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.QRZOHGJH� RI� WKH� SRVLWLRQ� DQG� RULHQWDWLRQ� RI� �'� SODQHV� WKDW� H[LVW� LQ� D
VFHQH� LV� YHU\� LPSRUWDQW� IRU� PDQ\� PDFKLQH� YLVLRQ�EDVHG� WDVNV�� VXFK� DV
QDYLJDWLRQ�� VHOI�ORFDOL]DWLRQ� DQG� GRFNLQJ�� ,Q� WKLV� SDSHU� ZH� SUHVHQW� DQ
LWHUDWLYH�PHWKRG�IRU�UREXVWO\�FRPSXWLQJ�WKH�SODQH�SDUDPHWHUV�RXW�RI�JLYHQ
LPDJH� VHTXHQFHV��7KH� SURSRVHG�PHWKRG� GRHV� QRW� DVVXPH� NQRZOHGJH� RI
SRLQW� FRUUHVSRQGHQFHV� DFURVV� WKH� LPDJH� IUDPHV�� UHO\LQJ� RQO\� RQ� UDZ
LPDJH� GDWD�� ,WV� DSSOLFDWLRQ� LV�� WKHUHIRUH�� LQGHSHQGHQW� RI� WKH� DELOLW\� WR
UHOLDEO\� FRPSXWH� SRLQW� FRUUHVSRQGHQFHV�� 7KH� FRPSHWHQFH� WR� GHWHUPLQH
XQNQRZQ� SDUDPHWHUV� RI� WKH� �'�FDPHUD� PRWLRQ� LV� DOVR� LQKHUHQW� WR� WKH
PHWKRG�

���,QWURGXFWLRQ
0RVW� YLVLRQ�EDVHG� QDYLJDWLRQ� WDVNV� XVXDOO\� UHO\� RQ� FHUWDLQ� VFHQH� �HQYLURQPHQWDO�
IHDWXUHV��ZKLFK�SURYLGH� DGHTXDWH� LQIRUPDWLRQ� IRU� WKH� WDVN� DW� KDQG�� 3ODQDU� UHJLRQV� DUH
LPSRUWDQW�DVSHFWV�LQ�LQGRRU�ZRUNVSDFHV�DQG�DUH�IUHTXHQWO\�HPSOR\HG�LQ�PDFKLQH�YLVLRQ
SUREOHPV��7KH\�FRQVWLWXWH�YHU\�FRPPRQ�VWUXFWXUHV�LQ�PDQ�PDGH�HQYLURQPHQWV�DQG�SOD\
D� FUXFLDO� UROH� ZKHQ� GHDOLQJ� ZLWK� FHUWDLQ� WDVNV�� VXFK� DV� LQGRRU� QDYLJDWLRQ�� VHOI�
ORFDOL]DWLRQ� DQG� GRFNLQJ�� $SSOLFDWLRQV� DLPLQJ� WR� GHULYH� DQG� XVH� SODQH� SDUDPHWHUV� LQ
RUGHU�WR�DFKLHYH�VXFK�WDVNV�XVXDOO\�LQYROYH�WZR�GLVWLQFW�SKDVHV���D��VFHQH�VHJPHQWDWLRQ
WR�H[WUDFW�SODQDU�DUHDV�DQG���E��HVWLPDWLRQ�RI�SODQH�SDUDPHWHUV�IRU�WKH�DUHDV�RI�LQWHUHVW�
3URMHFWLYH� LQYDULDQWV� >���@� SURYLGH� D�PHDQV� WR� WDFNOH� WKH� IRUPHU� SKDVH��ZKLOH�� IRU� WKH
ODWWHU� SKDVH�� GHSHQGLQJ� RQ� WKH� DFWXDO� WDVN� DW� KDQGV�� YDULRXV� DSSURDFKHV� KDYH� EHHQ
SURSRVHG�WR�REWDLQ�DQDO\WLFDO�VROXWLRQV�RI�WKH�SODQH�XQNQRZQV�>�����@�
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7KH� HVWLPDWLRQ�RI� �'�SODQH�SDUDPHWHUV� LV� D� VSHFLILF� FDVH� RI� WKH� UHFRQVWUXFWLRQ
SUREOHP��7KLV� LV� GXH� WR� WKH� IDFW� WKDW� NQRZOHGJH� RI� WKH� SODQH� SRVLWLRQ� DQG� RULHQWDWLRQ
SURYLGHV�HQRXJK� LQIRUPDWLRQ� WR�GHWHUPLQH� WKH��'�FRRUGLQDWHV�RI�HDFK�SRLQW�RQ� LW��2Q
WKH� RWKHU� KDQG�� D� VROXWLRQ� WR� WKH� UHFRQVWUXFWLRQ� SUREOHP� �HVWLPDWLRQ� RI� �'� SRLQW
FRRUGLQDWHV��SURYLGHV�DOVR�WKH�H[DFW�SODQH�SDUDPHWHUV�WKURXJK�WKH�DSSOLFDWLRQ�RI�EHVW�ILW
DOJRULWKPV�

7KH�SXUVXLW�RI�DQ\�WDVN�UHJDUGLQJ�UHFRYHU\�RI��'�LQIRUPDWLRQ�XVXDOO\�LQYROYHV�
DV�D�ILUVW��XQDYRLGDEOH�VWHS��WKH�HVWDEOLVKPHQW�RI�SRLQW�FRUUHVSRQGHQFHV��(PSOR\PHQW�RI
RSWLF� IORZ� >�����@� IRU� HVWDEOLVKLQJ� ODUJH� VHWV� RI� ORZ� FRQILGHQFH� FRUUHVSRQGHQFHV� LV� D
FRPPRQ�SUDFWLFH��+RZHYHU��HUURUV�DUH�XVXDOO\� LQWURGXFHG� LQ� WKH�FRPSXWDWLRQ�RI�SRLQW
FRUUHVSRQGHQFHV�� ZKLFK� DUH� SURSDJDWHG� LQ� WKH� QH[W� VWDJHV� DIIHFWLQJ� WKH� DFFXUDF\� RI
FRPSXWDWLRQV��$GGLWLRQDOO\�� IRU�XWLOL]LQJ�HVWDEOLVKHG�SRLQW�FRUUHVSRQGHQFHV� LQ�RUGHU� WR
FRPSXWH� �'� VSDFH� FRRUGLQDWHV�� FDPHUD�PRWLRQ�PXVW� DOVR� EH� NQRZQ�� 7KH� SUREOHP� RI
H[WUDFWLQJ�FDPHUD�PRWLRQ�KDV�RIWHQ�EHHQ�DGGUHVVHG�LQ�WKH�SDVW�>��������������@�HLWKHU�DV
D�VWDQG�DORQH�SUREOHP��RU��DV�DQ�LQWHJUDWHG�VWHS�LQ��'�UHFRQVWUXFWLRQ�DSSURDFKHV�

,Q�WKLV�SDSHU�ZH�SUHVHQW�D�QRYHO��LWHUDWLYH�PHWKRG�IRU�WKH�HVWLPDWLRQ�RI��'�SODQH
SDUDPHWHUV�� EDVHG� RQ� WKH� PLQLPL]DWLRQ� RI� D� FRVW� IXQFWLRQ�� 7KH� SURSRVHG� PHWKRG�
XQOLNHO\�PRVW�NQRZQ�DSSURDFKHV��GRHV�QRW�UHO\�RQ�JLYHQ�SRLQW�FRUUHVSRQGHQFHV��UDWKHU�
LW�VWDUWV�IURP�HLWKHU�DVVXPHG�RU�HVWLPDWHG�PRWLRQ�DQG�SODQH�SDUDPHWHUV��ZKLFK�DUH�XVHG
WR� DQDO\WLFDOO\� GHULYH� SRLQW� FRUUHVSRQGHQFHV�� 7KH� LQIHUUHG� FRUUHVSRQGHQFHV� DUH
HYDOXDWHG�E\�PDSSLQJ� WKHP�RQ� WKH�RULJLQDO� LPDJHV� DQG� WKH� UHVXOWLQJ� HUURU� SHUFHQWDJH
FRQVWLWXWHV�WKH�HUURU�IXQFWLRQ�WKDW�LV�XWLOL]HG�E\�DQ�LWHUDWLYH�DOJRULWKP�WR�UHILQH�WKH�LQLWLDO
HVWLPDWHV�� 7KH� LWHUDWLYH� QDWXUH� RI� WKH� SURSRVHG� PHWKRG� SHUPLWV� WKH� GHULYDWLRQ� RI� WKH
FDPHUD�PRWLRQ�LQ�DGGLWLRQ�WR�WKH�SODQH�SDUDPHWHUV��7KLV�LV�IDFLOLWDWHG�E\�LQFOXGLQJ�LQ�WKH
HUURU��FRVW��IXQFWLRQ�WZR�WHUPV��WKH�FRVW�GXH�WR�IDOVH�HVWLPDWLRQ�RI�WKH�SODQH�SDUDPHWHUV
DQG�WKH�FRVW�GXH�WR�IDOVH�HVWLPDWLRQ�RI�WKH�FDPHUD�PRWLRQ�

:KLOH� UHO\LQJ� RQ� NQRZQ� HTXDWLRQV� IRU� WKH� FRPSXWDWLRQ� RI� �'� FRRUGLQDWHV� DQG
FDPHUD�PRWLRQ� SDUDPHWHUV�� WKH� LQQRYDWLYH� IRUPXODWLRQ� RI� WKH� SURSRVHG�PHWKRG� DV� DQ
LWHUDWLYH�DSSURDFK�IXUQLVKHV�LW�ZLWK�HQKDQFHG�SHUIRUPDQFH�DQG�UREXVWQHVV��HYHQ�LQ�FDVHV
RI� OLPLWHG� D�SULRUL� LQIRUPDWLRQ��0RUHRYHU�� WKLV� IRUPXODWLRQ� FRPSOHWHO\� HOLPLQDWHV� WKH
QHHG�IRU�D�SULRUL�HVWDEOLVKLQJ�SRLQW�FRUUHVSRQGHQFHV�DFURVV�WKH�LPDJH�IUDPHV�

$Q� LQKHUHQW� FRQVWUDLQW� LQ� PHWKRGV� WU\LQJ� WR� UHVROYH� ERWK� FDPHUD� PRWLRQ� DQG
SODQH� SDUDPHWHUV� LV� WKDW� WUDQVODWLRQ� PDJQLWXGH� DQG� SODQH� GLVWDQFH� FDQQRW� EH
VLPXOWDQHRXVO\�GHWHUPLQHG� >�@��7KLV�� VWHPV� IURP� WKH� IDFW� WKDW� RSWLFDO� VWLPXOL� UHFHLYHG
IURP�SODQHV� O\LQJ� IDU� IURP�D� IDVW�PRYLQJ� REVHUYHU� �FDPHUD�� DUH� HTXLYDOHQW� WR� VWLPXOL
UHFHLYHG� IURP�SODQHV� OD\LQJ� FORVHU� WR� D� VORZHU�PRYLQJ� REVHUYHU��$�SULRUL� NQRZOHGJH
DERXW�HLWKHU�WKH�SODQH�GLVWDQFH�RU�WKH�FDPHUD�WUDQVODWLRQ�PDJQLWXGH�LV�QHFHVVDU\�LQ�RUGHU
WR�RYHUFRPH�WKLV�DPELJXLW\�DQG�REWDLQ�XQLTXH�VROXWLRQV��,Q�SUDFWLFDO�DSSOLFDWLRQV�VXFK
NQRZOHGJH�PD\�EH�LQIHUUHG�IURP�RWKHU�VRXUFHV��VXFK�DV�WKH�PRWLRQ�HQFRGHUV�RI�D�PRELOH
SODWIRUP� RU� JLYHQ� �'� PHDVXUHPHQWV� RI� WKH� ZRUNVSDFH�� :KHQ� WKH� PDJQLWXGH� RI� WKH
WUDQVODWLRQDO�PRWLRQ� LV� QRW� DYDLODEOH�� SODQH� GLVWDQFH� LV� RQO\� LQIHUUHG� UHODWLYHO\� WR� WKLV
XQNQRZQ�PDJQLWXGH�

$�VLJQLILFDQW�DGYDQWDJH�LV�WKH�DELOLW\�WR�XWLOL]H�PRUH�WKDQ�RQH�SDLU�RI�IUDPHV�IRU
WKH�VDNH�RI�UREXVWQHVV��7KLV�LV�H[WUHPHO\�PHDQLQJIXO�LQ�FDVHV�WKDW�WKH�DGGLWLRQDO�IUDPHV
LQWURGXFH�QR�H[WUD��XQNQRZQ�SDUDPHWHUV��H�J��ZKHQ�WKH�FDPHUD�PRWLRQ�LV�FRQVWDQW���7KH
SURSRVHG�PHWKRG�ZDV�WHVWHG�H[WHQVLYHO\�DQG�\LHOGHG�YHU\�SURPLVLQJ�UHVXOWV�LQ�WKH�FDVHV
RI� UHDO� DQG�DUWLILFLDO� LQGRRU� VHTXHQFHV�� ,Q�RUGHU� WR� HYDOXDWH� WKH� UHVXOWV�� D� FRPSDUDWLYH
WHVW�DJDLQVW�WKH�ZHOO�NQRZQ�PHWKRG�RI�WKH�IORZ�PDWUL[�>�@�LV�DOVR�SUHVHQWHG�
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ZKHUH�I��LV�WKH�FDPHUD�IRFDO�OHQJWK�

����0HWKRG�)RUPXODWLRQ

(DFK�SRLQW�3� OD\LQJ�RQ�D�SODQH��ZLOO� VDWLVI\�D�SODQH�HTXDWLRQ�� WKDW��ZLWK� UHVSHFW� WR� WKH
FRRUGLQDWH�V\VWHP�RI�F���KDV�WKH�JHQHUDO�IRUP�RI�

����������� ==+++ FEDGF=E<D; WWW ���

ZKHUH���D��E��F��GHQRWHV� WKH�SODQH�QRUPDO�DQG�G� WKH�GLVWDQFH�IURP�WKH�RULJLQ��RSWLFDO
FHQWHU� RI� F���� %\� VXEVWLWXWLQJ� RQ� WKH� DERYH� SODQH� HTXDWLRQ� �'� FRRUGLQDWHV� ZLWK
FRUUHVSRQGLQJ��'�SURMHFWLRQ�FRRUGLQDWHV�IURP�HT�������ZH�REWDLQ�
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(TXDWLRQV� ���� DQG� ����� LQGLFDWH� WKDW� NQRZOHGJH�RI� WKH� UHODWLYH�SRVLWLRQV� RI� WKH
WZR� FDPHUDV� DQG� WKH� SODQH� SDUDPHWHUV� SURYLGHV� HQRXJK� LQIRUPDWLRQ� WR� DQDO\WLFDOO\
FRPSXWH�SRLQW�FRUUHVSRQGHQFHV�IRU�HDFK�SODQH�SRLQW�SURMHFWHG�RQ�WKH�LPDJH�SODQHV�

,W� LV� D� VWUDLJKWIRUZDUG� WDVN� WR� WHVW� WKH� DFFXUDF\� RI� FDOFXODWHG� SRLQW
FRUUHVSRQGHQFHV�� MXVW� E\� PDSSLQJ� HDFK� FRXSOH� RI� LPSOLHG� LPDJH� FRRUGLQDWHV� RQ� WKH
RULJLQDO�LPDJHV�DQG�FKHFNLQJ�ZKHWKHU�WKHLU�UHVSHFWLYH�LQWHQVLW\�YDOXHV�PDWFK��6LQFH�WKH
DFFXUDF\� RI� WKH� FDOFXODWHG� LPDJH� SRLQWV� LV� KHDYLO\� GHSHQGHG� RQ� WKH� DFFXUDF\� RI� WKH
DVVXPSWLRQV�PDGH�DERXW�WKH�FDPHUD�PRWLRQ�DQG�WKH�SODQH�HTXDWLRQ��WKH�DERYH�WHFKQLTXH
SURYLGHV� D� PHDQV� IRU� HDVLO\� HYDOXDWLQJ� WKH� FRUUHFWQHVV� RI� DOO� SDUDPHWHUV� LQYROYHG�
$VVXPSWLRQV� IDU� DZD\� IURP� WKH� FRUUHFW� RQHV� JLYH� ULVH� WR� HUURQHRXV� SRLQW
FRUUHVSRQGHQFHV�DQG��KHQFH�� OHDG� WR�YHU\� VPDOO�QXPEHU�RI�YHULILHG�SRLQW�PDWFKHV��$V
WKH�DVVXPSWLRQV�EHFRPH�EHWWHU��WKH�QXPEHU�RI�FRUUHFWO\�PDWFKHG�SRLQWV�ZLOO�HYHQWXDOO\
LQFUHDVH�

7KLV�LQIHUHQFH�IRUPV�WKH�EDVLV�IRU�GHYLVLQJ�DQ�LWHUDWLYH�DOJRULWKP�IRU�FRPSXWLQJ
WKH�SODQH�SDUDPHWHUV�DQG�WKH�FDPHUD�PRWLRQ�






,WHUDWLYH�$OJRULWKP
&RPSXWDWLRQ�RI��'�SODQH�SDUDPHWHUV�DQG�FDPHUD�PRWLRQ�SDUDPHWHUV�

6WHS�L�� ,QLWLDOLVDWLRQ� RI� WKH� �XQNQRZQ�� SODQH� SDUDPHWHUV� D�E�F�G�� DQG� � WKH� FDPHUD
PRWLRQ�SDUDPHWHUV��,QLWLDOLVDWLRQ�RI�HSRFK�QXPEHU�WR�]HUR�
6WHS�LL� ,QFUHDVH�HSRFK�QXPEHU�
6WHS�LLL� )RU�HDFK�RI�WKH�XQNQRZQ�SDUDPHWHUV�UHSHDW�

 � &DOFXODWH�SRLQW�FRUUHVSRQGHQFHV�XVLQJ�HTV������DQG������
 � (YDOXDWH�WKH�SRLQW�FRUUHVSRQGHQFHV�E\�EDFNSURMHFWLQJ�WKHP�RQ�WKH�LPDJH�SODQH

DQG� PDWFKLQJ� WKHP� ZLWK� WKH� RULJLQDO� LPDJH� GDWD�� ([WUDFW� WKH� HUURU� DV� WKH
SHUFHQWDJH�RI�XQPDWFKHG�SRLQWV�

 � &KDQJH�WKH�FXUUHQW�SDUDPHWHU�WRZDUGV�WKH�GLUHFWLRQ�WKDW�PLQLPL]HV�WKH�HUURU�
6WHS�LY� ,I�QR�SDUDPHWHUV�KDYH�FKDQJHG�LQ�VWHS�LLL�WKHQ�H[LW��2WKHUZLVH��JRWR�VWHS�LL�

3RLQW� PDWFKLQJ�� QHHGHG� LQ� VWHS� LLL� RI� WKH� DOJRULWKP�� LV� SHUIRUPHG� E\� D
FRUUHODWLRQ� SURFHGXUH� LQ� D� VPDOO� QHLJKERXUKRRG�� )RU� LPSOHPHQWLQJ� WKH� LWHUDWLYH
DOJRULWKP�D� VLPXODWHG� DQQHDOLQJ� OLNH� VFKHPH�ZDV� FKRVHQ��:KLOH� HOLPLQDWLQJ� WKH� QHHG
IRU� FRPSXWDWLRQ� RI� HUURU�VSDFH� JUDGLHQWV�� LWV� SUREDELOLVWLF� QDWXUH� HQVXUHV� FRQYHUJHQFH
HYHQ�LQ�FDVHV�WKDW�ORFDO�HUURU�PLQLPD�PD\�EH�UHDFKHG�GXULQJ�WKH�LWHUDWLYH�SURFHVV��7KLV
KDV�DOVR�EHHQ�YHULILHG�WKURXJK�H[WHQVLYH�H[SHULPHQWDWLRQ��LQ�DOO�FDVHV�WKH�DOJRULWKP�ZDV
DEOH�WR�UDSLGO\�FRQYHUJH�WR�WKH�FRUUHFW�VHW�RI�SDUDPHWHUV��VHH�DOVR�QH[W�VHFWLRQ��

:KHQ� PRUH� WKDQ� WZR� LPDJH� IUDPHV� DUH� DYDLODEOH�� VOLJKW� PRGLILFDWLRQV� WR� WKH
DERYH�DOJRULWKP�FDQ�EH�PDGH�LQ�RUGHU�WR�XWLOL]H�WKH�H[WUD�LQIRUPDWLRQ��7KLV�LV�H[WUHPHO\
PHDQLQJIXO�LQ�FDVHV�WKDW�WKH�DGGLWLRQDO�IUDPHV�LQWURGXFH�QR�H[WUD��XQNQRZQ�SDUDPHWHUV
�H�J��ZKHQ�WKH�FDPHUD�PRWLRQ�LV�FRQVWDQW��

��([SHULPHQWDO�5HVXOWV
7KH�SURSRVHG�PHWKRG�ZDV� WHVWHG�H[WHQVLYHO\�ZLWK�DUWLILFLDO�DQG� UHDO� LPDJH�VHTXHQFHV�
6DPSOH� UHVXOWV� IURP� WKHVH� H[SHULPHQWV� DUH� SUHVHQWHG� KHUH� WKDW� GHPRQVWUDWH� WKH
HIIHFWLYHQHVV�RI�WKH�SURSRVHG�PHWKRG��$V�PHQWLRQHG�HDUOLHU��WKHUH�LV�DOZD\V�DQ�LQKHUHQW
DPELJXLW\�EHWZHHQ�WKH�FDPHUD�WUDQVODWLRQ�PDJQLWXGH�DQG�WKH�GLVWDQFH�RI�WKH�SODQH��7R
FRSH� ZLWK� WKDW�� DYDLODEOH� JURXQG� WUXWK� IRU� WKH� FDPHUD� WUDQVODWLRQ� PDJQLWXGH� ZDV
HPSOR\HG�LQ�RXU�H[SHULPHQWV�

����$UWLILFLDO�'DWD

)LJXUH���VKRZV�WZR�FRQVHFXWLYH�IUDPHV�RI�DQ�DUWLILFLDO�VHTXHQFH�RI�D�WH[WXUHG�ZDOO�WKDW
KDV�EHHQ�HPSOR\HG�LQ�RXU�H[SHULPHQWV��JURXQG�WUXWK�LV�DYDLODEOH�IRU�WKLV�VHTXHQFH�DQG
KHQFH� LW� FDQ�EH�XVHG� IRU� H[SHULPHQWDO�YHULILFDWLRQ��7KH� FDPHUD� LV� LQLWLDOO\�SODFHG�DW� D
GLVWDQFH�RI�����XQLWV�IURP�WKH�ZDOO�DQG�IDFHV�LW�ZLWK�DQ�DQJOH�RI���R��7KH�FDPHUD�PRWLRQ
FRQVLVWV�RI�D�WUDQVODWLRQ�RI����XQLWV�WRZDUGV�WKH�GLUHFWLRQ�RI�LWV�RSWLFDO�D[LV��]�D[LV��DQG
D�URWDWLRQ�RI��R�DURXQG�LWV�YHUWLFDO�D[LV��\�D[LV��

)LJXUH� �� VKRZV� WKH� HVWLPDWLRQ� RI� WKH� SODQH� DQG�PRWLRQ� SDUDPHWHUV� GXULQJ� WKH
LWHUDWLYH�SURFHVV��1R�D�SULRUL�NQRZOHGJH�ZDV�XVHG�WR�LQLWLDOLVH�WKH�DOJRULWKP��WKH�LQLWLDO
HVWLPDWHV� ZHUH� FKRVHQ� UDQGRPO\��� $V� FDQ� EH� REVHUYHG�� WKH� DOJRULWKP� VXFFHHGHG� LQ
UHDFKLQJ�WKH�FRUUHFW�YDOXHV�LQ�OHVV�WKDQ�WZHQW\�LWHUDWLRQV�






)LJXUH� ��� 7ZR� IUDPHV� RI� DQ� DUWLILFLDO� VHTXHQFH� XVHG� WR� GHPRQVWUDWH� WKH
RSHUDWLRQ�RI�WKH�SURSRVHG�PHWKRG�

DQJOH

�D�

GLVWDQFH

� �

�E�

�F�
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G [
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�G�

)LJXUH����7KH�HVWLPDWLRQ�RI� WKH�SODQH�DQG�PRWLRQ�SDUDPHWHUV�GXULQJ� WKH
LWHUDWLYH�SURFHVV���D��WKH�RULHQWDWLRQ�DQG�WKH�GLVWDQFH�RI�WKH�SODQH���E��WKH
FDPHUD�WUDQVODWLRQDO�PRWLRQ���F��WKH�FDPHUD�URWDWLRQDO�PRWLRQ��DQG��G��WKH
HUURU� IXQFWLRQ�� 'LVWDQFHV� DUH� H[SUHVVHG� LQ� ZRUOG� XQLWV�� $QJOHV� DQG
2ULHQWDWLRQV�DUH�H[SUHVVHG�LQ�GHJUHHV�






����5HDO�'DWD

)RU� HYDOXDWLQJ� WKH� SHUIRUPDQFH� RI� WKH� SURSRVHG�PHWKRG�ZLWK� UHDO� GDWD��ZH� XVHG� IRXU
IUDPHV�RI�WKH�ZHOO�NQRZQ�FRFD�FROD�VHTXHQFH��)LJXUH�����,Q�WKLV�VHTXHQFH�WKH�FDPHUD�LV
WUDQVODWLQJ� ZLWK� D� FRQVWDQW� YHORFLW\� LQ� WKH� GLUHFWLRQ� RI� LWV� RSWLFDO� D[LV�� *URXQG� WUXWK
FRQFHUQLQJ� ERWK� WKH� PRWLRQ� DQG� WKH� FDPHUD� SDUDPHWHUV� LV� DYDLODEOH�� EXW� QRW� IRU� WKH
LPDJHG�VFHQH��GHSWK�RI�LPDJH�SRLQWV��

7ZR� GLIIHUHQW� SODQHV� DSSHDULQJ� LQ� WKH� VHTXHQFH� ZKHUH� FKRVHQ�� �D�� WKH� SODQH
GHILQHG�E\� WKH�EDFNJURXQG�ZDOO�� DQG� �E�� WKH�SODQH�GHILQHG�E\� WKH� WDEOH��7KHVH�SODQHV
ZHUH�PRGHOHG� LQ�RXU�H[SHULPHQWV�E\�FRQVWUDLQLQJ� WKH�DOJRULWKPV� WR� UHFWDQJXODU� DUHDV�
PDQXDOO\�SODFHG�RQ�WKH�LPDJHG�VFHQH��7KH�SODQH�RI�WKH�EDFNJURXQG�ZDOO�ZDV�PRGHOHG
E\�WZR�UHFWDQJOHV��DV�VKRZQ�LQ�WKH�OHIW�LPDJH��FDVH�D��RI�)LJXUH����7KH�SODQH�RI�WKH�WDEOH
ZDV� PRGHOHG� E\� RQH� UHFWDQJOH�� DV� VKRZQ� LQ� WKH� ULJKW� LPDJH� �FDVH� E�� RI� )LJXUH� ��
6WDUWLQJ� IURP� UDQGRP� LQLWLDO� HVWLPDWHV�� WKH� SURSRVHG� PHWKRG� TXLFNO\� FRQYHUJHG� WR
YDOXHV�FRQVLVWHQW�ZLWK�WKH�JURXQG�WUXWK�SURYLGHG��LQ�FDVH�RI�WKH�FDPHUD�PRWLRQ��DQG�RXU
YLVXDO�SHUFHSWLRQ��LQ�FDVH�RI�WKH�SODQH�SDUDPHWHUV���7KH�UHVXOWV�DUH�VXPPDUL]HG�LQ�7DEOH
��

&DVH� D�� � 7KH� DUHD� RI� WKH� EDFNJURXQG
ZDOO�ZDV�PRGHOHG�XVLQJ�WZR�UHFWDQJXODU
DUHDV� LQ� WKH� OHIW� VLGH� RI� WKH� LPDJHG
VFHQH�

&DVH� E�� 7KH� VXUIDFH� RI� WKH� WDEOH� ZDV
PRGHOHG�XVLQJ�D�UHFWDQJXODU�DUHD�LQ�WKH
ERWWRP�ULJKW�RI�WKH�LPDJHG�VFHQH�

)LJXUH� ��� 7KH� VHDUFK� DUHDV� IRU� DSSO\LQJ� ERWK�PHWKRGV� LQ� WKH� FRFD�FROD
VHTXHQFH�

7DEOH����5HVXOWV�IRU�WKH�FRFD�FROD�VHTXHQFH�
FDVH�D FDVH�E

3ODQH�RULHQWDWLRQ SHUSHQGLFXODU�WR�WKH
FDPHUD�]�D[LV

3HUSHQGLFXODU�WR�WKH
FDPHUD�\�D[LV

3ODQH�GLVWDQFH ¡����SL[HOV ¡���SL[HOV






,Q� DGGLWLRQ� WR� WKH� DERYH� VHTXHQFH�� UHVXOWV� IURP� D� UHDO� VHTXHQFH� �)LJXUH� ���
DFTXLUHG� LQ� D� FRUULGRU� RXWVLGH� RXU� ODERUDWRU\�� DUH� SURYLGHG�� ,Q� WKLV� H[SHULPHQW� WKH
FDPHUD�D[LV�ZDV�IRUPLQJ�DQ�DQJOH�RI���R�ZLWK�WKH�ZDOO�ZKLOH�WUDQVODWLQJ�LQ�D�GLUHFWLRQ
SDUDOOHO� WR� LW�� 'HVSLWH� WKH� ODFN� RI� DFFXUDWH� NQRZOHGJH� RI� WKH� FDPHUD� SDUDPHWHUV�� WKH
UHVXOWV�ZHUH�TXLWH�DFFXUDWH�DQG�DUH�LOOXVWUDWHG�LQ�7DEOH��

)LJXUH����7ZR�IUDPHV�RI�D�UHDO�VFHQH�GHSLFWLQJ�D�ZDOO��ZKLOH�WKH�FDPHUD�LV
WUDQVODWLQJ�LQ�D�GLUHFWLRQ�SDUDOOHO�WR�WKH�ZDOO�

7DEOH����5HVXOWV�IRU�WKH�ZDOO�VHTXHQFH�

3ODQH�RULHQWDWLRQ ¡���R

3ODQH�GLVWDQFH ¡����FP�������SL[HOV�SHU�FP

&DPHUD�0RWLRQ ¡����FP�WUDQVODWLRQ�SDUDOOHO�WR�WKH�ZDOO

����&RPSDUDWLYH�WHVW

)LQDOO\�� D� FRPSDUDWLYH� WHVW� ZLWK� WKH� ZHOO�NQRZQ� PHWKRG� RI� WKH� IORZ� PDWUL[� >�@� ZDV
SHUIRUPHG�� 7KH� IUDPHVHWV� XVHG� ZHUH� DUWLILFLDO�� GHSLFWLQJ� WKH� ZDOO� VKRZQ� LQ� )LJXUH� �
IURP�YDULRXV�SRVLWLRQV�DQG�GLUHFWLRQV�DQG�ZLWK�YDU\LQJ�FDPHUD�PRWLRQ��7KH�UHVXOWV�DUH
VXPPDUL]HG�LQ�7DEOH���






7DEOH����&RPSDUDWLYH�UHVXOWV�IRU�SODQH�GHWHFWLRQ�PHWKRGV�
5HDO�SODQH�SDUDPHWHUV LWHUDWLYH�PHWKRG )ORZ�PDWUL[��PHWKRG
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7KH� UHVXOWV� LQ� 7DEOH� �� DUH� RQO\� LQGLFDWLYH� RI� WKH� DELOLW\� RI� RXU� PHWKRG� WR
FRQYHUJH� WR� FRUUHFW� SDUDPHWHUV�� 7KH� DFFXUDF\� RI� WKH� LWHUDWLYH� DOJRULWKP� FDQ�� LQ�PRVW
FDVHV�� EH� WXQHG� WR� EH� PRUH� DFFXUDWH� E\� FKRRVLQJ� DSSURSULDWH� WKUHVKROGV�� RU�� MXVW� E\
OHWWLQJ�WKH�DOJRULWKP�SHUIRUP�PRUH�LWHUDWLRQV��$V�FDQ�EH�REVHUYHG�IURP�WKH�DERYH�WDEOH�
ERWK�PHWKRGV�SHUIRUPHG�ZHOO� LQ� WKH�FDVHV�ZKHUH� WKH�PDJQLWXGH�RI� WKH�FDPHUD�PRWLRQ
ZDV�UHODWLYHO\�VPDOO��$V�WKH�FDPHUD�PRWLRQ��DQG�HVSHFLDOO\�URWDWLRQ��ZDV�JURZLQJ�ODUJHU�
WKH�IORZ�PDWUL[�PHWKRG�IDLOHG� WR�JLYH�DFFXUDWH� UHVXOWV��7KLV� IDLOXUH�RI� WKH� IORZ�PDWUL[
PHWKRG�PD\� EH� H[SODLQHG� E\� WKH� IDFW� WKDW� LW� HPSOR\V� WKH� VLPSOLILHG� HTXDWLRQV� JLYLQJ
LQVWDQW�PRWLRQ�HVWLPDWLRQV��LQVWHDG�RI�WKH�IXOO�URWDWLRQ�PDWUL[�H[SUHVVLRQV�HPSOR\HG�E\
WKH�SURSRVHG�PHWKRG��0RUHRYHU��WKH�LWHUDWLYH�QDWXUH�RI�RXU�PHWKRG�IDFLOLWDWHV�FRQYHUJH
WR� WKH� DFWXDO� SDUDPHWHU� YDOXHV�� HYHQ� LQ� FDVHV� ZKHUH� WKH� LQLWLDO� HVWLPDWHV� DUH� UDWKHU
LQDFFXUDWH�

��'LVFXVVLRQ
,Q�WKLV�SDSHU�D�QHZ��LWHUDWLYH�PHWKRG�IRU�SODQH�SDUDPHWHU�HVWLPDWLRQ�KDV�EHHQ�SURSRVHG�
7KH� PHWKRG� VWDUWV� IURP� NQRZQ� UHODWLRQV� GHVFULELQJ� WKH� FDPHUD� PRWLRQ� DQG� LQGXFHG
PRWLRQ�RQ� WKH� LPDJH�SODQH�DQG�SUHVHQWV�D�QRYHO� IRUPXODWLRQ�DV�DQ� LWHUDWLYH�SURFHGXUH






WKDW� UHVXOWV� LQ� DQ� HIIHFWLYH� FRPSXWDWLRQDO� LPSOHPHQWDWLRQ�� 7KH� SURSRVHG�PHWKRG�ZDV
WHVWHG� H[WHQVLYHO\� DQG� \LHOGHG� YHU\� JRRG� UHVXOWV� IRU� ERWK� DUWLILFLDO� DQG� UHDO� LPDJH
VHTXHQFHV�

$FFRUGLQJ� WR� WKH� SURSRVHG� PHWKRG�� SRLQW� FRUUHVSRQGHQFHV� DUH� DQDO\WLFDOO\
FRPSXWHG� IURP� HVWLPDWHG� SODQH� DQG�PRWLRQ� SDUDPHWHUV�� 7KLV� DSSURDFK� GHYLDWHV� IURP
H[LVWLQJ�RQHV��LQ�WKDW��WKH�SUREOHP�LV�DVVXPHG�FRPSOHWHO\�UHYHUVHG��VWDUWLQJ�IURP�ZKDW�
XVXDOO\��LV�ZKDW�ZH�VHHN�IRU��+HQFH��QR�D�SULRUL�SRLQW�FRUUHVSRQGHQFHV�DUH�UHTXLUHG�DQG
WKH�PHWKRG�FDQ�EH�DSSOLHG�GLUHFWO\�WR�UDZ�LPDJH�GDWD�

7KH�LWHUDWLYH���VLPXODWHG�DQQHDOLQJ�OLNH���QDWXUH�RI�WKH�PHWKRG�IXUQLVKHV�LW�ZLWK
WKH� DELOLW\� WR� DFKLHYH� FRQYHUJHQFH� HYHQ� LI� WKH� LQLWLDO� DVVXPSWLRQV� DUH� IDU� IURP� WKH
FRUUHFW� YDOXHV�� DQG�� DW� WKH� VDPH� WLPH�� WR� SURYLGH� UREXVWQHVV� QRW� HDVLO\� VHHQ� LQ
VWUDLJKWIRUZDUG�� HTXDWLRQ�UHYHUVLRQ� PHWKRGV�� 7KH� H[SHULPHQWDO� UHVXOWV� REWDLQHG� KDYH
GHPRQVWUDWHG�WKDW�LWHUDWLYH�DSSURDFKHV�DUH�DSSOLFDEOH�IRU�SODQH�SDUDPHWHU�HVWLPDWLRQ��,Q
H[SHQVH� RI� VLPSOLFLW\�� PRUH� VRSKLVWLFDWHG� LWHUDWLYH� DOJRULWKPV� FRXOG� EH� GHVLJQHG� LQ
RUGHU�WR�DFKLHYH�HYHQ�IDVWHU�FRQYHUJHQFH�

5HIHUHQFHV
��� .DQDWDQL��.��*HRPHWULF�&RPSXWDWLRQ�IRU�0DFKLQH�9LVLRQ��2[IRUG�8QLYHUVLW\�3UHVV�

<HZ�<RUN�������
��� 'HY�� $��� .URVH�� %��� *URHQ�� )�� 1DYLJDWLRQ� RI� D� PRELOH� URERW� RQ� WKH� WHPSRUDO

GHYHORSPHQW�RI�WKH�RSWLF�IORZ��3URFHHGLQJV�,526
����,(((���SS����������������
��� 6DQWRV�9LFWRU��-���6DQGLQL��*���*XURWWR��)���*DULEDOGL��6��'LYHUJHQW�VWHUHR� LQ�DXWR�

QRPRXV�QDYLJDWLRQ��)URP�EHHV�WR�URERWV��,QW��-��&RPS���9LVLRQ��������������������
��� 6LSROD�� 5��� %X[WRQ�� +�� 6XUIDFH� RULHQWDWLRQ� DQG� WLPH� WR� FRQWDFW� IURP� LPDJH

GLYHUJHQFH� DQG� GHIRUPDWLRQ�� 3URF�� �QG� (XURS�� &RQI�� &RPSXWHU�� 9LVLRQ��� /LJXUH�
,WDO\��SS����������������

��� 6LQFODLU�'���%ODNH��$��4XDQWLWLYH�SODQDU� UHJLRQ�GHWHFWLRQ�� ,QWHUQDWLRQDO� -RXUQDO�RI
&RPSXWHU�9LVLRQ���������������������

��� .DQDWDQL�� .�� &RPSXWDWLRQDO� FURVV� UDWLR� IRU� FRPSXWHU� YLVLRQ�� &9*,3� �� ,PDJH
8QGHUVWXQGLQJ�YRO������QR�������������������

��� %DURQ�� -�� /��� )OHHW�� '�� -��� %HDXFKHPLQ�� 6�� 6�� 3HUIRUPDQFH� RI� RSWLFDO� IORZ
WHFKQLTXHV��,QWHUQDWLRQDO�-RXUQDO�RI�&RPSXWHU�9LVLRQ��������������������

��� %X[WRQ��%���%ODNH��$��&RPSXWDWLRQ�RI�RSWLF�IORZ�IURP�WKH�PRWLRQ�RI�HGJH�IHDWXUHV
LQ�LPDJH�VHTXHQFHV��,PDJH�9LV��&RPSXW���������������

��� 6LPRQFHOOL�� (�3��� $GHOVRQ�� (�%��� +HHJHU�� '�-�� 3UREDELOLW\� GLVWULEXWLRQV� RI� RSWLFDO
IORZ��,(((�&RQI��&RPSXWHU�9LVLRQ�DQG�3DWWHUQ�5HFRJQLWLRQ��0DXLL��+DZDLL�������

���� /RQJXHW�+LJJLQV�+�&��$�FRPSXWHU�DOJRULWKP�IRU�UHFRQVWUXFWLQJ�D�VFHQH�IURP�WZR
SURMHFWLRQV��1DWXUH�����������SS���������������

���� %URXFH�� $�5��� +RUQ�� %�.��� 3DVVLYH� 1DYLJDWLRQ�� &RPSXWHU� *UDSKLFV� DQG� ,PDJH
3URFHVVLQJ������SS�������������

���� 1HJDKGDULSRXU��6���/HH��6��0RWLRQ�UHFRYHU\�IURP�LPDJH�VHTXHQFHV�XVLQJ�RQO\�ILUVW
RUGHU�RSWLF�IORZ�LQIRUPDWLRQ��,QW��-��&RPSXWHU�9LVLRQ�����������������������

���� +XDQJ��7�6���1HWUDYDOL��$��0RWLRQ�DQG�6WUXFWXUH�IURP�)HDWXUH�&RUUHVSRQGHQFHV��$
UHYLHZ��3URFHHGLQJV�RI�WKH�,(((��YRO������QR�����)HEUXDU\������

����:HQG�� -��� +XDQJ�� 7�6�� 1HUHQGUD� $KXMD�� 0RWLRQ� DQG� 6WUXFWXUH� IURP� 7ZR
3HUVSHFWLYH�9LHZV��$OJRULWKP��(UURU�$QDO\VLV��DQG�(UURU�(VWLPDWLRQ�� ,(((�7UDQV�
RQ�3DWWHUQ�$QDO\VLV�DQG�0DFKLQH�,QWHOOLJHQFH��YRO������QR�����0D\�����





