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�$EVWUDFW±�:H�SUHVHQW�D�QHZ�DQG�HIILFLHQW�PHWKRG�IRU�LGHQWLI\LQJ�WKH�PRGXODWLRQ�W\SH�RI�D�EXUVW\�
4$0� VLJQDO� LQ� WKH� SUHVHQFH� RI� DGGLWLYH� ZKLWH� *DXVVLDQ� QRLVH� �$:*1�� LQ� XQNQRZQ� IDGLQJ�
FKDQQHOV�DQG�ZLWK�XQNQRZQ�FDUULHU�SKDVH��2XU�DSSURDFK� LV�EDVHG�RQ�DQ� LWHUDWLYH�FRPELQDWLRQ�RI�
EOLQG�HTXDOL]DWLRQ�DQG�VRIW�FOXVWHULQJ�WHFKQLTXHV��XWLOL]HV�WKH�FRQVWDQW�PRGXOXV�DOJRULWKP��&0$��
IRU�DQ�LQLWLDO�UHFRQVWUXFWLRQ�RI�WKH�UHFHLYHG�VLJQDO�FRQVWHOODWLRQ��DQG�HPSOR\V�D�QRQSDUDPHWULF�VRIW�
FOXVWHULQJ�PHWKRG�WR�LGHQWLI\�D�VPDOO�VHW�RI�SRVVLEOH�PRGXODWLRQV�EDVHG�RQ�WKH�SDUWLWLRQ�FRHIILFLHQW�
�3&�� FULWHULRQ�� :H� WKHQ� XVH� DQ� LWHUDWLYH� DSSURDFK� LQ� XWLOL]LQJ� WKH� GHFLVLRQ� DGMXVWHG� PRGXOXV�
DOJRULWKP� �'$0$�� WR� UHILQH� RXU� FKRLFHV�XQWLO�ZH� UHDFK� WZR�K\SRWKHVHV��%HVLGHV��ZH� SURSRVH� D�
SDUDOOHO� LPSOHPHQWDWLRQ� RI� WKH� SURSRVHG�PHWKRG�� DQG� SURYLGH� DQ� DV\PSWRWLF� DQDO\VLV� DV�ZHOO� DV�
VLPXODWLRQ�UHVXOWV�WR�GHPRQVWUDWH�WKH�YDOLGLW\�DQG�XVHIXOQHVV�RI�WKH�SURSRVHG�PHWKRG��6LPXODWLRQ�
UHVXOWV�LQGLFDWH�WKDW�RXU�SURSRVHG�PHWKRG�DFKLHYHV�D�VLJQLILFDQW�JDLQ�DV�FRPSDUHG�WR�WKH�FXPXODQW�
EDVHG�DSSURDFK�IRU�EXUVW�PRGH�WUDQVPLVVLRQV�LQ�IDGLQJ�FKDQQHOV������������.H\ZRUGV±�%OLQG�HTXDOL]DWLRQ��PRGXODWLRQ�FODVVLILFDWLRQ��PXOWLSDWK�IDGLQJ�FKDQQHO��VRIW�FOXVWHULQJ���

���,1752'8&7,21��
5HFHQW� DGYDQFHV� LQ� ZLUHOHVV� FRPPXQLFDWLRQV� LQFOXGH� FRQFHSWV� VXFK� DV� VRIWZDUH� GHILQHG� UDGLR� �6'5��
V\VWHPV� DQG� FRJQLWLYH� UDGLR� QHWZRUNV�� ,Q� ERWK� V\VWHPV�� D� VPDUW� UHFHLYHU� WKDW� FDQ� DGDSWLYHO\� WXQH� LQWR�
YDULRXV� XQNQRZQ� PRGXODWLRQ� IRUPDWV� DQG� WLPH�YDU\LQJ� HQYLURQPHQWV� LV� UHTXLUHG�� ,Q� FRQYHQWLRQDO�
UHFHLYHUV��VXSSOHPHQWDU\� LQIRUPDWLRQ�VXFK�DV�WUDLQLQJ�DQG�RU�VLJQDOOLQJ�GDWD�DUH�SHULRGLFDOO\�VHQW�E\� WKH�
WUDQVPLWWHU�� ZKLFK� DOORZV� WKH� UHFHLYHU� WR� UHFRJQL]H� WKH� WUDQVPLWWHG� VLJQDOV� ZLWK� DFFHSWDEOH� TXDOLW\��
+RZHYHU�� WUDQVPLVVLRQ�RI�VXFK�UHGXQGDQW�DQG�VXSSOHPHQWDU\� LQIRUPDWLRQ�PD\�HLWKHU�QRW�EH�SRVVLEOH��RU�
ZRXOG� UHGXFH� WKH�HIILFLHQF\�RI� WUDQVPLVVLRQ�� WKHUHIRUH�� LQ� VRPH� V\VWHPV�� D�EOLQG�DGDSWLYH�DOJRULWKP� IRU�
LGHQWLI\LQJ�WKH�PRGXODWLRQ�W\SH�RI�WKH�UHFHLYHG�VLJQDO�LV�GHVLUDEOH��)XUWKHUPRUH��PRGXODWLRQ�FODVVLILFDWLRQ�
LV�DQ�DFWLYH�UHVHDUFK�DUHD�LQ�WKH�GHVLJQ�RI�UHFHLYHUV�IRU�QRQ�FRRSHUDWLYH�FRPPXQLFDWLRQ�V\VWHPV��

$V�GHILQHG�LQ�>�@��D PRGXODWLRQ�FODVVLILHU��0&��LV�D�V\VWHP�WKDW��JLYHQ�D�PHDVXUHPHQW� ��WU R7W dd� �
UHFRJQL]HV� WKH� PRGXODWLRQ� W\SH� RI� ��WU IURP�1� SRVVLEOH�PRGXODWLRQV� $  ^&��&���«�&1`�� 7KH� UHFHLYHG�
VLJQDO� ��WU LV� W\SLFDOO\� FRQVLGHUHG� DV� D� PRGXODWHG� VLJQDO� UHFHLYHG� WKURXJK�� DQG� FRUUXSWHG� E\� WKH�
FRPPXQLFDWLRQ�FKDQQHO�DQG�DGGLWLYH�QRLVH�� � � ������� W]KWVIWU FFK � �����
ZKHUH� ��WV LV� WKH�PRGXODWHG� VLJQDO�� FK LV� WKH�FKDQQHO� LPSXOVH� UHVSRQVH�� DQG� ��W] LV� WKH�DGGLWLYH�ZKLWH�
*DXVVLDQ�QRLVH��$V�TXDGUDWXUH�DPSOLWXGH�PRGXODWLRQ� �4$0��LV�ZLGHO\�XVHG�LQ�ZLUHOHVV�FRPPXQLFDWLRQ�
5HFHLYHG�E\�WKH�HGLWRUV�2FWREHU�����������$FFHSWHG�-XQH����������
&RUUHVSRQGLQJ�DXWKRU�
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���
V\VWHPV�>���@��ZH�FRQFHQWUDWH�RQ�WKH�WUHDWPHQW�RI�XQNQRZQ�OLQHDUO\�PRGXODWHG�4$0�VLJQDOV�GHQRWHG�E\�

��WV LQ�������
0RGXODWLRQ�FODVVLILFDWLRQ�RI�4$0�VLJQDOV�ZLWKLQ�D�VHW�RI�FDQGLGDWH�FRQVWHOODWLRQV�$ KDV�EHHQ�VWXGLHG�

LQ�WKH�SDVW�GHFDGH��VHH��H�J���>������@�DQG�UHIHUHQFHV�WKHUHLQ���,Q�GRLQJ�VR��WZR�PDLQ�DSSURDFKHV�KDYH�EHHQ�
EURDGO\� IROORZHG�� QDPHO\� GHFLVLRQ� WKHRUHWLF� DOJRULWKPV� DQG� SDWWHUQ� UHFRJQLWLRQ� VFKHPHV� >�@�� ,Q� WKH�
GHFLVLRQ�WKHRUHWLF�DSSURDFK��WKH�SUREOHP�LV�IRUPXODWHG�E\�D�PXOWLSOH�K\SRWKHVLV�WHVWLQJ�DSSURDFK��DQG�WKH�
GHFLVLRQ�LV�PDGH�EDVHG�RQ�WKH�OLNHOLKRRG�IXQFWLRQ�IRU�WKH�UHFHLYHG�VLJQDO�XQGHU�HDFK�K\SRWKHVLV��,Q�>�@��D�
TXDVL�ORJ�OLNHOLKRRG�UDWLR�FODVVLILHU��T//5&��LV�GHYHORSHG�WR�GLVWLQJXLVK�%36.�IURP�436.�PRGXODWLRQV�
LQ�DGGLWLYH�ZKLWH�*DXVVLDQ�QRLVH��$:*1��HQYLURQPHQWV�DVVXPLQJ�D�VPDOO�YDOXH� IRU� WKH�VLJQDO�WR�QRLVH�
UDWLR��615���,Q�>�@�DQG�>��@��WKLV�DSSURDFK�LV�H[WHQGHG�WR�036.�DQG�4$0�VLJQDOV��,Q�>��@��WKH�VHTXHQWLDO�
SUREDELOLW\�UDWLR�WHVW��6357��LV�SURSRVHG�IRU�K\SRWKHVLV�WHVWLQJ�WR�FODVVLI\�4$0�VLJQDOV��,Q�>�@�DQG�>��@��
DQRWKHU� OLNHOLKRRG�EDVHG� DSSURDFK� LV� IRUPXODWHG� WKDW� FDQ� EH� DSSOLHG� WR� DQ\� GLJLWDO� DPSOLWXGH�SKDVH�
PRGXODWLRQ���

,Q� PD[LPXP�OLNHOLKRRG� �0/�� FODVVLILHUV�� QRLVH� LV� DVVXPHG� WR� EH� $:*1�� 7KH� GUDZEDFNV� RI� 0/�
FODVVLILHUV�LQFOXGH�YHU\�KLJK�FRPSXWDWLRQDO�FRPSOH[LW\��DQG�ODFN�RI�UREXVWQHVV�WR�PRGHO�PLVPDWFKHV�VXFK�
DV�SKDVH�DQG�IUHTXHQF\�RIIVHWV��UHVLGXDO�FKDQQHO�HIIHFWV��WLPLQJ�HUURUV��QRQ�*DXVVLDQ�QRLVH�GLVWULEXWLRQV��
DQG� V\PERO� VHWV� ZLWK� XQHTXDO� VL]HV� >��@�� 6XFK� HIIHFWV�� ZKLFK� HPDQDWH� IURP� EOLQG� DFTXLVLWLRQ��
V\QFKURQL]DWLRQ��DQG�HTXDOL]DWLRQ��DUH�QRW�HDVLO\�PRGHOOHG�LQ�WKH�0/�IUDPHZRUN����

&RPSDUHG� WR� GHFLVLRQ� WKHRUHWLF� DSSURDFKHV�� SDWWHUQ� UHFRJQLWLRQ� DSSURDFKHV� WDNH� DQRWKHU� YLHZSRLQW�
DQG�DWWHPSW�WR�H[WUDFW�VRPH�GLVFULPLQDWLQJ�IHDWXUHV�IURP�D�UHFHLYHG�VLJQDO�WR�LGHQWLI\�WKH�PRGXODWLRQ�W\SH�
E\� XVLQJ� VWDWLVWLFDO� FODVVLILHUV� �H�J��� WKH� .�QHDUHVW�QHLJKERXU� FODVVLILHU�� >�@�� ,Q� RUGHU� WR� FODVVLI\� 4$0�
VLJQDOV� LQ� $:*1� HQYLURQPHQWV�� VRPH� IHDWXUHV� VXFK� DV� FRQVWHOODWLRQ� PDJQLWXGH� >��@�� KLJKHU�RUGHU�
FXPXODQWV� >�@�� ZDYHOHWV� >�@�� F\FORVWDWLRQDU\� SURSHUWLHV� >��@�� SKDVH� KLVWRJUDP� >��@�� UHJXODU� GLVWDQFH�
EHWZHHQ�FRQVWHOODWLRQ�SRLQWV� >�����@�� ILUVW�]HUR�FURVVLQJ� ORFDWLRQ�RI� WKH�FKDUDFWHULVWLF� IXQFWLRQ� >��@��DQG�
FRQVWHOODWLRQ�VKDSH�>�����@�DUH�XWLOL]HG���,Q�>��@��WKH�UHJXODU�GLVWDQFH�EHWZHHQ�FRQVWHOODWLRQ�SRLQWV�DQG�WKH�
DVVRFLDWHG�FRQVWHOODWLRQ�VL]H�LV�XVHG�WRJHWKHU�ZLWK�WKH�FKDUDFWHULVWLF�IXQFWLRQ����'�)RXULHU�WUDQVIRUP�RI�WKH�
REVHUYHG�V\PEROV¶�KLVWRJUDP��RU���'�5DGRQ�WUDQVIRUP�WR�HVWLPDWH�WKH�FRQVWHOODWLRQ�VL]H��7KLV�IHDWXUH�FDQ�
EH�VXFFHVVIXOO\�H[WUDFWHG�IRU�VTXDUH�DQG�FURVV�VKDSHG�FRQVWHOODWLRQV�ZKHQ�615�LV�KLJK�DQG�WKH�UHVLGXDO�,6,�
LV�QHJOLJLEOH��,Q�>��@��WKH�VHQVLWLYLW\�RI�WKLV�IHDWXUH�WR�615�YDULDWLRQV�LV�VWXGLHG��DQG�WKH�ILUVW�]HUR�FURVVLQJ�
�)=&��RI�WKH�FKDUDFWHULVWLF�IXQFWLRQ�LV�XVHG�DV�D�PRUH�UHOLDEOH�PHWKRG�IRU�HVWLPDWLQJ�WKH�FRQVWHOODWLRQ�VL]H��
+RZHYHU��ERWK�PHWKRGV�DUH�LQDSSURSULDWH�IRU�GLDPRQG�VKDSHG�FRQVWHOODWLRQV��H�J���9�����ZLWK�IUHTXHQF\�
RIIVHWV��DQG�LPSHUIHFW�HTXDOL]DWLRQ�FRQGLWLRQV���

$SSURDFKHV� WKDW� H[SORLW� WKH� FRQVWHOODWLRQ� PDJQLWXGH� DUH� LQVHQVLWLYH� WR� IUHTXHQF\� RIIVHW� DQG� SKDVH�
YDULDWLRQV�� +RZHYHU�� WKHLU� SHUIRUPDQFHV� GHJUDGH� ZLWK� LQFUHDVH� RI� QRLVH� OHYHO� DQG� FRQVWHOODWLRQ� VL]H��
$PRQJ�WKH�DIRUHPHQWLRQHG�WHFKQLTXHV��WKH�FRQVWHOODWLRQ�FODVVLILFDWLRQ�PHWKRG�SURSRVHG�LQ�>�@��ZKLFK�XVHV�
WKH� HVWLPDWHG� IRXUWK� RUGHU� FXPXODQW� RI� $:*1� FKDQQHO� RXWSXW�� LV� SURPLVLQJ� GXH� WR� LWV� LQYDULDQFH� WR�
FRQVWHOODWLRQ� URWDWLRQ�� LWV� ORZ� FRPSXWDWLRQDO� FRPSOH[LW\�� DQG� LWV� UREXVW� SHUIRUPDQFH�� HYHQ� DW� ORZ�615�
YDOXHV��7KLV�PHWKRG��KRZHYHU�� UHTXLUHV�DQ�DFFXUDWH�HVWLPDWH�RI�QRLVH�YDULDQFH�LQ� WKH�FKDQQHO�DQG�QHHGV�
H[FHVVLYH�GDWD�IRU�FRUUHFW�FODVVLILFDWLRQ���

&OXVWHULQJ�DOJRULWKPV�LQ�SDWWHUQ�UHFRJQLWLRQ�WHFKQLTXHV�>��@�KDYH�DOVR�EHHQ�DSSOLHG�IRU�FRQVWHOODWLRQ�
LGHQWLILFDWLRQ��7KHVH� LQFOXGH� WKH� DJJORPHUDWLYH� >��@�� WKH� GLYLVLYH� >��@�� WKH� KDUG�&�PHDQV� >��@�� DQG� WKH�
IX]]\�&�PHDQV�>��@�FOXVWHU�DQDO\VLV��$OO�RI�WKHVH�WHFKQLTXHV�DUH�VHQVLWLYH�WR�615�DV�ZHOO�DV�WR�SDUDPHWHU�
YDOXHV��0RUHRYHU��WKH\�DOORZ�FOXVWHU�FHQWUHV�WR�VFDWWHU�LQ�DOO�GLUHFWLRQV�GXULQJ�WKH�FOXVWHULQJ�SURFHVV��ZKLFK�
LPSOLHV�WKDW�WKH�OLPLWHG�DYDLODEOH�LQIRUPDWLRQ�RQ�FDQGLGDWH�FRQVWHOODWLRQV�LV�LJQRUHG�>��@���

$OO�RI�WKH�DIRUHPHQWLRQHG�PHWKRGV�IRU�FODVVLILFDWLRQ�RI�4$0�VLJQDOV�DVVXPH�$:*1�FKDQQHOV��DQG�
WKHLU� SHUIRUPDQFHV� PD\� GUDVWLFDOO\� GHWHULRUDWH� LQ� PXOWLSDWK� IDGLQJ� HQYLURQPHQWV�� ,Q� >��@�� D� FDVFDGH�
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���
DUFKLWHFWXUH�WKDW�FRQVLVWV�RI�D�EOLQG�HTXDOL]HU�DQG�D�PRGXODWLRQ�FODVVLILHU� LV�HPSOR\HG�IRU�PLWLJDWLQJ� WKH�
LPSDFW� RI� LQWHU�V\PERO� LQWHUIHUHQFH� �,6,�� WKDW� HPDQDWHV� IURP� FKDQQHO� HIIHFWV�� DV� VKRZQ� LQ� )LJ�� ��� 7KLV�
FRQFHSW�LV�DOVR�XVHG�LQ�>��@�DQG�>��@��:H�HPSOR\�WKH�VDPH�VWUXFWXUH�LQ�WKLV�SDSHU���

7KH�PDLQ�FRQWULEXWLRQ�RI�WKLV�SDSHU�LV�WKH�GHYHORSPHQW�RI�D�QRYHO�PRGXODWLRQ�FODVVLILFDWLRQ�WHFKQLTXH�
IRU�LGHQWLI\LQJ�WKH�PRGXODWLRQ�W\SH�DQG�WKH�VL]H�RI�EXUVW�PRGH�4$0�VLJQDOV�LQ�WKH�SUHVHQFH�RI�$:*1��
PXOWLSDWK�IDGLQJ�FKDQQHO��DQG�XQNQRZQ�SKDVH�RIIVHWV��2XU�SURSRVHG�VFKHPH�LV�LWHUDWLYH�DQG�LV�EDVHG�RQ�D�
FRPELQDWLRQ�RI�EOLQG�HTXDOL]DWLRQ�DQG�VRIW�FOXVWHULQJ�FODVVLILFDWLRQ�WHFKQLTXHV��

:H� LQWURGXFH� DQ� LWHUDWLYH� DSSURDFK� LQ� WKH� FRQYHQWLRQDO� EOLQG� HTXDOL]HU�FODVVLILHU� FDVFDGH� VWUXFWXUH�
�%(&&��E\�XVLQJ�WKH�FODVVLILHU¶V�VRIW�RXWSXW�WR�LWHUDWLYHO\�DGMXVW�WKH�HTXDOL]HU¶V�VHWWLQJV��%\�VRIW�RXWSXW�ZH�
PHDQ�WKDW�WKH�FODVVLILHU�GRHV�QRW�GHFLGH�RQ�RQH�FODVV�DV�LWV�ILQDO�UHVXOW��L�H���KDUG�RXWSXW���EXW�DVVRFLDWHV�D�
GHJUHH�RI�UHVHPEODQFH�ZLWK�HDFK�FODVV��:H�DOVR�H[SORLW�WKH�FRQVWHOODWLRQ�LQIRUPDWLRQ�LQ�RXU�VRIW�FOXVWHULQJ�
DOJRULWKP��

�
�)LJ����&RQYHQWLRQDO�EOLQG�HTXDOL]HU�FODVVLILHU�FDVFDGH�VWUXFWXUH���

7KH�UHVW�RI�WKLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV��,Q�6HFWLRQ�,,��ZH�SUHVHQW�WKH�SUREOHP�VWDWHPHQW��GHULYH�WKH�
GLVFUHWH�WLPH� PRGHOV� IRU� D� PXOWLSDWK� GLVSHUVLYH� FKDQQHO� DQG� UHFHLYHG� VLJQDO�� DQG� LQWURGXFH� RXU�
DVVXPSWLRQV�� ,Q�6HFWLRQ� ,,,��ZH�H[SODLQ� WKH�QHZ� LWHUDWLYH�%(&&�VWUXFWXUH� DORQJ�ZLWK� WKH�FRUUHVSRQGLQJ�
EOLQG� HTXDOL]DWLRQ� DOJRULWKPV�� ,Q� 6HFWLRQ� ,9�� WKH� SURSRVHG� VFKHPH� IRU� PRGXODWLRQ� FODVVLILFDWLRQ� LV�
SUHVHQWHG��2XU�VRIW�FOXVWHULQJ�DSSURDFK�IRU�FRQVWHOODWLRQ�LGHQWLILFDWLRQ�LV�LQ�6HFWLRQ�9��,Q�6HFWLRQ�9,��ZH�
SUHVHQW� DV\PSWRWLF� SHUIRUPDQFH� DQDO\VLV� RI� RXU� FODVVLILHU� IRU� EXUVW\� VLJQDOV� DW� KLJK� 615� YDOXHV��
6LPXODWLRQ�UHVXOWV�DUH�LQ�6HFWLRQ�9,,��DQG�FRQFOXVLRQV�DUH�LQ�6HFWLRQ�9,,,��
�

�� 352%/(0�67$7(0(17�$1'�02'(//,1*��
*LYHQ�D�0L�4$0�UHFHLYHG�VLJQDO� ��WU LQ�WKH�SUHVHQFH�RI�DGGLWLYH�ZKLWH�*DXVVLDQ�QRLVH��PXOWLSDWK�IDGLQJ��
DQG� DEVHQFH� RI� VSHFLDO� VLGH�NQRZOHGJH� �DV� H[SODLQHG� ODWHU� LQ� WKLV� VHFWLRQ��� ZH� ZLVK� WR� ILQG� WKH�
FRQVWHOODWLRQ�VL]H��0L� DQG�FRQVWHOODWLRQ�VKDSH��6SHFLILFDOO\��ZH�DUH�LQWHUHVWHG�LQ�EXUVW\�VLJQDOV��LQ�ZKLFK�
WKH�EXUVW�OHQJWK��WKH�V\PERO�UDWH��DQG�WKH�FRQVWHOODWLRQ�VL]H�DUH�YDULHG�LQ�WLPH��

,Q�HDFK�EXUVW��WKH�WUDQVPLWWHG�VLJQDO�LV���
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)LJXUH� �� VKRZV� WKH� EORFN� GLDJUDP�RI� WKH� FRPPXQLFDWLRQ� V\VWHP��7KH� FRQWLQXRXV� WLPH� VLJQDO� ��WU
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���
PXOWLSDWK� IDGLQJ� FKDQQHO� HIIHFWV�� DQG� DGGLWLYH� ZKLWH� *DXVVLDQ� QRLVH�� 7KH� FRPSOH[� HQYHORSH� RI� WKH�
UHFHLYHG�VLJQDO��DIWHU�GRZQ�FRQYHUWLQJ�E\�D�ORFDO�FDUULHU��LV���

� � ����������� ��� � W]GWWVWKHW]WYWU G
WIM F ��� � ³�f

f�

�' WWWTS ����
�
ZKHUH� ��� WK W LV�WKH�EDVHEDQG�HTXLYDOHQW�RI�WKH�FKDQQHO�LPSXOVH�UHVSRQVH��WKDW�PD\�EH�WLPH�YDU\LQJ��� GWLV� WKH� WLPLQJ� HSRFK�� �I' LV� WKH� UHVLGXDO� FDUULHU� IUHTXHQF\� �DOVR� NQRZQ� DV� IUHTXHQF\� RIIVHW��� FT LV� WKH�
FDUULHU�SKDVH��DQG� ��W] LV�WKH�EDVH�EDQG�HTXLYDOHQW�RI�WKH�UHFHLYLQJ�QRLVH���

�
)LJ�����&RPPXQLFDWLRQ�VFKHPH�LQ�D�PXOWLSDWK�IDGLQJ�FKDQQHO�>��@�

$ PXOWLSDWK�IDGLQJ�FKDQQHO�FDQ�EH�PRGHOOHG�DV�D�WLPH�YDU\LQJ�V\VWHP�>��@��7KH�HTXLYDOHQW�EDVH�EDQG�
LPSXOVH�UHVSRQVH� ��� WK W UHSUHVHQWV�WKH�RXWSXW�RI�VXFK�D�FKDQQHO�DW�WLPH�W LI�DQ�LQSXW�LPSXOVH�LV�DSSOLHG�DW�
WLPH� W�W � $� WDSSHG�GHOD\�OLQH� �7'/�� LV�RIWHQ�XVHG� WR�PRGHO� D� WLPH�YDU\LQJ�PXOWLSDWK� IDGLQJ�FKDQQHO�
>������@��L�H����
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ZKHUH�7V LV�WKH�VDPSOLQJ�SHULRG�WKDW�VDWLVILHV�7Vd��%���LQ�ZKLFK�% LV�WKH�VLJQDO�EDQGZLGWK��DQG�LV�FKRVHQ�
VXFK�WKDW�7 1V7V� 7 LV�WKH�V\PERO�SHULRG��1V LV�WKH�QXPEHU�RI�VDPSOHV�SHU�V\PERO���/F����LV�WKH�OHQJWK�RI�
WKH�FKDQQHO�LQ�WHUPV�RI�7V� DQG� ����� VVP P7WK7WK  LV�WKH�FKDQQHO�WDS�FRHIILFLHQW��7KH�GLVFUHWH�WLPH�PRGHO�
RI�WKH�UHFHLYHG�VLJQDO��DIWHU�LGHDO�ORZ�SDVV�ILOWHULQJ�ZLWK�EDQGZLGWK�

'I%% � c �ZKHUH�I' LV�WKH�PD[LPXP�
'RSSOHU�IUHTXHQF\�RI�WKH�PXOWLSDWK�IDGLQJ�FKDQQHO���DQG�IUDFWLRQDOO\�VSDFHG�VDPSOLQJ�DW�W N7V LV��
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ZKHUH�Q�W��LV�WKH�QRLVH�DW�WKH�RXWSXW�RI�WKH�ORZ�SDVV�ILOWHU���
7KH�IROORZLQJ�DUH�DVVXPHG�LQ�WKLV�SDSHU��
$6��� &RQVWHOODWLRQ� VL]H� LV� XQNQRZQ�� KRZHYHU� LW� LV� LQ� D� JLYHQ� VHW�� H�J��� � $� � ^�36.�� �4$0`��

$� ^9���F����4$0`��$� ^�4$0���36.����4$0��9���F`���$� �^���4$0�����4$0`��RU�
$� ^��4$0��9���F����4$0`��7KH�SURSRVHG�VFKHPH�LQ�WKLV�SDSHU�LV�DOVR�YDOLG�IRU�DQ\�$L�$M�

$6��� /DFN�RI� VSHFLDO� VLGH�NQRZOHGJH�PHDQV� WKDW� SDUDPHWHU� YDOXHV�$� �I' � FT � GW � $:*1�QRLVH�
SRZHU��DQG�FKDQQHO�LPSXOVH�UHVSRQVH� ��� WK W LQ���������DUH�JHQHUDOO\�XQNQRZQ� +RZHYHU��ZH�
HVWLPDWH� WKH� V\PERO� UDWH� 5  � ��7� DQG� WKH� FDUULHU� IUHTXHQF\� RIIVHW� �I' E\� XVLQJ� WKH�
F\FORVWDWLRQDU\�FKDUDFWHULVWLFV�RI�WKH�UHFHLYHG�VLJQDO�>�����@��6\PERO�WLPLQJ�LV�UHFRYHUHG�E\�
VWDQGDUG�IUDFWLRQDO�VDPSOLQJ�DV�LQ������

$6��� 7KHUH�LV�QR�GLUHFW�SDWK�EHWZHHQ�WKH�WUDQVPLWWHU�DQG�WKH�UHFHLYHU��%DVHG�RQ�WKH�FHQWUDO�OLPLW�
WKHRUHP�� ��� WK W FDQ�EH�PRGHOOHG�DV�D�FRPSOH[�YDOXHG�*DXVVLDQ�UDQGRP�SURFHVV�>��@��ZKRVH�
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PHDQ�YDOXH�LV�]HUR�� ��� WK W DW�DQ\�LQVWDQW�W LV�5D\OHLJK�GLVWULEXWHG�>��@��DQG�WKH�FRUUHVSRQGLQJ�
ZLUHOHVV�FKDQQHO�LV�D�5D\OHLJK�PXOWLSDWK�IDGLQJ�FKDQQHO��

$6��� 8VLQJ������WKH�FKDQQHO�FRHIILFLHQWV�DW�WLPH�W N7V DUH��� > @7N/NNN F
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ZKHUH� ��� VPNP N7KK  � DQG� > @7� GHQRWHV� WUDQVSRVLWLRQ��$VVXPLQJ� XQFRUUHODWHG� VFDWWHULQJ� >��@��
FKDQQHO�WDS�FRHIILFLHQWV�DUH� WUHDWHG�DV�D�]HUR�PHDQ�FRPSOH[�*DXVVLDQ�UDQGRP�SURFHVV�ZLWK�
WKH�IROORZLQJ�FRYDULDQFH�PDWUL[�>��@�� > @KK5 �
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ZKHUH� ��� �- LV� WKH� ]HUR�RUGHU�%HVVHO� IXQFWLRQ�RI� WKH� ILUVW� NLQG�� I' LV� WKH�PD[LPXP�'RSSOHU���
IUHTXHQF\��DQG� � �+� GHQRWHV�WKH�+HUPLWLDQ�RI�D�PDWUL[��7KH�GLDJRQDO�PDWUL[�¦ LV�� > @��
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NPP K(V LV�REWDLQHG�IURP�WKH�FKDQQHO�PXOWLSDWK� LQWHQVLW\�SURILOH��0,3���DOVR�

NQRZQ�DV�WKH�PXOWLSDWK�GHOD\�SRZHU�SURILOH�>�����@���
$6��� 'DWD�LV�WUDQVPLWWHG�EXUVW�E\�EXUVW��DQG�WKH�FKDQQHO�LV�VORZ�IDGLQJ��L�H��� �����7IG ���VXFK�WKDW�

WKH� FKDQQHO� WDS� FRHIILFLHQWV� GR� QRW� FKDQJH� GXULQJ� HDFK� EXUVW� �L�H���
PNP KK  �
DQG� 5  M

���
+RZHYHU��WKH�FRHIILFLHQWV¶�YDOXHV�PD\�FKDQJH�IURP�RQH�EXUVW�WR�DQRWKHU���

$6��� &KDQQHO�QRLVH� ��W] LV� DGGLWLYH�� DQG� LV�PRGHOOHG�DV� D�FLUFXODUO\� V\PPHWULF� ]HUR�PHDQ�ZKLWH�
FRPSOH[�*DXVVLDQ�UDQGRP�SURFHVV�KDYLQJ�DQ�DXWRFRUUHODWLRQ�IXQFWLRQ� � � � �W15] GW � � ZKHUH�

�1 LV� WKH� QRLVH� SRZHU� VSHFWUDO� GHQVLW\�� 7KXV�� �� VN N7QQ  LQ� ���� LV� D� FLUFXODUO\� V\PPHWULF�
GLVFUHWH� FRPSOH[�*DXVVLDQ� UDQGRP�SURFHVV�ZLWK� YDULDQFH� � �
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,Q�RUGHU�WR�LQFUHDVH�WKH�XWLOL]DWLRQ�RI�WKH�FKDQQHO¶V�FDSDFLW\��WKH�WUDQVPLWWHU�LV�DVVXPHG�WR�DGDSW�LWV�V\PERO�
UDWH�DQG�PRGXODWLRQ� W\SH� WR�FKDQQHO�FRQGLWLRQV�>�����@��7KDW� LV��ZKHQ� WKH� WUDQVPLWWHU� ILQGV�D�FKDQQHO� LQ�
ZKLFK�KLJKHU�WUDQVPLVVLRQ�UDWHV�DUH�SHUPLVVLEOH��LW�VZLWFKHV�WR�D�KLJKHU�RUGHU�PRGXODWLRQ��7KLV�PHDQV�WKDW�
XQGHU�VXFK�FLUFXPVWDQFHV��FKDQQHO�FRQGLWLRQV�DUH�PRUH�VWDEOH�DQG�WKH�EXUVW�OHQJWK�LV�UHODWLYHO\�ORQJ��WKHUH�
DUH�PRUH�V\PEROV�DYDLODEOH� LQ�RQH�EXUVW��� ,Q�FRQWUDVW�� WUDQVPLWWLQJ�RQ�ORZHU�RUGHU�PRGXODWLRQV�PHDQV�D�
EDG� IDGLQJ� FKDQQHO� DQG� VKRUW� EXUVW� OHQJWK�� 7KHUHIRUH�� ZKHQ� WKH� FRQVWHOODWLRQ� VL]H� LV� ODUJH�� EXUVWV� DUH�
UHODWLYHO\�ORQJ�DQG�PRUH�V\PEROV�DUH�WUDQVPLWWHG�LQ�HDFK�EXUVW��

�� 1(:�%/,1'�(48$/,=$7,21�&/$66,),&$7,21�&$6&$'(�6758&785(6��
0RGXODWLRQ�&ODVVLILFDWLRQ��0&��LQ�XQNQRZQ�GLVSHUVLYH�FKDQQHOV�LQ�>��������������@�DUH�EDVHG�RQ�D�FDVFDGH�
HTXDOL]HU�FODVVLILHU�VHW�XS�DV�VKRZQ�LQ�)LJ����DQG�XVH�RI�WKH�FRQVWDQW�PRGXOXV�DOJRULWKP��&0$��>��@�IRU�
EOLQG�HTXDOL]DWLRQ��,Q�WKLV��ZKDW�IROORZV�LV��ZH�ILUVW�UHYLHZ�WKH�VWUHQJWKV�DQG�ZHDNQHVVHV�RI�&0$�LQ�WKH�
FRQYHQWLRQDO� EOLQG� HTXDOL]HU�FODVVLILHU� FDVFDGH� �%(&&�� VWUXFWXUH�� DQG� VWDWH� RXU� PRWLYDWLRQ� IRU� LWV�
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LPSURYHPHQW� E\� XVLQJ� WKH� GHFLVLRQ� DGMXVWHG� PRGXOXV� DOJRULWKP� �'$0$�� >�����@�� 6XEVHTXHQWO\�� ZH�
LQWURGXFH�RXU�QRYHO�LWHUDWLYH�DQG�SDUDOOHO�%(&&�VWUXFWXUHV��

7KH�&0$�HTXDOL]HU�KDV�DQ�DGDSWLYH�OLQHDU�WUDQVYHUVDO�VWUXFWXUH��DV�VKRZQ�LQ�)LJ�����7KH�HTXDOL]HU�WDS�
FRHIILFLHQW�YHFWRU�Z LV�FKRVHQ�LQ�VXFK�D�ZD\�WR�PLQLPL]H�WKH�&0$�FRVW�IXQFWLRQ��GHILQHG�E\�>��@��
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ZKHUH� N\Ö LV�WKH�RXWSXW�RI�WKH�EOLQG�HTXDOL]HU��DQG�5 LV�WKH�GLVSHUVLRQ�FRQVWDQW�>��@��
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7KH�H[SHFWHG�YDOXHV�LQ������DUH�WDNHQ�RYHU�WKH�FRQVWHOODWLRQ�SRLQWV�� ^ ` L0L6 � "" DVVXPLQJ�WKDW�DOO�
L0 SRLQWV�DUH�

HTXDOO\� SUREDEOH�� 8VLQJ� IUDFWLRQDOO\� VSDFHG� &0$� �)6(�&0$�� >��@� DQG� /06� �OHDVW� PHDQ� VTXDUH��
LPSOHPHQWDWLRQ�RI�WKH�DOJRULWKP��WKH�HTXDOL]HU�WDS�FRHIILFLHQWV�DUH�LWHUDWLYHO\�XSGDWHG�E\��
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ZKHUH� 7

N/NNN H
ZZZ @���> ����� � Z LV�WKH�HTXDOL]HU�WDS�FRHIILFLHQW�YHFWRU�� 7

N/NNN H
[[[ @���> ����� � [ LV�WKH�

HTXDOL]HU� LQSXW� YHFWRU� DW� WLPH� N� P LV� WKH� VWHS� VL]H�� �/H LV� WKH� OHQJWK� RI�),5� HTXDOL]HU�� DQG�� GHQRWHV�
FRPSOH[�FRQMXJDWH��
�

)LJ������/LQHDU�EOLQG�HTXDOL]HU�VWUXFWXUH�
7KH� GLVSHUVLRQ� FRQVWDQW� 5 LQ� ����� GHSHQGV� RQ� PRGXODWLRQ� W\SH�� DQG� LWV� YDOXHV� IRU� GLIIHUHQW�

PRGXODWLRQ� W\SHV�DUH� VKRZQ� LQ�7DEOH� ,��)LJV���D� DQG��E� VKRZ�FLUFOHV�ZLWK� UDGLXV� 5 IRU���4$0�DQG�
��4$0�9��F�FRQVWHOODWLRQV��UHVSHFWLYHO\���

:KLOH�&0$�FDQ�EH�VXFFHVVIXOO\�DSSOLHG�WR�4$0�VLJQDOV�>��@��LWV�FRVW�IXQFWLRQ������LV�EHWWHU�PDWFKHG�
WR�36.� LQ� WKH� VHQVH� WKDW� ��36.� __ "D5  � DQG� WKH� FRVW� IXQFWLRQ�JRHV� WR� ]HUR� DW� DOO� VLJQDO� SRLQWV� RI� D�36.�
FRQVWHOODWLRQ��ZKHQ� �36.�55  ���)RU�D�4$0�FRQVWHOODWLRQ� L& � FRQVWHOODWLRQ�SRLQWV�OLH�RQ�WKH�PXOWLSOH�UDGLL�^ ` L'

GG � O � DOVR�NQRZQ�DV�PXOWLSOH�PRGXOXV��DQG�W\SLFDOO\�
LG 'GG5 dd�z ����O � 1RWH�WKDW���4$0�9��F��DV�

VKRZQ�LQ�)LJ����E���LV�DQ�H[FHSWLRQ��7KLV�PHDQV�WKDW������GRHV�QRW�JR�WR�]HUR�IRU�DQ\�FRQVWHOODWLRQ�SRLQW�LQ�
WKH�PDMRULW\�RI�VWDQGDUG�4$0�FRQVWHOODWLRQV��6HH��IRU�H[DPSOH�)LJ�����ZKHUH�PXOWLSOH�PRGXOXV�RI���4$0�
DQG� ��4$0�9��F� DUH� VKRZQ�� 7KH� PLVPDWFK� EHWZHHQ� WKH� FRQVWHOODWLRQ� DQG� WKH� &0$¶V� FRVW� IXQFWLRQ�
FDXVHV�H[FHVVLYH�PLVDGMXVWPHQWV�IRU�4$0�VLJQDOV�>��@���

`Ö^ N\ �

NZ � �$GDSWLYH��
&RHIILFLHQW�8SGDWH�

$OJRULWKP�

D�SULRUL�LQIRUPDWLRQ�RQ�PRGXODWLRQ�

NNN\ [Z+Ö  `^ N[ �

$GDSWLYH�%OLQG�(TXDOL]HU��
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)LJ�����&LUFOHV�ZLWK�UDGLXV�HTXDO�WR�PXOWL�PRGXOXV� ^ ` L'
GG � O RI��D����4$0��� `����������������^��   O'

�E����4$0�9���F�� `���������������������������^��   O'

6LQFH� QR� SULRU� NQRZOHGJH� RQ� WKH� XQGHUO\LQJ� FRQVWHOODWLRQ� LV� DVVXPHG�� WKH� &0$� HTXDOL]HU� VHWV� DQ�
LQLWLDO�DUELWUDU\�PRGXOXV� 5 LQ�FRVW�IXQFWLRQ�������UHJDUGOHVV�RI�WKH�PRGXODWLRQ�W\SH��$V�VKRZQ�LQ�>��@��LI�
WKH�YDOXH�RI� 5 LV�QRW�IDU�IURP�LWV�H[DFW�YDOXH� ��L5 � LW�GRHV�QRW�VLJQLILFDQWO\�LPSDFW�PLVDGMXVWPHQW�DQG�VSHHG�
RI� FRQYHUJHQFH�RI� WKH�&0$�HTXDOL]HU�� )RU� WKLV� UHDVRQ��ZH�XVH� ��� 5 IRU� WKH� VHW� RI� FRQVWHOODWLRQV� LQ�
7DEOH�,���

%\�XVLQJ�WKH�&0$�HTXDOL]HU�LQ�D�FRQYHQWLRQDO�%(&&�VWUXFWXUH��WKH�UHVLGXDO�FKDQQHO�HIIHFWV�DUH�QRW�
VXIILFLHQWO\�HTXDOL]HG�IRU�ODUJH�FRQVWHOODWLRQ�VL]H�4$0�VLJQDOV� ���� !L0 DQG�WKH�UHPDLQLQJ�,6,�UHQGHUV�RXU�
HVWLPDWH� RI� WKH� FRQVWHOODWLRQ� VKDSH� LQDFFXUDWH�� )XUWKHUPRUH�� GXH� WR� VORZ� FRQYHUJHQFH� RI� &0$�� LWV�



+�5��1LNRRIDU�DQG�$��5��6KDUDIDW��

,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%����������������������������������������������������������������������������������-XQH������

���
SHUIRUPDQFH�LV�QRW�VDWLVIDFWRU\��HVSHFLDOO\�IRU�EXUVW�WUDQVPLVVLRQV�ZKHUH�WKH�QXPEHU�RI�UHFHLYHG�V\PEROV�
LV�OLPLWHG��

7R� WDFNOH� WKLV� LVVXH�� ZH� SURSRVH� D� QRYHO� VWUXFWXUH� WKDW� RSHUDWHV� LWHUDWLYHO\�� )LJXUH� �� VKRZV� RXU�
SURSRVHG�VWUXFWXUH��LQ�ZKLFK�ZH�SHUIRUP�MRLQW�HTXDOL]DWLRQ�DQG�FODVVLILFDWLRQ�UHSHDWHGO\��DQG�FRPELQH�WZR�
GLIIHUHQW�DGDSWLYH�DOJRULWKPV�IRU�EOLQG�HTXDOL]DWLRQ�LQ�VHTXHQFH��QDPHO\�WKH�FRQVWDQW�PRGXOXV�DOJRULWKP�
�&0$��DQG�WKH�GHFLVLRQ�DGMXVWHG�PRGXOXV�DOJRULWKP��'$0$��LQ�>��@��7KH�PDLQ�REMHFWLYH�RI�HPSOR\LQJ�
'$0$�LQVWHDG�RI�&0$�LQ�VXEVHTXHQW�LWHUDWLRQV�LV�WR�UHGXFH�WKH�PLVDGMXVWPHQW��

�

)LJ�����%ORFN�GLDJUDP�RI�WKH�SURSRVHG�LWHUDWLYH�HTXDOL]HU�FODVVLILHU�FDVFDGH��
)RU�XQNQRZQ�FRQVWHOODWLRQV��ZH�XVH�D�PRGLILHG�'$0$�DV�LQ�>��@��
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ZKHUH� N\Ö LV� WKH�RXWSXW�RI� WKH�EOLQG�HTXDOL]HU� DQG� ^ `3
SS � 

U DUH� WKH� DUELWUDU\� UDGLL��7KH�FRHIILFLHQW�XSGDWH�
HTXDWLRQ�IRU�'$0$�HTXDOL]HU�LV��
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$V�VKRZQ�LQ�)LJ�����ZH�DGMXVW�WKH�QXPEHU�RI�UDGLL� 3 DQG�WKH�YDOXHV� ^ `S
LL � U LWHUDWLYHO\�E\�XVLQJ�WKH�VRIW�

FODVVLILHU�RXWSXW��%R[���GHVFULEHV�WKH�LWHUDWLYH�SURFHGXUH�LQ�WKLV�VWUXFWXUH��DQG�)LJV����D��DQG���E��VKRZ�LWV�
FRUUHVSRQGLQJ�EORFN�GLDJUDP���
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FRQVWHOODWLRQ�VKDSH�DV�D�NH\�VLJQDWXUH�RI�WKH�PRGXODWLRQ�W\SH��:H�FRQVLGHU�WKH�VHTXHQFH�RI�UHFRQVWUXFWHG�
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$ YDOXH� RI� �� L3& 8 FORVH� WR� �� LQGLFDWHV� D� JRRG� FODVVLILFDWLRQ�� DQG� D� YDOXH� HTXDO� WR� ��0L LQGLFDWHV� QR�
FOXVWHU�� ,Q� SUDFWLFH�� WKH� XVH� RI�3&� LV� QRW� VXLWDEOH� ZKHQ�. DQG� 1

LL0 �`^  KDYH� D� ZLGH� UDQJH�� DV�3&� LV�
VHQVLWLYH� WR� WKH� QXPEHU� RI� FOXVWHUV�1 DQG� WKH� OHQJWK� RI� GDWD�.� ,W� KDV� EHHQ� VKRZQ� WKDW�3&� LGHQWLILHV�
FRQVWHOODWLRQV�ZLWK�VPDOOHU�YDOXHV�RI L0 >��@���

:H� XVH� WKLV� VRIW� FOXVWHULQJ� DOJRULWKP� DV� RXU� FODVVLILFDWLRQ� PHWKRG� WR� FRPSXWH� WKH� GHJUHH� RI�
UHVHPEODQFH �Ö_� \L&� LQ� WKH� FRQYHQWLRQDO� �)LJ�� ���� LQ� WKH� LWHUDWLYH� �)LJ�� ���� DQG� LQ� WKH� SDUDOOHO� �)LJ�� ���
%(&&� VWUXFWXUHV� LQ� 6HFWLRQ� ,,,�� :H� FRPSDUH� WKH� DV\PSWRWLF� SHUIRUPDQFHV� RI� WKHVH� VWUXFWXUHV� IRU�
FODVVLILFDWLRQ�RI�4$0�VLJQDOV�LQ�$:*1�DQG�PXOWLSDWK�IDGLQJ�FKDQQHOV�LQ�6HFWLRQ�9,���

�� $6<03727,&�3(5)250$1&(�$1$/<6,6��
,Q�WKLV�VHFWLRQ��ZH�VKRZ�WKDW�WKH�SHUIRUPDQFH�RI�WKH�SURSRVHG�IX]]\�EDVHG�FOXVWHULQJ�VFKHPH�DSSURDFKHV�
WKDW� RI� WKH� RSWLPXP� FODVVLILHU�� L�H��� WKH� JHQHUDOL]HG� OLNHOLKRRG� UDWLR� FODVVLILHU� �*/5��� +RZHYHU�� RXU�
SURSRVHG� VFKHPH� LV� QRQ�SDUDPHWULF�� PHDQLQJ� WKDW� LW� LV� PRUH� UREXVW� FRPSDUHG� WR� SDUDPHWULF� �H�J��� WKH�
PD[LPXP�OLNHOLKRRG��FODVVLILHUV��7KLV�LV�DQ�LPSRUWDQW�SRLQW�IRU�IDGLQJ�FKDQQHOV��

'XH�WR�WKH�FRPSOH[LW\�DVVRFLDWHG�ZLWK�IX]]\�SDUDPHWHUV��LW�LV�QRW�HDV\�WR�DQDO\]H�WKH�SHUIRUPDQFH�RI�
RXU�SURSRVHG�VFKHPH� LQ�JHQHUDO��$V�DQ�DOWHUQDWLYH��ZH�FDQ�FRQVLGHU� WZR�DV\PSWRWLF�FRQGLWLRQV��QDPHO\�
ORQJ�EXUVWV�� fo. ���DQG�KLJK�615�� fo615 ���6LQFH�RXU�IRFXV�LV�RQ�WKH�EXUVW�PRGH��ZH�SUHVHQW�WKH�
DV\PSWRWLF�DQDO\VLV�IRU� fo615 �

:H�XVH�WKH�DYHUDJH�SUREDELOLW\�RI�FRUUHFW�FODVVLILFDWLRQ� &&3 DV�D�PHDVXUH�RI�SHUIRUPDQFH��
¦
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ZKLFK�LV�WKH�VDPH�DV� WKDW�RI� WKH�JHQHUDOL]HG�OLNHOLKRRG�UDWLR�FODVVLILHU��*/5��GHYHORSHG�LQ�>�����@��7KLV�
LPSOLHV�WKDW�RXU�VRIW�FOXVWHULQJ�PHWKRG�LQ�KLJK�615�DSSURDFKHV�WKH�SHUIRUPDQFH�RI�WKH�RSWLPXP�FODVVLILHU�
LQ�>�@����

�� 6,08/$7,21�5(68/76��
:H�XVH�VLPXODWLRQV�WR�REVHUYH�WKH�SHUIRUPDQFH�RI�RXU�SURSRVHG�PHWKRG�LQ�DGGLWLYH�ZKLWH�*DXVVLDQ�QRLVH�
DQG� IDGLQJ� FKDQQHOV�� 7KH� SUREDELOLW\� RI� FRUUHFW� FODVVLILFDWLRQ�3&&� LV� XWLOL]HG� WR� FRPSDUH� RXU� SURSRVHG�
DSSURDFK�ZLWK� WKH�FXPXODQW�EDVHG�PHWKRGV� LQ�>�@��7KLV�ZDV�GRQH�E\������0RQWH�&DUOR�VLPXODWLRQV�IRU�
HDFK�PRGXODWLRQ� LQ� WKH� VHW�$� :H� FRQVLGHU� WKH� IROORZLQJ� WZR� H[DPSOHV�� ,Q�([DPSOH� ���ZH� FRQVLGHU� DQ�
$:*1�FKDQQHO�DQG�VKRUW�EXUVW�WUDQVPLVVLRQV��DQG�LQ�([DPSOH����ZH�FRQVLGHU�D�IDGLQJ�FKDQQHO�����
([DPSOH����$:*1�&KDQQHO��:H�DVVXPH�WKH�FKDQQHO�LV�FRPSOHWHO\�HTXDOL]HG�E\�WKH�EOLQG�HTXDOL]HU�IRU�
WKH�UHFHLYHG�EXUVW�RI�. ����V\PEROV��DQG�FRQVLGHU�WKH�SHUIRUPDQFH�RI�RXU�VRIW�FOXVWHULQJ�DOJRULWKP�IRU�
FODVVLI\LQJ�WKH�PRGXODWLRQ�W\SH�IURP�$� �^��36.����4$0`��$� ^9���F�����4$0`��$� ^��4$0����36.��
��4$0��9���F`�� DQG�$� ^���4$0�����4$0`��6LPXODWLRQ� UHVXOWV� DUH� VKRZQ� LQ�)LJV���������)LJ�����
VKRZV� WKH�SHUIRUPDQFHV�RI� WKH�VRIW�FOXVWHULQJ�PHWKRG� IRU� WKH� WZR�FODVV�SUREOHPV� $� DQG�$� DQG� IRU� WKH�
IRXU� FODVV� SUREOHP� $�� )LJXUHV� ������ FRPSDUH� WKH� SHUIRUPDQFHV� RI� VRIW�FOXVWHULQJ� DQG� FXPXODQW�EDVHG�
PHWKRGV�IRU�WKH�WZR�FODVV�SUREOHPV�$� DQG�$���UHVSHFWLYHO\��:H�QRWH�WKDW�IRU�VKRUW�EXUVW�. �����WKH�YDOXH�
RI�3&&�IRU�WKH�VRIW�FOXVWHULQJ�PHWKRG�DSSURDFKHV�XQLW\��DFFXUDWH�FODVVLILFDWLRQ��ZKHQ�615t��G%��ZKHUHDV�
3&&���IRU�FXPXODQW�EDVHG�PHWKRG�LQ�>�@�LV�PXFK�OHVV���
�
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&XPXODQW
6RIW�&OXVWHULQJ

$� ^���4$0����4$0`

�)LJ������3UREDELOLW\�RI�FRUUHFW�FODVVLILFDWLRQ�3&&�RI�VRIW�FOXVWHULQJ�DQG�FXPXODQW�EDVHG�FODVVLILHUV��YHUVXV�615�IRU�$� ^���4$0����4$0`�PRGXODWLRQ�VHW�LQ�$:*1�DQG�. ����� 1RWH� WKDW� DV�)LJ����� VKRZV��RXU�SURSRVHG�FODVVLILHU�KDV� D� VLJQLILFDQWO\�KLJKHU�3&&� FRPSDUHG� WR� WKH�FXPXODQW�EDVHG�FODVVLILHU�IRU�VKRUW�EXUVWV��SDUWLFXODUO\�IRU�KLJKHU�YDOXHV�RI�615����([DPSOH����)DGLQJ�&KDQQHO� :H�HYDOXDWH�WKH�SHUIRUPDQFH�RI�RXU�PHWKRG�IRU�$� ^���4$0��9���F�����
4$0`�LQ�PXOWLSDWK�IDGLQJ�FKDQQHOV��7KH�IDGLQJ�FKDQQHO�LV�DVVXPHG�WR�EH�D�VORZ�IDGLQJ�ZLUHOHVV�PRELOH�
FKDQQHO�ZLWK ���� �u 7I' � :H�XVH�D�PHWKRG�SURSRVHG�LQ�>��@�WR�VLPXODWH�WKH�GLVFUHWH�WLPH�PRGHO�RI�WKH�
IDGLQJ� FKDQQHO��:H� DOVR� XVH� WKH� VL[�SDWK� FKDQQHO� PRGHO� GHVFULEHG� LQ� >��@� IRU� WKH� W\SLFDO� XUEDQ� �78��
ZLUHOHVV�V\VWHP��7KH�FKDQQHO�LQWHQVLW\�SURILOH�LV�VKRZQ�LQ�7DEOH���DQG�WKH�VDPSOLQJ�WLPH�76 LV�7����

7DEOH����78�6L[�3DWK�&KDQQHO�0RGHO��7 ���� VHF��>��@�� 3DWK�GHOD\�VHF� )UDFWLRQDO�SRZHU� 3DWK�GHOD\�N76�
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���
:H� FRPSDUH� WKH� SHUIRUPDQFHV� RI� WKH� IROORZLQJ� WKUHH� GLIIHUHQW� FODVVLILHUV� LQ� WKH� DERYH� PHQWLRQHG�

IDGLQJ�FKDQQHO�XVLQJ������0RQWH�&DUOR�WULDOV�IRU�HDFK�PRGXODWLRQ�W\SH��L�H���D�WRWDO�RI������WULDOV�IRU�WKH�
WKUHH�FODVV�SUREOHP�$� IRU�HDFK�YDOXH�RI�615���
&ODVVLILHU����&0$���FXPXODQW�EDVHG�PRGXODWLRQ�FODVVLILHU�DV�D�EHQFKPDUN��VKRZQ�LQ�)LJ����LQ�ZKLFK�WKH�
&0$� LV� XVHG� DV� WKH� HTXDOL]HU�� DQG� WKH� FXPXODQW�EDVHG� PHWKRG� >�@� LV� XVHG� DV� LWV� FODVVLILFDWLRQ�
DOJRULWKP����
&ODVVLILHU����&0$���VRIW�FOXVWHULQJ�DOJRULWKP��6&$��PRGXODWLRQ�FODVVLILHU��VKRZQ�LQ�)LJ���D�LQ�ZKLFK�
VRIW�FOXVWHULQJ�LV�XVHG�IRU�FODVVLILFDWLRQ���
&ODVVLILHU� ��� ,WHUDWLYH� '$0$� �� VRIW� FOXVWHULQJ� DOJRULWKP� PRGXODWLRQ� FODVVLILHU� �ZLWK� WKH� LWHUDWLYH�
VWUXFWXUH�VKRZQ�LQ�)LJV���D�E�DQG�VRIW�FOXVWHULQJ�XVHG�DV�LWV�FODVVLILFDWLRQ�DOJRULWKP����
$V�ZH�DUH�IRFXVLQJ�RQ�IDGLQJ�FKDQQHOV��VKRUW�EXUVWV�DUH�LQDGHTXDWH�IRU�PRGXODWLRQ�FODVVLILFDWLRQ��,Q�

RUGHU�WR�DOOHYLDWH�WKLV��HDFK�0RQWH�&DUOR�WULDO�XVHV�. ����LQGHSHQGHQW�V\PEROV�LQ�HDFK�EXUVW��DV�FRPSDUHG�
WR� ���� LQGHSHQGHQW� V\PEROV� XVHG� LQ� ([DPSOH� ���� $V� SHU� DVVXPSWLRQ�$6��� WKH� WUDQVPLWWHU� VZLWFKHV� WR�
KLJKHU� RUGHU�PRGXODWLRQV�ZKHQ� WKH� FKDQQHO� LV� UHODWLYHO\� VWDEOH� GXULQJ� D� EXUVW��7KXV�� LW� LV� UHDVRQDEOH� WR�
DVVXPH�WKDW�IRU�$� ^���4$0��9���F�����4$0`��EXUVWV�RI�����V\PEROV�OHQJWK�DUH�DYDLODEOH��(DFK�EXUVW�
ZDV�UHXVHG���WLPHV�LQ�IRUZDUG�UHYHUVH�WR�JHQHUDWH�D�ORQJ�EXUVW��:H�REVHUYHG�WKDW�ORQJHU�EXUVWV�ZRXOG�QRW�
KDYH�D�VLJQLILFDQW�LPSDFW�RQ�WKH�FODVVLILHU¶V�SHUIRUPDQFH��7KH�UHVXOWV�DUH�VKRZQ�LQ�)LJ������

�

)LJ������3UREDELOLW\�RI�FODVVLILFDWLRQ�3FF�RI�WKUHH�FODVVLILHUV�RI�([DPSOH����IRU�WKUHH�FODVV�
�SUREOHP�$�  ^��4$0��9���F����4$0`LQ�D�VORZ�IDGLQJ�FKDQQHO��

7KH�SURSRVHG�LWHUDWLYH�PHWKRG��FODVVLILHU����RXWSHUIRUPV�RQH�SDVV�&0$�&XPXODQW��FODVVLILHU����DQG�
&0$�6&$��FODVVLILHU�����7KH�LWHUDWLYH�FODVVLILHU�KDV�D�VLJQLILFDQW�JDLQ�LQ�615�DV�FRPSDUHG�WR�FODVVLILHUV���
DQG����7KH�615�JDLQ�LV�DFKLHYHG�DW�D�KLJKHU�FRPSXWDWLRQDO�FRVW��7KH�FRPSOH[LW\�RI�WKH�SURSRVHG�PHWKRG�
LQ�WKLV�SDSHU�LV� ��

�
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L
L0.2 FRPSDUHG�WR�WKDW�RI�WKH�FXPXODQW�EDVHG�PHWKRG�ZKLFK�LV� ��.2 � ,Q�D�VLPLODU�

VHWWLQJ�� WKH� FXPXODQW�EDVHG� FODVVLILHU� LQ� >�@� UHTXLUHV� VLJQLILFDQWO\� PRUH� V\PEROV� WR� DFKLHYH� WKH� VDPH�
SHUIRUPDQFH�DV�RXU�SURSRVHG�LWHUDWLYH�FODVVLILHU��$OWKRXJK�WKH�SHUIRUPDQFHV�RI�ERWK�FODVVLILHUV���DQG���DUH�
QRW�VDWLVIDFWRU\��WKH�&0$�&XPXODQW�EDVHG�FODVVLILHU��&ODVVLILHU����UHTXLUHV�����G%�KLJKHU�615�WR�PDWFK�
WKH�SHUIRUPDQFH�RI�WKH�&0$�6&$��FODVVLILHU������
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���
���&21&/86,21��

:H�SURSRVHG�D�QRYHO�VFKHPH�IRU�LGHQWLI\LQJ�WKH�PRGXODWLRQ�W\SHV�RI�EXUVW\�4$0�VLJQDOV��7KLV�VWUXFWXUH�
LV�EDVHG�RQ�LWHUDWLYH�DGMXVWHG�PRGXOXV�EOLQG�HTXDOL]DWLRQ�DQG�VRIW�FOXVWHULQJ��$V�WKH�QXPEHU�RI�DYDLODEOH�
V\PEROV�LQ�WKH�UHFHLYHG�EXUVW�PD\�QRW�EH�VXIILFLHQW�IRU�HTXDOL]HU�WUDLQLQJ��ZH�UHSHDWHGO\�XVH�WKH�DYDLODEOH�
V\PEROV�LQ�D�IRUZDUG�UHYHUVH�PDQQHU��0RUHRYHU��IRU�IDVW�SURFHVVLQJ��ZH�HPSOR\�SDUDOOHO�VWUXFWXUHV��2XU�
VRIW� FOXVWHULQJ� DOJRULWKP� GRHV� QRW� UHTXLUH� D� SUHFLVH� VWDWLVWLFDO� PRGHO� RI� WKH� LQSXW� VLJQDO� DQG� QRLVH�
SDUDPHWHUV��DV�FRPSDUHG�WR�WKH�GHFLVLRQ�WKHRUHWLF�DSSURDFK�LQ�>�@����

,Q� RUGHU� WR� VKRZ� WKH� HIIHFWLYHQHVV� RI� RXU� DSSURDFK�� ZH� FRPSDUHG� RXU� UHVXOWV� ZLWK� WKRVH� RI� WKH�
FXPXODQW� PHWKRG� LQ� >�@�� )RU� D� PXOWLSDWK� IDGLQJ� FKDQQHO�� RXU� DOJRULWKP� UHTXLUHV� VLJQLILFDQWO\� IHZHU�
V\PEROV� WR� DFKLHYH� WKH� VDPH� FODVVLILFDWLRQ� DV� FRPSDUHG� WR� WKH� XVH� RI� FXPXODQWV�� 7KLV� LV� SDUWLFXODUO\�
LPSRUWDQW�LQ�EXUVW\�WUDQVPLVVLRQV�ZKHUH�KLJK�QXPEHU�RI�V\PEROV�DUH�QRW�DYDLODEOH���
�

5()(5(1&(6��
��� :HL��:��	�0HQGHO��-��0����������0D[LPXP�OLNHOLKRRG�FODVVLILFDWLRQ�IRU�GLJLWDO�DPSOLWXGH�SKDVH�PRGXODWLRQV��

,(((�7UDQV��&RPP���9RO������1R�����SS�����������
��� :HEE��:��7��	�+DQ]R��/����������0RGHUQ�4XDGUDWXUH�$PSOLWXGH�0RGXODWLRQ��3ULQFLSOHV�DQG�$SSOLFDWLRQV�IRU�

)L[HG�DQG�:LUHOHVV�&KDQQHOV��,(((�3UHVV��
��� 6ZDPL��$��	�6DGOHU��%��0����������+LHUDUFKLFDO�GLJLWDO�PRGXODWLRQ�FODVVLILFDWLRQ�XVLQJ�FXPXODQWV��,(((�7UDQV��

&RPP�� 9RO������1R�����SS�����������
��� $]]RX]��(��(��	�1DQGL��$��.����������$XWRPDWLF�PRGXODWLRQ�UHFRJQLWLRQ�RI�FRPPXQLFDWLRQ�VLJQDOV� 6SULQJHU��
��� +RQJ�� /�� �������� $GYDQFHG� WHFKQLTXHV� IRU� DXWRPDWLF� FODVVLILFDWLRQ� RI� GLJLWDOO\� PRGXODWHG� FRPPXQLFDWLRQ�

VLJQDOV� 3K'�'LVVHUWDWLRQ��8QLYHUVLW\�RI�0LVVRXUL��&ROXPELD��
��� $WWDU�� $�� 5�� 	� 6KHLNKL�� $��� $ELUL�� +�� 	� 0DOODK]DGHK�� $�� �������� $� QHZ� PHWKRG� IRU� PRGXODWLRQ� V\VWHP�

UHFRJQLWLRQ��,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��7UDQVDFWLRQ�%��(QJLQHHULQJ��9RO������1R��%���SS�����
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