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�'HSDUWPHQW�RI�6WDWLVWLFV��8QLYHUVLW\�RI�,ORULQ��
�'HSDUWPHQW�RI�0DWKHPDWLFV�DQG�6WDWLVWLFV��

7KH�3RO\WHFKQLF�,EDGDQ��$GHVHXQ�2JXQGR\LQ�&DPSXV��(UXZD��
�'HSDUWPHQW�RI�0DWKHPDWLFV�DQG�6WDWLVWLFV��2VXQ�6WDWH�3RO\WHFKQLF�,UHH��1LJHULD

(�PDLO� JPR\H\HPL#JPDLO�FRP

$EVWUDFW
0XOWLFROOLQHDULW\�KDV�EHHQ�D�VHULRXV�SUREOHP�LQ�UHJUHVVLRQ�DQDO\VLV��2UGLQDU\�/HDVW�6TXDUHV�
�2/6��UHJUHVVLRQ�PD\�UHVXOW�LQ�KLJK YDULDELOLW\�LQ�WKH�HVWLPDWHV�RI�WKH�UHJUHVVLRQ�FRHIILFLHQWV�
LQ� WKH� SUHVHQFH� RI� PXOWLFROOLQHDULW\�� /HDVW� $EVROXWH� 6KULQNDJH� DQG� 6HOHFWLRQ� 2SHUDWRU�
�/$662��PHWKRGV�LV�D�ZHOO�HVWDEOLVKHG�PHWKRG�WKDW�UHGXFHV�WKH�YDULDELOLW\�RI�WKH�HVWLPDWHV�
E\� VKULQNLQJ� WKH� FRHIILFLHQWV� DQG� DW� WKH� VDPH� WLPH� SURGXFHV� LQWHUSUHWDEOH� PRGHOV� E\�
VKULQNLQJ� VRPH� FRHIILFLHQWV� WR� H[DFWO\� ]HUR��:H� SUHVHQW� WKH� SHUIRUPDQFH� RI� /$662� �W\SH�
HVWLPDWRUV�LQ�WKH�SUHVHQFH�RI�PXOWLFROOLQHDULW\�XVLQJ�0RQWH�&DUOR�DSSURDFK��7KH�SHUIRUPDQFH�
RI� /$662�� $GDSWLYH� /$662�� (ODVWLF� 1HW�� )XVHG� /$662� DQG� 5LGJH� 5HJUHVVLRQ� �55�� LQ� WKH�
SUHVHQFH�RI�PXOWLFROOLQHDULW\�LQ�VLPXODWHG�GDWD�VHWV�DUH�FRPSDUHG�XVLQJ�$NDLNH�,QIRUPDWLRQ�
&ULWHULRQ��$,&��DQG�%D\HVLDQ�,QIRUPDWLRQ�&ULWHULRQ��%,&��FULWHULD��$�0RQWH�&DUOR�H[SHULPHQW�
RI������WULDOV�ZDV�FDUULHG�RXW�DW�GLIIHUHQW�VDPSOH�VL]HV Q����������DQG������ZLWK�GLIIHUHQW�

SHUIRUPDQFH� RI� /DVVR� DSSHDUV� WR� EH� WKH� EHVW� EXW� (ODVWLF� QHW� WHQGV� WR� EH�PRUH� DFFXUDWH�
ZKHQ�WKH�VDPSOH�VL]H�LV�ODUJH��

.H\ZRUGV�0XOWLFROOLQHDULW\��(ODVWLF�QHW��5LGJH��$GDSWLYH�/DVVR��)XVHG�/DVVR�

,QWURGXFWLRQ
0XOWLFROOLQHDULW\�FDQ�FDXVH�VHULRXV�SUREOHP� LQ�HVWLPDWLRQ�DQG�SUHGLFWLRQ�ZKHQ�SUHVHQW� LQ�D�
VHW� RI� SUHGLFWRUV�� 7UDGLWLRQDO� VWDWLVWLFDO� HVWLPDWLRQ� SURFHGXUHV� VXFK� DV� 2UGLQDU\� /HDVW�
6TXDUHV��2/6��WHQG�WR�SHUIRUP�SRRUO\��KDYH�KLJK�SUHGLFWLRQ�YDULDQFH��DQG�PD\�EH�GLIILFXOW�WR�
LQWHUSUHW� �%URZQ�� ����� L�H��EHFDXVH� RI� LWV� ODUJH� YDULDQFH¶V� DQG� FRYDULDQFH¶V�ZKLFK�PHDQV�
WKH� HVWLPDWHV� RI� WKH� SDUDPHWHUV� WHQG� WR� EH� OHVV� SUHFLVH� DQG� OHDG� WR� ZURQJ� LQIHUHQFHV�
�0XKDPPDG�� 0DULD� 	 0XKDPPDG�� ������� ,Q� VXFK� VLWXDWLRQV� LW� LV� RIWHQ� EHQHILFLDO� WR� XVH�
VKULQNDJH�L�H��VKULQN�WKH�HVWLPDWRU�WRZDUGV�]HUR�YHFWRU��ZKLFK�LQ�HIIHFW�LQYROYHV�LQWURGXFLQJ�
VRPH� ELDV� VR� DV� WR� GHFUHDVH� WKH� SUHGLFWLRQ� YDULDQFH�� ZLWK WKH� QHW� UHVXOW� RI� UHGXFLQJ� WKH�
PHDQ�VTXDUHG�HUURU�RI�SUHGLFWLRQ� WKH\�DUH�QRWKLQJ�PRUH�WKDQ�SHQDOL]HG�HVWLPDWRUV��GXH�WR�
HVWLPDWLRQ�WKHUH�LV�REMHFWLYH�IXQFWLRQV�ZLWK�WKH�DGGLWLRQ�RI�D�SHQDOW\�ZKLFK�LV�EDVHG�RQ�WKH�
SDUDPHWHU�� 9DULRXV� DVVXPSWLRQV� KDYH� EHHQ�PDGH� LQ� WKH� OLWHUDWXUH� ZKHUH� SHQDOW\� RI� �
QRUP�� � QRUP� RU� ERWK� DQG� ZKLFK� VWDQG� DV� WXQLQJ� SDUDPHWHUV� � �� ZHUH� XVHG� WR�
LQIOXHQFH� WKH� SDUDPHWHU� HVWLPDWHV� LQ� RUGHU� WR� PLQLPL]H� WKH� HIIHFW� RI� WKH� FROOLQHDULW\��
6KULQNDJH�PHWKRGV�DUH�SRSXODU�DPRQJ�WKH�UHVHDUFKHUV� IRU� WKHLU� WKHRUHWLFDO�SURSHUWLHV�H�J��
SDUDPHWHU�HVWLPDWLRQ�

2YHU� WKH� \HDUV�� WKH� /$662� � W\SH�PHWKRGV� KDYH� EHFRPH� SRSXODU�PHWKRGV� IRU� SDUDPHWHU�
HVWLPDWLRQ� DQG� YDULDEOH� VHOHFWLRQ� GXH� WR� WKHLU� SURSHUW\� RI� VKULQNLQJ� VRPH� RI� WKH� PRGHO�
FRHIILFLHQWV�WR�H[DFWO\�]HUR VHH��7LEVKLUDQL����������;XQ�	 /LDQJMXQ�������� 7LEVKLUDQL��������
SURSRVHG� D� QHZ� VKULQNDJH� PHWKRG� /HDVW� $EVROXWH� 6KULQNDJH� DQG� 6HOHFWLRQ� 2SHUDWRU�
�/$662��ZLWK�WXQLQJ�SDUDPHWHU� ZKLFK�LV�D�SHQDOL]HG�PHWKRG� �.QLJKW��	�)X������� IRU�
WKH� ILUVW� V\VWHPDWLF� VWXG\� RI� WKH� DV\PSWRWLF�SURSHUWLHV� RI� /DVVR� ± W\SH�HVWLPDWRUV �;XQ 	
/LDQJMXQ���������7KH�/$662�VKULQNV�VRPH�FRHIILFLHQWV�ZKLOH�VHWWLQJ�RWKHUV�WR�H[DFWO\�]HUR��
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DQG�WKXV�WKHRUHWLFDO�SURSHUWLHV�VXJJHVW�WKDW�WKH�/$662�SRWHQWLDOO\�HQMR\V�WKH�JRRG�IHDWXUHV�
RI� ERWK� VXEVHW� VHOHFWLRQ� DQG� ULGJH� UHJUHVVLRQ�� )UDQN DQG� )ULHGPDQ ������ KDG� HDUOLHU�
SURSRVHG� 5LGJH� UHJUHVVLRQ� ZKLFK� PLQLPL]HV� WKH� 5HVLGXDO� 6XP� RI� 6TXDUHV� VXEMHFW� WR�
FRQVWUDLQW�ZLWK���

)UDQN�DQG�)ULHGPDQ������� DUJXHG�WKDW�WKH�RSWLPDO�FKRLFH�RI�SDUDPHWHU� \LHOGV�UHDVRQDEOH�
SUHGLFWRUV�EHFDXVH�LW�FRQWUROV�WKH�GHJUHH�RI�SUHFLVLRQ�IRU�WUXH�FRHIILFLHQW�RI� WR�DOLJQHG�ZLWK�
RULJLQDO� YDULDEOH� D[LV� GLUHFWLRQ� LQ� WKH� SUHGLFWRU� VSDFH�� )DQ� DQG� /L ������ ,QWURGXFHG� WKH�
6PRRWKLQJ� &OLSSHG� $EVROXWH� 'HYLDWLRQ� �6&$'�� ZKLFK� SHQDOL]HG� /HDVW� 6TXDUH� HVWLPDWH� WR�
UHGXFH�ELDV�DQG�VDWLVI\�FHUWDLQ�FRQGLWLRQV�WR�\LHOG�FRQWLQXRXV�VROXWLRQV��+RHUO�DQG�.HQQDUG
�����D� ZDV�ILUVW�WR�SURSRVH�5LGJH�5HJUHVVLRQ�ZKLFK�PLQLPL]HV�WKH�5HVLGXDO�6XP�RI�6TXDUHV�
VXEMHFW�WR�FRQVWUDLQW�ZLWK� WKXV�UHJDUGHG�DV� � QRUP��(IURQ��+DVWLH� -RKQVWRQH�DQG�
7LEVKLUDQL ������ GHYHORSHG�/HDVW�$QJOH�5HJUHVVLRQ�6HOHFWLRQ��/$56��IRU�D�PRGHO�VHOHFWLRQ�
DOJRULWKP �:DQJ�	� /HQJ�� �������:HL� DQG�+XDQJ ������ VWXG\� WKH� SURSHUWLHV� RI� DGDSWLYH�
JURXS�/DVVR� ,Q�������<XDQ�DQG�/LQ�������� SURSRVHG�D�*HQHUDOL]DWLRQ�RI�/$662�DQG�RWKHU�
VKULQNDJH�PHWKRGV�LQFOXGH�'DQW]LJ�6HOHFWRU�ZLWK�6HTXHQWLDO�2SWLPL]DWLRQ���'$662���-DPHV��
5DGFKHQNR��	�/Y�������� (ODVWLF�1HW��=RX�	�+DVWLH���������9DULDEOH�,QFOXVLRQ�DQG�6HOHFWLRQ�
$OJRULWKP���9,6$� �5DGFKHQNR�	 -DPHV�������� $GDSWLYH�/$662��=RX��������DPRQJ�RWKHUV�

/$662�W\SH�HVWLPDWRUV�DUH�WKH�WHFKQLTXHV�WKDW�DUH�RIWHQ�VXJJHVWHG�WR�KDQGOH�WKH�SUREOHP�
RI� PXOWLFROOLQHDULW\� LQ� UHJUHVVLRQ� PRGHO�� 0RUH� RIWHQ� WKDQ� QRQH�� %D\HVLDQ� VLPXODWLRQ� ZLWK�
VHFRQGDU\� GDWD� KDV� EHHQ� XVHG�� :KHQ� WKH� RUGLQDU\� OHDVW� VTXDUHV� DUH� DGRSWHG� WKHUH� LV�
WHQGHQF\�WR�KDYH�SRRU�LQIHUHQFHV��EXW�ZLWK�/$662�W\SH�HVWLPDWRUV�ZKLFK�KDYH�UHFHQWO\�EHHQ�
DGRSWHG�PD\�VWLOO�FRPH�ZLWK�LWV�VKRUWFRPLQJ�E\�VKULQNLQJ�LPSRUWDQW�SDUDPHWHUV��ZH�LQWHQG�
WR� H[DPLQH� KRZ� WKHVH� VKULQN� SDUDPHWHUV PD\� EH� DIIHFWHG� DV\PSWRWLFDOO\�� +RZHYHU�� WKH�
SHUIRUPDQFHV�RI�RWKHU�HVWLPDWRUV�KDYH�QRW�EHHQ�H[KDXVWLYHO\�FRPSDUHG�LQ�WKH�SUHVHQFH�RI�
DOO�WKHVH�SUREOHPV��0RUHRYHU��WKH�TXHVWLRQ�RI�ZKLFK�HVWLPDWRU�LV�UREXVW�LQ�WKH�SUHVHQFH�RI�D�
/$662�W\SH�HVWLPDWRUV�RI�WKHVH�SUREOHPV�KDYH�QRW�EHHQ�IXOO\�DGGUHVVHG��7KLV�LV�WKH�IRFXV�RI�
WKLV�UHVHDUFK�ZRUN�

0DWHULDO�DQG�PHWKRG
&RQVLGHU�D�VLPSOH�OHDVW�VTXDUHV�UHJUHVVLRQ�PRGHO�

���

ZKHUH� � DUH�H[RJHQRXV�� DUH� UDQGRP�YDULDEOH�ZLWK�PHDQ�]HUR�
DQG�ILQLWH�YDULDQFH� LV� YHFWRU��6XSSRVH� WDNHV�WKH�ODUJHVW�SRVVLEOH�GLPHQVLRQ�
��LQ�RWKHU�ZRUGV�WKH�QXPEHU�RI�UHJUHVVRUV�PD\�EH�DW�PRVW� EXW�WKH WUXH�S�LV�VRPHZKHUH�
EHWZHHQ���DQG� 7KH�LVVXH�KHUH�LV�WR�FRPH�XS�ZLWK�WKH�WUXH�PRGHO�DQG�HVWLPDWH�LW�DW�WKH�
VDPH�WLPH�
7KH�OHDVW�VTXDUHV�HVWLPDWH�ZLWKRXW�PRGHO�VHOHFWLRQ�LV

���
ZLWK� HVWLPDWHV�
6KULQNDJH� HVWLPDWRUV� DUH� QRW� WKDW� HDV\� WR� FDOFXODWH� DV� RUGLQDU\� OHDVW� VTXDUHV�� 7KXV� WKH�
REMHFWLYH�IXQFWLRQV�IRU�WKH�VKULQNDJH�HVWLPDWRUV�

�������������������������

:KHUH� LV� D� WXQLQJ� SDUDPHWHU� �IRU� SHQDOL]DWLRQ��� LW� LV� D� SRVLWLYH� VHTXHQFH�� DQG�
ZLOO�QRW�EH�HVWLPDWHG��DQG�� ZLOO�EH�VSHFLILHG�E\�XV��7KH�REMHFWLYH�

IXQFWLRQ� FRQVLVWV� RI� �� SDUWV�� WKH� ILUVW� RQH� LV� WKH� /6� REMHFWLYH� IXQFWLRQ� SDUW�� DQG� WKHQ� WKH�
SHQDOW\�IDFWRU�
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7KXV��WDNLQJ�WKH�SHQDOW\�SDUW�RQO\

,I� LV�JRLQJ�WR�LQILQLW\�RU�WR�D�FRQVWDQW��WKH�YDOXHV�RI� WKDW�PLQLPL]HV�WKDW�SDUW�VKRXOG�EH�
WKH� FDVH� WKDW� �� :H� JHW� DOO� ]HURV� LI� ZH�PLQLPL]H� RQO\� WKH� SHQDOW\� SDUW�� 6R� WKH�

SHQDOW\�SDUW�ZLOO�VKULQN�WKH�FRHIILFLHQWV�WR�]HUR��7KLV�LV�WKH�IXQFWLRQ�RI�WKH�SHQDOW\�

5LGJH�5HJUHVVLRQ��55�
5LGJH�5HJUHVVLRQ��55��E\��+RHUO�	�.HQQDUG������E� LV�LGHDO�LI�WKHUH�DUH�PDQ\�SUHGLFWRUV��DOO�
ZLWK� QRQ�]HUR� FRHIILFLHQWV� DQG� GUDZQ� IURP� D� QRUPDO� GLVWULEXWLRQ� �)ULHGPDQ�� +DVWLH� 	�
7LEVKLUDQL�� ������ ,Q� SDUWLFXODU�� LW� SHUIRUPV� ZHOO� ZLWK� PDQ\� SUHGLFWRUV� HDFK� KDYLQJ� VPDOO�
HIIHFW�DQG�SUHYHQWV�FRHIILFLHQWV�RI� OLQHDU� UHJUHVVLRQ�PRGHOV�ZLWK�PDQ\�FRUUHODWHG�YDULDEOHV�
IURP�EHLQJ�SRRUO\� GHWHUPLQHG� DQG� H[KLELWLQJ� KLJK� YDULDQFH��55� VKULQNV� WKH� FRHIILFLHQWV� RI�
FRUUHODWHG�SUHGLFWRUV�HTXDOO\� WRZDUGV�]HUR��)RU�H[DPSOH��JLYHQ�N� LGHQWLFDO�SUHGLFWRUV��HDFK�
ZRXOG�JHW�LGHQWLFDO�FRHIILFLHQWV�HTXDO�WR� WKH�VL]H�WKDW�DQ\�RQH�SUHGLFWRU�ZRXOG�JHW�LI�ILW�

VLQJO\ �)ULHGPDQ��+DVWLH�	�7LEVKLUDQL���������5LGJH�UHJUHVVLRQ�GRHV�QRW�IRUFH�FRHIILFLHQWV�WR�
YDQLVK�DQG�KHQFH�FDQQRW�VHOHFW�D�PRGHO�ZLWK�RQO\ WKH�PRVW�UHOHYDQW�DQG�SUHGLFWLYH�VXEVHW�RI�
SUHGLFWRUV��7KH�ULGJH�UHJUHVVLRQ�HVWLPDWRU�VROYHV� WKH�UHJUHVVLRQ�SUREOHP� LQ�>��@�XVLQJ��
SHQDOL]HG�OHDVW�VTXDUHV�

���

:KHUH� � � � LV� WKH� ±QRUP� �TXDGUDWLF�� ORVV� IXQFWLRQ� �L�H��

UHVLGXDO� VXP� RI� VTXDUHV��� LV� WKH� RI� ;�� LV� WKH� ±QRUP

SHQDOW\� RQ� �� DQG� LV� WKH� WXQLQJ�SDUDPHWHU� �SHQDOW\�� UHJXODUL]DWLRQ�� RU� FRPSOH[LW\��
ZKLFK� UHJXODWHV� WKH� VWUHQJWK� RI� WKH� SHQDOW\� �OLQHDU� VKULQNDJH�� E\� GHWHUPLQLQJ� WKH� UHODWLYH�
LPSRUWDQFH�RI�WKH�GDWD�GHSHQGHQW�HPSLULFDO�HUURU�DQG�WKH�SHQDOW\�WHUP��7KH�ODUJHU�WKH�YDOXH�
RI� ��WKH�JUHDWHU�LV�WKH�DPRXQW�RI�VKULQNDJH��$V�WKH�YDOXH�RI�� LV�GHSHQGHQW�RQ�WKH�GDWD�LW�
FDQ� EH� GHWHUPLQHG� XVLQJ GDWD�GULYHQ� PHWKRGV�� VXFK� DV� FURVV�YDOLGDWLRQ�� 7KH� LQWHUFHSW� LV�
DVVXPHG�WR�EH�]HUR�LQ�HTXDWLRQ�����GXH�WR�PHDQ�FHQWHULQJ�RI�WKH�SKHQRW\SHV��

/HDVW�$EVROXWH�6KULQNDJH�DQG�6HOHFWLRQ�2SHUDWRU��/$662�
/$662� UHJUHVVLRQ� PHWKRGV� DUH� ZLGHO\� XVHG� LQ� GRPDLQV� ZLWK� PDVVLYH� GDWDVHWV�� VXFK� DV�
JHQRPLFV��ZKHUH�HIILFLHQW�DQG�IDVW�DOJRULWKPV�DUH�HVVHQWLDO��)ULHGPDQ��+DVWLH�	�7LEVKLUDQL��
������ 7KH� /$662� LV�� KRZHYHU�� QRW� UREXVW� WR� KLJK� FRUUHODWLRQV� DPRQJ�SUHGLFWRUV� DQG�ZLOO�
DUELWUDULO\� FKRRVH� RQH� DQG� LJQRUH� WKH� RWKHUV� DQG� EUHDN� GRZQ� ZKHQ� DOO� SUHGLFWRUV� DUH�
LGHQWLFDO� �)ULHGPDQ�� +DVWLH� 	� 7LEVKLUDQL�� ������� 7KH� /$662� SHQDOW\� H[SHFWV� PDQ\�
FRHIILFLHQWV�WR�EH�FORVH�WR�]HUR��DQG�RQO\�D�VPDOO�VXEVHW�WR�EH�ODUJHU��DQG�QRQ]HUR��

7KH� /$662� HVWLPDWRU� XVHV� WKH� � SHQDOL]HG� OHDVW� VTXDUHV� FULWHULRQ� WR� REWDLQ� D� VSDUVH�
VROXWLRQ�WR�WKH�IROORZLQJ�RSWLPL]DWLRQ�SUREOHP�

���

:KHUH� � LV� WKH� �QRUP� SHQDOW\� RQ� �� ZKLFK� LQGXFHV� VSDUVLW\� LQ� WKH�

VROXWLRQ��DQG�

7KH� SHQDOW\� HQDEOHV� WKH� /$662� WR� VLPXOWDQHRXVO\� UHJXODUL]H� WKH� OHDVW� VTXDUHV� ILW� DQG�

VKULQNV� VRPH� FRPSRQHQWV� RI� WR� ]HUR� IRU� VRPH� VXLWDEO\� FKRVHQ �� 7KH� F\FOLFDO�
FRRUGLQDWH� GHVFHQW� DOJRULWKP�� �)ULHGPDQ�� +DVWLH� 	� 7LEVKLUDQL�� ������� HIILFLHQWO\� FRPSXWHV�
WKH�HQWLUH�ODVVR�VROXWLRQ�SDWKV�IRU� IRU�WKH�ODVVR�HVWLPDWRU�DQG�LV�IDVWHU�WKDQ�WKH�ZHOO�NQRZQ�
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/$56�DOJRULWKP� �(IURQ��+DVWLH�� -RKQVWRQH�	�7LEVKLUDQL�� ������� 7KHVH�SURSHUWLHV�PDNH� WKH�
ODVVR�DQ�DSSHDOLQJ�DQG�KLJKO\�SRSXODU�YDULDEOH�VHOHFWLRQ�PHWKRG��

)XVHG�/$662
7R�FRPSHQVDWH�WKH�RUGHULQJ�OLPLWDWLRQV�RI�WKH�/$662���7LEVKLUDQL��6DXQGHUV� 5RVVHW��=KX��	�
.QLJKW������� LQWURGXFHG�WKH�IXVHG�/$662��7KH�IXVHG�/$662�SHQDOL]HV�WKH �QRUP�RI�ERWK�
WKH�FRHIILFLHQWV�DQG�WKHLU�GLIIHUHQFHV�
)  �DUJ�PLQ� ± ±; � � ���

ZKHUH� �� DQG� � DUH� WXQLQJ� SDUDPHWHUV�� 7KH\� SURYLGHG� WKH� WKHRUHWLFDO� DV\PSWRWLF� OLPLWLQJ�
GLVWULEXWLRQ�DQG�D�GHJUHHV�RI�IUHHGRP�HVWLPDWRU�

(ODVWLF�1HW
=RX�DQG�+DVWLH������� SURSRVHG�WKH�HODVWLF�QHW��D�QHZ�UHJXODUL]DWLRQ�RI�WKH�/$662��IRU�WKH�
XQNQRZQ� JURXS� RI� YDULDEOHV� DQG� IRU� WKH�PXOWLFROOLQHDU� SUHGLFWRUV�� 7KH� HODVWLF� QHW�PHWKRG�
RYHUFRPHV�WKH�OLPLWDWLRQV�RI�WKH�/$662�PHWKRG�ZKLFK�XVHV�D�SHQDOW\�IXQFWLRQ�EDVHG�RQ

8VH�RI� WKLV�SHQDOW\� IXQFWLRQ�KDV�VHYHUDO� OLPLWDWLRQV��)RU� LQVWDQFH�� LQ� WKH� �ODUJH�S�� VPDOO�Q��
FDVH� WKH�/$662�VHOHFWV�DW�PRVW�Q YDULDEOHV�EHIRUH� LW�VDWXUDWHV��$OVR� LI� WKHUH� LV�D�JURXS�RI�
KLJKO\�FRUUHODWHG�YDULDEOHV��WKHQ�WKH�/$662�WHQGV�WR�VHOHFW�RQH�YDULDEOH�IURP�D�JURXS�DQG�
LJQRUH�WKH�RWKHUV��7R�RYHUFRPH�WKHVH�OLPLWDWLRQV��WKH�HODVWLF�QHW�DGGV�D�TXDGUDWLF�SDUW�WR�WKH�
SHQDOW\ �� ZKLFK� ZKHQ� XVHG� DORQH� LV� ULGJH� UHJUHVVLRQ �NQRZQ� DOVR� DV� 7LNKRQRY�
UHJXODUL]DWLRQ���7KH�HODVWLF�QHW�HVWLPDWRU�FDQ�EH�H[SUHVVHG�DV

(1  �DUJ�PLQ� ± ± � �� ����� ���

ZKHUH� � DQG� � DUH� WXQLQJ� SDUDPHWHUV�� $V� D� UHVXOW�� WKH� HODVWLF� QHW�PHWKRG� LQFOXGHV� WKH�
/$662� DQG� ULGJH� UHJUHVVLRQ�� LQ� RWKHU� ZRUGV�� HDFK� RI� WKHP� LV� D� VSHFLDO� FDVH� ZKHUH������

$GDSWLYH�/$662
)DQ�DQG�/L� ������ VKRZHG�WKDW� WKH�/$662�FDQ�SHUIRUP�DXWRPDWLF�YDULDEOH�VHOHFWLRQ�EXW� LW�
SURGXFHV� ELDVHG� HVWLPDWHV� IRU� WKH� ODUJH� FRHIILFLHQWV�� =RX ������ LQWURGXFHG� WKH� DGDSWLYH�
/$662�HVWLPDWRU�DV

$/  �DUJ�PLQ� ± ± ���

ZLWK�WKH�ZHLJKW�YHFWRU��  ���_� _ ZKHUH� LV�D� Q�FRQVLVWHQW�HVWLPDWRU�VXFK�DV� �2/6��
DQG�

��� � ZKHUH� � DUH� WKH� DGDSWLYH� GDWD�GULYHQ� ZHLJKWV�� ZKLFK� FDQ� EH�

HVWLPDWHG�E\�
ZKHUH� LV�D�SRVLWLYH�FRQVWDQW�DQG LV�DQ�LQLWLDO�FRQVLVWHQW�HVWLPDWRU�

RI� REWDLQHG�WKURXJK�OHDVW�VTXDUHV�RU�ULGJH�UHJUHVVLRQ�LI�PXOWLFROOLQHDULW\�LV�LPSRUWDQW��=RX��
������ 7KH�RSWLPDO�YDOXH�RI� FDQ�EH�VLPXOWDQHRXVO\�VHOHFWHG� IURP�D�JULG�RI�
YDOXHV��ZLWK� YDOXHV� RI� VHOHFWHG� IURP� ^����� ��� �`�� XVLQJ� WZR�GLPHQVLRQDO� FURVV�YDOLGDWLRQ
�=RX�������� 7KH�ZHLJKWV�DOORZ�WKH�DGDSWLYH�/$662�WR�DSSO\�GLIIHUHQW�DPRXQWV�RI�VKULQNDJH�
WR GLIIHUHQW�FRHIILFLHQWV�DQG�KHQFH�WR�PRUH�VHYHUHO\�SHQDOL]H�FRHIILFLHQWV�ZLWK�VPDOO�YDOXHV��
7KH� IOH[LELOLW\� LQWURGXFHG� E\� ZHLJKWLQJ� HDFK� FRHIILFLHQW� GLIIHUHQWO\� FRUUHFWV� IRU� WKH�
XQGHVLUDEOH� WHQGHQF\� RI� WKH� ODVVR� WR� VKULQN� ODUJH� FRHIILFLHQWV� WRR� PXFK� \HW� LQVXIILFLHQWO\�
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VKULQN�VPDOO�FRHIILFLHQWV�E\�DSSO\LQJ�WKH�VDPH�SHQDOW\�WR�HYHU\�UHJUHVVLRQ�FRHIILFLHQW��=RX��
������

0RQWH�&DUOR�6WXG\
,Q� WKLV� VHFWLRQ� ZH� FDUULHG� RXW� VLPXODWLRQ� WR� H[DPLQH� WKH� ILQLWH� VDPSOH� SHUIRUPDQFH� IRU�
/$662��$GDSWLYH�/$662��(ODVWLF�/$662� )XVHG�/$662�DQG�5LGJH�5HJUHVVLRQ�XVLQJ�$,&��DQG�
%,&�

:H�LQIHFWHG�WKH�GDWD�ZLWK�PXOWLFROOLQHDULW\�E\�JHQHUDWLQJ�VHWV�RI�YDULDEOHV�RI�VDPSOH�VL]HV�Q�
�Q� ���������DQG������XVLQJ�QRUPDO�GLVWULEXWLRQ�UHVSHFWLYHO\��7KH� OHYHO�RI�PXOWLFROOLQHDULW\�
DPRQJ�WKH�YDULDEOHV�DUH�VPDOO��U� �����± ������PLOG���U� �����± �����DQG�VHULRXV��U� �����±
������ (DFK� VLPXODWLRQ� ZDV� UHSHDWHG� ����� WLPHV� IRU� FRQVLVWHQF\� XVLQJ� 5� SDFNDJH�

7DEOH�����0HDQ�$,&�DQG�%,&�RI�WKH�ILWWHG�PRGHO�XVLQJ�WKH�ILYH�PHWKRGV
5LGJH

5HJUHVVLRQ
$GDSWLYH (ODVWLF�1HW )XVHG /$662

1 5 $,& %,& $,& %,& $,& %,& $,& %,& $,& %,&
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7DEOH����6XPPDU\�RI�WKH�UHVXOW
6DPSOH�VL]H��Q� U %HVW
�� /RZ /DVVR
��� $GDSWLYH�/DVVR
��� (ODVWLF�1HW
�� 0HGLXP (ODVWLF�1HW
��� /DVVR
��� /DVVR
�� +LJK /DVVR
��� /DVVR
��� (ODVWLF�1HW

7DEOH���VKRZV�ERWK�WKH�$,&�DQG�%,&�RI�WKH�ILWWHG�PRGHO�XVLQJ�WKH�ILYH�PHWKRGV�ZKLOH�7DEOH�
�� SUHVHQWV� WKH� VXPPDU\� RI� 7DEOH� ��� ,W� LV� RI� LQWHUHVW� WR� QRWH� WKDW� ERWK� FULWHULD� DJUHHG� LQ�
VHOHFWLQJ� WKH� EHVW� PHWKRG� LQ� DOO� WKH� FDVHV� FRQVLGHUHG�� ,W� FDQ� EH� REVHUYHG� WKDW� /$662�
SHUIRUPHG� EHWWHU� DW� DOO� WKH� WKUHH� OHYHOV� RI� PXOWLFROOLQHDULW\� �VPDOO� VDPSOH� ZLWK� ORZ�
PXOWLFROOLQHDULW\�� PHGLXP� VDPSOH� VL]H� ZLWK� PHGLXP� PXOWLFROOLQHDULW\� DQG� DW� VPDOO� DQG�
PHGLXP�VDPSOH�VL]HV�ZLWK�KLJK�PXOWLFROOLQHDULW\��
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(ODVWLF� 1HW� FRPSHWHG� IDYRXUDEO\� ZLWK� /$662� EHFDXVH� LW� ZDV� DOVR� EHWWHU� DW� DOO� OHYHOV� RI�
PXOWLFROOLQHDULW\��KLJK�VDPSOH�VL]H�ZLWK�ORZ�PXOWLFROOLQHDULW\��VPDOO�VDPSOH�VL]H�ZLWK�PHGLXP�
PXOWLFROOLQHDULW\� DQG� ODUJH� VDPSOH� VL]H� ZLWK� KLJK� PXOWLFROOLQHDULW\��� $GDSWLYH� /$662�
SHUIRUPHG�EHVW�RQO\�ZLWK�PHGLXP VDPSOH�VL]H�DW� ORZ�PXOWLFROOLQHDULW\��*HQHUDOO\�� LW�FDQ�EH�
VHHQ�WKDW�/$662�SHUIRUPV�EHVW�ZKHQ�WKH�FRUUHODWLRQ�LV�KLJK�EXW�(ODVWLF�QHW�WHQG�WR�EH�PRUH�
DFFXUDWH�ZKHQ�WKH�VDPSOH�VL]H�Q LV�ODUJH��/$662�DSSHDUV�WR�KDYH�EHVW�RYHUDOO�SHUIRUPDQFH�
DPRQJ� DOO� WKH� ILYH� PHWKRGV�� 7KHUHIRUH�� WKH� /$662� PHWKRG� LV� PRUH� VXLWDEOH� GXH� WR� LWV�
VLJQLILFDQW�DGYDQWDJH�RYHU�RWKHUV�

&RQFOXVLRQ
:H� KDYH� FRQVLGHUHG� /DVVR� W\SH� HVWLPDWRUV� LQ� WKH� SUHVHQFH� RI� PXOWLFROOLQHDULW\� LQ� OLQHDU�
UHJUHVVLRQ�PRGHO��7KH�2UGLQDU\�/HDVW�6TXDUHV��2/6��PHWKRG�EULQJV�DERXW�SRRU�SDUDPHWHUV�
HVWLPDWH�DQG�SURGXFH�ZURQJ�LQIHUHQFHV��/DVVR�W\SH�HVWLPDWRUV�DUH�PRUH�VWDEOH�DQG�SURYLGH�
SHUIRUPDQFHV�EHWWHU�WKDQ�2/6�DSSURDFK�RI�SDUDPHWHUV�HVWLPDWLRQ�LQ�WKH�FDVH�RI�FRUUHODWHG�
SUHGLFWRUV� DQG� SURGXFH� FRQVLVWHQW� VROXWLRQ�� (ODVWLF� QHW� SHUIRUPHG� EHWWHU� IRU� ODUJH� VDPSOH�
VL]H�HVSHFLDOO\�IRU�KLJK�YDOXH�RI�PXOWLFROOLQHDULW\��:KLOH�WKH�/$662�LV�EHWWHU�IRU�PHGLXP�DQG�
KLJK�OHYHO�RI�PXOWLFROOLQHDULW\��3HUIRUPDQFHV�RI�ERWK�)XVHG�DQG�5LGJH�UHJUHVVLRQ�ZHUH�SRRU�
FRPSDUHG�ZLWK�WKH�RWKHU�PHWKRGV�FRQVLGHUG���

5HIHUHQFHV

%URZQ� -� 0����������0HDVXUHPHQW��UHJUHVVLRQ�DQG�FDOLEUDWLRQ� 8.��2[IRUG�8QLYHUVLW\�3UHVV�

(IURQ��%���+DVWLH��7���-RKQVWRQH��,��	 7LEVKLUDQL��5����������/HDVW�DQJOH UHJUHVVLRQ��ZLWK�
GLVFXVVLRQ���$QQDOV�RI�6WDWLVWLFV� ������� � ����

)DQ��-��	 /L��5����������9DULDEOH�VHOHFWLRQ�YLD�QRQ�FRQFDYH�SHQDOL]HG�OLNHOLKRRG�DQG�LWV�RUDFOH�
SURSHUWLHV��-RXUQDO�RI�WKH�$PHULFDQ�6WDWLVWLFDO�$VVRFLDWLRQ� ��������������

)UDQN��,��(��	 )ULHGPDQ��-��+����������$�VWDWLVWLFDO�YLHZ�RI�VRPH�FKHPRPHWULFV�UHJUHVVLRQ�
WRROV��7HFKQRPHWULFV� ������������

)ULHGPDQ��-�� +DVWLH� 7��	 7LEVKLUDQL� 5���������� 5HJXODUL]DWLRQ�SDWKV�IRU�JHQHUDOL]HG�OLQHDU�
PRGHO�YLD�FRRGLQDWH�GHVFHQW� -RXUQDO�RI�6WDWLVWLFDO�6RIWZDUH� ������± ��

+RHUO��$� (��	 .HQQDUG��5� :�������D�� 5LGJH�UHJUHVVLRQ��%LDVHG�HVWLPDWLRQ�IRU�
QRQRUWKRJRQDO�SUREOHPV� 7HFKQRPHWULFV��������±���

+RHUO��$� (��	 .HQQDUG��5� :�������E���5LGJH�UHJUHVVLRQ��$SSOLFDWLRQV�WR�QRQRUWKRJRQDO�
SUREOHPV� 7HFKQRPHWULFV��������± ���

-DPHV��*� 0�� 5DGFKHQNR� 3� 	 /Y��-� ������� &RQQHFWLRQV�EHWZHHQ�WKH�GDQW]LQJ�VHOHFWRU�
DQG�/DVVR��-RXUQDO�RI�WKH�5R\DO�6WDWLVWLFDO�6RFLHW\��6HULHV�%��������� ����

.QLJKW��.��	 )X��:� ��������$V\PSWRWLF�IRU�/DVVR�W\SH�HVWLPDWRUV��$QQDOV�RI�6WDWLVWLFV� ����
���� � �����

0XKDPPDG��,���0DULD��-� 	 0XKDPPDG��$��5� ��������&RPSDULVRQ�RI�VKULQNDEOH�UHJUHVVLRQ
IRU�UHPHG\�RI�PXOWLFROOLQHDULW\�SUREOHP��0LGGOH�± (DVW�-RXUQDO�RI�6FLHQWLILF�5HVHDUFK��
������ ����± ����
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5DGFKHQNR��3��	 -DPHV��*� ��������9DULDEOH�LQFOXVLRQ�DQG�VKULQNDJH�DOJRULWKPV� -RXUQDO�RI�
$PHULFDQ�6WDWLVWLFDO�$VVRFLDWLRQ� ����������± �����

7LEVKLUDQL��5��-� ��������5HJUHVVLRQ�VKULQNDJH�DQG�VHOHFWLRQ�YLD WKH�/$662��-RXUQDO�RI�WKH�
5R\DO�6WDWLVWLFDO�6RFLHW\��6HULHV�%� �������������

7LEVKLUDQL��5���6DXQGHUV��0���5RVVHW��6���=KX��-��	 .QLJKW��.����������6SDUVLW\�DQG�6PRRWKQHVV�YLD�
WKH�)XVHG�/DVVR��-RXUQDO�RI�WKH�5R\DO�6WDWLVWLFDO�6RFLHW\��6HULHV %�����������

:DQJ��+��	 /HQJ��&� ��������$�QRWH�RI�DGDSWLYH�JURXS�/DVVR��&RPSXWDWLRQDO�6WDWLVWLFV�DQG�
$QDO\VLV���������� � �����

:HL��)��	 +XDQJ��-����������&RQVLVWHQW�JURXS�VHOHFWLRQ�LQ�KLJK�GLPHQVLRQDO�OLQHDU�UHJUHVVLRQ�
%HUQRXOOL� ������� ± �����

;XQ� /��	 /LDQJMXQ��6� ������� 6KULQNDJH�HVWLPDWLRQ�RI�G\QDPLF�SDQHO�GDWD�PRGHOV�ZLWK��
LQWHUDFWLYH�IL[HG�HIIHFWV� 6LQJDSRUH�0DQDJHPHQW�8QLYHUVLW\�

<XDQ��0��	 /LQ��<� ��������0RGHO�VHOHFWLRQ�DQG�HVWLPDWLRQ�LQ�UHJUHVVLRQ�ZLWK�JURXSHG�
YDULDEOHV��-RXUQDO�RI�WKH�5R\DO�6WDWLVWLFDO�6RFLHW\��6HULHV�%�� ����������

=RX��+��	 +DVWLH��7� ��������5HJXODUL]DWLRQ�DQG�YDULDEOH�VHOHFWLRQ�YLD�WKH�HODVWLF�QHW��-RXUQDO�
RI�WKH�5R\DO�6WDWLVWLFDO�6RFLHW\��6HULHV�%���� ����± ������������± ���

=RX��+����������7KH�DGDSWLYH�/DVVR�DQG�LWV�RUDFOH�SURSHUWLHV��-RXUQDO�RI�WKH $PHULFDQ�
6WDWLVWLFDO�$VVRFLDWLRQ ��������� � �����


