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Abstract 

0XOWL-YLHZ�FOXVWHULQJ�KDV�EHFRPH�D�KRW�\HW�FKDOOHQJLQJ�WRSLF��GXH�PDLQO\�WR�WKH�LQGHSHQGHQFH�RI�DQG�

LQIRUPDWLRQ� FRPSOHPHQWDULW\� EHWZHHQ�GLIIHUHQW� YLHZV��$OWKRXJK� JRRG� UHVXOWV� DUH� DFKLHYHG� WR� D� FHUWDLQ�

H[WHQW� IURP� W\SLFDO� PHWKRGV� LQFOXGLQJ� PXOWL-YLHZ� EDVHG� ݇ -PHDQV� FOXVWHULQJ�� VSDUVH� FRRSHUDWLYH�

UHSUHVHQWDWLRQ�FOXVWHULQJ�DQG�VXEVSDFH�FOXVWHULQJ��WKH\�VWLOO�VXIIHU�IURP�VHYHUDO�GUDZEDFNV�RU�OLPLWDWLRQV��

����:KHQ�HDFK�YLHZ�LV�VSDUVH�GHFRPSRVHG��LW�VWLOO�FRQWDLQV�VRPH�KLGGHQ�LQIRUPDWLRQ�IRU�PLQLQJ��VXFK�DV�

WKH�VWUXFWXUH�RI�VDPSOHV��WKH�LQWUD-FODVV�VLPLODULW\�PHDVXUH��DQG�WKH�LQWHU-FODVV�GLYHUVLW\�GLVFULPLQDWLRQ��HWF��

����0RVW�RI�WKH�H[LVWLQJ�PXOWL-YLHZ�PHWKRGV�RQO\�FRQVLGHU�WKH�ORFDO�IHDWXUHV�ZLWKLQ�HDFK�YLHZ��EXW�IDLO�WR�

HIIHFWLYHO\� EDODQFH� WKH� LPSRUWDQFH� RI� DQG� FRPELQH� LQIRUPDWLRQ� DPRQJ� GLIIHUHQW� YLHZV� LQ� D� GLYHUVLILHG�

ZD\�� 7R� WDFNOH� WKHVH� LVVXHV�� ZH� SURSRVH� D� QRYHO�PXOWL-YLHZ� GLYHUVLW\� OHDUQLQJ�PRGHO� EDVHG� RQ� UREXVW�

ELOLQHDU� HUURU� GHFRPSRVLWLRQ� �%('���7KH�%('� WHUP�ZLWK� D� ORZ� UDQN� VSDUVH� FRQVWUDLQW� LV� DQ� LPSURYHG�

QRQ-QHJDWLYH�PDWUL[� IDFWRUL]DWLRQ� �10)���ZKLFK� LV� XVHG� WR� H[WUDFW� WKH� KLGGHQ� VWUXFWXUH� LQIRUPDWLRQ� LQ�

VSDUVH�GHFRPSRVLWLRQ�DQG�XVHIXO�GLYHUVLW\�GLVFULPLQDWLRQ�LQIRUPDWLRQ�LQ�HUURU�PDWUL[��7KH�SUHVHUYDWLRQ�RI�

ORFDO� IHDWXUHV� DQG� VHOHFWLRQ� RI� LPSRUWDQW� YLHZV� DUH� DFKLHYHG� E\� DGDSWLYH�ZHLJKWHG�PDQLIROG� OHDUQLQJ��

)XUWKHUPRUH��WKH�+LOEHUW�6FKPLGW�LQGHSHQGHQFH�FULWHULRQ�LV�XVHG�DV�D�GLYHUVLW\�OHDUQLQJ�WHUP�IRU�PXWXDO�

OHDUQLQJ� DQG� IXVLRQ� DPRQJ� YLHZV�� )LQDOO\�� WKH� SURSRVHG� UREXVW� ORZ-UDQN�PXOWL-YLHZ� GLYHUVLW\� OHDUQLQJ�

VSHFWUDO� FOXVWHULQJ� PHWKRG� LV� HYDOXDWHG� DQG� EHQFKPDUNHG� ZLWK� HLJKW� VWDWH-RI-WKH-DUW� PHWKRGV��

0DQXVFULSW�&KDQJHV�PDUNHG� &OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV
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([SHULPHQWV�LQ�VL[�UHDO�GDWDVHWV�KDYH�IXOO\�YDOLGDWHG�WKH�VLJQLILFDQWO\�LPSURYHG�DFFXUDF\�DQG�HIILFLHQF\�RI�

WKH�SURSRVHG�PHWKRGRORJ\�IRU�HIIHFWLYH�FOXVWHULQJ�RI�PXOWL-YLHZ�LPDJHV��  

.H\ZRUGV�� /RZ-UDQN� 5HSUHVHQWDWLRQ� �/55��� 0XOWL-YLHZ� 6XEVSDFH� &OXVWHULQJ� �096&��� +LOEHUW�

6FKPLGW�,QGHSHQGHQFH�&ULWHULRQ��+6,&���1RQ-QHJDWLYH�0DWUL[�)DFWRUL]DWLRQ��10)���$GDSWLYH-:HLJKWLQJ�

0DQLIROG�/HDUQLQJ��$:0/�� 

1 Introduction 

:LWK� WKH� UDSLG� GHYHORSPHQW� RI� LQIRUPDWLRQ� WHFKQRORJ\�� LW� LV� GLIILFXOW� WR�PHHW� LQFUHDVLQJ� GHPDQGV�

ZLWK� VROHO\� VLQJOH-YLHZ� GDWD� FOXVWHULQJ�PHWKRGV� EDVHG� RQ� FOXVWHULQJ� GDWD� IURP� D� VLQJXODU� SHUVSHFWLYH��

HVSHFLDOO\� LQ� DQDO\]LQJ� GDWDVHWV� ZLWK� FRPSOH[� UHODWLRQVKLSV� >�@�� 7KHUHIRUH�� LW� LV� HVVHQWLDO� WR� H[WUDFW�

HIIHFWLYH�LQIRUPDWLRQ�IURP�GLIIHUHQW�YLHZV��ZKLFK�FDQ�WKHQ�EH�FRPELQHG�IRU�GDWD�IXVLRQ��+HUH��ZH�GHILQH�

PXOWL-YLHZ�GDWD�DV�PXOWLSOH�IHDWXUHV�H[WUDFWHG�IURP�WKH�VDPSOHV�XVLQJ�GLIIHUHQW�WHFKQLTXHV��%\�IXVLQJ�WKH�

PRVW�GLYHUVLW\�RI�YDULRXV�IHDWXUHV��WKH�HIIHFWLYHQHVV�RI�FOXVWHULQJ�FDQ�EH�VLJQLILFDQWO\�LPSURYHG� 

0XOWL-YLHZ� FOXVWHULQJ� �09&�� KDV� EHHQ� ZLGHO\� DSSOLHG� IRU� PDQ\� SUDFWLFDO� DSSOLFDWLRQV�� VXFK� DV�

QDWXUDO�ODQJXDJH�SURFHVVLQJ�>�@��FRPSXWHU�YLVLRQ�>�@��ELJ�GDWD�>�@�DQG�ELRPHGLFDO�LQIRUPDWLRQ�DQDO\VLV�>�@��

6LPXOWDQHRXVO\�� LW� FDQ� KDQGOH� GLVWLQFWLYH� W\SHV� RI� GDWD� LQFOXGLQJ� LPDJHV� >�@�� WH[WV� >�@� DQG� WKHLU�

FRPELQDWLRQV�>�@��7KH�FRUH�RI�PXOWL-YLHZ�GDWD�LV�WR�VKDUH�IHDWXUHV�ZLWK�WKH�VDPH�VWUXFWXUH�DPRQJ�PXOWLSOH�

YLHZV��VR�WKDW�GDWD�SRLQWV�FDQ�EH�XQLIRUPO\�SDUWLWLRQHG�DFFRUGLQJ�WR�PXOWLSOH�UHSUHVHQWDWLRQV�RI�GLIIHUHQW�

YLHZV�� %\� IXVLQJ� LQIRUPDWLRQ� IURP� GLIIHUHQW� YLHZV�� 09&� DOJRULWKPV� FDQ� DFKLHYH� KLJK� DFFXUDF\� RI�

FOXVWHULQJ�UDWKHU�WKDQ�VLPSO\�FRQQHFWLQJ�IHDWXUHV�IURP�GLIIHUHQW�YLHZV��ZKLFK�VHHPV�RIWHQ�LQFRPSOHWH�DV�

GLIIHUHQW�YLHZV�GHVFULEH� YDULRXV�SHUVSHFWLYHV��7KHUHIRUH�� WKH�PDMRU� LVVXH�RI�PXOWL-YLHZ�GDWD� DQDO\VLV� LV�

KRZ� WR� HIIHFWLYHO\� LQWHJUDWH� PXOWLSOH� IHDWXUHV� DQG� H[SORUH� WKH� XQGHUO\LQJ� VWUXFWXUHV� >�@->��@�� VXFK� DV��

DGGLQJ�UHODWHG�FRQVWUDLQWV�WR�WKH�FRQYHQWLRQDO� ݇-PHDQV�DSSURDFK�>��@� 
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,Q� RUGHU� WR� H[SORUH� GLIIHUHQW� LQIRUPDWLRQ� IURP� PXOWLSOH� IHDWXUH� VHWV� ZKLOH� UHYHDOLQJ� D� FRQVLVWHQW�

FOXVWHU� VWUXFWXUH� RI� WKH� GDWDVHW�� -LDQJ� HW� DO� >��@� SURSRVHG� D� FROODERUDWLYH� IX]]\� 09&� DOJRULWKP� ZLWK�

GLIIHUHQWO\�ZHLJKHG�YLHZV��=KDQJ�HW�DO�>��@�SURSRVHG�D� ݇-PHDQV-EDVHG�WZR-OHYHO�ZHLJKWHG�IXVLRQ�09&�

PHWKRG�� \HW� WKH� VWUXFWXUH� RI� WKH� YLHZ� DQG� WKH� LQWHJUDWLRQ� RI� GLIIHUHQW� YLHZV� ZHUH� QRW� WDNHQ� LQWR�

FRQVLGHUDWLRQ�� ,Q� RUGHU� WR� VROYH� WKH� SUREOHP� RI� UHWDLQLQJ� WKH� LQWHUQDO� VWUXFWXUDO� IHDWXUHV� RI� HDFK� YLHZ��

:DQJ�HW�DO�>��@�SURSRVHG�D�EHOLHI�SURSDJDWLRQ-EDVHG�09&�PHWKRG��ZKHUH�FOXVWHULQJ�FRQVLVWHQF\�EHWZHHQ�

WKH�FOXVWHULQJ�TXDOLWLHV� DQG� VLPLODULW\�EHWZHHQ�GLIIHUHQW�YLHZV�ZHUH�XVHG��7KLV� OHG� WR� WKH� UHDOL]DWLRQ�RI�

GLIIHUHQW�YLHZSRLQWV�WKURXJK�WKH�SDVVLQJ�EHWZHHQ�VLQJOH�YLHZ�DQG�FURVV�YLHZ��ZKHUH�LQIRUPDWLRQ�EHWZHHQ�

YLHZV�ZDV�GLUHFWO\�LQWHJUDWHG��  

0DQ\�H[LVWLQJ�09&�PHWKRGV�HPSOR\�JUDSKV�LQ�ZKLFK�W\SLFDOO\�SUH-FDOFXODWHG�LQSXWV�ZHUH�XVHG�WR�

UHYHDO�WKH�GDWD�GLVWULEXWLRQ�LQGHSHQGHQWO\�LQ�HDFK�YLHZ��0DQLIROG�OHDUQLQJ�FDQ�EHWWHU�REWDLQ�WKH�LQKHUHQW�

JHRPHWULF�LQIRUPDWLRQ�DQG�WKH�QDWXUDO�GLVFULPLQDQW�LQIRUPDWLRQ�LQ�D�VLQJOH�YLHZ��*DR�HW�DO�>��@�SURSRVHG�

GRXEOH� JUDSKV-EDVHG� GLVFULPLQDQW� SURMHFWLRQV� �'*'3��� ZKLFK� GHVLJQHG� WKH� JUDSK� FRQVWUXFWLRQV� WR�

SUHVHUYH�WKH�LQIRUPDWLYH�JOREDOLW\�DQG�ORFDOLW\��*DR�HW�DO�>��@�DOVR�SURSRVHG�WKH�GLVFULPLQDQW�JOREDO�DQG�

ORFDO�SUHVHUYDWLRQ�JUDSK�HPEHGGLQJ��'*/3*(��WR�ZHLJKW� WKH�HGJHV�RI�JUDSKV��&DL�HW�DO�XVHG�PDQLIROG�

OHDUQLQJ�WR�VPRRWK�WKH�GDWD�DQG�SUHVHUYH�WKH�ORFDO�VWUXFWXUDO�IHDWXUHV�RI�WKH�JUDSK�LQ�09&�>��@��L�H��WKH�

LQWHUQDO� IHDWXUHV�RI� HDFK�YLHZ��$V� WR�09&��PRVW�RI� WKHP�VHOGRP�FRQVLGHU� WKH� FRUUHODWLRQ�EHWZHHQ� WKH�

LQWHUQDO�JUDSK�VWUXFWXUH�RI�WKH�YLHZ�DQG�WKH�FOXVWHULQJ�UHVXOWV��ZLWK�WKH�UHVXOWV�GHSHQGLQJ�ODUJHO\�RQ�WKH�

TXDOLW\�RI�WKH�SUH-GHILQHG�DIILQLW\�JUDSK�>��@��,Q�SUDFWLFDO�DSSOLFDWLRQV��PDQLIROG�OHDUQLQJ�LV�RIWHQ�XVHG�DV�

DQ�DX[LOLDU\�SDUW��ZKLFK�LV�FRPELQHG�ZLWK�VRPH�RWKHU�WHFKQLTXHV�WR�FRPSOHWH�WKH�WDVNV��:DQJ�HW�DO�>��@�

SURSRVHG�WR�FRPELQH�PDQLIROG�UHJXODUL]DWLRQ�ZLWK�QRQ-QHJDWLYH�PDWUL[�IDFWRUL]DWLRQ��10)��IRU�VLPLODULW\�

PHDVXUHPHQW�RI�UHJLRQV�ZLWKLQ�D�YLHZ�RU�EHWZHHQ� LQGLYLGXDO�YLHZV��ZKHUH�D�PRUH�FRPSDFW�PXOWL-YLHZ�

GDWD� VSDFH� UHSUHVHQWDWLRQ� WKURXJK� WKH� UHJXODUL]DWLRQ� RI� YLHZV� ZDV� REWDLQHG�� 10)� LV� HVVHQWLDO� IRU� WKH�
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VSDUVH�UHSUHVHQWDWLRQ�RI�WKH�GDWD��ZKLFK�KDV�EHFRPH�D�KRW�WRSLF�RI�UHVHDUFK�RYHU�WKH�\HDUV��%DVHG�RQ�WKH�

PDQLIROG�UHJXODUL]DWLRQ��ZH�FDQ�DOVR�XVH�D�SDUW-EDVHG�10)�UHSUHVHQWDWLRQ�WR�PDLQWDLQ�WKH�ORFDO�JHRPHWU\�

RI�WKH�GDWD�VSDFH� 

'XH� WR� WKH� ZLGHVSUHDG� XVH� RI� ORZ-UDQN� LQ� VLQJOH-YLHZ� GDWD� FRPSUHVVLRQ� >��@�� ORZ-UDQN�

UHSUHVHQWDWLRQ� �/55�� KDV� DOVR� EHHQ� DSSOLHG� WR� 09&� DV� LW� FDQ� LPSURYH� FOXVWHULQJ� SHUIRUPDQFH� E\�

H[SORULQJ�VWUXFWXUDO�FRQVLVWHQF\�DPRQJ�PXOWL-YLHZV��,Q�5HI��>��@��D�PXOWL-YLHZ�VSHFWUDO�FOXVWHULQJ�PHWKRG�

ZDV�SURSRVHG�IRU�VWUXFWXUDO�ORZ-UDQN�PDWUL[�GHFRPSRVLWLRQ��%\�GHFRPSRVLQJ�SRWHQWLDO�ORZ-GLPHQVLRQDO�

GDWD�IRU�FOXVWHULQJ�UHSUHVHQWDWLRQV��D�VWUXFWXUHG�/55�ZDV�SURSRVHG�WR�SURYLGH�D�KLJK-TXDOLW\�GHVFULSWLRQ�

RI�WKH�GDWD¶V�FOXVWHULQJ�VWUXFWXUH�IRU�HDFK�YLHZ� 

$QRWKHU� WKLQJ� WR� QRWH�� KLJK-GLPHQVLRQDO� PXOWL-YLHZ� GDWDVHWV� QHHG� WR� EH� SURMHFWHG� RQWR� D�

ORZ-GLPHQVLRQDO�VSDFH�WR�VLPSOLI\�WKH�SUREOHP��7KH�LPSRUWDQFH�RI�GLIIHUHQW�YLHZV�VKRXOG�EH�WDNHQ�LQWR�

DFFRXQW��)RU�LQVWDQFH��<X�HW�DO�>��@�XVHG�WKH�ORZ-UDQN�PDWUL[�UHSUHVHQWDWLRQ�WR�FDSWXUH�WKH�JOREDO�VWUXFWXUH�

IURP� WKH�ZHLJKWHG�PXOWLSOH� YLHZV�� =KDQJ� HW� DO� >��@� SURSRVHG� D�PXOWL-YLHZ� FRRSHUDWLYH� ORFDO� DGDSWLYH�

ZHLJKWHG�LQIRUPDWLRQ�HQWURS\�RI�HDFK�YLHZ�FOXVWHULQJ�PHWKRG�EDVHG�RQ�WKH�0LQNRZVNL�PDWUL[��=KDQ�HW�DO�

>��@� SURSRVHG� D� QRYHO� PXOWL-YLHZ� GRFXPHQW� FOXVWHULQJ� PHWKRG� ZLWK� WKH� JUDSK-UHJXODUL]HG� FRQFHSW�

IDFWRUL]DWLRQ��ZKLFK�ZDV�VXLWDEOH�IRU�IHDWXUH�H[WUDFWLRQ�DQG�DGDSWLYH�ZHLJKWLQJ�RI�HDFK�YLHZ��HQDEOLQJ�WKH�

SUHVHUYDWLRQ�RI�WKH�ORFDO�VWUXFWXUDO�IHDWXUHV�E\�XVLQJ�WKH�PDQLIROG�OHDUQLQJ��7KLV�DSSURDFK�RQO\�FRQVLGHUV�

WKH�LPSRUWDQFH�RI�WKH�VXEVSDFHV�RI�WKH�GLIIHUHQW�YLHZV��EXW�WKH�LPSRUWDQFH�RI�WKH�LQWHUQDO�VWUXFWXUH�RI�HDFK�

YLHZ� LV� QRW� WDNHQ� LQWR� DFFRXQW�� 5HFHQWO\�� =KDQJ� HW� DO� >��@� SURSRVHG� NHUQHOL]HG� PXOWL-YLHZ� VXEVSDFH�

FOXVWHULQJ� �096&�� YLD� DXWR-ZHLJKWHG� JUDSK� OHDUQLQJ� �.06&-$*/�� WR� HYDOXDWH� WKH� LPSRUWDQFH� RI�

PXOWLSOH�YLHZV��+RZHYHU��WKH�XSGDWH�RI�ZHLJKWV�LQ�WKLV�PHWKRG�GHSHQGV�RQ�WKH�GHULYDWLRQ�RI�WKH�FRPPRQ�

VLPLODULW\�PDWUL[��VKRZLQJ�D�ODFN�RI�PDWKHPDWLFDO�PHDQLQJ�IRU�ZHLJKWV�WKDW�ZLOO�EH�VROYHG�LQ�WKLV�SDSHU� 
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$OWKRXJK� WKH� LPSRUWDQFH� RI� GLIIHUHQW� YLHZV� ZDV� FRQVLGHUHG� WR� WDFNOH� WKH� SUREOHPV� DERYH�� WKLV�

PHWKRG�GLG�QRW�IXOO\�FRQVLGHU�WKH�GLYHUVLW\�EHWZHHQ�YLHZV��5DWKHU�WKDQ�IRFXVLQJ�SXUHO\�RQ�WKH�VLPLODULW\�

EHWZHHQ�GLIIHUHQW�YLHZV��LW�LV�DOVR�FULWLFDO�WR�XVH�WKH�GLYHUVLW\�RI�GLIIHUHQW�YLHZV��&RQVHTXHQWO\��WR�PDNH�

IXOO�XVH�RI�DOO�YLHZ� LQIRUPDWLRQ�DQ� LGHDO� VROXWLRQ�QHHGV� WR� VROYH� WKH� IROORZLQJ� WKUHH�NH\�FKDOOHQJHV�����

H[WUDFWLRQ�RI�KLGGHQ� LQIRUPDWLRQ� LQ� WKH�QRLVH�SDUW�RI� WKH� ORZ-UDQN�GHFRPSRVLWLRQ����� DGDSWLYH� WUDGH-RII�

EHWZHHQ�ORFDO�IHDWXUH�EDVHG�VWUXFWXUH�FRQVLVWHQF\�RI�GLIIHUHQW�YLHZV��DQG����WKH�GLYHUVLW\�IXVLRQ�EHWZHHQ�

GLIIHUHQW�YLHZV� 

7R�WDFNOH�WKH�DIRUHPHQWLRQHG�FKDOOHQJHV�LQ�09&��WKLV�SDSHU�SURSRVHV�D�QHZ�XQLILHG�UREXVW�ORZ-UDQN�

PXOWL-YLHZ� GLYHUVLW\� RSWLPL]DWLRQ� PRGHO� �5/0'20��� ZKLFK� IHDWXUHV� D� QRYHO� ELOLQHDU� HUURU� PDWUL[�

GHFRPSRVLWLRQ� �%(0'��PRGXOH��DQ�DGDSWLYH-ZHLJKWLQJ�EDVHG�PDQLIROG� OHDUQLQJ� �$:0/��PRGXOH��DQG�

WKH�+LOEHUW�6FKPLGW�,QGHSHQGHQFH�&ULWHULRQ��+6,&��IRU�LQWHU-YLHZ�OHDUQLQJ��7KH�VWUXFWXUDO�EORFN�GLDJUDP�

RI� WKH� SURSRVHG�5/0'20�ZLWK� WKH�$:0/� LV� VKRZQ� LQ� )LJ�� ��� ,Q� WKH� SURSRVHG�PHWKRG�� WKH�%(0'�

PRGXOH�LV�DQ�LPSURYHG�10)��ZKHUH�UREXVW�ORZ-UDQN�FRQVWUDLQWV�DUH�DGGHG�WR�WKH�UHOHYDQW�HUURU�PDWULFHV��

,Q� WKLV� ZD\�� WKH� UREXVWQHVV� DQG� VSDUVLW\� RI�PDWUL[� GHFRPSRVLWLRQ� DUH� LPSURYHG�� VXFK� WKDW� WKH� LQWHUQDO�

VWUXFWXUH� LQIRUPDWLRQ�RI� WKH�VSDUVH�PDWUL[�DQG�VRPH�XVHIXO�GLVFULPLQDQW� LQIRUPDWLRQ� LQ� WKH�HUURU�PDWUL[�

FDQ� EH� IXOO\� H[SORUHG�� 6XEVHTXHQWO\�� WKH� DGGLWLRQ� RI� $:0/� FDQ� HQVXUH� WKH� ORFDO� JHRPHWULF� VWUXFWXUH�

LQVLGH�HDFK�YLHZ�WR�D�ODUJH�H[WHQW��DQG�WKH�GLVFULPLQDQW�LQIRUPDWLRQ�RI�GDWD�ZLOO�QRW�EH�VHULRXVO\�GHJUDGHG�

ZKHQ� WKH� LQSXW� GDWD� LV� VSDUVHO\� GHFRPSRVHG�� 0RUHRYHU�� WKH� VWUXFWXUH� RI� HDFK� YLHZ� LV� DSSOLHG� ZLWK�

DGDSWLYH� ZHLJKWLQJ�� VR� WKDW� WKH� LPSRUWDQFH� RI� GLIIHUHQW� YLHZ� VWUXFWXUHV� FDQ� EH� ZHLJKHG� DQG� FKDQJHG�

GXULQJ� WKH�DOJRULWKP�XSGDWHV��7R� IXUWKHU� HQKDQFH�PXWXDO� OHDUQLQJ�DQG�GLYHUVLW\� IXVLRQ�DPRQJ�GLIIHUHQW�

YLHZV��ZH�DGGHG� WKH�+6,&�PRGXOH� WR� IDFLOLWDWH� WKH� LQWHUFRQQHFWLRQ�EHWZHHQ�YLHZV�� WKH�PXWXDO� OHDUQLQJ�

DQG�LQWHJUDWLRQ�RI�LQIRUPDWLRQ�GXULQJ�WKH�PRGHO�RSWLPL]DWLRQ��([SHULPHQWDO�UHVXOWV�KDYH�VKRZQ�WKDW�WKH�
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SURSRVHG� 5/0'20� LV� D� SURPLVLQJ� GLYHUVLW\� RSWLPL]DWLRQ� PRGHO� ZLWK� D� VXSHULRU� SHUIRUPDQFH� WKDQ�

H[LVWLQJ�DSSURDFKHV� 

7KH�PDMRU�FRQWULEXWLRQV�RI�WKH�SURSRVHG�5/0'20�DOJRULWKP�FDQ�EH�VXPPDUL]HG�DV�IROORZV� 

����$�QRYHO�%('�PRGHO�EDVHG�RQ�10)�LV�SURSRVHG��2QH�HUURU�PDWUL[� LV� WKH�VSDUVH� UHSUHVHQWDWLRQ�

HUURU�RI�HDFK�YLHZ�REWDLQHG�E\�10)��7KLV�FDQ�HIIHFWLYHO\� UHPRYH�DQ\� UHGXQGDQW� LQIRUPDWLRQ� IURP� WKH�

LQSXW� GDWD�� ZKLOVW� UHGXFLQJ� XQQHFHVVDU\� QRLVH� LQWHUIHUHQFH�� $QRWKHU� HUURU� PDWUL[� LV� EHWZHHQ� WKH� EDVLV�

PDWUL[�REWDLQHG�E\�10)�DQG� WKH� LQSXW�GDWD�PDWUL[�RI�HDFK�YLHZ��7KLV�FDQ�KHOS� WR�H[WUDFW� WKH�HIIHFWLYH�

LQIRUPDWLRQ� E\� WKH� VSDUVH� UHSUHVHQWDWLRQ� PRGHO� PRUH� VXIILFLHQWO\�� 7KH� QRYHO� ELOLQHDU� HUURU� PDWUL[�

GHFRPSRVLWLRQ�FDQ�PRUH�HIIHFWLYHO\�H[WUDFW�WKH�KLGGHQ�LQIRUPDWLRQ�LQ�WKH�QRLV\�HUURU�SDUW� 

����7KH� �ଶଵܮ QRUP�DQG�WKH�QXFOHDU�QRUP�DUH�XVHG�WR�FRQVWUDLQ�WKH�HUURU�PDWUL[�RI�10)�DQG�WKH�HUURU�

PDWUL[�RI�WKH�EDVLV�PDWUL[��UHVSHFWLYHO\��7KH� �ଶଵܮ QRUP�LV�WR�HQVXUH�WKDW�WKH�FRHIILFLHQW�PDWUL[�REWDLQHG�E\�

10)�KDV�PRUH�FRPSOHWH�LQIRUPDWLRQ�WKDQ�WKH�RQH�REWDLQHG�E\�OLQHDU�GHFRPSRVLWLRQ��7KH�QXFOHDU�QRUP�

WKDW� UHSUHVHQWV� WKH� VXP� RI� WKH� VLQJXODU� YDOXHV� RI� WKH� PLQLPL]DWLRQ� PDWUL[�� EHORQJV� WR� WKH� ORZ-UDQN�

FRQVWUDLQW�ZLWK�WKH�HIIHFW�RI�VSDUVLW\� 

���� ,Q� RUGHU� WR� HQKDQFH� WKH� UHODWLRQVKLS� EHWZHHQ� YLHZV� DQG� WKH� GLYHUVLW\� RI� YLHZV� GXULQJ�PDWUL[�

GHFRPSRVLWLRQ��WZR�VXE-PRGXOHV�DUH�FRPELQHG�LQ�WKH�SURSRVHG�PRGHO��LQFOXGLQJ�$:0/�DQG�WKH�+6,&��

UHVSHFWLYHO\��$:0/�WDNHV�LQWR�DFFRXQW�FRQWULEXWLRQV�RI�WKH�LQWHUQDO�VWUXFWXUHV�RI�GLIIHUHQW�YLHZV�GXULQJ�

WKH�SURFHVV�RI� FRQWLQXRXV�RSWLPL]DWLRQ�� )XUWKHUPRUH��+6,&� LV� XVHG� WR�PDNH�D�YDULHW\�RI� MXGJPHQWV�RQ�

HDFK�YLHZ�WR�HQKDQFH�WKH�FRQQHFWLRQ�EHWZHHQ�YLHZV� 

���� :H� HIIHFWLYHO\� LQWHJUDWH� %('�� $:0/� DQG� +6,&� WR� FRQVWUXFW� D� XQLILHG� UREXVW� ORZ-UDQN�

PXOWL-YLHZ�GLYHUVLW\�RSWLPL]DWLRQ�PRGHO��7KH�LQWHUQDO�VWUXFWXUH�LQIRUPDWLRQ�RI�VSDUVH�UHSUHVHQWDWLRQ��WKH�

XVHIXO� GLVFULPLQDQW� LQIRUPDWLRQ� RI� HDFK� YLHZ�� DQG� WKH� GLYHUVLW\� OHDUQLQJ� DUH� IXOO\� FRQVLGHUHG��
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([SHULPHQWDO� UHVXOWV� KDYH� GHPRQVWUDWHG� WKH� VXSHULRU� SHUIRUPDQFH� RI� WKH� SURSRVHG� PHWKRGRORJ\� LQ�

FRPSDULVRQ�WR�D�IHZ�VWDWH-RI-WKH-DUWV� 

7KH�UHPDLQLQJ�RI�WKLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV��6HFWLRQ���EULHIO\�LQWURGXFHV�WKH�EDFNJURXQG�RI�

UHODWHG� WHFKQLTXHV�� LQFOXGLQJ� 10)�� PDQLIROG� OHDUQLQJ� IRU� GDWD� VPRRWKLQJ� DQG� +6,&� FRYDULDQFH�

FRQVWUDLQWV�� 7KH� SURSRVHG� DOJRULWKP� DQG� LWV� RSWLPL]DWLRQ� SURFHVV� DUH� SUHVHQWHG� LQ�6HFWLRQ� ��� 6HFWLRQ� ��

GHWDLOV�WKH�H[SHULPHQWDO�UHVXOWV�DQG�DQDO\VLV��DQG�ILQDOO\�VRPH�FRQFOXGLQJ�UHPDUNV�DUH�GUDZQ�LQ�6HFWLRQ��� 

 

)LJXUH����7KH�VWUXFWXUDO�EORFN�GLDJUDP�RI�WKH�SURSRVHG�5/0'20�PHWKRG� 

2 Related Works 

,Q�WKLV�VHFWLRQ��WKH�IXQGDPHQWDOV�DQG�EDFNJURXQG�RI�WKH�NH\�WHFKQLTXHV�XVHG�LQ�RXU�SURSRVHG�DSSURDFK��

LQFOXGLQJ�10)��PDQLIROG�UHJXODWLRQ�DQG�+6,&�DUH�EULHIO\�LQWURGXFHG�DV�IROORZV� 

����1RQ-QHJDWLYH�0DWUL[�)DFWRUL]DWLRQ��10)� 

10)�>��@�KDV�EHHQ�ZLGHO\�DSSOLHG�LQ�/55��VSDUVH�GHFRPSRVLWLRQ�DQG�FRRSHUDWLYH�UHSUHVHQWDWLRQ�>��@�

LQ�UHFHQW�\HDUV��,Q�10)��D�JLYHQ�PDWUL[� ܺ� FDQ�EH�GHFRPSRVHG�LQWR�WZR�PDWUL[�IRUPV��L�H��D�EDVLV�PDWUL[�

ܷ� DQG�D�FRHIILFLHQW�PDWUL[� ܸ��ZKHUH�DOO�WKH�HOHPHQWV�LQ�WKHVH�WZR�PDWULFHV�DUH�QRQ-QHJDWLYH��7KDW�LV 

ܺ ൎ ܷܸ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� 
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ZKHUH� ܺ ൌ ሾݔଵǡ ڮଶǡݔ ǡ ሿݔ א ܴൈ�� ݉� LV� WKH� QXPEHU� RI� VDPSOH� IHDWXUHV�� ݊� LV� WKH� QXPEHU� RI� LQSXW�

VDPSOHV�� DQG� HDFK� FROXPQ� RI� ܺ� LV� D� VDPSOH�� 7KH� EDVLV�PDWUL[� ܷ ൌ ሾݑሿ א ܴൈ� DQG� WKH� FRHIILFLHQW�

PDWUL[� ܸ ൌ ሾݒሿ א ܴൈ� FDQ�EH�REWDLQHG��  

7KH�(XFOLGHDQ�GLVWDQFH�LV�DGRSWHG�WR�PHDVXUH�WKH�REMHFWLYH�IXQFWLRQ�EHORZ� 

ܱଵ ൌ ԡܺ െ ܷܸԡிଶ ൌ σ ሺݔ െ ǡήݑ כ ήǡሻଶݒ
ୀǡୀ
ୀଵǡୀଵ � � � � � � � � � � � � � � � � � � ��� 

ZKHUH��UHSUHVHQWV�GRW�SURGXFW�� �ݔ GHQRWHV�WKH� ݅-WK�IHDWXUH�RI�WKH� ݆-WK�VDPSOH�RI�WKH�LQSXW�GDWD� ܺ�� �ǡήݑ

DQG� ήǡݒ � GHQRWH� WKH� ݅ -WK� URZ� DQG� ݆ -WK� FROXPQ�� UHVSHFWLYHO\�� ,Q� IDFW�� 10)� LV� XVHG� DV� D� VSDUVH�

GHFRPSRVLWLRQ� DOJRULWKP�� :LWK� DGGHG� FRQVWUDLQWV�� WKH� FRHIILFLHQW� PDWUL[� FDQ� EH� XVHG� DV� DQ� REMHFWLYH�

IXQFWLRQ�RI�FOXVWHULQJ�GHWDLOHG�LQ�WKH�QH[W�VXEVHFWLRQV� 

����0DQLIROG�5HJXODUL]DWLRQ 

$OWKRXJK�10)�FDQ�JHQHUDWH�D�VHULHV�RI�XVHIXO�VSDUVH�PDWULFHV�IRU�D�JLYHQ�GDWD�PDWUL[��LW�GRHV�QRW�WDNH�

LQWR�DFFRXQW�WKH�LQWHJULW\�RI�WKH�LQWHUQDO�VWUXFWXUDO�IHDWXUHV�RI�WKH�GDWD�PDWUL[��5HFHQWO\��PDQLIROG�OHDUQLQJ�

KDV�EHHQ�DSSOLHG�LQ�10)�WR�VPRRWK�WKH�VSDUVH�VXEVSDFH�PDWUL[�>��@��,Q�RUGHU�WR�SUHVHUYH�WKH�LQWHJULW\�RI�

ORFDO�IHDWXUHV��WKH�JUDSK�WKHRU\�LV�XVHG�WR�FRQVWUXFW�WKH�DVVRFLDWLRQ�RI�ORFDO�IHDWXUHV��,W�LV�IRXQG�WKDW�WKLV�

ORFDO� VLPLODULW\� UHODWLRQVKLS� FDQ� EH� FRQVWUXFWHG� XVLQJ� WKH� ݇-QHDUHVW� QHLJKERU� EDVHG� PXOWL-ODEHO� GDWD�

FOXVWHULQJ��0/-.11��>��@��  

7KUHH�UHSUHVHQWDWLYH�DSSURDFKHV�RI�WKH�JHQHUDO�JUDSK�PHWKRG�EDVHG�RQ�.11�DUH�JLYHQ�DV�IROORZV��  

� ���%LQDU\�UHSUHVHQWDWLRQ��,Q�WKH�FRQVWUXFWHG�JUDSK��HDFK�HOHPHQW�LV�WUHDWHG�DV�D�QRGH��,I�WKH�QRGH� ݆� LV�

ZLWKLQ� RU� RQ� WKH� HGJH� RI� WKH� QHDUHVW� QHLJKERU� RI� WKH� QRGH� ݅�� ܹ ��� RWKHUZLVH� ܹ ��� ZKHUH� ܹ�

GHQRWHV�WKH�ZHLJKW�YDOXH�EHWZHHQ�QRGHV� ݅� DQG� ݆��WKDW�LV��WKH�VLPLODULW\�EHWZHHQ�WKHVH�WZR�VDPSOHV� 

� ���+HDW�NHUQHO�ZHLJKWLQJ��,I�WKH�QRGH� ݆� LV�ZLWKLQ�WKH� ݇-QHDUHVW�QHLJKERU�RI�QRGH� ݅��ZH�KDYH 
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ܹ ൌ ݁ି
ቛೣೕషೣቛ

మ

 �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� 

� ���'RW-SURGXFW�ZHLJKWLQJ��,I�WKH�QRGH� ݆� LV�ZLWKLQ�WKH� ݇-QHDUHVW�QHLJKERU�RI�QRGH� ݅��ZH�KDYH 

ܹ ൌ

ೕ

௫�ሺሻ
Ǥ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� 

/HW� ܸ ൌ ሾݒଵǡ ଶǡݒ ڮ ǡ �ሿ்ݒ GHQRWH�WKH� ݆-WK�FROXPQ�RI�WKH�FRHIILFLHQW�PDWUL[��7KH�(XFOLGHDQ�GLVWDQFH�

LV� XVHG� WR� FDOFXODWH� WKH� GHYLDWLRQ� EHWZHHQ� WKH� FROXPQV� IRU� PHDVXULQJ� WKH� VPRRWKQHVV� RI� WKH� ORZ�

GLPHQVLRQDO�UHSUHVHQWDWLRQ�LQ�PXOWL-YLHZV��+HUH��WKH�JHQHUDO�PDQLIROG�UHJXODUL]DWLRQ� ܱଶ� FDQ�EH�GHILQHG�

DV�IROORZV� 

ܱଶ ൌ
ଵ
ଶ
σ ቛ ܸ

ሺ௩ሻ െ ܸ
ሺ௩ሻቛ

ி

ଶ

ǡୀଵ ܹ

ሺ௩ሻ� � � � � � � � � � � � � � � � � � � � � � � � � ��D� 

�ൌ σ ሺ ܸ
ሺ௩ሻ

ୀଵ ሻ் ܸ
ሺ௩ሻܦ

ሺ௩ሻ െ σ ሺ ܸ
ሺ௩ሻ

ǡୀଵ ሻ் ܸ
ሺ௩ሻ� � � � � � � � � � � � � � � ��E� 

ൌ ሺ௩ሻሺܸሺ௩ሻሻ்൯ܦ൫ܸሺ௩ሻݎݐ െ �൫ܸሺ௩ሻܹሺ௩ሻሺܸሺ௩ሻሻ்൯ݎݐ � � � � � � � � � � � ��F� 

ൌ �ሺ௩ሻሺܸሺ௩ሻሻ்൯ܮ൫ܸሺ௩ሻݎݐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��G� 

ZKHUH� �ݎݐ GHQRWHV�WKH�PDWULFHV�WUDFH�� ܹ
ሺ௩ሻ� GHQRWHV�WKH�ZHLJKW�YDOXH�EHWZHHQ�QRGHV� ݅� DQG� ݆� LQ�WKH� �WK-ݒ

YLHZ�� �ܹሺ௩ሻ א ܴൈ� LV�WKH�VLPLODULW\�PDWUL[��DQG� ሺ௩ሻܮ ൌ ሺ௩ሻܦ െܹሺ௩ሻ� LV�WKH� ��]WK�YLHZ�/DSODFLDQ�PDWUL-ݒ

LQ�ZKLFK� �ሺ௩ሻܦ LV�D�GLDJRQDO�PDWUL[�ZLWK� ܦ
ሺ௩ሻ ൌ σ ܹ

ሺ௩ሻ
ୀଵ � 

����7KH�+LOEHUW�6FKPLGW�,QGHSHQGHQFH�&ULWHULRQ�  

 � $FFRUGLQJ�WR�5HIV��>��@>��@��ZH�PD\�UHFDOO�WKH�GHILQLWLRQ�RI�FURVV-FRYDULDQFH� �௫௬��$�PDSSLQJܥ �ሺ�ሻ

IURP�D�VDPSOH� ݔ א ܺ� WR�WKH�NHUQHO�VSDFH� �߁ LV�GHILQHG��DIWHU�WKDW�WKH�LQQHU�SURGXFW�YHFWRU�LQ�WKH�PDSSLQJ�

VSDFH� LV� UHSUHVHQWHG�DV� ǡݔଵ൫ܭ ൯ݔ ൌ ሻǡݔሺۃ ���ZKHUHۄሻݔሺ �ۄήۃ LV� WKH� LQQHU�SURGXFW� IXQFWLRQ��DQG� ��ݔ �ݔ
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DUH�WKH� ݅�� ݆-WK�FROXPQ�RI�WKH�LQSXW�GDWD� ����UHVSHFWLYHO\��7KHQݔ �ߓ LV�GHILQHG�DV�WKH�VHFRQG�NHUQHO�VSDFH��

ZLWK�D�NHUQHO�IXQFWLRQ� ǡݕଶ൫ܭ ൯ݕ ൌ ሻǡݕሺ߮ۃ ߮ሺݕሻۄ��ZKHUH� �ݕ DQG� �ݕ DUH�WKH� ݅�� ݆-WK�FROXPQ�RI�WKH�LQSXW�

GDWD� ��ݕ UHVSHFWLYHO\�� $V� D� UHVXOW�� WKH� FRYDULDQFH� IXQFWLRQ� IRU� WZR� UDQGRP� YDULDEOHV�� �ݔ DQG� ��ݕ FDQ� EH�

GHILQHG�DV� 

௫௬ܥ ൌ ሻݔሺ௫௬ൣሺܧ െ ሻݕ௫ሻ۪ሺ߮ሺߤ െ �௬ሻ൧ߤ � � � � � � � � � � � � � � � � � � � � ��� 

ZKHUH� ௫ߤ � DQG� ௬ߤ � DUH� WKH� H[SHFWDWLRQV� RI� �ݔ DQG� ��ݕ UHVSHFWLYHO\�� ZKLFK� FDQ� EH� REWDLQHG� E\� ௫ߤ ൌ

�ሻሻݔሺሺܧ DQG� ௬ߤ ൌ �ሻሻ��DQG�۪ݕሺ߮ሺܧ GHQRWHV�WKH�PDWUL[�SURGXFW� 

'HILQLWLRQ����GHILQLWLRQ�RI�+6,&���*LYHQ�WKH�VHSDUDEOH�UHSURGXFLQJ�NHUQHO�+LOEHUW�VSDFH��5.+6�� ���DQG߁

D�MRLQW�SUREDELOLW\�GLVWULEXWLRQ� �௫௬��ZH�FDQ�XVH�WKH�DVVRFLDWHG�RSHUDWRUߩ �௫௬ܥ WR�LGHQWLI\�WKH�+6,&�DV�WKH�

VTXDUHG�+LOEHUW-6FKPLGW�QRUP� 

����ሺߩ௫௬ǡ ǡ߁ ሻߓ ൌ ฮܥ௫௬ฮுௌ
ଶ
� � � � � � � � � � � � � � � � � � � � � � � � � ��� 

ZKHUH�WKH�VTXDUHG�+LOEHUW-6FKPLGW�QRUP�LV�UHSUHVHQWHG�DV�IROORZV� 

ԡܺԡுௌଶ ൌ σ ଶǡݔ �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��� 

'HILQLWLRQ� ��� �7KH� JHQHUDO� IRUP� RI� +6,&��� *LYHQ� ݊ � LQGHSHQGHQW� REVHUYDWLRQV� IURP� ௫௬ߩ �� ܼ

ൌ ሼሺݔଵǡ ଵሻǡݕ ሺݔଶǡ ڮଶሻǡݕ ǡ ሺݔǡ אሻሽݕ ߁ ൈ ���DQ�HVWLPDWRU�RI�+6,&��UHGHILQHߓ ����ሺܼǡ ǡ߁ �ሻߓ DV 

����ሺܼǡ ǡ߁ ሻߓ ൌ ሺ݊ െ ͳሻିଶݎݐሺܭଵ�ܭଶ�ሻ� � � � � � � � � � � � � � � � � � � � � � � ��� 

ZKHUH� ଵܭ � DQG� ଶܭ � DUH� WKH� WZR� LQQHU� SURGXFW� PDWUL[� ଵǡܭ ൌ ǡݔଵ൫ܭ ଶǡܭ�൯ݔ ൌ ǡݔଶ൫ܭ �൯ݔ DQG� ݄ ൌ

ߜ െ ͳȀ݊� LV�WKH�FHQWHU�PDWUL[��)RU�PRUH�GHWDLOV�RI�+6,&��SOHDVH�UHIHU�WR�5HIV��>��@>��@� 

��7KH�3URSRVHG�0HWKRG 

$V�IRU�09&��D�VWUDLJKWIRUZDUG�ZD\�WR�PDNH�XVH�RI�DOO�YLHZV�LV�WR�SHUIRUP�FOXVWHULQJ-EDVHG�IXVLRQ�RI�

PXOWL-YLHZ� IHDWXUHV�� :H� SURSRVH� WKH� PXOWL-YLHZ� VSHFWUDO� FOXVWHULQJ� PHWKRG� EDVHG� RQ� 10)�� FDOOHG�

5/0'20��7KLV�PHWKRG� FDQ� HIIHFWLYHO\� GHFRPSRVH� WKH� LQSXW� GDWD�� WKXV� LPSURYLQJ� WKH� FRPSXWDWLRQDO�

HIILFLHQF\� RI� WKH� DOJRULWKP�� 7R� SUHVHUYH� WKH� ORFDO� VWUXFWXUH� LQ�09&�� ZH� SURSRVH� WR� REWDLQ� WKH� ODWHQW�
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UHSUHVHQWDWLRQ�LQ�DQ�DGDSWLYH�ZD\�E\�XVLQJ�WKH�$:0/�DQG�WKH�+6,&��7KH�SUHVHQWHG�PHWKRG�LV�UREXVW��DV�

WKH� DGDSWLYH�ZHLJKW� RI� HDFK� YLHZ� LV� XVHG� DQG� WKH� UHOHYDQW� UREXVW� FRQVWUDLQWV� LQ� HDFK� SDUW� DUH� DSSOLHG��

/DVWO\�� WKH� VSHFWUDO� FOXVWHULQJ�PHWKRG� LV� XWLOL]HG� WR� FODVVLI\� GDWDVHWV� ZLWK� WKH� GHFRPSRVLQJ� FRHIILFLHQW�

PDWUL[� 

����6SDUVH�/RZ-UDQN�6XEVSDFH�&OXVWHULQJ�  

$FFRUGLQJ� WR� WKH� FKDUDFWHULVWLFV� RI� 10)� >��@�� D� GDWD� PDWUL[� ܺ � FDQ� EH� GHFRPSRVHG� LQWR� WZR�

QRQ-QHJDWLYH�PDWULFHV��$V�10)� LV� DQ� DSSUR[LPDWH� GHFRPSRVLWLRQ�� D� FHUWDLQ� GHJUHH� RI� HUURUV� H[LVWV�� ,Q�

JHQHUDO�� WKHVH� HUURUV� SDUWLDOO\� PLVV� VRPH� XVHIXO� LQIRUPDWLRQ�� 7KHUHIRUH�� WR� HQVXUH� WKH� LQWHJULW\� RI� WKH�

LQIRUPDWLRQ�SURYLGHG�E\�10)��DQ�HUURU�PDWUL[� �௫ܧ IRU�WKH�QRQ-QHJDWLYH�PDWUL[�LV�GHILQHG�EHORZ� 

ܺ ൌ ܷܸ  �௫Ǥܧ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

7KH� IRFXV� RI� WKH� QRQ-QHJDWLYH�PDWUL[� LV� WR� XVH� WKH� FRUUHVSRQGLQJ� REMHFW� IXQFWLRQ� DQG� RSWLPL]DWLRQ�

PHWKRG�WR�PLQLPL]H�WKH�GHFRPSRVLWLRQ�HUURU�PDWUL[��$FWXDOO\��(T������FRQWDLQV�WZR�QHZ�PDWULFHV��L�H��WKH�

RULJLQDO�GDWD�LV�GHFRPSRVHG�LQWR�D�EDVLV�PDWUL[�DQG�D�FRHIILFLHQW�PDWUL[��\HW�WKH�GHFRPSRVLWLRQ�LQ�(T������

LV� WR� XVH� WKH� RULJLQDO� PDWUL[� DV� WKH� EDVLV� PDWUL[�� 7KHUH� LV� D� GHYLDWLRQ� LQ� WKH� EDVLV� PDWUL[� LQ� WKH�

GHFRPSRVLWLRQ�RI�WKH�(T�������DQG�WKHUH�LV�D�QRLVH�WHUP�LQ�WKH�EDVLV�PDWUL[�LQ�WKH�GHFRPSRVLWLRQ�RI�5HI��

>��@�� 7KHUHIRUH�� LQ� RUGHU� WR� HQVXUH� WKDW� WKH� FRHIILFLHQW� PDWUL[� REWDLQHG� E\� 10)� KDV� PRUH� FRPSOHWH�

LQIRUPDWLRQ�WKDQ�WKH�FRHIILFLHQW�PDWUL[�REWDLQHG�E\�OLQHDU�GHFRPSRVLWLRQ��ZH�DGG�WKH�HUURU�PDWUL[�DQG�XVH�

WKH� NHUQHO� DSSUR[LPDWLRQ� QRUP� DV� ԡήԡכ ൌ σ ߜ � DQG� WKH� �ଶଵܮ QRUP� DV� ԡܧ௫ԡଶǡଵ ൌ σ ටσ ሾܧ௫ሿǡଶ
ୀଵ


ୀଵ ൌ

σ ฮሾܧ௫ሿǡǣฮଶ

ୀଵ ��ZKHUH� �ߜ GHQRWHV� WKH� ݅-WK� VLQJXODU� YDOXH� RI� WKH�PDWUL[��+HUH�� WKH� QRYHO�%(0'�PRGHO�

EDVHG�RQ�10)��GHQRWHG�E\� ܱଷ��FDQ�EH�GHILQHG�DV�IROORZV� 

ܱଷ ൌ ԡܧ௫ԡଶǡଵ  ԡܧ௨ԡכ��� 
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Ǥݏ� Ǥݐ ௫ܧ�� ൌ ܺ െ ܷܸǡ ௨ܧ ൌ ܺ െ ܷǡ ܷ  Ͳǡ ܸ  Ͳ� � � � � � � � � � � � � � � � ���� 

ZKHUH� �௫ܧ UHSUHVHQWV�WKH�HUURU�RI�10)��,W�LV�VLPXOWDQHRXVO\�ZLWK�ORZ-UDQN�DQG�VSDUVLW\��DQG�FDQ�EH�XVHG�

WR�PDNH�WKH�GHFRPSRVLWLRQ�PRUH�UREXVW�WKDQ�RWKHU�QRUPV��%\�FRPSDULQJ�ZLWK�(T������DQG�5HI��>��@��PRUH�

XVHIXO� LQIRUPDWLRQ� FDQ� EH� H[WUDFWHG� E\� RXU� SURSRVHG� PHWKRG�� �௨ܧ GHQRWHV� WKH� GLIIHUHQFH� EHWZHHQ� WKH�

EDVLV� PDWUL[� RI� 10)� DQG� WKH� RULJLQDO� GDWD�� 7KLV� ZLOO� QRW� RQO\� SUHVHUYH� WKH� FKDUDFWHULVWLFV� RI� WKH�

FRHIILFLHQW�PDWUL[��EXW�DOVR�HQKDQFH�WKH�UREXVWQHVV�RI�WKH�PRGHO� 

����0RGHO�&RQVWUXFWLRQ 

%HIRUH� GLVFXVVLQJ� WKH� PRGHO� FRQVWUXFWLRQ�� ZH� ILUVWO\� GHILQH� VRPH� QRWDWLRQV�� 7KH� LQSXW� PXOWL-YLHZ�

GDWDVHWV� DUH� UHSUHVHQWHG� DV� ሼܺሺଵሻǡڮ ǡ ܺሺ௩ሻǡڮ ǡ ܺሺೡሻሽ�� ZKHUH� ܺሺ௩ሻ� UHSUHVHQWV� WKH� GDWDVHW� IURP� WKH� �WK-ݒ

YLHZ�DQG� ݊௩� GHQRWHV�WKH�QXPEHU�RI�WRWDO�YLHZV��)RU�HDFK� ܺሺ௩ሻ��LW�KDV� ݊� LQVWDQFHV��DQG�HDFK�LQVWDQFH�KDV�

݉� IHDWXUHV�� WKXV� LW�FDQ�EH�SUHVHQWHG�E\� ܺሺ௩ሻ ൌ ቄݔଵ
ሺ௩ሻǡ ଶݔ

ሺ௩ሻǡ ڮ ǡ ݔ
ሺ௩ሻቅ א ࣬ൈ�� ܷሺ௩ሻ א ࣬ൈ� DQG� ܸሺ௩ሻ א

࣬ൈ� UHSUHVHQW� WKH� �WK-ݒ YLHZ¶V� EDVLV�PDWUL[� DQG� FRHIILFLHQW�PDWUL[� RI� 10)�� UHVSHFWLYHO\�� �ሺ௩ሻܮ LV� WKH�

/DSODFLDQ�PDWUL[�IRU�WKH� �WK�YLHZ�ZLWK-ݒ ௫ܧ
ሺ௩ሻ� DQG� ௨ܧ

ሺ௩ሻ� GHQRWLQJ�WKH�HUURU�RI�WKH� �]WK�YLHZ�PDWUL-ݒ ܺሺ௩ሻ�

DQG�EDVLV�PDWUL[� ܷሺ௩ሻ��UHVSHFWLYHO\��  

%DVHG� RQ� WKH� GHILQLWLRQV� DERYH�� WKH� REMHFWLYH� IXQFWLRQ� RI� WKH� SURSRVHG� 5/0'20�PHWKRG� FDQ� EH�

JLYHQ�E\��  

݉݅݊
ܷሺ௩ሻǡ ܸሺ௩ሻǡ ௫ܧ

ሺ௩ሻǡ ௨ܧ
ሺ௩ሻǡ ሺ௩ሻߙ σ ଵߣ

ೡ
௩ୀଵ ቛܧ௫

ሺ௩ሻቛ
ଶǡଵ

 ቛܧ௨
ሺ௩ሻቛ

כ
൨  ௩ߣ σ ൫ܸሺ௩ሻǡܥܫܵܪ ܸሺ௪ሻ൯�ೡ

௪ୀଵǡ௩ஷ௪ � � � � � � � � � � �  

σ ൫ߙሺ௩ሻ൯
ఊ
ሺ௩ሻሺܸሺ௩ሻሻ்ሻೡܮሺܸሺ௩ሻݎݐ

௩ୀଵ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ����� � � � � � � � � � � � � � � � � � � � � � � � � � � � �

�Ǥ �Ǥ ௫ܧ
ሺ௩ሻ ൌ ܺሺ௩ሻ െ ܷሺ௩ሻܸሺ௩ሻǡ ௨ܧ

ሺ௩ሻ ൌ ܺሺ௩ሻ െ ܷሺ௩ሻǢ� σ ሺߙሺ௩ሻሻఊ ൌ ͳǡͲ  ሺ௩ሻߙ  ͳǢ ܷሺ௩ሻ  Ͳǡೡ
௩ୀଵ ܸሺ௩ሻ  ͲǤ�  

7KHUH�DUH�WKUHH�UHJXODUL]DWLRQ�SDUDPHWHUV� LQ�(T��������ZKHUH� �ଵߣ LV� WR�PHDVXUH�WKH�LPSRUWDQFH�RI�VSDUVH�

UHSUHVHQWDWLRQ�� ሺߙሺ௩ሻሻఊ � DQG� ௩ߣ � DUH� WKH� WUDGH-RII� FRUUHODWLRQV� RI� WKH� VPRRWK� WHUP� DQG� WKH� GLYHUVH�
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UHJUHVVLRQ�WHUPV��UHVSHFWLYHO\�� �ሺ௩ሻߙ DQG� �ߛ DUH�WKH�ZHLJKW�RI� �WK�YLHZ�DQG�SRZHU�LQGH[��UHVSHFWLYHO\��,Q-ݒ

WKH�ILUVW�WHUP��WKH�LPSURYHG�10)�LV�XVHG�WR�GHFRPSRVH�WKH�RULJLQDO�GDWD�PDWUL[�LQWR�WKH�EDVLV�PDWUL[��WKH�

FRHIILFLHQW�PDWUL[�DQG�WZR�HUURU�PDWULFHV��$�VSDUVH�VXE-PDWUL[�FDQ�EH�REWDLQHG��ZKLFK�LV�VSDUVHU�WKDQ�WKH�

RULJLQDO�GDWD�PDWUL[�ZLWK� WKH� UHGXQGDQW� LQIRUPDWLRQ�GLVFDUGHG�� ,I� WKH� IHDWXUH�GLPHQVLRQ�RI�HDFK�VDPSOH�

ሺ݉ሻ� LV� JUHDWHU� WKDQ� WKH� QXPEHU� RI� VDPSOHV� LQ� WKH� LQSXW� GDWDVHW� ሺ݊ሻ�� L�H�� ݉  ݊�� WKH� GHFRPSRVLWLRQ�

DFWXDOO\�KDV�DQ�HIIHFW�RI�GLPHQVLRQ�UHGXFWLRQ��7KH� �ଶଵܮ QRUP�LV�XVHG�IRU�PRUH�UREXVW�GHFRPSRVLWLRQ� LQ�

WKH�ILUVW�WHUP�RI�WKH�REMHFWLYH�IXQFWLRQ��,Q�RUGHU�WR�HQVXUH�WKDW�WKH�FRHIILFLHQW�PDWUL[�REWDLQHG�E\�10)�KDV�

PRUH�FRPSOHWH�LQIRUPDWLRQ�WKDQ�WKH�RQH�REWDLQHG�E\�OLQHDU�GHFRPSRVLWLRQ��WKH�HUURU�PDWUL[�LV�DGGHG�ZLWK�

XVLQJ� QXFOHDU� QRUP�� ZKLFK� QRW� RQO\� SUHVHUYHV� WKH� FKDUDFWHULVWLFV� RI� WKH� FRHIILFLHQW� PDWUL[�� EXW� DOVR�

HQKDQFHV�WKH�UREXVWQHVV�RI�WKH�PRGHO�� ԡήԡכ� UHSUHVHQWV�WKH�VXP�RI�WKH�VLQJXODU�YDOXHV�RI�WKH�PLQLPL]DWLRQ�

PDWUL[��ZKLFK� LV� GLIIHUHQW� IURP� RWKHU� QRUPV�� DQG� EHORQJV� WR� WKH� ORZ-UDQN� FRQVWUDLQW�ZLWK� WKH� HIIHFW� RI�

VSDUVH�DQG�GLPHQVLRQDOLW\�UHGXFWLRQ�>��@��,Q�WKH�VHFRQG�WHUP��+6,&�LV�XVHG�WR�IXVH�WKH�VWUXFWXUDO�IHDWXUHV�

RI�YDULRXV�YLHZV��DQG�DOVR�WR�GHWHUPLQH�WKH�FRYDULDQFH�EHWZHHQ�GLIIHUHQW�YLHZV�WR�HQKDQFH�WKH�FRQQHFWLRQ�

EHWZHHQ�YLHZV��,Q�DGGLWLRQ��WKH�GLIIHUHQFHV�EHWZHHQ�WKHP�DUH�PLQLPL]HG�WKURXJK�WKH�UHODWHG�NHUQHO�VSDFH�

PDSSLQJ��,Q�WKH�WKLUG�WHUP�RI�WKH�PRGHO��PDQLIROG�OHDUQLQJ�LV�XVHG�WR�VPRRWK�HDFK�YLHZ�ZKLOVW�SUHVHUYLQJ�

LWV�VWUXFWXUDO�IHDWXUHV��$FWXDOO\��$:0/�FDQ�DGDSWLYHO\�XSGDWH�WKH�LPSRUWDQFH�RI�GLIIHUHQW�YLHZV�DFFRUGLQJ�

WR�WKH�RSWLPL]HG�UHVXOWV�RI�WKH�DOJRULWKP��7KH�H[SRQHQWLDO�IRUP�RI�$:0/�KHOSV�WR�HQKDQFH�WKH�GLYHUVLW\�

DPRQJ� GLIIHUHQW� YLHZV� IRU� LPSURYLQJ� WKH� GLVFULPLQDELOLW\� LQ� EHWZHHQ�� ,Q� FRPSDULVRQ� WR� RWKHU� VLPLODU�

PRGHOV��RXU�SURSRVHG�5/0'20�PRGHO�PDLQO\�FRQVLGHUV�WKH�GHYLDWLRQ�RI�PDWUL[�GHFRPSRVLWLRQ��ZKLOVW�

WDNLQJ�LQWR�DFFRXQW� WKH�LPSRUWDQFH�RI�HDFK�YLHZ�DQG�WKH�IXVLRQ�RI�PXOWL-YLHZ�GDWD�IRU� WKH�IROORZLQJ-RQ�

WDVNV�RI�REMHFW�GHWHFWLRQ�DQG�UHFRJQLWLRQ� 
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3.3 Optimization 

7R�VROYH�WKH�QRQ-FRQYH[�REMHFWLYH�IXQFWLRQ�LQ�(T��������WKH�$XJPHQWHG�/DJUDQJLDQ�0HWKRG��$/0��

>��@�LV�DGRSWHG��7KH�VSHFLILF�DOJRULWKP�IORZ�LV�VXPPDUL]HG�LQ�$OJRULWKP���DQG�WKH�GHWDLOV�DUH�H[SODLQHG�

DV�IROORZV� 

)LUVWO\��WKH�REMHFWLYH�IXQFWLRQ�FDQ�EH�UHZULWWHQ�DV� 

ቀܷሺ௩ሻǡܮ ܸሺ௩ሻǡ ௫ܧ
ሺ௩ሻǡ ௨ܧ

ሺ௩ሻǡ ሺ௩ሻቁߙ ൌ σ ଵߣ
ೡ
௩ୀଵ ቛܧ௫

ሺ௩ሻቛ
ଶǡଵ

 ቛܧ௨
ሺ௩ሻቛ

כ
൨  σ ൫ߙሺ௩ሻ൯

ఊ
ሺ௩ሻሺܸሺ௩ሻሻ்ሻೡܮሺܸሺ௩ሻݎݐ

௩ୀଵ �

σ ቀܳଵ
ሺ௩ሻǡ ܺሺ௩ሻ െ ܷሺ௩ሻܸሺ௩ሻ െ ௫ܧ

ሺ௩ሻቁೡ
௩ୀଵ  

ߣ௩ σ ൫ܸሺ௩ሻǡܥܫܵܪ ܸሺ௪ሻ൯�ೡ
௪ୀଵǡ௩ஷ௪ � σ ቀܳଶ

ሺ௩ሻǡ ܺሺ௩ሻ െ ܷሺ௩ሻ െ ௨ܧ
ሺ௩ሻቁೡ

௩ୀଵ �  

�Ǥ �Ǥ σ ሺߙሺ௩ሻሻఊ ൌ ͳǡͲ  ሺ௩ሻߙ  ͳǢ ܷሺ௩ሻ  Ͳǡೡ
௩ୀଵ ܸሺ௩ሻ �� � � � � � � � � � � � � ���� 

ZKHUH� ǡܬሺ ሻܭ ൌ ǡܬۃ ۄܭ  ఓ
ଶ
ԡܭԡிଶ �� Ǥۃ ǡ Ǥ �ۄ LV� WKH�PDWUL[� LQQHU� SURGXFW�� DQG� ܳଵ

ሺ௩ሻ� DQG� ܳଶ
ሺ௩ሻ� DUH� UHODWHG� WR�

WKH�/DJUDQJLDQ�PXOWLSOLHUV�� )XUWKHUPRUH�� WKH� SDUDPHWHU� �ߤ LV� D� UHJXODULW\� FRHIILFLHQW�� ,Q� WKLV� SDSHU�� WKH�

LQQHU�SURGXFW�NHUQHO�LV�XVHG�IRU�+6,&��ZKLFK�LV�GHILQHG�DV� ሺ௩ሻܭ ൌ ሺܸሺ௩ሻሻ்ܸሺ௩ሻ��)RU�QRWDWLRQ�FRQYHQLHQFH��

+6,&�LV�UHSUHVHQWHG�E\ 

σ ൫ܸሺ௩ሻǡܥܫܵܪ ܸሺ௪ሻ൯ೡ
௪ୀଵǡ௪ஷ௩ ൌ σ ሺ௪ሻ൯ೡܭܪሺ௩ሻܭܪ൫ݎݐ

௪ୀଵǡ௪ஷ௩ � � � � � � � � � � � � � � � � � � � � � �  

ൌ σ ሺܸሺ௩ሻሻ்൯ೡܪሺ௪ሻܭܪ൫ܸሺ௩ሻݎݐ
௪ୀଵǡ௪ஷ௩ ൌ �ሺܸሺ௩ሻሻ்ሻܭሺܸሺ௩ሻݎݐ � � � � � � � � � � � � � � � � ���D�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  

ܭ ൌ σ ሺ௪ሻೡܭܪ
௪ୀଵǡ௩ஷ௪ ǡܪ ݄ ൌ ߜ െ

ଵ

Ǥ� � � � � � � � � � � � � � � � � � � � � � ���E� 

%DVHG�RQ�WKH�DQDO\VLV�DERYH��DQ�DOWHUQDWH�RSWLPL]DWLRQ�PHWKRG�FDQ�EH�GHULYHG�LQ�RUGHU�WR�FRQYHUW�LW�WR�

D� IHZ� VROYDEOH� VXE-SUREOHPV�� ,Q� HYHU\� URXQG� RI� SDUDPHWHU� XSGDWLQJ�� WKH� VROXWLRQ� RI� RQH� YDULDEOH� LV�

REWDLQHG�ZKLOVW�DOO�RWKHUV�DUH�IL[HG� 



15 

���7KH� XSGDWLQJ� RI� WKH� YDULDEOH� ܸሺ௩ሻ��:LWK� IL[HG� YDULDEOHV� ܷሺ௩ሻǡ ௫ܧ
ሺ௩ሻǡ ௨ܧ

ሺ௩ሻǡ ሺߙሺ௩ሻሻఊ� WR� XSGDWH� ܸሺ௩ሻ��

WKH�RSWLPL]DWLRQ�SUREOHP�RI�(T�������WXUQV�LQWR 

���݉݅݊σ ሺߙሺ௩ሻሻఊೡ
௩ୀଵ ሺ௩ሻሺܸሺ௩ሻሻ்൯ܮ൫ܸሺ௩ሻݎݐ  σ ଵܳۃ

ሺ௩ሻǡ ܺሺሻ െ ܷሺሻܸሺሻ െ ௫ܧ
ሺ௩ሻۄ  ೡߣ

௩ୀଵ ܸሺ௩ሻ� � � � � �  

ߣ௩ σ ൫ܸሺ௩ሻǡܥܫܵܪ ܸሺ௪ሻ൯�ೡ
௪ୀଵǡ௩ஷ௪  σ ఓ

ଶ
ೡ
௩ୀଵ ቛܺሺሻ െ ܷሺሻܸሺሻ െ ௫ܧ

ሺ௩ሻቛ
ி

ଶ
Ǥ� � � � � � � � � � � ���� 

ZKHUH� �ߣ LV� WKH� /DJUDQJLDQ� FRHIILFLHQW��:H� WDNH� WKH� GHULYDWLYH� WR� (T�� ����� DERXW� ܸሺ௩ሻ� DQG� OHW� LW� EH� ���

$FFRUGLQJ�WR�WKH�.DUXVK-.XKQ-7XFNHU�FRQGLWLRQ�>��@��LW�FDQ�EH�UHZULWWHQ�DV� 

�ܸሺ௩ሻ  ܸሺ௩ሻܤ ൌ �ܥ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���D� 

ܣ ൌ ሺܷሺ௩ሻሻ்ܷሺ௩ሻߤ  ǡߣ ܤ ൌ ሺ௩ሻܮሺ௩ሻߙ  �ܭ௩ߣ � � � � � � � � � � � � � � � � ���E� 

ܥ ൌ ሺܷሺ௩ሻሻ்ܺሺ௩ሻߤ  ௫ܧሺܷሺ௩ሻሻ்ߤ
ሺ௩ሻ െ ሺܷሺ௩ሻሻ்ܳଵ

ሺ௩ሻǤ� � � � � � � � � � � � ���F� 

1RWH� WKDW� (T�� ���D�� LV� WKH� VWDQGDUG� 6\OYHVWHU� HTXDWLRQ� >��@>��@��$V� WKH�PDWUL[� �ܣ DQG� െܤ� GR� QRW�

KDYH�FRPPRQ�HLJHQYDOXHV��DFFRUGLQJ�WR�WKH�IROORZLQJ�7KHRUHP����(T�����D��KDV�D�VWDQGDUG�VROXWLRQ��  

7KHRUHP����,I�WKH�HTXDWLRQ� ܺܣ  ܤܺ ൌ �ܥ LV�D�VWDQGDUG�6\OYHVWHU�HTXDWLRQ��LW�KDV�D�VWDQGDUG�VROXWLRQ�IRU�

ܺ��DV� ܺ ൌ �]��SURYLGHG�WKDW�WKH�PDWUL்ܴכܺܳ �ܣ DQG� െܤ� KDYH�QR�FRPPRQ�HLJHQYDOXHV��ZKHUH� �כܺ LV�WKH�

VROXWLRQ�WR�WKH�IROORZLQJ�HTXDWLRQ��  

� � � � � � � � � � � � � � � � כܣ ܺכ  ܺכ כܤ ൌ כܥ െ σ ିଵכܣ
ୀଵ ܺ

כ െ σ ܺכିଵ
ୀଵ כܤ � � � � � � � � � � � � � � � � � �  

� � � � � � � � � � � � � � � � � � � � � � � � � � � ሺ݇ ൌ ͳǡʹǡڮ ǡ Ǣ ݈ ൌ ͳǡʹǡڮ ǡ �ሻݍ � � � � � � � � � � � � � � � � � � � � � � � � ���� 

ZKHUH� څܣ ൌ څܤ��ܳܣ்ܳ ൌ ��ܴܤ்ܴ ܴ א ࣬ൈ� DUH�WKH�RUWKRJRQDO�VLPLODULW\�WUDQVIRUPDWLRQ�PDWUL[��DQG�WKH�

PDWUL[� �ܣ DQG� WKH�PDWUL[� �ܤ DUH� UHGXFHG� WR� ORZHU� DQG�XSSHU� UHDO� 6FKXU� IRUP�� څܥ ൌ ��ܴܥ்ܳ ܳ א ࣬ൈ�

DQG��ZKHUH� � DQG� �ݍ DUH�WKH�UHGXFHG�WDUJHW�GLPHQVLRQ�RI� څܣ א ࣬ൈ� DQG� څܤ א ࣬ൈ��UHVSHFWLYHO\��)RU�

PRUH�GHWDLOV�SOHDVH�UHIHU�WR�5HI��>��@� 
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���7KH�XSGDWLQJ�RI� ܷሺ௩ሻ��7R�XSGDWH�WKH�SDUDPHWHU� ܷሺ௩ሻ��WKH�DERYH�PHWKRG�LV�DGRSWHG�E\�IL[LQJ�RWKHU�

YDULDEOHV�H[FHSW� ܷሺ௩ሻ��ZKHUH�WKH�ORVV�IXQFWLRQ�RI�(T�������FDQ�EH�UHZULWWHQ�DV� 

���݉݅݊σ ఓ
ଶ

ೡ
௩ୀଵ ቛܺሺ௩ሻ െ ܷሺ௩ሻ െ ௨ܧ

ሺ௩ሻቛ
ி

ଶ
 σ ଵܳۃ

ሺ௩ሻǡ ܺሺ௩ሻ െ ܷሺ௩ሻ െ ௨ܧ
ሺ௩ሻۄೡ

௩ୀଵ  ɉܷሺ௩ሻ� � � � � � � � �  

σ ఓ
ଶ

ೡ
௩ୀଵ ቛܺሺ௩ሻ െ ܷሺ௩ሻܸሺ௩ሻ െ ௫ܧ

ሺ௩ሻቛ
ி

ଶ
 σ ଶܳۃ

ሺ௩ሻǡ ܺሺ௩ሻ െ ܷሺ௩ሻܸሺ௩ሻ െ ௫ܧ
ሺ௩ሻۄೡ

௩ୀଵ Ǥ� � �����  

6LPLODUO\�� ZH� WDNH� D� GHULYDWLYH� WR� (T�� ����� DERXW� ܷሺ௩ሻ� DQG� OHW� LW� EH� ��� $JDLQ�� DFFRUGLQJ� WR� WKH�

.DUXVK-.XKQ-7XFNHU�FRQGLWLRQ�>��@��WKH�RSWLPL]DWLRQ�VROXWLRQ�RI� ܷሺ௩ሻ� LV�GHULYHG�DV� 

ܷሺ௩ሻ ൌ ܣ כ �ሻܤሺݒ݊݅ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���D� 

ܣ ൌ ሺ௩ሻሺܸሺ௩ሻሻ்ܺߤ  ܳଵ
ሺ௩ሻܸሺ௩ሻ  ሺ௩ሻܺߤ  ܳଶ

ሺ௩ሻ െ ௫ܧߤ
ሺ௩ሻሺܸሺ௩ሻሻ் െ ఓ

ଶ
௫ܧ
ሺ௩ሻ� � � � ���E� 

ܤ ൌ �ሺ௩ሻሺܸሺ௩ሻሻ்Ǥܸߤ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���F� 

+HUH�� �ܤ FDQ�EH�UHJDUGHG�DV�WKH�SRVLWLYH�GHILQLWH�PDWUL[��KHQFH� �ܤ ZLOO�KDYH�DQ�LQYHUVH�PDWUL[��  

���7KH�XSGDWLQJ�RI� �ሺ௩ሻߙ�$FFRUGLQJ�WR�(T�������DQG�WKH�UHODWLYH�FRQVWUDLQW��WKH�VXE-SUREOHP�RI� �ሺ௩ሻߙ

FDQ�EH�GHULYHG�DV� 

������σ ሺߙሺ௩ሻሻఊݎݐሺܸሺ௩ሻܮሺ௩ሻሺܸሺ௩ሻሻ்ሻೡ
௩ୀଵ � � � � � � � � � � � � � � � � � � ���� 

�Ǥ �Ǥ σ ሺߙሺ௩ሻሻఊ ൌ ͳǤೡ
௩ୀଵ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  

(T�������FDQ�EH�VROYHG�E\�XVLQJ�WKH�/DJUDQJH�IXQFWLRQ�PHWKRG�DV�IROORZV˖ 

�൫ߙሺ௩ሻ൯ ൌ σ ሺೡ
௩ୀଵ ሺ௩ሻ൫ܸሺ௩ሻሻ்൯ܮሺܸሺ௩ሻݎݐሺ௩ሻሻఊߙ െ ൫σߣ ሺߙሺ௩ሻሻఊೡ

௩ୀଵ െ ͳ൯�� � � � � � � ����� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  

:LWK�WKH�IL[HG�SDUDPHWHU� ���SDUWLDO�GHULYDWLRQ�LV�DEOH�WR�EH�WDNHQ�WRߛ �ሺ௩ሻߙ DQG�VHW�LW�WR�EH����WKXV�ZH�KDYH��  

ܵ ൌ �ሺ௩ሻሺܸሺ௩ሻሻ்ሻܮሺܸሺ௩ሻݎݐ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���D� 

ப
பఈሺೡሻ

ൌ ሺ௩ሻሻఊିଵሺܵߙሺߛ െ �ሻߣ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���E� 
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ሺ௩ሻߙ ൌ ሺఒ
ௌ
ሻ

భ
ംషభǤ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���F� 

���7KH�XSGDWLQJ�RI� ௫ܧ
ሺ௩ሻ��7R�XSGDWH� ௫ܧ

ሺ௩ሻ��WKH�RULJLQDO�REMHFWLYH�IXQFWLRQ�FDQ�EH�UHZULWWHQ�DV� 

���݉݅݊ ఒభ
ఓ
ቛܧ௫

ሺ௩ሻቛ
ଶǡଵ

 ଵ
ଶ
ฯܧ௫

ሺ௩ሻ െ ሺܺሺ௩ሻ െ ܷሺ௩ሻܸሺ௩ሻ െ ொభ
ሺೡሻ

ఓ
ሻฯ

ி

ଶ

Ǥ� � � � � � � � � � ���� 

2QH�FDQ�VHH�WKDW�WKLV�SUREOHP�KDV�D�FORVHG�IRUP�VROXWLRQ�>��@>��@��/HW� ܤ ൌ ܺሺ௩ሻ െ ܷሺ௩ሻܸሺ௩ሻ െ ܳଵ
ሺ௩ሻ ൗߤ ��

ZH�FDQ�WKHQ�XSGDWH� ௫ܧ
ሺ௩ሻ� E\� 

ܧ
ሺ௩ሻ ൌ ൝

ሺͳ െ ఒభ
ఓฮೕฮమ

ሻܤ������݂݅ฮܤฮଶ 
ఒభ
ఓ

Ͳ݁ݏ݅ݓݎ݁ݐ�������������������������������
� � � � � � � � � � � � � � � � � � � � ���� 

ZKHUH� ܧ
ሺ௩ሻ� LV� WKH� ሺ݅ǡ ݆ሻ-WK� HOHPHQW� RI� ௫ܧ

ሺ௩ሻ�� DQG� �ܤ LV� WKH� ݆-WK� FROXPQ� RI� ��ܤ )RU� D� ODUJH� GDWDVHW�� WKH�

IROORZLQJ�QRUPDOL]DWLRQ�PHWKRG�LV�DSSOLHG�WR� ௫ܧ
ሺ௩ሻ� IRU�JUHDWHU�UREXVWQHVV�DQG�VPRRWKQHVV� 

௫ܧ
ሺ௩ሻ ൌ ாೣ

ሺೡሻ

ቛாೣ
ሺೡሻቛ

ಷ

మ� �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

���7KH�XSGDWLQJ�RI� ௨ܧ
ሺ௩ሻ��7R�XSGDWH� ௨ܧ

ሺ௩ሻ��WKH�RULJLQDO�REMHFWLYH�IXQFWLRQ�FDQ�EH�UHZULWWHQ�DV� 

���݉݅݊ ఒభ
ఓ
ቛܧ௨

ሺ௩ሻቛ
כ
 ଵ

ଶ
ฯܧ௨

ሺ௩ሻ െ ሺܺሺ௩ሻ െ ܷሺ௩ሻ  ொమ
ሺೡሻ

ఓ
ሻฯ

ி

ଶ

Ǥ� � � � � � � � � � � � � � ���� 

/HW� ܥ ൌ ܺሺ௩ሻ െ ܷሺ௩ሻ  ொమ
ሺೡሻ

ఓ
��DQG�WKLV�FDQ�EH�VROYHG�E\�WKH�6LQJXODU�9DOXH�7KUHVKROG��697��PHWKRG�>��@��

ZKHUH� ܷσ்ܸ� PD\� EHFRPH� WKH� VWDQGDUG� 697� RI� WKH� PDWUL[� ��ܥ 7KHUHIRUH�� WKH� VROXWLRQ� RI� WKH� DERYH�

IRUPXOD�FDQ�EH�GHULYHG�DV� 

௨ܧ
ሺ௩ሻ ൌ ܷܵഊభ

ഋ
ሺσሻ ்ܸǡ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���D� 

ܵఋሺܺሻ ൌ ሺܺݔܽ݉ െ ǡߜ Ͳሻ  ݉݅݊�ሺܺ  ǡߜ Ͳሻ� � � � � � � � � � � � � � � ���E� 
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ZKHUH� ܵఋሺܺሻ� LV� WKH� VKULQNDJH�RSHUDWRU��7R�HQVXUH� WKDW� WKH�YDULDEOH� ௨ܧ
ሺ௩ሻ� GRHV�QRW�RYHUIORZ�GXULQJ� WKH�

HQWLUH� RSWLPL]DWLRQ� SURFHVV�� ZH� DOVR� DSSO\� WKH� IROORZLQJ� QRUPDOL]DWLRQ� PHWKRG� WR� ௨ܧ
ሺ௩ሻ� IRU� JUHDWHU�

UREXVWQHVV�DQG�VPRRWKQHVV� 

௨ܧ
ሺ௩ሻ ൌ ாೠ

ሺೡሻ

ቛாೠ
ሺೡሻቛ

ಷ

మ� �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���� 

���7KH�XSGDWLQJ�RI�$/0�SDUDPHWHUV��7KHVH�SDUDPHWHUV�FDQ�EH�XSGDWHG�DV�IROORZV� 

ܳଵ
ሺ௩ሻ ൌ ܳଵ

ሺ௩ሻ  ቀܺሺ௩ሻߤ െ ܷሺ௩ሻܸሺ௩ሻ െ ௫ܧ
ሺ௩ሻቁ� � � � � � � � � � � � � � � � � ���D� 

ܳଶ
ሺ௩ሻ ൌ ܳଶ

ሺ௩ሻ  ቀܺሺ௩ሻߤ െ ܷሺ௩ሻ െ ௨ܧ
ሺ௩ሻቁ� � � � � � � � � � � � � � � � � � � � ���E� 

ߤ ൌ �ߤߩ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���F� 

ZKHUH� �ߩ LV�D�FRQVWDQW�SDUDPHWHU��  

$OJRULWKP����7KH�DOJRULWKP�VWHSV�IRU�VROYLQJ�5/0'20 

,QSXW��8QODEHOHG�GDWDVHWV� � ൌ ൛ܺሺ௩ሻൟ
௩ୀଵ
ೡ ǡ ݇ǡ ݇௩ǡ ଵǡߣ ௩ǡߣ ǡߛ ൛ሺߙሺ௩ሻሻఊൟ

௩ୀଵ
ೡ ǡ ǡߤ �Ǥߩ  

2XWSXW��7KH�IHDWXUHV�RI�GDWD�SRLQWV�JURXSHG�LQ� ݇� FOXVWHUV� 
�˖,QLWLDOL]H�݇ ൌ Ͳǡ ܸሺ௩ሻ ൌ Ͳǡ ܷሺ௩ሻ ൌ Ͳǡ ௫ܧ

ሺ௩ሻ ൌ Ͳǡ ௨ܧ
ሺ௩ሻ ൌ �Ͳǡ ܼ ൌ Ͳǡ ଵܳ

ሺ௩ሻ ൌ Ͳǡܳଶ
ሺ௩ሻ ൌ Ͳǡ ݐ ൌ ͲǤ 

�˖:KLOH� ݐ  ���� ̴����� GR 
��� � � IRU� �� ݒ � WR� ݊௩� GR 
��� � � � � � ݇ ൌ Ͳ�  
��� � � � � � IRU� � �� � WR� ݊௩� GR 
��� � � � � � � � 8SGDWH� ݇௩� E\�(T�����E�� 
��� � � � � � � � LI� ݒ ് �ݓ GR 
��� � � � � � � � � � � ݇ ൌ ݇  ݇௩Ǥ 
��� � � � � � � � HQG�LI 
���� � � � � HQG�IRU 
���� � � )L[�RWKHU�SDUDPHWHUV�DQG�XSGDWH� ܸሺ௩ሻ� E\�VROYLQJ�(T������� 
���� � � )L[�RWKHU�SDUDPHWHUV�DQG�XSGDWH� ܷሺ௩ሻ� E\�VROYLQJ�(T�����D�� 
���� � � )L[�RWKHU�SDUDPHWHUV�DQG�XSGDWH� �ሺ௩ሻߙ E\�VROYLQJ�(T�����F�� 
���� � � )L[�RWKHU�SDUDPHWHUV�DQG�XSGDWH� ௫ܧ

ሺ௩ሻ� E\�VROYLQJ�(T������ 
DQG�(T������� 

���� � � )L[�RWKHU�SDUDPHWHUV�DQG�XSGDWH� ௨ܧ
ሺ௩ሻ� E\�VROYLQJ�(T�����D��DQG�(T������� 

���� � � 8SGDWH� ܳଵ
ሺ௩ሻ� E\�VROYLQJ�(T�����D�� 

���� � � 8SGDWH� ܳଶ
ሺ௩ሻ� E\�VROYLQJ�(T�����E�� 

���� � � 8SGDWH� �ߤ E\�VROYLQJ�(T�����F�� 
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4 Experiments Results and Analysis 

����([SHULPHQWDO�6HWWLQJ 

,Q� WKLV� VHFWLRQ�� FRPSUHKHQVLYH� H[SHULPHQWV� RQ� VL[� ZHOO-NQRZQ� 09&� GDWDVHWV� DUH� XVHG� IRU�

SHUIRUPDQFH�DVVHVVPHQW�RI�WKH�SURSRVHG�DSSURDFK��7KHVH�GDWDVHWV�VSDQ�YDULRXV�DSSOLFDWLRQV��VXFK�DV�QHZV��

WH[WV�� DQG� IDFLDO� LPDJHV�YLGHRV� XQGHU� YDULRXV� FRQGLWLRQV�� ZKLFK� DUH� ZLGHO\� XVHG� LQ� 09&� ILHOG�� 7KH�

JHQHUDO� LQIRUPDWLRQ� DQG� VWDWLVWLFV� DERXW� WKHVH� VL[� GDWDVHWV� DUH� VXPPDUL]HG� LQ� 7DEOH� ��� DQG� WKH�

H[SHULPHQWDO�VHWWLQJV�DUH�GHWDLOHG�DV�IROORZV��  

����1RWWLQJ-+LOO�9LGHR�)DFH�GDWDVHW�>��@��7KLV�LV�D�IDFH�FOXVWHULQJ�GDWDVHW�ZKLFK�FRQWDLQV������IDFHV�RI���

PDLQ�FDVWV�LQ����YLGHR�VHTXHQFHV��2XU�H[SHULPHQWV�XVHG�WKUHH�YLHZV��LQFOXGLQJ�����-'�*DERU�IHDWXUHV��

����-'�/%3�IHDWXUHV�DQG�WKH�����-'�JUD\�IHDWXUHV��$V�VXJJHVWHG�LQ�5HI��>��@��WKH�ILUVW������VDPSOHV�RI�

WKH�GDWDVHW�DUH�XVHG�LQ�RXU�H[SHULPHQW� 

�����-6RXUFHV�GDWDVHW�>��@��&RYHULQJ�WKUHH�RQOLQH�QHZV�VRXUFHV��L�H��%%&��5HXWHUV��DQG�WKH�*XDUGLDQ��WKLV�

GDWDVHW�FRQWDLQV�����FDVHV��$V�VXJJHVWHG�LQ�5HI��>��@��ZH�XVHG�WKH�WKUHH�YLHZV�ZLWK�����GLVWLQFW�SLHFHV�RI�

QHZV�IURP�HDFK�YLHZ� 

����25/BPWY�GDWDVHW� >��@��7KH�25/BPWY�GDWDVHW� LQFOXGHV� ��� GLIIHUHQW� JUD\� VFDOH� IDFH� LPDJHV� RI� ���

GLVWLQFW�VXEMHFWV��:LWK�VHOHFWHG�VXEMHFWV�� WKH�LPDJHV�DUH�WDNHQ�XQGHU�GLIIHUHQW�FRQGLWLRQV�VXFK�DV��YDULHG�

OLJKWLQJ��IDFLDO�H[SUHVVLRQV�DQG�GHWDLOV��  

���� � � HQG�IRU 
���� � � 'HWHUPLQH�ZKHWKHU�WKH�FRQYHUJHQFH�FRQGLWLRQ�LV�PHW� 
���� � � ݐ ൌ ݐ  ͳ� 
���� � � HQG�ZKLOH 
���� � � IRU� �� ݒ � WR� ݊௩� GR�  

��������������������ܼ ൌ ܼ  ሺหܸሺ௩ሻห  หܸሺ௩ሻห
்
ሻ ʹǤΤ  

���� � � HQG�IRU 
���� � � $SSO\�VSHFWUDO�FOXVWHULQJ�WR�WKH�DIILQLW\�PDWUL[� ܼ� 
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����&2,/���GDWDVHW�>��@��,W�FRQWDLQV������VDPSOHV�LQ�WRWDO��HDFK�RI�ZKLFK�LV�D���[���JUD\�VFDOH�LPDJH�

IURP����REMHFWV�FDSWXUHG�IURP�GLIIHUHQW�YLHZ�DQJOHV��LQFOXGLQJ�WKUHH�YLHZV� 

����)(5(7�GDWDVHW�>��@��7KLV�GDWDVHW�FRQWDLQV������VDPSOHV��HDFK�RI�ZKLFK�LV���[���JUD\�VFDOH�LPDJH�

IURP�����REMHFWV�FDSWXUHG�IURP�GLIIHUHQW�YLHZ�DQJOHV��  

����5HXWHU�GDWDVHW� >��@��7KLV� LV� D�GRFXPHQW�GDWDVHW� FRQWDLQLQJ� IHDWXUHV� GHULYHG� IURP��� ODQJXDJHV� DQG�

WUDQVODWLRQV�RYHU�D�FRPPRQ�VHW�RI�VL[�FDWHJRULHV��ZLWK�DOO�ILOHV�EHLQJ�LQ�WKH�WH[W�EDJ�UHSUHVHQWDWLYH��7KH�

RULJLQDO� GRFXPHQW� ODQJXDJH� LV� (QJOLVK�� ZLWK� �� RWKHU� YLHZV� LQ� )UHQFK�� *HUPDQ�� 6SDQLVK� DQG� ,WDOLDQ�

WUDQVODWLRQ��)RU�HDFK�FODVV������VDPSOHV�DUH�UDQGRPO\�VHOHFWHG��UHVXOWLQJ�LQ�D�GDWDVHW�RI�����GRFXPHQWV� 

7DEOH����6XPPDU\�RI�WKH�VL[�GDWDVHWV�XVHG�LQ�RXU�H[SHULPHQWV 

'DWDVHW 1RWWLQJ-+LOO �-6RXUFHV 25/BPWY &2,/�� )(5(7 5HXWHU 
6DPSOHV ���� ��� ��� ���� ���� ��� 
9LHZV � � � � � � 
&OXVWHUV �� � �� �� ��� � 

����&RPSDUHG�0HWKRGV 

In this section, we will compare the proposed RLMDOM method with the existing well-known MVSC 

algorithms, including the Graph regularized multi-view NMF (GMVNMF) [41], Exclusivity-consistency 

regularized 096& (ECRMSC) [10], centroid-based multi-view low-rank sparse subspace clustering 

(CMLRSSC) [36], pairwise kernel multi-view low-rank sparse subspace clustering (PKMLRSSC) [36], 

diversity-induced MVSC (DiMSC) [27], latent MVSC (LMSC) [28], MVSC via co-training robust data 

representation (CoMSC) [47], and consensus one-step MVSC (COMVSC) [48]. Details of these 

benchmarking approaches are briefly introduced as follows. 

1) GMVNMF [41]: This is mainly composed of two terms in the loss function, with NMF and weighting 

graph regularized. 
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2) ECRMSC [10]: This method mainly uses a large number of ܮଵ norm to constrain the components of 

sparse representation. 

3) CMLRSSC [36]: Similar to pairwise MLRSSC, the only difference is that the view-specific 

representations are enforced towards a common centroid. 

4) PKMLRSSC [36]: Aiming to recover the non-linear subspace, PKMLRSSC is similar to the first two 

algorithms yet the original dataset is affine mapped into a high dimensional feature space. 

5) DiMSC [27]: This method extends the existing subspace clustering by joining the HSIC for preserving 

the relevant information between different views. 

6) LMSC [28]: Different from the general latent subspace clustering algorithms, LMSC uses two linear 

representations to derive the final sparse matrix which has greatly reduced the dimension of the data. 

7) CoMSC [47]: A method that utilizes multi-kernel spaces to process redundant information, and 

constructs consensus self-representations by exploring complementary details of learned representations. 

8) COMVSC [48]:� This is a unified MVSC framework, which jointly optimizes similarity learning, 

clustering partition and final clustering labels. 

����(YDOXDWLRQ�&ULWHULD 

)RU�TXDQWLWDWLYH�SHUIRUPDQFH�HYDOXDWLRQ��WKH�IROORZLQJ�VHYHQ�ZHOO-NQRZQ�HYDOXDWLRQ�FULWHULD�DUH�XVHG��

7KH\�DUH�WKH�FOXVWHULQJ�DFFXUDF\��$&&��>��@��QRUPDOL]HG�LQIRUPDWLRQ��10,��>��@��SUHFLVLRQ�>��@��UHFDOO�

>��@��)-VFRUH�>��@��DGMXVWHG�UDQG�LQGH[��$5,��DQG�FRQIXVLRQ�PDWUL[��UHVSHFWLYHO\��  

����3DUDPHWHU�$QDO\VLV 

7KHUH� DUH� VHYHUDO� SDUDPHWHUV� LQ� WKH� REMHFWLYH� IXQFWLRQ� RI� 5/0'20�� ZKLFK� LQFOXGHV� WKH�

UHJXODUL]DWLRQ� SDUDPHWHUV� IRU� 10)�� PDQLIROG� OHDUQLQJ�� +6,&� DQG� WKH� /DJUDQJLDQ� UHJXODUL]DWLRQ�� L�H��
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ଵǡߣ ሺߙሺ௩ሻሻఊǡ ௩ǡߣ� �ߤ DQG� ��ߩ UHVSHFWLYHO\�� ,Q� WKLV� VHFWLRQ�� WKH� HIIHFW� RI� WKHVH� SDUDPHWHUV� RQ� WKH� SURSRVHG�

PRGHO�ZLOO�EH�GLVFXVVHG��  

7KH� ILUVW� LPSRUWDQW� SDUDPHWHU� LV� WKH� VSDUVH� SDUDPHWHU� ��ଵߣ ZKLFK� SOD\V� D� FUXFLDO� UROH� LQ� WKH� VSDUVH�

GHFRPSRVLWLRQ�RI�WKH�RULJLQDO�GDWD�DQG�GLUHFWO\�DIIHFWV�WKH�FOXVWHULQJ�SHUIRUPDQFH�RI�WKH�HQWLUH�DOJRULWKP��

$V�VKRZQ�LQ�)LJ�����WKH�PDJQLWXGHV�RI�WKH�IOXFWXDWLRQV�LQ�WKH�VL[�GDWDVHWV�DUH�TXLWH�VWDEOH�XQGHU�YDULRXV� ��ଵߣ

ZKLFK� PHDQV� WKH� SURSRVHG� DSSURDFK� LV� LQVHQVLWLYH� WR� ��ଵߣ 7R� WKLV� HQG�� ZH� VHW� � ଵߣ ������ E\� XQLILHG�

YHULILFDWLRQ�RI�GLIIHUHQW�GDWDVHWV�LQ�WKH�H[SHULPHQW��  

7KH� VHFRQG� LPSRUWDQW� SDUDPHWHU� ሺߙሺ௩ሻሻఊ� KDV� D� JUHDW� HIIHFW� RQ� WKH�ZHLJKW� RI� GLIIHUHQW� YLHZV�ZKHQ�

SUHVHUYLQJ� WKHLU� VWUXFWXUDO� LQWHJULW\��$� ODUJHU�ZHLJKW� LQGLFDWHV� WKDW� WKH� YLHZ� FRQWDLQV�PRUH� LQIRUPDWLRQ�

WKXV� LW� LV�PRUH� LPSRUWDQW��$OWKRXJK� WKH�SDUDPHWHU� �ሺ௩ሻߙ FDQ�EH� DGDSWLYHO\�GHWHUPLQHG�E\�(T�� ������ WKH�

SDUDPHWHU� �ߛ KDV�WR�EH�PDQXDOO\�VHW��$FWXDOO\��WKH�LQLWLDO�YDOXH�RI� �ߛ LV�HPSLULFDOO\�VHW�WR����,I�VRPHRQH�

ZDQWV� WR�REWDLQ� WKH�EHVW�SHUIRUPDQFH�RI�FOXVWHULQJ�� WKH�SDUDPHWHU�RI�SRZHU� LQGH[� �ߛ FDQ�EH�DGMXVWHG� LQ�

ሾͳǤͳǡͳǤʹǡڮ ǡʹሿ��DQG�WKH�LQLWLDO�YDOXH�RI� �ሺ௩ሻߙ LV�VHW�WR������  

)RU� WKH�SDUDPHWHU� ��௩ߣ LW� HQVXUHV� WKH�GLYHUVLW\�RI�GLIIHUHQW� VXEVSDFH� UHSUHVHQWDWLRQV�EDVHG�RQ�+6,&��

7KH�ODUJHU�WKH�SDUDPHWHU�LV��WKH�PRUH�LPSRUWDQW�WKH�FRPPRQ�IHDWXUH�VWUXFWXUH�EHWZHHQ�YLHZV�LV��$V�VKRZQ�

LQ�)LJ����� �௩ߣ LV�VHW�WR�������IRU�DOO�WKH�GDWDVHWV��  

7KH� ODVW� WZR� LPSRUWDQW� SDUDPHWHUV� DUH� WKH� UHJXODWLRQ� SDUDPHWHUV� �ߤ DQG� ��ߩ ZKLFK� DUH� KDUG� WR� EH�

GHWHUPLQHG� HPSLULFDOO\�� +HUH�� WKH� LQLWLDO� YDOXH� RI� �ߤ FDQ� EH� REWDLQHG� LQ� D� UDQJLQJ� IURP� >�H-��� �H�@��

$FWXDOO\��WKH�LQLWLDO�SDUDPHWHU� �ߤ LV�HPSLULFDOO\�VHW�WR��H���DQG� �ߩ LV�VHW�WR������7KH�HIIHFWV�RI�WKHVH�WZR�

SDUDPHWHUV�DUH�VKRZQ�LQ�)LJ�����ZKHUH�WKH�SDUDPHWHUߤ�� LV�VKRZQ�LQ�H[SRQHQWLDO�VFDOH� 
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)LJXUH����$&&��10,�DQG�I�DUH�SUHVHQWHG�UHVSHFWLYHO\�DFFRUGLQJ�WR�WKH�GDWD�GHFRPSRVLWLRQ�VSDUVH�

UHSUHVHQWDWLRQ�SDUDPHWHU� �ଵߣ LQ�VL[�GDWDVHWV� 

 

 

)LJXUH����$&&��10,�DQG�I�DUH�SUHVHQWHG�UHVSHFWLYHO\�DFFRUGLQJ�WR�WKH�LPSRUWDQFH�RI�+6,&�SDUDPHWHU� �௩ߣ

LQ�VL[�GDWDVHWV� 
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)LJXUH����$&&��10,�DQG�I�UHVSHFWLYHO\�RI�WKH�UHJXODWLRQ�SDUDPHWHU� �ߤ DQG�SDUDPHWHU� �ߩ LQ�WKH��-6RXUFHV�

GDWDVHW��7KH�UHVXOWV�DUH�VLPLODU�LQ�RWKHU�ILYH�GDWDVHWV� 

��� &OXVWHULQJ�5HVXOWV 

,Q� WKLV� VHFWLRQ�� WKH� FOXVWHULQJ� UHVXOWV� RQ� WKH� VL[� GDWDVHWV� DUH� SUHVHQWHG� DQG� VKRZQ� LQ� 7DEOHV� �-���

LQFOXGLQJ�WKRVH�IURP�RXU�PHWKRG�DQG�HLJKW�EHQFKPDUNLQJ�DOJRULWKPV��$V�VHHQ��WKH�SURSRVHG�PHWKRG�KDV�

FRQVLVWHQWO\�RXWSHUIRUPHG�DOO�LWV�SHHUV�LQ�WHUPV�RI�DOO�WKH�VL[�HYDOXDWLRQ�FULWHULD��'HWDLOHG�DQDO\VLV�RI�WKHVH�

UHVXOWV�LV�SUHVHQWHG�DV�IROORZV� 

 ����)RU� DOO� VL[�GDWDVHWV�H[FOXGLQJ�)(5(7��RXU�DSSURDFK�KDV�\LHOGHG�VLJQLILFDQWO\� LPSURYHG� UHVXOWV��

)LUVWO\�� ZH� FDQ� DQDO\]H� WKH� WZR� FOXVWHULQJ� LQGLFDWRUV� $&&� DQG� 10,� RI� DOO� H[SHULPHQW� UHVXOWV�� 0RUH�

VSHFLILFDOO\��WKH�DYHUDJH�RI�$&&�RI�RXU�PHWKRG�LV�KLJKHU�WKDQ�WKH�VHFRQG�EHVW�DOJRULWKP�E\�������������

����� ������ ��� DQG� ����� RQ� WKH� 25/BPWY�� �-6RXUFHV�� &2,/���� 1RWWLQJ-+LOO�� 5HXWHUV� DQG� )(5(7��

UHVSHFWLYHO\��%HVLGHV��WKH�DYHUDJH�RI�10,�RI�RXU�PHWKRG�LV�KLJKHU�WKDQ�WKH�VHFRQG�EHVW�DOJRULWKP�E\�������

���� ���� ���� ��� DQG� ����� RQ� WKH�25/BPWY�� �-6RXUFHV�� &2,/���� 1RWWLQJ-+LOO�� 5HXWHUV� DQG� )(5(7��

UHVSHFWLYHO\��7KH�FOXVWHULQJ�UHVXOWV�IRU�GDWDVHW�RQ�25/BPWY���-6RXUFH��&2,/����1RWWLQJ-+LOO��5HXWHUV�DQG�

)(5(7�DUH�VKRZQ�LQ�7DEOHV��-���ZKLFK�VKRZ�WKH�JUHDW�LPSURYHPHQW�RI�RXU�DOJRULWKP�FRPSDUHG�WR�RWKHU�

DOJRULWKPV� 

����:H� DQDO\]H� WKH� H[SHULPHQWDO� UHVXOWV� IURP� WKH� LPDJH� GDWDVHW�� 7DEOHV� ��� �� DQG� �� VKRZ� WKH� IDFH�

FOXVWHULQJ�UHVXOWV�RQ�25/BPWY��1RWWLQJ-+LOO�DQG�)(5(7��7DEOH���LV�WKH�UHVXOWV�RQ�WKH�PXOWL-WDUJHW�GDWDVHW�



25 

&2,/����+HUH��ZH�GLYLGH�WKH�GDWDVHWV�LQWR�WZR�JURXSV��L�H��PXOWL-YLHZ�GDWDVHWV��25/BPWY��&2,/���DQG�

1RWWLQJ-+LOO�� DQG� VLQJOH-YLHZ� GDWDVHW� �)(5(7�� UHVSHFWLYHO\�� $V� FDQ� EH� VHHQ� IURP� WKHVH� WDEOHV�� WKH�

H[SHULPHQWDO�UHVXOWV�RI�RXU�SURSRVHG�DOJRULWKP�IRU�PXOWL-YLHZ�IDFH�GDWDVHWV�DUH�YHU\�JRRG��,Q�SDUWLFXODU��

IURP�WKH�1RWWLQJ-+LOO�GDWDVHW��LW�FDQ�EH�FOHDUO\�VHHQ�WKDW�WKH�ORZHVW�LPSURYHPHQW�RI�WKH�HYDOXDWLRQ�LQGH[�

LV�DSSUR[LPDWHO\����FRPSDUHG�WR�WKH�RWKHU�PHWKRG��VXFK�DV�(&506&�DQG�&2096&�IRU�$&&���$V�WR�

WKH�GDWDVHW�)(5(7��WKH�LPSURYHPHQW�RI�H[SHULPHQWDO�UHVXOWV�LV�QRW�VR�REYLRXV�FRPSDUHG�WR�&R06&�DQG�

&2096&��ZKLFK�DOVR�WDNH�LQWR�DFFRXQW�WKH�PDSSLQJ�RI�WKH�NHUQHO�VSDFH��WKH�IXVLRQ�RI�GLYHUVLW\��DQG�WKH�

SUHVHUYDWLRQ� RI� JHRPHWULF� VWUXFWXUHV�� (VSHFLDOO\�� WKH� FRPSDULVRQ� PHWKRG� &2096&� DOVR� XWLOL]HV the 

optimal similarity learning, clustering partition and final clustering labels�� 7KHUHIRUH�� RXU� SURSRVHG�

PHWKRG� H[SHULPHQWDO� UHVXOW� LV� RQO\� ������ ������ ������ ������ ������ ����� EHWWHU� WKDQ� WKH� VHFRQG� EHVW�

DOJRULWKP�&2096&�LQ�$&&��10,��)-VFRUH��UHFDOO��3UHFLVLRQ�DQG�$5,��)URP�WKH�H[SHULPHQWDO�UHVXOWV�LQ�

7DEOH� ���ZH� FDQ� DQDO\]H� IURP� WZR� DVSHFWV� RQ� WKH� UHDVRQV� RI� ORZ� H[SHULPHQWDO� UHVXOWV�� LQFOXGLQJ� RWKHU�

FRPSDULVRQ�DOJRULWKPV��*0910)��&0/566&��3.0/566&��(&506&��'L06&��/06&��&R06&�DQG�

&2096&��� )LUVW�� WKH� GDWDVHW� )(5(7� LV� D� VLQJOH-YLHZ� GDWDVHW�� ,Q� RUGHU� WR� HQVXUH� WKDW� WKH� SURSRVHG�

DOJRULWKP�LV�QRW�RQO\�DSSOLFDEOH�WR�PXOWL-YLHZ�GDWDVHWV��EXW�DOVR�WR�VLQJOH-YLHZ�GDWDVHWV��)(5(7���IRU�WKLV�

GDWDVHW�ZH�GR�QRW�XVH�PXOWL-YLHZ�IHDWXUHV� OLNH�RWKHU�GDWDVHWV��6HFRQG�� WR� LOOXVWUDWH� WKH�JHQHUDOLW\�RI�RXU�

SURSRVHG�DOJRULWKP��ZH�GLG�QRW�XVH�WKH�GLIIHUHQW�IHDWXUH�H[WUDFWLRQ�PHWKRGV�WR�H[WUDFW�IHDWXUHV�IURP�WKH�

RULJLQDO�LPDJH��OLNH�RWKHU�GDWDVHWV�25/BPWY�DQG�1RWWLQJ-+LOO��7KH�GDWDVHW�ZLWKRXW�IHDWXUH�H[WUDFWLRQ�KDV�

D�ORW�RI�QRLVH�LQIRUPDWLRQ�ZKHQ�LW�LV�LQWHJUDWHG�LQWR�WKH�PDWUL[��ZKLFK�ZLOO�DIIHFW�WKH�FOXVWHU�SHUIRUPDQFH�

WR� VRPH� H[WHQW�� 7KHUHIRUH�� WKH� H[SHULPHQW� UHVXOW� RQ� GDWDVHW� )(5(7� LV� QRW� VR� JRRG� FRPSDUHG� WR� RWKHU�

GDWDVHWV��$V�WR�PXOWL-YLHZ�GDWDVHW�&2,/����LW�VKRZV�WKDW�WKH�H[SHULPHQWDO�UHVXOWV�DUH�YHU\�JRRG�ZLWK�JUHDW�

LPSURYHPHQW� FRPSDUHG� WR� RWKHU� DOJRULWKPV�� $FFRUGLQJ� WR� WKH� H[SHULPHQWDO� UHVXOWV� RI� WKH� VHFRQG� EHVW�

DOJRULWKP�&0/566&�� WKHUH�DUH�����������������������DQG�����LPSURYHPHQW�RQ� WKH�VL[�HYDOXDWLRQ�
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PHWULFV�$&&��10,��)-VFRUH��5HFDOO��3UHFLVLRQ�DQG�$5,��UHVSHFWLYHO\��7KHUHIRUH��WKH�SURSRVHG�DOJRULWKP�

KDV�JRRG�FOXVWHULQJ�SHUIRUPDQFH�RQ�IDFH�GDWDVHWV��QR�PDWWHU�LW�LV�PXOWL-YLHZ�IHDWXUH�VSDFH�RU�VLQJOH-YLHZ�

IHDWXUH�VSDFH��  

� � ���� :H� DQDO\]H� WKH� H[SHULPHQWDO� UHVXOWV� IURP� WKH� WH[W� GDWDVHW�� 7DEOH� �� DQG� 7DEOH� �� VKRZ� WKH�

FOXVWHULQJ�UHVXOWV�RQ�WKH�WH[W�GDWDVHWV��-6RXUFHV�DQG�5HXWHUV��UHVSHFWLYHO\��$V�FDQ�EH�VHHQ��RXU�SURSRVHG�

DOJRULWKP�KDV�REYLRXV�LPSURYHPHQW�FRPSDUHG�WR�RWKHU�FRPSDULVRQ�DOJRULWKPV��(&506&�LV� WKH�VHFRQG�

EHVW� DOJRULWKP� RQ� WKH� WH[W� GDWDVHW� �-6RXUFHV�� DQG� RXU� SURSRVH� DOJRULWKP� LV�PXFK� EHWWHU� WKDQ� WKDW�� 7KH�

ELJJHVW� LPSURYHPHQW�RI� WKH� HYDOXDWLRQ�PHWULFV� LV�$5,��ZKLFK� LV� ����KLJKHU� WKDQ�(&506&��ZKLOH� WKH�

ORZHVW�LV����IRU�$&&��$V�FDQ�EH�VHHQ�IURP�7DEOH����WKH�SURSRVHG�PHWKRG�KDV�JUHDWO\�LPSURYHG�LQ�YDULRXV�

LQGLFDWRUV� FRPSDUHG�ZLWK�&0/566&�DQG�3.0/566&��7KDW� LV� EHFDXVH� GLIIHUHQW� QRUP�FRQVWUDLQWV� DUH�

XVHG��$QRWKHU�GLIIHUHQFH�EHWZHHQ�RXU�PHWKRG�DQG� WKH�&0/566&�DQG�3.0/566&�DOJRULWKPV�DUH� WKDW�

WKH�PDQLIROG�OHDUQLQJ�PHWKRG�LV�XVHG�WR�SUHVHUYH�WKH�ORFDO�VWUXFWXUDO�IHDWXUHV�RI�WKH�YLHZ��DQG�HQVXUH�WKH�

HIIHFWLYHQHVV�RI�HDFK�YLHZ��7DEOH���VKRZV�WKH�FOXVWHULQJ�UHVXOWV�RQ�DQRWKHU�WH[W�GDWDVHW�5HXWHUV��:H�FDQ�

VHH� WKDW� WKH� SURSRVHG� DOJRULWKP� VWLOO� KDV� REYLRXV� LPSURYHPHQW� IURP� WKH� FRPSDULVRQ� DOJRULWKPV� ZLWK�

GLIIHUHQW�HYDOXDWLRQ�LQGLFDWRUV��)RU�H[DPSOH�� WKH�ORZHVW� LPSURYHPHQW�HYDOXDWLRQ�LQGH[�LV� �����LQ�10,��

+RZHYHU�� WKH� FOXVWHULQJ� SHUIRUPDQFH� HYDOXDWLRQ� LQGH[� UHFDOO� LV� ORZHU� WKDQ� WKH� FRPSDULVRQ� DOJRULWKP�

'L06&��&R06&�DQG�&2096&��7KH�UHDVRQ�LV�WKDW�WKH�WH[W�GDWD�FODVVLILFDWLRQ�FRQWH[W�LV�FORVHO\�UHODWHG��

DQG� ZH� ILOWHU� VRPH� QHJDWLYH� LQIRUPDWLRQ� ZKHQ� SHUIRUPLQJ� 10)� RQ� WKH� WH[W� GDWDVHW�� +RZHYHU�� WKH�

FOXVWHULQJ� UHVXOWV� RI�*0910)��&0/566&�DQG�3.0/566&� LQ� WKLV� GDWDVHW� DUH�PXFK�ZRUVH� WKDQ� RXU�

SURSRVHG�PHWKRG��7KDW�LV�EHFDXVH�RXU�PHWKRG�SD\V�DWWHQWLRQ�WR�WKH�GHYLDWLRQ�RI�PDWUL[�GHFRPSRVLWLRQ�DQG�

DGGV�WKH�$:0/�PRGXOH��%HVLGHV��FRPSDUHG�ZLWK�WKH�'L06&�DQG�&2096&�PHWKRGV��ZKHQ�WKH�RULJLQDO�

GDWD� PDWUL[� LV� GHFRPSRVHG�� WKH� EDVLV� PDWUL[� PD\� FRQWDLQ� QRLVH� ZKLFK� LQ� WXUQ� DIIHFWV� WKH� FOXVWHULQJ�

SHUIRUPDQFH�WR�VRPH�H[WHQWV� 
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Table 2: Results (mean ± standard deviation) on the ORL_mtv dataset (best results in bold) 

Method ACC NMI F-score Recall Precision ARI 

GMVNMF [41] 72.70±0.40 89.10±0.10 66.00±0.44 78.37±1.53 57.90±0.65 65.00±0.46 
ECRMSC [10] 85.41±1.10 94.70±0.90 82.10±1.50 84.72±1.21 78.30±0.82 81.01±1.12 

CMLRSSC [36] 68.80±3.04 83.67±1.33 58.67±3.45 63.41±2.81 5466±4.21 57.64±3.55 
PKMLRSSC [36] 76.70±2.83 89.46±1.46 70.30±3.41 75.03±3.15 66.17±3.93 69.57±3.49 

DiMSC [27] 83.80±0.10 94.00±0.30 80.20±0.70 85.60±0.40 76.40±1.20 80.70±0.20 
LMSC [28] 81.94±1.71 93.10±1.16 74.83±0.90 78.94±0.43 71.12±0.43 74.22±0.46 

CoMSC [47] 76.75±1.25 87.22±0.75 68.31±1.54 71.11±1.47 64.75±1.85 67.31±1.89 
COMVSC [48] 79.25±0.45 90.59±0.14 73.34±0.87 79.57±0.23 68.03±1.10 72.68±0.48 

Ours 87.55±1.45 95.56±2.78 83.17±0.82 85.75±1.34 82.92±1.45 82.34±1.34 

 

Table 3: Results (mean ± standard deviation) on 3-Sources dataset (best results in bold) 

Method ACC NMI F-score Recall Precision ARI 

GMVNMF [41] 55.42±3.05 49.60±2.29 48.46±2.52 51.42±2.61 45.35±2.37 32.23±1.51 

ECRMSC [10] 80.47±0.00 70.27±0.00 68.94±0.00 62.75±0.00 76.50±0.00 60.71±0.00 
CMLRSSC [36] 65.80±6.01 58.31±2.95 62.09±5.85 58.31±7.63 66.81±4.87 51.72±6.92 

PKMLRSSC [36] 60.47±3.60 52.44±2.18 54.60±3.74 49.35±4.19 61.23±3.82 42.74±4.51 
DiMSC [27] 68.27±0.45 60.52±0.61 59.95±0.83 53.51±0.53 66.47±0.82 48.49±0.83 

LMSC [28] 71.60±0.10 68.37±1.32 65.58±0.23 58.62±0.52 74.41±0.30 56.72±0.42 
CoMSC [47] 71.60±4.85 60.57±3.54 66.71±5.89 61.08±3.57 73.49±2.89 57.81±4.69 

COMVSC [48] 71.60±3.58 60.43±4.19 66.86±4.56 67.66±3.96 66.08±2.95 56.67±5.45 
Ours 84.20±7.60 76.49±4.33 79.77±5.66 75.10±6.69 85.17±4.67 74.18±7.03 

 
Table 4: Results (mean ± standard deviation) on COIL20 dataset (best results in bold) 

Method ACC NMI F-score Recall Precision ARI 

GMVNMF [41] 81.01±2.20 94.05±1.42 81.00±2.30 92.57±0.56 72.35±3.72 79.90±2.50 
ECRMSC [10] 77.71±2.22 93.26±1.02 78.47±2.45 91.25±1.57 68.88±1.09 77.19±1.18 

CMLRSSC [36] 87.99±0.32 96.42±0.10 85.69±0.25 96.42±0.13 77.18±0.33 84.86±0.26 
PKMLRSSC [36] 79.72±2.52 85.00±1.97 76.09±2.23 77.27±2.31 74.95±2.16 74.83±2.49 

DiMSC [27] 70.81±2.36 80.95±2.04 65.43±1.85 67.10±1.42 63.99±1.42 64.55±1.25 
LMSC [28] 80.10±0.70 87.90±0.11 75.80±0.70 83.20±0.40 78.30±0.80 82.10±1.70 

CoMSC [47] 67.91±1.56 75.99±0.84 62.20±2.58 64.04±1.49 60.46±2.68 60.18±2.89 
COMVSC [48] 65.76±1.56 79.59±0.53 61.39±1.24 68.57±0.12 55.57±1.12 59.17±1.58 

Ours 99.44±0.52 99.46±0.36 99.06±0.42 99.11±0.33 99.02±0.48 99.01±0.61 

 

Table 5: Results (mean ± standard deviation) on Notting-Hill dataset (best results in bold) 

Method ACC NMI F-score Recall Precision ARI 

GMVNMF [41] 67.64±4.65 82.10±1.02 54.78±1.36 67.09±2.24 46.45±3.50 49.82±2.83 

ECRMSC [10] 70.07±2.45 82.52±1.96 58.21±2.58 57.84±1.29 58.57±1.07 54.97±1.28 
CMLRSSC [36] 62.69±3.32 76.30±1.63 54.39±3.98 50.61±4.35 58.88±4.03 51.13±4.24 

PKMLRSSC [36] 63.84±2.98 78.49±1.58 56.04±2.70 50.37±3.37 63.26±2.18 53.04±2.82 
DiMSC [27] 63.56±2.03 77.14±1.71 54.20±1.11 47.35±1.69 60.70±1.54 50.04±1.17 
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LMSC [28] 68.57±1.28 80.87±1.25 58.42±1.91 53.71±0.33 64.20±1.93 54.18±2.12 
CoMSC [47] 67.00±1.26 77.08±1.21 54.14±0.35 54.69±0.56 53.61±0.48 50.54±0.89 

COMVSC [48] 71.47±0.89 83.80±1.12 65.79±1.56 60.27±2.51 72.41±2.87 63.39±2.45 
Ours 71.74±2.86 86.10±1.45 67.06±3.43 61.31±4.17 74.15±3.84 64.76±3.66 

 
Table 6: Results (mean ± standard deviation) on the Reuter dataset (best results in bold) 

Method ACC NMI F-score Recall Precision ARI 

GMVNMF [41] 16.80±0.00 4.50±0.00 28.30±0.00 28.00±0.00 16.50±0.00 11.84±0.00 
ECRMSC [10] 30.33±0.20 11.46±1.23 24.11±0.56 35.30±1.25 18.30±1.26 12.99±0.30 

CMLRSSC [36] 50.10±3.13 33.42±2.27 39.23±1.87 45.08±4.49 34.90±1.35 25.36±1.85 
PKMLRSSC [36] 54.79±3.38 36.84±1.46 41.21±1.46 45.44±2.11 37.86±1.46 28.26±2.24 

DiMSC [27] 53.34±0.67 35.98±0.13 40.35±0.48 48.20±0.15 34.35±0.48 25.98±0.53 
LMSC [28] 48.33±0.33 30.79±0.24 37.68±0.19 43.05±0.81 33.19±0.15 23.30±0.25 

CoMSC [47] 54.50±2.13 37.35±2.41 41.63±1.56 48.12±1.36 36.25±0.56 28.74±1.12 
COMVSC [48] 47.00±1.23 31.57±1.14 37.71±0.85 47.52±0.56 31.26±0.45 22.19±0.52 

Ours 60.74±2.98 41.15±2.36 45.74±1.92 46.23±1.66 45.29±2.29 34.86±2.42 

 

Table 7: Results (mean ± standard deviation) on the FERET dataset (best results in bold) 

Method ACC NMI F-score Recall Precision ARI 

GMVNMF [41] 7.00±0.20 49.00±0.42 4.92±0.41 5.75±0.33 4.60±0.10 4.11±0.35 

ECRMSC [10] 24.64±0.45 61.67±1.20 4.54±1.23 5.82±0.85 4.20±0.25 2.80±0.86 
CMLRSSC [36] 23.21±0.65 65.88±0.24 4.95±0.32 5.38±0.35 4.58±0.30 4.51±0.32 

PKMLRSSC [36] 29.06±0.83 68.69±0.38 9.61±0.63 10.72±0.66 8.71±0.61 9.18±0.63 
DiMSC [27] 29.82±0.50 68.41±0.60 9.32±1.57 10.44±1.78 8.51±1.40 8.95±1.58 

LMSC [28] 27.93±0.72 68.01±0.94 8.28±0.31 8.87±0.63 7.48±0.39 7.89±0.41 
CoMSC [47] 30.00±1.56 68.66±1.47 9.94±1.69 10.67±1.21 9.12±0.96 9.53±1.58 

COMVSC [48] 30.07±0.17 68.57±0.29 10.51±0.56 12.28±0.85 8.70±0.34 10.05±0.98 
Ours 30.69±0.76 69.34±0.33 10.60±0.56 12.48±0.80 9.22±0.48 10.16±0.56 

,Q�RUGHU� WR�EHWWHU�XQGHUVWDQG� WKH�UHOHYDQW�FODVVLILFDWLRQ� UHVXOWV�RI� WKH�YLVXDO�GDWDVHW��ZH�GLVSOD\� WKH�

ER[SORW�RI�VRPH�GDWDVHWV��25/BPWY�DQG�&2,/����LQ�)LJ�����$V�VKRZQ�LQ�)LJ�����WKH�ILQDO�FODVVLILFDWLRQ�

UHVXOWV� RI� RXU� SURSRVHG� PHWKRG� DUH� UHODWLYHO\� VWDEOH�� %HVLGHV�� WKH� FRQIXVLRQ� PDWUL[� RI� WKH� GDWDVHWV�

25/BPWY�DQG�&2,/���LV�VKRZQ�LQ�)LJ�����,W�FDQ�EH�VHHQ�WKDW�WKH�GDWD�RQ�WKH�PDLQ�GLDJRQDO�UHSUHVHQWV�WKH�

QXPEHU�RI�FRUUHFW�FOXVWHULQJ�IRU�HDFK�FDWHJRU\��:KHUH��WKH�GDUNHU�WKH�FRORU�RQ�WKH�PDLQ�GLDJRQDO�LV��WKH�

PRUH�VDPSOHV�WKDW�DUH�FOXVWHUHG�FRUUHFWO\�E\�RXU�SURSRVHG�DOJRULWKP��%\�REVHUYLQJ�WKH�GLVWULEXWLRQ�RQ�WKH�

PDLQ� GLDJRQDO�� ZH� FDQ� FOHDUO\� VHH� WKDW� WKH� FODVVLILFDWLRQ� UHVXOWV� DUH� DOPRVW� FRQVLVWHQW� ZLWK� WKH�

FODVVLILFDWLRQ�UHVXOWV�LQ�7DEOH���DQG�7DEOH����  
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�  

)LJXUH����7KH�ER[SORW�RI�25/BPWY�DQG�&2,/��� 

 

)LJXUH����&RQIXVLRQ�PDWUL[�RI�WKH�GDWDVHWV��25/BPWY�DQG�&2,/�����ZKHUH�WKH�QXPEHUV�LQ�WKH�EODFN�ER[�

RQ�WKH�PDLQ�GLDJRQDO�UHSUHVHQW�WKH�QXPEHU�RI�VDPSOHV�WKDW�DUH�FRUUHFWO\�FODVVLILHG�E\�RXU�DOJRULWKP� 

����6LPLODULW\�0DWUL[�6HOHFWLRQ 

7KHUH� DUH�PDQ\�ZD\V� WR� GHILQH� WKH� VLPLODULW\�PDWUL[� WKURXJK� WKH� N-QHDUHVW� QHLJKERU� JUDSK�� ,Q� WKLV�

H[SHULPHQW�� WKUHH� GLIIHUHQW� GHILQLWLRQV� DUH� XVHG�� ZKLFK� LQFOXGH� WKH� ELQDU\� ZHLJKWLQJ�� KHDW-NHUQHO�

ZHLJKWLQJ�DQG�GRW-SURGXFW�ZHLJKWLQJ��7KH�ELQDU\�LV�JHQHUDOO\�WKH�PHDVXUH�RI�VLPLODULW\�EHWZHHQ�VDPSOHV��

$V� VKRZQ� LQ� (T�� ���� DQG� (T�� ����� WKH\� DUH� WKH� PHDVXUHV� RI� VLPLODULW\� E\� KHDW� NHUQHO� ZHLJKWLQJ� DQG�

GRW-SURGXFW� ZHLJKWLQJ� EHWZHHQ� VDPSOHV� >��@�� UHVSHFWLYHO\�� $IWHU� FRQGXFWLQJ� D� ODUJH� QXPEHU� RI�

H[SHULPHQWV�� LW� LV� IRXQG� WKDW� WKH�EHVW� UHVXOWV� FDQ� EH�REWDLQHG�E\�XVLQJ� WKH�GRW-SURGXFW�RI� UHDO� GDWDVHWV��

9DULRXV�QXPEHUV�RI�N-QHDUHVW�QHLJKERUV�IRU�GLIIHUHQW�GDWDVHWV�QHHG�WR�EH�VSHFLILHG�IRU�RSWLPDO�FOXVWHULQJ��
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$FFRUGLQJ�WR�WKH�UHVXOWV�VKRZQ�LQ�)LJ�����ZH�VHOHFW� ݇ ���LQ�RXU�H[SHULPHQWV��,I�VRPHRQH�ZDQWV�WR�KDYH�

WKH�EHVW�SHUIRUPDQFH�RI�FOXVWHULQJ�� ݇�FDQ�EH�VHOHFWHG�DW�WKH�UDQJH�IURP���WR���� 

 

)LJXUH����7KH�SHUIRUPDQFH�RI�WKH�SURSRVHG�5/0'20�LQ�WKH��-6RXUFHV�GDWDVHWV��WKH�VDPH�HIIHFW�FDQ�EH�

ZLWQHVVHG�LQ�RWKHU�GDWDVHWV���7KH�SDUDPHWHU� ݇� ZLWK�GLIIHUHQW�ZHLJKWLQJ�VFKHPHV��GRW-SURGXFW��ELQDU\�DQG�

KHDW�NHUQHO���$&&��10,�DQG�I�ZHUH�RQO\�XVHG�IRU�FRPSDULVRQ�SXUSRVHV�DQG�JHQHUDOO\��N�ZDV�FKRVHQ�DV���� 

����&RQYHUJHQFH�DQG�$OJRULWKP�&RPSOH[LW\�$QDO\VLV 

7KH�ZD\� RI�PLQLPL]LQJ� WKH� REMHFWLYH� IXQFWLRQ� LV� DQ� LWHUDWLYH� SURFHVV�� +HUHLQ�� WKH�PRVW� LPSRUWDQW�

SUHUHTXLVLWH�LV� WR�FRQVLGHU�WKH�FRQYHUJHQFH�RI�WKH�SURSRVHG�DOJRULWKP��$FWXDOO\��RXU�PHWKRG�LV�IRXQG�WR�

KDYH�D�IDVWHU�FRQYHUJHQFH�VSHHG�WKDQ�RWKHUV��DV�VKRZQ�LQ�)LJ�����$V�VHHQ��IRU�PRVW�RI�WKH�GDWDVHWV��RSWLPDO�

UHVXOWV�DUH�DFKLHYHG�DIWHU���LWHUDWLRQV�LQ�RXU�SURSRVHG�DSSURDFK�  

7KH�FRPSOH[LW\�DQDO\VLV�RI�WKH�SURSRVHG�PHWKRG�LV�GHWDLOHG�LQ�IRXU�PDLQ�VXE-SUREOHPV�� ܸሺ௩ሻ��ܷሺ௩ሻ��

௫ܧ
ሺ௩ሻ� DQG� ௨ܧ

ሺ௩ሻ� DV� IROORZV�� )RU� WKH� VXE-SUREOHP� ܸሺ௩ሻ�� DV� (T�� ���D�� LV� D� VWDQGDUG� 6\OYHVWHU� HTXDWLRQ��

DFFRUGLQJ� WR� 5HIV�� >��@>��@�� WKH� DOJRULWKP� FRPSOH[LW\� RI� XSGDWH� ܸሺ௩ሻ� LV� ܱሺ݊ଷሻ�� ݊� LV� WKH� QXPEHU� RI�

VDPSOHV��)RU�WKH�VXE-SUREOHP� ܷሺ௩ሻ��DV�VHHQ�IURP�(TV�����D������E��DQG����F��� WKLV�HTXDOV� WR�DQ�RSWLPDO�

VXE-SUREOHP�IRU� WKH�GLUHFW�GHULYDWLRQ�RI�4XDGUDWLF�SRO\QRPLDO��7KHUHIRUH�� LWV�DOJRULWKPLF�FRPSOH[LW\� LV�

PDLQO\�RZQLQJ�WR�WKH�FRPSXWDWLRQ�RI�WKH�LQYHUVH�RI�WKH�PDWUL[��ZKLFK�LV� ܱሺ݊ଷሻ��)RU�XSGDWLQJ� ௫ܧ
ሺ௩ሻ� DQG�

௨ܧ
ሺ௩ሻ��ZKLFK�LV�WKH� �ଶଵܮ QRUP�DQG�QXFOHDU�QRUP�RSWLPL]DWLRQ�SUREOHP��WKXV�WKH�FRPSOH[LW\�ZLOO�EH� ܱሺ݊ଷሻ��

7KURXJK� WKH�VWHSZLVH�DQDO\VLV�RI� WKH�DERYH� IRXU� VXE-SUREOHPV�� WKH�FRPSOH[LW\�RI� WKH�SURSRVHG�PHWKRG�
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FDQ�EH�GHULYHG�DV� ܱሺ݊ݐ௩݊ଷሻ��ZKHUH� �ݐ LV�WKH�WRWDO�QXPEHU�RI�LWHUDWLRQV��DQG� ݊௩� LV�WKH�QXPEHU�RI�YLHZV�LQ�

HDFK�GDWDVHW��)RU�FRPSDULVRQ�� WKH�FRPSXWDWLRQDO�FRPSOH[LW\� WHUPV�RI�&0/566&��.0/566&��'L06&�

DQG�/06&�DUH�IRXQG�WR�EH� ܱሺ݊ݐ௩݊ଷሻ� >��@�� ܱሺ݊ݐ௩݊ଷሻ� >��@��ܱሺ݊ݐ௩݊ଷሻ� >��@�DQG� ܱሺݐሺ݀ଷ ��݊ଷሻሻ� >��@��

UHVSHFWLYHO\��ZKHUH� ݀� LV�WKH�WRWDO�QXPEHU�RI�GLPHQVLRQV�RI�PXOWL-YLHZ�IHDWXUHV��$V�FDQ�EH�VHHQ��LQ�WKHRU\�

WKH�SURSRVHG�PHWKRG�DFWXDOO\�KDV�D�YHU\�FRPSDUDEOH�FRPSXWDWLRQDO�FRPSOH[LW\�DV�RWKHU�SHHUV��WKRXJK�LW�

KDV�SURGXFHG�VLJQLILFDQWO\�LPSURYHG�FODVVLILFDWLRQ�DFFXUDF\�DV�YDOLGDWHG�LQ�VL[�GDWDVHWV��  

 

 

)LJXUH� ��� &RQYHUJHQFH� SORWV� IRU� 25/BPWY�� �-6RXUFHV�� 1RWWLQJ-+LOO�� 5HXWHUV�� &2,/��� DQG� )(5(7�

GDWDVHWV�DUH�VKRZQ�VHSDUDWHO\�XQGHU�GLIIHUHQW�QXPEHU�RI�LWHUDWLRQV� 

Table 8: Comparison of execution times of related MSC algorithms (in seconds) 

(best results in bold and second best results underlined) 

 25/BPWY &2,/�� �-VRXUFHV 1RWWLQJ-+LOO 5HXWHUV )(5(7 
GMVNMF [41] ����� ������ ���� ������� ���� ����� 
ECRMSC [10] ������ ������ ����� ������ ����� ������ 

CMLRSSC [36] ���� ����� ���� ������ ���� ������ 
PKMLRSSC [36] ���� ����� ���� ����� ���� ����� 

DiMSC [27] ����� ������ ���� ������ ����� ������ 
LMSC [28] ����� ������ ���� ������ ����� ������ 

CoMSC [47] ����� ����� ���� ����� ���� ����� 
COMVSC [48] ����� ������ ����� ������ ����� ������ 

Ours ����� ����� ���� ����� ���� ����� 
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$V�IRU�WKH�DOJRULWKP�UXQQLQJ�WLPH�DQDO\VLV��ZH�VKRZ�WKH�UXQQLQJ�WLPHV�RI�DOO�WKH�FRPSDUHG�PHWKRGV�

RQ�WKH�VL[�UHDO-ZRUG�GDWDVHWV�LQ�7DEOH����$OWKRXJK�WKH�UXQQLQJ�WLPH�RI�RXU�SURSRVHG�PHWKRG�LV�QRW�WKH�EHVW�

FRPSDUHG�ZLWK�RWKHU�ODWHVW�06&�DOJRULWKPV��LW�LV�VWLOO�FRPSDUDEOH��)RU�H[DPSOH��WKH�UXQQLQJ�WLPH�RI�WKH�

SURSRVHG�DOJRULWKP�LV�TXLWH�JRRG�RQ�1RWWLQJ-+LOO��5HXWHUV�DQG�)(5(7�GDWDVHWV��,Q�SDUWLFXODU��WKH�UXQWLPHV�

RQ�)(5(7�LV�RQO\������VHFRQGV�PRUH�WKDQ�WKH�EHVW�RQH��7KH�UXQQLQJ�WLPH�RI�3.0/566&�LV�SDUWLFXODUO\�

LQIOXHQFHG�E\�WKH�VDPSOH�GLPHQVLRQ�RI�WKH�LQSXW�GDWD��,W�FDQ�EH�VHHQ�WKDW��-VRXUFHV�DQG�25/BPWY�GDWDVHWV�

KDYH� IHZHU� VDPSOH� GLPHQVLRQV�� VR� 3.0/566&�FRQVXPHV� OHVV� WLPH��1RWWLQJ-+LOO� DQG�)(5(7�GDWDVHWV�

KDYH�UHODWLYHO\�KLJKHU�VDPSOH�GLPHQVLRQV��VR�3.0/566&�FRQVXPHV�PXFK�PRUH�WLPH��+RZHYHU��WKH�WLPH�

FRQVXPSWLRQ�RI�WKH�SURSRVHG�DOJRULWKP�RQ�DOO�GDWDVHWV�LV�YHU\�VWDEOH��ZKLFK�LV�XQDIIHFWHG�PXFK�E\�GDWDVHW�

VL]H��VDPSOH�IHDWXUH�GLPHQVLRQV��QXPEHU�RI�YLHZV��HWF��+RZHYHU��WKH�UXQQLQJ�WLPH�RI�RWKHU�DOJRULWKPV�RQ�

DOO�GDWDVHWV�IOXFWXDWHV�JUHDWO\��7KH�SURSRVHG�DSSURDFK�LV�WKH�PRVW�HIILFLHQW�RQH�DPRQJ�WKH�QLQH�DSSURDFKHV�

DV�VKRZQ�LQ�7DEOH����GXH�PDLQO\�WR�LWV�IDVW�FRQYHUJHQFH� 

5 Conclusions and Future Work 

,Q�WKLV�SDSHU��DQ�HIILFLHQW�DQG�HIIHFWLYH�DOJRULWKP��5/0'20��LV�SURSRVHG�IRU�09&��ZKLFK�IHDWXUHV�

VSDUVH� ORZ-UDQN� VXEVSDFH� PXOWL-YLHZ� VSHFWUDO� FOXVWHULQJ� EDVHG� RQ� 10)� DQG� $:0/�� %HQHILWWHG� IURP�

'L06&�DQG�/06&��RXU�DSSURDFK�IXOO\�WDNHV�LQWR�DFFRXQW�UREXVW�ORZ-UDQN�GHFRPSRVLWLRQ��KLGGHQ�QRLVH�

LQIRUPDWLRQ�� WUDGH-RII�EHWZHHQ� WKH� LPSRUWDQFH�RI� WKH�YLHZV�DQG� WKH�GLYHUVLW\�RI� WKH� LQIRUPDWLRQ� IXVLRQ�

EHWZHHQ� GLIIHUHQW� YLHZV� IRU� GDWD� IXVLRQ�� ,Q� DGGLWLRQ�� ZH� WHVWHG� RQ� VL[� SXEOLF� GDWDVHWV�� LQFOXGLQJ� ILYH�

PXOWL-YLHZ� GDWDVHWV� DQG� RQH� VLQJOH-YLHZ� GDWDVHWV�� ,Q� FRPSDULVRQ�ZLWK� HLJKW� VWDWH-RI-WKH-DUW� DOJRULWKPV��

RXU�DSSURDFK�KDV�SURGXFHG�VLJQLILFDQWO\�LPSURYHG�UHVXOWV��DQG�LW�IXUWKHU�EHQHILWV�IURP�D�IL[HG�YDOXH�IRU�DOO�

GDWDVHWV�IRU�WKH�WUDGH-RII�SDUDPHWHUV�RI�WKH�HQWLUH�REMHFWLYH�IXQFWLRQ��L�H�� ���� �௩ �������DQG�Ȗߣ�������� ଵߣ

%HVLGHV��WKH�IDVW�FRQYHUJHQFH�VSHHG�LPSURYHV�WKH�ZRUNLQJ�HIILFLHQF\��+LJKHU�GLPHQVLRQDO�LPDJHV�DUH�WKH�

WUHQG� RI� IXWXUH� GHYHORSPHQW�� DQG� WHQVRU� LV� WKH� PRVW� SRZHUIXO� WKHRUHWLFDO� VXSSRUW� WR� VROYH� KLJKHU�



33 

GLPHQVLRQDO� LPDJHV�� 6LQFH� RXU� PHWKRG� FDQ� RQO\� GHDO� ZLWK� WZR-GLPHQVLRQDO� PDWULFHV�� VRPH� XVHIXO�

LQIRUPDWLRQ�ZLOO� EH� ORVW� LQ� VSDUVH� UHSUHVHQWDWLRQ�� VXFK� DV�YLHZ� VWUXFWXUH�� LQWHUUHODWLRQ�EHWZHHQ� VDPSOHV�

DQG�LQWUD-FODVV�GLVFULPLQDWLRQ��7KH�UHVHDUFK�RI�KLJK�GLPHQVLRQDO�WHQVRU�RSWLPL]DWLRQ�WKHRU\�LV�RXU�IRFXV�LQ�

WKH�IXWXUH��  

$FNQRZOHGJHPHQWV 

7KLV�ZRUN�LV�VXSSRUWHG�LQ�SDUW�E\�WKH�6FLHQFH�DQG�7HFKQRORJ\�3URMHFW�RI�*XDQJGRQJ�3URYLQFH��QR��

����$������������ *XDQJ]KRX� 6FLHQFH� DQG� 7HFKQRORJ\� 3ODQ� 3URMHFW� �QR�� ��������������� 1DWLRQDO�

1DWXUH�6FLHQFH�)RXQGDWLRQ�RI�&KLQD��QR��8����������*XDQJGRQJ�*UDGXDWH�(GXFDWLRQ�,QQRYDWLRQ�3URMHFW�

�QR�� ����;6/7����� DQG� *XDQJGRQJ� 3URYLQFLDO� .H\� /DERUDWRU\� RI� ,QWHOOHFWXDO� 3URSHUW\� DQG� %LJ� 'DWD�

XQGHU�*UDQW��QR������%������������  
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