUWHVW�SDWK�ZLOO�WDNH�WLPH�RI�WKH�RUGHU�RI�WKH
OHQJWK�RI�WKH�SDWK��ZKLFK�LV�W\SLFDOO\�2�ORJ�Q���6HFWLRQ�������PDNLQJ�LW�QHJOLJLEOH�FRPSDUHG�ZLWK�WKH
WLPH� WDNHQ� WR� ILQG� WKH� SDWK��� 7KLV� LV� SURKLELWLYHO\� VORZ�� ZKLOH� RQH�PLJKW� EH� DEOH� WR� FDOFXODWH� WKH
EHWZHHQQHVV�RI�D�YHUWH[�RQ�D�JLYHQ�QHWZRUN�LQ��VD\��DQ�KRXU¶V�ZRUN��WKH�VDPH�FDOFXODWLRQ�RQ�D�JUDSK
WHQ�WLPHV�ODUJHU�ZRXOG�WDNH����� ������KRXUV��RU�PRUH�WKDQ�D�PRQWK�RI�FRPSXWHU�WLPH�
%XW�ZH�FDQ�GR�D�ORW�EHWWHU�LI�ZH�PDNH�XVH�RI�VRPH�RI�RXU�UHVXOWV�DERXW�EUHDGWK�ILUVW�VHDUFK�IURP

SUHYLRXV�VHFWLRQV��)LUVW�� WKH�VWDQGDUG�EUHDGWK�ILUVW�VHDUFK�FDQ�ILQG�SDWKV�EHWZHHQ�D�VRXUFH�V�DQG�DOO
RWKHU�YHUWLFHV��LQ�WKH�VDPH�FRPSRQHQW��LQ�WLPH�2�P���Q���ZKLFK�PHDQV��DV�QRWHG�LQ�6HFWLRQ���������ZH
FDQ�ILQG�SDWKV�EHWZHHQ�DOO�SDLUV�LQ�WKH�QHWZRUN�LQ�WLPH�2�Q�P���Q����RU�2�Q���RQ�D�VSDUVH�QHWZRUN�
$Q�LPSURYHG�DOJRULWKP�IRU�FDOFXODWLQJ�WKH�EHWZHHQQHVV�RI�D�YHUWH[�Y�PLJKW�ZRUN�DV�IROORZV��)RU

HDFK�V�ZH�XVH�EUHDGWK�ILUVW�VHDUFK�WR�ILQG�VKRUWHVW�SDWKV�EHWZHHQ�V�DQG�DOO�RWKHU�YHUWLFHV��FRQVWUXFWLQJ
D�VKRUWHVW�SDWK�WUHH�DV�GHVFULEHG�LQ�6HFWLRQ���������7KHQ�ZH�XVH�WKDW�WUHH�WR�WUDFH�WKH�SDWKV�IURP�HDFK
YHUWH[� EDFN� WR�V�� FRXQWLQJ� LQ� WKH� SURFHVV� WKH� QXPEHU� RI� SDWKV� WKDW� JR� WKURXJK�Y�� :H� UHSHDW� WKLV
FDOFXODWLRQ�IRU�DOO�V�DQG�VR�HQG�XS�ZLWK�D�FRXQW�RI�WKH�WRWDO�QXPEHU�RI�VKRUWHVW�SDWKV�WKDW�SDVV�WKURXJK
Y�
,QGHHG��ZH�FDQ�WULYLDOO\�H[WHQG�WKLV�DOJRULWKP�WR�FDOFXODWH�EHWZHHQQHVV�IRU�DOO�YHUWLFHV�DW�WKH�VDPH

WLPH²ZH�VLPSO\�PDLQWDLQ�D�FRXQW�RI�WKH�QXPEHU�RI�SDWKV�WKDW�JR�WKURXJK�HYHU\�YHUWH[��IRU�H[DPSOH�LQ
DQ�DUUD\����
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)LJXUH�������&DOFXODWLRQ�RI�EHWZHHQQHVV�FHQWUDOLW\�� �D��:KHQ� WKHUH� LV�RQO\�D�VLQJOH�VKRUWHVW�SDWK
IURP�D�VRXUFH�YHUWH[�V��WRS��WR�DOO�RWKHU�UHDFKDEOH�YHUWLFHV��WKRVH�SDWKV�QHFHVVDULO\�IRUP�D�WUHH��ZKLFK
PDNHV�WKH�FDOFXODWLRQ�RI�WKH�FRQWULEXWLRQ�WR�EHWZHHQQHVV�IURP�WKLV�VHW�RI�SDWKV�SDUWLFXODUO\�VLPSOH��DV
GHVFULEHG�LQ�WKH�WH[W���E��)RU�FDVHV�LQ�ZKLFK�WKHUH�LV�PRUH�WKDQ�RQH�VKRUWHVW�SDWK�WR�VRPH�YHUWLFHV��WKH
FDOFXODWLRQ�LV�PRUH�FRPSOH[��)LUVW�ZH�PXVW�FDOFXODWH�WKH�QXPEHU�RI�SDWKV�IURP�WKH�VRXUFH�V� WR�HDFK
RWKHU� YHUWH[� �QXPEHUV� WR� WKH� OHIW� RI� YHUWLFHV��� DQG� WKHQ� XVH� WKHVH� WR� ZHLJKW� WKH� SDWK� FRXQWV
DSSURSULDWHO\�DQG�GHULYH�WKH�EHWZHHQQHVV�VFRUHV��QXPEHUV�WR�WKH�ULJKW�RI�YHUWLFHV��
�
�
)RU�DQ\�JLYHQ�V��WKLV�DOJRULWKP�ZLOO�WDNH�WLPH�2�P���Q��WR�ILQG�WKH�VKRUWHVW�SDWKV��3DWKV�KDYH�OHQJWK

WKDW�E\�GHILQLWLRQ�LV�OHVV�WKDQ�RU�HTXDO�WR�WKH�GLDPHWHU�RI�WKH�QHWZRUN��ZKLFK�LV�W\SLFDOO\�RI�RUGHU�ORJ
Q��DQG�KHQFH�WUDYHUVLQJ�WKH�Q�SDWKV�IURP�HDFK�YHUWH[�WR�V�ZLOO�WDNH�WLPH�2�Q�ORJ�Q���IRU�D�UXQQLQJ�WLPH
RI�2�P� ��Q� ORJ�Q�� IRU� HDFK�YDOXH�RI�V��5HSHDWLQJ� IRU� DOO�V�� WKH�ZKROH�DOJRULWKP�ZLOO� WKHQ� WDNH� WRWDO
WLPH�2�Q�P���Q�ORJ�Q���RU�2�Q��ORJ�Q��RQ�D�VSDUVH�QHWZRUN�
7KLV�LV�PXFK�EHWWHU�WKDQ�RXU�HDUOLHU�2�Q���DOJRULWKP��EXW�ZH�FDQ�GR�EHWWHU�VWLOO��,W�LV�LQ�IDFW�SRVVLEOH

WR�FXW�WKH�UXQQLQJ�WLPH�GRZQ�WR�MXVW�2�Q�P���Q���E\�H[SORLWLQJ�WKH�IDFW�WKDW�PDQ\�RI�WKH�VKRUWHVW�SDWKV
LQ�WKH�VKRUWHVW�SDWK�WUHH�VKDUH�PDQ\�RI�WKH�VDPH�HGJHV��7R�XQGHUVWDQG�WKLV�GHYHORSPHQW��FRQVLGHU�)LJ�
����D��ZKLFK�VKRZV�D�VKRUWHVW�SDWK�WUHH�IURP�D�YHUWH[�V�WR�DOO�RWKHU�YHUWLFHV�RQ�D�JUDSK��,Q�WKLV�FDVH
WKH� VKRUWHVW� SDWK� WUHH� UHDOO\� LV� D� WUHH��PHDQLQJ� WKHUH� LV� RQO\� RQH� VKRUWHVW� SDWK� IURP�V� WR� DQ\� RWKHU
YHUWH[��7KLV�FDVH�LV�D�JRRG�ILUVW�H[DPSOH�WR�VWXG\�EHFDXVH�RI�LWV�VLPSOLFLW\��EXW�ZH�ZLOO�FRQVLGHU�WKH
PRUH�JHQHUDO�FDVH�LQ�MXVW�D�PRPHQW�
:H� XVH� WKH� WUHH� WR� FDOFXODWH� D� VFRUH� IRU� HDFK� YHUWH[� UHSUHVHQWLQJ� WKH� QXPEHU� RI� VKRUWHVW� SDWKV

SDVVLQJ� WKURXJK� WKDW� YHUWH[��:H� ILQG� ILUVW� WKH� ³OHDYHV´� RI� WKH� WUHH�� L�H��� WKRVH� YHUWLFHV� VXFK� WKDW� QR
VKRUWHVW�SDWKV� IURP�RWKHU�YHUWLFHV� WR�V�SDVV�WKURXJK�WKHP���,Q�)LJ������D�WKH�OHDYHV�DUH�GUDZQ�DW�WKH
ERWWRP�RI� WKH� WUHH���:H�DVVLJQ�D� VFRUH�RI��� WR�HDFK�RI� WKHVH� OHDYHV²WKH�RQO\�SDWK� WR�V� WKDW� SDVVHV
WKURXJK�WKHVH�YHUWLFHV�LV�WKH�RQH�WKDW�VWDUWV�WKHUH�����7KHQ��VWDUWLQJ�DW�WKH�ERWWRP�RI�WKH�WUHH�ZH�ZRUN
XSZDUG�� DVVLJQLQJ� WR� HDFK� YHUWH[� D� VFRUH� WKDW� LV� �� SOXV� WKH� VXP� RI� WKH� VFRUHV� RQ� WKH� QHLJKERULQJ
YHUWLFHV� LPPHGLDWHO\�EHORZ�LW��7KDW� LV�� WKH�QXPEHU�RI�SDWKV� WKURXJK�D�YHUWH[�Y� LV���IRU� WKH�SDWK�WKDW
VWDUWV�DW�Y�SOXV�WKH�FRXQW�RI�DOO�SDWKV�WKDW�VWDUW�EHORZ�Y�LQ�WKH�WUHH�DQG�KHQFH�KDYH�WR�SDVV�WKURXJK�LW�
:KHQ�ZH�KDYH�ZRUNHG�DOO� WKH�ZD\�XS�WKH�WUHH�LQ� WKLV�PDQQHU�DQG�UHDFKHG�YHUWH[�V�� WKH�VFRUHV�DW

HDFK�YHUWH[�DUH�HTXDO�WR�WKH�EHWZHHQQHVV�FRXQWV�IRU�SDWKV�WKDW�HQG�DW�YHUWH[�V��5HSHDWLQJ�WKH�SURFHVV
IRU�DOO�V�DQG�VXPPLQJ�WKH�VFRUHV��ZH�DUULYH�DW�WKH�IXOO�EHWZHHQQHVV�VFRUHV�IRU�DOO�SDWKV�
,Q�SUDFWLFH��WKH�SURFHVV�RI�ZRUNLQJ�XS�WKH�WUHH�FDQ�EH�DFFRPSOLVKHG�E\�UXQQLQJ�WKURXJK�WKH�YHUWLFHV



LQ�RUGHU�RI�GHFUHDVLQJ�GLVWDQFH�IURP�V��&RQYHQLHQWO\��ZH�DOUHDG\�KDYH�D�OLVW�RI�YHUWLFHV�LQ�RUGHU�RI
WKHLU�GLVWDQFHV��QDPHO\�WKH�HQWULHV�LQ�WKH�TXHXH�DUUD\�FUHDWHG�E\�WKH�EUHDGWK�ILUVW�VHDUFK�SURFHVV��7KXV
WKH�EHWZHHQQHVV�DOJRULWKP�LQ�SUDFWLFH�LQYROYHV�UXQQLQJ�EDFNZDUGV�WKURXJK�WKH�OLVW�RI�YHUWLFHV�LQ�WKLV
DUUD\�DQG�FDOFXODWLQJ�WKH�QXPEHU�RI�SDWKV�WKURXJK�HDFK�YHUWH[�DV�DERYH�XQWLO�WKH�EHJLQQLQJ�RI�WKH�DUUD\
LV�UHDFKHG�
,Q�WKH�ZRUVW�FDVH��WKLV�SURFHVV�LQYROYHV�JRLQJ�WKURXJK�DOO�Q�YHUWLFHV�DQG�FKHFNLQJ�HYHU\�QHLJKERU�RI

HYHU\� YHUWH[�� RI�ZKLFK� WKHUH� DUH� D� WRWDO� RI� �P�� VR� WKDW� WKH� RYHUDOO� UXQQLQJ� WLPH� LV�2�P� ��Q��� 7KH
EUHDGWK�ILUVW�VHDUFK�LWVHOI�DOVR�WDNHV�WLPH�2�P���Q���DV�XVXDO��DQG�KHQFH�WKH�WRWDO�WLPH�WR�FRXQW�SDWKV
IRU�HDFK�VRXUFH�YHUWH[�V�LV�2�P���Q���ZKLFK�PHDQV�WKH�FRPSOHWH�EHWZHHQQHVV�FDOFXODWLRQ�WDNHV�WLPH
2�Q�P���Q����DV�SURPLVHG�
,Q�JHQHUDO��KRZHYHU��ZH�FDQQRW�DVVXPH�WKDW�WKH�VKRUWHVW�SDWKV�WR�D�JLYHQ�YHUWH[�IRUP�D�WUHH��$V�ZH

VDZ� LQ� 6HFWLRQ� �������� RIWHQ� WKH\� GR� QRW�� &RQVLGHU�� IRU� LQVWDQFH�� WKH� ³WUHH´� VKRZQ� LQ� )LJ�� ����E�
)ROORZLQJ�WKH�GHILQLWLRQ�RI�EHWZHHQQHVV�LQ�6HFWLRQ������PXOWLSOH�VKRUWHVW�SDWKV�EHWZHHQ�WKH�VDPH�SDLU
RI�YHUWLFHV�DUH�JLYHQ�HTXDO�ZHLJKWV�VXPPLQJ�WR����VR�WKDW�IRU�D�YHUWH[�SDLU�FRQQHFWHG�E\�WKUHH�VKRUWHVW
SDWKV��IRU�H[DPSOH��ZH�JLYH�HDFK�SDWK�ZHLJKW� ��1RWH�WKDW�VRPH�RI�WKH�SDWKV�PD\�VKDUH�YHUWLFHV�IRU�SDUW
RI�WKHLU�OHQJWK��UHVXOWLQJ�LQ�YHUWLFHV�ZLWK�JUHDWHU�ZHLJKW�
7R�FDOFXODWH�FRUUHFWO\�WKH�ZHLJKWV�RI�WKH�SDWKV�IORZLQJ�WKURXJK�HDFK�YHUWH[�LQ�D�QHWZRUN��ZH�QHHG

ILUVW� WR� FDOFXODWH� WKH� WRWDO� QXPEHU� RI� VKRUWHVW� SDWKV� IURP� HDFK� YHUWH[� WR�V�� 7KLV� LV� DFWXDOO\� TXLWH
VWUDLJKWIRUZDUG�WR�GR��WKH�VKRUWHVW�SDWKV�IURP�V�WR�D�YHUWH[�L�PXVW�SDVV�WKURXJK�RQH�RU�PRUH�QHLJKERUV
RI�L�DQG�WKH�WRWDO�QXPEHU�RI�VKRUWHVW�SDWKV�WR�L� LV�VLPSO\�WKH�VXP�RI�WKH�QXPEHUV�RI�VKRUWHVW�SDWKV�WR
HDFK� RI� WKRVH� QHLJKERUV�� :H� FDQ� FDOFXODWH� WKHVH� VXPV� DV� SDUW� RI� D� PRGLILHG� EUHDGWK�ILUVW� VHDUFK
SURFHVV�DV�IROORZV�
&RQVLGHU�)LJ������E�DQG�VXSSRVH�ZH�DUH�VWDUWLQJ�DW�YHUWH[�V��:H�FDUU\�RXW�WKH�IROORZLQJ�VWHSV�

���$VVLJQ�YHUWH[�V�GLVWDQFH�]HUR��WR�LQGLFDWH�WKDW�LW�LV�]HUR�VWHSV�IURP�LWVHOI��DQG�VHW�G� ����$OVR
DVVLJQ�V�D�ZHLJKW�ZV� ����ZKRVH�SXUSRVH�ZLOO�EHFRPH�FOHDU�VKRUWO\��

���)RU�HDFK�YHUWH[�L�ZKRVH�DVVLJQHG�GLVWDQFH�LV�G��IROORZ�HDFK�DWWDFKHG�HGJH�WR�WKH�YHUWH[�M�DW�LWV
RWKHU�HQG�DQG�WKHQ�GR�RQH�RI�WKH�IROORZLQJ�WKUHH�WKLQJV�

D��,I�M�KDV�QRW�\HW�EHHQ�DVVLJQHG�D�GLVWDQFH��DVVLJQ�LW�GLVWDQFH�G�����DQG�ZHLJKW�ZM� �ZL��
E�� ,I�M�KDV�DOUHDG\�EHHQ�DVVLJQHG�D�GLVWDQFH�DQG�WKDW�GLVWDQFH�LV�HTXDO�WR�G������WKHQ�WKH
YHUWH[ƍV�ZHLJKW�LV�LQFUHDVHG�E\�ZL��WKDW�LV�ZM�ĸ�ZM���ZL��

F��,I�M�KDV�DOUHDG\�EHHQ�DVVLJQHG�D�GLVWDQFH�OHVV�WKDQ�G������GR�QRWKLQJ�
�
���,QFUHDVH�G�E\���
���5HSHDW�IURP�VWHS���XQWLO�WKHUH�DUH�QR�YHUWLFHV�WKDW�KDYH�GLVWDQFH�G�

�

7KH�UHVXOWLQJ�ZHLJKWV�IRU�WKH�H[DPSOH�RI�)LJ������E�DUH�VKRZQ�WR�WKH�OHIW�RI�HDFK�YHUWH[�LQ�WKH�ILJXUH�
(DFK�ZHLJKW� LV� WKH� VXP�RI� WKH� RQHV� DERYH� LW� LQ� WKH� ³WUHH�´� �,W�PD\� EH� KHOSIXO� WR�ZRUN� WKURXJK� WKLV
H[DPSOH� \RXUVHOI� E\� KDQG� WR� VHH� KRZ� WKH� DOJRULWKP� DUULYHV� DW� WKHVH� YDOXHV� IRU� WKH� ZHLJKWV��
3K\VLFDOO\�� WKH� ZHLJKW� RQ� D� YHUWH[�L� UHSUHVHQWV� WKH� QXPEHU� RI� GLVWLQFW� JHRGHVLF� SDWKV� EHWZHHQ� WKH
VRXUFH�YHUWH[�V�DQG�L�
1RZ�LI� WZR�YHUWLFHV�L� DQG�M�DUH�FRQQHFWHG�E\�D�GLUHFWHG�HGJH�LQ�WKH�VKRUWHVW�SDWK�³WUHH´�SRLQWLQJ

IURP�M� WR�L�� WKHQ� WKH� IUDFWLRQ� RI� WKH� SDWKV� WR�V� WKDW� SDVV� WKURXJK� �RU� VWDUWLQJ� DW��M� DQG� WKDW� DOVR�SDVV



WKURXJK�L�LV�JLYHQ�E\�ZL���ZM�
7KXV��DQG�ILQDOO\��WR�FDOFXODWH�WKH�FRQWULEXWLRQ�WR�WKH�EHWZHHQQHVV�IURP�VKRUWHVW�SDWKV�VWDUWLQJ�DW�DOO

YHUWLFHV�DQG�HQGLQJ�DW�V��ZH�QHHG�RQO\�FDUU\�RXW�WKH�IROORZLQJ�VWHSV�

���)LQG�HYHU\�³OHDI´�YHUWH[�W��L�H���D�YHUWH[�VXFK�WKDW�QR�SDWKV�IURP�V�WR�RWKHU�YHUWLFHV�JR�WKRXJK�W�
DQG�DVVLJQ�LW�D�VFRUH�RI�[W� ���

���1RZ��VWDUWLQJ�DW�WKH�ERWWRP�RI�WKH�WUHH��ZRUN�XS�WRZDUGV�V�DQG�DVVLJQ�WR�HDFK�YHUWH[�L�D�VFRUH
[L� ������M�[MZL���ZM��ZKHUH�WKH�VXP�LV�RYHU�WKH�QHLJKERUV�M�LPPHGLDWHO\�EHORZ�YHUWH[�L�

���5HSHDW�IURP�VWHS���XQWLO�YHUWH[�V�LV�UHDFKHG�
�

7KH�UHVXOWLQJ�VFRUHV�DUH�VKRZQ�WR�WKH�ULJKW�RI�HDFK�YHUWH[�LQ�)LJ������E��1RZ�UHSHDWLQJ�WKLV�SURFHVV
IRU� DOO�Q� VRXUFH� YHUWLFHV�V� DQG� VXPPLQJ� WKH� UHVXOWLQJ� VFRUHV� RQ� WKH� YHUWLFHV� JLYHV� XV� WKH� WRWDO
EHWZHHQQHVV�VFRUHV�IRU�DOO�YHUWLFHV�LQ�WLPH�2�Q�P���Q������
7KLV�DOJRULWKP�DJDLQ�WDNHV�WLPH�2�Q�P���Q���LQ�JHQHUDO�RU�2�Q���RQ�D�VSDUVH�QHWZRUN��ZKLFK�LV�WKH

EHVW�NQRZQ�UXQQLQJ�WLPH�IRU�DQ\�EHWZHHQQHVV�DOJRULWKP�DW�WKH�WLPH�RI�ZULWLQJ��DQG�PRUHRYHU�VHHPV
XQOLNHO\�WR�EH�EHDWHQ�E\�DQ\�IXWXUH�DOJRULWKP�JLYHQ�WKDW�WKH�FDOFXODWLRQ�RI�WKH�EHWZHHQQHVV�QHFHVVDULO\
UHTXLUHV� XV� WR� ILQG� VKRUWHVW� SDWKV� EHWZHHQ� DOO� SDLUV� RI� YHUWLFHV�� ZKLFK� RSHUDWLRQ� DOVR� KDV� WLPH
FRPSOH[LW\�2�Q�P���Q����,QGHHG��HYHQ�LI�ZH�ZDQW�WR�FDOFXODWH�WKH�EHWZHHQQHVV�RI�RQO\�D�VLQJOH�YHUWH[
LW�VHHPV�XQOLNHO\�ZH�FDQ�GR�EHWWHU�JLYHQ�WKDW�VXFK�D�FDOFXODWLRQ�VWLOO�UHTXLUHV�XV�WR�ILQG�DOO�VKRUWHVW
SDWKV�
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�

,Q�6HFWLRQ�����ZH�GLVFXVVHG�ZHLJKWHG�QHWZRUNV��QHWZRUNV�LQ�ZKLFK�WKH�HGJHV�KDYH�YDOXHV�RU�VWUHQJWKV
UHSUHVHQWLQJ�� IRU� LQVWDQFH�� WKH� WUDIILF�FDSDFLWLHV�RI� FRQQHFWLRQV�RQ� WKH� ,QWHUQHW�RU� WKH� IUHTXHQFLHV�RI
FRQWDFWV� EHWZHHQ� DFTXDLQWDQFHV� LQ� D� VRFLDO� QHWZRUN�� ,Q� VRPH� FDVHV� WKH� YDOXHV� RQ� HGJHV� FDQ� EH
LQWHUSUHWHG�DV�OHQJWKV�IRU�WKH�HGJHV��7KH�OHQJWKV�FRXOG�EH�UHDO�OHQJWKV��VXFK�DV�GLVWDQFHV�DORQJ�URDGV
LQ�D�URDG�QHWZRUN��RU�WKH\�FRXOG�UHSUHVHQW�TXDQWLWLHV�WKDW�DFW�OLNH�OHQJWKV��VXFK�DV�WUDQVPLVVLRQ�GHOD\V
IRU� SDFNHWV� WUDYHOLQJ� DORQJ� ,QWHUQHW� FRQQHFWLRQV�� ,Q� RWKHU� FDVHV� WKH\� PLJKW� MXVW� EH� DSSUR[LPDWHO\
OHQJWK�OLNH�PHDVXUHV��RQH�PLJKW�VD\��IRU�LQVWDQFH��WKDW�D�SDLU�RI�DFTXDLQWDQFHV�LQ�D�VRFLDO�QHWZRUN�DUH
WZLFH�DV�IDU�DSDUW�DV�DQRWKHU�SDLU�LI�WKH\�VHH�RQH�DQRWKHU�KDOI�DV�RIWHQ�
6RPHWLPHV�ZLWK�QHWZRUNV�VXFK�DV�WKHVH�ZH�ZRXOG�OLNH�WR�FDOFXODWH�WKH�VKRUWHVW�SDWK�EHWZHHQ�WZR

YHUWLFHV� WDNLQJ� WKH� OHQJWKV� RI� WKH� HGJHV� LQWR� DFFRXQW�� )RU� LQVWDQFH��ZH�PLJKW�ZDQW� WR� FDOFXODWH� WKH
VKRUWHVW�GULYLQJ�URXWH�IURP�$�WR�%�YLD�D�URDG�QHWZRUN�RU�ZH�PLJKW�ZDQW�WR�FDOFXODWH�WKH�URXWH�DFURVV
WKH�,QWHUQHW�WKDW�JHWV�D�GDWD�SDFNHW�WR�LWV�GHVWLQDWLRQ�LQ�WKH�VKRUWHVW�WLPH���,Q�IDFW��WKLV�LV�H[DFWO\�ZKDW
PDQ\�,QWHUQHW�URXWHUV�GR�ZKHQ�URXWLQJ�GDWD�SDFNHWV��
%XW�QRZ�ZH�QRWLFH�D�FUXFLDO²DQG�DQQR\LQJ²IDFW��7KH�VKRUWHVW�SDWK�DFURVV�D�QHWZRUN�ZKHQ�ZH

WDNH�HGJH�OHQJWKV�LQWR�DFFRXQW�PD\�QRW�WKH�EH�VDPH�DV�WKH�VKRUWHVW�SDWK�LQ�WHUPV�RI�QXPEHU�RI�HGJHV�
&RQVLGHU�)LJ��������7KH�VKRUWHVW�SDWK�EHWZHHQ�V�DQG�W�LQ�WKLV�VPDOO�QHWZRUN�WUDYHUVHV�IRXU�HGJHV��EXW
LV�VWLOO� VKRUWHU�� LQ� WHUPV�RI� WRWDO�HGJH� OHQJWK�� WKDQ� WKH�FRPSHWLQJ�SDWK�ZLWK� MXVW� WZR�HGJHV��7KXV�ZH
FDQQRW�ILQG�WKH�VKRUWHVW�SDWK�LQ�VXFK�D�QHWZRUN�XVLQJ�VWDQGDUG�EUHDGWK�ILUVW�VHDUFK��ZKLFK�ILQGV�SDWKV
ZLWK�WKH�PLQLPXP�QXPEHU�RI�HGJHV��)RU�SUREOHPV�OLNH�WKLV�ZH�QHHG�D�GLIIHUHQW�DOJRULWKP��:H�QHHG
'LMNVWUD¶V�DOJRULWKP�

�

)LJXUH�������7KH�VKRUWHVW�SDWK�LQ�D�QHWZRUN�ZLWK�YDU\LQJ�HGJH�OHQJWKV��7KH�QXPEHUV�RQ�WKH�HGJHV
LQ� WKLV� QHWZRUN� UHSUHVHQW� WKHLU� OHQJWKV�� 7KH� VKRUWHVW� SDWK� EHWZHHQ�V� DQG�W�� WDNLQJ� WKH� OHQJWKV� LQWR
DFFRXQW��LV�WKH�XSSHU�SDWK�PDUNHG�ZLWK�WKH�DUURZ��ZKLFK�KDV�WRWDO�OHQJWK�����HYHQ�WKRXJK�LW�WUDYHUVHV
PRUH�HGJHV�WKDQ�WKH�DOWHUQDWLYH��ORZHU�SDWK��ZKLFK�KDV�OHQJWK����
�
�
'LMNVWUD¶V� DOJRULWKP�� OLNH� EUHDGWK�ILUVW� VHDUFK�� ILQGV� WKH� VKRUWHVW� GLVWDQFH� IURP� D� JLYHQ� VRXUFH

YHUWH[�V�WR�HYHU\�RWKHU�YHUWH[�LQ�WKH�VDPH�FRPSRQHQW�RI�D�QHWZRUN��EXW�GRHV�VR�WDNLQJ�WKH�OHQJWKV�RI
HGJHV�LQWR�DFFRXQW�����,W�ZRUNV�E\�NHHSLQJ�D�UHFRUG�RI�WKH�VKRUWHVW�GLVWDQFH�LW�KDV�IRXQG�VR�IDU�WR�HDFK
YHUWH[�DQG�XSGDWLQJ�WKDW�UHFRUG�ZKHQHYHU�D�VKRUWHU�RQH�LV�IRXQG��,W�FDQ�EH�VKRZQ�WKDW��DW�WKH�HQG�RI�WKH



DOJRULWKP�� WKH�VKRUWHVW�GLVWDQFH�IRXQG�WR�HDFK�YHUWH[� LV� LQ�IDFW� WKH�VKRUWHVW�GLVWDQFH�SRVVLEOH�E\�DQ\
URXWH��,Q�GHWDLO�WKH�DOJRULWKP�LV�DV�IROORZV�
:H�VWDUW�E\�FUHDWLQJ�DQ�DUUD\�RI�Q�HOHPHQWV�WR�KROG�RXU�FXUUHQW�HVWLPDWHV�RI�WKH�GLVWDQFHV�IURP�V�WR

HYHU\�YHUWH[��$W�DOO�WLPHV�GXULQJ�WKH�UXQQLQJ�RI�WKH�DOJRULWKP�WKHVH�HVWLPDWHV�DUH�XSSHU�ERXQGV�RQ�WKH
WUXH�VKRUWHVW�GLVWDQFHV��,QLWLDOO\�ZH�VHW�RXU�HVWLPDWH�RI�WKH�GLVWDQFH�IURP�V�WR�LWVHOI�WR�EH�]HUR��ZKLFK�LV
WULYLDOO\�FRUUHFW��DQG�IURP�V�WR�HYHU\�RWKHU�YHUWH[�WR�EH����ZKLFK�LV�FOHDUO\�D�VDIH�XSSHU�ERXQG�
:H� DOVR� FUHDWH� DQRWKHU� DUUD\� RI�Q� HOHPHQWV� LQ�ZKLFK�ZH� UHFRUG�ZKHWKHU�ZH�DUH�FHUWDLQ� WKDW� WKH

GLVWDQFH�ZH�KDYH�WR�D�JLYHQ�YHUWH[�LV�WKH�VPDOOHVW�SRVVLEOH�GLVWDQFH��)RU�LQVWDQFH��ZH�PLJKW�XVH�DQ
LQWHJHU�DUUD\�ZLWK��V�WR�LQGLFDWH�WKH�GLVWDQFHV�ZH�DUH�VXUH�DERXW�DQG��V�IRU�WKH�GLVWDQFHV�WKDW�DUH�MXVW
RXU�EHVW�FXUUHQW�HVWLPDWH��,QLWLDOO\��ZH�SXW�D���LQ�HYHU\�HOHPHQW�RI�WKLV�DUUD\���<RX�PLJKW�DUJXH�WKDW�ZH
NQRZ� IRU� FHUWDLQ� WKDW� WKH� GLVWDQFH� IURP�V� WR� LWVHOI� LV� ]HUR� DQG� KHQFH� WKDW�ZH� VKRXOG� SXW� D� �� LQ� WKH
HOHPHQW�FRUUHVSRQGLQJ�WR�YHUWH[�V��/HW�XV��KRZHYHU��SUHWHQG�WKDW�ZH�GRQ¶W�NQRZ�WKLV�WR�EHJLQ�ZLWK��DV
LW�PDNHV�WKH�DOJRULWKP�ZRUN�RXW�PRUH�QHDWO\��
1RZ�ZH�GR�WKH�IROORZLQJ�

���:H�ILQG� WKH�YHUWH[�Y� LQ� WKH�QHWZRUN� WKDW�KDV� WKH�VPDOOHVW�HVWLPDWHG�GLVWDQFH�IURP�V�� L�H��� WKH
VPDOOHVW�GLVWDQFH�DERXW�ZKLFK�ZH�DUH�QRW�\HW�FHUWDLQ�

���:H�PDUN�WKLV�GLVWDQFH�DV�EHLQJ�FHUWDLQ�
���:H�FDOFXODWH�WKH�GLVWDQFHV�IURP�V�YLD�Y�WR�HDFK�RI�WKH�QHLJKERUV�RI�Y�E\�DGGLQJ�WR�YƍV�GLVWDQFH
WKH� OHQJWKV� RI� WKH� HGJHV� FRQQHFWLQJ�Y� WR� HDFK� QHLJKERU�� ,I� DQ\� RI� WKH� UHVXOWLQJ� GLVWDQFHV� LV
VPDOOHU�WKDQ�WKH�FXUUHQW�HVWLPDWHG�GLVWDQFH�WR�WKH�VDPH�QHLJKERU��WKH�QHZ�GLVWDQFH�UHSODFHV�WKH
ROGHU�RQH�

���:H�UHSHDW�IURP�VWHS���XQWLO�WKH�GLVWDQFHV�WR�DOO�YHUWLFHV�DUH�IODJJHG�DV�EHLQJ�FHUWDLQ�
�

�

)LJXUH�������3DWKV�LQ�'LMNVWUD¶V�DOJRULWKP�� ,I�Y� LV� WKH�YHUWH[�ZLWK� WKH�VPDOOHVW�HVWLPDWHG��L�H���QRW
FHUWDLQ��GLVWDQFH�IURP�V�WKHQ�WKDW�HVWLPDWHG�GLVWDQFH�PXVW�LQ�IDFW�EH�WKH�WUXH�VKRUWHVW�GLVWDQFH�WR�Y��,I�LW
ZHUH�QRW�DQG�WKHUH�ZHUH�D�VKRUWHU�SDWK�V������ �� ��[��\�� �� �� �� ��Y�WKHQ�DOO�SRLQWV�DORQJ�WKDW�SDWK�PXVW�KDYH
VKRUWHU� GLVWDQFHV� IURP�V� WKDQ�YƍV� HVWLPDWHG� GLVWDQFH�� ZKLFK� PHDQV� WKDW�\� KDV� D� VPDOOHU� HVWLPDWHG
GLVWDQFH�WKDQ�Y��ZKLFK�LV�LPSRVVLEOH�
�
�

6LPSOH� WKRXJK� LW� LV� WR� GHVFULEH�� LW¶V� QRW� LPPHGLDWHO\� REYLRXV� WKDW� WKLV� DOJRULWKP� GRHV� ZKDW� LW� LV
VXSSRVHG�WR�GR�DQG�ILQGV�WUXH�VKRUWHVW�SDWKV��7KH�FUXFLDO�VWHS�LV�VWHS���ZKHUH�ZH�GHFODUH�WKH�FXUUHQW



VPDOOHVW�HVWLPDWHG�GLVWDQFH�LQ�IDFW�WR�EH�FHUWDLQ��7KDW�LV��ZH�FODLP�WKDW�DPRQJ�YHUWLFHV�IRU�ZKLFK�ZH
GRQ¶W� \HW� GHILQLWHO\� NQRZ� WKH� GLVWDQFH�� WKH� VPDOOHVW� GLVWDQFH� UHFRUGHG� WR� DQ\� YHUWH[� LV� LQ� IDFW� WKH
VPDOOHVW�SRVVLEOH�GLVWDQFH�WR�WKDW�YHUWH[�
7R� VHH� ZK\� WKLV� LV� WUXH� FRQVLGHU� VXFK� D� YHUWH[�� ZKLFK� ZH¶OO� DJDLQ� FDOO�Y�� DQG� FRQVLGHU� D

K\SRWKHWLFDO�SDWK�IURP�V�WR�Y�WKDW�KDV�D�VKRUWHU�OHQJWK�WKDQ�WKH�FXUUHQW�HVWLPDWHG�GLVWDQFH�UHFRUGHG�IRU
Y��7KH�VLWXDWLRQ� LV� LOOXVWUDWHG� LQ�)LJ��������6LQFH� WKLV�K\SRWKHWLFDO�SDWK� LV�VKRUWHU� WKDQ� WKH�HVWLPDWHG
GLVWDQFH� WR�Y�� WKH� GLVWDQFH� DORQJ� WKH� SDWK� WR� HDFK� YHUWH[� LQ� WKH� SDWK� PXVW� DOVR� EH� OHVV� WKDQ� WKDW
HVWLPDWHG�GLVWDQFH�
)XUWKHUPRUH��WKHUH�PXVW�H[LVW�VRPHZKHUH�DORQJ�WKH�SDWK�D�SDLU�RI�DGMDFHQW�YHUWLFHV�[��\�VXFK�WKDW�[ƍV

GLVWDQFH� LV�NQRZQ�IRU�FHUWDLQ�DQG�\ƍV� LV�QRW��9HUWH[�[�QHHG�QRW�QHFHVVDULO\�EH�GLVWLQFW� IURP�YHUWH[�V
�DOWKRXJK�ZH�KDYH�GUDZQ� LW� WKDW�ZD\� LQ� WKH� ILJXUH���EXW�YHUWH[�\�PXVW� EH�GLVWLQFW� IURP�Y�� LI�\� DQG�Y
ZHUH� WKH�VDPH�YHUWH[��VR� WKDW�Y�ZDV�D�QHLJKERU�RI�[�� WKHQ�ZH�ZRXOG�DOUHDG\�KDYH�IRXQG�WKH�VKRUWHU
SDWK� WR�Y� ZKHQ� ZH� H[SORUHG� WKH� QHLJKERUV� RI�[� LQ� VWHS� �� DERYH� DQG� ZH� ZRXOG� DFFRUGLQJO\� KDYH
UHYLVHG�RXU�HVWLPDWH�RI�YƍV�GLVWDQFH�GRZQZDUG��6LQFH�WKLV�KDVQ¶W�KDSSHQHG��\� DQG�Y�PXVW�EH�GLVWLQFW
YHUWLFHV�
%XW�QRWLFH�QRZ�WKDW�\ƍV�FXUUHQW�HVWLPDWHG�GLVWDQFH�ZLOO�EH�DW�PRVW�HTXDO�WR�LWV�GLVWDQFH�IURP�V�DORQJ

WKH�SDWK� EHFDXVH� WKDW� GLVWDQFH� LV� FDOFXODWHG� LQ� VWHS� �� DERYH�ZKHQ�ZH� H[SORUH�[ƍV� QHLJKERUV��$QG
VLQFH�� DV�ZH�KDYH� VDLG�� DOO�GLVWDQFHV� DORQJ� WKH�SDWK� DUH�QHFHVVDULO\� OHVV� WKDQ� WKH� FXUUHQW� HVWLPDWHG
GLVWDQFH�WR�Y��LW�IROORZV�WKDW�\ƍV�HVWLPDWHG�GLVWDQFH�PXVW�EH�OHVV�WKDQ�YƍV�DQG�ZH�KDYH�D�FRQWUDGLFWLRQ�
EHFDXVH�Y�LV�E\�K\SRWKHVLV�WKH�YHUWH[�ZLWK�WKH�VKRUWHVW�HVWLPDWHG�GLVWDQFH��+HQFH�WKHUH�LV�QR�SDWK�WR
YHUWH[�Y�ZLWK� OHQJWK� OHVV� WKDQ�YƍV�FXUUHQW�HVWLPDWHG�GLVWDQFH��VR�ZH�FDQ�VDIHO\�PDUN�WKDW�GLVWDQFH�DV
EHLQJ�FHUWDLQ��DV�LQ�VWHS���DERYH�
7KXV�RQ�HDFK�VWHS�WKH�DOJRULWKP�FRUUHFWO\�IODJV�RQH�DGGLWLRQDO�GLVWDQFH�DV�EHLQJ�NQRZQ�H[DFWO\�DQG

ZKHQ�DOO�GLVWDQFHV�KDYH�EHHQ�VR�IODJJHG�WKH�DOJRULWKP�KDV�GRQH�LWV�MRE�
$V� ZLWK� EUHDGWK�ILUVW� VHDUFK�� WKH� UXQQLQJ� WLPH� RI� 'LMNVWUD¶V� DOJRULWKP� GHSHQGV� RQ� KRZ� LW� LV

LPSOHPHQWHG��7KH�VLPSOHVW�LPSOHPHQWDWLRQ�LV�RQH�WKDW�VHDUFKHV�WKURXJK�DOO�YHUWLFHV�RQ�HDFK�URXQG�RI
WKH� DOJRULWKP� WR� ILQG� WKH�RQH� WKDW� KDV� WKH� VPDOOHVW� HVWLPDWHG�GLVWDQFH��7KLV� VHDUFK� WDNHV� WLPH�2�Q��
7KHQ�ZH�PXVW�FDOFXODWH�D�QHZ�HVWLPDWHG�GLVWDQFH�WR�HDFK�RI�WKH�QHLJKERUV�RI�WKH�YHUWH[�ZH�ILQG��RI
ZKLFK�WKHUH�DUH�2�P���Q��RQ�DYHUDJH��7R�OHDGLQJ�RUGHU��RQH�URXQG�WKXV�WDNHV�WLPH�2�P���Q���Q��DQG�WKH
ZKROH�DOJRULWKP��ZKLFK�UXQV��LQ�WKH�ZRUVW�FDVH�RI�D�QHWZRUN�ZLWK�D�VLQJOH�FRPSRQHQW��IRU�Q� URXQGV�
WDNHV�WLPH�2�P���Q���WR�ILQG�WKH�GLVWDQFH�IURP�V�WR�HYHU\�RWKHU�YHUWH[�
%XW�ZH�FDQ�GR�EHWWHU� WKDQ� WKLV�� ,I�ZH�VWRUH� WKH�HVWLPDWHG�GLVWDQFHV� LQ�D�ELQDU\�KHDS��VHH�6HFWLRQ

�����WKHQ�ZH�FDQ�ILQG�WKH�VPDOOHVW�RQH�DQG�UHPRYH�LW�IURP�WKH�KHDS�LQ�WLPH�2�ORJ�Q���7KH�RSHUDWLRQ�RI
UHSODFLQJ�DQ�HVWLPDWHG�GLVWDQFH�ZLWK�D�QHZ�DQG�EHWWHU�HVWLPDWH��ZKLFK�LQ�WKH�ZRUVW�FDVH�ZH�KDYH�WR
GR�DQ�DYHUDJH�RI�2�P� ��Q��WLPHV�SHU�URXQG��DOVR�WDNHV�2�ORJ�Q��WLPH��DQG�KHQFH�D�FRPSOHWH�URXQG�RI
WKH�DOJRULWKP�WDNHV�WLPH�2��P���Q��ORJ�Q���ORJ�Q��DQG�DOO�Q�URXQGV�WKHQ�WDNH�2��P���Q�� ORJ�Q���RU�2�Q
ORJ�Q�� RQ� D� VSDUVH� QHWZRUN� ZLWK�P� �Q�� 7KLV� LV� YHU\� QHDUO\� WKH� EHVW� UXQQLQJ� WLPH� NQRZQ� IRU� WKLV
SUREOHP�����DQG�FORVH�WR��WKRXJK�QRW�TXLWH�DV�JRRG�DV��WKH�2�P���Q��IRU�WKH�HTXLYDOHQW�SUREOHP�RQ�DQ
XQZHLJKWHG�QHWZRUN��IDFWRUV�RI�ORJ�Q�EHLQJ�FORVH�WR�FRQVWDQW�JLYHQ�WKDW�WKH�ORJDULWKP�LV�D�YHU\�VORZO\
JURZLQJ�IXQFWLRQ�RI�LWV�DUJXPHQW��
$V�ZH�KDYH�GHVFULEHG�LW��'LMNVWUD¶V�DOJRULWKP�ILQGV�WKH�VKRUWHVW�GLVWDQFH�IURP�D�YHUWH[�V�WR�HYHU\

RWKHU�LQ�WKH�VDPH�FRPSRQHQW�EXW��OLNH�EUHDGWK�ILUVW�VHDUFK��LW�FDQ�EH�PRGLILHG�DOVR�WR�ILQG�WKH�DFWXDO
SDWKV�WKDW�UHDOL]H�WKRVH�GLVWDQFHV��7KH�PRGLILFDWLRQ�LV�YHU\�VLPLODU�WR�WKH�RQH�IRU�EUHDGWK�ILUVW�VHDUFK�
:H� PDLQWDLQ� D� VKRUWHVW� SDWK� WUHH�� ZKLFK� LV� LQLWLDOO\� HPSW\� DQG� WR� ZKLFK� ZH� DGG� GLUHFWHG� HGJHV
SRLQWLQJ� IURP� WKH�YHUWLFHV�DORQJ� WKH� ILUVW� VWHS�RI� WKHLU� VKRUWHVW�SDWK� WR�V��:H�FUHDWH� VXFK�D�GLUHFWHG



HGJH�ZKHQ�ZH�ILUVW�DVVLJQ�D�YHUWH[�DQ�HVWLPDWHG�GLVWDQFH�OHVV�WKDQ���DQG�PRYH�WKH�HGJH�WR�SRLQW�WR�D
QHZ�YHUWH[� HYHU\� WLPH�ZH� ILQG� D�QHZ�HVWLPDWHG�GLVWDQFH� WKDW� LV� OHVV� WKDQ� WKH� FXUUHQW�RQH��7KH� ODVW
SRVLWLRQ� LQ�ZKLFK� DQ� HGJH� FRPHV� WR� UHVW� LQGLFDWHV� WKH� WUXH� ILUVW� VWHS� LQ� WKH� VKRUWHVW� SDWK�� ,I� D� QHZ
HVWLPDWH�RI�WKH�GLVWDQFH�WR�D�YHUWH[�LV�HYHU�H[DFWO\�WKH�VDPH�DV�WKH�FXUUHQW�HVWLPDWH�WKHQ�ZH�SXW�WZR
GLUHFWHG� HGJHV� LQ� WKH� VKRUWHVW� SDWK� WUHH� LQGLFDWLQJ� WKH� WZR� DOWHUQDWLYH� SDWKV� WKDW� JLYH� WKH� VKRUWHVW
GLVWDQFH��:KHQ�WKH�DOJRULWKP�LV�ILQLVKHG�WKH�VKRUWHVW�SDWK�WUHH��OLNH�WKRVH�LQ�)LJ��������FDQ�EH�XVHG�WR
UHFRQVWUXFW�WKH�VKRUWHVW�SDWKV�WKHPVHOYHV��RU�WR�FDOFXODWH�RWKHU�TXDQWLWLHV�VXFK�DV�D�ZHLJKWHG�YHUVLRQ
RI�EHWZHHQQHVV�FHQWUDOLW\��ZKLFK�FRXOG�EH�XVHG�IRU�LQVWDQFH�DV�D�PHDVXUH�RI�WUDIILF�IORZ�LQ�D�QHWZRUN
ZKHUH�WUDIILF�DOZD\V�WDNHV�WKH�VKRUWHVW�ZHLJKWHG�SDWK��



�����0$;,080�)/2:6�$1'�0,1,080�&876

�

,Q� 6HFWLRQ� �����ZH� GLVFXVVHG� WKH� LGHDV� RI� FRQQHFWLYLW\�� LQGHSHQGHQW� SDWKV�� FXW� VHWV�� DQG�PD[LPXP
IORZV� LQ�QHWZRUNV�� ,Q�SDUWLFXODU��ZH�GHILQHG� WZR�SDWKV� WKDW�FRQQHFW� WKH�VDPH�YHUWLFHV�V� DQG�W� WR�EH
HGJH�LQGHSHQGHQW�LI�WKH\�VKDUH�QRQH�RI�WKH�VDPH�HGJHV�DQG�YHUWH[�LQGHSHQGHQW�LI�WKH\�VKDUH�QRQH�RI
WKH�VDPH�YHUWLFHV�H[FHSW�IRU�V�DQG�W�WKHPVHOYHV��$QG�WKH�HGJH�RU�YHUWH[�FRQQHFWLYLW\�RI�WKH�YHUWLFHV�LV
WKH� QXPEHU� RI� HGJH±RU� YHUWH[�LQGHSHQGHQW� SDWKV� EHWZHHQ� WKHP��:H� DOVR� VKRZHG� WKDW� WKH� HGJH� RU
YHUWH[�FRQQHFWLYLW\�LV�HTXDO�WR�WKH�VL]H�RI�WKH�PLQLPXP�HGJH�RU�YHUWH[�FXW�VHW²WKH�PLQLPXP�QXPEHU
RI�HGJHV�RU�YHUWLFHV�WKDW�QHHG�WR�EH�UHPRYHG�IURP�WKH�QHWZRUN�WR�GLVFRQQHFW�V�IURP�W��&RQQHFWLYLW\�LV
WKXV� D� VLPSOH�PHDVXUH� RI� WKH� UREXVWQHVV� RI� WKH� FRQQHFWLRQ� EHWZHHQ� D� SDLU� RI� YHUWLFHV�� )LQDOO\��ZH
VKRZHG�WKDW�WKH�HGJH�FRQQHFWLYLW\�LV�DOVR�HTXDO�WR�WKH�PD[LPXP�IORZ�WKDW�FDQ�SDVV�IURP�V� WR�W�LI�ZH
WKLQN�RI�WKH�QHWZRUN�DV�D�QHWZRUN�RI�SLSHV��HDFK�RI�ZKLFK�FDQ�FDUU\�RQH�XQLW�RI�IORZ�
,Q�WKLV�VHFWLRQ�ZH�ORRN�DW�DOJRULWKPV�IRU�FDOFXODWLQJ�PD[LPXP�IORZV�EHWZHHQ�YHUWLFHV�RQ�QHWZRUNV�

$V�ZH�ZLOO� VHH�� WKHUH� LV�D�VLPSOH�DOJRULWKP�� WKH�)RUG�)XONHUVRQ�RU�DXJPHQWLQJ�SDWK�DOJRULWKP�� WKDW
FDOFXODWHV� WKH�PD[LPXP�IORZ�EHWZHHQ� WZR�YHUWLFHV� LQ�DYHUDJH� WLPH�2��P� ��Q�P�Q���2QFH�ZH�KDYH
WKLV�PD[LPXP�IORZ�� WKHQ�ZH�DOVR� LPPHGLDWHO\�NQRZ� WKH�QXPEHU�RI�HGJH�LQGHSHQGHQW�SDWKV�DQG� WKH
VL]H�RI�WKH�PLQLPXP�HGJH�FXW�VHW�EHWZHHQ�WKH�VDPH�YHUWLFHV��:LWK�D�VPDOO�H[WHQVLRQ��WKH�DOJRULWKP�FDQ
DOVR�ILQG�WKH�SDUWLFXODU�HGJHV�WKDW�FRQVWLWXWH�WKH�PLQLPXP�HGJH�FXW�VHW��$�VLPSOH�PRGLILFDWLRQ�RI�WKH
DXJPHQWLQJ�SDWK�DOJRULWKP�DOORZV�XV�DOVR�WR�FDOFXODWH�YHUWH[�LQGHSHQGHQW�SDWKV�DQG�YHUWH[�FXWV�VHWV�
$OO� WKH� GHYHORSPHQWV� RI� WKLV� VHFWLRQ� DUH� GHVFULEHG� IRU� XQGLUHFWHG� QHWZRUNV�� EXW� LQ� IDFW� WKH

DOJRULWKPV�ZRUN�SHUIHFWO\�ZHOO��ZLWKRXW�PRGLILFDWLRQ�� IRU�GLUHFWHG�QHWZRUNV�DV�ZHOO��5HDGHUV�ZKR
ZDQW�WR�NQRZ�PRUH�DERXW�PD[LPXP�IORZ�DOJRULWKPV�DUH�UHFRPPHQGHG�WR�ORRN�DW�WKH�ERRN�E\�$KXMD�HW
DO�� >�@�� ZKLFK� FRQWDLQV� VHYHUDO� KXQGUHG� SDJHV� RQ� WKH� WRSLF� DQG� FRYHUV� DOPRVW� HYHU\� FRQFHLYDEOH
GHWDLO�

�

$�VLPSOH�EUHDGWK�ILUVW� VHDUFK� ILQGV�D�SDWK� IURP�VRXUFH�V� WR� WDUJHW�W� �WRS�� LQ� WKLV�QHWZRUN��$�VHFRQG
VHDUFK�XVLQJ�RQO\�WKH�HGJHV�QRW�XVHG�LQ�WKH�ILUVW�ILQGV�D�VHFRQG�SDWK��ERWWRP��
�
�
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,Q� WKLV� VHFWLRQ�ZH�GHVFULEH� WKH� DXJPHQWLQJ�SDWK� DOJRULWKP�RI�)RUG� DQG�)XONHUVRQ� IRU� FDOFXODWLQJ
PD[LPXP�IORZV�EHWZHHQ�YHUWLFHV�LQ�D�QHWZRUN�����7KH�FDVH�RI�SULPDU\�LQWHUHVW�WR�XV�LV�WKH�RQH�ZKHUH
HDFK�HGJH� LQ� WKH�QHWZRUN�FDQ�FDUU\� WKH� VDPH�VLQJOH�XQLW�RI� IORZ��7KH�DOJRULWKP�FDQ�EH�XVHG� LQ� WKH
PRUH�JHQHUDO�FDVH�ZKHUH�WKH�HGJHV�KDYH�YDU\LQJ�FDSDFLWLHV��EXW�ZH�ZLOO�QRW�GLVFXVV�WKDW�FDVH�KHUH����
7KH�EDVLF� LGHD�EHKLQG� WKH� DXJPHQWLQJ�SDWK� DOJRULWKP� LV� D� VLPSOH�RQH��:H� ILUVW� ILQG� D� SDWK� IURP

VRXUFH�V�WR�WDUJHW�W�XVLQJ�WKH�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�RI�6HFWLRQ����������7KLV�³XVHV�XS´�VRPH�RI
WKH�HGJHV�LQ�WKH�QHWZRUN��ILOOLQJ�WKHP�WR�FDSDFLW\�VR�WKDW�WKH\�FDQ�FDUU\�QR�PRUH�IORZ��7KHQ�ZH�ILQG
DQRWKHU�SDWK�IURP�V�WR�W�DPRQJ�WKH�UHPDLQLQJ�HGJHV�DQG�ZH�UHSHDW�WKLV�SURFHGXUH�XQWLO�QR�PRUH�SDWKV
FDQ�EH�IRXQG�
8QIRUWXQDWHO\��WKLV�GRHV�QRW�\HW�JLYH�XV�D�ZRUNLQJ�DOJRULWKP��EHFDXVH�DV�ZH�KDYH�GHVFULEHG�LW�WKH

SURFHGXUH�ZLOO� QRW� DOZD\V� ILQG� WKH�PD[LPXP� IORZ��&RQVLGHU� )LJ�� ����D�� ,I�ZH� DSSO\� EUHDGWK�ILUVW
VHDUFK� EHWZHHQ�V� DQG�W�ZH�ILQG� WKH�SDWK�PDUNHG�LQ�EROG��8QIRUWXQDWHO\��RQFH�ZH�KDYH�ILOOHG�DOO� WKH
HGJHV�DORQJ�WKLV�SDWK�WR�FDSDFLW\�WKHUH�DUH�QR�PRUH�SDWKV�IURP�V� WR�W�WKDW�FDQ�EH�FRQVWUXFWHG�ZLWK�WKH
UHPDLQLQJ�HGJHV��VR�WKH�DOJRULWKP�VWRSV�DIWHU�ILQGLQJ�MXVW�RQH�SDWK��,W�LV�FOHDU��KRZHYHU��WKDW�WKHUH�DUH
LQ� IDFW� WZR� HGJH�LQGHSHQGHQW� SDWKV� IURP�V� WR�W²DORQJ� WKH� WRS� DQG� ERWWRP� RI� WKH� QHWZRUN²DQG� D
PD[LPXP�IORZ�RI�WZR��VR�WKH�DOJRULWKP�KDV�JLYHQ�WKH�ZURQJ�DQVZHU�

�

)LJXUH�������7KH�DXJPHQWLQJ�SDWK�DOJRULWKP���D��:H�ILQG�D�ILUVW�SDWK�IURP�VRXUFH�V�WR�WDUJHW�W�XVLQJ
EUHDGWK�ILUVW�VHDUFK��7KLV�OHDYHV�QR�PRUH�LQGHSHQGHQW�SDWKV�IURP�V� WR�W�DPRQJ�WKH�UHPDLQLQJ�HGJHV�
�E��+RZHYHU�� LI�ZH�DOORZ�IORZV� LQ�ERWK�GLUHFWLRQV�DORQJ�DQ�HGJH� �VXFK�DV� WKH�FHQWUDO�HGJH� LQ� WKLV
QHWZRUN���WKHQ�ZH�FDQ�ILQG�DQRWKHU�SDWK��3DQHOV��F��DQG��G��VKRZ�WKH�UHVLGXDO�JUDSKV�FRUUHVSRQGLQJ�WR
SDQHOV��D��DQG��E��
�
�
7KHUH� LV�KRZHYHU��D� VLPSOH� IL[� IRU� WKLV�SUREOHP��ZKLFK� LV� WR�DOORZ� IOXLG� WR� IORZ�VLPXOWDQHRXVO\

ERWK�ZD\V�GRZQ�DQ�HGJH�LQ�RXU�QHWZRUN��7KDW�LV��ZH�DOORZ�D�VWDWH�LQ�ZKLFK�WKHUH�LV�RQH�XQLW�RI�IORZ
LQ�HDFK�GLUHFWLRQ�DORQJ�DQ\�JLYHQ�HGJH��,I�WKH�HGJHV�ZHUH�UHDO�SLSHV��WKHQ�WKLV�ZRXOG�QRW�EH�SRVVLEOH�



LI�D�SLSH�LV�IXOO�RI�IOXLG�IORZLQJ�RQH�ZD\��WKHQ�WKHUH�LV�QR�URRP�IRU�IOXLG�IORZLQJ�WKH�RWKHU�ZD\�WRR�
+RZHYHU��LI�IOXLG�ZHUH�IORZLQJ�ERWK�ZD\V�GRZQ�DQ�HGJH��WKH�QHW�IORZ�LQ�DQG�RXW�RI�HLWKHU�HQG�RI�WKDW
HGJH�ZRXOG�EH�]HUR²WKH�WZR�IORZV�ZRXOG�HIIHFWLYHO\�FDQFHO�RXW�JLYLQJ�]HUR�QHW�IORZ��$QG�]HUR�IORZ
GRZQ�DQ�HGJH�FHUWDLQO\�LV�SRVVLEOH�
6R�ZH�XVH�D�WULFN�DQG�DOORZ�RXU�DOJRULWKP�WR�SODFH�D�XQLW�RI�IORZ�ERWK�ZD\V�GRZQ�DQ\�HGJH��EXW

GHFODUH�WKLV�WR�PHDQ�LQ�SUDFWLFH�WKDW�WKHUH�LV�QR�IORZ�DW�DOO�RQ�WKDW�HGJH��7KLV�PHDQV�WKDW�WKH�SDWKV�ZH
ZLOO� ILQG�ZLOO�QR� ORQJHU�QHFHVVDULO\�EH� LQGHSHQGHQW�SDWKV�� VLQFH� WZR�RI� WKHP�FDQ�VKDUH�DQ�HGJH�VR
ORQJ�DV�WKH\�SDVV�DORQJ�LW�LQ�RSSRVLWH�GLUHFWLRQV��%XW�WKLV�GRHVQ¶W�PDWWHU��WKH�IORZV�WKH�SDWKV�UHSUHVHQW
DUH�VWLOO�DOORZHG�IORZV��VLQFH�QR�SLSH�LV�HYHU�UHTXLUHG�WR�FDUU\�PRUH�WKDQ�RQH�XQLW�RI�IORZ��DQG�ZH
NQRZ� WKDW� LQ� WKH� HQG� RXU� ILQDO�� PD[LPXP� IORZ�ZLOO� EH� QXPHULFDOO\� HTXDO� WR� WKH� DFWXDO� QXPEHU� RI
LQGHSHQGHQW�SDWKV��HYHQ�WKRXJK�WKRVH�LQGHSHQGHQW�SDWKV�PD\�EH�GLIIHUHQW�IURP�WKH�SDWKV�SLFNHG�RXW�E\
WKH�DOJRULWKP��7KXV�ZH�FUHDWH�DQ�DOJRULWKP�WKDW�FRXQWV�LQGHSHQGHQW�SDWKV�E\�FRXQWLQJ�D�VSHFLDO�FODVV
RI�QRQ�LQGHSHQGHQW�SDWKV��VWUDQJH�DV� WKLV�VRXQGV�� WKH�PD[�IORZ�PLQ�FXW� WKHRUHP�WHOOV�XV� WKDW� LW�PXVW
ZRUN��DQG�LQGHHG�LW�GRHV�
0RUH�JHQHUDOO\��VLQFH�WKH�PD[LPXP�DOORZHG�IORZ�GRZQ�DQ�HGJH�LV�RQH�XQLW�LQ�HLWKHU�GLUHFWLRQ��ZH

FDQ�KDYH�DQ\�QXPEHU�RI�XQLWV�IORZLQJ�HLWKHU�ZD\�GRZQ�DQ�HGJH�SURYLGHG�WKH\�FDQFHO�RXW�VR�WKDW�QHW
IORZ�LV�QR�PRUH�WKDQ�RQH�XQLW��7KXV��WZR�XQLWV�RI�IORZ�LQ�HLWKHU�GLUHFWLRQ�ZRXOG�EH�DOORZHG��RU�WKUHH
XQLWV�RQH�ZD\�DQG�IRXU�WKH�RWKHU��DQG�VR�IRUWK��7KUHH�XQLWV�RQH�ZD\�DQG�ILYH�WKH�RWKHU�ZRXOG�QRW�EH
DOORZHG��KRZHYHU����
7R�VHH�KRZ�WKLV�ZRUNV�LQ�SUDFWLFH��FRQVLGHU�)LJ�������DJDLQ��:H�EHJLQ�E\�SHUIRUPLQJ�D�EUHDGWK�

ILUVW�VHDUFK�WKDW�ILQGV�WKH�SDWK�VKRZQ�LQ�SDQHO��D���1RZ��KRZHYHU��WKHUH�LV�D�VHFRQG�SDWK�WR�EH�IRXQG�
DV� VKRZQ� LQ� SDQHO� �E��� PDNLQJ� XVH� RI� WKH� IDFW� WKDW� ZH� DUH� VWLOO� DOORZHG� WR� VHQG� RQH� XQLW� RI� IORZ
EDFNZDUGV�DORQJ�WKH�HGJH�LQ�WKH�FHQWHU�RI�WKH�QHWZRUN��$IWHU�WKLV��KRZHYHU��WKHUH�DUH�QR�PRUH�SDWKV
OHIW� IURP�V� WR�W�DQG�VR�WKH�DOJRULWKP�VWRSV�DQG�WHOOV�XV�WKDW�WKH�PD[LPXP�SRVVLEOH�IORZ�LV�WZR�XQLWV�
ZKLFK�LV�WKH�FRUUHFW�DQVZHU�
7KLV�LV�PHUHO\�RQH�H[DPSOH�RI�WKH�DOJRULWKP��ZH�VWLOO�KDYH�WR�SURYH�WKDW�LW�JLYHV�WKH�FRUUHFW�DQVZHU

LQ� DOO� FDVHV�� ZKLFK�ZH� GR� LQ� 6HFWLRQ� �������� 7R� XQGHUVWDQG� WKH� SURRI�� KRZHYHU�� ZH� ILUVW� QHHG� WR
XQGHUVWDQG�KRZ�WKH�DOJRULWKP�LV�LPSOHPHQWHG�
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,PSOHPHQWDWLRQ�RI�WKH�DXJPHQWLQJ�SDWK�DOJRULWKP�PDNHV�XVH�RI�D�UHVLGXDO�JUDSK��ZKLFK�LV�D�GLUHFWHG
QHWZRUN�LQ�ZKLFK�WKH�HGJHV�FRQQHFW�WKH�SDLUV�RI�YHUWLFHV�RQ�WKH�RULJLQDO�QHWZRUN�EHWZHHQ�ZKLFK�ZH
VWLOO�KDYH�FDSDFLW\�DYDLODEOH�WR�FDUU\�RQH�RU�PRUH�XQLWV�RI�IORZ�LQ�WKH�JLYHQ�GLUHFWLRQ��)RU�LQVWDQFH�
)LJV������F�DQG�����G�VKRZ�WKH�UHVLGXDO�JUDSKV�FRUUHVSRQGLQJ�WR�WKH�IORZ�VWDWHV�LQ�����D�DQG�����E�
7KH�UHVLGXDO�JUDSK�LV�FRQVWUXFWHG�E\�ILUVW�WDNLQJ�WKH�LQLWLDO�QHWZRUN�DQG�UHSODFLQJ�HDFK�XQGLUHFWHG

HGJH�ZLWK� WZR�GLUHFWHG�RQHV��RQH� LQ�HDFK�GLUHFWLRQ��:H�QRZ�SHUIRUP�RXU�EUHDGWK�ILUVW�VHDUFKHV�RQ
WKLV�UHVLGXDO�JUDSK��UDWKHU�WKDQ�RQ�WKH�RULJLQDO�QHWZRUN��UHVSHFWLQJ�WKH�GLUHFWLRQV�RI�WKH�HGJHV��(YHU\
WLPH�RXU�DOJRULWKP�ILQGV�D�QHZ�SDWK�WKURXJK�WKH�QHWZRUN��ZH�XSGDWH� WKH�UHVLGXDO�JUDSK�E\�DGGLQJ�D
GLUHFWHG� HGJH� LQ� WKH� RSSRVLWH� GLUHFWLRQ� WR� WKH� SDWK� EHWZHHQ� HYHU\� SDLU� RI� YHUWLFHV� DORQJ� WKH� SDWK�
SURYLGHG�QR�VXFK�HGJH�DOUHDG\�H[LVWV��,I�D�YHUWH[�SDLU�DOUHDG\�KDV�VXFK�D�EDFNZDUG�SRLQWLQJ�HGJH��ZH
LQVWHDG� WDNH� DZD\� D� IRUZDUG�SRLQWLQJ� RQH�� �7KHUH� ZLOO� DOZD\V� EH� VXFK� D� IRUZDUG�SRLQWLQJ� HGJH�
RWKHUZLVH�WKH�SDWK�ZRXOG�QRW�H[LVW�LQ�WKH�ILUVW�SODFH���7KH�ODUJHVW�QXPEHU�RI�HGJHV�ZH�XSGDWH�GXULQJ
WKLV�SURFHVV� LV�P��WKH�WRWDO�QXPEHU�RI�HGJHV�LQ�WKH�RULJLQDO�QHWZRUN��VR�WKH�SURFHVV�WDNHV�WLPH�2�P�
DQG�WKXV�PDNHV�QR�GLIIHUHQFH�WR�WKH�2�P���Q��WLPH�FRPSOH[LW\�RI�WKH�EUHDGWK�ILUVW�VHDUFK�
1RZ� ZH� ILQG� WKH� QH[W� SDWK� E\� SHUIRUPLQJ� DQRWKHU� EUHDGWK�ILUVW� VHDUFK� RQ� WKH� XSGDWHG� UHVLGXDO

JUDSK��%\�DOZD\V�ZRUNLQJ�RQ�WKH�UHVLGXDO�JUDSK�LQ�WKLV�ZD\��ZH�LQVXUH�WKDW�ZH�ILQG�RQO\�SDWKV�DORQJ
HGJHV� WKDW�KDYH�QRW�\HW� UHDFKHG� WKHLU�PD[LPXP�IORZ��6XFK�SDWKV�DUH�FDOOHG�DXJPHQWLQJ�SDWKV��7KH
SURFHVV� LV� UHSHDWHG� XQWLO� RXU� EUHDGWK�ILUVW� VHDUFK� IDLOV� WR� ILQG� DQ\� DXJPHQWLQJ� SDWK� IURP�V� WR�W�� DW
ZKLFK� SRLQW� ZH� KDYH� IRXQG� DOO� WKH� SDWKV� WKHUH� DUH� DQG� WKH� QXPEHU� RI� SDWKV� IRXQG� LV� HTXDO� WR� WKH
QXPEHU�RI�XQLWV�LQ�WKH�PD[LPXP�IORZ�IURP�V�WR�W�
(DFK�EUHDGWK�ILUVW�VHDUFK��DORQJ�ZLWK� WKH�FRUUHVSRQGLQJ�XSGDWHV� WR� WKH�UHVLGXDO�JUDSK�� WDNHV� WLPH

2�P� ��Q�� IRU�D�QHWZRUN�VWRUHG� LQ�DGMDFHQF\� OLVW� IRUPDW� �VHH�6HFWLRQV�����DQG��������0RUHRYHU�� WKH
QXPEHU�RI�LQGHSHQGHQW�SDWKV�IURP�V�WR�W�FDQ�EH�QR�JUHDWHU�WKDQ�WKH�VPDOOHU�RI�WKH�WZR�GHJUHHV�NV�DQG�NW
RI�WKH�VRXUFH�DQG�WDUJHW�YHUWLFHV��VLQFH�HDFK�SDWK�PXVW�OHDYH�RU�HQWHU�RQH�RI�WKRVH�YHUWLFHV�DORQJ�VRPH
HGJH��DQG�WKDW�HGJH�FDQ�FDUU\�DW�PRVW�RQH�SDWK���7KXV�WKH�UXQQLQJ�WLPH�RI�WKH�DOJRULWKP�LV�2�PLQ�NV��NW�
�P� ��Q���� ,I�ZH�DUH�LQWHUHVWHG�LQ�WKH�DYHUDJH�UXQQLQJ�WLPH�RYHU�PDQ\�SDLUV�RI�YHUWLFHV�� WKHQ�ZH�FDQ
PDNH�XVH�RI�WKH�IDFW�WKDW�PLQ�NV��NW����N��ZKHUH�WKH�DYHUDJHV�DUH�RYHU�DOO�YHUWLFHV���DQG�UHFDOOLQJ
WKDW� N� ��P�Q� �(T�� ��������� WKLV� LPSOLHV� WKDW� WKH� DYHUDJH� UXQQLQJ� WLPH�RI� WKH� DOJRULWKP� LV�2��P� �
Q�P�Q���ZKLFK�LV�2�Q��RQ�D�VSDUVH�QHWZRUN�ZLWK�P��Q���2Q�WKH�RWKHU�KDQG��RQ�D�GHQVH�JUDSK�ZKHUH�P
�Q���ZH�ZRXOG�KDYH�2�Q����ZKLFK�LV�PXFK�ZRUVH��
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,W� LV� SODXVLEOH� EXW� QRW� LPPHGLDWHO\� REYLRXV� WKDW� WKH� DXJPHQWLQJ� SDWK� DOJRULWKP� FRUUHFWO\� ILQGV
PD[LPXP�IORZV��:H�FDQ�SURYH�WKDW�LW�GRHV�DV�IROORZV�
6XSSRVH�DW�VRPH�SRLQW�GXULQJ�WKH�RSHUDWLRQ�RI�WKH�DOJRULWKP��LQFOXGLQJ�WKH�YHU\�EHJLQQLQJ��ZH�KDYH

IRXQG�VRPH��RU�QR��SDWKV�IRU�IORZ�IURP�V� WR�W��EXW�DQ\�SDWKV�ZH�KDYH�IRXQG�GR�QRW�\HW�FRQVWLWXWH�WKH
PD[LPXP�SRVVLEOH�IORZ��7KDW�LV��WKHUH�LV�VWLOO�URRP�LQ�WKH�QHWZRUN�IRU�PRUH�IORZ�IURP�V�WR�W��,I�WKLV�LV
WKH�FDVH�WKHQ��DV�ZH�ZLOO�QRZ�VKRZ��WKHUH�PXVW�H[LVW�DW�OHDVW�RQH�DXJPHQWLQJ�SDWK�IURP�V� WR�W��ZKLFK
E\�GHILQLWLRQ�FDUULHV�RQH�XQLW�RI�IORZ��$QG�LI�WKHUH�H[LVWV�DQ�DXJPHQWLQJ�SDWK��RXU�EUHDGWK�ILUVW�VHDUFK
ZLOO�DOZD\V�ILQG�LW��DQG�VR�WKH�DOJRULWKP�ZLOO�JR�RQ�ILQGLQJ�DXJPHQWLQJ�SDWKV�XQWLO�WKHUH�LV�QR�URRP�LQ
WKH�QHWZRUN�IRU�PRUH�IORZ��L�H���ZH�KDYH�UHDFKHG�WKH�PD[LPXP�IORZ��ZKLFK�LV�HTXDO�WR�WKH�QXPEHU�RI
SDWKV�IRXQG�
7KXV�WKH�SURRI�WKDW�WKH�DOJRULWKP�LV�FRUUHFW�UHTXLUHV�RQO\�WKDW�ZH�SURYH�WKH�IROORZLQJ�WKHRUHP�

,I�DW�VRPH�SRLQW�LQ�RXU�DOJRULWKP�WKH�IORZ�IURP�V�WR�W�LV�OHVV�WKDQ�WKH�PD[LPXP�SRVVLEOH�IORZ�
WKHQ�WKHUH�PXVW�H[LVW�DW�OHDVW�RQH�DXJPHQWLQJ�SDWK�RQ�WKH�FXUUHQW�UHVLGXDO�JUDSK�

�

&RQVLGHU� VXFK� D� SRLQW� LQ� WKH� RSHUDWLRQ� RI� WKH� DOJRULWKP� DQG� FRQVLGHU� WKH� IORZV� RQ� WKH� QHWZRUN� DV
UHSUHVHQWHG�E\�¦��WKH�VHW�RI�DOO�LQGLYLGXDO�QHW�IORZV�DORQJ�WKH�HGJHV�RI�WKH�QHWZRUN��$QG�FRQVLGHU�DOVR
WKH�PD[LPXP�SRVVLEOH�IORZ�IURP�V� WR�W�� UHSUHVHQWHG�E\�¦PD[��WKH�FRUUHVSRQGLQJ�VHW�RI�LQGLYLGXDO�QHW
IORZV��%\�K\SRWKHVLV��WKH�WRWDO�IORZ�RXW�RI�V�DQG�LQWR�W�LV�JUHDWHU�LQ�¦PD[�WKDQ�LQ�¦��/HW�XV�FDOFXODWH�WKH
GLIIHUHQFH�IORZ�ǻ¦� �¦PD[�±�¦��E\�ZKLFK�ZH�PHDQ�ZH�VXEWUDFW�WKH�QHW�IORZ�DORQJ�HDFK�HGJH�LQ�¦�IURP
WKH� QHW� IORZ� DORQJ� WKH� FRUUHVSRQGLQJ� HGJH� LQ�¦PD[�� UHVSHFWLQJ� IORZ� GLUHFWLRQ²VHH� )LJ�� ������ �)RU
LQVWDQFH��WKH�GLIIHUHQFH�RI�WZR�XQLW�IORZV�LQ�WKH�VDPH�GLUHFWLRQ�ZRXOG�EH�]HUR�ZKLOH�WKH�GLIIHUHQFH�RI
WZR�LQ�RSSRVLWH�GLUHFWLRQV�ZRXOG�EH�WZR�LQ�RQH�GLUHFWLRQ�RU�WKH�RWKHU��
6LQFH�WKH�WRWDO�IORZ�LV�JUHDWHU�LQ�¦PD[�WKDQ�LQ�¦��WKH�GLIIHUHQFH�IORZ�ǻ¦�PXVW�KDYH�D�QHW�IORZ�RXW�RI�V

DQG�QHW� IORZ� LQWR�W��:KDW¶V�PRUH��EHFDXVH� WKH�³IOXLG´�FRPSRVLQJ� WKH�IORZ�LV�FRQVHUYHG�DW�YHUWLFHV�
HYHU\�YHUWH[�H[FHSW�V�DQG�W�PXVW�KDYH�]HUR�QHW�IORZ�LQ�RU�RXW�RI�LW�LQ�ERWK�¦PD[�DQG�¦�DQG�KHQFH�DOVR�LQ
ǻ¦��%XW�LI�HDFK�YHUWH[�RWKHU�WKDQ�V�DQG�W�KDV�]HUR�QHW�IORZ��WKHQ�WKH�IORZ�IURP�V�WR�W�PXVW�IRUP�DW�OHDVW
RQH�SDWK�DFURVV�WKH�QHWZRUN²LW�PXVW�OHDYH�HYHU\�YHUWH[�LW�HQWHUV��H[FHSW�WKH�ODVW�RQH��YHUWH[�W��/HW�XV
FKRRVH�DQ\�RQH�RI�WKHVH�SDWKV�IRUPHG�E\�WKH�IORZ�IURP�V�WR�W�LQ�ǻ¦�DQG�OHW�XV�FDOO�WKLV�SDWK�S�
6LQFH�WKHUH�LV�D�SRVLWLYH�IORZ�LQ�ǻ¦�LQ�WKH�IRUZDUG�GLUHFWLRQ�DORQJ�HDFK�HGJH�LQ�S��WKHUH�PXVW�KDYH

EHHQ�QR� VXFK� IORZ� LQ�¦� DORQJ�DQ\�RI� WKH� VDPH�HGJHV�� ,I� WKHUH�ZHUH� VXFK�D� IORZ� LQ�¦� WKHQ�ZKHQ�ZH
SHUIRUPHG�WKH�VXEWUDFWLRQ�ǻ¦� �¦PD[�±�¦�WKH�IORZ�LQ�ǻ¦�ZRXOG�EH�HLWKHU�]HUR�RU�QHJDWLYH�RQ�WKH�HGJH
LQ�TXHVWLRQ��GHSHQGLQJ�RQ�WKH�IORZ�LQ�¦PD[���EXW�FRXOG�QRW�EH�SRVLWLYH��7KXV�ZH�FDQ�DOZD\V�VDIHO\�DGG
WR�¦� D� XQLW� RI� IORZ� IRUZDUG� DORQJ� HDFK� HGJH� LQ�S� ZLWKRXW� RYHUORDGLQJ� DQ\� RI� WKH� HGJHV�� %XW� WKLV
LPPHGLDWHO\�LPSOLHV�WKDW�S�LV�DQ�DXJPHQWLQJ�SDWK�IRU�¦�
7KXV�� IRU� DQ\� IORZ� WKDW� LV� QRW�PD[LPDO�� DW� OHDVW� RQH�DXJPHQWLQJ�SDWK� DOZD\V�H[LVWV�� DQG�KHQFH� LW

IROORZV� WKDW� WKH� DXJPHQWLQJ�SDWK� DOJRULWKP�DV� GHVFULEHG�DERYH� LV� FRUUHFW� DQG�ZLOO� DOZD\V� ILQG� WKH
PD[LPXP�IORZ�



�

)LJXUH�������&RUUHFWQHVV�RI�WKH�DXJPHQWLQJ�SDWK�DOJRULWKP��,I�ZH�VXEWUDFW�IURP�WKH�PD[LPXP�IORZ
¦PD[��XSSHU�OHIW��DQ\�VXEPD[LPDO�IORZ�¦��ORZHU�OHIW���WKH�UHVXOWLQJ�GLIIHUHQFH�IORZ��ULJKW��QHFHVVDULO\
FRQWDLQV�DW�OHDVW�RQH�SDWK�IURP�V�WR�W��DQG�WKDW�SDWK�LV�QHFHVVDULO\�DQ�DXJPHQWLQJ�SDWK�IRU�¦�
�
�
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2QFH� ZH� KDYH� IRXQG� WKH� PD[LPXP� SRVVLEOH� IORZ� EHWZHHQ� D� JLYHQ� SDLU� RI� YHUWLFHV�� ZH� DOVR
DXWRPDWLFDOO\�KDYH�WKH�VL]H�RI� WKH�PLQLPXP�HGJH�FXW�VHW�DQG�WKH�QXPEHU�RI�HGJH�LQGHSHQGHQW�SDWKV�
ZKLFK�DUH�ERWK�QXPHULFDOO\�HTXDO�WR�WKH�QXPEHU�RI�XQLWV�LQ�WKH�PD[LPXP�IORZ��VHH�6HFWLRQ�������
:H� PLJKW� DOVR� ZLVK� WR� NQRZ� H[DFWO\� ZKHUH� WKH� LQGHSHQGHQW� SDWKV� UXQ�� 7KH� DXJPHQWLQJ� SDWK

DOJRULWKP�GRHV�QRW�JLYH�XV�WKLV�GLUHFWO\�VLQFH��DV�ZH�KDYH�VHHQ��WKH�DXJPHQWLQJ�SDWKV�LW�ILQGV�DUH�QRW
QHFHVVDULO\� WKH� VDPH� DV� WKH� LQGHSHQGHQW� SDWKV�� EXW� RQO\� D� YHU\� VPDOO� H[WHQVLRQ� RI� WKH� DOJRULWKP� LV
QHFHVVDU\�WR�ILQG�WKH�LQGHSHQGHQW�SDWKV��ZH�WDNH�WKH�ILQDO�UHVLGXDO�JUDSK�SURGXFHG�DW�WKH�HQG�RI�WKH
DOJRULWKP�DQG�UHPRYH�IURP�LW�HYHU\�SDLU�RI�GLUHFWHG�HGJHV�WKDW�MRLQV�WKH�VDPH�WZR�YHUWLFHV�LQ�RSSRVLWH
GLUHFWLRQV²VHH�)LJ��������,Q�RWKHU�ZRUGV�ZH�DUH�UHPRYLQJ�DOO�QHWZRUN�HGJHV�WKDW�FDUU\�QR�QHW�IORZ�
7KH�HGJHV�UHPDLQLQJ�DIWHU�ZH�KDYH�GRQH�WKLV�DUH�QHFHVVDULO\�WKRVH� WKDW�DFWXDOO\�FDUU\� WKH�PD[LPXP
IORZ� DQG� LW� LV� D� VWUDLJKWIRUZDUG� PDWWHU� WR� WUDFH� WKHVH� HGJHV� IURP�V� WR�W� WR� UHFRQVWUXFW� WKH� SDWKV
WKHPVHOYHV������,Q�IDFW��DV�)LJ�������VKRZV��WKH�UHPDLQLQJ�GLUHFWHG�HGJHV�LQ�WKH�UHVLGXDO�JUDSK�SRLQW
EDFNZDUGV�IURP�W�WR�V��VR�LW�LV�RIWHQ�HDVLHU�WR�UHFRQVWUXFW�WKH�SDWKV�EDFNZDUGV��

�

)LJXUH�������5HFRQVWUXFWLQJ�WKH�LQGHSHQGHQW�SDWKV�IURP�WKH�UHVLGXDO�JUDSK��'HOHWLQJ�HYHU\�SDLU
RI�HGJHV�RQ�WKH�UHVLGXDO�JUDSK�WKDW�MRLQ�WKH�VDPH�WZR�YHUWLFHV�LQ�RSSRVLWH�GLUHFWLRQV�OHDYHV�D�JUDSK
FRQVLVWLQJ� RI� WKH� LQGHSHQGHQW� SDWKV� RQO\�� VSHOOHG� RXW� LQ� GLUHFWHG� HGJHV� WKDW� SRLQW� EDFNZDUGV� DORQJ
WKRVH�SDWKV�IURP�WDUJHW�WR�VRXUFH�
�
�
$QRWKHU�WKLQJ�ZH�PLJKW�ZDQW�LV�WKH�VHW�RI�HGJHV�WKDW�FRQVWLWXWHV�WKH�PLQLPXP�FXW�VHW�IRU�WKH�YHUWLFHV

V�DQG�W��,Q�IDFW�LQ�PRVW�FDVHV�WKHUH�LV�PRUH�WKDQ�RQH�FXW�VHW�RI�WKH�PLQLPXP�VL]H��VR�PRUH�JHQHUDOO\�ZH
ZRXOG� OLNH� WR� ILQG�RQH�RI� WKH�PLQLPXP�FXW� VHWV��$JDLQ�ZH� FDQ�GR� WKLV� E\� D� VPDOO� H[WHQVLRQ�RI� WKH
DXJPHQWLQJ� SDWK� DOJRULWKP�� 7KH� SURFHGXUH� LV� LOOXVWUDWHG� LQ� )LJ�� ������:H� DJDLQ� FRQVLGHU� WKH� ILQDO
UHVLGXDO�JUDSK�JHQHUDWHG�DW�WKH�HQG�RI�WKH�DOJRULWKP��%\�GHILQLWLRQ�WKLV�JUDSK�KDV�QR�GLUHFWHG�SDWK�LQ�LW
IURP�V�WR�W��VLQFH�LI�LW�GLG�WKH�DOJRULWKP�ZRXOG�QRW�KDYH�VWRSSHG�\HW���7KXV�ZH�FDQ�UHDFK�VRPH�VXEVHW
RI�YHUWLFHV�E\�VWDUWLQJ�DW�YHUWH[�V��EXW�ZH�FDQQRW�UHDFK�DOO�RI�WKHP���)RU�H[DPSOH��ZH�FDQQRW�UHDFK�W��
/HW�9V�EH�WKH�VXEVHW�RI�YHUWLFHV�UHDFKDEOH�IURP�V�E\�VRPH�SDWK�RQ�WKH�UHVLGXDO�JUDSK�DQG�OHW�9W�EH�WKH
VHW�RI�DOO�WKH�RWKHU�YHUWLFHV�LQ�WKH�JUDSK�WKDW�DUH�QRW�LQ�9V��7KHQ�WKH�VHW�RI�HGJHV�RQ�WKH�RULJLQDO�JUDSK
WKDW�FRQQHFW�YHUWLFHV�LQ�9V�WR�YHUWLFHV�LQ�9W�FRQVWLWXWHV�D�PLQLPXP�FXW�VHW�IRU�V�DQG�W�
:K\�GRHV�WKLV�ZRUN"�&OHDUO\�LI�ZH�UHPRYHG�DOO�HGJHV�WKDW�FRQQHFW�YHUWLFHV�LQ�9V�WR�WKRVH�LQ�9W�ZH

GLVFRQQHFW�V�DQG�W��VLQFH�WKHQ�WKHUH�LV�QR�SDWK�DW�DOO�EHWZHHQ�V�DQG�W��7KXV�WKH�HGJHV�EHWZHHQ�9V�DQG�9W



FRQVWLWXWH�D�FXW�VHW��7KDW� LW� LV�D�PLQLPXP�FXW�VHW�ZH�FDQ�VHH�E\�WKH�IROORZLQJ�DUJXPHQW��(YHU\�HGJH
IURP�D�YHUWH[�LQ�9V�WR�D�YHUWH[�LQ�9W�PXVW�EH�FDUU\LQJ�D�XQLW�RI�IORZ�IURP�9V�WR�9W��,I�LW�ZHUH�QRW��WKHQ�LW
ZRXOG�KDYH�DYDLODEOH�FDSDFLW\�DZD\�IURP�9V��PHDQLQJ�WKDW�WKHUH�ZRXOG�EH�D�FRUUHVSRQGLQJ�GLUHFWHG
HGJH�DZD\�IURP�9V�LQ�WKH�UHVLGXDO�JUDSK��,Q�WKDW�FDVH��KRZHYHU��WKH�YHUWH[�DW�WKH�IDU�HQG�RI�WKDW�HGJH
ZRXOG� EH� UHDFKDEOH� IURP�9V� RQ� WKH� UHVLGXDO� JUDSK� DQG� WKHUHIRUH�ZRXOG� EH� D� SDUW� RI�9V�� 6LQFH� WKH
YHUWH[�LQ�TXHVWLRQ�LV��E\�K\SRWKHVLV��LQ�9W�DQG�QRW�LQ�9V��LW�IROORZV�WKDW�LW�PXVW�EH�FDUU\LQJ�D�XQLW�RI�WKH
PD[LPXP�IORZ�IURP�V�WR�W�

�

)LJXUH�������)LQGLQJ�D�PLQLPXP�FXW�VHW��2QFH�ZH�KDYH�IRXQG�D�VHW�RI�PD[LPXP�IORZV�IRU�D�JLYHQ�V
DQG�W� �OHIW��ZH�FDQ�ILQG�D�FRUUHVSRQGLQJ�PLQLPXP�FXW�VHW�E\�FRQVLGHULQJ� WKH�UHVLGXDO�JUDSK��ULJKW��
7KH� VHW�9V� LV� WKH�VHW�RI�YHUWLFHV�UHDFKDEOH�IURP�V�E\�IROORZLQJ�GLUHFWHG�HGJHV�RQ�WKH�UHVLGXDO�JUDSK
DQG�9W�LV�WKH�UHVW�RI�WKH�YHUWLFHV��7KH�PLQLPXP�FXW�VHW�LV�WKH�VHW�RI�HGJHV��WZR�RI�WKHP�LQ�WKLV�FDVH��WKDW
FRQQHFW�9V�WR�9W�RQ�WKH�RULJLQDO�QHWZRUN�
�
�
1RZ��VLQFH�HYHU\�HGJH�LQ�WKH�FXW�VHW�EHWZHHQ�9V�DQG�9W�LV�FDUU\LQJ�D�XQLW�RI�IORZ��WKH�VL]H�RI�WKDW�FXW

VHW�LV�QXPHULFDOO\�HTXDO�WR�WKH�VL]H�RI�WKH�IORZ�IURP�9V�WR�9W��ZKLFK�LV�DOVR�WKH�IORZ�IURP�V� WR�W��$QG�
E\�WKH�PD[�IORZ�PLQ�FXW�WKHRUHP��D�FXW�VHW�EHWZHHQ�V�DQG�W�WKDW�LV�HTXDO�LQ�VL]H�WR�WKH�PD[LPXP�IORZ
EHWZHHQ�V�DQG�W�LV�D�PLQLPXP�FXW�VHW��DQG�KHQFH�RXU�UHVXOW�LV�SURYHG�
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�

2QFH�ZH�NQRZ�KRZ�WR�ILQG�HGJH�LQGHSHQGHQW�SDWKV� LW� LV�VWUDLJKWIRUZDUG� WR� ILQG�YHUWH[�LQGHSHQGHQW
SDWKV� DV�ZHOO�� )LUVW�� QRWH� WKDW� DQ\� VHW� RI� YHUWH[�LQGHSHQGHQW� SDWKV� EHWZHHQ� WZR� YHUWLFHV�V� DQG�W� LV
QHFHVVDULO\�DOVR�D�VHW�RI�HGJH�LQGHSHQGHQW�SDWKV�� LI� WZR�SDWKV�VKDUH�QRQH�RI�WKH�VDPH�YHUWLFHV��WKHQ
WKH\�DOVR�VKDUH�QRQH�RI� WKH�VDPH�HGJHV��7KXV��ZH�FDQ�ILQG�YHUWH[�LQGHSHQGHQW�SDWKV�XVLQJ�WKH�VDPH
DOJRULWKP� WKDW�ZH�XVHG� WR� ILQG� HGJH�LQGHSHQGHQW�SDWKV��EXW� DGGLQJ� WKH� UHVWULFWLRQ� WKDW�QR� WZR�SDWKV
PD\� SDVV� WKURXJK� WKH� VDPH� YHUWH[�� 2QH�ZD\� WR� LPSRVH� WKLV� UHVWULFWLRQ� LV� WKH� IROORZLQJ�� )LUVW�� ZH
UHSODFH�RXU�XQGLUHFWHG�QHWZRUN�ZLWK�D�GLUHFWHG�RQH��DV�VKRZQ�LQ�)LJ���������ZLWK�D�GLUHFWHG�HGJH�LQ
HLWKHU�GLUHFWLRQ�EHWZHHQ�HYHU\�FRQQHFWHG�SDLU�RI�YHUWLFHV��7KLV�GRHV�QRW�FKDQJH�WKH�PD[LPXP�IORZ
SRVVLEOH�LQ�WKH�QHWZRUN�DQG�KHQFH�GRHV�QRW�FKDQJH�WKH�QXPEHU�RI�LQGHSHQGHQW�SDWKV�HLWKHU�

�

)LJXUH��������0DSSLQJ�IURP�WKH�YHUWH[�LQGHSHQGHQW�SDWK�SUREOHP�WR�WKH�HGJH�LQGHSHQGHQW�SDWK
SUREOHP��6WDUWLQJ�ZLWK�DQ�XQGLUHFWHG�QHWZRUN��D���ZH��E��UHSODFH�HDFK�HGJH�E\�WZR�GLUHFWHG�HGJHV�
WKHQ��F��UHSODFH�HDFK�YHUWH[��H[FHSW�IRU�V�DQG�W��ZLWK�D�SDLU�RI�YHUWLFHV�ZLWK�D�GLUHFWHG�HGJH�EHWZHHQ
WKHP��VKDGHG��IROORZLQJ�WKH�SUHVFULSWLRQ�LQ�)LJ���������(GJH�LQGHSHQGHQW�SDWKV�RQ�WKH�ILQDO�QHWZRUN
WKHQ�FRUUHVSRQG�WR�YHUWH[�LQGHSHQGHQW�SDWKV�RQ�WKH�LQLWLDO�QHWZRUN�
�
�
6HFRQG��ZH�UHSODFH�HDFK�RI� WKH�YHUWLFHV�LQ� WKH�QHWZRUN��H[FHSW�V� DQG�W��ZLWK�D�FRQVWUXFW� OLNH� WKDW

VKRZQ� LQ�)LJ�� �������(DFK�YHUWH[� LV� UHSODFHG�ZLWK� WZR�YHUWLFHV� VHSDUDWHG�E\� D� GLUHFWHG� HGJH��$OO
RULJLQDO�LQFRPLQJ�HGJHV�FRQQHFW�WR�WKH�ILUVW�RI�WKHVH�WZR��RQ�WKH�OHIW�LQ�)LJ���������DQG�DOO�RXWJRLQJ
HGJHV�WR�WKH�VHFRQG��7KLV�QHZ�FRQVWUXFW�IXQFWLRQV�DV�WKH�RULJLQDO�YHUWH[�GLG��DOORZLQJ�IORZV�WR�SDVV�LQ
DORQJ�LQJRLQJ�HGJHV�DQG�RXW�DORQJ�RXWJRLQJ�RQHV��EXW�ZLWK�RQH�LPSRUWDQW�GLIIHUHQFH��DVVXPLQJ�WKDW�WKH
QHZ�HGJH�MRLQLQJ�WKH�WZR�YHUWLFHV�KDV�XQLW�FDSDFLW\�OLNH�DOO�RWKHUV��ZH�DUH�QRZ�OLPLWHG�WR�MXVW�RQH�XQLW



RI�IORZ�WKURXJK�WKH�HQWLUH�FRQVWUXFW��VLQFH�HYHU\�SDWK�WKURXJK�WKH�FRQVWUXFW�PXVW�WUDYHUVH�WKLV�FHQWUDO
HGJH��7KXV�HYHU\�DOORZHG�IORZ�RQ�WKLV�QHWZRUN�FRUUHVSRQGV�WR�D�IORZ�RQ�WKH�RULJLQDO�QHWZRUN�ZLWK�DW
PRVW�D�VLQJOH�XQLW�SDVVLQJ�WKRXJK�HDFK�YHUWH[�

�

)LJXUH��������9HUWH[�WUDQVIRUPDWLRQ�IRU�WKH�YHUWH[�LQGHSHQGHQW�SDWK�DOJRULWKP� �(DFK�YHUWH[�LQ
WKH�QHWZRUN�LV�UHSODFHG�E\�D�SDLU�RI�YHUWLFHV�MRLQHG�E\�D�VLQJOH�GLUHFWHG�HGJH��$OO�LQFRPLQJ�HGJHV�DUH
FRQQHFWHG�WR�RQH�RI�WKH�SDLU�DQG�DOO�RXWJRLQJ�HGJHV�WR�WKH�RWKHU�DV�VKRZQ�
�
�
7UDQVIRUPLQJ�WKH�HQWLUH�QHWZRUN�RI�)LJ�������D�XVLQJ�WKLV�PHWKRG�JLYHV�XV�D�QHWZRUN�WKDW�ORRNV�OLNH

)LJ�������F��1RZ�ZH�VLPSO\�DSSO\� WKH�QRUPDO�DXJPHQWLQJ�SDWK�DOJRULWKP� WR� WKLV�GLUHFWHG�QHWZRUN�
DQG�WKH�QXPEHU�RI�HGJH�LQGHSHQGHQW�SDWKV�ZH�ILQG�LV�HTXDO�WR�WKH�QXPEHU�RI�YHUWH[�LQGHSHQGHQW�SDWKV
RQ�WKH�RULJLQDO�QHWZRUN�

�
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�

�����:KDW� LV� WKH� WLPH�FRPSOH[LW\�� DV� D� IXQFWLRQ�RI� WKH�QXPEHU�Q� RI� YHUWLFHV� DQG�P�RI� HGJHV��RI� WKH
IROORZLQJ�QHWZRUN�RSHUDWLRQV�LI�WKH�QHWZRUN�LQ�TXHVWLRQ�LV�VWRUHG�LQ�DGMDFHQF\�OLVW�IRUPDW"

D��&DOFXODWLQJ�WKH�PHDQ�GHJUHH�
E��&DOFXODWLQJ�WKH�PHGLDQ�GHJUHH�
F��&DOFXODWLQJ� WKH� DLU�WUDYHO� URXWH� EHWZHHQ� WZR� DLUSRUWV� WKDW� KDV� WKH� VKRUWHVW� WRWDO� IO\LQJ� WLPH�
DVVXPLQJ�WKH�IO\LQJ�WLPH�RI�HDFK�LQGLYLGXDO�IOLJKW�LV�NQRZQ�

G��&DOFXODWLQJ� WKH�PLQLPXP�QXPEHU�RI� URXWHUV� WKDW�ZRXOG�KDYH� WR�IDLO� WR�GLVFRQQHFW� WZR�JLYHQ
URXWHUV�RQ�WKH�,QWHUQHW�

�

�����)RU�DQ�XQGLUHFWHG�QHWZRUN�RI�Q�YHUWLFHV�VWRUHG�LQ�DGMDFHQF\�OLVW�IRUPDW�VKRZ�WKDW�

D��,W�WDNHV�WLPH�2�Q�Q���P���WR�ILQG�WKH�GLDPHWHU�RI�WKH�QHWZRUN�
E�� ,W� WDNHV� WLPH�2�N�� RQ� DYHUDJH� WR� OLVW� WKH� QHLJKERUV� RI� D� YHUWH[��ZKHUH� N� LV� WKH� DYHUDJH
GHJUHH�LQ�WKH�QHWZRUN��EXW�WLPH�2�N���WR�OLVW�WKH�VHFRQG�QHLJKERUV�

�

�����)RU� D�GLUHFWHG�QHWZRUN� LQ�ZKLFK� LQ±DQG�RXW�GHJUHHV� DUH�XQFRUUHODWHG�� VKRZ� WKDW� LW� WDNHV� WLPH
2�P��Q�� WR� FDOFXODWH� WKH� UHFLSURFLW\� RI� WKH�QHWZRUN��:K\� LV� WKH� UHVWULFWLRQ� WR� XQFRUUHODWHG�GHJUHHV
QHFHVVDU\"�:KDW�FRXOG�KDSSHQ�LI�WKH\�ZHUH�FRUUHODWHG"

����� 6XSSRVH� WKDW�ZH� GHILQH� D� QHZ� FHQWUDOLW\�PHDVXUH�[L� IRU� YHUWH[�L� LQ� D� QHWZRUN� WR� EH� D� VXP�RI
FRQWULEXWLRQV�DV�IROORZV����IRU�YHUWH[�L�LWVHOI��Į�IRU�HDFK�YHUWH[�DW��JHRGHVLF��GLVWDQFH���IURP�L��Į��IRU
HDFK�YHUWH[�DW�GLVWDQFH����DQG�VR�IRUWK��ZKHUH�Į�����LV�D�JLYHQ�FRQVWDQW�

D��:ULWH�DQ�H[SUHVVLRQ�IRU�[L�LQ�WHUPV�RI�Į�DQG�WKH�JHRGHVLF�GLVWDQFHV�GLM�EHWZHHQ�YHUWH[�SDLUV�
E�� 'HVFULEH� EULHIO\� DQ� DOJRULWKP� IRU� FDOFXODWLQJ� WKLV� FHQWUDOLW\� PHDVXUH�� :KDW� LV� WKH� WLPH
FRPSOH[LW\�RI�FDOFXODWLQJ�[L�IRU�DOO�L"

�
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$�GLVFXVVLRQ�RI�QHWZRUN�DOJRULWKPV�WKDW�XVH�PDWUL[�DQG�OLQHDU�DOJHEUD�PHWKRGV��LQFOXGLQJ
DOJRULWKPV�IRU�SDUWLWLRQLQJ�QHWZRUN�QRGHV�LQWR�JURXSV

�

,1�7+(�SUHFHGLQJ�FKDSWHU�ZH�GLVFXVVHG�D�YDULHW\�RI�FRPSXWHU�DOJRULWKPV�IRU�FDOFXODWLQJ�TXDQWLWLHV�RI
LQWHUHVW�RQ�QHWZRUNV��LQFOXGLQJ�GHJUHHV��FHQWUDOLWLHV��VKRUWHVW�SDWKV��DQG�FRQQHFWLYLW\��:H�FRQWLQXH�RXU
VWXG\�RI�QHWZRUN�DOJRULWKPV�LQ�WKLV�FKDSWHU�ZLWK�DOJRULWKPV�EDVHG�RQ�PDWUL[�FDOFXODWLRQV�DQG�PHWKRGV
RI� OLQHDU� DOJHEUD� DSSOLHG� WR� WKH� DGMDFHQF\� PDWUL[� RU� RWKHU� QHWZRUN� PDWULFHV� VXFK� DV� WKH� JUDSK
/DSODFLDQ��:H�EHJLQ�ZLWK�D�VLPSOH�H[DPSOH��WKH�FDOFXODWLRQ�RI�HLJHQYHFWRU�FHQWUDOLW\��ZKLFK�LQYROYHV
ILQGLQJ�WKH�OHDGLQJ�HLJHQYHFWRU�RI�WKH�DGMDFHQF\�PDWUL[��DQG�WKHQ�ZH�PRYH�RQ�WR�VRPH�PRUH�DGYDQFHG
H[DPSOHV�� LQFOXGLQJ� )LHGOHU¶V� VSHFWUDO� SDUWLWLRQLQJ� PHWKRG� DQG� DOJRULWKPV� IRU� QHWZRUN� FRPPXQLW\
GHWHFWLRQ�
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�

$V�GLVFXVVHG�LQ�6HFWLRQ������WKH�HLJHQYHFWRU�FHQWUDOLW\�RI�D�YHUWH[�L�LQ�D�QHWZRUN�LV�GHILQHG�WR�EH�WKH
LWK�HOHPHQW�RI�WKH�OHDGLQJ�HLJHQYHFWRU�RI�WKH�DGMDFHQF\�PDWUL[��PHDQLQJ�WKH�HLJHQYHFWRU�FRUUHVSRQGLQJ
WR�WKH�ODUJHVW��PRVW�SRVLWLYH��HLJHQYDOXH��(LJHQYHFWRU�FHQWUDOLW\�LV�DQ�H[DPSOH�RI�D�TXDQWLW\�WKDW�FDQ
EH�FDOFXODWHG�E\�D�FRPSXWHU�LQ�D�QXPEHU�RI�GLIIHUHQW�ZD\V��EXW�QRW�DOO�RI�WKHP�DUH�HTXDOO\�HIILFLHQW�
2QH�ZD\�WR�FDOFXODWH�LW�ZRXOG�EH�WR�XVH�D�VWDQGDUG�OLQHDU�DOJHEUD�PHWKRG�WR�FDOFXODWH�WKH�FRPSOHWH�VHW
RI�HLJHQYHFWRUV�RI�WKH�DGMDFHQF\�PDWUL[��DQG�WKHQ�GLVFDUG�DOO�RI�WKHP�H[FHSW�WKH�RQH�FRUUHVSRQGLQJ�WR
WKH�ODUJHVW�HLJHQYDOXH��7KLV��KRZHYHU��ZRXOG�EH�D�ZDVWHIXO�DSSURDFK��VLQFH�LW�LQYROYHV�FDOFXODWLQJ�D
ORW�RI�WKLQJV�WKDW�ZH�GRQ¶W�QHHG��$�VLPSOHU�DQG�IDVWHU�PHWKRG�IRU�FDOFXODWLQJ�WKH�HLJHQYHFWRU�FHQWUDOLW\
LV�WKH�SRZHU�PHWKRG�
,I� ZH� VWDUW� ZLWK� HVVHQWLDOO\� DQ\� LQLWLDO� YHFWRU�[���� DQG� PXOWLSO\� LW� UHSHDWHGO\� E\� WKH� DGMDFHQF\

PDWUL[�$��ZH�JHW

�

������
�

DQG��DV�VKRZQ�LQ�6HFWLRQ������[�W��ZLOO�FRQYHUJH����WR�WKH�UHTXLUHG�OHDGLQJ�HLJHQYHFWRU�RI�$�DV�W�ĺ
���7KLV�LV�WKH�SRZHU�PHWKRG��DQG��VLPSOH�WKRXJK�LW�LV��WKHUH�LV�QR�IDVWHU�PHWKRG�NQRZQ�IRU�FDOFXODWLQJ
WKH� HLJHQYHFWRU� FHQWUDOLW\� �RU� WKH� OHDGLQJ� HLJHQYHFWRU� RI� DQ\� PDWUL[��� 7KHUH� DUH� D� IHZ� FDYHDWV�
KRZHYHU�

���7KH�PHWKRG�ZLOO�QRW�ZRUN� LI� WKH� LQLWLDO�YHFWRU�[����KDSSHQV� WR�EH�RUWKRJRQDO� WR� WKH� OHDGLQJ
HLJHQYHFWRU��2QH�VLPSOH�ZD\�WR�DYRLG�WKLV�SUREOHP�LV�WR�FKRRVH�WKH�LQLWLDO�YHFWRU�WR�KDYH�DOO
HOHPHQWV�SRVLWLYH��7KLV�ZRUNV�EHFDXVH�DOO�HOHPHQWV�RI�WKH�OHDGLQJ�HLJHQYHFWRU�RI�D�UHDO�PDWUL[
ZLWK�QRQ�QHJDWLYH�HOHPHQWV�KDYH�WKH�VDPH�VLJQ�����ZKLFK�PHDQV�WKDW�DQ\�YHFWRU�RUWKRJRQDO�WR
WKH�OHDGLQJ�HLJHQYHFWRU�PXVW�FRQWDLQ�ERWK�SRVLWLYH�DQG�QHJDWLYH�HOHPHQWV��+HQFH��LI�ZH�FKRRVH
DOO�HOHPHQWV�RI�RXU�LQLWLDO�YHFWRU�WR�EH�SRVLWLYH��ZH�DUH�JXDUDQWHHG�WKDW�WKH�YHFWRU�FDQQRW�EH
RUWKRJRQDO�WR�WKH�OHDGLQJ�HLJHQYHFWRU�

���7KH�HOHPHQWV�RI�WKH�YHFWRU�KDYH�D�WHQGHQF\�WR�JURZ�RQ�HDFK�LWHUDWLRQ²WKH\�JHW�PXOWLSOLHG�E\
DSSUR[LPDWHO\�D� IDFWRU�RI� WKH� OHDGLQJ�HLJHQYDOXH�HDFK� WLPH��ZKLFK� LV�XVXDOO\�JUHDWHU� WKDQ���
&RPSXWHUV�KRZHYHU�FDQQRW�KDQGOH�DUELWUDULO\�ODUJH�QXPEHUV��(YHQWXDOO\�WKH�YDULDEOHV�VWRULQJ
WKH�HOHPHQWV�RI� WKH�YHFWRU�ZLOO�RYHUIORZ� WKHLU� DOORZHG� UDQJH��7R�REYLDWH� WKLV�SUREOHP��ZH
PXVW� SHULRGLFDOO\� UHQRUPDOL]H� WKH� YHFWRU� E\� GLYLGLQJ� DOO� WKH� HOHPHQWV� E\� WKH� VDPH� YDOXH�
ZKLFK�ZH�DUH�DOORZHG�WR�GR�VLQFH�DQ�HLJHQYHFWRU�GLYLGHG�WKURXJKRXW�E\�D�FRQVWDQW�LV�VWLOO�DQ
HLJHQYHFWRU��$Q\�VXLWDEOH�GLYLVRU�ZLOO�GR��EXW�ZH�PLJKW��IRU�LQVWDQFH��GLYLGH�E\�WKH�PDJQLWXGH
RI�WKH�YHFWRU��WKHUHE\�QRUPDOL]LQJ�LW�VR�WKDW�LWV�QHZ�PDJQLWXGH�LV���

��� +RZ� ORQJ� GR� ZH� QHHG� WR� JR� RQ� PXOWLSO\LQJ� E\� WKH� DGMDFHQF\� PDWUL[� EHIRUH� WKH� UHVXOW



FRQYHUJHV� WR� WKH� OHDGLQJ� HLJHQYDOXH"� 7KLV� ZLOO� GHSHQG� RQ� KRZ� DFFXUDWH� DQ� DQVZHU� ZH
UHTXLUH��EXW�RQH�VLPSOH�ZD\�WR�JDXJH�FRQYHUJHQFH�LV�WR�SHUIRUP�WKH�FDOFXODWLRQ�LQ�SDUDOOHO�IRU
WZR�GLIIHUHQW� LQLWLDO�YHFWRUV�DQG�ZDWFK� WR�VHH�ZKHQ� WKH\�UHDFK� WKH�VDPH�YDOXH��ZLWKLQ�VRPH
SUHVFULEHG�WROHUDQFH��7KLV�VFKHPH�ZRUNV�EHVW� LI�� IRU�WKH�SDUWLFXODU� LQLWLDO�YHFWRUV�FKRVHQ��DW
OHDVW�VRPH�HOHPHQWV�RI� WKH�YHFWRU�FRQYHUJH� WR� WKH�ILQDO�DQVZHU�IURP�RSSRVLWH�GLUHFWLRQV�IRU
WKH� WZR� YHFWRUV�� RQH� IURP� DERYH� DQG� RQH� IURP� EHORZ�� �:H� PXVW� PDNH� WKH� FRPSDULVRQV
LPPHGLDWHO\�DIWHU� WKH�UHQRUPDOL]DWLRQ�RI� WKH�YHFWRU�GHVFULEHG� LQ� ����DERYH²LI�ZH�FRPSDUH
XQQRUPDOL]HG�YHFWRUV�� WKHQ�PRVW� OLNHO\�DOO� HOHPHQWV�ZLOO� LQFUHDVH�RQ�HYHU\� LWHUDWLRQ�DQG�QR
FRQYHUJHQFH�ZLOO�EH�YLVLEOH���,I�ZH�FDQ�ILQG�VRPH�HOHPHQWV�WKDW�GR�WKLV��DQG�ZH�XVXDOO\�FDQ��
WKHQ� LW� LV�D� IDLUO\�VDIH�EHW� WKDW� WKH�GLIIHUHQFH�EHWZHHQ� WKH� WZR�YDOXHV� IRU�VXFK�DQ�HOHPHQW� LV
JUHDWHU� WKDQ� WKH� GLIIHUHQFH� RI� HLWKHU� IURP� WKH� WUXH� YDOXH� RI� WKH� VDPH� HOHPHQW� LQ� WKH� OHDGLQJ
HLJHQYHFWRU�

�
7KH�SRZHU�PHWKRG�FDQ�DOVR�EH�XVHG�WR�FDOFXODWH�WKH�OHDGLQJ�HLJHQYDOXH�ț��RI�WKH�DGMDFHQF\�PDWUL[�

2QFH� WKH� DOJRULWKP� KDV� FRQYHUJHG� WR� WKH� OHDGLQJ� HLJHQYHFWRU�� RQH� PRUH� PXOWLSOLFDWLRQ� E\� WKH
DGMDFHQF\�PDWUL[�ZLOO�PXOWLSO\�WKDW�YHFWRU�E\�H[DFWO\�D�IDFWRU�RI�ț���7KXV��ZH�FDQ�WDNH�WKH�UDWLR�RI�WKH
YDOXHV�RI�DQ\�HOHPHQW�RI� WKH�YHFWRU�DW� WZR�VXFFHVVLYH� LWHUDWLRQV�RI� WKH�DOJRULWKP�DIWHU�FRQYHUJHQFH
DQG� WKDW� UDWLR� VKRXOG� HTXDO� ț��� 2U� ZH� FRXOG� WDNH� WKH� DYHUDJH� RI� WKH� UDWLRV� IRU� VHYHUDO� GLIIHUHQW
HOHPHQWV� WR� UHGXFH� QXPHULFDO� HUURUV�� �:H� VKRXOG� KRZHYHU� DYRLG� HOHPHQWV�ZKRVH� YDOXHV� DUH� YHU\
VPDOO��VLQFH�D�VPDOO�HUURU� LQ�VXFK�DQ�HOHPHQW�FRXOG�OHDG�WR�D�ODUJH�IUDFWLRQDO�HUURU�LQ� WKH�UDWLR��RXU
DFFXUDF\�ZLOO�EH�EHWWHU�LI�ZH�WDNH�WKH�DYHUDJH�RI�VRPH�RI�WKH�ODUJHU�HOHPHQWV��
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+RZ� ORQJ�GRHV� WKH� SRZHU�PHWKRG� WDNH� WR� UXQ"�7KH� DQVZHU� FRPHV� LQ� WZR�SDUWV�� )LUVW��ZH� QHHG� WR
NQRZ�KRZ�ORQJ�HDFK�PXOWLSOLFDWLRQ�E\�WKH�DGMDFHQF\�PDWUL[�WDNHV��DQG�VHFRQG�ZH�QHHG�WR�NQRZ�KRZ
PDQ\�PXOWLSOLFDWLRQV�DUH�QHHGHG�WR�JHW�D�UHTXLUHG�GHJUHH�RI�DFFXUDF\�LQ�RXU�DQVZHU�
,I�RXU�QHWZRUN�LV�VWRUHG�LQ�DGMDFHQF\�PDWUL[�IRUP��WKHQ�PXOWLSO\LQJ�WKDW�PDWUL[�LQWR�D�JLYHQ�YHFWRU�LV

VWUDLJKWIRUZDUG�� ([DFWO\�Q��PXOWLSOLFDWLRQV� DUH� QHHGHG� IRU� RQH�PDWUL[�PXOWLSOLFDWLRQ²RQH� IRU� HDFK
HOHPHQW�RI�WKH�DGMDFHQF\�PDWUL[��:H�FDQ�GR�EHWWHU��KRZHYHU��LI�RXU�QHWZRUN�LV�LQ�DGMDFHQF\�OLVW�IRUP�
(OHPHQWV�RI�WKH�DGMDFHQF\�PDWUL[�WKDW�DUH�]HUR�FRQWULEXWH�QRWKLQJ�WR�WKH�PDWUL[�PXOWLSOLFDWLRQ�DQG�VR
FDQ�EH�QHJOHFWHG��7KH�DGMDFHQF\� OLVW� DOORZV�XV� WR�VNLS� WKH�]HUR� WHUPV�DXWRPDWLFDOO\�� VLQFH� LW� VWRUHV
RQO\�WKH�QRQ�]HUR�RQHV�DQ\ZD\�
,Q�DQ�RUGLQDU\�XQZHLJKWHG�QHWZRUN�HDFK�QRQ�]HUR�HOHPHQW�RI�WKH�DGMDFHQF\�PDWUL[�LV�HTXDO�WR����/HW

^XM`��M� ������NL�EH�WKH�VHW�RI�QHLJKERUV�RI�YHUWH[�L��ZKHUH�NL�LV�WKH�GHJUHH�RI�L���7KHQ�WKH�LWK�HOHPHQW�RI
$[��ZKLFK�ZH�GHQRWH� >$[@L� �� LV� JLYHQ�E\� ��7KH� HYDOXDWLRQ� RI� WKLV� VXP� LQYROYHV� RQO\�NL
RSHUDWLRQV�� VR�RQH�HOHPHQW�RI� WKH�PDWUL[�PXOWLSOLFDWLRQ�FDQ�EH�FRPSOHWHG� LQ� WLPH�SURSRUWLRQDO� WR�NL
DQG�DOO�HOHPHQWV�FDQ�EH�FRPSOHWHG�LQ�WLPH�SURSRUWLRQDO�WR��L�NL� ��P��ZKHUH�P�LV�WKH�WRWDO�QXPEHU�RI
HGJHV�LQ�WKH�QHWZRUN��RU�LQ�RWKHU�ZRUGV�LQ�2�P��WLPH�
$QG�KRZ�PDQ\�VXFK�PXOWLSOLFDWLRQV�PXVW�ZH�SHUIRUP"�(TXDWLRQ�������WHOOV�XV�WKDW�DIWHU�W�LWHUDWLRQV

RXU�YHFWRU�LV�HTXDO�WR

�
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�

ZKHUH�YL� LV� WKH� QRUPDOL]HG�LWK� HLJHQYHFWRU��țL� LV� WKH� FRUUHVSRQGLQJ� HLJHQYDOXH�� DQG� WKH�FL� DUH
FRQVWDQWV�ZKRVH�YDOXHV�GHSHQG�RQ�WKH�FKRLFH�RI�LQLWLDO�YHFWRU��5HDUUDQJLQJ�VOLJKWO\��ZH�FDQ�ZULWH�WKLV
DV

�

������
�

ZKLFK� JLYHV� XV� RXU� HVWLPDWH� RI� WKH� OHDGLQJ� HLJHQYHFWRU�Y�� SOXV� WKH� GRPLQDQW� FRQWULEXWLRQ� WR� WKH



HUURU��1HJOHFWLQJ�WKH�VPDOOHU�WHUPV��WKH�URRW�PHDQ�VTXDUH�HUURU�RQ�WKH�HLJHQYHFWRU�LV�WKHQ

�

������
�

DQG�LI�ZH�ZDQW�WKLV�HUURU�WR�EH�DW�PRVW�ෛ�WKHQ�ZH�UHTXLUH

�

������
�

�

1HLWKHU�ෛ� QRU� WKH� FRQVWDQWV�F�� DQG�F��GHSHQG�RQ� WKH�QHWZRUN�VL]H��$OO� WKH�YDULDWLRQ� LQ� WKH� UXQ� WLPH
FRPHV� IURP� WKH� HLJHQYDOXHV�ț��DQG�ț���7KH� HLJHQYDOXHV� UDQJH� LQ� YDOXH� IURP�D�PD[LPXP�RI�ț�� WR� D
PLQLPXP� RI� țQ� �� �_ț�_� DQG� KHQFH� KDYH� D� PHDQ� VSDFLQJ� RI� DW� PRVW� �ț���Q� �� ���� 7KXV� DQ� RUGHU�RI�
PDJQLWXGH�HVWLPDWH�IRU�WKH�VHFRQG�HLJHQYDOXH�LV�ț�� �ț���Dț��Q��ZKHUH�D�LV�D�FRQVWDQW�RI�RUGHU�XQLW\�
DQG�KHQFH

�

������
�
�

&RPELQLQJ�(TV���������DQG���������ZH�ILQG�WKDW�WKH�QXPEHU�RI�VWHSV�UHTXLUHG�IRU�FRQYHUJHQFH�RI�WKH
SRZHU�PHWKRG�LV�W� �2�Q��WR�OHDGLQJ�RUGHU����
2YHUDOO� WKHUHIRUH�� WKH�FRPSOHWH�FDOFXODWLRQ�RI� WKH�HLJHQYHFWRU�FHQWUDOLWLHV�RI�DOO�Q�YHUWLFHV�RI� WKH

QHWZRUN�WDNHV�2�Q��PXOWLSOLFDWLRQV�ZKLFK�WDNH�2�P��WLPH�HDFK��RU�2�PQ��WLPH�RYHUDOO��IRU�D�QHWZRUN
VWRUHG� LQ� DGMDFHQF\� OLVW� IRUPDW�� ,I� RXU� QHWZRUN� LV� VSDUVH� ZLWK�P� �Q�� D� UXQQLQJ� WLPH� RI�2�PQ�� LV
HTXLYDOHQW�WR�2�Q����2Q�WKH�RWKHU�KDQG��LI�WKH�QHWZRUN�LV�GHQVH��ZLWK�P��Q���WKHQ�2�PQ��LV�HTXLYDOHQW
WR�2�Q�����
&RQYHUVHO\��LI�RXU�QHWZRUN�LV�VWRUHG�LQ�DGMDFHQF\�PDWUL[�IRUPDW�WKH�PXOWLSOLFDWLRQV�WDNH�2�Q���WLPH�

DV� QRWHG� DERYH�� VR� WKH� FRPSOHWH� FDOFXODWLRQ� WDNHV� 2�Q������ UHJDUGOHVV� RI� ZKHWKHU� WKH� QHWZRUN� LV



VSDUVH�RU�GHQVH��7KXV�IRU�WKH�FRPPRQ�FDVH�RI�D�VSDUVH�PDWUL[�WKH�DGMDFHQF\�OLVW�LV�WKH�UHSUHVHQWDWLRQ
RI�FKRLFH�IRU�WKLV�FDOFXODWLRQ�
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7KH� SRZHU� PHWKRG� RI� WKH� SUHYLRXV� VHFWLRQ� FDOFXODWHV� WKH� ODUJHVW� HLJHQYDOXH� RI� D� PDWUL[� DQG� WKH
FRUUHVSRQGLQJ� HLJHQYHFWRU�� 7KLV� LV� SUREDEO\� WKH� PRVW� FRPPRQ� W\SH� RI� HLJHQYHFWRU� FDOFXODWLRQ
HQFRXQWHUHG�LQ�WKH�VWXG\�RI�QHWZRUNV��EXW�WKHUH�DUH�FDVHV�ZKHUH�ZH�ZLVK�WR�NQRZ�RWKHU�HLJHQYHFWRUV
RU�HLJHQYDOXHV�DV�ZHOO��2QH�H[DPSOH�LV�WKH�FDOFXODWLRQ�RI�WKH�VR�FDOOHG�DOJHEUDLF�FRQQHFWLYLW\��ZKLFK
LV� WKH�VHFRQG�VPDOOHVW� �RU� VHFRQG�PRVW�QHJDWLYH��HLJHQYDOXH�RI� WKH�JUDSK�/DSODFLDQ��$V�ZH�VDZ� LQ
6HFWLRQ���������WKH�DOJHEUDLF�FRQQHFWLYLW\�LV�QRQ�]HUR�LI�DQG�RQO\�LI�D�QHWZRUN�LV�FRQQHFWHG��L�H���KDV
MXVW� D� VLQJOH� FRPSRQHQW���7KH� DOJHEUDLF�FRQQHFWLYLW\� DOVR� DSSHDUV� LQ�6HFWLRQ������ DV� D�PHDVXUH�RI
KRZ�HDVLO\�D�QHWZRUN�FDQ�EH�ELVHFWHG�LQWR�WZR�VHWV�RI�YHUWLFHV�VXFK�WKDW�RQO\�D�VPDOO�QXPEHU�RI�HGJHV
UXQ�EHWZHHQ�WKH�VHWV��0RUHRYHU��DV�ZH�ZLOO�VHH�WKH�HOHPHQWV�RI�WKH�FRUUHVSRQGLQJ�HLJHQYHFWRU�RI�WKH
/DSODFLDQ�WHOO�XV�H[DFWO\�KRZ�WKDW�ELVHFWLRQ�VKRXOG�EH�SHUIRUPHG��7KXV�LW�ZLOO�EH�XVHIXO�WR�XV�WR�KDYH
D�PHWKRG�IRU�FDOFXODWLQJ�HLJHQYDOXHV�EH\RQG�WKH�ODUJHVW�RQH�DQG�WKHLU�DFFRPSDQ\LQJ�HLJHQYHFWRUV�
7KHUH�DUH�D�QXPEHU�RI�WHFKQLTXHV�WKDW�FDQ�EH�XVHG�WR�ILQG�QRQ�OHDGLQJ�HLJHQYDOXHV�DQG�HLJHQYHFWRUV

RI� PDWULFHV�� )RU� LQVWDQFH�� ZH� FDQ� FDOFXODWH� WKH� HLJHQYHFWRU� FRUUHVSRQGLQJ� WR� WKH� PRVW� QHJDWLYH
HLJHQYDOXH�E\�VKLIWLQJ�DOO�WKH�HLJHQYDOXHV�E\�D�FRQVWDQW�DPRXQW�VR�WKDW�WKH�PRVW�QHJDWLYH�RQH�EHFRPHV
WKH�HLJHQYDOXH�RI� ODUJHVW�PDJQLWXGH��7KH�HLJHQYDOXHV�RI� WKH�JUDSK�/DSODFLDQ�/�� IRU�LQVWDQFH��DUH�DOO
QRQ�QHJDWLYH��,I�ZH�QXPEHU�WKHP�LQ�DVFHQGLQJ�RUGHU�DV�LQ�6HFWLRQ���������VR�WKDW�Ȝ����Ȝ����������ȜQ��ZLWK
Y���Y�����������YQ�EHLQJ�WKH�FRUUHVSRQGLQJ�HLJHQYHFWRUV��WKHQ

�
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DQG� KHQFH�YL� LV�DQ�HLJHQYHFWRU�RI�ȜQ,�±�/�ZLWK� HLJHQYDOXH�ȜQ� ±�ȜL��7KHVH�HLJHQYDOXHV�DUH�VWLOO�DOO
QRQ�QHJDWLYH�� EXW� WKHLU� RUGHU� LV� UHYHUVHG� IURP� WKRVH� RI� WKH� RULJLQDO� /DSODFLDQ�� VR� WKDW� WKH� IRUPHU
VPDOOHVW� KDV� EHFRPH� WKH� QHZ� ODUJHVW��1RZ�ZH� FDQ� FDOFXODWH� WKH� HLJHQYHFWRU� FRUUHVSRQGLQJ� WR� WKH
VPDOOHVW�HLJHQYDOXH�RI�WKH�/DSODFLDQ�E\�ILQGLQJ�WKH�OHDGLQJ�HLJHQYHFWRU�RI�ȜQ,�±�/�XVLQJ�WKH�WHFKQLTXH
GHVFULEHG�LQ�6HFWLRQ�������:H�FDQ�DOVR�ILQG�WKH�HLJHQYDOXH� Ȝ��E\�WDNLQJ�WKH�PHDVXUHG�YDOXH�RI�ȜQ���Ȝ��
VXEWUDFWLQJ�ȜQ��DQG�UHYHUVLQJ�WKH�VLJQ���3HUIRUPLQJ�WKHVH�FDOFXODWLRQV�GRHV�UHTXLUH�WKDW�ZH�NQRZ�WKH
YDOXH�RI�ȜQ��VR�WKH�FRPSOHWH�FDOFXODWLRQ�ZRXOG�EH�D�WZR�VWDJH�SURFHVV�FRQVLVWLQJ�RI�ILUVW�ILQGLQJ�WKH
ODUJHVW�HLJHQYDOXH�RI�/��WKHQ�XVLQJ�WKDW�WR�ILQG�WKH�VPDOOHVW�����
,Q�WKLV�SDUWLFXODU�FDVH��LW�ZRXOG�QRW�LQ�IDFW�EH�YHU\�XVHIXO�WR�FDOFXODWH�WKH�VPDOOHVW�HLJHQYDOXH�RU�LWV

DVVRFLDWHG�HLJHQYHFWRU�VLQFH��DV�ZH�VDZ�LQ�6HFWLRQ���������WKH�VPDOOHVW�HLJHQYDOXH�RI�WKH�/DSODFLDQ�LV
DOZD\V� ]HUR� DQG� WKH� HLJHQYHFWRU� LV� ���� ��� ��� �� �� �� ��� +RZHYHU�� LI� ZH� FDQ� ILQG� WKH� VHFRQG�ODUJHVW
HLJHQYDOXH�RI�D�PDWUL[�ZH�FDQ�XVH�WKH�VDPH�VXEWUDFWLRQ�PHWKRG�DOVR�WR�ILQG�WKH�VHFRQG�VPDOOHVW��$QG
WKH�VHFRQG�VPDOOHVW�HLJHQYDOXH�RI�WKH�/DSODFLDQ�LV��DV�ZH�KDYH�VDLG��GHILQLWHO\�RI�LQWHUHVW�
:H�FDQ�ILQG�WKH�VHFRQG�ODUJHVW�HLJHQYDOXH��DQG�WKH�FRUUHVSRQGLQJ�HLJHQYHFWRU��XVLQJ�WKH�IROORZLQJ



WULFN��/HW�Y��EH�WKH�QRUPDOL]HG�HLJHQYHFWRU�FRUUHVSRQGLQJ�WR�WKH�ODUJHVW�HLJHQYDOXH�RI�D�PDWUL[�$��DV
IRXQG�� IRU� LQVWDQFH��E\� WKH�SRZHU�PHWKRG�RI�6HFWLRQ�������7KHQ�ZH�FKRRVH�DQ\�VWDUWLQJ�YHFWRU�[�DV
EHIRUH�DQG�GHILQH

�

������
�
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7KLV�YHFWRU�KDV�WKH�SURSHUW\�WKDW

�

������
�

ZKHUH�YL�LV�DJDLQ�WKH�LWK�HLJHQYHFWRU�RI�$�DQG�įLM�LV�WKH�.URQHFNHU�GHOWD��,Q�RWKHU�ZRUGV�LW�LV�HTXDO�WR�[
DORQJ�WKH�GLUHFWLRQ�RI�HYHU\�HLJHQYHFWRU�RI�$�H[FHSW�WKH�OHDGLQJ�HLJHQYHFWRU��LQ�ZKRVH�GLUHFWLRQ�LW�KDV
QR�FRPSRQHQW�DW�DOO��7KLV�PHDQV�WKDW�WKH�H[SDQVLRQ�RI�\� LQ� WHUPV�RI� WKH�HLJHQYHFWRUV�RI�$��ZKLFK� LV
JLYHQ�E\� �ZLWK� ��KDV�QR�WHUP�LQ�Y���VLQFH� ��7KXV

�
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ZLWK�WKH�VXP�VWDUWLQJ�DW�L� ���
1RZ�ZH�XVH�WKLV�YHFWRU�\�DV�WKH�VWDUWLQJ�YHFWRU�IRU�UHSHDWHG�PXOWLSOLFDWLRQ�E\�$��DV�EHIRUH��$IWHU

PXOWLSO\LQJ�\�E\�$�D�WRWDO�RI�W�WLPHV��ZH�KDYH

�



�������
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7KH�UDWLR�țL�ț��LV�OHVV�WKDQ���IRU�DOO�L�!����DVVXPLQJ�RQO\�D�VLQJOH�HLJHQYDOXH�RI�YDOXH�ț���DQG�KHQFH�LQ
WKH�OLPLW�RI�ODUJH�W�DOO�WHUPV�LQ�WKH�VXP�GLVDSSHDU�H[FHSW�WKH�ILUVW�VR�WKDW�\�W��WHQGV�WR�D�PXOWLSOH�RI�Y�
DV�W�ĺ����1RUPDOL]LQJ�WKLV�YHFWRU��ZH�WKHQ�KDYH�RXU�UHVXOW�IRU�Y��
7KLV�PHWKRG� KDV� WKH� VDPH� FDYHDWV� DV� WKH� RULJLQDO� SRZHU�PHWKRG� IRU� WKH� OHDGLQJ� HLJHQYHFWRU�� DV

ZHOO�DV�RQH�DGGLWLRQDO�RQH��LW�LV�LQ�SUDFWLFH�SRVVLEOH�IRU�WKH�YHFWRU�\��(T����������WR�KDYH�D�YHU\�VPDOO
FRPSRQHQW�LQ�WKH�GLUHFWLRQ�RI�Y���7KLV�FDQ�KDSSHQ�DV�D�UHVXOW�RI�QXPHULFDO�HUURU�LQ�WKH�VXEWUDFWLRQ��RU
EHFDXVH�RXU�YDOXH�IRU�Y��LV�QRW�H[DFWO\�FRUUHFW��,I�\�GRHV�KDYH�D�FRPSRQHQW�LQ�WKH�GLUHFWLRQ�RI�Y���WKHQ
DOWKRXJK�LW�PD\�VWDUW�RXW�VPDOO�LW�ZLOO�JHW�PDJQLILHG�UHODWLYH�WR�WKH�RWKHUV�ZKHQ�ZH�PXOWLSO\�UHSHDWHGO\
E\�$�DQG�HYHQWXDOO\�LW�PD\�FRPH�WR�GRPLQDWH�\�W���(T�����������RU�DW�OHDVW�WR�FRQWULEXWH�D�VXIILFLHQWO\
ODUJH� WHUP� DV� WR�PDNH� WKH� FDOFXODWLRQ� RI�Y�� LQDFFXUDWH��7R�SUHYHQW� WKLV�KDSSHQLQJ��ZH�SHULRGLFDOO\
SHUIRUP� D� VXEWUDFWLRQ� VLPLODU� WR� WKDW� RI�(T�� �������� UHPRYLQJ� DQ\� FRPSRQHQW� LQ� WKH� GLUHFWLRQ� RI�Y�
IURP�\�W���ZKLOH�OHDYLQJ�WKH�FRPSRQHQWV�LQ�DOO�RWKHU�GLUHFWLRQV�XQWRXFKHG���7KH�VXEWUDFWLRQ�SURFHVV�LV
VRPHWLPHV� UHIHUUHG� WR� DV�*UDP�6FKPLGW� RUWKRJRQDOL]DWLRQ²D� UDWKHU� JUDQG� QDPH� IRU� D� VLPSOH
SURFHGXUH��7KH�UHSHDWHG�DSSOLFDWLRQ�RI�WKH�SURFHVV�WR�SUHYHQW�WKH�JURZWK�RI�XQZDQWHG�WHUPV�LV�FDOOHG
UHRUWKRJRQDOL]DWLRQ��
:H�FRXOG�LQ�WKHRU\�H[WHQG�WKLV�PHWKRG�WR�ILQG�IXUWKHU�HLJHQYHFWRUV�DQG�HLJHQYDOXHV�RI�RXU�PDWUL[�

EXW�LQ�SUDFWLFH�WKH�DSSURDFK�GRHV�QRW�ZRUN�ZHOO�EH\RQG�WKH�ILUVW�FRXSOH�RI�HLJHQYHFWRUV�EHFDXVH�RI
FXPXODWLYH�QXPHULFDO�HUURUV��0RUHRYHU� LW� LV�DOVR�VORZ�EHFDXVH� IRU�HDFK�DGGLWLRQDO�HLJHQYHFWRU�ZH
FDOFXODWH�ZH�PXVW�FDUU\�RXW�WKH�HQWLUH�UHSHDWHG�PXOWLSOLFDWLRQ�SURFHVV�DJDLQ��,Q�SUDFWLFH��WKHUHIRUH��LI
ZH�ZLVK�WR�FDOFXODWH�DQ\WKLQJ�EH\RQG�WKH�ILUVW�HLJHQYHFWRU�RU�WZR��RWKHU�PHWKRGV�DUH�XVHG�
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,I�ZH�ZLVK�WR�FDOFXODWH�DOO�RU�PDQ\�RI�WKH�HLJHQYDOXHV�RU�HLJHQYHFWRUV�RI�D�PDWUL[�$�WKHQ�VSHFLDOL]HG
WHFKQLTXHV�DUH�QHHGHG��7KH�PRVW�ZLGHO\�XVHG�VXFK�WHFKQLTXHV�LQYROYH�ILQGLQJ�DQ�RUWKRJRQDO�PDWUL[�4
VXFK�WKDW�WKH�VLPLODULW\�WUDQVIRUP�7� �47�$4�JLYHV�HLWKHU�D�WULGLDJRQDO�PDWUL[��LI�$�LV�V\PPHWULF��RU�D
+HVVHQEHUJ� PDWUL[� �LI�$� LV� DV\PPHWULF��� ,I� ZH� FDQ� ILQG� VXFK� D� WUDQVIRUPDWLRQ� DQG� LI�YL� LV� DQ
HLJHQYHFWRU�RI�$�ZLWK�HLJHQYDOXH�țL��WKHQ��EHDULQJ�LQ�PLQG�WKDW�IRU�DQ�RUWKRJRQDO�PDWUL[�4��� �47��ZH
KDYH

�

�������
�
�

,Q�RWKHU�ZRUGV��WKH�YHFWRU�ZL� �47YL�LV�DQ�HLJHQYHFWRU�RI�7�ZLWK�HLJHQYDOXH�țL��7KXV�LI�ZH�FDQ�ILQG�WKH
HLJHQYDOXHV�RI�7�DQG�WKH�FRUUHVSRQGLQJ�HLJHQYHFWRUV��ZH�DXWRPDWLFDOO\�KDYH�WKH�HLJHQYDOXHV�RI�$�DV
ZHOO��DQG�WKH�HLJHQYHFWRUV�RI�$�DUH�VLPSO\�YL� �4ZL��/XFNLO\�WKHUH�H[LVW�HIILFLHQW�QXPHULFDO�PHWKRGV
IRU�ILQGLQJ�WKH�HLJHQYDOXHV�DQG�HLJHQYHFWRUV�RI�WULGLDJRQDO�DQG�+HVVHQEHUJ�PDWULFHV��VXFK�DV�WKH�4/
DOJRULWKP�>���@��7KH�4/�DOJRULWKP�WDNHV�WLPH�2�Q��WR�UHDFK�DQ�DQVZHU�IRU�DQ�Q�î�Q�WULGLDJRQDO�PDWUL[
DQG�2�Q���IRU�D�+HVVHQEHUJ�RQH�
7KH� PDWUL[�4� FDQ� EH� IRXQG� LQ� YDULRXV� ZD\V�� )RU� D� JHQHUDO� V\PPHWULF� PDWUL[� WKH�+RXVHKROGHU

DOJRULWKP� >���@� FDQ� ILQG�4� LQ� WLPH� 2�Q���� 0RUH� RIWHQ�� KRZHYHU�� ZH� DUH� FRQFHUQHG� ZLWK� VSDUVH
PDWULFHV�� LQ� ZKLFK� FDVH� WKHUH� DUH� IDVWHU� PHWKRGV�� )RU� D� V\PPHWULF� PDWUL[�� WKH�/DQF]RV� DOJRULWKP
>���@�FDQ�ILQG�4�LQ�WLPH�2�PQ���ZKHUH�P�LV�WKH�QXPEHU�RI�QHWZRUN�HGJHV�LQ�DQ�DGMDFHQF\�PDWUL[��RU
PRUH�JHQHUDOO\� WKH�QXPEHU�RI�QRQ�]HUR�HOHPHQWV� LQ� WKH�PDWUL[��)RU�VSDUVH�PDWULFHV�ZLWK�P� �Q� WKLV
JLYHV�D�UXQQLQJ�WLPH�RI�2�Q����FRQVLGHUDEO\�EHWWHU� WKDQ� WKH�+RXVHKROGHU�PHWKRG��$�VLPLODU�PHWKRG�
WKH�$UQROGL�DOJRULWKP�>���@��FDQ�ILQG�4�IRU�DQ�DV\PPHWULF�PDWUL[�
7KXV��FRPELQLQJ�WKH�/DQF]RV�DQG�4/�DOJRULWKPV��ZH�H[SHFW�WR�EH�DEOH�WR�ILQG�DOO�HLJHQYDOXHV�DQG

HLJHQYHFWRUV�RI�D�VSDUVH�V\PPHWULF�PDWUL[�LQ�WLPH�2�PQ���ZKLFK�LV�DV�JRRG�DV�WKH�ZRUVW�FDVH�UXQ�WLPH
RI� RXU� GLUHFW�PXOWLSOLFDWLRQ�PHWKRG� IRU� ILQGLQJ� MXVW� WKH� OHDGLQJ� HLJHQYHFWRU�� �7R�EH� IDLU�� WKH� GLUHFW
PXOWLSOLFDWLRQ� LV� PXFK� VLPSOHU�� VR� LWV� RYHUDOO� UXQ� WLPH� ZLOO� W\SLFDOO\� EH� EHWWHU� WKDQ� WKDW� RI� WKH
FRPELQHG�/DQF]RV�4/�DOJRULWKP��DOWKRXJK�WKH�VFDOLQJ�ZLWK�V\VWHP�VL]H�LV�WKH�VDPH��
:KLOH� WKHUH� LV�FHUWDLQO\�PXFK� WR�EH�JDLQHG�E\� OHDUQLQJ�DERXW� WKH�GHWDLOV�RI� WKHVH�DOJRULWKPV��RQH

UDUHO\� LPSOHPHQWV� WKHP� LQ� SUDFWLFH�� 7KHLU� LPSOHPHQWDWLRQ� LV� WULFN\� �SDUWLFXODUO\� LQ� WKH� DV\PPHWULF
FDVH��� DQG� KDV� EHVLGHV� DOUHDG\� EHHQ� GRQH� LQ� D� FDUHIXO� DQG� SURIHVVLRQDO� IDVKLRQ� E\�PDQ\� VRIWZDUH
GHYHORSHUV��,Q�SUDFWLFH�� WKHUHIRUH�� LI�RQH�ZLVKHV�WR�VROYH�HLJHQV\VWHP�SUREOHPV�IRU� ODUJH�QHWZRUNV�
RQH� W\SLFDOO\� WXUQV� WR� FRPPHUFLDO� RU� IUHHO\� DYDLODEOH� LPSOHPHQWDWLRQV� LQ� SURIHVVLRQDOO\� ZULWWHQ



VRIWZDUH�SDFNDJHV��([DPSOHV�RI�VXFK�SDFNDJHV�LQFOXGH�0DWODE��/$3$&.��DQG�0DWKHPDWLFD��:H�ZLOO
QRW�JR�LQWR�PRUH�GHWDLO�KHUH�DERXW�WKH�RSHUDWLRQ�RI�WKHVH�DOJRULWKPV�
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:H�QRZ�WXUQ�WR�WKH�WRSLFV�WKDW�ZLOO�RFFXS\�XV�IRU�PXFK�RI�WKH�UHVW�RI�WKH�FKDSWHU��JUDSK�SDUWLWLRQLQJ
DQG�FRPPXQLW\�GHWHFWLRQ�����%RWK�RI�WKHVH�WHUPV�UHIHU�WR�WKH�GLYLVLRQ�RI�WKH�YHUWLFHV�RI�D�QHWZRUN�LQWR
JURXSV��FOXVWHUV��RU�FRPPXQLWLHV�DFFRUGLQJ�WR�WKH�SDWWHUQ�RI�HGJHV�LQ�WKH�QHWZRUN��0RVW�FRPPRQO\�RQH
GLYLGHV�WKH�YHUWLFHV�VR�WKDW�WKH�JURXSV�IRUPHG�DUH�WLJKWO\�NQLW�ZLWK�PDQ\�HGJHV�LQVLGH�JURXSV�DQG�RQO\
D�IHZ�HGJHV�EHWZHHQ�JURXSV�
&RQVLGHU�)LJ�������� IRU� LQVWDQFH��ZKLFK� VKRZV�SDWWHUQV�RI� FROODERUDWLRQV�EHWZHHQ� VFLHQWLVWV� LQ� D

XQLYHUVLW\�GHSDUWPHQW��(DFK�YHUWH[�LQ�WKLV�QHWZRUN�UHSUHVHQWV�D�VFLHQWLVW�DQG�OLQNV�EHWZHHQ�YHUWLFHV
LQGLFDWH�SDLUV�RI�VFLHQWLVWV�ZKR�KDYH�FRDXWKRUHG�RQH�RU�PRUH�SDSHUV�WRJHWKHU��$V�ZH�FDQ�VHH�IURP�WKH
ILJXUH�� WKLV� QHWZRUN� FRQWDLQV� D� QXPEHU� RI� GHQVHO\� FRQQHFWHG� FOXVWHUV� RI� YHUWLFHV�� FRUUHVSRQGLQJ� WR
JURXSV� RI� VFLHQWLVWV� ZKR� KDYH�ZRUNHG� FORVHO\� WRJHWKHU�� 5HDGHUV� IDPLOLDU� ZLWK� WKH� RUJDQL]DWLRQ� RI
XQLYHUVLW\�GHSDUWPHQWV�ZLOO�QRW�EH�VXUSULVHG�WR�OHDUQ�WKDW�LQ�JHQHUDO�WKHVH�FOXVWHUV�FRUUHVSRQG��DW�OHDVW
DSSUR[LPDWHO\��WR�IRUPDO�UHVHDUFK�JURXSV�ZLWKLQ�WKH�GHSDUWPHQW�
%XW�VXSSRVH�RQH�GLG�QRW�NQRZ�KRZ�XQLYHUVLW\�GHSDUWPHQWV�RSHUDWH�DQG�ZLVKHG�WR�VWXG\�WKHP��%\

FRQVWUXFWLQJ�D�QHWZRUN�OLNH�WKDW�LQ�)LJ�������DQG�WKHQ�REVHUYLQJ�LWV�FOXVWHUHG�VWUXFWXUH��RQH�ZRXOG�EH
DEOH�WR�GHGXFH�WKH�H[LVWHQFH�RI�JURXSV�ZLWKLQ�WKH�ODUJHU�GHSDUWPHQW�DQG�E\�IXUWKHU�LQYHVWLJDWLRQ�FRXOG
SUREDEO\�TXLFNO\�ZRUN�RXW�KRZ�WKH�GHSDUWPHQW�ZDV�RUJDQL]HG��7KXV�WKH�DELOLW\�WR�GLVFRYHU�JURXSV�RU
FOXVWHUV�LQ�D�QHWZRUN�FDQ�EH�D�XVHIXO�WRRO�IRU�UHYHDOLQJ�VWUXFWXUH�DQG�RUJDQL]DWLRQ�ZLWKLQ�QHWZRUNV�DW�D
VFDOH�ODUJHU�WKDQ�WKDW�RI�D�VLQJOH�YHUWH[��,Q�WKLV�SDUWLFXODU�FDVH�WKH�QHWZRUN�LV�VPDOO�HQRXJK�DQG�VSDUVH
HQRXJK�WKDW�WKH�JURXSV�DUH�HDVLO\�YLVLEOH�E\�H\H��0DQ\�RI�WKH�QHWZRUNV�WKDW�KDYH�HQJDJHG�RXU�LQWHUHVW
LQ�WKLV�ERRN��KRZHYHU��DUH�PXFK�ODUJHU�RU�GHQVHU�QHWZRUNV�IRU�ZKLFK�YLVXDO�LQVSHFWLRQ�LV�QRW�D�XVHIXO
WRRO��)LQGLQJ�FOXVWHUV�LQ�VXFK�QHWZRUNV�LV�D�WDVN�IRU�FRPSXWHUV�DQG�WKH�DOJRULWKPV�WKDW�UXQ�RQ�WKHP�



�

)LJXUH�������1HWZRUN�RI�FRDXWKRUVKLSV� LQ�D�XQLYHUVLW\�GHSDUWPHQW��7KH�YHUWLFHV� LQ� WKLV�QHWZRUN
UHSUHVHQW� VFLHQWLVWV� LQ� D� XQLYHUVLW\� GHSDUWPHQW�� DQG� HGJHV� OLQNV� SDLUV� RI� VFLHQWLVWV� ZKR� KDYH
FRDXWKRUHG� VFLHQWLILF�SDSHUV��7KH�QHWZRUN�KDV�FOHDU� FOXVWHUV�RU�³FRPPXQLW\� VWUXFWXUH�´�SUHVXPDEO\
UHIOHFWLQJ�GLYLVLRQV�RI�LQWHUHVWV�DQG�UHVHDUFK�JURXSV�ZLWKLQ�WKH�GHSDUWPHQW�
�
�
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7KHUH�DUH�D�QXPEHU�RI�UHDVRQV�ZK\�RQH�PLJKW�ZDQW�WR�GLYLGH�D�QHWZRUN�LQWR�JURXSV�RU�FOXVWHUV��EXW
WKH\� VHSDUDWH� LQWR� WZR� JHQHUDO� FODVVHV� WKDW� OHDG� LQ� WXUQ� WR� WZR� FRUUHVSRQGLQJ� W\SHV� RI� FRPSXWHU
DOJRULWKP�� :H� ZLOO� UHIHU� WR� WKHVH� WZR� W\SHV� DV�JUDSK� SDUWLWLRQLQJ� DQG�FRPPXQLW\� GHWHFWLRQ
DOJRULWKPV��7KH\�DUH�GLVWLQJXLVKHG�IURP�RQH�DQRWKHU�E\�ZKHWKHU�WKH�QXPEHU�DQG�VL]H�RI�WKH�JURXSV�LV
IL[HG�E\�WKH�H[SHULPHQWHU�RU�ZKHWKHU�LW�LV�XQVSHFLILHG�
*UDSK� SDUWLWLRQLQJ� LV� D� FODVVLF� SUREOHP� LQ� FRPSXWHU� VFLHQFH�� VWXGLHG� VLQFH� WKH� ����V�� ,W� LV� WKH

SUREOHP�RI�GLYLGLQJ�WKH�YHUWLFHV�RI�D�QHWZRUN�LQWR�D�JLYHQ�QXPEHU�RI�QRQ�RYHUODSSLQJ�JURXSV�RI�JLYHQ
VL]HV�VXFK�WKDW�WKH�QXPEHU�RI�HGJHV�EHWZHHQ�JURXSV�LV�PLQLPL]HG��7KH�LPSRUWDQW�SRLQW�KHUH�LV�WKDW�WKH
QXPEHU� DQG� VL]HV� RI� WKH� JURXSV� DUH� IL[HG�� 6RPHWLPHV� WKH� VL]HV� DUH� RQO\� IL[HG� URXJKO\²ZLWKLQ� D
FHUWDLQ� UDQJH�� IRU� LQVWDQFH²EXW� WKH\�DUH� IL[HG�QRQHWKHOHVV��)RU� LQVWDQFH��D� VLPSOH�DQG�SURWRW\SLFDO
H[DPSOH� RI� D� JUDSK� SDUWLWLRQLQJ� SUREOHP� LV� WKH� SUREOHP� RI� GLYLGLQJ� D� QHWZRUN� LQWR� WZR� JURXSV� RI
HTXDO�VL]H��VXFK�WKDW�WKH�QXPEHU�RI�HGJHV�EHWZHHQ�WKHP�LV�PLQLPL]HG�
*UDSK�SDUWLWLRQLQJ�SUREOHPV�DULVH�LQ�D�YDULHW\�RI�FLUFXPVWDQFHV��SDUWLFXODUO\�LQ�FRPSXWHU�VFLHQFH�

EXW�DOVR�LQ�SXUH�DQG�DSSOLHG�PDWKHPDWLFV��SK\VLFV��DQG�RI�FRXUVH�LQ�WKH�VWXG\�RI�QHWZRUNV�WKHPVHOYHV�
$�W\SLFDO�H[DPSOH�LV�WKH�QXPHULFDO�VROXWLRQ�RI�QHWZRUN�SURFHVVHV�RQ�D�SDUDOOHO�FRPSXWHU�

�

3DUWLWLRQ�RI�D�QHWZRUN�LQWR�WZR�JURXSV�RI�HTXDO�VL]HV�
�
�
,Q� WKH� ODVW� SDUW� RI� WKLV� ERRN� �&KDSWHUV� ��� WR� ���� ZH� ZLOO� VWXG\� SURFHVVHV� WKDW� WDNH� SODFH� RQ

QHWZRUNV�� VXFK� DV� GLIIXVLRQ�SURFHVVHV� RU� WKH� VSUHDG�RI� GLVHDVHV��7KHVH� SURFHVVHV� FDQ� EH�PRGHOHG
PDWKHPDWLFDOO\� E\� SODFLQJ� YDULDEOHV� RQ� WKH� YHUWLFHV� RI� D� QHWZRUN� DQG� HYROYLQJ� WKHP� DFFRUGLQJ� WR
HTXDWLRQV� WKDW� W\SLFDOO\� GHSHQG� RQ� WKH� YDULDEOHV¶� FXUUHQW� YDOXHV� DQG� WKH� YDOXHV� RQ� QHLJKERULQJ



YHUWLFHV��7KH�VROXWLRQ�RI�VXFK�HTXDWLRQV�LV�RIWHQ�D�ODERULRXV�FRPSXWDWLRQDO�WDVN��EXW�LW�FDQ�EH�VSHG�XS
E\� XVLQJ� D� SDUDOOHO� FRPSXWHU�� D� FRPSXWHU� ZLWK� PRUH� WKDQ� RQH� SURFHVVRU� RU� &38�� 0DQ\� PRGHUQ
SHUVRQDO� FRPSXWHUV� KDYH� WZR� RU�PRUH� SURFHVVRUV� DQG� ODUJH� UHVHDUFK� RUJDQL]DWLRQV� VRPHWLPHV� XVH
SDUDOOHO�FRPSXWHUV�ZLWK�YHU\�PDQ\�SURFHVVRUV��6ROXWLRQV�RI�QHWZRUN�HTXDWLRQV�FDQ�EH�VSUHDG�DFURVV
VHYHUDO�SURFHVVRUV�E\�DVVLJQLQJ�WR�HDFK�SURFHVVRU�WKH�WDVN�RI�VROYLQJ�WKH�HTXDWLRQV�RQ�D�VXEVHW�RI�WKH
YHUWLFHV��)RU�LQVWDQFH��RQ�D�WZR�SURFHVVRU�GHVNWRS�FRPSXWHU�ZH�PLJKW�JLYH�D�KDOI�RI�WKH�YHUWLFHV�WR
HDFK�SURFHVVRU�
7KH�FDWFK�LV�WKDW��XQOHVV�WKH�QHWZRUN�FRQVLVWV�RI�WRWDOO\�XQFRQQHFWHG�FRPSRQHQWV��VRPH�YHUWLFHV�RQ

RQH� SURFHVVRU� DUH� DOZD\V� JRLQJ� WR� KDYH� QHLJKERUV� WKDW� DUH� RQ� WKH� RWKHU� SURFHVVRU� DQG� KHQFH� WKH
VROXWLRQ�RI�WKHLU�HTXDWLRQV�LQYROYHV�YDULDEOHV�ZKRVH�YDOXH�LV�NQRZQ�RQO\�WR�WKH�RWKHU�SURFHVVRU��7R
FRPSOHWH� WKH� VROXWLRQ�� WKHUHIRUH�� WKRVH�YDOXHV�KDYH� WR�EH� WUDQVPLWWHG� IURP� WKH�RQH�SURFHVVRU� WR� WKH
RWKHU�DW�UHJXODU� LQWHUYDOV� WKURXJKRXW� WKH�FDOFXODWLRQ�DQG�WKLV� LV� W\SLFDOO\�D�VORZ�SURFHVV��RU�DW� OHDVW
LW¶V�VORZ�FRPSDUHG�WR�WKH�GD]]OLQJ�VSHHG�RI�PRVW�RWKHU�FRPSXWHU�RSHUDWLRQV���7KH�WLPH�VSHQW�VHQGLQJ
PHVVDJHV�EHWZHHQ�SURFHVVRUV�FDQ��LQ�IDFW��EH�WKH�SULPDU\�IDFWRU�OLPLWLQJ�WKH�VSHHG�RI�FDOFXODWLRQV�RQ
SDUDOOHO�FRPSXWHUV��VR�LW�LV�LPSRUWDQW�WR�PLQLPL]H�LQWHUSURFHVVRU�FRPPXQLFDWLRQ�DV�PXFK�DV�SRVVLEOH�
2QH�ZD\� WKDW�ZH�GR� WKLV� LV� E\�PLQLPL]LQJ� WKH�QXPEHU�RI�SDLUV�RI�QHLJKERULQJ�YHUWLFHV� DVVLJQHG� WR
GLIIHUHQW�SURFHVVRUV�
7KXV� ZH� ZDQW� WR� GLYLGH� XS� WKH� YHUWLFHV� RI� WKH� QHWZRUN� LQWR� GLIIHUHQW� JURXSV�� RQH� IRU� HDFK

SURFHVVRU��VXFK�WKDW�WKH�QXPEHU�RI�HGJHV�EHWZHHQ�JURXSV�LV�PLQLPL]HG��0RVW�RIWHQ�ZH�ZDQW�WR�DVVLJQ
DQ�HTXDO�RU�URXJKO\�HTXDO�QXPEHU�RI�YHUWLFHV�WR�HDFK�SURFHVVRU�VR�DV�WR�EDODQFH�WKH�ZRUNORDG�DPRQJ
WKHP��7KLV�LV�SUHFLVHO\�D�JUDSK�SDUWLWLRQLQJ�SUREOHP�RI�WKH�W\SH�GHVFULEHG�DERYH�
7KH�RWKHU�W\SH�RI�FOXVWHU�ILQGLQJ�SUREOHP�LQ�QHWZRUNV�LV�WKH�SUREOHP�ZH�FDOO�FRPPXQLW\�GHWHFWLRQ�

&RPPXQLW\�GHWHFWLRQ�SUREOHPV�GLIIHU�IURP�JUDSK�SDUWLWLRQLQJ�LQ�WKDW�WKH�QXPEHU�DQG�VL]H�RI�WKH�JURXSV
LQWR�ZKLFK�WKH�QHWZRUN�LV�GLYLGHG�DUH�QRW�VSHFLILHG�E\�WKH�H[SHULPHQWHU��,QVWHDG�WKH\�DUH�GHWHUPLQHG
E\�WKH�QHWZRUN�LWVHOI��WKH�JRDO�RI�FRPPXQLW\�GHWHFWLRQ�LV�WR�ILQG�WKH�QDWXUDO�IDXOW�OLQHV�DORQJ�ZKLFK�D
QHWZRUN� VHSDUDWHV�� 7KH� VL]HV� RI� WKH� JURXSV� DUH� QRW�PHUHO\� XQVSHFLILHG� EXW�PLJKW� LQ� SULQFLSOH� YDU\
ZLGHO\�IURP�RQH�JURXS�WR�DQRWKHU��$�JLYHQ�QHWZRUN�PLJKW�GLYLGH�LQWR�D�IHZ�ODUJH�JURXSV��PDQ\�VPDOO
RQHV��RU�D�PL[WXUH�RI�DOO�GLIIHUHQW�VL]HV�
7KH�PRVW�FRPPRQ�XVH�IRU�FRPPXQLW\�GHWHFWLRQ� LV�DV�D� WRRO�IRU� WKH�DQDO\VLV�DQG�XQGHUVWDQGLQJ�RI

QHWZRUN� GDWD��:H� VDZ� LQ� )LJ�� ����� DQ� H[DPSOH� RI� D� QHWZRUN� IRU�ZKLFK� D� NQRZOHGJH� RI� WKH� JURXS
VWUXFWXUH�PLJKW�KHOS�XV�XQGHUVWDQG�WKH�RUJDQL]DWLRQ�RI�WKH�XQGHUO\LQJ�V\VWHP��)LJXUH������RQ�SDJH����
VKRZV�DQRWKHU�H[DPSOH�RI�FOXVWHUV�RI�YHUWLFHV�� LQ�D�QHWZRUN�RI�IULHQGVKLSV�EHWZHHQ�86�KLJK�VFKRRO
VWXGHQWV��,Q�WKLV�FDVH�WKH�QHWZRUN�VSOLWV� LQWR�WZR�FOHDU�JURXSV��ZKLFK��DV�GHVFULEHG�LQ�6HFWLRQ������
DUH� SULPDULO\� GLFWDWHG�E\� VWXGHQWV¶� HWKQLFLW\�� DQG� WKLV� VWUXFWXUH� DQG�RWKHUV� OLNH� LW� FDQ�JLYH�XV� FOXHV
DERXW�WKH�QDWXUH�RI�WKH�VRFLDO�LQWHUDFWLRQV�ZLWKLQ�WKH�FRPPXQLW\�UHSUHVHQWHG�
&RPPXQLW\�GHWHFWLRQ�KDV�XVHV�LQ�RWKHU�W\SHV�RI�QHWZRUNV�DV�ZHOO��&OXVWHUV�RI�QRGHV�LQ�D�ZHE�JUDSK

IRU� LQVWDQFH�PLJKW� LQGLFDWH�JURXSV�RI� UHODWHG�ZHE�SDJHV��&OXVWHUV�RI�QRGHV� LQ�D�PHWDEROLF�QHWZRUN
PLJKW�LQGLFDWH�IXQFWLRQDO�XQLWV�ZLWKLQ�WKH�QHWZRUN�
&RPPXQLW\�GHWHFWLRQ�LV�D�OHVV�ZHOO�SRVHG�SUREOHP�WKDQ�JUDSK�SDUWLWLRQLQJ��/RRVHO\�VWDWHG��LW�LV�WKH

SUREOHP�RI�ILQGLQJ�WKH�QDWXUDO�GLYLVLRQV�RI�D�QHWZRUN�LQWR�JURXSV�RI�YHUWLFHV�VXFK�WKDW�WKHUH�DUH�PDQ\
HGJHV�ZLWKLQ� JURXSV� DQG� IHZ� HGJHV� EHWZHHQ� JURXSV��:KDW� H[DFWO\�ZH�PHDQ� E\� ³PDQ\´� RU� ³IHZ�´
KRZHYHU��LV�GHEDWDEOH��DQG�D�ZLGH�YDULHW\�RI�GLIIHUHQW�GHILQLWLRQV�KDYH�EHHQ�SURSRVHG��OHDGLQJ�WR�D
FRUUHVSRQGLQJO\�ZLGH�YDULHW\�RI�GLIIHUHQW�DOJRULWKPV�IRU�FRPPXQLW\�GHWHFWLRQ��,Q�WKLV�FKDSWHU�ZH�ZLOO
IRFXV� PDLQO\� RQ� WKH� PRVW� ZLGHO\� XVHG� IRUPXODWLRQ� RI� WKH� SUREOHP�� WKH� IRUPXODWLRQ� LQ� WHUPV� RI
PRGXODULW\�RSWLPL]DWLRQ��EXW�ZH�ZLOO�PHQWLRQ�EULHIO\�D�QXPEHU�RI�RWKHU�DSSURDFKHV�DW�WKH�HQG�RI�WKH



FKDSWHU�
,Q�VXPPDU\��WKH�IXQGDPHQWDO�GLIIHUHQFH�EHWZHHQ�JUDSK�SDUWLWLRQLQJ�DQG�FRPPXQLW\�GHWHFWLRQ�LV�WKDW

WKH�QXPEHU�DQG�VL]H�RI�WKH�JURXSV�LQWR�ZKLFK�D�QHWZRUN�LV�GLYLGHG�LV�VSHFLILHG�LQ�JUDSK�SDUWLWLRQLQJ
EXW�XQVSHFLILHG�LQ�FRPPXQLW\�GHWHFWLRQ��+RZHYHU��WKHUH�LV�DOVR�D�GLIIHUHQFH�EHWZHHQ�WKH�JRDOV�RI�WKH
WZR� W\SHV� RI� FDOFXODWLRQV�� *UDSK� SDUWLWLRQLQJ� LV� W\SLFDOO\� SHUIRUPHG� DV� D� ZD\� RI� GLYLGLQJ� XS� D
QHWZRUN� LQWR� VPDOOHU� PRUH� PDQDJHDEOH� SLHFHV�� IRU� H[DPSOH� WR� SHUIRUP� QXPHULFDO� FDOFXODWLRQV�
&RPPXQLW\�GHWHFWLRQ� LV�PRUH�RIWHQ�XVHG�DV� D� WRRO� IRU�XQGHUVWDQGLQJ� WKH�VWUXFWXUH�RI� D�QHWZRUN�� IRU
VKHGGLQJ�OLJKW�RQ�ODUJH�VFDOH�SDWWHUQV�RI�FRQQHFWLRQ�WKDW�PD\�QRW�EH�HDVLO\�YLVLEOH�LQ�WKH�UDZ�QHWZRUN
WRSRORJ\�
1RWLFH�DOVR�WKDW�LQ�JUDSK�SDUWLWLRQLQJ�FDOFXODWLRQV�WKH�JRDO�LV�XVXDOO\�WR�ILQG�WKH�EHVW�GLYLVLRQ�RI�D

QHWZRUN�� VXEMHFW� WR� FHUWDLQ� FRQGLWLRQV�� UHJDUGOHVV� RI� ZKHWKHU� DQ\� JRRG� GLYLVLRQ� H[LVWV�� ,I� WKH
SHUIRUPDQFH�RI�D� FDOFXODWLRQ�RQ�D�SDUDOOHO� FRPSXWHU�� IRU� H[DPSOH�� UHTXLUHV�XV� WR�GLYLGH�D�QHWZRUN
LQWR�SLHFHV��WKHQ�ZH�KDG�EHWWHU�GLYLGH�LW�XS��,I�WKHUH�DUH�QR�JRRG�GLYLVLRQV��WKHQ�ZH�PXVW�PDNH�GR�ZLWK
WKH� OHDVW� EDG� RQH�� :LWK� FRPPXQLW\� GHWHFWLRQ�� RQ� WKH� RWKHU� KDQG�� ZKHUH� WKH� JRDO� LV� QRUPDOO\� WR
XQGHUVWDQG� WKH�VWUXFWXUH�RI� WKH�QHWZRUN�� WKHUH� LV�QR�QHHG� WR�GLYLGH� WKH�QHWZRUN� LI�QR�JRRG�GLYLVLRQ
H[LVWV�� ,QGHHG� LI� D� QHWZRUN� KDV� QR� JRRG� GLYLVLRQV� WKHQ� WKDW� LQ� LWVHOI� PD\� EH� D� XVHIXO� SLHFH� RI
LQIRUPDWLRQ��DQG�LW�ZRXOG�EH�SHUIHFWO\�UHDVRQDEOH�IRU�D�FRPPXQLW\�GHWHFWLRQ�DOJRULWKP�RQO\�WR�GLYLGH
XS�QHWZRUNV�ZKHQ�JRRG�GLYLVLRQV�H[LVW�DQG�WR�OHDYH�WKHP�XQGLYLGHG�WKH�UHVW�RI�WKH�WLPH�
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,Q� WKH� QH[W� IHZ� VHFWLRQV�ZH� FRQVLGHU� WKH� JUDSK� SDUWLWLRQLQJ� SUREOHP� DQG� ORRN� DW� WZR�ZHOO�NQRZQ
PHWKRGV�IRU�JUDSK�SDUWLWLRQLQJ��7KH�ILUVW��WKH�.HUQLJKDQ±/LQ�DOJRULWKP��LV�QRW�EDVHG�RQ�PDWUL[�PHWKRGV
�DQG� WKHUHIRUH� GRHVQ¶W� VWULFWO\� EHORQJ� LQ� WKLV� FKDSWHU�� EXW� LW� SURYLGHV� D� VLPSOH� LQWURGXFWLRQ� WR� WKH
SDUWLWLRQLQJ� SUREOHP� DQG� LV� ZRUWK� VSHQGLQJ� D� OLWWOH� WLPH� RQ�� ,Q� 6HFWLRQ� ����� ZH� ORRN� DW� D� PRUH
VRSKLVWLFDWHG� SDUWLWLRQLQJ� PHWKRG� EDVHG� RQ� WKH� VSHFWUDO� SURSHUWLHV� RI� WKH� JUDSK� /DSODFLDQ�� 7KLV
VSHFWUDO�SDUWLWLRQLQJ�PHWKRG�ERWK�LV�LPSRUWDQW�LQ�LWV�RZQ�ULJKW�DQG�ZLOO�DOVR�SURYLGH�D�EDVLV�IRU�RXU
GLVFXVVLRQ�RI�FRPPXQLW\�GHWHFWLRQ�ODWHU�LQ�WKH�FKDSWHU�
)LUVW�� KRZHYHU�� ZH� DGGUHVV� DQ� LPSRUWDQW� SUHOLPLQDU\� TXHVWLRQ�� ZK\� GRHV� RQH� QHHG� IDQF\

SDUWLWLRQLQJ� DOJRULWKPV� DW� DOO"� 3DUWLWLRQLQJ� LV� DQ� HDV\� SUREOHP� WR� VWDWH�� VR� LV� LW� QRW� MXVW� DV� HDV\� WR
VROYH"
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7KH�VLPSOHVW�JUDSK�SDUWLWLRQLQJ�SUREOHP�LV�WKH�GLYLVLRQ�RI�D�QHWZRUN�LQWR�MXVW�WZR�SDUWV��'LYLVLRQ�LQWR
WZR�SDUWV�LV�VRPHWLPHV�FDOOHG�JUDSK�ELVHFWLRQ��0RVW�RI�WKH�DOJRULWKPV�ZH�FRQVLGHU�LQ�WKLV�FKDSWHU�DUH
LQ�IDFW�DOJRULWKPV�IRU�ELVHFWLQJ�QHWZRUNV�UDWKHU�WKDQ�IRU�GLYLGLQJ�WKHP�LQWR�DUELWUDU\�QXPEHUV�RI�SDUWV�
7KLV�PD\�DW�ILUVW�DSSHDU�WR�EH�D�GUDZEDFN��EXW�LQ�SUDFWLFH�LW�LV�QRW��VLQFH�LI�ZH�FDQ�GLYLGH�D�QHWZRUN
LQWR�WZR�SDUWV��WKHQ�ZH�FDQ�GLYLGH�LW�LQWR�PRUH�WKDQ�WZR�E\�IXUWKHU�GLYLGLQJ�RQH�RU�ERWK�RI�WKRVH�SDUWV�
7KLV� UHSHDWHG� ELVHFWLRQ� LV� WKH� FRPPRQHVW� DSSURDFK� WR� WKH� SDUWLWLRQLQJ� RI� QHWZRUNV� LQWR� DUELWUDU\
QXPEHUV�RI�SDUWV�
)RUPDOO\�WKH�JUDSK�ELVHFWLRQ�SUREOHP�LV�WKH�SUREOHP�RI�GLYLGLQJ�WKH�YHUWLFHV�RI�D�QHWZRUN�LQWR�WZR

QRQ�RYHUODSSLQJ� JURXSV� RI� JLYHQ� VL]HV� VXFK� WKDW� WKH� QXPEHU� RI� HGJHV� UXQQLQJ� EHWZHHQ� YHUWLFHV� LQ
GLIIHUHQW�JURXSV�LV�PLQLPL]HG��7KH�QXPEHU�RI�HGJHV�EHWZHHQ�JURXSV�LV�FDOOHG�WKH�FXW�VL]H����
6LPSOH�WKRXJK�LW�LV�WR�GHVFULEH��WKLV�SUREOHP�LV�QRW�HDV\�WR�VROYH��2QH�PLJKW�LPDJLQH�WKDW�RQH�FRXOG

ELVHFW�D�QHWZRUN�VLPSO\�E\�ORRNLQJ�WKURXJK�DOO�SRVVLEOH�GLYLVLRQV�RI�WKH�QHWZRUN�LQWR�WZR�SDUWV�RI�WKH
UHTXLUHG�VL]HV�DQG�FKRRVLQJ�WKH�RQH�ZLWK�WKH�VPDOOHVW�FXW�VL]H��)RU�DOO�EXW�WKH�VPDOOHVW�RI�QHWZRUNV�
KRZHYHU�� WKLV� VR�FDOOHG�H[KDXVWLYH�VHDUFK� WXUQV�RXW� WR�EH�SURKLELWLYHO\�FRVWO\�LQ� WHUPV�RI�FRPSXWHU
WLPH�
7KH� QXPEHU� RI� ZD\V� RI� GLYLGLQJ� D� QHWZRUN� RI�Q� YHUWLFHV� LQWR� WZR� JURXSV� RI�Q�� DQG�Q�� YHUWLFHV

UHVSHFWLYHO\� LV�Q���Q���Q�����$SSUR[LPDWLQJ�WKH�IDFWRULDOV�XVLQJ�6WLUOLQJ V�IRUPXOD� �DQG
PDNLQJ�XVH�RI�WKH�IDFW�WKDW�Q����Q�� �Q��ZH�JHW

�
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�
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7KXV�� IRU� LQVWDQFH�� LI� ZH� ZDQW� WR� GLYLGH� D� QHWZRUN� LQWR� WZR� SDUWV� RI� HTXDO� VL]H� � WKH� QXPEHU� RI
GLIIHUHQW�ZD\V�WR�GR�LW�LV�URXJKO\

�

�������
�
�



6R�WKH�DPRXQW�RI�WLPH�UHTXLUHG�WR�ORRN�WKURXJK�DOO�RI�WKHVH�GLYLVLRQV�ZLOO�JR�XS�URXJKO\�H[SRQHQWLDOO\
ZLWK�WKH�VL]H�RI�WKH�QHWZRUN��8QIRUWXQDWHO\��WKH�H[SRQHQWLDO�LV�D�YHU\�UDSLGO\�JURZLQJ�IXQFWLRQ�RI�LWV
DUJXPHQW��ZKLFK�PHDQV�WKH�SDUWLWLRQLQJ�WDVN�TXLFNO\�OHDYHV�WKH�UHDOP�RI�WKH�SRVVLEOH�DW�TXLWH�PRGHUDWH
YDOXHV�RI�Q��9DOXHV�XS�WR�DERXW�Q� ����DUH�IHDVLEOH�ZLWK�FXUUHQW�FRPSXWHUV��EXW�JR�PXFK�EH\RQG�WKDW
DQG�WKH�FDOFXODWLRQ�EHFRPHV�LQWUDFWDEOH�
2QH�PLJKW�ZRQGHU�ZKHWKHU�LW�LV�SRVVLEOH�WR�ILQG�D�ZD\�DURXQG�WKLV�SUREOHP��$IWHU�DOO��EUXWH�IRUFH

HQXPHUDWLRQ� RI� DOO� SRVVLEOH� GLYLVLRQV� RI� D� QHWZRUN� LV� QRW� D� YHU\� LPDJLQDWLYH� ZD\� WR� VROYH� WKH
SDUWLWLRQLQJ�SUREOHP��3HUKDSV�RQH�FRXOG�ILQG�D�ZD\�WR�OLPLW�RQH¶V�VHDUFK�WR�RQO\�WKRVH�GLYLVLRQV�RI�WKH
QHWZRUN�WKDW�KDYH�D�FKDQFH�RI�EHLQJ�WKH�EHVW�RQH"�8QIRUWXQDWHO\��WKHUH�DUH�VRPH�IXQGDPHQWDO�UHVXOWV�LQ
FRPSXWHU�VFLHQFH�WKDW�WHOO�XV�WKDW�QR�VXFK�DOJRULWKP�ZLOO�HYHU�EH�DEOH�WR�ILQG�WKH�EHVW�GLYLVLRQ�RI�WKH
QHWZRUN� LQ� DOO� FDVHV�� (LWKHU� DQ� DOJRULWKP� FDQ� EH� FOHYHU� DQG� UXQ� TXLFNO\�� EXW� ZLOO� IDLO� WR� ILQG� WKH
RSWLPDO�DQVZHU�LQ�VRPH��DQG�SHUKDSV�PRVW��FDVHV��RU�LW�DOZD\V�ILQGV�WKH�RSWLPDO�DQVZHU�EXW�WDNHV�DQ
LPSUDFWLFDO�OHQJWK�RI�WLPH�WR�GR�LW��7KHVH�DUH�WKH�RQO\�RSWLRQV����
7KLV�LV�QRW�WR�VD\��KRZHYHU��WKDW�FOHYHU�DOJRULWKPV�IRU�SDUWLWLRQLQJ�QHWZRUNV�GR�QRW�H[LVW�RU�WKDW�WKH\

GRQ¶W�JLYH�XVHIXO�DQVZHUV��(YHQ�DOJRULWKPV�WKDW�IDLO�WR�ILQG�WKH�YHU\�EHVW�GLYLVLRQ�RI�D�QHWZRUN�PD\
VWLOO�ILQG�D�SUHWW\�JRRG�RQH��DQG�IRU�PDQ\�SUDFWLFDO�SXUSRVHV�SUHWW\�JRRG�LV�JRRG�HQRXJK��7KH�JRDO�RI
HVVHQWLDOO\�DOO�SUDFWLFDO�SDUWLWLRQLQJ�DOJRULWKPV�LV�MXVW�WR�ILQG�D�³SUHWW\�JRRG´�GLYLVLRQ�LQ�WKLV�VHQVH�
$OJRULWKPV� WKDW� ILQG� DSSUR[LPDWH�� EXW� DFFHSWDEOH�� VROXWLRQV� WR� SUREOHPV� LQ� WKLV� ZD\� DUH� FDOOHG
KHXULVWLF�DOJRULWKPV� RU� MXVW�KHXULVWLFV��$OO� WKH� DOJRULWKPV� IRU� JUDSK� SDUWLWLRQLQJ� GLVFXVVHG� LQ� WKLV
FKDSWHU�DUH�KHXULVWLF�DOJRULWKPV�
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�

7KH�.HUQLJKDQ�/LQ�DOJRULWKP��SURSRVHG�E\�%ULDQ�.HUQLJKDQ����DQG�6KHQ�/LQ�LQ������>���@��LV�RQH�RI
WKH�VLPSOHVW�DQG�EHVW�NQRZQ�KHXULVWLF�DOJRULWKPV�IRU� WKH�JUDSK�ELVHFWLRQ�SUREOHP��7KH�DOJRULWKP� LV
LOOXVWUDWHG�LQ�)LJ�������
:H�VWDUW�E\�GLYLGLQJ�WKH�YHUWLFHV�RI�RXU�QHWZRUN�LQWR�WZR�JURXSV�RI�WKH�UHTXLUHG�VL]HV�LQ�DQ\�ZD\

ZH�OLNH��)RU� LQVWDQFH��ZH�FRXOG�GLYLGH� WKH�YHUWLFHV�UDQGRPO\��7KHQ�� IRU�HDFK�SDLU� �L�� M��RI�YHUWLFHV
VXFK�WKDW�L�OLHV�LQ�RQH�RI�WKH�JURXSV�DQG�M�LQ�WKH�RWKHU��ZH�FDOFXODWH�KRZ�PXFK�WKH�FXW�VL]H�EHWZHHQ�WKH
JURXSV�ZRXOG�FKDQJH�LI�ZH�ZHUH�WR�LQWHUFKDQJH�L� DQG�M��VR�WKDW�HDFK�ZDV�SODFHG�LQ�WKH�RWKHU�JURXS�
$PRQJ�DOO�SDLUV��L��M��ZH�ILQG�WKH�SDLU� WKDW�UHGXFHV� WKH�FXW�VL]H�E\�WKH�ODUJHVW�DPRXQW�RU�� LI�QR�SDLU
UHGXFHV� LW�� ZH� ILQG� WKH� SDLU� WKDW� LQFUHDVHV� LW� E\� WKH� VPDOOHVW� DPRXQW�� 7KHQ� ZH� VZDS� WKDW� SDLU� RI
YHUWLFHV�� &OHDUO\� WKLV� SURFHVV� SUHVHUYHV� WKH� VL]HV� RI� WKH� WZR� JURXSV� RI� YHUWLFHV�� VLQFH� RQH� YHUWH[
OHDYHV�HDFK�JURXS�DQG�DQRWKHU�MRLQV��7KXV�WKH�DOJRULWKP�UHVSHFWV�WKH�UHTXLUHPHQW�WKDW�WKH�JURXSV�WDNH
VSHFLILHG�VL]HV�

�

)LJXUH� ������ 7KH� .HUQLJKDQ�/LQ� DOJRULWKP�� �D�� 7KH� .HUQLJKDQ�/LQ� DOJRULWKP� VWDUWV� ZLWK� DQ\
GLYLVLRQ�RI�WKH�YHUWLFHV�RI�D�QHWZRUN�LQWR�WZR�JURXSV��VKDGHG��DQG�WKHQ�VHDUFKHV�IRU�SDLUV�RI�YHUWLFHV�
VXFK�DV�WKH�SDLU�KLJKOLJKWHG�KHUH��ZKRVH�LQWHUFKDQJH�ZRXOG�UHGXFH�WKH�FXW�VL]H�EHWZHHQ�WKH�JURXSV�
�E��7KH�VDPH�QHWZRUN�DIWHU�LQWHUFKDQJH�RI�WKH�WZR�YHUWLFHV�
�
�
7KH�SURFHVV�LV�WKHQ�UHSHDWHG��EXW�ZLWK�WKH�LPSRUWDQW�UHVWULFWLRQ�WKDW�HDFK�YHUWH[�LQ�WKH�QHWZRUN�FDQ

RQO\�EH�PRYHG�RQFH��2QFH�D�YHUWH[�KDV�EHHQ�VZDSSHG�ZLWK�DQRWKHU�LW�LV�QRW�VZDSSHG�DJDLQ��DW�OHDVW
QRW�LQ�WKH�FXUUHQW�URXQG�RI�WKH�DOJRULWKP²VHH�EHORZ���7KXV��RQ�WKH�VHFRQG�VWHS�RI�WKH�DOJRULWKP�ZH
FRQVLGHU�DOO�SDLUV�RI�YHUWLFHV�H[FOXGLQJ�WKH�WZR�YHUWLFHV�VZDSSHG�RQ�WKH�ILUVW�VWHS�
$QG� VR� WKH� DOJRULWKP� SURFHHGV�� VZDSSLQJ� RQ� HDFK� VWHS� WKDW� SDLU� WKDW� PRVW� GHFUHDVHV�� RU� OHDVW

LQFUHDVHV��WKH�QXPEHU�RI�HGJHV�EHWZHHQ�RXU�WZR�JURXSV��XQWLO�HYHQWXDOO\�WKHUH�DUH�QR�SDLUV�OHIW�WR�EH
VZDSSHG��DW�ZKLFK�SRLQW�ZH�VWRS���,I�WKH�VL]HV�RI�WKH�JURXSV�DUH�XQHTXDO�WKHQ�WKHUH�ZLOO�EH�YHUWLFHV�LQ
WKH�ODUJHU�JURXS�WKDW�QHYHU�JHW�VZDSSHG��HTXDO� LQ�QXPEHU�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH�VL]HV�RI� WKH
JURXSV��
:KHQ� DOO� VZDSV� KDYH� EHHQ� FRPSOHWHG��ZH� JR� EDFN� WKURXJK� HYHU\� VWDWH� WKDW� WKH� QHWZRUN� SDVVHG

WKURXJK�GXULQJ�WKH�VZDSSLQJ�SURFHGXUH�DQG�FKRRVH�DPRQJ�WKHP�WKH�VWDWH�LQ�ZKLFK�WKH�FXW�VL]H�WDNHV�LWV



VPDOOHVW�YDOXH����
)LQDOO\��WKLV�HQWLUH�SURFHVV�LV�SHUIRUPHG�UHSHDWHGO\��VWDUWLQJ�HDFK�WLPH�ZLWK�WKH�EHVW�GLYLVLRQ�RI�WKH

QHWZRUN�IRXQG�RQ�WKH�ODVW�WLPH�DURXQG�DQG�FRQWLQXLQJ�XQWLO�QR�LPSURYHPHQW�LQ�WKH�FXW�VL]H�RFFXUV��7KH
GLYLVLRQ�ZLWK�WKH�EHVW�FXW�VL]H�RQ�WKH�ODVW�URXQG�LV�WKH�ILQDO�GLYLVLRQ�UHWXUQHG�E\�WKH�DOJRULWKP�
2QFH�ZH�FDQ�GLYLGH�D�QHWZRUN�LQWR�WZR�SLHFHV�RI�JLYHQ�VL]H�WKHQ��DV�ZH�KDYH�VDLG��ZH�FDQ�GLYLGH

LQWR�PRUH�WKDQ�WZR�VLPSO\�E\�UHSHDWLQJ�WKH�SURFHVV��)RU�LQVWDQFH��LI�ZH�ZDQW�WR�GLYLGH�D�QHWZRUN�LQWR
WKUHH�SLHFHV�RI�HTXDO�VL]H��ZH�ZRXOG�ILUVW�GLYLGH�LQWR�WZR�SLHFHV��RQH�WZLFH�WKH�VL]H�RI�WKH�RWKHU��DQG
WKHQ� IXUWKHU� GLYLGH� WKH� ODUJHU� RQH� LQWR� WZR� HTXDOO\� VL]HG� KDOYHV�� �1RWH�� KRZHYHU�� WKDW� HYHQ� LI� WKH
DOJRULWKP�ZHUH� DEOH� WR� ILQG� WKH� RSWLPDO� GLYLVLRQ� RI� WKH� QHWZRUN� LQ� HDFK� RI� WKHVH� WZR� VWHSV�� WKHUH
ZRXOG�EH�QR�JXDUDQWHH�WKDW�ZH�ZRXOG�HQG�XS�ZLWK�WKH�RSWLPDO�GLYLVLRQ�RI�WKH�QHWZRUN�LQWR�WKUHH�HTXDO
SDUWV��1RQHWKHOHVV��ZH�GR�W\SLFDOO\�ILQG�D�UHDVRQDEO\�JRRG�GLYLVLRQ��ZKLFK��DV�ZH�KDYH�VDLG��LV�RIWHQ
JRRG�HQRXJK��7KLV�SRLQW�LV�GLVFXVVHG�IXUWKHU�LQ�6HFWLRQ�������
1RWH�WKDW�LI�ZH�FKRRVH�WKH�LQLWLDO�DVVLJQPHQW�RI�YHUWLFHV�WR�JURXSV�UDQGRPO\��WKHQ�WKH�.HUQLJKDQ�/LQ

DOJRULWKP�PD\�QRW�JLYH�WKH�VDPH�DQVZHU�LI�LW�LV�UXQ�WZLFH�RQ�WKH�VDPH�QHWZRUN��7ZR�GLIIHUHQW�UDQGRP
VWDUWLQJ�VWDWHV�FRXOG��WKRXJK�QHHGQ¶W�QHFHVVDULO\��UHVXOW�LQ�GLIIHUHQW�GLYLVLRQV�RI�WKH�QHWZRUN��)RU�WKLV
UHDVRQ��SHRSOH�VRPHWLPHV�UXQ�WKH�DOJRULWKP�PRUH�WKDQ�RQFH�WR�VHH�LI�WKH�UHVXOWV�YDU\��,I�WKH\�GR�YDU\
WKHQ�DPRQJ�WKH�GLYLVLRQV�RI�WKH�QHWZRUN�UHWXUQHG�RQ�WKH�GLIIHUHQW�UXQV�LW�PDNHV�VHQVH�WR�WDNH�WKH�RQH
ZLWK�WKH�VPDOOHVW�FXW�VL]H�
$V� DQ� H[DPSOH� RI� WKH� XVH� RI� WKH� .HUQLJKDQ�/LQ� DOJRULWKP�� FRQVLGHU� )LJ�� ������ ZKLFK� VKRZV� DQ

DSSOLFDWLRQ�RI�WKH�DOJRULWKP�WR�D�PHVK��D�WZR�GLPHQVLRQDO�QHWZRUN�RI�WKH�W\SH�RIWHQ�XVHG�LQ�SDUDOOHO
ILQLWH�HOHPHQW� FRPSXWDWLRQV��6XSSRVH�ZH�ZDQW� WR�GLYLGH� WKLV�QHWZRUN� LQWR� WZR�SDUWV�RI� HTXDO� VL]H�
/RRNLQJ�DW�WKH�FRPSOHWH�QHWZRUN�LQ�)LJ������D�WKHUH�LV�QR�REYLRXV�GLYLVLRQ²WKHUH�LV�QR�HDV\�FXW�RU
ERWWOHQHFN�ZKHUH� WKH� QHWZRUN� VHSDUDWHV� QDWXUDOO\²EXW�ZH�PXVW� GR� WKH� EHVW�ZH� FDQ�� )LJXUH� ����E
VKRZV�WKH�EHVW�GLYLVLRQ�IRXQG�E\�WKH�.HUQLJKDQ�/LQ�DOJRULWKP��ZKLFK�LQYROYHV�FXWWLQJ����HGJHV�LQ�WKH
QHWZRUN�� 7KRXJK� LW� PLJKW� QRW� EH� WKH� EHVW� SRVVLEOH� GLYLVLRQ� RI� WKH� QHWZRUN�� WKLV� LV� FHUWDLQO\� JRRG
HQRXJK�IRU�PDQ\�SUDFWLFDO�SXUSRVHV�
7KH�SULPDU\�GLVDGYDQWDJH�RI� WKH�.HUQLJKDQ�/LQ�DOJRULWKP�LV� WKDW� LW� LV�TXLWH� VORZ��7KH�QXPEHU�RI

VZDSV�SHUIRUPHG�GXULQJ�RQH� URXQG�RI� WKH� DOJRULWKP� LV� HTXDO� WR� WKH� VPDOOHU�RI� WKH� VL]HV�RI� WKH� WZR
JURXSV��ZKLFK�OLHV�EHWZHHQ�]HUR�DQG� �LQ�D�QHWZRUN�RI�Q�YHUWLFHV��7KXV�WKHUH�DUH�2�Q��VZDSV�LQ�WKH
ZRUVW� FDVH��)RU� HDFK� VZDS�ZH�KDYH� WR� H[DPLQH�DOO� SDLUV� RI�YHUWLFHV� LQ� GLIIHUHQW�JURXSV�� RI�ZKLFK
WKHUH� DUH�� LQ� WKH� ZRUVW� FDVH�� ��$QG� IRU� HDFK� RI� WKHVH� ZH� QHHG� WR� GHWHUPLQH� WKH
FKDQJH�LQ�WKH�FXW�VL]H�LI�WKH�SDLU�LV�VZDSSHG�



�

)LJXUH� ������*UDSK� SDUWLWLRQLQJ� DSSOLHG� WR� D� VPDOO�PHVK� QHWZRUN�� �D��$�PHVK� QHWZRUN� RI� ���
YHUWLFHV�RI� WKH�NLQG�FRPPRQO\�XVHG� LQ� ILQLWH� HOHPHQW� DQDO\VLV�� �E��7KH� HGJHV� UHPRYHG� LQGLFDWH� WKH
EHVW�GLYLVLRQ�RI�WKH�QHWZRUN�LQWR�SDUWV�RI�����DQG�����YHUWLFHV�IRXQG�E\�WKH�.HUQLJKDQ�/LQ�DOJRULWKP�
�F��7KH�EHVW�GLYLVLRQ�IRXQG�E\�VSHFWUDO�SDUWLWLRQLQJ��7KH�QHWZRUN�LV�IURP�%HUQ�HW�DO��>��@�
�
�
:KHQ�D�YHUWH[�L�PRYHV�IURP�RQH�JURXS�WR�WKH�RWKHU�DQ\�HGJHV�FRQQHFWLQJ�LW�WR�YHUWLFHV�LQ�LWV�FXUUHQW

JURXS�EHFRPH�HGJHV�EHWZHHQ�JURXSV� DIWHU� WKH� VZDS��/HW�XV� VXSSRVH� WKDW� WKHUH� DUH� � VXFK� HGJHV�
6LPLODUO\��DQ\�HGJHV� WKDW� L�KDV� WR�YHUWLFHV� LQ� WKH�RWKHU�JURXS��RI�ZKLFK� WKHUH�DUH� VD\� � �� EHFRPH
ZLWKLQ�JURXS�HGJHV�DIWHU� WKH�VZDS��EXW�ZLWK�RQH�H[FHSWLRQ�� ,I�L� LV� EHLQJ� VZDSSHG�ZLWK�YHUWH[�M�DQG
WKHUH� LV� DQ� HGJH�EHWZHHQ�L� DQG�M�� WKHQ� WKDW�HGJH� OLHV�EHWZHHQ�JURXSV�EHIRUH� WKH� VZDS�DQG�VWLOO� OLHV
EHWZHHQ� JURXSV� DIWHU� WKH� VZDS�� 7KXV� WKH� FKDQJH� LQ� WKH� FXW� VL]H� GXH� WR� WKH� PRYHPHQW� RI�L� LV�

��$� VLPLODU� H[SUHVVLRQ� DSSOLHV� IRU� YHUWH[� M� DOVR� DQG� WKH� WRWDO� FKDQJH� LQ� FXW� VL]H� DV� D
UHVXOW�RI�WKH�VZDS�LV

�

�������
�

�

)RU� D� QHWZRUN� VWRUHG� LQ� DGMDFHQF\� OLVW� IRUP�� WKH� HYDOXDWLRQ� RI� WKLV� H[SUHVVLRQ� LQYROYHV� UXQQLQJ
WKURXJK�DOO� WKH�QHLJKERUV�RI�L� DQG�M� LQ� WXUQ��DQG�KHQFH�WDNHV� WLPH�RI�RUGHU� WKH�DYHUDJH�GHJUHH�LQ� WKH
QHWZRUN��RU�2�P�Q���ZKHUH�P�LV��DV�XVXDO��WKH�WRWDO�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�
7KXV�WKH�WRWDO�WLPH�IRU�RQH�URXQG�RI�WKH�DOJRULWKP�LV�2�Q�î�Q��î�P�Q�� �2�PQ����ZKLFK�LV�2�Q���RQ�D

VSDUVH�QHWZRUN� LQ�ZKLFK�P� Į�Q�RU�2�Q���RQ�D�GHQVH�QHWZRUN��7KLV� LQ� LWVHOI�ZRXOG�DOUHDG\�EH�TXLWH
EDG��EXW�ZH�DUH� QRW�\HW� GRQH��7KLV� WLPH�PXVW� EH�PXOWLSOLHG�E\� WKH�QXPEHU�RI� URXQGV� WKH� DOJRULWKP
SHUIRUPV�EHIRUH� WKH�FXW� VL]H� VWRSV�GHFUHDVLQJ�� ,W� LV�QRW�ZHOO�XQGHUVWRRG�KRZ� WKH�QXPEHU�RI� URXQGV
UHTXLUHG�YDULHV�ZLWK�QHWZRUN�VL]H��,Q�W\SLFDO�DSSOLFDWLRQV�WKH�QXPEHU�LV�VPDOO��PD\EH�ILYH�RU�WHQ�IRU
QHWZRUNV�RI�XS�WR�D�IHZ�WKRXVDQG�YHUWLFHV��DQG�ODUJHU�QHWZRUNV�DUH�FXUUHQWO\�QRW�SRVVLEOH�EHFDXVH�RI
WKH�GHPDQGV�RI�WKH�DOJRULWKP��VR�LQ�SUDFWLFH�WKH�QXPEHU�RI�URXQGV�LV�DOZD\V�VPDOO��6WLOO��LW�VHHPV�TXLWH
XQOLNHO\� WKDW� WKH� QXPEHU� RI� URXQGV� ZRXOG� DFWXDOO\� LQFUHDVH� DV� QHWZRUN� VL]H� JURZV�� DQG� HYHQ� LI� LW
UHPDLQV�FRQVWDQW�WKH�WLPH�FRPSOH[LW\�RI�WKH�DOJRULWKP�ZLOO�VWLOO�EH�2�PQ����ZKLFK�LV�UHODWLYHO\�VORZ�
:H� FDQ� LPSURYH� WKH� UXQQLQJ� WLPH� RI� WKH� DOJRULWKP� D� OLWWOH� E\� D� FRXSOH� RI� WULFNV�� ,I�ZH� LQLWLDOO\

FDOFXODWH�DQG�VWRUH�WKH�QXPEHU�RI�QHLJKERUV�� � DQG� ���WKDW�HDFK�YHUWH[�KDV�ZLWKLQ�DQG�EHWZHHQ
JURXSV� DQG� XSGDWH� LW� HYHU\� WLPH� D� YHUWH[� LV� PRYHG�� WKHQ� ZH� VDYH� RXUVHOYHV� WKH� WLPH� WDNHQ� WR
UHFDOFXODWH�WKHVH�TXDQWLWLHV�RQ�HDFK�VWHS�RI�WKH�DOJRULWKP��$QG�LI�ZH�VWRUH�RXU�QHWZRUN�LQ�DGMDFHQF\
PDWUL[� IRUP� WKHQ�ZH� FDQ� WHOO� ZKHWKHU� WZR� YHUWLFHV� DUH� FRQQHFWHG� �DQG� KHQFH� HYDOXDWH�$LM�� LQ� WLPH
2�����7RJHWKHU�WKHVH�WZR�FKDQJHV�DOORZ�XV�WR�FDOFXODWH�ǻ�DERYH�LQ�WLPH�2����DQG�LPSURYH�WKH�RYHUDOO
UXQQLQJ�WLPH�WR�2�Q����)RU�D�VSDUVH�JUDSK�WKLV�LV�WKH�VDPH�DV�2�PQ����EXW�IRU�D�GHQVH�RQH�LW�JLYHV�XV�DQ



H[WUD�IDFWRU�RI�Q�
2YHUDOO�� KRZHYHU�� WKH� DOJRULWKP� LV� TXLWH� VORZ�� (YHQ� ZLWK� 2�Q��� SHUIRUPDQFH� WKH� DOJRULWKP� LV

VXLWDEOH�RQO\�IRU�QHWZRUNV�XS�WR�D�IHZ�KXQGUHGV�RU�WKRXVDQGV�RI�YHUWLFHV��EXW�QRW�PRUH�
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6R�DUH�WKHUH�IDVWHU�PHWKRGV�IRU�SDUWLWLRQLQJ�QHWZRUNV"�7KHUH�DUH�LQGHHG��DOWKRXJK�WKH\�DUH�W\SLFDOO\
PRUH�FRPSOH[�WKDQ�WKH�VLPSOH�.HUQLJKDQ�/LQ�DOJRULWKP��DQG�PD\�EH�FRUUHVSRQGLQJO\�PRUH�ODERULRXV
WR� LPSOHPHQW�� ,Q� WKLV� VHFWLRQ� ZH� GLVFXVV� RQH� RI� WKH� PRVW� ZLGHO\� XVHG� PHWKRGV�� WKH�VSHFWUDO
SDUWLWLRQLQJ�PHWKRG� RI�)LHGOHU� >����� ���@��ZKLFK�PDNHV� XVH�RI� WKH�PDWUL[� SURSHUWLHV� RI� WKH� JUDSK
/DSODFLDQ��:H�GHVFULEH�WKH�VSHFWUDO�SDUWLWLRQLQJ�PHWKRG�DV�DSSOLHG�WR�WKH�JUDSK�ELVHFWLRQ�SUREOHP�
WKH� SUREOHP� RI� GLYLGLQJ� D� JUDSK� LQWR� WZR� SDUWV� RI� VSHFLILHG� VL]HV��$V� GLVFXVVHG� LQ� WKH� SUHYLRXV
VHFWLRQ��GLYLVLRQ�LQWR�PRUH�WKDQ�WZR�JURXSV�LV�W\SLFDOO\�DFKLHYHG�E\�UHSHDWHG�ELVHFWLRQ��GLYLGLQJ�DQG
VXEGLYLGLQJ�WKH�QHWZRUN�WR�JLYH�JURXSV�RI�WKH�GHVLUHG�QXPEHU�DQG�VL]H�
&RQVLGHU� D� QHWZRUN� RI�Q� YHUWLFHV� DQG�P� HGJHV� DQG� D� GLYLVLRQ� RI� WKDW� QHWZRUN� LQWR� WZR� JURXSV�

ZKLFK�ZH�ZLOO�FDOO�JURXS���DQG�JURXS����:H�FDQ�ZULWH�WKH�FXW�VL]H�IRU�WKH�GLYLVLRQ��L�H���WKH�QXPEHU�RI
HGJHV�UXQQLQJ�EHWZHHQ�WKH�WZR�JURXSV��DV

�

�������
�

ZKHUH�WKH�IDFWRU�RI� �FRPSHQVDWHV�IRU�RXU�FRXQWLQJ�HDFK�HGJH�WZLFH�LQ�WKH�VXP�
/HW� XV� GHILQH� D� VHW� RI� TXDQWLWLHV�VL�� RQH� IRU� HDFK� YHUWH[�L�� ZKLFK� UHSUHVHQW� WKH� GLYLVLRQ� RI� WKH

QHWZRUN�WKXV�

�

�������
�

�

7KHQ

�
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ZKLFK�DOORZV�XV�WR�UHZULWH�(T����������DV

�

�������
�

ZLWK�WKH�VXP�QRZ�RYHU�DOO�YDOXHV�RI�L�DQG�M��7KH�ILUVW�WHUP�LQ�WKH�VXP�LV

�

�������
�

ZKHUH�NL�LV�WKH�GHJUHH�RI�YHUWH[�L�DV�XVXDO��įLM�LV�WKH�.URQHFNHU�GHOWD��DQG�ZH�KDYH�PDGH�XVH�RI�WKH�IDFW
WKDW��M�$LM� �NL��VHH�(T����������DQG� � �VLQFH�VL� ������6XEVWLWXWLQJ�EDFN�LQWR�(T����������ZH�WKHQ
ILQG�WKDW

�

�������
�

ZKHUH�/LM� �NLįLM���$LM�LV�WKH�LMWK�HOHPHQW�RI�WKH�JUDSK�/DSODFLDQ�PDWUL[²VHH�(T���������
(TXDWLRQ���������FDQ�EH�ZULWWHQ�LQ�PDWUL[�IRUP�DV

�

�������
�

ZKHUH�V�LV�WKH�YHFWRU�ZLWK�HOHPHQWV�VL��7KLV�H[SUHVVLRQ�JLYHV�XV�D�PDWUL[�IRUPXODWLRQ�RI�WKH�JUDSK



SDUWLWLRQLQJ� SUREOHP�� 7KH� PDWUL[�/� VSHFLILHV� WKH� VWUXFWXUH� RI� RXU� QHWZRUN�� WKH� YHFWRU�V� GHILQHV� D
GLYLVLRQ�RI� WKDW�QHWZRUN� LQWR�JURXSV��DQG�RXU�JRDO� LV� WR�ILQG�WKH�YHFWRU�V� WKDW�PLQLPL]HV�WKH�FXW�VL]H
��������IRU�JLYHQ�/�
<RX�ZLOO�SUREDEO\�QRW�EH�VXUSULVHG� WR� OHDUQ� WKDW�� LQ�JHQHUDO�� WKLV�PLQLPL]DWLRQ�SUREOHP�LV�QRW�DQ

HDV\� RQH�� ,I� LW�ZHUH� HDV\� WKHQ�ZH�ZRXOG� KDYH� D� FRUUHVSRQGLQJ� HDV\�ZD\� WR� VROYH� WKH� SDUWLWLRQLQJ
SUREOHP�DQG��DV�GLVFXVVHG�LQ�6HFWLRQ���������WKHUH�DUH�JRRG�UHDVRQV�WR�EHOLHYH�WKDW�SDUWLWLRQLQJ�KDV�QR
HDV\�VROXWLRQV�
:KDW�PDNHV�RXU�PDWUL[�YHUVLRQ�RI� WKH�SUREOHP�KDUG� LQ�SUDFWLFH� LV� WKDW� WKH�VL�FDQQRW� WDNH� MXVW�DQ\

YDOXHV��7KH\�DUH�UHVWULFWHG�WR�WKH�VSHFLDO�YDOXHV�����,I�WKH\�ZHUH�DOORZHG�WR�WDNH�DQ\�UHDO�YDOXHV�WKH
SUREOHP�ZRXOG�EH�PXFK�HDVLHU��ZH�FRXOG�MXVW�GLIIHUHQWLDWH�WR�WKH�ILQG�WKH�RSWLPXP�
7KLV�VXJJHVWV�D�SRVVLEOH�DSSUR[LPDWH�DSSURDFK�WR�WKH�PLQLPL]DWLRQ�SUREOHP��6XSSRVH�ZH�LQGHHG

DOORZ� WKH�VL� WR� WDNH�DQ\�YDOXHV� �VXEMHFW� WR�D�FRXSOH�RI�EDVLF�FRQVWUDLQWV�GLVFXVVHG�EHORZ��DQG� WKHQ
ILQG�WKH�YDOXHV�WKDW�PLQLPL]H�5��7KHVH�YDOXHV�ZLOO�RQO\�EH�DSSUR[LPDWHO\�WKH�FRUUHFW�RQHV��VLQFH�WKH\
SUREDEO\�ZRQ¶W�EH�����EXW�WKH\�PD\�QRQHWKHOHVV�EH�JRRG�HQRXJK�WR�JLYH�XV�D�KDQGOH�RQ�WKH�RSWLPDO
SDUWLWLRQLQJ�� 7KLV� LGHD� OHDGV� XV� WR� WKH� VR�FDOOHG�UHOD[DWLRQ�PHWKRG�� ZKLFK� LV� RQH� RI� WKH� VWDQGDUG
PHWKRGV�IRU�WKH�DSSUR[LPDWH�VROXWLRQ�RI�YHFWRU�RSWLPL]DWLRQ�SUREOHPV�VXFK�DV�WKLV�RQH��,Q�WKH�SUHVHQW
FRQWH[W�LW�ZRUNV�DV�IROORZV�

�

7KH�UHOD[DWLRQ�RI�WKH�FRQVWUDLQW�DOORZV�V�WR�SRLQW�WR�DQ\�SRVLWLRQ�RQ�D�K\SHUVSKHUH�FLUFXPVFULELQJ�WKH
RULJLQDO�K\SHUFXEH��UDWKHU�WKDQ�MXVW�WKH�FRUQHUV�RI�WKH�K\SHUFXEH�
�
�
7KH�DOORZHG�YDOXHV�RI� WKH�VL�DUH�DFWXDOO\�VXEMHFW� WR� WZR�FRQVWUDLQWV��)LUVW��DV�ZH�KDYH�VDLG��HDFK

LQGLYLGXDO�RQH�LV�DOORZHG�WR�WDNH�RQO\�WKH�YDOXHV�����,I�ZH�UHJDUG�V�DV�D�YHFWRU�LQ�D�(XFOLGHDQ�VSDFH
WKHQ�WKLV�FRQVWUDLQW�PHDQV�WKDW�WKH�YHFWRU�DOZD\V�SRLQWV�WR�RQH�RI�WKH��Q�FRUQHUV�RI�DQ�Q�GLPHQVLRQDO
K\SHUFXEH� FHQWHUHG� RQ� WKH� RULJLQ�� DQG� DOZD\V� KDV� WKH� VDPH� OHQJWK�� ZKLFK� LV� ¥Q�� /HW� XV� UHOD[� WKH
FRQVWUDLQW�RQ� WKH�YHFWRU¶V�GLUHFWLRQ��VR� WKDW� LW�FDQ�SRLQW� LQ�DQ\�GLUHFWLRQ� LQ� LWV�Q�GLPHQVLRQDO�VSDFH�
:H�ZLOO�KRZHYHU�VWLOO�NHHS�LWV�OHQJWK�WKH�VDPH���,W�ZRXOG�QRW�PDNH�VHQVH�WR�DOORZ�WKH�OHQJWK�WR�YDU\�
,I�ZH�GLG�WKDW�WKHQ�WKH�PLQLPL]DWLRQ�RI�5�ZRXOG�KDYH�WKH�REYLRXV�WULYLDO�VROXWLRQ�V� ����ZKLFK�ZRXOG
WHOO�XV�QRWKLQJ���6R�V�ZLOO�EH�DOORZHG�WR�WDNH�DQ\�YDOXH��EXW�VXEMHFW�WR�WKH�FRQVWUDLQW�WKDW�_V_� �¥Q��RU
HTXLYDOHQWO\



�

�������
�

�

$QRWKHU�ZD\�RI�SXWWLQJ�WKLV�LV�WKDW�V�FDQ�QRZ�SRLQW�WR�DQ\�ORFDWLRQ�RQ�WKH�VXUIDFH�RI�D�K\SHUVSKHUH�RI
UDGLXV� ¥Q� LQ� RXU�Q�GLPHQVLRQDO� (XFOLGHDQ� VSDFH�� 7KH� K\SHUVSKHUH� LQFOXGHV� WKH� RULJLQDO� DOORZHG
YDOXHV�DW�WKH�FRUQHUV�RI�WKH�K\SHUFXEH��EXW�DOVR�LQFOXGHV�RWKHU�SRLQWV�LQ�EHWZHHQ�
7KH�VHFRQG�FRQVWUDLQW�RQ�WKH�VL�LV�WKDW�WKH�QXPEHUV�RI�WKHP�WKDW�DUH�HTXDO�WR����DQG�í��UHVSHFWLYHO\

PXVW�HTXDO�WKH�GHVLUHG�VL]HV�RI�WKH�WZR�JURXSV��,I�WKRVH�WZR�VL]HV�DUH�Q��DQG�Q���WKLV�VHFRQG�FRQVWUDLQW
FDQ�EH�ZULWWHQ�DV

�

�������
�

RU�LQ�YHFWRU�QRWDWLRQ

�

�������
�

ZKHUH��� LV� WKH�YHFWRU� ���� ��� ��� �� �� �� ��ZKRVH� HOHPHQWV� DUH� DOO� ���:H�NHHS� WKLV� VHFRQG� FRQVWUDLQW
XQFKDQJHG� LQ� RXU� UHOD[HG� FDOFXODWLRQV�� VR� WKDW� RXU� SDUWLWLRQLQJ� SUREOHP�� LQ� LWV� UHOD[HG� IRUP�� LV� D
SUREOHP�RI�PLQLPL]LQJ�WKH�FXW�VL]H��(T�����������VXEMHFW�WR�WKH�WZR�FRQVWUDLQWV���������DQG���������
7KLV�SUREOHP�LV�QRZ�MXVW�D�VWDQGDUG�SLHFH�RI�DOJHEUD��:H�GLIIHUHQWLDWH�ZLWK�UHVSHFW�WR�WKH�HOHPHQWV

VL��HQIRUFLQJ� WKH�FRQVWUDLQWV�XVLQJ� WZR�/DJUDQJH�PXOWLSOLHUV��ZKLFK�ZH�GHQRWH�Ȝ�DQG��ȝ� �WKH�H[WUD��
EHLQJ�PHUHO\�IRU�QRWDWLRQDO�FRQYHQLHQFH��

�

�������
�



�

3HUIRUPLQJ�WKH�GHULYDWLYHV��ZH�WKHQ�ILQG�WKDW

�

�������
�

RU��LQ�PDWUL[�QRWDWLRQ

�

�������
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�

:H�FDQ�FDOFXODWH�WKH�YDOXH�RI�ȝ�E\�UHFDOOLQJ�WKDW���LV�DQ�HLJHQYHFWRU�RI�WKH�/DSODFLDQ�ZLWK�HLJHQYDOXH
]HUR�VR�WKDW�/�Â��� ����VHH�6HFWLRQ����������0XOWLSO\LQJ���������RQ�WKH�OHIW�E\��7�DQG�PDNLQJ�XVH�RI�(T�
���������ZH�WKHQ�ILQG�WKDW�Ȝ�Q��±�Q������ȝQ� ����RU

�

�������
�
�

,I�ZH�GHILQH�WKH�QHZ�YHFWRU

�

�������
�

WKHQ�(T����������WHOOV�XV�WKDW
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ZKHUH�ZH�KDYH�XVHG�/�Â��� ���DJDLQ�
,Q�RWKHU�ZRUGV��[�LV�DQ�HLJHQYHFWRU�RI�WKH�/DSODFLDQ�ZLWK�HLJHQYDOXH�Ȝ��:H�DUH�VWLOO�IUHH�WR�FKRRVH

ZKLFK�HLJHQYHFWRU�LW�LV²DQ\�HLJHQYHFWRU�ZLOO�VDWLVI\�(T���������²DQG�FOHDUO\�ZH�VKRXOG�FKRRVH�WKH
RQH�WKDW�JLYHV�WKH�VPDOOHVW�YDOXH�RI�WKH�FXW�VL]H�5��1RWLFH��KRZHYHU��WKDW

�
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�

ZKHUH�ZH�KDYH�XVHG�(T�����������7KXV�[�LV�RUWKRJRQDO�WR����ZKLFK�PHDQV�WKDW��ZKLOH�LW�VKRXOG�EH�DQ
HLJHQYHFWRU�RI�/��LW�FDQQRW�EH�WKH�HLJHQYHFWRU�������������������WKDW�KDV�HLJHQYDOXH�]HUR�
6R�ZKLFK�HLJHQYHFWRU�VKRXOG�ZH�FKRRVH"�7R�DQVZHU�WKLV�TXHVWLRQ�ZH�QRWH�WKDW

�

�������
�

�

%XW�IURP�(T����������ZH�KDYH

�

�������
�

DQG�KHQFH
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7KXV�WKH�FXW�VL]H�LV�SURSRUWLRQDO�WR�WKH�HLJHQYDOXH�Ȝ��*LYHQ�WKDW�RXU�JRDO�LV�WR�PLQLPL]H�5��WKLV�PHDQV
ZH� VKRXOG� FKRRVH�[� WR�EH� WKH�HLJHQYHFWRU�FRUUHVSRQGLQJ� WR� WKH� VPDOOHVW�DOORZHG�HLJHQYDOXH�RI� WKH
/DSODFLDQ��$OO�WKH�HLJHQYDOXHV�RI�WKH�/DSODFLDQ�DUH�QRQ�QHJDWLYH��VHH�6HFWLRQ����������7KH�VPDOOHVW
RQH�LV�WKH�]HUR�HLJHQYDOXH�WKDW�FRUUHVSRQGV�WR�WKH�HLJHQYHFWRU�������������������EXW�ZH�KDYH�DOUHDG\�UXOHG
WKLV� RQH�RXW²[� KDV� WR� EH� RUWKRJRQDO� WR� WKLV� ORZHVW� HLJHQYHFWRU�� 7KXV� WKH� EHVW� WKLQJ�ZH� FDQ� GR� LV
FKRRVH�[�SURSRUWLRQDO� WR� WKH�HLJHQYHFWRU�Y��FRUUHVSRQGLQJ�WR�WKH�VHFRQG�ORZHVW�HLJHQYDOXH�Ȝ���ZLWK
LWV�QRUPDOL]DWLRQ�IL[HG�E\�(T����������
)LQDOO\��ZH�UHFRYHU�WKH�FRUUHVSRQGLQJ�YDOXH�RI�V�IURP�(T����������WKXV�

�

�������
�

RU�HTXLYDOHQWO\

�

�������
�

�

7KLV�JLYHV�XV�WKH�RSWLPDO�UHOD[HG�YDOXH�RI�V�
$V�ZH�KDYH�VDLG��KRZHYHU��WKH�UHDO�YHFWRU�V�LV�VXEMHFW�WR�WKH�DGGLWLRQDO�FRQVWUDLQWV�WKDW�LWV�HOHPHQWV

WDNH�WKH�YDOXHV����DQG�PRUHRYHU�WKDW�H[DFWO\�Q��RI�WKHP�DUH����DQG�WKH�RWKHU�Q��DUH±���7\SLFDOO\�WKHVH
FRQVWUDLQWV�ZLOO�SUHYHQW�V�IURP�WDNLQJ�H[DFWO\�WKH�YDOXH�JLYHQ�E\�(T�����������/HW�XV��KRZHYHU��GR�WKH
EHVW�ZH�FDQ�DQG�FKRRVH�V�WR�EH�DV�FORVH�DV�SRVVLEOH�WR�RXU�LGHDO�YDOXH�VXEMHFW�WR�LWV�FRQVWUDLQWV��ZKLFK
ZH�GR�E\�PDNLQJ�WKH�SURGXFW

�



�������
�

DV� ODUJH� DV� SRVVLEOH�� 7KH�PD[LPXP� RI� WKLV� H[SUHVVLRQ� LV� DFKLHYHG� E\� DVVLJQLQJ�VL�  � ��� IRU� WKH
YHUWLFHV�ZLWK�WKH�ODUJHVW��L�H���PRVW�SRVLWLYH��YDOXHV�RI�[L����Q��í�Q����Q�DQG�VL� �í��IRU�WKH�UHPDLQGHU�
1RWH�KRZHYHU�WKDW�WKH�PRVW�SRVLWLYH�YDOXHV�RI�[L����Q����Q����Q�DUH�DOVR�WKH�PRVW�SRVLWLYH�YDOXHV�RI

[L��ZKLFK�DUH�LQ�WXUQ�DOVR�WKH�PRVW�SRVLWLYH�HOHPHQWV�RI�WKH�HLJHQYHFWRU�Y���WR�ZKLFK��DV�ZH�KDYH�VDLG�
[� LV� SURSRUWLRQDO��� 6R� DIWHU� WKLV�PRGHUDWHO\� OHQJWK\�GHULYDWLRQ�ZH� DFWXDOO\� DUULYH� DW� D� YHU\� VLPSOH
ILQDO�SUHVFULSWLRQ�IRU�GLYLGLQJ�RXU�QHWZRUN��:H�FDOFXODWH� WKH�HLJHQYHFWRU�Y���ZKLFK�KDV�Q�HOHPHQWV�
RQH�IRU�HDFK�YHUWH[�LQ�WKH�QHWZRUN��DQG�SODFH�WKH�Q��YHUWLFHV�ZLWK�WKH�PRVW�SRVLWLYH�HOHPHQWV�LQ�JURXS
��DQG�WKH�UHVW�LQ�JURXS���
7KHUH�LV�RQH�IXUWKHU�VPDOO�VXEWOHW\��,W�LV�DUELWUDU\�ZKLFK�JURXS�ZH�FDOO�JURXS���DQG�ZKLFK�ZH�FDOO

JURXS����DQG�KHQFH�ZKLFK�RQH�ZH�DVVLJQ�WR�WKH�PRUH�SRVLWLYH�HOHPHQWV�RI�WKH�HLJHQYHFWRU�DQG�ZKLFK
WR�WKH�PRUH�QHJDWLYH��7KXV��LI�WKH�VL]HV�RI�WKH�WZR�JURXSV�DUH�GLIIHUHQW�WKHUH�DUH�WZR�GLIIHUHQW�ZD\V�RI
PDNLQJ�WKH�VSOLW²HLWKHU�WKH�ODUJHU�RU�WKH�VPDOOHU�JURXS�FRXOG�FRUUHVSRQG�WR�WKH�PRUH�SRVLWLYH�YDOXHV�
�,Q� WKH�JHRPHWULFDO� ODQJXDJH�RI�RXU�YHFWRUV�� WKLV� LV�HTXLYDOHQW� WR�VD\LQJ�RXU�HLJHQYHFWRU�FDOFXODWLRQ
PLJKW�ILQG�WKH�YHFWRU�[�WKDW�ZH�DFWXDOO\�ZDQW��RU�PLQXV�WKDW�YHFWRU²ERWK�DUH�JRRG�HLJHQYHFWRUV�RI�WKH
/DSODFLDQ���7R�JHW�DURXQG�WKLV�SUREOHP��ZH�VLPSO\�FRPSXWH�WKH�FXW�VL]H�IRU�ERWK�VSOLWV�RI�WKH�QHWZRUN
DQG�FKRRVH�WKH�RQH�ZLWK�WKH�VPDOOHU�YDOXH�
7KXV�RXU�ILQDO�DOJRULWKP�LV�DV�IROORZV�

���&DOFXODWH�WKH�HLJHQYHFWRU�Y��FRUUHVSRQGLQJ�WR�WKH�VHFRQG�VPDOOHVW�HLJHQYDOXH�Ȝ��RI�WKH�JUDSK
/DSODFLDQ�

���6RUW�WKH�HOHPHQWV�RI�WKH�HLJHQYHFWRU�LQ�RUGHU�IURP�ODUJHVW�WR�VPDOOHVW�
���3XW�WKH�YHUWLFHV�FRUUHVSRQGLQJ�WR�WKH�Q��ODUJHVW�HOHPHQWV�LQ�JURXS����WKH�UHVW�LQ�JURXS����DQG
FDOFXODWH�WKH�FXW�VL]H�

���7KHQ�SXW�WKH�YHUWLFHV�FRUUHVSRQGLQJ�WR�WKH�Q��VPDOOHVW�HOHPHQWV�LQ�JURXS����WKH�UHVW�LQ�JURXS���
DQG�UHFDOFXODWH�WKH�FXW�VL]H�

���%HWZHHQ�WKHVH�WZR�GLYLVLRQV�RI�WKH�QHWZRUN��FKRRVH�WKH�RQH�WKDW�JLYHV�WKH�VPDOOHU�FXW�VL]H�
�
,Q�)LJ������F�ZH�VKRZ�WKH�UHVXOW�RI�WKH�DSSOLFDWLRQ�RI�WKLV�PHWKRG�WR�WKH�VDPH�PHVK�QHWZRUN�WKDW�ZH

VWXGLHG� LQ� FRQMXQFWLRQ� ZLWK� WKH� .HUQLJKDQ�/LQ� DOJRULWKP�� ,Q� WKLV� FDVH� WKH� VSHFWUDO� PHWKRG� ILQGV� D
GLYLVLRQ�RI� WKH�QHWZRUN�YHU\� VLPLODU� WR� WKDW�JLYHQ�E\� WKH�.HUQLJKDQ�/LQ� DOJRULWKP��DOWKRXJK� WKH�FXW
VL]H� LV� VOLJKWO\� ZRUVH²WKH� VSHFWUDO� PHWKRG� FXWV� ��� HGJHV� LQ� WKLV� FDVH�� ZKHUH� WKH� .HUQLJKDQ�/LQ
DOJRULWKP�FXW�RQO\�����7KLV�LV�W\SLFDO�RI�WKH�VSHFWUDO�PHWKRG��,W�WHQGV�WR�ILQG�GLYLVLRQV�RI�D�QHWZRUN
WKDW� KDYH� WKH� ULJKW� JHQHUDO� VKDSH�� EXW� DUH� QRW� SHUKDSV� TXLWH� DV� JRRG� DV� WKRVH� UHWXUQHG� E\� RWKHU
PHWKRGV�
$Q� DGYDQWDJH� RI� WKH� VSHFWUDO� DSSURDFK�� KRZHYHU�� LV� LWV� VSHHG�� 7KH� WLPH�FRQVXPLQJ� SDUW� RI� WKH

DOJRULWKP� LV� WKH� FDOFXODWLRQ� RI� WKH� HLJHQYHFWRU�Y��� ZKLFK� WDNHV� WLPH� 2�PQ�� XVLQJ� HLWKHU� WKH
RUWKRJRQDOL]DWLRQ�PHWKRG�RU�WKH�/DQF]RV�PHWKRG��VHH�6HFWLRQ����������RU�2�Q���RQ�D�VSDUVH�QHWZRUN
KDYLQJ�P� �Q�� 7KLV� LV� RQH� IDFWRU� RI�Q� EHWWHU� WKDQ� WKH�2�Q��� RI� WKH�.HUQLJKDQ�/LQ� DOJRULWKP��ZKLFK
PDNHV� WKH� DOJRULWKP� IHDVLEOH� IRU� PXFK� ODUJHU� QHWZRUNV�� 6SHFWUDO� SDUWLWLRQLQJ� FDQ� EH� H[WHQGHG� WR



QHWZRUNV� RI� KXQGUHGV� RI� WKRXVDQGV� RI� YHUWLFHV��ZKHUH� WKH�.HUQLJKDQ�/LQ� DOJRULWKP� LV� UHVWULFWHG� WR
QHWZRUNV�RI�D�IHZ�WKRXVDQG�YHUWLFHV�DW�PRVW�
7KH� VHFRQG� HLJHQYDOXH� RI� WKH�/DSODFLDQ� KDV� FRPH�XS�SUHYLRXVO\� LQ� WKLV� ERRN� LQ�6HFWLRQ� �������

ZKHUH�ZH�VDZ�WKDW�LW�LV�QRQ�]HUR�LI�DQG�RQO\�LI�D�QHWZRUN�LV�FRQQHFWHG��7KH�VHFRQG�HLJHQYDOXH�LV�IRU
WKLV�UHDVRQ�VRPHWLPHV�FDOOHG�WKH�DOJHEUDLF�FRQQHFWLYLW\�RI�D�QHWZRUN��,Q�WKLV�VHFWLRQ�ZH�KDYH�VHHQ�LW
DJDLQ� LQ� DQRWKHU� FRQWH[W�� WKDW� RI� SDUWLWLRQLQJ��:KDW� KDSSHQV� LI� D� QHWZRUN� LV� QRW� FRQQHFWHG� DQG� WKH
VHFRQG� HLJHQYDOXH� LV� ]HUR"� ,Q� WKDW� FDVH�� WKH� WZR� ORZHVW� HLJHQYDOXHV� DUH� WKH� VDPH�� DQG� WKH
FRUUHVSRQGLQJ� HLJHQYHFWRUV� DUH� LQGHWHUPLQDWH²DQ\� PL[WXUH� RI� WZR� HLJHQYHFWRUV� ZLWK� WKH� VDPH
HLJHQYDOXH� LV� DOVR� DQ� HLJHQYHFWRU�� 7KLV� LV� QRW� KRZHYHU� D� VHULRXV� SUREOHP�� ,I� WKH� QHWZRUN� LV� QRW
FRQQHFWHG��KDYLQJ�PRUH�WKDQ�RQH�FRPSRQHQW��WKHQ�XVXDOO\�ZH�DUH�LQWHUHVWHG�HLWKHU�LQ�SDUWLWLRQLQJ�RQH
SDUWLFXODU�FRPSRQHQW��VXFK�DV�WKH�ODUJHVW�FRPSRQHQW��RU�LQ�SDUWLWLRQLQJ�DOO�FRPSRQHQWV�LQGLYLGXDOO\�
DQG� VR� ZH� MXVW� WUHDW� WKH� FRPSRQHQWV� VHSDUDWHO\� DV� FRQQHFWHG� QHWZRUNV� DFFRUGLQJ� WR� WKH� DOJRULWKP
DERYH�
7KH�DOJHEUDLF�FRQQHFWLYLW\�LWVHOI�DSSHDUV�LQ�RXU�H[SUHVVLRQ�IRU�WKH�FXW�VL]H��(T�����������DQG�LQGHHG

LV� D� GLUHFW�PHDVXUH� RI� WKH� FXW� VL]H�� EHLQJ� GLUHFWO\� SURSRUWLRQDO� WR� LW�� DW� OHDVW�ZLWKLQ� WKH� ³UHOD[HG´
DSSUR[LPDWLRQ�XVHG�WR�GHULYH�WKH�HTXDWLRQ��7KXV�WKH�DOJHEUDLF�FRQQHFWLYLW\�LV�D�PHDVXUH�RI�KRZ�HDVLO\
D�QHWZRUN�FDQ�EH�GLYLGHG��,W�LV�VPDOO�IRU�QHWZRUNV�WKDW�KDYH�JRRG�FXWV�DQG�ODUJH�IRU�WKRVH�WKDW�GR�QRW�
7KLV�LQ�D�VHQVH�LV�D�JHQHUDOL]DWLRQ�RI�RXU�HDUOLHU�UHVXOW�WKDW�WKH�DOJHEUDLF�FRQQHFWLYLW\�LV�QRQ�]HUR�IRU
FRQQHFWHG�QHWZRUNV�DQG�]HUR�IRU�XQFRQQHFWHG�RQHV²ZH�QRZ�VHH�WKDW�KRZ�QRQ�]HUR�LW�LV�LV�D�PHDVXUH
RI�KRZ�FRQQHFWHG�WKH�QHWZRUN�LV�
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,Q� WKH� ODVW� IHZ� VHFWLRQV� ZH� ORRNHG� DW� WKH� SUREOHP� RI� JUDSK� SDUWLWLRQLQJ�� WKH� GLYLVLRQ� RI� QHWZRUN
YHUWLFHV�LQWR�JURXSV�RI�JLYHQ�QXPEHU�DQG�VL]H��VR�DV�WR�PLQLPL]H�WKH�QXPEHU�RI�HGJHV�UXQQLQJ�EHWZHHQ
JURXSV��$�FRPSOHPHQWDU\�SUREOHP��LQWURGXFHG�LQ�6HFWLRQ���������LV�WKDW�RI�FRPPXQLW\�GHWHFWLRQ��WKH
VHDUFK� IRU� WKH�QDWXUDOO\�RFFXUULQJ�JURXSV� LQ�D�QHWZRUN� UHJDUGOHVV�RI� WKHLU�QXPEHU�RU� VL]H��ZKLFK� LV
XVHG�SULPDULO\�DV�D�WRRO�IRU�GLVFRYHULQJ�DQG�XQGHUVWDQGLQJ�WKH�ODUJH�VFDOH�VWUXFWXUH�RI�QHWZRUNV�
7KH�EDVLF�JRDO�RI�FRPPXQLW\�GHWHFWLRQ�LV�VLPLODU�WR�WKDW�RI�JUDSK�SDUWLWLRQLQJ��ZH�ZDQW�WR�VHSDUDWH

WKH�QHWZRUN�LQWR�JURXSV�RI�YHUWLFHV�WKDW�KDYH�IHZ�FRQQHFWLRQV�EHWZHHQ�WKHP��7KH�LPSRUWDQW�GLIIHUHQFH
LV� WKDW� WKH� QXPEHU� RU� VL]H� RI� WKH� JURXSV� LV� QRW� IL[HG�� /HW� XV� IRFXV� WR� EHJLQ�ZLWK� RQ� D� YHU\� VLPSOH
H[DPSOH�RI�D�FRPPXQLW\�GHWHFWLRQ�SUREOHP��SUREDEO\�WKH�VLPSOHVW��ZKLFK�LV�DQDORJRXV�WR�WKH�JUDSK
ELVHFWLRQ�SUREOHPV�ZH�H[DPLQHG�LQ�SUHYLRXV�VHFWLRQV��:H�ZLOO�FRQVLGHU� WKH�SUREOHP�RI�GLYLGLQJ�D
QHWZRUN� LQWR� MXVW� WZR�QRQ�RYHUODSSLQJ�JURXSV�RU� FRPPXQLWLHV�� DV�SUHYLRXVO\�� EXW� QRZ�ZLWKRXW� DQ\
FRQVWUDLQW�RQ�WKH�VL]HV�RI�WKH�JURXSV��RWKHU�WKDQ�WKDW�WKH�VXP�RI�WKH�VL]HV�VKRXOG�HTXDO�WKH�VL]H�Q�RI�WKH
ZKROH�QHWZRUN��7KXV��LQ�WKLV�VLPSOH�YHUVLRQ�RI�WKH�SUREOHP��WKH�QXPEHU�RI�JURXSV�LV�VWLOO�VSHFLILHG�EXW
WKHLU�VL]HV�DUH�QRW��DQG�ZH�ZLVK�WR�ILQG�WKH�³QDWXUDO´�GLYLVLRQ�RI�WKH�QHWZRUN�LQWR�WZR�JURXSV��WKH�IDXOW
OLQH��LI�DQ\��DORQJ�ZKLFK�WKH�QHWZRUN�LQKHUHQWO\�GLYLGHV��DOWKRXJK�ZH�KDYHQ¶W�\HW�VDLG�SUHFLVHO\�ZKDW
ZH�PHDQ�E\�WKDW��VR�WKDW�WKH�TXHVWLRQ�ZH¶UH�DVNLQJ�LV�QRW�\HW�ZHOO�GHILQHG�
2XU�ILUVW�JXHVV�DW�KRZ�WR�WDFNOH�WKLV�SUREOHP�PLJKW�EH�VLPSO\�WR�ILQG�WKH�GLYLVLRQ�ZLWK�PLQLPXP�FXW

VL]H��DV�LQ�WKH�FRUUHVSRQGLQJ�JUDSK�SDUWLWLRQLQJ�SUREOHP��EXW�ZLWKRXW�DQ\�FRQVWUDLQW�RQ�WKH�VL]HV�RI�RXU
JURXSV��+RZHYHU��D�PRPHQW¶V�UHIOHFWLRQ�UHYHDOV�WKDW�WKLV�ZLOO�QRW�ZRUN��,I�ZH�GLYLGH�D�QHWZRUN�LQWR
WZR�JURXSV�ZLWK�DQ\�QXPEHU�RI�YHUWLFHV�DOORZHG�LQ�WKH�JURXSV�WKHQ�WKH�RSWLPXP�GLYLVLRQ�LV�VLPSO\�WR
SXW�DOO�WKH�YHUWLFHV�LQ�RQH�RI�WKH�JURXSV�DQG�QRQH�RI�WKHP�LQ�WKH�RWKHU��7KLV�WULYLDO�GLYLVLRQ�LQVXUHV�WKDW
WKH�FXW�VL]H�EHWZHHQ� WKH� WZR�JURXSV�ZLOO�EH�]HUR²WKHUH�ZLOO�EH�QR�HGJHV�EHWZHHQ�JURXSV�EHFDXVH
RQH�RI�WKH�JURXSV�FRQWDLQV�QR�YHUWLFHV��$V�DQ�DQVZHU�WR�RXU�FRPPXQLW\�GHWHFWLRQ�SUREOHP��KRZHYHU�
LW�LV�FOHDUO\�QRW�XVHIXO�
2QH�ZD\�WR�GR�EHWWHU�ZRXOG�EH�WR�LPSRVH�ORRVH�FRQVWUDLQWV�RI�VRPH�NLQG�RQ�WKH�VL]HV�RI�WKH�JURXSV�

7KDW�LV��ZH�FRXOG�DOORZ�WKH�VL]HV�RI�WKH�JURXSV�WR�YDU\��EXW�QRW�WRR�PXFK��$Q�H[DPSOH�RI�WKLV�W\SH�RI
DSSURDFK�LV�UDWLR�FXW�SDUWLWLRQLQJ�LQ�ZKLFK��LQVWHDG�RI�PLQLPL]LQJ�WKH�VWDQGDUG�FXW�VL]H�5��ZH�LQVWHDG
PLQLPL]H� WKH�UDWLR�5��Q�Q���� ZKHUH�Q�� DQG�Q��DUH� WKH�VL]HV�RI� WKH� WZR�JURXSV��7KH�GHQRPLQDWRU�Q�Q�
KDV� LWV� ODUJHVW�YDOXH�� DQG�KHQFH� UHGXFHV� WKH� UDWLR�E\� WKH� ODUJHVW� DPRXQW��ZKHQ�Q�� DQG�Q�� DUH� HTXDO�

���)RU�XQHTXDO�JURXS�VL]HV�WKH�GHQRPLQDWRU�EHFRPHV�VPDOOHU�WKH�JUHDWHU�WKH�LQHTXDOLW\��DQG
GLYHUJHV� ZKHQ� HLWKHU� JURXS� VL]H� EHFRPHV� ]HUR�� 7KLV� HIIHFWLYHO\� HOLPLQDWHV� VROXWLRQV� LQ� ZKLFK� DOO
YHUWLFHV�DUH�SODFHG�LQ�WKH�VDPH�JURXS��VLQFH�VXFK�VROXWLRQV�QHYHU�JLYH�WKH�PLQLPXP�YDOXH�RI�WKH�UDWLR�
DQG�ELDVHV�WKH�GLYLVLRQ�WRZDUGV�WKRVH�VROXWLRQV�LQ�ZKLFK�WKH�JURXSV�DUH�RI�URXJKO\�HTXDO�VL]H�
$V�D�WRRO�IRU�GLVFRYHULQJ�WKH�QDWXUDO�GLYLVLRQV�LQ�D�QHWZRUN��KRZHYHU��WKH�UDWLR�FXW�LV�QRW�LGHDO��,Q

SDUWLFXODU��DOWKRXJK�LW�DOORZV�JURXS�VL]HV�WR�YDU\�LW�LV�VWLOO�ELDVHG�WRZDUGV�D�SDUWLFXODU�FKRLFH��WKDW�RI
HTXDOO\�VL]HG�JURXSV��0RUH�LPSRUWDQWO\��WKHUH�LV�QR�SULQFLSOHG�UDWLRQDOH�EHKLQG�LWV�GHILQLWLRQ��,W�ZRUNV
UHDVRQDEO\�ZHOO� LQ� VRPH� FLUFXPVWDQFHV�� EXW� WKHUH¶V� QR� IXQGDPHQWDO� UHDVRQ� WR� EHOLHYH� LW� ZLOO� JLYH
VHQVLEOH�DQVZHUV�RU�WKDW�VRPH�RWKHU�DSSURDFK�ZLOO�QRW�JLYH�EHWWHU�RQHV�
$Q�DOWHUQDWLYH�VWUDWHJ\�LV�WR�IRFXV�RQ�D�GLIIHUHQW�PHDVXUH�RI�WKH�TXDOLW\�RI�D�GLYLVLRQ�RWKHU�WKDQ�WKH

VLPSOH�FXW�VL]H�RU�LWV�YDULDQWV��,W�KDV�EHHQ�DUJXHG�WKDW�WKH�FXW�VL]H�LV�QRW�LWVHOI�D�JRRG�PHDVXUH�EHFDXVH



D� JRRG� GLYLVLRQ� RI� D� QHWZRUN� LQWR� FRPPXQLWLHV� LV� QRW� PHUHO\� RQH� LQ� ZKLFK� WKHUH� DUH� IHZ� HGJHV
EHWZHHQ� FRPPXQLWLHV��2Q� WKH� FRQWUDU\�� WKH� DUJXPHQW� JRHV�� D� JRRG� GLYLVLRQ� LV� RQH�ZKHUH� WKHUH� DUH
IHZHU�WKDQ�H[SHFWHG�VXFK�HGJHV��,I�ZH�ILQG�D�GLYLVLRQ�RI�D�QHWZRUN�WKDW�KDV�IHZ�HGJHV�EHWZHHQ�LWV
JURXSV��EXW�QRQHWKHOHVV�WKH�QXPEHU�RI�VXFK�HGJHV�LV�DERXW�ZKDW�ZH�ZRXOG�KDYH�H[SHFWHG�ZHUH�HGJHV
VLPSO\� SODFHG� DW� UDQGRP� LQ� WKH� QHWZRUN�� WKHQ� PRVW� SHRSOH� ZRXOG� VD\� ZH� KDYHQ¶W� IRXQG� DQ\WKLQJ
VLJQLILFDQW��,W�LV�QRW�WKH�WRWDO�FXW�VL]H�WKDW�PDWWHUV��EXW�KRZ�WKDW�FXW�VL]H�FRPSDUHV�ZLWK�ZKDW�ZH�H[SHFW
WR�VHH�
,Q�IDFW��LQ�WKH�FRQYHQWLRQDO�GHYHORSPHQW�RI�WKLV�LGHD�RQH�FRQVLGHUV�QRW�WKH�QXPEHU�RI�HGJHV�EHWZHHQ

JURXSV�EXW�WKH�QXPEHU�ZLWKLQ�JURXSV��7KH�WZR�DSSURDFKHV�DUH�HTXLYDOHQW��KRZHYHU��VLQFH�HYHU\�HGJH
WKDW� OLHV�ZLWKLQ�D�JURXS�QHFHVVDULO\�GRHV�QRW� OLH�EHWZHHQ�JURXSV�� VR�RQH�FDQ�FDOFXODWH�RQH�QXPEHU
IURP�WKH�RWKHU�JLYHQ�WKH�WRWDO�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�DV�ZKROH��:H�ZLOO�IROORZ�FRQYHQWLRQ
KHUH�DQG�EDVH�RXU�FDOFXODWLRQV�RQ�WKH�QXPEHUV�RI�ZLWKLQ�JURXS�HGJHV�
2XU�JRDO�WKHUHIRUH�ZLOO�EH�WR�ILQG�D�PHDVXUH�WKDW�TXDQWLILHV�KRZ�PDQ\�HGJHV�OLH�ZLWKLQ�JURXSV�LQ

RXU�QHWZRUN�UHODWLYH�WR�WKH�QXPEHU�RI�VXFK�HGJHV�H[SHFWHG�RQ�WKH�EDVLV�RI�FKDQFH��7KLV��KRZHYHU��LV
DQ�LGHD�ZH�KDYH�HQFRXQWHUHG�EHIRUH��,Q�6HFWLRQ��������ZH�FRQVLGHUHG�WKH�SKHQRPHQRQ�RI�DVVRUWDWLYH
PL[LQJ� LQ� QHWZRUNV�� LQ�ZKLFK� YHUWLFHV�ZLWK� VLPLODU� FKDUDFWHULVWLFV� WHQG� WR� EH� FRQQHFWHG� E\� HGJHV�
7KHUH�ZH�LQWURGXFHG�WKH�PHDVXUH�RI�DVVRUWDWLYH�PL[LQJ�NQRZQ�DV�PRGXODULW\��ZKLFK�KDV�D�KLJK�YDOXH
ZKHQ�PDQ\�PRUH�HGJHV�LQ�D�QHWZRUN�IDOO�EHWZHHQ�YHUWLFHV�RI�WKH�VDPH�W\SH�WKDQ�RQH�ZRXOG�H[SHFW�E\
FKDQFH�� 7KLV� LV� SUHFLVHO\� WKH� W\SH� RI� PHDVXUH� ZH� QHHG� WR� VROYH� RXU� FXUUHQW� FRPPXQLW\� GHWHFWLRQ
SUREOHP��,I�ZH�FRQVLGHU�WKH�YHUWLFHV�LQ�RXU�WZR�JURXSV�WR�EH�YHUWLFHV�RI�WZR�W\SHV�WKHQ�JRRG�GLYLVLRQV
RI� WKH� QHWZRUN� LQWR� FRPPXQLWLHV� DUH� SUHFLVHO\� WKRVH� WKDW� KDYH� KLJK� YDOXHV� RI� WKH� FRUUHVSRQGLQJ
PRGXODULW\�
7KXV�RQH�ZD\�WR�GHWHFW�FRPPXQLWLHV�LQ�QHWZRUNV�LV�WR�ORRN�IRU�WKH�GLYLVLRQV�WKDW�KDYH�WKH�KLJKHVW

PRGXODULW\�VFRUHV�DQG�LQ�IDFW�WKLV�LV�WKH�PRVW�FRPPRQO\�XVHG�PHWKRG�IRU�FRPPXQLW\�GHWHFWLRQ��/LNH
JUDSK� SDUWLWLRQLQJ��PRGXODULW\�PD[LPL]DWLRQ� LV� D� KDUG� SUREOHP� �VHH� 6HFWLRQ� ��������� ,W� LV� EHOLHYHG
WKDW��DV�ZLWK�SDUWLWLRQLQJ�� WKH�RQO\�DOJRULWKPV�FDSDEOH�RI�DOZD\V�ILQGLQJ�WKH�GLYLVLRQ�ZLWK�PD[LPXP
PRGXODULW\�WDNH�H[SRQHQWLDOO\�ORQJ�WR�UXQ�DQG�KHQFH�DUH�XVHOHVV�IRU�DOO�EXW�WKH�VPDOOHVW�RI�QHWZRUNV
>��@��,QVWHDG��WKHUHIRUH��ZH�WXUQ�DJDLQ�WR�KHXULVWLF�DOJRULWKPV��DOJRULWKPV�WKDW�DWWHPSW�WR�PD[LPL]H�WKH
PRGXODULW\�LQ�DQ�LQWHOOLJHQW�ZD\�WKDW�JLYHV�UHDVRQDEO\�JRRG�UHVXOWV�PRVW�RI�WKH�WLPH�
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2QH� VWUDLJKWIRUZDUG� DOJRULWKP� IRU� PD[LPL]LQJ� PRGXODULW\� LV� WKH� DQDORJ� RI� WKH� .HUQLJKDQ�/LQ
DOJRULWKP� >���@�� 7KLV� DOJRULWKP� GLYLGHV� QHWZRUNV� LQWR� WZR� FRPPXQLWLHV� VWDUWLQJ� IURP� VRPH� LQLWLDO
GLYLVLRQ�� VXFK� DV� D� UDQGRP� GLYLVLRQ� LQWR� HTXDOO\� VL]HG� JURXSV�� 7KH� DOJRULWKP� WKHQ� FRQVLGHUV� HDFK
YHUWH[� LQ� WKH� QHWZRUN� LQ� WXUQ� DQG� FDOFXODWHV� KRZ�PXFK� WKH�PRGXODULW\�ZRXOG� FKDQJH� LI� WKDW� YHUWH[
ZHUH�PRYHG�WR�WKH�RWKHU�JURXS��,W� WKHQ�FKRRVHV�DPRQJ�WKH�YHUWLFHV�WKH�RQH�ZKRVH�PRYHPHQW�ZRXOG
PRVW�LQFUHDVH��RU�OHDVW�GHFUHDVH��WKH�PRGXODULW\�DQG�PRYHV�LW��7KHQ�LW�UHSHDWV�WKH�SURFHVV��EXW�ZLWK�WKH
LPSRUWDQW�FRQVWUDLQW� WKDW�D�YHUWH[�RQFH�PRYHG�FDQQRW�EH�PRYHG�DJDLQ�� DW� OHDVW�RQ� WKLV� URXQG�RI� WKH
DOJRULWKP�
$QG�VR�WKH�DOJRULWKP�SURFHHGV��UHSHDWHGO\�PRYLQJ�WKH�YHUWLFHV�WKDW�PRVW�LQFUHDVH�RU�OHDVW�GHFUHDVH

WKH�PRGXODULW\��1RWLFH�WKDW�LQ�WKLV�DOJRULWKP�ZH�DUH�QRW�VZDSSLQJ�SDLUV�DV�ZH�GLG�LQ�WKH�.HUQLJKDQ�
/LQ� DOJRULWKP�� ,Q� WKDW� DOJRULWKP�ZH�ZHUH� UHTXLUHG� WR� NHHS� WKH� VL]HV� RI� WKH� JURXSV� FRQVWDQW�� VR� IRU
HYHU\�YHUWH[�UHPRYHG�IURP�D�JURXS�ZH�DOVR�KDG�WR�DGG�RQH��1RZ�ZH�QR�ORQJHU�KDYH�VXFK�D�FRQVWUDLQW
DQG�VR�ZH�FDQ�PRYH�VLQJOH�YHUWLFHV�RQ�HDFK�VWHS�
:KHQ�DOO�YHUWLFHV�KDYH�EHHQ�PRYHG�H[DFWO\�RQFH��ZH�JR�EDFN�RYHU� WKH� VWDWHV� WKURXJK�ZKLFK� WKH

QHWZRUN� KDV� SDVVHG� DQG� VHOHFW� WKH� RQH� ZLWK� WKH� KLJKHVW� PRGXODULW\��:H� WKHQ� XVH� WKDW� VWDWH� DV� WKH
VWDUWLQJ�FRQGLWLRQ�IRU�DQRWKHU�URXQG�RI�WKH�VDPH�DOJRULWKP��DQG�ZH�NHHS�UHSHDWLQJ�WKH�ZKROH�SURFHVV
XQWLO�WKH�PRGXODULW\�QR�ORQJHU�LPSURYHV�
)LJXUH� ����� VKRZV� DQ� H[DPSOH� DSSOLFDWLRQ� RI� WKLV� DOJRULWKP� WR� WKH� ³NDUDWH� FOXE´� QHWZRUN� RI

=DFKDU\�� ZKLFK� ZH� HQFRXQWHUHG� SUHYLRXVO\� LQ� &KDSWHU� �� �VHH� )LJ�� ���� RQ� SDJH� ���� 7KLV� QHWZRUN
UHSUHVHQWV� WKH� SDWWHUQ� RI� IULHQGVKLSV� EHWZHHQ� PHPEHUV� RI� D� NDUDWH� FOXE� DW� D� 1RUWK� $PHULFDQ
XQLYHUVLW\�� DV� GHWHUPLQHG� E\� GLUHFW� REVHUYDWLRQ� RI� WKH� FOXE¶V�PHPEHUV� E\� WKH� H[SHULPHQWHU� RYHU� D
SHULRG� RI� DERXW� WZR� \HDUV�� 7KH� QHWZRUN� LV� LQWHUHVWLQJ� EHFDXVH� GXULQJ� WKH� SHULRG� RI� REVHUYDWLRQ� D
GLVSXWH�DURVH�DPRQJ�WKH�PHPEHUV�RI�WKH�FOXE�RYHU�ZKHWKHU�WR�UDLVH�WKH�FOXE¶V�IHHV�DQG�DV�D�UHVXOW�WKH
FOXE�HYHQWXDOO\�VSOLW�LQWR�WZR�SDUWV��RI����DQG����PHPEHUV�UHVSHFWLYHO\��WKH�ODWWHU�GHSDUWLQJ�WR�IRUP
WKHLU�RZQ�FOXE��7KH�FRORUV�RI�WKH�YHUWLFHV�LQ�)LJ�������GHQRWH�WKH�PHPEHUV�RI�WKH�WZR�IDFWLRQV��ZKLOH
WKH�VKDGHG�UHJLRQV�VKRZ�WKH�FRPPXQLWLHV�LGHQWLILHG�LQ�WKH�QHWZRUN�E\�RXU�YHUWH[�PRYLQJ�DOJRULWKP�
$V�ZH�FDQ�VHH�IURP�WKH�ILJXUH��WKH�FRPPXQLWLHV�LGHQWLILHG�FRUUHVSRQG�DOPRVW�SHUIHFWO\�WR�WKH�NQRZQ
JURXSV�LQ�WKH�QHWZRUN��-XVW�RQH�YHUWH[�RQ�WKH�ERUGHU�EHWZHHQ�WKH�JURXSV�LV�LQFRUUHFWO\�DVVLJQHG��7KXV
LQ�WKLV�FDVH�RXU�DOJRULWKP�DSSHDUV�WR�KDYH�SLFNHG�RXW�VWUXFWXUH�RI�JHQXLQH�VRFLRORJLFDO�LQWHUHVW�IURP
DQ�DQDO\VLV�RI�QHWZRUN�GDWD�DORQH��,W�LV�SUHFLVHO\�IRU�UHVXOWV�RI�WKLV�NLQG��WKDW�VKHG�OLJKW�RQ�SRWHQWLDOO\
LPSRUWDQW�VWUXFWXUDO�IHDWXUHV�RI�QHWZRUNV��WKDW�FRPPXQLW\�GHWHFWLRQ�PHWKRGV�DUH�RI�LQWHUHVW�



�

)LJXUH�������0RGXODULW\�PD[LPL]DWLRQ�DSSOLHG� WR� WKH�NDUDWH�FOXE�QHWZRUN��:KHQ�ZH�DSSO\�RXU
YHUWH[�PRYLQJ�PRGXODULW\�PD[LPL]DWLRQ�DOJRULWKP�WR�WKH�NDUDWH�FOXE�QHWZRUN��WKH�EHVW�GLYLVLRQ�IRXQG
LV� WKH�RQH�LQGLFDWHG�KHUH�E\�WKH�WZR�VKDGHG�UHJLRQV��ZKLFK�VSOLW� WKH�QHWZRUN�LQWR�WZR�JURXSV�RI���
YHUWLFHV�HDFK��7KLV�GLYLVLRQ�LV�YHU\�QHDUO\�WKH�VDPH�DV�WKH�DFWXDO�VSOLW�RI�WKH�QHWZRUN�LQ�UHDO�OLIH��RSHQ
DQG� VROLG� FLUFOHV��� IROORZLQJ� WKH� GLVSXWH� DPRQJ� WKH� FOXE¶V�PHPEHUV�� -XVW� RQH� YHUWH[� LV� FODVVLILHG
LQFRUUHFWO\�
�
�
7KH� YHUWH[� PRYLQJ� DOJRULWKP� LV� DOVR� TXLWH� HIILFLHQW��$W� HDFK� VWHS� RI� WKH� DOJRULWKP� ZH� KDYH� WR

HYDOXDWH� WKH� PRGXODULW\� FKDQJH� GXH� WR� WKH� PRYHPHQW� RI� HDFK� RI� 2�Q�� YHUWLFHV�� DQG� HDFK� VXFK
HYDOXDWLRQ�� OLNH� WKH� FRUUHVSRQGLQJ� RQHV� IRU� WKH� .HUQLJKDQ�/LQ� DOJRULWKP�� FDQ� EH� DFKLHYHG� LQ� WLPH
2�P�Q��LI�WKH�QHWZRUN�LV�VWRUHG�DV�DQ�DGMDFHQF\�OLVW��7KXV�HDFK�VWHS�WDNHV�WLPH�2�P��DQG�WKHUH�DUH�Q
VWHSV� LQ�RQH�FRPSOHWH� URXQG�RI� WKH�DOJRULWKP�IRU�D� WRWDO� WLPH�RI�2�PQ���7KLV� LV�FRQVLGHUDEO\�EHWWHU
WKDQ�WKH�2�PQ���RI�WKH�.HUQLJKDQ�/LQ�DOJRULWKP��DQG�WKH�DOJRULWKP�LV� LQ�IDFW�RQH�RI� WKH�EHWWHU�RI� WKH
PDQ\� SURSRVHG� DOJRULWKPV� IRU� PRGXODULW\� PD[LPL]DWLRQ����� 7KH� IXQGDPHQWDO� UHDVRQ� IRU� WKH
DOJRULWKP¶V�VSHHG�LV�WKDW�ZKHQ�PRYLQJ�VLQJOH�YHUWLFHV�ZH�RQO\�KDYH�WR�FRQVLGHU�2�Q��SRVVLEOH�PRYHV
DW�HDFK�VWHS��E\�FRQWUDVW�ZLWK�WKH�2�Q���SRVVLEOH�VZDSV�RI�YHUWH[�SDLUV�WKDW�PXVW�EH�FRQVLGHU�LQ�D�VWHS
RI�WKH�.HUQLJKDQ�/LQ�DOJRULWKP�
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+DYLQJ� VHHQ� LQ� WKH� SUHYLRXV� VHFWLRQ� DQ� DOJRULWKP� IRU� PRGXODULW\� PD[LPL]DWLRQ� DQDORJRXV� WR� WKH
.HUQLJKDQ�/LQ� DOJRULWKP�� LW� LV� QDWXUDO� WR� DVN� ZKHWKHU� WKHUH� DOVR� H[LVWV� DQ� DQDORJ� IRU� FRPPXQLW\
GHWHFWLRQ� RI� WKH� VSHFWUDO� JUDSK� SDUWLWLRQLQJ� DOJRULWKP� RI� 6HFWLRQ� ������ 7KH� DQVZHU� LV� \HV�� WKHUH� LV
LQGHHG�VXFK�DQ�DOJRULWKP��DV�ZH�QRZ�GHVFULEH�
,Q�6HFWLRQ��������ZH�ZURWH�DQ�H[SUHVVLRQ�IRU�WKH�PRGXODULW\�RI�D�GLYLVLRQ�RI�D�QHWZRUN�DV�IROORZV

�(T����������

�

�������
�

ZKHUH�FL�LV�WKH�JURXS�RU�FRPPXQLW\�WR�ZKLFK�YHUWH[�L�EHORQJV��į�P��Q��LV�WKH�.URQHFNHU�GHOWD��DQG

�

�������
�

�

1RWH�WKDW�%LM�KDV�WKH�SURSHUW\

�

�������
�

DQG�VLPLODUO\�IRU�VXPV�RYHU�L���:H�KDYH�PDGH�XVH�RI�(T���������LQ�WKH�VHFRQG�HTXDOLW\���7KLV�SURSHUW\
ZLOO�EH�LPSRUWDQW�VKRUWO\�
/HW� XV� DJDLQ� FRQVLGHU� WKH� GLYLVLRQ� RI� D� QHWZRUN� LQWR� MXVW� WZR� SDUWV� �ZH�ZLOO� FRQVLGHU� WKH�PRUH

JHQHUDO�FDVH�ODWHU��DQG�DJDLQ�UHSUHVHQW�VXFK�D�GLYLVLRQ�E\�WKH�TXDQWLWLHV



�

�������
�

�

:H�QRWH�WKDW�WKH�TXDQWLW\� �LV���LI�L�DQG�M�DUH�LQ�WKH�VDPH�JURXS�DQG�]HUR�RWKHUZLVH��VR�WKDW

�
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6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ�LQWR�(T�����������ZH�ILQG

�
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ZKHUH�ZH�KDYH�XVHG�(T�����������,Q�PDWUL[�WHUPV�ZH�FDQ�ZULWH�WKLV�DV

�

�������
�

ZKHUH�V� LV��DV�EHIRUH�� WKH�YHFWRU�ZLWK�HOHPHQWV�VL�� DQG�%� LV� WKH�Q� î�Q�PDWUL[�ZLWK�HOHPHQWV�%LM��DOVR
FDOOHG�WKH�PRGXODULW\�PDWUL[�
(TXDWLRQ���������LV�VLPLODU�LQ�IRUP�WR�RXU�H[SUHVVLRQ��(T�����������IRU�WKH�FXW�VL]H�RI�D�QHWZRUN�LQ

WHUPV� RI� WKH� JUDSK�/DSODFLDQ��%\� H[SORLWLQJ� WKLV� VLPLODULW\�ZH� FDQ� GHULYH� D� VSHFWUDO� DOJRULWKP� IRU
FRPPXQLW\�GHWHFWLRQ�WKDW�LV�FORVHO\�DQDORJRXV�WR�WKH�VSHFWUDO�SDUWLWLRQLQJ�PHWKRG�RI�6HFWLRQ������
:H�ZLVK�WR�ILQG�WKH�GLYLVLRQ�RI�D�JLYHQ�QHWZRUN�WKDW�PD[LPL]HV�WKH�PRGXODULW\�4��7KDW�LV��ZH�ZLVK

WR�ILQG�WKH�YDOXH�RI�V�WKDW�PD[LPL]HV�(T����������IRU�D�JLYHQ�PRGXODULW\�PDWUL[�%��7KH�HOHPHQWV�RI�V
DUH� FRQVWUDLQHG� WR� WDNH� YDOXHV� ���� VR� WKDW� WKH� YHFWRU� DOZD\V� SRLQWV� WR� RQH� RI� WKH� FRUQHUV� RI� DQ�Q�



GLPHQVLRQDO� K\SHUFXEH�� EXW� RWKHUZLVH� WKHUH� DUH� QR� FRQVWUDLQWV� RQ� WKH� SUREOHP�� ,Q� SDUWLFXODU�� WKH
QXPEHU�RI�HOHPHQWV�ZLWK�YDOXH����RU�í��LV�QRW�IL[HG�DV�LW�ZDV�LQ�WKH�FRUUHVSRQGLQJ�JUDSK�SDUWLWLRQLQJ
SUREOHP²WKH�VL]HV�RI�RXU�FRPPXQLWLHV�DUH�XQFRQVWUDLQHG�
$V� EHIRUH�� WKLV� RSWLPL]DWLRQ� SUREOHP� LV� D� KDUG� RQH�� EXW� LW� FDQ� EH� WDFNOHG� DSSUR[LPDWHO\²DQG

HIIHFWLYHO\²E\� D� UHOD[DWLRQ� PHWKRG�� :H� UHOD[� WKH� FRQVWUDLQW� WKDW�V� PXVW� SRLQW� WR� D� FRUQHU� RI� WKH
K\SHUFXEH�DQG�DOORZ�LW� WR�SRLQW�LQ�DQ\�GLUHFWLRQ��WKRXJK�NHHSLQJ�LWV�OHQJWK�WKH�VDPH��PHDQLQJ�WKDW�LW
FDQ�WDNH�DQ\�UHDO�YDOXH�VXEMHFW�RQO\�WR�WKH�FRQVWUDLQW�WKDW

�

�������
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�

7KH�PD[LPL]DWLRQ� LV� QRZ� D� VWUDLJKWIRUZDUG� SUREOHP��:H�PD[LPL]H�(T�� �������� E\� GLIIHUHQWLDWLQJ�
LPSRVLQJ�WKH�FRQVWUDLQW�ZLWK�D�VLQJOH�/DJUDQJH�PXOWLSOLHU�ȕ�
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:KHQ�ZH�SHUIRUP�WKH�GHULYDWLYHV��WKLV�JLYHV�XV

�

�������
�

RU�LQ�PDWUL[�QRWDWLRQ

�

�������
�



�

,Q� RWKHU�ZRUGV��V� LV�RQH�RI�WKH�HLJHQYHFWRUV�RI�WKH�PRGXODULW\�PDWUL[��6XEVWLWXWLQJ���������EDFN�LQWR
(T�����������ZH�ILQG�WKDW�WKH�PRGXODULW\�LWVHOI�LV�JLYHQ�E\

�

�������
�

ZKHUH�ZH�KDYH�XVHG�(T�����������)RU�PD[LPXP�PRGXODULW\��WKHUHIRUH��ZH�VKRXOG�FKRRVH�V�WR�EH�WKH
HLJHQYHFWRU�X��FRUUHVSRQGLQJ�WR�WKH�ODUJHVW�HLJHQYDOXH�RI�WKH�PRGXODULW\�PDWUL[�
$V� EHIRUH��ZH� W\SLFDOO\� FDQQRW� LQ� IDFW� FKRRVH�V�  �X��� VLQFH� WKH� HOHPHQWV� RI�V� DUH� VXEMHFW� WR� WKH

FRQVWUDLQW�VL� �����%XW�ZH�GR�WKH�EHVW�ZH�FDQ�DQG�FKRRVH�LW�DV�FORVH�WR�X��DV�SRVVLEOH��ZKLFK�PHDQV
PD[LPL]LQJ�WKH�SURGXFW

�

�������
�

ZKHUH�>X�@L� LV� WKH�LWK�HOHPHQW�RI�X���7KH�PD[LPXP�LV�DFKLHYHG�ZKHQ�HDFK�WHUP�LQ�WKH�VXP�LV�QRQ�
QHJDWLYH��L�H���ZKHQ

�

�������
�

�

,Q�WKH�XQOLNHO\�HYHQW�WKDW�D�YHFWRU�HOHPHQW�LV�H[DFWO\�]HUR��HLWKHU�YDOXH�RI�VL� LV�HTXDOO\�JRRG�DQG�ZH
FDQ�FKRRVH�ZKLFKHYHU�ZH�SUHIHU�
$QG� VR� ZH� DUH� OHG� WKH� IROORZLQJ� YHU\� VLPSOH� DOJRULWKP�� :H� FDOFXODWH� WKH� HLJHQYHFWRU� RI� WKH

PRGXODULW\�PDWUL[�FRUUHVSRQGLQJ�WR�WKH�ODUJHVW��PRVW�SRVLWLYH��HLJHQYDOXH�DQG�WKHQ�DVVLJQ�YHUWLFHV�WR
FRPPXQLWLHV�DFFRUGLQJ�WR�WKH�VLJQV�RI�WKH�YHFWRU�HOHPHQWV��SRVLWLYH�VLJQV�LQ�RQH�JURXS�DQG�QHJDWLYH
VLJQV�LQ�WKH�RWKHU�
,Q�SUDFWLFH�WKLV�PHWKRG�ZRUNV�YHU\�ZHOO��)RU�H[DPSOH��ZKHQ�DSSOLHG�WR�WKH�NDUDWH�FOXE�QHWZRUN�RI



)LJ�������LW�ZRUNV�SHUIHFWO\��FODVVLI\LQJ�HYHU\�RQH�RI�WKH����YHUWLFHV�LQWR�WKH�FRUUHFW�JURXS�
2QH�SRWHQWLDO�SUREOHP�ZLWK�WKH�DOJRULWKP�LV�WKDW�WKH�PDWUL[�%�LV��XQOLNH�WKH�/DSODFLDQ��QRW�VSDUVH�

DQG� LQGHHG� XVXDOO\� KDV� DOO� HOHPHQWV� QRQ�]HUR��$W� ILUVW� VLJKW�� WKLV� DSSHDUV� WR� PDNH� WKH� DOJRULWKP¶V
FRPSOH[LW\�VLJQLILFDQWO\�ZRUVH� WKDQ� WKDW�RI� WKH�QRUPDO�VSHFWUDO�ELVHFWLRQ�DOJRULWKP��DV�GLVFXVVHG� LQ
6HFWLRQ���������ILQGLQJ�WKH�OHDGLQJ�HLJHQYHFWRU�RI�D�PDWUL[�WDNHV�WLPH�2�PQ���ZKLFK�LV�HTXLYDOHQW�WR
2�Q���LQ�D�GHQVH�PDWUL[��DV�RSSRVHG�WR�2�Q���LQ�D�VSDUVH�RQH��,Q�IDFW��KRZHYHU��E\�H[SORLWLQJ�VSHFLDO
SURSHUWLHV�RI�WKH�PRGXODULW\�PDWUL[�LW�LV�VWLOO�SRVVLEOH�WR�ILQG�WKH�HLJHQYHFWRU�LQ�WLPH�2�Q���RQ�D�VSDUVH
QHWZRUN��7KH�GHWDLOV�FDQ�EH�IRXQG�LQ�>���@�
2YHUDOO��WKLV�PHDQV�WKDW�WKH�VSHFWUDO�PHWKRG�LV�DERXW�DV�IDVW�DV��EXW�QRW�VLJQLILFDQWO\�IDVWHU�WKDQ��WKH

YHUWH[�PRYLQJ� DOJRULWKP�RI�6HFWLRQ� ������%RWK�KDYH� WLPH� FRPSOH[LW\�2�Q��� RQ� VSDUVH� QHWZRUNV����
7KHUH� LV��KRZHYHU��PHULW� WR�KDYLQJ�ERWK�DOJRULWKPV��*LYHQ� WKDW�DOO�SUDFWLFDO�PRGXODULW\�PD[LPL]LQJ
DOJRULWKPV�DUH�PHUHO\�KHXULVWLFV²FOHYHU�SHUKDSV��EXW�QRW�E\�DQ\�PHDQV�JXDUDQWHHG�WR�SHUIRUP�ZHOO�LQ
DOO�FDVHV²KDYLQJ�PRUH�WKDQ�RQH�IDVW�DOJRULWKP�LQ�RXU�WRRONLW�LV�DOZD\V�D�JRRG�WKLQJ�
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7KH� FRPPXQLW\� GHWHFWLRQ� DOJRULWKPV� RI� WKH� SUHYLRXV� WZR� VHFWLRQV� ERWK� SHUIRUP� D� OLPLWHG� IRUP� RI
FRPPXQLW\�GHWHFWLRQ�� WKH�GLYLVLRQ�RI�D�QHWZRUN� LQWR�H[DFWO\� WZR�FRPPXQLWLHV��DOEHLW�RI�XQVSHFLILHG
VL]HV��%XW�³FRPPXQLWLHV´�DUH�GHILQHG�WR�EH�WKH�QDWXUDO�JURXSLQJV�RI�YHUWLFHV�LQ�QHWZRUNV�DQG�WKHUH�LV
QR�UHDVRQ�WR�VXSSRVH�WKDW�QHWZRUNV�ZLOO�LQ�JHQHUDO�KDYH�MXVW�WZR�RI�WKHP��7KH\�PLJKW�KDYH�WZR��EXW
WKH\�PLJKW�KDYH�PRUH� WKDQ� WZR��DQG�ZH�ZRXOG� OLNH� WR�EH�DEOH� WR� ILQG� WKHP�ZKDWHYHU� WKHLU�QXPEHU�
0RUHRYHU� ZH� GRQ¶W�� LQ� JHQHUDO�� ZDQW� WR� KDYH� WR� VSHFLI\� WKH� QXPEHU� RI� FRPPXQLWLHV�� WKDW� QXPEHU
VKRXOG�EH�IL[HG�E\�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�DQG�QRW�E\�WKH�H[SHULPHQWHU�
,Q�SULQFLSOH��WKH�PRGXODULW\�PD[LPL]DWLRQ�PHWKRG�FDQ�KDQGOH�WKLV�SUREOHP�SHUIHFWO\�ZHOO��,QVWHDG�RI

PD[LPL]LQJ�PRGXODULW\�RYHU�GLYLVLRQV�RI�D�QHWZRUN�LQWR�WZR�JURXSV��ZH�VKRXOG�MXVW�PD[LPL]H�LW�RYHU
GLYLVLRQV�LQWR�DQ\�QXPEHU�RI�JURXSV��0RGXODULW\�LV�VXSSRVHG�WR�EH�ODUJHVW�IRU�WKH�EHVW�GLYLVLRQ�RI�WKH
QHWZRUN��QR�PDWWHU�KRZ�PDQ\�JURXSV�WKDW�GLYLVLRQ�SRVVHVVHV�
7KHUH�DUH�D�QXPEHU�RI�FRPPXQLW\�GHWHFWLRQ�DOJRULWKPV�WKDW�WDNH�WKLV�³IUHH�PD[LPL]DWLRQ´�DSSURDFK

WR� GHWHUPLQLQJ� FRPPXQLW\� QXPEHU�� DQG� ZH� GLVFXVV� VRPH� RI� WKHP� LQ� WKH� IROORZLQJ� VHFWLRQ�� )LUVW�
KRZHYHU��ZH� GLVFXVV� D� VLPSOHU� DSSURDFK�ZKLFK� LV� D� QDWXUDO� H[WHQVLRQ� RI� WKH�PHWKRGV� RI� SUHYLRXV
VHFWLRQV�DQG�RI�RXU�JUDSK�SDUWLWLRQLQJ�DOJRULWKPV��QDPHO\�UHSHDWHG�ELVHFWLRQ�RI�D�QHWZRUN��:H�VWDUW�E\
GLYLGLQJ�WKH�QHWZRUN�ILUVW�LQWR�WZR�SDUWV�DQG�WKHQ�ZH�IXUWKHU�VXEGLYLGH�WKRVH�SDUWV�LQ�WR�VPDOOHU�RQHV�
DQG�VR�RQ�
2QH�PXVW�EH�FDUHIXO�DERXW�KRZ�RQH�GRHV�WKLV��KRZHYHU��:H�FDQQRW�SURFHHG�DV�RQH�FDQ�LQ�WKH�JUDSK

SDUWLWLRQLQJ� FDVH� DQG� VLPSO\� WUHDW� WKH� FRPPXQLWLHV� IRXQG� LQ� WKH� LQLWLDO� ELVHFWLRQ� RI� D� QHWZRUN� DV
VPDOOHU�QHWZRUNV�LQ�WKHLU�RZQ�ULJKW��DSSO\LQJ�RXU�ELVHFWLRQ�DOJRULWKP�WR�WKRVH�VPDOOHU�QHWZRUNV��7KH
PRGXODULW\� RI� WKH� FRPSOHWH� QHWZRUN� GRHV� QRW� EUHDN� XS� �DV� FXW� VL]H� GRHV�� LQWR� LQGHSHQGHQW
FRQWULEXWLRQV�IURP�WKH�VHSDUDWH�FRPPXQLWLHV�DQG� WKH� LQGLYLGXDO�PD[LPL]DWLRQ�RI� WKH�PRGXODULWLHV�RI
WKRVH�FRPPXQLWLHV�WUHDWHG�DV�VHSDUDWH�QHWZRUNV�ZLOO�QRW��LQ�JHQHUDO��SURGXFH�WKH�PD[LPXP�PRGXODULW\
IRU�WKH�QHWZRUN�DV�D�ZKROH�
,QVWHDG��ZH�PXVW�FRQVLGHU�H[SOLFLWO\� WKH�FKDQJH�ǻ4� LQ� WKH�PRGXODULW\�RI� WKH�HQWLUH�QHWZRUN�XSRQ

IXUWKHU�ELVHFWLQJ�D�FRPPXQLW\�F�RI�VL]H�QF��7KDW�FKDQJH�LV�JLYHQ�E\
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ZKHUH�ZH�KDYH�PDGH�XVH�RI� ��DQG�%�F��LV�WKH�QF�î�QF�PDWUL[�ZLWK�HOHPHQWV
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6LQFH�(T����������KDV�WKH�VDPH�JHQHUDO�IRUP�DV�(T����������ZH�FDQ�QRZ�DSSO\�RXU�VSHFWUDO�DSSURDFK
WR�WKLV�JHQHUDOL]HG�PRGXODULW\�PDWUL[��MXVW�DV�EHIRUH��WR�PD[LPL]H�ǻ4��ILQGLQJ�WKH�OHDGLQJ�HLJHQYHFWRU
DQG�GLYLGLQJ�WKH�QHWZRUN�DFFRUGLQJ�WR�WKH�VLJQV�RI�LWV�HOHPHQWV�
,Q� UHSHDWHGO\�VXEGLYLGLQJ�D�QHWZRUN� LQ� WKLV�ZD\��DQ� LPSRUWDQW�TXHVWLRQ�ZH�QHHG� WR�DGGUHVV� LV�DW

ZKDW� SRLQW� WR� KDOW� WKH� VXEGLYLVLRQ� SURFHVV�� 7KH� DQVZHU� LV� TXLWH� VLPSOH�� *LYHQ� WKDW� RXU� JRDO� LV� WR
PD[LPL]H�WKH�PRGXODULW\�IRU�WKH�HQWLUH�QHWZRUN��ZH�VKRXOG�RQO\�JR�RQ�VXEGLYLGLQJ�JURXSV�VR�ORQJ�DV
GRLQJ�VR�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�WKH�RYHUDOO�PRGXODULW\��,I�ZH�DUH�XQDEOH�WR�ILQG�DQ\�GLYLVLRQ�RI�D
FRPPXQLW\�WKDW�UHVXOWV�LQ�D�SRVLWLYH�FKDQJH�ǻ4� LQ� WKH�PRGXODULW\�� WKHQ�ZH�VKRXOG�VLPSO\� OHDYH� WKDW
FRPPXQLW\�XQGLYLGHG��7KH�SUDFWLFDO�LQGLFDWRU�RI�WKLV�VLWXDWLRQ�LV�WKDW�RXU�ELVHFWLRQ�DOJRULWKP�ZLOO�SXW
DOO� YHUWLFHV� LQ� RQH� RI� LWV� WZR� JURXSV� DQG� QRQH� LQ� WKH� RWKHU�� HIIHFWLYHO\� UHIXVLQJ� WR� VXEGLYLGH� WKH
FRPPXQLW\� UDWKHU� WKDQ� FKRRVH� D� GLYLVLRQ� WKDW� DFWXDOO\� GHFUHDVHV� WKH� PRGXODULW\�� :KHQ� ZH� KDYH
VXEGLYLGHG�RXU�QHWZRUN�WR�WKH�SRLQW�ZKHUH�DOO�FRPPXQLWLHV�DUH�LQ�WKLV�LQGLYLVLEOH�VWDWH��WKH�DOJRULWKP
LV�ILQLVKHG�DQG�ZH�VWRS�
7KLV� UHSHDWHG�ELVHFWLRQ�PHWKRG�ZRUNV�ZHOO� LQ�PDQ\� VLWXDWLRQV�� EXW� LW� LV� E\�QR�PHDQV�SHUIHFW��$

SDUWLFXODU�SUREOHP�LV�WKDW��DV� LQ�WKH�HTXLYDOHQW�DSSURDFK�WR�JUDSK�SDUWLWLRQLQJ��WKHUH�LV�QR�JXDUDQWHH
WKDW�WKH�EHVW�GLYLVLRQ�RI�D�QHWZRUN�LQWR��VD\��WKUHH�SDUWV��FDQ�EH�IRXQG�E\�ILUVW�ILQGLQJ�WKH�EHVW�GLYLVLRQ
LQWR�WZR�SDUWV�DQG�WKHQ�VXEGLYLGLQJ�RQH�RI�WKH�WZR��&RQVLGHU�IRU�LQVWDQFH�WKH�VLPSOH�QHWZRUN�VKRZQ
LQ�)LJ��������ZKLFK�FRQVLVWV�RI�HLJKW�YHUWLFHV�MRLQHG�WRJHWKHU�LQ�D�OLQH��7KH�ELVHFWLRQ�RI�WKLV�QHWZRUN
ZLWK�KLJKHVW�PRGXODULW\�LV�WKH�RQH�VKRZQ�LQ�)LJ������D��GRZQ�WKH�PLGGOH�RI�WKH�QHWZRUN��VSOLWWLQJ�LW
LQWR�WZR�HTXDOO\�VL]HG�JURXSV�RI�IRXU�YHUWLFHV�HDFK��7KH�EHVW�PRGXODULW\� LI� WKH�QXPEHU�RI�JURXSV�LV
XQFRQVWUDLQHG�� KRZHYHU�� LV� WKDW� VKRZQ� LQ� )LJ�� ����E�� ZLWK� WKUHH� JURXSV� RI� VL]HV� ��� ��� DQG� ��
UHVSHFWLYHO\��$�UHSHDWHG�RSWLPDO�ELVHFWLRQ�DOJRULWKP�ZRXOG�QHYHU�ILQG�WKH�GLYLVLRQ�LQ�����E�EHFDXVH�
KDYLQJ�ILUVW�PDGH�WKH�ELVHFWLRQ�LQ�����D��WKHUH�LV�QR�IXUWKHU�ELVHFWLRQ�WKDW�ZLOO�JHW�XV�WR�����E�

�

)LJXUH�������'LYLVLRQ�RI�D�VLPSOH�QHWZRUN�E\�UHSHDWHG�PD[LPL]DWLRQ�RI�WKH�PRGXODULW\� ��D��7KH
RSWLPDO�ELVHFWLRQ�RI�WKLV�QHWZRUN�RI�HLJKW�YHUWLFHV�DQG�VHYHQ�HGJHV�LV�VWUDLJKW�GRZQ�WKH�PLGGOH���E�
7KH�RSWLPDO�GLYLVLRQ�LQWR�DQ�DUELWUDU\�QXPEHU�RI�JURXSV�LV�WKLV�GLYLVLRQ�LQWR�WKUHH�
�
�



$V�PHQWLRQHG�DERYH��DQ�DOWHUQDWLYH�PHWKRG�IRU�GLYLGLQJ�QHWZRUNV�LQWR�PRUH�WKDQ�WZR�FRPPXQLWLHV
LV�WR�DWWHPSW�WR�ILQG�GLUHFWO\�WKH�PD[LPXP�PRGXODULW\�RYHU�GLYLVLRQV�LQWR�DQ\�QXPEHU�RI�JURXSV��7KLV
DSSURDFK� FDQ�� LQ� SULQFLSOH�� ILQG� EHWWHU� GLYLVLRQV� WKDQ� UHSHDWHG� ELVHFWLRQ�� EXW� LQ� SUDFWLFH� LV� PRUH
FRPSOLFDWHG� WR� LPSOHPHQW� DQG� RIWHQ� UXQV� VORZHU�� $� QXPEHU� RI� SURPLVLQJ� PHWKRGV� KDYH� EHHQ
GHYHORSHG��KRZHYHU��VRPH�RI�ZKLFK�DUH�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ�
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7KHUH�DUH�D�JUHDW�YDULHW\�RI�JHQHUDO�DOJRULWKPV�IRU�PD[LPL]LQJ��RU�PLQLPL]LQJ��IXQFWLRQV�RYHU�VHWV�RI
VWDWHV�� DQG� LQ� WKHRU\� DQ\� RQH� RI� WKHP� FRXOG� EH� EURXJKW� WR� EHDU� RQ� WKH� PRGXODULW\� PD[LPL]DWLRQ
SUREOHP�� WKHUHE\� FUHDWLQJ� D� QHZ� FRPPXQLW\� GHWHFWLRQ� DOJRULWKP�� :H� GHVFULEH� EULHIO\� KHUH� WKUHH
DSSURDFKHV� WKDW� KDYH� PHW� ZLWK� VRPH� VXFFHVV�� (DFK� RI� WKHVH� DSSURDFKHV� DWWHPSWV� WR� PD[LPL]H
PRGXODULW\�RYHU�GLYLVLRQV�LQWR�DQ\�QXPEHU�RI�FRPPXQLWLHV�RI�DQ\�VL]HV�DQG�WKXV�WR�GHWHUPLQH�ERWK�WKH
QXPEHU�DQG�VL]H�RI�FRPPXQLWLHV�LQ�WKH�SURFHVV�
2QH� RI� WKH� PRVW� ZLGHO\� XVHG� JHQHUDO� RSWLPL]DWLRQ� VWUDWHJLHV� LV�VLPXODWHG� DQQHDOLQJ�� ZKLFK

SURFHHGV�E\�DQDORJ\�ZLWK�WKH�SK\VLFV�RI�VORZ�FRROLQJ�RU�³DQQHDOLQJ´�RI�VROLGV��,W�LV�NQRZQ�WKDW�D�KRW
V\VWHP�� VXFK� DV� D� PROWHQ� PHWDO�� ZLOO�� LI� FRROHG� VXIILFLHQWO\� VORZO\� WR� D� ORZ� HQRXJK� WHPSHUDWXUH�
HYHQWXDOO\�ILQG�LWV�JURXQG�VWDWH��WKDW�VWDWH�RI�WKH�V\VWHP�WKDW�KDV�WKH�ORZHVW�SRVVLEOH�HQHUJ\��6LPXODWHG
DQQHDOLQJ�ZRUNV�E\�WUHDWLQJ�WKH�TXDQWLW\�RI�LQWHUHVW²PRGXODULW\�LQ�WKLV�FDVH²DV�DQ�HQHUJ\�DQG�WKHQ
VLPXODWLQJ�WKH�FRROLQJ�SURFHVV�XQWLO� WKH�V\VWHP�ILQGV�WKH�VWDWH�ZLWK�WKH� ORZHVW�HQHUJ\��6LQFH�ZH�DUH
LQWHUHVWHG�LQ�ILQGLQJ�WKH�KLJKHVW�PRGXODULW\��QRW�WKH�ORZHVW��ZH�HTXDWH�HQHUJ\�LQ�RXU�FDVH�ZLWK�PLQXV
WKH�PRGXODULW\��UDWKHU�WKDQ�ZLWK�WKH�PRGXODULW\�LWVHOI�
7KH� GHWDLOV� RI� WKH� VLPXODWHG� DQQHDOLQJ� PHWKRG� DUH� EH\RQG� WKH� VFRSH� RI� WKLV� ERRN�� EXW� WKH

DSSOLFDWLRQ�WR�PRGXODULW\�PD[LPL]DWLRQ�LV�D�VWUDLJKWIRUZDUG�RQH�DQG�LW�DSSHDUV�WR�ZRUN�YHU\�ZHOO�>���
����� ����� ����� ���@�� )RU� H[DPSOH�� 'DQRQ�HW� DO�� >��@� SHUIRUPHG� DQ� H[WHQVLYH� WHVW� LQ� ZKLFK� WKH\
FRPSDUHG� WKH� SHUIRUPDQFH� RI� D� ODUJH� QXPEHU� RI� GLIIHUHQW� FRPPXQLW\� GHWHFWLRQ� DOJRULWKPV� RQ
VWDQGDUGL]HG�WDVNV�DQG�IRXQG�WKDW�WKH�VLPXODWHG�DQQHDOLQJ�PHWKRG�JDYH�WKH�EHVW�UHVXOWV�RI�DQ\�PHWKRG
WHVWHG��7KH�PDLQ�GLVDGYDQWDJH�RI�WKH�DSSURDFK�LV�WKDW�LW�LV�VORZ��W\SLFDOO\�WDNLQJ�VHYHUDO�WLPHV�DV�ORQJ
WR�UHDFK�DQ�DQVZHU�DV�FRPSHWLQJ�PHWKRGV�GR�
$QRWKHU�JHQHUDO�RSWLPL]DWLRQ�PHWKRG�LV�WKH�JHQHWLF�DOJRULWKP��D�PHWKRG�LQVSLUHG�E\�WKH�ZRUNLQJV�RI

ELRORJLFDO�HYROXWLRQ��-XVW�DV�ILWWHU�ELRORJLFDO�VSHFLHV�UHSURGXFH�PRUH�DQG�VR�SDVV�RQ�WKH�JHQHV� WKDW
FRQIHU�WKDW�ILWQHVV�WR�IXWXUH�JHQHUDWLRQV��VR�RQH�FDQ�FRQVLGHU�D�SRSXODWLRQ�RI�GLIIHUHQW�GLYLVLRQV�RI�WKH
VDPH� QHWZRUN� DQG� DVVLJQ� WR� HDFK� D� ³ILWQHVV´� SURSRUWLRQDO� WR� LWV� PRGXODULW\�� 2YHU� D� VHULHV� RI
JHQHUDWLRQV�RQH�VLPXODWHV�WKH�SUHIHUHQWLDO�³UHSURGXFWLRQ´�RI�KLJKPRGXODULW\�GLYLVLRQV��ZKLOH�WKRVH�RI
ORZ� PRGXODULW\� GLH� RXW�� 6PDOO� FKDQJHV� RU� PXWDWLRQV� DUH� LQWURGXFHG� LQWR� WKH� RIIVSULQJ� GLYLVLRQV�
DOORZLQJ� WKHLU�PRGXODULW\� YDOXHV� HLWKHU� WR� LPSURYH� RU� JHW�ZRUVH� DQG� WKRVH� WKDW� LPSURYH� DUH�PRUH
OLNHO\� WR�VXUYLYH� LQ� WKH�QH[W�JHQHUDWLRQ�ZKLOH� WKRVH� WKDW�JHW�ZRUVH�DUH�PRUH� OLNHO\� WR�EH�NLOOHG�RII�
$IWHU�PDQ\�JHQHUDWLRQV�RQH�KDV�D�SRSXODWLRQ�RI�GLYLVLRQV�ZLWK�JRRG�PRGXODULW\�DQG�WKH�EHVW�RI�WKHVH
LV�WKH�ILQDO�GLYLVLRQ�UHWXUQHG�E\�WKH�DOJRULWKP��/LNH�VLPXODWHG�DQQHDOLQJ�WKH�PHWKRG�DSSHDUV� WR�JLYH
UHVXOWV�RI�KLJK�TXDOLW\��EXW�LV�VORZ��ZKLFK�UHVWULFWV�LWV�XVH�WR�QHWZRUNV�RI�D�IHZ�KXQGUHG�YHUWLFHV�RU
IHZHU�>���@�
$�WKLUG�PHWKRG�PDNHV�XVH�RI�D�VR�FDOOHG�JUHHG\�DOJRULWKP��,Q�WKLV�YHU\�VLPSOH�DSSURDFK�ZH�VWDUW

RXW� ZLWK� HDFK� YHUWH[� LQ� RXU� QHWZRUN� LQ� D� RQH�YHUWH[� JURXS� RI� LWV� RZQ�� DQG� WKHQ� VXFFHVVLYHO\
DPDOJDPDWH� JURXSV� LQ� SDLUV�� FKRRVLQJ� DW� HDFK� VWHS� WKH� SDLU�ZKRVH� DPDOJDPDWLRQ� JLYHV� WKH� ELJJHVW
LQFUHDVH�LQ�PRGXODULW\��RU�WKH�VPDOOHVW�GHFUHDVH�LI�QR�FKRLFH�JLYHV�DQ�LQFUHDVH��(YHQWXDOO\�DOO�YHUWLFHV
DUH� DPDOJDPDWHG� LQWR� D� VLQJOH� ODUJH� FRPPXQLW\� DQG� WKH� DOJRULWKP�HQGV��7KHQ�ZH�JR�EDFN�RYHU� WKH
VWDWHV�WKURXJK�ZKLFK�WKH�QHWZRUN�SDVVHG�GXULQJ�WKH�FRXUVH�RI�WKH�DOJRULWKP�DQG�VHOHFW�WKH�RQH�ZLWK�WKH
KLJKHVW�YDOXH�RI�WKH�PRGXODULW\��$�QDLYH�LPSOHPHQWDWLRQ�RI�WKLV�LGHD�UXQV�LQ�WLPH�2� Q����EXW�E\�PDNLQJ



XVH�RI�VXLWDEOH�GDWD�VWUXFWXUHV� WKH� UXQ� WLPH�FDQ�EH� LPSURYHG� WR�2�Q� ORJ��Q�� RQ� D� VSDUVH�JUDSK� >���
���@��2YHUDOO�WKH�DOJRULWKP�ZRUNV�RQO\�PRGHUDWHO\�ZHOO��LW�JLYHV�UHDVRQDEOH�GLYLVLRQV�RI�QHWZRUNV�
EXW� WKH� PRGXODULW\� YDOXHV� DFKLHYHG� DUH� LQ� JHQHUDO� VRPHZKDW� ORZHU� WKDQ� WKRVH� IRXQG� E\� WKH� RWKHU
PHWKRGV�GHVFULEHG�KHUH��2Q� WKH�RWKHU�KDQG�� WKH� UXQQLQJ� WLPH�RI� WKH�PHWKRG�PD\�EH� WKH�EHVW� RI� DQ\
FXUUHQW� DOJRULWKP�� DQG� WKLV� LV� RQH� RI� WKH� IHZ� DOJRULWKPV� IDVW� HQRXJK� WR� ZRUN� RQ� WKH� YHU\� ODUJHVW
QHWZRUNV�QRZ�EHLQJ�H[SORUHG��:DNLWD�DQG�7VXUXPL�>���@�KDYH�JLYHQ�RQH�H[DPSOH�RI�DQ�DSSOLFDWLRQ
WR�D�QHWZRUN�RI�PRUH�WKDQ�ILYH�PLOOLRQ�YHUWLFHV��VRPHWKLQJ�RI�D�UHFRUG�IRU�VWXGLHV�RI�WKLV�NLQG�
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$V�ZH�KDYH�VHHQ��WKH�SUREOHP�RI�GHWHFWLQJ�FRPPXQLWLHV�LQ�QHWZRUNV�LV�D�OHVV�ZHOO�SRVHG�RQH�WKDQ�WKH
SUREOHP�RI�JUDSK�SDUWLWLRQLQJ��,Q�JUDSK�SDUWLWLRQLQJ�WKH�JRDO�LV�FOHDU��WR�ILQG�WKH�GLYLVLRQ�RI�D�QHWZRUN
ZLWK� WKH� VPDOOHVW� SRVVLEOH� FXW� VL]H��7KHUH� LV�� E\� FRQWUDVW�� QR�XQLYHUVDOO\� DJUHHG�XSRQ�GHILQLWLRQ�RI
ZKDW� FRQVWLWXWHV� D� JRRG�GLYLVLRQ� RI� D� QHWZRUN� LQWR� FRPPXQLWLHV�� ,Q� WKH� SUHYLRXV� VHFWLRQV�ZH�KDYH
ORRNHG�DW�DOJRULWKPV�EDVHG�RQH�SDUWLFXODU�GHILQLWLRQ�LQ�WHUPV�RI�WKH�PRGXODULW\�IXQFWLRQ��EXW�WKHUH�DUH
D� QXPEHU� RI� RWKHU� GHILQLWLRQV� LQ� FRPPRQ� XVH� WKDW� OHDG� WR� GLIIHUHQW� DOJRULWKPV�� ,Q� WKH� IROORZLQJ
VHFWLRQV�ZH�ORRN�EULHIO\�DW�D�IHZ�RI�WKHVH�RWKHU�DOJRULWKPV�
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2QH�DOWHUQDWLYH�ZD\�RI�ILQGLQJ�FRPPXQLWLHV�RI�YHUWLFHV�LQ�D�QHWZRUN�LV�WR�ORRN�IRU�WKH�HGJHV�WKDW�OLH
EHWZHHQ�FRPPXQLWLHV��,I�ZH�FDQ�ILQG�DQG�UHPRYH�WKHVH�HGJHV��ZH�ZLOO�EH�OHIW�ZLWK�MXVW�WKH�LVRODWHG
FRPPXQLWLHV�
7KHUH� LV� PRUH� WKDQ� RQH� ZD\� WR� TXDQWLI\� ZKDW� ZH� PHDQ� ZKHQ� ZH� VD\� DQ� HGJH� OLHV� ³EHWZHHQ

FRPPXQLWLHV�´�EXW�RQH�FRPPRQ�DSSURDFK� LV� WR�XVH�EHWZHHQQHVV�FHQWUDOLW\��$V�GHVFULEHG� LQ�6HFWLRQ
�����WKH�EHWZHHQQHVV�FHQWUDOLW\�RI�D�YHUWH[�LQ�D�QHWZRUN�LV�WKH�QXPEHU�RI�JHRGHVLF��L�H���VKRUWHVW��SDWKV
LQ�WKH�QHWZRUN�WKDW�SDVV�WKURXJK�WKDW�YHUWH[��6LPLODUO\��ZH�FDQ�GHILQH�DQ�HGJH�EHWZHHQQHVV�WKDW�FRXQWV
WKH�QXPEHU�RI�JHRGHVLF�SDWKV�WKDW�UXQ�DORQJ�HGJHV�DQG��DV�VKRZQ�LQ�)LJ��������HGJHV�WKDW�OLH�EHWZHHQ
FRPPXQLWLHV�FDQ�EH�H[SHFWHG�WR�KDYH�KLJK�YDOXHV�RI�WKH�HGJH�EHWZHHQQHVV�

�

)LJXUH�������,GHQWLILFDWLRQ�RI�EHWZHHQ�JURXS�HGJHV��7KLV�VLPSOH�H[DPSOH�QHWZRUN�LV�GLYLGHG�LQWR
WZR�JURXSV�RI�YHUWLFHV��GHQRWHG�E\�WKH�GRWWHG�OLQHV���ZLWK�RQO\�WZR�HGJHV�FRQQHFWLQJ�WKH�JURXSV��$Q\
SDWK�MRLQLQJ�YHUWLFHV�LQ�GLIIHUHQW�JURXSV��VXFK�DV�YHUWLFHV�X�DQG�Y��PXVW�QHFHVVDULO\�SDVV�DORQJ�RQH�RI
WKHVH�WZR�HGJHV��7KXV�LI�ZH�FRQVLGHU�D�VHW�RI�SDWKV�EHWZHHQ�DOO�SDLUV�RI�YHUWLFHV��VXFK�DV�JHRGHVLF
SDWKV��IRU�LQVWDQFH���ZH�H[SHFW�WKH�EHWZHHQ�JURXS�HGJHV�WR�FDUU\�PRUH�SDWKV�WKDQ�PRVW��%\�FRXQWLQJ
WKH�QXPEHU�RI�SDWKV�WKDW�SDVV�DORQJ�HDFK�HGJH�ZH�FDQ�LQ�WKLV�ZD\�LGHQWLI\�WKH�EHWZHHQ�JURXS�HGJHV�
�
�
7KH� FDOFXODWLRQ�RI� HGJH�EHWZHHQQHVV� LV� SUHFLVHO\� DQDORJRXV� WR� WKH�YHUWH[� FDVH��ZH� FRQVLGHU� WKH

JHRGHVLF� SDWK� RU� SDWKV� EHWZHHQ� HYHU\� SDLU� RI� YHUWLFHV� LQ� WKH� QHWZRUN� �H[FHSW� YHUWLFHV� LQ� GLIIHUHQW
FRPSRQHQWV��IRU�ZKLFK�QR�VXFK�SDWK�H[LVWV���DQG�FRXQW�KRZ�PDQ\�VXFK�SDWKV�JR�DORQJ�HDFK�HGJH��(GJH
EHWZHHQQHVV�FDQ�EH�FDOFXODWHG�IRU�DOO�HGJHV�LQ�WLPH�2�Q�P���Q���XVLQJ�D�VOLJKWO\�PRGLILHG�YHUVLRQ�RI
WKH�DOJRULWKP�GHVFULEHG�LQ�6HFWLRQ��������>���@�
2XU�DOJRULWKP�IRU�GHWHFWLQJ�FRPPXQLWLHV�LV�WKHQ�DV�IROORZV��:H�FDOFXODWH�WKH�EHWZHHQQHVV�VFRUHV

RI� DOO� HGJHV� LQ� RXU� QHWZRUN� DQG� WKHQ� VHDUFK� WKURXJK� WKHP� IRU� WKH� HGJH�ZLWK� WKH� KLJKHVW� VFRUH� DQG
UHPRYH�LW��,Q�UHPRYLQJ�WKH�HGJH�ZH�ZLOO�FKDQJH�WKH�EHWZHHQQHVV�VFRUHV�RI�VRPH�HGJHV��EHFDXVH�DQ\
VKRUWHVW�SDWKV�WKDW�SUHYLRXVO\�WUDYHUVHG�WKH�UHPRYHG�HGJH�ZLOO�QRZ�KDYH�WR�EH�UHURXWHG�DQRWKHU�ZD\�
6R�ZH�PXVW�UHFDOFXODWH�WKH�EHWZHHQQHVV�VFRUHV�IROORZLQJ�WKH�UHPRYDO��7KHQ�ZH�VHDUFK�DJDLQ�IRU�WKH
HGJH�ZLWK� WKH� KLJKHVW� VFRUH� DQG� UHPRYH� LW�� DQG� VR� IRUWK��$V�ZH� UHPRYH� RQH� HGJH� DIWHU� DQRWKHU� DQ
LQLWLDOO\�FRQQHFWHG�QHWZRUN�ZLOO�HYHQWXDOO\�VSOLW�LQWR�WZR�SLHFHV��DQG�WKHQ�LQWR�WKUHH��DQG�VR�RQ�
7KH�SURJUHVV�RI�WKH�DOJRULWKP�FDQ�EH�UHSUHVHQWHG�XVLQJ�D�WUHH�RU�GHQGURJUDP�OLNH�WKDW�GHSLFWHG�LQ



)LJ��������$W�WKH�ERWWRP�RI�WKH�ILJXUH�ZH�KDYH�WKH�³OHDYHV´�RI�WKH�WUHH��ZKLFK�HDFK�UHSUHVHQW�RQH�RI�WKH
YHUWLFHV�RI�WKH�QHWZRUN��DQG�DV�ZH�PRYH�XS�WKH�WUHH��WKH�OHDYHV�MRLQ�WRJHWKHU�ILUVW�LQ�SDLUV�DQG�WKHQ�LQ
ODUJHU�JURXSV��XQWLO�DW�WKH�WRS�RI�WKH�WUHH�DOO�DUH�MRLQHG�WRJHWKHU�WR�IRUP�D�VLQJOH�ZKROH��2XU�DOJRULWKP
LQ�IDFW�JHQHUDWHV�WKH�GHQGURJUDP�IURP�WKH�WRS��UDWKHU�WKDQ�WKH�ERWWRP��VWDUWLQJ�ZLWK�D�VLQJOH�FRQQHFWHG
QHWZRUN�DQG�VSOLWWLQJ�LW�UHSHDWHGO\�XQWLO�ZH�JHW�WR�WKH�OHYHO�RI�VLQJOH�YHUWLFHV��,QGLYLGXDO�LQWHUPHGLDWH
FRQILJXUDWLRQV�RI�WKH�QHWZRUN�GXULQJ�WKH�UXQ�RI�WKH�DOJRULWKP�FRUUHVSRQG�WR�KRUL]RQWDO�FXWV�WKURXJK�WKH
GHQGURJUDP��DV�LQGLFDWHG�E\�WKH�GRWWHG�OLQH�LQ�WKH�ILJXUH��(DFK�EUDQFK�RI�WKH�WUHH�WKDW�LQWHUVHFWV�WKLV
GRWWHG�OLQH�UHSUHVHQWV�RQH�JURXS�RI�YHUWLFHV��ZKRVH�PHPEHUVKLS�ZH�FDQ�GHWHUPLQH�E\�IROORZLQJ�WKH
EUDQFK� GRZQ� WR� LWV� OHDYHV� DW� WKH� ERWWRP� RI� WKH� ILJXUH�� 7KXV� WKH� GHQGURJUDP� FDSWXUHV� LQ� D� VLQJOH
GLDJUDP�WKH�FRQILJXUDWLRQ�RI�JURXSV�LQ�WKH�QHWZRUN�DW�HYHU\�VWDJH�IURP�VWDUW�WR�ILQLVK�RI�WKH�DOJRULWKP�

�

)LJXUH�������$�GHQGURJUDP� �7KH�UHVXOWV�RI�WKH�HGJH�EHWZHHQQHVV�DOJRULWKP�FDQ�EH�UHSUHVHQWHG�DV�D
WUHH�RU�³GHQGURJUDP´�LQ�ZKLFK�WKH�YHUWLFHV�DUH�GHSLFWHG��FRQYHQWLRQDOO\��DW�WKH�ERWWRP�RI�WKH�WUHH�DQG
WKH�³URRW´�DW� WKH� WRS�UHSUHVHQW� WKH�ZKROH�QHWZRUN��7KH�SURJUHVVLYH�IUDJPHQWDWLRQ�RI� WKH�QHWZRUN�DV
HGJHV� DUH� UHPRYHG�RQH�E\�RQH� LV� UHSUHVHQWHG�E\� WKH� VXFFHVVLYH�EUDQFKLQJ�RI� WKH� WUHH� DV�ZH�PRYH
GRZQ�WKH�ILJXUH�DQG�WKH�LGHQWLWLHV�RI�WKH�YHUWLFHV�LQ�D�FRQQHFWHG�VXEVHW�DW�DQ\�SRLQW�LQ�WKH�SURFHGXUH
FDQ�EH�IRXQG�E\�IROORZLQJ�WKH�OLQHV�RI�WKH�WUHH�GRZQ�WR�WKH�ERWWRP�RI�WKH�SLFWXUH��(DFK�LQWHUPHGLDWH
GLYLVLRQ�RI�WKH�QHWZRUN�WKURXJK�ZKLFK�WKH�DOJRULWKP�SDVVHV�FRUUHVSRQGV�WR�D�KRUL]RQWDO�FXW�WKURXJK�WKH
GHQGURJUDP��)RU�LQVWDQFH��WKH�FXW�GHQRWHG�E\�WKH�GRWWHG�OLQH�LQ�WKLV�GHQGURJUDP�VSOLWV�WKH�QHWZRUN�LQWR
IRXU�JURXSV�RI����������DQG���YHUWLFHV�UHVSHFWLYHO\�
�
�
7KLV�DOJRULWKP�LV�VRPHZKDW�GLIIHUHQW�IURP�SUHYLRXV�RQHV��WKHUHIRUH��LQ�WKDW�LW�GRHVQ¶W�JLYH�D�VLQJOH

GHFRPSRVLWLRQ�RI�D�QHWZRUN�LQWR�FRPPXQLWLHV��EXW�D�VHOHFWLRQ�RI�GLIIHUHQW�SRVVLELOLWLHV��UDQJLQJ�IURP
FRDUVH�GLYLVLRQV�LQWR�MXVW�D�IHZ�ODUJH�FRPPXQLWLHV��DW�WKH�WRS�RI�WKH�GHQGURJUDP��WR�ILQH�GLYLVLRQV�LQWR
PDQ\�VPDOO�FRPPXQLWLHV� �DW� WKH�ERWWRP��� ,W� LV�XS� WR� WKH�XVHU� WR�GHFLGH�ZKLFK�RI� WKH�PDQ\�GLYLVLRQV
UHSUHVHQWHG� LV� PRVW� XVHIXO� IRU� WKHLU� SXUSRVHV�� 2QH� FRXOG� LQ� SULQFLSOH� XVH� D� PHDVXUH� VXFK� DV
PRGXODULW\�WR�TXDQWLI\�WKH�TXDOLW\�RI�WKH�GLIIHUHQW�GLYLVLRQV�DQG�VHOHFW�WKH�RQH�ZLWK�WKH�KLJKHVW�TXDOLW\
LQ�WKLV�VHQVH��7KLV��KRZHYHU��VRPHZKDW�PLVVHV�WKH�SRLQW��,I�KLJK�PRGXODULW\�LV�ZKDW�\RX�FDUH�DERXW�
WKHQ�\RX�DUH�EHWWHU�RII�VLPSO\�XVLQJ�D�PRGXODULW\�PD[LPL]DWLRQ�DOJRULWKP�LQ�WKH�ILUVW�SODFH��,W�LV�PRUH
DSSURSULDWH� VLPSO\� WR� WKLQN� RI� WKLV� EHWZHHQQHVV�EDVHG� DOJRULWKP� DV� SURGXFLQJ� D� GLIIHUHQW� NLQG� RI
RXWSXW��RQH�WKDW�KDV�LWV�RZQ�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�EXW�WKDW�FDQ�XQGRXEWHGO\�WHOO�XV�LQWHUHVWLQJ
WKLQJV�DERXW�QHWZRUN�VWUXFWXUH�
7KH�EHWZHHQQHVV�EDVHG�DOJRULWKP�LV��XQIRUWXQDWHO\��TXLWH�VORZ��$V�ZH�KDYH�VDLG�WKH�FDOFXODWLRQ�RI



EHWZHHQQHVV�IRU�DOO�HGJHV�WDNHV�WLPH�RI�RUGHU�2�Q�P� ��Q���DQG�ZH�KDYH�WR�SHUIRUP�WKLV�FDOFXODWLRQ
EHIRUH�WKH�UHPRYDO�RI�HDFK�RI�WKH�P�HGJHV��VR�WKH�HQWLUH�DOJRULWKP�WDNHV�WLPH�2�PQ�P���Q����RU�2�Q��
RQ�D�VSDUVH�JUDSK�ZLWK�P��Q��7KLV�PDNHV�WKLV�DOJRULWKP�RQH�RI�WKH�VORZHU�DOJRULWKPV�FRQVLGHUHG�LQ
WKLV� FKDSWHU�� 7KH� DOJRULWKP� JLYHV� TXLWH� JRRG� UHVXOWV� LQ� SUDFWLFH� >����� ���@�� EXW� KDV� PRVWO\� EHHQ
VXSHUVHGHG�E\�WKH�IDVWHU�PRGXODULW\�PD[LPL]DWLRQ�PHWKRGV�RI�SUHYLRXV�VHFWLRQV�
1RQHWKHOHVV�� WKH�DELOLW\�RI� WKH�DOJRULWKP� WR� UHWXUQ�DQ�HQWLUH�GHQGURJUDP�� UDWKHU� WKDQ� MXVW�D� VLQJOH

GLYLVLRQ�RI�D�QHWZRUN��FRXOG�EH�XVHIXO� LQ�VRPH�FDVHV��7KH�GLYLVLRQV�UHSUHVHQWHG�LQ� WKH�GHQGURJUDP
IRUP�D�KLHUDUFKLFDO�GHFRPSRVLWLRQ�LQ�ZKLFK�WKH�FRPPXQLWLHV�DW�RQH�OHYHO�DUH�FRPSOHWHO\�FRQWDLQHG
ZLWKLQ� WKH� ODUJHU� FRPPXQLWLHV� DW� DOO� KLJKHU� OHYHOV�� 7KHUH� KDV� EHHQ� VRPH� LQWHUHVW� LQ� KLHUDUFKLFDO
VWUXFWXUH� LQ� QHWZRUNV� DQG� KLHUDUFKLFDO� GHFRPSRVLWLRQV� WKDW� PLJKW� FDSWXUH� LW�� :H� ORRN� DW� DQRWKHU
DOJRULWKP�IRU�KLHUDUFKLFDO�GHFRPSRVLWLRQ�LQ�6HFWLRQ���������
$Q�LQWHUHVWLQJ�YDULDWLRQ�RQ�WKH�EHWZHHQQHVV�DOJRULWKP�KDV�EHHQ�SURSRVHG�E\�5DGLFFKL�HW�DO��>���@�

7KHLU� LGHD� UHYROYHV�DURXQG� WKH� VDPH�EDVLF�SULQFLSOH�RI� LGHQWLI\LQJ� WKH�HGJHV�EHWZHHQ�FRPPXQLWLHV
DQG� UHPRYLQJ� WKHP�� EXW� WKH�PHDVXUH� XVHG� WR� SHUIRUP� WKH� LGHQWLILFDWLRQ� LV� GLIIHUHQW��5DGLFFKL�HW� DO�
REVHUYH� WKDW� WKH� HGJHV� WKDW� IDOO� EHWZHHQ� RWKHUZLVH� SRRUO\� FRQQHFWHG� FRPPXQLWLHV� DUH� XQOLNHO\� WR
EHORQJ�WR�VKRUW�ORRSV�RI�HGJHV��VLQFH�GRLQJ�VR�ZRXOG�UHTXLUH�WKDW�WKHUH�EH�WZR�QHDUE\�HGJHV�MRLQLQJ
WKH�VDPH�JURXSV²VHH�)LJ��������7KXV�RQH�ZD\�WR�LGHQWLI\�WKH�HGJHV�EHWZHHQ�FRPPXQLWLHV�ZRXOG�EH
WR�ORRN�IRU�HGJHV�WKDW�EHORQJ�WR�DQ�XQXVXDOO\�VPDOO�QXPEHU�RI�VKRUW�ORRSV��5DGLFFKL�HW�DO��IRXQG�WKDW
ORRSV�RI�OHQJWK�WKUHH�DQG�IRXU�JDYH�WKH�EHVW�UHVXOWV��%\�UHSHDWHGO\�UHPRYLQJ�HGJHV�WKDW�EHORQJ�WR�VPDOO
QXPEHUV� RI� VXFK� ORRSV� WKH\�ZHUH� DEOH� WR� DFFXUDWHO\�XQFRYHU� FRPPXQLWLHV� LQ� D� QXPEHU� RI� H[DPSOH
QHWZRUNV�
$Q�DWWUDFWLYH�IHDWXUH�RI� WKLV�PHWKRG� LV� LWV�VSHHG��7KH�FDOFXODWLRQ�RI� WKH�QXPEHU�RI�VKRUW� ORRSV� WR

ZKLFK�DQ�HGJH�EHORQJV�LV�D�ORFDO�FDOFXODWLRQ�DQG�FDQ�EH�SHUIRUPHG�IRU�DOO�HGJHV�LQ�WLPH�WKDW�JRHV�OLNH
WKH�WRWDO�VL]H�RI�WKH�QHWZRUN��7KXV��LQ�WKH�ZRUVW�FDVH��WKH�UXQQLQJ�WLPH�RI�WKH�DOJRULWKP�ZLOO�RQO\�JR�DV
2�Q��� RQ� D� VSDUVH� JUDSK�� ZKLFK� LV� RQH� RUGHU� RI� V\VWHP� VL]H� IDVWHU� WKDQ� WKH� EHWZHHQQHVV�EDVHG
DOJRULWKP�DQG�DV�IDVW�DV�WKH�HDUOLHU�PHWKRGV�EDVHG�RQ�PRGXODULW\�PD[LPL]DWLRQ�

�

)LJXUH� ������ 7KH� DOJRULWKP� RI�5DGLFFKL� HW� DO�� 7KH� DOJRULWKP� RI� 5DGLFFKL�HW� DO�� XVHV� D� GLIIHUHQW
PHDVXUH�WR�LGHQWLI\�EHWZHHQ�JURXS�HGJHV��ORRNLQJ�IRU�WKH�HGJHV�WKDW�EHORQJ�WR�WKH�IHZHVW�VKRUW�ORRSV�
,Q�PDQ\�QHWZRUNV�� HGJHV�ZLWKLQ� JURXSV� W\SLFDOO\� EHORQJ� WR�PDQ\� VKRUW� ORRSV�� VXFK� DV� WKH� ORRSV� RI
OHQJWK�WKUHH�DQG�IRXU�ODEHOHG�³�´�DQG�³��´�%XW�HGJHV�EHWZHHQ�JURXSV��VXFK�DV�WKH�HGJH�ODEHOHG�³�´
KHUH��RIWHQ�GR�QRW�EHORQJ�WR�VXFK�ORRSV��EHFDXVH�WR�GR�VR�ZRXOG�UHTXLUH�WKHUH�WR�EH�D�UHWXUQ�SDWK�DORQJ
DQRWKHU�EHWZHHQ�JURXS�HGJH��RI�ZKLFK�WKHUH�DUH��E\�GHILQLWLRQ��IHZ�
�
�
2Q� WKH� RWKHU� KDQG�� WKH� DOJRULWKP� RI� 5DGLFFKL�HW� DO�� KDV� WKH� GLVDGYDQWDJH� WKDW� LW� RQO\� ZRUNV� RQ



QHWZRUNV� WKDW� KDYH� D� VLJQLILFDQW� QXPEHU� RI� VKRUW� ORRSV� LQ� WKH� ILUVW� SODFH��7KLV� UHVWULFWV� WKH�PHWKRG
SULPDULO\� WR� VRFLDO� QHWZRUNV�� ZKLFK� LQGHHG� KDYH� ODUJH� QXPEHUV� RI� VKRUW� ORRSV� �VHH� 6HFWLRQ� �����
2WKHU�W\SHV�RI�QHWZRUN��VXFK�DV�WHFKQRORJLFDO�DQG�ELRORJLFDO�QHWZRUNV��WHQG�WR�KDYH�VPDOOHU�QXPEHUV
RI�VKRUW�ORRSV��DQG�KHQFH�WKHUH�LV�OLWWOH�WR�GLVWLQJXLVK�EHWZHHQ�JURXS�HGJHV�IURP�ZLWKLQ�JURXS�RQHV�
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�

7KH� DOJRULWKPV� RI� WKH� SUHYLRXV� VHFWLRQ� GLIIHU� VRPHZKDW� IURP� WKH� RWKHU� FRPPXQLW\� GHWHFWLRQ
DOJRULWKPV�LQ�WKLV�FKDSWHU�LQ�WKDW�WKH\�SURGXFH�D�KLHUDUFKLFDO�GHFRPSRVLWLRQ�RI�D�QHWZRUN�LQWR�D�VHW�RI
QHVWHG�FRPPXQLWLHV��YLVXDOL]HG�LQ�WKH�IRUP�RI�D�GHQGURJUDP�DV�LQ�)LJ��������UDWKHU�WKDQ�MXVW�D�VLQJOH
GLYLVLRQ� LQWR� D� XQLTXH� VHW� RI� FRPPXQLWLHV�� ,Q� WKLV� VHFWLRQ� ZH� ORRN� DW� DQRWKHU� DOJRULWKP� WKDW� DOVR
SURGXFHV�D�KLHUDUFKLFDO�GHFRPSRVLWLRQ��RQH�RI�WKH�ROGHVW�RI�FRPPXQLW\�GHWHFWLRQ�PHWKRGV��WKH�PHWKRG
RI�KLHUDUFKLFDO�FOXVWHULQJ����
+LHUDUFKLFDO� FOXVWHULQJ� LV� QRW� VR�PXFK� D� VLQJOH� DOJRULWKP� DV� DQ� HQWLUH� FODVV� RI� DOJRULWKPV��ZLWK

PDQ\�YDULDWLRQV�DQG�DOWHUQDWLYHV��+LHUDUFKLFDO�FOXVWHULQJ�LV�DQ�DJJORPHUDWLYH�WHFKQLTXH�LQ�ZKLFK�ZH
VWDUW�ZLWK�WKH�LQGLYLGXDO�YHUWLFHV�RI�D�QHWZRUN�DQG�MRLQ�WKHP�WRJHWKHU�WR�IRUP�JURXSV��7KLV�FRQWUDVWV
ZLWK�PRVW�RI� WKH�RWKHU�PHWKRGV�ZH�KDYH� ORRNHG�DW� IRU� FRPPXQLW\�GHWHFWLRQ�DQG�JUDSK�SDUWLWLRQLQJ�
ZKLFK�ZHUH�GLYLVLYH�PHWKRGV�WKDW�WRRN�D�FRPSOHWH�QHWZRUN�DQG�VSOLW�LW�DSDUW���2QH�HDUOLHU�DOJRULWKP�
WKH�JUHHG\�PRGXODULW\�PD[LPL]DWLRQ�DOJRULWKP�RI�6HFWLRQ��������ZDV�DQ�DJJORPHUDWLYH�PHWKRG��
7KH� EDVLF� LGHD� EHKLQG�KLHUDUFKLFDO� FOXVWHULQJ� LV� WR� GHILQH� D�PHDVXUH� RI� VLPLODULW\� RU� FRQQHFWLRQ

VWUHQJWK�EHWZHHQ�YHUWLFHV��EDVHG�RQ�WKH�QHWZRUN�VWUXFWXUH��DQG�WKHQ�MRLQ�WRJHWKHU�WKH�FORVHVW�RU�PRVW
VLPLODU� YHUWLFHV� WR� IRUP� JURXSV��:H� GLVFXVVHG�PHDVXUHV� RI� YHUWH[� VLPLODULW\� LQ� QHWZRUNV� DW� VRPH
OHQJWK� LQ� 6HFWLRQ� ������$Q\� RI� WKH� PHDVXUHV� RI� VWUXFWXUDO� HTXLYDOHQFH� LQWURGXFHG� WKHUH� ZRXOG� EH
VXLWDEOH� DV� D� VWDUWLQJ�SRLQW� IRU� KLHUDUFKLFDO� FOXVWHULQJ�� LQFOXGLQJ�FRVLQH� VLPLODULW\� �6HFWLRQ���������
FRUUHODWLRQ� FRHIILFLHQWV� EHWZHHQ� URZV� RI� WKH� DGMDFHQF\� PDWUL[� �6HFWLRQ� ��������� RU� WKH� VR�FDOOHG
(XFOLGHDQ�GLVWDQFH��6HFWLRQ����������7KH�UHJXODU�HTXLYDOHQFH�PHDVXUHV�RI�6HFWLRQ��������PLJKW�DOVR
EH�JRRG�FKRLFHV��DOWKRXJK�WKH�DXWKRU�LV�QRW�DZDUH�RI�WKHP�KDYLQJ�EHHQ�XVHG�LQ�WKLV�FRQWH[W�
7KDW� WKHUH� DUH� PDQ\� FKRLFHV� IRU� VLPLODULW\� PHDVXUHV� LV� ERWK� D� VWUHQJWK� DQG� D� ZHDNQHVV� RI� WKH

KLHUDUFKLFDO�FOXVWHULQJ�PHWKRG��,W�JLYHV�WKH�PHWKRG�IOH[LELOLW\�DQG�DOORZV�LW�WR�EH�WDLORUHG�WR�VSHFLILF
SUREOHPV��EXW�LW�DOVR�PHDQV�WKDW�WKH�PHWKRG�JLYHV�GLIIHUHQW�DQVZHUV�GHSHQGLQJ�RQ�ZKLFK�PHDVXUH�ZH
FKRRVH��DQG�LQ�PDQ\�FDVHV�WKHUH�LV�QR�ZD\�WR�NQRZ�LI�RQH�PHDVXUH�LV�PRUH�FRUUHFW�RU�ZLOO�\LHOG�PRUH
XVHIXO�LQIRUPDWLRQ�WKDQ�DQRWKHU��0RVW�RIWHQ�WKH�FKRLFH�RI�PHDVXUH�LV�GHWHUPLQHG�PRUH�E\�H[SHULHQFH
RU�H[SHULPHQW�WKDQ�E\�DUJXPHQW�IURP�ILUVW�SULQFLSOHV�

�

,I�WKH�FRQQHFWLRQV��$�%��DQG��%�&��DUH�VWURQJ�EXW��$�&��LV�ZHDN��VKRXOG�$�DQG�&�EH�LQ�WKH�VDPH�JURXS
RU�QRW"
�
�
2QFH�D�VLPLODULW\�PHDVXUH�LV�FKRVHQ�ZH�FDOFXODWH�LW�IRU�DOO�SDLUV�RI�YHUWLFHV�LQ�WKH�QHWZRUN��7KHQ

ZH�ZDQW� WR�JURXS� WRJHWKHU� WKRVH�YHUWLFHV�KDYLQJ� WKH�KLJKHVW� VLPLODULWLHV��7KLV��KRZHYHU�� OHDGV� WR� D



IXUWKHU� SUREOHP�� WKH� VLPLODULWLHV� FDQ� JLYH� FRQIOLFWLQJ� PHVVDJHV� DERXW� ZKLFK� YHUWLFHV� VKRXOG� EH
JURXSHG��6XSSRVH�YHUWLFHV�$�DQG�%�KDYH�KLJK�VLPLODULW\��DV�GR�YHUWLFHV�%�DQG�&��2QH�PLJKW�WKHUHIRUH
DUJXH� WKDW� $�� %�� DQG� &� VKRXOG� DOO� EH� LQ� D� JURXS� WRJHWKHU�� %XW� VXSSRVH� WKDW� $� DQG� &� KDYH� ORZ
VLPLODULW\��1RZ�ZH�DUH�OHIW�ZLWK�D�GLOHPPD��6KRXOG�$�DQG�&�EH�LQ�WKH�VDPH�JURXS�RU�QRW"
7KH�EDVLF�VWUDWHJ\�DGRSWHG�E\�WKH�KLHUDUFKLFDO�FOXVWHULQJ�PHWKRG�LV�WR�VWDUW�E\�MRLQLQJ�WRJHWKHU�WKRVH

SDLUV�RI�YHUWLFHV�ZLWK�WKH�KLJKHVW�VLPLODULWLHV��IRUPLQJ�D�JURXS�RU�JURXSV�RI�VL]H�WZR��)RU�WKHVH�WKHUH
LV� QR� DPELJXLW\�� VLQFH� HDFK� SDLU� RQO\� KDV� RQH� VLPLODULW\� YDOXH�� 7KHQ� ZH� IXUWKHU� MRLQ� WRJHWKHU� WKH
JURXSV�WKDW�DUH�PRVW�VLPLODU�WR�IRUP�ODUJHU�JURXSV��DQG�VR�RQ��:KHQ�YLHZHG�LQ�WHUPV�RI�DJJORPHUDWLRQ
RI�JURXSV�OLNH�WKLV��WKH�SUREOHP�DERYH�FDQ�EH�VWDWHG�LQ�D�QHZ�DQG�XVHIXO�ZD\��2XU�SURFHVV�UHTXLUHV
IRU�LWV�RSHUDWLRQ�D�PHDVXUH�RI�WKH�VLPLODULW\�EHWZHHQ�JURXSV��VR�WKDW�ZH�FDQ�MRLQ�WKH�PRVW�VLPLODU�RQHV
WRJHWKHU��%XW�ZKDW�ZH�DFWXDOO\�KDYH� LV� D�PHDVXUH�RI� VLPLODULW\�EHWZHHQ� LQGLYLGXDO�YHUWLFHV�� VR�ZH
QHHG�WR�FRPELQH�WKHVH�YHUWH[�VLPLODULWLHV�VRPHKRZ�WR�FUHDWH�VLPLODULWLHV�IRU�WKH�JURXSV��,I�ZH�FDQ�GR
WKLV��WKHQ�WKH�UHVW�RI�WKH�DOJRULWKP�LV�VWUDLJKWIRUZDUG�DQG�WKH�DPELJXLW\�LV�UHVROYHG�
7KHUH�DUH�WKUHH�FRPPRQ�ZD\V�RI�FRPELQLQJ�YHUWH[�VLPLODULWLHV�WR�JLYH�VLPLODULW\�VFRUHV�IRU�JURXSV�

7KH\�DUH�FDOOHG�VLQJOH���FRPSOHWH���DQG�DYHUDJH�OLQNDJH�FOXVWHULQJ��&RQVLGHU�WZR�JURXSV�RI�YHUWLFHV�
JURXS���DQG�JURXS����FRQWDLQLQJ�Q��DQG�Q��YHUWLFHV�UHVSHFWLYHO\��7KHUH�DUH�WKHQ�Q�Q��SDLUV�RI�YHUWLFHV
VXFK�WKDW�RQH�YHUWH[�LV�LQ�JURXS���DQG�WKH�RWKHU�LQ�JURXS����,Q�WKH�VLQJOH�OLQNDJH�FOXVWHULQJ�PHWKRG�
WKH�VLPLODULW\�EHWZHHQ�WKH�WZR�JURXSV�LV�GHILQHG�WR�EH�WKH�VLPLODULW\�RI�WKH�PRVW�VLPLODU�RI�WKHVH�Q�Q�
SDLUV�RI�YHUWLFHV��7KXV� LI� WKH�YDOXHV�RI� WKH�VLPLODULWLHV�RI� WKH�YHUWH[�SDLUV� UDQJH� IURP��� WR������ WKH
VLPLODULW\�RI�WKH�WZR�JURXSV�LV������7KLV�LV�D�YHU\�OHQLHQW�GHILQLWLRQ�RI�VLPLODULW\��RQO\�D�VLQJOH�YHUWH[
SDLU�QHHG�KDYH�KLJK�VLPLODULW\�IRU�WKH�JURXSV�WKHPVHOYHV�WR�EH�FRQVLGHUHG�VLPLODU���7KLV�LV�WKH�RULJLQ
RI� WKH� QDPH� ³VLQJOH�OLQNDJH� FOXVWHULQJ´²VLPLODULW\� EHWZHHQ� JURXSV� LV� D� IXQFWLRQ� RI� WKH� VLPLODULW\
EHWZHHQ�RQO\�WKH�VLQJOH�PRVW�VLPLODU�SDLU�RI�YHUWLFHV��
$W�WKH�RWKHU�H[WUHPH��FRPSOHWH�OLQNDJH�FOXVWHULQJ�GHILQHV�WKH�VLPLODULW\�EHWZHHQ�WZR�JURXSV�WR�EH

WKH� VLPLODULW\� RI� WKH�OHDVW�VLPLODU� SDLU� RI� YHUWLFHV�� ,I� WKH� VLPLODULWLHV� UDQJH� IURP��� WR� ���� WKHQ� WKH
VLPLODULW\� RI� WKH� JURXSV� LV� ��� %\� FRQWUDVW� ZLWK� VLQJOH�OLQNDJH� FOXVWHULQJ� WKLV� LV� D� YHU\� VWULQJHQW
GHILQLWLRQ� RI� JURXS� VLPLODULW\�� HYHU\� VLQJOH� YHUWH[� SDLU�PXVW� KDYH� KLJK� VLPLODULW\� IRU� WKH� JURXSV� WR
KDYH�KLJK�VLPLODULW\��KHQFH�WKH�QDPH�³FRPSOHWH�OLQNDJH�FOXVWHULQJ´��
,Q� EHWZHHQ� WKHVH� WZR� H[WUHPHV� OLHV�DYHUDJH�OLQNDJH� FOXVWHULQJ�� LQ� ZKLFK� WKH� VLPLODULW\� RI� WZR

JURXSV� LV� GHILQHG� WR� EH� WKH�PHDQ� VLPLODULW\� RI� DOO� SDLUV� RI� YHUWLFHV��$YHUDJH�OLQNDJH� FOXVWHULQJ� LV
SUREDEO\� WKH� PRVW� VDWLVIDFWRU\� FKRLFH� RI� WKH� WKUHH�� EHLQJ� D� PRGHUDWH� RQH²QRW� H[WUHPH� LQ� HLWKHU
GLUHFWLRQ²DQG�GHSHQGLQJ�RQ�WKH�VLPLODULW\�RI�DOO�YHUWH[�SDLUV�DQG�QRW�MXVW�RI�WKH�PRVW�RU�OHDVW�VLPLODU
SDLU��,W�LV��KRZHYHU��UHODWLYHO\�UDUHO\�XVHG��IRU�UHDVRQV�WKDW�DUH�QRW�HQWLUHO\�FOHDU�
7KH�IXOO�KLHUDUFKLFDO�FOXVWHULQJ�PHWKRG�LV�DV�IROORZV�

���&KRRVH�D�VLPLODULW\�PHDVXUH�DQG�HYDOXDWH�LW�IRU�DOO�YHUWH[�SDLUV�
��� $VVLJQ� HDFK� YHUWH[� WR� D� JURXS� RI� LWV� RZQ�� FRQVLVWLQJ� RI� MXVW� WKDW� RQH� YHUWH[�� 7KH� LQLWLDO
VLPLODULWLHV�RI�WKH�JURXSV�DUH�VLPSO\�WKH�VLPLODULWLHV�RI�WKH�YHUWLFHV�

���)LQG�WKH�SDLU�RI�JURXSV�ZLWK�WKH�KLJKHVW�VLPLODULW\�DQG�MRLQ�WKHP�WRJHWKHU�LQWR�D�VLQJOH�JURXS�
���&DOFXODWH�WKH�VLPLODULW\�EHWZHHQ�WKH�QHZ�FRPSRVLWH�JURXS�DQG�DOO�RWKHUV�XVLQJ�RQH�RI�WKH�WKUHH
PHWKRGV�DERYH��VLQJOH���FRPSOHWH���RU�DYHUDJH�OLQNDJH�FOXVWHULQJ��

���5HSHDW�IURP�VWHS���XQWLO�DOO�YHUWLFHV�KDYH�EHHQ�MRLQHG�LQWR�D�VLQJOH�JURXS�
�
,Q�SUDFWLFH��WKH�FDOFXODWLRQ�RI�WKH�QHZ�VLPLODULWLHV�LV�UHODWLYHO\�VWUDLJKWIRUZDUG��/HW�XV�FRQVLGHU�WKH

WKUHH� FDVHV� VHSDUDWHO\�� )RU� VLQJOH�OLQNDJH� FOXVWHULQJ� WKH� VLPLODULW\� RI� WZR� JURXSV� LV� HTXDO� WR� WKH



VLPLODULW\�RI�WKHLU�PRVW�VLPLODU�SDLU�RI�YHUWLFHV��,Q�WKLV�FDVH��ZKHQ�ZH�MRLQ�JURXSV���DQG���WRJHWKHU�
WKH�VLPLODULW\�RI�WKH�FRPSRVLWH�JURXS�WR�DQRWKHU�JURXS����LV�WKH�JUHDWHU�RI�WKH�VLPLODULWLHV�RI���ZLWK��
DQG���ZLWK����ZKLFK�FDQ�EH�IRXQG�LQ�2����WLPH�
)RU� FRPSOHWH�OLQNDJH� FOXVWHULQJ� WKH� VLPLODULW\� RI� WKH� FRPSRVLWH� JURXS� LV� WKH� VPDOOHU� RI� WKH

VLPLODULWLHV�RI���ZLWK���DQG���ZLWK����ZKLFK�FDQ�DOVR�EH�IRXQG�LQ�2����WLPH�
7KH�DYHUDJH�OLQNDJH�FDVH�LV�RQO\�VOLJKWO\�PRUH�FRPSOLFDWHG��6XSSRVH�DV�EHIRUH�WKDW� WKH�JURXSV��

DQG���WKDW�DUH�WR�EH�MRLQHG�KDYH�Q��DQG�Q�YHUWLFHV�UHVSHFWLYHO\��7KHQ�LI�WKH�VLPLODULWLHV�RI���ZLWK���DQG
��ZLWK���ZHUH�SUHYLRXVO\�ı� DQG�ı���� WKH�VLPLODULW\�RI� WKH�FRPSRVLWH�JURXS�ZLWK�DQRWKHU�JURXS��� LV
JLYHQ�E\�WKH�ZHLJKWHG�DYHUDJH

�

�������
�

�

$JDLQ�WKLV�FDQ�EH�FDOFXODWHG�LQ�2����WLPH�
2Q�HDFK�VWHS�RI�WKH�DOJRULWKP�ZH�KDYH�WR�FDOFXODWH�VLPLODULWLHV�LQ�WKLV�ZD\�IRU�WKH�FRPSRVLWH�JURXS

ZLWK� HYHU\� RWKHU� JURXS�� RI�ZKLFK� WKHUH� DUH�2�Q���+HQFH� WKH� UHFDOFXODWLRQ� RI� VLPLODULWLHV�ZLOO� WDNH
2�Q��WLPH�RQ�HDFK�VWHS��$�QDLYH�VHDUFK�WKURXJK�WKH�VLPLODULWLHV�WR�ILQG�WKH�JUHDWHVW�RQH��RQ�WKH�RWKHU
KDQG��WDNHV�WLPH�2�Q����VLQFH�WKHUH�DUH�2�Q���SDLUV�RI�JURXSV�WR�FKHFN��VR�WKLV�ZLOO�EH�WKH�PRVW�WLPH�
FRQVXPLQJ�VWHS� LQ� WKH�DOJRULWKP��:H�FDQ� VSHHG� WKLQJV�XS��KRZHYHU��E\�VWRULQJ� WKH� VLPLODULWLHV� LQ�D
ELQDU\�KHDS��VHH�6HFWLRQ����������ZKLFK�DOORZV�XV�WR�DGG�DQG�UHPRYH�HQWULHV�LQ�WLPH�2�ORJ�Q��DQG�ILQG
WKH�JUHDWHVW�RQH�LQ�WLPH�2�����7KLV�VORZV�WKH�UHFDOFXODWLRQ�RI�WKH�VLPLODULWLHV�WR�2�Q�ORJ�Q��EXW�VSHHGV
WKH�VHDUFK�IRU�WKH�ODUJHVW�WR�2����
7KHQ�WKH�ZKROH�SURFHVV�RI�MRLQLQJ�JURXSV�KDV�WR�EH�UHSHDWHG�Q�����WLPHV�XQWLO�DOO�YHUWLFHV�KDYH�EHHQ

MRLQHG�LQWR�D�VLQJOH�JURXS���7R�VHH�WKLV��VLPSO\�FRQVLGHU�WKDW�WKH�QXPEHU�RI�JURXSV�JRHV�GRZQ�E\�RQH
HYHU\�WLPH�WZR�JURXSV�DUH�MRLQHG��VR�LW�WDNHV�Q�±���MRLQV�WR�JR�IURP�Q�LQLWLDO�JURXSV�WR�MXVW�D�VLQJOH�RQH
DW�WKH�HQG���7KXV�WKH�WRWDO�UXQQLQJ�WLPH�RI�WKH�DOJRULWKP�LV�2�Q���LQ�WKH�QDLYH�LPSOHPHQWDWLRQ�RU�2�Q�
ORJ�Q��LI�ZH�XVH�D�KHDS����



�

)LJXUH�������3DUWLWLRQLQJ�RI�WKH�NDUDWH�FOXE�QHWZRUN�E\�DYHUDJH�OLQNDJH�KLHUDUFKLFDO�FOXVWHULQJ�
7KLV�GHQGURJUDP�LV�WKH�UHVXOW�RI�DSSO\LQJ�WKH�KLHUDUFKLFDO�FOXVWHULQJ�PHWKRG�GHVFULEHG�LQ�WKH�WH[W�WR
WKH�NDUDWH�FOXE�QHWZRUN�RI�)LJ��������XVLQJ�FRVLQH�VLPLODULW\�DV�RXU�PHDVXUH�RI�YHUWH[�VLPLODULW\��7KH
VKDSHV�RI�WKH�QRGHV�UHSUHVHQW�WKH�WZR�NQRZQ�IDFWLRQV�LQ�WKH�QHWZRUN��DV�LQ�WKH�WZR�SUHYLRXV�ILJXUHV�
�
�
$QG� KRZ�ZHOO� GRHV� LW�ZRUN� LQ� SUDFWLFH"�7KH� DQVZHU� GHSHQGV� RQ�ZKLFK� VLPLODULW\�PHDVXUH� RQH

FKRRVHV� DQG�ZKLFK� OLQNDJH�PHWKRG�� EXW� D� W\SLFDO� DSSOLFDWLRQ�� DJDLQ� WR� WKH� NDUDWH� FOXE� QHWZRUN�� LV
VKRZQ�LQ�)LJ��������7KLV�ILJXUH�VKRZV�ZKDW�KDSSHQV�ZKHQ�ZH�DSSO\�DYHUDJH�OLQNDJH�FOXVWHULQJ�WR�WKH
NDUDWH�QHWZRUN�XVLQJ�FRVLQH�VLPLODULW\�DV�RXU�VLPLODULW\�PHDVXUH��7KH�ILJXUH�VKRZV� WKH�GHQGURJUDP
WKDW�UHVXOWV�IURP�VXFK�D�FDOFXODWLRQ�DQG�ZH�VHH�WKDW�WKHUH�LV�D�FOHDU�GLYLVLRQ�RI�WKH�GHQGURJUDP�LQWR
WZR�FRPPXQLWLHV�WKDW�FRUUHVSRQG�SHUIHFWO\�WR�WKH�WZR�NQRZQ�JURXSV�LQ�WKH�QHWZRUN�
+LHUDUFKLFDO�FOXVWHULQJ�GRHV�QRW�DOZD\V�ZRUN�DV�ZHOO�DV�WKLV��KRZHYHU��,Q�SDUWLFXODU��WKRXJK�LW�LV

RIWHQ�JRRG�DW�SLFNLQJ�RXW�WKH�FRUHV�RI�JURXSV��ZKHUH�WKH�YHUWLFHV�DUH�VWURQJO\�VLPLODU�WR�RQH�DQRWKHU��LW
WHQGV�WR�EH�OHVV�JRRG�DW�DVVLJQLQJ�SHULSKHUDO�YHUWLFHV�WR�DSSURSULDWH�JURXSV��6XFK�YHUWLFHV�PD\�QRW�EH
VWURQJO\�VLPLODU�WR�DQ\�RWKHUV�DQG�VR�WHQG�WR�JHW�OHIW�RXW�RI�WKH�DJJORPHUDWLYH�FOXVWHULQJ�SURFHVV�XQWLO
WKH� YHU\� HQG�� $� FRPPRQ� UHVXOW� RI� KLHUDUFKLFDO� FOXVWHULQJ� LV� WKHUHIRUH� D� VHW� RI� WLJKWO\� NQLW� FRUHV
VXUURXQGHG�E\�D�ORRVH�FROOHFWLRQ�RI�VLQJOH�YHUWLFHV�RU�VPDOOHU�JURXSV��6XFK�D�UHVXOW�PD\�QRQHWKHOHVV
FRQWDLQ�D�ORW�RI�YDOXDEOH�LQIRUPDWLRQ�DERXW�WKH�XQGHUO\LQJ�QHWZRUN�VWUXFWXUH�
�

0DQ\�RWKHU�PHWKRGV�KDYH�EHHQ�SURSRVHG�IRU�FRPPXQLW\�GHWHFWLRQ�DQG�WKHUH�LV�QRW�URRP�LQ�WKLV�ERRN
WR� GHVFULEH� WKHP� DOO�� )RU� WKH� UHDGHU� LQWHUHVWHG� LQ� SXUVXLQJ� WKH� WRSLF� IXUWKHU� WKH� UHYLHZ� DUWLFOHV� E\
)RUWXQDWR�>���@�DQG�6FKDHIIHU�>���@�SURYLGH�XVHIXO�RYHUYLHZV�

�
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�

����� 6KRZ� WKDW� WKH� LQYHUVH� RI� D� V\PPHWULF� PDWUL[�0� LV� JLYHQ� E\�0±��  �8'87� ZKHUH�8� LV� WKH
RUWKRJRQDO�PDWUL[�ZKRVH�FROXPQV�DUH�WKH�QRUPDOL]HG�HLJHQYHFWRUV�RI�0�DQG�'�LV�WKH�GLDJRQDO�PDWUL[
ZKRVH�HOHPHQWV�DUH�WKH�UHFLSURFDOV�RI�WKH�HLJHQYDOXHV�RI�0��+HQFH�DUJXH�WKDW�WKH�WLPH�FRPSOH[LW\�RI
WKH� EHVW� DOJRULWKP� IRU� LQYHUWLQJ� D� V\PPHWULF� PDWUL[� FDQ� EH� QR� ZRUVH� WKDQ� WKH� WLPH� FRPSOH[LW\� RI
ILQGLQJ�DOO�RI�LWV�HLJHQYDOXHV�DQG�HLJHQYHFWRUV���,Q�IDFW�WKH\�DUH�WKH�VDPH²ERWK�DUH�2�Q��IRU�DQ�Q�î�Q
PDWUL[��
�

�����&RQVLGHU�D�JHQHUDO�Q�î�Q�PDWUL[�0�ZLWK�HLJHQYDOXHV�ȝL�ZKHUH�L� ���������Q�

D��6KRZ�WKDW�WKH�PDWUL[�0�±�D,�KDV�WKH�VDPH�HLJHQYHFWRUV�DV�0�DQG�HLJHQYDOXHV�ȝL�±�D�
E��6XSSRVH�WKDW�WKH�PDWUL[¶V�WZR�HLJHQYDOXHV�RI�ODUJHVW�PDJQLWXGH�DUH�ERWK�SRVLWLYH��6KRZ�WKDW
WKH�WLPH�WDNHQ�WR�ILQG�WKH�OHDGLQJ�HLJHQYHFWRU�RI�WKH�PDWUL[�XVLQJ�WKH�SRZHU�PHWKRG�RI�6HFWLRQ
�����FDQ�EH�LPSURYHG�E\�SHUIRUPLQJ�WKH�FDOFXODWLRQ�LQVWHDG�IRU�WKH�PDWUL[�0�í�D,��ZKHUH�D�LV
SRVLWLYH�

F��:KDW�VWRSV�XV�IURP�LQFUHDVLQJ�WKH�FRQVWDQW�D�DUELWUDULO\�XQWLO�WKH�FDOFXODWLRQ�WDNHV�QR�WLPH�DW
DOO"

�

�����&RQVLGHU�D�³OLQH�JUDSK´�FRQVLVWLQJ�RI�Q�YHUWLFHV�LQ�D�OLQH�OLNH�WKLV�

�

D��6KRZ�WKDW� LI�ZH�GLYLGH� WKH�QHWZRUN� LQWR� WZR�SDUWV�E\�FXWWLQJ�DQ\�VLQJOH�HGJH��VXFK�WKDW�RQH
SDUW�KDV�U�YHUWLFHV�DQG�WKH�RWKHU�KDV�Q�±�U��WKH�PRGXODULW\��(T����������WDNHV�WKH�YDOXH

�

E�� +HQFH� VKRZ� WKDW� ZKHQ�Q� LV� HYHQ� WKH� RSWLPDO� VXFK� GLYLVLRQ�� LQ� WHUPV� RI�PRGXODULW\�� LV� WKH
GLYLVLRQ�WKDW�VSOLWV�WKH�QHWZRUN�H[DFWO\�GRZQ�WKH�PLGGOH�

�

����� 8VLQJ� \RXU� IDYRULWH� QXPHULFDO� VRIWZDUH� IRU� ILQGLQJ� HLJHQYHFWRUV� RI� PDWULFHV�� FRQVWUXFW� WKH
/DSODFLDQ�DQG�WKH�PRGXODULW\�PDWUL[�IRU�WKLV�VPDOO�QHWZRUN�



�

D�� )LQG� WKH� HLJHQYHFWRU�RI� WKH�/DSODFLDQ� FRUUHVSRQGLQJ� WR� WKH� VHFRQG� VPDOOHVW� HLJHQYDOXH� DQG
KHQFH�SHUIRUP�D�VSHFWUDO�ELVHFWLRQ�RI�WKH�QHWZRUN�LQWR�WZR�HTXDOO\�VL]HG�SDUWV�

E�� )LQG� WKH� HLJHQYHFWRU� RI� WKH�PRGXODULW\�PDWUL[� FRUUHVSRQGLQJ� WR� WKH� ODUJHVW� HLJHQYDOXH� DQG
KHQFH�GLYLGH�WKH�QHWZRUN�LQWR�WZR�FRPPXQLWLHV�

�

<RX�VKRXOG� ILQG� WKDW� WKH�GLYLVLRQ�RI� WKH�QHWZRUN�JHQHUDWHG�E\� WKH� WZR�PHWKRGV� LV�� LQ� WKLV� FDVH�� WKH
VDPH�
�

�����&RQVLGHU�WKLV�VPDOO�QHWZRUN�ZLWK�ILYH�YHUWLFHV�

�

D��&DOFXODWH�WKH�FRVLQH�VLPLODULW\�IRU�HDFK�RI�WKH� �SDLUV�RI�YHUWLFHV�
E�� 8VLQJ� WKH� YDOXHV� RI� WKH� WHQ� VLPLODULWLHV� FRQVWUXFW� WKH� GHQGURJUDP� IRU� WKH� VLQJOH�OLQNDJH
KLHUDUFKLFDO�FOXVWHULQJ�RI�WKH�QHWZRUN�DFFRUGLQJ�WR�FRVLQH�VLPLODULW\�

�
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$Q�LQWURGXFWLRQ�WR�WKH�PRVW�EDVLF�RI�QHWZRUN�PRGHOV��WKH�UDQGRP�JUDSK
�

62� )$5� LQ� WKLV� ERRN� ZH� KDYH� ORRNHG� DW� KRZ� ZH� PHDVXUH� WKH� VWUXFWXUH� RI� QHWZRUNV� DQG� DW
PDWKHPDWLFDO�� VWDWLVWLFDO�� DQG� FRPSXWDWLRQDO�PHWKRGV� IRU�PDNLQJ� VHQVH� RI� WKH� QHWZRUN� GDWD�ZH� JHW
IURP�RXU�PHDVXUHPHQWV��:H�KDYH�VHHQ�IRU�LQVWDQFH�KRZ�WR�PHDVXUH�WKH�VWUXFWXUH�RI�WKH�,QWHUQHW��DQG
RQFH�ZH�KDYH�PHDVXUHG�LW�KRZ�WR�GHWHUPLQH�LWV�GHJUHH�GLVWULEXWLRQ��RU�WKH�FHQWUDOLW\�RI�LWV�YHUWLFHV��RU
WKH�EHVW�GLYLVLRQ�RI�WKH�QHWZRUN�LQWR�JURXSV�RU�FRPPXQLWLHV��$Q�REYLRXV�QH[W�TXHVWLRQ�WR�DVN�LV��³,I�,
NQRZ�D�QHWZRUN�KDV� VRPH�SDUWLFXODU�SURSHUW\�� VXFK�DV� D�SDUWLFXODU�GHJUHH�GLVWULEXWLRQ��ZKDW� HIIHFW
ZLOO� WKDW� KDYH� RQ� WKH� ZLGHU� EHKDYLRU� RI� WKH� V\VWHP"´� ,W� WXUQV� RXW� WKDW� SURSHUWLHV� OLNH� GHJUHH
GLVWULEXWLRQV�FDQ�LQ�IDFW�KDYH�KXJH�HIIHFWV�RQ�QHWZRUNHG�V\VWHPV��ZKLFK�LV�RQH�RI�WKH�PDLQ�UHDVRQV�ZH
DUH�LQWHUHVWHG� LQ�WKHP��$QG�RQH�RI� WKH�EHVW�ZD\V�WR�XQGHUVWDQG�DQG�JHW�D�IHHO� IRU� WKHVH�HIIHFWV� LV� WR
EXLOG�PDWKHPDWLFDO�PRGHOV��7KH�UHPDLQGHU�RI�WKLV�ERRN�LV�GHYRWHG�WR�WKH�H[DPLQDWLRQ�RI�VRPH�RI�WKH
PDQ\�QHWZRUN�PRGHOV�LQ�FRPPRQ�XVH�
,Q� &KDSWHUV� ��� WR� ��� ZH� FRQVLGHU� PRGHOV� RI� WKH� VWUXFWXUH� RI� QHWZRUNV�� PRGHOV� WKDW� PLPLF� WKH

SDWWHUQV�RI�FRQQHFWLRQV�LQ�UHDO�QHWZRUNV�LQ�DQ�HIIRUW�WR�XQGHUVWDQG�WKH�LPSOLFDWLRQV�RI�WKRVH�SDWWHUQV�
,Q�&KDSWHUV����WR����ZH�FRQVLGHU�PRGHOV�RI�SURFHVVHV�WDNLQJ�SODFH�RQ�QHWZRUNV��VXFK�DV�HSLGHPLFV
RQ�VRFLDO�QHWZRUNV�RU�VHDUFK�HQJLQHV�RQ�WKH�:HE��,Q�PDQ\�FDVHV�WKHVH�PRGHOV�RI�QHWZRUN�SURFHVVHV
DUH�WKHPVHOYHV�EXLOW�RQ�WRS�RI�RXU�PRGHOV�RI�QHWZRUN�VWUXFWXUH��FRPELQLQJ�WKH�WZR�WR�VKHG�OLJKW�RQ�WKH
LQWHUSOD\�EHWZHHQ�VWUXFWXUH�DQG�G\QDPLFV�LQ�QHWZRUNHG�V\VWHPV�
,Q�6HFWLRQ������ IRU� LQVWDQFH��ZH�QRWHG� WKDW�PDQ\�QHWZRUNV�KDYH�GHJUHH�GLVWULEXWLRQV� WKDW� URXJKO\

IROORZ�D�SRZHU�ODZ²WKH�VR�FDOOHG�VFDOH�IUHH�QHWZRUNV��$�UHDVRQDEOH�TXHVWLRQ�ZRXOG�EH�WR�DVN�KRZ
WKH� VWUXFWXUH� DQG� EHKDYLRU� RI� VXFK� VFDOH�IUHH� QHWZRUNV� GLIIHUV� IURP� WKDW� RI� WKHLU� QRQ�VFDOH�IUHH
FRXQWHUSDUWV��$�JRRG�ZD\� WR�DGGUHVV� WKLV�TXHVWLRQ�ZRXOG�EH� WR�FUHDWH��RQ�D�FRPSXWHU� IRU�H[DPSOH�
WZR�DUWLILFLDO�QHWZRUNV��RQH�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�DQG�RQH�ZLWKRXW��DQG�H[SORUH�WKHLU
GLIIHUHQFHV�HPSLULFDOO\��%HWWHU�VWLOO��RQH�FRXOG�FUHDWH�D�ODUJH�QXPEHU�RI�QHWZRUNV�LQ�HDFK�RI�WKH�WZR
FODVVHV��WR�VHH�ZKDW�VWDWLVWLFDOO\�VLJQLILFDQW�IHDWXUHV�DSSHDU�LQ�RQH�FODVV�DQG�QRW�LQ�WKH�RWKHU��7KLV�LV
SUHFLVHO\� WKH� UDWLRQDOH� EHKLQG� UDQGRP� JUDSK� PRGHOV�� ZKLFK� DUH� WKH� WRSLF� RI� WKLV� FKDSWHU� DQG� WKH
IROORZLQJ�RQH�� ,Q� UDQGRP�JUDSK�PRGHOV��RQH�FUHDWHV�QHWZRUNV� WKDW�SRVVHVV�SDUWLFXODU�SURSHUWLHV�RI
LQWHUHVW��VXFK�DV�VSHFLILHG�GHJUHH�GLVWULEXWLRQV��EXW�ZKLFK�DUH�RWKHUZLVH�UDQGRP��5DQGRP�JUDSKV�DUH
LQWHUHVWLQJ�LQ�WKHLU�RZQ�ULJKW�IRU�WKH�OLJKW�WKH\�VKHG�RQ�WKH�VWUXFWXUDO�SURSHUWLHV�RI�QHWZRUNV��EXW�KDYH
DOVR�EHHQ�ZLGHO\�XVHG�DV�D�VXEVWUDWH�IRU�PRGHOV�RI�G\QDPLFDO�SURFHVVHV�RQ�QHWZRUNV��,Q�&KDSWHU����
IRU�LQVWDQFH��ZH�H[DPLQH�WKHLU�XVH�LQ�HSLGHPLF�PRGHOLQJ�
:H�DOVR�ORRN�DW�D�QXPEHU�RI�RWKHU�W\SHV�RI�QHWZRUN�PRGHO�LQ�VXFFHHGLQJ�FKDSWHUV��,Q�&KDSWHU���

ZH�ORRN�DW�JHQHUDWLYH�PRGHOV�RI�QHWZRUNV��PRGHOV�LQ�ZKLFK�WKH�QHWZRUN�LV�³JURZQ´�DFFRUGLQJ�WR�D
VSHFLILHG� VHW� RI� JURZWK� UXOHV�� *HQHUDWLYH� PRGHOV� DUH� SDUWLFXODUO\� XVHIXO� IRU� XQGHUVWDQGLQJ� KRZ
QHWZRUN�VWUXFWXUH�DULVHV� LQ� WKH� ILUVW�SODFH��%\�JURZLQJ�QHWZRUNV�DFFRUGLQJ� WR�D�YDULHW\�RI�GLIIHUHQW



UXOHV�DQG�FRPSDULQJ�WKH�UHVXOWV�ZLWK�UHDO�QHWZRUNV��ZH�FDQ�JHW�D�IHHO�IRU�ZKLFK�JURZWK�SURFHVVHV�DUH
SODXVLEOH�DQG�ZKLFK�FDQ�EH�UXOHG�RXW��,Q�&KDSWHU����ZH�ORRN�DW�³VPDOO�ZRUOG�PRGHOV�´�ZKLFK�PRGHO
WKH�SKHQRPHQRQ�RI�QHWZRUN� WUDQVLWLYLW\�RU�FOXVWHULQJ� �VHH�6HFWLRQ�������DQG�DW�³H[SRQHQWLDO� UDQGRP
JUDSKV�´� ZKLFK� DUH� SDUWLFXODUO\� XVHIXO� ZKHQ� ZH� ZDQW� WR� FUHDWH� PRGHO� QHWZRUNV� WKDW� PDWFK� WKH
SURSHUWLHV�RI�REVHUYHG�QHWZRUNV�DV�FORVHO\�DV�SRVVLEOH�
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,Q�JHQHUDO��D�UDQGRP�JUDSK�LV�D�PRGHO�QHWZRUN�LQ�ZKLFK�VRPH�VSHFLILF�VHW�RI�SDUDPHWHUV�WDNH�IL[HG
YDOXHV��EXW�WKH�QHWZRUN�LV�UDQGRP�LQ�RWKHU�UHVSHFWV��2QH�RI�WKH�VLPSOHVW�H[DPSOHV�RI�D�UDQGRP�JUDSK
LV�WKH�QHWZRUN�LQ�ZKLFK�ZH�IL[�RQO\�WKH�QXPEHU�RI�YHUWLFHV�Q�DQG�WKH�QXPEHU�RI�HGJHV�P��7KDW�LV��ZH
WDNH�Q� YHUWLFHV� DQG� SODFH�P� HGJHV� DPRQJ� WKHP� DW� UDQGRP��0RUH� SUHFLVHO\�� ZH� FKRRVH�P� SDLUV� RI
YHUWLFHV�XQLIRUPO\�DW�UDQGRP�IURP�DOO�SRVVLEOH�SDLUV�DQG�FRQQHFW� WKHP�ZLWK�DQ�HGJH��7\SLFDOO\�RQH
VWLSXODWHV� WKDW� WKH�QHWZRUN�VKRXOG�EH�D�VLPSOH�JUDSK�� L�H��� WKDW� LW�VKRXOG�KDYH�QR�PXOWLHGJHV�RU�VHOI�
HGJHV��VHH�6HFWLRQ�������LQ�ZKLFK�FDVH�WKH�SRVLWLRQ�RI�HDFK�HGJH�VKRXOG�EH�FKRVHQ�DPRQJ�RQO\�WKRVH
SDLUV� WKDW� DUH� GLVWLQFW� DQG� QRW� DOUHDG\� FRQQHFWHG����� 7KLV� PRGHO� LV� RIWHQ� UHIHUUHG� WR� E\� LWV
PDWKHPDWLFDO�QDPH�*�Q��P��
$QRWKHU�HQWLUHO\�HTXLYDOHQW�GHILQLWLRQ�RI�WKH�PRGHO�LV�WR�VD\�WKDW�WKH�QHWZRUN�LV�FUHDWHG�E\�FKRRVLQJ

XQLIRUPO\�DW�UDQGRP�DPRQJ�WKH�VHW�RI�DOO�VLPSOH�JUDSKV�ZLWK�H[DFWO\�Q�YHUWLFHV�DQG�P�HGJHV�
6WULFWO\�� LQ� IDFW�� WKH� UDQGRP�JUDSK�PRGHO� LV� QRW�GHILQHG� LQ� WHUPV�RI� D� VLQJOH� UDQGRPO\�JHQHUDWHG

QHWZRUN��EXW�DV�DQ�HQVHPEOH�RI�QHWZRUNV��L�H���D�SUREDELOLW\�GLVWULEXWLRQ�RYHU�SRVVLEOH�QHWZRUNV��7KXV
WKH�PRGHO�*�Q��P��LV�FRUUHFWO\�GHILQHG�DV�D�SUREDELOLW\�GLVWULEXWLRQ�3�*��RYHU�DOO�JUDSKV�*�LQ�ZKLFK
3�*�� ���ȍ�IRU�VLPSOH�JUDSKV�ZLWK�Q�YHUWLFHV�DQG�P�HGJHV�DQG�]HUR�RWKHUZLVH��ZKHUH�ȍ�LV�WKH�WRWDO
QXPEHU�RI�VXFK�VLPSOH�JUDSKV��:H�ZLOO�VHH�PRUH�FRPSOLFDWHG�H[DPSOHV�RI�UDQGRP�JUDSK�HQVHPEOHV
VKRUWO\�
:KHQ�RQH�WDONV�DERXW�WKH�SURSHUWLHV�RI�UDQGRP�JUDSKV�RQH�W\SLFDOO\�PHDQV�WKH�DYHUDJH�SURSHUWLHV

RI�WKH�HQVHPEOH��)RU�LQVWDQFH��WKH�³GLDPHWHU´�RI�*�Q��P��ZRXOG�PHDQ�WKH�GLDPHWHU�Ɛ�*��RI�D�JUDSK�*�
DYHUDJHG�RYHU�WKH�HQVHPEOH�WKXV

�

������
�

�

7KLV� LV�D�XVHIXO�GHILQLWLRQ�IRU�D�VHYHUDO�RI� UHDVRQV��)LUVW�� LW� WXUQV�RXW� WR� OHQG� LWVHOI�ZHOO� WR�DQDO\WLF
FDOFXODWLRQV��PDQ\�VXFK�DYHUDJH�SURSHUWLHV�RI�UDQGRP�JUDSKV�FDQ�EH�FDOFXODWHG�H[DFWO\��DW�OHDVW�LQ�WKH
OLPLW�RI� ODUJH�JUDSK�VL]H��6HFRQG�� LW�RIWHQ�UHIOHFWV�H[DFWO\�WKH�WKLQJ�ZH�ZDQW� WR�JHW�DW� LQ�PDNLQJ�RXU
PRGHO�QHWZRUN�LQ�WKH�ILUVW�SODFH��9HU\�RIWHQ�ZH�DUH�LQWHUHVWHG�LQ�WKH�W\SLFDO�SURSHUWLHV�RI�QHWZRUNV�
:H�PLJKW�ZDQW�WR�NQRZ��IRU�LQVWDQFH��ZKDW�WKH�W\SLFDO�GLDPHWHU�LV�RI�D�QHWZRUN�ZLWK�D�JLYHQ�QXPEHU
RI� HGJHV�� &HUWDLQO\� WKHUH� DUH� VSHFLDO� FDVHV� RI� VXFK� QHWZRUNV� WKDW� KDYH� SDUWLFXODUO\� ODUJH� RU� VPDOO
GLDPHWHUV��EXW�WKHVH�GRQ¶W�UHIOHFW�WKH�W\SLFDO�EHKDYLRU��,I�LW¶V�W\SLFDO�EHKDYLRU�ZH�DUH�DIWHU��WKHQ�WKH
HQVHPEOH�DYHUDJH�RI�D�SURSHUW\�LV�RIWHQ�D�JRRG�JXLGH��7KLUG��LW�FDQ�EH�VKRZQ�WKDW�WKH�GLVWULEXWLRQ�RI
YDOXHV� IRU� PDQ\� QHWZRUN� PHDVXUHV� LV� VKDUSO\� SHDNHG�� EHFRPLQJ� FRQFHQWUDWHG� PRUH� DQG� PRUH
QDUURZO\�DURXQG�WKH�HQVHPEOH�DYHUDJH�DV�WKH�VL]H�RI�WKH�QHWZRUN�EHFRPHV�ODUJH��VR�WKDW�LQ�WKH�ODUJH�Q



OLPLW�HVVHQWLDOO\�DOO�YDOXHV�RQH�LV�OLNHO\�WR�HQFRXQWHU�DUH�YHU\�FORVH�WR�WKH�PHDQ�
6RPH� SURSHUWLHV� RI� WKH� UDQGRP� JUDSK�*�Q��P�� DUH� VWUDLJKWIRUZDUG� WR� FDOFXODWH�� REYLRXVO\� WKH

DYHUDJH�QXPEHU�RI�HGJHV�LV�P��IRU�LQVWDQFH��DQG�WKH�DYHUDJH�GHJUHH�LV�N� ��P�Q��8QIRUWXQDWHO\��RWKHU
SURSHUWLHV�DUH�QRW�VR�HDV\�WR�FDOFXODWH��DQG�PRVW�PDWKHPDWLFDO�ZRUN�KDV�DFWXDOO\�EHHQ�FRQGXFWHG�RQ�D
VOLJKWO\�GLIIHUHQW�PRGHO�WKDW�LV�FRQVLGHUDEO\�HDVLHU�WR�KDQGOH��7KLV�PRGHO�LV�FDOOHG�*�Q��S���,Q�*�Q��S�
ZH�IL[�QRW�WKH�QXPEHU�EXW�WKH�SUREDELOLW\�RI�HGJHV�EHWZHHQ�YHUWLFHV��$JDLQ�ZH�KDYH�Q�YHUWLFHV��EXW
QRZ�ZH�SODFH�DQ�HGJH�EHWZHHQ�HDFK�GLVWLQFW�SDLU�ZLWK�LQGHSHQGHQW�SUREDELOLW\�S��,Q�WKLV�QHWZRUN�WKH
QXPEHU�RI� HGJHV� LV�QRW� IL[HG�� ,QGHHG� LW� LV�SRVVLEOH� WKDW� WKH�QHWZRUN�FRXOG�KDYH�QR�HGJHV�DW� DOO�� RU
FRXOG�KDYH�HGJHV�EHWZHHQ�HYHU\�GLVWLQFW�SDLU�RI�YHUWLFHV���)RU�PRVW�YDOXHV�RI�S�WKHVH�DUH�QRW�OLNHO\
RXWFRPHV��EXW�WKH\�FRXOG�KDSSHQ��
$JDLQ��WKH�WHFKQLFDO�GHILQLWLRQ�RI�WKH�UDQGRP�JUDSK�LV�QRW�LQ�WHUPV�RI�D�VLQJOH�QHWZRUN��EXW�LQ�WHUPV

RI�DQ�HQVHPEOH��D�SUREDELOLW\�GLVWULEXWLRQ�RYHU�DOO�SRVVLEOH�QHWZRUNV��7R�EH�VSHFLILF��*�Q��S�� LV� WKH
HQVHPEOH�RI�QHWZRUNV�ZLWK�Q�YHUWLFHV�LQ�ZKLFK�HDFK�VLPSOH�JUDSK�*�DSSHDUV�ZLWK�SUREDELOLW\�ZKHUH
P�LV�WKH�QXPEHU�RI�HGJHV�LQ�WKH�JUDSK��DQG�QRQ�VLPSOH�JUDSKV�KDYH�SUREDELOLW\�]HUR�

�

������
�
�
*�Q��S��ZDV�ILUVW�VWXGLHG��WR�WKLV�DXWKRU¶V�NQRZOHGJH��E\�6RORPRQRII�DQG�5DSRSRUW�>���@��EXW�LW�LV

PRVW�FORVHO\�DVVRFLDWHG�ZLWK�WKH�QDPHV�RI�3DXO�(UGĘV�DQG�$OIUpG�5pQ\L��ZKR�SXEOLVKHG�D�FHOHEUDWHG
VHULHV�RI�SDSHUV�DERXW�WKH�PRGHO�LQ�WKH�ODWH�����V�DQG�HDUO\�����V�>�������@��,I�\RX�UHDG�VFLHQWLILF
SDSHUV�RQ�WKLV�VXEMHFW��\RX�ZLOO�VRPHWLPHV�ILQG�WKH�PRGHO�UHIHUUHG�WR�DV�WKH�³(UGĘV�5pQ\L�PRGHO´�RU
WKH� ³(UGĘV�5pQ\L� UDQGRP� JUDSK´� LQ� KRQRU� RI� WKHLU� FRQWULEXWLRQ�� ,W� LV� DOVR� VRPHWLPHV� FDOOHG� WKH
³3RLVVRQ� UDQGRP� JUDSK´� RU� WKH� ³%HUQRXOOL� UDQGRP� JUDSK�´� QDPHV� WKDW� UHIHU� WR� WKH� GLVWULEXWLRQV� RI
GHJUHHV� DQG� HGJHV� LQ� WKH�PRGHO��$QG� VRPHWLPHV� WKH�PRGHO� LV� UHIHUUHG� WR� VLPSO\� DV� ³WKH´� UDQGRP
JUDSK²WKHUH�DUH�PDQ\�UDQGRP�JUDSK�PRGHOV��EXW�*�Q��S��LV�WKH�PRVW�IXQGDPHQWDO�DQG�ZLGHO\�VWXGLHG
RI�WKHP��VR�LI�VRPHRQH�LV�WDONLQJ�DERXW�D�UDQGRP�JUDSK�EXW�GRHVQ¶W�ERWKHU�WR�PHQWLRQ�ZKLFK�RQH��WKH\
DUH�SUREDEO\�WKLQNLQJ�RI�WKLV�RQH�
,Q� WKLV� FKDSWHU� ZH� GHVFULEH� WKH� EDVLF� PDWKHPDWLFV� RI� WKH� UDQGRP� JUDSK�*�Q�� S��� IRFXVLQJ

SDUWLFXODUO\� RQ� WKH� GHJUHH� GLVWULEXWLRQ� DQG� FRPSRQHQW� VL]HV�� ZKLFK� DUH� WZR� RI� WKH� PRGHO¶V� PRVW
LOOXPLQDWLQJ� FKDUDFWHULVWLFV�� 7KH� WHFKQLTXHV�ZH� GHYHORS� LQ� WKLV� FKDSWHU�ZLOO� DOVR� SURYH� XVHIXO� IRU
VRPH�RI�WKH�PRUH�FRPSOH[�PRGHOV�H[DPLQHG�ODWHU�LQ�WKH�ERRN�
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/HW�XV�VWDUW�RXU�VWXG\�RI�WKH�UDQGRP�JUDSK�*�Q��S��ZLWK�D�YHU\�VLPSOH�FDOFXODWLRQ��WKH�FDOFXODWLRQ�RI
WKH�H[SHFWHG�QXPEHU�RI�HGJHV� LQ�RXU�PRGHO�QHWZRUN��:H�KDYH�VDLG� WKDW� WKH�QXPEHU�RI�HGJHV� LQ� WKH
PRGHO� LV� QRW� IL[HG�� EXW�ZH� FDQ� FDOFXODWH� LWV�PHDQ�RU� H[SHFWDWLRQ�YDOXH� DV� IROORZV��7KH� QXPEHU�RI
JUDSKV�ZLWK�H[DFWO\�Q�YHUWLFHV�DQG�P�HGJHV�LV�HTXDO�WR�WKH�QXPEHU�RI�ZD\V�RI�SLFNLQJ�WKH�SRVLWLRQV�RI
WKH� HGJHV� IURP� WKH� �GLVWLQFW�YHUWH[�SDLUV��(DFK�RI� WKHVH�JUDSKV�DSSHDUV�ZLWK� WKH�VDPH�SUREDELOLW\
3�*���JLYHQ�E\�(T����������DQG�KHQFH�WKH�WRWDO�SUREDELOLW\�RI�GUDZLQJ�D�JUDSK�ZLWK�P�HGJHV�IURP�RXU
HQVHPEOH�LV

�

������
�

ZKLFK�LV�MXVW�WKH�VWDQGDUG�ELQRPLDO�GLVWULEXWLRQ��7KHQ�WKH�PHDQ�YDOXH�RI�P�LV

�

������
�
�

7KLV� UHVXOW� FRPHV� DV� QR� VXUSULVH�� 7KH� H[SHFWHG� QXPEHU� RI� HGJHV� EHWZHHQ� DQ\� LQGLYLGXDO� SDLU� RI
YHUWLFHV�LV�MXVW�HTXDO�WR�WKH�SUREDELOLW\�S�RI�DQ�HGJH�EHWZHHQ�WKH�VDPH�YHUWLFHV��DQG�(T���������WKXV
VD\V�PHUHO\�WKDW�WKH�H[SHFWHG�WRWDO�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�LV�HTXDO�WR�WKH�H[SHFWHG�QXPEHU�S
EHWZHHQ�DQ\�SDLU�RI�YHUWLFHV��PXOWLSOLHG�E\�WKH�QXPEHU�RI�SDLUV�
:H�FDQ�XVH�WKLV�UHVXOW�WR�FDOFXODWH�WKH�PHDQ�GHJUHH�RI�D�YHUWH[�LQ�WKH�UDQGRP�JUDSK��$V�SRLQWHG�RXW

LQ�WKH�SUHYLRXV�VHFWLRQ��WKH�PHDQ�GHJUHH�LQ�D�JUDSK�ZLWK�H[DFWO\�P�HGJHV�LV�N� ��P�Q��DQG�KHQFH�WKH
PHDQ�GHJUHH�LQ�*�Q��S��LV

�

������



�

ZKHUH�ZH�KDYH�XVHG�(T���������DQG�WKH�IDFW�WKDW�Q�LV�FRQVWDQW��7KH�PHDQ�GHJUHH�RI�D�UDQGRP�JUDSK
LV�RIWHQ�GHQRWHG�F�LQ�WKH�OLWHUDWXUH��DQG�ZH�ZLOO�DGRSW�WKLV�FRQYHQWLRQ�KHUH�DOVR��ZULWLQJ

�

������
�

�

7KLV� UHVXOW� LV� DOVR�XQVXUSULVLQJ�� ,W� VD\V� WKDW� WKH�H[SHFWHG�QXPEHU�RI� HGJHV�FRQQHFWHG� WR�D�YHUWH[� LV
HTXDO�WR�WKH�H[SHFWHG�QXPEHU�S�EHWZHHQ�WKH�YHUWH[�DQG�DQ\�RWKHU�YHUWH[��PXOWLSOLHG�E\�WKH�QXPEHU�Q�±
��RI�RWKHU�YHUWLFHV�
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2QO\�VOLJKWO\�PRUH�WD[LQJ�LV�WKH�FDOFXODWLRQ�RI�WKH�GHJUHH�GLVWULEXWLRQ�RI�*�Q��S���$�JLYHQ�YHUWH[�LQ�WKH
JUDSK� LV� FRQQHFWHG� ZLWK� LQGHSHQGHQW� SUREDELOLW\�S� WR� HDFK� RI� WKH�Q� ±� �� RWKHU� YHUWLFHV�� 7KXV� WKH
SUREDELOLW\�RI�EHLQJ�FRQQHFWHG�WR�D�SDUWLFXODU�N�RWKHU�YHUWLFHV�DQG�QRW�WR�DQ\�RI�WKH�RWKHUV�LV�SN���±
S�Q���N��7KHUH�DUH� �ZD\V�WR�FKRRVH�WKRVH�N�RWKHU�YHUWLFHV��DQG�KHQFH�WKH�WRWDO�SUREDELOLW\�RI�EHLQJ
FRQQHFWHG�WR�H[DFWO\�N�RWKHUV�LV

�
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�

ZKLFK�LV�D�ELQRPLDO�GLVWULEXWLRQ�DJDLQ��,Q�RWKHU�ZRUGV��*�Q��S��KDV�D�ELQRPLDO�GHJUHH�GLVWULEXWLRQ�
,Q�PDQ\�FDVHV�ZH�DUH�LQWHUHVWHG�LQ�WKH�SURSHUWLHV�RI�ODUJH�QHWZRUNV��VR�WKDW�Q�FDQ�EH�DVVXPHG�WR�EH

ODUJH�� )XUWKHUPRUH�� DV� GLVFXVVHG� LQ� 6HFWLRQ� ����� PDQ\� QHWZRUNV� KDYH� D� PHDQ� GHJUHH� WKDW� LV
DSSUR[LPDWHO\� FRQVWDQW� DV� WKH� QHWZRUN� VL]H� EHFRPHV� ODUJH�� �)RU� LQVWDQFH�� WKH� W\SLFDO� QXPEHU� RI
IULHQGV�D�SHUVRQ�KDV�GRHV�QRW�GHSHQG�VWURQJO\�RQ�WKH�WRWDO�QXPEHU�RI�SHRSOH�LQ�WKH�ZRUOG���,Q�VXFK�D
FDVH�(T���������VLPSOLILHV�DV�IROORZV�
(TXDWLRQ��������WHOOV�XV�WKDW�S� �F��Q±����ZLOO�EHFRPH�YDQLVKLQJO\�VPDOO�DV�Q�ĺ����ZKLFK�DOORZV

XV�WR�ZULWH

�

������
�

ZKHUH�ZH�KDYH�H[SDQGHG�WKH�ORJDULWKP�DV�D�7D\ORU�VHULHV��DQG�WKH�HTXDOLWLHV�EHFRPH�H[DFW�DV�Q�ĺ
���7DNLQJ�H[SRQHQWLDOV�RI�ERWK�VL]HV��ZH�WKXV�ILQG�WKDW����±�S�Q±�±N� �H±F�LQ�WKH�ODUJH�Q�OLPLW��$OVR�IRU
ODUJH�Q�ZH�KDYH

�
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�

DQG�WKXV�(T���������EHFRPHV

�

�������
�

LQ�WKH�OLPLW�RI�ODUJH�Q�
(TXDWLRQ���������LV�WKH�3RLVVRQ�GLVWULEXWLRQ��LQ�WKH�OLPLW�RI�ODUJH�Q��*�Q��S��KDV�D�3RLVVRQ�GHJUHH

GLVWULEXWLRQ��7KLV�LV�WKH�RULJLQ�RI�WKH�QDPH�3RLVVRQ�UDQGRP�JUDSK��ZKLFK�ZH�ZLOO�XVH�RFFDVLRQDOO\�WR
GLVWLQJXLVK�WKLV�PRGHO�IURP�VRPH�RI� WKH�PRUH�VRSKLVWLFDWHG�UDQGRP�JUDSKV�LQ� WKH�IROORZLQJ�FKDSWHU
WKDW�GRQ¶W�LQ�JHQHUDO�KDYH�3RLVVRQ�GHJUHH�GLVWULEXWLRQV�
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$�YHU\�VLPSOH�TXDQWLW\�WR�FDOFXODWH�IRU�WKH�3RLVVRQ�UDQGRP�JUDSK�LV�WKH�FOXVWHULQJ�FRHIILFLHQW��5HFDOO
WKDW� WKH� FOXVWHULQJ� FRHIILFLHQW�&� LV� D�PHDVXUH� RI� WKH� WUDQVLWLYLW\� LQ� D� QHWZRUN� �6HFWLRQ� ����� DQG� LV
GHILQHG�DV�WKH�SUREDELOLW\�WKDW�WZR�QHWZRUN�QHLJKERUV�RI�D�YHUWH[�DUH�DOVR�QHLJKERUV�RI�HDFK�RWKHU��,Q
D� UDQGRP� JUDSK� WKH� SUREDELOLW\� WKDW�DQ\� WZR� YHUWLFHV� DUH� QHLJKERUV� LV� H[DFWO\� WKH� VDPH²DOO� VXFK
SUREDELOLWLHV�DUH�HTXDO�WR�S� �F��Q±�����+HQFH

�

�������
�
�

7KLV�LV�RQH�RI�VHYHUDO�UHVSHFWV�LQ�ZKLFK�WKH�UDQGRP�JUDSK�GLIIHUV�VKDUSO\�IURP�PRVW�IURP�UHDO�ZRUOG
QHWZRUNV��PDQ\�RI�ZKLFK�KDYH�TXLWH�KLJK�FOXVWHULQJ�FRHIILFLHQWV²VHH�7DEOH����²ZKLOH�(T���������
WHQGV� WR� ]HUR� LQ� WKH� OLPLW�Q�ĺ� �� LI� WKH� PHDQ� GHJUHH�F� VWD\V� IL[HG�� 7KLV� GLVFUHSDQF\� LV� GLVFXVVHG
IXUWKHU�LQ�6HFWLRQ������
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&RQVLGHU�WKH�3RLVVRQ�UDQGRP�JUDSK�*�Q��S��IRU�S� ����,Q�WKLV�FDVH�WKHUH�DUH�QR�HGJHV�LQ�WKH�QHWZRUN�DW
DOO�DQG�LW�LV�FRPSOHWHO\�GLVFRQQHFWHG��(DFK�YHUWH[�LV�DQ�LVODQG�RQ�LWV�RZQ��WKH�QHWZRUN�KDV�Q�VHSDUDWH
FRPSRQHQWV�RI�H[DFWO\�RQH�YHUWH[�HDFK�
,Q�WKH�RSSRVLWH�OLPLW��ZKHQ�S� ����HYHU\�SRVVLEOH�HGJH�LQ�WKH�QHWZRUN�LV�SUHVHQW�DQG�WKH�QHWZRUN�LV

DQ�Q�YHUWH[�FOLTXH�LQ�WKH�WHFKQLFDO�VHQVH�RI�WKH�ZRUG��VHH�6HFWLRQ��������PHDQLQJ�WKDW�HYHU\�YHUWH[�LV
FRQQHFWHG� GLUHFWO\� WR� HYHU\� RWKHU�� ,Q� WKLV� FDVH�� DOO� WKH� YHUWLFHV� DUH� FRQQHFWHG� WRJHWKHU� LQ� D� VLQJOH
FRPSRQHQW�WKDW�VSDQV�WKH�HQWLUH�QHWZRUN�
1RZ�OHW�XV�IRFXV�RQ�WKH�VL]H�RI�WKH�ODUJHVW�FRPSRQHQW�LQ�WKH�QHWZRUN�LQ�HDFK�RI�WKHVH�FDVHV��,Q�WKH

ILUVW�FDVH��S� ����WKH�ODUJHVW�FRPSRQHQW�KDV�VL]H����,Q�WKH�VHFRQG��S� ����WKH�ODUJHVW�FRPSRQHQW�KDV
VL]H�Q�� $SDUW� IURP� WKH� VHFRQG� EHLQJ� PXFK� ODUJHU� WKDQ� WKH� ILUVW�� WKHUH� LV� DQ� LPSRUWDQW� TXDOLWDWLYH
GLIIHUHQFH�EHWZHHQ�WKHVH�WZR�FDVHV��LQ�WKH�ILUVW�FDVH�WKH�VL]H�RI�WKH�ODUJHVW�FRPSRQHQW�LV�LQGHSHQGHQW
RI� WKH�QXPEHU�RI�YHUWLFHV�Q� LQ� WKH�QHWZRUN�� LQ� WKH�VHFRQG�LW� LV�SURSRUWLRQDO� WR�Q�� RU�H[WHQVLYH� LQ� WKH
MDUJRQ�RI� WKHRUHWLFDO�SK\VLFV�� ,Q� WKH� ILUVW� FDVH�� WKH� ODUJHVW� FRPSRQHQW�ZLOO� VWD\� WKH� VDPH�VL]H� LI�ZH
PDNH�WKH�QHWZRUN�ODUJHU��EXW�LQ�WKH�VHFRQG�LW�ZLOO�JURZ�ZLWK�WKH�QHWZRUN�
7KH�GLVWLQFWLRQ�EHWZHHQ�WKHVH�WZR�FDVHV�LV�DQ�LPSRUWDQW�RQH��,Q�PDQ\�DSSOLFDWLRQV�RI�QHWZRUNV�LW�LV

FUXFLDO� WKDW� WKHUH� EH� D� FRPSRQHQW� WKDW� ILOOV�PRVW� RI� WKH� QHWZRUN�� )RU� LQVWDQFH�� LQ� WKH� ,QWHUQHW� LW� LV
LPSRUWDQW�WKDW�WKHUH�EH�D�SDWK�WKURXJK�WKH�QHWZRUN�IURP�PRVW�FRPSXWHUV�WR�PRVW�RWKHUV��,I�WKHUH�ZHUH
QRW�� WKH� QHWZRUN�ZRXOGQ¶W� EH� DEOH� WR� SHUIRUP� LWV� LQWHQGHG� UROH� RI� SURYLGLQJ� FRPSXWHU�WR�FRPSXWHU
FRPPXQLFDWLRQV�IRU�LWV�XVHUV��0RUHRYHU��DV�GLVFXVVHG�LQ�6HFWLRQ������PRVW�QHWZRUNV�GR�LQ�IDFW�KDYH�D
ODUJH� FRPSRQHQW� WKDW� ILOOV� PRVW� RI� WKH� QHWZRUN�� :H� FDQ� JDLQ� VRPH� XVHIXO� LQVLJKWV� DERXW� ZKDW� LV
KDSSHQLQJ� LQ� VXFK� QHWZRUNV� E\� FRQVLGHULQJ� KRZ� WKH� FRPSRQHQWV� LQ� RXU� UDQGRP� JUDSK� EHKDYH�
$OWKRXJK� WKH� UDQGRP� JUDSK� LV� D� YHU\� VLPSOH� QHWZRUN� PRGHO� DQG� GRHVQ¶W� SURYLGH� DQ� DFFXUDWH
UHSUHVHQWDWLRQ�RI�WKH�,QWHUQHW�RU�RWKHU�UHDO�ZRUOG�QHWZRUNV��ZH�ZLOO�VHH�WKDW�ZKHQ�WU\LQJ�WR�XQGHUVWDQG
WKH�ZRUOG�LW�FDQ�EH�YHU\�KHOSIXO�WR�VWXG\�VXFK�VLPSOLILHG�PRGHOV�
6R�OHW�XV�FRQVLGHU�WKH�ODUJHVW�FRPSRQHQW�RI�RXU�UDQGRP�JUDSK��ZKLFK��DV�ZH�KDYH�VDLG��KDV�FRQVWDQW

VL]H���ZKHQ�S� ���DQG�H[WHQVLYH�VL]H�Q�ZKHQ�S� ����$Q�LQWHUHVWLQJ�TXHVWLRQ�WR�DVN�LV�KRZ�WKH�WUDQVLWLRQ
EHWZHHQ�WKHVH�WZR�H[WUHPHV�RFFXUV�LI�ZH�FRQVWUXFW�UDQGRP�JUDSKV�ZLWK�JUDGXDOO\�LQFUHDVLQJ�YDOXHV�RI
S��VWDUWLQJ�DW���DQG�HQGLQJ�XS�DW����:H�PLJKW�JXHVV��IRU�LQVWDQFH��WKDW�WKH�VL]H�RI�WKH�ODUJHVW�FRPSRQHQW
VRPHKRZ� LQFUHDVHV� JUDGXDOO\�ZLWK�S�� EHFRPLQJ� H[WHQVLYH� RQO\� LQ� WKH� OLPLW�ZKHUH�S� ���� ,Q� UHDOLW\�
KRZHYHU��VRPHWKLQJ�PXFK�PRUH�LQWHUHVWLQJ�KDSSHQV��$V�ZH�ZLOO�VHH��WKH�VL]H�RI�WKH�ODUJHVW�FRPSRQHQW
XQGHUJRHV�D�VXGGHQ�FKDQJH��RU�SKDVH�WUDQVLWLRQ��IURP�FRQVWDQW�VL]H�WR�H[WHQVLYH�VL]H�DW�RQH�SDUWLFXODU
VSHFLDO�YDOXH�RI�S��/HW�XV�WDNH�D�ORRN�DW�WKLV�WUDQVLWLRQ�
$�QHWZRUN�FRPSRQHQW�ZKRVH�VL]H�JURZV� LQ�SURSRUWLRQ� WR�Q�ZH� FDOO� D�JLDQW�FRPSRQHQW��:H� FDQ

FDOFXODWH� WKH� VL]H�RI� WKH�JLDQW� FRPSRQHQW� LQ� WKH�3RLVVRQ� UDQGRP�JUDSK�H[DFWO\� LQ� WKH� OLPLW� RI� ODUJH
QHWZRUN�VL]H�Q�ĺ���DV�IROORZV��:H�GHQRWH�E\�X�WKH�DYHUDJH�IUDFWLRQ�RI�YHUWLFHV�LQ�WKH�UDQGRP�JUDSK
WKDW�GR�QRW�EHORQJ�WR�WKH�JLDQW�FRPSRQHQW��7KXV�LI�WKHUH�LV�QR�JLDQW�FRPSRQHQW�LQ�RXU�JUDSK��ZH�ZLOO
KDYH�X� ����DQG�LI�WKHUH�LV�D�JLDQW�FRPSRQHQW�ZH�ZLOO�KDYH�X������$OWHUQDWLYHO\��ZH�FDQ�UHJDUG�X�DV
WKH�SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�LQ�WKH�JUDSK�GRHV�QRW�EHORQJ�WR�WKH�JLDQW�FRPSRQHQW�
)RU�D�YHUWH[�L�QRW�WR�EHORQJ�WR�WKH�JLDQW�FRPSRQHQW�LW�PXVW�QRW�EH�FRQQHFWHG�WR�WKH�JLDQW�FRPSRQHQW

YLD�DQ\�RWKHU�YHUWH[��7KDW�PHDQV�WKDW�IRU�HYHU\�RWKHU�YHUWH[�M�LQ�WKH�JUDSK�HLWKHU��D��L�LV�QRW�FRQQHFWHG



WR�M� E\� DQ� HGJH�� RU� �E��L� LV� FRQQHFWHG� WR�M� EXW�M� LV� LWVHOI�QRW� D�PHPEHU�RI� WKH�JLDQW� FRPSRQHQW��7KH
SUREDELOLW\�RI�RXWFRPH��D��LV�VLPSO\���±�S��WKH�SUREDELOLW\�RI�QRW�KDYLQJ�DQ�HGJH�EHWZHHQ�L�DQG�M��DQG
WKH�SUREDELOLW\�RI�RXWFRPH��E��LV�SX��ZKHUH�WKH�IDFWRU�RI�S�LV�WKH�SUREDELOLW\�RI�KDYLQJ�DQ�HGJH�DQG�WKH
IDFWRU� RI�X� LV� WKH� SUREDELOLW\� WKDW� YHUWH[�M� GRHVQ¶W� EHORQJ� WR� WKH� JLDQW� FRPSRQHQW�����7KXV� WKH� WRWDO
SUREDELOLW\�RI�QRW�EHLQJ�FRQQHFWHG�WR�WKH�JLDQW�FRPSRQHQW�YLD�YHUWH[�M�LV���±�S���SX�
7KHQ�WKH�WRWDO�SUREDELOLW\�RI�QRW�EHLQJ�FRQQHFWHG�WR�WKH�JLDQW�FRPSRQHQW�YLD�DQ\�RI�WKH�Q�í���RWKHU

YHUWLFHV�LQ�WKH�QHWZRUN�LV
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ZKHUH�ZH�KDYH�XVHG�(T����������1RZ�ZH�WDNH�ORJV�RI�ERWK�VLGHV�WKXV�
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ZKHUH�WKH�DSSUR[LPDWH�HTXDOLW\�EHFRPHV�H[DFW�LQ�WKH�OLPLW�RI�ODUJH�Q��7DNLQJ�H[SRQHQWLDOV�RI�ERWK
VLGHV��ZH�WKHQ�ILQG�WKDW

�

�������
�

�

%XW� LI�X�LV�WKH�IUDFWLRQ�RI�YHUWLFHV�QRW�LQ�WKH�JLDQW�FRPSRQHQW��WKHQ�WKH�IUDFWLRQ�RI�YHUWLFHV�WKDW�DUH�LQ
WKH�JLDQW�FRPSRQHQW�LV�6� ���í�X��(OLPLQDWLQJ�X�LQ�IDYRU�RI�6�WKHQ�JLYHV�XV

�
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�
7KLV�HTXDWLRQ��ZKLFK�ZDV�ILUVW�JLYHQ�E\�(UGĘV�DQG�5pQ\L�LQ������>���@��WHOOV�XV�WKH�VL]H�RI�WKH�JLDQW

FRPSRQHQW�DV�D� IUDFWLRQ�RI� WKH�VL]H�RI� WKH�QHWZRUN� LQ� WKH� OLPLW�RI� ODUJH�QHWZRUN�VL]H�� IRU�DQ\�JLYHQ
YDOXH�RI�WKH�PHDQ�GHJUHH�F��8QIRUWXQDWHO\��WKRXJK�WKH�HTXDWLRQ�LV�YHU\�VLPSOH�LW�GRHVQ¶W�KDYH�D�VLPSOH
VROXWLRQ�IRU�6�LQ�FORVHG�IRUP�����:H�FDQ�KRZHYHU�JHW�D�JRRG�IHHOLQJ�IRU�LWV�EHKDYLRU�IURP�D�JUDSKLFDO
VROXWLRQ��&RQVLGHU�)LJ��������7KH�WKUHH�FXUYHV�VKRZ�WKH�IXQFWLRQ�\� �����H�F6�IRU�GLIIHUHQW�YDOXHV�RI�F�
1RWH�WKDW�6�FDQ�WDNH�RQO\�YDOXHV�IURP�]HUR�WR�RQH��VR�RQO\�WKLV�SDUW�RI�WKH�FXUYH�LV�VKRZQ��7KH�GDVKHG
OLQH� LQ� WKH� ILJXUH� LV� WKH� IXQFWLRQ�\�  �6��:KHUH� OLQH� DQG� FXUYH� FURVV�ZH� KDYH�6�  � ��í� HíF6� DQG� WKH
FRUUHVSRQGLQJ�YDOXH�RI�6�LV�D�VROXWLRQ�WR�(T����������

�

)LJXUH�������*UDSKLFDO�VROXWLRQ�IRU�WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW�� �D��7KH� WKUHH�FXUYHV� LQ� WKH
OHIW�SDQHO�VKRZ�\� �����H�F6�IRU�YDOXHV�RI�F�DV�PDUNHG��WKH�GLDJRQDO�GDVKHG�OLQH�VKRZV�\� �6��DQG�WKH
LQWHUVHFWLRQ�JLYHV� WKH� VROXWLRQ� WR�(T�� ���������6� ��� ��H�F6� ��)RU� WKH�ERWWRP�FXUYH� WKHUH� LV�RQO\�RQH
LQWHUVHFWLRQ��DW�6� ����VR�WKHUH�LV�QR�JLDQW�FRPSRQHQW��ZKLOH�IRU�WKH�WRS�FXUYH�WKHUH�LV�D�VROXWLRQ�DW�6� 
������ ���� �YHUWLFDO�GDVKHG� OLQH���7KH�PLGGOH� FXUYH� LV�SUHFLVHO\�DW� WKH� WKUHVKROG�EHWZHHQ� WKH� UHJLPH
ZKHUH�D�QRQ�WULYLDO�VROXWLRQ�IRU�6�H[LVWV�DQG�WKH�UHJLPH�ZKHUH�WKHUH�LV�RQO\�WKH�WULYLDO�VROXWLRQ�6� ���
�E��7KH�UHVXOWLQJ�VROXWLRQ�IRU�WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW�DV�D�IXQFWLRQ�RI�F�
�
�
$V�WKH�ILJXUH�VKRZV��GHSHQGLQJ�RQ�WKH�YDOXH�RI�F�WKHUH�PD\�EH�HLWKHU�RQH�VROXWLRQ�IRU�6�RU�WZR��)RU

VPDOO�F��ERWWRP�FXUYH�LQ�WKH�ILJXUH��WKHUH�LV�MXVW�RQH�VROXWLRQ�DW�6� ����ZKLFK�LPSOLHV�WKDW�WKHUH�LV�QR
JLDQW�FRPSRQHQW�LQ�WKH�QHWZRUN���<RX�FDQ�FRQILUP�IRU�\RXUVHOI�WKDW�6� ���LV�D�VROXWLRQ�GLUHFWO\�IURP
(T������������2Q�WKH�RWKHU�KDQG��LI�F�LV�ODUJH�HQRXJK��WRS�FXUYH��WKHQ�WKHUH�DUH�WZR�VROXWLRQV��RQH�DW�6
 ���DQG�RQH�DW�6�!����2QO\�LQ�WKLV�UHJLPH�FDQ�WKHUH�EH�D�JLDQW�FRPSRQHQW�
7KH�WUDQVLWLRQ�EHWZHHQ�WKH�WZR�UHJLPHV�FRUUHVSRQGV�WR�WKH�PLGGOH�FXUYH�LQ�WKH�ILJXUH�DQG�IDOOV�DW

WKH�SRLQW�ZKHUH�WKH�JUDGLHQW�RI�WKH�FXUYH�DQG�WKH�JUDGLHQW�RI�WKH�GDVKHG�OLQH�PDWFK�DW�6� ����7KDW�LV�



WKH�WUDQVLWLRQ�WDNHV�SODFH�ZKHQ
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)LJXUH� ������*URZWK� RI� D� YHUWH[� VHW� LQ� D� UDQGRP� JUDSK�� �D��$� VHW� RI� YHUWLFHV� �LQVLGH� WKH� JUD\
FLUFOHV��FRQVLVWV�RI�D�FRUH��GDUN�JUD\��DQG�D�SHULSKHU\��OLJKWHU����E��,I�ZH�JURZ�WKH�VHW�E\�DGGLQJ�WR�LW
WKRVH�YHUWLFHV�LPPHGLDWHO\�DGMDFHQW�WR�WKH�SHULSKHU\��WKHQ�WKH�SHULSKHU\�YHUWLFHV�EHFRPH�D�SDUW�RI�WKH
QHZ�FRUH�DQG�D�QHZ�SHULSKHU\�LV�DGGHG�
�
�

6HWWLQJ�6� ���ZH�WKHQ�GHGXFH�WKDW�WKH�WUDQVLWLRQ�WDNHV�SODFH�DW�F� ���
,Q�RWKHU�ZRUGV��WKH�UDQGRP�JUDSK�FDQ�KDYH�D�JLDQW�FRPSRQHQW�RQO\�LI�F�!����$W�F� ���DQG�EHORZ�ZH

KDYH�6� ���DQG�WKHUH�LV�QR�JLDQW�FRPSRQHQW�
7KLV�GRHV�QRW�HQWLUHO\�VROYH�WKH�SUREOHP��KRZHYHU��7HFKQLFDOO\�ZH�KDYH�SURYHG�WKDW�WKHUH�FDQ�EH



QR�JLDQW� FRPSRQHQW� IRU�F������EXW�QRW� WKDW� WKHUH�KDV� WR�EH�D�JLDQW�FRPSRQHQW�DW�F�!��²LQ� WKH� ODWWHU
UHJLPH� WKHUH� DUH� WZR� VROXWLRQV� IRU�6�� RQH�RI�ZKLFK� LV� WKH� VROXWLRQ�6� ��� LQ�ZKLFK� WKHUH� LV�QR�JLDQW
FRPSRQHQW�� 6R�ZKLFK� RI� WKHVH� VROXWLRQV� LV� WKH� FRUUHFW� RQH� WKDW� GHVFULEHV� WKH� WUXH� VL]H� RI� WKH� JLDQW
FRPSRQHQW"
,Q� DQVZHULQJ� WKLV� TXHVWLRQ�� ZH� ZLOO� VHH� DQRWKHU� ZD\� WR� WKLQN� DERXW� WKH� IRUPDWLRQ� RI� WKH� JLDQW

FRPSRQHQW��&RQVLGHU�WKH�IROORZLQJ�SURFHVV��/HW�XV�ILQG�D�VPDOO�VHW�RI�FRQQHFWHG�YHUWLFHV�VRPHZKHUH
LQ�RXU�QHWZRUN²VD\�D�GR]HQ�RU�VR��DV�VKRZQ�LQ�)LJ������D��,Q�WKH�OLPLW�RI�ODUJH�Q�ĺ���VXFK�D�VHW�LV
ERXQG�WR�H[LVW�VRPHZKHUH�LQ�WKH�QHWZRUN��VR�ORQJ�DV�F�!����:H�ZLOO�GLYLGH�WKH�VHW�LQWR�LWV�FRUH�DQG�LWV
SHULSKHU\��7KH�FRUH�LV�WKH�YHUWLFHV�WKDW�KDYH�FRQQHFWLRQV�RQO\�WR�RWKHU�YHUWLFHV�LQ�WKH�VHW²WKH�GDUNHU
JUD\�UHJLRQ�LQ�WKH�ILJXUH��7KH�SHULSKHU\�LV�WKH�YHUWLFHV�WKDW�KDYH�DW�OHDVW�RQH�QHLJKERU�RXWVLGH�WKH�VHW
²WKH�OLJKWHU�JUD\�
1RZ� LPDJLQH� HQODUJLQJ� RXU� VHW� E\� DGGLQJ� WR� LW� DOO� WKRVH� YHUWLFHV� WKDW� DUH� LPPHGLDWH� QHLJKERUV�

FRQQHFWHG�E\�DW�OHDVW�RQH�HGJH�WR�WKH�VHW²)LJ������E��1RZ�WKH�ROG�SHULSKHU\�LV�SDUW�RI�WKH�FRUH�DQG
WKHUH� LV�D�QHZ�SHULSKHU\�FRQVLVWLQJ�RI� WKH�YHUWLFHV� MXVW�DGGHG��+RZ�ELJ� LV� WKLV�QHZ�SHULSKHU\"�:H
GRQ¶W� NQRZ� IRU� FHUWDLQ�� EXW� ZH� NQRZ� WKDW� HDFK� YHUWH[� LQ� WKH� ROG� SHULSKHU\� LV� FRQQHFWHG� ZLWK
LQGHSHQGHQW�SUREDELOLW\�S�WR�HYHU\�RWKHU�YHUWH[��,I�WKHUH�DUH�V�YHUWLFHV�LQ�RXU�VHW��WKHQ�WKHUH�DUH�Q�í�V
YHUWLFHV� RXWVLGH� WKH� VHW�� DQG� WKH� DYHUDJH� QXPEHU� RI� FRQQHFWLRQV� D� YHUWH[� LQ� WKH� SHULSKHU\� KDV� WR
RXWVLGH�YHUWLFHV�LV�ZKHUH�WKH�HTXDOLW\�EHFRPHV�H[DFW�LQ�WKH�OLPLW�Q�ĺ����7KLV�PHDQV�WKDW�WKH�DYHUDJH
QXPEHU�RI�LPPHGLDWH�QHLJKERUV�RI�WKH�VHW²WKH�VL]H�RI�WKH�QHZ�SHULSKHU\�ZKHQ�ZH�JURZ�WKH�VHW²LV�F
WLPHV�WKH�VL]H�RI�WKH�ROG�SHULSKHU\�

�

�������
�
�
:H�FDQ�UHSHDW�WKLV�DUJXPHQW��JURZLQJ�WKH�VHW�DJDLQ�DQG�DJDLQ��DQG�HDFK�WLPH�WKH�DYHUDJH�VL]H�RI�WKH

SHULSKHU\�ZLOO� LQFUHDVH�E\�DQRWKHU� IDFWRU�RI�F��7KXV� LI�F�!��� WKH�DYHUDJH�VL]H�RI� WKH�SHULSKHU\�ZLOO
JURZ�H[SRQHQWLDOO\��2Q�WKH�RWKHU�KDQG��LI�F�����LW�ZLOO�VKULQN�H[SRQHQWLDOO\�DQG�HYHQWXDOO\�GZLQGOH�WR
]HUR�� )XUWKHUPRUH�� LI� LW� JURZV� H[SRQHQWLDOO\� RXU� FRQQHFWHG� VHW� RI� YHUWLFHV� ZLOO� HYHQWXDOO\� IRUP� D
FRPSRQHQW�FRPSDUDEOH�LQ�VL]H�WR�WKH�ZKROH�QHWZRUN²D�JLDQW�FRPSRQHQW²ZKLOH�LI�LW�GZLQGOHV�WKH�VHW
ZLOO�RQO\�HYHU�KDYH�ILQLWH�VL]H�DQG�QR�JLDQW�FRPSRQHQW�ZLOO�IRUP�
6R�ZH�VHH�WKDW�LQGHHG�ZH�H[SHFW�D�JLDQW�FRPSRQHQW�LI��DQG�RQO\�LI��F�!����$QG�ZKHQ�WKHUH�LV�D�JLDQW

FRPSRQHQW�WKH�VL]H�RI�WKDW�JLDQW�FRPSRQHQW�ZLOO�EH�JLYHQ�E\�WKH�ODUJHU�VROXWLRQ�WR�(T�����������7KLV
QRZ�DOORZV�XV�WR�FDOFXODWH�WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW�IRU�DOO�YDOXHV�RI�F�� �)RU�F�!���ZH�KDYH�WR
VROYH�IRU� WKH�ODUJHU�VROXWLRQ�RI�(T����������QXPHULFDOO\��VLQFH�WKHUH�LV�QR�H[DFW�VROXWLRQ��EXW� WKLV� LV
HDV\� HQRXJK� WR� GR���7KH� UHVXOWV� DUH� VKRZQ� LQ�)LJ�� ������$V� WKH� ILJXUH� VKRZV�� WKH� VL]H� RI� WKH� JLDQW
FRPSRQHQW�JURZV�UDSLGO\�IURP�]HUR�DV�WKH�YDOXH�RI�F�SDVVHV����DQG�WHQGV�WRZDUGV�6� ���DV�F�EHFRPHV
ODUJH�
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�

,Q�WKLV�VHFWLRQ�ZH�ORRN�DW�WKH�SURSHUWLHV�RI�UDQGRP�JUDSKV�IURP�D�GLIIHUHQW�SRLQW�RI�YLHZ��WKH�SRLQW�RI
YLHZ�RI�WKH�QRQ�JLDQW�FRPSRQHQWV��:H�KDYH�VHHQ�WKDW�LQ�D�UDQGRP�JUDSK�ZLWK�F�!���WKHUH�H[LVWV�D�JLDQW
FRPSRQHQW� WKDW�ILOOV�DQ�H[WHQVLYH�IUDFWLRQ�RI� WKH�QHWZRUN��7KDW�IUDFWLRQ� LV� W\SLFDOO\�OHVV� WKDQ������
KRZHYHU��:KDW�LV�WKH�VWUXFWXUH�RI�WKH�UHPDLQGHU�RI�WKH�QHWZRUN"�7KH�DQVZHU�LV�WKDW�LW�LV�PDGH�XS�RI
PDQ\� VPDOO� FRPSRQHQWV� ZKRVH� DYHUDJH� VL]H� LV� FRQVWDQW� DQG� GRHVQ¶W� LQFUHDVH� ZLWK� WKH� VL]H� RI� WKH
QHWZRUN�
7KH� ILUVW� VWHS� LQ� GHPRQVWUDWLQJ� WKLV� UHVXOW� DQG� VKHGGLQJ� OLJKW� RQ� WKH� VWUXFWXUH� RI� WKH� VPDOO

FRPSRQHQWV�LV�WR�VKRZ�WKDW�WKHUH�LV�RQO\�RQH�JLDQW�FRPSRQHQW�LQ�D�UDQGRP�JUDSK��DQG�KHQFH�WKDW�DOO
RWKHU� FRPSRQHQWV� DUH� ³QRQ�JLDQW´� FRPSRQHQWV�� 7KLV� LV� IDLUO\� HDV\� WR� HVWDEOLVK�� 6XSSRVH� WKDW� WKHUH
ZHUH�WZR�RU�PRUH�JLDQW�FRPSRQHQWV�LQ�D�UDQGRP�JUDSK��7DNH�DQ\�WZR�JLDQW�FRPSRQHQWV��ZKLFK�KDYH
VL]H�6�Q� DQG�6�Q�� ZKHUH�6�� DQG�6�� DUH� WKH� IUDFWLRQV� RI� WKH� QHWZRUN� ILOOHG� E\� HDFK�� 7KH� QXPEHU� RI
GLVWLQFW�SDLUV�RI�YHUWLFHV��L��M���ZKHUH�L�LV�LQ�WKH�ILUVW�JLDQW�FRPSRQHQW�DQG�M�LV�LQ�WKH�VHFRQG��LV�MXVW�6�
Q� î�6��Q�  �6��6��Q� ��� (DFK� RI� WKHVH� SDLUV� LV� FRQQHFWHG� E\� DQ� HGJH�ZLWK� SUREDELOLW\�S�� RU� QRW�ZLWK
SUREDELOLW\���í�S��)RU�WKH�WZR�JLDQW�FRPSRQHQWV�WR�EH�VHSDUDWH�FRPSRQHQWV�ZH�UHTXLUH�WKDW�WKHUH�EH
]HUR�HGJHV�FRQQHFWLQJ�WKHP�WRJHWKHU��ZKLFK�KDSSHQV�ZLWK�SUREDELOLW\�T�JLYHQ�E\
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ZKHUH�ZH�KDYH�PDGH�XVH�RI�(T���������
7DNLQJ�ORJV�RI�ERWK�VLGHV�DQG�JRLQJ�WR�WKH�OLPLW�Q�ĺ����ZH�WKHQ�ILQG

�
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�

ZKHUH�ZH�KDYH�GURSSHG�WHUPV�RI�RUGHU���Q��7DNLQJ�WKH�H[SRQHQWLDO�DJDLQ��ZH�JHW



�
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�

ZKHUH� ��ZKLFK�LV�LQGHSHQGHQW�RI�Q�LI�F�LV�FRQVWDQW��7KXV��IRU�FRQVWDQW�F��WKH�SUREDELOLW\
WKDW�WKH�WZR�JLDQW�FRPSRQHQWV�DUH�UHDOO\�VHSDUDWH�FRPSRQHQWV�GZLQGOHV�H[SRQHQWLDOO\�ZLWK�LQFUHDVLQJ
Q��DQG�LQ�WKH�OLPLW�RI�ODUJH�Q�ZLOO�YDQLVK�DOWRJHWKHU��,Q�D�ODUJH�UDQGRP�JUDSK��WKHUHIRUH��WKHUH�LV�RQO\
WKH� YHU\� WLQLHVW� RI� SUREDELOLWLHV� WKDW� ZH� ZLOO� KDYH� WZR� JLDQW� FRPSRQHQWV�� DQG� IRU� LQILQLWH�Q� WKH
SUREDELOLW\�LV�IRUPDOO\�]HUR�DQG�LW�ZLOO�QHYHU�KDSSHQ�
*LYHQ�WKHQ�WKDW�WKHUH�LV�RQO\�RQH�JLDQW�FRPSRQHQW�LQ�RXU�UDQGRP�JUDSK�DQG�WKDW�LQ�PRVW�VLWXDWLRQV�LW

GRHV�QRW� ILOO� WKH�HQWLUH�QHWZRUN�� LW� IROORZV� WKDW� WKHUH�PXVW�DOVR�EH�VRPH�QRQ�JLDQW�FRPSRQHQWV�� L�H��
FRPSRQHQWV�ZKRVH�VL]H�GRHV�QRW�LQFUHDVH�LQ�SURSRUWLRQ�WR�WKH�VL]H�RI�WKH�QHWZRUN��7KHVH�DUH�WKH�VPDOO
FRPSRQHQWV�
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7KH� VPDOO� FRPSRQHQWV� FDQ�� LQ� JHQHUDO�� FRPH� LQ� YDULRXV� GLIIHUHQW� VL]HV�� :H� FDQ� FDOFXODWH� WKH
GLVWULEXWLRQ�RI�WKHVH�VL]HV�DV�IROORZV�
7KH�EDVLF� TXDQWLW\�ZH� IRFXV�RQ� LV� WKH�SUREDELOLW\�ʌV� WKDW� D� UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV� WR� D

VPDOO�FRPSRQHQW�RI�VL]H�H[DFWO\�V�YHUWLFHV�WRWDO��1RWH�WKDW�LI�WKHUH�LV�D�JLDQW�FRPSRQHQW�LQ�RXU�QHWZRUN
WKHQ�VRPH�YHUWLFHV�GR�QRW�EHORQJ�WR�D�VPDOO�FRPSRQHQW�RI�DQ\�VL]H�DQG�KHQFH�ʌV�LV�QRW�QRUPDOL]HG�WR
XQLW\�� 7KH� VXP� RI�ʌV� RYHU� DOO� VL]HV�V� LV� HTXDO� WR� WKH� IUDFWLRQ� RI� YHUWLFHV� WKDW� DUH� QRW� LQ� WKH� JLDQW
FRPSRQHQW��7KDW�LV�

�
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�

ZKHUH�6�LV��DV�EHIRUH��WKH�IUDFWLRQ�RI�YHUWLFHV�LQ�WKH�JLDQW�FRPSRQHQW�

5HFDOO�WKDW�D�WUHH�LV�D�JUDSK�RU�VXEJUDSK�WKDW�KDV�QR�ORRSV²VHH�6HFWLRQ�����
�
7KH�FUXFLDO�LQVLJKW�WKDW�DOORZV�XV�WR�FDOFXODWH�ʌV�LV�WKDW�WKH�VPDOO�FRPSRQHQWV�DUH�WUHHV��DV�ZH�FDQ

VHH�E\�WKH�IROORZLQJ�DUJXPHQW��&RQVLGHU�D�VPDOO�FRPSRQHQW�RI�V�YHUWLFHV�WKDW�WDNHV�WKH�IRUP�RI�D�WUHH�
$�WUHH�RI�V�YHUWLFHV�FRQWDLQV�V�í���HGJHV��DV�VKRZQ�LQ�6HFWLRQ������DQG�WKLV�LV�WKH�VPDOOHVW�QXPEHU�RI
HGJHV�WKDW�LV�QHHGHG�WR�FRQQHFW�WKLV�PDQ\�YHUWLFHV�WRJHWKHU��,I�ZH�DGG�DQRWKHU�HGJH�WR�RXU�FRPSRQHQW
WKHQ�ZH�ZLOO�FUHDWH�D�ORRS��VLQFH�ZH�ZLOO�EH�DGGLQJ�D�QHZ�SDWK�EHWZHHQ�WZR�YHUWLFHV�WKDW�DUH�DOUHDG\
FRQQHFWHG��VHH�ILJXUH���,Q�D�3RLVVRQ�UDQGRP�JUDSK�WKH�SUREDELOLW\�RI�VXFK�HGJH�EHLQJ�SUHVHQW�LV� WKH
VDPH�DV�IRU�DQ\�RWKHU�HGJH��S�  �F��Q�í�����7KH�WRWDO�QXPEHU�RI�SODFHV�ZKHUH�ZH�FRXOG�DGG�VXFK�DQ
H[WUD�HGJH�WR�WKH�FRPSRQHQW�LV�JLYHQ�E\�WKH�QXPEHU�RI�GLVWLQFW�SDLUV�RI�YHUWLFHV�PLQXV�WKH�QXPEHU�WKDW
DUH�DOUHDG\�FRQQHFWHG�E\�DQ�HGJH��RU

�
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�

DQG� WKH� WRWDO� QXPEHU� RI� H[WUD� HGJHV� LQ� WKH� FRPSRQHQW� LV� �� $VVXPLQJ� WKDW�V
LQFUHDVHV�PRUH�VORZO\�WKDQ�¥Q��DQG�ZH�ZLOO�VKRUWO\�VHH�WKDW�LW�GRHV���WKLV�SUREDELOLW\�WHQGV�WR�]HUR�LQ
WKH�OLPLW�Q�ĺ����DQG�KHQFH�WKHUH�DUH�QR�ORRSV�LQ�WKH�FRPSRQHQW�DQG�WKH�FRPSRQHQW�LV�D�WUHH�



�

,I�ZH�DGG�DQ�HGJH��GDVKHG��WR�D�WUHH�ZH�FUHDWH�D�ORRS�
�
�
:H� FDQ� XVH� WKLV� REVHUYDWLRQ� WR� FDOFXODWH� WKH� SUREDELOLW\�ʌV� DV� IROORZV�� &RQVLGHU� D� YHUWH[�L� LQ� D

VPDOO�FRPSRQHQW�RI�D�UDQGRP�JUDSK��DV�GHSLFWHG�LQ�)LJ��������(DFK�RI�L¶V�HGJHV�OHDGV�WR�D�VHSDUDWH
VXEJUDSK²WKH�VKDGHG�UHJLRQV�LQ�WKH�ILJXUH²DQG�EHFDXVH�WKH�ZKROH�FRPSRQHQW�LV�D�WUHH�ZH�NQRZ�WKDW
WKHVH� VXEJUDSKV� DUH� QRW� FRQQHFWHG� WR� RQH� DQRWKHU�� RWKHU� WKDQ� YLD� YHUWH[�L�� VLQFH� LI� WKH\�ZHUH� WKHUH
ZRXOG�EH�D�ORRS�LQ�WKH�FRPSRQHQW�DQG�LW�ZRXOG�QRW�EH�D�WUHH��7KXV�WKH�VL]H�RI�WKH�FRPSRQHQW�WR�ZKLFK
L�EHORQJV�LV�WKH�VXP�RI�WKH�VL]HV�RI�WKH�VXEJUDSKV�UHDFKDEOH�DORQJ�HDFK�RI�LWV�HGJHV��SOXV���IRU�YHUWH[�L
LWVHOI��7R�SXW�WKDW�DQRWKHU�ZD\��YHUWH[� L�EHORQJV�WR�D�FRPSRQHQW�RI�VL]H�V�LI�WKH�VL]HV�RI�WKH�VXEJUDSKV
WR�ZKLFK�LWV�QHLJKERUV�Q���Q���������EHORQJ�VXP�WR�V�í���

�

)LJXUH� ������ 7KH� VL]H� RI� RQH� RI� WKH� VPDOO� FRPSRQHQWV� LQ� D� UDQGRP� JUDSK�� �D�� 7KH� VL]H� RI� WKH
FRPSRQHQW� WR� ZKLFK� D� YHUWH[�L� EHORQJV� LV� WKH� VXP� RI� WKH� QXPEHU� RI� YHUWLFHV� LQ� HDFK� RI� WKH
VXEFRPSRQHQWV� �VKDGHG� UHJLRQV�� UHDFKDEOH� YLD�L¶V� QHLJKERUV�Q���Q���Q��� SOXV� RQH� IRU�L� LWVHOI�� �E�� ,I
YHUWH[�L�LV�UHPRYHG�WKH�VXEFRPSRQHQWV�EHFRPH�FRPSRQHQWV�LQ�WKHLU�RZQ�ULJKW�
�
�
%HDULQJ�WKLV�LQ�PLQG��FRQVLGHU�QRZ�D�VOLJKWO\�PRGLILHG�QHWZRUN��WKH�QHWZRUN�LQ�ZKLFK�YHUWH[�L� LV

FRPSOHWHO\�UHPRYHG��DORQJ�ZLWK�DOO�LWV�HGJHV�����7KLV�QHWZRUN�LV�VWLOO�D�UDQGRP�JUDSK�ZLWK�WKH�VDPH
YDOXH� RI�S²HDFK�SRVVLEOH� HGJH� LV� VWLOO� SUHVHQW�ZLWK� LQGHSHQGHQW� SUREDELOLW\�S²EXW� WKH� QXPEHU� RI
YHUWLFHV� KDV� GHFUHDVHG� E\� RQH�� IURP�Q� WR�Q� í� ��� ,Q� WKH� OLPLW� RI� ODUJH�Q�� KRZHYHU�� WKLV� GHFUHDVH� LV
QHJOLJLEOH�� 7KH� DYHUDJH� SURSHUWLHV�� VXFK� DV� VL]H� RI� WKH� JLDQW� FRPSRQHQW� DQG� VL]H� RI� WKH� VPDOO



FRPSRQHQWV�ZLOO�EH�LQGLVWLQJXLVKDEOH�IRU�UDQGRP�JUDSKV�ZLWK�VL]HV�Q�DQG�Q������EXW�WKH�VDPH�S�
,Q� WKLV�PRGLILHG� QHWZRUN��ZKDW�ZHUH� SUHYLRXVO\� WKH� VXEJUDSKV� RI� RXU� VPDOO� FRPSRQHQW� DUH� QRZ

VHSDUDWH�VPDOO�FRPSRQHQWV�LQ�WKHLU�RZQ�ULJKW��$QG�VLQFH�WKH�QHWZRUN�KDV�WKH�VDPH�DYHUDJH�SURSHUWLHV
DV�WKH�RULJLQDO�QHWZRUN�IRU�ODUJH�Q��WKDW�PHDQV�WKDW�WKH�SUREDELOLW\�WKDW�QHLJKERU�Q��EHORQJV�WR�D�VPDOO
FRPSRQHQW�RI�VL]H�V���RU�D�VXEJUDSK�RI�VL]H�V��LQ�WKH�RULJLQDO�QHWZRUN��LV�LWVHOI�JLYHQ�E\�ʌV���:H�FDQ
XVH�WKLV�REVHUYDWLRQ�WR�GHYHORS�D�VHOI�FRQVLVWHQW�H[SUHVVLRQ�IRU�WKH�SUREDELOLW\�ʌV�
6XSSRVH�WKDW�YHUWH[�L�KDV�GHJUHH�N��$V�ZH�KDYH�VDLG��WKH�SUREDELOLW\�WKDW�QHLJKERU�Q��EHORQJV�WR�D

VPDOO�FRPSRQHQW�RI�VL]H�V��ZKHQ�L�LV�UHPRYHG�IURP�WKH�QHWZRUN�LV�ʌV����6R�WKH�SUREDELOLW\�3�V_N��WKDW
YHUWH[�L�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�VL]H�V��JLYHQ�WKDW�LWV�GHJUHH�LV�N��LV�WKH�SUREDELOLW\�WKDW�LWV�N
QHLJKERUV�EHORQJ�WR�VPDOO�FRPSRQHQWV�RI�VL]HV�V��������VN²ZKLFK� LV� ²DQG�WKDW�WKRVH�VL]HV�DGG
XS�WR�V�í���
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ZKHUH�į�P�Q��LV�WKH�.URQHFNHU�GHOWD�
7R�JHW�ʌV��ZH�QRZ�MXVW�DYHUDJH�3�V_N��RYHU�WKH�GLVWULEXWLRQ�SN�RI�WKH�GHJUHH�WKXV�

�

�������
�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�(T����������IRU�WKH�GHJUHH�GLVWULEXWLRQ�RI�WKH�UDQGRP�JUDSK�
7KLV�H[SUHVVLRQ�ZRXOG�EH�HDV\�WR�HYDOXDWH�LI�LW�ZHUH�QRW�IRU�WKH�GHOWD�IXQFWLRQ��RQH�FRXOG�VHSDUDWH

WKH�WHUPV�LQ�WKH�SURGXFW��GLVWULEXWH�WKHP�DPRQJ�WKH�LQGLYLGXDO�VXPPDWLRQV��DQG�FRPSOHWH�WKH�VXPV�LQ
FORVHG�IRUP��:LWK�WKH�GHOWD�IXQFWLRQ��KRZHYHU��LW�LV�GLIILFXOW�WR�VHH�KRZ�WKH�VXP�FDQ�EH�FRPSOHWHG�
/XFNLO\�WKHUH�LV�D�WULFN�IRU�SUREOHPV�OLNH�WKHVH��D�WULFN�WKDW�ZH�ZLOO�XVH�PDQ\�WLPHV�LQ�WKH�UHVW�RI

WKLV�ERRN��:H�LQWURGXFH�D�JHQHUDWLQJ�IXQFWLRQ�RU�]�WUDQVIRUP��GHILQHG�E\

�



�������
�

�

7KLV�JHQHUDWLQJ�IXQFWLRQ�LV�D�SRO\QRPLDO�RU�VHULHV�LQ�]�ZKRVH�FRHIILFLHQWV�DUH�WKH�SUREDELOLWLHV�ʌV���,W
HQFDSVXODWHV�DOO�RI�WKH�LQIRUPDWLRQ�DERXW�WKH�SUREDELOLW\�GLVWULEXWLRQ�LQ�D�VLQJOH�IXQFWLRQ��*LYHQ�K�]�
ZH�FDQ�UHFRYHU�WKH�SUREDELOLWLHV�E\�GLIIHUHQWLDWLQJ�

�

�������
�
�

7KXV�K�]��LV�D�FRPSOHWH�UHSUHVHQWDWLRQ�RI�RXU�SUREDELOLW\�GLVWULEXWLRQ�DQG�LI�ZH�FDQ�FDOFXODWH�LW��WKHQ
ZH� FDQ� FDOFXODWH�ʌV��:H�ZLOO� ORRN�DW�JHQHUDWLQJ�IXQFWLRQV�LQ�PRUH�GHWDLO� LQ� WKH�QH[W�VHFWLRQ��EXW�IRU
QRZ�OHW�XV�FRPSOHWH�WKH�SUHVHQW�FDOFXODWLRQ�
:H�FDQ�FDOFXODWH�K�]��E\�VXEVWLWXWLQJ�(T����������LQWR�(T�����������ZKLFK�JLYHV

�

�������
�

�

7KXV�ZH�KDYH�D�VLPSOH��VHOI�FRQVLVWHQW�HTXDWLRQ�IRU�K�]��WKDW�HOLPLQDWHV�WKH�DZNZDUG�GHOWD�IXQFWLRQ�RI
��������
8QIRUWXQDWHO\��OLNH�WKH�VRPHZKDW�VLPLODU�(T�����������WKLV�HTXDWLRQ�GRHVQ¶W�KDYH�D�NQRZQ�FORVHG�

IRUP�VROXWLRQ�IRU�K�]���EXW�WKDW�GRHVQ¶W�PHDQ�WKH�H[SUHVVLRQ�LV�XVHOHVV��,Q�IDFW�ZH�FDQ�FDOFXODWH�PDQ\
XVHIXO�WKLQJV�IURP�LW�ZLWKRXW�VROYLQJ�IRU�K�]��H[SOLFLWO\��)RU�H[DPSOH��ZH�FDQ�FDOFXODWH�WKH�PHDQ�VL]H
RI�WKH�FRPSRQHQW�WR�ZKLFK�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV��ZKLFK�LV�JLYHQ�E\



�
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�

ZKHUH�K �]��GHQRWHV�WKH�ILUVW�GHULYDWLYH�RI�K�]��ZLWK�UHVSHFW�WR�LWV�DUJXPHQW�DQG�ZH�KDYH�PDGH�XVH
RI� (TV�� �������� DQG� ��������� �7KH� GHQRPLQDWRU� LQ� WKLV� H[SUHVVLRQ� LV� QHFHVVDU\� EHFDXVH�ʌV� LV� QRW
QRUPDOL]HG�WR����
)URP�(T����������ZH�KDYH

�

�������
�

RU��UHDUUDQJLQJ�

�

�������
�

DQG�WKXV

�

�������
�

�

%XW� ��IURP�(TV����������DQG����������VR�WKDW



�

�������
�
�

$QG�VR�WKH�DYHUDJH�VL]H�V�RI�(T����������EHFRPHV

�

�������
�
�
:KHQ�F�����DQG�WKHUH�LV�QR�JLDQW�FRPSRQHQW��WKLV�JLYHV�VLPSO\�V� ������í�F���:KHQ�WKHUH�LV�D�JLDQW

FRPSRQHQW��WKH�EHKDYLRU�LV�PRUH�FRPSOLFDWHG��EHFDXVH�ZH�KDYH�WR�VROYH�IRU�6�ILUVW�EHIRUH�ILQGLQJ�WKH
YDOXH�RI�V��EXW�WKH�FDOFXODWLRQ�FDQ�VWLOO�EH�GRQH��:H�ILUVW�VROYH�(T����������IRU�6�DQG�WKHQ�VXEVWLWXWH
LQWR�(T����������
,W¶V� LQWHUHVWLQJ� WR� QRWH� WKDW� (T�� �������� GLYHUJHV� ZKHQ�F�  � ��� �$W� WKLV� SRLQW�6�  � ��� VR� WKH

GHQRPLQDWRU� YDQLVKHV��� 7KXV�� LI�ZH� VORZO\� LQFUHDVH� WKH�PHDQ� GHJUHH�F� RI� RXU� QHWZRUN� IURP� VRPH
VPDOO� LQLWLDO� YDOXH� OHVV� WKDQ� ��� WKH� DYHUDJH� VL]H� RI� WKH� FRPSRQHQW� WR�ZKLFK� D� YHUWH[� EHORQJV� JHWV
ELJJHU�DQG�ELJJHU�DQG�ILQDOO\�EHFRPHV�LQILQLWH�H[DFWO\�DW�WKH�SRLQW�ZKHUH�WKH�JLDQW�FRPSRQHQW�DSSHDUV�
)RU�F�!���(T����������PHDVXUHV�RQO\�WKH�VL]HV�RI�WKH�QRQ�JLDQW�FRPSRQHQWV�DQG�WKH�HTXDWLRQ�WHOOV�XV
WKDW�WKHVH�JHW�VPDOOHU�DJDLQ�DERYH�F� ����7KXV�WKH�JHQHUDO�SLFWXUH�ZH�KDYH�LV�LQ�RQH�LQ�ZKLFK�WKH�VPDOO
FRPSRQHQWV�JHW�ODUJHU�XS�WR�F� ����ZKHUH�WKH\�GLYHUJH�DQG�WKH�JLDQW�FRPSRQHQW�DSSHDUV��WKHQ�VPDOOHU
DJDLQ�DV�WKH�JLDQW�FRPSRQHQW�JURZV�ODUJHU��)LJXUH������VKRZV�D�SORW�RI�V�DV�D�IXQFWLRQ�RI�F�ZLWK�WKH
GLYHUJHQFH�FOHDUO\�YLVLEOH�
$OWKRXJK�WKH�UDQGRP�JUDSK�LV�FHUWDLQO\�QRW�D�UHDOLVWLF�PRGHO�RI�PRVW�QHWZRUNV��WKLV�JHQHUDO�SLFWXUH

RI�WKH�FRPSRQHQW�VWUXFWXUH�RI�WKH�QHWZRUN�WXUQV�RXW�WR�EH�D�JRRG�JXLGH�WR�WKH�EHKDYLRU�RI�QHWZRUNV�LQ
WKH� UHDO� ZRUOG�� ,I� D� QHWZRUN� KDV� D� ORZ� GHQVLW\� RI� HGJHV� WKHQ� W\SLFDOO\� LW� FRQVLVWV� RQO\� RI� VPDOO
FRPSRQHQWV�� EXW� LI� WKH� GHQVLW\� LV� EHFRPHV� HQRXJK� WKHQ� D� VLQJOH� ODUJH� FRPSRQHQW� IRUPV�� XVXDOO\
DFFRPSDQLHG�E\�PDQ\�VHSDUDWH�VPDOO�RQHV��0RUHRYHU�� WKH�VPDOO�FRPSRQHQWV� WHQG�RQ�DYHUDJH� WR�EH
VPDOOHU� LI� WKH� ODUJHVW�FRPSRQHQW� LV�YHU\� ODUJH��7KLV� LV�D�JRRG�H[DPSOH�RI� WKH�ZD\� LQ�ZKLFK�VLPSOH
PRGHOV�RI�QHWZRUNV�FDQ�JLYH�XV�D�IHHO�IRU�KRZ�PRUH�FRPSOLFDWHG�UHDO�ZRUOG�V\VWHPV�VKRXOG�EHKDYH
LQ�JHQHUDO�
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�

$�IXUWKHU�LPSRUWDQW�SRLQW�WR�QRWLFH�DERXW�(T����������LV�WKDW�WKH�DYHUDJH�VL]H�RI�WKH�VPDOO�FRPSRQHQWV
GRHV�QRW�JURZ�ZLWK�WKH�QXPEHU�RI�YHUWLFHV�Q��7KH�W\SLFDO�VL]H�RI�WKH�VPDOO�FRPSRQHQWV�LQ�D�UDQGRP
JUDSK� UHPDLQV� FRQVWDQW� DV� WKH� JUDSK� JHWV� ODUJHU��:H�PXVW�� KRZHYHU�� EH� D� OLWWOH� FDUHIXO�ZLWK� WKHVH
VWDWHPHQWV��5HFDOO�WKDW�ʌV�LV�WKH�SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D�FRPSRQHQW�RI
VL]H�V��DQG�KHQFH�V�DV�FDOFXODWHG�KHUH�LV�QRW�VWULFWO\�WKH�DYHUDJH�VL]H�RI�D�FRPSRQHQW��EXW�WKH�DYHUDJH
VL]H�RI�WKH�FRPSRQHQW�WR�ZKLFK�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV��%HFDXVH�ODUJHU�FRPSRQHQWV�KDYH
PRUH�YHUWLFHV�LQ�WKHP��WKH�FKDQFHV�RI�ODQGLQJ�RQ�WKHP�ZKHQ�ZH�FKRRVH�D�UDQGRP�YHUWH[�LV�ODUJHU��LQ
SURSRUWLRQ�WR�WKHLU�VL]H��DQG�KHQFH�V�LV�D�ELDVHG�HVWLPDWH�RI�WKH�DFWXDO�DYHUDJH�FRPSRQHQW�VL]H��7R
JHW� D� FRUUHFW� ILJXUH� IRU� WKH� DYHUDJH� VL]H� RI� D� FRPSRQHQW� ZH� QHHG� WR� PDNH� D� VOLJKWO\� GLIIHUHQW
FDOFXODWLRQ�

�

)LJXUH�������$YHUDJH�VL]H�RI�WKH�VPDOO�FRPSRQHQWV�LQ�D�UDQGRP�JUDSK� �7KH�XSSHU�FXUYH�VKRZV�WKH
DYHUDJH�VL]H�V�RI� WKH�FRPSRQHQW� WR�ZKLFK�D� UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV��FDOFXODWHG�IURP�(T�
��������� 7KH� ORZHU� FXUYH� VKRZV� WKH� RYHUDOO� DYHUDJH� VL]H�5� RI� D� FRPSRQHQW�� FDOFXODWHG� IURP� (T�
���������7KH�GRWWHG�YHUWLFDO� OLQH�PDUNV� WKH�SRLQW�F� ���DW�ZKLFK� WKH�JLDQW�FRPSRQHQW�DSSHDUV��1RWH
WKDW��DV�GLVFXVVHG�LQ�WKH�WH[W��WKH�XSSHU�FXUYH�GLYHUJHV�DW�WKLV�SRLQW�EXW�WKH�ORZHU�RQH�GRHV�QRW�
�
�
/HW�QV� EH� WKH� DFWXDO� QXPEHU� RI� FRPSRQHQWV� RI� VL]H�V� LQ� RXU� UDQGRP� JUDSK�� 7KHQ� WKH� QXPEHU� RI

YHUWLFHV� WKDW�EHORQJ� WR�FRPSRQHQWV�RI� VL]H�V� LV�VQV� DQG�KHQFH� WKH�SUREDELOLW\�RI� D� UDQGRPO\�FKRVHQ
YHUWH[�EHORQJLQJ�WR�VXFK�D�FRPSRQHQW�LV
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�

7KH�DYHUDJH�VL]H�RI�D�FRPSRQHQW��ZKLFK�ZH�ZLOO�GHQRWH�5��LV

�
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�

ZKHUH� ZH� KDYH� PDGH� XVH� RI� (T�� ��������� 7KH� UHPDLQLQJ� VXP� ZH� FDQ� DJDLQ� HYDOXDWH� XVLQJ� RXU
JHQHUDWLQJ�IXQFWLRQ�E\�QRWLQJ�WKDW

�

�������
�
�

$�XVHIXO�H[SUHVVLRQ�IRU�K�]��]�FDQ�EH�REWDLQHG�E\�UHDUUDQJLQJ�(T����������WR�\LHOG

�

�������
�

DQG�KHQFH�ZH�ILQG�WKDW

�
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ZKHUH�ZH�KDYH�XVHG� �IRU�WKH�XSSHU�LQWHJUDWLRQ�OLPLW�
6XEVWLWXWLQJ�WKLV�UHVXOW�LQWR�(T�����������ZH�ILQG�WKDW�WKH�DYHUDJH�FRPSRQHQW�VL]H�LV

�

�������
�

�

$V�ZLWK�(T����������� WKLV�H[SUHVVLRQ�LV� LQGHSHQGHQW�RI�Q�� VR� WKH�DYHUDJH�VL]H�RI�D�VPDOO�FRPSRQHQW
LQGHHG�GRHV�QRW�JURZ�DV�WKH�JUDSK�EHFRPHV�ODUJH�
2Q�WKH�RWKHU�KDQG��5�GRHV�QRW�GLYHUJH�DW�F� ���DV�V�GRHV��$W�F� ����ZLWK�6� ����(T����������JLYHV

MXVW�5�  � ���7KH� UHDVRQ� IRU� WKLV� LV� WKDW��ZKLOH� WKH� ODUJHVW� FRPSRQHQW� LQ� WKH� QHWZRUN� IRU�F�  � �� GRHV
EHFRPH�LQILQLWH�LQ�WKH�OLPLW�RI�ODUJH�Q��VR�DOVR�GRHV�WKH�WRWDO�QXPEHU�RI�FRPSRQHQWV��6R�WKH�DYHUDJH
VL]H� RI� D� FRPSRQHQW� LV� WKH� UDWLR� RI� WZR� GLYHUJLQJ� TXDQWLWLHV�� 'HSHQGLQJ� RQ� WKH� QDWXUH� RI� WKH
GLYHUJHQFHV�� VXFK�D� UDWLR�FRXOG�EH� LQILQLWH� LWVHOI��RU�]HUR��RU� ILQLWH�EXW�QRQ�]HUR� LQ� WKH�VSHFLDO�FDVH
ZKHUH�WKH�WZR�GLYHUJHQFHV�KDYH�WKH�VDPH�DV\PSWRWLF�IRUP��,Q�WKLV�LQVWDQFH�WKH�ODWWHU�VLWXDWLRQ�KROGV²
ERWK�TXDQWLWLHV�DUH�GLYHUJLQJ�OLQHDUO\�ZLWK�Q²DQG�WKH�DYHUDJH�FRPSRQHQW�VL]H�UHPDLQV�ILQLWH��$�SORW
RI�5�LV�LQFOXGHG�LQ�)LJ�������IRU�FRPSDULVRQ�ZLWK�V�
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6R� IDU�ZH�KDYH�FDOFXODWHG� WKH� DYHUDJH� VL]H�RI� D� VPDOO� FRPSRQHQW� LQ� WKH� UDQGRP�JUDSK��EXW�QRW� WKH
LQGLYLGXDO�SUREDELOLWLHV�ʌV�WKDW�VSHFLI\�WKH�FRPSOHWH�GLVWULEXWLRQ�RI�VL]HV��,Q�SULQFLSOH��ZH�VKRXOG�EH
DEOH�WR�FDOFXODWH�WKH�ʌV�E\�VROYLQJ�(T����������IRU�WKH�JHQHUDWLQJ�IXQFWLRQ�K�]��DQG�WKHQ�GLIIHUHQWLDWLQJ
DFFRUGLQJ�WR�(T����������WR�JHW�ʌV���8QIRUWXQDWHO\�ZH�FDQQRW�IROORZ�WKLV�IRUPXOD�LQ�SUDFWLFH�EHFDXVH�
DV�PHQWLRQHG�DERYH��(T����������GRHV�QRW�KDYH�D�NQRZQ�VROXWLRQ�
5HPDUNDEO\��KRZHYHU��LW�WXUQV�RXW�WKDW�ZH�FDQ�VWLOO�FDOFXODWH�WKH�YDOXHV�RI�WKH�LQGLYLGXDO�ʌV��E\�DQ

DOWHUQDWLYH�URXWH��7KH�FDOFXODWLRQV�LQYROYH�VRPH�PRUH�DGYDQFHG�PDWKHPDWLFDO�WHFKQLTXHV�DQG�LI�\RX
DUH�QRW�SDUWLFXODUO\�LQWHUHVWHG�LQ�WKH�GHWDLOV�LW�ZLOO�GR�QR�KDUP�WR�VNLS�WKLV�VHFWLRQ��,I�\RX¶UH�LQWHUHVWHG
LQ�WKLV�UDWKHU�HOHJDQW�GHYHORSPHQW��KRZHYHU��UHDG�RQ�
7R�FDOFXODWH�DQ�H[SOLFLW�H[SUHVVLRQ�IRU�WKH�SUREDELOLWLHV�ʌV�RI�WKH�FRPSRQHQW�VL]HV�ZH�PDNH�XVH�RI

D� EHDXWLIXO� UHVXOW� IURP� WKH� WKHRU\� RI� FRPSOH[� YDULDEOHV�� WKH�/DJUDQJH� LQYHUVLRQ� IRUPXOD�� 7KH
/DJUDQJH�LQYHUVLRQ�IRUPXOD�LV�D�IRUPXOD�WKDW�DOORZV�WKH�H[SOLFLW�VROXWLRQ�RI�HTXDWLRQV�RI�WKH�IRUP

�

�������
�

IRU�WKH�XQNQRZQ�IXQFWLRQ�¦��]���ZKHUH�ĳ��¦���LV�D�NQRZQ�IXQFWLRQ�ZKLFK�DW�¦� ���LV�ILQLWH��QRQ�]HUR�
DQG�GLIIHUHQWLDEOH�
(TXDWLRQ� ��������KDV�SUHFLVHO\� WKH� IRUP�RI� WKH�HTXDWLRQ� IRU�RXU�JHQHUDWLQJ� IXQFWLRQ��(T�� ��������

:KDW¶V�PRUH��WKH�/DJUDQJH�IRUPXOD�JLYHV�D�VROXWLRQ�IRU�¦�]��LQ�WHUPV�RI�WKH�FRHIILFLHQWV�RI�WKH�VHULHV
H[SDQVLRQ� RI�¦�]�� LQ� SRZHUV� RI�]��ZKLFK� LV� SUHFLVHO\�ZKDW�ZH�ZDQW� LQ� WKH� SUHVHQW� FDVH�� VLQFH� WKH
FRHIILFLHQWV� DUH� WKH�SUREDELOLWLHV�ʌV� ��ZKLFK�LV�ZKDW�ZH�ZDQW� WR�FDOFXODWH��7KH�/DJUDQJH�IRUPXOD� LV
WKXV�SHUIHFWO\�VXLWHG�WR�WKH�SUREOHP�LQ�KDQG��+HUH�ZH�ILUVW�GHULYH�WKH�JHQHUDO�IRUP�RI�WKH�IRUPXOD�WKHQ
DSSO\�LW�WR�WKH�FXUUHQW�SUREOHP����
/HW�XV�ZULWH�WKH�IXQFWLRQ�¦�]��LQ�(T����������DV�D�VHULHV�H[SDQVLRQ�WKXV�

�

�������
�

�

7KH�FRHIILFLHQW�DV�LQ�WKLV�H[SDQVLRQ�LV�JLYHQ�H[SOLFLWO\�E\
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&DXFK\¶V�IRUPXOD�IRU�WKH�QWK�GHULYDWLYH�RI�D�IXQFWLRQ�J�]��DW�]� �]��VD\V�WKDW

�
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�

ZKHUH�WKH�LQWHJUDO�LV�DURXQG�D�FRQWRXU�WKDW�HQFORVHV�]��LQ�WKH�FRPSOH[�SODQH�EXW�HQFORVHV�QR�SROHV�LQ
J�]���:H�ZLOO�XVH�DQ�LQILQLWHVLPDO�FLUFOH�DURXQG�]��DV�RXU�FRQWRXU�
$SSO\LQJ�&DXFK\¶V�IRUPXOD�WR���������ZLWK�J�]�� �¦ ��]���]�� ����DQG�Q� �V�±����ZH�JHW

�
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�

ZKHUH�WKH�VHFRQG�LQWHJUDO�LV�QRZ�DURXQG�D�FRQWRXU�LQ�¦�UDWKHU�WKDQ�]��,Q�WKLV�HTXDWLRQ�ZH�DUH�QRZ
WKLQNLQJ� RI�]� DV� EHLQJ� D� IXQFWLRQ� RI�¦��]�  �]�¦��� UDWKHU� WKDQ� WKH�RWKHU�ZD\�DURXQG��:H�DUH�SHUIHFWO\
HQWLWOHG�WR�GR�WKLV²NQRZLQJ�HLWKHU�TXDQWLW\�VSHFLILHV�WKH�YDOXH�RI�WKH�RWKHU����
,W�ZLOO�EH�LPSRUWDQW�ODWHU�WKDW�WKH�FRQWRXU�IROORZHG�E\�¦�VXUURXQGV�WKH�RULJLQ��VR�OHW�XV�SDXVH�IRU�D

PRPHQW�WR�GHPRQVWUDWH�WKDW�LW�GRHV��2XU�FKRLFH�RI�FRQWRXU�IRU�]�LQ�WKH�ILUVW�LQWHJUDO�RI�(T����������LV
DQ� LQILQLWHVLPDO�FLUFOH�DURXQG�WKH�RULJLQ��([SDQGLQJ�(T���������� WR� OHDGLQJ�RUGHU�DURXQG� WKH�RULJLQ�
ZH�ILQG�WKDW

�

�������
�



ZKHUH�ZH�KDYH�PDGH�XVH�RI�WKH�IDFW�WKDW�¦����� ����ZKLFK�LV�HDVLO\�VHHQ�IURP�(T����������JLYHQ�WKDW
ĳ�¦��LV�QRQ�]HUR�DQG�ILQLWH�DW�¦� ���E\�K\SRWKHVLV��,Q�WKH�OLPLW�RI�VPDOO�_]_�ZKHUH�WKH�WHUPV�RI�RUGHU�]�
FDQ�EH�QHJOHFWHG��(T����������LPSOLHV�WKDW�¦�WUDFHV�D�FRQWRXU�DERXW�WKH�RULJLQ�LI�]�GRHV��VLQFH�WKH�WZR
DUH�SURSRUWLRQDO�WR�RQH�DQRWKHU�
:H�QRZ�UHDUUDQJH�RXU�RULJLQDO�HTXDWLRQ��(T�����������WR�JLYH�WKH�YDOXH�RI�]�LQ�WHUPV�RI�¦�WKXV

�
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�

DQG�WKHQ�VXEVWLWXWH�LQWR�(T����������WR�JHW

�

�������
�

�

6LQFH��DV�ZH�KDYH�VDLG��WKH�FRQWRXU�HQFORVHV�WKH�RULJLQ��WKLV�H[SUHVVLRQ�FDQ�EH�ZULWWHQ�LQ�WHUPV�RI�D
GHULYDWLYH�HYDOXDWHG�DW�WKH�RULJLQ�E\�DJDLQ�PDNLQJ�XVH�RI�&DXFK\¶V�IRUPXOD��(T����������

�

�������
�
�



�

)LJXUH�������6L]HV�RI�VPDOO�FRPSRQHQWV�LQ�WKH�UDQGRP�JUDSK��7KLV�SORW� VKRZV� WKH�SUREDELOLW\�ʌV
WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�VL]H�V�LQ�D�3RLVVRQ�UDQGRP�JUDSK�ZLWK
F� �������WRS���ZKLFK�LV�LQ�WKH�UHJLPH�ZKHUH�WKHUH�LV�QR�JLDQW�FRPSRQHQW��DQG�F� ������ERWWRP���ZKHUH
WKHUH�LV�D�JLDQW�FRPSRQHQW�
�
�

7KLV� LV� WKH� /DJUDQJH� LQYHUVLRQ� IRUPXOD�� 7KLV� UHPDUNDEO\� VLPSOH� IRUPXOD� JLYHV� XV�� LQ� HIIHFW�� D
FRPSOHWH�VHULHV�VROXWLRQ�WR�(T����������
7R� DSSO\� WKH� IRUPXOD� WR� WKH� FXUUHQW� SUREOHP�� RI� WKH� FRPSRQHQW� VL]H� GLVWULEXWLRQ� IRU� WKH� UDQGRP

JUDSK��ZH�VHW�¦��]��ĺ�K�]��DQG�ĳ�¦��ĺ�HF�K������7KHQ�WKH�FRHIILFLHQWV�ʌV�RI�K�]��DUH�JLYHQ�E\

�
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�

�

7KHVH�DUH�WKH�SUREDELOLWLHV�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�VL]H�V�LQ�D
UDQGRP� JUDSK� ZLWK� PHDQ� GHJUHH�F�� )LJXUH� ����� VKRZV� WKH� VKDSH� RI�ʌV� DV� D� IXQFWLRQ� RI�V� IRU� WZR
GLIIHUHQW�YDOXHV�RI�F��$V�WKH�SORW�VKRZV��WKH�GLVWULEXWLRQ�LV�KHDYLO\�VNHZHG��ZLWK�PDQ\�FRPSRQHQWV�RI
VPDOO�VL]H�DQG�RQO\�D�IHZ�ODUJHU�RQHV�
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,Q�6HFWLRQV�����DQG�����ZH�GLVFXVVHG�WKH�VPDOO�ZRUOG�HIIHFW��WKH�REVHUYDWLRQ�WKDW�WKH�W\SLFDO�OHQJWKV�RI
SDWKV� EHWZHHQ� YHUWLFHV� LQ� QHWZRUNV� WHQG� WR� EH� VKRUW�� 0RVW� SHRSOH� ILQG� WKH� VPDOO�ZRUOG� HIIHFW
VXUSULVLQJ�XSRQ�ILUVW�OHDUQLQJ�DERXW�LW��:H�FDQ�XVH�WKH�UDQGRP�JUDSK�PRGHO�WR�VKHG�OLJKW�RQ�KRZ�WKH
HIIHFW�DULVHV�E\�H[DPLQLQJ�WKH�EHKDYLRU�RI�WKH�QHWZRUN�GLDPHWHU�LQ�WKH�PRGHO�

6HH�6HFWLRQ��������IRU�D�GLVFXVV�RI�JHRGHVLF�GLVWDQFHV�DQG�GLDPHWHUV�
�
5HFDOO�WKDW�WKH�GLDPHWHU�RI�D�QHWZRUN�LV�WKH�ORQJHVW�JHRGHVLF�GLVWDQFH�EHWZHHQ�DQ\�WZR�YHUWLFHV�LQ

WKH�VDPH�FRPSRQHQW�RI�WKH�QHWZRUN��$V�ZH�QRZ�VKRZ��WKH�GLDPHWHU�RI�D�UDQGRP�JUDSK�YDULHV�ZLWK�WKH
QXPEHU�Q�RI�YHUWLFHV�DV�OQ�Q��6LQFH�OQ�Q�LV�W\SLFDOO\�D�UHODWLYHO\�VPDOO�QXPEHU�HYHQ�ZKHQ�Q�LV�ODUJH�
WKLV�RIIHUV�VRPH�H[SODQDWLRQ�RI�WKH�VPDOO�ZRUOG�HIIHFW��DOWKRXJK�LW�DOVR�OHDYHV�VRPH�TXHVWLRQV�RSHQ��DV
GLVFXVVHG�IXUWKHU�EHORZ�
7KH�EDVLF�LGHD�EHKLQG�WKH�HVWLPDWLRQ�RI�WKH�GLDPHWHU�RI�D�UDQGRP�JUDSK�LV�VLPSOH��$V�GLVFXVVHG�LQ

6HFWLRQ�������WKH�DYHUDJH�QXPEHU�RI�YHUWLFHV�V�VWHSV�DZD\�IURP�D�UDQGRPO\�FKRVHQ�YHUWH[�LQ�D�UDQGRP
JUDSK�LV�FV��6LQFH�WKLV�QXPEHU�JURZV�H[SRQHQWLDOO\�ZLWK�V�LW�GRHVQ¶W�WDNH�YHU\�PDQ\�VXFK�VWHSV�EHIRUH
WKH� QXPEHU� RI� YHUWLFHV� UHDFKHG� LV� HTXDO� WR� WKH� WRWDO� QXPEHU� RI� YHUWLFHV� LQ� WKH�ZKROH� QHWZRUN�� WKLV
KDSSHQV�ZKHQ�FV� �Q� RU� HTXLYDOHQWO\�V� � OQ�Q�� OQ�F��$W� WKLV�SRLQW�� URXJKO\�VSHDNLQJ��HYHU\�YHUWH[� LV
ZLWKLQ�V�VWHSV�RI�RXU�VWDUWLQJ�SRLQW��LPSO\LQJ�WKDW�WKH�GLDPHWHU�RI�WKH�QHWZRUN�LV�DSSUR[LPDWHO\�OQ�Q��OQ
F�
$OWKRXJK� WKH� UDQGRP� JUDSK� LV�� DV� ZH� KDYH� VDLG�� QRW� DQ� DFFXUDWH� PRGHO� RI� PRVW� UHDO�ZRUOG

QHWZRUNV�� WKLV� LV��QRQHWKHOHVV��EHOLHYHG�WR�EH�WKH�EDVLF�PHFKDQLVP�EHKLQG�WKH�VPDOO�ZRUOG�HIIHFW� LQ
PRVW� QHWZRUNV�� WKH� QXPEHU� RI� YHUWLFHV� ZLWKLQ� GLVWDQFH�V� RI� D� SDUWLFXODU� VWDUWLQJ� SRLQW� JURZV
H[SRQHQWLDOO\�V� DQG� KHQFH� WKH� GLDPHWHU� LV� ORJDULWKPLF� LQ�Q��:H� GLVFXVV� WKH� FRPSDULVRQ�ZLWK� UHDO�
ZRUOG�QHWZRUNV�LQ�PRUH�GHWDLO�EHORZ�
7KH�DUJXPHQW�DERYH�LV�RQO\�DSSUR[LPDWH��,W¶V�WUXH�WKDW�WKHUH�DUH�RQ�DYHUDJH�FV�YHUWLFHV�V�VWHSV�DZD\

IURP�DQ\�VWDUWLQJ�SRLQW�VR�ORQJ�DV�V�LV�VPDOO��%XW�RQFH�FV�EHFRPHV�FRPSDUDEOH�ZLWK�Q�WKH�UHVXOW�KDV�WR
EUHDN�GRZQ�VLQFH�FOHDUO\�WKH�QXPEHU�RI�YHUWLFHV�DW�GLVWDQFH�V�FDQQRW�H[FHHG�WKH�QXPEHU�RI�YHUWLFHV�LQ
WKH�ZKROH�JUDSK���,QGHHG�LW�FDQQRW�H[FHHG�WKH�QXPEHU�LQ�WKH�JLDQW�FRPSRQHQW��
2QH� ZD\� WR� GHDO� ZLWK� WKLV� SUREOHP� LV� WR� FRQVLGHU� WZR� GLIIHUHQW� VWDUWLQJ� YHUWLFHV�L� DQG�M�� 7KH

DYHUDJH�QXPEHUV�RI�YHUWLFHV�V� DQG�W�VWHSV�IURP�WKHP�UHVSHFWLYHO\�ZLOO� WKHQ�EH�HTXDO� WR�FV� DQG�FW� VR
ORQJ� DV� ZH� VWD\� LQ� WKH� UHJLPH� ZKHUH� ERWK� WKHVH� QXPEHUV� DUH� PXFK� OHVV� WKDQ�Q�� ,Q� WKH� IROORZLQJ
FDOFXODWLRQ�ZH�FRQVLGHU�RQO\�FRQILJXUDWLRQV�LQ�ZKLFK�ERWK�UHPDLQ�VPDOOHU�WKDQ�RUGHU�Q� LQ�WKH�OLPLW�Q
ĺ���VR�DV�WR�VDWLVI\�WKLV�FRQGLWLRQ�
7KH�VLWXDWLRQ�ZH�FRQVLGHU�LV�GHSLFWHG�LQ�)LJ��������ZLWK�WKH�WZR�YHUWLFHV�L�DQG�M�HDFK�VXUURXQGHG�E\

D� ³EDOO´� RU� QHLJKERUKRRG� FRQVLVWLQJ� RI� DOO� YHUWLFHV� ZLWK� GLVWDQFHV� XS� WR� DQG� LQFOXGLQJ�V� DQG�W
UHVSHFWLYHO\�� ,I� WKHUH� LV� DQ� HGJH� EHWZHHQ� WKH� ³VXUIDFH´� �L�H��� PRVW� GLVWDQW� YHUWLFHV�� RI� RQH
QHLJKERUKRRG�DQG�WKH�VXUIDFH�RI�WKH�RWKHU��DV�GHSLFWHG�E\�WKH�GDVKHG�OLQH��WKHQ�LW�LV�VWUDLJKWIRUZDUG�WR
VKRZ�WKDW�WKHUH�LV�DOVR�DQ�HGJH�EHWZHHQ�WKH�VXUIDFHV�RI�DQ\�SDLU�RI�QHLJKERUKRRGV�ZLWK�ODUJHU�V� RU�W
�RU� ERWK��� 7XUQLQJ� WKDW� VWDWHPHQW� DURXQG�� LI� WKHUH� LV� QR� HGJH� EHWZHHQ� WKH� VXUIDFHV� RI� RXU
QHLJKERUKRRGV��WKHQ�WKHUH�LV�DOVR�QR�HGJH�EHWZHHQ�DQ\�VPDOOHU�QHLJKERUKRRGV��ZKLFK�PHDQV�WKDW�WKH



VKRUWHVW�SDWK�EHWZHHQ�L�DQG�M�PXVW�KDYH�OHQJWK�JUHDWHU�WKDQ�V���W������7KH�UHYHUVH�LV�DOVR�WULYLDOO\�WUXH�
WKDW� D� VKRUWHVW� SDWK� ORQJHU� WKDQ�V� ��W� �� �� LPSOLHV� WKHUH� LV� QR� HGJH� EHWZHHQ� RXU� VXUIDFHV�� 7KXV� WKH
DEVHQFH�RI�DQ�HGJH�EHWZHHQ� WKH�VXUIDFHV� LV�D�QHFHVVDU\�DQG�VXIILFLHQW�FRQGLWLRQ�IRU� WKH�GLVWDQFH�GLM
EHWZHHQ�L�DQG�M�WR�EH�JUHDWHU�WKDQ�V���W������7KLV�LQ�WXUQ�LPSOLHV�WKDW�WKH�SUREDELOLW\�3�GLM�!�V���W������
LV�HTXDO�WR�WKH�SUREDELOLW\�WKDW�WKHUH�LV�QR�HGJH�EHWZHHQ�WKH�WZR�VXUIDFHV�

�

)LJXUH�������1HLJKERUKRRGV�RI�WZR�YHUWLFHV�LQ�D�UDQGRP�JUDSK�� ,Q� WKH�DUJXPHQW�JLYHQ� LQ�WKH� WH[W
ZH�FRQVLGHU�WKH�VHWV�RI�YHUWLFHV�ZLWKLQ�GLVWDQFHV�V�DQG�W�UHVSHFWLYHO\�RI�WZR�UDQGRPO\�FKRVHQ�YHUWLFHV
L�DQG�M��,I�WKHUH�LV�DQ�HGJH�EHWZHHQ�DQ\�YHUWH[�RQ�WKH�VXUIDFH�RI�RQH�QHLJKERUKRRG�DQG�DQ\�YHUWH[�RQ
WKH�VXUIDFH�RI�WKH�RWKHU��GDVKHG�OLQH���WKHQ�WKHUH�LV�D�SDWK�EHWZHHQ�L�DQG�M�RI�OHQJWK�V���W�����
�
�
7KHUH�DUH�RQ�DYHUDJH�FV�î�FW�SDLUV�RI�YHUWLFHV�VXFK�WKDW�RQH�OLHV�RQ�HDFK�VXUIDFH��DQG�HDFK�SDLU�LV

FRQQHFWHG�ZLWK�SUREDELOLW\�S� �F��Q�í���� �F�Q��DVVXPLQJ�Q�WR�EH�ODUJH��RU�QRW�ZLWK�SUREDELOLW\�����S�
+HQFH� ��'HILQLQJ�IRU�FRQYHQLHQFH�Ɛ� �V���W������ZH�FDQ�DOVR�ZULWH�WKLV�DV

�

�������
�

�

7DNLQJ�ORJV�RI�ERWK�VLGHV��ZH�ILQG

�
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ZKHUH�WKH�DSSUR[LPDWH�LQHTXDOLW\�EHFRPHV�H[DFW�DV�Q�ĺ����7KXV�LQ�WKLV�OLPLW

�

�������
�
�
7KH�GLDPHWHU�RI�WKH�QHWZRUN�LV�WKH�VPDOOHVW�YDOXH�RI�O�VXFK�WKDW�3�GLM�!�O��LV�]HUR��L�H���WKH�YDOXH�VXFK

WKDW� QR� PDWWHU� ZKLFK� SDLU� RI� YHUWLFHV� ZH� KDSSHQ� WR� SLFN� WKHUH� LV� ]HUR� FKDQFH� WKDW� WKH\� ZLOO� EH
VHSDUDWHG�E\�D�JUHDWHU�GLVWDQFH��,Q�WKH�OLPLW�RI�ODUJH�Q��(T����������ZLOO�WHQG�WR�]HUR�RQO\�LI�FƐ�JURZV
IDVWHU�WKDQ�Q��PHDQLQJ�WKDW�RXU�VPDOOHVW�YDOXH�RI�Ɛ�LV�WKH�YDOXH�VXFK�WKDW�FƐ� �DQ��ෛ�ZLWK�D�FRQVWDQW�DQG
ෛ�ĺ���IURP�DERYH��1RWH�WKDW�ZH�FDQ��DV�SURPLVHG��DFKLHYH�WKLV�ZKLOH�NHHSLQJ�ERWK�FV�DQG�FW�VPDOOHU
WKDQ�RUGHU�Q��VR�WKDW�RXU�DUJXPHQW�UHPDLQV�YDOLG�
5HDUUDQJLQJ�IRU�ෛ�O��ZH�QRZ�ILQG�RXU�H[SUHVVLRQ�IRU�WKH�GLDPHWHU�

�

�������
�

�

ZKHUH�$�LV�D�FRQVWDQW�����$SDUW�IURP�WKH�FRQVWDQW��WKLV�LV�WKH�VDPH�UHVXOW�DV�ZH�IRXQG�SUHYLRXVO\�XVLQJ
D�URXJKHU�DUJXPHQW��7KH�FRQVWDQW�LV�NQRZQ²LW�KDV�D�UDWKHU�FRPSOLFDWHG�YDOXH�LQ�WHUPV�RI�WKH�/DPEHUW
:�IXQFWLRQ�>���@²EXW�IRU�RXU�SXUSRVHV�WKH�LPSRUWDQW�SRLQW�LV�WKDW�LW�LV��DV\PSWRWLFDOO\��LQGHSHQGHQW
RI�Q��7KXV� WKH�GLDPHWHU� LQGHHG� LQFUHDVHV�RQO\� VORZO\�ZLWK�Q�� DV� OQ�Q��PDNLQJ� LW� UHODWLYHO\� VPDOO� LQ
ODUJH�UDQGRP�JUDSKV�
7KH�ORJDULWKPLF�GHSHQGHQFH�RI�WKH�GLDPHWHU�RQ�Q�RIIHUV�VRPH�H[SODQDWLRQ�RI�WKH�VPDOO�ZRUOG�HIIHFW

RI�6HFWLRQ������(YHQ�LQ�D�QHWZRUN�VXFK�DV�WKH�DFTXDLQWDQFH�QHWZRUN�RI�WKH�HQWLUH�ZRUOG��ZLWK�QHDUO\
VHYHQ�ELOOLRQ�LQKDELWDQWV��DW�WKH�WLPH�RI�ZULWLQJ���WKH�YDOXH�RI�OQ�Q��OQ�F�FDQ�EH�TXLWH�VPDOO��6XSSRVLQJ
HDFK�SHUVRQ�WR�KDYH�DERXW�D�WKRXVDQG�DFTXDLQWDQFHV�����ZH�ZRXOG�JHW

�

�������



�

ZKLFK� LV� HDVLO\� VPDOO� HQRXJK� WR� DFFRXQW� IRU� WKH� UHVXOWV� RI�� IRU� H[DPSOH�� WKH� VPDOO�ZRUOG
H[SHULPHQWV�RI�0LOJUDP�DQG�RWKHUV�>������������@�
2Q�WKH�RWKHU�KDQG��DOWKRXJK�WKLV�FDOFXODWLRQ�JLYHV�XV�VRPH�LQVLJKW�LQWR�WKH�QDWXUH�RI�WKH�VPDOO�ZRUOG

HIIHFW�� WKLV� FDQQRW� EH� WKH� HQWLUH� H[SODQDWLRQ��7KHUH� DUH� FOHDUO\�PDQ\� WKLQJV�ZURQJ�ZLWK� WKH� UDQGRP
JUDSK�DV�D�PRGHO�RI�UHDO�VRFLDO�QHWZRUNV��DV�ZH�QRZ�GLVFXVV�
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7KH�3RLVVRQ�UDQGRP�JUDSK�LV�RQH�RI�WKH�EHVW�VWXGLHG�PRGHOV�RI�QHWZRUNV��,Q�WKH�KDOI�FHQWXU\�VLQFH�LWV
ILUVW�SURSRVDO�LW�KDV�JLYHQ�XV�D�WUHPHQGRXV�DPRXQW�RI�LQVLJKW�LQWR�WKH�H[SHFWHG�VWUXFWXUH�RI�QHWZRUNV�RI
DOO�NLQGV��SDUWLFXODUO\�ZLWK�UHVSHFW�WR�FRPSRQHQW�VL]HV�DQG�QHWZRUN�GLDPHWHUV��7KH�IDFW�WKDW�LW�LV�ERWK
VLPSOH�WR�GHVFULEH�DQG�VWUDLJKWIRUZDUG�WR�VWXG\�XVLQJ�DQDO\WLF�PHWKRGV�PDNHV�LW�DQ�H[FHOOHQW�WRRO�IRU
LQYHVWLJDWLQJ�DOO�VRUWV�RI�QHWZRUN�SKHQRPHQD��:H�ZLOO�UHWXUQ�WR�WKH�UDQGRP�JUDSK�PDQ\�WLPHV�LQ�WKH
UHPDLQGHU�RI�WKLV�ERRN�WR�KHOS�XV�XQGHUVWDQG�WKH�ZD\�QHWZRUNV�EHKDYH�
7KH�UDQGRP�JUDSK�GRHV��KRZHYHU��KDYH�VRPH�VHYHUH�VKRUWFRPLQJV�DV�D�QHWZRUN�PRGHO��7KHUH�DUH

PDQ\�ZD\V� LQ�ZKLFK� LW� LV� FRPSOHWHO\�XQOLNH� WKH� UHDO�ZRUOG�QHWZRUNV�ZH�KDYH�VHHQ� LQ� WKH�SUHYLRXV
FKDSWHUV��2QH�FOHDU�SUREOHP�LV�WKDW�LW�VKRZV�HVVHQWLDOO\�QR�WUDQVLWLYLW\�RU�FOXVWHULQJ��,Q�6HFWLRQ�����
ZH�VDZ�DW� WKH�FOXVWHULQJ�FRHIILFLHQW�RI�D�UDQGRP�JUDSK�LV�&�  �F��Q�í�����ZKLFK�WHQGV� WR�]HUR� LQ� WKH
OLPLW�RI�ODUJH�Q��$QG�HYHQ�IRU�WKH�ILQLWH�YDOXHV�RI�Q�DSSURSULDWH�WR�UHDO�ZRUOG�QHWZRUNV�WKH�YDOXH�RI�&
LQ�WKH�UDQGRP�JUDSK�LV�W\SLFDOO\�YHU\�VPDOO��)RU�WKH�DFTXDLQWDQFH�QHWZRUN�RI�WKH�KXPDQ�SRSXODWLRQ�RI
WKH�ZRUOG��ZLWK�LWV�Q� ���ELOOLRQ�SHRSOH��HDFK�KDYLQJ�DERXW������DFTXDLQWDQFHV�>���@��D�UDQGRP�JUDSK
ZLWK�WKH�VDPH�Q�DQG�F�ZRXOG�KDYH�D�FOXVWHULQJ�FRHIILFLHQW�RI

�

�������
�

�
:KHWKHU�WKH�FOXVWHULQJ�FRHIILFLHQW�RI�WKH�UHDO�DFTXDLQWDQFH�QHWZRUN�LV������RU�����KDUGO\�PDWWHUV���,W

LV�SUREDEO\�VRPHZKHUH�LQ�EHWZHHQ���(LWKHU�ZD\�LW�LV�FOHDU�WKDW�WKH�UDQGRP�JUDSK�DQG�WKH�WUXH�QHWZRUN
DUH�LQ�VWURQJ�GLVDJUHHPHQW����
7KH�UDQGRP�JUDSK�DOVR�GLIIHUV�IURP�UHDO�ZRUOG�QHWZRUNV�LQ�PDQ\�RWKHU�ZD\V��)RU�LQVWDQFH��WKHUH�LV

QR�FRUUHODWLRQ�EHWZHHQ�WKH�GHJUHHV�RI�DGMDFHQW�YHUWLFHV²QHFHVVDULO\�VR��VLQFH�WKH�HGJHV�DUH�SODFHG
FRPSOHWHO\�DW�UDQGRP��7KH�GHJUHHV�LQ�UHDO�QHWZRUNV��E\�FRQWUDVW��DUH�XVXDOO\�FRUUHODWHG��DV�GLVFXVVHG
LQ�6HFWLRQ������0DQ\��SHUKDSV�PRVW�� UHDO�ZRUOG�QHWZRUNV�DOVR�VKRZ�JURXSLQJ�RI� WKHLU�YHUWLFHV� LQWR
³FRPPXQLWLHV�´�DV�GLVFXVVHG�RQ�6HFWLRQ���������EXW�UDQGRP�JUDSKV�KDYH�QR�VXFK�VWUXFWXUH��$QG�WKHUH
DUH� PDQ\� RWKHU� H[DPSOHV� RI� LQWHUHVWLQJ� VWUXFWXUH� LQ� UHDO� QHWZRUNV� WKDW� LV� DEVHQW� IURP� WKH� UDQGRP
JUDSK�



�

)LJXUH�������'HJUHH�GLVWULEXWLRQ�RI�WKH�,QWHUQHW�DQG�D�3RLVVRQ�UDQGRP�JUDSK��7KH�GDUN�EDUV� LQ
WKLV� SORW� VKRZ� WKH� IUDFWLRQ� RI� YHUWLFHV�ZLWK� WKH� JLYHQ� GHJUHHV� LQ� WKH� QHWZRUN� UHSUHVHQWDWLRQ� RI� WKH
,QWHUQHW�DW�WKH�OHYHO�RI�DXWRQRPRXV�V\VWHPV��7KH�OLJKWHU�EDUV�UHSUHVHQW�WKH�VDPH�PHDVXUH�IRU�D�UDQGRP
JUDSK�ZLWK�WKH�VDPH�DYHUDJH�GHJUHH�DV�WKH�,QWHUQHW��(YHQ�WKRXJK�WKH�WZR�GLVWULEXWLRQV�KDYH�WKH�VDPH
DYHUDJHV��LW�LV�FOHDU�WKDW�WKH\�DUH�HQWLUHO\�GLIIHUHQW�LQ�VKDSH�
�
�
+RZHYHU��SHUKDSV�WKH�PRVW�VLJQLILFDQW�UHVSHFW� LQ�ZKLFK�WKH�SURSHUWLHV�RI�UDQGRP�JUDSKV�GLYHUJH

IURP�WKRVH�RI�UHDO�ZRUOG�QHWZRUNV�LV�WKH�VKDSH�RI�WKHLU�GHJUHH�GLVWULEXWLRQ��$V�GLVFXVVHG�LQ�6HFWLRQ
����� UHDO�QHWZRUNV� W\SLFDOO\�KDYH� ULJKW�VNHZHG�GHJUHH�GLVWULEXWLRQV��ZLWK�PRVW�YHUWLFHV�KDYLQJ� ORZ
GHJUHH�EXW�ZLWK�D�VPDOO�QXPEHU�RI�KLJK�GHJUHH�³KXEV´�LQ�WKH�WDLO�RI�WKH�GLVWULEXWLRQ��7KH�UDQGRP�JUDSK
RQ� WKH�RWKHU�KDQG�KDV�D�3RLVVRQ�GHJUHH�GLVWULEXWLRQ��(T�� ���������ZKLFK� LV�QRW� ULJKW�VNHZHG� WR�DQ\
VLJQLILFDQW� H[WHQW�� &RQVLGHU� )LJ�� ������ IRU� H[DPSOH�� ZKLFK� VKRZV� D� KLVWRJUDP� RI� WKH� GHJUHH
GLVWULEXWLRQ�RI�WKH�,QWHUQHW��GDUNHU�EDUV���PHDVXUHG�DW�WKH�OHYHO�RI�DXWRQRPRXV�V\VWHPV��6HFWLRQ��������
7KH�ULJKW�VNHZHG�IRUP�LV�FOHDUO\�YLVLEOH� LQ� WKLV�H[DPSOH��2Q� WKH�VDPH�ILJXUH�ZH�VKRZ�WKH�3RLVVRQ
GHJUHH�GLVWULEXWLRQ�RI�D� UDQGRP�JUDSK� �OLJKWHU�EDUV��ZLWK� WKH�VDPH�DYHUDJH�GHJUHH�F�DV� WKH�,QWHUQHW
H[DPSOH�� 'HVSLWH� KDYLQJ� WKH� VDPH� DYHUDJHV�� WKH� WZR� GLVWULEXWLRQV� DUH� FOHDUO\� HQWLUHO\� GLIIHUHQW�� ,W
WXUQV�RXW�WKDW�WKLV�GLIIHUHQFH�KDV�D�SURIRXQG�HIIHFW�RQ�DOO�VRUWV�RI�SURSHUWLHV�RI�WKH�QHWZRUN²ZH�ZLOO
VHH�PDQ\�H[DPSOHV�LQ�WKLV�ERRN��7KLV�PDNHV�WKH�3RLVVRQ�UDQGRP�JUDSK�LQDGHTXDWH�WR�H[SODLQ�PDQ\�RI
WKH� LQWHUHVWLQJ� SKHQRPHQD� ZH� VHH� LQ� QHWZRUNV� WRGD\�� LQFOXGLQJ� UHVLOLHQFH� SKHQRPHQD�� HSLGHPLF
VSUHDGLQJ�SURFHVVHV��SHUFRODWLRQ��DQG�PDQ\�RWKHUV�
/XFNLO\�LW�WXUQV�RXW�WR�EH�SRVVLEOH�WR�JHQHUDOL]H�WKH�UDQGRP�JUDSK�PRGHO�WR�DOORZ�IRU�QRQ�3RLVVRQ

GHJUHH� GLVWULEXWLRQV�� 7KLV� GHYHORSPHQW�� ZKLFK� OHDGV� WR� VRPH� RI� WKH� PRVW� EHDXWLIXO� UHVXOWV� LQ� WKH
PDWKHPDWLFV�RI�QHWZRUNV��LV�GHVFULEHG�LQ�WKH�QH[W�FKDSWHU�

�
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�����&RQVLGHU�WKH�UDQGRP�JUDSK�*�Q��S��ZLWK�PHDQ�GHJUHH�F�

D��6KRZ�WKDW� LQ� WKH� OLPLW�RI� ODUJH�Q� WKH�H[SHFWHG�QXPEHU�RI� WULDQJOHV� LQ� WKH�QHWZRUN� LV� ��7KLV
PHDQV� WKDW� WKH�QXPEHU�RI� WULDQJOHV� LV�FRQVWDQW��QHLWKHU�JURZLQJ�QRU�YDQLVKLQJ� LQ� WKH� OLPLW�RI
ODUJH�Q�

E��6KRZ�WKDW�WKH�H[SHFWHG�QXPEHU�RI�FRQQHFWHG�WULSOHV�LQ�WKH�QHWZRUN��DV�GHILQHG�RQ�SDJH������LV
�

F�� +HQFH� FDOFXODWH� WKH� FOXVWHULQJ� FRHIILFLHQW�&�� DV� GHILQHG� LQ� (T�� �������� DQG� FRQILUP� WKDW� LW
DJUHHV�IRU�ODUJH�Q�ZLWK�WKH�YDOXH�JLYHQ�LQ�(T����������

�

�����&RQVLGHU�WKH�UDQGRP�JUDSK�*�Q��S��ZLWK�PHDQ�GHJUHH�F�

D��$UJXH�WKDW�WKH�SUREDELOLW\�WKDW�D�YHUWH[�RI�GHJUHH�N�EHORQJV�WR�D�VPDOO�FRPSRQHQW�LV����í�6�N��
ZKHUH�6�LV�WKH�IUDFWLRQ�RI�WKH�QHWZRUN�RFFXSLHG�E\�WKH�JLDQW�FRPSRQHQW�

E�� 7KXV�� XVLQJ� %D\HV¶� WKHRUHP� �RU� RWKHUZLVH�� VKRZ� WKDW� WKH� IUDFWLRQ� RI� YHUWLFHV� LQ� VPDOO
FRPSRQHQWV�WKDW�KDYH�GHJUHH�N�LV�HíF�FN����í�6�Ní��N��

�

�����6WDUWLQJ�IURP�WKH�JHQHUDWLQJ�IXQFWLRQ�K�]��GHILQHG�LQ�(T�����������RU�RWKHUZLVH��VKRZ�WKDW

D��WKH�PHDQ�VTXDUH�VL]H�RI�WKH�FRPSRQHQW�LQ�D�UDQGRP�JUDSK�WR�ZKLFK�D�UDQGRPO\�FKRVHQ�YHUWH[
EHORQJV�LV������í�F���LQ�WKH�UHJLPH�ZKHUH�WKHUH�LV�QR�JLDQW�FRPSRQHQW�

E��WKH�PHDQ�VTXDUH�VL]H�RI�D�UDQGRPO\�FKRVHQ�FRPSRQHQW�LQ�WKH�VDPH�UHJLPH�LV� �
�

1RWH�WKDW�ERWK�TXDQWLWLHV�GLYHUJH�DW�WKH�SKDVH�WUDQVLWLRQ�ZKHUH�WKH�JLDQW�FRPSRQHQW�DSSHDUV�
�

�����,Q�6HFWLRQ�������ZH�LQWURGXFHG�WKH�LGHD�RI�D�ELFRPSRQHQW��$�YHUWH[�LQ�D�UDQGRP�JUDSK�EHORQJV�WR
D�ELFRPSRQHQW�LI�WZR�RU�PRUH�RI�LWV�QHLJKERUV�EHORQJ�WR�WKH�JLDQW�FRPSRQHQW�RI�WKH�QHWZRUN��VLQFH�WKH
JLDQW�FRPSRQHQW�FRPSOHWHV�D�ORRS�EHWZHHQ�WKRVH�QHLJKERUV�IRUPLQJ�D�ELFRPSRQHQW���,Q�SULQFLSOH��D
YHUWH[� FDQ� DOVR� EH� LQ� D� ELFRPSRQHQW� LI� WZR� RU� PRUH� RI� LWV� QHLJKERUV� EHORQJ� WR� WKH� VDPH� VPDOO
FRPSRQHQW�� EXW� LQ�SUDFWLFH� WKLV�QHYHU�KDSSHQV�� VLQFH� WKDW�ZRXOG� LPSO\� WKDW� WKH� VPDOO� FRPSRQHQW� LQ
TXHVWLRQ�FRQWDLQHG�D� ORRS�DQG��DV�ZH�KDYH�VHHQ�� WKH�VPDOO�FRPSRQHQWV� LQ�D�UDQGRP�JUDSK�DUH�WUHHV
DQG�VR�KDYH�QR�ORRSV�

D��6KRZ�WKDW�WKH�IUDFWLRQ�RI�YHUWLFHV�LQ�D�UDQGRP�JUDSK�WKDW�EHORQJ�WR�D�ELFRPSRQHQW�LV�6�� ����í
FX�����í�X���ZKHUH�X�LV�GHILQHG�E\�(T����������

E��6KRZ�WKDW�WKLV�H[SUHVVLRQ�FDQ�EH�UHZULWWHQ�DV�6�� �6������í�6��OQ���í�6���ZKHUH�6�LV�WKH�VL]H�RI
WKH�JLDQW�FRPSRQHQW�



F�� +HQFH� DUJXH� WKDW� WKH� UDQGRP� JUDSK� FRQWDLQV� D� JLDQW� ELFRPSRQHQW� ZKHQHYHU� LW� FRQWDLQV� DQ
RUGLQDU\�JLDQW�FRPSRQHQW�

�

�����7KH�FDVFDGH�PRGHO�LV�D�VLPSOH�PDWKHPDWLFDO�PRGHO�RI�D�GLUHFWHG�DF\FOLF�JUDSK��VRPHWLPHV�XVHG
WR�PRGHO�IRRG�ZHEV��:H�WDNH�Q�YHUWLFHV�ODEHOHG�L� �������Q�DQG�SODFH�DQ�XQGLUHFWHG�HGJH�EHWZHHQ�HDFK
GLVWLQFW� SDLU� ZLWK� LQGHSHQGHQW� SUREDELOLW\�S�� MXVW� DV� LQ� WKH� RUGLQDU\� UDQGRP� JUDSK�� 7KHQ� ZH� DGG
GLUHFWLRQV�WR�WKH�HGJHV�VXFK�WKDW�HDFK�HGJH�UXQV�IURP�WKH�YHUWH[�ZLWK�QXPHULFDOO\�KLJKHU�ODEHO�WR�WKH
YHUWH[�ZLWK�ORZHU�ODEHO��7KLV�HQVXUHV�WKDW�DOO�GLUHFWHG�SDWKV�LQ�WKH�QHWZRUN�UXQ�IURP�KLJKHU�WR�ORZHU
ODEHOV�DQG�KHQFH�WKDW�WKH�QHWZRUN�LV�DF\FOLF��DV�GLVFXVVHG�LQ�6HFWLRQ�������

D��6KRZ�WKDW�WKH�DYHUDJH�LQ�GHJUHH�RI�YHUWH[�L�LQ�WKH�HQVHPEOH�RI�WKH�FDVFDGH�PRGHO�LV�
DQG�WKH�DYHUDJH�RXW�GHJUHH�LV�

E��6KRZ� WKDW� WKH� H[SHFWHG�QXPEHU�RI� HGJHV� WKDW� FRQQHFW� WR� YHUWLFHV�L� DQG� ORZHU� IURP�YHUWLFHV
DERYH�L�LV��QL�í�L���S�

F�� $VVXPLQJ�Q� LV�HYHQ��ZKDW�DUH� WKH� ODUJHVW�DQG�VPDOOHVW�YDOXHV�RI� WKLV�TXDQWLW\�DQG�ZKHUH�GR
WKH\�RFFXU"

�

,Q�D�IRRG�ZHE�WKLV�H[SHFWHG�QXPEHU�RI�HGJHV�IURP�KLJK±WR�ORZ�QXPEHUHG�YHUWLFHV�LV�D�URXJK�PHDVXUH
RI�HQHUJ\�IORZ�DQG�WKH�FDVFDGH�PRGHO�SUHGLFWV�WKDW�HQHUJ\�IORZ�ZLOO�EH�ODUJHVW�LQ�WKH�PLGGOH�SRUWLRQV
RI�D�IRRG�ZHE�DQG�VPDOOHVW�DW�WKH�WRS�DQG�ERWWRP�

����� :H� FDQ� PDNH� D� VLPSOH� UDQGRP� JUDSK� PRGHO� RI� D� QHWZRUN� ZLWK� FOXVWHULQJ� RU� WUDQVLWLYLW\� DV
IROORZV��:H�WDNH�Q�YHUWLFHV�DQG�JR�WKURXJK�HDFK�GLVWLQFW�WULR�RI�WKUHH�YHUWLFHV��RI�ZKLFK�WKHUH�DUH�� ��
DQG�ZLWK�LQGHSHQGHQW�SUREDELOLW\�S�ZH�FRQQHFW�WKH�PHPEHUV�RI�WKH�WULR�WRJHWKHU�XVLQJ�WKUHH�HGJHV�WR
IRUP�D�WULDQJOH��ZKHUH� �ZLWK�F�D�FRQVWDQW�

D��6KRZ�WKDW�WKH�PHDQ�GHJUHH�RI�D�YHUWH[�LQ�WKLV�PRGHO�QHWZRUN�LV���F�
E��6KRZ�WKDW�WKH�GHJUHH�GLVWULEXWLRQ�LV

�

F��6KRZ�WKDW�WKH�FOXVWHULQJ�FRHIILFLHQW��(T����������LV�&� �����F������
G��6KRZ�WKDW�ZKHQ�WKHUH�LV�D�JLDQW�FRPSRQHQW�LQ�WKH�QHWZRUN�LWV�H[SHFWHG�VL]H�6�DV�D�IUDFWLRQ�RI
QHWZRUN�VL]H�VDWLVILHV�6� ���í�HíF6��í6���

H�� :KDW� LV� WKH� YDOXH� RI� WKH� FOXVWHULQJ� FRHIILFLHQW� ZKHQ� WKH� JLDQW� FRPSRQHQW� ILOOV� KDOI� RI� WKH
QHWZRUN"

�
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�
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7KLV�FKDSWHU�GHVFULEHV�PRUH�VRSKLVWLFDWHG�UDQGRP�JUDSK�PRGHOV�WKDW�PLPLF�QHWZRUNV�ZLWK
DUELWUDU\�GHJUHH�GLVWULEXWLRQV

�

,1�7+(�SUHYLRXV�FKDSWHU�ZH�ORRNHG�DW�WKH�FODVVLF�UDQGRP�JUDSK�PRGHO�� LQ�ZKLFK�SDLUV�RI�YHUWLFHV
DUH� FRQQHFWHG�DW� UDQGRP�ZLWK�XQLIRUP�SUREDELOLWLHV��$OWKRXJK� WKLV�PRGHO�KDV�SURYHG� WUHPHQGRXVO\
XVHIXO�DV�D�VRXUFH�RI�LQVLJKW�LQWR�WKH�VWUXFWXUH�RI�QHWZRUNV��LW�DOVR�KDV��DV�GHVFULEHG�LQ�6HFWLRQ�������D
QXPEHU� RI� VHULRXV� VKRUWFRPLQJV�� &KLHI� DPRQJ� WKHVH� LV� LWV� GHJUHH� GLVWULEXWLRQ�� ZKLFK� IROORZV� WKH
3RLVVRQ� GLVWULEXWLRQ� DQG� LV� TXLWH� GLIIHUHQW� IURP� WKH� GHJUHH� GLVWULEXWLRQV� VHHQ� LQ� PRVW� UHDO�ZRUOG
QHWZRUNV�� ,Q� WKLV� FKDSWHU� ZH� VKRZ� KRZ�ZH� FDQ� FUHDWH� PRUH� VRSKLVWLFDWHG� UDQGRP� JUDSK�PRGHOV�
ZKLFK�LQFRUSRUDWH�DUELWUDU\�GHJUHH�GLVWULEXWLRQV�DQG�\HW�DUH�VWLOO�H[DFWO\�VROYDEOH�IRU�PDQ\�RI� WKHLU
SURSHUWLHV�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�
7KH� IXQGDPHQWDO� PDWKHPDWLFDO� WRRO� WKDW� ZH� ZLOO� XVH� WR� GHULYH� WKH� UHVXOWV� RI� WKLV� FKDSWHU� LV� WKH

SUREDELOLW\�JHQHUDWLQJ�IXQFWLRQ��:H�KDYH�DOUHDG\�VHHQ� LQ�6HFWLRQ������RQH�H[DPSOH�RI�D�JHQHUDWLQJ
IXQFWLRQ��ZKLFK�ZDV�XVHIXO� LQ� WKH� FDOFXODWLRQ�RI� WKH� GLVWULEXWLRQ�RI� FRPSRQHQW� VL]HV� LQ� WKH�3RLVVRQ
UDQGRP�JUDSK��:H�EHJLQ�WKLV�FKDSWHU�ZLWK�D�PRUH�IRUPDO�LQWURGXFWLRQ�WR�JHQHUDWLQJ�IXQFWLRQV�DQG�WR
VRPH�RI�WKHLU�SURSHUWLHV�ZKLFK�ZLOO�EH�XVHIXO�LQ�ODWHU�FDOFXODWLRQV��5HDGHUV�LQWHUHVWHG�LQ�SXUVXLQJ�WKH
PDWKHPDWLFV�RI�JHQHUDWLQJ�IXQFWLRQV�IXUWKHU�PD\�OLNH�WR�ORRN�DW�WKH�ERRN�E\�:LOI�>���@����
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�

6XSSRVH�ZH� KDYH� D� SUREDELOLW\� GLVWULEXWLRQ� IRU� D� QRQ�QHJDWLYH� LQWHJHU� YDULDEOH�� VXFK� WKDW� VHSDUDWH
LQVWDQFHV��RFFXUUHQFHV��RU�GUDZV�RI�WKLV�YDULDEOH�DUH�LQGHSHQGHQW�DQG�KDYH�YDOXH�N�ZLWK�SUREDELOLW\
SN��$� JRRG� H[DPSOH� RI� VXFK� D� GLVWULEXWLRQ� LV� WKH� GLVWULEXWLRQ� RI� WKH� GHJUHHV� RI� UDQGRPO\� FKRVHQ
YHUWLFHV�LQ�D�QHWZRUN��,I�WKH�IUDFWLRQ�RI�YHUWLFHV�LQ�D�QHWZRUN�ZLWK�GHJUHH�N� LV�SN� WKHQ�SN� LV�DOVR�WKH
SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�IURP�WKH�QHWZRUN�ZLOO�KDYH�GHJUHH�N�
7KH�JHQHUDWLQJ�IXQFWLRQ�IRU�WKH�SUREDELOLW\�GLVWULEXWLRQ�SN�LV�WKH�SRO\QRPLDO

�

������
�

�

6RPHWLPHV�D�IXQFWLRQ�RI� WKLV�NLQG�LV�FDOOHG�D�SUREDELOLW\�JHQHUDWLQJ�IXQFWLRQ� WR�GLVWLQJXLVK� LW� IURP
DQRWKHU�FRPPRQ�W\SH�RI�IXQFWLRQ��WKH�H[SRQHQWLDO�JHQHUDWLQJ�IXQFWLRQ��:H�ZLOO�QRW�XVH�H[SRQHQWLDO
JHQHUDWLQJ� IXQFWLRQV� LQ� WKLV� ERRN�� VR� IRU� XV� DOO� JHQHUDWLQJ� IXQFWLRQV�ZLOO� EH� SUREDELOLW\� JHQHUDWLQJ
IXQFWLRQV�
,I�ZH�NQRZ�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�D�SUREDELOLW\�GLVWULEXWLRQ�SN�WKHQ�ZH�FDQ�UHFRYHU�WKH�YDOXHV

RI�SN�E\�GLIIHUHQWLDWLQJ�

�

������
�

�

7KXV�WKH�JHQHUDWLQJ�IXQFWLRQ�JLYHV�XV�FRPSOHWH�LQIRUPDWLRQ�DERXW�WKH�SUREDELOLW\�GLVWULEXWLRQ�DQG�YLFH
YHUVD��7KH�GLVWULEXWLRQ�DQG�WKH�JHQHUDWLQJ�IXQFWLRQ�DUH�UHDOO\�MXVW�WZR�GLIIHUHQW�UHSUHVHQWDWLRQV�RI�WKH
VDPH�WKLQJ��$V�ZH�ZLOO�VHH��LW�LV�HDVLHU�LQ�PDQ\�FDVHV�WR�ZRUN�ZLWK�WKH�JHQHUDWLQJ�IXQFWLRQ�WKDQ�ZLWK
WKH�SUREDELOLW\�GLVWULEXWLRQ�DQG�GRLQJ�VR�OHDGV�WR�PDQ\�XVHIXO�QHZ�UHVXOWV�DERXW�QHWZRUNV�
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�

5LJKW�DZD\�OHW�XV�ORRN�DW�VRPH�H[DPSOHV�RI�JHQHUDWLQJ�IXQFWLRQV��6XSSRVH�RXU�YDULDEOH�N�WDNHV�RQO\
WKH�YDOXHV����������DQG����ZLWK�SUREDELOLWLHV�S���S���S���DQG�S���UHVSHFWLYHO\��DQG�QR�RWKHU�YDOXHV��,Q�WKDW
FDVH�WKH�FRUUHVSRQGLQJ�JHQHUDWLQJ�IXQFWLRQ�ZRXOG�WDNH�WKH�IRUP�RI�D�FXELF�SRO\QRPLDO�

�

������
�
�

)RU� LQVWDQFH�� LI�ZH�KDG�D�QHWZRUN� LQ�ZKLFK�YHUWLFHV�RI�GHJUHH����������DQG���RFFXSLHG����������
�����DQG�����RI�WKH�QHWZRUN�UHVSHFWLYHO\�WKHQ

�

������
�
�
$V�DQRWKHU�H[DPSOH��VXSSRVH�WKDW�N�IROORZV�D�3RLVVRQ�GLVWULEXWLRQ�ZLWK�PHDQ�F�

�

������
�

�

7KHQ�WKH�FRUUHVSRQGLQJ�JHQHUDWLQJ�IXQFWLRQ�ZRXOG�EH

�

������



�
�

$OWHUQDWLYHO\��VXSSRVH�WKDW�N�IROORZV�DQ�H[SRQHQWLDO�GLVWULEXWLRQ�RI�WKH�IRUP

�

������
�

ZLWK�Ȝ�!����7KH�QRUPDOL]LQJ�FRQVWDQW�LV�IL[HG�E\�WKH�FRQGLWLRQ�WKDW��N�SN� ����ZKLFK�JLYHV�&� ����H�Ȝ

DQG�KHQFH

�

������
�
�

7KHQ

�

������
�

VR� ORQJ� DV�]� �� HȜ�� �,I�]� �� HȜ� WKH� JHQHUDWLQJ� IXQFWLRQ� GLYHUJHV�� 1RUPDOO\�� KRZHYHU�� ZH� ZLOO� EH
LQWHUHVWHG�LQ�JHQHUDWLQJ�IXQFWLRQV�RQO\�LQ�WKH�UDQJH�����]�����VR��JLYHQ�WKDW�Ȝ�!���DQG�KHQFH�Ȝ�!����WKH
GLYHUJHQFH�DW�HȜ�ZLOO�QRW�EH�D�SUREOHP��



�������32:(5�/$:�',675,%87,216

�

2QH�VSHFLDO�FDVH�RI�SDUWLFXODU�LQWHUHVW�LQ�WKH�VWXG\�RI�QHWZRUNV�LV�WKH�SRZHU�ODZ�GLVWULEXWLRQ��$V�ZH
VDZ�LQ�6HFWLRQ������D�QXPEHU�RI�QHWZRUNV��LQFOXGLQJ�WKH�:RUOG�:LGH�:HE��WKH�,QWHUQHW��DQG�FLWDWLRQ
QHWZRUNV��KDYH�GHJUHH�GLVWULEXWLRQV�WKDW�IROORZ�SRZHU�ODZV�TXLWH�FORVHO\�DQG�WKLV�WXUQV�RXW� WR�KDYH
LQWHUHVWLQJ� FRQVHTXHQFHV� WKDW� VHW� WKHVH� QHWZRUNV� DSDUW� IURP�RWKHUV�� 7R� FUHDWH� DQG� VROYH�PRGHOV� RI
WKHVH�QHWZRUNV�LW�ZLOO�EH�LPSRUWDQW�IRU�XV�WR�EH�DEOH�WR�ZULWH�GRZQ�JHQHUDWLQJ�IXQFWLRQV�IRU�SRZHU�
ODZ�GLVWULEXWLRQV�
7KHUH�DUH�YDULRXV�IRUPV�WKDW�DUH�XVHG�WR�UHSUHVHQW�SRZHU�ODZV�LQ�SUDFWLFH�EXW�WKH�VLPSOHVW�FKRLFH�

ZKLFK�ZH�ZLOO�XVH�LQ�PDQ\�RI�RXU�FDOFXODWLRQV��LV�WKH�³SXUH´�SRZHU�ODZ

�

�������
�

IRU�FRQVWDQW�Į�!����7KLV�H[SUHVVLRQ�FDQQRW�DSSO\�DOO�WKH�ZD\�GRZQ�WR�N� ����KRZHYHU��RU�LW�ZRXOG
GLYHUJH��6R�FRPPRQO\�RQH�VWRSV�DW�N� ����7KH�QRUPDOL]DWLRQ�FRQVWDQW�&�FDQ�WKHQ�EH�FDOFXODWHG�IURP
WKH�FRQGLWLRQ�WKDW� ��ZKLFK�JLYHV

�

�������
�

�

7KH�VXP�XQIRUWXQDWHO\�FDQQRW�EH�SHUIRUPHG�LQ�FORVHG�IRUP��,W�LV��KRZHYHU��D�FRPPRQ�HQRXJK�VXP�WKDW
LW�KDV�D�QDPH²LW�LV�FDOOHG�WKH�5LHPDQQ�]HWD�IXQFWLRQ��GHQRWHG�ȗ�Į��

�

�������
�
�



7KXV�ZH�FDQ�ZULWH�&� ���ȗ�Į��DQG

�

�������
�
�

$OWKRXJK�WKHUH�LV�QR�FORVHG�IRUP�H[SUHVVLRQ�IRU�WKH�]HWD�IXQFWLRQ��WKHUH�H[LVW�JRRG�QXPHULFDO�PHWKRGV
IRU� FDOFXODWLQJ� LWV� YDOXH� DFFXUDWHO\�� DQG� PDQ\� SURJUDPPLQJ� ODQJXDJHV� DQG� QXPHULFDO� VRIWZDUH
SDFNDJHV�LQFOXGH�IXQFWLRQV�WR�FDOFXODWH�LW�
)RU�WKLV�SUREDELOLW\�GLVWULEXWLRQ�WKH�JHQHUDWLQJ�IXQFWLRQ�LV

�

�������
�

�

$JDLQ� WKH� VXP� FDQQRW� EH� H[SUHVVHG� LQ� FORVHG� IRUP�� EXW� DJDLQ� LW� KDV� D� QDPH²LW� LV� FDOOHG� WKH
SRO\ORJDULWKP�RI�]�DQG�LV�GHQRWHG�/LĮ��]��

�

�������
�
�

7KXV�ZH�FDQ�ZULWH

�

�������
�



�

7KLV� LV� QRW� FRPSOHWHO\� VDWLVIDFWRU\��:H�ZRXOG� FHUWDLQO\� SUHIHU� D� FORVHG�IRUP� H[SUHVVLRQ� DV� LQ� WKH
FDVH�RI�WKH�3RLVVRQ�DQG�H[SRQHQWLDO�GLVWULEXWLRQV�RI�(TV���������DQG���������%XW�ZH�FDQ�OLYH�ZLWK�LW�
(QRXJK� SURSHUWLHV� RI� WKH� SRO\ORJDULWKP� DQG� ]HWD� IXQFWLRQV� DUH� NQRZQ� WKDW�ZH� FDQ� FDUU\� RXW� XVHIXO
PDQLSXODWLRQV�RI� WKH�JHQHUDWLQJ�IXQFWLRQ�� ,Q�SDUWLFXODU��VLQFH�GHULYDWLYHV�RI�RXU�JHQHUDWLQJ�IXQFWLRQV
ZLOO�EH�LPSRUWDQW�WR�XV��ZH�QRWH�WKH�IROORZLQJ�XVHIXO�UHODWLRQ�

�

�������
�
�
:H�VKRXOG�QRWH�DOVR�WKDW�LQ�UHDO�ZRUOG�QHWZRUNV�WKH�GHJUHH�GLVWULEXWLRQ�GRHV�QRW�XVXDOO\�IROORZ�D

SRZHU� ODZ� RYHU� LWV�ZKROH� UDQJH²WKH� GLVWULEXWLRQ� LV� QRW� D� ³SXUH´� SRZHU� ODZ� LQ� WKH� VHQVH� DERYH�
,QVWHDG��LW�W\SLFDOO\�REH\V�D�SRZHU�ODZ�UHDVRQDEO\�FORVHO\�IRU�YDOXHV�RI�N�DERYH�VRPH�PLQLPXP�YDOXH
NPLQ�EXW�EHORZ�WKDW�SRLQW�LW�KDV�VRPH�RWKHU�EHKDYLRU��,Q�WKLV�FDVH�WKH�JHQHUDWLQJ�IXQFWLRQ�ZLOO�WDNH�WKH
IRUP

�

�������
�

ZKHUH� �LV�D�SRO\QRPLDO�LQ�]�RI�GHJUHH�Q�DQG�&�LV�D�QRUPDOL]LQJ�FRQVWDQW��7KH�VXP�LQ
(T����������DOVR�KDV�LWV�RZQ�QDPH��LW�LV�FDOOHG�WKH�/HUFK�WUDQVFHQGHQW�����,Q�WKH�FDOFXODWLRQV�LQ�WKLV
ERRN�ZH�ZLOO� VWLFN� WR� WKH� SXUH� SRZHU� ODZ�� VLQFH� LW� LOOXVWUDWHV� QLFHO\� WKH� LQWHUHVWLQJ� SURSHUWLHV� RI
SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV�DQG� LV� UHODWLYHO\�VLPSOH� WR�GHDO�ZLWK��EXW� IRU�VHULRXV�PRGHOLQJ�RQH
PLJKW�VRPHWLPHV�KDYH�WR�XVH�WKH�FXW�RII�IRUP��(T����������
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/HW�XV�QRZ�ORRN�EULHIO\�DW�VRPH�RI�WKH�SURSHUWLHV�RI�JHQHUDWLQJ�IXQFWLRQV�WKDW�ZLOO�EH�XVHIXO�WR�XV��)LUVW
RI�DOO��QRWH�WKDW�LI�ZH�VHW�]� ���LQ�WKH�GHILQLWLRQ�RI�WKH�JHQHUDWLQJ�IXQFWLRQ�� ��(T�����������ZH
JHW

�

�������
�
�

,I�WKH�SUREDELOLW\�GLVWULEXWLRQ�LV�QRUPDOL]HG�WR�XQLW\���N�SN� ����DV�DUH�DOO� WKH�H[DPSOHV�DERYH��WKHQ
WKLV�LPPHGLDWHO\�LPSOLHV�WKDW

�

�������
�
�

)RU�PRVW� RI� WKH� JHQHUDWLQJ� IXQFWLRQV�ZH�ZLOO� ORRN� DW�� WKLV�ZLOO� EH� WUXH�� EXW� QRW� DOO��$V� D� FRXQWHU�
H[DPSOH��FRQVLGHU�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�WKH�VL]HV�RI�WKH�VPDOO�FRPSRQHQWV�LQ�WKH�3RLVVRQ�UDQGRP
JUDSK� GHILQHG� LQ� (T�� ��������� 7KH� SUREDELOLWLHV�ʌV� DSSHDULQJ� LQ� WKLV� JHQHUDWLQJ� IXQFWLRQ� ZHUH� WKH
SUREDELOLWLHV�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�VL]H�V��,I�ZH�DUH�LQ�WKH
UHJLPH� ZKHUH� WKHUH� LV� D� JLDQW� FRPSRQHQW� LQ� WKH� QHWZRUN� WKHQ� QRW� DOO� YHUWLFHV� EHORQJ� WR� D� VPDOO
FRPSRQHQW�� DQG� KHQFH� WKH� SUREDELOLWLHV�ʌV� GR� QRW� DGG� XS� WR� RQH�� ,Q� IDFW�� WKHLU� VXP� LV� HTXDO� WR� WKH
IUDFWLRQ�RI�YHUWLFHV�QRW�LQ�WKH�JLDQW�FRPSRQHQW�
7KH�GHULYDWLYH�RI�WKH�JHQHUDWLQJ�IXQFWLRQ�J�]��RI�(T���������LV

�

�������
�

�



�:H� ZLOO� XVH� WKH� SULPHG� QRWDWLRQ�J �]�� IRU� GHULYDWLYHV� RI� JHQHUDWLQJ� IXQFWLRQV� H[WHQVLYHO\� LQ� WKLV
FKDSWHU��DV�LW�SURYHV�PXFK�OHVV�FXPEHUVRPH�WKDQ�WKH�PRUH�FRPPRQ�QRWDWLRQ�GJ�G]��
,I�ZH�VHW�]� ���LQ�(T����������ZH�JHW

�

�������
�

ZKLFK� LV� MXVW� WKH� DYHUDJH� YDOXH� RI�N�� 7KXV�� IRU� H[DPSOH�� LI�SN� LV� D� GHJUHH� GLVWULEXWLRQ�� ZH� FDQ
FDOFXODWH� WKH�DYHUDJH�GHJUHH�GLUHFWO\� IURP� WKH�JHQHUDWLQJ� IXQFWLRQ�E\�GLIIHUHQWLDWLQJ��7KLV� LV�D�YHU\
FRQYHQLHQW�WULFN��,Q�PDQ\�FDVHV�ZH�ZLOO�FDOFXODWH�D�SUREDELOLW\�GLVWULEXWLRQ�RI�LQWHUHVW�E\�FDOFXODWLQJ
ILUVW� LWV�JHQHUDWLQJ� IXQFWLRQ�� ,Q�SULQFLSOH��ZH�FDQ� WKHQ�H[WUDFW� WKH�GLVWULEXWLRQ� LWVHOI�E\�DSSO\LQJ�(T�
�������DQG�VR�GHULYH�DQ\�RWKHU�TXDQWLWLHV�ZH�ZDQW�VXFK�DV�DYHUDJHV��%XW�(T����������VKRZV�XV�WKDW�ZH
GRQ¶W� DOZD\V� KDYH� WR� GR� WKLV�� 6RPH� RI� WKH� TXDQWLWLHV� ZH� ZLOO� EH� LQWHUHVWHG� LQ� FDQ� EH� FDOFXODWHG
GLUHFWO\�IURP�WKH�JHQHUDWLQJ�IXQFWLRQ�ZLWKRXW�JRLQJ�WKURXJK�DQ\�LQWHUPHGLDWH�VWHSV�
,Q� IDFW�� WKLV� UHVXOW� JHQHUDOL]HV� WR� KLJKHU� PRPHQWV� RI� WKH� SUREDELOLW\� GLVWULEXWLRQ� DV� ZHOO�� )RU

LQVWDQFH��QRWH�WKDW

�

�������
�

DQG�KHQFH��VHWWLQJ�]� ����ZH�FDQ�ZULWH

�

�������
�

�

,W�LV�QRW�KDUG�WR�VKRZ�WKDW�WKLV�UHVXOW�JHQHUDOL]HV�WR�DOO�KLJKHU�PRPHQWV�DV�ZHOO�



�

�������
�
�

7KLV�UHVXOW�FDQ�DOVR�EH�ZULWWHQ�DV

�

�������
�
�



�������32:(56�2)�*(1(5$7,1*�)81&7,216

�

3HUKDSV�WKH�PRVW�XVHIXO�SURSHUW\�RI�JHQHUDWLQJ�IXQFWLRQV²DQG�WKH�RQH�WKDW�PDNHV�WKHP�LPSRUWDQW�IRU
WKH� VWXG\� RI� QHWZRUNV²LV� WKH� IROORZLQJ�� 6XSSRVH� ZH� DUH� JLYHQ� D� GLVWULEXWLRQ�SN� ZLWK� JHQHUDWLQJ
IXQFWLRQ�J�]��� $QG� VXSSRVH� ZH� KDYH�P� LQWHJHUV�NL�� L�  � �� �� �� ��P�� ZKLFK� DUH� LQGHSHQGHQW� UDQGRP
QXPEHUV�GUDZQ�IURP�WKLV�GLVWULEXWLRQ��)RU�LQVWDQFH��WKH\�FRXOG�EH�WKH�GHJUHHV�RI�P�UDQGRPO\�FKRVHQ
YHUWLFHV�LQ�D�QHWZRUN�ZLWK�GHJUHH�GLVWULEXWLRQ�SN��7KHQ�WKH�SUREDELOLW\�GLVWULEXWLRQ�RI�WKH�VXP� �RI
WKRVH�P�LQWHJHUV�KDV�JHQHUDWLQJ�IXQFWLRQ�>J�]�@P��7KLV�LV�D�YHU\�SRZHUIXO�UHVXOW�DQG�LW�LV�ZRUWK�WDNLQJ�D
PRPHQW�WR�VHH�KRZ�LW�DULVHV�DQG�ZKDW�LW�PHDQV�
*LYHQ�WKDW�RXU�LQWHJHUV�DUH�LQGHSHQGHQWO\�GUDZQ�IURP�WKH�GLVWULEXWLRQ�SN��WKH�SUREDELOLW\�WKDW�WKH\

WDNH�D�SDUWLFXODU�VHW�RI�YDOXHV�^NL`�LV�VLPSO\� �DQG�WKH�SUREDELOLW\�ʌV�WKDW�WKH�YDOXHV�GUDZQ�DGG�XS
WR�D�VSHFLILF�VXP�V�LV�WKH�VXP�RI�WKHVH�SUREDELOLWLHV�RYHU�DOO�VHWV�^NL`�WKDW�DGG�XS�WR�V�

�

�������
�

ZKHUH�į�D��E��LV�WKH�.URQHFNHU�GHOWD��7KHQ�WKH�JHQHUDWLQJ�IXQFWLRQ�K�]��IRU�WKH�GLVWULEXWLRQ�ʌV�LV

�

�������
�

�

7KXV��IRU�H[DPSOH��LI�ZH�NQRZ�WKH�GHJUHH�GLVWULEXWLRQ�RI�D�QHWZRUN��LW�LV�D�VWUDLJKWIRUZDUG�PDWWHU�WR
FDOFXODWH� WKH�SUREDELOLW\�GLVWULEXWLRQ�RI� WKH�VXP�RI� WKH�GHJUHHV�RI�P� UDQGRPO\�FKRVHQ�YHUWLFHV� IURP
WKDW�QHWZRUN��7KLV�ZLOO�WXUQ�RXW�WR�EH�LPSRUWDQW�LQ�WKH�GHYHORSPHQWV�WKDW�IROORZ�



�����7+(�&21),*85$7,21�02'(/

�

/HW�XV�WXUQ�QRZ�WR�WKH�PDLQ�WRSLF�RI�WKLV�FKDSWHU��WKH�GHYHORSPHQW�RI�WKH�WKHRU\�RI�UDQGRP�JUDSKV�ZLWK
JHQHUDO�GHJUHH�GLVWULEXWLRQV�
:H� FDQ� WXUQ� WKH� UDQGRP�JUDSK� RI�&KDSWHU� ��� LQWR� D�PXFK�PRUH� IOH[LEOH�PRGHO� IRU� QHWZRUNV� E\

PRGLI\LQJ� LW� VR� WKDW� WKH� GHJUHHV� RI� LWV� YHUWLFHV� DUH� QR� ORQJHU� UHVWULFWHG� WR� KDYLQJ� D� 3RLVVRQ
GLVWULEXWLRQ�� DQG� LQ� IDFW� LW� LV� SRVVLEOH� WR�PRGLI\� WKH�PRGHO� VR� DV� WR� JLYH� WKH� QHWZRUN� DQ\� GHJUHH
GLVWULEXWLRQ� ZH� SOHDVH�� -XVW� DV� ZLWK� WKH� 3RLVVRQ� UDQGRP� JUDSK�� ZKLFK� FDQ� EH� GHILQHG� LQ� VHYHUDO
VOLJKWO\� GLIIHUHQW� ZD\V�� WKHUH� LV� PRUH� WKDQ� RQH� ZD\� WR� GHILQH� UDQGRP� JUDSKV� ZLWK� JHQHUDO� GHJUHH
GLVWULEXWLRQV��+HUH�ZH� GHVFULEH� WZR�RI� WKHP��ZKLFK� DUH� URXJKO\� WKH� HTXLYDOHQW� RI� WKH�*�Q��P�� DQG
*�Q��S��UDQGRP�JUDSKV�RI�6HFWLRQ������
7KH�PRVW�ZLGHO\�VWXGLHG�RI�WKH�JHQHUDOL]HG�UDQGRP�JUDSK�PRGHOV�LV�WKH�FRQILJXUDWLRQ�PRGHO��7KH

FRQILJXUDWLRQ�PRGHO�LV�DFWXDOO\�D�PRGHO�RI�D�UDQGRP�JUDSK�ZLWK�D�JLYHQ�GHJUHH�VHTXHQFH��UDWKHU�WKDQ
GHJUHH�GLVWULEXWLRQ��7KDW�LV��WKH�H[DFW�GHJUHH�RI�HDFK�LQGLYLGXDO�YHUWH[�LQ�WKH�QHWZRUN�LV�IL[HG��UDWKHU
WKDQ�PHUHO\�WKH�SUREDELOLW\�GLVWULEXWLRQ�IURP�ZKLFK�WKRVH�GHJUHHV�DUH�FKRVHQ��7KLV� LQ�WXUQ�IL[HV� WKH
QXPEHU�RI� HGJHV� LQ� WKH�QHWZRUN�� VLQFH� WKH�QXPEHU�RI�HGJHV� LV�JLYHQ�E\�(T�� ������� WR�EH� �
7KXV�WKLV�PRGHO�LV�LQ�VRPH�ZD\V�DQDORJRXV�WR�*�Q��P���ZKLFK�DOVR�IL[HV�WKH�QXPEHU�RI�HGJHV���,W�LV
TXLWH�VLPSOH��KRZHYHU��WR�PRGLI\�WKH�PRGHO�IRU�FDVHV�ZKHUH�RQO\�WKH�GHJUHH�GLVWULEXWLRQ�LV�NQRZQ�DQG
QRW�WKH�H[DFW�GHJUHH�VHTXHQFH��:H�GHVFULEH�KRZ�WKLV�LV�GRQH�DW�WKH�HQG�RI�WKLV�VHFWLRQ��

6HH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�WKH�GLVWLQFWLRQ�EHWZHHQ�GHJUHH�VHTXHQFHV�DQG�GHJUHH
GLVWULEXWLRQV�

�
6XSSRVH�WKHQ�WKDW�ZH�VSHFLI\�WKH�GHJUHH�NL�WKDW�HDFK�YHUWH[�L� ���������Q�LQ�RXU�QHWZRUN�LV�WR�WDNH��:H

FDQ� FUHDWH� D� UDQGRP� QHWZRUN� ZLWK� WKHVH� GHJUHHV� DV� IROORZV��:H� JLYH� HDFK� YHUWH[� L� D� WRWDO� RI�NL
³VWXEV´� RI� HGJHV� DV� GHSLFWHG� LQ� )LJ�� ������ 7KHUH� DUH� � VWXEV� LQ� WRWDO�� ZKHUH�P� LV� WKH� WRWDO
QXPEHU�RI�HGJHV��7KHQ�ZH�FKRRVH� WZR�RI� WKH�VWXEV�XQLIRUPO\�DW� UDQGRP�DQG�ZH�FUHDWH�DQ�HGJH�E\
FRQQHFWLQJ�WKHP�WR�RQH�DQRWKHU��DV�LQGLFDWHG�E\�WKH�GDVKHG�OLQH�LQ�WKH�ILJXUH��7KHQ�ZH�FKRRVH�DQRWKHU
SDLU�IURP�WKH�UHPDLQLQJ��P�����VWXEV��FRQQHFW�WKRVH��DQG�VR�RQ�XQWLO�DOO�WKH�VWXEV�DUH�XVHG�XS��7KH�HQG
UHVXOW�LV�D�QHWZRUN�LQ�ZKLFK�HYHU\�YHUWH[�KDV�H[DFWO\�WKH�GHVLUHG�GHJUHH�
0RUH�VSHFLILFDOO\�WKH�HQG�UHVXOW�LV�D�SDUWLFXODU�PDWFKLQJ�RI�WKH�VWXEV��D�SDUWLFXODU�VHW�RI�SDLULQJV�RI

VWXEV� ZLWK� RWKHU� VWXEV�� 7KH� SURFHVV� DERYH� JHQHUDWHV� HDFK� SRVVLEOH� PDWFKLQJ� RI� VWXEV� ZLWK� HTXDO
SUREDELOLW\��7HFKQLFDOO\�WKH�FRQILJXUDWLRQ�PRGHO�LV�GHILQHG�DV�WKH�HQVHPEOH�LQ�ZKLFK�HDFK�PDWFKLQJ
ZLWK� WKH� FKRVHQ� GHJUHH� VHTXHQFH� DSSHDUV� ZLWK� WKH� VDPH� SUREDELOLW\� �WKRVH� ZLWK� DQ\� RWKHU� GHJUHH
VHTXHQFH�KDYLQJ�SUREDELOLW\�]HUR���DQG�WKH�SURFHVV�DERYH�LV�D�SURFHVV�IRU�GUDZLQJ�QHWZRUNV�IURP�WKH
FRQILJXUDWLRQ�PRGHO�HQVHPEOH�



�

)LJXUH�������7KH�FRQILJXUDWLRQ�PRGHO��(DFK�YHUWH[�LV�JLYHQ�D�QXPEHU�RI�³VWXEV´�RI�HGJHV�HTXDO�WR
LWV�GHVLUHG�GHJUHH��7KHQ�SDLUV�RI�VWXEV�DUH�FKRVHQ�DW� UDQGRP�DQG�FRQQHFWHG� WRJHWKHU� WR�IRUP�HGJHV
�GRWWHG�OLQH��
�
�
7KH�XQLIRUP�GLVWULEXWLRQ�RYHU�PDWFKLQJV�LQ�WKH�FRQILJXUDWLRQ�PRGHO�KDV�WKH�LPSRUWDQW�FRQVHTXHQFH

WKDW�DQ\�VWXE�LQ�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�LV�HTXDOO\�OLNHO\�WR�EH�FRQQHFWHG�WR�DQ\�RWKHU��7KLV��DV
ZH�ZLOO�VHH��LV�WKH�FUXFLDO�SURSHUW\�WKDW�PDNHV�WKH�PRGHO�VROYDEOH�IRU�PDQ\�RI�LWV�SURSHUWLHV�
7KHUH� DUH� D� FRXSOH� RI�PLQRU� FDWFKHV�ZLWK� WKH� QHWZRUN� JHQHUDWLRQ� SURFHVV� GHVFULEHG� KHUH�� )LUVW�

WKHUH�PXVW�EH�DQ�HYHQ�QXPEHU�RI�VWXEV�RYHUDOO�LI�ZH�ZDQW�WR�HQG�XS�ZLWK�D�QHWZRUN�FRQVLVWLQJ�RQO\�RI
YHUWLFHV�DQG�HGJHV��ZLWK�QR�GDQJOLQJ�VWXEV�OHIW�RYHU��7KLV�PHDQV�WKDW�WKH�VXP� �RI�WKH�GHJUHHV�PXVW
DGG�XS� WR�DQ�HYHQ�QXPEHU��:H�ZLOO�DVVXPH� WKDW� WKH�GHJUHHV�ZH�KDYH�FKRVHQ�VDWLVI\� WKLV�FRQGLWLRQ�
RWKHUZLVH�LW�LV�FOHDUO\�QRW�SRVVLEOH�WR�FUHDWH�D�JUDSK�ZLWK�WKH�JLYHQ�GHJUHH�VHTXHQFH�
$�VHFRQG�LVVXH�LV�WKDW�WKH�QHWZRUN�PD\�FRQWDLQ�VHOI�HGJHV�RU�PXOWLHGJHV��RU�ERWK��7KHUH�LV�QRWKLQJ

LQ� WKH� QHWZRUN� JHQHUDWLRQ� SURFHVV� WKDW� SUHYHQWV� XV� IURP�FUHDWLQJ� DQ� HGJH� WKDW� FRQQHFWV� D� YHUWH[� WR
LWVHOI�RU�WKDW�FRQQHFWV�WZR�YHUWLFHV�WKDW�DUH�DOUHDG\�FRQQHFWHG�E\�DQRWKHU�HGJH��2QH�PLJKW�LPDJLQH�WKDW
RQH�FRXOG�DYRLG�WKLV�E\�UHMHFWLQJ�WKH�FUHDWLRQ�RI�DQ\�VXFK�HGJHV�GXULQJ�WKH�SURFHVV��EXW�LW�WXUQV�RXW�WKDW
WKLV�LV�QRW�D�JRRG�LGHD��$�QHWZRUN�VR�JHQHUDWHG�LV�QR�ORQJHU�GUDZQ�XQLIRUPO\�IURP�WKH�VHW�RI�SRVVLEOH
PDWFKLQJV��ZKLFK�PHDQV�WKDW�SURSHUWLHV�RI�WKH�PRGHO�FDQ�QR�ORQJHU�EH�FDOFXODWHG�DQDO\WLFDOO\��DW�OHDVW
E\� DQ\� PHDQV� FXUUHQWO\� NQRZQ�� ,W� FDQ� DOVR� PHDQ� WKDW� WKH� QHWZRUN� FUHDWLRQ� SURFHVV� EUHDNV� GRZQ
FRPSOHWHO\��6XSSRVH��IRU�H[DPSOH�� WKDW�ZH�FRPH�WR� WKH�HQG�RI� WKH�SURFHVV��ZKHQ�WKHUH�DUH� MXVW� WZR
VWXEV� OHIW� WR�EH� MRLQHG�� DQG� ILQG� WKDW� WKRVH� WZR�ERWK�EHORQJ� WR� WKH� VDPH�YHUWH[� VR� WKDW� MRLQLQJ� WKHP
ZRXOG�FUHDWH�D�VHOI�HGJH��7KHQ�HLWKHU�ZH�FUHDWH�WKH�VHOI�HGJH�RU�WKH�QHWZRUN�JHQHUDWLRQ�SURFHVV�IDLOV�
,Q�SUDFWLFH��WKHUHIRUH��LW�PDNHV�PRUH�VHQVH�WR�DOORZ�WKH�FUHDWLRQ�RI�ERWK�PXOWLHGJHV�DQG�VHOI�HGJHV

LQ�RXU�QHWZRUNV�DQG� WKH�VWDQGDUG�FRQILJXUDWLRQ�PRGHO�GRHV�VR��$OWKRXJK�VRPH�UHDO�ZRUOG�QHWZRUNV
KDYH�VHOI�HGJHV�RU�PXOWLHGJHV�LQ�WKHP��PRVW�GR�QRW��DQG�WR�VRPH�H[WHQW�WKLV�PDNHV�WKH�FRQILJXUDWLRQ
PRGHO�OHVV�VDWLVIDFWRU\�DV�D�QHWZRUN�PRGHO��+RZHYHU��DV�VKRZQ�EHORZ��WKH�DYHUDJH�QXPEHU�RI�VHOI�
HGJHV�DQG�PXOWLHGJHV�LQ�WKH�FRQILJXUDWLRQ�PRGHO�LV�D�FRQVWDQW�DV� WKH�QHWZRUN�EHFRPHV�ODUJH��ZKLFK
PHDQV� WKDW� WKH� GHQVLW\� RI� VHOI�HGJHV� DQG�PXOWLHGJHV� WHQGV� WR� ]HUR� LQ� WKLV� OLPLW�� 7KLV�PHDQV�� WR� DOO
LQWHQWV�DQG�SXUSRVHV��WKDW�ZH�FDQ�LJQRUH�WKH�VHOI�HGJHV�DQG�PXOWLHGJHV�LQ�WKH�ODUJH�VL]H�OLPLW����
$�IXUWKHU�LVVXH�ZLWK�WKH�FRQILJXUDWLRQ�PRGHO�LV�WKDW��ZKLOH�DOO�PDWFKLQJV�RI�VWXEV�DSSHDU�ZLWK�HTXDO

SUREDELOLW\�LQ�WKH�PRGHO��WKDW�GRHV�QRW�PHDQ�WKDW�DOO�QHWZRUNV�DSSHDU�ZLWK�HTXDO�SUREDELOLW\�EHFDXVH
PRUH�WKDQ�RQH�PDWFKLQJ�FDQ�FRUUHVSRQG�WR�WKH�VDPH�QHWZRUN��L�H��� WKH�VDPH�WRSRORJLFDO�FRQQHFWLRQV
EHWZHHQ�YHUWLFHV��,I�ZH�ODEHO�WKH�VWXEV�WR�NHHS�WUDFN�RI�ZKLFK�LV�ZKLFK��WKHQ�WKHUH�DUH�W\SLFDOO\�PDQ\
GLIIHUHQW�ZD\V�ZH�FDQ�MRLQ�XS�SDLUV�RI�ODEHOHG�VWXEV�WR�FUHDWH�WKH�VDPH�ILQDO�FRQILJXUDWLRQ�RI�HGJHV�



)LJXUH������VKRZV�DQ�H[DPSOH�RI�D�VHW�RI�HLJKW�PDWFKLQJV�WKDW�DOO�FRUUHVSRQG�WR�WKH�VDPH�WKUHH�YHUWH[
QHWZRUN�

�

)LJXUH� ������ (LJKW� VWXE� PDWFKLQJV� WKDW� DOO� JLYH� WKH� VDPH� QHWZRUN�� 7KLV� VPDOO� QHWZRUN� LV
FRPSRVHG�RI�WKUHH�YHUWLFHV�RI�GHJUHH�WZR�DQG�KHQFH�KDYLQJ�WZR�VWXEV�HDFK��7KH�VWXEV�DUH�OHWWHUHG�WR
LGHQWLI\� WKHP�DQG� WKHUH�DUH� WZR�GLVWLQFW�SHUPXWDWLRQV�RI� WKH�VWXEV�DW�HDFK�YHUWH[�IRU�D� WRWDO�RI�HLJKW
SHUPXWDWLRQV� RYHUDOO�� (DFK� SHUPXWDWLRQ� JLYHV� ULVH� WR� D� GLIIHUHQW� PDWFKLQJ� RI� VWXE� WR� VWXE� EXW� DOO
PDWFKLQJV�FRUUHVSRQG�WR�WKH�VDPH�WRSRORJLFDO�FRQILJXUDWLRQ�RI�HGJHV��DQG�KHQFH�WKHUH�DUH�HLJKW�ZD\V
LQ�ZKLFK�WKLV�SDUWLFXODU�FRQILJXUDWLRQ�FDQ�EH�JHQHUDWHG�E\�WKH�VWXE�PDWFKLQJ�SURFHVV�
�
�
,Q�JHQHUDO��RQH�FDQ�JHQHUDWH�DOO�WKH�PDWFKLQJV�WKDW�FRUUHVSRQG�WR�D�JLYHQ�QHWZRUN�E\�WDNLQJ�DQ\�RQH

PDWFKLQJ� IRU� WKDW� QHWZRUN� DQG�SHUPXWLQJ� WKH� VWXEV� DW� HDFK�YHUWH[� LQ� HYHU\�SRVVLEOH�ZD\��6LQFH� WKH
QXPEHU�RI�SHUPXWDWLRQV�RI� WKH�NL� VWXEV�DW� D�YHUWH[�L� LV�NL��� WKLV� LPSOLHV� WKDW� WKH�QXPEHU�RI�PDWFKLQJV
FRUUHVSRQGLQJ�WR�HDFK�QHWZRUN�LV�1�^NL`�� ��L�NL���ZKLFK�WDNHV�WKH�VDPH�YDOXH�IRU�DOO�QHWZRUNV��VLQFH
WKH� GHJUHHV� DUH� IL[HG�� 7KLV� LPSOLHV� WKDW� LQ� IDFW� QHWZRUNV� RFFXU� ZLWK� HTXDO� SUREDELOLW\� LQ� WKH
FRQILJXUDWLRQ�PRGHO�� LI� WKHUH�DUH�ȍ�^NL`��PDWFKLQJV��HDFK�RFFXUULQJ�ZLWK� WKH�VDPH�SUREDELOLW\�� WKHQ
HDFK�QHWZRUN�RFFXUV�ZLWK�SUREDELOLW\�1�ȍ�
+RZHYHU��WKLV�LV�QRW�FRPSOHWHO\�FRUUHFW��,I�D�QHWZRUN�FRQWDLQV�VHOI�HGJHV�RU�PXOWLHGJHV�WKHQ�QRW�DOO

SHUPXWDWLRQV�RI�WKH�VWXEV�LQ�WKH�QHWZRUN�UHVXOW�LQ�D�QHZ�PDWFKLQJ�RI�VWXEV��&RQVLGHU�)LJ��������3DQHO
�D��VKRZV�D�QHWZRUN�ZLWK�WKH�VDPH�GHJUHH�VHTXHQFH�DV�WKRVH�RI�)LJ��������EXW�D�GLIIHUHQW�PDWFKLQJ�RI
WKH�VWXEV�WKDW�FUHDWHV�D�QHWZRUN�ZLWK�RQH�VHOI�HGJH�DQG�D�PXOWLHGJH�FRQVLVWLQJ�RI�WZR�SDUDOOHO�VLQJOH
HGJHV��,Q�SDQHO��E��ZH�KDYH�SHUPXWHG�WKH�VWXEV�D�DQG�E�DW�WKH�HQGV�RI�WKH�VHOI�HGJH�EXW��DV�ZH�FDQ�VHH�
WKLV�KDV�QRW�UHVXOWHG�LQ�D�QHZ�PDWFKLQJ�RI�WKH�VWXEV�WKHPVHOYHV��6WXEV�D� DQG�E�DUH�VWLOO�FRQQHFWHG�WR
RQH� DQRWKHU� MXVW� DV� WKH\� ZHUH� EHIRUH�� �7KH� QHWZRUN� LV�GUDZQ� GLIIHUHQWO\� QRZ�� EXW� LQ� WHUPV� RI� WKH
PDWFKLQJ�DQG� WKH� WRSRORJ\�RI� WKH� HGJHV�QRWKLQJ�KDV�FKDQJHG� IURP�SDQHO� �D���� ,Q�SDQHO� �F��ZH�KDYH
LGHQWLFDOO\�SHUPXWHG�WKH�VWXEV�DW�ERWK�HQGV�RI�WKH�PXOWLHGJH��$JDLQ�WKLV�KDV�QR�HIIHFW�RQ�ZKLFK�VWXEV
DUH�PDWFKHG�ZLWK�ZKLFK�RWKHUV�



�

)LJXUH�������3HUPXWDWLRQV�WKDW�GR�QRW�SURGXFH�QHZ�PDWFKLQJV�� �D��7KH�QHWZRUN�VKRZQ�KHUH�KDV
WKH�VDPH�GHJUHH�VHTXHQFH�DV�WKRVH�RI�)LJ�������EXW�D�GLIIHUHQW�FRQILJXUDWLRQ�RI�HGJHV��KDYLQJ�RQH�VHOI�
ORRS�DQG�D�PXOWLHGJH�FRQVLVWLQJ�RI�WZR�SDUDOOHO�HGJHV���E��,I�ZH�SHUPXWH�WKH�VWXEV�D�DQG�E�RI�WKH�VHOI�
HGJH�ZH�GR�QRW�JHQHUDWH�D�QHZ�PDWFKLQJ��EHFDXVH�D�LV�VWLOO�PDWFKHG�ZLWK�E��MXVW�DV�EHIRUH���F��,I�ZH
SHUPXWH� WKH� VWXEV� DW� HLWKHU� HQG� RI� D�PXOWLHGJH� LQ� H[DFWO\� WKH� VDPH�ZD\�ZH�GR� QRW� JHQHUDWH� D� QHZ
PDWFKLQJ��VLQFH�HDFK�VWXE�DW�RQH�HQG�RI�WKH�PXOWLHGJH�LV�VWLOO�PDWFKHG�ZLWK�WKH�VDPH�VWXE�DW�WKH�RWKHU
HQG�
�
�
,Q�JHQHUDO��IRU�HDFK�PXOWLHGJH�LQ�D�QHWZRUN�D�SHUPXWDWLRQ�RI�WKH�VWXEV�DW�RQH�HQG�IDLOV�WR�JHQHUDWH�D

QHZ�PDWFKLQJ�LI�ZH�VLPXOWDQHRXVO\�SHUPXWH�WKH�VWXEV�DW� WKH�RWKHU�HQG� LQ�WKH�VDPH�ZD\��7KLV�PHDQV
WKDW�WKH�WRWDO�QXPEHU�RI�PDWFKLQJV�LV�UHGXFHG�E\�D�IDFWRU�RI�$LM���VLQFH�$LM�LV�HTXDO�WR�WKH�PXOWLSOLFLW\�RI
WKH�HGJH�EHWZHHQ�L�DQG�M��,QGHHG��WKLV�H[SUHVVLRQ�LV�FRUUHFW�HYHQ�IRU�YHUWH[�SDLUV�QRW�FRQQHFWHG�E\�D
PXOWLHGJH�� LI� ZH� DGRSW� WKH� FRQYHQWLRQ� WKDW� ���  � ��� )RU� VHOI�HGJHV� WKHUH� LV� D� IXUWKHU� IDFWRU� RI� WZR
EHFDXVH� WKH� LQWHUFKDQJH�RI� WKH� WZR�HQGV�RI� WKH�HGJH�GRHV�QRW�JHQHUDWH�D�QHZ�PDWFKLQJ��&RPELQLQJ
WKHVH�UHVXOWV��WKH�QXPEHU�RI�PDWFKLQJV�FRUUHVSRQGLQJ�WR�D�QHWZRUN�WXUQV�RXW�WR�EH
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ZKHUH�Q��� �Q�Q������Q������ ������ZLWK�Q�HYHQ�LV� WKH�VR�FDOOHG�GRXEOH�IDFWRULDO�RI�Q��7KHQ�WKH�WRWDO
SUREDELOLW\�RI�D�SDUWLFXODU�QHWZRUN�ZLWKLQ�WKH�FRQILJXUDWLRQ�PRGHO�HQVHPEOH�LV�1�ȍ�DV�EHIRUH��6LQFH
WKH�GHQRPLQDWRU�LQ�(T����������GHSHQGV�QRW�RQO\�RQ�WKH�GHJUHH�VHTXHQFH�EXW�DOVR�RQ�WKH�VWUXFWXUH�RI
WKH�QHWZRUN�LWVHOI��GLIIHUHQW�QHWZRUNV�GR�DSSHDU�ZLWK�GLIIHUHQW�SUREDELOLWLHV�
$V�ZH�PHQWLRQHG��KRZHYHU��WKH�DYHUDJH�GHQVLWLHV�RI�VHOI�HGJHV�DQG�PXOWLHGJHV�LQ�WKH�FRQILJXUDWLRQ

PRGHO� YDQLVK� DV�Q� EHFRPHV� ODUJH�� VR� WKDW� WKH� YDULDWLRQ� LQ� SUREDELOLWLHV� LV� UHODWLYHO\� VPDOO� LQ� WKH
ODUJH�Q� OLPLW�� EXW� LW� QRQHWKHOHVV�GRHV�RFFDVLRQDOO\� DVVXPH�VRPH� LPSRUWDQFH� DQG� LV� WKHUHIRUH�ZRUWK
EHDULQJ�LQ�PLQG��VHH��IRU�LQVWDQFH��5HI��>���@��
$V�GLVFXVVHG�DERYH��ZH�DUH�VRPHWLPHV��LQGHHG�RIWHQ��LQWHUHVWHG�LQ�WKH�FDVH�ZKHUH�LW�LV�WKH�GHJUHH

GLVWULEXWLRQ�RI�WKH�QHWZRUN�WKDW�LV�VSHFLILHG�UDWKHU�WKDQ�WKH�GHJUHH�VHTXHQFH��7KDW�LV��ZH�VSHFLI\�WKH
SUREDELOLW\� GLVWULEXWLRQ�SN�IURP�ZKLFK�WKH�GHJUHH�VHTXHQFH�LV�GUDZQ�UDWKHU�WKDQ�WKH�VHTXHQFH�LWVHOI�
:H� FDQ� GHILQH� DQ� REYLRXV� H[WHQVLRQ� RI� WKH� FRQILJXUDWLRQ� PRGHO� WR� WKLV� FDVH�� ZH� GUDZ� D� GHJUHH



VHTXHQFH�IURP�WKH�VSHFLILHG�GLVWULEXWLRQ�DQG�WKHQ�JHQHUDWH�D�QHWZRUN�ZLWK�WKDW�GHJUHH�VHTXHQFH�XVLQJ
WKH� WHFKQLTXH� GHVFULEHG� DERYH�� 0RUH� SUHFLVHO\�� ZH� GHILQH� DQ� HQVHPEOH� LQ� ZKLFK� HDFK� GHJUHH
VHTXHQFH�^NL`�DSSHDUV�ZLWK�SUREDELOLW\� ��7KHQ�LI�ZH�FDQ�FDOFXODWH�DQ�DYHUDJH�YDOXH�;�^NL`�� IRU
VRPH� TXDQWLW\� RI� LQWHUHVW�;� LQ� WKH� VWDQGDUG� FRQILJXUDWLRQ�PRGHO�� WKH� DYHUDJH� YDOXH� LQ� WKH� H[WHQGHG
PRGHO�LV�JLYHQ�E\
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�������
�

�
,Q�SUDFWLFH�WKH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�PRGHOV�LV�QRW�DFWXDOO\�YHU\�JUHDW��$V�ZH�ZLOO�VHH��WKH

FUXFLDO� SDUDPHWHU� WKDW� HQWHUV� LQWR� PRVW� RI� RXU� FRQILJXUDWLRQ� PRGHO� FDOFXODWLRQV� LV� WKH� IUDFWLRQ� RI
YHUWLFHV�WKDW�KDYH�HDFK�SRVVLEOH�GHJUHH�N��,Q�WKH�H[WHQGHG�PRGHO�DERYH��WKLV�IUDFWLRQ�LV��E\�GHILQLWLRQ�
HTXDO� WR�SN�LQ�WKH�OLPLW�RI�ODUJH�Q��,I��RQ�WKH�RWKHU�KDQG��WKH�GHJUHH�VHTXHQFH�LV�IL[HG�WKHQ�ZH�VLPSO\
FDOFXODWH� WKH� IUDFWLRQ� IURP� WKH� GHJUHH� VHTXHQFH� DQG� WKHQ� XVH� WKRVH� QXPEHUV�� ,Q� HLWKHU� WKH� FDVH� WKH
IRUPXODV�IRU�FDOFXODWHG�TXDQWLWLHV�DUH�WKH�VDPH�
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$� FHQWUDO� SURSHUW\� RI� WKH� FRQILJXUDWLRQ� PRGHO� LV� WKH� SUREDELOLW\�SLM� RI� WKH� RFFXUUHQFH� RI� DQ� HGJH
EHWZHHQ�WZR�VSHFLILHG�YHUWLFHV��L�DQG�M��2EYLRXVO\�LI�HLWKHU�YHUWH[�L�RU�YHUWH[�M�KDV�GHJUHH�]HUR�WKHQ
WKH�SUREDELOLW\�RI�DQ�HGJH�LV�]HUR��VR�OHW�XV�DVVXPH�WKDW�NL��NM�!����1RZ�FRQVLGHU�DQ\�RQH�RI�WKH�VWXEV
WKDW�HPHUJHV�IURP�YHUWH[�L��:KDW�LV�WKH�SUREDELOLW\�WKDW�WKLV�VWXE�LV�FRQQHFWHG�E\�DQ�HGJH�WR�DQ\�RI�WKH
VWXEV�RI�YHUWH[�M"�7KHUH�DUH��P�VWXEV�LQ�WRWDO��RU��P�����H[FOXGLQJ�WKH�RQH�FRQQHFWHG�WR�L�WKDW�ZH�DUH
FXUUHQWO\� ORRNLQJ�DW��2I�WKRVH��P��� ��� H[DFWO\�NM�RI� WKHP�DUH�DWWDFKHG� WR�YHUWH[�M��6R��JLYHQ� WKDW�DQ\
VWXE�LQ�WKH�QHWZRUN�LV�HTXDOO\�OLNHO\�WR�EH�FRQQHFWHG�WR�DQ\�RWKHU��WKH�SUREDELOLW\�WKDW�RXU�SDUWLFXODU
VWXE�LV�FRQQHFWHG�WR�DQ\�RI�WKRVH�DURXQG�YHUWH[�M�LV�NM���P±�����%XW�WKHUH�DUH�NL�VWXEV�DURXQG�YHUWH[�L�
VR�WKH�WRWDO�SUREDELOLW\�RI�D�FRQQHFWLRQ�EHWZHHQ�L�DQG�M�LV
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7HFKQLFDOO\��VLQFH�ZH�KDYH�DGGHG�WKH�SUREDELOLWLHV�RI�LQGHSHQGHQW�HYHQWV��WKLV�LV�UHDOO\�WKH�DYHUDJH
QXPEHU�RI�HGJHV�EHWZHHQ�L�DQG�M��UDWKHU�WKDQ�WKH�SUREDELOLW\�RI�KDYLQJ�DQ�HGJH�DW�DOO��%XW�LQ�WKH�OLPLW
RI� ODUJH�P�� WKLV� QXPEHU�EHFRPHV� VPDOO� �IRU� JLYHQ�NL��NM��� DQG� WKH�DYHUDJH�QXPEHU�RI�HGJHV� DQG� WKH
SUREDELOLW\� RI� DQ� HGJH� EHFRPH� HTXDO��$OVR� LQ� WKH� OLPLW� RI� ODUJH�P� ZH� FDQ� LJQRUH� WKH� ±� �� LQ� WKH
GHQRPLQDWRU�DQG�KHQFH�ZH�FDQ�ZULWH
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1RWH�WKDW��HYHQ�WKRXJK�ZH�DVVXPHG�NL�NM�!����WKLV�H[SUHVVLRQ�DOVR�JLYHV�WKH�ULJKW�UHVXOW�LI�HLWKHU�GHJUHH
LV�]HUR��QDPHO\�WKDW�LQ�WKDW�FDVH�WKH�SUREDELOLW\�RI�FRQQHFWLRQ�LV�]HUR�
:H�FDQ�XVH�WKLV�UHVXOW��IRU�H[DPSOH��WR�FDOFXODWH�WKH�SUREDELOLW\�RI�KDYLQJ�WZR�HGJHV�EHWZHHQ�WKH

VDPH�SDLU�RI�YHUWLFHV��7KH�SUREDELOLW\�RI�KDYLQJ�RQH�HGJH�EHWZHHQ�YHUWLFHV�L� DQG�M� LV�SLM�DV�DERYH�
2QFH�ZH�KDYH�RQH�HGJH�EHWZHHQ�WKH�YHUWLFHV�WKH�QXPEHU�RI�DYDLODEOH�VWXEV�DW�HDFK�LV�UHGXFHG�E\�RQH�
DQG�KHQFH� WKH�SUREDELOLW\�RI�KDYLQJ�D� VHFRQG�HGJH� LV�JLYHQ�E\�(T�� ��������EXW�ZLWK�NL� DQG�NM� HDFK



UHGXFHG�E\�RQH���NL�±����NM�±�����P��7KXV�WKH�SUREDELOLW\�RI�KDYLQJ��DW�OHDVW��WZR�HGJHV��L�H���RI�KDYLQJ
D� PXOWLHGJH� EHWZHHQ�L� DQG�M�� LV�NLNM�NL�±� ��� �NM�±� �����P��� DQG�� VXPPLQJ� WKLV� SUREDELOLW\� RYHU� DOO
YHUWLFHV� DQG�GLYLGLQJ�E\� WZR� �WR� DYRLG�GRXEOH�FRXQWLQJ�RI�YHUWH[�SDLUV���ZH� ILQG� WKDW� WKH� H[SHFWHG
WRWDO�QXPEHU�RI�PXOWLHGJHV�LQ�WKH�QHWZRUN�LV
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ZKHUH

�

�������
�

DQG�ZH�KDYH�XVHG��P� � NQ� �VHH�(T�� ���������7KXV� WKH� H[SHFWHG�QXPEHU�RI�PXOWLHGJHV� UHPDLQV
FRQVWDQW� DV� WKH� QHWZRUN� JURZV� ODUJHU�� VR� ORQJ� DV� N�� LV� FRQVWDQW� DQG� ILQLWH�� DQG� WKH� GHQVLW\� RI
PXOWLHGJHV²WKH�QXPEHU�SHU�YHUWH[²YDQLVKHV�DV���Q��:H�XVHG�WKLV�UHVXOW�LQ�D�QXPEHU�RI�RXU�HDUOLHU
DUJXPHQWV����
$QRWKHU�ZD\�WR�GHULYH�WKH�H[SUHVVLRQ�LQ�(T����������LV�WR�REVHUYH�WKDW�WKHUH�DUH�NLNM�SRVVLEOH�HGJHV

ZH�FRXOG�IRUP�EHWZHHQ�YHUWLFHV�L�DQG�M��ZKLOH�WKH�WRWDO�QXPEHU�RI�SRVVLEOH�HGJHV�LQ�WKH�ZKROH�JUDSK
LV� WKH� QXPEHU� RI�ZD\V� RI� FKRRVLQJ� D� SDLU� RI� VWXEV� IURP� WKH� �P� WRWDO� VWXEV�� RU� �� 7KH
SUREDELOLW\�WKDW�DQ\�SDUWLFXODU�HGJH�IDOOV�EHWZHHQ�L�DQG�M�LV�WKXV�JLYHQ�E\�WKH�UDWLR�NLNM�P��P±�����DQG
LI�ZH�PDNH�D�WRWDO�RI�P�HGJHV�WKHQ�WKH�H[SHFWHG�WRWDO�QXPEHU�RI�HGJHV�EHWZHHQ�L�DQG�M� LV�P�WLPHV�WKLV
TXDQWLW\��ZKLFK�JLYHV�XV�(T����������DJDLQ�
7KH�RQO\�FDVH�LQ�ZKLFK�WKLV�GHULYDWLRQ�LV�QRW�TXLWH�ULJKW�LV�IRU�VHOI�HGJHV��,Q�WKDW�FDVH�WKH�QXPEHU�RI

SDLUV� RI� VWXEV� LV� QRW�NLNM� EXW� LQVWHDG� LV� � DQG� KHQFH� WKH� SUREDELOLW\� RI� D� VHOI�HGJH� IURP
YHUWH[�L�WR�LWVHOI�LV
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�������
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:H�FDQ�XVH�WKLV�UHVXOW�WR�FDOFXODWH�WKH�H[SHFWHG�QXPEHU�RI�VHOI�HGJHV�LQ�WKH�QHWZRUN��ZKLFK�LV�JLYHQ
E\�WKH�VXP�RYHU�DOO�YHUWLFHV�L�
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7KLV�H[SUHVVLRQ� UHPDLQV�FRQVWDQW�DV�Q�ĺ���SURYLGHG�N�� UHPDLQV�FRQVWDQW��DQG�KHQFH��DV�ZLWK� WKH
PXOWLHGJHV��WKH�GHQVLW\�RI�VHOI�HGJHV�LQ�WKH�QHWZRUN�YDQLVKHV�DV���Q�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�
:H�FDQ�XVH�(TV����������DQG���������WR�FDOFXODWH�D�QXPEHU�RI�RWKHU�SURSHUWLHV�RI�YHUWLFHV�LQ�WKH

FRQILJXUDWLRQ�PRGHO�� )RU� LQVWDQFH��ZH� FDQ� FDOFXODWH� WKH� H[SHFWHG� QXPEHU�QLM� RI� FRPPRQ� QHLJKERUV
WKDW� YHUWLFHV�L� DQG�M� VKDUH�� 7KH� SUREDELOLW\� WKDW�L� LV� FRQQHFWHG� WR� DQRWKHU� YHUWH[�O� LV�SLO� DQG� WKH
SUREDELOLW\� WKDW�M�LV�FRQQHFWHG�WR�WKH�VDPH�YHUWH[�ZRXOG�OLNHZLVH�QRUPDOO\�EH�SMO��+RZHYHU��DV�ZLWK
WKH�FDOFXODWLRQ�RI�PXOWLHGJHV�DERYH�� LI�ZH�DOUHDG\�NQRZ�WKDW�L� LV�FRQQHFWHG� WR�O�� WKHQ�WKH�QXPEHU�RI
DYDLODEOH� VWXEV� DW�YHUWH[�O� LV� UHGXFHG�E\�RQH�DQG��UDWKHU� WKDQ�EHLQJ�JLYHQ�E\� WKH�QRUPDO�H[SUHVVLRQ
���������WKH�SUREDELOLW\�RI�D�FRQQHFWLRQ�EHWZHHQ�M�DQG�O�LV�NM��NO�±�����P��0XOWLSO\LQJ�WKH�SUREDELOLWLHV
IRU�WKH�WZR�HGJHV�DQG�VXPPLQJ�RYHU�O��ZH�WKHQ�JHW�RXU�H[SUHVVLRQ�IRU�WKH�H[SHFWHG�QXPEHU�RI�FRPPRQ
QHLJKERUV�RI�L�DQG�M�

�

�������
�

�

7KXV�WKH�SUREDELOLW\�RI�VKDULQJ�D�FRPPRQ�QHLJKERU�LV�HTXDO�WR�WKH�SUREDELOLW\�SLM� �NLNM��P�RI�KDYLQJ�D
GLUHFW� FRQQHFWLRQ� WLPHV� D�PXOWLSOLFDWLYH� IDFWRU� WKDW� GHSHQGV� RQO\� RQ� WKH�PHDQ� DQG� YDULDQFH� RI� WKH
GHJUHH�GLVWULEXWLRQ�EXW�QRW�RQ�WKH�SURSHUWLHV�RI�WKH�YHUWLFHV�L�DQG�M�WKHPVHOYHV�
,Q� WKLV� FDOFXODWLRQ� ZH� KDYH� LJQRUHG� WKH� IDFW� WKDW� WKH� SUREDELOLW\� RI� VHOI�HGJHV�� (T�� ��������� LV

GLIIHUHQW�IURP�WKH�SUREDELOLW\�IRU�RWKHU�HGJHV��$V�ZH�KDYH�VHHQ��KRZHYHU��WKH�GHQVLW\�RI�VHOI�HGJHV�LQ
WKH� FRQILJXUDWLRQ� PRGHO� WHQGV� WR� ]HUR� DV�Q� ĺ� ��� VR� LQ� WKDW� OLPLW� LW� LV� XVXDOO\� VDIH� WR� PDNH� WKH
DSSUR[LPDWLRQ�WKDW�(T����������DSSOLHV�IRU�DOO�L�DQG�M�
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7KH� FRQILJXUDWLRQ�PRGHO� RI� WKH� SUHYLRXV� VHFWLRQ� LV�� DV�ZH�KDYH� VDLG�� VLPLODU� LQ� VRPH�ZD\V� WR� WKH
VWDQGDUG�UDQGRP�JUDSK�*�Q��P��GHVFULEHG�LQ�6HFWLRQ�������LQ�ZKLFK�ZH�GLVWULEXWH�D�IL[HG�QXPEHU�P�RI
HGJHV� DW� UDQGRP� EHWZHHQ�Q� YHUWLFHV�� ,Q� WKH�FRQILJXUDWLRQ�PRGHO� WKH� WRWDO�QXPEHU�RI� HGJHV� LV� DJDLQ
IL[HG��KDYLQJ�YDOXH� �EXW�LQ�DGGLWLRQ�ZH�QRZ�DOVR�IL[�WKH�LQGLYLGXDO�GHJUHH�RI�HYHU\�YHUWH[�DV
ZHOO�
,W� LV� QDWXUDO� WR� DVN�ZKHWKHU� WKHUH� LV� DOVR� DQ� HTXLYDOHQW� RI�*�Q��S�²WKH�PRGHO� LQ�ZKLFK� RQO\� WKH

SUREDELOLW\�RI� HGJHV� LV� IL[HG� DQG�QRW� WKHLU�QXPEHU²DQG� LQGHHG� WKHUH� LV��:H�VLPSO\�SODFH�DQ�HGJH
EHWZHHQ�HDFK�SDLU�RI�YHUWLFHV�L��M�ZLWK�LQGHSHQGHQW�SUREDELOLWLHV�WDNLQJ�WKH�IRUP�RI�(T�����������:H
GHILQH�D�SDUDPHWHU�FL�IRU�HDFK�YHUWH[�DQG�WKHQ�SODFH�DQ�HGJH�EHWZHHQ�YHUWLFHV�L�DQG�M�ZLWK�SUREDELOLW\
SLM�  �FLFM��P�� $V� ZLWK� WKH� FRQILJXUDWLRQ� PRGHO�� ZH� PXVW� DOORZ� VHOI�HGJHV� LI� WKH� PRGHO� LV� WR� EH
WUDFWDEOH��DQG�DJDLQ�VHOI�HGJHV�KDYH�WR�EH�WUHDWHG�D�OLWWOH�GLIIHUHQWO\�IURP�RUGLQDU\�HGJHV��,W�WXUQV�RXW
WKDW�WKH�PRVW�VDWLVIDFWRU\�GHILQLWLRQ�RI�WKH�HGJH�SUREDELOLW\�LV
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ZKHUH�P�LV�QRZ�GHILQHG�E\
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:LWK�WKLV�FKRLFH�WKH�DYHUDJH�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�LV
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�������
�



DV�EHIRUH��:H�FDQ�DOVR�FDOFXODWH�WKH�DYHUDJH�QXPEHU�RI�HQGV�RI�HGJHV�FRQQHFWHG�WR�D�YHUWH[� L��L�H���LWV
DYHUDJH�GHJUHH�NL��$OORZLQJ�IRU�WKH�IDFW�WKDW�D�VHOI�HGJH�FRQWULEXWHV�WZR�HQGV�RI�HGJHV�WR�WKH�GHJUHH�
ZH�JHW
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,Q� RWKHU�ZRUGV� WKH� SDUDPHWHUV�FL� DSSHDULQJ� LQ� WKH� GHILQLWLRQ� RI�SLM��(T�� ��������� DUH� WKH� DYHUDJH�RU
H[SHFWHG�GHJUHHV�LQ�WKLV�PRGHO��MXVW�DV�WKH�SDUDPHWHU�F� LQ�*�Q��S��LV�WKH�DYHUDJH�GHJUHH�RI�D�YHUWH[�
7KH�DFWXDO�GHJUHH�RI�D�YHUWH[�FRXOG�LQ�SULQFLSOH�WDNH�DOPRVW�DQ\�YDOXH��GHSHQGLQJ�RQ�WKH�OXFN�RI�WKH
GUDZ�DERXW�ZKLFK�HGJHV�KDSSHQ�WR�JHW�UDQGRPO\�FUHDWHG�DQG�ZKLFK�GR�QRW��,Q�IDFW�RQH�FDQ�VKRZ�WKDW
WKH�GHJUHH�RI�YHUWH[�L�ZLOO�KDYH�D�3RLVVRQ�GLVWULEXWLRQ�ZLWK�PHDQ�FL��PHDQLQJ�WKDW�LQ�SUDFWLFH�LW�ZLOO�EH
TXLWH� QDUURZO\� GLVWULEXWHG� DERXW�FL�� EXW� WKHUH�ZLOO� FHUWDLQO\�EH� VRPH�YDULDWLRQ�� XQOHVV�FL� LV� ]HUR����

1RWH�WKDW�FL�GRHV�QRW�KDYH�WR�EH�DQ�LQWHJHU��XQOLNH�WKH�GHJUHHV�NL�DSSHDULQJ�LQ�WKH�FRQILJXUDWLRQ�PRGHO�
7KXV�LQ�WKLV�PRGHO�ZH�VSHFLI\�WKH�H[SHFWHG�QXPEHU�RI�HGJHV�P�DQG�WKH�H[SHFWHG�GHJUHH�VHTXHQFH

^FL`� RI� WKH� QHWZRUN� EXW� QRW� WKH� DFWXDO� QXPEHU� RI� HGJHV� DQG� DFWXDO� GHJUHH� VHTXHQFH�� 7KLV� LV� DJDLQ
DQDORJRXV� WR�*�Q��S��� LQ� ZKLFK�ZH� VSHFLI\� RQO\� WKH� H[SHFWHG� QXPEHU� RI� HGJHV� DQG� QRW� WKH� DFWXDO
QXPEHU��8QIRUWXQDWHO\��WKLV�PHDQV�ZH�XVXDOO\�FDQQRW�FKRRVH�WKH�GHJUHH�GLVWULEXWLRQ�RI�RXU�QHWZRUN�
EHFDXVH� WKH� GLVWULEXWLRQ� RI� WKH� DFWXDO� GHJUHHV�NL� LV� QRW� WKH� VDPH�DV� WKH�GLVWULEXWLRQ�RI� WKH� H[SHFWHG
GHJUHHV�FL�� 7KLV� LV� D� VXEVWDQWLDO� GLVDGYDQWDJH� RI� WKH�PRGHO� VLQFH� WKH� GHJUHH� GLVWULEXWLRQ� LV�ZLGHO\
FRQVLGHUHG�WR�EH�D�FUXFLDO�SURSHUW\�RI�QHWZRUNV����
7KLV�LV�XQIRUWXQDWH��EHFDXVH�WKLV�PRGHO�LV�LQ�RWKHU�UHVSHFWV�D�YHU\�QLFH�RQH��,W�LV�VWUDLJKWIRUZDUG�WR

WUHDW� DQDO\WLFDOO\� DQG�PDQ\� RI� WKH� GHULYDWLRQV� DUH� VXEVWDQWLDOO\� VLPSOHU� IRU� WKLV�PRGHO� WKDQ� IRU� WKH
FRQILJXUDWLRQ�PRGHO��1RQHWKHOHVV�� EHFDXVH�ZH� SODFH� VXFK� D� SUHPLXP� RQ� EHLQJ� DEOH� WR� FKRRVH� WKH
GHJUHH� GLVWULEXWLRQ�� WKLV�PRGHO� LV� LQ� IDFW� KDUGO\� HYHU� XVHG� LQ� UHDO� FDOFXODWLRQV�RI� WKH�SURSHUWLHV� RI
QHWZRUNV��,QVWHDG��PRVW�FDOFXODWLRQV�DUH�PDGH�XVLQJ�WKH�FRQILJXUDWLRQ�PRGHO�DQG�WKLV�LV�WKH�GLUHFWLRQ
WKDW�ZH�ZLOO�WDNH�LQ�WKLV�ERRN�DV�ZHOO��,Q�WKH�IROORZLQJ�VHFWLRQV��ZH�GHVFULEH�KRZ�RQH�FDQ�PDNH�XVH
RI�WKH�PDFKLQHU\�RI�JHQHUDWLQJ�IXQFWLRQV�WR�FDOFXODWH�PDQ\�RI�WKH�SURSHUWLHV�RI�WKH�FRQILJXUDWLRQ�PRGHO
H[DFWO\�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�
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,Q� WKH� UHPDLQGHU� RI� WKLV� FKDSWHU� ZH� GHVFULEH� WKH� FDOFXODWLRQ� RI� D� YDULHW\� RI� SURSHUWLHV� RI� WKH
FRQILJXUDWLRQ�PRGHO��:H�EHJLQ�RXU�GLVFXVVLRQ�ZLWK�VRPH�IXQGDPHQWDO�REVHUYDWLRQV�DERXW�WKH�PRGHO
²DQG�QHWZRUNV�LQ�JHQHUDO²WKDW�ZLOO�SURYH�FHQWUDO�WR�ODWHU�GHYHORSPHQWV�
&RQVLGHU� D� FRQILJXUDWLRQ� PRGHO� ZLWK� GHJUHH� GLVWULEXWLRQ�SN�� PHDQLQJ� WKDW� D� IUDFWLRQ�SN� RI� WKH

YHUWLFHV�KDYH�GHJUHH�N���:H�FDQ�FRQVLGHU�HLWKHU�WKH�VWDQGDUG�YHUVLRQ�RI�WKH�PRGHO�LQ�ZKLFK�WKH�GHJUHH
VHTXHQFH�LV�IL[HG��DV�LQ�6HFWLRQ�������RU�WKH�YHUVLRQ�RI�(T����������LQ�ZKLFK�RQO\�WKH�GLVWULEXWLRQ�LV
IL[HG� EXW� QRW� WKH� H[DFW� GHJUHH� VHTXHQFH��� 7KH� GLVWULEXWLRQ�SN� WHOOV� XV� WKH� SUREDELOLW\� WKDW� D� YHUWH[
FKRVHQ�XQLIRUPO\�DW�UDQGRP�IURP�RXU�QHWZRUN�KDV�GHJUHH�N��%XW�VXSSRVH�LQVWHDG�WKDW�ZH�WDNH�D�YHUWH[
�UDQGRPO\�FKRVHQ�RU�QRW��DQG�IROORZ�RQH�RI�LWV�HGJHV��DVVXPLQJ�LW�KDV�DW�OHDVW�RQH��WR�WKH�YHUWH[�DW�WKH
RWKHU�HQG��:KDW�LV�WKH�SUREDELOLW\�WKDW�WKLV�YHUWH[�ZLOO�KDYH�GHJUHH�N"
7KH�DQVZHU�FDQQRW�MXVW�EH�SN��)RU�LQVWDQFH��WKHUH�LV�QR�ZD\�WR�UHDFK�D�YHUWH[�ZLWK�GHJUHH�]HUR�E\

IROORZLQJ�DQ�HGJH�LQ�WKLV�ZD\��EHFDXVH�D�YHUWH[�ZLWK�GHJUHH�]HUR�KDV�QR�HGJHV��6R�WKH�SUREDELOLW\�RI
ILQGLQJ�D�YHUWH[�RI�GHJUHH�]HUR�LV�LWVHOI�]HUR��DQG�QRW�S��
,Q� IDFW�� WKH� FRUUHFW� SUREDELOLW\� IRU� JHQHUDO�N� LV� QRW� KDUG� WR� FDOFXODWH�� :H� NQRZ� WKDW� DQ� HGJH

HPHUJLQJ� IURP� D� YHUWH[� LQ� D� FRQILJXUDWLRQ�PRGHO� QHWZRUN� KDV� HTXDO� FKDQFH� RI� WHUPLQDWLQJ� DW� DQ\
³VWXE´�RI�DQ�HGJH�DQ\ZKHUH�HOVH�LQ�WKH�QHWZRUN��VHH�6HFWLRQ��������6LQFH�WKHUH�DUH��L�NL� ��P�VWXEV�LQ
WRWDO�� RU� �P±� �� H[FOXGLQJ� WKH� RQH� DW� WKH� EHJLQQLQJ� RI� RXU� HGJH�� DQG�N� RI� WKHP� DUH� DWWDFKHG� WR� DQ\
SDUWLFXODU�YHUWH[�ZLWK�GHJUHH�N��RXU�HGJH�KDV�SUREDELOLW\�N���P±����RI�HQGLQJ�DW�DQ\�SDUWLFXODU�YHUWH[
RI� GHJUHH�N�� ,Q� WKH� OLPLW� RI� ODUJH� QHWZRUN� VL]H�� ZKHUH�P� EHFRPHV� ODUJH� �DVVXPLQJ� WKH� GHJUHH
GLVWULEXWLRQ��DQG�KHQFH�WKH�DYHUDJH�GHJUHH��UHPDLQ�FRQVWDQW���ZH�FDQ�LJQRUH�WKH�±���DQG�MXVW�ZULWH�WKLV
DV�N��P�
*LYHQ�WKDW�SN�LV�WKH�WRWDO�IUDFWLRQ�RI�YHUWLFHV�LQ�WKH�QHWZRUN�ZLWK�GHJUHH�N��WKH�WRWDO�QXPEHU�RI�VXFK

YHUWLFHV�LV�QSN��DQG�KHQFH�WKH�SUREDELOLW\�RI�RXU�HGJH�DWWDFKLQJ�WR�DQ\�YHUWH[�ZLWK�GHJUHH�N�LV
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ZKHUH�N�LV�WKH�DYHUDJH�GHJUHH�RYHU�WKH�ZKROH�QHWZRUN�DQG�ZH�KDYH�PDGH�XVH�RI�WKH�IDFW�WKDW��P
 �QN��(T���������
7KXV� WKH� SUREDELOLW\� WKDW� ZH� UHDFK� D� YHUWH[� RI� GHJUHH�N� XSRQ� IROORZLQJ� DQ� HGJH� LQ� WKLV�ZD\� LV

SURSRUWLRQDO�QRW�WR�SN�EXW�WR�NSN��7R�SXW�WKDW�DQRWKHU�ZD\��WKH�YHUWH[�\RX�UHDFK�E\�IROORZLQJ�DQ�HGJH
LV� QRW� D� W\SLFDO� YHUWH[� LQ� WKH� QHWZRUN�� ,W� LV�PRUH� OLNHO\� WR� KDYH� KLJK� GHJUHH� WKDQ� D� W\SLFDO� YHUWH[�
3K\VLFDOO\��WKH�UHDVRQLQJ�EHKLQG�WKLV�REVHUYDWLRQ�LV�WKDW�D�YHUWH[�ZLWK�GHJUHH�N�KDV�N�HGJHV�DWWDFKHG�WR
LW��DQG�\RX�FDQ�UHDFK�WKDW�YHUWH[�E\�IROORZLQJ�DQ\�RQH�RI�WKHP��7KXV�LI�ZH�FKRRVH�DQ�HGJH�DQG�IROORZ



LW�\RX�KDYH�N�WLPHV�WKH�FKDQFH�RI�UHDFKLQJ�D�YHUWH[�ZLWK�GHJUHH�N�WKDW�\RX�KDYH�RI�UHDFKLQJ�D�YHUWH[
ZLWK�GHJUHH���
,W�LV�LPSRUWDQW�WR�UHFRJQL]H�WKDW�WKLV�LV�D�SURSHUW\�VSHFLILFDOO\�RI�WKH�FRQILJXUDWLRQ�PRGHO��RU�VLPLODU

UDQGRP� JUDSK� PRGHOV��� ,Q� WKH� UHDO� ZRUOG�� WKH� GHJUHHV� RI� DGMDFHQW� YHUWLFHV� LQ� QHWZRUNV� DUH� RIWHQ
FRUUHODWHG� �VHH�6HFWLRQ� ������ DQG� KHQFH� WKH� SUREDELOLW\� RI� UHDFKLQJ� D� YHUWH[� RI� GHJUHH�N�ZKHQ�ZH
IROORZ� DQ� HGJH� GHSHQGV� RQ�ZKDW� YHUWH[�ZH� DUH� FRPLQJ� IURP�����1RQHWKHOHVV�� LW� LV� IRXQG� WR� DSSO\
DSSUR[LPDWHO\�WR�PDQ\�UHDO�ZRUOG�QHWZRUNV��ZKLFK�LV�RQH�RI�WKH�UHDVRQV�ZK\�LQVLJKWV�JDLQHG�IURP�WKH
FRQILJXUDWLRQ�PRGHO�DUH�XVHIXO�IRU�XQGHUVWDQGLQJ�WKH�ZRUOG�DURXQG�XV�
(TXDWLRQ���������KDV�VRPH�VWUDQJH�DQG�FRXQWHU�LQWXLWLYH�FRQVHTXHQFHV��$V�DQ�H[DPSOH��FRQVLGHU�D

UDQGRPO\� FKRVHQ� YHUWH[� LQ� WKH� FRQILJXUDWLRQ� PRGHO� DQG� OHW� XV� FDOFXODWH� WKH� DYHUDJH� GHJUHH� RI� D
QHLJKERU�RI�WKDW�YHUWH[��,I�ZH�ZHUH�XVLQJ�WKH�FRQILJXUDWLRQ�PRGHO�WR�PRGHO�D�IULHQGVKLS�QHWZRUN��IRU
LQVWDQFH�� WKH�DYHUDJH�GHJUHH�RI�DQ� LQGLYLGXDO¶V�QHWZRUN�QHLJKERU�ZRXOG�FRUUHVSRQG� WR� WKH�DYHUDJH
QXPEHU� RI� IULHQGV� WKHLU� IULHQG� KDV�� 7KLV� QXPEHU� LV� WKH� DYHUDJH� RI� WKH� GLVWULEXWLRQ� LQ� (T�� ��������
ZKLFK�ZH�JHW�E\�PXOWLSO\LQJ�E\�N�DQG�WKHQ�VXPPLQJ�RYHU�N�WKXV�
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1RWH�WKDW�WKH�DYHUDJH�GHJUHH�RI�D�QHLJKERU�LV�WKXV�GLIIHUHQW�IURP�WKH�DYHUDJH�GHJUHH�N�RI�D�W\SLFDO
YHUWH[�LQ�WKH�QHWZRUN��,Q�IDFW��LW�LV�LQ�JHQHUDO�ODUJHU��DV�ZH�FDQ�VKRZ�E\�FDOFXODWLQJ�WKH�GLIIHUHQFH
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ZKHUH� �LV�WKH�YDULDQFH�RI�WKH�GHJUHH�GLVWULEXWLRQ��7KH�YDULDQFH��ZKLFK�LV�WKH�VTXDUH�RI�WKH
VWDQGDUG� GHYLDWLRQ�� LV� QHFHVVDULO\� QRQ�QHJDWLYH� DQG� LQGHHG� LV� VWULFWO\� SRVLWLYH� XQOHVV� HYHU\� VLQJOH
YHUWH[�LQ�WKH�QHWZRUN�KDV�WKH�VDPH�GHJUHH��/HW�XV�DVVXPH�WKDW�WKHUH�LV�VRPH�YDULDWLRQ�LQ�WKH�GHJUHHV�VR
WKDW� �LV�JUHDWHU�WKDQ�]HUR��7KH�DYHUDJH�GHJUHH�N�LV�DOVR�JUHDWHU�WKDQ�]HUR��XQOHVV�DOO�YHUWLFHV�KDYH
GHJUHH�]HUR��7KXV�(T����������LPSOLHV�WKDW�N��N�±�N�!����RU
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,Q�RWKHU�ZRUGV��WKH�DYHUDJH�GHJUHH�RI�WKH�QHLJKERU�RI�D�YHUWH[�LV�JUHDWHU�WKDQ�WKH�DYHUDJH�GHJUHH�RI�D
YHUWH[��,Q�FROORTXLDO�WHUPV��³<RXU�IULHQGV�KDYH�PRUH�IULHQGV�WKDQ�\RX�GR�´
$W�ILUVW�VLJKW�� WKLV�DSSHDUV�WR�EH�D�YHU\�VWUDQJH�UHVXOW��&HUWDLQO\�LW�VHHPV�OLNHO\�WKDW�WKHUH�ZLOO�EH

VRPH�YHUWLFHV�LQ�WKH�QHWZRUN�ZLWK�KLJKHU�GHJUHH�WKDQ�WKH�DYHUDJH��%XW�WKHUH�ZLOO�DOVR�EH�VRPH�ZKR
KDYH� ORZHU�GHJUHH� DQG�ZKHQ�\RX�DYHUDJH�RYHU� DOO� QHLJKERUV� RI� DOO� YHUWLFHV� VXUHO\� WKH� WZR� VKRXOG
FDQFHO�RXW��6XUHO\�WKH�DYHUDJH�GHJUHH�RI�D�QHLJKERU�VKRXOG�EH�WKH�VDPH�DV�WKH�DYHUDJH�GHJUHH�LQ�WKH
QHWZRUN�DV�D�ZKROH��<HW�(T����������WHOOV�XV�WKDW�WKLV�LV�QRW�VR��$QG�WKH�HTXDWLRQ�UHDOO\�LV�FRUUHFW��<RX
FDQ�FUHDWH�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�RQ�D�FRPSXWHU�DQG�DYHUDJH�WKH�GHJUHHV�RI�WKH�QHLJKERUV�RI
HYHU\�YHUWH[��DQG�\RX¶OO�ILQG�WKDW�WKH�IRUPXOD�ZRUNV�WR�YHU\�KLJK�DFFXUDF\��(YHQ�PRUH�UHPDUNDEO\��DV
ILUVW� VKRZQ� E\� )HOG� >���@�� \RX� FDQ� GR� WKH� VDPH� WKLQJ� ZLWK� UHDO� QHWZRUNV� DQG�� DOWKRXJK� WKH
FRQILJXUDWLRQ�PRGHO�IRUPXOD�GRHVQ¶W�DSSO\�H[DFWO\�WR�WKHVH�QHWZRUNV��WKH�EDVLF�SULQFLSOH�VWLOO�VHHPV
WR� KROG�� +HUH�� IRU� LQVWDQFH�� DUH� VRPH� PHDVXUHPHQWV� IRU� WZR� DFDGHPLF� FROODERUDWLRQ� QHWZRUNV�� LQ
ZKLFK�VFLHQWLVWV�DUH�FRQQHFWHG�WRJHWKHU�E\�HGJHV�LI�WKH\�KDYH�FRDXWKRUHG�VFLHQWLILF�SDSHUV��DQG�IRU�D
UHFHQW�VQDSVKRW�RI�WKH�VWUXFWXUH�RI�WKH�,QWHUQHW�DW�WKH�DXWRQRPRXV�V\VWHP�OHYHO�

�

$FFRUGLQJ�WR�WKHVH�UHVXOWV�D�ELRORJLVW¶V�FROODERUDWRUV�KDYH��RQ�DYHUDJH��PRUH�WKDQ�IRXU�WLPHV�DV�PDQ\
FROODERUDWRUV�DV�WKH\�GR�WKHPVHOYHV��2Q�WKH�,QWHUQHW��D�QRGH¶V�QHLJKERUV�KDYH�PRUH�WKDQ����WLPHV�WKH
DYHUDJH�GHJUHH��1RWH�WKDW�LQ�HDFK�RI�WKH�FDVHV�LQ�WKH�WDEOH�WKH�FRQILJXUDWLRQ�PRGHO�YDOXH�RI�N��N
RYHUHVWLPDWHV� WKH� UHDO� DYHUDJH� QHLJKERU� GHJUHH�� LQ� VRPH� FDVHV� E\� D� VXEVWDQWLDO�PDUJLQ����� 7KLV� LV
W\SLFDO� RI� FDOFXODWLRQV� XVLQJ� VLPSOLILHG� QHWZRUN�PRGHOV�� WKH\� FDQ� JLYH� \RX� D� IHHO� IRU� WKH� W\SHV� RI
HIIHFW� RQH�PLJKW� H[SHFW� WR� VHH�� RU� WKH� JHQHUDO� GLUHFWLRQV� RI� FKDQJHV� LQ� TXDQWLWLHV��%XW� WKH\� XVXDOO\
GRQ¶W�JLYH�TXDQWLWDWLYHO\�DFFXUDWH�SUHGLFWLRQV�IRU�WKH�EHKDYLRU�RI�UHDO�QHWZRUNV�
7KH�IXQGDPHQWDO� UHDVRQ�IRU� WKH� UHVXOW��(T�� ��������� LV� WKDW�ZKHQ�\RX�JR� WKURXJK� WKH�YHUWLFHV�RI�D

QHWZRUN� DQG� DYHUDJH� WKH�GHJUHHV� RI� WKH�QHLJKERUV� RI� HDFK�RQH��PDQ\�RI� WKRVH�QHLJKERUV� DSSHDU� LQ
PRUH�WKDQ�RQH�DYHUDJH��,Q�IDFW��D�YHUWH[�ZLWK�GHJUHH�N�ZLOO�DSSHDU�DV�RQH�RI�WKH�QHLJKERUV�RI�H[DFWO\�N
RWKHU�YHUWLFHV��DQG�KHQFH�DSSHDU�LQ�N�RI�WKH�DYHUDJHV��7KLV�PHDQV�WKDW�KLJK�GHJUHH�YHUWLFHV�DUH�RYHU�
UHSUHVHQWHG�LQ�WKH�FDOFXODWLRQV�FRPSDUHG�ZLWK�ORZ�GHJUHH�RQHV�DQG�LW�LV�WKLV�ELDV�WKDW�SXVKHV�XS�WKH
RYHUDOO�DYHUDJH�YDOXH�
,Q�PRVW�RI�WKH�FDOFXODWLRQV�WKDW�IROORZ��ZH�ZLOO�EH�LQWHUHVWHG�QRW�LQ�WKH�WRWDO�GHJUHH�RI�WKH�YHUWH[�DW

WKH�HQG�RI�DQ�HGJH�EXW�LQ� WKH�QXPEHU�RI�HGJHV�DWWDFKHG�WR�WKDW�YHUWH[�RWKHU� WKDQ�WKH�RQH�ZH�DUULYHG
DORQJ��)RU�LQVWDQFH��LI�ZH�ZDQW�WR�FDOFXODWH�WKH�VL]H�RI�WKH�FRPSRQHQW�WR�ZKLFK�D�YHUWH[�L�EHORQJV�WKHQ
ZH�ZLOO�ZDQW� WR� NQRZ� ILUVW� RI� DOO� KRZ�PDQ\� QHLJKERUV�L� KDV�� DQG� WKHQ� KRZ�PDQ\� QHLJKERUV� WKRVH
QHLJKERUV�KDYH��RWKHU�WKDQ�L��DQG�VR�RQ�
7KH�QXPEHU�RI�HGJHV�DWWDFKHG�WR�D�YHUWH[�RWKHU�WKDQ�WKH�HGJH�ZH�DUULYHG�DORQJ�LV�FDOOHG�WKH�H[FHVV



GHJUHH�RI�WKH�YHUWH[�DQG�LW�LV�MXVW�RQH�OHVV�WKDQ�WKH�WRWDO�GHJUHH��6LQFH�WKH�YHUWH[�DW�WKH�HQG�RI�DQ�HGJH
DOZD\V�KDV�GHJUHH�DW�OHDVW����EHFDXVH�RI�WKDW�HGJH��WKH�PLQLPXP�YDOXH�RI�WKH�H[FHVV�GHJUHH�LV�]HUR�
:H� FDQ� FDOFXODWH� WKH� SUREDELOLW\� GLVWULEXWLRQ� RI� WKH� H[FHVV� GHJUHH� IURP� (T�� ��������� 7KH

SUREDELOLW\�TN�RI�KDYLQJ�H[FHVV�GHJUHH�N� LV�VLPSO\�WKH�SUREDELOLW\�RI�KDYLQJ� WRWDO�GHJUHH�N�����DQG�
SXWWLQJ�N�ĺ�N�����LQ�(T�����������ZH�JHW
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�1RWH�WKDW�WKH�GHQRPLQDWRU�LV�VWLOO�MXVW�N��DQG�QRW�N����DV�\RX�FDQ�YHULI\�IRU�\RXUVHOI�E\�FKHFNLQJ
WKDW�(T����������LV�FRUUHFWO\�QRUPDOL]HG�VR�WKDW� � ����
7KH�GLVWULEXWLRQ�TN� LV�FDOOHG�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ�DQG�LW�ZLOO�FRPH�XS�UHSHDWHGO\�LQ�WKH

VHFWLRQV�WKDW�IROORZ��,W�LV�WKH�SUREDELOLW\�GLVWULEXWLRQ��IRU�D�YHUWH[�UHDFKHG�E\�IROORZLQJ�DQ�HGJH��RI
WKH�QXPEHU�RI�RWKHU�HGJHV�DWWDFKHG�WR�WKDW�YHUWH[�
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$V�D�VLPSOH�DSSOLFDWLRQ�RI�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��OHW�XV�FDOFXODWH�WKH�FOXVWHULQJ�FRHIILFLHQW�IRU
WKH� FRQILJXUDWLRQ� PRGHO�� 5HFDOO� WKDW� WKH� FOXVWHULQJ� FRHIILFLHQW� LV� WKH� DYHUDJH� SUREDELOLW\� WKDW� WZR
QHLJKERUV�RI�D�YHUWH[�DUH�QHLJKERUV�RI�HDFK�RWKHU�
&RQVLGHU� WKHQ� D� YHUWH[�Y� WKDW� KDV� DW� OHDVW� WZR� QHLJKERUV�� ZKLFK� ZH� ZLOO� GHQRWH�L� DQG�M�� %HLQJ

QHLJKERUV� RI�Y�� L� DQG�M� DUH� ERWK� DW� WKH� HQGV� RI� HGJHV� IURP�Y�� DQG�KHQFH� WKH� QXPEHU� RI� RWKHU� HGJHV
FRQQHFWHG�WR�WKHP��NL�DQG�NM�DUH�GLVWULEXWHG�DFFRUGLQJ�WR�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��(T����������
7KH�SUREDELOLW\�RI�DQ�HGJH�EHWZHHQ�L� DQG�M� LV� WKHQ�NLNM��P� �VHH�(T�� ��������� DQG�� DYHUDJLQJ�ERWK�NL
DQG�NM�RYHU�WKH�GLVWULEXWLRQ�TN��ZH�JHW�DQ�H[SUHVVLRQ�IRU�WKH�FOXVWHULQJ�FRHIILFLHQW�WKXV�
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ZKHUH�ZH�KDYH�PDGH�XVH�RI��P� �QN��(T���������
/LNH�WKH�FOXVWHULQJ�FRHIILFLHQW�RI�WKH�3RLVVRQ�UDQGRP�JUDSK��(T�����������WKLV�H[SUHVVLRQ�JRHV�DV�Q��

IRU�IL[HG�GHJUHH�GLVWULEXWLRQ��DQG�VR�YDQLVKHV�LQ�WKH�OLPLW�RI�ODUJH�V\VWHP�VL]H��+HQFH��OLNH�WKH�3RLVVRQ
UDQGRP�JUDSK��WKH�FRQILJXUDWLRQ�PRGHO�DSSHDUV�WR�EH�DQ�XQSURPLVLQJ�PRGHO�IRU�UHDO�ZRUOG�QHWZRUNV
ZLWK�KLJK�FOXVWHULQJ��1RWH��KRZHYHU��WKDW�(T����������FRQWDLQV�WKH�VHFRQG�PRPHQW�N��RI�WKH�GHJUHH
GLVWULEXWLRQ� LQ� LWV� QXPHUDWRU� ZKLFK� FDQ� EHFRPH� ODUJH�� IRU� LQVWDQFH� LQ� QHWZRUNV� ZLWK� SRZHU�ODZ
GHJUHH� GLVWULEXWLRQV� �VHH� 6HFWLRQ� �������� 7KLV� FDQ� UHVXOW� LQ� VXUSULVLQJO\� ODUJH� YDOXHV� RI�&� LQ� WKH
FRQILJXUDWLRQ�PRGHO��)RU�IXUWKHU�GLVFXVVLRQ�RI�WKLV�SRLQW�VHH�6HFWLRQ�����
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,Q� WKH� FDOFXODWLRQV� WKDW� IROORZ��ZH�ZLOO�PDNH� KHDY\� XVH� RI� WKH� JHQHUDWLQJ� IXQFWLRQV� IRU� WKH� GHJUHH
GLVWULEXWLRQ� DQG� WKH� H[FHVV� GHJUHH� GLVWULEXWLRQ� RI� D� QHWZRUN�� :H� ZLOO� GHQRWH� WKHVH� JHQHUDWLQJ
IXQFWLRQV�E\�J��]��DQG�J��]��UHVSHFWLYHO\��7KH\�DUH�GHILQHG�E\
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�
�
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�

$OWKRXJK�LW�ZLOO�EH�FRQYHQLHQW�WR�KDYH�VHSDUDWH�QRWDWLRQV�IRU�WKHVH�WZR�FRPPRQO\�RFFXUULQJ�IXQFWLRQV�
WKH\�DUH�QRW�UHDOO\�LQGHSHQGHQW��VLQFH�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ�LV�LWVHOI�GHILQHG�LQ�WHUPV�RI�WKH
RUGLQDU\�GHJUHH�GLVWULEXWLRQ�YLD�(T�����������8VLQJ�(T����������ZH�FDQ�ZULWH�J��]��DV

�

�������
�
�

%XW�(T����������WHOOV�XV�WKDW�WKH�DYHUDJH�YHUWH[�GHJUHH�LV� ��VR



�

�������
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�

7KXV� LI�ZH�FDQ� ILQG�J��]���ZH�FDQ�DOVR� ILQG�J��]��GLUHFWO\� IURP�LW��ZLWKRXW� WKH�QHHG� WR�FDOFXODWH� WKH
H[FHVV�GHJUHH�GLVWULEXWLRQ�H[SOLFLWO\�
)RU�H[DPSOH��VXSSRVH�RXU�GHJUHH�GLVWULEXWLRQ�LV�D�3RLVVRQ�GLVWULEXWLRQ�ZLWK�PHDQ�F�

�

�������
�

�

7KHQ�LWV�JHQHUDWLQJ�IXQFWLRQ�LV�JLYHQ�E\�(T���������WR�EH

�

�������
�
�

$SSO\LQJ�(T�����������ZH�WKHQ�ILQG�WKDW

�

�������
�
�

,Q� RWKHU�ZRUGV��J��]�� DQG�J��]�� DUH� LGHQWLFDO� LQ� WKLV�FDVH�� �7KLV� LV�RQH� UHDVRQ�ZK\�FDOFXODWLRQV�DUH
UHODWLYHO\�VWUDLJKWIRUZDUG�IRU�WKH�3RLVVRQ�UDQGRP�JUDSK²WKHUH�LV�QR�GLIIHUHQFH�EHWZHHQ�WKH�GHJUHH
GLVWULEXWLRQ� DQG� WKH� H[FHVV� GHJUHH� GLVWULEXWLRQ� LQ� WKDW� FDVH�� D� IDFW� \RX� FDQ� HDVLO\� GHPRQVWUDWH� IRU
\RXUVHOI�E\�VXEVWLWXWLQJ�(T����������GLUHFWO\�LQWR�(T�����������
$�PRUH�FRPSOLFDWHG�H[DPSOH� LV� WKH�SRZHU�ODZ�GLVWULEXWLRQ��(T�����������ZKLFK�KDV�D�JHQHUDWLQJ

IXQFWLRQ�JLYHQ�E\�(T����������WR�EH
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ZKHUH�/LĮ��]��LV�WKH�SRO\ORJDULWKP�IXQFWLRQ�DQG�Į�LV�WKH�H[SRQHQW�RI�WKH�SRZHU�ODZ��6XEVWLWXWLQJ�WKLV
UHVXOW�LQWR�(T����������DQG�PDNLQJ�XVH�RI�(T����������JLYHV

�

�������
�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�WKH�IDFW�WKDW�/LĮ���� �ȗ�Į���VHH�(TV����������DQG����������



�����180%(5�2)�6(&21'�1(,*+%256�2)�$�9(57(;

�

$UPHG�ZLWK�WKHVH�UHVXOWV��ZH�DUH�QRZ�LQ�D�SRVLWLRQ�WR�PDNH�VRPH�PRUH�GHWDLOHG�FDOFXODWLRQV�RI�WKH
SURSHUWLHV�RI�WKH�FRQILJXUDWLRQ�PRGHO��7KH�ILUVW�TXHVWLRQ�ZH�ZLOO�DGGUHVV�LV�D�UHODWLYHO\�VLPSOH�RQH�
ZKDW�LV�WKH�SUREDELOLW\� �WKDW�D�YHUWH[�KDV�H[DFWO\�N�VHFRQG�QHLJKERUV�LQ�WKH�QHWZRUN"
/HW�XV�EUHDN�WKLV�SUREDELOLW\�GRZQ�E\�ZULWLQJ�LW�LQ�WKH�IRUP

�

�������
�

ZKHUH�3����N_P�� LV� WKH� SUREDELOLW\� RI� KDYLQJ�N� VHFRQG� QHLJKERUV� JLYHQ� WKDW� ZH� KDYH�P� ILUVW
QHLJKERUV�DQG�SP�LV�WKH�RUGLQDU\�GHJUHH�GLVWULEXWLRQ��(TXDWLRQ���������VD\V�WKDW�WKH�WRWDO�SUREDELOLW\
RI� KDYLQJ�N�VHFRQG�QHLJKERUV� LV� WKH�SUREDELOLW\�RI�KDYLQJ�N� VHFRQG�QHLJKERUV�JLYHQ� WKDW�ZH�KDYH�P
ILUVW� QHLJKERUV�� DYHUDJHG� RYHU� DOO� SRVVLEOH� YDOXHV� RI�P��:H� DVVXPH� WKDW�ZH� DUH� JLYHQ� WKH� GHJUHH
GLVWULEXWLRQ�SP��ZH�QHHG�WR�ILQG�3�����N_P��DQG�WKHQ�FRPSOHWH�WKH�VXP�

�

)LJXUH�������&DOFXODWLRQ�RI�WKH�QXPEHU�RI�VHFRQG�QHLJKERUV�RI�D�YHUWH[��7KH�QXPEHU�RI�VHFRQG
QHLJKERUV�RI�D�YHUWH[��WRS��LV�HTXDO�WR�WKH�VXP�RI�WKH�H[FHVV�GHJUHHV�RI�WKH�ILUVW�QHLJKERUV�
�
�
$V�LOOXVWUDWHG�LQ�)LJ��������WKH�QXPEHU�RI�VHFRQG�QHLJKERUV�RI�D�YHUWH[�LV�HTXDO�WR�WKH�VXP�RI�WKH

H[FHVV�GHJUHHV�RI�WKH�ILUVW�QHLJKERUV��$QG�DV�GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQ��WKH�H[FHVV�GHJUHHV�DUH
GLVWULEXWHG�DFFRUGLQJ�WR�WKH�GLVWULEXWLRQ�TN��(T�����������VR�WKDW�WKH�SUREDELOLW\�WKDW�WKH�H[FHVV�GHJUHHV
RI�RXU�P�ILUVW�QHLJKERUV�WDNH�WKH�YDOXHV�M��������MP� LV� ��6XPPLQJ�RYHU�DOO�VHWV�RI�YDOXHV�M��������MP�
WKH�SUREDELOLW\�WKDW�WKH�H[FHVV�GHJUHHV�VXP�WR�N�DQG�KHQFH�WKDW�ZH�KDYH�N�VHFRQG�QHLJKERUV�LV
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�

6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ�LQWR����������ZH�ILQG�WKDW

�

�������
�
�
%\�QRZ��\RX�PD\�EH�VWDUWLQJ� WR� ILQG�VXPV�RI� WKLV� W\SH�IDPLOLDU��:H�VDZ�WKHP�SUHYLRXVO\� LQ�(TV�

��������DQG����������IRU�H[DPSOH��:H�FDQ�KDQGOH�WKLV�R�QH�E\�WKH�VDPH�WULFN�ZH�XVHG�EHIRUH��LQVWHDG
RI�WU\LQJ�WR�FDOFXODWH� �GLUHFWO\��ZH�FDOFXODWH�LQVWHDG�LWV�JHQHUDWLQJ�IXQFWLRQ�J�����]��WKXV�

�

�������
�

�

%XW�QRZ�ZH�QRWLFH�DQ�LQWHUHVWLQJ�WKLQJ��WKH�VXP�LQ�VTXDUH�EUDFNHWV�LQ�WKH�ODVW�OLQH�LV�QRQH�RWKHU�WKDQ
WKH�JHQHUDWLQJ�IXQFWLRQ�J��]��IRU�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��(T�����������7KXV�(T����������FDQ�EH
ZULWWHQ�DV

�



�������
�

ZKHUH�J��]��LV�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�WKH�RUGLQDU\�GHJUHH�GLVWULEXWLRQ��GHILQHG�LQ�(T�����������6R
RQFH�ZH�NQRZ�WKH�JHQHUDWLQJ�IXQFWLRQV�IRU�RXU�WZR�EDVLF�GHJUHH�GLVWULEXWLRQV�WKH�JHQHUDWLQJ�IXQFWLRQ
IRU�WKH�GLVWULEXWLRQ�RI�WKH�VHFRQG�QHLJKERUV�LV�YHU\�VLPSOH�WR�FDOFXODWH�
,Q�IDFW��WKHUH�ZDV�QR�QHHG�WR�JR�WKURXJK�WKLV�OHQJWK\�FDOFXODWLRQ�WR�UHDFK�(T�����������:H�FDQ�GHULYH

WKH�VDPH�UHVXOW�PXFK�PRUH�TXLFNO\�E\�PDNLQJ�XVH�RI� WKH�³SRZHUV´�SURSHUW\�RI�JHQHUDWLQJ�IXQFWLRQV
WKDW�ZH�GHULYHG�LQ�6HFWLRQ���������7KHUH�ZH�VKRZHG��(T�����������WKDW��JLYHQ�D�TXDQWLW\�N�GLVWULEXWHG
DFFRUGLQJ� WR� D� GLVWULEXWLRQ�ZLWK� JHQHUDWLQJ� IXQFWLRQ�J�]� ��P� LQGHSHQGHQW� TXDQWLWLHV� GUDZQ� IURP� WKH
VDPH�GLVWULEXWLRQ�KDYH�D�VXP�ZKRVH�GLVWULEXWLRQ�LV�JLYHQ�E\�WKH�JHQHUDWLQJ�IXQFWLRQ�>J�]�@P��:H�FDQ
DSSO\�WKLV�UHVXOW�KHUH��E\�QRWLQJ�WKDW�WKH�P�H[FHVV�GHJUHHV�RI�WKH�ILUVW�QHLJKERUV�RI�RXU�YHUWH[�DUH�MXVW
VXFK�D�VHW�RI�LQGHSHQGHQW�TXDQWLWLHV��*LYHQ�WKDW�J��]��LV�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�WKH�GLVWULEXWLRQ�RI�D
VLQJOH� RQH� RI� WKHP� �(T�� ���������� WKH� GLVWULEXWLRQ�3����N_P�� RI� WKHLU� VXP²ZKLFK� LV� WKH� QXPEHU� RI
VHFRQG�QHLJKERUV²KDV�JHQHUDWLQJ�IXQFWLRQ�>J��]�@P��7KDW�LV�

�

�������
�

�

1RZ��XVLQJ�(T�����������WKH�JHQHUDWLQJ�IXQFWLRQ�IRU� �LV

�

�������
�
�

,Q� IXWXUH� FDOFXODWLRQV�� ZH�ZLOO� UHSHDWHGO\�PDNH� XVH� RI� WKLV� VKRUWFXW� WR� JHW� RXU� UHVXOWV�� UDWKHU� WKDQ
WDNLQJ�WKH�ORQJ�URXWH�H[HPSOLILHG�LQ�(T����������
:H�FDQ� DOVR�XVH� VLPLODU�PHWKRGV� WR� FDOFXODWH� WKH�SUREDELOLW\�GLVWULEXWLRQ�RI� WKH�QXPEHU�RI� WKLUG

QHLJKERUV�� 7KH� QXPEHU� RI� WKLUG� QHLJKERUV� LV� WKH� VXP� RI� WKH� H[FHVV� GHJUHHV� RI� HDFK� RI� WKH� VHFRQG
QHLJKERUV�� 7KXV�� LI� WKHUH� DUH�P� VHFRQG� QHLJKERUV�� WKHQ� WKH� SUREDELOLW\� GLVWULEXWLRQ�3���� �N_P�� RI� WKH
QXPEHU� RI� WKLUG� QHLJKERUV� KDV� JHQHUDWLQJ� IXQFWLRQ� >J��]�@P� DQG� WKH� RYHUDOO� SUREDELOLW\� RI� KDYLQJ�N



WKLUG�QHLJKERUV�LV�H[DFWO\�DQDORJRXV�WR�(T����������

�

�������
�

�

,QGHHG�� WKH�JHQHUDWLQJ� IXQFWLRQ� IRU� WKH�QXPEHU�RI�QHLJKERUV�DW� DQ\�GLVWDQFH�G�FDQ�EH�H[SUHVVHG� WKLV
ZD\�DV

�

�������
�
�

,Q�RWKHU�ZRUGV�J�G��]�� �J���J���������J���]�����������ZLWK�G�����FRSLHV�RI�J��QHVWHG�LQVLGH�D�VLQJOH�J���7KLV
H[SUHVVLRQ�LV�FRUUHFW�DW�DUELWUDU\�GLVWDQFHV�RQ�DQ�LQILQLWH�QHWZRUN��2Q�D�ILQLWH�QHWZRUN�LW�ZLOO�EUHDN
GRZQ�LI�G�EHFRPHV�ODUJH�HQRXJK�EXW�ZLOO�EH�DFFXUDWH�IRU�VPDOO�YDOXHV�RI�G�
7KHVH�UHVXOWV�DUH�DOO�YHU\�JRRG��EXW�ZKDW�XVH�DUH�WKH\"�(YHQ�JLYHQ�WKH�JHQHUDWLQJ�IXQFWLRQ�J����]��LW

LV� W\SLFDOO\� TXLWH� GLIILFXOW� WR� H[WUDFW� H[SOLFLW� SUREDELOLWLHV� IRU� QXPEHUV� RI� VHFRQG� QHLJKERUV� LQ� WKH
QHWZRUN�� )RU� LQVWDQFH�� LI� RXU� GHJUHH� GLVWULEXWLRQ� ZHUH� 3RLVVRQ�ZLWK�PHDQ�F� WKHQ�J��]��  �J�� �]��  
HF�]í���DV�LQ�(TV����������DQG���������DQG

�

�������
�

�
%XW� WR� ILQG� WKH� DFWXDO� SUREDELOLWLHV� ZH� KDYH� WR� DSSO\� (T�� �������� ZKLFK� LQYROYHV� FDOFXODWLQJ



GHULYDWLYHV� RI�J�����]���2QH�FDQ��ZLWK�D� OLWWOH�ZRUN��FDOFXODWH� WKH�ILUVW� IHZ�GHULYDWLYHV��EXW�ILQGLQJ�D
JHQHUDO�IRUPXOD�IRU�WKH�QWK�GHULYDWLYH�LV�KDUG����
:KDW�ZH�FDQ�GR��KRZHYHU��LV�FDOFXODWH�WKH�DYHUDJH�QXPEHU�RI�QHLJKERUV�DW�GLVWDQFH�G��7KH�DYHUDJH

RI�D�GLVWULEXWLRQ�LV�JLYHQ�E\�WKH�ILUVW�GHULYDWLYH�RI�LWV�JHQHUDWLQJ�IXQFWLRQ�HYDOXDWHG�DW�]� ����VHH�(T�
���������DQG�WKH�GHULYDWLYH�RI�(T����������LV

�

�������
�

�

6HWWLQJ�]� ���DQG�UHFDOOLQJ�WKDW�J����� ����(T������������ZH�ILQG�WKDW�WKH�DYHUDJH�QXPEHU�F��RI�VHFRQG
QHLJKERUV�LV

�

�������
�
�

%XW� �DQG

�
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�

ZKHUH�ZH�KDYH�XVHG�(T�����������7KXV�WKH�PHDQ�QXPEHU�RI�VHFRQG�QHLJKERUV�FDQ�DOVR�EH�ZULWWHQ

�
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�
:H�FDQ�WDNH�WKLV�DSSURDFK�IXUWKHU�DQG�FDOFXODWH�WKH�PHDQ�QXPEHU�FG�RI�QHLJKERUV�DW�DQ\�GLVWDQFH�G�

'LIIHUHQWLDWLQJ�(T����������ZH�JHW

�

�������
�

DQG�VHWWLQJ�]� ���ZH�JHW

�

�������
�

�

0DNLQJ�XVH�RI�(T�� �������� WR�ZULWH� � ZKHUH�F�� � N�� WKLV�FDQ�EH�H[SUHVVHG� LQ� WKH� VLPSOH
IRUP

�

�������
�

ZKLFK�LPSOLHV�WKDW

�

�������
�
�
,Q�RWKHU�ZRUGV��RQFH�ZH�NQRZ�WKH�PHDQ�QXPEHUV�RI�ILUVW�DQG�VHFRQG�QHLJKERUV��F��DQG�F���ZH�NQRZ



HYHU\WKLQJ��:KDW¶V� PRUH�� WKH� DYHUDJH� QXPEHU� RI� QHLJKERUV� DW� GLVWDQFH�G� HLWKHU� JURZV� RU� IDOOV� RII
H[SRQHQWLDOO\�� GHSHQGLQJ� RQ� ZKHWKHU�F�� LV� JUHDWHU� RU� OHVV� WKDQ�F��� 7KLV� REVHUYDWLRQ� LV� VWURQJO\
UHPLQLVFHQW�RI� WKH�DUJXPHQW�ZH�PDGH� LQ�6HFWLRQ������IRU� WKH�DSSHDUDQFH�RI�D�JLDQW�FRPSRQHQW� LQ�D
UDQGRP�JUDSK��7KHUH�ZH�DUJXHG�WKDW�LI�WKH�QXPEHU�RI�YHUWLFHV�\RX�FDQ�UHDFK�ZLWKLQ�D�FHUWDLQ�GLVWDQFH
LV� LQFUHDVLQJ�ZLWK� WKDW�GLVWDQFH� �RQ�DYHUDJH�� WKHQ�\RX�PXVW�KDYH�D�JLDQW�FRPSRQHQW� LQ� WKH�QHWZRUN�
ZKLOH� LI� LW� LV� GHFUHDVLQJ� WKHUH� FDQ� EH� QR� JLDQW� FRPSRQHQW��$SSO\LQJ� WKH� VDPH� UHDVRQLQJ� KHUH�� ZH
FRQFOXGH�WKDW�WKH�FRQILJXUDWLRQ�PRGHO�KDV�D�JLDQW�FRPSRQHQW�LI�DQG�RQO\�LI�ZH�KDYH

�

�������
�

�

8VLQJ�(T����������IRU�F��DQG�SXWWLQJ�F�� �N��ZH�FDQ�DOVR�ZULWH�WKLV�FRQGLWLRQ�DV�N��±�N�!�N�RU

�

�������
�
�

7KLV�FRQGLWLRQ�IRU� WKH�H[LVWHQFH�RI�D�JLDQW�FRPSRQHQW� LQ� WKH�FRQILJXUDWLRQ�PRGHO�ZDV�ILUVW�JLYHQ�E\
0ROOR\�DQG�5HHG�>���@�LQ���������
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�

,Q�WKLV�VHFWLRQ�DQG�WKH�IROORZLQJ�RQH�ZH�H[DPLQH�WKH�VL]HV�RI�FRPSRQHQWV�LQ�WKH�FRQILJXUDWLRQ�PRGHO�
$V�ZH�ZLOO� VHH�� WKH�VLWXDWLRQ� LV�TXDOLWDWLYHO\�VLPLODU� WR� WKDW� IRU� WKH�3RLVVRQ� UDQGRP�JUDSK� LQ� WKDW�D
FRQILJXUDWLRQ�PRGHO�QHWZRUN�JHQHUDOO\�KDV�DW�PRVW�RQH�JLDQW�FRPSRQHQW��SOXV�D�ODUJH�QXPEHU�RI�VPDOO
FRPSRQHQWV��:H�ZLOO�DSSURDFK�WKH�FDOFXODWLRQ�RI�FRPSRQHQW�VL]HV�E\�D�URXWH�GLIIHUHQW�IURP�WKH�RQH
ZH�WRRN�IRU�WKH�3RLVVRQ�UDQGRP�JUDSK�DQG�H[DPLQH�ILUVW�WKH�SURSHUWLHV�RI�WKH�VPDOO�FRPSRQHQWV��:H
ZLOO� VHH� WKDW� LW� LV� SRVVLEOH� WR� FDOFXODWH� WKH� GLVWULEXWLRQ� RI� WKH� VL]HV� RI� WKH� VPDOO� FRPSRQHQWV� E\� D
PHWKRG�VLPLODU� WR� WKH�RQH�ZH�XVHG� LQ� WKH�3RLVVRQ�FDVH��7KHQ�ZH�FDQ�XVH� WKHVH� UHVXOWV� WR�JHW�DW� WKH
SURSHUWLHV�RI�WKH�JLDQW�FRPSRQHQW��RQFH�ZH�KDYH�WKH�VL]HV�RI�WKH�VPDOO�FRPSRQHQWV��ZH�FDQ�VXEWUDFW
WKHP� IURP� WKH� VL]H� RI� WKH� JUDSK� DV� D� ZKROH� DQG� ZKDWHYHU� LV� OHIW�� LI� DQ\WKLQJ�� PXVW� EH� WKH� JLDQW
FRPSRQHQW�
/HW�ʌV�EH�WKH�SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D�VPDOO��QRQ�JLDQW��FRPSRQHQW�RI

VL]H�V��:H�ZLOO�FDOFXODWH�ʌV�E\�ILUVW�FDOFXODWLQJ�LWV�JHQHUDWLQJ�IXQFWLRQ

�

�������
�

�

1RWH�WKDW�WKH�PLQLPXP�YDOXH�RI�V�LV����VLQFH�HYHU\�YHUWH[�EHORQJV�WR�D�FRPSRQHQW�RI�VL]H�DW�OHDVW�RQH
�QDPHO\�LWVHOI��
%\�DQ�DUJXPHQW�H[DFWO\�DQDORJRXV�WR�WKDW�RI�6HFWLRQ��������ZH�FDQ�VKRZ�WKDW�WKH�VPDOO�FRPSRQHQWV

LQ�WKH�FRQILJXUDWLRQ�PRGHO�DUH�WUHHV��LQ�WKH�OLPLW�RI�ODUJH�Q��SURYLGHG�WKH�GHJUHH�GLVWULEXWLRQ�LV�KHOG
FRQVWDQW�DV�ZH�JR� WR� WKH� OLPLW���:H�FDQ�XVH� WKLV� IDFW� WR�GHULYH�DQ�H[SUHVVLRQ�IRU� WKH�GLVWULEXWLRQ�RI
VPDOO�FRPSRQHQW�VL]HV�DV�IROORZV�
&RQVLGHU�)LJ��������ZKLFK�LV�DFWXDOO\� WKH�VDPH�DV� WKH�ILJXUH�IRU� WKH�3RLVVRQ�UDQGRP�JUDSK�LQ�WKH

SUHYLRXV�FKDSWHU��)LJ���������EXW�LW�ZRUNV�MXVW�DV�ZHOO�DV�DQ�LOOXVWUDWLRQ�RI�WKH�FRQILJXUDWLRQ�PRGHO���,I
YHUWH[�L� LV�D�PHPEHU�RI�D�VPDOO�FRPSRQHQW� WKHQ� WKDW�FRPSRQHQW� LV�QHFHVVDULO\�D� WUHH��-XVW�DV� LQ� WKH
3RLVVRQ�FDVH��WKLV�LPSOLHV�WKDW�WKH�VHWV�RI�YHUWLFHV�UHDFKDEOH�DORQJ�HDFK�RI�LWV�HGJHV��VKDGHG�DUHDV�LQ
)LJ������D��DUH�QRW�FRQQHFWHG��RWKHU�WKDQ�YLD�YHUWH[�L��VLQFH�LI�WKH\�ZHUH�FRQQHFWHG�WKHUH�ZRXOG�EH�D
ORRS�LQ�WKH�FRPSRQHQW�DQG�KHQFH�LW�ZRXOG�QRW�EH�D�WUHH�
1RZ��WDNLQJ�D�KLQW�IURP�RXU�DUJXPHQW�LQ�WKH�3RLVVRQ�FDVH��OHW�XV�UHPRYH�YHUWH[�L�IURP�WKH�QHWZRUN

DORQJ�ZLWK�DOO�LWV�HGJHV²VHH�)LJ������E��7KH�VKDGHG�DUHDV�LQ�WKH�ILJXUH�DUH�QRZ�QRW�FRQQHFWHG�WR�RQH
DQRWKHU� DW�DOO� DQG�KHQFH�DUH�HDFK�QRZ�VHSDUDWH�FRPSRQHQWV� LQ� WKHLU�RZQ� ULJKW��$QG� WKH� VL]H�RI� WKH
FRPSRQHQW�WR�ZKLFK�YHUWH[�L�EHORQJV�RQ�WKH�RULJLQDO�QHWZRUN�LV�HTXDO�WR�WKH�VXP�RI�WKH�VL]HV�RI�WKHVH
QHZ�FRPSRQHQWV��SOXV�RQH�IRU�YHUWH[�L�LWVHOI�
$�FUXFLDO� SRLQW� WR� QRWLFH�� KRZHYHU�� LV� WKDW� WKH�QHLJKERUV�Q���Q��� ���� RI� YHUWH[�L� DUH�� E\�GHILQLWLRQ�



UHDFKHG�E\�IROORZLQJ�DQ�HGJH��+HQFH��DV�ZH�KDYH�GLVFXVVHG��WKHVH�DUH�QRW�W\SLFDO�QHWZRUN�YHUWLFHV�
EHLQJ�PRUH�OLNHO\�WR�KDYH�KLJK�GHJUHH�WKDQ�WKH�W\SLFDO�YHUWH[��7KXV�WKH�FRPSRQHQWV�WKDW�WKH\�EHORQJ�WR
LQ�)LJ������E²WKH�VKDGHG�UHJLRQV�LQ�WKH�ILJXUH²DUH�QRW�GLVWULEXWHG�DFFRUGLQJ�WR�ʌV��,QVWHDG�WKH\�PXVW
KDYH� VRPH�RWKHU� GLVWULEXWLRQ��/HW� XV� GHQRWH� WKLV� GLVWULEXWLRQ� E\�ȡV��0RUH� VSHFLILFDOO\�� OHW�ȡV� EH� WKH
SUREDELOLW\�WKDW�WKH�YHUWH[�DW�WKH�HQG�RI�DQ�HGJH�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�VL]H�V�DIWHU�WKDW�HGJH
LV�UHPRYHG��/HW�XV�DOVR�GHILQH�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�WKLV�GLVWULEXWLRQ�WR�EH

�

�������
�

�

�

)LJXUH�������7KH�VL]H�RI�RQH�RI�WKH�VPDOO�FRPSRQHQWV�LQ�WKH�FRQILJXUDWLRQ�PRGHO���D��7KH�VL]H�RI
WKH� FRPSRQHQW� WR� ZKLFK� D� YHUWH[�L� EHORQJV� LV� WKH� VXP� RI� WKH� QXPEHU� RI� YHUWLFHV� LQ� HDFK� RI� WKH
VXEFRPSRQHQWV� �VKDGHG� UHJLRQV�� UHDFKDEOH� YLD�LV� QHLJKERUV�Q���Q��� Q��� SOXV� RQH� IRU�L� LWVHOI�� �E�� ,I
YHUWH[�L�LV�UHPRYHG�WKH�VXEFRPSRQHQWV�EHFRPH�FRPSRQHQWV�LQ�WKHLU�RZQ�ULJKW�
�
�

:H�GRQ¶W�\HW�NQRZ�WKH�YDOXH�RI�ȡV�RU�LWV�JHQHUDWLQJ�IXQFWLRQ�DQG�ZH�ZLOO�KDYH�WR�FDOFXODWH�WKHP�ODWHU�
EXW�IRU�WKH�PRPHQW�OHW�XV�SURFHHG�ZLWK�WKH�LQIRUPDWLRQ�ZH�KDYH�
6XSSRVH� WKDW� YHUWH[�L� RQ� WKH� RULJLQDO� QHWZRUN� KDV� GHJUHH�N� DQG� OHW� XV� GHQRWH� E\�3�V_N�� WKH

SUREDELOLW\� WKDW��DIWHU�L� LV� UHPRYHG�� LWV�N�QHLJKERUV�EHORQJ�WR�VPDOO�FRPSRQHQWV�RI�VL]HV�VXPPLQJ�WR
H[DFWO\�V��$OWHUQDWLYHO\��3�V�í��_N��LV�WKH�SUREDELOLW\�WKDW�L�LWVHOI�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�VL]H
V�JLYHQ�WKDW�LWV�GHJUHH�LV�N��7KHQ�WKH�WRWDO�SUREDELOLW\�ʌV�WKDW�L�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�VL]H�V
LV�WKLV�SUREDELOLW\�DYHUDJHG�RYHU�N�WKXV�
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�

6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ�LQWR�(T����������ZH�WKHQ�JHW�DQ�H[SUHVVLRQ�IRU�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU
ʌV�DV�IROORZV�
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�
�

7KH� ILQDO� VXP� LQ� WKLV� H[SUHVVLRQ� LV� WKH� JHQHUDWLQJ� IXQFWLRQ� IRU� WKH� SUREDELOLW\� WKDW� WKH�N� QHLJKERUV
EHORQJ� WR� VPDOO� FRPSRQHQWV� ZKRVH� VL]H� VXPV� WR�V�� %XW� WKH� VL]HV� RI� WKH� VPDOO� FRPSRQHQWV� DUH
LQGHSHQGHQW� RI� RQH� DQRWKHU� DQG� KHQFH� ZH� FDQ� XVH� WKH� ³SRZHUV´� SURSHUW\� RI� JHQHUDWLQJ� IXQFWLRQV
�6HFWLRQ����������ZKLFK� WHOOV�XV� WKDW� WKH�JHQHUDWLQJ� IXQFWLRQ�ZH�ZDQW� LV� MXVW� HTXDO� WR� WKH�JHQHUDWLQJ
IXQFWLRQ�IRU�WKH�VL]H�RI�WKH�FRPSRQHQW�DQ\�VLQJOH�QHLJKERU�EHORQJV�WR²WKH�IXQFWLRQ�WKDW�ZH�GHQRWHG�K�
�]��DERYH²UDLVHG�WR�WKH�NWK�SRZHU��7KXV

�
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�
�
:H� VWLOO� GRQ¶W� NQRZ� WKH� JHQHUDWLQJ� IXQFWLRQ�K��]�� EXW� ZH� FDQ� GHULYH� LW� QRZ� TXLWH� HDVLO\�� :H

FRQVLGHU�WKH�QHWZRUN�LQ�ZKLFK�YHUWH[�L�LV�UHPRYHG�DQG�DVN�ZKDW�LV�WKH�SUREDELOLW\�ȡV�WKDW�RQH�RI�WKH
QHLJKERUV�RI�L�EHORQJV�WR�D�FRPSRQHQW�RI�VL]H�V�LQ�WKLV�QHWZRUN��,Q�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H��WKH
UHPRYDO�RI�WKH�VLQJOH�YHUWH[�L�ZLOO�KDYH�QR�HIIHFW�RQ�WKH�GHJUHH�GLVWULEXWLRQ��VR�WKH�QHWZRUN�VWLOO�KDV
WKH�VDPH�GLVWULEXWLRQ�DV�EHIRUH��ZKLFK�PHDQV�WKDW�LI�WKH�QHLJKERU�KDV�GHJUHH�N�WKHQ�LWV�SUREDELOLW\�RI
EHORQJLQJ�WR�D�FRPSRQHQW�RI�VL]H�V�LV�3�V�í��_N���MXVW�DV�EHIRUH��1RWH��KRZHYHU��WKDW�WKH�GHJUHH�N�GRHV
QRW� IROORZ� WKH� RUGLQDU\�GHJUHH� GLVWULEXWLRQ�� 6LQFH� WKH�QHLJKERU�ZDV� UHDFKHG� E\� IROORZLQJ� DQ� HGJH
IURP�L�� LWV� GHJUHH�� GLVFRXQWLQJ� WKH� HGJH� WR�L� WKDW� KDV� EHHQ� UHPRYHG�� IROORZV� WKH� H[FHVV� GHJUHH
GLVWULEXWLRQ�TN�GHILQHG�LQ�(T�����������UDWKHU�WKDQ�WKH�RUGLQDU\�GHJUHH�GLVWULEXWLRQ��7KXV
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DQG��VXEVWLWXWLQJ�WKLV�H[SUHVVLRQ�LQWR�(T�����������ZH�KDYH

�
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�

$V�EHIRUH��WKH�ODVW�VXP�LV�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�3�V_N���ZKLFK�LV�HTXDO�WR�>K��]�@N��DQG�KHQFH
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�
&ROOHFWLQJ�WRJHWKHU�RXU�UHVXOWV��WKH�JHQHUDWLQJ�IXQFWLRQV�IRU�ʌV�DQG�ȡV�WKXV�VDWLVI\
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�

�



,I�ZH�FDQ�VROYH�WKH�VHFRQG�RI�WKHVH�HTXDWLRQV�IRU�K��]��WKHQ�ZH�FDQ�VXEVWLWXWH�WKH�UHVXOW�LQWR�WKH�ILUVW
HTXDWLRQ�DQG�ZH�KDYH�RXU�DQVZHU� IRU�K��]��� ,Q�SUDFWLFH�� LW� LV�RIWHQ�QRW�HDV\� WR� VROYH� IRU�K��]���DQG�
HYHQ� LI� LW� LV�� H[WUDFWLQJ� WKH� DFWXDO� FRPSRQHQW� VL]H� GLVWULEXWLRQ� IURP� WKH� JHQHUDWLQJ� IXQFWLRQ� FDQ� EH
GLIILFXOW��%XW�WKDW�GRHV�QRW�PHDQ�WKDW�WKHVH�UHVXOWV�DUH�XVHOHVV��2Q�WKH�FRQWUDU\��WKHUH�DUH�PDQ\�XVHIXO
WKLQJV�ZH� FDQ� GHGXFH� IURP� WKHP��2QH� LPSRUWDQW� TXDQWLW\�ZH� FDQ� FDOFXODWH� LV� WKH� VL]H� RI� WKH� JLDQW
FRPSRQHQW�
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*LYHQ�WKH�GHILQLWLRQ� ��ZKHUH�ʌV�LV�WKH�SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV
WR�D�VPDOO�FRPSRQHQW�RI�VL]H�V��ZH�KDYH�K����� � ��ZKLFK�LV�WKH�WRWDO�SUREDELOLW\�WKDW�D�UDQGRPO\
FKRVHQ�YHUWH[�EHORQJV�WR�D�VPDOO�FRPSRQHQW��8QOLNH�PRVW�JHQHUDWLQJ�IXQFWLRQV��LW�LV�QRW�QHFHVVDULO\�WKH
FDVH� WKDW�K����  � �� EHFDXVH� WKHUH� PD\� EH� D� JLDQW� FRPSRQHQW� LQ� WKH� QHWZRUN�� ,I� WKHUH� LV� D� JLDQW
FRPSRQHQW�WKHQ�VRPH�RI�WKH�YHUWLFHV�GR�QRW�EHORQJ�WR�DQ\�VPDOO�FRPSRQHQW�DQG� �ZLOO�EH�OHVV�WKDQ
���,Q�IDFW�� �ZLOO�EH�VLPSO\�WKH�IUDFWLRQ�RI�YHUWLFHV�WKDW�EHORQJ�WR�VPDOO�FRPSRQHQWV�DQG�KHQFH�WKH
IUDFWLRQ�6�RI�YHUWLFHV�EHORQJLQJ�WR�WKH�JLDQW�FRPSRQHQW�LV
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�

ZKHUH�ZH�KDYH�XVHG�(T�����������7KH�YDOXH�RI�K�����ZH�FDQ�JHW�IURP�(T����������

�

�������
�
�

7KH�TXDQWLW\�K�����ZLOO�RFFXU�IUHTXHQWO\�LQ�VXEVHTXHQW�GHYHORSPHQWV��VR�IRU�FRQYHQLHQFH�OHW�XV�GHILQH
WKH�VKRUWKDQG�QRWDWLRQ
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�

LQ�ZKLFK�FDVH�(TV����������DQG���������FDQ�EH�ZULWWHQ

�
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�
,Q�RWKHU�ZRUGV��X� LV�D�IL[HG�SRLQW�RI�WKH�IXQFWLRQ�J��]�²D�SRLQW�ZKHUH�WKH�IXQFWLRQ�LV�HTXDO�WR�LWV

RZQ�DUJXPHQW²DQG� LI�ZH�FDQ� ILQG� WKLV� IL[HG�SRLQW� WKHQ�ZH�QHHG�RQO\�VXEVWLWXWH� WKH� UHVXOW� LQWR�(T�
��������DQG�ZH�KDYH�WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW�
6LQFH�J����� ����VHH�(T����������DQG�WKH�GLVFXVVLRQ�WKDW�SUHFHGHV�LW���WKHUH�LV�DOZD\V�D�IL[HG�SRLQW

RI�J��DW�X� ����EXW�WKLV�VROXWLRQ�JLYHV�6� ���í�J����� ���DQG�KHQFH�QR�JLDQW�FRPSRQHQW��,I�WKHUH�LV�WR�EH
D�JLDQW�FRPSRQHQW� WKHUH�PXVW�EH�DW� OHDVW�RQH�RWKHU�QRQ�WULYLDO�VROXWLRQ� WR�(T�� ���������:H�ZLOO�VHH
VRPH�H[DPSOHV�RI�VXFK�VROXWLRQV�VKRUWO\�
7KH� TXDQWLW\�X�  �K����� KDV� D� VLPSOH� SK\VLFDO� LQWHUSUHWDWLRQ�� 5HFDOO� WKDW� � LV� WKH

JHQHUDWLQJ� IXQFWLRQ� IRU� WKH�SUREDELOLW\�ȡV� WKDW� WKH�YHUWH[�UHDFKHG�E\�IROORZLQJ�DQ�HGJH�EHORQJV� WR�D
VPDOO�FRPSRQHQW�RI�VL]H�V�LI�WKDW�HGJH�LV�UHPRYHG��7KXV� �LV�WKH�WRWDO�SUREDELOLW\�WKDW�VXFK�D
YHUWH[�EHORQJV�WR�D�VPDOO�FRPSRQHQW�RI�DQ\�VL]H��RU�HTXLYDOHQWO\�WKH�SUREDELOLW\�WKDW�LW�GRHVQ¶W�EHORQJ
WR�WKH�JLDQW�FRPSRQHQW�
7KLV�REVHUYDWLRQ�VXJJHVWV�DQ�DOWHUQDWLYH�DQG�VLPSOHU�GHULYDWLRQ�RI�(TV����������DQG���������IRU�WKH

VL]H� RI� D� JLDQW� FRPSRQHQW�� DV� IROORZV�� 7R� EHORQJ� WR� WKH� JLDQW� FRPSRQHQW�� D� YHUWH[� $� PXVW� EH
FRQQHFWHG�WR�WKH�JLDQW�FRPSRQHQW�YLD�DW�OHDVW�RQH�RI�LWV�QHLJKERUV��2U�HTXLYDOHQWO\��$�GRHV�QRW�EHORQJ
WR� WKH� JLDQW� FRPSRQHQW� LI� �DQG� RQO\� LI�� LW� LV� QRW� FRQQHFWHG� WR� WKH� JLDQW� FRPSRQHQW� YLD� DQ\� RI� LWV
QHLJKERUV�� /HW� XV�GHILQH�X� WR�EH� WKH� DYHUDJH�SUREDELOLW\� WKDW� D�YHUWH[� LV�QRW� FRQQHFWHG� WR� WKH�JLDQW
FRPSRQHQW�YLD�LWV�FRQQHFWLRQ�WR�VRPH�SDUWLFXODU�QHLJKERULQJ�YHUWH[��,I�YHUWH[�$�KDV�N�QHLJKERUV��WKHQ
WKH� SUREDELOLW\� WKDW� LW� LV� QRW� FRQQHFWHG� WR� WKH� JLDQW� FRPSRQHQW� YLD� DQ\� RI� WKHP� LV� WKXV�XN��$QG� WKH
DYHUDJH�RI�WKLV�SUREDELOLW\�RYHU�WKH�ZKROH�QHWZRUN�LV� ��ZKLFK�LV�WKH�DYHUDJH�SUREDELOLW\
WKDW�D�YHUWH[�LV�QRW�LQ�WKH�JLDQW�FRPSRQHQW��%XW�WKLV�SUREDELOLW\�LV�DOVR��E\�GHILQLWLRQ��HTXDO�WR���í�6�
ZKHUH�6�LV�WKH�IUDFWLRQ�RI�WKH�JUDSK�RFFXSLHG�E\�WKH�JLDQW�FRPSRQHQW�DQG�KHQFH���í�6� �J��X��RU
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ZKLFK�LV�(T����������DJDLQ�
1RZ� OHW� XV� DVN� ZKDW� WKH� YDOXH� RI�X� LV�� 7KH� SUREDELOLW\� WKDW� \RX� DUH� QRW� FRQQHFWHG� WR� WKH� JLDQW



FRPSRQHQW� YLD� D� SDUWLFXODU� QHLJKERULQJ� YHUWH[� LV� HTXDO� WR� WKH� SUREDELOLW\� WKDW�WKDW� YHUWH[� LV� QRW
FRQQHFWHG�WR�WKH�JLDQW�FRPSRQHQW�YLD�DQ\�RI�LWV�RWKHU�QHLJKERUV��,I�WKHUH�DUH�N�RI�WKRVH�RWKHU�QHLJKERUV�
WKHQ� WKDW� SUREDELOLW\� LV� DJDLQ�XN�� %XW� EHFDXVH�ZH� DUH� WDONLQJ� DERXW� D� QHLJKERULQJ� YHUWH[��N� LV� QRZ
GLVWULEXWHG�DFFRUGLQJ�WR�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ�TN��(T�����������DQG�KHQFH�WDNLQJ�WKH�DYHUDJH�
ZH�ILQG�WKDW� �RU

�

�������
�

ZKLFK� LV�(T�� �������� DJDLQ��7KXV�ZH�KDYH� UHGHULYHG�RXU� WZR� HTXDWLRQV� IRU� WKH� VL]H�RI� WKH�JLDQW
FRPSRQHQW��EXW�E\�D�PXFK�VKRUWHU�URXWH��7KH�PDLQ�GLVDGYDQWDJH�RI�WKLV�PHWKRG�LV�WKDW�LW�RQO\�JLYHV�WKH
VL]H�RI�WKH�JLDQW�FRPSRQHQW�DQG�QRW�WKH�FRPSOHWH�JHQHUDWLQJ�IXQFWLRQ�IRU�DOO�WKH�RWKHU�FRPSRQHQWV�DV
ZHOO��DQG�WKLV�LV�WKH�UHDVRQ�ZK\�ZH�WRRN�WKH�WLPH�WR�JR�WKURXJK�WKH�ORQJHU�GHULYDWLRQ��7KHUH�DUH�PDQ\
IXUWKHU� UHVXOWV� ZH� FDQ� GHULYH� E\� NQRZLQJ� WKH� HQWLUH� JHQHUDWLQJ� IXQFWLRQ�� DV� ZH� VKRZ� LQ� WKH� QH[W
VHFWLRQ�
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/HW¶V� WDNH�D�ORRN�DW�D�FRQFUHWH�H[DPSOH�DQG�VHH�KRZ�FDOFXODWLRQV�IRU� WKH�FRQILJXUDWLRQ�PRGHO�ZRUN
RXW�LQ�SUDFWLFH��&RQVLGHU�D�QHWZRUN�OLNH�WKDW�RI�WKH�ILUVW�H[DPSOH�LQ�6HFWLRQ��������WKDW�KDV�YHUWLFHV
RQO\�RI�GHJUHH���������DQG����DQG�QR�YHUWLFHV�RI�KLJKHU�GHJUHH��7KHQ�WKH�JHQHUDWLQJ�IXQFWLRQV�J��]��DQG
J��]��WDNH�WKH�IRUP
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(TXDWLRQ���������LV�WKXV�TXDGUDWLF�LQ�WKLV�FDVH��X� �T����T�X���T�X���ZKLFK�KDV�WKH�VROXWLRQV
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+RZHYHU��ZH� NQRZ� WKDW��NTN�  � ��� DQG� KHQFH� LQ� WKLV� FDVH� �� í�T��  �T�� ��T��� 8VLQJ� WKLV� UHVXOW� WR
HOLPLQDWH�T��ZH�JHW
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7KXV�� DV� H[SHFWHG�ZH� KDYH� D� VROXWLRQ�X�  � ��� EXW�ZH� DOVR� KDYH� DQRWKHU� QRQ�WULYLDO� VROXWLRQ�ZKLFK
PLJKW�LPSO\�WKDW�ZH�KDYH�D�JLDQW�FRPSRQHQW�
,I�T����T��WKHQ�WKLV�QRQ�WULYLDO�VROXWLRQ�JLYHV�X�!����6LQFH�X�LV�D�SUREDELOLW\�LW�FDQQRW�EH�JUHDWHU�WKDQ

���VR�LQ�WKLV�FDVH�ZH�GHILQLWHO\�GR�QRW�KDYH�D�JLDQW�FRPSRQHQW��2Q�WKH�RWKHU�KDQG��LI�T��!�T��ZH�KDYH�D
YLDEOH�QRQ�WULYLDO�VROXWLRQ�X�����HTXDO�WR
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ZKHUH�ZH�KDYH�H[WUDFWHG�YDOXHV�RI�T��DQG�T��IURP�(T�����������:H�FDQ�DOVR�ZULWH�WKH�FRQGLWLRQ�T�
!�T��LQ�WHUPV�RI�WKH�SN�DV
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�

,Q�RWKHU�ZRUGV��WKHUH�FDQ�EH�D�JLDQW�FRPSRQHQW�LI�WKH�QXPEHU�RI�YHUWLFHV�RI�GHJUHH�WKUHH�H[FHHGV�RQH
WKLUG� WKH� QXPEHU� RI� GHJUHH� RQH��7KLV� LV� D� UHPDUNDEOH� UHVXOW�� ,W� VD\V� WKDW� WKH� QXPEHU� RI� YHUWLFHV� RI
GHJUHH�]HUR�DQG�GHJUHH�WZR�GRQ¶W�PDWWHU�DW�DOO��H[FHSW�WR�WKH�H[WHQW�WKDW�WKHLU�DEVHQFH�PDNHV�URRP�IRU
PRUH�YHUWLFHV�RI�WKH�RWKHU�GHJUHHV���$V�ZH�ZLOO�VHH��WKLV�LV�DFWXDOO\�D�JHQHUDO�UHVXOW²WKH�YDOXHV�RI�S�
DQG�S��QHYHU�PDNH�DQ\�GLIIHUHQFH�WR�WKH�SUHVHQFH�RU�DEVHQFH�RI�D�JLDQW�FRPSRQHQW��2Q�WKH�RWKHU�KDQG�
WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW�IRU�WKH�FXUUHQW�H[DPSOH�LV�JLYHQ�E\�(T����������WR�EH
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7KXV�WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW�GRHV�GHSHQG�RQ�S��DQG�S���HYHQ�WKRXJK�LWV�SUHVHQFH�RU�DEVHQFH
GRHV�QRW�
:H�KDYH�QRW��KRZHYHU��\HW�SURYHG�WKDW�D�JLDQW�FRPSRQHQW�DFWXDOO\�GRHV�H[LVW��,Q�WKH�UHJLPH�ZKHUH

ZH�KDYH�WZR�VROXWLRQV�IRU�X��RQH�ZLWK�X� ����QR�JLDQW�FRPSRQHQW��DQG�RQH�ZLWK�X������WKHUH�LV�D�JLDQW
FRPSRQHQW��LW� LV�XQFOHDU�ZKLFK�RI�WKHVH�VROXWLRQV�ZH�VKRXOG�EHOLHYH��,Q�6HFWLRQ�������KRZHYHU��ZH
VKRZHG�WKDW�WKHUH�LV�D�JLDQW�FRPSRQHQW�LQ�WKH�QHWZRUN�ZKHQ�WKH�GHJUHH�VHTXHQFH�VDWLVILHV�D�VSHFLILF
FRQGLWLRQ�� (T�� ��������� ,Q� WKH� QH[W� VHFWLRQ��ZH� VKRZ� WKDW� LQ� IDFW� WKLV� FRQGLWLRQ� LV� DOZD\V� VDWLVILHG
ZKHQHYHU�D�QRQ�WULYLDO�VROXWLRQ�X�����H[LVWV��DQG�KHQFH�WKDW�WKHUH�LV�DOZD\V�D�JLDQW�FRPSRQHQW�ZKHQ
ZH�KDYH�VXFK�D�VROXWLRQ�
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7KH�H[DPSOH�JLYHQ�LQ�WKH�ODVW�VHFWLRQ�LV�XQXVXDO�LQ�WKDW�ZH�FDQ�VROYH�WKH�IL[HG�SRLQW�HTXDWLRQ��������
H[DFWO\�IRU�WKH�FUXFLDO�SDUDPHWHU�X��,Q�PRVW�RWKHU�FDVHV�H[DFW�VROXWLRQV�DUH�QRW�SRVVLEOH��EXW�ZH�FDQ
QRQHWKHOHVV� JHW� D� JRRG� LGHD� RI� WKH� EHKDYLRU� RI�X� E\�JUDSKLFDO�PHDQV��7KH�GHULYDWLYHV� RI�J��]�� DUH
SURSRUWLRQDO�WR�WKH�SUREDELOLWLHV�ȡV�DQG�KHQFH�DUH�DOO�QRQ�QHJDWLYH��7KDW�PHDQV�WKDW�IRU�]������J���]��LV
LQ�JHQHUDO�SRVLWLYH��DQ�LQFUHDVLQJ�IXQFWLRQ�RI�LWV�DUJXPHQW��DQG�XSZDUG�FRQFDYH��,W�DOVR�WDNHV�WKH�YDOXH
��ZKHQ�]� ����7KXV�LW�PXVW�ORRN�TXDOLWDWLYHO\�OLNH�RQH�RI�WKH�FXUYHV�LQ�)LJ��������7KH�VROXWLRQ�RI�WKH
IL[HG�SRLQW�HTXDWLRQ�X� �J���X��LV�WKHQ�JLYHQ�E\�WKH�LQWHUFHSW�RI�WKH�FXUYH�\� �J���X��ZLWK�WKH�OLQH�\� �X
�WKH�GRWWHG�OLQH�LQ�WKH�ILJXUH��

�

)LJXUH�������*UDSKLFDO�VROXWLRQ�RI�(T�����������7KH�VROXWLRQ�RI�WKH�HTXDWLRQ�X� �J���X�� LV�JLYHQ�E\
WKH�SRLQW�DW�ZKLFK�WKH�FXUYH�\� �J���X��LQWHUFHSWV�WKH�OLQH�\� �X�
�
�
$V�ZH�DOUHDG\�NQRZ��WKHUH�LV�DOZD\V�D�WULYLDO�VROXWLRQ�DW�X� ����WRS�ULJKW�LQ�WKH�ILJXUH���%XW�QRZ�ZH

FDQ�VHH�WKDW�WKHUH�FDQ�EH�MXVW�RQH�RWKHU�VROXWLRQ�ZLWK�X�����DQG�RQO\�LI�WKH�FXUYH�WDNHV�WKH�ULJKW�IRUP��,Q
SDUWLFXODU��ZH�KDYH�D�QRQ�WULYLDO�VROXWLRQ�DW�X�����LI�WKH�VORSH� �RI�WKH�FXUYH�DW�X� ���LV�JUHDWHU�WKDQ
WKH�VORSH�RI�WKH�GRWWHG�OLQH��7KDW�LV��LI

�

��������
�



�

8VLQJ�(T����������IRU�J��]���ZH�KDYH

�

��������
�
�

7KXV�RXU�FRQGLWLRQ�IRU�WKH�VROXWLRQ�DW�X�����LV

�

��������
�

RU�HTXLYDOHQWO\�

�

��������
�
�

%XW�WKLV�LV�QRQH�RWKHU�WKDQ�WKH�FRQGLWLRQ�IRU�WKH�H[LVWHQFH�RI�D�JLDQW�FRPSRQHQW��(T�����������,Q�RWKHU
ZRUGV�� WKH� FRQGLWLRQV� IRU� WKH� H[LVWHQFH� RI� D� JLDQW� FRPSRQHQW� DQG� WKH� H[LVWHQFH� RI� WKH� QRQ�WULYLDO
VROXWLRQ� WR� (T�� �������� DUH� H[DFWO\� WKH� VDPH� DQG� DQG� KHQFH�� DV� SURPLVHG�� WKHUH� LV� DOZD\V� D� JLDQW
FRPSRQHQW�ZKHQHYHU�D�VROXWLRQ�X�����H[LVWV�IRU�(T����������
:ULWLQJ� �DQG� ��ZH�FDQ�DOVR�ZULWH�(T�����������DV

�

��������



�
�

%XW�QRWH�QRZ�WKDW��DV�EHIRUH��YHUWLFHV�RI�GHJUHH�]HUR�DQG�GHJUHH�WZR�PDNH�QR�FRQWULEXWLRQ�WR�WKH�VXP�
VLQFH�WHUPV�LQ�ZKLFK�NL� ���RU�NL� ���YDQLVK��7KXV�ZH�FDQ�DGG�DV�PDQ\�YHUWLFHV�RI�GHJUHH�]HUR�RU�WZR
WR�WKH�QHWZRUN�DV�ZH�OLNH��RU�WDNH�WKHP�DZD\��DQG�LW�ZLOO�PDNH�QR�GLIIHUHQFH�WR�WKH�H[LVWHQFH�RU�QRW�RI
D�JLDQW�FRPSRQHQW��:H�QRWHG�D�VSHFLDO�FDVH�RI�WKLV�SKHQRPHQRQ�LQ�6HFWLRQ��������
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+DYLQJ�ORRNHG�LQ�VRPH�GHWDLO�DW�WKH�EHKDYLRU�RI�WKH�JLDQW�FRPSRQHQW�LQ�WKH�FRQILJXUDWLRQ�PRGHO��OHW�XV
UHWXUQ�RQFH�PRUH�WR�WKH�VPDOO�FRPSRQHQWV��,Q�(TV����������DQG���������ZH�KDYH²LQ�WKHRU\�DW�OHDVW²
WKH� JHQHUDWLQJ� IXQFWLRQV� WKDW� JLYH� WKH� HQWLUH� GLVWULEXWLRQ� RI� VL]HV� RI� WKH� VPDOO� FRPSRQHQWV�
8QIRUWXQDWHO\��LW�LV�LQ�PRVW�FDVHV�LPSRVVLEOH�WR�VROYH�WKHVH�HTXDWLRQV�H[DFWO\��EXW�ZH�FDQ�VWLOO�H[WUDFW
SOHQW\�RI�XVHIXO�LQIRUPDWLRQ�IURP�WKHP��)RU�H[DPSOH��ZH�FDQ�FDOFXODWH�WKH�PHDQ�VL]H�RI�WKH�FRPSRQHQW
WR�ZKLFK�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV��ZKLFK�LV�JLYHQ�E\�WKH�HTXLYDOHQW�RI�(T����������WKXV�

�

��������
�

ZKHUH�ZH�KDYH�XVHG�(T����������LQ�WKH�ILQDO�HTXDOLW\��'LIIHUHQWLDWLQJ�(T����������ZH�JHW

�

��������
�

ZKHUH�ZH�KDYH�XVHG�(T�� �������� LQ� WKH� VHFRQG� HTXDOLW\� DQG�(TV�� �������� DQG� �������� LQ� WKH� WKLUG�
6HWWLQJ�]� ���ZH�WKHQ�JHW

�

��������
�

ZKHUH�ZH�KDYH�XVHG�(TV����������DQG����������7R�FDOFXODWH� �ZH�GLIIHUHQWLDWH�(T����������WKXV�



�

��������
�

RU��UHDUUDQJLQJ�

�

��������
�
�

6HWWLQJ�]� ���LQ�WKLV�H[SUHVVLRQ�JLYHV

�

��������
�
�

&RPELQLQJ�(TV����������������������DQG�����������ZH�WKHQ�ILQG�WKDW

�

��������
�
�

8VLQJ�YDOXHV�RI�6�DQG�X�IURP�(TV����������DQG���������ZH�FDQ�WKHQ�FDOFXODWH�V�IURP�WKLV�HTXDWLRQ�
$�VLPSOH�FDVH�RFFXUV�ZKHQ�ZH�DUH�LQ�WKH�UHJLRQ�ZKHUH�WKHUH�LV�QR�JLDQW�FRPSRQHQW��,Q�WKLV�UHJLRQ

ZH�KDYH�6� ���DQG�X� ���E\�GHILQLWLRQ�DQG�KHQFH



�

��������
�

�

7KXV� WKH� DYHUDJH� VL]H� RI� WKH� FRPSRQHQW� WR�ZKLFK� D� YHUWH[� EHORQJV� GLYHUJHV� SUHFLVHO\� DW� WKH� SRLQW
ZKHUH� �� WKH� SRLQW� DW� ZKLFK� WKH� FXUYH� LQ� )LJ�� ����� LV� H[DFWO\� WDQJHQW� WR� WKH� GRWWHG� OLQH� �WKH
PLGGOH� FXUYH� LQ� WKH� ILJXUH��� 7KLV� LV�� RI� FRXUVH�� DOVR� WKH� SRLQW� DW� ZKLFK� WKH� JLDQW� FRPSRQHQW� ILUVW
DSSHDUV�
7KXV� WKH�SLFWXUH�ZH�KDYH� LV� VLPLODU� WR� WKDW� VKRZQ� LQ�)LJ������� IRU� WKH�3RLVVRQ� UDQGRP�JUDSK�� LQ

ZKLFK�WKH�W\SLFDO�VL]H�RI�WKH�FRPSRQHQW�WR�ZKLFK�D�YHUWH[�EHORQJV�JURZV�ODUJHU�DQG�ODUJHU�XQWLO�ZH
UHDFK�WKH�SRLQW��RU�SKDVH�WUDQVLWLRQ��ZKHUH�WKH�JLDQW�FRPSRQHQW�DSSHDUV��DW�ZKLFK�LW�GLYHUJHV��%H\RQG
WKLV� SRLQW� WKH� VPDOO� FRPSRQHQWV� VKULQN� LQ� VL]H� DJDLQ�� DOWKRXJK� WKH� RYHUDOO� PHDQ� FRPSRQHQW� VL]H�
LQFOXGLQJ�WKH�JLDQW�FRPSRQHQW��LV�LQILQLWH�
(TXDWLRQ� ��������� FDQ�DOVR�EH� H[SUHVVHG� LQ� D� FRXSOH� RI�RWKHU� IRUPV� WKDW�PD\�EH�XVHIXO� LQ� VRPH

FLUFXPVWDQFHV��)URP�(T����������ZH�NQRZ�WKDW� �DQG��SXWWLQJ� �DOVR��ZH�ILQG
WKDW

�

��������
�

�

7KLV�H[SUHVVLRQ�FDQ�EH�HYDOXDWHG�HDVLO\�JLYHQ�RQO\�D�NQRZOHGJH�RI�WKH�GHJUHH�VHTXHQFH�DQG�DYRLGV
WKH�QHHG�WR�FDOFXODWH�DQ\�JHQHUDWLQJ�IXQFWLRQV��8VLQJ�WKH�QRWDWLRQ�LQWURGXFHG�HDUOLHU�LQ�ZKLFK�F��DQG�F�
DUH�WKH�PHDQ�QXPEHU�RI�ILUVW�DQG�VHFRQG�QHLJKERUV�RI�D�YHUWH[��ZLWK�F��JLYHQ�E\�(T�����������ZH�FDQ
DOVR�ZULWH����������LQ�WKH�IRUP

�

��������
�

VR�WKDW�WKH�DYHUDJH�VL]H�RI�WKH�FRPSRQHQW�D�YHUWH[�EHORQJV�WR�LV�GLFWDWHG�HQWLUHO\�E\�WKH�PHDQ�QXPEHUV
RI�ILUVW�DQG�VHFRQG�QHLJKERUV�
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$V�ZLWK�WKH�3RLVVRQ�UDQGRP�JUDSK��ZH�PXVW�EH�FDUHIXO�DERXW�RXU�FODLPV�LQ�WKH�SUHYLRXV�VHFWLRQ��:H
KDYH�FDOFXODWHG�WKH�DYHUDJH�VL]H�V�RI�WKH�FRPSRQHQW�WR�ZKLFK�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�EXW
WKLV� LV�QRW� WKH�VDPH� WKLQJ�DV� WKH�DYHUDJH�VL]H�RI�D�FRPSRQHQW�� VLQFH�PRUH�YHUWLFHV�EHORQJ� WR� ODUJHU
FRPSRQHQWV�� ZKLFK� ELDVHV� WKH� YDOXH� RI� V�� ,I� ZH� ZDQW� WKH� WUXH� DYHUDJH� VL]H�5� RI� WKH� VPDOO
FRPSRQHQWV��ZH�PXVW�XVH�(T�����������ZKLFK�ZH�UHSURGXFH�KHUH�IRU�FRQYHQLHQFH�

�

��������
�
�

7KH�VXP�FDQ�EH�FDOFXODWHG�DV�EHIRUH�XVLQJ�WKH�HTXLYDOHQW�RI�(T����������

�

��������
�
�

7DNLQJ�K���]��]�IURP�(T������������ZH�JHW

�

��������
�
�

7KHQ



�

��������
�
�

1RWH�WKDW�WKH�YDOXH�RI�WKLV�DYHUDJH�DW�WKH�WUDQVLWLRQ�SRLQW�ZKHUH�6� ���DQG�X� ���LV�MXVW�������í�N��
ZKLFK�LV�QRUPDOO\�SHUIHFWO\�ILQLWH�����7KXV�WKH�DYHUDJH�FRPSRQHQW�VL]H�GRHV�QRW�QRUPDOO\�GLYHUJH�DW
WKH�WUDQVLWLRQ��XQOLNH�V��
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2QH�RI�WKH�PRVW�VXUSULVLQJ�UHVXOWV�FRQFHUQLQJ�WKH�FRQILJXUDWLRQ�PRGHO�LV�WKDW�LW�LV�SRVVLEOH�WR�GHULYH
DQ�H[SUHVVLRQ�QRW� MXVW� IRU� WKH�DYHUDJH�VL]H�RI� WKH�FRPSRQHQW� WR�ZKLFK�D�YHUWH[�EHORQJV��EXW� IRU� WKH
H[DFW�SUREDELOLW\�WKDW�LW�EHORQJV�WR�D�FRPSRQHQW�RI�DQ\�VSHFLILF�VL]H²WKH�SUREDELOLW\�WKDW�LW�EHORQJV�WR
D� FRPSRQHQW� RI� VL]H� WHQ�� RU� D� KXQGUHG�� RU� D�PLOOLRQ�� 7KH� GHULYDWLRQ� RI� WKLV� UHVXOW� LV� VLPLODU� WR� WKH
GHULYDWLRQ�JLYHQ�LQ�6HFWLRQ��������IRU�WKH�FRUUHVSRQGLQJ�TXDQWLW\�IRU�WKH�3RLVVRQ�UDQGRP�JUDSK�
6LQFH�D�FRPSRQHQW� FDQQRW�KDYH�VL]H�]HUR�� WKH�JHQHUDWLQJ� IXQFWLRQ� IRU� WKH�SUREDELOLWLHV�ʌV� KDV� WKH

IRUP

�

��������
�

ZLWK�WKH�VXP�VWDUWLQJ�DW����'LYLGLQJ�E\�]�DQG�GLIIHUHQWLDWLQJ�V�í���WLPHV��ZH�WKHQ�ILQG�WKDW

�

��������
�

�

�ZKLFK�LV�MXVW�D�PLQRU�YDULDWLRQ�RQ�WKH�VWDQGDUG�IRUPXOD��(T�����������8VLQJ�(T�����������WKLV�FDQ�DOVR
EH�ZULWWHQ

�

��������
�
�



1RZ�ZH�PDNH�XVH�RI�WKH�&DXFK\�IRUPXOD�IRU�WKH�Q�GHULYDWLYH�RI�D�IXQFWLRQ��ZKLFK�VD\V�WKDW

�

��������
�

ZKHUH�WKH�LQWHJUDO�LV�DURXQG�D�FRQWRXU�WKDW�HQFORVHV�]��LQ�WKH�FRPSOH[�SODQH�EXW�HQFORVHV�QR�SROHV�LQ
¦�]���$SSO\LQJ�WKLV�IRUPXOD�WR�(T�����������ZLWK�]�� ���ZH�JHW

�

��������
�
�

)RU�RXU�FRQWRXU��ZH�FKRRVH�DQ�LQILQLWHVLPDO�FLUFOH�DURXQG�WKH�RULJLQ�
&KDQJLQJ�WKH�LQWHJUDWLRQ�YDULDEOH�WR�K���ZH�FDQ�DOVR�ZULWH�WKLV�DV

�

��������
�

�

+HUH�ZH�DUH�UHJDUGLQJ�]�QRZ�DV�D�IXQFWLRQ�RI�K���UDWKHU�WKDQ�WKH�RWKHU�ZD\�DURXQG��)XUWKHUPRUH��VLQFH
K��]��JRHV�WR�]HUR�DV�]�ĺ����WKH�FRQWRXU�LQ�K��VXUURXQGV�WKH�RULJLQ�WRR���7KH�SURRI�LV�WKH�VDPH�DV�IRU
(T�����������
1RZ�ZH�PDNH�XVH�RI�(T����������WR�HOLPLQDWH�]�DQG�ZULWH

�



��������
�

ZKHUH�ZH�KDYH�PDGH�XVH�RI�(T���������� LQ� WKH�VHFRQG�OLQH��*LYHQ�WKDW� WKH�FRQWRXU�VXUURXQGV� WKH
RULJLQ��WKLV�LQWHJUDO�LV�QRZ�LQ�WKH�IRUP�RI�(T�����������DJDLQ��DQG�KHQFH

�

��������
�

ZKHUH�ZH�KDYH�ZULWWHQ� �
7KH�RQO\�H[FHSWLRQ�WR�WKLV�IRUPXOD�LV�IRU� WKH�FDVH�V� ����IRU�ZKLFK�(T�����������JLYHV�����DQG�LV

WKHUHIRUH�FOHDUO\�LQFRUUHFW��+RZHYHU��VLQFH�WKH�RQO\�ZD\�WR�EHORQJ�WR�D�FRPSRQHQW�RI�VL]H���LV�WR�KDYH
QR�FRQQHFWLRQV�WR�DQ\�RWKHU�YHUWLFHV��WKH�SUREDELOLW\�ʌ��LV�WULYLDOO\�HTXDO�WR�WKH�SUREDELOLW\�RI�KDYLQJ
GHJUHH�]HUR�

�

��������
�

�
(TXDWLRQV����������DQG����������JLYH�WKH�SUREDELOLW\� WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D

FRPSRQHQW�RI�VL]H�V�LQ�WHUPV�RI�WKH�GHJUHH�GLVWULEXWLRQ��,Q�SULQFLSOH�LI�ZH�NQRZ�SN�ZH�FDQ�FDOFXODWH
ʌV�� ,W� LV�QRW�DOZD\V�HDV\�WR�SHUIRUP�WKH�GHULYDWLYHV� LQ�SUDFWLFH�DQG�LQ�VRPH�FDVHV�ZH�PD\�QRW�HYHQ
NQRZ� WKH� JHQHUDWLQJ� IXQFWLRQ�J�� �]�� LQ� FORVHG� IRUP�� EXW� DW� OHDVW� LQ� VRPH� FDVHV� WKH� FDOFXODWLRQV� DUH
SRVVLEOH��$V�DQ�H[DPSOH��FRQVLGHU�D�QHWZRUN�ZLWK�WKH�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ

�

��������
�

ZLWK�H[SRQHQWLDO�SDUDPHWHU�Ȝ�!����)URP�(TV���������DQG���������WKH�JHQHUDWLQJ�IXQFWLRQV�J���]��DQG
J���]��DUH�JLYHQ�E\



�

��������
�

�

7KHQ�LW�LV�QRW�KDUG�WR�VKRZ�WKDW

�

��������
�

DQG�KHQFH

�

��������
�
�

�

)LJXUH�������7KH�GLVWULEXWLRQ�RI�FRPSRQHQW�VL]HV�LQ�D�FRQILJXUDWLRQ�PRGHO��7KH�SUREDELOLW\�ʌV�WKDW
D� YHUWH[� EHORQJV� WR� D� FRPSRQHQW� RI� VL]H�V� IRU� WKH� FRQILJXUDWLRQ�PRGHO�ZLWK� DQ� H[SRQHQWLDO� GHJUHH



GLVWULEXWLRQ� RI� WKH� IRUP� ��������� IRU�Ȝ�  � ����� 7KH� VROLG� OLQHV� UHSUHVHQW� WKH� H[DFW� IRUPXOD�� (T�
���������� IRU� WKH�Q�ĺ��� OLPLW�DQG� WKH�SRLQWV�DUH�PHDVXUHPHQWV�RI�ʌV�DYHUDJHG�RYHU�����FRPSXWHU�
JHQHUDWHG�QHWZRUNV�ZLWK�Q� �����YHUWLFHV�HDFK�
�
�

)LJXUH������VKRZV�D�FRPSDULVRQ�RI�WKLV�IRUPXOD�ZLWK�WKH�UHVXOWV�RI�QXPHULFDO�VLPXODWLRQV�IRU�Ȝ� ����
DQG��DV�ZH�FDQ�VHH��WKH�DJUHHPHQW�EHWZHHQ�IRUPXOD�DQG�VLPXODWLRQV�LV�JRRG²RXU�FDOFXODWLRQV�VHHP
WR�GHVFULEH�WKH�VLPXODWHG�UDQGRP�JUDSK�ZHOO�HYHQ�WKRXJK�WKH�JUDSK�LV�QHFHVVDULO\�ILQLWH�LQ�VL]H�ZKLOH
WKH�FDOFXODWLRQV�DUH�SHUIRUPHG�LQ�WKH�OLPLW�RI�ODUJH�Q�
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$V�ZH�VDZ�LQ�6HFWLRQ������D�QXPEHU�RI�QHWZRUNV�KDYH�GHJUHH�GLVWULEXWLRQV�WKDW�DSSUR[LPDWHO\�REH\�D
SRZHU�ODZ��$V�DQ�H[DPSOH�RI�WKH�DSSOLFDWLRQ�RI�WKH�PDFKLQHU\�GHYHORSHG�LQ�WKLV�FKDSWHU��OHW�XV�ORRN
DW�WKH�SURSHUWLHV�RI�D�UDQGRP�JUDSK�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�
6XSSRVH�ZH�KDYH�D�QHWZRUN�ZLWK�D�³SXUH´�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�RI�WKH�IRUP

�

��������
�

�

�6HH�(T������������+HUH�Į�!���LV�D�FRQVWDQW�H[SRQHQW�DQG�ȗ�Į��LV�WKH�5LHPDQQ�]HWD�IXQFWLRQ�

�
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�
8VLQJ� WKH� UHVXOWV� RI� WKH� SUHYLRXV� VHFWLRQV� ZH� FDQ�� IRU� LQVWDQFH�� VD\� ZKHWKHU� WKHUH� LV� D� JLDQW

FRPSRQHQW�LQ�WKLV�QHWZRUN�RU�QRW��(TXDWLRQ���������WHOOV�XV�WKDW�WKHUH�ZLOO�EH�D�JLDQW�FRPSRQHQW�LI�DQG
RQO\�LI

�

��������
�

�

,Q�WKH�SUHVHQW�FDVH

�
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DQG

�

��������
�
�

7KXV�WKHUH�LV�D�JLDQW�FRPSRQHQW�LI

�

��������
�
�
)LJXUH������VKRZV�WKLV�LQHTXDOLW\�LQ�JUDSKLFDO�IRUP��7KH�WZR�FXUYHV�LQ�WKH�ILJXUH�VKRZ�WKH�YDOXHV

RI�ȗ�Į�í����DQG��ȗ�Į�í����DV� IXQFWLRQV�RI�Į�DQG��DV�ZH�FDQ�VHH�� WKH� LQHTXDOLW\���������� LV�VDWLVILHG
RQO\�IRU�VXIILFLHQWO\�ORZ�YDOXHV�RI�Į��EHORZ�WKH�GRWWHG�OLQH�LQ�WKH�ILJXUH��,Q�IDFW�D�QXPHULFDO�VROXWLRQ
RI�WKH�HTXDWLRQ�ȗ�Į�í���� ��ȗ�Į�í����LQGLFDWHV�WKDW�WKH�QHWZRUN�ZLOO�KDYH�D�JLDQW�FRPSRQHQW�RQO\�IRU�Į
��������������D�UHVXOW�ILUVW�JLYHQ�E\�$LHOOR�HW�DO��>�@�LQ������
,Q�SUDFWLFH�WKLV�UHVXOW�LV�RI�RQO\�OLPLWHG�XWLOLW\�EHFDXVH�LW�DSSOLHV�RQO\�IRU�WKH�SXUH�SRZHU�ODZ��,Q

JHQHUDO��RWKHU�GLVWULEXWLRQV�ZLWK�SRZHU�ODZ�WDLOV�EXW�GLIIHUHQW�EHKDYLRU�IRU�ORZ�N�ZLOO�KDYH�GLIIHUHQW
WKUHVKROGV�DW�ZKLFK� WKH�JLDQW�FRPSRQHQW�DSSHDUV��7KHUH� LV�KRZHYHU�D�JHQHUDO� UHVXOW�ZH�FDQ�GHULYH
WKDW� DSSOLHV� WR� DOO� GLVWULEXWLRQV� ZLWK� SRZHU�ODZ� WDLOV�� ,Q� 6HFWLRQ� ������ ZH� QRWHG� WKDW� WKH� VHFRQG
PRPHQW�N��GLYHUJHV�IRU�DQ\�GLVWULEXWLRQ�ZLWK�D�SRZHU�ODZ�WDLO�ZLWK�H[SRQHQW�Į������ZKLOH�WKH�ILUVW
PRPHQW�N�UHPDLQV�ILQLWH�VR�ORQJ�DV�Į�!����7KLV�PHDQV�WKDW�(T�����������LV�DOZD\V�VDWLVILHG�IRU�DQ\
FRQILJXUDWLRQ�PRGHO�ZLWK�D�SRZHU�ODZ�WDLO�WR�LWV�GHJUHH�GLVWULEXWLRQ�VR�ORQJ�DV�Į�OLHV�LQ�WKH�UDQJH����
Į������DQG�KHQFH�WKHUH�ZLOO�DOZD\V�EH�D�JLDQW�FRPSRQHQW�QR�PDWWHU�ZKDW�HOVH�WKH�GLVWULEXWLRQ�GRHV�
)RU�Į�!����RQ�WKH�RWKHU�KDQG��WKHUH�PD\�RU�PD\�QRW�EH�D�JLDQW�FRPSRQHQW��GHSHQGLQJ�RQ�WKH�SUHFLVH
IXQFWLRQDO� IRUP� RI� WKH� GHJUHH� GLVWULEXWLRQ�� �)RU�Į� �� �� LW� WXUQV� RXW� WKDW� WKHUH� LV� DOZD\V� D� JLDQW
FRPSRQHQW��DOWKRXJK�PRUH�ZRUN�LV�QHHGHG�WR�GHPRQVWUDWH�WKLV���1RWH�WKDW��DV�GLVFXVVHG�LQ�6HFWLRQ�����
PRVW�REVHUYHG�YDOXHV�RI�Į�IRU�UHDO�ZRUOG�QHWZRUNV�OLH�LQ�WKH�UDQJH�����Į�����DQG�KHQFH�ZH�WHQWDWLYHO\
H[SHFW� VXFK� QHWZRUNV� WR� KDYH� D� JLDQW� FRPSRQHQW�� DOWKRXJK� ZH� PXVW� DOVR� EHDU� LQ� PLQG� WKDW� WKH
FRQILJXUDWLRQ�PRGHO�LV�D�VLPSOLILHG�PRGHO�RI�D�QHWZRUN�DQG�LV�QRW�QHFHVVDULO\�D�JRRG�UHSUHVHQWDWLRQ
RI�DQ\�VSHFLILF�UHDO�ZRUOG�QHWZRUN�



�

)LJXUH�������*UDSKLFDO�VROXWLRQ�RI�(T������������7KH�FRQILJXUDWLRQ�PRGHO�ZLWK�D�SXUH�SRZHU�ODZ
GHJUHH�GLVWULEXWLRQ��(T�� ����������KDV�D�JLDQW�FRPSRQHQW� LI�ȗ�Į�í����!��ȗ�Į�í�����7KLV�KDSSHQV�IRU
YDOXHV�RI�Į�EHORZ�WKH�FURVVLQJ�SRLQW�RI�WKH�WZR�FXUYHV�
�
�
5HWXUQLQJ�WR�WKH�SXUH�SRZHU�ODZ�OHW�XV�FDOFXODWH�WKH�VL]H�6�RI�WKH�JLDQW�FRPSRQHQW��ZKHQ�WKHUH�LV

RQH��7KH�IXQGDPHQWDO�JHQHUDWLQJ�IXQFWLRQV�J��]��DQG�J��]��IRU�WKH�SRZHU�ODZ�GLVWULEXWLRQ�DUH�JLYHQ�E\
(TV����������DQG����������ZKLFK�ZH�UHSHDW�KHUH�IRU�FRQYHQLHQFH�

�

��������
�

�

+HUH�ȗ�Į��LV�WKH�5LHPDQQ�]HWD�IXQFWLRQ�DJDLQ�DQG�/LĮ�]��LV�WKH�SRO\ORJDULWKP

�

��������
�

�6HH�(T������������1RZ�WKH�FUXFLDO�HTXDWLRQ���������IRU�WKH�SUREDELOLW\�X� �K�����UHDGV



�

��������
�

ZKHUH�ZH�KDYH�XVHG�WKH�H[SOLFLW�GHILQLWLRQ�RI�WKH�SRO\ORJDULWKP�IRU�FODULW\�
,Q� JHQHUDO� WKHUH� LV� QR� FORVHG�IRUP� VROXWLRQ� IRU� WKLV� HTXDWLRQ�� EXW�ZH� GR� QRWLFH� VRPH� LQWHUHVWLQJ

SRLQWV��,Q�SDUWLFXODU��QRWH�WKDW�WKH�VXP�LQ�WKH�QXPHUDWRU�LV�VWULFWO\�SRVLWLYH�IRU�X������ZKLFK�PHDQV�WKDW
LI�ȗ�Į�í����GLYHUJHV�ZH�ZLOO�JHW�D�VROXWLRQ�X� ����$QG�LQGHHG�ȗ�Į�í����GRHV�GLYHUJH��,W�GLYHUJHV�DW�Į� 
��DQG�DOO�YDOXHV�EHORZ��DV�RQH�FDQ�UHDGLO\�YHULI\�IURP�WKH�GHILQLWLRQ��(T���������������7KXV�IRU�Į����
ZH�KDYH�X� ���DQG�(T����������WKHQ�WHOOV�XV�WKDW�WKH�JLDQW�FRPSRQHQW�KDV�VL]H�6� ���í�J����� ���í�S��
+RZHYHU�� IRU�RXU�SDUWLFXODU�FKRLFH�RI�GHJUHH�GLVWULEXWLRQ��(T�� ���������� WKHUH�DUH�QR�YHUWLFHV�ZLWK
GHJUHH�]HUR��DQG�KHQFH�S�� ���DQG�6� ����7KDW�LV��WKH�JLDQW�FRPSRQHQW�ILOOV�WKH�HQWLUH�QHWZRUN�DQG�WKHUH
DUH�QR�VPDOO�FRPSRQHQWV�DW�DOO�
7HFKQLFDOO\�� WKLV�VWDWHPHQW�LV�QRW�TXLWH�FRUUHFW��7KHUH�LV�DOZD\V�VRPH�FKDQFH�WKDW��IRU� LQVWDQFH��D

YHUWH[�RI�GHJUHH���ZLOO�FRQQHFW�WR�DQRWKHU�YHUWH[�RI�GHJUHH����IRUPLQJ�D�VPDOO�FRPSRQHQW��:KDW�ZH
KDYH�VKRZQ�LV�WKDW�WKH�SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D�VPDOO�FRPSRQHQW�LV�]HUR
LQ� WKH� OLPLW� RI� ODUJH�Q�� L�H��� WKDW�ZKDW� VPDOO�FRPSRQHQWV� WKHUH�DUH� ILOO� D� IUDFWLRQ�RI� WKH�QHWZRUN� WKDW
YDQLVKHV� DV�Q� ĺ� ��� ,Q� WKH� ODQJXDJH� XVHG� E\� PDWKHPDWLFLDQV�� D� UDQGRPO\� FKRVHQ� YHUWH[� ³DOPRVW
VXUHO\´� EHORQJV� WR� WKH� JLDQW� FRPSRQHQW�� PHDQLQJ� LW� LV� WHFKQLFDOO\� SRVVLEOH� WR� REVHUYH� DQRWKHU
RXWFRPH��EXW�WKH�SUREDELOLW\�LV�YDQLVKLQJO\�VPDOO�
7KXV� RXU� SLFWXUH� RI� WKH� SXUH� SRZHU�ODZ� FRQILJXUDWLRQ� PRGHO� LV� RQH� LQ� ZKLFK� WKHUH� LV� D� JLDQW

FRPSRQHQW� IRU�YDOXHV�RI�Į��������������DQG�WKDW�JLDQW�FRPSRQHQW�ILOOV�HVVHQWLDOO\�WKH�HQWLUH�QHWZRUN
ZKHQ�Į������,Q�WKH�UHJLRQ�EHWZHHQ�Į� ���DQG�Į� ��������WKHUH�LV�D�JLDQW�FRPSRQHQW�EXW�LW�GRHV�QRW�ILOO
WKH�ZKROH� QHWZRUN� DQG� VRPH� SRUWLRQ� RI� WKH� QHWZRUN� FRQVLVWV� RI� VPDOO� FRPSRQHQW�� ,I�Į� !� ���������
WKHUH�DUH�RQO\�VPDOO�FRPSRQHQWV��$V�D�FRQILUPDWLRQ�RI� WKLV�SLFWXUH��)LJ�������VKRZV� WKH�VL]H�RI� WKH
JLDQW�FRPSRQHQW�H[WUDFWHG�IURP�D�QXPHULFDO�VROXWLRQ�RI�(T���������������$V�ZH�FDQ�VHH�LW�ILWV�QLFHO\
ZLWK�WKH�SLFWXUH�GHVFULEHG�DERYH�
:H�FRXOG�LQ�SULQFLSOH�WDNH�RXU�FDOFXODWLRQV�IXUWKHU��FDOFXODWLQJ��IRU�LQVWDQFH��WKH�PHDQ�VL]H�RI�WKH

VPDOO�FRPSRQHQWV�LQ�WKH�UHJLRQ�Į�!���XVLQJ�(T������������RU�WKH�HQWLUH�GLVWULEXWLRQ�RI�WKHLU�VL]HV�XVLQJ
(T�����������
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,Q�WKLV�FKDSWHU�ZH�KDYH�VWXGLHG�UDQGRP�JUDSK�PRGHOV�WKDW�JR�D�VWHS�EH\RQG�WKH�3RLVVRQ�UDQGRP�JUDSK
RI�&KDSWHU����E\�DOORZLQJ�XV�WR�FKRRVH�WKH�GHJUHH�GLVWULEXWLRQ�RI�RXU�PRGHO�QHWZRUN��7KLV�LQWURGXFHV
DQ� DGGLWLRQDO� OHYHO� RI� UHDOLVP� WR� WKH� PRGHO� WKDW� PDNHV� LW� VXEVWDQWLDOO\� PRUH� LQIRUPDWLYH�� ,W� LV�
KRZHYHU��RQO\�D�ILUVW�VWHS��7KHUH�DUH�PDQ\�RWKHU�IHDWXUHV�ZH�FDQ�DGG�WR�WKH�PRGHO� WR�PDNH�LW�PRUH
UHDOLVWLF� VWLOO��:H� FDQ� IRU� LQVWDQFH� FUHDWH� UDQGRP� JUDSK� PRGHOV� RI� QHWZRUNV� ZLWK� DVVRUWDWLYH� �RU
GLVDVVRUWDWLYH��PL[LQJ� >���@��ELSDUWLWH� VWUXFWXUH� >���@��RU�FOXVWHULQJ� >���@��$OO�RI� WKHVH�PRGHOV�DUH
VWLOO�H[DFWO\�VROYDEOH� LQ� WKH� OLPLW�RI� ODUJH�V\VWHP�VL]H��DOWKRXJK� WKH�VROXWLRQV�DUH�PRUH�FRPSOLFDWHG
WKDQ�IRU�WKH�PRGHOV�ZH�KDYH�VHHQ�LQ�WKLV�FKDSWHU��)RU�LQVWDQFH��LQ�WKH�FDVH�RI�WKH�UDQGRP�JUDSK�ZLWK
DVVRUWDWLYH� PL[LQJ� WKH� IXQGDPHQWDO� JHQHUDWLQJ� IXQFWLRQ� J��]�� EHFRPHV� D� YHFWRU�� WKH� FRUUHVSRQGLQJ
HTXDWLRQ���������IRU�WKH�GLVWULEXWLRQ�RI�FRPSRQHQW�VL]HV�EHFRPHV�D�YHFWRU�HTXDWLRQ��DQG�WKH�FRQGLWLRQ
IRU� WKH� H[LVWHQFH� RI� D� JLDQW� FRPSRQHQW�� (T�� ��������� EHFRPHV� D� FRQGLWLRQ� RQ� WKH� GHWHUPLQDQW� RI� D
PDWUL[�

�

)LJXUH�������6L]H�RI�WKH�JLDQW�FRPSRQHQW�IRU�WKH�FRQILJXUDWLRQ�PRGHO�ZLWK�D�SRZHU�ODZ�GHJUHH
GLVWULEXWLRQ��7KLV�SORW�VKRZV�WKH�IUDFWLRQ�RI�WKH�QHWZRUN�ILOOHG�E\�WKH�JLDQW�FRPSRQHQW�DV�D�IXQFWLRQ�RI
WKH�H[SRQHQW�Į�RI�WKH�SRZHU�ODZ��FDOFXODWHG�E\�QXPHULFDO�VROXWLRQ�RI�(TV����������DQG�����������7KH
GRWWHG� OLQHV�PDUN� WKH� YDOXH�Į�  � �� EHORZ�ZKLFK� WKH� JLDQW� FRPSRQHQW� KDV� VL]H� �� DQG� WKH� YDOXH�Į�  
�������DERYH�ZKLFK�WKHUH�LV�QR�JLDQW�FRPSRQHQW�
�
�
:H�ZLOO�QRW�JR�LQWR�GHWDLO�RQ�DOO�RI�WKH�PDQ\�UDQGRP�JUDSK�PRGHOV� WKDW�KDYH�EHHQ�SURSRVHG�DQG

VWXGLHG�� EXW� LQ� WKLV� VHFWLRQ� ZH� WDNH� D� ORRN� DW� RQH� FDVH�� WKDW� RI� WKH� GLUHFWHG� UDQGRP� JUDSK�� DV� DQ
H[DPSOH�RI�WKH�W\SHV�RI�FDOFXODWLRQ�WKDW�DUH�SRVVLEOH�
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$V�GLVFXVVHG� LQ�6HFWLRQ������PDQ\�QHWZRUNV�� LQFOXGLQJ� WKH�:RUOG�:LGH�:HE��PHWDEROLF�QHWZRUNV�
IRRG�ZHEV��DQG�RWKHUV��DUH�GLUHFWHG��7KH�FRQILJXUDWLRQ�PRGHO�FDQ�EH�JHQHUDOL]HG�WR�GLUHFWHG�QHWZRUNV
LQ�D�VWUDLJKWIRUZDUG�IDVKLRQ��DOWKRXJK�WKH�JHQHUDOL]DWLRQ�GLVSOD\V�VRPH�QHZ�EHKDYLRUV�QRW�VHHQ�LQ�WKH
XQGLUHFWHG�FDVH��2XU�SUHVHQWDWLRQ�IROORZV�WKDW�RI�5HIV��>���@�DQG�>���@�
7R� FUHDWH� D� GLUHFWHG� HTXLYDOHQW� RI� WKH� FRQILJXUDWLRQ� PRGHO�� ZH� PXVW� VSHFLI\� D� GRXEOH� GHJUHH

VHTXHQFH��FRQVLVWLQJ�RI�DQ�LQ�GHJUHH�ML�DQG�DQ�RXW�GHJUHH�NL�IRU�HDFK�YHUWH[�L��:H�FDQ�WKLQN�RI�WKHVH�DV
VSHFLI\LQJ� WKH� QXPEHUV� RI� LQJRLQJ� DQG� RXWJRLQJ� VWXEV� RI� HGJHV� DW� HDFK� YHUWH[�� 7KHQ� ZH� FUHDWH� D
QHWZRUN�E\�UHSHDWHGO\�FKRRVLQJ�SDLUV�RI�VWXEV²RQH�LQJRLQJ�DQG�RQH�RXWJRLQJ²XQLIRUPO\�DW�UDQGRP
DQG�FRQQHFWLQJ�WKHP�WR�PDNH�GLUHFWHG�HGJHV��XQWLO�QR�XQXVHG�VWXEV�UHPDLQ��7KH�UHVXOW�LV�D�PDWFKLQJ�RI
WKH�VWXEV�GUDZQ�XQLIRUPO\�DW�UDQGRP�IURP�WKH�VHW�RI�DOO�SRVVLEOH�PDWFKLQJV��MXVW�DV�LQ�WKH�FRQILJXUDWLRQ
PRGHO��DQG� WKH�PRGHO� LWVHOI� LV�GHILQHG� WR�EH� WKH�HQVHPEOH�RI�VXFK�GLUHFWHG�QHWZRUNV� LQ�ZKLFK�HDFK
PDWFKLQJ�DSSHDUV�ZLWK�HTXDO�SUREDELOLW\�� �7KH�RQO\� VPDOO� FDWFK� LV� WKDW�ZH�PXVW�PDNH� VXUH� WKDW� WKH
WRWDO�QXPEHU�RI� LQJRLQJ�DQG�RXWJRLQJ� VWXEV� LV� WKH� VDPH�� VR� WKDW�QRQH�DUH� OHIW�RYHU�DW� WKH�HQG�RI� WKH
SURFHVV��:H�ZLOO�DVVXPH�WKLV�WR�EH�WKH�FDVH�LQ�WKH�IROORZLQJ�GHYHORSPHQWV��
7KH�SUREDELOLW\�WKDW�D�SDUWLFXODU�RXWJRLQJ�VWXE�DW�YHUWH[�Z�DWWDFKHV�WR�RQH�RI�WKH�MȞ�LQJRLQJ�VWXEV�DW

YHUWH[�Y�LV

�

��������
�

ZKHUH�P�LV�WKH�WRWDO�QXPEHU�RI�HGJHV�DQG�ZH�KDYH�PDGH�XVH�RI�(T����������6LQFH�WKH�WRWDO�QXPEHU
RI�RXWJRLQJ�VWXEV�DW�Z�LV�NȦ��WKH�WRWDO�H[SHFWHG�QXPEHU�RI�GLUHFWHG�HGJHV�IURP�YHUWH[�Z�WR�YHUWH[�Y�LV
WKHQ�MȞNZ�P��ZKLFK�LV�DOVR�WKH�SUREDELOLW\�RI�DQ�HGJH�IURP�Z� WR�Y� LQ�WKH�OLPLW�RI� ODUJH�QHWZRUN�VL]H�
SURYLGHG� WKH� QHWZRUN� LV� VSDUVH�� 7KLV� LV� VLPLODU� WR� WKH� FRUUHVSRQGLQJ� UHVXOW�� (T�� ��������� IRU� WKH
XQGLUHFWHG� FRQILJXUDWLRQ�PRGHO�� EXW� QRW� LGHQWLFDO²QRWLFH� WKDW� WKHUH� LV� QR� IDFWRU� RI� WZR�QRZ� LQ� WKH
GHQRPLQDWRU�
$V�LQ�WKH�XQGLUHFWHG�FDVH�ZH�FDQ��LI�ZH�SUHIHU��ZRUN�ZLWK�WKH�GHJUHH�GLVWULEXWLRQ��UDWKHU�WKDQ�WKH

GHJUHH� VHTXHQFH�� $V� GLVFXVVHG� LQ� 6HFWLRQ� ����� WKH� PRVW� FRUUHFW� ZD\� WR� GHVFULEH� WKH� GHJUHH
GLVWULEXWLRQ�RI�D�GLUHFWHG�QHWZRUN�LV�E\�D�MRLQW�GLVWULEXWLRQ��ZH�GHILQH�SMN�WR�EH�WKH�IUDFWLRQ�RI�YHUWLFHV
LQ�WKH�QHWZRUN�WKDW�KDYH�LQ�GHJUHH�M�DQG�RXW�GHJUHH�N��7KLV�DOORZV�IRU�WKH�SRVVLELOLW\�WKDW�WKH�LQ±DQG
RXW�GHJUHHV� RI� YHUWLFHV� DUH� FRUUHODWHG�� )RU� LQVWDQFH�� LW� ZRXOG� DOORZ� XV� WR� UHSUHVHQW� D� QHWZRUN� LQ
ZKLFK�WKH�LQ±DQG�RXW�GHJUHHV�RI�HDFK�YHUWH[�ZHUH�H[DFWO\�HTXDO�WR�RQH�DQRWKHU������7KLV�LV�UDWKHU�DQ
H[WUHPH�H[DPSOH��EXW�LW�GHPRQVWUDWHV�WKH�SRLQW��
7KH� MRLQW� GHJUHH� GLVWULEXWLRQ� FDQ� EH� FDSWXUHG� LQ� JHQHUDWLQJ� IXQFWLRQ� IRUP� E\� GHILQLQJ� D�GRXEOH

JHQHUDWLQJ�IXQFWLRQ�J���[�\��WKXV�



�

��������
�

�

�7KH�WZR�VXEVFULSW�]HURV�DUH�WKH�HTXLYDOHQW�IRU�WKH�GRXEOH�JHQHUDWLQJ�IXQFWLRQ�RI�WKH�VXEVFULSW�]HUR�LQ
RXU� SUHYLRXV� JHQHUDWLQJ� IXQFWLRQ� J��]�� IRU� WKH� XQGLUHFWHG� QHWZRUN���$V� LQ� WKH� XQGLUHFWHG� FDVH�� WKH
JHQHUDWLQJ�IXQFWLRQ�J����[��\��FDSWXUHV�DOO�WKH�LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH�GHJUHH�GLVWULEXWLRQ��*LYHQ
WKH�JHQHUDWLQJ�IXQFWLRQ�ZH�FDQ�UHFRQVWUXFW�WKH�GHJUHH�GLVWULEXWLRQ�E\�GLIIHUHQWLDWLQJ�

�

��������
�
�

7KLV�LV�WKH�HTXLYDOHQW�IRU�WKH�GLUHFWHG�FDVH�RI�(T���������LQ�WKH�XQGLUHFWHG�FDVH�
-XVW�DV� LQ� WKH�XQGLUHFWHG�FDVH� WKH�JHQHUDWLQJ� IXQFWLRQ� VDWLVILHV�FHUWDLQ�FRQGLWLRQV��)LUVW�� VLQFH� WKH

GHJUHH�GLVWULEXWLRQ�PXVW�EH�QRUPDOL]HG�DFFRUGLQJ�WR��MN�SMN� ����WKH�JHQHUDWLQJ�IXQFWLRQ�VDWLVILHV

�

��������
�

�

6HFRQG��WKH�DYHUDJH�LQ±DQG�RXW�GHJUHHV�DUH�JLYHQ�E\

�

��������
�
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,Q�D�GLUHFWHG�JUDSK��KRZHYHU�� WKH�DYHUDJH� LQ±DQG�RXW�GHJUHHV�DUH�HTXDO²VHH�(T�� ������²VR� M�  
NDQG

�

��������
�
�

)RU� FRQYHQLHQFH� ZH� ZLOO� GHQRWH� WKH� DYHUDJH� LQ�GHJUHH� DQG� RXW�GHJUHH� E\�F� LQ� WKH� HTXDWLRQV� WKDW
IROORZ��7KXV�M� �N� �F�
:H�FDQ�DOVR�ZULWH�GRZQ�JHQHUDWLQJ�IXQFWLRQV�IRU�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ�RI�YHUWLFHV�UHDFKHG

E\�IROORZLQJ�DQ�HGJH� LQ� WKH�QHWZRUN��7KHUH�DUH� WZR�GLIIHUHQW�ZD\V�RI� IROORZLQJ�D�GLUHFWHG�HGJH²
HLWKHU� IRUZDUG�RU�EDFNZDUG��&RQVLGHU� ILUVW� WKH� IRUZDUG�FDVH�� ,I�ZH� IROORZ�DQ�HGJH� IRUZDUG� WR� WKH
YHUWH[� LW� SRLQWV� WR�� WKHQ� WKH� SUREDELOLW\� RI� UHDFKLQJ� D� SDUWLFXODU� YHUWH[�ZLOO� EH� SURSRUWLRQDO� WR� WKH
QXPEHU�RI�HGJHV�SRLQWLQJ�WR�WKDW�YHUWH[��L�H���WR�LWV�LQ�GHJUHH��7KXV�WKH�MRLQW�GHJUHH�GLVWULEXWLRQ�RI�VXFK
D�YHUWH[�LV�SURSRUWLRQDO�QRW�WR�SMN�EXW�WR�MSMN��$V�EHIRUH��ZH�ZLOO�EH�LQWHUHVWHG�SULPDULO\�LQ�WKH�QXPEHU
RI�HGJHV�HQWHULQJ�DQG� OHDYLQJ�D�YHUWH[�RWKHU� WKDQ� WKH�RQH�ZH�DUULYHG�DORQJ�� ,I�M� DQG�N� GHQRWH� WKHVH
QXPEHUV�WKHQ�WKH�WRWDO�LQ�GHJUHH�LV�M�����DQG�WKH�WRWDO�RXW�GHJUHH�LV�MXVW�N��VR�WKH�GLVWULEXWLRQ�ZH�ZDQW
LV� SURSRUWLRQDO� WR� �M� �� ���SM���N� RU�� FRUUHFWO\� QRUPDOL]HG�� �M� �� ��SM���N�F�� 7KH� GRXEOH� JHQHUDWLQJ
IXQFWLRQ�IRU�WKLV�H[FHVV�GHJUHH�GLVWULEXWLRQ�LV�WKHQ

�

��������
�

�



7KH� EDFNZDUG� FDVH� LV� VLPLODU�� 7KH� DSSURSULDWH� H[FHVV� GHJUHH� GLVWULEXWLRQ� IRU� WKH� YHUWH[� IURP
ZKLFK�DQ�HGJH�RULJLQDWHV�LV��N�����SM�N���F�DQG�KDV�JHQHUDWLQJ�IXQFWLRQ

�

��������
�

�
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$�GLUHFWHG�JUDSK�KDV�YDULRXV�GLIIHUHQW�W\SHV�RI�FRPSRQHQW��DV�GLVFXVVHG�LQ�6HFWLRQV��������DQG�������
LQFOXGLQJ� VWURQJO\�DQG�ZHDNO\�FRQQHFWHG�FRPSRQHQWV�� LQ�FRPSRQHQWV�� DQG�RXW�FRPSRQHQWV�� �7DNH�D
ORRN� DW� WKH� ³ERZ� WLH´� GLDJUDP�� )LJ�� ���� RQ� SDJH� ����� IRU� D� UHPLQGHU� RI� WKH� GHILQLWLRQV� RI� WKH
FRPSRQHQWV���,Q�JHQHUDO�WKHUH�FDQ�EH�ERWK�VPDOO�DQG�JLDQW�FRPSRQHQWV�RI�HDFK�RI�WKHVH�W\SHV��/HW�XV
ORRN�DW�WKH�JLDQW�FRPSRQHQWV�
$� VWURQJO\� FRQQHFWHG� FRPSRQHQW� LV� D� VHW� RI� YHUWLFHV� LQ� ZKLFK� HYHU\� YHUWH[� LV� UHDFKDEOH� E\� D

GLUHFWHG� SDWK� IURP� HYHU\� RWKHU� LQ� WKH� VHW�� 7R� SXW� WKDW� D� GLIIHUHQW�ZD\�� IRU� D� YHUWH[� WR� EHORQJ� WR� D
VWURQJO\� FRQQHFWHG� FRPSRQHQW� DW� OHDVW� RQH� RI� LWV� RXWJRLQJ� HGJHV�PXVW� OHDG� WR� DQRWKHU� YHUWH[� IURP
ZKLFK�WKHUH�LV�D�SDWK�WR�WKH�VWURQJO\�FRQQHFWHG�FRPSRQHQW��DQG�DW�OHDVW�RQH�RI�LWV�LQJRLQJ�HGJHV�PXVW
OHDG�IURP�D�YHUWH[�WR�ZKLFK�WKHUH�LV�SDWK�IURP�WKH�VWURQJO\�FRQQHFWHG�FRPSRQHQW��VHH�ILJXUH��

�

$�YHUWH[�EHORQJV� WR�D�VWURQJO\�FRQQHFWHG�FRPSRQHQW� LI� LW�KDV�D�GLUHFWHG�SDWK� WR� WKH�FRPSRQHQW�DQG
DQRWKHU�IURP�WKH�FRPSRQHQW�
�
�
/HW�Y�EH�WKH�SUREDELOLW\�WKDW�WKH�YHUWH[�WR�ZKLFK�D�UDQGRPO\�FKRVHQ�HGJH�LQ�RXU�JUDSK�OHDGV�KDV�QR

GLUHFWHG�SDWK�WR�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW��)RU�WKLV�WR�KDSSHQ��LW�PXVW�EH�WKDW�QRQH�RI�WKH
RWKHU�RXWJRLQJ�HGJHV�IURP�WKDW�YHUWH[�WKHPVHOYHV�KDYH�VXFK�D�SDWK��,I�WKH�YHUWH[�KDV�RXW�GHJUHH�N��WKLV
KDSSHQV�ZLWK�SUREDELOLW\�ȞN��%XW�M�DQG�N�DUH�GLVWULEXWHG�DFFRUGLQJ�WR�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��M
����SM���N�F�DQG�KHQFH��DYHUDJLQJ�RYHU�ERWK��ZH�ILQG�WKDW

�

��������
�

�
6LPLODUO\�� FRQVLGHU� WKH� YHUWH[� IURP� ZKLFK� D� UDQGRPO\� FKRVHQ� HGJH� RULJLQDWHV� DQG� OHW�X� EH� WKH

SUREDELOLW\�WKDW�WKHUH�LV�QR�SDWK�IURP�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�WR�WKDW�YHUWH[��7KHQ�X�LV



WKH�VROXWLRQ�WR

�

��������
�

�
1RZ�FRQVLGHU�D�YHUWH[�ZLWK�LQ�GHJUHH�M�DQG�RXW�GHJUHH�N��7KH�SUREDELOLW\�WKDW�WKHUH�LV�QR�SDWK�WR

WKH�YHUWH[�IURP�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�YLD�DQ\�RI�WKH�YHUWH[¶V�M� LQJRLQJ�HGJHV� LV�XM
DQG�WKH�SUREDELOLW\�WKDW�WKHUH�LV�VXFK�D�SDWK�LV���í�XM��6LPLODUO\�WKH�SUREDELOLW\�WKDW�WKHUH�LV�D�SDWK�IURP
WKH�YHUWH[�WR�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�LV���í�ȞN��$QG�WKH�SUREDELOLW\�WKDW�WKHUH�DUH�ERWK
²DQG�KHQFH�WKDW�WKH�YHUWH[�LWVHOI�EHORQJV�WR�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW²LV�WKH�SURGXFW
RI�WKHVH�WZR��RU����í�XM����í�ȞN���$YHUDJLQJ�WKLV�H[SUHVVLRQ�RYHU�WKH�MRLQW�GLVWULEXWLRQ�RI� M�DQG�N�ZH
WKHQ�ILQG�WKDW�WKH�DYHUDJH�SUREDELOLW\�6V�WKDW�D�YHUWH[�OLHV�LQ�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�
ZKLFK�LV�DOVR�WKH�VL]H�RI�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�PHDVXUHG�DV�D�IUDFWLRQ�RI�WKH�QHWZRUN
VL]H��LV

�

��������
�

ZLWK�X�DQG�Y�JLYHQ�E\�(TV�����������DQG����������
$V� GLVFXVVHG� LQ� 6HFWLRQ� ������ HDFK� VWURQJO\� FRQQHFWHG� FRPSRQHQW� LQ� D� QHWZRUN� DOVR� KDV� DQ� LQ�

FRPSRQHQW� DQG� DQ� RXW�FRPSRQHQW� DVVRFLDWHG� ZLWK� LW²WKH� VHWV� RI� YHUWLFHV� IURP� ZKLFK� LW� FDQ� EH
UHDFKHG�� DQG� ZKLFK� FDQ� EH� UHDFKHG� IURP� LW�� 7KH� LQ±DQG� RXW�FRPSRQHQWV� RI� WKH� JLDQW� VWURQJO\
FRQQHFWHG�FRPSRQHQW�DUH�XVXDOO\�FDOOHG�WKH�JLDQW�LQ±DQG�RXW�FRPSRQHQWV��%\�WKHLU�GHILQLWLRQ��ERWK�DUH
VXSHUVHWV�RI�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�LWVHOI��DQG�ZH�FDQ�FDOFXODWH�WKH�VL]H�RI�ERWK�IRU
RXU�GLUHFWHG�UDQGRP�JUDSK��,Q�IDFW��ZH�KDYH�SHUIRUPHG�PRVW�RI�WKH�FDOFXODWLRQ�DOUHDG\�
$�YHUWH[�ZLWK� RXW�GHJUHH�N� IDLOV� WR�EHORQJ� WR� WKH�JLDQW� LQ�FRPSRQHQW�RQO\� LI�QRQH�RI� LWV�RXWJRLQJ

HGJHV� OHDGV� WR� D� YHUWH[� WKDW� KDV� D� SDWK� WR� WKH� VWURQJO\� FRQQHFWHG� FRPSRQHQW�� 7KLV� KDSSHQV� ZLWK
SUREDELOLW\�ȞN��ZKHUH�Y�LV�DV�DERYH��$YHUDJLQJ�RYHU� M�DQG�N��ZH�ILQG�WKH�SUREDELOLW\�6L�WKDW�WKH�YHUWH[
GRHV�EHORQJ�WR�WKH�JLDQW�LQ�FRPSRQHQW��ZKLFK�LV�DOVR�WKH�VL]H�RI�WKH�JLDQW�LQ�FRPSRQHQW��WR�EH



�

��������
�

�

6LPLODUO\�WKH�VL]H�RI�WKH�JLDQW�RXW�FRPSRQHQW�LV�JLYHQ�E\

�

��������
�
�
8VLQJ� WKHVH� UHVXOWV�ZH� FDQ� DOVR�ZULWH� DQ� H[SUHVVLRQ� IRU� WKH� FRPELQHG� VL]H� RI� WKH� JLDQW� VWURQJO\

FRQQHFWHG�FRPSRQHQW�DQG�LWV�LQ±DQG�RXW�FRPSRQHQWV²WKH�HQWLUH�³ERZ�WLH´�LQ�)LJ�������6LQFH�WKH�JLDQW
LQ±DQG�RXW�FRPSRQHQWV�ERWK�LQFOXGH�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�DV�D�VXEVHW��WKHLU�VXP�LV
HTXDO� WR� WKH� VL]H� RI� WKH� ZKROH� ERZ� WLH� H[FHSW� WKDW� LW� FRXQWV� WKH� VWURQJO\� FRQQHFWHG� SDUW� WZLFH�
6XEWUDFWLQJ�6V�WR�DOORZ�IRU�WKLV�RYHUFRXQWLQJ�ZH�WKHQ�ILQG�WKH�VL]H�RI�WKH�ERZ�WLH�WR�EH�DQG�WKH�IUDFWLRQ
RI�WKH�QHWZRUN�QRW�LQ�WKH�ERZ�WLH�LV�MXVW�J����X��Ȟ����:H�FRXOG�KDYH�GHULYHG�WKLV�UHVXOW�E\�PRUH�GLUHFW
PHDQV��MXVW�E\�QRWLQJ�WKDW�D�YHUWH[�QRW�LQ�WKH�ERZ�WLH�KDV�D�SDWK�QHLWKHU�WR�QRU�IURP�WKH�JLDQW�VWURQJO\
FRQQHFWHG�FRPSRQHQW��

�

��������
�

�
$QG� ZKDW� DERXW� WKH� JLDQW� ZHDNO\� FRQQHFWHG� FRPSRQHQW"�$� ZHDNO\� FRQQHFWHG� FRPSRQHQW� LQ� D

GLUHFWHG�JUDSK�LV�D�QRUPDO�JUDSK�FRPSRQHQW�RI�FRQQHFWHG�YHUWLFHV�LQ�ZKLFK�ZH�LJQRUH�WKH�GLUHFWLRQV
RI� DOO� WKH� HGJHV�� $W� ILUVW� JODQFH� RQH� PLJKW� LPDJLQH� WKDW� WKH� VL]H� RI� WKH� JLDQW� ZHDNO\� FRQQHFWHG
FRPSRQHQW�ZDV� MXVW�HTXDO� WR� WKH�FRPELQHG�VL]H�6L� ��6R� í�6V�RI� WKH� LQ���RXW���DQG�VWURQJO\�FRQQHFWHG
FRPSRQHQWV�FDOFXODWHG�DERYH��7KLV��KRZHYHU��LV�QRW�FRUUHFW�EHFDXVH�WKH�GHILQLWLRQ�RI�WKH�JLDQW�ZHDNO\
FRQQHFWHG� FRPSRQHQW� LQFOXGHV� VRPH� YHUWLFHV� WKDW� DUH� QRW� LQ� WKH� LQ��� RXW��� RU� VWURQJO\� FRQQHFWHG
FRPSRQHQWV��$Q�H[DPSOH�ZRXOG�EH�DQ\�YHUWH[�WKDW�LV�UHDFKDEOH�IURP�WKH�JLDQW�LQ�FRPSRQHQW�EXW�WKDW
GRHV� QRW� LWVHOI� KDYH� D� SDWK� WR� WKH� VWURQJO\� FRQQHFWHG� FRPSRQHQW� DQG� KHQFH� LV� QRW� LQ� WKH� JLDQW� LQ�
FRPSRQHQW��7KXV�WKH�VL]H�RI�WKH�JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�LV��LQ�JHQHUDO��ODUJHU�WKDQ�6L���6R�í
6V�� 1RQHWKHOHVV�� ZH� FDQ� VWLOO� FDOFXODWH� WKH� VL]H� RI� WKH� JLDQW� ZHDNO\� FRQQHFWHG� FRPSRQHQW� E\� DQ
DUJXPHQW�TXLWH�VLPLODU�WR�WKH�RQHV�ZH�KDYH�DOUHDG\�VHHQ�
$�YHUWH[�EHORQJV�WR�WKH�JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�LI�DQ\�RI�LWV�HGJHV��LQJRLQJ�RU�RXWJRLQJ�

DUH� FRQQHFWHG� WR� D� YHUWH[� LQ� WKDW� FRPSRQHQW�� /HW�X� QRZ� EH� WKH� SUREDELOLW\� WKDW� D� YHUWH[� LV� QRW



FRQQHFWHG� WR� WKH� JLDQW� ZHDNO\� FRQQHFWHG� FRPSRQHQW� YLD� WKH� YHUWH[� DW� WKH� RWKHU� HQG� RI� RQH� RI� LWV
LQJRLQJ�HGJHV�DQG�OHW�Y�EH�WKH�HTXLYDOHQW�SUREDELOLW\�IRU�DQ�RXWJRLQJ�HGJH��7KHQ�WKH�SUREDELOLW\�WKDW�D
YHUWH[�ZLWK� LQ�GHJUHH�M�DQG�RXW�GHJUHH�N�LV�QRW�LQ�WKH�JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�LV�XMȞN�DQG
WKH�SUREDELOLW\�WKDW�LW�LV�LQ�WKH�JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�LV���í�XMYN��$YHUDJLQJ�RYHU�WKH�MRLQW
GLVWULEXWLRQ�SMN� RI� WKH� WZR� GHJUHHV� ZH� WKHQ� ILQG� WKDW� WKH� VL]H�6Ȧ� RI� WKH� JLDQW� ZHDNO\� FRQQHFWHG
FRPSRQHQW�LV

�

��������
�

�
:H�FDQ�GHULYH� WKH�YDOXH�RI�X�E\�QRWLQJ�WKDW� WKH�YHUWH[�DW� WKH�HQG�RI�DQ�LQJRLQJ�HGJH�LV�QRW�LQ� WKH

JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�ZLWK�SUREDELOLW\�XMȞN�DJDLQ��EXW�ZLWK�M�DQG�N�EHLQJ�WKH�QXPEHUV�RI
HGJHV�H[FOXGLQJ�WKH�HGJH�ZH�IROORZHG�WR�UHDFK�WKH�YHUWH[��7KHVH�QXPEHUV�DUH�GLVWULEXWHG�DFFRUGLQJ�WR
WKH�DSSURSULDWH�H[FHVV�GHJUHH�GLVWULEXWLRQ�DQG��SHUIRUPLQJ�WKH�DYHUDJH��ZH�ILQG�WKDW

�

��������
�

�

6LPLODUO\�ZH�FDQ�VKRZ�WKDW

�

��������
�

DQG�(TV�� ��������� WR� ��������� EHWZHHQ� WKHP� JLYH� XV� RXU� VROXWLRQ� IRU� WKH� VL]H� RI� WKH� JLDQW�ZHDNO\
FRQQHFWHG�FRPSRQHQW�



��������7+(�$33($5$1&(�2)�7+(�*,$17�&20321(176

�

$V�LQ�WKH�XQGLUHFWHG�UDQGRP�JUDSK�� WKHUH�PD\�RU�PD\�QRW�EH�JLDQW�FRPSRQHQWV�LQ� WKH�GLUHFW�UDQGRP
JUDSK��GHSHQGLQJ�RQ�WKH�GHJUHH�GLVWULEXWLRQ��:H�FDQ�GHULYH�FRQGLWLRQV�IRU�WKH�H[LVWHQFH�RI�WKH�JLDQW
FRPSRQHQWV�XVLQJ�WKH�PDFKLQHU\�GHYHORSHG�DERYH��7KH�FDOFXODWLRQ�LV�HDVLHVW�IRU�WKH�JLDQW�LQ±DQG�RXW�
FRPSRQHQWV�� 7KHLU� VL]H� LV� JLYHQ� E\� (TV�� ��������� DQG� ���������� *LYHQ� WKDW� J������ ���  � �� �(T�
�����������WKHVH�HTXDWLRQV�JLYH�D�QRQ�]HUR�VL]H�RQO\�LI�X�RU�Y�LV�OHVV�WKDQ����/RRNLQJ�DW�(T����������
IRU�WKH�YDOXH�RI�Y�ZH�VHH�D�VLPLODU�VLWXDWLRQ�WR�WKDW�GHSLFWHG�LQ�)LJ��������ZH�FDQ�KDYH�D�VROXWLRQ�ZLWK
Y������DQG�KHQFH�D�JLDQW�LQ�FRPSRQHQW��RQO\�LI

�

��������
�

RU�HTXLYDOHQWO\�LI

�

��������
�

ZKHUH� ZH� KDYH� PDGH� XVH� RI� (TV�� ��������� DQG� ���������� 6LPLODUO\� ZH� FDQ� KDYH� D� JLDQW� RXW�
FRPSRQHQW�RQO\�LI

�

��������
�

RU�HTXLYDOHQWO\�



�

��������
�
�

,QWHUHVWLQJO\��(TV�����������DQG����������DUH�LGHQWLFDO��PHDQLQJ�WKDW� WKH�FRQGLWLRQV�IRU� WKH�JLDQW�LQ±
DQG�RXW�FRPSRQHQWV� WR�DSSHDU�DUH� WKH�VDPH��,I� WKHUH� LV�D�SKDVH� WUDQVLWLRQ�DW�ZKLFK�RQH�DSSHDUV�� WKH
RWKHU�DOVR�DSSHDUV�DW�WKH�H[DFW�VDPH�PRPHQW����
:H�FDQ�H[SUHVV����������GLUHFWO\�LQ�WHUPV�RI�WKH�GHJUHH�GLVWULEXWLRQ�LI�ZH�ZDQW��6XEVWLWXWLQJ�IURP

(T�����������ZH�ILQG�WKDW

�

��������
�

DQG�KHQFH�WKH�JLDQW�LQ±DQG�RXW�FRPSRQHQWV�DSSHDU�LI

�

��������
�

�

,I�ZH�SUHIHU�ZH�FDQ�ZULWH� �WR�JLYH�WKH�DOWHUQDWLYH�IRUP

�

��������
�
�

7KLV�UHVXOW�LV�WKH�HTXLYDOHQW�IRU�D�GLUHFWHG�QHWZRUN�RI�(T����������IRU�WKH�XQGLUHFWHG�FDVH�
7KH�FDOFXODWLRQ�IRU�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�LV�VLPLODU��)URP�(T�����������ZH�VHH



WKDW�6V�  � �� XQOHVV� DW� OHDVW� RQH� RI�X� DQG�Y� LV� QRQ�]HUR�� VR� WKH� FRQGLWLRQ� IRU� WKH� H[LVWHQFH�RI� D� JLDQW
VWURQJO\�FRQQHFWHG�FRPSRQHQW� LV� WKH�VDPH�DV� IRU� WKH� LQ±DQG�RXW�FRPSRQHQWV��(T�� ���������� ,Q�RWKHU
ZRUGV��WKH�JLDQW�LQ���RXW���DQG�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�DOO�DSSHDU�RU�GLVDSSHDU�VLPXOWDQHRXVO\�
7KH�JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW��KRZHYHU��LV�GLIIHUHQW��,W�LV�SRVVLEOH�IRU�WKHUH�WR�EH�D�JLDQW

ZHDNO\�FRQQHFWHG�FRPSRQHQW�LQ�D�QHWZRUN�EXW�QR�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�DQG�KHQFH�WKH
FRQGLWLRQ�IRU�WKH�H[LVWHQFH�RI�D�JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW�PXVW�EH�GLIIHUHQW�IURP�WKDW�IRU�WKH
RWKHU�JLDQW�FRPSRQHQWV��)RU�LQVWDQFH��D�QHWZRUN�LQ�ZKLFK�DOO�YHUWLFHV�KDYH�HLWKHU�RQO\�LQJRLQJ�HGJHV
RU� RQO\�RXWJRLQJ� HGJHV� FDQ�KDYH� D�JLDQW�ZHDNO\� FRQQHFWHG� FRPSRQHQW�EXW� WULYLDOO\� KDV�QR� VWURQJO\
FRQQHFWHG�FRPSRQHQW�RI�VL]H�JUHDWHU�WKDQ�RQH��VLQFH�WKHUH�DUH�RQO\�SDWKV�WR�RU�IURP�HDFK�YHUWH[��EXW
QRW� ERWK�� :HDNO\� FRQQHFWHG� FRPSRQHQWV�� KRZHYHU�� DUH� JHQHUDOO\� RI� OHVV� LQWHUHVW� WKDQ� VWURQJO\
FRQQHFWHG�RQHV��DQG�WKH�FDOFXODWLRQ�RI�WKH�FRQGLWLRQ�IRU�WKH�H[LVWHQFH�RI�WKH�JLDQW�ZHDNO\�FRQQHFWHG
FRPSRQHQW�LV�QRQ�WULYLDO��VR�ZH�OHDYH�LW�DV�DQ�H[HUFLVH�IRU�WKH�PRWLYDWHG�UHDGHU�DQG�PRYH�RQ�WR�RWKHU
WKLQJV�



��������60$//�&20321(176

�

:H�FDQ�DOVR�FDOFXODWH� WKH�GLVWULEXWLRQ�RI� VPDOO� FRPSRQHQWV� LQ�D�GLUHFWHG� UDQGRP�JUDSK�� ,Q� IDFW� WKH
GLVWULEXWLRQ�RI�VPDOO�VWURQJO\�FRQQHFWHG�FRPSRQHQWV�LV�WULYLDO��WKHUH�DUHQƍW�DQ\��2U�PRUH�SURSHUO\�WKH
SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�WR�D�VWURQJO\�FRQQHFWHG�FRPSRQHQW�RI�VL]H�JUHDWHU
WKDQ�RQH�RWKHU�WKDQ�WKH�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW�LV�]HUR�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�
7R�VHH�WKLV��UHFDOO� WKDW�WKH�VPDOO�FRPSRQHQWV�LQ�WKH�XQGLUHFWHG�FRQILJXUDWLRQ�PRGHO�WDNH�WKH�IRUP�RI
WUHHV��VHH�6HFWLRQ��������,I�ZH�FRQVLGHU�D�VPDOO�VWURQJO\�FRQQHFWHG�FRPSRQHQW�LQ�D�GLUHFWHG�QHWZRUN
DQG� LJQRUH� WKH� GLUHFWLRQV� RI� LWV� HGJHV�� WKHQ� WKH� VDPH� DUJXPHQW� ZH� XVHG� EHIRUH� LQGLFDWHV� WKDW� WKH
UHVXOWLQJ�VXEJUDSK�ZLOO�DOVR�EH�D�WUHH��%XW�D� WUHH�KDV�QR�ORRSV� LQ� LW��ZKLFK� OHDGV� WR�D�FRQWUDGLFWLRQ
EHFDXVH�D�VWURQJO\�FRQQHFWHG�FRPSRQHQW�PXVW�KDYH�ORRSV²WKH�SDWKV�LQ�HLWKHU�GLUHFWLRQ�EHWZHHQ�DQ\
SDLU� RI� YHUWLFHV� IRUP� D� ORRS�� 7KXV�� ZH� FRQFOXGH�� WKHUH� FDQQRW� EH� DQ\� VPDOO� VWURQJO\� FRQQHFWHG
FRPSRQHQWV�RI�VL]H�JUHDWHU�WKDQ�RQH�LQ�WKH�QHWZRUN�
,Q� IDFW�� WKLV� LV� QRW� SUHFLVHO\� WUXH�� ,Q� D� UDQGRP� QHWZRUN� WKHUH� LV� DOZD\V� VRPH� FKDQFH� WKDW�� IRU

H[DPSOH�� WZR� YHUWLFHV� ZLOO� HDFK� KDYH� D� GLUHFWHG� HGJH� WR� WKH� RWKHU�� IRUPLQJ� D� VWURQJO\� FRQQHFWHG
FRPSRQHQW�RI� WZR�YHUWLFHV�� ,Q� WKH�OLPLW�RI� ODUJH�Q��KRZHYHU�� WKH�SUREDELOLW\� WKDW�D�UDQGRPO\�FKRVHQ
YHUWH[�EHORQJV�WR�VXFK�D�FRPSRQHQW�WHQGV�WR�]HUR��$�GHWDLOHG�FDOFXODWLRQ�VKRZV�WKDW�RQ�DYHUDJH�WKHUH
LV�RQO\�D�FRQVWDQW�QXPEHU�RI�VKRUW�ORRSV�LQ�WKH�QHWZRUN�DQG�WKHLU�GHQVLW\�YDQLVKHV�DV���Q�LQ�WKH�OLPLW�RI
ODUJH�QHWZRUN�VL]H�
7KHUH� FDQ� KRZHYHU� EH� VPDOO� LQ±DQG� RXW�FRPSRQHQWV�� ,Q� D� GLUHFWHG� QHWZRUN�� HDFK� VWURQJO\

FRQQHFWHG�FRPSRQHQW�KDV�LWV�RZQ�LQ±DQG�RXW�FRPSRQHQWV��,Q�WKH�SUHVHQW�PRGHO��DV�ZH�KDYH�VDLG��ZH
KDYH�QR�VPDOO�VWURQJO\�FRQQHFWHG�FRPSRQHQWV��RWKHU�WKDQ�VLQJOH�YHUWLFHV��VR�WKH�FRPSRQHQW�VWUXFWXUH
FRQVLVWV�RI�WKH�JLDQW�LQ±DQG�RXW�FRPSRQHQWV�DQG�WKHQ�D�ODUJH�QXPEHU�RI�VPDOO�LQ±DQG�RXW�FRPSRQHQWV
IRU�VLQJOH�YHUWLFHV��/HW�XV�DVN�ZKDW�WKH�SUREDELOLW\�LV�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�KDV�D�VPDOO�RXW�
FRPSRQHQW�RI�VL]H�V��L�H���WKDW�WKHUH�DUH�V�YHUWLFHV�LQFOXGLQJ�LWVHOI�WKDW�FDQ�EH�UHDFKHG�E\�GLUHFWHG�SDWKV
VWDUWLQJ�IURP�WKH�YHUWH[��:H�FDQ�FDOFXODWH�WKH�GLVWULEXWLRQ�RI�VL]HV�E\�WKH�VDPH�PHWKRG�ZH�XVHG�IRU�WKH
XQGLUHFWHG� FDVH�� :H� GHILQH� D� JHQHUDWLQJ� IXQFWLRQ�K��\�� IRU� WKH� GLVWULEXWLRQ� RI� WKH� VL]H� RI� WKH� RXW�
FRPSRQHQW�RI�D�YHUWH[�UHDFKHG�E\�IROORZLQJ�DQ�HGJH�LQ�WKH�IRUZDUG�GLUHFWLRQ��ZKLFK�WKHQ�VDWLVILHV�DQ
HTXDWLRQ� RI� WKH� IRUP� RI� (T�� ��������� H[FHSW� WKDW� WKH� JHQHUDWLQJ� IXQFWLRQ�J�� IRU� WKH� H[FHVV� GHJUHH
GLVWULEXWLRQ� LV� UHSODFHG� E\� WKH� FRUUHVSRQGLQJ� JHQHUDWLQJ� IXQFWLRQ� IRU� WKH� GLUHFWHG� QHWZRUN�� (T�
����������JLYLQJ

�

��������
�

�

$QG�WKH�JHQHUDWLQJ�IXQFWLRQ�K��\��IRU�WKH�VL]H�RI�WKH�RXW�FRPSRQHQW�WR�ZKLFK�D�UDQGRPO\�FKRVHQ�YHUWH[
EHORQJV�LV�WKHQ



�

��������
�
�

:H�FDQ�ZULWH�VLPLODU�HTXDWLRQV�IRU�LQ�FRPSRQHQWV�WRR�DQG��DUPHG�ZLWK�WKHVH�HTXDWLRQV��ZH�FDQ�ILQG
WKH� DYHUDJH� VL]H� RI� WKH� LQ±RU� RXW�FRPSRQHQW� WR� ZKLFK� D� YHUWH[� EHORQJV�� RU� HYHQ� ILQG� WKH� HQWLUH
GLVWULEXWLRQ�RI�FRPSRQHQW�VL]HV�XVLQJ�WKH�HTXLYDOHQW�RI�(T�����������

�



352%/(06

�

�����&RQVLGHU�WKH�ELQRPLDO�SUREDELOLW\�GLVWULEXWLRQ� �

D��6KRZ�WKDW�WKH�GLVWULEXWLRQ�KDV�SUREDELOLW\�JHQHUDWLQJ�IXQFWLRQ�J�]�� ��S]�����í�S�Q�
E��)LQG�WKH�ILUVW�DQG�VHFRQG�PRPHQWV�RI�WKH�GLVWULEXWLRQ�IURP�(T����������DQG�KHQFH�VKRZ�WKDW�WKH
YDULDQFH�RI�WKH�GLVWULEXWLRQ�LV�ı�� �QS���í�S��

F��6KRZ�WKDW�WKH�VXP�RI�WZR�QXPEHUV�GUDZQ�LQGHSHQGHQWO\�IURP�WKH�VDPH�ELQRPLDO�GLVWULEXWLRQ�LV
GLVWULEXWHG�DFFRUGLQJ�WR� �

�

�����&RQVLGHU�D�FRQILJXUDWLRQ�PRGHO�LQ�ZKLFK�HYHU\�YHUWH[�KDV�WKH�VDPH�GHJUHH�N�

D��:KDW�LV�WKH�GHJUHH�GLVWULEXWLRQ�SN"�:KDW�DUH�WKH�JHQHUDWLQJ�IXQFWLRQV�J��DQG�J��IRU�WKH�GHJUHH
GLVWULEXWLRQ�DQG�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ"

E��6KRZ�WKDW�WKH�JLDQW�FRPSRQHQW�ILOOV�WKH�ZKROH�QHWZRUN�IRU�DOO�N�����
F��:KDW�KDSSHQV�ZKHQ�N� ��"
G�� :KHQ�N�  � �� VKRZ� WKDW� LQ� WKH� OLPLW� RI� ODUJH�Q� WKH� SUREDELOLW\�ʌV� WKDW� D� YHUWH[� EHORQJV� WR� D
FRPSRQHQW�RI�VL]H�V�LV�JLYHQ�E\� �

�

�����&RQVLGHU�WKH�FRQILJXUDWLRQ�PRGHO�ZLWK�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ�SN� ���í�HíȜ�HíȜN�ZLWK�Ȝ�!
���VR�WKDW�WKH�JHQHUDWLQJ�IXQFWLRQV�J��]��DQG�J��]��DUH�JLYHQ�E\�(T�����������

D��6KRZ�WKDW�WKH�SUREDELOLW\�X�RI�(T����������VDWLVILHV�WKH�FXELF�HTXDWLRQ

�

E�� 1RWLQJ� WKDW�X�  � �� LV� DOZD\V� D� WULYLDO� VROXWLRQ� RI� WKLV� HTXDWLRQ�� VKRZ� WKDW� WKH� QRQ�WULYLDO
VROXWLRQ�FRUUHVSRQGLQJ�WR�WKH�H[LVWHQFH�RI�D�JLDQW�FRPSRQHQW�VDWLVILHV�WKH�TXDGUDWLF�HTXDWLRQ
X��í���HȜ�í���X����HȜ�í����� ����DQG�KHQFH�WKDW�WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW��LI�WKHUH�LV�RQH�
LV

�

F��6KRZ�WKDW�WKH�JLDQW�FRPSRQHQW�H[LVWV�RQO\�LI�Ȝ���OQ���
�

����� (TXDWLRQ� �������� WHOOV� XV� RQ� DYHUDJH� KRZ�PDQ\� YHUWLFHV� DUH� D� GLVWDQFH�G� DZD\� IURP� D� JLYHQ



YHUWH[�

D��$VVXPLQJ�WKDW�WKLV�H[SUHVVLRQ�ZRUNV�IRU�DOO�YDOXHV�RI�G��ZKLFK�LV�RQO\�D�URXJK�DSSUR[LPDWLRQ
WR�WKH�WUXWK���DW�ZKDW�YDOXH�RI�G�LV�WKLV�DYHUDJH�QXPEHU�RI�YHUWLFHV�HTXDO�WR�WKH�QXPEHU�Q�LQ�WKH
ZKROH�QHWZRUN"

E��+HQFH�GHULYH�D�URXJK�H[SUHVVLRQ�IRU�WKH�GLDPHWHU�RI�WKH�QHWZRUN�LQ�WHUPV�RI�F��DQG�F���DQG�VR
DUJXH� WKDW� FRQILJXUDWLRQ� PRGHO� QHWZRUNV� GLVSOD\� WKH� VPDOO�ZRUOG� HIIHFW� LQ� WKH� VHQVH� WKDW
W\SLFDO�JHRGHVLF�GLVWDQFHV�EHWZHHQ�YHUWLFHV�DUH�2�ORJ�Q��

�

����� &RQVLGHU� D� QHWZRUN� PRGHO� LQ� ZKLFK� HGJHV� DUH� SODFHG� LQGHSHQGHQWO\� EHWZHHQ� HDFK� SDLU� RI
YHUWLFHV�L��M�ZLWK�SUREDELOLW\�SLM� �.¦L¦M��ZKHUH�.�LV�D�FRQVWDQW�DQG�¦L�LV�D�QXPEHU�DVVLJQHG�WR�YHUWH[�L�
6KRZ�WKDW�WKH�H[SHFWHG�GHJUHH�FL�RI�YHUWH[�L�ZLWKLQ�WKH�PRGHO�LV�SURSRUWLRQDO�WR�¦L��DQG�KHQFH�WKDW�WKH
RQO\�SRVVLEOH�FKRLFH�RI�SUREDELOLW\�ZLWK�WKLV�IRUP�LV�SLM� �FLFM��P��DV�LQ�WKH�PRGHO�RI�6HFWLRQ��������
�

�����$V�GHVFULEHG�LQ�6HFWLRQ�������WKH�FRQILJXUDWLRQ�PRGHO�FDQ�EH�WKRXJKW�RI�DV�WKH�HQVHPEOH�RI�DOO
SRVVLEOH�PDWFKLQJV�RI�HGJH�VWXEV��ZKHUH�YHUWH[�L�KDV�NL�VWXEV��6KRZ�WKDW�IRU�D�JLYHQ�GHJUHH�VHTXHQFH
WKH�QXPEHU�ȍ�RI�PDWFKLQJV�LV

ZKLFK�LV�LQGHSHQGHQW�RI�WKH�GHJUHH�VHTXHQFH�
�

�����&RQVLGHU�WKH�H[DPSOH�PRGHO�GLVFXVVHG�LQ�6HFWLRQ���������D�FRQILJXUDWLRQ�PRGHO�ZLWK�YHUWLFHV�RI
GHJUHH�WKUHH�DQG�OHVV�RQO\�DQG�JHQHUDWLQJ�IXQFWLRQV�JLYHQ�E\�(TV����������DQG���������

D�� ,Q� WKH� UHJLPH� LQ� ZKLFK� WKHUH� LV� QR� JLDQW� FRPSRQHQW�� VKRZ� WKDW� WKH� DYHUDJH� VL]H� RI� WKH
FRPSRQHQW�WR�ZKLFK�D�UDQGRPO\�FKRVHQ�YHUWH[�EHORQJV�LV

�

E��,Q�WKH�VDPH�UHJLPH�ILQG�WKH�SUREDELOLW\�WKDW�VXFK�D�YHUWH[�EHORQJV�WR�FRPSRQHQWV�RI�VL]H������
DQG���

�

�����&RQVLGHU�D�GLUHFWHG�UDQGRP�JUDSK�RI�WKH�NLQG�GLVFXVVHG�LQ�6HFWLRQ�������

D�� ,I� WKH� LQ±DQG� RXW�GHJUHHV� RI� YHUWLFHV� DUH� XQFRUUHODWHG�� L�H��� LI� WKH� MRLQW� LQ�RXW�GHJUHH
GLVWULEXWLRQ�SMN� LV� D� SURGXFW� RI� VHSDUDWH� IXQFWLRQV� RI�M� DQG�N�� VKRZ� WKDW� D� JLDQW� VWURQJO\
FRQQHFWHG� FRPSRQHQW� H[LVWV� LQ� WKH� JUDSK� LI� DQG� RQO\� LI�F�F� í� ��� !� ��� ZKHUH�F� LV� WKH�PHDQ



GHJUHH��HLWKHU�LQ�RU�RXW�
E��,Q�UHDO�GLUHFWHG�JUDSKV�WKH�GHJUHHV�DUH�XVXDOO\�FRUUHODWHG��RU�DQWL�FRUUHODWHG���7KH�FRUUHODWLRQ
FDQ� EH� TXDQWLILHG� E\� WKH� FRYDULDQFH�ȡ� RI� LQ±DQG� RXW�GHJUHHV�� 6KRZ� WKDW� LQ� WKH� SUHVHQFH� RI
FRUUHODWLRQV�� WKH� FRQGLWLRQ�DERYH� IRU� WKH� H[LVWHQFH�RI� D�JLDQW� VWURQJO\� FRQQHFWHG�FRPSRQHQW
JHQHUDOL]HV�WR�F�F�í������ȡ�!���

F��,Q�WKH�:RUOG�:LGH�:HE�WKH�LQ±DQG�RXW�GHJUHHV�RI�WKH�YHUWLFHV�KDYH�D�PHDVXUHG�FRYDULDQFH�RI
DERXW�ȡ�  � ����� 7KH�PHDQ� GHJUHH� LV� DURXQG�F�  � �����2Q� WKH� EDVLV� RI� WKHVH� QXPEHUV�� GR�ZH
H[SHFW�WKH�:HE�WR�KDYH�D�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW"

�
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�
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�

$�GLVFXVVLRQ�RI�PRGHOV�RI�WKH�IRUPDWLRQ�RI�QHWZRUNV��SDUWLFXODUO\�PRGHOV�RI�QHWZRUNV�WKDW
JURZ�E\�DGGLWLRQ�RI�YHUWLFHV��VXFK�DV�WKH�:RUOG�:LGH�:HE�RU�FLWDWLRQ�QHWZRUNV

�

7+(�02'(/6�GHVFULEHG�LQ�&KDSWHUV����DQG����SURYLGH�DQ�H[FHOOHQW�WRRO�IRU�VWXG\LQJ�WKH�VWUXFWXUDO
IHDWXUHV�RI�QHWZRUNV��VXFK�DV�JLDQW�DQG�VPDOO�FRPSRQHQWV��GHJUHH�GLVWULEXWLRQV��WKH�OHQJWKV�RI�SDWKV�LQ
QHWZRUNV�� DQG� VR� IRUWK�� 0RUHRYHU�� DV� ZH� ZLOO� VHH� LQ� ODWHU� FKDSWHUV�� WKH\� FDQ� DOVR� VHUYH� DV� D
FRQYHQLHQW� EDVLV� IRU� IXUWKHU�PRGHOLQJ�ZRUN�� VXFK� DV� WKH�PRGHOLQJ� RI� QHWZRUN� UHVLOLHQFH� RU� RI� WKH
VSUHDG�RI�GLVHDVHV�RYHU�FRQWDFW�QHWZRUNV�
%XW�WKHUH�LV�DQRWKHU�LPSRUWDQW�FODVV�RI�QHWZRUN�PRGHO�WKDW�KDV�DQ�HQWLUHO\�GLIIHUHQW�SXUSRVH��,Q�WKH

PRGHOV�ZH�KDYH�VHHQ�VR�IDU��WKH�SDUDPHWHUV�RI�WKH�QHWZRUN��VXFK�DV�WKH�QXPEHU�RI�YHUWLFHV�DQG�HGJHV
RU� WKH�GHJUHH�GLVWULEXWLRQ�� DUH� IL[HG� IURP� WKH�RXWVHW²FKRVHQ�E\� WKH�PRGHOHU� WR�KDYH� VRPH�GHVLUHG
YDOXHV��)RU�LQVWDQFH��LI�ZH�DUH�LQWHUHVWHG�LQ�QHWZRUNV�ZLWK�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV��ZH�PDNH
D�UDQGRP�JUDSK�PRGHO�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�DV�LQ�6HFWLRQ�������DQG�WKHQ�H[SORUH�LWV
VWUXFWXUH� DQDO\WLFDOO\� RU� FRPSXWDWLRQDOO\�� %XW� PRGHOV� RI� WKLV� NLQG� RIIHU� QR� H[SODQDWLRQ� RI�ZK\� WKH
QHWZRUN�VKRXOG�KDYH�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�LQ�WKH�ILUVW�SODFH��,Q�WKLV�FKDSWHU�ZH�GHVFULEH
PRGHOV�RI�D�GLIIHUHQW�NLQG�WKDW�RIIHU�VXFK�DQ�H[SODQDWLRQ�
7KH�PRGHOV�LQ�WKLV�FKDSWHU�DUH�JHQHUDWLYH�QHWZRUN�PRGHOV��7KDW�LV��WKH\�PRGHO�WKH�PHFKDQLVPV�E\

ZKLFK� QHWZRUNV� DUH� FUHDWHG�� 7KH� LGHD� EHKLQG� PRGHOV� VXFK� DV� WKHVH� LV� WR� H[SORUH� K\SRWKHVL]HG
JHQHUDWLYH�PHFKDQLVPV� WR�VHH�ZKDW� VWUXFWXUHV� WKH\�SURGXFH�� ,I� WKH�VWUXFWXUHV�DUH�VLPLODU� WR� WKRVH�RI
QHWZRUNV�ZH�REVHUYH�LQ�WKH�UHDO�ZRUOG��LW�VXJJHVWV²WKRXJK�GRHV�QRW�SURYH²WKDW�VLPLODU�JHQHUDWLYH
PHFKDQLVPV�PD\�EH�DW�ZRUN�LQ�WKH�UHDO�QHWZRUNV��7KH�EHVW�NQRZQ�H[DPSOH�RI�D�JHQHUDWLYH�QHWZRUN
PRGHO��DQG�WKH�RQH�WKDW�ZH�VWXG\�ILUVW� LQ�WKLV�FKDSWHU�� LV� WKH�³SUHIHUHQWLDO�DWWDFKPHQW´�PRGHO�IRU�WKH
JURZWK�RI�QHWZRUNV�ZLWK�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV��/DWHU�LQ�WKH�FKDSWHU�ZH�H[DPLQH�D�QXPEHU
RI�RWKHU�PRGHOV��LQFOXGLQJ�JHQHUDOL]DWLRQV�RI�SUHIHUHQWLDO�DWWDFKPHQW�PRGHOV��YHUWH[�FRS\LQJ�PRGHOV�
DQG�PRGHOV�EDVHG�RQ�RSWLPL]DWLRQ�
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�

$V� GLVFXVVHG� LQ� 6HFWLRQ� ����� PDQ\� QHWZRUNV� DUH� REVHUYHG� WR� KDYH� GHJUHH� GLVWULEXWLRQV� WKDW
DSSUR[LPDWHO\� IROORZ� SRZHU� ODZV�� DW� OHDVW� LQ� WKH� WDLO� RI� WKH� GLVWULEXWLRQ�� ([DPSOHV� LQFOXGH� WKH
,QWHUQHW��WKH�:RUOG�:LGH�:HE��FLWDWLRQ�QHWZRUNV��DQG�VRPH�VRFLDO�QHWZRUNV�DQG�ELRORJLFDO�QHWZRUNV�
7KH� SRZHU� ODZ� LV� D� VRPHZKDW� XQXVXDO� GLVWULEXWLRQ� DQG� LWV� RFFXUUHQFH� LQ� HPSLULFDO� GDWD� LV� RIWHQ
FRQVLGHUHG� D� SRWHQWLDO� LQGLFDWRU� RI� LQWHUHVWLQJ� XQGHUO\LQJ� SURFHVVHV�����$� QDWXUDO� TXHVWLRQ� WR� DVN
WKHUHIRUH�LV�KRZ�PLJKW�D�QHWZRUN�FRPH�WR�KDYH�VXFK�D�GLVWULEXWLRQ"�7KLV�TXHVWLRQ�ZDV�ILUVW�GLUHFWO\
FRQVLGHUHG� LQ� WKH� ����V� E\� 3ULFH� >���@�� ZKR� SURSRVHG� D� VLPSOH� DQG� HOHJDQW� PRGHO� RI� QHWZRUN
IRUPDWLRQ�WKDW�JLYHV�ULVH�WR�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV�

6HH�6HFWLRQ�����IRU�D�GLVFXVVLRQ�RI�FLWDWLRQ�QHWZRUNV�
�
3ULFH� ZDV� LQWHUHVWHG� LQ�� DPRQJ� RWKHU� WKLQJV�� WKH� FLWDWLRQ� QHWZRUNV� RI� VFLHQWLILF� SDSHUV�� KDYLQJ

DXWKRUHG�DQ�LPSRUWDQW�HDUO\�SDSHU�RQ�WKH�WRSLF�LQ�WKH�����V�LQ�ZKLFK�KH�SRLQWHG�RXW�WKH�SRZHU�ODZ
GHJUHH� GLVWULEXWLRQ� VHHQ� LQ� WKHVH� QHWZRUNV� >���@�� ,Q� FRQVLGHULQJ� WKH� SRVVLEOH� RULJLQV� RI� WKH� SRZHU
ODZ��3ULFH�ZDV�LQVSLUHG�E\�WKH�ZRUN�RI�HFRQRPLVW�+HUEHUW�6LPRQ�>���@��ZKR�QRWHG�WKH�RFFXUUHQFH�RI
SRZHU� ODZV� LQ� D� YDULHW\� RI� �QRQ�QHWZRUN�� HFRQRPLF� GDWD�� VXFK� DV� WKH� GLVWULEXWLRQ� RI� SHRSOH¶V
SHUVRQDO�ZHDOWK��6LPRQ�SURSRVHG�DQ� H[SODQDWLRQ� IRU� WKH�ZHDOWK�GLVWULEXWLRQ�EDVHG�RQ� WKH� LGHD� WKDW
SHRSOH�ZKR�KDYH�PRQH\�DOUHDG\�JDLQ�PRUH�DW�D�UDWH�SURSRUWLRQDO�WR�KRZ�PXFK�WKH\�DOUHDG\�KDYH��7KLV
VHHPV�D�UHDVRQDEOH�VXSSRVLWLRQ��:HDOWK\�LQGLYLGXDOV�PDNH�PRQH\�E\�LQYHVWLQJ�WKH�PRQH\�WKH\�KDYH�
DQG�WKH�UHWXUQ�RQ�WKHLU�LQYHVWPHQW�LV�HVVHQWLDOO\�SURSRUWLRQDO�WR�WKH�DPRXQW�LQYHVWHG��6LPRQ�ZDV�DEOH
WR�VKRZ�PDWKHPDWLFDOO\�WKDW�WKLV�³ULFK�JHW�ULFKHU´�HIIHFW�FDQ�JLYH�ULVH�WR�D�SRZHU�ODZ�GLVWULEXWLRQ�DQG
3ULFH� DGDSWHG�6LPRQ¶V�PHWKRGV��ZLWK� UHODWLYHO\� OLWWOH� FKDQJH�� WR� WKH� QHWZRUN� FRQWH[W��3ULFH� JDYH� D
QDPH�WR�6LPRQ¶V�PHFKDQLVP�����KH�FDOOHG�LW�FXPXODWLYH�DGYDQWDJH��DOWKRXJK�LW� LV�PRUH�RIWHQ�NQRZQ
WRGD\�E\�WKH�QDPH�SUHIHUHQWLDO�DWWDFKPHQW ��ZKLFK�ZDV�FRLQHG�LQ������E\�%DUDEiVL�DQG�$OEHUW�>��@�
,Q�WKLV�ERRN�ZH�XVH�SULQFLSDOO\�WKH�ODWWHU�WHUP��ZKLFK�KDV�EHFRPH�WKH�DFFHSWHG�QDPH�LQ�UHFHQW�\HDUV�
3ULFH¶V�PRGHO�RI�D�FLWDWLRQ�QHWZRUN�LV�DV�IROORZV��:H�DVVXPH�WKDW�SDSHUV�DUH�SXEOLVKHG�FRQWLQXDOO\

�WKRXJK� WKH\� GR� QRW� KDYH� WR� EH� SXEOLVKHG� DW� D� FRQVWDQW� UDWH�� DQG� WKDW� QHZO\� DSSHDULQJ� SDSHUV� FLWH
SUHYLRXVO\� H[LVWLQJ� RQHV�� $V� GLVFXVVHG� LQ� 6HFWLRQ� ����� WKH� SDSHUV� DQG� FLWDWLRQV� IRUP� D� GLUHFWHG
FLWDWLRQ� QHWZRUN�� WKH� SDSHUV� EHLQJ� WKH� YHUWLFHV� DQG� WKH� FLWDWLRQV� EHLQJ� WKH� GLUHFWHG� HGJHV� EHWZHHQ
WKHP��6LQFH�QR�SDSHU�HYHU�GLVDSSHDUV�DIWHU� LW� LV�SXEOLVKHG��YHUWLFHV� LQ� WKLV�QHWZRUN�DUH�FUHDWHG�EXW
QHYHU�GHVWUR\HG�
/HW�WKH�DYHUDJH�QXPEHU�RI�SDSHUV�FLWHG�E\�D�QHZO\�DSSHDULQJ�SDSHU�EH�F��,Q�WKH�ODQJXDJH�RI�JUDSK

WKHRU\��F�LV�WKH�DYHUDJH�RXW�GHJUHH�RI�WKH�QHWZRUN��LQ�WKH�ODQJXDJH�RI�SXEOLVKLQJ��F�LV�WKH�DYHUDJH�VL]H
RI�WKH�ELEOLRJUDSK\�RI�D�SDSHU��7KH�PRGHO�DOORZV�IRU�WKH�DFWXDO�VL]HV�RI�WKH�ELEOLRJUDSKLHV�WR�IOXFWXDWH
DERXW�F��6R�ORQJ�DV�WKH�GLVWULEXWLRQ�RI�VL]HV�VDWLVILHV�D�IHZ�EDVLF�VDQLW\�FRQGLWLRQV�����RQO\�WKH�DYHUDJH
YDOXH� LV� LPSRUWDQW� IRU� WKH�EHKDYLRU�RI� WKH�PRGHO� LQ� WKH� OLPLW�RI� ODUJH�QHWZRUN� VL]H�� ,Q� UHDO� FLWDWLRQ
QHWZRUNV�WKH�VL]HV�RI�ELEOLRJUDSKLHV�DOVR�YDU\�IURP�RQH�ILHOG�WR�DQRWKHU�DQG�GHSHQG�RQ�ZKHQ�SDSHUV
ZHUH�SXEOLVKHG��WKH�DYHUDJH�ELEOLRJUDSK\�KDYLQJ�JURZQ�ODUJHU�RYHU�WKH�\HDUV�LQ�PRVW�ILHOGV��EXW�WKHVH
HIIHFWV�DUH�QHJOHFWHG�LQ�WKH�PRGHO�
7KH� FUXFLDO� FHQWUDO� DVVXPSWLRQ�RI� 3ULFH¶V�PRGHO� LV� WKDW� D� QHZO\� DSSHDULQJ�SDSHU� FLWHV� SUHYLRXV



RQHV� FKRVHQ� DW� UDQGRP� ZLWK� SUREDELOLW\� SURSRUWLRQDO� WR� WKH�QXPEHU� RI� FLWDWLRQV� WKRVH� SUHYLRXV
SDSHUV� DOUHDG\�KDYH�� ,Q� WKLV�PRVW� EDVLF� RI�PRGHOV� WKHUH� LV� QR� TXHVWLRQ� RI�ZKLFK� SDSHUV� DUH�PRVW
UHOHYDQW� WRSLFDOO\� RU� ZKLFK� SDSHUV� DUH� PRVW� RULJLQDO� RU� EHVW� ZULWWHQ� RU� WKH� GLIIHUHQFH� EHWZHHQ
UHVHDUFK� DUWLFOHV� DQG� UHYLHZV�� RU� DQ\� RI� WKH� PDQ\� RWKHU� IDFWRUV� WKDW� FHUWDLQO\� DIIHFW� UHDO� FLWDWLRQ
SDWWHUQV��7KH�PRGHO�LV�WKXV�YHU\�PXFK�D�VLPSOLILHG�UHSUHVHQWDWLRQ�RI�WKH�FLWDWLRQ�SURFHVV��$V�ZH�KDYH
VHHQ�ZLWK� WKH� UDQGRP�JUDSKV� RI� SUHYLRXV� FKDSWHUV�� KRZHYHU�� HYHQ� VLPSOH�PRGHOV� FDQ� OHDG� WR� UHDO
LQVLJKWV��:H� FHUWDLQO\� QHHG� WR� UHPHPEHU� WKDW� WKH�PRGHO� RQO\� UHSUHVHQWV� RQH� DVSHFW� RI� WKH� FLWDWLRQ
SURFHVV²DQG�D�K\SRWKHWLFDO�RQH�DW�WKDW²EXW�ZLWK�WKLV�LQ�PLQG�OHW�XV�SUHVV�RQ�DQG�VHH�ZKDW�ZH�FDQ
GLVFRYHU�
$V�ZLWK�SHUVRQDO�ZHDOWK��LW�LV�QRW�LPSODXVLEOH�WKDW�WKH�QXPEHU�RI�FLWDWLRQV�D�SDSHU�UHFHLYHV�FRXOG

LQFUHDVH�ZLWK�WKH�QXPEHU�LW�DOUHDG\�KDV��:KHQ�RQH�UHDGV�SDSHUV��RQH�RIWHQ�ORRNV�XS�WKH�RWKHU�ZRUNV
WKDW�WKRVH�SDSHUV�FLWH�DQG�UHDGV�VRPH�RI�WKHP�WRR��,I�D�ZRUN�LV�FLWHG�RIWHQ��WKHQ��DOO�RWKHU�WKLQJV�EHLQJ
HTXDO��ZH�DUH�PRUH�OLNHO\�WR�FRPH�DFURVV�LW�WKDQ�D�OHVV�FLWHG�ZRUN��$QG�LI�ZH�UHDG�LW�DQG�OLNH�LW��WKHQ
SHUKDSV�ZH�ZLOO�FLWH�LW�RXUVHOYHV�LI�ZH�ZULWH�D�SDSHU�RQ�WKH�VDPH�WRSLF��7KLV�GRHV�QRW�PHDQ�WKDW�WKH
SUREDELOLW\� RI� D� SDSHU� UHFHLYLQJ� D� FLWDWLRQ� LV� SUHFLVHO\� SURSRUWLRQDO� WR� WKH� QXPEHU� RI� FLWDWLRQV� WKH
SDSHU�KDV�DOUHDG\��EXW�LW�GRHV�DW�OHDVW�JLYH�VRPH�MXVWLILFDWLRQ�IRU�ZK\�WKH�ULFK�VKRXOG�JHW�ULFKHU�LQ�WKLV
SDSHU�FLWDWLRQ�FRQWH[W�
,Q� IDFW��XSRQ� IXUWKHU� WKRXJKW�� LW¶V� FOHDU� WKDW� WKH�SUREDELOLW\�RI� UHFHLYLQJ� D�QHZ�FLWDWLRQ�FDQQRW�EH

SUHFLVHO\� SURSRUWLRQDO� WR� WKH� QXPEHU� RI� FLWDWLRQV� D� SDSHU� DOUHDG\� KDV�� ([FHSW� XQGHU� XQXVXDO
FLUFXPVWDQFHV�� SDSHUV� VWDUW� RXW� OLIH� ZLWK� ]HUR� FLWDWLRQV�� ZKLFK�� ZLWK� D� VWULFW� SURSRUWLRQDOLW\� UXOH�
ZRXOG�PHDQ�WKDW�WKHLU�SUREDELOLW\�RI�JHWWLQJ�QHZ�FLWDWLRQV�ZRXOG�DOVR�EH�]HUR�DQG�VR�WKH\�ZRXOG�KDYH
]HUR�FLWDWLRQV�IRU�HYHU�DIWHUZDUGV��7R�JHW�DURXQG�WKLV�KLWFK��3ULFH�SURSRVHG�WKDW�LQ�IDFW�WKH�SUREDELOLW\
WKDW�D�SDSHU�UHFHLYHV�D�QHZ�FLWDWLRQ�VKRXOG�EH�SURSRUWLRQDO�WR�WKH�QXPEHU�WKDW� LW�DOUHDG\�KDV�SOXV�D
SRVLWLYH�FRQVWDQW�D���,Q�IDFW��3ULFH�RQO\�FRQVLGHUHG�RQH�VSHFLDO�FDVH�D� ���LQ�KLV�RULJLQDO�PRGHO��EXW
WKHUH� VHHPV� WR�EH�QR�SDUWLFXODU� UHDVRQ� WR� OLPLW�RXUVHOYHV� WR� WKLV� FDVH�� VR�ZH�ZLOO� WUHDW� WKH� FDVH�RI
JHQHUDO�D�!����
7KH�FRQVWDQW�D�LQ�HIIHFW�JLYHV�HDFK�SDSHU�D�QXPEHU�RI�³IUHH´�FLWDWLRQV�WR�JHW�LW�VWDUWHG�LQ�WKH�UDFH²

HDFK�SDSHU�DFWV�DV�WKRXJK�LW�VWDUWHG�RII�ZLWK�D�FLWDWLRQV�LQVWHDG�RI�QRQH��$Q�DOWHUQDWLYH�LQWHUSUHWDWLRQ
LV�WKDW�D�FHUWDLQ�IUDFWLRQ�RI�FLWDWLRQV�JR�WR�SDSHUV�FKRVHQ�XQLIRUPO\�DW�UDQGRP�ZLWKRXW�UHJDUG�IRU�KRZ
PDQ\�FLWDWLRQV�WKH\�FXUUHQW�KDYH��ZKLOH�WKH�UHVW�JR�WR�SDSHUV�FKRVHQ�LQ�SURSRUWLRQ�WR�FXUUHQW�FLWDWLRQ
FRXQW�����7KLV�JLYHV�DOO� SDSHUV� D� FKDQFH� WR� DFFUXH� FLWDWLRQV�� HYHQ� LI� WKH\� FXUUHQWO\�KDYH�QRQH�� �:H
GLVFXVV� WKLV� LQWHUSUHWDWLRQ� LQ� PRUH� GHWDLO� LQ� 6HFWLRQ� �������� ZKHUH� ZH� XVH� LW� WR� FRQVWUXFW� D� IDVW
DOJRULWKP�IRU�VLPXODWLQJ�3ULFH¶V�PRGHO��
:H�DOVR�QHHG�WR�VSHFLI\�ZKDW� WKH�VWDUWLQJ�VWDWH�RI� WKH�QHWZRUN�LV��KRZ�ZH�LQLWLDOL]H�WKH�PRGHO� WR

EHJLQ�ZLWK��,W�WXUQV�RXW�LQ�IDFW�WKDW�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�WKH�SUHGLFWLRQV�RI�WKH�PRGHO�GRQ¶W
GHSHQG�RQ�WKH�LQLWLDO�FRQGLWLRQV��EXW�ZH�FRXOG��IRU�LQVWDQFH��VWDUW�WKH�QHWZRUN�RXW�ZLWK�D�VPDOO�VHW�RI
LQLWLDO�SDSHUV�KDYLQJ�]HUR�FLWDWLRQV�HDFK�
7KXV�� LQ� VXPPDU\��3ULFH¶V�PRGHO� FRQVLVWV� RI� D� JURZLQJ�QHWZRUN�RI�SDSHUV� DQG� WKHLU� FLWDWLRQV� LQ

ZKLFK� YHUWLFHV� �SDSHUV�� DUH� FRQWLQXDOO\� DGGHG� EXW� QRQH� DUH� HYHU� WDNHQ� DZD\�� HDFK� SDSHU� FLWHV� RQ
DYHUDJH�F�RWKHUV��VR�WKDW�WKH�PHDQ�RXW�GHJUHH�LV�F���DQG�WKH�FLWHG�SDSHUV�DUH�FKRVHQ�DW�UDQGRP����ZLWK
SUREDELOLW\�SURSRUWLRQDO�WR�WKHLU�LQ�GHJUHH�SOXV�D�FRQVWDQW�D�

6HH�6HFWLRQ�������IRU�D�GLVFXVVLRQ�RI�DF\FOLF�QHWZRUNV�
�
2QH� LPSRUWDQW� SURSHUW\� RI� 3ULFH¶V� PRGHO� LV� LPPHGLDWHO\� DSSDUHQW�� LW� JHQHUDWHV� SXUHO\� DF\FOLF



QHWZRUNV��VLQFH�HYHU\�HGJH�SRLQWV�IURP�D�PRUH�UHFHQWO\�DGGHG�YHUWH[�WR�D� OHVV�UHFHQWO\�DGGHG�RQH�
L�H���EDFNZDUG�LQ�WLPH��7KXV�DOO�GLUHFWHG�SDWKV�LQ�WKH�QHWZRUN�SRLQW�EDFNZDUG�LQ�WLPH�DQG�KHQFH�WKHUH
FDQ�EH�QR�FORVHG�ORRSV��EHFDXVH�WR�FORVH�D� ORRS�ZH�ZRXOG�QHHG�HGJHV�SRLQWLQJ�IRUZDUG�LQ�WLPH�DV
ZHOO��7KLV�ILWV�ZHOO�ZLWK�WKH�RULJLQDO�JRDO�RI�WKH�PRGHO�DV�D�PRGHO�RI�FLWDWLRQ��VLQFH�FLWDWLRQ�QHWZRUNV
DUH� DF\FOLF�� RU� YHU\� QHDUO\� VR� �VHH� 6HFWLRQ� ������2Q� WKH� RWKHU� KDQG� LW� ILWV� SRRUO\�ZLWK� VRPH� RWKHU
GLUHFWHG� QHWZRUNV� VXFK� DV� WKH�:RUOG�:LGH�:HE�� DOWKRXJK� WKH�PRGHO� LV� VWLOO� VRPHWLPHV� XVHG� DV� D
PRGHO�IRU�SRZHU�ODZ�GLVWULEXWLRQV�LQ�WKH�:HE�
$UPHG�ZLWK� RXU� GHILQLWLRQ� RI� 3ULFH¶V�PRGHO��ZH�ZLOO� QRZ�ZULWH� GRZQ� HTXDWLRQV� JRYHUQLQJ� WKH

GLVWULEXWLRQ�RI�WKH�LQ�GHJUHHV�RI�YHUWLFHV��L�H���WKH�QXPEHUV�RI�FLWDWLRQV�UHFHLYHG�E\�SDSHUV�LQ�WHUPV�RI
WKH� SDUDPHWHUV�F� DQG�D�� DQG�KHQFH�VROYH� IRU� WKH�GHJUHH�GLVWULEXWLRQ�DQG�YDULRXV�RWKHU�TXDQWLWLHV��DW
OHDVW� LQ� WKH� OLPLW� RI� ODUJH� QHWZRUN� VL]H��:H� ZLOO� GLVFXVV�PRGHOV� RI� ERWK� GLUHFWHG� DQG� XQGLUHFWHG
JUDSKV�LQ�WKLV�FKDSWHU��VR�ZH�ZLOO�QHHG�WR�EH�FDUHIXO�WR�GLVWLQJXLVK�LQ�GHJUHH�LQ�WKH�GLUHFWHG�FDVH�IURP
RUGLQDU\� XQGLUHFWHG� GHJUHH� LQ� WKH� XQGLUHFWHG� FDVH�� 3UHYLRXVO\� LQ� WKLV� ERRN� ZH� KDYH� GRQH� WKLV� E\
GHQRWLQJ�WKH�LQ�GHJUHH�RI�D�YHUWH[�L�E\� ��VHH�6HFWLRQ�������EXW�WKLV�QRWDWLRQ�FDQ�PDNH�RXU�HTXDWLRQV
TXLWH�GLIILFXOW�WR�UHDG��VR�LQ�WKH�LQWHUHVWV�RI�FODULW\�ZH�ZLOO�LQ�WKLV�FKDSWHU�DGRSW�LQVWHDG�WKH�QRWDWLRQ
LQWURGXFHG�E\�'RURJRYWVHY�HW�DO�� >��@� LQ�ZKLFK� WKH� LQ�GHJUHH�RI�YHUWH[�L� LV� GHQRWHG�TL� ��'HJUHHV� LQ
XQGLUHFWHG�JUDSKV�ZLOO�VWLOO�EH�GHQRWHG�NL�MXVW�DV�EHIRUH�
6R� FRQVLGHU�3ULFH¶V�PRGHO� RI� D�JURZLQJ�QHWZRUN� DQG� OHW�ST�Q�� EH� WKH� IUDFWLRQ�RI�YHUWLFHV� LQ� WKH

QHWZRUN�WKDW�KDYH�LQ�GHJUHH�T�ZKHQ�WKH�QHWZRUN�FRQWDLQV�Q�YHUWLFHV²WKLV�LV�WKH�LQ�GHJUHH�GLVWULEXWLRQ
RI�WKH�QHWZRUN²DQG�OHW�XV�H[DPLQH�ZKDW�KDSSHQV�ZKHQ�ZH�DGG�D�VLQJOH�QHZ�YHUWH[�WR�WKH�QHWZRUN�
&RQVLGHU�RQH�RI�WKH�FLWDWLRQV�PDGH�E\�WKLV�QHZ�YHUWH[��,Q�WKH�PRGHO��WKH�SUREDELOLW\�WKDW�WKH�FLWDWLRQ

LV� WR� D�SDUWLFXODU�RWKHU�YHUWH[�L� LV� SURSRUWLRQDO� WR�TL� ��D�� ZKHUH�D� LV� D� SRVLWLYH� FRQVWDQW��6LQFH� WKH
FLWDWLRQ� LQ� TXHVWLRQ� KDV� WR� EH� WR�VRPH� SDSHU�� WKLV�SUREDELOLW\�PXVW�EH�QRUPDOL]HG� VXFK� WKDW� LWV� VXP
RYHU�DOO�L�LV����,Q�RWKHU�ZRUGV�WKH�FRUUHFWO\�QRUPDOL]HG�SUREDELOLW\�PXVW�EH
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ZKHUH�ZH�KDYH�ZULWWHQ�WKH�DYHUDJH�LQ�GHJUHH�DV� ��,Q�WKH�VHFRQG�HTXDOLW\�ZH�KDYH�PDGH
XVH�RI�WKH�IDFW�WKDW�WKH�DYHUDJH�RXW�GHJUHH�RI�WKH�QHWZRUN�LV�F�E\�GHILQLWLRQ��DQG�WKDW�WKH�DYHUDJH�LQ�
DQG�RXW�GHJUHHV�RI�D�GLUHFWHG�QHWZRUN�DUH�HTXDO��VHH�(T����������VR�WKDW�T� �F�
(DFK�QHZO\�DSSHDULQJ�SDSHU�FLWHV�F�RWKHUV�RQ�DYHUDJH��VR�WKH�H[SHFWHG�QXPEHU�RI�QHZ�FLWDWLRQV�WR

YHUWH[�L�XSRQ�DSSHDUDQFH�RI�RXU�QHZ�SDSHU�LV�F�WLPHV�(T����������$QG�WKHUH�DUH�QST�Q��YHUWLFHV�ZLWK
GHJUHH�T�LQ�RXU�QHWZRUN�DQG�KHQFH�WKH�H[SHFWHG�QXPEHU�RI�QHZ�FLWDWLRQV�WR�DOO�YHUWLFHV�ZLWK�GHJUHH�T
LV

�
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�
1RZ� ZH� FDQ� ZULWH� GRZQ� D� VR�FDOOHG�PDVWHU� HTXDWLRQ� IRU� WKH� HYROXWLRQ� RI� WKH� LQ�GHJUHH

GLVWULEXWLRQ�DV�IROORZV��:KHQ�ZH�DGG�D�VLQJOH�QHZ�YHUWH[�WR�RXU�QHWZRUN�RI�Q�YHUWLFHV��WKH�QXPEHU�RI
YHUWLFHV�LQ�WKH�QHWZRUN�ZLWK�LQ�GHJUHH�T�LQFUHDVHV�E\�RQH�IRU�HYHU\�YHUWH[�SUHYLRXVO\�RI�LQ�GHJUHH�T�í
��WKDW�UHFHLYHV�D�QHZ�FLWDWLRQ�����WKHUHE\�EHFRPLQJ�D�YHUWH[�RI�LQ�GHJUHH�T��)URP�(T���������ZH�NQRZ
WKDW�WKH�H[SHFWHG�QXPEHU�RI�VXFK�YHUWLFHV�LV
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�

6LPLODUO\��ZH�ORVH�RQH�YHUWH[�RI�LQ�GHJUHH�T�HYHU\�WLPH�VXFK�D�YHUWH[�UHFHLYHV�D�QHZ�FLWDWLRQ��WKHUHE\
EHFRPLQJ�D�YHUWH[�RI�LQ�GHJUHH�T������7KH�H[SHFWHG�QXPEHU�RI�VXFK�YHUWLFHV�UHFHLYLQJ�FLWDWLRQV�LV
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�

7KH�QXPEHU�RI�YHUWLFHV�ZLWK�LQ�GHJUHH�T�LQ�WKH�QHWZRUN�DIWHU�WKH�DGGLWLRQ�RI�D�VLQJOH�QHZ�YHUWH[�LV��Q
����ST�Q������ZKLFK��SXWWLQJ�WRJHWKHU�WKH�UHVXOWV�DERYH��LV�JLYHQ�E\

�
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�

7KH�ILUVW�WHUP�RQ�WKH�ULJKW�KDQG�VLGH�KHUH�UHSUHVHQWV�WKH�QXPEHU�RI�YHUWLFHV�SUHYLRXVO\�RI�LQ�GHJUHH�T�
WKH�VHFRQG�WHUP�UHSUHVHQWV�WKH�YHUWLFHV�JDLQHG��DQG�WKH�WKLUG�WHUP�WKH�YHUWLFHV�ORVW�
(TXDWLRQ��������DSSOLHV�IRU�DOO�YDOXHV�RI�T�H[FHSW�T� ����:KHQ�T� ���WKHUH�DUH�QR�YHUWLFHV�RI�ORZHU

GHJUHH� WKDW� FDQ�JDLQ�DQ�HGJH� WR�EHFRPH�YHUWLFHV�RI�GHJUHH�]HUR�� DQG�KHQFH� WKH� VHFRQG� WHUP� LQ�(T�



�������GRHVQ¶W�DSSHDU��2Q�WKH�RWKHU�KDQG��ZH�JDLQ�D�YHUWH[�RI�GHJUHH�]HUR�ZKHQHYHU�D�QHZ�YHUWH[�LV
DGGHG� WR� WKH� QHWZRUN�� VLQFH� E\� K\SRWKHVLV� SDSHUV� KDYH� QR� FLWDWLRQV�ZKHQ� WKH\� DUH� ILUVW� SXEOLVKHG�
6LQFH�H[DFWO\�RQH�YHUWH[� LV�DGGHG� LQ�JRLQJ�IURP�D�QHWZRUN�RI�Q�YHUWLFHV� WR�D�QHWZRUN�RI�Q������ WKH
DSSURSULDWH�HTXDWLRQ�IRU�T� ���LV�
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�
1RZ�OHW�XV�FRQVLGHU�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�Q�ĺ���DQG�FDOFXODWH�WKH�DV\PSWRWLF�IRUP�RI�WKH

GHJUHH�GLVWULEXWLRQ�LQ�WKLV�OLPLW�����7DNLQJ�WKH�OLPLW�Q�ĺ���DQG�XVLQJ�WKH�VKRUWKDQG�ST� �ST�����(TV�
�������DQG��������EHFRPH
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�

7KH�VHFRQG�RI�WKHVH�HTXDWLRQV�ZH�FDQ�HDVLO\�UHDUUDQJH�WR�JLYH�DQ�H[SOLFLW�H[SUHVVLRQ�IRU�WKH�IUDFWLRQ
S��RI�GHJUHH�]HUR�YHUWLFHV�
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�



7KH�VROXWLRQ�IRU�T�����LV�D�OLWWOH�PRUH�FRPSOLFDWHG��WKRXJK�RQO\�D�OLWWOH��5HDUUDQJLQJ�(T���������IRU�ST
ZH�ILQG�WKDW
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�������
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�

:H�FDQ�XVH�WKLV�HTXDWLRQ�WR�FDOFXODWH�ST�LWHUDWLYHO\�IRU�DOO�YDOXHV�RI�T�VWDUWLQJ�IURP�RXU�VROXWLRQ�IRU
S���(T����������)LUVW��ZH�VHW�T� ���LQ�(T����������WR�JHW
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1RZ�ZH�FDQ�XVH�WKLV�UHVXOW�WR�FDOFXODWH�S��
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DQG
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DQG�VR�IRUWK��,W¶V�HDV\�WR�VHH�WKDW�IRU�JHQHUDO�T�WKH�FRUUHFW�H[SUHVVLRQ�PXVW�EH
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�
7KLV�LV�HIIHFWLYHO\�D�FRPSOHWH�VROXWLRQ�IRU�WKH�GHJUHH�GLVWULEXWLRQ�RI�3ULFH¶V�PRGHO��EXW�WKHUH�LV�D

OLWWOH�PRUH�ZH�FDQ�GR�WR�ZULWH�LW�LQ�D�XVHIXO�IRUP��:H�PDNH�XVH�RI�WKH�JDPPD�IXQFWLRQ�

�

�������
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ZKLFK�KDV�WKH�XVHIXO�SURSHUW\�WKDW
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�������
�

IRU�DOO�[�!����,WHUDWLQJ�WKLV�IRUPXOD��ZH�VHH�WKDW
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�

8VLQJ�WKLV�UHVXOW�LQ�(T����������ZH�FDQ�ZULWH

�
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�
7KLV�H[SUHVVLRQ�FDQ�EH�VLPSOLILHG�IXUWKHU�E\�ZULWLQJ�LW�LQ�WHUPV�RI�(XOHU¶V�EHWD�IXQFWLRQ��ZKLFK�LV

GHILQHG�E\

�

�������
�

�

,I�ZH�PXOWLSO\�ERWK�WKH�QXPHUDWRU�DQG�WKH�GHQRPLQDWRU�RI�(T����������E\�ī�����D�F�� ������D�F�ī����
D�F���ZH�ILQG�WKDW
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�
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1RWH�WKDW�WKLV�H[SUHVVLRQ�LV�QRW�RQO\�FRUUHFW�IRU�T�����EXW�DOVR�JLYHV�WKH�FRUUHFW�YDOXH�ZKHQ�T� ���
2QH�RI�WKH�QLFH� WKLQJV�DERXW�(T���������� LV� WKDW�LW�GHSHQGV�RQ�T�RQO\�YLD�WKH�ILUVW�DUJXPHQW�RI�WKH

XSSHU�EHWD�IXQFWLRQ��7KXV�LI�ZH�ZDQW�WR�XQGHUVWDQG�WKH�VKDSH�RI�WKH�GHJUHH�GLVWULEXWLRQ�ZH�QHHG�RQO\
WR�XQGHUVWDQG�WKH�EHKDYLRU�RI�WKLV�RQH�IXQFWLRQ�
,Q�SDUWLFXODU��OHW�XV�H[DPLQH�WKH�EHKDYLRU�IRU�ODUJH�T�DQG�IL[HG�D�DQG�F��)RU�ODUJH�YDOXHV�RI�LWV�ILUVW

DUJXPHQW��ZH�FDQ�UHZULWH�WKH�EHWD�IXQFWLRQ�XVLQJ�6WLUOLQJ¶V�DSSUR[LPDWLRQ�IRU�WKH�JDPPD�IXQFWLRQ�>�@
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ZKLFK�PHDQV�WKDW
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%XW
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ZKHUH�WKH�ODVW�HTXDOLW\�EHFRPHV�H[DFW�LQ�WKH�OLPLW�RI�ODUJH�[��7KHQ
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,Q�RWKHU�ZRUGV��WKH�EHWD�IXQFWLRQ�%�[��\��IDOOV�RII�DV�D�SRZHU�ODZ�IRU�ODUJH�YDOXHV�RI�[��ZLWK�H[SRQHQW
\�
$SSO\LQJ� WKLV� ILQGLQJ� WR� (T�� �������� ZH� WKHQ� GLVFRYHU� WKDW� IRU� ODUJH� YDOXHV� RI�T� WKH� GHJUHH

GLVWULEXWLRQ�RI�RXU�QHWZRUN�JRHV�DV�ST�ฏ��T���D�íĮ��RU�VLPSO\

�
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ZKHQ�T�ª�D��ZKHUH�WKH�H[SRQHQW�Į�LV

�

�������
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�

7KXV�3ULFH¶V�PRGHO�IRU�D�FLWDWLRQ�QHWZRUN�JLYHV�ULVH�WR�D�GHJUHH�GLVWULEXWLRQ�ZLWK�D�SRZHU�ODZ�WDLO�
7KLV� LV�YHU\�PXFK� LQ�NHHSLQJ�ZLWK� WKH�GHJUHH�GLVWULEXWLRQV�RI� UHDO�FLWDWLRQ�QHWZRUNV��ZKLFK��DV�ZH
VDZ�LQ�)LJ�������DSSHDU�WR�KDYH�FOHDU�SRZHU�ODZ�WDLOV�
1RWH� WKDW� WKH� H[SRQHQW�Į�  � �� ��D�F� LV� VWULFWO\� JUHDWHU� WKDQ� WZR� �VLQFH�D� DQG�F� DUH� ERWK� VWULFWO\

SRVLWLYH���0RVW�PHDVXUHPHQWV�SXW�WKH�H[SRQHQW�RI�WKH�SRZHU�ODZ�IRU�FLWDWLRQ�QHWZRUNV�DURXQG�Į� ��
�VHH�7DEOH�������ZKLFK� LV� HDVLO\�DFKLHYHG� LQ� WKH�PRGHO�E\� VHWWLQJ� WKH�FRQVWDQWV�D� DQG�F� HTXDO�� ,Q� D
W\SLFDO� H[SHULPHQWDO� VLWXDWLRQ� WKH� H[SRQHQW�Į� DQG� WKH� SDUDPHWHU�F�� WKH� PHDQ� VL]H� RI� D� SDSHU¶V
ELEOLRJUDSK\�� DUH� HDVLO\� PHDVXUHG�� EXW� WKH� SDUDPHWHU�D�� ZKLFK� UHSUHVHQWV� WKH� QXPEHU� RI� ³IUHH´
HIIHFWLYH� FLWDWLRQV� D� SDSHU� UHFHLYHV� XSRQ� SXEOLFDWLRQ�� LV� QRW�� 7\SLFDOO\� WKHUHIRUH� WKH� YDOXH� RI�D� LV
H[WUDFWHG�E\�UHDUUDQJLQJ�(T����������WR�JLYH�D� �F�Į�í����
:KLOH�LW�LV�GHOLJKWIXO�WKDW�3ULFH¶V�VLPSOH�PRGHO�JHQHUDWHV�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�VLPLODU

WR�WKDW�VHHQ�LQ�UHDO�QHWZRUNV��ZH�VKRXOG�QRW�WDNH�WKH�GHWDLOV�RI�WKH�PRGHO�WRR�VHULRXVO\��QRU�WKH�H[DFW
UHODWLRQ�EHWZHHQ�WKH�SDUDPHWHUV�DQG�WKH�H[SRQHQW�RI�WKH�SRZHU�ODZ��$V�ZH�QRWHG�DW�WKH�VWDUW�RI�WKLV
VHFWLRQ�� WKH� PRGHO� LV� KLJKO\� VLPSOLILHG� DQG� VXEVWDQWLDOO\� LQFRPSOHWH� DV� D� PRGHO� RI� WKH� FLWDWLRQ
SURFHVV��RPLWWLQJ�PDQ\�IDFWRUV�WKDW�DUH�XQGRXEWHGO\�LPSRUWDQW�IRU�UHDO�FLWDWLRQV��LQFOXGLQJ�WKH�TXDOLW\
DQG� UHOHYDQFH� RI� SDSHUV�� GHYHORSPHQWV� DQG� IDVKLRQV� LQ� WKH� ILHOG� RI� VWXG\�� WKH� UHSXWDWLRQ� RI� WKH
SXEOLVKLQJ�MRXUQDO�DQG�RI� WKH�DXWKRU��DQG�PDQ\�RWKHUV�EHVLGHV��6WLOO��3ULFH¶V�PRGHO� LV�VWULNLQJ� LQ� LWV
DELOLW\� WR� UHSURGXFH� RQH� RI� WKH� PRVW� LQWHUHVWLQJ� IHDWXUHV� RI� FLWDWLRQ� QHWZRUNV� XVLQJ� RQO\� D� VPDOO
QXPEHU� RI� UHDVRQDEOH� DVVXPSWLRQV�� DQG�PDQ\� VFKRODUV� EHOLHYH� WKDW� LW�PD\� FDSWXUH� WKH� IXQGDPHQWDO
PHFKDQLVP�EHKLQG�WKH�REVHUYHG�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�
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:KHQ�3ULFH�SURSRVHG�KLV�PRGHO�LQ�WKH�����V��DQDO\WLF�WUHDWPHQWV�OLNH�WKH�RQH�DERYH�ZHUH�HVVHQWLDOO\
WKH�RQO\� WRRO�DYDLODEOH�IRU�XQGHUVWDQGLQJ� WKH�EHKDYLRU�RI�VXFK�PRGHOV��7RGD\��KRZHYHU��ZH�FDQ�JR
IXUWKHU�DQG�VWXG\�WKH�RSHUDWLRQ�RI�WKH�PRGHO�H[SOLFLWO\�E\�SHUIRUPLQJ�FRPSXWHU�VLPXODWLRQV�IROORZLQJ
WKH� UXOHV� 3ULFH� ODLG� GRZQ�� ,Q� DGGLWLRQ� WR� SURYLGLQJ� D� XVHIXO� FKHFN� RQ� RXU� VROXWLRQ� IRU� WKH� GHJUHH
GLVWULEXWLRQ��VXFK�VLPXODWLRQV�DOVR�DOORZ�XV�WR�JHQHUDWH�UHDO�H[DPSOHV�RI�QHWZRUNV�RQ�RXU�FRPSXWHU�
:H� FDQ� WKHQ� PHDVXUH� WKHVH� QHWZRUNV� WR� GHWHUPLQH� WKH� YDOXHV�� ZLWKLQ� WKH� PRGHO�� RI� DQ\� QHWZRUN
TXDQWLWLHV�ZH� OLNH²SDWK� OHQJWKV�� FRUUHODWLRQV�� FOXVWHULQJ� FRHIILFLHQWV�� DQG� VR� IRUWK²LQFOXGLQJ�RQHV
IRU� ZKLFK� ZH� GR� QRW� DW� SUHVHQW� KDYH� DQ� DQDO\WLF� VROXWLRQ�� 5HVHDUFKHUV� KDYH� DOVR� PDGH� XVH� RI
VLPXODWHG� QHWZRUNV� DV� D� FRQYHQLHQW� EXW� VWLOO� UHODWLYHO\� UHDOLVWLF� VXEVWUDWH� IRU� RWKHU� NLQGV� RI
FDOFXODWLRQ�� LQFOXGLQJ� VROXWLRQV� RI� G\QDPLFDO� PRGHOV�� SHUFRODWLRQ� SURFHVVHV�� RSLQLRQ� IRUPDWLRQ
PRGHOV��DQG�RWKHUV�
,Q� SULQFLSOH�� VLPXODWLRQ� RI� 3ULFH¶V� PRGHO� DSSHDUV� VWUDLJKWIRUZDUG�� 7\SLFDOO\� RQH� VLPXODWHV� WKH

PRGHO�ZLWK�WKH�RXW�GHJUHHV�RI�YHUWLFHV�IL[HG�WR�EH�H[DFWO\�HTXDO�WR�F��ZKHUH�F�LV�UHVWULFWHG�WR�LQWHJHU
YDOXHV�� �,Q� WKH�RULJLQDO�PRGHO�DQG�RXU�DQDO\VLV�DERYH��F�ZDV�RQO\�WKH�DYHUDJH�RXW�GHJUHH²DFWXDOO\
RXW�GHJUHH�FRXOG�IOXFWXDWH�DERXW�WKH�DYHUDJH���7KHQ�WKH�RQO\�FRPSOLFDWHG�SDUW�RI�WKH�VLPXODWLRQ�LV�WKH
VHOHFWLRQ�RI�WKH�YHUWLFHV�WKDW�UHFHLYH�QHZ�HGJHV��ZKLFK�KDV�WR�EH�GRQH�LQ�D�UDQGRP�EXW�QRQ�XQLIRUP
ZD\�DV�D�IXQFWLRQ�RI�WKH�YHUWLFHV¶�FXUUHQW�LQ�GHJUHH��7KHUH�DUH�VWDQGDUG�WHFKQLTXHV�IRU�VLPXODWLQJ�VXFK
QRQ�XQLIRUP�UDQGRP�SURFHVVHV�DQG�RQH�FDQ�ZLWKRXW�WRR�PXFK�ODERU�FUHDWH�D�VLPSOH�SURJUDP�WKDW�FDUU\
RXW� WKH� VWHSV� RI� WKH�PRGHO�� 7KLV�� KRZHYHU�� LV� QRW� XVXDOO\� WKH� EHVW�ZD\� WR� SURFHHG��$� QDLYH� GLUHFW
VLPXODWLRQ� RI� WKLV� NLQG� EHFRPHV� VORZ� ZKHQ� WKH� QHWZRUN� JHWV� ODUJH�� ZKLFK� OLPLWV� WKH� VL]H� RI� WKH
QHWZRUN� WKDW� FDQ� EH� JHQHUDWHG�� /XFNLO\�� WKHUH� LV� D�PXFK� IDVWHU� ZD\� WR� SHUIRUP� WKH� VLPXODWLRQ� WKDW
DOORZV� ODUJHU� QHWZRUNV� WR� EH� JHQHUDWHG� LQ� VKRUWHU� WLPHV��ZKLOH� VWLOO� EHLQJ� VLPSOH� WR� SURJUDP�RQ� D
FRPSXWHU��7KLV�PHWKRG��ILUVW�SURSRVHG�E\�.UDSLYVN\�DQG�5HGQHU�>���@��ZRUNV�DV�IROORZV�
:KHQ�ZH�FUHDWH�D�QHZ�HGJH�LQ�3ULFH¶V�PRGHO�ZH�DWWDFK�LW�WR�D�YHUWH[�FKRVHQ�LQ�SURSRUWLRQ�WR�LQ�

GHJUHH�SOXV�D�FRQVWDQW�D��/HW�XV�GHQRWH�E\�șL�WKH�SUREDELOLW\�WKDW�DQ�HGJH�DWWDFKHV�WR�YHUWH[�L��ZKLFK
IURP�(T���������LV�JLYHQ�E\
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�������
�

�

1RZ�FRQVLGHU�DQ�DOWHUQDWLYH�SURFHVV� LQ�ZKLFK�XSRQ�FUHDWLQJ�D�QHZ�HGJH�ZH�GR�RQH�RI� WZR� WKLQJV�
:LWK�VRPH�SUREDELOLW\�ĳ�ZH�DWWDFK�WKH�HGJH�WR�D�YHUWH[�FKRVHQ�VWULFWO\�LQ�SURSRUWLRQ�WR�LWV�FXUUHQW�LQ�
GHJUHH��L�H���ZLWK�SUREDELOLW\



�

�������
�
�

$OWHUQDWLYHO\��ZLWK�SUREDELOLW\� ��í�ĳ��ZH�DWWDFK� WR�D�YHUWH[�FKRVHQ�XQLIRUPO\�DW� UDQGRP�IURP�DOO�Q
SRVVLELOLWLHV�� L�H���ZLWK� SUREDELOLW\� ��Q�� 7KHQ� WKH� WRWDO� SUREDELOLW\� � RI� DWWDFKLQJ� WR� YHUWH[�L� LQ� WKLV
SURFHVV�LV

�

�������
�
�

1RZ�OHW�XV�PDNH�WKH�FKRLFH�ĳ� �F��F���D���VR�WKDW

�

�������
�
�

7KLV��KRZHYHU��LV�SUHFLVHO\�HTXDO�WR�WKH�SUREDELOLW\�șL��(T�����������RI�VHOHFWLQJ�D�YHUWH[�LQ�WKH�3ULFH
PRGHO�DQG�WKH�WZR�SURFHVVHV�WKXV�FKRRVH�YHUWLFHV�ZLWK�WKH�H[DFW�VDPH�SUREDELOLWLHV�
6R�DQ�DOWHUQDWLYH�ZD\�RI�SHUIRUPLQJ�D�VWHS�RI�3ULFH¶V�PRGHO�LV�WKH�IROORZLQJ�

:LWK�SUREDELOLW\�F��F���D��FKRRVH�D�YHUWH[�LQ�VWULFW�SURSRUWLRQ�WR�LQ�GHJUHH��2WKHUZLVH�FKRRVH�D
YHUWH[�XQLIRUPO\�DW�UDQGRP�IURP�WKH�VHW�RI�DOO�YHUWLFHV�

�



�

)LJXUH� ������ 7KH� YHUWH[� ODEHO� OLVW� XVHG� LQ� WKH� VLPXODWLRQ� RI� 3ULFH¶V� PRGHO�� 7KH� OLVW� �ERWWRP�
FRQWDLQV�RQH�HQWU\� IRU� WKH� WDUJHW�RI�HDFK�HGJH� LQ� WKH�QHWZRUN� �WRS��� ,Q� WKLV�H[DPSOH�� WKHUH�DUH� WKUHH
HGJHV� WKDW�SRLQW� WR�YHUWH[���DQG�KHQFH� WKHUH� DUH� WKUHH�HOHPHQWV� FRQWDLQLQJ� WKH�QXPEHU��� LQ� WKH� OLVW�
6LPLODUO\�WKHUH�DUH�WZR�FRQWDLQLQJ�WKH�QXPEHU����EHFDXVH�YHUWH[���LV�WKH�WDUJHW�RI�WZR�HGJHV��$QG�VR
IRUWK�
�
�

7KH�FKRLFH�EHWZHHQ�WKH�WZR�SDUWV�FDQ�EH�DFKLHYHG��IRU�H[DPSOH��E\�JHQHUDWLQJ�D�UDQGRP�QXPEHU�U�LQ
WKH�UDQJH�����U������,I�U���F��F���D��WKHQ�ZH�FKRRVH�D�YHUWH[�LQ�SURSRUWLRQ�WR�LQ�GHJUHH��2WKHUZLVH�ZH
FKRRVH�XQLIRUPO\�
&KRRVLQJ�D�YHUWH[�XQLIRUPO\�LV�HDVLO\�DFFRPSOLVKHG��&KRRVLQJ�D�YHUWH[�LQ�SURSRUWLRQ�WR�LQ�GHJUHH

LV�RQO\�VOLJKWO\�KDUGHU�� ,W�FDQ�EH�GRQH� UDSLGO\�E\�QRWLQJ� WKDW�FKRRVLQJ� LQ�SURSRUWLRQ� WR� LQ�GHJUHH� LV
HTXLYDOHQW�WR�SLFNLQJ�DQ�HGJH�LQ�WKH�QHWZRUN�XQLIRUPO\�DW�UDQGRP�DQG�FKRRVLQJ�WKH�YHUWH[�ZKLFK�WKDW
HGJH� SRLQWV� WR�� %\� GHILQLWLRQ� WKLV�PDNHV� D� YHUWH[�ZLWK� LQ�GHJUHH�T� H[DFWO\�T� WLPHV� DV� OLNHO\� WR� EH
FKRVHQ� DV� D�YHUWH[�ZLWK� LQ�GHJUHH���� VLQFH� LW� KDV�T� RSSRUWXQLWLHV� WR�EH�FKRVHQ��RQH� IRU� HDFK�RI� WKH
HGJHV�WKDW�SRLQW�WR�LW�
7R� WXUQ� WKLV� REVHUYDWLRQ� LQWR� D� FRPSXWHU� DOJRULWKP� ZH� PDNH� D� OLVW�� VWRUHG� IRU� LQVWDQFH� LQ� DQ

RUGLQDU\�DUUD\��RI�WKH�WDUJHW�RI�HDFK�GLUHFWHG�HGJH�LQ�WKH�QHWZRUN��7KDW�LV��WKH�OLVW¶V�HOHPHQWV�FRQWDLQ
WKH� YHUWH[� ODEHOV�L� RI� WKH�YHUWLFHV� WR�ZKLFK� HDFK�HGJH�SRLQWV��)LJXUH������ VKRZV� DQ� H[DPSOH� IRU� D
VPDOO�QHWZRUN��1RWH�WKDW�WKH�HGJHV�GR�QRW�KDYH�WR�EH�LQ�DQ\�SDUWLFXODU�RUGHU��$Q\�RUGHU�ZLOO�GR��1RU
GRHV� WKH� VL]H� RI� WKH� DUUD\� XVHG� WR� VWRUH� WKH� OLVW� KDYH� WR�PDWFK� WKH� OHQJWK� RI� WKH� OLVW� H[DFWO\�� LW� FDQ
FRQWDLQ�HPSW\�HOHPHQWV�DW�WKH�HQG�DV�VKRZQ�LQ�WKH�ILJXUH��,QGHHG��VLQFH�PDNLQJ�DOUHDG\�H[LVWLQJ�DUUD\V
ODUJHU�LV�GLIILFXOW�LQ�PRVW�FRPSXWHU�ODQJXDJHV��LW�PDNHV�VHQVH�WR�LQLWLDOO\�FUHDWH�DQ�DUUD\�WKDW�LV�ODUJH
HQRXJK� WR� KROG� WKH� ORQJHVW� OLVW�ZH�ZLOO� QHHG�� �7KLV�PHDQV� WKDW� LW� VKRXOG� KDYH� OHQJWK�QF� LI� WKH� RXW�
GHJUHH�RI�YHUWLFHV�LV�FRQVWDQW��,I�RXW�GHJUHH�LV�DOORZHG�WR�IOXFWXDWH�WKHQ�WKH�ORQJHVW�OLVW�PLJKW�EH�D�ELW
ODUJHU�RU�VPDOOHU�WKDQ�QF��LQ�ZKLFK�FDVH�RQH�PLJKW�FUHDWH�DQ�DUUD\�RI�VL]H�QF�SOXV�D�IHZ�SHUFHQW��WR�EH
RQ�WKH�VDIH�VLGH��
2QFH�ZH�KDYH�RXU�OLVW��FKRRVLQJ�D�YHUWH[�LQ�SURSRUWLRQ�WR�LWV�LQ�GHJUHH�EHFRPHV�D�WULYLDO�RSHUDWLRQ�

ZH�VLPSO\�FKRRVH�DQ�HOHPHQW�XQLIRUPO\�DW� UDQGRP�IURP� WKH� OLVW� DQG�RXU�YHUWH[� LV� LGHQWLILHG�E\� WKH
FRQWHQWV�RI�WKDW�HOHPHQW��:KHQ�D�QHZ�HGJH�LV�DGGHG�WR�WKH�QHWZRUN��ZH�PXVW�DOVR�XSGDWH�WKH�OLVW�E\
DGGLQJ�WKH�WDUJHW�RI�WKDW�HGJH�WR�WKH�HQG�RI�WKH�OLVW�
7KXV�RXU�DOJRULWKP�IRU�FUHDWLQJ�D�QHZ�HGJH�LV�WKH�IROORZLQJ�

���*HQHUDWH�D�UDQGRP�QXPEHU�U�LQ�WKH�UDQJH�����U�����
���,I�U���F��F���D���FKRRVH�DQ�HOHPHQW�XQLIRUPO\�DW�UDQGRP�IURP�WKH�OLVW�RI�WDUJHWV�



���2WKHUZLVH�FKRRVH�D�YHUWH[�XQLIRUPO\�DW�UDQGRP�IURP�WKH�VHW�RI�DOO�YHUWLFHV�
���&UHDWH�DQ�HGJH�OLQNLQJ�WR�WKH�YHUWH[�WKXV�VHOHFWHG��DQG�DGG�WKDW�YHUWH[�WR�WKH�HQG�RI�WKH�OLVW�RI
WDUJHWV��(DFK�VWHS�LQ�WKLV�SURFHVV�FDQ�EH�DFFRPSOLVKHG�LQ�FRQVWDQW�WLPH�DQG�KHQFH�WKH�JURZWK
RI� D� QHWZRUN� RI�Q� YHUWLFHV� FDQ� EH� DFFRPSOLVKHG� LQ� WLPH�2�Q�� �SURYLGHG� RWKHU� SDUWV� RI� WKH
SURJUDP�DUH�LPSOHPHQWHG�HIILFLHQWO\�VR�WKDW�WKH\�DOVR�WDNH�FRQVWDQW�WLPH�SHU�VWHS��

�
)LJXUH� ����D� VKRZV� WKH� GHJUHH� GLVWULEXWLRQ� RI� D� ����PLOOLRQ�QRGH� QHWZRUN� JHQHUDWHG

FRPSXWDWLRQDOO\� LQ� WKLV� IDVKLRQ�� DQG� WKH� SRZHU�ODZ� IRUP� LQ� WKH� WDLO� RI� WKH� GLVWULEXWLRQ� LV� FOHDUO\
YLVLEOH��$�SUDFWLFDO�SUREOHP��KRZHYHU��LV�WKH�QRLVH�LQ�WKH�WDLO�RI�WKH�KLVWRJUDP��ZKLFK�PDNHV�WKH�H[DFW
IRUP�RI�WKH�GLVWULEXWLRQ�KDUG�WR�JDXJH��7KLV�LV�H[DFWO\�WKH�VDPH�SUREOHP�DV�ZH�HQFRXQWHUHG�IRU�UHDO�
ZRUOG�GDWD�LQ�6HFWLRQ��������WKH�ELQV�LQ�WKH�WDLO�RI�WKH�KLVWRJUDP�KDYH�UHODWLYHO\�IHZ�VDPSOHV�LQ�WKHP
DQG�VR� WKH�VWDWLVWLFDO� IOXFWXDWLRQV�DUH� ODUJH�DV�D� IUDFWLRQ�RI� WKH�QXPEHU�RI�VDPSOHV�� ,QGHHG�� LQ�PDQ\
UHVSHFWV� VLPXODWLRQ� GDWD� RIWHQ� EHKDYH� LQ� VLPLODU�ZD\V� WR� H[SHULPHQWDO� GDWD� DQG� WKH\� FDQ� RIWHQ� EH
WUHDWHG� XVLQJ� WKH� VDPH� WHFKQLTXHV�� ,Q� WKLV� FDVH� ZH� FDQ� WDNH� D� KLQW� IURP� 6HFWLRQ� ������ DQG� SORW� D
FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ�LQVWHDG�RI�D�KLVWRJUDP��7R�UHFDS��WKH�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ
3T�LV

�

�������
�

�

�VHH�(T���������DQG�LV�H[SHFWHG�WR�KDYH�D�SRZHU�ODZ�WDLO�ZLWK�DQ�H[SRQHQW�Į�í��� �����D�F��RQH�OHVV
WKDQ�WKH�H[SRQHQW�RI�WKH�GHJUHH�GLVWULEXWLRQ�LWVHOI��)LJXUH�����E�VKRZV�WKH�FXPXODWLYH�GLVWULEXWLRQ�RI
GHJUHHV�IRU�RXU�VLPXODWLRQ�DQG�ZH�QRZ�VHH�D�PXFK�FOHDQHU�SRZHU�ODZ�EHKDYLRU�RYHU�VHYHUDO�GHFDGHV
LQ�T�
)RU� FRPSDULVRQ�ZH� FDQ� DOVR� FDOFXODWH� WKH� FXPXODWLYH�GLVWULEXWLRQ� IXQFWLRQ� DQDO\WLFDOO\� IURP�RXU

VROXWLRQ�RI�WKH�PRGHO��7R�GR�WKLV��ZH�PDNH�XVH�RI�WKH�VWDQGDUG�LQWHJUDO�IRUP�IRU�WKH�EHWD�IXQFWLRQ�

�

�������
�

�

8VLQJ�WKLV�H[SUHVVLRQ�ZH�ILQG�WKDW



�

�������
�
�

*LYHQ� WKDW� %�[�� \�� JRHV� DV�[í\� IRU� ODUJH�[� �(T�� ���������� WKLV� LPSOLHV� WKDW� LQGHHG� WKH� FXPXODWLYH
GLVWULEXWLRQ�IXQFWLRQ�KDV�D�SRZHU�ODZ�WDLO�ZLWK�H[SRQHQW�����D�F�
,Q�)LJ������E�ZH�VKRZ�(T����������DORQJ�ZLWK�WKH�VLPXODWLRQ�GDWD��DQG�WKH�VLPXODWLRQ�DQG�DQDO\WLF

VROXWLRQ�DJUHH�ZHOO��DV�ZH�ZRXOG�KRSH�

�

)LJXUH�������'HJUHH�GLVWULEXWLRQ�LQ�3ULFH¶V�PRGHO�RI�D�JURZLQJ�QHWZRUN���D��$�KLVWRJUDP�RI�WKH�LQ�
GHJUHH�GLVWULEXWLRQ�IRU�D�FRPSXWHU�JHQHUDWHG�QHWZRUN�ZLWK�F� ���DQG�D� �����ZKLFK�ZDV�JURZQ�XQWLO�LW
KDG�Q� �����YHUWLFHV��7KH�VLPXODWLRQ�WRRN�DERXW����VHFRQGV�RQ� WKH�DXWKRU¶V�FRPSXWHU�XVLQJ� WKH�IDVW
DOJRULWKP�GHVFULEHG� LQ� WKH� WH[W�� �E��7KH�FXPXODWLYH�GLVWULEXWLRQ� IXQFWLRQ� IRU� WKH� VDPH�QHWZRUN��7KH
SRLQWV�DUH�WKH�UHVXOWV�IURP�WKH�VLPXODWLRQ�DQG�WKH�VROLG�OLQH�LV�WKH�DQDO\WLF�VROXWLRQ��(T����������
�
�



�����7+(�02'(/�2)�%$5$%È6,�$1'�$/%(57

�

3ULFH¶V�PRGHO�RI�D�JURZLQJ�QHWZRUN�LV�DQ�HOHJDQW�RQH�DQG�WKH�H[LVWHQFH�RI�DQ�H[DFW�VROXWLRQ�VKRZLQJ
WKDW�LWV�GHJUHH�GLVWULEXWLRQ�KDV�D�SRZHU�ODZ�WDLO�PDNHV�D�SHUVXDVLYH�FDVH�IRU�SUHIHUHQWLDO�DWWDFKPHQW
DV�D�SRVVLEOH�RULJLQ�IRU�SRZHU�ODZ�EHKDYLRU��$W� OHDVW�XQWLO�UHFHQWO\��KRZHYHU��3ULFH¶V�ZRUN�LQ� WKLV
DUHD�ZDV�QRW�ZHOO�NQRZQ�RXWVLGH�RI�WKH�LQIRUPDWLRQ�VFLHQFH�FRPPXQLW\��3UHIHUHQWLDO�DWWDFKPHQW�GLG
QRW�EHFRPH�ZLGHO\�DFFHSWHG�DV�D�PHFKDQLVP�IRU�JHQHUDWLQJ�SRZHU�ODZV�LQ�QHWZRUNV�XQWLO�PXFK�ODWHU�
LQ�WKH�����V��ZKHQ�LW�ZDV�LQGHSHQGHQWO\�GLVFRYHUHG�E\�%DUDEiVL�DQG�$OEHUW�>��@��ZKR�SURSRVHG�WKHLU
RZQ�PRGHO� RI� D� JURZLQJ� QHWZRUN� �DORQJ�ZLWK� WKH� QDPH� ³SUHIHUHQWLDO� DWWDFKPHQW´��� 7KH�%DUDEiVL�
$OEHUW�PRGHO��ZKLFK�LV�FHUWDLQO\�WKH�EHVW�NQRZQ�JHQHUDWLYH�QHWZRUN�PRGHO�LQ�XVH�WRGD\��LV�VLPLODU�WR
3ULFH¶V��WKRXJK�QRW�LGHQWLFDO��EHLQJ�D�PRGHO�RI�DQ�XQGLUHFWHG�UDWKHU�WKDQ�D�GLUHFWHG�QHWZRUN�
,Q�WKH�PRGHO�RI�%DUDEiVL�DQG�$OEHUW��YHUWLFHV�DUH�DJDLQ�DGGHG�RQH�E\�RQH�WR�D�JURZLQJ�QHWZRUN�DQG

HDFK� YHUWH[� FRQQHFWV� WR� D� VXLWDEO\� FKRVHQ� VHW� RI� SUHYLRXVO\� H[LVWLQJ� YHUWLFHV�� 7KH� FRQQHFWLRQV�
KRZHYHU��DUH�QRZ�XQGLUHFWHG�DQG�WKH�QXPEHU�RI�FRQQHFWLRQV�PDGH�E\�HDFK�YHUWH[�LV�H[DFWO\�F��XQOLNH
3ULFH¶V�PRGHO��ZKHUH�WKH�QXPEHU�RI�FRQQHFWLRQV�ZDV�UHTXLUHG�RQO\�WR�WDNH�DQ�DYHUDJH�YDOXH�RI�F�EXW
PLJKW�YDU\�IURP�VWHS�WR�VWHS���1RWH�WKDW�WKLV�LPSOLHV�WKDW�F�PXVW�EH�DQ�LQWHJHU��VLQFH�D�YHUWH[�FDQQRW
KDYH�QRQ�LQWHJHU�GHJUHH��&RQQHFWLRQV�DUH�PDGH�WR�YHUWLFHV�ZLWK�SUREDELOLW\�SUHFLVHO\�SURSRUWLRQDO�WR
WKH� YHUWLFHV¶� FXUUHQW� GHJUHH��1RWLFH� WKDW� WKHUH� LV� QR� LQ�� RU� RXW�GHJUHH� QRZ�EHFDXVH� WKH� QHWZRUN� LV
XQGLUHFWHG��&RQQHFWLRQV�DUH�PDGH�VLPSO\�LQ�SURSRUWLRQ�WR�WKH��XQGLUHFWHG��GHJUHH��:H�ZLOO�GHQRWH�WKH
GHJUHH�RI�YHUWH[�L�E\�NL�WR�GLVWLQJXLVK�LW�IURP�WKH�GLUHFWHG�LQ�GHJUHH�TL�RI�WKH�ODVW�VHFWLRQ��$V�EHIRUH�
YHUWLFHV� DQG� HGJHV� DUH� RQO\� HYHU� DGGHG� WR� WKH�QHWZRUN� DQG�QHYHU� WDNHQ�ZD\��ZKLFK�PHDQV�� DPRQJ
RWKHU�WKLQJV��WKDW�WKHUH�DUH�QR�YHUWLFHV�ZLWK�GHJUHH�N���F��7KH�VPDOOHVW�GHJUHH�LQ�WKH�QHWZRUN�LV�DOZD\V
N� �F�
2QH� FDQ� ZULWH� GRZQ� D� VROXWLRQ� IRU� WKH� PRGHO� RI� %DUDEiVL� DQG�$OEHUW� XVLQJ� D� PDVWHU� HTXDWLRQ

PHWKRG�VLPLODU�WR�WKDW�RI�6HFWLRQ����������EXW�LQ�IDFW�WKHUH�LV�QR�QHHG��EHFDXVH�LW�LV�VWUDLJKWIRUZDUG�WR
VKRZ� WKDW� WKH�PRGHO� LV� HTXLYDOHQW� WR� D� VSHFLDO� FDVH� RI� 3ULFH¶V�PRGHO�� ,PDJLQH� WKDW�� SXUHO\� IRU� WKH
SXUSRVHV�RI�RXU�GLVFXVVLRQ��ZH�JLYH�HDFK�HGJH� DGGHG� WR� WKH�QHWZRUN� D�GLUHFWLRQ�� UXQQLQJ� IURP� WKH
YHUWH[�MXVW�DGGHG�WR�WKH�SUHYLRXVO\�H[LVWLQJ�YHUWH[�WKDW� WKH�HGJH�FRQQHFWV� WR��7KDW�LV�HDFK�HGJH�UXQV
IURP� WKH�PRUH� UHFHQW�RI� WKH� WZR�YHUWLFHV� LW� FRQQHFWV� WR� WKH� OHVV� UHFHQW�� ,Q� WKLV�ZD\�ZH�FRQYHUW�RXU
QHWZRUN� LQWR� D� GLUHFWHG� QHWZRUN� LQ� ZKLFK� HDFK� YHUWH[� KDV� RXW�GHJUHH� H[DFWO\�F� �VLQFH� WKLV� LV� WKH
QXPEHU�RI�RXWJRLQJ�HGJHV�D�YHUWH[�VWDUWV�ZLWK�DQG�LW�QHYHU�JDLQV�DQ\�PRUH���$QG�WKH�WRWDO�GHJUHH�NL�RI
D�YHUWH[�LQ�WKH�VHQVH�RI�WKH�RULJLQDO�XQGLUHFWHG�QHWZRUN�LV�WKH�VXP�RI�WKH�YHUWH[¶V�LQ�GHJUHH�DQG�RXW�
GHJUHH��ZKLFK�LV�NL� �TL���F�ZKHUH�TL�LV�WKH�LQ�GHJUHH�DV�EHIRUH�
%XW�JLYHQ�WKDW�WKH�SUREDELOLW\�RI�DQ�HGJH�DWWDFKLQJ�WR�D�YHUWH[�LV�VLPSO\�SURSRUWLRQDO�WR�NL��LW�LV�WKXV

DOVR�SURSRUWLRQDO�WR�TL���F��ZKLFK�LV�WKH�VDPH�DV�LQ�3ULFH¶V�PRGHO�LI�ZH�PDNH�WKH�SDUWLFXODU�FKRLFH�D
 �F��7KXV�WKH�GLVWULEXWLRQ�RI�LQ�GHJUHHV�LQ�WKLV�GLUHFWHG�QHWZRUN�LV�WKH�VDPH�DV�IRU�3ULFH¶V�PRGHO�ZLWK
D� �F��ZKLFK�ZH�ILQG�IURP�(T����������WR�EH

�
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�

7R�JHW�WKH�GLVWULEXWLRQ�RI�WKH�WRWDO�GHJUHH�ZH�WKHQ�VLPSO\�UHSODFH�T���F�E\�N�WR�JHW

�
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�
�
7KLV�H[SUHVVLRQ�FDQ�EH�VLPSOLILHG�IXUWKHU�E\�PDNLQJ�XVH�RI�(T����������WR�ZULWH

�

�������
�

DQG�VLPLODUO\

�

�������
�

VR�WKDW

�

�������
�



IRU�N� ��F��ZKHUH�ZH�KDYH�XVHG���������DJDLQ� WR�JHW� ULG�RI� WKH�UHPDLQLQJ�JDPPD�IXQFWLRQV�� ,Q� WKH
OLPLW�ZKHUH�N�EHFRPHV�ODUJH��WKLV�JLYHV

�

�������
�

DQG�KHQFH� WKH�%DUDEiVL�$OEHUW�PRGHO�JHQHUDWHV� D�GHJUHH�GLVWULEXWLRQ�ZLWK� D�SRZHU�ODZ� WDLO� WKDW
DOZD\V�KDV�DQ�H[SRQHQW�Į� ���
(TXDWLRQ���������ZDV�ILUVW�GHULYHG�E\�.UDSLYVN\�HW�DO��>���@�DQG�LQGHSHQGHQWO\�E\�'RURJRYWVHY�HW

DO��>��@��$�PRUH�GHWDLOHG�WUHDWPHQW�ZDV�ODWHU�JLYHQ�E\�%ROOREiV�HW�DO��>��@��ZKLFK�FODULILHV�SUHFLVHO\
WKH�GRPDLQ�RI�YDOLGLW\�RI�WKH�VROXWLRQ�DQG�WKH�SRVVLEOH�GHYLDWLRQV�IURP�WKH�H[SHFWHG�YDOXH�RI�SN�
7KH�PRGHO� RI�%DUDEiVL� DQG�$OEHUW� FDQ� EH� VLPXODWHG� HIILFLHQWO\� RQ� D� FRPSXWHU� E\� H[SORLWLQJ� WKH

VDPH�PDSSLQJ� WR�3ULFH¶V�PRGHO� DQG� WKH� VLPXODWLRQ�PHWKRG� GHVFULEHG� LQ�6HFWLRQ� ��������$JDLQ�ZH
UHJDUG� WKH�QHWZRUN�DV�D�GLUHFWHG�RQH�DQG�PDLQWDLQ�D� OLVW�RI� WDUJHWV�RI�HYHU\�GLUHFWHG�HGJH�� L�H��� WKH
YHUWLFHV� WKDW� WKH� HGJHV� SRLQW� WR�� 7KHQ�� VHWWLQJ�D�  �F�� WKH� DOJRULWKP� RI� 6HFWLRQ� ������� EHFRPHV
SDUWLFXODUO\�VLPSOH��ZLWK�SUREDELOLW\� �ZH�FKRRVH�DQ�HOHPHQW�IURP�RXU�OLVW�XQLIRUPO\�DW�UDQGRP�DQG
WDNH� WKH� FRQWHQWV� RI� WKDW� HOHPHQW� DV� RXU� WDUJHW� YHUWH[�� 2WKHUZLVH� ZH� FKRRVH� D� WDUJHW� XQLIRUPO\� DW
UDQGRP�IURP�WKH�VHW�RI�DOO�YHUWLFHV�FXUUHQWO\�LQ�H[LVWHQFH��7KHQ�ZH�FUHDWH�D�QHZ�HGJH�IURP�WKH�YHUWH[
MXVW�DGGHG�WR�WKH�WDUJHW�ZH�KDYH�VHOHFWHG�DQG�DOVR�DGG�WKDW�WDUJHW�WR�WKH�HQG�RI�RXU�OLVW�
7KH�%DUDEiVL�$OEHUW�PRGHO�LV�DWWUDFWLYH�IRU�LWV�VLPSOLFLW\²LW�GRHVQ¶W�UHTXLUH�WKH�RIIVHW�SDUDPHWHU

D�RI�3ULFH¶V�PRGHO�DQG�KHQFH�KDV�RQH�OHVV�SDUDPHWHU�WR�ZRUU\�DERXW��,W�LV�DOVR�VDWLVI\LQJ�WKDW�RQH�FDQ
ZULWH�WKH�GHJUHH�GLVWULEXWLRQ�ZLWKRXW�XVLQJ�VSHFLDO�IXQFWLRQV�VXFK�DV�WKH�EHWD�DQG�JDPPD�IXQFWLRQV�WKDW
DSSHDU�LQ�WKH�VROXWLRQ�RI�3ULFH¶V�PRGHO��7KH�SULFH�RQH�SD\V�IRU�WKLV�VLPSOLFLW\�LV�WKDW�WKH�PRGHO�FDQ�QR
ORQJHU�PDWFK�WKH�H[SRQHQWV�REVHUYHG�LQ�UHDO�QHWZRUNV��EHLQJ�UHVWULFWHG�WR�MXVW�D�VLQJOH�H[SRQHQW�YDOXH
Į� ���
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�

7KH�PRGHOV� RI� 3ULFH� DQG� RI�%DUDEiVL� DQG�$OEHUW�ZHUH� SURSRVHG� DV� H[SODQDWLRQV� IRU� WKH� REVHUYHG
SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV�LQ�QHWZRUNV�VXFK�DV�WKH�:HE��FLWDWLRQ�QHWZRUNV��DQG�RWKHUV��DQG�IRU
WKLV� UHDVRQ� WKH� GHJUHH� GLVWULEXWLRQ� LV� WKH� SURSHUW\� RI� WKHVH�PRGHOV� WKDW� KDV� DWWUDFWHG�PRVW� LQWHUHVW�
+RZHYHU�� LW� LV� QRW� WKH� RQO\� SURSHUW\� WKDW� FDQ� EH� FDOFXODWHG�� 7KH� PDVWHU� HTXDWLRQ� PHWKRG� FDQ� EH
H[WHQGHG�WR�WKH�FDOFXODWLRQ�RI�D�QXPEHU�RI�RWKHU�SURSHUWLHV��PDQ\�RI�ZKLFK�DUH�LQWHUHVWLQJ�LQ�WKHLU�RZQ
ULJKW��:H�GHVFULEH�D�IHZ�RI�WKHVH�FDOFXODWLRQV�LQ�WKLV�VHFWLRQ�
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�

&RQVLGHU�D�QHWZRUN�JURZQ�DFFRUGLQJ�WR�3ULFH¶V�PRGHO�RI�6HFWLRQ�������2OGHU�YHUWLFHV�LQ�WKH�QHWZRUN
²WKRVH�DGGHG�HDUOLHU�LQ�WKH�JURZWK�SURFHVV²KDYH�PRUH�WLPH�WR�DFTXLUH�OLQNV�IURP�RWKHU�YHUWLFHV�DQG
KHQFH�ZH�PLJKW�H[SHFW�WKDW�WKH\�ZRXOG�RQ�DYHUDJH�KDYH�KLJKHU�LQ�GHJUHH��7KLV�LQGHHG�WXUQV�RXW�WR�EH
WKH� FDVH�� DV�ZH� FDQ� VKRZ�E\� FDOFXODWLQJ� WKH�GHJUHH�GLVWULEXWLRQ� DV� D� IXQFWLRQ�RI� WKH� WLPH�DW�ZKLFK
YHUWLFHV�DUH�FUHDWHG�
/HW�ST��W��Q��EH�WKH�DYHUDJH�IUDFWLRQ�RI�YHUWLFHV�LQ�RXU�GLUHFWHG�QHWZRUN�WKDW�ZHUH�FUHDWHG�DW�WLPH�W

DQG�KDYH�LQ�GHJUHH�T�ZKHQ�WKH�QHWZRUN�KDV�Q�YHUWLFHV�WRWDO��7KH�WLPH�RI�FUHDWLRQ�LV�PHDVXUHG�LQ�WHUPV
RI�WKH�QXPEHU�RI�YHUWLFHV��WKH�ILUVW�YHUWH[�KDYLQJ�W� ���DQG�WKH�ODVW�KDYLQJ�W� �Q��$OWHUQDWLYHO\��\RX�FDQ
MXVW� WKLQN� RI�W� DV� FRXQWLQJ� WKH� YHUWLFHV� IURP��� WR�Q�� UHFRUGLQJ� WKH�RUGHU� LQ�ZKLFK� WKH\�ZHUH� DGGHG�
6WULFWO\�W�QHHG�QRW� UHIOHFW�DFWXDO� WLPH��EHFDXVH� WKH�YHUWLFHV�QHHG�QRW�KDYH�EHHQ�DGGHG�DW�D�FRQVWDQW
UDWH��EXW�LI�ZH�NQRZ�WKH�UHDO�WLPHV�DW�ZKLFK�YHUWLFHV�ZHUH�DGGHG�ZH�FDQ�HDVLO\�FRQYHUW�EHWZHHQ�RXU
WLPHVFDOH�DQG�UHDO�WLPH�
:H�FDQ�ZULWH�GRZQ�D�PDVWHU�HTXDWLRQ�IRU�WKH�HYROXWLRQ�RI�ST�W�Q��DV�IROORZV��8SRQ�WKH�DGGLWLRQ�RI

D� QHZ� YHUWH[� WR� WKH� QHWZRUN�� WKH� H[SHFWHG� QXPEHU� RI� QHZ� HGJHV� DFTXLUHG� E\� SUHYLRXVO\� H[LVWLQJ
YHUWLFHV�ZLWK�LQ�GHJUHH�T�LV�LQGHSHQGHQW�RI�WLPH�RI�WKRVH�YHUWLFHV�FUHDWLRQ�DQG��IROORZLQJ�(T���������
LV�JLYHQ�E\
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ZLWK�WKH�SDUDPHWHUV�F�DQG�D�GHILQHG�DV�LQ�6HFWLRQ�������7KHQ�WKH�PDVWHU�HTXDWLRQ�WDNHV�WKH�IRUP
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�

7KH�RQO\�H[FHSWLRQ�WR�WKLV�HTXDWLRQ�LV��DV�EHIRUH��IRU�WKH�FDVH�RI�T� ����ZKHUH�ZH�JHW

�
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1RWLFH�WKH�.URQHFNHU�GHOWD��ZKLFK�DGGV�D�VLQJOH�YHUWH[�RI�LQ�GHJUHH�]HUR�LI�W� �Q��EXW�QRQH�RWKHUZLVH�
7KHVH�HTXDWLRQV��WKRXJK�FRUUHFW��GRQ¶W�PDNH�PXFK�VHQVH�LQ�WKH�OLPLW�RI�ODUJH�Q��VLQFH�WKH�IUDFWLRQ�RI

YHUWLFHV�FUHDWHG�DW�WLPH�W�JRHV�WR�]HUR�LQ�WKLV�OLPLW�EHFDXVH�RQO\�RQH�YHUWH[�LV�FUHDWHG�DW�DQ\�SDUWLFXODU
W��6R�LQVWHDG�ZH�FKDQJH�YDULDEOHV�WR�D�UHVFDOHG�WLPH

�

�������
�

ZKLFK� WDNHV�YDOXHV�EHWZHHQ�]HUR��ROGHVW�YHUWLFHV��DQG�RQH��\RXQJHVW�YHUWLFHV���$W� WKH�VDPH�WLPH
ZH� DOVR� FKDQJH� IURP�ST�W��Q�� WR� D� GHQVLW\� IXQFWLRQ�ʌT�Ĳ��Q�� VXFK� WKDW�ʌT�Ĳ��Q�� GĲ� LV� WKH� IUDFWLRQ� RI
YHUWLFHV�WKDW�KDYH�LQ�GHJUHH�T�DQG�IDOO�LQ�WKH�LQWHUYDO�IURP�Ĳ� WR�Ĳ���GĲ��7KH�QXPEHU�RI�YHUWLFHV�LQ�WKH
LQWHUYDO�GĲ�LV�Q�GĲ��ZKLFK�LPSOLHV�WKDW�ʌT�GĲ� �ST�î�Q�GĲ�DQG�KHQFH

�
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�

%HLQJ�D�GHQVLW\�IXQFWLRQ��ʌT�GRHV�QRW�YDQLVK�DV�Q�ĺ���
7KH�GRZQVLGH�RI� WKLV�YDULDEOH�FKDQJH� LV� WKDW�Ĳ� LV�QR�ORQJHU�FRQVWDQW�IRU�D�JLYHQ�YHUWH[��$�YHUWH[

FUHDWHG� DW� WLPH�W� KDV� UHVFDOHG� WLPH�W�Q�ZKHQ� WKHUH� DUH�Q� YHUWLFHV� LQ� WKH�QHWZRUN�EXW�W��Q������ZKHQ
WKHUH�DUH�Q������7KXV��LQ�WHUPV�RI�Ĳ�DQG�ʌT��(T����������EHFRPHV

�

�������
�



�

1RZ�ZH�FRQVLGHU�WKH�OLPLW�ZKHUH�Q�ĺ����,I�ZH�GHILQH�WKH�VKRUWKDQG�QRWDWLRQ�ʌT�W�� �ʌT�W�����DQG�WKH
VPDOO�TXDQWLW\�ෛ� ���Q��(T����������EHFRPHV
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ZKHUH�ZH�KDYH�GURSSHG�WHUPV�RI�RUGHU�ෛ��
$V�Q�ĺ����ZH�KDYH�ෛ�ĺ���DQG�WKH�ILUVW�WZR�WHUPV�EHFRPH�D�GHULYDWLYH�WKXV�

�
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DQG�VR�RXU�PDVWHU�HTXDWLRQ�EHFRPHV�D�GLIIHUHQWLDO�HTXDWLRQ�LQ�WKLV�FDVH�

�

�������
�

�

7KH�FRUUHVSRQGLQJ�HTXDWLRQ�IRU�T� ���LV

�
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�

VR�ORQJ�DV�Ĳ������)RU�WKH�VSHFLDO�FDVH�Ĳ� ���WKH�įWQ�LQ�(T����������SUHVHQWV�D�SUREOHP��EXW�RQ�WKH�RWKHU
KDQG�IRU�Ĳ� ���ZH�NQRZ�ZKDW�WKH�DQVZHU�LV�DQ\ZD\��WKHUH�LV�DOZD\V�H[DFWO\�RQH�YHUWH[�FUHDWHG�DW�WLPH



W� �Q��ZKLFK�KDV� LQ�GHJUHH�]HUR��VR�ʌ����� ���LQ�WKH�ODQJXDJH�RI�RXU�UHVFDOHG�YDULDEOHV����� ,Q�HIIHFW�
WKLV�MXVW�SURYLGHV�D�ERXQGDU\�FRQGLWLRQ�RQ�ʌ��Ĳ���7KH�FRUUHVSRQGLQJ�ERXQGDU\�FRQGLWLRQ�IRU�T�����LV
ʌT���� ����VLQFH�WKHUH�DUH�QR�YHUWLFHV�ZLWK�W� �Q�DQG�T�����
:H�FDQ�VROYH�(TV����������DQG���������E\�VWDUWLQJ�ZLWK�D�VROXWLRQ�IRU�T� ���DQG�ZRUNLQJ�XS�WKURXJK

LQFUHDVLQJ�YDOXHV�RI�T��7KLV�LV�VLPLODU�WR�RXU�VROXWLRQ�IRU�WKH�GHJUHH�GLVWULEXWLRQ��(T�����������H[FHSW
WKDW�WKH�HTXDWLRQV�ZH�DUH�VROYLQJ�DUH�QRZ�GLIIHUHQWLDO�HTXDWLRQV�
7KH�VROXWLRQ�IRU�WKH�T� ���FDVH�LV�VWUDLJKWIRUZDUG²(T����������LV�KRPRJHQHRXV�LQ�ʌ��DQG�FDQ�EH

VROYHG�E\�VWDQGDUG�PHWKRGV��<RX�FDQ�HDVLO\�YHULI\�WKDW�WKH�VROXWLRQ�LV�ʌ��Ĳ�� �$ĲFD��F�D��ZKHUH�$�LV�DQ
LQWHJUDWLRQ�FRQVWDQW��7KH�FRQVWDQW�LV�IL[HG�E\�WKH�ERXQGDU\�FRQGLWLRQ�ʌ����� ����ZKLFK�LPSOLHV�WKDW�$� 
��DQG�KHQFH
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�

$V�D�FKHFN��ZH�FDQ�LQWHJUDWH�RYHU�Ĳ�WR�JHW�WKH�WRWDO�IUDFWLRQ�RI�YHUWLFHV�ZLWK�LQ�GHJUHH�]HUR�
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�

ZKLFK�DJUHHV�QLFHO\�ZLWK�RXU�SUHYLRXV�UHVXOW�IRU�WKH�VDPH�TXDQWLW\��(T���������
1RZ�ZH�FDQ�XVH�WKLV�VROXWLRQ�WR�ILQG�ʌ��Ĳ���(TXDWLRQ���������WHOOV�XV�WKDW

�

�������
�

�

7KLV� LV� DJDLQ� MXVW� DQ�RUGLQDU\� ILUVW�RUGHU�GLIIHUHQWLDO� HTXDWLRQ�� DOWKRXJK�DQ� LQKRPRJHQHRXV�RQH� WKLV
WLPH��L�H���LW�KDV�D�GULYLQJ�WHUP�RQ�WKH�ULJKW�KDQG�VLGH��



:H�WDFNOH�LW�LQ�VWDQGDUG�IDVKLRQ��)LUVW�ZH�ILQG�WKH�JHQHUDO�VROXWLRQ�IRU�WKH�KRPRJHQHRXV�HTXDWLRQ�LQ
ZKLFK�WKH�ULJKW�KDQG�VLGH�LV�VHW�WR�]HUR��ZKLFK�LV�%ĲF�D�����F�D��ZKHUH�%�LV�DQ�LQWHJUDWLRQ�FRQVWDQW��7KHQ
ZH� ILQG�DQ\� �QRQJHQHUDO�� VROXWLRQ� WR� WKH� IXOO�HTXDWLRQ�ZLWK� WKH�GULYLQJ� WHUP� LQFOXGHG²WKH�REYLRXV
RQH� LV�DĲFD��F�D�²DQG�VXP�WKH�WZR��7KH�FRQVWDQW�LV�IL[HG�E\�WKH�ERXQGDU\�FRQGLWLRQ�ʌ����� ����ZKLFK
LPSOLHV�WKDW�%� �íD��DQG�ZH�JHW
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1RZ�� E\� D� VLPLODU�PHWKRG��ZH� FDQ� XVH�WKLV� VROXWLRQ� WR� VROYH� IRU�ʌ��Ĳ��� DQG� VR� IRUWK� WR� KLJKHU� DQG
KLJKHU�YDOXHV�RI�T��7KH�DOJHEUD�LV�WHGLRXV��EXW�ZLWK�SHUVLVWHQFH�\RX�FDQ�VKRZ�WKDW�WKH�QH[W�WZR�UHVXOWV
DUH
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�������
�
�
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�

7KHVH�UHVXOWV�VXJJHVW�WKH�JHQHUDO�VROXWLRQ��ILUVW�JLYHQ�E\�'RURJRYWVHY�HW�DO��>��@�

�

�������
�



ZKHUH� ZH� KDYH�PDGH� XVH� DJDLQ� RI� WKH� FRQYHQLHQW� SURSHUW\� RI� WKH� JDPPD� IXQFWLRQ� GHULYHG� LQ� (T�
��������DV�ZHOO�DV�WKH�UHVXOW�WKDW�ī�Q������ �Q��ZKHQ�Q�LV�D�SRVLWLYH�LQWHJHU�����:LWK�D�OLWWOH�ZRUN�\RX
FDQ�YHULI\� WKDW� WKLV� LV� LQGHHG�D�FRPSOHWH�VROXWLRQ�RI�(T�� �������� IRU�DOO�T��$V�D�FKHFN�ZH�FDQ�DOVR
LQWHJUDWH�RYHU�Ĳ�WR�ILQG�WKH�WRWDO�IUDFWLRQ�RI�YHUWLFHV�ZLWK�LQ�GHJUHH�T�DQG�FRQILUP�WKDW�WKH�UHVXOW�DJUHHV
ZLWK�(T�����������:H�OHDYH�WKLV�FDOFXODWLRQ�DV�DQ�H[HUFLVH�IRU�WKH�UHDGHU����
/HW�XV�WDNH�D�PRPHQW�WR�H[DPLQH�WKH�VWUXFWXUH�RI�RXU�VROXWLRQ�IRU�ʌT�Ĳ��DQG�VHH�ZKDW�LW�WHOOV�XV�DERXW

WKH�QHWZRUN��7KH�JHQHUDO�VKDSH�RI�WKH�VROXWLRQ�LV�VKRZQ�LQ�)LJ��������3DQHO��D��VKRZV�WKH�GLVWULEXWLRQ
RI�FUHDWLRQ�WLPHV�Ĳ�IRU�YHUWLFHV�RI�JLYHQ�LQ�GHJUHH�T�IRU�YDULRXV�YDOXHV�RI�T�DQG�IRU�HDFK�YDOXH�WKHUH�LV
D�FOHDU�SHDN�LQ�WKH�GLVWULEXWLRQ��LQGLFDWLQJ�WKDW�YHUWLFHV�RI�D�JLYHQ�GHJUHH�DUH�FRQFHQWUDWHG�DURXQG�D
SDUWLFXODU�HUD�LQ�WKH�JURZWK�RI�WKH�JUDSK��$V�GHJUHH�LQFUHDVHV��WKDW�HUD�JHWV�HDUOLHU��VR�WKDW�WKH�WLPHV�RI
FUHDWLRQ� RI� YHUWLFHV� WKDW� XOWLPDWHO\� DFKLHYH� KLJK� LQ�GHJUHH� DUH� VWURQJO\� FRQFHQWUDWHG� DURXQG� WKH
EHJLQQLQJ�RI�WKH�JURZWK�SURFHVV�

�

)LJXUH� ������ 'LVWULEXWLRQ� RI� YHUWLFHV� LQ� 3ULFH¶V�PRGHO� DV� D� IXQFWLRQ� RI� LQ�GHJUHH� DQG� WLPH� RI
FUHDWLRQ�� 7KH� WZR� SDQHOV� VKRZ� WKH� GLVWULEXWLRQ�ʌT�Ĳ��� (T�� ��������� IRU�F�  � �� DQG�D�  � ���� DV� �D�� D
IXQFWLRQ�RI�Ĳ�IRU��WRS�WR�ERWWRP��T� ��������������DQG�����DQG��E��D�IXQFWLRQ�RI�T� IRU�Ĳ� �������IODWWHVW
FXUYH�������������������DQG������VWHHSHVW�FXUYH��
�
�
3DQHO� �E��RI�)LJ�������VKRZV� WKH�GLVWULEXWLRQ�RI� LQ�GHJUHHV� IRU�YHUWLFHV�FUHDWHG�DW� D� VHOHFWLRQ�RI

GLIIHUHQW� WLPHV�Ĳ�� 7KLV� GLVWULEXWLRQ� DOVR� KDV� D� SHDN�� WKHQ� IDOOV� RII� VKDUSO\� DV�T� EHFRPHV� ODUJH����
,QGHHG� WKH�GLVWULEXWLRQ� IDOOV�RII� URXJKO\� H[SRQHQWLDOO\� DV�T�EHFRPHV� ODUJH�� DV�ZH�FDQ� VHH� IURP�(T�
��������E\�ZULWLQJ

�

�������
�



ZKHUH�ZH�KDYH�XVHG�(XOHU¶V�EHWD�IXQFWLRQ�DJDLQ��(T�����������$V�VKRZQ�LQ�6HFWLRQ�������WKH�EHWD
IXQFWLRQ�KDV�D�SRZHU�ODZ�WDLO�%�[�\��ฏ�[í\�IRU�ODUJH�[��(T�����������VR�ʌT�JRHV�ZLWK�T�DV
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�

�

,Q� RWKHU� ZRUGV� LW� GHFD\V� H[SRQHQWLDOO\� H[FHSW� IRU� D� OHDGLQJ� DOJHEUDLF� IDFWRU�� 7KXV� WKH� GHJUHH
GLVWULEXWLRQ� IRU� YHUWLFHV� ZLWK� VSHFLILF� YDOXHV� RI�Ĳ� GRHV� QRW� IROORZ� D� SRZHU� ODZ�� 7KH� SRZHU�ODZ
EHKDYLRU� VHHQ� LQ� WKH� IXOO� GHJUHH� GLVWULEXWLRQ� RI� WKH� PRGHO�� (T�� ��������� RQO\� DSSHDUV� ZKHQ� ZH
LQWHJUDWH�RYHU�DOO�WLPHV�Ĳ��+RZHYHU��WKH�GHFD\�RI�WKH�H[SRQHQWLDO�LQ�(T����������LV�VORZHU�IRU�VPDOOHU
Ĳ��VR�ROGHU�YHUWLFHV�DUH�PRUH�OLNHO\�WR�KDYH�KLJK�LQ�GHJUHH�WKDQ�\RXQJHU�RQHV��DV�ZH�VDZ�LQ�)LJ�������
7R�LQYHVWLJDWH� WKLV�SRLQW� IXUWKHU��ZH�FDQ�FDOFXODWH� WKH�PHDQ�LQ�GHJUHH� Ȗ�Ĳ��IRU�D�YHUWH[�FUHDWHG�DW

WLPH�Ĳ�WKXV�

�
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�

�
)LJXUH������VKRZV�WKH�VKDSH�RI�Ȗ�Ĳ��IRU�D�YDULHW\�RI�FKRLFHV�RI�WKH�SDUDPHWHUV�DQG��DV�ZH�H[SHFW�

WKH�PHDQ�YDOXH�RI�WKH�LQ�GHJUHH�LQFUHDVHV�ZLWK�GHFUHDVLQJ�Ĳ�DQG�HYHQWXDOO\�GLYHUJHV�DV�Ĳ�DSSURDFKHV
]HUR��1RWLFH��WKRXJK��WKDW�QR�YHUWH[�HYHU�DFWXDOO\�KDV�Ĳ� ����7KH�ILUVW�YHUWH[�DGGHG�WR�WKH�QHWZRUN�KDV�W
 ����VR� WKH�VPDOOHVW�YDOXH�RI�Ĳ�LV���Q��1RQHWKHOHVV��ZH�VHH�WKDW�YHUWLFHV�DGGHG�WR� WKH�QHWZRUN�HDUO\
KDYH�DQ�HQRUPRXV�DGYDQWDJH�LQ�WHUPV�RI�LQ�GHJUHH�RYHU�WKRVH�DGGHG�HYHQ�D�OLWWOH�ODWHU��)RU�D�FLWDWLRQ
QHWZRUN�� IRU� LQVWDQFH�� WKLV� VXJJHVWV� WKDW� WKH� HDUO\� SDSHUV� LQ� D� ILHOG�ZLOO� UHFHLYH� VXEVWDQWLDOO\�PRUH
FLWDWLRQV�WKDQ�ODWHU�RQHV��SXUHO\�EHFDXVH�WKH\�ZHUH�SXEOLVKHG�ILUVW�



�

)LJXUH�������$YHUDJH�LQ�GHJUHH�RI�YHUWLFHV�DV�D�IXQFWLRQ�RI�WKHLU�WLPH�RI�FUHDWLRQ� �7KH�DYHUDJH
LQ�GHJUHH�RI�YHUWLFHV�LQ�3ULFH¶V�QHWZRUN�PRGHO�DV�D�IXQFWLRQ�RI�WKH�UHVFDOHG�WLPH�Ĳ� �W�Q�DW�ZKLFK�WKH\
ZHUH� DGGHG� WR� WKH� QHWZRUN�� LQ� WKH� OLPLW� RI� ODUJH�Q� IRU� YDULRXV� YDOXHV� RI� WKH� SDUDPHWHU�D��7KH�RXW�
GHJUHH� SDUDPHWHU�F� ZDV� LQ� HDFK� FDVH�F�  � �D�� VR� WKDW� WKH� H[SRQHQW� RI� WKH� SRZHU�ODZ� GHJUHH
GLVWULEXWLRQ�Į� �����D�F� �(T�����������LV�����IRU�DOO�FXUYHV��ZKLFK�LV�D� W\SLFDO�YDOXH�IRU�UHDO�ZRUOG
QHWZRUNV�
�
�
,QGHHG��WKLV�LV�D�SDWWHUQ�VHHQ�LQ�PDQ\�GLIIHUHQW�DUHDV��QRW�MXVW�LQ�QHWZRUNV��,Q�DQ\�VLWXDWLRQ�ZKHUH

VXFFHVV�EHJHWV�PRUH�VXFFHVV��ILUVW�PRYHUV�DUH�H[SHFWHG�WR�KDYH�D� ODUJH�DGYDQWDJH�RYHU�RWKHUV��$Q\
VPDOO�OHDG�JDLQHG�HDUO\�LQ�WKH�SURFHVV�LV�TXLFNO\�DPSOLILHG�E\�WKH�SUHIHUHQWLDO�DWWDFKPHQW�SURFHVV�LQWR
D�ELJJHU�OHDG�DQG�VRRQ�WKH�OXFN\�ILUVW�PRYHUV�ILQG�WKHPVHOYHV�UDFLQJ�DKHDG�RI�WKH�SDFN��7KRVH�ZKR
HQWHU�WKH�JDPH�ODWHU�PD\�H[SHULHQFH�FKDQFH�IOXFWXDWLRQV�WKDW�JLYH�WKHP�D�VPDOO�ERRVW��EXW�VLQFH�WKHUH
DUH� SUREDEO\�PDQ\� RWKHUV� DOUHDG\� DKHDG� RI� WKHP�� WKDW� ERRVW� LV� QRW� DPSOLILHG� VLJQLILFDQWO\� EHFDXVH
PRVW�RI�WKH�ZHDOWK�LV�DOUHDG\�JRLQJ�WR�WKH�OHDGHUV�XQGHU�WKH�SUHIHUHQWLDO�DWWDFKPHQW�UXOH�
$� QLFH� GHPRQVWUDWLRQ� RI� WKLV� SURFHVV�� DOWKRXJK� QRW� LQ� WKH� ILHOG� RI� QHWZRUNV�� KDV� EHHQ� JLYHQ� E\

6DOJDQLN�HW�DO��>���@��ZKR�H[DPLQHG�WKH�EHKDYLRU�RI�D�JURXS�RI�SHRSOH�GRZQORDGLQJ�SRSXODU�PXVLF
RQOLQH��6DOJDQLN�HW�DO��FUHDWHG�D�ZHEVLWH�RQ�ZKLFK�SDUWLFLSDQWV�FRXOG�GRZQORDG�DQG�OLVWHQ�WR�VRQJV�E\
OLWWOH�NQRZQ�DUWLVWV� IRU� IUHH��3DUWLFLSDQWV�ZHUH� WROG�KRZ�PDQ\�WLPHV�HDFK�VRQJ�KDG�SUHYLRXVO\�EHHQ
GRZQORDGHG�DQG�6DOJDQLN�DQG�FRZRUNHUV�IRXQG�WKDW�WKHUH�ZDV�D�FOHDU�SUHIHUHQWLDO�DWWDFKPHQW�HIIHFW�
VRQJV�ZLWK�PDQ\�SUHYLRXV�GRZQORDGV�ZHUH�GRZQORDGHG� IDU�PRUH� WKDQ� WKRVH�ZLWK� IHZ��$V�D� UHVXOW
WKHUH� ZDV� D� VWURQJ� ILUVW�PRYHU� DGYDQWDJH�� ZLWK� VRQJV� WKDW� WRRN� DQ� HDUO\� OHDG� EHQHILWLQJ� IURP� WKH
SUHIHUHQWLDO�DWWDFKPHQW�DQG�WXUQLQJ�WKDW�OHDG�LQWR�D�PXFK�ODUJHU�RQH��UHVXOWLQJ�LQ�D�URXJKO\�SRZHU�ODZ
GLVWULEXWLRQ�LQ�WKH�QXPEHUV�RI�GRZQORDGV�
7R� WHVW� WKH� WKHRU\� WKDW� WKH\� ZHUH� VHHLQJ� D� SUHIHUHQWLDO� DWWDFKPHQW� SURFHVV� UDWKHU� WKDQ� DFWXDO

GLIIHUHQFHV� LQ� VRQJ� TXDOLW\� OHDGLQJ� WR� GLIIHUHQW� GRZQORDG� UDWHV�� 6DOJDQLN�HW� DO�� WKHQ� FKDQJHG� WKH
GRZQORDG�QXPEHUV�UHSRUWHG�IRU�HDFK�VRQJ��GHOLEHUDWHO\�PLVUHSUHVHQWLQJ�WKH�QXPEHU�RI�WLPHV�HDFK�KDG
EHHQ� GRZQORDGHG�� 7KH\� GLVFRYHUHG� ZKHQ� WKH\� GLG� WKLV� WKDW� WKH� VRQJV� ZLWK� WKH� KLJKHVW�UHSRUWHG
QXPEHUV�RI�GRZQORDGV�ZHUH�VWLOO�GRZQORDGHG�PRVW�RIWHQ��HYHQ�WKRXJK�WKH�UHSRUWHG�QXPEHUV�QR�ORQJHU
FRUUHVSRQGHG� WR� WUXH� SRSXODULW\����� 7KHVH� UHVXOWV� VWURQJO\� VXJJHVW� WKDW� VXFFHVV� LV�� DW� OHDVW� LQ� WKLV



FRQWH[W�DQG�DW�OHDVW�LQ�SDUW��D�UHVXOW�RI�SUHYLRXV�VXFFHVV�DQG�WKDW�D�JRRG�ZD\�WR�EH�VXFFHVVIXO�LV�WR�JHW
LQ�DW�WKH�EHJLQQLQJ�DQG�JHW�DQ�HDUO\�OHDG��2I�FRXUVH��WKDW�PD\�EH�HDVLHU�VDLG�WKDQ�GRQH��0DQ\�SHRSOH
ZRXOG� OLNH� WR� JHW� LQ� DW� WKH� EHJLQQLQJ� RI� D� QHZ� ILHOG� RI� VFLHQWLILF� UHVHDUFK� RU� D� QHZ� EXVLQHVV
RSSRUWXQLW\��EXW�LW¶V�QRW�DOZD\V�FOHDU�KRZ�RQH�VKRXOG�GR�LW�
5HWXUQLQJ�WR�RXU�QHWZRUN�JURZWK�PRGHO��LW�LV�DOVR�LQWHUHVWLQJ�WR�DVN�KRZ�WKH�H[SHFWHG�LQ�GHJUHH�RI�D

YHUWH[� YDULHV�ZLWK� LWV� DJH� DIWHU� LW� HQWHUV� WKH� QHWZRUN�� 7KLV� GLIIHUV� IURP� WKH� H[SHFWHG� GHJUHH� IRU� D
SDUWLFXODU�Ĳ�FDOFXODWHG�DERYH�EHFDXVH�D�JLYHQ�YHUWH[�GRHV�QRW�KDYH�D�IL[HG�YDOXH�RI�Ĳ��7KH�YDOXH�RI�Ĳ� 
W�Q� IRU� D� YHUWH[� GHFUHDVHV� DV� WLPH� SDVVHV� EHFDXVH�Q� LV� LQFUHDVLQJ�� )RU� WKLV� UHDVRQ� WKH� EHKDYLRU� RI
LQGLYLGXDO�YHUWLFHV�LV�PRUH�HDVLO\�XQGHUVWRRG�LQ�WHUPV�RI�RXU�RULJLQDO�QRQ�UHVFDOHG�WLPH�W��ZKLFK�GRHV
UHPDLQ�FRQVWDQW�
6R� OHW�W� DJDLQ�EH� WKH� WLPH�DW�ZKLFK�D�YHUWH[� LV� DGGHG� WR� WKH�QHWZRUN�DQG� OHW�V� EH� WKH� VXEVHTXHQW

HODSVHG�WLPH��L�H���WKH�DJH�RI�WKH�YHUWH[��1HFHVVDULO\�ZH�KDYH�V���W� �Q�DQG�KHQFH

�

�������
�

�

6XEVWLWXWLQJ� WKLV�H[SUHVVLRQ� LQWR�(T�� ���������ZH� WKHQ� ILQG� WKH�H[SHFWHG� LQGHJUHH�ȖW�V��RI� WKH�YHUWH[
DGGHG�DW�WLPH�W��DV�D�IXQFWLRQ�RI�LWV�DJH�V��WR�EH

�

�������
�
�

:KHQ�D�YHUWH[�LV�ILUVW�DGGHG�WR�WKH�QHWZRUN�DQG�V��W��ZH�FDQ�H[SDQG�LQ�WKH�VPDOO�TXDQWLW\�V�W�WR�JLYH

�

�������
�
�

,Q� RWKHU� ZRUGV�� WKH� LQ�GHJUHH� RI� D� YHUWH[� LQLWLDOO\� JURZV� OLQHDUO\� ZLWK� WKH� DJH� RI� WKH� YHUWH[�� RQ



DYHUDJH��EXW�ZLWK�D�FRQVWDQW�RI�SURSRUWLRQDOLW\�WKDW�LV�VPDOOHU�WKH�ODWHU�WKH�YHUWH[�HQWHUHG�WKH�QHWZRUN
²DJDLQ�ZH�VHH�WKDW�WKHUH�LV�D�VXEVWDQWLDO�DGYDQWDJH�IRU�YHUWLFHV�WKDW�HQWHU�HDUO\�
$V�WKH�YHUWH[�DJHV��WKHUH�LV�D�FURVVRYHU�WR�DQRWKHU�UHJLPH�DURXQG�WKH�SRLQW�V�  �W��L�H���DW�WKH�SRLQW

ZKHUH�WKH�YHUWH[�VZLWFKHV�IURP�EHLQJ�LQ�WKH�\RXQJHU�KDOI�RI�WKH�SRSXODWLRQ�WR�EHLQJ�LQ�WKH�ROGHU��)RU�V
ª�W�

�

�������
�

ZKLFK�KDV�D�VLPLODU�IRUP�WR�(T����������EXW�ZLWK�D�GLIIHUHQW�H[SRQHQW��F��F���D���ZKLFK�LV�DOZD\V
OHVV�WKDQ����VR�WKH�JURZWK�LV�VORZHU�WKDQ�OLQHDU�EXW�VWLOO�IDYRUV�YHUWLFHV�WKDW�DSSHDU�HDUO\��)LJXUH�����
VKRZV�WKH�EHKDYLRU�RI�ȖW�V��ZLWK�WLPH�IRU�YHUWLFHV�FUHDWHG�DW�D�VHOHFWLRQ�RI�GLIIHUHQW�WLPHV�W�
$OO�RI�WKHVH�UHVXOWV�FDQ�EH�DSSOLHG�WR�WKH�%DUDEiVL�$OEHUW�PRGHO�DV�ZHOO�E\�VHWWLQJ�D� �F�ZLWK�F�DQ

LQWHJHU�DQG�ZULWLQJ�WKH�IRUPXODV�LQ�WHUPV�RI�WRWDO�GHJUHH�N� �T���F�UDWKHU�WKDQ�LQ�GHJUHH��)RU�LQVWDQFH�
WKH�MRLQW�GHJUHH�WLPH�GLVWULEXWLRQ��(T�����������EHFRPHV

�

�������
�

IRU�N���F�DQG�ʌN�Ĳ�� ���IRU�N���F��7KLV�UHVXOW�ZDV�ILUVW�JLYHQ�E\�.UDSLYVN\�DQG�5HGQHU�>���@�IRU�WKH
FDVH�F� ���



�������6,=(6�2)�,1�&20321(176

�

7KH�LQ�FRPSRQHQWV�RI�YHUWLFHV�LQ�RXU�JURZLQJ�QHWZRUNV�KDYH�VRPH�LQWHUHVWLQJ�SURSHUWLHV��5HFDOO�WKDW
WKH�LQ�FRPSRQHQW�RI�YHUWH[�L�LV�WKH�VHW�RI�YHUWLFHV�IURP�ZKLFK�L�FDQ�EH�UHDFKHG�E\�IROORZLQJ�D�GLUHFWHG
SDWK�WKURXJK�WKH�QHWZRUN��VHH�6HFWLRQ��������,Q�D�FLWDWLRQ�QHWZRUN��IRU�LQVWDQFH��WKH�LQ�FRPSRQHQW�RI
SDSHU�$�LV�WKH�VHW�RI�DOO�SDSHUV�IURP�ZKLFK�$�FDQ�EH�UHDFKHG�E\�IROORZLQJ�VRPH�WUDLO�RI�VXFFHVVLYH
FLWDWLRQV�� 7KH� UHDGHU� UHDGLQJ� DQ\� SDSHU� LQ� WKH� LQ�FRPSRQHQW� FDQ� ORRN� XS� RWKHU� SDSHUV� LQ� LWV
ELEOLRJUDSK\�� ILQG� WKRVH� SDSHUV� DQG� ORRN� XS� IXUWKHU� RQHV� LQ�WKHLU� ELEOLRJUDSKLHV� DQG� VR� IRUWK�� DQG
XOWLPDWHO\�UHDFK�SDSHU�$��2QH�FDQ�WKLQN�RI�WKH�LQ�FRPSRQHQW�DV�UHSUHVHQWLQJ�WKH�VHW�RI�DOO�SDSHUV�WKDW
³LQGLUHFWO\�FLWH´�SDSHU�$�DQG�WKH�VL]H�RI�WKH�LQ�FRPSRQHQW�FDQ�EH�FRQVLGHUHG�D�PHDVXUH�RI�WKH�WRWDO
LPSDFW�RI�SDSHU�$�

�

)LJXUH� ������$YHUDJH� LQ�GHJUHH� RI� YHUWLFHV� FUHDWHG� DW� GLIIHUHQW� WLPHV� � 7KH� FXUYHV� VKRZ� WKH
DYHUDJH�LQ�GHJUHHV� LQ�3ULFH¶V�PRGHO�RI�YHUWLFHV�FUHDWHG�DW� WLPHV��WRS�WR�ERWWRP��W� ���������������
������������DQG������DV�D�IXQFWLRQ�RI�WLPH�VLQFH�WKH�FUHDWLRQ�RI�WKH�QHWZRUN��7KH�PRGHO�SDUDPHWHUV
ZHUH�F� ���DQG�D� �����
�
�
:H�FDQ�VWXG\�WKH�GLVWULEXWLRQ�RI�LQ�FRPSRQHQW�VL]HV�E\�D�PHWKRG�VLPLODU�WR�WKH�RQH�ZH�XVHG�IRU�WKH

GHJUHH�GLVWULEXWLRQ��&RQVLGHU�)LJ��������ZKLFK�VKRZV�D�VNHWFK�RI�WKH�LQ�FRPSRQHQW�RI�D�VLQJOH�YHUWH[
$�� :H� KDYH� GUDZQ� WKH� LQ�FRPSRQHQW� DV� D� WUHH�� ZKLFK� LV� DFFXUDWH� VR� ORQJ� DV� WKH� VL]H�V� RI� WKH
FRPSRQHQW�LV�VPDOO��V��Q��-XVW�DV�LQ�WKH�UDQGRP�JUDSK�PRGHOV�RI�&KDSWHUV����DQG�����WKH�SUREDELOLW\
RI�D�VPDOO�FRPSRQHQW�KDYLQJ�DQ�H[WUD�HGJH�WKDW�GHVWUR\V�LWV�WUHH�VWUXFWXUH�YDQLVKHV�LQ�WKH�OLPLW�RI�ODUJH
Q� �VHH�6HFWLRQ����������:H�PXVW�EH�FDUHIXO�KRZHYHU��$V�ZH�ZLOO�VKRUWO\�VHH�� LW� LV�SRVVLEOH� IRU� WKH
VL]HV� RI� LQ�FRPSRQHQWV� WR� EHFRPH� FRPSDUDEOH� ZLWK�Q� LQ� SUHIHUHQWLDO� DWWDFKPHQW�PRGHOV�� LQ�ZKLFK
FDVH�WKH�DUJXPHQWV�EHORZ�EUHDN�GRZQ��)RU�WKH�PRPHQW��KRZHYHU��OHW�XV�SURFHHG�XQGHU�WKH�DVVXPSWLRQ
WKDW�RXU�FRPSRQHQW�LV�D�WUHH�



2XU�LQ�FRPSRQHQW�ZLOO�JURZ�LQ�VL]H�DV�YHUWLFHV�DQG�HGJHV�DUH�DGGHG�WR�WKH�QHWZRUN��6SHFLILFDOO\��LW
ZLOO�JURZ�ODUJHU�HYHU\�WLPH�D�QHZO\�DGGHG�HGJH�OLQNV�WR�DQ\�RI�LWV�PHPEHUV��7KH�SUREDELOLW\�RI�D�QHZ
HGJH�OLQNLQJ�WR�YHUWH[�L�LV�JLYHQ�E\�(T���������DQG�VXPPLQJ�WKLV�SUREDELOLW\�RYHU�DOO�YHUWLFHV�LQ�WKH�LQ�
FRPSRQHQW�&�JLYHV�D�WRWDO�SUREDELOLW\�RI

�

�������
�

ZKHUH�V�LV�WKH�QXPEHU�RI�YHUWLFHV�LQ�WKH�LQ�FRPSRQHQW�
&RQVLGHULQJ�)LJ��������ZH�VHH�WKDW�HYHU\�LQFRPLQJ�HGJH�LQ�WKH�LQ�FRPSRQHQW�LV�QHFHVVDULO\�DOVR�DQ

RXWJRLQJ�HGJH�IURP�DQRWKHU�YHUWH[�LQ�WKH�LQ�FRPSRQHQW��DQG�PRUHRYHU�WKDW� WKHUH�LV�H[DFWO\�RQH�VXFK
RXWJRLQJ� HGJH� IURP� HDFK� YHUWH[� LQ� WKH� LQ�FRPSRQHQW�� H[FHSW� IRU� $� LWVHOI�� �7KHUH� DUH� DOVR� RWKHU
RXWJRLQJ�HGJHV�IURP�YHUWLFHV�LQ�WKH�LQ�FRPSRQHQW��DV�VKRZQ�LQ�JUD\�LQ�WKH�ILJXUH��EXW�WKHVH�FRQQHFW�WR
YHUWLFHV�RXWVLGH�WKH�FRPSRQHQW�LWVHOI�DQG�SOD\�QR�SDUW�LQ�RXU�FDOFXODWLRQ���7KXV�WKH�WRWDO�QXPEHU��Lෛ&
TL�RI�LQFRPLQJ�HGJHV�LV�HTXDO�WR�WKH�QXPEHU�RI�YHUWLFHV�LQ�WKH�LQ�FRPSRQHQW�PLQXV�RQH��ZKLFK�PHDQV
RXU�SUREDELOLW\�RI�FRQQHFWLRQ��(T�����������FDQ�DOVR�EH�ZULWWHQ�DV

�

�������
�

�

�



)LJXUH� ������ 7KH� LQ�FRPSRQHQW� RI� D� YHUWH[�$�� 7KH� WRWDO� QXPEHU� RI� LQFRPLQJ� OLQNV� DWWDFKHG� WR
YHUWLFHV� LQ�DQ� LQ�FRPSRQHQW� LV�HTXDO� WR� WKH�QXPEHU�RI�YHUWLFHV� LQ� WKH�FRPSRQHQW�PLQXV����1RWH� WKDW
WKHUH�DUH��LQ�JHQHUDO��PDQ\�HGJHV�RXWJRLQJ�IURP�YHUWLFHV�LQ�WKH�LQ�FRPSRQHQW��VKRZQ�LQ�JUD\��ZKLFK
FRQQHFW� WR�YHUWLFHV�QRW� LQ� WKH� LQ�FRPSRQHQW� DQG�ZKLFK�FDQ� WKXV�EH� LJQRUHG� IRU� WKH�SXUSRVHV�RI�RXU
FDOFXODWLRQ�
�

�
/HW�XV�GHILQH�SV�Q��WR�EH�WKH�SUREDELOLW\�WKDW�D�UDQGRPO\�FKRVHQ�YHUWH[�KDV�DQ�LQ�FRPSRQHQW�RI�VL]H

V� ZKHQ� WKH� QHWZRUN� KDV�Q� YHUWLFHV� �VWLOO� DVVXPLQJ�V� �Q��� 7KHQ�QSV� �Q�� LV� WKH� QXPEHU� RI� LQ�
FRPSRQHQWV�RI�VL]H�V�DQG��JLYHQ�WKDW�HDFK�QHZ�YHUWH[�DUULYHV�ZLWK�F�RXWJRLQJ�OLQNV��WKH�WRWDO�QXPEHU�RI
LQ�FRPSRQHQWV�RI�VL]H�V�UHFHLYLQJ�D�QHZ�OLQN�XSRQ�WKH�DGGLWLRQ�RI�D�QHZ�YHUWH[�WR�WKH�QHWZRUN�LV
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�

1RZ��E\�DQ�DUJXPHQW�VLPLODU�WR�WKH�RQH�XVHG�WR�GHULYH�(T����������ZH�FDQ�VKRZ�WKDW�SV�Q��VDWLVILHV�WKH
PDVWHU�HTXDWLRQ

�

�������
�
�

7KH�RQO\�H[FHSWLRQ�LV�IRU�LQ�FRPSRQHQWV�RI�VL]H����WKH�VPDOOHVW�VL]H�SRVVLEOH��IRU�ZKLFK

�

�������
�
�

7KH����KHUH�UHSUHVHQWV�WKH�IDFW�WKDW�WKHUH�LV�RQH�QHZ�LQ�FRPSRQHQW�RI�VL]H���FUHDWHG�IRU�HDFK�YHUWH[



DGGHG�
:H�QRZ�WDNH�WKH�OLPLW�Q�ĺ���DQG�ZULWH�SV� �SV����WR�JHW
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IRU�V�����DQG
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�������
�

�

7KH�VROXWLRQ�RI�WKHVH�HTXDWLRQV�IROORZV�H[DFWO\�WKH�VDPH�OLQHV�DV�WKH�VROXWLRQ�IRU�GHJUHH�GLVWULEXWLRQ�
7KH�ILQDO�UHVXOW�LV

�

�������
�

ZKHUH�%�[�\��LV�WKH�(XOHU�EHWD�IXQFWLRQ��(T�����������DQG

�
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�

$V�ZH�KDYH�VHHQ�SUHYLRXVO\��WKH�EHWD�IXQFWLRQ�KDV�D�SRZHU�ODZ�WDLO�%�[�\��ฏ�[í\��VHH�(T������������VR
WKH�LQ�FRPSRQHQW�VL]H�GLVWULEXWLRQ�DOVR�KDV�D�SRZHU�ODZ�WDLO�
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�������
�
�

DOWKRXJK�ZLWK�DQ�H[SRQHQW�ȕ� WKDW�LV� LQ�JHQHUDO�GLIIHUHQW�IURP�WKDW�RI� WKH�GHJUHH�GLVWULEXWLRQ��VHH�(T�
����������,QGHHG��QRWH�WKDW�IRU�WKH�QRUPDO�VLWXDWLRQ�ZKHUH�F�����ZH�KDYH�����ȕ������ZKLFK�LV�SX]]OLQJ�
SRZHU�ODZV�ZLWK�ȕ�����KDYH�QR�ILQLWH�PHDQ��EXW�IRU�DQ\�ILQLWH�YDOXH�RI�Q�RXU�QHWZRUN�PXVW�FHUWDLQO\
KDYH�D�ILQLWH�DYHUDJH�FRPSRQHQW�VL]H��7KH�VROXWLRQ�WR�WKLV�FRQXQGUXP�LV�UHODWLYHO\�VLPSOH��KRZHYHU�
$V�ZH�SRLQWHG�RXW�DERYH��RXU�FDOFXODWLRQV�DUH�RQO\�YDOLG�IRU�FRPSRQHQW�VL]HV�V��Q��)RU�ODUJHU�VL]HV
WKH� PHWKRG� ZLOO� EUHDN� GRZQ� DQG� WKH� SRZHU�ODZ� EHKDYLRU� ZLOO� EH� ORVW�� ,Q� SK\VLFDO� WHUPV�� LQ�
FRPSRQHQWV�FOHDUO\�FDQQRW�EH�ODUJHU�WKDQ�WKH�VL]H�RI�WKH�ZKROH�QHWZRUN��DQG�VR�ZH�PXVW�H[SHFW�ILQLWH�
VL]H�HIIHFWV�WKDW�FXW�RII�WKH�VL]H�GLVWULEXWLRQ�DV�V�DSSURDFKHV�Q��,Q�PDWKHPDWLFDO�WHUPV��WKH�FRPSRQHQWV
VWRS�EHLQJ�WUHHV�DV�WKHLU�VL]H�EHFRPHV�FRPSDUDEOH�ZLWK�Q�DQG�KHQFH�(T����������FHDVHV�WR�EH�FRUUHFW�

6HH�6HFWLRQ�������IRU�D�GLVFXVVLRQ�RI�WKH�PHDQ�DQG�RWKHU�PRPHQWV�RI�SRZHU�ODZ�GLVWULEXWLRQV�
�
,W¶V�DOVR�SRVVLEOH�WR�GHULYH�VROXWLRQV�IRU�WKH�FRPSRQHQW�VL]H�GLVWULEXWLRQ�DV�D�IXQFWLRQ�RI�WKH�WLPH�RI

FUHDWLRQ�RI�D�YHUWH[�RU�WKH�DJH�RI�D�YHUWH[��MXVW�DV�ZH�GLG�IRU�WKH�GHJUHH�GLVWULEXWLRQ�LQ�WKH�ILUVW�SDUW�RI
WKLV�VHFWLRQ��,QGHHG�WKHUH�DUH�PDQ\�PRUH�SURSHUWLHV�RI�WKHVH�PRGHOV�WKDW�FDQ�EH�FDOFXODWHG�XVLQJ�WKH
PDVWHU�HTXDWLRQ�DSSURDFK��ZKLFK�LV�DQ�LPPHQVHO\�XVHIXO�WHFKQLTXH�IRU�SUREOHPV�VXFK�DV�WKHVH��/LIH�
KRZHYHU�� LV�VKRUW��DQG�WKHUH�DUH�PDQ\�RWKHU� LQWHUHVWLQJ�PDWWHUV� WR�ORRN�LQWR��VR�ZH�ZLOO�PRYH�RQ�WR
RWKHU�WKLQJV�
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0DQ\�H[WHQVLRQV�DQG�JHQHUDOL]DWLRQV�RI�SUHIHUHQWLDO�DWWDFKPHQW�PRGHOV�KDYH�EHHQ�VXJJHVWHG��W\SLFDOO\
DGGUHVVLQJ�TXHVWLRQV�DERXW�ZKDW�KDSSHQV�ZKHQ�ZH�YDU\�WKH�GHWDLOV�RI�WKH�PRGHO�GHILQLWLRQ�RU�DWWHPSW
WR�PDNH�WKH�PRGHO�PRUH�IDLWKIXO�WR�WKH�ZD\�UHDO�QHWZRUNV�JURZ��)RU�LQVWDQFH�

���%\�FRQWUDVW�ZLWK�FLWDWLRQV�� OLQNV� LQ� WKH�:HE�DUH�QRW�SHUPDQHQW��7KH\�FDQ�DQG� IUHTXHQWO\�GR
GLVDSSHDU�DV�ZHOO�DV�DSSHDU��DQG�OLQNV�FDQ�EH�DGGHG�EHWZHHQ�YHUWLFHV�QRW�MXVW�DW�WKH�PRPHQW�D
YHUWH[�LV�FUHDWHG�EXW�DW�DQ\�ODWHU�WLPH�WRR�

���(QWLUH�ZHE�SDJHV�DOVR�GLVDSSHDU�DV�ZHOO�DV�DSSHDU�
���7KHUH� LV�QR�REYLRXV� UHDVRQ�ZK\� WKH�SUHIHUHQWLDO� DWWDFKPHQW�SURFHVV�KDV� WR�EH� OLQHDU� LQ� WKH
GHJUHH��:KDW�KDSSHQV�LI�LW�LV�QRQ�OLQHDU"

��� 1RW� DOO� YHUWLFHV� DUH� FUHDWHG� HTXDO�� 6RPH� SDSHUV� RU� ZHEVLWHV� PLJKW� EH� LQWULQVLFDOO\� PRUH
LQWHUHVWLQJ� RU� LPSRUWDQW� E\� YLUWXH� RI� WKHLU� FRQWHQW� DQG� KHQFH� DWWUDFW� PRUH� OLQNV�� &DQ� WKLV
SURFHVV�EH�LQFRUSRUDWHG�LQWR�WKH�PRGHO"

�

,Q�WKLV�VHFWLRQ�ZH�GHVFULEH�PRGLILFDWLRQV�RI�WKH�SUHIHUHQWLDO�DWWDFKPHQW�SURFHVV�WKDW�DGGUHVV�HDFK�RI
WKHVH� TXHVWLRQV�� ,Q� WKH� LQWHUHVWV� RI� VLPSOLFLW\�� ZH� GHVFULEH� WKH� GHYHORSPHQWV� LQ� WKH� FRQWH[W� RI� WKH
%DUDEiVL�$OEHUW�PRGHO��UDWKHU�WKDQ�WKH�PRUH�JHQHUDO�3ULFH�PRGHO��*HQHUDOL]DWLRQV�RI�3ULFH¶V�PRGHO
DUH�FHUWDLQO\�SRVVLEOH�EXW�WKH�DOJHEUD�LV�LQ�PDQ\�FDVHV�XQZLHOG\��DQG�WKH�PDLQ�FRQFOXVLRQV�DUH�HDVLHU
WR�XQGHUVWDQG�LQ�WKH�FRQWH[W�RI�WKH�VLPSOHU�PRGHO�
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3ULFH� SURSRVHG� KLV� PRGHO� RI� D� JURZLQJ� QHWZRUN� ZLWK� FLWDWLRQ� QHWZRUNV� LQ� PLQG�� 6LQFH� WKH
ELEOLRJUDSK\� RI� D� SDSHU� FDQQRW� EH� FKDQJHG� DIWHU� WKH� SDSHU� LV� SXEOLVKHG�� WKH� HGJHV� LQ� D� FLWDWLRQ
QHWZRUN� DUH� HIIHFWLYHO\� IUR]HQ� LQ� SODFH� IURP� WKH�PRPHQW� WKH\� DUH� ILUVW� FUHDWHG�� DQG� 3ULFH¶V�PRGHO
PLPLFV�WKLV�EHKDYLRU�ZLWK�HGJHV�EHLQJ�DGGHG�RQO\�DW�WKH�PRPHQW�D�YHUWH[�LV�FUHDWHG�DQG�QHYHU�PRYHG
RU�UHPRYHG�WKHUHDIWHU�
7KLV� LV� QRW� WUXH� RI� DOO� QHWZRUNV�� KRZHYHU�� 7KH� :RUOG� :LGH� :HE�� IRU� H[DPSOH�� LV� FRQVWDQWO\

FKDQJLQJ��/LQNV�EHWZHHQ�ZHE�SDJHV�FDQ��DQG�RIWHQ�DUH��DGGHG�RU�UHPRYHG�DIWHU�WKH�SDJHV�DUH�FUHDWHG�
7KLV�VWDWH�RI�IOX[�LV�QRW�FDSWXUHG�E\�3ULFH V�PRGHO�RU�E\�WKH�%DUDEiVL�$OEHUW�PRGHO�RI�6HFWLRQ������
<HW�WKH�:HE�VWLOO�KDV�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ��7KLV�OHDGV�XV�WR�ZRQGHU�ZKHWKHU�LW�LV�SRVVLEOH
WR� FUHDWH� D� JHQHUDOL]HG� PRGHO� WKDW� LQFOXGHV� WKH� DGGLWLRQ� DQG� UHPRYDO� RI� HGJHV� DIWHU� YHUWLFHV� DUH
FUHDWHG� EXW� VWLOO� JHQHUDWHV� SRZHU�ODZ� GLVWULEXWLRQV�� ,W� WXUQV� RXW� WKDW� ZH� FDQ� LQGHHG�� DV� ZH� QRZ
GHVFULEH�
:H� ILUVW� FRQVLGHU� WKH� UHODWLYHO\�VLPSOH�FDVH� LQ�ZKLFK�HGJHV�DUH�DGGHG� WR�RXU�QHWZRUN�EXW�QHYHU

WDNHQ�DZD\��ZKLFK�KDV�EHHQ�VWXGLHG�E\�D�QXPEHU�RI�DXWKRUV�>�����������@��7KH�FDVH�RI�HGJH�UHPRYDO
LV� PRUH� FRPSOH[� DQG� LV� FRQVLGHUHG� LQ� WKH� IROORZLQJ� VHFWLRQ�� 7KH� PRGHO� ZH� FRQVLGHU� LV� D
JHQHUDOL]DWLRQ�RI�WKH�%DUDEiVL�$OEHUW�PRGHO�LQ�ZKLFK�YHUWLFHV�DUH�DGGHG�WR�WKH�QHWZRUN�RQH�E\�RQH�DV
EHIRUH� DQG� HDFK� VWDUWV� RXW� ZLWK�F� XQGLUHFWHG� HGJHV�ZKLFK� DWWDFK� WR� RWKHU� YHUWLFHV�ZLWK� SUREDELOLW\
SURSRUWLRQDO� WR� GHJUHH�N��%XW�ZH�QRZ�LQFOXGH�D�VHFRQG�SURFHVV� LQ� WKH�PRGHO�DV�ZHOO��DW�HDFK�VWHS
VRPH�QXPEHU�Z�RI�H[WUD�HGJHV�DUH�DGGHG�WR�WKH�QHWZRUN�ZLWK�ERWK�HQGV�DWWDFKLQJ�WR�YHUWLFHV�FKRVHQ�LQ
SURSRUWLRQDO�WR�GHJUHH��7KXV�ZKHQ�WKH�QHWZRUN�KDV�Q�YHUWLFHV�LW�ZLOO�KDYH�D�WRWDO�RI�Q�F���Z��HGJHV�
�,Q� IDFW�� LW� LV� RQO\� QHFHVVDU\� WKDW� DQ�DYHUDJH� QXPEHU�Z� RI� H[WUD� HGJHV� EH� DGGHG� DW� HDFK� VWHS��7KH
DFWXDO� QXPEHU� FDQ� IOXFWXDWH� DURXQG� WKLV� ILJXUH�� SURYLGHG� WKH� IOXFWXDWLRQV� VDWLVI\� VRPH� PRGHVW
FRQVWUDLQWV�RQ�WKHLU�VL]H��DQG�WKH�QHW�UHVXOW��LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H��ZLOO�EH�WKH�VDPH��7KLV
DOORZV�XV�WR�JLYH�Z�D�QRQ�LQWHJHU�YDOXH�LI�ZH�ZLVK��
7KLV�PRGHO� WXUQV� RXW� WR� EH� TXLWH� HDV\� WR� VROYH� JLYHQ� WKH� UHVXOWV� RI� SUHYLRXV� VHFWLRQV�� 7KH� RQO\

GLIIHUHQFH�EHWZHHQ�LW�DQG�WKH�VWDQGDUG�%DUDEiVL�$OEHUW�PRGHO�LV�WKDW��LQVWHDG�RI�F�QHZ�HQGV�RI�HGJHV
DWWDFKLQJ�WR�ROG�YHUWLFHV�IRU�HYHU\�QHZ�YHUWH[�DGGHG��ZH�QRZ�KDYH�F����ȦQHZ�HQGV�RI�HGJHV²WZR
H[WUD� IRU� HDFK� RI� WKH�Z� H[WUD� HGJHV�� 7KH� SUREDELOLW\� RI� DWWDFKPHQW� RI� DQ\� RQH� RI� WKRVH� HGJHV� WR� D
SDUWLFXODU� YHUWH[�L� LV� �DV�EHIRUH��7KH�VXP� LQ� WKH�GHQRPLQDWRU� LV�HTXDO� WR� WZLFH� WKH�QXPEHU�RI
HGJHV�LQ�WKH�QHWZRUN��VHH�(T�����������RU� �
7KHQ�� LI�SN�Q�� GHQRWHV� WKH� IUDFWLRQ�RI�YHUWLFHV�ZLWK�GHJUHH�N�ZKHQ� WKH� QHWZRUN� KDV�Q� YHUWLFHV� LQ

WRWDO��WKH�QXPEHU�RI�YHUWLFHV�RI�GHJUHH�N�UHFHLYLQJ�D�QHZ�HGJH��SHU�YHUWH[�DGGHG��LV

�

�������
�



�

:H�FDQ�XVH�WKLV�UHVXOW�WR�ZULWH�D�PDVWHU�HTXDWLRQ�IRU�SN�Q��WKXV�

�

�������
�

IRU�N�!�F�DQG

�

�������
�

IRU�N�  �F�� �7KHUH�DUH��DV�EHIRUH��QR�YHUWLFHV�RI�GHJUHH� OHVV� WKDQ�F���7DNLQJ� WKH� OLPLW� RI� ODUJH�Q�DQG
ZULWLQJ�SN� �SN�����WKHVH�HTXDWLRQV�VLPSOLI\�WR
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�
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5HDUUDQJLQJ�WKHVH�HTXDWLRQV�DORQJ�WKH�OLQHV�RI�(TV���������WR����������ZH�WKHQ�ILQG�WKDW
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ZKHUH�%�[�\��LV�WKH�(XOHU�EHWD�IXQFWLRQ�DJDLQ��(T�����������DQG

�

�������
�
�
6LQFH�%�[�\�� JRHV� DV�[í\� IRU� ODUJH�[� �(T�� ����������RXU�GHJUHH�GLVWULEXWLRQ�KDV� D�SRZHU�ODZ� WDLO

ZLWK� H[SRQHQW�Į�� )RU� WKH� VSHFLDO� FDVH� RI�Z�  � ��� LQ� ZKLFK� QR� DGGLWLRQDO� HGJHV� DUH� DGGHG� WR� WKH
QHWZRUN�� ZH� UHFRYHU� WKH� VWDQGDUG� UHVXOW�Į�  � �� IRU� WKH� %DUDEiVL�$OEHUW� PRGHO�� IRU�Ȧ� !� �� ZH� JHW
H[SRQHQWV�LQ�WKH�UDQJH�����Į������ZKLFK�DJUHHV�QLFHO\�ZLWK�WKH�YDOXHV�W\SLFDOO\�REVHUYHG�IRU�GHJUHH
GLVWULEXWLRQV�RQ� WKH�:HE� �VHH�7DEOH�������%HDU� LQ�PLQG� WKRXJK� WKDW� WKH�:HE� LV� D�GLUHFWHG�QHWZRUN
ZKLOH�WKH�PRGHO�GHVFULEHG�KHUH�LV�XQGLUHFWHG��,I�ZH�ZDQW�WR�EXLOG�D�PRGHO�RI�D�GLUHFWHG�QHWZRUN�ZH
ZRXOG�QHHG�WR�VWDUW�ZLWK�VRPHWKLQJ�OLNH�WKH�3ULFH�PRGHO�RI�6HFWLRQ�������*HQHUDOL]DWLRQV�RI�3ULFH¶V
PRGHO� WKDW� LQFOXGH� DGGLWLRQ� RI� H[WUD� HGJHV� DV� DERYH� DUH� FHUWDLQO\� SRVVLEOH²VHH� IRU� H[DPSOH
.UDSLYVN\�HW�DO��>���@�
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1RZ�FRQVLGHU� WKH�FDVH�RI�D�QHWZRUN� LQ�ZKLFK�HGJHV�FDQ�EH�UHPRYHG��7R�NHHS� WKLQJV�VLPSOH� OHW�XV
ILUVW� FRQVLGHU� WKH� FDVH�ZKHUH� HGJHV� FDQ� EH� UHPRYHG� DW� DQ\� WLPH� EXW� DUH� RQO\� DGGHG� DW� WKH� LQLWLDO
FUHDWLRQ�RI�D�YHUWH[�� DV� LQ� WKH� VWDQGDUG�%DUDEiVL�$OEHUW�PRGHO�� �,Q�D�PRPHQW�ZH�ZLOO� FRQVLGHU� WKH
JHQHUDO�FDVH�RI�DGGLWLRQ�DQG�UHPRYDO�DW�DQ\�WLPH��
7KHUH�DUH�PDQ\�ZD\V� LQ�ZKLFK�HGJHV�FRXOG�EH� UHPRYHG� IURP�D�QHWZRUN��EXW� OHW�XV�FRQVLGHU� WKH

PRVW�EDVLF�FDVH�LQ�ZKLFK�WKH\�DUH�VLPSO\�GHOHWHG�XQLIRUPO\�DW�UDQGRP��:KDW�WKHQ�LV�WKH�SUREDELOLW\
WKDW� D�SDUWLFXODU�YHUWH[�L� ORVHV�DQ�HGJH�ZKHQ�D�VLQJOH�HGJH� LV� UHPRYHG�IURP�WKH�QHWZRUN"�:KHQ�DQ
HGJH� LV� GHOHWHG� ERWK� RI� LWV� WZR� HQGV� YDQLVK�� *LYHQ� WKDW� WKH� GHOHWLRQ� LV� XQLIRUPO\� UDQGRP�� WKH
SUREDELOLW\�WKDW�RQH�RI�WKRVH�WZR�HQGV�LV�DWWDFKHG�WR�YHUWH[�L�LV�VLPSO\�SURSRUWLRQDO�WR�WKH�WRWDO�QXPEHU
RI�HQGV�DWWDFKHG�WR�L��ZKLFK�LV�HTXDO�WR�WKH�GHJUHH�NL��3URSHUO\�QRUPDOL]HG��WKH�SUREDELOLW\�WKDW�YHUWH[�L
ORVHV�DQ�HGJH�LV�WKXV� ��WKH�IDFWRU�RI�WZR�FRPLQJ�IURP�WKH�WZR�HQGV�RI�WKH�HGJH��,Q�RWKHU�ZRUGV�
WKH�UDQGRP�GHOHWLRQ�RI�HGJHV�LV�OLNH�D�W\SH�RI�SUHIHUHQWLDO�DWWDFKPHQW�LQ�UHYHUVH��WKH�KLJKHU�WKH�GHJUHH
RI�WKH�YHUWH[��WKH�PRUH�OLNHO\�LW�LV�WR�ORVH�DQ�HGJH�
6R� FRQVLGHU� WKH� XQGLUHFWHG� QHWZRUN� PRGHO� LQ� ZKLFK� YHUWLFHV� ZLWK� GHJUHH�F� DUH� DGGHG� WR� WKH

QHWZRUN�IROORZLQJ�WKH�QRUPDO�SUHIHUHQWLDO�DWWDFKPHQW�VFKHPH�DQG�DQ�DYHUDJH�RI�Y�HGJHV�DUH�GHOHWHG�DW
UDQGRP� IRU� HDFK� YHUWH[� DGGHG�� �$V� ZLWK� WKH�PRGHO� RI� 6HFWLRQ� ������� WKH� DFWXDO� QXPEHU� RI� HGJHV
GHOHWHG�FDQ�IOXFWXDWH�DERXW�WKH�PHDQ�DQG�Y�FDQ�WDNH�D�QRQ�LQWHJHU�YDOXH�LI�ZH�ZLVK���,Q�RUGHU�WKDW�WKH
QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�JURZ��UDWKHU�WKDQ�VKULQNLQJ�WR�]HUR�DQG�YDQLVKLQJ��ZH�UHTXLUH�WKDW�WKH
QHW� QXPEHU� RI� HGJHV� DGGHG� SHU� YHUWH[�F� í�Y� EH� SRVLWLYH�� L�H���Y� ��F�� 7KHQ�ZKHQ� WKH� QHWZRUN� KDV�Q
YHUWLFHV�WKH�QXPEHU�RI�HGJHV�ZLOO�EH�Q�F�í�Ȟ��
,Q�ZULWLQJ�GRZQ�D�PDVWHU�HTXDWLRQ�IRU�WKLV�PRGHO�WKHUH�DUH�VHYHUDO�SURFHVVHV�ZH�QHHG�WR�FRQVLGHU�

$V�EHIRUH��WKH�QXPEHU�RI�YHUWLFHV�ZLWK�GHJUHH�N�LQFUHDVHV�ZKHQHYHU�D�YHUWH[�RI�GHJUHH�N�í���JDLQV�D
QHZ�HGJH�DQG�GHFUHDVHV�ZKHQ�D�YHUWH[�RI�GHJUHH�N�JDLQV�D�QHZ�HGJH��%\�DQ�DUJXPHQW�DQDORJRXV�WR�WKH
RQH�OHDGLQJ�WR�(T�����������WKH�QXPEHU�RI�YHUWLFHV�RI�GHJUHH�N�JDLQLQJ�DQ�HGJH�SHU�YHUWH[�DGGHG�WR�WKH
QHWZRUN�LV

�

�������
�

�

%XW� ZH� DOVR� QRZ� KDYH� D� QHZ� SURFHVV� LQ� ZKLFK� D� YHUWH[� FDQ� ORVH� DQ� HGJH�� ZKLFK�PHDQV� WKDW� WKH
QXPEHU� RI� YHUWLFHV� RI� GHJUHH�N� DOVR� LQFUHDVHV� ZKHQ� D� YHUWH[� RI� GHJUHH�N� �� �� ORVHV� DQ� HGJH� DQG
GHFUHDVHV�ZKHQ�D�YHUWH[�RI�GHJUHH�N�ORVHV�DQ�HGJH��7KH�QXPEHU�RI�YHUWLFHV�RI�GHJUHH�N�ORVLQJ�DQ�HGJH
SHU�YHUWH[�DGGHG�LV�JLYHQ�E\
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ZLWK�WKH�IDFWRU�RI��Ȟ�UHIOHFWLQJ�WKH�IDFW�WKDW�HDFK�RI�WKH�Y�HGJHV�UHPRYHG�KDV�WZR�HQGV�
$QRWKHU� LPSRUWDQW� WKLQJ� WR� QRWLFH� LV� WKDW�� E\� FRQWUDVW� ZLWK� WKH� RULJLQDO� %DUDEiVL�$OEHUW� PRGHO�

YHUWLFHV�FDQ�QRZ�KDYH�DQ\�GHJUHH�N����²YHUWLFHV�FDQ�ORVH�DQ\�RU�DOO�RI�WKHLU�HGJHV��ULJKW�GRZQ�WR�WKH
ODVW�RQH��VR�WKHUH�LV�QR�UHVWULFWLRQ�N���F�RQ�WKH�GHJUHH�DV�EHIRUH�
2XU�PDVWHU�HTXDWLRQ�QRZ�WDNHV�WKH�IRUP

�

�������
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IRU�N���F�DQG

�

�������
�

IRU�N� �F��7KHVH�WZR�HTXDWLRQV�FDQ�FRQYHQLHQWO\�EH�FRPELQHG�E\�ZULWLQJ

�

�������
�



ZKHUH�įNF�LV�WKH�.URQHFNHU�GHOWD��ZKLFK�LV���LI�N� �F�DQG���RWKHUZLVH�
7KH�RQO\�H[FHSWLRQ�WR�WKLV�PDVWHU�HTXDWLRQ�LV�IRU�WKH�FDVH�N� ����ZKHUH�WKH�WHUP�SURSRUWLRQDO�WR�N�í

��YDQLVKHV�EHFDXVH�WKHUH�DUH�QR�YHUWLFHV�RI�GHJUHH�í���$�VLPSOH�ZD\�RI�HQIRUFLQJ�WKLV�H[FHSWLRQ�LV��
WR�GHILQH�Sí��Q�� ���IRU�DOO�Q��LQ�ZKLFK�FDVH�(T����������WKHQ�DSSOLHV�IRU�DOO�N������:H�ZLOO�DGRSW�WKLV
FRQYHQWLRQ�KHQFHIRUWK�
7KH�PRGHO�DV�ZH�KDYH�GHVFULEHG�LW�VR�IDU�LQFRUSRUDWHV�WKH�SURFHVVHV�RI�YHUWH[�DGGLWLRQ�DQG�HGJH

UHPRYDO��EXW��JLYHQ�(T�����������LW�LV�RQO\�D�VPDOO�H[WUD�VWHS�WR�LQFRUSRUDWH�WKH�HGJH�DGGLWLRQ�SURFHVV
RI�6HFWLRQ��������DV�ZHOO��,I�DV�EHIRUH�ZH�DGG�Ȧ�H[WUD�HGJHV�SHU�YHUWH[�DGGHG��WKHQ�F���Ȧ�í�Ȟ�HGJHV
DUH�DGGHG�QHW�SHU�YHUWH[��DQG�RXU�PDVWHU�HTXDWLRQ�EHFRPHV

�

�������
�

�

7KH� HTXDWLRQ� IRU� HGJH� UHPRYDO� RQO\�� (T�� ��������� FDQ� WKHQ� EH� FRQVLGHUHG� D� VSHFLDO� FDVH� RI� WKLV
HTXDWLRQ�ZLWK�Z� ����$V�EHIRUH��ZH�UHTXLUH�WKDW�WKH�QHW�QXPEHU�RI�HGJHV�DGGHG�SHU�YHUWH[�EH�SRVLWLYH�
RU�Y���F���Z�
1RZ�WDNLQJ�WKH�OLPLW�DV�Q�ĺ���DQG�ZULWLQJ�SN� �SN����ZH�ILQG�WKDW
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�
7KLV�HTXDWLRQ�GLIIHUV�LQ�D�FUXFLDO�ZD\�IURP�WKH�PDVWHU�HTXDWLRQV�ZH�KDYH�HQFRXQWHUHG�SUHYLRXVO\�

VXFK�DV�(T����������EHFDXVH�WKH�ULJKW�KDQG�VLGH�FRQWDLQV�WHUPV�IRU�YHUWLFHV�RI�WKUHH�GLIIHUHQW�GHJUHHV
�N�í����N��DQG�N������UDWKHU�WKDQ�MXVW�WZR��7KLV�PDNHV�WKH�HTXDWLRQ�VXEVWDQWLDOO\�PRUH�GLIILFXOW�WR�VROYH�
:H�FDQ�QR�ORQJHU�VLPSO\�UHDUUDQJH�WR�GHULYH�DQ�H[SUHVVLRQ�IRU�SN�LQ�WHUPV�RI�SNí��DQG�WKHQ�DSSO\�WKDW
H[SUHVVLRQ�UHSHDWHGO\�WR�LWVHOI��$�VROXWLRQ�LV�VWLOO�SRVVLEOH��EXW�LW¶V�QRW�VLPSOH��+HUH�ZH�JLYH�MXVW�DQ
RXWOLQH�RI�WKH�PHWKRG��7KH�JRU\�GHWDLOV��IRU�WKRVH�LQWHUHVWHG�LQ�WKHP��DUH�VSHOOHG�RXW�E\�0RRUH�HW�DO�
>���@����
7KH�EDVLF�VWUDWHJ\�IRU�VROYLQJ�(T����������LV�WR�XVH�D�JHQHUDWLQJ�IXQFWLRQ�RI�WKH�NLQG�ZH�LQWURGXFHG

LQ�6HFWLRQ�������:H�GHILQH
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�

6XEVWLWXWLQJ�IRU�SN�IURP�(T����������ZH�JHW

�
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�

7KH�ILUVW�WHUP�RQ�WKH�ULJKW�LV�VLPSOH²LW�LV�HTXDO�WR�]F���7KH�RWKHUV�UHTXLUH�D�OLWWOH�PRUH�FDUH��&RQVLGHU
WKH�VHFRQG�WHUP��IRU�H[DPSOH��1RWH�WKDW�WKH�ILUVW�WHUP�LQ�WKH�VXP��WKH�WHUP�IRU�N� ����LV�QHFHVVDULO\�]HUR
EHFDXVH��DV�ZH�KDYH�VDLG��Sí�� ����+HQFH�ZH�FDQ�ZULWH
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ZKHUH�LQ�WKH�ILUVW�OLQH�ZH�KDYH�PDGH�WKH�VXEVWLWXWLRQ�N�í���ĺ�N�DQG�LQ�WKH�VHFRQG�OLQH�ZH�KDYH�PDGH
XVH�RI�WKH�IDFW�WKDW�WKH�N� ���WHUP�LV�DJDLQ�]HUR��EHFDXVH�RI�WKH�IDFWRU�RI�N��
)RU�WKH�WKLUG�DQG�IRXUWK�WHUPV�LQ���������ZH�FDQ�VLPLODUO\�ZULWH
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DQG
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&RPELQLQJ�(TV����������WR���������DQG�UHDUUDQJLQJ��ZH�WKHQ�JHW
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7KLV�LV�D�ILUVW�RUGHU�OLQHDU�GLIIHUHQWLDO�HTXDWLRQ�DQG�LV�VROYDEOH�E\�VWDQGDUG²LI�WHGLRXV²PHWKRGV��7R
FXW�D�ORQJ�VWRU\�VKRUW��RQH�FDQ�ILQG�DQ�LQWHJUDWLQJ�IDFWRU�IRU�WKH�OHIW�KDQG�VLGH�DQG�KHQFH�H[SUHVV�WKH
VROXWLRQ� LQ� WHUPV�RI� DQ� LQWHJUDO� WKDW�� SURYLGHG� �� FDQ�EH� UHGXFHG�E\� UHSHDWHG� LQWHJUDWLRQ�E\
SDUWV�WR�JLYH

�

�������
�

IRU�N���F��ZKHUH�$�LV�D�N�LQGHSHQGHQW�FRQVWDQW�DQG
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7KH� UHPDLQLQJ� LQWHJUDO� FDQ� EH� ZULWWHQ� LQ� WHUPV� RI� K\SHUJHRPHWULF� IXQFWLRQV�� EXW� ZH� FDQ� ILQG� WKH
DV\PSWRWLF�EHKDYLRU�RI�WKH�GHJUHH�GLVWULEXWLRQ�IRU�ODUJH�N�PRUH�GLUHFWO\�E\�QRWLFLQJ�WKDW�DV�N�EHFRPHV
ODUJH
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VR�WKDW
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7KXV�ZH�RQFH�DJDLQ�ILQG�WKDW�RXU�GHJUHH�GLVWULEXWLRQ�KDV�D�SRZHU�ODZ�WDLO��ZLWK�DQ�H[SRQHQW�JLYHQ

WKLV�WLPH�E\�(T�����������1RWH�WKDW�WKLV�H[SRQHQW�FDQ�WDNH�YDOXHV�ERWK�JUHDWHU�WKDQ�DQG�OHVV�WKDQ�WZR�
:KDW¶V�PRUH�IRU�WKH�FDVH�ZKHUH� �LW�DFWXDOO\�EHFRPHV�LQILQLWH��0RRUH�HW�DO��>���@�VKRZ�WKDW�DW
WKLV� SRLQW� ZH� ORVH� WKH� SRZHU�ODZ� EHKDYLRU� DQG� WKH� GLVWULEXWLRQ� EHFRPHV� LQVWHDG� D� VWUHWFKHG
H[SRQHQWLDO��8S�XQWLO� WKLV� SRLQW�� KRZHYHU�� WKH�GLVWULEXWLRQ� VWLOO� IROORZV� D�SRZHU� ODZ�� DOEHLW�ZLWK� D
YHU\� ODUJH� H[SRQHQW� DV�Y� JURZV� ODUJHU�� )RU� YDOXHV� RI� �� WKH� VROXWLRQ� EHFRPHV� QRQVHQVLFDO�
ZLWK�D�QHJDWLYH�YDOXH�RI�Į��DQG�RQH�PXVW�UHWXUQ�WR�WKH�RULJLQDO�GLIIHUHQWLDO�HTXDWLRQ���������WR�ILQG�WKH
VROXWLRQ�IRU� WKLV�FDVH��:H�OHDYH� WKH�GHYHORSPHQWV��KRZHYHU��DV�DQ�H[HUFLVH� IRU� WKH�HVSHFLDOO\�DYLG
UHDGHU�
%HIRUH�ZH�OHDYH�WKLV�WRSLF��KRZHYHU��OHW�XV�SRLQW�RXW�WKDW�WKH�PHWKRGV�XVHG�WR�VROYH�(T����������FDQ

DOVR�EH�XVHG� WR�FDOFXODWH�ZKDW�KDSSHQV�ZKHQ�ZH�UHPRYH�QRW�HGJHV�EXW�YHUWLFHV� IURP�RXU�QHWZRUN�
/RVV�RI�YHUWLFHV�GRHV�RFFXU�LQ�VRPH�QHWZRUNV��VXFK�DV�WKH�:RUOG�:LGH�:HE��VR�LW� LV�SRWHQWLDOO\�RI
LQWHUHVW�WR�DVN�ZKDW�HIIHFW�LW�KDV�RQ�WKH�GHJUHH�GLVWULEXWLRQ��,Q�IDFW��WKH�VROXWLRQ�IRU�WKLV�FDVH�LV�YHU\



VLPLODU�WR�WKH�VROXWLRQ�IRU�ORVV�RI�HGJHV��ZLWK�D�SRZHU�ODZ�GLVWULEXWLRQ�DQG�DQ�H[SRQHQW�WKDW�GHSHQGV
RQ�WKH�YHUWH[�ORVV�UDWH��GLYHUJLQJ�DV�WKH�UDWH�RI�ORVV�DSSURDFKHV�WKH�UDWH�DW�ZKLFK�YHUWLFHV�DUH�DGGHG�
7KH�GHWDLOV�FDQ�EH�IRXQG�LQ�>���@�
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,Q�WKH�PRGHOV�ZH�KDYH�FRQVLGHUHG�VR�IDU��WKH�SUREDELOLW\�WKDW�D�QHZ�HGJH�DWWDFKHV�WR�D�YHUWH[�LV�OLQHDU
LQ�WKH�GHJUHH�RI�WKH�YHUWH[��$OWKRXJK�WKLV�LV�D�UHDVRQDEOH�ILUVW�JXHVV�DERXW�WKH�ZD\�WKLQJV�PLJKW�EH��LW¶V
FHUWDLQO\�DOVR�SRVVLEOH�WKDW�DWWDFKPHQW�SURFHVVHV�PLJKW�QRW�EH�OLQHDU��,QGHHG��WKHUH�LV�VRPH�HPSLULFDO
HYLGHQFH�WKDW�WKLV�LV� WKH�FDVH��)RU�LQVWDQFH��-HRQJ�HW�DO�� >���@�ORRNHG�DW� WKH�JURZWK�RI�VHYHUDO�UHDO�
ZRUOG� QHWZRUNV�� PHDVXULQJ� WKH� UDWH� DW� ZKLFK� QRGHV� DFTXLUHG� QHZ� HGJHV�� 7R� DYRLG� SUREOHPV
DVVRFLDWHG�ZLWK�WKH�IDFW�WKDW�WKH�UDWH�FDQ�GHSHQG�QRW�RQO\�RQ�GHJUHH�EXW�DOVR�RQ�WKH�WRWDO�VL]H�Q�RI�WKH
QHWZRUN��VHH�(T�����������WKH\�UHVWULFWHG�WKHLU�REVHUYDWLRQV�WR�UHODWLYHO\�VKRUW�LQWHUYDOV�RI�WLPH��7KH
PHDVXUHG� UDWHV��SORWWHG�DV�D� IXQFWLRQ�RI�YHUWH[�GHJUHH�� VKRZHG� WKDW� IRU�VRPH�QHWZRUNV� WKHUH�ZDV�D
URXJKO\� OLQHDU� SUHIHUHQWLDO� DWWDFKPHQW� HIIHFW�� EXW� IRU� RWKHUV� DWWDFKPHQW� DSSHDUHG� WR� EH� QRQ�OLQHDU�
JRLQJ� DV� VRPH� SRZHU� Ȗ� RI� WKH� GHJUHH�ZLWK�Ȗ� EHLQJ� VLJQLILFDQWO\� GLIIHUHQW� IURP���� �7KH� YDOXHV� WKH\
REVHUYHG�ZHUH�DURXQG�Ȗ� ������
:KDW� HIIHFW� ZRXOG� QRQ�OLQHDU� SUHIHUHQWLDO� DWWDFKPHQW� KDYH� RQ� WKH� GHJUHH� GLVWULEXWLRQ� RI� RXU

QHWZRUN"�6KRXOG�ZH�VWLOO�H[SHFW�WR�VHH�SRZHU�ODZ�EHKDYLRU�LQ�WKH�QRQ�OLQHDU�FDVH"�7KH�DQVZHUV�WR
WKHVH�TXHVWLRQV�GHSHQG�RQ�WKH�SDUWLFXODU�IXQFWLRQDO�IRUP�RI�WKH�DWWDFKPHQW�SUREDELOLW\�DQG�WKHUH�DUH�DQ
LQILQLWH� YDULHW\� RI� IXQFWLRQDO� IRUPV�� :H� ZLOO� ORRN� DW� VRPH� VSHFLILF� H[DPSOHV� VKRUWO\�� EXW� IRU� WKH
PRPHQW� OHW� XV� NHHS� WKH� GLVFXVVLRQ� FRPSOHWHO\� JHQHUDO�� )ROORZLQJ� DQ� DSSURDFK� LQWURGXFHG� E\
.UDSLYVN\�HW�DO�� >���@��ZH�GHILQH�DQ�DWWDFKPHQW�NHUQHO�� GHQRWHG�DN��ZKLFK�VSHFLILHV� WKH�IXQFWLRQDO
IRUP�RI�WKH�DWWDFKPHQW�SUREDELOLW\��)RU�WKH�PRGHO�RI�%DUDEiVL�DQG�$OEHUW��ZKHUH�DWWDFKPHQW�LV�VLPSO\
SURSRUWLRQDO�WR�GHJUHH��WKH�DWWDFKPHQW�NHUQHO�ZRXOG�EH�DN� �N��)RU�WKH�QRQ�OLQHDU�DWWDFKPHQW�REVHUYHG
E\� -HRQJ�HW�DO�� DQG� GLVFXVVHG� DERYH�� LW�ZRXOG� EH�DN�  �NȖ��1RWH� WKDW� WKH� DWWDFKPHQW� NHUQHO� LV� QRW� D
SUREDELOLW\��PHUHO\�D�IXQFWLRQDO�IRUP��7KH�FRUUHFWO\�QRUPDOL]HG�SUREDELOLW\�WKDW�D�QHZO\�DGGHG�HGJH
DWWDFKHV�WR�D�VSHFLILF�YHUWH[�L�KDYLQJ�GHJUHH�NL�LV� �
6R�FRQVLGHU�DJDLQ�D�JURZLQJ�XQGLUHFWHG�QHWZRUN�RI�WKH�W\SH�GLVFXVVHG�LQ�SUHYLRXV�VHFWLRQV�DQG�OHW

SN� �Q�� EH� WKH� IUDFWLRQ� RI� YHUWLFHV� ZLWK� GHJUHH�N� ZKHQ� WKH� QHWZRUN� KDV�Q� YHUWLFHV��$V� EHIRUH�� DQ
DYHUDJH�RI�F�QHZ�HGJHV�DUH�DGGHG�WR�WKH�QHWZRUN�ZLWK�HDFK�QHZ�YHUWH[��EXW�SUHIHUHQWLDO�DWWDFKPHQW�LV
QRZ�QRQ�OLQHDU��JRYHUQHG�E\�WKH�DWWDFKPHQW�NHUQHO�DN��ZKLFK�PHDQV�WKDW��E\�DQDORJ\�ZLWK�(T���������
WKH�H[SHFWHG�QXPEHU�RI�YHUWLFHV�RI�GHJUHH�N�UHFHLYLQJ�D�QHZ�FRQQHFWLRQ�ZKHQ�D�VLQJOH�QHZ�YHUWH[�LV
DGGHG�WR�WKH�QHWZRUN�LV
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ZKHUH
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1RZ�WKH�PDVWHU�HTXDWLRQ�IRU�SN��Q��LV
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$V�EHIRUH�WKH�WHUP�LQ�SNí��Q��UHSUHVHQWV�QHZ�YHUWLFHV�RI�GHJUHH�N�FUHDWHG�ZKHQ�YHUWLFHV�RI�GHJUHH�N�í
��UHFHLYH�QHZ�HGJHV�DQG�WKH�ODVW� WHUP�LQ�SN��Q�� UHSUHVHQWV�YHUWLFHV�RI�GHJUHH�N� ORVW�ZKHQ� WKH\�JDLQ
QHZ�HGJHV�WR�EHFRPH�YHUWLFHV�RI�GHJUHH�N�����
7KH�RQO\�H[FHSWLRQ�WR�WKLV�HTXDWLRQ�LV�IRU�YHUWLFHV�RI�GHJUHH�F��IRU�ZKLFK
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�$QG�WKHUH�DUH�QR�YHUWLFHV�RI�GHJUHH�OHVV�WKDQ�F��VLQFH�DOO�YHUWLFHV�DUH�FUHDWHG�ZLWK�GHJUHH�F�LQLWLDOO\
DQG�HGJHV�DUH�QHYHU�UHPRYHG��
7DNLQJ�WKH�OLPLW�DV�Q�ĺ���DQG�ZULWLQJ�SN� �SN����DQG�ȝ� �ȝ�����WKHVH�HTXDWLRQV�EHFRPH
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IRU�N�!�F�DQG
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1RWH�WKDW�ȝ�GHSHQGV�YLD�(T�����������RQ�WKH�GHJUHH�GLVWULEXWLRQ��ZKLFK�ZH�GRQ¶W�\HW�NQRZ��)RU�QRZ�
KRZHYHU��LW�ZLOO�EH�HQRXJK�WKDW�ȝ�LV�LQGHSHQGHQW�RI�N��ZH�ZLOO�GHULYH�DQ�H[SUHVVLRQ�IRU�LWV�H[DFW�YDOXH
LQ�D�PRPHQW�
(TXDWLRQV����������DQG����������FDQ�EH�UHDUUDQJHG�WR�JLYH
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DQG
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$SSO\LQJ�WKH�ODWWHU�UHSHDWHGO\�ZH�JHW
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$OO�ZH�QHHG�WR�FRPSOHWH�RXU�VROXWLRQ�LV�WKH�YDOXH�RI�ȝ��7DNLQJ�(T�����������DQG�OHWWLQJ�Q�ĺ����ZH�JHW
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&DQFHOLQJ�ȝ�IURP�ERWK�VLGHV�ZH�DUULYH�DW�WKH�HTXDWLRQ

�

��������
�
�

,Q�SULQFLSOH�ZH�VKRXOG�EH�DEOH�WR�VROYH�WKLV�HTXDWLRQ�IRU�ȝ�DQG�VXEVWLWXWH�WKH�UHVXOW�LQWR�(T����������
WR� JHW� WKH� FRPSOHWH� GHJUHH� GLVWULEXWLRQ�� ,Q� SUDFWLFH�� XQIRUWXQDWHO\�� WKH� HTXDWLRQ� LV� QRW� VROYDEOH� LQ
FORVHG� IRUP� IRU�PRVW� FKRLFHV�RI� WKH� DWWDFKPHQW�NHUQHO�DN�� DOWKRXJK� DQ� DSSUR[LPDWH� YDOXH� IRU�ȝ� FDQ
XVXDOO\�EH�FDOFXODWHG�QXPHULFDOO\�RQ�D�FRPSXWHU��(YHQ�ZLWKRXW�NQRZLQJ�ȝ��KRZHYHU��ZH�FDQ�VWLOO�ILQG
WKH�RYHUDOO�IXQFWLRQDO�IRUP�RI�SN��ZKLFK�LV�HQRXJK�WR�DQVZHU�PDQ\�RI�WKH�TXHVWLRQV�ZH�DUH�LQWHUHVWHG
LQ�
$V�DQ�H[DPSOH��FRQVLGHU�D�QHWZRUN�RI�WKH�W\SH�REVHUYHG�E\�-HRQJ�HW�DO��>���@�DQG�GLVFXVVHG�DERYH

LQ�ZKLFK�DWWDFKPHQW�JRHV�DV�NȖ�IRU�VRPH�SRVLWLYH�FRQVWDQW�Ȗ��DQG�OHW�XV�DVVXPH�WKDW��DV�IRXQG�E\�-HRQJ
HW�DO���ZH�KDYH�Ȗ������7KH�VROXWLRQ�IRU�WKLV�SDUWLFXODU�FKRLFH�ZDV�JLYHQ�E\�.UDSLYVN\�HW�DO��>���@�DQG
VKRZV�D�QXPEHU�RI�LQWHUHVWLQJ�IHDWXUHV�
3XWWLQJ�DN� �NȖ�LQ�(T�����������JLYHV
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7KLV� GHJUHH� GLVWULEXWLRQ� WXUQV� RXW�QRW� KDYH� D� SRZHU�ODZ� WDLO�� E\� FRQWUDVW� ZLWK� WKH� FDVH� RI� OLQHDU
SUHIHUHQWLDO�DWWDFKPHQW�� ,Q�RWKHU�ZRUGV� WKH�SRZHU�ODZ�IRUP� LV�VHQVLWLYH� WR� WKH�SUHFLVH�VKDSH�RI� WKH
DWWDFKPHQW�NHUQHO��:H�FDQ�VHH�WKLV�E\�ZULWLQJ
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DQG�WKHQ�H[SDQGLQJ�WKH�ORJDULWKP�DV�D�7D\ORU�VHULHV�LQ�ȝ�FUȖ�
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7KH�VXP�RYHU�U�FDQQRW�EH�H[SUHVVHG�LQ�FORVHG�IRUP��EXW�ZH�FDQ�DSSUR[LPDWH�LW�XVLQJ�WKH�WUDSH]RLGDO
UXOH������ZKLFK�VD\V�WKDW�IRU�DQ\�IXQFWLRQ�¦�U��
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�)RU�WKRVH�QRW�IDPLOLDU�ZLWK�LW��WKH�GHULYDWLRQ�RI�WKH�WUDSH]RLGDO�UXOH�LV�LOOXVWUDWHG�LQ�)LJ�����������
,Q�RXU�FDVH�¦�U�� �UíVȖ�DQG�(T�����������JLYHV
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ZKHUH�$V�LV�D�FRQVWDQW�GHSHQGLQJ�RQ�V��DQG�RQ�F��EXW�QRW�RQ�N�
&RQVLGHU�QRZ�ZKDW�KDSSHQV�ZKHQ�N�EHFRPHV�ODUJH��6LQFH�Ȗ�!����WKH�WHUP�LQ�NíVȖ�DQG�DOO�VXEVHTXHQW



WHUPV�YDQLVK�DV�N�ĺ���DQG�(T�����������EHFRPHV
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ZKHUH�$�LV�D�N�LQGHSHQGHQW�FRQVWDQW�HTXDO�WR� �
7KLV�H[SUHVVLRQ�FDQ�EH�VLPSOLILHG�VWLOO�IXUWKHU�E\�QRWLQJ�WKDW��LQ�WKH�OLPLW�N�ĺ����DOO�WHUPV�LQ�N�íVȖ

ZKHUH���í�VȖ�����DOVR�YDQLVK��7KXV� IRU�DQ\�JLYHQ�YDOXH�RI�Ȗ�ZH�QHHG�NHHS� WHUPV� LQ�N�XS� WR�RQO\�D
FHUWDLQ�YDOXH�RI�V��7KH�VLPSOHVW�FDVH�LV�ZKHQ� ��,Q�WKLV�FDVH�RQO\�WKH�WHUP�IRU�V� ���JURZV�DV�N
LQFUHDVHV��DOO�RWKHUV�YDQLVKLQJ��DQG
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DV�N�ĺ���

�

)LJXUH�������7KH�WUDSH]RLGDO�UXOH��7KH�WUDSH]RLGDO�UXOH�DSSUR[LPDWHV�D�VXP�E\�DQ�LQWHJUDO��RU�YLFH
YHUVD���7KH�VXP�RI�WKH�IXQFWLRQ�¦�U��IURP�U� �D�WR�U� �E��GRWWHG�OLQHV��LV�HTXDO�WR�WKH�VXP�RI�WKH�DUHDV
RI� WKH� UHFWDQJXODU� EDUV�� ZKLFK� LV� DOVR� HTXDO� WR� WKH� DUHD� VKDGHG� LQ� JUD\�� 7KLV� VKDGHG� DUHD� FDQ� EH



DSSUR[LPDWHG�E\�WKH�LQWHJUDO�RI�¦��U��EHWZHHQ�D�DQG�E��VPRRWK�FXUYH��SOXV�WKH�WZR�H[WUD�UHFWDQJXODU
VHFWLRQV�DW�HLWKHU�HQG��KDWFKHG���ZKLFK�KDYH�DUHD� ���DQG� �UHVSHFWLYHO\��$GG�HYHU\WKLQJ�XS�DQG
ZH�JHW�(T������������7KH�HUURU�LQ�WKH�DSSUR[LPDWLRQ�LV�HTXDO�WR�WKH�VXP�RI�WKH�UHODWLYHO\�VPDOO�UHJLRQV
EHWZHHQ�WKH�FXUYH�DQG�WKH�VKDGHG�DUHD�
�
�
1RZ��FRPELQLQJ�(TV����������������������DQG�����������ZH�ILQG�WKDW�WKH�DV\PSWRWLF�IRUP�RI�SN�LV
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IRU� �
'LVWULEXWLRQV�RI�WKLV�JHQHUDO�IRUP��LQ�ZKLFK�WKH�GRPLQDQW�FRQWULEXWLRQ�WR�WKH�SUREDELOLW\�IDOOV�RII�DV

WKH�H[SRQHQWLDO�RI�D�SRZHU�RI�N��DUH�FDOOHG�VWUHWFKHG�H[SRQHQWLDOV��6LQFH�WKH�H[SRQHQW���í�Ȗ�LV�OHVV
WKDQ�RQH�� WKH�GLVWULEXWLRQ�IDOOV�RII�PRUH�VORZO\� WKDQ�DQ�RUGLQDU\�H[SRQHQWLDO� LQ�N��ZKLFK� LV�ZK\�ZH
FDOOHG� LW� VWUHWFKHG� ����2Q� WKH�RWKHU�KDQG�� WKH�GLVWULEXWLRQ� VWLOO� IDOOV�RII� D�JRRG�GHDO� IDVWHU� WKDQ� WKH
SRZHU�ODZ�WKDW�ZH�IRXQG�LQ�WKH�FDVH�RI�OLQHDU�SUHIHUHQWLDO�DWWDFKPHQW��DQG�WKLV�LV�UHDOO\�WKH�LPSRUWDQW
SRLQW�KHUH��7KLV�FDOFXODWLRQ�UHYHDOV�WKDW�WKH�SRZHU�ODZ�GLVWULEXWLRQ�LQ�WKH�%DUDEiVL�$OEHUW�PRGHO�LV�D
VSHFLDO�IHDWXUH�RI�WKH�OLQHDU�DWWDFKPHQW�SURFHVV�DVVXPHG�E\�WKDW�PRGHO���1RWH�WKDW�WKLV�REVHUYDWLRQ�LV
YDOLG�HYHQ�WKRXJK�ZH�KDYHQ¶W�FDOFXODWHG�WKH�YDOXH�RI�WKH�FRQVWDQW�ȝ��7KH�JHQHUDO�IXQFWLRQDO�IRUP�RI�WKH
GHJUHH�GLVWULEXWLRQ�GRHVQ¶W�GHSHQG�RQ�WKH�YDOXH�RI�WKH�FRQVWDQW��
)RU� RWKHU� YDOXHV� RI�Ȗ� WKH� FDOFXODWLRQ� LV� VLPLODU� EXW� LQYROYHV� PRUH� WHUPV� LQ� (T�� ���������� )RU

LQVWDQFH�� LI� � WKHQ� WKH� WHUPV� LQ�N�íVȖ� IRU�V� ���DQG���ERWK�JURZ�DV�N�EHFRPHV� ODUJH�ZKLOH�DOO
RWKHUV�YDQLVK��DQG�ZH�ILQG�WKDW
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ZKLFK�JLYHV

�
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�
,Q�EHWZHHQ�WKH�VROXWLRQV����������DQG����������WKHUH�LV�D�VSHFLDO�FDVH�VROXWLRQ�ZKHQ�Ȗ� LV�H[DFWO\

HTXDO� WR� � �)RU� �DQG�V� ���WKH�LQWHJUDO�LQ�(T�����������JLYHV�ULVH�QRW�WR�D�SRZHU�RI�N�EXW�WR�D�ORJ
DQG�(T�����������EHFRPHV
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DOO�RWKHU�WHUPV�YDQLVKLQJ�LQ�WKH�OLPLW�RI�ODUJH�N��6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ�LQWR�(T������������ZH
WKHQ�DUULYH�DW
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IRU�
:H� FDQ� FRQWLQXH� LQ� WKLV� YHLQ� DG� LQILQLWXP�� 7KHUH� DUH� GLVWLQFW� VROXWLRQ� IRUPV� IRU� � DQG�

� DQG� VR� IRUWK�� DV�ZHOO� DV� VSHFLDO� FDVH� VROXWLRQV� IRU�Ȗ�  � �� DQG� VR� IRUWK��)LJXUH�����
VKRZV�WKH�GHJUHH�GLVWULEXWLRQ�IRU�WKH�FDVH�Ȗ� ������DORQJ�ZLWK�WKH�DV\PSWRWLF�IRUP�����������1RWH�WKH
FRQYH[�IRUP�RI�WKH�FXUYH�RQ�WKH�VHPLORJDULWKPLF�VFDOHV��ZKLFK�LQGLFDWHV�D�IXQFWLRQ�GHFD\LQJ�VORZHU
WKDQ�DQ�H[SRQHQWLDO�
2QH� FDQ� DOVR� FDOFXODWH� WKH� GHJUHH� GLVWULEXWLRQ� IRU� VXSHUOLQHDU� SUHIHUHQWLDO� DWWDFKPHQW�� L�H��� IRU

YDOXHV�RI�Ȗ�JUHDWHU�WKDQ�RQH��7KLV�FDVH�DOVR�VKRZV�VRPH�QHQW�LQWHUHVWLQJ�EHKDYLRUV��LW�WXUQV�RXW�WKDW�IRU
Ȗ�!���WKH�W\SLFDO�EHKDYLRU�LV�IRU�RQH�YHUWH[�WR�HPHUJH�DV�D�³OHDGHU´�LQ�WKH�QHWZRUN��JDLQLQJ�D�QRQ�]HUR
IUDFWLRQ�RI�DOO�HGJHV��ZLWK�WKH�UHVW�RI�WKH�YHUWLFHV�KDYLQJ�VPDOO�GHJUHH��DOPRVW�DOO�KDYLQJ�GHJUHH�OHVV
WKDQ�VRPH�IL[HG�FRQVWDQW���5HDGHUV�LQWHUHVWHG�LQ�WKHVH�GHYHORSPHQWV�FDQ�ILQG�WKHP�GHVFULEHG�LQ�GHWDLO
LQ�5HI��>���@�



�

)LJXUH� ������ 'HJUHH� GLVWULEXWLRQ� IRU� VXEOLQHDU� SUHIHUHQWLDO� DWWDFKPHQW�� 7KLV� SORW� VKRZV� WKH
IUDFWLRQ�SN�RI�YHUWLFHV�ZLWK�GHJUHH�N�LQ�D�JURZLQJ�QHWZRUN�ZLWK�DWWDFKPHQW�NHUQHO�NȖ�DV�GHVFULEHG�LQ
WKH� WH[W�� ,Q� WKLV�FDVH�Ȗ� ����� DQG�F� ����7KH�SRLQWV�DUH�UHVXOWV�IURP�FRPSXWHU�VLPXODWLRQV��DYHUDJHG
RYHU�����QHWZRUNV�RI��ILQDO��VL]H�����YHUWLFHV�HDFK��7KH�VROLG�OLQH�LV�WKH�H[DFW�VROXWLRQ��(T�����������
HYDOXDWHG�QXPHULFDOO\��7KH�GDVKHG�OLQH�LV�WKH�DV\PSWRWLF�IRUP��(T������������ZLWK�WKH�RYHUDOO�FRQVWDQW
RI�SURSRUWLRQDOLW\�FKRVHQ�WR�FRLQFLGH�ZLWK�WKH�H[DFW�VROXWLRQ�IRU�ODUJH�YDOXHV�RI�N�
�
�
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�

7KH�PRGHOV�RI�JURZLQJ�QHWZRUNV�ZH�KDYH�H[DPLQHG�VR�IDU�DVVXPH�WKDW�DOO�YHUWLFHV�RI�D�JLYHQ�GHJUHH
DUH�HTXDOO\�OLNHO\�WR�JDLQ�D�QHZ�HGJH��,Q�WKHVH�PRGHOV��IRU�H[DPSOH��DOO�SDSHUV�WKDW�KDYH�QHYHU�EHHQ
FLWHG�EHIRUH� DUH�HTXDOO\� OLNHO\� WR�JHW�QHZ�FLWDWLRQV��$OO�ZHEVLWHV� WKDW�QR�RQH�KDV� OLQNHG� WR�\HW� DUH
HTXDOO\�OLNHO\�WR�UHFHLYH�OLQNV�

6HH�6HFWLRQV�����DQG������IRU�D�GLVFXVVLRQ�RI�WKH�RSHUDWLRQ�RI�VHDUFK�HQJLQHV�
�
,Q�WKH�UHDO�ZRUOG��RI�FRXUVH��QRWKLQJ�FRXOG�EH�IDUWKHU�IURP�WKH�WUXWK��7KHUH�DUH�KXJH�GLIIHUHQFHV�LQ

WKH�SHUFHLYHG� LPSRUWDQFH�DQG�TXDOLW\�RI�VFLHQWLILF�SDSHUV�RU�ZHEVLWHV� WKDW�PHDQ�VRPH�DUH� IDU�PRUH
OLNHO\� WR� JDLQ� HGJHV� WKDQ� RWKHUV��$�ZHEVLWH�� IRU� LQVWDQFH�� WKDW� SURYLGHV� D� XVHIXO� VHUYLFH�� VXFK� DV� D
GLUHFWRU\� RU� DQ� HQF\FORSHGLD�� ZLOO� DOPRVW� FHUWDLQO\� UHFHLYH� QHZ� OLQNV� DW� D� KLJKHU� UDWH� WKDQ� PRVW
SHRSOH¶V�SHUVRQDO�KRPH�SDJHV�� ,QGHHG�� VHDUFK�HQJLQHV�XVH� WKH�QXPEHUV�RI� OLQNV�ZHE�SDJHV� UHFHLYH
SUHFLVHO\�DV�D�PHDVXUH�RI�ZKLFK�SDJHV�SHRSOH�ILQG�PRVW�XVHIXO��6LPLODUO\��SHRSOH�ORRN�DW�WKH�QXPEHUV
RI�FLWDWLRQV�D�SDSHU� UHFHLYHV� WR� WU\� WR�JDXJH�KRZ�LQIOXHQWLDO� WKDW�SDSHU�KDV�EHHQ��7KHVH�DSSURDFKHV
ZRXOG�QRW�ZRUN�XQOHVV�WKHUH�ZHUH�VRPH�FRUUHODWLRQ�EHWZHHQ�WKH�GHJUHH�DQG�WKH�SHUFHLYHG�TXDOLW\�RI�D
YHUWH[�
,I�RQH�DOORZV�IRU�YDULDWLRQV�LQ�WKH�LQWULQVLF�TXDOLW\�RU�DWWUDFWLYHQHVV�RI�YHUWLFHV��WKHQ��SUHVXPDEO\�LW

ZLOO� KDYH� DQ� HIIHFW� RQ� WKH� GHJUHH� GLVWULEXWLRQ�� ,W� VHHPV� HQWLUHO\� SRVVLEOH� WKDW��ZLWK� VXFK� HIIHFWV� DW
ZRUN�� WKH� SRZHU� ODZV� JHQHUDWHG� E\� SUHIHUHQWLDO� DWWDFKPHQW� PRGHOV� PLJKW� FRPSOHWHO\� GLVDSSHDU�
OHDYLQJ�XV�DW�D�ORVV�WR�H[SODLQ�KRZ�SRZHU�ODZV�PLJKW�DULVH�LQ�UHDO�ZRUOG�QHWZRUNV��,Q�WKLV�VHFWLRQ�ZH
VWXG\�D�PRGHO�RI�WKH�JURZWK�RI�D�QHWZRUN�SURSRVHG�E\�%LDQFRQL�DQG�%DUDEiVL�>�����@�WKDW�LQFOXGHV
HIIHFWV�RI�YDU\LQJ�QRGH�TXDOLW\²RU�ILWQHVV�DV�WKH\�FDOO�LW��$V�ZH�ZLOO�VHH��WKH�SRZHU�ODZ�EHKDYLRU�RI
WUDGLWLRQDO� PRGHOV� GLVDSSHDUV� RQFH� YHUWH[� ILWQHVV� HQWHUV� WKH� SLFWXUH�� DOWKRXJK� WKH� GLVWULEXWLRQ� IRU
YHUWLFHV�RI�D�JLYHQ�ILWQHVV�VWLOO�IROORZV�D�SRZHU�ODZ�
7KH�PRGHO�RI�%LDQFRQL�DQG�%DUDEiVL� LV�GHILQHG�DV� IROORZV��9HUWLFHV�DUH�DGGHG�RQH�E\�RQH�ZLWK

HDFK�DWWDFKLQJ�E\�XQGLUHFWHG�HGJHV� WR�F�SULRU�YHUWLFHV�� MXVW�DV�EHIRUH��1RZ��KRZHYHU��HDFK�YHUWH[� L
KDV�D� ILWQHVV�ȘL� WKDW�LV�DVVLJQHG�DW�WKH�PRPHQW�RI�WKH�YHUWH[¶V�FUHDWLRQ�DQG�QHYHU�FKDQJHG�WKHUHDIWHU�
7KH�ILWQHVVHV�DUH�UHDO�QXPEHUV�ZLWK�YDOXHV�GUDZQ�IURP�VRPH�GLVWULEXWLRQ�ȡ�Ș���VR�WKDW�WKH�SUREDELOLW\
RI�D�YDOXH�IDOOLQJ�EHWZHHQ�Ș� DQG�Ș���GȘ� LV�ȡ�Ș��GȘ�� (DFK� RI� WKH�F�QHZ�HGJHV�DGGHG�ZLWK�HDFK�QHZ
YHUWH[�DWWDFKHV�WR�D�SUHYLRXVO\�H[LVWLQJ�YHUWH[�ZLWK�SUREDELOLW\�SURSRUWLRQDO�WR�DQ�DWWDFKPHQW�NHUQHO
DN��Ș��WKDW�GHSHQGV�QRZ�RQ�ERWK�WKH�GHJUHH�N�RI�WKH�WDUJHW�YHUWH[�DQG�LWV�ILWQHVV�Ș���,Q�IDFW��%LDQFRQL
DQG�%DUDEiVL� H[DPLQHG�RQO\� WKH� VSHFLDO� FDVH�DN� �Ș��  �ȘN��7KH�JHQHUDO�PRGHO�FRQVLGHUHG�KHUH�ZDV
SURSRVHG�DQG�VROYHG�VXEVHTXHQWO\�E\�.UDSLYVN\�DQG�5HGQHU�>���@��
7KLV�PRGHO�FDQ�EH�VROYHG�E\�WKH�VDPH�PHWKRG�DV�WKH�PRGHO�RI�6HFWLRQ���������:H�GHILQH�SN��Ș��Q�

GȘ�WR�EH�WKH�IUDFWLRQ�RI�YHUWLFHV�ZLWK�GHJUHH�N�DQG�ILWQHVV�LQ�WKH�LQWHUYDO�Ș�WR�Ș���GȘ�ZKHQ�WKH�QHWZRUN
KDV�Q�YHUWLFHV��:ULWLQJ�GRZQ�D�PDVWHU�HTXDWLRQ�DV�EHIRUH�DQG� WDNLQJ� WKH� OLPLW�Q�ĺ���ZH�DUULYH�DW
HTXDWLRQV�WKDW�UHDG
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IRU�N�!�F�DQG
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ZKHUH�SN��Ș�� �SN��Ș�����DQG�ȝ�LV�DJDLQ�WKH�DSSURSULDWH�QRUPDOL]LQJ�IDFWRU
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�

�6HH� (T�� ����������� 1RWH� WKDW� WKH� ��� RI� (T�� ��������� KDV� EHHQ� UHSODFHG� E\�ȡ�Ș�� LQ� (T�� ���������
EHFDXVH� WKH� DYHUDJH� QXPEHU� RI� QHZ� YHUWLFHV� RI� GHJUHH�F� DGGHG� WR� WKH� QHWZRUN�ZLWK� ILWQHVV� LQ� WKH
LQWHUYDO�Ș�WR�Ș���GȘ�LV�QRW���EXW�ȡ�Ș���
)ROORZLQJ�WKH�VDPH�VWHSV�WKDW�OHG�WR�(T������������ZH�FDQ�VROYH�WKH�PDVWHU�HTXDWLRQ�WR�VKRZ�WKDW
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DQG� WKH� YDOXH� RI�ȝ� FDQ�EH�GHWHUPLQHG�E\�VXEVWLWXWLQJ� WKLV� UHVXOW�EDFN� LQWR�(T�� ��������� �DOWKRXJK
XVXDOO\�DQ�DQDO\WLF�VROXWLRQ�LV�QRW�SRVVLEOH�DQG�WKH�HTXDWLRQV�PXVW�EH�VROYHG�QXPHULFDOO\��
$V�DQ�H[DPSOH�FRQVLGHU�WKH�FDVH�ZKHUH�WKH�DWWDFKPHQW�NHUQHO�LV�OLQHDU�LQ�WKH�GHJUHH��DN��Ș��  �ȘN�

ZKLFK�ZDV�VWXGLHG�E\�%LDQFRQL�DQG�%DUDEiVL����� 6LQFH�DN� �Ș� �� LV� �SURSRUWLRQDO� WR�� D�SUREDELOLW\� LW
FDQQRW�EH�QHJDWLYH�� VR�ZH�PXVW� UHVWULFW�Ș� WR�QRQ�QHJDWLYH�YDOXHV��7KHQ� WKH�SURGXFW� LQ�(T�� ��������
EHFRPHV
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ZKHUH�ZH�KDYH�PDGH�XVH�RI�(T����������DQG�%�[��\�� LV�(XOHU¶V�EHWD�IXQFWLRQ��(T�����������DJDLQ�
6XEVWLWXWLQJ�LQWR�(T������������ZH�WKHQ�ILQG�WKDW
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�
:H�VKRZHG�SUHYLRXVO\�WKDW�WKH�EHWD�IXQFWLRQ�JRHV�DV�D�SRZHU�ODZ�%�[��\��ฏ�[í\�IRU�ODUJH�YDOXHV�RI

LWV�ILUVW�DUJXPHQW��(T�����������VR�(T�����������LPSOLHV�WKDW�WKH�GLVWULEXWLRQ�RI�WKH�GHJUHHV�RI�YHUWLFHV
ZLWK�D�SDUWLFXODU�YDOXH�RI�WKH�ILWQHVV�Ș�KDV�D�SRZHU�ODZ�WDLO�ZLWK�H[SRQHQW
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�

+RZHYHU�� WKH�RYHUDOO�GHJUHH�GLVWULEXWLRQ� IRU� WKH�HQWLUH�QHWZRUN�PD\�RU�PD\�QRW�KDYH�D�SRZHU�ODZ
WDLO��GHSHQGLQJ�RQ�WKH�GLVWULEXWLRQ�ȡ�Ș���,W�LV�FOHDU�WKDW�LW�LV�D�SRZHU�ODZ�IRU�VRPH�FKRLFHV�RI�ȡ�Ș�²
IRU�H[DPSOH�WKH�WULYLDO�FKRLFH�ZKHUH�DOO�YHUWLFHV�KDYH�WKH�VDPH�Ș��ZKLFK�MXVW�UHGXFHV�WR�WKH�RULJLQDO
%DUDEiVL�$OEHUW�PRGHO�� ,I�Ș� LV�EURDGO\�GLVWULEXWHG��KRZHYHU�� WKH�GHJUHH�GLVWULEXWLRQ�ZLOO�EH�D� VXP
RYHU�SRZHU�ODZV�ZLWK�D�ZLGH�UDQJH�RI�GLIIHUHQW�H[SRQHQWV��ZKLFK�ZLOO�QRW� LQ�JHQHUDO�\LHOG�DQRWKHU
SRZHU�ODZ�
7KH�VROXWLRQ�DERYH�GRHV�QRW�WHOO�WKH�ZKROH�VWRU\��7KHUH�DUH�VRPH�LQWHUHVWLQJ�IHDWXUHV�RI�WKLV�PRGHO

WKDW�DUH�PLVVLQJ�IURP�(T������������7R�VHH�WKLV��OHW�XV�FDOFXODWH�WKH�DYHUDJH�GHJUHH�RI�D�YHUWH[�LQ�RXU
QHWZRUN��7KLV�PLJKW�VHHP�OLNH�D�SRLQWOHVV�H[HUFLVH²WKH�DYHUDJH�GHJUHH�PXVW�WDNH�WKH�YDOXH��F�VLQFH
H[DFWO\�F�HGJHV�DUH�DGGHG�IRU�HYHU\�YHUWH[²EXW�LQ�IDFW�WKH�FDOFXODWLRQ�LV�TXLWH�UHYHDOLQJ��7KH�DYHUDJH
GHJUHH�LV�JLYHQ�E\
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7KH�VXP�FDQ�EH�SHUIRUPHG�E\�PDNLQJ�XVH�RI�WKH�LQWHJUDO�IRUP�RI�WKH�EHWD�IXQFWLRQ��(T�����������DQG
JLYHV
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�
�

$Q� LPSRUWDQW�SRLQW� WR�QRWLFH��KRZHYHU�� LV� WKDW� WKLV� UHVXOW�RQO\�ZRUNV� LI�Ș� ��ȝ�F�� ,I�Ș� ��ȝ�F� WKH� VXP
GLYHUJHV�PDNLQJ� WKH�DYHUDJH�GHJUHH� LQ� WKH�QHWZRUN� LQILQLWH��ZKLFK�FDQQRW�EH� WKH�FDVH�VLQFH��DV�ZH
KDYH�VDLG��WKH�DYHUDJH�GHJUHH�LV�DOZD\V��F��7R�DYRLG�WKH�GLYHUJHQFH�ZH�ZLOO�LPSRVH�WKH�UHVWULFWLRQ
WKDW�ȡ�Ș�� ���IRU�DOO�Ș���Ș���ZKHUH�Ș��LV�D�FRQVWDQW�LQ�WKH�UDQJH�����Ș����ȝ�F���7KH�LQWHUHVWLQJ�TXHVWLRQ
RI�ZKDW�KDSSHQV�WR�WKH�QHWZRUN�LI�ZH�FKRRVH�D�ȡ�Ș��WKDW�YLRODWHV�WKLV�FRQGLWLRQ�LV�GHDOW�ZLWK�EHORZ��
&RPELQLQJ�(TV�����������DQG�����������ZH�WKHQ�ILQG�WKDW
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�

$QG�VLQFH�N� ��F�WKLV�LPPHGLDWHO\�LPSOLHV�WKDW

�

��������



�
�
:H� KDYHQ¶W� \HW� FDOFXODWHG� D� YDOXH� IRU� WKH� FRQVWDQW�ȝ�� EXW� HYHQ� ZLWKRXW� LW� WKLV� HTXDWLRQ� WHOOV� XV

VRPHWKLQJ� LQWHUHVWLQJ��7KH� LQWHJUDO� LV�D�PRQRWRQLFDOO\�GHFUHDVLQJ� IXQFWLRQ�RI�ȝ�� LW� WDNHV� LWV�VPDOOHVW
YDOXH�RI���ZKHQ�ȝ�ĺ����DQG�LWV� ODUJHVW�YDOXH�ZKHQ�ȝ�ĺ�FȘ��� �5HFDOO� WKDW�Ș�� ��ȝ�F� VR�ȝ�FDQ�JHW�QR
VPDOOHU� WKDQ�FȘ����%XW� LI� WKLV� ODUJHVW�YDOXH� LV� VWLOO� OHVV� WKDQ� WZR� WKHQ� WKHUH� LV�QR�ZD\� WR�VDWLVI\�(T�
���������DQG�QR�YDOXH�RI�ȝ�VXFK�WKDW�(T�����������JLYHV�WKH�FRUUHFW�DQVZHU�IRU�N��,Q�WKH�OLPLW�ȝ�ĺ
FȘ�� WKH�GHQRPLQDWRU�RI� WKH� LQWHJUDQG�HTXDOV���í�Ș�Ș���ZKLFK� WHQGV� WR�]HUR�DW� WKH�XSSHU� OLPLW�RI� WKH
LQWHJUDO��EXW�SURYLGHG�ȡ�Ș��DOVR�WHQGV�WR�]HUR�LQ�WKLV�OLPLW�WKH�LQWHJUDO�FDQ�WDNH�D�ILQLWH�YDOXH�DQG��DV
ZH�ZLOO�VHH�LQ�D�PRPHQW��WKLV�YDOXH�FDQ�FHUWDLQO\�EH�OHVV�WKDQ�WZR�IRU�VRPH�FKRLFHV�RI�ȡ�Ș��
+RZ�FDQ�LW�EH�WKDW�RXU�VROXWLRQ�GRHV�QRW�JLYH�WKH�FRUUHFW�YDOXH�IRU�WKH�DYHUDJH�GHJUHH"�+DYH�ZH

PDGH�D�PLVWDNH�VRPHZKHUH"�0RUH�LPSRUWDQWO\��ZKDW�GRHV�WKH�QHWZRUN�DFWXDOO\�GR�LQ�WKLV�UHJLPH"
7KH�DQVZHU�WR�WKLV�FRQXQGUXP�WXUQV�RXW�WR�EH�D�VXEWOH�DQG�LQWHUHVWLQJ�RQH��7KH�LPSRUWDQW�SRLQW�LV

WKDW�WKHUH�DUH�VRPH�EHKDYLRUV�RI�WKH�YHUWH[�GHJUHHV�LQ�D�JURZLQJ�QHWZRUN�WKDW�FDQQRW�EH�FDSWXUHG�E\�D
VLPSOH�SUREDELOLW\�GLVWULEXWLRQ�SN��,Q�SDUWLFXODU��LI�WKHUH�DUH�D�IL[HG��ILQLWH�QXPEHU�RI�YHUWLFHV�LQ�WKH
QHWZRUN�ZLWK�GHJUHHV�WKDW�VFDOH�LQ�SURSRUWLRQ�WR�WKH�VL]H�Q�RI�WKH�HQWLUH�QHWZRUN��WKRVH�YHUWLFHV�GR�QRW
DSSHDU� LQ� WKH� GHJUHH� GLVWULEXWLRQ�� EHFDXVH� WKHUH� DUH� RQO\� D� IL[HG� QXPEHU� RI� WKHP� WKH\� FRQVWLWXWH� D
IUDFWLRQ� ��Q� RI� WKH� QHWZRUN� DQG� KHQFH� FRQWULEXWH� ]HUR� WR� WKH� GHJUHH� GLVWULEXWLRQ� DV�Q� ĺ� ��
1RQHWKHOHVV�� WKH\�PDNH�D�QRQ�]HUR�FRQWULEXWLRQ�WR�WKH�DYHUDJH�GHJUHH�RI� WKH�QHWZRUN�LQ� WKH�OLPLW�RI
ODUJH�Q�DQG�KHQFH�PXVW�EH�WDNHQ�LQWR�DFFRXQW�LQ�WKH�FDOFXODWLRQ�RI�N�
%LDQFRQL� DQG� %DUDEiVL� UHIHUUHG� WR� WKH� DSSHDUDQFH� RI� VXFK� YHUWLFHV� LQ� WKH� QHWZRUN� DV

³FRQGHQVDWLRQ´� E\� DQDORJ\� ZLWK� VLPLODU� EHKDYLRUV� VHHQ� LQ� ORZWHPSHUDWXUH� SK\VLFV����� DQG� WR� WKH
YHUWLFHV�WKHPVHOYHV�DV�D�FRQGHQVDWH��)RU�VRPH�FKRLFHV�RI�ȡ�Ș��WKLV�NLQG�RI�FRQGHQVDWLRQ�GRHV�LQGHHG
RFFXU�DQG�D�FRQGHQVDWH�RI�³VXSHUKXEV´�ZLWK�YHU\�KLJK�GHJUHH�IRUPV�LQ�WKH�QHWZRUN�
6XSSRVH�ZH� DUH� LQ� VXFK� D� UHJLPH� DQG� OHW� XV�ZULWH� WKH� VXP�RI� WKH� GHJUHHV� RI� WKH� YHUWLFHV� LQ� WKH

FRQGHQVDWH�DV�.��7KHQ�WKH�IXOO�H[SUHVVLRQ�IRU�WKH�DYHUDJH�GHJUHH��LQFOXGLQJ�WKH�FRQGHQVDWH��EHFRPHV
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&OHDUO\��QR�PDWWHU�ZKDW� WKH�YDOXH�RI� WKH� LQWHJUDO�� LW� LV�QRZ�DOZD\V�SRVVLEOH� WR�DFKLHYH� N� ��F�E\
PDNLQJ�.�VXIILFLHQWO\�ODUJH��7KH�DSSURSULDWH�YDOXH�RI�.�LV�JLYHQ�E\�VHWWLQJ�N� ��F�DQG�UHDUUDQJLQJ
WKXV�

�
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$JDLQ��WKH�ODUJHVW�YDOXH�RI�WKH�LQWHJUDO�LV�DFKLHYHG�ZKHQ�ȝ�ĺ�FȘ���ZKLFK�PHDQV�WKDW
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6R�LI�WKH�YDOXH�RI�WKLV�LQWHJUDO�LV�OHVV�WKDQ�WZR��WKHQ�LQ�RUGHU�WR�JHW�WKH�FRUUHFW�YDOXH�IRU�WKH�DYHUDJH
GHJUHH�ZH�UHTXLUH�WKDW�.�VFDOHV�ZLWK�WKH�VL]H�Q�RI�WKH�QHWZRUN�MXVW�DV�ZH�K\SRWKHVL]HG�
$V�DQ�H[DPSOH��VXSSRVH�WKH�GLVWULEXWLRQ�RI�ILWQHVVHV�WDNHV�WKH�IRUP�ȡ�Ș�� �$�Ș��í�Ș�Ĳ��ZKHUH�Ĳ�LV�D

SRVLWLYH� H[SRQHQW� DQG�$� LV� D� QRUPDOL]DWLRQ� FRQVWDQW�Ĳ��� ZKRVH� YDOXH� LV� HDVLO\� VKRZQ� WR� EH�
��7KHQ�WKH�LQWHJUDO�LQ�(T�����������LV
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DQG
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�

,I�Ĳ�����WKHQ�WKLV�UHVXOW�WHOOV�XV�RQO\�WKDW�.������ZKLFK�LV�WULYLDOO\�WUXH��%XW�LI�Ĳ�!���WKHQ�WKH�VXP�RI�WKH
GHJUHHV�LQ�WKH�FRQGHQVDWH�PXVW�YDU\�LQ�SURSRUWLRQ�WR�WKH�QHWZRUN�VL]H�Q�
7KXV��GHSHQGLQJ�RQ�RXU�FKRLFH�IRU�WKH�GLVWULEXWLRQ�RI�ILWQHVVHV��WKH�QHWZRUN�FDQ�VKRZ�WZR�GLIIHUHQW

EHKDYLRUV�� ,Q�RQH�FDVH�� WKH�GLVWULEXWLRQV�RI� WKH�GHJUHHV�RI�YHUWLFHV�ZLWK� DQ\�JLYHQ� ILWQHVV� IROORZ�D
SRZHU� ODZ� ZLWK� D� ILWQHVV�GHSHQGHQW� H[SRQHQW�� EXW� QR� YHUWLFHV� LQ� WKH� QHWZRUN� DUH� VSHFLDO� RU
GLVWLQJXLVKHG�E\�DQ\�SDUWLFXODU�EHKDYLRU��,Q� WKH�RWKHU�FDVH��D�FRQGHQVDWH�IRUPV�FRQVLVWLQJ�RI�RQH�RU



PRUH�³VXSHUKXEV�´�ZKLFK�FRQQHFW�WR�D�QRQ�]HUR�IUDFWLRQ�RI�DOO�RWKHU�YHUWLFHV��1RQH�RI�WKH�UHPDLQLQJ
QRQ�FRQGHQVDWH� YHUWLFHV� VKRZ� DQ\� VSHFLDO� EHKDYLRU�� KRZHYHU�� WKH\� VWLOO� KDYH� SRZHU�ODZ� GHJUHH
GLVWULEXWLRQV�IRU�HDFK�YDOXH�RI�ILWQHVV��ZLWK�WKH�VDPH�H[SRQHQWV�DV�EHIRUH��6RPH�DXWKRUV�KDYH�OLNHQHG
WKH�FRQGHQVDWLRQ�SKDVH�RI�WKH�PRGHO�WR�WKH�PRQRSROLVWLF�GRPLQDQFH�RI�D�PDUNHW�E\�D�VLQJOH�YHQGRU�RU
D� VPDOO� QXPEHU� RI� YHQGRUV²RQFH� RQH� YHUWH[� �YHQGRU�� JHWV� D� QRQ�]HUR� IUDFWLRQ� RI� DOO� HGJHV
�EXVLQHVV���SUHIHUHQWLDO�DWWDFKPHQW�JXDUDQWHHV�WKDW�LW�ZLOO�JR�RQ�GRLQJ�VR�WKHUHDIWHU�
:H�VWLOO�GR�QRW�KDYH�D�FRPSOHWH�VROXWLRQ�RI�WKH�PRGHO��EHFDXVH�ZH�DUH�PLVVLQJ�WKH�YDOXH�RI�ȝ�ZKLFK

LV�UHTXLUHG�WR�HYDOXDWH�(T������������8QIRUWXQDWHO\��WR�FDOFXODWH�ȝ�ZH�QHHG�WR�NQRZ�WKH�H[DFW�IRUP�RI
WKH�FRQGHQVDWH�� ,Q�PRVW�GLVFXVVLRQV�RI� WKH�PRGHO� LQ� WKH� OLWHUDWXUH� LW� LV� DVVXPHG� WKDW� WKH�FRQGHQVDWH
FRQVLVWV�RI�MXVW�D�VLQJOH�YHUWH[�RI�GHJUHH�.�DW�RU�FORVH�WR�WKH�PD[LPXP�ILWQHVV�Ș���LQ�ZKLFK�FDVH�ZH
FDQ�HYDOXDWH�ȝ�XVLQJ�(T������������,QFOXGLQJ�WKH�FRQWULEXWLRQ�IURP�WKH�FRQGHQVDWH�YHUWH[��WKLV�HTXDWLRQ
EHFRPHV
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DQG��VHWWLQJ�DN��Ș�� �ȘN�DJDLQ�DQG�PDNLQJ�XVH�RI�(TV�����������DQG�����������ZH�WKHQ�ILQG
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(TXDWLRQV����������DQG����������WRJHWKHU�QRZ�JLYH�XV�WZR�HTXDWLRQV�LQ�WKH�WZR�XQNQRZQV�.� DQG�ȝ�
ZKLFK�ZH�FDQ��DW�OHDVW�LQ�WKHRU\��VROYH�IRU�ERWK�JLYHQ�ȡ�Ș���DOWKRXJK�LQ�SUDFWLFH�FORVHG�IRUP�VROXWLRQV
DUH�UDUH�EHFDXVH�WKH�LQWHJUDOV�DUH�QRQ�WULYLDO�
7KHUH�LV��KRZHYHU��QR�UHDVRQ�ZK\�WKH�FRQGHQVDWH�PXVW�FRQVLVW�RI� MXVW�D�VLQJOH�YHUWH[��,W�FRXOG�LQ

SULQFLSOH�FRQVLVW�RI�PRUH� WKDQ�RQH�� ,W�FRXOG�HYHQ�FRQVLVW�QRW�RI�D� IL[HG�QXPEHU�RI�YHUWLFHV�EXW�RI�D
JURZLQJ�QXPEHU�SURYLGHG�WKH�QXPEHU�JURZV�VORZHU�WKDQ�OLQHDUO\�ZLWK�WKH�VL]H�RI�WKH�QHWZRUN��VR�WKDW
DJDLQ�WKH�FRQGHQVDWH�PDNHV�QR�FRQWULEXWLRQ�WR�WKH�GHJUHH�GLVWULEXWLRQ�SN�LQ�WKH�OLPLW�RI�ODUJH�Q��,Q�WKH
ODWWHU� FDVH�� WKH� VXSHUKXEV� WKDW�PDNH� XS� WKH� FRQGHQVDWH�ZRXOG� KDYH� GHJUHHV� WKDW� WKHPVHOYHV� VFDOHG
VXEOLQHDUO\�ZLWK�V\VWHP�VL]H��EXW�ZRXOG�VWLOO�EHFRPH�DUELWUDULO\� ODUJH�DV�Q�ĺ����7R�WKH�EHVW�RI� WKH
DXWKRU¶V�NQRZOHGJH��LW�LV�QRW�NQRZQ�KRZ�WR�SUHGLFW�ZKLFK�RI�WKHVH�EHKDYLRUV�ZLOO�KDSSHQ�IRU�D�JLYHQ
FKRLFH� RI�ȡ�Ș��� ,QGHHG�� DQ� H[DFW�SUHGLFWLRQ�PD\�QRW� HYHQ�EH�SRVVLEOH�� FRPSXWHU� VLPXODWLRQV�RI� WKH
PRGHO�DSSHDU�WR�LQGLFDWH�WKDW�WKH�H[DFW�QDWXUH�RI�WKH�FRQGHQVDWH²KRZ�PDQ\�YHUWLFHV�LW�FRQWDLQV�DQG
KRZ� WKHLU� GHJUHHV� JURZ� ZLWK� V\VWHP� VL]H²LV� QRW� GHWHUPLQLVWLF� EXW� GHSHQGV� RQ� WKH� GHWDLOV� RI



IOXFWXDWLRQV� WDNLQJ� SODFH� LQ� WKH� HDUO\� JURZWK� RI� WKH� QHWZRUN�� ,I� RQH� SHUIRUPV� UHSHDWHG� FRPSXWHU
VLPXODWLRQV�ZLWK� WKH� VDPH� FKRLFH� RI�ȡ�Ș��� WKH�PDFURVFRSLF�EHKDYLRU�RI� WKH�FRQGHQVDWH�YDULHV� IURP
RQH�UXQ�RI�WKH�SURJUDP�WR�DQRWKHU����
:H�KDYH�DOVR�DVVXPHG�LQ�RXU�GLVFXVVLRQ�WKDW�WKH�GLVWULEXWLRQ�RI�WKH�ILWQHVV�LV�ERXQGHG��WKDW�WKHUH�LV

D�PD[LPXP�YDOXH�Ș��WKDW�WKH�ILWQHVV�FDQ�WDNH��:KDW�KDSSHQV�LI�WKLV�DVVXPSWLRQ�LV�YLRODWHG"�,Q�WKLV�FDVH
WKHUH�ZLOO�RI�FRXUVH�VWLOO�EH�D�ILWWHVW�YHUWH[�LQ�WKH�QHWZRUN�DQG�WKH�QHWZRUN�FDQQRW�³WHOO´�ZKHWKHU�WKH
ILWQHVV�GLVWULEXWLRQ� LV�ERXQGHG�DERYH� WKDW�SRLQW�RU� H[WHQGV� WR�Ș� ����DQG�KHQFH� WKH�EHKDYLRU�RI� WKH
PRGHO�ZLOO�EH�WKH�HVVHQWLDOO\�WKH�VDPH�DV�LQ�WKH�ERXQGHG�FDVH��7KH�PDLQ�GLIIHUHQFH�IURP�WKH�ERXQGHG
FDVH�LV�WKDW�WKH�YDOXH�RI�WKH�KLJKHVW�ILWQHVV�PD\�FKDQJH�IURP�WLPH�WR�WLPH��ZKLFK�DOVR�FKDQJHV�WKH�YDOXH
RI�ȝ� YLD�(T�� ����������+RZHYHU�� WKH�FKDQJHV� LQ� WKH�KLJKHVW� ILWQHVV�EHFRPH� UDUHU� DQG� UDUHU� DV� WLPH
JRHV�E\����VR�WKDW�DV\PSWRWLFDOO\�WKH�EHKDYLRU�RI�WKH�V\VWHP�LV�WKH�VDPH�LQ�WKH�ERXQGHG�DQG�XQERXQGHG
FDVHV�IRU�DUELWUDULO\�ORQJ�SHULRGV�RI�WLPH�
�
�
0DQ\� RWKHU� H[WHQVLRQV� DQG� YDULDWLRQV� RI� SUHIHUHQWLDO� DWWDFKPHQW� PRGHOV� KDYH� EHHQ� VWXGLHG� LQ

DGGLWLRQ�WR�WKH�RQHV�GHVFULEHG�LQ�WKLV�FKDSWHU��,I�\RX¶UH�LQWHUHVWHG�LQ�OHDUQLQJ�PRUH��WKHUH�DUH�D�QXPEHU
RI�UHYLHZ�DUWLFOHV�WKDW�JR�LQWR�WKH�VXEMHFW�LQ�VRPH�GHWDLO²VHH�5HIV��>��@��>��@��DQG�>��@��7KH�UHVW�RI
WKLV�FKDSWHU�LV�GHYRWHG�WR�WKH�GLVFXVVLRQ�RI�RWKHU�PRGHOV�RI�QHWZRUN�IRUPDWLRQ�DQG�JURZWK�WKDW�GRQ¶W
UHO\�RQ�SUHIHUHQWLDO�DWWDFKPHQW�
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3UHIHUHQWLDO� DWWDFKPHQW�PRGHOV� RIIHU� D� SODXVLEOH�� LI� VLPSOLILHG�� H[SODQDWLRQ� IRU� SRZHU�ODZ� GHJUHH
GLVWULEXWLRQV�LQ�QHWZRUNV�VXFK�DV�FLWDWLRQ�QHWZRUNV�DQG�WKH�:RUOG�:LGH�:HE��3UHIHUHQWLDO�DWWDFKPHQW�
KRZHYHU�� LV� E\� QR� PHDQV� WKH� RQO\� PHFKDQLVP� E\� ZKLFK� D� QHWZRUN� FDQ� JURZ�� QRU� HYHQ� WKH� RQO\
PHFKDQLVP�NQRZQ�WR�JHQHUDWH�SRZHU�ODZV��,Q�WKH�UHPDLQGHU�RI�WKLV�FKDSWHU�ZH�ORRN�DW�D�QXPEHU�RI
RWKHU� PRGHOV� DQG� PHFKDQLVPV� IRU� WKH� IRUPDWLRQ� RI� QHWZRUNV�� VWDUWLQJ� LQ� WKLV� VHFWLRQ� ZLWK� PRGHOV
EDVHG�RQ�YHUWH[�FRS\LQJ�
,Q� 6HFWLRQ� ����� ZH� LQWURGXFHG� WKH� SUHIHUHQWLDO� DWWDFKPHQW� PHFKDQLVP� DQG� VXJJHVWHG� D� SRVVLEOH

H[SODQDWLRQ�RI�LWV�RULJLQ�LQ�FLWDWLRQ�QHWZRUNV��WKDW�D�UHDGHU�SHUXVLQJ�WKH�OLWHUDWXUH�LQ�D�JLYHQ�DFDGHPLF
ILHOG�ZRXOG�HQFRXQWHU�FLWDWLRQV�WR�IUHTXHQWO\�FLWHG�SDSHUV�PRUH�RIWHQ�WKDQ�FLWDWLRQV�WR�OHVV�FLWHG�RQHV�
DQG� KHQFH�ZRXOG� EH�PRUH� OLNHO\� WR� FLWH� WKRVH� IUHTXHQWO\� FLWHG� SDSHUV� WKHPVHOYHV��$QRWKHU�ZD\� RI
VD\LQJ�WKLV�LV�WKDW��LQ�HIIHFW��UHVHDUFKHUV�DUH�FRS\LQJ�FLWDWLRQV�IURP�WKH�ELEOLRJUDSKLHV�RI�SDSHUV�WKH\
UHDG����
.OHLQEHUJ�HW�DO�� >���@�KDYH�SURSRVHG�DQ�DOWHUQDWLYH�PHFKDQLVP�IRU�QHWZRUN� IRUPDWLRQ� WKDW� WDNHV

WKLV�LGHD�RQH�VWHS�IXUWKHU��:KDW�LI�SHRSOH�VLPSO\�FRSLHG�WKH�HQWLUH�ELEOLRJUDSK\�RI�D�VLQJOH�SDSHU�WR
FUHDWH�WKH�QHZ�ELEOLRJUDSK\�RI�WKHLU�RZQ�SDSHU"�7KLV�ZRXOG�WKHQ�FUHDWH�D�QHZ�YHUWH[�LQ�WKH�QHWZRUN
ZLWK�WKH�VDPH�SDWWHUQ�RI�RXWJRLQJ�HGJHV�DV�WKH�YHUWH[�WKH\�FRSLHG�IURP�
$V� ZH� ZLOO� VHH�� WKLV� SURFHVV�� ZLWK� VOLJKW� PRGLILFDWLRQV�� FDQ� JLYH� ULVH� WR� D� SRZHU�ODZ� GHJUHH

GLVWULEXWLRQ��)LUVW��KRZHYHU��ZH�QRWH�WKDW�WKH�SURFHVV�DV�VWDWHG�KDV�VRPH�SUREOHPV��7R�EHJLQ�ZLWK��LW¶V
FOHDUO\� UDWKHU� IDU�IHWFKHG��$XWKRUV� RI� SDSHUV� GR� WDNH� QRWH� RI� ZKR� RWKHU� DXWKRUV� KDYH� FLWHG�� EXW� LW
VHHPV� XQOLNHO\� WKDW� DQ� DXWKRU� ZRXOG� FRS\� WKH� HQWLUH� ELEOLRJUDSK\� IURP� VRPHRQH� HOVH¶V� SDSHU�
0RUHRYHU�� LI�WKH\�GLG�MXVW�FRS\�WKH�HQWLUH�ELEOLRJUDSK\�WKHQ�SUHYLRXVO\�FLWHG�SDSHUV�ZRXOG�JHW�QHZ
FLWDWLRQV�DV�D�UHVXOW��EXW�WKHUH�ZRXOG�EH�QR�ZD\�IRU�SDSHUV�WR�UHFHLYH�FLWDWLRQV�LI�WKH\�KDG�QHYHU�EHHQ
FLWHG�EHIRUH�
%RWK�RI�WKHVH�SUREOHPV�FDQ�EH�VROYHG�E\�FKDQJLQJ�WKH�PRGHO�D�OLWWOH��,QVWHDG�RI�DVVXPLQJ�WKDW�WKH

ELEOLRJUDSK\� RI� WKH� QHZ� SDSHU� LV� FRSLHG�ZKROHVDOH� IURP� WKH� ELEOLRJUDSK\� RI� DQ� ROGHU� RQH�� OHW� XV
DVVXPH�WKDW�RQO\�VRPH�IUDFWLRQ�RI�WKH�HQWULHV�LQ�WKH�ROG�ELEOLRJUDSK\�DUH�FRSLHG��7KHQ�WKH�UHPDLQGHU
RI� WKH�QHZ�ELEOLRJUDSK\� LV� ILOOHG�RXW�ZLWK� UHIHUHQFHV� WR�RWKHU�SDSHUV��7KHVH�RWKHU�SDSHUV�FRXOG�EH
VHOHFWHG�LQ�D�YDULHW\�RI�ZD\��EXW�D�VLPSOH�FKRLFH�ZRXOG�EH�WR�VHOHFW�WKHP�XQLIRUPO\�DW�UDQGRP�IURP
WKH�HQWLUH�QHWZRUN�
7KHVH� PRGLILFDWLRQV� LQVXUH� WKDW� ELEOLRJUDSKLHV� DUH� QRZ� QR� ORQJHU� FRSLHG� LQ� WKHLU� HQWLUHW\� DQG

SDSHUV�ZLWK�QR�SUHYLRXV�FLWDWLRQV�KDYH�D�FKDQFH�RI�EHLQJ�FLWHG��7KH�PRGHO� LV��KRZHYHU�� VWLOO�QRW�D
YHU\� SODXVLEOH� PRGHO� RI� D� UHDO� FLWDWLRQ� QHWZRUN�� %XW�� OLNH� 3ULFH¶V� SUHIHUHQWLDO� DWWDFKPHQW� PRGHO
�ZKLFK� LV� DOVR� QRW� YHU\� UHDOLVWLF��� LW� FDQ� EH� UHJDUGHG� DV� D� VLPSOLILHG� DQG� WUDFWDEOH� YHUVLRQ� RI� WKH
YHUWH[� FRS\LQJ� PHFKDQLVP� WKDW� DOORZV� XV� WR� LQYHVWLJDWH� TXDQWLWDWLYHO\� WKH� FRQVHTXHQFHV� RI� WKDW
PHFKDQLVP�����7KH�SUHFLVH�GHILQLWLRQ�RI�WKH�PRGHO�LV�DV�IROORZV�
/HW�XV�VXSSRVH�IRU�VLPSOLFLW\�WKDW�HDFK�QHZ�YHUWH[�DGGHG�WR�RXU�QHWZRUN�KDV�WKH�VDPH�RXW�GHJUHH�F�

,Q�WKH�ODQJXDJH�RI�FLWDWLRQV��WKH�ELEOLRJUDSKLHV�DUH�DOO�WKH�VDPH�VL]H��)RU�HDFK�YHUWH[�DGGHG�ZH�FKRRVH
XQLIRUPO\�DW�UDQGRP�D�SUHYLRXV�YHUWH[�DQG�JR�RQH�E\�RQH�WKURXJK�WKH�F�HQWULHV�LQ�WKH�ELEOLRJUDSK\�RI
WKDW� SUHYLRXV� YHUWH[�� )RU� HDFK� HQWU\� ZH� HLWKHU� �D�� ZLWK� SUREDELOLW\�Ȗ� �� �� FRS\� WKDW� HQWU\� WR� WKH
ELEOLRJUDSK\�RI�WKH�QHZ�YHUWH[�RU��E��ZLWK�SUREDELOLW\���í�Ȗ�DGG�WR�WKH�ELEOLRJUDSK\�RI�WKH�QHZ�YHUWH[



D�FLWDWLRQ�WR�DQRWKHU�YHUWH[�FKRVHQ�XQLIRUPO\�DW�UDQGRP�IURP�WKH�HQWLUH�QHWZRUN��7KH�HQG�UHVXOW�LV�D
ELEOLRJUDSK\�IRU�WKH�QHZ�YHUWH[�LQ�ZKLFK��RQ�DYHUDJH��ȖF�RI�WKH�HQWULHV�DUH�FRSLHG�IURP�WKH�ROG�YHUWH[
DQG�WKH�UHPDLQGHU�DUH�FKRVHQ�DW�UDQGRP��,Q�HIIHFW��ZH�KDYH�PDGH�DQ�LPSHUIHFW�FRS\�RI�WKH�ROG�YHUWH[
LQ�ZKLFK�WKH�GHVWLQDWLRQV�RI�VRPH�IUDFWLRQ�RI�WKH�RXWJRLQJ�HGJHV�KDYH�EHHQ�UDQGRPO\�UHDVVLJQHG�
:H�DOVR�QHHG�WR�VSHFLI\�WKH�VWDUWLQJ�VWDWH�RI�WKH�QHWZRUN��EXW��DV�ZLWK�RXU�SUHIHUHQWLDO�DWWDFKPHQW

PRGHOV�� LW� WXUQV� RXW� WKDW� WKH� DV\PSWRWLF� SURSHUWLHV� RI� WKH� QHWZRUN� GR� QRW� GHSHQG� RQ� WKH� VWDWH� ZH
FKRRVH��7KXV� WKH�FKRLFH� LV�QRW�SDUWLFXODUO\� LPSRUWDQW��EXW�ZH�FRXOG�� IRU� LQVWDQFH�� VSHFLI\�D� VWDUWLQJ
QHWZRUN�FRQVLVWLQJ�RI�VRPH�QXPEHU�Q��!�F�YHUWLFHV�LQ�ZKLFK�HDFK�SRLQWV�UDQGRPO\�WR�F�RI�WKH�RWKHUV�
:H�FDQ�VROYH�IRU�WKH�GHJUHH�GLVWULEXWLRQ�RI�WKH�QHWZRUN�JHQHUDWHG�E\�WKLV�PRGHO�DV�IROORZV��/HW�XV

DVN�ZKDW� WKH�SUREDELOLW\� LV� WKDW� YHUWH[�L� UHFHLYHV�D�QHZ� LQFRPLQJ�HGJH�XSRQ� WKH�DGGLWLRQ�RI�D�QHZ
YHUWH[�WR�RXU�QHWZRUN��)RU�L�WR�UHFHLYH�D�QHZ�HGJH��RQH�RI�WZR�WKLQJV�KDV�WR�KDSSHQ��(LWKHU�WKH�QHZO\
DGGHG�YHUWH[�KDSSHQV�WR�FRS\�FRQQHFWLRQV�IURP�D�YHUWH[�WKDW�DOUHDG\�SRLQWV�WR�YHUWH[�L��LQ�ZKLFK�FDVH
ZLWK�SUREDELOLW\�Ȗ�WKH�FRQQHFWLRQ�WR�L�ZLOO�LWVHOI�JHW�FRSLHG��RU�L�FRXOG�EH�RQH�RI�WKH�YHUWLFHV�FKRVHQ�DW
UDQGRP�WR�UHFHLYH�D�QHZ�HGJH��/HW�XV�WUHDW�WKHVH�WZR�SURFHVVHV�VHSDUDWHO\�
6XSSRVH�WKDW�D�SDUWLFXODU�H[LVWLQJ�YHUWH[�KDSSHQV�WR�KDYH�D�OLQN�WR�RXU�YHUWH[�L��7KH�SUREDELOLW\�WKDW

D�QHZO\�DGGHG�YHUWH[�ZLOO�FKRRVH�WR�FRS\�LWV�RZQ�OLQNV�IURP�WKLV�H[LVWLQJ�YHUWH[�LV�VLPSO\���Q��VLQFH
WKH� VRXUFH� IRU� WKH� FRSLHV� LV� FKRVHQ�XQLIRUPO\�DW� UDQGRP� IURP� WKH�ZKROH�QHWZRUN��7KXV� LI�L� KDV� LQ�
GHJUHH�TL��WKH�FKDQFH�WKDW�DQ\�RQH�RI�WKH�TL�YHUWLFHV�WKDW�SRLQW�WR�LW�JHWV�FKRVHQ�LV�TL��Q��$QG�WKH�FKDQFH
WKDW�WKH�OLQN�IURP�WKDW�YHUWH[�WR�L�JHWV�FRSLHG�LV�Ȗ��IRU�D�WRWDO�SUREDELOLW\�RI�ȖTL��Q�
7KH�DYHUDJH�QXPEHU�RI� UDQGRP� OLQNV� WKDW� D�QHZO\�DGGHG�YHUWH[�PDNHV²RQHV�QRW� FRSLHG� IURP�D

SUHYLRXV�YHUWH[²LV���í�Ȗ� IRU�HDFK�RI� LWV�F�RXWJRLQJ�HGJHV��RU� ���í�Ȗ�F�RYHUDOO��$QG� WKH�SUREDELOLW\
WKDW�RXU�YHUWH[�L�KDSSHQV�WR�EH�WKH�WDUJHW�RI�RQH�RI�WKHVH�UDQGRP�OLQNV�LV���Q��IRU�DQ�RYHUDOO�SUREDELOLW\
RI���²Ȗ�F�Q�
3XWWLQJ�HYHU\WKLQJ�WRJHWKHU��WKH�WRWDO�SUREDELOLW\�WKDW�YHUWH[�L�JHWV�D�QHZ�OLQN�LV
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'HILQLQJ�ST�Q�� DV� EHIRUH� WR� EH� WKH� IUDFWLRQ� RI� YHUWLFHV� ZLWK� LQ�GHJUHH�T� ZKHQ� WKH� QHWZRUN� KDV�Q
YHUWLFHV��WKH�WRWDO�H[SHFWHG�QXPEHU�RI�YHUWLFHV�RI�LQ�GHJUHH�T�UHFHLYLQJ�D�QHZ�HGJH�LV
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%XW�QRZ�ZH�QRWLFH�D�UHPDUNDEOH�IDFW��,I�ZH�GHILQH�D�QHZ�FRQVWDQW�D�E\
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DQG�(T�����������EHFRPHV
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ZKLFK�LV�H[DFWO\�WKH�VDPH�DV�WKH�SUREDELOLW\��������IRU�WKH�HTXLYDOHQW�TXDQWLW\�LQ�3ULFH¶V�PRGHO�
:H�FDQ�QRZ�XVH�WKLV�SUREDELOLW\�WR�ZULWH�GRZQ�D�PDVWHU�HTXDWLRQ�IRU�WKH�HYROXWLRQ�RI�WKH�GHJUHH

GLVWULEXWLRQ�ST��ZKLFK�ZLOO�EH�SUHFLVHO\�WKH�VDPH�DV�WKH�PDVWHU�HTXDWLRQ��������IRU�3ULFH¶V�PRGHO�DQG
DOO�VXEVHTXHQW�GHYHORSPHQWV�IROORZ�WKURXJK�MXVW�DV�LQ�6HFWLRQ�������7KH�HQG�UHVXOW�LV�WKDW�RXU�YHUWH[
FRS\LQJ�PRGHO�EHKDYHV�SUHFLVHO\� DV� WKH�3ULFH�PRGHO�GRHV�� EXW�ZLWK� D�YDOXH�RI�D� VSHFLILHG�QRZ� LQ
WHUPV� RI� WKH� SDUDPHWHU�Ȗ�E\�(T�� ����������7KXV�� IRU�H[DPSOH�� WKH�GHJUHH�GLVWULEXWLRQ� LQ� WKH� OLPLW�RI
ODUJH�Q�ZLOO� REH\�(T�� �������� DQG�KHQFH�ZLOO� DV\PSWRWLFDOO\� IROORZ�D�SRZHU� ODZ�ZLWK� H[SRQHQW�Į
JLYHQ�E\�(T����������WR�EH
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7KLV�JLYHV�H[SRQHQWV�LQ�WKH�UDQJH�IURP���WR����ZLWK�WKH�YDOXH�GHSHQGLQJ�RQ�KRZ�IDLWKIXOO\�YHUWLFHV
DUH�FRSLHG��)DLWKIXO�FRSLHV��Ȗ�FORVH� WR�RQH��JLYH�H[SRQHQWV�FORVH� WR� WZR��ZKLOH�VORSS\�FRSLHV�JLYH
H[SRQHQWV�WKDW�FDQ�EH�DUELWUDULO\�ODUJH��2WKHU�SURSHUWLHV�RI�3ULFH¶V�PRGHO�FDUU\�RYHU�DV�ZHOO��VXFK�DV
WKH�GLVWULEXWLRQ�RI�LQ�GHJUHH�DV�D�IXQFWLRQ�RI�DJH�JLYHQ�LQ�(T����������
7KLV� LV�QRW� WR�VD\��KRZHYHU�� WKDW�YHUWH[�FRS\LQJ�JHQHUDWHV�QHWZRUNV� LGHQWLFDO� LQ�HYHU\�UHVSHFW� WR

SUHIHUHQWLDO�DWWDFKPHQW��:LWK�YHUWH[�FRS\LQJ�� IRU�LQVWDQFH��PDQ\�RI� WKH� OLQNV�WKDW�D�QHZO\�DSSHDULQJ
YHUWH[�PDNHV�DUH�W\SLFDOO\�FRSLHG�IURP�WKH�VDPH�RWKHU�YHUWH[�DQG�KHQFH�PRVW�YHUWLFHV�LQ�WKH�QHWZRUN
ZLOO�KDYH�FRQQHFWLRQV�WKDW�DUH�VLPLODU�WR�WKRVH�RI�DW�OHDVW�RQH�RWKHU�YHUWH[��,Q�SUHIHUHQWLDO�DWWDFKPHQW
PRGHOV��RQ�WKH�RWKHU�KDQG��WKHUH�LV�QR�VXFK�FRUUHODWLRQ�EHWZHHQ�WKH�FRQQHFWLRQV�RI�GLIIHUHQW�YHUWLFHV²
HDFK� OLQN� LV� FKRVHQ� LQGHSHQGHQWO\� IURP� WKH� DYDLODEOH� SRVVLELOLWLHV� DW� WKH� WLPH� LW� LV� FUHDWHG� DQG�QRW
FRSLHG� IURP� DQ\ZKHUH� HOVH�� 7KH� WZR� QHWZRUNV� WKHUHIRUH�� ZKLOH� WKH\� PD\� KDYH� WKH� VDPH� GHJUHH
GLVWULEXWLRQ��DUH�GLIIHUHQW�LQ�WKH�GHWDLOV�RI�WKHLU�VWUXFWXUH�
,Q� DGGLWLRQ� WR� EHLQJ� LQWHUHVWLQJ� LQ� LWV� RZQ� ULJKW�� WKH� YHUWH[� FRS\LQJ� PRGHO� VHUYHV� DV� D� XVHIXO

FDXWLRQDU\� WDOH� FRQFHUQLQJ� WKH� PHFKDQLVPV� RI� QHWZRUN� IRUPDWLRQ�� :H� KDYH� VHHQ� WKDW� PDQ\� UHDO
QHWZRUNV� KDYH� GHJUHH� GLVWULEXWLRQV� WKDW� IROORZ� D� SRZHU� ODZ�� DW� OHDVW� DSSUR[LPDWHO\�� DQG� WKDW
SUHIHUHQWLDO� DWWDFKPHQW�PRGHOV� FDQ� JHQHUDWH� VXFK� GHJUHH�GLVWULEXWLRQV��$�QDWXUDO� FRQFOXVLRQ� LV� WKDW
UHDO�QHWZRUNV�DUH� WKH�SURGXFW�RI�SUHIHUHQWLDO�DWWDFKPHQW�SURFHVVHV��DQG�WKLV�PD\�LQGHHG�EH�FRUUHFW�
:H�VKRXOG�EH�FDUHIXO��KRZHYHU��QRW� WR� MXPS� LPPHGLDWHO\� WR�FRQFOXVLRQV�EHFDXVH��DV�ZH�KDYH�QRZ
VHHQ�� WKHUH�H[LVWV�DW� OHDVW�RQH�RWKHU�PHFKDQLVP²YHUWH[�FRS\LQJ²WKDW�SURGXFHV�SUHFLVHO\� WKH�VDPH
GHJUHH�GLVWULEXWLRQ��:LWKRXW�IXUWKHU�LQIRUPDWLRQ�ZH�KDYH�QR�ZD\�RI�WHOOLQJ�ZKLFK�RI�WKHVH�PHFKDQLVPV
LV�WKH�FRUUHFW�RQH��RU�ZKHWKHU�VRPH�RWKHU�WKLUG�PHFKDQLVP�WKDW�ZH�KDYH�QRW�\HW�WKRXJKW�RI�LV�DW�ZRUN�
2QH� FRXOG� LQ� SULQFLSOH� H[DPLQH� GHWDLOV� RI� WKH� VWUXFWXUH� RI� VSHFLILF� UHDO�ZRUOG� QHWZRUNV� LQ� DQ

DWWHPSW� WR� WHOO� ZKLFK�� LI� HLWKHU�� RI� RXU� WZR�PHFKDQLVPV� LV� WKH� EHWWHU�PRGHO� IRU� WKHLU� FUHDWLRQ�� )RU
LQVWDQFH��RQH�PLJKW�H[DPLQH�D�QHWZRUN�WR�VHH�LI�WKHUH�DSSHDU�WR�EH�SDLUV�RI�YHUWLFHV�ZKRVH�RXWJRLQJ
FRQQHFWLRQV�DUH�DSSUR[LPDWH�FRSLHV�RI�RQH�DQRWKHU��,Q�IDFW��LQ�UHDO�FLWDWLRQ�QHWZRUNV�LW�WXUQV�RXW�WKDW
WKHUH�DUH�PDQ\�VXFK�SDLUV��DQ�REVHUYDWLRQ�WKDW�DSSHDUV�WR�OHQG�ZHLJKW�WR�WKH�YHUWH[�FRS\LQJ�VFHQDULR�
+RZHYHU��ZH�PXVW�UHPHPEHU�WKDW�ERWK�RI�RXU�PRGHOV�DUH�PXFK�VLPSOLILHG�DQG�LW¶V�OLNHO\�WKDW�QHLWKHU
RI�WKHP�LV�DQ�DFFXUDWH�UHSUHVHQWDWLRQ�RI�WKH�ZD\�UHDO�QHWZRUNV�DUH�FUHDWHG��$�VLPSOH�H[SODQDWLRQ�IRU
YHUWLFHV�LQ�FLWDWLRQ�QHWZRUNV�ZLWK�VLPLODU�SDWWHUQV�RI�OLQNV�LV�WKDW�WKH\�FRUUHVSRQG�WR�SDSHUV�RQ�VLPLODU
WRSLFV�DQG�VR�WHQG�WR�FLWH�WKH�VDPH�OLWHUDWXUH��WKHUH�LV�QR�QHHG�WR�DVVXPH�WKDW�RQH�RI�WKHP�FRSLHG�IURP
WKH�RWKHU��$V�D�UHVXOW��LW�PD\�QRW�EH�SRVVLEOH�WR�GLVWLQJXLVK�ILUPO\�EHWZHHQ�SUHIHUHQWLDO�DWWDFKPHQW�DQG
YHUWH[�FRS\LQJ�LQ�PDQ\�FDVHV�

�



)LJXUH�������'LVWULEXWLRQ�RI�LQ�GHJUHHV�LQ�WKH�PHWDEROLF�QHWZRUNV�RI�YDULRXV�RUJDQLVPV�� -HRQJ�HW
DO�� >���@�H[DPLQHG� WKH�GHJUHH�GLVWULEXWLRQV�RI� WKH�NQRZQ�SRUWLRQV�RI� WKH�PHWDEROLF�QHWZRUNV�RI���
RUJDQLVPV��ILQGLQJ�VRPH�RI�WKHP�WR�IROORZ�SRZHU�ODZV��DW�OHDVW�DSSUR[LPDWHO\��6KRZ�KHUH�DUH�WKH�LQ�
GHJUHH� GLVWULEXWLRQV� IRU� �D�� WKH� DUFKDHRQ�$�� IXOJLGXV�� �E�� WKH� EDFWHULXP�(�� FROL�� �F�� WKH� ZRUP�&�
HOHJDQV��D�HXNDU\RWH���DQG��G��WKH�DJJUHJDWHG�LQ�GHJUHH�GLVWULEXWLRQ�IRU�DOO����RUJDQLVPV��$IWHU�-HRQJ
HW�DO��>���@�
�
�
7KHUH� DUH�� KRZHYHU�� VRPH� FDVHV� ZKHUH� SUHIHUHQWLDO� DWWDFKPHQW� DSSHDUV� WR� EH� DQ� LPSODXVLEOH

FDQGLGDWH�WR�H[SODLQ�WKH�VWUXFWXUH�RI�D�QHWZRUN��DQG�LQ�VRPH�RI�WKHVH�FDVHV�YHUWH[�FRS\LQJ�LV�WKH�PRVW
SURPLVLQJ�UHPDLQLQJ�RSWLRQ��$�JRRG�H[DPSOH�FRPHV�IURP�WKH�UHDOP�RI�ELRORJ\��ZKHUH�YHUWH[�FRS\LQJ
LV� FRQVLGHUHG� D� VWURQJ� FDQGLGDWH� IRU� H[SODLQLQJ� WKH� VWUXFWXUH� RI� PHWDEROLF� QHWZRUNV� DQG� SURWHLQ�
SURWHLQ�LQWHUDFWLRQ�QHWZRUNV��$V�GLVFXVVHG�LQ�&KDSWHU����WKHVH�DUH�QHWZRUNV�RI�FKHPLFDO�DQG�SK\VLFDO
LQWHUDFWLRQV�EHWZHHQ�PROHFXOHV�LQ�WKH�FHOO�DQG��DOWKRXJK�RXU�NQRZOHGJH�RI�WKHLU�VWUXFWXUH�LV�FXUUHQWO\
TXLWH� LQFRPSOHWH�� WKHUH� LV� DW� OHDVW� WHQWDWLYH� HYLGHQFH� WR� VXJJHVW� WKDW� WKH\� KDYH� SRZHU�ODZ� GHJUHH
GLVWULEXWLRQV²VHH�)LJ�������DQG�5HIV��>���@�DQG�>���@��,W�VHHPV�XQOLNHO\��KRZHYHU��WKDW�SUHIHUHQWLDO
DWWDFKPHQW� LV� WKH�FDXVH�RI� WKHVH�SRZHU� ODZV�� WKHUH� LV�QR�REYLRXV�PHFKDQLVP�E\�ZKLFK�SUHIHUHQWLDO
DWWDFKPHQW�FRXOG�WDNH�SODFH�LQ� WKLV�FRQWH[W��9HUWH[�FRS\LQJ��RQ�WKH�RWKHU�KDQG��PD\�EH�D�UHDVRQDEOH
FDQGLGDWH�
&RQVLGHU�IRU�H[DPSOH�D�SURWHLQ�LQWHUDFWLRQ�QHWZRUN��$V�GHVFULEHG�LQ�6HFWLRQ��������SURWHLQV�LQ�WKH

FHOO�DUH�FUHDWHG�E\�WKH�SURFHVVHV�RI�PROHFXODU�WUDQVFULSWLRQ�DQG�WUDQVODWLRQ�IURP�FRGHV�VWRUHG�LQ�WKH
FHOO¶V�'1$��7KH�VHFWLRQ�RI�FRGH� WKDW�GHILQHV�D� VLQJOH�SURWHLQ� LV� FDOOHG�D�JHQH�DQG� LW� WXUQV�RXW� WKDW
JHQHV�DUH�VRPHWLPHV�LQDGYHUWHQWO\�FRSLHG�ZKHQ�FHOOV�UHSURGXFH�
:KHQ�D�FHOO�VSOLWV�LQ�WZR�WR�UHSURGXFH��LWV�'1$�LV�FRSLHG�VR�WKDW�HDFK�KDOI�RI�WKH�VSOLW�FHOO�ZLOO

KDYH�D�FRPSOHWH�FRS\��7KH�FHOOXODU�PDFKLQHU\�UHVSRQVLEOH�IRU�WKH�FRS\LQJ�LV�KLJKO\�UHOLDEOH��EXW�QRW
SHUIHFW��9HU\�RFFDVLRQDOO\��D�VHFWLRQ�RI�'1$�ZLOO�EH�FRSLHG�WZLFH��JLYLQJ�ULVH�WR�D�UHSHDWHG�VHFWLRQ�
ZKLFK�FDQ�PHDQ�WKDW�WKH�QHZ�FHOO�KDV�WZR�FRSLHV�RI�D�FHUWDLQ�JHQH�RU�JHQHV�ZKHUH�WKH�ROG�FHOO�KDG
RQO\�RQH��0DQ\�H[DPSOHV�RI�VXFK�UHSHDWHG�VHFWLRQV�DUH�NQRZQ�LQ�WKH�KXPDQ�JHQRPH�DQG�WKH�JHQRPHV
RI�RWKHU�DQLPDOV�DQG�SODQWV�
$QRWKHU� FRPPRQ� W\SH� RI� FRS\LQJ� HUURU� LV� WKH�SRLQW�PXWDWLRQ��ZKHUHE\� LQGLYLGXDO� QXFOHRWLGHV²

OHWWHUV� LQ� WKH� '1$� FRGH²DUH� FRSLHG� LQFRUUHFWO\�� 2YHU� WKH� FRXUVH� RI� PDQ\� FHOO� GLYLVLRQV�� SRLQW
PXWDWLRQV� FDQ� DFFXPXODWH�� DQG� DV� D� UHVXOW� WZR� LQLWLDOO\� LGHQWLFDO� YHUVLRQV� RI� WKH� VDPH� JHQH� FDQ
EHFRPH�QR�ORQJHU�LGHQWLFDO��ZLWK�VRPH�IUDFWLRQ�RI�WKHLU�EDVHV�FKDQJHG�WR�QHZ�DQG��URXJKO\�VSHDNLQJ�
UDQGRP�YDOXHV��7KHVH�SURFHVVHV�W\SLFDOO\�KDSSHQ�VORZO\�RYHU�WKH�FRXUVH�RI�HYROXWLRQDU\�WLPH��WDNLQJ
WKRXVDQGV� RU� HYHQ� PLOOLRQV� RI� \HDUV�� 7KH� HQG� UHVXOW�� KRZHYHU�� LV� WKDW� D� JHQH� LV� FRSLHG� DQG� WKHQ
PXWDWHG�WR�EH�VOLJKWO\�GLIIHUHQW�IURP�WKH�RULJLQDO�
$QG�WKHVH�SURFHVVHV�DUH�UHIOHFWHG�LQ�WKH�QHWZRUN�RI�SURWHLQ�LQWHUDFWLRQV��7\SLFDOO\�ERWK�FRSLHV�RI�D

GXSOLFDWHG�JHQH�LQ�D�JHQRPH�FDQ�JHQHUDWH�WKH�FRUUHVSRQGLQJ�SURWHLQ��WKH�VXEVHTXHQW�PXWDWLRQ�RI�RQH
RU�ERWK�FRSLHV�FDQ�UHVXOW� LQ�WKH� WZR�SURGXFLQJ�VLPLODU�EXW�VOLJKWO\�GLIIHUHQW�YHUVLRQV�RI� WKH�SURWHLQ�
GLIIHUHQW�HQRXJK�LQ�VRPH�FDVHV�WR�DOVR�KDYH�VOLJKWO\�GLIIHUHQW�VHWV�RI�LQWHUDFWLRQV�LQ�WKH�QHWZRUN��6RPH
LQWHUDFWLRQV�PD\�EH�FRPPRQ�WR�ERWK�SURWHLQV�EXW��MXVW�DV�LQ�RXU�YHUWH[�FRS\LQJ�PRGHO��VRPH�PD\�DOVR
EH�GLIIHUHQW�
7KLV�SLFWXUH�LV�PDGH�PRUH�SODXVLEOH�E\�WKH�IDFW�WKDW�FKDQJHV�LQ�JHQHV�DUH�QRW�SXUHO\�UDQGRP�EXW�DUH

VXEMHFW�WR�'DUZLQLDQ�VHOHFWLRQ�XQGHU�ZKLFK�VRPH�JHQH�PXWDWLRQV�DUH�PRUH�DGYDQWDJHRXV�WKDQ�RWKHUV�
$� FHOO�ZLWK� WZR� FRSLHV� RI� D� SDUWLFXODU� SURWHLQ�PD\� JDLQ� D� VHOHFWLYH� DGYDQWDJH� LI� WKRVH� FRSLHV� GR



VOLJKWO\�GLIIHUHQW�WKLQJV��UDWKHU�WKDQ�QHHGOHVVO\�GXSOLFDWLQJ�IXQFWLRQDOLW\�WKDW�D�VLQJOH�FRS\�DORQH�FRXOG
DFKLHYH��7KXV�LW�VHHPV�SRVVLEOH�WKDW�QDWXUH�PD\�DFWXDOO\�IDYRU�GXSOLFDWHG�SURWHLQV�WKDW�KDYH�VOLJKWO\
GLIIHUHQW�IXQFWLRQV�DQG�KHQFH�GLIIHUHQW�VHWV�RI�QHWZRUN�FRQQHFWLRQV��0RUHRYHU�DQ�H[DPLQDWLRQ�RI�WKH
GDWD�IRU�UHDO�ZRUOG�SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUNV�WXUQV�XS�PDQ\�H[DPSOHV�RI�SDLUV�RI�SURWHLQV
WKDW�DUH�VLPLODU�EXW�QRW�LGHQWLFDO�LQ�WKHLU�SDWWHUQV�RI�LQWHUDFWLRQV��DQG�JHQH�GXSOLFDWLRQ�LV�ZLGHO\��LI�QRW
XQLYHUVDOO\��EHOLHYHG�WR�EH�WKH�FDXVH�
6HYHUDO�PRGHOV� RI� YHUWH[� FRS\LQJ� DQG�PXWDWLRQ� LQ� ELRORJLFDO� QHWZRUNV� KDYH� EHHQ� SURSRVHG� DQG

VWXGLHG�� 7KH� PRGHO� SURSRVHG� E\� 6ROp�HW� DO�� >���@�� IRU� H[DPSOH�� LV� YHU\� VLPLODU� WR� WKH� PRGHO
GHVFULEHG�DERYH��WKH�PDLQ�GLIIHUHQFH�EHLQJ�WKDW�LW�LV�D�PRGHO�RI�DQ�XQGLUHFWHG�QHWZRUN�UDWKHU�WKDQ�D
GLUHFWHG� RQH��$QRWKHU� PRGHO�� SXW� IRUZDUG� E\� 9i]TXH]�HW� DO�� >���@�� LV� DOVR� VLPLODU� EXW� LQFOXGHV� D
PHFKDQLVP� ZKHUHE\� WKH� FRQQHFWLRQV� RI� WKH�FRSLHG� YHUWH[� FDQ� EH� FKDQJHG� DV� ZHOO� DV� WKRVH� RI� WKH
FRS\LQJ� YHUWH[�� $OWKRXJK� WKH� ODWWHU� PHFKDQLVP� ZRXOG� PDNH� OLWWOH� VHQVH� LQ� D� PRGHO� RI� D� FLWDWLRQ
QHWZRUN� �WKH� ELEOLRJUDSK\� RI� D� SDSHU� QHYHU� FKDQJHV� DIWHU� SXEOLFDWLRQ��� LW� LV� DSSURSULDWH� LQ� WKH
ELRORJLFDO�FRQWH[W��ZKHUH�DOO�JHQHV�DUH�SRWHQWLDOO\�PXWDWLQJ�DOO�WKH�WLPH�
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,Q�WKH�PRGHOV�ZH¶YH�ORRNHG�DW�VR�IDU�LQ�WKLV�FKDSWHU��QHWZRUN�VWUXFWXUH�LV�GHWHUPLQHG�E\�WKH�ZD\�LQ
ZKLFK�WKH�QHWZRUN�JURZV²KRZ�QHZO\�DGGHG�YHUWLFHV�FRQQHFW�WR�RWKHUV��ZKHUH�QHZO\�DGGHG�HGJHV
JHW�SODFHG��DQG�VR�IRUWK��)XUWKHUPRUH��WKH�VWUXFWXUH�RI�WKHVH�QHWZRUNV�LV�IRU�WKH�PRVW�SDUW�D�UHVXOW�RI�D
VXFFHVVLRQ�RI�UDQGRP�SURFHVVHV��RIWHQ�GHFHQWUDOL]HG�DQG�TXLWH�EOLQG�WR�WKH�ODUJH�VFDOH�VWUXFWXUH�WKH\
DUH�FUHDWLQJ�
$Q�DOWHUQDWLYH�QHWZRUN� IRUPDWLRQ�PHFKDQLVP�� LPSRUWDQW� LQ�FHUWDLQ� W\SHV�RI�QHWZRUN�� LV� VWUXFWXUDO

RSWLPL]DWLRQ�� ,Q�VRPH�FDVHV�� VXFK�DV� WUDQVSRUWDWLRQ�QHWZRUNV� �6HFWLRQ������RU�GLVWULEXWLRQ�QHWZRUNV
�6HFWLRQ�������D�QHWZRUN�KDV�EHHQ�VSHFLILFDOO\�GHVLJQHG�WR�DFKLHYH�D�SDUWLFXODU�JRDO�RU�JRDOV��VXFK�DV
WKH�GHOLYHU\�RI�PDLO�RU�SDFNDJHV�DURXQG�WKH�FRXQWU\�RU�WKH�WUDQVSRUWDWLRQ�RI�DLUOLQH�SDVVHQJHUV�WR�WKHLU
GHVWLQDWLRQV��DQG�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�FDQ�KHDYLO\�LQIOXHQFH�WKH�HIILFLHQF\�ZLWK�ZKLFK�WKDW�JRDO
LV� DFFRPSOLVKHG��1HWZRUNV� RI� DLUOLQH� URXWHV�� IRU� H[DPSOH�� DUH� W\SLFDOO\� EDVHG� RQ� D� KXE�DQG�VSRNH
DUUDQJHPHQW�ZLWK�D�VPDOO�QXPEHU�RI�EXV\�DLUSRUW�KXEV�DQG�D�ODUJH�QXPEHU�RI�PLQRU�GHVWLQDWLRQV�����
�3DFNDJH�GHOLYHU\�FRPSDQLHV�DOVR�XVH�D�VLPLODU�VFKHPH���7KH�UHDVRQ�LV�WKDW�LW�PDNHV�OLWWOH�VHQVH�WR�IO\
DLUSODQHV�GLUHFWO\�EHWZHHQ�PLQRU�GHVWLQDWLRQV²WKHUH�ZLOO�W\SLFDOO\�EH�YHU\�IHZ�SDVVHQJHUV�LQWHUHVWHG
LQ�WKH�VHUYLFH�DQG�WKH�SODQHV�ZLOO�EH�KDOI�HPSW\��%\�HQVXULQJ�WKDW�WKH�RQO\�IOLJKWV�LQ�DQG�RXW�RI�PLQRU
GHVWLQDWLRQV�DUH� WR�DQG� IURP�PDMRU�KXEV�� RQH�FRQFHQWUDWHV� WKH�SDVVHQJHUV�RQ� WKRVH� URXWHV�� HQVXULQJ
IXOOHU�SODQHV�ZKLOH�VWLOO�JLYLQJ�WKH�SDVVHQJHUV�D�UHDVRQDEO\�VKRUW�MRXUQH\�
,Q�RWKHU�ZRUGV��WKH�KXE�DQG�VSRNH�GHVLJQ�RI�WKH�DLUOLQH�QHWZRUNV�RSWLPL]HV�WKH�QHWZRUN��PDNLQJ�LW

PRUH�HIILFLHQW��DQG�KHQFH�PRUH�SURILWDEOH��IRU�WKH�DLUOLQH��,Q�VXFK�FDVHV��WKH�VWUXFWXUH�RI�WKH�QHWZRUN�LV
H[SODLQHG�QRW�E\�D�JURZWK�PHFKDQLVP�EXW�E\�WKH�IDFW�WKDW�WKH�QHWZRUN�KDV�EHHQ�GHVLJQHG�WR�RSWLPL]H
FHUWDLQ�FKDUDFWHULVWLFV��,Q�WKLV�VHFWLRQ�ZH�ORRN�EULHIO\�DW�VRPH�PRGHOV�RI�QHWZRUN�RSWLPL]DWLRQ�
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7KH�H[DPSOH�JLYHQ�DERYH�RI�DQ�DLUOLQH�QHWZRUN�LV�D�JRRG�SODFH�IRU�XV�WR�VWDUW��$LUOLQH�QHWZRUNV�DUH�
LQ�IDFW��KLJKO\�RSWLPL]HG��WKH�DLUOLQH�LQGXVWU\�RSHUDWHV�RQ�YHU\�VPDOO��VRPHWLPHV�HYHQ�QHJDWLYH��SURILW
PDUJLQV��DQG�RSWLPL]DWLRQ�RI�RSHUDWLRQV� WR� WULP�HYHQ�D� WLQ\�SHUFHQWDJH�RII� WKHLU�HQRUPRXV�FRVWV�FDQ
PDNH�D�VXEVWDQWLDO�GLIIHUHQFH� WR� WKH�ERWWRP�OLQH��$LUOLQHV�HPSOR\� ODUJH�VWDIIV�RI� UHVHDUFKHUV�ZKRVH
VROH� WDVN� LV� WR� ILQG� QHZ� ZD\V� WR� RSWLPL]H� DVSHFWV� RI� WKHLU� EXVLQHVV�� LQFOXGLQJ� SDUWLFXODUO\� WKHLU
QHWZRUN�RI�URXWHV��$W�WKH�VDPH�WLPH��DLUOLQHV�QHHG�WR�NHHS�WKHLU�FXVWRPHUV�KDSS\�LI�WKH\�DUH�WR�DYRLG
ORVLQJ�PDUNHW� VKDUH� WR� WKHLU� FRPSHWLWRUV��7KLV�PHDQV�� IRU� LQVWDQFH�� WKDW� WKH\�QHHG� WR�SURYLGH� VKRUW�
TXLFN�URXWHV�EHWZHHQ�DV�PDQ\�SDLUV�RI�GHVWLQDWLRQV�DV�SRVVLEOH²WUDYHOHUV�DUH�VWURQJO\�DYHUVH�WR�ORQJ
MRXUQH\V�WKDW�ZHDU�WKHP�RXW�RU�ZDVWH�WKHLU�WLPH��7KH�WZLQ�JRDOV�RI�FRVW�HIILFLHQW�RSHUDWLRQ�DQG�VKRUW
URXWHV�DUH�WR�VRPH�H[WHQW�DW�RGGV�ZLWK�RQH�DQRWKHU��7KH�TXLFNHVW�ZD\�WR�JHW�SDVVHQJHUV�IURP�DQ\�SODFH
WR� DQ\� RWKHU�� IRU� H[DPSOH�� ZRXOG� EH� WR� IO\� VHSDUDWH� SODQHV� EHWZHHQ� HYHU\� SDLU� RI� DLUSRUWV� LQ� WKH
FRXQWU\�� EXW� WKLV�ZRXOG� EH� LPPHQVHO\� FRVWO\�� 7KH� REVHUYHG� VWUXFWXUH� RI� UHDO� DLUOLQH� QHWZRUNV� LV� D
FRPSURPLVH�UHVSRQVH�WR�WKH�FRQIOLFWLQJ�QHHGV�RI�WKH�FRPSDQ\�DQG�LWV�SDVVHQJHUV�
7KH�RSWLPL]DWLRQ�SUREOHPV�IDFHG�E\�UHDO�DLUOLQHV�DUH��LQHYLWDEO\��KXJHO\�FRPSOH[��LQYROYLQJ�DV�WKH\

GR�RUJDQL]DWLRQV�ZLWK� WKRXVDQGV�RI�HPSOR\HHV��ELOOLRQV�RI�GROODUV�ZRUWK�RI�PDWHULDO� UHVRXUFHV��DQG
UDSLGO\�FKDQJLQJ�SDUDPHWHUV�VXFK�DV�IXHO�FRVWV��FRQVXPHU�GHPDQG��DQG�WKH�QDWXUH�RI�WKH�FRPSHWLWLRQ�
1RQHWKHOHVV�� WKHUH� LV� LQVLJKW� WR� EH� JDLQHG� E\� FUHDWLQJ� DQG� VWXG\LQJ� VLPSOLILHG� PRGHOV� RI� WKH
RSWLPL]DWLRQ�SURFHVV�LQ�WKH�VDPH�ZD\�WKDW�VLPSOH�PRGHOV�RI��IRU�H[DPSOH��FLWDWLRQ�QHWZRUNV�FDQ�JUDQW
XV�LQVLJKW�GHVSLWH�WKH�PDQ\�IHDWXUHV�RI�UHDO�FLWDWLRQ�SURFHVVHV�WKDW�WKH\�RPLW�
2QH�RI�WKH�VLPSOHVW�PRGHOV�RI�QHWZRUN�RSWLPL]DWLRQ�LV�WKDW�SURSRVHG�E\�)HUUHU�L�&DQFKR�DQG�6ROp

>���@��ZKLFK�EDODQFHV� WZR�HOHPHQWV�RI�H[DFWO\�WKH�W\SHV�GLVFXVVHG�DERYH��,Q� WKLV�PRGHO� WKH�FRVW�RI
PDLQWDLQLQJ�DQG�RSHUDWLQJ�WKH�QHWZRUN�LV�UHSUHVHQWHG�E\�WKH�QXPEHU�RI�HGJHV�P�LQ�WKH�QHWZRUN��7KLV
ZRXOG� EH� HTXLYDOHQW� WR� VD\LQJ� WKDW� WKH� FRVW� RI� UXQQLQJ� DQ� DLUOLQH� LV� SURSRUWLRQDO� WR� WKH� QXPEHU� RI
URXWHV�LW�RSHUDWHV��2EYLRXVO\�WKLV�LV�D�YDVW�VLPSOLILFDWLRQ�RI�WKH�UHDO�VLWXDWLRQ��EXW�OHW�XV�DFFHSW�LW�IRU
WKH�PRPHQW�DQG�VHH�ZKHUH�LW� OHDGV��7KH�FXVWRPHU�VDWLVIDFWLRQ�KDOI�RI�WKH�HTXDWLRQ�LV�UHSUHVHQWHG�E\
WKH�PHDQ�JHRGHVLF�GLVWDQFH�Ɛ�EHWZHHQ�YHUWH[�SDLUV�� ,Q�RXU�DLUOLQH�H[DPSOH�Ɛ�ZRXOG�EH� WKH�DYHUDJH
QXPEHU� RI� OHJV� UHTXLUHG� WR� MRXUQH\� IURP� RQH� SRLQW� WR� DQRWKHU�� ZKLFK� LV� FHUWDLQO\� RQH� HOHPHQW� RI
FXVWRPHU�VDWLVIDFWLRQ��WKRXJK�QRW�WKH�RQO\�RQH��7HFKQLFDOO\��Ɛ�LV�D�GLVVDWLVIDFWLRQ�PHDVXUH��VLQFH�ODUJH
YDOXHV�FRUUHVSRQG�WR�GLVJUXQWOHG�FXVWRPHUV�
:H�ZRXOG�OLNH�WR�GHVLJQ�D�QHWZRUN�WKDW�PLQLPL]HV�ERWK�P�DQG�Ɛ�EXW�WKLV�LV�LQ�JHQHUDO�QRW�SRVVLEOH�

WKH� PLQLPXP� YDOXH� RI� Ɛ� LV� DFKLHYHG� E\� SODFLQJ� DQ� HGJH� EHWZHHQ� HYHU\� SDLU� RI� YHUWLFHV�� EXW� WKLV
PD[LPL]HV�WKH�YDOXH�RI�P��7KXV�RXU�WZR�JRDOV�DUH��DV�GLVFXVVHG�DERYH��DW�RGGV�ZLWK�RQH�DQRWKHU�DQG
WKH�EHVW�ZH�FDQ�KRSH�IRU�LV�D�UHDVRQDEOH�FRPSURPLVH�EHWZHHQ�WKHP��,Q�VHDUFK�RI�VXFK�D�FRPSURPLVH�
)HUUHU�L�&DQFKR�DQG�6ROp�VWXGLHG�WKH�TXDOLW\�IXQFWLRQ

�
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�

ZKHUH�Ȝ�LV�D�SDUDPHWHU�LQ�WKH�UDQJH�����Ȝ������)RU�DQ\�JLYHQ�QHWZRUN�DQG�D�JLYHQ�YDOXH�RI�Ȝ�ZH�FDQ
FDOFXODWH�(�P��Ɛ���WKH�YDOXH�RI�Ɛ�IRU�LQVWDQFH�FDQ�EH�FRPSXWHG�XVLQJ�WKH�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP
RI�6HFWLRQ�������)HUUHU�L�&DQFKR�DQG�6ROp�FRQVLGHUHG�QHWZRUNV�RI�D�JLYHQ�QXPEHU�RI�YHUWLFHV�Q�DQG
WKHQ�DVNHG�ZKDW�KDSSHQV�ZKHQ�ZH�WU\�WR�PLQLPL]H�(�P��Ɛ��E\�YDU\LQJ�WKH�SRVLWLRQ�RI�WKH�HGJHV�LQ�WKDW
QHWZRUN�WR�ILQG�WKH�VPDOOHVW�YDOXH�SRVVLEOH��,I�Ȝ� ����WKHQ�(� �P�DQG�WKLV�SURFHVV�LV�HTXLYDOHQW�WR�MXVW
PLQLPL]LQJ� WKH� QXPEHU� RI� HGJHV� ZLWKRXW� UHJDUG� IRU� SDWK� OHQJWKV�� ,I�Ȝ�  � �� WKHQ�(�  � Ɛ� DQG� ZH� DUH
PLQLPL]LQJ�RQO\�DYHUDJH�SDWK�OHQJWK�ZLWKRXW�UHJDUG�IRU�P��)RU�YDOXHV�LQ�EHWZHHQ��ZH�DUH�VWULNLQJ�D
EDODQFH�EHWZHHQ�QXPEHU�RI�HGJHV�DQG�SDWK�OHQJWK��ZLWK�WKH�SUHFLVH�ZHLJKW�RI�HDFK�WHUP�FRQWUROOHG�E\
RXU�FKRLFH�RI�Ȝ�
$W�VRPH�OHYHO��WKLV�PRGHO�LV�D�WULYLDO�RQH��2EVHUYH�WKDW�WKH�YDOXH�RI�Ɛ�EHFRPHV�IRUPDOO\�LQILQLWH�LI

WKHUH�LV�DQ\�SDLU�RI�YHUWLFHV�LQ�WKH�QHWZRUN�WKDW� LV�QRW�FRQQHFWHG�E\�D�SDWK²L�H��� LI� WKH�QHWZRUN�KDV
PRUH�WKDQ�RQH�FRPSRQHQW²VLQFH�WKH�GLVWDQFH�EHWZHHQ�VXFK�SDLUV�LV�E\�FRQYHQWLRQ�FRQVLGHUHG�LQILQLWH
�VHH�6HFWLRQ����������7KXV�WKH�PLQLPXP�YDOXH�RI�(�PXVW�EH�IRU�D�FRQQHFWHG�QHWZRUN��D�QHWZRUN�ZLWK
MXVW�RQH�FRPSRQHQW��2EVHUYH�DOVR�WKDW�WKH�PLQLPXP�YDOXH�RI�P�IRU�D�FRQQHFWHG�QHWZRUN�LV�P� �Q�í���
ZKHUH�Q�LV�WKH�QXPEHU�RI�HGJHV��7KLV�LV�WKH�YDOXH�IRU�D�WUHH��ZKLFK�LV�WKH�FRQQHFWHG�QHWZRUN�ZLWK�WKH
VPDOOHVW�QXPEHU�RI�HGJHV��VHH�6HFWLRQ������

�

$�VWDU�JUDSK�RI����YHUWLFHV�
�
�
3URYLGHG�Ȝ�LV�UHDVRQDEO\�ODUJH��VR�WKDW�ZH�SODFH�D�PRGHUDWH�DPRXQW�RI�ZHLJKW�RQ�PLQLPL]LQJ�P��WKH

QHWZRUN�ZLWK�WKH�EHVW�YDOXH�RI�(�P��Ɛ��LV�WKHQ�IRXQG�E\�JLYLQJ�P�LWV�PLQLPXP�YDOXH�RI�Q�í����ZKLFK
FRQVWUDLQV�WKH�QHWZRUN�WR�EH�D�WUHH��DQG�VHDUFKLQJ�WKURXJK�WKH�VHW�RI�SRVVLEOH�WUHHV�WR�ILQG�WKH�RQH�WKDW
PLQLPL]HV�Ɛ��,Q�IDFW��WKH�ODWWHU�WDVN�KDV�D�VLPSOH��NQRZQ�VROXWLRQ��WKH�PLQLPXP�YDOXH�RI�Ɛ�DPRQJ�WUHHV
ZLWK�Q� YHUWLFHV� LV� REWDLQHG� E\� WKH�VWDU� JUDSK�� WKH� QHWZRUN� LQ�ZKLFK� WKHUH� LV� D� VLQJOH� FHQWUDO� KXE
FRQQHFWHG�E\�D� VLQJOH�HGJH� WR�HDFK�RI� WKH�Q�í��� UHPDLQLQJ�YHUWLFHV��%\�GHILQLWLRQ� WKHUH�DUH�DOZD\V
H[DFWO\�P� SDLUV� RI� YHUWLFHV�ZLWK� JHRGHVLF� GLVWDQFH� RQH� LQ� DQ\� QHWZRUN²WKH� SDLUV� WKDW� DUH� GLUHFWO\
FRQQHFWHG�E\�DQ�HGJH²ZKLFK�PHDQV� WKDW� LQ�D� WUHH� WKHUH�DUH�Q�í���VXFK�SDLUV��$PRQJ� WKH�VHW�RI�DOO
WUHHV��WKHUHIRUH��WKH�YDOXH�RI�WKH�PHDQ�GLVWDQFH�Ɛ�LV�JRYHUQHG�E\�WKH�QXPEHUV�RI�SDLUV�ZLWK�GLVWDQFHV
RI�WZR�RU�PRUH��VLQFH�WKH�QXPEHU�ZLWK�GLVWDQFH�RQH�LV�IL[HG��%XW�LQ�WKH�VWDU�JUDSK�DOO�RWKHU�SDLUV�KDYH
GLVWDQFH�H[DFWO\� WZR²WKH�VKRUWHVW� �LQGHHG�RQO\��SDWK�IURP�DQ\��QRQ�KXE��YHUWH[� WR�DQ\�RWKHU� LV� WKH



SDWK�RI�OHQJWK�WZR�YLD�WKH�KXE��7KXV�WKHUH�FDQ�EH�QR�RWKHU�WUHH�ZLWK�D�VPDOOHU�YDOXH�RI�Ɛ�
7KXV�� IRU� VXIILFLHQWO\� ODUJH�Ȝ�� WKH�RSWLPXP�QHWZRUN�XQGHU� WKH�TXDOLW\� IXQFWLRQ���������� LV�DOZD\V

WKH�VWDU�JUDSK��7KLV� LV�VDWLVI\LQJ� WR�VRPH�H[WHQW�� LW�RIIHUV�D�VLPSOH�H[SODQDWLRQ�RI�ZK\�WKH�KXE�DQG�
VSRNH�V\VWHP�LV�VR�HIILFLHQW��,W�RIIHUV�VKRUW�MRXUQH\V�ZKLOH�VWLOO�EHLQJ�HFRQRPLF�LQ�WHUPV�RI�WKH�QXPEHU
RI�GLIIHUHQW�URXWHV�WKH�DLUOLQH�KDV� WR�RSHUDWH��%XW� LW� LV�DOVR��DV�ZH�KDYH�VDLG��VRPHZKDW� WULYLDO��7KH
PRGHO�VKRZV�HVVHQWLDOO\�RQO\�WKH�RQH�EHKDYLRU��)RU�VPDOOHU�YDOXHV�RI�Ȝ�RWKHU�EHKDYLRUV�DUH�SRVVLEOH�
EXW�LW�WXUQV�RXW�WKDW�WKH�YDOXH�RI�Ȝ�KDV�WR�EH�UHDOO\�VPDOO��QRQ�VWDU�JUDSK�VROXWLRQV�RQO\�DSSHDU�ZKHQ

�

��������
�

�

6LQFH�WKH�H[SUHVVLRQ�RQ�WKH�ULJKW�KDQG�VLGH�GZLQGOHV�UDSLGO\�DV�Q�EHFRPHV�ODUJH��WKH�RSWLPDO�QHWZRUN
LV�WKH�VWDU�JUDSK�IRU�DOPRVW�DOO�YDOXHV�RI�Ȝ��HYHQ�IRU�QHWZRUNV�RI�TXLWH�PRGHVW�VL]H�
,Q� WKHLU�SDSHU��KRZHYHU��)HUUHU� L�&DQFKR�DQG�6ROp�GLG�QRW�SHUIRUP�SUHFLVHO\� WKH�FDOFXODWLRQ�ZH

KDYH�GRQH�KHUH��,QVWHDG��WKH\�WRRN�D�GLIIHUHQW�DQG�LQWHUHVWLQJ�DSSURDFK��LQ�ZKLFK�WKH\�ORRNHG�IRU�ORFDO
PLQLPD�RI�(�P��Ɛ���UDWKHU�WKDQ�WKH�JOREDO�PLQLPXP��7KH\�GLG�WKLV�QXPHULFDOO\��VWDUWLQJ�ZLWK�D�UDQGRP
QHWZRUN��UHSHDWHGO\�FKRRVLQJ�D�SDLU�RI�YHUWLFHV�DW�UDQGRP��DQG�HLWKHU�FRQQHFWLQJ�WKHP�E\�DQ�HGJH�LI
WKH\�ZHUH�QRW�DOUHDG\�FRQQHFWHG�RU�GHOHWLQJ�WKH�HGJH�EHWZHHQ�WKHP�LI�WKH\�ZHUH��7KHQ�WKH\�FRPSDUHG
WKH�YDOXH�RI�(�EHIRUH�DQG�DIWHU�WKH�FKDQJH��,I�(�GHFUHDVHG�RU�VWD\HG�WKH�VDPH��WKH\�NHSW�WKH�FKDQJH��,I
QRW��WKH\�UHYHUWHG�EDFN�WR�WKH�VWDWH�RI�WKH�QHWZRUN�EHIRUH�WKH�FKDQJH��7KH�ZKROH�SURFHGXUH�ZDV�WKHQ
UHSHDWHG�XQWLO� WKH�YDOXH�RI�(�VWRSSHG�LPSURYLQJ��PHDQLQJ�LQ�SUDFWLFH�WKDW�D�ORQJ�VWULQJ�RI�DWWHPSWHG
FKDQJHV�ZHUH�UHMHFWHG�EHFDXVH�WKH\�LQFUHDVHG�(�
$Q�DOJRULWKP�RI� WKLV�NLQG� LV� FDOOHG�D�UDQGRP�KLOO�FOLPEHU� RU�JUHHG\�DOJRULWKP��7KH�QHWZRUNV� LW

ILQGV�DUH�QHWZRUNV�IRU�ZKLFK�WKH�YDOXH�RI�(�FDQQRW�EH�UHGXFHG�DQ\�IXUWKHU�E\�WKH�DGGLWLRQ�RU�UHPRYDO
RI�DQ\�VLQJOH�HGJH��7KLV�GRHV�QRW�PHDQ��KRZHYHU��WKDW�QR�ORZHU�YDOXHV�RI�(�H[LVW��WKHUH�PD\�EH�VWDWHV
RI�WKH�QHWZRUN�WKDW�GLIIHU�E\�PRUH�WKDQ�RQH�HGJH²WKH�DGGLWLRQ�DQG�GHOHWLRQ�RI�ZKROH�UHJLRQV�RI�WKH
QHWZRUN²WKDW�KDYH�EHWWHU�YDOXHV�RI�(��%XW�LI�VR��WKH�DOJRULWKP�ZLOO�QRW�ILQG�WKHP��,W�FRPHV�WR�D�KDOW�DW
D�ORFDO�PLQLPXP�ZKHUH�QR�VLQJOH�HGJH�FKDQJH�ZLOO�LPSURYH�WKH�YDOXH�RI�(�
:KHQ�VWXGLHG�LQ�WKLV�ZD\��WKH�PRGHO�VKRZV�DQ�LQWHUHVWLQJ�EHKDYLRU��)RU�ODUJH�YDOXHV�RI�Ȝ��ZKHUH

WKH�DGGLWLRQ�RI�DQ�HGJH�FRVWV�D�JUHDW�GHDO�LQ�WHUPV�RI�WKH�YDOXH�RI�(�� WKH�DOJRULWKP�UDSLGO\�UXQV�LQWR
WURXEOH� DQG� FDQQRW� ILQG� D� ZD\� WR� LPSURYH� WKH� QHWZRUN�� ORQJ� EHIRUH� LW� JHWV� DQ\ZKHUH� FORVH� WR� WKH
RSWLPXP� KXE�DQG�VSRNH� DUUDQJHPHQW�� :KHQ�Ȝ� LV� VPDOO�� RQ� WKH� RWKHU� KDQG�� WKH� DOJRULWKP� W\SLFDOO\
PDQDJHV� WR� ILQG� WKH� VWDU� JUDSK� VROXWLRQ�� 7KH� UHVXOW� LV� D� VSHFWUXP� RI� QHWZRUNV� WKDW� UDQJH� IURP� D
UDQGRP�ORRNLQJ�WUHH�WR�D�VWDU�JUDSK��DV�VKRZQ�LQ�)LJ��������
:KDW¶V�PRUH��)HUUHU�L�&DQFKR�DQG�6ROp�IRXQG�WKDW�WKH�GHJUHH�GLVWULEXWLRQV�RI�WKHLU�QHWZRUNV�VKRZ

LQWHUHVWLQJ� EHKDYLRU�� SDVVLQJ� IURP� DQ� H[SRQHQWLDO� GLVWULEXWLRQ� IRU� ODUJH�Ȝ�� WKRXJK� D� WUDQVLWLRQ� SRLQW
ZLWK� D� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQ�� WR� DSSUR[LPDWHO\� VWDU�OLNH� JUDSKV� IRU� VPDOO�Ȝ� LQ�ZKLFK� RQH
YHUWH[� JHWV� D� ILQLWH� IUDFWLRQ� RI� DOO� WKH� HGJHV� DQG� WKH� UHPDLQLQJ� YHUWLFHV� KDYH� ORZ� GHJUHH�� 7KLV
VSHFWUXP�LV�UHPLQLVFHQW�RI�WKH�EHKDYLRU�RI�FRQWLQXRXV�SKDVH�WUDQVLWLRQV�VXFK�DV�WKH�WUDQVLWLRQ�DW�ZKLFK
D�JLDQW�FRPSRQHQW� DSSHDUV� LQ�D� UDQGRP�JUDSK� �VHH�6HFWLRQ�������� LQ�ZKLFK�DQ� LQLWLDOO\� H[SRQHQWLDO



GLVWULEXWLRQ�RI�FRPSRQHQW�VL]HV�SDVVHV�WKURXJK�D�WUDQVLWLRQ�WR�D�UHJLPH�LQ�ZKLFK�RQH�FRPSRQHQW�JHWV�D
ILQLWH�IUDFWLRQ�RI�DOO�YHUWLFHV�DQG�WKH�UHVW�DUH�VPDOO�

�

)LJXUH��������1HWZRUNV�JHQHUDWHG�E\�WKH�RSWLPL]DWLRQ�PRGHO�RI�)HUUHU�L�&DQFKR�DQG�6ROp��7KH
RSWLPL]DWLRQ�PRGHO�GHVFULEHG�LQ�WKH�WH[W�JHQHUDWHV�D�UDQJH�RI�QHWZRUNV��DOO�WUHHV�RU�DSSUR[LPDWH�WUHHV�
UXQQLQJ�IURP��D��GLVWULEXWHG�QHWZRUNV�ZLWK�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQV�� WKURXJK��E��SRZHU�ODZ
GHJUHH� GLVWULEXWLRQV�� WR� �F�� VWDU� JUDSKV� LQ�ZKLFK� WKHUH� LV� MXVW� RQH�PDMRU� KXE�� )LJXUH� DGDSWHG� IURP
>���@�� 2ULJLQDO� ILJXUH� &RS\ULJKW� ����� 6SULQJHU�9HUODJ� %HUOLQ� +HLGHOEHUJ�� 5HSURGXFHG� ZLWK� NLQG
SHUPLVVLRQ�RI�6SULQJHU�6FLHQFH�DQG�%XVLQHVV�0HGLD�
�
�
6DGO\��WKLV�REVHUYDWLRQ�GRHV�QRW�JR�DQ\�IXUWKHU�WKDQ�DQ�LQWULJXLQJ�KLQW��7KH�ZRUN�RI�)HUUHU�L�&DQFKR

DQG�6ROp�LV�HQWLUHO\�QXPHULFDO�DQG�WKH\�GR�QRW�JLYH�DQ\�DQDO\WLF�WUHDWPHQW�RI�WKH�PRGHO��,Q�DGGLWLRQ
WKHUH�DUH�VRPH�RWKHU�SUREOHPV�ZLWK� WKH�PRGHO�� ,Q�SDUWLFXODU�� LW� LV�QRW�FOHDU�ZK\�RQH�VKRXOG� ORRN�DW
ORFDO�PLQLPD�RI�(� UDWKHU� WKDQ�JOREDO�RQHV�� WKH�UHVHDUFKHUV�ZKR�ZRUN�IRU�UHDO�DLUOLQHV�DUH�FHUWDLQO\
FDSDEOH� RI� UHDOL]LQJ� ZKHQ� WKH\� DUH� VWXFN� LQ� D� ORFDO� RSWLPXP� DQG� EHWWHU� SURILWV� DUH� DYDLODEOH� E\
FKDQJLQJ� WKH�QHWZRUN�LQ�VRPH�VXEVWDQWLDO�ZD\�WKDW�PRYHV� WKHP�WR�D�GLIIHUHQW�DQG�EHWWHU�RSWLPXP��,W
VHHPV�OLNHO\�WKHUHIRUH�WKDW��WR�WKH�H[WHQW�WKDW�UHDO�QHWZRUNV�VKRZ�LQWHUHVWLQJ�VWUXFWXUDO�EHKDYLRU�RI�WKH
W\SH�REVHUYHG�KHUH��LW�LV�QRW�D�UHVXOW�RI�JHWWLQJ�VWXFN�LQ�ORFDO�PLQLPD�DQG�KHQFH�WKDW�D�PRGHO�ZLWK�D
GLIIHUHQW�DSSURDFK�LV�QHHGHG�
2QH�VXFK�PRGHO��SURSRVHG�E\�*DVWQHU�DQG�1HZPDQ�>���@��JHQHUDOL]HV�WKDW�RI�)HUUHU�L�&DQFKR�DQG

6ROp�E\�FRQVLGHULQJ�QRW�RQO\�QXPEHU�RI�OHJV�LQ�D�MRXUQH\�EXW�DOVR�WKH�JHRJUDSKLF�GLVWDQFH�WUDYHOHG�
6XSSRVH�WKDW�DLUOLQH�WUDYHOHUV�DUH�SULQFLSDOO\�FRQFHUQHG�QRW�ZLWK�WKH�QXPEHU�RI�OHJV�LQ�WKHLU�MRXUQH\
EXW� ZLWK� WKH� WRWDO� WLPH� LW� WDNHV� WKHP� WR� WUDYHO� IURP� RULJLQ� WR� GHVWLQDWLRQ�� 1XPEHU� RI� OHJV� FDQ� EH
UHJDUGHG�DV�D�VLPSOH�SUR[\�IRU�WUDYHO�WLPH��EXW�D�EHWWHU�SUR[\�ZRXOG�EH�WR�WDNH�WKH�OHQJWK�RI�WKRVH�OHJV
LQWR�DFFRXQW�DV�ZHOO�DV�WKHLU�QXPEHU��7KH�WUDYHO�WLPH�FRQWULEXWHG�WR�D�MRXUQH\�E\�RQH�OHJ�LV�FRPSRVHG
RI�WKH�WLPH�VSHQW�LQ�WKH�DLUSRUW��FKHFNLQJ�LQ��ZDLWLQJ��HPEDUNLQJ��WD[LLQJ��GLVHPEDUNLQJ��HWF���SOXV�WKH
WLPH� VSHQW� LQ� WKH� DLU��$� VLPSOH� IRUPXOD� ZRXOG� EH� WR� DVVXPH� WKDW� WKH� IRUPHU� LV� URXJKO\� FRQVWDQW�
UHJDUGOHVV� RI� WKH� GLVWDQFH� EHLQJ� WUDYHOHG�� ZKLOH� WKH� ODWWHU� LV� URXJKO\� SURSRUWLRQDO� WR� WKH� GLVWDQFH
WUDYHOHG��7KXV��WKH�WLPH�WDNHQ�E\�D�OHJ�IURP�YHUWH[�L�WR�YHUWH[�M�LQ�RXU�QHWZRUN�ZRXOG�EH

�



��������
�

ZKHUH�ȝ�DQG�Ȟ�DUH�FRQVWDQWV�DQG�ULM�LV�WKH�GLVWDQFH�IORZQ�IURP�L�WR�M��%\�YDU\LQJ�WKH�YDOXHV�RI�ȝ�DQG
Ȟ��ZH�FDQ�SODFH�PRUH�RU�OHVV�HPSKDVLV�RQ�WKH�IL[HG�³DLUSRUW´�WLPH�FRVW�YHUVXV�WKH�WLPH�VSHQW�LQ�WKH�DLU�
*DVWQHU�DQG�1HZPDQ�XVHG�WKLV�H[SUHVVLRQ�IRU�WUDYHO�WLPH�LQ�SODFH�RI�WKH�VLPSOH�KRS�FRXQW�RI�WKH

PRGHO� RI�)HUUHU� L�&DQFKR� DQG�6ROp�� UHGHILQLQJ�Ɛ� WR� EH� WKH� DYHUDJH� VKRUWHVW�SDWK� GLVWDQFH�EHWZHHQ
SDLUV� RI� YHUWLFHV� ZKHQ� GLVWDQFHV� DUH� PHDVXUHG� LQ� WHUPV� RI� WUDYHO� WLPH�� 7KH� TXDOLW\� IXQFWLRQ�(� LV
GHILQHG�MXVW�DV�EHIRUH��(T������������EXW�XVLQJ�WKLV�QHZ�GHILQLWLRQ�RI�Ɛ�
'HVSLWH�WKH�VXSHUILFLDO�VLPLODULW\�EHWZHHQ�WKLV�PRGHO�DQG�WKDW�RI�)HUUHU�L�&DQFKR�DQG�6ROp�WKHUH�LV

D�FUXFLDO�GLIIHUHQFH�EHWZHHQ�WKH� WZR�� WKH�PRGHO�RI�*DVWQHU�DQG�1HZPDQ�GHSHQGV�RQ�DFWXDO�VSDWLDO
GLVWDQFHV�EHWZHHQ�DLUSRUWV�DQG�KHQFH�UHTXLUHV�WKDW�WKH�YHUWLFHV�RI�WKH�QHWZRUN�EH�SODFHG�DW�VRPH�VHW
RI� SRVLWLRQV� RQ� D� PDS�� 7KH� PRGHO� RI� )HUUHU� L� &DQFKR� DQG� 6ROp� E\� FRQWUDVW� GHSHQGV� RQO\� RQ� WKH
QHWZRUN� WRSRORJ\�DQG�KDV�QR�VSDWLDO�HOHPHQW��7KHUH�DUH�YDULRXV�ZD\V� LQ�ZKLFK� WKH�YHUWLFHV�FDQ�EH
SRVLWLRQHG� RQ� WKH�PDS��*DVWQHU� DQG�1HZPDQ�� IRU� LQVWDQFH�� VSHFLILFDOO\� FRQVLGHUHG� WKH�PDS� RI� WKH
8QLWHG�6WDWHV�DQG�WRRN�WKH�UHDO�86�SRSXODWLRQ�GLVWULEXWLRQ�LQWR�DFFRXQW��SODFLQJ�YHUWLFHV�ZLWK�JUHDWHU
GHQVLW\�LQ�DUHDV�ZLWK�JUHDWHU�SRSXODWLRQV��:KLOH�WKLV�DGGV�D�OHYHO�RI�UHDOLVP�WR�WKH�FDOFXODWLRQV��WKH
LQWHUHVWLQJ�EHKDYLRU�RI�WKHLU�PRGHO�FDQ�EH�VHHQ�ZLWKRXW�JRLQJ�VR�IDU��,Q�WKH�H[DPSOHV�JLYHQ�KHUH�ZH
FRQVLGHU� D� ILFWLRQDO� PDS� LQ� ZKLFK� YHUWLFHV� DUH� MXVW� SODFHG� XQLIRUPO\� DW� UDQGRP� LQ� D� VTXDUH� ZLWK
SHULRGLF�ERXQGDU\�FRQGLWLRQV�
$QRWKHU�LPSRUWDQW�GLIIHUHQFH�EHWZHHQ�WKH�WZR�PRGHOV�LV�WKDW�*DVWQHU�DQG�1HZPDQ�FRQVLGHUHG�WKH

JOREDO�RSWLPXP�RI� WKH�TXDOLW\�IXQFWLRQ�UDWKHU�WKDQ�ORFDO�RSWLPD�DV�)HUUHU� L�&DQFKR�DQG�6ROp�GLG��,Q
SUDFWLFH�� XQIRUWXQDWHO\�� WKH� JOREDO� RSWLPXP� LV� KDUG� WR� ILQG�� VR� RQH� RIWHQ� KDV� WR� PDNH� GR� ZLWK
DSSUR[LPDWH� RSWLPD�� *DVWQHU� DQG� 1HZPDQ� XVHG� WKH� QXPHULFDO� RSWLPL]DWLRQ� WHFKQLTXH� FDOOHG
VLPXODWHG�DQQHDOLQJ�WR�ILQG�JRRG�DSSUR[LPDWLRQV�WR�WKH�JOREDO�RSWLPXP��EXW�ZH�VKRXOG�EHDU�LQ�PLQG
WKDW�WKH\�DUH�RQO\�DSSUR[LPDWLRQV�
)LJXUH� ������ VKRZV� RSWLPDO� RU� DSSUR[LPDWHO\� RSWLPDO� QHWZRUNV� IRU� YDULRXV� YDOXHV� RI� WKH

SDUDPHWHUV�ȝ�DQG�Ȟ��7KH�OHIWPRVW�IUDPHV�RI�WKH�ILJXUH�FRUUHVSRQG�WR�VPDOO�ȝ�DQG�ODUJH�Ȟ��PHDQLQJ�WKDW
WKH�FRVW�WR�WKH�WUDYHOHU�RI�D�WULS�LV�URXJKO\�SURSRUWLRQDO�WR�WKH�WRWDO�PLOHDJH�WUDYHOHG�DQG�WKH�QXPEHU�RI
OHJV�KDV�OLWWOH�HIIHFW��,Q�WKLV�FDVH��WKH�EHVW�QHWZRUNV�DUH�RQHV�WKDW�DOORZ�WUDYHOHUV�WR�WUDYHO�LQ�URXJKO\
VWUDLJKW�OLQHV�IURP�DQ\�RULJLQ�WR�DQ\�GHVWLQDWLRQ��$V�WKH�ILJXUH�VKRZV��WKH�QHWZRUNV�DUH�URXJKO\�SODQDU
LQ� DSSHDUDQFH�� 7KH\� ORRN� UHPLQLVFHQW� RI� URDG� QHWZRUNV�� UDWKHU� WKDQ� DLUOLQH� URXWHV�� DQG� WKLV� LV� QR
FRLQFLGHQFH��7UDYHO�WLPHV�IRU�URDG�WUDYHOHUV�DUH�LQGHHG�GRPLQDWHG�E\�WRWDO�PLOHDJH��WKHUH�LV�DOPRVW
QR� SHU�OHJ �FRVW�DVVRFLDWHG�ZLWK�URDG�WUDYHO��VLQFH�LW�WDNHV�RQO\�D�IHZ�VHFRQGV�WR�WXUQ�IURP�RQH�URDG
RQWR�DQRWKHU��,W�LV�VDWLVI\LQJ�WR�VHH�WKHUHIRUH�WKDW�WKH�VLPSOH�PRGHO�RI�*DVWQHU�DQG�1HZPDQ�JHQHUDWHV
QHWZRUNV�WKDW�ORRN�UDWKHU�OLNH�UHDO�URDG�PDSV�LQ�WKLV�OLPLW�

�



)LJXUH��������1HWZRUNV�JHQHUDWHG�E\�WKH�VSDWLDO�QHWZRUN�PRGHO�RI�*DVWQHU�DQG�1HZPDQ��7KH
IRXU�IUDPHV�VKRZ�QHWZRUNV�WKDW�RSWLPL]H�RU�QHDUO\�RSWLPL]H�WKH�TXDOLW\�IXQFWLRQ��(T������������ZLWK�Ɛ
GHILQHG�DFFRUGLQJ�WR�WKH�SUHVFULSWLRQ�RI�*DVWQHU�DQG�1HZPDQ�>���@�LQ�ZKLFK�WKH�OHQJWKV�RI�HGJHV�LQ
WKH�QHWZRUN�DUH�FKRVHQ�WR�UHSUHVHQW�WKH�DSSUR[LPDWH�WUDYHO�WLPH�WR�WUDYHUVH�WKH�HGJH��7UDYHO�WLPH�KDV
WZR�FRPSRQHQWV��D�IL[HG�FRVW�SHU�HGJH�DQG�D�FRVW�WKDW�LQFUHDVHV�ZLWK�WKH�(XFOLGHDQ�OHQJWK�RI�DQ�HGJH�
7KH� IUDPHV� VKRZ� WKH� UHVXOWLQJ� QHWZRUNV� DV� WKH� UHODWLYH�ZHLJKW� RI� WKHVH� WZR� FRPSRQHQWV� LV� YDULHG
EHWZHHQ� WKH� H[WUHPHV� UHSUHVHQWHG�E\� WKH�QHWZRUN�RQ� WKH� OHIW�� IRU�ZKLFK�DOO�RI� WKH�ZHLJKW� LV� RQ� WKH
(XFOLGHDQ� OHQJWK�� DQG� E\� WKH� QHWZRUN� RQ� WKH� ULJKW�� IRU� ZKLFK� FRVW� LV� WKH� VDPH� IRU� DOO� HGJHV�� 7KH
UHVXOWLQJ�VWUXFWXUHV�UDQJH�IURP�URDG�OLNH�LQ�WKH�IRUPHU�FDVH��WR�DLUOLQH�OLNH�LQ�WKH�ODWWHU��$GDSWHG�IURP
*DVWQHU�>���@�
�
�
7KH�ULJKWPRVW�IUDPHV�LQ�WKH�ILJXUH�VKRZ�RSWLPDO�QHWZRUNV�IRU�ODUJH�ȝ�DQG�VPDOO�Ȟ²WKH�FDVH�ZKHUH

LW�LV�PRVWO\�WKH�QXPEHU�RI�OHJV�WKDW�PDWWHUV�DQG�WKH�OHQJWK�RI�WKRVH�OHJV�LV�UHODWLYHO\�XQLPSRUWDQW��$V
ZH�VDZ�IRU�WKH�PRGHO�RI�)HUUHU�L�&DQFKR�DQG�6ROp��WKH�EHVW�QHWZRUNV�LQ�WKLV�FDVH�DUH�VWDU�OLNH�KXE�
DQG�VSRNH�QHWZRUNV��DQG�WKLV�LV�ZKDW�ZH�VHH�LQ�WKH�SUHVHQW�PRGHO�WRR�
7KXV� WKLV�PRGHO� LQWHUSRODWHV� EHWZHHQ� URDG�OLNH� DQG� DLUOLQH�OLNH� QHWZRUNV� DV� WKH� SDUDPHWHUV� DUH

YDULHG� IURP� RQH� H[WUHPH� WR� WKH� RWKHU�� 1RWH� WKDW� WKH� SDUDPHWHU�Ȝ� JRYHUQLQJ� WKH� FRVW� RI� EXLOGLQJ� RU
PDLQWDLQLQJ�WKH�QHWZRUN�LV�KHOG�FRQVWDQW�LQ�)LJ���������,Q�SULQFLSOH��ZH�FRXOG�YDU\�WKLV�SDUDPHWHU�WRR�
ZKLFK�ZRXOG� DIIHFW� WKH� WRWDO� QXPEHU� RI� HGJHV� LQ� WKH� QHWZRUN�� )RU� KLJKHU�Ȝ� VSDUVHU� QHWZRUNV�ZLWK
IHZHU�HGJHV�ZRXOG�EH�IDYRUHG��ZKLOH�IRU�ORZHU�Ȝ�ZH�ZRXOG�VHH�GHQVHU�QHWZRUNV�
7KH�ZRUN�RI�*DVWQHU�DQG�1HZPDQ�VWLOO� VXIIHUV� IURP� WKH�GUDZEDFN� WKDW� WKH� UHVXOWV�DUH�QXPHULFDO

RQO\��0RUH�UHFHQWO\��KRZHYHU��VRPH�UHVXOWV�IRU�WKH�PRGHO�KDYH�EHHQ�GHULYHG�DQDO\WLFDOO\�E\�$OGRXV
>��@��7KH�LQWHUHVWHG�UHDGHU�LV�HQFRXUDJHG�WR�FRQVXOW�KLV�SDSHU�



352%/(06

�

�����&RQVLGHU�WKH�JURZLQJ�QHWZRUN�PRGHO�RI�3ULFH��DV�GHVFULEHG�LQ�6HFWLRQ������

D��)URP�WKH�UHVXOWV�JLYHQ�LQ�WKLV�FKDSWHU�ZULWH�GRZQ�DQ�H[SUHVVLRQ�LQ�WHUPV�RI�WKH�SDUDPHWHUV�D
DQG�F� IRU� WKH� H[SHFWHG� LQ�GHJUHH� RI� WKH�LWK� YHUWH[� DGGHG� WR� WKH� QHWZRUN� MXVW� EHIRUH� WKH�MWK
YHUWH[�LV�DGGHG��ZKHUH�L���M�

E��+HQFH�VKRZ�WKDW� WKH�DYHUDJH�SUREDELOLW\�RI�D�GLUHFWHG�HGJH�IURP�M� WR�L� LQ� D� QHWZRUN�ZLWK�Q
YHUWLFHV��ZKHUH�Q���M��LV

�

�

�����&RQVLGHU�3ULFH¶V�PRGHO� DV� D�PRGHO� RI� D� FLWDWLRQ�QHWZRUN�� DSSOLHG� WR� SXEOLFDWLRQV� LQ� D� VLQJOH
ILHOG��D�ILHOG�WKDW�LV�FXUUHQWO\��VD\��WHQ�\HDUV�ROG�

D��6XSSRVH�WKDW�\RX�DUH�WKH�DXWKRU�RI�WKH�WHQWK�SDSHU�SXEOLVKHG�LQ�WKH�ILHOG��+RZ�ORQJ�ZLOO�LW�EH
IURP�QRZ�EHIRUH�WKH�H[SHFWHG�QXPEHU�RI�FLWDWLRQV�\RXU�SDSHU�KDV�ZLWKLQ�WKH�ILHOG�LV�HTXDO�WR
WKH�H[SHFWHG�QXPEHU�WKDW�WKH�ILUVW�SDSHU�SXEOLVKHG�FXUUHQWO\�KDV"

E�� 'HULYH� DQ� H[SUHVVLRQ� IRU� WKH� DYHUDJH� QXPEHU� RI� FLWDWLRQV� SHU� SDSHU� WR� SDSHUV� SXEOLVKHG
EHWZHHQ�WLPHV�Ĳ��DQG�Ĳ���ZKHUH�WLPH�LV�GHILQHG�DV�LQ�(T����������

F��5HDVRQDEOH�YDOXHV�RI�WKH�PRGHO�SDUDPHWHUV�IRU�UHDO�FLWDWLRQ�QHWZRUNV�DUH�F� ����DQG�D� ���
)RU� WKHVH�SDUDPHWHU�FKRLFHV��ZKDW� LV� WKH�DYHUDJH�QXPEHU�RI�FLWDWLRQV� WR�D�SDSHU� LQ� WKH� ILUVW
����RI�WKRVH�SXEOLVKHG"�$QG�ZKDW�LV�WKH�DYHUDJH�QXPEHU�IRU�D�SDSHU�LQ�WKH�ODVW����"

�

7KHVH� SHUKDSV� VXUSULVLQJ� QXPEHUV� DUH� H[DPSOHV� RI� WKH� ILUVW�PRYHU� DGYDQWDJH� GLVFXVVHG� LQ� 6HFWLRQ
������²WKH�VXEVWDQWLDO�ELDV�RI�FLWDWLRQ�QXPEHUV�LQ�IDYRU�RI�WKH�ILUVW�SDSHUV�SXEOLVKHG�LQ�D�ILHOG�
�

�����&RQVLGHU�D�PRGHO�RI�D�JURZLQJ�GLUHFWHG�QHWZRUN�VLPLODU�WR�3ULFH¶V�PRGHO�GHVFULEHG�LQ�6HFWLRQ
������ EXW� ZLWKRXW� SUHIHUHQWLDO� DWWDFKPHQW�� 7KDW� LV�� YHUWLFHV� DUH� DGGHG� RQH� E\� RQH� WR� WKH� JURZLQJ
QHWZRUN�DQG�HDFK�KDV�F�RXWJRLQJ�HGJHV��EXW�WKRVH�HGJHV�QRZ�DWWDFK�WR�H[LVWLQJ�YHUWLFHV�XQLIRUPO\�DW
UDQGRP��ZLWKRXW�UHJDUG�IRU�GHJUHHV�RU�DQ\�RWKHU�YHUWH[�SURSHUWLHV�

D��'HULYH�PDVWHU�HTXDWLRQV��WKH�HTXLYDOHQW�RI�(TV���������DQG���������WKDW�JRYHUQ�WKH�GLVWULEXWLRQ
RI�LQ�GHJUHHV�T�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�

E��+HQFH�VKRZ�WKDW�LQ�WKH�OLPLW�RI�ODUJH�VL]H�WKH�LQ�GHJUHHV�KDYH�DQ�H[SRQHQWLDO�GLVWULEXWLRQ�ST� 
&HíȜT��ZKHUH�&�LV�D�QRUPDOL]DWLRQ�FRQVWDQW�DQG�Ȝ� �OQ�������F��

�



�����&RQVLGHU� D�PRGHO� QHWZRUN� VLPLODU� WR� WKH�PRGHO� RI�%DUDEiVL� DQG�$OEHUW� GHVFULEHG� LQ�6HFWLRQ
������ LQ�ZKLFK�XQGLUHFWHG�HGJHV�DUH�DGGHG�EHWZHHQ�YHUWLFHV�DFFRUGLQJ� WR�D�SUHIHUHQWLDO� DWWDFKPHQW
UXOH��EXW�VXSSRVH�QRZ�WKDW�WKH�QHWZRUN�GRHV�QRW�JURZ²LW�VWDUWV�RII�ZLWK�D�JLYHQ�QXPEHU�Q�RI�YHUWLFHV
DQG�QHLWKHU�JDLQV�QRU�ORVHV�DQ\�YHUWLFHV�WKHUHDIWHU��,Q�WKLV�PRGHO��VWDUWLQJ�ZLWK�DQ�LQLWLDO�QHWZRUN�RI�Q
YHUWLFHV�DQG�VRPH�VSHFLILHG�DUUDQJHPHQW�RI�HGJHV��ZH�DGG�DW�HDFK�VWHS�RQH�XQGLUHFWHG�HGJH�EHWZHHQ
WZR�YHUWLFHV��ERWK�RI�ZKLFK�DUH�FKRVHQ�DW�UDQGRP�LQ�GLUHFW�SURSRUWLRQ�WR�GHJUHH�N��/HW�SN��P��EH�WKH
IUDFWLRQ�RI�YHUWLFHV�ZLWK�GHJUHH�N�ZKHQ�WKH�QHWZRUN�KDV�P�HGJHV�LQ�WRWDO�

D��6KRZ� WKDW�ZKHQ� WKH�QHWZRUN�KDV�P� HGJHV�� WKH� SUREDELOLW\� WKDW� YHUWH[�L�ZLOO�JHW�D�QHZ�HGJH
XSRQ�WKH�DGGLWLRQ�RI�WKH�QH[W�HGJH�LV�NL�P�

E��:ULWH�GRZQ�D�PDVWHU�HTXDWLRQ�JLYLQJ�SN��P������LQ�WHUPV�RI�SN���P��DQG�SN�P���%H�VXUH�WR�JLYH
WKH�HTXDWLRQ�IRU�WKH�VSHFLDO�FDVH�RI�N� ���DOVR�

F��(OLPLQDWH�P�IURP�WKH�PDVWHU�HTXDWLRQ�LQ�IDYRU�RI�WKH�PHDQ�GHJUHH�F� ��P�Q�DQG�WDNH�WKH�OLPLW�Q
ĺ���ZLWK�F�KHOG�FRQVWDQW�WR�VKRZ�WKDW�SN�F��VDWLVILHV�WKH�GLIIHUHQWLDO�HTXDWLRQ

�

G��'HILQH�D�JHQHUDWLQJ�IXQFWLRQ� �DQG�VKRZ�WKDW�LW�VDWLVILHV�WKH�SDUWLDO�GLIIHUHQWLDO
HTXDWLRQ

�

H�� 6KRZ� WKDW�J�F��]��  �¦�F� �� F�]�� LV� D� VROXWLRQ� RI� WKLV� GLIIHUHQWLDO� HTXDWLRQ��ZKHUH�¦�[�� LV� DQ\
GLIIHUHQWLDEOH�IXQFWLRQ�RI�[�

I�� 7KH� SDUWLFXODU� FKRLFH� RI�¦� GHSHQGV� RQ� WKH� LQLWLDO� FRQGLWLRQV� RQ� WKH� QHWZRUN�� 6XSSRVH� WKH
QHWZRUN�VWDUWV�RII�LQ�D�VWDWH�ZKHUH�HYHU\�YHUWH[�KDV�GHJUHH�RQH��ZKLFK�PHDQV�F� ���DQG�J����]�
 �]��)LQG�WKH�IXQFWLRQ�¦�WKDW�FRUUHVSRQGV�WR�WKLV�LQLWLDO�FRQGLWLRQ�DQG�KHQFH�ILQG�J�F��]��IRU�DOO
YDOXHV�RI�F�DQG�]�

J��6KRZ�WKDW��IRU�WKLV�VROXWLRQ��WKH�GHJUHH�GLVWULEXWLRQ�DV�D�IXQFWLRQ�RI�F�WDNHV�WKH�IRUP

H[FHSW�IRU�N� ����IRU�ZKLFK�S��F�� ���IRU�DOO�F�
�

1RWH�WKDW�WKLV�GLVWULEXWLRQ�GHFD\V�H[SRQHQWLDOO\�LQ�N��LPSO\LQJ�WKDW�SUHIHUHQWLDO�DWWDFKPHQW�GRHV�QRW��LQ
JHQHUDO��JHQHUDWH�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�LI�WKH�QHWZRUN�LV�QRW�DOVR�JURZLQJ�
�

�����&RQVLGHU�D�PRGHO�RI�D�JURZLQJ�QHWZRUN�VLPLODU�WR�3ULFH¶V�PRGHO�GHVFULEHG�LQ�6HFWLRQ�������EXW



LQ�ZKLFK�WKH�SDUDPHWHU�D��ZKLFK�JRYHUQV�WKH�UDWH�DW�ZKLFK�YHUWLFHV�UHFHLYH�QHZ�LQFRPLQJ�OLQNV�ZKHQ
WKHLU� FXUUHQW� LQ�GHJUHH� LV� ]HUR��YDULHV� IURP�YHUWH[� WR�YHUWH[��7KDW� LV� WKH�SUREDELOLW\�RI� D�QHZ�HGJH
DWWDFKLQJ�WR�YHUWH[�L�LV�SURSRUWLRQDO�WR�TL���DL��ZKHUH�TL� LV�WKH�FXUUHQW�LQ�GHJUHH�DQG�DL�LV�D�VSHFLILHG
SDUDPHWHU��,Q�WKH�FRQWH[W�RI�FLWDWLRQ�QHWZRUNV��IRU�H[DPSOH��DL�FRXOG�EH�FRQVLGHUHG�D�PHDVXUH�RI�WKH
LQWULQVLF�PHULW�RI�D�SDSHU��FRQWUROOLQJ�DV�LW�GRHV�WKH�UDWH�DW�ZKLFK�WKH�SDSHU�JHWV�FLWDWLRQV�LPPHGLDWHO\
DIWHU�ILUVW�SXEOLFDWLRQ��ZKHQ�TL� �����7KLV�GLIIHUV�IURP�WKH�PRGHO�GLVFXVVHG�LQ�6HFWLRQ���������ZKHUH
WKH�SUHIHUHQWLDO�DWWDFKPHQW�WHUP�ZDV�PXOWLSOLHG�E\�D�YDU\LQJ�IDFWRU�WR�UHSUHVHQW�YDULDWLRQV�LQ�WKH�PHULW
RU�ILWQHVV�RI�YHUWLFHV��

D�� 6XSSRVH� WKDW�DL� LV� GUDZQ� DW� UDQGRP� IURP� VRPH� VWDWLRQDU\� GLVWULEXWLRQ� ZLWK� D� ZHOOGHILQHG
PHDQ��6KRZ�WKDW��LQ�WKH�OLPLW�RI�ODUJH�Q��WKH�SUREDELOLW\�WKDW�WKH��Q�����WK�YHUWH[�DGGHG�WR�WKH
QHWZRUN�DWWDFKHV�WR�D�SUHYLRXV�YHUWH[�L�ZLWK�LQ�GHJUHH�TL�LV�F�TL���DL��Q�F���Ɨ���ZKHUH�Ɨ�LV�WKH
DYHUDJH�YDOXH�RI�DL�

E��+HQFH�VKRZ�WKDW�WKH�LQ�GHJUHH�GLVWULEXWLRQ�RI�WKH�QHWZRUN�VDWLVILHV�WKH�VDPH�PDVWHU�HTXDWLRQV�
�������DQG���������DV�3ULFH¶V�PRGHO��EXW�ZLWK�D�UHSODFHG�E\�Ɨ�

�

�,W� LPPHGLDWHO\� IROORZV� WKDW� WKH� GHJUHH� GLVWULEXWLRQ� RI� WKH� QHWZRUN� LV� DOVR� WKH� VDPH� DV� IRU� 3ULFH¶V
PRGHO�ZLWK�WKH�VDPH�VXEVWLWXWLRQ��
�

�����&RQVLGHU�WKH�IROORZLQJ�VLPSOH�PRGHO�RI�D�JURZLQJ�QHWZRUN��9HUWLFHV�DUH�DGGHG�WR�D�QHWZRUN�DW�D
UDWH�RI�RQH�SHU�XQLW�WLPH��(GJHV�DUH�DGGHG�DW�D�PHDQ�UDWH�RI�ȕ�SHU�XQLW�WLPH��ZKHUH�ȕ�FDQ�EH�DQ\ZKHUH
EHWZHHQ�]HUR�DQG�����7KDW�LV��LQ�DQ\�VPDOO�LQWHUYDO�įW�RI�WLPH��WKH�SUREDELOLW\�RI�DQ�HGJH�EHLQJ�DGGHG
L V�ȕ�įW���(GJHV�DUH�SODFHG�XQLIRUPO\�DW� UDQGRP�EHWZHHQ�DQ\�SDLU�RI�YHUWLFHV� WKDW�H[LVW�DW� WKDW� WLPH�
7KH\�DUH�QHYHU�PRYHG�DIWHU�WKH\�DUH�ILUVW�SODFHG�
:H�DUH� LQWHUHVWHG� LQ� WKH�FRPSRQHQW�VWUXFWXUH�RI� WKLV�PRGHO��ZKLFK�ZH�ZLOO� WDFNOH�XVLQJ�D�PDVWHU

HTXDWLRQ�PHWKRG��/HW�DN�Q��EH�WKH�IUDFWLRQ�RI�YHUWLFHV�WKDW�EHORQJ�WR�FRPSRQHQWV�RI�VL]H�N�ZKHQ�WKHUH
DUH�Q� YHUWLFHV� LQ� WKH� QHWZRUN�� (TXLYDOHQWO\�� LI� ZH� FKRRVH� D� YHUWH[� DW� UDQGRP� IURP� WKH�Q� YHUWLFHV
FXUUHQWO\�LQ�WKH�QHWZRUN��DN�Q��LV�WKH�SUREDELOLW\�WKH�YHUWH[�ZLOO�EHORQJ�WR�D�FRPSRQHQW�RI�VL]H�N�

D��:KDW�LV�WKH�SUREDELOLW\�WKDW�D�QHZO\�DSSHDULQJ�HGJH�ZLOO�IDOO�EHWZHHQ�D�FRPSRQHQW�RI�VL]H�U
DQG�DQRWKHU�RI�VL]H�V"��<RX�FDQ�DVVXPH�WKDW�Q�LV�ODUJH�DQG�WKH�SUREDELOLW\�RI�ERWK�HQGV�RI�DQ
HGJH� IDOOLQJ� LQ� WKH� VDPH� FRPSRQHQW� LV� VPDOO���+HQFH��ZKDW� LV� WKH� SUREDELOLW\� WKDW� D� QHZO\
DSSHDULQJ�HGJH�ZLOO�MRLQ�WRJHWKHU�WZR�SUH�H[LVWLQJ�FRPSRQHQWV�WR�IRUP�D�QHZ�RQH�RI�VL]H�N"

E�� :KDW� LV� WKH� SUREDELOLW\� WKDW� D� QHZO\� DSSHDULQJ� HGJH� MRLQV� D� FRPSRQHQW� RI� VL]H�N� WR� D
FRPSRQHQW�RI�DQ\�RWKHU�VL]H��WKHUHE\�FUHDWLQJ�D�QHZ�FRPSRQHQW�RI�VL]H�ODUJHU�WKDQ�N"

F��7KXV�ZULWH�GRZQ�D�PDVWHU�HTXDWLRQ�WKDW�JLYHV�WKH�IUDFWLRQ�RI�YHUWLFHV�DN�Q������LQ�FRPSRQHQWV
RI�VL]H�N�ZKHQ�WKHUH�DUH�Q�����YHUWLFHV�LQ�WRWDO�

G��7KH�RQO\�H[FHSWLRQ�WR�WKH�SUHYLRXV�UHVXOW�LV�WKDW�FRPSRQHQWV�RI�VL]H���DSSHDU�DW�D�UDWH�RI�RQH
SHU�XQLW�WLPH��:ULWH�D�VHSDUDWH�PDVWHU�HTXDWLRQ�IRU�D��Q������

H��,I�D�VWHDG\�VWDWH�VROXWLRQ�H[LVWV�IRU�WKH�FRPSRQHQW�VL]H�GLVWULEXWLRQ��VKRZ�WKDW�LW�VDWLVILHV�WKH
HTXDWLRQV



�

I�� 0XOWLSO\� E\�]N� DQG� VXP� RYHU�N� IURP� �� WR� �� DQG� KHQFH� VKRZ� WKDW� WKH� JHQHUDWLQJ� IXQFWLRQ�
�VDWLVILHV�WKH�RUGLQDU\�GLIIHUHQWLDO�HTXDWLRQ

�

8QIRUWXQDWHO\��WKH�VROXWLRQ�WR�WKLV�HTXDWLRQ�LV�QRW�NQRZQ��VR�IRU�WKH�PRPHQW�DW�OHDVW�ZH�GR�QRW
KDYH�D�FRPSOHWH�VROXWLRQ�IRU�WKH�FRPSRQHQW�VL]HV�LQ�WKH�PRGHO�

�
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$�EULHI�LQWURGXFWLRQ�WR�WZR�VSHFLDOL]HG�QHWZRUN�PRGHOV��WKH�VPDOO�ZRUOG�PRGHO�DQG�WKH
H[SRQHQWLDO�UDQGRP�JUDSK

�

7+(�5$1'20�JUDSK�DQG�SUHIHUHQWLDO�DWWDFKPHQW�PRGHOV�RI�SUHYLRXV�FKDSWHUV�DUH�WKH�PRVW�ZLGHO\
VWXGLHG�RI�QHWZRUN�PRGHOV��EXW�WKH\�DUH�QRW�WKH�RQO\�RQHV��0DQ\�RWKHU�PRGHOV�KDYH�EHHQ�SURSRVHG�
HLWKHU�DV�D�ZD\�RI�VKHGGLQJ�OLJKW�RQ�VSHFLILF�REVHUYHG�IHDWXUHV�RI�QHWZRUNV�RU�DV�WRROV�WR�KHOS�LQ�WKH
DQDO\VLV�RI�QHWZRUN�GDWD��,Q�WKLV�FKDSWHU�ZH�GHVFULEH�EULHIO\�WZR�RI�WKH�EHVW�NQRZQ�DGGLWLRQDO�W\SHV
RI�QHWZRUN�PRGHOV��WKH�VPDOO�ZRUOG�PRGHO�DQG�H[SRQHQWLDO�UDQGRP�JUDSKV�



�����7+(�60$//�:25/'�02'(/

�

2QH�RI� WKH� OHDVW�ZHOO�XQGHUVWRRG� IHDWXUHV�RI� UHDO�ZRUOG�QHWZRUNV� LV� WUDQVLWLYLW\�� WKH�SURSHQVLW\� IRU
WZR�QHLJKERUV�RI�D�YHUWH[�DOVR�WR�EH�QHLJKERUV�RI�RQH�DQRWKHU���6HH�6HFWLRQ�����IRU�DQ�LQWURGXFWLRQ�WR
WKH� SKHQRPHQRQ� RI� WUDQVLWLYLW\��� 1HLWKHU� WKH� UDQGRP� JUDSK�PRGHOV� RI� &KDSWHUV� ��� DQG� ��� QRU� WKH
PRGHOV�RI�QHWZRUN�JURZWK�GLVFXVVHG� LQ�&KDSWHU����JHQHUDWH�QHWZRUNV�ZLWK�DQ\�VLJQLILFDQW� OHYHO�RI
WUDQVLWLYLW\�� DV� TXDQWLILHG� E\� WKH� FOXVWHULQJ� FRHIILFLHQW�� (T�� �������� 7KH� 3RLVVRQ� UDQGRP� JUDSK� RI
&KDSWHU� ���� IRU� LQVWDQFH�� KDV� D� FOXVWHULQJ� FRHIILFLHQW�F� �� �Q� í� ���� ZKHUH�F� LV� WKH�PHDQ�GHJUHH�RI� D
YHUWH[��VHH�(T������������7KXV�WKH�FOXVWHULQJ�FRHIILFLHQW�YDQLVKHV�DV�Q�EHFRPHV�ODUJH�IRU�FRQVWDQW�F��,Q
SUDFWLFH��DV�GLVFXVVHG�LQ�6HFWLRQ������WKLV�RIWHQ�UHVXOWV�LQ�YDOXHV�RI�WKH�FOXVWHULQJ�FRHIILFLHQW�WKDW�DUH
RUGHUV�RI�PDJQLWXGH�VPDOOHU�WKDQ�WKRVH�REVHUYHG�LQ�UHDO�QHWZRUNV�
,W�LV�QRW�WKDW�GLIILFXOW�WR�FRPH�XS�ZLWK�D�QHWZRUN�PRGHO�WKDW�GRHV�KDYH�D�KLJK�FOXVWHULQJ�FRHIILFLHQW�

)RU�H[DPSOH��D�VLPSOH�WULDQJXODU�ODWWLFH��DV�VKRZQ�LQ�)LJ��������KDV�VLJQLILFDQW�WUDQVLWLYLW\�
7KHUH�DUH�WZLFH�DV�PDQ\�WULDQJOHV�LQ�VXFK�D�ODWWLFH�DV�WKHUH�DUH�YHUWLFHV��IRU�D�WRWDO�RI��Q�WULDQJOHV

LQ�D�QHWZRUN�RI�Q�YHUWLFHV��$W� WKH�VDPH� WLPH� WKHUH�DUH� �FRQQHFWHG�WULSOHV�IRU�HDFK�YHUWH[��VR�
IROORZLQJ�(T����������WKH�FOXVWHULQJ�FRHIILFLHQW�LV

�
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�

$�YDOXH�RI�����LV�FRPSDUDEOH�ZLWK�WKH�FOXVWHULQJ�FRHIILFLHQWV�PHDVXUHG�IRU�PDQ\�VRFLDO�QHWZRUNV
�VHH�6HFWLRQ�����DJDLQ���0RUHRYHU��WKLV�YDOXH�GRHV�QRW�GHSHQG�RQ�WKH�VL]H�RI�WKH�QHWZRUN��DV�WKH�YDOXH
IRU� WKH� UDQGRP�JUDSK� �DQG�PDQ\�RWKHU�PRGHOV�� GRHV�� VR� LW� UHPDLQV� ODUJH� HYHQ� DV� WKH� QHWZRUN� VL]H
GLYHUJHV�
$QRWKHU�VLPSOH�PRGHO�QHWZRUN�ZLWK�KLJK�WUDQVLWLYLW\�LV�GHSLFWHG�LQ�)LJ������D��8QOLNH�WKH�WULDQJXODU

ODWWLFH�� WKLV� PRGHO� DOORZV� WKH� YDOXH� RI� WKH� FOXVWHULQJ� FRHIILFLHQW� WR� EH� YDULHG�� ,Q� WKLV� PRGHO� WKH
YHUWLFHV� DUH� DUUDQJHG�RQ� D� RQH�GLPHQVLRQDO� OLQH�� DQG� HDFK�YHUWH[� LV� FRQQHFWHG�E\� DQ� HGJH� WR� WKH�F
YHUWLFHV�QHDUHVW�WR�LW��ZKHUH�IRU�FRQVLVWHQF\�F�VKRXOG�EH�DQ�HYHQ�QXPEHU��7R�PDNH�DQDO\WLF�WUHDWPHQW
HDVLHU��ZH�FDQ�DSSO\�SHULRGLF�ERXQGDU\� FRQGLWLRQV� WR� WKH� OLQH�� HIIHFWLYHO\�EHQGLQJ� LW� DURXQG� LQWR�D
FLUFOH��DV�LQ�)LJ������E�



�

)LJXUH�������$�WULDQJXODU�ODWWLFH� �$Q\�YHUWH[�LQ�D�WULDQJXODU�ODWWLFH��VXFK�DV�WKH�RQH�KLJKOLJKWHG�KHUH�
KDV�VL[�QHLJKERUV�DQG�KHQFH� �SDLUV�RI�QHLJKERUV��RI�ZKLFK�VL[�DUH�FRQQHFWHG�E\�HGJHV��JLYLQJ�D
FOXVWHULQJ�FRHIILFLHQW�RI� � �����IRU�WKH�ZKROH�QHWZRUN��UHJDUGOHVV�RI�VL]H�
�
�
7R�FDOFXODWH�WKH�QXPEHU�RI�WULDQJOHV�LQ�VXFK�D�QHWZRUN��ZH�REVHUYH�WKDW�D�WULS�DURXQG�DQ\�WULDQJOH

PXVW�FRQVLVW�RI�WZR�VWHSV�LQ�WKH�VDPH�GLUHFWLRQ�DURXQG�WKH�FLUFOH²VD\�FORFNZLVH²IROORZHG�E\�RQH
VWHS�EDFN�WR�FORVH�WKH�WULDQJOH��7KH�QXPEHU�RI�WULDQJOHV�SHU�YHUWH[�LQ�WKH�ZKROH�QHWZRUN�LV�WKHQ�HTXDO
WR�WKH�QXPEHU�RI�VXFK�WULDQJOHV�WKDW�VWDUW�IURP�DQ\�JLYHQ�SRLQW�
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)LJXUH�������$�VLPSOH�RQH�GLPHQVLRQDO�QHWZRUN�PRGHO���D��9HUWLFHV�DUH�DUUDQJHG�RQ�D�OLQH�DQG�HDFK
LV� FRQQHFWHG� WR� LWV�F� QHDUHVW� QHLJKERUV�� ZKHUH�F�  � �� LQ� WKLV� H[DPSOH�� �E�� 7KH� VDPH� QHWZRUN�ZLWK
SHULRGLF�ERXQGDU\�FRQGLWLRQV�DSSOLHG��PDNLQJ�WKH�OLQH�LQWR�D�FLUFOH�
�
�

�



7UDYHUVLQJ�D�³WULDQJOH´�LQ�RXU�FLUFOH�PRGHO�PHDQV�WDNLQJ�WZR�VWHSV�IRUZDUG�DURXQG�WKH�FLUFOH�DQG�RQH
VWHS�EDFN�
1RWH��KRZHYHU��WKDW�WKH�WKLUG�DQG�ILQDO�VWHS�LQ�WKH�WULDQJOH�FDQ�JR�DW�PRVW� �XQLWV�RU�ODWWLFH�VSDFLQJV

DURXQG�WKH�FLUFOH��VLQFH�WKLV�LV�WKH�OHQJWK�RI�WKH�ORQJHVW�OLQN�LQ�WKH�QHWZRUN��$QG�WKH�QXPEHU�RI�ZD\V�WR
FKRRVH�WKH�WZR�VWHSV�IRUZDUG�LV�VLPSO\�WKH�QXPEHU�RI�GLVWLQFW�ZD\V�RI�FKRRVLQJ�WKH�WDUJHW�YHUWLFHV�IRU
WKRVH� VWHSV� IURP� WKH� � SRVVLELOLWLHV��ZKLFK� LV� � �7KXV� WKH� WRWDO�QXPEHU�RI� WULDQJOHV� LV�

7KH�QXPEHU�RI�FRQQHFWHG�WULSOHV�FHQWHUHG�RQ�HDFK�YHUWH[�LV�MXVW� � ����DQG�KHQFH�WKH�WRWDO
QXPEHU�RI�FRQQHFWHG�WULSOHV�LV� �
3XWWLQJ�WKHVH�UHVXOWV�WRJHWKHU��WKH�FOXVWHULQJ�FRHIILFLHQW�IRU�WKH�FRPSOHWH�QHWZRUN�LV

�
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$V�F�LV�YDULHG��WKLV�FOXVWHULQJ�FRHIILFLHQW�UDQJHV�IURP�]HUR�IRU�F� ���XS�WR�D�PD[LPXP�RI� �ZKHQ�F�ĺ
���$QG��DV�ZLWK�WKH�WULDQJXODU�ODWWLFH��WKH�YDOXH�GRHV�QRW�IDOO�RII�ZLWK�LQFUHDVLQJ�QHWZRUN�VL]H��VLQFH
(T���������LV�LQGHSHQGHQW�RI�Q�
:KLOH�WKLV�VLPSOH�³FLUFOH�PRGHO´�DQG�WKH�WULDQJXODU�ODWWLFH�ERWK�JLYH�ODUJH�YDOXHV�RI�WKH�FOXVWHULQJ

FRHIILFLHQW�� WKH\� DUH� FOHDUO\� XQVDWLVIDFWRU\� LQ� RWKHU� UHVSHFWV� DV� PRGHOV� RI� QHWZRUNV�� 2QH� REYLRXV
SUREOHP�LV�WKH�GHJUHH�GLVWULEXWLRQ��7KH�FLUFOH�PRGHO��IRU�LQVWDQFH��JLYHV�DOO�YHUWLFHV�WKH�VDPH�GHJUHH
F��,Q�WKH�ODQJXDJH�RI�JUDSK�WKHRU\�WKH�PRGHO�JHQHUDWHV�D�UHJXODU�JUDSK��ZKLFK�LV�HQWLUHO\�XQOLNH�PRVW
UHDO�ZRUOG� QHWZRUNV�ZLWK� WKHLU� EURDG� GLVWULEXWLRQV� RI� YHUWH[� GHJUHH��7KLV� SUREOHP�KRZHYHU� FRXOG
TXLWH�HDVLO\�EH�VROYHG�E\�PDNLQJ�D�FLUFOH�RI�YHUWLFHV�ZLWK�YDU\LQJ�GHJUHHV�LQVWHDG�RI�FRQVWDQW�RQHV�
$� PRUH� VHULRXV� SUREOHP� ZLWK� PRGHOV� RI� WKLV� W\SH� LV� WKDW� WKH\� DUH� ³ODUJH� ZRUOGV´²WKH\� GRQ¶W

GLVSOD\�WKH�VPDOO�ZRUOG�HIIHFW�FKDUDFWHULVWLF�RI�HVVHQWLDOO\�HYHU\�REVHUYHG�QHWZRUN�LQ�WKH�UHDO�ZRUOG
DQG�GLVFXVVHG�SUHYLRXVO\�LQ�6HFWLRQV�����DQG������7KH�VPDOO�ZRUOG�HIIHFW�LV�WKH�REVHUYDWLRQ�WKDW�WKH
JHRGHVLF�RU� VKRUWHVW�SDWK�GLVWDQFH�EHWZHHQ�PRVW�SDLUV�RI�YHUWLFHV� LQ�D�QHWZRUN� LV� VPDOO²W\SLFDOO\
MXVW�D�IHZ�VWHSV�HYHQ� LQ�QHWZRUNV�ZLWK�ELOOLRQV�RI�YHUWLFHV�VXFK�DV� WKH�DFTXDLQWDQFH�QHWZRUN�RI� WKH
HQWLUH�ZRUOG�SRSXODWLRQ�
7KH� VKRUWHVW� GLVWDQFH� EHWZHHQ� WZR� YHUWLFHV� LQ� WKH� FLUFOH� PRGHO� DERYH� LV� VWUDLJKWIRUZDUG� WR

FDOFXODWH�� WKH� IDUWKHVW� RQH� FDQ�PRYH� DURXQG� WKH� ULQJ� LQ� D� VLQJOH� VWHS� LV� � ODWWLFH� VSDFLQJV�� VR� WZR
YHUWLFHV�P�ODWWLFH�VSDFLQJV�DSDUW�DUH�FRQQHFWHG�E\�D�VKRUWHVW�SDWK�RI��P�F�VWHSV�����$YHUDJLQJ�RYHU�WKH
FRPSOHWH� UDQJH�RI�P� IURP��� WR� � WKHQ�JLYHV�D�PHDQ� VKRUWHVW�SDWK�RI�Q��F�� ,Q�D�QHWZRUN�VXFK�DV� WKH
DFTXDLQWDQFH�QHWZRUN�RI� WKH�ZRUOG��ZLWK�Q� �2������SHRSOH� HDFK�DFTXDLQWHG�ZLWK�� VD\��F�  �2�����
RWKHUV��WKLV�H[SUHVVLRQ�\LHOGV�DQ�DYHUDJH�VKRUWHVW�SDWK�OHQJWK�RQ�WKH�RUGHU�RI�D�PLOOLRQ�VWHSV��ZKLFK�LV
ZLOGO\�RII�WKH�PDUN²D�PRUH�UHDOLVWLF�ILJXUH�ZRXOG�EH�VL[�RU�PD\EH�WHQ��EXW�QRW�D�PLOOLRQ�
%\� FRQWUDVW�� WKH� UDQGRP� JUDSK� VWXGLHG� LQ� &KDSWHU� ���GRHV� FDSWXUH� WKH� VPDOO�ZRUOG� HIIHFW� UDWKHU

ZHOO��DV�LQGHHG�GR�PRVW�RI�WKH�RWKHU�QHWZRUN�PRGHOV�GLVFXVVHG�LQ�SUHYLRXV�FKDSWHUV���$V�VKRZQ�LQ
6HFWLRQ�������WKH�W\SLFDO�VKRUWHVW�SDWK�EHWZHHQ�FRQQHFWHG�YHUWLFHV�LQ�D�UDQGRP�JUDSK�KDV�OHQJWK�DERXW



OQ�Q�� OQ�F�ZKLFK�KDV�D�YDOXH�RQ� WKH�RUGHU�RI� � IRU� WKH�DFTXDLQWDQFH�QHWZRUN�DERYH��2Q� WKH�RWKHU
KDQG��DV�ZH�KDYH�VDLG��WKH�UDQGRP�JUDSK�KDV�DQ�XQUHDOLVWLFDOO\�ORZ�FOXVWHULQJ�FRHIILFLHQW�
7KXV�ZH�KDYH�WZR�PRGHOV��RXU�VLPSOH�FLUFOH�PRGHO�DQG�WKH�UDQGRP�JUDSK��WKDW�EHWZHHQ�WKHP�HDFK

FDSWXUH�RQH�SURSHUW\�RI�UHDO�QHWZRUNV²KLJK�WUDQVLWLYLW\�DQG�VKRUW�SDWK�OHQJWKV²EXW�QHLWKHU�FDSWXUHV
ERWK��7KLV� OHDGV�XV� WR�DVN�ZKHWKHU� LW� LV�SRVVLEOH� WR�FUHDWH�D�K\EULG�RI� WKH� WZR� WKDW�� OLNH� UHDO�ZRUOG
QHWZRUNV�� GLVSOD\V� ERWK� KLJK� WUDQVLWLYLW\� DQG� VKRUW� SDWK� OHQJWKV� VLPXOWDQHRXVO\�� 7KH�VPDOO�ZRUOG
PRGHO��SURSRVHG�LQ������E\�:DWWV�DQG�6WURJDW]�>���@��GRHV�H[DFWO\�WKLV�
7KH�VPDOO�ZRUOG�PRGHO��LQ�LWV�RULJLQDO�IRUP��LQWHUSRODWHV�EHWZHHQ�RXU�FLUFOH�PRGHO�DQG�WKH�UDQGRP

JUDSK�E\�PRYLQJ�RU�UHZLULQJ�HGJHV�IURP�WKH�FLUFOH�WR�UDQGRP�SRVLWLRQV��7KH�GHWDLOHG�VWUXFWXUH�RI�WKH
PRGHO� LV�VKRZQ�LQ�)LJ������D��6WDUWLQJ�ZLWK�D�FLUFOH�PRGHO�RI�Q�YHUWLFHV� LQ�ZKLFK�HYHU\�YHUWH[�KDV
GHJUHH�F��ZH�JR�WKURXJK�HDFK�RI�WKH�HGJHV�LQ�WXUQ�DQG�ZLWK�VRPH�SUREDELOLW\�S�ZH�UHPRYH�WKDW�HGJH
DQG�UHSODFH�LW�ZLWK�RQH�WKDW�MRLQV�WZR�YHUWLFHV�FKRVHQ�XQLIRUPO\�DW�UDQGRP�����7KH�UDQGRPO\�SODFHG
HGJHV�DUH�FRPPRQO\�UHIHUUHG� WR�DV�VKRUWFXWV�EHFDXVH��DV�VKRZQ�LQ�)LJ������D��WKH\�FUHDWH�VKRUWFXWV
IURP�RQH�SDUW�RI�WKH�FLUFOH�WR�DQRWKHU�
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)LJXUH�������7ZR�YHUVLRQV�RI�WKH�VPDOO�ZRUOG�PRGHO� ��D��,Q�WKH�RULJLQDO�YHUVLRQ�RI�WKH�VPDOO�ZRUOG
PRGHO�� HGJHV� DUH�ZLWK� LQGHSHQGHQW�SUREDELOLW\�S� UHPRYHG�IURP� WKH�FLUFOH�DQG�SODFHG�EHWZHHQ� WZR
YHUWLFHV�FKRVHQ�XQLIRUPO\�DW�UDQGRP��FUHDWLQJ�VKRUWFXWV�DFURVV�WKH�FLUFOH�DV�VKRZQ��,Q�WKLV�H[DPSOH�Q
 �����F� ����DQG�S� �������VR�WKDW���RXW�RI����HGJHV�DUH�³UHZLUHG´�LQ�WKLV�IDVKLRQ���E��,Q�WKH�VHFRQG
YHUVLRQ�RI�WKH�PRGHO�RQO\�WKH�VKRUWFXWV�DUH�DGGHG�DQG�QR�HGJHV�DUH�UHPRYHG�IURP�WKH�FLUFOH�
�
�
7KH�SDUDPHWHU�S�LQ�WKH�VPDOO�ZRUOG�PRGHO�FRQWUROV�WKH�LQWHUSRODWLRQ�EHWZHHQ�WKH�FLUFOH�PRGHO�DQG

WKH�UDQGRP�JUDSK��:KHQ�S� ���QR�HGJHV�DUH�UHZLUHG�DQG�ZH�UHWDLQ�WKH�RULJLQDO�FLUFOH��:KHQ�S� ���DOO
HGJHV�DUH�UHZLUHG�WR�UDQGRP�SRVLWLRQV�DQG�ZH�KDYH�D�UDQGRP�JUDSK��)RU�LQWHUPHGLDWH�YDOXHV�RI�S�ZH
JHQHUDWH� QHWZRUNV� WKDW� OLH� VRPHZKHUH� LQ� EHWZHHQ�� 7KXV� IRU�S�  � �� WKH� VPDOO�ZRUOG� PRGHO� VKRZV
FOXVWHULQJ��VR�ORQJ�DV�F�!��²VHH�(T����������EXW�QR�VPDOO�ZRUOG�HIIHFW��)RU�S� ���LW�GRHV�WKH�UHYHUVH�
7KH�FUXFLDO�SRLQW�DERXW�WKH�PRGHO�LV�WKDW�DV�S�LV�LQFUHDVHG�IURP�]HUR�WKH�FOXVWHULQJ�LV�PDLQWDLQHG�XS�WR
TXLWH�ODUJH�YDOXHV�RI�S�ZKLOH�WKH�VPDOO�ZRUOG�EHKDYLRU��PHDQLQJ�VKRUW�DYHUDJH�SDWK�OHQJWKV��DOUHDG\
DSSHDUV�IRU�TXLWH�PRGHVW�YDOXHV�RI�S��$V�D�UHVXOW�WKHUH�LV�D�VXEVWDQWLDO�UDQJH�RI�LQWHUPHGLDWH�YDOXHV
IRU�ZKLFK�WKH�PRGHO�VKRZV�ERWK�HIIHFWV�VLPXOWDQHRXVO\��WKHUHE\�GHPRQVWUDWLQJ�WKDW�WKH�WZR�DUH�LQ�IDFW
HQWLUHO\�FRPSDWLEOH�DQG�QRW�H[FOXVLYH�DW�DOO�
8QIRUWXQDWHO\�� LW� LV� KDUG� WR� GHPRQVWUDWH� WKLV� UHVXOW� ULJRURXVO\� EHFDXVH� WKH� VPDOO�ZRUOG�PRGHO� DV

GHILQHG�DERYH�LV�GLIILFXOW�WR�WUHDW�E\�DQDO\WLF�PHDQV��)RU�WKLV�UHDVRQ�ZH�ZLOO�LQ�WKLV�FKDSWHU�VWXG\�D



VOLJKW�YDULDQW�RI�WKH�PRGHO��ZKLFK�LV�HDVLHU�WR�WUHDW�>���@��,Q�WKLV�YDULDQW��VKRZQ�LQ�)LJ������E��HGJHV
DUH�DGGHG�EHWZHHQ�UDQGRPO\�FKRVHQ�YHUWH[�SDLUV�MXVW�DV�EHIRUH��EXW�QR�HGJHV�DUH�UHPRYHG�IURP�WKH
RULJLQDO�FLUFOH��7KLV�OHDYHV�WKH�FLUFOH�LQWDFW��ZKLFK�PDNHV�RXU�FDOFXODWLRQV�PXFK�VLPSOHU��)RU�HDVH�RI
FRPSDULVRQ�ZLWK�WKH�RULJLQDO�VPDOO�ZRUOG�PRGHO��WKH�GHILQLWLRQ�RI�WKH�SDUDPHWHU�S�LV�NHSW�WKH�VDPH�
IRU� HYHU\� HGJH� LQ� WKH� FLUFOH�ZH�DGG�ZLWK� LQGHSHQGHQW�SUREDELOLW\�S� DQ�DGGLWLRQDO� VKRUWFXW�EHWZHHQ
WZR�YHUWLFHV�FKRVHQ�XQLIRUPO\�DW�UDQGRP����
$�GRZQVLGH�RI�WKLV�YHUVLRQ�RI�WKH�PRGHO�LV�WKDW�LW�QR�ORQJHU�EHFRPHV�D�UDQGRP�JUDSK�LQ�WKH�OLPLW�S

 ����,QVWHDG�LW�EHFRPHV�D�UDQGRP�JUDSK�SOXV�WKH�RULJLQDO�FLUFOH��7KLV��KRZHYHU��WXUQV�RXW�QRW�WR�EH�D
VLJQLILFDQW�SUREOHP��VLQFH�PRVW�RI�WKH�LQWHUHVW�LQ�WKH�PRGHO�OLHV�LQ�WKH�UHJLPH�ZKHUH�S�LV�VPDOO�DQG�LQ
WKLV� UHJLPH� WKH� WZR�PRGHOV� GLIIHU� KDUGO\� DW� DOO�� WKH� RQO\� GLIIHUHQFH� LV� WKH� SUHVHQFH� LQ� WKH� VHFRQG
YDULDQW�RI�D�VPDOO�QXPEHU�RI�HGJHV�DURXQG� WKH�FLUFOH� WKDW�ZRXOG�EH�DEVHQW� LQ� WKH� ILUVW��KDYLQJ�EHHQ
UHZLUHG��+HQFHIRUWK��ZH�ZLOO�VWXG\� WKH�YDULDQW�PRGHO� LQ�ZKLFK�QR�HGJHV�DUH� UHPRYHG�DQG�ZH�ZLOO
UHIHU� WR� LW�� DV�RWKHUV�KDYH�� DV� WKH� VPDOO�ZRUOG�PRGHO�� DOWKRXJK� WKH� UHDGHU� VKRXOG�EHDU� LQ�PLQG� WKDW
WKHUH�DUH�WZR�VOLJKWO\�GLIIHUHQW�PRGHOV�WKDW�FDUU\�WKLV�QDPH�
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,Q�WKH�FLUFOH�PRGHO�GHVFULEHG�LQ�WKH�ODVW�VHFWLRQ�HYHU\�YHUWH[�KDV�WKH�VDPH�GHJUHH�F²WKH�QHWZRUN�LV�D
UHJXODU�JUDSK��2QFH�ZH�DGG�VKRUWFXWV� WR� WKH�FLUFOH� WR�PDNH� WKH�VPDOO�ZRUOG�PRGHO�� WKH�GHJUHH�RI�D
YHUWH[� LV�F�SOXV�WKH�QXPEHU�RI�VKRUWFXW�HGJHV�DWWDFKHG�WR�LW��7KH�GHILQLWLRQ�RI�WKH�VPDOO�ZRUOG�PRGHO
VD\V� WKDW� IRU� HDFK� RI� WKH� QRQ�VKRUWFXW� HGJHV� DURXQG� WKH� FLUFOH�� RI� ZKLFK� WKHUH� DUH� �� ZH� DGG� D
VKRUWFXW�ZLWK�SUREDELOLW\�S�DW�D�UDQGRP�ORFDWLRQ��VR�WKDW�WKHUH�DUH� � VKRUWFXWV�RQ�DYHUDJH�DQG�QFS
HQGV� RI� VKRUWFXWV�� 7KLV� PHDQV� WKDW�FS� VKRUWFXWV� RQ� DYHUDJH� HQG� DW� DQ\� SDUWLFXODU� YHUWH[��$QG� WKH
VSHFLILF�QXPEHU�V�RI�VKRUWFXWV�DWWDFKHG�WR�DQ\�RQH�YHUWH[�LV�3RLVVRQ�GLVWULEXWHG�ZLWK�PHDQ�FS�WKXV�
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7KH� WRWDO�GHJUHH�RI�D�YHUWH[� LV�N�  �V� ��F�� 3XWWLQJ�V�  �N� í�F� LQWR�(T�� ������� WKHQ�JLYHV�XV� WKH�GHJUHH
GLVWULEXWLRQ�RI�WKH�VPDOO�ZRUOG�PRGHO�
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�

IRU�N���F�DQG�SN� ���LI�N���F�
)LJXUH������VKRZV�WKH�IRUP�RI�WKLV�GLVWULEXWLRQ�IRU� ��$V�ZH�FDQ�VHH��WKH�GLVWULEXWLRQ�KDV�DQ

XQXVXDO� SHDNHG� VKDSH�ZLWK� D� ORZHU� FXW�RII�� TXLWH� XQOLNH� WKH� GHJUHH� GLVWULEXWLRQV� ZH� VDZ� IRU� UHDO
QHWZRUNV� LQ�6HFWLRQ������ ,Q� WKLV� UHVSHFW�� WKHUHIRUH�� WKH�VPDOO�ZRUOG�PRGHO�GRHV�QRW�PLPLF�ZHOO� WKH
VWUXFWXUH�RI�QHWZRUNV� LQ� WKH�UHDO�ZRUOG��2Q�WKH�RWKHU�KDQG�� WKH�PRGHO�ZDV�QHYHU� LQWHQGHG�WR�PLPLF
UHDO�ZRUOG�GHJUHH�GLVWULEXWLRQV��:KDW�LW�GRHV�GR�ZHOO�LV�PLPLF�WKH�FOXVWHULQJ�DQG�VKRUW�SDWK�OHQJWKV
VHHQ�LQ�UHDO�QHWZRUNV�



�

)LJXUH� ������ 7KH� GHJUHH� GLVWULEXWLRQ� RI� WKH� VPDOO�ZRUOG� PRGHO�� 7KH� IUHTXHQF\� GLVWULEXWLRQ� RI
YHUWH[�GHJUHHV�LQ�D�VPDOO�ZRUOG�PRGHO�ZLWK�SDUDPHWHUV�F� ���DQG� �
�
�
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�

7KH�FOXVWHULQJ�FRHIILFLHQW�&�LV�GHILQHG�E\�(T����������ZKLFK�ZH�UHSURGXFH�KHUH�

�

������
�

7R�HYDOXDWH�&�IRU�WKH�VPDOO�ZRUOG�PRGHO�ZH�QHHG�WR�FDOFXODWH�WKH�QXPEHUV�RI�WULDQJOHV�DQG�FRQQHFWHG
WULSOHV�LQ�WKH�QHWZRUN��/HW�XV�VWDUW�ZLWK�WKH�IRUPHU�
6LQFH�WKH�XQGHUO\LQJ�FLUFOH�LQ�WKH�PRGHO�LV�XQFKDQJHG�E\�WKH�DGGLWLRQ�RI�VKRUWFXWV��HYHU\�WULDQJOH�LQ

WKDW� FLUFOH�� RI� ZKLFK� WKHUH� DUH�� DV� EHIRUH�� � ���� LV� VWLOO� SUHVHQW�� 6RPH� QHZ� WULDQJOHV� DUH� DOVR
LQWURGXFHG� E\� WKH� VKRUWFXWV�� )RU� H[DPSOH�� YHUWH[� SDLUV� � WR�F� VWHSV� DSDUW� RQ� WKH� FLUFOH� DUH
FRQQHFWHG� E\� RQH� RU� PRUH� SDWKV� RI� OHQJWK� WZR�� DQG� LI� WKH� VDPH� YHUWLFHV� DUH� DOVR� FRQQHFWHG� E\� D
VKRUWFXW�WKRVH�SDWKV�DUH�WXUQHG�LQWR�WULDQJOHV�
7KH�QXPEHU�RI�VXFK�SDWKV�RI�OHQJWK�WZR�LV�FOHDUO\�SURSRUWLRQDO�WR�Q²LI�ZH�GRXEOH�WKH�OHQJWK�RI�WKH

FLUFOH�ZH�GRXEOH�WKH�QXPEHU�RI�SDWKV��7KH�DYHUDJH�QXPEHU�RI�VKRUWFXWV�LQ�WKH�VPDOO�ZRUOG�PRGHO�LV�
DV�ZH�KDYH�VDLG�� �DQG�WKHUH�DUH� �SODFHV�WKH\�FDQ�IDOO��PHDQLQJ�WKDW�DQ\�SDUWLFXODU�SDLU�RI�YHUWLFHV
LV�FRQQHFWHG�ZLWK�SUREDELOLW\

�

������
�

RU� MXVW�FS� ��Q� LQ� WKH� OLPLW� RI� ODUJH�Q�� 7KH� QXPEHU� RI� SDWKV� RI� OHQJWK� WZR� WKDW� DUH� FRPSOHWHG� E\
VKRUWFXWV�WR�IRUP�WULDQJOHV�LV�WKXV�SURSRUWLRQDO�WR�Q�î�FS���Q� �FS��ZKLFK�LV�D�FRQVWDQW��7KLV�PHDQV�WKDW
LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�ZH�FDQ�VDIHO\�LJQRUH�WKHVH�WULDQJOHV��EHFDXVH�WKH\�ZLOO�EH�QHJOLJLEOH
FRPSDUHG�WR�WKH�2�Q��WULDQJOHV�LQ�WKH�PDLQ�FLUFOH�
7ULDQJOHV�FDQ�DOVR�EH�IRUPHG�IURP�WZR�RU�WKUHH�VKRUWFXWV��EXW�WKHVH�DOVR�WXUQ�RXW�WR�EH�QHJOLJLEOH�LQ

QXPEHU��7KXV��WR�OHDGLQJ�RUGHU�LQ�Q��WKH�QXPEHU�RI�WULDQJOHV�LQ�WKH�VPDOO�ZRUOG�PRGHO�LV�VLPSO\�HTXDO
WR�WKH�QXPEHU�LQ�WKH�FLUFOH��ZKLFK�LV�
$QG�ZKDW� DERXW� WKH�QXPEHU�RI� FRQQHFWHG� WULSOHV"�2QFH�DJDLQ�� DOO� FRQQHFWHG� WULSOHV� LQ� WKH�FLUFOH

PRGHO�DUH�VWLOO�SUHVHQW�LQ�WKH�VPDOO�ZRUOG�PRGHO��$V�VKRZQ�LQ�6HFWLRQ�������WKHUH�DUH� �VXFK
WULSOHV��7KHUH�DUH��KRZHYHU��DOVR�WULSOHV�FUHDWHG�E\�D�VKRUWFXW�FRPELQLQJ�ZLWK�DQ�HGJH�LQ�WKH�FLUFOH�
7KHUH� DUH� �VKRUWFXWV�DQG�F�HGJHV�WKDW�WKH\�FDQ�IRUP�D�WULSOH�ZLWK�DW�HDFK�RI�WKHLU�WZR�HQGV��IRU�D



WRWDO�RI� �FRQQHFWHG�WULSOHV�
7KHUH� DUH� DOVR� WULSOHV� FUHDWHG� E\� SDLUV� RI� VKRUWFXWV�� ,I� D� YHUWH[� LV� FRQQHFWHG� WR�P� VKRUWFXWV� WKHQ

WKHUH� DUH� � WULSOHV�PDGH�RI� WZR� VKRUWFXWV� FHQWHUHG�RQ� WKDW� YHUWH[� DQG�� DYHUDJLQJ�RYHU� WKH�3RLVVRQ
GLVWULEXWLRQ�RI�P��ZLWK�PHDQ�FS��WKH�H[SHFWHG�QXPEHU�RI�FRQQHFWHG�WULSOHV�FHQWHUHG�DW�D�YHUWH[�LV� �
IRU�D�WRWDO�RI� �WULSOHV�RYHU�DOO�YHUWLFHV�
7KXV� WKH� H[SHFWHG� WRWDO� QXPEHU� RI� FRQQHFWHG� WULSOHV� RI� DOO� W\SHV� LQ� WKH� ZKROH� QHWZRUN� LV�

��6XEVWLWXWLQJ� WKH�QXPEHUV�RI� WULDQJOHV�DQG� WULSOHV� LQWR�(T����������ZH� WKHQ�ILQG
WKDW

�

������
�

1RWH�WKDW�WKLV�EHFRPHV�WKH�VDPH�DV�(T����������DV�LW�VKRXOG��ZKHQ�S� ����$QG�DV�S�JURZV�LW�EHFRPHV
VPDOOHU��ZLWK� D�PLQLPXP�YDOXH�RI�&�  � � ZKHQ�S�  � ��� )RU� LQVWDQFH�ZKHQ�F� ���� WKH
PLQLPXP� YDOXH� RI� WKH� FOXVWHULQJ� FRHIILFLHQW� LV� � �7KLV� EHKDYLRU� FRQWUDVWV�ZLWK� WKDW� RI� WKH
RULJLQDO� :DWWV�6WURJDW]� YHUVLRQ� RI� WKH� VPDOO�ZRUOG� PRGHO� LQ� ZKLFK� HGJHV� DUH� UHPRYHG� IURP� WKH
FLUFOH��,Q�WKDW�YHUVLRQ�WKH�FOXVWHULQJ�FRHIILFLHQW�WHQGV�WR�]HUR�DV�Q�ĺ���ZKHQ�S� ����VLQFH�WKH�QHWZRUN
EHFRPHV�D�UDQGRP�JUDSK�DW�S� ����

�

)LJXUH�������&OXVWHULQJ�FRHIILFLHQW�DQG�DYHUDJH�SDWK�OHQJWK�LQ�WKH�VPDOO�ZRUOG�PRGHO��7KH�VROLG
OLQH�VKRZV�WKH�FOXVWHULQJ�FRHIILFLHQW��(T����������IRU�D�VPDOO�ZRUOG�PRGHO�ZLWK�F� ���DQG�Q� ������DV



D�IUDFWLRQ�RI� LWV�PD[LPXP�YDOXH� ��SORWWHG�DV�D�IXQFWLRQ�RI�WKH�SDUDPHWHU�S��7KH
GDVKHG�OLQH�VKRZV�WKH�DYHUDJH�JHRGHVLF�GLVWDQFH�EHWZHHQ�YHUWLFHV�IRU�WKH�VDPH�PRGHO�DV�D�IUDFWLRQ�RI
LWV�PD[LPXP�YDOXH�ƐPD[� �Q��F� �����FDOFXODWHG�IURP�WKH�PHDQ�ILHOG�VROXWLRQ��(T�����������1RWH�WKDW
WKH�KRUL]RQWDO�D[LV�LV�ORJDULWKPLF�
�
�
)LJXUH������VKRZV�D�SORW�RI�WKH�FOXVWHULQJ�FRHIILFLHQW�DV�D�IXQFWLRQ�RI�S�IRU�D�VPDOO�ZRUOG�QHWZRUN

ZLWK�F� ���
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�

&DOFXODWLQJ�WKH�DYHUDJH�SDWK�OHQJWK�LQ�WKH�VPDOO�ZRUOG�PRGHO��L�H���WKH�PHDQ�JHRGHVLF�RU�VKRUWHVW�SDWK
GLVWDQFH� EHWZHHQ� SDLUV� RI� YHUWLFHV�� LV� KDUGHU� WKDQ� FDOFXODWLQJ� WKH� GHJUHH� GLVWULEXWLRQ� RU� FOXVWHULQJ
FRHIILFLHQW�� ,QGHHG�� QR� H[DFW� H[SUHVVLRQ� IRU� PHDQ� GLVWDQFH� KDV� \HW� EHHQ� IRXQG�� WKRXJK� VRPH
DSSUR[LPDWH�H[SUHVVLRQV�DUH�NQRZQ�DQG�KDYH�EHHQ�IRXQG�LQ�VLPXODWLRQV�RI�WKH�PRGHO�WR�EH�UHDVRQDEO\
DFFXUDWH�

6HH�6HFWLRQ��������IRU�D�GLVFXVVLRQ�RI�JHRGHVLF�GLVWDQFHV�LQ�QHWZRUNV�
�
2QH� WKLQJ� WKDW� LV� NQRZQ� DERXW� SDWK� OHQJWKV� LQ� WKH� PRGHO� LV� KRZ� WKH\�VFDOH� ZLWK� WKH� PRGHO

SDUDPHWHUV��&RQVLGHU� WKH�VLPSOH�FDVH�RI�D�VPDOO�ZRUOG�PRGHO�ZLWK�F� ����VR� WKDW�DURXQG� WKH�FLUFOH
HDFK� YHUWH[� LV� FRQQHFWHG� RQO\� WR� LWV� LPPHGLDWH� QHLJKERUV�� DQG� FRQVLGHU� WKH� IROORZLQJ� GLPHQVLRQDO
DUJXPHQW��:H�GHILQH�D�OHQJWK�PHDVXUH�LQ�RXU�QHWZRUN�E\�VD\LQJ�WKDW�WKH�GLVWDQFH�FRYHUHG�E\�DQ�HGJH
LQ�WKH�QHWZRUN�LV�RQH�OHQJWK�XQLW²D�PHWHU�VD\��RU�D�IRRW�����7KHQ�ZH�FDQ�DVN�ZKDW�RWKHU�TXDQWLWLHV�LQ
WKH� PRGHO� KDYH� WKH� GLPHQVLRQV� RI� OHQJWK�� 2QH� FDQGLGDWH� LV� WKH� GLVWDQFH� DURXQG� WKH� ZKROH� FLUFOH�
ZKLFK�LV�MXVW�Q�
%XW� WKHUH� LV� DQRWKHU� OHQJWK� LQ� WKH�PRGHO� DOVR�� ZKLFK� LV� WKH�PHDQ� GLVWDQFH� EHWZHHQ� WKH� HQGV� RI

VKRUWFXWV�DURXQG�WKH�FLUFOH��6XSSRVH�WKHUH�DUH�V�VKRUWFXWV�LQ�RXU�QHWZRUN��ZKLFK�PHDQV�WKHUH��V�HQGV
RI�VKRUWFXWV���:H�NQRZ�LQ�IDFW�WKDW� ��EXW�WKH�SRLQW�RI�WKLV�DUJXPHQW�ZLOO�EH�FOHDUHU�LI�ZH�VWLFN
ZLWK� WKH� VLPSOH� QRWDWLRQ�V� IRU� WKH�PRPHQW��� 7KHQ� WKH� DYHUDJH� GLVWDQFH�ȟ� EHWZHHQ� HQGV� DURXQG� WKH
FLUFOH�LV

�

������
�

2QFH�ZH�VSHFLI\�WKH�WZR�GLVWDQFHV�Q�DQG�ȟ��ZH�KDYH�VSHFLILHG�WKH�HQWLUH�PRGHO��EHFDXVH�RQFH�ZH
KDYH�Q�WKH�YDOXH�RI�ȟ�IL[HV�V��ZKLFK�IL[HV�S��ZKLFK�LV�WKH�RQO\�IUHH�SDUDPHWHU�LQ�WKH�PRGHO�JLYHQ�WKDW�F
 ���
1RZ�FRQVLGHU� WKH� UDWLR�RI� WKH� OHQJWK�RI� WKH�DYHUDJH�VKRUWHVW�SDWK� LQ� WKH�QHWZRUN��ZKLFK�ZH�ZLOO

GHQRWH�Ɛ��WR�WKH�OHQJWK�RI�WKH�SDWK�DURXQG�WKH�HQWLUH�FLUFOH��ZKLFK�LV�Q��7KLV�UDWLR�FDQ��E\�GHILQLWLRQ��EH
ZULWWHQ�DV�D�IXQFWLRQ�RI�Q�DQG�ȟ��VLQFH�Q�DQG�ȟ�VSHFLI\�WKH�HQWLUH�PRGHO��+RZHYHU��LW�LV�DOVR�WKH�UDWLR�RI
WZR�GLVWDQFHV��PHDQLQJ�WKDW�LW�LV�GLPHQVLRQOHVV��DQG�KHQFH�FDQ�EH�D�IXQFWLRQ�RI�RQO\�RI�GLPHQVLRQOHVV
FRPELQDWLRQV�RI�Q�DQG�ȟ��%XW�WKHUH�LV�RQO\�RQH�VXFK�GLPHQVLRQOHVV�FRPELQDWLRQ��WKH�UDWLR�Q���ȟ��7KXV�LW
PXVW�EH�WKH�FDVH�WKDW



�
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ZKHUH�¦�[��LV�VRPH�IXQFWLRQ�WKDW�GRHVQ¶W�GHSHQG�RQ�DQ\�RI�WKH�SDUDPHWHUV��D�XQLYHUVDO�IXQFWLRQ�LQ
WKH�ODQJXDJH�RI�VFDOLQJ�WKHRU\�
,Q�RWKHU�ZRUGV��WKH�PHDQ�JHRGHVLF�GLVWDQFH�Ɛ�EHWZHHQ�YHUWLFHV�LQ�WKH�VPDOO�ZRUOG�PRGHO�ZLWK�F� ��

LV�VLPSO\�HTXDO�WR�WKH�QXPEHU�RI�YHUWLFHV�Q�WLPHV�VRPH�IXQFWLRQ�RI�WKH�QXPEHU�RI�VKRUWFXWV�

�

�������
�

�
$QG�ZKDW� KDSSHQV� IRU� ODUJHU� YDOXHV� RI�F"�:KHQ� ZH� LQFUHDVH�F� WKH� OHQJWKV� RI� WKH� VKRUWHVW� SDWKV

EHWZHHQ�YHUWLFHV�GHFUHDVH��,I�ZH�NHHS�HYHU\WKLQJ�WKH�VDPH�LQ�RXU�PRGHO²QXPEHU�RI�YHUWLFHV��QXPEHU
RI�VKRUWFXWV²EXW� LQFUHDVH�F�IURP�WZR�WR�IRXU��WKHQ�ZH�ZLOO�URXJKO\�KDOYH�WKH�VKRUWHVW�SDWK�EHWZHHQ
DQ\�SDLU�RI�YHUWLFHV��7KLV� LV�EHFDXVH�ZH�QRZ�KDYH�HGJHV�FRQQHFWLQJ�QH[W�QHDUHVW�QHLJKERU�YHUWLFHV
DURXQG� WKH�FLUFOH�DV�ZHOO�DV�QHDUHVW�QHLJKERUV��ZKLFK�PHDQV� WKDW�ZH�FDQ� WUDYHUVH�D�JLYHQ�GLVWDQFH
DURXQG�WKH�FLUFOH�LQ�KDOI�DV�PDQ\�KRSV�DV�ZH�FRXOG�SUHYLRXVO\��,I�WKH�SDWK�LQFRUSRUDWHV�DQ\�VKRUWFXWV
WKHQ�WKDW�SDUW�RI�WKH�GLVWDQFH�GRHVQ¶W�FKDQJH²WKH�VKRUWFXWV�DUH�DV�ORQJ�DV�WKH\�HYHU�ZHUH��+RZHYHU��LI
WKH�GHQVLW\�RI�VKRUWFXWV�LV�ORZ�WKHQ�PRVW�RI�WKH�KRSV�LQ�PRVW�SDWKV�ZLOO�EH�DURXQG�WKH�FLUFOH�UDWKHU�WKDQ
DORQJ�VKRUWFXWV�DQG�WR�D�JRRG�DSSUR[LPDWLRQ�ZH�FDQ�VD\�WKDW�WKH�OHQJWK�RI�WKH�SDWKV�KDV�VLPSO\�KDOYHG�
6LPLODUO\��IRU�JHQHUDO�YDOXHV�RI�F�WKH�OHQJWK�RI�WKH�SDWKV�LV�GHFUHDVHG�E\�D�IDFWRU�RI� �RYHU�LWV�YDOXH
IRU�WKH�F� ���FDVH�
7KXV�� SURYLGHG� WKH� GHQVLW\� RI� VKRUWFXWV� LV� ORZ�� WKH� HTXDWLRQ� FRUUHVSRQGLQJ� WR� (T�� �������� IRU

JHQHUDO�YDOXHV�RI�F�LV�

�

�������
�

�

:H�FDQ�GHULYH�DQ�DOWHUQDWLYH�IRUP�E\�PDNLQJ�XVH�RI�WKH�IDFW�WKDW�WKH�QXPEHU�RI�VKRUWFXWV�LV� �
ZKLFK�JLYHV�XV�Ɛ� ���Q�F�¦�QFS���,Q�IDFW��FRQYHQWLRQDOO\�ZH�DEVRUE�WKH�OHDGLQJ�IDFWRU�RI�WZR�LQWR�WKH
GHILQLWLRQ�RI�¦��GHILQLQJ�D�QHZ�XQLYHUVDO�IXQFWLRQ�¦�[�� ��¦�[���VR�WKDW



�
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7KLV�VFDOLQJ� IRUP�� ILUVW� SURSRVHG� E\� %DUWKpOpP\� DQG�$PDUDO� >��@�� WHOOV� XV� KRZ� WKH� DYHUDJH� SDWK
OHQJWK� LQ� WKH� VPDOO�ZRUOG�PRGHO�GHSHQGV�RQ� WKH�PRGHO� SDUDPHWHUV�Q��F�� DQG�S�ZKHQ� WKH�GHQVLW\� RI
VKRUWFXWV�LV�ORZ�
7KH�FDWFK�LV�WKDW�ZH�GRQ¶W�NQRZ�WKH�IRUP�RI�WKH�IXQFWLRQ�¦��[���:H�FDQ��KRZHYHU��JHW�DQ�LGHD�RI�LWV

VKDSH� E\� QXPHULFDO� VLPXODWLRQ� RI� WKH� PRGHO��:H� FDQ� JHQHUDWH� UDQGRP� VPDOO�ZRUOG� QHWZRUNV� DQG
PHDVXUH� WKH� PHDQ� GLVWDQFH� Ɛ� EHWZHHQ� WKHLU� YHUWLFHV� XVLQJ� EUHDGWK�ILUVW� VHDUFK� �6HFWLRQ� ������
(TXDWLRQ� �������� WHOOV� XV� WKDW� LI� ZH� SHUIRUP� VXFK�PHDVXUHPHQWV� IRU�PDQ\� GLIIHUHQW� QHWZRUNV�ZLWK
PDQ\�GLIIHUHQW�YDOXHV�RI�WKH�SDUDPHWHUV�ZH�VKRXOG�ILQG�WKDW�WKH�FRPELQDWLRQ�FƐ�Q�LV�HTXDO�WR�WKH�VDPH
IXQFWLRQ�RI�QFS�LQ�DOO�RI�WKHP�

�

�������
�

�

)LJXUH������VKRZV�WKH�UHVXOWV�RI�VXFK�VLPXODWLRQV�IRU�PDQ\�GLIIHUHQW�QHWZRUNV��DQG�LQGHHG�ZH�VHH�WKDW
DOO�RI�WKH�SRLQWV�LQ�WKH�ILJXUH�IROORZ��URXJKO\�VSHDNLQJ��D�VLQJOH�FXUYH��7KLV�LV�WKH�FXUYH�RI�¦��[��

�

)LJXUH� ������ 6FDOLQJ� IXQFWLRQ� IRU� WKH� VPDOO�ZRUOG�PRGHO�� 7KH� SRLQWV� VKRZ� QXPHULFDO� UHVXOWV� IRU



FƐ�Q�DV�D�IXQFWLRQ�RI�QFS�IRU�WKH�VPDOO�ZRUOG�PRGHO�ZLWK�D�UDQJH�RI�SDUDPHWHU�YDOXHV�Q� �����WR���
���� DQG�S� ���î���í��WR���î���í���DQG� WZR�GLIIHUHQW�YDOXHV�RI�F�DV�PDUNHG��(DFK�SRLQW� LV�DYHUDJHG
RYHU� ����� QHWZRUNV� ZLWK� WKH� VDPH� SDUDPHWHU� YDOXHV�� 7KH� SRLQWV� FROODSVH�� WR� D� UHDVRQDEOH
DSSUR[LPDWLRQ��RQWR�D�VLQJOH�VFDOLQJ�IXQFWLRQ�¦�QFS��LQ�DJUHHPHQW�ZLWK�(T�����������7KH�GDVKHG�FXUYH
LV�WKH�PHDQ�ILHOG�DSSUR[LPDWLRQ�WR�WKH�VFDOLQJ�IXQFWLRQ�JLYHQ�LQ�(T����������
�
�
$QRWKHU�DSSURDFK� LV� WR� WU\� WR�FDOFXODWH�¦��[��DSSUR[LPDWHO\� LQ�VRPH�IDVKLRQ��9DULRXV�DSSURDFKHV

KDYH� EHHQ� WULHG�� LQFOXGLQJ� VHULHV� DSSUR[LPDWLRQV�� GLVWULEXWLRQDO� DSSUR[LPDWLRQV�� DQG� PHDQ�ILHOG
PHWKRGV��$�PHDQ�ILHOG�DSSUR[LPDWLRQ��IRU�H[DPSOH��JLYHV�WKH�UHVXOW�>���@

�

�������
�

�

7KH�PHWKRGV�XVHG� WR�GHULYH� WKLV� IRUP�EHFRPH�H[DFW� LQ� WKH� OLPLW�RI� HLWKHU�YHU\� VPDOO�RU�YHU\� ODUJH
QXPEHUV�RI�VKRUWFXWV�LQ�WKH�QHWZRUN�����EXW�LQ�EHWZHHQ�DURXQG�[� ���WKH\�DUH�RQO\�DSSUR[LPDWH��7KH
IRUP�RI�(T����������LV�VKRZQ�DV�WKH�GDVKHG�OLQH�LQ�)LJ�������DQG�LQGHHG�ZH�VHH�WKDW� LW�DJUHHV�ZHOO
ZLWK�WKH�QXPHULFDO�UHVXOWV�DW�WKH�HQGV�RI�WKH�UDQJH�EXW�OHVV�ZHOO�LQ�WKH�PLGGOH�
7KLV��KRZHYHU�� LV�HQRXJK�IRU�XV� WR�SURYH� WKDW� WKH�VPDOO�ZRUOG�PRGHO� LV� LQGHHG�D�³VPDOO�ZRUOG�´

&RQVLGHU�(T����������IRU�ODUJH�YDOXHV�RI�[��0DNLQJ�XVH�RI�WKH�VWDQGDUG�LGHQWLW\

�

�������
�

ZH�FDQ�ZULWH�¦��[��DV

�

�������
�

DQG�WKHQ�WDNLQJ�WKH�OLPLW�RI�ODUJH�[�ZH�ILQG



�
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IRU�[�����6XEVWLWXWLQJ�WKLV�LQWR�(T�����������ZH�WKHQ�KDYH

�

�������
�

IRU�QFS�����5HFDOOLQJ�WKDW�QFS�LV�VLPSO\�WZLFH�WKH�QXPEHU�RI�VKRUWFXWV�LQ�WKH�QHWZRUN��WKLV�LPSOLHV
WKDW�� SURYLGHG� WKH� QXPEHU� RI� VKRUWFXWV� LQ� WKH� QHWZRUN� LV� VLJQLILFDQWO\� JUHDWHU� WKDQ� ��� WKH� DYHUDJH
GLVWDQFH�EHWZHHQ�YHUWLFHV�ZLOO� LQFUHDVH� ORJDULWKPLFDOO\�ZLWK�Q�� L�H���YHU\�VORZO\�� IRU� IL[HG�F� DQG�S�
7KXV� WKH�QXPEHU�RI�YHUWLFHV� LQ� WKH�QHWZRUN� FDQ�EHFRPH�YHU\� ODUJH� DQG� WKH�YDOXH�RI�Ɛ�ZLOO� UHPDLQ
VPDOO��ZKLFK�LV�SUHFLVHO\�WKH�SKHQRPHQRQ�ZH�FDOO�WKH�VPDOO�ZRUOG�HIIHFW�
0RUHRYHU��VLQFH�RQO\�WKH�QXPEHU�RI�VKRUWFXWV��DQG�QRW�WKH�QXPEHU�SHU�YHUWH[��KDV�WR�EH�ODUJH��WKH

PRGHO� WHOOV�XV� WKDW� WKH�DGGLWLRQ�RI�RQO\�D� VPDOO�GHQVLW\�RI� UDQGRP�VKRUWFXWV� WR�D� ODUJH�QHWZRUN�FDQ
SURGXFH� VPDOO�ZRUOG�EHKDYLRU��7KLV�KHOSV�H[SODLQ�ZK\�PRVW� UHDO�ZRUOG�QHWZRUNV� VKRZ� WKH� VPDOO�
ZRUOG�HIIHFW��0RVW�QHWZRUNV�FRQWDLQ� ORQJ�UDQJH�FRQQHFWLRQV�DQG�KDYH� DW� OHDVW� VRPH� UDQGRPQHVV� LQ
WKHP²YHU\� IHZ� DUH� SHUIHFWO\� UHJXODU� RU� KDYH� RQO\� VKRUW�UDQJH� FRQQHFWLRQV²VR�ZH� VKRXOG� QRW� EH
VXUSULVHG�WR�VHH�VPDOO�ZRUOG�EHKDYLRU�LQ�DOPRVW�DOO�FDVHV�
,W�LV�LPSRUWDQW�WR�QRWLFH�WKDW�WKH�VPDOO�ZRUOG�PRGHO�QRW�RQO\�VKRZV�WKH�VPDOO�ZRUOG�HIIHFW��EXW�WKDW

LW�GRHV�VR�DW�WKH�VDPH�WLPH�DV�GLVSOD\LQJ�FOXVWHULQJ��6LQFH�WKH�QXPEHU�RI�VKRUWFXWV�LQ�WKH�QHWZRUN�LV�
��ZH� FDQ� DOZD\V�PDNH� LW�PXFK� ODUJHU� WKDQ� RQH� VLPSO\� E\� LQFUHDVLQJ� WKH� VL]H�Q� RI� WKH� QHWZRUN�

ZKLOH�NHHSLQJ�F�DQG�S�FRQVWDQW��$W�WKH�VDPH�WLPH��WKH�FOXVWHULQJ�FRHIILFLHQW��(T����������LV�LQGHSHQGHQW
RI�Q�DQG�KHQFH�UHWDLQV�LWV��QRQ�]HUR��YDOXH�DV�Q�ĺ����,Q�WKLV�OLPLW��WKHUHIRUH��ZH�VLPXOWDQHRXVO\�KDYH
QRQ�]HUR� FOXVWHULQJ� DQG� WKH� VPDOO�ZRUOG� HIIHFW�� GHPRQVWUDWLQJ� FRQFOXVLYHO\� WKDW� WKH� WZR� DUH� QRW� DW
RGGV�ZLWK�RQH�DQRWKHU²LW�LV�SHUIHFWO\�SRVVLEOH�WR�KDYH�ERWK�LQ�WKH�VDPH�QHWZRUN�DW�WKH�VDPH�WLPH�
)LJXUH������VKRZV�D�SORW�RI� WKH�DSSUR[LPDWH�YDOXH�RI�Ɛ�DV�D�IXQFWLRQ�RI�S� IURP�(TV����������DQG

�������� IRU� D� VPDOO�ZRUOG� PRGHO� ZLWK�Q�  � ���� YHUWLFHV� DQG�F�  � ��� DORQJ� ZLWK� WKH� FXUYH� IRU� WKH
FOXVWHULQJ� FRHIILFLHQW� RI� WKH� VDPH� PRGHO� WKDW� ZH� SORWWHG� HDUOLHU� DQG�� DV� ZH� FDQ� VHH�� WKHUH� LV� D
VXEVWDQWLDO�UDQJH�RI�YDOXHV�RI�S�LQ�ZKLFK�WKH�YDOXH�RI�Ɛ�LV�ORZ�ZKLOH�WKH�YDOXH�RI�&�LV�KLJK�
0DQ\� RWKHU� SURSHUWLHV� DQG� TXDQWLWLHV� FDQ� EH� FDOFXODWHG� IRU� WKH� VPDOO�ZRUOG� PRGHO�� HLWKHU

DQDO\WLFDOO\�RU�QXPHULFDOO\��)RU�D�VKRUW�UHYLHZ�RI�UHVXOWV�FRQFHUQLQJ�WKH�PRGHO�VHH�5HI��>���@�
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0DQ\�RI�WKH�QHWZRUNV�ZH�REVHUYH�LQ�WKH�UHDO�ZRUOG�H[LVW�LQ�RQO\�RQH�LQVWDQWLDWLRQ��RQH�H[DPSOH�WKDW
ZH� FDQ� VWXG\�� 7KHUH¶V� RQO\� RQH� ,QWHUQHW�� IRU� LQVWDQFH�� DQG� RQO\� RQH�:RUOG�:LGH�:HE�� %XW� LV� WKH
SUHFLVH�VWUXFWXUH�RI�VXFK�D�QHWZRUN²WKH�SUHFLVH�SDWWHUQ�RI�FRQQHFWLRQV�LQ�WKH�,QWHUQHW��VD\²WKH�RQO\
SRVVLEOH� VWUXFWXUH� WKH� QHWZRUN� FRXOG� KDYH"� &RPPRQ� VHQVH� VXJJHVWV� WKDW� LW� LV� QRW�� )RU� D� VWDUW�� WKH
,QWHUQHW�HYROYHV�LQ�WLPH��VR�ZH�VHH�GLIIHUHQW�VWUXFWXUHV�LI�ZH�ORRN�DW�GLIIHUHQW�WLPHV�DQG�DOO�RI�WKHP�DUH
E\�GHILQLWLRQ�SODXVLEOH�VWUXFWXUHV�IRU�WKH�QHWZRUN��0RUH�LPSRUWDQWO\��LW¶V�FOHDU�WKDW��KDG�FLUFXPVWDQFHV
EHHQ�VOLJKWO\�GLIIHUHQW��WKH�,QWHUQHW�FRXOG�HDVLO\�KDYH�HYROYHG�WR�KDYH�D�GLIIHUHQW�WRSRORJ\��EXW�RQH�WKDW
LQ�SUDFWLFDO�WHUPV�ZRXOG�SUREDEO\�KDYH�ZRUNHG�DERXW�DV�ZHOO�DV�WKH�SUHVHQW�RQH�
2Q�WKH�RWKHU�KDQG��ZH�FDQ�VD\�WKDW�WKH�VWUXFWXUH�RI�VXFK�DQ�DOWHUQDWH�,QWHUQHW�ZRXOG�SUREDEO\�KDYH

EHHQ�³VLPLODU´�WR�WKH�UHDO�,QWHUQHW��LQ�VRPH�VHQVH��7KDW�LV��DOO�UHDVRQDEOH�FKRLFHV�IRU�WKH�VWUXFWXUH�RI
WKH� ,QWHUQHW� KDYH� VRPH� EDVLF� IHDWXUHV� LQ� FRPPRQ�� HYHQ� LI� WKH\� GLIIHU� LQ� VPDOOHU� GHWDLOV�� 6LPLODU
FRQVLGHUDWLRQV�DOVR�DSSO\�WR�RWKHU�W\SHV�RI�QHWZRUN��LQFOXGLQJ�VRFLDO�QHWZRUNV��ELRORJLFDO�QHWZRUNV�
DQG�LQIRUPDWLRQ�QHWZRUNV�
,Q� VRPH� FDVHV� WKH� TXHVWLRQV� ZH� ZDQW� WR� DQVZHU� DERXW� D� QHWZRUNHG� V\VWHP� FDQ� EH� WDFNOHG� E\

VWXG\LQJ�WKH�VWUXFWXUH�RI�RQO\�D�VLQJOH�REVHUYHG�H[DPSOH²WKH�UHDO�,QWHUQHW�IRU�LQVWDQFH��%XW�WKHUH�DUH
RWKHU� FDVHV� ZKHUH� ZH� ZRXOG� OLNH� WR� NQRZ� DERXW� WKH� HQWLUH� VHW� RI� SRVVLEOH� QHWZRUNV� WKDW�FRXOG
UHSUHVHQW�D�V\VWHP��,I�ZH�DUH�VWXG\LQJ�VRPH�VRFLDO�SURFHVV�LQ�D�VRFLDO�QHWZRUN��IRU�LQVWDQFH��VXFK�DV
RSLQLRQ�IRUPDWLRQ�RU�WKH�VSUHDG�RI�D�GLVHDVH��ZH�FDQ�PHDVXUH�D�VRFLDO�QHWZRUN�DQG�WKHQ�FDOFXODWH�RU
VLPXODWH�WKH�HIIHFWV�RI�WKH�SURFHVV�RI�LQWHUHVW�RQ�WKDW�QHWZRUN��0RUH�RIWHQ��KRZHYHU��ZH�ZRXOG�OLNH�WR
NQRZ� KRZ� WKH� SURFHVV� EHKDYHV� RQ� VRFLDO� QHWZRUNV� JHQHUDOO\�� UDWKHU� WKDQ� RQ� WKH� RQH� SDUWLFXODU
QHWZRUN�ZH�KDYH�PHDVXUHG�
&RQVLGHUDWLRQV�RI�WKLV�NLQG�OHDG�XV�WR�FRQVLGHU�HQVHPEOH�PRGHOV�RI�QHWZRUNV��DQ�HQVHPEOH��LQ�WKLV

FRQWH[W��PHDQLQJ�D�VHW�RI�SRVVLEOH�QHWZRUNV�SOXV�D�SUREDELOLW\�GLVWULEXWLRQ�RYHU�WKHP��:H�KDYH�VHHQ
VRPH�H[DPSOHV�RI�HQVHPEOH�PRGHOV�LQ�SUHYLRXV�FKDSWHUV��VXFK�DV�WKH�UDQGRP�JUDSKV�RI�&KDSWHUV���
DQG�����,Q�WKLV�VHFWLRQ�ZH�LQWURGXFH�D�EHDXWLIXO�DQG�JHQHUDO�IRUPDOLVP�IRU�HQVHPEOH�QHWZRUN�PRGHOV
FDOOHG� WKH�H[SRQHQWLDO� UDQGRP� JUDSK�� ZKLFK� LQFOXGHV� UDQGRP� JUDSKV� DV� VSHFLDO� FDVHV� EXW� DOVR
H[WHQGV�WR�PDQ\�RWKHU�QHWZRUN�HQVHPEOHV�WKDW�GHVFULEH�DOO�VRUWV�RI�QHWZRUN�SKHQRPHQD����
(OHJDQW� WKRXJK�WKLV� IRUPDOLVP�LV��KRZHYHU�� LW�DOVR�KDV�VRPH�VHULRXV�GUDZEDFNV��)RU� UHDVRQV� WKDW

DUH�VWLOO�QRW�HQWLUHO\�XQGHUVWRRG��H[SRQHQWLDO�UDQGRP�JUDSKV�IDLO�DV�PRGHOV�RI�VRPH�FRPPRQ�QHWZRUN
SKHQRPHQD�VXFK�DV�WUDQVLWLYLW\��VHH�6HFWLRQ�������:H�ZLOO�H[DPLQH�WKH�QDWXUH�RI�VRPH�RI�WKHVH�IDLOXUHV
WRZDUGV�WKH�HQG�RI�WKH�FKDSWHU�
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6XSSRVH�ZH�ZDQW�WR�FUHDWH�DQ�HQVHPEOH�RI�QHWZRUNV�ZLWK�D�JLYHQ�VHW�RI�SURSHUWLHV��VXFK�DV�D�JLYHQ
QXPEHU�RI�HGJHV�RU�D�JLYHQ�YDOXH�RI� WKH�FOXVWHULQJ�FRHIILFLHQW��:H�FDQ�GR� WKDW��DV�RUGLQDU\�UDQGRP
JUDSK�PRGHOV� GR�� E\� IL[LQJ� DEVROXWHO\� WKH� YDOXHV� RI� WKH� TXDQWLW\� RU� TXDQWLWLHV� RI� LQWHUHVW� DQG� WKHQ
GUDZLQJ� XQLIRUPO\� IURP� WKH� VHW� RI� DOO� QHWZRUNV�ZLWK� WKH� GHVLUHG� YDOXHV�� )RU� LQVWDQFH�� LI�ZH� GUDZ
XQLIRUPO\�IURP�WKH�VHW�RI�DOO�JUDSKV�ZLWK�D�JLYHQ�QXPEHU�RI�HGJHV�ZH�KDYH�WKH�*�Q��P��UDQGRP�JUDSK
PRGHO�RI�6HFWLRQ������
,Q�PDQ\�FDVHV��KRZHYHU�� WKLV�DSSURDFK� LV�QRW�H[DFWO\�ZKDW�ZH�ZDQW�� ,I�ZH�REVHUYH� WKDW�D� VRFLDO

QHWZRUN��IRU�H[DPSOH��KDV�D�JLYHQ�QXPEHU�RI�HGJHV��LW�GRHV�QRW�QHFHVVDULO\�PHDQ�WKDW�HYHU\�SRVVLEOH
VRFLDO�QHWZRUN�IRU�WKH�JLYHQ�FRPPXQLW\�ZRXOG�KDYH�H[DFWO\�WKDW�PDQ\�HGJHV��+DG�WKH�ZRUOG�HYROYHG
VOLJKWO\�GLIIHUHQWO\��WKH�QXPEHU�RI�HGJHV�PLJKW�ZHOO�KDYH�WXUQHG�RXW�GLIIHUHQWO\�DV�ZHOO�
2IWHQ�� WKHUHIRUH�� D� EHWWHU� DSSURDFK� LV� WR� IL[� WKH�DYHUDJH� YDOXH� RI� WKH� SURSHUW\� RU� SURSHUWLHV� RI

LQWHUHVW�� :H� PLJKW� IL[� WKH� DYHUDJH� QXPEHU� RI� HGJHV�� IRU� LQVWDQFH�� VR� WKDW� VRPH� QHWZRUNV� LQ� RXU
HQVHPEOH�KDYH�PRUH�WKDQ� WKH�DYHUDJH�DQG�VRPH�KDYH� OHVV��EXW�RYHU� WKH�ZKROH�HQVHPEOH�ZH�JHW� WKH
ULJKW� DYHUDJH� YDOXH��0RUHRYHU��ZH� FDQ� DUUDQJH� WKDW� QHWZRUNV�ZLWK� QXPEHUV� RI� HGJHV� FORVH� WR� WKH
GHVLUHG� YDOXH� KDYH� KLJKHU� SUREDELOLWLHV� LQ� WKH� HQVHPEOH� WKDQ� QHWZRUNV� IXUWKHU� DZD\�� VR� WKDW� WKH
HQVHPEOH� LV� GRPLQDWHG� E\� QHWZRUNV� ZLWK� SURSHUWLHV� FORVH� WR� WKH� GHVLUHG� RQHV�� 7KH� H[SRQHQWLDO
UDQGRP�JUDSK�SURYLGHV�DQ�HOHJDQW�ZD\�RI�DFKLHYLQJ�WKHVH�JRDOV�
6XSSRVH��WKHUHIRUH��WKDW�ZH�KDYH�VRPH�VHW�RI�QHWZRUN�PHDVXUHV�ZKRVH�QXPHULFDO�YDOXHV�ZH�ZDQW

WR� IL[��([DPSOHV�PLJKW� LQFOXGH�QXPEHU�RI�HGJHV�RU�PHDQ�GHJUHH�RI� D�YHUWH[��GHJUHHV�RI� LQGLYLGXDO
YHUWLFHV��QXPEHU�RI�WULDQJOHV�RU�FOXVWHULQJ�FRHIILFLHQW��DQG�VR�IRUWK��/HW�XV�GHQRWH�WKHVH�PHDVXUHV�E\
[���[��������

5HFDOO�WKDW�D�VLPSOH�JUDSK�LV�D�JUDSK�ZLWK�QR�PXOWLHGJHV�DQG�QR�VHOI�HGJHV²VHH�6HFWLRQ�����
�
1RZ� FRQVLGHU� WKH� VHW� �RI�DOO� VLPSOH�JUDSKV���� ZLWK�Q�YHUWLFHV�DQG� OHW�XV�GHILQH�DQ�HQVHPEOH�E\

JLYLQJ�HDFK�JUDSK�*�LQ�WKH�VHW�D�SUREDELOLW\�3�*���QRUPDOL]HG�VR�WKDW

�

�������
�

�

7KH�PHDQ�RU�H[SHFWDWLRQ�YDOXH�[L�RI�D�QHWZRUN�PHDVXUH�[L�ZLWKLQ�WKLV�HQVHPEOH�LV�JLYHQ�E\

�
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ZKHUH�[L�*��LV�WKH�YDOXH�RI�[L�PHDVXUHG�RQ�WKH�JUDSK�*��H�J���QXPEHU�RI�HGJHV�LQ�JUDSK�*��QXPEHU�RI
WULDQJOHV��HWF���
1RZ��IROORZLQJ�WKH�SUHVFULSWLRQ�RXWOLQHG�DERYH��OHW�XV�IL[�WKH�PHDQ�YDOXH�RI�HDFK�RI�RXU�PHDVXUHV

ZLWKLQ�RXU�HQVHPEOH��,I�ZH�GR�WKLV��WKHQ�(T����������LV�WXUQHG�DURXQG�DQG�EHFRPHV�D�FRQVWUDLQW�RQ�WKH
SUREDELOLW\�GLVWULEXWLRQ�RYHU�JUDSKV�

�

�������
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ZKHUH�[L�LV�QRZ�D�VSHFLILHG�QXPEHU��:H�KDYH�RQH�VXFK�FRQVWUDLQW�IRU�HDFK�QHWZRUN�PHDVXUH�
7KH� QXPEHU� RI� PHDVXUHV�� KRZHYHU�� LV� W\SLFDOO\� TXLWH� VPDOO²PD\EH� RQO\� RQH� RU� WZR�� PD\EH

KXQGUHGV� RU� HYHQ� WKRXVDQGV�� EXW� XVXDOO\� QRZKHUH� QHDU� WKH� QXPEHU� RI� JUDSKV� LQ� RXU� HQVHPEOH��7KH
QXPEHU� RI� VLPSOH� JUDSKV� RI�Q� YHUWLFHV� LV� �Q�Qí������ ZKLFK� EHFRPHV� YHU\� ODUJH� HYHQ� IRU� UHODWLYHO\
PRGHVW� YDOXHV� RI�Q��7KLV�PHDQV� WKDW� WKH� FRQVWUDLQWV� LQ�(TV�� �������� DQG� ��������GR�QRW� VSHFLI\� WKH
SUREDELOLW\�GLVWULEXWLRQ�3�*��FRPSOHWHO\��,QGHHG��WKH\�OHDYH�DQ�HQRUPRXV�DPRXQW�RI�IOH[LELOLW\�DERXW
WKH�YDOXHV�RI�3�*���7KHUH�DUH�PDQ\�PRUH�XQNQRZQV�3�*��WKDQ�WKHUH�DUH�FRQVWUDLQWV�LQ�RXU�HTXDWLRQV
DQG� KHQFH� D� ZLGH� UDQJH� RI� FKRLFHV� RI�3�*�� WKDW� ZLOO� VDWLVI\� WKH� FRQVWUDLQWV�� +RZ� GR� ZH� FKRRVH
EHWZHHQ�WKHP"
7KLV�TXHVWLRQ��RI�PDNLQJ�WKH�EHVW�FKRLFH�RI�D�SUREDELOLW\�GLVWULEXWLRQ�JLYHQ�RQO\�D�UHODWLYHO\�VPDOO

QXPEHU�RI�FRQVWUDLQWV�RQ�WKDW�GLVWULEXWLRQ��LV�RQH�WKDW�LV�IDPLOLDU�WR�SK\VLFLVWV�DQG�VWDWLVWLFLDQV��KDYLQJ
EHHQ�VWXGLHG�IRU�RYHU�D�KXQGUHG�\HDUV�VLQFH�WKH�SLRQHHULQJ�ZRUN�RI�:LOODUG�*LEEV�LQ�WKH�ODWWHU�SDUW�RI
WKH�QLQHWHHQWK�FHQWXU\��7KH�VROXWLRQ�LV�UHPDUNDEO\�VLPSOH��DOWKRXJK�GHULYLQJ�LW�LV�QRW��,W�FDQ�EH�VKRZQ
WKDW�WKH�EHVW�FKRLFH�RI�SUREDELOLW\�GLVWULEXWLRQ�LV�WKH�RQH�WKDW�PD[LPL]HV�WKH�*LEEV�HQWURS\

�

�������
�

VXEMHFW�WR�WKH�NQRZQ�FRQVWUDLQWV�
2QH�PD\�ZHOO�DVN�ZKDW�ZH�PHDQ�E\�³EHVW�FKRLFH´�LQ�WKLV�FRQWH[W��7KH�PD[LPXP�HQWURS\�FKRLFH�LV

EHVW� LQ� WKH� VHQVH� WKDW� LW� PDNHV� WKH� PLQLPXP� DVVXPSWLRQV� DERXW� WKH� GLVWULEXWLRQ� RWKHU� WKDQ� WKRVH
LPSRVHG� XSRQ� XV� E\� WKH� FRQVWUDLQWV�� 7KHUH� DUH� FKRLFHV� RI� GLVWULEXWLRQ�ZH� FRXOG�PDNH� WKDW� ZRXOG
VDWLVI\�WKH�FRQVWUDLQWV�EXW�ZRXOG�HIIHFWLYHO\�PDNH�DGGLWLRQDO�DVVXPSWLRQV��)RU�LQVWDQFH��VRPH�FKRLFHV



PLJKW�PDNH�D�SDUWLFXODU�JUDSK�RU�JUDSKV�KLJKO\�SUREDEOH�ZKLOH�RWKHU�JUDSKV��RQO\�VOLJKWO\�GLIIHUHQW�
DUH�JLYHQ� IDU� ORZHU�SUREDELOLWLHV��7KHVH�ZRXOG�EH�FRQVLGHUHG�³EDG´�FKRLFHV� LQ� WKH� VHQVH� WKDW� WKH\
DVVXPH�WKLQJV�DERXW�WKH�HQVHPEOH�IRU�ZKLFK�ZH�KDYH�QR�VXSSRUWLQJ�HYLGHQFH��7KH�*LEEV�HQWURS\�LV
SUHFLVHO\�D�PHDVXUH�RI�WKH�DPRXQW�RI�³DVVXPSWLRQ´�WKDW�JRHV�LQWR�D�SDUWLFXODU�FKRLFH�RI�GLVWULEXWLRQ
3�*���RU�PRUH�SUHFLVHO\�LW�LV�WKH�DPRXQW�RI�³DQWLDVVXPSWLRQ´�RU�LJQRUDQFH��DQG�E\�PD[LPL]LQJ�LW�ZH
PLQLPL]H�XQMXVWLILHG� DVVXPSWLRQV� DV�PXFK� DV� SRVVLEOH��7KH� GHULYDWLRQ�RI� WKH� IRUPXOD��(T�� ��������
ZRXOG�WDNH�XV�VRPH�ZD\�DZD\�IURP�RXU�FHQWUDO�WRSLF�RI�QHWZRUNV��VR�ZH�ZLOO�QRW�JR�WKURXJK�LW�KHUH�
EXW�WKH�LQWHUHVWHG�UHDGHU�LV�HQFRXUDJHG�WR�ORRN�IRU�H[DPSOH�DW�WKH�ERRNV�E\�*UDQG\�>���@�DQG�&RYHU
DQG�7KRPDV�>��@�
7KH�PD[LPL]DWLRQ� RI� WKH� HQWURS\�� VXEMHFW� WR� WKH� FRQVWUDLQWV� RI� (TV�� �������� DQG� ��������� FDQ� EH

DFKLHYHG�E\� WKH�PHWKRG�RI�/DJUDQJH�PXOWLSOLHUV��7KH�RSWLPXP� LV� WKH� VHW�RI�YDOXHV�RI� WKH�3�*�� WKDW
PD[LPL]HV�WKH�TXDQWLW\

�
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ZKHUH�Į�DQG�ȕL�DUH�/DJUDQJH�PXOWLSOLHUV�ZKRVH�YDOXHV�ZLOO�EH�GHWHUPLQHG�VKRUWO\��'LIIHUHQWLDWLQJ
ZLWK�UHVSHFW�WR�WKH�SUREDELOLW\�3�*��RI�D�SDUWLFXODU�JUDSK�*�DQG�VHWWLQJ�WKH�UHVXOW�WR�]HUR��ZH�WKHQ�ILQG
WKDW

�

�������
�

ZKLFK�LPSOLHV

�

�������
�

RU



�
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ZKHUH�=� �H�íĮ�LV�FDOOHG�WKH�SDUWLWLRQ�IXQFWLRQ�DQG

�

�������
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LV�WKH�JUDSK�+DPLOWRQLDQ����
,W� UHPDLQV� WR� IL[� WKH�YDOXHV�RI�=� DQG�ȕL� �IRU� DOO�L� ��=� LV� IL[HG�E\� WKH�QRUPDOL]DWLRQ�FRQGLWLRQ��(T�

���������ZKLFK�UHTXLUHV�WKDW

�

�������
�

DQG�KHQFH

�

�������
�

�

7KHUH�LV�QR�HTXLYDOHQW�JHQHUDO�IRUPXOD�IRU�WKH�YDOXHV�RI�WKH�ȕL��7KH\�DUH�FDOFXODWHG�E\�VXEVWLWXWLQJ�(T�
�������� LQWR�(T�� �������� DQG� VROYLQJ� WKH� UHVXOWLQJ� VHW�RI�QRQ�OLQHDU� VLPXOWDQHRXV� HTXDWLRQV��EXW� WKH
SDUWLFXODU� VROXWLRQ� GHSHQGV� RQ� WKH� IRUP� RI� WKH� +DPLOWRQLDQ�� :H� ZLOO� VHH� VRPH� H[DPSOHV� RI� WKH
SURFHVV�VKRUWO\�
7KHUH�DUH�VRPH�FDVHV�LQ�ZKLFK�ZH�DUH�LQWHUHVWHG�LQ�DQ�H[SRQHQWLDO�UDQGRP�JUDSK�RQO\�DV�D�FODVV�RI

PRGHOV��7KDW� LV��ZH�DUH�FRQFHUQHG�QRW� DV�PXFK�ZLWK� WKH�PRGHO¶V�SURSHUWLHV� IRU� D�SDUWLFXODU� VHW�RI



YDOXHV�^ȕL`�DV�ZLWK�WKH�EHKDYLRU�RI�WKH�PRGHO�LQ�JHQHUDO��,Q�VXFK�FDVHV�ZH�FDQ�UHJDUG�WKH�ȕL�DV�IUHH
SDUDPHWHUV� FRQWUROOLQJ� WKH� VWUXFWXUH� RI� WKH� QHWZRUN�� PXFK� DV� WKH� HGJH� SUREDELOLW\�S� FRQWUROV� WKH
VWUXFWXUH�RI�WKH�QHWZRUN�LQ�D�3RLVVRQ�UDQGRP�JUDSK�
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2QFH�ZH�KDYH�GHWHUPLQHG� WKH�SUREDELOLW\�GLVWULEXWLRQ�3�*��RYHU�JUDSKV��ZH�FDQ�XVH� LW� WR�FDOFXODWH
HVWLPDWHV� RI� TXDQWLWLHV� RI� LQWHUHVW� ZLWKLQ� WKH� HQVHPEOH�� 7KH� PRVW� FRPPRQ� REMHFWV� RI� LQWHUHVW� DUH
H[SHFWDWLRQ�YDOXHV��L�H���DYHUDJHV��RI�TXDQWLWLHV��WKH�H[SHFWDWLRQ�YDOXH�RI�D�TXDQWLW\�\�LQ�WKH�HQVHPEOH
EHLQJ�JLYHQ�E\

�

�������
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�

,Q�HIIHFW��WKLV�FDOFXODWLRQ�JLYHV�XV�D�³EHVW�HVWLPDWH´�RI�WKH�YDOXH�RI�\��7KDW�LV��JLYHQ�D�FHUWDLQ�VHW�RI
REVHUYDWLRQV�RU�FRQVWUDLQWV�RQ�RXU�QHWZRUN��HPERGLHG�LQ�(T�����������EXW�QR�RWKHU�LQIRUPDWLRQ�DERXW
WKH�QHWZRUN�VWUXFWXUH��ZH�FDQ�FDOFXODWH�D�EHVW�JXHVV�HQVHPEOH�RI�QHWZRUNV�VXEMHFW�WR�WKRVH�FRQVWUDLQWV
DQG�WKHQ�XVH�WKDW�HQVHPEOH�WR�FDOFXODWH�WKH�H[SHFWDWLRQ�YDOXH�RI�WKH�TXDQWLW\�\��JLYLQJ�XV�D�EHVW�JXHVV
DW� WKH� YDOXH� RI� WKDW� TXDQWLW\� JLYHQ� RQO\� WKH� FRQVWUDLQWV�� 7KXV� WKH� H[SRQHQWLDO� UDQGRP� JUDSK�PRGHO
HQDEOHV�XV� WR�DQVZHU�TXHVWLRQV�RI� WKH�W\SH��³,I�,�NQRZ�FHUWDLQ�WKLQJV��$��%�� DQG�&��DERXW�D�QHWZRUN�
ZKDW� LV�P\� EHVW� HVWLPDWH� RI� VRPH� RWKHU� WKLQJ�'"´�)RU� LQVWDQFH�� LI� ,� NQRZ� WKH� DYHUDJH� GHJUHH� RI� D
YHUWH[�LQ�D�QHWZRUN��ZKDW�LV�P\�EHVW�HVWLPDWH�RI�WKH�GHJUHH�GLVWULEXWLRQ"�2U�WKH�FOXVWHULQJ�FRHIILFLHQW"
7KH�H[SRQHQWLDO�UDQGRP�JUDSK�JLYHV�D�ULJRURXV�DQG�SULQFLSOHG�DQVZHU�WR�TXHVWLRQV�RI�WKLV�NLQG�
$Q�LQWHUHVWLQJ�VSHFLDO�FDVH�DULVHV�ZKHQ�WKH�TXDQWLW\�\�WKDW�ZH�ZDQW�WR�HVWLPDWH�LV�LWVHOI�RQH�RI�WKH

VHW�RI�QHWZRUN�PHDVXUHV�[L�WKDW�ZH�XVHG�WR�VSHFLI\�RXU�HQVHPEOH�LQ�WKH�ILUVW�SODFH��<RX�PLJKW�DVN�ZK\
ZH�ZRXOG�ZDQW�WR�GR�WKLV��JLYHQ�WKDW��E\�K\SRWKHVLV��ZH�DOUHDG\�NQRZ�WKH�H[SHFWDWLRQ�YDOXHV�RI�WKHVH
TXDQWLWLHV²WKH\�DUH�SUHFLVHO\�WKH�TXDQWLWLHV�WKDW�ZH�XVHG�DV�LQSXWV�WR�RXU�PRGHO�LQ�WKH�ILUVW�SODFH��7KH
DQVZHU� LV� WKDW�ZH� VWLOO� QHHG� WR� IL[� WKH� SDUDPHWHUV�ȕL� DQG�ZH�GR� WKLV� E\� FDOFXODWLQJ� WKH� H[SHFWDWLRQ
YDOXHV�[L�IRU�JLYHQ�ȕL�DQG�WKHQ�YDU\LQJ�WKH�ȕL�XQWLO�WKH�[L�WDNH�WKH�GHVLUHG�YDOXHV�
7KH�YDOXH�RI�[L�ZLWKLQ�WKH�HQVHPEOH�LV�JLYHQ�E\
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�������
�



ZKHUH�ZH�KDYH�PDGH�XVH�RI�(T�����������7KH�TXDQWLW\
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�������
�

LV�FDOOHG�WKH�IUHH�HQHUJ\�RI�WKH�HQVHPEOH�DQG�(T����������FDQ�EH�ZULWWHQ�VLPSO\�DV

�

�������
�

�

7R�FDOFXODWH�[L��WKHUHIRUH��DOO�ZH�QHHG�WR�GR�LV�FDOFXODWH�WKH�SDUWLWLRQ�IXQFWLRQ�=��IURP�LW�HYDOXDWH�WKH
IUHH�HQHUJ\��DQG�WKHQ�GLIIHUHQWLDWH�
&DOFXODWLQJ� H[SHFWDWLRQ� YDOXHV� IRU� RWKHU� TXDQWLWLHV� LV� KDUGHU�� DQG� LQGHHG� WKLV� LV� RQH� RI� WKH�PDLQ

SUDFWLFDO�SUREOHPV�ZLWK�H[SRQHQWLDO� UDQGRP�JUDSKV�� WKH�DFWXDO�FDOFXODWLRQV�RI�TXDQWLWLHV�RI� LQWHUHVW
FDQ�EH�YHU\�GLIILFXOW�DQG� LQ�PDQ\�FDVHV�FDQ�RQO\�EH�SHUIRUPHG�XVLQJ�QXPHULFDO�PHWKRGV�� ,I�ZH�DUH
FOHYHU��KRZHYHU��ZH�FDQ�VWLOO�XVH�WKH�PDFKLQHU\�HPERGLHG�LQ�(T����������LQ�VRPH�FDVHV��7KH�WULFN�LV
WR�LQWURGXFH�DQ�H[WUD�WHUP�LQYROYLQJ�\�LQWR�RXU�+DPLOWRQLDQ�WKXV�

�

�������
�

�

,I�ZH�VHW�WKH�SDUDPHWHU�ȝ�WR�]HUR��WKHQ�WKH�DQVZHUV�ZH�JHW�RXW�RI�RXU�FDOFXODWLRQV�ZLOO�EH�XQFKDQJHG
IURP�EHIRUH�DQG�KHQFH�ZLOO�VWLOO�EH�FRUUHFW��+RZHYHU��ZH�FDQ�QRZ�GLIIHUHQWLDWH�ZLWK�UHVSHFW�WR�ȝ��DW
WKH�SRLQW�ȝ� ����WR�FDOFXODWH�WKH�H[SHFWDWLRQ�YDOXH�RI�\�

�

�������



�
�

7KLV�DOORZV�XV�DJDLQ�WR�FDOFXODWH�MXVW�WKH�RQH�VXP��WKH�SDUWLWLRQ�IXQFWLRQ�=��DQG�IURP�LW�FDOFXODWH�WKH
IUHH�HQHUJ\�DQG�WKXV�WKH�DYHUDJH�\��7KH�FDWFK�LV�WKDW�ZH�KDYH�WR�FDOFXODWH�=�IRU�JHQHUDO��QRQ�]HUR�
YDOXHV�RI�ȝ�VR�WKDW�ZH�FDQ�SHUIRUP�WKH�GHULYDWLYH²ZH�RQO\�VHW�ȝ�WR�]HUR�DW�WKH�HQG�RI�WKH�FDOFXODWLRQ�
,Q�PDQ\�FDVHV�LW�FDQ�EH�TXLWH�GLIILFXOW�WR�FDOFXODWH�=�LQ�WKLV�ZD\��ZKLFK�PDNHV�WKH�H[SRQHQWLDO�UDQGRP
JUDSK��WKRXJK�HOHJDQW��WHFKQLFDOO\�WULFN\�
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3UREDEO\�WKH�VLPSOHVW�H[DPSOH�RI�DQ�H[SRQHQWLDO�UDQGRP�JUDSK�PRGHO�LV�WKH�PRGHO�LQ�ZKLFK�ZH�IL[
WKH� H[SHFWHG�QXPEHU�RI� HGJHV� LQ� DQ�XQGLUHFWHG�QHWZRUN� DQG�QRWKLQJ� HOVH��)ROORZLQJ� WKH� IRUPDOLVP
DERYH��WKLV�JLYHV�XV�D�JUDSK�+DPLOWRQLDQ��(T�����������RI�+�  �ȕP�� ZKHUH�P�LV�WKH�QXPEHU�RI�HGJHV�
7KHQ�LQGLYLGXDO�JUDSKV�DSSHDU�LQ�WKH�HQVHPEOH�ZLWK�SUREDELOLW\

�

�������
�

ZKHUH

�

�������
�
�

7KXV�KLJKHU�YDOXHV�RI�ȕ�LQ�WKLV�PRGHO�FRUUHVSRQG�WR�GHQVHU�QHWZRUNV��WKRVH�ZLWK�PRUH�HGJHV�
7R�PDNH�IXUWKHU�SURJUHVV�ZLWK�WKLV�PRGHO�ZH�QHHG�D�ZD\�WR�SHUIRUP�WKH�VXP�RYHU�JUDSKV�*�LQ�(T�

���������7KH�VWDQGDUG�ZD\� WR�DFKLHYH� WKLV� LV� WR�VXP�RYHU�SRVVLEOH�YDOXHV�RI� WKH�HOHPHQWV�$LM�RI� WKH
DGMDFHQF\�PDWUL[��,Q�WKLV�FDVH�ZH�DUH�FRQVLGHULQJ�XQGLUHFWHG�JUDSKV��VR�ZH�QHHG�WR�VSHFLI\�RQO\�WKH
PDWUL[�HOHPHQWV�DERYH�WKH�GLDJRQDO�RU�WKRVH�EHORZ�LW��EXW�QRW�ERWK��VLQFH�WKH�PDWUL[�LV�V\PPHWULF��$QG
VLQFH�ZH�DUH�UHVWULFWLQJ�RXUVHOYHV�WR�VLPSOH�JUDSKV�WKH�RQO\�DOORZHG�YDOXHV�RI�$LM�DUH���DQG���LI�L���M
DQG�$LL� ���
:H�FDQ�ZULWH�WKH�QXPEHU�RI�HGJHV�P�LQ�WHUPV�RI�WKH�DGMDFHQF\�PDWUL[�WKXV�

�

�������
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DQG�KHQFH�WKH�SDUWLWLRQ�IXQFWLRQ�LV



�
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ZKHUH�WKH�QRWDWLRQ�^$LM`�LQGLFDWHV�VXPPDWLRQ�RYHU�DOO�DOORZHG�YDOXHV�RI�WKH�DGMDFHQF\�PDWUL[�
)URP�WKLV�H[SUHVVLRQ�ZH�FDQ�FDOFXODWH�WKH�IUHH�HQHUJ\�

�

�������
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DQG�WKXV��XVLQJ�(T�����������WKH�DYHUDJH�QXPEHU�RI�HGJHV�LQ�WKH�PRGHO�LV
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�������
�

�

,I�ZH�KDYH�D�SDUWLFXODU�GHVLUHG�YDOXH�WKDW�P�VKRXOG�WDNH��ZH�FDQ�QRZ�DFKLHYH�LW�E\�UHDUUDQJLQJ�WKLV
H[SUHVVLRQ�WR�ILQG�WKH�DSSURSULDWH�YDOXH�IRU�WKH�/DJUDQJH�PXOWLSOLHU�ȕ�WKXV�

�

�������
�
�
:H� FDQ� DOVR� FDOFXODWH�� IRU� H[DPSOH�� WKH� SUREDELOLW\�SYZ� WKDW� WKHUH� ZLOO� EH� DQ� HGJH� EHWZHHQ� D

SDUWLFXODU�SDLU�RI�YHUWLFHV�Y��Z��ZKLFK�LV�JLYHQ�E\�WKH�DYHUDJH�RI�WKH�FRUUHVSRQGLQJ�HOHPHQW�$YZ�RI�WKH
DGMDFHQF\�PDWUL[��)URP�(T����������ZH�KDYH
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7KXV�WKH�SUREDELOLW\�RI�DQ�HGJH�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV�LV�WKH�VDPH�LQ�WKLV�PRGHO�IRU�HYHU\
SDLU�� ,Q� RWKHU� ZRUGV�� WKLV� PRGHO� LV� MXVW� WKH� RUGLQDU\� 3RLVVRQ� UDQGRP� JUDSK� RI� &KDSWHU� ��� ZLWK�

��7KH�UDQGRP�JUDSK�FDQ�WKXV�EH�UHJDUGHG�DV�D�VSHFLDO�FDVH�RI�WKH�PRUH�JHQHUDO�H[SRQHQWLDO
UDQGRP�JUDSK�PRGHO�
7KH� UDQGRP� JUDSK�� DV�ZH� VDZ� LQ� &KDSWHU� ���� LV� LQ�PDQ\� UHVSHFWV� D� SRRU�PRGHO� RI� UHDO�ZRUOG

QHWZRUNV��,Q�SDUWLFXODU��LWV�GHJUHH�GLVWULEXWLRQ�LV�3RLVVRQLDQ�DQG�KHQFH�YHU\�GLIIHUHQW�IURP�WKH�KLJKO\
ULJKW�VNHZHG�GHJUHH�GLVWULEXWLRQV�LQ�PRVW�REVHUYHG�QHWZRUNV��,W�LV�QDWXUDO�WR�DVN��WKHUHIRUH��ZKHWKHU
ZH�FDQ�PDNH�DQ�H[SRQHQWLDO�UDQGRP�JUDSK�PRGHO�WKDW�KDV�D�PRUH�UHDOLVWLF�GHJUHH�GLVWULEXWLRQ��7KHUH
DUH�D�QXPEHU�RI�ZD\V�RI�GRLQJ�WKLV��EXW�RQH�RI�WKH�VLPSOHVW�LV�WR�FUHDWH�D�PRGHO�LQ�ZKLFK�ZH�VSHFLI\
WKH�H[SHFWHG�GHJUHH�RI� HDFK�YHUWH[�ZLWKLQ� WKH�HQVHPEOH��7KDW� LV��ZH� FUHDWH� DQ� H[SRQHQWLDO� UDQGRP
JUDSK�PRGHO�ZLWK�WKH�JUDSK�+DPLOWRQLDQ

�
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�

ZKHUH�NL� LV� WKH� GHJUHH� RI� YHUWH[�L��1RWH� WKDW�ZH� GR� QRW� DOVR� QHHG� D� WHUP� WKDW� IL[HV� WKH� DYHUDJH
QXPEHU� RI� HGJHV� LQ� WKLV� PRGHO�� VLQFH� IL[LQJ� WKH� DYHUDJH� GHJUHH� RI� HDFK� YHUWH[� DOUHDG\� IL[HV� WKH
DYHUDJH�QXPEHU�RI�HGJHV��VHH�(T����������
:H�FDQ�ZULWH�WKH�GHJUHHV�LQ�WHUPV�RI�WKH�DGMDFHQF\�PDWUL[�DV

�

�������
�

DQG�KHQFH�ZULWH�WKH�+DPLOWRQLDQ�DV
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ZKHUH�LQ�WKH�VHFRQG�OLQH�ZH�KDYH�LQWHUFKDQJHG�WKH�GXPP\�YDULDEOHV�L�DQG�M�DQG�LQ�WKH�WKLUG�OLQH�ZH
KDYH�PDGH�XVH�RI�$ML� �$LM��:H�KDYH�DOVR�DJDLQ�DVVXPHG�WKDW�WKHUH�DUH�QR�VHOI�HGJHV��VR�WKDW�$LL� ���IRU
DOO�L�
1RZ�ZH�FDQ�ZULWH�WKH�SDUWLWLRQ�IXQFWLRQ�DV

�
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DQG�WKH�SUREDELOLW\�RI�DQ�HGJH�EHWZHHQ�YHUWLFHV�X�DQG�Y�LV

�

�������
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7KXV� HGJHV� LQ� WKLV�PRGHO� QRZ� KDYH� GLIIHUHQW� SUREDELOLWLHV�� 2I� SDUWLFXODU� LQWHUHVW� LV� WKH� FDVH� RI� D
VSDUVH�QHWZRUN��RQH�LQ�ZKLFK�WKH�SUREDELOLW\�RI�DQ\�LQGLYLGXDO�HGJH�LV�VPDOO��SYZ������$V�ZH�KDYH
VHHQ� WKURXJKRXW� WKLV� ERRN�� PRVW� UHDO�ZRUOG� QHWZRUNV� DUH� YHU\� VSDUVH��� 7R� DFKLHYH� WKLV�� ZH� QHHG
Hí�ȕY�ȕZ�����LQ�(T�����������ZKLFK�PHDQV�WKDW
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,Q�RWKHU�ZRUGV��LQ�D�VSDUVH�QHWZRUN�WKH�SUREDELOLW\�RI�DQ�HGJH�LV�VLPSO\�D�SURGXFW�RI�WZR�WHUPV��RQH
IRU�HDFK�RI�WKH�YHUWLFHV�DW�HLWKHU�HQG�RI�WKH�HGJH��0RUHRYHU�� LW� WXUQV�RXW�WKDW� WKHVH�WHUPV�DUH�VLPSO\
UHODWHG�WR�WKH�H[SHFWHG�GHJUHHV�RI�WKH�YHUWLFHV��7KH�H[SHFWHG�GHJUHH�RI�YHUWH[�Y��IRU�LQVWDQFH��LV�MXVW
WKH�VXP�RI�WKH�H[SHFWHG�QXPEHU�SYZ�RI�HGJHV�EHWZHHQ�LW�DQG�HYHU\�RWKHU�YHUWH[�

�
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VR�WKDW
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ZKHUH�&� �����Z�HȕZ��
7KXV�SYZ� �&�NYNZ�LQ�WKLV�PRGHO��DQG�VLQFH�ZH�UHTXLUH�WKDW��YZ�SYZ� ��Y�NY�� ��P��VHH�(TV�

�������DQG����������LW V�WKHQ�VWUDLJKWIRUZDUG�WR�VKRZ�WKDW

�

�������
�

�
2QFH�DJDLQ��WKLV�LV�D�PRGHO�ZH�KDYH�VHHQ�EHIRUH��,W�LV�WKH�UDQGRP�JUDSK�PRGHO�WKDW�ZH�VWXGLHG�LQ

6HFWLRQ��������LQ�ZKLFK�ZH�VSHFLI\�WKH�H[SHFWHG�GHJUHHV�RI�YHUWLFHV��UDWKHU�WKDQ�WKHLU�H[DFW�GHJUHHV�
DV�LQ�WKH�PRUH�FRPPRQ�FRQILJXUDWLRQ�PRGHO��
:H�FDQ�DOVR�FUHDWH�H[SRQHQWLDO�UDQGRP�JUDSK�PRGHOV�RI�GLUHFWHG�QHWZRUNV��)RU�LQVWDQFH��ZH�FDQ



PDNH�D�PRGHO�LQ�ZKLFK�WKH�FRQVWUDLQHG�TXDQWLWLHV�DUH�WKH�H[SHFWHG�YDOXHV�RI�WKH�LQ��DQG�RXW�GHJUHHV�RI
D�GLUHFWHG�QHWZRUN�E\�XVLQJ�D�+DPLOWRQLDQ�RI�WKH�IRUP
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�

:ULWLQJ� �DQG� ��ZH�KDYH
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�
7KH�HQVHPEOH�LV�QRZ�D�GLVWULEXWLRQ�RYHU��VLPSOH��GLUHFWHG�JUDSKV��ZKLFK�PHDQV�WKDW�WKH�DGMDFHQF\

PDWUL[� LV� LQ� JHQHUDO� DV\PPHWULF� DQG� HDFK� HOHPHQW�$LM� FDQ� WDNH� LWV� RZQ� YDOXH�� 7KXV� WKH� SDUWLWLRQ
IXQFWLRQ�LV

�
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�

DQG�WKH�SUREDELOLW\�RI�DQ�HGJH�IURP�Z�WR�Y�LV

�



�������
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�

,Q�WKH�FDVH�RI�D�VSDUVH�QHWZRUN�WKLV�EHFRPHV

�
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E\�DQ�DUJXPHQW� VLPLODU� WR� WKH�RQH� OHDGLQJ� WR�(T�� ���������7KLV�H[SUHVVLRQ� LV� VLPLODU� WR� WKDW� IRU� WKH
FRUUHVSRQGLQJ�TXDQWLW\�LQ�WKH�GLUHFWHG�YHUVLRQ�RI�WKH�FRQILJXUDWLRQ�PRGHO��VHH�SDJH�������DQG�LQGHHG
WKH�PRGHO�DERYH�LV�WKH�HTXLYDOHQW�IRU�WKH�GLUHFWHG�FDVH�RI�WKH�UDQGRP�JUDSK�LQ�ZKLFK�ZH�VSHFLI\�WKH
H[SHFWHG�GHJUHHV�RI�WKH�YHUWLFHV�UDWKHU�WKDQ�WKH�H[DFW�GHJUHHV�
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:H� QRZ� WXUQ� WR� VRPH� PRUH� FRPSOH[� H[DPSOHV� RI� H[SRQHQWLDO� UDQGRP� JUDSKV�� RQHV� WKDW� DUH� QRW
HTXLYDOHQW�WR�PRGHOV�ZH�KDYH�DOUHDG\�VHHQ��7KH�ILUVW�H[DPSOH�ZH�ORRN�DW�LV�WKH�³UHFLSURFLW\�PRGHO´
SURSRVHG�E\�+ROODQG�DQG�/HLQKDUGW�>���@�
$V� GLVFXVVHG� LQ� 6HFWLRQ� ������ PDQ\� GLUHFWHG� QHWZRUNV� H[KLELW� WKH� SKHQRPHQRQ� RI� UHFLSURFLW\�

ZKHUHE\�HGJHV�EHWZHHQ�YHUWLFHV�WHQG�WR�EH�UHFLSURFDWHG��,I�,�VD\�WKDW�\RX�DUH�P\�IULHQG��IRU�H[DPSOH�
WKHQ� LW� LV� OLNHO\� WKDW� \RX�ZLOO� DOVR� VD\� WKDW� ,� DP�\RXU� IULHQG��:H�FDQ�FUHDWH� DQ� H[SRQHQWLDO� UDQGRP
JUDSK�PRGHO�RI�UHFLSURFLW\�E\�IL[LQJ�WKH�H[SHFWHG�QXPEHU�RI�UHFLSURFDWHG�HGJHV�LQ�WKH�QHWZRUN��7KH
QXPEHU� RI� UHFLSURFDWHG� HGJHV��PU� LV� JLYHQ� E\�PU�  � �L�M�$LM�$ML�� VR� ZH� QHHG� WR� LQWURGXFH� D� WHUP
SURSRUWLRQDO�WR�WKLV�LQWR�RXU�JUDSK�+DPLOWRQLDQ��:H�FDQ�DOVR�LQWURGXFH�RWKHU�WHUPV��VXFK�DV�WHUPV�WR
IL[�WKH�H[SHFWHG�GHJUHHV�RI�YHUWLFHV�DV�LQ�WKH�SUHYLRXV�VHFWLRQ��+HUH�OHW�XV�ORRN�WKH�VLPSOH�FDVH�ZKHUH
ZH�IL[�RQO\�WKH�QXPEHU�RI�HGJHV�DV�ZH�GLG�ZLWK�WKH�3RLVVRQ�UDQGRP�JUDSK��7KH�QXPEHU�RI�HGJHV�LQ�D
VLPSOH�GLUHFWHG�QHWZRUN�LV�JLYHQ�E\�P� ��L�M�$LM�DQG�KHQFH�RXU�+DPLOWRQLDQ�WDNHV�WKH�IRUP
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ZKHUH�ȕ� DQG�Ȗ�DUH�IUHH�SDUDPHWHUV�WKDW�FDQ�EH�YDULHG�WR�FUHDWH�WKH�GHVLUHG�QXPEHUV�RI�HGJHV�DQG
UHFLSURFDWHG� HGJHV�� 7KLV� LV� DFWXDOO\� D� VLPSOLILHG� YHUVLRQ� RI� WKH� PRGHO� SURSRVHG� E\� +ROODQG� DQG
/HLQKDUGW��EXW�LW�ZLOO�VHUYH�RXU�SXUSRVH�QLFHO\��DQG�LW�LV�HDV\�WR�VROYH�
7KH�SDUWLWLRQ�IXQFWLRQ�IRU�WKLV�PRGHO�LV
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�
7KH�IUHH�HQHUJ\�IRU�WKH�QHWZRUN�LV�WKHQ
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DQG��DSSO\LQJ�(T�����������ZH�ILQG�WKDW�WKH�H[SHFWHG�QXPEHUV�RI�HGJHV�DQG�UHFLSURFDWHG�HGJHV�DUH

�
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�

,Q�6HFWLRQ������ZH�GHILQHG�WKH�UHFLSURFLW\�U�RI�D�GLUHFWHG�QHWZRUN�WR�EH�WKH�IUDFWLRQ�RI�HGJHV�WKDW�DUH
UHFLSURFDWHG��ZKLFK�LQ�RXU�PRGHO�LV�JLYHQ�E\�WKH�UDWLR

�
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7KXV�ZH�FDQ�FRQWURO�ERWK�WKH�QXPEHU�RI�HGJHV�DQG�WKH�OHYHO�RI�UHFLSURFLW\�LQ�WKH�QHWZRUN�E\�VXLWDEOH
FKRLFHV�RI�ȕ�DQG�Ȗ�
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$IWHU�RUGLQDU\�UDQGRP�JUDSKV��SUREDEO\�WKH�VLPSOHVW�XQGLUHFWHG�H[SRQHQWLDO�UDQGRP�JUDSK�LV�WKH�VR�
FDOOHG�WZR�VWDU�PRGHO��,Q�WKLV�PRGHO�RQH�VSHFLILHV�WKH�H[SHFWHG�QXPEHU�PRI�HGJHV�LQ�WKH�QHWZRUN
DQG� WKH� H[SHFWHG� QXPEHU� P�� RI�WZR�VWDUV�� PHDQLQJ� D� YHUWH[� FRQQHFWHG� E\� HGJHV� WR� WZR� RWKHUV
�ZKLFK�ZH�FDOOHG�D�³FRQQHFWHG�WULSOH´�LQ�RWKHU�FLUFXPVWDQFHV²VHH�(T���������RQ�SDJH�������9DU\LQJ
WKH�QXPEHU�RI�WZR�VWDUV�DOORZV�XV�WR�FRQWURO�WKH�H[WHQW�WR�ZKLFK�HGJHV�LQ�WKH�QHWZRUN�³VWLFN�WRJHWKHU�´
PHDQLQJ� WKH\� VKDUH� FRPPRQ�YHUWLFHV�� ,I�ZH� IL[� RQO\� WKH� QXPEHU� RI� HGJHV� LQ� D� QHWZRUN�� WKHQ� WKRVH
HGJHV�PD\�VWLFN�WRJHWKHU�RU�WKH\�PD\�QRW��EXW�LI�ZH�DOVR�JLYH�WKH�QHWZRUN�D�ORW�RI�WZR�VWDUV��WKHQ�WKH
HGJHV� KDYH� WR� VWLFN� WRJHWKHU� WR� PDNH� WKH� UHTXLUHG� QXPEHU� RI� WZR�VWDUV�� 7KXV� WKH� WZR�VWDU� PRGHO
DOORZV�XV�WR�FRQWURO�WKH�³FOXPSLQHVV´�RI�WKH�QHWZRUN��WKH�H[WHQW�WR�ZKLFK�WKH�HGJHV�JDWKHU�WRJHWKHU�LQ
FOXPSV�RU�DUH�GLVWULEXWHG�PRUH�UDQGRPO\�

�

$�WZR�VWDU�LV�D�YHUWH[�FRQQHFWHG�E\�HGJHV�WR�WZR�RWKHU�YHUWLFHV�
7KH�QXPEHU�RI�WZR�VWDUV�LQ�D�QHWZRUN�LV

�

�������
�

DQG�WKH�QXPEHU�RI�HGJHV�LV��DV�EHIRUH�� ��7KXV�WKH�+DPLOWRQLDQ�LV

�

�������
�

ZKHUH�ȕ�DQG�Ȗ�DUH�RXU�WZR�SDUDPHWHUV�



:H�HQFRXQWHUHG�PHDQ�ILHOG�WKHRU\�EULHIO\�HDUOLHU�LQ�WKH�FKDSWHU��LQ�RXU�VWXG\�RI�WKH�VPDOO�ZRUOG
PRGHO��WKRXJK�ZH�GLG�QRW�HODERUDWH�RQ�LW�WKHUH��6HH�(T����������DQG�WKH�DVVRFLDWHG�GLVFXVVLRQ�

�
:H�FDQ�VROYH�WKLV�PRGHO�XVLQJ�PHDQ�ILHOG�WKHRU\��D�WHFKQLTXH�ERUURZHG�IURP�VWDWLVWLFDO�SK\VLFV�

:H�QRWH� WKDW� WKH� WHUP��N��L�M��$LN� LV� VLPSO\� WKH�QXPEHU�RI� HGJHV� DWWDFKHG� WR� YHUWH[�L�� H[FOXGLQJ� DQ\
HGJH� EHWZHHQ�L� DQG�M��$OO� YHUWH[� SDLUV� DUH� HTXLYDOHQW� LQ� WKLV�PRGHO²YHUWLFHV� KDYH� QR� LQGLYLGXDO
SURSHUWLHV�WR�GLVWLQJXLVK�WKHP²VR�WKH�PHDQ�SUREDELOLW\�$LM�RI�DQ�HGJH�EHWZHHQ�DQ\�SDLU�LV�WKH�VDPH�
,I�ZH�GHQRWH�WKLV�SUREDELOLW\�E\�S�WKHQ�WKH�H[SHFWHG�YDOXH�RI�WKH�WHUP�DERYH�LV�MXVW

�

�������
�

�

%XW��DVVXPLQJ�WKDW�WKH�QHWZRUN�LV�ODUJH��WKLV�LV��WR�D�JRRG�DSSUR[LPDWLRQ��MXVW�QS��ZKLFK�LV�WKH�PHDQ
GHJUHH�RI�D�YHUWH[�
7KH�PHDQ�ILHOG�DSSURDFK�FRQVLVWV�RI�UHSODFLQJ�WKH�DFWXDO�WHUP�LQ�WKH�+DPLOWRQLDQ�ZLWK�WKH�H[SHFWHG

YDOXH�QS��:H�DOVR�PDNH�WKH�VDPH�UHSODFHPHQW�IRU�WKH�WHUP��N��L�M��$MN��7KHVH�UHSODFHPHQWV�DUH�D�JRRG
DSSUR[LPDWLRQ�VR�ORQJ�DV�QS����VLQFH�IRU�ODUJH�YDOXHV�RI�QS�WKH�VWDWLVWLFDO�YDULDWLRQ�IURP�YHUWH[�WR
YHUWH[�DURXQG�WKH�H[SHFWHG�YDOXH�EHFRPHV�QHJOLJLEOH��,I�WKH�YDOXH�RI�S�LV�NHSW�IL[HG�DV�ZH�PDNH�RXU
QHWZRUN� ODUJHU� WKHQ�QS�ZLOO�DOZD\V�EH�ODUJH�LQ�WKH�OLPLW�Q�ĺ����7KXV��LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN
VL]H��WKLV�PHDQ�ILHOG�DSSUR[LPDWLRQ�LV�D�JRRG�RQH�
,Q�WKLV�ODUJH�Q�UHJLPH��PDNLQJ�WKH�UHSODFHPHQW�GHVFULEHG�DERYH��ZH�KDYH

�

�������
�

ZKHUH�P�LV�WKH�QXPEHU�RI�HGJHV�DV�EHIRUH�
1RZ�� KRZHYHU�� WKLV� LV� WKH� VDPH� DV� WKH� +DPLOWRQLDQ� IRU� WKH� RUGLQDU\� 3RLVVRQ� UDQGRP� JUDSK� LQ

6HFWLRQ� �������� H[FHSW� IRU� WKH� UHSODFHPHQW�ȕ� ĺ�ȕ� �� �ȖQS�� VR�ZH� FDQ� LPPHGLDWHO\�ZULWH� GRZQ� WKH
SDUWLWLRQ�IXQFWLRQ�DQG�RWKHU�TXDQWLWLHV�XVLQJ�WKH�UHVXOWV�RI�WKDW�VHFWLRQ��,Q�SDUWLFXODU��(T����������WHOOV
XV�WKDW�WKH�DYHUDJH�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�ZLOO�EH

�



�������
�

�

%XW�WKH�DYHUDJH�QXPEHU�RI�HGJHV�LV�UHODWHG�WR�WKH�PHDQ�SUREDELOLW\�RI�DQ�HGJH�E\� �DQG�KHQFH

�

�������
�
�

7KLV�JLYHV�XV�D�VHOI�FRQVLVWHQW�HTXDWLRQ�WKDW�ZH�FDQ�VROYH�WR�ILQG�S�DV�D�IXQFWLRQ�RI�WKH�SDUDPHWHUV�ȕ
DQG�Ȗ��DQG�RQFH�ZH�KDYH�S�ZH�FDQ�VROYH�IRU�RWKHU�SURSHUWLHV�RI�WKH�QHWZRUN�E\�WUHDWLQJ�LW�DV�D�QRUPDO
3RLVVRQ�UDQGRP�JUDSK�
)RU�FRQYHQLHQFH�LQ�VROYLQJ�IRU�S��OHW�XV�GHILQH� �DQG� �VR�WKDW�(T����������EHFRPHV

�

�������
�

�

7KHUH�LV�QR�NQRZQ�FORVHG�IRUP�VROXWLRQ�IRU�WKLV�HTXDWLRQ�LQ�JHQHUDO��EXW�ZH�FDQ�YLVXDOL]H�WKH�VROXWLRQ
HDVLO\�HQRXJK�XVLQJ�D�JUDSKLFDO�PHWKRG��,I�ZH�PDNH�SORWV�RI�WKH�OLQHV�\� �S�DQG� �DV
IXQFWLRQV�RI�S�RQ�WKH�VDPH�D[HV��WKH\�ZLOO�LQWHUVHFW�DW�WKH�VROXWLRQ��RU�VROXWLRQV��RI�(T�����������7KUHH
VXFK�SORWV�DUH�VKRZQ�LQ�)LJ�������IRU�GLIIHUHQW�FKRLFHV�RI�WKH�SDUDPHWHUV�
&RQVLGHU�ILUVW�SDQHO��D���ZKLFK�VKRZV�WKH�FXUYH�RI� �IRU� �DQG�WKUHH�GLIIHUHQW

YDOXHV� RI�%� �VROLG� OLQHV���9DU\LQJ�%�PHUHO\�VKLIWV� WKH�HQWLUH�FXUYH�KRUL]RQWDOO\�ZLWKRXW�FKDQJLQJ� LWV
RYHUDOO�VKDSH��)RU�HDFK�FXUYH�WKHUH�LV�D�VLQJOH�SRLQW�RI�LQWHUVHFWLRQ�ZLWK�WKH�OLQH�\� �S��LQGLFDWHG�E\�D
VPDOO�FLUFOH��$V�%�LV�YDULHG�WKLV�LQWHUVHFWLRQ�SRLQW�PRYHV�VPRRWKO\�EHWZHHQ�KLJK�DQG�ORZ�YDOXHV�RI�S�
7KXV� LQ� WKLV� UHJLPH� ZH� FDQ� WXQH� WKH� GHQVLW\� RI� WKH� QHWZRUN� WR� DQ\� GHVLUHG� YDOXH� E\� YDU\LQJ� WKH
SDUDPHWHU�%��RU�HTXLYDOHQWO\�WKH�SDUDPHWHU�ȕ� ��%��
1RZ�WDNH�D�ORRN�DW�WKH�ODVW�SDQHO�LQ�)LJ��������SDQHO��F���ZKLFK�VKRZV�FXUYHV�IRU� �DQG�DJDLQ

WKUHH� GLIIHUHQFH� YDOXHV� RI�%�� $JDLQ� YDU\LQJ�%� VKLIWV� WKH� FXUYH� KRUL]RQWDOO\�� EXW� QRZ� WKHUH� LV� DQ
LPSRUWDQW� GLIIHUHQFH�� %HFDXVH� RI� WKH� KLJKHU� YDOXH� RI�&�� WKH� VKDSH� RI� WKH� FXUYH� KDV� FKDQJHG�� ,W� LV
VWHHSHU�LQ�WKH�PLGGOH�WKDQ�LW�ZDV�SUHYLRXVO\�DQG�DV�D�UHVXOW�LW�LV�QRZ�SRVVLEOH�DW�VXLWDEOH�YDOXHV�RI�%
IRU�WKH�FXUYH�WR�LQWHUVHFW�ZLWK�WKH�OLQH�\� �S�QRW�MXVW�LQ�RQH�SODFH�EXW�LQ�WKUHH�GLIIHUHQW�SODFHV��,Q�WKLV
UHJLPH�WKHUH�DUH�WKUHH�GLIIHUHQW�SRVVLEOH�VROXWLRQV�IRU�S�IRU�WKH�VDPH�YDOXHV�RI�WKH�SDUDPHWHUV��,Q�IDFW
LW� WXUQV� RXW� WKDW� WKH�PLGGOH� VROXWLRQ� LV� XQSK\VLFDO� DQG� RQO\� WKH� WZR� RXWHU� VROXWLRQV� DUH� UHDOL]HG� LQ



SUDFWLFH��7KHVH�WZR��KRZHYHU��FRUUHVSRQG�WR�YHU\�GLIIHUHQW�QHWZRUNV��2QH�KDV�YHU\�KLJK�GHQVLW\�ZLWK
PDQ\�HGJHV�ZKLOH�WKH�RWKHU�LV�YHU\�VSDUVH�ZLWK�IHZ�HGJHV��<HW�ERWK�VROXWLRQV�DUH�UHDO��,I�RQH�ZHUH�WR
VLPXODWH� WKH� WZR�VWDU�PRGHO�RQ�D�FRPSXWHU��JHQHUDWLQJ�QHWZRUNV�DW� UDQGRP�DFFRUGLQJ� WR� WKH�PRGHO
SUHVFULSWLRQ��RQH�ZRXOG�LQ�WKLV�UHJLPH�VRPHWLPHV�ILQG�D�KLJK�GHQVLW\�QHWZRUN�DQG�VRPHWLPHV�D�ORZ�
GHQVLW\�RQH�IRU�WKH�VDPH�SDUDPHWHU�YDOXHV��DQG�RQH�ZRXOG�QRW�EH�DEOH�WR�SUHGLFW� LQ�DGYDQFH�ZKLFK
ZRXOG�RFFXU�
7KLV�SHFXOLDU�EHKDYLRU�LV�FDOOHG�VSRQWDQHRXV�V\PPHWU\�EUHDNLQJ��,W�LV�D�EHKDYLRU�ZHOO�NQRZQ�WR

SK\VLFLVWV�� ZKR� VWXG\� LW� LQ� FRQGHQVHG� PDWWHU� SK\VLFV�� ZKHUH� LW� JLYHV� ULVH� WR� WKH� SKHQRPHQRQ� RI
IHUURPDJQHWLVP��DQG�LQ�SDUWLFOH�SK\VLFV��ZKHUH� LW�JLYHV�ULVH� WR� WKH�SKHQRPHQRQ�RI�SDUWLFOH�PDVV�� ,Q
QHWZRUN�PRGHOV��KRZHYHU��LW�LV�SULPDULO\�DQ�DQQR\DQFH��DQG�VRPHWLPHV�D�JUDYH�ZHDNQHVV��$�PRGHO
WKDW� FDQ� SURGXFH� WZR� UDGLFDOO\� GLIIHUHQW� FODVVHV� RI� QHWZRUN� IRU� WKH� VDPH� YDOXHV� RI� WKH� PRGHO
SDUDPHWHUV�LV��DW�WKH�OHDVW��WURXEOLQJ��%XW�ZRUVH��IRU�YDOXHV�RI�&�DV�LQ�)LJ������F�WKHUH�VRPH�YDOXHV�RI
S�WKDW�DUH�VLPSO\�LPSRVVLEOH�WR�UHDFK�

�

)LJXUH� ������ *UDSKLFDO� VROXWLRQV� RI� WKH� SURSHUWLHV� RI� WKH� WZR�VWDU� PRGHO�� &XUYHV� IRU�
�IRU�YDU\LQJ�YDOXHV�RI�%�DQG��D�� ���E��&� ����DQG��F�� ��7KH�SRLQWV�ZKHUH�WKH



FXUYHV�LQWHUVHFW�WKH�OLQH�\� �S��GRWWHG�OLQH�LQ�HDFK�SDQHO��DUH�VROXWLRQV�RI�(T����������
�
�

�

)LJXUH�������(GJH�SUREDELOLW\�LQ�WKH�WZR�VWDU�PRGHO��3ORW�RI�VROXWLRQV�RI�(T����������IRU�WKH�HGJH
SUREDELOLW\�S�DV�D�IXQFWLRQ�RI�%�IRU�WKH�VDPH�WKUHH�YDOXHV�RI�&�DV�ZHUH�XVHG�LQ�WKH�WKUHH�SDQHOV�RI�)LJ�
������1RWH�WKDW�WKHUH�DUH�WZR�SRVVLEOH�VROXWLRQV�ZLWKLQ�WKH�FRH[LVWHQFH�UHJLRQ�IRU�WKH�FDVH� ��DQG
PRUH�LPSRUWDQWO\�WKDW�IRU�WKLV�FDVH�WKHUH�LV�QR�YDOXH�RI�%�WKDW�JLYHV�DQ\�LQWHUPHGLDWH�YDOXH�RI�S��)RU�

�WKH�RQO\�SRVVLEOH�YDOXHV�RI�S�OLH�HLWKHU�DERYH�DERXW�����RU�EHORZ�DERXW�����
�
�
)LJXUH������VKRZV�WKH�YDOXHV�RI�WKH�VROXWLRQV�IRU�S�IRU�WKH�FDVHV�GHSLFWHG�LQ�)LJ�������DV�D�IXQFWLRQ

RI�%� DQG�� DV�ZH�KDYH� VDLG��S� LV� D� VPRRWK� IXQFWLRQ�RI�%� IRU� WKH� � FDVH�� VR� WKDW� DQ\�YDOXH�RI�S� LV
UHDFKDEOH��)RU�WKH�FDVH�RI� ��KRZHYHU��WKHUH�DUH�RQO\�YHU\�KLJK�DQG�YHU\�ORZ�YDOXHV�RI�S��7KHUH�LV
QR� YDOXH� RI�%� WKDW� SURGXFHV� LQWHUPHGLDWH� YDOXHV� RI�S� DQG� KHQFH� QR�ZD\� LQ� WKLV�PRGHO� WR� JHQHUDWH
JUDSKV� ZLWK� VXFK� LQWHUPHGLDWH� YDOXHV� LI� �� ,I� ZH� ZDQWHG� WR� JHQHUDWH� D� JUDSK� ZLWK� �� IRU
LQVWDQFH��WKHUH�LV�VLPSO\�QR�ZD\�WR�GR�LW�LQ�WKH�WZR�VWDU�PRGHO�ZKHQ� �
7KLV� LV�D� IXQGDPHQWDO�SUREOHP�ZLWK� WKH� WZR�VWDU�PRGHO�DQG�ZLWK�PDQ\�RWKHU�H[SRQHQWLDO� UDQGRP

JUDSKV��:H�ZLOO�VHH�LQ�WKH�IROORZLQJ�VHFWLRQ�DQ�H[DPSOH�RI�DQ�H[SRQHQWLDO�UDQGRP�JUDSK�ZKHUH�WKLV
NLQG�RI�EHKDYLRU�UHQGHUV�WKH�PRGHO�HVVHQWLDOO\�XVHOHVV�DV�D�PRGHO�RI�D�QHWZRUN�
3DQHO��E��RI�)LJ�������VKRZV�WKH�ERUGHUOLQH�FDVH�WKDW�IDOOV�EHWZHHQ�SDQHOV��D��DQG��F���:KHQ�WKH

SDUDPHWHU�&�LV�VXFK�WKDW�WKH�FXUYH�RI� �KDV�JUDGLHQW�H[DFWO\�RQH�DW�LWV�VWHHSHVW�SRLQW
WKHQ�ZH�DUH�ULJKW�RQ�WKH�ERXQGDU\�EHWZHHQ�WKH�WZR�GLIIHUHQW�W\SHV�RI�EHKDYLRU��,Q�WKH�SUHVHQW�FDVH��WKLV
KDSSHQV� DW�&�  � ��� ,I�&� LV� LQFUHDVHG� DQ\� IXUWKHU� EH\RQG� WKLV� SRLQW�� VSRQWDQHRXV� V\PPHWU\� EUHDNLQJ
RFFXUV�� %HORZ� LW�� WKHUH� LV� QR� V\PPHWU\� EUHDNLQJ�� ,Q� WKH� SK\VLFV� MDUJRQ� WKLV� WUDQVLWLRQ� LV� FDOOHG� D
FRQWLQXRXV�SKDVH�WUDQVLWLRQ�DQG�WKH�SRLQW�DW�ZKLFK�LW�RFFXUV�LV�FDOOHG�D�FULWLFDO�SRLQW����
1RWH� WKDW�� HYHQ� ZKHQ� WKH� YDOXH� RI�&� LV� JUHDWHU� WKDQ� �� DQG� ZH� DUH� DERYH� WKH� FULWLFDO� SRLQW�

VSRQWDQHRXV�V\PPHWU\�EUHDNLQJ�VWLOO�RQO\�RFFXUV�ZLWKLQ�D�FHUWDLQ�UDQJH�RI�YDOXHV�RI�%��DV�)LJ������F



VKRZV�� ,I�%� LV�HLWKHU� WRR�VPDOO�RU� WRR� ODUJH� WKHQ� WKHUH� LV�RQO\�RQH�VROXWLRQ� WR�(T�� �������� �WKH� WZR
RXWHU�FXUYHV�LQ�)LJ������F���7KH�SRUWLRQ�RI�SDUDPHWHU�VSDFH�ZKHUH�WKHUH�DUH�WZR�VROXWLRQV�LV�FDOOHG
WKH�FRH[LVWHQFH�UHJLRQ��7KH�ERXQGDULHV�RI�WKH�FRH[LVWHQFH�UHJLRQ�FRUUHVSRQG�WR�WKH�YDOXHV�RI�%�VXFK
WKDW� WKH� FXUYH� LV� WDQJHQW� WR� WKH� OLQH�\�  �S�� DV� VKRZQ� LQ� )LJ�� ������ 3XW� DQRWKHU�ZD\��ZH� DUH� RQ� WKH
ERXQGDU\�ZKHQ�WKH�SRLQW�DW�ZKLFK�WKH�FXUYH�KDV�JUDGLHQW�RQH�IDOOV�RQ�WKH�OLQH�\� �S��7KH�JUDGLHQW�RI�

�LV�JLYHQ�E\
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�

DQG�VHWWLQJ�WKLV�HTXDO�WR�RQH�DQG�PDNLQJ�XVH�RI�VHFK��[� ���í�WDQK��[��ZH�KDYH

�

�������
�

�

%XW�S�LV�DOVR�D�VROXWLRQ�RI�(T�����������VR�WDQK�%����&S�� ��S�í���DQG�(T����������EHFRPHV���í���S�í
���� ���&��RU

�

�������
�

ZKLFK�KDV�VROXWLRQV

�

�������
�
�



5HDUUDQJLQJ�(T����������IRU�%�DQG�VXEVWLWXWLQJ�IRU�S�ZH�WKHQ�ILQG�WKDW

�

�������
�

ZKHUH�ZH�HLWKHU�WDNH�ERWK�WKH�SOXV�VLJQV�RU�ERWK�WKH�PLQXV�VLJQV�

�

)LJXUH� ������7KH�ERXQGDULHV� RI� WKH� FRH[LVWHQFH� UHJLRQ� LQ� WKH� WZR�VWDU�PRGHO�� 7KH� HQGV� RI� WKH
FRH[LVWHQFH� UHJLRQ� IRU� D� JLYHQ� YDOXH� RI�&� FRUUHVSRQG� WR� WKRVH� YDOXHV� RI�%� WKDW� SODFH� WKH� FXUYH�

�SUHFLVHO\�WDQJHQW�WR�WKH�OLQH�\� �S�
�
�
)LJXUH� ������ VKRZV� D� SORW� RI� WKLV� UHVXOW� LQ� WKH� IRUP� RI� D�SKDVH�GLDJUDP� RI� WKH� WZR�VWDU�PRGHO

VKRZLQJ�WKH�GLIIHUHQW�UHJLPHV�RU�³SKDVHV´�RI�WKH�PRGHO�DV�D�IXQFWLRQ�RI�LWV�WZR�SDUDPHWHUV��7KH�WZR
OLQHV� FRUUHVSRQGLQJ� WR� WKH� VROXWLRQV� LQ� (T�� �������� IRUP� WKH� ERXQGDULHV� RI� WKH� FRH[LVWHQFH� UHJLRQ�
,QVLGH�WKLV�UHJLRQ�WKHUH�DUH�YDOXHV�RI�S�WKDQ�FDQQRW�EH�UHDFKHG�IRU�DQ\�FKRLFH�RI�SDUDPHWHUV��2XWVLGH
LW��ZH�FDQ�JHQHUDWH�QHWZRUNV�ZLWK�DQ\�YDOXH�RI�S�



�������675$866 �6�02'(/�2)�75$16,7,9(�1(7:25.6

�

$V�RXU�ODVW�H[DPSOH�LQ�WKLV�FKDSWHU��ZH�ORRN�DW�DQRWKHU�H[SRQHQWLDO�UDQGRP�JUDSK�PRGHO�WKDW�VKRZV
VSRQWDQHRXV� V\PPHWU\�EUHDNLQJ�� WKH� WUDQVLWLYH�QHWZRUN�PRGHO�RI�6WUDXVV� >���@��:KHUH� WKH� WZR�VWDU
PRGHO� LV� VRPHWKLQJ� RI� D� WR\� PRGHO²XVHIXO� IRU� GHPRQVWUDWLQJ� WKH� PDWKHPDWLFV�� EXW� QRW� HVSHFLDOO\
LPSRUWDQW�LQ�SUDFWLFH²WKH�PRGHO�RI�WKLV�VHFWLRQ�LV�RQH�RI�VRPH�LPSRUWDQFH��DQG�WKH�IDFW�WKDW�LW�VKRZV
SDWKRORJLFDO�EHKDYLRU�ZLWK�WKH�YDULDWLRQ�RI�LWV�SDUDPHWHUV�LV�D�SX]]OH�DQG�D�VLJQLILFDQW�KLQGUDQFH�WR
SURJUHVV��RQH�WKDW�KDV�QRW��DW�OHDVW�DW�WKH�WLPH�RI�ZULWLQJ��EHHQ�IXOO\�UHVROYHG�

�

)LJXUH��������3KDVH�GLDJUDP�RI�WKH�WZR�VWDU�PRGHO��7KH�SKDVHV�RI�WKH�WZR�VWDU�PRGHO�DV�D�IXQFWLRQ
RI� WKH�SDUDPHWHUV�%� DQG�&��'HQVLW\�JHQHUDOO\� LQFUHDVHV�DV�%� EHFRPHV�PRUH�QHJDWLYH� DQG� IRU�&�!��
WKHUH� LV� D� FRH[LVWHQFH� UHJLRQ� DW� LQWHUPHGLDWH� YDOXHV� RI�%� LQ�ZKLFK� VSRQWDQHRXV� V\PPHWU\� EUHDNLQJ
RFFXUV��1RWLFH�WKDW�WKH�VFDOHV�DUH�ORJDULWKPLF�DQG�WKDW�%�������7KHUH�DUH�QR�RWKHU�SKDVHV�IRU�SRVLWLYH�%
RU�QHJDWLYH�&��VR�WKHVH�YDOXHV�DUH�QRW�VKRZQ���$GDSWHG�IURP�3DUN�DQG�1HZPDQ�>���@��2ULJLQDO�ILJXUH
&RS\ULJKW������$PHULFDQ�3K\VLFDO�6RFLHW\��5HSURGXFHG�ZLWK�SHUPLVVLRQ�
�
�
6WUDXVV¶V�PRGHO�LV�D�PRGHO�RI�D�VLPSOH�XQGLUHFWHG�QHWZRUN�WKDW�VKRZV�FOXVWHULQJ�RU�WUDQVLWLYLW\��WKH

SURSHQVLW\� IRU� WULDQJOHV� WR� IRUP� LQ� WKH� QHWZRUN�� ZKLFK�� DV� GLVFXVVHG� LQ� 6HFWLRQ� ����� LV� D� FRPPRQ
SKHQRPHQRQ�� SDUWLFXODUO\� LQ� VRFLDO� QHWZRUNV�� ,Q� WKLV� PRGHO� RQH� VSHFLILHV� WKH� H[SHFWHG� QXPEHU� RI
HGJHV�P�LQ�WKH�QHWZRUN�DQG�DOVR�WKH�H[SHFWHG�QXPEHU�RI�WULDQJOHV�P���7KH�QXPEHU�RI�WULDQJOHV�FDQ
EH�H[SUHVVHG�LQ�WHUPV�RI�WKH�HOHPHQWV�RI�WKH�DGMDFHQF\�PDWUL[�DV
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ZKHUH�WKH�IDFWRU�RI� �DFFRXQWV�IRU�WKH�IDFW�WKDW�HDFK�WULDQJOH�LQ�WKH�QHWZRUN�DSSHDUV�WKUHH�WLPHV�LQ�WKH
VXP�� 7KH� QXPEHU� RI� HGJHV� LV� MXVW� �� �)RU� VLPSOLFLW\� RI� QRWDWLRQ� ZH� KDYH� LQFOXGHG� WKH
GLDJRQDO� WHUPV� LQ� WKHVH�VXPV��7KH\�DUH�]HUR�VLQFH� WKH�QHWZRUN� LV�VLPSOH��VR� LW�PDNHV�QR�GLIIHUHQFH
ZKHWKHU�ZH�LQFOXGH�WKHP�RU�QRW���7KXV�WKH�JUDSK�+DPLOWRQLDQ�LV

�

�������
�

�
7KLV�PRGHO��OLNH�WKH�WZR�VWDU�PRGHO��FDQ�EH�VROYHG�H[DFWO\�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�XVLQJ�D

PHDQ�ILHOG� WHFKQLTXH�� 7KH� GHWDLOV� RI� WKH� FDOFXODWLRQ� DUH� PRUH� FRPSOLFDWHG� WKDQ� IRU� WKH� WZR�VWDU
PRGHO��$V�ZHOO�DV�UHSODFLQJ�VXPV�RI�WKH�IRUP��N�$LN�E\�WKHLU�DYHUDJH�YDOXH��ZH�DOVR�PDNH�D�VLPLODU
UHSODFHPHQW�IRU�VXPV�RI�WKH�IRUP��N�$MN�$NL��DQG�WKH�YDOXHV�RI�WKHVH�WZR�TXDQWLWLHV�DUH�H[SUHVVHG�VHOI�
FRQVLVWHQWO\� LQ� WHUPV� RI� HDFK� RWKHU�� :H� ZLOO� QRW� JR� LQWR� WKH� GHWDLOV� RI� WKH� FDOFXODWLRQ� KHUH²WKH
LQWHUHVWHG�UHDGHU�LV�LQYLWHG�WR�FRQVXOW�5HI��>���@��7KH�HQG�UHVXOW��KRZHYHU��LV�VLPLODU�WR�WKDW�IRU�WKH
WZR�VWDU� PRGHO�� WKHUH� LV� D� SKDVH� WUDQVLWLRQ� LQ� WKH� PRGHO� EH\RQG� ZKLFK� WKH� V\VWHP� GHYHORSV� D
FRH[LVWHQFH�UHJLRQ�ZKHUH�WKHUH�DUH�WZR�GLVWLQFW�VROXWLRQV�WR�WKH�HTXDWLRQV��ERWK�RI�ZKLFK�DUH�UHDOL]HG
LQ�VLPXODWLRQV�RI� WKH�PRGHO��2QH�VROXWLRQ�FRUUHVSRQGV� WR�D�QHWZRUN�RI�KLJK�GHQVLW\�DQG� WKH�RWKHU�D
QHWZRUN� RI� ORZ� GHQVLW\� EXW�� DV� LQ� WKH� WZR�VWDU� FDVH�� WKHUH� LV� LQ� WKLV� UHJLPH� QR� FKRLFH� RI� PRGHO
SDUDPHWHUV� WKDW� ZLOO� JLYH� QHWZRUNV� RI� PHGLXP� GHQVLW\� DQG� DV� D� UHVXOW� WKHUH� LV� D� ZLGH� UDQJH� RI
QHWZRUNV�WKDW�VLPSO\�FDQQRW�EH�JHQHUDWHG�E\�WKLV�PRGHO��,I�RQH�ZHUH�WR�REVHUYH�D�QHWZRUN�LQ�WKH�UHDO
ZRUOG�ZKRVH�SURSHUWLHV�IHOO�ZLWKLQ�WKLV�XQDWWDLQDEOH�UDQJH��WKHQ�6WUDXVV¶V�PRGHO�FRXOG�QRW�EH�XVHG�WR
PLPLF�LWV�SURSHUWLHV�
7KLV� LV� D� IXQGDPHQWDO� SUREOHP�ZLWK�6WUDXVV¶V�PRGHO� DQG�ZLWK�PDQ\� VLPLODU� H[SRQHQWLDO� UDQGRP

JUDSKV�� 7KH� HQWLUH� SRLQW� RI� D�PRGHO� VXFK� DV� WKLV� RQH� LV� WR� FUHDWH�PRGHO� QHWZRUNV�ZLWK� SURSHUWLHV
VLPLODU� WR� WKRVH� VHHQ� LQ� UHDO�QHWZRUNV��0RUHRYHU�� WKLV�PRGHO� LQ�SDUWLFXODU�DQG�H[SRQHQWLDO� UDQGRP
JUDSKV�LQ�JHQHUDO�VHHP�DW�ILUVW�VLJKW�WR�EH�D�YHU\�ORJLFDO�DSSURDFK�WR�WKH�FUHDWLRQ�RI�VXFK�QHWZRUNV�
IURP�D�VWDWLVWLFDO�SRLQW�RI�YLHZ�WKH�FRQVWUXFWLRQ�RI�WKH�PRGHO�XVLQJ�D�PD[LPXP�HQWURS\�HQVHPEOH�LV
QDWXUDO�DQG�VKRXOG��RQH�PLJKW�LPDJLQH��JLYH�VHQVLEOH�DQVZHUV��7KH�IDFW�WKDW�LW�GRHV�QRW�LV�D�GLVWXUELQJ
ILQGLQJ�WKDW�LV�VWLOO�QRW�SURSHUO\�XQGHUVWRRG��7KDW�WKHUH�DUH�UDQJHV�RI�QHWZRUN�SURSHUWLHV�WKDW�VLPSO\
FDQQRW�EH�FUHDWHG�XVLQJ�WKH�PRGHO��ZKLOH�DW� WKH�VDPH�WLPH�UHDO�ZRUOG�QHWZRUNV�FDQ�DQG�GR�GLVSOD\
SURSHUWLHV� LQ� WKHVH� UDQJHV�� LQGLFDWHV� WKDW� WKHUH� LV� D� IXQGDPHQWDO� IODZ� RU� JDS� LQ� RXU� UHDVRQLQJ�� RU
SHUKDSV�LQ�RXU�XQGHUVWDQG�RI�WKH�QDWXUH�RI�QHWZRUNV�WKHPVHOYHV��6WUDXVV�KLPVHOI�ZDV�DOUHDG\�DZDUH�RI
WKHVH� LVVXHV�ZKHQ� KH� SURSRVHG� KLV�PRGHO� LQ� WKH� ����V�� DQG� WKH� IDFW� WKDW� WKH\� DUH� VWLOO� XQUHVROYHG
LQGLFDWHV�WKDW�WKHUH�DUH�VRPH�GLIILFXOW�LVVXHV�KHUH�
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�����&RQVLGHU�WKH�IROORZLQJ�YDULDWLRQ�RQ�WKH�VPDOO�ZRUOG�PRGHO��$JDLQ�ZH�KDYH�D�ULQJ�RI�Q�YHUWLFHV
LQ�ZKLFK�HDFK�LV�FRQQHFWHG�WR�LWV�F�QHDUHVW�QHLJKERUV��ZKHUH�F�LV�HYHQ��$QG�DJDLQ�D�VKRUWFXW�LV�DGGHG
WR�WKH�QHWZRUN�ZLWK�SUREDELOLW\�S�IRU�HDFK�HGJH�DURXQG�WKH�ULQJ��EXW�QRZ�LQVWHDG�RI�FRQQHFWLQJ�UDQGRP
YHUWH[�SDLUV��HDFK�VKRUWFXW�FRQQHFWV�D�UDQGRP�YHUWH[�WR�WKH�VDPH�VLQJOH�KXE�YHUWH[�LQ�WKH�FHQWHU�RI�WKH
QHWZRUN�

�

7KLV�PRGHO�FRXOG�EH��IRU�H[DPSOH��D�PRGHO�RI�D��RQH�GLPHQVLRQDO��ZRUOG�FRQQHFWHG�WRJHWKHU�E\�D�EXV
RU�WUDLQ��WKH�FHQWUDO�YHUWH[��ZKRVH�VWRSV�DUH�UHSUHVHQWHG�E\�WKH�VKRUWFXWV�
6KRZ�WKDW�WKH�PHDQ�GLVWDQFH�EHWZHHQ�WZR�YHUWLFHV�LQ�WKLV�QHWZRUN�LQ�WKH�OLPLW�RI�ODUJH�Q�LV�Ɛ� ���F�

S������F��S��ZKLFK�LV�D�FRQVWDQW��LQGHSHQGHQW�RI�Q��
�

�����2QH�RI�WKH�GLIILFXOWLHV�ZLWK�WKH�RULJLQDO�VPDOO�ZRUOG�PRGHO�GHSLFWHG�LQ�)LJ������D�LV�WKDW�YHUWLFHV
FDQ�EHFRPH�GLVFRQQHFWHG�IURP�WKH�UHVW�RI�WKH�QHWZRUN�E\�WKH�UHZLULQJ�SURFHVV��)RU�LQVWDQFH��D�VLQJOH
YHUWH[�FDQ�EHFRPH�GLVFRQQHFWHG�LI�DOO�RI�LWV�LQFLGHQW�HGJHV�DURXQG�WKH�ULQJ�DUH�UHZLUHG�DQG�LW�KDV�QR
VKRUWFXWV�

D��6KRZ�WKDW�WKH�SUREDELOLW\�RI�WKLV�KDSSHQLQJ�WR�DQ\�JLYHQ�YHUWH[�LV�>�SHíS�@F��
E��+HQFH��KRZ�ODUJH�PXVW�WKH�QHWZRUN�EH�EHIRUH�ZH�H[SHFW�WKDW�RQH�YHUWH[�ZLOO�EH�GLVFRQQHFWHG�
LI�F� ���DQG�S� �����"

�

����� &RQVLGHU� DQ� XQGLUHFWHG� H[SRQHQWLDO� UDQGRP� JUDSK�PRGHO� LQ� ZKLFK� WKH� +DPLOWRQLDQ� WDNHV� WKH
IRUP�+� ��L�M�ĬLM�$LM���ZKHUH�WKH�ĬLM�DUH�SDUDPHWHUV�ZH�FRQWURO�



D��'HULYH�DQ�H[SUHVVLRQ�IRU�WKH�IUHH�HQHUJ\�
E��+HQFH�VKRZ�WKDW�WKH�SUREDELOLW\�RI�DQ�HGJH�EHWZHHQ�YHUWLFHV�L�DQG�M�LV����HĬLM������

�

�����&RQVLGHU� WKH�PHDQ�ILHOG�VROXWLRQ�RI�WKH�WZR�VWDU�PRGHO��DV�GHVFULEHG�LQ�6HFWLRQ��������IRU�WKH
FDVH�ȕ� �íȖQ��RU�HTXLYDOHQWO\�%� �í&�LQ�WKH�QRWDWLRQ�RI�(T�����������/HW�XV�GHILQH�DQ�RUGHU�SDUDPHWHU
[� ��S�í���

D��6KRZ�WKDW�WKH�RUGHU�SDUDPHWHU�REH\V�WKH�HTXDWLRQ�[� �WDQK�&[�
E��6NHWFK�WKH�VROXWLRQV�WR�WKLV�HTXDWLRQ�DV�D�IXQFWLRQ�RI�&��$UJXH�WKDW�WKH�RUGHU�SDUDPHWHU�PXVW�EH
]HUR�RQ�RQH�VLGH�RI�WKH�SKDVH�WUDQVLWLRQ�DW�&� ���EXW�WDNHV�QRQ�]HUR�YDOXHV�RQ�WKH�RWKHU�

�
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$�GLVFXVVLRQ�RI�RQH�RI�WKH�VLPSOHVW�RI�SURFHVVHV�WDNLQJ�SODFH�RQ�QHWZRUNV��SHUFRODWLRQ��DQG�LWV
XVH�DV�D�PRGHO�RI�QHWZRUN�UHVLOLHQFH

�

7+(� 8/7,0$7(� JRDO� LQ� VWXG\LQJ� QHWZRUNV� LV� WR� EHWWHU� XQGHUVWDQG� WKH� EHKDYLRU� RI� WKH� V\VWHPV
QHWZRUNV� UHSUHVHQW�� )RU� LQVWDQFH�� ZH� VWXG\� WKH� VWUXFWXUH� RI� WKH� ,QWHUQHW� WR� XQGHUVWDQG� EHWWHU� KRZ
,QWHUQHW� WUDIILF� IORZV�RU�ZK\�FRPPXQLFDWLRQV�SURWRFROV� IXQFWLRQ� WKH�ZD\� WKH\�GR�RU�KRZ�ZH�FRXOG
FKDQJH� RU� UHDUUDQJH� WKH� QHWZRUN� WR� PDNH� LW� SHUIRUP� EHWWHU�� :H� VWXG\� ELRFKHPLFDO� QHWZRUNV� OLNH
PHWDEROLF� QHWZRUNV� EHFDXVH�ZH� KRSH� WKH\�ZLOO� OHDG� WR� DQ� XQGHUVWDQGLQJ� RI� WKH� FRPSOH[� FKHPLFDO
SURFHVVHV�WDNLQJ�SODFH�LQ�WKH�FHOO�RU�SHUKDSV�WR�DOJRULWKPLF�WRROV�WKDW�FDQ�KHOS�XV�H[WUDFW�ELRORJLFDO
LQVLJKWV�IURP�WKH�ODUJH�YROXPHV�RI�GDWD�JHQHUDWHG�E\�PRGHUQ�ODERUDWRU\�WHFKQLTXHV�
6WXGLHV�RI�WKH�VWUXFWXUH�RI�QHWZRUNV��VXFK�DV�WKRVH�GLVFXVVHG�LQ�WKH�SUHYLRXV�FKDSWHUV�RI�WKLV�ERRN�

DUH�RQO\�RQH�VWHS�WRZDUGV�WKLV�NLQG�RI�XQGHUVWDQGLQJ��$QRWKHU�LPSRUWDQW�VWHS�LV�WR�PDNH�WKH�FRQQHFWLRQ
EHWZHHQ� QHWZRUN� VWUXFWXUH� DQG� IXQFWLRQ�� RQFH�ZH� KDYH�PHDVXUHG� DQG� TXDQWLILHG� WKH� VWUXFWXUH� RI� D
QHWZRUN�� KRZ�GR�ZH� WXUQ� WKH� UHVXOWV� LQWR� SUHGLFWLRQV� RU� FRQFOXVLRQV� DERXW� KRZ� WKH�RYHUDOO� V\VWHP
ZLOO�EHKDYH"�8QIRUWXQDWHO\��SURJUHVV�LQ�WKLV�DUHD�KDV�EHHQ�IDU�VORZHU�WKDQ�SURJUHVV�RQ�FKDUDFWHUL]LQJ
VWUXFWXUH��ZKLFK�LV�ZK\�D�PDMRULW\�RI�WKLV�ERRN�LV�GHYRWHG�WR�WKH�GLVFXVVLRQ�RI�VWUXFWXUH��1RQHWKHOHVV�
WKHUH� DUH� VRPH� DUHDV� LQ� ZKLFK� VXEVWDQWLDO� SURJUHVV� KDV� EHHQ� PDGH� DQG� LOOXPLQDWLQJ� WKHRULHV� DQG
PRGHOV�GHYHORSHG��$PRQJ�WKHVH�DUH�VWXGLHV�RI�QHWZRUN�IDLOXUH�DQG�UHVLOLHQFH��RI�G\QDPLFDO�V\VWHPV
RQ�QHWZRUNV��DQG�RI�HSLGHPLF�DQG�RWKHU�VSUHDGLQJ�SURFHVVHV��7KH�UHPDLQLQJ�FKDSWHUV�RI�WKLV�ERRN�DUH
GHYRWHG� WR� D� GHVFULSWLRQ� RI� RXU� FXUUHQW� XQGHUVWDQGLQJ� RI� WKHVH� DQG� VLPLODU� QHWZRUN� SURFHVVHV��:H
EHJLQ� LQ� WKLV� FKDSWHU�ZLWK� D� VWXG\�RI�RQH�RI� WKH� VLPSOHVW�RI� QHWZRUN�SURFHVVHV�� SHUFRODWLRQ��ZKLFK
OHDGV�WR�DQ�HOHJDQW�WKHRU\�RI�WKH�UREXVWQHVV�RI�QHWZRUNHG�V\VWHPV�WR�WKH�IDLOXUH�RI�WKHLU�FRPSRQHQWV�
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,PDJLQH�WDNLQJ�D�QHWZRUN�DQG�UHPRYLQJ�VRPH�IUDFWLRQ�RI�LWV�YHUWLFHV��DORQJ�ZLWK�WKH�HGJHV�FRQQHFWHG
WR� WKRVH� YHUWLFHV²VHH� )LJ�� ������ 7KLV� SURFHVV� LV� FDOOHG�SHUFRODWLRQ� �RU�� PRUH� SUHFLVHO\��VLWH
SHUFRODWLRQ²VHH�EHORZ��� DQG�FDQ�EH�XVHG�DV� D�PRGHO� RI� D�YDULHW\�RI� UHDO�ZRUOG�SKHQRPHQD��7KH
IDLOXUH� RI� URXWHUV� RQ� WKH� ,QWHUQHW�� IRU� LQVWDQFH�� FDQ� EH� IRUPDOO\� UHSUHVHQWHG� E\� UHPRYLQJ� WKH
FRUUHVSRQGLQJ�YHUWLFHV�DQG�WKHLU�DWWDFKHG�HGJHV�IURP�D�QHWZRUN�UHSUHVHQWDWLRQ�RI�WKH�,QWHUQHW��,Q�IDFW�
DERXW����RI�WKH�URXWHUV�RQ�WKH�,QWHUQHW�DUH�QRQ�IXQFWLRQDO�IRU�RQH�UHDVRQ�RU�DQRWKHU�DW�DQ\�RQH�WLPH�
DQG� LW� LV� D�TXHVWLRQ�RI� VRPH�SUDFWLFDO� LQWHUHVW�ZKDW�HIIHFW� WKLV�ZLOO�KDYH�RQ� WKH�SHUIRUPDQFH�RI� WKH
QHWZRUN��7KH�WKHRU\�RI�SHUFRODWLRQ�SURFHVVHV�FDQ�KHOS�XV�DQVZHU�WKLV�TXHVWLRQ�
$QRWKHU�H[DPSOH�RI�D�SHUFRODWLRQ�SKHQRPHQRQ� LV� WKH�YDFFLQDWLRQ�RU� LPPXQL]DWLRQ�RI� LQGLYLGXDOV

DJDLQVW�WKH�VSUHDG�RI�GLVHDVH��$V�GLVFXVVHG�LQ�&KDSWHU����DQG�DW�JUHDWHU�OHQJWK�LQ�&KDSWHU�����GLVHDVHV
VSUHDG�WKURXJK�SRSXODWLRQV�RYHU�WKH�QHWZRUNV�RI�FRQWDFWV�EHWZHHQ�LQGLYLGXDOV��%XW�LI�DQ�LQGLYLGXDO�LV
YDFFLQDWHG�DJDLQVW�D�GLVHDVH�DQG�WKHUHIRUH�FDQQRW�FDWFK�LW��WKHQ�WKDW�LQGLYLGXDO�GRHV�QRW�FRQWULEXWH�WR
WKH�VSUHDG�RI�WKH�GLVHDVH��2I�FRXUVH��WKH�LQGLYLGXDO�LV�VWLOO�SUHVHQW�LQ�WKH�QHWZRUN��EXW��IURP�WKH�SRLQW
RI�YLHZ�RI�WKH�VSUHDG�RI�WKH�GLVHDVH��PLJKW�DV�ZHOO�EH�DEVHQW��DQG�KHQFH�WKH�YDFFLQDWLRQ�SURFHVV�FDQ
DJDLQ�EH�IRUPDOO\�UHSUHVHQWHG�E\�UHPRYLQJ�YHUWLFHV�
2QH�FDQ�VHH� LPPHGLDWHO\� WKDW�SHUFRODWLRQ�SURFHVVHV�FDQ�JLYH� ULVH� WR� VRPH� LQWHUHVWLQJ�EHKDYLRUV�

7KH�YDFFLQDWLRQ�RI�DQ�LQGLYLGXDO�LQ�D�SRSXODWLRQ��IRU�H[DPSOH��QRW�RQO\�SUHYHQWV�WKDW�LQGLYLGXDO�IURP
EHFRPLQJ� LQIHFWHG� EXW� DOVR� SUHYHQWV� WKHP� IURP� LQIHFWLQJ� RWKHUV�� DQG� VR� KDV� D� ³NQRFN�RQ´� HIIHFW� LQ
ZKLFK�WKH�EHQHILW�RI�YDFFLQDWLQJ�RQH�LQGLYLGXDO�LV�IHOW�E\�PRUH�WKDQ�RQH��$V�ZH�ZLOO�VKRZ��WKLV�NQRFN�
RQ�HIIHFW�PHDQV�WKDW�LQ�VRPH�FDVHV�WKH�YDFFLQDWLRQ�RI�D�UHODWLYHO\�VPDOO�IUDFWLRQ�RI�WKH�SRSXODWLRQ�FDQ
HIIHFWLYHO\�SUHYHQW�WKH�VSUHDG�RI�GLVHDVH�WR�DQ\RQH��DQ�RXWFRPH�NQRZQ�DV�KHUG�LPPXQLW\�
6LPLODU�HIIHFWV�FURS�XS�LQ�RXU�,QWHUQHW�H[DPSOH��DOWKRXJK�LQ�WKDW�FDVH�WKH\�DUH�XVXDOO\�XQGHVLUDEOH�

7KH�UHPRYDO�RU�IDLOXUH�RI�D�VLQJOH�URXWHU�RQ�WKH�,QWHUQHW�SUHYHQWV�WKDW�URXWHU�IURP�UHFHLYLQJ�GDWD��EXW
DOVR� SUHYHQWV� GDWD� IURP� UHDFKLQJ� RWKHUV� YLD� WKH� IDLOHG� RQH�� IRUFLQJ� WUDIILF� WR� WDNH� DQRWKHU� URXWH²
SRVVLEO\�ORQJHU�RU�PRUH�FRQJHVWHG²RU�HYHQ�FXWWLQJ�RII�VRPH�SRUWLRQV�RI�WKH�QHWZRUN�DOWRJHWKHU��2QH
RI� WKH�JRDOV�RI�SHUFRODWLRQ� WKHRU\�RQ�QHWZRUNV� LV� WR�XQGHUVWDQG�KRZ� WKH�NQRFN�RQ�HIIHFWV�RI�YHUWH[
UHPRYDO�RU�IDLOXUH�DIIHFW�WKH�QHWZRUN�DV�D�ZKROH�
6RPHWLPHV�LW�LV�QRW�WKH�YHUWLFHV�LQ�WKH�QHWZRUN�WKDW�IDLO�EXW�WKH�HGJHV��)RU�LQVWDQFH��FRPPXQLFDWLRQ

OLQHV� RQ� WKH� ,QWHUQHW� FDQ� IDLO�� GLVFRQQHFWLQJ� URXWHUV� IURP� RQH� DQRWKHU�� HYHQ� WKRXJK� WKH� URXWHUV
WKHPVHOYHV� DUH� VWLOO� IXQFWLRQLQJ� SHUIHFWO\�� 3KHQRPHQD� OLNH� WKLV� FDQ� EH� PRGHOHG� XVLQJ� D� VOLJKWO\
GLIIHUHQW�SHUFRODWLRQ�SURFHVV� LQ�ZKLFK�HGJHV�UDWKHU� WKDQ�YHUWLFHV�DUH�UHPRYHG�IURP�WKH�DSSURSULDWH
QHWZRUN�� ,I�ZH�QHHG� WR�GLVWLQJXLVK�EHWZHHQ� WKH� WZR� W\SHV�RI�SHUFRODWLRQ�SURFHVV�ZH�FRXOG�UHIHU� WR
WKHP�DV�YHUWH[�SHUFRODWLRQ�RQ�WKH�RQH�KDQG�DQG�HGJH�SHUFRODWLRQ�RQ�WKH�RWKHU��EXW�LQ�IDFW�WKH\�DUH�PRUH
FRPPRQO\�FDOOHG�VLWH�SHUFRODWLRQ�DQG�ERQG�SHUFRODWLRQ��D�QRPHQFODWXUH�WKDW�GHULYHV�IURP�VWXGLHV�RI
SHUFRODWLRQ�RQ�ORZ�GLPHQVLRQDO�ODWWLFHV�LQ�SK\VLFV�DQG�PDWKHPDWLFV�����,Q�WKLV�FKDSWHU�ZH�ZLOO�IRFXV
SULQFLSDOO\�RQ� VLWH� SHUFRODWLRQ� �L�H��� UHPRYDO� RI� YHUWLFHV�� EXW� ERQG�SHUFRODWLRQ� �UHPRYDO� RI� HGJHV�
ZLOO�EHFRPH�LPSRUWDQW�LQ�&KDSWHU����ZKHQ�ZH�ORRN�DW�HSLGHPLF�SURFHVVHV�



�

)LJXUH�������3HUFRODWLRQ��$�GHSLFWLRQ�RI�WKH�VLWH�SHUFRODWLRQ�SURFHVV�RQ�D�VPDOO�QHWZRUN�IRU�YDULRXV
YDOXHV� RI� WKH� RFFXSDWLRQ� SUREDELOLW\�ĳ��*UD\� GHQRWHV� YHUWLFHV� WKDW� KDYH� EHHQ� UHPRYHG�� DORQJ�ZLWK
WKHLU�DVVRFLDWHG�HGJHV��DQG�EODFN�GHQRWHV�WKRVH�WKDW�DUH�VWLOO�SUHVHQW��7KH�QHWZRUNV�LQ�SDQHOV��D��DQG
�E��DUH�DERYH�WKH�SHUFRODWLRQ�WKUHVKROG�ZKLOH�WKRVH�LQ�SDQHOV��F��DQG��G��DUH�EHORZ�LW�
�
�
7KHUH�LV�PRUH�WKDQ�RQH�ZD\�LQ�ZKLFK�YHUWLFHV�FDQ�EH�UHPRYHG�IURP�D�QHWZRUN��,Q�WKH�VLPSOHVW�FDVH

WKH\�FRXOG�EH�UHPRYHG�SXUHO\�DW�UDQGRP��ZH�FRXOG�IRU�H[DPSOH�WDNH�DZD\�VRPH�VSHFLILHG�IUDFWLRQ�RI
WKH�YHUWLFHV�FKRVHQ�XQLIRUPO\�DW�UDQGRP�IURP�WKH�HQWLUH�QHWZRUN��7KLV�LV�WKH�PRVW�FRPPRQO\�VWXGLHG
IRUP�RI� VLWH�SHUFRODWLRQ��DQG� LQGHHG� IRU�PDQ\�SHRSOH� WKH�ZRUG�³SHUFRODWLRQ´� UHIHUV� VSHFLILFDOO\� WR
WKLV� SDUWLFXODU� SURFHVV�� %XW� WKHUH� DUH� PDQ\� RWKHU� ZD\V� LQ� ZKLFK� YHUWLFHV� FRXOG� EH� UHPRYHG� DQG
³SHUFRODWLRQ´�DV� XVHG� LQ� WKLV� FKDSWHU� LV� FRQVLGHUHG� WR� LQFOXGH�DOO� RI� WKHP��2QH�SRSXODU� DOWHUQDWLYH
UHPRYDO� VFKHPH� LV� WR� UHPRYH�YHUWLFHV�DFFRUGLQJ� WR� WKHLU�GHJUHH� LQ� VRPH�IDVKLRQ��)RU� LQVWDQFH��ZH
FRXOG�UHPRYH�YHUWLFHV�LQ�RUGHU�RI�GHJUHH�IURP�KLJKHVW�WR�ORZHVW��DQ�DSSURDFK�WKDW�WXUQV�RXW�WR�PDNH�DQ
HIIHFWLYH�YDFFLQDWLRQ�VWUDWHJ\�IRU�WKH�FRQWURO�RI�GLVHDVH��2WKHU�DSSURDFKHV�KDYH�DOVR�EHHQ�FRQVLGHUHG
RFFDVLRQDOO\��VXFK�DV�UHPRYLQJ�YHUWLFHV�ZLWK�KLJK�EHWZHHQQHVV�FHQWUDOLW\��/HW�XV�EHJLQ��KRZHYHU��E\
H[DPLQLQJ�WKH�VLPSOHVW�FDVH�RI�XQLIRUPO\�UDQGRP�UHPRYDO�
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&RQVLGHU� D� QHWZRUN� LQ� ZKLFK� VRPH� IUDFWLRQ� RI� WKH� YHUWLFHV�� VHOHFWHG� XQLIRUPO\� DW� UDQGRP�� DUH
UHPRYHG�� $V� GLVFXVVHG� DERYH�� LQ� PDQ\� UHDO�ZRUOG� VLWXDWLRQV� ³UHPRYDO´� GRHV� QRW� LPSO\� DFWXDO
SK\VLFDO�UHPRYDO�RI�WKH�YHUWLFHV��EXW�RQO\�WKDW� WKH\�DUH�QRQ�IXQFWLRQDO�LQ�VRPH�ZD\��VXFK�DV�URXWHUV
WKDW�KDYH�IDLOHG�RQ�WKH�,QWHUQHW��RU�YDFFLQDWHG�LQGLYLGXDOV�LQ�D�QHWZRUN�RI�GLVHDVH�FDXVLQJ�FRQWDFWV�
7UDGLWLRQDOO\�WKH�SHUFRODWLRQ�SURFHVV�LV�SDUDPHWUL]HG�E\�D�SUREDELOLW\�ĳ��ZKLFK�LV�SUREDELOLW\�WKDW

D�YHUWH[�LV�SUHVHQW�RU�IXQFWLRQLQJ�LQ�WKH�QHWZRUN��,Q�WKH�SDUODQFH�RI�SHUFRODWLRQ�WKHRU\��RQH�VD\V�WKDW
WKH�IXQFWLRQDO�YHUWLFHV�DUH�RFFXSLHG�DQG�ĳ�LV�FDOOHG�WKH�RFFXSDWLRQ�SUREDELOLW\��7KXV�ĳ� ���LQGLFDWHV
WKDW�DOO�YHUWLFHV�LQ�WKH�QHWZRUN�DUH�RFFXSLHG��L�H���QR�YHUWLFHV�KDYH�EHHQ�UHPRYHG��DQG�ĳ� ���LQGLFDWHV
WKDW�QR�YHUWLFHV�DUH�RFFXSLHG��L�H���DOO�RI�WKHP�KDYH�EHHQ�UHPRYHG�����
1RZ� ORRN�DJDLQ� DW�)LJ�� ����� DQG�FRQVLGHU�SDQHO� �D��� LQ�ZKLFK�ĳ� ����DOO�YHUWLFHV�DUH�SUHVHQW�RU

RFFXSLHG��DQG�DOO�YHUWLFHV�DUH�FRQQHFWHG�WRJHWKHU�LQWR�D�VLQJOH�FRPSRQHQW���7KH�QHWZRUN�FRXOG�KDYH
PRUH�WKH�RQH�FRPSRQHQW��EXW�LQ�WKLV�H[DPSOH�LW�KDV�RQO\�RQH���1RZ�ORRN�DW�WKH�RWKHU�SDQHOV��,Q�SDQHO
�E��D� IHZ�YHUWLFHV�KDYH�EHHQ� UHPRYHG��EXW� WKRVH� WKDW� UHPDLQ�DUH�DOO� VWLOO�FRQQHFWHG� WRJHWKHU�E\� WKH
UHPDLQLQJ�HGJHV��,Q�SDQHO��F��VWLOO�PRUH�YHUWLFHV�KDYH�EHHQ�UHPRYHG��DQG�QRZ�VR�PDQ\�DUH�JRQH�WKDW
WKH�UHPDLQLQJ�YHUWLFHV�DUH�QR�ORQJHU�DOO�FRQQHFWHG�WRJHWKHU��KDYLQJ�VSOLW�LQWR�WZR�VPDOO�FRPSRQHQWV�
,Q�WKH�ILQDO�SDQHO��SDQHO��G���DOO�YHUWLFHV�KDYH�EHHQ�UHPRYHG�DQG�WKHUH�LV�QR�QHWZRUN�OHIW�DW�DOO�
7KH�EHKDYLRU�ZH�VHH�LQ�WKLV�VPDOO�H[DPSOH�LV�W\SLFDO�RI�SHUFRODWLRQ�SURFHVVHV��:KHQ�ĳ�LV�ODUJH�WKH

YHUWLFHV� WHQG� WR� EH� FRQQHFWHG� WRJHWKHU�� IRUPLQJ� D� JLDQW� FRPSRQHQW� WKDW� ILOOV� PRVW� RI� WKH� QHWZRUN
�DOWKRXJK�WKHUH�PD\�EH�VPDOO�FRPSRQHQWV�DOVR���%XW�DV�ĳ�LV�GHFUHDVHG�WKHUH�FRPHV�D�SRLQW�ZKHUH�WKH
JLDQW�FRPSRQHQW�EUHDNV�DSDUW�DQG�ZH�DUH�OHIW�RQO\�ZLWK�VPDOO�FRPSRQHQWV��&RQYHUVHO\��LI�ZH�LQFUHDVH
ĳ�IURP�]HUR�ZH�ILUVW�IRUP�VPDOO�FRPSRQHQWV��ZKLFK�WKHQ�JURZ�LQ�VL]H�DQG�HYHQWXDOO\�FRDOHVFH�WR�IRUP
D�JLDQW�FRPSRQHQW�WKDW�ILOOV�D�ODUJH�IUDFWLRQ�WKH�QHWZRUN�
7KH� IRUPDWLRQ� RU� GLVVROXWLRQ� RI� D� JLDQW� FRPSRQHQW� LQ� WKLV� IDVKLRQ� LV� FDOOHG� D�SHUFRODWLRQ

WUDQVLWLRQ��:KHQ� WKH�QHWZRUN�FRQWDLQV�D�JLDQW�FRPSRQHQW�ZH�VD\� WKDW� LW�SHUFRODWHV�DQG� WKH�SRLQW�DW
ZKLFK�WKH�SHUFRODWLRQ�WUDQVLWLRQ�RFFXUV�LV�FDOOHG�WKH�SHUFRODWLRQ�WKUHVKROG�
7KH�SHUFRODWLRQ� WUDQVLWLRQ� LV�VLPLODU� LQ�PDQ\�ZD\V� WR� WKH�SKDVH� WUDQVLWLRQ� LQ� WKH�3RLVVRQ� UDQGRP

JUDSK� DW�ZKLFK� D� JLDQW� FRPSRQHQW� IRUPV� �VHH� 6HFWLRQ� ������� ,Q� WKH� UDQGRP� JUDSK�ZH� YDU\� QRW� WKH
IUDFWLRQ�RI�RFFXSLHG�YHUWLFHV�EXW�WKH�SUREDELOLW\�RI�FRQQHFWLRQ�EHWZHHQ�WKRVH�YHUWLFHV��,Q�ERWK�FDVHV�
KRZHYHU��ZKHQ�HQRXJK�RI�WKH�QHWZRUN�LV�UHPRYHG�WKH�JLDQW�FRPSRQHQW�LV�GHVWUR\HG�DQG�ZH�DUH�OHIW
ZLWK�RQO\�VPDOO�FRPSRQHQWV�
,Q�VWXGLHV�RI�SHUFRODWLRQ�WKH�³FRPSRQHQWV´�WKDW�UHPDLQ�DIWHU�YHUWLFHV�KDYH�EHHQ�UHPRYHG�DUH�LQ�IDFW

XVXDOO\� FDOOHG�FOXVWHUV�� DQRWKHU� WHUP� LQKHULWHG� IURP� WKH�SK\VLFV�DQG�PDWKHPDWLFV� OLWHUDWXUH� DQG�RQH
WKDW�ZH�ZLOO�XVH�KHUH²LW�ZLOO�EH�XVHIXO� WR�GLVWLQJXLVK�EHWZHHQ� WKH�³FRPSRQHQWV´�RI� WKH�XQGHUO\LQJ
QHWZRUN�DQG�WKH�³FOXVWHUV´�RI�WKH�SHUFRODWLRQ�SURFHVV��7KDW�LV��ZH�ZLOO�XVH�³FRPSRQHQW´�WR�UHIHU�WR
FRQQHFWHG� JURXSV� RI� YHUWLFHV� RQ� WKH� RULJLQDO� QHWZRUN� EHIRUH� DQ\� YHUWLFHV� KDYH� EHHQ� UHPRYHG� DQG
³FOXVWHU´�WR�UHIHU�WR�WKRVH�DIWHU�UHPRYDO��7KH�JLDQW�FRPSRQHQW�RI�WKH�SHUFRODWLRQ�SURFHVV��LI�WKHUH�LV
RQH��LV�WKXV�SURSHUO\�FDOOHG�WKH�JLDQW�FOXVWHU����
7KH�SHUFRODWLRQ�WUDQVLWLRQ�SOD\V�D�FHQWUDO�UROH�LQ�RXU�LQWHUSUHWDWLRQ�RI�SHUFRODWLRQ�SKHQRPHQD��,Q�D

QHWZRUN�OLNH�WKH�,QWHUQHW��IRU�H[DPSOH��WKHUH�KDV�WR�EH�D�JLDQW�FOXVWHU�LI�WKH�QHWZRUN�LV�WR�SHUIRUP�LWV
LQWHQGHG� IXQFWLRQ� DV� D� FRPPXQLFDWLRQV� QHWZRUN�� ,I� WKH� QHWZRUN� KDV� RQO\� VPDOO� FOXVWHUV�� DV� LQ� )LJ�



����F��WKHQ�HYHU\�YHUWH[�KDV�D�FRQQHFWLRQ�WR��DW�PRVW��D�KDQGIXO�RI�RWKHUV�DQG�LV�FXW�RII�IURP�HYHU\RQH
HOVH�� ,I� WKHUH� LV�D�JLDQW�FOXVWHU��RQ� WKH�RWKHU�KDQG�� WKHQ� WKH�PHPEHUV�RI� WKDW�JLDQW�FOXVWHU��ZKR�DUH�D
ILQLWH� IUDFWLRQ�RI�DOO�YHUWLFHV� LQ� WKH�QHWZRUN��DUH�FRQQHFWHG�DQG�FDQ�FRPPXQLFDWH�ZLWK�RQH�DQRWKHU�
DOWKRXJK� WKH� UHPDLQGHU� RI� WKH� QHWZRUN� LV� VWLOO� FXW� RII�� 7KXV� WKH� SUHVHQFH� RI� D� JLDQW� FOXVWHU� LV� DQ
LQGLFDWRU�RI� D�QHWZRUN� WKDW� LV� DW� OHDVW� SDUWO\�SHUIRUPLQJ� LWV� LQWHQGHG� IXQFWLRQ��ZKLOH� WKH� VL]H�RI� WKH
JLDQW�FOXVWHU�WHOOV�XV�H[DFWO\�KRZ�PXFK�RI�WKH�QHWZRUN�LV�ZRUNLQJ�
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7R� JDLQ� VRPH� XQGHUVWDQGLQJ� RI� WKH� SHUFRODWLRQ� WUDQVLWLRQ� DQG� WKH� JLDQW� FOXVWHU�� OHW� XV� FRQVLGHU� WKH
EHKDYLRU� RI� WKH� VLWH� SHUFRODWLRQ� SURFHVV� RQ� QHWZRUNV� JHQHUDWHG� XVLQJ� WKH� FRQILJXUDWLRQ� PRGHO� RI
&KDSWHU� ���� D� VLPSOH� EXW� XVHIXO�PRGHO� RI� D� QHWZRUN�ZLWK� D� VSHFLILHG� GHJUHH� GLVWULEXWLRQ��:H� FDQ
FDOFXODWH�WKH�SURSHUWLHV�RI�WKH�JLDQW�SHUFRODWLRQ�FOXVWHU�LQ�WKH�FRQILJXUDWLRQ�PRGHO�E\�D�PHWKRG�VLPLODU
WR�WKH�RQH�ZH�XVHG�IRU�WKH�JLDQW�FRPSRQHQW�RI�FRQILJXUDWLRQ�PRGHO�LQ�6HFWLRQ������
&RQVLGHU�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�ZLWK�GHJUHH�GLVWULEXWLRQ�SN�DQG�D�SHUFRODWLRQ�SURFHVV�RQ

WKDW�QHWZRUN�LQ�ZKLFK�YHUWLFHV�DUH�SUHVHQW�RU�RFFXSLHG�ZLWK�RFFXSDWLRQ�SUREDELOLW\�ĳ�DV�DERYH��1RZ
FRQVLGHU�RQH�RI�WKH�YHUWLFHV�WKDW�LV�SUHVHQW�LQ�WKH�QHWZRUN��L�H���RQH�WKDW�KDV�QRW�EHHQ�UHPRYHG���,I�WKDW
YHUWH[� LV� WR� EHORQJ� WR� WKH� JLDQW� FOXVWHU� LW�PXVW� EH� FRQQHFWHG� WR� LW� YLD� DW� OHDVW� RQH� RI� LWV� QHLJKERUV�
(TXLYDOHQWO\�� LW� LV� QRW� D�PHPEHU� RI� WKH� JLDQW� FOXVWHU� LI� DQG� RQO\� LI� LW� LV� QRW� FRQQHFWHG� WR� WKH� JLDQW
FOXVWHU� YLD� DQ\� RI� LWV� QHLJKERUV�� )ROORZLQJ� WKH� QRWDWLRQ� RI� 6HFWLRQ� ������ OHW� XV� GHILQH�X� WR� EH� WKH
DYHUDJH�SUREDELOLW\�WKDW�D�YHUWH[�LV�QRW�FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD�D�SDUWLFXODU�QHLJKERU��7KHQ�LI
WKH�YHUWH[�LQ�TXHVWLRQ�KDV�GHJUHH�N��WKH�WRWDO�SUREDELOLW\�RI�LWV�QRW�EHORQJLQJ�WR�WKH�JLDQW�FOXVWHU�LV�XN��
$QG� LI�ZH� WKHQ� DYHUDJH�RYHU� WKH�SUREDELOLW\� GLVWULEXWLRQ�SN� RI� WKH�GHJUHH�ZH� ILQG� WKDW� WKH� DYHUDJH
SUREDELOLW\�RI�QRW�EHLQJ�LQ�WKH�JLDQW�FOXVWHU�LV��N�SN�XN� �J���X���ZKHUH

�

������
�

LV�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�WKH�GHJUHH�GLVWULEXWLRQ��DV�GHILQHG�SUHYLRXVO\�LQ�(T�����������7KHQ�WKH
DYHUDJH�SUREDELOLW\�WKDW�D�YHUWH[�GRHV�EHORQJ�WR�WKH�JLDQW�FOXVWHU�LV���í�J���X��
%HDU� LQ�PLQG��KRZHYHU�� WKDW� WKLV� LV� IRU� D�YHUWH[� WKDW� LV� LWVHOI� DVVXPHG�QRW� WR�KDYH�EHHQ� UHPRYHG

IURP� WKH�QHWZRUN��9HUWLFHV� WKDW�KDYH�EHHQ� UHPRYHG�DUH�REYLRXVO\�QRW�PHPEHUV�RI� WKH�JLDQW� FOXVWHU
HLWKHU�� 7KXV� RXW� RI� DOO� WKH� RULJLQDO� YHUWLFHV� LQ� WKH� QHWZRUN� WKH� WRWDO� IUDFWLRQ�6� WKDW� DUH� LQ� WKH� JLDQW
FOXVWHU�LV�HTXDO�WR�WKH�IUDFWLRQ�ĳ�WKDW�KDYH�QRW�EHHQ�UHPRYHG�WLPHV�WKH�SUREDELOLW\���í�J���X��WKDW�WKH\
DUH�LQ�WKH�JLDQW�FOXVWHU�

�

������
�

�
:H� VWLOO� QHHG� WR� FDOFXODWH� WKH� YDOXH� RI�X�� ZKLFK� LV� WKH� DYHUDJH� SUREDELOLW\� WKDW� D� YHUWH[� LV� QRW



FRQQHFWHG� WR� WKH� JLDQW� FOXVWHU� YLD� D� SDUWLFXODU� QHLJKERULQJ� YHUWH[�� 7KHUH� DUH� WZR� ZD\V� WR� QRW� EH
FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD�D�QHLJKERU��HLWKHU�WKH�QHLJKERU�LQ�TXHVWLRQ²OHW�XV�FDOO�LW�YHUWH[�$²
KDV�EHHQ�UHPRYHG��ZKLFK�KDSSHQV�ZLWK�SUREDELOLW\���í�ĳ��RU�LW�LV�SUHVHQW��SUREDELOLW\�ĳ��EXW�LW�LV�QRW
LWVHOI�D�PHPEHU�RI�WKH�JLDQW�FOXVWHU��7KH�ODWWHU�KDSSHQV�LI�$�LV�QRW�FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD
DQ\� RI� LWV� RWKHU� QHLJKERUV�� 6XSSRVH� WKHUH� DUH�N� RI� WKHVH�� 7KHQ� WKH� SUREDELOLW\� WKDW� QRQH� RI� WKHP
FRQQHFWV�XV�WR�WKH�JLDQW�FOXVWHU�LV�XN��$GGLQJ�HYHU\WKLQJ�WRJHWKHU��WKH�WRWDO�SUREDELOLW\�WKDW�ZH�DUH�QRW
FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD�$�LV���í�ĳ���ĳXN�
6LQFH�$�LV�UHDFKHG�E\�IROORZLQJ�DQ�HGJH��WKH�YDOXH�RI�N�LQ�WKLV�FDVH�LV�GLVWULEXWHG�DFFRUGLQJ�WR�WKH

H[FHVV�GHJUHH�GLVWULEXWLRQ

�
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�VHH�6HFWLRQ�������ZKHUH�N�LV�WKH�DYHUDJH�GHJUHH�LQ�WKH�QHWZRUN��$YHUDJLQJ�RYHU�WKLV�GLVWULEXWLRQ�
ZH�WKHQ�DUULYH�DW�DQ�H[SUHVVLRQ�IRU�WKH�DYHUDJH�SUREDELOLW\�X�WKXV�

�

������
�

ZKHUH

�
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LV�WKH�JHQHUDWLQJ�IXQFWLRQ�IRU�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��GHILQHG�SUHYLRXVO\�LQ�(T�����������DQG
ZH�KDYH�PDGH�XVH�RI�WKH�QRUPDOL]DWLRQ�FRQGLWLRQ��N�TN� ���
(TXDWLRQV� ������� DQG� ������� JLYH� XV� D� FRPSOHWH� VROXWLRQ� IRU� WKH� VL]H� RI� WKH� JLDQW� FOXVWHU� LQ� RXU

QHWZRUN����� ,Q� SUDFWLFH� LW� LV� RIWHQ� QRW� SRVVLEOH� WR� VROYH�(T�� ������� LQ� FORVHG� IRUP�� EXW� WKHUH� LV� DQ
HOHJDQW�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�WKH�VROXWLRQ�DV�IROORZV�



&RQVLGHU�)LJ������D��ZKLFK�JLYHV�D�VNHWFK�RI�WKH�IRUP�RI�WKH�IXQFWLRQ�J���X���7KH�H[DFW�IRUP�RI�WKH
FXUYH�ZLOO�GHSHQG�RQ�WKH�GHJUHH�GLVWULEXWLRQ��EXW�ZH�NQRZ�WKH�JHQHUDO�VKDSH��J��LV�D�SRO\QRPLDO�ZLWK
DOO�FRHIILFLHQWV�QRQ�QHJDWLYH� �EHFDXVH� WKH\�DUH�SUREDELOLWLHV��� VR� LW�PXVW�KDYH�D�QRQ�QHJDWLYH�YDOXH
DQG�DOO�GHULYDWLYHV�QRQ�QHJDWLYH�IRU�X������7KXV�LQ�JHQHUDO�LW�LV�DQ�LQFUHDVLQJ�IXQFWLRQ�RI�X�DQG�FXUYHV
XSZDUG�DV�VKRZQ�LQ�WKH�ILJXUH�
7R� JHW� WKH� IXQFWLRQ� �� í�ĳ� ��ĳJ�� �X�� WKDW� DSSHDUV� RQ� WKH� ULJKW�KDQG� VLGH� RI� (T�� ������� ZH� ILUVW

PXOWLSO\�J���X��E\�ĳ�WKHQ�DGG���í�ĳ��*UDSKLFDOO\�WKDW�LV�HTXLYDOHQW�WR�FRPSUHVVLQJ�WKH�XQLW�VTXDUH�RI
)LJ������D��DORQJ�ZLWK�WKH�FXUYH�LW�FRQWDLQV��XQWLO�LW�KDV�KHLJKW�ĳ�DQG�WKHQ�VKLIWLQJ�LW�XSZDUG�D�GLVWDQFH
��í�ĳ�DV�VKRZQ�LQ�)LJ������E��7KH�SRLQW�RU�SRLQWV�DW�ZKLFK�WKH�UHVXOWLQJ�FXUYH�FURVVHV�WKH�OLQH�\�  �X
�GRWWHG�OLQH�LQ�)LJ������E��DUH�WKHQ�WKH�VROXWLRQV�WR�(T���������
,Q�)LJ������E�WKHUH�DUH�WZR�VXFK�VROXWLRQV��2QH�LV�D�WULYLDO�VROXWLRQ�DW�X� ����7KLV�VROXWLRQ�DOZD\V

H[LVWV�EHFDXVH�J����� ���IRU�DQ\�FRUUHFWO\�QRUPDOL]HG�H[FHVV�GHJUHH�GLVWULEXWLRQ�TN���%XW�WKHUH�LV�DOVR
D�QRQ�WULYLDO�VROXWLRQ�ZLWK�X������LQGLFDWHG�E\�WKH�GRW�LQ�WKH�ILJXUH��2QO\�LI�ZH�KDYH�VXFK�D�QRQ�WULYLDO
VROXWLRQ�FDQ�WKHUH�EH�D�JLDQW�FOXVWHU�LQ�WKH�QHWZRUN�DQG�WKH�YDOXH�RI�X�IRU�WKLV�VROXWLRQ�JLYHV�XV�WKH�VL]H
RI�WKH�JLDQW�FOXVWHU�YLD�(T�����������7KH�X� ���VROXWLRQ�JLYHV�6� ���LQ�(T���������DQG�VR�GRHVQ¶W�JLYH�XV
D�JLDQW�FOXVWHU��
1RZ� FRQVLGHU� )LJ�� ����G�� ZKLFK� VKRZV� WKH� HTXLYDOHQW� JUDSKLFDO� VROXWLRQ� RI� (T�� ������� IRU� D

VPDOOHU�YDOXH�RI�ĳ��1RZ�WKH�FXUYH�RI�WKH�JHQHUDWLQJ�IXQFWLRQ�KDV�EHHQ�FRPSUHVVHG�PRUH�DQG�WKH�UHVXOW
LV�WKDW�WKH�QRQ�WULYLDO�VROXWLRQ�IRU�X�KDV�YDQLVKHG��2QO\�WKH�WULYLDO�VROXWLRQ�DW�X� ���UHPDLQV�DQG�VR�LQ
WKLV�UHJLPH�WKHUH�FDQ�EH�QR�JLDQW�FOXVWHU�
)LJXUH�����F�VKRZV� WKH�ERUGHUOLQH�FDVH�EHWZHHQ�FDVHV� �E��DQG� �G���7KH�QRQWULYLDO� VROXWLRQ� IRU�X

YDQLVKHV� DW� WKH�SRLQW� VKRZQ��ZKHUH� WKH� FXUYH� MXVW�PHHWV� WKH�GRWWHG� OLQH��0DWKHPDWLFDOO\� WKLV� LV� WKH
SRLQW�DW�ZKLFK�WKH�FXUYH�LV�WDQJHQW�WR�WKH�GRWWHG�OLQH�DW�X� ����L�H���WKH�SRLQW�ZKHUH�LWV�JUDGLHQW�DW�X� ��
LV����,Q�RWKHU�ZRUGV�WKH�SHUFRODWLRQ�WKUHVKROG�RFFXUV�ZKHQ

�

������
�

�



�



)LJXUH�������*UDSKLFDO�VROXWLRQ�RI�(T����������7KH�JHQHUDWLQJ�IXQFWLRQ�J���X��IRU�WKH�H[FHVV�GHJUHH
GLVWULEXWLRQ��SDQHO��D���LV�FRPSUHVVHG�E\�D�IDFWRU�RI�ĳ�DQG�VKLIWHG�XSZDUG�WR�JLYH�WKH�IXQFWLRQDO�IRUP�\
 ���í�ĳ���ĳJ��X���7KH�UHVXOWLQJ�FXUYH�LV�VKRZQ�IRU�WKUHH�GLIIHUHQW�YDOXHV�RI�ĳ�LQ�SDQHOV��E����F���DQG
�G���,Q�SDQHO��E��ĳ�LV�VXIILFLHQWO\�ODUJH�WKDW�WKHUH�LV�D�QRQWULYLDO�VROXWLRQ�ZKHUH�WKH�FXUYH�FURVVHV�WKH
GRWWHG�OLQH�\� �X��,Q�SDQHO��G��ĳ�LV�VPDOOHU�DQG�WKHUH�LV�RQO\�D�WULYLDO�VROXWLRQ�DW�X� ����3DQHO��F��VKRZV
WKH�ERUGHUOLQH�FDVH�ZKHUH�WKH�FXUYH�LV�WDQJHQW�WR�WKH�GRWWHG�OLQH�DW�X� ���
�
�

3HUIRUPLQJ�WKH�GHULYDWLYH�ZH�WKHQ�ILQG�WKDW�WKH�YDOXH�RI�ĳ�DW�WKH�WUDQVLWLRQ��ZKLFK�ZH�FDOO�WKH�FULWLFDO
YDOXH��GHQRWHG�ĳF��LV

�

������
�
�
:H�FDQ�H[SUHVV�WKH�FULWLFDO�YDOXH�PRUH�GLUHFWO\�LQ�WHUPV�RI�WKH�GHJUHH�GLVWULEXWLRQ�E\�PDNLQJ�XVH�RI

WKH�GHILQLWLRQV�RI�WKH�JHQHUDWLQJ�IXQFWLRQ�J��DQG�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��(TV���������DQG��������
6XEVWLWXWLQJ�RQH�LQWR�WKH�RWKHU�DQG�GLIIHUHQWLDWLQJ��ZH�ILQG�WKDW

�
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DQG�KHQFH�WKH�FULWLFDO�RFFXSDWLRQ�SUREDELOLW\�ĳF�LV�JLYHQ�E\

�

������
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DQ�H[SUHVVLRQ�ILUVW�JLYHQ�E\�&RKHQ�HW�DO��>��@�
7KLV� HTXDWLRQ� WHOOV� XV� WKH�PLQLPXP� IUDFWLRQ� RI� YHUWLFHV� WKDW�PXVW� EH� SUHVHQW� RU� RFFXSLHG� LQ� RXU



FRQILJXUDWLRQ�PRGHO�QHWZRUN�IRU�D�JLDQW�FOXVWHU�WR�H[LVW��7KXV��IRU�LQVWDQFH��LI�ZH�ZHUH�WR�FRQVLGHU�WKH
FRQILJXUDWLRQ�PRGHO�DV� D� VLPSOH�PRGHO�RI� WKH� ,QWHUQHW��ZH�ZRXOG�ZDQW� WR�PDNH�ĳF� ORZ�� VR� WKDW� WKH
QHWZRUN�ZLOO�KDYH�D�JLDQW�FOXVWHU�HYHQ�ZKHQ�VRPH�IUDFWLRQ�RI�YHUWLFHV�DUH�QRQ�IXQFWLRQDO��DQG�KHQFH
JR�RQ�IXQFWLRQLQJ�DV�D�FRPPXQLFDWLRQ�QHWZRUN��:H�FDQ�DUUDQJH�WKLV�E\�PDNLQJ�VXUH�WKDW�N���N�IRU
WKH�QHWZRUN��,I��IRU�LQVWDQFH��WKH�QHWZRUN�KDG�D�3RLVVRQ�GHJUHH�GLVWULEXWLRQ�

�

�������
�

ZKHUH�F�LV�WKH�PHDQ�GHJUHH��WKHQ�N� �F�DQG�N��� �F�F�������VR

�

�������
�

�

7KHQ� LI� ZH� FDQ� PDNH�F� ODUJH� ZH� ZLOO� KDYH� D� QHWZRUN� WKDW� FDQ� ZLWKVWDQG� WKH� ORVV� RI� PDQ\� RI� LWV
YHUWLFHV��)RU�F� ����IRU�H[DPSOH��ZH�ZRXOG�KDYH� ��PHDQLQJ�WKDW� �RI�WKH�YHUWLFHV�ZRXOG�KDYH�WR
IDLO�EHIRUH�WKH�JLDQW�FOXVWHU�LV�GHVWUR\HG��$�QHWZRUN�WKDW�FDQ�WROHUDWH�WKH�ORVV�RI�D�ODUJH�IUDFWLRQ�RI�LWV
YHUWLFHV�LQ�WKLV�ZD\�LV�VDLG�WR�EH�UREXVW�DJDLQVW�UDQGRP�IDLOXUH�
7KH�GHJUHH�GLVWULEXWLRQ�RI�WKH�,QWHUQHW��KRZHYHU��LV�QRW�3RLVVRQLDQ��,Q�IDFW��DV�GLVFXVVHG�LQ�6HFWLRQ

����� WKH�,QWHUQHW¶V�GHJUHH�GLVWULEXWLRQ�DSSHDUV�URXJKO\�WR�IROORZ�D�SRZHU�ODZ�ZLWK�DQ�H[SRQHQW�Į�
�����VHH�7DEOH�������$V�ZH�VKRZHG�LQ�6HFWLRQ��������SRZHU�ODZV�ZLWK�H[SRQHQWV�LQ�WKH�UDQJH�����Į��
���ZKLFK� LQFOXGHV�PRVW� UHDO�ZRUOG�H[DPSOHV��KDYH�D� ILQLWH�PHDQ� N�� EXW� WKHLU� VHFRQG�PRPHQW� N�
GLYHUJHV��,Q�WKLV�FDVH�(T���������LPSOLHV�WKDW�ĳF� ����,Q�RWKHU�ZRUGV��QR�PDWWHU�KRZ�PDQ\�YHUWLFHV�ZH
UHPRYH� IURP� WKH� QHWZRUN� WKHUH� ZLOO�DOZD\V� EH� D� JLDQW� FOXVWHU�� 6FDOH�IUHH� QHWZRUNV²WKRVH� ZLWK
SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV²DUH�WKXV�KLJKO\�UREXVW�QHWZRUNV�WKDW�FDQ�VXUYLYH�WKH�IDLOXUH�RI�DQ\
QXPEHU�RI�WKHLU�YHUWLFHV��D�SRLQW�ILUVW�KLJKOLJKWHG�LQ�WKH�ZRUN�RI�$OEHUW�HW�DO��>��@�
,Q�SUDFWLFH��DV�GLVFXVVHG� LQ�6HFWLRQ�������� WKH�VHFRQG�PRPHQW�RI� WKH�GHJUHH�GLVWULEXWLRQ� LV�QHYHU

DFWXDOO\�LQILQLWH�LQ�DQ\�ILQLWH�QHWZRUN��(YHQ�IRU�ILQLWH�Q�WKRXJK�LW�FDQ�VWLOO�EHFRPH�YHU\�ODUJH��ZKLFK
FDQ�UHVXOW�LQ�QRQ�]HUR�EXW�YHU\�VPDOO�YDOXHV�RI�ĳF��VR�WKDW�WKH�QHWZRUN�LV�VWLOO�KLJKO\�UREXVW�
7KH� VWUXFWXUH� RI� WKH� UHDO� ,QWHUQHW� LV� QRW� WKH� VDPH� DV� WKDW� RI� D� FRQILJXUDWLRQ�PRGHO�ZLWK� WKH� VDPH

GHJUHH�GLVWULEXWLRQ��,W�KDV�DOO�VRUWV�RI�OD\HUV�DQG�OHYHOV�RI�VWUXFWXUH�HQJLQHHUHG�LQWR�LW��DV�GLVFXVVHG�LQ
6HFWLRQ������1RQHWKHOHVV�� LW� GRHV� DSSHDU� WR� EH�TXLWH� UREXVW� WR� UDQGRP� UHPRYDO� RI� LWV� YHUWLFHV��)RU
LQVWDQFH��$OEHUW�HW�DO��>��@�VLPXODWHG�WKH�EHKDYLRU�RI�WKH�,QWHUQHW�DV�YHUWLFHV�ZHUH�UDQGRPO\�UHPRYHG
IURP� LWV� VWUXFWXUH� DQG� IRXQG� WKDW� SHUIRUPDQFH� LV� KDUGO\� DIIHFWHG� DW� DOO� E\� WKH� UHPRYDO� RI� HYHQ� D



VLJQLILFDQW�IUDFWLRQ�RI�YHUWLFHV���3HUIRUPDQFH�LV�RI�FRXUVH�FRPSOHWHO\�GHVWUR\HG�IRU�WKH�YHUWLFHV�WKDW
DUH� WKHPVHOYHV� UHPRYHG�� EXW� IRU� WKH� UHPDLQLQJ� RQHV� WKH� HIIHFWV� DUH� UHODWLYHO\� PLQRU��� 7KHVH� DQG
UHODWHG�UHVXOWV�DUH�GLVFXVVHG�IXUWKHU�LQ�6HFWLRQ������
1HWZRUN�UREXVWQHVV�DOVR�SOD\V�DQ�LPSRUWDQW�UROH�LQ�WKH�YDFFLQDWLRQ�H[DPSOH�PHQWLRQHG�DW�WKH�VWDUW

RI� WKH� FKDSWHU��$� GLVHDVH� VSUHDGLQJ� RYHU� D� FRQWDFW� QHWZRUN� EHWZHHQ� LQGLYLGXDOV� FDQ� RQO\� UHDFK� D
VLJQLILFDQW�IUDFWLRQ�RI�WKH�SRSXODWLRQ�LI�WKHUH�LV�D�JLDQW�FOXVWHU�LQ�WKH�QHWZRUN��,I�WKH�QHWZRUN�FRQWDLQV
RQO\�VPDOO�FOXVWHUV�WKHQ�DQ�RXWEUHDN�RI�WKH�GLVHDVH�ZLOO�EH�KHPPHG�LQ�E\�YDFFLQDWHG�LQGLYLGXDOV�DQG
XQDEOH�WR�VSUHDG�IXUWKHU�WKDQ�WKH�VPDOO�FOXVWHU�LQ�ZKLFK�LW�VWDUWV��7KXV�RQH�GRHV�QRW�KDYH�WR�YDFFLQDWH
WKH�HQWLUH�SRSXODWLRQ�WR�SUHYHQW�GLVHDVH�VSUHDG��2QH�QHHG�RQO\�YDFFLQDWH�HQRXJK�RI�WKHP�WR�EULQJ�WKH
QHWZRUN�EHORZ�LWV�SHUFRODWLRQ�WKUHVKROG��7KLV�LV�WKH�KHUG�LPPXQLW\�HIIHFW�PHQWLRQHG�HDUOLHU�
,Q�WKLV�H[DPSOH��QHWZRUN�UREXVWQHVV�LV�D�EDG�WKLQJ��7KH�IHZHU�LQGLYLGXDOV�ZH�KDYH�WR�YDFFLQDWH�WR

GHVWUR\�WKH�JLDQW�FOXVWHU�WKH�EHWWHU��7KXV�VPDOO�YDOXHV�RI�ĳF�DUH�EDG�LQ�WKLV�FDVH�DQG�ODUJH�YDOXHV�DUH
JRRG�� 8QIRUWXQDWHO\�� ZH� XVXDOO\� GRQ¶W� KDYH�PXFK� FRQWURO� RYHU� WKH� GHJUHH� GLVWULEXWLRQV� RI� FRQWDFW
QHWZRUNV��VR�ZH�PD\�EH�VWXFN�ZLWK�D�ORZ�YDOXH�RI�ĳF�ZKHWKHU�ZH�OLNH�LW�RU�QRW��,Q�SDUWLFXODU��LI�WKH
QHWZRUN�LQ�TXHVWLRQ�KDV�D�SRZHU�ODZ��RU�DSSUR[LPDWHO\�SRZHU�ODZ��GHJUHH�GLVWULEXWLRQ��WKHQ�ĳF�PD\
EH�YHU\�VPDOO��LPSO\LQJ�WKDW�DOPRVW�DOO�YHUWLFHV�KDYH�WR�EH�YDFFLQDWHG�WR�ZLSH�RXW�WKH�GLVHDVH��6RPH
FRQWDFW�QHWZRUNV�GR�LQGHHG�DSSHDU�WR�KDYH�URXJKO\�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV�>�������������@
DQG�LW�PD\�EH�YHU\�GLIILFXOW�WR�HUDGLFDWH�VRPH�GLVHDVHV�DV�D�UHVXOW�>���@�
,W�LV�LQWHUHVWLQJ�WR�DVN�KRZ�WKH�VSHFLDO�EHKDYLRU�RI�SRZHU�ODZ�QHWZRUNV�VKRZV�XS�LQ�WKH�JUDSKLFDO

VROXWLRQ�RI�)LJ��������7KH�DQVZHU�LV�WKDW��VLQFH�J ������LV�LQILQLWH�LQ�WKH�SRZHU�ODZ�FDVH��EHFDXVH�N�
GLYHUJHV�LQ�(T���������ZKLOH�N�UHPDLQV�ILQLWH���WKH�FXUYH�RI�J���X��KDV�LQILQLWH�VORSH�DW�X� ����7KXV�J�
�X��PXVW�ORRN�VRPHWKLQJ�OLNH�)LJ��������%HFDXVH�RI�WKH�LQILQLWH�VORSH��LW�PDNHV�QR�GLIIHUHQFH�KRZ�PXFK
ZH� FRPSUHVV� WKH� IXQFWLRQ� �DV� LQ� )LJ�� �����²WKH� FXUYH�ZLOO� DOZD\V� GURS� EHORZ� WKH� OLQH� RI�\�  �X
EHIRUH�FRPLQJ�EDFN�XS�DJDLQ�DQG�FURVVLQJ�LW�WR�JLYH�D�QRQ�WULYLDO�VROXWLRQ�IRU�X�

�

)LJXUH�������*HQHUDWLQJ�IXQFWLRQ�IRU�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ�LQ�D�VFDOH�IUHH�QHWZRUN��7KH
JHQHUDWLQJ� IXQFWLRQ�J��X�� IRU� D�QHWZRUN�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�KDV�D�GHULYDWLYH� WKDW
GLYHUJHV� DV�X�ĺ���� WKRXJK� WKH�YDOXH�RI� WKH�JHQHUDWLQJ�IXQFWLRQ�UHPDLQV�ILQLWH�DQG� WHQGV� WR��� LQ� WKLV



OLPLW��7KXV�WKH�IXQFWLRQ�ORRNV�JHQHULFDOO\�OLNH�WKH�FXUYH�VNHWFKHG�KHUH�
�
�
7KH� SRVLWLRQ� RI� WKH� SHUFRODWLRQ� WKUHVKROG� LV� QRW� WKH� RQO\� TXDQWLW\� LPSRUWDQW� LQ� DVVHVVLQJ� WKH

UREXVWQHVV�RI�D�QHWZRUN��7KH�VL]H�RI�WKH�JLDQW�FOXVWHU�DOVR�SOD\V�D�UROH�EHFDXVH�LW�WHOOV�XV�ZKDW�IUDFWLRQ
RI�WKH�QHWZRUN�ZLOO�EH�FRQQHFWHG�DQG�IXQFWLRQDO��7R�ILQG�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU�ZH�QHHG�WR�VROYH
(T���������IRU�X�DQG�WKHQ�VXEVWLWXWH�WKH�UHVXOW�EDFN�LQWR�(T����������,Q�PDQ\�FDVHV��DV�ZH�KDYH�VDLG��ZH
FDQQRW� VROYH� IRU�X� H[DFWO\�� EXW� LQ� VRPH� FDVHV� ZH� FDQ�� &RQVLGHU�� IRU� H[DPSOH�� D� QHWZRUN�ZLWK� DQ
H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ�JLYHQ�E\

�

�������
�

ZKHUH�Ȝ�!���DQG�WKH�OHDGLQJ�IDFWRU�RI���í�HíȜ�LQVXUHV�WKDW�WKH�GLVWULEXWLRQ�LV�SURSHUO\�QRUPDOL]HG�
7KHQ��DV�VKRZQ�LQ�6HFWLRQ���������ZH�KDYH

�

�������
�

DQG�(T���������EHFRPHV

�

�������
�

�

7KLV� LV�D�FXELF�HTXDWLRQ��ZKLFK�LV�XJO\��WKRXJK�QRW�LPSRVVLEOH��WR�VROYH��,Q� WKLV�FDVH��KRZHYHU��ZH
GRQ¶W�KDYH�WR�VROYH�LW�GLUHFWO\��:H�REVHUYH�LQVWHDG�WKDW�X� ���LV�DOZD\V�D�VROXWLRQ�RI�(T���������DQG
KHQFH�WKDW�RXU�FXELF�HTXDWLRQ�PXVW�FRQWDLQ�D�IDFWRU�RI�X�í����$�IHZ�PRPHQWV�ZRUN�UHYHDOV�WKDW�LQGHHG
WKLV�LV�WKH�FDVH��(TXDWLRQ���������IDFWRUL]HV�DV

�



�������
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�

7KXV�WKH�WZR�RWKHU�VROXWLRQV�IRU�X�VDWLVI\�WKH�TXDGUDWLF�HTXDWLRQ

�

�������
�
�

2I�WKHVH�WZR�VROXWLRQV�RQH�LV�JUHDWHU�WKDQ�RQH�IRU�Ȝ�!���DQG�VR�FDQQRW�EH�RXU�SUREDELOLW\�X��7KH�RWKHU
LV

�

�������
�
�

1RZ�ZH�FDQ�SOXJ�WKLV�YDOXH�EDFN�LQWR�(T���������WR�JHW�DQ�H[SUHVVLRQ�IRU�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU
DV�D�IUDFWLRQ�RI�WKH�ZKROH�QHWZRUN�

�

�������
�
�
1RWLFH� WKDW� WKH� VROXWLRQ� IRU�X�� (T�� ��������� FDQ� EHFRPH� JUHDWHU� WKDQ� �� IRU� VXIILFLHQWO\� VPDOO�ĳ�

ZKLFK� LV�XQSK\VLFDO�� ,Q� WKLV� UHJLPH� WKH�RQO\�DFFHSWDEOH�VROXWLRQ� LV� WKH� WULYLDO�X� ���VROXWLRQ��ZKLFK
JLYHV�6� ���DQG�VR� WKHUH� LV�QR�JLDQW�FOXVWHU�ZKHQ� WKLV�KDSSHQV��7KLV�JLYHV�XV�DQ�DOWHUQDWLYH�ZD\� WR
GHULYH� WKH� SRVLWLRQ� RI� WKH� SHUFRODWLRQ� WUDQVLWLRQ�� 7KH� WUDQVLWLRQ� WDNHV� SODFH� DW� WKH� SRLQW�ZKHUH�(T�
��������HTXDOV�RQH��L�H���ZKHQ



�

�������
�

�

6TXDULQJ�ERWK�VLGHV�DQG�UHDUUDQJLQJ�IRU�ĳ�ZH�ILQG�WKDW�WKH�SHUFRODWLRQ�WKUHVKROG�IDOOV�DW

�

�������
�
�

,W� LV� OHIW� DV� DQ� H[HUFLVH� WR� GHPRQVWUDWH� WKDW� WKLV� LV� WKH� VDPH� UHVXOW�ZH� JHW� LI�ZH� DSSO\� WKH� JHQHUDO
IRUPXOD��(T���������
1RWH�DOVR�WKDW�LI�Ȝ�EHFRPHV�VXIILFLHQWO\�ODUJH�WKHQ�WKH�YDOXH�RI�ĳF�JLYHQ�E\�(T����������FDQ�EHFRPH

JUHDWHU� WKDQ� RQH�� )RU� YDOXHV� RI�Ȝ� WKLV� ODUJH� WKHUH� LV� QR� SHUFRODWLRQ� WUDQVLWLRQ� DQG� WKH� V\VWHP�QHYHU
SHUFRODWHV�EHFDXVH�ĳ�FDQ�QHYHU�EH�JUHDWHU�WKDQ�ĳF��7KH�YDOXH�RI�Ȝ�DW�ZKLFK�ZH�HQWHU�WKLV�UHJLPH�LV�WKH
YDOXH� DW� ZKLFK� �� ZKLFK� JLYHV�Ȝ�  � OQ� ��� 8SRQ� FORVHU� LQVSHFWLRQ�� LW� WXUQV� RXW� WKDW� WKLV� LV
SUHFLVHO\� WKH� SRLQW� DW� ZKLFK� WKH� QHWZRUN� LWVHOI� ORVHV� LWV� JLDQW�FRPSRQHQW����� ZKLFK� H[SODLQV� ZK\
SHUFRODWLRQ�LV�QRW�SRVVLEOH�EH\RQG�WKLV�SRLQW��)RU�Ȝ�!�OQ���WKH�QHWZRUN�KDV�QR�JLDQW�FRPSRQHQW��DQG
KHQFH� LW� LV� QRW� SRVVLEOH� WR� KDYH� D� JLDQW� FOXVWHU� HYHQ� LI� HYHU\� YHUWH[� LQ� WKH� QHWZRUN� LV� SUHVHQW�� �$
VLPLODU� UHVXOW� RI� FRXUVH�DSSOLHV� WR� DOO� QHWZRUNV²D�JLDQW�SHUFRODWLRQ�FOXVWHU� LV�QHYHU�SRVVLEOH� LQ� D
QHWZRUN�ZLWKRXW�D�JLDQW�FRPSRQHQW��
)LJXUH������VKRZV�D�SORW�RI�WKH�YDOXH�RI�6�IRU�RXU�H[SRQHQWLDO�QHWZRUN�ZLWK� �DV�D�IXQFWLRQ�RI

ĳ��)RU�VPDOO�ĳ�WKHUH�LV�D�UHJLRQ�LQ�ZKLFK�WKHUH�DUH�RQO\�VPDOO�FOXVWHUV�DQG�QR�JLDQW�FOXVWHU��:KHQ�ZH
SDVV�WKURXJK�WKH�SHUFRODWLRQ�WUDQVLWLRQ��PDUNHG�E\�WKH�GRWWHG�OLQH�LQ�WKH�ILJXUH��D�JLDQW�FOXVWHU�DSSHDUV
DQG�JURZV�VPRRWKO\�IURP�]HUR�DV�ĳ� LQFUHDVHV��7KLV� LV�DQ�H[DPSOH�RI�ZKDW�D�SK\VLFLVW�ZRXOG�FDOO�D
FRQWLQXRXV�SKDVH�WUDQVLWLRQ�����:H�VDZ�RWKHU�H[DPSOHV�LQ�6HFWLRQV������DQG��������
7KH�RYHUDOO� EHKDYLRU� VKRZQ� LQ�)LJ������� LV� W\SLFDO�RI�SHUFRODWLRQ� LQ�QHWZRUNV��)RU�PRVW�GHJUHH

GLVWULEXWLRQV� ZH� H[SHFW�6� WR� WDNH� D� VLPLODU� IRUP� ZLWK� D� FRQWLQXRXV� SKDVH� WUDQVLWLRQ�� DV� ZH� FDQ
GHPRQVWUDWH�E\�WKH�IROORZLQJ�DUJXPHQW��6XSSRVH�WKH�JHQHUDWLQJ�IXQFWLRQ�J��X��LV�ZHOO�EHKDYHG�QHDU�X
 ����KDYLQJ�DOO�LWV�GHULYDWLYHV�ILQLWH�����WKHQ�ZH�FDQ�H[SDQG�LW�DERXW�WKLV�SRLQW�DV

�
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ZKHUH� ZH� KDYH�PDGH� XVH� RI�J�� ����  � �� �VHH� (T�� ��������� DQG� (T�� �������� 6XEVWLWXWLQJ� LQWR� (T�
��������ZH�WKHQ�ILQG�WKDW

�

�������
�

RU

�

�������
�

�

�

)LJXUH�������6L]H�RI�WKH�JLDQW�FOXVWHU�IRU�VLWH�SHUFRODWLRQ�LQ�WKH�FRQILJXUDWLRQ�PRGHO��7KH�FXUYH
LQGLFDWHV�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU�IRU�D�FRQILJXUDWLRQ�PRGHO�ZLWK�DQ�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ
RI� WKH�IRUP���������ZLWK� ��DV�JLYHQ�E\�(T�����������7KH�GRWWHG�OLQH�LQGLFDWHV�WKH�SRVLWLRQ�RI�WKH
SHUFRODWLRQ�WUDQVLWLRQ��(T����������
�



�

:H�FDQ�VLPLODUO\�H[SDQG�J���X��DV

�

�������
�

ZKHUH�ZH�KDYH�XVHG�J����� ���DQG�(TV����������DQG����������6XEVWLWXWLQJ�LQWR�(T���������WKHQ�JLYHV�XV

�

�������
�
�

,Q� RWKHU� ZRUGV��6� YDULHV� OLQHDUO\� ZLWK�ĳ� í�ĳF� MXVW� DERYH� WKH� SHUFRODWLRQ� WUDQVLWLRQ�� JRLQJ� WR� ]HUR
FRQWLQXRXVO\� DV� ZH� DSSURDFK� WKH� WUDQVLWLRQ� IURP� DERYH�� 7KXV� ZH� ZRXOG� H[SHFW� WKH� SHUFRODWLRQ
WUDQVLWLRQ�IRU�HVVHQWLDOO\�DOO�GHJUHH�GLVWULEXWLRQV�WR�ORRN�JHQHULFDOO\�OLNH�WKH�FXUYH�LQ�)LJ��������ZLWK�D
FRQWLQXRXV�SKDVH�WUDQVLWLRQ�DV�ZH�SDVV�WKH�SHUFRODWLRQ�WKUHVKROG����
7KLV� UHVXOW� LV� LPSRUWDQW�� EHFDXVH� LW� LPSOLHV� WKDW� WKH� JLDQW� FOXVWHU� EHFRPHV� YHU\� VPDOO� DV� ZH

DSSURDFK�WKH�SHUFRODWLRQ�WUDQVLWLRQ�IURP�DERYH��,Q�RWKHU�ZRUGV��WKH�QHWZRUN�PD\�EH�³IXQFWLRQDO´�LQ
WKH�VHQVH�RI�KDYLQJ�D�JLDQW�FOXVWHU��EXW�WKH�IXQFWLRQDO�SRUWLRQ�RI�WKH�QHWZRUN�LV�YDQLVKLQJO\�VPDOO��,I�WKH
QHWZRUN� LV� D� FRPPXQLFDWLRQ� QHWZRUN�� IRU� H[DPSOH�� WKHQ� D� ILQLWH� IUDFWLRQ� RI� DOO� WKH� YHUWLFHV� LQ� WKH
QHWZRUN� FDQ� FRPPXQLFDWH� ZLWK� RQH� DQRWKHU� VR� ORQJ� DV� WKHUH� LV� D� JLDQW� FOXVWHU�� EXW� WKDW� IUDFWLRQ
EHFRPHV�YHU\�VPDOO�DV�ZH�DSSURDFK�WKH�SHUFRODWLRQ�WKUHVKROG��PHDQLQJ�WKDW�LQ�SUDFWLFH�PRVW�YHUWLFHV
DUH� FXW� RII��7KXV�RQH� FRXOG� DUJXH� WKDW� LW� LV�PLVOHDGLQJ� WR� LQWHUSUHW� WKH�SHUFRODWLRQ� WKUHVKROG� DV� WKH
SRLQW�ZKHUH� WKH� QHWZRUN� VWRSV� IXQFWLRQLQJ�� LQ� HIIHFW�PRVW� RI� LW� KDV� VWRSSHG� IXQFWLRQLQJ� EHIRUH�ZH
UHDFK� WKLV� SRLQW�� 7R� IXOO\� GHVFULEH� WKH� IXQFWLRQDO� VWDWH� RI� WKH� QHWZRUN� RQH� VKRXOG� VSHFLI\� QRW� RQO\
ZKHWKHU�LW�FRQWDLQV�D�JLDQW�FOXVWHU�EXW�DOVR�ZKDW�WKH�VL]H�RI�WKDW�FOXVWHU�LV�
,W�LV�DOVR�LPSRUWDQW�WR�QRWH�WKDW�WKH�VKDUS�SHUFRODWLRQ�WUDQVLWLRQ�RI�)LJ�������LV�RQO\�WUXO\�VHHQ�LQ�DQ

LQILQLWH�QHWZRUN��)RU�QHWZRUNV�RI� ILQLWH� VL]H²ZKLFK� LV�DOO� UHDO�QHWZRUNV��RI� FRXUVH²WKH� WUDQVLWLRQ
JHWV� URXQGHG� RII�� 7R� VHH� WKLV�� FRQVLGHU� WKH� EHKDYLRU� RI� WKH� JLDQW� FOXVWHU� LQ� D� ILQLWH�VL]HG� QHWZRUN�
7HFKQLFDOO\��LQ�IDFW��WKHUH� LV�QR�JLDQW�FOXVWHU�IRU�DQ�LQGLYLGXDO�ILQLWH�QHWZRUN��7KH�SURSHU�GHILQLWLRQ�RI
WKH� JLDQW� FOXVWHU�� OLNH� WKH� JLDQW� FRPSRQHQW� LQ� D� UDQGRP�JUDSK�� LV� DV� D� FOXVWHU�ZKRVH� VL]H� VFDOHV� LQ
SURSRUWLRQ� WR� WKH� VL]H� RI� WKH� QHWZRUN� �VHH� 6HFWLRQ� ������� %XW� LW� PDNHV� QR� VHQVH� WR� WDON� DERXW� WKH
VFDOLQJ�RI�D�FOXVWHU�ZLWK�QHWZRUN�VL]H�ZKHQ�WKH�VL]H�RI�WKH�QHWZRUN�LV�IL[HG��,Q�SUDFWLFH��WKHUHIRUH��ZH



QRUPDOO\�FRQVLGHU� LQVWHDG� WKH� ODUJHVW�FOXVWHU��ZKLFK� LV�D� UHDVRQDEOH�SUR[\�IRU� WKH�JLDQW�FOXVWHU� LQ�D
ILQLWH�VL]H� QHWZRUN�� ,WV� VL]H� DV� D� IUDFWLRQ� RI� WKH� VL]H� RI� WKH� QHWZRUN� VKRXOG� EH� D� UHDVRQDEOH
DSSUR[LPDWLRQ�WR�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU�JLYHQ�E\�RXU�WKHRU\�ZKHQ�ZH�DUH�DERYH�WKH�SHUFRODWLRQ
WUDQVLWLRQ�
%HORZ�WKH�WUDQVLWLRQ�WKH�ODUJHVW�FOXVWHU�ZLOO�EH�VPDOO�LQ�VL]H��EXW�QRW�]HUR��DQG�KHQFH�ILOOV�D�VPDOO

EXW�QRQ�]HUR�IUDFWLRQ�RI�WKH�QHWZRUN��LQ�URXJK�EXW�QRW�SHUIHFW�DJUHHPHQW�ZLWK�WKH�WKHRUHWLFDO�SUHGLFWLRQ
6�  � ��� )XUWKHUPRUH�� WKLV� QRQ�]HUR� YDOXH� JURZV� DV�ZH� DSSURDFK� WKH� WUDQVLWLRQ� SRLQW� EHFDXVH� VPDOO
FOXVWHUV�LQ�JHQHUDO��LQFOXGLQJ�WKH�ODUJHVW�RQH��JURZ�DV�WKH�RFFXSDWLRQ�SUREDELOLW\�ĳ�LQFUHDVHV��7KH�QHW
UHVXOW�LV�D�VOLJKW�URXQGLQJ�RI�WKH�VKDUS�WUDQVLWLRQ�SUHGLFWHG�E\�WKH�WKHRU\��ZKLFK�LV�RIWHQ�YLVLEOH��IRU
H[DPSOH��LQ�FRPSXWHU�VLPXODWLRQV�RI�SHUFRODWLRQ�RQ�VPDOOHU�QHWZRUNV��(IIHFWV�VXFK�DV�WKLV�WKDW�VKRZ
XS�RQO\�LQ�ILQLWH�VL]HG�V\VWHPV�DUH�NQRZQ�DV�ILQLWH�VL]H�HIIHFWV�

�

7KH�SKDVH�WUDQVLWLRQ�DW�ZKLFK�WKH�JLDQW�FOXVWHU�DSSHDUV�LV�RQO\�VKDUS�LQ�DQ�LQILQLWH�V\VWHP��VROLG
OLQH���,Q�D�ILQLWH�VL]HG�V\VWHP�LW�JHWV�URXQGHG�RII��GDVKHG�OLQH��

�
(YHQ�LQ� WKH�OLPLW�RI� ODUJH�QHWZRUN�VL]H� WKHUH�DUH�H[FHSWLRQV� WR� WKH�EHKDYLRU�RI�)LJ�������DQG�(T�

��������� &RQVLGHU� D� QHWZRUN� ZLWK� D� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQ� ZLWK� H[SRQHQW� �� ��Į� �� ��� DV
GLVFXVVHG�DERYH��,Q�WKLV�FDVH�RXU�DVVXPSWLRQ�WKDW� WKH�GHULYDWLYHV�RI�J��DUH�ILQLWH�GRHV�QRW�KROG��VHH
)LJ�������DQG�WKH�DFFRPSDQ\LQJ�GLVFXVVLRQ���VR�WKH�DUJXPHQW�DERYH�EUHDNV�GRZQ��1RW�RQO\�GRHV�WKH
SHUFRODWLRQ� WKUHVKROG� IDOO� DW�ĳF�  � �� IRU� SRZHU�ODZ� QHWZRUNV�� EXW� WKH� JLDQW� FOXVWHU� GRHV� QRW� JURZ
OLQHDUO\� DV�ĳ� LQFUHDVHV�� ,Q� JHQHUDO� LW� ZLOO� JURZ� VORZHU� WKDQ� OLQHDUO\�� WKH� H[DFW� IXQFWLRQDO� IRUP
GHSHQGLQJ�RQ�WKH�VKDSH�RI�J���X��QHDU�X� ����)RU�H[DPSOH��D�W\SLFDO�IRUP�LV

�

�������
�

QHDU�X� ���ZLWK�F�DQG�ȕ�SRVLWLYH�FRQVWDQWV��3URYLGHG�ȕ�����WKLV�PDNHV�WKH�JUDGLHQW�RI�J���X���DQG�DOO
KLJKHU�GHULYDWLYHV��LQILQLWH�DW�X� ���ZKLOH�VWLOO�HQVXULQJ�WKDW�J������ ����:LWK�WKLV�IRUP�IRU�J���X���(T�
�������LPSOLHV



�

�������
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�

7KHQ

�

�������
�

FORVH�WR�X� ����ZLWK�N�ILQLWH�VR�ORQJ�DV�WKH�SRZHU�ODZ�H[SRQHQW�Į�!����DQG�KHQFH�WKH�JLDQW�FOXVWHU�KDV
VL]H

�

�������
�

ZKLFK�JRHV�WR�]HUR�IDVWHU�WKDQ�OLQHDUO\����DV�ĳ�ĺ���VLQFH����í�ȕ�����í�ȕ��!���LI�ȕ�����

�

)LJXUH�������6L]H�RI�WKH�JLDQW�FOXVWHU�IRU�D�QHWZRUN�ZLWK�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ��7KH�VL]H



RI� WKH� JLDQW� FOXVWHU� IRU� D� VFDOH�IUHH� FRQILJXUDWLRQ�PRGHO� QHWZRUN�ZLWK� H[SRQHQW�Į�  � ����� D� W\SLFDO
YDOXH�IRU�UHDO�ZRUOG�QHWZRUNV��1RWH�WKH�QRQ�OLQHDU�IRUP�RI�WKH�FXUYH�QHDU�ĳ� ����ZKLFK�PHDQV�WKDW�6�
ZKLOH�WHFKQLFDOO\�QRQ�]HUR��EHFRPHV�YHU\�VPDOO�LQ�WKLV�UHJLPH��&RQWUDVW�WKLV�ILJXUH�ZLWK�)LJ�������IRU
WKH�JLDQW�FOXVWHU�VL]H�LQ�D�QHWZRUN�ZLWK�DQ�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ�
�
�
7KXV�ZH�H[SHFW�WKH�JLDQW�FOXVWHU�WR�EHFRPH�YHU\�VPDOO�DV�ĳ�ĺ����)LJXUH������VKRZV�WKH�HTXLYDOHQW

RI�)LJ�������IRU�D�VFDOH�IUHH�QHWZRUN�ZLWK�H[SRQHQW�Į� ������GHULYHG�IURP�QXPHULFDO�VROXWLRQV�RI�(TV�
�������DQG��������DQG�WKH�QRQ�OLQHDU�IRUP�RI�6�FORVH�WR�ĳ� ���LV�FOHDU�
7KLV� UHVXOW� PLWLJDWHV� VRPHZKDW� RXU� HDUOLHU� VWDWHPHQW� WKDW� VFDOH�IUHH� QHWZRUNV� DUH� KLJKO\� UREXVW

EHFDXVH�ĳF� ����,W�LV�WUXH�WKDW�WKH�SHUFRODWLRQ�WKUHVKROG�LV�]HUR�LQ�WKHVH�QHWZRUNV�DQG�KHQFH�WKDW�WKHUH
LV� D� JLDQW� FOXVWHU� IRU� DQ\� SRVLWLYH�ĳ�� EXW� WKDW� JLDQW� FOXVWHU� FDQ� EHFRPH� H[FHHGLQJO\� VPDOO�� $
FRPPXQLFDWLRQ� QHWZRUN� ZLWK� D� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQ�� IRU� LQVWDQFH�� PLJKW� EH� IRUPDOO\
IXQFWLRQDO�IRU�YHU\�VPDOO�YDOXHV�RI�ĳ��EXW�LQ�SUDFWLFH�WKH�IUDFWLRQ�RI�YHUWLFHV�WKDW�FRXOG�FRPPXQLFDWH
ZLWK�RQH�DQRWKHU�ZRXOG�EH�VR�VPDOO�WKDW�WKH�QHWZRUN�ZRXOG�SUREDEO\�QRW�EH�RI�PXFK�XVH�



�����121�81,)250�5(029$/�2)�9(57,&(6

�

,Q�WKH�ILUVW�SDUW�RI�WKLV�FKDSWHU�ZH�KDYH�FRQVLGHUHG�SHUFRODWLRQ�SKHQRPHQD�LQ�WKH�FDVH�ZKHUH�YHUWLFHV
DUH� UHPRYHG� IURP� D� QHWZRUN� XQLIRUPO\� DW� UDQGRP�� 7KLV� LV� WKH� FODVVLFDO� IRUP� RI� SHUFRODWLRQ� ORQJ
VWXGLHG�E\�SK\VLFLVWV�DQG�PDWKHPDWLFLDQV��:KHQ�GLVFXVVLQJ�QHWZRUNV��KRZHYHU��LW�LV�LQWHUHVWLQJ�DOVR
WR� FRQVLGHU� RWKHU� ZD\V� LQ� ZKLFK� YHUWLFHV� PLJKW� EH� UHPRYHG�� ,Q� 6HFWLRQ� ������ IRU� H[DPSOH�� ZH
PHQWLRQHG� WKH� SRVVLELOLW\� RI� UHPRYLQJ� YHUWLFHV� LQ� RUGHU� RI� WKHLU� GHJUHHV�� VWDUWLQJ� ZLWK� WKH� KLJKHVW
GHJUHHV� DQG� ZRUNLQJ� GRZQ�� 7KLV� PLJKW� EH� HIIHFWLYH�� IRU� H[DPSOH�� DV� D� YDFFLQDWLRQ� VWUDWHJ\� IRU
SUHYHQWLQJ�WKH�VSUHDG�RI�GLVHDVH��VKRXOG�WKH\�EHFRPH�LQIHFWHG��WKH�KLJK�GHJUHH�YHUWLFHV�LQ�WKH�QHWZRUN
FOHDUO\�SUHVHQW�D�GLVHDVH�ULVN�WR�WKHLU�PDQ\�QHLJKERUV��VR�SHUKDSV�YDFFLQDWLQJ�WKHP�ILUVW�ZRXOG�EH�D
VHQVLEOH�DSSURDFK�
/HW�XV�FRQVLGHU�D�JHQHUDOL]DWLRQ�RI�RXU�SHUFRODWLRQ�SURFHVV�LQ�ZKLFK�WKH�RFFXSDWLRQ�SUREDELOLW\�RI�D

YHUWH[�FDQ�QRZ�GHSHQG�RQ�LWV�GHJUHH��:H�GHILQH�ĳN�WR�EH�WKH�SUREDELOLW\�WKDW�D�YHUWH[�ZLWK�GHJUHH�N�LV
SUHVHQW�RU�RFFXSLHG�LQ�RXU�QHWZRUN��,I�ĳN�LV�D�FRQVWDQW��LQGHSHQGHQW�RI�N��WKHQ�ZH�UHFRYHU�WKH�XQLIRUP
VFHQDULR�RI�SUHYLRXV�VHFWLRQV��2Q�WKH�RWKHU�KDQG��LI�ĳN� ���IRU�DOO�YHUWLFHV�ZLWK�GHJUHH�N���N��IRU�VRPH
FRQVWDQW�N���DQG�ĳN� ���IRU�DOO�YHUWLFHV�ZLWK�N���N���WKHQ�ZH�HIIHFWLYHO\�UHPRYH�IURP�WKH�QHWZRUN�DOO
YHUWLFHV� ZLWK� GHJUHH�N�� RU� JUHDWHU�� $� KRVW� RI� RWKHU� FKRLFHV� DUH� DOVR� SRVVLEOH�� UHVXOWLQJ� LQ� PRUH
FRPSOH[�UHPRYDO�SDWWHUQV�
/HW�XV�DJDLQ�ORRN�DW�SHUFRODWLRQ�RQ�FRQILJXUDWLRQ�PRGHO�QHWZRUNV�DQG�DV�EHIRUH�GHILQH�X�WR�EH�WKH

DYHUDJH�SUREDELOLW\�D�YHUWH[�LV�QRW�FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD�RQH�RI�LWV�QHLJKERUV��,I�WKH�YHUWH[
KDV�GHJUHH�N�WKHQ�WKH�SUREDELOLW\�WKDW�LW�LV�QRW�FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD�DQ\�RI�LWV�QHLJKERUV�LV
XN�DQG�WKH�SUREDELOLW\�WKDW�LW�LV�FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�LV���í�XN��%XW�LQ�RUGHU�WR�EHORQJ�WR�WKH
JLDQW� FOXVWHU�� WKH� YHUWH[� LWVHOI� PXVW� DOVR� EH� SUHVHQW�� ZKLFK� KDSSHQV� ZLWK� SUREDELOLW\�ĳN�� VR� WKH
SUREDELOLW\�RI�LW�EHLQJ�D�PHPEHU�RI�WKH�JLDQW�FOXVWHU�LV�ĳN����í�XN��
1RZ�ZH�DYHUDJH�RYHU�WKH�SUREDELOLW\�GLVWULEXWLRQ�SN�RI�WKH�GHJUHH�WR�ILQG�WKH�DYHUDJH�SUREDELOLW\

RI�EHLQJ�LQ�WKH�JLDQW�FOXVWHU�DQG�JHW
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�������
�

ZKHUH

�
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�

1RWLFH� WKDW� WKLV� QHZ� JHQHUDWLQJ� IXQFWLRQ� LV� QRW� QRUPDOL]HG� LQ� WKH� FRQYHQWLRQDO� IDVKLRQ²WKH� YDOXH
¦�����WKDW�DSSHDUV�LQ�(T����������LV�QRW�LQ�JHQHUDO�HTXDO�WR�RQH��,QVWHDG�LW�LV�JLYHQ�E\

�

�������
�

ZKLFK�LV�WKH�DYHUDJH�SUREDELOLW\�WKDW�D�YHUWH[�LV�RFFXSLHG�
:H� FDQ� FDOFXODWH� WKH� YDOXH� RI�X� XVLQJ� DQ� DSSURDFK� VLPLODU� WR� WKDW� IRU� WKH� XQLIRUP� SHUFRODWLRQ

VFHQDULR�� 7KH� YDOXH� RI�X� LV� WKH�SUREDELOLW\� WKDW� \RX� DUH� QRW� FRQQHFWHG� WR� WKH�JLDQW� FOXVWHU� YLD� \RXU
QHLJKERU�� ZKLFK� KDSSHQV� LI� HLWKHU� WKH� QHLJKERU� LV� QRW� RFFXSLHG� RU� LI� LW� LV� RFFXSLHG� EXW� LW� LV� QRW
FRQQHFWHG� WR� WKH�JLDQW�FOXVWHU�YLD�DQ\�RI� LWV�RWKHU�QHLJKERUV��/HW�N�QRZ�EH� WKH�H[FHVV�GHJUHH�RI� WKH
QHLJKERULQJ�YHUWH[��7KHQ�WKH�SUREDELOLW\�WKDW�WKH�QHLJKERU�LV�QRW�RFFXSLHG�LV���í�ĳN����1RWLFH�WKDW�WKH
LQGH[�LV�N�����EHFDXVH�ĳN�LV�GHILQHG�LQ�WHUPV�RI�WKH�WRWDO�GHJUHH�RI�D�YHUWH[��ZKLFK�LV�RQH�JUHDWHU�WKDQ
WKH�H[FHVV�GHJUHH��VHH�6HFWLRQ��������7KH�SUREDELOLW\� WKDW� WKH�QHLJKERU�LV�RFFXSLHG�EXW� LV� LWVHOI�QRW
FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�LV�ĳN��XN��$GGLQJ�XS�WKH�WHUPV�DQG�DYHUDJLQJ�RYHU�WKH�GLVWULEXWLRQ�TN�RI
WKH�H[FHVV�GHJUHH��ZH�WKHQ�ILQG�WKDW
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ZKHUH
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�������
�



DQG�ZH�KDYH�XVHG��N�TN� ���
/LNH�¦��]���WKH�IXQFWLRQ�¦���]��LV�QRW�QRUPDOL]HG�WR�XQLW\��7KH�GHILQLWLRQ�RI�¦���]��ORRNV�VOLJKWO\�RGG

EHFDXVH�RI� WKH�VXEVFULSW�N������,I�ZH�SUHIHU�ZH�FDQ�ZULWH�LW�XVLQJ�WKH�IXOO�H[SUHVVLRQ�IRU�WKH�H[FHVV
GHJUHH�GLVWULEXWLRQ��(T����������ZKLFK�JLYHV
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�

ZKLFK�KDV�D�PRUH�V\PPHWULF�ORRN�DERXW�LW��1RWH�DOVR�WKDW

�

�������
�

ZKHUH�J��]��LV�GHILQHG�DV�EHIRUH��7KLV�H[SUHVVLRQ�FDQ�EH�XVHIXO�IRU�FDOFXODWLQJ�¦��]��RQFH�¦��]��KDV
EHHQ�IRXQG�
(TXDWLRQV���������DQG����������ZKLFK�ZHUH�ILUVW�JLYHQ�E\�&DOODZD\�HW�DO��>��@��JLYH�XV�D�FRPSOHWH

VROXWLRQ�IRU�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU�IRU�RXU�JHQHUDOL]HG�SHUFRODWLRQ�SURFHVV�
$V�DQ�H[DPSOH�RI�WKHLU�XVH��FRQVLGHU�DJDLQ�D�QHWZRUN�ZLWK�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ�JLYHQ�E\

(T����������DQG�VXSSRVH�ZH�UHPRYH�DOO�YHUWLFHV�WKDW�KDYH�GHJUHH�N��RU�JUHDWHU��7KDW�LV��ZH�FKRRVH
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�������
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�

7KHQ�ZH�KDYH
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DQG
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)RU� WKLV� FKRLFH� (T�� �������� EHFRPHV� D� SRO\QRPLDO� HTXDWLRQ� RI� RUGHU�N�� DQG� XQIRUWXQDWHO\� VXFK
HTXDWLRQV�DUH�QRW�VROYDEOH�H[DFWO\�IRU�WKHLU�URRWV��XQOHVV�N��������,W�LV��KRZHYHU��IDLUO\�HDV\�WR�ILQG�WKH
URRWV�QXPHULFDOO\��HVSHFLDOO\�JLYHQ�WKDW�ZH�NQRZ�WKDW�WKH�URRW�RI�LQWHUHVW�LQ�WKLV�FDVH�OLHV�LQ�WKH�UDQJH
EHWZHHQ�]HUR�DQG�RQH��DQG�WKHQ�ZH�FDQ�FDOFXODWH�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU�IURP���������
)LJXUH�����D� VKRZV� WKH� UHVXOWV� RI� VXFK� D� FDOFXODWLRQ�� SORWWHG� DV� D� IXQFWLRQ�RI�N���/RRNLQJ�DW� WKLV

ILJXUH��FRQVLGHU�ZKDW�KDSSHQV�DV�ZH�ORZHU�N��IURP�DQ�LQLWLDO�KLJK�YDOXH��HIIHFWLYHO\�UHPRYLQJ�PRUH
DQG�PRUH�RI�WKH�KLJK�GHJUHH�YHUWLFHV�LQ�RXU�QHWZRUN��$V�WKH�ILJXUH�VKRZV��WKH�VL]H�RI�WKH�JLDQW�FOXVWHU
GHFUHDVHV�RQO\�VORZO\�DW�ILUVW��7KLV�LV�EHFDXVH�WKHUH�DUH�QRW�PDQ\�YHUWLFHV�RI�YHU\�KLJK�GHJUHH�LQ�WKH
QHWZRUN��VR�YHU\�IHZ�KDYH�EHHQ�UHPRYHG��2QFH�N��SDVVHV�D�YDOXH�DURXQG�����KRZHYHU��RXU�DWWDFN�RQ
WKH�QHWZRUN�VWDUWV�WR�EHFRPH�HYLGHQW�LQ�D�VKULQNLQJ�RI�WKH�JLDQW�FOXVWHU��ZKLFK�EHFRPHV�SURJUHVVLYHO\
PRUH�UDSLG�XQWLO�WKH�VL]H�RI�WKH�FOXVWHU�UHDFKHV�]HUR�DURXQG�N�� ���
2QH�PLJKW�EH�IRUJLYHQ�IRU�WKLQNLQJ�WKDW�)LJ������D�SRUWUD\V�D�QHWZRUN�TXLWH�UHVLOLHQW�WR�WKH�UHPRYDO

RI�HYHQ�LWV�KLJKHVW�GHJUHH�YHUWLFHV��LW�DSSHDUV�WKDW�ZH�KDYH�WR�UHPRYH�YHUWLFHV�DOO�WKH�ZD\�GRZQ�WR
GHJUHH�ILYH�LQ�RUGHU�WR�EUHDN�XS�WKH�JLDQW�FOXVWHU��7KLV�LPSUHVVLRQ�LV�PLVOHDGLQJ��KRZHYHU��EHFDXVH�LW
IDLOV� WR� WDNH� DFFRXQW� RI� WKH� IDFW� WKDW� WKH� YDVW�PDMRULW\� RI� YHUWLFHV� LQ� WKH� QHWZRUN� DUH� RI� YHU\� ORZ
GHJUHH��VR�WKDW�HYHQ�ZKHQ�ZH�KDYH�UHPRYHG�DOO�YHUWLFHV�ZLWK�GHJUHH�JUHDWHU�WKDQ�ILYH��ZH�KDYH�VWLOO
UHPRYHG�RQO\�D�VPDOO�IUDFWLRQ�RI�DOO�YHUWLFHV�



�

)LJXUH�������6L]H�RI�WKH�JLDQW�SHUFRODWLRQ�FOXVWHU�DV�WKH�KLJKHVW�GHJUHH�YHUWLFHV�LQ�D�QHWZRUN�DUH
UHPRYHG���D��7KH�VL]H�RI�WKH�JLDQW�FOXVWHU�LQ�D�QHWZRUN�ZLWK�DQ�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ�SN�ฏ
HíȜN�ZLWK� �DV�YHUWLFHV�DUH�UHPRYHG�LQ�RUGHU�RI�GHJUHH��VWDUWLQJ�IURP�WKRVH�ZLWK�WKH�KLJKHVW�GHJUHH�
7KH� FXUYH� LV� VKRZQ� DV� D� IXQFWLRQ� RI� WKH� GHJUHH�N�� RI� WKH� KLJKHVW�GHJUHH� YHUWH[� UHPDLQLQJ� LQ� WKH
QHWZRUN��7HFKQLFDOO\��VLQFH� N��PXVW�EH�DQ�LQWHJHU��WKH�SORW�LV�RQO\�YDOLG�DW�WKH�LQWHJHU�SRLQWV�PDUNHG
E\�WKH�FLUFOHV��WKH�FXUYHV�DUH�MXVW�DQ�DLG�WR�WKH�H\H���E��7KH�VDPH�GDWD�SORWWHG�QRZ�DV�D�IXQFWLRQ�RI�WKH
IUDFWLRQ� �RI�YHUWLFHV�UHPDLQLQJ�LQ�WKH�QHWZRUN�
�
�
3HUKDSV�D�PRUH�XVHIXO�UHSUHVHQWDWLRQ�RI�WKH�VROXWLRQ�LV�WR�SORW�LW�DV�D�IXQFWLRQ�RI�WKH�IUDFWLRQ� �RI

RFFXSLHG�YHUWLFHV�LQ�WKH�QHWZRUN��ZKLFK�LV

�

�������
�
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)LJXUH�����E�VKRZV�WKH�UHVXOW�UHSORWWHG�LQ�WKLV�ZD\�DQG�UHYHDOV�WKDW�WKH�JLDQW�FOXVWHU�LQ�IDFW�GLVDSSHDUV
FRPSOHWHO\�ZKHQ�RQO\�DERXW����RI�WKH�KLJKHVW�GHJUHH�YHUWLFHV�LQ�WKH�QHWZRUN�KDYH�EHHQ�UHPRYHG��%\
FRQWUDVW��ZKHQ�ZH�UHPRYHG�YHUWLFHV�XQLIRUPO\�DW�UDQGRP��DV�VKRZQ�LQ�)LJ��������ZH�KDG�WR�UHPRYH
QHDUO\�����RI�WKH�YHUWLFHV�WR�GHVWUR\�WKH�JLDQW�FOXVWHU��7KRXJK�WKH�GLIIHUHQFH�LV�VWDUWOLQJ��KRZHYHU��LW
LV� DOVR� LQWXLWLYHO\� UHDVRQDEOH��7KH�KLJK�GHJUHH�YHUWLFHV�KDYH�D� ORW�RI�FRQQHFWLRQV�� DOO�RI�ZKLFK�DUH
ORVW�LI�ZH�UHPRYH�WKRVH�YHUWLFHV�



�

)LJXUH�������5HPRYDO�RI�WKH�KLJKHVW�GHJUHH�YHUWLFHV�LQ�D�VFDOH�IUHH�QHWZRUN���D��7KH�VL]H�RI�WKH
JLDQW�FOXVWHU�LQ�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�DV�YHUWLFHV�DUH
UHPRYHG�LQ�RUGHU�RI�WKHLU�GHJUHH��VWDUWLQJ�ZLWK�WKH�KLJKHVW�GHJUHH�YHUWLFHV��2QO\�D�VPDOO�IUDFWLRQ�RI
WKH�YHUWLFHV�QHHG�EH�UHPRYHG�WR�GHVWUR\�WKH�JLDQW�FOXVWHU�FRPSOHWHO\���E��7KH�IUDFWLRQ�RI�YHUWLFHV�WKDW
PXVW� EH� UHPRYHG� WR� GHVWUR\� WKH� JLDQW� FOXVWHU� DV� D� IXQFWLRQ� RI� WKH� H[SRQHQW�Į� RI� WKH� SRZHU�ODZ
GLVWULEXWLRQ��)RU�QR�YDOXH�RI�Į�GRHV�WKH�IUDFWLRQ�UHTXLUHG�H[FHHG����
�
�
7KHVH� UHVXOWV� VXJJHVW�� IRU� H[DPSOH�� WKDW� ZHUH� ZH� DEOH� WR� ILQG� WKH� KLJKHVW� GHJUHH� YHUWLFHV� LQ� D

QHWZRUN�RI�GLVHDVH�FDXVLQJ�FRQWDFWV�DQG�YDFFLQDWH�WKHP�WR�HIIHFWLYHO\�UHPRYH�WKHP�IURP�WKH�QHWZRUN�
LW�ZRXOG�EH�D�PXFK�PRUH�HIILFLHQW�VWUDWHJ\�IRU�GLVHDVH�FRQWURO�WKDQ�VLPSO\�YDFFLQDWLQJ�DW�UDQGRP�
$�SDUWLFXODUO\� VWULNLQJ� H[DPSOH� RI� WKH� HIIHFW� GHVFULEHG� KHUH� DULVHV� LQ� QHWZRUNV�ZLWK� SRZHU�ODZ

GHJUHH�GLVWULEXWLRQV��,Q�WKHVH�QHWZRUNV��DV�ZH�KDYH�VHHQ��XQLIRUP�UHPRYDO�RI�YHUWLFHV�QHYHU�GHVWUR\V
WKH�JLDQW�FOXVWHU��SURYLGHG� WKH�H[SRQHQW�RI� WKH�SRZHU�ODZ� OLHV�EHWZHHQ� WZR�DQG� WKUHH��%\�FRQWUDVW�
UHPRYDO� RI� WKH� KLJKHVW�GHJUHH� YHUWLFHV� LQ� WKHVH� QHWZRUNV� KDV� D� GHYDVWDWLQJ� HIIHFW�� 2QFH� DJDLQ� ZH
FDQQRW� VROYH� IRU�6� LQ� FORVHG� IRUP� LQ� WKH� SRZHU�ODZ� FDVH� EXW� LW� LV� UHDVRQDEO\� VWUDLJKWIRUZDUG� WR
SHUIRUP� D� QXPHULFDO� VROXWLRQ�� )LJXUH� ����D� VKRZV� WKH� HTXLYDOHQW� RI� )LJ�� ����E� IRU� WKH� SRZHU�ODZ
FDVH�� DQG� DV� ZH� FDQ� VHH� WKH� JLDQW� FOXVWHU� GLVDSSHDUV� H[WUDRUGLQDULO\� UDSLGO\� DV� WKH� KLJK�GHJUHH
YHUWLFHV�DUH�UHPRYHG��2QO\�D�IHZ�SHUFHQW�RI�WKH�YHUWLFHV�QHHG�EH�UHPRYHG�WR�FRPSOHWHO\�GHVWUR\�WKH
JLDQW�FOXVWHU��WKH�H[DFW�YDOXH�GHSHQGLQJ�RQ�WKH�H[SRQHQW�RI�WKH�SRZHU�ODZ�
,QGHHG��LI�ZH�ZDQW�WR�FDOFXODWH�RQO\�WKH�IUDFWLRQ�WKDW�QHHG�EH�UHPRYHG�WR�GHVWUR\�WKH�JLDQW�FOXVWHU�

ZH�FDQ�GR�VR�E\�REVHUYLQJ�RQFH�DJDLQ�WKDW�WKH�SKDVH�WUDQVLWLRQ�DW�ZKLFK�WKH�JLDQW�FOXVWHU�DSSHDUV�RU
GLVDSSHDUV� IDOOV� DW� WKH� SRLQW� ZKHUH� WKH� QRQ�WULYLDO� VROXWLRQ� RI� (T�� �������� DSSHDUV� RU� GLVDSSHDUV�
ZKLFK�LV�WKH�SRLQW�DW�ZKLFK�WKH�ULJKW�KDQG�VLGH�RI�WKH�HTXDWLRQ�LV�WDQJHQW�WR�WKH�OLQH�\� �X�DW�X� ����7KDW
LV��WKH�JHQHUDO�FULWHULRQ�IRU�WKH�WUDQVLWLRQ�SRLQW�LV

�

�������
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�$OWHUQDWLYHO\�� ZH� FRXOG� VD\� WKDW� WKH� JLDQW� FOXVWHU� H[LVWV� LI� DQG� RQO\� LI� � !� ����$JDLQ�� H[DFW
VROXWLRQV�DUH�RIWHQ�QRW�SRVVLEOH�EXW�ZH�FDQ�VROYH�QXPHULFDOO\��'RLQJ�WKLV�IRU�WKH�SRZHU�ODZ�FDVH�ZH
ILQG�WKH�UHVXOWV�VKRZQ�LQ�)LJXUH�����E��ZKLFK�SORWV�WKH�IUDFWLRQ�RI�YHUWLFHV�WKDW�QHHG�EH�UHPRYHG�WR
GHVWUR\�WKH�JLDQW�FOXVWHU�DV�D�IXQFWLRQ�RI�WKH�H[SRQHQW�Į��$V�ZH�FDQ�VHH��WKH�FXUYH�SHDNV�DURXQG�Į� 
���� DW� D� YDOXH� MXVW� EHORZ� ���� 7KXV� LQ� QR� FDVH� QHHG� ZH� UHPRYH� PRUH� WKDQ� ��� WR� GHVWUR\� WKH
FRQQHFWLYLW\�LQ�WKH�QHWZRUN�
6FDOH�IUHH� QHWZRUNV� DUH� WKXV� SDUDGR[LFDOO\� ERWK� UREXVW� DQG� IUDJLOH�� D� SRLQW� ILUVW� HPSKDVL]HG� E\

$OEHUW�HW�DO��>��@��2Q�WKH�RQH�KDQG��WKH\�DUH�UHPDUNDEO\�UREXVW�WR�WKH�UDQGRP�IDLOXUH�RI�WKHLU�YHUWLFHV�
ZLWK�WKH�JLDQW�FOXVWHU�SHUVLVWLQJ�QR�PDWWHU�KRZ�PDQ\�YHUWLFHV�ZH�UHPRYH���$OWKRXJK�RQH�VKRXOG�EHDU
LQ�PLQG�WKH�SURYLVR�RI�6HFWLRQ��������WKDW�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU�PDWWHUV�DOVR��DQG�WKLV�EHFRPHV
YHU\� VPDOO� ZKHQ� WKH� IUDFWLRQ�ĳ� RI� RFFXSLHG� YHUWLFHV� WHQGV� WR� ]HUR���2Q� WKH� RWKHU� KDQG�� VFDOH�IUHH
QHWZRUNV� DUH�YHU\� IUDJLOH� WR� DWWDFNV� WDUJHWHG� VSHFLILFDOO\� DW� WKHLU� KLJKHVW�GHJUHH�YHUWLFHV��:H�QHHG
UHPRYH�RQO\�WKH�WLQLHVW�IUDFWLRQ�RI�WKH�KLJK�GHJUHH�KXEV�LQ�VXFK�D�QHWZRUN�WR�HQWLUHO\�GHVWUR\�WKH�JLDQW
FOXVWHU�
7KH�IUDJLOLW\�RI�VFDOH�IUHH�QHWZRUN�WR�VXFK�WDUJHWHG�DWWDFN�LV�ERWK�EDG�QHZV�DQG�JRRG�QHZV��6RPH

QHWZRUNV�ZH�ZLVK� WR� GHIHQG� DJDLQVW� SRVVLEOH� DWWDFN��7KH� ,QWHUQHW� LV� DQ� H[DPSOH�� D� FRPPXQLFDWLRQ
QHWZRUN� WKDW� FDQ�HDVLO\�EH�EURXJKW� GRZQ�E\�D�PDOLFLRXV� DGYHUVDU\� WDUJHWLQJ� MXVW� D� IHZ�RI� LWV�PRVW
FUXFLDO�YHUWLFHV�PD\�EH�D�GLVDVWHU�ZDLWLQJ�WR�KDSSHQ�
2Q�WKH�RWKHU�KDQG��UHVXOWV�OLNH�WKHVH�FRXOG�DOVR�EH�H[SORLWHG�WR�KHOS�HUDGLFDWH�RU�UHGXFH�GLVHDVH�E\

WDUJHWLQJ� YDFFLQDWLRQ� HIIRUWV� DW� QHWZRUN� KXEV�� ,W� LV�ZRUWK� QRWLQJ�� KRZHYHU�� WKDW� LW¶V� QRW� QHFHVVDULO\
HDV\�WR�ILQG�WKH�KXEV�LQ�D�QHWZRUN��VR�WKDW�LPSOHPHQWDWLRQ�RI�D�WDUJHWHG�YDFFLQDWLRQ�VWUDWHJ\�PD\�EH
GLIILFXOW��,Q�PRVW�FDVHV�RQH�GRHV�QRW�NQRZ�WKH�HQWLUH�QHWZRUN�DQG�VR�FDQQRW�VLPSO\�SLFN�RXW�WKH�KLJK�
GHJUHH�YHUWLFHV�IURP�D�OLVW�
2QH�LQWULJXLQJ�ZD\�RI�JHWWLQJ�DURXQG�WKLV�SUREOHP�KDV�EHHQ�SXW�IRUZDUG�E\�&RKHQ�HW�DO��>��@��ZKR

VXJJHVW�WKDW�ZH�PDNH�XVH�RI�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�LWVHOI�WR�ILQG�WKH�KLJK�GHJUHH�YHUWLFHV��,Q�WKHLU
VFKHPH��ZKLFK�WKH\�FDOO�³DFTXDLQWDQFH�LPPXQL]DWLRQ�´�WKH\�SURSRVH�WKDW�RQH�FKRRVH�PHPEHUV�RI�WKH
SRSXODWLRQ�DW�UDQGRP�DQG�WKHQ�JHW�HDFK�RI�WKHP�WR�QRPLQDWH�DQ�DFTXDLQWDQFH��7KHQ�WKDW�DFTXDLQWDQFH
UHFHLYHV�D�YDFFLQDWLRQ�DJDLQVW�WKH�GLVHDVH�XQGHU�FRQVLGHUDWLRQ��7KH�DFTXDLQWDQFH�LQ�WKLV�VFHQDULR�LV�D
³YHUWH[� DW� WKH� HQG� RI� DQ� HGJH�´� VR� LQ� WKH� FRQILJXUDWLRQ� PRGHO� LW� ZRXOG� KDYH� GHJUHH� GLVWULEXWHG
DFFRUGLQJ�WR�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��(T�����������UDWKHU�WKDQ�WKH�RULJLQDO�GHJUHH�GLVWULEXWLRQ�RI
WKH�QHWZRUN��%XW�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��DV�GLVFXVVHG�LQ�6HFWLRQ�������LV�ELDVHG�WRZDUGV�KLJK�
GHJUHH�YHUWLFHV�VLQFH�WKHUH�DUH�PRUH�HGJHV�WKDW�HQG�DW�D�KLJK�GHJUHH�YHUWH[�WKDQ�DW�D�ORZ�GHJUHH�RQH�
7KXV�WKH�VHOHFWLRQ�RI�LQGLYLGXDOV�LQ�WKH�VFKHPH�RI�&RKHQ�HW�DO��LV�DOVR�ELDVHG�WRZDUGV�WKRVH�ZLWK�KLJK
GHJUHH��7KH�VHOHFWHG�LQGLYLGXDOV�DUH�QRW�JXDUDQWHHG�WR�EH�WKH�KLJKHVW�GHJUHH�YHUWLFHV�LQ�WKH�QHWZRUN�
EXW�ZH�DUH�D�ORW�PRUH�OLNHO\�WR�ILQG�WKH�KXEV�WKLV�ZD\�WKDQ�LI�ZH�MXVW�FKRRVH�YHUWLFHV�DW�UDQGRP�DQG�LQ
VLPXODWLRQV�WKH�DFTXDLQWDQFH�LPPXQL]DWLRQ�VFKHPH�DSSHDUV�WR�ZRUN�TXLWH�ZHOO�
7KH�DFTXDLQWDQFH�LPPXQL]DWLRQ�VFKHPH�GRHV�KDYH�VRPH�GUDZEDFNV��)LUVW��FRQWDFW�QHWZRUNV�LQ�WKH

UHDO�ZRUOG� DUH� RI� FRXUVH� QRW� FRQILJXUDWLRQ�PRGHOV� DQG� LW� LV� XQFOHDU� KRZ�DFFXUDWHO\� WKH� WKHRUHWLFDO
UHVXOWV�GHVFULEH�UHDO�VLWXDWLRQV��6HFRQG��UHDO�FRQWDFW�QHWZRUNV�PRVWO\�GRQ¶W�KDYH�SRZHU�ODZ�GHJUHH
GLVWULEXWLRQV��LQVWHDG�KDYLQJ�VRPHZKDW�VKRUWHU�WDLOV�WKDQ�WKH�W\SLFDO�SRZHU�ODZ��ZKLFK�ZLOO�UHGXFH�WKH
HIIHFWLYHQHVV�RI�WKH�VFKHPH��RU�LQGHHG�RI�DQ\�VFKHPH�EDVHG�RQ�WDUJHWLQJ�WKH�KLJKO\�FRQQHFWHG�YHUWLFHV�
$QRWKHU� LVVXH� LV� WKDW�� LQ� DVNLQJ�SHRSOH� WR� QDPH� WKHLU� DFTXDLQWDQFHV�� WKH� DFTXDLQWDQFH� LPPXQL]DWLRQ
VFKHPH�QHFHVVDULO\�SUREHV�WKH�QHWZRUN�RI�ZKR�LV�DFTXDLQWHG�ZLWK�ZKRP��ZKLFK�LV�LQ�JHQHUDO�QRW�WKH



VDPH�DV�WKH�QHWZRUN�RI�GLVHDVH�WUDQVPLVVLRQ��VLQFH�SHRSOH�ZKR�DUH�DFTXDLQWHG�GRQ¶W�QHFHVVDULO\�KDYH
UHJXODU� SK\VLFDO� FRQWDFW� RI� WKH� W\SH� QHFHVVDU\� WR� VSUHDG� GLVHDVH� DQG� EHFDXVH� GLVHDVHV� FDQ� EH� DQG
RIWHQ�DUH�WUDQVPLWWHG�EHWZHHQ�SHRSOH�ZKR�GRQ¶W�NQRZ�RQH�DQRWKHU��:H�FDQ�GR�RXU�EHVW�WR�PDNH�WKH
QHWZRUNV�VLPLODU��DVNLQJ�SDUWLFLSDQWV�WR�QDPH�RQO\�DFTXDLQWDQFHV�ZKRP�WKH\�KDYH�VHHQ�UHFHQWO\�DQG
LQ�SHUVRQ��UDWKHU�WKDQ�WKRVH�WKH\�PLJKW�QRW�KDYH�VHHQ�IRU�D�ZKLOH�RU�PLJKW�RQO\�KDYH�WR�WDONHG�WR�RQ�WKH
SKRQH��6WLOO��WKH�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�QHWZRUNV�PHDQV�WKDW�WKH�VFKHPH�PLJKW�HQG�XS�IRFXVLQJ
YDFFLQDWLRQ�HIIRUWV�RQ�WKH�ZURQJ�VHW�RI�SHRSOH�
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+DYLQJ�VHHQ�KRZ�SHUFRODWLRQ�SOD\V�RXW�LQ�PRGHO�QHWZRUNV��OHW�XV�QRZ�WDNH�D�ORRN�DW�VRPH�UHDO�RQHV�
,I� ZH� KDYH� GDWD� RQ� WKH� VWUXFWXUH� RI� D� QHWZRUN� WKHQ�ZH� FDQ� VLPXODWH� WKH� SHUFRODWLRQ� SURFHVV� RQ� D
FRPSXWHU�� UHPRYLQJ� YHUWLFHV� RQH� E\� RQH� DQG� H[DPLQLQJ� WKH� UHVXOWLQJ� FOXVWHUV�� $OWKRXJK� WKLV� LV
VWUDLJKWIRUZDUG�LQ�WKHRU\��LW�UHTXLUHV�VRPH�FDUH�WR�JHW�JRRG�UHVXOWV�LQ�SUDFWLFH��7KH�PDLQ�LVVXH�LV�WKDW
WKH�SHUFRODWLRQ�SURFHVV�LV�QRUPDOO\�D�UDQGRP�RQH��WKH�YHUWLFHV�DUH�UHPRYHG�LQ�UDQGRP�RUGHU��ZKLFK
PHDQV� WKDW� WKH� FOXVWHU� VL]HV� FDQ� YDU\�GHSHQGLQJ�RQ� WKH�SUHFLVH� RUGHU�ZH� FKRRVH��(YHQ� LQ� WKH� FDVH
ZKHUH�YHUWLFHV�DUH�UHPRYHG�LQ�GHFUHDVLQJ�RUGHU�RI�WKHLU�GHJUHH�WKH�SURFHVV�LV�VWLOO�UDQGRP�WR�VRPH
H[WHQW�VLQFH�WKHUH�FDQ�EH�PDQ\�YHUWLFHV�ZLWK�D�JLYHQ�GHJUHH��DPRQJ�ZKLFK�ZH�PXVW�FKRRVH�VRPHKRZ�
7R�DYRLG�SRVVLEOH�ELDVHV��ZH�XVXDOO\�FKRRVH�DPRQJ�WKHP�DW�UDQGRP�
7KLV�UDQGRPQHVV�FDQ�HDVLO\�EH�VLPXODWHG�RQ�D�FRPSXWHU�XVLQJ�VWDQGDUG�UDQGRP�QXPEHU�JHQHUDWRUV�

EXW�WKH�UHVXOWV�RI�WKH�VLPXODWLRQ�ZLOO�WKHQ�YDU\�IURP�RQH�UXQ�RI�RXU�VLPXODWLRQ�WR�DQRWKHU�GHSHQGLQJ�RQ
WKH�RXWSXW�RI� WKH�JHQHUDWRU��7R�JHW�D�UHOLDEOH�SLFWXUH�RI�KRZ�SHUFRODWLRQ�DIIHFWV�D�QHWZRUN�ZH�PXVW
SHUIRUP�WKH�HQWLUH�FDOFXODWLRQ�PDQ\�WLPHV��UHPRYLQJ�WKH�YHUWLFHV�LQ�GLIIHUHQW�UDQGRP�RUGHUV�HDFK�WLPH�
VR�WKDW�ZH�FDQ�VHH�ZKDW�WKH�W\SLFDO�EHKDYLRU�LV��DV�ZHOO�DV�WKH�UDQJH�RI�YDULDWLRQ�DURXQG�WKDW�W\SLFDO
EHKDYLRU��$QG� WKLV� LQ� WXUQ� PHDQV� WKDW� ZH� QHHG� WR� EH� DEOH� WR� SHUIRUP� WKH� SHUFRODWLRQ� FDOFXODWLRQ
TXLFNO\�� ,Q�D� W\SLFDO�VLWXDWLRQ�ZH�PLJKW�ZDQW� WR� UHSHDW� WKH�SHUFRODWLRQ�FDOFXODWLRQ�D� WKRXVDQG� WLPHV
ZLWK� GLIIHUHQW� UDQGRP� RUGHUV� RI� UHPRYDO� DQG� HYHQ� LI� HDFK� FDOFXODWLRQ� WRRN� MXVW� RQH� PLQXWH� RI
FRPSXWHU�WLPH��DOO�WKRXVDQG�UXQV�ZRXOG�VWLOO�WDNH�D�GD\�
,I�ZH�DUH�FUDIW\��KRZHYHU��ZH�FDQ�GR�PXFK�EHWWHU�WKDQ�WKLV�DQG�JHW�DQ�DQVZHU�LQ�MXVW�D�IHZ�VHFRQGV

IRU�QHWZRUNV�RI�WKH�W\SLFDO�VL]HV�ZH�KDYH�EHHQ�FRQVLGHULQJ�LQ�WKLV�ERRN�
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7KH�VLPSOHVW�ZD\�WR�VLPXODWH�WKH�SHUFRODWLRQ�SURFHVV�RQ�D�FRPSXWHU�LV�WR�PDNH�XVH�RI�WKH�EUHDGWK�ILUVW
VHDUFK�DOJRULWKP�RI�6HFWLRQ���������ZKLFK�FDQ� ILQG�DOO� FRPSRQHQWV� LQ�D�QHWZRUN� LQ� WLPH�2�P� ��Q��
ZKHUH�P�LV�WKH�WRWDO�QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�DQG�Q�LV�WKH�WRWDO�QXPEHU�RI�YHUWLFHV��RU�MXVW�2�Q�
IRU�D�VSDUVH�QHWZRUN�LQ�ZKLFK�P��Q��,I�ZH�UHPRYH�D�FHUWDLQ�UDQGRPO\�FKRVHQ�VHW�RI�YHUWLFHV�IURP�D
QHWZRUN�� DORQJ� ZLWK� WKH� HGJHV� DWWDFKHG� WR� WKHP�� WKHQ� WKH� UHVXOWLQJ� SHUFRODWLRQ� FOXVWHUV� DUH� E\
GHILQLWLRQ�WKH�FRPSRQHQWV�RI�WKH�QHWZRUN�WKDW�UHPDLQV��DQG�KHQFH�ZH�FDQ�XVH�WKH�FRPSRQHQW�ILQGLQJ
DOJRULWKP�WR�ILQG�WKH�FOXVWHUV��7KHQ�ZH�FDQ��IRU�H[DPSOH��ORRN�WKURXJK�WKRVH�FOXVWHUV�XQWLO�ZH�ILQG�WKH
ODUJHVW�RQH�
,Q�WKH�FDVH�RI�XQLIRUPO\�UDQGRP�UHPRYDO�RI�YHUWLFHV��IRU�LQVWDQFH��ZH�ZRXOG�JR�WKURXJK�HDFK�YHUWH[

LQ�WXUQ��UHPRYLQJ�LW��DQG�LWV�HGJHV��IURP�WKH�QHWZRUN�ZLWK�SUREDELOLW\���í�ĳ��ILQGLQJ�WKH�FOXVWHUV��DQG
�VD\��PHDVXULQJ� WKH� VL]H�RI� WKH� ODUJHVW�RQH��7KHQ�ZH� UHSHDW� WKH�HQWLUH�FDOFXODWLRQ�� VWDUWLQJ�ZLWK� WKH
FRPSOHWH�QHWZRUN�DJDLQ��UHPRYLQJ�D�GLIIHUHQW�VHW�RI�YHUWLFHV��DQG�ILQGLQJ�WKH�FOXVWHUV��5HSHDWLQJ�WKH
FDOFXODWLRQ�D� ODUJH�QXPEHU�RI� WLPHV��ZH�FDQ�FDOFXODWH�D�PHDQ�YDOXH�6�ĳ�� IRU� WKH�VL]H�RI� WKH� ODUJHVW
FRPSRQHQW�ZKHQ�YHUWLFHV�DUH�SUHVHQW�RU�IXQFWLRQLQJ�ZLWK�SUREDELOLW\�ĳ�
,I�ZH�DUH� LQWHUHVWHG� LQ�RQO\�D� VLQJOH�YDOXH�RI�ĳ�� WKLV� LV�� LQ� IDFW�� WKH�EHVW�DOJRULWKP�WR�XVH�DQG� WKH

IDVWHVW�NQRZQ�ZD\�RI�JHWWLQJ�DQ�DQVZHU��8VXDOO\��KRZHYHU��ZH�DUH�LQWHUHVWHG��DV�LQ�SUHYLRXV�VHFWLRQV�
LQ�WKH�EHKDYLRU�RI�WKH�V\VWHP�RYHU�WKH�ZKROH�UDQJH�RI�ĳ�IURP�]HUR�WR�RQH��RU�DW�OHDVW�VRPH�SRUWLRQ�RI
WKDW�UDQJH��,Q�WKDW�FDVH��ZH�ZRXOG�KDYH�WR�UHSHDW�WKH�ZKROH�FDOFXODWLRQ�DERYH�IRU�PDQ\�YDOXHV�RI�ĳ�LQ
WKH� UDQJH� RI� LQWHUHVW� DQG� WKLV� SURFHVV� LV� WLPH�FRQVXPLQJ� DQG� LV� QRW� WKH� EHVW� ZD\� WR� DSSURDFK� WKH
SUREOHP�
&RQVLGHU� LQVWHDG� WKH� IROORZLQJ� DOWHUQDWLYH� DSSURDFK�� ZKLFK� DSSHDUV� DW� ILUVW� WR� EH� RQO\� D� VOLJKW

YDULDWLRQ�RQ�WKH�SUHYLRXV�RQH��EXW�OHDGV��DV�ZH�ZLOO�VHH��WR�PXFK�PRUH�HIILFLHQW�DOJRULWKPV��,QVWHDG�RI
PDNLQJ� HDFK� YHUWH[� LQ� WKH� QHWZRUN� RFFXSLHG� ZLWK� LQGHSHQGHQW� SUREDELOLW\�ĳ�� OHW� XV� PDNH� D� IL[HG
QXPEHU�U� RI� YHUWLFHV� RFFXSLHG�� UHSHDWLQJ� WKH� FDOFXODWLRQ� PDQ\� WLPHV� IRU� D� JLYHQ� YDOXH� RI�U� DQG
DYHUDJLQJ�WR�JHW�D�ILJXUH�6U�IRU�WKH�VL]H�RI�WKH�ODUJHVW�FRPSRQHQW��RU�DQ\�RWKHU�TXDQWLW\�RI�LQWHUHVW��DV�D
IXQFWLRQ�RI�U�
7KH�FDOFXODWLRQ�GRHVQ¶W�GLUHFWO\�JLYH�XV�WKH�UHVXOW�ZH�ZDQW��6U�LV�QRW�WKH�VDPH�DV�6�ĳ��DQG�LW�LV�WKH

ODWWHU� ZH� DUH� LQWHUHVWHG� LQ�� ,I�� KRZHYHU�� ZH� NQRZ� WKH� YDOXH� RI�6U� IRU� HYHU\� DOORZHG� YDOXH� RI� WKH
LQWHJHU�U�� L�H��� IURP��� WR�Q�� WKHQ�ZH� FDQ� FDOFXODWH�6�ĳ��DV� IROORZV�� ,I�HDFK�YHUWH[� LQ� WKH�QHWZRUN� LV
RFFXSLHG�ZLWK�SUREDELOLW\�ĳ��WKHQ�WKH�SUREDELOLW\�WKDW�WKHUH�DUH�H[DFWO\�U�YHUWLFHV�RFFXSLHG�LV�JLYHQ�E\
WKH�ELQRPLDO�GLVWULEXWLRQ
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$YHUDJLQJ�RYHU�WKLV�GLVWULEXWLRQ��WKH�DYHUDJH�VL]H�RI�WKH�ODUJHVW�FRPSRQHQW�DV�D�IXQFWLRQ�RI�ĳ�LV�WKHQ
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$W�ILUVW�VLJKW�� WKLV�DSSHDUV� WR�EH�D� OHVV�SURPLVLQJ�DSSURDFK�IRU�FDOFXODWLQJ�6�ĳ��WKDQ�WKH�SUHYLRXV

DSSURDFK��7R�PDNH�XVH�RI�(T�� ��������ZH�QHHG� WR�NQRZ�6U� IRU� DOO�U�DQG� LW� WDNHV� WLPH�2�P� ��Q�� WR
FDOFXODWH�6U� IRU� RQH� YDOXH� RI�U� XVLQJ� EUHDGWK�ILUVW� VHDUFK�� VR� LW� LV� JRLQJ� WR� WDNH� 2�Q�P� ��Q�� �� WR
FDOFXODWH� IRU� DOO�Q�YDOXHV��RU�2�Q���RQ�D� VSDUVH�QHWZRUN��*LYHQ� WKDW�ZH�DOVR�QHHG� WR�SHUIRUP�HDFK
FDOFXODWLRQ� RI�6U�PDQ\� WLPHV� WR� DYHUDJH�RYHU� WKH� UDQGRPQHVV�� WKH� HQWLUH�SURFHVV� FRXOG� WDNH� D�YHU\
ORQJ�WLPH�WR�FRPSOHWH�
7KHUH�LV�KRZHYHU�D�IDVWHU�ZD\�WR�FDOFXODWH�6U� IRU�DOO�U�� LQVSLUHG�E\�WKH�VLPSOH�REVHUYDWLRQ�WKDW�LI

ZH� KDYH� DOUHDG\� IRXQG� DOO� WKH� FOXVWHUV� LQ� D� QHWZRUN�ZLWK�U� YHUWLFHV� SUHVHQW�� WKHQ�ZH� FDQ� ILQG� WKH
FOXVWHUV�ZLWK�U�����YHUWLFHV�VLPSO\�E\�DGGLQJ�RQH�PRUH�YHUWH[��0RVW�RI�WKH�FOXVWHUV�GR�QRW�FKDQJH�YHU\
PXFK�ZKHQ�ZH�DGG� MXVW�RQH�YHUWH[��DQG� LI�ZH�FDQ� ILQG�RQO\� WKH�FOXVWHUV� WKDW�FKDQJH�XSRQ�DGGLQJ�D
YHUWH[�� WKHQ�ZH�FDQ� VDYH�RXUVHOYHV� WKH�ZRUN�RI�SHUIRUPLQJ�DQ�HQWLUH�QHZ�EUHDGWK�ILUVW� VHDUFK�� DQG
KHQFH�VDYH�RXUVHOYHV�D�ORW�RI�FRPSXWHU�WLPH��$�VLPSOH�DOJRULWKP�IRU�GRLQJ�WKLV�ZRUNV�DV�IROORZV�

�

)LJXUH� ������ 3HUFRODWLRQ� DOJRULWKP�� ,Q� WKH� SHUFRODWLRQ� DOJRULWKP� GHVFULEHG� LQ� WKH� WH[W� ZH� DGG
YHUWLFHV�WR�RXU�QHWZRUN�RQH�E\�RQH��UDWKHU�WKDQ�WDNLQJ�WKHP�DZD\��(DFK�DGGLWLRQ�FRQVLVWV�RI�VHYHUDO
VWHSV�� �D��:H�DGG� WKH�YHUWH[� LWVHOI�EXW�QRQH�RI� LWV�DFFRPSDQ\LQJ�HGJHV�\HW��$W� WKLV� VWDJH� WKH�YHUWH[
FRQVWLWXWHV�D�QHZ�FOXVWHU�LQ�LWV�RZQ�ULJKW���E��:H�VWDUW�DGGLQJ�WKH�DFFRPSDQ\LQJ�HGJHV��LI�DQ\��LQ�DQ\
RUGHU�ZH�OLNH��2QO\�HGJHV�WKDW�FRQQHFW�WR�RWKHU�YHUWLFHV�DOUHDG\�SUHVHQW�LQ�WKH�QHWZRUN�DUH�DGGHG��7KH
ILUVW�HGJH�DGGHG��LI�DQ\�DUH�DGGHG��ZLOO�WKXV��E\�GHILQLWLRQ��DOZD\V�MRLQ�WKH�QHZ�YHUWH[�WR�RQH�RI�WKH
SUHYLRXVO\�H[LVWLQJ�FOXVWHUV��2U�WR�SXW�LW�DQRWKHU�ZD\��LW�ZLOO�MRLQ�WZR�FOXVWHUV�WRJHWKHU��RQH�RI�WKH�ROG
FOXVWHUV�DQG�WKH�QHZ�FOXVWHU�WKDW�FRQVLVWV�RI�MXVW�WKH�VLQJOH�DGGHG�YHUWH[���F��,Q�WKLV�H[DPSOH�WKH�QH[W
HGJH� DGGHG� DOVR� MRLQV� WZR� FOXVWHUV� WRJHWKHU�� �G�� 7KH� ILQDO� HGJH� DGGHG� MRLQV� WZR� YHUWLFHV� WKDW� DUH



DOUHDG\�PHPEHUV�RI�WKH�VDPH�FOXVWHU��VR�WKH�FOXVWHU�VWUXFWXUH�RI�WKH�QHWZRUN�GRHV�QRW�FKDQJH�
�
�
5DWKHU� WKDQ� UHPRYLQJ� YHUWLFHV� IURP� WKH� FRPSOHWH� QHWZRUN�� RXU� DOJRULWKP�ZRUNV� E\� EXLOGLQJ� WKH

QHWZRUN�XS�IURP�DQ�LQLWLDO�VWDWH�LQ�ZKLFK�QR�YHUWLFHV�DUH�RFFXSLHG�DQG�VZLWFKLQJ�RQ�YHUWLFHV�RQH�E\
RQH� XQWLO� ZH� UHFRYHU� WKH� HQWLUH� QHWZRUN��$V�ZH� DGG� HDFK� YHUWH[� WR� WKH� QHWZRUN�ZH� DOVR� DGG� WKH
DFFRPSDQ\LQJ�HGJHV�WKDW�MRLQ�LW�WR�RWKHU�YHUWLFHV��2QO\�FRQQHFWLRQV�WR�RWKHU�YHUWLFHV�WKDW�DUH�DOUHDG\
SUHVHQW�QHHG�EH�DGGHG�
)RU�WKH�SXUSRVHV�RI�RXU�DOJRULWKP��OHW�XV�EUHDN�GRZQ�WKLV�SURFHVV�DV�VKRZQ�LQ�)LJ��������(DFK�QHZ

YHUWH[�LV� ILUVW�DGGHG�ZLWK�� LQLWLDOO\��QR�DFFRPSDQ\LQJ�HGJHV��SDQHO� �D�� LQ� WKH�ILJXUH��� ,Q� WKLV�VWDWH� LW
IRUPV� D� FOXVWHU� DOO� RQ� LWV� RZQ��7KHQ�� RQH� E\� RQH��ZH� DGG� LWV� HGJHV�� WKRVH� WKDW� FRQQHFW� LW� WR� RWKHU
YHUWLFHV� DOUHDG\� SUHVHQW�� ,I� WKHUH� DUH� QR� HGJHV� DWWDFKHG� WR� WKH� YHUWH[� RU� QRQH� FRQQHFW� WR� YHUWLFHV
DOUHDG\�SUHVHQW��WKHQ�RXU�QHZ�YHUWH[�UHPDLQV�D�FOXVWHU�RQ�LWV�RZQ��,I�WKHUH�DUH�HGJHV��KRZHYHU��WKHQ
WKH�ILUVW�HGJH�ZH�DGG�MRLQV�RXU�YHUWH[�WR�DQ�DGMDFHQW�FOXVWHU²VHH�)LJ������E��6XEVHTXHQW�HGJHV�DUH
PRUH� FRPSOLFDWHG�� 7KH\� FDQ� GR� RQH� RI� WZR� WKLQJV�� $Q� HGJH� FDQ� FRQQHFW� RXU� YHUWH[� WR� DQRWKHU�
GLIIHUHQW�FOXVWHU��LQ�ZKLFK�FDVH�LQ�WKH�SURFHVV�LW�MRLQV�WZR�FOXVWHUV�WRJHWKHU�PDNLQJ�WKHP�LQWR�D�VLQJOH
FOXVWHU²VHH�)LJ������F��$OWHUQDWLYHO\��LW�FRXOG�MRLQ�RXU�YHUWH[�WR�DQRWKHU�PHPEHU�RI�WKH�VDPH�FOXVWHU
WKDW�LW�DOUHDG\�EHORQJV�WR��DV�LQ�)LJ������G��,Q�WKLV�FDVH��QR�FOXVWHUV�DUH�MRLQHG�WRJHWKHU��DQG�LQ�WHUPV�RI
WKH�VL]H�DQG�LGHQWLW\�RI�WKH�FOXVWHUV�WKH�DGGHG�HGJH�KDV�QR�HIIHFW�

�

)LJXUH� ������8VLQJ� ODEHOV� WR� NHHS� WUDFN� RI� FOXVWHUV�� ,Q� WKH� DOJRULWKP� GHVFULEHG� LQ� WKH� WH[W�� HDFK
YHUWH[� LV� JLYHQ� D� ODEHO�� W\SLFDOO\� DQ� LQWHJHU�� WR� GHQRWH�ZKLFK� FOXVWHU� LW� EHORQJV� WR�� ,Q� WKLV� H[DPSOH
WKHUH�DUH�LQLWLDOO\�WZR�FOXVWHUV��ODEHOHG���DQG����7KHQ�D�QHZ�YHUWH[�LV�DGGHG�EHWZHHQ�WKHP���D��7KH
QHZ�YHUWH[�LV�DGGHG�LQLWLDOO\�ZLWKRXW�LWV�DFFRPSDQ\LQJ�HGJHV�DQG�LV�ODEHOHG�DV�D�QHZ�FOXVWHU��FOXVWHU
����E��$Q�HGJH�LV�DGGHG�WKDW�FRQQHFWV�FOXVWHU���WR�FOXVWHU����VR�ZH�UHODEHO�RQH�FOXVWHU�WR�JLYH�LW�WKH



VDPH�ODEHO�DV� WKH�RWKHU�� ,Q� WKH�DOJRULWKP�GHVFULEHG�LQ� WKH� WH[W�ZH�DOZD\V�UHODEHO� WKH�VPDOOHU�RI� WKH
WZR�FOXVWHUV��ZKLFK�LV�FOXVWHU���LQ�WKLV�FDVH���F��7KH�QH[W�HGJH�DGGHG�MRLQV�FOXVWHUV���DQG���DQG�ZH
UHODEHO�FOXVWHU���VLQFH�LW�LV�VPDOOHU�
�
�
7R�NHHS�WUDFN�RI�WKH�FOXVWHUV�LQ�WKH�QHWZRUN��WKHUHIRUH��RXU�DOJRULWKP�QHHGV�WR�GR�WZR�WKLQJV��)LUVW�

ZKHQ� DQ� HGJH� LV� DGGHG� LW� QHHGV� WR� LGHQWLI\� WKH� FOXVWHUV� WR�ZKLFK� WKH�YHUWLFHV� DW� HLWKHU� HQG�EHORQJ�
6HFRQG��LI�WKH�FOXVWHUV�DUH�GLIIHUHQW��LW�QHHGV�WR�MRLQ�WKHP�WRJHWKHU�LQWR�D�VLQJOH�FOXVWHU���,I�WKH\�DUH�WKH
VDPH�QRWKLQJ�QHHG�EH�GRQH��
7KHUH�DUH�YDULRXV�ZD\V�RI�DFKLHYLQJ�WKLV�EXW�D�VLPSOH�RQH�LV�MXVW�WR�SXW�D�ODEHO��VXFK�DV�DQ�LQWHJHU�

RQ�HDFK�YHUWH[�GHQRWLQJ�WKH�FOXVWHU�WR�ZKLFK�LW�EHORQJV²VHH�)LJ������D��7KHQ�LW�LV�D�VLPSOH�PDWWHU�WR
GHWHUPLQH�LI�WZR�YHUWLFHV�EHORQJ�WR�WKH�VDPH�FOXVWHU��WKH\�GR�LI�WKHLU�ODEHOV�DUH�WKH�VDPH���DQG�MRLQLQJ
WZR�FOXVWHUV�WRJHWKHU�LV�MXVW�D�PDWWHU�RI�UHODEHOLQJ�DOO�WKH�YHUWLFHV�LQ�RQH�RI�WKH�FOXVWHUV�WR�PDWFK�WKH
ODEHO�RI�WKH�RWKHU�FOXVWHU��7KLV�SURFHVV�LV�LOOXVWUDWHG�LQ�)LJ�������
7KHQ�RXU�DOJRULWKP�LV�DV�IROORZV�

���6WDUW�ZLWK�DQ�HPSW\�QHWZRUN�ZLWK�QR�RFFXSLHG�YHUWLFHV��/HW�F� ���EH�WKH�QXPEHU�RI�FOXVWHUV�LQ
WKH�QHWZRUN�LQLWLDOO\��&KRRVH�DW� UDQGRP�DQ�RUGHU�LQ�ZKLFK�WKH�YHUWLFHV�ZLOO�EH�DGGHG�WR� WKH
QHWZRUN�

���$GG�WKH�QH[W�YHUWH[�LQ�WKH�FKRVHQ�RUGHU��LQLWLDOO\�ZLWK�QR�HGJHV��7KLV�YHUWH[�LV�D�FOXVWHU�LQ�LWV
RZQ�ULJKW��VR�LQFUHDVH�F�E\�RQH�DQG�ODEHO�WKH�YHUWH[�ZLWK�ODEHO�F�WR�LQGLFDWH�ZKLFK�FOXVWHU�LW
EHORQJV�WR��$OVR�PDNH�D�QRWH�WKDW�FOXVWHU�F�KDV�VL]H���

���*R�WKURXJK�WKH�HGJHV�DWWDFKHG�WR�WKLV�YHUWH[�RQH�E\�RQH��)RU�HDFK�HGJH�GHWHUPLQH�ZKHWKHU�WKH
YHUWH[�DW� WKH�RWKHU�HQG�KDV�DOUHDG\�EHHQ�DGGHG�WR� WKH�QHWZRUN��,I� LW�KDV��DGG� WKH�HGJH� WR� WKH
QHWZRUN�

���$V�HDFK�HGJH�LV�DGGHG��H[DPLQH�WKH�FOXVWHU�ODEHOV�RI�WKH�YHUWLFHV�DW�HLWKHU�HQG��,I�WKH\�DUH�WKH
VDPH��GR�QRWKLQJ��,I�WKH\�DUH�GLIIHUHQW��FKRRVH�RQH�RI�WKH�FOXVWHUV�DQG�UHODEHO�DOO�LWV�YHUWLFHV�WR
KDYH�WKH�VDPH�ODEHO�DV�WKH�RWKHU�FOXVWHU��8SGDWH�WKH�UHFRUG�RI�WKH�VL]H�RI�WKH�FOXVWHU�WR�EH�HTXDO
WR�WKH�VXP�RI�WKH�VL]HV�RI�WKH�WZR�FOXVWHUV�IURP�ZKLFK�LW�ZDV�IRUPHG�

���5HSHDW�IURP�VWHS���XQWLO�DOO�YHUWLFHV�KDYH�EHHQ�DGGHG�
�

$W� WKH� HQG� RI� WKLV� SURFHVV�� ZH� KDYH� JRQH� IURP� DQ� HQWLUHO\� HPSW\� QHWZRUN� WR� WKH� FRPSOHWH� ILQDO
QHWZRUN�ZLWK� DOO� YHUWLFHV� DQG� HGJHV� SUHVHQW� DQG� LQ� EHWZHHQ�ZH� KDYH� SDVVHG� WKURXJK� D� VWDWH�ZLWK
HYHU\� SRVVLEOH� LQWHUPHGLDWH� QXPEHU�U� RI� YHUWLFHV�� 0RUHRYHU�� LQ� HDFK� RI� WKRVH� VWDWHV� ZH� KDG� D
FRPSOHWH�UHFRUG�RI�WKH�LGHQWLWLHV�DQG�VL]HV�RI�DOO�WKH�FOXVWHUV�ZKLFK�ZH�FDQ�XVH��IRU�LQVWDQFH��WR�ILQG
WKH�VL]H�6U�RI�WKH�ODUJHVW�FOXVWHU��7KHQ�ZH�FDQ�IHHG�WKH�UHVXOWV�LQWR�(T����������WR�JHW�6�ĳ�� IRU�DQ\�ĳ�
$V�EHIRUH��ZH�ZLOO�W\SLFDOO\�ZDQW�WR�DYHUDJH�WKH�UHVXOWV�RYHU�PDQ\�UXQV�RI�WKH�DOJRULWKP�WR�DOORZ�IRU
UDQGRP� YDULDWLRQV� IURP� RQH� UXQ� WR� DQRWKHU��ZKLFK� DULVH� IURP� YDULDWLRQV� LQ� WKH� RUGHU� LQ�ZKLFK� WKH
YHUWLFHV� DUH� DGGHG�� 7KLV�� KRZHYHU�� LV� QR� ORQJHU� D� VHULRXV� LPSHGLPHQW� WR� ILQLVKLQJ� WKH� FDOFXODWLRQ
EHFDXVH��LI�LPSOHPHQWHG�DSSURSULDWHO\��WKH�DOJRULWKP�FDQ�EH�PDGH�WR�UXQ�YHU\�TXLFNO\�
7KH�PRVW� WLPH�FRQVXPLQJ�SDUW�RI� WKH�DOJRULWKP�LV� WKH�UHODEHOLQJ�RI�FOXVWHUV�ZKHQ� WKH\�DUH� MRLQHG

WRJHWKHU��1RWH�KRZHYHU�WKDW�ZKHQ�DQ�HGJH�MRLQV�WZR�GLIIHUHQW�FOXVWHUV�ZH�DUH�IUHH�WR�FKRRVH�ZKLFK�RI
WKH�WZR�ZH�UHODEHO��,W�WXUQV�RXW�WKDW�WKH�VSHHG�RI�WKH�DOJRULWKP�FDQ�EH�LPSURYHG�JUHDWO\�LI�ZH�FKRRVH
DOZD\V�WR�UHODEHO�WKH�VPDOOHU�RQH���,I�WKH�WZR�FOXVWHUV�KDYH�WKH�VDPH�VL]H��LW�GRHV�QRW�PDWWHU�ZKLFK�ZH



FKRRVH�WR�UHODEHO���7R�VHH�WKLV��FRQVLGHU�WKH�IROORZLQJ�DUJXPHQW�
,I�ZH�DOZD\V�UHODEHO�WKH�VPDOOHU�RI�WZR�FOXVWHUV��WKHQ�WKH�UHODEHOHG�FOXVWHU�PXVW�KDYH�EHHQ�MRLQHG

ZLWK�RQH�DW�OHDVW�DV�ODUJH�DV�LWVHOI�DQG�KHQFH�LW�LV�QRZ�D�SDUW�RI�D�FOXVWHU�DW�OHDVW�WZLFH�LWV�VL]H��7KXV
HYHU\� WLPH� D� YHUWH[� LV� UHODEHOHG� WKH� FOXVWHU� LW� EHORQJV� WR� DW� OHDVW� GRXEOHV� LQ� VL]H��*LYHQ� WKDW� HDFK
YHUWH[�VWDUWV�RII�DV�D�FOXVWHU�LQ�LWV�RZQ�ULJKW�RI�VL]H����WKH�VL]H�RI�WKH�FOXVWHU�WR�ZKLFK�LW�EHORQJV�DIWHU�N
UHODEHOLQJV�LV�WKXV�DW�OHDVW��N��6LQFH�QR�YHUWH[�FDQ�EHORQJ�WR�D�FOXVWHU�RI�VL]H�JUHDWHU�WKDQ�WKH�VL]H�Q�RI
WKH�ZKROH� QHWZRUN�� WKH�PD[LPXP� QXPEHU� RI� UHODEHOLQJV� D� YHUWH[� FDQ� H[SHULHQFH� GXULQJ� WKH� HQWLUH
DOJRULWKP�LV�JLYHQ�E\��N� �Q�RU�N� �ORJ��Q��DQG�WKH�PD[LPXP�QXPEHU�RI�UHODEHOLQJ�RSHUDWLRQV�RQ�DOO�Q
YHUWLFHV�LV�WKXV�Q�ORJ��Q��7KXV�WKH�WRWDO�WLPH�WR�SHUIRUP�WKH�UHODEHOLQJ�SDUW�RI�WKH�DOJRULWKP�LV�2�Q�ORJ
Q��
7KH�RWKHU�SDUWV�RI�WKH�DOJRULWKP�DUH�W\SLFDOO\�IDVWHU�WKDQ�WKLV��7KH�DGGLQJ�RI�WKH�YHUWLFHV�WDNHV�2�Q�

WLPH�DQG�WKH�DGGLQJ�RI�WKH�HGJHV�WDNHV�2�P��WLPH��ZKLFK�LV�WKH�VDPH�DV�2�Q��RQ�D�VSDUVH�QHWZRUN�ZLWK
P��Q��6R�WKH�RYHUDOO�UXQQLQJ�WLPH�RI�WKH�DOJRULWKP�WR�OHDGLQJ�RUGHU�LV�2�P���Q� ORJ�Q���RU�2�Q� ORJ�Q�
RQ�D�VSDUVH�QHWZRUN��ZKLFK�LV�PXFK�EHWWHU�WKDQ�RXU�ILUVW�HVWLPDWH�RI�2�Q�P���Q���DERYH�
(VVHQWLDOO\� WKH� VDPH� DOJRULWKP� FDQ� DOVR� EH� XVHG� ZKHQ� YHUWLFHV� DUH� DGGHG� RU� UHPRYHG� ZLWK

SUREDELOLWLHV�RWKHU�WKDQ�WKH�XQLIRUPO\�UDQGRP�RQHV�FRQVLGHUHG�KHUH��)RU�LQVWDQFH��LI�YHUWLFHV�DUH�WR�EH
UHPRYHG�LQ�GHFUHDVLQJ�RUGHU�RI�WKHLU�GHJUHHV�ZH�VLPSO\�UHYHUVH�WKDW�SURFHVV�DQG�DGG�YHUWLFHV�WR�DQ
LQLWLDOO\� HPSW\� QHWZRUN� LQ� LQFUHDVLQJ� RUGHU� RI� GHJUHHV�� 7KH� GHWDLOV� RI� WKH� DOJRULWKP� LWVHOI� DUH
XQFKDQJHG²RQO\�WKH�RUGHU�RI�WKH�YHUWLFHV�FKDQJHV�
7KLV� DOJRULWKP�ZRUNV� ZHOO� LQ� SUDFWLFH� IRU� DOPRVW� DOO� FDOFXODWLRQV�� ,W� LV� QRW�� KRZHYHU�� WKH� YHU\

IDVWHVW�DOJRULWKP�IRU�WKH�SHUFRODWLRQ�SUREOHP��7KHUH�H[LVWV�DQ�HYHQ�IDVWHU�RQH��ZKLFK�UXQV�LQ�2�P���Q�
WLPH��RU�2�Q��IRU�D�VSDUVH�QHWZRUN��DQG�LV�DOVR�FRQVLGHUDEO\�VLPSOHU�WR�SURJUDP��DOWKRXJK�LWV�RXWZDUG
VLPSOLFLW\� KLGHV� VRPH� VXEWOHWLHV�� 7KH� UHDGHU� LQWHUHVWHG� LQ� OHDUQLQJ� PRUH� DERXW� WKLV� DSSURDFK� LV
HQFRXUDJHG�WR�ORRN�DW�5HI��>���@�
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�

)LJXUH� ������ VKRZV� UHVXOWV� IRU� IRXU� GLIIHUHQW� QHWZRUNV� DV� D� IXQFWLRQ� RI� WKH� IUDFWLRQ� RI� RFFXSLHG
YHUWLFHV��,Q�WKLV�FDVH��WKH�RFFXSLHG�YHUWLFHV�DUH�FKRVHQ�XQLIRUPO\�DW�UDQGRP��7KH�ILJXUH�VKRZV�LQ�HDFK
FDVH� WKH� VL]H�6� RI� WKH� ODUJHVW� FOXVWHU� DV� D� IUDFWLRQ� RI� V\VWHP� VL]H�� SORWWHG� DV� D� IXQFWLRQ� RI�ĳ�� $V
GHVFULEHG� LQ� 6HFWLRQ� �������� WKH� ODUJHVW� FOXVWHU� DFWV� DV� D� SUR[\� IRU� WKH� JLDQW� FOXVWHU� LQ� QXPHULFDO
FDOFXODWLRQV� RQ� IL[HG� QHWZRUNV� IRU�ZKLFK� WKH� LGHD� RI� D� JLDQW� FOXVWHU�� DV� D� FOXVWHU� WKDW� VFDOHV�ZLWK
V\VWHP�VL]H��LV�PHDQLQJOHVV�
7KH�WRS�WZR�QHWZRUNV�LQ�WKH�ILJXUH��D�SRZHU�JULG�DQG�D�URDG�QHWZRUN��DUH�ERWK�QHWZRUNV�ZLWK�QRQ�

SRZHU�ODZ� GHJUHH� GLVWULEXWLRQV²WKH� SRZHU� JULG� KDV� D� URXJKO\� H[SRQHQWLDO� GLVWULEXWLRQ� ZKLOH� WKH
URDG�QHWZRUN�KDV�RQO\�YHUWLFHV�RI�GHJUHH�RQH�WR�IRXU�DQG�QRWKLQJ�HOVH��)RU�WKHVH�FDVHV��ZH�H[SHFW�WR
VHH�EHKDYLRU�RI�WKH�JHQHULF�W\SH�GHVFULEHG�LQ�6HFWLRQ���������D�FRQWLQXRXV�SHUFRODWLRQ�WUDQVLWLRQ�DW�D
QRQ�]HUR�YDOXH�RI�ĳ�IURP�D�UHJLPH�LQ�ZKLFK�6� ���WR�D�UHJLPH�RI�QRQ�]HUR�6��%HFDXVH�WKH�QHWZRUNV�DUH
UHODWLYHO\� VPDOO�� KRZHYHU� ������ YHUWLFHV� IRU� WKH� SRZHU� JULG�� ���� IRU� WKH� URDG� QHWZRUN��� ZH� DOVR
H[SHFW�WR�VHH�VRPH�URXQGLQJ�RI�WKH�WUDQVLWLRQ��VHH�6HFWLRQ���������

�

)LJXUH��������6L]H�RI�WKH�ODUJHVW�SHUFRODWLRQ�FOXVWHU�DV�D�IXQFWLRQ�RI�RFFXSDWLRQ�SUREDELOLW\�IRU
IRXU�QHWZRUNV�� 7KH� IRXU� IUDPHV� RI� WKLV� ILJXUH� VKRZ� WKH� VL]H� RI� WKH� ODUJHVW� FOXVWHU��PHDVXUHG� DV� D
IUDFWLRQ�RI�QHWZRUN�VL]H��IRU�UDQGRP�UHPRYDO�RI�YHUWLFHV�IURP�IRXU�UHDO�ZRUOG�QHWZRUNV��WKH�ZHVWHUQ
8QLWHG�6WDWHV�SRZHU�JULG��WKH�QHWZRUN�IRUPHG�E\�WKH�86�,QWHUVWDWH�KLJKZD\V��WKH�,QWHUQHW�DW�WKH�OHYHO
RI�DXWRQRPRXV�V\VWHPV��DQG�D�VRFLDO�QHWZRUN�RI�SURIHVVLRQDO�FROODERUDWLRQV�EHWZHHQ�SK\VLFLVWV��(DFK
FXUYH�LV�DYHUDJHG�RYHU������UDQGRP�UHSHWLWLRQV�RI�WKH�FDOFXODWLRQ��ZKLFK�LV�ZK\�WKH�FXUYHV�DSSHDU
VPRRWK�
�



�
$QG�WKLV�LV�LQ�IDFW�ZKDW�ZH�GR�VHH��,Q�HDFK�RI�WKHVH�WZR�FDVHV�6� LV�FORVH�WR�]HUR�EHORZ�D�FHUWDLQ

YDOXH�RI�ĳ��WKHQ�JURZV�UDSLGO\�EXW�ZLWK�D�FHUWDLQ�DPRXQW�RI�URXQGLQJ�QHDU�WKH�WUDQVLWLRQ��2YHUDOO��RWKHU
WKDQ�WKH�URXQGLQJ��WKH�VKDSH�RI�WKH�FXUYHV�LV�TXDOLWDWLYHO\�VLPLODU�WR�WKDW�RI�)LJ��������2QH�FRXOG�HYHQ
WHQWDWLYHO\�PDNH�DQ�HVWLPDWH�RI�WKH�SHUFRODWLRQ�WUDQVLWLRQ��ZKLFK�DSSHDUV�WR�IDOO�DURXQG�ĳ� �����RU����
LQ�ERWK�QHWZRUNV�
7KH�ERWWRP�WZR�IUDPHV�LQ�WKH�ILJXUH�WHOO�D�GLIIHUHQW�VWRU\��7KHVH�VKRZ�UHVXOWV�IRU�SHUFRODWLRQ�RQ�WKH

,QWHUQHW� DQG� D� VRFLDO� QHWZRUN�� %RWK� RI� WKHVH� QHWZRUNV� KDYH� DSSUR[LPDWHO\� SRZHU�ODZ� GHJUHH
GLVWULEXWLRQV� DQG� WKXV�� EDVHG� RQ� WKH� LQVLJKWV� RI� 6HFWLRQ� �������� PLJKW� EH� H[SHFWHG� WR� VKRZ� QR
SHUFRODWLRQ� WUDQVLWLRQ� �RU� D� WUDQVLWLRQ� DW�ĳ�  � �� LI� \RX� SUHIHU�� DQG� QRQ�OLQHDU� JURZWK� RI� WKH� ODUJHVW
FOXVWHU� ZLWK� JURZLQJ�ĳ��$JDLQ�RXU� H[SHFWDWLRQV� VHHP� WR�EH�ERUQH�RXW�� DW� OHDVW�TXDOLWDWLYHO\�� E\� WKH
QXPHULFDO�UHVXOWV��,Q�ERWK�QHWZRUNV�WKH�YDOXH�RI�6�DSSHDUV�WR�WDNH�QRQ�]HUR�YDOXHV�IRU�DOO�ĳ�!���DQG
WKH�LQLWLDO�JURZWK�IRU�VPDOO�ĳ�VKRZV�VRPH�FXUYDWXUH��LQGLFDWLQJ�QRQ�OLQHDU�EHKDYLRU�
7KXV�RXU�SHUFRODWLRQ�WKHRU\�IRU�UDQGRP�JUDSKV�VHHPV�LQ�WKLV�FDVH�WR�SURYLGH�D�JRRG�JHQHUDO�JXLGH

WR� WKH� UREXVWQHVV� RI� QHWZRUNV�� 7KH� SRZHU�ODZ� QHWZRUNV� DUH� UREXVW� DJDLQVW� UDQGRP� UHPRYDO� RI
YHUWLFHV��LQ�WKH�VHQVH�WKDW�D�IUDFWLRQ�RI�WKH�YHUWLFHV�WKDW�KDYHQ¶W�EHHQ�UHPRYHG�UHPDLQ�FRQQHFWHG�LQ�D
ODUJH�FOXVWHU�HYHQ�ZKHQ�PRVW�YHUWLFHV�KDYH�EHHQ�UHPRYHG��7KH�QRQ�SRZHU�ODZ�QHWZRUNV��E\�FRQWUDVW�
EHFRPH�HVVHQWLDOO\�GLVFRQQHFWHG�DIWHU�UHODWLYHO\�IHZ�YHUWLFHV�KDYH�EHHQ�UHPRYHG²MXVW�DERXW�����LQ
WKLV�FDVH�
)LJXUH� ������ VKRZV� UHVXOWV� IRU� WKH� VDPH� IRXU� QHWZRUNV�ZKHQ� YHUWLFHV� DUH� UHPRYHG� LQ� RUGHU� RI

GHJUHH��KLJKHVW�GHJUHHV�ILUVW��$V�ZH�FDQ�VHH��WKLV�³DWWDFN´�RQ�WKH�QHWZRUN�LV�PRUH�HIIHFWLYH�DW�UHGXFLQJ
WKH� VL]H� RI� WKH� ODUJHVW� FRPSRQHQW� WKDQ� LV� UDQGRP� UHPRYDO� IRU� DOO� IRXU� QHWZRUNV�� +RZHYHU�� WKH
GLIIHUHQFH�EHWZHHQ�)LJV��������DQG�������LV�QRW�VR�JUHDW�IRU�WKH�ILUVW� WZR�QHWZRUNV�� WKH�SRZHU�JULG
DQG�WKH�URDG�QHWZRUN��7KH�JLDQW�FRPSRQHQW�LQ�ERWK�RI�WKHVH�QHWZRUNV�VXUYLYHV�QHDUO\�DV�ORQJ�XQGHU
WKH� WDUJHWHG� DWWDFN� DV� XQGHU� UDQGRP� UHPRYDO�� 7KLV� LV� DV� ZH� ZRXOG� H[SHFW�� VLQFH� QHLWKHU� KDV� D
VLJQLILFDQW�QXPEHU�RI�YHU\�KLJK�GHJUHH�YHUWLFHV� �WKH� URDG�QHWZRUN��ZLWK�PD[LPXP�GHJUHH� IRXU��KDV
QRQH�DW�DOO���VR�WKDW�UHPRYDO�RI�WKH�KLJKHVW�GHJUHH�YHUWLFHV�LV�QRW�VR�YHU\�GLIIHUHQW�IURP�WKH�UHPRYDO�RI
YHUWLFHV�RI�DYHUDJH�GHJUHH�
)RU� WKH� VHFRQG� WZR� QHWZRUNV�� KRZHYHU�� WKH� ,QWHUQHW� DQG� WKH� FROODERUDWLRQ� QHWZRUN�� ZKLFK� ERWK

KDYH� URXJKO\� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQV�� WKH� HIIHFW� LV� IDU� ODUJHU��:KHUH� WKHVH� QHWZRUNV�ZHUH
PRUH� UHVLOLHQW� WR� UDQGRP� UHPRYDO� WKDQ� WKH\� RWKHUV�� WKH\� DUH� FOHDUO\� OHVV� UHVLOLHQW�� DW� OHDVW� E\� WKLV
PHDVXUH��WR�WDUJHWHG�DWWDFN��7KH�,QWHUQHW�LQ�SDUWLFXODU�KDV�D�ODUJHVW�FOXVWHU�VL]H�WKDW�IDOOV�HVVHQWLDOO\�WR
]HUR�ZKHQ�RQO\�DERXW����RI�LWV�KLJKHVW�GHJUHH�YHUWLFHV�KDYH�EHHQ�UHPRYHG��D�EHKDYLRU�VLPLODU�DJDLQ
WR�RXU�WKHRUHWLFDO�FDOFXODWLRQV��VHH�)LJ�������RQ�SDJH�������7KXV�WKH�UHDO�,QWHUQHW�DSSHDUV�WR�VKRZ�WKH
PL[�RI�UREXVW�DQG�IUDJLOH�EHKDYLRU�WKDW�ZH�VDZ�LQ�RXU�FDOFXODWLRQV�IRU�WKH�FRQILJXUDWLRQ�PRGHO��EHLQJ
UHPDUNDEO\�UHVLOLHQW�WR�WKH�UDQGRP�UHPRYDO�RI�YHUWLFHV�EXW�IDU�PRUH�VXVFHSWLEOH�WR�WDUJHWHG�DWWDFNV�



�

)LJXUH��������6L]H�RI�WKH�ODUJHVW�SHUFRODWLRQ�FOXVWHU�DV�D�IXQFWLRQ�RI�RFFXSDWLRQ�SUREDELOLW\�IRU
WDUJHWHG� DWWDFNV� RQ� IRXU� QHWZRUNV�� 7KH� IRXU� IUDPHV� LQ� WKLV� ILJXUH� VKRZ� WKH� VL]H� RI� WKH� ODUJHVW
FOXVWHU�� PHDVXUHG� DV� D� IUDFWLRQ� RI� QHWZRUN� VL]H�� IRU� WKH� VDPH� IRXU� QHWZRUNV� DV� )LJ�� ������� ZKHQ
YHUWLFHV� DUH� UHPRYHG� LQ� GHJUHH� RUGHU�� KLJKHVW�GHJUHH� YHUWLFHV� ILUVW�� 6LQFH� WKLV� LV� PRVWO\� D
GHWHUPLQLVWLF�SURFHVV�DQG�QRW�D�UDQGRP�RQH��H[FHSW�IRU�UDQGRP�FKRLFHV�EHWZHHQ�YHUWLFHV�RI�WKH�VDPH
GHJUHH��WKH�FXUYHV�FDQQRW�EH�DYHUDJHG�DV�LQ�)LJ��������DQG�VR�DUH�UHODWLYHO\�MDJJHG�
�
�
2YHUDOO�� WKHUHIRUH�� WKH� SHUFRODWLRQ� WKHRU\� VHHPV� WR� EH� VXFFHVVIXO� DV� D� TXDOLWDWLYH� JXLGH� WR� WKH

UHVLOLHQFH� RI� QHWZRUNV�� &HUWDLQO\� LW� GRHV� QRW� SHUIHFWO\� SUHGLFW� WKH� H[DFW� EHKDYLRU� RI� LQGLYLGXDO
QHWZRUNV�� EXW� LW� JLYHV� D� JRRG� IHHO� IRU� WKH� EHKDYLRU�ZH� H[SHFW� RI� QHWZRUNV� DV� YHUWLFHV� IDLO� RU� DUH
UHPRYHG��DV�D�IXQFWLRQ�RI�WKHLU�GHJUHH�GLVWULEXWLRQ�
,Q� WKH� QH[W� FKDSWHU�ZH�ZLOO� VHH� DQRWKHU� DSSOLFDWLRQ� RI� SHUFRODWLRQ�� WR� WKH� VSUHDG� RI� GLVHDVHV� LQ

QHWZRUNV�
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�

����� &RQVLGHU� WKH� SUREOHP� RI� ERQG� SHUFRODWLRQ� RQ� D� VTXDUH� ODWWLFH� DQG� FRQVLGHU� WKH� IROORZLQJ
FRQVWUXFWLRQ�

�

+HUH�ZH�KDYH�WDNHQ�D�ERQG�SHUFRODWLRQ�V\VWHP��LQ�EODFN��DQG�FRQVWUXFWHG�DQRWKHU�RQH�LQWHUORFNLQJ�LW
�LQ�JUD\���VXFK�WKDW�WKH�ERQGV�RI�WKH�QHZ�V\VWHP�DUH�RFFXSLHG�LI�DQG�RQO\�LI�WKH�LQWHUVHFWLQJ�ERQG�RQ
WKH�ROG�V\VWHP�ZDV�QRW��6XFK�DQ�LQWHUORFNLQJ�V\VWHP�LV�FDOOHG�D�GXDO�ODWWLFH�

D��,I�WKH�IUDFWLRQ�RI�RFFXSLHG�ERQGV�RQ�WKH�RULJLQDO�ODWWLFH�LV�ĳ��ZKDW�LV�WKH�IUDFWLRQ�RI�RFFXSLHG
ERQGV�RQ�WKH�GXDO�ODWWLFH"

E��6KRZ�WKDW�WKHUH�LV�D�SDWK�IURP�WRS�WR�ERWWRP�RI�WKH�GXDO�ODWWLFH�LI�DQG�RQO\�LI�WKHUH�LV�QR�SDWK
IURP�VLGH�WR�VLGH�RI�WKH�RULJLQDO�ODWWLFH�

F��+HQFH�VKRZ�WKDW�WKH�SHUFRODWLRQ�WUDQVLWLRQ�IRU�WKH�VTXDUH�ODWWLFH�RFFXUV�DW� �
�

�����&RQVLGHU�WKH�VLWH�SHUFRODWLRQ�SUREOHP�ZLWK�RFFXSDWLRQ�SUREDELOLW\�ĳ�RQ�D�3RLVVRQ�UDQGRP�JUDSK
ZLWK�PHDQ�GHJUHH�F��/HW�ʌV�EH�WKH�SUREDELOLW\�WKDW�D�YHUWH[�EHORQJV�WR�DQ�QRQ�JLDQW�SHUFRODWLRQ�FOXVWHU
RI�V�YHUWLFHV�DQG�GHILQH�D�JHQHUDWLQJ�IXQFWLRQ�K�]�� � �

D��6KRZ�WKDW�K�]�� ���í�ĳ���ĳ]HF>K�]�í�@�
E�� +HQFH� VKRZ� WKDW� WKH�PHDQ� VL]H� RI� D� VPDOO� FOXVWHU� LQ� WKH� QRQ�SHUFRODWLQJ� UHJLPH� �QR� JLDQW
FOXVWHU��LV



�

F��'HILQH�¦�]�� �>K�]��í�����ĳ@�ĳ��8VLQJ�WKH�/DJUDQJH�LQYHUVLRQ�IRUPXOD��(T�����������VROYH�IRU
WKH�FRHIILFLHQWV�LQ�WKH�VHULHV�H[SDQVLRQ�RI�¦�]��DQG�KHQFH�VKRZ�WKDW

�

�

�����&RQVLGHU�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�WKDW�KDV�YHUWLFHV�RI�GHJUHH�������DQG���RQO\��LQ�IUDFWLRQV
S���S���DQG�S���UHVSHFWLYHO\�

D��)LQG�WKH�YDOXH�RI�WKH�FULWLFDO�YHUWH[�RFFXSDWLRQ�SUREDELOLW\�ĳF�DW�ZKLFK�VLWH�SHUFRODWLRQ�WDNHV
SODFH�RQ�WKH�QHWZRUN�

E��6KRZ�WKDW�WKHUH�LV�QR�JLDQW�FOXVWHU�IRU�DQ\�YDOXH�RI�WKH�RFFXSDWLRQ�SUREDELOLW\�ĳ� LI�S��!��S��
:K\�GRHV�WKLV�UHVXOW�QRW�GHSHQG�RQ�S�"

F��)LQG�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU�DV�D�IXQFWLRQ�RI�ĳ���+LQW��\RX�PD\�ILQG�LW�XVHIXO�WR�UHPHPEHU
WKDW�X� ���LV�DOZD\V�D�VROXWLRQ�RI�WKH�HTXDWLRQ�X� ���í�ĳ���ĳJ���X���

�

�����,Q�6HFWLRQ������ZH�H[DPLQHG�ZKDW�KDSSHQV�ZKHQ�WKH�KLJKHVW�GHJUHH�YHUWLFHV�DUH�UHPRYHG�IURP�D
FRQILJXUDWLRQ�PRGHO�QHWZRUN�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�SN� �NíĮ���ȗ�Į��IRU�N�����DQG�S�� 
��

D��6KRZ�WKDW�LQ�WKLV�FDVH�WKH�SKDVH�WUDQVLWLRQ�DW�ZKLFK�WKH�JLDQW�FOXVWHU�GLVDSSHDUV�RFFXUV�ZKHQ
DOO�YHUWLFHV�ZLWK�GHJUHH�N�!�N��KDYH�EHHQ�UHPRYHG��ZKHUH�WKH�FXW�RII�SDUDPHWHU�N��VDWLVILHV

�

E��8VLQJ�WKH�IDFW�WKDW� ��DQG�PDNLQJ�XVH�RI�WKH�WUDSH]RLGDO�UXOH��(T�����������RQ
SDJH������IRU�ODUJH�YDOXHV�RI�N��VKRZ�WKDW

�

F��.HHSLQJ�OHDGLQJ�RUGHU�WHUPV�LQ�N��RQO\��VKRZ�WKDW�WKH�JLDQW�FOXVWHU�GLVDSSHDUV�DSSUR[LPDWHO\
ZKHQ��N������íĮ��� ��Į�����>ȗ��Į���������ȗ��Į�����@�

G��)LQG�WKH�DSSUR[LPDWH�YDOXH�RI�N��DW�WKH�SRLQW�ZKHUH�WKH�JLDQW�FOXVWHU�GLVDSSHDUV�IRU�Į� �����
�



����� &RQVLGHU� WKH� FRPSXWHU� DOJRULWKP� IRU� SHUFRODWLRQ� GHVFULEHG� LQ� 6HFWLRQ� ������ EXW� VXSSRVH� WKDW
XSRQ�WKH�DGGLWLRQ�RI�DQ�HGJH�EHWZHHQ�WZR�FOXVWHUV�ZH�UHODEHO�QRW�WKH�VPDOOHU�RI�WKH�WZR�FOXVWHUV�EXW
RQH�RU�WKH�RWKHU�FKRVHQ�DW�UDQGRP��6KRZ�E\�DQ�DUJXPHQW�DQDORJRXV�WR�WKH�RQH�LQ�6HFWLRQ������WKDW�WKH
ZRUVW�FDVH�UXQQLQJ�WLPH�RI�WKLV�DOJRULWKP�LV�2�Q����ZKLFK�LV�VXEVWDQWLDOO\�ZRUVH�WKDQ�WKH�2�Q�ORJ�Q��RI
WKH�DOJRULWKP�WKDW�DOZD\V�UHODEHOV�WKH�VPDOOHU�FOXVWHU�
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$Q�LQWURGXFWLRQ�WR�WKH�WKHRU\�RI�WKH�HSLGHPLF�SURFHVVHV�E\�ZKLFK�GLVHDVHV�VSUHDG�RYHU
QHWZRUNV�RI�FRQWDFW�EHWZHHQ�KXPDQV��DQLPDOV��SODQWV��DQG�HYHQ�FRPSXWHUV

�

21(�2)�WKH�UHDVRQV�IRU�WKH�ODUJH�LQYHVWPHQW�WKH�VFLHQWLILF�FRPPXQLW\�KDV�PDGH�LQ�WKH�VWXG\�RI�VRFLDO
QHWZRUNV�LV�WKHLU�FRQQHFWLRQ�ZLWK�WKH�VSUHDG�RI�GLVHDVH��'LVHDVHV�VSUHDG�RYHU�QHWZRUNV�RI�FRQWDFWV
EHWZHHQ� LQGLYLGXDOV�� DLUERUQH� GLVHDVHV� OLNH� LQIOXHQ]D� RU� WXEHUFXORVLV� DUH� FRPPXQLFDWHG�ZKHQ� WZR
SHRSOH� EUHDWKH� WKH� DLU� LQ� WKH� VDPH� URRP�� FRQWDJLRXV� GLVHDVHV� DQG� SDUDVLWHV� FDQ� EH� FRPPXQLFDWHG
ZKHQ�SHRSOH�WRXFK��+,9�DQG�RWKHU�VH[XDOO\�WUDQVPLWWHG�GLVHDVHV�DUH�FRPPXQLFDWHG�ZKHQ�SHRSOH�KDYH
VH[��7KH�SDWWHUQV�RI�VXFK�FRQWDFWV�FDQ�EH�UHSUHVHQWHG�DV�QHWZRUNV�DQG�D�JRRG�GHDO�RI�HIIRUW�KDV�EHHQ
GHYRWHG�WR�HPSLULFDO�VWXGLHV�RI�WKHVH�QHWZRUNV¶�VWUXFWXUH��:H�KDYH�DOUHDG\�GLVFXVVHG�VRPH�QHWZRUN
DVSHFWV�RI�HSLGHPLRORJ\�LQ�WKH�SUHYLRXV�FKDSWHU�ZKHQ�ZH�FRQVLGHUHG�VLWH�SHUFRODWLRQ�DV�D�PRGHO�IRU
WKH�HIIHFWV�RI�YDFFLQDWLRQ��,Q�WKLV�FKDSWHU�ZH�ORRN�LQ�PRUH�GHWDLO�DW�WKH�FRQQHFWLRQV�EHWZHHQ�QHWZRUN
VWUXFWXUH�DQG�GLVHDVH�G\QDPLFV�DQG�DW�PDWKHPDWLFDO�WKHRULHV�WKDW�DOORZ�XV�WR�XQGHUVWDQG�DQG�SUHGLFW
WKH�RXWFRPHV�RI�HSLGHPLFV�
2Q�D�UHODWHG�WRSLF��UHFHQW�\HDUV�KDYH�VHHQ�WKH�HPHUJHQFH�RI�D�QHZ�W\SH�RI�LQIHFWLRQ��WKH�FRPSXWHU

YLUXV�� D� VHOI�UHSURGXFLQJ� FRPSXWHU� SURJUDP� WKDW� VSUHDGV� IURP� FRPSXWHU� WR� FRPSXWHU� LQ� D� PDQQHU
VLPLODU� WR� WKH� VSUHDG� RI� SDWKRJHQLF� LQIHFWLRQV� EHWZHHQ� KXPDQV� RU� DQLPDOV�� 0DQ\� RI� WKH� LGHDV
GHVFULEHG�LQ�WKLV�FKDSWHU�FDQ�EH�DSSOLHG�QRW�RQO\�WR�KXPDQ�GLVHDVHV�EXW�DOVR�WR�FRPSXWHU�YLUXVHV�
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7KH�ELRORJ\�RI�ZKDW�KDSSHQV�ZKHQ�DQ� LQGLYLGXDO� �D�³KRVW´� LQ� WKH�HSLGHPLRORJ\� MDUJRQ��FDWFKHV� DQ
LQIHFWLRQ�LV�FRPSOLFDWHG��7KH�SDWKRJHQ�UHVSRQVLEOH�IRU�WKH�LQIHFWLRQ�W\SLFDOO\�PXOWLSOLHV�LQ�WKH�ERG\
ZKLOH�WKH�LPPXQH�V\VWHP�DWWHPSWV�WR�EHDW�LW�EDFN��RIWHQ�FDXVLQJ�V\PSWRPV�LQ�WKH�SURFHVV��2QH�RU�WKH
RWKHU�XVXDOO\�ZLQV� LQ� WKH�HQG�� WKRXJK�VRPHWLPHV�QHLWKHU��ZLWK� WKH�ILQDO� UHVXOW�EHLQJ� WKH� LQGLYLGXDO¶V
UHFRYHU\�� WKHLU� GHDWK�� RU� D� FKURQLF� GLVHDVH� VWDWH� RI� SHUPDQHQW� LQIHFWLRQ�� ,Q� WKHRU\� LI� ZH� ZDQW� WR
XQGHUVWDQG� IXOO\� KRZ�GLVHDVHV� VSUHDG� WKURXJK� SRSXODWLRQV�ZH� QHHG� WR� WDNH� DOO� RI� WKLV� ELRORJ\� LQWR
DFFRXQW�� EXW� LQ� SUDFWLFH� WKDW¶V� XVXDOO\� D� GDXQWLQJO\� ODUJH� MRE� DQG� LW� LV� UDUHO\�� LI� HYHU�� DWWHPSWHG�
/XFNLO\�WKHUH�DUH�PRUH�WUDFWDEOH�DSSURDFKHV�EDVHG�RQ�VLPSOLILHG�PRGHOV�RI�GLVHDVH�VSUHDG�WKDW�JLYH�D
JRRG�JXLGH�WR�GLVHDVH�EHKDYLRU�LQ�PDQ\�FDVHV�DQG�LW�LV�RQ�WKHVH�WKDW�ZH�IRFXV�LQ�WKLV�FKDSWHU�
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,Q�WKH�W\SLFDO�PDWKHPDWLFDO�UHSUHVHQWDWLRQ�RI�DQ�HSLGHPLF�WKH�ZLWKLQ�KRVW�G\QDPLFV�RI�WKH�GLVHDVH�LV
UHGXFHG� WR� FKDQJHV� EHWZHHQ� D� IHZ� EDVLF� GLVHDVH� VWDWHV�� ,Q� WKH� VLPSOHVW� YHUVLRQ� WKHUH� DUH� MXVW� WZR
VWDWHV��VXVFHSWLEOH�DQG�LQIHFWHG��$Q�LQGLYLGXDO�LQ�WKH�VXVFHSWLEOH�VWDWH�LV�VRPHRQH�ZKR�GRHV�QRW�KDYH
WKH�GLVHDVH�\HW�EXW�FRXOG�FDWFK�LW�LI�WKH\�FRPH�LQWR�FRQWDFW�ZLWK�VRPHRQH�ZKR�GRHV��$Q�LQGLYLGXDO�LQ
WKH� LQIHFWHG�VWDWH� LV�VRPHRQH�ZKR�KDV� WKH�GLVHDVH�DQG�FDQ��SRWHQWLDOO\��SDVV� LW�RQ� LI� WKH\�FRPH�LQWR
FRQWDFW� ZLWK� D� VXVFHSWLEOH� LQGLYLGXDO����� $OWKRXJK� WKLV� WZR�VWDWH� FODVVLILFDWLRQ� VZHHSV� D� ORW� RI
ELRORJLFDO�GHWDLOV�XQGHU�WKH�UXJ��LW�FDSWXUHV�VRPH�RI�WKH�JURVV�IHDWXUHV�RI�GLVHDVH�G\QDPLFV�DQG�LV�D
XVHIXO� VLPSOLILFDWLRQ� LQ� WKH� FDVH�ZKHUH�� DV� KHUH��ZH� DUH� IRFXVHG�PRUH� RQ�ZKDW¶V� KDSSHQLQJ� DW� WKH
OHYHO� RI� QHWZRUNV� DQG� SRSXODWLRQV� WKDQ� RQ� ZKDW¶V� KDSSHQLQJ� ZLWKLQ� WKH� ERGLHV� RI� WKH� LQGLYLGXDO
SRSXODWLRQ�PHPEHUV�
0DWKHPDWLFDO�PRGHOLQJ�RI�HSLGHPLFV�SUHGDWHV�WKH�VWXG\�RI�QHWZRUNV�E\�PDQ\�\HDUV��VWUHWFKLQJ�EDFN

DW�OHDVW�DV�IDU�DV�WKH�SLRQHHULQJ�ZRUN�RI�$QGHUVRQ�0F.HQGULFN��D�GRFWRU�DQG�DPDWHXU�PDWKHPDWLFLDQ
ZKR�PDGH�IRXQGDWLRQDO�FRQWULEXWLRQV�WR�WKH�ILHOG�HDUO\�LQ�WKH�WZHQWLHWK�FHQWXU\��7KH�WKHRULHV�WKDW�KH
DQG�RWKHUV�GHYHORSHG�IRUP�WKH�FRUH�RI�WUDGLWLRQDO�PDWKHPDWLFDO�HSLGHPLRORJ\��ZKLFK�LV�DQ�H[WHQVLYH
DQG�KHDYLO\�UHVHDUFKHG�ILHOG��&ODVVLF�LQWURGXFWLRQV�WR�WKH�VXEMHFW�LQFOXGH�WKH�KLJKO\�WKHRUHWLFDO�����
ERRN�E\�%DLOH\�>��@�DQG�WKH�PRUH�UHFHQW�DQG�SUDFWLFDOO\�RULHQWHG�ERRN�E\�$QGHUVRQ�DQG�0D\�>��@�
7KH�UHYLHZ�DUWLFOH�E\�+HWKFRWH�LV�DOVR�D�JRRG�UHVRXUFH�>���@�
7KH�WUDGLWLRQDO�DSSURDFK�DYRLGV�GLVFXVVLQJ�FRQWDFW�QHWZRUNV�DW�DOO�E\�PDNLQJ�XVH�RI�D�IXOO\�PL[HG

RU�PDVV�DFWLRQ�DSSUR[LPDWLRQ��LQ�ZKLFK�LW�LV�DVVXPHG�WKDW�HYHU\�LQGLYLGXDO�KDV�DQ�HTXDO�FKDQFH��SHU
XQLW�WLPH��RI�FRPLQJ�LQWR�FRQWDFW�ZLWK�HYHU\�RWKHU²SHRSOH�PLQJOH�DQG�PHHW�FRPSOHWHO\�DW�UDQGRP�LQ
WKLV�DSSURDFK��7KLV� LV��RI�FRXUVH��QRW�D� UHDOLVWLF� UHSUHVHQWDWLRQ�RI� WKH�ZD\� WKH�ZRUOG� LV�� ,Q� WKH� UHDO
ZRUOG��SHRSOH�KDYH�FRQWDFW�ZLWK�RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�SRSXODWLRQ�RI�WKH�ZRUOG��DQG�WKDW�IUDFWLRQ
LV� QRW� FKRVHQ� DW� UDQGRP��ZKLFK� LV� SUHFLVHO\�ZK\�QHWZRUNV�SOD\� DQ� LPSRUWDQW� UROH� LQ� WKH� VSUHDG�RI
GLVHDVH��1RQHWKHOHVV��D�IDPLOLDULW\�ZLWK�WKH�WUDGLWLRQDO�DSSURDFKHV�ZLOO�EH�XVHIXO�WR�XV�LQ�RXU�VWXG\�RI
QHWZRUN�HSLGHPLRORJ\��VR�ZH�ZLOO�VSHQG�D�OLWWOH�WLPH�ORRNLQJ�DW�LWV�EDVLF�SULQFLSOHV�
&RQVLGHU� D� GLVHDVH� VSUHDGLQJ� WKURXJK� D� SRSXODWLRQ� RI� LQGLYLGXDOV�� /HW�6�W�� EH� WKH� QXPEHU� RI

LQGLYLGXDOV�ZKR�DUH�VXVFHSWLEOH�DW�WLPH�W�DQG�OHW�;�W��EH�WKH�QXPEHU�ZKR�DUH�LQIHFWHG�����7HFKQLFDOO\�
VLQFH�WKH�GLVHDVH�VSUHDGLQJ�SURFHVV�LV�D�UDQGRP�RQH��WKHVH�QXPEHUV�DUH�QRW�XQLTXHO\�GHWHUPLQHG²LI
WKH� GLVHDVH�ZHUH� WR� VSUHDG� WKURXJK� WKH� VDPH� SRSXODWLRQ�PRUH� WKDQ� RQFH�� HYHQ� XQGHU� YHU\� VLPLODU
FRQGLWLRQV�� WKH� QXPEHUV�ZRXOG� SUREDEO\� EH� GLIIHUHQW� HDFK� WLPH��7R� JHW� DURXQG� WKLV� SUREOHP� OHW� XV
GHILQH�6� DQG�;�PRUH� FDUHIXOO\� WR� EH� WKH� DYHUDJH� RU� H[SHFWHG� QXPEHUV� RI� VXVFHSWLEOH� DQG� LQIHFWHG
LQGLYLGXDOV�� L�H��� WKH� QXPEHUV� ZH� ZRXOG� JHW� LI� ZH� UDQ� WKH� SURFHVV� PDQ\� WLPHV� XQGHU� LGHQWLFDO
FRQGLWLRQV�DQG�WKHQ�DYHUDJHG�WKH�UHVXOWV����
7KH�QXPEHU�RI�LQIHFWHG�LQGLYLGXDOV�JRHV�XS�ZKHQ�VXVFHSWLEOH�LQGLYLGXDOV�FRQWUDFW�WKH�GLVHDVH�IURP

LQIHFWHG�RQHV��6XSSRVH�WKDW�SHRSOH�PHHW�DQG�PDNH�FRQWDFWV�VXIILFLHQW�WR�UHVXOW�LQ�WKH�VSUHDG�RI�GLVHDVH
HQWLUHO\� DW� UDQGRP� ZLWK� D� SHU�LQGLYLGXDO� UDWH�ȕ�� PHDQLQJ� WKDW� HDFK� LQGLYLGXDO� KDV�� RQ� DYHUDJH��ȕ
FRQWDFWV�ZLWK�UDQGRPO\�FKRVHQ�RWKHUV�SHU�XQLW�WLPH�



�

7KH�DOORZHG�WUDQVLWLRQV�EHWZHHQ�VWDWHV�FDQ�EH�UHSUHVHQWHG�E\�IORZ�FKDUWV�OLNH�WKLV�VLPSOH�RQH
IRU�WKH�6,�PRGHO�

�
7KH�GLVHDVH�LV�WUDQVPLWWHG�RQO\�ZKHQ�DQ�LQIHFWHG�SHUVRQ�KDV�FRQWDFW�ZLWK�D�VXVFHSWLEOH�RQH��,I�WKH

WRWDO� SRSXODWLRQ� FRQVLVWV� RI�Q�SHRSOH�� WKHQ� WKH�DYHUDJH�SUREDELOLW\�RI� D�SHUVRQ�\RX�PHHW� DW� UDQGRP
EHLQJ�VXVFHSWLEOH�LV�6�Q��DQG�KHQFH�DQ�LQIHFWHG�SHUVRQ�KDV�FRQWDFW�ZLWK�DQ�DYHUDJH�RI�ȕ6�Q�VXVFHSWLEOH
SHRSOH�SHU�XQLW�WLPH��6LQFH�WKHUH�DUH�RQ�DYHUDJH�;�LQIHFWHG�LQGLYLGXDOV�LQ�WRWDO�WKDW�PHDQV�WKH�RYHUDOO
DYHUDJH�UDWH�RI�QHZ�LQIHFWLRQV�ZLOO�EH�ȕ6;�Q�DQG�ZH�FDQ�ZULWH�D�GLIIHUHQWLDO�HTXDWLRQ�IRU�WKH�UDWH�RI
FKDQJH�RI�;�WKXV�

�

������
�

�

$W�WKH�VDPH�WLPH�WKH�QXPEHU�RI�VXVFHSWLEOH�LQGLYLGXDOV�JRHV�GRZQ�DW�WKH�VDPH�UDWH�

�

������
�
�

7KLV� VLPSOH�PDWKHPDWLFDO�PRGHO� IRU� WKH� VSUHDG�RI� D� GLVHDVH� LV� FDOOHG� WKH�IXOO\�PL[HG� VXVFHSWLEOH�
LQIHFWHG�PRGHO��RU�6,�PRGHO�IRU�VKRUW�
,W� LV� RIWHQ� FRQYHQLHQW� WR� GHILQH� YDULDEOHV� UHSUHVHQWLQJ� WKH� IUDFWLRQV� RI� VXVFHSWLEOH� DQG� LQIHFWHG

LQGLYLGXDOV�WKXV�

�

������
�

LQ�WHUPV�RI�ZKLFK�(TV���������DQG��������FDQ�EH�ZULWWHQ



�

�����D�
�

�

�

�����E�
�

�
,Q� IDFW�� ZH� GRQ¶W� UHDOO\� QHHG� ERWK� RI� WKHVH� HTXDWLRQV�� VLQFH� LW� LV� DOVR� WUXH� WKDW�6� ��;�  �Q� RU

HTXLYDOHQWO\�V� ��[�  � �� EHFDXVH� HYHU\� LQGLYLGXDO�PXVW� EH� HLWKHU� VXVFHSWLEOH� RU� LQIHFWHG��:LWK� WKLV
FRQGLWLRQ�LW� LV�HDV\�WR�VKRZ�WKDW�(TV���������DQG��������DUH�UHDOO\� WKH�VDPH�HTXDWLRQ��$OWHUQDWLYHO\�
ZH�FDQ�HOLPLQDWH�V�IURP�WKH�HTXDWLRQV�DOWRJHWKHU�E\�ZULWLQJ�V� �����[��ZKLFK�JLYHV

�

������
�

�

7KLV�HTXDWLRQ��ZKLFK�RFFXUV�LQ�PDQ\�SODFHV�LQ�ELRORJ\��SK\VLFV��DQG�HOVHZKHUH��LV�FDOOHG�WKH�ORJLVWLF
JURZWK�HTXDWLRQ��,W�FDQ�EH�VROYHG�XVLQJ�VWDQGDUG�PHWKRGV�WR�JLYH

�

������
�

ZKHUH�[��LV�WKH�YDOXH�RI�[�DW�W� ����*HQHULFDOO\�WKLV�SURGXFHV�DQ�6�VKDSHG�³ORJLVWLF�JURZWK�FXUYH´�IRU
WKH�IUDFWLRQ�RI�LQIHFWHG�LQGLYLGXDOV��DV�VKRZQ�LQ�)LJ��������7KH�FXUYH�LQFUHDVHV�H[SRQHQWLDOO\�IRU�VKRUW
WLPH��FRUUHVSRQGLQJ�WR�WKH�LQLWLDO�SKDVH�RI�WKH�GLVHDVH�LQ�ZKLFK�PRVW�RI�WKH�SRSXODWLRQ�LV�VXVFHSWLEOH�
DQG� WKHQ�VDWXUDWHV�DV� WKH�QXPEHU�RI� VXVFHSWLEOHV�GZLQGOHV�DQG� WKH�GLVHDVH�KDV�D�KDUGHU�DQG�KDUGHU
WLPH�ILQGLQJ�QHZ�YLFWLPV����



�

)LJXUH�������7KH�FODVVLF�ORJLVWLF�JURZWK�FXUYH�RI�WKH�6,�HSLGHPLF�PRGHO��$�VPDOO�LQLWLDO�QXPEHU�RI
LQIHFWHG� LQGLYLGXDOV� LQ� DQ� 6,�PRGHO� ���� LQ� WKLV� H[DPSOH��ZLOO� DW� ILUVW� JURZ� H[SRQHQWLDOO\� DV� WKH\
LQIHFW�RWKHUV��EXW�JURZWK�HYHQWXDOO\� VDWXUDWHV� DV� WKH� VXSSO\�RI� VXVFHSWLEOH� LQGLYLGXDOV� LV� H[KDXVWHG�
DQG�WKH�FXUYH�OHYHOV�RII�DW�[� ���
�
�



�����7+(�6,5�02'(/

�

7KH�6,�PRGHO� LV� WKH�VLPSOHVW�SRVVLEOH�PRGHO�RI� LQIHFWLRQ��7KHUH�DUH�PDQ\�ZD\V� LQ�ZKLFK� LW�FDQ�EH
H[WHQGHG�WR�PDNH�LW�PRUH�UHDOLVWLF�RU�PRUH�DSSURSULDWH�DV�D�PRGHO�RI�VSHFLILF�GLVHDVHV��2QH�FRPPRQ
H[WHQVLRQ�GHDOV�ZLWK�UHFRYHU\�IURP�GLVHDVH�
,Q� WKH� 6,�PRGHO� LQGLYLGXDOV�� RQFH� LQIHFWHG�� DUH� LQIHFWHG� �DQG� LQIHFWLRXV�� IRUHYHU�� )RU�PDQ\� UHDO

GLVHDVHV��KRZHYHU��SHRSOH� UHFRYHU�IURP�LQIHFWLRQ�DIWHU�D�FHUWDLQ� WLPH�EHFDXVH� WKHLU� LPPXQH�V\VWHP
ILJKWV�RII�WKH�DJHQW�FDXVLQJ�WKH�GLVHDVH��)XUWKHUPRUH��SHRSOH�RIWHQ�UHWDLQ�WKHLU�LPPXQLW\�WR�WKH�GLVHDVH
DIWHU�VXFK�D�UHFRYHU\�VR�WKDW�WKH\�FDQQRW�FDWFK�LW�DJDLQ��7R�UHSUHVHQW�WKLV�EHKDYLRU�LQ�RXU�PRGHO�ZH
QHHG�D�QHZ�WKLUG�GLVHDVH�VWDWH��XVXDOO\�GHQRWHG�5�IRU�UHFRYHUHG��7KH�FRUUHVSRQGLQJ�WKUHH�VWDWH�PRGHO
LV�FDOOHG�WKH�VXVFHSWLEOH�LQIHFWHG�UHFRYHUHG�RU�6,5�PRGHO�
:LWK�VRPH�RWKHU�GLVHDVHV�SHRSOH�GR�QRW�UHFRYHU��EXW�LQVWHDG�GLH�DIWHU�VRPH�LQWHUYDO��$OWKRXJK�WKLV

LV� WKH� FRPSOHWH� RSSRVLWH� RI� UHFRYHU\� LQ� KXPDQ� WHUPV�� LW� LV� HVVHQWLDOO\� WKH� VDPH� WKLQJ� LQ
HSLGHPLRORJLFDO�WHUPV��LW�PDNHV�OLWWOH�GLIIHUHQFH�WR�WKH�GLVHDVH�ZKHWKHU�D�SHUVRQ�LV�LPPXQH�RU�GHDG²
HLWKHU� ZD\� WKH\� DUH� HIIHFWLYHO\� UHPRYHG� IURP� WKH� SRRO� RI� SRWHQWLDO� KRVWV� IRU� WKH� GLVHDVH����� %RWK
UHFRYHU\�DQG�GHDWK�FDQ�EH�UHSUHVHQWHG�E\� WKH�5�VWDWH� LQ�RXU�PRGHO��'LVHDVHV�ZLWK�PL[HG�RXWFRPHV
ZKHUH� SHRSOH� VRPHWLPHV� UHFRYHU� DQG� VRPHWLPHV� GLH� FDQ� DOVR� EH� PRGHOHG� LQ� WKLV� ZD\²IURP� D
PDWKHPDWLFDO� SRLQW� RI� YLHZ�ZH�GRQ¶W� FDUH�ZKHWKHU� WKH� LQGLYLGXDOV� LQ� WKH�5� VWDWH� DUH� UHFRYHUHG�RU
GHDG��)RU�WKLV�UHDVRQ�VRPH�SHRSOH�VD\�WKDW�WKH�5�VWDQGV�IRU�UHPRYHG�UDWKHU�WKDQ�UHFRYHUHG��VR�DV�WR
HQFRPSDVV�ERWK�SRVVLELOLWLHV��DQG�WKH\�UHIHU�WR�WKH�FRUUHVSRQGLQJ�PRGHO�DV�WKH�VXVFHSWLEOH�LQIHFWHG�
UHPRYHG�PRGHO�

�

7KH�IORZ�FKDUW�IRU�WKH�6,5�PRGHO�
�
�
7KH� G\QDPLFV� RI� WKH� IXOO\� PL[HG� 6,5� PRGHO� KDV� WZR� VWDJHV�� ,Q� WKH� ILUVW� VWDJH�� VXVFHSWLEOH

LQGLYLGXDOV� EHFRPH� LQIHFWHG� ZKHQ� WKH\� KDYH� FRQWDFW� ZLWK� LQIHFWHG� LQGLYLGXDOV�� &RQWDFWV� EHWZHHQ
LQGLYLGXDOV� DUH� DVVXPHG� WR� KDSSHQ� DW� DQ� DYHUDJH� UDWH�ȕ� SHU� SHUVRQ� DV� EHIRUH�� ,Q� WKH� VHFRQG� VWDJH�
LQIHFWHG�LQGLYLGXDOV�UHFRYHU��RU�GLH��DW�VRPH�FRQVWDQW�DYHUDJH�UDWH�Ȗ�
*LYHQ� WKH�YDOXH�RI�Ȗ�ZH�FDQ�FDOFXODWH� WKH� OHQJWK�RI� WLPH�Ĳ� WKDW�DQ� LQIHFWHG� LQGLYLGXDO� LV� OLNHO\� WR

UHPDLQ�LQIHFWHG�EHIRUH�WKH\�UHFRYHU��7KH�SUREDELOLW\�RI�UHFRYHULQJ�LQ�DQ\�WLPH�LQWHUYDO�įĲ� LV�Ȗ�įĲ�DQG
WKH�SUREDELOLW\�RI�QRW�GRLQJ�VR�LV�����Ȗ�įĲ��7KXV�WKH�SUREDELOLW\�WKDW�WKH�LQGLYLGXDO�LV�VWLOO�LQIHFWHG�DIWHU
D�WRWDO�WLPH�Ĳ�LV�JLYHQ�E\

�
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DQG� WKH�SUREDELOLW\�S�Ĳ��GĲ� WKDW� WKH� LQGLYLGXDO� UHPDLQV� LQIHFWHG� WKLV� ORQJ�DQG� WKHQ�UHFRYHUV� LQ� WKH
LQWHUYDO�EHWZHHQ�Ĳ�DQG�Ĳ���GĲ�LV�WKLV�TXDQWLW\�WLPHV�Ȗ�GĲ�

�

������
�

ZKLFK�LV�D�VWDQGDUG�H[SRQHQWLDO�GLVWULEXWLRQ��7KXV�DQ�LQIHFWHG�SHUVRQ�LV�PRVW�OLNHO\�WR�UHFRYHU�MXVW
DIWHU�EHFRPLQJ�LQIHFWHG��EXW�PLJKW�LQ�WKHRU\�UHPDLQ�LQ�WKH�LQIHFWHG�VWDWH�IRU�TXLWH�D�ORQJ�WLPH²PDQ\
WLPHV�WKH�PHDQ�LQIHFWLRXV�WLPH��ZKLFK�LV�MXVW���Ȗ��

�

7KH� GLVWULEXWLRQ� RI� WLPHV� IRU� ZKLFK� DQ� LQGLYLGXDO� UHPDLQV� LQIHFWHG� LV� W\SLFDOO\� QDUURZO\� SHDNHG
DURXQG�VRPH�DYHUDJH�YDOXH�IRU�UHDO�GLVHDVHV��TXLWH�XQOLNH�WKH�H[SRQHQWLDO�GLVWULEXWLRQ�DVVXPHG�E\�WKH
6,5�PRGHO�
�
�
1HLWKHU�RI�WKHVH�EHKDYLRUV�LV�YHU\�UHDOLVWLF�IRU�PRVW�UHDO�GLVHDVHV��:LWK�UHDO�GLVHDVHV��PRVW�YLFWLPV

UHPDLQ�LQIHFWHG�IRU�DERXW�WKH�VDPH�OHQJWK�RI�WLPH��VXFK�DV�D�ZHHN��VD\��RU�D�PRQWK��)HZ�VWD\�LQ�WKH
LQIHFWHG�VWDWH�IRU�PXFK�ORQJHU�RU�VKRUWHU�WKDQ�WKH�DYHUDJH��VHH�ILJXUH���1RQHWKHOHVV��ZH�ZLOO�IRU�WKH
PRPHQW� VWLFN�ZLWK� WKLV�PRGHO�EHFDXVH� LW�PDNHV� WKH�PDWKHPDWLFV� VLPSOH��7KLV� LV�RQH� WKLQJ� WKDW�ZLOO
LPSURYH�ZKHQ�ZH�FRPH�WR�ORRN�DW�QHWZRUN�PRGHOV�RI�HSLGHPLFV�
,Q�WHUPV�RI�WKH�IUDFWLRQV�V��[��DQG�U�RI�LQGLYLGXDOV�LQ�WKH�WKUHH�VWDWHV��WKH�HTXDWLRQV�IRU�WKH�6,5�PRGHO

DUH
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�
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DQG�LQ�DGGLWLRQ�WKH�WKUHH�YDULDEOHV�QHFHVVDULO\�VDWLVI\

�
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�
7R�VROYH�WKHVH�HTXDWLRQV�ZH�HOLPLQDWH�[�EHWZHHQ�(TV�������D��DQG������F���JLYLQJ

�

�������
�

DQG�WKHQ�LQWHJUDWH�ERWK�VLGHV�ZLWK�UHVSHFW�WR�W�WR�JHW�

�

�������
�



ZKHUH�V��LV�WKH�YDOXH�RI�V�DW�W� ���DQG�ZH�KDYH�FKRVHQ�WKH�FRQVWDQW�RI�LQWHJUDWLRQ�VR�WKDW�WKHUH�DUH�QR
LQGLYLGXDOV� LQ� WKH� UHFRYHUHG� VWDWH� DW�W�  � ��� �2WKHU� FKRLFHV� DUH� SRVVLEOH� EXW�ZH¶OO� XVH� WKLV� RQH� IRU
QRZ��
1RZ�ZH�SXW�[� �����V���U�LQ�(T�������F��DQG�XVH�(T����������WR�JHW

�

�������
�

�

,I�ZH�FDQ�VROYH�WKLV�HTXDWLRQ�IRU�U�WKHQ�ZH�FDQ�ILQG�V�IURP�(T����������DQG�[�IURP�(T����������
7KH�VROXWLRQ�LV�HDV\�WR�ZULWH�GRZQ�LQ�SULQFLSOH��,W�LV�JLYHQ�E\

�

�������
�

�

8QIRUWXQDWHO\��LQ�SUDFWLFH�ZH�FDQ¶W�HYDOXDWH�WKH�LQWHJUDO�LQ�FORVHG�IRUP��:H�FDQ�KRZHYHU�HYDOXDWH�LW
QXPHULFDOO\��$Q�H[DPSOH�LV�VKRZQ�LQ�)LJ�������

�

)LJXUH�������7LPH�HYROXWLRQ�RI�WKH�6,5�PRGHO��7KH�WKUHH�FXUYHV�LQ�WKLV�ILJXUH�VKRZ�WKH�IUDFWLRQV�RI
WKH�SRSXODWLRQ�LQ�WKH�VXVFHSWLEOH��LQIHFWHG��DQG�UHFRYHUHG�VWDWHV�DV�D�IXQFWLRQ�RI�WLPH��7KH�SDUDPHWHUV



DUH�ȕ� ����Ȗ� ������V�� �������[�� �������DQG�U�� ���
�
�
7KHUH� DUH� D� QXPEHU� RI� QRWDEOH� WKLQJV� DERXW� WKLV� ILJXUH�� 7KH� IUDFWLRQ� RI� VXVFHSWLEOHV� LQ� WKH

SRSXODWLRQ� GHFUHDVHV� PRQRWRQLFDOO\� DV� VXVFHSWLEOHV� DUH� LQIHFWHG� DQG� WKH� IUDFWLRQ� RI� UHFRYHUHG
LQGLYLGXDOV� LQFUHDVHV�PRQRWRQLFDOO\��7KH� IUDFWLRQ� LQIHFWHG��KRZHYHU��JRHV�XS� DW� ILUVW� DV�SHRSOH�JHW
LQIHFWHG��WKHQ�GRZQ�DJDLQ�DV�WKH\�UHFRYHU��DQG�HYHQWXDOO\�JRHV�WR�]HUR�DV�W�ĺ���
1RWH�KRZHYHU�WKDW�WKH�QXPEHU�RI�VXVFHSWLEOHV�GRHV�QRW�JR�WR�]HUR��D�FORVH�LQVSHFWLRQ�VKRZV�WKDW�WKH

FXUYH� IRU�V�W�� HQGV� D� OLWWOH� DERYH� WKH� D[LV�� 7KLV� LV� EHFDXVH� ZKHQ�[� ĺ� �� WKHUH� DUH� QR� LQIHFWHG
LQGLYLGXDOV�OHIW�WR�LQIHFW�WKH�UHPDLQLQJ�VXVFHSWLEOHV��$Q\�LQGLYLGXDOV�ZKR�VXUYLYH�WR�ODWH�HQRXJK�WLPHV
ZLWKRXW�EHLQJ�LQIHFWHG�ZLOO�SUREDEO\�QHYHU�JHW�WKH�GLVHDVH�DW�DOO��7KH\�DUH�WKH�OXFN\�RQHV�ZKR�PDGH�LW
WKURXJK�WKH�RXWEUHDN�DQG�RXW�WKH�RWKHU�VLGH��6LPLODUO\�WKH�IUDFWLRQ�RI�UHFRYHUHG�LQGLYLGXDOV�GRHV�QRW
TXLWH�UHDFK�RQH�DV�W�ĺ���
7KH� DV\PSWRWLF� YDOXH� RI�U� KDV� DQ� LPSRUWDQW� SUDFWLFDO� LQWHUSUHWDWLRQ�� LW� LV� WKH� WRWDO� QXPEHU� RI

LQGLYLGXDOV�ZKR�HYHU�FDWFK�WKH�GLVHDVH�GXULQJ�WKH�HQWLUH�FRXUVH�RI�WKH�HSLGHPLF²WKH�WRWDO�VL]H�RI�WKH
RXWEUHDN��,W�FDQ�EH�FDOFXODWHG�IURP�(T����������DV�WKH�YDOXH�DW�ZKLFK�GU�GW� ����ZKLFK�JLYHV�U� ����
V�H�ȕU�Ȗ�
7KH�LQLWLDO�FRQGLWLRQV�IRU�WKH�PRGHO�FDQ�EH�FKRVHQ�LQ�D�YDULHW\�RI�ZD\V��EXW�WKH�PRVW�FRPPRQ�LV�WR

DVVXPH� WKDW� WKH� GLVHDVH� VWDUWV� ZLWK� HLWKHU� D� VLQJOH� LQIHFWHG� LQGLYLGXDO� RU� D� VPDOO� QXPEHU�F� RI
LQGLYLGXDOV� DQG� HYHU\RQH� HOVH� LQ� WKH� VXVFHSWLEOH� VWDWH�� ,Q� RWKHU� ZRUGV�� WKH� LQLWLDO� YDOXHV� RI� WKH
YDULDEOHV�DUH�V�� �����F�Q��[�� �F�Q�� DQG�U�� ����,Q�WKH�OLPLW�RI�ODUJH�SRSXODWLRQ�VL]H�Q�ĺ����ZH�FDQ
WKHQ�ZULWH�V�� ����DQG�RXU�ILQDO�YDOXH�RI�U�VDWLVILHV

�
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�

�

,QWHUHVWLQJO\�� WKLV� LV� WKH�VDPH�DV� WKH�HTXDWLRQ�ZH�GHULYHG� LQ�6HFWLRQ������IRU� WKH�VL]H�6�RI� WKH�JLDQW
FRPSRQHQW�RI�D�3RLVVRQ�UDQGRP�JUDSK��(T�����������SURYLGHG�ZH�HTXDWH�ȕ�Ȗ�ZLWK�WKH�PHDQ�GHJUHH�RI
WKH�UDQGRP�JUDSK��DQG�WKLV�FRUUHVSRQGHQFH�DOORZV�XV�LPPHGLDWHO\�WR�VD\�VHYHUDO�XVHIXO�WKLQJV��)LUVW�
ZH�NQRZ�ZKDW� WKH�VL]H�RI� WKH�HSLGHPLF�PXVW� ORRN� OLNH� �LQ� WKH� OLPLW�RI� ODUJH�Q�� DV�D� IXQFWLRQ�RI� WKH
SDUDPHWHUV�ȕ�DQG�Ȗ��LW�ZLOO�ORRN�OLNH�WKH�SORW�RI�JLDQW�FRPSRQHQW�VL]H�VKRZQ�LQ�WKH�ULJKW�KDQG�SDQHO�RI
)LJ�������RQ�SDJH������ZLWK�F� �ȕ�Ȗ��6HFRQG��LW�WHOOV�XV�WKDW�WKH�VL]H�RI�WKH�HSLGHPLF�JRHV�FRQWLQXRXVO\
WR�]HUR�DV�ȕ�Ȗ�DSSURDFKHV�RQH�IURP�DERYH�DQG�IRU�ȕ�Ȗ������RU�HTXLYDOHQWO\�ȕ���Ȗ��WKHUH�LV�QR�HSLGHPLF
DW�DOO��7KH�VLPSOH�H[SODQDWLRQ�IRU� WKLV�UHVXOW� LV� WKDW� LI�ȕ� ��Ȗ� WKHQ� LQIHFWHG� LQGLYLGXDOV� UHFRYHU� IDVWHU
WKDQ�VXVFHSWLEOH�LQGLYLGXDOV�EHFRPH�LQIHFWHG��VR�WKH�GLVHDVH�FDQQRW�JHW�D� WRHKROG�LQ� WKH�SRSXODWLRQ�
7KH�QXPEHU�RI�LQIHFWHG�LQGLYLGXDOV��ZKLFK�VWDUWV�VPDOO��JRHV�GRZQ��QRW�XS��DQG�WKH�GLVHDVH�GLHV�RXW
LQVWHDG�RI�VSUHDGLQJ�
7KH�WUDQVLWLRQ�EHWZHHQ�WKH�HSLGHPLF�DQG�QRQ�HSLGHPLF�UHJLPHV�KDSSHQV�DW� WKH�SRLQW�ȕ�  �Ȗ�DQG� LV

FDOOHG�WKH�HSLGHPLF�WUDQVLWLRQ��1RWH�WKDW�WKHUH�ZDV�QR�HSLGHPLF�WUDQVLWLRQ�LQ�WKH�VLPSOHU�6,�PRGHO��LQ
WKDW�PRGHO�WKH�GLVHDVH�DOZD\V�VSUHDGV�EHFDXVH�LQGLYLGXDOV�RQFH�LQIHFWHG�QHYHU�UHFRYHU�DQG�KHQFH�WKH



QXPEHU�RI�LQIHFWHG�LQGLYLGXDOV�FDQQRW�GHFUHDVH���2QH�FDQ�WKLQN�RI�WKH�6,�PRGHO�DV�WKH�VSHFLDO�FDVH�RI
WKH�6,5�PRGHO�LQ�ZKLFK�Ȗ� ����VR�WKDW�ȕ�FDQ�QHYHU�EH�OHVV�WKDQ�Ȗ��
$Q� LPSRUWDQW� TXDQWLW\� LQ� WKH� VWXG\� RI� HSLGHPLFV� LV� WKH�EDVLF� UHSURGXFWLRQ� QXPEHU �� GHQRWHG�5��

ZKLFK�LV�GHILQHG�DV�IROORZV��&RQVLGHU�WKH�VSUHDG�RI�D�GLVHDVH�ZKHQ�LW�LV�MXVW�VWDUWLQJ�RXW��ZKHQ�WKHUH
DUH�RQO\�D� IHZ�FDVHV�RI� WKH�GLVHDVH�DQG� WKH� UHVW�RI� WKH�SRSXODWLRQ� LV� VXVFHSWLEOH²ZKDW� LV�FDOOHG�D
QDLYH�SRSXODWLRQ�LQ�WKH�HSLGHPLRORJ\�MDUJRQ²DQG�FRQVLGHU�D�VXVFHSWLEOH�ZKR�FDWFKHV�WKH�GLVHDVH�LQ
WKLV�HDUO\�VWDJH�RI�WKH�RXWEUHDN��7KH�EDVLF�UHSURGXFWLRQ�QXPEHU�LV�GHILQHG�WR�EH�WKH�DYHUDJH�QXPEHU�RI
DGGLWLRQDO�SHRSOH�WKDW�VXFK�D�SHUVRQ�SDVVHV�WKH�GLVHDVH�RQWR�EHIRUH�WKH\�UHFRYHU��)RU�LQVWDQFH��LI�HDFK
SHUVRQ�FDWFKLQJ�WKH�GLVHDVH�SDVVHV�LW�RQWR�WZR�RWKHUV�RQ�DYHUDJH��WKHQ�5�� ����,I�KDOI�RI�WKHP�SDVV�LW�RQ
WR�MXVW�RQH�SHUVRQ�DQG�WKH�UHVW�WR�QRQH�DW�DOO��WKHQ� ��DQG�VR�IRUWK�
,I�ZH�KDG�5�� ���WKHQ�HDFK�SHUVRQ�FDWFKLQJ�WKH�GLVHDVH�ZRXOG�SDVV�LW�RQ�WR�WZR�RWKHUV�RQ�DYHUDJH�

HDFK� RI� WKHP�ZRXOG� SDVV� LW� RQ� WR� WZR�PRUH�� DQG� VR� IRUWK�� VR� WKDW� WKH� QXPEHU� RI� QHZ� FDVHV� RI� WKH
GLVHDVH� ZRXOG� GRXEOH� DW� HDFK� URXQG�� WKXV� JURZLQJ� H[SRQHQWLDOO\�� &RQYHUVHO\� LI� � WKH� GLVHDVH
ZRXOG�GLH�RXW�H[SRQHQWLDOO\��7KH�SRLQW�5�� ���VHSDUDWHV�WKH�JURZLQJ�DQG�VKULQNLQJ�EHKDYLRUV�DQG�WKXV
PDUNV�WKH�HSLGHPLF�WKUHVKROG�EHWZHHQ�UHJLPHV�LQ�ZKLFK�WKH�GLVHDVH�HLWKHU�PXOWLSOLHV�RU�GLHV�RXW�
:H�FDQ�FDOFXODWH�5��VWUDLJKWIRUZDUGO\�IRU�RXU�PRGHO��,I�DQ�LQGLYLGXDO�UHPDLQV�LQIHFWLRXV�IRU�D�WLPH

Ĳ�WKHQ�WKH�H[SHFWHG�QXPEHU�RI�RWKHUV�WKH\�ZLOO�KDYH�FRQWDFW�ZLWK�GXULQJ�WKDW�WLPH�LV�ȕĲ��7KH�GHILQLWLRQ
RI�5�� LV�VSHFLILFDOO\�IRU�D�QDLYH�SRSXODWLRQ��DQG�LQ�D�QDLYH�SRSXODWLRQ�DOO�RI� WKH�SHRSOH�ZLWK�ZKRP
RQH� KDV� FRQWDFW� ZLOO� EH� VXVFHSWLEOH�� DQG� KHQFH�ȕĲ� LV� DOVR� WKH� WRWDO� QXPEHU� RI� SHRSOH� RXU� LQIHFWHG
LQGLYLGXDO� ZLOO� LQIHFW�� 7KHQ� ZH� DYHUDJH� RYHU� WKH� GLVWULEXWLRQ� RI�Ĳ�� (T�� �������� WR� JHW� WKH� DYHUDJH
QXPEHU�5��

�

�������
�

�
7KLV�JLYHV�XV�DQ�DOWHUQDWLYH�ZD\�RI�GHULYLQJ�WKH�HSLGHPLF�WKUHVKROG�LQ�WKH

6,5�� WKH�HSLGHPLF�WKUHVKROG�IDOOV�DW�5�� ����ZKLFK�FRUUHVSRQGV�LQ� WKLV�PRGHO�WR� WKH�SRLQW�ȕ�  �Ȗ�� WKH
VDPH�UHVXOW�DV�ZH�IRXQG�DERYH�E\�FRQVLGHULQJ�WKH�ORQJ�WLPH�EHKDYLRU����
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�

)ORZ�FKDUW�IRU�WKH�6,6�PRGHO�
�
�

$�GLIIHUHQW�H[WHQVLRQ�RI�WKH�6,�PRGHO� LV�RQH�WKDW�DOORZV�IRU�UHLQIHFWLRQ�� L�H��� IRU�GLVHDVHV�WKDW�GRQ¶W
FRQIHU�LPPXQLW\�RQ�WKHLU�YLFWLPV�DIWHU�UHFRYHU\��RU�FRQIHU�RQO\�OLPLWHG�LPPXQLW\��VR�WKDW�LQGLYLGXDOV
FDQ�EH�LQIHFWHG�PRUH�WKDQ�RQFH��7KH�VLPSOHVW�VXFK�PRGHO�LV�WKH�6,6�PRGHO��LQ�ZKLFK�WKHUH�DUH�MXVW�WZR
VWDWHV�� VXVFHSWLEOH�DQG� LQIHFWHG�� DQG� LQIHFWHG� LQGLYLGXDOV�PRYH�EDFN� LQWR� WKH�VXVFHSWLEOH�VWDWH�XSRQ
UHFRYHU\��7KH�GLIIHUHQWLDO�HTXDWLRQV�IRU�WKLV�PRGHO�DUH

�

������D�
�
�

�

������E�
�

ZLWK

�

�������
�
�



3XWWLQJ�V� ���±�[�LQ�(T��������E��JLYHV

�

�������
�

ZKLFK�KDV�WKH�VROXWLRQ

�

�������
�

ZKHUH�WKH�LQWHJUDWLRQ�FRQVWDQW�&�LV�IL[HG�E\�WKH�LQLWLDO�YDOXH�RI�[�WR�EH

�

�������
�
�

,Q�WKH�FDVH�RI�D�ODUJH�SRSXODWLRQ�DQG�D�VPDOO�QXPEHU�RI�LQLWLDO�FDUULHUV�RI�WKH�GLVHDVH�ZH�KDYH�[��ĺ��
DQG�&� �ȕ[���ȕ���Ȗ���ZKLFK�JLYHV�XV�WKH�VLPSOHU�VROXWLRQ

�

�������
�
�
,I�ȕ�!�Ȗ�WKLV�SURGXFHV�D�ORJLVWLF�JURZWK�FXUYH�VLPLODU�WR�WKDW�RI�WKH�EDVLF�6,�PRGHO²VHH�)LJ������²

EXW�GLIIHULQJ�LQ�RQH�LPSRUWDQW�UHVSHFW��ZH�QHYHU�KDYH�WKH�ZKROH�SRSXODWLRQ�LQIHFWHG�ZLWK�WKH�GLVHDVH�
,Q� WKH� OLPLW� RI� ORQJ� WLPH� WKH� V\VWHP� ILQGV� D� VWDEOH� VWDWH� ZKHUH� WKH� UDWHV� DW� ZKLFK� LQGLYLGXDOV� DUH
LQIHFWHG�DQG�UHFRYHU�IURP�LQIHFWLRQ�DUH�H[DFWO\�HTXDO�DQG�D�VWHDG\�IUDFWLRQ�RI�WKH�SRSXODWLRQ²EXW�QRW



DOO�RI�WKHP²LV�DOZD\V�LQIHFWHG�ZLWK�WKH�GLVHDVH���:KLFK�SDUWLFXODU�LQGLYLGXDOV�DUH�LQIHFWHG�FKDQJHV
RYHU� WLPH��KRZHYHU��DV� VRPH�UHFRYHU�DQG�RWKHUV�DUH� LQIHFWHG���7KH� IUDFWLRQ�RI� LQIHFWHG� LQGLYLGXDOV
FDQ�EH�IRXQG�IURP�(T�����������RU�PRUH�GLUHFWO\�IURP�(T����������E\�VHWWLQJ�G[�GW� ���WR�JLYH�[� ��ȕ��
Ȗ��ȕ��,Q�WKH�HSLGHPLRORJ\�MDUJRQ�WKH�VWHDG\�VWDWH�LV�FDOOHG�DQ�HQGHPLF�GLVHDVH�VWDWH�
1RWH�WKDW�WKH�IUDFWLRQ�LQIHFWHG�LQ�WKH�HQGHPLF�VWDWH�JRHV�WR�]HUR�DV�ȕ�DSSURDFKHV�Ȗ��DQG�LI�ȕ���Ȗ�WKHQ

(T����������SUHGLFWV�WKDW�WKH�GLVHDVH�ZLOO�GLH�RXW�H[SRQHQWLDOO\��7KXV��DV�LQ�WKH�6,5�PRGHO��WKH�SRLQW�ȕ
 �Ȗ�PDUNV�DQ�HSLGHPLF� WUDQVLWLRQ�EHWZHHQ�D�VWDWH� LQ�ZKLFK� WKH�GLVHDVH�VSUHDGV�DQG�RQH� LQ�ZKLFK� LW
GRHVQ¶W��$V�EHIRUH��ZH�FDQ�FDOFXODWH�D�EDVLF�UHSURGXFWLRQ�QXPEHU�5���ZKLFK�DJDLQ�WDNHV�WKH�YDOXH�5�
 �ȕ�Ȗ��JLYLQJ�XV�DQ�DOWHUQDWLYH�GHULYDWLRQ�RI�WKH�SRVLWLRQ�RI�WKH�WUDQVLWLRQ�DV�WKH�SRLQW�DW�ZKLFK�5�� ���
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�

:H� ZLOO� ORRN� DW� RQH� PRUH� HSLGHPLF� PRGHO� EHIRUH� ZH� WXUQ� WR� WKH� SURSHUWLHV� RI� WKHVH� PRGHOV� RQ
QHWZRUNV��7KLV�LV�WKH�6,56�PRGHO��DQRWKHU�PRGHO�LQFRUSRUDWLQJ�UHLQIHFWLRQ��,Q�WKLV�PRGHO�LQGLYLGXDOV
UHFRYHU�IURP�LQIHFWLRQ�DQG�JDLQ�LPPXQLW\�DV�LQ�WKH�6,5�PRGHO��EXW�WKDW�LPPXQLW\�LV�RQO\�WHPSRUDU\�
DQG�DIWHU�D�FHUWDLQ�SHULRG�RI�WLPH�LQGLYLGXDOV�ORVH�LW�DQG�EHFRPH�VXVFHSWLEOH�DJDLQ��:H�LQWURGXFH�D
QHZ�SDUDPHWHU�į�WR�UHSUHVHQW�WKH�DYHUDJH�UDWH�DW�ZKLFK�LQGLYLGXDOV�ORVH�LPPXQLW\��7KHQ�WKH�HTXDWLRQV
IRU�WKLV�PRGHO�DUH

�

������D�
�
�

�

������E�
�
�

�

������F�
�

DQG

�

�������
�
�



�

)LJXUH�������)UDFWLRQ�RI�LQIHFWHG�LQGLYLGXDOV�LQ�WKH�6,6�PRGHO��7KH�IUDFWLRQ�RI�LQIHFWHG�LQGLYLGXDOV
LQ�WKH�6,6�PRGHO�JURZV�ZLWK�WLPH�IROORZLQJ�D�ORJLVWLF�FXUYH��DV�LQ�WKH�6,�PRGHO��8QOLNH�WKH�6,�PRGHO�
KRZHYHU��WKH�IUDFWLRQ�LQIHFWHG�QHYHU�UHDFKHV�XQLW\��WHQGLQJ�LQVWHDG�WR�DQ�LQWHUPHGLDWH�YDOXH�DW�ZKLFK
WKH� UDWHV� RI� LQIHFWLRQ� DQG� UHFRYHU\� DUH� EDODQFHG�� �&RPSDUH� WKLV� ILJXUH� ZLWK� )LJ�� ����� IRU� WKH� 6,
PRGHO��
�
�

�

)ORZ�FKDUW�IRU�WKH�6,56�PRGHO
�
�
7KH� 6,56�PRGHO� FDQQRW� EH� VROYHG� DQDO\WLFDOO\�� DOWKRXJK� LW� FDQ� EH� WUHDWHG� XVLQJ� OLQHDU� VWDELOLW\

DQDO\VLV�DQG�RWKHU�WULFNV�IURP�WKH�QRQ�OLQHDU�G\QDPLFV�WRROER[��$�PRUH�VWUDLJKWIRUZDUG�DSSURDFK�LV
QXPHULFDO� LQWHJUDWLRQ� RI� WKH� GLIIHUHQWLDO� HTXDWLRQV�� ZKLFK� UHYHDOV� WKDW� WKH� 6,56� PRGHO� KDV� D� ULFK
SDOHWWH�RI�EHKDYLRUV�GHSHQGLQJ�RQ�WKH�YDOXHV�RI�WKH�WKUHH�SDUDPHWHUV��LQFOXGLQJ�EHKDYLRUV�ZKHUH�WKH
GLVHDVH�SHUVLVWV�LQ�DQ�HQGHPLF�VWDWH��ZKHUH�LW�GLHV�RXW��DQG�ZKHUH�LW�RVFLOODWHV�EHWZHHQ�RXWEUHDNV�DQG
SHULRGV�RI�UHPLVVLRQ��:H�ZLOO�QRW�GHOYH�LQWR�WKH�EHKDYLRU�RI�WKH�6,56�PRGHO�IXUWKHU�LQ�WKLV�FKDSWHU�
WKH�LQWHUHVWHG�UHDGHU�FDQ�ILQG�PRUH�GHWDLOV�LQ�5HI��>���@�
�
�
0DQ\�RWKHU�HSLGHPLF�PRGHOV�KDYH�DOVR�EHHQ�SURSRVHG�WR�PRGHO�WKH�VSUHDG�RI�SDUWLFXODU�W\SHV�RI

GLVHDVHV��([WUD�VWDWHV�FDQ�EH�LQWURGXFHG�VXFK�DV�DQ�³H[SRVHG´�VWDWH�WKDW�UHSUHVHQWV�SHRSOH�ZKR�KDYH
FDXJKW�D�GLVHDVH�EXW�ZKRVH�LQIHFWLRQ�KDV�QRW�\HW�GHYHORSHG�WR�WKH�SRLQW�ZKHUH�WKH\�FDQ�SDVV�LW�RQ�WR
RWKHUV�� RU� DQ� LQLWLDO� LPPXQH� VWDWH� FRPLQJ� EHIRUH� WKH� VXVFHSWLEOH� VWDWH�� RIWHQ� XVHG� WR� UHSUHVHQW� WKH
PDWHUQDOO\�GHULYHG�LPPXQLW\�WKDW�QHZERUQ�EDELHV�SRVVHVV��7KHUH�DUH�DOVR�PRGHOV�WKDW�DOORZ�IRU�QHZ



LQGLYLGXDOV�WR�HQWHU�WKH�SRSXODWLRQ��E\�EHLQJ�ERUQ�RU�LPPLJUDWLQJ��DQG�PRGHOV�WKDW�GLVWLQJXLVK�EHWZHHQ
SHRSOH�ZKR�UHFRYHU�IXOO\�IURP�GLVHDVH�DQG�WKRVH�ZKR�UHFRYHU�EXW�UHPDLQ�FDUULHUV�ZKR�FDQ�SDVV�WKH
GLVHDVH�WR�RWKHUV��7KRVH�LQWHUHVWHG�LQ�SXUVXLQJ�WKH�VXEMHFW�IXUWKHU�DUH�HQFRXUDJHG�WR�WDNH�D�ORRN�DW�WKH
UHIHUHQFHV�JLYHQ�DW�WKH�EHJLQQLQJ�RI�WKH�FKDSWHU��)RU�RXU�SXUSRVHV��KRZHYHU��WKH�PRGHOV�ZH�KDYH�VHHQ
VR�IDU�ZLOO�EH�HQRXJK��/HW¶V�ORRN�DW�KRZ�WKHVH�PRGHOV�EHKDYH�ZKHQ�ZH�LQFOXGH�QHWZRUN�VWUXFWXUH�LQ
RXU�FDOFXODWLRQV�
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$V�GLVFXVVHG�LQ�6HFWLRQ�������WKH�VWDQGDUG�DSSURDFK�WR�HSLGHPLF�PRGHOLQJ�GHVFULEHG�LQ�WKH�ILUVW�SDUW
RI�WKLV�FKDSWHU�DVVXPHV�³IXOO�PL[LQJ´�RI�WKH�SRSXODWLRQ��PHDQLQJ�WKDW�HDFK�LQGLYLGXDO�FDQ�SRWHQWLDOO\
KDYH�FRQWDFW�ZLWK�DQ\�RWKHU��WKRVH�FRQWDFWV�EHLQJ�UHDOL]HG��DW�D�OHYHO�VXIILFLHQW�WR�WUDQVPLW�WKH�GLVHDVH�
ZLWK�SUREDELOLW\�ȕ�SHU�XQLW�WLPH�
,Q�WKH�UHDO�ZRUOG��KRZHYHU��LW�LV�QRW�D�JRRG�DVVXPSWLRQ�WR�VD\�WKDW�DQ\�WZR�SHRSOH�FRXOG�SRWHQWLDOO\

KDYH�FRQWDFW�ZLWK�RQH�DQRWKHU��7KH�FKDQFH�RI�D�PHHWLQJ�EHWZHHQ�WZR�SHRSOH�FKRVHQ�DW�UDQGRP�IURP
WKH�SRSXODWLRQ�RI�WKH�HQWLUH�ZRUOG�LV�SUREDEO\�VPDOO�HQRXJK�WR�EH�QHJOLJLEOH��0RVW�SHRSOH�KDYH�D�VHW
RI� UHJXODU�DFTXDLQWDQFHV��QHLJKERUV�� FRZRUNHUV��DQG�VR� IRUWK�ZKRP�WKH\�PHHW�ZLWK�VRPH� UHJXODULW\
DQG� PRVW� RWKHU� PHPEHUV� RI� WKH� ZRUOG� SRSXODWLRQ� FDQ� VDIHO\� EH� LJQRUHG�� 7KH� VHW� RI� D� SHUVRQ¶V
SRWHQWLDO�FRQWDFWV�FDQ�EH�UHSUHVHQWHG�DV�D�QHWZRUN�DQG�WKH�VWUXFWXUH�RI�WKDW�QHWZRUN�FDQ�KDYH�D�VWURQJ
HIIHFW�RQ�WKH�ZD\�D�GLVHDVH�VSUHDGV�WKURXJK�WKH�SRSXODWLRQ�
1HWZRUN�PRGHOV� RI� GLVHDVH� W\SLFDOO\�ZRUN� LQ� WKH� VDPH�ZD\� DV� WKH� IXOO\�PL[HG�PRGHOV�ZH�KDYH

DOUHDG\� VHHQ�EXW�PDNH�XVH�RI� WKLV� QHWZRUN�RI�SRWHQWLDO� FRQWDFWV� LQVWHDG�RI� DVVXPLQJ� WKDW� FRQWDFW� LV
SRVVLEOH� ZLWK� WKH� HQWLUH� SRSXODWLRQ�� /HW� XV� GHILQH� WKH�WUDQVPLVVLRQ� UDWH� RU�LQIHFWLRQ� UDWH� IRU� RXU
QHWZRUN�GLVHDVH�SURFHVV�WR�EH�WKH�SUREDELOLW\�SHU�XQLW�WLPH�WKDW�LQIHFWLRQ�ZLOO�EH�WUDQVPLWWHG�EHWZHHQ
WZR�LQGLYLGXDOV��RQH�VXVFHSWLEOH�DQG�RQH�LQIHFWHG��ZKR�DUH�FRQQHFWHG�E\�DQ�HGJH�LQ�WKH�DSSURSULDWH
QHWZRUN��$OWHUQDWLYHO\�LW�LV�WKH�UDWH�DW�ZKLFK�FRQWDFW�VXIILFLHQW�WR�VSUHDG�WKH�GLVHDVH�RFFXUV�EHWZHHQ
DQ\�WZR�LQGLYLGXDOV�FRQQHFWHG�E\�DQ�HGJH��7KH�WUDQVPLVVLRQ�UDWH�LV�FRPPRQO\�GHQRWHG�ȕ�E\�DQDORJ\
ZLWK�WKH�TXDQWLW\�DSSHDULQJ�LQ�WKH�IXOO\�PL[HG�PRGHOV��DQG�ZH�ZLOO�DGRSW�WKDW�QRWDWLRQ�KHUH��DOWKRXJK
\RX�VKRXOG�QRWH�WKDW�WKH�WZR�SDUDPHWHUV�DUH�QRW�H[DFWO\�HTXLYDOHQW�VLQFH�ȕ�LQ�WKH�IXOO\�PL[HG�FDVH�LV
WKH� UDWH�RI�FRQWDFWV�EHWZHHQ�DQ� LQIHFWHG� LQGLYLGXDO�DQG�DOO�RWKHUV� LQ� WKH�SRSXODWLRQ��ZKHUHDV� LQ� WKH
QHWZRUN�FDVH�LW�LV�WKH�UDWH�RI�FRQWDFWV�ZLWK�MXVW�RQH�RWKHU�
7KH�WUDQVPLVVLRQ�UDWH�LV�D�SURSHUW\�RI�WKH�GLVHDVH��6RPH�GLVHDVHV�DUH�WUDQVPLWWHG�PRUH�HDVLO\�WKDQ

RWKHUV�DQG�VR�KDYH�KLJKHU�WUDQVPLVVLRQ�UDWHV��%XW�WUDQVPLVVLRQ�UDWH�LV�DOVR�D�SURSHUW\�RI�WKH�VRFLDO�DQG
EHKDYLRUDO�SDUDPHWHUV�RI�WKH�SRSXODWLRQ��,Q�VRPH�FRXQWULHV��IRU�H[DPSOH�� LW� LV�FRPPRQ�HWLTXHWWH�IRU
SHRSOH�ZLWK�PLQRU� UHVSLUDWRU\� LQIHFWLRQV� VXFK� DV� FROGV� WR�ZHDU� VXUJLFDO� IDFH�PDVNV� WR� SUHYHQW� WKH
VSUHDG�RI�GLVHDVH��6XFK�FRQYHQWLRQV�DUH�DEVHQW�LQ�RWKHU�FRXQWULHV��DQG�WKH�GLIIHUHQFH�LQ�FRQYHQWLRQV
FRXOG�SURGXFH�D�GLIIHUHQFH�LQ�WUDQVPLVVLRQ�UDWH�



�����/$7(�7,0(�3523(57,(6�2)�(3,'(0,&6�21�1(7:25.6

�

*LYHQ� D� YDOXH� IRU� WKH� WUDQVPLVVLRQ� UDWH� RQH� FDQ� GHILQH� PRGHOV� IRU� WKH� VSUHDG� RI� GLVHDVH� RYHU� D
QHWZRUN�� (DFK� RI� WKH� PRGHOV� LQWURGXFHG� LQ� WKH� ILUVW� SDUW� RI� WKH� FKDSWHU� FDQ� EH� JHQHUDOL]HG� WR� WKH
QHWZRUN�FDVH��&RQVLGHU� WKH�6,�PRGHO�� IRU� LQVWDQFH��,Q� WKH�QHWZRUN�YHUVLRQ�RI� WKLV�PRGHO�ZH�KDYH�Q
LQGLYLGXDOV�UHSUHVHQWHG�E\�WKH�YHUWLFHV�RI�RXU�QHWZRUN��ZLWK�PRVW�RI�WKHP�LQ�WKH�VXVFHSWLEOH�VWDWH�DW
WLPH�W� ���DQG�MXVW�D�VPDOO�IUDFWLRQ�[���RU�PD\EH�HYHQ�MXVW�D�VLQJOH�YHUWH[��LQ�WKH�LQIHFWHG�VWDWH��:LWK
SUREDELOLW\�ȕ�SHU�XQLW�WLPH��LQIHFWHG�QRGHV�VSUHDG�WKH�GLVHDVH�WR�WKHLU�VXVFHSWLEOH�QHLJKERUV�DQG�RYHU
WLPH�WKH�GLVHDVH�VSUHDGV�DFURVV�WKH�QHWZRUN�
,W�LV�GLIILFXOW�WR�VROYH�D�PRGHO�VXFK�DV�WKLV�IRU�D�JHQHUDO�QHWZRUN��DQG�LQ�PDQ\�FDVHV�WKH�EHVW�ZH�FDQ

GR� LV� WR� VLPXODWH� LW� RQ� D� FRPSXWHU�� 7KHUH� LV�� KRZHYHU�� RQH� UHVSHFW� LQ� ZKLFK� WKH� PRGHO� LV
VWUDLJKWIRUZDUG�� DQG� WKDW� LV� LWV� ODWH�WLPH� SURSHUWLHV�� ,W� LV� FOHDU� WKDW� DV�W�ĺ��� LQ� WKLV�PRGHO� HYHU\
LQGLYLGXDO� ZKR�FDQ� EH� LQIHFWHG� E\� WKH� GLVHDVH� LV� LQIHFWHG�� VLQFH� LQIHFWHG� LQGLYLGXDOV� UHPDLQ
LQIHFWLRXV� IRUHYHU�� WKHLU� VXVFHSWLEOH� QHLJKERUV� ZLOO� DOZD\V�� LQ� WKH� HQG�� DOVR� EHFRPH� LQIHFWHG�� QR
PDWWHU�KRZ�VPDOO�WKH�WUDQVPLVVLRQ�UDWH��VR�ORQJ�DV�LW�LV�QRW�]HUR��7KH�RQO\�FRQGLWLRQ�IRU�EHLQJ�LQIHFWHG
WKHUHIRUH� LV� WKDW�D�YHUWH[�PXVW�EH�FRQQHFWHG� WR�DW� OHDVW�RQH� LQIHFWHG� LQGLYLGXDO�E\�DW� OHDVW�RQH�SDWK
WKURXJK�WKH�QHWZRUN��VR�WKDW�WKH�GLVHDVH�FDQ�UHDFK�WKHP�

�

$Q�RXWEUHDN�VWDUWLQJ�ZLWK�D�VLQJOH�LQIHFWHG�LQGLYLGXDO��FLUFOHG��ZLOO�HYHQWXDOO\�DIIHFW�DOO�WKRVH�LQ�WKH
VDPH�FRPSRQHQW�RI�WKH�QHWZRUN��EXW�OHDYH�RWKHU�FRPSRQHQWV�XQWRXFKHG�
�
�
7KXV� LQ� WKH� OLPLW� RI� ORQJ� WLPHV� WKH� GLVHDVH� ZLOO� VSUHDG� IURP� HYHU\� LQLWLDO� FDUULHU� WR� LQIHFW� DOO

UHDFKDEOH�YHUWLFHV��PHDQLQJ�DOO�YHUWLFHV�LQ�WKH�FRPSRQHQW�WR�ZKLFK�WKH�FDUULHU�EHORQJV��,Q�WKH�VLPSOHVW
FDVH��ZKHUH�WKH�GLVHDVH�VWDUWV�RXW�ZLWK�D�VLQJOH�LQIHFWHG�FDUULHU��MXVW�RQH�FRPSRQHQW�ZLOO�EH�LQIHFWHG�
$V�ZH�KDYH�VHHQ��KRZHYHU��PRVW�QHWZRUNV�KDYH�D�RQH�ODUJH�FRPSRQHQW�WKDW�FRQWDLQV�D�VLJQLILFDQW

IUDFWLRQ�RI�DOO�YHUWLFHV�LQ�WKH�QHWZRUN��SOXV��W\SLFDOO\��D�VHOHFWLRQ�RI�VPDOOHU�FRPSRQHQWV��,I�ZH�KDYH
WKLV� NLQG� RI� VWUXFWXUH� WKHQ� DQ� LQWHUHVWLQJ� EHKDYLRU� HPHUJHV�� ,I� ZH� VWDUW� ZLWK� D� VLQJOH� LQIHFWHG
LQGLYLGXDO�� DQG� LI� WKDW� LQGLYLGXDO� WXUQV� RXW� WR� EHORQJ� WR� WKH� ODUJH� FRPSRQHQW�� WKHQ� WKH� GLVHDVH�ZLOO



LQIHFW�WKH�ODUJH�FRPSRQHQW�DQG�ZH�ZLOO�KDYH�D�ODUJH�RXWEUHDN��,I�WKH�LQGLYLGXDO�EHORQJV�WR�RQH�RI�WKH
VPDOO�FRPSRQHQWV��KRZHYHU�� WKH�GLVHDVH�ZLOO�RQO\� LQIHFW� WKH� IHZ�PHPEHUV�RI� WKDW�VPDOO�FRPSRQHQW
DQG�WKHQ�GLH�RXW��,I�WKH�LQLWLDO�FDUULHU�RI�WKH�GLVHDVH�LV�FKRVHQ�XQLIRUPO\�DW�UDQGRP�IURP�WKH�QHWZRUN�
WKH�SUREDELOLW\� WKDW� LW�ZLOO� IDOO� LQ� WKH� ODUJH�FRPSRQHQW�DQG�ZH�ZLOO�KDYH�D� ODUJH�RXWEUHDN� LV�VLPSO\
HTXDO� WR�6��WKH�IUDFWLRQ�RI�WKH�QHWZRUN�RFFXSLHG�E\�WKH�ODUJH�FRPSRQHQW��DQG�WKH�VL]H�RI�WKH�RXWEUHDN
DV�D�IUDFWLRQ�RI�WKH�QHWZRUN�ZLOO�DOVR�EH�6��&RQYHUVHO\��ZLWK�SUREDELOLW\�����6�WKH�LQLWLDO�FDUULHU�ZLOO
IDOO�LQ�RQH�RI�WKH�VPDOO�FRPSRQHQWV�DQG�WKH�RXWEUHDN�ZLOO�EH�VPDOO��,Q�WKH�ODWWHU�FDVH�WKH�VL]H�RI�WKH
RXWEUHDN� ZLOO� EH� JLYHQ� E\� WKH� VL]H� RI� WKH� DSSURSULDWH� VPDOO� FRPSRQHQW�� ,I� ZH� FDQ� FDOFXODWH� WKH
GLVWULEXWLRQ�RI�VL]HV�RI� WKH�VPDOO�FRPSRQHQWV��HLWKHU�DQDO\WLFDOO\�RU�QXPHULFDOO\�� IRU� WKH�QHWZRUN�RI
LQWHUHVW��WKHQ�ZH�DOVR�NQRZ�WKH�GLVWULEXWLRQ�RI�SRVVLEOH�VL]HV�RI�WKHVH�VPDOO�RXWEUHDNV��DOWKRXJK�XQOHVV
ZH�NQRZ�H[DFWO\�ZKLFK�FRPSRQHQW�WKH�GLVHDVH�ZLOO�VWDUW�LQ�ZH�FDQQRW�SUHGLFW�LWV�VL]H�H[DFWO\�
7KLV�FRQVWLWXWHV�D�QHZ�W\SH�RI�EHKDYLRU�QRW�VHHQ�LQ�IXOO\�PL[HG�PRGHOV��,Q�IXOO\�PL[HG�PRGHOV�WKH

SRVVLEOH�EHKDYLRUV�DUH�DOVR�HLWKHU�D�UXQ�DZD\�HSLGHPLF�WKDW�DIIHFWV�D�ODUJH�IUDFWLRQ�RI�WKH�SRSXODWLRQ�
RU� DQ� RXWEUHDN� WKDW� DIIHFWV� RQO\� D� IHZ� WKHQ� GLHV� RXW�� %XW� WKH� FKRLFH� EHWZHHQ� WKHVH� RXWFRPHV�ZDV
XQLTXHO\� GHWHUPLQHG� E\� WKH� FKRLFH� RI� PRGHO� DQG� WKH� PRGHO� SDUDPHWHUV�� )RU� D� JLYHQ� PRGHO� DQG
SDUDPHWHU�YDOXHV�WKH�GLVHDVH�DOZD\V�HLWKHU�GLG�RQH�WKLQJ�RU�WKH�RWKHU��,Q�RXU�QHWZRUN�PRGHO��KRZHYHU�
WKH�EHKDYLRU�GHSHQGV�RQ�WKH�QHWZRUN�VWUXFWXUH�DQG�RQ�WKH�SRVLWLRQ�LQ�WKH�QHWZRUN�RI�WKH�ILUVW�LQIHFWHG
LQGLYLGXDO��7KXV� WKHUH� LV� D�QHZ�VWRFKDVWLF�HOHPHQW� LQ� WKH�SURFHVV��ZLWK� LGHQWLFDO�PRGHO�SDUDPHWHUV
DQG�DQ�LGHQWLFDO�QHWZRUN�WKH�GLVHDVH�VRPHWLPHV�WDNHV�RII�DQG�VRPHWLPHV�GLHV�RXW�
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7KH� VLWXDWLRQ� EHFRPHV� PRUH� LQWHUHVWLQJ� VWLOO� ZKHQ� ZH� ORRN� DW� WKH� 6,5� PRGHO�� ,Q� WKH� 6,5� PRGHO
LQGLYLGXDOV�UHPDLQ�LQIHFWLRXV�IRU�RQO\�D�ILQLWH�DPRXQW�RI�WLPH�DQG�WKHQ�WKH\�UHFRYHU��VR�LW�LV�LQ�JHQHUDO
QR�ORQJHU�WUXH��DV�LQ�WKH�6,�PRGHO��WKDW�WKH�VXVFHSWLEOH�QHLJKERU�RI�DQ�LQIHFWHG�LQGLYLGXDO�ZLOO�DOZD\V
JHW�LQIHFWHG�LQ�WKH�HQG��,I�WKH\�DUH�OXFN\��VXFK�QHLJKERUV�PD\�QHYHU�FDWFK�WKH�GLVHDVH��7KH�SUREDELOLW\
RI�WKLV�KDSSHQLQJ�FDQ�EH�FDOFXODWHG�LQ�D�PDQQHU�VLPLODU�WR�WKH�FDOFXODWLRQ�RI�(T����������DQG�LV�HTXDO
WR� H�ȕĲ�� ZKHUH�ȕ� LV� DJDLQ� WKH� WUDQVPLVVLRQ� UDWH� DQG�Ĳ� LV� WKH� DPRXQW� RI� WLPH� IRU� ZKLFK� WKH� LQIHFWHG
LQGLYLGXDO�UHPDLQV�LQIHFWHG��7KXV�WKH�SUREDELOLW\�WKDW�WKH�GLVHDVH�LV�WUDQVPLWWHG�LV

�

�������
�
�
)RU�VLPSOLFLW\��OHW�XV�VXSSRVH�WKDW�HYHU\�LQIHFWHG�LQGLYLGXDO�UHPDLQV�LQIHFWLRXV�IRU�WKH�VDPH�OHQJWK

RI�WLPH��7KLV�GLIIHUV�IURP�WKH�IXOO\�PL[HG�YHUVLRQ�RI�WKH�PRGHO��ZKHUH�Ĳ�ZDV�GLVWULEXWHG�DFFRUGLQJ�WR
DQ� H[SRQHQWLDO� GLVWULEXWLRQ� �VHH� (T�� ��������� EXW� LQ� PDQ\� FDVHV� LV� DFWXDOO\� PRUH� UHDOLVWLF�� $V
PHQWLRQHG�LQ�6HFWLRQ�������REVHUYHG�YDOXHV�RI�Ĳ�IRU�PDQ\�GLVHDVHV�DUH�QDUURZO\�FRQFHQWUDWHG�DERXW�D
PHDQ�YDOXH��DQG�WKHLU�GLVWULEXWLRQ�LV�IDU�IURP�EHLQJ�H[SRQHQWLDO�
:LWK� WKLV� DVVXPSWLRQ�� WKH� SUREDELOLW\� RI� WUDQVPLVVLRQ�ĳ� LV� D� FRQVWDQW� DFURVV� WKH�ZKROH� QHWZRUN�

(YHU\� VXVFHSWLEOH� LQGLYLGXDO� KDV� HTXDO� SUREDELOLW\�ĳ� RI� FDWFKLQJ� WKH� GLVHDVH� IURP� WKHLU� LQIHFWHG
QHLJKERU���2I�FRXUVH��LI�WKH\�KDYH�PRUH�WKDQ�RQH�LQIHFWHG�QHLJKERU�WKH�WRWDO�SUREDELOLW\�LV�KLJKHU��
1RZ�KHUH� LV�D�QLFH�WULFN��GHYHORSHG�RULJLQDOO\�E\�0ROOLVRQ�>���@�DQG�*UDVVEHUJHU�>���@��/HW�XV

WDNH�RXU�QHWZRUN�DQG�³FRORU�LQ´�RU�³RFFXS\´�HDFK�HGJH�ZLWK�SUREDELOLW\�ĳ��RU�QRW�ZLWK�SUREDELOLW\����
ĳ��7KLV�LV�MXVW�WKH�RUGLQDU\�ERQG�SHUFRODWLRQ�SURFHVV�LQWURGXFHG�LQ�6HFWLRQ�������ZKHUH�D�IUDFWLRQ�ĳ�RI
HGJHV� DUH�RFFXSLHG�XQLIRUPO\�DW� UDQGRP��7KH�RFFXSLHG�HGJHV� UHSUHVHQW� WKRVH� DORQJ�ZKLFK�GLVHDVH
ZLOO�EH� WUDQVPLWWHG� LI� LW� UHDFKHV�HLWKHU�RI� WKH�YHUWLFHV�DW� WKH�HQGV�RI� WKH�HGJH��7KDW� LV�� WKH�RFFXSLHG
HGJHV� UHSUHVHQW� FRQWDFWV� VXIILFLHQW� WR� VSUHDG� WKH� GLVHDVH�� EXW� QRW� QHFHVVDULO\� DFWXDO� GLVHDVH
WUDQVPLVVLRQ�� LI� WKH� GLVHDVH�GRHVQ¶W� UHDFK� HLWKHU� HQG�RI� DQ�RFFXSLHG� HGJH� WKHQ�GLVHDVH�ZLOO� QRW� EH
WUDQVPLWWHG�DORQJ� WKDW�HGJH��VR�HGJH�RFFXSDWLRQ�RQO\�UHSUHVHQWV� WKH�SRWHQWLDO� IRU� WUDQVPLVVLRQ� LI� WKH
GLVHDVH�UHDFKHV�DQ�HGJH�
:LWK�WKLV�LQ�PLQG�FRQVLGHU�QRZ�WKH�VSUHDG�RI�D�GLVHDVH�WKDW�VWDUWV�DW�D�UDQGRPO\�FKRVHQ�YHUWH[��:H

FDQ�LPPHGLDWHO\�VHH�WKDW�WKH�VHW�RI�YHUWLFHV�WR�ZKLFK�WKH�GLVHDVH�ZLOO�XOWLPDWHO\�VSUHDG�LV�SUHFLVHO\
WKH�VHW�FRQQHFWHG�WR�WKH�LQLWLDO�YHUWH[�E\�DQ\�SDWK�RI�RFFXSLHG�HGJHV²WKH�GLVHDVH�VLPSO\�SDVVHV�IURP
RQH�YHUWH[� WR�DQRWKHU�E\� WUDYHUVLQJ�RFFXSLHG�HGJHV�XQWLO� DOO� UHDFKDEOH�YHUWLFHV�KDYH�EHHQ� LQIHFWHG�
7KH�HQG� UHVXOW� LV� WKDW� WKH�GLVHDVH� LQIHFWV� DOO�PHPEHUV�RI� WKH�ERQG�SHUFRODWLRQ�FOXVWHU� WR�ZKLFK� WKH
LQLWLDO�FDUULHU�EHORQJV�



�

)LJXUH�������%RQG�SHUFRODWLRQ��,Q�ERQG�SHUFRODWLRQ��D�IUDFWLRQ�ĳ�RI�WKH�HGJHV�LQ�D�QHWZRUN�DUH�ILOOHG
LQ� RU� ³RFFXSLHG´� DW� UDQGRP� WR� FUHDWH� FRQQHFWHG� FOXVWHUV� RI� YHUWLFHV�� �D�� )RU� VPDOO� RFFXSDWLRQ
SUREDELOLW\�ĳ�WKH�FOXVWHUV�DUH�VPDOO���E��$ERYH�WKH�SHUFRODWLRQ�WKUHVKROG�D�ODUJH�FOXVWHU�IRUPV��WKRXJK
WKHUH� DUH� XVXDOO\� VWLOO� VRPH� VPDOO� FOXVWHUV� DV�ZHOO�� �F��:KHQ�ĳ� ���DOO� HGJHV� DUH�RFFXSLHG�EXW� WKH
ODUJH� FOXVWHU� PD\� VWLOO� QRW� ILOO� WKH� ZKROH� QHWZRUN�� DW�ĳ�  � �� WKH� ODUJHVW� FOXVWHU� FRUUHVSRQGV� WR� WKH
ODUJHVW�FRPSRQHQW�RI�WKH�QHWZRUN��ZKLFK�LV�RIWHQ�MXVW�D�VXEVHW�RI�WKH�ZKROH�QHWZRUN�
�
�
,W� LV� LPSRUWDQW� WR� DSSUHFLDWH� WKDW�� DV�ZLWK�RXU� WUHDWPHQW�RI� WKH�QHWZRUN�6,�PRGHO� LQ� WKH�SUHYLRXV

VHFWLRQ�� WKLV� SURFHVV� GRHV� QRW� JLYH� XV� DQ\� LQIRUPDWLRQ� DERXW� WKH� WHPSRUDO� HYROXWLRQ� RI� WKH� GLVHDVH
RXWEUHDN��,QGLYLGXDO� LQIHFWLRQ�HYHQWV�DUH�VWRFKDVWLF�DQG�D�FDOFXODWLRQ�RI�WKH�FXUYH�RI�LQIHFWLRQV�DV�D
IXQFWLRQ� RI� WLPH� UHTXLUHV� D� PRUH� FRPSOLFDWHG� DQDO\VLV� WKDW� WDNHV� WKHLU� UDQGRPQHVV� LQWR� DFFRXQW�
+RZHYHU�� LI� ZH� ZDQW� WR� NQRZ� RQO\� DERXW� ORQJ�WLPH� EHKDYLRU�� DERXW� WKH� RYHUDOO� WRWDO� QXPEHU� RI
LQGLYLGXDOV� LQIHFWHG� E\� WKH� GLVHDVH�� WKHQ� DOO� ZH� QHHG� GR� LV� FRXQW� WKH� YHUWLFHV� LQ� WKH� DSSURSULDWH
SHUFRODWLRQ�FOXVWHU�
%RQG�SHUFRODWLRQ�LV�LQ�PDQ\�ZD\V�VLPLODU�WR�WKH�VLWH�SHUFRODWLRQ�SURFHVVHV�ZH�VWXGLHG�LQ�&KDSWHU

����&RQVLGHU�)LJ��������)RU�ORZ�HGJH�RFFXSDWLRQ�SUREDELOLW\�ĳ� WKHUH�DUH�MXVW�D�IHZ�RFFXSLHG�ERQGV
ZKLFK�JURXS�LQWR�VPDOO�GLVFRQQHFWHG�FOXVWHUV��%XW�DV�ĳ�LQFUHDVHV�WKHUH�FRPHV�D�SRLQW��WKH�SHUFRODWLRQ
WUDQVLWLRQ�� ZKHUH� WKH� GLVFRQQHFWHG� FOXVWHUV� JURZ� ODUJH� HQRXJK� WR� MRLQ� WRJHWKHU� DQG� IRUP� D� JLDQW
FOXVWHU��DOWKRXJK�XVXDOO\�WKHUH�H[LVW�RWKHU�VPDOO�FOXVWHUV�DV�ZHOO�WKDW�DUH�QRW�MRLQHG�WR�WKH�JLDQW�FOXVWHU�
$V�ĳ� LQFUHDVHV�VWLOO�IXUWKHU��WKH�JLDQW�FOXVWHU�JURZV��UHDFKLQJ�LWV�PD[LPXP�VL]H�ZKHQ�ĳ� ����1RWLFH�
KRZHYHU��WKDW�WKLV�PD[LPXP�VL]H�LV�QRW�JHQHUDOO\�HTXDO�WR�WKH�VL]H�RI�WKH�ZKROH�QHWZRUN��(YHQ�ZKHQ
HYHU\�HGJH�LQ�WKH�QHWZRUN�LV�RFFXSLHG��WKH�VL]H�RI�WKH�ODUJHVW�FOXVWHU�LV�VWLOO�OLPLWHG�WR�WKH�VL]H�RI�WKH
ODUJHVW�FRPSRQHQW�RQ�WKH�QHWZRUN��ZKLFK�LV�XVXDOO\�VPDOOHU�WKDQ�WKH�ZKROH�QHWZRUN�
7UDQVODWLQJ� WKHVH� LGHDV� LQWR� WKH� ODQJXDJH�RI� HSLGHPLRORJ\��ZH� VHH� WKDW� IRU� VPDOO�YDOXHV�RI�ĳ� WKH

FOXVWHU� WR�ZKLFK� WKH� LQLWLDO�FDUULHU�RI�D�GLVHDVH�EHORQJV�PXVW�EH�VPDOO�� VLQFH�DOO�FOXVWHUV�DUH�VPDOO�
7KXV�LQ�WKLV�UHJLPH�ZH�ZLOO�KDYH�RQO\�D�VPDOO�GLVHDVH�RXWEUHDN�DQG�PRVW�PHPEHUV�RI�WKH�SRSXODWLRQ
ZLOO�EH�XQLQIHFWHG��2QFH�ZH�UHDFK�WKH�SHUFRODWLRQ�WUDQVLWLRQ��KRZHYHU��DQG�D�JLDQW�FOXVWHU�IRUPV��WKHQ
D� ODUJH� RXWEUHDN� RI� WKH� GLVHDVH²DQ� HSLGHPLF²EHFRPHV� SRVVLEOH�� DOWKRXJK� QRW� JXDUDQWHHG�� ,I� WKH
JLDQW�FOXVWHU�RI�WKH�SHUFRODWLRQ�SURFHVV�RFFXSLHV�D�IUDFWLRQ�6�RI�WKH�HQWLUH�QHWZRUN��WKHQ�RXU�UDQGRPO\
FKRVHQ�LQLWLDO�YHUWH[�ZLOO�IDOO�ZLWKLQ�LW�ZLWK�SUREDELOLW\�6��DQG�LI�LW�GRHV�WKHQ�WKH�GLVHDVH�ZLOO�VSUHDG
WR�LQIHFW�WKH�ZKROH�JLDQW�FOXVWHU��FUHDWLQJ�DQ�HSLGHPLF�UHDFKLQJ�D�IUDFWLRQ�RI�WKH�SRSXODWLRQ�DOVR�HTXDO
WR�6��:LWK�SUREDELOLW\�����6��RQ�WKH�RWKHU�KDQG��WKH�LQLWLDO�YHUWH[�ZLOO�IDOO�LQ�RQH�RI�WKH�VPDOO�FOXVWHUV
DQG�ZH�ZLOO�KDYH�RQO\�D�VPDOO�RXWEUHDN�RI� WKH�GLVHDVH��$V�ĳ� LQFUHDVHV��6�DOVR� LQFUHDVHV�DQG�KHQFH
ERWK�WKH�SUREDELOLW\�DQG�WKH�VL]H�RI�DQ�HSLGHPLF�LQFUHDVH�ZLWK�ĳ�
7KXV�WKH�SHUFRODWLRQ�WUDQVLWLRQ�IRU�ERQG�SHUFRODWLRQ�RQ�RXU�QHWZRUN�FRUUHVSRQGV�SUHFLVHO\�WR� WKH



HSLGHPLF� WKUHVKROG� IRU� D�GLVHDVH�RQ� WKH� VDPH�QHWZRUN��ZKHUH� WKH�HGJH�RFFXSDWLRQ�SUREDELOLW\�ĳ� LV
JLYHQ�LQ�WHUPV�RI�WKH�WUDQVPLVVLRQ�UDWH�ȕ�DQG�UHFRYHU\�WLPH�Ĳ�IRU�WKH�GLVHDVH�E\�(T�����������DQG�WKH
VL]HV� RI� RXWEUHDNV� DUH� JLYHQ� E\� WKH� VL]HV� RI� WKH� ERQG� SHUFRODWLRQ� FOXVWHUV�� 7KLV�PDSSLQJ� EHWZHHQ
SHUFRODWLRQ�DQG�HSLGHPLFV�LV�D�SRZHUIXO�RQH�WKDW�DOORZV�XV�WR�PDNH�D�ZKROH�UDQJH�RI�FDOFXODWLRQV�RI
WKH�HIIHFWV�RI�QHWZRUN�VWUXFWXUH�RQ�WKH�VSUHDG�RI�GLVHDVH�
,W�LV�LPSRUWDQW�WR�QRWH�WKDW�HYHQ�ZKHQ�ĳ�LV�DERYH�WKH�HSLGHPLF�WKUHVKROG�ZH�DUH�QRW�JXDUDQWHHG�WKDW

WKHUH� ZLOO� EH� DQ� HSLGHPLF�� 7KLV� LV� VLPLODU� WR� WKH� VLWXDWLRQ� ZH� VDZ� LQ� WKH� VLPSOHU� 6,� PRGHO�� EXW
GLIIHUHQW�IURP�WKH�VLWXDWLRQ�LQ�WKH�IXOO\�PL[HG�6,5�PRGHO�RI�6HFWLRQ�������ZKHUH�DQ�HSLGHPLF�DOZD\V
WDNHV�SODFH�LI�ZH�DUH�DERYH�WKH�HSLGHPLF�WKUHVKROG��,Q�PDQ\�ZD\V�WKH�EHKDYLRU�RI�RXU�QHWZRUN�PRGHO
LV�PRUH�UHDOLVWLF�WKDQ�WKDW�RI�WKH�IXOO\�PL[HG�PRGHO��)RU�PDQ\�GLVHDVHV�LW�LV�WUXH�WKDW�RXWEUHDNV�GR�QRW
DOZD\V�UHVXOW�LQ�HSLGHPLFV��6RPHWLPHV�D�GLVHDVH�GLHV�RXW�EHFDXVH��MXVW�E\�FKDQFH��LWV�HDUOLHVW�YLFWLPV
KDSSHQ�QRW�WR�SDVV�WKH�GLVHDVH�RQ�WR�RWKHUV��2XU�WKHRU\�WHOOV�XV�WKDW�WKH�SUREDELOLW\�RI�WKLV�KDSSHQLQJ�LV
����6��ZKHUH�6�LV�WKH�VL]H�RI�WKH�JLDQW�FOXVWHU��ZKLFK�LV�DOVR�WKH�VL]H�RI�WKH�HSLGHPLF�LI�LW�GRHV�KDSSHQ�
7KH�YDOXH�RI�����6�LV�XVXDOO\�VPDOO�ZKHQ�ZH�DUH�ZHOO�DERYH�WKH�HSLGHPLF�WKUHVKROG��EXW�FDQ�EH�TXLWH
ODUJH�LI�ZH�DUH�RQO\�D�OLWWOH�DERYH�WKUHVKROG��PHDQLQJ�WKDW�WKH�SUREDELOLW\�RI�WKH�GLVHDVH�G\LQJ�RXW�FDQ
EH�TXLWH�ODUJH�LQ�WKLV�UHJLPH�
,W� LV�DOVR� LPSRUWDQW� WR�EHDU� LQ�PLQG� WKDW�SHUFRODWLRQ� LV�D�VWRFKDVWLF�SURFHVV��:H�RFFXS\�HGJHV�DW

UDQGRP�RQ�RXU�QHWZRUN�WR�UHSUHVHQW�WKH�UDQGRP�QDWXUH�RI�WKH�FRQWDFWV�WKDW�UHVXOW�LQ�WUDQVPLVVLRQ�RI�WKH
GLVHDVH�� 7ZR� RXWEUHDNV� KDSSHQLQJ� XQGHU� WKH� VDPH� FRQGLWLRQV� RQ� WKH� VDPH� QHWZRUNV� ZRXOG� QRW
QHFHVVDULO\� WUDYHO� DORQJ� WKH� VDPH� HGJHV� DQG� WKH� VKDSHV� RI� WKH� SHUFRODWLRQ� FOXVWHUV� ZRXOG� QRW
QHFHVVDULO\�EH� WKH� VDPH��7KXV�D�YHUWH[� WKDW� KDSSHQV� WR�EHORQJ� WR� WKH�JLDQW�FOXVWHU� RQ�RQH�RFFDVLRQ
PLJKW� QRW� EHORQJ� WR� LW� RQ� DQRWKHU� DQG� RXU� WKHRU\� FDQQRW� PDNH� H[DFW� SUHGLFWLRQV� DERXW� GLVHDVH
RXWFRPHV��7KH�EHVW�ZH�FDQ�GR�LV�FDOFXODWH�SUREDELOLWLHV�RU�DYHUDJH�EHKDYLRUV��:H�FRXOG�IRU�LQVWDQFH
FDOFXODWH�WKH�H[SHFWHG�QXPEHU�RI�SHRSOH�ZKR�ZRXOG�EH�DIIHFWHG�E\�DQ�RXWEUHDN��EXW�ZH�FDQQRW�SUHGLFW
WKH�H[DFW�QXPEHU�IRU�DQ\�JLYHQ�RXWEUHDN�
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,Q�6HFWLRQ��������ZH� VKRZHG� WKDW� LW� LV�SRVVLEOH� WR�FDOFXODWH� H[DFWO\� WKH�DYHUDJH�EHKDYLRU�RI� D� VLWH
SHUFRODWLRQ� SURFHVV� RQ� FRQILJXUDWLRQ� PRGHO� QHWZRUNV�� :LWK� RQO\� VOLJKW� PRGLILFDWLRQ� WKH� VDPH
DSSURDFK�FDQ�DOVR�EH�XVHG�IRU�ERQG�SHUFRODWLRQ�DQG�KHQFH�ZH�FDQ�PDNH�SUHGLFWLRQV�DERXW� WKH�VL]H
GLVWULEXWLRQ�RI�HSLGHPLFV�DQG�WKH�SRVLWLRQ�RI�WKH�HSLGHPLF�WKUHVKROG�LQ�VXFK�QHWZRUNV�
&RQVLGHU�DQ�6,5�HSLGHPLF�SURFHVV�RI�WKH�NLQG�GLVFXVVHG�LQ�WKH�SUHYLRXV�VHFWLRQ��WDNLQJ�SODFH�RQ�D

FRQILJXUDWLRQ� PRGHO� QHWZRUN� ZLWK� GHJUHH� GLVWULEXWLRQ�SN�� /HW�X� EH� WKH� DYHUDJH� SUREDELOLW\� WKDW� D
YHUWH[�LV�QRW�FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD�D�VSHFLILF�RQH�RI�LWV�HGJHV��7KHUH�DUH�WZR�ZD\V�WKLV�FDQ
KDSSHQ�� HLWKHU� WKH� HGJH� LQ� TXHVWLRQ� FDQ� EH� XQRFFXSLHG� �ZLWK� SUREDELOLW\� �� ��ĳ��� RU� LW� LV� RFFXSLHG
�SUREDELOLW\�ĳ��EXW�WKH�YHUWH[�DW�WKH�RWKHU�HQG�RI�WKH�HGJH�LV�LWVHOI�QRW�D�PHPEHU�RI�WKH�JLDQW�FOXVWHU�
7KH�ODWWHU�KDSSHQV�RQO\�LI�WKDW�YHUWH[�LV�QRW�FRQQHFWHG�WR�WKH�JLDQW�FOXVWHU�YLD�DQ\�RI�LWV�RWKHU�HGJHV�
ZKLFK�KDSSHQV�ZLWK�SUREDELOLW\�XN�LI�WKHUH�DUH�N�VXFK�HGJHV��7KXV�WKH�WRWDO�SUREDELOLW\�LV�����ĳ���ĳXN�
7KH�YDOXH�RI�N�LV�GLVWULEXWHG�DFFRUGLQJ�WR�WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ
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�VHH�(T�����������$YHUDJLQJ�RYHU�N�ZH�WKHQ�DUULYH�DW�D�VHOI�FRQVLVWHQW�H[SUHVVLRQ�IRU�X�WKXV�
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ZKHUH�J�� LV� WKH�SUREDELOLW\�JHQHUDWLQJ� IXQFWLRQ� IRU� WKH�H[FHVV�GHJUHH�GLVWULEXWLRQ��GHILQHG� LQ�(T�
���������(TXDWLRQ���������LV�WKH�VDPH�DV�WKH�FRUUHVSRQGLQJ�HTXDWLRQ�IRU�WKH�VLWH�SHUFRODWLRQ�FDVH��(T�
��������DQG�KDV�WKH�VDPH�VROXWLRQV�
7KH�SUREDELOLW\�WKDW�D�YHUWH[�RI�WRWDO�GHJUHH�N�GRHV�QRW�EHORQJ�WR�WKH�JLDQW�FOXVWHU�LV�QRZ�VLPSO\�XN�

DQG� WKH�DYHUDJH�VXFK�SUREDELOLW\�RYHU� WKH�ZKROH�QHWZRUN��ZKLFK� LV�HTXDO� WR��� ��6�� LV�FDOFXODWHG�E\
DYHUDJLQJ�XN�RYHU�WKH�GHJUHH�GLVWULEXWLRQ�SN�JLYLQJ
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7KLV�HTXDWLRQ�GLIIHUV�IURP�WKH�FRUUHVSRQGLQJ�HTXDWLRQ�LQ�WKH�VLWH�SHUFRODWLRQ�FDVH��(T����������E\�DQ
RYHUDOO�IDFWRU�RI�ĳ��EXW�LV�RWKHUZLVH�WKH�VDPH��7KXV�WKH�VKDSH�RI�WKH�FXUYH�IRU�6�DV�D�IXQFWLRQ�RI�ĳ�ZLOO
EH�GLIIHUHQW�IURP�WKH�VLWH�SHUFRODWLRQ�FDVH��EXW�WKH�SRVLWLRQ�ĳF�RI�WKH�SHUFRODWLRQ�WUDQVLWLRQ��ZKLFK�LV
GLFWDWHG� E\� WKH� VROXWLRQ� RI�(T�� ���������ZLOO� EH� WKH� VDPH��7KH� VROXWLRQ� RI�(T�� ��������ZDV� VKRZQ
JUDSKLFDOO\�LQ�)LJ�������DQG�WKH�SRVLWLRQ�RI�WKH�WUDQVLWLRQ�LV�JLYHQ�E\�(T���������WR�EH
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7KLV�HTXDWLRQ�WKXV�DOVR�JLYHV�XV�WKH�SRVLWLRQ�RI�WKH�HSLGHPLF�WKUHVKROG�LQ�WHUPV�RI�WKH�SUREDELOLW\�ĳ��,I
ZH�SUHIHU� RXU� VROXWLRQ� LQ� WHUPV�RI� WKH�PRUH� IXQGDPHQWDO� SDUDPHWHUV�ȕ� DQG�Ĳ�ZH� FDQ� UHDUUDQJH�(T�
��������WR�JLYH
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,I�ȕĲ�H[FHHGV�WKLV�YDOXH�WKHQ�WKHUH�LV�WKH�SRVVLELOLW\�RI�DQ�HSLGHPLF��WKRXJK�QRW�WKH�FHUWDLQW\��VLQFH�WKH
LQLWLDO�FDUULHU�RU�FDUULHUV�RI�WKH�GLVHDVH�FRXOG�E\�FKDQFH�IDOO�RXWVLGH�WKH�JLDQW�FOXVWHU��,I�ȕĲ�LV�VPDOOHU
WKDQ� WKLV� YDOXH� WKHQ� DQ� HSLGHPLF� LV� LPSRVVLEOH�� QR� PDWWHU� ZKHUH� WKH� LQLWLDO� FDUULHU� IDOOV�� 7KH
SUREDELOLW\� RI� WKH� HSLGHPLF�� LI� RQH� LV� SRVVLEOH�� LV� JLYHQ� E\�6�� (T�� ��������� DV� LV� WKH� VL]H� RI� WKH
HSLGHPLF�LI�DQG�ZKHQ�RQH�RFFXUV�
6LQFH� WKH�HSLGHPLF�EHKDYLRU�RI� WKH�PRGHO� LV�FRQWUROOHG�E\� WKH�FRPELQDWLRQ�RI�SDUDPHWHUV�ȕĲ�� WKH

HSLGHPLF� WUDQVLWLRQ� FDQ� EH� GULYHQ� HLWKHU� E\� DQ� LQFUHDVH� LQ� WKH� LQIHFWLRXVQHVV� WLPH�Ĳ�� ZKLFK� LV� D
SURSHUW\�RI�WKH�SDUWLFXODU�GLVHDVH�XQGHU�VWXG\��RU�E\�DQ�LQFUHDVH�LQ�WKH�WUDQVPLVVLRQ�UDWH�ȕ��ZKLFK�LV�D
SURSHUW\�ERWK�RI�WKH�GLVHDVH�DQG�RI�WKH�EHKDYLRU�RI�PHPEHUV�RI�WKH�SRSXODWLRQ��$W�WKH�VDPH�WLPH��WKH
SUHFLVH�SRVLWLRQ�RI�WKH�WUDQVLWLRQ�LQ�WHUPV�RI�WKHVH�YDULDEOHV��DV�ZHOO�DV�WKH�SUREDELOLW\�DQG�VL]H�RI�DQ\
HSLGHPLF� WKDW� RFFXUV�� GHSHQG� RQ� WKH� VWUXFWXUH� RI� WKH� QHWZRUN� YLD� WKH�PRPHQWV� N� DQG� N�� RI� WKH



GHJUHH�GLVWULEXWLRQ��7KLV�FRQWUDVWV�ZLWK�WKH�IXOO\�PL[HG�PRGHO�RI�6HFWLRQ�������ZKLFK�LQFRUSRUDWHG�QR
QHWZRUN�HIIHFWV�
%HFDXVH� RI� WKH� FORVH� VLPLODULW\� EHWZHHQ� WKH� VLWH� DQG� ERQG� SHUFRODWLRQ� SUREOHPV��ZH� FDQ� HDVLO\

WUDQVODWH� D� QXPEHU� RI� WKH� UHVXOWV� RI� 6HFWLRQ� ������� LQWR� WKH� ODQJXDJH� RI� HSLGHPLFV�� )RU� LQVWDQFH�� D
UDQGRP�JUDSK�ZLWK�D�3RLVVRQ�GHJUHH�GLVWULEXWLRQ�ZLWK�PHDQ�F��ZKLFK�KDV�J��]�� �J��]�� �HF�]�����KDV�DQ
HSLGHPLF�WKUHVKROG�IDOOV�DW�ĳF� ���F��(T������������RU
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DQG�WKH�VL]H�RI�WKH�HSLGHPLF��ZKHQ�WKHUH�LV�RQH��LV�JLYHQ�E\�WKH�VROXWLRQ�WR�WKH�HTXDWLRQV
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7KH�ILUVW�RI�WKHVH�HTXDWLRQV�FDQ�EH�UHDUUDQJHG�WR�UHDG�����X� �ĳ�����HF�X����� �ĳ6�DQG�VXEVWLWXWLQJ�LQWR
WKH�VHFRQG�WKHQ�JLYHV
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ZKLFK� KDV� QR� VLPSOH� FORVHG�IRUP� VROXWLRQ����� EXW� FDQ� HDVLO\� EH� VROYHG� QXPHULFDOO\� E\�PDNLQJ� DQ
LQLWLDO�JXHVV�DW�WKH�VROXWLRQ�� �VHHPV�WR�ZRUN�ZHOO��DQG�WKHQ�LWHUDWLQJ�WKH�HTXDWLRQ�WR�FRQYHUJHQFH�
1RWH� WKDW� WKLV� HTXDWLRQ� LV� VLPLODU� WR� (T�� �������� IRU� WKH� IXOO\� PL[HG� PRGHO�� EXW� ZLWK� GLIIHUHQW

SDUDPHWHUV��7KH�VLPLODULW\�LV�QRW�FRLQFLGHQWDO��,Q�WKH�IXOO\�PL[HG�PRGHO�DQ�LQIHFWHG�LQGLYLGXDO�LQIHFWV
RWKHUV�FKRVHQ�XQLIRUPO\�DW�UDQGRP�IURP�WKH�SRSXODWLRQ��DQG�LQ�WKH�3RLVVRQ�UDQGRP�JUDSK�WKH�QHWZRUN
QHLJKERUV�RI�DQ\�LQGLYLGXDO�DUH�DOVR�FKRVHQ�XQLIRUPO\�DW�UDQGRP��,W�LV�SRVVLEOH�WR�VKRZ�WKDW�WKHUH�LV�D
GLUHFW�FRUUHVSRQGHQFH�EHWZHHQ�WKH�WUDGLWLRQDO�IXOO\�PL[HG�PRGHO�DQG�WKH�QHWZRUN�PRGHO�RQ�D�UDQGRP
JUDSK�>��@����
$QRWKHU� LPSRUWDQW�FDVH� LV� WKH� VFDOH�IUHH�QHWZRUN�ZLWK� LWV�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ��$V�ZH

VDZ�LQ�6HFWLRQ���������LI�WKH�H[SRQHQW�Į�RI�WKH�SRZHU�ODZ�LQ�VXFK�D�QHWZRUN�OLHV�LQ�WKH�XVXDO�UDQJH����



Į����� WKHQ�ĳF� ����EHFDXVH�N��GLYHUJHV�ZKLOH�N� UHPDLQV�FRQVWDQW�DQG�KHQFH�(T�� ��������JRHV� WR
]HUR��7KXV�LQ�WKH�SRZHU�ODZ�FDVH�WKHUH�LV�DOZD\V�DQ�HSLGHPLF��QR�PDWWHU�KRZ�VPDOO�WKH�SUREDELOLW\�RI
WUDQVPLVVLRQ�RI�WKH�GLVHDVH��DW�OHDVW�LQ�WKH�OLPLW�RI�LQILQLWH�QHWZRUN�VL]H���)RU�ILQLWH�QHWZRUNV��N�� LV
QRW�LQILQLWH��EXW�YHU\�ODUJH��DQG�ĳF�LV�FRUUHVSRQGLQJO\�YHU\�VPDOO��EXW�QRW�SUHFLVHO\�]HUR��
7KLV�VWDWHPHQW�LV��KRZHYHU��VOLJKWO\�PLVOHDGLQJ�VLQFH��DV�ZH�VDZ�LQ�WKH�SUHYLRXV�FKDSWHU��WKH�VL]H

RI� WKH�JLDQW�FOXVWHU� LQ�D�VFDOH�IUHH�QHWZRUN�EHFRPHV�YHU\�VPDOO�DV�ZH�DSSURDFK�ĳ� ���� LW�JHQHUDOO\
GHFD\V�IDVWHU�WKDQ�OLQHDUO\�ZLWK�ĳ��7KXV�DOWKRXJK�WHFKQLFDOO\�WKHUH�PD\�EH�DQ�HSLGHPLF�IRU�DOO�SRVLWLYH
YDOXHV�RI�ĳ��LW�FDQ�EH�YHU\�VPDOO�LQ�SUDFWLFH��DIIHFWLQJ�RQO\�WKH�WLQLHVW�IUDFWLRQ�RI�WKH�SRSXODWLRQ���2Q
WKH�RWKHU�KDQG�� WKH�GLIIHUHQFH�EHWZHHQ�QRQ�HSLGHPLF�EHKDYLRU�DQG�HSLGHPLF�EHKDYLRU�� HYHQ�ZLWK�D
WLQ\� YDOXH� RI�6�� ZLOO� EHFRPH� YHU\� LPSRUWDQW�ZKHQ�ZH� ORRN� DW�PRGHOV� VXFK� DV� WKH� 6,6�PRGHO� WKDW
LQFRUSRUDWH� UHLQIHFWLRQ�� ,Q� VXFK�PRGHOV� WKH� HSLGHPLF� WKUHVKROG� VHSDUDWHV� WKH� UHJLPH� LQ� ZKLFK� WKH
GLVHDVH� SHUVLVWV� DQG� WKH� UHJLPH� LQ� ZKLFK� LW� EHFRPHV� H[WLQFW�� DQ� LPSRUWDQW� GLVWLQFWLRQ� HYHQ� LI� WKH
QXPEHU�RI�LQGLYLGXDOV�LQIHFWHG�LV�VPDOO��
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7KH� WHFKQLTXHV� RI� WKH� SUHYLRXV� VHFWLRQ� FDQ� WHOO� XV� DERXW� WKH� ODWH�WLPH� SURSHUWLHV� RI� HSLGHPLFV� RQ
QHWZRUNV�� VXFK�DV�KRZ�PDQ\�SHRSOH�ZLOO� HYHQWXDOO\�EH�DIIHFWHG� LQ� DQ�RXWEUHDN�RI� D�GLVHDVH�� ,I�ZH
ZDQW�WR�NQRZ�DERXW�WKH�GHWDLOHG�SURJUHVVLRQ�RI�DQ�RXWEUHDN�DV�D�IXQFWLRQ�RI�WLPH��KRZHYHU��WKHQ�ZH
QHHG�DQRWKHU�DSSURDFK�WKDW� WDNHV�G\QDPLFV�LQWR�DFFRXQW��0RUHRYHU��WKH�WHFKQLTXHV�ZH�KDYH�XVHG�VR
IDU�FDQQRW�WHOO�XV�DERXW�HYHQ�WKH�ODWH�WLPH�EHKDYLRU�RI�PRGHOV�ZLWK�UHLQIHFWLRQ��VXFK�DV� WKH�6,6�DQG
6,56�PRGHOV�RI�6HFWLRQV������DQG�������)RU� WKHVH�PRGHOV� WKH�HTXLYDOHQFH�EHWZHHQ�HSLGHPLFV�DQG
SHUFRODWLRQ� WKDW�ZH� XVHG� DERYH� GRHV� QRW� KROG�� DQG� WR� XQGHUVWDQG� WKHLU� EHKDYLRU�� LQFOXGLQJ� DW� ORQJ
WLPHV��ZH�QHHG�WR�DGGUHVV�WKH�G\QDPLFV�RI�WKH�HSLGHPLF�
$�QXPEHU�RI�DSSURDFKHV�KDYH�EHHQ�SURSRVHG�IRU�WDFNOLQJ�WKH�G\QDPLFV�RI�HSLGHPLFV�RQ�QHWZRUNV�

VRPH� H[DFW� DQG� VRPH� DSSUR[LPDWH�� 2I� FRXUVH�� JLYHQ� D� VSHFLILF� QHWZRUN�� RQH� FDQ� DOZD\V� SHUIRUP
FRPSXWHU�VLPXODWLRQV�RI�HSLGHPLFV�DQG�JHW�QXPHULFDO�DQVZHUV�IRU�W\SLFDO�GLVHDVH�RXWEUHDNV��$QDO\WLF
DSSURDFKHV��KRZHYHU��RIIHU�PRUH� LQVLJKW�DQG�VRPH�UHVXOWV�DUH�NQRZQ��DV�GLVFXVVHG�EHORZ��EXW� WKH\
DUH� PRVWO\� FRQILQHG� WR� VSHFLILF� FODVVHV� RI� PRGHO� QHWZRUN�� VXFK� DV� UDQGRP� JUDSKV� DQG� WKHLU
JHQHUDOL]DWLRQV�� ,Q� WKH� IROORZLQJ� VHFWLRQV� ZH� ZLOO� ORRN� DW� VRPH� RI� WKH� PRVW� VWUDLJKWIRUZDUG� DQG
JHQHUDO� DSSURDFKHV� WR� HSLGHPLF� G\QDPLFV� RQ� QHWZRUNV�� VWDUWLQJ� ZLWK� WKH� VLPSOH� 6,� PRGHO� DQG
SURJUHVVLQJ�WR�WKH�PRUH�FRPSOH[��DQG�LQWHUHVWLQJ��PRGHOV�LQ�ODWHU�VHFWLRQV�
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7KH�DQDO\WLF�WUHDWPHQW�RI�WKH�WLPH�GHSHQGHQW�SURSHUWLHV�RI�HSLGHPLF�PRGHOV�UHYROYHV�DURXQG�WKH�WLPH
HYROXWLRQ�RI� WKH�SUREDELOLWLHV� IRU�YHUWLFHV� WR�EH� LQ� VSHFLILF�GLVHDVH�VWDWHV��2QH�FDQ� LPDJLQH�KDYLQJ
UHSHDWHG�RXWEUHDNV�RI�WKH�VDPH�GLVHDVH�RQ�WKH�VDPH�QHWZRUN��VWDUWLQJ�IURP�WKH�VDPH�LQLWLDO�FRQGLWLRQV�
DQG� FDOFXODWLQJ� IRU� H[DPSOH� WKH� DYHUDJH� SUREDELOLWLHV�VL�W�� DQG�[L�W�� WKDW� YHUWH[�L� LV� VXVFHSWLEOH� RU
LQIHFWLYH� DW� WLPH�W��*LYHQ� WKH�DGMDFHQF\�PDWUL[�RI� D�QHWZRUN�RQH�FDQ�ZULWH�GRZQ�HTXDWLRQV� IRU� WKH
HYROXWLRQ�RI�VXFK�TXDQWLWLHV�LQ�D�VWUDLJKWIRUZDUG�PDQQHU��&RQVLGHU�IRU�LQVWDQFH�WKH�6,�PRGHO�
$Q�6,�RXWEUHDN�VWDUWLQJ�ZLWK�D�VLQJOH�UDQGRPO\�FKRVHQ�YHUWH[�VRPHZKHUH�HYHQWXDOO\�VSUHDGV��DV�ZH

KDYH�VHHQ��WR�DOO�PHPEHUV�RI�WKH�FRPSRQHQW�FRQWDLQLQJ�WKDW�YHUWH[��2XU�PDLQ�LQWHUHVW�LV�LQ�HSLGHPLFV
RFFXUULQJ� LQ� WKH�JLDQW� FRPSRQHQW�RI� WKH�QHWZRUN�� VLQFH�DOO� RWKHU�RXWEUHDNV�ZLOO� RQO\�DIIHFW� D� VPDOO
FRPSRQHQW�DQG�WKHQ�GLH�RXW��VR�OHW�XV�IRFXV�RQ�WKH�JLDQW�FRPSRQHQW�FDVH�
&RQVLGHU�D�YHUWH[�L��,I�WKH�YHUWH[�LV�QRW�D�PHPEHU�RI�WKH�JLDQW�FRPSRQHQW�WKHQ�E\�K\SRWKHVLV�VL� ���DW

DOO�WLPHV��VLQFH�ZH�DUH�DVVXPLQJ�WKH�HSLGHPLF�WR�WDNH�SODFH�LQ�WKH�JLDQW�FRPSRQHQW��)RU�L�LQ�WKH�JLDQW
FRPSRQHQW� ZH� FDQ� ZULWH� GRZQ� D� GLIIHUHQWLDO� HTXDWLRQ� IRU�VL� E\� FRQVLGHULQJ� WKH� SUREDELOLW\� WKDW�L
EHFRPHV�LQIHFWHG�EHWZHHQ�WLPHV�W�DQG�W���GW��7R�EHFRPH�LQIHFWHG�DQ�LQGLYLGXDO�PXVW�FDWFK�WKH�GLVHDVH
IURP�D�QHLJKERULQJ�LQGLYLGXDO�M��PHDQLQJ�M�PXVW�DOUHDG\�EH�LQIHFWHG��ZKLFK�KDSSHQV�ZLWK�SUREDELOLW\
[M�  � �� ��VM�� DQG� PXVW� WUDQVPLW� WKH� GLVHDVH� GXULQJ� WKH� JLYHQ� WLPH� LQWHUYDO�� ZKLFK� KDSSHQV� ZLWK
SUREDELOLW\�ȕ�GW�� ,Q� DGGLWLRQ�ZH�DOVR� UHTXLUH� WKDW�L�EH�VXVFHSWLEOH� LQ� WKH�ILUVW�SODFH��ZKLFK�KDSSHQV
ZLWK�SUREDELOLW\�VL��0XOWLSO\LQJ�WKHVH�SUREDELOLWLHV�DQG�WKHQ�VXPPLQJ�RYHU�DOO�QHLJKERUV�RI�L��WKH�WRWDO
SUREDELOLW\� RI�L� EHFRPLQJ� LQIHFWHG� LV�ȕVL��M�$LM�[M�� ZKHUH�$LM� LV�DQ�HOHPHQW�RI� WKH�DGMDFHQF\�PDWUL[�
7KXV�VL�REH\V�WKH�FRXSOHG�VHW�RI�Q�QRQ�OLQHDU�GLIIHUHQWLDO�HTXDWLRQV�
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1RWH�WKH�OHDGLQJ�PLQXV�VLJQ�RQ�WKH�ULJKW�KDQG�VLGH²WKH�SUREDELOLW\�RI�EHLQJ�VXVFHSWLEOH�JRHV�GRZQ
ZKHQ�YHUWLFHV�EHFRPH�LQIHFWHG�
6LPLODUO\�ZH�FDQ�ZULWH�DQ�HTXDWLRQ�IRU�[L�WKXV�

�
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DOWKRXJK�WKH�WZR�HTXDWLRQV�DUH�UHDOO\�WKH�VDPH�HTXDWLRQ��UHODWHG�WR�RQH�DQRWKHU�E\�VL���[L� ���
:H�ZLOO�XVH�WKH�VDPH�LQLWLDO�FRQGLWLRQV�DV�ZH�GLG�LQ�WKH�IXOO\�PL[HG�FDVH��DVVXPLQJ�WKDW�WKH�GLVHDVH

VWDUWV�ZLWK�HLWKHU�D�VLQJOH�LQIHFWHG�YHUWH[�RU�D�VPDOO�QXPEHU�F�RI�YHUWLFHV��FKRVHQ�XQLIRUPO\�DW�UDQGRP�
VR�WKDW�[L� �F�Q�DQG�VL� �����F�Q�IRU�DOO�L��,Q�WKH�OLPLW�RI�ODUJH�V\VWHP�VL]H�Q��WKHVH�EHFRPH�[L� ����VL� ���
DQG�ZH�ZLOO�XVH�WKLV�ODUJH�Q�OLPLW�WR�VLPSOLI\�VRPH�RI�WKH�H[SUHVVLRQ�GHULYHG�LQ�WKLV�DQG�WKH�IROORZLQJ
VHFWLRQV�
(TXDWLRQ���������LV�QRW�VROYDEOH�LQ�FORVHG�IRUP�IRU�JHQHUDO�$LM�EXW�ZH�FDQ�FDOFXODWH�VRPH�IHDWXUHV

RI� LWV� EHKDYLRU� E\� FRQVLGHULQJ� VXLWDEOH� OLPLWV��&RQVLGHU� IRU� H[DPSOH� WKH� EHKDYLRU� RI� WKH� V\VWHP� DW
HDUO\� WLPHV�� )RU� ODUJH�Q�� DQG� DVVXPLQJ� LQLWLDO� FRQGLWLRQV� DV� DERYH��[L�ZLOO� EH� VPDOO� LQ� WKLV� UHJLPH�
:RUNLQJ�ZLWK�(T����������DQG�LJQRULQJ�WHUPV�RI�TXDGUDWLF�RUGHU�LQ�VPDOO�TXDQWLWLHV��ZH�KDYH
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RU�LQ�PDWUL[�IRUP
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ZKHUH�[�LV�WKH�YHFWRU�ZLWK�HOHPHQWV�[L�
1RZ�OHW�XV�ZULWH�[�DV�D�OLQHDU�FRPELQDWLRQ�RI�WKH�HLJHQYHFWRUV�RI�WKH�DGMDFHQF\�PDWUL[�
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ZKHUH�YU�LV�WKH�HLJHQYHFWRU�ZLWK�HLJHQYDOXH�țU���7KHQ
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7KHQ��FRPSDULQJ�WHUPV�LQ�YU��ZH�JHW
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ZKLFK�KDV�WKH�VROXWLRQ
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6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ�EDFN�LQWR�(T�����������ZH�WKHQ�KDYH
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7KH�IDVWHVW�JURZLQJ�WHUP�LQ�WKLV�H[SUHVVLRQ�LV�WKH�WHUP�FRUUHVSRQGLQJ�WR�WKH�ODUJHVW�HLJHQYDOXH�ț��

$VVXPLQJ�WKLV�WHUP�GRPLQDWHV�RYHU�WKH�RWKHUV�ZH�ZLOO�JHW
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6R�ZH�H[SHFW� WKH�QXPEHU�RI� LQIHFWHG� LQGLYLGXDOV� WR�JURZ�H[SRQHQWLDOO\�� MXVW� DV� LW�GRHV� LQ� WKH� IXOO\
PL[HG�YHUVLRQ�RI� WKH�6,�PRGHO��EXW�QRZ�ZLWK�DQ�H[SRQHQWLDO�FRQVWDQW� WKDW�GHSHQGV�QRW� MXVW�RQ�ȕ�EXW
DOVR�RQ�WKH�OHDGLQJ�HLJHQYDOXH�RI�WKH�DGMDFHQF\�PDWUL[�
0RUHRYHU��WKH�SUREDELOLW\�RI�LQIHFWLRQ�LQ�WKLV�HDUO\�SHULRG�YDULHV�IURP�YHUWH[�WR�YHUWH[�URXJKO\�DV

WKH�FRUUHVSRQGLQJ�HOHPHQW�RI�WKH�OHDGLQJ�HLJHQYHFWRU�Y���7KH�HOHPHQWV�RI�WKH�OHDGLQJ�HLJHQYHFWRU�RI
WKH� DGMDFHQF\�PDWUL[� DUH� WKH� VDPH�TXDQWLWLHV� WKDW� LQ� RWKHU� FLUFXPVWDQFHV�ZH� FDOOHG� WKH� HLJHQYHFWRU
FHQWUDOLW\²VHH�6HFWLRQ������7KXV�HLJHQYHFWRU�FHQWUDOLW\�LV�D�FUXGH�PHDVXUH�RI�WKH�SUREDELOLW\�RI�HDUO\
LQIHFWLRQ�RI�D�YHUWH[�LQ�DQ�6,�HSLGHPLF�
$W�ORQJ�WLPHV�LQ�WKH�6,�PRGHO�WKH�SUREDELOLW\�RI�LQIHFWLRQ�RI�D�YHUWH[�LQ�WKH�JLDQW�FRPSRQHQW�WHQGV�WR

RQH��DJDLQ�DVVXPLQJ�WKH�HSLGHPLF�WDNHV�SODFH�LQ�WKH�JLDQW�FRPSRQHQW���7KXV�RYHUDOO�ZH�H[SHFW�WKH�6,
HSLGHPLF�WR�KDYH�D�VLPLODU�IRUP�WR�WKDW�VHHQ�LQ�WKH�IXOO\�PL[HG�YHUVLRQ�RI�WKH�PRGHO��SURGXFLQJ�FXUYHV
TXDOLWDWLYHO\�OLNH�WKDW�LQ�)LJ�������EXW�ZLWK�YHUWLFHV�RI�KLJKHU�HLJHQYHFWRU�FHQWUDOLW\�EHFRPLQJ�LQIHFWHG
IDVWHU�WKDQ�WKRVH�RI�ORZHU�
5HDVRQDEOH� WKRXJK� WKLV� DSSURDFK� DSSHDUV� WR� EH�� LW� LV� QRW� SUHFLVHO\� FRUUHFW�� DV� ZH� FDQ� VHH� E\

LQWHJUDWLQJ�(T�� ��������QXPHULFDOO\��)LJXUH�����D� VKRZV� WKH� UHVXOWV�RI� VXFK�D�QXPHULFDO� LQWHJUDWLRQ
�WKH�FXUYH�ODEHOHG�³ILUVW�RUGHU´��RQ�D�QHWZRUN�JHQHUDWHG�XVLQJ�WKH�FRQILJXUDWLRQ�PRGHO��6HFWLRQ�������
FRPSDUHG�DJDLQVW�DQ�DYHUDJH�RYHU�D�ODUJH�QXPEHU�RI�VLPXODWHG�HSLGHPLFV�ZLWK�WKH�VDPH�ȕ�VSUHDGLQJ
RQ�WKH�VDPH�QHWZRUN��WKH�FLUFXODU�GRWV���$V�WKH�ILJXUH�VKRZV��WKH�DJUHHPHQW�EHWZHHQ�WKH�WZR�LV�JRRG�
EXW�GHILQLWHO\�QRW�SHUIHFW�
7KH� UHDVRQ� IRU� WKLV� GLVDJUHHPHQW� LV� DQ� LQWHUHVWLQJ� RQH�� (TXDWLRQ� �������� PD\� DSSHDU� WR� EH� D

VWUDLJKWIRUZDUG�JHQHUDOL]DWLRQ�RI�WKH�HTXLYDOHQW�HTXDWLRQ�IRU�WKH�IXOO\�PL[HG�6,�PRGHO��(T����������EXW
WKHUH� DUH� VRPH� VXEWOHWLHV� LQYROYHG�� 7KH� ULJKW�KDQG� VLGH� RI� WKH� HTXDWLRQ� FRQWDLQV� WZR� DYHUDJH
TXDQWLWLHV��VL�DQG�[M��DQG�LQ�PXOWLSO\LQJ�WKHVH�TXDQWLWLHV�ZH�DUH�LPSOLFLWO\�DVVXPLQJ�WKDW�WKH�SURGXFW�RI
WKH�DYHUDJHV�LV�HTXDO�WR�WKH�DYHUDJH�RI�WKHLU�SURGXFW��,Q�WKH�IXOO\�PL[HG�PRGHO�WKLV�LV�WUXH��IRU�ODUJH�Q�
EHFDXVH�RI�WKH�PL[LQJ�LWVHOI��EXW�LQ�WKH�SUHVHQW�FDVH�LW�LV��LQ�JHQHUDO��QRW��EHFDXVH�WKH�SUREDELOLWLHV�DUH
QRW�LQGHSHQGHQW��7KH�TXDQWLW\�VL�PHDVXUHV�D�YHUWH[¶V�SUREDELOLW\�RI�EHLQJ�VXVFHSWLEOH�DQG�[M�PHDVXUHV
WKH� SUREDELOLW\� RI� LWV� QHLJKERU� EHLQJ� LQIHFWHG�� ,W� VKRXOG� FRPH� DV� QR� VXUSULVH� WKDW� LQ� JHQHUDO� WKHVH
TXDQWLWLHV� ZLOO� EH� FRUUHODWHG� EHWZHHQ� QHLJKERULQJ� YHUWLFHV�� &RUUHODWLRQV� RI� WKLV� W\SH� FDQ� EH
LQFRUSRUDWHG�LQWR�RXU�FDOFXODWLRQV��DW�OHDVW�DSSUR[LPDWHO\��E\�XVLQJ�D�VR�FDOOHG�SDLU�DSSUR[LPDWLRQ�RU
PRPHQW�FORVXUH�PHWKRG��DV�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQ�
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&RUUHODWLRQV�EHWZHHQ�WKH�GLVHDVH�VWDWHV�RI�GLIIHUHQW�YHUWLFHV�FDQ�EH�KDQGOHG�E\�DXJPHQWLQJ�RXU�WKHRU\
WR�WDNH�DFFRXQW�RI�WKH�MRLQW�SUREDELOLWLHV�IRU�SDLUV�RI�YHUWLFHV�WR�KDYH�JLYHQ�SDLUV�RI�VWDWHV��7R�KDQGOH
VXFK�MRLQW�SUREDELOLWLHV�ZH�ZLOO�QHHG�WR�PDNH�RXU�QRWDWLRQ�D�OLWWOH�PRUH�VRSKLVWLFDWHG��/HW�XV�GHQRWH
E\� VL� WKH� DYHUDJH� SUREDELOLW\� WKDW� YHUWH[�L� LV� VXVFHSWLEOH�� 7KLV� LV� WKH� VDPH� TXDQWLW\� WKDW� ZH
SUHYLRXVO\�FDOOHG�VL��EXW��DV�ZH�ZLOO�VHH��LW�ZLOO�EH�XVHIXO�WR�LQGLFDWH�WKH�DYHUDJH�H[SOLFLWO\�ZLWK�WKH
DQJOH�EUDFNHWV������,I�\RX�OLNH��\RX�FDQ�WKLQN�RI�VL�W��DV�QRZ�EHLQJ�D�YDULDEOH�ZLWK�YDOXH�RQH�LI�L� LV
VXVFHSWLEOH� DW� WLPH�W� DQG� ]HUR� RWKHUZLVH� DQG� VL� DV� EHLQJ� WKH� DYHUDJH� RI� WKLV� TXDQWLW\� RYHU�PDQ\
GLIIHUHQW� LQVWDQFHV� RI� GLVHDVH� RXWEUHDNV� RQ� WKH� VDPH� QHWZRUN�� 6LPLODUO\� [L� ZLOO� EH� WKH� DYHUDJH
SUREDELOLW\�WKDW�L�LV�LQIHFWHG��$QG�VL[M�LQGLFDWHV�WKH�DYHUDJH�SUREDELOLW\�WKDW�L�LV�VXVFHSWLEOH�DQG�M�LV
LQIHFWHG�DW�WKH�VDPH�WLPH�

�

)LJXUH�������&RPSDULVRQ�RI�WKHRU\�DQG�VLPXODWLRQ�IRU�WKH�6,�PRGHO�RQ�WZR�GLIIHUHQW�QHWZRUNV�
�D��7KH�IUDFWLRQ�RI�LQIHFWHG�LQGLYLGXDOV�DV�D�IXQFWLRQ�RI�WLPH�RQ�WKH�JLDQW�FRPSRQHQW�RI�D�QHWZRUN�ZLWK
ORZ�WUDQVLWLYLW\��L�H���ORZ�FOXVWHULQJ�FRHIILFLHQW���FDOFXODWHG�E\�QXPHULFDO�VROXWLRQ�RI�WKH�GLIIHUHQWLDO
HTXDWLRQV�IRU�WKH�ILUVW��DQG�VHFRQG�RUGHU�PRPHQW�FORVXUH�PHWKRGV��DQG�E\�GLUHFW�VLPXODWLRQ���E��7KH
VDPH�FRPSDULVRQ�IRU�D�QHWZRUN�ZLWK�KLJK�WUDQVLWLYLW\��7KH�QHWZRUNV�KDYH�RQH�PLOOLRQ�YHUWLFHV�HDFK
DQG�WKH�WUDQVPLVVLRQ�UDWH�LV�ȕ� ���LQ�DOO�FDVHV��6LPXODWLRQ�UHVXOWV�ZHUH�DYHUDJHG�RYHU�����UXQV�
�
�



,Q�WKLV�QRWDWLRQ�LW�LV�QRZ�VWUDLJKWIRUZDUG�WR�ZULWH�GRZQ�D�WUXO\�H[DFW�YHUVLRQ�RI�(T�����������WDNLQJ
FRUUHODWLRQV�LQWR�DFFRXQW��,W�LV
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(TXDWLRQ���������LV�DQ�DSSUR[LPDWLRQ�WR�WKLV�WUXH�HTXDWLRQ�LQ�ZKLFK�ZH�DVVXPH�WKDW�6L;M� �6L�;M�
7KH� WURXEOH�ZLWK�(T�� �������� LV� WKDW�ZH�FDQQRW�VROYH� LW�GLUHFWO\�EHFDXVH� LW�FRQWDLQV� WKH�XQNQRZQ

TXDQWLW\�VL[M�RQ�WKH�ULJKW�KDQG�VLGH��7R�ILQG�WKLV�TXDQWLW\��ZH�QHHG�DQRWKHU�HTXDWLRQ�IRU� VL[M��ZKLFK
ZH�FDQ�GHGXFH�DV�IROORZV��7R�UHDFK�WKH�VWDWH�LQ�ZKLFK� L�LV�VXVFHSWLEOH�DQG�M�LV�LQIHFWHG�LQ�DQ�6,�PRGHO
LW�PXVW�EH�WKH�FDVH�WKDW�ERWK�L�DQG�M�DUH�VXVFHSWLEOH�WR�EHJLQ�ZLWK�DQG�WKHQ�M�EHFRPHV�LQIHFWHG��(YHQ
WKRXJK�L�DQG�M�DUH�QHLJKERUV�M�FDQQRW�EH�LQIHFWHG�E\�L��VLQFH�L�LV�QRW�LQIHFWHG��VR�M�PXVW�EH�LQIHFWHG�E\
VRPH� RWKHU� QHLJKERULQJ� YHUWH[�N�� ZKLFK� LWVHOI�PXVW� WKHUHIRUH� EH� LQIHFWHG�� ,Q� RXU� QHZ� QRWDWLRQ�� WKH
SUREDELOLW\� IRU� WKH�FRQILJXUDWLRQ� LQ�ZKLFK�L� DQG�M� DUH� VXVFHSWLEOH� DQG�N� LV� LQIHFWHG� LV� VLVM[N�� ,I�ZH
KDYH�WKLV�FRQILJXUDWLRQ��WKHQ�M�ZLOO�EHFRPH�LQIHFWHG�YLD�N�ZLWK�UDWH�ȕ��6XPPLQJ�RYHU�DOO�QHLJKERUV�N
H[FHSW�IRU�L��WKH�WRWDO�UDWH�DW�ZKLFK�M�EHFRPHV�LQIHFWHG�LV�WKHQ� �
8QIRUWXQDWHO\��WKLV�LV�QRW�WKH�HQG�RI�WKH�VWRU\�EHFDXVH�VL[M� FDQ� DOVR�GHFUHDVH�²LW� GHFUHDVHV� LI�L

EHFRPHV� LQIHFWHG�� 7KLV� FDQ� KDSSHQ� LQ� WZR� GLIIHUHQW�ZD\V�� (LWKHU�L� FDQ� EH� LQIHFWHG� E\� LWV� LQIHFWHG
QHLJKERU�M�� ZKLFK� KDSSHQV� ZLWK� UDWH�ȕVL[M�� RU� LW� FDQ� EH� LQIHFWHG� E\� DQRWKHU� QHLJKERU�O� ��M� WKDW
KDSSHQV� WR� EH� LQIHFWHG�� ZKLFK� KDSSHQV� ZLWK� UDWH�ȕ[OVL[M�� 6XPPLQJ� WKH� ODWWHU� H[SUHVVLRQ� RYHU� DOO
QHLJKERUV�O�RWKHU�WKDQ�M�JLYHV�D�WRWDO�UDWH�RI� �
3XWWLQJ�DOO�RI�WKHVH�WHUPV�WRJHWKHU��ZLWK�PLQXV�VLJQV�IRU�WKRVH�WKDW�GHFUHDVH�WKH�SUREDELOLW\��ZH�JHW�D

ILQDO�HTXDWLRQ�IRU�VL[M�WKXV�
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,Q� WKHRU\� WKLV� HTXDWLRQ�ZLOO� QRZ� DOORZ�XV� WR� FDOFXODWH� VL[M�� ,Q� SUDFWLFH�� KRZHYHU�� LW� LQYROYHV� \HW
PRUH�WHUPV�WKDW�ZH�GRQ¶W�NQRZ�RQ�WKH�ULJKW�KDQG�VLGH��WKH�WKUHH�YDULDEOH�DYHUDJHV�VLVM[N�DQG�[OVL[M�
:H� FDQ� ZULWH� GRZQ� IXUWKHU� HTXDWLRQV� IRU� WKHVH� DYHUDJHV� EXW�� DV� \RX� FDQ� QR� GRXEW� JXHVV�� WKRVH
HTXDWLRQV�LQYROYH�VWLOO�KLJKHU�RUGHU��IRXU�YDULDEOH��WHUPV��DQG�VR�IRUWK��7KH�VXFFHVVLRQ�RI�HTXDWLRQV
ZLOO�QHYHU�HQG²LQ�WKH�MDUJRQ�RI�PDWKHPDWLFV��LW�GRHVQ¶W�FORVH²DQG�VR�ORRNV�DV�WKRXJK�LW�ZLOO�EH�RI



QR�XVH�WR�XV����
,Q� IDFW��KRZHYHU��ZH�FDQ� VWLOO�PDNH�SURJUHVV�E\�DSSUR[LPDWLQJ�RXU� WKUHH�YDULDEOH� DYHUDJHV�ZLWK

DSSURSULDWH�FRPELQDWLRQV�RI�RQH��DQG�WZR�YDULDEOH�DYHUDJHV��ZKLFK�DOORZV�XV�WR�FORVH�WKH�HTXDWLRQV
DQG�JHW�D�VHW�ZH�FDQ�DFWXDOO\�VROYH��7KLV�SURFHVV�LV�FDOOHG�PRPHQW�FORVXUH�DQG�WKH�PHWKRG�GHVFULEHG
LQ�WKLV�VHFWLRQ�LV�FDOOHG�D�PRPHQW�FORVXUH�PHWKRG��7KH�PRPHQW�FORVXUH�PHWKRG�DW�WKH�OHYHO�RI�WZR�
YDULDEOH�DYHUDJHV�WKDW�ZH�GLVFXVV�KHUH�LV�DOVR�FDOOHG�D�SDLU�DSSUR[LPDWLRQ�PHWKRG�
,Q�IDFW��RXU�ILUVW�DWWHPSW�DW�ZULWLQJ�HTXDWLRQV�IRU�WKH�6,�PRGHO�RQ�D�QHWZRUN��(T�����������ZDV�LWVHOI

D�VLPSOH�PRPHQW�FORVXUH�PHWKRG��:H�DSSUR[LPDWHG�WKH�WUXH�HTXDWLRQ��(T�����������E\�ZULWLQJ� VL[M�
VL� [M�� FORVLQJ� WKH� HTXDWLRQV� DW� WKH� OHYHO� RI� RQH�YDULDEOH� DYHUDJHV�� %\� JRLQJ� D� VWHS� IXUWKHU� DQG
FORVLQJ�DW� WKH�SDLU�DSSUR[LPDWLRQ� OHYHO�RI� WZR�YDULDEOH�DYHUDJHV��ZH�FDQ�PDNH�RXU�HTXDWLRQV�PRUH
SUHFLVH�EHFDXVH�ZH�ZLOO�EH�WDNLQJ�WZR�YDULDEOH�FRUUHODWLRQV�LQWR�DFFRXQW��,Q�IDFW��DV�ZH�ZLOO�VHH��WKLV
³VHFRQG�RUGHU´�PRPHQW�FORVXUH�DSSURDFK�LV�H[DFW�IRU�VRPH�QHWZRUNV��DOWKRXJK�RQO\�DSSUR[LPDWH�IRU
RWKHUV�� (YHQ� LQ� WKH� ODWWHU� FDVH�� KRZHYHU�� WKH�PHWKRG� JLYHV� D� UHPDUNDEO\� JRRG� DSSUR[LPDWLRQ�� 7KH
DSSUR[LPDWLRQ� FDQ� EH� IXUWKHU� LPSURYHG� E\� JRLQJ� WR� WKLUG� RUGHU�� EXW� WKH� HTXDWLRQV� UDSLGO\� EHFRPH
FRPSOLFDWHG�DQG�UHVHDUFKHUV�KDYH�UDUHO\�XVHG�PRPHQW�FORVXUH�PHWKRGV�EH\RQG�WKH�VHFRQG�RUGHU��SDLU
DSSUR[LPDWLRQ�OHYHO�
7KH�SDLU�DSSUR[LPDWLRQ�LV�UHODWLYHO\�VWUDLJKWIRUZDUG�KRZHYHU��6WDUWLQJ�ZLWK�(T����������RXU�JRDO�LV

WR�DSSUR[LPDWH�WKH�WKUHH�YDULDEOH�DYHUDJHV�RQ�WKH�ULJKW�KDQG�VLGH�ZLWK�ORZHU�RUGHU�RQHV��:H�GR�WKLV
E\�PDNLQJ�XVH�RI�%D\HV�WKHRUHP�IRU�SUREDELOLWLHV�WKXV�
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ZKHUH�3��L�ෛ�6��PHDQV�WKH�SUREDELOLW\�WKDW�YHUWH[�L�LV�LQ�WKH�VHW�6�RI�VXVFHSWLEOH�YHUWLFHV��:H�NQRZ
WKDW�L� DQG�M� DUH� QHLJKERUV� LQ� WKH� QHWZRUN� DQG� WKDW�M� DQG�N� DUH� QHLJKERUV�� DQG� RXU� DSSUR[LPDWLRQ
LQYROYHV�DVVXPLQJ�WKDW�WKH�GLVHDVH�VWDWH�RI�N�GRHVQ¶W�GHSHQG�RQ�WKH�GLVHDVH�VWDWH�RI�L��7KLV�LV�D�JRRG
DSSUR[LPDWLRQ²LQGHHG� QRW� DQ� DSSUR[LPDWLRQ� DW� DOO²LI� WKH� RQO\� SDWK� LQ� WKH� QHWZRUN� IURP�L� WR�N� LV
WKURXJK�M��,Q�WKDW�FDVH��JLYHQ�WKDW�ZH�NQRZ�M�WR�EH�VXVFHSWLEOH��WKHUH�LV�QR�ZD\�WKDW�WKH�GLVHDVH�VWDWH�RI
L�FDQ�DIIHFW�WKDW�RI�N�EHFDXVH�WKHUH�LV�QR�RWKHU�SDWK�E\�ZKLFK�WKH�GLVHDVH�FRXOG�VSUHDG�IURP�L�WR�N��2Q
WKH�RWKHU� KDQG�� LI� WKHUH� LV� DQRWKHU� SDWK� IURP�L� WR�N� WKDW� DYRLGV� YHUWH[�M� WKHQ� WKH�GLVHDVH� FDQ� VSUHDG
DORQJ�WKDW�SDWK��ZKLFK�ZLOO�LQWURGXFH�FRUUHODWLRQV�EHWZHHQ�L�DQG�N�DQG�LQ�WKDW�FDVH�RXU�DSSUR[LPDWLRQ
LV�MXVW�WKDW²DQ�DSSUR[LPDWLRQ²DOWKRXJK�DV�ZH�ZLOO�VHH�LW�PD\�EH�D�YHU\�JRRG�RQH�
$VVXPLQJ�WKH�VWDWH�RI�N�WR�EH�LQGHSHQGHQW�RI�WKH�VWDWH�RI�L��ZH�KDYH
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ZKHUH�ZH�KDYH�XVHG�%D\HV�WKHRUHP�DJDLQ�LQ�WKH�VHFRQG�HTXDOLW\��3XWWLQJ�(TV����������DQG��������
WRJHWKHU��ZH�WKHQ�KDYH
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:H�FDQ�ZULWH�D�VLPLODU�H[SUHVVLRQ�IRU�WKH�RWKHU�WKUHH�YDULDEOH�DYHUDJH�DSSHDULQJ�LQ�(T����������
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DQG��VXEVWLWXWLQJ�ERWK�LQWR�(T�����������ZH�WKHQ�JHW�WKH�SDLU�DSSUR[LPDWLRQ�HTXDWLRQ
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7KLV�HTXDWLRQ�QRZ�FRQWDLQV�RQO\�DYHUDJHV�RYHU� WZR�YDULDEOHV�DW�D� WLPH��,W�GRHV�DOVR�FRQWDLQ�D�QHZ
DYHUDJH�VLVM�WKDW�ZH�KDYH�QRW�HQFRXQWHUHG�EHIRUH��EXW�WKLV�FDQ�HDVLO\�EH�UHZULWWHQ�DV�VLVM�� �VL����
[M�� �VL����VL[M�DQG�VR�RXU�HTXDWLRQ�EHFRPHV
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7KLV�HTXDWLRQ�LV�PRUH�FRPSOH[�WKDQ�(T����������EXW�LW�FDQ�EH�VLPSOLILHG�E\�UHZULWLQJ�LW�DV�IROORZV�



:H�GHILQH�SLM�WR�EH�WKH�FRQGLWLRQDO�SUREDELOLW\�WKDW�M�LV�LQIHFWHG�JLYHQ�WKDW�L�LV�QRW�
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�������
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7KHQ�WKH�WLPH�HYROXWLRQ�RI�SLM�LV�JLYHQ�E\
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ZKHUH�ZH�KDYH�XVHG�(TV����������DQG��������� LQ� WKH� WKLUG� OLQH��$OO�EXW�RQH�RI� WKH� WHUPV�LQ� WKH� WZR
VXPV�RYHU�O�QRZ�FDQFHO�RXW��OHDYLQJ�XV�ZLWK�WKH�UHODWLYHO\�VLPSOH�HTXDWLRQ
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ZKHUH� ZH� KDYH� XVHG� WKH� IDFW� WKDW�$LM�  � �� �VLQFH�L� DQG�M� DUH� QHLJKERUV���:H� FDQ� DOVR� UHZULWH� (T�
��������LQ�WHUPV�RI�SLM�WKXV�

�
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ZKLFK�KDV�WKH�VROXWLRQ
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%HWZHHQ�WKHP��(TV����������DQG���������QRZ�JLYH�XV�RXU�VROXWLRQ�IRU�WKH�HYROXWLRQ�RI�WKH�HSLGHPLF�
1RWH� WKDW� WKHUH�DUH� WZR�HTXDWLRQV�RI� WKH� IRUP��������� IRU�HDFK�HGJH� LQ� WKH�QHWZRUN�� VLQFH�SLM� LV�QRW
V\PPHWULF�LQ�L�DQG�M�
)LJXUH� ����D� VKRZV� UHVXOWV� IURP� D� QXPHULFDO� VROXWLRQ� RI� WKHVH� HTXDWLRQV� �WKH� FXUYH� PDUNHG

³VHFRQG�RUGHU´��� DJDLQ�RQ� D� FRQILJXUDWLRQ�PRGHO�QHWZRUN� DQG�� DV� WKH� ILJXUH� VKRZV�� WKH� FDOFXODWLRQ
QRZ�DJUHHV�YHU\�ZHOO�ZLWK�WKH�VLPXODWLRQ�UHVXOWV�UHSUHVHQWHG�E\�WKH�GRWV�LQ�WKH�ILJXUH��%\�DFFRXQWLQJ
IRU�FRUUHODWLRQV�EHWZHHQ�DGMDFHQW�YHUWLFHV�ZH�KDYH�FUHDWHG�D�PXFK�PRUH�DFFXUDWH�WKHRU\�
7KLV� QHDU�SHUIHFW� DJUHHPHQW�� KRZHYHU�� LV� VRPHWKLQJ� RI� D� VSHFLDO� FDVH�� &RQILJXUDWLRQ� PRGHO

QHWZRUNV� DUH� ORFDOO\� WUHH�OLNH�� PHDQLQJ� WKH\� KDYH� QR� VKRUW� ORRSV�� DQG�� DV� GLVFXVVHG� DERYH�� RXU
VHFRQG�RUGHU�PRPHQW�FORVXUH�DSSUR[LPDWLRQ�LV�H[DFW�ZKHQ�QRQ�DGMDFHQW�YHUWLFHV�L�DQG�N�KDYH�RQO\�D
VLQJOH�SDWK�EHWZHHQ�WKHP�WKURXJK�VRPH�LQWHUPHGLDWH�M��:KHQ�WKHUH�DUH�QR�VKRUW�ORRSV�LQ�RXU�QHWZRUN
WKLV�LV�WUXH�WR�DQ�H[FHOOHQW�DSSUR[LPDWLRQ²WKH�RQO\�RWKHU�ZD\�WR�JHW�IURP�L� WR�N�LQ�VXFK�D�QHWZRUN�LV
E\�JRLQJ�DURXQG�D�ORQJ�ORRS�DQG�WKH�OHQJWK�RI�VXFK�ORRSV�GLOXWHV�DQ\�UHVXOWLQJ�FRUUHODWLRQV�EHWZHHQ
WKH�VWDWHV�RI�L�DQG�N��RIWHQ�WR�WKH�SRLQW�ZKHUH�WKH\�FDQ�EH�LJQRUHG��7KH�QHWZRUN�XVHG�LQ�WKH�VLPXODWLRQV
IRU�)LJ������D�ZDV�VXIILFLHQWO\�ODUJH��D�PLOOLRQ�YHUWLFHV��DQG�WKH�UHVXOWLQJ�ORRSV�VXIILFLHQWO\�ORQJ�WKDW
WKH�SDLU�DSSUR[LPDWLRQ�HTXDWLRQV�DUH�DQ�H[FHOOHQW�DSSUR[LPDWLRQ��ZKLFK�LV�ZK\�WKH�DJUHHPHQW�LV�VR
JRRG�LQ�WKH�ILJXUH�
8QIRUWXQDWHO\��DV�ZH�VDZ�LQ�6HFWLRQ������PRVW�UHDO�VRFLDO�QHWZRUNV�KDYH�D�ORW�RI�VKRUW�ORRSV��ZKLFK

UDLVHV�WKH�TXHVWLRQ�RI�KRZ�ZHOO�RXU�PHWKRG�GRHV�RQ�VXFK�QHWZRUNV��)LJXUH�����E�VKRZV�D�FRPSDULVRQ
EHWZHHQ� WKH� SUHGLFWLRQV� RI� RXU� HTXDWLRQV� DQG� GLUHFW� VLPXODWLRQV� IRU� D� QHWZRUN� ZLWK� PDQ\� VKRUW
ORRSV�����IRU�ERWK�WKH�VLPSOH�ILUVW�RUGHU�PRPHQW�FORVXUH��(T�����������DQG�IRU�RXU�PRUH�VRSKLVWLFDWHG
VHFRQG�RUGHU� DSSURDFK��$V� WKH�SORW� VKRZV�� WKH� ILUVW�RUGHU� FDOFXODWLRQ� DJUHHV� TXLWH� SRRUO\�ZLWK� WKH
VLPXODWLRQV��LWV�SUHGLFWLRQV�EHLQJ�LQDFFXUDWH�HQRXJK�WR�EH�RI�OLWWOH�XVH�LQ�WKLV�FDVH��7KH�VHFRQG�RUGHU
HTXDWLRQV��KRZHYHU��VWLOO�GR�UHPDUNDEO\�ZHOO��7KHLU�SUHGLFWLRQV�DUH�QRW�LQ�SHUIHFW�DJUHHPHQW�ZLWK�WKH
VLPXODWLRQV��EXW�WKH\�DUH�FORVH�
7KXV� WKH�SDLU�DSSUR[LPDWLRQ�PHWKRG�RIIHUV�D�VLJQLILFDQW� LPSURYHPHQW�RQ�QHWZRUNV�ERWK�ZLWK�DQG

ZLWKRXW� VKRUW� ORRSV�� SURYLGLQJ� D� XVHIXOO\� DFFXUDWH� DSSUR[LPDWLRQ� LQ� WKH� IRUPHU� FDVH� DQG� EHLQJ
HVVHQWLDOO\�H[DFW�LQ�WKH�ODWWHU�
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7KH� DQDO\VLV� RI� WKH� SUHYLRXV� VHFWLRQ� JLYHV� H[DFW� HTXDWLRQV� IRU� WKH� G\QDPLFV� RI� WKH� 6,�PRGHO� RQ� D
QHWZRUN� ZLWK� IHZ� VKRUW� ORRSV� DQG� DQ� H[FHOOHQW� DSSUR[LPDWLRQ� LQ� RWKHU� FDVHV�� 8QIRUWXQDWHO\� WKRVH
HTXDWLRQV� FDQQRW� LQ� JHQHUDO� EH� VROYHG� DQDO\WLFDOO\�� HYHQ� IRU� VLPSOH� QHWZRUNV� VXFK� DV� WKRVH� RI� WKH
FRQILJXUDWLRQ�PRGHO��7KH�VROXWLRQV�SUHVHQWHG�LQ�)LJ�������ZHUH�GHULYHG�E\�LQWHJUDWLQJ�WKH�HTXDWLRQV
QXPHULFDOO\�
,Q�WKLV�VHFWLRQ�ZH�GHVFULEH�DQ�DOWHUQDWLYH�DSSUR[LPDWH�DSSURDFK�WKDW�JLYHV�JRRG��WKRXJK�QRW�SHUIHFW�

UHVXOWV�LQ�SUDFWLFH�DQG�SURGXFHV�HTXDWLRQV�WKDW�FDQ�EH�VROYHG�DQDO\WLFDOO\��0RUHRYHU��WKH�PHWKRG�FDQ�
DV�ZH�ZLOO� VHH�� EH�JHQHUDOL]HG� WR�RWKHU� HSLGHPLF�PRGHOV� VXFK�DV� WKH�6,5�PRGHO��7KH�PHWKRG�ZDV
SLRQHHUHG�E\�3DVWRU�6DWRUUDV�DQG�FRZRUNHUV�>����������������@�� WKRXJK�LW�KDV�SUHFXUVRUV� LQ�HDUOLHU
ZRUN�E\�0D\�DQG�RWKHUV�>�������@��,W�WDNHV�LWV�VLPSOHVW�IRUP�ZKHQ�DSSOLHG�WR�QHWZRUNV�GUDZQ�IURP
WKH�FRQILJXUDWLRQ�PRGHO�DQG�VR�LW�LV�RQ�WKLV�PRGHO�WKDW�ZH�IRFXV�KHUH��DOWKRXJK�LQ�SULQFLSOH�WKH�PHWKRG
FDQ�EH�H[WHQGHG�WR�RWKHU�QHWZRUNV�
&RQVLGHU� D� GLVHDVH� SURSDJDWLQJ� RQ� D� FRQILJXUDWLRQ�PRGHO� QHWZRUN�� L�H��� D� UDQGRP� JUDSK�ZLWK� D

JLYHQ� GHJUHH� GLVWULEXWLRQ�SN�� DV� GLVFXVVHG� LQ�&KDSWHU� ����$V� EHIRUH�ZH� IRFXV� RQ� RXWEUHDNV� WDNLQJ
SODFH�LQ�WKH�JLDQW�FRPSRQHQW�RI�WKH�QHWZRUN��WKLV�EHLQJ�WKH�FDVH�RI�PRVW�LQWHUHVW²RXWEUHDNV�LQ�VPDOO
FRPSRQHQWV�E\�GHILQLWLRQ�GLH�RXW�TXLFNO\�DQG�GR�QRW�JLYH�ULVH�WR�HSLGHPLFV�
$Q�LPSRUWDQW�SRLQW�WR�QRWLFH�LV�WKDW�WKH�GHJUHH�GLVWULEXWLRQ�RI�YHUWLFHV�LQ�WKH�JLDQW�FRPSRQHQW�RI�D

FRQILJXUDWLRQ�PRGHO�QHWZRUN�LV�QRW�WKH�VDPH�DV�WKH�GHJUHH�GLVWULEXWLRQ�RI�YHUWLFHV�LQ�WKH�QHWZRUN�DV�D
ZKROH��$V� VKRZQ� LQ� 6HFWLRQ� ������ WKH� SUREDELOLW\� RI� D� YHUWH[� RI� GHJUHH�N� EHORQJLQJ� WR� WKH� JLDQW
FRPSRQHQW�JRHV�XS�ZLWK�YHUWH[�GHJUHH��7KLV�PHDQV�WKDW�WKH�GHJUHH�GLVWULEXWLRQ�RI�YHUWLFHV�LQ�WKH�JLDQW
FRPSRQHQW�LV�VNHZHG�WRZDUGV�KLJKHU�GHJUHHV���)RU�D�VWDUW��QRWLFH�WKDW�WKHUH�DUH�WULYLDOO\�QR�YHUWLFHV�RI
GHJUHH�]HUR�LQ�WKH�JLDQW�FRPSRQHQW��VLQFH�E\�GHILQLWLRQ�VXFK�YHUWLFHV�DUH�QRW�DWWDFKHG�WR�DQ\�RWKHUV��
:H� ZLOO�� DV� EHIRUH�� GHQRWH� WKH� GHJUHH� GLVWULEXWLRQ� DQG� WKH� H[FHVV� GHJUHH� GLVWULEXWLRQ� LQ� RXU
FDOFXODWLRQV�E\�SN�DQG�TN��EXW�EHDU�LQ�PLQG�WKDW�WKHVH�DUH�IRU�YHUWLFHV�LQ�WKH�JLDQW�FRPSRQHQW��ZKLFK
PHDQV�WKH\�DUH�QRW�WKH�VDPH�DV�WKH�GLVWULEXWLRQV�IRU�WKH�QHWZRUN�DV�D�ZKROH�
7KH�DSSUR[LPDWLRQ�LQWURGXFHG�E\�3DVWRU�6DWRUUDV�HW�DO��ZDV�WR�DVVXPH�WKDW�DOO�YHUWLFHV�RI�WKH�VDPH

GHJUHH�KDYH� WKH�VDPH�SUREDELOLW\�RI� LQIHFWLRQ�DW�DQ\�JLYHQ� WLPH��&HUWDLQO\� WKLV�LV�DQ�DSSUR[LPDWLRQ�
7KH�SUREDELOLW\�RI�LQIHFWLRQ�RI�D�YHUWH[�RI�GHJUHH��VD\��ILYH�VLWXDWHG�LQ�WKH�PLGGOH�RI�WKH�GHQVH�FRUH�RI
D�QHWZRUN�ZLOO�SUHVXPDEO\�EH�ODUJHU�WKDQ�WKH�SUREDELOLW\�IRU�D�YHUWH[�RI�GHJUHH�ILYH�WKDW�LV�RXW�RQ�WKH
SHULSKHU\��1RQHWKHOHVV�� LI� WKH�GLVWULEXWLRQ�RI�SUREDELOLWLHV�IRU�YHUWLFHV�RI�JLYHQ�GHJUHH�LV�UHODWLYHO\
QDUURZ�LW�PD\�EH�D�JRRG�DSSUR[LPDWLRQ�WR�VHW�WKHP�DOO�HTXDO�WR�WKH�VDPH�YDOXH��$QG�LQ�SUDFWLFH��DV�ZH
KDYH�VDLG��WKH�DSSUR[LPDWLRQ�DSSHDUV�WR�ZRUN�YHU\�ZHOO�
5HWXUQLQJ��IRU�WKH�VDNH�RI�VLPSOLFLW\��WR�RXU�HDUOLHU�QRWDWLRQ�VW\OH��OHW�XV�GHILQH�VN��W��DQG�[N��W��WR�EH

WKH�SUREDELOLWLHV� WKDW�D�YHUWH[�ZLWK�GHJUHH�N� LV�VXVFHSWLEOH�RU� LQIHFWHG�� UHVSHFWLYHO\��DW� WLPH�W��1RZ
FRQVLGHU�D�VXVFHSWLEOH�YHUWH[�$��7R�EHFRPH�LQIHFWHG��$�KDV�WR�FRQWUDFW�WKH�LQIHFWLRQ�IURP�RQH�RI�LWV
QHWZRUN�QHLJKERUV��7KH�SUREDELOLW\�WKDW�D�SDUWLFXODU�QHLJKERU�%�LV�LQIHFWHG�GHSHQGV�RQ�WKH�QHLJKERU¶V
GHJUHH��EXW�ZH�PXVW�EH�FDUHIXO��%\�K\SRWKHVLV�YHUWH[�$�LV�QRW�LQIHFWHG�DQG�VR�%�FDQQRW�KDYH�FDXJKW
WKH� GLVHDVH� IURP�$�� ,I� %� LV� LQIHFWHG� LW� PXVW� KDYH� FDXJKW� WKH� GLVHDVH� IURP� RQH� RI� LWV� UHPDLQLQJ
QHLJKERUV��,Q�HIIHFW�WKLV�UHGXFHV�WKH�GHJUHH�RI�%�E\�RQH²%�ZLOO�KDYH�WKH�VDPH�SUREDELOLW\�RI�EHLQJ
LQIHFWHG�DW�WKH�FXUUHQW�WLPH�DV�WKH�DYHUDJH�YHUWH[�ZLWK�GHJUHH�RQH�OHVV��7R�SXW�WKDW�DQRWKHU�ZD\��%¶V



SUREDELOLW\�RI�LQIHFWLRQ�GHSHQGV�XSRQ�LWV�H[FHVV�GHJUHH��WKH�QXPEHU�RI�HGJHV�LW�KDV�RWKHU�WKDQ�WKH�HGJH
ZH� IROORZHG� IURP�$� WR� UHDFK� LW�� %¶V� SUREDELOLW\� RI� LQIHFWLRQ� LV� WKXV� [N�� EXW� ZKHUH�N� LQGLFDWHV� WKH
H[FHVV�GHJUHH��QRW�WKH�WRWDO�GHJUHH�
7KH� DGYDQWDJH� RI� WKH� GHJUHH�EDVHG� DSSURDFK� QRZ� EHFRPHV� FOHDU�� WKH� SUREDELOLW\� RI� %� EHLQJ

LQIHFWHG�GHSHQGV��LQ�WKLV�DSSURDFK��RQO\�RQ�%¶V�H[FHVV�GHJUHH�DQG�QRW�RQ�$¶V�GHJUHH��%\�FRQWUDVW��WKH
FRQGLWLRQDO� SUREDELOLW\�SLM� LQ� RXU� HDUOLHU� IRUPDOLVP� ZDV� D� IXQFWLRQ� RI� WZR� LQGLFHV�� PDNLQJ� WKH
HTXDWLRQV�PRUH�FRPSOLFDWHG��7R�GHULYH� WKH�HTXDWLRQV�IRU� WKH�GHJUHH�EDVHG�DSSUR[LPDWLRQ��FRQVLGHU
WKH�SUREDELOLW\�WKDW�YHUWH[�$�EHFRPHV�LQIHFWHG�EHWZHHQ�WLPHV� W�DQG�W���GW��7R�EHFRPH�LQIHFWHG�LW�PXVW
FDWFK�WKH�GLVHDVH�IURP�RQH�RI�LWV�QHLJKERUV��PHDQLQJ�WKDW�QHLJKERU�PXVW�EH�LQIHFWHG��7KH�SUREDELOLW\
RI�D�QHLJKERU�EHLQJ�LQIHFWHG�LV�[N�ZKHUH�N�LV�WKH�H[FHVV�GHJUHH�RI�WKH�QHLJKERU��DQG�WKH�H[FHVV�GHJUHH
LV� GLVWULEXWHG� DFFRUGLQJ� WR� WKH� GLVWULEXWLRQ�TN� RI� (T�� ��������� ZKLFK� PHDQV� WKDW� WKH� DYHUDJH
SUREDELOLW\�WKDW�WKH�QHLJKERU�LV�LQIHFWHG�LV

�
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�

�

,I�WKH�QHLJKERU�LV�LQIHFWHG�WKHQ�WKH�SUREDELOLW\�WKDW�WKH�GLVHDVH�ZLOO�EH�WUDQVPLWWHG�WR�YHUWH[�$�LQ�WKH
JLYHQ�WLPH�LQWHUYDO�LV�ȕ�GW��7KHQ�WKH�WRWDO�SUREDELOLW\�RI�WUDQVPLVVLRQ�IURP�D�VLQJOH�QHLJKERU�GXULQJ�WKH
WLPH�LQWHUYDO�LV�ȕY�W��GW�DQG�WKH�SUREDELOLW\�RI�WUDQVPLVVLRQ�IURP�DQ\�QHLJKERU�LV�ȕNY�W��GW��ZKHUH�N�LV
QRZ� WKH� QXPEHU� RI�$¶V� QHLJKERUV�� ,Q� DGGLWLRQ�ZH� DOVR� UHTXLUH� WKDW�$� LWVHOI� EH� VXVFHSWLEOH��ZKLFK
KDSSHQV�ZLWK�SUREDELOLW\�VN��W���VR�RXU�ILQDO�SUREDELOLW\�WKDW�$�EHFRPHV�LQIHFWHG�LV�ȕNYVN�GW��7KXV�WKH
UDWH�RI�FKDQJH�RI�VN�LV�JLYHQ�E\

�

�������
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7KLV�HTXDWLRQ�FDQ�EH�VROYHG�H[DFWO\��:H�FDQ�IRUPDOO\�LQWHJUDWH�LW�WKXV�

�
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ZKHUH� ZH� KDYH� IL[HG� WKH� LQWHJUDWLRQ� FRQVWDQW� VR� WKDW� DOO� YHUWLFHV� KDYH� SUREDELOLW\�V�� RI� EHLQJ
VXVFHSWLEOH�DW�W� ����$OWKRXJK�ZH�GRQ¶W�\HW�NQRZ�WKH�IRUP�RI�WKH�IXQFWLRQ�Y�W��WKLV�H[SUHVVLRQ�WHOOV�XV
WKDW�VN�GHSHQGV�RQ�N�DV�D�VLPSOH�SRZHU�RI�VRPH�XQLYHUVDO�N�LQGHSHQGHQW�IXQFWLRQ�X�W��

�

�������
�

ZKHUH�LQ�WKLV�FDVH

�
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�
�

:ULWLQJ�[N� ���í�VN�DQG�VXEVWLWXWLQJ�LQWR�(T����������ZH�WKHQ�JHW

�

�������
�

ZKHUH�J�� �X�� LV� WKH�JHQHUDWLQJ� IXQFWLRQ� IRU�TN�DQG�ZH�KDYH�PDGH�XVH�RI��NTN� ����6XEVWLWXWLQJ�(T�
��������LQWR�(T����������WKHQ�JLYHV�XV

�

�������
�
�



7KLV�LV�D�VWUDLJKWIRUZDUG�OLQHDU�GLIIHUHQWLDO�HTXDWLRQ�IRU�X�WKDW��JLYHQ�WKH�GHJUHH�GLVWULEXWLRQ��FDQ�EH
VROYHG�E\�GLUHFW�LQWHJUDWLRQ�
)LQDOO\��WR�FDOFXODWH�WKH�WRWDO�IUDFWLRQ�[�W��RI�LQIHFWHG�LQGLYLGXDOV�LQ�WKH�QHWZRUN�ZH�DYHUDJH�RYHU�N

WKXV�

�

�������
�

�

1RWLFH� WKDW� WKH� VXPV� KHUH� VWDUW� DW�N�  � �� EHFDXVH� WKHUH� DUH� QR� YHUWLFHV� RI� GHJUHH� ]HUR� LQ� WKH� JLDQW
FRPSRQHQW�
(TXDWLRQV���������DQG���������EHWZHHQ�WKHP�JLYH�XV�DQ�DSSUR[LPDWH�VROXWLRQ�IRU�WKH�6,�PRGHO�RQ

WKH�JLDQW�FRPSRQHQW�RI�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�ZLWK�DQ\�GHJUHH�GLVWULEXWLRQ�
$OWKRXJK� WKH� VROXWLRQ� LV� HOHJDQW� LQ� SULQFLSOH�� LQ� PRVW� SUDFWLFDO� FDVHV� ZH� FDQQRW� LQWHJUDWH� (T�

��������LQ�FORVHG�IRUP��(YHQ�ZLWKRXW�FRPSOHWLQJ�WKH�LQWHJUDO��KRZHYHU��ZH�FDQ�DOUHDG\�VHH�WKH�EDVLF
IRUP� RI� WKH� VROXWLRQ�� )LUVW� RI� DOO�� DW� WLPH�W�  � �� ZH� KDYH�X�  � �� E\� (T�� ��������� 6LQFH�Y�W�� LV�� E\
GHILQLWLRQ�� SRVLWLYH� DQG� QRQ�GHFUHDVLQJ�ZLWK� WLPH�� WKH� VDPH� HTXDWLRQ� DOVR� LPSOLHV� WKDW�X�W�� DOZD\V
GHFUHDVHV�DQG�WHQGV�WR�]HUR�DV�W�ĺ����7KLV�LPSOLHV�WKDW�DW�ORQJ�WLPHV�(T����������EHFRPHV

�

�������
�

DQG�KHQFH�X�W��GHFD\V�H[SRQHQWLDOO\�DV�Hȕ��íV��S��N�W��$VVXPLQJ�WKH�LQIHFWLRQ�VWDUWV�ZLWK�RQO\�RQH�RU
D�KDQGIXO�RI�FDVHV��VR�WKDW�V�� �����F�Q�IRU�VRPH�FRQVWDQW�F��ZH�KDYH�V��ĺ���LQ�WKH�OLPLW�RI�ODUJH�Q�DQG
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1RWH�WKDW�WKH�ORQJ�WLPH�EHKDYLRU�LV�GLFWDWHG�E\�WKH�IUDFWLRQ�S��RI�YHUWLFHV�ZLWK�WRWDO�GHJUHH�RQH��7KLV
LV� EHFDXVH� WKHVH� DUH� WKH� ODVW� YHUWLFHV� WR� EH� LQIHFWHG²LQGLYLGXDOV� ZLWK� RQO\� RQH� FRQWDFW� DUH� EHVW
SURWHFWHG�IURP�LQIHFWLRQ��DOWKRXJK�HYHQ�WKH\�DUH�JXDUDQWHHG�WR�EHFRPH�LQIHFWHG�LQ�WKH�HQG��,Q�QHWZRUNV



ZKHUH� WKH�IUDFWLRQ�S�� LV�]HUR�RU�YHU\�VPDOO�ZH�KDYH�X�W��ฏ�HíȕW�DQG�WKH�IXQFWLRQDO�IRUP�RI� WKH� ORQJ�
WLPH�EHKDYLRU�GHSHQGV�RQO\�RQ�WKH�LQIHFWLRQ�UDWH�DQG�QRW�RQ�WKH�QHWZRUN�VWUXFWXUH�
$W�VKRUW�WLPHV�ZH�FDQ�ZULWH�X� ���í�ෛ�DQG�WR�OHDGLQJ�RUGHU�LQ�ෛ�(T����������EHFRPHV

�
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ZKHUH�[�� ���í�V��LV�WKH�LQLWLDO�YDOXH�RI�[N���7KLV�KDV�VROXWLRQ

�
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ZKHUH�ZH�KDYH�PDGH�XVH�RI�WKH�LQLWLDO�FRQGLWLRQ�ෛ� ����(TXLYDOHQWO\�ZH�FDQ�ZULWH

�

�������
�

�
*LYHQ�WKH�VKRUW��DQG�ORQJ�WLPH�EHKDYLRU�DQG�WKH�IDFW�WKDW�X�W��LV�PRQRWRQLFDOO\�GHFUHDVLQJ��ZH�FDQ

QRZ�JXHVV�WKDW�X�W��KDV�D�IRUP�VRPHWKLQJ�OLNH�)LJ��������7KHQ��VLQFH�J��LV�D�PRQRWRQLFDOO\�LQFUHDVLQJ
IXQFWLRQ� RI� LWV� DUJXPHQW��[�W�� LQ�(T�� ��������KDV� D� VLPLODU� VKDSH�EXW� WXUQHG�XSVLGH�GRZQ�� VR� WKDW� LW
ORRNV�TXDOLWDWLYHO\�VLPLODU�WR�WKH�FXUYH�IRU�WKH�IXOO\�PL[HG�YHUVLRQ�RI�WKH�PRGHO�VKRZQ�LQ�)LJ�������
DOWKRXJK�TXDQWLWDWLYHO\�LW�PD\�EH�GLIIHUHQW�



�

)LJXUH�������7KH�IXQFWLRQ�X�W��LQ�WKH�VROXWLRQ�RI�WKH�6,�PRGHO��*HQHULFDOO\�ZH�H[SHFW�X�W��WR�KDYH
WKH� IRUP� VNHWFKHG� KHUH�� LW� LV� PRQRWRQLFDOO\� GHFUHDVLQJ� IURP� DQ� LQLWLDO� YDOXH� RI� �� DQG� KDV� DQ
H[SRQHQWLDO�WDLO�DW�ORQJ�WLPHV�
�
�
7KH�LQLWLDO�JURZWK�RI�[�W��FDQ�EH�FDOFXODWHG�E\�SXWWLQJ�X� �����ෛ�LQ�(T����������WR�JLYH�J����í�ෛ�� �

�DQG

�

�������
�

ZKHUH�ZH�KDYH�DJDLQ�VHW�V�� ����7KXV��DV�ZH�ZRXOG�H[SHFW��WKH�LQLWLDO�JURZWK�RI�LQIHFWLRQ�LV�URXJKO\
H[SRQHQWLDO�
7KH�DSSHDUDQFH�RI� �LQ�(T����������LV�RI�LQWHUHVW��$V�ZH�VDZ�LQ�(T����������� �LV�HTXDO�WR�WKH

UDWLR�F��F��RI� WKH�DYHUDJH�QXPEHU�RI� VHFRQG�QHLJKERUV� WR� ILUVW�QHLJKERUV�RI�D�YHUWH[�DQG�KHQFH� LV�D
PHDVXUH�RI�KRZ�IDVW�WKH�QHWZRUN�EUDQFKHV�DV�ZH�PRYH�DZD\�IURP�WKH�YHUWH[�ZKHUH�WKH�GLVHDVH�ILUVW
VWDUWV��,W�VKRXOG�EH�QRW�VXUSULVLQJ�WKHUHIRUH��WKRXJK�LW¶V�VWLOO�VDWLVI\LQJ��WR�VHH�WKDW�WKLV�VDPH�TXDQWLW\²
DORQJ�ZLWK�WKH�WUDQVPLVVLRQ�UDWH�ȕ²FRQWUROV�WKH�UDWH�DW�ZKLFK�WKH�GLVHDVH�VSUHDGV�LQ�RXU�6,�PRGHO�
$QRWKHU� LQWHUHVWLQJ� IHDWXUH� RI� WKH�PRGHO� LV� WKH� EHKDYLRU� RI� WKH� TXDQWLWLHV�VN� �W�� WKDW�PHDVXUH� WKH

SUREDELOLW\�WKDW�D�YHUWH[�RI�D�JLYHQ�GHJUHH�LV�VXVFHSWLEOH��6LQFH�WKHVH�TXDQWLWLHV�DUH�DOO�SURSRUWLRQDO�WR
SRZHUV� RI�X�W�²VHH�(T���������²WKH\�IRUP�D�IDPLO\�RI�FXUYHV�DV�VKRZQ�LQ�)LJ��������7KXV��DV�ZH
PLJKW� H[SHFW�� WKH� YHUWLFHV�ZLWK� KLJKHVW� GHJUHH� DUH� WKH� RQHV� WKDW� EHFRPH� LQIHFWHG� ILUVW�� RQ� DYHUDJH�
ZKLOH�WKRVH�ZLWK�ORZ�GHJUHH�KROG�RXW�ORQJHU�
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�

,W� LV� UHODWLYHO\� VWUDLJKWIRUZDUG� WR�H[WHQG� WKH� WHFKQLTXHV�RI�6HFWLRQ������� WR� WKH�PRUH�FRPSOH[� �DQG
LQWHUHVWLQJ��6,5�PRGHO��$JDLQ�ZH�FRQFHQWUDWH�RQ�RXWEUHDNV�WDNLQJ�SODFH�LQ�WKH�JLDQW�FRPSRQHQW�RI�WKH
QHWZRUN�DQG�ZH�GHILQH�VL��[L� �� DQG�UL� WR�EH� WKH�SUREDELOLWLHV� WKDW�YHUWH[�L� LV�VXVFHSWLEOH�� LQIHFWHG��RU
UHFRYHUHG� UHVSHFWLYHO\�� 7KH� HYROXWLRQ� RI�VL� LV� �DSSUR[LPDWHO\�� JRYHUQHG� E\� WKH� VDPH� HTXDWLRQ� DV
EHIRUH�

�

�������
�

ZKLOH�[L�DQG�UL�REH\

�

�������
�
�

�

�������
�

ZKHUH�� DV� SUHYLRXVO\��Ȗ� LV� WKH� UHFRYHU\� UDWH�� L�H��� WKH� SUREDELOLW\� SHU� XQLW� WLPH� WKDW� DQ� LQIHFWHG
LQGLYLGXDO�ZLOO�UHFRYHU����



�

)LJXUH�������)UDFWLRQV�RI�VXVFHSWLEOH�DQG�LQIHFWHG�YHUWLFHV�RI�YDULRXV�GHJUHHV�LQ�WKH�6,�PRGHO�
7KH�YDULRXV�FXUYHV�VKRZ�WKH�IUDFWLRQ�RI�YHUWLFHV�RI�GHJUHH�N�WKDW�DUH�VXVFHSWLEOH��JUD\��DQG�LQIHFWHG
�EODFN�� DV� D� IXQFWLRQ� RI� WLPH� IRU�N�  � ��� ��� ��� ��� DQG� ���� 7KH� KLJKHVW� YDOXHV� RI�N� JLYH� WKH� IDVWHVW
FKDQJLQJ��OHIWPRVW��FXUYHV�DQG�WKH�ORZHVW�YDOXHV�WKH�VORZHVW�FKDQJLQJ��7KH�FXUYHV�ZHUH�FDOFXODWHG�E\
LQWHJUDWLQJ�(T�� ��������QXPHULFDOO\�ZLWK�ȕ� ���DQG�D�3RLVVRQ�GHJUHH�GLVWULEXWLRQ�ZLWK�PHDQ�GHJUHH
IRXU�
�
�
:H�FDQ�FKRRVH�WKH�LQLWLDO�FRQGLWLRQV�LQ�YDULRXV�ZD\V��EXW�OHW�XV�KHUH�PDNH�WKH�VDPH�DVVXPSWLRQ�DV

ZH�GLG�IRU�WKH�6,�PRGHO��WKDW�DW�W� ���ZH�KDYH�D�VPDOO�QXPEHU�F�RI�LQIHFWHG�LQGLYLGXDOV�DQG�HYHU\RQH
HOVH�LV�VXVFHSWLEOH��VR�WKDW�VL����� ���í�F�Q��[L����� �F�Q��DQG�UL����� ���
$V�ZLWK� WKH� 6,�PRGHO�ZH� FDQQRW� VROYH� WKHVH� HTXDWLRQV� H[DFWO\�� EXW�ZH� FDQ� H[WUDFW� VRPH� XVHIXO

UHVXOWV�E\�H[DPLQLQJ� WKHLU�EHKDYLRU� DW� HDUO\� WLPHV�� ,Q� WKH� OLPLW�W�ĺ� ���[L� LV� VPDOO� DQG�VL�  � �� í�F�Q�
ZKLFK�WHQGV�WR���DV�Q�EHFRPHV�ODUJH��VR�(T����������FDQ�EH�DSSUR[LPDWHG�DV

�

�������
�

ZKHUH�įLM�LV�WKH�.URQHFNHU�GHOWD��7KLV�FDQ�EH�ZULWWHQ�LQ�PDWUL[�IRUP�DV

�

�������



�

ZKHUH�0�LV�WKH�Q�î�Q�V\PPHWULF�PDWUL[

�

�������
�

�

$V�EHIRUH�ZH�FDQ�ZULWH�[�DV�D�OLQHDU�FRPELQDWLRQ�RI�HLJHQYHFWRUV��WKRXJK�WKH\�DUH�QRZ�HLJHQYHFWRUV
RI�0�UDWKHU�WKDQ�RI�WKH�VLPSOH�DGMDFHQF\�PDWUL[�DV�LQ�WKH�FDVH�RI�WKH�6,�PRGHO��%XW�QRZ�ZH�QRWLFH�D
XVHIXO�WKLQJ��VLQFH�0�GLIIHUV�IURP�WKH�DGMDFHQF\�PDWUL[�RQO\�E\�D�PXOWLSOH�RI�WKH�LGHQWLW\�PDWUL[��LW�KDV
WKH�VDPH�HLJHQYHFWRUV�YU�DV�WKH�DGMDFHQF\�PDWUL[�

�

�������
�
�

2QO\�WKH�HLJHQYDOXH�KDV�EHHQ�VKLIWHG�GRZQZDUG�E\�Ȗ�ȕ�
7KH�HTXLYDOHQW�RI�(T����������LV�QRZ

�

�������
�

�

1RWH� WKDW� WKH� H[SRQHQWLDO� FRQVWDQW� QRZ� GHSHQGV� RQ�ȕțU� í�Ȗ� DQG� VR� LV� D� IXQFWLRQ� QRW� RQO\� RI� WKH
DGMDFHQF\�PDWUL[�DQG�WKH�LQIHFWLRQ�UDWH�EXW�DOVR�RI�WKH�UHFRYHU\�UDWH��DV�ZH�ZRXOG�H[SHFW²WKH�IDVWHU
SHRSOH�UHFRYHU�IURP�LQIHFWLRQ�WKH�OHVV�FKDQFH�WKH\�KDYH�WR�VSUHDG�WKH�GLVHDVH�DQG�WKH�VORZHU�LW�ZLOO
VSUHDG�
$JDLQ� WKH� IDVWHVW� JURZLQJ� WHUP� LV� WKDW� FRUUHVSRQGLQJ� WR� WKH� PRVW� SRVLWLYH� HLJHQYDOXH�ț�� RI� WKH

DGMDFHQF\�PDWUL[� DQG� LQGLYLGXDOV� KDYLQJ� WKH� KLJKHVW� HLJHQYHFWRU� FHQWUDOLW\� JHW� LQIHFWHG� ILUVW��1RWH�
KRZHYHU�� WKDW� LW� LV� QRZ� SRVVLEOH� IRU�Ȗ� WR� EH� VXIILFLHQWO\� ODUJH� WKDW� WKH� H[SRQHQWLDO� FRQVWDQW� LQ� WKH



OHDGLQJ�WHUP�EHFRPHV�QHJDWLYH��PHDQLQJ�WKDW�WKH�WHUP�GHFD\V�H[SRQHQWLDOO\�UDWKHU�WKDQ�JURZV��$QG�LI
WKH� OHDGLQJ� WHUP� GHFD\V�� VR� QHFHVVDULO\� GR� DOO� RWKHU� WHUPV�� DQG� VR� WKH� WRWDO� QXPEHU� RI� LQIHFWHG
LQGLYLGXDOV�ZLOO�GHFD\�RYHU�WLPH�DQG�WKH�GLVHDVH�ZLOO�GLH�RXW�ZLWKRXW�FDXVLQJ�DQ�HSLGHPLF�
7KH�SRLQW�DW�ZKLFK�WKLV�KDSSHQV�LV�WKH�HSLGHPLF�WKUHVKROG�IRU�RXU�PRGHO�DQG�LW�RFFXUV�DW�ȕț��±�Ȗ� 

���RU�HTXLYDOHQWO\

�

�������
�

�

7KXV� WKH� SRVLWLRQ� RI� WKH� HSLGHPLF� WKUHVKROG� GHSHQGV� RQ� WKH� OHDGLQJ� HLJHQYDOXH� RI� WKH� DGMDFHQF\
PDWUL[�� ,I� WKH� OHDGLQJ� HLJHQYDOXH� LV� VPDOO�� WKHQ� WKH� SUREDELOLW\� RI� LQIHFWLRQ�ȕ�PXVW� EH� ODUJH�� RU� WKH
UHFRYHU\�UDWH�Ȗ�VPDOO��IRU�WKH�GLVHDVH�WR�VSUHDG��,Q�RWKHU�ZRUGV�D�VPDOO�YDOXH�RI�ț��PDNHV�LW�KDUGHU�IRU
WKH�GLVHDVH� WR�VSUHDG�DQG�D� ODUJH�YDOXH�HDVLHU��7KLV�PDNHV� LQWXLWLYH�VHQVH��VLQFH� ODUJH�YDOXHV�RI�ț�
FRUUHVSRQG�WR�GHQVHU�DGMDFHQF\�PDWULFHV�DQG�VPDOOHU�YDOXHV�WR�VSDUVHU�RQHV�
$V� LQ� WKH� FDVH� RI� WKH� 6,�PRGHO�� (TV�� �������������� DUH� RQO\� DSSUR[LPDWH�� EHFDXVH� WKH\� QHJOHFW

FRUUHODWLRQV� EHWZHHQ� WKH� VWDWHV� RI� DGMDFHQW� YHUWLFHV�� $QG� DV� EHIRUH� ZH� FDQ� DOORZ� IRU� WKHVH
FRUUHODWLRQV� E\� XVLQJ� D� SDLU� DSSUR[LPDWLRQ�� EXW� KHUH� ZH� WDNH� D� GLIIHUHQW� DSSURDFK� DQG� FRQVLGHU
LQVWHDG�WKH�HTXLYDOHQW�RI�WKH�PHWKRGV�RI�6HFWLRQ���������IRU�WKH�6,5�PRGHO�����
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�

$V�ZLWK�WKH�6,�PRGHO��OHW�XV�PDNH�WKH�DSSUR[LPDWLRQ�WKDW�DOO�YHUWLFHV�ZLWK�WKH�VDPH�GHJUHH�EHKDYH�LQ
WKH� VDPH� ZD\�� $JDLQ� ZH� FRQFHQWUDWH� RQ� WKH� H[DPSOH� RI� WKH� FRQILJXUDWLRQ� PRGHO� >���@� DQG� RQ
RXWEUHDNV�WDNLQJ�SODFH�LQ�WKH�JLDQW�FRPSRQHQW�RI�WKH�QHWZRUN��:H�GHILQH�VN��W���[N��W���DQG�UN��W��WR�EH
WKH�SUREDELOLWLHV� WKDW� D� YHUWH[�ZLWK�GHJUHH�N� LV� VXVFHSWLEOH�� LQIHFWHG��RU� UHFRYHUHG�� UHVSHFWLYHO\�� DW
WLPH�W��7KHQ�ZH�FRQVLGHU� WKH�VWDWH�RI�D�YHUWH[�%�WKDW� LV� WKH�QHLJKERU�RI�D�VXVFHSWLEOH�YHUWH[�$��)RU
VXFK�D�YHUWH[�WR�EH�LQIHFWHG�LW�PXVW�KDYH�FRQWUDFWHG�WKH�GLVHDVH�IURP�RQH�RI�LWV�QHLJKERUV�RWKHU�WKDQ�$�
VLQFH�$�LV�VXVFHSWLEOH��7KDW�PHDQV��DV�EHIRUH��WKDW�%¶V�SUREDELOLW\�RI�EHLQJ�LQIHFWHG�LV�JLYHQ�E\�[N��EXW
ZLWK�N�HTXDO�WR�WKH�H[FHVV�GHJUHH��ZKLFK�LV�RQH�OHVV�WKDQ�WKH�WRWDO�GHJUHH��$QG�WKH�SUREDELOLW\�WKDW�%�LV
UHFRYHUHG�GHSHQGV�RQO\�RQ�WKH�SUREDELOLW\�WKDW�LW�ZDV�SUHYLRXVO\�LQIHFWHG��ZKLFK�LV�JLYHQ�E\�UN�ZKHUH
N�LV�WKH�H[FHVV�GHJUHH��DQG�WKH�SUREDELOLW\�VN�RI�EHLQJ�VXVFHSWLEOH�FDQ�EH�GHULYHG�IURP�VN���[N���UN� 
��
$UPHG�ZLWK� WKHVH�REVHUYDWLRQV��ZH�FDQ�QRZ�ZULWH�GRZQ�DQ�DSSURSULDWH� VHW�RI�HTXDWLRQV� IRU� WKH

HSLGHPLF�� 7KH� UDWH� DW� ZKLFK� WKH� SUREDELOLW\� RI� EHLQJ� VXVFHSWLEOH� GHFUHDVHV� LV� JLYHQ� E\� WKH� VDPH
HTXDWLRQ�DV�EHIRUH��(T����������

�

�������
�

ZKHUH�Y�W��LV�WKH�DYHUDJH�SUREDELOLW\�WKDW�D�QHLJKERU�LV�LQIHFWHG�

�

�������
�

DQG�WKH�HTXDWLRQV�IRU�[N�DQG�UN�DUH

�

�������



�
�

�

�������
�

�

:H�FDQ�VROYH�WKHVH�HTXDWLRQV�H[DFWO\�E\�D�FRPELQDWLRQ�RI� WKH�PHWKRGV�RI�6HFWLRQV������DQG�������
:H�GHILQH�WKH�DYHUDJH�SUREDELOLW\�WKDW�D�QHLJKERU�LV�UHFRYHUHG�WKXV�

�

�������
�
�

7KHQ��XVLQJ�(TV����������DQG����������ZH�ILQG

�

�������
�

ZKLFK�ZH�XVH�WR�HOLPLQDWH�Y�IURP�(T�����������JLYLQJ

�

�������
�
�

7KLV�HTXDWLRQ�FDQ�EH�LQWHJUDWHG�WR�JLYH



�

�������
�

ZKHUH�ZH�KDYH�IL[HG�WKH�FRQVWDQW�RI�LQWHJUDWLRQ�VR�WKDW�DW�W� ���DOO�YHUWLFHV�KDYH�WKH�VDPH�SUREDELOLW\
V��RI�EHLQJ�VXVFHSWLEOH�DQG�WKHUH�DUH�QR�UHFRYHUHG�YHUWLFHV��Z� ����
(TXDWLRQ���������LPSOLHV�WKDW�VN�LV�DJDLQ�SURSRUWLRQDO�WR�D�SRZHU�RI�D�XQLYHUVDO�IXQFWLRQ�

�

�������
�

ZKHUH�LQ�WKLV�FDVH

�

�������
�

�

7KHQ��XVLQJ�(T�����������ZH�ILQG

�

�������
�

DQG�(T����������EHFRPHV

�



�������
�
�

7KLV�LV�WKH�HTXLYDOHQW�IRU�WKH�6,5�PRGHO�RI�(T�����������DQG�LQGHHG�GLIIHUV�IURP�WKDW�HTXDWLRQ�RQO\�E\
WKH�QHZ�WHUP�LQ�OQ�X�RQ�WKH�ULJKW�KDQG�VLGH�
$V�EHIRUH��(T����������LV�D�ILUVW�RUGHU�OLQHDU�GLIIHUHQWLDO�HTXDWLRQ�LQ�X�DQG�KHQFH�FDQ��LQ�SULQFLSOH�

EH�VROYHG�E\�GLUHFW�LQWHJUDWLRQ��DOWKRXJK�IRU�DQ\�JLYHQ�GHJUHH�GLVWULEXWLRQ�WKH�LQWHJUDO�PD\�QRW�KDYH�D
FORVHG�IRUP�VROXWLRQ��2QFH�ZH�KDYH�X��W��WKH�SUREDELOLW\�VN�RI�D�YHUWH[�EHLQJ�VXVFHSWLEOH�LV�JLYHQ�E\
(T�����������RU�ZH�FDQ�ZULWH�WKH�WRWDO�IUDFWLRQ�RI�VXVFHSWLEOHV�DV

�

�������
�

�
6ROYLQJ� IRU�[N� DQG�UN� UHTXLUHV�D� OLWWOH�IXUWKHU�ZRUN�EXW�ZLWK�SHUVHYHUDQFH� LW�FDQ�EH�DFKLHYHG� ����

)LJXUH������VKRZV�WKH�HTXLYDOHQW�RI�)LJ�������IRU�YHUWLFHV�RI�D�UDQJH�RI�GHJUHHV��$V�ZH�FDQ�VHH��WKH
VROXWLRQ�KDV�WKH�H[SHFWHG�IRUP��ZLWK�WKH�QXPEHU�RI�LQIHFWHG�LQGLYLGXDOV�ULVLQJ��SHDNLQJ��WKHQ�GURSSLQJ
RII�DV�WKH�V\VWHP�HYROYHV�WR�D�ILQDO�VWDWH�LQ�ZKLFK�VRPH�IUDFWLRQ�RI�WKH�SRSXODWLRQ�LV�UHFRYHUHG�IURP
WKH� GLVHDVH� DQG� VRPH� IUDFWLRQ� KDV� QHYHU� FDXJKW� LW� �DQG� QHYHU� ZLOO��� $PRQJ� YHUWLFHV� RI� GLIIHUHQW
GHJUHHV�WKH�QXPEHU�LQIHFWHG�JRHV�XS�VKDUSO\�ZLWK�GHJUHH��DV�ZH�ZRXOG�H[SHFW�
(YHQ� LQ�FDVHV�ZKHUH� WKH� LQWHJUDO� LQ�(T�� ��������FDQQRW�EH�SHUIRUPHG��RXU�VROXWLRQ�FDQ�VWLOO� VKHG

OLJKW�RQ�IHDWXUHV�RI� WKH�HSLGHPLF��&RQVLGHU� IRU�H[DPSOH� WKH� ORQJ�WLPH�EHKDYLRU�� ,Q� WKH� OLPLW�RI� ORQJ
WLPH� ZH� H[SHFW� WKDW� WKH� QXPEHU� RI� LQIHFWHG� LQGLYLGXDOV� ZLOO� YDQLVK� OHDYLQJ� VRPH� LQGLYLGXDOV
UHFRYHUHG�DQG�VRPH�ZKR�KDYH�QHYHU�FDXJKW�WKH�GLVHDVH��$W�W� ���WKH�WRWDO�IUDFWLRQ�U�W��RI�UHFRYHUHG
LQGLYLGXDOV�PHDVXUHV�WKH�RYHUDOO�VL]H�RI�WKH�RXWEUHDN�RI�WKH�GLVHDVH�DQG�LV�JLYHQ�E\

�

�������
�

ZKHUH�ZH�KDYH�VHW�V�� ���DV�EHIRUH�RQ�WKH�DVVXPSWLRQ�WKDW� WKH�V\VWHP�LV� ODUJH�DQG�WKH�QXPEHU�RI
LQLWLDOO\�LQIHFWHG�LQGLYLGXDOV�VPDOO�



�

)LJXUH�������)UDFWLRQV�RI�VXVFHSWLEOH��LQIHFWHG��DQG�UHFRYHUHG�YHUWLFHV�RI�YDULRXV�GHJUHHV�LQ�WKH
6,�PRGHO��7KH�IUDFWLRQ�RI�YHUWLFHV�RI�GHJUHH�N�WKDW�DUH�VXVFHSWLEOH��OLJKW�JUD\���LQIHFWHG��GDUNHU�JUD\��
DQG� UHFRYHUHG� �EODFN�� DV� D� IXQFWLRQ� RI� WLPH� IRU�N�  � ��� ��� �� DQG�ȕ�  �Ȗ�  � �� RQ� D� QHWZRUN�ZLWK� DQ
H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ��(T������������ZLWK�Ȝ� ������7KH�KLJKHVW�YDOXHV�RI�N�JLYH�WKH�IDVWHVW
JURZLQJ�QXPEHUV�RI�LQIHFWHG�DQG�UHFRYHUHG�YHUWLFHV�DQG�WKH�ORZHVW�YDOXHV�WKH�VORZHVW�JURZLQJ�
�
�
:H�FDQ�ILQG�WKH�VWDWLRQDU\�YDOXH�RI�X�E\�VHWWLQJ�GX�GW� ���LQ�(T����������WR�JLYH

�

�������
�

�

,Q� WKH� VSHFLDO� FDVH�ZKHUH� WKH� RXWEUHDN� LV� VPDOO�� VR� WKDW� WKH� ILQDO� YDOXH� RI�X� LV� FORVH� WR� ���ZH� FDQ
H[SDQG�OQ�X� �OQ�>�����X�í���@� �X�í���DQG�(T����������EHFRPHV

�

�������
�
�

(TXDWLRQV���������DQG���������DUH�VLPLODU�LQ�IRUP�WR�(TV����������DQG���������ZKLFK�JLYH�WKH�ILQDO
VL]H�RI�WKH�RXWEUHDN�LQ�RXU�WUHDWPHQW�RI�WKH�6,5�PRGHO�XVLQJ�SHUFRODWLRQ�WKHRU\��7KH�UHDVRQ�ZK\�(T�



��������LV�RQO\�DSSUR[LPDWH�LQ�WKH�SUHVHQW�FDVH�ZKHUH�(T����������ZDV�H[DFW�LV�WKDW�WKH�PRGHO�WUHDWHG
LQ�WKLV�VHFWLRQ�LV�VOLJKWO\�GLIIHUHQW�IURP�WKH�RQH�WUHDWHG�HDUOLHU��KDYLQJ��DV�GLVFXVVHG�LQ�IRRWQRWH����RQ
SDJH������D�FRQVWDQW�SUREDELOLW\�Ȗ�SHU�XQLW�WLPH�RI�UHFRYHU\�IURP�GLVHDVH�IRU�HDFK�LQIHFWHG�LQGLYLGXDO
DV�RSSRVHG�WR�D�IL[HG�LQIHFWLRQ�WLPH�IRU�WKH�PRGHO�RI�6HFWLRQ��������
:H� FDQ� DOVR� H[DPLQH� WKH� HDUO\�WLPH� EHKDYLRU� RI� WKH� RXWEUHDN�E\� ORRNLQJ� DW� WKH� EHKDYLRU� RI�(T�

��������FORVH�WR�X� ����:ULWLQJ�X� ���í�ෛ�DQG�NHHSLQJ�WHUPV�WR�OHDGLQJ�RUGHU�LQ�ෛ�ZH�JHW

�

�������
�

DVVXPLQJ�V�� ���DJDLQ��ZKLFK�PHDQV�WKDW

�

�������
�

�

7KLV�LV�VLPLODU�WR�(T����������IRU�WKH�6,�PRGHO��H[FHSW�IRU�WKH�LQFOXVLRQ�RI�WKH�WHUP�LQ�Ȗ��7KH�IUDFWLRQ
RI�VXVFHSWLEOH�GHJUHH�N�YHUWLFHV�LV�JLYHQ�E\

�

�������
�

DQG�WRWDO�FDVHV�RI�WKH�GLVHDVH��LQIHFWHG�DQG�UHFRYHUHG��ZKLFK�LV�MXVW���í�VN��JURZV�H[SRQHQWLDOO\�DV�
�

7KH�HSLGHPLF�WKUHVKROG�IRU�WKH�PRGHO�LV�WKH�OLQH�WKDW�VHSDUDWHV�DQ�LQLWLDOO\�JURZLQJ�QXPEHU�RI�FDVHV
RI� WKH� GLVHDVH� IURP� DQ� LQLWLDOO\� GHFUHDVLQJ� RQH� DQG� LV� JLYHQ� LQ� WKLV� FDVH� E\� WKH� SRLQW� DW�ZKLFK� WKH
H[SRQHQWLDO�FRQVWDQW�LQ�(T����������HTXDOV�]HUR��ZKLFK�JLYHV

�
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�

�

7KLV�UHVXOW�LV�VLPLODU�LQ�IRUP�WR�(T����������IRU�WKH�HSLGHPLF�WKUHVKROG�RQ�D�JHQHUDO�QHWZRUN�����EXW
ZLWK�WKH�OHDGLQJ�HLJHQYDOXH�RI�WKH�DGMDFHQF\�PDWUL[�ț��UHSODFHG�ZLWK� ��,W�DOVR�ORRNV�VLPLODU�WR�(T�
��������IRU�WKH�SHUFRODWLRQ�WKUHVKROG�IRU�ERQG�SHUFRODWLRQ��EXW�WKLV�VLPLODULW\�LV�VRPHZKDW�GHFHSWLYH�
,Q�IDFW��WKH�UHVXOW�PRVW�QHDUO\�FRUUHVSRQGLQJ�WR�WKLV�RQH�LQ�WKH�SHUFRODWLRQ�WUHDWPHQW�LV�(T�����������,I
ZH� HTXDWH� RXU� UHFRYHU\� UDWH�Ȗ� ZLWK� WKH� UHFLSURFDO� RI� WKH� LQIHFWLRXVQHVV� WLPH�Ĳ� LQ� WKDW� SUHYLRXV
WUHDWPHQW��WKHQ�WKH�WZR�DUH�URXJKO\�HTXLYDOHQW�ZKHQ�WKH�HSLGHPLF�WKUHVKROG�LV�ORZ��PHDQLQJ�HLWKHU�WKDW
ȕ� LV� VPDOO� RU� WKDW�Ȗ� LV� ODUJH�� ,I� WKH� WKUHVKROG� LV� KLJKHU� WKHQ� WKH�PDWFK� EHWZHHQ� WKH� WZR�PRGHOV� LV
SRRUHU��ZKLFK�LV�DJDLQ�D�UHVXOW�RI�WKH�IDFW�WKDW�WKH�PRGHOV�DUH�GHILQHG�LQ�VOLJKWO\�GLIIHUHQW�ZD\V�
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,W�LV�VWUDLJKWIRUZDUG�WR�H[WHQG�RXU�PHWKRGV�WR�WKH�6,6�PRGHO�DOVR��%\�DQDORJ\�ZLWK�(TV���������������
ZH�KDYH

�

�������D�
�
�

�

�������E�
�

IRU� WKH�6,6�PRGHO��&DYHDWV�VLPLODU� WR�WKRVH�IRU�SUHYLRXV�PRGHOV�DSSO\�KHUH�� WKHVH�HTXDWLRQV�LJQRUH
FRUUHODWLRQV�EHWZHHQ�WKH�VWDWHV�RI�DGMDFHQW�YHUWLFHV�DQG�KHQFH�DUH�RQO\�DQ�DSSUR[LPDWLRQ�
(TXDWLRQV��������D��DQG��������E��DUH�QRW�LQGHSHQGHQW�VLQFH�VL���[L� ����VR�RQO\�RQH�LV�QHHGHG�WR

IRUP�D�VROXWLRQ��7DNLQJ�WKH�VHFRQG�DQG�HOLPLQDWLQJ�VL�ZH�JHW

�

��������
�

�

$W�HDUO\�WLPHV��DVVXPLQJ�DV�EHIRUH�WKDW�[L����� �[�� �����F�Q�IRU�DOO�L�DQG�FRQVWDQW�F��ZH�FDQ�GURS�WHUPV
DW�TXDGUDWLF�RUGHU�LQ�VPDOO�TXDQWLWLHV�WR�JHW

�



��������
�

ZKLFK� LV� LGHQWLFDO� WR� (T�� �������� IRU� WKH� 6,5� PRGHO� DW� HDUO\� WLPHV�� +HQFH� ZH� FDQ� LPPHGLDWHO\
FRQFOXGH�WKDW�WKH�HDUO\�WLPH�EHKDYLRU�RI�WKH�PRGHO�LV�WKH�VDPH��ZLWK�LQLWLDOO\�H[SRQHQWLDO�JURZWK�DQG
DQ�HSLGHPLF�WKUHVKROG�JLYHQ�E\

�

��������
�

�6HH�(T�� ����������$OVR�DV� LQ� WKH�6,5�PRGHO� WKH�SUREDELOLW\�RI� LQIHFWLRQ�RI� D�JLYHQ�YHUWH[�DW�HDUO\
WLPHV�ZLOO�EH�SURSRUWLRQDO�WR�WKH�YHUWH[¶V�HLJHQYHFWRU�FHQWUDOLW\�
$W�ODWH�WLPHV�ZH�H[SHFW�WKH�SUREDELOLW\�RI�LQIHFWLRQ�WR�VHWWOH�WR�D�FRQVWDQW�HQGHPLF�OHYHO��ZKLFK�ZH

FDQ�FDOFXODWH�E\�VHWWLQJ�G[L�GW� ���LQ�(T�����������DQG�UHDUUDQJLQJ��WR�JLYH

�

��������
�

�

7\SLFDOO\�ZH�FDQQRW�GHULYH�D�FORVHG�IRUP�VROXWLRQ� IRU�[L� IURP�WKLV�H[SUHVVLRQ��EXW�ZH�FDQ�VROYH� LW
QXPHULFDOO\�E\� LWHUDWLRQ�VWDUWLQJ�IURP�D� UDQGRP�LQLWLDO�JXHVV��:H�FDQ�DOVR�VHH� WKH�JHQHUDO� IRUP� WKH
VROXWLRQ�ZLOO�WDNH�E\�FRQVLGHULQJ�OLPLWLQJ�FDVHV��,I�ȕ�Ȗ�LV�ODUJH��PHDQLQJ�WKDW�ZH�DUH�ZHOO�DERYH�WKH
HSLGHPLF�WKUHVKROG�JLYHQ�LQ�(T������������WKHQ�ZH�FDQ�LJQRUH�WKH�WHUP�Ȗ�ȕ�LQ�WKH�GHQRPLQDWRU�DQG�[L�
��IRU�DOO�L��PHDQLQJ�WKDW�HVVHQWLDOO\�DOO�YHUWLFHV�ZLOO�EH�LQIHFWHG�DOO�WKH�WLPH��7KLV�PDNHV�JRRG�VHQVH
VLQFH�LI�ȕ�Ȗ�LV�ODUJH�WKHQ�WKH�UDWH�RI�LQIHFWLRQ�LV�YHU\�KLJK�ZKLOH�WKH�UDWH�RI�UHFRYHU\�LV�QHJOLJLEOH�
&RQYHUVHO\�� LI�ȕ�Ȗ�LV�RQO\�MXVW�DERYH�WKH�HSLGHPLF�WKUHVKROG�OHYHO�VHW�E\�(T�����������WKHQ�[L�ZLOO

EH�VPDOO²WKH�GLVHDVH�RQO\�MXVW�PDQDJHV�WR�VWD\�DOLYH²DQG�ZH�FDQ�LJQRUH�WKH�VXP�LQ�WKH�GHQRPLQDWRU
RI�(T�����������VR�WKDW

�



��������
�

RU

�

��������
�

ZKHUH�ZH�KDYH�XVHG�(T������������7KLV�LPSOLHV�WKDW�[L�LV�SURSRUWLRQDO�WR�WKH�OHDGLQJ�HLJHQYHFWRU�RI
WKH�DGMDFHQF\�PDWUL[�RU��HTXLYDOHQWO\��SURSRUWLRQDO�WR�WKH�HLJHQYHFWRU�FHQWUDOLW\���1RWH�WKDW�WKLV�LV�DW
ODWH� WLPHV� VR� WKLV� UHVXOW� LV� GLVWLQFW� IURP� WKH� ILQGLQJ� DERYH� WKDW�[L� LV� SURSRUWLRQDO� WR� HLJHQYHFWRU
FHQWUDOLW\�DW�HDUO\�WLPHV��
7KXV�WKH�ORQJ�WLPH�HQGHPLF�GLVHDVH�EHKDYLRU�RI�WKH�6,6�PRGHO�YDULHV�IURP�D�UHJLPH�MXVW�DERYH�WKH

HSLGHPLF� WKUHVKROG� LQ� ZKLFK� WKH� SUREDELOLW\� RI� D� YHUWH[� EHLQJ� LQIHFWHG� LV� SURSRUWLRQDO� WR� LWV
HLJHQYHFWRU� FHQWUDOLW\�� WR� D� UHJLPH� ZHOO� DERYH� WKH� WKUHVKROG� LQ� ZKLFK� HVVHQWLDOO\� HYHU\� YHUWH[� LV
LQIHFWHG�DW�DOO�WLPHV�
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�

:H�FDQ�DOVR�ZULWH�GRZQ�DSSUR[LPDWH�HTXDWLRQV� IRU� WKH�HYROXWLRQ�RI� WKH�6,6�PRGHO� LQ�ZKLFK��DV� LQ
6HFWLRQV���������DQG����������ZH�DVVXPH�WKDW�WKH�SUREDELOLW\�RI�LQIHFWLRQ�LV�WKH�VDPH�IRU�DOO�YHUWLFHV
ZLWK�D�JLYHQ�GHJUHH��)RFXVLQJ�RQFH�DJDLQ�RQ�FRQILJXUDWLRQ�PRGHO� QHWZRUNV�� WKH� HTXLYDOHQW�RI�(TV�
��������������LV

�

�������D�
�
�

�

�������E�
�

ZKHUH�WKH�YDULDEOHV�VN�DQG�[N�DUH�DV�EHIRUH��DQG�DJDLQ

�

��������
�
�

$V�EHIRUH�(TV���������D��DQG��������E��DUH�QRW�LQGHSHQGHQW�DQG�RQO\�RQH�LV�QHHG�WR�IRUP�D�VROXWLRQ�
/HW�XV�WDNH�WKH�VHFRQG�DQG�UHZULWH�LW�XVLQJ�VN� ���í�[N�WR�JLYH

�

��������



�
�

8QIRUWXQDWHO\�� WKHUH� LV� QR�NQRZQ�FRPSOHWH� VROXWLRQ� WR� WKLV� HTXDWLRQ�EXW�ZH�FDQ�RQFH� DJDLQ� ILQG� LWV
EHKDYLRU�DW�HDUO\�DQG�ODWH�WLPHV�
$VVXPLQJ��DV�SUHYLRXVO\��WKDW�RXU�HSLGHPLF�VWDUWV�RII�ZLWK�RQO\�D�VLQJOH�FDVH�RU�D�VPDOO�QXPEHU�RI

FDVHV��WKH�SUREDELOLW\�[N�RI�EHLQJ�LQIHFWHG�DW�HDUO\�WLPHV�LV�F�Q� IRU�FRQVWDQW�F�DQG�KHQFH�VPDOO�LQ�WKH
OLPLW�RI�ODUJH�Q��'URSSLQJ�WHUPV�RI�VHFRQG�RUGHU�LQ�VPDOO�TXDQWLWLHV�WKHQ�JLYHV�XV�WKH�OLQHDU�HTXDWLRQ

�

��������
�

ZKLFK�FDQ�EH�UHZULWWHQ�XVLQJ�DQ�LQWHJUDWLQJ�IDFWRU�WR�UHDG

�

��������
�

DQG�KHQFH�LQWHJUDWHG�WR�JLYH

�

��������
�

�

7KXV�[N��W��IRU�VKRUW�WLPHV�WDNHV�WKH�IRUP

�

��������
�



ZKHUH�X�W�� LV� VRPH� XQLYHUVDO��N�LQGHSHQGHQW� IXQFWLRQ��6XEVWLWXWLQJ� LQWR�(TV�� ���������DQG����������
ZH�WKHQ�KDYH

�

��������
�

DQG

�

��������
�
�

7KXV� ZH� KDYH� H[SRQHQWLDO� JURZWK� RU� GHFD\� RI� WKH� HSLGHPLF� DW� HDUO\� WLPHV�� ZLWK� WKH� HSLGHPLF
WKUHVKROG�VHSDUDWLQJ�WKH�WZR�IDOOLQJ�DW�WKH�SRLQW�ZKHUH� �±�Ȗ� ����RU

�

��������
�

MXVW�DV�IRU�WKH�6,5�PRGHO��VHH�(T�����������
$W�ODWH�WLPHV�WKH�GLVHDVH�WR�VHWWOHV�GRZQ�LQWR�DQ�HQGHPLF�VWDWH�LQ�ZKLFK�VRPH�FRQVWDQW�IUDFWLRQ�RI

WKH�SRSXODWLRQ�LV�LQIHFWHG��:H�FDQ�VROYH�IRU�WKLV�HQGHPLF�VWDWH�E\�VHWWLQJ�G[N��GW� ���IRU�DOO�N�LQ�(T�
���������WR�JLYH

�

��������
�

�



6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ�LQWR�(T������������ZH�WKHQ�ILQG�WKDW

�

��������
�
�

,Q�JHQHUDO�WKHUH�LV�QR�FORVHG�IRUP�VROXWLRQ�WR�WKLV�LPSOLFLW�HTXDWLRQ�IRU�Y��DOWKRXJK�LW�FDQ�W\SLFDOO\�EH
VROYHG�QXPHULFDOO\�IRU�DQ\�JLYHQ�TN��DQG�JLYHQ�WKH�YDOXH�ZH�FDQ�WKHQ�JHW�[N�IURP�(T�����������
:KDW� ZH� FDQ� WHOO� IURP� (T�� ��������� LV� WKDW�� JLYHQ� WKH� GHJUHH� GLVWULEXWLRQ��Y� DW� ODWH� WLPHV� LV� D

IXQFWLRQ�VROHO\�RI�ȕ�Ȗ� �RU�Ȗ�ȕ�LI�\RX�SUHIHU��DQG�KHQFH�[N�LV�VROHO\�D�IXQFWLRQ�RI�ȕ�Ȗ�DQG�N��0RUHRYHU�
LQ�RUGHU�IRU�(T�����������WR�EH�VDWLVILHG�Y�PXVW�EH�DQ�LQFUHDVLQJ�IXQFWLRQ�RI�ȕ�Ȗ²DV�ȕ�JHWV�ODUJHU�RU�Ȗ
VPDOOHU��Y�PXVW�LQFUHDVH�LQ�RUGHU�WR�NHHS�WKH�VXP�LQ�WKH�HTXDWLRQ�HTXDO�WR�RQH��7KLV�PHDQV�WKDW�[N�ZLOO
DOVR�EH�DQ�LQFUHDVLQJ�IXQFWLRQ�RI�ȕ�Ȗ���(TXDWLRQ����������LPSOLHV�WKDW�LW�LV�DQ�LQFUHDVLQJ�IXQFWLRQ�RI�N
DV�ZHOO���7KXV�WKH�HTXDWLRQV�JLYH�XV�D�TXDOLWDWLYH�SLFWXUH�RI�WKH�EHKDYLRU�RI�WKH�6,6�PRGHO��DOWKRXJK
TXDQWLWDWLYH�GHWDLOV�UHTXLUH�D�QXPHULFDO�VROXWLRQ�
�
�
:H�KDYH�LQ�WKLV�FKDSWHU�RQO\�EUXVKHG�WKH�VXUIDFH�RI�ZKDW�LV�SRVVLEOH�LQ�WKH�PRGHOLQJ�RI�HSLGHPLFV

VSUHDGLQJ�DFURVV�QHWZRUNV��:H�FDQ�H[WHQG�RXU�VWXGLHV�WR�PRUH�FRPSOLFDWHG�QHWZRUN�VWUXFWXUHV��VXFK
DV�QHWZRUNV�ZLWK�GHJUHH�FRUUHODWLRQV��QHWZRUNV�ZLWK�WUDQVLWLYLW\��QHWZRUNV�ZLWK�FRPPXQLW\�VWUXFWXUH�
DQG�HYHQ�HSLGHPLFV�RQ�HPSLULFDOO\�REVHUYHG�QHWZRUNV��0RUH�FRPSOLFDWHG�PRGHOV�RI� WKH�VSUHDG�RI
LQIHFWLRQ�DUH�DOVR�SRVVLEOH��VXFK�DV�WKH�6,56�PRGHO�PHQWLRQHG�LQ�6HFWLRQ�������DV�ZHOO�DV�PRGHOV�WKDW
LQFRUSRUDWH�ELUWK��GHDWK��RU�JHRJUDSKLF�PRYHPHQW�RI�LQGLYLGXDOV�>�������@��,Q�UHFHQW�\HDUV��VFLHQWLVWV
KDYH� GHYHORSHG� H[WUHPHO\� VRSKLVWLFDWHG� FRPSXWHU� PRGHOV� RI� GLVHDVH� VSUHDG� XVLQJ� FRPSOH[
VLPXODWLRQV�RI�WKH�EHKDYLRU�SDWWHUQV�RI�KXPDQ�SRSXODWLRQV��LQFOXGLQJ�PRGHOV�RI�HQWLUH�FLWLHV�GRZQ�WR
WKH� OHYHO�RI� LQGLYLGXDO�SHRSOH��FDUV��DQG�EXLOGLQJV�>���@��DQG�PRGHOV�RI� WKH� LQWHUQDWLRQDO�VSUHDG�RI
GLVHDVH� WKDW� LQFRUSRUDWH� GHWDLOHG� GDWD� RQ� WKH� IOLJKW� SDWWHUQV� DQG� WLPHWDEOHV� RI� LQWHUQDWLRQDO� DLUOLQHV
>��@��7KHVH�GHYHORSPHQWV��KRZHYHU��DUH�EH\RQG�WKH�VFRSH�RI�RXU�QHFHVVDULO\�EULHI� WUHDWPHQW�LQ�WKLV
FKDSWHU�

�
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�

����� &RQVLGHU� DQ� 6,5� HSLGHPLF� RQ� D� FRQILJXUDWLRQ� PRGHO� QHWZRUN� ZLWK� H[SRQHQWLDO� GHJUHH
GLVWULEXWLRQ�SN� ����í�HíȜ��HíȜN��

D��8VLQJ�WKH�UHVXOWV�RI�6HFWLRQ��������ZULWH�GRZQ�DQ�H[SUHVVLRQ�IRU�WKH�SUREDELOLW\�X�DSSHDULQJ
LQ�(T����������LQ�WHUPV�RI�ĳ�DQG�Ȝ�

E��+HQFH�ILQG�DQ�H[SUHVVLRQ�IRU�WKH�SUREDELOLW\�WKDW�D�YHUWH[�LV�LQIHFWHG�E\�WKH�GLVHDVH�LI�LW�KDV
GHJUHH�N�

F��(YDOXDWH�WKLV�SUREDELOLW\�IRU�WKH�FDVH�Ȝ� ���DQG�ĳ� ������IRU�N� �������DQG����
�

����� &RQVLGHU� WKH� VSUHDG� RI� DQ� 6,5�W\SH� GLVHDVH� RQ� D� QHWZRUN� LQ� ZKLFK� VRPH� IUDFWLRQ� RI� WKH
LQGLYLGXDOV� KDYH� EHHQ� YDFFLQDWHG� DJDLQVW� WKH� GLVHDVH�� :H� FDQ� PRGHO� WKLV� VLWXDWLRQ� XVLQJ� D� MRLQW
VLWH�ERQG� SHUFRODWLRQ� PRGHO� LQ� ZKLFK� D� IUDFWLRQ�ĳV� RI� WKH� YHUWLFHV� DUH� RFFXSLHG�� WR� UHSUHVHQW� WKH
YHUWLFHV� QRW� YDFFLQDWHG�� DQG� D� IUDFWLRQ�ĳE� RI� WKH� HGJHV� DUH� RFFXSLHG� WR� UHSUHVHQW� WKH� HGJHV� DORQJ
ZKLFK�FRQWDFW�WDNHV�SODFH�

D�� 6KRZ� WKDW� WKH� IUDFWLRQ�6� RI� LQGLYLGXDOV� LQIHFWHG� LQ� WKH� OLPLW� RI� ORQJ� WLPH� LV� JLYHQ� E\� WKH
VROXWLRQ�RI�WKH�HTXDWLRQV

ZKHUH�J���]��DQG�J���]��DUH�WKH�JHQHUDWLQJ�IXQFWLRQV�IRU�WKH�GHJUHH�GLVWULEXWLRQ�DQG�H[FHVV�GHJUHH
GLVWULEXWLRQ��DV�XVXDO�

E�� 6KRZ� WKDW� IRU� D� JLYHQ� SUREDELOLW\� RI� FRQWDFW�ĳE� WKH� IUDFWLRQ� RI� LQGLYLGXDOV� WKDW� QHHG� WR� EH
YDFFLQDWHG�WR�SUHYHQW�VSUHDG�RI�WKH�GLVHDVH�LV� �

�

�����:H� KDYH� EHHQ� FRQFHUQHG� LQ� WKLV� FKDSWHU� SULPDULO\�ZLWK�HSLGHPLF� GLVHDVH� RXWEUHDNV��PHDQLQJ
RXWEUHDNV� WKDW�DIIHFW�D�ILQLWH�IUDFWLRQ�RI�DOO� LQGLYLGXDOV� LQ�D�QHWZRUN��&RQVLGHU��E\�FRQWUDVW��D�VPDOO
6,5�RXWEUHDN²DQ�RXWEUHDN�WKDW�FRUUHVSRQGV�WR�RQH�RI�WKH�QRQ�JLDQW�SHUFRODWLRQ�FOXVWHUV�LQ�WKH�ERQG
SHUFRODWLRQ� DSSURDFK� RI� 6HFWLRQ� ����²RFFXUULQJ� RQ� D� FRQILJXUDWLRQ� PRGHO� QHWZRUN� ZLWK� GHJUHH
GLVWULEXWLRQ�SN�

D��:KDW�LV�WKH�SUREDELOLW\�RI�VXFK�DQ�RXWEUHDN�RFFXUULQJ�LI�WKH�GLVHDVH�VWDUWV�DW�D�YHUWH[�FKRVHQ
XQLIRUPO\�DW�UDQGRP�IURP�WKH�ZKROH�QHWZRUN��LQFOXGLQJ�YHUWLFHV�ERWK�ZLWKLQ�DQG�RXWVLGH�WKH
JLDQW�FRPSRQHQW�"

E��6KRZ� WKDW� LI� WKH�SUREDELOLW\�RI� WUDQVPLVVLRQ�DORQJ�DQ� HGJH� LV�ĳ� WKHQ� WKH�JHQHUDWLQJ� IXQFWLRQ
K��]��IRU�WKH�SUREDELOLW\�ʌV�WKDW�WKH�RXWEUHDN�KDV�VL]H�V�LV�JLYHQ�E\�WKH�HTXDWLRQV



ZKHUH�J���]��DQG�J���]��DUH�WKH�JHQHUDWLQJ�IXQFWLRQV�IRU�WKH�GHJUHH�GLVWULEXWLRQ�DQG�H[FHVV�GHJUHH
GLVWULEXWLRQ�UHVSHFWLYHO\�

F��:KDW�LV�WKH�PHDQ�VL]H�RI�VXFK�DQ�RXWEUHDN"
�

�����&RQVLGHU� DQ�6,�W\SH�HSLGHPLF� VSUHDGLQJ�RQ� WKH�JLDQW� FRPSRQHQW� RI� D�N�UHJXODU� UDQGRP�JUDSK�
L�H���D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�LQ�ZKLFK�DOO�YHUWLFHV�KDYH�WKH�VDPH�GHJUHH�N��$VVXPH�WKDW�VRPH
QXPEHU�F�RI�YHUWLFHV��FKRVHQ�DW�UDQGRP��DUH�LQIHFWHG�DW�WLPH�W� ���

D�� 6KRZ� XVLQJ� WKH� UHVXOWV� RI� 6HFWLRQ� ������ WKDW� WKH� SUREDELOLW\� RI� LQIHFWLRQ� RI� HYHU\� YHUWH[
LQFUHDVHV�DW�VKRUW�WLPHV�DV�HȕNW�

E�� 6KRZ� WKDW�ZLWKLQ� WKH� ILUVW�RUGHU�PRPHQW� FORVXUH� DSSUR[LPDWLRQ� RI�(T�� �������� WKH� DYHUDJH
SUREDELOLW\� RI� LQIHFWLRQ�[� RI� HYHU\� YHUWH[� LV� WKH� VDPH� DQG� JLYH� WKH� GLIIHUHQWLDO� HTXDWLRQ� LW
VDWLVILHV�

F��+HQFH�VKRZ�WKDW

�

G��)LQG�WKH�WLPH�DW�ZKLFK�WKH� LQIOHFWLRQ�SRLQW �RI�WKH�HSLGHPLF�RFFXUV��WKH�SRLQW�DW�ZKLFK�WKH�UDWH
RI�DSSHDUDQFH�RI�QHZ�GLVHDVH�FDVHV�VWRSV�LQFUHDVLQJ�DQG�VWDUWV�GHFUHDVLQJ�

�

�����&RQVLGHU�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�FRQWDLQLQJ�YHUWLFHV�RI�GHJUHHV������� DQG���RQO\�� VXFK
WKDW�WKH�IUDFWLRQV�RI�YHUWLFHV�RI�HDFK�GHJUHH�LQ�WKH�JLDQW�FRPSRQHQW�DUH�S�� ������S�� ������DQG�S�� �����

D��)LQG�DQ�H[SUHVVLRQ�IRU�WKH�H[FHVV�GHJUHH�JHQHUDWLQJ�IXQFWLRQ�J��]��DSSHDULQJ�LQ�(T����������
E��+HQFH��E\�VROYLQJ�(T�����������ILQG�DQ�H[SUHVVLRQ�IRU�W�DV�D�IXQFWLRQ�RI�X�IRU�DQ�6,�HSLGHPLF
RQ�WKH�JLDQW�FRPSRQHQW�RI�WKH�QHWZRUN��DVVXPLQJ�WKDW�V�� ����DQG�ZLWK�LQLWLDO�FRQGLWLRQ�X���� 
��í�ෛ��ZKHUH�ෛ�LV�VPDOO�

F�� 6KRZ� WKDW� LQ� WKH� OLPLW� RI� ORQJ� WLPHV� WKH� QXPEHU� RI� VXVFHSWLEOHV� IDOOV� RII� LQ� SURSRUWLRQ� WR
Hí��ȕW���

�

����� &RQVLGHU� WKH� VSUHDG� RI� DQ� 6,5�W\SH� GLVHDVH� LQ� D� QHWZRUN� LQ� ZKLFK� VRPH� IUDFWLRQ� RI� WKH
LQGLYLGXDOV� KDYH� EHHQ� YDFFLQDWHG� DJDLQVW� WKH� GLVHDVH�� :H� FDQ� PRGHO� WKLV� VLWXDWLRQ� XVLQJ� D� MRLQW
VLWH�ERQG� SHUFRODWLRQ� PRGHO� LQ� ZKLFK� D� IUDFWLRQ�ĳV� RI� WKH� YHUWLFHV� DUH� RFFXSLHG�� WR� UHSUHVHQW� WKH
YHUWLFHV� QRW� YDFFLQDWHG�� DQG� D� IUDFWLRQ�ĳE� RI� WKH� HGJHV� DUH� RFFXSLHG� WR� UHSUHVHQW� WKH� HGJHV� DORQJ
ZKLFK�FRQWDFW�WDNHV�SODFH�¶

D�� 6KRZ� WKDW� WKH� IUDFWLRQ�6� RI� LQGLYLGXDOV� LQIHFWHG� LQ� WKH� OLPLW� RI� ORQJ� WLPH� LV� JLYHQ� E\� WKH
VROXWLRQ�RI�WKH�HTXDWLRQV



ZKHUH�J���]��DQG�J���]��DUH�WKH�JHQHUDWLQJ�IXQFWLRQV�IRU�WKH�GHJUHH�GLVWULEXWLRQ�DQG�H[FHVV�GHJUHH
GLVWULEXWLRQ��DV�XVXDO�

E�� 6KRZ� WKDW� IRU� D� JLYHQ� SUREDELOLW\� RI� FRQWDFW�ĳE� WKH� IUDFWLRQ� RI� LQGLYLGXDOV� WKDW� QHHG� WR� EH
YDFFLQDWHG�WR�SUHYHQW�VSUHDG�RI�WKH�GLVHDVH�LV� �

�
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�

$�GLVFXVVLRQ�RI�G\QDPLFDO�V\VWHPV�RQ�QHWZRUNV��D�VXEMHFW�DUHD�WKDW�LV�LQ�LWV�LQIDQF\�EXW�DERXW
ZKLFK�ZH�QRQHWKHOHVV�KDYH�VRPH�LQWHUHVWLQJ�UHVXOWV

�

7+(� HSLGHPLF� PRGHOV� RI� &KDSWHU� ��� DUH� D� SDUWLFXODU� H[DPSOH� RI� WKH� PRUH� JHQHUDO� FRQFHSW� RI
G\QDPLFDO� V\VWHPV�RQ�QHWZRUNV��$�G\QDPLFDO� V\VWHP� LV� DQ\� V\VWHP�ZKRVH� VWDWH�� DV� UHSUHVHQWHG�E\
VRPH� VHW� RI� TXDQWLWDWLYH� YDULDEOHV�� FKDQJHV� RYHU� WLPH� DFFRUGLQJ� WR� VRPH� JLYHQ� UXOHV� RU� HTXDWLRQV�
'\QDPLFDO�V\VWHPV�FRPH�LQ�FRQWLQXRXV��DQG�GLVFUHWH�WLPH�YDULHWLHV�DQG�FDQ�EH�HLWKHU�GHWHUPLQLVWLF�RU
VWRFKDVWLF��7KH�HSLGHPLF�PRGHOV�ZH�ORRNHG�DW��IRU�LQVWDQFH��ZHUH�FRQWLQXRXV�WLPH�G\QDPLFDO�V\VWHPV
EHFDXVH� WKHLU� HTXDWLRQV� GHVFULEHG� WKH� FRQWLQXRXV�WLPH� YDULDWLRQ� RI� WKH� YDULDEOHV�� 7KH\� ZHUH� DOVR
GHWHUPLQLVWLF�EHFDXVH�WKH�HTXDWLRQV�ZH�ZURWH�GRZQ�H[DFWO\�GHWHUPLQH�WKH�YDOXHV�RI�DOO�YDULDEOHV�IRU
DOO�WLPH��WKHUH�ZDV�QR�UDQGRP�RU�H[WHUQDO�HOHPHQW�DIIHFWLQJ�WKH�HYROXWLRQ�ZKRVH�YDOXH�ZDV�QRW�NQRZQ
LQ�DGYDQFH��2Q� WKH�RWKHU�KDQG��DQ�H[SOLFLW�FRPSXWHU� VLPXODWLRQ�RI��VD\��DQ�6,�HSLGHPLF�PRGHO�RQ�D
QHWZRUN�ZRXOG�EH�D�VWRFKDVWLF�G\QDPLFDO�V\VWHP�DQG�PLJKW�XVH�HLWKHU�FRQWLQXRXV��RU�GLVFUHWH�WLPH�
7KH�VWRFKDVWLF�HOHPHQW�LQ�WKLV�FDVH�FRUUHVSRQGV�WR�WKH�FKDQFH�LQIHFWLRQ�RI�D�VXVFHSWLEOH�LQGLYLGXDO�E\
DQ� LQIHFWLRXV�QHLJKERU��$QG� WLPH�PLJKW�EH� UHSUHVHQWHG� LQ�GLVFUHWH� WLPH�VWHSV��DOWKRXJK� LW�PLJKW�QRW�
GHSHQGLQJ�RQ�WKH�GHFLVLRQ�RI�WKH�UHVHDUFKHU�
0DQ\� RWKHU� UHDO�ZRUOG� SURFHVVHV²RU� VLPSOLILHG� PRGHOV� RI� UHDO�ZRUOG� SURFHVVHV²FDQ� EH

UHSUHVHQWHG�DV�G\QDPLFDO�V\VWHPV�RQ�QHWZRUNV��7KH�VSUHDG�RI�QHZV�RU�LQIRUPDWLRQ�EHWZHHQ�IULHQGV�
WKH�PRYHPHQW�RI�PRQH\�WKURXJK�DQ�HFRQRP\�� WKH�IORZ�RI� WUDIILF�RQ�URDGV��GDWD�RYHU� WKH�,QWHUQHW��RU
HOHFWULFLW\�RYHU�WKH�JULG��WKH�HYROXWLRQ�RI�SRSXODWLRQV�LQ�DQ�HFRV\VWHP��WKH�FKDQJLQJ�FRQFHQWUDWLRQV�RI
PHWDEROLWHV� LQ�D�FHOO��DQG�PDQ\�RWKHU�V\VWHPV�RI�VFLHQWLILF� LQWHUHVW�DUH�EHVW� WKRXJKW�RI�DV�G\QDPLFDO
SURFHVVHV�RI�RQH�NLQG�RU�DQRWKHU�WDNLQJ�SODFH�RQ�DQ�DSSURSULDWH�QHWZRUN�
,Q� RWKHU�� QRQ�QHWZRUN� FRQWH[WV�� WKH� WKHRU\� RI� G\QDPLFDO� V\VWHPV� LV� D� ZHOO�GHYHORSHG� EUDQFK� RI

PDWKHPDWLFV� DQG�SK\VLFV�� �6HH�� IRU�H[DPSOH�� WKH�ERRN�E\�6WURJDW]� >���@��� ,Q� WKLV� FKDSWHU�ZH�GHOYH
LQWR� VRPH� RI� WKLV� WKHRU\� DQG� VKRZ� KRZ� LW� FDQ� EH� DSSOLHG� WR� G\QDPLFDO� V\VWHPV� RQ� QHWZRUNV�
1HFHVVDULO\�RXU� LQWURGXFWLRQ�RQO\� VNLPV� WKH� VXUIDFH�RI�ZKDW�FRXOG�EH� VDLG��G\QDPLFDO� V\VWHPV� LV� D
WRSLF�RI�HQWLUH�ERRNV� LQ� LWV�RZQ� ULJKW��%XW� WKH�PDWHULDO�FRYHUHG�KHUH�JLYHV�D� IODYRU�RI� WKH�NLQGV�RI
FDOFXODWLRQ�WKDW�DUH�SRVVLEOH�
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2XU� GLVFXVVLRQ� LQ� WKLV� FKDSWHU�ZLOO� FRQFHQWUDWH� SULQFLSDOO\� RQ� GHWHUPLQLVWLF� V\VWHPV� RI� FRQWLQXRXV
UHDO�YDOXHG�YDULDEOHV�HYROYLQJ�LQ�FRQWLQXRXV�WLPH�W��:H�EHJLQ�E\�LQWURGXFLQJ�VRPH�RI�WKH�EDVLF�LGHDV
LQ�D�QRQ�QHWZRUN�FRQWH[W��WKHQ�ZH�H[WHQG�WKHVH�LGHDV�WR�QHWZRUNV�
$� VLPSOH� �QRQ�QHWZRUN�� H[DPSOH� RI� D� FRQWLQXRXV� G\QDPLFDO� V\VWHP� LV� D� V\VWHP� GHVFULEHG� E\� D

VLQJOH�UHDO�YDULDEOH�[�W��WKDW�HYROYHV�DFFRUGLQJ�WR�D�ILUVW�RUGHU�GLIIHUHQWLDO�HTXDWLRQ

�

������
�

ZKHUH�¦��[�� LV�VRPH�VSHFLILHG�IXQFWLRQ�RI�[��7\SLFDOO\�ZH�ZLOO�DOVR�JLYH�DQ�LQLWLDO�FRQGLWLRQ�WKDW
VSHFLILHV�WKH�YDOXH�[��WDNHQ�E\�[�DW�VRPH�LQLWLDO�WLPH�W��
7KH�IXOO\�PL[HG�6,�PRGHO�RI�6HFWLRQ������LV�DQ�H[DPSOH�RI�D�G\QDPLFDO�V\VWHP�RI�WKLV�NLQG��KDYLQJ

D�VLQJOH�YDULDEOH�[�UHSUHVHQWLQJ�WKH�IUDFWLRQ�RI�LQIHFWHG�LQGLYLGXDOV�LQ�WKH�V\VWHP��REH\LQJ�WKH�HTXDWLRQ
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�6HH�(T�����������7KXV�LQ�WKLV�FDVH�ZH�KDYH�¦��[�� �ȕ[���í�[��
2QH�FDQ�DOVR�KDYH�G\QDPLFDO�V\VWHPV�RI�WZR�YDULDEOHV�
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DQG� WKH� DSSURDFK� FDQ� EH� H[WHQGHG� WR� ODUJHU� QXPEHUV� RI� YDULDEOHV� DV� ZHOO�� :KHQ� ZH� FRPH� WR
FRQVLGHU�V\VWHPV�RQ�QHWZRUNV�ZH�ZLOO�SXW�VHSDUDWH�YDULDEOHV�RQ�HDFK�YHUWH[�RI�WKH�QHWZRUN�
2QH� FRXOG� DOVR� LPDJLQH� PDNLQJ� WKH� IXQFWLRQV� RQ� WKH� ULJKW�KDQG� VLGHV� RI� RXU� HTXDWLRQV� GHSHQG



H[SOLFLWO\�RQ�WLPH�W�
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�

7KLV��KRZHYHU��FDQ�EH�UHJDUGHG�DV�PHUHO\�D�VSHFLDO�FDVH�RI�(T����������,I�ZH�ZULWH

�

������
�

ZLWK�LQLWLDO�FRQGLWLRQ�\���� ����WKHQ�ZH�KDYH�\� �W�IRU�DOO�WLPHV�DQG�G[�GW� �¦��[��W��DV�UHTXLUHG��%\�WKLV
WULFN� LW� LV� DOZD\V� SRVVLEOH� WR� WXUQ� HTXDWLRQV� ZLWK� H[SOLFLW� GHSHQGHQFH� RQ�W� LQWR� HTXDWLRQV� ZLWKRXW
H[SOLFLW�GHSHQGHQFH�RQ�W�EXW�ZLWK�RQH�H[WUD�YDULDEOH��)RU�WKLV�UHDVRQ�ZH�ZLOO�FRQILQH�RXUVHOYHV�LQ�WKLV
FKDSWHU�WR�V\VWHPV�ZLWK�QR�H[SOLFLW�GHSHQGHQFH�RQ�W�
$QRWKHU�SRVVLEOH�JHQHUDOL]DWLRQ�ZRXOG�EH� WR� FRQVLGHU� V\VWHPV�JRYHUQHG�E\� HTXDWLRQV� FRQWDLQLQJ

KLJKHU� GHULYDWLYHV�� VXFK� DV� VHFRQG�GHULYDWLYHV��%XW� WKHVH� FDQ� DOVR�EH� UHGXFHG� WR� VLPSOHU� FDVHV�E\
LQWURGXFLQJ�H[WUD�YDULDEOHV��)RU�LQVWDQFH�WKH�HTXDWLRQ

�
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FDQ�EH�WUDQVIRUPHG�E\�LQWURGXFLQJ�D�QHZ�YDULDEOH�\� �G[�GW�VR�WKDW�ZH�KDYH

�

������
�



ZKLFK�LV�D�VSHFLDO�FDVH�RI�(T���������DJDLQ�
7KXV�WKH�VWXG\�RI�V\VWHPV�RI�HTXDWLRQV�OLNH��������DQG��������FRYHUV�D�EURDG�UDQJH�RI�VLWXDWLRQV�RI

VFLHQWLILF�LQWHUHVW��/HW�XV�ORRN�DW�VRPH�RI�WKH�WHFKQLTXHV�XVHG�WR�DQDO\]H�VXFK�HTXDWLRQV�
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(TXDWLRQ���������ZKLFK�LQYROYHV�RQO\�WKH�RQH�YDULDEOH�[��FDQ��DW�OHDVW�LQ�SULQFLSOH��DOZD\V�EH�VROYHG
E\�VLPSO\�UHDUUDQJLQJ�DQG�LQWHJUDWLQJ�
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DOWKRXJK� LQ� SUDFWLFH� WKH� LQWHJUDO� PD\� QRW� EH� NQRZQ� LQ� FORVHG� IRUP�� )RU� FDVHV� ZLWK� WZR� RU� PRUH
YDULDEOHV�� RQ� WKH� RWKHU� KDQG�� LW� LV� QRW� LQ� JHQHUDO� SRVVLEOH� WR� ILQG� D� VROXWLRQ��$QG� IRU� WKH� QHWZRUN
H[DPSOHV� WKDW�ZH�ZLOO� EH� VWXG\LQJ� VKRUWO\� WKH� QXPEHU� RI� YDULDEOHV� LV� W\SLFDOO\� YHU\� ODUJH�� VR� WKDW�
XQOHVV�ZH�DUH�OXFN\��DV�ZH�ZHUH�ZLWK�VRPH�RI�WKH�HSLGHPLRORJLFDO�PRGHOV�RI�WKH�SUHYLRXV�FKDSWHU��
IXOO�DQDO\WLF�VROXWLRQV�DUH�XQOLNHO\�WR�EH�IRUWKFRPLQJ�
:H�FDQ�RI�FRXUVH�LQWHJUDWH�WKH�HTXDWLRQV�QXPHULFDOO\�DQG�LQ�VRPH�FDVHV�WKLV�FDQ�JLYH�XVHIXO�LQVLJKW�

%XW�OHW¶V�QRW�JLYH�XS�RQ�DQDO\WLF�DSSURDFKHV�\HW��7KHUH�LV�LQ�IDFW�D�ZHOO�GHYHORSHG�VHW�RI�WHFKQLTXHV
IRU�XQGHUVWDQGLQJ�KRZ�G\QDPLFDO�V\VWHPV�ZRUN�ZLWKRXW�ILUVW�VROYLQJ�WKHLU�HTXDWLRQV�H[DFWO\��0RVW�RI
WKRVH�WHFKQLTXHV�IRFXV�RQ�WKH�SURSHUWLHV�RI�IL[HG�SRLQWV�
$�IL[HG�SRLQW�LV�D�VWHDG\�VWDWH�RI�WKH�V\VWHP²DQ\�YDOXH�RI�WKH�YDULDEOH�RU�YDULDEOHV�IRU�ZKLFK�WKH

V\VWHP� LV� VWDWLRQDU\� DQG� GRHVQ¶W� FKDQJH� RYHU� WLPH�� ,Q� WKH� RQH�YDULDEOH� V\VWHP�� (T�� �������� IRU
H[DPSOH��D�IL[HG�SRLQW�LV�DQ\�SRLQW�[� �[�IRU�ZKLFK�WKH�IXQFWLRQ�RQ�WKH�ULJKW�KDQG�VLGH�RI�WKH�HTXDWLRQ
LV�]HUR

�
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VR�WKDW�G[�GW� ���DQG�[�GRHVQ¶W�PRYH��,I��LQ�WKH�HYROXWLRQ�RI�WKH�V\VWHP��[�HYHU�UHDFKHV�D�IL[HG�SRLQW
WKHQ�LW�ZLOO�UHPDLQ�WKHUH�IRUHYHU��7KH�IL[HG�SRLQWV�RI�D�RQH�YDULDEOH�V\VWHP�FDQ�EH�IRXQG�VLPSO\�E\
VROYLQJ�(T���������IRU�[�
,Q�D�WZR�YDULDEOH�V\VWHP�OLNH�(T���������D�IL[HG�SRLQW�LV�D�SDLU�RI�YDOXHV��[��\��VXFK� WKDW�¦� �[�

\�� ���DQG�J�[���\��� ����PDNLQJ�G[�GW� �G\�GW� ���VR�WKDW�ERWK�YDULDEOHV�VWDQG�VWLOO�DW�WKLV�SRLQW�
&RQVLGHU�WKH�6,�PRGHO�RI�(T����������3XWWLQJ�¦��[�� ���LQ�WKLV�PRGHO�JLYHV�XV�ȕ[���í�[�� ����ZKLFK

KDV� VROXWLRQV�[� ��� DQG�[� ���IRU� WKH�IL[HG�SRLQWV��:H�FDQ�VHH� LPPHGLDWHO\�ZKDW� WKHVH�IL[HG�SRLQWV
PHDQ�LQ�HSLGHPLRORJLFDO�WHUPV��7KH�ILUVW�DW�[� ���UHSUHVHQWV�WKH�VWHDG\�VWDWH�LQ�ZKLFK�HYHU\RQH�LQ�WKH
V\VWHP� LV� LQIHFWHG��&OHDUO\�RQFH�HYHU\RQH� LV� LQIHFWHG� WKH�V\VWHP�GRHVQ¶W�FKDQJH�DQ\�PRUH��EHFDXVH



WKHUH�LV�QR�RQH�HOVH�WR�LQIHFW�DQG�EHFDXVH�LQ�WKH�6,�PRGHO�QR�RQH�UHFRYHUV�HLWKHU��7KH�VHFRQG�IL[HG
SRLQW�[� ���FRUUHVSRQGV�WR�WKH�VWDWH�RI�WKH�V\VWHP�ZKHUH�QR�RQH�LV�LQIHFWHG��,Q�WKLV�VWDWH�QR�RQH�ZLOO
HYHU�EHFRPH�LQIHFWHG��VLQFH�WKHUH�LV�QR�RQH�WR�FDWFK�WKH�GLVHDVH�IURP��VR�DJDLQ�ZH�KDYH�D�VWHDG\�VWDWH�
7KH�LPSRUWDQFH�RI�IL[HG�SRLQWV�LQ�WKH�VWXG\�RI�G\QDPLFDO�V\VWHPV�GHULYHV�IURP�WZR�NH\�IHDWXUHV�RI

WKHVH�SRLQWV��ILUVW��WKH\�DUH�UHODWLYHO\�HDV\�WR�ILQG��DQG�VHFRQG��LW�LV�VWUDLJKWIRUZDUG�WR�GHWHUPLQH�WKH
G\QDPLFV�RI�WKH�V\VWHP�ZKHQ�LW�LV�FORVH�WR��EXW�QRW�H[DFWO\�DW��D�IL[HG�SRLQW��7KH�G\QDPLFV�FORVH�WR�D
IL[HG�SRLQW�LV�IRXQG�E\�H[SDQGLQJ�DERXW�WKH�SRLQW�DV�IROORZV�
&RQVLGHU�ILUVW�D�VLPSOH�RQH�YDULDEOH�V\VWHP�REH\LQJ�(T����������:H�UHSUHVHQW�WKH�YDOXH�RI�[�FORVH

WR�D� IL[HG�SRLQW�DW�[� E\�ZULWLQJ�[�  �[� ��ෛ� ZKHUH�ෛ��ZKLFK�UHSUHVHQWV�RXU�GLVWDQFH�IURP�WKH�IL[HG
SRLQW��LV�VPDOO��7KHQ
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�������
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�

1RZ�ZH�SHUIRUP�D�7D\ORU�H[SDQVLRQ�RI�WKH�ULJKW�KDQG�VLGH�DERXW�WKH�SRLQW�[� �[�WR�JHW
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ZKHUH�I �UHSUHVHQWV�WKH�GHULYDWLYH�RI�¦�ZLWK�UHVSHFW�WR�LWV�DUJXPHQW��1HJOHFWLQJ�WHUPV�RI�RUGHU�ෛ��DQG
VPDOOHU�DQG�QRWLQJ�WKDW�¦��[��� ����VHH�(T�����������ZH�WKHQ�KDYH

�

�������
�
�

7KLV�LV�D�OLQHDU�ILUVW�RUGHU�GLIIHUHQWLDO�HTXDWLRQ�ZLWK�VROXWLRQ

�



�������
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ZKHUH
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1RWH�WKDW�Ȝ�LV�MXVW�D�VLPSOH�QXPEHU��ZKLFK�ZH�FDQ�FDOFXODWH�SURYLGHG�ZH�NQRZ�WKH�SRVLWLRQ�[෪�RI�WKH
IL[HG�SRLQW�DQG�WKH�IXQFWLRQ�¦�[���'HSHQGLQJ�RQ�WKH�VLJQ�RI�Ȝ��(T����������WHOOV�XV�WKDW�RXU�GLVWDQFH�ෛ
IURP�WKH�IL[HG�SRLQW�ZLOO�HLWKHU�JURZ�RU�GHFD\�H[SRQHQWLDOO\�LQ�WLPH��7KXV�WKLV�DQDO\VLV�DOORZV�XV�WR
FODVVLI\�RXU�IL[HG�SRLQWV�LQWR�WZR�W\SHV��$Q�DWWUDFWLQJ�IL[HG�SRLQW�LV�RQH�ZLWK�Ȝ������IRU�ZKLFK�SRLQWV
FORVH�E\�DUH�DWWUDFWHG�WRZDUGV�WKH�IL[HG�SRLQW�DQG�HYHQWXDOO\�IORZ�LQWR�LW��$�UHSHOOLQJ�IL[HG�SRLQW� LV
RQH�ZLWK�Ȝ�!����IRU�ZKLFK�SRLQWV�FORVH�E\�DUH�UHSHOOHG�DZD\��,Q�EHWZHHQ�WKHVH�WZR�W\SHV�WKHUH�LV�D
VSHFLDO� FDVH� ZKHQ� Ȝ�  � �� H[DFWO\�� )L[HG� SRLQWV� ZLWK� Ȝ�  � �� DUH� XVXDOO\� VWLOO� HLWKHU� DWWUDFWLQJ� RU
UHSHOOLQJ�����EXW�RQH�FDQQRW�WHOO�ZKLFK�LV�ZKLFK�IURP�WKH�DQDO\VLV�KHUH��RQH�PXVW�UHWDLQ�VRPH�RI� WKH
KLJKHU�RUGHU�WHUPV�WKDW�ZH�GURSSHG�LQ�(T����������WR�GHWHUPLQH�ZKDW�KDSSHQV�
$QDO\VLV�RI� WKH�NLQG� UHSUHVHQWHG�E\�(T�� �������� LV� NQRZQ�DV�OLQHDU�VWDELOLW\�DQDO\VLV�� ,W� FDQ� EH

DSSOLHG�WR�V\VWHPV�ZLWK�WZR�RU�PRUH�YDULDEOHV�DV�ZHOO��&RQVLGHU��IRU�LQVWDQFH��D�G\QDPLFDO�V\VWHP
JRYHUQHG�E\�HTXDWLRQV�RI�WKH�IRUP�RI�(T����������ZLWK�D�IL[HG�SRLQW�DW��[෪��\෪���PHDQLQJ�WKDW

�

�������
�

�

:H�UHSUHVHQW�D�SRLQW�FORVH�WR�WKH�IL[HG�SRLQW�LQ�WKH�WZR�GLPHQVLRQDO�[��\�VSDFH�E\�[� �[෪���ෛ[�DQG�\� 
\෪� ��ෛ\�� ZKHUH�ෛ[� DQG�ෛ\� DUH� ERWK� DVVXPHG� VPDOO�� $V� EHIRUH� ZH� H[SDQG� DERXW� WKH� IL[HG� SRLQW�
SHUIRUPLQJ�QRZ�D�GRXEOH�7D\ORU�H[SDQVLRQ�

�
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ZKHUH�¦�[�� DQG�¦�\�� LQGLFDWH� WKH�GHULYDWLYHV�RI�¦�ZLWK� UHVSHFW� WR�[� DQG�\��0DNLQJ�XVH�RI�(T�� �������
DQG�QHJOHFWLQJ�DOO�KLJKHU�RUGHU�WHUPV�LQ�WKH�H[SDQVLRQ��ZH�FDQ�VLPSOLI\�WKLV�H[SUHVVLRQ�WR
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6LPLODUO\
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:H�FDQ�FRPELQH�(TV����������DQG���������DQG�ZULWH�WKHP�LQ�PDWUL[�IRUP�DV
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ZKHUH�ෛ�LV�WKH�WZR�FRPSRQHQW�YHFWRU��ෛ[��ෛ\��DQG�-�LV�WKH�-DFRELDQ�PDWUL[
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ZKHUH�WKH�GHULYDWLYHV�DUH�DOO�HYDOXDWHG�DW�WKH�IL[HG�SRLQW�
)RU�V\VWHPV�RI�WKUHH�RU�PRUH�YDULDEOHV�ZH�DQ�HPSOR\�WKH�VDPH�DSSURDFK�DQG�DJDLQ�DUULYH�DW�(T�

���������EXW�ZLWK�WKH�UDQN�RI�WKH�YHFWRUV�DQG�PDWULFHV�LQFUHDVLQJ�ZLWK�LQFUHDVLQJ�QXPEHU�RI�YDULDEOHV�
(TXDWLRQ� �������� LV� DJDLQ� D� OLQHDU� ILUVW�RUGHU� GLIIHUHQWLDO� HTXDWLRQ� EXW� LWV� VROXWLRQ� LV� PRUH

FRPSOLFDWHG�WKDQ�IRU�WKH�RQH�YDULDEOH�HTXLYDOHQW��/HW�XV�EHJLQ�ZLWK�D�SDUWLFXODU�VLPSOH�FDVH��WKH�FDVH
ZKHUH�WKH�-DFRELDQ�PDWUL[�LV�GLDJRQDO�
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ZKHUH�Ȝ�� DQG�Ȝ�� DUH� UHDO� QXPEHUV�� ,Q� WKLV� FDVH�� WKH� HTXDWLRQV� IRU�ෛ[� DQG�ෛ\� VHSDUDWH� IURP� RQH
DQRWKHU�WKXV�
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DQG�ZH�FDQ�VROYH�WKHP�VHSDUDWHO\�WR�JHW
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RU�HTXLYDOHQWO\

�

�������
�



VR� WKDW�[� DQG�\� DUH� LQGHSHQGHQWO\� HLWKHU� DWWUDFWHG� RU� UHSHOOHG� IURP� WKH� IL[HG� SRLQW� RYHU� WLPH�
GHSHQGLQJ�RQ�WKH�VLJQV�RI�WKH�WZR�TXDQWLWLHV
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�
7KHVH� UHVXOWV� JLYH� ULVH� WR� D� YDULHW\� RI� SRVVLEOH� EHKDYLRUV� RI� WKH� V\VWHP�QHDU� WKH� IL[HG�SRLQW�� DV

VKRZQ�LQ�)LJ��������,I�Ȝ��DQG�Ȝ��DUH�ERWK�QHJDWLYH��IRU�LQVWDQFH��WKHQ�WKH�IL[HG�SRLQW�ZLOO�EH�DWWUDFWLQJ�
ZKLOH�LI�WKH\�DUH�ERWK�SRVLWLYH�LW�ZLOO�EH�UHSHOOLQJ��,I�WKH\�DUH�RI�RSSRVLWH�VLJQV�WKHQ�ZH�KDYH�D�QHZ
W\SH�RI� SRLQW� FDOOHG� D�VDGGOH�SRLQW� WKDW� DWWUDFWV� DORQJ�RQH�D[LV� DQG� UHSHOV�DORQJ� WKH�RWKHU�� ,Q� VRPH
UHVSHFWV�D�VDGGOH�SRLQW�LV�SHUKDSV�EHVW�WKRXJKW�RI�DV�D�IRUP�RI�UHSHOOLQJ�IL[HG�SRLQW��VLQFH�D�V\VWHP
WKDW� VWDUWV�QHDU�D� VDGGOH�SRLQW�ZLOO�QRW� VWD\�QHDU� LW�� WKH�G\QDPLFV�EHLQJ� UHSHOOHG�DORQJ� WKH�XQVWDEOH
GLUHFWLRQ�
8QOHVV�ZH�DUH�YHU\�OXFN\��KRZHYHU��WKH�-DFRELDQ�PDWUL[�LV�XQOLNHO\�WR�EH�GLDJRQDO��,Q�WKH�JHQHUDO

FDVH� LW� ZLOO� KDYH� RII�GLDJRQDO� DV� ZHOO� DV� GLDJRQDO� HOHPHQWV� DQG� WKH� VROXWLRQ� DERYH� ZLOO� QRW� EH
FRUUHFW��:LWK�D�OLWWOH�PRUH�ZRUN��KRZHYHU��ZH�FDQ�PDNH�SURJUHVV�LQ�WKLV�FDVH�WRR��7KH�WULFN�LV�WR�ILQG
FRPELQDWLRQV�RI�WKH�YDULDEOHV�[�DQG�\�WKDW�PRYH�LQGHSHQGHQWO\�DV�[�DQG�\�DORQH�GR�DERYH�
&RQVLGHU�WKH�FRPELQDWLRQV�RI�YDULDEOHV
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�

,Q�PDWUL[�IRUP�ZH�FDQ�ZULWH�WKHVH�DV

�

�������
�

RU�VLPSO\
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ZKHUH�4�LV�WKH�PDWUL[�RI�WKH�FRHIILFLHQWV�D��E��F��G�
7KH�WLPH�HYROXWLRQ�RI�ȟ�FORVH�WR�WKH�IL[HG�SRLQW�LV�JLYHQ�E\

�

�������
�

ZKHUH�ZH�KDYH�XVHG�(TV����������DQG���������� ,I�ȟ�� DQG�ȟ��DUH� WR�HYROYH�LQGHSHQGHQWO\�� WKHQ�ZH
UHTXLUH�WKDW�WKH�PDWUL[�4-4í��EH�GLDJRQDO��MXVW�DV�-�LWVHOI�ZDV�LQ�WKH�VLPSOH�FDVH�ZH�VWXGLHG�DERYH�
/LQHDU�DOJHEUD�WKHQ�WHOOV�XV�WKDW�4�PXVW�EH�WKH�PDWUL[�RI�HLJHQYHFWRUV�RI�-��0RUH�VSHFLILFDOO\��VLQFH�-
LV� LQ�JHQHUDO� DV\PPHWULF��4� LV� WKH�PDWUL[�ZKRVH� URZV�DUH� WKH� OHIW�HLJHQYHFWRUV�RI�-� DQG�4í�� LV� WKH
LQYHUVH�RI� WKDW�PDWUL[��ZKLFK�LV� WKH�PDWUL[�ZKRVH�FROXPQV�DUH�WKH�ULJKW�HLJHQYHFWRUV�RI�-� �VLQFH� WKH
OHIW�DQG�ULJKW�HLJHQYHFWRUV�RI�D�PDWUL[�DUH�PXWXDOO\�RUWKRJRQDO��



�

)LJXUH�������)ORZV�LQ�WKH�YLFLQLW\�RI�GLIIHUHQW�W\SHV�RI�IL[HG�SRLQWV��7KH�IORZV�DURXQG�D�IL[HG�SRLQW
LQ�D�WZR�YDULDEOH�G\QDPLFDO�V\VWHP�ZLWK�D�GLDJRQDO�-DFRELDQ�PDWUL[��DV�GHVFULEHG�LQ�WKH�WH[W��FDQ�WDNH
D�YDULHW\�RI�GLIIHUHQW�IRUPV�DV�VKRZQ���D����E���DQG��F��DUH�DOO�DWWUDFWLQJ�IL[HG�SRLQWV���G����H���DQG��I�
DUH�UHSHOOLQJ��DQG��J��DQG��K��DUH�VDGGOH�SRLQWV�
�
�
7KXV��SURYLGHG�ZH�FDQ�ILQG�WKH�HLJHQYHFWRUV�RI�-�ZH�FDQ�DOVR�ILQG�WKH�FRPELQDWLRQV�ȟ��DQG�ȟ��WKDW

PRYH�LQGHSHQGHQWO\�RI�RQH�DQRWKHU�QHDU�WKH�IL[HG�SRLQW��7KHVH�FRPELQDWLRQV�VDWLVI\�WKH�HTXDWLRQV

�

�������
�



ZKHUH�Ȝ�� DQG�Ȝ�� DUH� WKH� HOHPHQWV� RI� RXU� GLDJRQDO� PDWUL[�� ZKLFK� DUH� DOVR� WKH� HLJHQYDOXHV� RI�-
FRUUHVSRQGLQJ�WR�WKH�WZR�HLJHQYHFWRUV��(TXDWLRQ���������KDV�WKH�REYLRXV�VROXWLRQ

�

�������
�

�
7KH� OLQHV�ȟ�� ���DQG�ȟ�� ���SOD\�WKH�UROH�RI�WKH�D[HV�LQ�)LJ������²WKH\�DUH�OLQHV�DORQJ�ZKLFK�ZH

PRYH�HLWKHU�GLUHFWO\�DZD\�IURP�RU�GLUHFWO\� WRZDUGV� WKH�IL[HG�SRLQW²DQG�(T���������� LQGLFDWHV� WKDW
RXU�GLVWDQFH�IURP�WKH�IL[HG�SRLQW�DORQJ�WKHVH�OLQHV�ZLOO�HLWKHU�JURZ�RU�GHFD\�H[SRQHQWLDOO\�DFFRUGLQJ
WR�WKH�VLJQV�RI�WKH�WZR�HLJHQYDOXHV��6LQFH�WKH�HLJHQYHFWRUV�RI�DQ�DV\PPHWULF�PDWUL[�DUH�QRW�LQ�JHQHUDO
RUWKRJRQDO�WR�RQH�DQRWKHU��WKHVH�OLQHV�DUH�QRW�LQ�JHQHUDO�DW�ULJKW�DQJOHV��VR�WKH�IORZV�DURXQG�WKH�IL[HG
SRLQW�ZLOO�ORRN�VLPLODU�WR�WKRVH�RI�)LJ�������EXW�VTXDVKHG��DV�VKRZQ�LQ�)LJ��������1RQHWKHOHVV��ZH�FDQ
VWLOO�FODVVLI\�RXU�IL[HG�SRLQWV�DV�DWWUDFWLQJ��UHSHOOLQJ��RU�VDGGOH�SRLQWV�DV�VKRZQ�LQ�WKH�ILJXUH��6LPLODU
DQDO\VHV�FDQ�EH�SHUIRUPHG�IRU�V\VWHPV�ZLWK�ODUJHU�QXPEHUV�RI�YDULDEOHV�DQG�WKH�EDVLF�UHVXOWV�DUH�WKH
VDPH�� E\� ILQGLQJ� WKH� HLJHQYHFWRUV� RI� WKH� -DFRELDQ� PDWUL[� ZH� FDQ� GHWHUPLQH� WKH� FRPELQDWLRQV� RI
YDULDEOHV�WKDW�PRYH�LQGHSHQGHQWO\�DQG�KHQFH�VROYH�WKH�HYROXWLRQ�RI�WKH�V\VWHP�LQ�WKH�YLFLQLW\�RI�WKH
IL[HG�SRLQW�
7KHUH�LV�DQRWKHU�VXEWOHW\�WKDW�DULVHV�IRU�V\VWHPV�RI�WZR�RU�PRUH�YDULDEOHV�WKDW�LV�QRW�IRXQG�LQ�WKH

RQH�YDULDEOH�FDVH��7KH�HLJHQYDOXHV�RI�DQ�DV\PPHWULF�PDWUL[�QHHG�QRW�EH�UHDO��(YHQ�LI�WKH�HOHPHQWV�RI
WKH�PDWUL[� LWVHOI� DUH� UHDO�� WKH� HLJHQYDOXHV� FDQ� EH� LPDJLQDU\� RU� FRPSOH[��:KDW� GRHV� LW�PHDQ� LI� WKH
HLJHQYDOXHV�RI�WKH�-DFRELDQ�PDWUL[�LQ�RXU�GHULYDWLRQ�DUH�FRPSOH["�3XWWLQJ�VXFK�HLJHQYDOXHV�LQWR�(T�
�������� JLYHV� XV� D� VROXWLRQ� WKDW�RVFLOODWHV� DURXQG� WKH� IL[HG� SRLQW�� UDWKHU� WKDQ� VLPSO\� JURZLQJ� RU
GHFD\LQJ��,QGHHG��WKH�VXEVWLWXWLRQ�DFWXDOO\�JLYHV�XV�D�YDOXH�IRU�ȟ��DQG�ȟ��WKDW�LWVHOI�LV�FRPSOH[��ZKLFK
ORRNV� OLNH� LW� PLJKW� EH� D� SUREOHP�� VLQFH� WKH� FRRUGLQDWHV� DUH� VXSSRVHG� WR� EH� UHDO�� +RZHYHU�� RXU
HTXDWLRQV�DUH�OLQHDU��VR�WKH�UHDO�SDUW�RI�WKDW�VROXWLRQ�LV�DOVR�D�VROXWLRQ��DV�LV�WKH�LPDJLQDU\�SDUW��RU�DQ\
FRPELQDWLRQ�RI�WKH�WZR�

�

)LJXUH� ������ ([DPSOHV� RI� IORZV� DURXQG� JHQHUDO� IL[HG� SRLQWV�� :KHQ� WKH� -DFRELDQ� PDWUL[� LV� QRW
GLDJRQDO�WKH�IORZV�DURXQG�D�IL[HG�SRLQW�ORRN�OLNH�VTXDVKHG�RU�VWUHWFKHG�YHUVLRQV�RI�WKRVH�LQ�)LJ�������
�
�



,I�Ȝ�� �Į���LȦ��IRU�H[DPSOH��ZKHUH�Į�DQG�Ȧ�DUH�UHDO�QXPEHUV��WKHQ�WKH�JHQHUDO�UHDO�VROXWLRQ�IRU�ȟ��LV
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�

ZKHUH�$�DQG�%�DUH�UHDO�FRQVWDQWV�DQG�&�LV�D�FRPSOH[�FRQVWDQW��7KXV�WKH�VROXWLRQ�LV�WKH�SURGXFW�RI�D
SDUW�WKDW�RVFLOODWHV�DQG�D�SDUW�WKDW�HLWKHU�JURZV�RU�GHFD\V�H[SRQHQWLDOO\��)RU�WKH�FDVH�RI�WZR�YDULDEOHV�
LW�WXUQV�RXW�WKDW�WKH�HLJHQYDOXHV�DUH�DOZD\V�HLWKHU�ERWK�UHDO�RU�ERWK�FRPSOH[��DQG�LI�ERWK�DUH�FRPSOH[
WKHQ� WKH\� DUH� FRPSOH[� FRQMXJDWHV� RI� RQH� DQRWKHU�� ,Q� WKH� ODWWHU� FDVH�� ERWK�ȟ�� DQG�ȟ�� WKHQ� KDYH� WKLV
FRPELQHG�EHKDYLRU�RI�RVFLOODWLRQ�ZLWK� H[SRQHQWLDO� JURZWK�RU� GHFD\��ZLWK� WKH� VDPH� IUHTXHQF\�Ȧ� RI
RVFLOODWLRQ�DQG�WKH�VDPH�UDWH�RI�JURZWK�RU�GHFD\��7KH�QHW�UHVXOW�LV�D�WUDMHFWRU\�WKDW�GHVFULEHV�D�VSLUDO
DURXQG� WKH� IL[HG� SRLQW�� 'HSHQGLQJ� RQ� ZKHWKHU�Į� LV� SRVLWLYH� RU� QHJDWLYH� WKH� VSLUDO� HLWKHU� PRYHV
RXWZDUG� IURP� WKH� IL[HG�SRLQW�RU� LQZDUG�� ,I� LW�PRYHV� LQZDUG�� L�H��� LI�Į������ WKHQ� WKH� IL[HG�SRLQW� LV�D
VWDEOH�RQH��RWKHUZLVH��RI�Į�!����LW�LV�XQVWDEOH��7KXV�VWDELOLW\�LV�LQ�WKLV�FDVH�GHWHUPLQHG�VROHO\�E\�WKH
UHDO�SDUW�RI�WKH�HLJHQYDOXHV���,Q�WKH�VSHFLDO�FDVH�ZKHUH�Į� ���ZH�PXVW��DV�EHIRUH��ORRN�DW�KLJKHU�RUGHU
WHUPV�LQ�WKH�H[SDQVLRQ�DURXQG�WKH�IL[HG�SRLQW�WR�GHWHUPLQH�WKH�QDWXUH�RI�WKH�SRLQW��

�

7KH�IORZV�DURXQG�D�IL[HG�SRLQW�ZKRVH�-DFRELDQ�PDWUL[�KDV�FRPSOH[�HLJHQYDOXHV�GHVFULEH�D�VSLUDO�
�

�
:KHQ� WKHUH� DUH�PRUH� WKDQ� WZR� YDULDEOHV�� WKH� HLJHQYDOXHV�PXVW� HLWKHU� EH� UHDO� RU� WKH\� DSSHDU� LQ

FRPSOH[� FRQMXJDWH� SDLUV�� 7KXV� DJDLQ� ZH� KDYH� HLJHQGLUHFWLRQV� WKDW� VLPSO\� JURZ� RU� GHFD\�� RU� WKDW
VSLUDO�LQ�RU�RXW�
:H�DUH��KRZHYHU��QRW�GRQH�\HW��7KHUH�LV�D�IXUWKHU�LQWHUHVWLQJ�EHKDYLRU�DULVLQJ�LQ�V\VWHPV�ZLWK�WZR

RU�PRUH�YDULDEOHV�WKDW�ZLOO�EH�LPSRUWDQW�ZKHQ�ZH�FRPH�WR�VWXG\�QHWZRUNHG�V\VWHPV��,Q�DGGLWLRQ�WR
IL[HG� SRLQWV�� RQH� DOVR� ILQGV� LQ� VRPH� V\VWHPV�OLPLW� F\FOHV��$� OLPLW� F\FOH� LV� D� FORVHG� ORRS� LQ� WKH
G\QDPLFV�VXFK�WKDW�D�V\VWHP�ILQGLQJ�LWVHOI�RQ�VXFK�D�ORRS�UHPDLQV�WKHUH�LQGHILQLWHO\��FLUFXODWLQJ�DURXQG
DQG� UHWXUQLQJ� UHSHDWHGO\� WR� LWV� VWDUWLQJ�SRLQW��/LPLW� F\FOHV� FDQ�EH� WUHDWHG� LQ�PDQ\�ZD\V� UDWKHU� OLNH
IL[HG�SRLQWV��ZH�FDQ�VWXG\�WKH�G\QDPLFV�FORVH�WR�WKH�OLPLW�F\FOH�E\�H[SDQGLQJ�LQ�D�VPDOO�GLVSODFHPHQW
FRRUGLQDWH��/LNH�IL[HG�SRLQWV��OLPLW�F\FOHV�WHQG�WR�EH�HLWKHU�DWWUDFWLQJ�RU�UHSHOOLQJ��PHDQLQJ�WKDW�SRLQWV



FORVH�WR�WKHP�HLWKHU�VSLUDO�LQZDUGV�WRZDUG�WKH�OLPLW�F\FOH�RU�RXWZDUGV�DZD\�IURP�LW�
3K\VLFDOO\��OLPLW�F\FOHV�UHSUHVHQW�VWDEOH�RVFLOODWRU\�EHKDYLRUV�LQ�V\VWHPV��:H�PHQWLRQHG�RQH�VXFK

EHKDYLRU�LQ�6HFWLRQ������LQ�RXU�EULHI�GLVFXVVLRQ�RI�WKH�6,56�PRGHO��,Q�FHUWDLQ�SDUDPHWHU�UHJLPHV��WKH
6,56�PRGHO�FDQ�VKRZ�³ZDYHV´�RI�LQIHFWLRQ²RVFLOODWRU\�EHKDYLRUV�XQGHU�ZKLFK�D�GLVHDVH�LQIHFWV�D
ODUJH� IUDFWLRQ� RI� WKH� SRSXODWLRQ�� ZKR� WKHQ� UHFRYHU� DQG� JDLQ� LPPXQLW\�� UHGXFLQJ� VXEVWDQWLDOO\� WKH
QXPEHU� RI� YLFWLPV� DYDLODEOH� WR� WKH� GLVHDVH� DQG� WKHUHIRUH� FDXVLQJ� WKH� QXPEHU� RI� FDVHV� WR� GURS
GUDPDWLFDOO\��:KHQ�WKH�ILUVW�ZDYH�RI�LQGLYLGXDOV�ODWHU� ORVHV�WKHLU�LPPXQLW\�WKH\�PRYH�EDFN�LQWR�WKH
VXVFHSWLEOH�VWDWH��EHFRPH�LQIHFWHG�DJDLQ��DQG�DQRWKHU�ZDYH�VWDUWV��$QRWKHU�H[DPSOH�RI�RVFLOODWLRQ�LQ�D
G\QDPLFDO�V\VWHP�LV�WKH�RVFLOODWLRQ�RI�WKH�QXPEHUV�RI�SUHGDWRUV�DQG�SUH\�LQ�D�WZR�VSHFLHV�HFRV\VWHP
UHSUHVHQWHG�� IRU� H[DPSOH�� E\� WKH� /RWND�9ROWHUUD� SUHGDWRU�SUH\� HTXDWLRQV� >���@�� 6XFK� RVFLOODWLRQV
KDYH�EHHQ�IDPRXVO\� LPSOLFDWHG�LQ� WKH�P\VWHULRXV�SHULRGLF�YDULDWLRQ� LQ� WKH�SRSXODWLRQV�RI�KDUHV�DQG
O\Q[� UHFRUGHG� E\� WKH� +XGVRQ� %D\� &RPSDQ\� LQ� &DQDGD� GXULQJ� WKH� QLQHWHHQWK� FHQWXU\�� $� IXUWKHU
GLVFXVVLRQ�RI�WKLV�DQG�RWKHU�DVSHFWV�RI�OLPLW�F\FOHV�FDQ�EH�IRXQG�LQ�5HI��>���@�



�����'<1$0,&6�21�1(7:25.6
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/HW�XV�QRZ�DSSO\�VRPH�RI�WKH�LGHDV�RI�WKH�SUHYLRXV�VHFWLRQ�WR�G\QDPLFDO�V\VWHPV�RQ�QHWZRUNV��)LUVW�
ZH�QHHG�WR�EH�FOHDU�ZKDW�ZH�PHDQ�E\�VXFK�V\VWHPV��7\SLFDOO\��ZH�PHDQ�WKDW�ZH�KDYH�LQGHSHQGHQW
G\QDPLFDO�YDULDEOHV�[L��\L��������RQ�HDFK�YHUWH[�L�RI�RXU�QHWZRUN�DQG�WKDW�WKH\�DUH�FRXSOHG�WRJHWKHU�RQO\
DORQJ� WKH� HGJHV� RI� WKH� QHWZRUN�� 7KDW� LV�� ZKHQ� ZH� ZULWH� RXU� HTXDWLRQ� IRU� WKH� WLPH� HYROXWLRQ� RI� D
YDULDEOH�[L�� WKH� LQGLYLGXDO� WHUPV�DSSHDULQJ� LQ� WKDW�HTXDWLRQ�HDFK� LQYROYH�RQO\�[L��RWKHU�YDULDEOHV�RQ
YHUWH[�L�� RU� RQH� RU� PRUH� YDULDEOHV� RQ� D� YHUWH[� DGMDFHQW� WR�L� LQ� WKH� QHWZRUN�� 7KHUH� DUH� QR� WHUPV
LQYROYLQJ� YDULDEOHV� RQ� QRQ�DGMDFHQW� YHUWLFHV� DQG� QR� WHUPV� LQYROYLQJ� YDULDEOHV� RQ� PRUH� WKDQ� RQH
DGMDFHQW�YHUWH[�
$Q� H[DPSOH� RI� D� G\QDPLFDO� V\VWHP� RI� WKLV� W\SH� LV� RXU� HTXDWLRQ� �������� IRU� WKH� SUREDELOLW\� RI

LQIHFWLRQ�RI�D�YHUWH[�LQ�WKH�QHWZRUN�YHUVLRQ�RI�WKH�6,�HSLGHPLF�PRGHO�

�

�������
�

�

7KLV�HTXDWLRQ�RQO\�KDV�WHUPV�LQYROYLQJ�SDLUV�RI�YDULDEOHV�WKDW�DUH�FRQQHFWHG�E\�HGJHV�VLQFH�WKHVH�DUH
WKH�RQO\�SDLUV�IRU�ZKLFK�$LM�LV�QRQ�]HUR�
)RU�D�V\VWHP�ZLWK�D�VLQJOH�YDULDEOH�RQ�HDFK�YHUWH[�ZH�FDQ�ZULWH�D�JHQHUDO�ILUVW�RUGHU�HTXDWLRQ

�

�������
�

ZKHUH�ZH�KDYH�VHSDUDWHG�WHUPV�WKDW�LQYROYH�YDULDEOHV�RQ�DGMDFHQW�YHUWLFHV�IURP�WKRVH�WKDW�GR�QRW�
<RX�FDQ�WKLQN�RI�¦L�DV�VSHFLI\LQJ�WKH�LQWULQVLF�G\QDPLFV�RI�D�YHUWH[²LW�VSHFLILHV�KRZ�WKH�YDULDEOH�[L
ZRXOG� HYROYH� LQ� WKH� DEVHQFH� RI� DQ\� FRQQHFWLRQV� EHWZHHQ� YHUWLFHV�� L�H��� LI�$LM�  � �� IRU� DOO�L�� M�
&RQYHUVHO\��JLM�GHVFULEHV�WKH�FRQWULEXWLRQ�IURP�WKH�FRQQHFWLRQV�WKHPVHOYHV��LW�UHSUHVHQWV�WKH�FRXSOLQJ
EHWZHHQ�YDULDEOHV�RQ�GLIIHUHQW�YHUWLFHV�
1RWLFH�WKDW�ZH�KDYH�VSHFLILHG�GLIIHUHQW�IXQFWLRQV�¦L� DQG�JLM�IRU�HDFK�YHUWH[�RU�SDLU�RI�YHUWLFHV��VR

WKH� G\QDPLFV� REH\HG� E\� HDFK� YHUWH[� FDQ� EH� GLIIHUHQW�� ,Q� PDQ\� FDVHV�� KRZHYHU�� ZKHQ� HDFK� RI� WKH



YHUWLFHV�UHSUHVHQWV�D�VLPLODU�WKLQJ²VXFK�DV�D�SHUVRQ�LQ�WKH�FDVH�RI�DQ�HSLGHPLF�PRGHO²WKH�G\QDPLFV
IRU�HDFK�YHUWH[�PD\�EH�WKH�VDPH��RU�DW�OHDVW�VLPLODU�HQRXJK�WKDW�ZH�FDQ�LJQRUH�DQ\�GLIIHUHQFHV��,Q�VXFK
FDVHV��WKH�IXQFWLRQV�LQ�(T����������DUH�WKH�VDPH�IRU�DOO�YHUWLFHV�DQG�WKH�HTXDWLRQ�EHFRPHV

�

�������
�

�

,Q� WKH� H[DPSOHV� LQ� WKLV� FKDSWHU�ZH�ZLOO� DVVXPH� WKDW� WKLV� LV� WKH� FDVH��:H�ZLOO� DOVR� DVVXPH� WKDW� WKH
QHWZRUN�LV�XQGLUHFWHG�VR�WKDW�$LM�LV�V\PPHWULF²LI�[L�LV�DIIHFWHG�E\�[M�WKHQ�[M�LV�VLPLODUO\�DIIHFWHG�E\�[L�
�1RWH��KRZHYHU��WKDW�ZH�GR�QRW�DVVXPH�WKDW�WKH�IXQFWLRQ�J�LV�V\PPHWULF�LQ�LWV�DUJXPHQWV��J�X��Y����J�Y�
X����$JDLQ��WKH�6,�PRGHO�RI�(T����������LV�DQ�H[DPSOH�RI�D�V\VWHP�RI�WKLV�NLQG��RQH�LQ�ZKLFK�¦�[�� ��
DQG�J�[L��[M�� �ȕ���í�[L�[M�
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/HW�XV�WU\�DSSO\LQJ�WKH�WRROV�RI�OLQHDU�VWDELOLW\�DQDO\VLV�WR�(T�����������6XSSRVH�ZH�DUH�DEOH�WR�ILQG�D
IL[HG�SRLQW� �RI�(T����������E\�VROYLQJ�WKH�VLPXOWDQHRXV�HTXDWLRQV

�

�������
�

IRU�DOO�L��1RWH�WKDW�ILQGLQJ�D�IL[HG�SRLQW�LQ�WKLV�FDVH�PHDQV�ILQGLQJ�D�YDOXH� �IRU�HYHU\�YHUWH[�L²
WKH� IL[HG� SRLQW� LV� WKH� FRPSOHWH� VHW� �� 1RWH� DOVR� WKDW� LQ� JHQHUDO� WKH� SRVLWLRQ� RI� WKH� IL[HG� SRLQW
GHSHQGV�ERWK�RQ�WKH�SDUWLFXODU�G\QDPLFDO�SURFHVV�WDNLQJ�SODFH�RQ�WKH�QHWZRUN��YLD�WKH�IXQFWLRQV�¦�DQG
J��DQG�RQ�WKH�VWUXFWXUH�RI�WKH�QHWZRUN��YLD�WKH�DGMDFHQF\�PDWUL[���,I�HLWKHU�LV�FKDQJHG�WKHQ�WKH�SRVLWLRQ
RI�WKH�IL[HG�SRLQW�ZLOO�DOVR�FKDQJH�
1RZ�ZH�FDQ� OLQHDUL]H�DERXW� WKLV� IL[HG�SRLQW� LQ� WKH�XVXDO�ZD\�E\�ZULWLQJ� ��SHUIRUPLQJ�D

PXOWLSOH� 7D\ORU� H[SDQVLRQ� LQ� DOO� YDULDEOHV� VLPXOWDQHRXVO\�� DQG� GURSSLQJ� WHUPV� DW� VHFRQG� RUGHU� LQ
VPDOO�TXDQWLWLHV�DQG�KLJKHU�
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ZKHUH�ZH�KDYH�XVHG�(T����������
,I�ZH� NQRZ� WKH� SRVLWLRQ�RI� WKH� IL[HG� SRLQW�� WKHQ� WKH� GHULYDWLYHV� LQ� WKHVH� H[SUHVVLRQV� DUH� VLPSO\

QXPEHUV��)RU�FRQYHQLHQFH��OHW�XV�ZULWH
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7KHQ
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ZKLFK�ZH�FDQ�ZULWH�LQ�PDWUL[�IRUP�DV
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�

ZKHUH�0�LV�WKH�PDWUL[�ZLWK�HOHPHQWV
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DQG�įLM�LV�WKH�.URQHFNHU�GHOWD�
:H� FDQ� VROYH� (T�� �������� E\� ZULWLQJ�ෛ� DV� D� OLQHDU� FRPELQDWLRQ� RI� WKH� HLJHQYHFWRUV� RI�0�

VSHFLILFDOO\�WKH�ULJKW�HLJHQYHFWRUV��VLQFH�0�LV�LQ�JHQHUDO�QRW�V\PPHWULF�
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�

VR�WKDW�(T����������EHFRPHV
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�

ZKHUH�ȝU� LV� WKH� HLJHQYDOXH� FRUUHVSRQGLQJ� WR� WKH� HLJHQYHFWRU�YU�� &RPSDULQJ� WHUPV� LQ� HDFK
HLJHQYHFWRU�ZH�WKHQ�KDYH
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�

ZKLFK�LPSOLHV�WKDW

�
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�
,PPHGLDWHO\�ZH�VHH�WKDW�LI�WKH�UHDO�SDUWV�RI�DOO�RI�WKH�HLJHQYDOXHV�ȝU�DUH�QHJDWLYH�� WKHQ�FU�W�²DQG

KHQFH�ෛ²LV�GHFD\LQJ�LQ�WLPH�IRU�DOO�U�DQG�RXU�IL[HG�SRLQW�ZLOO�EH�DWWUDFWLQJ��,I�WKH�UHDO�SDUWV�DUH�DOO
SRVLWLYH� WKH�IL[HG�SRLQW�ZLOO�EH�UHSHOOLQJ��$QG�LI�VRPH�DUH�SRVLWLYH�DQG�VRPH�DUH�QHJDWLYH� WKHQ� WKH
IL[HG�SRLQW�LV�D�VDGGOH��DOWKRXJK��DV�EHIRUH��WKLV�LV�SHUKDSV�EHVW�ORRNHG�DW�DV�D�IRUP�RI�UHSHOOLQJ�IL[HG
SRLQW��WKH�IORZV�QHDU�D�VDGGOH�KDYH�DW�OHDVW�RQH�UHSHOOLQJ�GLUHFWLRQ��ZKLFK�PHDQV�WKDW�D�V\VWHP�VWDUWLQJ
LQ� WKH� YLFLQLW\� RI� VXFK� D� SRLQW� ZLOO� QRW� LQ� JHQHUDO� VWD\� QHDU� LW�� UHJDUGOHVV� RI� ZKHWKHU� WKH� RWKHU
GLUHFWLRQV�DUH�DWWUDFWLQJ�RU�QRW�
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/HW�XV�ORRN�DW�VRPH�FRPPRQ�VSHFLDO�FDVHV�RI�WKH�JHQHUDO�IRUPDOLVP�DERYH��$�SDUWLFXODUO\�VLPSOH�FDVH
LV� ZKHQ� WKH� IL[HG� SRLQW� LV�V\PPHWULF�� PHDQLQJ� WKDW� � KDV� WKH� VDPH� YDOXH� IRU� HYHU\� �� 7KLV
RFFXUV�LQ�WKH�6,�PRGHO�IRU�LQVWDQFH²WKHUH�LV�D�IL[HG�SRLQW�DW� �IRU�DOO�L�
)RU�D�V\PPHWULF�IL[HG�SRLQW��WKH�IL[HG�SRLQW�HTXDWLRQ��(T�����������EHFRPHV

�

�������
�

ZKHUH�NL� LV� WKH�GHJUHH�RI�YHUWH[�L�DQG�ZH�KDYH�PDGH�XVH�RI� � �VHH�(T�� ���������*LYHQ� WKH
DSSHDUDQFH� RI�NL� KHUH�� WKHUH� DUH� RQO\� WZR�ZD\V� WKLV� HTXDWLRQ� FDQ� EH� VDWLVILHG� IRU� DOO�L�� HLWKHU� DOO
YHUWLFHV�PXVW� KDYH� WKH� VDPH� GHJUHH� RU�J�[෪��[෪��  � ��� 6LQFH� WKH� IRUPHU� LV� QRW� UHDOO\� UHDOLVWLF²IHZ
QHWZRUNV�RI�LQWHUHVW�KDYH�DOO�GHJUHHV�WKH�VDPH²OHW�XV�FRQFHQWUDWH�RQ�WKH�ODWWHU�DQG�DVVXPH�WKDW
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�

�

$JDLQ�WKH�6,�PRGHO�SURYLGHV�DQ�H[DPSOH�RI�WKLV� W\SH�RI�EHKDYLRU��7KH�FRXSOLQJ�IXQFWLRQ�J� LV�RI� WKH
IRUP�ȕ[���í�[��LQ�WKDW�PRGHO��ZKLFK�LV�]HUR�DW�WKH�WZR�IL[HG�SRLQWV�DW�[� ������
(TXDWLRQV���������DQG���������WRJHWKHU�LPSO\�DOVR�WKDW�¦�[෪�� ���DQG�KHQFH�WKH�IL[HG�SRLQW�[෪�LV�WKH

VDPH�LQ�WKLV�FDVH�DV�WKH�IL[HG�SRLQW�IRU�WKH�³LQWULQVLF´�G\QDPLFV�RI�D�YHUWH[��LW�IDOOV�DW�WKH�VDPH�SODFH
DV� LW�ZRXOG� LI� WKHUH�ZHUH�QR�FRQQHFWLRQV�EHWZHHQ�YHUWLFHV�DW�DOO��7KH�SRVLWLRQ�RI� WKH�IL[HG�SRLQW� LV
DOVR�LQGHSHQGHQW�RI�WKH�QHWZRUN�VWUXFWXUH�LQ�WKLV�FDVH��D�SRLQW�WKDW�ZLOO�VKRUWO\�EH�LPSRUWDQW�
)RU�D�V\PPHWULF�IL[HG�SRLQW��WKH�TXDQWLWLHV�ĮL��ȕLM��DQG�ȖLM�GHILQHG�LQ�(T����������EHFRPH
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7KHQ�(T����������EHFRPHV
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�
7KH�VLWXDWLRQ�VLPSOLILHV�IXUWKHU�LI� WKH�FRXSOLQJ�IXQFWLRQ�J�[L��[M��GHSHQGV�RQO\�RQ�[M� DQG�QRW�RQ�[L�

L�H���LI�[L�REH\V�DQ�HTXDWLRQ�RI�WKH�IRUP�G[L�GW� �¦�[L�����M�$LM�J�[M���7KHQ�ȕ� ���DQG
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ZKLFK�ZH�FDQ�ZULWH�LQ�PDWUL[�IRUP�DV
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�
$V� LQ� WKH�JHQHUDO�FDVH�� WKH� IL[HG�SRLQW�ZLOO�EH� VWDEOH� LI� DQG�RQO\� LI� DOO�RI� WKH� HLJHQYDOXHV�RI� WKH

PDWUL[�Į,� ��Ȗ$� DUH� QHJDWLYH��/HW�YU� EH� WKH� HLJHQYHFWRU� RI� WKH� DGMDFHQF\�PDWUL[�ZLWK� HLJHQYDOXH�țU�
7KHQ
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�

+HQFH�YU�LV�DOVR�DQ�HLJHQYHFWRU�RI�Į,���Ȗ$��EXW�ZLWK�HLJHQYDOXH�Į���ȖțU��1RZ�LI�DOO�HLJHQYDOXHV�DUH�WR
EH�QHJDWLYH��ZH�UHTXLUH�WKDW
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IRU�DOO�U�DQG�IURP�WKLV�ZH�FDQ�GHGXFH�D�QXPEHU�RI�WKLQJV��)LUVW�RI�DOO�LW�LPSOLHV�WKDW�Į���í�ȖțU�IRU�DOO�U�
7KH�DGMDFHQF\�PDWUL[�DOZD\V�KDV�ERWK�SRVLWLYH�DQG�QHJDWLYH�HLJHQYDOXHV��D�UHVXOW�WKDW�ZH�ZLOO�SURYH
LQ�6HFWLRQ����������ZKLFK�PHDQV�WKDW�IRU�WKLV�LQHTXDOLW\�WR�EH�VDWLVILHG�IRU�DOO�U�ZH�PXVW�KDYH�Į������,I
Į�!���WKHQ�WKH�IL[HG�SRLQW�LV�QHYHU�VWDEOH�
6HFRQG��ZH�FDQ�UHDUUDQJH�(T����������WR�JLYH
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IRU�DOO�U��1RWH��KRZHYHU��WKDW�LI�(T��������D��LV�VDWLVILHG�IRU�WKH�ODUJHVW��PRVW�SRVLWLYH��HLJHQYDOXH
ț�� RI� WKH� DGMDFHQF\� PDWUL[�� WKHQ� LW� LV� QHFHVVDULO\� VDWLVILHG� E\� DOO� WKH� RWKHU� HLJHQYDOXHV� DV� ZHOO�
6LPLODUO\� LI�(T�� ������E�� LV� VDWLVILHG� IRU� WKH�PRVW� QHJDWLYH� HLJHQYDOXH�țQ� WKHQ� LW� LV� VDWLVILHG�E\�DOO
RWKHUV��7KXV�WKH�FRQGLWLRQV�DERYH�FDQ�EH�VLPSOLILHG�WR�D�VLQJOH�FRQGLWLRQ�HDFK�
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$OWHUQDWLYHO\��ZH�FDQ�WDNH�UHFLSURFDOV�RI�WKHVH�FRQGLWLRQV�DQG�FRPELQH�WKHP�LQWR�D�VLQJOH�VWDWHPHQW�
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,I�ZH�ZDQW�ZH�FDQ�ILOO�LQ�WKH�H[SOLFLW�YDOXHV�RI�Į�DQG�Ȗ�WKXV�

�

�������
�



ZKHUH�ZH�KDYH�ZULWWHQ�J�DV�D�IXQFWLRQ�RI�D�VLQJOH�YDULDEOH�VLQFH��E\�K\SRWKHVLV��LW�RQO\�GHSHQGV�RQ
RQH�DUJXPHQW�LQ�WKLV�FDVH�
(TXDWLRQ���������LV�VRPHWLPHV�FDOOHG�D�PDVWHU�VWDELOLW\�FRQGLWLRQ��,W�KDV�D�VSHFLDO�IRUP��QRWH�WKDW

ț��DQG�țQ�GHSHQG�RQO\�RQ�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�DQG�QRW�RQ�DQ\WKLQJ�DERXW�WKH�G\QDPLFV��ZKLOH�Į
DQG�Ȗ� GHSHQG� RQO\� WKH� QDWXUH� RI� WKH� G\QDPLFV� DQG� QRW� RQ� WKH� QHWZRUN� VWUXFWXUH�� 7KXV� (T�� �������
HIIHFWLYHO\� JLYHV� XV� D� VLQJOH� FRQGLWLRQ� WKDW� PXVW� EH� VDWLVILHG� E\� DQ\� W\SH� RI� G\QDPLFV� DQG� LWV
DVVRFLDWHG� IL[HG� SRLQW� LI� WKDW� G\QDPLFV� LV� WR� EH� VWDEOH� RQ� RXU� QHWZRUN�� 2U� FRQYHUVHO\�� LW� JLYHV� D
FRQGLWLRQ�RQ�WKH�QHWZRUN�VWUXFWXUH��YLD�WKH�ODUJHVW�DQG�VPDOOHVW�HLJHQYDOXHV��WKDW�JXDUDQWHHV�VWDELOLW\
RI�D�JLYHQ�IL[HG�SRLQW�IRU�D�JLYHQ�W\SH�RI�G\QDPLFV�
$QRWKHU�FDVH�ZKHUH�ZH�FDQ�GHULYH�D�PDVWHU�VWDELOLW\�FRQGLWLRQ�LV� WKH�FDVH�LQ�ZKLFK�WKH�FRXSOLQJ

IXQFWLRQ�J�GHSHQGV�RQ�LWV�WZR�DUJXPHQWV�DFFRUGLQJ�WR�J�[L���[M�� �J�[L��í�J�[M���$�SK\VLFLVW�PLJKW�WKLQN
RI�WKLV�DV�D�³VSULQJ�OLNH´�LQWHUDFWLRQ²LI�J�[��ZHUH�D�VLPSOH�OLQHDU�IXQFWLRQ�RI�LWV�DUJXPHQW�WKHQ�[L�DQG
[M�ZRXOG�DFW�XSRQ�RQH�DQRWKHU�OLNH�WZR�PDVVHV�FRXSOHG�E\�D�VSULQJ��H[HUWLQJ�IRUFHV�WKDW�GHSHQG�RQ�WKH
GLIIHUHQFH�RI�WKHLU�SRVLWLRQV��0RUH�JHQHUDOO\��J�[��LV�QRQ�OLQHDU�DQG�ZH�KDYH�D�QRQ�OLQHDU�VSULQJ�
)RU�WKLV�FKRLFH�RI�FRXSOLQJ��DQG�VWLOO�DVVXPLQJ�D�V\PPHWULF�IL[HG�SRLQW��ZH�KDYH�J�[෪��[෪�� ���DV

EHIRUH�DQG�KHQFH�DOVR�¦�[෪�� ����DQG�WKH�TXDQWLWLHV�GHILQHG�LQ�(T����������EHFRPH
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7KHQ�(T����������EHFRPHV
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RU�LQ�PDWUL[�IRUP
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ZKHUH�/�LV�WKH�PDWUL[�ZLWK�HOHPHQWV
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�

:H�KDYH�HQFRXQWHUHG�WKLV�PDWUL[�EHIRUH��,W�LV�WKH�JUDSK�/DSODFLDQ²VHH�(T���������
(TXDWLRQ� �������� LV�RI� WKH� VDPH� IRUP�DV�(T�� ���������ZLWK� WKH� DGMDFHQF\�PDWUL[� UHSODFHG�E\� WKH

JUDSK�/DSODFLDQ��7KXV�ZH�FDQ�LPPHGLDWHO\�VHH� WKDW� WKH�IL[HG�SRLQW�ZLOO�EH�VWDEOH� LI�DQG�RQO\� LI� WKH
HLJHQYDOXHV�ȜU�RI�WKH�/DSODFLDQ�VDWLVI\

�
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�

IRU�DOO�U�
$V�VKRZQ�LQ�6HFWLRQ��������� WKH�VPDOOHVW�HLJHQYDOXH�RI� WKH�/DSODFLDQ�PDWUL[� LV�DOZD\V�]HUR��DQG

KHQFH�(T�����������ZKHQ�DSSOLHG�WR�WKH�VPDOOHVW�HLJHQYDOXH��LPSOLHV�DJDLQ�WKDW�Į�����LV�D�QHFHVVDU\
�EXW�QRW�VXIILFLHQW��FRQGLWLRQ�IRU�WKH�IL[HG�SRLQW�WR�EH�VWDEOH��RU�HTXLYDOHQWO\
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$VVXPLQJ�WKLV�FRQGLWLRQ� LV�VDWLVILHG� WKHQ��VLQFH�DOO�HLJHQYDOXHV�RI� WKH�/DSODFLDQ�DUH�QRQ�QHJDWLYH� LW
IROORZV�WKDW���ȜU�!�íȕ�Į�IRU�VWDELOLW\��UHJDUGOHVV�RI�WKH�VLJQ�RI�ȕ��)XUWKHUPRUH��LI�WKLV�FRQGLWLRQ�LV�WUXH
IRU�WKH�ODUJHVW�HLJHQYDOXH��WUDGLWLRQDOO\�GHQRWHG�ȜQ��WKHQ�LW�LV�WUXH�IRU�DOO�VPDOOHU�HLJHQYDOXHV�DV�ZHOO�
VR�WKH�UHTXLUHPHQW�IRU�VWDELOLW\�FDQ�EH�UHGXFHG�WR�WKH�UHTXLUHPHQW�WKDW���ȜQ�!�íȕ�Į��RU

�
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DORQJ�ZLWK�WKH�FRQGLWLRQ�LQ�(T����������
$JDLQ��(T����������QHDWO\�VHSDUDWHV�TXHVWLRQV�RI�G\QDPLFV�IURP�TXHVWLRQV�RI�QHWZRUN�VWUXFWXUH��7KH

VWUXFWXUH�DSSHDUV�RQO\�RQ�WKH�OHIW�RI�WKH�LQHTXDOLW\��YLD�WKH�HLJHQYDOXHV�RI�WKH�JUDSK�/DSODFLDQ��DQG�WKH
G\QDPLFV�DSSHDUV�RQO\�RQ�WKH�ULJKW��YLD�GHULYDWLYHV�RI�WKH�IXQFWLRQV�¦�DQG�J�
$SDUW�IURP�HVWDEOLVKLQJ�D�FRQGLWLRQ�IRU�WKH�VWDELOLW\�RI�D�IL[HG�SRLQW��WKH�PDVWHU�VWDELOLW\�FRQGLWLRQ

LV�RI�SDUWLFXODU�LQWHUHVW�LQ�WKH�VWXG\�RI�ELIXUFDWLRQV²VLWXDWLRQV�LQ�ZKLFK�D�IL[HG�SRLQW�ORVHV�VWDELOLW\�DV
WKH�SDUDPHWHUV�RI�D�V\VWHP�FKDQJH��,I�ZH�YDU\�SDUDPHWHUV�DSSHDULQJ�LQ�WKH�GHILQLWLRQV�RI�¦�DQG�J��IRU
H[DPSOH�� WKHQ� ZH� FDQ� FDXVH� D� IL[HG� SRLQW� WKDW� LQLWLDOO\� VDWLVILHV� D� FRQGLWLRQ� OLNH� �������� WR� VWRS
VDWLVI\LQJ�LW�DQG�VR�EHFRPH�XQVWDEOH��,Q�SUDFWLFH��WKLV�PHDQV�WKDW�WKH�V\VWHP�ZLOO�VXGGHQO\�FKDQJH�LWV
EHKDYLRU�DV�LW�SDVVHV�WKURXJK�WKH�SRLQW�ZKHUH���ȜQ� �íȕ�Į��$W�RQH�PRPHQW�LW�ZLOO�EH�VLWWLQJ�KDSSLO\�DW
LWV� VWDEOH� IL[HG� SRLQW�� JRLQJ� QRZKHUH�� DQG� DW� WKH� QH[W�� DV� WKDW� SRLQW� EHFRPHV� XQVWDEOH�� LW�ZLOO� VWDUW
PRYLQJ��JDWKHULQJ�VSHHG�H[SRQHQWLDOO\��DQG�TXLWH�OLNHO\�ZLQG�XS�LQ�VRPH�FRPSOHWHO\�GLIIHUHQW�VWDWH�IDU
IURP�ZKHUH�LW�VWDUWHG��DV�LW�IDOOV�LQWR�WKH�EDVLQ�RI�DWWUDFWLRQ�RI�D�GLIIHUHQW�VWDEOH�IL[HG�SRLQW�RU�OLPLW
F\FOH��:H�ZLOO�VHH�VRPH�H[DPSOHV�RI�EHKDYLRU�RI�WKLV�NLQG�VKRUWO\�
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$V� DQ� H[DPSOH�� FRQVLGHU� WKH� IROORZLQJ� VLPSOH� PRGHO� RI� ³JRVVLS�´� RU� GLIIXVLRQ� RI� DQ� LGHD� RU� IDG
DFURVV�D�VRFLDO�QHWZRUN��6XSSRVH�VRPH�QHZ�LGHD�LV�FLUFXODWLQJ�WKURXJK�D�FRPPXQLW\�DQG�[L�UHSUHVHQWV
WKH�DPRXQW�SHUVRQ�L�LV�WDONLQJ�DERXW�LW��ZKLFK�ZLOO�EH�JRYHUQHG�E\�DQ�HTXDWLRQ�RI�WKH�IRUP����������:H
ZLOO�SXW
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ZLWK�D�!����ZKLFK�PHDQV�WKDW�WKH�LQWULQVLF�G\QDPLFV�RI�D�VLQJOH�YHUWH[�KDV�D�VWDEOH�IL[HG�SRLQW�DW�[෪� ��
²HDFK�SHUVRQ�KDV�DQ�LQWULQVLF�WHQGHQF\�WR�WDON�WKLV�PXFK�DERXW�WKH�ODWHVW�FUD]H��UHJDUGOHVV�RI�ZKHWKHU
WKHLU�IULHQGV�ZDQW�WR�KHDU�DERXW�LW�RU�QRW��)RU�WKH�LQWHUDFWLRQ�WHUP�ZH�ZLOO�DVVXPH�WKDW�SHRSOH�WHQG�WR
FRS\�WKHLU�IULHQGV��WKH\�LQFUHDVH�WKH�DPRXQW�WKH\�DUH�WDONLQJ�DERXW�ZKDWHYHU�LW�LV�LI�WKHLU�IULHQGV�DUH
WDONLQJ�DERXW�LW�PRUH�WKDQ�WKH\�DUH��DQG�GHFUHDVH�LI�WKHLU�IULHQGV�DUH�WDONLQJ�DERXW�LW�OHVV��:H�UHSUHVHQW
WKLV�E\�SXWWLQJ�J�[L��[M�� �J�[M��í�J�[L��ZLWK
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DQG�E�!����7KLV�LV�DQ�LQFUHDVLQJ�IXQFWLRQ�RI�LWV�DUJXPHQW��DV�LW�VKRXOG�EH��EXW�VDWXUDWHV�ZKHQ�[�ª��²
EH\RQG�VRPH�SRLQW��LW�PDNHV�QR�GLIIHUHQFH�LI�\RXU�IULHQGV�VKRXW�ORXGHU�
1RZ�ZH� FDQ� DSSO\� WKH� JHQHUDO� IRUPDOLVP� GHYHORSHG� DERYH�� 7KH� V\PPHWULF� IL[HG� SRLQW� IRU� WKH

PRGHO� LV� DW�[L�  � �� IRU� DOO�L��$W� WKLV� SRLQW� HYHU\RQH� LV� WDONLQJ� DERXW� WKH� WRSLF�GX� MRXU� ZLWK� HTXDO
HQWKXVLDVP��7KLV�IL[HG�SRLQW��KRZHYHU��LV�VWDEOH�RQO\�SURYLGHG�(TV����������DQG���������DUH�VDWLVILHG�
(TXDWLRQ� �������� LV� DOZD\V� VDWLVILHG��JLYHQ� WKDW�D�!����(TXDWLRQ������� LPSOLHV� WKDW���ȜQ� !�E��D�� RU
HTXLYDOHQWO\

�



�������
�

�

7KXV�ZH�FDQ�PDNH�WKH�IL[HG�SRLQW�XQVWDEOH��IRU�H[DPSOH��E\�LQFUHDVLQJ�E�WR�WKH�SRLQW�ZKHUH�WKH�ULJKW�
KDQG�VLGH�RI� WKLV� LQHTXDOLW\�IDOOV�EHORZ�WKH� ODUJHVW�HLJHQYDOXH�ȜQ�RI� WKH�/DSODFLDQ�IRU� WKH�SDUWLFXODU
QHWZRUN�ZH�DUH�ORRNLQJ�DW��,QFUHDVLQJ�E�LQ�WKLV�FDVH�FRUUHVSRQGV�WR�LQFUHDVLQJ�WKH�DPRXQW�RI�LQIOXHQFH
\RXU�IULHQGV�KDYH�RQ�\RX�
$QG�ZKDW� KDSSHQV�ZKHQ� WKH� IL[HG� SRLQW� EHFRPHV� XQVWDEOH"�7KHUH� DUH� QR� RWKHU� V\PPHWULF� IL[HG

SRLQWV� IRU� WKLV� SDUWLFXODU� V\VWHP�� VLQFH� WKHUH� DUH� QR� RWKHU� YDOXHV� WKDW� JLYH�¦�[��  � �� �ZKLFK� LV� D
UHTXLUHPHQW�IRU�RXU�V\PPHWULF�IL[HG�SRLQW���6R�WKH�V\VWHP�FDQQRW�VZLWFK�WR�DQRWKHU�V\PPHWULF�IL[HG
SRLQW��2QH�SRVVLELOLW\�LV�WKDW�WKH�YDULDEOHV�PLJKW�GLYHUJH�WR�����DQG�WKLV�KDSSHQV�LQ�VRPH�V\VWHPV��EXW
QRW�LQ�WKLV�RQH��ZKHUH�WKH�IRUP�RI�¦�[��SUHYHQWV�LW��$QRWKHU�SRVVLELOLW\�LV�WKDW�WKH�V\VWHP�PLJKW�EHJLQ�WR
RVFLOODWH�� RU� HYHQ� HQWHU� D� FKDRWLF� UHJLPH� LQ� ZKLFK� LW� PHDQGHUV� DURXQG� LQ� SVHXGRUDQGRP� IDVKLRQ
LQGHILQLWHO\�� ,Q� WKH�SUHVHQW� FDVH��KRZHYHU�� LW� GRHV� VRPHWKLQJ� VLPSOHU�� ,W�PRYHV� WR� D�QRQ�V\PPHWULF
IL[HG� SRLQW�� RQH� LQ� ZKLFK� WKH� IL[HG�SRLQW� YDOXHV� RI� WKH� YDULDEOHV�[L� DUH� QRW� DOO� HTXDO�� 7KLV� LV� DQ
LQWHUHVWLQJ� DQG� SHUKDSV� XQH[SHFWHG� EHKDYLRU�� 2XU� FDOFXODWLRQV� DUH� WHOOLQJ� XV� ZKHQ� WKH� LQIOXHQFH
EHWZHHQ�QHLJKERULQJ�LQGLYLGXDOV�LQ�WKH�QHWZRUN�EHFRPHV�YHU\�VWURQJ�WKDW�LQVWHDG�RI�GULYLQJ�HYHU\RQH
WR� EHKDYH� LQ� WKH� VDPH� ZD\�� DV� RQH� PLJKW� H[SHFW�� LW� DFWXDOO\� FDXVHV� EHKDYLRUV� WR� GLIIHU�� 3HRSOH
VSRQWDQHRXVO\�GHYHORS�LGLRV\QFUDVLHV�DQG�VWDUW�GRLQJ�WKLQJV�WKHLU�RZQ�ZD\�
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2XU�GHYHORSPHQWV�VR�IDU�KDYH�DVVXPHG�WKDW�WKHUH�LV�RQO\�D�VLQJOH�YDULDEOH�[L�RQ�HDFK�YHUWH[�L�RI�WKH
QHWZRUN�� 0DQ\� V\VWHPV�� KRZHYHU�� KDYH� PRUH� WKDQ� RQH� YDULDEOH� SHU� YHUWH[�� 7KH� HSLGHPLRORJLFDO
H[DPSOHV�RI�&KDSWHU�����PRVWO\�KDYH�VHYHUDO²V��[��U��DQG�VR�IRUWK�
&RQVLGHU�D�V\VWHP�ZLWK�DQ�DUELWUDU\�QXPEHU�RI�YDULDEOHV� �RQ�HDFK�YHUWH[�L��EXW�OHW�XV�DVVXPH

WKDW�ZH�KDYH�WKH�VDPH�QXPEHU�RI�YDULDEOHV�RQ�HDFK�YHUWH[�DQG�WKDW��DV�EHIRUH��WKH\�REH\�HTXDWLRQV�RI
WKH� VDPH� IRUP�� )RU� FRQYHQLHQFH� OHW� XV� ZULWH� WKH� VHW� RI� YDULDEOHV� RQ� D� VLQJOH� YHUWH[� DV� D� YHFWRU�

�DQG�WKHQ�ZULWH�WKH�HTXDWLRQV�JRYHUQLQJ�WKHLU�WLPH�HYROXWLRQ�DV

�

�������
�

�

1RWH� WKDW� WKH� IXQFWLRQV�¦� DQG�J�� UHSUHVHQWLQJ� WKH� LQWULQVLF� G\QDPLFV� DQG� WKH� FRXSOLQJ�� KDYH� QRZ
EHFRPH�YHFWRU�IXQFWLRQV�I�DQG�J�RI�YHFWRU�DUJXPHQWV��ZLWK�WKH�VDPH�UDQN�DV�[�
)ROORZLQJ� WKH� VDPH� OLQH�RI� UHDVRQLQJ�DV�EHIRUH��ZH�FDQ� VWXG\� WKH� VWDELOLW\�RI� D� V\PPHWULF� IL[HG

SRLQW�[L�  �[෪� E\� ZULWLQJ�[L�  �[෪� ��ෛL� DQG� SHUIRUPLQJ� D� 7D\ORU� H[SDQVLRQ�� 7KH� UHVXOWLQJ� OLQHDUL]HG
HTXDWLRQ�IRU�WKH�HYROXWLRQ�RI�WKH�ȝWK�FRPSRQHQW�RI�ෛL�LV�WKHQ

�

�������
�

ZKHUH�¦ȝ�DQG�Jȝ�UHSUHVHQW�WKH�ȝWK�FRPSRQHQWV�RI�I�DQG�J�
$V�EHIRUH��WKH�GHULYDWLYHV�LQ�WKLV�H[SUHVVLRQ�DUH�VLPSO\�FRQVWDQWV��DQG�IRU�FRQYHQLHQFH�OHW�XV�GHILQH



�

������D�
�

�

�

������E�
�

�

�

������F�
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VR�WKDW

�

�������
�

ZKHUH�įLM�LV�WKH�.URQHFNHU�GHOWD�DJDLQ�
:H�FDQ�ZULWH�WKLV�HTXDWLRQ�LQ�WKH�PDWUL[�IRUP

�

�������
�



ZKHUH�0�LV�D�PDWUL[�ZKRVH�URZV��DQG�FROXPQV��DUH�ODEHOHG�E\�D�GRXEOH�SDLU�RI�LQGLFHV��L��ȝ��DQG
ZKRVH�HOHPHQWV�DUH

�

�������
�

�

,Q�SULQFLSOH��ZH�FDQ�QRZ�GHWHUPLQH�ZKHWKHU�WKH�IL[HG�SRLQW�LV�VWDEOH�E\�H[DPLQLQJ�WKH�HLJHQYDOXHV�RI
WKLV� QHZ�PDWUL[�� ,I� WKH� UHDO� SDUWV� RI� WKH� HLJHQYDOXHV� DUH� DOO� QHJDWLYH� WKHQ� WKH� IL[HG� SRLQW� LV� VWDEOH�
RWKHUZLVH�LW� LV�QRW��,Q�SUDFWLFH�WKLV�FDQ�EH�D�GLIILFXOW� WKLQJ�WR�GR�LQ�JHQHUDO�EXW��DV�EHIRUH�� WKHUH�DUH
VRPH�FRPPRQ�VSHFLDO�FDVHV�ZKHUH�WKH�FDOFXODWLRQ�VLPSOLILHV��\LHOGLQJ�D�PDVWHU�VWDELOLW\�FRQGLWLRQ�
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$V�EHIRUH�ZH�FRQVLGHU� WKH�FDVH�ZKHUH�J�[L��[M��GHSHQGV�RQO\�RQ�LWV�VHFRQG�DUJXPHQW�DQG�QRW�RQ�LWV
ILUVW��,Q�WKLV�FDVH�ȕȝȞ� ���IRU�DOO�ȝ��Ȟ�DQG�(T����������EHFRPHV

�

�������
�
�

1RZ� OHW� � EH� WKH�LWK� FRPSRQHQW� RI� WKH� HLJHQYHFWRU�YU� RI� WKH� DGMDFHQF\� PDWUL[� FRUUHVSRQGLQJ� WR
HLJHQYDOXH�țU��/HW�XV�ZULWH

�

�������
�
�

7KLV�HTXDWLRQ�H[SUHVVHV�WKH�YHFWRU�RI�HOHPHQWV� �DV�D�OLQHDU�FRPELQDWLRQ�RI�HLJHQYHFWRUV�LQ�WKH�XVXDO
ZD\�� EXW�ZLWK� D� VHSDUDWH� VHW� RI� FRHIILFLHQWV� � IRU� HDFK� G\QDPLFDO� YDULDEOH�ȝ�� 6XEVWLWXWLQJ� LQWR�(T�
���������ZH�JHW

�

�������
�
�

(TXDWLQJ�WHUPV�LQ�WKH�LQGLYLGXDO�HLJHQYHFWRUV�RQ�ERWK�VLGHV�RI�WKH�HTXDWLRQ��ZH�WKXV�FRQFOXGH�WKDW



�
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�
:H�FDQ�WKLQN�RI�WKLV�DV�LWVHOI�D�PDWUL[�HTXDWLRQ�IRU�D�YHFWRU� �WKXV�

�

�������
�

ZKHUH�Į�DQG�Ȗ�DUH�PDWULFHV�ZLWK�HOHPHQWV�ĮȝȞ�DQG�ȖȝȞ��UHVSHFWLYHO\�
7KLV�HTXDWLRQ�H[SUHVVHV�WKH�G\QDPLFV�RI�WKH�V\VWHP�FORVH�WR�WKH�IL[HG�SRLQW�DV�D�GHFRXSOHG�VHW�RI�Q

VHSDUDWH�V\VWHPV��RQH�IRU�HDFK�HLJHQYDOXH�țU�RI�WKH�DGMDFHQF\�PDWUL[��,I�WKH�IL[HG�SRLQW�RI�WKH�V\VWHP
DV�D�ZKROH�LV�WR�EH�VWDEOH��WKHQ�HDFK�RI�WKHVH�LQGLYLGXDO�V\VWHPV�DOVR�QHHGV�WR�EH�VWDEOH��PHDQLQJ�WKDW
WKHLU�HLJHQYDOXHV�QHHG�WR�EH�QHJDWLYH��RU��PRUH�VLPSO\��WKH�ODUJHVW��L�H���PRVW�SRVLWLYH��HLJHQYDOXH�RI
Į���țU�Ȗ�QHHGV�WR�EH�QHJDWLYH�IRU�HYHU\�U�
/HW�XV�GHILQH�WKH�IXQFWLRQ�ı�ț��WR�EH�HTXDO�WR�WKH�PRVW�SRVLWLYH�HLJHQYDOXH�RI�WKH�PDWUL[�Į���țȖ��RU

WKH�PRVW�SRVLWLYH�UHDO�SDUW�LQ�WKH�FDVH�ZKHUH�WKH�HLJHQYDOXHV�DUH�FRPSOH[��7\SLFDOO\�WKLV�LV�DQ�HDV\
IXQFWLRQ�WR�HYDOXDWH�QXPHULFDOO\��1RWLFH�WKDW�Į���țȖ�KDV�RQO\�DV�PDQ\�URZV�DQG�FROXPQV�DV�WKHUH�DUH
YDULDEOHV�RQ�HDFK�YHUWH[�RI�WKH�QHWZRUN��,I�ZH�KDYH�WKUHH�YDULDEOHV�RQ�HDFK�YHUWH[��IRU�LQVWDQFH��WKH
PDWUL[�KDV�VL]H���î����ZKLFK�LV�HDVLO\�GLDJRQDOL]HG�
7KH� IXQFWLRQ�ı�ț�� LV� FDOOHG� D�PDVWHU�VWDELOLW\� IXQFWLRQ�� ,I� RXU� V\VWHP� LV� WR�EH� VWDEOH�� WKH�PDVWHU

VWDELOLW\�IXQFWLRQ�HYDOXDWHG�DW�WKH�HLJHQYDOXH�țU�VKRXOG�EH�QHJDWLYH�IRU�DOO�U�

�

�������
�

�



�

)LJXUH� ������$� VNHWFK� RI� D�PDVWHU� VWDELOLW\� IXQFWLRQ� �2QH� SRVVLEOH� IRUP� IRU� WKH�PDVWHU� VWDELOLW\
IXQFWLRQ�ı�ț��PLJKW�EH�DV� VKRZQ�KHUH� �VROLG� FXUYH���ZLWK�SRVLWLYH�YDOXHV� IRU� ODUJH�DQG�VPDOO�ț� EXW
QHJDWLYH� YDOXHV� LQ� WKH� LQWHUPHGLDWH� UDQJH� EHWZHHQ�țPLQ� DQG�țPD[�� ,I� DOO� WKH� HLJHQYDOXHV� RI� WKH
DGMDFHQF\�PDWUL[��UHSUHVHQWHG�E\�WKH�GRWV��IDOO�LQ�WKLV�LQWHUPHGLDWH�UDQJH��WKHQ�WKH�V\VWHP�LV�VWDEOH�
�
�
2QH�SRVVLEOH� IRUP� IRU� WKH�PDVWHU� VWDELOLW\� IXQFWLRQ� LV� VKRZQ� LQ�)LJ������²LW�EHFRPHV� ODUJH�DQG

SRVLWLYH�IRU�ț�VXIILFLHQWO\�VPDOO�RU�VXIILFLHQWO\�ELJ��EXW�LV�QHJDWLYH�LQ�VRPH�LQWHUPHGLDWH�UDQJH�țPLQ���ț
��țPD[��,Q� WKDW�FDVH�� WKH�V\VWHP�LV�VWDEOH�SURYLGHG�DOO�HLJHQYDOXHV�țU�RI� WKH�DGMDFHQF\�PDWUL[�IDOO� LQ
WKLV� UDQJH��$JDLQ� WKLV� JLYHV� XV� D� PDVWHU� VWDELOLW\� FRQGLWLRQ� WKDW� VHSDUDWHV� QHWZRUN� VWUXFWXUH� IURP
G\QDPLFV��7KH�HLJHQYDOXHV�țU�DUH�SURSHUWLHV�VROHO\�RI�WKH�VWUXFWXUH��EHLQJ�GHULYHG�IURP�WKH�DGMDFHQF\
PDWUL[�DORQH��ZKLOH�WKH�OLPLWV�țPLQ�DQG�țPD[�DUH�SURSHUWLHV�VROHO\�RI�WKH�G\QDPLFV��EHLQJ�GHULYHG�IURP
WKH�PDWULFHV�Į�DQG�Ȗ��ZKLFK�DUH�GHWHUPLQHG�E\�WKH�GHULYDWLYHV�RI�WKH�IXQFWLRQV�¦�DQG�J�
:H�FDQ�VLPLODUO\�ZULWH�GRZQ�WKH�JHQHUDOL]DWLRQ�RI�(T����������WR�WKH�FDVH�RI�PDQ\�YDULDEOHV�SHU

YHUWH[��,I�WKH�LQWHUDFWLRQ�EHWZHHQ�YHUWLFHV�WDNHV�WKH�IRUP�J�[L��[M�� �J�[L��í�J�[M���WKHQ�ȖȝȞ� �í�ȕȝȞ�DQG

�

�������
�

ZKHUH�/LM� �įLM�í�$LM�LV�DQ�HOHPHQW�RI�WKH�/DSODFLDQ��7KHQ�WKH�HTXLYDOHQW�RI�(T����������LV

�
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ZKHUH�ȜU� LV� DQ�HLJHQYDOXH�RI� WKH�/DSODFLDQ�DQG�ȕ� LV� WKH�PDWUL[�ZLWK� HOHPHQWV�ȕȝȞ��$JDLQ�ZH�FDQ
GHILQH�D�PDVWHU� VWDELOLW\� IXQFWLRQ�ı�Ȝ�� HTXDO� WR� WKH�PRVW�SRVLWLYH�HLJHQYDOXH�RI�Į� ��Ȝȕ��RU� WKH�PRVW
SRVLWLYH�UHDO�SDUW�IRU�FRPSOH[�HLJHQYDOXHV��DQG�IRU�RYHUDOO�VWDELOLW\�RI�WKH�V\VWHP�WKLV�IXQFWLRQ�PXVW
EH�QHJDWLYH�ZKHQ�Ȝ� �ȜU�IRU�DOO�U�

�

�������
�

�

$QG� RQFH� DJDLQ�� IRU� VXLWDEOH� IRUPV� RI� WKH� PDVWHU� VWDELOLW\� IXQFWLRQ�� WKLV� DOORZV� XV� WR� GHYHORS� D
VWDELOLW\�FULWHULRQ�WKDW�VHSDUDWHV�VWUXFWXUH�IURP�G\QDPLFV�
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7KH� IRUPDOLVP� RI� WKH� SUHYLRXV� VHFWLRQ� WXUQV� TXHVWLRQV� DERXW� WKH� VWDELOLW\� RI� G\QDPLFDO� V\VWHPV� RQ
QHWZRUNV�LQWR�TXHVWLRQV�DERXW�WKH�HLJHQYDOXH�VSHFWUD�RI�PDWULFHV��*LYHQ�WKH�GHILQLWLRQ�RI�WKH�G\QDPLFV
WDNLQJ� SODFH� RQ� WKH� YHUWLFHV� RI� D� QHWZRUN� ZH� FDOFXODWH� WKH� PDVWHU� VWDELOLW\� IXQFWLRQ� DQG� WKHQ� WKH
VWDELOLW\� RU� QRW� RI� WKH� V\VWHP� GHSHQGV� RQ� ZKHWKHU� WKH� PDVWHU� VWDELOLW\� IXQFWLRQ� LV� QHJDWLYH� ZKHQ
HYDOXDWHG�DW�HDFK�RI�WKH�HLJHQYDOXHV�RI�WKH�DSSURSULDWH�PDWUL[��VXFK�DV�WKH�DGMDFHQF\�PDWUL[�RU�JUDSK
/DSODFLDQ�� ,Q� SDUWLFXODU��ZKHQ� WKH�PDVWHU� VWDELOLW\� IXQFWLRQ� WDNHV� D� UHODWLYHO\� VLPSOH� IRUP� OLNH� WKDW
VNHWFKHG�LQ�)LJ��������VR�WKDW�VWDELOLW\�UHTXLUHV�RQO\�WKDW�WKH�HLJHQYDOXHV�IDOO�LQ�VRPH�VSHFLILHG�UDQJH�
WKHQ�LW�LV�HQRXJK�WR�NQRZ�WKH�VPDOOHVW��PRVW�QHJDWLYH��DQG�ODUJHVW��PRVW�SRVLWLYH��HLJHQYDOXHV�RI�WKH
PDWUL[� WR� LQVXUH�VWDELOLW\²LI� WKH�VPDOOHVW�DQG�ODUJHVW�IDOO� LQ� WKH�JLYHQ�UDQJH�WKHQ�QHFHVVDULO\�DOO� WKH
RWKHUV�GR�WRR�
$�QXPEHU�RI�UHVXOWV�DUH�NQRZQ�DERXW�WKH�VSHFWUD�RI�QHWZRUNV��DQG�LQ�SDUWLFXODU�DERXW�WKH�VPDOOHVW

DQG�ODUJHVW�HLJHQYDOXHV��ZKLFK�DOORZ�XV�WR�PDNH�TXLWH�JHQHUDO�WKHRUHWLFDO�VWDWHPHQWV�DERXW�VWDELOLW\�
)RU�WKH�DGMDFHQF\�PDWUL[��IRU�H[DPSOH��ZH�FDQ�GHULYH�OLPLWV�RQ�WKH�HLJHQYDOXHV�DV�IROORZV�
/HW�[�EH�DQ�DUELWUDU\�UHDO�YHFWRU�RI�Q�HOHPHQWV��ZKLFK�ZH�ZLOO�ZULWH�DV�D�OLQHDU�FRPELQDWLRQ�RI�WKH

HLJHQYHFWRUV�YU�RI�WKH�DGMDFHQF\�PDWUL[�$�WKXV�

�

�������
�

�

7KHQ

�

�������
�

ZKHUH�� DV� EHIRUH��ț�� LV� WKH� ODUJHVW�HLJHQYDOXH�DQG�ZH�KDYH�PDGH�XVH�RI� WKH� IDFW� WKDW� �� 7KLV
LQHTXDOLW\�LV�FRUUHFW�IRU�DQ\�FKRLFH�RI�[��7KXV��IRU�LQVWDQFH��LI�[� ��� �������������������WKHQ

�
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6R�WKH�ODUJHVW�HLJHQYDOXH�RI�WKH�DGMDFHQF\�PDWUL[�LV�QHYHU�OHVV�WKDQ�WKH�DYHUDJH�GHJUHH�RI�WKH�QHWZRUN�
$OWHUQDWLYHO\��VXSSRVH�WKDW�YHUWH[�Y�LV�WKH�KLJKHVW�GHJUHH�YHUWH[�LQ�WKH�QHWZRUN��ZLWK�GHJUHH�NPD[�

DQG�OHW�XV�FKRRVH�WKH�HOHPHQWV�RI�[�WKXV�

�

�������
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�

7KHQ

�

�������
�
�

�7KLV� UHVXOW� LV� QRQ�WULYLDO� DQG� \RX�PD\� ILQG� LW� KHOSIXO� WR� ZRUN� WKURXJK� HDFK� RI� WKH� WKUHH� FDVHV� WR
FRQYLQFH�\RXUVHOI�WKDW�LW�LV�LQGHHG�FRUUHFW��
0XOWLSO\LQJ�ERWK�VLGHV�RI�(T����������E\�[L�DQG�VXPPLQJ�RYHU�L�ZH�QRZ�JHW� �RU��XVLQJ

(T����������

�

�������
�

�

7KXV�WKH�ODUJHVW�HLJHQYDOXH�RI� WKH�DGMDFHQF\�PDWUL[�LV�QHYHU�OHVV� WKDQ�WKH�VTXDUH�URRW�RI� WKH�ODUJHVW



GHJUHH�
(TXDWLRQV���������DQG���������LPSO\�WKDW�LI�ZH�LQFUHDVH�HLWKHU�WKH�DYHUDJH�RU�WKH�PD[LPXP�GHJUHH

LQ�RXU�QHWZRUN��ZH�ZLOO�HYHQWXDOO\�LQFUHDVH�WKH�PD[LPXP�HLJHQYDOXH�DOVR��,Q�D�V\VWHP�ZLWK�D�PDVWHU
VWDELOLW\� IXQFWLRQ� OLNH� WKDW� GHSLFWHG� LQ� )LJ�� ������ WKLV� ZLOO� LQ� WKH� HQG� FDXVH� WKH� V\VWHP� WR� EHFRPH
XQVWDEOH�
:H�FDQ�DOVR�GHULYH�VLPLODU�UHVXOWV�IRU� WKH�ORZHVW��PRVW�QHJDWLYH��HLJHQYDOXH�țQ�RI�WKH�DGMDFHQF\

PDWUL[��:H�KDYH

�

�������
�

IRU�DQ\�UHDO�YHFWRU�[��6R��IRU�LQVWDQFH��LI�YHUWH[�Y�LV�DJDLQ�WKH�KLJKHVW�GHJUHH�YHUWH[�LQ�WKH�QHWZRUN
DQG�ZH�PDNH�WKH�FKRLFH

�

�������
�

WKHQ��IROORZLQJ�WKH�VDPH�DSSURDFK�DV�EHIRUH��ZH�ILQG�WKDW

�

�������
�

�

7KXV�LQFUHDVLQJ�WKH�KLJKHVW�GHJUHH�LQ�WKH�QHWZRUN�FDQ�DOVR�PDNH�WKH�V\VWHP�XQVWDEOH�E\�WKH�DOWHUQDWLYH
URXWH�RI�GHFUHDVLQJ�WKH�ORZHVW�HLJHQYDOXH��:KLFKHYHU�HLJHQYDOXH�SDVVHV�RXW�RI�WKH�UHJLRQ�RI�VWDELOLW\
ILUVW�ZLOO�EH�WKH�RQH�WKDW�PDNHV�WKH�V\VWHP�XQVWDEOH�
�:H�QRWH�LQ�SDVVLQJ�WKDW�(TV����������DQG���������WRJHWKHU�DOVR�WHOO�XV�WKDW�WKH�DGMDFHQF\�PDWUL[�RI

DQ�XQGLUHFWHG�QHWZRUN�DOZD\V�KDV�ERWK�SRVLWLYH�DQG�QHJDWLYH�HLJHQYDOXHV��XQOHVV�WKH�QHWZRUN�KDV�QR
HGJHV�LQ� LW�DW�DOO�� LQ�ZKLFK�FDVH�DOO�HLJHQYDOXHV�DUH�]HUR��:H�XVHG�WKLV�UHVXOW�SUHYLRXVO\� LQ�6HFWLRQ
��������
2WKHU� UHVXOWV� IRU� WKH� HLJHQYDOXHV� RI� WKH� DGMDFHQF\�PDWUL[� FDQ� EH� GHULYHG� IRU� VSHFLILF�PRGHOV� RI



QHWZRUNV��)RU�H[DPSOH��&KXQJ�HW�DO�� >��@�KDYH�VKRZQ�IRU� WKH�FRQILJXUDWLRQ�PRGHO�WKDW� WKH�H[SHFWHG
YDOXH�RI�WKH�ODUJHVW�HLJHQYDOXH�LQ�WKH�OLPLW�RI�ODUJH�QHWZRUN�VL]H�LV

�

�������
�

�

,Q�PDQ\�FDVHV�WKLV�JLYHV�YDOXHV�RI�ț��FRQVLGHUDEO\�DERYH�WKH�OLPLWV�VHW�E\�(TV����������DQG���������
2Q� FRQILJXUDWLRQ� PRGHO� QHWZRUNV� ZLWK� SRZHU�ODZ� GHJUHH� GLVWULEXWLRQV�� IRU� LQVWDQFH�� ZKHUH� N�
IRUPDOO\�GLYHUJHV�LQ�WKH�OLPLW�RI�ODUJH�Q��ZH�H[SHFW�WKDW�ț��ZLOO�VLPLODUO\�GLYHUJH�
2QH� FDQ� DOVR� GHULYH� UHVXOWV� IRU� HLJHQYDOXHV� RI� WKH� /DSODFLDQ�� 7KH� VPDOOHVW� HLJHQYDOXH� RI� WKH

/DSODFLDQ�LV�VLPSOH²LW�LV�DOZD\V�]HUR��)RU�ODUJH�QHWZRUNV�WKH�ODUJHVW�HLJHQYDOXH�ȜQ�FDQ�EH�VKRZQ�WR
OLH�LQ�WKH�UDQJH�>��@

�
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�

ZKLFK�DSSHDUV�WR�EH�D�UHODWLYHO\�ODUJH�UDQJH�EXW�LQ�IDFW�WHOOV�XV�D�ORW��HQVXULQJ�DJDLQ�WKDW�WKH�ODUJHVW
HLJHQYDOXH�LV�JXDUDQWHHG�WR�LQFUHDVH�LI�WKH�KLJKHVW�GHJUHH�LQ�WKH�QHWZRUN�LQFUHDVHV�VXIILFLHQWO\�
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$� WRSLF� FORVHO\� UHODWHG� WR� WKH� VWXG\� RI� G\QDPLFDO� VWDELOLW\� LV� WKH� VWXG\� RI� V\QFKURQL]DWLRQ�� 0DQ\
V\VWHPV�RI� VFLHQWLILF� LQWHUHVW� FDQ�EH�PRGHOHG� DV�RVFLOODWRUV�RI�RQH� VRUW� RU� DQRWKHU��7KH� IODVKLQJ�RI
ILUHIOLHV��WKH�WLFNLQJ�RI�FORFNV��WKH�V\QFKURQL]HG�FODSSLQJ�RI�D�ODUJH�DXGLHQFH��DQG�WKH�SDWKRORJLFDOO\
V\QFKURQL]HG� ILULQJ� RI� EUDLQ� FHOOV� GXULQJ� DQ� HSLOHSWLF� DWWDFN� FDQ� DOO� EH� PRGHOHG� DV� QHWZRUNV� RI
RVFLOODWRUV�FRXSOHG�LQ�VXFK�D�ZD\�WKDW�WKH�FRXSOLQJ�FDXVHV�WKH�RVFLOODWRUV�WR�V\QFKURQL]H�
7KH� SHULRGLF�� V\QFKURQL]HG� RVFLOODWLRQV� RI� VXFK� DQ� RVFLOODWRU� QHWZRUN� FRUUHVSRQG�� LQ� G\QDPLFDO

V\VWHPV�WHUPV��WR�D�OLPLW�F\FOH�RI�WKH�RYHUDOO�G\QDPLFV��VHH�6HFWLRQ����������/LNH�IL[HG�SRLQWV��OLPLW
F\FOHV� FDQ�EH� VWDEOH�RU� XQVWDEOH�� DWWUDFWLQJ�RU� UHSHOOLQJ�� GHSHQGLQJ�RQ�ZKHWKHU� VPDOO� SHUWXUEDWLRQV
DZD\� IURP� WKH� SHULRGLF� EHKDYLRU� WHQG� WR� JURZ� RU� GHFD\� RYHU� WLPH�� 7KH� PDWKHPDWLFV� RI� ZKHWKHU
V\QFKURQL]HG�VWDWHV�DUH�VWDEOH�LV�YHU\�VLPLODU�WR�WKDW�IRU�IL[HG�SRLQWV��$JDLQ�RQH�VWDUWV�ZLWK�D�V\VWHP�RI
HTXDWLRQV�RI�WKH�IRUP�RI�(T����������EXW�QRZ�DVVXPHV�D�SHULRGLF�OLPLW�F\FOH�VROXWLRQ��[L�W�� �V�W��IRU
DOO�L��3HUWXUELQJ�DURXQG�WKLV�VROXWLRQ�RQH�FDQ�OLQHDUL]H�WKH�HTXDWLRQV�DQG��GHSHQGLQJ�RQ�WKH�SDUWLFXODU
IRUP� RI� WKH� LQWHUDFWLRQ� EHWZHHQ� YHUWLFHV�� H[SDQG� WKH� OLQHDUL]HG� VROXWLRQ� DV� D� FRPELQDWLRQ� RI� WKH
HLJHQYHFWRUV�RI�DQ�DSSURSULDWH�PDWUL[��VXFK�DV�WKH�DGMDFHQF\�PDWUL[�RU�/DSODFLDQ��7KH�UHVXOW�LV�D�VHW
RI�Q�GHFRXSOHG�V\VWHPV��HDFK�RVFLOODWLQJ�LQGHSHQGHQWO\�DQG�HDFK�RI�ZKLFK�PXVW�EH�VWDEOH�LI�WKH�V\VWHP
DV�D�ZKROH�LV�WR�EH�VWDEOH��2QH�FDQ�GHILQH�D�PDVWHU�VWDELOLW\�IXQFWLRQ�ı�Ȝ��DJDLQ��FRUUHVSRQGLQJ�WR�WKH
JURZWK� UDWH� RI� SHUWXUEDWLRQV� DZD\� IURP� WKH� SHULRGLF� VROXWLRQ��ZKLFK� LQ� WKLV� FRQWH[W� LV� NQRZQ� DV� D
/\DSXQRY�H[SRQHQW��DOWKRXJK�LW�SOD\V�H[DFWO\�WKH�VDPH�UROH�DV�WKH�OHDGLQJ�HLJHQYHFWRU�LQ�RXU�HDUOLHU
DQDO\VLV��2QFH� DJDLQ� WKLV�PDVWHU� VWDELOLW\� IXQFWLRQ�PXVW� EH� QHJDWLYH�ZKHQ� HYDOXDWHG� DW� HDFK� RI� WKH
HLJHQYDOXHV�Ȝ�RI�WKH�DSSURSULDWH�PDWUL[�DQG�WKLV�JLYHV�XV�D�FRQGLWLRQ�IRU�VWDELOLW\�RI�WKH�V\QFKURQL]HG
VWDWH�
0DQ\�GHWDLOV�RI� WKH�QHWZRUN� V\QFKURQL]DWLRQ�SURFHVV�DQG�PDQ\� VSHFLDO�FDVHV�KDYH�EHHQ�VWXGLHG�

)RU�D�FRPSUHKHQVLYH�GLVFXVVLRQ��WKH�LQWHUHVWHG�UHDGHU�LV�HQFRXUDJHG�WR�FRQVXOW�WKH�UHYLHZ�E\�$UHQDV
HW�DO��>��@�

�
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����� &RQVLGHU� D� G\QDPLFDO� V\VWHP� RQ� D�N�UHJXODU�QHWZRUN� �L�H��� RQH� LQ�ZKLFK� HYHU\�YHUWH[�KDV� WKH
VDPH�GHJUHH�N��VDWLVI\LQJ

DQG�LQ�ZKLFK�WKH�LQLWLDO�FRQGLWLRQ�LV�XQLIRUP�RYHU�YHUWLFHV��VR�WKDW�[L���� �[��IRU�DOO�L�

D��6KRZ�WKDW�[L�W�� �[�W��IRU�DOO�L�ZKHUH

DQG�KHQFH�WKDW�RQH�KDV�WR�VROYH�RQO\�RQH�HTXDWLRQ�WR�VROYH�WKH�G\QDPLFV�
E��6KRZ�WKDW�IRU�VWDELOLW\�DURXQG�D�IL[HG�SRLQW�DW�[L� �[෪�IRU�DOO�L�ZH�UHTXLUH�WKDW

�

�

�����&RQVLGHU�D�G\QDPLFDO�V\VWHP�RQ�DQ�XQGLUHFWHG�QHWZRUN��ZLWK�RQH�YDULDEOH�SHU�YHUWH[�REH\LQJ

DV�LQ�6HFWLRQ���������6XSSRVH�WKDW�WKH�V\VWHP�KDV�D�V\PPHWULF�IL[HG�SRLQW�DW�[L� �[෪�IRU�DOO�L�

D��6KRZ��XVLQJ� UHVXOWV�JLYHQ� LQ� WKLV�FKDSWHU�� WKDW� WKH� IL[HG�SRLQW� LV�DOZD\V�VWDEOH� LI� WKH� ODUJHVW
GHJUHH�NPD[�LQ�WKH�QHWZRUN�VDWLVILHV

�

E��6XSSRVH�WKDW�¦�[�� �U[���í�[��DQG�J�[�� �D[���6KRZ�WKDW�WKHUH�DUH�WZR�V\PPHWULF�IL[HG�SRLQWV



IRU�WKLV�V\VWHP��EXW�WKDW�RQH�LI�WKHP�LV�DOZD\V�XQVWDEOH�
F��*LYH�D�FRQGLWLRQ�RQ�WKH�PD[LPXP�GHJUHH� LQ� WKH�QHWZRUN�WKDW�ZLOO�HQVXUH� WKH�VWDELOLW\�RI� WKH
RWKHU�IL[HG�SRLQW�

�

����� 7KH� G\QDPLFDO� V\VWHPV� ZH� KDYH� FRQVLGHUHG� LQ� WKLV� FKDSWHU� KDYH� DOO� EHHQ� RQ� XQGLUHFWHG
QHWZRUNV�� EXW� V\VWHPV� RQ� GLUHFWHG� QHWZRUNV� DUH� SRVVLEOH� WRR�� &RQVLGHU� D� G\QDPLFDO� V\VWHP� RQ� D
GLUHFWHG�QHWZRUN�LQ�ZKLFK�WKH�VLJQ�RI�WKH�LQWHUDFWLRQ�DORQJ�DQ�HGJH�DWWDFKHG�WR�D�YHUWH[�GHSHQGV�RQ�WKH
GLUHFWLRQ�RI�WKH�HGJH��LQJRLQJ�HGJHV�KDYLQJ�SRVLWLYH�VLJQ�DQG�RXWJRLQJ�HGJHV�KDYLQJ�QHJDWLYH�VLJQ��$Q
H[DPSOH� RI� VXFK� D� V\VWHP� LV� D� IRRG� ZHE� RI� SUHGDWRU�SUH\� LQWHUDFWLRQV�� LQ� ZKLFK� DQ� LQJRLQJ� HGJH
LQGLFDWHV�LQ�IORZ�RI�HQHUJ\�WR�D�SUHGDWRU�IURP�LWV�SUH\�DQG�DQ�RXWJRLQJ�HGJH�LQGLFDWHV�RXW�IORZ�IURP�D
SUH\�WR�LWV�SUHGDWRU��6XFK�D�V\VWHP�FDQ�EH�UHSUHVHQWHG�E\�D�G\QDPLFV�RI�WKH�IRUP

ZKHUH�J�LV�D�V\PPHWULF�IXQFWLRQ�RI�LWV�DUJXPHQWV��J�X��Y�� �J�Y��X��

D��&RQVLGHU�D�V\VWHP�RI�WKLV�IRUP�LQ�ZKLFK�WKH�LQ��DQG�RXW�GHJUHHV�RI�HYHU\�YHUWH[�DUH�HTXDO�WR
WKH� VDPH� FRQVWDQW�N�� 6KRZ� WKDW� VXFK� D� V\VWHP� KDV� D� V\PPHWULF� IL[HG� SRLQW� � IRU� DOO�L
VDWLVI\LQJ�¦�[�� ���

E��:ULWLQJ�[L�  �[෪� ��ෛL�OLQHDUL]H�DURXQG�WKLV�IL[HG�SRLQW�WR�VKRZ�WKDW�LQ�WKH�YLFLQLW\�RI�WKH�IL[HG
SRLQW�WKH�YHFWRU�ෛ� ��ෛ���ෛ��������VDWLVILHV

ZKHUH�0� �$�í�$7��'HWHUPLQH�WKH�YDOXHV�RI�WKH�FRQVWDQWV�Į�DQG�ȕ�
F�� 6KRZ� WKDW� WKH�PDWUL[�0� KDV� WKH� SURSHUW\�07� �í0��0DWULFHV�ZLWK� WKLV� SURSHUW\� DUH� FDOOHG
VNHZ�V\PPHWULF�PDWULFHV�

G��,I�Y�LV�D�ULJKW�HLJHQYHFWRU�RI�D�VNHZ�V\PPHWULF�PDWUL[�0�ZLWK�HLJHQYDOXH�ȝ��VKRZ�WKDW�Y7�LV�D
OHIW�HLJHQYHFWRU�ZLWK�HLJHQYDOXH�íȝ��+HQFH�E\�FRQVLGHULQJ�WKH�HTXDOLW\

VKRZ�WKDW�WKH�FRPSOH[�FRQMXJDWH�RI�WKH�HLJHQYDOXH�LV�ȝ෪� �íȝ�DQG�KHQFH�WKDW�DOO�HLJHQYDOXHV�RI�D
VNHZ�V\PPHWULF�PDWUL[�DUH�LPDJLQDU\�

H�� 6KRZ� WKDW� WKH� G\QDPLFDO� V\VWHP� LV� VWDEOH� LI�5H�Į� ��ȕȝU�� �� �� IRU� DOO� HLJHQYDOXHV�ȝU� RI� WKH
PDWUL[�0��DQG�KHQFH�WKDW�WKH�FRQGLWLRQ�IRU�VWDELOLW\�LV�VLPSO\�Į�����

�



7KH�ODVW�UHVXOW�PHDQV�WKDW�LI�WKH�LQGLYLGXDO�YHUWLFHV�DUH�VWDEOH�LQ�WKH�DEVHQFH�RI�LQWHUDFWLRQ�ZLWK�RWKHU
YHUWLFHV��WKHQ�WKH�FRXSOHG�G\QDPLFDO�V\VWHP�LV�DOVR�VWDEOH�DW�WKH�V\PPHWULF�IL[HG�SRLQW�
�

����� )ROORZLQJ� WKH� DUJXPHQWV� RI� 6HFWLRQ� ������� WKH� VWDELOLW\� RI� D� IL[HG� SRLQW� LQ� FHUWDLQ� G\QDPLFDO
V\VWHPV�RQ�QHWZRUNV�GHSHQGV�RQ� WKH�VSHFWUXP�RI�HLJHQYDOXHV�RI� WKH�DGMDFHQF\�PDWUL[��6XSSRVH�ZH
KDYH�D�G\QDPLFDO� V\VWHP�RQ�D�QHWZRUN� WKDW� WDNHV� WKH� IRUP�RI�DQ�/� î�/� VTXDUH� ODWWLFH�ZLWK�SHULRGLF
�WRURLGDO��ERXQGDU\�FRQGLWLRQV�DORQJ�LWV�HGJHV��DQG�VXSSRVH�ZH�ODEHO�HDFK�YHUWH[�RI�WKH�ODWWLFH�E\�LWV
SRVLWLRQ�YHFWRU�U� ��L��M��ZKHUH�L��M� �������/�DUH�WKH�URZ�DQG�FROXPQ�LQGLFHV�RI�WKH�YHUWH[�

D��&RQVLGHU�WKH�YHFWRU�Y�ZLWK�RQH�HOHPHQW�IRU�HDFK�YHUWH[�VXFK�WKDW�YU� �H[S�LN7�U��

6KRZ�WKDW�WKLV�YHFWRU�LV�DQ�HLJHQYHFWRU�RI�WKH�DGMDFHQF\�PDWUL[�SURYLGHG

ZKHUH�Q��DQG�Q��DUH�LQWHJHUV�
E�� :KDW� UDQJH� RI� YDOXHV� LV� SHUPLWWHG� IRU� WKH� LQWHJHUV�Q�� DQG�Q�"� +HQFH� ILQG� WKH� ODUJHVW� DQG
VPDOOHVW�HLJHQYDOXHV�

�

�����&RQVLGHU�D�QHWZRUN�ZLWK�DQ�RVFLOODWRU�RQ�HYHU\�YHUWH[��7KH�VWDWH�RI�WKH�RVFLOODWRU�RQ�YHUWH[�L�LV
UHSUHVHQWHG�E\�D�SKDVH�DQJOH�șL�DQG�WKH�V\VWHP�LV�JRYHUQHG�E\�G\QDPLFDO�HTXDWLRQV�RI�WKH�IRUP

ZKHUH�Ȧ� LV�D�FRQVWDQW�DQG�WKH�IXQFWLRQ�J�[��UHVSHFWV�WKH�URWDWLRQDO�V\PPHWU\�RI�WKH�SKDVHV��PHDQLQJ
WKDW�J�[����ʌ�� �J�[��IRU�DOO�[�

D��6KRZ�WKDW�WKH�V\QFKURQL]HG�VWDWH�șL� �ș෪� �ȦW�IRU�DOO�L�LV�D�VROXWLRQ�RI�WKH�G\QDPLFV�
E��&RQVLGHU�D�VPDOO�SHUWXUEDWLRQ�DZD\�IURP�WKH�V\QFKURQL]HG�VWDWH�șL� �ș෪���ෛL�DQG�VKRZ�WKDW�WKH
YHFWRU�ෛ� ��ෛ���ෛ��������VDWLVILHV

ZKHUH�/�LV�WKH�JUDSK�/DSODFLDQ�
F��+HQFH� VKRZ� WKDW� WKH� V\QFKURQL]HG� VWDWH� LV� VWDEOH� DJDLQVW� VPDOO� SHUWXUEDWLRQV� LI� DQG� RQO\� LI
J ��������

�
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$�GLVFXVVLRQ�RI�PHWKRGV�IRU�VHDUFKLQJ�QHWZRUNV�IRU�SDUWLFXODU�YHUWLFHV�RU�LWHPV��D�SURFHVV
LPSRUWDQW�IRU�ZHE�VHDUFK�DQG�SHHU�WR�SHHU�QHWZRUNV��DQG�IRU�RXU�XQGHUVWDQGLQJ�RI�WKH
ZRUNLQJV�RI�VRFLDO�QHWZRUNV

�

,1�&+$37(5� ��ZH� VDZ� D� QXPEHU� RI� H[DPSOHV� RI� QHWZRUNV� WKDW� KDYH� LQIRUPDWLRQ� VWRUHG� DW� WKHLU
YHUWLFHV�� WKH� :RUOG� :LGH� :HE�� FLWDWLRQ� QHWZRUNV�� SHHU�WR�SHHU� QHWZRUNV�� DQG� VR� IRUWK�� 7KHVH
QHWZRUNV�FDQ�VWRUH�ODUJH�DPRXQWV�RI�GDWD�EXW�WKRVH�GDWD�ZRXOG�EH�YLUWXDOO\�XVHOHVV�ZLWKRXW�VRPH�ZD\
RI� VHDUFKLQJ� WKURXJK� WKHP� IRU� SDUWLFXODU� LWHPV�� 6R� LPSRUWDQW� LV� LW� WR� EH� DEOH� WR� SHUIRUP� IDVW� DQG
DFFXUDWH�VHDUFKHV�WKDW�WKH�FRPSDQLHV�WKDW�SURYLGH�WKH�PRVW�SRSXODU�VHDUFK�VHUYLFHV�DUH�QRZ�VRPH�RI
WKH� ODUJHVW� LQ� WKHLU� UHVSHFWLYH� LQGXVWULHV²*RRJOH�� 7KRPVRQ� 5HXWHUV�� /H[LV1H[LV²DQG� FRQVWLWXWH
PXOWLELOOLRQ�GROODU� LQWHUQDWLRQDO�RSHUDWLRQV�� ,Q� WKLV�FKDSWHU�ZH�H[DPLQH�VRPH�RI� WKH�QHWZRUN� LVVXHV
LQYROYHG�LQ�HIILFLHQW�VHDUFKLQJ�DQG�VRPH�LPSOLFDWLRQV�RI�VHDUFK�LGHDV�IRU�WKH�VWUXFWXUH�DQG�EHKDYLRU
RI�QHWZRUNV�
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�

:H�KDYH�DOUHDG\�GLVFXVVHG�EULHIO\�VRPH�DVSHFWV�RI�KRZ�ZHE�VHDUFK�HQJLQHV�ZRUN� LQ�6HFWLRQV�����
�����DQG������,Q�WKLV�VHFWLRQ�ZH�GLVFXVV�WKH�LVVXH�LQ�PRUH�GHWDLO�
7UDGLWLRQDO��RU�RIIOLQH��ZHE�VHDUFK�LV�D�PXOWLVWDJH�SURFHVV��,W�LQYROYHV�ILUVW�³FUDZOLQJ´�WKH�:HE�WR

ILQG� ZHE� SDJHV� DQG� UHFRUGLQJ� WKHLU� FRQWHQWV�� WKHQ� FUHDWLQJ� DQ� DQQRWDWHG� LQGH[� RI� WKRVH� FRQWHQWV�
LQFOXGLQJ�OLVWV�RI�ZRUGV�DQG�HVWLPDWHV�RI�WKH�LPSRUWDQFH�RI�SDJHV�EDVHG�RQ�D�YDULHW\�RI�FULWHULD��$QG
WKHQ�WKHUH�LV�WKH�VHDUFK�SURFHVV�LWVHOI��LQ�ZKLFK�D�XVHU�VXEPLWV�D�WH[W�TXHU\�WR�D�VHDUFK�HQJLQH�DQG�WKH
VHDUFK�HQJLQH�H[WUDFWV�D�OLVW�RI�SDJHV�PDWFKLQJ�WKDW�TXHU\�IURP�WKH�LQGH[�
7KH� SURFHVV� RI� ZHE� FUDZOLQJ� E\� ZKLFK� ZHE� SDJHV� DUH� GLVFRYHUHG� LV� LQWHUHVWLQJ� LQ� LWVHOI� DQG

H[SORLWV� WKH� QHWZRUN� VWUXFWXUH� RI� WKH�:HE� GLUHFWO\�� 7KH� FUDZOHU� IROORZV� K\SHUOLQNV� EHWZHHQ� ZHE
SDJHV�LQ�D�PDQQHU�VLPLODU�WR� WKH�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�IRU�ILQGLQJ�FRPSRQHQWV�GHVFULEHG�LQ
6HFWLRQ�������7KH�EDVLF�SURFHVV� LV�GHVFULEHG�LQ�6HFWLRQ������3UDFWLFDO�ZHE�FUDZOHUV�IRU�ELJ�VHDUFK
RSHUDWLRQV�HPSOR\�PDQ\�HODERUDWLRQV�RI�WKLV�SURFHVV��LQFOXGLQJ�

�� 6HDUFKLQJ� LQ� SDUDOOHO� DW� PDQ\� ORFDWLRQV� RQ� WKH� :HE� VLPXOWDQHRXVO\� XVLQJ� PDQ\� GLIIHUHQW
FRPSXWHUV�

��3ODFLQJ�WKH�FRPSXWHUV�DW�GLVWULEXWHG�ORFDWLRQV�DURXQG�WKH�ZRUOG�WR�VSHHG�DFFHVV�WLPHV�WR�SDJHV
FRPLQJ�IURP�GLIIHUHQW�SODFHV�

��5HSHDWHGO\� FUDZOLQJ� WKH� VDPH�ZHE� SDJHV� DW� LQWHUYDOV� RI� D� IHZ� GD\V� RU�ZHHNV� WR� FKHFN� IRU
FKDQJHV�LQ�SDJH�FRQWHQWV�RU�SDJHV�WKDW�DSSHDU�RU�GLVDSSHDU�

��&KHFNLQJ�RQ�SDJHV�PRUH�RIWHQ�LI�WKHLU�FRQWHQWV�KDYH�KLVWRULFDOO\�FKDQJHG�PRUH�RIWHQ�
��&KHFNLQJ�RQ�SDJHV�PRUH�RIWHQ�LI�WKH\�DUH�SRSXODU�ZLWK�XVHUV�RI�WKH�VHDUFK�HQJLQH�
��+HXULVWLFV�WR�VSRW�G\QDPLFDOO\�JHQHUDWHG�SDJHV�WKDW�FDQ�OHDG�D�FUDZOHU�LQWR�DQ�LQILQLWH�ORRS�RU
WUHH�RI�SDJHV�DQG�ZDVWH�WLPH�

��7DUJHWHG�FUDZOLQJ�WKDW�SUREHV�PRUH�SURPLVLQJ�DYHQXHV�LQ�WKH�QHWZRUN�ILUVW��DQG
��$OWHUHG�EHKDYLRU�GHSHQGLQJ�RQ�UHTXHVWV�IURP�RZQHUV�RI�VSHFLILF�VLWHV��ZKR�RIWHQ�DOORZ�RQO\
FHUWDLQ�FUDZOHUV�WR�FUDZO�WKHLU�SDJHV��RU�DOORZ�FUDZOHUV�WR�FUDZO�RQO\�FHUWDLQ�SDJHV��LQ�RUGHU
WR�UHGXFH�WKH�ORDG�RQ�WKHLU�VHUYHUV�

�

$W� WKHLU� KHDUW�� KRZHYHU��PRVW�ZHE� FUDZOHUV� DUH� VWLOO� GXPE�DQLPDOV�� IROORZLQJ� OLQNV� DQG� UHFRUGLQJ
ZKDW�WKH\�VHH�IRU�ODWHU�SURFHVVLQJ�
7KH� SURFHVVLQJ� RI� WKH� UDZ� FUDZOHU� RXWSXW� DOVR� KDV� LQWHUHVWLQJ� QHWZRUNUHODWHG� HOHPHQWV�� (DUO\

VHDUFK�HQJLQHV�VLPSO\�FRPSLOHG�LQGH[HV�RI�ZRUGV�RU�SKUDVHV�RFFXUULQJ�LQ�ZHE�SDJHV��VR�RQH�FRXOG
ORRN�XS�D�ZRUG�DQG�JHW�D�OLVW�RI�SDJHV�FRQWDLQLQJ�LW��3DJHV�FRQWDLQLQJ�FRPELQDWLRQV�RI�ZRUGV�FRXOG
DOVR� EH� IRXQG� E\� WDNLQJ� WKH� VHWV� RI� SDJHV� FRQWDLQLQJ� HDFK� LQGLYLGXDO� ZRUG� LQ� WKH� FRPELQDWLRQ� RI
LQWHUHVW� DQG� IRUPLQJ� WKH� LQWHUVHFWLRQ� RI� WKRVH� VHWV�� ,QGH[HV� FDQ� EH� H[WHQGHG� E\� DGGLQJ� DQQRWDWLRQV
LQGLFDWLQJ��IRU�H[DPSOH��KRZ�RIWHQ�D�ZRUG�DSSHDUV�RQ�D�SDJH�RU�ZKHWKHU�LW�DSSHDUV�LQ�WKH�SDJH�WLWOH�RU
LQ�D�VHFWLRQ�KHDGLQJ��ZKLFK�PLJKW� LQGLFDWH�D�VWURQJHU�FRQQHFWLRQ�EHWZHHQ�WKDW�ZRUG�DQG�WKH�VXEMHFW
PDWWHU� RI� WKH� SDJH��6XFK� DQQRWDWLRQV� DOORZ� WKH� VHDUFK� HQJLQH� WR�PDNH� FKRLFHV� DERXW�ZKLFK� DUH� WKH
SDJHV�PRVW� UHOHYDQW� WR�D�JLYHQ�TXHU\��(YHQ�VR�� VHDUFK�HQJLQHV�EDVHG�VROHO\�RQ� LQGH[HV�DQG� WH[WXDO



FULWHULD�RI�WKLV�VRUW�GR�QRW�UHWXUQ�YHU\�JRRG�UHVXOWV�DQG�KDYH�EHHQ�VXSHUVHGHG�E\�PRUH�VRSKLVWLFDWHG
WHFKQRORJ\�
0RGHUQ� VHDUFK� HQJLQHV� GR� VWLOO� XVH� LQGH[HV� LQ� WKHLU� VHDUFK� SURFHVV�� EXW� RQO\� DV� D� ILUVW� VWHS��$

W\SLFDO�PRGHUQ�VHDUFK�HQJLQH�ZLOO�XVH�DQ�LQGH[�WR�ILQG�D�VHW�RI�FDQGLGDWH�SDJHV�WKDW�PLJKW�EH�UHOHYDQW
WR�WKH�JLYHQ�TXHU\�DQG�WKHQ�QDUURZ�WKDW�VHW�GRZQ�XVLQJ�RWKHU�FULWHULD��VRPH�RI�ZKLFK�PD\�EH�QHWZRUN�
EDVHG��7KH�LQLWLDO�VHW�LV�XVXDOO\�FKRVHQ�GHOLEHUDWHO\�WR�EH�TXLWH�EURDG��,W�ZLOO�W\SLFDOO\�LQFOXGH�SDJHV
RQ�ZKLFK�WKH�ZRUGV�RI�WKH�TXHU\�DSSHDU��EXW�DOVR�SDJHV�RQ�ZKLFK�WKH\�GRQ¶W�DSSHDU�EXW�WKDW�OLQN�WR��RU
DUH�OLQNHG�WR�E\��SDJHV�WKDW�GR�FRQWDLQ�WKH�TXHU\�ZRUGV��7KH�QHW�UHVXOW�LV�D�VHW�RI�SDJHV�WKDW�SUREDEO\
LQFOXGHV� PRVW� RI� WKRVH� WKDW� PLJKW� EH� RI� LQWHUHVW� WR� WKH� XVHU� VXEPLWWLQJ� WKH� TXHU\�� EXW� DOVR� PDQ\
LUUHOHYDQW� SDJHV� DV� ZHOO�� 7KH� VWUHQJWK� RI� WKH� VHDUFK� HQJLQH�� LWV� DELOLW\� WR� SURGXFH� XVHIXO� UHVXOWV�
WKHUHIRUH�UHVWV�SULPDULO\�RQ�WKH�FULWHULD�LW�XVHV�WR�QDUURZ�WKH�VHDUFK�ZLWKLQ�WKLV�EURDG�VHW�
7KH� FODVVLF� H[DPSOH� RI� D� FULWHULRQ� IRU� QDUURZLQJ�ZHE� VHDUFKHV� FRPHV� IURP� WKH�*RRJOH� VHDUFK

HQJLQH�� ZKLFK�PDNHV� XVH� RI� WKH� HLJHQYHFWRU� FHQWUDOLW\� PHDVXUH� NQRZQ� DV� 3DJH5DQN�� GLVFXVVHG� LQ
6HFWLRQ������3DJH5DQN�DFFRUGV�SDJHV�D�KLJK�VFRUH�LI�WKH\�UHFHLYH�K\SHUOLQNV�IURP�PDQ\�RWKHU�SDJHV�
EXW�GRHV�VR�LQ�D�ZD\�VXFK�WKDW�WKH�FUHGLW�UHFHLYHG�IRU�D�OLQN�LV�KLJKHU�LI�LW�FRPHV�IURP�D�SDJH�WKDW�LV
LWVHOI� KLJKO\� UDQNHG�� 3DJH5DQN�� KRZHYHU�� LV� RQO\� RQH� RI� PDQ\� HOHPHQWV� WKDW� JR� LQWR� WKH� IRUPXOD
*RRJOH�XVHV�WR�UDQN�ZHE�SDJHV��2WKHUV�LQFOXGH�WUDGLWLRQDO�PHDVXUHV�VXFK�DV�IUHTXHQF\�RI�RFFXUUHQFH
RI� TXHU\� ZRUGV� LQ� WKH� SDJH� WH[W� DQG� SRVLWLRQ� RI� RFFXUUHQFH� �QHDU� WKH� WRS� RU� ERWWRP�� LQ� WLWOHV� DQG
KHDGLQJV�� HWF���� DV� ZHOO� DV� RFFXUUHQFH� RI� TXHU\� ZRUGV� LQ� ³DQFKRU� WH[W´� �WKH� KLJKOLJKWHG� WH[W� WKDW
GHQRWHV� D� K\SHUOLQN� LQ� D� UHIHUULQJ� SDJH�� DQG� SUHYLRXV� XVHU� LQWHUHVW� LQ� D� SDUWLFXODU� SDJH� �ZKHWKHU
SHRSOH�VHOHFWHG�WKLV�SDJH�IURP�WKH�OLVW�RI�VHDUFK�UHVXOWV�RQ�RWKHU�RFFDVLRQV�ZKHQ�WKH�VDPH�WH[W�TXHU\�
RU�D�VLPLODU�RQH��ZDV�HQWHUHG��
*RRJOH� JLYHV� HDFK�ZHE� SDJH� LQ� WKH� LQLWLDO� VHW� D� VFRUH� WKDW� LV� D� ZHLJKWHG� FRPELQDWLRQ� RI� WKHVH

HOHPHQWV� DQG� RWKHUV�� 7KH� SDUWLFXODU� IRUPXOD� XVHG� LV� D� FORVHO\� JXDUGHG� VHFUHW� DQG� LV� PRUHRYHU
FRQVWDQWO\� FKDQJLQJ�� SDUWO\� MXVW� WR� WU\� DQG� LPSURYH� UHVXOWV�� EXW� DOVR� WR� FRQIRXQG� WKH� HIIRUWV� RI�ZHE
SDJH�FUHDWRUV��ZKR�WU\�WR�LQFUHDVH�WKHLU�SDJHV¶�UDQNLQJ�E\�ZRUNLQJ�RXW�ZKDW�SDUWLFXODU�HOHPHQWV�FDUU\
KLJK�ZHLJKW�LQ�*RRJOH¶V�IRUPXOD�DQG�LQFRUSRUDWLQJ�WKRVH�HOHPHQWV�LQWR�WKHLU�SDJHV�
$Q� LPSRUWDQW� SRLQW� WR� DSSUHFLDWH� LV� WKDW� VRPH� SDUWV� RI� WKH� VFRUH� D� SDJH� UHFHLYHV� GHSHQG� RQ� WKH

SDUWLFXODU�VHDUFK�TXHU\�HQWHUHG�E\�WKH�XVHU²IUHTXHQF\�RI�RFFXUUHQFH�RI�TXHU\�ZRUGV��IRU�LQVWDQFH²
EXW�RWKHUV��VXFK�DV�3DJH5DQN��GR�QRW��7KLV�DOORZV�*RRJOH¶V�FRPSXWHUV��RU�WKHLU�FRXQWHUSDUWV�LQ�RWKHU
VHDUFK�FRPSDQLHV�� WR�FDOFXODWH� WKH� ODWWHU�SDUWV�³RIIOLQH�´�PHDQLQJ� WKH\�DUH�FDOFXODWHG�DKHDG�RI� WLPH
DQG� QRW� DW� WKH� WLPH� RI� WKH� TXHU\� LWVHOI�� 7KLV� KDV� VRPH� DGYDQWDJHV�� 3DJH5DQN�� IRU� LQVWDQFH�� LV
FRPSXWDWLRQDOO\�LQWHQVLYH�WR�FDOFXODWH�DQG�LW�VDYHV�D�ORW�RI�WLPH�LI�\RX�RQO\�KDYH�WR�FDOFXODWH�LW�RQFH�
%XW�WKHUH�DUH�GLVDGYDQWDJHV�WRR��3DJH5DQN�PHDVXUHV�WKH�H[WHQW�WR�ZKLFK�SHRSOH�OLQN�WR�D�JLYHQ�ZHE
SDJH��EXW�SHRSOH�PD\�OLQN�WR�D�SDJH�IRU�PDQ\�UHDVRQV��7KXV�D�SDJH�PD\�KDYH�D�KLJK�3DJH5DQN�IRU�D
UHDVRQ� XQUHODWHG� WR� WKH� FXUUHQW� VHDUFK� TXHU\��$� SDJH� ZKRVH� WH[W� PDNHV� PHQWLRQ� RI� WZR� RU� PRUH
GLIIHUHQW� WRSLFV��DQG�PDQ\�GR��PD\�EH�D�FUXFLDO�DXWKRULW\�RQ�RQH�WRSLF�EXW�HVVHQWLDOO\� LUUHOHYDQW�RQ
DQRWKHU��DQG�3DJH5DQN�FDQQRW�GLVWLQJXLVK�EHWZHHQ�WKH�WZR�
2QH�FRXOG�LPDJLQH�D�YHUVLRQ�RI�3DJH5DQN�WKDW�ZDV�VSHFLILF� WR�HDFK�LQGLYLGXDO�TXHU\��2QH�FRXOG

FDOFXODWH�D�3DJH5DQN�VFRUH�ZLWKLQ�MXVW� WKH�VXEQHWZRUN�IRUPHG�E\�WKH�VHW�RI�SDJHV�LQLWLDOO\�VHOHFWHG
IURP� WKH� LQGH[� WR�PDWFK� WKH� TXHU\��%XW� WKLV�ZRXOG�EH� FRPSXWDWLRQDOO\� H[SHQVLYH� DQG� LW¶V� QRW�ZKDW
*RRJOH�GRHV��$V�D�UHVXOW�LW�LV�QRW�XQFRPPRQ�IRU�D�SDJH�WR�EH�UDQNHG�KLJKO\�LQ�D�SDUWLFXODU�VHDUFK�HYHQ
WKRXJK�D�FDVXDO�KXPDQ�REVHUYHU�FRXOG�TXLFNO\�VHH�WKDW�LW�ZDV�LUUHOHYDQW�WR�WKH�VHDUFK�WRSLF��,Q�IDFW��D
ODUJH�IUDFWLRQ�RI�³EDG´�VHDUFK�UHVXOWV�UHWXUQHG�E\�VHDUFK�HQJLQHV�SUREDEO\�IDOO�LQ�WKLV�FDWHJRU\��WKH\
DUH�SDJHV�WKDW�DUH�LPSRUWDQW�LQ�VRPH�FRQWH[W��EXW�QRW�LQ�WKH�FRQWH[W�RI�WKH�VSHFLILF�VHDUFK�FRQGXFWHG�



7KH�RYHUDOO�SURFHVV�EHKLQG�VHDUFKHV�RQ�*RRJOH�DQG�VLPLODU�ODUJH�VHDUFK�HQJLQHV�LV�WKXV�DV�IROORZV
>��@��)LUVW�WKH�:HE�LV�FUDZOHG�WR�ILQG�ZHE�SDJHV��7KH�WH[W�RI�WKRVH�ZHE�SDJHV�LV�SURFHVVHG�WR�FUHDWHG
DQ� DQQRWDWHG� LQGH[�� DQG� WKH� OLQN� VWUXFWXUH� RI� WKH� K\SHUOLQNV� EHWZHHQ� WKHP� LV� XVHG� WR� FDOFXODWH� D
FHQWUDOLW\�VFRUH�RU�VFRUHV�IRU�HDFK�SDJH��VXFK�DV�3DJH5DQN�LQ�*RRJOH¶V�FDVH�RU��SUHVXPDEO\��VRPH
VLPLODU�PHDVXUH� IRU� RWKHU� VHDUFK� HQJLQHV��:KHQ� D� XVHU� HQWHUV� D� TXHU\� WKH� VHDUFK� HQJLQH� H[WUDFWV� D
GHOLEHUDWHO\� EURDG� VHW� RI�PDWFKLQJ� SDJHV� IURP� WKH� LQGH[�� VFRUHV� WKHP� DFFRUGLQJ� WR� YDULRXV� TXHU\�
VSHFLILF�PHDVXUHV�VXFK�DV� IUHTXHQF\�RI�RFFXUUHQFH�RI� WKH�TXHU\�ZRUGV�� WKHQ�FRPELQHV� WKRVH�VFRUHV
ZLWK� WKH�SUH�FRPSXWHG�FHQWUDOLW\�PHDVXUH�DQG�SRVVLEO\�RWKHU�SUH�FRPSXWHG�TXDQWLWLHV�� WR�JLYH�HDFK
SDJH�LQ�WKH�VHW�DQ�RYHUDOO�VFRUH��7KHQ�WKH�SDJHV�DUH�VRUWHG�LQ�RUGHU�RI�WKHLU�VFRUHV�DQG�WKH�RQHV�ZLWK
WKH�KLJKHVW�VFRUHV�DUH� WUDQVPLWWHG� WR� WKH�XVHU��7\SLFDOO\�RQO\�D�VPDOO�QXPEHU�RI� WKH�KLJKHVW�VFRULQJ
SDJHV�DUH�WUDQVPLWWHG²VD\�WKH�ILUVW�WHQ²EXW�ZLWK�DQ�RSWLRQ�WR�VHH�ORZHU�VFRULQJ�SDJHV�LI�QHFHVVDU\�
'HVSLWH�WKH�UHVHUYDWLRQV�PHQWLRQHG�DERYH��WKLV�V\VWHP�ZRUNV�ZHOO�LQ�SUDFWLFH��IDU�EHWWHU�WKDQ�HDUO\

ZHE�VHDUFK�HQJLQHV�EDVHG�RQ�WH[WXDO�FRQWHQW�DORQH��DQG�SURYLGHV�XVHIXO�VHDUFK�UHVXOWV�IRU�PLOOLRQV�RI
FRPSXWHU�XVHUV�HYHU\�GD\�
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6RPH� LQIRUPDWLRQ� QHWZRUNV� IRUP� GLVWULEXWHG� GDWDEDVHV��$� W\SLFDO� H[DPSOH� LV� D� SHHU�WR�SHHU� ILOH�
VKDULQJ�QHWZRUN��LQ�ZKLFK�LQGLYLGXDO�FRPSXWHUV�LQ�WKH�QHWZRUN�HDFK�VWRUH�D�VXEVHW�RI�WKH�GDWD�VWRUHG
LQ�WKH�QHWZRUN�DV�D�ZKROH��7KH�IRUP�DQG�IXQFWLRQ�RI�SHHU�WR�SHHU�QHWZRUNV�ZHUH�GHVFULEHG�LQ�6HFWLRQ
������
7KH�³QHWZRUN´�LQ�D�SHHU�WR�SHHU�QHWZRUN�LV�W\SLFDOO\�D�YLUWXDO�RQH��LQ�ZKLFK�LQGLYLGXDO�FRPSXWHUV

PDLQWDLQ�FRQWDFWV�ZLWK�D�VXEVHW�RI�RWKHUV��ZKLFK�DUH�QRW�QHFHVVDULO\�WKRVH�ZLWK�ZKLFK�WKH\�KDYH�GLUHFW
SK\VLFDO�GDWD�FRQQHFWLRQV��,Q�WKLV�UHVSHFW�SHHU�WR�SHHU�QHWZRUNV�DUH�VRPHZKDW�VLPLODU�WR�WKH�:RUOG
:LGH�:HE��LQ�ZKLFK�WKH�K\SHUOLQNV�EHWZHHQ�ZHEVLWHV�DUH�YLUWXDO�OLQNV�FKRVHQ�E\�D�SDJH¶V�FUHDWRU�DQG
WKHLU�WRSRORJ\�QHHG�KDYH�QRWKLQJ�WR�GR�ZLWK�WKH�WRSRORJ\�RI�WKH�XQGHUO\LQJ�SK\VLFDO�,QWHUQHW��,QGHHG�
WKH�:RUOG�:LGH�:HE�LV�LWVHOI��LQ�D�VHQVH��D�GLVWULEXWHG�GDWDEDVH��VWRULQJ�LQIRUPDWLRQ�LQ�WKH�SDJHV�DW
LWV�YHUWLFHV��EXW�ZHE�VHDUFK�ZRUNV�LQ�D�IXQGDPHQWDOO\�GLIIHUHQW�ZD\�IURP�VHDUFK�LQ�RWKHU�GLVWULEXWHG
GDWDEDVHV��VR�ZH�WUHDW�WKH�WZR�VHSDUDWHO\�
6HDUFK� LV�D� IXQGDPHQWDO�SUREOHP� LQ�SHHU�WR�SHHU�QHWZRUNV�DQG�VLPLODU�V\VWHPV��KRZ�GR�ZH� ILQG

VSHFLILF�LWHPV�DPRQJ�WKRVH�VWRUHG�DW�WKH�PDQ\�YHUWLFHV�RI�WKH�QHWZRUN"�2QH�ZD\�ZRXOG�EH�WR�FRS\�WKH
ZHE� VHDUFK� DSSURDFK� RI� 6HFWLRQ� ����� DQG� FRQVWUXFW� D� FRPSUHKHQVLYH� LQGH[� RI� DOO� LWHPV� DW� VRPH
FHQWUDO� ORFDWLRQ�DQG� WKHQ�VHDUFK� WKDW� LQGH[�IRU� LWHPV�RI� LQWHUHVW��)RU�D�YDULHW\�RI� UHDVRQV��KRZHYHU�
PRVW�SHHU�WR�SHHU�QHWZRUNV�GRQ¶W�JR�WKLV�URXWH��EXW�LQVWHDG�PDNH�XVH�RI�GLVWULEXWHG�VHDUFK�WHFKQLTXHV
LQ�ZKLFK� WKH� VHDUFK� WDVN� LV� VKDUHG�DPRQJ� WKH�FRPSXWHUV� LQ� WKH�QHWZRUN�YLD�PHVVDJHV�SDVVHG�DORQJ
QHWZRUN�HGJHV��,QGHHG�WKH�SHUIRUPDQFH�RI�VXFK�GLVWULEXWHG�VHDUFKHV�LV�WKH�SULPDU\�UHDVRQ�IRU�OLQNLQJ
WKH� YHUWLFHV� LQWR� D� QHWZRUN� LQ� WKH� ILUVW� SODFH� DQG� WKHUH� DUH� VRPH� LQWHUHVWLQJ� SULQFLSOHV� UHODWLQJ� WKH
VWUXFWXUH�RI�WKH�QHWZRUN�WR�WKH�HIILFLHQF\�ZLWK�ZKLFK�VHDUFKHV�FDQ�EH�SHUIRUPHG�
6XSSRVH� WKDW� ZH� KDYH� D� SHHU�WR�SHHU� QHWZRUN� FRPSRVHG� RI�Q� LQGLYLGXDO� FRPSXWHUV� DQG� HDFK

FRPSXWHU�LV�OLQNHG�E\�YLUWXDO�FRQQHFWLRQV�WR�D�VHOHFWLRQ�RI�WKH�RWKHUV��ZKHUH�³OLQNHG´�LQ�WKLV�FRQWH[W
PHUHO\� PHDQV� WKDW� WKHVH� RWKHUV� DUH� WKH� RQHV� ZLWK� ZKLFK� D� FRPSXWHU� KDV� DJUHHG� WR� FRPPXQLFDWH
GLUHFWO\�LQ�WKH�FRXUVH�RI�SHUIRUPLQJ�VHDUFKHV��7KHUH�LV�QR�UHDVRQ�LQ�SULQFLSOH�ZK\�D�FRPSXWHU�FRXOG
QRW�FRPPXQLFDWH�ZLWK�DOO�RWKHUV�LI�LW�ZDQWHG�WR��EXW�LQ�SUDFWLFH�WKLV�ZRXOG�GHPDQG�WRR�PXFK�HIIRUW�RU
GDWD�EDQGZLGWK��DQG� OLPLWLQJ� WKH�QXPEHU�RI�QHWZRUN�QHLJKERUV�D�FRPSXWHU�KDV�EULQJV� WKH� UHVRXUFHV
UHTXLUHG�ZLWKLQ�UHDVRQDEOH�ERXQGV�
7KH�VLPSOHVW� IRUP�RI�GLVWULEXWHG�VHDUFK��XVHG�LQ�VRPH�RI� WKH�HDUOLHVW�SHHU�WR�SHHU�QHWZRUNV�� LV�D

YHUVLRQ�RI�WKH�EUHDGWK�ILUVW�VHDUFK�DOJRULWKP�GHVFULEHG�LQ�6HFWLRQ�������ZKHUH�LW�ZDV�XVHG�IRU�ILQGLQJ
QHWZRUN� FRPSRQHQWV� DQG� VKRUWHVW� SDWKV���8QGHU� WKLV� DSSURDFK�� D� XVHU� JLYHV� WKH� FRPSXWHU� D� VHDUFK
WHUP��VXFK�DV�WKH�QDPH�RI�D�FRPSXWHU�ILOH��DQG�WKH�FRPSXWHU�VHQGV�D�TXHU\�WR�HDFK�RI�LWV�QHLJKERUV�LQ
WKH�SHHU�WR�SHHU�QHWZRUN��DVNLQJ�LI�WKH\�KDYH�WKH�ILOH�LQ�TXHVWLRQ��,I�WKH\�GR��WKH\�VHQG�WKH�ILOH�WR�WKH
ILUVW�FRPSXWHU�DQG�WKH�VHDUFK�LV�FRPSOHWH��,I�WKH\�GRQ¶W��WKHQ�WKH\�VHQG�D�IXUWKHU�TXHU\�WR�HDFK�RI�WKHLU
QHLJKERUV�DVNLQJ�IRU�WKH�ILOH��$Q\�QHLJKERU�WKDW�KDV�VHHQ�WKH�TXHU\�EHIRUH��VXFK�DV�WKH�FRPSXWHU�WKDW
RULJLQDWHG� LW� LQ� WKH� ILUVW�SODFH�� LJQRUHV� LW��$OO�RWKHUV�FKHFN� WR�VHH� LI� WKH�KDYH� WKH� UHTXHVWHG�ILOH�DQG
VHQG�LW�EDFN�WR�WKH�RULJLQDWLQJ�FRPSXWHU�LI�WKH\�GR��,I�QRW��WKH\�SDVV�WKH�TXHU\�RQ�WR�WKHLU�QHLJKERUV�
DQG�VR�RQ�
7KLV�VLPSOH�VWUDWHJ\�FHUWDLQO\�ZRUNV�DQG� LW�KDV�VRPH�DGYDQWDJHV��)RU� LQVWDQFH��DVVXPLQJ� WKDW� WKH

QHWZRUN�GLVSOD\V�WKH�VPDOO�ZRUOG�HIIHFW��6HFWLRQ�������WKH�QXPEHU�RI�VWHSV�ZH�ZLOO�KDYH�WR�WDNH�LQ�RXU



EUHDGWK�ILUVW� VHDUFK� ZLOO� EH� VPDOO� HYHQ� ZKHQ� WKH� QHWZRUN� LV� ODUJH� �W\SLFDOO\� LQFUHDVLQJ� RQO\
ORJDULWKPLFDOO\� ZLWK�Q²VHH� 6HFWLRQ� ������� 7KLV� PHDQV� WKDW� PRVW� VHDUFKHV� ZLOO� WDNH� RQO\� D� VKRUW
DPRXQW�RI�WLPH�WR�ILQG�WKH�GHVLUHG�ILOH�
%XW�WKHUH�DUH�VRPH�VHULRXV�GLVDGYDQWDJHV�ZLWK�WKH�DSSURDFK�DV�ZHOO��)LUVW��DV�ZH�KDYH�GHVFULEHG�LW

WKH� VHDUFK� GRHVQ¶W� DFWXDOO\� VWRS� ZKHQ� WKH� WDUJHW� ILOH� LV� IRXQG�� 7KHUH� LV� QR� PHFKDQLVP� WR� LQIRUP
FRPSXWHUV�WKDW�WKH�ILOH�KDV�EHHQ�IRXQG�DQG�WKDW�WKH\�GRQ¶W�QHHG�WR�SDVV�WKH�TXHU\�RQ�WR�DQ\RQH�IXUWKHU�
7KLV� SUREOHP� FDQ� EH� IL[HG� UHODWLYHO\� HDVLO\�� KRZHYHU�� IRU� H[DPSOH� E\� UHTXLULQJ� HDFK� FRPSXWHU
UHFHLYLQJ�WKH�TXHU\�WR�FKHFN�ZLWK�WKH�RULJLQDWLQJ�FRPSXWHU�WR�VHH�LI�WKH�ILOH�KDV�EHHQ�IRXQG�EHIRUH�WKH\
GR�DQ\WKLQJ�HOVH�
$�PRUH�VHULRXV�SUREOHP�LV�WKDW�WKH�PHVVDJHV�WUDQVPLWWHG�LQ�WKH�SURFHVV�RI�VSUHDGLQJ�D�TXHU\�DFURVV

WKH�QHWZRUN�TXLFNO\�DGG�XS� WR�D�KXJH�DPRXQW�RI�GDWD�DQG�FDQ�HDVLO\�RYHUZKHOP�WKH�FDSDFLW\�RI� WKH
FRPSXWHUV�LQYROYHG��$VVXPLQJ�D�ZRUVW�FDVH�VFHQDULR�LQ�ZKLFK�D�GHVLUHG�ILOH�H[LVWV�RQ�RQO\�D�VLQJOH
FRPSXWHU�LQ�WKH�QHWZRUN��ZH�ZLOO��RQ�DYHUDJH��KDYH�WR�SDVV�RXU�TXHU\�WR�KDOI�RI�DOO�FRPSXWHUV�EHIRUH
ZH�ILQG�WKH�ILOH��7KDW�PHDQV�WKH�QXPEHU�RI�PHVVDJHV�VHQW�LQ�WKH�FRXUVH�RI�RQH�TXHU\�LV�2�Q���6XSSRVH
WKDW�XVHUV�SHUIRUP�TXHULHV�DW�VRPH�FRQVWDQW�DYHUDJH�UDWH�U��VR�WKDW�WKH�RYHUDOO�UDWH�RI�TXHULHV�LV�UQ� 
2�Q���7KHQ�WKH�WRWDO�QXPEHU�RI�PHVVDJHV�VHQW�SHU�XQLW�WLPH�LV�2�Q��î�2�Q�� �2�Q���DQG�WKH�QXPEHU�RI
PHVVDJHV�SHU�FRPSXWHU�SHU�XQLW�WLPH�LV��RQ�DYHUDJH��2�Q���Q� �2�Q���ZKLFK�JRHV�XS�OLQHDUO\�ZLWK�WKH
VL]H�RI�WKH�QHWZRUN��7KLV�PHDQV�WKDW��QR�PDWWHU�KRZ�PXFK�EDQGZLGWK�RXU�FRPSXWHUV�KDYH�WR�VHQG�DQG
UHFHLYH�GDWD��LW�ZLOO�LQ�WKH�HQG�DOZD\V�EHFRPH�VZDPSHG�LI�WKH�QHWZRUN�EHFRPHV�ODUJH�HQRXJK��$QG
SHHU�WR�SHHU�QHWZRUNV�FDQ�EHFRPH�H[WUHPHO\�ODUJH��6RPH�RI�WKH�ODUJHVW�KDYH�PLOOLRQV�RI�XVHUV�
/XFNLO\�WKLV�ZRUVW�FDVH�VFHQDULR�LV�QRW�XVXDOO\�UHDOL]HG��,W�LV�LQ�IDFW�UDUHO\�WKH�FDVH�WKDW�DQ�LWHP�RI

LQWHUHVW�H[LVWV�RQ�RQO\�RQH�FRPSXWHU�LQ�D�QHWZRUN��0RVW�LWHPV�LQ�W\SLFDO�SHHU�WR�SHHU�QHWZRUNV�H[LVW
LQ�PDQ\�SODFHV��,QGHHG��DVVXPLQJ�WKDW�VRPH�IUDFWLRQ�RI�WKH�XVHU�SRSXODWLRQ�OLNHV�RU�QHHGV�HDFK�LWHP��LW
LV�PRUH�UHDVRQDEOH�WKDW�DQ\�JLYHQ�LWHP�DSSHDUV�RQ�VRPH�IL[HG�IUDFWLRQ�F�RI�WKH�YHUWLFHV�LQ�WKH�QHWZRUN�
VR�WKDW�WKH�WRWDO�QXPEHU�RI�FRSLHV�FQ�JRHV�XS�DV�WKH�VL]H�RI�WKH�QHWZRUN�LQFUHDVHV��,I�WKLV�LV�WKH�FDVH�
DQG� DVVXPLQJ� IRU� WKH�PRPHQW� WKDW� WKH� YDOXH� RI�F� LV� WKH� VDPH� IRU� HYHU\� LWHP�� WKHQ�RQH�ZLOO� KDYH� WR
VHDUFK�RQ�DYHUDJH�RQO\���F�YHUWLFHV�EHIRUH�ILQGLQJ�D�FRS\�RI�DQ�LWHP��7KLV�PHDQV�WKDW�WKH�WRWDO�QXPEHU
RI�TXHU\�PHVVDJHV�VHQW�RYHU�WKH�QHWZRUN�SHU�XQLW�WLPH�LV�2�Q�F��DQG�WKH�QXPEHU�SHU�FRPSXWHU�SHU�XQLW
WLPH�LV�2���F���ZKLFK�LV�MXVW�D�FRQVWDQW�DQG�GRHV�QRW�LQFUHDVH�ZLWK�LQFUHDVLQJ�QHWZRUN�VL]H�
$�PRUH� UHDOLVWLF� FDOFXODWLRQ� DOORZV� IRU� WKH� IDFW� WKDW� VRPH� LWHPV� DUH� PRUH� SRSXODU� WKDQ� RWKHUV�

6XSSRVH�WKDW�WKH�IDFWRUV�F��ZKLFK�DUH�SURSRUWLRQDO�WR�SRSXODULW\��KDYH�D�GLVWULEXWLRQ�S�F���PHDQLQJ�WKDW
WKH�SUREDELOLW\�RI�IDOOLQJ�LQ�WKH�LQWHUYDO�F� WR�F���GF� LV�S�F��GF��$OVR�LPSRUWDQW�WR�QRWH�LV�WKDW�QRW�DOO
LWHPV�DUH� VHDUFKHG� IRU�ZLWK�HTXDO� IUHTXHQF\�� ,QGHHG�D�PRUH� UHDVRQDEOH�DVVXPSWLRQ� LV� WKDW� WKH\�DUH
VHDUFKHG� IRU� ZLWK� IUHTXHQF\� SURSRUWLRQDO� WR� WKHLU� SRSXODULW\�� L�H��� WKDW� WKH� SUREDELOLW\� RI� D� VHDUFK
TXHU\�DVNLQJ�IRU�DQ�LWHP�ZLWK�SRSXODULW\�LQ�WKH�LQWHUYDO�F�WR�F���GF�LV�FS�F��GF�F��ZKHUH�WKH�IDFWRU�RI
F�  � ��FS�F�� GF� LQVXUHV� WKDW� WKH� GLVWULEXWLRQ� LV� SURSHUO\� QRUPDOL]HG�� 7KHQ� WKH� DYHUDJH� QXPEHU� RI
YHUWLFHV�ZH�KDYH�WR�H[DPLQH�EHIRUH�ZH�ILQG�WKH�LWHP�FRUUHVSRQGLQJ�WR�D�W\SLFDO�TXHU\�LV
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DQG�KHQFH�WKH�QXPEHU�RI�TXHU\�PHVVDJHV�VHQW�RU�UHFHLYHG�SHU�FRPSXWHU�SHU�XQLW�WLPH�LV�2���F��
ZKLFK�LV�DJDLQ�D�FRQVWDQW�DV�QHWZRUN�VL]H�EHFRPHV�ODUJH�
,Q� SULQFLSOH�� WKHUHIRUH�� LI� D� QRGH� FDQ� KDQGOH� PHVVDJHV� DW� WKH� UDWH� JLYHQ� E\� (T�� ������� WKHQ� WKH

QHWZRUN�VKRXOG�JR�RQ�IXQFWLRQLQJ�MXVW�ILQH�DV�LWV�VL]H�EHFRPHV�ODUJH��,Q�SUDFWLFH��KRZHYHU��WKHUH�DUH
VWLOO�SUREOHPV��7KH�PDLQ�GLIILFXOW\�LV�WKDW�YHUWLFHV�LQ�WKH�QHWZRUN�YDU\�HQRUPRXVO\�LQ�WKHLU�EDQGZLGWK
FDSDELOLWLHV�� 0RVW� YHUWLFHV� KDYH� UHODWLYHO\� VORZ� FRPPXQLFDWLRQV� ZLWK� WKH� QHWZRUN�� L�H��� ORZ
EDQGZLGWK�� ZKLOH� D� IHZ� KDYH�PXFK� EHWWHU�� KLJKHU�EDQGZLGWK� FRQQHFWLRQV�� 7KLV�PHDQV� WKDW� HYHQ� LI
EDQGZLGWK�UHTXLUHPHQWV�SHU�YHUWH[�DUH�UHGXFHG�WR�D�FRQVWDQW�DV�DERYH��WKH�QHWZRUN�ZLOO�VWLOO�UXQ�DW�D
VSHHG�GLFWDWHG�E\� WKH�PDMRULW\� VORZ�YHUWLFHV��PDNLQJ�TXHULHV� VORZ�DQG�SRVVLEO\�RYHUZKHOPLQJ� WKH
FDSDFLW\�RI�VRPH�YHUWLFHV�
7R� JHW� DURXQG� WKLV� SUREOHP��PRVW�PRGHUQ� SHHU�WR�SHHU� QHWZRUNV�PDNH� XVH� RI�VXSHUQRGHV� �DOVR

FDOOHG�VXSHUSHHUV���6XSHUQRGHV�DUH�KLJK�EDQGZLGWK�QRGHV�FKRVHQ�IURP�WKH� ODUJHU�SRSXODWLRQ� LQ� WKH
QHWZRUN� DQG� FRQQHFWHG� WR� RQH� DQRWKHU� WR� IRUP� D� VXSHUQRGH� QHWZRUN� RYHU� ZKLFK� VHDUFKHV� FDQ� EH
SHUIRUPHG�TXLFNO\²VHH�)LJ�������

�

)LJXUH� ������ 7KH� VWUXFWXUH� RI� D� SHHU�WR�SHHU� QHWZRUN� ZLWK� VXSHUQRGHV�� &OLHQW� QRGHV� �ILOOHG
FLUFOHV�� DUH� FRQQHFWHG� WR� D� QHWZRUN� RI� VXSHUQRGHV� �RSHQ� FLUFOHV�� WKDW� KDYH� DERYHDYHUDJH� QHWZRUN
EDQGZLGWK�DQG�KHQFH�FDQ�FRQGXFW�VHDUFKHV�TXLFNO\�
�
�
$� VXSHUQRGH� DFWV� D� OLWWOH� OLNH� D� ORFDO� H[FKDQJH� LQ� D� WHOHSKRQH� QHWZRUN� �VHH� 6HFWLRQ� ������ (DFK

QRUPDO� XVHU�� RU�FOLHQW�� LQ� WKH�QHWZRUN�DWWDFKHV�WR�D�VXSHUQRGH��RU�VRPHWLPHV�WR�PRUH�WKDQ�RQH��WKDW
DFWV� DV� WKHLU� OLQN� WR� WKH� UHVW� RI� WKH� QHWZRUN��(DFK� VXSHUQRGH� KDV� D� QXPEHU� RI� VXFK� FOLHQWV� DQG� WKH
FOLHQWV�FRPPXQLFDWH� WR� WKH�VXSHUQRGH�D� OLVW�RI� WKH�ILOHV�RU�RWKHU�GDWD� LWHPV� WKH\�SRVVHVV�VR� WKDW� WKH
VXSHUQRGH�FDQ�UHVSRQG�DSSURSULDWHO\�WR�VHDUFK�TXHULHV�IURP�RWKHU�VXSHUQRGHV��$Q�LQGLYLGXDO�FOLHQW
ZDQWLQJ�WR�SHUIRUP�D�VHDUFK�WKHQ�VHQGV�WKHLU�VHDUFK�TXHU\�WR�WKH�ORFDO�VXSHUQRGH��ZKLFK�FRQGXFWV�D
EUHDGWK�ILUVW� VHDUFK� LQWHUURJDWLRQ� RI� WKH� QHWZRUN� RI� VXSHUQRGHV� WR� ILQG� WKH� GHVLUHG� LWHP�� 6LQFH� WKH
VXSHUQRGHV�SRVVHVV�UHFRUGV�RI�DOO�WKH�LWHPV�WKDW�WKH�FOLHQWV�KDYH��WKH�HQWLUH�VHDUFK�FDQ�EH�SHUIRUPHG



RQ�WKH�QHWZRUN�RI�VXSHUQRGHV�DORQH�DQG�QR�FOLHQW�UHVRXUFHV�DUH�XVHG�DW�DOO��$QG�VLQFH�WKH�VXSHUQRGHV
DUH�GHOLEHUDWHO\�VHOHFWHG�WR�KDYH�IDVW�QHWZRUN�FRQQHFWLRQV��WKH�VHDUFK�UXQV�DW�WKH�VSHHG�RI�WKH�TXLFNHVW
YHUWLFHV�LQ�WKH�QHWZRUN�
,Q� SUDFWLFH� VFKHPHV� OLNH� WKLV� ZRUN� TXLWH� ZHOO²ZHOO� HQRXJK� WR� EH� LQ� ZLGH� XVH� LQ� SHHU�WR�SHHU

QHWZRUNV�RI�PLOOLRQV�RI�XVHUV��0RUH� VRSKLVWLFDWHG� VFKHPHV�KDYH�EHHQ�GHYLVHG� WKDW� LQ� WKHRU\�FRXOG
ZRUN� EHWWHU� VWLOO²DQ� H[DPSOH� LV� WKH� ³&KRUG´� V\VWHP� SURSRVHG� E\� 6WRLFD�HW� DO�� >���@²EXW� VXFK
V\VWHPV�KDYH�\HW�WR�ILQG�ZLGHVSUHDG�DGRSWLRQ�VLQFH�WKH�PRUH�WUDGLWLRQDO�VXSHUQRGH�DSSURDFK�DSSHDUV
WR�ZRUN�ZHOO�HQRXJK�IRU�SUDFWLFDO�SXUSRVHV�



�����0(66$*(�3$66,1*

�

$� GLIIHUHQW� YDULDWLRQ� RI� WKH� GLVWULEXWHG� VHDUFK� SUREOHP� LV� WKH� SUREOHP� RI� JHWWLQJ� D� PHVVDJH� WR� D
SDUWLFXODU� QRGH� LQ� D� QHWZRUN�� 7KH� FODVVLF� H[DPSOH� RI� WKLV� SUREOHP� LV� 6WDQOH\�0LOJUDP¶V� ³VPDOO�
ZRUOG´� H[SHULPHQW�� GHVFULEHG� LQ� 6HFWLRQ� ����� ,Q� WKLV� H[SHULPHQW� SDUWLFLSDQWV� ZHUH� DVNHG� WR� JHW� D
PHVVDJH� WR�D�VSHFLILF� WDUJHW� LQGLYLGXDO�E\�SDVVLQJ� LW� IURP�DFTXDLQWDQFH� WR�DFTXDLQWDQFH� WKURXJK� WKH
VRFLDO�QHWZRUN��0LOJUDP�IDPRXVO\�IRXQG�WKDW�PHVVDJHV�WKDW�DUULYHG�DW�WKH�GHVWLQDWLRQ�SDVVHG�WKURXJK
RQO\�DERXW�VL[�SHRSOH�RQ�WKHLU�ZD\��ZKLFK�LV�WKH�RULJLQ�RI�WKH�SRSXODU�FRQFHSW�RI�WKH�³VL[�GHJUHHV�RI
VHSDUDWLRQ�´� $V� GLVFXVVHG� LQ� 6HFWLRQ� ����� KRZHYHU�� WKHUH� LV� DQRWKHU� SHUKDSV� PRUH� VXUSULVLQJ
LPSOLFDWLRQ�RI�WKH�H[SHULPHQW��ILUVW�SRLQWHG�RXW�E\�.OHLQEHUJ�>���@��ZKLFK�LV�WKDW�VKRUW�SDWKV�QRW�RQO\
H[LVW�LQ�WKH�QHWZRUN�EXW�WKDW�SHRSOH�DUH�UHPDUNDEO\�JRRG�DW�ILQGLQJ�WKHP��2I�FRXUVH�LI�RQH�NQRZV�WKH
VWUXFWXUH�RI�DQ�HQWLUH�QHWZRUN�WKHQ�RQH�FDQ�ILQG�VKRUW�SDWKV�GLUHFWO\�XVLQJ��IRU�H[DPSOH��WKH�EUHDGWK�
ILUVW�VHDUFK�PHWKRG�RI�6HFWLRQ���������3DUWLFLSDQWV�LQ�0LOJUDP¶V�H[SHULPHQW��KRZHYHU��GLG�QRW�NQRZ
WKH�ZKROH�QHWZRUN�DQG�SUREDEO\�RQO\�NQHZ�D�YHU\�VPDOO�SDUW�RI�LW��DQG�\HW�WKH\�ZHUH�VWLOO�DEOH�WR�JHW�D
PHVVDJH�UDSLGO\�WR�WKH�GHVLUHG�WDUJHW�
7KLV�REVHUYDWLRQ�UDLVHV�D�QXPEHU�RI�LQWHUHVWLQJ�TXHVWLRQV��+RZ��LQ�SUDFWLFH��GLG�SHRSOH�ILQG�WKHVH

VKRUW�SDWKV� WR� WKH� WDUJHW"�&DQ�ZH�FRPH�XS�ZLWK�DQ�DOJRULWKP� WKDW�ZLOO� GR� WKH� MRE�HIILFLHQWO\"�+RZ
GRHV� WKH� SHUIRUPDQFH� RI� WKDW� DOJRULWKP� GHSHQG� RQ� WKH� VWUXFWXUH� RI� WKH� QHWZRUN"� ,Q� WKH� IROORZLQJ
VHFWLRQV� ZH� FRQVLGHU� WZR� GLIIHUHQW� PRGHOV� RI� WKH� PHVVDJH� SDVVLQJ� SURFHVV� WKDW� DGGUHVV� WKHVH
TXHVWLRQV��$V�ZH�ZLOO� VHH�� WKHVH�PRGHOV� VXJJHVW� WKDW� VRFLDO� �RU� RWKHU�� QHWZRUNV�PXVW� KDYH� D� YHU\
SDUWLFXODU� W\SH� RI� VWUXFWXUH� LI� RQH� ZDQWV� WR� EH� DEOH� WR� ILQG� VKRUW� SDWKV� HDVLO\� ZLWKRXW� D� JOREDO
NQRZOHGJH�RI�WKH�QHWZRUN�
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�

7KH� LQVWUXFWLRQV� WR� WKH�SDUWLFLSDQWV� LQ�0LOJUDP¶V� H[SHULPHQW�ZHUH� WKDW� XSRQ� UHFHLYLQJ� WKH�PHVVDJH
�DFWXDOO\� D� VPDOO� ERRNOHW� RU� ³SDVVSRUW´� VHQW� WKURXJK� WKH� PDLO��� WKH\� ZHUH� WR� IRUZDUG� LW� WR� DQ
DFTXDLQWDQFH�ZKR�WKH\�EHOLHYHG�WR�EH�FORVHU�WR�WKH�WDUJHW�WKDQ�WKH\�ZHUH��7KH�GHILQLWLRQ�RI�³FORVHU´
ZDV�OHIW�YDJXH��KRZHYHU��DQG�RQH�RI�WKH�ILUVW�WKLQJV�ZH�QHHG�WR�GR�LI�ZH�ZDQW�WR�PRGHO�WKH�PHFKDQLFV
RI�WKH�H[SHULPHQW�LV�GHFLGH�RQ�D�SUDFWLFDO�GHILQLWLRQ�
$Q� LOOXPLQDWLQJ� DWWHPSW� DW�PRGHOLQJ�0LOJUDP¶V� H[SHULPHQW�ZDV�PDGH� E\�.OHLQEHUJ� >����� ���@�

ZKR�HPSOR\HG�D�YDULDQW�RI�WKH�VPDOO�ZRUOG�PRGHO�RI�6HFWLRQ�������DV�VKRZQ�LQ�)LJ��������$V�LQ�WKH
VWDQGDUG� VPDOO�ZRUOG�PRGHO�� LW� KDV� D� ULQJ�RI�YHUWLFHV� DURXQG� WKH�HGJH�SOXV� D�QXPEHU�RI� ³VKRUWFXW´
HGJHV�WKDW�FRQQHFW�YHUWH[�SDLUV�DW�UDQGRP�SRLQWV�DURXQG�WKH�ULQJ��,Q�.OHLQEHUJ¶V�PRGHO�DOO�YHUWLFHV�DUH
FRQQHFWHG�WR�WKHLU�WZR�LPPHGLDWH�QHLJKERUV�DURXQG�WKH�ULQJ²F� ���LQ�WKH�QRWDWLRQ�RI�&KDSWHU���²
DQG�.OHLQEHUJ�PDGH�XVH�RI� WKH�FRQQHFWLRQV� LQ� WKH� ULQJ� WR�GHILQH� WKH�³FORVHQHVV´�RI�YHUWLFHV� IRU� WKH
SXUSRVHV� RI� WKH� PHVVDJH�SDVVLQJ� H[SHULPHQW�� +H� SURSRVHG� WKDW� LQGLYLGXDOV� LQ� WKH� QHWZRUN�
UHSUHVHQWHG�E\�YHUWLFHV��DUH�DZDUH�RI�WKH�GLVWDQFH�DURXQG�WKH�ULQJ�WR�RWKHU�LQGLYLGXDOV��DQG�KHQFH�FDQ
VD\�ZKHQ�RQH�RI�WKHLU�DFTXDLQWDQFHV�LV�³FORVHU´�WR�WKH�WDUJHW�YHUWH[�WKDQ�WKH\�DUH�LQ�WKLV�VHQVH�

�

)LJXUH�������7KH�YDULDQW�VPDOO�ZRUOG�PRGHO�XVHG�WR�PRGHO�PHVVDJH�SDVVLQJ�,Q� WKH�YDULDQW�RI� WKH
VPDOO�ZRUOG�PRGHO�XVHG�KHUH��YHUWLFHV�DUH�FRQQHFWHG�DURXQG�D�ULQJ�DQG�VKRUWFXWV�DGGHG�EHWZHHQ�WKHP
DV�LQ�WKH�QRUPDO�VPDOO�ZRUOG�PRGHO��+RZHYHU��WKH�VKRUWFXWV�DUH�QRZ�ELDVHG�VR�WKDW�WKHUH�DUH�PRUH�RI
WKHP� FRQQHFWLQJ� QHDUE\� YHUWLFHV� WKDQ� GLVWDQW� YHUWLFHV��7KH� VWUHQJWK�RI� WKH� ELDV� LV� FRQWUROOHG� E\� WKH
SDUDPHWHU�Į�� ,Q� WKH�SURRI�JLYHQ� LQ� WKH� WH[W�� WKH�YHUWLFHV�DUH�GLYLGHG� LQWR�QXPEHUHG�FODVVHV�� FODVV��
FRQVLVWLQJ�RI� MXVW� WKH� WDUJHW�YHUWH[�DQG�KLJKHU�FODVVHV� UDGLDWLQJ�RXW� IURP� WKH� WDUJHW��HDFK�VXFFHVVLYH
FODVV�FRQWDLQLQJ�WZLFH�DV�PDQ\�YHUWLFHV�DV�WKH�SUHYLRXV�RQH�
�
�



,Q�KLV� FDOFXODWLRQV�.OHLQEHUJ� FRQVLGHUHG�D�JUHHG\�DOJRULWKP� IRU�PHVVDJH�SDVVLQJ� LQ�ZKLFK�HDFK
LQGLYLGXDO�UHFHLYLQJ�D�PHVVDJH�SDVVHV�LW�RQ�WR�WKH�RQH�RI�WKHLU�QHLJKERUV�ZKR�LV�FORVHVW�WR�WKH�WDUJHW�LQ
WKH� VHQVH� DERYH�� 7KLV� DOJRULWKP� LV� JXDUDQWHHG� DOZD\V� WR� JHW� WKH�PHVVDJH� WR� WKH� WDUJHW� HYHQWXDOO\�
(YHU\�LQGLYLGXDO�KDV�DW�OHDVW�RQH�QHLJKERU�ZKR�LV�FORVHU�WR�WKH�WDUJHW�LQ�WKH�.OHLQEHUJ�VHQVH�WKDQ�WKH\
DUH²WKHLU� QHLJKERU� DURXQG� WKH� ULQJ� LQ� WKH� GLUHFWLRQ� WRZDUGV� WKH� WDUJHW�� 7KXV� RQ� HDFK� VWHS� RI� WKH
PHVVDJH�SDVVLQJ�SURFHVV�WKH�PHVVDJH�LV�JXDUDQWHHG�WR�JHW�DW�OHDVW�RQH�VWHS�FORVHU�WR�WKH�WDUJHW�DURXQG
WKH�ULQJ�DQG�KHQFH�LW�PXVW�HYHQWXDOO\�JHW�WR�WKH�WDUJHW��,Q�WKH�ZRUVW�FDVH�LQGLYLGXDOV�VLPSO\�SDVV�WKH
PHVVDJH�DURXQG�WKH�ULQJ�XQWLO�LW�UHDFKHV�LWV�GHVWLQDWLRQ�EXW�JHQHUDOO\�ZH�FDQ�H[SHFW�WR�GR�EHWWHU�WKDQ
WKLV�EHFDXVH�RI�WKH�VKRUWFXWV��7KH�TXHVWLRQ�LV�KRZ�PXFK�EHWWHU��.OHLQEHUJ�VKRZHG�WKDW�LW�LV�SRVVLEOH
IRU� WKH� JUHHG\� DOJRULWKP� WR� ILQG� WKH� WDUJHW� YHUWH[� LQ�2�ORJ��Q�� VWHSV�� EXW� WKDW� LW� FDQ� GR� VR� RQO\� IRU
SDUWLFXODU�FKRLFHV�RI�WKH�DUUDQJHPHQW�RI�WKH�VKRUWFXWV�
.OHLQEHUJ�FRQVLGHUHG�D�RQH�SDUDPHWHU�IDPLO\�RI�PRGHOV�WKDW�JHQHUDOL]HV�WKH�VWDQGDUG�VPDOO�ZRUOG

PRGHO�E\�DOORZLQJ� IRU�GLIIHUHQW�DUUDQJHPHQWV�RI� WKH�VKRUWFXWV����� ,QVWHDG�RI� DVVXPLQJ� WKDW� VKRUWFXWV
DUH�SODFHG�XQLIRUPO\�DW�UDQGRP��ZH�DVVXPH��QRW�XQUHDVRQDEO\��WKDW�SHRSOH�KDYH�PRUH�DFTXDLQWDQFHV
DPRQJ�WKRVH�FORVH�WR�WKHP��LQ�WKH�VHQVH�GHILQHG�DERYH��WKDQ�DPRQJ�WKRVH�IDU�DZD\��%\�DQDORJ\�ZLWK
WKH�VWDQGDUG�VPDOO�ZRUOG�PRGHO�OHW�XV�SODFH�VKRUWFXWV�DURXQG�WKH�ULQJ�HTXDO�LQ�QXPEHU�WR�S�WLPHV�WKH
QXPEHU�RI�HGJHV�LQ�WKH�ULQJ�LWVHOI��ZKLFK�LQ�WKLV�FDVH�LV�MXVW�Q��6LQFH�HDFK�VKRUWFXW�KDV�WZR�HQGV�WKLV
PHDQV�WKDW�WKH�DYHUDJH�QXPEHU�RI�VKRUWFXWV�DWWDFKHG�WR�HDFK�YHUWH[�ZLOO�EH��S��DQG�WKH�DFWXDO�QXPEHU
ZLOO�EH�3RLVVRQ�GLVWULEXWHG�ZLWK�PHDQ��S���:KHUH�ZH�GLIIHU�IURP�WKH�VWDQGDUG�VPDOO�ZRUOG�PRGHO�LV
LQ�KRZ�WKHVH�VKRUWFXWV�DUH�SODFHG��6KRUWFXWV�DUH�VWLOO�SODFHG�DW�UDQGRP��EXW�WKH\�DUH�FKRVHQ�VR�WKDW�WKH
SUREDELOLW\�RI�D�SDUWLFXODU�VKRUWFXW�FRYHULQJ�D�GLVWDQFH�U� DURXQG� WKH� ULQJ� LV�.U�Į�� ZKHUH�Į� LV�D�QRQ�
QHJDWLYH�FRQVWDQW�DQG�.�LV�D�QRUPDOL]LQJ�FRQVWDQW��7KDW�LV��IRU�HDFK�VKRUWFXW�ZH�FKRRVH�ILUVW�LWV�OHQJWK
U�IURP�WKLV�GLVWULEXWLRQ��WKHQ�ZH�SODFH�WKH�VKRUWFXW��VSDQQLQJ�H[DFWO\�U�YHUWLFHV��DW�D�SRVLWLRQ�DURXQG
WKH� ULQJ� FKRVHQ� XQLIRUPO\� DW� UDQGRP�� ,I�Į�  � �� WKHQ�ZH� UHFRYHU� WKH� VWDQGDUG� VPDOO�ZRUOG�PRGHO� RI
6HFWLRQ� ������ EXW� PRUH� JHQHUDOO\�� IRU�Į� !� ��� WKH�PRGHO� KDV� D� SUHIHUHQFH� IRU� FRQQHFWLRQV� EHWZHHQ
QHDUE\�YHUWLFHV�
1RWH�WKDW�WKH�SUREDELOLW\�WKDW�D�SDUWLFXODU�VKRUWFXW�FRQQHFWV�D�VSHFLILF�SDLU�RI�YHUWLFHV�D�GLVWDQFH�U

DSDUW�LV�HTXDO�WR�.U�Į�Q��ZKLFK�LV�WKH�SUREDELOLW\�.U�Į� WKDW�WKH�VKRUWFXW�KDV�OHQJWK�U�PXOWLSOLHG�E\�WKH
SUREDELOLW\���Q�WKDW�RXW�RI�WKH�Q�SRVVLEOH�FKRLFHV�LW�IDOOV�LQ�WKH�VSHFLILF�SRVLWLRQ�DURXQG�WKH�ULQJ�WKDW
FRQQHFWV� WKH� WZR� YHUWLFHV� LQ� TXHVWLRQ��*LYHQ� WKDW� WKHUH� DUH�QS� VKRUWFXWV� LQ� WKH�ZKROH�QHWZRUN�� WKLV
PHDQV�WKDW�WKH�WRWDO�SUREDELOLW\�RI�KDYLQJ�D�VKRUWFXW�EHWZHHQ�D�JLYHQ�SDLU�RI�YHUWLFHV�LV�QS�î�.�Į�Q� 
S.U�Į�� �0RUH�FRUUHFWO\�� WKLV� LV� WKH�H[SHFWHG�QXPEHU�RI� VXFK�VKRUWFXWV��EXW� VR� ORQJ�DV� WKH�QXPEHU� LV
VPDOO��WKH�GLIIHUHQFH�LV�QHJOLJLEOH��
7KH�QRUPDOL]LQJ�FRQVWDQW�.�LV�IL[HG�E\�WKH�FRQGLWLRQ�WKDW�HYHU\�VKRUWFXW�PXVW�KDYH�VRPH�OHQJWK��DQG

WKDW�DOO�OHQJWKV�OLH�EHWZHHQ���DQG� ��VR�WKDW
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:H�FDQ�DSSUR[LPDWH�WKH�VXP�E\�DQ�LQWHJUDO�XVLQJ�WKH�WUDSH]RLGDO�UXOH�RI�(T�����������WKXV�
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ZKLFK�JLYHV
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DV�Q�EHFRPHV�ODUJH����
:H�FDQ�QRZ�VKRZ�WKDW��IRU�VXLWDEOH�FKRLFH�RI�Į��WKH�JUHHG\�DOJRULWKP�RQ�WKLV�QHWZRUN�FDQ�LQGHHG

ILQG�D�JLYHQ�WDUJHW�YHUWH[�TXLFNO\��7KH�SURRI�LV�DV�IROORZV��6XSSRVH��ZLWKRXW�ORVV�RI�JHQHUDOLW\��WKDW
WKH� WDUJHW� YHUWH[� LV� DW� WKH� WRS� RI� WKH� ULQJ�� DV� GHSLFWHG� LQ� )LJ�� ������ DQG� OHW� XV� GLYLGH� XS� WKH� RWKHU
YHUWLFHV� LQWR� FODVVHV� DFFRUGLQJ� WR� WKHLU� GLVWDQFH� IURP� WKH� WDUJHW��&ODVV� �� FRQVLVWV� RI� MXVW� WKH� WDUJHW
LWVHOI��&ODVV���FRQVLVWV�RI�DOO�YHUWLFHV�GLVWDQFH�G� ���IURP�WKH�WDUJHW�DURXQG�WKH�ULQJ��RI�ZKLFK�WKHUH�DUH
WZR��&ODVV���FRQVLVWV�RI�YHUWLFHV�ZLWK�GLVWDQFHV�LQ�WKH�UDQJH�����G������FODVV���RI�YHUWLFHV�����G�����
DQG�VR�IRUWK��(DFK�FODVV�LV�GRXEOH�WKH�VL]H�RI�WKH�SUHYLRXV�RQH��,Q�JHQHUDO��FODVV�N�FRQVLVWV�RI�YHUWLFHV
DW�GLVWDQFHV��N��� ��G����N�DQG�FRQWDLQV�QN� ��N�YHUWLFHV���)RU�VLPSOLFLW\��OHW�XV�DVVXPH�WKDW�WKH�WRWDO
QXPEHU�Q�RI�YHUWLFHV�LV�D�SRZHU�RI�WZR��PLQXV�RQH��VR�WKDW�HYHU\WKLQJ�ZRUNV�RXW�QHDWO\��
1RZ� FRQVLGHU� D� PHVVDJH� EHLQJ� SDVVHG� WKURXJK� WKH� QHWZRUN� DFFRUGLQJ� WR� WKH� JUHHG\� DOJRULWKP

GHVFULEHG�DERYH� DQG� VXSSRVH� WKDW� DW� D� SDUWLFXODU� VWHS�RI� WKH�SURFHVV� WKH�PHVVDJH� LV� DW� D�YHUWH[�RI
FODVV�N��+RZ�PDQ\�PRUH�VWHSV�ZLOO�LW�WDNH�EHIRUH�WKH�PHVVDJH�OHDYHV�FODVV�N�DQG�SDVVHV�LQWR�D�ORZHU
FODVV"�7KH�WRWDO�QXPEHU�RI�YHUWLFHV�LQ�ORZHU�FODVVHV�LV
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DQG�IURP�)LJ�������ZH�FDQ�VHH�WKDW�DOO�RI�WKHVH�DUH��DW�PRVW��D�GLVWDQFH���î��N�²������N���IURP�WKH
YHUWH[�LQ�FODVV�N�WKDW�FXUUHQWO\�KROGV�WKH�PHVVDJH��7KXV�WKH�SUREDELOLW\�RI�WKH�YHUWH[�ZLWK�WKH�PHVVDJH
KDYLQJ�D�VKRUWFXW�WR�D�SDUWLFXODU�RQH�RI�WKHVH�YHUWLFHV�LQ�ORZHU�FODVVHV�LV�DW�OHDVW�S.����N���Į��DQG�WKH
SUREDELOLW\�RI�KDYLQJ�D�VKRUWFXW�WR�DQ\�RI�WKHP�LV�DW�OHDVW�S.��N����N���Į�
,I�RXU�YHUWH[�KDV�QR�VKRUWFXW�WKDW�WDNHV�WKH�PHVVDJH�RXW�RI�FODVV�N�WKHQ��LQ�WKH�ZRUVW�FDVH��LW�VLPSO\

SDVVHV�WKH�PHVVDJH�WR�DQRWKHU�YHUWH[�LQ�FODVV�N�WKDW�LV�FORVHU�WR�WKH�WDUJHW��HLWKHU�YLD�D�VKRUWFXW�RU�E\
SDVVLQJ�DURXQG�WKH�ULQJ��8VLQJ�WKH�SUREDELOLW\�DERYH��WKH�H[SHFWHG�QXPEHU�RI�VXFK�PRYHV�PDGH�EHIRUH
ZH�ILQG�D�VKRUWFXW�WKDW�WDNHV�XV�RXW�RI�FODVV�N�LV�DW�PRVW
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)LQDOO\��DJDLQ�LQ�WKH�ZRUVW�FDVH��WKH�PHVVDJH�ZLOO�SDVV�WKURXJK�HDFK�RI�WKH�FODVVHV�EHIRUH�UHDFKLQJ

WKH�WDUJHW��7KHUH�DUH�ORJ���Q������FODVVHV�LQ�WRWDO�DQG�VXPPLQJ�RYHU�WKHP�ZH�ILQG�WKDW�DQ�XSSHU�ERXQG
RQ�WKH�H[SHFWHG�QXPEHU�RI�VWHSV�Ɛ�QHHGHG�WR�UHDFK�WKH�WDUJHW�LV
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0DNLQJ�XVH�RI�(T���������IRU�WKH�FRQVWDQW�.�DQG�WDNLQJ�WKH�OLPLW�RI�ODUJH�Q�ZH�ILQG�WKDW�DV\PSWRWLFDOO\
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ZKHUH�$��%��DQG�&�DUH�FRQVWDQWV�GHSHQGLQJ�RQ�Į�DQG�S��EXW�QRW�Q��ZKRVH�UDWKHU�FRPSOLFDWHG�YDOXHV�ZH
FDQ�ZRUN�RXW�IURP�(TV���������DQG��������LI�ZH�ZDQW�
6LQFH�(T���������JLYHV�DQ�XSSHU�ERXQG�RQ�Ɛ��WKLV�UHVXOW�JXDUDQWHHV�WKDW�IRU�WKH�SDUWLFXODU�FDVH�Į� ��



ZH�ZLOO�EH�DEOH�WR�ILQG�WKH�WDUJHW�YHUWH[�LQ�D�WLPH�WKDW�LQFUHDVHV�DV�ORJ��Q�ZLWK�WKH�VL]H�RI�WKH�QHWZRUN�
7KLV�LV�QRW�TXLWH�DV�JRRG�DV�ORJ�Q��ZKLFK�LV�WKH�DFWXDO�OHQJWK�RI�WKH�VKRUWHVW�SDWK�LQ�D�W\SLFDO�QHWZRUN�
EXW� LW� LV� VWLOO� D� VORZO\� JURZLQJ� IXQFWLRQ� RI�Q� DQG� LW� ZRXOG� EH� IDLU� WR� FODLP� WKDW� WKH� VPDOO�ZRUOG
H[SHULPHQW�ZRXOG� VXFFHHG� LQ� ILQGLQJ� VKRUW� SDWKV� LQ� D� QHWZRUN� WKDW� KDG�Į�  � ���7KXV� LW� LV� SRVVLEOH�
SURYLGHG� WKH� QHWZRUN� KDV� WKH� FRUUHFW� VWUXFWXUH�� IRU� D� VLPSOH� VWUDWHJ\� OLNH� WKH� JUHHG\� DOJRULWKP�� LQ
ZKLFK� YHUWLFHV� KDYH� NQRZOHGJH� RQO\� RI� WKHLU� LPPHGLDWH� QHWZRUN� QHLJKERUKRRG�� WR� SURGXFH� UHVXOWV
VLPLODU�WR�WKRVH�REVHUYHG�E\�0LOJUDP�LQ�KLV�H[SHULPHQW�
2Q�WKH�RWKHU�KDQG��LI�Į�����WKHQ�(T���������LQFUHDVHV�DV�D�SRZHU�RI�Q��VXJJHVWLQJ�WKDW�LW�ZRXOG�WDNH

PXFK� ORQJHU� LQ� VXFK� QHWZRUNV� WR� ILQG� WKH� WDUJHW� YHUWH[�� ,Q� SDUWLFXODU�� IRU� WKH� RULJLQDO� VPDOO�ZRUOG
PRGHO�RI�6HFWLRQ�������ZKLFK�FRUUHVSRQGV�WR�Į� ����(T���������JURZV�OLQHDUO\�ZLWK�Q��VXJJHVWLQJ�WKDW
WKH�0LOJUDP�H[SHULPHQW�FRXOG�WDNH�PLOOLRQV�RI�VWHSV�WR�ILQG�D�WDUJHW�LQ�D�VRFLDO�QHWZRUN�RI�PLOOLRQV�RI
SHRSOH��(TXDWLRQ��������LV�RQO\�DQ�XSSHU�ERXQG�RQ�WKH�WLPH�WDNHQ��VR�LI�RQH�LV�OXFN\�RQH�PD\�EH�DEOH
WR�ILQG�WKH�WDUJHW�IDVWHU��)RU�LQVWDQFH��LI�WKH�PHVVDJH�VWDUWV�DW�D�YHUWH[�WKDW�KDSSHQV�WR�KDYH�D�VKRUWFXW
GLUHFWO\� WR� WKH�WDUJHW�YHUWH[� WKHQ�RQH�FDQ�ILQG�WKH�WDUJHW� LQ�D�VLQJOH�VWHS��+RZHYHU��.OHLQEHUJ�>���@
ZDV�DOVR�DEOH�WR�SURYH�WKDW�WKH�DYHUDJH�WLPH�LW�WDNHV�WR�ILQG�WKH�WDUJHW�LQFUHDVHV�DW�OHDVW�DV�IDVW�DV�D
SRZHU� RI�Q� H[FHSW� LQ� WKH� VSHFLDO� FDVH�Į� ���� VR� LQ�JHQHUDO� WKH�JUHHG\�DOJRULWKP�IRU�Į�����ZLOO�QRW
ZRUN�ZHOO����
7KHVH� UHVXOWV� WHOO� XV� WZR� WKLQJV��)LUVW�� WKH\� WHOO� XV� WKDW� LW� LV� LQGHHG�SRVVLEOH� IRU� WKH� VPDOO�ZRUOG

H[SHULPHQW�WR�ZRUN�DV�REVHUYHG�HYHQ�LI�WKH�SDUWLFLSDQWV�GRQ¶W�NQRZ�WKH�GHWDLOV�RI�WKH�ZKROH�QHWZRUN�
6HFRQG��WKH\�WHOO�XV�WKDW��DW�OHDVW�ZLWKLQ�WKH�FRQWH[W�RI�WKH�DGPLWWHGO\�QRQ�UHDOLVWLF�PRGHO�XVHG�KHUH�
WKH�H[SHULPHQW�RQO\�ZRUNV�IRU�FHUWDLQ�YHU\�VSHFLDO�YDOXHV�RI�WKH�SDUDPHWHUV�RI�WKH�QHWZRUN��7KXV�WKH
VXFFHVV�RI�0LOJUDP¶V�H[SHULPHQW�VXJJHVWV�QRW�RQO\�WKDW��DV�0LOJUDP�FRQFOXGHG��WKHUH�DUH�VKRUW�SDWKV
LQ�VRFLDO�QHWZRUNV��EXW�DOVR�WKDW�WKH\�KDYH�D�SDUWLFXODU�VWUXFWXUH�WKDW�PDNHV�SDWK�ILQGLQJ�SRVVLEOH�
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:KLOH�LQWHUHVWLQJ��WKH�UHVXOWV�RI�WKH�SUHYLRXV�VHFWLRQ�DUH�QRW�ZKROO\�FRQYLQFLQJ�EHFDXVH�WKH�PRGHO�LV
FOHDUO\�QRW�D�UHDOLVWLF�RQH��3HRSOH�GRQ¶W�OLYH�DURXQG�D�FLUFOH�ZLWK�MXVW�D�IHZ�VKRUWFXWV�WR�RWKHUV��DQG
PHVVDJH�SDVVLQJ�GRHVQ¶W�ZRUN�EHFDXVH�SHRSOH�NQRZ�ZKHUH�RWKHUV�OLYH�RQ�WKH�FLUFOH�
6R�FDQ�ZH�GHULYH�VLPLODU�UHVXOWV�IRU�D�PRUH�UHDOLVWLF�QHWZRUN�PRGHO"�7R�DQVZHU�WKLV�TXHVWLRQ�OHW

XV� ILUVW� DVN� KRZ� PHVVDJH� SDVVLQJ�GRHV� ZRUN��:H� FDQ� JHW� D� KLQW� IURP� WKH� ³UHYHUVH� VPDOO�ZRUOG´
H[SHULPHQWV� RI� .LOOZRUWK� DQG� %HUQDUG� >���� ���@� GLVFXVVHG� LQ� 6HFWLRQ� ����� 5HFDOO� WKDW� LQ� WKHVH
H[SHULPHQWV�UHVHDUFKHUV�DVNHG�VXEMHFWV� WR� LPDJLQH� WKDW� WKH\�ZHUH�SDUWLFLSDWLQJ� LQ�0LOJUDP¶V�VPDOO�
ZRUOG�H[SHULPHQW�DQG�WKHQ�DVNHG�WKHP�ZKDW�LQIRUPDWLRQ�WKH\�ZRXOG�ZDQW�WR�NQRZ�DERXW�WKH�WDUJHW�LQ
RUGHU� WR�PDNH�D�GHFLVLRQ�DERXW�ZKR� WR�SDVV� WKHLU�PHVVDJH�RQ�WR��.LOOZRUWK�DQG�%HUQDUG�IRXQG� WKDW
WKUHH�SLHFHV�RI� LQIRUPDWLRQ�ZHUH�VRXJKW�PRUH�RIWHQ� WKDQ�DQ\�RWKHUV��DQG�E\�DOPRVW�DOO� VXEMHFWV�� WKH
QDPH��RFFXSDWLRQ��DQG�JHRJUDSKLF�ORFDWLRQ�RI�WKH�WDUJHW�
7KH� WDUJHW¶V�QDPH� LV�DQ�REYLRXV�UHTXLUHPHQW� LQ� WKH�VPDOO�ZRUOG�H[SHULPHQW��VLQFH� LW¶V�QHHGHG� WR

UHFRJQL]H�WKH�WDUJHW�ZKHQ�\RX�ILQG�KLP�RU�KHU��%H\RQG�WKDW��KRZHYHU��LW�SUREDEO\�GRHVQ¶W�SOD\�PXFK
UROH�LQ�WKH�PHVVDJH�SDVVLQJ��H[FHSW�SHUKDSV�LQ�FXOWXUHV�ZKHUH�QDPHV�FDQ�JLYH�D�FOXH�DV�WR�WKH�ORFDWLRQ
RU�VRFLDO�VWDWXV�RI�DQ�LQGLYLGXDO��2FFXSDWLRQ�DQG�JHRJUDSKLF�ORFDWLRQ��RQ�WKH�RWKHU�KDQG��DUH�RI�JUHDW
XVH�LQ�GHFLGLQJ�KRZ�WR�IRUZDUG�D�PHVVDJH��DQG�WKHVH�DSSHDU�WR�EH�WKH�SULPDU\�SLHFHV�RI�LQIRUPDWLRQ
SDUWLFLSDQWV�LQ�WKH�H[SHULPHQW�XVH�
7DNH�JHRJUDSKLF�ORFDWLRQ�DV�DQ�H[DPSOH��+RZ�ZRXOG�RQH�XVH�LQIRUPDWLRQ�RQ�JHRJUDSK\�WR�URXWH�D

PHVVDJH"�3UHVXPDEO\��RQH�ZRXOG�DWWHPSW� WR�SDVV� WKH�PHVVDJH� WR�VRPHRQH�FORVHU�JHRJUDSKLFDOO\� WR
WKH�WDUJHW�WKDQ�RQHVHOI��6XSSRVH�IRU�LQVWDQFH�WKDW�WKH�WDUJHW�OLYHV��DV�0LOJUDP¶V�GLG��LQ�D�VXEXUE�RI�WKH
FLW\�RI�%RVWRQ��0DVVDFKXVHWWV��LQ�WKH�8QLWHG�6WDWHV��$�SDUWLFLSDQW�LQ��VD\��(QJODQG��DWWHPSWLQJ�WR�JHW�D
PHVVDJH�WR�WKLV�WDUJHW��ZRXOG�SHUKDSV�ILUVW�IRUZDUG�LW� WR�VRPHRQH�WKH\�NQHZ�LQ�WKH�86��7KDW�SHUVRQ
PLJKW�IRUZDUG�LW�LQ�WXUQ�WR�VRPHRQH�WKH\�NQHZ�LQ�WKH�VWDWH�RI�0DVVDFKXVHWWV��ZKR�ZRXOG�IRUZDUG�LW�WR
VRPHRQH�LQ�%RVWRQ��ZKR�ZRXOG�IRUZDUG�LW�WR�WKH�WDUJHW¶V�VSHFLILF�VXEXUE��DQG�VR�IRUWK��$W�HDFK�VWHS�LQ
WKH�SURFHVV��WKH�SDUWLFLSDQWV�QDUURZ�GRZQ�WKH�VHDUFK�WR�D�VPDOOHU�DQG�VPDOOHU�JHRJUDSKLF�DUHD�XQWLO�
ZLWK�OXFN��WKH�DUHD�LV�VR�VPDOO�WKDW�VRPHRQH�WKHUH�NQRZV�WKH�WDUJHW�LQGLYLGXDO�GLUHFWO\�
,Q�D�VHQVH��WKLV�LV�ZKDW�KDSSHQV�LQ�.OHLQEHUJ¶V�PRGHO��,Q�6HFWLRQ��������ZH�GLYLGHG�.OHLQEHUJ¶V

FLUFOH�LQWR�]RQHV�RU�FODVVHV�WKDW�JHW�HYHU�VPDOOHU�DV�WKH\�FORVH�LQ�RQ�WKH�WDUJHW�DQG�VKRZHG�WKDW�XQGHU
VXLWDEOH�FLUFXPVWDQFHV�LW�WDNHV�RQO\�D�VPDOO�QXPEHU�RI�VWHSV�RI�WKH�PHVVDJH�SDVVLQJ�SURFHVV�WR�ILQG�D
FRQQHFWLRQ�IURP�RQH�FODVV�WR�WKH�QH[W�VPDOOHU�RQH��6LQFH�WKH�QXPEHU�RI�FODVVHV�LV�ORJDULWKPLF�LQ�WKH
VL]H�RI�WKH�QHWZRUN��WKLV�PHDQV�WKDW�LW�DOVR�WDNHV�RQO\�D�VPDOO�QXPEHU�RI�VWHSV�RYHUDOO�WR�KRPH�LQ�RQ
WKH� WDUJHW�� .OHLQEHUJ¶V� QHWZRUN� VWUXFWXUH� ZDV� XQUHDOLVWLF�� EXW� WKH� EDVLF� LGHD� RI� SURJUHVVLYHO\
QDUURZLQJ�WKH�ILHOG�LV�D�JRRG�RQH�DQG�ZH�ZRXOG�OLNH�WR�ILQG�D�PRUH�UHDOLVWLF�QHWZRUN�PRGHO�WR�ZKLFK
WKH�VDPH�W\SH�RI�DUJXPHQW�FDQ�EH�DSSOLHG�



�

)LJXUH� ������ 7KH� KLHUDUFKLFDO� PRGHO� RI� :DWWV� HW� DO�� 6PDOO� JURXSV� RI� LQGLYLGXDOV� �ER[HV�� DUH
GLYLGHG� XS� LQ� D� KLHUDUFKLFDO� VWUXFWXUH� UHSUHVHQWHG� E\� D� ELQDU\� WUHH�� ZKLFK� PLJKW�� IRU� LQVWDQFH�
FRUUHVSRQG� WR� WKH� KLHUDUFKLFDO� GLYLVLRQ� RI� JHRJUDSKLF� VSDFH� LQWR� FRXQWULHV�� UHJLRQV�� WRZQV�� DQG� VR
IRUWK��7KH�KLHUDUFK\�GLFWDWHV�ZKLFK�VRFLDO�FRQQHFWLRQV��LQGLFDWHG�E\�FXUYHV��DUH�PRVW�OLNHO\��$�YHUWH[
LQ�JURXS�$��IRU�LQVWDQFH��LV�PRVW�OLNHO\�WR�EH�FRQQHFWHG�WR�RWKHUV�FORVH�WR�LW�LQ�WKH�WUHH��%��&��DQG�OHVV
OLNHO\�WR�EH�FRQQHFWHG�WR�WKRVH�IXUWKHU�DZD\��'��(��
�
�
6XFK� D� PRGHO� LV� WKH� KLHUDUFKLFDO� PRGHO� RI�:DWWV�HW� DO�� >���@�� LQ� ZKLFK� WKH� LQWHUSOD\� RI� VRFLDO

VWUXFWXUH�DQG�JHRJUDSKLF�RU�RWKHU�GLPHQVLRQV�LV�UHSUHVHQWHG�E\�D�WUHH�RU�GHQGURJUDP�����,Q�WKH�FRQWH[W
RI� JHRJUDSK\�� IRU� H[DPSOH�� WKH�ZRUOG�ZRXOG� EH� GLYLGHG� LQWR� FRXQWULHV�� WKH� FRXQWULHV� LQWR� UHJLRQV�
VWDWHV��RU�SURYLQFHV��WKH�UHJLRQV�LQWR�FLWLHV�DQG�WRZQV��DQG�VR�IRUWK��7KH�GLYLVLRQ�HQGV�ZKHQ�ZH�UHDFK
XQLWV�VR�VPDOO�WKDW�LW�FDQ�UHDVRQDEO\�EH�DVVXPHG�WKDW�HYHU\RQH�NQRZV�HYHU\RQH�HOVH²D�VLQJOH�IDPLO\�
IRU�LQVWDQFH�
7KH�GLYLVLRQV�FDQ�EH�UHSUHVHQWHG�E\�D�WUHH�VWUXFWXUH�OLNH�WKDW�VKRZQ�LQ�)LJ��������7KH�WUHH�GHSLFWHG

LV�D�ELQDU\� WUHH� LQ� WKLV�FDVH��(DFK�EUDQFK�VSOLWV� LQ� WZR�� WKHQ� LQ� WZR�DJDLQ��DQG�VR� IRUWK�� ,Q� WKH� UHDO
ZRUOG�EUDQFKHV�PLJKW�HDVLO\�VSOLW�LQWR�PRUH�WKDQ�WZR�SDUWV��7KHUH�DUH�PRUH�WKDQ�WZR�FRXQWULHV�LQ�WKH
ZRUOG�DIWHU�DOO��+RZHYHU��WKH�ELQDU\�WUHH�LV�WKH�VLPSOHVW�FDVH�WR�VWXG\��DQG�WKH�RQH�VWXGLHG�E\�:DWWV�HW
DO����DQG�WKH�DQDO\VLV�JLYHQ�KHUH�IRU�WKH�ELQDU\�FDVH�FDQ�EH�JHQHUDOL]HG�WR�RWKHU�FDVHV�TXLWH�HDVLO\�
/HW�XV�DOVR�DVVXPH�WKDW�WKH�JURXSV�DW�WKH�ERWWRP�RI�WKH�WUHH�DOO�KDYH�WKH�VDPH�VL]H�J��$JDLQ�WKLV�LV�D

VLPSOLILFDWLRQ��EXW�D�XVHIXO�RQH�WKDW�GRHV�QRW�KDYH�D�PDMRU�HIIHFW�RQ�WKH�UHVXOWV��,I�WKH�WRWDO�QXPEHU�RI
LQGLYLGXDOV�LQ�WKH�QHWZRUN�LV�Q�WKHQ�WKH�QXPEHU�RI�JURXSV�LV�Q�J��DQG�WKH�QXPEHU�RI�OHYHOV�LQ�WKH�WUHH�LV
ORJ��Q�J��
7KH�PRGHO� RI�:DWWV�HW�DO��PDNHV� WZR�RWKHU� LPSRUWDQW� DVVXPSWLRQV�� )LUVW�� LW� DVVXPHV� WKDW� SHRSOH

PHDVXUH� GLVWDQFH� WR� D� WDUJHW� LQGLYLGXDO� LQ� WHUPV� RI� WKH� WUHH�� DQG�PRUH� VSHFLILFDOO\� LQ� WHUPV� RI� WKH
ORZHVW� FRPPRQ�DQFHVWRU� LQ� WKH� WUHH� WKDW� WKH\� VKDUH�ZLWK� WKH� WDUJHW��7KDW� LV�� SHRSOH� DUH� DEOH� WR� WHOO
ZKHQ�VRPHRQH�OLYHV�LQ�WKH�VDPH�FRXQWU\�DV�WKHPVHOYHV��RU�WKH�VDPH�UHJLRQ�RU�WRZQ��EXW�GR�QRW�KDYH
DQ\� GHWDLOHG� LQIRUPDWLRQ� EH\RQG� WKDW�� 7KLV� LV� D� PRUH� FRQVHUYDWLYH� DVVXPSWLRQ� WKDQ� LV� PDGH� E\
.OHLQEHUJ¶V� PRGHO�� ,Q� .OHLQEHUJ¶V� PRGHO� LW� LV� DVVXPHG� WKDW� SHRSOH� NQRZ� WKHLU� H[DFW� JHRPHWULF
GLVWDQFH�WR�WKH�WDUJHW��QR�PDWWHU�ZKHUH�LQ�WKH�QHWZRUN�WKH�WDUJHW�IDOOV��,Q�WKH�SUHVHQW�PRGHO�SHRSOH�KDYH
D�PXFK�PRUH�FRDUVH�JUDLQHG�LPSUHVVLRQ�RI�KRZ�FORVH�WKH\�DUH�WR�WKH�WDUJHW�



7KH�VHFRQG�DVVXPSWLRQ� LQ�WKH�PRGHO�RI�:DWWV�HW�DO�� LV� WKDW� WKH�VRFLDO�QHWZRUN�LWVHOI� LV�FRUUHODWHG
ZLWK�WKH�KLHUDUFKLFDO�WUHH�VWUXFWXUH�VR�WKDW�SHRSOH�ZKR�DUH�FORVHU�WRJHWKHU�LQ�WKH�WUHH��LQ�WKH�VHQVH�RI
VKDULQJ�D�ORZHU�FRPPRQ�DQFHVWRU��DUH�DOVR�PRUH�OLNHO\�WR�EH�DFTXDLQWHG��7KXV�SHRSOH�DUH�PRUH�OLNHO\
WR�NQRZ�RWKHUV�LQ�WKHLU�RZQ�FRXQWU\�WKDQ�LQ�RWKHU�FRXQWULHV��PRUH�OLNHO\�WR�NQRZ�RWKHUV�LQ�WKHLU�RZQ
WRZQ�WKDQ�LQ�RWKHU�WRZQV��DQG�VR�IRUWK��$�IHZ�VDPSOH�DFTXDLQWDQFHV�DUH�UHSUHVHQWHG�E\�WKH�FXUYHV�DW
WKH�ERWWRP�RI�WKH�ILJXUH�
7KXV� WKHUH� DUH� UHDOO\� WZR�QHWZRUNV�SUHVHQW� LQ� WKLV�PRGHO��7KHUH� LV� WKH� ³UHDO´� QHWZRUN�RI� DFWXDO

DFTXDLQWDQFHV�UHSUHVHQWHG�E\�WKH�FXUYHV��DQG�D�³VKDGRZ´�QHWZRUN��WKH�KLHUDUFKLFDO�WUHH��ZKLFK�LV�QRW
D� QHWZRUN� RI� DFWXDO� DFTXDLQWDQFHV� EXW� ZKLFK� LQIOXHQFHV� WKH� DFTXDLQWDQFH� QHWZRUN� DQG� RI� ZKLFK
LQGLYLGXDOV�DUH�VRPHZKDW�DZDUH��LQ�WKH�VHQVH�WKDW�WKH\�NQRZ�KRZ�FORVH�WKH\�DUH�WR�RWKHUV�LQ�WKH�WUHH�
$Q� LPSRUWDQW�SRLQW� WR�QRWH�DERXW� WKLV�PRGHO� LV� WKDW�DOWKRXJK�DQ� LQGLYLGXDO� LV� OHVV� OLNHO\� WR�NQRZ

RWKHUV�IDU�DZD\�LQ�WKH�WUHH��WKHUH�DUH�DOVR�PRUH�VXFK�IDUDZD\�LQGLYLGXDOV�WKDQ�WKHUH�DUH�RQHV�FORVH�E\�
DQG�WKH�WZR�HIIHFWV�FDQFHO�RXW�WR�VRPH�H[WHQW�VR�WKDW�LW�LV�TXLWH�SRVVLEOH�IRU�D�JLYHQ�LQGLYLGXDO�WR�NQRZ
RWKHUV�ZKR�DUH�ERWK�QHDU�DQG�IDU��7KH�SHRSOH�ZKR�OLYH�RQ�\RXU�VWUHHW��IRU�LQVWDQFH��DUH�FORVH�E\��VR
\RX�DUH�OLNHO\�WR�NQRZ�VRPH�RI�WKHP��EXW�WKH\�DUH�DOVR�IHZ�LQ�QXPEHU��%\�FRQWUDVW��,QGLD�PD\�EH�IDU
DZD\�IRU�\RX��GHSHQGLQJ�RQ�ZKHUH�\RX�OLYH��EXW�WKHUH�DUH�D�ORW�RI�SHRSOH�WKHUH��VR�HYHQ�WKRXJK�\RX
DUH�QRW�YHU\�OLNHO\� WR�NQRZ�DQ\�SDUWLFXODU� LQKDELWDQW�� LW� LV�QRQHWKHOHVV�TXLWH� OLNHO\� WKDW�\RX�NQRZ�DW
OHDVW� RQH� RXW� RI� WKH� ZKROH� SRSXODWLRQ�� 7KLV� EHKDYLRU� LV� FUXFLDO� WR� PDNLQJ� WKH� PHVVDJH�SDVVLQJ
H[SHULPHQW�ZRUN�RQ�WKLV�QHWZRUN�
&RQVLGHU�DQ�LQGLYLGXDO�LQ�JURXS�$�LQ�)LJ��������/HW�XV�VXSSRVH�WKDW��EHFDXVH�RI� WKH�HIIHFW�DERYH�

WKLV�LQGLYLGXDO�KDV�DW�OHDVW�RQH�DFTXDLQWDQFH�DW�HYHU\�³GLVWDQFH´�LQ�WKH�WUHH��L�H���RQH�DFTXDLQWDQFH�LQ
HYHU\�VXEWUHH�RI�WKH�KLHUDUFK\�ZLWK�ZKLFK�WKH\�VKDUH�D�FRPPRQ�DQFHVWRU��7KDW�LV��WKH\�NQRZ�RQH�RI�WKH
LQGLYLGXDOV� LQ�JURXS�%�� WKH�RQH�JURXS�ZLWK�ZKLFK� WKH\� VKDUH� DQFHVWRU���� DQG� WKH\� DOVR�NQRZ� �VD\�
VRPHRQH�LQ�JURXS�&��RQH�RI�WKH�WZR�ZLWK�ZKRP�WKH\�VKDUH�DQFHVWRU����DQG�VR�RQ�WKURXJK�JURXSV�'�DQG
(�DV� VKRZQ��$QG� VXSSRVH� WKDW� D� VLPLODU�SDWWHUQ�RI� DFTXDLQWDQFHV�KROGV� IRU� HYHU\� LQGLYLGXDO� LQ� WKH
QHWZRUN�� HYHU\RQH� NQRZV� DW� OHDVW� RQH� SHUVRQ� LQ� HYHU\� VXEWUHH� ZLWK� ZKRP� WKH\� VKDUH� D� FRPPRQ
DQFHVWRU�
1RZ�FRQVLGHU�D�JUHHG\�DOJRULWKP�IRU�PHVVDJH�SDVVLQJ�RQ�WKLV�QHWZRUN��6XSSRVH�WKH�PHVVDJH�VWDUWV

DW� D� YHUWH[� LQ� JURXS� $� DQG�� DV� EHIRUH�� WKH� KROGHU� RI� WKH� PHVVDJH� DW� HDFK� VWHS� SDVVHV� LW� WR� DQ
DFTXDLQWDQFH� FORVHU� WR� WKH� WDUJHW� WKDQ� WKH\� DUH�� GLVWDQFH� QRZ� EHLQJ� PHDVXUHG� LQ� WKH� VHQVH� RI� WKH
KLHUDUFKLFDO�WUHH�DV�GHVFULEHG�DERYH�
6XSSRVH�WKH�WDUJHW�YHUWH[�LV�LQ�JURXS�;��ZKLFK�VKDUHV�D�FRPPRQ�DQFHVWRU�ZLWK�$�RQO\�DW�WKH�KLJKHVW

DQG�FRDUVHVW�OHYHO�PDUNHG���LQ�WKH�ILJXUH��7KDW�LV��WKH�WDUJHW�LV�LQ�WKH�RSSRVLWH�VXEWUHH�RI�DQFHVWRU��
IURP�$��%\�K\SRWKHVLV��WKH�LQGLYLGXDO�KROGLQJ�WKH�PHVVDJH�NQRZV�WKLV�DQG�KHQFH�NQRZV�WKDW�LQ�RUGHU
WR�JHW�WKH�PHVVDJH�FORVHU�WR�WKH�WDUJHW�WKH\�PXVW�SDVV�LW�WR�VRPHRQH�LQ�WKDW�RSSRVLWH�VXEWUHH��/XFNLO\�
XQGHU�WKH�DVVXPSWLRQ�DERYH�WKH\�DOZD\V�KDYH�VXFK�DQ�DFTXDLQWDQFH��LQ�WKLV�FDVH�LQ�JURXS�(��6R�WKH\
SDVV�WKH�PHVVDJH�WR�WKHLU�IULHQG�LQ�JURXS�(��7KH�IULHQG�QRZ�QRWHV�WKDW�WKH�WDUJHW�;�LV� LQ�WKH�VXEWUHH
ZLWK� ZKRP� WKH\� VKDUH� WKH� FRPPRQ� DQFHVWRU� PDUNHG� �� DQG� KHQFH� NQRZV� WKDW� WKH\� PXVW� SDVV� WKH
PHVVDJH�WR�D�QHLJKERU�LQ�WKDW�VXEWUHH�WR�JHW�LW�FORVHU�WR�WKH�WDUJHW��$JDLQ��E\�GHILQLWLRQ��WKH\�KDYH�DW
OHDVW�RQH�VXFK�QHLJKERU��WR�ZKRP�WKH\�SDVV�WKH�PHVVDJH��$QG�VR�WKH�SURFHVV�SURFHHGV��$W�HDFK�VWHS
ZH�QDUURZ�GRZQ�RXU�VHDUFK�WR�D�VPDOOHU�VXEWUHH�RI�WKH�RYHUDOO�QHWZRUN��RU�HTXLYDOHQWO\�ZH�PRYH�WR�D
ORZHU�OHYHO�LQ�WKH�KLHUDUFK\��SLYRWLQJ�DERXW�D�ORZHU�FRPPRQ�DQFHVWRU��%XW�WKH�WRWDO�QXPEHU�RI�OHYHOV
LQ�WKH�KLHUDUFK\�LV�ORJ��Q�J��DQG�KHQFH�WKLV�LV�WKH�PD[LPXP�QXPEHU�RI�VWHSV�WKDW�WKH�SURFHVV�ZLOO�WDNH
WR� UHDFK� WKH� WDUJHW�� ,Q� WKLV�PRGHO�� WKHUHIRUH�� WKH�PHVVDJH� DOZD\V� UHDFKHV� LWV� WDUJHW� LQ� D� ORJDULWKPLF
QXPEHU�RI�VWHSV�



,W¶V�QRW��KRZHYHU��YHU\�UHDOLVWLF�WR�DVVXPH�WKDW�HDFK�LQGLYLGXDO�LQ�WKH�QHWZRUN�NQRZV�DW�OHDVW�RQH
SHUVRQ�DW�HDFK�GLVWDQFH��:DWWV�HW�DO��FRQVLGHUHG�D�PRUH�UHDOLVWLF�SUREDELOLVWLF�PRGHO�LQ�ZKLFK�WKHUH�LV
D� SUREDELOLW\�SP�RI� WZR� LQGLYLGXDOV�NQRZLQJ�RQH�DQRWKHU�ZKHQ� WKHLU� ORZHVW�FRPPRQ�DQFHVWRU� LV�DW
OHYHO�P� LQ�WKH�WUHH��7KH�OHYHO�LV�GHILQHG�WR�EH�P� ���IRU�JURXSV�WKDW�DUH�LPPHGLDWHO\�DGMDFHQW��DV�$
DQG�%�DUH�LQ�)LJ��������DQG�WR�LQFUHDVH�E\�RQH�IRU�HDFK�KLJKHU�OHYHO�XS�WR�D�PD[LPXP�RI�P� �ORJ���Q�J�
����DW�WKH�WRS�RI�WKH�WUHH�
:DWWV�HW�DO��FRQVLGHUHG�WKH�SDUWLFXODU�FKRLFH

�

������
�

ZKHUH�&� DQG�ȕ� DUH� FRQVWDQWV����� 6R� ORQJ� DV�ȕ� LV� SRVLWLYH� WKLV� FKRLFH� JLYHV�� DV� GHVLUHG�� D� ORZHU
SUREDELOLW\�RI�DFTXDLQWDQFH�ZLWK�PRUH�GLVWDQW�LQGLYLGXDOV��WKH�H[DFW�UDWH�RI�YDULDWLRQ�EHLQJ�FRQWUROOHG
E\�WKH�YDOXH�RI�ȕ��7KH�SDUDPHWHU�&�FRQWUROV�WKH�RYHUDOO�QXPEHU�RI�DFTXDLQWDQFHV�WKDW�HDFK�LQGLYLGXDO
KDV�
7KH�QXPEHU�RI�YHUWLFHV�ZLWK�ZKLFK�DQ\�JLYHQ�YHUWH[�VKDUHV�LWV�DQFHVWRU�DW�OHYHO�P�LV�MXVW��P�J�DQG

KHQFH�WKH�H[SHFWHG�QXPEHU�RI�VXFK�YHUWLFHV�WKDW�LW�ZLOO�EH�FRQQHFWHG�WR�LV

�

�������
�

ZLWK�WKH�FKRLFH�DERYH�IRU�SP��6XPPLQJ�RYHU�DOO�OHYHOV�WKH�WRWDO�H[SHFWHG�QXPEHU�RI�DFTXDLQWDQFHV
DQ�LQGLYLGXDO�KDV��WKHLU�DYHUDJH�GHJUHH�LQ�WKH�QHWZRUN��LV

�

�������
�

�

7KXV�WKH�FRQVWDQW�&�LV�JLYHQ�E\



�

�������
�
�

,Q�WKH�OLPLW�RI�ODUJH�Q�WKLV�VLPSOLILHV�WR

�

�������
�
�
1RZ�LI�D�SDUWLFXODU�YHUWH[�UHFHLYHV�D�PHVVDJH�DQG�ZDQWV� WR�SDVV� LW� WR�D�PHPEHU�RI� WKH�RSSRVLWH

VXEWUHH�DW�OHYHO�P��LW�FDQ�GR�VR�SURYLGHG�LW�KDV�D�VXLWDEOH�DFTXDLQWDQFH��,I���������LV�VPDOO��KRZHYHU�
WKHQ�PRVW�OLNHO\�LW�ZLOO�QRW��LQ�ZKLFK�FDVH�WKH�EHVW�LW�FDQ�GR�LV�WR�SDVV�WKH�PHVVDJH�WR�VRPHRQH�HOVH�LQ
WKH�VXEWUHH�LW�LV�DOUHDG\�LQ��ZKR�FDQ�WKHQ�UHSHDW�WKH�SURFHVV��7KH�H[SHFWHG�QXPEHU�RI�WLPHV�WKLV�ZLOO
KDSSHQ�EHIRUH�RQH�SHUVRQ�GRHV�KDYH�D�QHLJKERU�LQ�WKH�RSSRVLWH�VXEWUHH�LV�JLYHQ�E\�WKH�UHFLSURFDO�RI
���������ZKLFK�LV���ȕ���P��&J��7KHQ��VXPPLQJ�WKLV�RYHU�DOO�OHYHOV��WKH�WRWDO�H[SHFWHG�QXPEHU�RI�VWHSV�WR
UHDFK�WKH�WDUJHW�LV

�

�������
�

�

,W�LV�DOVR�SRVVLEOH�WKDW�WKH�YHUWH[�KROGLQJ�WKH�PHVVDJH�ZLOO�QRW�KDYH�D�QHLJKERU�HLWKHU�LQ�WKH�RSSRVLWH
VXEWUHH�RU�LQ�LWV�RZQ�VXEWUHH��,I�WKLV�KDSSHQV�WKHQ�WKH�YHUWH[�KDV�RQO\�QHLJKERUV�IXUWKHU�IURP�WKH�WDUJHW
WKDQ� LW� LV� DQG�QRQH�QHDUHU�� ,Q� WKLV�FDVH� WKH�0LOJUDP�H[SHULPHQW� IDLOV²UHFDOO� WKDW�SDUWLFLSDQWV�ZHUH
DVNHG� WR� SDVV� WKH� PHVVDJH� WR� VRPHRQH� FORVHU� WR� WKH� WDUJHW�� 7KLV�� KRZHYHU�� LV� QRW� QHFHVVDULO\
XQUHDOLVWLF�� $V� :DWWV� HW� DO�� SRLQWHG� RXW�� WKLV� SUHVXPDEO\� GRHV� KDSSHQ� LQ� WKH� UHDO� H[SHULPHQW
VRPHWLPHV��DQG�PRUHRYHU�LW�LV�ZHOO�GRFXPHQWHG�WKDW�PDQ\�PHVVDJHV��D�PDMRULW\�LQ�IDFW��JHW�ORVW�DQG
QHYHU�UHDFK�WKHLU�WDUJHW��)RU�PHVVDJHV�WKDW�GR�JHW�WKURXJK��KRZHYHU��(T����������JLYHV�DQ�HVWLPDWH�RI
WKH�QXPEHU�RI�VWHSV�WKH\�WDNH�WR�DUULYH�



(TXDWLRQ���������LV�UDWKHU�VLPLODU�WR�WKH�FRUUHVSRQGLQJ�H[SUHVVLRQ�IRU�WKH�PRGHO�RI�.OHLQEHUJ��(T�
�������� ZKLFK� LV� QRW� D� FRLQFLGHQFH� VLQFH� WKH� PHFKDQLVPV� E\� ZKLFK� WKH� PHVVDJH�SDVVLQJ� SURFHVV
SURFHHGV�DUH�VLPLODU�LQ�WKH�WZR�FDVHV��7DNLQJ�WKH�OLPLW�RI�ODUJH�Q�DQG�PDNLQJ�XVH�RI�(T�����������ZH
ILQG�WKDW

�

�������
�

ZKHUH�'��(��DQG�¦�DUH�FRQVWDQWV�
7KHVH�UHVXOWV�KDYH�WKH�VDPH�IXQFWLRQDO�IRUP�DV�WKRVH�RI�(T���������IRU�.OHLQEHUJ¶V�PRGHO�DQG�WHOO

XV�WKDW�LW�LV�LQGHHG�SRVVLEOH�IRU�0LOJUDP¶V�H[SHULPHQW�WR�VXFFHHG�LQ�QHWZRUNV�RI�WKLV�W\SH��EXW�RQO\�IRU
WKH�VSHFLDO�SDUDPHWHU�YDOXH�ȕ� ����)RU�DOO�RWKHU�YDOXHV��WKH�QXPEHU�RI�VWHSV�Ɛ�WDNHQ�WR�UHDFK�WKH�WDUJHW
LQFUHDVHV�DV�D�SRZHU�RI�Q�
7KXV� WKH� PRGHO� RI� :DWWV�HW� DO�� FRQILUPV� .OHLQEHUJ¶V� UHVXOWV� LQ� WKH� FRQWH[W� RI� D� PRUH� UHDOLVWLF

QHWZRUN��7KH�UHVXOWV�DUH��KRZHYHU��VRPHZKDW�P\VWHULRXV�LQ�D�ZD\��7KH�LGHD�WKDW�WKH�QHWZRUN�PXVW�EH
WXQHG�WR�D�VSHFLDO�SRLQW�LQ�RUGHU�IRU�WKH�0LOJUDP�H[SHULPHQW�WR�VXFFHHG�LV�VXUSULVLQJ��7KH�0LOJUDP
H[SHULPHQW�GRHV�DSSHDU�WR�VXFFHHG�ZKHQ�FRQGXFWHG�RQ�UHDO�ZRUOG�VRFLDO�QHWZRUNV��EXW�RQ�WKH�IDFH�RI
LW�WKHUH�LV�QR�FOHDU�UHDVRQ�ZK\�UHDO�ZRUOG�QHWZRUNV�VKRXOG�IDOO�DW�WKLV�VSHFLDO�SRLQW��,V�LW�UHDOO\�WUXH
WKDW�LI�WKH�ZRUOG�KDSSHQHG�WR�EH�D�OLWWOH�GLIIHUHQW�IURP�WKH�ZD\�LW�LV��0LOJUDP¶V�H[SHULPHQW�ZRXOG�IDLO"
7KLV� LV�D�SRLQW� WKDW� LV�QRW�\HW� IXOO\�XQGHUVWRRG��,W� LV�SRVVLEOH� WKDW�RXU�PRGHO�PLVVHV�VRPH�LPSRUWDQW
IHDWXUH�RI� WKH�QHWZRUN�VWUXFWXUH� WKDW�PDNHV�PHVVDJH�SDVVLQJ�PRUH�UREXVW� LQ� WKH�UHDO�ZRUOG�DQG�OHVV
GHSHQGHQW�RQ�WKH�SUHFLVH�WXQLQJ�RI�WKH�QHWZRUN��RU�WKDW�SHRSOH�DUH�XVLQJ�D�GLIIHUHQW�VFKHPH�IRU�SDVVLQJ
PHVVDJHV� WKDW� ZRUNV� VXEVWDQWLDOO\� EHWWHU� WKDQ� RXU� JUHHG\� DOJRULWKP�� 2Q� WKH� RWKHU� KDQG�� LW� LV� DOVR
SRVVLEOH�WKDW�RXU�PRGHO�LV�EDVLFDOO\�FRUUHFW�EXW�WKDW�WKH�ZRUOG�LV�LQ�IDFW�RQO\�UDWKHU�ORRVHO\�WXQHG�WR
WKH� VSHFLDO� SRLQW�ȕ�  � �� DW�ZKLFK�PHVVDJH� SDVVLQJ� VXFFHHGV� LQ� ILQGLQJ� VKRUW� SDWKV�� )RU� YDOXHV� RI�ȕ
FORVH�WR���WKH�SRZHU�RI�Q�LQ�(T����������LV�VPDOO�DQG�KHQFH�Ɛ�VWLOO�JURZV�TXLWH�VORZO\��,QGHHG�LW�LV�LQ
JHQHUDO�GLIILFXOW�WR�GLVWLQJXLVK�H[SHULPHQWDOO\�EHWZHHQ�ORZ�SRZHUV�DQG�ORJDULWKPV��VR�DQ\�YDOXH�RI�ȕ
LQ� WKH� URXJK� YLFLQLW\� RI�ȕ�  � �� FRXOG� UHVXOW� LQ� JRRG� DSSDUHQW� SHUIRUPDQFH� LQ� WKH� PHVVDJH� SDVVLQJ
H[SHULPHQW�

�
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�

����� 6XSSRVH� WKDW� ZH� XVH� D� ZHE� FUDZOHU� WR� FUDZO� D� VPDOO� SRUWLRQ� RI� WKH� :HE�� VWDUWLQJ� IURP� D
UDQGRPO\� FKRVHQ� ZHE� SDJH� VRPHZKHUH� LQ� WKH� ODUJH� LQ�FRPSRQHQW�� /HW� XV� PRGHO� WKH� FUDZO� DV� D
EUHDGWK�ILUVW�VHDUFK�VWDUWLQJ�IURP�WKH�JLYHQ�YHUWH[�DQG�SURFHHGLQJ�IRU�U�³ZDYHV´�RI�VHDUFK��L�H���XQWLO�LW
UHDFKHV�YHUWLFHV�WKDW�DUH�U�VWHSV�DZD\�IURP�WKH�VWDUW��/HW�6L�EH�WKH�VL]H�RI�WKH�ODUJH�LQ�FRPSRQHQW�

D��:KDW�LV�WKH�SUREDELOLW\�WKDW�D�JLYHQ�ZHE�SDJH�KDV�EHHQ�FUDZOHG�DW�WKH�³]HURWK´�ZDYH�RI�WKH
DOJRULWKP��L�H���ZKHQ�RQO\�WKH�RQH�VWDUWLQJ�SDJH�KDV�EHHQ�FUDZOHG"

E��$UJXH�WKDW�WKH�SUREDELOLW\�SL�WKDW�D�SDJH�LV�ILUVW�UHDFKHG�E\�WKH�FUDZO�RQ�WKH�UWK�ZDYH�LV�JLYHQ
DSSUR[LPDWHO\� E\�S�U��  �$S�U²� ���� ZKHUH�S�  � �S��� S��� ������ :K\� LV� WKLV� UHODWLRQ� RQO\
DSSUR[LPDWH�LQ�JHQHUDO"

F�� +HQFH� DUJXH� WKDW� WKH� SUREDELOLW\� RI� D� SDJH� EHLQJ� IRXQG� LQ� D� VPDOO� FUDZO� LV� URXJKO\
SURSRUWLRQDO�WR�WKH�HLJHQYHFWRU�FHQWUDOLW\�RI�WKH�SDJH��5HFDOO�WKDW�WKH�HLJHQYHFWRU�FHQWUDOLW\�LV
]HUR� IRU� YHUWLFHV� LQ� WKH� LQ�FRPSRQHQW� WKDW� GRQ¶W� DOVR� EHORQJ� WR� WKH� VWURQJO\� FRQQHFWHG
FRPSRQHQW��VHH�6HFWLRQ�������([SODLQ�ZK\�WKLV�PDNHV�VHQVH�LQ�WKH�SUHVHQW�FRQWH[W�

�

����� 6XSSRVH� WKDW� D� VHDUFK� LV� SHUIRUPHG�RQ� D� SHHU�WR�SHHU� QHWZRUN�XVLQJ� WKH� IROORZLQJ� DOJRULWKP�
(DFK�YHUWH[�RQ�WKH�QHWZRUN�PDLQWDLQV�D�UHFRUG�RI�WKH�LWHPV�KHOG�E\�HDFK�RI�LWV�QHLJKERUV��7KH�YHUWH[
RULJLQDWLQJ�D�VHDUFK�TXHULHV�RQH�RI�LWV�QHLJKERUV��FKRVHQ�XQLIRUPO\�DW�UDQGRP��IRU�D�GHVLUHG�LWHP�DQG
WKH�QHLJKERU�UHVSRQGV�HLWKHU�WKDW�LW�RU�RQH�RI�LWV�QHLJKERUV�KDV�WKH�LWHP��LQ�ZKLFK�FDVH�WKH�VHDUFK�HQGV�
RU� WKDW� WKH\�GR�QRW�� ,Q� WKH� ODWWHU� FDVH�� WKH�QHLJKERULQJ�YHUWH[� WKHQ�SDVVHV� WKH�TXHU\�RQ� WR�RQH�RI�LWV
QHLJKERUV��FKRVHQ�DW� UDQGRP��DQG�WKH�SURFHVV� UHSHDWV�XQWLO� WKH� LWHP�LV�IRXQG��(IIHFWLYHO\�� WKHUHIRUH�
WKH�VHDUFK�TXHU\�PDNHV�D�UDQGRP�ZDON�RQ�WKH�QHWZRUN�

D��$UJXH�WKDW��LQ�WKH�OLPLW�RI�D�ODUJH�QXPEHU�RI�VWHSV��WKH�SUREDELOLW\�WKDW�WKH�TXHU\�HQFRXQWHUV�D
YHUWH[�L� RQ� DQ\� SDUWLFXODU� VWHS� LV�NL��P�� ZKHUH�NL� LV� WKH� GHJUHH� DV� XVXDO� DQG�P� LV� WKH� WRWDO
QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN�

E��8SRQ�DUULYLQJ�DW�D�YHUWH[�RI�GHJUHH�N��WKH�VHDUFK�OHDUQV��DW�PRVW��DERXW�WKH�LWHPV�KHOG�E\�DOO�RI
WKDW� YHUWH[¶V�N� QHLJKERUV� H[FHSW� IRU� WKH� RQH� WKH� TXHU\� LV� FRPLQJ� IURP�� IRU� D� WRWDO� RI�N� �� �
YHUWLFHV�� 6KRZ� WKDW� RQ� DYHUDJH� DW� HDFK� VWHS� WKH� VHDUFK� OHDUQV� DERXW� WKH� FRQWHQWV� RI
DSSUR[LPDWHO\� N��N²�� YHUWLFHV� DQG� KHQFH� WKDW�� IRU� D� WDUJHW� LWHP� WKDW� FDQ� EH� IRXQG� DW� D
IUDFWLRQ�F�RI�WKH�YHUWLFHV�LQ�WKH�QHWZRUN��WKH�H[SHFWHG�QXPEHU�RI�FRSLHV�RI�WKH�LWHP�IRXQG�RQ�D
JLYHQ�VWHS�LV�F�N��N������

F��$UJXH�WKDW�WKH�SUREDELOLW\�RI�QRW�ILQGLQJ�WKH�WDUJHW�LWHP�RQ�DQ\�SDUWLFXODU�VWHS�LV�DSSUR[LPDWHO\
T� �H[S>F����N��N�@�DQG�WKDW�DYHUDJH�QXPEHU�RI�VWHSV�LW�WDNHV�WR�ILQG�D�FRS\�RI�WKH�LWHP�LV
�������T��

G��2Q�D�QHWZRUN�ZLWK�D�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ�ZLWK�H[SRQHQW�OHVV�WKDQ����VR�WKDW�N��ĺ
��� WKLV� ODVW� UHVXOW� LPSOLHV� WKDW� LQ� WKH� OLPLW�RI� ODUJH�QHWZRUN�VL]H� WKH�VHDUFK�VKRXOG�HQG�DIWHU
RQO\�RQH�VWHS��,V�WKLV�UHDOO\�WUXH"�,I�QRW��H[SODLQ�ZK\�QRW�



�

$OWKRXJK�WKH�UDQGRP�ZDON�LV�QRW�D�UHDOLVWLF�PRGHO�IRU�DFWXDO�QHWZRUN�VHDUFK�LW�LV�QRQHWKHOHVV�XVHIXO�
SUHVXPDEO\�PRUH�LQWHOOLJHQW�VHDUFK�VWUDWHJLHV�ZLOO�ILQG�UHVXOWV�TXLFNHU�WKDQ�D�PLQGOHVV�UDQGRP�ZDON
DQG�KHQFH�WKH�UDQGRP�ZDON�SURYLGHV�DQ�XSSHU�ERXQG�RQ�WKH�OHQJWK�RI�VHDUFK�QHHGHG�WR�ILQG�DQ�LWHP��,Q
SDUWLFXODU�� LI� WKH� UDQGRP� ZDON� ZRUNV� ZHOO�� DV� LQ� WKH� H[DPSOH� DERYH�� WKHQ� LW� VXJJHVWV� WKDW� PRUH
LQWHOOLJHQW�IRUPV�RI�VHDUFK�ZLOO�DOVR�ZRUN�ZHOO�
�

�����7KH�QHWZRUN�QDYLJDWLRQ�PRGHO�RI�.OHLQEHUJ�GHVFULEHG� LQ�6HFWLRQ�������� LV�D�RQH�GLPHQVLRQDO
YHUVLRQ�RI�ZKDW�ZDV��RULJLQDOO\��D�WZR�GLPHQVLRQDO�PRGHO��,Q�.OHLQEHUJ¶V�RULJLQDO�YHUVLRQ��WKH�PRGHO
ZDV�EXLOW�RQ�D�WZR�GLPHQVLRQDO�VTXDUH�ODWWLFH�ZLWK�YHUWLFHV�FRQQHFWHG�E\�VKRUWFXWV�ZLWK�SUREDELOLW\
SURSRUWLRQDO� WR�U�Į� ZKHUH�U� LV� WKH� ³0DQKDWWDQ´� GLVWDQFH� EHWZHHQ� WKH� YHUWLFHV�� L�H��� WKH� JHRGHVLF
QHWZRUN� GLVWDQFH� LQ� WHUPV� RI� QXPEHU� RI� HGJHV� WUDYHUVHG� �UDWKHU� WKDQ� WKH� (XFOLGHDQ� GLVWDQFH��
)ROORZLQJ�WKH�RXWOLQH�RI�6HFWLRQ���������VNHWFK�DQ�DUJXPHQW�WR�VKRZ�IRU�WKLV�YDULDQW�RI�WKH�PRGHO�WKDW
LW�LV�SRVVLEOH�WR�ILQG�D�WDUJHW�YHUWH[�LQ�2�ORJ��Q��VWHSV��EXW�RQO\�LI�Į� ���
�

�����6KRZ�WKDW� WKH�DELOLW\� WR�ILQG�VKRUW�SDWKV��RI�RUGHU�ORJ��Q�� LQ� WKH�KLHUDUFKLFDO�PRGHO�RI�6HFWLRQ
�������FRLQFLGHV�ZLWK�WKH�VWDWH�RI�WKH�QHWZRUN�LQ�ZKLFK�D�YHUWH[�KDV�HTXDO�QXPEHUV�RI�QHLJKERUV�RQ
DYHUDJH�DW�HDFK�SRVVLEOH�GLVWDQFH��ZKHUH�³GLVWDQFH´�LV�GHILQHG�E\�WKH�ORZHVW�FRPPRQ�DQFHVWRU�WZR
YHUWLFHV�VKDUH�
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>�@�$EHOOR��-���%XFKVEDXP��$���DQG�:HVWEURRN��-���$�IXQFWLRQDO�DSSURDFK�WR�H[WHUQDO�JUDSK�DOJRULWKPV�
LQ�3URFHHGLQJV�RI�WKH��WK�(XURSHDQ�6\PSRVLXP�RQ�$OJRULWKPV��6SULQJHU��%HUOLQ��������
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DEVRUELQJ�UDQGRP�ZDON
�DFTXDLQWDQFH�LPPXQL]DWLRQ
�DFWRU
�DFWRU�GDWDEDVH
�DF\FOLF�QHWZRUN
� DEVHQFH�RI�ORRSV�LQ
� DFDGHPLF�FLWDWLRQ�QHWZRUN
� DGMDFHQF\�PDWUL[�IRU
� FDVFDGH�PRGHO
� FLWDWLRQ�QHWZRUN
� HLJHQYHFWRU�FHQWUDOLW\
� IRRG�ZHE
� OHJDO�FLWDWLRQ�QHWZRUN
� SDWHQW�FLWDWLRQ�QHWZRUN
� 3ULFH�PRGHO
� VFLHQWLILF�FLWDWLRQ�QHWZRUN
� VHOI�HGJHV�LQ
� VWURQJO\�FRQQHFWHG�FRPSRQHQWV
� WHVW�IRU
� YHUWH[�RUGHULQJ
� YLVXDOL]DWLRQ
�$GG+HDOWK�VWXG\
�DGMDFHQF\�OLVW
� DGGLQJ�DQ�HGJH�WR
� FRPSXWDWLRQDO�FRPSOH[LW\�RI�RSHUDWLRQV
� GLUHFWHG�QHWZRUN
� HQXPHUDWLQJ�HGJHV
� ILQGLQJ�DQ�HGJH
� K\EULG�PDWUL[�OLVW�UHSUHVHQWDWLRQ
� PXOWLHGJHV
� UHPRYLQJ�DQ�HGJH
� VHOI�HGJHV
� XQGLUHFWHG�QHWZRUN
�DGMDFHQF\�PDWUL[
� DF\FOLF�QHWZRUN
� DGGLQJ�DQ�HGJH�WR
� DV\PPHWULF
� EORFN�GLDJRQDO
� FRPSXWDWLRQDO�FRPSOH[LW\�RI�RSHUDWLRQV
� FRUUHODWLRQ�FRHIILFLHQW�IRU�URZV
� FRYDULDQFH�RI�URZV



� GHQVH�QHWZRUN
� GLDJRQDO�HOHPHQWV
� GLUHFWHG�QHWZRUN
� HLJHQYDOXHV
� HLJHQYHFWRUV
� K\EULG�PDWUL[�OLVW�UHSUHVHQWDWLRQ
� ODUJHVW�HLJHQYDOXH
� OHDGLQJ�HLJHQYHFWRU
� OHIW�HLJHQYHFWRUV
� ORZHVW�HLJHQYDOXH
� PHPRU\�VSDFH
� PXOWLHGJHV
� PXOWLJUDSK
� QHJDWLYH�HOHPHQWV
� QLOSRWHQW
� 3HDUVRQ�FRHIILFLHQW�IRU�URZV
� SRZHUV�RI
� UHGXFHG
� UHPRYLQJ�DQ�HGJH�IURP
� ULJKW�HLJHQYHFWRUV
� 6FKXU�GHFRPSRVLWLRQ
� VHOI�HGJHV
� VPDOOHVW�HLJHQYDOXH
� VSDUVH�QHWZRUN
� VSHFWUXP
� VWRULQJ�RQ�D�FRPSXWHU
� VWULFWO\�XSSHU�WULDQJXODU
� XQGLUHFWHG�QHWZRUN
� XSSHU�WULDQJXODU
� ZHLJKWHG�QHWZRUN
�DGMDFHQF\�WUHH
�DIILOLDWLRQ�QHWZRUN
� ERDUGV�RI�GLUHFWRUV
� &(2V�RI�FRPSDQLHV
� FRDXWKRUVKLS
� ILOP�DFWRUV
� SLFWXUH�RI
� 6RXWKHUQ�:RPHQ�6WXG\
�DIILQLW\�SXULILFDWLRQ
�DJH
� DVVRUWDWLYH�PL[LQJ�E\



� HIIHFW�RQ�YHUWH[�GHJUHH
� RI�YHUWLFHV
�DJJORPHUDWLYH�FOXVWHULQJ
�DLUOLQH�QHWZRUN
� HGJH�OHQJWKV
� KXE�DQG�VSRNH�VWUXFWXUH
� PRGHOV�RI
� RSWLPL]DWLRQ
� UROH�LQ�GLVHDVH�VSUHDG
�DOJHEUDLF�FRQQHFWLYLW\
� DOJRULWKP�IRU
� FRQQHFWHG�QHWZRUNV
� VSHFWUDO�SDUWLWLRQLQJ
�DOJRULWKP
� DF\FOLF�QHWZRUN�WHVW
� DOJHEUDLF�FRQQHFWLYLW\
� $UQROGL�DOJRULWKP
� DXJPHQWLQJ�SDWK�DOJRULWKP
� DYHUDJH�OLQNDJH�FOXVWHULQJ
� DYHUDJH�VKRUWHVW�SDWK
� %DUDEiVL�$OEHUW�PRGHO
� EHWZHHQQHVV�FHQWUDOLW\
� EUHDGWK�ILUVW�VHDUFK
� EXUQLQJ�DOJRULWKP
� FORVHQHVV�FHQWUDOLW\
� FOXVWHULQJ�FRHIILFLHQW
� FRPPXQLW\�GHWHFWLRQ
� FRPSOHWH�OLQNDJH�FOXVWHULQJ
� FRPSRQHQWV
� FRPSXWDWLRQDO�FRPSOH[LW\
� FRQQHFWLYLW\
� FRUUHODWLRQ�FRHIILFLHQW
� GHJUHH
� 'LMNVWUD¶V�DOJRULWKP
� HGJH�FXW�VHW
� (GPRQGV�.DUS�DOJRULWKP
� HLJHQYDOXHV
� HLJHQYHFWRU�FHQWUDOLW\
� HLJHQYHFWRUV
� )RUG�)XONHUVRQ�DOJRULWKP
� JHQHWLF�DOJRULWKP



� JHRGHVLF�GLVWDQFH
� JHRGHVLF�SDWK
� JLDQW�FOXVWHU
� JUHHG\�DOJRULWKP
� KHXULVWLF
� KLHUDUFKLFDO�FOXVWHULQJ
� +,76�DOJRULWKP
� +RXVHKROGHU�DOJRULWKP
� KXEV�DQG�DXWKRULWLHV
� LQGHSHQGHQW�SDWKV
� .DW]�FHQWUDOLW\
� N�FRUHV
� .HUQLJKDQ�/LQ�DOJRULWKP
� /DQF]RV�DOJRULWKP
� PD[LPXP�IORZ
� PLQLPXP�FXW
� PRGXODULW\�PD[LPL]DWLRQ
� QRGH�GLVMRLQW�SDWKV
� QRGH�LQGHSHQGHQW�SDWKV
� SHUFRODWLRQ
� SUHIORZ�SXVK�DOJRULWKP
� SURRI�RI�FRUUHFWQHVV
� 4/�DOJRULWKP
� 5(*(�DOJRULWKP
� UXQQLQJ�WLPH
� VKRUWHVW�DXJPHQWLQJ�SDWK�DOJRULWKP
� VKRUWHVW�GLVWDQFH
� VKRUWHVW�SDWK
� VLQJOH�OLQNDJH�FOXVWHULQJ
� VSDUVH�JUDSKV
� YHUWH[�GLVMRLQW�SDWKV
� YHUWH[�LQGHSHQGHQW�SDWKV
� ZHLJKWHG�VKRUWHVW�SDWK
�DOORPHWULF�VFDOLQJ
�$OWD9LVWD
�DOWHU
�$PD]RQ�FRP
�DQDEROLF�PHWDEROLVP
�DQFKRU�WH[W
�DQLPDO�VRFLDO�QHWZRUN
�DQLPRVLW\



�$QWDUFWLFD��IRRG�ZHE
�DQWV��VRFLDO�QHWZRUN
�DUFKLYDO�UHFRUGV
�$UQROGL�DOJRULWKP
�$UWV�DQG�+XPDQLWLHV�&LWDWLRQ�,QGH[
�$6�QXPEHUV
�DVVRUWDWLYH�PL[LQJ
� DQG�FRPPXQLW\�VWUXFWXUH
� ELRORJLFDO�QHWZRUNV
� E\�DJH
� E\�GHJUHH
� E\�HGXFDWLRQDO�OHYHO
� E\�HQXPHUDWLYH�FKDUDFWHULVWLFV
� E\�UDFH
� E\�VFDODU�FKDUDFWHULVWLFV
� E\�YHFWRU�FKDUDFWHULVWLFV
� FLWDWLRQ�QHWZRUNV
� FRUUHODWLRQ�FRHIILFLHQW
� GLVDVVRUWDWLYH�PL[LQJ
� HJR�FHQWHUHG�QHWZRUNV
� IULHQGVKLS�QHWZRUNV
� LQIRUPDWLRQ�QHWZRUNV
� PHDVXUHV�RI
� 3HDUVRQ�FRHIILFLHQW
� UDQGRP�JUDSKV
� VRFLDO�QHWZRUNV
� VWDWLVWLFV
� VWUDWLILHG�QHWZRUN
� WHFKQRORJLFDO�QHWZRUNV
� :RUOG�:LGH�:HE
�DVVRUWDWLYLW\�FRHIILFLHQW
�DWWDFKPHQW�NHUQHO
�DWWUDFWLQJ�IL[HG�SRLQW
�DXJPHQWLQJ�SDWK
�DXJPHQWLQJ�SDWK�DOJRULWKP
� EUHDGWK�ILUVW�VHDUFK
� FRPSXWDWLRQDO�FRPSOH[LW\
� GLUHFWHG�QHWZRUNV
� LPSOHPHQWDWLRQ
� PLQLPXP�FXW�VHW
� SURRI�RI�FRUUHFWQHVV



� UXQQLQJ�WLPH
�DXWKRULW\�FHQWUDOLW\
�DXWRQRPRXV�V\VWHP
� $6�QXPEHUV
� JHRJUDSKLFDO�ORFDWLRQ
� ,QWHUQHW�UHSUHVHQWDWLRQ
�DYHUDJH�GHJUHH
� DQG�JHQHUDWLQJ�IXQFWLRQ
� %LDQFRQL�%DUDEiVL�PRGHO
� FROODERUDWLRQ�QHWZRUNV
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�QHWZRUNV
� GLUHFWHG�UDQGRP�JUDSKV
� IULHQGVKLS�QHWZRUNV
� *��Q��P�
� *��Q��S�
� LQ�GHJUHH
� ,QWHUQHW
� QHLJKERUV
� RXW�GHJUHH
� SODQDU�QHWZRUNV
� 3RLVVRQ�UDQGRP�JUDSK
� 3ULFH�PRGHO
� UDQGRP�JUDSKV
� VRFLDO�QHWZRUNV
� VWDWLVWLFV
� XQGLUHFWHG�QHWZRUNV
�DYHUDJH�JHRGHVLF�GLVWDQFH
� DOJRULWKP
� ORJDULWKPLF�VFDOLQJ
� VFDOH�IUHH�QHWZRUN
� VPDOO�ZRUOG�PRGHO
� VWDWLVWLFV
�DYHUDJH�OLQNDJH�FOXVWHULQJ
�DYHUDJH�QHLJKERU�GHJUHH
� FRDXWKRUVKLS�QHWZRUN
� FRQILJXUDWLRQ�PRGHO
� ,QWHUQHW
�DYHUDJH�VKRUWHVW�GLVWDQFH��VHH�DYHUDJH�JHRGHVLF�GLVWDQFH
�$9/�WUHH
�



�
EDERRQV��VRFLDO�QHWZRUN
�EDFNERQH��,QWHUQHW
�%DFRQ��.HYLQ
�EDLW�SURWHLQ
�EDODQFH
�EDODQFHG�QHWZRUN
�EDODQFHG�WUHH
�%DUDEiVL�$OEHUW�PRGHO
� DGGLWLRQ�RI�H[WUD�HGJHV
� DOJRULWKP
� GHJUHH�GLVWULEXWLRQ
� H[SRQHQW
� H[WHQVLRQV
� PDVWHU�HTXDWLRQ
� QRQ�OLQHDU
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� SUHIHUHQWLDO�DWWDFKPHQW
� UHODWLRQ�WR�3ULFH�PRGHO
� UHPRYDO�RI�HGJHV
� VLPXODWLRQ
�EDVLF�UHSURGXFWLRQ�QXPEHU
� 6,5�PRGHO
� 6,6�PRGHO
�%LDQFRQL�%DUDEiVL�PRGHO
� DYHUDJH�GHJUHH
� FRQGHQVDWLRQ
� GHJUHH�GLVWULEXWLRQ
� KXEV
� PDVWHU�HTXDWLRQ
� PHDQ�GHJUHH
�%HOO�QXPEHUV
�%HUQRXOOL�UDQGRP�JUDSK
�EHWD�IXQFWLRQ
� LQWHJUDO�IRUP
� SRZHU�ODZ�WDLO
� 6WLUOLQJ¶V�DSSUR[LPDWLRQ
�%HWKH�ODWWLFH
� SHUFRODWLRQ�RQ
�EHWZHHQQHVV�FHQWUDOLW\
� DOJRULWKP
� FRPPXQLW\�GHWHFWLRQ



� FRPSXWDWLRQDO�FRPSOH[LW\
� FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ
� GLUHFWHG�QHWZRUNV
� GLVWULEXWLRQ
� G\QDPLF�UDQJH
� HGJH�EHWZHHQQHVV
� ILOP�DFWRU�QHWZRUN
� IORZ�EHWZHHQQHVV
� ,QWHUQHW
� QRUPDOL]DWLRQ
� SRZHU�ODZ�GLVWULEXWLRQ
� UDQGRP�ZDON�EHWZHHQQHVV
� VWDU�JUDSK
� VWUXFWXUDO�KROHV
� WUHHV
� YDULDQWV
� ZHLJKWHG�QHWZRUNV
�%*3
�%*3�WDEOH
�ELEOLRJUDSKLF�FRXSOLQJ
� GLIIHUHQFH�IURP�FRFLWDWLRQ
� OHJDO�FLWDWLRQ�QHWZRUNV
� PDWUL[
� QHWZRUN
� SDWHQW�FLWDWLRQ�QHWZRUNV
� VFLHQWLILF�FLWDWLRQ�QHWZRUNV
�ELEOLRJUDSKLF�FRXSOLQJ�PDWUL[
�ELEOLRJUDSKLF�FRXSOLQJ�QHWZRUN
�ELEOLRPHWULFV
�ELFRPSRQHQW
�ELIXUFDWLRQ
�ELJ�2�QRWDWLRQ
�ELJ�Ĭ�QRWDWLRQ
�ELQDU\�KHDS
� DQG�'LMNVWUD¶V�DOJRULWKP
� DQG�HSLGHPLF�VLPXODWLRQ
� DQG�KLHUDUFKLFDO�FOXVWHULQJ
�ELQDU\�WUHH
� ELQDU\�KHDS
� GDWD�VWUXFWXUH
� GHQGURJUDP



� KLHUDUFKLFDO�QHWZRUN�PRGHO
� SDUWLDOO\�RUGHUHG
�ELQRPLDO�GHJUHH�GLVWULEXWLRQ
�ELQRPLDO�GLVWULEXWLRQ
�ELRFKHPLFDO�QHWZRUN
�ELRORJLFDO�QHWZRUN
� DVVRUWDWLYH
� GLVDVVRUWDWLYH
� HPSLULFDO�PHDVXUHPHQW
� IRRG�ZHEV
� JHQHWLF�UHJXODWRU\�QHWZRUNV
� PHWDEROLF�QHWZRUNV
� PRGHOV�RI
� QHXUDO�QHWZRUNV
� SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUNV
� YHUWH[�FRS\LQJ�LQ
�ELRORJLVW�FRDXWKRUVKLS�QHWZRUN
�ELSDUWLWH�QHWZRUN
� ERDUGV�RI�GLUHFWRUV
� &(2V�RI�FRPSDQLHV
� FRDXWKRUVKLS
� GLUHFWHG
� H[DPSOHV
� ILOP�DFWRUV
� LQFLGHQFH�PDWUL[
� LQGH[
� NH\ZRUG�LQGH[
� PHWDEROLF�QHWZRUN
� PXWXDOLVWLF�QHWZRUN
� SLFWXUHV�RI
� SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUN
� UDLO�QHWZRUN
� UHFRPPHQGHU�QHWZRUN
� VLQJXODU�YDOXH�GHFRPSRVLWLRQ
� VRFLDO�QHWZRUN
� 6RXWKHUQ�:RPHQ�6WXG\
� ZHLJKWHG
�ELVHFWLRQ
� FRPPXQLW\�GHWHFWLRQ
� JUDSK�SDUWLWLRQLQJ
� .HUQLJKDQ�/LQ�DOJRULWKP



� PRGXODULW\�PD[LPL]DWLRQ
� SUREOHPV�ZLWK
� UHSHDWHG�ELVHFWLRQ
� VSHFWUDO�DOJRULWKP
�EORFN�GLDJRQDO�PDWUL[
� DGMDFHQF\�PDWUL[
� /DSODFLDQ
�EORJ�QHWZRUN
�EORRG�YHVVHO�QHWZRUN
�ERDUGV�RI�GLUHFWRUV�QHWZRUN
�ERQG
�ERQG�SHUFRODWLRQ
� DQG�HSLGHPLRORJ\
� DQG�6,5�PRGHO
� JLDQW�FOXVWHU
� SHUFRODWLRQ�WKUHVKROG
� VTXDUH�ODWWLFH
�ERRWVWUDS�SHUFRODWLRQ
�%RVH�(LQVWHLQ�FRQGHQVDWLRQ
�ERZ�WLH�GLDJUDP
� :RUOG�:LGH�:HE
�EUDLQ�FHOO
�EUDQFKLQJ�SRO\PHUV
�EUHDGWK�ILUVW�VHDUFK
� DXJPHQWLQJ�SDWK�DOJRULWKP
� EHWZHHQQHVV�FHQWUDOLW\
� EXUQLQJ�DOJRULWKP
� FORVHQHVV�FHQWUDOLW\
� FRPSXWDWLRQDO�FRPSOH[LW\
� GHQVH�QHWZRUNV
� (GPRQGV�.DUS�DOJRULWKP
� ILQGLQJ�FRPSRQHQWV
� ILQGLQJ�VKRUWHVW�SDWKV
� LPSOHPHQWDWLRQ
� SHHU�WR�SHHU�QHWZRUNV
� SHUFRODWLRQ
� SURRI�RI�FRUUHFWQHVV
� UXQQLQJ�WLPH
� VKRUWHVW�DXJPHQWLQJ�SDWK�DOJRULWKP
� VKRUWHVW�SDWK�WUHH
� VSDUVH�QHWZRUNV



� YDULDQWV
� ZHE�FUDZOLQJ
� ZHE�VHDUFK
�EULGJH�SUREOHP
�EURNHU
�EXUQLQJ�DOJRULWKP��VHH�EUHDGWK�ILUVW�VHDUFK
�EXVLQHVV�UHODWLRQVKLSV
�



�
&DHQRUKDEGLWLV�HOHJDQV
� PHWDEROLF�QHWZRUN
� QHXUDO�QHWZRUN
�FDOO�JUDSK
� VRIWZDUH
� WHOHSKRQH
�FDUJR�QHWZRUN
�FDVFDGH�PRGHO
�FDVFDGLQJ�IDLOXUH
�FDWDEROLF�PHWDEROLVP
�FDYLW\�PHWKRG
�&D\OH\�WUHH
� SHUFRODWLRQ�RQ
�&��HOHJDQV
� PHWDEROLF�QHWZRUN
� QHXUDO�QHWZRUN
�FHQWUDOLW\
� DXWKRULW\�FHQWUDOLW\
� EHWZHHQQHVV�FHQWUDOLW\
� FORVHQHVV�FHQWUDOLW\
� GHJUHH�FHQWUDOLW\
� GLVWULEXWLRQ
� HLJHQYHFWRU�FHQWUDOLW\
� IORZ�EHWZHHQQHVV
� KXE�FHQWUDOLW\
� .DW]�FHQWUDOLW\
� 3DJH5DQN
� UDQGRP�ZDON�EHWZHHQQHVV
� UHJXODU�JUDSKV
�&(2�QHWZRUN
�&(51
�FKURPDWLF�QXPEHU
�FLUFOH�PRGHO
�FLUFXLW
� HOHFWURQLF
� UHVLVWRU�QHWZRUNV
� VWDWLVWLFV
�FLUFXLW�VZLWFKHG�QHWZRUN
�FLWDWLRQ�GDWD
� $UWV�DQG�+XPDQLWLHV�&LWDWLRQ�,QGH[
� &LWHEDVH



� &LWHVHHU
� *RRJOH�6FKRODU
� OHJDO�RSLQLRQV
� SDWHQWV
� 6FLHQFH�&LWDWLRQ�,QGH[
� 6FRSXV
� 6RFLDO�6FLHQFH�&LWDWLRQ�,QGH[
� ZHE�FUDZOHUV
�FLWDWLRQ�QHWZRUN
� DFDGHPLF
� DF\FOLF
� DVVRUWDWLYH�PL[LQJ
� ELEOLRJUDSKLF�FRXSOLQJ�QHWZRUNV
� FRFLWDWLRQ�QHWZRUNV
� FXPXODWLYH�GHJUHH�GLVWULEXWLRQ
� GDWD�IRU
� GHJUHH�FHQWUDOLW\
� GHJUHH�GLVWULEXWLRQ
� HLJHQYHFWRU�FHQWUDOLW\
� LQGLUHFW�FLWDWLRQV
� OHJDO�FLWDWLRQV
� ORRSV�LQ
� PRGHOV�RI
� PXOWLHGJHV
� SDWHQW�FLWDWLRQV
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� 3ULFH�PRGHO
� VFDOH�IUHH�QHWZRUN
� 6FLHQFH�&LWDWLRQ�,QGH[
� VFLHQWLILF
� VWDWLVWLFV
� VWURQJO\�FRQQHFWHG�FRPSRQHQWV
� WLPH�RUGHULQJ
� YHUWH[�FRS\LQJ�PRGHO
�&LWHEDVH
�&LWHVHHU
�FODVV�$�VXEQHW
�FODVV�%�VXEQHW
�FODVV�&�VXEQHW
� ,QWHUQHW�UHSUHVHQWDWLRQ
�FOLTXH



� LQ�RQH�PRGH�SURMHFWLRQ
� N�FOLTXH
� WUDQVLWLYLW\
�FORVHQHVV�FHQWUDOLW\
� DOJRULWKP
� GLVWULEXWLRQ
� G\QDPLF�UDQJH
� ILOP�DFWRU�QHWZRUN
� SUREOHPV�ZLWK
� YDULDQWV
�FOXVWHUDELOLW\�WKHRUHP
�FOXVWHUDEOH�QHWZRUN
�FOXVWHULQJ
� DJJORPHUDWLYH
� DYHUDJH�OLQNDJH
� FOXVWHUDEOH�QHWZRUN
� FOXVWHULQJ�FRHIILFLHQW
� FRPPXQLW\�GHWHFWLRQ
� FRPSOHWH�OLQNDJH
� GLUHFWHG�QHWZRUN
� HJR�FHQWHUHG�QHWZRUNV
� KLHUDUFKLFDO
� ORFDO
� SDUWLDO
� SHUIHFW
� UDQGRP�JUDSK
� VLQJOH�OLQNDJH
� VPDOO�ZRUOG�PRGHO
� VRFLDO�QHWZRUNV
� 6WUDXVV�PRGHO
� WUDQVLWLYLW\
�FOXVWHULQJ�FRHIILFLHQW
� DOJRULWKP
� DOWHUQDWLYH�GHILQLWLRQ
� DQG�FRPPXQLW\�VWUXFWXUH
� FDOFXODWLRQ�RI
� FRDXWKRUVKLS�QHWZRUNV
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�QHWZRUNV
� HPDLO�QHWZRUNV
� ILOP�DFWRU�QHWZRUN



� IRRG�ZHEV
� ,QWHUQHW
� ORFDO�FOXVWHULQJ�FRHIILFLHQW
� REVHUYHG�YDOXHV
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� UDQGRP�JUDSKV
� VFDOH�IUHH�QHWZRUNV
� VPDOO�ZRUOG�PRGHO
� VRFLDO�QHWZRUNV
� VWDWLVWLFV
� WUHHV
� WULDQJXODU�ODWWLFH
� :RUOG�:LGH�:HE
�FOXVWHUV
� FOLTXHV
� FOXVWHUDELOLW\
� FRPPXQLW\�GHWHFWLRQ
� JUDSK�SDUWLWLRQLQJ
� SHUFRODWLRQ
�FRDXWKRUVKLS�QHWZRUN
� DIILOLDWLRQ�QHWZRUN
� DYHUDJH�GHJUHH
� DYHUDJH�QHLJKERU�GHJUHH
� ELRORJLVWV
� ELSDUWLWH�QHWZRUN
� FOXVWHULQJ�FRHIILFLHQW
� IXQQHOLQJ�HIIHFW
� PDWKHPDWLFLDQV
� PHDQ�GHJUHH
� QHLJKERU�GHJUHH
� SHUFRODWLRQ
� SK\VLFLVWV
� SLFWXUH�RI
� VWDWLVWLFV
� WULDGLF�FORVXUH
�FRFLWDWLRQ
� DQG�FRVLQH�VLPLODULW\
� GLIIHUHQFHV�IURP�ELEOLRJUDSKLF�FRXSOLQJ
� OHJDO�FLWDWLRQ�QHWZRUN
� PDWUL[



� QHWZRUN
� SDWHQW�FLWDWLRQ�QHWZRUN
� VFLHQWLILF�FLWDWLRQ�QHWZRUN
�FRFLWDWLRQ�PDWUL[
�FRFLWDWLRQ�QHWZRUN
� VHOI�HGJHV
� ZHLJKWHG
�FRH[LVWHQFH�UHJLRQ
� 6WUDXVV�PRGHO
� WZR�VWDU�PRGHO
�FR�LPPXQRSUHFLSLWDWLRQ
�FR�OLQN
�FROODERUDWLRQ�QHWZRUN
� DIILOLDWLRQ�QHWZRUN
� DYHUDJH�GHJUHH
� DYHUDJH�QHLJKERU�GHJUHH
� ELRORJLVWV
� ELSDUWLWH�QHWZRUN
� FOXVWHULQJ�FRHIILFLHQW
� IXQQHOLQJ�HIIHFW
� PDWKHPDWLFLDQV
� PHDQ�GHJUHH
� QHLJKERU�GHJUHH
� SHUFRODWLRQ
� SK\VLFLVWV
� SLFWXUH�RI
� VWDWLVWLFV
� WULDGLF�FORVXUH
�FROODERUDWLYH�ILOWHULQJ
�FRORULQJ
� FKURPDWLF�QXPEHU
� IRXU�FRORU�WKHRUHP
� VWUXFWXUDO�EDODQFH
�FRPPXQLW\�GHWHFWLRQ
� DJJORPHUDWLYH�FOXVWHULQJ
� DOJRULWKPV
� DYHUDJH�OLQNDJH�FOXVWHULQJ
� EHWZHHQQHVV�DOJRULWKP
� ELVHFWLRQ
� FOXVWHULQJ
� FRPSOHWH�OLQNDJH�FOXVWHULQJ



� JHQHWLF�DOJRULWKP
� JUHHG\�DOJRULWKP
� KLHUDUFKLFDO�FOXVWHULQJ
� ORRS�FRXQWLQJ�DOJRULWKP
� PRGXODULW\�PD[LPL]DWLRQ
� PRUH�WKDQ�WZR�JURXSV
� VLPXODWHG�DQQHDOLQJ
� VLQJOH�OLQNDJH�FOXVWHULQJ
� VSHFWUDO�DOJRULWKP
� WZR�FRPPXQLWLHV
� XVLQJ�FRVLQH�VLPLODULW\
� YHUWH[�PRYLQJ�DOJRULWKP
�FRPPXQLW\�IRRG�ZHE
�FRPPXQLW\�VWUXFWXUH
� DQG�DVVRUWDWLYLW\
� DQG�FOXVWHULQJ�FRHIILFLHQW
� GHWHFWLRQ
� IULHQGVKLS�QHWZRUNV
� NDUDWH�FOXE�QHWZRUN
� PHWDEROLF�QHWZRUNV
� VRFLDO�QHWZRUNV
� :RUOG�:LGH�:HE
�FRPSDQ\�GLUHFWRU�QHWZRUN
� DIILOLDWLRQ�QHWZRUN
� ELSDUWLWH�QHWZRUN
� VWDWLVWLFV
�FRPSDUWPHQWDO�PRGHO
�FRPSOHWH�OLQNDJH�FOXVWHULQJ
�FRPSOH[LW\��FRPSXWDWLRQDO
�FRPSRQHQW
� DOJRULWKP�IRU
� ELFRPSRQHQWV
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�QHWZRUNV
� GLVHDVH�VSUHDG
� ILOP�DFWRU�QHWZRUN
� JLDQW
� LQ�FRPSRQHQWV
� N�FRPSRQHQWV
� ODUJH
� RXW�FRPSRQHQWV



� 3RLVVRQ�UDQGRP�JUDSK
� 3ULFH�PRGHO
� UDQGRP�JUDSKV
� UHDO�ZRUOG�QHWZRUNV
� VL]HV
� VPDOO
� VWURQJO\�FRQQHFWHG
� WULFRPSRQHQWV
� XQGLUHFWHG�QHWZRUNV
� ZHDNO\�FRQQHFWHG
� :RUOG�:LGH�:HE
�FRPSXWDWLRQDO�FRPSOH[LW\
� DGMDFHQF\�OLVW�RSHUDWLRQV
� DGMDFHQF\�PDWUL[�RSHUDWLRQV
� DXJPHQWLQJ�SDWK�DOJRULWKP
� EHWZHHQQHVV�FHQWUDOLW\�DOJRULWKP
� EUHDGWK�ILUVW�VHDUFK
� 'LMNVWUD¶V�DOJRULWKP
� KLHUDUFKLFDO�FOXVWHULQJ
� .HUQLJKDQ�/LQ�DOJRULWKP
� PRGXODULW\�PD[LPL]DWLRQ
� RQ�VSDUVH�QHWZRUNV
� SRZHU�PHWKRG
� VSHFWUDO�SDUWLWLRQLQJ
� ZRUVW�FDVH
�FRPSXWHU�DOJRULWKP��VHH�DOJRULWKP
�FRPSXWHU�YLUXV
�FRQGHQVDWLRQ��LQ�%LDQFRQL�%DUDEiVL�PRGHO
�FRQILJXUDWLRQ�PRGHO
� DYHUDJH�FRPSRQHQW�VL]H
� DYHUDJH�GHJUHH
� DYHUDJH�QHLJKERU�GHJUHH
� ERQG�SHUFRODWLRQ�RQ
� FOXVWHULQJ�FRHIILFLHQW
� FRPSRQHQW�VL]HV
� FRQGLWLRQ�IRU�JLDQW�FRPSRQHQW
� FRQWLQXRXV�SKDVH�WUDQVLWLRQ
� GHILQLWLRQ
� GHJUHH�VHTXHQFH
� GHQVLW\�RI�PXOWLHGJHV
� GHQVLW\�RI�VHOI�HGJHV



� GLUHFWHG�QHWZRUNV
� HGJH�SUREDELOLW\
� HQVHPEOH
� HSLGHPLFV�RQ
� HSLGHPLF�WKUHVKROG
� H[DPSOHV
� H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ
� JLDQW�FRPSRQHQW
� JLDQW�SHUFRODWLRQ�FOXVWHU
� JUDSKLFDO�VROXWLRQ
� ODUJHVW�HLJHQYDOXH
� PHDQ�FRPSRQHQW�VL]H
� PXOWLHGJHV
� QHLJKERU�GHJUHH
� QHLJKERUV�DW�D�JLYHQ�GLVWDQFH
� QXPEHU�RI�FRPPRQ�QHLJKERUV
� QXPHULFDO�VROXWLRQ
� SDLU�DSSUR[LPDWLRQ
� SHUFRODWLRQ�RQ
� SKDVH�WUDQVLWLRQ
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� VFDOH�IUHH�QHWZRUN
� VHFRQG�PRPHQW�RI�GHJUHH�GLVWULEXWLRQ
� VHFRQG�QHLJKERUV
� VHOI�HGJHV
� 6,�PRGHO�RQ
� 6,5�PRGHO�RQ
� VLWH�SHUFRODWLRQ�RQ
� VPDOO�FRPSRQHQWV
� WKLUG�QHLJKERUV
�FRQQHFWDQFH
�FRQQHFWHG�QHWZRUN
�FRQQHFWLYLW\
� DOJHEUDLF�FRQQHFWLYLW\
� DOJRULWKP
� DQG�QHWZRUN�UREXVWQHVV
� DXJPHQWLQJ�SDWK�DOJRULWKP
� GLUHFWHG�QHWZRUNV
� HGJH�FRQQHFWLYLW\
� YHUWH[�FRQQHFWLYLW\
�FRQVXPHU�,63



�FRQWDFW�WUDFLQJ
�FRQWLQXRXV�SKDVH�WUDQVLWLRQ
� FRQILJXUDWLRQ�PRGHO
� HSLGHPLF�WUDQVLWLRQ
� H[SRQHQWLDO�UDQGRP�JUDSK
� SHUFRODWLRQ
� UDQGRP�JUDSK
� VHFRQG�RUGHU
� 6WUDXVV�PRGHO
� WZR�VWDU�PRGHO
�FRUH�SHULSKHU\�VWUXFWXUH
�FRUUHODWLRQ�FRHIILFLHQW
� DOJRULWKP�IRU
� DQG�DVVRUWDWLYH�PL[LQJ
� DQG�FRPPXQLW\�GHWHFWLRQ
� FDOFXODWLRQ�RI
� IRU�GHJUHH
� IRU�URZV�RI�DGMDFHQF\�PDWUL[
�FRVLQH�VLPLODULW\
� DQG�FRFLWDWLRQ
� DQG�FRPPXQLW\�GHWHFWLRQ
� DQG�KLHUDUFKLFDO�FOXVWHULQJ
�FRYDULDQFH
� DVVRUWDWLYH�PL[LQJ
� GHJUHHV
� URZV�RI�DGMDFHQF\�PDWUL[
�FUDZOHU��VHH�ZHE�FUDZOHU
�FULWLFDO�SRLQW��VHH�SKDVH�WUDQVLWLRQ
�FU\SWRJUDSK\
� DV\PPHWULF
� SXEOLF�NH\
� WUXVW�QHWZRUNV
�FXPXODWLYH�DGYDQWDJH
�FXPXODWLYH�GHJUHH�GLVWULEXWLRQ
� FDOFXODWLRQ�RI
� FLWDWLRQ�QHWZRUN
� GLVDGYDQWDJHV
� ,QWHUQHW
� SRZHU�ODZ�GLVWULEXWLRQ
� SUHIHUHQWLDO�DWWDFKPHQW�PRGHO
� 3ULFH�PRGHO



� VFDOH�IUHH�QHWZRUN
� :RUOG�:LGH�:HE
�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ
� EHWZHHQQHVV�FHQWUDOLW\
� FDOFXODWLRQ�RI
� GHJUHH
� HLJHQYHFWRU�FHQWUDOLW\
� SRZHU�ODZ�GLVWULEXWLRQ
� UDQN�IUHTXHQF\�SORW
�FXUUHQW�ODZ
�FXW�VHW
� DOJRULWKP�IRU
� DQG�QHWZRUN�UREXVWQHVV
� HGJH�FXW�VHW
� YHUWH[�FXW�VHW
�FXW�VL]H
� DQG�FRPPXQLW\�GHWHFWLRQ
� DQG�JUDSK�SDUWLWLRQLQJ
� DQG�/DSODFLDQ
�F\FOH
� DF\FOLF�QHWZRUNV
� OLPLW�F\FOHV
� QXPEHU�RI�D�JLYHQ�OHQJWK
� VWURQJO\�FRQQHFWHG�FRPSRQHQWV
�F\FOLF�QHWZRUN
�F\SKHU
� DV\PPHWULF
�



�
GDWDEDVHV
� DFWRUV
� FLWDWLRQV
� GLVWULEXWHG
� ILOPV
� IRRG�ZHEV
� JHQHWLF�UHJXODWRU\�QHWZRUNV
� OHJDO�FLWDWLRQV
� PHWDEROLF�SDWKZD\V
� PRYLHV
� SURWHLQ�LQWHUDFWLRQV
�GDWD�VWUXFWXUHV
� DGMDFHQF\�OLVW
� DGMDFHQF\�PDWUL[
� $9/�WUHH
� EDODQFHG�WUHH
� ELQDU\�KHDS
� ELQDU\�WUHH
� IRUHVW
� WUHH
�GDWLQJ�QHWZRUN
�GHJUHH
� DOJRULWKP
� DQG�DGMDFHQF\�OLVW
� DQG�DGMDFHQF\�PDWUL[
� DQG�YHUWH[�DJH
� DVVRUWDWLYH�PL[LQJ�E\
� DYHUDJH
� FDOFXODWLRQ
� FRUUHODWLRQV
� FRYDULDQFH
� FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ
� GHJUHH�FHQWUDOLW\
� GHJUHH�GLVWULEXWLRQ
� GHJUHH�VHTXHQFH
� GLUHFWHG�QHWZRUNV
� GLVDVVRUWDWLYH�PL[LQJ�E\
� IULHQGVKLS�QHWZRUNV
� RXW�GHJUHH
� 3HDUVRQ�FRUUHODWLRQ�FRHIILFLHQW
� VHTXHQFH



� VRFLDO�QHWZRUNV
� XQGLUHFWHG�QHWZRUNV
� YDULDQFH
�GHJUHH�FHQWUDOLW\
�GHJUHH�GLVWULEXWLRQ
� %DUDEiVL�$OEHUW�PRGHO
� %LDQFRQL�%DUDEiVL�PRGHO
� ELQRPLDO
� FDOFXODWLRQ�RI
� FLWDWLRQ�QHWZRUNV
� FRQILJXUDWLRQ�PRGHO
� FXPXODWLYH
� GHILQLWLRQ
� GLUHFWHG�QHWZRUNV
� H[FHVV�GHJUHH�GLVWULEXWLRQ
� H[SRQHQWLDO
� H[SRQHQWLDO�UDQGRP�JUDSKV
� JHQHUDWLQJ�IXQFWLRQV
� KLVWRJUDPV
� LQ�JLDQW�FRPSRQHQW
� ,QWHUQHW
� PHWDEROLF�QHWZRUNV
� QRQ�SRZHU�ODZ
� SORWV�RI
� 3RLVVRQ
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�ODZ
� UDQGRP�JUDSKV
� ULJKW�VNHZHG
� VHFRQG�PRPHQW
� VPDOO�ZRUOG�PRGHO
� VRFLDO�QHWZRUNV
� VWDWLVWLFV
� WDLO�RI
� XQGLUHFWHG�QHWZRUNV
� YDULDQFH
� :RUOG�:LGH�:HE
�GHJUHH�VHTXHQFH
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�QHWZRUNV
�GHOLYHU\�QHWZRUNV



�GHQGURJUDP
� FRPPXQLW\�GHWHFWLRQ
� KLHUDUFKLFDO�FOXVWHULQJ
� KLHUDUFKLFDO�QHWZRUN�PRGHO
�GHQVH�QHWZRUN
� DGMDFHQF\�PDWUL[
� EUHDGWK�ILUVW�VHDUFK�RQ
� IRRG�ZHEV
�GHQVLW\
�GHR[\ULERQXFOHDVH�IRRWSULQWLQJ�DVVD\
�GLDPHWHU
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV
� UDQGRP�JUDSKV
� VFDOH�IUHH�QHWZRUNV
� VFDOLQJ�ZLWK�QHWZRUN�VL]H
�GLIIXVLRQ
� HTXDWLRQ
� RI�GLVHDVHV
� RI�LGHDV
�GLJLWDO�VLJQDWXUH
�GLJUDSK��VHH�GLUHFWHG�QHWZRUN
�'LMNVWUD¶V�DOJRULWKP
� ELQDU\�KHDS
� SURRI�RI�FRUUHFWQHVV
� UXQQLQJ�WLPH
� VKRUWHVW�SDWK�WUHH
�',0(6�SURMHFW
�GLUHFWHG�HGJH
�GLUHFWHG�QHWZRUN
� DGMDFHQF\�OLVW
� DGMDFHQF\�PDWUL[
� DXJPHQWLQJ�SDWK�DOJRULWKP
� DYHUDJH�GHJUHH
� EHWZHHQQHVV�FHQWUDOLW\
� ELSDUWLWH
� FLWDWLRQ�QHWZRUNV
� FOXVWHULQJ�FRHIILFLHQW
� FRPSRQHQWV
� FRQQHFWLYLW\
� FRUUHODWLRQ�RI�LQ��DQG�RXW�GHJUHH



� F\FOHV�LQ
� GHJUHH
� GHJUHH�GLVWULEXWLRQ
� GHJUHH�VHTXHQFH
� G\QDPLFDO�V\VWHP�RQ
� HLJHQYHFWRU�FHQWUDOLW\
� H[FHVV�GHJUHH�GLVWULEXWLRQ
� H[SRQHQWLDO�UDQGRP�JUDSKV
� IRRG�ZHEV
� IULHQGVKLS�QHWZRUNV
� JHRGHVLF�GLVWDQFH
� JLDQW�FRPSRQHQWV
� LQ�FRPSRQHQWV
� LQ�GHJUHH
� LQ�GHJUHH�GLVWULEXWLRQ
� LQGHSHQGHQW�SDWKV
� MRLQW�GHJUHH�GLVWULEXWLRQ
� .DW]�FHQWUDOLW\
� /DSODFLDQ
� ORRSV
� PDSSLQJ�WR�XQGLUHFWHG�QHWZRUN
� PD[LPXP�IORZ
� PHDQ�GHJUHH
� PHWDEROLF�QHWZRUNV
� PXOWLHGJHV
� RXW�FRPSRQHQWV
� RXW�GHJUHH
� RXW�GHJUHH�GLVWULEXWLRQ
� SDWK�OHQJWKV
� SDWKV
� UDQGRP�JUDSK�PRGHO
� UHFLSURFLW\
� VHOI�HGJHV
� VKRUWHVW�GLVWDQFH
� VRFLDO�QHWZRUNV
� WUDQVLWLYLW\
� :RUOG�:LGH�:HE
�GLUHFWHG�UDQGRP�JUDSK
� DYHUDJH�GHJUHH
� HGJH�SUREDELOLW\
� HQVHPEOH



� H[FHVV�GHJUHH�GLVWULEXWLRQ
� JHQHUDWLQJ�IXQFWLRQV
� JLDQW�FRPSRQHQWV
� JLDQW�LQ�FRPSRQHQW
� JLDQW�RXW�FRPSRQHQW
� LQ�FRPSRQHQWV
� PHDQ�GHJUHH
� RXW�FRPSRQHQWV
� SKDVH�WUDQVLWLRQ
� VPDOO�FRPSRQHQWV
� VWURQJO\�FRQQHFWHG�FRPSRQHQWV
� ZHDNO\�FRQQHFWHG�FRPSRQHQWV
�GLVDVVRUWDWLYH�PL[LQJ
� DQG�PRGXODULW\
� ELRORJLFDO�QHWZRUNV
� E\�GHJUHH
� E\�JHQGHU
� E\�VFDODU�FKDUDFWHULVWLFV
� E\�YHFWRU�FKDUDFWHULVWLFV
� LQIRUPDWLRQ�QHWZRUNV
� UDQGRP�JUDSKV
� VLPSOH�JUDSKV
� VRFLDO�QHWZRUNV
� WHFKQRORJLFDO�QHWZRUNV
�GLVFRQQHFWHG�QHWZRUN
�GLVHDVH�VSUHDG
� DQG�ERQG�SHUFRODWLRQ
� DQG�FRPSRQHQWV
� DQG�GLIIXVLRQ
� DQG�HLJHQYHFWRU�FHQWUDOLW\
� DQG�SHUFRODWLRQ�WKUHVKROG
� FRPSDUWPHQWDO�PRGHOV
� FRPSXWHU�VLPXODWLRQ
� FRQWDFW�WUDFLQJ
� IXOO\�PL[HG�DSSUR[LPDWLRQ
� KHUG�LPPXQLW\
� LPPXQLW\
� LPPXQL]DWLRQ
� LQIHFWHG�VWDWH
� LQIHFWLRQ�UDWH
� LQIHFWLYH�VWDWH



� PRGHOV
� QDLYH�SRSXODWLRQ
� RQ�QHWZRUNV
� UHFRYHUHG�VWDWH
� UHLQIHFWLRQ
� UHPRYHG�VWDWH
� 6,�PRGHO
� 6,5�PRGHO
� 6,56�PRGHO
� 6,6�PRGHO
� VPDOO�RXWEUHDNV
� VXVFHSWLEOH�VWDWH
�GLVMRLQW�SDWKV
�GLVWULEXWHG�GDWDEDVH
� SHHU�WR�SHHU�QHWZRUN
� :RUOG�:LGH�:HE
�GLVWULEXWLRQ�QHWZRUN
� JDV�SLSHOLQHV
� RSWLPL]DWLRQ�RI
� SDFNDJH�GHOLYHU\
� ULYHUV
� VHZHUDJH
� ZDWHU�VXSSO\
�GLYLVLYH�FOXVWHULQJ
�'1$
� JHQH
� UHSHDW
�'1$�FRPSXWHU
�'1$�PLFURDUUD\
�GROSKLQV��VRFLDO�QHWZRUN
�GRPDLQ��,QWHUQHW
�GRPLQDQFH�KLHUDUFK\
�GUXJ�XVHUV
�G\QDPLFDO�V\VWHP
� DQG�/DSODFLDQ
� ELIXUFDWLRQV
� FRQWLQXRXV
� GHWHUPLQLVWLF
� GLIIXVLRQ
� GLUHFWHG�QHWZRUNV
� GLVFUHWH



� H[SOLFLW�WLPH�GHSHQGHQFH
� IL[HG�SRLQWV
� JRVVLS�PRGHO
� -DFRELDQ�PDWUL[
� OLPLW�F\FOHV
� OLQHDUL]DWLRQ
� OLQHDU�VWDELOLW\�DQDO\VLV
� /\DSXQRY�H[SRQHQW
� PRUH�WKDQ�RQH�YDULDEOH�SHU�YHUWH[
� RQ�D�QHWZRUN
� RQH�YDULDEOH
� RVFLOODWLRQ
� RVFLOODWRU�QHWZRUNV
� UHJXODU�JUDSKV
� VHFRQG�RUGHU
� 6,�PRGHO
� 6,56�PRGHO
� VWRFKDVWLF
� V\QFKURQL]DWLRQ
� WZR�YDULDEOHV
�G\QDPLF�ZHE
�



�
(��FROL
�HFRORJLFDO�QHWZRUN
� IRRG�ZHE
� KRVW�SDUDVLWH�QHWZRUN
� PXWXDOLVWLF�QHWZRUN
�HFRV\VWHP
�HGJH�EHWZHHQQHVV
�HGJH�FRQQHFWLYLW\
� DOJRULWKP
�HGJH�FXW�VHW
� DOJRULWKP
�HGJH�GLVMRLQW�SDWKV��VHH�HGJH�LQGHSHQGHQW�SDWKV
�HGJH�LQFLGHQFH�PDWUL[
�HGJH�LQGHSHQGHQW�SDWKV
� DOJRULWKP
�HGJH�OHQJWKV
� DLUOLQH�QHWZRUNV
� DQG�QHWZRUN�RSWLPL]DWLRQ
� DQG�VKRUWHVW�SDWKV
� IRUPXOD�IRU
� ,QWHUQHW
� URDG�QHWZRUNV
� VRFLDO�QHWZRUNV
�HGJH�OLVW
�HGJH�SHUFRODWLRQ��VHH�ERQG�SHUFRODWLRQ
�HGJH�SUREDELOLW\
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�UDQGRP�JUDSKV
� H[SRQHQWLDO�UDQGRP�JUDSKV
� UDQGRP�JUDSKV
� WZR�VWDU�PRGHO
�HGJHV
� FLWDWLRQ�QHWZRUN
� GLUHFWHG
� H[DPSOHV�RI
� IRRG�ZHEV
� IULHQGVKLS�QHWZRUNV
� K\SHUHGJHV
� ,QWHUQHW
� OHQJWKV
� PHWDEROLF�QHWZRUNV



� PXOWLHGJHV
� QHJDWLYH�ZHLJKWV
� SHUFRODWLRQ�RQ
� SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUN
� UHFLSURFDWHG
� VHOI�HGJHV
� VLJQHG
� VRFLDO�QHWZRUNV
� YDOXHG
� YDULDEOHV�RQ
� ZHLJKWHG
� :RUOG�:LGH�:HE
�(GPRQGV�.DUS�DOJRULWKP
�HJR
�HJR�FHQWHUHG�QHWZRUN
� DVVRUWDWLYH�PL[LQJ
� FOXVWHULQJ
�HLJHQYDOXHV
� DGMDFHQF\�PDWUL[
� DOJRULWKPV�IRU
� -DFRELDQ�PDWUL[
� /DSODFLDQ
� ODUJHVW
� 3HUURQ�)UREHQLXV�WKHRUHP
� SRZHU�PHWKRG
�HLJHQYHFWRU�FHQWUDOLW\
� DF\FOLF�QHWZRUNV
� DOJRULWKP
� DQG�SUREDELOLW\�RI�LQIHFWLRQ
� DQG�6,5�PRGHO
� DQG�6,6�PRGHO
� DQG�VQRZEDOO�VDPSOLQJ
� FLWDWLRQ�QHWZRUNV
� FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ
� GLUHFWHG�QHWZRUNV
� GLVWULEXWLRQ
� ,QWHUQHW
� QRUPDOL]DWLRQ
� 3DJH5DQN
� SRZHU�ODZ�GLVWULEXWLRQ�RI
� SUREOHPV�ZLWK



� UHJXODU�JUDSKV
� XQGLUHFWHG�QHWZRUNV
�HLJHQYHFWRUV
� DGMDFHQF\�PDWUL[
� DOJRULWKPV
� HLJHQYHFWRU�FHQWUDOLW\
� /DSODFLDQ
� OHDGLQJ
� PRGXODULW\�PDWUL[
� 3HUURQ�)UREHQLXV�WKHRUHP
� SRZHU�PHWKRG
� VSDUVH�QHWZRUNV
�HOHFWULF�FLUFXLW
� UHVLVWRU�QHWZRUN
� VWDWLVWLFV
�HOHFWULFLW\�JULG��VHH�SRZHU�JULG
�HOHFWURQLF�FLUFXLW
� UHVLVWRU�QHWZRUN
� VWDWLVWLFV
�HOHFWURSKRUHVLV
�HOHFWURSKRUHWLF�PRELOLW\�VKLIW�DVVD\
�HPDLO
� DGGUHVVHV
� ORJV
� PHVVDJHV
� QHWZRUNV
� VPDOO�ZRUOG�H[SHULPHQW
� YLUXVHV
�HPDLO�QHWZRUN
� DGGUHVV�ERRN�QHWZRUN
� FOXVWHULQJ�FRHIILFLHQW
� PHVVDJH�QHWZRUN
� UHFLSURFLW\
�HQGHPLF�GLVHDVH
� 6,56�PRGHO
� 6,6�PRGHO
�HQVHPEOH
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�UDQGRP�JUDSK
� H[SRQHQWLDO�UDQGRP�JUDSK
� 3RLVVRQ�UDQGRP�JUDSK



� UDQGRP�JUDSK
�HQWURS\
�PD[LPXP
�HQ]\PH
�HQ]\PH�LQKLELWRU
�HSLGHPLF�PRGHOV
�HSLGHPLF�WKUHVKROG
� DQG�SHUFRODWLRQ�WKUHVKROG
� FRQILJXUDWLRQ�PRGHO
� 3RLVVRQ�UDQGRP�JUDSK
� 6,5�PRGHO
� 6,6�PRGHO
�HSLGHPLFV
� DQG�GLIIXVLRQ
� DQG�HLJHQYHFWRU�FHQWUDOLW\
� DQG�SHUFRODWLRQ
� FRPSDUWPHQWDO�PRGHOV
� FRPSXWHU�VLPXODWLRQ
� FRQWDFW�WUDFLQJ
� IXOO\�PL[HG�DSSUR[LPDWLRQ
� KHUG�LPPXQLW\
� LPPXQLW\
� LPPXQL]DWLRQ
� LQIHFWHG�VWDWH
� LQIHFWLRQ�UDWH
� LQIHFWLYH�VWDWH
� PRGHOV�RI
� QDLYH�SRSXODWLRQ
� RQ�QHWZRUNV
� UHFRYHUHG�VWDWH
� UHLQIHFWLRQ
� UHPRYHG�VWDWH
� 6,�PRGHO
� 6,5�PRGHO
� 6,56�PRGHO
� 6,6�PRGHO
� VPDOO�RXWEUHDNV
� VXVFHSWLEOH�VWDWH
�HTXLYDOHQFH��UHJXODU
�(UGĘV��3DXO
�(UGĘV�5pQ\L�PRGHO��VHH�3RLVVRQ�UDQGRP�JUDSK



�(VFKHULFKLD�FROL
�(XFOLGHDQ�GLVWDQFH
�(XOHU�EHWD�IXQFWLRQ
� LQWHJUDO�IRUP
� SRZHU�ODZ�WDLO
� 6WLUOLQJ¶V�DSSUR[LPDWLRQ
�(XOHU��/HRQDUG
� .|QLJVEHUJ�EULGJH�SUREOHP
�(XOHU�WRXU
�(XOHULDQ�SDWK
� DSSOLFDWLRQV
�H[FHVV�GHJUHH
�H[FHVV�GHJUHH�GLVWULEXWLRQ
� GLUHFWHG�QHWZRUN
� GLUHFWHG�UDQGRP�JUDSK
� JHQHUDWLQJ�IXQFWLRQ
� XQGLUHFWHG�QHWZRUN
�H[SDQVLRQ�RI�D�QHWZRUN
�H[SRQHQW
� %DUDEiVL�$OEHUW�PRGHO
� ELDVHV
� FLWDWLRQ�QHWZRUNV
� IRUPXOD�IRU
� +LOO�HVWLPDWRU
� ,QWHUQHW
� /\DSXQRY�H[SRQHQW
� PD[LPXP�OLNHOLKRRG�HVWLPDWH
� PHDVXUHPHQW
� SUHIHUHQWLDO�DWWDFKPHQW�PRGHOV
� 3ULFH�PRGHO
� VWDWLVWLFDO�HUURU�RQ
� YDOXHV
� YHUWH[�FRS\LQJ�PRGHO
� :RUOG�:LGH�:HE
�H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ
� DQG�UREXVWQHVV
� FRQILJXUDWLRQ�PRGHO
� JHQHUDWLQJ�IXQFWLRQV
� QHWZRUN�RSWLPL]DWLRQ
� SHUFRODWLRQ�WKUHVKROG
� SRZHU�JULG



� VLWH�SHUFRODWLRQ
�H[SRQHQWLDO�GLVWULEXWLRQ
� JHQHUDWLQJ�IXQFWLRQ
� /RUHQ]�FXUYH
� QRUPDOL]DWLRQ
� UHFRYHU\�WLPHV
� VWUHWFKHG�H[SRQHQWLDO
�H[SRQHQWLDO�JHQHUDWLQJ�IXQFWLRQ
�H[SRQHQWLDO�UDQGRP�JUDSK
� FRQWLQXRXV�SKDVH�WUDQVLWLRQ
� GHJUHH�GLVWULEXWLRQ
� GLUHFWHG�QHWZRUNV
� HGJH�SUREDELOLW\
� HQVHPEOH
� H[SHFWDWLRQ�YDOXHV
� IL[HG�GHJUHHV
� IUHH�HQHUJ\
� JUDSKLFDO�VROXWLRQ
� +DPLOWRQLDQ
� PHDQ�ILHOG�WKHRU\
� SDUWLWLRQ�IXQFWLRQ
� SKDVH�WUDQVLWLRQ
� UHFLSURFLW\�PRGHO
� VLPSOH�JUDSKV
� VSDUVH�QHWZRUNV
� 6WUDXVV�PRGHO
� WUDQVLWLYLW\
�



�
)DFHERRN
�)LERQDFFL�KHDS
�ILOHVKDULQJ�QHWZRUN��VHH�SHHU�WR�SHHU�QHWZRUN
�ILOP�DFWRU�GDWDEDVH
�ILOP�DFWRU�QHWZRUN
� DIILOLDWLRQ�QHWZRUN
� EHWZHHQQHVV�FHQWUDOLW\
� ELSDUWLWH�UHSUHVHQWDWLRQ
� FORVHQHVV�FHQWUDOLW\
� FOXVWHULQJ�FRHIILFLHQW
� FRPSRQHQWV
� ODUJHVW�FRPSRQHQW
� VPDOO�ZRUOG�HIIHFW�LQ
� VWDWLVWLFV
�ILQLWH�VL]H�HIIHFW
�ILUVW�LQ�ILUVW�RXW�EXIIHU
�ILUVW�PRYHU�DGYDQWDJH
�ILUVW�RUGHU�SKDVH�WUDQVLWLRQ
�ILUVW�SDVVDJH�WLPH
�IL[HG�FKRLFH�VXUYH\
�IL[HG�SRLQW
� DWWUDFWLQJ
� H[SDQVLRQ�DURXQG
� IORZV�QHDU
� OLQHDUL]DWLRQ
� PL[HG
� QHXWUDO
� QRQ�V\PPHWULF
� UHSHOOLQJ
� VDGGOH�SRLQW
� 6,�PRGHO
� V\PPHWULF
�)ORUHQWLQH�IDPLOLHV�QHWZRUN
�IORZ�EHWZHHQQHVV
�IRRG�FKDLQ
�IRRG�ZHE
� DF\FOLF
� $QWDUFWLF�VSHFLHV
� FDVFDGH�PRGHO
� FOXVWHULQJ�FRHIILFLHQW
� FRPPXQLW\�IRRG�ZHEV



� FRQQHFWDQFH
� GDWDEDVHV
� GHQVLW\
� HGJHV
� HPSLULFDO�PHDVXUHPHQWV
� IUHVKZDWHU�VSHFLHV
� /LWWOH�5RFN�/DNH
� PDULQH�VSHFLHV
� PRGHO�RI
� QRGHV
� SLFWXUHV�RI
� VLQN�IRRG�ZHEV
� VRXUFH�IRRG�ZHEV
� VWDWLVWLFV
� WUDQVLWLYLW\
� WURSKLF�OHYHOV
� YHUWLFHV
� ZHLJKWHG�QHWZRUNV
�)RUG�)XONHUVRQ�DOJRULWKP
�IRUHVW��GDWD�VWUXFWXUH
�IRXU�FRORU�WKHRUHP
�IUHH�FKRLFH�VXUYH\
�IUHH�HQHUJ\
�IUHVKZDWHU�IRRG�ZHE
�IULHQGVKLS�QHWZRUN
� $GG+HDOWK�VWXG\
� DQLPRVLW\�LQ
� DYHUDJH�GHJUHH
� FRPPXQLW\�VWUXFWXUH�LQ
� GHJUHH
� GLUHFWHG�QHWZRUNV
� HGJHV
� JHRGHVLF�GLVWDQFH
� JURXSV�LQ
� LQ�GHJUHH
� NDUDWH�FOXE�QHWZRUN
� RXW�GHJUHH
� VFKRROFKLOGUHQ
� VSDUVH�QHWZRUNV
�IUXVWUDWLRQ
�)73��)LOH�7UDQVIHU�3URWRFRO�



�IXOO\�PL[HG�DSSUR[LPDWLRQ
� 6,�PRGHO
� 6,5�PRGHO
� 6,6�PRGHO
�IXQQHOLQJ�HIIHFW
� FRDXWKRUVKLS�QHWZRUNV
� ,QWHUQHW
�



�
JDPPD�IXQFWLRQ
� LQWHJUDO�IRUP
� 6WLUOLQJ¶V�DSSUR[LPDWLRQ
�JDV�SLSHOLQH�QHWZRUN
� SLFWXUH�RI
�JHO�HOHFWURSKRUHVLV
�JHQGHU��GLVDVVRUWDWLYH�PL[LQJ�E\
�JHQH�GXSOLFDWLRQ
�*HQHUDO�6RFLDO�6XUYH\
�JHQHUDWLQJ�IXQFWLRQ
� DQG�DYHUDJH�GHJUHH
� DYHUDJH�RI�GLVWULEXWLRQ
� FRPSRQHQW�VL]HV
� GHJUHH�GLVWULEXWLRQ
� GHULYDWLYHV�RI
� GLUHFWHG�QHWZRUNV
� GLUHFWHG�UDQGRP�JUDSKV
� GLYHUJHQFH
� H[DPSOHV
� H[FHVV�GHJUHH�GLVWULEXWLRQ
� H[SRQHQWLDO�GLVWULEXWLRQ
� H[SRQHQWLDO�JHQHUDWLQJ�IXQFWLRQV
� PRPHQWV�RI�GLVWULEXWLRQ
� QRUPDOL]DWLRQ
� 3RLVVRQ�GLVWULEXWLRQ
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�ODZ�GLVWULEXWLRQ
� SRZHUV�RI
� SUHIHUHQWLDO�DWWDFKPHQW�PRGHO
� SURSHUWLHV�RI
�JHQHUDWLYH�QHWZRUN�PRGHOV
�JHQHV
� GXSOLFDWLRQ
� H[SUHVVLRQ
� UHJXODWRU\�QHWZRUNV
� WUDQVFULSWLRQ
� WUDQVODWLRQ
�JHQHWLF�DOJRULWKP
�JHQHWLF�UHJXODWRU\�QHWZRUN
� GDWDEDVHV
�JHRGHVLF�GLVWDQFH



� DOJRULWKP
� DQG�FORVHQHVV�FHQWUDOLW\
� DYHUDJH
� GLDPHWHU
� GLUHFWHG�QHWZRUNV
� IULHQGVKLS�QHWZRUNV
� LQILQLWH
� ,QWHUQHW
� ORQJHVW
� UDQGRP�JUDSKV
� VFDOH�IUHH�QHWZRUNV
� VPDOO�ZRUOG�PRGHO
� VRFLDO�QHWZRUNV
�JHRGHVLF�SDWK
� DEVHQFH�RI�ORRSV�LQ
� DOJRULWKP
� DQG�EHWZHHQQHVV�FHQWUDOLW\
� GLDPHWHU�RI�QHWZRUN
� LQILQLWH
� ORQJHVW
� RYHUODSSLQJ
� VHOI�DYRLGLQJ
� XQLTXHQHVV
� ZHLJKWHG�QHWZRUNV
�JHRJUDSK\
� DXWRQRPRXV�V\VWHPV
� ,QWHUQHW
� QHWZRUN�VHDUFK
� SRZHU�JULG
� ULYHU�QHWZRUN
� VRFLDO�QHWZRUNV
� WHOHSKRQH�QHWZRUN
� WUDQVSRUWDWLRQ�QHWZRUNV
�JLDQW�FOXVWHU
� DOJRULWKP
� DQG�HSLGHPLFV
� ERQG�SHUFRODWLRQ
� FRQILJXUDWLRQ�PRGHO
� GHILQLWLRQ
� QHDU�SHUFRODWLRQ�WKUHVKROG
� QRQ�XQLIRUP�SHUFRODWLRQ



� UHDO�ZRUOG�QHWZRUNV
� VFDOH�IUHH�QHWZRUNV
� VFDOLQJ�ZLWK�QHWZRUN�VL]H
� VLWH�SHUFRODWLRQ
� VL]H
�JLDQW�FRPSRQHQW
� FRQGLWLRQ�IRU
� FRQILJXUDWLRQ�PRGHO
� GHJUHH�GLVWULEXWLRQ�LQ
� GLUHFWHG�QHWZRUNV
� GLUHFWHG�UDQGRP�JUDSKV
� H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ
� ILOP�DFWRU�QHWZRUN
� LQ�FRPSRQHQW
� PRUH�WKDQ�RQH
� QXPHULFDO�FDOFXODWLRQ
� RXW�FRPSRQHQW
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� UDQGRP�JUDSKV
� VFDOH�IUHH�QHWZRUNV
� VWURQJO\�FRQQHFWHG
� XQLTXHQHVV
� ZHDNO\�FRQQHFWHG
�JLDQW�LQ�FRPSRQHQW
�JLDQW�RXW�FRPSRQHQW
� GLUHFWHG�UDQGRP�JUDSKV
� :RUOG�:LGH�:HE
�JLDQW�VWURQJO\�FRQQHFWHG�FRPSRQHQW
�JLDQW�ZHDNO\�FRQQHFWHG�FRPSRQHQW
�*LEEV�HQWURS\
�*LEEV��:LOODUG
�*��Q��P�
�*��Q��S�
�*QXWHOOD
�*RRJOH
�*RRJOH�6FKRODU
�JRVVLS
� PRGHO
�*UDP�6FKPLGW�RUWKRJRQDOL]DWLRQ
�JUDSK



�JUDSK�ELVHFWLRQ
� FRPPXQLW\�GHWHFWLRQ
� JUDSK�SDUWLWLRQLQJ
� .HUQLJKDQ�/LQ�DOJRULWKP
� PRGXODULW\�PD[LPL]DWLRQ
� SUREOHPV�ZLWK
� UHSHDWHG�ELVHFWLRQ
� VSHFWUDO�DOJRULWKP
�JUDSK�+DPLOWRQLDQ��VHH
� +DPLOWRQLDQ
�JUDSK�/DSODFLDQ��VHH�/DSODFLDQ
�JUDSK�SDUWLWLRQLQJ
� DQG�/DSODFLDQ
� DSSOLFDWLRQV
� ELVHFWLRQ
� H[KDXVWLYH�VHDUFK
� LQ�SDUDOOHO�FRPSXWLQJ
� .HUQLJKDQ�/LQ�DOJRULWKP
� PRUH�WKDQ�WZR�JURXSV
� UDWLR�FXW�SDUWLWLRQLQJ
� UHSHDWHG�ELVHFWLRQ
� VSHFWUDO�SDUWLWLRQLQJ
� WZR�JURXSV
�JUDSK�WKHRU\
�*UDSKYL]��VRIWZDUH�SDFNDJH�
�JUHHG\�DOJRULWKP
� FRPPXQLW\�GHWHFWLRQ
� PHVVDJH�SDVVLQJ
� PRGXODULW\�PD[LPL]DWLRQ
� QHWZRUN�RSWLPL]DWLRQ
� VPDOO�ZRUOG�H[SHULPHQW
�*7/��VRIWZDUH�OLEUDU\�
�*XDUH��-RKQ
�



�
+DPLOWRQLDQ
� GLUHFWHG�UDQGRP�JUDSK
� UDQGRP�JUDSK
� UHFLSURFLW\�PRGHO
� 6WUDXVV�PRGHO
� WZR�VWDU�PRGHO
�+DPLOWRQLDQ�SDWK
� DSSOLFDWLRQV
� VHOI�DYRLGLQJ
�+DPPLQJ�GLVWDQFH
�+DUDU\��)UDQN
�+DUDU\¶V�FOXVWHUDELOLW\�WKHRUHP
�KHDS�GDWD�VWUXFWXUH
� DGGLQJ�DQ�HOHPHQW�WR
� ELQDU\�KHDS
� 'LMNVWUD¶V�DOJRULWKP
� HSLGHPLF�VLPXODWLRQ
� )LERQDFFL�KHDS
� ILQGLQJ�VPDOOHVW�YDOXH
� KLHUDUFKLFDO�FOXVWHULQJ
� PRGLILHG
� UHGXFLQJ�D�YDOXH�LQ
� UHPRYLQJ�DQ�HOHPHQW�IURP
� URRW�HOHPHQW
� VLIWLQJ
�KHUG�LPPXQLW\
�KHXULVWLF�DOJRULWKP
�KLGGHQ�SRSXODWLRQ
�KLHUDUFKLFDO�FOXVWHULQJ
� DOJRULWKP
� DQG�FRVLQH�VLPLODULW\
� DYHUDJH�OLQNDJH�FOXVWHULQJ
� FRPSOHWH�OLQNDJH�FOXVWHULQJ
� FRPSXWDWLRQDO�FRPSOH[LW\
� H[DPSOH
� LPSOHPHQWDWLRQ
� NDUDWH�FOXE�QHWZRUN
� SUREOHPV�ZLWK
� UXQQLQJ�WLPH
� VLQJOH�OLQNDJH�FOXVWHULQJ
�KLHUDUFKLFDO�GHFRPSRVLWLRQ



�KLHUDUFKLFDO�VWUXFWXUH
�KLJK�WKURXJKSXW�PHWKRG
�+LOO�HVWLPDWRU
�KLVWRJUDP
� GHJUHH�GLVWULEXWLRQ
� SRZHU�ODZ�GLVWULEXWLRQ
�+,76�DOJRULWKP
�KRPRSKLO\��VHH�DVVRUWDWLYH�PL[LQJ
�KRVW�SDUDVLWH�QHWZRUN
�+RXVHKROGHU�DOJRULWKP
�+70/��+\SHUWH[W�0DUNXS�/DQJXDJH�
�+773��+\SHUWH[W�7UDQVIHU�3URWRFRO�
�KXE
� DLUOLQH�QHWZRUNV
� DQG�GHJUHH�GLVWULEXWLRQ
� %LDQFRQL�%DUDEiVL�PRGHO
� KXE�DQG�VSRNH�QHWZRUNV
� KXE�FHQWUDOLW\
� KXEV�DQG�DXWKRULWLHV
� ,QWHUQHW
� UHPRYDO
� VXSHUKXE
�KXE�DQG�VSRNH�QHWZRUN
�KXE�FHQWUDOLW\
�KXEV�DQG�DXWKRULWLHV�DOJRULWKP
�K\SHUHGJH
�K\SHUJUDSK
�K\SHUOLQNV
� DQFKRU�WH[W
� FUDZOLQJ
� GLVWULEXWLRQ�RI
�



�
LJUDSK��VRIWZDUH�OLEUDU\�
�LPPXQH�V\VWHP
�LPPXQLW\
� HSLGHPLF�PRGHOV
� KHUG�LPPXQLW\
� LQIDQWV
� 6,5�PRGHO
� 6,56�PRGHO
� 6,6�PRGHO
� WHPSRUDU\
�LPPXQL]DWLRQ
� DFTXDLQWDQFH�LPPXQL]DWLRQ
� SHUFRODWLRQ�WKHRU\
� VFDOH�IUHH�QHWZRUN
� WDUJHWHG
� QRQ�XQLIRUP
�LPPXQRSUHFLSLWDWLRQ
�LQFLGHQFH�PDWUL[
� ELSDUWLWH�QHWZRUN
� HGJH�LQFLGHQFH�PDWUL[
�LQ�FRPSRQHQW
� GLUHFWHG�UDQGRP�JUDSK
� JLDQW
� RYHUODSSLQJ
� 3ULFH�PRGHO
� WUHH�OLNH
� :RUOG�:LGH�:HE
�LQ�GHJUHH
� DYHUDJH
� FLWDWLRQ�QHWZRUN
� FRUUHODWLRQ�ZLWK�RXW�GHJUHH
� GHJUHH�FHQWUDOLW\
� GLVWULEXWLRQ
� VRFLDO�QHWZRUNV
� :RUOG�:LGH�:HE
�LQGHSHQGHQW�SDWKV
� DOJRULWKP
� DQG�UREXVWQHVV
� GLUHFWHG�QHWZRUNV
� HGJH�LQGHSHQGHQW
� 0HQJHU¶V�WKHRUHP



� YHUWH[�LQGHSHQGHQW
�,1'(;�H[SHULPHQW
�LQIHFWHG�VWDWH
�LQIHFWLRQ�UDWH
�LQIHFWLYH�VWDWH
�,Q)ORZ��VRIWZDUH�SDFNDJH�
�LQIRUPDWLRQ�QHWZRUN
� DVVRUWDWLYH�PL[LQJ
� FLWDWLRQ�QHWZRUNV
� GLVDVVRUWDWLYH�PL[LQJ
� HPSLULFDO�PHDVXUHPHQWV
� NH\ZRUG�LQGH[HV
� SHHU�WR�SHHU�QHWZRUNV
� UHFRPPHQGHU�QHWZRUNV
� VWDWLVWLFV
� :RUOG�:LGH�:HE
�LQIRUPDWLRQ�VFLHQFH
�LQVWDQW�PHVVDJLQJ
�LQWHUPDUULDJH�QHWZRUN
�,QWHUQHW
� DXWRQRPRXV�V\VWHP�UHSUHVHQWDWLRQ
� DYHUDJH�GHJUHH
� DYHUDJH�QHLJKERU�GHJUHH
� EDFNERQH
� EHWZHHQQHVV�FHQWUDOLW\
� FODVV�&�VXEQHW�UHSUHVHQWDWLRQ
� FOXVWHULQJ�FRHIILFLHQW
� FXPXODWLYH�GHJUHH�GLVWULEXWLRQ
� GHJUHH�GLVWULEXWLRQ
� ',0(6�SURMHFW
� GRPDLQ
� GRPDLQ�UHSUHVHQWDWLRQ
� HGJHV
� HLJHQYHFWRU�FHQWUDOLW\
� H[SRQHQW
� IDLOXUH�RI�URXWHUV
� IXQQHOLQJ�HIIHFW
� JHRGHVLF�GLVWDQFHV
� JHRJUDSK\
� KLJKHVW�GHJUHH�YHUWH[
� ,QWHUQHW�VHUYLFH�SURYLGHUV



� ,3�DGGUHVVHV
� ODUJHVW�FRPSRQHQW
� PHDQ�GHJUHH
� QHLJKERU�GHJUHH
� QHWZRUN�EDFNERQH�SURYLGHUV
� QRGHV
� SDFNHW�ORVV
� SDFNHWV
� SHUFRODWLRQ�RQ
� SLFWXUHV�RI
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� SURWRFROV
� UREXVWQHVV
� URXWHU�UHSUHVHQWDWLRQ
� URXWHUV
� 5RXWHYLHZV�SURMHFW
� VFDOH�IUHH�QHWZRUN
� VFKHPDWLF�SLFWXUH�RI
� VKRUWHVW�SDWKV
� VLWH�SHUFRODWLRQ�RQ
� VPDOO�ZRUOG�HIIHFW
� VSDUVH�QHWZRUN
� VWDWLVWLFV
� VXEQHW�UHSUHVHQWDWLRQ
� VXEQHWV
� WUDQVLWLYLW\
� YHUWLFHV
�,QWHUQHW�0RYLH�'DWDEDVH
�,QWHUQHW�3URWRFRO��,3�
�LQWHUYLHZV
�LQYHUVLRQ�IRUPXOD
�,3�DGGUHVV
�,63��,QWHUQHW�6HUYLFH�3URYLGHU�
� ORFDO
� UHJLRQDO
�



�
-DFRELDQ�PDWUL[
� GLDJRQDO
� G\QDPLFDO�V\VWHP
� HLJHQYDOXHV
�-$9$�OLEUDULHV
�-81*��VRIWZDUH�OLEUDU\�
�



�
NDQJDURRV��VRFLDO�QHWZRUN
�NDUDWH�FOXE�QHWZRUN
� FRPPXQLW\�VWUXFWXUH
� KLHUDUFKLFDO�FOXVWHULQJ
� SLFWXUHV�RI
� VSOLW�LQ
�.DW]�FHQWUDOLW\
� FDOFXODWLRQ
� GLUHFWHG�QHWZRUNV
� H[WHQVLRQV
� SDUDPHWHU�YDOXH
� UHJXODU�JUDSKV
� XQGLUHFWHG�QHWZRUNV
�.DW]�VLPLODULW\
�N�FODQ
�N�FOLTXH
�N�FOXE
�N�FRPSRQHQW
� DQG�UREXVWQHVV
� ELFRPSRQHQW
� FRQWLJXRXV
� QRQ�FRQWLJXRXV
� UDQGRP�JUDSK
� WULFRPSRQHQW
�N�FRQQHFWHG�FRPSRQHQW��VHH�N�FRPSRQHQW
�N�FRUH
�.HUQLJKDQ��%ULDQ
�.HUQLJKDQ�/LQ�DOJRULWKP
� FRPPXQLW\�GHWHFWLRQ
� FRPSDULVRQ�ZLWK�VSHFWUDO�SDUWLWLRQLQJ
� FRPSXWDWLRQDO�FRPSOH[LW\
� H[DPSOH
� LPSOHPHQWDWLRQ
�NH\�VLJQLQJ�QHWZRUN
�NH\ZRUG�LQGH[
�.LUFKKRII�FXUUHQW�ODZ
�.OHLQEHUJ�VPDOO�ZRUOG�PRGHO
�.|QLJVEHUJ�%ULGJH�3UREOHP
�N�SOH[
�N�UHJXODU�JUDSK
� FLUFOH�PRGHO



� G\QDPLFDO�V\VWHP
� HLJHQYHFWRU�FHQWUDOLW\
� .DW]�FHQWUDOLW\
� 6,�PRGHO
�.ULFKKRII¶V�FXUUHQW�ODZ
�.XUDWRZVNL��.D]LPLHU]
�.XUDWRZVNL¶V�WKHRUHP
�



�
/DJUDQJH�LQYHUVLRQ�IRUPXOD
�/DPEHUW�:�IXQFWLRQ
�/DQF]RV�DOJRULWKP
�ODQGOLQH�WHOHSKRQH�QHWZRUN
�/$3$&.��VRIWZDUH�OLEUDU\�
�/DSODFLDQ
� DQG�DOJHEUDLF�FRQQHFWLYLW\
� DQG�FXW�VL]H
� EORFN�GLDJRQDO
� GLUHFWHG�QHWZRUNV
� G\QDPLFDO�V\VWHPV
� HLJHQYDOXHV
� HLJHQYHFWRUV
� JUDSK�SDUWLWLRQLQJ
� ODUJHVW�HLJHQYDOXH
� UDQGRP�ZDONV
� UHGXFHG
� UHVLVWRU�QHWZRUNV
� VHFRQG�HLJHQYDOXH
� VLQJXODU
� VPDOOHVW�HLJHQYDOXH
� VSHFWUDO�JDS
� VSHFWUDO�SDUWLWLRQLQJ
� VSHFWUXP
� ]HUR�HLJHQYDOXH
�ODUJH�FRPSRQHQW
� DEVHQFH�RI
� GLUHFWHG�QHWZRUNV
� PRUH�WKDQ�RQH
� :RUOG�:LGH�:HE
�ODUJHVW�FRPSRQHQW
� ILOP�DFWRU�QHWZRUN
� JLDQW�FRPSRQHQW
� ,QWHUQHW
� UDQGRP�JUDSK
� VWDWLVWLFV
� VWURQJO\�FRQQHFWHG
� ZHDNO\�FRQQHFWHG
� :RUOG�:LGH�:HE
�ODWHQW�VHPDQWLF�LQGH[LQJ
�/('$�$*'��VRIWZDUH�OLEUDU\�



�/HH��&KULVWRSKHU
�OHIW�HLJHQYHFWRU
�OHJDO�FLWDWLRQ�QHWZRUN
�/HUFK�WUDQVFHQGHQW
�OHWWHU�SDVVLQJ�H[SHULPHQW��VHH�VPDOO�ZRUOG�H[SHULPHQW
�/H[LV1H[LV
�OLEUDU\�VFLHQFH
�/LPH:LUH
�OLPLW�F\FOH
�OLQHDUL]DWLRQ
�OLQHDU�VWDELOLW\�DQDO\VLV
�OLQN
�/LQNHG,Q
�/LWWOH�5RFN�/DNH�IRRG�ZHE
�/LYH-RXUQDO
�ORFDO�FOXVWHULQJ�FRHIILFLHQW
� DQG�JOREDO�FOXVWHULQJ�FRHIILFLHQW
� DQG�UHGXQGDQF\
� GHSHQGHQFH�RQ�GHJUHH
�ORFDO�,63
�ORJDULWKPLF�ELQQLQJ
�ORJLVWLF�JURZWK
� 6,�PRGHO
� 6,6�PRGHO
�ORQJ�GLVWDQFH�WHOHSKRQH�QHWZRUN
�ORQJLWXGLQDO�QHWZRUN�VWXGLHV
�ORRSV
� DEVHQFH�LQ�DF\FOLF�QHWZRUNV
� DEVHQFH�LQ�FLWDWLRQ�QHWZRUNV
� DEVHQFH�LQ�JHRGHVLF�SDWKV
� DEVHQFH�LQ�VPDOO�FRPSRQHQWV
� DEVHQFH�LQ�WUHHV
� LQ�GLUHFWHG�QHWZRUNV
� OHQJWK�WKUHH
� OHQJWK�WZR
� QXPEHU�RI�JLYHQ�OHQJWK
� VHOI�ORRSV
� VWUXFWXUDO�EDODQFH
�/RUHQ]�FXUYH
� H[SRQHQWLDO�GLVWULEXWLRQ
� SRZHU�ODZ



� VFDOH�IUHH�QHWZRUN
�/RUHQ]��0D[
�/RWND�9ROWHUUD�HTXDWLRQV
�/\DSXQRY�H[SRQHQW
�



�
0DSOH��VRIWZDUH�SDFNDJH�
�PDULQH�IRRG�ZHE
�PDUULDJH�QHWZRUN
�PDVV�DFWLRQ�DSSUR[LPDWLRQ
�PDVWHU�HTXDWLRQ
� %DUDEiVL�$OEHUW�PRGHO
� %LDQFRQL�%DUDEiVL�PRGHO
� IRU�FRPSRQHQW�VL]HV
� JHQHUDOL]HG�SUHIHUHQWLDO�DWWDFKPHQW
� QRQ�OLQHDU�SUHIHUHQWLDO�DWWDFKPHQW
� SUHIHUHQWLDO�DWWDFKPHQW
� 3ULFH�PRGHO
� YHUWH[�FRS\LQJ�PRGHO
�PDVWHU�VWDELOLW\�FRQGLWLRQ
�PDVWHU�VWDELOLW\�IXQFWLRQ
�0DWKHPDWLFD��VRIWZDUH�SDFNDJH�
�PDWKHPDWLFV�FRDXWKRUVKLS�QHWZRUN
�0DWODE��VRIWZDUH�SDFNDJH�
�PDWUL[
� DGMDFHQF\�PDWUL[
� ELEOLRJUDSKLF�FRXSOLQJ�PDWUL[
� FRFLWDWLRQ�PDWUL[
� HGJH�LQFLGHQFH�PDWUL[
� LQFLGHQFH�PDWUL[
� -DFRELDQ
� /DSODFLDQ
� PRGXODULW\�PDWUL[
� QLOSRWHQW
� 6FKXU�GHFRPSRVLWLRQ
� VNHZ�V\PPHWULF
� WULDQJXODU
�PD[�IORZ�PLQ�FXW�WKHRUHP
� ZHLJKWHG�QHWZRUN
�PD[LPXP�HQWURS\
�PD[LPXP�IORZ
� DOJRULWKP
� DQG�FRQQHFWLYLW\
� DQG�PLQLPXP�FXW
� DXJPHQWLQJ�SDWK�DOJRULWKP
� GLUHFWHG�QHWZRUNV
� IORZ�EHWZHHQQHVV



� PD[�IORZ�PLQ�FXW�WKHRUHP
� SUHIORZ�SXVK�DOJRULWKP
� ZHLJKWHG�QHWZRUNV
�PD[LPXP�OLNHOLKRRG
�0F.HQGULFN��$QGHUVRQ
�PHDQ�GHJUHH��VHH�DYHUDJH�GHJUHH
�PHDQ�ILHOG�WKHRU\
� H[SRQHQWLDO�UDQGRP�JUDSK
� VPDOO�ZRUOG�PRGHO
� 6WUDXVV�PRGHO
� WZR�VWDU�PRGHO
�PHGLFDO�GRFWRU�QHWZRUN
�0HGLFL�IDPLO\
�0HQJHU��.DUO
�0HQJHU¶V�WKHRUHP
�PHVVDJH�SDVVLQJ
� JUHHG\�DOJRULWKP
� KLHUDUFKLFDO�PRGHO
� .OHLQEHUJ�PRGHO
� UHYHUVH�VPDOO�ZRUOG�H[SHULPHQW
� VPDOO�ZRUOG�H[SHULPHQW
�PHVVHQJHU�51$
�PHWDEROLF�QHWZRUN
� ELSDUWLWH�UHSUHVHQWDWLRQ
� &��HOHJDQV
� FRPPXQLW\�VWUXFWXUH
� GDWDEDVHV
� GHJUHH�GLVWULEXWLRQ
� (��FROL
� HGJHV
� HPSLULFDO�PHDVXUHPHQWV
� QRGHV
� SLFWXUH�RI
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� VFDOH�IUHH�QHWZRUN
� VWDWLVWLFV
� WULSDUWLWH�UHSUHVHQWDWLRQ
� YHUWH[�FRS\LQJ
� YHUWLFHV
�PHWDEROLF�SDWKZD\
� GDWDEDVHV



�PHWDEROLF�UHDFWLRQ
� GDWDEDVHV
� HQ]\PHV
� LQKLELWLRQ�RI
� SURGXFWV
� VXEVWUDWHV
�PHWDEROLVP
� DQDEROLF
� FDWDEROLF
�PHWDEROLWH
�PLFURDUUD\
�0LOJUDP�VPDOO�ZRUOG�H[SHULPHQW��VHH�VPDOO�ZRUOG�H[SHULPHQW
�0LOJUDP��6WDQOH\
�PLQLPXP�FXW
� DOJRULWKP
� DQG�FRQQHFWLYLW\
� DQG�PD[LPXP�IORZ
� DXJPHQWLQJ�SDWK�DOJRULWKP
� GLUHFWHG�QHWZRUNV
� PD[�IORZ�PLQ�FXW�WKHRUHP
� SUHIORZ�SXVK�DOJRULWKP
� ZHLJKWHG�QHWZRUNV
�PLQLPXP�VSDQQLQJ�WUHH
�PL[HG�IL[HG�SRLQW
�PRGHO
� DLUOLQH�QHWZRUN
� ELRORJLFDO�QHWZRUNV
� FDVFDGH�PRGHO
� FLUFOH�PRGHO
� FLWDWLRQ�QHWZRUN
� FRPSDUWPHQWDO
� GLVHDVH�VSUHDG
� HSLGHPLFV
� IRRG�ZHE
� JHQHUDWLYH
� JRVVLS
� JURZLQJ�QHWZRUN
� KLHUDUFKLFDO�PRGHO
� PHVVDJH�SDVVLQJ
� QHWZRUN�IRUPDWLRQ
� QHWZRUN�RSWLPL]DWLRQ



� RI�%DUDEiVL�DQG�$OEHUW
� RI�%LDQFRQL�DQG�%DUDEiVL
� RI�(UGĘV�DQG�5pQ\L
� RI�)HUUHU�L�&DQFKR�DQG�6ROp
� RI�*DVWQHU�DQG�1HZPDQ
� RI�.OHLQEHUJ
� RI�3ULFH
� RI�6WUDXVV
� RI�:DWWV�DQG�6WURJDW]
� SUHIHUHQWLDO�DWWDFKPHQW
� SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUN
� S�VWDU�PRGHOV
� UHFLSURFLW\�PRGHO
� URDG�QHWZRUN
� 6,�PRGHO
� 6,5�PRGHO
� 6,56�PRGHO
� 6,6�PRGHO
� VPDOO�ZRUOG�HIIHFW
� VPDOO�ZRUOG�PRGHO
� WZR�VWDU�PRGHO
� YHUWH[�FRS\LQJ
� :RUOG�:LGH�:HE
�PRGXODULW\
� DOWHUQDWLYH�IRUPV
� FRPPXQLW\�GHWHFWLRQ
� PDWUL[�IRUP
� PD[LPL]DWLRQ
� QRUPDOL]DWLRQ
� YDOXHV�RI
�PRGXODULW\�PDWUL[
� HLJHQYHFWRUV
� JHQHUDOL]HG
� OHDGLQJ�HLJHQYHFWRU
� VSDUVHQHVV
�PRGXODULW\�PD[LPL]DWLRQ
� DOJRULWKPV
� ELVHFWLRQ
� FRPSXWDWLRQDO�FRPSOH[LW\
� JHQHWLF�DOJRULWKP
� JUHHG\�DOJRULWKP



� VLPXODWHG�DQQHDOLQJ
� VSHFWUDO�DOJRULWKP
� YHUWH[�PRYLQJ�DOJRULWKP
�0ROOR\�5HHG�FULWHULRQ
�PRPHQW�FORVXUH
� FRQILJXUDWLRQ�PRGHO
� 6,�PRGHO
�PRPHQWV
� DQG�JHQHUDWLQJ�IXQFWLRQ
� GLYHUJHQFH
� ILUVW
� SRZHU�ODZ�GLVWULEXWLRQ
� VHFRQG
�PRQNH\V��VRFLDO�QHWZRUN
�0RUHQR��-DFRE
�PRWLIV
�PRYLH�GDWDEDVH
�PXOWLHGJHV
� DQG�DGMDFHQF\�OLVW
� DQG�DGMDFHQF\�PDWUL[
� FLWDWLRQ�QHWZRUNV
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�QHWZRUNV
� SUHIHUHQWLDO�DWWDFKPHQW�PRGHO
� 3ULFH�PRGHO
� VFDOH�IUHH�QHWZRUNV
� VPDOO�ZRUOG�PRGHO
�PXOWLJUDSK
� DGMDFHQF\�PDWUL[�IRU
� FRQQHFWLRQ�WR�ZHLJKWHG�QHWZRUNV
�PXWXDOLVWLF�QHWZRUN
�0\6SDFH
�



�
QDLYH�SRSXODWLRQ
�QDPH�JHQHUDWRU
�1DSVWHU
�1DWLRQDO�/RQJLWXGLQDO�6WXG\�RI�$GROHVFHQW�+HDOWK
�QHLJKERU�GHJUHH
� DYHUDJH
� FRDXWKRUVKLS�QHWZRUN
� FRQILJXUDWLRQ�PRGHO
� ,QWHUQHW
�QHLJKERUV
� DW�JLYHQ�GLVWDQFH
� DYHUDJH�GHJUHH�RI
� VHFRQG�QHLJKERUV
�1HWPLQHU��VRIWZDUH�SDFNDJH�
�QHWZRUN
�QHWZRUN�EDFNERQH�SURYLGHU
�QHWZRUN�RSWLPL]DWLRQ
� DLUOLQH�QHWZRUNV
� GLVWULEXWLRQ�QHWZRUNV
� JUHHG\�DOJRULWKP
� PRGHO�RI�)HUUHU�L�&DQFKR�DQG�6ROp
� PRGHO�RI�*DVWQHU�DQG�1HZPDQ
� URDG�QHWZRUNV
� VLPXODWHG�DQQHDOLQJ
� WUDQVSRUWDWLRQ�QHWZRUNV
�QHWZRUN�YLVXDOL]DWLRQ
�1HWZRUN�:RUNEHQFK��VRIWZDUH�SDFNDJH�
�1HWZRUN;��VRIWZDUH�SDFNDJH�
�QHXUDO�QHWZRUN
� &��HOHJDQV
� HPSLULFDO�PHDVXUHPHQWV
� SLFWXUH�RI
� VWDWLVWLFV
�QHXURQ
�QHXWUDO�IL[HG�SRLQW
�QHZV�VSUHDGLQJ
�QLOSRWHQW�PDWUL[
�QRGH
� DYHUDJH�GHJUHH
� FHQWUDOLW\
� FLWDWLRQ�QHWZRUN



� GHJUHH
� H[DPSOHV�RI
� IRRG�ZHE
� JURXSV�RI
� KLJK�GHJUHH
� KLJKHVW�GHJUHH
� LPSRUWDQFH
� ,QWHUQHW
� PHWDEROLF�QHWZRUN
� SRZHU�JULG
� UHPRYDO
� VRFLDO�QHWZRUN
� YDOXHV�RQ
� :RUOG�:LGH�:HE
�QRGH�GLVMRLQW�SDWKV��VHH�QRGH�LQGHSHQGHQW�SDWKV
�QRGH�LQGHSHQGHQW�SDWKV
� DOJRULWKP�IRU
�QRQ�OLQHDU�SUHIHUHQWLDO�DWWDFKPHQW
� GHJUHH�GLVWULEXWLRQ
� HPSLULFDO�PHDVXUHPHQWV
�QRQ�V\PPHWULF�IL[HG�SRLQW
�13��FRPSOH[LW\�FODVV�
�



�
RFFXSDWLRQ�SUREDELOLW\
�RLO�SLSHOLQH�QHWZRUN
�RQH�PRGH�SURMHFWLRQ
� ILOP�DFWRU�QHWZRUN
� UDLO�QHWZRUNV
� ZHLJKWHG�QHWZRUNV
�RQOLQH�QHWZRUN
� EORJV
� )DFHERRN
� LQVWDQW�PHVVDJLQJ
� /LQNHG,Q
� /LYH-RXUQDO
� 0\6SDFH
� VRFLDO�QHWZRUNV
� 8VHQHW
� ZHEORJV
�2�QRWDWLRQ
�2SWH�SURMHFW
�RSWLPL]DWLRQ
� DLUOLQH�QHWZRUNV
� GLVWULEXWLRQ�QHWZRUNV
� JHQHWLF�DOJRULWKPV
� JUHHG\�DOJRULWKPV
� PRGHO�RI�)HUUHU�L�&DQFKR�DQG�6ROp
� PRGHO�RI�*DVWQHU�DQG�1HZPDQ
� PRGXODULW\
� UHOD[DWLRQ�PHWKRG
� URDG�QHWZRUNV
� VLPXODWHG�DQQHDOLQJ
� WUDQVSRUWDWLRQ�QHWZRUNV
�RUWKRJRQDOL]DWLRQ
� *UDP�6FKPLGW
� VSHFWUDO�SDUWLWLRQLQJ
�RVFLOODWLRQ
� G\QDPLFDO�V\VWHPV
� SUHGDWRU�SUH\�G\QDPLFV
� 6,56�PRGHO
� V\QFKURQL]DWLRQ
�RVFLOODWRU�QHWZRUN
�RXW�FRPSRQHQW
� DQG�HLJHQYHFWRU�FHQWUDOLW\



� GLUHFWHG�UDQGRP�JUDSKV
� JLDQW
� RYHUODSSLQJ
� :RUOG�:LGH�:HE
�RXW�GHJUHH
� DYHUDJH
� FRUUHODWLRQ�ZLWK�LQ�GHJUHH
� GHJUHH�FHQWUDOLW\
� GLVWULEXWLRQ
� IULHQGVKLS�QHWZRUN
� VRFLDO�QHWZRUN
� :RUOG�:LGH�:HE
�



�
SDFNDJH�GHOLYHU\�QHWZRUN
�SDFNHW��,QWHUQHW
�SDFNHW�VZLWFKHG�QHWZRUN
� ,QWHUQHW
� WHOHSKRQH�QHWZRUN
�3DJH5DQN
� H[WHQVLRQV�RI
� *RRJOH
� RIIOLQH�FDOFXODWLRQ
� SDUDPHWHU�YDOXH
�SDLU�DSSUR[LPDWLRQ
�3DMHN��VRIWZDUH�SDFNDJH�
�SDSHUV
� FLWDWLRQ
� FRDXWKRUVKLS
�SDUWLWLRQ�IXQFWLRQ
�SDWHQW�FLWDWLRQ�QHWZRUN
�SDWK�OHQJWKV
� DOJRULWKPV
� GLDPHWHU
� GLUHFWHG�QHWZRUNV
� UDQGRP�JUDSKV
� VKRUWHVW
�SDWKV
� DXJPHQWLQJ
� GLUHFWHG�QHWZRUNV
� GLVMRLQW
� HGJH�GLVMRLQW
� HGJH�LQGHSHQGHQW
� (XOHULDQ
� JHRGHVLF
� +DPLOWRQLDQ
� LQGHSHQGHQW�SDWKV
� LQ�WUHHV
� OHQJWKV
� ORRSV
� QXPEHU�RI�JLYHQ�OHQJWK
� UDQGRP�ZDONV
� VHOI�DYRLGLQJ
� VKRUWHVW
� YHUWH[�GLVMRLQW



� YHUWH[�LQGHSHQGHQW
� ZHLJKWHG�QHWZRUNV
�3��FRPSOH[LW\�FODVV�
�3HDUVRQ�FRHIILFLHQW
� DOJRULWKP�IRU
� DQG�DVVRUWDWLYH�PL[LQJ
� DQG�FRPPXQLW\�GHWHFWLRQ
� IRU�GHJUHH
� IRU�URZV�RI�DGMDFHQF\�PDWUL[
� FDOFXODWLRQ�RI
�SHHU�WR�SHHU�QHWZRUN
� EDQGZLGWK�XVDJH
� EUHDGWK�ILUVW�VHDUFK
� FOLHQW�QRGHV
� *QXWHOOD
� /LPH:LUH
� 1DSVWHU
� VHDUFK
� VWDWLVWLFV
� VXSHUQRGHV
�SHUFRODWLRQ
� DOJRULWKP
� DQG�HSLGHPLFV
� DQG�UREXVWQHVV
� %HWKH�ODWWLFH
� ERRWVWUDS�SHUFRODWLRQ
� EUHDGWK�ILUVW�VHDUFK
� E\�GHJUHH
� FOXVWHUV
� FRDXWKRUVKLS�QHWZRUN
� FRQILJXUDWLRQ�PRGHO
� FRQWLQXRXV�SKDVH�WUDQVLWLRQ
� JLDQW�FOXVWHU
� LPPXQL]DWLRQ
� ,QWHUQHW
� MRLQW�VLWH�ERQG�SHUFRODWLRQ
� QRQ�XQLIRUP
� RFFXSDWLRQ�SUREDELOLW\
� SKDVH�WUDQVLWLRQ
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�JULG



� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� UDQGRP�JUDSKV
� UDQGRP�UHPRYDO�RI�YHUWLFHV
� UHDO�ZRUOG�QHWZRUNV
� UHODEHOLQJ�DOJRULWKP
� URDG�QHWZRUNV
� VFDOH�IUHH�QHWZRUNV
� VRFLDO�QHWZRUN
� VSDQQLQJ�FOXVWHU
� WDUJHWHG�DWWDFNV
� WKUHVKROG
� XQLIRUP�UHPRYDO�RI�YHUWLFHV
� YDFFLQDWLRQ
�SHUFRODWLRQ�WKUHVKROG
� DQG�HSLGHPLFV
� ERQG�SHUFRODWLRQ
� FRQILJXUDWLRQ�PRGHO
� 3RLVVRQ�UDQGRP�JUDSK
� UHDO�ZRUOG�QHWZRUNV
� VKDUSQHVV
� VLWH�SHUFRODWLRQ
�SHULSKHU\
�3HUURQ�)UREHQLXV�WKHRUHP
�SHUVRQDO�QHWZRUN
�3*3��VRIWZDUH�SDFNDJH�
�SKDVH�GLDJUDP
�SKDVH�WUDQVLWLRQ
� FRQILJXUDWLRQ�PRGHO
� FRQWLQXRXV
� GLUHFWHG�UDQGRP�JUDSK
� H[SRQHQWLDO�UDQGRP�JUDSKV
� ILUVW�RUGHU
� SHUFRODWLRQ
� 3RLVVRQ�UDQGRP�JUDSK
� UDQGRP�JUDSKV
� VHFRQG�RUGHU
� 6WUDXVV�PRGHO
� WKLUG�RUGHU
� WZR�VWDU�PRGHO
�SK\VLFLVW�FRDXWKRUVKLS�QHWZRUN
� SHUFRODWLRQ�RQ



� VWDWLVWLFV
�SLSHOLQH�QHWZRUN
�SODQDU�QHWZRUN
� DSSUR[LPDWHO\�SODQDU
� DYHUDJH�GHJUHH
� FRXQWULHV
� GHWHFWLRQ
� .XUDWRZVNL¶V�WKHRUHP
� PHDVXUHV�RI�SODQDULW\
� ULYHU�QHWZRUNV
� URDG�QHWZRUNV
� WUHHV
�SODQW�URRW�QHWZRUN
�SRLQW�PXWDWLRQ
�3RLVVRQ�GHJUHH�GLVWULEXWLRQ
� JHQHUDWLQJ�IXQFWLRQV
� UDQGRP�JUDSK
� VPDOO�ZRUOG�PRGHO
�3RLVVRQ�GLVWULEXWLRQ
� JHQHUDWLQJ�IXQFWLRQ
�3RLVVRQ�UDQGRP�JUDSK
� DQG�H[SRQHQWLDO�UDQGRP�JUDSK
� DYHUDJH�FRPSRQHQW�VL]H
� DYHUDJH�GHJUHH
� FOXVWHULQJ�FRHIILFLHQW
� FRPPXQLW\�VWUXFWXUH
� FRPSRQHQWV
� GHJUHH�GLVWULEXWLRQ
� GLDPHWHU
� GLYHUJHQFH�RI�FRPSRQHQW�VL]HV
� HQVHPEOH
� HSLGHPLF�WUDQVLWLRQ�RQ
� H[WHQVLYH�FRPSRQHQWV
� IL[HG�QXPEHU�RI�HGJHV
� JHQHUDWLQJ�IXQFWLRQV
� JLDQW�FRPSRQHQW
� *��Q��P�
� *��Q��S�
� JUDSKLFDO�VROXWLRQ
� ODUJH�VL]H�OLPLW
� ODUJHVW�FRPSRQHQW



� QXPEHU�RI�HGJHV
� SDWK�OHQJWKV
� SHUFRODWLRQ�RQ
� SKDVH�WUDQVLWLRQ
� SUREOHPV�ZLWK
� UREXVWQHVV
� VLPSOH�JUDSK
� 6,5�PRGHO
� VPDOO�FRPSRQHQWV
� VPDOO�ZRUOG�HIIHFW
� WUDQVLWLYLW\
� WUHH�OLNH�FRPSRQHQWV
�3yO\D V�XUQ
�SRO\ORJDULWKP�IXQFWLRQ
�SRO\PHUV
�SRZHU�IDLOXUHV
�SRZHU�JULG
� GHJUHH�GLVWULEXWLRQ
� SHUFRODWLRQ�RQ
� SRZHU�IDLOXUHV
� VWDWLVWLFV
�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� DQG�JLDQW�FRPSRQHQW
� DQG�PXOWLHGJHV
� DQG�SHUFRODWLRQ
� DQG�UREXVWQHVV
� %DUDEiVL�$OEHUW�PRGHO
� FLWDWLRQ�QHWZRUNV
� FOXVWHULQJ�FRHIILFLHQW
� FRQILJXUDWLRQ�PRGHO
� FXPXODWLYH�GLVWULEXWLRQ
� GHWHFWLRQ
� GLYHUJLQJ�VHFRQG�PRPHQW
� H[SRQHQW
� JHQHUDWLQJ�IXQFWLRQV
� LPPXQL]DWLRQ
� ,QWHUQHW
� /RUHQ]�FXUYHV
� PHWDEROLF�QHWZRUNV
� QRQ�SRZHU�ODZ�GLVWULEXWLRQV
� SHHU�WR�SHHU�QHWZRUN



� SUHIHUHQWLDO�DWWDFKPHQW�PRGHOV
� 3ULFH�PRGHO
� UREXVWQHVV�RI�QHWZRUNV
� VLWH�SHUFRODWLRQ
� YDFFLQDWLRQ
� YHUWH[�FRS\LQJ�PRGHO
� YLVXDOL]DWLRQ
� :RUOG�:LGH�:HE
�SRZHU�ODZ�GLVWULEXWLRQ
� EHWD�IXQFWLRQ
� EHWZHHQQHVV�FHQWUDOLW\
� FHQWUDOLW\�PHDVXUHV
� FXPXODWLYH�GLVWULEXWLRQ
� FXW�RII
� GHJUHHV
� GHWHFWLRQ
� GLYHUJLQJ�VHFRQG�PRPHQW
� HLJHQYHFWRU�FHQWUDOLW\
� H[SRQHQW
� ILUVW�PRPHQW
� JHQHUDWLQJ�IXQFWLRQV
� +LOO�HVWLPDWRU
� KLVWRJUDPV
� /RUHQ]�FXUYHV
� PD[LPXP�OLNHOLKRRG�HVWLPDWRU
� PHDQ
� PRPHQWV
� QRUPDOL]DWLRQ
� SRZHU�IDLOXUHV
� SURSHUWLHV
� SXUH�IRUP
� VHFRQG�PRPHQW
� VLPSOH�JUDSK
� WDLO
� YLVXDOL]DWLRQ
�SRZHU�PHWKRG
� FRPSXWDWLRQDO�FRPSOH[LW\
� FRQYHUJHQFH
� IRU�VHFRQG�HLJHQYDOXH
� VSHFWUDO�SDUWLWLRQLQJ
�SUHGDWRU�SUH\�LQWHUDFWLRQV



�SUHIHUHQWLDO�DWWDFKPHQW
� DGGLWLRQ�RI�H[WUD�HGJHV
� DQG�YHUWH[�FRS\LQJ
� DYHUDJH�GHJUHH
� %DUDEiVL�$OEHUW�PRGHO
� %LDQFRQL�%DUDEiVL�PRGHO
� FLWDWLRQ�QHWZRUNV
� FRPSXWHU�VLPXODWLRQ
� FXPXODWLYH�GHJUHH�GLVWULEXWLRQ
� GHJUHH�DV�D�IXQFWLRQ�RI�WLPH
� HPSLULFDO�HYLGHQFH�IRU
� H[SRQHQW
� H[WHQVLRQV
� PRGHOV
� PXOWLHGJHV
� QRQ�OLQHDU
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� 3ULFH�PRGHO
� UHPRYDO�RI�HGJHV
� UHPRYDO�RI�YHUWLFHV
� VXEOLQHDU
� VXSHUOLQHDU
� YHUWH[�ILWQHVV
� <XOH�SURFHVV
�SUHIORZ�SXVK�DOJRULWKP
�SUH\�SURWHLQ
�3ULFH��'HUHN�GH�6ROOD
�3ULFH�PRGHO
� DF\FOLF�QHWZRUNV
� DYHUDJH�GHJUHH
� FLWDWLRQ�QHWZRUNV
� FRPSRQHQWV
� FRPSXWHU�VLPXODWLRQ
� FXPXODWLYH�GHJUHH�GLVWULEXWLRQ
� GHJUHH�GLVWULEXWLRQ
� GHJUHHV�DV�D�IXQFWLRQ�RI�WLPH
� GUDZEDFNV
� H[SRQHQW
� H[WHQVLRQV
� LQ�FRPSRQHQWV
� PDVWHU�HTXDWLRQ



� PXOWLHGJHV
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� UHODWLRQ�WR�%DUDEiVL�$OEHUW�PRGHO
� UHODWLRQ�WR�YHUWH[�FRS\LQJ�PRGHO
� :RUOG�:LGH�:HE
�SUREDELOLW\�JHQHUDWLQJ�IXQFWLRQ��VHH�JHQHUDWLQJ�IXQFWLRQ
�SURMHFWLRQ��RQH�PRGH��VHH�RQH�PRGH�SURMHFWLRQ
�SURWHLQ
� EDLW�SURWHLQ
� FRPSOH[HV
� LQWHUDFWLRQ�QHWZRUNV
� SUH\�SURWHLQ
�SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUN
� DIILQLW\�SXULILFDWLRQ
� ELSDUWLWH�UHSUHVHQWDWLRQ
� FR�LPPXQRSUHFLSLWDWLRQ
� GDWDEDVHV
� PRGHOV�RI
� PXWDWLRQV
� SLFWXUH�RI
� 6��FHUHYLVLDH
� VWDWLVWLFV
� WDQGHP�DIILQLW\�SXULILFDWLRQ
� WZR�K\EULG�VFUHHQ
� YHUWH[�FRS\LQJ
� \HDVW
� \HDVW�WZR�K\EULG�VFUHHQ
�SURWRFROV��,QWHUQHW
�S�VWDU�PRGHO
�SXEOLF�NH\�FU\SWRJUDSK\
�



�
4/�DOJRULWKP
�TXHVWLRQQDLUHV
�TXHXH
�



�
UDFH��DVVRUWDWLYH�PL[LQJ�E\
�UDGL[�VRUW
�UDLO�QHWZRUN
� ELSDUWLWH�UHSUHVHQWDWLRQ
� RQH�PRGH�SURMHFWLRQ
�UDQGRP�ILHOG�,VLQJ�PRGHO
�UDQGRP�JUDSK
� DVVRUWDWLYH
� DYHUDJH�FRPSRQHQW�VL]H
� DYHUDJH�GHJUHH
� DYHUDJH�QXPEHU�RI�HGJHV
� ELQRPLDO�GHJUHH�GLVWULEXWLRQ
� ELSDUWLWH
� FOXVWHULQJ
� FOXVWHULQJ�FRHIILFLHQW
� FRPPXQLW\�VWUXFWXUH
� FRPSRQHQWV
� FRQGLWLRQ�IRU�JLDQW�FRPSRQHQW
� FRQWLQXRXV�SKDVH�WUDQVLWLRQ
� GHJUHH�FRUUHODWLRQV
� GHJUHH�GLVWULEXWLRQ
� GLDPHWHU
� GLVDVVRUWDWLYH
� GLYHUJHQFH�RI�FRPSRQHQW�VL]H
� HGJH�SUREDELOLW\
� HQVHPEOH
� H[WHQVLYH�FRPSRQHQWV
� IL[HG�GHJUHH�GLVWULEXWLRQ
� IL[HG�GHJUHH�VHTXHQFH
� IL[HG�H[SHFWHG�GHJUHHV
� IL[HG�QXPEHU�RI�HGJHV
� JHRGHVLF�GLVWDQFHV
� JLDQW�FRPSRQHQW
� *�Q��P�
� *�Q��S�
� JUDSKLFDO�VROXWLRQ
� +DPLOWRQLDQ�IRU
� ODUJH�VL]H�OLPLW
� ODUJHVW�FRPSRQHQW
� QXPEHU�RI�HGJHV
� SDWK�OHQJWKV



� SHUFRODWLRQ�RQ
� SKDVH�WUDQVLWLRQ
� 3RLVVRQ�GHJUHH�GLVWULEXWLRQ
� 3RLVVRQ�UDQGRP�JUDSK
� VHOI�HGJHV
� VKRUWHVW�SDWKV
� VLPSOH�JUDSK
� VPDOO�FRPSRQHQWV
� VPDOO�ZRUOG�HIIHFW
� WUDQVLWLYLW\
� WUHH�OLNH�FRPSRQHQWV
� WULDQJOHV�LQ
�UDQGRPL]HG�WUHH
�UDQGRP�ZDON
� DEVRUELQJ
� DQG�/DSODFLDQ
� DQG�YHUWH[�GHJUHH
� VHDUFK�VWUDWHJ\
� VHOI�DYRLGLQJ
�UDQGRP�ZDON�EHWZHHQQHVV
�UDQGRP�ZDON�VDPSOLQJ
�UDQGRP�ZDON�VHDUFK
�UDQN�IUHTXHQF\�SORW
�UDWLR�FXW�SDUWLWLRQLQJ
�UHFLSURFDWHG�HGJHV
�UHFLSURFLW\
� FDOFXODWLRQ�RI
� HPDLO�QHWZRUN
� H[SRQHQWLDO�UDQGRP�JUDSK�PRGHO
� PRGHO�RI
� :RUOG�:LGH�:HE
�UHFLSURFLW\�PRGHO
�UHFRPPHQGHU�QHWZRUN
� ELSDUWLWH�UHSUHVHQWDWLRQ
� FROODERUDWLYH�ILOWHULQJ
� ZHLJKWHG�QHWZRUN
�UHFRPPHQGHU�V\VWHP
�UHFRUG�G\QDPLFV
�UHFRYHUHG�VWDWH
�UHFRYHU\�IURP�GLVHDVH
� H[SRQHQWLDO�GLVWULEXWLRQ�RI



�UHGXFHG�DGMDFHQF\�PDWUL[
�UHGXFHG�/DSODFLDQ
�UHGXQGDQF\
�5(*(�DOJRULWKP
�UHJLRQDO�,63
�UHJXODU�HTXLYDOHQFH
� DQG�FRPPXQLW\�GHWHFWLRQ
� .DW]�VLPLODULW\
� PHDVXUHV�RI
� 5(*(�DOJRULWKP
�UHJXODU�JUDSK
� FLUFOH�PRGHO
� G\QDPLFDO�V\VWHP�RQ
� HLJHQYHFWRU�FHQWUDOLW\
� .DW]�FHQWUDOLW\
� 6,�PRGHO�RQ
�UHJXODWRU\�QHWZRUN��JHQHWLF
�UHLQIHFWLRQ
�UHOD[DWLRQ�PHWKRG
�UHPRYHG�VWDWH
�5pQ\L��$OIUHG
�UHRUWKRJRQDOL]DWLRQ
� *UDP�6FKPLGW�RUWKRJRQDOL]DWLRQ
� VSHFWUDO�SDUWLWLRQLQJ
�UHSHDWHG�ELVHFWLRQ
� FRPPXQLW\�GHWHFWLRQ
� JUDSK�SDUWLWLRQLQJ
� SUREOHPV�ZLWK
�UHSHOOLQJ�IL[HG�SRLQW
�UHVLGXDO�JUDSK
�UHVLOLHQFH��VHH�UREXVWQHVV
�UHVLVWRU�QHWZRUN
� DQG�/DSODFLDQ
�UHVSRQGHQW�GULYHQ�VDPSOLQJ
�UHYHUVH�VPDOO�ZRUOG�H[SHULPHQW
�5H\��)HUQDQGR
�ULFK�JHW�ULFKHU�HIIHFW
�5LHPDQQ�]HWD�IXQFWLRQ
� JHQHUDOL]HG
� LQFRPSOHWH
�ULJKW�HLJHQYHFWRU



�ULYHU�QHWZRUN
� SLFWXUH�RI
� SODQDULW\
� WUHH�OLNH
�51$
� PHVVHQJHU�51$
� WUDQVIHU�51$
�51$�SRO\PHUDVH
�URDG�QHWZRUN
� HGJH�OHQJWKV
� PRGHO�RI
� RSWLPL]DWLRQ�PRGHO
� SHUFRODWLRQ�RQ
� SODQDULW\
�URERWV�W[W
�UREXVWQHVV
� DQG�FRQQHFWLYLW\
� DQG�FXW�VHWV
� DQG�HSLGHPLFV
� DQG�N�FRPSRQHQWV
� FRQILJXUDWLRQ�PRGHO
� H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ
� LQGHSHQGHQW�SDWKV
� ,QWHUQHW
� SHUFRODWLRQ
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� UHDO�ZRUOG�QHWZRUNV
� VFDOH�IUHH�QHWZRUNV
� VRFLDO�QHWZRUNV
� WDUJHWHG�DWWDFNV
� YHUWH[�UHPRYDO
�5RJHW¶V�7KHVDXUXV
�URRWHG�WUHH
�URRW�QRGH
�URRWV
� IRUPXOD�IRU�OHQJWKV
�URXWHU
� IDLOXUH
� URXWLQJ�WDEOHV
�URXWHU�WDEOH



�5RXWHYLHZV�SURMHFW
�URXWLQJ�WDEOH
�UXPRU�VSUHDGLQJ
�UXQQLQJ�WLPH
� DGMDFHQF\�OLVW�RSHUDWLRQV
� DGMDFHQF\�PDWUL[�RSHUDWLRQV
� DXJPHQWLQJ�SDWK�DOJRULWKP
� EHWZHHQQHVV�FHQWUDOLW\�DOJRULWKP
� EUHDGWK�ILUVW�VHDUFK
� 'LMNVWUD¶V�DOJRULWKP
� KLHUDUFKLFDO�FOXVWHULQJ
� .HUQLJKDQ�/LQ�DOJRULWKP
� PRGXODULW\�PD[LPL]DWLRQ
� RQ�VSDUVH�QHWZRUNV
� SRZHU�PHWKRG
� VSHFWUDO�SDUWLWLRQLQJ
� ZRUVW�FDVH
�



�
6DFFKDURP\FHV�FHUHYLVLDH
�VDGGOH�SRLQW
�6DOWRQ�FRVLQH�VLPLODULW\��VHH�FRVLQH�VLPLODULW\
�VFDOH�IUHH�QHWZRUN
� DYHUDJH�JHRGHVLF�GLVWDQFHV
� %DUDEiVL�$OEHUW�PRGHO
� FLWDWLRQ�QHWZRUNV
� FOXVWHULQJ�FRHIILFLHQW
� FRQILJXUDWLRQ�PRGHO
� FRUH
� FXPXODWLYH�GHJUHH�GLVWULEXWLRQ
� GLDPHWHU
� H[SRQHQW
� JHRGHVLF�GLVWDQFHV
� JLDQW�FRPSRQHQW
� JLDQW�SHUFRODWLRQ�FOXVWHU
� LPPXQL]DWLRQ
� ,QWHUQHW
� /RUHQ]�FXUYHV
� PHWDEROLF�QHWZRUNV
� PXOWLHGJHV
� QRQ�XQLIRUP�SHUFRODWLRQ
� SHHU�WR�SHHU�QHWZRUNV
� SHUFRODWLRQ
� SUHIHUHQWLDO�DWWDFKPHQW�PRGHOV
� 3ULFH�PRGHO
� UREXVWQHVV
� VKRUWHVW�SDWKV
� 6,5�PRGHO�RQ
� VLWH�SHUFRODWLRQ
� YDFFLQDWLRQ
� YHUWH[�FRS\LQJ�PRGHO
� :RUOG�:LGH�:HE
�VFDOLQJ
� DOORPHWULF�VFDOLQJ
� LQ�ELRORJ\
� VPDOO�ZRUOG�PRGHO
�VFDOLQJ�SDUDPHWHU��VHH�H[SRQHQW
�6��FHUHYLVLDH
�6FKXU�GHFRPSRVLWLRQ
�6FLHQFH�&LWDWLRQ�,QGH[



�VFLHQWLILF�FLWDWLRQ�QHWZRUN
�VFLHQWLILF�FRDXWKRUVKLS�QHWZRUN
� DYHUDJH�QHLJKERU�GHJUHH
� ELRORJLVWV
� FOXVWHULQJ�FRHIILFLHQW
� IXQQHOLQJ�HIIHFW
� PDWKHPDWLFLDQV
� SHUFRODWLRQ�RQ
� SK\VLFLVWV
� VWDWLVWLFV
� WULDGLF�FORVXUH�LQ
�VFLHQWLILF�SDSHUV
� FLWDWLRQ
� FRDXWKRUVKLS
�6FRSXV
�VHDUFK
� HQJLQH
� ILOHVKDULQJ�QHWZRUN
� SHHU�WR�SHHU�QHWZRUN
� UDQGRP�ZDON�VHDUFK
� VPDOO�ZRUOG�H[SHULPHQW
� ZHE�VHDUFK
�VHDUFK�HQJLQH
� $OWD�9LVWD
� $VN�FRP
� *RRJOH
� 7HRPD
�VHFRQG�QHLJKERUV
�VHFRQG�RUGHU�SKDVH�WUDQVLWLRQ
�VHOI�DYRLGLQJ�SDWK
� JHRGHVLF�SDWK
� +DPLOWRQLDQ�SDWK
� UDQGRP�ZDON
� VKRUWHVW�SDWK
�VHOI�DYRLGLQJ�ZDON
�VHOI�HGJH
� DF\FOLF�QHWZRUN
� DQG�DGMDFHQF\�OLVW
� DQG�DGMDFHQF\�PDWUL[
� FRFLWDWLRQ�QHWZRUNV
� FRPSXWHU�UHSUHVHQWDWLRQ



� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�QHWZRUNV
� UDQGRP�JUDSKV
�VHOI�ORRS��VHH�VHOI�HGJH
�VHZHUDJH�QHWZRUN
�VH[XDO�FRQWDFW�QHWZRUN
�VH[XDOO\�WUDQVPLWWHG�GLVHDVH
�VKRUWFXW
�VKRUWHVW�DXJPHQWLQJ�SDWK�DOJRULWKP
�VKRUWHVW�GLVWDQFH��VHH�JHRGHVLF�GLVWDQFH
�VKRUWHVW�SDWK
� DEVHQFH�RI�ORRSV�LQ
� DOJRULWKP
� GLDPHWHU�RI�QHWZRUN
� 'LMNVWUD¶V�DOJRULWKP
� LQILQLWH
� ORQJHVW
� RYHUODSSLQJ
� VHOI�DYRLGLQJ
� VPDOO�ZRUOG�HIIHFW
� XQLTXHQHVV
� ZHLJKWHG�QHWZRUNV
�VKRUWHVW�SDWK�WUHH
� EHWZHHQQHVV�FHQWUDOLW\
� EUHDGWK�ILUVW�VHDUFK
� 'LMNVWUD¶V�DOJRULWKP
� ZHLJKWHG�QHWZRUNV
�VLJQHG�HGJHV
�VLJQHG�QHWZRUN
�VLPLODULW\
� DQG�FRPPXQLW\�GHWHFWLRQ
� EHWZHHQ�JURXSV�RI�YHUWLFHV
� FRVLQH�VLPLODULW\
� (XFOLGHDQ�GLVWDQFH
� .DW]�VLPLODULW\
� QRQ�QHWZRUN�PHDVXUHV
� 3HDUVRQ�FRHIILFLHQW
� UHJXODU�HTXLYDOHQFH
� VWUXFWXUDO�HTXLYDOHQFH
�VLPLODULW\�WUDQVIRUPDWLRQ
�6,�PRGHO



� DQG�FRQILJXUDWLRQ�PRGHO
� DV�D�G\QDPLFDO�V\VWHP
� GHJUHH�EDVHG�DSSUR[LPDWLRQ
� HDUO\�WLPH�EHKDYLRU
� HTXDWLRQV
� IL[HG�SRLQWV
� IXOO\�PL[HG
� LQLWLDO�FRQGLWLRQV
� ODWH�WLPH�EHKDYLRU
� ORJLVWLF�JURZWK
� PRPHQW�FORVXUH�PHWKRG
� RQ�D�UHJXODU�JUDSK
� VKRUW�WLPH�EHKDYLRU
� VROXWLRQ
� V\PPHWULF�IL[HG�SRLQW
� WLPH�GHSHQGHQW�SURSHUWLHV
�6LPRQ��+HUEHUW
�VLPSOH�JUDSK
� GLVDVVRUWDWLYH�PL[LQJ
� H[SRQHQWLDO�UDQGRP�JUDSK�PRGHO
� PD[LPXP�QXPEHU�RI�HGJHV
� 3RLVVRQ�UDQGRP�JUDSK
� UDQGRP�JUDSK
� ZLWK�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
�VLPSOH�QHWZRUN��VHH�VLPSOH�JUDSK
�VLPXODWHG�DQQHDOLQJ
� FRPPXQLW\�GHWHFWLRQ
� PRGXODULW\�PD[LPL]DWLRQ
� QHWZRUN�RSWLPL]DWLRQ
�VLQJOH�OLQNDJH�FOXVWHULQJ
� LPSOHPHQWDWLRQ
�VLQJXODU�YDOXH�GHFRPSRVLWLRQ
�VLQN�IRRG�ZHE
�6,5�PRGHO
� DQG�ERQG�SHUFRODWLRQ
� DQG�FRQILJXUDWLRQ�PRGHO
� DQG�HLJHQYHFWRU�FHQWUDOLW\
� EDVLF�UHSURGXFWLRQ�QXPEHU
� GHJUHH�EDVHG�DSSUR[LPDWLRQ
� HDUO\�WLPH�EHKDYLRU
� HSLGHPLF�RXWEUHDNV



� HSLGHPLF�WKUHVKROG
� IXOO\�PL[HG
� LQLWLDO�FRQGLWLRQV
� ODWH�WLPH�EHKDYLRU
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�ODZ�QHWZRUNV
� UDQGRP�JUDSKV
� VFDOH�IUHH�QHWZRUNV
� VKRUW�WLPH�EHKDYLRU
� VL]H�RI�RXWEUHDNV
� VPDOO�RXWEUHDNV
� WLPH�GHSHQGHQW�SURSHUWLHV
� WUDQVPLVVLRQ�SUREDELOLW\
�6,56�PRGHO
� DQG�HQGHPLF�GLVHDVH
� DV�D�G\QDPLFDO�V\VWHP
� HTXDWLRQV
� RVFLOODWLRQV�LQ
�6,6�PRGHO
� DQG�HLJHQYHFWRU�FHQWUDOLW\
� DQG�HQGHPLF�GLVHDVH
� EDVLF�UHSURGXFWLRQ�QXPEHU
� GHJUHH�EDVHG�DSSUR[LPDWLRQ
� HDUO\�WLPH�EHKDYLRU
� HQGHPLF�VWDWH
� HSLGHPLF�WKUHVKROG
� IXOO\�PL[HG
� LQLWLDO�FRQGLWLRQV
� ODWH�WLPH�EHKDYLRU
� ORJLVWLF�JURZWK
� VKRUW�WLPH�EHKDYLRU
� VROXWLRQ
� WLPH�GHSHQGHQW�SURSHUWLHV
�VLWH
�VLWH�SHUFRODWLRQ
� DOJRULWKP
� DQG�UREXVWQHVV
� %HWKH�ODWWLFH
� EUHDGWK�ILUVW�VHDUFK
� E\�GHJUHH
� FOXVWHUV



� FRDXWKRUVKLS�QHWZRUN
� FRQILJXUDWLRQ�PRGHO
� H[SRQHQWLDO�GHJUHH�GLVWULEXWLRQ
� JLDQW�FOXVWHU
� JUDSKLFDO�VROXWLRQ
� LPPXQL]DWLRQ
� ,QWHUQHW
� MRLQW�VLWH�ERQG�SHUFRODWLRQ
� QRQ�XQLIRUP
� RFFXSDWLRQ�SUREDELOLW\
� SHUFRODWLRQ�WKUHVKROG
� SKDVH�WUDQVLWLRQ
� 3RLVVRQ�UDQGRP�JUDSK
� SRZHU�JULG
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� UDQGRP�JUDSKV
� UDQGRP�UHPRYDO�RI�YHUWLFHV
� UHDO�ZRUOG�QHWZRUNV
� UHODEHOLQJ�DOJRULWKP
� URDG�QHWZRUNV
� VFDOH�IUHH�QHWZRUN
� VRFLDO�QHWZRUN
� VSDQQLQJ�FOXVWHU
� WDUJHWHG�DWWDFNV
� XQLIRUP�UHPRYDO�RI�YHUWLFHV
� YDFFLQDWLRQ
�6L[�'HJUHHV�RI�.HYLQ�%DFRQ
�VL[�GHJUHHV�RI�VHSDUDWLRQ
�VNHZ�V\PPHWULF�PDWUL[
�VPDOO�FRPSRQHQWV
� DEVHQFH�RI�ORRSV�LQ
� DYHUDJH�VL]H
� FRQILJXUDWLRQ�PRGHO
� GLUHFWHG�UDQGRP�JUDSK
� 3RLVVRQ�UDQGRP�JUDSK
� UDQGRP�JUDSK
� VWURQJO\�FRQQHFWHG
� WUHH�OLNH
�VPDOOHVW�HLJHQYDOXH
� DGMDFHQF\�PDWUL[
� /DSODFLDQ



�VPDOO�ZRUOG�HIIHFW
� ,QWHUQHW
� PHVVDJH�SDVVLQJ�H[SHULPHQWV
� PRGHOV�RI
� 3RLVVRQ�UDQGRP�JUDSK
� UDQGRP�JUDSK
� VPDOO�ZRUOG�PRGHO
�VPDOO�ZRUOG�H[SHULPHQW
� DQG�QHWZRUN�VHDUFK
� ELDVHV
� HPDLO�YHUVLRQ
� IDLOXUH�RI
� JUHHG\�DOJRULWKP
� PRGHOV�RI
� UHVSRQVH�UDWH
� UHYHUVH�VPDOO�ZRUOG�H[SHULPHQW
�VPDOO�ZRUOG�PRGHO
� DYHUDJH�SDWK�OHQJWK
� FOXVWHULQJ�FRHIILFLHQW
� G�GLPHQVLRQDO
� GHJUHH�GLVWULEXWLRQ
� JHRGHVLF�GLVWDQFH
� .OHLQEHUJ�YDULDQW
� PHDQ�ILHOG�WKHRU\
� PHVVDJH�SDVVLQJ�PRGHO
� PXOWLHGJHV
� QXPHULFDO�VLPXODWLRQ
� 3RLVVRQ�GHJUHH�GLVWULEXWLRQ
� VFDOLQJ�WKHRU\
� VPDOO�ZRUOG�HIIHFW
� WUDQVLWLYLW\
� WULDQJOHV�LQ
� WZR�GLPHQVLRQDO
� YDULDQWV
�6073��6LPSOH�0DLO�7UDQVIHU�3URWRFRO�
�VQRZEDOO�VDPSOLQJ
� DQG�HLJHQYHFWRU�FHQWUDOLW\
� ELDVHV
� QHWZRUN�UHFRQVWUXFWLRQ�IURP
�VRFLDO�QHWZRUN
� DFWRUV



� $GG+HDOWK�VWXG\
� DQLPDOV
� DQLPRVLW\
� DUFKLYDO�GDWD
� DVVRUWDWLYH�PL[LQJ
� DYHUDJH�GHJUHH
� ELDVHV�LQ
� ELSDUWLWH
� EORJV
� EURNHUV
� FOXVWHULQJ�FRHIILFLHQW
� FRPPXQLW\�VWUXFWXUH
� GHJUHH
� GHJUHH�GLVWULEXWLRQ
� GLUHFWHG�QHWZRUNV
� GLUHFW�REVHUYDWLRQ
� GLVDVVRUWDWLYH�PL[LQJ
� GLVHDVH�VSUHDG
� HGJHV
� HPDLO�QHWZRUN
� HPSLULFDO�PHDVXUHPHQWV�RI
� )DFHERRN
� ILOP�DFWRU�QHWZRUN
� IULHQGVKLS�QHWZRUN
� JHRGHVLF�GLVWDQFHV
� JURXSV�LQ
� LQ�GHJUHH
� LQVWDQW�PHVVDJLQJ
� LQWHUPDUULDJH�QHWZRUN
� NDUDWH�FOXE�QHWZRUN
� /LQNHG,Q
� /LYH-RXUQDO
� PHDQ�GHJUHH
� PHGLFDO�GRFWRUV
� 0\6SDFH
� RQOLQH
� RULJLQ�RI�WKH�WHUP
� RXW�GHJUHH
� SHUFRODWLRQ�RQ
� SHUVRQDO�QHWZRUNV
� TXHVWLRQQDLUHV



� UHVSRQGHQW�GULYHQ�VDPSOLQJ
� UXPRU�VSUHDGLQJ
� VFKRROFKLOGUHQ
� VKRUWHVW�GLVWDQFHV
� 6RXWKHUQ�:RPHQ�6WXG\
� VSDUVH�QHWZRUNV
� WKLUG�SDUW\�UHFRUGV
� WLPH�UHVROYHG
� WULDGV�LQ
� 8VHQHW
� ZHEORJV
�VRFLDO�QHWZRUN�DQDO\VLV
�6RFLDO�6FLHQFH�&LWDWLRQ�,QGH[
�VRFLRJUDP
�VRFLRPHWULF�QHWZRUN�VWXGLHV
�VRFLRPHWULF�VXSHUVWDUV
�VRFLRPHWU\
�VRIWZDUH�FDOO�JUDSK
�VRIWZDUH�FODVV�QHWZRUN
�VRIWZDUH�SDFNDJHV
� *UDSKYL]
� *7/
� LJUDSK
� ,Q)ORZ
� -81*
� /('$�$*'
� 0DWKHPDWLFD
� 0DWODE
� 1HWPLQHU
� QHWZRUN�RI
� 1HWZRUN�:RUNEHQFK
� 1HWZRUN;
� 3DMHN
� 8&,1(7
� 9LVRQH
� ZHE�FUDZOHUV
� \(G
�VRXUFH�IRRG�ZHE
�6RXWKHUQ�:RPHQ�6WXG\
� DIILOLDWLRQ�QHWZRUN
� ELSDUWLWH�QHWZRUN



� SLFWXUH�RI
�VSDQQLQJ�SHUFRODWLRQ�FOXVWHU
�VSDQQLQJ�WUHH
�VSDUVH�QHWZRUN
� DGMDFHQF\�PDWUL[�RI
� DOJRULWKPV�RQ
� EUHDGWK�ILUVW�VHDUFK�RQ
� HLJHQYHFWRUV�RI
� H[SRQHQWLDO�UDQGRP�JUDSKV
� IULHQGVKLS�QHWZRUNV
� ,QWHUQHW
� UXQQLQJ�WLPH�RI�DOJRULWKPV
� VRFLDO�QHWZRUNV
� :RUOG�:LGH�:HE
�VSHFWUDO�JDS
�VSHFWUDO�SDUWLWLRQLQJ
� DOJHEUDLF�FRQQHFWLYLW\
� FRPPXQLW\�GHWHFWLRQ
� H[DPSOHV
� /DSODFLDQ
� PRGXODULW\�PDWUL[
� UXQQLQJ�WLPH
�VSHFWUXP
� DGMDFHQF\�PDWUL[
� /DSODFLDQ
�VSRQWDQHRXV�V\PPHWU\�EUHDNLQJ
�VWDELOLW\�DQDO\VLV
�VWDELOLW\�FRQGLWLRQ
�VWDELOLW\�IXQFWLRQ
�VWDU�JUDSK
� EHWZHHQQHVV�FHQWUDOLW\
� WUDQVSRUWDWLRQ�QHWZRUN
�VWDWLF�ZHE
�6WLUOLQJ¶V�DSSUR[LPDWLRQ
�VWUDWLILHG�QHWZRUN
�6WUDXVV�PRGHO
�VWUHWFKHG�H[SRQHQWLDO
�VWURQJO\�FRQQHFWHG�FRPSRQHQW
� DF\FOLF�QHWZRUNV
� FLWDWLRQ�QHWZRUNV
� F\FOHV�LQ



� GLUHFWHG�UDQGRP�JUDSKV
� JLDQW
� ODUJHVW
� VPDOO
� :RUOG�:LGH�:HE
�VWUXFWXUDO�EDODQFH
�VWUXFWXUDO�HTXLYDOHQFH
�VWUXFWXUDO�KROHV
�VXEQHW
� FODVV�$�DQG�%
� FODVV�&
� ,QWHUQHW�UHSUHVHQWDWLRQ
�VXSHUKXE
�VXSHUQRGH
�VXSHUSHHU
�VXUYH\V
� GHVLJQ�RI
� IL[HG�FKRLFH
� IUHH�FKRLFH
� *HQHUDO�6RFLDO�6XUYH\
� QDPH�JHQHUDWRUV
� UHVSRQGHQW�GULYHQ�VDPSOLQJ
� WHOHSKRQH�VXUYH\V
�VXVFHSWLEOH�LQIHFWHG�PRGHO��VHH�6,�PRGHO
�VXVFHSWLEOH�LQIHFWHG�UHFRYHUHG�PRGHO��VHH�6,5�PRGHO
�VXVFHSWLEOH�LQIHFWHG�VXVFHSWLEOH�PRGHO��VHH�6,6�PRGHO
�VXVFHSWLEOH�VWDWH
�V\PPHWULF�IL[HG�SRLQW
�V\PPHWU\�EUHDNLQJ
�V\QFKURQL]DWLRQ
�



�
WDQGHP�DIILQLW\�SXULILFDWLRQ
�7&3��7UDQVPLVVLRQ�&RQWURO�3URWRFRO�
�WHFKQRORJLFDO�QHWZRUNV
� DLUOLQH�QHWZRUN
� DVVRUWDWLYH�PL[LQJ
� GLVDVVRUWDWLYH�PL[LQJ
� GLVWULEXWLRQ�QHWZRUNV
� HPSLULFDO�PHDVXUHPHQWV�RI
� JDV�SLSHOLQHV
� ,QWHUQHW
� RLO�SLSHOLQHV
� SRZHU�JULG
� UDLO�QHWZRUN
� URDG�QHWZRUN
� VWDWLVWLFV
� WHOHSKRQH�QHWZRUN
� WUDQVSRUWDWLRQ�QHWZRUNV
�WHOHSKRQH�FDOO�JUDSK
�WHOHSKRQH�FRPSDQ\
�WHOHSKRQH�H[FKDQJH
� ORFDO
� ORQJ�GLVWDQFH
�WHOHSKRQH�QHWZRUN
� FLUFXLW�VZLWFKHG
� JHRJUDSK\
� ORQJ�GLVWDQFH�RIILFHV
� SDFNHW�VZLWFKHG
� VFKHPDWLF�UHSUHVHQWDWLRQ
� WROO�VZLWFKLQJ�RIILFHV
�WHOHSKRQH�VXUYH\V
�7HRPD
�WKHVDXUXV�QHWZRUN
�WKLUG�RUGHU�SKDVH�WUDQVLWLRQ
�WKUHVKROG
� DSSHDUDQFH�RI�JLDQW�FRPSRQHQW
� HSLGHPLF
� SHUFRODWLRQ
�WLH
�WLPH�FRPSOH[LW\
�WLPH�UHVROYHG�VRFLDO�QHWZRUN
�WROO�VZLWFKLQJ�RIILFH



�WUDFHURXWH
�WUDLQ�QHWZRUN��VHH�UDLO�QHWZRUN
�WUDQVFULSWLRQ�IDFWRU
�WUDQVIHU�51$
�WUDQVLWLYLW\
� FOLTXHV
� GLUHFWHG�QHWZRUNV
� H[SRQHQWLDO�UDQGRP�JUDSKV
� IRRG�ZHEV
� ,QWHUQHW
� SDUWLDO
� SHUIHFW
� 3RLVVRQ�UDQGRP�JUDSK
� UDQGRP�JUDSKV
� VPDOO�ZRUOG�PRGHO
� VRFLDO�QHWZRUNV
� 6WUDXVV�PRGHO
� :RUOG�:LGH�:HE
�WUDQVPLVVLRQ�SUREDELOLW\
�WUDQVPLVVLRQ�UDWH
�WUDQVSRUWDWLRQ�QHWZRUN
� DLUOLQH�QHWZRUN
� PDLQWHQDQFH�FRVWV
� RSWLPL]DWLRQ
� UDLO�QHWZRUN
� URDG�QHWZRUN
� VWDU�JUDSK
� WUDGHRIIV
�WUDSH]LXP�UXOH��VHH�WUDSH]RLGDO�UXOH
�WUDSH]RLGDO�UXOH
�WUHH
� DEVHQFH�RI�ORRSV�LQ
� DGMDFHQF\�WUHH
� DQG�FRQILJXUDWLRQ�PRGHO
� DQG�UDQGRP�JUDSK
� $9/�WUHH
� %HWKH�ODWWLFH
� EHWZHHQQHVV�FHQWUDOLW\
� &D\OH\�WUHH
� FOXVWHULQJ�FRHIILFLHQW
� GDWD�VWUXFWXUH



� GHQGURJUDP
� KLHUDUFKLFDO�QHWZRUN�PRGHO
� LQ�FRPSRQHQWV
� OHDI�QRGHV
� PLQLPXP�VSDQQLQJ�WUHH
� QXPEHU�RI�HGJHV
� SHUFRODWLRQ�RQ
� SODQDULW\
� UDQGRPL]HG
� ULYHU�QHWZRUNV
� URRWHG
� URRW�QRGH
� VPDOO�FRPSRQHQWV
�WUHH�GDWD�VWUXFWXUH
� DGGLQJ�DQ�HOHPHQW�WR
� $9/�WUHH
� EDODQFHG
� ELQDU\�KHDS
� FKLOG�QRGH
� GHOHWLQJ�DQ�HOHPHQW�LQ
� GHSWK
� HQXPHUDWLQJ�HOHPHQWV�RI
� (XOHU�WRXU
� ILQGLQJ�DQ�HOHPHQW�LQ
� OHDI�QRGH
� SDUHQW�QRGH
� SLYRW
� UHEDODQFLQJ
� URRW�QRGH
�WULDG
� FORVHG
� VLJQHG�QHWZRUNV
� VRFLDO�QHWZRUNV
� VWDEOH
� XQVWDEOH
�WULDGLF�FORVXUH
�WULDQJOHV
� DQG�FOXVWHULQJ�FRHIILFLHQW
� UDQGRP�JUDSKV
� VPDOO�ZRUOG�PRGHO
� 6WUDXVV�PRGHO



� WULDQJXODU�ODWWLFH
�WULDQJXODU�ODWWLFH
�WULDQJXODU�PDWUL[
�WULFRPSRQHQW
� QRQ�FRQWLJXRXV
�WULSDUWLWH�QHWZRUN
�WURSKLF�OHYHO
�WURSKLF�VSHFLHV
�WUXVW�QHWZRUN
�WZR�K\EULG�VFUHHQ
�WZR�PRGH�QHWZRUN
�WZR�VWDU
�WZR�VWDU�PRGHO
� FRH[LVWHQFH�UHJLRQ
� FRQWLQXRXV�SKDVH�WUDQVLWLRQ
� HGJH�SUREDELOLW\
� +DPLOWRQLDQ
� PHDQ�ILHOG�WKHRU\
� SKDVH�GLDJUDP
� SKDVH�WUDQVLWLRQ
� SUREOHPV�ZLWK
� VSRQWDQHRXV�V\PPHWU\�EUHDNLQJ
�



�
8&,1(7��VRIWZDUH�SDFNDJH�
�8'3��8VHU�'DWDJUDP�3URWRFRO�
�XQGLUHFWHG�QHWZRUN
� DGMDFHQF\�OLVW
� DGMDFHQF\�PDWUL[
� DYHUDJH�GHJUHH
� EHWZHHQQHVV�FHQWUDOLW\
� FOXVWHULQJ�FRHIILFLHQW
� FRPSRQHQWV
� FRQQHFWLYLW\
� GHJUHH
� GHJUHH�GLVWULEXWLRQ
� GHJUHH�VHTXHQFH
� HLJHQYHFWRU�FHQWUDOLW\
� H[FHVV�GHJUHH�GLVWULEXWLRQ
� H[SRQHQWLDO�UDQGRP�JUDSK
� IULHQGVKLS�QHWZRUNV
� IURP�GLUHFWHG�QHWZRUN
� .DW]�FHQWUDOLW\
� N�FRPSRQHQWV
� ORRSV�LQ
� PHWDEROLF�QHWZRUNV
� SDWKV�RQ
� VHOI�HGJHV
� VH[XDO�FRQWDFW�QHWZRUNV
� VRFLDO�QHWZRUNV
� WUDQVLWLYLW\
�85/
�8VHQHW
�



�
YDFFLQDWLRQ
� DFTXDLQWDQFH�LPPXQL]DWLRQ
� QRQ�XQLIRUP
� SHUFRODWLRQ�WKHRU\
� VFDOH�IUHH�QHWZRUN
� WDUJHWHG
�YDOXHG�QHWZRUN��VHH�ZHLJKWHG�QHWZRUN
�YHUWH[�FRQQHFWLYLW\
�YHUWH[�FRS\LQJ
� ELRORJLFDO�QHWZRUNV
� FLWDWLRQ�QHWZRUNV
� JHQH�GXSOLFDWLRQ
� PHWDEROLF�QHWZRUNV
� PRGHO
� SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUNV
�YHUWH[�FRS\LQJ�PRGHO
� FLWDWLRQ�QHWZRUNV
� FRQQHFWLRQ�WR�3ULFH�PRGHO
� H[SRQHQW
� PDVWHU�HTXDWLRQ
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
�YHUWH[�FXW�VHW
�YHUWH[�GLVMRLQW�SDWKV��VHH�YHUWH[�LQGHSHQGHQW�SDWKV
�YHUWH[�LQGHSHQGHQW�SDWKV
� DOJRULWKP�IRU
�YHUWH[�SHUFRODWLRQ��VHH�VLWH�SHUFRODWLRQ
�YHUWLFHV
� DJH�RI
� FHQWUDOLW\
� FRS\LQJ
� FXW�VHW
� H[DPSOHV�RI
� IRRG�ZHEV
� JURXSV�RI
� KLJK�GHJUHH
� KLJKHVW�GHJUHH
� LPSRUWDQFH�RI
� ,QWHUQHW
� PHWDEROLF�QHWZRUNV
� SHUFRODWLRQ�RQ
� UHPRYDO



� VLPLODULW\
� VRFLDO�QHWZRUNV
� YDOXHV�RQ
� :RUOG�:LGH�:HE
�YLUXV��FRPSXWHU
�9LVRQH��VRIWZDUH�SDFNDJH�
�YLVXDOL]DWLRQ
� DF\FOLF�QHWZRUNV
� VRIWZDUH
�



�
ZDWHU�VXSSO\�QHWZRUN
�:DWWV�6WURJDW]�PRGHO
�ZHDNO\�FRQQHFWHG�FRPSRQHQW
� GLUHFWHG�UDQGRP�JUDSK
� JLDQW
� ODUJHVW
�ZHE�FUDZOHU
� ELDVHV
� EUHDGWK�ILUVW�VHDUFK
� IRU�FLWDWLRQV
� RSHUDWLRQ�RI
� URERWV�W[W
� VRIWZDUH
� ZHE�VHDUFK
�ZHE�OLQN��VHH�K\SHUOLQN
�ZHEORJ�QHWZRUN
�ZHE
� G\QDPLF
� LQGH[HV�RI
� UDQNLQJ�RI
� VWDWLF
�ZHE�VHDUFK
� DQFKRU�WH[W
� $VN�FRP
� EUHDGWK�ILUVW�VHDUFK
� *RRJOH
� 3DJH5DQN
� 7HRPD
� ZHE�FUDZOHUV
�ZHEVLWH
�ZHLJKWHG�HGJH
� QHJDWLYH�ZHLJKWV
�ZHLJKWHG�QHWZRUN
� DGMDFHQF\�PDWUL[
� EHWZHHQQHVV�FHQWUDOLW\
� ELEOLRJUDSKLF�FRXSOLQJ�QHWZRUNV
� ELSDUWLWH
� FRFLWDWLRQ�QHWZRUNV
� FRQQHFWLRQ�WR�PXOWLJUDSKV
� IRRG�ZHEV
� JHRGHVLF�SDWKV



� PD[�IORZ�PLQ�FXW�WKHRUHP
� PD[LPXP�IORZ
� PLQLPXP�FXW
� RQH�PRGH�SURMHFWLRQV
� UHFRPPHQGHU�QHWZRUNV
� VKRUWHVW�SDWKV�RQ
� VKRUWHVW�SDWK�WUHHV
�:HVWODZ
�:�IXQFWLRQ
�ZROYHV��VRFLDO�QHWZRUN
�ZRUG�QHWZRUN
�:RUOG�:LGH�:HE
� DV�GLVWULEXWHG�GDWDEDVH
� DVVRUWDWLYH�PL[LQJ
� %DUDEiVL�$OEHUW�PRGHO
� EORJV
� ERZ�WLH�GLDJUDP
� FOXVWHULQJ�FRHIILFLHQW
� FR�OLQNV
� FRPPXQLW\�VWUXFWXUH
� FRPSRQHQWV
� FXPXODWLYH�GHJUHH�GLVWULEXWLRQ
� GHJUHH�GLVWULEXWLRQ
� GLUHFWHG�QHWZRUN
� GLVDSSHDUDQFH�RI�HGJHV
� GLVDSSHDUDQFH�RI�YHUWLFHV
� HGJHV
� H[SRQHQW
� JLDQW�LQ�FRPSRQHQW
� JLDQW�RXW�FRPSRQHQW
� K\SHUOLQNV
� LQ�FRPSRQHQWV
� LQ�GHJUHH
� LQ�GHJUHH�GLVWULEXWLRQ
� ODUJH�FRPSRQHQWV
� ODUJHVW�VWURQJO\�FRQQHFWHG�FRPSRQHQW
� PRGHOV�RI
� QRGHV
� QXPEHU�RI
� RXW�FRPSRQHQWV
� RXW�GHJUHH



� RXW�GHJUHH�GLVWULEXWLRQ
� SRZHU�ODZ�GHJUHH�GLVWULEXWLRQ
� 3ULFH�PRGHO
� UHFLSURFLW\
� VFDOH�IUHH�QHWZRUN
� VHDUFK�HQJLQH
� VSDUVH�QHWZRUN
� VWDWLVWLFV
� VWURQJO\�FRQQHFWHG�FRPSRQHQWV
� WUDQVLWLYLW\
� YHUWLFHV
� ZHEORJV
� ZHE�VHDUFK
�



�
\HDVW�SURWHLQ�SURWHLQ�LQWHUDFWLRQ�QHWZRUN
�\HDVW�WZR�K\EULG�VFUHHQ
�\(G��VRIWZDUH�SDFNDJH�
�<XOH�SURFHVV
�<XOH��8GQ\
�



�
=DFKDU\��:D\QH
�]HWD�IXQFWLRQ
� JHQHUDOL]HG
� LQFRPSOHWH
�]�WUDQVIRUP
�



�

3ODWH�,��7KH�QHWZRUN�VWUXFWXUH�RI�WKH�,QWHUQHW��7KH�YHUWLFHV�LQ� WKLV�UHSUHVHQWDWLRQ�RI�WKH�,QWHUQHW
DUH�³FODVV�&�VXEQHWV´²JURXSV�RI�FRPSXWHUV�ZLWK�VLPLODU�,QWHUQHW�DGGUHVVHV�WKDW�DUH�XVXDOO\�XQGHU�WKH
PDQDJHPHQW�RI�D�VLQJOH�RUJDQL]DWLRQ²DQG�WKH�FRQQHFWLRQV�EHWZHHQ�WKHP�UHSUHVHQW�WKH�URXWHV�WDNHQ�E\
,QWHUQHW� GDWD� SDFNHWV� DV� WKH\� KRS� EHWZHHQ� VXEQHWV�� 7KH� JHRPHWULF� SRVLWLRQV� RI� WKH� YHUWLFHV� LQ� WKH
SLFWXUH�KDYH�QR�VSHFLDO�PHDQLQJ�WKH\�DUH�FKRVHQ�VLPSO\�WR�JLYH�D�SOHDVLQJ�OD\RXW�DQG�DUH�QRW�UHODWHG�
IRU�LQVWDQFH��WR�JHRJUDSKLF�SRVLWLRQ�RI�WKH�YHUWLFHV��7KH�VWUXFWXUH�RI�WKH�,QWHUQHW�LV�GLVFXVVHG�LQ�GHWDLO
LQ�6HFWLRQ������)LJXUH�FUHDWHG�E\�WKH�2SWH�3URMHFW�ZZZ�RSWH�RUJ��5HSURGXFHG�ZLWK�SHUPLVVLRQ�
�



�

�

3ODWH� ,,� 7KH� IRRG� ZHE� RI� LWWOH� RFN� DNH�:LVFRQVLQ�� 7KLV� HOHJDQW� SLFWXUH� VXPPDUL]HV� WKH� NQRZQ
SUHGDWRU\� LQWHUDFWLRQV� EHWZHHQ� VSHFLHV� LQ� D� IUHVKZDWHU� ODNH� LQ� WKH� QRUWKHUQ� 8QLWHG� 6WDWHV�� 7KH
YHUWLFHV� UHSUHVHQW� WKH� VSHFLHV�DQG� WKH�HGJHV� UXQ�EHWZHHQ�SUHGDWRU�SUH\�VSHFLHV�SDLUV��7KH�YHUWLFDO
SRVLWLRQ�RI�WKH�YHUWLFHV�UHSUHVHQWV��URXJKO\�VSHDNLQJ��WKH�WURSKLF�OHYHO�RI�WKH�FRUUHVSRQGLQJ�VSHFLHV�
7KH�ILJXUH�ZDV�FUHDWHG�E\�5LFKDUG�:LOOLDPV�DQG�1HR�0DUWLQH]�>���@�
�
�



�

3ODWH�,,,�7KH�VWUXFWXUH�RI�WKH�,QWHUQHW�DW�WKH�OHYHO�RI�DXWRQRPRXV�V\VWHPV��7KH�YHUWLFHV�LQ� WKLV
QHWZRUN�UHSUHVHQWDWLRQ�RI�WKH�,QWHUQHW�DUH�DXWRQRPRXV�V\VWHPV�DQG�WKH�HGJHV�VKRZ�WKH�URXWHV�WDNHQ�E\
GDWD� WUDYHOLQJ�EHWZHHQ� WKHP��7KLV� ILJXUH� LV� GLIIHUHQW� IURP�3ODWH� ,��ZKLFK� VKRZV� WKH�QHWZRUN� DW� WKH
OHYHO�RI�FODVV�&�VXEQHWV��7KH�SLFWXUH�ZDV�FUHDWHG�E\�DO�%XUFK�DQG�%LOO�&KHVZLFN��3DWHQW�V��SHQGLQJ
DQG�&RS\ULJKW�/XPHWD�&RUSRUDWLRQ�������5HSURGXFHG�ZLWK�SHUPLVVLRQ�
�
�



�

3ODWH� ,� PHWDEROLF� QHWZRUN�� $� ZDOOFKDUW� VKRZLQJ� WKH� QHWZRUN� IRUPHG� E\� WKH� PDMRU� PHWDEROLF
SDWKZD\V��&UHDWHG�E\�'RQDOG�1LFKROVRQ��&RS\ULJKW�RI� WKH� ,QWHUQDWLRQDO�8QLRQ�RI�%LRFKHPLVWU\�DQG
0ROHFXODU�%LRORJ\��5HSURGXFHG�ZLWK�SHUPLVVLRQ�
�



�



�

6LQJXODU��YHUWH[�
�

$Q�H[DPSOH�DSSHDUV�DV�)LJ������RQ�SDJH����
�

2QH�PXVW�EH�FDUHIXO�ZKHQ�WKHUH�DUH�YHUWH[�SDLUV�LQ�WKH�QHWZRUN�WKDW�DUH�FRQQHFWHG�E\�QR�SDWK�DW�DOO�
6XFK�LVVXHV�DUH�GHDOW�ZLWK�LQ�6HFWLRQ�����
�

0RVW�RI�WKH�ZHOO�NQRZQ�FRPPXQLFDWLRQV�SURWRFROV�RI�WKH�,QWHUQHW�DUH�WKHPVHOYHV�EXLOW�RQ�WRS�RI�7&3�
LQFOXGLQJ�+773��WKH�:RUOG�:LGH�:HE���6073��HPDLO���DQG�)73��ILOH�WUDQVIHU���7KXV�FRPPXQLFDWLRQ
LV�D�WKUHH�OD\HU�SURFHVV�ZLWK�D�XVHU�OHYHO�SURWRFRO�UXQQLQJ�RQ�WRS�RI�7&3��ZKLFK�LQ�WXUQ�UXQV�RQ�WRS�RI
,3�� DQG� WKH� XVHU� SURWRFROV� DXWRPDWLFDOO\� EHQHILW� IURP� WKH� HUURU�FKHFNLQJ� IHDWXUHV� DQG� JXDUDQWHHG
WUDQVPLVVLRQ�RIIHUHG�E\�7&3���7KHUH�DUH� ORZHU�OHYHO� WUDQVSRUW�SURWRFROV�DV�ZHOO��VXFK�DV�(WKHUQHW�
333��DQG�$70��EXW�WKHVH�ZLOO�QRW�FRQFHUQ�XV���7KHUH�DUH�KRZHYHU�DOVR�VRPH�DSSOLFDWLRQV�RI�,QWHUQHW
WHFKQRORJ\�WKDW�GR�QRW�UHTXLUH�JXDUDQWHHG�WUDQVPLVVLRQ��0RVW�RI�WKH�FRPPRQ�H[DPSOHV�DUH�VWUHDPLQJ
PHGLD�� VXFK� DV� DXGLR� DQG� YLGHR� WUDQVPLVVLRQV�� YRLFH� DQG� WHOHFRQIHUHQFLQJ�� DQG� RQOLQH� JDPHV��$Q
DOWHUQDWLYH�SURWRFRO�WR�7&3�FDOOHG�8VHU�'DWDJUDP�3URWRFRO��8'3���ZKLFK�SURYLGHV�QR�WUDQVPLVVLRQ
JXDUDQWHHV��LV�XVHG�LQ�VXFK�FDVHV�
�

:H�DUH�DVVXPLQJ�WKDW�HDFK�SDFNHW�WDNHV�WKH�VDPH�URXWH�WR�WKH�GHVWLQDWLRQ��,W�LV�SRVVLEOH��EXW�UHODWLYHO\
UDUH��IRU�GLIIHUHQW�SDFNHWV�WR�WDNH�GLIIHUHQW�URXWHV��LQ�ZKLFK�FDVH�WKH�VHW�RI�,3�DGGUHVVHV�UHWXUQHG�E\
WKH� WUDFHURXWH� SURFHGXUH� ZLOO� QRW� JLYH� D� FRUUHFW� SDWK� WKURXJK� WKH� QHWZRUN�� 7KLV� FDQ� KDSSHQ�� IRU
LQVWDQFH�� LI� FRQJHVWLRQ� SDWWHUQV� DORQJ� WKH� URXWH� YDU\� VLJQLILFDQWO\� ZKLOH� WKH� SURFHGXUH� LV� EHLQJ
SHUIRUPHG��FDXVLQJ�WKH�QHWZRUN�WR�UHURXWH�SDFNHWV�DORQJ�OHVV�FRQJHVWHG�FRQQHFWLRQV��6HULRXV�,QWHUQHW
PDSSLQJ�H[SHULPHQWV�SHUIRUP�UHSHDWHG�WUDFHURXWH�PHDVXUHPHQWV�WR�PLQLPL]H�WKH�HUURUV�LQWURGXFHG�E\
HIIHFWV�VXFK�DV�WKHVH�
�

6HH�ZZZ�QHWGLPHV�RUJ�
�

,I�WKHUH�ZHUH�D�XQLTXH�EHVW�SDWK�WR�HYHU\�YHUWH[��WKHQ�WKH�VHW�RI�SDWKV�ZRXOG�EH�SUHFLVHO\�D�WUHH��L�H���LW
ZRXOG�FRQWDLQ�QR�ORRSV��%HFDXVH�RI�WKH�ZD\�URXWLQJ�DOJRULWKPV�ZRUN��KRZHYHU��WKLV�LV�QRW�LQ�SUDFWLFH
DOZD\V�WKH�FDVH²WZR�URXWHV�WKDW�RULJLQDWH�DW�WKH�VDPH�SRLQW�DQG�SDVV�WKURXJK�WKH�VDPH�YHUWH[�RQ�WKH
ZD\�WR�WKHLU�ILQDO�GHVWLQDWLRQ�FDQ�VWLOO�WDNH�GLIIHUHQW�URXWHV�WR�JHW�WR�WKDW�YHUWH[��VR�WKDW�WKH�VHW�RI�SDWKV
FDQ�FRQWDLQ�ORRSV�
�

6HH�ZZZ�URXWHYLHZV�RUJ�
�



6RFLDO�QHWZRUNV�DUH�SHUKDSV�WKH�PDLQ�H[FHSWLRQ²LQ�PDQ\�FDVHV�SHRSOH�RU�JURXSV�RI�SHRSOH�FDQ�EH
FRQVLGHUHG� WR� KDYH� UHDVRQDEO\�ZHOO�GHILQHG� JHRJUDSKLF� ORFDWLRQV�� 5HODWLYHO\� OLWWOH� ZRUN� KDV� EHHQ
GRQH�KRZHYHU�RQ�WKH�HIIHFWV�RI�JHRJUDSKLF�GLVWULEXWLRQ��SHUKDSV�EHFDXVH�PRVW�VRFLDO�QHWZRUN�VWXGLHV
KDYH�FRQFHQWUDWHG�RQ�SRSXODWLRQV�LQ�ORFDO�QHLJKERUKRRGV��UDWKHU�WKDQ�RQHV�VSUHDG�RXW�RYHU�VLJQLILFDQW
JHRJUDSKLF�DUHDV�
��

)RU�PRVW�RI�LWV�H[LVWHQFH��WKH�WHOHSKRQH�QHWZRUN�KDV�FRQQHFWHG�WRJHWKHU�VWDWLRQDU\�WHOHSKRQHV�LQ�IL[HG
ORFDWLRQV�VXFK�DV�KRXVHV�DQG�RIILFHV�XVLQJ�ODQGOLQHV��,Q�WKH�ODVW� WZHQW\�\HDUV�RU�VR�IL[HG�WHOHSKRQHV
KDYH� VWDUWHG� WR� EH� UHSODFHG� E\� ZLUHOHVV� SKRQHV� �³PRELOH� SKRQHV´� RU� ³FHOO� SKRQHV´��� EXW� LW� LV
LPSRUWDQW� WR� UHDOL]H� WKDW� HYHQ� FDOOV� PDGH� RQ� ZLUHOHVV� SKRQHV� DUH� VWLOO� SULPDULO\� FDUULHG� RYHU� WKH
WUDGLWLRQDO� ODQGOLQH�WHOHSKRQH�QHWZRUN��7KH�VLJQDO�IURP�D�ZLUHOHVV�SKRQH�PDNHV� WKH�ILUVW�VWHS�RI� LWV
MRXUQH\�ZLUHOHVVO\�WR�D�QHDUE\�WUDQVPLVVLRQ�WRZHU��EXW�IURP�WKHUH�LW�WUDYHOV�RYHU�RUGLQDU\�SKRQH�OLQHV�
7KXV��ZKLOH� WKH� DGYHQW� RI�ZLUHOHVV� SKRQHV� KDV� KDG� DQ� H[WUDRUGLQDU\� LPSDFW� RQ� VRFLHW\�� LW� KDV� KDG
UDWKHU�OHVV�LPSDFW�RQ�WKH�QDWXUH�RI�WKH�WHOHSKRQH�QHWZRUN�
��

$�MXQLRU�KLJK�VFKRRO�LQ�WKH�8QLWHG�6WDWHV�LV�D�VFKRRO�IRU�FKLOGUHQ�DJHG�DSSUR[LPDWHO\����WR����\HDUV�
��

2QH�FDQ��E\�DVNLQJ�ERWK��PDNH�VRPH�HVWLPDWH�RI�WKH�DFFXUDF\�RI�WKH�VXUYH\��,I�LQGLYLGXDOV¶�UHVSRQVHV
GLVDJUHH�WRR�RIWHQ��LW�LV�D�FOHDU�VLJQ�WKDW�WKH�UHOLDELOLW\�RI�WKH�UHVSRQVHV�LV�SRRU�
��

6HH�ZZZ�FSF�XQF�HGX�SURMHFWV�DGGKHDOWK�
��

6XFK�QHWZRUNV�DUH�DOVR�FDOOHG�HJRFHQWULF�QHWZRUNV��DOWKRXJK�WKLV�WHUP��ZKLFK�KDV�LWV�RULJLQV�LQ�VRFLDO
VFLHQFH�DQG�SV\FKRORJ\��KDV�WDNHQ�RQ�D�GLIIHUHQW�OD\�PHDQLQJ�ZKLFK�SURPSWV�XV�WR�DYRLG�LWV�XVH�KHUH�
��

7KLV� FDQ� EH� GRQH�� IRU� H[DPSOH�� E\�UDQGRP�GLJLW�GLDOLQJ�� WKH� SUDFWLFH� RI� FDOOLQJ� UDQGRP� WHOHSKRQH
QXPEHUV�LQ�WKH�WDUJHW�DUHD�DQG�VXUYH\LQJ�WKRVH�ZKR�DQVZHU�
��

6RPH�FDUH�PXVW�EH� WDNHQ�LQ� WKH�VHOHFWLRQ�RI� WKH�QDPHV��VLQFH� WKH�IUHTXHQF\�RI�RFFXUUHQFH�RI�QDPHV
YDULHV�FRQVLGHUDEO\��ERWK�IURP�QDPH�WR�QDPH��DQG�JHRJUDSKLFDOO\�DQG�FXOWXUDOO\�
��

,Q�$PHULFDQ�XQLYHUVLWLHV�D�³IUDWHUQLW\´�LV�D�VHPL�LQGHSHQGHQW�ERDUGLQJ�KRXVH�IRU�PDOH�VWXGHQWV�
��

7HFKQLFDOO\�� WKH� SXEOLF� NH\� FDQ� EH� XVHG� WR� GHFU\SW� WKH� PHVVDJH�� EXW� WKH� FDOFXODWLRQ� LQYROYHG� LV
H[WUDRUGLQDULO\� FRPSOH[� DQG� ZRXOG� WDNH� \HDUV� RU� HYHQ� FHQWXULHV� RI� HIIRUW� RQ� WKH� IDVWHVW� PRGHUQ
FRPSXWHUV��)RU�SUDFWLFDO�SXUSRVHV��WKHUHIRUH��RQH�FDQ�RQO\�GHFU\SW�WKH�PHVVDJH�LI�RQH�KDV�WKH�SULYDWH
NH\�



��

,Q� SUDFWLFH� LW� LV� D� OLWWOH� PRUH� FRPSOLFDWHG� WKDQ� WKLV�� $V\PPHWULF� F\SKHUV� DUH� FRPSXWDWLRQDOO\
GHPDQGLQJ� WR� LPSOHPHQW�� IDU� PRUH� VR� WKDQ� WKH� WUDGLWLRQDO� �EXW� OHVV� VHFXUH�� V\PPHWULF� F\SKHUV� LQ
ZKLFK� WKH� VDPH� NH\� LV� XVHG� E\� ERWK� SDUWLHV�� 7R� UHGXFH� GHPDQGV� RQ� FRPSXWHU� WLPH�� WKHUHIRUH�� RQH
XVXDOO\� XVHV� WKH� DV\PPHWULF� F\SKHU� RQO\� WR� WUDQVPLW� IURP�RQH�SDUW\� WR� WKH�RWKHU� D� NH\� IRU� XVH� LQ� D
V\PPHWULF� F\SKHU�� DQG� WKHQ� WKH� V\PPHWULF� F\SKHU�� ZLWK� WKDW� NH\�� LV� XVHG� IRU� DOO� VXEVHTXHQW
FRPPXQLFDWLRQV�� ,Q� WKLV�ZD\�RQH� EHQHILWV� IURP� WKH� VHFXULW\� RI� SXEOLF�NH\� FU\SWRJUDSK\�ZLWKRXW� WKH
FRPSXWDWLRQDO�RYHUKHDG��)RU�RXU�SXUSRVHV�LQ�WKLV�VHFWLRQ��KRZHYHU��WKLV�LV�MXVW�D�WHFKQLFDO�GHWDLO�
��

$JDLQ��WKLV�LV�QRW�FRPSOHWHO\�WUXH��2QH�FDQ�HQFRGH�D�PHVVDJH�XVLQJ�WKH�SXEOLF�NH\�WKDW�ZLOO�GHFRGH
ZLWK�WKH�VDPH�NH\��EXW�DJDLQ� WKH�FDOFXODWLRQV�QHFHVVDU\� WR�GR� WKLV�DUH�H[WUDRUGLQDULO\� OHQJWK\��PXFK
OHQJWKLHU�WKDQ�WKRVH�XVLQJ�WKH�SULYDWH�NH\��DQG�KHQFH�IRU�SUDFWLFDO�SXUSRVHV�RQO\�WKH�SHUVRQ�ZLWK�WKH
SULYDWH�NH\�FRXOG�KDYH�FUHDWHG�WKH�HQFU\SWHG�PHVVDJH�
��

0LOJUDP�ZDV�SDUWLFXODUO\�LQIOXHQFHG�LQ�KLV�ZRUN�E\�D�PDWKHPDWLFDO�SDSHU�E\�3RRO�DQG�.RFKHQ�>���@
WKDW�GHDOW�ZLWK�WKH�VPDOO�ZRUOG�SKHQRPHQRQ�DQG�KDG�FLUFXODWHG�LQ�SUHSULQW�IRUP�LQ�WKH�VRFLDO�VFLHQFH
FRPPXQLW\�IRU�VRPH�\HDUV�ZKHQ�0LOJUDP�VWDUWHG�WKLQNLQJ�DERXW�WKH�SUREOHP��DOWKRXJK�WKH�SDSHU�ZDV
QRW�RIILFLDOO\�SXEOLVKHG�XQWLO�PDQ\�\HDUV�ODWHU�
��

,Q� IDFW�0LOJUDP�FRQGXFWHG� VHYHUDO� VHWV�RI� VPDOO�ZRUOG�H[SHULPHQWV��7KH�RQH�GHVFULEHG�KHUH� LV� WKH
ILUVW�DQG�PRVW�IDPRXV��EXW�WKHUH�ZHUH�RWKHUV�>��������@�
��

7KH�SKUDVH�³VL[�GHJUHHV�RI� VHSDUDWLRQ´�GLG�QRW�DSSHDU� LQ�0LOJUDP¶V�ZULWLQJ�� ,W� LV�PRUH� UHFHQW�DQG
FRPHV� IURP� WKH� WLWOH� RI� D� SRSXODU�%URDGZD\� SOD\� E\� -RKQ�*XDUH� >���@�� ODWHU�PDGH� LQWR� D� ILOP�� LQ
ZKLFK�WKH�OHDG�FKDUDFWHU�GLVFXVVHV�0LOJUDP¶V�ZRUN�
��

)XUWKHUPRUH��LW�DSSHDUV�WKDW�VRPH�RI�WKH�LQLWLDO�UHFLSLHQWV�PD\�KDYH�EHHQ�VHOHFWHG�QRW�DW�UDQGRP�EXW
E\�DGYHUWLVLQJ�IRU�YROXQWHHUV� LQ� WKH�ORFDO�QHZVSDSHU�>���@��D�SURFHGXUH�XQOLNHO\�WR�SURGXFH�D� WUXO\
UDQGRP�VDPSOH�RI�WKH�SRSXODWLRQ�
��

$OVR� VRPHWLPHV� FDOOHG� ,1'(; � H[SHULPHQWV�� ZKLFK� LV� DQ� DEEUHYLDWLRQ� IRU� ³LQIRUPDQWGHILQHG
H[SHULPHQW�´
��

,Q�VQRZEDOO�VDPSOLQJ� WKH�VDPSOH�VL]H�JURZV�H[SRQHQWLDOO\�ZLWK� WKH�QXPEHU�RI�VDPSOLQJ�ZDYHV�DQG
KHQFH� RQH� W\SLFDOO\� RQO\� SHUIRUPV� D� ORJDULWKPLF� QXPEHU� RI� ZDYHV�� ZKLFK� LV� QRW� HQRXJK� IRU� WKH
VDPSOLQJ�SURFHVV�WR�UHDFK�HTXLOLEULXP��,Q�UDQGRP�ZDON�VDPSOLQJ�WKH�VDPSOH�VL]H�JURZV�RQO\�OLQHDUO\�
��



7KLV� LV� RQO\� WKH�QXPEHU�RI� UHDFKDEOH� VWDWLF�SDJHV��7KH�QXPEHU�RI�XQUHDFKDEOH�SDJHV� LV� GLIILFXOW� WR
HVWLPDWH��DQG�G\QDPLF�SDJHV��VHH�ODWHU��DUH�HVVHQWLDOO\�LQILQLWH�LQ�QXPEHU��DOWKRXJK�WKLV�PD\�QRW�EH�D
YHU\�PHDQLQJIXO�VWDWHPHQW�VLQFH�WKHVH�SDJHV�GRQ¶W�H[LVW�XQWLO�VRPHRQH�DVNV�IRU�WKHP�
��

:KLFK�ZHE�SDJHV�D�FUDZOHU�ILQGV�GRHV�GHSHQG�RQ�ZKHUH�WKH�FUDZO�VWDUWV��$�FUDZOHU�FDQ�ILQG�D�ZHE
SDJH�ZLWK�QR�LQFRPLQJ�OLQNV��IRU�LQVWDQFH��LI��DQG�RQO\�LI��LW�VWDUWV�DW�WKDW�SDJH��,Q�SUDFWLFH��KRZHYHU�
WKH� VWDUWLQJ�SRLQW�KDV� UHPDUNDEO\� OLWWOH� HIIHFW�RQ�ZKDW�D�FUDZOHU� ILQGV�� VLQFH�PRVW�RI�ZKDW� LV� IRXQG
FRQVLVWV�RI�WKH�JLDQW�RXW�FRPSRQHQW�PHQWLRQHG�DERYH��ZKRVH�FRQWHQW�GRHV�QRW�GHSHQG�RQ�WKH�VWDUWLQJ
SRLQW�
��

,QGHHG��DFDGHPLF�VWXGLHV�RI�WKH�:HE�ZLWKLQ�WKH�LQIRUPDWLRQ�VFLHQFHV�VRPHWLPHV�UHIHU�WR�K\SHUOLQNV�DV
³FLWDWLRQV�´�D�QRPHQFODWXUH�WKDW�HPSKDVL]HV�WKH�FORVH�VLPLODULWLHV�
��

2Q�UDUH�RFFDVLRQV�LW�RFFXUV� WKDW�DQ�DXWKRU�RU�DXWKRUV�ZLOO�SXEOLVK� WZR�SDSHUV�VLPXOWDQHRXVO\�LQ� WKH
VDPH�YROXPH�RI�D�MRXUQDO�DQG��ZLWK�WKH�KHOS�RI�WKH�SULQWHUV��DUUDQJH�IRU�HDFK�SDSHU�WR�FLWH�WKH�RWKHU�
FUHDWLQJ�D�F\FOH�RI�OHQJWK�WZR�LQ�WKH�QHWZRUN��7KXV��WKH�FLWDWLRQ�QHWZRUN�LV�QRW�VWULFWO\�DF\FOLF��KDYLQJ
D�VPDOO�QXPEHU�RI�VKRUW�F\FOHV�VFDWWHUHG�DERXW�LW�
��

$QG�LW¶V�EHHQ�FLWHG�RQH�PRUH�WLPH�QRZ�
��

:HVWODZ� LV� RZQHG� DQG� RSHUDWHG� E\� 7KRPVRQ� 5HXWHUV�� WKH� VDPH� FRPSDQ\� WKDW� RZQV� WKH� 6FLHQFH
&LWDWLRQ�,QGH[�
��

7KH�1DSVWHU�QDPH�ZDV�ODWHU�ERXJKW�XS�E\�WKH�UHFRUGLQJ�LQGXVWU\�DQG�LV�QRZ�WKH�QDPH�RI�D�OHJLWLPDWH
RQOLQH�PXVLF�VHUYLFH��DOWKRXJK�RQH�WKDW�GRHV�QRW�PDNH�XVH�RI�SHHU�WR�SHHU�WHFKQRORJ\�
��

7KH�PHWDEROLF�QHWZRUN�LV�WKH�RQO\�H[DPSOH�RI�D�GLUHFWHG�ELSDUWLWH�QHWZRUN�DSSHDULQJ�LQ�WKLV�ERRN��DQG
LQGHHG�WKH�RQO\�QDWXUDOO\�RFFXUULQJ�H[DPSOH�RI�VXFK�D�QHWZRUN�WKH�DXWKRU�KDV�FRPH�DFURVV��DOWKRXJK
QR�GRXEW�WKHUH�DUH�RWKHUV�WR�EH�GLVFRYHUHG�LI�RQH�ORRNV�KDUG�HQRXJK�
��

$OVR�WKH�RQO\�VXFK�QHWZRUN�LQ�WKH�ERRN�
��

$OVR�FDOOHG�D�\HDVW�WZR�K\EULG�VFUHHQ�RU�<�+6�IRU�VKRUW��LQ�UHFRJQLWLRQ�RI�WKH�IDFW�WKDW�WKH�WHFKQLTXH
LV�XVXDOO\�LPSOHPHQWHG�LQVLGH�\HDVW�FHOOV��DV�GLVFXVVHG�ODWHU�
��

7HFKQLFDOO\��'1$�LV�D�GRXEOH�VWUDQGHG�SRO\PHU��KDYLQJ�WZR�SDUDOOHO�FKDLQV�RI�QXFOHRWLGHV�IRUPLQJ



WKH� IDPRXV�GRXEOH�KHOL[� VKDSH��+RZHYHU�� WKH� WZR�VWUDQGV�FRQWDLQ�HVVHQWLDOO\� WKH� VDPH�VHTXHQFH�RI
QXFOHRWLGHV�DQG�VR�IRU�RXU�SXUSRVHV� WKH�IDFW� WKDW� WKHUH�DUH� WZR� LV�QRW� LPSRUWDQW� �DOWKRXJK� LW� LV�YHU\
LPSRUWDQW�LQ�RWKHU�FLUFXPVWDQFHV��VXFK�DV�LQ�WKH�UHSURGXFWLRQ�RI�D�FHOO�E\�FHOOXODU�GLYLVLRQ�DQG�LQ�WKH
UHSDLU�RI�GDPDJHG�'1$��
��

³$VVD\´�LV�ELRORJLFDO�MDUJRQ�IRU�DQ�H[SHULPHQWDO�WHVW�
��

1HXURQV� GR� VRPHWLPHV� KDYH� GLUHFW� FRQQHFWLRQV� EHWZHHQ� WKHP� ZLWKRXW� V\QDSVHV�� 7KHVH� GLUHFW
FRQQHFWLRQV�DUH�FDOOHG�JDS�MXQFWLRQV��D�FRQIXVLQJ�QDPH��VLQFH�LW�VRXQGV�OLNH�LW�PLJKW�EH�D�GHVFULSWLRQ
RI�D�V\QDSVH�EXW�LV�LQ�UHDOLW\�TXLWH�GLIIHUHQW��,Q�RXU�EULHI�WUHDWPHQW�RI�QHXUDO�QHWZRUNV��KRZHYHU��ZH
ZLOO�LJQRUH�JDS�MXQFWLRQV�
��

,Q�FRPPRQ�SDUODQFH��RQH�UHIHUV�WR�D�IRRG�FKDLQ��PHDQLQJ�D�FKDLQ�RI�SUHGDWRU�SUH\�UHODWLRQV�EHWZHHQ
RUJDQLVPV�VWDUWLQJ�ZLWK�VRPH�ORZO\�RUJDQLVP�DW�WKH�ERWWRP�RI�WKH�FKDLQ��VXFK�DV�D�PLFUREH�RI�VRPH
NLQG��DQG�ZRUNLQJ�DOO�WKH�ZD\�XS�WR�VRPH�XOWLPDWH�SUHGDWRU�DW�WKH�WRS��VXFK�DV�D�OLRQ�RU�D�KXPDQ�EHLQJ�
2QO\� D� PRPHQW¶V� UHIOHFWLRQ�� KRZHYHU�� LV� HQRXJK� WR� FRQYLQFH� XV� WKDW� UHDO� HFRV\VWHPV� FDQQRW� EH
UHSUHVHQWHG�E\�VLQJOH�FKDLQV��DQG�D�FRPSOHWH�QHWZRUN�RI�LQWHUDFWLRQV�LV�QHHGHG�LQ�PRVW�FDVHV�
��

,Q�)LJ�������IRU�H[DPSOH��WKHUH�DUH�HGJHV�LQ�ERWK�GLUHFWLRQV�EHWZHHQ�WKH�ILVK�DQG�VTXLG�YHUWLFHV��ZKLFK
PDNHV�LW�LPSRVVLEOH�WR�GUDZ�WKH�QHWZRUN�ZLWK�DOO�HGJHV�UXQQLQJ�LQ�WKH�VDPH�GLUHFWLRQ�
��

2QH�LV�UHPLQGHG�RI�WKH�VFKRROKRXVH�UK\PH�E\�$XJXVWXV�GH�0RUJDQ�

*UHDW�IOHDV�KDYH�OLWWOH�IOHDV�XSRQ�WKHLU�EDFNV�WR�ELWH�¶HP�
$QG�OLWWOH�IOHDV�KDYH�OHVVHU�IOHDV��DQG�VR�DG�LQILQLWXP�

�
��

7KLV� XVH� RI� WKH� ZRUG� ³DFWRU´� VRPHWLPHV� OHDGV� WR� FRQIXVLRQ�� DQ� DFWRU� QHHG� QRW� EH� D� SHUVRQ� ZKR
DFWXDOO\�DFWV��DQG�QHHG�QRW�HYHQ�EH�D�SHUVRQ��,Q�D�VRFLDO�QHWZRUN�RI�EXVLQHVV�UHODWLRQVKLSV�EHWZHHQ
FRPSDQLHV��IRU�LQVWDQFH��WKH�DFWRUV�DUH�WKH�FRPSDQLHV��DQG�WKH�WLHV�DUH�WKH�EXVLQHVV�UHODWLRQVKLSV��
��

7KHUH�GRHV�QRW� VHHP� WR�EH�D� VSHFLDO�QDPH�JLYHQ� WR�QHWZRUNV�ZLWK�VHOI�HGJHV��7KH\�DUH� MXVW�FDOOHG
³QHWZRUNV�ZLWK�VHOI�HGJHV�´
��

$V�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ��WKLV�LV�QRW�WKH�FDVH�IRU�GLUHFWHG�QHWZRUNV��,Q�GLUHFWHG�QHWZRUNV��VHOI�
HGJHV�DUH�UHSUHVHQWHG�E\�D���LQ�WKH�FRUUHVSRQGLQJ�GLDJRQDO�HOHPHQW�RI�WKH�DGMDFHQF\�PDWUL[�
��



7KH�YDOXHV�RQ�HGJHV�DOVR�VRPHWLPHV�UHSUHVHQW�OHQJWKV�RI�VRPH�NLQG��2Q�D�URDG�RU�DLUOLQH�QHWZRUN��IRU
LQVWDQFH�� HGJH� YDOXHV� FRXOG� UHSUHVHQW� WKH� QXPEHU� RI� NLORPHWHUV� RU�PLOHV� WKH� HGJHV� FRYHU�� RU� WKH\
FRXOG� UHSUHVHQW� WUDYHO� WLPH� DORQJ� WKH� HGJHV�� ZKLFK� FDQ� EH� UHJDUGHG� DV� D� NLQG� RI� OHQJWK²RQH
GHQRPLQDWHG� LQ�XQLWV�RI� WLPH� UDWKHU� WKDQ�GLVWDQFH��(GJH� OHQJWKV�DUH�� LQ�D�VHQVH�� WKH� LQYHUVH�RI�HGJH
ZHLJKWV��VLQFH�WZR�YHUWLFHV�WKDW�DUH�VWURQJO\�FRQQHFWHG�FDQ�EH�UHJDUGHG�DV�³FORVH´�WR�RQH�DQRWKHU�DQG
WZR�WKDW�DUH�ZHDNO\�FRQQHFWHG�FDQ�EH�UHJDUGHG�DV�IDU�DSDUW��7KXV�RQH�FRXOG�FRQYHUW�EHWZHHQ�ZHLJKWV
DQG�OHQJWKV�E\�WDNLQJ�UHFLSURFDOV��DOWKRXJK�WKLV�VKRXOG�EH�UHJDUGHG�DV�RQO\�DQ�DSSUR[LPDWH�SURFHGXUH�
LQ�PRVW�FDVHV�WKHUH�LV�QR�IRUPDO�VHQVH�LQ�ZKLFK�HGJH�ZHLJKWV�DQG�OHQJWKV�DUH�HTXLYDOHQW�
��

7KH�GLDJRQDO�HOHPHQWV�DUH�D�VSHFLDO�FDVH��VLQFH�WKH\�DUH�HTXDO�WR���RU���LQ�DQ�XQGLUHFWHG�QHWZRUN�HYHQ
ZKHQ�WKHUH�DUH�QR�PXOWLHGJHV�RU�ZHLJKWHG�HGJHV�
��

,QGHHG��RQH�FDQ�XQGHUVWDQG� WKH�DSSHDUDQFH�RI� WKH��� LQ� WKH�XQGLUHFWHG�FDVH�DV�D�FRQVHTXHQFH�RI� WKH
HTXLYDOHQFH�EHWZHHQ�XQGLUHFWHG�DQG�GLUHFWHG�QHWZRUNV�PHQWLRQHG�DERYH��DQ�XQGLUHFWHG�VHOI�HGJH�FDQ
EH� WKRXJKW� RI� DV� WZR� GLUHFWHG� VHOI�HGJHV� DW� WKH� VDPH� YHUWH[�� HDFK� RI� ZKLFK� FRQWULEXWHV� �� WR� WKH
FRUUHVSRQGLQJ�HOHPHQW�RI�WKH�DGMDFHQF\�PDWUL[�
��

,Q� WKH� PDWKHPDWLFDO� OLWHUDWXUH� RQH� RIWHQ� VHHV� WKH� DEEUHYLDWLRQ� '$*�� ZKLFK� LV� VKRUW� IRU�GLUHFWHG
DF\FOLF�JUDSK�
��

$V�GLVFXVVHG�LQ�6HFWLRQ������ WKHUH�DUH� LQ�UHDO�FLWDWLRQ�QHWZRUNV�UDUH� LQVWDQFHV�LQ�ZKLFK�WZR�SDSHUV
ERWK�FLWH�HDFK�RWKHU��IRUPLQJ�D�F\FOH�RI� OHQJWK�WZR�LQ�WKH�FLWDWLRQ�QHWZRUN��IRU� LQVWDQFH�LI�DQ�DXWKRU
SXEOLVKHV� WZR� UHODWHG� SDSHUV� LQ� WKH� VDPH� LVVXH� RI� D� MRXUQDO�� &LWDWLRQ� QHWZRUNV� DUH�� QRQHWKHOHVV�
DF\FOLF�WR�D�JRRG�DSSUR[LPDWLRQ�
��

:H�FRXOG� MXVW�XVH�RUGLQDU\�HGJHV� MRLQLQJ�YHUWH[�SDLUV� WR� UHSUHVHQW�RXU� IDPLO\� WLHV��SODFLQJ�DQ�HGJH
EHWZHHQ�DQ\�WZR�YHUWLFHV�WKDW�FRUUHVSRQG�WR�LQGLYLGXDOV�LQ�WKH�VDPH�IDPLO\��7KLV��KRZHYHU��GRHVQ¶W
H[SOLFLWO\� WHOO�XV�ZKHQ� WZR�HGJHV�FRUUHVSRQG� WR� WLHV�ZLWKLQ� WKH�VDPH� IDPLO\��DQG� WKHUH� LV�QR�VLQJOH
REMHFW�LQ�WKH�QHWZRUN�WKDW�FRUUHVSRQGV�WR�D�IDPLO\�WKH�ZD\�D�K\SHUHGJH�GRHV�LQ�WKH�K\SHUJUDSK��,Q�D
QXPEHU�RI�ZD\V��WKHUHIRUH��WKH�K\SHUJUDSK�LV�PRUH�FRQYHQLHQW�
��

,Q�FRXQWULHV�VXFK�DV�6SDLQ�RU�&DQDGD��ZKHUH�VDPH�VH[�PDUULDJHV�DUH�SHUPLWWHG�� WKH�QHWZRUN�ZRXOG
QRW�EH�WUXO\�ELSDUWLWH�EHFDXVH�WKHUH�ZRXOG�EH�VRPH�HGJHV�EHWZHHQ�OLNH�NLQGV�RI�YHUWH[�
��

,Q�SULQFLSOH��RQH�FRXOG�SXW�GLUHFWLRQV�RQ�WKH�HGJHV�RI�D�WUHH�DQG�PDNH�LW�D�GLUHFWHG�QHWZRUN��EXW�WKH
GHILQLWLRQ�RI�D�WUHH�DV�D�ORRSOHVV�QHWZRUN�LJQRUHV�GLUHFWLRQV�LI�WKHUH�DUH�DQ\��7KLV�PHDQV�WKDW�D�WUHH�LV
QRW� WKH�VDPH�WKLQJ�DV�D�GLUHFWHG�DF\FOLF�JUDSK��6HFWLRQ���������$�GLUHFWHG�WUHH�LV�DOZD\V�D�GLUHFWHG
DF\FOLF� JUDSK�� EXW� WKH� UHYHUVH� LV� QRW� DOVR� WUXH�� VLQFH� WKH� GHILQLWLRQ� RI� D� ORRS� LQ� D� GLUHFWHG� DF\FOLF
JUDSK�WDNHV�WKH�GLUHFWLRQV�RI�WKH�HGJHV�LQWR�DFFRXQW��$�GLUHFWHG�DF\FOLF�JUDSK�PD\�ZHOO�KDYH�ORRSV�LI



ZH�LJQRUH�GLUHFWLRQV��VHH�IRU�H[DPSOH�)LJ�������
��

6XFK�SDUWV�DUH�FDOOHG�³FRPSRQHQWV´²VHH�6HFWLRQ������
��

7KLV�LV�D�VOLJKWO\�RGG�ZD\�RI�GUDZLQJ�WUHHV��ZLWK�WKH�URRW�DW�WKH�WRS�DQG�WKH�OHDYHV�DW�WKH�ERWWRP��7KH
PRUH�IDPLOLDU�WUHHV�RI�WKH�ZRRGHQ�NLQG�DUH��RI�FRXUVH��WKH�RWKHU�ZD\�XS��7KH�XSVLGHGRZQ�RULHQWDWLRQ
KDV��KRZHYHU��EHFRPH�FRQYHQWLRQDO� LQ�PDWKHPDWLFV�DQG�FRPSXWHU�VFLHQFH��DQG�ZH�KHUH�ERZ�WR�WKLV
FRQYHQWLRQ�
��

$�SODQH�LV�D�IODW�VXUIDFH�ZLWK�RSHQ�ERXQGDULHV��2QH�FDQ�GHILQH�D�JHQHUDOL]DWLRQ�RI�D�SODQDU�QHWZRUN
IRU� RWKHU� W\SHV� RI� WZR�GLPHQVLRQDO� VXUIDFH�� VXFK� DV� WKH� WRUXV�� ZKLFK� ZUDSV� DURXQG� RQ� LWVHOI�� $
VWDQGDUG�SODQDU�QHWZRUN��KRZHYHU��GRHV�QRW�ZUDS�DURXQG�
��

7KH�WKHRUHP�RQO\�DSSOLHV�IRU�D�PDS�RQ�D�VXUIDFH�ZLWK�WRSRORJLFDO�JHQXV�]HUR��VXFK�DV�D�IODW�SODQH�RU�D
VSKHUH��$�PDS�RQ�D�WRUXV��ZKLFK�KDV�JHQXV����FDQ�UHTXLUH�DV�PDQ\�DV�VHYHQ�FRORUV�
��

$SSHO�DQG�+DNHQ¶V�SURRI� LV�DQ� LQWHUHVWLQJ�RQH�DQG�ZDV�FRQWURYHUVLDO� DW� WKH� WLPH�RI� LWV�SXEOLFDWLRQ
EHFDXVH� LW�PDGH� H[WHQVLYH�XVH�RI� D� FRPSXWHU� WR� FKHFN� ODUJH�QXPEHUV� RI� VSHFLDO� FDVHV��2Q� WKH�RQH
KDQG��WKH�SURRI�ZDV�UHYROXWLRQDU\�IRU�EHLQJ�WKH�ILUVW�SURRI�RI�D�PDMRU�PDWKHPDWLFDO�UHVXOW�JHQHUDWHG�LQ
WKLV�IDVKLRQ��2Q�WKH�RWKHU�KDQG�D�QXPEHU�RI�SHRSOH�TXHVWLRQHG�ZKHWKHU�LW�FRXOG�UHDOO\�EH�FRQVLGHUHG�D
SURRI�DW�DOO��JLYHQ�WKDW�LW�ZDV�IDU�WRR�ODUJH�IRU�D�KXPDQ�EHLQJ�WR�FKHFN�LWV�FRUUHFWQHVV�E\�KDQG�
��

,Q�JUDSK�WKHRU\�.Q�GHQRWHV�WKH�FRPSOHWH�JUDSK�ZLWK�Q�YHUWLFHV��L�H���WKH�JUDSK�RI�Q�YHUWLFHV�ZLWK�DOO�
SRVVLEOH�VLQJOH�HGJHV�SUHVHQW��8*�VWDQGV�IRU� XWLOLW\�JUDSK� �8*�LV�WKH�FRPSOHWH�ELSDUWLWH�JUDSK�RQ�WZR
JURXSV�RI�WKUHH�YHUWLFHV�
��

6HH� .HQQHG\�HW� DO�� >���@� IRU� DQ� LQWHUHVWLQJ� KLVWRU\� RI� WKH� WKHRUHP� DQG� UHIHUHQFHV� WR� WKH� RULJLQDO
SDSHUV�
��

1RWLFH�WKDW�WKLV�H[SUHVVLRQ�VWLOO�JLYHV�WKH�FRUUHFW�UHVXOW�LI�WKHUH�DUH�VHOI�HGJHV�LQ�WKH�JUDSK��SURYLGHG
HDFK�VXFK�HGJH�LV�UHSUHVHQWHG�E\�D�GLDJRQDO�HOHPHQW�$LL� ���DV�GLVFXVVHG�HDUOLHU��DQG�QRW���
��

2FFDVLRQDOO\�FRQQHFWDQFH�LV�GHILQHG�DV�ȡ� �P�Q���ZKLFK�IRU�ODUJH�QHWZRUNV�GLIIHUV�IURP�(T���������E\
DERXW�D�IDFWRU�RI����:LWK�WKDW�GHILQLWLRQ� �
��

)RU�D�ULJRURXV�SURRI�ZH�FDQ�XVH�LQGXFWLRQ��,I�WKHUH�DUH� �SDWKV�RI�OHQJWK�U�í���IURP�L� WR�N��WKHQ�E\



DUJXPHQWV� VLPLODU� WR� WKRVH�DERYH� WKHUH�DUH� �$NM� SDWKV� RI� OHQJWK�U� IURP�L� WR�M�� RU� LQ�PDWUL[
QRWDWLRQ�1�U��1�Uí��$��ZKHUH�1�U��LV�WKH�PDWUL[�ZLWK�HOHPHQWV� ��7KLV�LPSOLHV�WKDW�LI�1�Uí��� �$Uí��WKHQ
1�U�� �$U�DQG�ZLWK�WKH�LQLWLDO�FDVH�1���� �$�ZH�KDYH�1�U�� �$U�IRU�DOO�U��7DNLQJ�WKH� LMWK�HOHPHQW�RI�ERWK
VLGHV�WKHQ�JLYHV�(T���������
��

,I�ZH�ZLVK�WR�FRXQW�HDFK�ORRS�RQO\�RQFH��ZH�VKRXOG�URXJKO\�VSHDNLQJ�GLYLGH�E\�U��EXW�WKLV�GRHV�QRW
DOORZ�IRU�SDWKV�WKDW�KDYH�V\PPHWULHV�XQGHU�D�FKDQJH�RI�VWDUWLQJ�SRLQWV��VXFK�DV�SDWKV�WKDW�FRQVLVW�RI�WKH
VDPH�VXEORRS� WUDYHUVHG� UHSHDWHGO\��&RXQWLQJ�VXFK� V\PPHWULF�SDWKV�SURSHUO\� LV� D�FRPSOH[�SUREOHP
WKDW�FDQ�EH�VROYHG�H[DFWO\�LQ�RQO\�D�IHZ�FDVHV�
��

6XFK�PDWULFHV�KDYH�PXOWLSOH�RU�³GHJHQHUDWH´�HLJHQYDOXHV�DQG� WHFKQLFDOO\�KDYH�D�QRQ�]HUR�QLOSRWHQW
SDUW�LQ�WKHLU�-RUGDQ�GHFRPSRVLWLRQ�
��

,QGHHG��DQ\�PDSSLQJ�$�ĺ�4í��$4�RI�D�PDWUL[�SUHVHUYHV�LWV�HLJHQYDOXHV��6XFK�PDSSLQJV�DUH�FDOOHG
VLPLODULW\�WUDQVIRUPDWLRQV�
��

1R�FKHDWLQJ��\RX¶UH�QRW�DOORZHG�WR�VZLP�RU�XVH�D�ERDW�
��

7KH� ZRUG� ³FRQQHFWLYLW\´� LV� RFFDVLRQDOO\� DOVR� XVHG� LQ� WKH� QHWZRUNV� OLWHUDWXUH� DV� D� V\QRQ\P� IRU
³GHJUHH�´�*LYHQ� WKDW� WKH�ZRUG� DOVR�KDV� WKH�ROGHU�PHDQLQJ�GLVFXVVHG�KHUH�� KRZHYHU�� WKLV� VHHPV� DQ
LPSUXGHQW�WKLQJ�WR�GR��DQG�ZH�DYRLG�LW�LQ�WKLV�ERRN�
��

)RU�D�ILUVW�SULQFLSOHV�SURRI�WKDW�LV�QRW�EDVHG�RQ�0HQJHU¶V�WKHRUHP�VHH��IRU�LQVWDQFH��$KXMD�HW�DO��>�@�
��

$QRWKHU� LQWHUHVWLQJ�DQG�VOLJKWO\�VXUSULVLQJ�FRPSXWDWLRQDO�XVH�RI� WKH�PD[�IORZ�PLQ�FXW� WKHRUHP�LV� LQ
WKH� SRO\QRPLDO�WLPH� DOJRULWKP� IRU� ILQGLQJ� JURXQG� VWDWHV� RI� WKH� WKHUPDO� UDQGRP�ILHOG� ,VLQJ� PRGHO
>���@��DQ�LQWHUHVWLQJ�FURVV�IHUWLOL]DWLRQ�EHWZHHQ�QHWZRUN�WKHRU\�DQG�SK\VLFV��LW�LV�UHODWLYHO\�FRPPRQ
IRU�SK\VLFV�LGHDV�WR�ILQG�DSSOLFDWLRQ�LQ�QHWZRUN�WKHRU\��EXW�WKH�UHYHUVH�KDV�EHHQ�FRQVLGHUDEO\�UDUHU�
��

,Q� IDFW�� WKH�JUDSK�/DSODFLDQ�PDWUL[� IRU�XQGLUHFWHG�QHWZRUNV�GHILQHG� LQ� WKLV� VHFWLRQ�GRHV�QRW�KDYH�D
FOHDQ�JHQHUDOL]DWLRQ�IRU�GLUHFWHG�QHWZRUNV��DOWKRXJK�VHYHUDO�SRVVLEOH�FDQGLGDWHV�KDYH�EHHQ�VXJJHVWHG�
0RVW�RI�WKH�UHVXOWV�LQ� WKH�UHPDLQLQJ�VHFWLRQV�RI�WKLV�FKDSWHU�GR�QRW�JHQHUDOL]H�HDVLO\� WR�WKH�GLUHFWHG
FDVH�
��

,Q�IDFW�WKH�JUDSK�/DSODFLDQ�GRHVQ¶W�RFFXS\�TXLWH�WKH�VDPH�SRVLWLRQ�DV�ේ��GRHV�LQ�WKH�QRUPDO�GLIIXVLRQ
HTXDWLRQ²WKHUH�LV�D�SOXV�VLJQ�LQ�(T���������ZKHUH�D�PLQXV�VLJQ�DSSHDUV�LQ�WKH�QRUPDO�HTXDWLRQ��:H



FRXOG�HDVLO\�JHW�ULG�RI�WKLV�GLVFUHSDQF\�E\�UHYHUVLQJ�WKH�VLJQ�RI�WKH�GHILQLWLRQ�LQ�(T����������EXW�WKH
GHILQLWLRQ�DV�JLYHQ�KDV�EHFRPH�WKH�VWDQGDUG�RQH�DQG�VR�IRU�FRQVLVWHQF\�ZH�ZLOO�VWLFN�ZLWK�LW�
��

7KLV�LV�FOHDUO\�WKH�ULJKW�DQVZHU�IURP�D�SK\VLFDO�SRLQW�RI�YLHZ��VLQFH�WKH�IOXLG�LQ�RXU�GLIIXVLRQ�SURFHVV
LV�FRQVHUYHG²WKHUH�LV�D�IL[HG��ILQLWH�DPRXQW�RI�LW²VR�LW�LV�LPSRVVLEOH�IRU�WKH�DPRXQW�RQ�DQ\�YHUWH[�WR
EHFRPH�LQILQLWH�
��

,W�LV�QRW�D�SURSHUO\�QRUPDOL]HG�HLJHQYHFWRU��7KH�SURSHUO\�QRUPDOL]HG�YHFWRU�ZRXOG�EH�������������¥Q�
��

2FFDVLRQDOO\�Ȝ��LV�DOVR�FDOOHG�WKH�VSHFWUDO�JDS�
��

2QH�PLJKW� WKLQN� WKDW� WKLV�HTXDWLRQ�FRXOG�EH�VLPSOLILHG�E\�UHRUGHULQJ� WKH� WHUPV�VR� WKDW�PRVW�RI� WKHP
FDQFHO�RXW��EXW�WKLV�LV�QRW�DOORZHG��7KH�VXP�YLHZHG�DV�LQGLYLGXDO�WHUPV�LV�QRW�DEVROXWHO\�FRQYHUJHQW
DQG�KHQFH�GRHV�QRW�KDYH�D�XQLTXH�OLPLW��2QO\�WKH�FRPSOHWH�VXP�RYHU�W�DV�ZULWWHQ�LV�PHDQLQJIXO�DQG�D
UHRUGHULQJ�RI�WKH�WHUPV�ZLOO�JLYH�WKH�ZURQJ�DQVZHU�
��

)RU�WKRVH�LQWHUHVWHG�LQ�WUDGLWLRQDO�VRFLDO�QHWZRUN�DQDO\VLV��LQWURGXFWLRQV�FDQ�EH�IRXQG�LQ�WKH�ERRNV�E\
6FRWW�>���@�DQG�E\�:DVVHUPDQ�DQG�)DXVW�>���@�
��

7HFKQLFDOO\�� WKHUH�FRXOG�EH�PRUH� WKDQ�RQH�HLJHQYHFWRU�ZLWK�HLJHQYDOXH� ț���RQO\�RQH�RI�ZKLFK�QHHG
KDYH�DOO�HOHPHQWV�QRQ�QHJDWLYH�� ,W� WXUQV�RXW��KRZHYHU�� WKDW� WKLV�FDQQRW�KDSSHQ�� WKH�DGMDFHQF\�PDWUL[
KDV�RQO\�RQH�HLJHQYHFWRU�RI�HLJHQYDOXH�ț���6HH�IRRWQRWH���RQ�SDJH�����IRU�D�SURRI�
��

7KLV�LV�QRW�HQWLUHO\�WUXH��DV�ZH�ZLOO�VHH�LQ�6HFWLRQ������:HE�SDJHV�WKDW�SRLQW�WR�PDQ\�RWKHUV�DUH�RIWHQ
GLUHFWRULHV� RI� RQH� VRUW� RU� DQRWKHU� DQG� FDQ� EH� XVHIXO� DV� VWDUWLQJ� SRLQWV� IRU� ZHE� VXUILQJ�� 7KLV� LV� D
GLIIHUHQW� NLQG� RI� LPSRUWDQFH�� KRZHYHU�� IURP� WKDW� KLJKOLJKWHG� E\� WKH� HLJHQYHFWRU� FHQWUDOLW\� DQG� D
GLIIHUHQW��FRPSOHPHQWDU\�FHQWUDOLW\�PHDVXUH�LV�QHHGHG�WR�TXDQWLI\�LW�
��

)RU�WKH�OHIW�HLJHQYHFWRU�LW�ZRXOG�EH�WKH�LQ�FRPSRQHQW�
��

7KH�HLJHQYDOXHV�EHLQJ�GHILQHG�E\�$Y� �țY��ZH�VHH�WKDW��$���ț,�Y� ����ZKLFK�KDV�QRQ�]HUR�VROXWLRQV
IRU�Y�RQO\�LI��$���ț,��FDQQRW�EH� LQYHUWHG�� L�H��� LI�GHW� �$���ț,�� ����DQG�KHQFH� WKLV�HTXDWLRQ�JLYHV� WKH
HLJHQYDOXHV�ț�
��

)RUPDOO\�RQH�UHFRYHUV�ILQLWH�YDOXHV�DJDLQ�ZKHQ�RQH�PRYHV�SDVW���ț��WR�KLJKHU�Į��EXW�LQ�SUDFWLFH�WKHVH



YDOXHV�DUH�PHDQLQJOHVV��7KH�PHWKRG�UHWXUQV�JRRG�UHVXOWV�RQO\�IRU�Į�����ț��
��

,W� LV� HDV\� WR� FRQILUP� WKDW� WKLV� YHFWRU� LV� LQGHHG� DQ� HLJHQYHFWRU�ZLWK� HLJHQYDOXH� ��� 7KDW� WKHUH� LV� QR
HLJHQYDOXH� ODUJHU� WKDQ� �� LV� OHVV� REYLRXV�� ,W� IROORZV� IURP� D� VWDQGDUG� UHVXOW� LQ� OLQHDU� DOJHEUD�� WKH
3HUURQ�)UREHQLXV�WKHRUHP��ZKLFK�VWDWHV�WKDW�WKH�ODUJHVW�HLJHQYDOXH�RI�D�PDWUL[�VXFK�DV�$'���WKDW�KDV
DOO� HOHPHQWV� QRQ�QHJDWLYH� LV� XQLTXH²WKHUH� LV� RQO\� RQH� HLJHQYHFWRU� ZLWK� WKLV� HLJHQYDOXH²WKDW� WKH
HLJHQYHFWRU�DOVR�KDV�DOO�HOHPHQWV�QRQ�QHJDWLYH��DQG�WKDW� LW� LV�WKH�RQO\�HLJHQYHFWRU�ZLWK�DOO�HOHPHQWV
QRQ�QHJDWLYH�� &RPELQLQJ� WKHVH� UHVXOWV�� LW� LV� FOHDU� WKDW� WKH� HLJHQYDOXH� �� DERYH�PXVW� EH� WKH� ODUJHVW
HLJHQYDOXH�RI�WKH�PDWUL[�$'����)RU�D�GLVFXVVLRQ�RI�WKH�3HUURQ�)UREHQLXV�WKHRUHP�VHH�5HI��>���@�DQG
WKH�WZR�IRRWQRWHV�RQ�SDJH�����RI�WKLV�ERRN�
��

7KLV� VWDWHPHQW� LV� RQO\� DSSUR[LPDWHO\� FRUUHFW� VLQFH�� DV� GLVFXVVHG� LQ� 6HFWLRQ� ������� WKH� FRFLWDWLRQ
PDWUL[� LV� QRW� SUHFLVHO\� HTXDO� WR� WKH� DGMDFHQF\� PDWUL[� RI� WKH� FRFLWDWLRQ� QHWZRUN�� KDYLQJ� QRQ�]HUR
HOHPHQWV�DORQJ�LWV�GLDJRQDO�ZKHUH�WKH�DGMDFHQF\�PDWUL[�KDV�QRQH�
��

5HFDOO�WKDW�JHRGHVLF�SDWKV�QHHG�QRW�EH�XQLTXH²YHUWLFHV�FDQ�EH�MRLQHG�E\�VHYHUDO�VKRUWHVW�SDWKV�RI�WKH
VDPH�OHQJWK��7KH�OHQJWK�GLM�KRZHYHU�LV�DOZD\V�ZHOO�GHILQHG��EHLQJ�WKH�OHQJWK�RI�DQ\�RQH�RI�WKHVH�SDWKV�
��

ZZZ�LPGE�FRP
��

3HUKDSV�PRVW�IDPRXV�IRU�KLV�UROH�DV�WKH�HYLO�ZL]DUG�6DUXPDQ�LQ�WKH�ILOP�YHUVLRQ�RI�7KH�/RUG�RI�WKH
5LQJV�
��

0XFK�RI�VRFLRORJLFDO�OLWHUDWXUH�FRQFHUQV�SRZHU�RU�³VRFLDO�FDSLWDO�´�,W�PD\�VHHP�UXWKOHVV�WR�WKLQN�RI
LQGLYLGXDOV�H[SORLWLQJ�WKHLU�FRQWURO�RYHU�RWKHU�SHRSOH¶V�LQIRUPDWLRQ�WR�JDLQ�WKH�XSSHU�KDQG�RQ�WKHP�
EXW�LW�PD\�DOVR�EH�UHDOLVWLF��$W�OHDVW�LQ�VLWXDWLRQV�ZKHUH�WKHUH�LV�D�VLJQLILFDQW�SD\�RII�WR�KDYLQJ�VXFK�DQ
XSSHU� KDQG� �OLNH� EXVLQHVV� UHODWLRQVKLSV�� IRU� H[DPSOH��� LW� LV� UHDVRQDEOH� WR� VXSSRVH� WKDW� QRWLRQV� RI
SRZHU�GHULYHG�IURP�QHWZRUN�VWUXFWXUH�UHDOO\�GR�SOD\�LQWR�SHRSOH¶V�PDQLSXODWLRQV�RI�WKH�ZRUOG�DURXQG
WKHP�
��

,W�LV�SHUKDSV�QR�FRLQFLGHQFH�WKDW�WKH�KLJKHVW�EHWZHHQQHVV�EHORQJV�WR�DQ�DFWRU�ZKR�DSSHDUHG�LQ�ERWK
(XURSHDQ�DQG�$PHULFDQ�ILOPV��SOD\HG�UROHV�LQ�VHYHUDO�GLIIHUHQW�ODQJXDJHV��DQG�ZRUNHG�H[WHQVLYHO\�LQ
ERWK� ILOP�DQG� WHOHYLVLRQ�� DV�ZHOO� DV� RQ� VWDJH��5H\�ZDV� WKH� DUFKHW\SDO� ³EURNHU�´�ZLWK�D� FDUHHU� WKDW
PDGH� KLP� D� FHQWUDO� ILJXUH� LQ� VHYHUDO� GLIIHUHQW� DUPV� RI� WKH� HQWHUWDLQPHQW� EXVLQHVV� WKDW� RWKHUZLVH
RYHUODS�UHODWLYHO\�OLWWOH�
��

7KLV�VFRUH�LV�VKDUHG�E\�PDQ\�DFWRUV��,W�LV�WKH�PLQLPXP�SRVVLEOH�VFRUH�RI��Q�����DV�GHVFULEHG�ERYH�



��

$QRWKHU�SRVVLELOLW\��SURSRVHG�E\�)UHHPDQ�>���@�LQ�KLV�RULJLQDO�SDSHU�RQ�EHWZHHQQHVV��LV�WR�GLYLGH�E\
WKH�PD[LPXP�SRVVLEOH�YDOXH�WKDW�EHWZHHQQHVV�FDQ�WDNH�RQ�DQ\�QHWZRUN�RI�VL]H�Q��ZKLFK��DV�PHQWLRQHG
DERYH��RFFXUV�IRU�WKH�FHQWUDO�YHUWH[�LQ�D�VWDU�JUDSK��7KH�UHVXOWLQJ�H[SUHVVLRQ�IRU�EHWZHHQ�LV�WKHQ

�

:H��KRZHYHU��SUHIHU�(T����������ZKLFK�ZH�ILQG�HDVLHU� WR�LQWHUSUHW��DOWKRXJK�WKH�GLIIHUHQFH�EHWZHHQ
WKH�WZR�EHFRPHV�VPDOO�DQ\ZD\�LQ�WKH�OLPLW�RI�ODUJH�Q�
��

$OO� SDWKV�� WKDW� LV�� WKDW� WHUPLQDWH� DW� WKH� WDUJHW� YHUWH[�W� WKH� ILUVW� WLPH� WKH\� UHDFK� LW�� 6LQFH�ZH� XVH� DQ
DEVRUELQJ�UDQGRP�ZDON��SDWKV�WKDW�YLVLW�WKH�WDUJHW��PRYH�DZD\�DJDLQ��DQG�WKHQ�UHWXUQ�DUH�QRW�LQFOXGHG
LQ�WKH�UDQGRP�ZDON�EHWZHHQQHVV�
��

7KLV�GHILQLWLRQ� LV� VOLJKWO\�DZNZDUG� WR� UHPHPEHU�� VLQFH� WKH�PHPEHUV�RI�D�N�SOH[�DUH� DOORZHG� WR�EH
XQFRQQHFWHG�WR�N�����RWKHU�PHPEHUV�DQG�QRW�N��,W�ZRXOG�SHUKDSV�KDYH�EHHQ�PRUH�VHQVLEOH�WR�GHILQH�N
VXFK�WKDW�D���SOH[�ZDV�HTXLYDOHQW�WR�D�QRUPDO�FOLTXH��EXW�IRU�EHWWHU�RU�ZRUVH�ZH�DUH�VWXFN�ZLWK�WKH
GHILQLWLRQ�ZH�KDYH�
��

1RWH�WKDW�IRU�WKH�SXUSRVHV�RI�WKLV�ODWWHU�GHILQLWLRQ��DQ�HGJH�EHWZHHQ�WZR�YHUWLFHV�$�DQG�%�ZLWKLQ�WKH
JURXS�FRXQWV�DV�WZR�FRQQHFWLRQV��RQH�IURP�$�WR�%�DQG�RQH�IURP�%�WR�$�
��

:H�KDYH�WR�EH�FDUHIXO�DERXW�WKH�PHDQLQJ�RI�WKH�ZRUG�³PD[LPDO´�KHUH��,W�LV�SRVVLEOH�WR�KDYH�D�JURXS�RI
YHUWLFHV� VXFK� WKDW� HDFK� LV� FRQQHFWHG� WR� DW� OHDVW�N� RWKHUV� DQG� QR�VLQJOH� YHUWH[� FDQ� EH� DGGHG�ZKLOH
UHWDLQLQJ�WKLV�SURSHUW\��EXW�LW�PD\�EH�SRVVLEOH�WR�DGG�PRUH�WKDQ�RQH�YHUWH[��6XFK�JURXSV��KRZHYHU��DUH
QRW�FRQVLGHUHG�WR�EH�N�FRUHV��$�JURXS�LV�RQO\�D�N�FRUH�LI�LW�LV�QRW�D�VXEVHW�RI�DQ\�ODUJHU�JURXS�WKDW�LV�D
N�FRUH�
��

$� FORVHO\� UHODWHG� SURFHVV��ERRWVWUDS� SHUFRODWLRQ�� KDV� DOVR� EHHQ� VWXGLHG� LQ� VWDWLVWLFDO� SK\VLFV�
SULQFLSDOO\�RQ�UHJXODU�ODWWLFHV�
��

7R�VHH�WKLV�VXSSRVH�ZH�KDYH�D�FRPSRQHQW�WKDW�LV�SHUIHFWO\�WUDQVLWLYH�EXW�QRW�D�FOLTXH��L�H���WKHUH�LV�DW
OHDVW�RQH�SDLU�RI�YHUWLFHV�X��Z� LQ� WKH�FRPSRQHQW� WKDW�DUH�QRW�GLUHFWO\�FRQQHFWHG�E\�DQ�HGJH��6LQFH�X
DQG�Z�DUH�LQ�WKH�VDPH�FRPSRQHQW�WKH\�PXVW�WKHUHIRUH�EH�FRQQHFWHG�E\�VRPH�SDWK�RI�OHQJWK�JUHDWHU�WKDQ
RQH��X��Y���Y���Y���������Z��&RQVLGHU�WKH�ILUVW�WZR�OLQNV�LQ�WKLV�SDWK��6LQFH�X�LV�FRQQHFWHG�E\�DQ�HGJH�WR�Y�
DQG�Y�� WR�Y�� LW� IROORZV� WKDW�X� PXVW� EH� FRQQHFWHG� WR�Y�� LI� WKH� QHWZRUN� LV� SHUIHFWO\� WUDQVLWLYH�� 7KHQ



FRQVLGHU�WKH�QH[W�WZR�OLQNV��6LQFH�X�LV�FRQQHFWHG�WR�Y��DQG�Y��WR�Y��LW�IROORZV�WKDW�X�PXVW�EH�FRQQHFWHG
WR�Y���5HSHDWLQJ�WKH�DUJXPHQW�DOO�WKH�ZD\�DORQJ�WKH�SDWK��ZH�FDQ�WKHQ�VHH�WKDW�X�PXVW�EH�FRQQHFWHG�E\
DQ� HGJH� WR�Z�� %XW� WKLV� YLRODWHV� WKH� K\SRWKHVLV� WKDW�X� DQG�Z� DUH� QRW� GLUHFWO\� FRQQHFWHG�� +HQFH� QR
SHUIHFWO\�WUDQVLWLYH�FRPSRQHQWV�H[LVW�WKDW�DUH�QRW�FOLTXHV�
��

,WƍV�QRW�HQWLUHO\�FOHDU�ZK\�WKH�FOXVWHULQJ�FRHIILFLHQW�KDV�WKH�QDPH�LW�KDV��7KH�QDPH�GRHVQ¶W�DSSHDU�WR�EH
FRQQHFWHG�ZLWK�WKH�HDUOLHU�XVH�RI�WKH�ZRUG�FOXVWHULQJ�LQ�VRFLDO�QHWZRUN�DQDO\VLV�WR�GHVFULEH�JURXSV�RU
FOXVWHUV�RI�YHUWLFHV��VHH�6HFWLRQ�����������7KH�UHDGHU�VKRXOG�EH�FDUHIXO�WR�DYRLG�FRQIXVLQJ�WKHVH�WZR
XVHV�RI�WKH�ZRUG�
��

,Q�IDFW��ZH�FRXOG�FRXQW�HDFK�SDWK�MXVW�LQ�RQH�GLUHFWLRQ��SURYLGHG�ZH�GLG�LW�IRU�ERWK�WKH�QXPHUDWRU�DQG
GHQRPLQDWRU�RI�(T����������'RLQJ�VR�ZRXOG�GHFUHDVH�ERWK�FRXQWV�E\�D�IDFWRU�RI�WZR��EXW�WKH�IDFWRUV
ZRXOG� FDQFHO� DQG� WKH� HQG� UHVXOW�ZRXOG� EH� WKH� VDPH�� ,Q�PRVW� FDVHV�� DQG� SDUWLFXODUO\�ZKHQ�ZULWLQJ
FRPSXWHU� SURJUDPV�� LW� LV� HDVLHU� WR� FRXQW� SDWKV� LQ� ERWK� GLUHFWLRQV²LW� DYRLGV� KDYLQJ� WR� UHPHPEHU
ZKLFK�SDWKV�\RX�KDYH�FRXQWHG�EHIRUH�
���

7KH� QRWDWLRQ�&L� LV�XVHG�IRU�ERWK� WKH�ORFDO�FOXVWHULQJ�FRHIILFLHQW�DQG� WKH�FORVHQHVV�FHQWUDOLW\�DQG�ZH
VKRXOG�EH�FDUHIXO�QRW�WR�FRQIXVH�WKH�WZR�
���

$V� DQ� H[DPSOH�� LQ� 6HFWLRQ� �������� ZH� VWXG\� PHWKRGV� IRU� SDUWLWLRQLQJ� QHWZRUNV� LQWR� FOXVWHUV� RU
FRPPXQLWLHV�DQG�ZH�ZLOO�VHH�WKDW�HIIHFWLYH�FRPSXWHU�DOJRULWKPV�IRU�WKLV�WDVN�FDQ�EH�FUHDWHG�EDVHG�RQ
EHWZHHQQHVV�PHDVXUHV��EXW� WKDW�DOPRVW�HTXDOO\�HIIHFWLYH�DQG�PXFK� IDVWHU�DOJRULWKPV�FDQ�EH�FUHDWHG
EDVHG�RQ�ORFDO�FOXVWHULQJ�
���

$FWXDOO\�� WKH� ORFDO� FOXVWHULQJ� FRHIILFLHQW� KDGQ¶W� \HW� EHHQ� LQYHQWHG�� ,W� ZDV� ILUVW� SURSRVHG� WR� WKLV
DXWKRU¶V�NQRZOHGJH�E\�:DWWV�>���@�D�IHZ�\HDUV�ODWHU�
���

$V� GLVFXVVHG� LQ� 6HFWLRQ� ������� YHUWLFHV� ZLWK� ORZ� GHJUHH� WHQG� WR� KDYH� KLJK� YDOXHV� RI�&L� LQ� PRVW
QHWZRUNV� DQG� WKLV� PHDQV� WKDW�&:6� LV� XVXDOO\� ODUJHU� WKDQ� WKH� YDOXH� JLYHQ� E\�(T�� �������� VRPHWLPHV
PXFK�ODUJHU�
���

7KLV�ILJXUH�LV�DQ�XQXVXDOO\�KLJK�RQH�DPRQJ�GLUHFWHG�QHWZRUNV��EXW�WKHUH�DUH�UHDVRQV�IRU�LW��2QH�LV�WKDW
PDQ\�RI�WKH�OLQNV�EHWZHHQ�ZHE�SDJHV�DUH�EHWZHHQ�SDJHV�RQ�WKH�VDPH�ZHEVLWH��DQG�LW�LV�FRPPRQ�IRU
VXFK�SDJHV�WR�OLQN�WR�HDFK�RWKHU��,I�\RX�H[FOXGH�OLQNV�EHWZHHQ�SDJHV�RQ�WKH�VDPH�VLWH�WKH�YDOXH�RI�WKH
UHFLSURFLW\�LV�ORZHU�
���

7KLV� LV� VLPLODU� LQ� VSLULW� WR� WKH� FRQFHSW� RI� ³IUXVWUDWLRQ´� WKDW� DULVHV� LQ� WKH� SK\VLFV� RI�PDJQHWLF� VSLQ



V\VWHPV�
���

7KH�SURRI�ZH�JLYH�LV�QRW�+DUDU\¶V�SURRI��ZKLFK�ZDV�TXLWH�GLIIHUHQW�DQG�QRW�FRQVWUXFWLYH�
���

$V�DQ� LQWHUHVWLQJ�KLVWRULFDO�QRWH��ZH�REVHUYH� WKDW�ZKLOH�+DUDU\¶V�SURRI�RI�KLV� WKHRUHP� LV�SHUIHFWO\
FRUUHFW��KLV�LQWHUSUHWDWLRQ�RI�LW�ZDV��LQ�WKLV�DXWKRU¶V�RSLQLRQ��HUURQHRXV��,Q�KLV������SDSHU�>���@��KH
GHVFULEHV� WKH� PHDQLQJ� RI� WKH� WKHRUHP� LQ� WKH� IROORZLQJ� ZRUGV�� ³$� SV\FKRORJLFDO� LQWHUSUHWDWLRQ� RI
7KHRUHP� �� LV� WKDW� D� µEDODQFHG� JURXS¶� FRQVLVWV� RI� WZR� KLJKO\� FRKHVLYH� FOLTXHV�ZKLFK� GLVOLNH� HDFK
RWKHU�´��+DUDU\�LV�XVLQJ�WKH�ZRUG�³FOLTXH´�LQ�D�QRQ�WHFKQLFDO�VHQVH�KHUH�WR�PHDQ�D�FORVHG�JURXS�RI
SHRSOH�� UDWKHU� WKDQ� LQ� WKH� JUDSK� WKHRUHWLFDO� VHQVH� RI� 6HFWLRQ� �������� +RZHYHU�� MXVW� EHFDXVH� LW� LV
SRVVLEOH�WR�FRORU�WKH�QHWZRUN�LQ�WZR�FRORUV�DV�GHVFULEHG�DERYH�GRHV�QRW�PHDQ�WKH�QHWZRUN�IRUPV�WZR
JURXSV��6LQFH�WKH�YHUWLFHV�RI�D�VLQJOH�FRORU�DUH�QRW�QHFHVVDULO\�FRQWLJXRXV��WKHUH�DUH�LQ�JHQHUDO�PDQ\
JURXSV�RI�HDFK�FRORU��DQG�LW�VHHPV�XQUHDVRQDEOH�WR�GHVFULEH�WKHVH�JURXSV�DV�IRUPLQJ�D�VLQJOH�³KLJKO\
FRKHVLYH�FOLTXH´�ZKHQ�LQ�IDFW�WKH\�KDYH�QR�FRQWDFW�DW�DOO��0RUHRYHU��LW�LV�QHLWKHU�SRVVLEOH�QRU�FRUUHFW
WR�FRQFOXGH�WKDW� WKH�PHPEHUV�RI�WZR�JURXSV�RI�RSSRVLWH�FRORUV�GLVOLNH�HDFK�RWKHU�XQOHVV� WKHUH� LV�DW
OHDVW�RQH�HGJH�FRQQHFWLQJ�WKH�WZR��,I�WZR�JURXSV�RI�RSSRVLWH�FRORUV�QHYHU�DFWXDOO\�KDYH�DQ\�FRQWDFW
WKHQ�LW�PLJKW�EH�WKDW�WKH\�ZRXOG�JHW�DORQJ�MXVW�ILQH�LI�WKH\�PHW��,W¶V�VWUDLJKWIRUZDUG�WR�SURYH�WKDW�VXFK
DQ� RFFXUUHQFH�ZRXOG� OHDG� WR� DQ� XQEDODQFHG� QHWZRUN�� EXW� +DUDU\¶V� VWDWHPHQW� VD\V� WKDW� WKH�SUHVHQW
EDODQFHG�QHWZRUN� LPSOLHV�GLVOLNH�� DQG� WKLV� LV�XQWUXH��2QO\� LI� WKH�QHWZRUN�ZHUH� WR� UHPDLQ�EDODQFHG
XSRQ� DGGLWLRQ� RI� RQH� RU� PRUH� HGJHV� EHWZHHQ� JURXSV� RI� XQOLNH� FRORUV� ZRXOG� KLV� FRQFOXVLRQ� EH
DFFXUDWH�
���

7KLV�LV�DFWXDOO\�D�EDG�QDPH�IRU�LW²LW�VKRXOG�EH�FDOOHG�+DPPLQJ�GLVWDQFH��VLQFH�LW�LV�HVVHQWLDOO\�WKH
VDPH�DV�WKH�+DPPLQJ�GLVWDQFH�RI�FRPSXWHU�VFLHQFH�DQG�KDV�QRWKLQJ�WR�GR�ZLWK�(XFOLG�
���

7KLV�GHILQLWLRQ�LV�QRW�REYLRXVO\�V\PPHWULF�ZLWK�UHVSHFW�WR�L�DQG�M�EXW��DV�ZH�VHH��GRHV�LQ�IDFW�JLYH�ULVH
WR�DQ�H[SUHVVLRQ�IRU�WKH�VLPLODULW\�WKDW�LV�V\PPHWULF�
���

,W�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�ZKHQ�ZH�H[SDQG�WKLV�PHDVXUH�LQ�SRZHUV�RI�WKH�DGMDFHQF\�PDWUL[��DV�ZH
GLG� LQ� (T�� �������� WKH� VHFRQG�RUGHU� �L�H��� SDWK�OHQJWK� WZR�� WHUP� LV� WKH� VDPH� DV� WKH� VWUXFWXUDO
HTXLYDOHQFH� PHDVXUH� RI� (T�� �������� ZKLFK� SHUKDSV� OHQGV� IXUWKHU� FUHGHQFH� WR� ERWK� H[SUHVVLRQV� DV
QDWXUDO�PHDVXUHV�RI�VLPLODULW\�
���

7KH�VWXG\�XVHG�D�³QDPH�JHQHUDWRU´²VWXGHQWV�ZHUH�DVNHG�WR�OLVW�WKH�QDPHV�RI�RWKHUV�WKH\�FRQVLGHUHG
WR�EH�WKHLU�IULHQGV��7KLV�UHVXOWV�LQ�D�GLUHFWHG�QHWZRUN��EXW�ZH�KDYH�QHJOHFWHG�WKH�HGJH�GLUHFWLRQV�LQ�WKH
ILJXUH��,Q�RXU�UHSUHVHQWDWLRQ�WKHUH�LV�DQ�XQGLUHFWHG�HGJH�EHWZHHQ�YHUWLFHV�L�DQG�M�LI�HLWKHU�RI�WKH�SDLU
FRQVLGHUV�WKH�RWKHU�WR�EH�WKHLU�IULHQG��RU�ERWK��
���

,JQRULQJ��IRU�WKH�SXUSRVHV�RI�DUJXPHQW��GRJV��FDWV��LPDJLQDU\�IULHQGV��DQG�VR�IRUWK�



���

7HFKQLFDOO\��ZH�DUH�PDNLQJ�FRQQHFWLRQV�DW�UDQGRP�ZKLOH�SUHVHUYLQJ�WKH�YHUWH[�GHJUHHV��:H�FRXOG�LQ
SULQFLSOH�LJQRUH�YHUWH[�GHJUHHV�DQG�PDNH�FRQQHFWLRQV�WUXO\�DW�UDQGRP��EXW�LQ�SUDFWLFH�WKLV�LV�IRXQG�WR
JLYH�PXFK�SRRUHU�UHVXOWV�
���

$Q� DOWHUQDWLYH� PHDVXUH� RI� DVVRUWDWLYLW\� KDV� EHHQ� SURSRVHG� E\� *XSWD�HW� DO�� >���@�� 7KDW� PHDVXUH
KRZHYHU� JLYHV� HTXDO�ZHLJKW� WR� HDFK� JURXS� RI� YHUWLFHV�� UDWKHU� WKDQ� WR� HDFK� HGJH� DV� WKH�PRGXODULW\
GRHV��:LWK� WKLV�PHDVXUH� LI�RQH�KDG�D�PLOOLRQ�YHUWLFHV�RI�HDFK�RI� WZR� W\SHV��ZKLFK�PL[HG�ZLWK�RQH
DQRWKHU� HQWLUHO\� UDQGRPO\�� DQG� WHQ� PRUH� YHUWLFHV� RI� D� WKLUG� W\SH� WKDW� FRQQHFWHG� RQO\� DPRQJ
WKHPVHOYHV�� RQH� ZRXOG� HQG� XS� ZLWK� D� VFRUH� RI� DERXW� ���� >���@�� ZKLFK� DSSHDUV� WR� LPSO\� VWURQJ
DVVRUWDWLYLW\�ZKHQ�LQ�IDFW�DOPRVW�DOO�RI�WKH�QHWZRUN�PL[HV�UDQGRPO\��)RU�PRVW�SXUSRVHV�WKHUHIRUH��WKH
PHDVXUH�RI�(T���������JLYHV�UHVXOWV�PRUH�LQ�OLQH�ZLWK�RXU�LQWXLWLRQV�
���

2I� FRXUVH�� RQH� FRXOG� PDNH� XS� VRPH� PHDVXUH� RI� QDWLRQDO� GLIIHUHQFHV�� EDVHG� VD\� RQ� JHRJUDSKLF
GLVWDQFH��EXW� LI� WKH�TXHVWLRQ�ZH�DUH�DVNHG� LV��³$UH� WKHVH� WZR�SHRSOH�RI� WKH�VDPH�QDWLRQDOLW\"´� WKHQ
XQGHU�QRUPDO�FLUFXPVWDQFHV�WKH�RQO\�DQVZHUV�DUH�³\HV´�DQG�³QR�´�7KHUH�LV�QRWKLQJ�LQ�EHWZHHQ�
���

,Q�WKH�86�VFKRRO�V\VWHP�WKHUH�DUH����JUDGHV�RI�RQH�\HDU�HDFK�DQG�WR�EHJLQ�JUDGH�J�VWXGHQWV�QRUPDOO\
PXVW�EH�DW�OHDVW�RI�DJH�J������7KXV�WKH��WK�JUDGH�FRUUHVSRQGV�WR�FKLOGUHQ�RI�DJH����DQG����
���

7KHUH� FRXOG� EH� QRQ�OLQHDU� FRUUHODWLRQV� LQ� VXFK� D� QHWZRUN� DQG� ZH� FRXOG� VWLOO� KDYH�U�  � ��� WKH
FRUUHODWLRQ� FRHIILFLHQW� GHWHFWV� RQO\� OLQHDU� FRUUHODWLRQV�� )RU� LQVWDQFH�� ZH� FRXOG� KDYH� YHUWLFHV�ZLWK
KLJK� DQG� ORZ� YDOXHV� RI�[L� FRQQHFWHG� SUHGRPLQDQWO\� WR� YHUWLFHV� ZLWK� LQWHUPHGLDWH� YDOXHV�� 7KLV� LV
QHLWKHU�DVVRUWDWLYH�QRU�GLVDVVRUWDWLYH�E\�WKH�FRQYHQWLRQDO�GHILQLWLRQ�DQG�ZRXOG�JLYH�D�VPDOO�YDOXH�RI
U��EXW�PLJKW�QRQHWKHOHVV�EH�RI�LQWHUHVW��6XFK�QRQ�OLQHDU�FRUUHODWLRQV�FRXOG�EH�GLVFRYHUHG�E\�H[DPLQLQJ
D�SORW�VXFK�DV�)LJ�������RU�E\�XVLQJ�DOWHUQDWLYH�PHDVXUHV�RI�FRUUHODWLRQ�VXFK�DV�LQIRUPDWLRQ�WKHRUHWLF
PHDVXUHV�� 7KXV� LW� LV� SHUKDSV�ZLVH� QRW� WR� UHO\� VROHO\� RQ� WKH� YDOXH� RI�U� LQ� LQYHVWLJDWLQJ� DVVRUWDWLYH
PL[LQJ�
���

)RU� WKH� ,QWHUQHW� WKHUH� DUH� QR� YHUWLFHV� RI� GHJUHH� ]HUR�� VLQFH� D� YHUWH[� LV� QRW� FRQVLGHUHG� SDUW� RI� WKH
,QWHUQHW�XQOHVV�LW�LV�FRQQHFWHG�WR�DW�OHDVW�RQH�RWKHU�
���

:H�XVHG�WKH�ZRUG�KXE�LQ�D�GLIIHUHQW�DQG�PRUH�WHFKQLFDO�VHQVH�LQ�6HFWLRQ�����WR�GHVFULEH�YHUWLFHV�LQ
GLUHFWHG�QHWZRUNV�WKDW�SRLQW�WR�PDQ\�³DXWKRULWLHV�´�%RWK�VHQVHV�DUH�FRPPRQ�LQ�WKH�QHWZRUNV�OLWHUDWXUH�
DQG�LQ�PDQ\�FDVHV�WKH�UHDGHU�PXVW�GHGXFH�IURP�WKH�FRQWH[W�ZKLFK�LV�EHLQJ�XVHG��,Q�WKLV�ERRN�ZH�ZLOO
PRVWO\� XVH� WKH� ZRUG� LQ� WKH� OHVV� WHFKQLFDO� VHQVH� LQWURGXFHG� KHUH�� RI� D� YHUWH[� ZLWK� XQXVXDOO\� KLJK
GHJUHH��:KHQ�ZH�XVH�LW�LQ�WKH�RWKHU�VHQVH�RI�6HFWLRQ�����ZH�ZLOO�VD\�VR�H[SOLFLWO\�
���



6XFK�SORWV�DUH�DOVR�VRPHWLPHV�FDOOHG�UDQN�IUHTXHQF\�SORWV�EHFDXVH�RQH�RI�WKHLU�HDUOLHVW�XVHV�ZDV�WR
GHWHFW�SRZHU�ODZ�EHKDYLRU�LQ�WKH�IUHTXHQF\�RI�RFFXUUHQFH�RI�ZRUGV�LQ�QDWXUDO�ODQJXDJHV��,I�WKH�GDWD
\RX� DUH�PHDVXULQJ� DUH� IUHTXHQFLHV�� WKHQ� WKH� FXPXODWLYH� GLVWULEXWLRQ�JUDSK� LV� D� SORW� RI� UDQN� DJDLQVW
IUHTXHQF\�� 6LQFH� WKHQ� VXFK� SORWV� KDYH� EHHQ� XVHG� WR� GHWHFW� SRZHU�ODZ� EHKDYLRU� LQ�PDQ\� TXDQWLWLHV
RWKHU�WKDQ�IUHTXHQFLHV��EXW�WKH�QDPH�³UDQN�IUHTXHQF\�SORW´�LV�VWLOO�RIWHQ�XVHG�
���

,Q�IDFW�� WKLV�IRUPXOD�LV�RQO\�DQ�DSSUR[LPDWLRQ�WR�WKH�IXOO�IRUPXOD�IRU�WKH�H[SRQHQW��7KH�IXOO�IRUPXOD�
XQIRUWXQDWHO\��GRHV�QRW�JLYH�D�FORVHG�IRUP�VROXWLRQ�IRU�Į�DQG�LV�WKHUHIRUH�KDUG�WR�XVH��(TXDWLRQ������
ZRUNV�ZHOO�SURYLGHG�NPLQ�LV�JUHDWHU�WKDQ�DERXW����ZKLFK�LV�WUXH�IRU�PDQ\�QHWZRUNV��,Q�FDVHV�ZKHUH�LW
LV�QRW��KRZHYHU��WKH�IXOO�IRUPXOD�PXVW�EH�XVHG²VHH�5HI��>��@�
���

8VLQJ�WKH�GDWD�RI�%URGHU�HW�DO��>��@�
���

8VLQJ�WKH�GDWD�RI�5HGQHU�>���@�
���

)RU�WKH�$6�OHYHO�GDWD�RI�)LJ������
���

,W�LV�VRPHWLPHV�FODLPHG�WKDW�HVVHQWLDOO\�DOO�QHWZRUNV�VKRZ�FOXVWHULQJ�KLJKHU�WKDQ�H[SHFWHG�>�������@�
ZKLFK�LV�DW�RGGV�ZLWK�WKH�UHVXOWV�JLYHQ�KHUH��7KHUH�VHHP�WR�EH�WZR�UHDVRQV�IRU�WKH�GLVDJUHHPHQW��)LUVW�
WKH� FODLPV� DUH� EDVHG� SULPDULO\� RQ� FRPSDULVRQV� RI�PHDVXUHG� FOXVWHULQJ� FRHIILFLHQWV� DJDLQVW� YDOXHV
FDOFXODWHG�RQ�WKH�3RLVVRQ�UDQGRP�JUDSK��D�VLPSOH�PRGHO�QHWZRUN�ZLWK�D�3RLVVRQ�GHJUHH�GLVWULEXWLRQ�
ZKLFK�ZH�VWXG\� LQ�&KDSWHU�������0DQ\�QHWZRUNV��KRZHYHU��KDYH� ULJKW�VNHZHG�GHJUHH�GLVWULEXWLRQV
ZKLFK�DUH�YHU\�IDU� IURP�3RLVVRQLDQ��DQG�KHQFH� WKH�UDQGRP�JUDSK� LV�D�SRRU�PRGHO�DJDLQVW�ZKLFK� WR
FRPSDUH�PHDVXUHPHQWV�DQG�SUREDEO\�JLYHV�PLVOHDGLQJ�UHVXOWV��6HFRQG��WKH�FOXVWHULQJ�FRHIILFLHQWV�LQ
WKHVH�FRPSDULVRQV�DUH�PRVWO\�FDOFXODWHG�DV�DQ�DYHUDJH�RI�WKH�ORFDO�FOXVWHULQJ��IROORZLQJ�(T���������
2Q�QHWZRUNV�ZLWK�KLJKO\�VNHZHG�GHJUHH�GLVWULEXWLRQV� WKLV�GHILQLWLRQ�FDQ�JLYH�YHU\�GLIIHUHQW� UHVXOWV
IURP� WKH� GHILQLWLRQ�� (T�� �������� XVHG� LQ� RXU� FDOFXODWLRQV�� 8VXDOO\� (T�� ������� JLYHV� PXFK� ODUJHU
QXPEHUV�WKDQ�(T����������ZKLFK�FRXOG�H[SODLQ�WKH�GLVFUHSDQFLHV�LQ�WKH�ILQGLQJV�
���

$Q� DOWHUQDWLYH� DQG�PRUH� FRPSOH[� SURSRVDO� LV� WKDW� WKH� EHKDYLRU� RI� WKH� ORFDO� FOXVWHULQJ� FRHIILFLHQW
DULVHV�WKURXJK�KLHUDUFKLFDO�VWUXFWXUH�LQ�D�QHWZRUN²WKDW�QRW�RQO\�DUH�WKHUH�JURXSV��EXW�WKDW�WKH�JURXSV
DUH�GLYLGHG�LQWR�VPDOOHU�JURXSV��DQG�WKRVH�LQWR�VWLOO�VPDOOHU�RQHV��DQG�VR�RQ��6HH�5HIV��>������������@�
���

,I�ZH�ZLVK�WR�VD\�WKDW�WKH�UXQQLQJ�WLPH�LV�H[DFWO\�SURSRUWLRQDO�WR�Q��ZH�FDQ�XVH�WKH�QRWDWLRQ�Ĭ�Q��
���

7KHUH� DUH� RFFDVLRQDO� LQVWDQFHV� ZKHUH� WKLV� LV� QRW� WUXH�� VR� LW� LV� ZRUWK� MXVW� EHDULQJ� LQ� PLQG� WKH
SRVVLELOLW\�RI�VXE�OHDGLQJ�WHUPV�
���



7KHUH� DUH�ZKROH� VXEILHOGV� LQ� FRPSXWHU� VFLHQFH� GHYRWHG� WR� WKH� GHYHORSPHQW� RI� DOJRULWKPV� WKDW� UXQ
TXLFNO\� HYHQ� ZKHQ� SDUW� RI� WKH� GDWD� LV� VWRUHG� RQ� D� VORZ� GLVN�� 8VXDOO\� VXFK� DOJRULWKPV� ZRUN� E\
UHRUGHULQJ�RSHUDWLRQV�VR�WKDW�PDQ\�RSHUDWLRQV�FDQ�EH�SHUIRUPHG�RQ�WKH�VDPH�GDWD��VWRUHG�LQ�WKH�PDLQ
PHPRU\��EHIRUH�VZDSSLQJ�WKRVH�GDWD�IRU�RWKHUV�RQ�WKH�GLVN�
���

)RU�GLUHFWHG�QHWZRUNV��ZKLFK�DUH�UHSUHVHQWHG�E\�DV\PPHWULF�DGMDFHQF\�PDWULFHV��WKLV�LVVXH�GRHV�QRW
DULVH²WKH�IXOO�PDWUL[��ERWK�WKH�XSSHU�DQG�ORZHU�WULDQJOHV��LV�XVHG�WR�VWRUH�WKH�VWUXFWXUH�RI�WKH�QHWZRUN�
���

2I�FRXUVH�ZH�FRXOG�HTXDOO\�ZHOO�VWRUH�WKH�HGJHV�LQ�WKH�ORZHU�WULDQJOH�RI� WKH�PDWUL[�DQG�QHJOHFW�WKH
XSSHU�WULDQJOH��(LWKHU�FKRLFH�ZRUNV�ILQH�
���

2QH�DGYDQWDJH�RI�WKH�DGMDFHQF\�PDWUL[�LV�WKDW�WKH�DPRXQW�RI�VSDFH�LW�FRQVXPHV�LV�LQGHSHQGHQW�RI�WKH
QXPEHU�RI�HGJHV�LQ�WKH�QHWZRUN���,W�VWLOO�GHSHQGV�RQ�WKH�QXPEHU�RI�YHUWLFHV��RI�FRXUVH���$V�ZH�ZLOO
VHH�LQ�6HFWLRQ������RWKHU�GDWD�IRUPDWV�VXFK�DV�WKH�DGMDFHQF\�OLVW�XVH�YDU\LQJ�DPRXQWV�RI�PHPRU\��HYHQ
IRU� QHWZRUNV� ZLWK� WKH� VDPH� QXPEHU� RI� YHUWLFHV�� GHSHQGLQJ� RQ� KRZ� PDQ\� HGJHV� WKHUH� DUH�� ,Q
FDOFXODWLRQV�ZKHUH�HGJHV�DUH� IUHTXHQWO\�DGGHG�RU� UHPRYHG� LW�PD\�EH�FRQYHQLHQW²DQG� LQFUHDVH� WKH
VSHHG� RI� RXU� DOJRULWKPV²WR� KDYH� WKH� VL]H� RI� RXU� GDWD� VWUXFWXUHV� UHPDLQ� FRQVWDQW�� DOWKRXJK� WKLV
DGYDQWDJH�PXVW�EH�ZHLJKHG�DJDLQVW�WKH�VXEVWDQWLDO�VSDFH�VDYLQJV�RI�XVLQJ�WKH�DGMDFHQF\�OLVW�RU�RWKHU
PHPRU\�HIILFLHQW�IRUPDWV�
���

1RWH�WKDW�WKH�QXPEHU�RI�HQWULHV�LQ�WKH�OLVW�RI�QHLJKERUV�IRU�D�YHUWH[�YDULHV�IURP�RQH�YHUWH[�WR�DQRWKHU�
DQG�PD\�HYHQ�EH�]HUR��EHLQJ�HTXDO�WR�WKH�GHJUHH�RI�WKH�FRUUHVSRQGLQJ�YHUWH[��0RVW�PRGHUQ�FRPSXWHU
ODQJXDJHV��LQFOXGLQJ�&�DQG�LWV�GHULYDWLYHV�DQG�-$9$��DOORZ�WKH�FUHDWLRQ�RI�WZR�GLPHQVLRQDO�PDWULFHV
ZLWK�URZV�KDYLQJ�YDU\LQJ�QXPEHUV�RI�HOHPHQWV�LQ�WKLV�IDVKLRQ��6RPH�ROGHU�ODQJXDJHV��OLNH�)2575$1
����GR�QRW�DOORZ�WKLV��PDNLQJ�LW�PRUH�GLIILFXOW�WR�VWRUH�DGMDFHQF\�OLVWV�LQ�D�PHPRU\�HIILFLHQW�ZD\�
���

1RWH� WKDW� WKH� DPRXQW� RI�PHPRU\�XVHG� LV� QRZ�D� IXQFWLRQ� RI�P� UDWKHU� WKDQ� WKDQ�Q�� )RU� DOJRULWKPV� LQ
ZKLFK�HGJHV�DUH�DGGHG�RU�UHPRYHG�IURP�D�QHWZRUN�GXULQJ�WKH�FRXUVH�RI�D�FDOFXODWLRQ�WKLV�PHDQV�WKDW
WKH�VL]H�RI�WKH�DGMDFHQF\�OLVW�FDQ�FKDQJH��ZKLFK�FDQ�FRPSOLFDWH�WKH�SURJUDPPLQJ�DQG�SRWHQWLDOO\�VORZ
GRZQ� WKH� FDOFXODWLRQ�� 1RUPDOO\�� KRZHYHU�� WKLV� DGGHG� FRPSOLFDWLRQ� LV� QRW� HQRXJK� WR� RXWZHLJK� WKH
FRQVLGHUDEOH�EHQHILWV�RI�WKH�DGMDFHQF\�OLVW�IRUPDW�
���

,QGHHG��WKH�DGMDFHQF\�OLVW�IRU�DQ�XQGLUHFWHG�QHWZRUN�VXFK�DV�WKDW�JLYHQ�DERYH�FRXOG�EH�YLHZHG�DV�D
VSHFLDO�FDVH�RI�WKH�GLUHFWHG�DGMDFHQF\�OLVW�IRU�D�QHWZRUN�LQ�ZKLFK�HDFK�XQGLUHFWHG�HGJH�LV�UHSODFHG�E\
WZR�GLUHFWHG�RQHV��RQH�LQ�HDFK�GLUHFWLRQ��,W�WDNHV�RQO\�D�PRPHQW�WR�FRQYLQFH�RQHVHOI�WKDW�WKLV�UHVXOWV
SUHFLVHO\�LQ�WKH�VRUW�RI�GRXEOH�UHSUHVHQWDWLRQ�RI�HDFK�HGJH�WKDW�ZH�VDZ�LQ�WKH�XQGLUHFWHG�FDVH�
���

7KH�DQVZHUV�DUH�HVVHQWLDOO\�WKH�VDPH�LQ�WKH�GLUHFWHG�FDVH��7KH�GHPRQVWUDWLRQ�LV�OHIW�DV�DQ�H[HUFLVH�
���



:H� DUH� WKXV� FDOFXODWLQJ� D� VRUW� RI� ³DYHUDJH� ZRUVW�FDVH´� EHKDYLRU�� DOORZLQJ� IRU� WKH� ZRUVW� FDVH� LQ
ZKLFK�ZH�KDYH�WR�ORRN�WKURXJK�WKH�HQWLUH�OLVW��EXW�WKHQ�DYHUDJLQJ�WKDW�ZRUVW�FDVH�RYHU�PDQ\�GLIIHUHQW
OLVWV��7KLV�LV�D�UHDVRQDEOH��DQG�VWDQGDUG��DSSURDFK�EHFDXVH�DOPRVW�DOO�RI�WKH�DOJRULWKPV�ZH�ZLOO�EH
FRQVLGHULQJ�GR�PDQ\�VXFFHVVLYH�³ILQG´�RSHUDWLRQV�GXULQJ�D�VLQJOH�UXQ��EXW�LW�GRHV�PHDQ�WKDW�ZH�DUH
WHFKQLFDOO\�QRW�FRPSXWLQJ�WKH�FRPSOH[LW\�RI�WKH�DEVROXWH�ZRUVW�FDVH�VLWXDWLRQ�
���

7KLV�LV�QRW�D�VWDQGDUG�QDPH��$V�IDU�DV�WKH�SUHVHQW�DXWKRU�LV�DZDUH��WKLV�GDWD�VWUXFWXUH�GRHVQ¶W�KDYH�D
VWDQGDUG�QDPH��VLQFH�LW�LV�QRW�XVHG�YHU\�RIWHQ��0RUHRYHU��WKH�QDPH�LVQ¶W�HYHQ�HQWLUHO\�DFFXUDWH��7KH
VWUXFWXUH�LV�WHFKQLFDOO\�QRW�D�WUHH�EXW�D�IRUHVW��L�H���D�FROOHFWLRQ�RI�PDQ\�WUHHV��6WLOO��³DGMDFHQF\�WUHH´�LV
VLPSOH�DQG�GHVFULSWLYH��DQG�DQDORJRXV�WR�³DGMDFHQF\�OLVW�´�ZKLFK�LV�DOVR��WHFKQLFDOO\��QRW�D�VLQJOH�OLVW
EXW�D�FROOHFWLRQ�RI�OLVWV�
���

7KH�ZRUG� WUHH �KDV�D�GLIIHUHQW�PHDQLQJ�KHUH�IURP�WKH�RQH�LW�KDG�LQ�6HFWLRQ������DOWKRXJK�WKH�WZR�DUH
UHODWHG��7KHUH�D�WUHH�PHDQW�D�QHWZRUN�ZLWK�QR�ORRSV�LQ�LW��+HUH�LW�UHIHUV�WR�D�GDWD�VWUXFWXUH��DOWKRXJK�DV
ZH�ZLOO�VHH��WKH�WUHH�GDWD�VWUXFWXUH�FDQ�DOVR�EH�UHJDUGHG�DV�D�QHWZRUN�ZLWK�QR�ORRSV��,Q�HIIHFW�ZH�DUH
XVLQJ�D�QHWZRUN�WR�VWRUH�LQIRUPDWLRQ�DERXW�DQRWKHU�QHWZRUN��ZKLFK�LV�D�QLFH�WRXFK�
���

$V�SRLQWHG�RXW�LQ�D�SUHYLRXV�IRRWQRWH�RQ�SDJH������ LW� LV�VOLJKWO\�RGG�WR�SXW� WKH� URRW � WKH�WRS�RI� WKH
WUHH��0RVW�RI�XV�DUH�PRUH�IDPLOLDU�ZLWK�WUHHV�WKDW�KDYH�WKHLU�URRWV�DW�WKH�ERWWRP��:H�FRXOG�RI�FRXUVH
GUDZ�WKH�WUHH�WKH�RWKHU�ZD\�XS²LW�ZRXOG�KDYH�WKH�VDPH�PHDQLQJ²EXW�LW�KDV�EHFRPH�FRQYHQWLRQDO�WR
GUDZ�WKH�URRW�DW�WKH�WRS�RI�WKH�SLFWXUH��DQG�ZH�ERZ�WR�WKDW�FRQYHQWLRQ�KHUH�
���

$� ³SRLQWHU´� LQ� FRPSXWHU� SURJUDPPLQJ� LV� D� VSHFLDO� YDULDEOH� WKDW� KROGV� WKH� DGGUHVV� LQ� PHPRU\� RI
DQRWKHU�YDULDEOH�
���

7KH�SURRI�LV�DV�IROORZV�
&RQVLGHU�WKH�VHW�RI�³HPSW\�QRGHV�´�PHDQLQJ�WKH�PLVVLQJ�FKLOGUHQ�LPPHGLDWHO\�EHORZ�FXUUHQW�QRGHV

LQ�WKH�WUHH��JUD\�ER[HV�LQ�WKH�ILJXUH�RQ�WKH�ULJKW���6XSSRVH�WKDW�ZKHQ�WKHUH�DUH�N�QRGHV�LQ�WRWDO�LQ�WKH
WUHH�WKHUH�DUH�FN�VXFK�HPSW\�QRGHV�DQG�WKDW�WKHLU�DYHUDJH�GHSWK��PHDVXUHG�IURP�WKH�URRW��LV�GN��:KHQ
ZH� DGG� RQH� QHZ� YDOXH� WR� WKH� WUHH� DW� UDQGRP� LW� ZLOO� RFFXS\� RQH� RI� WKHVH� HPSW\� QRGHV� WKHUHE\
GHFUHDVLQJ�WKHLU�QXPEHU�E\�RQH��$W�WKH�VDPH�WLPH�WZR�QHZ�HPSW\�QRGHV�ZLOO�DSSHDU��WKH�FKLOGUHQ�RI
WKH�QHZO\�DGGHG�QRGH��2YHUDOO�WKHUHIRUH�FN���  �FN������1RWLQJ�WKDW�F�� ����WKLV�LPPHGLDWHO\�LPSOLHV
WKDW�FN� �N�����



�

$W� WKH� VDPH� WLPH� WKH� VXP� RI� WKH� OHQJWKV� RI� DOO� SDWKV� IURP� WKH� URRW� WR� DQ� HPSW\� QRGH��ZKLFK� E\
GHILQLWLRQ� LV� HTXDO� WR�FNGN�� GHFUHDVHV� �RQ� DYHUDJH�� E\�GN� ZKHQ� D� QHZ� UDQGRP� QRGH� LV� DGGHG� DQG
LQFUHDVHV�E\���GN������IRU�WKH�WZR�QHZ�RQHV��VR�WKDW�FN��GN��� �FNGN���GN������(OLPLQDWLQJ�FN��ZH�WKHQ
ILQG�WKDW�GN��� �GN������N�������1RWLQJ�WKDW�G�� ����WKLV�LPSOLHV

ZKHUH�Ȗ� ������������LV�(XOHU¶V�FRQVWDQW�
7KXV�WKH�DYHUDJH�GHSWK�RI�WKH�HPSW\�QRGHV�LV�2�ORJ�N���6LQFH�WKH�ILQG�DQG�DGGLWLRQ�RSHUDWLRQV�RQ

WKH� WUHH�ERWK� LQYROYH�VHDUFKLQJ� WKH� WUHH�XQWLO�DQ�HPSW\�QRGH� LV� HQFRXQWHUHG�� LW� LPPHGLDWHO\� IROORZV
WKDW�ERWK�RSHUDWLRQV�KDYH�DYHUDJH�FRPSOH[LW\�2�ORJ�N��RQ�RXU�UDQGRPL]HG�WUHH��MXVW�DV�WKH\�GR�RQ�WKH
RSWLPDOO\�SDFNHG�WUHH�
1RWH�WKDW�WKLV� LV�RQO\�D�VWDWHPHQW�DERXW� WKH�DYHUDJH�EHKDYLRU�RI� WKH� WUHH�DQG�QRW�DERXW� WKH�ZRUVW�

FDVH�EHKDYLRU��,I�ZH�DUH�XQOXFN\�WKH�GHSWK�RI�WKH�WUHH�FRXOG�EH�PXFK�ODUJHU�WKDQ�WKH�DYHUDJH��XS�WR�WKH
PD[LPXP�GHSWK�N��7KH�UDQGRPL]HG�WUHH�RQO\�SURYLGHV�D�JXDUDQWHH�RI�DYHUDJH�SHUIRUPDQFH��PHDQLQJ
SHUIRUPDQFH�DYHUDJHG�RYHU�PDQ\�SRVVLEOH�UXQV�RI�DQ�DOJRULWKP��,QGLYLGXDO�UXQV�ZLOO�YDU\�DURXQG�WKH
PHDQ�
���

,W�GRHV�SODFH�VRPH�RYHUKHDG�RQ�WKH�HGJH�DGGLWLRQ�DQG�GHOHWLRQ�RSHUDWLRQV��PHDQLQJ�WKH�FRPSOH[LW\�LV
VWLOO�2����EXW�WKH�RSHUDWLRQV�WDNH�D�FRQVWDQW�IDFWRU�ORQJHU�WR�FRPSOHWH��VLQFH�ZH�KDYH�WR�XSGDWH�ERWK
DGMDFHQF\�PDWUL[�DQG�OLVW��ZKHUH�QRUPDOO\�ZH�ZRXOG�RQO\�KDYH�WR�XSGDWH�RQH�RU�WKH�RWKHU��:KHWKHU
WKLV� PDNHV� DQ� VLJQLILFDQW� GLIIHUHQFH� WR� WKH� UXQQLQJ� RI� D� SURJUDP� ZLOO� GHSHQG� RQ� WKH� SDUWLFXODU
DOJRULWKP�XQGHU�FRQVLGHUDWLRQ�
���

2U�DQ�DGMDFHQF\�WUHH²VHH�6HFWLRQ�����
���

)RU� LQWHJHUV�� VXFK� DV� YHUWH[� GHJUHHV�� LW� LV� XQGHU� FHUWDLQ� FRQGLWLRQV� SRVVLEOH� WR� VRUW� IDVWHU�� LQ� WLPH
2�Q���XVLQJ�WKH�VR�FDOOHG�UDGL[�VRUW�DOJRULWKP��6HH��IRU�H[DPSOH��&RUPHQ�HW�DO��>��@�
���

$Q�HTXLYDOHQW�WR�WKH�FOXVWHULQJ�FRHIILFLHQW�FDQ�EH�GHILQHG�IRU�D�GLUHFWHG�QHWZRUN��VHH�6HFWLRQ������EXW
ZH�OLPLW�RXUVHOYHV�KHUH�WR�WKH�PXFK�FRPPRQHU�XQGLUHFWHG�FDVH�
���

1RWH�WKDW�WKLV�FDOFXODWLRQ�DXWRPDWLFDOO\�DFFRXQWV�IRU�WKH�IDFWRU�RI�WKUHH�DSSHDULQJ�LQ�WKH�QXPHUDWRU�RI
(T����������VLQFH�HDFK�WULDQJOH�LV�FRXQWHG�WKUHH�WLPHV��RQFH�HDFK�IURP�WKH�SRLQW�RI�YLHZ�RI�WKH�WKUHH
YHUWLFHV�LW�FRQQHFWV�
���



2WKHU�SRVVLEOH�ZD\V�WR�LPSURYH�WKH�DOJRULWKP�DUH�WR�XVH�WKH�DGMDFHQF\�WUHH�VWUXFWXUH�RI�6HFWLRQ�����
RU� WR� XVH� WKH� DGMDFHQF\� OLVW� EXW� DOZD\V� WHVW� IRU� WKH� SUHVHQFH� RI� DQ� HGJH� EHWZHHQ� WZR� YHUWLFHV� E\
VHDUFKLQJ�WKH�QHLJKERUV�RI�WKH�ORZHU�GHJUHH�YHUWH[�WR�VHH�LI�WKH�KLJKHU�LV�DPRQJ�WKHP��UDWKHU�WKDQ�WKH
DOJRULWKP�GHVFULEHG�DERYH��ZKLFK�FKRRVHV�ZKLFK�RQH�WR�VHDUFK�DW�UDQGRP��
���

,Q�SK\VLFV��EUHDGWK�ILUVW�VHDUFK�LV�VRPHWLPHV�FDOOHG�WKH�³EXUQLQJ�DOJRULWKP�´
���

,Q�PDQ\�FDVHV�ZH�PD\�ILQG�WKH�UHVXOW�ZH�ZDQW�EHIRUH�FDOFXODWLQJ�DOO�GLVWDQFHV��LQ�ZKLFK�FDVH�ZH�FDQ
VDYH�RXUVHOYHV�WKH�HIIRUW�RI�FDOFXODWLQJ�WKH�UHVW��EXW�LQ�WKH�ZRUVW�FDVH�ZH�ZLOO�KDYH�WR�FDOFXODWH�WKHP
DOO��6HH�6HFWLRQ��������IRU�PRUH�GLVFXVVLRQ�
���

2Q�WKH�RWKHU�KDQG��IRU�D�GHQVH�QHWZRUN�ZKHUH�P��Q���ZH�KDYH�D�UXQQLQJ�WLPH�RI�2�Q���
���

1RWH�WKDW�WKLV�DFWXDOO\�FRXQWV�HDFK�SDWK�WZLFH��VLQFH�WKH�SDWK�EHWZHHQ�L�DQG�M�LV�FRXQWHG�RQFH�ZKHQ�L�LV
FRQVLGHUHG�WKH�VRXUFH�YHUWH[�DQG�RQFH�ZKHQ�M�LV���H[FHSW�IRU�WKH�SDWK�IURP�HDFK�YHUWH[�WR�LWVHOI��ZKLFK
LV� FRXQWHG� RQO\� RQFH� �ZKHQ� WKDW� YHUWH[� LV� WKH� VRXUFH��� 7KLV�� KRZHYHU�� LV� FRUUHFW�� WKH� EHWZHHQQHVV
FHQWUDOLW\��DV�GHILQHG�LQ�(T����������LQGHHG�FRXQWV�HDFK�SDWK�WZLFH��H[FHSW�IRU�WKH�SDWK�IURP�D�YHUWH[�WR
LWVHOI��$V�GLVFXVVHG�LQ�6HFWLRQ������VRPH�UHVHDUFKHUV�GHILQH�EHWZHHQQHVV�GLIIHUHQWO\��FRXQWLQJ�SDWKV
RQO\�RQFH��EXW�WKDW�PHUHO\�UHGXFHV�DOO�YDOXHV�E\�D�IDFWRU�RI�WZR�
���

,Q� WKLV�FDVH�ZH�DUH�FRQVLGHULQJ� WKH�ILUVW�DQG� ODVW�YHUWLFHV�RQ�D�SDWK� WR�EH�PHPEHUV�RI� WKDW�SDWK��$V
GLVFXVVHG� LQ� 6HFWLRQ� ����� WKH� ILUVW� DQG� ODVW� YHUWLFHV� DUH� VRPHWLPHV� H[FOXGHG� IURP� WKH� FDOFXODWLRQ�
ZKLFK�PHDQV� WKDW� WKH�EHWZHHQQHVV�VFRUH�RI�HDFK�YHUWH[� LV� VPDOOHU�E\�DQ�DGGLWLYH�FRQVWDQW�HTXDO� WR
WZLFH�WKH�QXPEHU�RI�YHUWLFHV�LQ�WKH�FRPSRQHQW��,I�ZH�ZLVK�WR�FDOFXODWH�EHWZHHQQHVV�DFFRUGLQJ�WR�WKLV
DOWHUQDWLYH�GHILQLWLRQ��WKH�VLPSOHVW�DSSURDFK�LV�WR�XVH�WKH�DOJRULWKP�GHVFULEHG�KHUH�DQG�WKHQ�VXEWUDFW
WKH�DGGLWLYH�FRQVWDQW�IURP�HDFK�YHUWH[¶V�VFRUH�DW�WKH�HQG�
���

$V�GLVFXVVHG�LQ�IRRWQRWH���� WKHVH�VFRUHV�JLYH�WKH�EHWZHHQQHVV�DV�GHILQHG�LQ�(T����������7R�JHW� WUXH
SDWK�FRXQWV�RQH�ZRXOG�KDYH�WR�GLYLGH�E\�WZR�DQG�DGG�D�KDOI��RU�HTXLYDOHQWO\�DGG�RQH�WKHQ�GLYLGH�E\
WZR��WR�FRUUHFW�IRU�WKH�GRXEOH�FRXQWLQJ�RI�SDWKV�EHWZHHQ�GLVWLQFW�YHUWLFHV�
���

:H�DVVXPH�WKDW� WKH�OHQJWKV�DUH�DOO�QRQ�QHJDWLYH��,I� OHQJWKV�FDQ�EH�QHJDWLYH��ZKLFK�KDSSHQV�LQ�VRPH
FDVHV�� WKHQ� WKH� SUREOHP� LV� PXFK� KDUGHU�� IDOOLQJ� LQ� WKH� FODVV� RI� ³13�FRPSOHWH´� FRPSXWDWLRQDO
SUREOHPV��IRU�ZKLFK�HYHQ�WKH�EHVW�NQRZQ�DOJRULWKPV�WDNH�DQ�DPRXQW�RI�WLPH�H[SRQHQWLDO�LQ�Q�WR�ILQLVK�
LQ� WKH�ZRUVW� FDVH� >�@�� ,QGHHG�� LI� HGJHV� DUH� DOORZHG� WR�KDYH�QHJDWLYH� OHQJWKV�� WKHUH�PD\�QRW�EH�DQ\
VKRUWHVW�SDWK�EHWZHHQ�D�SDLU�RI�YHUWLFHV��VLQFH�RQH�FDQ�KDYH�D�ORRS�LQ�WKH�QHWZRUN�WKDW�KDV�QHJDWLYH
OHQJWK��VR�WKDW�RQH�FDQ�UHGXFH�WKH�OHQJWK�RI�D�SDWK�DUELWUDULO\�E\�JRLQJ�DURXQG�WKH�ORRS�UHSHDWHGO\�
���



,Q�WKHRU\�RQH�FDQ�DFKLHYH�D�VOLJKWO\�EHWWHU�UXQQLQJ�WLPH�RI�2�P���Q�ORJ�Q��XVLQJ�D�GDWD�VWUXFWXUH�NQRZQ
DV�D�)LERQDFFL�KHDS�>��@��EXW�LQ�SUDFWLFH�WKH�RSHUDWLRQ�RI�WKH�)LERQDFFL�KHDS�LV�VR�FRPSOLFDWHG�WKDW
WKH�FDOFXODWLRQ�XVXDOO\�HQGV�XS�UXQQLQJ�VORZHU�
���

7KH� DXJPHQWLQJ� SDWK� DOJRULWKP� LV� QRW� WKH� RQO\� DOJRULWKP� IRU� FDOFXODWLQJ� PD[LPXP� IORZV�� ,W� LV�
KRZHYHU�� WKH� VLPSOHVW� DQG� LWV� DYHUDJH� SHUIRUPDQFH� LV� DERXW� DV� JRRG� DV� DQ\� RWKHU�� VR� LW� LV� D� JRRG
FKRLFH�IRU�HYHU\GD\�FDOFXODWLRQV��,W¶V�ZRUWK�QRWLQJ��KRZHYHU��WKDW�WKH�ZRUVW�FDVH�SHUIRUPDQFH�RI�WKH
DOJRULWKP� LV� TXLWH� SRRU�� IRU� SDWKRORJLFDO� QHWZRUNV�� WKH� DOJRULWKP�FDQ� WDNH� D� YHU\� ORQJ� WLPH� WR� UXQ�
$QRWKHU� DOJRULWKP�� WKH�SUHIORZ�SXVK� DOJRULWKP� >�@�� KDV� PXFK� EHWWHU� ZRUVW�FDVH� SHUIRUPDQFH� DQG
FRPSDUDEOH�DYHUDJH�FDVH�SHUIRUPDQFH��EXW�LV�FRQVLGHUDEO\�PRUH�FRPSOLFDWHG�WR�LPSOHPHQW�
���

6HH�$KXMD�HW�DO��>�@�RU�&RUPHQ�HW�DO��>��@�IRU�GHWDLOV�RI�WKH�JHQHUDO�FDVH�
���

7HFKQLFDOO\��WKH�DXJPHQWLQJ�SDWK�DOJRULWKP�GRHVQ¶W�VSHFLI\�KRZ�SDWKV�DUH�WR�EH�IRXQG��+HUH�ZH�VWXG\
WKH�SDUWLFXODU�YHUVLRQ�LQ�ZKLFK�SDWKV�DUH�IRXQG�XVLQJ�EUHDGWK�ILUVW�VHDUFK��ZKLFK�LV�NQRZQ�WR�EH�RQH
RI� WKH� EHWWHU�SHUIRUPLQJ� YDULDQWV�� 6RPHWLPHV� WKLV� YDULDQW� LV� FDOOHG� WKH�VKRUWHVW� DXJPHQWLQJ� SDWK
DOJRULWKP�RU�WKH�(GPRQGV�.DUS�DOJRULWKP�
���

2Q�QHWZRUNV�ZLWK�GLUHFWHG�HGJHV��ZH�DOORZ�HLWKHU� WKH� VDPH� IORZ� LQ�ERWK�GLUHFWLRQV�DORQJ�DQ�HGJH
�L�H���]HUR�QHW�IORZ��RU�RQH�PRUH�XQLW�LQ�WKH�IRUZDUG�GLUHFWLRQ�WKDQ�LQ�WKH�EDFNZDUG�GLUHFWLRQ��EXW�QRW
YLFH�YHUVD�
���

1RWH�� KRZHYHU�� WKDW� WKH� LQGHSHQGHQW� SDWKV� DUH� QRW� QHFHVVDULO\� XQLTXH�� WKHUH� FDQ� EH�PRUH� WKDQ� RQH
FKRLFH�RI�SDWKV�DQG�VRPH�RI�WKHP�PD\�QRW�EH�IRXQG�E\�WKLV�DOJRULWKP��)XUWKHUPRUH��WKHUH�FDQ�EH�SRLQWV
LQ�WKH�QHWZRUN�ZKHUH�SDWKV�FRPH�WRJHWKHU�DW�D�YHUWH[�DQG�WKHQ�SDUW�ZD\V�DJDLQ��,I�VXFK�SRLQWV�H[LVW�
\RX�ZLOO�KDYH� WR�PDNH�D�FKRLFH�DERXW�ZKLFK�ZD\� WR�JR�DW� WKH�SDUWLQJ�SRLQW�� ,W�GRHVQ¶W�PDWWHU�ZKDW
FKRLFH�\RX�PDNH�LQ�WKH�VHQVH�WKDW�DOO�FKRLFHV�OHDG�WR�D�FRUUHFW�VHW�RI�SDWKV��EXW�GLIIHUHQW�FKRLFHV�ZLOO
JLYH�GLIIHUHQW�VHWV�RI�SDWKV�
���

7HFKQLFDOO\� WKH� SRZHU� PHWKRG� ILQGV� WKH� HLJHQYHFWRU� FRUUHVSRQGLQJ� WR� WKH� HLJHQYDOXH� RI� ODUJHVW
DEVROXWH�PDJQLWXGH�DQG�KHQFH� WKH�PHWKRG�ZRXOG� IDLO� WR� ILQG� WKH�HLJHQYHFWRU�ZH�ZDQW� LI� WKH� ODUJHVW
DEVROXWH�PDJQLWXGH� EHORQJV� WR� D� QHJDWLYH� HLJHQYDOXH��)RU� D�PDWUL[�ZLWK� DOO� HOHPHQWV� QRQ�QHJDWLYH�
KRZHYHU�� VXFK� DV� WKH� DGMDFHQF\�PDWUL[�� LW� WXUQV� RXW� WKLV� FDQ� QHYHU� KDSSHQ��+HUH� LV� D� SURRI� RI� WKLV
UHVXOW�IRU�DQ�XQGLUHFWHG�QHWZRUN�ZKHUH�$�LV�V\PPHWULF��WKH�JHQHUDO�FDVH�LV�FRYHUHG��IRU�H[DPSOH��LQ
5HI�� >���@�� /HW�ȝ� EH� WKH�PRVW� QHJDWLYH� HLJHQYDOXH� RI� D� UHDO� V\PPHWULF� PDWUL[�$� DQG� OHW�Z� EH� WKH
FRUUHVSRQGLQJ�HLJHQYHFWRU��ZLWK�HOHPHQWV�ZL��7KHQ��JLYHQ�WKDW� �



ZKHUH�[� LV� WKH�YHFWRU�ZLWK�FRPSRQHQWV� _ZL_��7KH� LQHTXDOLW\�KHUH�IROORZV�IURP�WKH�VR�FDOOHG� WULDQJOH
LQHTXDOLW\�_D���E_���_D_���_E_��ZKLFK�LV�WUXH�IRU�DOO�UHDO�QXPEHUV�D��E��5HDUUDQJLQJ��ZH�QRZ�ILQG�WKDW

ZKHUH�ZH�KDYH�PDGH�XVH�RI�[7[� ��L�_ZL_��  �Z7Z��1RZ�ZH�ZULWH�[�DV�D� OLQHDU�FRPELQDWLRQ�RI� WKH
QRUPDOL]HG� HLJHQYHFWRUV�YL� RI�$� WKXV��[�  ��L�FL�YL�� ZKHUH� WKH�FL� DUH� UHDO� FRHIILFLHQWV�ZKRVH� H[DFW
YDOXHV�DUH�QRW�LPSRUWDQW�IRU�WKLV�SURRI��7KHQ��LI�țL�LV�WKH�HLJHQYDOXH�FRUUHVSRQGLQJ�WR�YL�DQG�ț��LV�WKH
PRVW�SRVLWLYH�HLJHQYDOXH��ZH�KDYH

ZKHUH�ZH�KDYH�PDGH�XVH�RI�WKH�RUWKRJRQDOLW\�SURSHUW\� ���7KH�LQHTXDOLW\�LV�DQ�H[DFW�HTXDOLW\�LI
DQG�RQO\�LI�[�LV�DQ�HLJHQYHFWRU�ZLWK�HLJHQYDOXH�ț����3XWWLQJ�WKHVH�UHVXOWV�WRJHWKHU��ZH�ILQG�WKDW�_ȝ_���ț�
DQG�KHQFH�WKH�PRVW�QHJDWLYH�HLJHQYDOXH�QHYHU�KDV�D�PDJQLWXGH�JUHDWHU�WKDQ�WKDW�RI�WKH�PRVW�SRVLWLYH
HLJHQYDOXH��DOWKRXJK�LI�ZH�DUH�XQOXFN\�WKH�WZR�PDJQLWXGHV�FRXOG�EH�HTXDO���7KH�UHVXOW�SURYHG�KHUH�LV
RQH� SDUW� RI� WKH�3HUURQ�)UREHQLXV� WKHRUHP �� 7KH� RWKHU� SDUW�� WKDW� WKH� OHDGLQJ� HLJHQYHFWRU� KDV� DOO
HOHPHQWV�QRQ�QHJDWLYH��LV�SURYHG�LQ�WKH�IROORZLQJ�IRRWQRWH�
���

7KLV�UHVXOW��OLNH�WKDW�LQ�IRRWQRWH����LV�D�SDUW�RI�WKH�3HUURQ�)UREHQLXV�WKHRUHP��7R�SURYH�LW²DW�OHDVW�IRU
WKH�FDVH�RI�V\PPHWULF�$²OHW�ț��EH� WKH�PRVW�SRVLWLYH�HLJHQYDOXH�RI�$� DQG� OHW�Y�EH�D�FRUUHVSRQGLQJ
HLJHQYHFWRU���:H�ZLOO�DOORZ��IRU�WKH�PRPHQW��WKH�SRVVLELOLW\�WKDW�WKHUH�LV�PRUH�WKDQ�RQH�HLJHQYHFWRU
ZLWK� HLJHQYDOXH�N��� WKRXJK�ZH�VKRZ�EHORZ�WKDW� LQ�IDFW� WKLV�FDQQRW�KDSSHQ�LQ�D�FRQQHFWHG�QHWZRUN��
1RWH� WKDW�ț������VLQFH�WKH�VXP�RI�WKH�HLJHQYDOXHV�RI�$� LV�JLYHQ�E\�7U�$������DQG�KHQFH�DW�OHDVW�RQH
HLJHQYDOXH�PXVW�EH�QRQ�QHJDWLYH��7KHQ��JLYHQ� WKDW� � DQG�DOO� HOHPHQWV�RI�$�DUH�QRQ�QHJDWLYH�
ZH�KDYH

ZKHUH�[�LV�WKH�YHFWRU�ZLWK�HOHPHQWV�_YL_��5HDUUDQJLQJ�WKLV�UHVXOW��ZH�ILQG

ZKHUH�ZH�KDYH�PDGH�XVH�RI�[7[� ��L�_YL_�� �Y7Y��$V�GHPRQVWUDWHG�LQ�IRRWQRWH���RQ�SDJH������IRU�DQ\
YHFWRU�[�ZH�KDYH



ZLWK�WKH�HTXDOLW\�EHLQJ�DFKLHYHG�RQO\�ZKHQ�[�LV�DQ�HLJHQYHFWRU�FRUUHVSRQGLQJ�WR�HLJHQYDOXH�ț���7KH
RQO\�ZD\�WR�UHFRQFLOH�WKH�WZR�LQHTXDOLWLHV�DERYH�LV�LI�WKH\�DUH�LQ�IDFW�HTXDOLWLHV�LQ�WKLV�FDVH��LPSO\LQJ
WKDW�[�PXVW� LQGHHG�EH�DQ�HLJHQYHFWRU�ZLWK� HLJHQYDOXH�ț��� %XW�[� KDV� DOO� HOHPHQWV� QRQ�QHJDWLYH�� DQG
KHQFH�WKHUH�H[LVWV�DQ�HLJHQYHFWRU�ZLWK�HLJHQYDOXH�ț��DQG�DOO�HOHPHQWV�QRQ�QHJDWLYH�
,W�LV�VWLOO�SRVVLEOH�WKDW�WKHUH�PLJKW�EH�PRUH�WKDQ�RQH�HLJHQYHFWRU�ZLWK�HLJHQYDOXH�ț���DQG�WKDW�RQH�RI

WKH� RWKHUV� PLJKW� KDYH� QHJDWLYH� HOHPHQWV�� 7KLV�� KRZHYHU�� ZH� FDQ� UXOH� RXW� DV� IROORZV�� 5HFDOO� WKDW
HLJHQYHFWRUV�ZLWK�VDPH�HLJHQYDOXH�FDQ�DOZD\V�EH�FKRVHQ�RUWKRJRQDO�� DQG�DQ\�HLJHQYHFWRU�Y� WKDW� LV
RUWKRJRQDO� WR� WKH�HLJHQYHFWRU�ZLWK�DOO�HOHPHQWV�QRQ�QHJDWLYH�ZRXOG�KDYH� WR�KDYH�ERWK�SRVLWLYH�DQG
QHJDWLYH� HOHPHQWV� LQ� RUGHU� WKDW� WKH� SURGXFW� RI� WKH� WZR� YHFWRUV� HTXDO� ]HUR�� 7KXV� WKHUH� LV� RQO\� RQH
HLJHQYHFWRU�ZLWK�DOO�HOHPHQWV�QRQ�QHJDWLYH�
7KHQ��IRU�HLJHQYHFWRU�Y��E\�WKH�UHVXOWV�DERYH��WKH�YHFWRU�[�ZLWK�HOHPHQWV�_YL_�LV�QHFHVVDULO\�HTXDO�WR

WKH�XQLTXH�HLJHQYHFWRU�ZLWK�DOO�HOHPHQWV�QRQ�QHJDWLYH��7KXV�LI�YL�LV�RQH�RI�WKH�SRVLWLYH�HOHPHQWV�RI�Y
WKHQ�YL� �[L�DQG

RU��HTXLYDOHQWO\��� M�$LM�_YM_�±�YM�� ����%XW�_YM_�±�YM�����VR�WKLV�ODVW�UHVXOW�FDQ�RQO\�EH�WUXH�LI�IRU�DOO�M
ZH�KDYH�HLWKHU�$LM� ���RU�YM���_YM_� ����PHDQLQJ�WKDW�YM� �_YM_������7KXV�LI�YL�!���WKHQ�YM�!���ZKHQHYHU�$LM
�����,Q�QHWZRUN�WHUPV��LI�YL�!���WKHQ�YM�!���IRU�HYHU\�QHLJKERU�RI�L��%XW�WKHQ�ZH�FDQ�VWDUW�DW�L�DQG�ZRUN
RXWZDUGV�� PRYLQJ� IURP� QHLJKERU� WR� QHLJKERU� DQG� VR� GHPRQVWUDWH� WKDW�YM� !� �� IRU� HYHU\� YHUWH[� DQG
KHQFH�Y� �[�DQG�WKH�OHDGLQJ�HLJHQYHFWRU�LV�XQLTXH�
7KH�RQO\�H[FHSWLRQ�WR�WKLV�ODVW�UHVXOW�LV�ZKHQ�WKH�QHWZRUN�KDV�PRUH�WKDQ�FRPSRQHQW��VR�WKDW�VRPH

YHUWLFHV�DUH�QRW�UHDFKDEOH�IURP�DQ�LQLWLDO�YHUWH[�L��,Q�WKDW�FDVH��LW�LV�SRVVLEOH�IRU�WKH�HOHPHQWV�RI�WKH
OHDGLQJ�HLJHQYHFWRU�FRUUHVSRQGLQJ�WR�YHUWLFHV� LQ�GLIIHUHQW�FRPSRQHQWV� WR�KDYH�GLIIHUHQW�VLJQV��7KLV�
KRZHYHU��FDXVHV�QR�SUREOHPV�IRU�DQ\�RI�WKH�UHVXOWV�SUHVHQWHG�KHUH�
���

,Q�IDFW��WKLV�HVWLPDWH�XVXDOO\�HUUV�RQ�WKH�SHVVLPLVWLF�VLGH��VLQFH�WKH�VSDFLQJ�RI�WKH�KLJKHVW�HLJHQYDOXHV
WHQGV� WR� EH� ZLGHU� WKDQ� WKH�PHDQ� VSDFLQJ�� VR� WKDW� LQ� SUDFWLFH� WKH� DOJRULWKP�PD\� EH� IDVWHU� WKDQ� WKH
HVWLPDWH�ZRXOG�VXJJHVW�
���

,I�ZH�ZLVK�WR�EH�PRUH�VRSKLVWLFDWHG��ZH�FDQ�QRWH�WKDW�LW�LV�VXIILFLHQW�WR�VKLIW�WKH�HLJHQYDOXHV�E\�DQ\
DPRXQW�JUHDWHU�WKDQ�RU�HTXDO�WR�ȜQ��$QGHUVRQ�DQG�0RUOH\�>��@�KDYH�VKRZQ�WKDW�ȜQ����NPD[�ZKHUH�NPD[
LV�WKH�ODUJHVW�GHJUHH�LQ�WKH�QHWZRUN��ZKLFK�ZH�FDQ�ILQG�LQ�WLPH�2�Q���FRQVLGHUDEO\�IDVWHU�WKDQ�ZH�FDQ
ILQG�ȜQ� LWVHOI�� 7KXV� D� TXLFNHU� ZD\� WR� ILQG� WKH� VPDOOHVW� HLJHQYDOXH� ZRXOG� EH� WR� ILQG� WKH� ODUJHVW
HLJHQYDOXH�RI��NPD[,�±�/�
���



&RPPXQLW\�GHWHFWLRQ� LV� VRPHWLPHV�DOVR�FDOOHG�³FOXVWHULQJ�´� DOWKRXJK�ZH� ODUJHO\�DYRLG� WKLV� WHUP� WR
SUHYHQW�FRQIXVLRQ�ZLWK�WKH�RWKHU��DQG�TXLWH�GLIIHUHQW��XVH�RI�WKH�ZRUG�FOXVWHULQJ�LQWURGXFHG�LQ�6HFWLRQ
����
���

7KH� SUREOHP� LV� VRPHZKDW� VLPLODU� WR� WKH� PLQLPXP� FXW� SUREOHP� RI� 6HFWLRQ� ������ EXW� ZH� DUH� QRZ
VHDUFKLQJ�IRU�WKH�PLQLPXP�FXW�RYHU�DOO�SRVVLEOH�ELVHFWLRQV�RI�D�QHWZRUN��UDWKHU� WKDQ�MXVW�EHWZHHQ�D
JLYHQ�SDLU�RI�YHUWLFHV�
���

7HFKQLFDOO\�� WKLV�VWDWHPHQW�KDV�QRW�DFWXDOO\�EHHQ�SURYHG��,WV� WUXWK�KLQJHV�RQ�WKH�DVVXPSWLRQ�WKDW� WZR
IXQGDPHQWDO� FODVVHV� RI� FRPSXWDWLRQDO� SUREOHP�� FDOOHG� 3� DQG� 13�� DUH� QRW� WKH� VDPH��$OWKRXJK� WKLV
DVVXPSWLRQ�LV�XQLYHUVDOO\�EHOLHYHG�WR�EH�WUXH²WKH�ZRUOG�ZRXOG�SUHWW\�PXFK�IDOO�DSDUW�LI�LW�ZHUHQ¶W²
QR� RQH� KDV� \HW� SURYHG� LW�� QRU� HYHQ� KDV� DQ\� LGHD� DERXW� ZKHUH� WR� VWDUW�� 5HDGHUV� LQWHUHVWHG� LQ� WKH
IDVFLQDWLQJ� EUDQFK� RI� WKHRUHWLFDO� FRPSXWHU� VFLHQFH� WKDW� GHDOV� ZLWK� SUREOHPV� RI� WKLV� NLQG� DUH
HQFRXUDJHG�WR�ORRN��IRU�H[DPSOH��DW�WKH�ERRN�E\�0RRUH�DQG�0HUWHQV�>���@�
���

6RPH�UHDGHUV�PD\�EH�IDPLOLDU�ZLWK�.HUQLJKDQ¶V�QDPH��+H�ZDV�RQH�RI�WKH�DXWKRUV�RI�WKH�RULJLQDO�ERRN
GHVFULELQJ� WKH�&�SURJUDPPLQJ� ODQJXDJH� >���@�� ³.HUQLJKDQ´� LV� SURQRXQFHG� ³.HUQLKDQ´²WKH� ³J´� LV
VLOHQW�
���

2QH�PLJKW� LPDJLQH� WKDW� DQ� HTXLYDOHQW�SURFHGXUH�ZRXOG�EH� WR�JR�RQ� VZDSSLQJ�YHUWH[�SDLUV�XQWLO� QR
VZDS�FDQ�EH�IRXQG�WKDW�GHFUHDVHV� WKH�FXW�VL]H��7KLV��KRZHYHU�� WXUQV�RXW� WR�EH�ZURQJ��,W� LV�SHUIHFWO\
SRVVLEOH� IRU� WKH�FXW� VL]H� WR�GHFUHDVH� IRU� D� IHZ�VWHSV�RI� WKH� DOJRULWKP�� WKHQ� LQFUHDVH�� WKHQ�GHFUHDVH
DJDLQ��,I�ZH�KDOW�WKH�DOJRULWKP�WKH�ILUVW�WLPH�ZH�VHH�WKH�FXW�VL]H�LQFUHDVLQJ��ZH�UXQ�WKH�ULVN�RI�PLVVLQJ
D� ODWHU� VWDWH�ZLWK� VPDOOHU� FXW� VL]H�� 7KXV� WKH� FRUUHFW� DOJRULWKP� LV� WKH� RQH� GHVFULEHG� KHUH��ZLWK� WZR
VHSDUDWH�SURFHVVHV��RQH�RI�YHUWH[�VZDSSLQJ��DQG�RQH�RI�FKHFNLQJ�WKH�VWDWHV�VR�JHQHUDWHG�WR�VHH�ZKLFK
LV�RSWLPDO�
���

,I� WKH�QHWZRUN�LV�VWRUHG�LQ�DGMDFHQF\�PDWUL[�IRUP�WKHQ�WKH�WRWDO�UXQ�WLPH�FDQ�EH�LPSURYHG�IXUWKHU� WR
2�Q����DOWKRXJK�IRU�WKH�FRPPRQ�FDVH�RI�D�VSDUVH�QHWZRUN�WKLV�PDNHV�UHODWLYHO\�OLWWOH�GLIIHUHQFH��DQG
WKH�DGMDFHQF\�PDWUL[�LV�FRVWO\�LQ�WHUPV�RI�PHPRU\�VSDFH�
���

1RWH��KRZHYHU��WKDW�WKH�YHUWH[�PRYLQJ�DOJRULWKP�WDNHV�WLPH�2�Q���IRU�HDFK�URXQG�RI�WKH�DOJRULWKP��EXW
ZH�KDYH�QRW�FDOFXODWHG��DQG�GR�QRW�LQ�IDFW�NQRZ��KRZ�PDQ\�URXQGV�DUH�QHHGHG�LQ�JHQHUDO��$V�ZLWK�WKH
.HUQLJKDQ�/LQ�DOJRULWKP��LW�LV�UHDVRQDEOH�WR�VXSSRVH�WKDW�WKH�QXPEHU�RI�URXQGV�QHHGHG�PLJKW�LQFUHDVH�
DW� OHDVW� VORZO\�� ZLWK� QHWZRUN� VL]H�� ZKLFK� ZRXOG� PDNH� WKH� WLPH� FRPSOH[LW\� RI� WKH� YHUWH[� PRYLQJ
DOJRULWKP�SRRUHU�WKDQ�WKDW�RI�WKH�VSHFWUDO�DOJRULWKP�
���

7KH�ZRUG�³FOXVWHULQJ´�DV�XVHG�KHUH�MXVW�UHIHUV�WR�FRPPXQLW\�GHWHFWLRQ��:H�KDYH�PRVWO\�VWD\HG�DZD\
IURP�XVLQJ� WKLV�ZRUG� LQ� WKLV� FKDSWHU�� WR� DYRLG� FRQIXVLRQ�ZLWK� WKH� RWKHU� XVH� RI� WKH�ZRUG� FOXVWHULQJ



LQWURGXFHG� LQ�6HFWLRQ����� �VHH� IRRWQRWH���RQ�SDJH�������EXW� WKH�QDPH�³KLHUDUFKLFDO�FOXVWHULQJ´� LV�D
ZHOO�HVWDEOLVKHG�DQG�WUDGLWLRQDO�RQH��DQG�ZH�XVH�LW�KHUH�LQ�GHIHUHQFH�WR�FRQYHQWLRQ�
���

7KH�KHDS�PXVW�EH�PRGLILHG�VOLJKWO\�IURP�WKH�RQH�GHVFULEHG�LQ�6HFWLRQ������)LUVW��WKH�SDUWLDO�RUGHULQJ
PXVW�EH� LQYHUWHG�VR� WKDW� WKH� ODUJHVW��QRW� WKH�VPDOOHVW��HOHPHQW�RI� WKH�KHDS�LV�DW� LWV� URRW��6HFRQG��ZH
QHHG� WR� EH� DEOH� WR� UHPRYH� DUELWUDU\� LWHPV� IURP� WKH� KHDS�� QRW� MXVW� WKH� URRW� LWHP��ZKLFK�ZH� GR� E\
GHOHWLQJ�WKH�UHOHYDQW�LWHP�DQG�WKHQ�PRYLQJ�WKH�ODVW�LWHP�LQ�WKH�KHDS�WR�ILOO�WKH�YDFDWHG�VSDFH��7KHQ�ZH
KDYH�WR�VLIW�WKH�PRYHG�LWHP�ERWK�XS�DQG�GRZQ�WKH�KHDS��VLQFH�LW�PLJKW�EH�HLWKHU�WRR�ODUJH�RU�WRR�VPDOO
IRU�WKH�SRVLWLRQ�LQ�ZKLFK�LW�ILQGV�LWVHOI�
���

)RU� WKH� VSHFLDO� FDVH� RI� VLQJOH�OLQNDJH� FOXVWHULQJ�� WKHUH� LV� D� VOLJKWO\� IDVWHU� ZD\� WR� LPSOHPHQW� WKH
DOJRULWKP�WKDW�PDNHV�XVH�RI�D�VR�FDOOHG�XQLRQ�ILQG�WHFKQLTXH�DQG�UXQV�LQ�WLPH�2�Q���� ,Q�SUDFWLFH� WKH
SHUIRUPDQFH� GLIIHUHQFH� LV� QRW� YHU\� ODUJH� EXW� WKH� XQLRQ�ILQG� PHWKRG� LV� FRQVLGHUDEO\� VLPSOHU� WR
SURJUDP�� ,W� LV� SHUKDSV� IRU� WKLV� UHDVRQ� WKDW� VLQJOH�OLQNDJH� LV� PRUH� RIWHQ� XVHG� WKDQ� FRPSOHWH±RU
DYHUDJH�OLQNDJH�FOXVWHULQJ�
���

,W�ZRXOG�LQ�WKHRU\�EH�SHUIHFWO\�SRVVLEOH��KRZHYHU��WR�FUHDWH�D�YDULDQW�RI�WKH�PRGHO�ZLWK�PXOWLHGJHV�RU
VHOI�HGJHV��RU�ERWK�
���

:H�QHHG�WR�EH�D�OLWWOH�FDUHIXO�KHUH��X�KHUH�VKRXOG�UHDOO\�EH�WKH�SUREDELOLW\�WKDW�M�LV�QRW�FRQQHFWHG�WR
WKH�JLDQW�FRPSRQHQW�YLD�DQ\�RI�LWV�FRQQHFWLRQV�RWKHU�WKDQ�WKH�FRQQHFWLRQ�WR�L��+RZHYHU��LW�WXUQV�RXW�WKDW
LQ�WKH�OLPLW�RI�ODUJH�V\VWHP�VL]H�WKLV�SUREDELOLW\�LV�MXVW�HTXDO�WR�X��)RU� ODUJH�Q�WKH�SUREDELOLW\�RI�QRW
EHLQJ�FRQQHFWHG� WR� WKH�JLDQW�FRPSRQHQW�YLD�DQ\�RI� WKH�Q±���YHUWLFHV�RWKHU� WKDQ�L� LV�QRW�VLJQLILFDQWO\
VPDOOHU�WKDQ�WKH�SUREDELOLW\�IRU�DOO�Q±���YHUWLFHV�
���

2QH�FDQ�ZULWH� D�FORVHG�IRUP�VROXWLRQ� LQ� WHUPV�RI� WKH�/DPEHUW�:�IXQFWLRQ��ZKLFK� LV�GHILQHG�DV� WKH
VROXWLRQ�WR�WKH�HTXDWLRQ�:�]�H:�]�� �]��,Q�WHUPV�RI�WKLV�IXQFWLRQ�WKH�VL]H�RI�WKH�JLDQW�FRPSRQHQW�LV

ZKHUH� ZH� WDNH� WKH� SULQFLSDO� EUDQFK� RI� WKH�:�IXQFWLRQ�� 7KLV� H[SUHVVLRQ�PD\� KDYH� VRPH� XWLOLW\� IRU
QXPHULFDO� FDOFXODWLRQV� DQG� VHULHV� H[SDQVLRQV��EXW� LW� LV�QRW�ZLGHO\�XVHG��$OWHUQDWLYHO\�� DOWKRXJK�ZH
FDQQRW�ZULWH�D�VLPSOH�VROXWLRQ�IRU�6�DV�D�IXQFWLRQ�RI�F��ZH�FDQ�ZULWH�D�VROXWLRQ�IRU�F�DV�D�IXQFWLRQ�RI�6�
5HDUUDQJLQJ�(T����������IRU�F�JLYHV



ZKLFK�FDQ�EH�XVHIXO��IRU�LQVWDQFH��IRU�SORWWLQJ�SXUSRVHV���:H�FDQ�PDNH�D�SORW�RI�6�DV�D�IXQFWLRQ�RI�F�E\
ILUVW�PDNLQJ�D�SORW�RI�F�DV�D�IXQFWLRQ�RI�6�DQG�WKHQ�VZDSSLQJ�WKH�D[HV��
���

,Q�WKH�VWDWLVWLFDO�SK\VLFV�OLWHUDWXUH��WKLV� WULFN�RI�UHPRYLQJ�D�YHUWH[�LV�FDOOHG�D�FDYLW\�PHWKRG��&DYLW\
PHWKRGV�DUH�XVHG�ZLGHO\�LQ�WKH�VROXWLRQ�RI�DOO�NLQGV�RI�SK\VLFV�SUREOHPV�DQG�DUH�D�SRZHUIXO�PHWKRG
IRU�PDQ\�FDOFXODWLRQV�RQ�ODWWLFHV�DQG�LQ�ORZ�GLPHQVLRQDO�VSDFHV�DV�ZHOO�DV�RQ�QHWZRUNV�>���@�
���

7KH� IRUPXOD� GHULYHG� KHUH� LV� QRW� WKH�PRVW� JHQHUDO� IRUP� RI� WKH� /DJUDQJH� LQYHUVLRQ� IRUPXOD�� ,W� LV
DGHTXDWH� IRU� WKH� SDUWLFXODU� SUREOHP� ZH� DUH� LQWHUHVWHG� LQ� VROYLQJ�� EXW� WKH� IXOO� /DJUDQJH� LQYHUVLRQ
IRUPXOD� LV� HYHQ�PRUH�SRZHUIXO�� DQG� FDQ� VROYH�D�EURDGHU� UDQJH�RI�SUREOHPV��)RU�GHWDLOV�� VHH�:LOI
>���@�
���

7KH�VLWXDWLRQ�JHWV�FRPSOLFDWHG�LI�]�¦��LV�PDQ\�YDOXHG�IRU�VRPH�¦��L�H���LI�¦��]��LV�QRQPRQRWRQLF��,Q�RXU
FDVH�� KRZHYHU�� ZKHUH� WKH� FRHIILFLHQWV� LQ� WKH� H[SDQVLRQ� RI�¦� �]�� DUH� QHFHVVDULO\� DOO� QRQ�QHJDWLYH
EHFDXVH�WKH\�DUH�SUREDELOLWLHV��¦��]��LV�PRQRWRQLFDOO\�LQFUHDVLQJ�DQG�QR�VXFK�SUREOHPV�DULVH�
���

7KHUH�DUH� VWLOO� VRPH�KROHV� LQ�RXU� DUJXPHQW�� ,Q� SDUWLFXODU��ZH�KDYH� DVVXPHG� WKDW� WKH�SURGXFW�RI� WKH
QXPEHUV�RI�YHUWLFHV�RQ�WKH�VXUIDFH�RI�RXU�WZR�QHLJKERUKRRGV�LV�FV�W�ZKHQ�LQ�SUDFWLFH�WKLV�LV�RQO\�WKH
DYHUDJH� YDOXH� DQG� WKHUH� ZLOO� LQ� JHQHUDO� EH� VRPH� YDULDWLRQ��$OVR� WKH� FDOFXODWLRQ� VKRXOG� UHDOO\� EH
FRQILQHG�WR�WKH�JLDQW�FRPSRQHQW��VLQFH�WKH�ORQJHVW�SDWK�DOZD\V�IDOOV�LQ�WKH�JLDQW�FRPSRQHQW�LQ�WKH�OLPLW
RI� ODUJH�Q�� )RU� D� FDUHIXO� WUHDWPHQW� RI� WKHVH� LVVXHV� VHH�� IRU� LQVWDQFH�� )HUQKRO]� DQG� 5DPDFKDQGUDQ
>���@�
���

7KLV� DSSHDUV� WR� EH� D� UHDVRQDEOH� ILJXUH�� %HUQDUG�HW� DO�� >��@� HVWLPDWHG� WKH� W\SLFDO� QXPEHU� RI
DFTXDLQWDQFHV�IRU�SHRSOH�LQ�WKH�8QLWHG�6WDWHV�WR�EH�DERXW�����²VHH�6HFWLRQ�������
���

7KLV�GLVDJUHHPHQW��KLJKOLJKWHG�SDUWLFXODUO\�E\�:DWWV�DQG�6WURJDW]�>���@��ZDV�RQH�RI�WKH�REVHUYDWLRQV
WKDW�SURPSWHG�WKH�FXUUHQW�ZDYH�RI�LQWHUHVW�LQ�WKH�SURSHUWLHV�RI�QHWZRUNV�LQ�WKH�PDWKHPDWLFDO�VFLHQFHV�
VWDUWLQJ�LQ�WKH�ODWH�����V�
���

3URIHVVRU� :LOI� KDV� JHQHURXVO\� PDGH� KLV� ERRN� DYDLODEOH� IRU� IUHH� LQ� HOHFWURQLF� IRUP�� <RX� FDQ
GRZQORDG�LW�IURP�ZZZ�PDWK�XSHQQ�HGX�aZLOI�'RZQOG*)�KWPO�
���

1R��UHDOO\��,¶P�QRW�PDNLQJ�WKLV�XS�
���

(YHQ� IRU� ILQLWH�VL]HG� QHWZRUNV� WKH� GLIIHUHQFH� EHWZHHQ� WKH� SURSHUWLHV� RI� D� FRQILJXUDWLRQ� PRGHO
QHWZRUN�DQG�D�VLPLODU�QHWZRUN�ZLWKRXW�VHOI�HGJHV�DQG�PXOWLHGJHV�ZRXOG�RQO\�UHVXOW�LQ�D�FRUUHFWLRQ�RI



RUGHU���Q�LQWR�RXU�UHVXOWV��)RU�WKH�ODUJH�QHWZRUNV�WKDW�DUH�WKH�IRFXV�RI�PRVW�PRGHUQ�QHWZRUN�VWXGLHV
WKLV�PHDQV�WKDW�WKH�HUURU�LQWURGXFHG�E\�DOORZLQJ�VHOI�HGJHV�DQG�PXOWLHGJHV�LV�VPDOO�
���

)RU�QHWZRUNV�ZLWK�SRZHU�ODZ�GHJUHH�GLVWULEXWLRQV�N��GLYHUJHV��DV�GHVFULEHG�LQ�6HFWLRQ��������DQG
LQ�WKDW�FDVH�WKH�GHQVLW\�RI�PXOWLHGJHV�PD\�QRW�YDQLVK�RU�PD\�GR�VR�PRUH�VORZO\�WKDQ���Q�
���

$V�EHIRUH��SLM�VKRXOG�UHDOO\�EH�UHJDUGHG�DV�WKH�H[SHFWHG�QXPEHU�RI�HGJHV�EHWZHHQ�L�DQG�M�UDWKHU�WKDQ
WKH�SUREDELOLW\�DQG�LQ�IDFW�WKH�SURSHU�IRUPXODWLRQ�RI�WKH�PRGHO�LV�WKDW�ZH�SODFH�D�3RLVVRQ�GLVWULEXWHG
QXPEHU� RI� HGJHV�ZLWK�PHDQ�SLM� EHWZHHQ� HDFK� SDLU� RI� YHUWLFHV�L�� M��7KXV� WKH�PRGHO�FDQ� LQ�SULQFLSOH
KDYH�PXOWLHGJHV�DV�ZHOO�DV�VHOI�HGJHV��MXVW�DV�LQ�WKH�FRQILJXUDWLRQ�PRGHO��,Q�WKH�OLPLW�RI�ODUJH�P�DQG
FRQVWDQW�FL��KRZHYHU��WKH�SUREDELOLW\�DQG�WKH�H[SHFWHG�QXPEHU�DJDLQ�EHFRPH�HTXDO��DQG�WKH�GHQVLW\�RI
PXOWLHGJHV�WHQGV�WR�]HUR��VR�WKH�GLVWLQFWLRQ�LV�XQLPSRUWDQW�
���

$QRWKHU�ZD\�RI�SXWWLQJ� WKLV� LV� WKDW� WKH�DYHUDJH�YDOXH� $LM�RI� DQ�HOHPHQW�RI� WKH� DGMDFHQF\�PDWUL[� LV
VLPSO\� $LM�  �FL�FM� ��P� IRU� DOO�L�M²UHFDOO� WKDW� WKH� GLDJRQDO� HOHPHQW�$LL� RI� WKH� DGMDFHQF\�PDWUL[� LV
GHILQHG�WR�EH�WZLFH�WKH�QXPEHU�RI�VHOI�HGJHV�DW�YHUWH[�L��DQG�WKLV�FRPSHQVDWHV�IRU�WKH�H[WUD�IDFWRU�RI
WZR�LQ�(T����������
���

7KH� SUREDELOLWLHV� RI� HGJHV� EHWZHHQ� YHUWH[�L� DQG� HDFK� RWKHU� YHUWH[� DUH� LQGHSHQGHQW�� ZKLFK
LPPHGLDWHO\�LPSOLHV�WKDW�WKH�GHJUHH�KDV�D�3RLVVRQ�GLVWULEXWLRQ��7KLV�PD\�EH�REYLRXV�WR�\RX²LI�\RX¶UH
D�VWDWLVWLFLDQ��IRU�H[DPSOH²EXW�LI�QRW��KHUH�LV�D�SURRI��ZKLFK�PDNHV�XVH�RI�JHQHUDWLQJ�IXQFWLRQV�
7KH�SUREDELOLW\� WKDW� WKHUH�DUH�HGJHV�FRQQHFWLQJ�YHUWH[�L� WR�DQ\�VSHFLILF�VHW�RI�YHUWLFHV�� LQFOXGLQJ

LWVHOI�� LV� JLYHQ� E\� D� SURGXFW� RI� IDFWRUV�SLM� IRU� HDFK� HGJH� SUHVHQW� DQG� ��� ±�SLM� �� IRU� HDFK� HGJH� QRW
SUHVHQW��7KLV�SURGXFW�FDQ�FRQYHQLHQWO\�EH�ZULWWHQ�LQ�WKH�IRUP

ZKHUH�$LM�LV�WKH�VWDQGDUG�DGMDFHQF\�PDWUL[�DQG�ZH�DGRSW�WKH�FRQYHQWLRQ�WKDW���� ���IRU�DQ\�FDVHV
ZKHUH�SLM�  � ��� 1RWH� WKDW� LW� LV� LPSRUWDQW� WR� VHSDUDWH� RXW� WKH� WHUP� IRU�SLL� DV� VKRZQ�� VLQFH� LW� WDNHV� D
VOLJKWO\�GLIIHUHQW�IRUP�IURP�WKH�RWKHUV��5HFDOO�WKDW�D�VHOI�HGJH�LV�UHSUHVHQWHG�E\�D�GLDJRQDO�HOHPHQW�$LL
 � �� LQ� WKH� DGMDFHQF\�PDWUL[� �VHH� 6HFWLRQ� ����� DQG�ZH�PXVW� DOORZ� IRU� WKLV�ZLWK� WKH� IDFWRUV� RI� WZR
DERYH�
7KH�SUREDELOLW\� �WKDW�YHUWH[�L�KDV�GHJUHH�H[DFWO\�N�LV�WKH�VXP�RI�WKHVH�SUREDELOLWLHV�RYHU�DOO�FDVHV

ZKHUH� WKHUH� WKH�LWK� URZ�RI� WKH�DGMDFHQF\�PDWUL[�DGGV�XS� WR�N� �LQFOXGLQJ� WKH��V� WKDW�DSSHDU� IRU�VHOI�
HGJHV��VLQFH�D�VHOI�HGJH�FRQWULEXWHV����WR�WKH�GHJUHH���:H�FDQ�ZULWH�WKLV�VXP�DV



ZKHUH�į�D��E�� LV� WKH� .URQHFNHU� GHOWD�� ,W� LV� WULFN\� WR� HYDOXDWH� WKLV� VXP� GLUHFWO\� EHFDXVH� RI� WKH
FRQVWUDLQW� LPSRVHG� E\� WKH�GHOWD� IXQFWLRQ�� EXW�ZH� FDQ� GR� LW� XVLQJ� D� JHQHUDWLQJ� IXQFWLRQ��0XOWLSO\LQJ
ERWK�VLGHV�RI�WKH�HTXDWLRQ�E\�]N��VXPPLQJ�RYHU�DOO�N��DQG�GHILQLQJ�WKH�JHQHUDWLQJ�IXQFWLRQ� �
ZH�JHW

�

7DNLQJ�ORJV�RI�ERWK�VLGHV�DQG�JRLQJ�WR�WKH�OLPLW�RI�ODUJH�VL]H��ZKHUH�P�ĺ����ZLWK�WKH�FL�UHPDLQLQJ
ILQLWH���ZH�WKHQ�JHW

ZKHUH�ZH�KDYH�PDGH�XVH�RI�(T����������LQ�WKH�VHFRQG�WR�ODVW�OLQH��)RU�ODUJH�P��WKH�VHFRQG�WHUP�LQ
WKH�VTXDUH�EUDFNHWV�EHFRPHV�QHJOLJLEOH�FRPSDUHG�WR�WKH�ILUVW�DQG��WDNLQJ�H[SRQHQWLDOV�DJDLQ�

�

1RZ�ZH�FDQ�GHULYH�WKH�SUREDELOLW\�GLVWULEXWLRQ�RI�WKH�GHJUHH�RI�YHUWH[�L�E\�GLIIHUHQWLDWLQJ�

ZKLFK�LV�LQGHHG�D�3RLVVRQ�GLVWULEXWLRQ��ZLWK�PHDQ�FL��DV�SURPLVHG�
���

,W�LV�HDV\�WR�VHH�WKDW�WKHUH�DUH�VRPH�GHJUHH�GLVWULEXWLRQV�WKDW�WKH�PRGHO�FDQQRW�UHSURGXFH�DW�DOO²DQ\
GLVWULEXWLRQ� IRU� ZKLFK�SN� LV� H[DFWO\� ]HUR� IRU� DQ\�N�� IRU� LQVWDQFH�� VLQFH� WKHUH� LV� DOZD\V� D� QRQ�]HUR



SUREDELOLW\�WKDW�DQ\�YHUWH[�FDQ�KDYH�DQ\�GHJUHH�
���

2Q�WKH�RWKHU�KDQG��LI�ZH�SLFN�D�UDQGRP�HGJH�LQ�D�QHWZRUN�DQG�IROORZ�LW�WR�RQH�RI�LWV�HQGV��WKHQ�WKH
GHJUHH�RI�WKH�YHUWH[�ZH�UHDFK�LV�GLVWULEXWHG�DFFRUGLQJ�WR����������UHJDUGOHVV�RI�ZKHWKHU�GHJUHHV�DUH
FRUUHODWHG�RU�QRW�
���

7KH� UDWLR� N��N� WKDW� DSSHDUV� LQ� (T�� �������� FURSV� XS� UHSHDWHGO\� LQ� WKH� VWXG\� RI� QHWZRUNV�� ,W
DSSHDUHG�SUHYLRXVO\�LQ�6HFWLRQ��������DQG�LW�ZLOO�FRPH�XS�LQ�PDQ\�ODWHU�FDOFXODWLRQV�
���

7KHUH�LV�QR�UHDVRQ�LQ�SULQFLSOH�ZK\�WKH�FRQILJXUDWLRQ�PRGHO�VKRXOG�DOZD\V�RYHUHVWLPDWH�WKH�DYHUDJH
GHJUHH�RI�D�QHLJKERU��,Q�VRPH�FDVHV�LW�FRXOG�XQGHUHVWLPDWH�WRR�
���

,Q�IDFW�� WKH�JHQHUDO�GHULYDWLYH�LQ�WKLV�FDVH�FDQ�EH�H[SUHVVHG�LQ�WHUPV�RI�WKH�VR�FDOOHG�%HOO�QXPEHUV�
1R� FORVHG�IRUP� VROXWLRQ� H[LVWV� IRU� WKLUG�QHDUHVW� QHLJKERUV� RU� KLJKHU�� KRZHYHU�� QRU� IRU�PRVW� RWKHU
FKRLFHV�RI�GHJUHH�GLVWULEXWLRQ�
���

7KLV�H[SUHVVLRQ�KDV�DQ�LQWHUHVWLQJ�KLVWRU\��,Q�WKH�����V�)ORU\�>���@�FRQVLGHUHG�D�PRGHO�RI�EUDQFKLQJ
SRO\PHUV�LQ�ZKLFK�HOHPHQWDO�XQLWV�ZLWK�D�IL[HG�QXPEHU�RI�³OHJV´²YHUWLFHV�ZLWK�XQLIRUP�GHJUHH��LQ
HIIHFW²MRLQHG� WRJHWKHU� WR� IRUP� FRQQHFWHG� FOXPSV��+H� VKRZHG� WKDW�� LI� WKH� V\VWHP�ZDV� UHVWULFWHG� WR
IRUPLQJ�RQO\� WUHHV�� WKHQ� WKHUH�ZDV�D� WUDQVLWLRQ�DW�ZKLFK� WKH�SRO\PHU� ³JHOOHG´� WR� FUHDWH� D� FOXPS�RI
MRLQHG�XQLWV�ZKLFK�FRUUHVSRQGV� WR�RXU�JLDQW� FOXVWHU�DQG� IRXQG� WKH� VL]H�RI� WKH�JHO�� ,Q�HIIHFW��)ORU\¶V
UHVXOWV�ZHUH�D� VSHFLDO� FDVH�RI� WKH� VROXWLRQ�JLYHQ�KHUH� IRU� WKH�XQLIRUP�GHJUHH�GLVWULEXWLRQ�� DOWKRXJK
WKH\�ZHUH� QRW� H[SUHVVHG� LQ� WKH� ODQJXDJH� RI� QHWZRUNV�� ,W� ZDV� QRW� XQWLO�PXFK� ODWHU� WKDW�0ROOR\� DQG
5HHG��ZKR�ZHUH��DV�IDU�DV�,�NQRZ��XQDZDUH�RI�)ORU\¶V�ZRUN��JDYH�WKH�IXOO�VROXWLRQ�IRU�JHQHUDO�GHJUHH
GLVWULEXWLRQ�
���

7KH�RQO\�H[FHSWLRQ�LV�ZKHQ�N� ���DW�WKH�WUDQVLWLRQ�SRLQW�
���

7UDGLWLRQDOO\�ȗ�[��LV�DFWXDOO\�GHILQHG�WR�KDYH�ILQLWH�YDOXHV�EHORZ�[� ���E\�DQDO\WLF�FRQWLQXDWLRQ��%XW�LQ
RXU�FDVH�ZH�DUH�UHDOO\�LQWHUHVWHG�LQ�WKH�YDOXH�RI�WKH�VXP� ��ZKLFK�GLYHUJHV�IRU�DOO�[�����
���

7KH� QXPHULFDO� VROXWLRQ� LV� VLPSOH�� ZH� MXVW� FKRRVH� D� VXLWDEOH� VWDUWLQJ� YDOXH� � � ZRUNV� ILQH�� DQG
LWHUDWH�(T�� ��������� XQWLO� LW� FRQYHUJHV�� )LIW\� LWHUDWLRQV� DUH� HDVLO\� HQRXJK� WR� JLYH� D� KLJKO\� DFFXUDWH
UHVXOW�
���

*LYHQ�WKH�MRLQW�GHJUHH�GLVWULEXWLRQ�ZH�FDQ�VWLOO��LI�ZH�ZLVK��FDOFXODWH�WKH�GLVWULEXWLRQV�RI�LQ±RU�RXW�
GHJUHHV�DORQH��7KH\�DUH�JLYHQ�E\



�

���

6WULFWO\� ZH� KDYH� QRW� VKRZQ� WKDW� D� JLDQW� FRPSRQHQW� DFWXDOO\� DSSHDUV� LI� WKH� FRQGLWLRQ� ��������� LV
VDWLVILHG��:H�KDYH�RQO\�VKRZQ�WKDW����������LV�D�QHFHVVDU\�FRQGLWLRQ�IRU�D�JLDQW�FRPSRQHQW�WR�DSSHDU�
+RZHYHU�� ZH� FDQ� JR� WKURXJK� DQ� DUJXPHQW� VLPLODU� WR� WKH� RQH� ZH�PDGH� IRU� WKH� XQGLUHFWHG� FDVH� LQ
6HFWLRQ� ����� WR� FRQYLQFH� RXUVHOYHV� WKDW� WKHUH� PXVW� EH� D� JLDQW� FRPSRQHQW� ZKHQ� WKH� FRQGLWLRQ� LV
VDWLVILHG�
���

)RU�D�GLVFXVVLRQ�VHH��IRU�LQVWDQFH��5HIV��>���@�DQG�>���@�
���

6LPRQ�KLPVHOI� FDOOHG� WKH�PHFKDQLVP� WKH�<XOH�SURFHVV �� LQ� UHFRJQLWLRQ�RI� WKH�VWDWLVWLFLDQ�8GQ\�<XOH�
ZKR�KDG�VWXGLHG�D�VLPSOH�YHUVLRQ�PDQ\�\HDUV�HDUOLHU�>���@�
���

7KH� PDLQ� FRQGLWLRQ� RQ� WKH� GLVWULEXWLRQ� LV� WKDW� LW� VKRXOG� KDYH� ILQLWH� YDULDQFH�� 7KLV� UXOHV� RXW�� IRU
H[DPSOH�� FDVHV� LQ�ZKLFK�ELEOLRJUDSKLHV�KDYH�D�SRZHU�ODZ�GLVWULEXWLRQ�RI� VL]HV�ZLWK� H[SRQHQW� OHVV
WKDQ�WKUHH��(PSLULFDO�HYLGHQFH�VXJJHVWV�WKDW�UHDO�ELEOLRJUDSKLHV�KDYH�DQ�XQH[FHSWLRQDEOH�GLVWULEXWLRQ
RI�VL]HV�ZLWK�D�PRGHVW�DQG�ILQLWH�YDULDQFH��VR�WKH�DVVXPSWLRQV�RI�3ULFH¶V�PRGHO�DUH�PHW�
���

7KH�WZR�IUDFWLRQV�DUH�LQ�IDFW�D��F���D��DQG�F��F���D���UHVSHFWLYHO\��DV�VKRZQ�LQ�6HFWLRQ��������
���

7KHUH� LV� QRWKLQJ� LQ� WKH� GHILQLWLRQ� RI� 3ULFH¶V�PRGHO� WR� SUHYHQW� D� SDSHU� IURP� OLVWLQJ� WKH� VDPH� RWKHU
SDSHU� WZLFH� LQ� LWV� ELEOLRJUDSK\�� VRPHWKLQJ� WKDW� GRHVQ¶W� KDSSHQ� LQ� UHDO� FLWDWLRQ� QHWZRUNV�� ,Q� WKH
ODQJXDJH� RI� JUDSK� WKHRU\�� VXFK� GRXEOH� FLWDWLRQV� ZRXOG� FRUUHVSRQG� WR� GLUHFWHG� PXOWLHGJHV� LQ� WKH
FLWDWLRQ� QHWZRUN� �VHH� 6HFWLRQ� ����� ZKLOH� WUXH� FLWDWLRQ� QHWZRUNV� DUH� VLPSOH� JUDSKV� KDYLQJ� QR
PXOWLHGJHV�� +RZHYHU�� DV� ZLWK� UDQGRP� JUDSK� PRGHOV�� WKH� SUREDELOLW\� RI� JHQHUDWLQJ� D� PXOWLHGJH
YDQLVKHV� LQ� WKH� OLPLW�RI� ODUJH�QHWZRUN�VL]H�DQG�VR� WKH�SUHGLFWLRQV�RI� WKH�PRGHO� LQ� WKLV� OLPLW�DUH�QRW
DOWHUHG�E\�DOORZLQJ�WKHP��DQG�GRLQJ�VR�PDNHV�WKH�PDWKHPDWLFDO�WUHDWPHQW�RI�WKH�PRGHO�PXFK�VLPSOHU�
���

,Q� WKHRU\�� LW� DOVR� LQFUHDVHV� E\� RQH� LI� D� YHUWH[� RI� LQ�GHJUHH�T� í� �� UHFHLYHV� WZR� QHZ� FLWDWLRQV�� DQG
VLPLODUO\�IRU�ODUJHU�QXPEHUV�RI�FLWDWLRQV��7KLV��KRZHYHU��ZRXOG�FUHDWH�D�PXOWLHGJH��DQG�PXOWLHGJHV��DV
ZH�KDYH�VDLG��DUH�YDQLVKLQJO\� LPSUREDEOH� LQ� WKH� OLPLW�RI� ODUJH�QHWZRUN�VL]H�� VR�ZH�FDQ� LJQRUH� WKLV
SRVVLELOLW\�
���

6WULFWO\�ZH�VKRXOG�ILUVW�SURYH�WKDW�WKH�GHJUHH�GLVWULEXWLRQ�KDV�DQ�DV\PSWRWLF�IRUP�LQ�WKH�OLPLW�RI�ODUJH
Q�DQG�GRHVQ¶W�JR�RQ�FKDQJLQJ�IRUHYHU��EXW�IRU�WKH�SXUSRVHV�RI�WKH�SUHVHQW�GLVFXVVLRQ�OHW�XV�DVVXPH�WKDW
WKHUH�LV�DQ�DV\PSWRWLF�IRUP�



���

7KH�SURRI�RI�WKLV�UHVXOW�LV�VLPSOH��PDNLQJ�XVH�RI�LQWHJUDWLRQ�E\�SDUWV�

ZKHUH�WKH�ERXQGDU\�WHUP�>���@�GLVDSSHDUV�DW�ERWK�OLPLWV�
���

7KH� LQWHJUDO� IRUP� FDQ� EH� GHULYHG� E\� PDNLQJ� XVH� RI� WKH� GHILQLWLRQ� RI� %�[�\�� LQ� WHUPV� RI� JDPPD
IXQFWLRQV�DQG�WKH�LQWHJUDO�IRUP�RI�WKH�JDPPD�IXQFWLRQ��(T����������

�

:H�FKDQJH�YDULDEOHV�WR�X� �V��V���W���Ȟ� �V���W��ZKLFK�LPSOLHV�V� �XȞ��W� ����í�X�Ȟ�DQG�D�-DFRELDQ�RI
Ȟ���JLYLQJ

�

7KH�ILUVW�LQWHJUDO��KRZHYHU��LV�HTXDO�WR�ī�[���\��E\�(T����������DQG�KHQFH�ZH�UHFRYHU�(T����������
���

6HH�IRU�LQVWDQFH�>��@�RU�>���@�
���

,W�PD\�QRW�EH� LPPHGLDWHO\�REYLRXV� WKDW�ʌ�����PXVW�HTXDO����7KHUH�LV�RQH�YHUWH[�LQ� WKH� WLPH�LQWHUYDO
EHWZHHQ�Ĳ� ���DQG�Ĳ� ���í���Q�DQG�LW�DOZD\V�KDV�LQ�GHJUHH�]HUR��2QH�YHUWH[�LV�D�IUDFWLRQ���Q�RI� WKH
ZKROH�QHWZRUN�� VR� WKHUH� LV���Q�RI� WKH�QHWZRUN� LQ�DQ� LQWHUYDO�RI�ZLGWK���Q��ZKLFK�FRUUHVSRQGV� WR�D
GHQVLW\�ʌ����� ���
���

7R�SURYH� WKLV�ZH� VHW�[� ��� LQ�(T�� �������� WR�JHW�ī�Q� �� ���ī����  �Q�Q�í���� ���� �� �Q�� DQG� IURP�(T�
��������ZH�KDYH� �
���

+LQW��\RX�ZLOO�SUREDEO\�QHHG�(T����������
���



$FWXDOO\�� WKH� SHDN� RQO\� H[LVWV� IRU� VPDOO� YDOXHV� RI�Ĳ� DQG� GLVDSSHDUV� RQFH�Ĳ� EHFRPHV� ODUJH� HQRXJK�
7KHUH�DUH�QR�SHDNV�LQ�WKH�GHJUHH�GLVWULEXWLRQ�IRU�WKH�Ĳ� �����DQG�Ĳ� �����FXUYHV�LQ�)LJ������E�
���

6DOJDQLN�HW� DO�� GLG� ILQG� D� ZHDN� HIIHFW� RI� VRQJ� TXDOLW\²VRQJV� WKDW� KDG� SURYHG� SRSXODU� ZKHQ� WKH
GRZQORDG� QXPEHUV� ZHUH� UHSRUWHG� IDLWKIXOO\� FRQWLQXHG� WR� GR� EHWWHU� WKDQ� H[SHFWHG� HYHQ� ZKHQ� WKH
GRZQORDG�QXPEHUV�ZHUH�PLVUHSRUWHG�
���

,Q�IDFW��0RRUH�HW�DO��JLYH�D�VROXWLRQ�IRU�D�PRGHO�LQ�ZKLFK�YHUWLFHV�UDWKHU�WKDQ�HGJHV�DUH�GHOHWHG��EXW
WKH�WZR�FDQ�EH�WUHDWHG�E\�YLUWXDOO\�WKH�VDPH�PHDQV��7KH�FDOFXODWLRQ�JLYHQ�KHUH�LV�DGDSWHG�IURP�WKHLU
ZRUN�ZLWK�RQO\�PLQRU�FKDQJHV�
���

$OVR�FDOOHG�WKH�WUDSH]LXP�UXOH�LQ�%ULWLVK�(QJOLVK�
���

([SOLFLW�H[SUHVVLRQV�DUH�NQRZQ�IRU�WKH�FRUUHFWLRQ�WHUPV��WKH�WHUPV�LQ�¦ �D��DQG�¦ �E��²WKH\�DUH�JLYHQ
LQ� WHUPV� RI� WKH� %HUQRXOOL� QXPEHUV� E\� WKH� VR�FDOOHG� (XOHU�0DFODXULQ� IRUPXOD� >�@²EXW� WKH\¶UH� QRW
QHFHVVDU\�LQ�RXU�DSSOLFDWLRQ�EHFDXVH�WKH�FRUUHFWLRQ�WHUPV�YDQLVK�DQ\ZD\�
���

$OWKRXJK�� FRQIXVLQJO\�� SHRSOH� RIWHQ� VWLOO� FDOO� LW� D� VWUHWFKHG� H[SRQHQWLDO� HYHQ�ZKHQ� WKH� H[SRQHQW� LV
JUHDWHU�WKDQ�RQH��7KLV�FDVH�VKRXOG�UHDOO\�EH�FDOOHG�D�³VTXHH]HG�H[SRQHQWLDO�´
���

7KH�PRVW� JHQHUDO� IRUP�RI� OLQHDU� NHUQHO�ZRXOG� EH�DN� �Ș� ��  �¦� �Ș� ��N� ZKHUH�¦� �Ș� �� LV� DQ� LQFUHDVLQJ
IXQFWLRQ�RI�Ș��+RZHYHU��WKLV�IRUP�FDQ�EH�WXUQHG�LQWR�WKH�RQH�DERYH�E\�D�VLPSOH�FKDQJH�RI�YDULDEOHV�WR
Ș¶� �¦��Ș���VR�LQ�IDFW�ZH�DUH�QRW�ORVLQJ�DQ\�JHQHUDOLW\�E\�DVVXPLQJ�DN��Ș�� �ȘN�
���

7KH�FDOFXODWLRQ�LV�HVVHQWLDOO\�WKH�VDPH�DV�WKH�RQH�OHDGLQJ�WR�(T����������
���

%LDQFRQL� DQG�%DUDEiVL��ZKR� DUH� SK\VLFLVWV�� VROYHG� WKHLU�PRGHO� LQLWLDOO\� E\� VKRZLQJ� WKDW� LW� FDQ� EH
PDSSHG�RQWR�WKH�VWDQGDUG�SK\VLFV�SUREOHP�RI�³%RVH�(LQVWHLQ�FRQGHQVDWLRQ´�LQ�DQ�HQVHPEOH�RI�QRQ�
LQWHUDFWLQJ�ERVRQV��)RU�D�SK\VLFLVW�DOUHDG\�IDPLOLDU�ZLWK�%RVH�(LQVWHLQ�FRQGHQVDWLRQ��WKLV�SURYLGHV�D
TXLFN�DQG�HOHJDQW�ZD\�RI�GHULYLQJ�D�VROXWLRQ��)RU�QRQ�SK\VLFLVWV��RQ�WKH�RWKHU�KDQG�� WKH�PDSSLQJ�LV
SUREDEO\�QRW�YHU\�LOOXPLQDWLQJ�
���

7KH�PRGHO�LV��LQ�WKLV�UHVSHFW��UHPLQLVFHQW�RI�WKH�PXFK�VLPSOHU�DQG�ROGHU�PRGHO�RI�D�JURZLQJ�V\VWHP
FDOOHG�3yO\D V�XUQ��,Q�WKLV�PRGHO�DQ�XUQ��L�H���D�ODUJH�SRW��LQLWLDOO\�FRQWDLQV�WZR�EDOOV��RQH�JUHHQ�DQG
RQH�UHG��5HSHDWHGO\�ZH�GUDZ�RQH�EDOO�DW� UDQGRP�IURP�WKH�XUQ�DQG�UHSODFH�LW�ZLWK� WZR�RI� WKH�VDPH
FRORU��,Q�WKH�OLPLW�ZKHUH�WKH�QXPEHU�RI�EDOOV�EHFRPHV�ODUJH��WKH�IUDFWLRQ�RI�JUHHQ��RU�UHG��EDOOV�WHQGV
WR�D�FRQVWDQW��EXW�WKH�YDOXH�RI�WKDW�FRQVWDQW�LV�HQWLUHO\�XQSUHGLFWDEOH²LW�GHSHQGV�RQ�WKH�GHWDLOV�RI�WKH



IOXFWXDWLRQV� LQ� WKH�QXPEHUV� RI�EDOOV� DW� WKH�HDUO\� VWDJHV� RI� WKH�JURZWK�SURFHVV� DQG�DOO� YDOXHV�RI� WKH
FRQVWDQW�DUH�HTXDOO\�OLNHO\�LQ�WKH�Q�ĺ���OLPLW�
���

7KH� VWDWLVWLFV� RI� WKHVH� OHDGHU� FKDQJHV� DUH� WKHPVHOYHV� QRQ�WULYLDO�� 7KH\� REH\� D� VR�FDOOHG�UHFRUG
G\QDPLFV��DQ�LQWHUHVWLQJ�QRQ�VWDWLRQDU\�SURFHVV�WKDW�KDV�EHHQ�VWXGLHG�LQ�LWV�RZQ�ULJKW��IRU�H[DPSOH�E\
6LEDQL�DQG�/LWWOHZRRG�>���@�
���

:H�XVH�WKH�ZRUG�³FRS\LQJ´�ILJXUDWLYHO\�KHUH��EXW�LQ�IDFW�WKHUH�LV�HYLGHQFH�WR�VXJJHVW�WKDW�VRPH�SHRSOH
UHDOO\� GR� MXVW� FRS\� FLWDWLRQV� IURP� RWKHU� SDSHUV�� SRVVLEO\�ZLWKRXW� HYHQ� ORRNLQJ� DW� WKH� FLWHG� SDSHU�
6LPNLQ�DQG�5R\FKRZGKXU\�>�������@�KDYH�QRWHG� WKDW� WKHUH� LV�D�VWDWLVWLFDOO\�VXUSULVLQJ�UHJXODULW\� WR
WKH�W\SRJUDSKLFDO�HUURUV�SHRSOH�PDNH�LQ�FLWLQJ�SDSHUV��)RU�LQVWDQFH��PDQ\�GLIIHUHQW�DXWKRUV�ZLOO�XVH
WKH�VDPH�ZURQJ�SDJH�QXPEHU�LQ�FLWLQJ�D�SDUWLFXODU�SDSHU��ZKLFK�VXJJHVWV�WKDW�UDWKHU�WKDQ�FRS\LQJ�WKH
FLWDWLRQ� IURP� WKH�SDSHU� LWVHOI�� WKH\�KDYH�FRSLHG� LW� IURP�DQ�HUURQHRXV�HQWU\� LQ�DQRWKHU�ELEOLRJUDSK\�
7KLV�GRHV�QRW�SURYH�WKDW�WKH\�GLG�QRW�UHDG�WKH�SDSHU�LQ�TXHVWLRQ��EXW�LW�PDNHV�LW�PRUH�OLNHO\²LI�WKH\
KDG�DFWXDOO\� ORRNHG�XS�WKH�SDSHU�� WKHUH� LV�D�JRRG�FKDQFH� WKH\�ZRXOG�KDYH�QRWLFHG� WKDW� WKH\�KDG�WKH
SDJH�QXPEHU�ZURQJ�
���

.OHLQEHUJ�HW�DO�� WKHPVHOYHV� SURSRVHG� D� GLIIHUHQW�PRGHO� RI� WKH� FRS\LQJ� SURFHVV� LQ� WKHLU� SDSHU�� EXW
WKHLU�PRGHO�LV�TXLWH�FRPSOH[�DQG�GRHVQ¶W�OHQG�LWVHOI�HDVLO\�WR�DQDO\VLV��7KH�PRGHO�GHVFULEHG�KHUH�LV�D
VLPSOLILHG�UHDOL]DWLRQ�WKDW�SRVVHVVHV�WKH�LPSRUWDQW�IHDWXUHV�RI�WKH�SURFHVV�ZKLOH�UHPDLQLQJ�UHODWLYHO\
WUDFWDEOH��:H�QRWH�DOVR�WKDW�.OHLQEHUJ�HW�DO��ZHUH�QRW�LQ�IDFW�FRQFHUQHG�ZLWK�FLWDWLRQ�QHWZRUNV�LQ�WKHLU
SDSHU�� 7KHLU� IRFXV� ZDV� WKH�:RUOG�:LGH�:HE��:H� XVH� WKH� ODQJXDJH� RI� FLWDWLRQ� QHWZRUNV� KHUH� WR
HPSKDVL]H�WKH�SDUDOOHOV�ZLWK�3ULFH¶V�PRGHO��EXW�WKH�GLVFXVVLRQ�FRXOG�HTXDOO\�KDYH�EHHQ�IUDPHG�LQ�WKH
ODQJXDJH�RI�WKH�:HE�
���

,Q� VLPSO\� DGGLQJ� WRJHWKHU� RXU� SUREDELOLWLHV�ZH� DUH� WHFKQLFDOO\�ZULWLQJ�GRZQ� DQ� H[SUHVVLRQ� IRU� WKH
H[SHFWHG� QXPEHU� RI� QHZ� HGJHV� WKH� YHUWH[� UHFHLYHV�� UDWKHU� WKDQ� WKH� SUREDELOLW\� RI� UHFHLYLQJ� D� QHZ
HGJH��+RZHYHU��LQ�WKH�OLPLW�RI�ODUJH�Q�WKH�WZR�EHFRPH�WKH�VDPH�
���

7KLV�LV�D�UHODWLYHO\�UHFHQW�GHYHORSPHQW��DW�OHDVW�LQ�WKH�8QLWHG�6WDWHV��ZKHUH�LQGXVWU\�UHJXODWLRQV�PDGH
WKH� KXE�DQG�VSRNH� V\VWHP� LPSUDFWLFDO� XQWLO� ������$IWHU� UHJXODWLRQV� ZHUH� OLIWHG� WKH� KXE�DQG�VSRNH
V\VWHP�ZDV�UDSLGO\�DGRSWHG�E\�PRVW�RI�WKH�PDMRU�DLUOLQHV��+XE�DQG�VSRNH�V\VWHPV�ZHUH�DOVR�DGRSWHG
E\�WKH�SDFNDJH�GHOLYHU\�LQGXVWU\�DURXQG�WKH�VDPH�WLPH�
���

7KH� GHULYDWLRQ� RI� WKLV� UHVXOW� LV� DV� IROORZV�� ,I�Ȝ� LV� VXIILFLHQWO\� ODUJH� WKHQ�� DV� ZH� KDYH� VKRZQ�� WKH
RSWLPDO�QHWZRUN�LV�WKH�VWDU�JUDSK��,I�ZH�QRZ�UHGXFH�Ȝ�VORZO\�WKHQ�DW�VRPH�SRLQW�ZH�HQWHU�D�UHJLPH�LQ
ZKLFK� WKH� FRVW� RI� DGGLQJ� DQ� HGJH� LV� VXIILFLHQWO\� RIIVHW� E\� WKH� FRUUHVSRQGLQJ� UHGXFWLRQ� LQ� WKH�PHDQ
JHRGHVLF�GLVWDQFH�WKDW�LW�EHFRPHV�ZRUWKZKLOH�WR�DGG�HGJHV�EHWZHHQ�WKH�³VSRNH´�YHUWLFHV�LQ�WKH�VWDU
JUDSK��7R�FDOFXODWH�WKH�SRLQW�DW�ZKLFK�VXFK�DGGLWLRQV�EHFRPH�EHQHILFLDO�OHW�XV�WDNH�RXU�VWDU�JUDSK�DQG
DGG�WR�LW�VRPH�QXPEHU�U�RI�H[WUD�HGJHV��1HFHVVDULO\�WKHVH�HGJHV�IDOO�EHWZHHQ�WKH�VSRNH�YHUWLFHV��VLQFH



WKHUH� LV�QRZKHUH�HOVH�IRU� WKHP�IDOO��DQG�LQ�GRLQJ�VR�WKH\�IRUP�SDWKV�RI� OHQJWK�RQH�EHWZHHQ�SDLUV�RI
YHUWLFHV�ZKRVH�SUHYLRXV�VKRUWHVW�SDWK�ZDV�RI�OHQJWK�WZR��7KH�VKRUWHVW�SDWKV�EHWZHHQ�QR�RWKHU�YHUWLFHV
DUH�DIIHFWHG�E\�WKH�DGGLWLRQ��7KXV�WKH�WRWDO�QXPEHU�RI�YHUWH[�SDLUV�FRQQHFWHG�E\�SDWKV�RI�OHQJWK���LV�Q��
�� ��U�DQG�DOO� WKH�UHVW�KDYH�SDWKV�RI� OHQJWK�WZR��7KHQ�WKH�PHDQ�JHRGHVLF�GLVWDQFH��DV�GHILQHG� LQ�(T�
�������LV

�7KH� OHDGLQJ� IDFWRU� RI� WZR� FRPHV� IURP� WKH� IDFW� WKDW� WKH� VXP� RYHU�L�� M� FRXQWV� HDFK� SDLU� RI� YHUWLFHV
WZLFH��
6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ��DORQJ�ZLWK�P� �Q�������U��LQWR�(T�����������WKHQ�JLYHV

�

7KLV�ZLOO�GHFUHDVH�ZLWK�JURZLQJ�U�RQO\�LI�WKH�TXDQWLW\�LQ�VTXDUH�EUDFNHWV�>���@�LV�QHJDWLYH��L�H���LI

�

,I�WKLV�FRQGLWLRQ�LV�VDWLVILHG�WKHQ�LW�EHFRPHV�DGYDQWDJHRXV�WR�DGG�HGJHV�EHWZHHQ�WKH�VSRNH�YHUWLFHV�
DQG�WR�NHHS�RQ�GRLQJ�VR�XQWLO�WKH�QHWZRUN�EHFRPHV�D�FRPSOHWH�JUDSK��ZLWK�HYHU\�YHUWH[�FRQQHFWHG�WR
HYHU\�RWKHU��7KXV�WKHUH�LV�D�GLVFRQWLQXRXV�WUDQVLWLRQ�EHWZHHQ�WZR�EHKDYLRUV²WKH�VWDU�JUDSK�DQG�WKH
FRPSOHWH�JUDSK²DW�WKH�SRLQW�Ȝ� ����Q��������5HDO�GLVWULEXWLRQ�DQG�WUDQVSRUWDWLRQ�QHWZRUNV�DSSHDU�WR
EH�LQ�WKH�VWDU�JUDSK�UHJLPH�
���

6WULFWO\�LW¶V�໌�P���Fໍ��ZKHUH�໌[ໍ�LV�WKH�VPDOOHVW�LQWHJHU�QRW�OHVV�WKDQ�[�
���

,Q� IDFW�� LQ� WKH�RULJLQDO� VPDOO�ZRUOG�PRGHO�� DV�GHILQHG�E\�:DWWV� DQG�6WURJDW]��RQO\�RQH�HQG�RI�HDFK
HGJH²VD\� WKH�PRUH� FORFNZLVH� HQG²ZDV� UHZLUHG� DQG� WKH�RWKHU� OHIW�ZKHUH� LW�ZDV��7KLV�� KRZHYHU�
UHVXOWV�LQ�D�PRGHO�WKDW�QHYHU�EHFRPHV�D�WUXH�UDQGRP�JUDSK�HYHQ�ZKHQ�DOO�HGJHV�DUH�UHZLUHG��DV�RQH
FDQ�HDVLO\�VHH��VLQFH�HDFK�YHUWH[�LV�VWLOO�DWWDFKHG�WR�KDOI�RI�LWV�RULJLQDO�HGJHV�DQG�KHQFH�ZRXOG�KDYH
GHJUHH� DW� OHDVW� �� ,Q�D� WUXH� UDQGRP�JUDSK� WKHUH� LV�QR� VXFK�FRQVWUDLQW�RQ�GHJUHHV��YHUWLFHV�FDQ�KDYH
GHJUHHV� RI� DQ\� YDOXH� EHWZHHQ� ]HUR� DQG�Q� í� ��� 7KH� RULJLQDO� PRGHO� DOVR� LPSRVHG� VRPH� RWKHU
FRQVWUDLQWV��VXFK�DV�WKH�FRQVWUDLQW�WKDW�QR�WZR�HGJHV�PD\�FRQQHFW�WKH�VDPH�YHUWH[�SDLU��7KLV�FRQVWUDLQW
FRXOG�EH�LPSRVHG�LQ�WKH�YHUVLRQ�ZH�GLVFXVV�KHUH��DOWKRXJK�LW�PDNHV�OLWWOH�GLIIHUHQFH�LQ�SUDFWLFH��VLQFH
WKH�QXPEHU�RI�VXFK�PXOWLHGJHV�LV�RI�RUGHU���Q�LQ�WKH�OLPLW�RI�ODUJH�Q�DQG�WKHUHIRUH�WKH�PXOWLHGJHV�PDNH
D�VPDOO�FRQWULEXWLRQ�WR�DQ\�UHVXOWV�LI�WKH�QHWZRUN�LV�ODUJH�



���

(TXLYDOHQWO\�� RQH� FRXOG� MXVW� VD\� WKDW� WKH� QXPEHU� RI� VKRUWFXWV� DGGHG� LV� GUDZQ� IURP� D� 3RLVVRQ
GLVWULEXWLRQ�ZLWK�PHDQ� �
���

:H�FRQVLGHU�DOO�HGJHV�� LQFOXGLQJ� WKH�VKRUWFXWV�� WR�EH�WKH�VDPH�OHQJWK��HYHQ� WKRXJK�WKH�VKRUWFXWV�DUH
GUDZQ�DV�EHLQJ�ORQJHU�LQ�ILJXUHV�OLNH�)LJ��������:H�DUH�UHJDUGLQJ�WKH�QHWZRUN�DV�D�SXUHO\�WRSRORJLFDO
REMHFW��QRW�D�VSDWLDO�RQH�
���

1RWH�WKDW�WKH�QXPEHU�RI�VKRUWFXWV�FDQ�EH�ODUJH�HYHQ�ZKHQ�WKH�GHQVLW\�RI�VKRUWFXWV�UHPDLQV�VPDOO��DV�LW
PXVW�IRU�WKH�VFDOLQJ�IRUP���������WR�EH�YDOLG�DW�DOO�
���

,Q� WKH� VRFLRORJ\� OLWHUDWXUH� H[SRQHQWLDO� UDQGRP� JUDSKV� DUH� DOVR� FDOOHG�S�VWDU� PRGHOV� �VRPHWLPHV
ZULWWHQ�³S´��
���

2QH�FDQ�DOVR�GHILQH�H[SRQHQWLDO�UDQGRP�JUDSKV�PRGHOV�IRU�VHWV� WKDW� LQFOXGH�QRQ�VLPSOH�JUDSKV��EXW
WKH�FDVH�FRQVLGHUHG�KHUH�RI�VLPSOH�JUDSKV�LV�WKH�PRVW�FRPPRQO\�VWXGLHG�RQH�
���

6RPHWLPHV�WKH�JUDSK�+DPLOWRQLDQ�LV�GHILQHG�WR�EH�PLQXV�WKLV�TXDQWLW\�DQG�D�FRUUHVSRQGLQJ�PLQXV�VLJQ
LV�LQWURGXFHG�LQ�(T�����������7KLV�LV�E\�DQDORJ\�ZLWK�VLPLODU�TXDQWLWLHV�LQ�VWDWLVWLFDO�SK\VLFV��ZKHUH
WKH� +DPLOWRQLDQ� LV� DQ� HQHUJ\� IXQFWLRQ� DQG� ORZHU� HQHUJLHV� FRUUHVSRQG� WR� KLJKHU� SUREDELOLWLHV�� ,Q
VWXGLHV�RI�QHWZRUNV��KRZHYHU��WKH�GHILQLWLRQV�DUH�PRVW�FRPPRQO\�DV�JLYHQ�KHUH�
���

7KRVH�IDPLOLDU�ZLWK�IUHH�HQHUJ\�LQ� LWV�RULJLQDO� WKHUPRG\QDPLF�FRQWH[W�PD\�ILQG� WKLV�H[SUHVVLRQ�RGG
EHFDXVH� LW� YDULHV�ZLWK�QHWZRUN� VL]H� DV�Q�� WR� OHDGLQJ�RUGHU�� ,Q� WKHUPRG\QDPLF� V\VWHPV��E\�FRQWUDVW�
IUHH� HQHUJ\� LV� DOZD\V� GLUHFWO\� SURSRUWLRQDO� WR� V\VWHP� VL]H�� +RZHYHU� WKH� GHJUHHV� RI� IUHHGRP� RU
³SDUWLFOHV´� LQ�RXU�QHWZRUN�DUH�UHDOO\� WKH�HGJHV��RU�DEVHQFH�RI�HGJHV��EHWZHHQ�YHUWH[�SDLUV��QRW� WKH
YHUWLFHV�WKHPVHOYHV��DQG�WKHUH�DUH� �YHUWH[�SDLUV��ZKLFK�LV�ZK\�(T����������LV�SURSRUWLRQDO�WR� �
���

:H�HQFRXQWHUHG�FRQWLQXRXV�SKDVH�WUDQVLWLRQV�SUHYLRXVO\�LQ�&KDSWHUV����DQG���²WKH�SRLQW�DW�ZKLFK
WKH� JLDQW� FRPSRQHQW� ILUVW� DSSHDUV� LQ� D� UDQGRP� JUDSK� LV� D� FRQWLQXRXV� SKDVH� WUDQVLWLRQ�� DOWKRXJK
DGPLWWHGO\� LW� LV�QRW�REYLRXV� WKDW� WKHUH� LV�D�FRQQHFWLRQ�EHWZHHQ� WKH�EHKDYLRU�RI� WKH�JLDQW�FRPSRQHQW
DQG� WKDW� VHHQ� LQ� )LJ�� ������ 7KH� VWXG\� RI� SKDVH� WUDQVLWLRQV� LV� DQ� LQWULJXLQJ� DQG� EHDXWLIXO� EUDQFK� RI
SK\VLFV�WKDW�KDV�LPSRUWDQW�LPSOLFDWLRQV�LQ�DUHDV�DV�GLYHUVH�DV�VXSHUFRQGXFWLYLW\��HOHPHQWDU\�SDUWLFOHV�
DQG� WKH� RULJLQ� RI� WKH� XQLYHUVH�� 5HDGHUV� LQWHUHVWHG� LQ� OHDUQLQJ�PRUH� DUH� HQFRXUDJHG� WR� FRQVXOW�� IRU
H[DPSOH��WKH�ERRN�E\�<HRPDQV�>���@�
���

,I� \RX¶UH� LQWHUHVWHG� LQ� WKH� VWXG\� RI� SHUFRODWLRQ� LQ� SK\VLFV� WKH� ERRN�E\�6WDXIIHU� DQG�$KDURQ\� >���@



FRQWDLQV� D� ORW� RI� LQWHUHVWLQJ�PDWHULDO� RQ� WKH� VXEMHFW�� DOWKRXJK�PRVW� RI� LW� LV� QRW� GLUHFWO\� UHOHYDQW� WR
SHUFRODWLRQ�RQ�QHWZRUNV�
���

,Q�PRVW�RI�WKH�SK\VLFV�OLWHUDWXUH�RQ�SHUFRODWLRQ�WKH�RFFXSDWLRQ�SUREDELOLW\�LV�GHQRWHG�S��EXW�ZH�XVH�ĳ
EHFDXVH�WKH�OHWWHU�S�LV�XVHG�IRU�PDQ\�RWKHU�WKLQJV�LQ�WKH�WKHRU\�RI�QHWZRUNV�DQG�FRXOG�FDXVH�FRQIXVLRQ�
���

,Q�PRVW�RI� WKH� OLWHUDWXUH�RQ�SHUFRODWLRQ� WKHRU\�� WKH�JLDQW�FOXVWHU� LV�FDOOHG� WKH�VSDQQLQJ�FOXVWHU��7KH
UHDVRQ�LV�WKDW�PRVW�ZRUN�RQ�SHUFRODWLRQ�KDV�FRQVLGHUHG�ORZ�GLPHQVLRQDO�ODWWLFHV�VXFK�DV�WKH�VTXDUH
ODWWLFH��2Q�VXFK�ODWWLFHV�WKH�JLDQW�FOXVWHU�LV�GLVWLQJXLVKHG�E\�EHLQJ�WKH�RQO\�FOXVWHU�WKDW�VSDQV�WKH�ODWWLFH
IURP�RQH�VLGH�WR�WKH�RWKHU�LQ�WKH�OLPLW�RI�ODUJH�Q��7KHUH�LV�QR�HTXLYDOHQW�SKHQRPHQRQ�IRU�SHUFRODWLRQ
RQ�JHQHUDO�QHWZRUNV��KRZHYHU��VLQFH�QHWZRUNV�GRQ¶W�KDYH�³VLGHV�´�VR�WKH�FRQFHSW�RI�VSDQQLQJ�LV�QRW�D
XVHIXO�RQH�
���

7KLV�VROXWLRQ�RI�WKH�SHUFRODWLRQ�SUREOHP�KDV�D�KLVWRU\�VWUHWFKLQJ�EDFN�VRPH�\HDUV��,Q�������)LVKHU�DQG
(VVDP�>���@�GHULYHG�D�VROXWLRQ�IRU�SHUFRODWLRQ�RQ�UHJXODU�WUHHV��FDOOHG�&D\OH\�WUHHV�RU�%HWKH�ODWWLFHV
LQ�SK\VLFV���ZKLFK� LV� HTXLYDOHQW� WR� WKH� VROXWLRQ�JLYHQ�KHUH� IRU� WKH�FDVH�ZKHUH�HYHU\�YHUWH[�KDV� WKH
VDPH�GHJUHH��7KH�GHYHORSPHQWV�IRU�JHQHUDO�GHJUHH�GLVWULEXWLRQV��KRZHYHU��ZHUH�QRW�JLYHQ�WLOO�VRPH
GHFDGHV�ODWHU�>�����@�
���

)URP�(T�����������ZH�NQRZ�WKDW�D�FRQILJXUDWLRQ�PRGHO�QHWZRUN�KDV�D�JLDQW�FRPSRQHQW�LI�DQG�RQO\�LI�
��DQG�WKXV�ORVHV�LWV�JLDQW�FRPSRQHQW�DW�WKH�SRLQW�ZKHUH�J ������ ����6XEVWLWXWLQJ�IURP�(T����������

RXU�QHWZRUN�ORVHV�LWV�JLDQW�FRPSRQHQW�ZKHQ����HȜ�í���� ����L�H���ZKHQ�Ȝ� �OQ����6HH�DOVR�3UREOHP�����
RQ�SDJH�����IRU�DQRWKHU�GHULYDWLRQ�RI�WKLV�UHVXOW�
���

$�SKDVH�WUDQVLWLRQ�LV�FRQWLQXRXV�LI�WKH�TXDQWLW\�RI�LQWHUHVW��DOVR�FDOOHG�WKH�RUGHU�SDUDPHWHU��6�LQ�WKLV
FDVH���LV�]HUR�RQ�RQH�VLGH�RI�WKH�WUDQVLWLRQ�DQG�QRQ�]HUR�RQ�WKH�RWKHU��EXW�LWV�YDOXH�LV�FRQWLQXRXV�DW�WKH
WUDQVLWLRQ�LWVHOI��7KH�DOWHUQDWLYH�WR�D�FRQWLQXRXV�SKDVH�WUDQVLWLRQ�LV�D�ILUVW�RUGHU�SKDVH�WUDQVLWLRQ�� LQ
ZKLFK�WKH�RUGHU�SDUDPHWHU�MXPSV�GLVFRQWLQXRXVO\�DV�LW�FURVVHV�WKH�WUDQVLWLRQ�SRLQW�
���

7KLV�H[FOXGHV�WKH�SRZHU�ODZ�FDVH�VKRZQ�LQ�)LJ��������ZKLFK�LV�GLVFXVVHG�VHSDUDWHO\�EHORZ�
���

7R�EH�PRUH�SUHFLVH�� WKH� WUDQVLWLRQ� LV� D�VHFRQG�RUGHU� WUDQVLWLRQ²RQH�ZKHUH� WKH�RUGHU�SDUDPHWHU� LV
FRQWLQXRXV�DW�WKH�WUDQVLWLRQ�EXW�LWV�GHULYDWLYH�LV�QRW�
���

,I�ZH�ZDQW�WR�EH�PRUH�FDUHIXO�DQG�NHHS�WUDFN�RI�WKH�FRUUHFWLRQ�WHUPV�ZH�FDQ�PDNH�XVH�RI�(T���������
DQG�LQWHJUDWH�(T����������WR�VKRZ�WKDW�J���X�� ���í�N� ���í�X�� ��F��� í�X�ȕ�����ȕ�������7KH�ODVW�WHUP
YDQLVKHV�IDVWHU�WKDQ�WKRVH�EHIRUH�LW�DV�X�ĺ���EHFDXVH�ȕ�!���DQG�KHQFH�J��X�� ���í�N����í�X���7KLV�LV



DW� ILUVW� VOLJKWO\� VXUSULVLQJ²RQH�ZRXOG� LPDJLQH� WKDW� WKH�FRUUHFWLRQ� WHUP�RXJKW� WR�EH�2���í�X��²EXW
WKLV�W\SH�RI�EHKDYLRU�LV�FRPPRQ�ZLWK�SRZHU�ODZ�GLVWULEXWLRQV�
���

7R�WKH�H[WHQW�WKDW�RQH�FDQ�UHJDUG�D�SRZHU�ODZ�QHWZRUN�DV�KDYLQJ�D�SHUFRODWLRQ�WUDQVLWLRQ�DW�ĳ� ���LW�LV
LQWHUHVWLQJ�WR�DVN�ZKDW�WKH�RUGHU�RI�WKLV�WUDQVLWLRQ�LV��7KH�DQVZHU�LV�XQFOHDU�VLQFH�(T����������GRHVQ¶W
SHUIHFWO\� ILW� WKH� VWDQGDUG� IRUPV� IRU� FRQWLQXRXV� SKDVH� WUDQVLWLRQV�� ,I� ZH� GHILQH� D� WUDQVLWLRQ� WR� EH
VHFRQG�RUGHU�LI�WKH�RUGHU�SDUDPHWHU�LV�FRQWLQXRXV�DW�WKH�WUDQVLWLRQ�DQG�WKLUG�RUGHU�LI�LWV�GHULYDWLYH�LV
FRQWLQXRXV��WKHQ�WKH�WUDQVLWLRQ�LV�WKLUG�RUGHU�LQ�WKLV�FDVH��%XW�RQH�FRXOG�DOVR�DUJXH�WKDW�WKH�WUDQVLWLRQ�LV
RI� IUDFWLRQDO� RUGHU� EHWZHHQ� WZR� DQG� WKUHH� VLQFH� LW� YDULHV� IURP� ]HUR� DV� D� IUDFWLRQDO� SRZHU� RI� WKH
RFFXSDWLRQ�SUREDELOLW\�ĳ�
���

,I� \RX� ORRN� DW� WKH� HSLGHPLRORJ\� OLWHUDWXUH� \RX�ZLOO� VRPHWLPHV� VHH� WKH� LQIHFWHG� VWDWH� UHIHUUHG� WR� DV
³LQIHFWLYH�´�7KHUH¶V�QR�GLIIHUHQFH�EHWZHHQ�WKH�WZR�WHUPV��WKH\�DUH�V\QRQ\PRXV��<RX�PD\�DOVR�VHH�WKH
ZRUG� ³LQIHFWLRXV´� XVHG�� EXW� WKLV� PD\�PHDQ� VRPHWKLQJ� VOLJKWO\� GLIIHUHQW��$V� GLVFXVVHG� ODWHU� LQ� WKH
FKDSWHU��PRUH�VRSKLVWLFDWHG�PRGHOV�RI�GLVHDVH�GLVWLQJXLVK�EHWZHHQ�D�VWDWH�LQ�ZKLFK�DQ�LQGLYLGXDO�KDV
D�GLVHDVH�EXW� LW�KDV�QRW�\HW�GHYHORSHG� WR� WKH�SRLQW�ZKHUH� WKH� LQGLYLGXDO� FDQ�SDVV� LW�RQ��DQG�D� VWDWH
ZKHUH�WKH\�FDQ�SDVV�LW�RQ��7KLV�ODWWHU�VWDJH�LV�VRPHWLPHV�FDOOHG�WKH�³LQIHFWLRXV´�VWDJH��D�QDPH�FKRVHQ
WR�HPSKDVL]H�WKDW�WKH�GLVHDVH�FDQ�EH�FRPPXQLFDWHG���7KH�IRUPHU�VWDWH�LV�XVXDOO\�FDOOHG�WKH�³H[SRVHG´
VWDWH���,Q� WKH�SUHVHQW�VLPSOH� WZR�VWDWH�PRGHO��KRZHYHU�� WKHUH� LV�QR�GLIIHUHQFH�EHWZHHQ� LQIHFWHG�DQG
LQIHFWLRXV��DOO�LQGLYLGXDOV�ZKR�DUH�RQH�DUH�DOVR�WKH�RWKHU�
���

,W�PLJKW�EH�PRUH� ORJLFDO� WR�XVH�,�W�� IRU� WKH�QXPEHU� LQIHFWHG��DQG�PDQ\�DXWKRUV�GR�VR��EXW�ZH�XVH�;
LQVWHDG�WR�DYRLG�ODWHU�FRQIXVLRQ�ZLWK�WKH�LQGH[�L�XVHG�WR�ODEHO�YHUWLFHV�
���

)RU�FRQYHQLHQFH�ZH�ZLOO�XVXDOO\�GURS� WKH�H[SOLFLW�W�GHSHQGHQFH� RI�6�W�� DQG�;�W�� DQG�� DV� KHUH�� MXVW
ZULWH�6�DQG�;�
���

7KHUH�DUHQ¶W�PDQ\�GLVHDVHV�WKDW�UHDOO\�VDWXUDWH�WKHLU�SRSXODWLRQ�OLNH�WKLV��0RVW�UHDO�GLVHDVHV�WKDW�GRQ¶W
NLOO�WKHLU�YLFWLPV�DUH�HYHQWXDOO\�GHIHDWHG�E\�WKH�LPPXQH�V\VWHP��,Q�DGGLWLRQ��IRU�PDQ\�GLVHDVHV�VRPH
IUDFWLRQ�RI�WKH�SRSXODWLRQ�KDV�D�QDWXUDO�LPPXQLW\�WKDW�SUHYHQWV�WKHP�IURP�EHLQJ�LQIHFWHG��PHDQLQJ�WKDW
ZKHQ� H[SRVHG� WR� WKH� SDWKRJHQ� WKHLU� LPPXQH� V\VWHP� VHHV� LW� RII� VR� TXLFNO\� WKDW� WKH\� QHYHU� EHFRPH
LQIHFWLRXV���$QG�VRPH�GLVHDVHV�VSUHDG�VR�VORZO\�WKDW�D�ODUJH�IUDFWLRQ�RI�WKH�SRSXODWLRQ�QHYHU�FDWFKHV
WKHP�EHFDXVH�WKH\�GLH�RI�RWKHU�FDXVHV�ILUVW��1RQH�RI�WKHVH�SKHQRPHQD�LV�UHSUHVHQWHG�LQ�WKLV�PRGHO�
���

7KLV�LV�RQO\�DSSUR[LPDWHO\�WUXH��,I�SHRSOH�UHDOO\�GR�KDYH�D�FHUWDLQ�DYHUDJH�QXPEHU�RI�FRQWDFWV�SHU�XQLW
WLPH�DQG�DVVXPLQJ� WKRVH�FRQWDFWV� DUH�ZLWK� OLYLQJ�SHRSOH�� WKHQ� WKH�SUHVHQFH�RI� OLYLQJ�EXW� UHFRYHUHG
SHRSOH�LQ�WKH�SRSXODWLRQ�UHGXFHV�WKH�QXPEHU�RI�FRQWDFWV�EHWZHHQ�LQIHFWHG�DQG�VXVFHSWLEOH�LQGLYLGXDOV�
,I�� RQ� WKH� RWKHU� KDQG�� SHRSOH� GLH� UDWKHU� WKDQ� UHFRYHU� IURP� WKH� GLVHDVH� WKHQ� RQO\� VXVFHSWLEOH� DQG
LQIHFWHG� LQGLYLGXDOV� DUH� DOLYH� DQG� WKH� QXPEHU� RI� FRQWDFWV� EHWZHHQ� WKHP� ZLOO� EH� FRUUHVSRQGLQJO\
JUHDWHU��,Q�HIIHFW��D�SHUVRQ�ZKRVH�DFTXDLQWDQFH�GLHV�IURP�WKH�GLVHDVH�ZLOO��RQ�DYHUDJH��JDLQ�RQH�QHZ



DFTXDLQWDQFH�IURP�DPRQJ�WKH�OLYLQJ�WR�UHSODFH�WKHP��DQG�WKDW�QHZ�DFTXDLQWDQFH�PLJKW�EH�LQIHFWHG��RU
PLJKW�EHFRPH�LQIHFWHG��WKHUHE\�LQFUHDVLQJ�WKH�FKDQFH�RI�WUDQVPLVVLRQ�RI�WKH�GLVHDVH��7KLV�HIIHFW�FDQ
HDVLO\�EH�LQFRUSRUDWHG�LQWR�WKH�PRGHO��EXW�ZH�GRQ¶W�GR�VR�KHUH�
���

1RWH�WKDW�ZKHQ�Ȗ� ����DV�LQ�WKH�6,�PRGHO��(T����������LPSOLHV�WKDW�5��ĺ����7KLV�LV�EHFDXVH�DQ�LQIHFWHG
LQGLYLGXDO�UHPDLQV�LQIHFWHG�LQGHILQLWHO\�LQ�WKH�6,�PRGHO�DQG�KHQFH�FDQ�LQIHFW�DQ�DUELWUDU\�QXPEHU�RI
RWKHUV��VR�WKDW�5��LV�IRUPDOO\�LQILQLWH��,Q�DQ\�SRSXODWLRQ�RI�ILQLWH�VL]H��KRZHYHU��WKH�HPSLULFDO�YDOXH�RI
5��ZLOO�EH�ILQLWH�
���

7KH�VROXWLRQ�FDQ�EH�ZULWWHQ�LQ�FORVHG�IRUP�XVLQJ�WKH�/DPEHUW�:�IXQFWLRQ��ZKLFK�LV�GHILQHG�WR�EH�WKH
VROXWLRQ�RI�WKH�HTXDWLRQ�:��]�H:�]�� �]��,Q�WHUPV�RI�WKLV�IXQFWLRQ��WKH�VL]H�RI�WKH�HSLGHPLF�LV�JLYHQ�E\

$OWHUQDWLYHO\��ZH� FDQ� UHDUUDQJH�(T�� �������� WR� JLYH�ĳ� DV� D� IXQFWLRQ� RI�6� UDWKHU� WKDQ� WKH�RWKHU�ZD\
DURXQG�

�

7KLV�H[SUHVVLRQ�FDQ�EH�XVHIXO�IRU�PDNLQJ�SORWV�RI�6�
���

7KH�GLIIHUHQFHV�LQ�SDUDPHWHUV�DULVH�EHFDXVH�ZH�DUH�FRQVLGHULQJ�D�VOLJKWO\�GLIIHUHQW�GLVHDVH�SURFHVV
�RQH�LQ�ZKLFK�HDFK�LQGLYLGXDO� LV� LQIHFWLRXV�IRU� WKH�VDPH�DPRXQW�RI�WLPH��UDWKHU�WKDQ�WKH�H[SRQHQWLDO
GLVWULEXWLRQ� XVHG� LQ� WKH� IXOO\� PL[HG� PRGHO��� DQG� DOVR� EHFDXVH� LQ� WKH� QHWZRUN� PRGHO�ȕ� LV� WKH
WUDQVPLVVLRQ�UDWH�SHU�HGJH��UDWKHU�WKDQ�WKH�UDWH�IRU�WKH�ZKROH�QHWZRUN²WKLV�LV�ZKDW�JLYHV�XV�WKH�IDFWRU
RI�F�LQ�WKH�H[SRQHQW�RI�(T����������
���

2Q� D� ILQLWH� QHWZRUN�ZLWK�Q� YHUWLFHV� WKH�HTXDWLRQV�ZLOO� LQ� IDFW� FORVH�RQFH�ZH�JHW� DOO� WKH�ZD\�XS� WR
FRPELQDWLRQV� RI�Q� YDULDEOHV�� EXW� WKLV� OLPLW� LV� QRW� XVHIXO� LQ� SUDFWLFH� DV� WKH� HTXDWLRQV�ZLOO� EHFRPH
XQPDQDJHDEO\�QXPHURXV�DQG�FRPSOLFDWHG�ORQJ�EHIRUH�ZH�UHDFK�LW�
���

7KH�QHWZRUN�ZDV�JHQHUDWHG�XVLQJ�WKH�FOXVWHUHG�QHWZRUN�PRGHO�RI�5HI��>���@�
���

7KLV�HTXDWLRQ�ZLOO�GLYHUJH�LI� ��+RZHYHU��VLQFH�ZH�DUH�SHUIRUPLQJ�WKH�FDOFXODWLRQ�RQ�WKH�JLDQW
FRPSRQHQW�RI�WKH�QHWZRUN��DQG�VLQFH�WKH�JLDQW�FRPSRQHQW�RQO\�H[LVWV�LI� �����!��²VHH�6HFWLRQ�����²



ZH�FDQ�VDIHO\�UXOH�RXW�WKLV�SRVVLELOLW\�
���

7KLV�FRQWUDVWV�ZLWK�WKH�DSSURDFK�ZH�WRRN�LQ�6HFWLRQ������ZKHUH�DOO�YHUWLFHV�UHPDLQHG�LQIHFWHG�IRU�WKH
VDPH� DPRXQW� RI� WLPH� DQG� WKHQ� UHFRYHUHG��7KXV� WKH�PRGHO� VWXGLHG� LQ� WKLV� VHFWLRQ� LV� QRW� H[DFWO\� WKH
VDPH�DV�WKDW�RI�6HFWLRQ�������EHLQJ�PRUH�VLPLODU�WR�WKH�WUDGLWLRQDO�6,5�PRGHO�RI�6HFWLRQ�������:H�ZLOO
VHH�VRPH�PLQRU�FRQVHTXHQFHV�RI�WKLV�GLIIHUHQFH�VKRUWO\�
���

:H� FDQ� VHH� WKDW� WKH� DSSURDFK� RI� WKLV� VHFWLRQ� FDQQRW� EH� H[DFWO\� FRUUHFW� IURP� WKH� EHKDYLRU� RI� (T�
��������RQ�YHU\�VSDUVH�QHWZRUNV��2Q�D�YDQLVKLQJO\�VSDUVH�QHWZRUN��ZLWK�RQO\�D�YHU\�IHZ�HGJHV�DQG�QR
JLDQW� FRPSRQHQW��ț�� EHFRPHV� YHU\� VPDOO�� WKRXJK� VWLOO� QRQ�]HUR�� 2Q� VXFK� D� QHWZRUN� (T�� �������
LPSOLHV�WKDW�ZH�FRXOG��QRQHWKHOHVV��KDYH�DQ�HSLGHPLF�LI�ȕ�LV�YHU\�ODUJH�RU�Ȗ�YHU\�VPDOO��&OHDUO\�WKLV�LV
QRQVHQVH²WKHUH�FDQ�EH�QR�HSLGHPLF�LQ�D�QHWZRUN�ZLWK�QR�JLDQW�FRPSRQHQW��7KXV�WKH�HTXDWLRQ�FDQQRW
EH�H[DFWO\�FRUUHFW�
���

:H�REVHUYH�WKDW

ZKHUH�ZH¶YH�XVHG�(T����������LQ�WKH�VHFRQG�HTXDOLW\��,QWHJUDWLQJ�DQG�XVLQJ�(TV����������DQG���������
ZH�WKHQ�KDYH

DQG�UN� ���í�VN�í�[N��
���

$QG�OLNH�(T����������LW�LV�DOVR�FOHDUO\�ZURQJ�RQ�VSDUVH�QHWZRUNV�IRU�WKH�VDPH�UHDVRQV²VHH�IRRWQRWH
���RQ�SDJH�����
���

7KHUH�DUH�DOVR�D�FRXSOH�RI�RWKHU�UDUHU�SRVVLELOLWLHV��$�IL[HG�SRLQW�ZLWK�Ȝ� ���FDQ�EH�QHXWUDO��PHDQLQJ
LW�QHLWKHU�DWWUDFWV�QRU� UHSHOV��3RLQWV�QHDU�D�QHXWUDO� IL[HG�SRLQW�VWD\�H[DFWO\�ZKHUH� WKH\�DUH��PHDQLQJ
WKDW�WKH\�DUH�IL[HG�SRLQWV�WRR��)RU�H[DPSOH��WKH�FKRLFH�¦�[�� ���IRU�DOO�[�KDV�D�QHXWUDO�IL[HG�SRLQW�DW
HYHU\�YDOXH�RI�[��$QRWKHU�OHVV�WULYLDO�SRVVLELOLW\�LV�WKDW�D�IL[HG�SRLQW�ZLWK�Ȝ� ���PD\�EH�RI�PL[HG�W\SH�
PHDQLQJ�WKDW�LW�DWWUDFWV�RQ�RQH�VLGH�DQG�UHSHOV�RQ�WKH�RWKHU��$Q�H[DPSOH�LV�¦�[�� �[��ZKLFK�KDV�D�IL[HG
SRLQW�DW�[� ���WKDW�LV�DWWUDFWLQJ�IRU�[�����DQG�UHSHOOLQJ�IRU�[�!���
���

7KH�PRGHO�ZH�XVH�LV�D�VRPHZKDW�VLPSOLILHG�YHUVLRQ�RI�.OHLQEHUJ¶V��+LV�PRGHO��IRU�LQVWDQFH��XVHG�D



WZR�GLPHQVLRQDO� ODWWLFH� LQVWHDG�RI� D� RQH�GLPHQVLRQDO� ULQJ� DV� WKH�XQGHUO\LQJ� VWUXFWXUH� RQ�ZKLFK� WKH
PRGHO�ZDV�EXLOW��7KH�FDOFXODWLRQV��KRZHYHU��ZRUN�MXVW�DV�ZHOO�LQ�HLWKHU�FDVH��2XU�PRGHO�DOVR�SODFHV
VKRUWFXWV�DW�UDQGRP��ZKHUH�.OHLQEHUJ¶V�IL[HG�WKH�QXPEHU�DWWDFKHG�WR�HDFK�YHUWH[�WR�EH�FRQVWDQW�DQG
DOVR�PDGH�WKHP�GLUHFWHG�UDWKHU�WKDQ�XQGLUHFWHG�
���

7KH�PD[LPXP�OHQJWK�RI�D�VKRUWFXW�LV� �LI�Q�LV�RGG�DQG� �LI�Q�LV�HYHQ��:H�ZLOO�DVVXPH�WKDW�Q�LV�RGG
LQ�WKLV�FDVH��ZKLFK�DYRLGV�VRPH�VPDOO�DQQR\DQFHV�LQ�WKH�GHULYDWLRQV�
���

1RWH�WKDW�ERWK�WKH�QXPHUDWRU�DQG�GHQRPLQDWRU�RI�WKH�IUDFWLRQ�LQ�(T���������YDQLVK�DW�Į� ����VR�RQH�PXVW
XVH�O +RSLWDO V�UXOH�WR�H[WUDFW�WKH�OLPLWLQJ�YDOXH��7KH�VDPH�JRHV�IRU�(T���������
���

,Q�IDFW��VLQFH�.OHLQEHUJ�ZDV�VWXG\LQJ�D�WZR�GLPHQVLRQDO�YHUVLRQ�RI�WKH�VPDOO�ZRUOG�PRGHO��KLV�UHVXOW
ZDV�IRU�Į� ����QRW�Į� ����,Q�JHQHUDO��RQ�D�VPDOO�ZRUOG�QHWZRUN�EXLOW�RQ�D�G�GLPHQVLRQDO�ODWWLFH��WKH
JUHHG\�DOJRULWKP�VXFFHHGV�LQ�ILQGLQJ�WKH�WDUJHW�LQ�WLPH�2�ORJ��Q�� RQO\�ZKHQ�Į�  �G�DQG�IRU�DOO�RWKHU
YDOXHV�WDNHV�WLPH�LQFUHDVLQJ�DW�OHDVW�DV�D�SRZHU�RI�Q�
���

$�VLPLODU�PRGHO�ZDV�DOVR�SURSRVHG�LQGHSHQGHQWO\�E\�.OHLQEHUJ�>���@�
���

:DWWV�HW�DO��DFWXDOO\�ZURWH�WKH�H[SUHVVLRQ�DV�&H�ȕP��EXW�WKH�GLIIHUHQFH�LV�RQO\�LQ�WKH�YDOXH�RI�ȕ�DQG�ZH
ILQG�WKH�GHILQLWLRQ��������PRUH�FRQYHQLHQW�


