
2SWLPL]HG�6WRSSLQJ�&ULWHULD�IRU�7UHH�%DVHG�8QLW�6HOHFWLRQ
LQ�&RQFDWHQDWLYH�6\QWKHVLV

$QGUHZ�&URQN�DQG�0LFKDHO�0DFRQ

&HQWHU�IRU�6SRNHQ�/DQJXDJH�8QGHUVWDQGLQJ
2UHJRQ�*UDGXDWH�,QVWLWXWH��3RUWODQG��2UHJRQ��8�6�$�

KWWS���FVOX�FVH�RJL�HGX�WWV

$%675$&7

7KH� ODFN�RI� QDWXUDOQHVV� KDPSHUV� WKH�ZLGHVSUHDG� DSSOLFDWLRQ�RI
VSHHFK� V\QWKHVLV�� � ,QFUHDVLQJ� WKH� VL]H�RI� WKH� XQLW� GDWDEDVH� LQ� D
FRQFDWHQDWLYH�VSHHFK�V\QWKHVL]HU�KDV�EHHQ�SURSRVHG�DV�D�PHWKRG
WR�LQFUHDVH�WKH�YDULHW\�RI�XQLWV²WKHUHE\�LPSURYLQJ�QDWXUDOQHVV�
+RZHYHU�� H[SDQGLQJ� WKH� XQLW� GDWDEDVH� LQFUHDVHV� WKH
FRPSXWDWLRQDO� FRVW� RI� VHOHFWLQJ� WKH� PRVW� DSSURSULDWH� XQLW� DQG
FRPSRXQGV� WKH� ULVN� WKDW� D� SHUFHSWXDOO\� VXERSWLPDO� XQLW� LV
FKRVHQ�� � &OXVWHULQJ� WKH� XQLW� GDWDEDVH� SULRU� WR� V\QWKHVLV� LV� DQ
HIIHFWLYH�PHWKRG�IRU�UHGXFLQJ�WKLV�FRVW�DQG�ULVN�

,Q� WKLV� VWXG\�� D� XQLW� VHOHFWLRQ�PHWKRG� EDVHG� RQ� WUHH�VWUXFWXUHG
FOXVWHULQJ�RI�GDWD�LV�LPSOHPHQWHG�DQG�HYDOXDWHG���7KLV�DSSURDFK
WR�WUHH�FRQVWUXFWLRQ�GLIIHUV�IURP�VLPLODU�DSSURDFKHV�XVHG�LQ�ERWK
V\QWKHVLV� DQG� UHFRJQLWLRQ� LQ� WKDW� D� ³ULJKW�VL]HG´� WUHH� LV� IRXQG
DXWRPDWLFDOO\� UDWKHU� WKDQ� XVLQJ� KDQG�WXQHG� VWRSSLQJ� FULWHULD�
7KH� WUHH� LV� JURZQ� WR� LWV� PD[LPXP� VL]H�� DQG� LWV� OHDYHV� DUH
V\VWHPDWLFDOO\� UHFRPELQHG� LQ� RUGHU� WR� GHWHUPLQH� WKH� PRVW
VXLWDEOH�VXEWUHH�

7UHHV� DUH� JURZQ� XVLQJ� WKH� DXWRPDWLF� VWRSSLQJ� PHWKRG� DQG
FRPSDUHG�ZLWK� WKRVH�JURZQ�XVLQJ� WKUHVKROGV�� �&URVV�YDOLGDWLRQ
VKRZV� WKDW� WUHHV� JURZQ� WR� WKHLU� PD[LPXP� VL]H� DQG
V\VWHPDWLFDOO\� UHFRPELQHG� SURGXFH� IXOOHU� FOXVWHUV� ZLWK� ORZHU
REMHFWLYH� GLVWRUWLRQ� PHDVXUHV� WKDQ� WUHHV� ZKRVH� JURZWK� LV
DUUHVWHG�E\�D�WKUHVKROG���7KH�VWXG\�FRQFOXGHV�ZLWK�D�GLVFXVVLRQ
RI� KRZ� WKHVH� UHVXOWV� PD\� DIIHFW� WKH� SHUFHSWXDO� TXDOLW\� RI� D
VSHHFK�V\QWKHVL]HU�

���%$&.*5281'

1DWXUDO� VSHHFK� LV� FKDUDFWHUL]HG� E\� VHJPHQWDO� YDULDWLRQV
LQIOXHQFHG� E\� PDQ\� IDFWRUV�� � $� V\QWKHVL]HU� LV� MXGJHG� E\� LWV
DELOLW\�WR�VLPXODWH�WKLV�YDULDWLRQ���,QFUHDVLQJ�WKH�VL]H�DQG�YDULHW\
RI� WKH� XQLW� GDWDEDVH� LQ� D� FRQFDWHQDWLYH� VSHHFK� V\QWKHVL]HU� KDV
EHHQ� SURSRVHG� DV� D� PHWKRG� WR� LPSURYH� WKH� QDWXUDOQHVV� RI
V\QWKHWLF� VSHHFK�� � +RZHYHU�� LQFUHDVLQJ� WKH� VL]H� RI� WKH� VSHHFK
GDWDEDVH� PDQGDWHV� WKDW� PRUH� VRSKLVWLFDWHG� WHFKQLTXHV� EH
HPSOR\HG�WR�VHOHFW�WKH�PRVW�DSSURSULDWH�XQLW�

$V� GLVFXVVHG� LQ� >�@�� RQH� DSSURDFK� WR� FRQFDWHQWDWLYH� VSHHFK
V\QWKHVLV�HPSOR\V�D�ODUJH�GDWDEDVH�RI�SUHUHFRUGHG��VXESKRQHWLF
XQLWV�� � ,Q� RUGHU� WR� V\QWKHVL]H� DQ\� WDUJHW� XQLW� VHTXHQFH�� D
FDQGLGDWH�SRRO�RI�XQLWV�LV�VHOHFWHG�IURP�WKH�VSHHFK�GDWDEDVH�IRU
HDFK�WDUJHW���2QFH�D�VHTXHQFH�RI�FDQGLGDWH�SRROV�RU�FOXVWHUV�KDV
EHHQ� VHOHFWHG�� D� G\QDPLF� SURJUDPPLQJ� �9LWHUEL�� VHDUFK� LV
SHUIRUPHG�WR�ILQG� WKH�VHTXHQFH�RI�GDWDEDVH�XQLWV�WKDW�PLQLPL]H
WKH�FRQFDWHQDWLRQ�FRVW�RI� WKH�RYHUDOO�VHTXHQFH�� �7KLV�SURFHVV� LV
GHSLFWHG�LQ�)LJXUH���

,Q� >�@�� WKH� FRQFHSWV� RI� WDUJHW� DQG� FRQFDWHQDWLRQ� FRVW� DUH
SUHVHQWHG�� � 7DUJHW� FRVW� UHIOHFWV� KRZ� ZHOO� WKH� OLQJXLVWLF� DQG
FRQWH[WXDO� IHDWXUHV� D� JLYHQ� GDWDEDVH� XQLW� UHVHPEOH� WKH� LGHDO
WDUJHW���2Q�WKH�RWKHU�KDQG��WKH�FRQFDWHQWDWLRQ�FRVW�UHIOHFWV�KRZ�D
XQLW�ZLOO�MRLQ�ZLWK�WKH�SUHYLRXVO\�VHOHFWHG�XQLW����$�WUHH�VWUXFWXUH
FDQ� EH� XVHG� WR� HIILFLHQWO\� DQG� SUXGHQWO\� FOXVWHU� WKH� GDWDEDVH
XQLWV�SULRU� WR� V\QWKHVLV�� �:LWKLQ� WKLV�DSSURDFK� WR� V\QWKHVLV�� WKH
FOXVWHUV� UHSUHVHQW� XQLWV� ZLWK� HTXLYDOHQW� WDUJHW� FRVW�� � 7KH� WUHH
RIIHUV� D� PHDQV� WR� ILQG� WKH� RSWLPDO� FOXVWHU� DW� UXQWLPH�� DQG� WKH
G\QDPLF�SURJUDPPLQJ�VHDUFK�GHWHUPLQHV�WKH�FRQFDWHQDWLRQ�FRVW�

������&ODVVLILFDWLRQ�DQG�5HJUHVVLRQ�7UHHV

7KH�ZRUN�RI�%UHLPDQ�HW�DO��RQ�FODVVLILFDWLRQ�DQG�UHJUHVVLRQ�WUHHV
�&$57�� >�@�SURYLGHV� WKH� WKHRUHWLFDO� IUDPHZRUN� IRU� GHYHORSLQJ
SKRQHWLF�GHFLVLRQ�WUHHV�� �7KH�EDVLF�FODVVLILFDWLRQ� WUHH� LV�GHILQHG
E\�IRXU�HOHPHQWV�

���$�VHW�RI�ELQDU\�VSOLWWLQJ�TXHVWLRQV
���$�JRRGQHVV�RI�VSOLW�FULWHULRQ
���$�VWRS�VSOLWWLQJ�UXOH
���$�UXOH�IRU�DVVLJQLQJ�HYHU\�WHUPLQDO�QRGH�WR�D�FODVV

7KH� VHW� RI� TXHVWLRQV� UHSUHVHQWV� SRVVLEOH� SDUWLWLRQV� RI� WKH� XQLW
VSDFH��7KHUH�DUH�WZR�W\SHV�RI�VSOLWWLQJ�TXHVWLRQV��FDWHJRULFDO�DQG
QXPHULFDO���$�TXHVWLRQ�LV�FDWHJRULFDO�LI�LW�WDNHV�YDOXHV�LQ�D�ILQLWH
VHW�QRW�KDYLQJ�D�QDWXUDO�RUGHULQJ���$�TXHVWLRQ�LV�QXPHULFDO�LI�LWV
YDOXHV�DUH�UHDO�QXPEHUV���$�VDPSOH�QXPHULFDO�TXHVWLRQ�PLJKW�EH
³,V�WKH�DYHUDJH�IXQGDPHQWDO�IUHTXHQF\��)���RI�WKH�XQLW�EHWZHHQ
������DQG�������+]"´� �:KHUHDV�� D� VDPSOH�FDWHJRULFDO�TXHVWLRQ
PLJKW�EH��³,V�WKH�XQLW�D�IULFDWLYH"´��

������������������������������ ����������������������������
��$OO�SKRQHPLF�WUDQVFULSWLRQV�KHUHLQ�XVH�WKH�:RUOGEHW�SKRQHEHW�

�K� �(� �O� �R8�

&OXVWHUV�RI
&DQGLGDWH
8QLWV

7DUJHW
8QLWV

)LJXUH� ���:KHQ�PXOWLSOH� LQVWDQFHV� RI� D� XQLW� W\SH� H[LVW� LQ� WKH
GDWDEDVH��WKH�VHOHFWLRQ�SURFHVV�UHWXUQV�FOXVWHUV�RI�FDQGLGDWH�XQLWV
WR�PDWFK�WKH�WDUJHW�VHTXHQFH����$�G\QDPLF�SURJUDPPLQJ�VHDUFK
ILQGV� WKH� VHTXHQFH�RI� XQLWV� WKURXJK� WKH� FOXVWHUV� WKDW�PLQLPL]HV
WKH�FRQFDWHQDWLRQ�FRVW�



7KH�JRRGQHVV�RI�VSOLW�FULWHULRQ�LV�XVHG�WR�GHWHUPLQH�ZKLFK�RI�WKH
DYDLODEOH�VSOLWWLQJ�TXHVWLRQV�EHVW�GLYLGHV�WKH�VXEVSDFH���7KH�EHVW
VSOLW�PD[LPL]HV�WKH�GHFUHDVH�LQ�GDWD�LPSXULW\���7R�HODERUDWH��WKH
GDWD�ZLWKLQ�FKLOG�QRGHV�DIWHU�WKH�VSOLW�VKRXOG�KDYH�ORZHU�ZLWKLQ�
FOXVWHU�YDULDQFH�WKDQ�WKH�GDWD�LQ�WKH�SDUHQW�QRGH�EHIRUH�WKH�VSOLW�

7KH� VWRSSLQJ� FULWHULRQ� KDOWV� WKH� SURSDJDWLRQ� RI� D� WUHH� EUDQFK�
9DULRXV� WKUHVKROGV� KDYH� EHHQ� SURSRVHG�� VXFK� DV� WKH� PLQLPXP
LPSURYHPHQW� RI� VRPH� LPSXULW\� PHDVXUH� DQG� WKH� PLQLPXP
QXPEHU�RI� XQLWV�SHU� FOXVWHU� >��� �@�� � 6WRSSLQJ� FULWHULD� LQYROYLQJ
WKUHVKROGV�PD\�OHDG�WR�WUHHV�ODUJHU�WKDQ�WKH�GDWD�ZDUUDQWV���6XFK
WUHHV�PD\�QRW�EH�DEOH�WR�JHQHUDOL]H�ZHOO�WR�QRQ�WUDLQLQJ�GDWD���,Q
>�@��LW�LV�SURSRVHG�WKDW�JURZLQJ�WKH�WUHH�WR�WKH�PD[LPXP�VL]H�DQG
WKHQ� V\VWHPDWLFDOO\� SUXQLQJ� OHDYHV� SURGXFHV� D� PRUH� UHOLDEOH
FODVVLILHU�

7KH� IRXUWK� &$57� VSHFLILFDWLRQ� DVVLJQV� WHUPLQDO� QRGHV� WR� D
FODVVLILFDWLRQ���7KLV�VSHFLILFDWLRQ�GRHV�QRW�DSSO\�WR�WKH�V\QWKHVLV
SUREOHP�� DV� WKH� FODVVLILFDWLRQV� DUH� QRW� NQRZQ� D� SULRUL�� � ,Q
&$57��PXOWLSOH�OHDYHV�FDQ�EH�WLHG�WR�D�VLQJOH�FODVVLILFDWLRQ��EXW
LQ�WKH�FOXVWHULQJ�SUREOHP�HDFK�OHDI�PXVW�EH�DVVXPHG�WR�EH�D�QHZ
FDWHJRU\��7KH�XQVXSHUYLVHG�QDWXUH�RI�FOXVWHULQJ�GLVWLQJXLVKHV�WKH
DSSURDFK�IURP�FODVVLILFDWLRQ�

�������&RQVWUXFWLQJ�D�3KRQHWLF�'HFLVLRQ�7UHH

&ODVVLILFDWLRQ�DQG�UHJUHVVLRQ�WUHHV�DUH�EXLOW�E\�SRVLQJ�D�VHULHV�RI
TXHVWLRQV�WR�D�VHW�RI�XQLWV���(DFK�TXHVWLRQ�PXVW�EH�LQ�D�IRUP�WKDW
UHVXOWV� LQ� D� ELQDU\� VSOLW� RI� WKH� GDWD�� � 7KLV� SURFHVV� UHVXOWV� LQ� D
UHFXUVLYH� SDUWLWLRQLQJ� RI� WKH� XQLW� VSDFH�� � $W� HDFK� QRGH�� WKH
VSOLWWLQJ�TXHVWLRQ�LV�IRXQG�WKDW�PLQLPL]HV�D�PHDVXUH�RI�LPSXULW\�
$Q�H[DPSOH�RI�D�VLPSOH�&$57�LV�LOOXVWUDWHG�LQ�)LJXUH���

)LJXUH� ���$� FODVVLILFDWLRQ� WUHH� LV� EXLOW� E\� SRVLQJ� TXHVWLRQV� DW
HDFK�QRGH� WKDW� UHVXOW� LQ�ELQDU\� VSOLWV�� �8QLWV�ZLWKLQ�D� OHDI�KDYH
HTXLYDOHQW�WDUJHW�FRVWV�

$V� LWV� QDPH� VXJJHVWV�� &$57� LV� D� FODVVLILHU�� QRW� D� FOXVWHULQJ
DOJRULWKP���:KLOH�LW�GRHV�SURYLGH� WKH� WKHRUHWLFDO� IRXQGDWLRQ�IRU
SKRQHWLF� GHFLVLRQ� WUHH� FRQVWUXFWLRQ�� PDQ\� RI� WKH� &$57
WHFKQLTXHV�PXVW�EH�DGDSWHG�ZKHQ�DSSOLHG�WR�FOXVWHULQJ�

7KH� SULPDULO\� GLIIHUHQFH� EHWZHHQ� %UHLPDQ¶V� &$57� DQG
FOXVWHULQJ�LV�VHHQ�ZKHQ�HYDOXDWLQJ�WKH�JRRGQHVV�RI�D�WUHH���&URVV
YDOLGDWLRQ� LV�D� WHFKQLTXH� LQ�ZKLFK�FODVVLILHG�GDWD� LV�KHOG�RXW� WR

HVWLPDWH� WKH� PLVFODVVLILFDWLRQ� UDWH� RI� WKH� WUHH�� � 9�IROG� FURVV
YDOLGDWLRQ� UHSHDWV� WKH� FURVV� YDOLGDWLRQ� SURFHVV� 9� WLPHV�
UHVKXIIOLQJ� WKH� GDWD� ZLWK� LWHUDWLRQ�� LQ� RUGHU� WR� SURYLGH� D� PRUH
DFFXUDWH� HVWLPDWH�� � 2EYLRXVO\�� WKLV� WHFKQLTXH� UHTXLUHV� D� VHW� RI
WHVW� GDWD� ZKRVH� FODVVLILFDWLRQV� DUH� NQRZQ� LQ� DGYDQFH�� � ,Q� WKH
FOXVWHULQJ� SUREOHP�� WKH� FODVVLILFDWLRQV� DUH� QRW� NQRZQ� LQ
DGYDQFH²LQGHHG�WKH�ZKROH�SXUSRVH�RI�FOXVWHULQJ�LV�WR�GHWHUPLQH
WKHVH�FDWHJRULHV�

���&/867(5,1*�3$5$0(7(56

,Q� WKLV� H[SHULPHQW�� WKH� VSHHFK� GDWDEDVH� ZDV� FRQVWUXFWHG� IURP
���� 7,0,7� VHQWHQFHV� VSRNHQ� E\� D� PDOH�� QDWLYH� VSHDNHU� RI
$PHULFDQ�(QJOLVK���7KH�SKRQHV�ZHUH�ODEHOHG�XVLQJ�+00�EDVHG
IRUFHG�DOLJQPHQW�DQG�JURXSHG�E\�W\SH���(DFK�XQLW�LV�GHQRWHG�E\
D� YHFWRU� RI� OLQJXLVWLF� DQG� FRQWH[WXDO� IHDWXUHV�� DV� ZHOO� DV� DQ
DFRXVWLF� UHSUHVHQWDWLRQ� EDVHG� XSRQ� FDOFXODWLQJ� ��� FHSVWUDO
FRHIILFLHQWV�RYHU����PV�ZLQGRZV�HYHU\���PV�

�������6SOLWWLQJ�4XHVWLRQV

7ZHQW\�WZR� FDWHJRULFDO� RU� QXPHULFDO� YDULDEOHV� FRPSULVH� WKH
IHDWXUH� YHFWRUV� XVHG� LQ� WKLV� VWXG\�� � )URP� WKHVH� YDULDEOHV�� ���
VSOLWWLQJ� TXHVWLRQV� DUH� JHQHUDWHG�� � 1XPHULFDO� TXHVWLRQV� DUH
IRUPHG�E\�GLYLGLQJ�WKH�YDULDEOH�UDQJH�LQWR����HTXDO�VXEUDQJHV�

�������*RRGQHVV�RI�VSOLW

7ZR� W\SHV� RI� GLVWRUWLRQ� PHDVXUHV� DUH� QHHGHG� WR� FRQVWUXFW� WKH
GHFLVLRQ� WUHH�� �2QH� WR�PHDVXUH� WKH� EHWZHHQ�XQLW� GLVWRUWLRQ� DQG
DQRWKHU�WR�GHWHUPLQH�WKH�ZLWKLQ�FOXVWHU�GLVWRUWLRQ��L�H��YDULDQFH��
:LWK� WKHVH� PHDVXUHV�� WKH� JRRGQHVV�RI�VSOLW� PHDVXUH� FDQ� EH
GHILQHG�

7KH�EHWZHHQ�XQLW�GLVWRUWLRQ�PHDVXUH�G�8�9���LV�JLYHQ�DV

ZKHUH�YDULDEOHV�8�DQG�9�GHQRWH� WKH�DFRXVWLF� UHSUHVHQWDWLRQV�RI
XQLWV���7KH�QXPEHU�RI�IUDPHV�LQ�WKH�ORQJHU�XQLW�LV�1��DQG�0�LV�WKH
QXPEHU�RI�FRHIILFLHQWV�LQ�DQ\�IUDPH���7KH�VKRUWHU�XQLW�LV�OLQHDUO\
LQWHUSRODWHG� WR� WKH� OHQJWK�RI� WKH� ORQJHU� XQLW�� 7KH� QRWDWLRQ��8LM�
UHIHUV� WR� WKH� MWK� FHSVWUDO� FRHIILFLHQW� LQ� WKH� LWK� IUDPH� RI� XQLW�8�
7KH�ZHLJKW��:��UHIOHFWV�WKH�0DKDODQRELV�GLVWDQFH��LQ�ZKLFK�HDFK
FRHIILFLHQW� LV� ZHLJKWHG� E\� WKH� LQYHUVH� RI� WKH� YDULDQFH�
0DKDODQRELV�GLVWDQFH�LV�WKHRUHWLFDOO\�DSSHDOLQJ�DV�WKH�UDQJHV�RI
WKH� FRHIILFLHQWV�PD\�YDU\�ZLGHO\�� �%\� XVLQJ� WKH� LQYHUVH� RI� WKH
YDULDQFH� DV� WKH� ZHLJKW�� HDFK� FRHIILFLHQW� LV� JLYHQ� D� FKDQFH� WR
FRQWULEXWH�� ,Q� HVVHQFH��(TXDWLRQ��� FDOFXODWHV� WKH�PHDQ� VTXDUHG
HUURU�DW�WKH�IUDPH�OHYHO�

7KH�LPSXULW\�IXQFWLRQ�'�&��GHWHUPLQHV�WKH�ZLWKLQ�FOXVWHU
GLVWRUWLRQ�

$OO�XQLWV�RI�D
JLYHQ�W\SH

6SOLWWLQJ
TXHVWLRQV

&OXVWHUV�RI��K�
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7KH�H[SUHVVLRQ��_&_���UHSUHVHQWV�WKH�QXPEHU�RI�XQLWV�LQ�FOXVWHU�&�
7KLV� HTXDWLRQ� ���� UHIOHFWV� WKH� DYHUDJH� SDLU�ZLVH�� EHWZHHQ�XQLW
GLVWRUWLRQ� ZLWKLQ� WKH� FOXVWHU�� � 1RWH� WKDW� WKH� ZLWKLQ�FOXVWHU
GLVWRUWLRQ�RI�D�OHDI�FRQWDLQLQJ�RQO\�RQH�XQLW�LV�GHILQHG�WR�EH�]HUR�

7KH� VHOHFWLRQ� RI� D� JRRGQHVV�RI�VSOLW� IXQFWLRQ� LQIOXHQFHV� WKH
RYHUDOO� VKDSH� RI� WKH� WUHH�� � $� SRRUO\� FKRVHQ� JRRGQHVV�RI�VSOLW
PHDVXUH�FDQ�OHDG�WR�DQ�DEXQGDQFH�RI�HQG�VSOLWV�ZKLFK�FDXVH�WKH
WUHH� WR� GHJHQHUDWH�� $Q� HQG�VSOLW� RFFXUV� ZKHQ� WKH� EHVW� VSOLW
UHVXOWV� LQ� D� FOXVWHU� FRQWDLQLQJ� D� IHZ� XQLWV� RU� D� VLQJOH� XQLW� DQG
DQRWKHU�FOXVWHU�FRQWDLQLQJ�PDQ\�� �'HJHQHUDWH�ELQDU\� WUHHV�KDYH
WZR�GUDZEDFNV�� �)LUVW��GHJHQHUDWH� WUHHV� WHQG� WR�EH� ULJKW�ELDVHG�
ZKLFK� PHDQV� WKH� JURZWK� RFFXUV� LQ� WKH� ³QR´� GLUHFWLRQ�� � ,Q
JHQHUDO�� D� ³QR´� VSOLW� LV� OHVV� GLVFHUQLQJ� WKDQ� D� ³\HV´� VSOLW²DQG
WKHUHIRUH�OHVV�SUHIHUDEOH�� �$Q\�SDWK�WR�D�OHDI�LQ�WKH�ULJKW�ELDVHG
GHJHQHUDWH�FDVH�FRQWDLQV�DW�PRVW�D�VLQJOH�³\HV´�VSOLW��ZKHUHDV�LQ
WKH� PRUH� FRPSOHWH� WUHH�� D� SDWK� PD\� FRQWDLQ� PDQ\�� � � 6HFRQG�
GHJHQHUDWH� WUHHV� KDYH� IDU� IHZHU� VXEWUHHV� WKDQ� WKHLU� FRPSOHWH
FRXQWHUSDUWV�� � 7KLV� PHDQV� WKDW� IDU� IHZHU� SDUWLWLRQV� RI� WKH� XQLW
VSDFH� ZLOO� EH� FRQVLGHUHG� LQ� WKH� VHDUFK� IRU� WKH� PRVW� VXLWDEOH
SDUWLWLRQ�

7KH�JRRGQHVV�RI�VSOLW�IXQFWLRQ�*�&
�
�&

�
��LV�JLYHQ�E\

ZKHUH� &
�
� DQG� &

�
� DUH� FOXVWHUV�� � 7KH� WHUP�� 7�&��� UHIOHFWV� WKH

ZHLJKW� VXFK� WKDW� �7�&�� � ���_&_��_&_���%\�ZHLJKWLQJ� WKH�ZLWKLQ�
FOXVWHU�GLVWRUWLRQ�'�&��E\�D� IXQFWLRQ�RI� WKH�QXPEHU�RI� XQLWV� LQ
FOXVWHU�&��EDODQFHG�WUHHV�DUH�HQFRXUDJHG�

�������6WRSSLQJ�&ULWHULD

&ULWLFDO�WR�WKH�SURGXFLQJ�WKH�³ULJKW´�WUHH�LV�WKH�DELOLW\�WR�VWRS�LWV
JURZWK� DW� WKH� DSSURSULDWH� WLPH�� � ,Q� VHYHUDO� RWKHU� SXEOLVKHG
ZRUNV�� WKH� SUHGRPLQDQW� PHWKRG� RI� KDOWLQJ� WUHH� JURZWK� LV� E\
VHWWLQJ� WKUHVKROGV� >��� ��� ��� ��� �@�� � 7KH� H[DFW� WKUHVKROG� YDULHV
DFFRUGLQJ�WR�WKH�WDVN��EXW�PLQLPXP�QRGH�RFFXSDQF\��RI�XQLWV�RU
IUDPHV��RU�PLQLPXP�LPSURYHPHQW�RI� VRPH�PHDVXUHPHQW� �VXFK
DV�LPSXULW\��DUH�FRPPRQ�

)LQGLQJ�WKH�LGHDO�VWRSSLQJ�WKUHVKROG� LV�GLIILFXOW��RIWHQ�UHTXLULQJ
PXFK� WULDO�DQG�HUURU�� � $OVR�� WKH� WKUHVKROG� IRU� D� JLYHQ� GDWD� VHW
PD\� QRW� EH� DSSURSULDWH� IRU� DQRWKHU�� �0HDQV� IRU� DXWRPDWLFDOO\
GHWHUPLQLQJ�WKH�PRVW�VXLWDEOH�WUHH�DUH�SUHIHUDEOH���$Q�DOWHUQDWLYH
LV� WR� JURZ� WKH� WUHH� WR� SXULW\� DQG� WKHQ� VHOHFWLYHO\� UHFRPELQH
OHDYHV�LQ�RUGHU�WR�SURGXFH�D�PRUH�UHOLDEOH�FOXVWHULQJ�

,Q�WKH�PLQLPXP�RFFXSDQF\�VWRSSLQJ�FULWHULRQ��WKH�EHVW�VSOLW�WKDW
DOORZV�HDFK�FKLOG�WR�FRQWDLQ�DW�OHDVW�WKH�PLQLPXP�UHTXLUHG�XQLWV
LV� VHOHFWHG�� � ,I� QR� VXFK� TXHVWLRQ� H[LVWV�� WKDW� EUDQFK� RI� WKH� WUHH
VWRSV�JURZLQJ�� �0LQLPXP�RFFXSDQF\� WKUHVKROGV�EHWZHHQ���DQG
��� XQLWV� SHU� FOXVWHU� DUH� FRQVLGHUHG�� � 6LPLODUO\�� WKH� PLQLPXP
LPSURYHPHQW�VWRSSLQJ�FULWHULRQ�FRQVLGHUV�WKH�SHUFHQW�FKDQJH�LQ
LPSXULW\��ZLWKLQ�FOXVWHU�GLVWRUWLRQ��EHWZHHQ�WKH�SDUHQW�DQG�FKLOG
QRGHV�� � ,I� WKH� LPSXULW\� LQ� HLWKHU� FKLOG� QRGH�� GLYLGHG� E\� WKH
LPSXULW\� LQ� SDUHQW� QRGH�� LV� QRW� JUHDWHU� WKDQ� WKH� WKUHVKROG�� QR
IXUWKHU�VSOLWV�DORQJ�WKH�EUDQFK�DUH�DOORZHG���7KUHVKROGV�IURP����
WR�����DUH�FRQVLGHUHG�LQ�LQFUHPHQWV�RI�����

7KH� UHFRPELQDWLRQ� VWRSSLQJ� FULWHULRQ�� DV� SUHYLRXVO\� GHVFULEHG�
JURZV� WKH� WUHH� WR� SXULW\�� � $� JUHHG\� DOJRULWKP� FRQVLGHUV� HYHU\
VXEWUHH� RI� VL]H� 1���� VHOHFWV� WKH� EHVW� VXEWUHH� DFFRUGLQJ� WR� WKH
DYHUDJH� GLVWDQFH� HYDOXDWLRQ� FULWHULRQ� GHVFULEHG� LQ� WKH� QH[W
VHFWLRQ�� DQG� WKHQ� UHSHDWV� WKH� SURFHVV� XQWLO� WKH� URRW� LV� UHDFKHG�
7KH�EHVW�VXEWUHH�LV�GHWHUPLQHG�WKURXJK�FURVV�YDOLGDWLRQ�ZLWK�WKH
XQLWV�LQ�WKH�GHYHORSPHQW�VHW�

�������7UHH�(YDOXDWLRQ

'HWHUPLQLQJ� WKH� ³ULJKWQHVV´� RI� D� WUHH� LPSOLHV� WKDW� VRPH
HYDOXDWLRQ� FULWHULRQ� H[LVWV�� � 7KLV� FULWHULRQ� PXVW� EH� D� IDLU� DQG
DSSURSULDWH� PHDVXUH� RI� WKH� WUHH¶V� DELOLW\� WR� ILQG� WKH� EHVW
FDQGLGDWH�XQLWV�GXULQJ�V\QWKHVLV�

7KH�PHDVXUH�RI�D�WUHH¶V�SHUIRUPDQFH�VKRXOG�UHIOHFW�UHTXLUHPHQWV
RI�WKH�V\QWKHVLV�SURFHVV���'XULQJ�V\QWKHVLV�D�WDUJHW�IHDWXUH�YHFWRU
LV�GHULYHG�IURP�WH[WXDO�DQDO\VLV�DQG�SUHVHQWHG�WR�WKH�DSSURSULDWH
WUHH�� � 7KHVH� IHDWXUHV� GHWHUPLQH� WKH� SDWK� WR� WKH� OHDI� �FOXVWHU�
ZKLFK�WKH�WUHH�GHHPV�PRVW�OLNHO\�WR�FRQWDLQ�VXLWDEOH�PDWFKHV�IRU
V\QWKHVLV�� �6LQFH�DQ\�RI� WKH�XQLWV�FRQWDLQHG� LQ� WKLV�OHDI�PD\�EH
VHOHFWHG�E\�WKH�G\QDPLF�SURJUDPPLQJ�VHDUFK��WKH�HYDOXDWLRQ�RI
WKH� WUHH� VKRXOG� WDNH� LQWR� FRQVLGHUDWLRQ� QRW� RQO\� KRZ� ZHOO� WKH
PRVW� DSSURSULDWH� XQLW� PDWFKHV� WKH� WDUJHW�� EXW� DOVR� KRZ� SRRUO\
WKH�ZRUVW�XQLW�PDWFKHV�

,Q� >�@�� )XNXQDJD� SURYLGHV� LQVLJKW� LQWR� KRZ� D� JRRG� HYDOXDWLRQ
FULWHULRQ� VKRXOG� EHKDYH�� � � ,Q� HVVHQFH�� DQ� LGHDO� PHDVXUH� RI
FODVVLILFDWLRQ� JRRGQHVV� VKRXOG� GHFUHDVH� DV� WKH� QXPEHU� RI
FDWHJRULHV� �LQ� WKLV� FDVH� OHDYHV�� LQFUHDVHV�� � ,I� WKLV� PHDVXUH
UHDFKHV� D�PLQLPXP�RU� EHFRPHV� IODW� DW� VRPH�SRLQW�/�� WKHQ� WKLV
SRLQW�FDQ�EH�XVHG�DV� WKH�SURSHU�QXPEHU�RI� OHDYHV�� �6R�� LGHDOO\�
WKH� JUDSK� RI� HYDOXDWLRQ� FULWHULRQ� VFRUHV� ZRXOG� VKRZ
LPSURYHPHQW�DV� WKH� WUHH� VL]H� LQFUHDVHV�XQWLO� WKH�RSWLPDO� VL]H� LV
UHDFKHG��DW�ZKLFK�SRLQW�WKH�WUHH�ZRXOG�EHJLQ�WR�EH�RYHUILW�WR�WKH
WUDLQLQJ�GDWD��UHVXOWLQJ�LQ�D�ZRUVW�VFRUH�

7R� HYDOXDWH� D� WUHH�� GDWD� PXVW� EH� UHVHUYHG� IRU� FURVV� YDOLGDWLRQ�
:KHQ� D� FURVV� YDOLGDWLRQ� WDUJHW� XQLW� LV� SUHVHQWHG� WR� WKH� WUHH�� LW
UHWXUQV� WKH�FOXVWHU� WKDW�FRQWDLQV� WKH�PRVW� VXLWDEOH�PDWFKHV�� �$Q
HYDOXDWLRQ� FULWHULRQ� LQYROYLQJ� WKH� FDOFXODWLRQ� RI� WKH� DYHUDJH
GLVWDQFH� EHWZHHQ� DOO� WKH� XQLWV� LQ� WKH� VHOHFWHG� FOXVWHU� DQG� WKH
FURVV�YDOLGDWLRQ� WDUJHW� GHPRQVWUDWHG� WKH�GHVLUHG� FKDUDFWHULVWLFV�
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/HDYHV

$YHUDJH

'LVWRUWLRQ

)LJXUH������(YDOXDWLRQ�RI�D�W\SLFDO�IROG�RI�DQ�H[SHULPHQWDO�UXQ
RQ�WKH��HL��GDWD�VHW���7KH�\�D[LV�VKRZV�WKH�DYHUDJH�GLVWRUWLRQ�DW
WKH�IUDPH�OHYHO�EHWZHHQ�WKH�XQLWV�LQ�GHYHORSPHQW�VHW�DQG�XQLWV
LQ�WKH�FRUUHVSRQGLQJ�FOXVWHUV�



7KLV�DSSURDFK�LV�WKHRUHWLFDOO\�DWWUDFWLYH�DV�LW�FRQVLGHUV�ERWK�WKH
EHVW�SRVVLEOH�WDUJHW�DQG�WKH�LQIOXHQFH�RI�WKH�ZRUVW��7KH�JUDSK�LQ
)LJXUH���VKRZV�D�W\SLFDO�IROG�RQ�DOO�LQVWDQFHV�RI��HL�� LQ�WKH�GDWD
VHW�XVLQJ�WKLV�HYDOXDWLRQ�FULWHULRQ���7KH�EHVW�WUHH�LQ�)LJXUH���KDV
DSSUR[LPDWHO\����OHDYHV�

����(;3(5,0(17

,Q� WKH� H[SHULPHQW�� WKH� PLQLPXP� RFFXSDQF\� DQG� PLQLPXP
FKDQJH� LQ� LPSXULW\� WKUHVKROGV� DUH� FRPSDUHG� WR� WKH
UHFRPELQDWLRQ� PHWKRG� XVLQJ� ��IROG� FURVV� YDOLGDWLRQ� RQ� WKUHH
GDWD�VHWV���7KH�UHVXOWV�JHQHUDOL]HG�LQ�RWKHU�LQIRUPDO�H[SHULPHQWV�

�������'DWD�6HWV

$�GHFLVLRQ�WUHH�PXVW�EH�JURZQ�IRU�HDFK�XQLW�W\SH���2QFH�IHDWXUH
DQG� DFRXVWLF� YHFWRUV� DUH� GHULYHG�� WKH� FRUSXV� LV� VHSDUDWHG� E\
SKRQHPH��7R�JURZ�DQ\�SDUWLFXODU�WUHH��WKH�GDWD�DUH�GLYLGHG�LQWR
WKUHH�VHWV��WKH�WUDLQLQJ�VHW��WKH�GHYHORSPHQW�VHW��DQG�WKH�WHVW�VHW�
,Q� WKHVH� H[SHULPHQWV�� WKH� WUDLQLQJ� VHW� LV� FRPSULVHG� RI
DSSUR[LPDWHO\�����RI�WKH�GDWD�� �7KH�GHYHORSPHQW�DQG�WHVW�VHWV
FRQWDLQ�DERXW�����HDFK����$�WUHH�LV�JURZQ�XVLQJ�WKH�WUDLQLQJ�VHW
DQG� FURVV� YDOLGDWHG� XVLQJ� WKH� GHYHORSPHQW� VHW�� � 8VLQJ� WKH
GHYHORSPHQW�VHW�WR�FURVV�YDOLGDWH�WKH�JURZWK��WKH�EHVW�WKUHVKROG
RU� WKH�EHVW� VXEWUHH� LV� IRXQG�� �7KH� WHVW� VHW� LV� XVHG� WR� GHWHUPLQH
KRZ� ZHOO� WKH� EHVW� WUHH� JHQHUDOL]HV� WR� XQVHHQ� GDWD�� � 7KH
H[SHULPHQWV�DUH�SHUIRUPHG�RQ�WKH�WKUHH�GDWD�VHWV�RI�YDULRXV�VL]H
DQG�SKRQHPH�W\SH�

�������9�IROG�&URVV�9DOLGDWLRQ

5HVKXIIOLQJ�WKH�GDWD�VHWV�DQG�UHSHDWLQJ�WKH�H[SHULPHQW�DPRXQWV
WR� 9�IROG� FURVV� YDOLGDWLRQ�� � :KHQ� XVLQJ� WKUHVKROGV� DV� WKH
VWRSSLQJ�FULWHULD��9�IROG�FURVV�YDOLGDWLRQ�RQ�WKH�GHYHORSPHQW�VHW
SURYLGHV�DQ�DFFXUDWH�HVWLPDWH�RI�WKH�EHVW�WKUHVKROG�

:KHQ� PHDVXULQJ� WUHHV� JURZQ� XVLQJ� WKUHVKROG�EDVHG� VWRSSLQJ
FULWHULD�� WKH� GHYHORSPHQW� VHW� LQGLFDWHV� ZKLFK� WKUHVKROG
SHUIRUPHG� WKH� EHVW�� � :KHQ� PHDVXULQJ� WUHHV� XVLQJ� WKH
UHFRPELQDWLRQ�PHWKRG��WKH�GHYHORSPHQW�VHW�LV�XVHG�WR�JXLGH�WKH
UHFRPELQDWLRQ�SURFHVV���7KH�EHVW�WUHHV�RI�HDFK�DSSURDFK�DUH�WKHQ
HYDOXDWHG�XVLQJ�WKH�WHVW�VHW�

�����5HVXOWV�DQG�'LVFXVVLRQ

7KH� UHVXOWV� LQ� 7DEOH� �� VKRZ� WKDW� WKH� UHFRPELQDWLRQ� PHWKRG
FRQVLVWHQWO\�VFRUHV�TXDQWLWDWLYHO\�EHWWHU�WKDQ�WKH�WKUHVKROG�EDVHG
VWRSSLQJ� PHWKRGV�� � 7KH� WKUHVKROGV� VHHP� WR� IDYRU� OLPLWV� WKDW
UHVXOWHG� LQ� ODUJHU� WUHHV�� UHVXOWLQJ� LQ� D� ORZHU� DYHUDJH� XQLWV�SHU�
QRGH� VFRUH�� � 7KH� UHFRPELQDWLRQ�PHWKRG�ZDV� DEOH� WR� ILQG� WUHHV
DXWRPDWLFDOO\� XVXDOO\� ZLWK� PRUH� XQLWV� SHU� FOXVWHU� ZLWK� OHVV
GLVWRUWLRQ�WKDQ�HLWKHU�WKUHVKROG�

$� FOXVWHULQJ� PRGXOH� DQG� D� XQLW� VHOHFWLRQ� PRGXOH� KDYH� EHHQ
LPSOHPHQWHG� ZLWKLQ� WKH� )HVWLYDO� 6SHHFK� 6\QWKHVLV� 6\VWHP
GHYHORSHG� DW� WKH� 8QLYHUVLW\� RI� (GLQEXUJK�� � :KLOH� WKH� LQLWLDO
FOXVWHULQJ�H[SHULPHQWV�ZHUH�SHUIRUPHG�RQH�SKRQHPH�GDWD� VHWV�
WKH� XQLW� VHOHFWLRQ� PRGXOH� LV� EDVHG� RQ� GHPLSKRQHV�� � ,QIRUPDO
OLVWHQLQJ� WHVWV� RQ� VKRUW� XWWHUDQFHV� LQGLFDWH� WKDW� V\QWKHVL]HG
VSHHFK� LV� SRVLWLYHO\� LQIOXHQFHG� E\� WKH� VHOHFWLRQ� RI� VWRSSLQJ
FULWHULRQ�� �)XUWKHU� WHVWV� DUH� UHTXLUHG� WR� GHWHUPLQH� WKH� H[WHQW� RI
WKH�FOXVWHULQJ�RQ�SHUFHSWLRQ���2QOLQH�GHPRV�RI�VSHHFK

5HFRPELQDWLRQ
0HWKRG

0LQLPXP
2FFXSDQF\

0LQLPXP
,PSURYHPHQW'DWD

6HW $YH�
8QLWV

$YH�
6FRUH

$YH�
8QLWV

$YH�
6FRUH

$YH�
8QLWV

$YH�
6FRUH

�W6� ��� ���� ��� ���� ��� ����
�HL� ��� ���� ��� ���� ��� ����
�L�� ��� ���� ��� ���� ��� ����

7DEOH� ���6XPPDU\� RI� WKH� H[SHULPHQWV� RQ� ��GDWD� VHWV� XVLQJ� ��
IROG� FURVV� YDOLGDWLRQ�� � 7KH� DYHUDJH� VFRUH� LQGLFDWHV� WKH� DYHUDJH
GLVWRUWLRQ�EHWZHHQ� WKH�XQLWV� LQ� WKH� WHVW� VHW� DQG� WKH�XQLWV� LQ� WKH
FOXVWHUV�VHOHFWHG�IURP�WKH�EHVW�WUHHV�JURZQ�E\�HDFK�PHWKRG�� �$
ORZHU�DYHUDJH�VFRUH� LQGLFDWHV� OHVV�YDULDQFH�DPRQJ�XQLWV�ZLWKLQ
WKH�FOXVWHUV�

V\QWKHVLV�UHVHDUFK�DW�WKH�2UHJRQ�*UDGXDWH�,QVWLWXWH�FDQ�EH�IRXQG
DW���KWWS���FVOX�FVH�RJL�HGX�WWV�!�

)XWXUH� ZRUN� LQYROYHV� LQFRUSRUDWLQJ� DGYDQFHG� WHFKQLTXHV� LQWR
WKH�FOXVWHULQJ�PRGXOHV�VXFK�DV�PLQLPDO�FRVW�FRPSOH[LW\�SUXQLQJ
�LQVWHDG� RI� WKH� FXUUHQW� JUHHG\� DOJRULWKP��� ORRN� DKHDG�� DQG
LWHUDWLYH� IHDWXUH� VHOHFWLRQ�� �$�PRUH� VRSKLVWLFDWHG� FRQFDWHQDWLRQ
IXQFWLRQ�QHHGV�WR�EH�LQFRUSRUDWHG�LQWR�WKH�XQLW�VHOHFWLRQ�PRGXOH�
DQG�IXUWKHU��PRUH�IRUPDO�SHUFHSWXDO�WHVWV�SHUIRUPHG�

���$&.12:/('*(0(176

:H� JUDWHIXOO\� DFNQRZOHGJH� WKH� VXSSRUW� RI� 7H[DV� ,QVWUXPHQWV
DQG� WKH� PHPEHUV� RI� WKH� &6/8� ,QGXVWULDO� &RQVRUWLXP� ZKR
JHQHURXVO\�VXSSRUW�UHVHDUFK�LQ�VSHHFK�V\QWKHVLV�

���5()(5(1&(6

��� $��:��%ODFN�DQG�1��&DPSEHOO��2SWLPLVLQJ�VHOHFWLRQ�RI
XQLWV�IURP�VSHHFK�GDWDEDVHV�IRU�FRQFDWHQDWLYH�V\QWKHVLV�
(XURVSHHFK����YRO�����SS�����������0DGULG��6SDLQ�������

�� $��:��%ODFN�DQG�3��7D\ORU��$XWRPDWLFDOO\�FOXVWHULQJ
VLPLODU�XQLWV�IRU�XQLW�VHOHFWLRQ�LQ�VSHHFK�V\QWKHVLV�
(XURVSHHFK����YRO�����SS�����������5KRGHV��*UHHFH������

�� /�� %UHLPDQ� HW� DO�� &ODVVLILFDWLRQ� DQG� 5HJUHVVLRQ� 7UHHV�
:DGVZRUWK�	�%URRNV��0RQWHUH\��&DOLIRUQLD�������

��� 5��(��'RQRYDQ��7UDLQDEOH�6SHHFK�6\QWKHVLV��3K�'�7KHVLV�
&DPEULGJH�8QLYHUVLW\������

�� .��)XNXQDJD��,QWURGXFWLRQ�WR�6WDWLVWLFDO�3DWWHUQ
5HFRJLWLRQ��$FDGHPLF�3UHVV��VHFRQGHGLWLRQ��������

�� +��-��1RFN��0��-��)��*DOHV��DQG�6��-��<RXQJ���$
FRPSDUDWLYH�VWXG\�RI�PHWKRGV�IRU�SKRQHWLF�GHFLVLRQ�WUHH
VWDWH�FOXVWHULQJ��(XURVSHHFK�����YRO�����SS����������

�� 6��1DNDMLPD��$XWRPDWLF�V\QWKHVLV�XQLW�JHQHUDWLRQ�IRU
(QJOLVK�VSHHFK�V\QWKHVLV�EDVHG�RQ�PXOWL�OD\HUHG�FRQWH[W
RULHQWHG�FOXVWHULQJ���6SHHFK�&RPPXQLFDWLRQ��YRO������SS�
��������������

��� :��-��:DQJ�HW�DO��7UHH�EDVHG�XQLW�VHOHFWLRQ�IRU�(QJOLVK
VSHHFK�V\QWKHVLV��,&$663�����YRO�����SS����������
0LQQHDSROLV�������


