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$EVWUDFW
7KH�PDSSLQJ�DQG�SURFHVVLQJ�RI�WUD̛F�GDWD�FRQWULEXWH�WR�FUHDWLQJ�EHWWHU�DQG�PRUH

VXVWDLQDEOH�WUDQVSRUWDWLRQ�DOWHUQDWLYHV��7KLV�WKHVLV�LQYHVWLJDWHV�WKH�XVH�RI�VHTXHQFH

DOLJQPHQW�DOJRULWKPV�IRU�FRPSDULQJ�WUDMHFWRULHV�ZLWK�WKH�JRDO�RI�PDSSLQJ�WUD̛F�

7UDMHFWRU\�VLPLODULW\�LV�DQ�H[WHQVLYHO\�UHVHDUFKHG�WRSLF��\HW�VHTXHQFH�DOLJQPHQW�DOȰ

JRULWKPV� KDYH� QRW� EHHQ� WHVWHG� IRU� WKLV� SXUSRVH� EHIRUH�� ,Q� WKLV� VWXG\�� WKUHH� VHȰ

TXHQFH�DOLJQPHQW�DOJRULWKPV�DUH� LPSOHPHQWHG�WR�FRPSDUH�WUDMHFWRULHV�WR� LGHQWLI\

WKH�PRVW�WUD̛FNHG�URDG�LQ�D�FLW\��7KH�DOJRULWKPV�RXWSXW�RYHUODSSLQJ�VXE�WUDMHFWRȰ

ULHV� WKDW� DUH� DVVLJQHG� D� VFRUH� EDVHG� RQ� IUHTXHQF\� DQG� OHQJWK�� 7KH� UHVXOW� ZDV

SURYHG� WR� FRQVLVW� RI� IUHTXHQW� VXE�WUDMHFWRULHV� WKDW� FRYHUHG� WKH� EXVLHVW� VWUHHWV� LQ

WKH�FLW\�RI�3RUWR�



LY

6DPPHQGUDJ
.DUWOHJJLQJ� RJ� EHKDQGOLQJ� DY� WUD̙NNGDWD� ELGUDU� WLO� §� VNDSH� EHGUH� RJ� PHU

E¨UHNUDIWLJH� WUDQVSRUWDOWHUQDWLYHU�� 'HQQH� RSSJDYHQ� XQGHUVºNHU� EUXNHQ� DY

VHNYHQVVDPPHQVWLOOLQJVDOJRULWPHU� IRU� §� VDPPHQOLJQH� *36�VSRU� PHG� P§O� RP� §

NDUWOHJJH�WUD̙NN��/LNKHW�L�*36�VSRU�HU�HW�P\H�XQGHUVºNW�HPQH��PHQ�DOJRULWPHU�IRU

VHNYHQVVDPPHQVWLOOLQJ�KDU�LNNH�EOLWW�WHVWHW�IRU�GHWWH�IRUP§OHW�IºU��,�GHQQH�VWXGLHQ

HU� WUH� VHNYHQVVDPPHQVWLOOLQJVDOJRULWPHU� LPSOHPHQWHUW� IRU� §� VDPPHQOLJQH� *36�

VSRU� IRU� §� LGHQWL̙VHUH�GHQ�PHVW� WUD̙NNHUWH�YHLHQ� L� HQ�E\��$OJRULWPHQH� VHQGHU�XW

RYHUODSSHQGH� GHO�VSRU� VRP� WLOGHOHV� HQ� SRHQJVXP�EDVHUW� S§� K\SSLJKHW� RJ� OHQJGH�

5HVXOWDWHW�EOH�EHYLVW�§�EHVW§�DY�K\SSLJH�GHO�VSRU�VRP�GHNNHW�GH�WUDYOHVWH�JDWHQH�L

E\HQ�3RUWR�
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$FNQRZOHGJHPHQW
,�ZDQW�WR�WKDQN�P\�VXSHUYLVRU�6YHLQ�(ULN�%UDWVEHUJ�IRU�KLV�VXSSRUW�DQG�JXLGDQFH�

+H�KDV�SURYLGHG�PH�ZLWK�ZHHNO\�DGYLFH��PRWLYDWLRQ��DQG�IHHGEDFN�WKDW�KDV�EHHQ

DQ�LPPHQVH�DVVHW�WR�FRPSOHWLQJ�WKLV�WKHVLV�

,�ZRXOG�DOVR�OLNH�WR�WKDQN�P\�IULHQGV�DQG�IDPLO\�IRU�WKHLU�VXSSRUW�DQG�FRPIRUW�DV

WKH�GHDGOLQH�DSSURDFKHG��$�VSHFLDO�WKDQN�\RX�WR�$XJXVW�6ROOHVQHV�6ROYDQJ�IRU�OLVȰ

WHQLQJ�WR�P\�FRPSODLQWV��LQ�DGGLWLRQ�WR�SURYLGLQJ�DGYLFH��VXSSRUW��DQG�SURRIUHDGȰ

LQJ�VNLOOV�
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7DEOH�RI�&RQWHQWV
$EVWUDFW

���,QWURGXFWLRQ

�����0RWLYDWLRQ

�����*RDOV�DQG�5HVHDUFK�4XHVWLRQV

�����5HVHDUFK�0HWKRG

�����7HUPLQRORJ\

�����7KHVLV�2XWOLQH

���%DFNJURXQG�7KHRU\

�����7UD̛F�0DSSLQJ

�����6HTXHQFH�$OLJQPHQW

���0HWKRGV

�����1HHGOHPDQ�:XQVFK

�����6PLWK�:DWHUPDQ

�����'\QDPLF�7LPH�:DUSLQJ

���,PSOHPHQWDWLRQ�DQG�([SHULPHQWV

�����'DWDVHW

�����3UHSURFHVVLQJ

�����&UHDWLQJ�D�5HVXOW�/LVW

�����([SHULPHQWV

���5HVXOWV

�����5HVXOW�/LVWV

�����$YHUDJH�/HQJWK�RI�5HVXOW�7UDFNV

�����6FRUH

�����/HQJWK�RI�5HVXOW�/LVW

�����$YHUDJH�)UHTXHQF\
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�����7RWDO�$PRXQW�RI�&RRUGLQDWH�3RLQWV

�����4XDOLWDWLYH�&RPSDULVRQ�RI�$OJRULWKP�)HDWXUHV

���'LVFXVVLRQ

�����&RPSDULQJ�WKH�5HVXOW�/LVWV

�����/HQJWK�DQG�6FRULQJ�RI�5HVXOW�7UDFNV

�����7KH�6FRULQJ�)RUPXOD

�����4XDOLWDWLYH�&RPSDULVRQ�RI�$OJRULWKP�)HDWXUHV

�����,PSOHPHQWDWLRQ�DQG�0HWULFV

�����$SSOLFDWLRQ

���&RQFOXVLRQ�DQG�)XUWKHU�:RUN

�����&RQFOXVLRQ

�����(YDOXDWLRQ

�����&RQWULEXWLRQV

�����/LPLWDWLRQV�DQG�)XUWKHU�:RUN

���%LEOLRJUDSK\

$SSHQGL[�$��$SSHQGL[

$����&RGH

$����&RPSOHWH�/LVW�RI�0DWFKLQJ�7UDFNV�WR�7UDFN��

$����5HVXOW�0DS�2QO\�%DVHG�RQ�)UHTXHQF\
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���,QWURGXFWLRQ

�����0RWLYDWLRQ

6PDUW�FLWLHV�DUH�JURZLQJ�ZRUOGZLGH�>��@��DORQJ�ZLWK�WKH�QHHG�IRU�VXVWDLQDEOH�WUDQVȰ

SRUWDWLRQ� >��@�� $FFRUGLQJ� WR� WKH� (XURSHDQ�&RPPLVVLRQ�� D� VPDUW� FLW\� LV� D� SODFH

ZKHUH�GLJLWDO�VROXWLRQV�FRQWULEXWH�WR�WKH�H̛FLHQF\�RI�WUDGLWLRQDO�QHWZRUNV�DQG�VHUȰ

YLFHV� WR� EHQH̙W� LWV� LQKDELWDQWV� DQG� EXVLQHVVHV� >��@�� 7UDQVSRUWDWLRQ� DFFRXQWV� IRU

���� RI� WKH�(8ȶV� JUHHQKRXVH� JDV� HPLVVLRQV�� VR� WKH� QHHG� IRU� JUHHQHU� DQG� FOHDQHU

WUDQVSRUWDWLRQ�DOWHUQDWLYHV�LV�JURZLQJ�>��@������RI�WKH�ZRUOGȶV�SRSXODWLRQ�ZLOO�UHȰ

VLGH�LQ�XUEDQ�DUHDV�E\�������DFFRUGLQJ�WR�8QLWHG�1DWLRQV�>��@��(XURSHV�SRSXODWLRQ

LV�DOUHDG\�DW�����>��@��7KLV�JURZWK�ZLOO�FRQWULEXWH�WR�QHZ�FKDOOHQJHV�OLNH�LQFUHDVHG

FRQJHVWLRQ��WUD̛F�DFFLGHQWV��SROOXWLRQ��DQG�ZDVWH��6PDUW�&LWLHV�DUH�DQ�LQLWLDWLYH�WR

KHOS�VROYH�QHZ�FKDOOHQJHV�HPHUJLQJ�DV�FLWLHV�JURZ�>�@��7KH�DPRXQW�RI�GLJLWDO�WRROV

OLNH�PRELOH�SKRQHV��*36��DQG�5),'�>��@� LQFUHDVHV��PDNLQJ�PRYHPHQW�DQG�WUDQVȰ

SRUWDWLRQ�GDWD�PRUH�DYDLODEOH�WKDQ�HYHU��6PDUW�FLWLHV�XVH�WKLV�WUDQVSRUWDWLRQ�GDWD

IRU�FLW\�SODQQLQJ�SXUSRVHV�DQG��LQ�SDUWLFXODU��WR�FUHDWH�HQYLURQPHQW�IULHQGO\�VROXȰ

WLRQV�>��@��3UHYLRXVO\��DQDO\VHV�RI�FLWLHV�KDYH�EHHQ�EDVHG�RQ�LQGLYLGXDOV��+RZHYHU�

ZLWK�WKH�ULVH�RI�FRPSXWLQJ�SRZHU�DQG�GDWD�DYDLODELOLW\��PDQ\�ODUJH�,7�FRPSDQLHV

ORRN�PRUH�ZLGHO\�DW�DSSOLFDWLRQV�EDVHG�RQ�JURXSV�>�@��'DWD�GULYHQ�GHFLVLRQ�PDNLQJ

ZLOO�FRQWULEXWH�WR�PDNLQJ�WKH�FLW\�LQWHOOLJHQW�DQG�DXWRPDWHG�>��@��7KH�PHWKRG�LQȰ

WURGXFHG�LQ�WKLV�WKHVLV�FDQ�EH�XVHG�IRU�FRPSDULQJ�WUDMHFWRULHV�WR�LGHQWLI\�SHRSOHȶV

WUDQVSRUWDWLRQ�KDELWV��7KLV� FDQ�KHOS�FKDQJH�EXV� URXWHV� WR�̙W�SHRSOHȶV� WUDYHO�EHȰ

KDYLRU�DQG�DGDSW�WUD̛F�OLJKWLQJ�WR�FRQJHVWLRQ�IRUPDWLRQ�>�����@��&\FOLQJ�̙HOGV�FDQ

EH�EXLOW�ZKHUH�WKH\�DUH�PRVW�QHHGHG��DQG�WKH�PRVW�SUHVVXUHG�URDGV�FDQ�EH�SULRULȰ

WL]HG� IRU� UHQRYDWLRQ��7KLV�̙HOG�FDQ�DOVR�KHOS�SHRSOH� FKRRVH� WKHLU� URXWH�EDVHG�RQ

WUD̛F�FRQJHVWLRQ�RU�GHWHFWLQJ�LQFLGHQWV�DQG�DQRPDOLHV�>����������@��5LGHVKDULQJ��RU

FDUSRROLQJ��LV�D�FOLPDWH�FKDQJH�PHDVXUH�WKLV�PHWKRG�FDQ�EH�XVHG�IRU�>��@��,QVWHDG

RI�GULYLQJ�DORQH� WR�ZRUN� HYHU\�GD\��SHRSOH� FDQ� WHDP�XS�ZLWK�RWKHUV�GULYLQJ� WKH

VDPH�GLVWDQFH�DW�WKH�VDPH�WLPH�



�

�������7UDMHFWRU\�6LPLODULW\�DQG�6HTXHQFH�$OLJQPHQW

7UDMHFWRU\� VLPLODULW\� FDQ�EH�XVHG� WR�PDS� WUD̛F�DQG� LV� FHQWUDO� WR� VROYLQJ� WUDQVȰ

SRUWDWLRQ�UHODWHG�FKDOOHQJHV��,W�LV�D�ZLGHO\�H[SORUHG�̙HOG�DQG�LQFOXGHV�FDOFXODWLQJ

WKH� VLPLODULW\� EHWZHHQ� GL̘HUHQW� W\SHV� RI� WUDMHFWRULHV�� 7UDMHFWRULHV� DUH� D� JHQHUDO

WHUP�IRU�DQ�REMHFWȶV�PRYLQJ�SDWK�LQ�VSDFH��7KH�VSDFH�FDQ�LQFOXGH�URDG�QHWZRUNV

XVHG�E\�FDUV�RU�RSHQ�VSDFH�XVHG�E\�ERDWV�RU�SODQHV� >������@��7KH�GDWD�FRXOG�EH

VSDWLDO�RU�VSDWLR�WHPSRUDO�DQG�UHDO�WLPH�RU�KLVWRULFDO��7UDMHFWRU\�VLPLODULW\�FDQ�LQȰ

FOXGH�PRYHPHQWV��VKDSHV��DQG�WLPH�IRU�FRPSDULVRQ��7KLV�WKHVLV�H[SORUHV�KLVWRULFDO

WUD̛F�GDWD�UXQQLQJ�RQ�URDGV�LQ�D�FLW\��DQDO\]HG�LQ�HXFOLGHDQ�VSDFH��6KDSH�RU�WLPH

ZLOO�QRW�EH�LQFOXGHG�LQ�WKLV�DQDO\VLV��RQO\�VXE�WUDMHFWRULHV�RYHUODSSLQJ�LQ�VSDFH�

,Q�WKLV�WKHVLV��VHTXHQFH�DOLJQPHQW�DOJRULWKPV�ZLOO�EH�XVHG�WR�VROYH�WKH�SUREOHP�RI

WUDMHFWRU\�VLPLODULW\��6HTXHQFH�DOLJQPHQW�KDV�WKH�JRDO�RI�̙QGLQJ�WKH�RSWLPDO�DOLJQȰ

PHQW�EHWZHHQ�WZR�VHTXHQFHV��7KH�WHUP�RULJLQDWHV� IURP�ELRLQIRUPDWLFV��ZKHUH�VHȰ

TXHQFH� DOLJQPHQW� LV� XVHG� WR� LGHQWLI\� VLPLODULWLHV� EHWZHHQ� '1$� RU� SURWHLQ� VHȰ

TXHQFHV�>��@��7KH�RSWLPDO�DOLJQPHQW�LV�IRXQG�E\�FRPSXWLQJ�WKH�VLPLODULW\�RU�GLVȰ

WDQFH�EHWZHHQ�WKH�VHTXHQFHV��7KDW�LV�GRQH�E\�FRPSDULQJ�HYHU\�HOHPHQW�IURP�WKH

̙UVW�VHTXHQFH�WR�HYHU\�HOHPHQW�IURP�WKH�VHFRQG�VHTXHQFH��7KHQ��WKH�EHVW�FRPELQDȰ

WLRQ� RI� HOHPHQWV� DFKLHYLQJ� WKH� KLJKHVW� VFRUH� ZLOO� EH� FRQVLGHUHG� WKH� RSWLPDO

DOLJQPHQW�

&DOFXODWLQJ�WKH�GLVWDQFH�EHWZHHQ�WZR�WUDMHFWRULHV�LV�PXFK�PRUH�FRPSOH[�WKDQ�FDOȰ

FXODWLQJ�WKH�GLVWDQFH�EHWZHHQ�WZR�SRLQWV��7UDMHFWRU\�GLVWDQFH�FRQVLVWV�RI�SHUSHQȰ

GLFXODU�GLVWDQFH��SDUDOOHO�GLVWDQFH�DQG�DQJOH�GLVWDQFH�>��@��+RZHYHU��ZKHQ�XVLQJ�D

VHTXHQFH�DOLJQPHQW�DOJRULWKP��WKH�VHTXHQFH�LV�VSOLW�XS�LQWR�WKH�HOHPHQWV�LW�FRQVLVWV

RI�DQG�LQVWHDG�XVHV�WKHVH�WR�GLVFRYHU�WKH�GLVWDQFH��RU�UDWKHU�WKH�VLPLODULW\��7KH�VHȰ

TXHQFH�DOLJQPHQW�DOJRULWKPV�ZLOO�QRW�PHDVXUH�WKH�GLVWDQFH�EHWZHHQ�WKH�WUDMHFWRȰ

ULHV�EXW� WKHLU� VLPLODULW\�YDOXH��7KLV�YDOXH� LV�EDVHG�RQ� WKH�GLVWDQFHV�EHWZHHQ� WKH

WUDMHFWRULHV
�SRLQWV��7KH�VHTXHQFH�DOLJQPHQW�DOJRULWKPV�VLPSOLI\�WKH�SUREOHP��DQG



�

ZH� RQO\� KDYH� WR� GHDO� ZLWK� WKH� VLQJOH� GLVWDQFH� EHWZHHQ� WZR� SRLQWV�� (YHQ� VSHHG�

WLPH��DFFHOHUDWLRQ��DQG�YHFWRUV�DUH�LQVLJQL̙FDQW�IRU�WKLV�SUREOHP�DQG�PHWKRG�

�����*RDOV�DQG�5HVHDUFK�4XHVWLRQV

7KH�SURMHFW�DLPV�WR�LQYHVWLJDWH�WKH�SHUIRUPDQFH�RI�VHTXHQFH�DOLJQPHQW�DOJRULWKPV

IRU� WUDMHFWRU\� VLPLODULW\� DQG�XVH� WKLV� LQIRUPDWLRQ� WR� LGHQWLI\� WKH�PRVW� WUD̛FNHG

URDGV�LQ�D�FLW\�

7KUHH�VHTXHQFH�DOLJQPHQW�DOJRULWKPV�ZLOO�FDOFXODWH�WKH�VLPLODULW\�EHWZHHQ�WUDMHFȰ

WRULHV�DQG�LGHQWLI\�ZKHUH�WZR�WUDMHFWRULHV�RYHUODS��7KH�PRVW�UHSUHVHQWHG�VXE�WUDȰ

MHFWRULHV�ZLOO�EH�JDWKHUHG�LQ�D�UHVXOW�OLVW��VRUWHG�RQ�OHQJWK�DQG�IUHTXHQF\��7KH�UHȰ

VXOWV�ZLOO�EH�LQYHVWLJDWHG��DQG�WKH�DOJRULWKPV
�WUDLWV�H[SORUHG�WR�GHWHUPLQH�LI�WKH\

FDQ� EH� XVHG� IRU� WKLV� SXUSRVH� DQG� ̙QG� RXW�ZKLFK� SHUIRUPHG� EHWWHU��1HHGOHPDQ�

:XQVFK�LV�D�JOREDO�DOLJQPHQW�DOJRULWKP�WKDW�RULJLQDWHV�IURP�ELRLQIRUPDWLFV�DQG�LV

PDGH� IRU� FRPSDULQJ� DPLQR� DFLG� VHTXHQFHV� RI� SURWHLQV� >��@�� 6PLWK�:DWHUPDQ� LV

PDGH�IRU�WKH�VDPH�SXUSRVH�EXW�LV�D�ORFDO�DOLJQPHQW�DOJRULWKP�>��@��'\QDPLF�7LPH

:DUSLQJ�LV�YHU\�VLPLODU�WR�1HHGOHPDQ�:XQVFK�DQG�LV�DOVR�D�JOREDO�DOLJQPHQW�DOJRȰ

ULWKP��EXW�LW�RULJLQDWHV�IURP�FRPSDULQJ�WLPH�VHULHV�DQG�VSHHFK�UHFRJQLWLRQ�>�����@�

7KH�UHVHDUFK�TXHVWLRQV�IRU�WKLV�VWXG\�DUH�WKH�IROORZLQJ�

5HVHDUFK�TXHVWLRQ���:KLFK�RI�WKH�WKUHH�DOJRULWKPV�1HHGOHPDQ�:XQVFK��6PLWK�

:DWHUPDQ��DQG�'\QDPLF�7LPH�:DUSLQJ�LV�PRVW�VXLWHG�IRU�LGHQWLI\LQJ�RYHUODSSLQJ

VXE�WUDMHFWRULHV"

5HVHDUFK�TXHVWLRQ���:KDW�DUH�WKH�GL̘HUHQFHV�DQG�VLPLODULWLHV�EHWZHHQ�WKHVH�DOȰ

JRULWKPV�IRU�LGHQWLI\LQJ�WKH�PRVW�IUHTXHQW�VXE�WUDMHFWRULHV�LQ�D�GDWDVHW"



�

�����5HVHDUFK�0HWKRG

7KH�DOJRULWKPV�ZLOO�EH�LPSOHPHQWHG�DQG�DGDSWHG�WR�XVH�*36�WUDMHFWRULHV�DV�LQSXW�

7KH\� ZLOO� FRPSDUH� WKH� WUDMHFWRULHV� DQG� RXWSXW� WKH� VXE�WUDMHFWRULHV� ZKHUH� WKH\

RYHUODS��7KHVH�VXE�WUDMHFWRULHV�ZLOO�EH�JDWKHUHG�DQG�UDWHG�EDVHG�RQ�OHQJWK�DQG�IUHȰ

TXHQF\��7KH� ORQJHVW� DQG�PRVW� IUHTXHQW� VXE�WUDMHFWRULHV�ZLOO� EH� RUGHUHG� LQ� D� OLVW

EDVHG�RQ�WKHVH�WZR�QXPEHUV��7KH�WKUHH�FRPSOHWH�UHVXOW�OLVWV�RI�WKH�DOJRULWKPV�ZLOO

EH�FRPSDUHG��7KH\�VKDOO�EH�WHVWHG�RQ�D�GDWDVHW�RI�PRYHPHQW�GDWD�WR�LQYHVWLJDWH�LI

WKH\�SHUIRUP�VDWLVIDFWRULO\��7KH\�ZLOO�DOVR�EH�HYDOXDWHG�RQ�WKHLU�DELOLW\�WR�GLVFRYHU

PDWFKLQJ� WUDMHFWRULHV� DQG� ZKDW� WUDLWV� WKH\� KDYH� FRQFHUQLQJ� KRZ� WKHVH� DUH

GLVFRYHUHG�

�����7HUPLQRORJ\

7KLV�VHFWLRQ�ZLOO�GHVFULEH�D�VHW�RI�NH\�WHUPV�XVHG�LQ�WKLV�WKHVLV�

$�WUDMHFWRU\�LV�GH̙QHG�DV��D�VHTXHQFH�RI�WLPH�VWDPSHG�ORFDWLRQV��>��@�DQG�LV��LQ

WKLV� WKHVLV��PDLQO\� XVHG� UHODWHG� WR� WKH� ̙HOG� RI� WUDMHFWRU\� VLPLODULW\��$�SRO\OLQH

UHSUHVHQWV��LQ�WKLV�VWXG\��WKH�OLVW�RI�FRRUGLQDWH�SRLQWV��$�WUDFN�FRQVLVWV�RI�D�SRO\Ȱ

OLQH�DQG�DQ�LG�DQG�FDQ�EH�GLYLGHG�LQWR�VXE�WUDFNV��6HTXHQFHV�DQG�VXEVHTXHQFHV

DUH�PRUH�FORVHO\�UHODWHG�WR�ELRLQIRUPDWLFV�DQG�DOLJQPHQW�DOJRULWKPV��$�VHTXHQFH�LV

D�JHQHUDO� WHUP� IRU�D� VHULHV�RI� HOHPHQWV� LQ�D� OLVW��$� VXEVHTXHQFH� LV� D� VXEVHW�RI� D

VHTXHQFH�

$�UHVXOW�WUDFN� LV�D�WUDFN�WKDW�PDGH�LW�LQWR�WKH�UHVXOW�OLVW��7KH�UHVXOW�OLVW� FRQȰ

VLVWV�RI� VHYHUDO� UHVXOW� WUDFNV�DQG�WKHLU� VFRUH��7KHUH�DUH� WKUHH�UHVXOW� OLVWV��RQH� IRU

HDFK�RI�WKH�WKUHH�DOJRULWKPV�

7KURXJKRXW�WKH�WKHVLV��VRPH�DEEUHYLDWLRQV�ZLOO�EH�XVHG�IRU�WKH�QDPHV�RI�WKH�DOJRȰ

ULWKPV��1HHGOHPDQ�:XQVFK�ZLOO�EH� UHIHUUHG� WR�DV�1:��6PLWK�:DWHUPDQ�DV�6:�

DQG�'\QDPLF�7LPH�:DUSLQJ�DV�'7:�



�

�����7KHVLV�2XWOLQH

6HFWLRQ����,QWURGXFWLRQ

7KLV�FKDSWHU�LQWURGXFHV�WKH�SURMHFWȶV�PRWLYDWLRQ��JRDO��DQG�UHVHDUFK�TXHVWLRQV��,W

DOVR� LQFOXGHV� D� VKRUW� H[SODQDWLRQ� RI� WKH� UHVHDUFK�PHWKRG�� WHUPLQRORJ\�� DQG� WKLV

WKHVLV�RXWOLQH�

6HFWLRQ����%DFNJURXQG�7KHRU\

7KH�EDFNJURXQG�WKHRU\�H[SODLQV�WKH�WKHRUHWLFDO�EDFNJURXQG�RI�WUD̛F�PDSSLQJ�DQG

VHTXHQFH�DOLJQPHQW��,W�DOVR�H[SODLQV�WKH�UHODWHG�ZRUN�DOUHDG\�GRQH�LQ�WKLV�̙HOG�

6HFWLRQ����0HWKRGV

7KH�PHWKRG�FKDSWHU�H[SODLQV�KRZ�WKH�WKUHH�VHTXHQFH�DOLJQPHQW�DOJRULWKPV�ZRUN

DQG�KRZ�WKH\�DUH�DGDSWHG�WR�WKH�SUREOHP�RI�WUDMHFWRU\�VLPLODULW\�

6HFWLRQ����,PSOHPHQWDWLRQ�DQG�([SHULPHQWV

+RZ�WKH�DOJRULWKPV�DUH�LPSOHPHQWHG�LV�GHVFULEHG�LQ�WKLV�FKDSWHU��,W�LQFOXGHV�LQIRUȰ

PDWLRQ�DERXW�WKH�GDWDVHW�DQG�KRZ�WKH�GDWD�LV�SUHSURFHVVHG��7KLV�FKDSWHU�DOVR�LQȰ

WURGXFHV�WKH�HYDOXDWLRQ�PHWULFV�DQG�WKH�H[SHULPHQWV�WR�EH�FRQGXFWHG�

6HFWLRQ����5HVXOWV

7KH�5HVXOWV�FKDSWHU�GLVSOD\V�KRZ�WKH�DOJRULWKPV�SHUIRUPHG�LQ�WKH�H[SHULPHQWV�

6HFWLRQ����'LVFXVVLRQ

,Q�WKLV�FKDSWHU��WKH�DOJRULWKPV�DUH�GLVFXVVHG�LQ�OLJKW�RI�WKH�UHVXOWV��7KH�UHDVRQ�EHȰ

KLQG�WKH�UHVXOWV�ZLOO�EH�GHOYHG�LQWR��DQG�WKH�DOJRULWKPV
�VWUHQJWKV�DQG�ZHDNQHVVHV

ZLOO�HPHUJH�
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6HFWLRQ����&RQFOXVLRQ�DQG�)XUWKHU�:RUN

7KH�ODVW�FKDSWHU�VXPPDUL]HV�WKH�WKHVLV�DQG�GLVFXVVHV�WKH�FRQWULEXWLRQV�DQG�OLPLWDȰ

WLRQV�RI�WKH�ZRUN�



�

���%DFNJURXQG�7KHRU\

�����7UD̛F�0DSSLQJ

7KHUH�DUH�PDQ\�SXUSRVHV�IRU�WUD̛F�PDSSLQJ�DQG��WKHUHIRUH��PDQ\�PHWKRGV�WR�REȰ

WDLQ�WKH�LQIRUPDWLRQ�ZDQWHG��6WXGLHV�DUH�H[SORULQJ�DLU�DQG�QRLVH�SROOXWLRQ�>�������

��@� DQG�PDSSLQJ� WUD̛F� ORDG� IRU�EULGJHV� WR�NQRZ�ZKHQ� WR� UHSDLU� >��@��6RPH�XVH

UHDO�WLPH�VSHHG�DQG�DFFHOHUDWLRQ�GDWD�WR�LGHQWLI\�ZKHUH�WKHUH�PLJKW�EH�FRQJHVWLRQ

RU�DQ�LQFLGHQW�>������@��*RRJOH�0DSV�LV�EDVHG�RQ�WKLV�GDWD�DQG�KDV�D�IHDWXUH�ZKHUH

LW� LGHQWL̙HV�DQG�UHSRUWV�UHDO�WLPH�WUD̛F�LQFLGHQWV��7KH\�GR�WKLV�ZLWK�WKH�KHOS�RI

HYHU\�PRELOH�SKRQH�RQ�WKH�URDG�WKDW�LV�XVLQJ�WKH�*RRJOH�0DSV�DSS�>��@��7KH�DSS

KHOSV�WKHP�WUDFN�WKH�VSHHG�DQG�DFFHOHUDWLRQ�RI�FDUV�WR�LGHQWLI\�ZKHUH�WKHUH�LV�FRQȰ

JHVWLRQ�� 7KDW� LV� D� VWDQGDUG� PHWKRG� WR� GHWHFW� FRQJHVWLRQ� >��@�� %HFDXVH� *RRJOH

0DSV�LV�WKH�PRVW�SRSXODU�WUD̛F�PDS�DSS��LW�LV�DOVR�WKH�PRVW�DFFXUDWH��6RPH�LQFLȰ

GHQWV�DUH�DOVR�EDVHG�RQ�XVHU�UHSRUWV��([DFWO\�KRZ�WKH\�DUH�SURFHVVLQJ�WKH�GDWD�LV

QRW�NQRZQ�

,GHQWLI\LQJ�WKH�PRVW�WUD̛FNHG�URDG�LQ�D�FLW\�LV�QRW�D�ZLGHO\�H[SORUHG�̙HOG��7KHUH

LV�PXFK� UHVHDUFK� GRQH� RQ� LGHQWLI\LQJ� GDWD� WUD̛F� LQ� GLJLWDO� QHWZRUNV� >������@�� ,W

GRHV�QRW�GL̘HU�PXFK� IURP�URDGV� LQ�D� FLW\�� VR� WKHVH�PHWKRGV�FDQ�SURYLGH� LQVLJKW

LQWR�KRZ�WKHVH�SUREOHPV�DUH� VROYHG� WRGD\�� ,Q�������+\\W±D�DQG�9LUWDPR�VWXGLHG

WUD̛F�ORDG�GHWHFWLRQ�LQ�D�ZLUHOHVV�PXOWLKRS�QHWZRUN�>��@��7KH�SURMHFWȶV�JRDO�ZDV�WR

VROYH� WKH�SUREOHP�RI�XQHYHQ� ORDG��6RPH� FRQQHFWLRQV� LQ� WKH�QHWZRUN� H[SHULHQFHG

FRQJHVWLRQ�ZKLOH�RWKHUV�ZHUH�XQXVHG��7KH\�LQYHQWHG�D�ZD\�RI�GHWHFWLQJ�WUD̛F�ORDG

RQ�FRQQHFWLRQV�WR�FKDQJH�URXWLQJ��7KH�WUD̛F�ORDG�ZDV�GHFUHDVHG�E\�����LQ�FRPȰ

SDULVRQ�WR�VKRUWHVW�SDWK�URXWLQJ��,W�ZDV�GRQH�E\�FRPSXWLQJ�D�ORZHU�ERXQG�IRU�KRZ

ODUJH�WKH�WUD̛F�ORDG�FRXOG�EH��,W�LV�DOVR�D�UHDO�WLPH�SUREOHP�DQG�QRW�D�KLVWRULFDO

GDWD� DQDO\VLV� SUREOHP�� ,I� WKH� WUD̛F� ORDG� H[FHHGV� WKH� ORZHU�ERXQG�� WKH� WUD̛F� LV

UHURXWHG�WKURXJK�DQRWKHU�SDWK�
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7UD̛F�FRQJHVWLRQ�DQG�̚RZ�FDQ�EH�LQWHUSUHWHG�DV�D�WUD̛F�QHWZRUN�ZKHUH�QRGHV�DUH

LQWHUVHFWLRQV�DQG�HGJHV�DUH� WKH�URDGV�EHWZHHQ� LQWHUVHFWLRQV� >��@��7UD̛F� LQ�D�FLW\

FDQ�� WKXV��EH�PDSSHG�DV�D�ZHLJKWHG�̚RZ�JUDSK��7KLV�PHWKRG�FDQ�KHOS�PDS�WKH

WUD̛F�WR�GHWHFW�FRQJHVWLRQ�DUHDV�DQG�PHDVXUH�WKH�̚RZ��,Q�DGGLWLRQ�WR�LGHQWLI\LQJ

WKH�WUD̛F�LQ�WKH�FLW\��WKLV�DOVR�LGHQWL̙HV�KRZ�PXFK�WUD̛F�WKH�URDGV�FDQ�KDQGOH��$

FRPPRQ� SUHSURFHVVLQJ� VWHS� WR� LGHQWLI\�ZKLFK� WUDMHFWRULHV� RYHUODS� LV� FDOOHG�PDS�

PDWFKLQJ��0DS�PDWFKLQJ�LV�D�PHWKRG�ZKHUH�WUDMHFWRULHV�DUH�PDWFKHG�WR�D�PDS�WR

LGHQWLI\�ZKLFK�URDG�WKH�WUDMHFWRU\�LV�WUDYHOLQJ�>��@��7KH�PDS�XVHG�LV�D�SUHGH̙QHG

URDG�QHWZRUN��VLPLODU�WR�D�JUDSK�RI�QRGHV�DQG�HGJHV��7KH�PHWKRG�UHTXLUHV�D�VLPLȰ

ODULW\�DOJRULWKP�WR�PDWFK�WKH�WUDMHFWRU\�WR�WKH�ULJKW�URDG��'\QDPLF�7LPH�:DUSLQJ

KDV�EHHQ�XVHG�IRU�WKLV�SXUSRVH�>��@�

-LZRQ�.LP�DQG�+DQL�6��0DKPDVVDQL�ZURWH�D�SDSHU�DERXW�WUDMHFWRU\�FOXVWHULQJ�LQ

D�WUD̛F�QHWZRUN�>��@��7KH\�VNLSSHG�WKH�PDS�PDWFKLQJ�VWHS�DQG�FRPSDUHG�WKH�WUDȰ

MHFWRULHV�GLUHFWO\�ZLWK� HDFK�RWKHU�XVLQJ� WKH�/RQJHVW�&RPPRQ�6XEVHTXHQFH� DOJRȰ

ULWKP��/&66� LV�D� VHTXHQFH�DOLJQPHQW�DOJRULWKP�� OLNH� WKH�DOJRULWKPV�XVHG� LQ� WKLV

WKHVLV��DQG�LV�ZLGHO\�XVHG�IRU�WUDMHFWRU\�VLPLODULW\�>��@��7KHLU�JRDO�ZDV�WR�LGHQWLI\

SDWWHUQV�LQ�WKH�WUD̛F�QHWZRUN�E\�̙QGLQJ�UHSUHVHQWDWLYH�GHQVH�VXEVHTXHQFHV�IURP

WKH�FOXVWHUV�FUHDWHG�ZLWK�WKH�/&66�DOJRULWKP��7KH�JRDO�RI�WKLV�WKHVLV�LV�VLPLODU��H[Ȱ

FHSW�WKDW�WKH�FOXVWHULQJ�VWHS�LV�VNLSSHG�DQG�RWKHU�VHTXHQFH�DOLJQPHQW�DOJRULWKPV

DUH�XVHG��.LP�DQG�0DKDVVDQL�H[SHFW�WZR�WUDMHFWRULHV
�OHYHO�RI�RYHUODS�WR�PHDVXUH

WKHLU�VLPLODULW\��,Q�DGGLWLRQ�WR�WKH�WLPHVWDPS�IRU�WKH�WUDMHFWRU\��WKLV�QXPEHU�FUHȰ

DWHV�WKH�PHDVXUHPHQW�EHKLQG�WKH�FOXVWHULQJ��7KH\�REWDLQHG�JUHDW�UHVXOWV�DQG�LGHQȰ

WL̙HG�VHYHUDO�FOXVWHUV�UHSUHVHQWLQJ�WKH�SDWWHUQV�RI�WUDMHFWRULHV�



�

�����6HTXHQFH�$OLJQPHQW

6HTXHQFH�DOLJQPHQW�LV�D�WHUP�RULJLQDWLQJ�IURP�ELRLQIRUPDWLFV��DQG�WKH�DOJRULWKPV

DUH�PDGH�ZLWK�'1$�DQG�SURWHLQ�VHTXHQFHV�LQ�PLQG�>��@��7KH�PDLQ�GL̘HUHQFH�EHȰ

WZHHQ� FRPSDULQJ�'1$� VHTXHQFHV� DQG�*36� WUDMHFWRULHV� LV� WKDW� KXPDQ�'1$� VHȰ

TXHQFHV�KDYH�DQ�H[SHFWHG�VLPLODULW\�RI��������>��@��ZKLOH�*36�WUDMHFWRULHV�PLJKW

QRW�PDWFK�DW�DOO��'1$�DQG�SURWHLQ�VHTXHQFHV�FRQVLVW�RI�RQO\�IRXU�GL̘HUHQW�OHWWHUV�

7KH\�FDQ�HLWKHU�PDWFK�RU�QRW�PDWFK��*36�WUDMHFWRULHV�FDQ�FRQVLVW�RI�DQ� LQ̙QLWH

QXPEHU� RI� FRRUGLQDWH� SRLQWV�� 7KH� SUREDELOLW\� RI� D�PDWFK� LV�PXFK� ORZHU��:KHQ

FRPSXWLQJ� WKH� VLPLODULW\�� WRR�PXFK� WLPH� ZLOO� EH� VSHQW� FRPSDULQJ� SRLQWV� LQ� VHȰ

TXHQFHV�IDU�DZD\�IURP�HDFK�RWKHU�

$QRWKHU�GL̘HUHQFH� LV�WKDW�WZR�FRRUGLQDWH�SRLQWV�GR�QRW�KDYH�WR�EH�SUHFLVHO\�WKH

VDPH�WR�PDWFK��7KH\�RQO\�KDYH�WR�EH�FORVHU�WKDQ�D�JLYHQ�WKUHVKROG��7KLV�PHDQV

WKDW� WZR� FRRUGLQDWH� SRLQWV� PLJKW� QRW� PDWFK�� EXW� WKH\� DUH� ERWK� FRQVLGHUHG� D

PDWFK�WR�D�WKLUG�SRLQW�O\LQJ�EHWZHHQ�WKHP��7KH�DOJRULWKPV�ZHUH�QRW�PDGH�WR�KDQȰ

GOH�WKLV�VLWXDWLRQ��DQG�WKHLU�SUHFLVLRQ�PLJKW�EH�D̘HFWHG�

$�WUDMHFWRU\�LV�D�WHUP�WKDW�FDQ�LQFOXGH�PDQ\�GL̘HUHQW�PHWKRGV�DQG�W\SHV�RI�GDWD�

7UDMHFWRULHV� FRQFHUQLQJ� WUD̛F� LQ� D� FLW\� RIWHQ� XVH� D� URDG� QHWZRUN��+ZDQJ� HW� DO�

KDYH�FRQGXFWHG�VHYHUDO�VWXGLHV�RQ�WUDMHFWRU\�VLPLODULW\�>������@�ZLWK�D�VSHFL̙F�IRȰ

FXV�RQ�URDG�QHWZRUNV��7KH�DOLJQPHQW�PHWKRGV�DUH�EDVHG�RQ�REMHFWV� LQ�HXFOLGHDQ

VSDFH� DQG� QRW� RQ� URDG� QHWZRUNV��7KHUHIRUH�� WKH� FRPSXWDWLRQ�ZLOO� EH� SHUIRUPHG

GL̘HUHQWO\��7KH�VWXGLHV�FRQGXFWHG�LQ�URDG�QHWZRUNV�FRPSXWH�WKH�GLVWDQFH�EHWZHHQ

SRLQWV�DORQJ�D�URDG��$OLJQPHQW�DOJRULWKPV�FRPSXWH�WKH�GLVWDQFH�LQ�D�VWUDLJKW�OLQH�

(YHQ�WKRXJK�WKLV�VWXG\� LV�EDVHG�RQ�URDG�QHWZRUNV�DQG�WUDMHFWRULHV� IROORZLQJ�WKH

URDG�QHWZRUN��XVLQJ�D�VWUDLJKW�OLQH�WR�FRPSXWH�GLVWDQFH�LV�QRW�XQVXLWDEOH��7KH�GLVȰ

WDQFHV�DERYH�D�JLYHQ�WKUHVKROG�ZLOO�QRW�EH�FRQVLGHUHG�HLWKHU�ZD\��DQG�LI�WKHUH�DUH

WZR�WUDMHFWRULHV�RQ�SDUDOOHO�QHLJKERULQJ�URDGV�� WKH\�ZLOO�EH�DERYH�WKLV� WKUHVKROG�

+RZHYHU��IROORZLQJ�D�URDG�QHWZRUN�ZLOO�LPSURYH�WKH�DFFXUDF\��EXW�LW�FRPHV�ZLWK�D

KLJKHU�FRPSXWDWLRQ�FRVW�



��

6HTXHQFH�DOLJQPHQW�KDV�EHHQ�XVHG�WR�FRPSDUH�WUDMHFWRULHV�EHIRUH��8VXDOO\��JOREDO

DOLJQPHQW�DOJRULWKPV�DUH�XVHG�WR�PHDVXUH�WKH�VLPLODULW\�EHWZHHQ�WZR�WUDMHFWRULHV�

$�VWXG\�FRQGXFWHG�E\�$EUDKDP�DQG�/DO�LQ������XVHG�D�JOREDO�VHTXHQFH�DOLJQPHQW

DOJRULWKP�WR�FRPSXWH�WKH�VSDWLR�WHPSRUDO�VLPLODULW\�RI�PRYLQJ�YHKLFOHV�LQ�D�URDG

QHWZRUN� >�@��7KH\�XVHG�D�JOREDO� DOLJQPHQW�PDWUL[� WR� FRPSXWH�D� VLPLODULW\�YDOXH

EHWZHHQ� WZR� WUDMHFWRULHV� WR� PHDVXUH� KRZ� VLPLODU� WKH\� ZHUH�� 7KH� SUREOHP� ZDV

FORVHO\�UHODWHG�WR�WKH�VWXGLHV�FRQGXFWHG�E\�+ZDQJ��EXW�$EUDKDP�DQG�/DO�XVHG�VHȰ

TXHQFH�DOLJQPHQW�WR�VROYH�LW��7KH\�DFKLHYHG�D�EHWWHU�UHVXOW�DQG�FODLPHG�WKLV�ZDV

GXH�WR�WKH�UHGXFHG�FRPSOH[LW\�RI�WKH�ELQDU\�HQFRGHG�VFKHPH�XVHG�LQ�WKH�VHTXHQFH

DOLJQPHQW�� ,Q� ������9ODFKRV� XVHG� WKH�/RQJHVW�&RPPRQ�6XEVHTXHQFH�PHWKRG� WR

GLVFRYHU�VLPLODULWLHV�EHWZHHQ�WUDMHFWRULHV�>��@��7KH�PHWKRG�RI�FRPSXWLQJ�WKH�ORQJȰ

HVW�FRPPRQ�VXEVHTXHQFH�EHWZHHQ�WZR�VHTXHQFHV�LV�YHU\�VLPLODU�WR�WKH�ORFDO�DOLJQȰ

PHQW�DOJRULWKP�6PLWK�:DWHUPDQ��7KHLU�PHWKRG�ZRUNHG�YHU\�ZHOO�� HVSHFLDOO\� IRU

WUDMHFWRULHV� ZLWK� PXFK� QRLVH�� ZKLFK� LV� W\SLFDO� IRU� WKH� /&66� DOJRULWKP�� 7KHLU

/&66�LQVSLUHG�DOJRULWKP�GLG�SHUIRUP�EHWWHU�WKDQ�'7:��'7:�LV�QRW�DV�UREXVW�WR

QRLVH�DQG�GLG�QRW�FOXVWHU�DV�DFFXUDWHO\�DV�WKHLU�DOJRULWKP��1HYHUWKHOHVV��LW�GLG�QRW

SHUIRUP�SRRUO\�

%RWK�&KHQ�HW�DO��DQG�7RRKH\�DQG�'XFNKDP�KDYH�FRQGXFWHG�VWXGLHV�RQ�'\QDPLF

7LPH�:DUSLQJ�RQ�XVHU�WUDMHFWRULHV�ZLWK�*36�WUDFNV�>������@��7KH\�FRQFOXGH�WKDW

'7:�LV�WRR�VHQVLWLYH�WR�QRLVH�WR�EH�D�JRRG�HQRXJK�DOJRULWKP�IRU�XVHU�JHQHUDWHG

*36� WUDMHFWRULHV�� 7KDW� LV� EHFDXVH�*36� LV� QRW� DFFXUDWHO\� UHSUHVHQWLQJ� D� YHVVHOȶV

PRYHPHQW��*36�ZLOO�JHQHUDWH�QRLVH�SRLQWV��+RZ�PXFK� LW�ZLOO�D̘HFW�WKH�UHVXOW�RI

WKH�GL̘HUHQW�DOJRULWKPV�LV�IDVFLQDWLQJ�WR�H[SORUH��+RZ�LQ̚XHQWLDO�QRLVH�LV��GHSHQGV

RQ�WKH�VWXG\�DQG�WKH�SUREOHP�WR�EH�VROYHG�

8VLQJ�'1$�VHTXHQFH�DOLJQPHQW�DOJRULWKPV�WR�FRPSDUH�*36�WUDMHFWRULHV�LV�D�YHU\

OLPLWHG�H[SORUHG�DUHD��,Q�UHFHQW�WLPHV��VRPH�VWXGLHV�KDYH�EHHQ�FRQGXFWHG��1HHGOHȰ

PDQ�:XQVFK�ZDV�XVHG�IRU�FRPSDULVRQ�DQG�FOXVWHULQJ�SXUSRVHV�LQ������>��@��7KH\

REWDLQHG�JRRG�UHVXOWV�IRU�FODVVL̙FDWLRQ�DQG�IRXQG�WKDW�PLVPDWFKHV�ZHUH�QRW�QHFHVȰ

VDU\�WR�DFKLHYH�WKHVH�JRRG�UHVXOWV��+RZHYHU��1HHGOHPDQ�:XQVFK�KDV�EHHQ�DSSOLHG



��

WR�QXPHURXV�RWKHU�QHZ�̙HOGV�OLNH�FRPSDULQJ�QDYLJDWLRQ�SDWKV�RQ�WKH�:RUOG�:LGH

:HE�>��@�

6PLWK�:DWHUPDQ�LV�WKH�DOJRULWKP�ZLWK�WKH�OHDVW�SUHYLRXV�UHVHDUFK�RQ�WUDMHFWRULHV�

+RZHYHU��LW�ZDV�XVHG�LQ�D�UHVHDUFK�EDVHG�RQ�FRQVWUXFWLQJ�PRELOLW\�PDSV�YLD�WUDFNȰ

LQJ�>��@��6PLWK�:DWHUPDQ�ZDV�XVHG�DV�D�PDWFKLQJ�WHFKQLTXH�WR�PDWFK�D�WUDFNHG

SDWK�WR�D�WDUJHW�DUHD��7KH�H[SHULPHQW�ZRUNHG�QLFHO\��DQG�6PLWK�:DWHUPDQ�VROYHG

WKH�SUREOHP�ZHOO�

%RWK� 6PLWK�:DWHUPDQ� DQG�1HHGOHPDQ�:XQVFK� KDYH� EHHQ� XVHG� WR� FRPSDUH� VWXȰ

GHQWV
�H\H�PRYHPHQWV�ZKLOH�VROYLQJ�SUREOHPV�>������@��7KH�DOJRULWKPV�ZHUH�XVHG�WR

FRPSDUH� WKH�H\H�WUDFNLQJ�SDWKV� WR� LGHQWLI\�ZKLFK� VWXGHQWV�DQVZHUHG�FRUUHFWO\�RU

LQFRUUHFWO\�RQ�WKH�WDVNV��7KHVH�DOJRULWKPV�KDYH�PDQ\�GL̘HUHQW�XVDELOLWLHV��DQG�ZH

FDQ�DVVXPH�WKH�DOJRULWKPV�ZLOO�ZRUN�WR�VRPH�H[WHQW�
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���0HWKRGV
7KH�DOJRULWKPV�LQWURGXFHG�LQ�WKLV�FKDSWHU�ZLOO�EH�XVHG�WR�FRPSDUH�WKH�WUDMHFWRULHV�

7KH\� XVH� D� YHU\� VLPLODU�PHWKRG� DV� WKH\� DUH� DOO� VHTXHQFH� DOLJQPHQW� DOJRULWKPV�

+RZHYHU��WKHLU�PLQRU�GL̘HUHQFHV�FRXOG�KDYH�D�FRQVLGHUDEOH�LPSDFW�RQ�WKH�UHVXOWV�

7KH\�DUH�DGDSWHG�WR�̙W�WKH�GDWD�DQG�SUREOHP�H[SORUHG�LQ�WKLV�VWXG\��ZKLFK�LV�GLIȰ

IHUHQW�IURP�WKHLU�RULJLQDO�SXUSRVH�

(YHU\� DOJRULWKP�ZLOO� GHVFULEH� KRZ� LW� LQLWLDOO\�ZRUNV� DQG�ZKDW� LV� GRQH� WR� DGDSW

WKHP�WR�WKLV�SUREOHP��'HWDLOV�RI�WKH�LPSOHPHQWDWLRQ��GDWDVHW��DQG�SUHSURFHVVLQJ�RI

WKH�GDWD�DUH�GHVFULEHG�LQ�6HFWLRQ���

�����1HHGOHPDQ�:XQVFK

1HHGOHPDQ�:XQVFK� LV� D� JOREDO� DOLJQPHQW� DOJRULWKP� FRPSDULQJ� DPLQR� DFLG� VHȰ

TXHQFHV�RI�WZR�SURWHLQV�>��@��,Q�VKRUW��LW�FRPSDUHV�WZR�VHTXHQFHV�RI�OHWWHUV�DQG�UHȰ

WXUQV�WKH�RSWLPDO�JOREDO�DOLJQPHQW�RI�WKH�WZR�VHTXHQFHV��,W�DOVR�FDOFXODWHV�D�QXPȰ

EHU�WKDW�UHSUHVHQWV�WKH�VLPLODULW\�RI�WZR�VHTXHQFHV�

�������,PSOHPHQWDWLRQ

:H� FDQQRW� UHTXLUH� D� SHUIHFW�PDWFK� WR� VKRZ� VLPLODULW\�ZKHQ� DGDSWLQJ� WKLV� DOJRȰ

ULWKP�WR�FRRUGLQDWHV�UDWKHU�WKDQ�OHWWHUV��7KH�GLVWDQFH�EHWZHHQ�WZR�SRLQWV�LV�PHDȰ

VXUHG�DQG�LV�FRQVLGHUHG�D�PDWFK�LI�WKH�GLVWDQFH�LV�EHORZ�D�SUHGH̙QHG�WKUHVKROG��,I

WKH�GLVWDQFH�LV�DERYH�WKH�WKUHVKROG��WKH\�DUH�FRQVLGHUHG�D�PLVPDWFK��7KH�WKUHVKȰ

ROG�LV�D�K\SHUSDUDPHWHU�RI�WKLV�LPSOHPHQWDWLRQ�DQG�ZDV�VHW�WR�EH����PHWHUV��7KDW

LV�EHFDXVH�WKHUH�DUH�D�PD[LPXP�RI����PHWHUV�EHWZHHQ�WKH�SRLQWV�IURP�WKH�VDPH

WUDMHFWRU\�� 7KH� UHDVRQ� EHKLQG� WKH� ���PHWHUV� LV� H[SODLQHG� IXUWKHU� LQ� 6HFWLRQ� ���

DERXW� JHQHUDWLQJ� ZD\SRLQWV� EHWZHHQ� H[LVWLQJ� SRLQWV�� 'L̘HUHQW� WKUHVKROGV� ZHUH

WHVWHG� RXW�� DQG� WKUHVKROGV�EHORZ����GLG�QRW� FDWFK� DOO� SRLQWV� IURP� WKH�PDWFKLQJ

WUDMHFWRULHV��7KUHVKROGV�DERYH����IRXQG�WRR�PDQ\�PDWFKHV�IURP�SDUDOOHO�URDGV�



��

)LJXUH����6LPLODULW\�PDWUL[�FUHDWHG�ZLWK�WKH�1HHGOHPDQ�:XQVFK�DOJRULWKP��,Q�WKLV

SURMHFW��WKH�OHWWHUV�ZLOO�EH�VZLWFKHG�RXW�ZLWK�FRRUGLQDWH�SRLQWV��)LJXUH�REWDLQHG

IURP�:LNLSHGLD�>�@

7KH�̙UVW�VWHS�LV�WR�FUHDWH�D�VLPLODULW\�PDWUL[�RI�WKH�WZR�WUDMHFWRULHV��7KH�VLPLODULW\

PDWUL[�LV�PDGH�E\�FDOFXODWLQJ�WKH�GLVWDQFH�EHWZHHQ�HYHU\�SRLQW�RI�WKH�WZR�WUDMHFȰ

WRULHV��)LJXUH���VKRZV�KRZ�D�VLPLODULW\�PDWUL[�RI�WZR�VHTXHQFHV�RI�OHWWHUV�LV�PDGH�

6WDUW�LQ�WKH�WRS�OHIW�FRUQHU�ZKHQ�̙OOLQJ�RXW�WKH�PDWUL[��XVLQJ�WKH�FHOO�DERYH��WR�WKH

OHIW��DQG�GLDJRQDOO\�WR�WKH�WRS�OHIW��7KH�̙UVW�FHOO�LV�DOZD\V����DV�WKH�GL̘HUHQFH�EHȰ

WZHHQ�WZR�HPSW\�VHTXHQFHV�LV�QRWKLQJ��7KH�̙UVW�URZ�DQG�FROXPQ�WDNH�WKH�SUHYLRXV

FHOO�DQG�VXEWUDFW�D�PLVPDWFK�SHQDOW\��7KH�PLVPDWFK�SHQDOW\�LV�GHFLGHG�EDVHG�RQ

KRZ�UXLQLQJ� WKH�JDSV�DUH� IRU� WKH�̙QDO�DOLJQPHQW�DQG�ZLOO�SXQLVK� WKH�DOLJQPHQWV

VLPLODULW\� VFRUH� IRU� KDYLQJ� D�PLVPDWFK��7KH\� FRPSDUH� RQH� VHTXHQFH� WR� QRWKLQJ�



��

DQG�WKH�VLPLODULW\�ZLOO�GHFUHDVH�ZLWK�WKH�QXPEHU�RI�OHWWHUV�DGGHG��7KH�UHPDLQLQJ

FHOOV�DUH�̙OOHG�RXW�XVLQJ�WKH�IROORZLQJ�IRUPXOD

�

ZKHUH� �ZLOO�FKHFN�LI�WKH�OHWWHUV�DUH�PDWFKLQJ�RU�QRW�DQG�UHWXUQ�WKH�YDOXH

IRU�D�PDWFK�RU�WKH�YDOXH�IRU�D�PLVPDWFK��G�UHSUHVHQWV�WKH�JDS�SHQDOW\�

IRU�WKH�FHOO�FRPSDULQJ�WKH�̙UVW�WZR�*V��WKH�IRUPXOD�ZLOO�EH

7KLV�VWHS�ZLOO�UXQ�UHFXUVLYHO\�XQWLO�WKH�HQWLUH�PDWUL[�LV�̙OOHG�RXW��7KHQ�WKH�VHFRQG

VWHS�EHJLQV��WKH�EDFNWUDFNLQJ�VWHS��7KDW�ZLOO�GHWHUPLQH�WKH�RSWLPDO�DOLJQPHQW�EHȰ

WZHHQ�WKH�VHTXHQFHV��7KH�YDOXH�LQ�WKH�FHOO�LQ�WKH�ERWWRP�ULJKW�FRUQHU�WHOOV�XV�WKH

VLPLODULW\�YDOXH��,Q�WKLV�H[DPSOH��LW�LV����:KHQ�WKH�YDOXHV�RI�PLVPDWFK�DQG�PDWFK

RXWZHLJK�HDFK�RWKHU��WKHUH�DUH�DV�PDQ\�PDWFKHV�DV�PLVPDWFKHV�DQG�JDSV�

:H�VWDUW�WKH�EDFNWUDFNLQJ� LQ�WKH�ERWWRP�ULJKW�FRUQHU��7KH� OHWWHUV�DUH�*�DQG�$�

ZKLFK� LV� QRW� D�PDWFK��7KHUHIRUH��ZH�PRYH� WR� WKH� FHOO�ZLWK� WKH�KLJKHVW� QXPEHU�

ZKLFK�LQ�WKLV�FDVH�LV�GLDJRQDO��:KHQ�LW�LV�QRW�D�PDWFK��PRYLQJ�GLDJRQDOO\�LQ�WKH

PDWUL[�PHDQV�ZH�KDYH�D�JDS�DQG�FDQ�ZULWH�GRZQ�ERWK�$�DQG�*��7KH�IROORZLQJ�OHWȰ

WHUV�DUH�&�DQG�&��7KDW�LV�D�PDWFK��DQG�ZH�PRYH�GLDJRQDOO\�DJDLQ�DQG�ZULWH�GRZQ

ERWK� OHWWHUV��*�DQG�$�DUH�QRW�D�PDWFK�� VR�ZH� VKRXOG�PRYH� WR� WKH�FHOO�ZLWK� WKH

KLJKHVW�QXPEHU��+HUH��WKHUH�DUH�WZR�FHOOV�FRQWDLQLQJ����7KDW�PHDQV�WKHUH�DUH�PXOȰ

WLSOH�RSWLPDO�DOLJQPHQWV��:KLFK�ZD\�ZH�FKRRVH�ZLOO�FRQFOXGH�ZLWK�D�GL̘HUHQW�RSWLȰ

PDO�DOLJQPHQW��8VXDOO\��WKH�DOLJQPHQWV�ZLOO�QRW�GL̘HU�PXFK��EXW�LW�LV�HDVLHU�WR�JHW

ORVW�LQ�WKH�EDFNWUDFNLQJ�VWHS�LQ�WKH�FDVH�RI�WUDMHFWRULHV��6HFWLRQ�����ZLOO�GLVFXVV�IXUȰ

WKHU�WKH�SUREDELOLW\�DQG�FRQVHTXHQFHV�RI�PXOWLSOH�DOLJQPHQWV�



��

:KHQ�DGDSWLQJ� WKLV�SURFHVV� WR� WKH�SUREOHP�RI� WUD̛F�PDSSLQJ�� WKH� HQWLUH� DOLJQȰ

PHQW�LV�QRW�DV�LQWHUHVWLQJ��RQO\�WKH�PDWFKHV��,W�PHDQV�RQO\�WKH�FRRUGLQDWHV�IRU�RQH

RI� WKH� VHTXHQFHV�PXVW� EH� UHJLVWHUHG� ZKHQHYHU� WKHUH� LV� D�PDWFK�� ,I�PDWFKHV� DUH

LGHQWL̙HG� LQ� RQH� SODFH�� WKH� VHTXHQFHV� ZLOO� UDUHO\�PDWFK� DJDLQ� LQ� DQRWKHU� SODFH�

7KXV�� WKLV� DOORZV� IRU� JDSV�� EXW� WKH� JDSV� DUH� XVXDOO\� QR�PRUH� WKDQ� RQH� RU� WZR

SRLQWV�

�������2SWLPL]DWLRQ

7U\LQJ� WR�PLQLPL]H� WKH� FRPSXWDWLRQ� WLPH� RI� 1HHGOHPDQ�:XQVFK� LV� FKDOOHQJLQJ�

7KH�PRVW�WLPH�FRQVXPLQJ�SDUW�RI�WKH�SURFHVV�LV�WKH�FUHDWLRQ�RI�WKH�PDWUL[��+HUH�

HYHU\� QXPEHU� LV� GHSHQGHQW� RQ� HDFK� RWKHU�� DQG� LW� LV� GL̛FXOW� WR� H[DPLQH� ZKLFK

QXPEHUV�ZLOO�EH�XVHG�LQ�WKH�EDFNWUDFNLQJ�SULRU�WR�FDOFXODWLQJ�WKH�QXPEHUV��7KHUH

LV� VRPH�UHVHDUFK�GRQH� LQ�WKH�̙HOG�RI� LPSURYLQJ�SHUIRUPDQFH��7KH\�DUH��KRZHYHU�

FRPSOH[�VROXWLRQV�ERWK�H[SORULQJ�KDUGZDUH�DQG�VRIWZDUH�RSWLPL]DWLRQ�>��@��$V�LW�LV

VR�FRPSOLFDWHG��LW�LV�QRW�LQFOXGHG�LQ�WKLV�SURMHFWȶV�VFRSH��)RU�SUDFWLFDO�UHDVRQV��WKH

GDWD�ZHQW�WKURXJK�VRPH�RSWLPL]DWLRQ�LQVWHDG��7KHVH�DUH�H[SODLQHG�LQ�6HFWLRQ������

DERXW�SUHSURFHVVLQJ�WKH�GDWD�



��

�����6PLWK�:DWHUPDQ

7KH�6PLWK�:DWHUPDQ� DOJRULWKP�ZDV� LQVSLUHG�E\� WKH�PHWKRG� RI� WKH�1HHGOHPDQ�

:XQVFK�DOJRULWKP�>��@��,W�LV�D�G\QDPLF�SURJUDPPLQJ�DOJRULWKP�LGHQWLI\LQJ�WKH�RSȰ

WLPDO�ORFDO�DOLJQPHQW�EHWZHHQ�WZR�VHTXHQFHV�>��@��7KH�DOJRULWKP�ZDV�SXEOLVKHG�LQ

�����DQG�ZDV�WKH�̙UVW�DOJRULWKP�WR�KDQGOH�DQ�LQWHUQDO�PLVPDWFK�LQ�DQ�DOLJQPHQW

DQG� DQ� LQWHUQDO� GHOHWLRQ� DV� ZHOO� >��@�� /LNH� WKH� 1HHGOHPDQ�:XQVFK� DOJRULWKP�� LW

SURYLGHV�D�VFRULQJ�RI�WKHLU�VLPLODULW\�DQG�KRZ�PDQ\�FKDQJHV�DUH�QHHGHG�WR�PDNH

RQH�VHTXHQFH�LQWR�WKH�RWKHU�>��@��8QOLNH�WKH�1HHGOHPDQ�:XQVFK�DOJRULWKP��6PLWK�

:DWHUPDQ� RQO\� FDUHV� DERXW� WKH� PRVW� VLPLODU� VXEVHTXHQFH�� QRW� WKH� HQWLUH� VHȰ

TXHQFHV��,Q�VKRUW��LW�H[WHQGV�WKH�IRUPXOD�GHVFULEHG�LQ�6HFWLRQ�������ZLWK�D�]HUR�WR

HQVXUH�WKH�YDOXHV�LQ�WKH�PDWUL[�ZLOO�QHYHU�EH�QHJDWLYH��$ODV��6PLWK�:DWHUPDQ�GRHV

QRW�FDUH�DERXW�VXEVHTXHQFHV�WKDW�GR�QRW�PDWFK��RQO\�WKRVH�WKDW�PDWFK�

7KDW�LV�YHU\�VLPLODU�WR�WKH�SUREOHP�LQ�WKLV�VWXG\��7ZR�WUDMHFWRULHV�LQ�WKH�GDWDVHW

ZLOO�PRVW�OLNHO\�QHYHU�IXOO\�PDWFK��7KDW�LV�QRW�ZKDW�PDWWHUV��:H�DUH�RQO\�LQWHUHVWȰ

HG�LQ�WKH�VXEVHTXHQFHV�WKDW�GR�PDWFK��7KH�UHVW�RI�WKH�VHTXHQFHV�DUH�LQVLJQL̙FDQW�

�������,PSOHPHQWDWLRQ

)LJXUH��� VKRZV�D�VLPLODULW\�PDWUL[�FUHDWHG�ZLWK�WKH�6PLWK�:DWHUPDQ�DOJRULWKP�

7KH�JRDO�LV�WR�̙QG�WKH�ORFDO�DOLJQPHQW�DQG�WKH�VXE�VHTXHQFHV�ZKHUH�WKH�VHTXHQFHV

DUH� PRVW� VLPLODU�� 7KHUH� LV� D� YDOXH� IRU� PDWFKHV�� PLVPDWFKHV�� DQG� JDSV�� OLNH� IRU

1HHGOHPDQ�:XQVFK��,Q�WKLV�H[DPSOH��D�PDWFK�LV����D�PLVPDWFK�LV�����DQG�D�JDS�LV

����7KH�PDWUL[�LV�FDOFXODWHG�WKH�VDPH�ZD\�DV�1HHGOHPDQ�:XQVFK��+RZHYHU��LI�WKH

UHVXOW�LV�QHJDWLYH��WKH�YDOXH�LQ�WKH�FHOO�ZLOO�EH�]HUR�LQVWHDG��7KH�IROORZLQJ�IRUPXOD

GHVFULEHV�WKH�YDOXH�IRU�WKH�FHOOV�

7KH�RQO\�GL̘HUHQFH�IURP�1HHGOHPDQ�:XQVFK�LV�WKH�]HUR�WKDW�ZLOO�EH�FRQVLGHUHG�IRU

WKH�PD[�YDOXH��,W�SUHYHQWV�WKH�YDOXH�IURP�HYHU�EHLQJ�D�QHJDWLYH�QXPEHU�



��

7KH�EDFNWUDFNLQJ� DOVR� GL̘HUV� IURP�1HHGOHPDQ�:XQVFK�� ,QVWHDG� RI� DOZD\V� EHJLQȰ

QLQJ�LQ�WKH�ERWWRP�ULJKW�FRUQHU��6PLWK�:DWHUPDQ�VWDUWV�LQ�WKH�FHOO�ZLWK�WKH�KLJKȰ

HVW�YDOXH��7KDW�DOORZV�IRU�RQO\�H[WUDFWLQJ�WKH�ORFDO�DOLJQPHQW�ZLWK�WKH�KLJKHVW�VLPȰ

LODULW\��7KH�UHPDLQLQJ�EDFNWUDFNLQJ�SURFHVV� LV�H[HFXWHG�WKH�VDPH�ZD\�DV�1HHGOHȰ

PDQ�:XQVFK��0DWFKHV�PRYH�GLDJRQDOO\��PLVPDWFKHV�PRYH�XS�DQG�WR�WKH�OHIW��DQG

JDSV�PRYH�GLDJRQDOO\�DV�ZHOO��,Q�WKH�HQG��D�UHVXOW�DOLJQPHQW�LV�REWDLQHG��ZKLFK�LV

WKH�ORFDOO\�EHVW�PDWFK�RI�WKH�WZR�VHTXHQFHV�

)LJXUH����6LPLODULW\�PDWUL[�FUHDWHG�ZLWK�WKH�6PLWK�:DWHUPDQ�DOJRULWKP��)LJXUH

REWDLQHG�IURP�:LNLSHGLD�>�@

&RQVLGHULQJ� WKH� GH̙QLWLRQ� RI� WKH� DOJRULWKPV�� 6PLWK�:DWHUPDQ�PDWFKHV� WKH� WDVN

EHVW��7KH�SUREOHP�ZDQWV�WR�UHWULHYH�WKH�PRVW�IUHTXHQW�PDWFKLQJ�VXE�WUDFNV��7KH

FOXH�KHUH� LV� VXE�WUDFNV��8QOLNH�1HHGOHPDQ�:XQVFK� DQG�'\QDPLF�7LPH�:DUSLQJ�

6PLWK�:DWHUPDQ�LV�PDGH�IRU�UHWULHYLQJ�D�VXE�WUDFN��7KH�RWKHU�WZR�DUH�RQO\�PRGLȱ



��

ILHG�WR�GR�VR��&RQVHTXHQWO\��6PLWK�:DWHUPDQ�UHTXLUHG�WKH�OHDVW�DPRXQW�RI�DGDSȰ

WLRQ�WR�̙W�WKH�SUREOHP�

�������2SWLPL]DWLRQ

7KLV�DOJRULWKP�ZDV�PRGL̙HG�WR� UHGXFH� WKH�FRPSXWDWLRQ�WLPH��7KH�UXQQLQJ�WLPH

ZDV�MXVW�DV�ORQJ�DV�1HHGOHPDQ�:XQVFK�EHIRUH�WKH�RSWLPL]DWLRQ��+RZHYHU��6PLWK�

:DWHUPDQ�RSHQHG�XS�WR�VLPSOLI\LQJ�WKH�FUHDWLRQ�RI�WKH�PDWUL[��$�PDWUL[�EHWZHHQ

WZR�WUDFNV�WKDW�DUH�QRW�DOLJQLQJ�ZLOO�RQO\�FRQWDLQ�]HURV��$V� ORQJ�DV�WKHUH�DUH�QR

PDWFKHV�� WKH� QXPEHUV�ZLOO� QRW� EH� GHSHQGHQW� RQ� HDFK� RWKHU��:KHQ� D�PDWFK� DSȰ

SHDUV��DQG�WKH�QXPEHUV�QR�ORQJHU�DUH�RQO\�]HURV��WKRVH�ZLOO�EH�GHSHQGHQW�RQ�HDFK

RWKHU��7KDW�FDQ�EH�H[SORLWHG�WR�VLPSOLI\�WKH�PDWULFHV��(YHQ�LI�WZR�WUDFNV�DOLJQ��WKH

PDWUL[�ZLOO�VWLOO�FRQVLVW�RI�PDQ\�]HURV��DV�WKH\�ZLOO�PRVW�OLNHO\�QRW�PDWFK�IRU�WKH

HQWLUH� WUDFN�� :H� DOVR� NQRZ� WKDW� WKH� PD[LPXP� GLVWDQFH� EHWZHHQ� WZR� IROORZLQJ

SRLQWV�LQ�WKH�VDPH�WUDFN�LV����PHWHUV��,I�WKH�GLVWDQFH�EHWZHHQ�WZR�SRLQWV�LV�FDOFXȰ

ODWHG�WR�EH������PHWHUV��ZH�NQRZ�WKDW�WKH�QH[W�SRLQW�ZLOO�QRW�EH�D�PDWFK�HLWKHU�

DV� WKH� GLVWDQFH� ZLOO� EH� EHWZHHQ� ���� DQG� ����� PHWHUV�� ZKLFK� LV� ZD\� DERYH� WKH

PDWFKLQJ�WKUHVKROG�RI����PHWHUV��7KHUHIRUH��LI�WKH�YDOXH�IRU�D�FHOO�LV�FDOFXODWHG�WR

EH�]HUR�� FKHFN� WKH�GLVWDQFH��7KH�̚RRU�RI� WKH� WRWDO�GLVWDQFH�GLYLGHG�E\���� LV� WKH

QXPEHU�RI�FHOOV�LQ�RQH�URZ�WKDW�FDQ�VDIHO\�EH�VNLSSHG�

7KLV�RSWLPL]DWLRQ�PHWKRG�UHGXFHG�WKH�FRPSXWDWLRQ�WLPH�GUDVWLFDOO\��0RVW�WUDFNV

WKDW� DUH� FRPSDUHG� ZLOO� QRW� PDWFK� DW� DOO�� 7KLV� FKHFN� PDGH� WKRVH� WUDFNV� PXFK

IDVWHU��&RPSDUHG�WR�1:�DQG�'7:��ZLWK�D�UXQQLQJ�WLPH�RI�PRUH�WKDQ����KRXUV�

6PLWK�:DWHUPDQ�̙QLVKHG�LQ���KRXU�



��

�����'\QDPLF�7LPH�:DUSLQJ

'\QDPLF�7LPH�:DUSLQJ�LV�WKH�RQO\�RQH�RI�WKH�WKUHH�FKRVHQ�DOJRULWKPV�IUHTXHQWO\

XVHG�IRU�WUDMHFWRU\�VLPLODULW\��,W�ZDV�LQLWLDOO\�GHVLJQHG�IRU�WLPH�VHULHV�EXW�LV�WRGD\

XVHG�IRU�HYHU\WKLQJ�IURP�VSHHFK�DQG�LPDJH�UHFRJQLWLRQ�WR�GDWDEDVH�LQGH[LQJ�DQG

VHTXHQFH� DOLJQPHQW� >���� ��@�� ,W� LV� FRQVLGHUHG� D� JOREDO� DOLJQPHQW� DOJRULWKP� OLNH

1HHGOHPDQ�:XQVFK��8QOLNH�1:�DQG�6:��LW�LV�EDVHG�RQ�GLVWDQFH�VLPLODULW\�LQVWHDG

RI�ELQDU\�PDWFKHV��'\QDPLF�7LPH�:DUSLQJ�KDV�VLJQL̙FDQWO\�EHHQ�H[SORUHG�LQ�WKH

VFLHQWL̙F� FRPPXQLW\�� KRZHYHU�� XVXDOO\� WR� UHGXFH� WKH� FRPSXWDWLRQDO� FRVW� UDWKHU

WKDQ�LPSURYH�WKH�SUHFLVLRQ�>��@�

�������,PSOHPHQWDWLRQ

)LJXUH���VKRZV�D�VLPLODULW\�PDWUL[�FUHDWHG�ZLWK�WKH�'\QDPLF�7LPH�:DUSLQJ�DOJRȰ

ULWKP�EHWZHHQ�WZR�WLPH�VHULHV��7KH�PDWUL[�LV�FUHDWHG�E\�FDOFXODWLQJ�WKH�GLVWDQFH

EHWZHHQ�WKH�SRLQWV��7KDW�QXPEHU�LV�DGGHG�WR�WKH�VPDOOHVW�QXPEHU�IURP�RQH�RI�WKH

FORVHVW�FHOOV��6R�WKH�GLVWDQFH�EHWZHHQ�WKH�̙UVW�SRLQWV�RI�WKH�WLPH�VHULHV�LQ�)LJXUH��

LV�]HUR��DV�VKRZQ�LQ�WKH�ERWWRP�OHIW�FRUQHU��7KH�GLVWDQFH�EHWZHHQ�WKH�̙UVW�SRLQW�RI

3�DQG�WKH�VHFRQG�SRLQW�RI�*�LV�DOVR�]HUR��*HWWLQJ�WR�WKH�WKLUG�SRLQW�RI�*��WKH�GLVȰ

WDQFH�WR�WKH�̙UVW�SRLQW�RI�3�LV�WKUHH��7KH�GLVWDQFH�WR�WKH�IRXUWK�LV�QLQH��7KLV�QXPȰ

EHU� ZLOO� EH� DGGHG� WR� WKH� SUHYLRXV� WKUHH�� DQG� WKH� ̙QDO� GLVWDQFH� LV� WZHOYH�� 7KLV

SURFHVV�LV�UHSHDWHG�IRU�WKH�HQWLUH�PDWUL[�

7KH�DOJRULWKP� LV� VLPLODU� WR�1HHGOHPDQ�:XQVFK��H[FHSW� WKDW�ZH�XVH� WKH�GLVWDQFH

EHWZHHQ�WKH�SRLQWV�LQVWHDG�RI�WKH�PDWFK�DQG�PLVPDWFK�YDOXHV��PDNLQJ�LW�PRUH�DSȰ

SOLFDEOH�WR�WUDMHFWRULHV��$SSO\LQJ�LW�WR�OHWWHUV��OLNH�1HHGOHPDQ�:XQVFK�DQG�6PLWK�

:DWHUPDQ��LQWURGXFHV�PDQ\�FKDOOHQJHV�DQG�LV�QRW�UHFRPPHQGHG�



��

)LJXUH����7KH�̙JXUH�VKRZV�D�VLPLODULW\�PDWUL[�FUHDWHG�ZLWK�'\QDPLF�7LPH

:DUSLQJ��7KH�JUH\�̙HOGV�UHSUHVHQW�WKH�RSWLPDO�DOLJQPHQW��7KH�̙JXUH�LV�REWDLQHG

IURP�D�EORJSRVW�RQ�0HGLXP�FRP�>��@�

7KH�DOJRULWKP�ZDV�WHVWHG�XVLQJ�ERWK�DFWXDO�GLVWDQFHV�LQ�PHWHUV�DQG�WKH�WKUHVKROG

YHUVLRQ�WKDW�1HHGOHPDQ�:XQVFK�DQG�6PLWK�:DWHUPDQ�GLG��7KH�GL̘HUHQFH�LQ�SHUȰ

IRUPDQFH�ZDV� VXUSULVLQJO\� VLJQL̙FDQW�� ,W� TXLFNO\�EHFDPH�DSSDUHQW� WKDW� WKH� DOJRȰ

ULWKP�ZDV�QRW�PDGH�IRU�ELQDU\�QXPEHUV��7KHUHIRUH��WKH�DFWXDO�GLVWDQFHV�ZHUH�XVHG

LQVWHDG�

7KH�EDFNWUDFNLQJ�SURFHVV�LV�VWUDLJKWIRUZDUG��6WDUW�LQ�WKH�FRUQHU�GLDJRQDOO\�DFURVV

IURP�ZKHUH�ZH�VWDUWHG�WR�̙OO�RXW�WKH�PDWUL[��7KH�'\QDPLF�7LPH�:DUSLQJ�PDWUL[

KDV�EHHQ�ZULWWHQ�LQ�PDQ\�GL̘HUHQW�ZD\V��DQG�WKH�FRUQHU�ZKHUH�ZH�VWDUW�PLJKW�QRW

EH�WKH�ERWWRP�ULJKW�FRUQHU��,Q�)LJXUH����WKH�VWDUW�RI�WKH�EDFNWUDFNLQJ�LV�WKH�WRS

ULJKW�FRUQHU��:H�IROORZ�WKH�ORZHVW�QXPEHUV�IURP�WKLV�FHOO�DV�WKH\�OHDG�WKH�SDWK�WR

WKH� PRVW� VLPLODU� DOLJQPHQW�� +RZHYHU�� WKDW� GRHV� QRW� DSSO\� WR� JHWWLQJ� D� ORFDO



��

PDWFKLQJ��6R�IRU�HYHU\�QHZ�FHOO�YLVLWHG��ZH�DOVR�FKHFN�LI�WKH�FRUUHVSRQGLQJ�SRLQWV

DUH�D�PDWFK��,I�WKH\�DUH��DGG�WKHP�WR�WKH�DOLJQPHQW��,I�QRW��PRYH�DORQJ�

�������2SWLPL]DWLRQ

'\QDPLF�7LPH�:DUSLQJ�KDV�GL̛FXOW\�UHGXFLQJ�WKH�PDWUL[�FUHDWLRQ�WLPH��VLPLODU

WR�1HHGOHPDQ�:XQVFK��1XPEHUV�DUH�JUDYHO\�GHSHQGHQW�RQ�WKH�SUHYLRXV�QXPEHUV

DQG�ZLOO�KDYH�WR�EH�FDOFXODWHG��7KHUHIRUH��WKLV�DOJRULWKP�LV�MXVW�DV�GHSHQGHQW�RQ

WKH�RSWLPL]DWLRQ�RI�WKH�GDWDVHW�DV�1HHGOHPDQ�:XQVFK��(YHQ�WKRXJK�QR�UHDO�RSWLȰ

PL]DWLRQ�DGDSWLRQ�ZDV�LPSOHPHQWHG�� LW�GRHV�QRW�PHDQ�LW� LV� LPSRVVLEOH��0XFK�UHȰ

VHDUFK�KDV�EHHQ�GRQH�RQ�UHGXFLQJ�WKH�FRPSXWDWLRQ�WLPH�IRU�'7:�>���������@��,W�LV

PRUH�FRPSOH[�WKDQ�IRU�6:��EXW�LW�KDV�EHHQ�SURYHG�SRVVLEOH�



��

���,PSOHPHQWDWLRQ�DQG�([SHULPHQWV
7KLV� VHFWLRQ� LQFOXGHV�D�GHVFULSWLRQ�RI� WKH�GDWDVHW�XVHG� IRU� WKH�H[SHULPHQWV��7KH

SUHSURFHVVLQJ�VWHSV�SHUIRUPHG�RQ�WKH�GDWD�DUH�DOVR�H[SODLQHG��)LQDOO\��WKH�H[SHULȰ

PHQWV�WR�EH�FRQGXFWHG�DUH�SUHVHQWHG�

�����'DWDVHW

7KH�H[SHULPHQW�ZDV�FRQGXFWHG�XVLQJ�D�GDWDVHW�RI�WD[L�GDWD�IURP�3RUWR��3RUWXJDO�

SURYLGHG� E\�8&� ,UYLQH� 6FKRRO� RI� ,QIRUPDWLRQ� DQG� &RPSXWHU� 6FLHQFH� >�@�� 7KLV

GDWDVHW�ZDV�FKRVHQ�IRU�VHYHUDO�UHDVRQV��7KH�WD[L�GDWD�RQO\�FRQVLVWHG�RI�WULSV�ZLWK

SDVVHQJHUV�WUDYHOLQJ�IURP�$�WR�%��7KH�RULJLQDO�GDWDVHW�FRQVLVWV�RI�PRUH�WKDQ����

PLOOLRQ�WD[L�WULSV��+RZHYHU��WKH�GDWDVHW�RZQHUV�SURYLGHG�D�IUDFWLRQ�RI�WKH�GDWDVHW

FRQVLVWLQJ�RI�����UHSUHVHQWDWLYH�WULSV��7KLV�IUDFWLRQ�ZDV�XVHG�IRU�WKH�H[SHULPHQWV

GXH�WR�WLPH�OLPLWDWLRQV��7KH�GDWD�DOVR�FRQVLVWHG�RI�WKH�HQWLUH�WUDMHFWRU\��QRW�RQO\

VWDUW�DQG�HQG�SRVLWLRQV��7KH\�DUH�DOVR�FUHDWHG�XVLQJ� WKH� VDPH�WUDQVSRUW�YHKLFOH�

6RPH�GDWDVHWV�LQFOXGHG�ELF\FOHV�DQG�ZDONLQJ�WULSV�DV�ZHOO��7KH\�FDQQRW��XQIRUWXȰ

QDWHO\��EH�FRPSDUHG�ZLWK�WKH�VDPH�DFFXUDF\�

7KH� GDWDVHW� FRQVLVWV� RI� QLQH� SDUDPHWHUV�� EXW� RQO\� WKUHH� ZHUH� UHOHYDQW� IRU� WKH

VWXG\�

7ULSBLG

0LVVLQJBGDWD

3RO\OLQH

7ULS�LG�LV�XVHG�WR�LGHQWLI\�WKH�WUDFNV�DQG�LV�D�FUXFLDO�DWWULEXWH�WR�WKH�WUDFN��0LVVȰ

LQJ�GDWD�LV�D�WUXH�IDOVH�YDOXH�LGHQWLI\LQJ�DQ\WKLQJ�ZURQJ�ZLWK�WKH�GDWD�DQG�LI�DQ\Ȱ

WKLQJ�LV�PLVVLQJ��3RO\OLQH�LV�WKH�OLVW�RI�FRRUGLQDWH�SRLQWV�WKDW�WRJHWKHU�FUHDWH�WKH



��

WD[L�WULS��)LJXUH���GLVSOD\V�D�KHDWPDS�RI�WKH�����WUDFNV�XVHG�IRU�WKLV�VWXG\��,W�FDQ

SURYLGH�VRPH�LQVLJKW�LQWR�WKH�UHVXOWV��EXW�LW�LV�QRW�DFFXUDWH�HQRXJK�WR�WHOO�H[DFWO\�

)LJXUH����+HDWPDS�FRQVWUXFWHG�IURP�����UHFRUGV�RI�WKH�WD[L�GDWDVHW�IURP�3RUWR�

3RUWXJDO

�����3UHSURFHVVLQJ

7KH� GDWD� KDG� WR� EH� SUHSURFHVVHG� EHIRUH� EHLQJ� XVHG� IRU� WKH� H[SHULPHQWV�� 7KH

GDWDVHW�KDG�D�FROXPQ�FDOOHG��0LVVLQJ�GDWD��ZLWK�D�WUXH�RU�IDOVH�YDOXH��7KH�WUDFNV

FRXOG�DOVR�KDYH�DQ�HPSW\�SRO\OLQH�̙HOG��7KHVH�VWHSV�UHPRYHG�QR�WUDFNV�LQ�WKH�SDUȰ

WLDO� GDWDVHW� XVHG� IRU� WKH� H[SHULPHQWV�� 3RO\OLQHV� ZLWK� WKUHH� RU� IHZHU� FRRUGLQDWH

SRLQWV�ZHUH�DOVR�GHOHWHG��7KH\�GR�QRW�UHSUHVHQW�D�YDOLG�WD[L�WULS�DQG�FDQQRW�SURȰ

YLGH�LQIRUPDWLRQ�DERXW�SHRSOHȶV�QRUPDO�WUDQVSRUWDWLRQ�EHKDYLRU��(LJKW�WUDFNV�PHW

WKLV�FULWHULRQ�DQG�ZHUH�UHPRYHG�



��

7KH� GDWD� LV� FROOHFWHG� E\� WUDQVPLWWLQJ� D� FRRUGLQDWH� SRVLWLRQ� HYHU\� IHZ� VHFRQGV�

7KDW� PHDQV� WKH� GLVWDQFH� EHWZHHQ� WZR� SRLQWV� FDQ� YDU\� D� ORW� GHSHQGLQJ� RQ� WKH

VSHHG�RI�WKH�WD[L�DQG�WKH�*36�VLJQDOV��:KHQ�FDOFXODWLQJ�LI�WZR�SRLQWV�DUH�D�PDWFK

RU�QRW��WKH\�PLJKW�EH�GULYLQJ�RQ�WKH�VDPH�URDG��EXW�WKHLU�*36�LV�WUDQVPLWWLQJ�SRȰ

VLWLRQDO�GDWD�DW�GL̘HUHQW�SODFHV��(YHQ�WKRXJK�WKHLU�YHFWRU�LV�SDUDOOHO��WKHVH�SODFHV

FRXOG�EH�������PHWHUV�DSDUW�DQG�ZRXOG�QRW�TXDOLI\�DV�D�PDWFK��)LJXUH���VKRZV�WZR

WUDFNV�LQ�WKH�OHIW�LPDJH��7KH�ULJKW�LPDJH�VKRZV�WKH�DOLJQPHQW�EHWZHHQ�WKH�WUDFNV

FUHDWHG�ZLWK�6PLWK�:DWHUPDQ��:H�FDQ�VHH�WKH�DOLJQPHQW�RI�WKH�EHJLQQLQJ�RI�WKH

WUDFNV� LV� IRXQG��+RZHYHU��ZKHQ�WKH�WUDFNV�PRYH�RQWR�WKH� ODUJHU�URDG��WKH�SRLQWV

DUH� IXUWKHU�DSDUW�� DQG� WKH�DOJRULWKP�FDQQRW�̙QG�DQ�DFFXUDWH�PDWFK��7KH� LPDJH

DOVR�VKRZV�KRZ�D�WUDFN�FDQ�VNLS�DQ�LQWHUVHFWLRQ�DQG�MXPS�VWUDLJKW�WR�DQRWKHU�URDG�

7KH�GLUHFWLRQ�RI�WKH�SRO\OLQH�ZLOO�QRW�EH�WKH�VDPH��DQG�WKH�WUDFNV�ZLOO�QR�ORQJHU�EH

SDUDOOHO��$QRWKHU�DVSHFW�WKDW�FRXOG�EH�D�SUREOHP�LV�D�ODUJH�KLJKZD\�ZLWK�WKUHH�RU

IRXU�ODQHV�RU�PRUH��,W�LV�QRW�D�SUREOHP�LQ�D�VPDOO�FLW\�VXFK�DV�3RUWR��EXW�LQ�D�ODUJȰ

HU�FLW\�ZLWK�ZLGHU�KLJKZD\V��WKHUH�FRXOG�EH�PRUH�WKDQ����PHWHUV�EHWZHHQ�WZR�FDUV

GULYLQJ�WKH�VDPH�URDG�



��

)LJXUH����7KH�LPDJH�WR�WKH�OHIW�VKRZV�WZR�WUDFNV��7KH\�RYHUODS�XQWLO�WKH�EOXH

WUDFN�VWRSV��DQG�WKH�JUHHQ�FRQWLQXHV��7KLV�LV�SULRU�WR�DGGLQJ�DGGLWLRQDO�FRRUGLQDWH

SRLQWV��7KH�LPDJH�WR�WKH�ULJKW�VKRZV�WKH�DOLJQPHQW�RI�WKH�WZR�WUDFNV�FUHDWHG�ZLWK

6PLWK�:DWHUPDQ��7KH�DOJRULWKP�LGHQWL̙HG�WKH�DOLJQPHQW�DW�WKH�EHJLQQLQJ�RI�WKH

WUDFNV��+RZHYHU��LW�HQGV�EHIRUH�WKH�LQWHUVHFWLRQ��DQG�WKH�DOLJQPHQW�RQ�5XD�GR

)UHL[R�LV�QRW�UHSUHVHQWHG��7KDW�FRXOG�EH�GXH�WR�DQRWKHU�VSHHG�OLPLW�RQ�WKLV�URDG�

DQG�SRLQWV�RFFXU�OHVV�IUHTXHQWO\��7KHUHIRUH�WKH�DOJRULWKP�KDG�GL̛FXOWLHV

LGHQWLI\LQJ�WKHVH�WUDFNV�DV�PDWFKLQJ�RQ�WKLV�URDG�

7KDW�LV�D�FRPPRQ�SUREOHP�ZKHQ�GHDOLQJ�ZLWK�*36�WUDMHFWRULHV��,W�FDQ�EH�VROYHG

E\�XVLQJ�YHFWRUV�IRU�FRPSDULVRQ�LQVWHDG�RI�VLQJOH�SRLQWV�WR�LGHQWLI\�PDWFKHV��:KHQ

SRLQWV�DUH�WRR�IDU�DZD\��WKHLU�YHFWRUV�ZLOO�PDWFK�LQVWHDG��+RZHYHU��WKLV�FRPSOLFDWHV

WKH� SURFHVV� VHYHUHO\�� &RPSDULQJ� YHFWRUV� LV� KHDYLHU� WKDQ� FRPSXWLQJ� D� GLVWDQFH�

7KDW�LV�ZK\�WKH�PRVW�FRPPRQ�VROXWLRQ�WR�WKLV�SUREOHP��DQG�ZKDW�ZDV�GHFLGHG�WR

GR�KHUH��ZDV�WR�DGG�ZD\SRLQWV�LQ�EHWZHHQ�WKH�H[LVWLQJ�SRLQWV�

7KH�ZD\SRLQWV�ZHUH�DGGHG�EDVHG�RQ�WZR�QHHGV��)LUVWO\��WKH�WKUHVKROG�WR�GH̙QH�WZR

SRLQWV�DV�D�PDWFK�RU�QRW�ZDV�VHW�WR�EH����PHWHUV��7KHUHIRUH��WKH�GLVWDQFH�EHWZHHQ

WZR�SRLQWV�LQ�WKH�SRO\OLQH�VKRXOG�EH�OHVV�WKDQ����PHWHUV��6HFRQGO\��WRR�PDQ\�ZD\Ȱ

SRLQWV�VKRXOG�EH�DYRLGHG�DV�WKH�VL]H�RI�WKH�PDWULFHV�ZLOO�H[SDQG��DQG�WKH�FRPSXWDȰ

WLRQ�WLPH�ZLOO�DOVR�EH�H[WHQGHG��7ZHQW\�PHWHUV�WXUQHG�RXW�WR�EH�D�VDIH�QXPEHU�WR



��

PHHW�ERWK�QHHGV��)LJXUH���VKRZV�WKH�DOLJQPHQW�EHWZHHQ�WKH�WUDFNV�IURP�)LJXUH��

DIWHU�DGGLQJ�ZD\SRLQWV��:H�FDQ�VHH�KHUH�WKDW�WKH�HQWLUH�RYHUODS�LV�IRXQG�

)LJXUH����7KH�LPDJH�VKRZV�WKH�DOLJQPHQW�EHWZHHQ�WKH�WZR�WUDFNV�DIWHU�ZD\SRLQWV

ZHUH�DGGHG�EHWZHHQ�H[LVWLQJ�SRLQWV�

�������2SWLPL]DWLRQ

7KLV�GDWD�ZDV�HQRXJK�WR�PDNH�WKH�6PLWK�:DWHUPDQ�DOJRULWKP�UXQ�H̘HFWLYHO\��)RU

WKH� RWKHU� WZR�� WKH� UXQWLPH�ZDV� VWLOO� XQSUDFWLFDOO\� ORQJ��7ZR�SUHSURFHVVLQJ� VWHSV

ZHUH�DGGHG�WR�PDNH�WKHP�UXQ�IDVWHU��+RZHYHU��ZKHQ�FRPSDULQJ�WKH�UHVXOW�RI�WKUHH

GL̘HUHQW�DOJRULWKPV�� WKH� LQSXW� VKRXOG�EH� WKH� VDPH� WR�FRPSDUH� WKHLU�RXWSXW�FRUȰ

UHFWO\��7KDW�LV�ZK\�6PLWK�:DWHUPDQ�ZLOO�DOVR�EH�XVLQJ�WKH�VDPH�SUHSURFHVVHG�GDWD

DV�1HHGOHPDQ�:XQVFK�DQG�'\QDPLF�7LPH�:DUSLQJ�

7KH�̙UVW�VWHS�WR�VKRUWHQ�WKH�UXQQLQJ�WLPH�ZDV�WR�UHPRYH�WKH�SRLQWV�RXWVLGH�WKH

FLW\�FHQWHU��7KH�KHDWPDS�RI�WKH�GDWDVHW�VKRZV�WKDW�PRVW�WUDFNV�DUH�ORFDWHG�LQVLGH



��

WKH�FLW\�FHQWHU��7KHUHIRUH��WKHUH�LV�QR�QHHG�WR�LQFOXGH�WKHVH�SRLQWV�LQ�WKH�FDOFXODȰ

WLRQ�� ,W�ZDV�FRQVLGHUHG�QRW�RQO\�UHPRYLQJ�WKH�SRLQWV�RXWVLGH�WKH�FLW\�FHQWHU�EXW

HQWLUH�WUDFNV�ZLWK�SRLQWV�RXWVLGH�WKH�FLW\�FHQWHU��+RZHYHU��ZH�ZDQW�D�PDSSLQJ�RI

WKH�QDWXUDO�WUD̛F�LQ�WKH�FLW\��DQG�UHPRYLQJ�WUDFNV�JRLQJ�RXWVLGH�WKH�FHQWHU�ZRXOG

UHPRYH�PDQ\� QDWXUDO� DQG� W\SLFDO� WUDFNV�� 1HYHUWKHOHVV�� DOO� SRLQWV� RXWVLGH� RI� WKH

FLW\�FHQWHU�ZHUH�UHPRYHG��7KH�FLW\�FHQWHU�LV�GH̙QHG�LQGLYLGXDOO\�IRU�HDFK�FLW\��)RU

3RUWR��LW�ZDV�GHFLGHG�EDVHG�RQ�WKH�KHDWPDS�RI�WKH�WUDFNV��,W�LV�YLVLEOH�ZKHUH�WKH

SULPDU\�WUD̛F�LV�VLWXDWHG��)LJXUH���VKRZV�WKH�KHDWPDS�ZLWK�D�VTXDUH��7KH�SRLQWV

LQVLGH�WKH�VTXDUH�ZHUH�NHSW��DQG�WKH�SRLQWV�RXWVLGH�LW�ZHUH�GLVFDUGHG�

)LJXUH����7KH�̙JXUH�VKRZV�WKH�KHDWPDS�IURP�)LJXUH���ZLWK�D�VTXDUH��7KH

FRRUGLQDWH�SRLQWV�RXWVLGH�WKH�VTXDUH�ZHUH�GLVFDUGHG�

7KH�VHFRQG�VWHS�WR�UHGXFH�WKH�FRPSXWDWLRQ�WLPH�ZDV�WR�GLYLGH�WKH�WUDFNV�LQWR�VXE�

WUDFNV��7KDW�LV�WR�UHGXFH�WKH�OHQJWK�RI�WKH�ORQJHVW�WUDFNV�WR�PLQLPL]H�WKH�VL]H�RI

WKH� VLPLODULW\� PDWULFHV�� (YHQ� LI� PRUH� PDWULFHV� DUH� WR� EH� PDGH�� WKH\� ZRXOG� EH

VPDOOHU� DQG� IDVWHU� WR� FUHDWH��:KHUH� WR� GLYLGH� WKH� WUDFNV� ZDV� D� SUREOHP� WR� EH



��

VROYHG��,I�WKH�WUDFNV�ZHUH�GLYLGHG�LQ�WKH�PLGGOH�RU�D�UDQGRP�SODFH��ZH�ZRXOG�ULVN

GLYLGLQJ�D�ORQJ�IUHTXHQW�UHVXOW�WUDFN��7KDW�FRXOG�KDYH�D�FRQVLGHUDEOH�QHJDWLYH�LPȰ

SDFW� RQ� WKH� UHVXOW� WKDW� ZRXOG� QRW� EH� MXVWL̙HG� E\� WKH� VKRUWHU� UXQQLQJ� WLPH�� ,W

ZRXOG�EH�EHWWHU�WR�GLYLGH�WKH�WUDFNV�EHWZHHQ�WKHVH�ORQJHU��IUHTXHQW�VXE�WUDFNV��:H

ZDQW�WR�GLYLGH�ZKHUH�SRLQWV�DUH�OHVV�IUHTXHQW��7R�LGHQWLI\�WKH�̙HOGV�ZLWK�OHVV�IUHȰ

TXHQW�SRLQWV��ZH�XVH�'%6&$1��'%6&$1�LV�D�FOXVWHULQJ�DOJRULWKP�IRU�FOXVWHULQJ

SRLQWV�EDVHG�RQ�SRVLWLRQ��:KDW�'%6&$1�DOVR�GRHV�LV�LGHQWLI\�QRLVH�SRLQWV��3RLQWV

WKDW�GR�QRW�EHORQJ�LQ�D�FOXVWHU�DUH�LGHQWL̙HG�DV�QRLVH��7KHVH�QRLVH�SRLQWV�ZLOO�LGHQȰ

WLI\�WKH�̙HOGV�ZLWK�OHVV�IUHTXHQW�SRLQWV��7KDW�LV�ZKHUH�WKH�GLYLVLRQ�VKRXOG�EH�PDGH�

7KH�QRLVH�SRLQWV�DUH�UHPRYHG��DQG�WKH�VXE�WUDFNV�EHIRUH��DIWHU��RU�EHWZHHQ�ZLOO�EH

FRQVLGHUHG� VHSDUDWH� WUDFNV�� 7KH� GDWDVHW� ZLOO� QRZ� FRQVLVW� RI� PRUH� WUDFNV�� IHZHU

SRLQWV��DQG�VPDOOHU�PDWULFHV��7RJHWKHU��WKHVH�WZR�SUHSURFHVVLQJ�VWHSV�UHGXFHG�WKH

FRPSXWDWLRQ�WLPH�E\������

)LJXUH����:KHQ�QRLVH�LV�UHPRYHG��VXE�WUDFNV�FDQ�EH�FUHDWHG�IURP�WKH�UHVXOWLQJ

FRRUGLQDWH�SRLQWV�



��

�����&UHDWLQJ�D�5HVXOW�/LVW

7KH�VWXG\ȶV�JRDO�LV�WR�REWDLQ�DQ�RUGHUHG�OLVW�RI�WKH�WRS�PRVW�WUD̛FNHG�URDGV�LQ�D

FLW\��7KH�UHVXOW�OLVW�FRQVLVWV�RI�WKH�SRO\OLQHV�RI�WKH�PRVW�UHSUHVHQWHG�VXE�WUDFNV�DQG

D�VFRUH�GHWHUPLQLQJ�WKHLU�RUGHULQJ�LQ�WKH�OLVW��2EWDLQLQJ�D�UHVXOW�OLVW�IURP�WKH�RXWȰ

SXW�RI�WKH�DOJRULWKPV�LV�QRW�GLUHFWO\�D�SDUW�RI�WKH�VWXG\�DQG�ZLOO�QRW�EH�HYDOXDWHG�

1HYHUWKHOHVV��WKH�PHWKRG�ZLOO�EH�H[SODLQHG�LQ�WKLV�VHFWLRQ�

(YHU\�WUDFN�LQ�WKH�GDWDVHW�KDV�WR�EH�FRPSDUHG�WR�HYHU\�RWKHU�WUDFN��7KLV�PHDQV

WKDW�IRU�HYHU\�WUDFN��D�PDWUL[�DQG�EDFNWUDFN�DOLJQPHQW�ZLOO�EH�FUHDWHG�ZLWK�HYHU\

RWKHU�WUDFN��7UDFN���ZLOO�EH�FRPSDUHG�WR�HYHU\�WUDFN�H[FHSW�LWVHOI��7UDFN���ZLOO�EH

FRPSDUHG�WR�HYHU\�WUDFN�H[FHSW�WUDFN���DQG�LWVHOI��:KHQ�ZH�FRPH�WR�WUDFN�����LW

RQO\�KDV�WR�EH�FRPSDUHG�WR�WUDFNV���������DQG�VR�RQ��DV�LW�KDV�DOUHDG\�EHHQ�FRPȰ

SDUHG�WR�WUDFNV�������DQG�XS�WR�����(YHU\�WUDFN�ZLOO�JHQHUDWH�D�OLVW�RI�DOLJQPHQWV

WKDW�PDWFK�VRPH�SDUW�RI�WKH�WUDFN��7KH�DOLJQPHQW�LV�QRW�LQFOXGHG�LI� LW�LV�VKRUWHU

WKDQ� IRXU� FRRUGLQDWH� SRLQWV�� )RU� HYHU\� FRRUGLQDWH� SRLQW� LQ� WKH� WUDFN�� WKHUH� LV� D

FRXQW� IRU�KRZ�PDQ\�RWKHU�WUDFNV�RYHUODS�ZLWK�WKDW�SRLQW��7KLV� LV� WKH� IUHTXHQF\�

:H� PXVW� ̙UVW� HYDOXDWH� WKH� ZHLJKWLQJ� EHWZHHQ� OHQJWK� DQG� IUHTXHQF\� WR� GHFLGH

ZKLFK�DOLJQPHQWV�EHORQJ�LQ�WKH�UHVXOW�OLVW��7KH�OHQJWK�LQ�WKLV�IRUPXOD�LV�WKH�QXPȰ

EHU�RI�FRRUGLQDWH�SRLQWV��(YHU\�FRRUGLQDWH�SRLQW�LV�DSSUR[LPDWHO\����PHWHUV�DSDUW�

:H�GR�QRW�ZDQW�WKH� ORQJHVW�WUDFN�LI� LW�PHDQV� LW�RFFXUV�WKUHH�WLPHV��DV� LW� LV� ORQJ

EXW�QRW� IUHTXHQW��$W�WKH�VDPH�WLPH��ZH�GR�QRW�ZDQW�WUDFNV�ZLWK�WZR�FRRUGLQDWH

SRLQWV�EXW�ZLWK�D�KLJK�IUHTXHQF\��DV�WKHUH�LV�D�KLJKHU�OLNHOLKRRG�RI�LQDFFXUDF\��7KH

IRUPXOD�ZDV�IRXQG�E\�WU\LQJ�DQG�IDLOLQJ�WR�JHQHUDWH�WKH�EHVW�SRVVLEOH�UHVXOW��,W�LV

DGDSWHG� WR� WKLV� GDWDVHW� DQG�ZRXOG� QRW� QHFHVVDULO\�ZRUN� IRU� RWKHU� GDWDVHWV��7KH

IRUPXOD�ZDV�GHFLGHG�WR�EH�WKH�OHQJWK�LQ�FRRUGLQDWH�SRLQWV�SOXV�IUHTXHQF\��7KH�UHDȰ

VRQ�EHKLQG�WKLV�GHFLVLRQ�LV�IXUWKHU�H[SORUHG�LQ�6HFWLRQ����

7KH�SRWHQWLDO� UHVXOWLQJ�DOLJQPHQWV�ZLOO� UHFHLYH�D� VFRUH�EDVHG�RQ�WKLV�FDOFXODWLRQ�

7KHVH�DOLJQPHQWV�DUH�GL̘HUHQW�FRPELQDWLRQV�RI�FRRUGLQDWH�SRLQWV�WR�PD[LPL]H�WKH

VFRUH��:LOO�DGGLQJ�WKUHH�PRUH�SRLQWV� WR�WKH�DOLJQPHQW�JHQHUDWH�D�KLJKHU�VFRUH� LI



��

WKH�IUHTXHQF\�ZLOO�KDYH�WR�GHFUHDVH�ZLWK�WZR"�7KH�DOLJQPHQW�RU�DOLJQPHQWV�ZLWK

WKH�KLJKHVW�VFRUH�ZLOO�EH�DGGHG�WR�WKH�̙QDO�UHVXOW�OLVW��$�WUDFN�FDQ�JHQHUDWH�PXOWLȰ

SOH� UHVXOWLQJ� WRS� DOLJQPHQWV� LI� WKH\� GR� QRW� RYHUODS��:KHQ� DOO� WUDFNV� KDYH� EHHQ

FRPSDUHG�WR�DOO�RWKHU�WUDFNV��DQG�VRPH�KDYH�JHQHUDWHG�RQH�RU�PRUH�UHVXOW�WUDFNV�

WKH�UHVXOW�OLVW�LV�VRUWHG�EDVHG�RQ�WKH�WUDFNV
�VFRUHV��7UDFNV�ZLWK�OHVV�WKDQ�IRXU�FRȰ

RUGLQDWH�SRLQWV�RU� IUHTXHQF\�EHORZ�HLJKW�ZHUH�H[FOXGHG� IURP�WKH�UHVXOW� OLVW��7KH

̙QDO�UHVXOW�OLVW�LV��WKXV��D�OLVW�RI�SRO\OLQHV�VRUWHG�RQ�D�VFRUH�GHWHUPLQLQJ�KRZ�UHOHȰ

YDQW�WKH�SRO\OLQH�LV�WR�WKH�SUREOHP�

�����([SHULPHQWV

7KH�H[SHULPHQWV� LQ� WKLV� VWXG\�ZLOO�DQDO\]H� WKH� UHVXOWV� IURP�WKH�DOJRULWKPV��7KH

UHOLDELOLW\�DQG�TXDOLW\�RI� WKH� UHVXOWV�ZLOO�DOVR�EH� WHVWHG�DQG�H[SORUHG��7KDW� LV� WR

SURYLGH�LQVLJKWV�LQWR�GL̘HUHQFHV�DQG�VLPLODULWLHV�WKDW�ZLOO�EH�GLVFXVVHG�DQG�HYDOXDWȰ

HG�LQ�6HFWLRQ���'LVFXVVLRQ�

7KH�̙UVW�H[SHULPHQW�LV�WR�FRPSDUH�WKH�UHVXOW�OLVWV��7KH\�ZLOO�DOVR�EH�FRPSDUHG�WR

WKH� KHDWPDS� FUHDWHG� IURP� WKH� VDPH� SUHSURFHVVHG� GDWDVHW�� 7KH� KHDWPDS� FDQQRW

ZRUN�DV�D�VROXWLRQ�DV�LW�RQO\�LQFOXGHV�WKH�FRRUGLQDWH�SRLQWV�DQG�QRW�WKH�OLQHV�EHȰ

WZHHQ�WKHP��3RLQWV�FDQQRW�EH�EOLQGO\�WUXVWHG�DV�WKH\�ZLOO��IRU�H[DPSOH��QRW�UHJLVȰ

WHU� DQ\� LQ� WXQQHOV�� /DUJHU� KLJKZD\V�ZLWK� D� KLJK� VSHHG� OLPLW�ZLOO� JHQHUDWH� IHZHU

SRLQWV�� DV� WKH� FDUV� DUH� GULYLQJ� IDVWHU� DQG� WKH� GLVWDQFH� EHWZHHQ� SRLQWV� ZLOO� EH

ORQJHU�� (YHQ� WKRXJK� PRUH� FDUV� DUH� GULYLQJ� WKHVH� URDGV�� WKH\� PLJKW� DSSHDU� DV

EULJKW�LQ�WKH�KHDWPDS�DV�RQH�WD[L�GULYLQJ�LQ�FLUFOHV�RQ�D�VPDOO�VLGH�URDG�WU\LQJ�WR

SDUN�� WXUQ� DURXQG� RU� ZDLW� IRU� D� SDVVHQJHU�� 7KH� KHDWPDS� GRHV� QRW� NQRZ�ZKLFK

SRLQWV�EHORQJ�WR�WKH�VDPH�WUDFN�HLWKHU��7KH�UHDVRQV�DERYH�FRXOG�UHVXOW� LQ�EULJKW

VSRWV�RQ�WKH�KHDWPDS�HYHQ�WKRXJK�DOO�WKH�SRLQWV�RULJLQDWH�IURP�WKH�VDPH�WUDFN�

&RPSDULQJ�WKH�UHVXOW�OLVWV�WR�D�FRUUHFW�VROXWLRQ�LV�WKHUHIRUH�WULFN\��7KH�WRS����OLVWV�

WKH� WRS� ���OLVWV�� DQG� WKH� HQWLUH� OLVWV� ZLOO� EH� FRPSDUHG� WR� HDFK� RWKHU� DQG� WKH

KHDWPDS�WR�LGHQWLI\�GL̘HUHQFHV�DQG�VLPLODULWLHV�



��

7KH�VFRULQJ�RI�WKH�UHVXOW�WUDFNV�LV�D�FRPELQDWLRQ�RI�OHQJWK�DQG�IUHTXHQF\��%RWK�D

KLJK�OHQJWK�DQG�D�KLJK�IUHTXHQF\�DUH�SRVLWLYH�WUDLWV�RI�WKH�UHVXOW��,W�PHDQV�WKH�DOȰ

JRULWKPV�KDYH� EHHQ� DEOH� WR� ̙QG� ORQJ� WUDFNV�ZLWK�PDQ\�PDWFKHV��7KHUHIRUH�� WKH

WRS�VFRUHV�DQG�DYHUDJH�OHQJWK�DQG�IUHTXHQF\�ZLOO�EH�FRPSDUHG�WR�LGHQWLI\�WKH�GLIȰ

IHUHQFHV�LQ�WKH�DOJRULWKPV�

7KH�OHQJWK�RI�WKH�UHVXOW�OLVWV�ZLOO�DOVR�SURYLGH�LQVLJKW�LQWR�KRZ�PDQ\�PDWFKHV�DQG

YDOXDEOH�UHVXOW�WUDFNV�WKH�DOJRULWKPV�ZHUH�DEOH�WR�̙QG��7KH�WKUHVKROG�IRU�D�WUDFN

WR�EH�LQFOXGHG�LQ�WKH�UHVXOW�OLVW�LV�WKH�VDPH�IRU�DOO�DOJRULWKPV��$�ORQJHU�OLVW�ZLOO�

WKHUHIRUH��PHDQ�PRUH�PDWFKHV�KDYH�EHHQ�IRXQG�

7KH�ODVW�H[SHULPHQW�ZLOO�GHOYH�GHHSHU�LQWR�WKH�GHWDLOV�RI�GLVFRYHULQJ�D�PDWFK��$OO

WKUHH�DOJRULWKPV�ZLOO�EH�WHVWHG�RQ�RQO\�RQH�RI�WKH�WUDFNV��7KH\�ZLOO�FRPSDUH�WUDFN

��WR�HYHU\�RWKHU�WUDFN�LQ�WKH�GDWDVHW��DQG�WKH�PDWFKHV�WKH\�̙QG�ZLOO�EH�FRPSDUHG�

+RZ�PDQ\�PDWFKLQJ� WUDFNV� ZHUH� GLVFRYHUHG"�:KLFK� WUDFNV� ZHUH� QRW� GLVFRYHUHG

DQG�ZK\"�)RU�H[DPSOH��KRZ�ORQJ�DUH�WKH�PDWFKHV�QRW�GLVFRYHUHG�E\�DQ\�RU�DOO�RI

WKH�DOJRULWKPV"�,W�ZLOO�QRW�LQFOXGH�FUHDWLQJ�WKH�UHVXOW�OLVW��VR�RQO\�WKH�DOJRULWKPV

ZLOO�EH�HYDOXDWHG��7KDW�ZLOO�LQGLFDWH�VRPHWKLQJ�DERXW�KRZ�VHQVLWLYH�WKH�DOJRULWKPV

DUH�WR�PDWFKHV��:LOO�WKH\�QHHG�D�ORQJ�PDWFK�WR�LGHQWLI\�WKHP��RU�ZLOO�WKH\�GLVFRYHU

HYHQ�WKH�PRUH�PLQRU�PDWFKHV"�$OWHUQDWLYHO\��VRPH�DOJRULWKPV�PLJKW�PLVV�D�PRUH

VLJQL̙FDQW�PDWFK� RU�PD\EH� QRW� GLVFRYHU� WKH� HQWLUH�PDWFK�� RQO\� D� IUDFWLRQ� RI� LW�

7KHVH�UHVXOWV�FRXOG�DOVR�KHOS�H[SODLQ�WKH�UHVXOWV�RI�WKH�RWKHU�H[SHULPHQWV�GXH�WR

LQYHVWLJDWLQJ�GHHSHU�KRZ�WKH�DOJRULWKPV�ZRUN�



��

���5HVXOWV
7KLV�FKDSWHU�ZLOO�SUHVHQW�WKH�UHVXOWV�RI�WKH�H[SHULPHQWV�H[SODLQHG�LQ�6HFWLRQ�����

7KH�QH[W�FKDSWHU�ZLOO�GLVFXVV�WKHP�DQG�SURYLGH�PRUH� LQVLJKW� LQWR�WKH�HVVHQFH�RI

WKH�UHVXOWV�

�����5HVXOW�/LVWV

7KH�̙UVW�H[SHULPHQW�LV�FRPSDULQJ�UHVXOW� OLVWV��7KH�FRPSOHWH� OLVWV�DUH� LQFOXGHG�LQ

WKH�DSSHQGL[��DORQJ�ZLWK�WKH�FRGH�6HFWLRQ�$����)LJXUH�����)LJXUH����DQG�)LJXUH���

GLVSOD\�WKH�PDSV�RI�WKH�UHVXOW�WUDFNV�IURP�WKH�HQWLUH�UHVXOW�OLVWV��$V�FDQ�EH�VHHQ�

PDQ\�RI�WKH�UHVXOW�WUDFNV�RYHUODS�DQG�FRYHU�WKH�VDPH�URDGV��7KDW�LV�EHFDXVH�WKH

URDGV� LQFOXGHG� LQ� D� UHVXOW� OLVW� RI� WUDFN� �� DUH� VWLOO� LQFOXGHG� LQ� WUDFN� ��� ,W�PHDQV

WUDFN���ZLOO�RXWSXW�D�UHVXOW�VHTXHQFH�WKDW�PDWFKHV�PDQ\�RWKHU�WUDFNV��:KHQ�WUDFN

�� LV� FRPSDUHG� WR� WKH� UHVW� RI� WKH� WUDFNV�� LW�PLJKW� RXWSXW� WKH� H[DFW� VDPH� UHVXOW

WUDFN��EXW�ZLWK�D�IUHTXHQF\�ORZHU�E\�RQH��)LJXUH���GLVSOD\V�WKUHH�WUDFNV�WKDW�RYHUȰ

ODS�HQWLUHO\��7KH�̙UVW�RI� WKHP�ZLOO�PDWFK�ZLWK�DOO� WKUHH��7KH�VHFRQG�ZLOO�QRW�EH

FRPSDUHG�WR�WKH�̙UVW��WKXV�RQO\�JHWWLQJ�RQH�PDWFK��7KH�WKLUG�ZLOO�QRW�PDWFK�DQ\Ȱ

RQH��EXW�LW�ZLOO�VWLOO�EH�UHSUHVHQWHG�WKURXJK�WKH�RWKHU�WZR��7KDW�LV�ZK\�WKH�UHVXOW

OLVW� LV� IXOO� RI� RYHUODSSLQJ� WUDFNV�� ,W� FDQ� DOVR� EH� D�PHDVXUH� RI� KRZ� IUHTXHQW� WKDW

URDG�VHJPHQW�LV�



��

)LJXUH����3ORW�RI�WKUHH�RYHUODSSLQJ�WUDFNV

7KH�FRPSOHWH�UHVXOW�OLVWV�RI�DOO�WKUHH�DOJRULWKPV�DUH�UHODWLYHO\�VLPLODU��7KH\�FRYHU

WKH�VDPH�PDLQ�URDGV��:KHQ�ORRNLQJ�FORVHU��VRPH�PLQLPDO�GL̘HUHQFHV�FDQ�EH�VHHQ�

+RZHYHU��QRWKLQJ�FDQ�EH�UHDG�IURP�WKHP�DV�WKH\�DUH�VR�PLQLPDO��7KH\�DUH�VKRUW

WUDFNV�LQ�YDJXHO\�WKH�VDPH�DUHD�DQG�FDQ�EH�FRQVLGHUHG�WKH�VDPH�



��

)LJXUH�����&RPSOHWH�UHVXOW�IURP�WKH�1HHGOHPDQ�:XQVFK�DOJRULWKP

)LJXUH�����&RPSOHWH�UHVXOW�IURP�WKH�6PLWK�:DWHUPDQ�DOJRULWKP



��

)LJXUH�����&RPSOHWH�UHVXOW�IURP�WKH�'\QDPLF�7LPH�:DUSLQJ�DOJRULWKP

7KH�HQWLUH�UHVXOW�OLVW�LV�QRW�D�YHU\�DFFXUDWH�VROXWLRQ�WR�WKH�SUREOHP�LQ�WKLV�WKHVLV�

7KH�VWXG\�ORRNV�IRU�WKH�WZR��WKUHH��RU�PD\EH�IRXU�WRSPRVW�WUD̛FNHG�URDGV��7KH

HQWLUH�OLVW�SURYLGHV�PRUH�WKDQ�WKDW��DV�VRPH�WUDFNV�PLJKW�HQG�XS�LQ�WKH�OLVW�E\�FRȰ

LQFLGHQFH��0DQ\�RI�WKHVH�RXWOLHUV�DUH�̙OWHUHG�RXW�LQ�WKH�WRS����UHVXOW�OLVWV��:KDW

UHPDLQV� FRXOG� EH� WKH� ORQJHVW�� PRVW� WUD̛FNHG� URDGV�� )LJXUH� ���� )LJXUH� ��� DQG

)LJXUH����GLVSOD\V�WKH�WRS����UHVXOW�OLVWV�RI�WKH�WKUHH�DOJRULWKPV��7KH\�FRYHU�YHU\

PXFK�RI�WKH�VDPH�JURXQG�DQG�RQO\�WKH�PRVW�VLJQL̙FDQW�URDGV�IURP�WKH�HQWLUH�OLVW�

7KH�RQO\�QRWLFHDEOH�GL̘HUHQFH�WKDW�FDQ�EH�VHHQ� LV�RQ�WKH�URDG�PDUNHG�E\�DQ�$�

7KH�UHVXOWLQJ�URDG�IRU�1:�DQG�6:�VWRSV�EHIRUH�'7:��7KLV�URDG�IRU�'7:�FRQȰ

WLQXHV�IRU�DV�ORQJ�DV�WKH�HQWLUH�UHVXOW�OLVW�



��

)LJXUH�����7RS����UHVXOW�OLVW�IURP�WKH�1HHGOHPDQ�:XQVFK�DOJRULWKP

)LJXUH�����7RS����UHVXOW�OLVW�IURP�WKH�6PLWK�:DWHUPDQ�DOJRULWKP



��

)LJXUH�����7RS����UHVXOW�OLVW�IURP�WKH�'\QDPLF�7LPH�:DUSLQJ�DOJRULWKP

,I�ZH�̙OWHU�RXW�HYHQ�PRUH�DQG�RQO\�ORRN�DW�WKH�WRS����UHVXOW�OLVW��ZH�JHW�WKH�PDSV

VKRZQ�LQ�)LJXUH�����)LJXUH����DQG�)LJXUH�����7KH\�DUH�YHU\�VLPLODU�WR�WKH�WRS���

OLVWV��EXW�VRPHWKLQJ�KDV�FKDQJHG��'7:�VWLOO�KDV�WKH�ORQJHVW�URDG�PDUNHG�E\�DQ�$�

$OWKRXJK��6:�DQG�1:�KDYH�NHSW�WKH�URDG�PDUNHG�E\�D�%��'7:�ORVW�WKLV�URDG�LQ

WKH�WRS����OLVW�



��

)LJXUH�����7RS����UHVXOW�OLVW�IURP�WKH�1HHGOHPDQ�:XQVFK�DOJRULWKP

)LJXUH�����7RS����UHVXOW�OLVW�IURP�WKH�6PLWK�:DWHUPDQ�DOJRULWKP



��

)LJXUH�����7RS����UHVXOW�OLVW�IURP�WKH�'\QDPLF�7LPH�:DUSLQJ�DOJRULWKP



��

�����$YHUDJH�/HQJWK�RI�5HVXOW�7UDFNV

7KH�DYHUDJH�OHQJWK�RI�UHVXOW�WUDFNV�LV�VKRZQ�LQ�7DEOH����7KH�OHQJWK�LV�PHDVXUHG�LQ

WKH� QXPEHU� RI� FRRUGLQDWH� SRLQWV� LQFOXGHG� LQ� WKH� WUDFN�� '7:� KDV� WKH� ORQJHVW

WUDFNV� LQ�DOO� WKUHH� OLVWV��1:�DQG�6:�DUH�D�ELW�VKRUWHU�EXW�YHU\�VLPLODU�EHWZHHQ

WKHP��7KH�KLJKHU�RQ�WKH�UHVXOW�OLVW��WKH�PRUH�VLJQL̙FDQW�WKH�GL̘HUHQFH�LV�EHWZHHQ

'7:�DQG�WKH�RWKHUV��+RZHYHU��WKH�OHQJWKV�DUH�RYHUDOO�YHU\�VLPLODU�

7DEOH����7KH�WDEOH�VKRZV�WKH�DYHUDJH�OHQJWK�RI�WKH�UHVXOW�WUDFNV�LQ�WKH

FRUUHVSRQGLQJ�UHVXOW�OLVW�

6PLWK�

:DWHUPDQ

1HHGOHPDQ�

:XQVFK

'\QDPLF�7LPH

:DUSLQJ

7RS��� ����� ����� �����

7RS��� ����� ������ ������

(QWLUH�OLVW ����� ����� �����

�����6FRUH

7KH�VFRUHV�RI�WKH�UHVXOW�WUDFNV�DUH�FDOFXODWHG�E\�DGGLQJ�OHQJWK�DQG�IUHTXHQF\��7KH

UHVXOW�OLVW�LV�VRUWHG�E\�WKLV�VFRUH��ZKHUH�D�KLJKHU�VFRUH�PHDQV�D�ORQJHU�DQG�RU�PRUH

IUHTXHQW� UHVXOW� WUDFN�� 6PLWK�:DWHUPDQ�GLVFRYHUHG� D� UHVXOW� WUDFN�ZLWK� D� VFRUH� RI

�����1HHGOHPDQ�:XQVFK�IRXQG�D�WUDFN�VFRULQJ������'\QDPLF�7LPH�:DUSLQJ�JRW�D

VFRUH�RI������7KXV��WKH�KLJKHVW�VFRUH�ZDV�IRXQG�E\�'\QDPLF�7LPH�:DUSLQJ��ZKLFK

HLWKHU�IRXQG�D�ORQJHU�WUDFN�WKDQ�WKH�RWKHU�WZR�RU�IRXQG�PRUH�WUDFNV�PDWFKLQJ�WKH

UHVXOWLQJ�WUDFN�



��

�����/HQJWK�RI�5HVXOW�/LVW

7KH�OHQJWK�RI�WKH�UHVXOW�OLVW�VD\V�VRPHWKLQJ�DERXW�KRZ�PDQ\�PDWFKLQJ�VXE�WUDFNV

WKH�DOJRULWKP�KDV�GLVFRYHUHG��$OWKRXJK��LW�PXVW�EH�VHHQ�LQ�WKH�FRQWH[W�RI�WKH�RWKȰ

HU� UHVXOWV�� 6PLWK�:DWHUPDQ� IRXQG� ���� UHVXOW� WUDFNV�� 1HHGOHPDQ�:XQVFK� IRXQG

�����DQG�'\QDPLF�7LPH�:DUSLQJ�IRXQG�����UHVXOW�WUDFNV�

�����$YHUDJH�)UHTXHQF\

7KH�DYHUDJH�IUHTXHQF\�IRU�WKH�GL̘HUHQW�OLVWV�ZLOO�WHOO�XV�KRZ�PDQ\�PDWFKLQJ�WUDFNV

WKH�DOJRULWKPV�̙QG�IRU�HDFK�UHVXOW�WUDFN��7DEOH���GLVSOD\V�WKH�DYHUDJH�IUHTXHQFLHV

RI� WKH� UHVXOW� OLVWV�� 7KHVH� QXPEHUV� PHDQ� WKH� DYHUDJH� QXPEHU� RI� WUDFNV� JRLQJ

WKURXJK�D�SRLQW�UHSUHVHQWHG�LQ�D�WUDFN�IURP�WKH�UHVSHFWLYH�UHVXOW�OLVW�

7DEOH����7KH�WDEOH�GLVSOD\V�WKH�DYHUDJH�IUHTXHQFLHV�IRXQG�E\�WKH�WKUHH�DOJRULWKPV�

6PLWK�

:DWHUPDQ

1HHGOHPDQ�

:XQVFK

'\QDPLF�7LPH

:DUSLQJ

7RS��� �� ��� ����

7RS��� ���� ���� ����

(QWLUH�OLVW ����� ����� �����



��

�����7RWDO�$PRXQW�RI�&RRUGLQDWH�3RLQWV

$QRWKHU�QXPEHU�WKDW�ZLOO�KHOS�XV�XQGHUVWDQG�WKH�UHVXOWV�LV�WKH�WRWDO�QXPEHU�RI�FRȰ

RUGLQDWH�SRLQWV� LQ� WKH� UHVXOW� OLVWV��6PLWK�:DWHUPDQ� IRXQG�� LQ� WRWDO�������FRRUGLȰ

QDWH�SRLQWV��1HHGOHPDQ�:XQVFK� IRXQG������SRLQWV��DQG�'\QDPLF�7LPH�:DUSLQJ

IRXQG�������1DWXUDOO\��'7:�IRXQG�WKH�PRVW�FRRUGLQDWH�SRLQWV�DV�WKHLU�UHVXOW�OLVW

LV�ORQJHU�WKDQ�WKH�RWKHUV��2WKHU�UHDVRQV�ZK\�ZLOO�EH�EURXJKW�XS�LQ�6HFWLRQ���

�����4XDOLWDWLYH�&RPSDULVRQ�RI�$OJRULWKP�)HDWXUHV

7KLV�H[SHULPHQW�GHWDLOV�KRZ�ZHOO� WKH�DOJRULWKP�ZRUNV� IRU�D� VLQJOH� WUDFN�� ,W�RQO\

XVHV�WKH�LPSOHPHQWDWLRQ�RI�WKH�DOJRULWKPV�DQG�ZLOO�QRW�EH�FUHDWLQJ�D�UHVXOW�OLVW�RU

FDOFXODWLQJ�D�VFRUH��7KH�H[SHULPHQW�ZLOO�SURYLGH�D�PRUH�GHWDLOHG�LPSUHVVLRQ�RI�WKH

DOJRULWKPV��7KH�IRFXV�LV�RQ�KRZ�PDQ\�PDWFKLQJ�VXE�WUDFNV�WKH�DOJRULWKP�FDQ�̙QG�

7KH�DOJRULWKPV
�WUDLWV�ZLOO�EH�H[SORUHG�WR�EHWWHU�SUHSDUH�IRU�GLVFXVVLQJ�ZKLFK�RQH

̙WV�WKH�SUREOHP�WKH�EHVW�

7KH�H[SHULPHQW�ZDV�SULPDULO\�FRQGXFWHG�RQ�WUDFN���IURP�WKH�GDWDVHW��,W�PHDQV�DOO

WKUHH�DOJRULWKPV�FRPSDUHG�WUDFN���WR�DOO�WKH�RWKHU�WUDFNV��2WKHU�WUDFNV�ZHUH�DOVR

FKHFNHG�WR�YHULI\�WKH�UHVXOWV�IURP�WUDFN����7DEOH���VKRZV�WKH�PDWFKLQJ�WUDFNV�RQO\

RQH�RU�WZR�RI�WKH�DOJRULWKPV�ZDV�DEOH�WR�̙QG�IRU�WUDFN����$�WRWDO�RI����WUDFNV�ZHUH

IRXQG�E\�DOO�WKUHH�DOJRULWKPV��7KH\�DUH�QRW�LQFOXGHG�LQ�WKLV�WDEOH��7KH�FRPSOHWH

WDEOH� RI� DOO�PDWFKLQJ� WUDFNV� IRXQG� LV� LQFOXGHG� LQ� 6HFWLRQ�$���� 6:� LGHQWL̙HG� ��

PDWFKLQJ� WUDFNV� ZKLOH� ERWK� '7:� DQG� 1:� IRXQG� ���� 6:� IRXQG� ����PDWFKLQJ

SRLQWV��'7:�IRXQG�����SRLQWV��DQG�1:�IRXQG�����SRLQWV�

7KH�WUDFN�LGV�ZLWK�D�ORQJHU�WUDFN�LG�WKDQ�WKH�VWDQGDUG�QXPEHUV�������DUH�JHQHUDWȰ

HG�ZKHQ�VSOLWWLQJ�WKH�WUDFNV�LQWR�VXE�WUDFNV��7UDFN����������LV�D�VXE�WUDFN�RI�WUDFN

����ZKLFK�KDG�WR�EH�JLYHQ�D�XQLTXH�LG�



��

7DEOH����7DEOH�VKRZLQJ�ZKLFK�DOJRULWKP�LGHQWL̙HG�ZKLFK�PDWFKLQJ�WUDFNV

6PLWK�:DWHUPDQ 1HHGOHPDQ�:XQVFK '\QDPLF�7LPH

:DUSLQJ

7�� 7��

7��������

7���������

7��������

7���

7���

7���������

7���

7���

(YHU\�WUDFN�LQ�WKH�WDEOH�H[FHSW�WZR�FRQVLVWV�RI���FRRUGLQDWH�SRLQWV��7KH�OLPLW�LV���

ZKLFK�PHDQV�HYHU\�DOJRULWKP�PLJKW�KDYH� IRXQG� WKHP��EXW�QRW� HQRXJK�SRLQWV� WR

VFRUH� DERYH� WKH� WKUHVKROG��7KH� WZR� WUDFNV�ZLWK�PRUH�SRLQWV� DUH�7��� DQG�7����

ZLWK����DQG����FRRUGLQDWH�SRLQWV��UHVSHFWLYHO\�



��

7R� FRQ̙UP� WKHVH� QXPEHUV� DQG�PDNH� VXUH� WKLV� LV� QRW� DQ� H[FHSWLRQ�EXW� UDWKHU� D

UHSUHVHQWDWLYH�WUDFN�IURP�WKH�GDWDVHW��D�FRXSOH�RI�RWKHU�WUDFNV�ZHUH�DOVR�FKHFNHG��LI

QRW�DV�WKRURXJK��7UDFN����ZDV�WHVWHG��6:�IRXQG����PDWFKLQJ�WUDFNV�DQG�D�WRWDO�RI

�����SRLQWV�1:�IRXQG����PDWFKHV�DQG������SRLQWV��'7:�IRXQG����PDWFKHV�DQG

����� SRLQWV��$OO�PDWFKLQJ� WUDFNV� WKDW� GL̘HU� EHWZHHQ� WKH� UHVXOW� OLVWV� DUH� DURXQG

WKUHH�WR�IRXU�FRRUGLQDWH�SRLQWV��7KHVH�DUH�SUREDEO\�WUDFNV�JRLQJ�WKH�RSSRVLWH�GLȰ

UHFWLRQ�RU�FURVVLQJ�WUDFN�����7KH\�DUH�QRW�VLJQL̙FDQW�

7UDFN����ZDV�FKHFNHG�DV�ZHOO��+HUH��6:�IRXQG����PDWFKHV�ZLWK�D�WRWDO�RI������FRȰ

RUGLQDWH�SRLQWV��1:�IRXQG����PDWFKHV�DQG������SRLQWV��'7:�IRXQG����PDWFKHV

ZLWK������SRLQWV��6PLWK�:DWHUPDQ�IRXQG�D�FRQVLGHUDEO\�KLJKHU�DPRXQW�RI�PDWFKȰ

HV� IRU�WKLV�WUDFN��DOWKRXJK�'7:�VWLOO� IRXQG�PRUH�SRLQWV��7ZR�RI�WKH�WUDFNV�1:

GLG�QRW�̙QG��DQG�RQH�'7:�GLG�QRW�̙QG�ZHUH�ORQJ�WUDFNV�WKH\�VKRXOG�KDYH�LGHQWLȰ

̙HG�DV�D�PDWFK�





��

���'LVFXVVLRQ
7KLV� VHFWLRQ�ZLOO� GLVFXVV� DQG� HYDOXDWH� WKH� UHVXOWV� SUHVHQWHG� LQ� 6HFWLRQ���� 2WKHU

PHWULFV�WKDW�FDQQRW�EH�PHDVXUHG�LQ�QXPEHUV�RU�YDOXHV�ZLOO�DOVR�EH�GUDZQ�LQWR�WKH

GLVFXVVLRQ��7KLV�FKDSWHU�ZLOO�H[SORUH�WKH�UHDVRQV�EHKLQG�WKH�UHVXOWV��,W�LV�HVVHQWLDO

WR�XQGHUVWDQG�WKDW�WKH�H[SHULPHQWV�VKRXOG�EH�VHHQ�LQ�FRQWH[W�WR�HDFK�RWKHU�DQG

XQGHUVWDQG�ZKDW�PLJKW�D̘HFW�WKHP�WR�EH�ZKDW�WKH\�DUH�

�����&RPSDULQJ�WKH�5HVXOW�/LVWV

7KH�̙UVW�LPSUHVVLRQ�RI�WKH�UHVXOW�OLVWV�LV�WKDW�WKH\�DUH�YHU\�VLPLODU��$OO�WKUHH�DOJRȰ

ULWKPV�KDYH� IRXQG� DSSUR[LPDWHO\� WKH� VDPH� URDGV��7KH� WZR� URDGV� UHSUHVHQWHG� LQ

WKH�WRS����OLVWV�DUH�YLVLEOH�LQ�DOO�WKH�UHVXOW�PDSV��$V�DOO�WKH�DOJRULWKPV�RXWSXW�WKH

VDPH�URDGV��WKHUH�LV�D�KLJKHU�SUREDELOLW\�WKDW�WKHVH�UHVXOWV�DUH��LQ�IDFW��WKH�PRVW

IUHTXHQW�URDGV��0DQ\�WKLQJV�FDQ�D̘HFW�WKH�̙QDO�UHVXOW�OLVW��VR�WKH�LQWHQWLRQ�ZDV�WR

ORRN�DW�WKH�WRS����OLVW�DW�PRVW��+RZHYHU��ZKHQ�FKHFNHG��LW�WXUQHG�RXW�WKDW�WKH�WZR

WRS�URDGV�ZHUH�WKH�VDPH�IRU�DOO�WKUHH�DOJRULWKPV��$OO�WRS���� OLVWV�RQO\�FRQVLVW�RI

WKHVH�WZR�URDGV�RU�IUDFWLRQV�RI�WKHVH�WZR�URDGV��$V�WKH�UHVXOWV�DUH�VR�XQDQLPRXV��LW

ZRXOG�QRW�EH�WRR�EROG�WR�VXJJHVW�WKHVH�DUH�WKH�WZR�PRVW�WUD̛FNHG�URDGV�LQ�3RUWR�

EDVHG�RQ�WKH�GDWDVHW�DQG�WKH�PHWKRG�XVHG�

7KH�KHDWPDS�LQ�)LJXUH����LV�PDGH�IURP�WKH�VDPH�GDWDVHW�XVHG�LQ�WKH�H[SHULPHQWV�

,W� LV�RQO\�EDVHG�RQ�WKH�GHQVLW\�RI�SRLQWV�DQG�QRW�WKH�WUDFNV�WKH\�EHORQJ�WR��7KH

KHDWPDS�DOVR�VKRZV�WKH�WZR�URDGV�UHSUHVHQWHG�LQ�WKH�UHVXOWV��*HQHUDOO\�VSHDNLQJ�

ZKHQ�FRPSDULQJ�WKLV�PDS�WR�WKH�FRPSOHWH�UHVXOW�OLVWV�IURP�DOO�WKUHH�DOJRULWKPV��ZH

FDQ�FOHDUO\�VHH�WKDW�WKH�VDPH�URDGV�VWDQG�RXW��$OPRVW�DOO�SURPLQHQW�EULJKW�\HOORZ

SDUWV�DUH�UHSUHVHQWHG� LQ�WKH�UHVXOWV��2QO\�RQH�URDG�RQ�WKH�KHDWPDS�VKRXOG�KDYH

EHHQ�LQ�WKH�UHVXOWV�OLVWV��7KH�URDG�LV�PDUNHG�E\�D�&�RQ�WKH�KHDWPDS��7KLV�URDG�LV

QRW� IXOO\� UHSUHVHQWHG� LQ� DQ\� UHVXOW� OLVW�� EXW� LW� LV� VWLOO� D� ORQJ� EULJKW� OLQH� RQ� WKH

KHDWPDS��/RRNLQJ�YHU\�FORVHO\�DW� WKH� UHVXOWLQJ�PDSV� IURP�6PLWK�:DWHUPDQ�DQG



��

1HHGOHPDQ�:XQVFK��D�WLQ\�GRW�FDQ�EH�VHHQ�RQ�WKH�URDG��,W�LV�GL̛FXOW�WR�VD\�ZK\�LW

LV�QRW�EHWWHU�UHSUHVHQWHG��,W�FRXOG�EH�D�IHZ�WUDFNV�WKDW�KDYH�JHQHUDWHG�PDQ\�FRRUȰ

GLQDWH�SRLQWV��$OWHUQDWLYHO\��WRR�IHZ�WUDFNV�PRYH�LQ�WKH�VDPH�GLUHFWLRQ��$V�ZLOO�EH

EHWWHU�H[SODLQHG�ODWHU�LQ�WKLV�FKDSWHU��WUDFNV�JRLQJ�LQ�RSSRVLWH�GLUHFWLRQV�ZLOO�QRW

PDWFK� RU� RQO\� JHQHUDWH� D� YHU\� VKRUW�PDWFK��7KHVH� DUH� QRW� YLVLEOH�PHWULFV� RQ� D

KHDWPDS�EXW�ZLOO�FRXQW�LQ�WKH�UHVXOWV�

)LJXUH�����+HDWPDS�FUHDWHG�IURP�WKH�SUHSURFHVVHG�GDWDVHW�WKH�DOJRULWKPV�ZHUH

UXQ�RQ�

7KH�IXUWKHU�GRZQ�RQ�WKH�UHVXOW�OLVW��WKH�PRUH�WKH\�GL̘HU��DQG�WKH�OHVV�LQWHUHVWLQJ

WKH�WUDFNV�JHW��7KH\�FRXOG�EH�UHSUHVHQWHG�E\�FRLQFLGHQFH�DQG�LV�QRW�QHFHVVDULO\�D

SDUW� RI� WKH�PRVW� UHSUHVHQWHG� VXE�WUDMHFWRULHV� LQ� WKH� GDWDVHW�� 7KHUHIRUH�� WKH� WRS

SDUW�RI�WKH�OLVW�LV�WKH�PRVW�VLJQL̙FDQW��+RZHYHU��LW�LV�LQWHUHVWLQJ�WKDW�DOO�WKUHH�UHȰ

VXOW�PDSV�ORRN�YHU\�PXFK�DOLNH��2QO\�WKH�VKRUWHVW�WUDFNV�GL̘HU�VOLJKWO\��7KH�IDFW

WKDW�WKH�PDSV�DUH�YHU\�VLPLODU�LV�D�TXDOLW\�DVVXUDQFH�IRU�WKH�UHVXOWV��:KHQ�WKH\�DOO

IRXQG�VXFK�VLPLODU�URDGV��WKH�FKDQFH�RI�LW�EHLQJ�D�JRRG�UHVXOW�LV�KLJKHU��$OWKRXJK�



��

ZH�PXVW�UHPHPEHU�WKDW�WKH�WKUHH�DOJRULWKPV�DUH�DOVR�YHU\�VLPLODU��7KHUHIRUH��WKH\

PLJKW�KDYH�PDGH�WKH�VDPH�PLVWDNHV�OHDGLQJ�WR�VLPLODU�UHVXOWV��,W�FRXOG�DOVR�EH�LQȰ

DFFXUDWH�EHFDXVH�WKH�GDWDVHW�LV�QRW�UHSUHVHQWDWLYH��RU�WKH�ZD\�DOLJQPHQWV�DUH�JDWKȰ

HUHG�LQWR�UHVXOW�WUDFNV�LV�QRW�JRRG�HQRXJK��1RQHWKHOHVV��LI�ZH�FRQVLGHU�WKH�FRPSDUȰ

LVRQ�WR�WKH�KHDWPDS�DQG�SUHVXPH�WKH�GDWDVHW� LV�UHSUHVHQWDWLYH��ZH�FDQ�HVWDEOLVK

WKDW�WKH�DOJRULWKPV�KDYH�LGHQWL̙HG�WKH�PRVW�WUD̛FNHG�URDGV�LQ�3RUWR��7KH\�PLJKW

QRW�EH�WKH�PRVW�VXLWHG�DOJRULWKPV�IRU�WKLV�SUREOHP��EXW�WKH\�SURYLGHG�D�VDWLVIDFWRȰ

U\�UHVXOW�

�����/HQJWK�DQG�6FRULQJ�RI�5HVXOW�7UDFNV

7KH�OHQJWK�RI�WKH�UHVXOW�OLVW�VD\V�VRPHWKLQJ�DERXW�KRZ�PDQ\�PDWFKLQJ�WUDFNV�DQG

SRLQWV�WKH�DOJRULWKPV�IRXQG��$OO�PDWFKHV�FRXQW�DV�YDOLG�PDWFKHV�RI�WUDFNV�WKDW�GR

RYHUODS�� 7KHUH� DUH� RFFXUUHQFHV� ZKHUH� PDWFKHV� DUH� UHJLVWHUHG� ZKHQ� WKH\� VKRXOG

QRW��,W�FDQ��IRU�H[DPSOH��EH�WZR�WUDFNV�FURVVLQJ�HDFK�RWKHU��ZKHUH�EDUHO\�HQRXJK

SRLQWV�ZLOO�EH�PDWFKLQJ�IRU�LW�WR�FRXQW�DV�D�FRUUHFW�DOLJQPHQW��6RPHWKLQJ�WKDW�ZH

ZLOO�UHWXUQ�WR�LQ�6HFWLRQ����� LV�WKH�FDVH�ZKHUH�WZR�WUDFNV�PLJKW�PDWFK�RQH�SODFH

DQG�FURVV�HDFK�RWKHU�ODWHU��7KH\�ZLOO�PDWFK�WZLFH�HYHQ�LI�WKH�FURVVLQJ�RQO\�PDWFKHV

RQH� RU� WZR� SRLQWV�� 7KDW� RQO\� KDSSHQV� ZLWK� 1HHGOHPDQ�:XQVFK� DQG� '\QDPLF

7LPH�:DUSLQJ��$V�H[SODLQHG�� WKH� UHDVRQV�EHKLQG�D� UHVXOW�FDQ�EH�QXPHURXV��DQG

WKHUHIRUH�LW�LV�GL̛FXOW�WR�FRQFOXGH�DQ\WKLQJ�IURP�WKHP�LVRODWHG��7KH\�KDYH�WR�EH

VHHQ�LQ�WKH�FRQWH[W�RI�WKH�RWKHU�QXPEHUV��,I�WKH�UHVXOW�OLVW�LV� ORQJ��LW�PLJKW�KDYH

IRXQG�PDQ\�PDWFKLQJ�WUDFNV��$OWHUQDWLYHO\��LW�PLJKW�KDYH�PLVVHG�VRPH�SRLQWV�DQG

GLYLGHG�DOO�UHVXOW�WUDFNV�LQWR�WZR�

'\QDPLF�7LPH�:DUSLQJ� VFRUHV� WKH�KLJKHVW�QXPEHUV� LQ� DOPRVW� HYHU\� UHVXOW� IURP

WKH�OHQJWK�DQG�VFRULQJ�FDWHJRU\��,W�KDV�WKH�ORQJHVW� OLVW�ZLWK�WKH�PRVW�FRRUGLQDWH

SRLQWV�DQG�WKH�KLJKHVW�VFRUH��,W�DOVR�KDV�WKH�KLJKHVW�DYHUDJH�OHQJWK�DQG�IUHTXHQF\

RI� WKH� WRS� SDUWV� RI� WKH� UHVXOW� OLVW�� +RZHYHU�� WKLV� GRHV� QRW� DXWRPDWLFDOO\� PHDQ

'7:�LV�WKH�EHVW�VXLWHG��1HYHUWKHOHVV��ZH�GR�NQRZ�'7:�KDV�IRXQG�WKH�PRVW�FRRUȰ

GLQDWH�SRLQW�PDWFKHV�



��

�����7KH�6FRULQJ�)RUPXOD

:KHQ� FDOFXODWLQJ� WKH� DYHUDJH� OHQJWK� RI� UHVXOW� WUDFNV�� LW� EHFDPH� FOHDU� WKDW� WKH

VFRULQJ�IRUPXOD�JUHDWO\�IDYRUV�ORQJHU�WUDFNV��7KH�VFRUH�LV�FDOFXODWHG�E\�WDNLQJ�WKH

OHQJWK�DQG�DGGLQJ�WKH�IUHTXHQF\��7KH�IUHTXHQF\�LV�GH̙QHG�E\�KRZ�PDQ\�WLPHV�WKH

VXE�WUDFN� LV� UHSUHVHQWHG� LQ� WKH� GDWDVHW��7KH� OHQJWK� LV� WKH� QXPEHU� RI� FRRUGLQDWH

SRLQWV�FUHDWLQJ�WKH�WUDFN��7KH�VFRULQJ�IRUPXOD�FDQ�HDVLO\�EH�FKDQJHG�DQG�DGDSWHG

WR�ZKDWHYHU�VXLWV�WKH�SUREOHP�WKH�EHVW��7UDFNV�DUH�DGGHG�WR�WKH�UHVXOW�OLVW�EDVHG

RQ�WKH�VFRUH��,W�PLJKW�IDYRU�DGGLQJ�ORQJHU��UDUHU�WUDFNV�WKDQ�VKRUW��IUHTXHQW�RQHV�LI

WKH�OHQJWK�KDV�WRR�PXFK�LPSDFW��,W�LV�D�SUREOHP�WKDW�D�ORQJ�URDG�ZKHUH�D�IHZ�FDUV

GULYH�XQGRXEWHGO\�ZLOO�EH�DW�WKH�WRS�RI�WKH�OLVW��,W�PLJKW�QRW�EH�WKH�PRVW�IUHTXHQW�

EXW�LW�LV�D�ORQJ�RQH�

/RRNLQJ�FORVHU�DW�WKH�FRPSOHWH�UHVXOW�OLVW��LW�LV�FOHDU�WKDW�WKH�WUDFNV�ZLWK�WKH�KLJKȰ

HVW�IUHTXHQFLHV�DUH�RIWHQ�WKH�VKRUWHU�WUDFNV��7KH�YHU\�IUHTXHQW�WUDFNV�NHHS�WR�WKH

PLGGOH�SDUW�RI�WKH�OLVW�DV�WKH\�DUH�QRW�ORQJ�HQRXJK�WR�VFRUH�KLJKHU��,W�ZDV�QRW�WKH

LQWHQWLRQ�IRU�WKH�UHVXOW�OLVW�WR�DOPRVW�RQO\�EH�RUGHUHG�E\�OHQJWK��EXW�GRXEOLQJ�RU

WULSOLQJ� WKH� IUHTXHQF\� GLG� QRW� D̘HFW� WKH� UHVXOW� OLVW� WRR�PXFK�� ,W� RQO\� VKRUWHQHG

VRPH� UHVXOW� WUDFNV�ZLWK�D� FRXSOH� RI� FRRUGLQDWHV� IDYRULQJ�D�KLJKHU� IUHTXHQF\��$OȰ

WKRXJK�� WKH� DYHUDJH� IUHTXHQF\� VWLOO� VWD\HG� DURXQG� ���� $� FRXSOH� RI� WUDFNV� DOVR

VZLWFKHG�SODFHV��EXW�WKH�WRS���� OLVW�FRQVLVWHG�RI�WKH�VDPH�WUDFNV��:KHQ�RQO\� LQȰ

FOXGLQJ�IUHTXHQF\�LQ�FDOFXODWLQJ�WKH�VFRUH��VRPH�FKDQJHV�KDSSHQHG��7KH�WUDFNV�EHȰ

FDPH�PXFK�VKRUWHU��ZLWK�DQ�DYHUDJH�RI���FRRUGLQDWH�SRLQWV��1HYHUWKHOHVV��WKH�UHȰ

VXOW�WUDFNV�ZHUH�VWLOO�ORFDWHG�LQ�WKH�VDPH�DUHD��$�PDS�RI�WKLV�UHVXOW�LV�LQFOXGHG�LQ

6HFWLRQ�$���LQ�WKH�$SSHQGL[��7KH�RQO\�VLJQL̙FDQW�GL̘HUHQFH�LV�DQ�RXWOLHU�WR�WKH�IDU

HDVW�WKDW�PD\EH�VKRXOG�KDYH�EHHQ�LQFOXGHG�LQ�WKH�WRS�URDGV��,W�LV�PDUNHG�ZLWK�D�'

RQ�WKH�PDSV�LQ�6HFWLRQ�$����+RZHYHU��LW�LV�YHU\�VKRUW��VR�LW�GHSHQGV�RQ�WKH�DSSOLȰ

FDWLRQ�RI�WKH�UHVXOW�



��

�����4XDOLWDWLYH�&RPSDULVRQ�RI�$OJRULWKP�)HDWXUHV

7KH� H[SHULPHQWV� H[SORULQJ� WKH� WKUHH� DOLJQPHQW� DOJRULWKPV
� UHVXOWV� RQ� D� VLQJOH

WUDFN�GLVFRYHUHG�VLPLODU�UHVXOWV��6PLWK�:DWHUPDQ�IRXQG�D�IHZ�PRUH�WUDFNV�PDWFKȰ

LQJ�WUDFN���WKDQ�WKH�RWKHU�WZR�DOJRULWKPV��7R�LQYHVWLJDWH�KRZ�JRRG�RU�EDG�WKH�DOȰ

JRULWKPV�ZHUH��WKH�WUDFNV�WKDW�VKRXOG�KDYH�EHHQ�IRXQG�ZHUH�LGHQWL̙HG��$OO�WKH�DOȰ

JRULWKPV�IRXQG�PRVW�RI�WKHVH�WUDFNV��$�WRWDO�RI�VHYHQ�WUDFNV�WKDW�DSSHDUHG�WR�EH

RYHUODSSLQJ�ZHUH�QRW�UHSUHVHQWHG�LQ�WKH�UHVXOW�OLVWV��,W�WXUQHG�RXW�WKH�UHDVRQ�ZDV

GXH� WR� WKH�GLUHFWLRQ� RI� WKH� WUDFN��$� IHDWXUH� RI� WKH� DOJRULWKPV� LV� WKDW� WKH\� RQO\

LGHQWLI\�WKH�WUDFNV�PRYLQJ�LQ�WKH�VDPH�GLUHFWLRQ��&DUV�GULYLQJ�LQ�WKH�RSSRVLWH�GLȰ

UHFWLRQ�RQ� WKH� VDPH� URDG�ZLOO� SUREDEO\�RQO\�EH�DEOH� WR� RXWSXW���RU� ��PDWFKLQJ

SRLQWV�ZKLFK�DUH�OHVV�WKDQ�WKH�UHTXLUHPHQW�WR�TXDOLI\�DV�D�PDWFKLQJ�WUDFN�

2XW�RI�WKH�QLQH�WUDFNV�QRW�IRXQG�E\�DOO�DOJRULWKPV��̙YH�ZHUH�LQ�WKH�ZURQJ�GLUHFȰ

WLRQ� DQG�RQO\�PDWFKHG�ZLWK� D� IHZ�SRLQWV� IRU� VRPH�RI� WKH� DOJRULWKPV��7ZR�ZHUH

IRXQG�E\�6:��WZR�E\�'7:��DQG�RQH�E\�1:��7ZR�PRUH�WUDFNV�ZHUH�RQO\�FURVVLQJ

WKH� RULJLQDO� WUDFN� DQG� WKXV�� VKRXOG� QRW� PDWFK� HLWKHU�� EXW� 6PLWK�:DWHUPDQ

DFKLHYHG�WR�PDWFK�LW�ZLWK�IRXU�RI�LWV�SRLQWV��7KHQ�WKH�ODVW�WZR�DUH�WKH�LQWHUHVWLQJ

RQHV��7���DQG�7����KDG�D�����DQG����SRLQW�PDWFK��UHVSHFWLYHO\��6PLWK�:DWHUPDQ

LGHQWL̙HG�ERWK�� DQG�1HHGOHPDQ�:XQVFK� IRXQG� RQH� RI� WKHP��)RU�7����'7:�JRW

FRQIXVHG�E\�WKH�ORQJ�WUDFNV��,I�VKRUWHQLQJ�WKH�WUDFN��'7:�FRXOG�LGHQWLI\�D�PDWFK�

EXW�LW�JRW�ORVW�LQ�WKH�EDFNWUDFNLQJ�IRU�WKH�FRPSOHWH�WUDFN�DQG�PLVVHG�WKH�PDWFKȰ

LQJ�� 7���� ZDV� RQO\� LGHQWL̙HG� E\� 6PLWK�:DWHUPDQ�� )RU� 1HHGOHPDQ�:XQVFK�� WKH

VDPH�WKLQJ�KDSSHQHG��7KH�WUDFNV�ZHUH�WRR�ORQJ��DQG�WKH�EDFNWUDFNLQJ�JRW�ORVW��)RU

'7:�� DQRWKHU� LQFLGHQW� RFFXUUHG�� 'XSOLFDWH� SRLQWV� DUH� UHPRYHG� WR� DYRLG� IDOVH

PDWFKHV��)RU�WUDFN����IRXU�UHGXQGDQW�FRRUGLQDWH�SRLQWV�ZHUH�GHOHWHG��,W�UHVXOWHG�LQ

'7:�QRW�EHLQJ�DEOH�WR�LGHQWLI\�WKH�PDWFK�ZLWK�7�����'7:�GLG�̙QG�LW�ZKHQ�WKH

GXSOLFDWH�SRLQWV�ZHUH�SUHVHQW�DQG�ZKHQ�WKH�WUDFN�ZDV�VKRUWHQHG��,W�LQGLFDWHV�WKDW

WKH�EDFNWUDFNLQJ�IRU�'7:�LV�XQUHOLDEOH�DQG�FDQQRW�EH�WUXVWHG�



��

7KH�UHDVRQ�ZK\�1:�DQG�'7:�JHW�ORVW�LQ�WKH�EDFNWUDFNLQJ�VRPHWLPHV�LV�GXH�WR

PXOWLSOH�RSWLPDO�DOLJQPHQWV��$V�H[SODLQHG�LQ�6HFWLRQ��������XVLQJ�FRRUGLQDWH�SRLQWV

LQVWHDG�RI�OHWWHUV�PDNHV�WKH�PDWUL[�DFW�GL̘HUHQWO\��7KH\�IROORZ�WKH�EDFNWUDFNLQJ�LQ

D�JUHHG\�DSSURDFK��7KH�UHVXOW�LV�WKDW�WKH\�FDQQRW�JXDUDQWHH�WKDW�HQRXJK�PDWFKLQJ

SRLQWV�ZLOO�EH�D�SDUW�RI�WKH�LGHQWL̙HG�DOLJQPHQW�

$�WUDLW�EHFDPH�DSSDUHQW�ZLWK�WKH�PDWFKLQJ�EHWZHHQ�WUDFNV����DQG������)LJXUH���

VKRZV� WKH� WZR� WUDFNV��7��� DQG�7����� WR� WKH� OHIW� DQG� WKH� WKUHH�PDWFKLQJ� DOLJQȰ

PHQWV�WR�WKH�ULJKW��6PLWK�:DWHUPDQ��WKH�JUHHQ� OLQH��RQO\�RXWSXWV�WKH�DOLJQPHQW

IDU�VRXWK�ZKHUH�WKH�WUDFNV�DFWXDOO\�RYHUODS��'7:�DQG�1:�DOVR�̙QG�WKHVH�PDWFKȰ

HV��+RZHYHU��ZKHQ� WKH� WUDFNV� RYHUODS� DJDLQ� IXUWKHU�QRUWK�� WKH\�̙QG�D� FRXSOH� RI

PRUH�PDWFKHV�WKDW�ZRXOG�QRW�PDWWHU�LI�RWKHU�PDWFKHV�ZHUH�QRW�DOUHDG\�IRXQG��%HȰ

FDXVH�WKH�WRWDO�DPRXQW�RI�PDWFKLQJ�FRRUGLQDWH�SRLQWV�ZLOO�H[FHHG�WKH�WKUHVKROG�RI

���DOO�SRLQWV�ZLOO�EH�LQFOXGHG��6PLWK�:DWHUPDQ�LV�D�ORFDO�DOLJQPHQW�DOJRULWKP�WKDW

VWRSV� EDFNWUDFNLQJ� ZKHQ� WKH� WUDFHEDFN� IURP� WKH� KLJKHVW� QXPEHU� UHDFKHV� ]HUR�

1HHGOHPDQ�:XQVFK�DQG�'\QDPLF�7LPH�:DUSLQJ�GR�QRW�VWRS��7KH\�LQFOXGH�HYHU\

PDWFKLQJ� SRLQW�� HYHQ� LI� WKHUH� DUH� PDQ\� SRLQWV� LQ� EHWZHHQ� ZKHUH� WKH\� GR� QRW

PDWFK��7KH\�RSHQ�XS� IRU� WKH�FDVH�ZKHUH�WZR�WUDFNV�FDQ�PDWFK�PRUH�WKDQ�RQFH�

6PLWK�:DWHUPDQ�RQO\�RXWSXWV�WKH�ORQJHVW�PDWFKLQJ�DOLJQPHQW��HYHQ�LI�WKH\�RYHUȰ

ODS�PRUH�WKDQ�RQFH��7KLV�LV�QRW�D�IUHTXHQW�LQFLGHQW��EXW�LW�FDQ�RFFXU�



��

)LJXUH�����7KH�OHIW�LPDJH�VKRZV�WUDFN����LQ�UHG�DQG�WUDFN�����LQ�SLQN��7KH�ULJKW

LPDJH�VKRZV�WKH�WKUHH�DOLJQPHQWV�IRXQG�EHWZHHQ�WKH�WZR�WUDFNV��6PLWK�:DWHUPDQ

LQ�JUHHQ��1HHGOHPDQ�:XQVFK�LQ�UHG��DQG�'\QDPLF�7LPH�:DUSLQJ�LQ�EOXH�

$QRWKHU� WUDLW� EHFDPH� DSSDUHQW� IRU� WUDFN� ���� ,W�PLJKW� RULJLQDWH� IURP�ZKDW� KDSȰ

SHQHG�EHWZHHQ�WUDFNV����DQG������)RU�WKH�HQWLUH�WUDFN�����6PLWK�:DWHUPDQ�LGHQWLȰ

̙HG� WZR� UHVXOW� WUDFNV�� RQH� WUDFN�ZLWK�D� VFRUH� RI� ��� DQG�RQH�ZLWK� D� VFRUH� RI� ���

7KHLU� OHQJWKV�ZHUH� ��� DQG� ���� UHVSHFWLYHO\��'\QDPLF�7LPH�:DUSLQJ� IRXQG� RQO\

RQH�WUDFN��EXW� LW�UHFHLYHG�D�VFRUH�RI����ZLWK�D� OHQJWK�RI�����7KLV� LQFLGHQW�PLJKW

KDYH�KDSSHQHG�EHFDXVH�'7:�KDV�LGHQWL̙HG�PRUH�PDWFKLQJ�SRLQWV�GXH�WR�WKH�UHDȰ

VRQ�H[SODLQHG�LQ�WKH�ODVW�SDUDJUDSK��'7:�FRXOG�KDYH�̙OOHG�LQ�SRLQWV�LQ�EHWZHHQ

WZR�PDWFKLQJ� OHQJWKV��RU�PD\EH�6:�IDLOHG�WR� ORFDWH�PRUH�PDWFKHV��1RQHWKHOHVV�

WKH� IUHTXHQFLHV�RI�6PLWK�:DWHUPDQȶV�PDWFKHV�ZHUH����DQG�����'7:�RQO\�KDG�D

IUHTXHQF\�RI����7KLV�LQFLGHQW�FRXOG�KDYH�FRQVHTXHQFHV�IRU�WKH�VROXWLRQ��DV�WKH�GLIȰ

IHUHQFH�LQ�VFRUH�LV�VR�ODUJH�WKDW�WKH\�ZLOO�EH�IDU�IURP�HDFK�RWKHU�LQ�WKH�UHVXOW�OLVW�

:KLFK�RI�WKHP�LV�FRUUHFW�LV�GL̛FXOW�WR�GHWHUPLQH��+RZHYHU��GXH�WR�WKH�UHVXOWV�GLVȰ

FXVVHG�LQ�WKLV�FKDSWHU�� LW�PLJKW�EH�SRVVLEOH�WKDW�'7:�KDV�LQFOXGHG�PRUH�SRLQWV

WKDQ�LW�VKRXOG�



��

�����,PSOHPHQWDWLRQ�DQG�0HWULFV

7KH�LPSOHPHQWDWLRQ�DQG�WKH�PHWKRG�RI�WKH�DOJRULWKPV�DUH�YHU\�VLPLODU��7KH\�DOO

FUHDWH�D�VLPLODULW\�PDWUL[�EHWZHHQ�HYHU\�SDLU�RI�WUDFNV��EDFNWUDFN�WKH�PDWUL[��DQG

RXWSXW�WKH�PDWFKLQJ�VXE�WUDFN� LI� WKH\�PDWFK��7KH\�DUH�VWLOO�GL̘HUHQW� LQ�FUHDWLQJ

WKH�PDWUL[�DQG�WKH�EDFNWUDFNLQJ�VWUDWHJ\�

$V� H[SODLQHG�� 6PLWK�:DWHUPDQ� FDQ� KDQGOH� D� ODUJHU� DQG� PRUH� FRPSOH[� GDWDVHW

WKDQ�WKH�RWKHU� WZR��7KDW� LV�EHFDXVH� WKH�PDWUL[�EHWZHHQ�WZR�WUDFNV� WKDW�GR�QRW

RYHUODS�RQO\�FRQVLVWV�RI�]HURV��DQG�WKH�YDOXHV�DUH��WKXV��QRW�GHSHQGHQW�RQ�SUHYLRXV

QXPEHUV��:KHQ�D�PDWFK�RFFXUV��WKH�QXPEHUV�DUH�GHSHQGHQW�RQ�HDFK�RWKHU�DJDLQ�

DV� WKH� YDOXHV�ZLOO� QR� ORQJHU� EH� ]HUR��7KDW�PDNHV� WKH� LPSOHPHQWDWLRQ� RI� 6PLWK�

:DWHUPDQ�D�ORW�HDVLHU��ZKLFK�DJDLQ�KHOSV�WR�VKRUWHQ�WKH�FRPSXWDWLRQ�WLPH�

'\QDPLF�7LPH�:DUSLQJ�LV�WKH�RQO\�RQH�RI�WKH�DOJRULWKPV�PDGH�IRU�WLPH�VHULHV�RU

WUDMHFWRULHV�IROORZLQJ�D�SDWK�LQ�WLPH��,W�PDNHV�WKH�DOJRULWKP�PRUH�VXLWDEOH�IRU�WKH

GDWD��DQG�OHVV�DGDSWLRQ�QHHGV�WR�EH�PDGH��+RZHYHU�� LW� LV�DQ�DOJRULWKP�H[SOLFLWO\

PDGH�WR�UHFRJQL]H�WKH�VLPLODULW\�LQ�PRYHPHQW�DQG�ZDYHV�DORQJ�DQ�D[LV��,W� LV�QRW

PDGH� IRU� YHVVHOV� RQ� D� PDS� PRYLQJ� EDFN� DQG� IRUWK��:KHQ� EDFNWUDFNLQJ�� '7:

PDNHV�WKH�JUHHG\�FKRLFH�RI�PRYLQJ�WRZDUGV�WKH�VPDOOHVW�QXPEHU��)RU�WKH�WUDMHFWRȰ

ULHV�PRYLQJ�DORQJ�D�URDG�QHWZRUN��WKH�SUREDELOLW\�IRU�WKH�JUHHG\�FKRLFH�WR�EH�WKH

EHVW�FKRLFH�LV�ORZHU�

1HHGOHPDQ�:XQVFK�KDV�QRW�EHHQ� VLJQL̙FDQWO\� UHVHDUFKHG� IRU�KDQGOLQJ�PRYHPHQW

GDWD�RU�UHGXFLQJ�FRPSXWDWLRQ�WLPH��+RZHYHU��LW�KDV�EHHQ�XVHG�PRUH�IRU�*36�GDWD

WKDQ�6PLWK�:DWHUPDQ��:KHQ� LGHQWLI\LQJ� WKH�PRVW� WUD̛FNHG� URDG�EDVHG� RQ� WD[L

WULSV��ZH� DUH� QRW� LQWHUHVWHG� LQ� WKH� IXOO� WUDFNV� EXW� WKH�PRVW� IUHTXHQW� VXE�WUDFNV�

7KDW� LV�� E\� GH̙QLWLRQ�� D� ORFDO� DOLJQPHQW� SUREOHP�� DQG� WKXV�� 6PLWK�:DWHUPDQ

VKRXOG� SHUIRUP� EHWWHU� WKDQ�1HHGOHPDQ�:XQVFK�� 7KH�1:� DOJRULWKP�ZDV� LPSOHȰ

PHQWHG�LQ�D�ZD\�WR�RXWSXW�WKH�ORFDO�DOLJQPHQW��EXW�EHFDXVH�LW�LV�QRW�ZKDW�WKH�DOȰ

JRULWKP�LV�PDGH�IRU��LW�LV�D�IXQGDPHQWDO�GLVDGYDQWDJH�



��

�����$SSOLFDWLRQ

1RZ� WKDW� ZH� KDYH� HVWDEOLVKHG� WKH� DOJRULWKPV� ZRUN� IRU� WUDMHFWRU\� VLPLODULW\�� ZH

VKRXOG�GLVFXVV�WKHLU�DSSOLDQFH��$V�PHQWLRQHG�LQ�6HFWLRQ������WKLV�PHWKRG�KDV�PDQ\

DSSOLFDWLRQV��7KHUH� DUH�PDQ\�SUDFWLFDO� XVDELOLWLHV� RI� WKH� UHVXOW� OLVWV� RI� WKH�PRVW

WUD̛FNHG� URDGV��2WKHU� DSSOLFDWLRQV� FDQ�EH� FRQQHFWHG� WR� WKH� XVDJH� RI� WKH� DOLJQȰ

PHQW�DOJRULWKPV�IRU�WUDMHFWRU\�VLPLODULW\�DQG�FRPSDULVRQ��7KH�PDS�RU�OLVW�RI�WKH

PRVW�WUD̛FNHG�URDGV�FDQ�EH�XVHG�WR�VROYH�WUDQVSRUWDWLRQ�SUREOHPV��URXWLQJ�WUD̛F�

DQG�UHQRYDWH�URDGV��7KH�UHVXOWV�RI�WKH�DOJRULWKPV�VKRZ�WKDW�WKH\�FDQ�EH�DSSOLHG

WR�SUREOHPV�UHJDUGLQJ�FRPSDULVRQ�DQG�VLPLODULW\�EHWZHHQ�WUDMHFWRULHV�

7KH�PDS� RI� WKH�PRVW� UHSUHVHQWHG� VXE�WUDFNV� VKRZV�ZKLFK� URDGV� VX̘HU� WKH�PRVW

ORDG��7KHVH�URDGV�VKRXOG�EH�NQRZQ�ZKHQ�EXLOGLQJ�VFKRROV��SOD\JURXQGV��RU�RWKHU

SODFHV�WKHUH�DUH�OLNHO\�WR�EH�NLGV��7KHUH�VKRXOG�EH�VDIH�ZD\V�WR�FURVV�WKH�URDGV�DQG

VDIH� SODFHV� WR� IROORZ� WKH� URDGV� RQ� IRRW� RU� E\� ELNH��:KHQ� FUHDWLQJ� SXEOLF� WUDQVȰ

SRUWDWLRQ�URXWHV�RU�EXLOGLQJ�F\FOLQJ�̙HOGV��WKHVH�URDGV�VKRXOG�EH�LQ�IRFXV�

7KH�WUD̛F�PDS�ZRXOG�DOVR�EH�KHOSIXO�IRU�PDSSLQJ�DLU�DQG�QRLVH�SROOXWLRQ��0XFK

UHVHDUFK�KDV�EHHQ�GRQH�LQ�WKLV�̙HOG�WKDW�FDQ�KHOS�FLW\�SODQQHUV�RU�KRXVH�EXLOGHUV

LQ� WKHLU� ZRUN�� &LW\� SODQQHUV� VKRXOG� EXLOG� QRLVH� EDUULHUV� WR� SURWHFW� WKH� FLWL]HQV

IURP�QRLVH��(QYLURQPHQWDO�PHDVXUHV�VKRXOG�EH�SULRULWL]HG�LQ�KLJKO\�WUD̛FNHG�DUȰ

HDV��:KHQ�EXLOGLQJ�D�KRXVH�QH[W�WR�D�KHDYLO\�WUD̛FNHG�URDG��WKH�ZLQGRZV�VKRXOG

EH�QRLVH�LVRODWHG��DQG�WKH�KRXVH�SURWHFWHG�IURP�DLU�SROOXWLRQ�

5LGHVKDULQJ�RU�FDUSRROLQJ�LV�D�SRSXODU�UHVHDUFK�WRSLF�>��@��7KH�VKDULQJ�FXOWXUH�LV

XS�DQG�FRPLQJ�DQG�D�JUHDW�PHDVXUH�WR�VDYH�PRQH\�DQG�UHGXFH�FOLPDWH�FKDQJH�DQG

FRQJHVWLRQ��7KHUH�DUH� WHVW� UXQV�RQ� WU\LQJ� WR�JHW�SHRSOH�GULYLQJ� WR�DQG� IURP�DSȰ

SUR[LPDWHO\�WKH�VDPH�ORFDWLRQV�DURXQG�WKH�VDPH�WLPH�WR�GULYH�WRJHWKHU��7KH�WUDIȰ

̙F�DQG�WKH�JUHHQKRXVH�JDV�HPLVVLRQV�ZLOO�EH�UHGXFHG��7UDMHFWRULHV�ZLOO�KDYH�WR�EH

FRPSDUHG� WR� GHWHUPLQH�ZKR� VKRXOG� VKDUH� D� ULGH��7KHUH� LV� VRPH� UHVHDUFK� LQ� WKLV

̙HOG�DOUHDG\��7KH�PRVW�VWUDLJKWIRUZDUG�LV�WR�FRPSDUH�VWDUW�DQG�HQG�FRRUGLQDWHV�WR

̙QG�PDWFKHV�>������@��+RZHYHU��FRPSDULQJ�HQWLUH�WUDMHFWRULHV�RSHQV�XS�IRU�SHRSOH



��

RQO\�GULYLQJ�SDUWO\�WRJHWKHU��$�SDVVHQJHU�FDQ�EH�OHW�R̘�EHIRUH�WKH�GULYHU�DUULYHV�DW

WKHLU�GHVWLQDWLRQ�RU�SLFNHG�XS�DIWHU�WKH\�KDYH�OHIW�WKHLU�SODFH�RI�GHSDUWXUH��)RU�WKLV

SXUSRVH��HQWLUH�WUDMHFWRULHV�PXVW�EH�FRPSDUHG�WR�̙QG�D�KLJK�SHUFHQWDJH�RI�RYHUODSȰ

SLQJ�LQ�WKH�URXWHV�

,Q�6HFWLRQ������ZH� LQWURGXFHG�WKH�FRQFHSW�RI�PDS�PDWFKLQJ�DQG�FOXVWHULQJ�EDVHG

RQ�WUDMHFWRU\�VLPLODULW\��.LP�DQG�0DKPDVVDQL�XVHG�WKH�/RQJHVW�&RPPRQ�6XEVHȰ

TXHQFH�DOJRULWKP�WR�PDWFK�WUDMHFWRULHV�IRU�FOXVWHULQJ�SXUSRVHV�>��@��7KH�/&66�DOȰ

JRULWKP� FDQ� HDVLO\� EH� VZLWFKHG� RXW� ZLWK� DQ\� WKUHH� DOJRULWKPV� IURP� WKLV� VWXG\�

+RZHYHU�� WKH\�XVHG�WKLV�DOJRULWKP�WR�̙QG�WKHLU�RYHUDOO� VLPLODULW\�E\� IRFXVLQJ�RQ

HQWLUH�WUDFNV��QRW�VXE�WUDFNV��7KH\�FDOFXODWH�WKH�SHUFHQWDJH�RI�RYHUODS�EHWZHHQ�WKH

WUDFNV� WR�PHDVXUH� WKHLU� VLPLODULW\�� 7KH� UHVXOWLQJ� QXPEHU� LV� WKH� EDVHOLQH� IRU� WKH

FOXVWHULQJ��7KH�DOJRULWKPV� IURP� WKLV� WKHVLV� FDQ� OLNHO\� DOVR�EH�XVHG� IRU� WKDW�SXUȰ

SRVH�� EXW� LW� KDV� QRW� EHHQ� H[SORUHG� \HW��7KHUHIRUH�� LW� LV� GL̛FXOW� WR� VD\�ZKHWKHU

WKH\�ZRXOG�EH�D�EHWWHU�RU�ZRUVH�FKRLFH�IRU�WKLV�SUREOHP�



��

���&RQFOXVLRQ�DQG�)XUWKHU�:RUN

�����&RQFOXVLRQ

7KLV�WKHVLV�KDV�H[SORUHG�WKUHH�VHTXHQFH�DOLJQPHQW�DOJRULWKPV�DQG�WKHLU�DSSOLFDWLRQ

WR�WKH�WUDMHFWRU\�VLPLODULW\�SUREOHP��7KH�VLPLODULW\�FDOFXODWLRQV�KDYH�FRQWULEXWHG

WR�LGHQWLI\LQJ�WKH�PRVW�WUD̛FNHG�URDGV�LQ�D�FLW\��7KH�H[SHULPHQWV�KDYH�H[SORUHG

WKH�GL̘HUHQW�WUDLWV�RI�WKH�WKUHH�DOJRULWKPV��ERWK�IRU�LGHQWLI\LQJ�WKH�PRVW�WUD̛FNHG

URDG�DQG�WUDMHFWRU\�VLPLODULW\�LQ�JHQHUDO�

�����(YDOXDWLRQ

7KH�RYHUDOO�UHVXOWV�IRXQG�ZHUH�YHU\�VLPLODU��7KH�DOJRULWKPV�RQO\�GL̘HUHG�LQ�VRPH

GHWDLOV�� 6PLWK�:DWHUPDQ� ZDV� RYHUDOO� PRUH� DFFXUDWH� LQ� GHWHFWLQJ� PDWFKHV�� %RWK

1HHGOHPDQ�:XQVFK�DQG�'\QDPLF�7LPH�:DUSLQJ� ULVNHG�JHWWLQJ� ORVW� LQ� WKH�EDFNȰ

WUDFNLQJ�VWHS��7KHVH�DOJRULWKPV�ZLOO�SUREDEO\�SHUIRUP�EHWWHU�RQ�PRUH�VLPLODU�LQȰ

SXW� VHTXHQFHV��'\QDPLF�7LPH�:DUSLQJ� IRXQG�PDQ\�PRUH�PDWFKLQJ�SRLQWV� WKDQ

WKH�WZR�RWKHUV��,W�FDQ�EH�DUJXHG�WKDW�'7:�IRXQG�WKHVH�GXH�WR�QRW�VWRSSLQJ�WKH

EDFNWUDFNLQJ�LQ�WLPH�

2YHUDOO��DOO�DOJRULWKPV�SHUIRUPHG�ZHOO��7KH\�FRXOG�̙QG�WKH�PRVW�WUD̛FNHG�URDGV

DQG� JHQHUDWHG� D� YHU\� VLPLODU� UHVXOW��7KH� TXHVWLRQ� RI�ZKLFK� DOJRULWKP�EHVW� VXLWV

WKLV� SUREOHP� GRHV� QRW� KDYH� D� FOHDU� DQVZHU�� '7:� JHQHUDWHG� KLJKHU� IUHTXHQFLHV�

PRUH�FRRUGLQDWH�SRLQWV��DQG�ORQJHU�WUDFNV��,W�LV�GL̛FXOW�WR�GHWHUPLQH�LI�WKDW�UHSUHȰ

VHQWV�UHDOLW\�

'XH� WR� WKH� OLPLWDWLRQV� FDXVHG� E\� FUHDWLQJ� WKH� UHVXOW� OLVW�� WKH� UHVXOWV� JHQHUDWHG

IURP�WKH�LVRODWHG�DOJRULWKPV�DUH�PRUH�YDOLG�WKDQ�WKH�FRPSOHWH�UHVXOW�OLVWV��$OO�DOȰ

JRULWKPV� KDYH� WKHLU� OLPLWDWLRQV�� 7KH\� DOO� PLJKW� LQFOXGH� FRRUGLQDWH� SRLQWV� WKDW

VKRXOG�QRW�EH�WKHUH��7KH\�DOVR�IDLO�WR�LQFOXGH�SRLQWV�WKDW�VKRXOG��1RW�LQFOXGLQJ�HVȰ

VHQWLDO�DOLJQPHQWV�FDQ�KDYH�PRUH�FRQVLGHUDEOH�FRQVHTXHQFHV�WKDQ� LQFOXGLQJ�VRPH



��

DOLJQPHQWV�WKDW�VKRXOG�QRW�EH�WKHUH��:URQJO\�LQFOXGHG�DOLJQPHQWV�DUH�XVXDOO\�QR

ORQJHU�WKDQ�IRXU�RU�̙YH�FRRUGLQDWH�SRLQWV��7KH\�ZLOO�QRW�D̘HFW�WKH�̙QDO�UHVXOW�D

JUHDW�GHDO��)RU�WKLV�UHDVRQ��DV�ZHOO�DV�WKH�XQVWDEOH�EDFNWUDFNLQJ�RI�'7:�DQG�1:�

LW�ZRXOG�EH�SUHIHUDEOH� WR�XVH�6PLWK�:DWHUPDQ� IRU� WKLV�SUREOHP��7KDW� LV�PDLQO\

EHFDXVH�6PLWK�:DWHUPDQ�LV�EHWWHU�VXLWHG�WR�RXWSXW�VXE�WUDMHFWRULHV��$V�D�ERQXV�

LW�LV�DOVR�HDVLHU�WR�ZRUN�ZLWK�DQG�IDVWHU�WKDQ�WKH�RWKHU�DOJRULWKPV�

�����&RQWULEXWLRQV

7KH�PDLQ�FRQWULEXWLRQ�RI� WKLV�SURMHFW� LV�KRZ�WKH�WKUHH�VHTXHQFH�DOLJQPHQW�DOJRȰ

ULWKPV�DUH�XVHG�IRU�D�QHZ�SXUSRVH��,W�KDV�EHHQ�SURYHG�WKDW�WKH\�FDQ�VROYH�WKH�WUDȰ

MHFWRU\�VLPLODULW\�SUREOHP��(VSHFLDOO\�6PLWK�:DWHUPDQ�LV�YDOXDEOH�KHUH��$V�IDU�DV

WKH�DXWKRU�NQRZV��6PLWK�:DWHUPDQ�KDV�QRW�EHHQ�VFLHQWL̙FDOO\�XVHG�RQ�WUDMHFWRULHV

EHIRUH��7KLV�DOJRULWKP�SHUIRUPHG�QLFHO\�DQG�LV�ZHOO�VXLWHG�IRU�WKLV�SUREOHP�

7KLV�WKHVLV�KDV�DOVR�LQWURGXFHG�D�QHZ�ZD\�RI�PDSSLQJ�WUD̛F��,GHQWLI\LQJ�WKH�PRVW

SUHVVXUHG�URDGV�LQ�WKH�FLW\�KDV�QRW�EHHQ�GRQH�LQ�WKLV�ZD\�EHIRUH��,W�RSHQV�XS�QHZ

ZD\V� RI� DQDO\]LQJ� WUD̛F�GDWD��0XFK�SUHYLRXV�ZRUN� IRFXVHV� VROHO\� RQ� FRQJHVWLRQ

IRUPDWLRQ��QRW�WKH�QXPEHU�RI�FDUV��7KLV�VWXG\�RSHQV�XS�WR�VROYLQJ�RWKHU�SUREOHPV�

OLNH� PDSSLQJ� DLU� DQG� QRLVH� SROOXWLRQ� DQG� NQRZLQJ� SHRSOHȶV� WUDQVSRUWDWLRQ

EHKDYLRU�



��

�����/LPLWDWLRQV�DQG�)XUWKHU�:RUN

$V�WKLV�SURMHFW�H[SORUHV�D�QHZ�̙HOG��WKH�PHWKRG�KDV�PDQ\�OLPLWDWLRQV��7KHUH�DUH

VWHSV�SHUIRUPHG�RXWVLGH�RI�WKH�WKUHH�DOLJQPHQW�DOJRULWKPV�WKDW�DUH�QRW�WR�EH�HQȰ

WLUHO\�WUXVWHG��0DQ\�GHFLVLRQV�WDNHQ�WKURXJKRXW�WKH�SURMHFW�D̘HFW�HDFK�RWKHU�DQG

WKH� UHVXOW� YHU\�PXFK��7KXV�� LW� FRXOG� KDYH� VLJQL̙FDQW� FRQVHTXHQFHV� LI� RQH� LV� QRW

SHUIHFWHG��7KLV�GHSHQGHQFH�LV�D�FRQVLGHUDEOH�OLPLWDWLRQ�DV�LW�LV�FKDOOHQJLQJ�WR�NQRZ

ZKLFK�VWHS� LV� WKH�ZHDNHVW��7KHVH� OLPLWDWLRQV� LQFOXGH�KRZ�WKH�UHVXOW� OLVW� LV�PDGH�

7KLV�VWHS�KDV�WR�EH�UHVHDUFKHG�PRUH�H[WHQVLYHO\�WR�̙QG�WKH�EHVW�PHWKRG�IRU�JDWKȰ

HULQJ�PDWFKLQJ� DOLJQPHQWV��+RZ� WKH� WUDFNV� DUH� GLYLGHG� LQWR� VXE�WUDFNV� LV� DOVR� D

VWHS�WKDW�FDQ�EH�UHVHDUFKHG�PRUH�WKRURXJKO\��)LQDOO\��WKH�IRUPXOD�IRU�FDOFXODWLQJ

WKH� VFRUH� RI� WKH� UHVXOW� WUDFNV� LV� KLJKO\� GHSHQGHQW� RQ� WKH� GDWD�� ,W� LV� QRW� VXUH

ZKHWKHU� LW�ZRXOG�ZRUN� IRU� RWKHU�GDWD� RU�ZKHWKHU� LW� LV� WKH�EHVW�PHWKRG� IRU� WKLV

GDWD�

$V�DQ�DOWHUQDWLYH�WR�FUHDWLQJ�D�UHVXOW�OLVW��DQ�H[FLWLQJ�H[SHULPHQW�FRXOG�EH�WR�UXQ

WKH�DOLJQPHQW�DOJRULWKPV�PXOWLSOH�WLPHV��7KH�RXWSXW�IURP�WKH�DOJRULWKPV
�̙UVW�UXQ

ZLOO�EH�XVHG�DV� LQSXW� IRU�DQRWKHU�UXQ�RI�WKH�DOJRULWKPV��,W�ZRXOG�FRPELQH�PDQ\

RYHUODSSLQJ�UHVXOW�WUDFNV�H[SODLQHG�LQ�6HFWLRQ������7KH�̙QDO�UHVXOW�OLVW�ZLOO�QRW�LQȰ

FOXGH�WKH�VFRUH�GHFLGLQJ�WKHLU�RUGHULQJ�EXW�ZLOO� LQFOXGH� IHZHU�DQG�PRUH�DFFXUDWH

UHVXOW�WUDFNV��7KH�OHVV�IUHTXHQW�URDGV�ZRXOG�EH�̙OWHUHG�RXW��DQG�RQO\�WKH�PRVW�IUHȰ

TXHQWO\�RYHUODSSLQJ�WUDFNV�ZLOO�EH�OHIW�

7KH�PRVW�QRWHZRUWK\�OLPLWDWLRQ�RI�XVLQJ�WKH�VHTXHQFH�DOJRULWKPV�IRU�WKLV�SXUSRVH

LV�WKH�SHUFHQWDJH�RI�VLPLODULW\��7KDW�LV�D�QXPEHU�H[SODLQLQJ�KRZ�PXFK�RI�WKH�GDWD

LV� RYHUODSSLQJ�� $V� H[SODLQHG�� WKH� SHUFHQWDJH� RI� VLPLODULW\� 6PLWK�:DWHUPDQ� DQG

1HHGOHPDQ�:XQVFK�LV�PDGH�IRU�LV��������>��@��ZKLFK�LV�IDU�DZD\�IURP�WKH�VLPLODULȰ

W\�SHUFHQWDJH�LQ�WKH�GDWDVHW�XVHG�LQ�WKLV�VWXG\��,W�LV�D�GLVDGYDQWDJH�RI�XVLQJ�WKHVH

DOJRULWKPV�DQG�FRXOG�EH�ZK\�1:�IDLOV�WKH�EDFNWUDFNLQJ�VWHS�LQ�VRPH�FDVHV�

$QRWKHU�OLPLWDWLRQ�RI�WKH�VHTXHQFH�DOLJQPHQW�DOJRULWKPV�FRXOG�EH�GLUHFWLRQDOLW\��,W

GHSHQGV�RQ�WKH�DSSOLFDWLRQ�RI�WKH�PHWKRG��7KH�GLUHFWLRQ�RI�WKH�FDUV
�PRYHPHQW�LV



��

YDOXDEOH� LQIRUPDWLRQ�ZKHQ�PDSSLQJ� WUD̛F� DQG� LGHQWLI\LQJ� FRQJHVWLRQ��+RZHYHU�

ZKHQ� LGHQWLI\LQJ�QRLVH�DQG�DLU�SROOXWLRQ�� LW�GRHV�QRW�PDWWHU�ZKLFK�GLUHFWLRQ� WKH

FDUV�DUH�GULYLQJ�

7KURXJKRXW�WKH�UHVHDUFK�IRU�WKLV�SURMHFW��WKH�/RQJHVW�&RPPRQ�6XEVHTXHQFH�DOJRȰ

ULWKP�KDV�EHHQ�SURPLQHQW��,W�EHFDPH�FOHDU�WKDW�WKLV�DOJRULWKP�KDV�EHHQ�XVHG�DV
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7KH�WUDFNV�LQ�WKH�GDWDVHW�ZHUH�QRW�YHU\�DFFXUDWH��,QWHUVHFWLRQV�ZHUH�VNLSSHG��DQG
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6RPHWKLQJ�WKDW�FRXOG�KHOS�WKH�UHVXOW�EH�PRUH�DFFXUDWH�LV�WR�FRPSDUH�WKHP�WR�WKH

URDG�QHWZRUN�LQVWHDG�RI�FRPSDULQJ�WKHP�WR�HDFK�RWKHU��7KDW�LV�ZKDW�ZH�FDOO�PDS
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LVRQ��+HQFH��LW�LV�D�PRUH�FRVWO\�RSHUDWLRQ�

$QRWKHU� GDWDVHW� ZRXOG� QRW� KHOS� WKH� DFFXUDF\� DV� WKH� LPSUHFLVLRQ� SULPDULO\� OLHV

ZLWK�WKH�*36��1RQHWKHOHVV��LW�FRXOG�YHULI\�WKH�PHWKRG�LI�LW�ZHUH�WR�ZRUN�RQ�GL̘HUȰ
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SUHVVLQJ�WKURXJKRXW�WKH�GD\�DQG�WKH�GL̘HUHQFHV�EHWZHHQ�ZHHNGD\V�DQG�ZHHNHQGV�

,QFOXGLQJ�WKLV�LQIRUPDWLRQ�ZLOO�FRPSOLFDWH�WKH�SURFHVV�DQG�WKH�DOJRULWKPV��DQG�WKH

HQWLUH�SURFHVV�ZLOO�KDYH�WR�EH�DGDSWHG��+RZHYHU��WKLV�VWHSȶV�DPRXQW�RI�DGGLWLRQDO

LQIRUPDWLRQ�FRXOG�PDNH�LW�ZRUWKZKLOH�
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