
,PDJH�DGDSWHG�YR[HOL]DWLRQ�LQ�PXOWLFDPHUD�
VHWWLQJV�

-RUGL�6DOYDGRU��-RVHS�5��&DVDV�
,PDJH�3URFHVVLQJ�*URXS�

7HFKQLFDO�8QLYHUVLW\�RI�&DWDORQLD�
%DUFHORQD�

^DOMVDO�MRVHS`#JSV�WVF�XSF�HGX�
�

$EVWUDFW²7KLV�SDSHU�SUHVHQWV�D�QHZ�SURFHGXUH�WR�H[SORUH��'�
VSDFH� IRU� YLVXDO� DQDO\VLV� LQ� PXOWLFDPHUD� HQYLURQPHQWV�� :H�
SURSRVH� D� �'� JHRPHWU\� WR� VDPSOH� �YR[HOL]H�� WKH� VSDFH� ZKHQ�
FKHFNLQJ�WKH�FRQVLVWHQF\�RI�WKH�DQDO\]HG�IHDWXUHV�LQ�WKH�PXOWLSOH�
YLHZV��&RQWUDU\�WR�UHJXODU�YR[HOL]DWLRQ��WKH�SURSRVHG�JHRPHWU\�LV�
LUUHJXODU�LQ��'��EXW�EHFRPHV�UHJXODU�RQFH�SURMHFWHG�RQWR�FDPHUD�
LPDJHV�� 7KH� DLP� LV� WR� EHWWHU� H[SORLW� WKH� UHGXQGDQF\� DQG� WKH�
HQULFKHG� LQIRUPDWLRQ� SURYLGHG� LQ�PXOWLYLHZ� IUDPHZRUNV� DW� WKH�
DQDO\VLV�VWDJH��7KLV�LV�DFFRPSOLVKHG�E\�EDODQFLQJ�WKH�XVDJH�RI�WKH�
DYDLODEOH�GDWD��L�H��FDSWXUHG�SL[HOV��DFURVV�WKH�PXOWLSOH�FDPHUDV��
LQVWHDG� RI� IRFXVLQJ� LQ� D� UHJXODU� VDPSOLQJ� RI� WKH� �'� VSDFH� IURP�
ZKLFK� ZH� GR� QRW� KDYH� GLUHFW� GDWD�� $Q� HIILFLHQW� UHFXUVLYH�
DOJRULWKP� WKDW� XVHV� WKH� SURSRVHG� JHRPHWU\� LV� RXWOLQHG�� DQG� WKH�
H[SHULPHQWDO� UHVXOWV� UHIOHFW� KLJKHU� DFFXUDF\� WKDQ� UHJXODU�
YR[HOL]DWLRQ�ZLWK�HTXLYDOHQW�UHVWULFWLRQV�IRU�WKH�FKRVHQ�PXOWLYLHZ�
DQDO\VLV�DSSOLFDWLRQV��

.H\ZRUGV²FDPHUD�FDOLEUDWLRQ��HSLSRODU�OLQH��PXOWLFDPHUD��
PXOWLYLHZ��QRQ�UHJXODU�YR[HOL]DWLRQ��YLVXDO�DQDO\VLV�

7RSLF�DUHD²0XOWLPHGLD�3URFHVVLQJ��YLVXDO��PXOWLYLHZ����'�
JHRPHWU\��
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9LVXDO� DQDO\VLV� LQ� PXOWLFDPHUD� HQYLURQPHQWV� SURYLGHV�

HQKDQFHG� UREXVWQHVV� E\� H[SORLWLQJ� UHGXQGDQF\� LQ� YLVXDO�
LQIRUPDWLRQ� IURP� WKH� GLIIHUHQW� LPDJHV� RI� WKH� VDPH� VFHQH��
0XOWLYLHZ�DSSURDFKHV�IRU�IRUHJURXQG�GHWHFWLRQ��VSDFH�FDUYLQJ��
IDFH�SHUVRQ� GHWHFWLRQ� DQG� WUDFNLQJ�� JHVWXUH� DQDO\VLV�� HWF��
EHQHILW� IURP� FRPPRQ� LQIRUPDWLRQ� SUHVHQW� LQ� WKH� PXOWLSOH�
YLHZV�E\�FKHFNLQJ�WKH�FRQVLVWHQF\�RI�WKH�DQDO\]HG�SULPLWLYHV�
�FRORU�� IRUHJURXQG�� VDOLHQW� SRLQWV«�� IURP� WKH� �UHGXQGDQW��
DYDLODEOH�SURMHFWLRQV�RI� WKH� DFWXDO� �'� VFHQH�� ,Q� DGGLWLRQ�� WKH�
QRQ�UHGXQGDQW�LQIRUPDWLRQ�H[WUDFWHG�IURP�WKH�PXOWLSOH�YLHZV��
HQULFKHV� WKH� YLVXDO� DQDO\VLV� SURFHVV� ZLWK� �'� FXHV�� ZKLFK�
GLVDPELJXDWH�RFFOXVLRQV�DQG�SURYLGH�YLVXDO� LQIRUPDWLRQ� IURP�
RWKHUZLVH�RFFOXGHG�SDUWV�RI�WKH�VFHQH��

0XOWLYLHZ� UHGXQGDQF\� HQKDQFHV� DQDO\VLV� UREXVWQHVV� E\�
FKHFNLQJ� FRQVLVWHQF\� DPRQJ� LPDJHV� FDSWXUHG� E\� PXOWLSOH�
FDOLEUDWHG� FDPHUDV��2QH�RIWHQ� UHVRUWV� WR� DQ�RUGHUHG� VFDQQLQJ�
RI�WKH��'�VSDFH��DV�LQ�>�@���6SDWLDO�UHJLRQV�RI�WKH��'�VSDFH�DUH�
VHTXHQWLDOO\� DQDO\]HG� IURP� WKHLU� SURMHFWLRQV� LQ� WKH� PXOWLSOH�
FDPHUDV�� 7KH� XVXDO� DSSURDFK� LV� UHJXODU� YR[HOL]DWLRQ�� ZKHUH�
WKH�ZRUNLQJ��'�VSDFH�LV�VDPSOHG�DW�UHJXODUO\�VSDFHG�LQWHUYDOV�
LQ� LWV� RUWKRJRQDO� D[HV�� JLYLQJ� ULVH� WR� HOHPHQWDU\� FXEHV�
�YR[HOV��� 7KH� SUREOHP� DULVHV� IURP� WKH� IDFW� WKDW� WKH� VDPSOLQJ�

JHRPHWU\� JHQHUDWHG� E\� WKLV� SDUWLFXODU� VFDQQLQJ� RI� WKH� �'�
VSDFH� LV� GLVWRUWHG� E\� WKH� SURMHFWLRQ� RQWR� WKH� FDPHUDV�� 2QFH�
SURMHFWHG� RQWR� WKH� FDPHUD� LPDJHV�� WKH� VDPSOLQJ� JHRPHWU\�
EHFRPHV� LUUHJXODU�� DQG� WKH� DPRXQW� RI� DYDLODEOH� GDWD� �SL[HOV��
XVHG� WR� DQDO\]H� HDFK� VSDFH� UHJLRQ� �YR[HO�� GHSHQGV� RQ� LWV�
GLVWDQFH� WR� WKH� FDPHUD� DQG� WKH� LQWULQVLF� FDPHUD� SDUDPHWHUV��
7KLV�FDQ�EH�VKRZQ�LQ�WZR�GLIIHUHQW�H[DPSOHV��
x� :KHQ� SURMHFWLQJ� WZR� VHSDUDWHG� UHJXODU� YR[HOV� �HTXDOO\�

VL]HG� �'� YROXPHV� LQ� VSDFH�� RQ� WKH� VDPH� FDPHUD� LPDJH��
WKH�DPRXQW�RI�SL[HOV�XVHG�IRU�YLVXDO�DQDO\VLV�FDQ�EH�TXLWH�
GLIIHUHQW� ZKHQ� WKH� YR[HOV� DUH� ORFDWHG� DW� GLIIHUHQW�
GLVWDQFHV�IURP�WKH�FDPHUD��

x� :KHQ�SURMHFWLQJ�WKH�VDPH�UHJXODU�YR[HO�RQ�WZR�GLIIHUHQW�
FDPHUDV�� WKH� DPRXQW� RI� SL[HOV� LQ� WKH� SURMHFWLRQV� LV� DOVR�
TXLWH�YDU\LQJ��$Q� LOOXVWUDWLRQ�RI� WKLV�FDVH�FDQ�EH� VHHQ� LQ�
)LJ�����
:H�KDYH�HYDOXDWHG�WKLV�SUREOHP�LQ�D�SDUWLFXODU�VLWXDWLRQ��$�

VDPSOLQJ�JHRPHWU\�ZLWK�FXELF�YR[HOV�RI�VL]H���FP�LV�GHILQHG�
LQ� D� 6PDUW� 5RRP� HTXLSSHG� ZLWK� �� FDPHUDV� �IRXU� FDPHUDV�
SODFHG�RQ� WKH� FRUQHUV� DQG� WKH� ILIWK� RQH� FHLOLQJ�PRXQWHG� DV� D�
]HQLWKDO�FDP���:H�FRPSXWH�WKH�VWDWLVWLFV�RI�WKH�SURMHFWLRQ�VL]H�
�LQ� SL[HOV�� RI� DOO� WKH� YR[HOV� LQ� WKH� �'� ZRUNLQJ� VSDFH�� 7KH�
KLVWRJUDP�RI� WKH�YR[HO�SURMHFWLRQ� VL]H� LV� VKRZQ� LQ�)LJ���� IRU�
RQH� RI� WKH� FRUQHU� FDPHUDV�� 7DEOH� ,� RXWOLQHV� PHDQ� DQG�
GLVSHUVLRQ� YDOXHV� RI� WKH� YR[HO� SURMHFWLRQ� VL]H� IRU� DOO� WKH�
FDPHUDV��DQG�UHYHDOV�WKDW�WKH�GLVSHUVLRQ�RI�WKH�SURMHFWLRQ�VL]HV�
LV�UHDOO\�KLJK��WKH�VDPH�RUGHU�DV�WKH�PHDQ�YDOXH���
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7KH�VLWXDWLRQ�GHVFULEHG�LV�QRW�IDYRUDEOH�ZKHQ�FKHFNLQJ�WKH�

FRQVLVWHQF\�RI� WKH� DQDO\VLV� LQ� WKH�PXOWLSOH� SURMHFWLRQV�RI� WKH�
DFWXDO��'�VFHQH��:H�DUH�XVLQJ�TXLWH�GLIIHUHQW�DPRXQWV�RI�GDWD�
�WKH�QXPEHU�RI�SURMHFWHG�SL[HOV� IRU�HDFK�YR[HO� LQ�HDFK�YLHZ��
WR� DQDO\]H� HDFK� LQGLYLGXDO� UHJLRQV� LQ� �'� VSDFH��:H� UHIHU� WR�



WKLV� VLWXDWLRQ� DV� ��'� VSDFH� YR[HOL]DWLRQ� QRQ�DGDSWHG� WR� WKH�
LPDJH�GDWD��LQ�PXOWLYLHZ�DQDO\VLV��
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2QH�ZD\�RI�WDNLQJ�LQWR�DFFRXQW�VXFK�ODFN�RI�DGDSWDWLRQ�WR�

WKH�LPDJH�GDWD��LV�WR�DYRLG�JLYLQJ�WKH�VDPH�LPSRUWDQFH�WR�HDFK�
YLHZ�LQ�WKH�FRQVLVWHQF\�FKHFN�IRU�HYHU\�YR[HO��$Q�DOWHUQDWLYH�
VWUDWHJ\�LV�WKH�RQH�ZH�SUHVHQW�LQ�WKLV�SDSHU��

7KH�DLP�RI�WKH�SUHVHQW�SDSHU�LV�WR�GHILQH�D�QHZ�DSSURDFK�WR�
SHUIRUP� PXOWLYLHZ� DQDO\VLV� XVLQJ� D� �'� VSDFH� VFDQQLQJ�
SURFHGXUH� EHWWHU�DGDSWHG� WR� WKH� LPDJH� GDWD�� WKDW� LV�� ZLWKRXW�
VXFK� D� GLVSHUVLRQ� LQ� WKH� DPRXQW� RI� GDWD� XVHG� IRU� WKH�
FRQVLVWHQF\� FKHFN� DW� HDFK� �'� VSDFH� XQLW�� 7KH� UHDVRQLQJ�
EHKLQG�WKLV�DSSURDFK�LV�WKDW�WKH�DFWXDO�GDWD�ZH�KDYH�DYDLODEOH�
IRU� DQDO\VLV� DUH� WKH� SURMHFWHG� LPDJHV�� DQG� LW� GRHV� QRW� PDNH�
PXFK�VHQVH�WR�VFDQ�WKH��'�VSDFH��IURP�ZKLFK�ZH�GR�QRW�KDYH�
GLUHFW� PHDVXUHPHQWV�� ZLWK� D� UHJXODU� JHRPHWU\�� ZKLOH� WKLV�
UHVXOWV� LQ� D� QRQ�UHJXODU� JHRPHWU\� ZKHQ� SURMHFWHG� RQ� WKH�
FDPHUD� LPDJHV�� 3OHDVH� EHDU� LQ� PLQG� WKDW� RXU� DFWXDO� YLVXDO�
PHDVXUHPHQWV� �SL[HO� GDWD�� FRPH� IURP� WKH� SURMHFWLRQV� LQ� WKH�
FDPHUD� LPDJHV�� DV� RSSRVHG� WR� GDWD� FRPLQJ� IURP� �'�
PHDVXUHPHQWV� �DV� 05,�� 3(7�� HWF��� ZKHUH� WKH� VHQVRUV� VFDQ�
GLUHFWO\�WKH��'�VSDFH��

7KHUHIRUH�� ZH� FKDQJH� WKH� SDUDGLJP� WU\LQJ� WR� DGDSW� WKH�
YLVXDO� DQDO\VLV� WR� WKH� DYDLODEOH� GDWD�� ,QVWHDG� RI� VFDQQLQJ� WKH�
�'� VSDFH� ZLWK� UHJXODU� YR[HOV�� IURP� ZKLFK� WKHUH� LV� QRW� DQ\�
GLUHFW� GDWD�� WKH� FDPHUD� LPDJHV� DUH� GLYLGHG� LQ� D� UHJXODU�ZD\��
DQG� WKH� �'� HTXLYDOHQWV� RI� VXFK� GLYLVLRQV� DUH� XVHG� DV� WKH�
VFDQQLQJ� JHRPHWU\�� ,Q� WKLV� ZD\�� WKH� GHILQHG� JHRPHWU\� LV�
DGDSWHG�WR�LPDJHV��

7KH� IROORZLQJ� VHFWLRQ� LQ� WKLV� SDSHU� H[SODLQV� LQ� KLJKHU�
GHWDLO�KRZ�WKH�QHZ�VFDQQLQJ�JHRPHWU\�LV�GHILQHG�DQG�KRZ�LW�LV�
XVHG� WR�VFDQ� WKH��'�VSDFH� LQ�D� UHFXUVLYH�DOJRULWKP��7KH�QH[W�

VHFWLRQ� SUHVHQWV� WKH� UHVXOWV� REWDLQHG� IRU� D� VHOHFWHG� DQDO\VLV�
WHFKQLTXH�DQG�FRPSDUHV�WKHP�WR�DQ�H[LVWHQW�DSSURDFK��UHJXODU�
YR[HOL]DWLRQ���)LQDOO\��WKH�PDLQ�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�
RI�WKH�QHZ�PHWKRG�DUH�GLVFXVVHG�LQ�WKH�ODVW�VHFWLRQ��

,,�� 3 ����^��;b�Ke� 0 KR��:���� �
,Q� WKLV� VHFWLRQ� ZH� SUHVHQW� WKH� WRROV� ZH� XVH� WR� REWDLQ� D�

JHRPHWU\�DGDSWHG�WR�LPDJHV�IRU��'�VSDFH�VFDQQLQJ��)LUVW��ZH�
GHILQH� WKH� TXDGUDQW� DV� DQ� LPDJH� UHJLRQ�� 7KHQ�� WKH� FRQH� � LV�
REWDLQHG� DV� WKH�EDFN�SURMHFWLRQ�RI� WKH�TXDGUDQW��7KH�FRQH� LV�
WKH� LQWHUPHGLDWH� VWHS� WR� FRPSXWH� WKH� ILQDO� LPDJH�DGDSWHG�
JHRPHWU\�� ZKLFK� LV� EDVHG� LQ� ZKDW� ZH� FDOO� FRQH[HOV�� )LQDOO\��
ZH� RXWOLQH� D� UHFXUVLYH� DOJRULWKP� IRU� �'� VSDFH� VFDQQLQJ� LQ�
PXOWLFDPHUD� VHWWLQJV�� ZKLFK� KDV� SURYHQ� XVHIXO� IRU� VHYHUDO�
DQDO\VLV�WHFKQLTXHV��
$�� ,PDJH�UHJLRQV��TXDGUDQWV��

$V�VWDWHG�DERYH��RQH�RI�WKH�SULQFLSDO�DLPV�RI�WKLV�PHWKRG�LV�
WR�DYRLG�GLVSHUVLRQ�LQ�WKH�DPRXQW�RI�GDWD�XVHG�LQ�DQDO\VLV��7R�
DFKLHYH� WKDW�� LPDJHV� DUH� GLYLGHG� LQ� TXDGUDQWV� IRU� VFDQQLQJ��
4XDGUDQWV� DUH� GHILQHG� DV� VTXDUH� VKDSHG�� QRQ�RYHUODSSLQJ�
UHJLRQV� LQ� WKH� SURMHFWHG� LPDJHV�� �'� VSDFH� VFDQQLQJ� ZLOO� EH�
GHILQHG� EDVHG� LQ� WKH� JHRPHWU\� JHQHUDWHG� E\� WKH� TXDGUDQWV��
LQVWHDG� RI� XVLQJ� WKH� YR[HO�EDVHG� JHRPHWU\�� 7KH� H[SHFWHG�
EHKDYLRU�RI�VXFK�DSSURDFK�LV�WKDW�LW�ZLOO�XVH�WKH�VDPH�DPRXQW�
RI�GDWD�LQ�HYHU\�LPDJH�ZKHQ�VFDQQLQJ�D��'�VSDFH�UHJLRQ��WKHLU�
SURMHFWLRQV�ZLOO�DOZD\V�OLH�LQVLGH�WKH�VHOHFWHG�TXDGUDQWV���
%�� %DFN�SURMHFWLRQ�RI�TXDGUDQWV�LQ��'�VSDFH��FRQHV�

7R� REWDLQ� WKH� �'� EDFN�SURMHFWLRQ� RI� D� TXDGUDQW� LQ� DQ�
LPDJH��WKH�EDFN�SURMHFWHG�UD\�RI�HYHU\�FRUQHU�RI�WKH�TXDGUDQW�
PXVW� EH� FRPSXWHG�� DV� VKRZQ� LQ� >�@�� &RPELQLQJ� WKRVH� �� UD\�
HTXDWLRQV����SODQH�LQHTXDWLRQV�FDQ�EH�GHILQHG�VR�WKH�SL[HOV�LQ�
WKH�TXDGUDQW� DUH� WKH�SURMHFWLRQ�RI� WKH� LQQHU� YROXPH�HQFORVHG�
E\� WKH� IRXU� SODQHV�� 7KH�&HQWHU� 2I� 3URMHFWLRQ� �&23�� RI� WKH�
FDPHUD� LV� WKH� PDLQ� YHUWH[� RI� WKH� FRQH�� ZKLFK� UHVXOWV� LQ� D�
S\UDPLGDO�VKDSH�ZLWKRXW�D�EDVLV��$Q�LOOXVWUDWLRQ�RI�RQH�RI�VXFK�
FRQHV�FDQ�EH�VHHQ�LQ�)LJ�����
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&�� ,QWHUVHFWLRQ�RI�WZR�RU�PRUH�FRQHV��FRQH[HOV�
:H� GHILQH� WKH� HOHPHQWDU\� �'� VSDFH� YROXPH� �FRQH[HO�� RI�

RXU� VFDQQLQJ� JHRPHWU\� DGDSWHG� WR� LPDJHV� LQ� WKH� IROORZLQJ�
ZD\���

���&KRRVH�D�TXDGUDQW�IRU�HYHU\�DYDLODEOH�LPDJH�
���&RPSXWH�WKH�EDFN�SURMHFWHG�FRQH�IRU�HYHU\�TXDGUDQW�
���7KH� FRQH[HO� LV� WKHQ� GHILQHG� DV� WKH� LQWHUVHFWLRQ� RI� WKH�

EDFN�SURMHFWHG�FRQHV�RI�HYHU\�TXDGUDQW�
7KH�QDPH�FRQH[HO�FRPHV�IURP�³FRQH�HOHPHQW�´ � �,Q�)LJ�����

D��'�YLHZ�RI�D�FRQH[HO�REWDLQHG�DV�WKH�LQWHUVHFWLRQ�RI���FRQHV�
IURP�TXDGUDQWV�LQ���FDPHUD�LPDJHV�LV�VKRZQ��
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7KH� SURMHFWLRQ� RI� D� FRQH[HO� LQ� HYHU\� FDPHUD� FDQ� EH�

FRPSXWHG�LQ�D�IDVW�ZD\��ZLWKRXW�KDYLQJ�WR�FRPSXWH�LWV�UHDO��'�
JHRPHWU\� DQG� SURMHFW� LW� RQ� HYHU\� FDPHUD� LPDJH�� 7KLV� LV�
DFFRPSOLVKHG� E\� VHOHFWLQJ� WKH� LQQHU� ]RQH� WR� DOO� WKH� HSLSRODU�
OLQHV��UHIHU�WR�>�@��RI�WKH�FRUQHUV�RI�WKH�TXDGUDQWV�RQ�WKH�RWKHU�
FDPV� FRPSXWHG� XVLQJ� IXQGDPHQWDO� PDWULFHV�� ZKLFK� UHODWH�
SRLQWV� LQ� VRXUFH� FDPHUD� LPDJHV� ZLWK� UD\V� LQ� WDUJHW� FDPHUDV��
&KDQJLQJ� HTXDWLRQV� RI� WKH� HSLSRODU� OLQHV� E\� LQHTXDWLRQV�� ZH�
FDQ�GHILQH�WZR�LPDJH�UHJLRQV��SL[HOV�ZKLFK�OD\�LQVLGH�WKH�FRQH�
SURMHFWLRQ� DQG� SL[HOV� ZKLFK� OLH� RXWVLGH� LW�� 3L[HOV� LQVLGH� WKH�
FXUUHQW�TXDGUDQW�IRU�WKH�ZRUNLQJ�FDPHUD�PXVW�EH�FKHFNHG��DQG�
RQO\� WKRVH� ZKLFK� DOVR� OD\� LQVLGH� DOO� FRQH� SURMHFWLRQV� DUH�
VHOHFWHG�DV�SDUW�RI�WKH�SURMHFWLRQ�RI�WKH�FRQH[HO�RQ�WKH�FDPHUD�
LPDJH��

3OHDVH� QRWH� WKDW�� ZKHQ� SURMHFWLQJ� DJDLQ� WKH� FRQH[HO�
REWDLQHG� E\� FRQH� LQWHUVHFWLRQ� RQWR� WKH� FDPHUD� LPDJHV�� WKH�
SURMHFWLRQV� GR� QRW� FRPSOHWHO\� FRYHU� WKH� TXDGUDQWV� ZKLFK�
JHQHUDWHG� WKH� FRQH[HO�� 7KHUHIRUH�� WKHUH� ZLOO� VWLOO� EH� VRPH�
GLVSHUVLRQ�LQ�WKH�DPRXQW�RI�SL[HO�GDWD�XVHG�IRU�WKH�DQDO\VLV�RI�
WKH�FRQH[HO��ZKLFK�LV�QRZ�RXU�HOHPHQWDU\�VFDQQLQJ�YROXPH�LQ�
�'� VSDFH�� $Q\ZD\�� WKH� GLVSHUVLRQ� LV� H[SHFWHG� WR� EH� VPDOOHU�
WKDQ�ZLWK�WKH�UHJXODU�YR[HOL]DWLRQ�DSSURDFK��,Q�WKLV�VHQVH��RXU�
SURSRVDO� LV� EHWWHU� DGDSWHG� WR� WKH� LPDJH� GDWD�� ,Q� IDFW�� WKH�

������������������������������ �����������������������������
� �,Q�DQDORJ\�ZLWK�SL[HO�IURP�³SLFWXUH�HOHPHQW´�DQG�³YR[HO´�

IURP�³YROXPH�HOHPHQW´�

QXPEHU� RI� SL[HOV� RI� WKH� SURMHFWLRQ� RI� WKH� FRQH[HO� LQ� HDFK�
FDPHUD�YLHZ�ZLOO�UDQJH�IURP���WR�WKH�WRWDO�QXPEHU�RI�SL[HOV�LQ�
WKH� TXDGUDQW�� 7KLV� GLVSHUVLRQ� UDQJH� LV� XVXDOO\� PXFK� VPDOOHU�
WKDQ�WKH�GLVSHUVLRQ�UDQJH�ZLWK�UHJXODU�YR[HOL]DWLRQ��DV�VHHQ�LQ�
WKH�LQWURGXFWLRQ��
'�� 5HFXUVLYH�VFDQQLQJ�DOJRULWKP�

7KH� SUHVHQWHG� DSSURDFK� FDQ� EH� HDVLO\� LQWURGXFHG� LQ� D�
UHFXUVLYH� �'� VSDFH� VFDQQLQJ� DOJRULWKP��ZKLFK� SHUIRUPV� DV� D�
TXDG�WUHH�GHFRPSRVLWLRQ�DW� WKH� OHYHO�RI� WKH�SURMHFWHG� LPDJHV��
:H� UHFXUVLYHO\� GLYLGH� HDFK� TXDGUDQW� LQ� IRXU� TXDGUDQWV�
�GHSHQGLQJ� RQ� WKH� FRQVLVWHQF\� FKHFN�� DQG� ZH� FDUU\� RQ�
GLYLGLQJ�WKH�UHVXOWLQJ�TXDGUDQW�LQ�IRXU�VXE�TXDGUDQWV��)RU�HDFK�
GLYLVLRQ��WKH�UHVXOW�LV�D�QHZ�VHW�RI�FRQH[HOV�ZKLFK�DOZD\V�OLH�LQ�
WKH�SUHYLRXV�ODUJHU�RQH��7KLV�UHVXOW�FDQ�EH�XVHG�WR�VHOHFWLYHO\�
HQKDQFH� WKH� UHVROXWLRQ� RI� �'� DQDO\VLV� LQ� SODFHV� ZKHUH� LW� LV�
QHHGHG�� VXFK� DV� REMHFWV� FRQWRXUV�� ZLWKRXW� XVLQJ� WKH� KLJKHVW�
UHVROXWLRQ� LQ� SODFHV�ZKHUH� LW� LV� QRW� QHFHVVDU\��7KXV�� D� VSDFH�
VFDQQLQJ�DOJRULWKP�EDVHG�RQ�WKH�SURSRVHG�SURFHGXUH�PD\�VWDUW�
ZLWK� FRORU� FRQVLVWHQF\� FKHFNV� DW� URXJK� UHVROXWLRQ� �ODUJH�
FRQH[HOV��DQG�SURJUHVVLYHO\�UHILQH�LW�E\�UHFXUVLYH�VXEGLYLVLRQ�
RI�RQO\�WKRVH�FRQH[HOV�ZKHUH�QHHGHG��$Q�P�WUHH��>�@��LV�XVHG�
WR� VWRUH� WKH� UHVXOWV�� ,WV� LPSOHPHQWDWLRQ� LQFOXGHV� D� VHW� RI�
IXQFWLRQV�ZKLFK�DOORZ�PRYLQJ�XS��GRZQ�DQG�WR�WKH�VLGHV�LQ�LWV�
VWUXFWXUH��$V�WKH�QXPEHU�RI�FDPHUDV�PD\�YDU\�� WKH�DOJRULWKP�
SHUIRUPV� ORRSV�ZLWKRXW� KDUG�FRGLQJ� WKHP�RQ� D� IL[HG�QXPEHU�
RI� FDPHUDV�� GHILQLQJ� D� YHFWRU� WR� VWRUH� WKH� FXUUHQW� FKRVHQ�
TXDGUDQW� IRU�HYHU\�FDPHUD�DQG�D�YDULDEOH� WR�VWRUH� WKH�FXUUHQW�
FDPHUD�LQ�XVH��

7R�VXP�XS��WKH�PDLQ�UHFXUVLYH�DOJRULWKP�WR�VFDQ��'�VSDFH�
EDVHG� RQ� WKH� JHRPHWU\� GHILQHG� E\� WKH� FRQH[HOV� ZRUNV� DV�
IROORZV��

��� �6HW� WKH�FXUUHQW�FDPHUD� WR�]HUR��ILUVW�FDPHUD��DQG� WKH�
FKRVHQ�TXDGUDQW�YHFWRU�WR�DOO�]HURV��

��� ,I� WKH� FXUUHQWO\� VHOHFWHG� FDPHUD� LQGH[� LV� ODUJHU� RU�
HTXDO�WR�]HUR�JR�WR�WKH�QH[W�VWHS��LI�QRW�ILQLVK��

��� )RU�DOO�FDPHUDV�ZLWK� LQGH[�VPDOOHU� WKDQ� WKH�FXUUHQWO\�
VHOHFWHG� FDPHUD�� REWDLQ� FRQH� SURMHFWLRQV� IRU� VHOHFWHG�
TXDGUDQWV� RQ� RWKHU� FDPV� RQWR� WKH� FXUUHQWO\� VHOHFWHG�
FDPHUD� LPDJH�� DQG� FRQH� SURMHFWLRQV� IRU� WKH� FXUUHQW�
TXDGUDQW� LQ� WKH� FXUUHQWO\� VHOHFWHG� FDPHUD� RQWR� WKH�
SUHYLRXV� FDPHUD� LPDJHV�� ,I� DQ\� RI� WKH� FDPHUDV� GRHV�
QRW� KDYH� DQ\� SL[HO� EHORQJLQJ� WR� WKH� FRQH[HO�
SURMHFWLRQ�� LW� PHDQV� WKDW� QR� FRQH[HO� H[LVWV� IRU� WKH�
FXUUHQW�VHW�RI�TXDGUDQWV��,Q�WKDW�FDVH�MXPS�WR�VWHS����LI�
QRW�JR�WR�WKH�QH[W�VWHS��

��� ,I� WKH� FXUUHQWO\� VHOHFWHG� FDPHUD� LV� WKH� ODVW� DYDLODEOH�
RQH��PHDQLQJ� WKDW�D�FRQH[HO�H[LVWV� IRU�WKH�FXUUHQW�VHW�
RI� TXDGUDQWV��� FRXQW� WKH� QXPEHU� RI� SL[HOV� RI� WKH�
FRQH[HO� SURMHFWLRQ� RQ� HYHU\� FDPHUD� DQG�� LI� LW� LV�
GLIIHUHQW� IURP�]HUR��JR� WR� WKH�QH[W� VWHS�� ,Q�DQ\�RWKHU�
FDVH�VHOHFW�QH[W�FDPHUD�DQG�MXPS�WR�VWHS����

������������������������������ ������������������������������ �7KH�DYDLODEOH�TXDGUDQWV�LQ�HYHU\�FDPHUD�DUH�VWRUHG�LQ�WKH�
P�WUHH�



��� $W� WKLV� VWHS� DQ\� DQDO\VLV� IXQFWLRQ� FDQ� EH�
LPSOHPHQWHG�IRU�D�PXOWLYLHZ�FRQVLVWHQF\�FKHFN�RQ�WKH�
SURMHFWHG� SL[HOV� FRUUHVSRQGLQJ� WR� WKH� REWDLQHG� �'�
UHJLRQ�� ,Q� FDVH� WKDW� WKH� FRQVLVWHQF\� FKHFN� QHHGV� D�
KLJKHU�UHVROXWLRQ�MXPS�WR�VWHS����LI�QRW�JR�WR�WKH�QH[W�
VWHS�DIWHU�VWRULQJ�WKH�UHVXOWV�LQ�WKH�P�WUHH��

��� ,I�WKH�FXUUHQW�TXDGUDQW�LQ�WKH�FXUUHQW�FDPHUD�LV�QRW�WKH�
ODVW��LQFUHPHQW�LW��,Q�RWKHU�FDVH��VHW�LW� WR����GHFUHPHQW�
WKH� FXUUHQWO\� VHOHFWHG� FDPHUD� LQGH[� DQG� UHSHDW� WKLV�
VWHS�LI�WKH�FXUUHQW�FDPHUD�LV�ELJJHU�RU�HTXDO�WKDQ�]HUR��
)LQDOO\�MXPS�WR�VWHS����

��� 6XEGLYLGH�HDFK�TXDGUDQW� LQ�QHZ�VPDOOHU�TXDGUDQWV� LQ�
HYHU\�FDPHUD��JR�GRZQ�LQ�WKH�P�WUHH��FDOO�UHFXUVLYHO\�
WKLV� SURFHGXUH� DQG� JR� XS� LQ� WKH� P�WUHH� DJDLQ � �� 7KHQ�
MXPS�WR�VWHS����
,,,��( � ^>Ke��� M�K�����H
J 5 KDb�	�Je�Rb�H
�;� ' � b��D	�b>b�� ��� �

$V� VWDWHG� LQ� WKH� LQWURGXFWLRQ�� DQ� LPSURYHPHQW� RI� DQDO\VLV�
UHVXOWV�LV�H[SHFWHG�GXH�WR�WKH�IDFW�WKDW�WKH�SUHVHQWHG�VFDQQLQJ�
DSSURDFK� PLQLPL]HV� WKH� GLVSHUVLRQ� LQ� WKH� QXPEHU� RI� SL[HOV�
XVHG� IRU� HDFK� FRQVLVWHQF\� FKHFN� RI� DQ� HOHPHQWDU\� YROXPH�
SURMHFWHG� RQWR� WKH� GLIIHUHQW� FDPHUD� LPDJHV�� 7KLV� VHFWLRQ�
SURYLGHV�D�SURRI�RI�FRQFHSW�DLPLQJ�WR�YDOLGDWH�WR�ZKLFK�H[WHQW�
WKH� SURSRVHG� JHRPHWU\� LPSURYHV� DQDO\VLV� DSSOLFDWLRQV� LQ�
PXOWLFDPHUD�VHWWLQJV��

7KH� DSSOLFDWLRQ�ZH� KDYH� FKRVHQ� DV� D� SURRI� RI� FRQFHSW� LV�
�'�IRUHJURXQG�VHJPHQWDWLRQ��VKDSH�IURP�VLOKRXHWWH�LQ�>�@���,Q�
LWV� UHDO� XVDJH� WKH� LQSXW� GDWD� DUH� EODFN� DQG� ZKLWH� IRUHJURXQG�
VHJPHQWDWLRQ�PDVNV�REWDLQHG�E\��'�IRUHJURXQG�VHJPHQWDWLRQ�
DOJRULWKPV� �OLNH� >�@�� IURP� WKH� FDPHUD� SURMHFWLRQV�� 7KLV�
SUHVHQWV�VRPH�SUREOHPV�OLNH�PLVVHV�RU�IDOVH�GHWHFWLRQV�DQG�WKH�
SUHVHQFH� RI� QRLVH� LQ� IRUP� RI� LVRODWHG� RU� VKRUWO\� JURXSHG�
IRUHJURXQG� SL[HOV�� )RU� WKH� SURRI� RI� FRQFHSW�� ZH� KDYH�
JHQHUDWHG���VLPSOH�V\QWKHWLF�VFHQHV��$�VSKHUH�ZLWK�D�GLDPHWHU�
RI���PHWHU�JHQHUDWHG�ZLWK�����YHUWLFHV�LV�SODFHG�LQ���GLIIHUHQW�
SRVLWLRQV� LQVLGH� WKH� ZRUNLQJ� VSDFH� LQ� WKH� URRP�� 7KLV�
IRUHJURXQG� FRQVWLWXWHV� WKH� JURXQG�WUXWK�� EHFDXVH� WKH�
SURMHFWLRQV�DUH�JHQHUDWHG�WDNLQJ�LQWR�DFFRXQW�WKH�LQWULQVLF�DQG�
H[WULQVLF� SDUDPHWHUV� RI� HYHU\� FDPHUD��$Q� H[DPSOH� RI� RQH� RI�
WKHVH�LQSXW�SURMHFWLRQV�FDQ�EH�VHHQ�LQ�)LJ�����
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:H�FRPSDUH�RXU�VFDQQLQJ�DSSURDFK�IRU�WKH��'�IRUHJURXQG�
VHJPHQWDWLRQ� DOJRULWKP� ZLWK� UHJXODU� YR[HOL]DWLRQ� DV� WKH�
FRPSHWLQJ�PHWKRG��7KH�FULWHULD� WR�FRPSDUH� UHVXOWV� LV�XVLQJ�D�
YR[HO� VLGH� WKDW�� LQ�DYHUDJH��KDV�D�SURMHFWLRQ� VL]H� LQ�SL[HOV�RQ�
FDPHUD� LPDJHV� HTXDO� WR� WKH�QXPEHU�RI� SL[HOV� RI� WKH� VPDOOHVW�
TXDGUDQW�XVHG�LQ�WKH�UHFRQVWUXFWLRQ��7KH�IRUPXOD��

� �� � �� ���R�)� � ��1�D� ��� �1�6�� �� ¡�¢j£¤¡�� ¥#¦$�#�6��§[¢6��¦ ¢#��§[¨R� �#�6�� *� ¡-¢© © ª« « ¬ ¬ ­®¬ �
DOORZV�FRPSXWLQJ�DQ�HTXLYDOHQW�YR[HO�VLGH�IURP�WKH�QXPEHU�RI�
SL[HOV�ZH�ZDQW� WKH�YR[HO�WR�EH�SURMHFWHG�WR��:H�DSSUR[LPDWH�
WKH� DYHUDJH� YR[HO� SURMHFWLRQ� VL]H� LQ� SL[HOV� E\� WKH� SURMHFWLRQ�
VL]H�RI� WKH�FHQWUDO� YR[HO� LQ� WKH� VSKHUH�� DQG�FRPSXWH� WKH� � LQ�
WKH� IRUPXOD� IRU� HYHU\� VFHQH� DQG� IRU� HYHU\� FDPHUD�� 7KHQ�� DQ�
DYHUDJH� RI� � LV� FRPSXWHG� IRU� HYHU\� VFHQH� DORQJ� DOO� WKH�
DYDLODEOH�FDPHUDV�DQG��ZKHQ�VHWWLQJ�WKH�QXPEHU�RI�SL[HOV�WR����
WKH�HTXLYDOHQW�YR[HO�VLGH�LQ�DOO�VFHQHV�LV�DURXQG�����FP�VR�ZH�
WDNH���FP�DV�WKH�HTXLYDOHQW�YR[HO�VLGH��

$IWHU� SHUIRUPLQJ� WKH� DQDO\VLV�ZLWK� ERWK�PHWKRGV�� WKH� �'�
IRUHJURXQG�YROXPH�LQIRUPDWLRQ�REWDLQHG�LV�SURMHFWHG�RQ�IRU�DOO�
WKH� FDPHUDV� DQG� D� GLVWDQFH� IXQFWLRQ� ZLWK� UHJDUGV� WR� WKH�
RULJLQDO� JURXQG� WUXWK� LV� FRPSXWHG� IRU� HYHU\� DYDLODEOH� LPDJH��
7KH�GLVWDQFH�IXQFWLRQ�XVHG�LV�

GLVW� � � �DUHD� � DUHD� �� � DUHD� �UHF JW UHF JW UHF JW JW � � � ��
WKDW� LV�� WKH� QXPEHU� RI� GLIIHUHQW� SL[HOV� DPRQJ� UHFRQVWUXFWHG�
PDVNV�DQG�JURXQG�WUXWK�RQHV�GLYLGHG�E\�WKH�QXPEHU�RI�SL[HOV�
RI� WKH� JURXQG�WUXWK�� 7KH� UHVXOWV� IRU� WKH� �� VFHQHV� DQG� WKH� ��
FDPHUDV�DUH� OLVWHG� LQ�7DEOH� ,,� IRU� UHJXODU�YR[HOL]DWLRQ�DQG� LQ�
7DEOH�,,,�IRU�LPDJH�DGDSWHG�YR[HOL]DWLRQ��$�IDFWRU�RI�����KDV�
EHHQ�DSSOLHG�WR�PDNH�UHVXOWV�PRUH�HDVLO\�UHDGDEOH��

��H�I�J�KL� �2� ��a Q#W�P�VR`�N
W-X�¯�T�X>S�Veg�� ��T�SeW�° A a V²±²B�Y�X�T���N�³>S�]�P�TZ;X>\�N�]-a d�P�W-a X*V
´ s#r k r[µ ´ s#r k rR¶ ´ s#r k rR· ´ s#r k rR¸ ´ s#r k r[¹

�� #"$�#�5 �� z*� C*} z*� 9>~ z*� |�E z*� E-z z*� C*|
�� #"$�#�5 D9 z*� 9>E z*� C*| z*� |�9 z*� z�C z*� ,-C
�� #"$�#�5 
, z*� |�~ z*� |-, z*� C*| z*� 9�C z*� E�9
�� #"$�#�5 DC z*� |�9 z*� |�E z*� ,�{ z*� C�{ z*� ,*E
�� #"$�#�5 �E z*� ,�� z*� C*| z*� ,*E z*� ,*~ z*� C*z

��H�I�J�KL� � �2� ��a Q#W�P�VR`�N
W-X�¯�T�X>S�Veg�� W�T�SRW�° A a V²±²B*Y�X�T;� U
Pe³�N�� H
g�P�º�W-N-gZ;X>\�N�]-a d�P�W-a X*V
´ s#r k r[µ ´ s#r k rR¶ ´ s#r k rR· ´ s#r k rR¸ ´ s#r k r[¹

�� #"$�#�5 �� 9�� }-, 9�� E�E ,>� �69 9�� {�� 9�� E-|
�� #"$�#�5 D9 9�� E�� ��� {*E ,>� �#, 9�� {*~ 9�� ~�,
�� #"$�#�5 
, ,>� 9�{ 9�� {�z ��� ~�{ 9�� ,�z 9�� z�|
�� #"$�#�5 DC 9�� z�C ,>� �#{ 9�� E-} 9�� }�� 9�� ~��
�� #"$�#�5 �E 9�� ,�| 9�� ,�z 9�� |�| 9�� z�C 9�� E�9
�
7R� GHSLFW� WKRVH� UHVXOWV�� )LJ�� �� VKRZV� LQ� ZKLWH� SL[HO�

GLIIHUHQFHV�EHWZHHQ�WKH�JURXQG�WUXWK�LPDJH�DQG�WKH�SURMHFWLRQ�
IURP�WKH�UHFRQVWUXFWHG��'�REMHFW�IRU�WKH�ILUVW�VFHQH�SURMHFWHG�
RQ�FDPHUD��� IRU� UHJXODU�YR[HOL]DWLRQ��)LJ���� LV� WKH�HTXLYDOHQW�
IRU� LPDJH�DGDSWHG� YR[HOL]DWLRQ�� 3OHDVH� QRWH� KRZ� WKH�



GLVSHUVLRQ� LQ� WKH� DPRXQW� RI� GDWD� XVHG� IRU� DQDO\VLV� LQ� UHJXODU�
YR[HOL]DWLRQ�FDXVHV�ODUJHU�IDOVH�YROXPHV�WR�DSSHDU��
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:H�KDYH�SUHVHQWHG�D�PXOWLYLHZ�DQDO\VLV�DSSURDFK�XVLQJ�D�

�'�VSDFH�VFDQQLQJ�SURFHGXUH�ZKLFK�LV�DGDSWHG�WR�WKH�LPDJHV��
,QVWHDG� RI� H[SORULQJ� �'� VSDFH� �IURP� ZKLFK� ZH� GR� QRW� KDYH�
GLUHFW� PHDVXUHPHQWV�� EXW� RQO\� SURMHFWLRQV�� ZLWK� UHJXODU�
JHRPHWU\�� WKH� SURSRVHG� SURFHGXUH� GHILQHV� D� JHRPHWU\� EDVHG�
RQ� LPDJH�TXDGUDQWV��7KLV�DYRLGV�GLVSHUVLRQ� LQ� WKH�DPRXQW� RI�
GDWD� XVHG� IRU� WKH� FRQVLVWHQF\� FKHFN��ZKLFK� LV� D� IXQGDPHQWDO�
VWHS�WR�H[SORLW�UHGXQGDQF\�LQ�YLVXDO�DQDO\VLV�IURP�WKH�PXOWLSOH�
YLHZV��

)XUWKHUPRUH��D�UHFXUVLYH�DOJRULWKP�EDVHG�RQ�VXFK�PHWKRG�
KDV� EHHQ� LPSOHPHQWHG� DQG� SURYHQ� WR� ZRUN�� 7KH� UHVXOWV�
REWDLQHG�VKRZ� OHVV�GLVSHUVLRQ�DQG� LQFUHDVHG�VSDWLDO�SUHFLVLRQ�
ZKHQ� FRPSDUHG� ZLWK� UHJXODU� YR[HOL]DWLRQ�� DV� H[SHFWHG�
EHFDXVH�RI�WKH�EDODQFHG�XVDJH�RI�WKH�GLUHFWO\�PHDVXUHG�GDWD��

$V� D� SUREOHP�� ZH� PXVW� UHPDUN� WKDW� GLVSHUVLRQ� LQ� WKH�
DPRXQW� RI� GDWD� XVHG� LQ� DQDO\VLV� KDV� QRW� EHHQ� FRPSOHWHO\�
FDQFHOOHG�� EXW� LW� LV� PRUH� FRQWUROOHG� WKDQ� ZLWK� UHJXODU�
YR[HOL]DWLRQ�WHFKQLTXHV��

7KH�PDLQ�GLUHFWLRQV�IRU�IXWXUH�LPSURYHPHQWV�PXVW�IRFXV�LQ�
WKH� VWXG\� RI� FRQH[HOV¶� FRQQHFWLYLW\� DQG� KRZ� WR� XVH� LW� WR�
UHPRYH� LQQHU� FRQH[HOV� IURP� DQDO\VLV� UHVXOWV� LQ� FDVH�RI� QHHG��
$QRWKHU� ILHOG� RI� VWXG\� LV� WKH� VHW� RI� VLWXDWLRQV� LQ� ZKLFK�
FRQH[HOV�DUH�GHILQHG�IURP�D�VPDOOHU�QXPEHU�RI�FDPHUDV�WR�GHDO�
ZLWK�FDVHV�ZKHUH�D�FRQH[HO�LV�RQO\�YLVLEOH�LQ�D�VXEVHW�RI�DOO�WKH�
DYDLODEOH�FDPHUDV��
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