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Abstract 
We present and compare five approaches for capturing, synthesising and relighting real 3D 
surface textures. Unlike 2D texture synthesis techniques they allow the captured textures to 
be relit using illumination conditions that differ from those of the original. We adapted a 
texture quilting method due to Efros and combined this with five different relighting 
representations, comprising: a set of three photometric images; surface gradient and albedo 
maps; polynomial texture maps; and two eigen based representations using 3 and 6 base 
images. We used twelve real textures to perform quantitative tests on the relighting methods 
in isolation. We developed a qualitative test for the assessment of the complete synthesis 
systems. Ten observers were asked to rank the images obtained from the five methods using 
five real textures. Statistical tests were applied to the rankings. The six-base-image eigen 
method produced the best quantitative relighting results and in particular was better able to 
cope with specular surfaces. However, in the qualitative tests there were no significant 
performance differences detected between it and the other two top performers. Our 
conclusion is therefore that the cheaper gradient and three-base-image eigen methods should 
be used in preference, especially where the surfaces are Lambertian or near Lambertian. 
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&DSWXUH�DQG�6\QWKHVLV�RI��'�6XUIDFH�7H[WXUH�

�

$EVWUDFW���:H�SUHVHQW�DQG�FRPSDUH�ILYH�DSSURDFKHV�IRU�FDSWXULQJ��V\QWKHVLVLQJ�DQG�

UHOLJKWLQJ�UHDO��'�VXUIDFH�WH[WXUHV��8QOLNH��'�WH[WXUH�V\QWKHVLV�WHFKQLTXHV�WKH\�DOORZ�

WKH�FDSWXUHG�WH[WXUHV�WR�EH�UHOLW�XVLQJ�LOOXPLQDWLRQ�FRQGLWLRQV�WKDW�GLIIHU�IURP�WKRVH�RI�

WKH�RULJLQDO��:H�DGDSWHG�D�WH[WXUH�TXLOWLQJ�PHWKRG�GXH�WR�(IURV�DQG�FRPELQHG�WKLV�

ZLWK�ILYH�GLIIHUHQW�UHOLJKWLQJ�UHSUHVHQWDWLRQV��FRPSULVLQJ��D�VHW�RI�WKUHH�SKRWRPHWULF�

LPDJHV��VXUIDFH�JUDGLHQW�DQG�DOEHGR�PDSV��SRO\QRPLDO�WH[WXUH�PDSV��DQG�WZR�HLJHQ�

EDVHG�UHSUHVHQWDWLRQV�XVLQJ���DQG���EDVH�LPDJHV���

:H� XVHG� WZHOYH� UHDO� WH[WXUHV� WR� SHUIRUP� TXDQWLWDWLYH� WHVWV� RQ� WKH� UHOLJKWLQJ�

PHWKRGV� LQ� LVRODWLRQ�� :H� GHYHORSHG� D� TXDOLWDWLYH� WHVW� IRU� WKH� DVVHVVPHQW� RI� WKH�

FRPSOHWH�V\QWKHVLV�V\VWHPV��7HQ�REVHUYHUV�ZHUH�DVNHG�WR�UDQN�WKH�LPDJHV�REWDLQHG�

IURP�WKH�ILYH�PHWKRGV�XVLQJ�ILYH�UHDO� WH[WXUHV��6WDWLVWLFDO� WHVWV�ZHUH�DSSOLHG�WR� WKH�

UDQNLQJV����

7KH� VL[�EDVH�LPDJH� HLJHQ� PHWKRG� SURGXFHG� WKH� EHVW� TXDQWLWDWLYH� UHOLJKWLQJ�

UHVXOWV�DQG�LQ�SDUWLFXODU�ZDV�EHWWHU�DEOH�WR�FRSH�ZLWK�VSHFXODU�VXUIDFHV��+RZHYHU��LQ�

WKH� TXDOLWDWLYH� WHVWV� WKHUH� ZHUH� QR� VLJQLILFDQW� SHUIRUPDQFH� GLIIHUHQFHV� GHWHFWHG�

EHWZHHQ� LW� DQG� WKH� RWKHU� WZR� WRS� SHUIRUPHUV�� 2XU� FRQFOXVLRQ� LV� WKHUHIRUH� WKDW� WKH�

FKHDSHU�JUDGLHQW�DQG�WKUHH�EDVH�LPDJH�HLJHQ�PHWKRGV�VKRXOG�EH�XVHG�LQ�SUHIHUHQFH��

HVSHFLDOO\�ZKHUH�WKH�VXUIDFHV�DUH�/DPEHUWLDQ�RU�QHDU�/DPEHUWLDQ���

�� ,QWURGXFWLRQ�

7KH� PDMRULW\� RI� WH[WXUH� V\QWKHVLV� UHVHDUFK� LV� FRQFHUQHG� ZLWK� OHDUQLQJ� DQG�

JHQHUDWLQJ��'��SKRWRJUDSKLF��LPDJHV�RI�WH[WXUH�>+HHJHU����=KX����'H%RQHW����

:HL����(IURV����%DU�-RVHSK����6LPRQFHOOL����;X����(IURV���	�$VKLNKPLQ��@��

,I�WKH�VXEMHFWV�DUH��'�VXUIDFH�WH[WXUHV��VXFK�DV�EULFN��ZRYHQ�RU�NQLWWHG�WH[WLOHV��

HPERVVHG�ZDOOSDSHUV��HWF��� WKHQ��'�WHFKQLTXHV�FDQQRW�SURYLGH�WKH�LQIRUPDWLRQ�

UHTXLUHG�IRU�UHQGHULQJ�XQGHU�RWKHU�WKDQ�WKH�RULJLQDO�LOOXPLQDWLRQ��7KLV�SUHVHQWV�

OLPLWDWLRQV� IRU� UHDOLVWLF� UHQGHULQJ� RI� WH[WXUHV� LQ� DXJPHQWHG� DQG� YLUWXDO� UHDOLW\�

DSSOLFDWLRQV�� )LJXUH� �� LOOXVWUDWHV� WKH� GUDPDWLF� HIIHFW� WKDW� YDU\LQJ� LOOXPLQDWLRQ�

GLUHFWLRQ�FDQ�KDYH�RQ�WKH�DSSHDUDQFH�RI�D�VXUIDFH�WH[WXUH��
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)LJXUH����7ZR�LPDJHV�RI�D��'�VXUIDFH�WH[WXUH�LPDJHG�XQGHU�GLIIHULQJ�LOOXPLQDWLRQ��DUURZV�

LQGLFDWH�GLUHFWLRQ�RI�LOOXPLQDWLRQ���

���� 5HODWHG�:RUN�

)HZ�SXEOLFDWLRQV�DUH�DYDLODEOH�RQ��'�VXUIDFH�WH[WXUH�V\QWKHVLV�SHU�VH��=DOHVQ\�DQG�

9DQ�*RRO��LQ�>=DOHVQ\���	�=DOHVQ\��@�SUHVHQW�D�PXOWL�YLHZ�WH[WXUH�PRGHO�ZKLFK�FDQ�

V\QWKHVLVH� QHZ� YLHZSRLQWV�� 7KH\� GR� QRW� KRZHYHU�� FRQVLGHU� YDU\LQJ� LOOXPLQDWLRQ�

ZKLFK�LV�WKH�IRFXV�RI�WKLV�SDSHU��

6KXP�DQG�KLV�FROOHDJXHV>/LX��@�XVHG�WKH�&85H7�GDWDEDVH�>'DQD��@�WR�GHYHORS�

D�PHWKRG�IRU�WKH�JHQHUDWLRQ�RI�EL�GLUHFWLRQDO�WH[WXUH�IXQFWLRQV��%7)V���7KH\�DSSOLHG�

D� VKDSH�IURP�VKDGLQJ� DOJRULWKP� WR� UHFRYHU� VXUIDFH� KHLJKW� DQG� DOEHGR� PDSV� RI�

VDPSOHV� DVVXPLQJ� /DPEHUWLDQ� UHIOHFWDQFH�� 7KHVH� DUH� XVHG� WR� V\QWKHVLVH� ODUJHU�

KHLJKWPDS�DQG�LPDJH�WHPSODWHV��7KH�ILQDO�LPDJHV�DUH�V\QWKHVLVHG�E\�PDWFKLQJ�DQG�

FRS\LQJ�EORFNV�EHWZHHQ�WHPSODWH�LPDJHV�DQG�WKH�UHIHUHQFH�VDPSOH�LPDJHV���

,Q� >/HXQJ��@�/HXQJ�DQG�0DOLN�SURSRVHG� WKH�XVH�RI��'� WH[WRQV� WR�V\QWKHVLVH�

QHZ�LPDJHV�XQGHU�DUELWUDU\�YLHZSRLQWV�DQG�LOOXPLQDWLRQV��,Q�ODWHU�ZRUN�6KXP�HW��DO��

DOVR� H[SORLWHG� WKH� LGHD� RI� µWH[WRQV¶� DQG� FRXSOHG� WKLV� ZLWK� D� PRGLILHG� �'� WH[WXUH�

V\QWKHVLV� DOJRULWKP>7RQJ��@�� $V� �'� WH[RQV� XVH� PXOWL�HOHPHQW� YHFWRUV� WKH�

FRPSXWDWLRQ�LV�H[SHQVLYH��7KH\�WKHUHIRUH� WUDQVIRUP��'�WH[WRQV�WR�VXUIDFH�WH[WRQV��

ZKLFK�DUH�GRW�SURGXFWV�RI�EDVH�YHFWRUV� LQ��'�WH[WRQ�VSDFH�� WR�SURYLGH�DQ�HIILFLHQW�

LPSOHPHQWDWLRQ��

���� 2XU�$SSURDFK�

7KHUH� DUH� PDQ\� ZD\V� LQ� ZKLFK� LPDJH� UHOLJKWLQJ� PD\� EH� SHUIRUPHG� >%DVUL����

%OLQQ���� &RRN���� (SVWHLQ���� 0DO]EHQGHU���� 1D\DU���� 1LVKLQR����

5DPDPRRUWKL���� 5XVKPHLHU���� 6KDVKXD���� :RRGKDP��� DQG� =KDQJ��@�� ,Q�

HVVHQFH�UHOLJKWLQJ� WDNHV�PXOWLSOH� LPDJHV�RI�D� VXEMHFW��REWDLQHG�XQGHU�GLIIHUHQW�
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LOOXPLQDWLRQ� FRQGLWLRQV�� DQG� FRPSUHVVHV� WKHVH� GDWD� LQWR� VRPH� ORZHU� RUGHU� 5
�

�

VSDFH�� 6\QWKHVLV� RI� �'� VXUIDFH� WH[WXUH� FDQ� WKHUHIRUH� VLPSO\� EH� YLHZHG� DV�

H[WHQGLQJ� DQ� H[LVWLQJ� 5
�

� DOJRULWKP� WR� 5
�

� DQG� FRXSOLQJ� LW� WR� DQ� DSSURSULDWH�

UHOLJKWLQJ�VFKHPH��

,Q�WKLV�ZD\�ZH�GHYHORS�ILYH�µQRYHO¶�DQG�LQH[SHQVLYH��'�V\QWKHVLV�PHWKRGV�

HDFK�RI�ZKLFK�SURGXFHV�WH[WXUH�UHSUHVHQWDWLRQV�WKDW�FDQ�EH�UHQGHUHG�LQ�UHDO�WLPH�

LQ�D�PRGHUQ�GHVNWRS�SHUVRQDO�FRPSXWHU���

:H�FRPSDUH�WKHVH�DSSURDFKHV�LQ�WZR�VWDJHV��)LUVW��ZH�TXDQWLWDWLYHO\�DVVHVV�

WKH� UHOLJKWLQJ� PHWKRGV�� 6HFRQG� ZH� DVVHVV� WKH� FRPSOHWH� V\QWKHVLV� DSSURDFKHV�

XVLQJ�SV\FKRSK\VLFDO�H[SHULPHQWV�FRXSOHG�ZLWK�VWDWLVWLFDO�WHVWV���

���� 2UJDQLVDWLRQ�RI�3DSHU�

7KLV�SDSHU�LV�RUJDQLVHG�DV�IROORZV��6HFWLRQ���SUHVHQWV�WKH�RYHUDOO�IUDPHZRUN�WKDW�ZH�

XVH�IRU�WKH�V\QWKHVLV�RI��'�VXUIDFH�WH[WXUH�LPDJHV��6HFWLRQ���VXUYH\V�DQG�VHOHFWV�WKH�

ILYH�UHOLJKWLQJ�UHSUHVHQWDWLRQV�WKDW�ZH�XVH��6HFWLRQ���LQWURGXFHV�WKH�EDVLF�V\QWKHVLV�

WHFKQLTXH�WKDW�ZH�HPSOR\�±�LW�LV�GHULYHG�IURP�DQ�HIILFLHQW��'�DOJRULWKP��6HFWLRQ���

GHVFULEHV�HDFK�DSSURDFK�LQ�GHWDLO�DQG�WKHLU�FRUUHVSRQGLQJ�DVVHVVPHQWV�DUH�SUHVHQWHG�

LQ�VHFWLRQ�����

�� %DVLF�)UDPHZRUN�

7KH�V\QWKHVLV�RI��'�VXUIDFH�GHVFULSWLRQV�QDWXUDOO\�GHDOV�ZLWK�PRUH�LQIRUPDWLRQ�WKDQ�

LWV��'�FRXQWHUSDUW��7KH�ODWHU�UHTXLUHV�FRQVLVWHQW�WH[WXUH�SDWWHUQV�WR�EH�JHQHUDWHG�LQ�D�

VLQJOH� LPDJH� WKDW� KDV� QR� SHUFHSWXDO� GLIIHUHQFH� IURP� WKH� RULJLQDO�� 6\QWKHVLV� LV�

WKHUHIRUH� SHUIRUPHG� LQ� DQ�5
�

�PRQRFKURPH�� RU� 5
�

�FRORXU�� VSDFH�� ,Q� FRQWUDVW�� �'�

WH[WXUH�V\QWKHVLV�UHTXLUHV�JHQHUDWLRQ�RI�DQ�XQGHUO\LQJ�JHRPHWULF�SDWWHUQ�LQ�DGGLWLRQ�

DQG�PD\�LQYROYH�WKH�SURGXFWLRQ�RI�YDU\LQJ�UHIOHFWDQFH�IXQFWLRQV���

$�VLQJOH�VDPSOH�LPDJH�GRHV�QRW�QRUPDOO\�SURYLGH�HQRXJK�LQIRUPDWLRQ�UHJDUGLQJ�

VXUIDFH� WRSRORJ\�� DOEHGR�� DQG� UHIOHFWDQFH�� 5HOLJKWLQJ� WHFKQLTXHV� WKHUHIRUH� HPSOR\�

PXOWLSOH�LPDJHV�ZKLFK�DUH�XVHG�WR�GHULYH�HLWKHU�LPSOLFLW�RU�H[SOLFLW�UHSUHVHQWDWLRQV�RI�

WKHVH�VXUIDFH�SURSHUWLHV��)XUWKHUPRUH��ZH�ZRXOG�OLNH�WKH�VDPSOH�GDWD�WR�EH�FDSWXUHG�

XVLQJ�RII�WKH�VKHOI�GLJLWDO�FDPHUDV��DQG�WKH�UHVXOWV�WR�EH�FDSDEOH�RI�EHLQJ�UHQGHUHG�LQ�

UHDO�WLPH�RQ�FXUUHQW�GHVNWRS�PDFKLQHV��5HSUHVHQWDWLRQV�VKRXOG�WKHUHIRUH�EH�RI�ORZ�

GLPHQVLRQ�DQG�SUHIHUDEO\�FDSDEOH�RI�SHU�SL[HO�UHQGHULQJ�XVLQJ�OLQHDU�FRPELQDWLRQV��
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2XU�IUDPHZRUN�IRU��'�VXUIDFH�WH[WXUH�V\QWKHVLV��)LJXUH����WKHUHIRUH�FRPSULVHV�

RI�WKUHH�SDUWV��

1. Extraction of a suitable representation of the 3D surface texture sample from a 

set of input images. 

2. Use of the representation of the sample to synthesise a description of a larger 

area of surface texture. 

3. Rendering (or relighting) of the surface representation according to the 

specified set of lighting conditions. 
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)LJXUH����7KH�EDVLF�IUDPHZRUN�IRU��'�VXUIDFH�WH[WXUH�V\QWKHVLV��

�� 6XUIDFH�5HSUHVHQWDWLRQV�IRU�5HOLJKWLQJ�

7KH� ILUVW� VWDJH� RI� RXU� IUDPHZRUN� DEVWUDFWV� D� VXUIDFH� UHSUHVHQWDWLRQ� RI� WKH� VDPSOH�

JLYHQ� PXOWLSOH� LPDJHV� RI� WKDW� VDPSOH�� 7KH� FKRLFH� RI� WKHVH� UHSUHVHQWDWLRQV� KDV�

VLJQLILFDQW�LPSDFW�ERWK�RQ�WKH�FRPSXWDWLRQDO�UHTXLUHPHQWV�DQG�WKH�TXDOLW\�RI�WKH�ILQDO�

UHVXOW���

���� $YDLODEOH�5HSUHVHQWDWLRQV�

7KH�VXEMHFW�RI��'�VXUIDFH�WH[WXUH�UHSUHVHQWDWLRQ�DQG�UHOLJKWLQJ�KDV�DWWUDFWHG�PDQ\�

UHVHDUFKHUV�� %L�GLUHFWLRQDO� UHIOHFWDQFH� GLVWULEXWLRQ� IXQFWLRQV� �%5')�� DQG� VXUIDFH�

JHRPHWU\�SURYLGH�ZKDW�DUH�SHUKDSV�WKH�PRVW�VRSKLVWLFDWHG�RI�WKHVH�UHSUHVHQWDWLRQV��

'DQD� DQG� 1D\HU� >'DQD��@� SUHVHQW� D� PHWKRG� IRU� PHDVXULQJ� %7)V� �%L�GLUHFWLRQDO�

7H[WXUH�)XQFWLRQV��DQG�%5')V�RI�D�WH[WXUH��7KHLU�GDWDEDVH��&85H7��ZDV�EXLOW�XVLQJ�

DQ�H[WHQVLYH�VHW�RI�UHDO�ZRUOG�WH[WXUHV�LPDJHG�XQGHU�D�ZLGH�YDULHW\�RI�LOOXPLQDWLRQ�

DQG�YLHZLQJ�FRQGLWLRQV��,W�KDV�EHHQ�XVHG�IRU�WH[WXUH�V\QWKHVLV�DQG�PRGHOOLQJ�GHVSLWH�
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WKH�IDFW�WKDW�WKH�PDMRULW\�RI�WKH�LPDJHV�UHTXLUH�UHJLVWUDWLRQ�EHIRUH�XVH�LQ�UHOLJKWLQJ�

DQG�VKDSH�IURP�VKDGLQJ�DOJRULWKPV���

/HXQJ�DQG�0DOLN�>/HXQJ��@�XVHG�WKH�.�PHDQV�DOJRULWKP�WR�REWDLQ�D�YRFDEXODU\�

RI��'�WH[WRQV�IURP����&85H7�WH[WXUHV��)RU�HDFK�PDWHULDO�����LPDJHV�REWDLQHG�XQGHU�

GLIIHUHQW�YLHZLQJ�OLJKWLQJ�FRQGLWLRQV�ZHUH�VHOHFWHG�DQG�SURFHVVHG�WR�REWDLQ�VHWV�RI�

³�'�WH[WRQV´��FRPELQDWLRQV�RI��VLPSOH�LPDJH�WH[WXUH�HOHPHQWV���7KLV�YRFDEXODU\�ZDV�

XVHG�WR�UHSUHVHQW�WKH�VDPSOH�WH[WXUHV����

1D\DU�DQG�'DQD�>'DQD��@�SURSRVHG�WKUHH�%7)�GHULYHG�PRGHOV�IRU��'�VXUIDFH�

WH[WXUH��D�KLVWRJUDP�PRGHO��D�FRUUHODWLRQ�PRGHO�DQG�D�SULQFLSDO�FRPSRQHQW�DQDO\VLV�

�3&$�� PRGHO�� 8VLQJ� 3ULQFLSDO� &RPSRQHQWV� WR� UHSUHVHQW� DQG� UHOLJKW� �'� VXUIDFH�

WH[WXUH� KDV� DQ� DGYDQWDJH� WKDW� LW� PDNHV� QR� DVVXPSWLRQV� DERXW� WH[WXUH� VXUIDFH�

UHIOHFWDQFH�>'DQD����(SVWHLQ����1LVKLQR���DQG�=KDQJ��@��,W�LV�ZLGHO\�XVHG�E\�PDQ\�

UHVHDUFKHUV��%DVHG�RQ�H[SHULPHQWV��(SVWHLQ�HW��DO��LQ�>(SVWHLQ��@�VXJJHVWHG�WKDW�ILYH�

EDVH�LPDJHV��SOXV�RU�PLQXV�WZR��FDQ�EH�HIIHFWLYHO\�XVHG�WR�UHSUHVHQW�DUELWUDU\�OLJKWLQJ�

IRU�PDQ\�GLIIHUHQW�REMHFWV��7KH\�FRQFOXGHG�WKDW�WKLV�DSSURDFK�FDQ�DFFXUDWHO\�PRGHO�

/DPEHUWLDQ�VXUIDFHV�ZLWK�VSHFXODU�OREHV��ZKLOH�VSHFXODU�VSLNHV��VPDOO�VKDGRZV�DQG�

RFFOXGHUV� FDQ� EH� WUHDWHG� DV� UHVLGXDOV�� 1DWXUDOO\� ERWK� WKH� VSHFXODULW\� DQG� WKH�

FRPSOH[LW\�RI�VXUIDFH�JHRPHWU\�LQFUHDVHV�WKH�QXPEHU�RI�EDVH�LPDJHV�UHTXLUHG���

)RU� /DPEHUWLDQ� VXUIDFHV�� LPDJHV� REWDLQHG� IRU� WKH� SXUSRVHV� RI� ��LPDJH�

SKRWRPHWULF� VWHUHR� >%OLQQ���DQG�:RRGKDP��@�FDQ�EH�XVHG� WR� LPSOLFLWO\� UHSUHVHQW�

VXUIDFH�QRUPDO�DQG�DOEHGR�PDSV��)RU�H[DPSOH��6KDVKXD>6KDVKXD��@�SURSRVHV�WKDW�D�

OLQHDU�FRPELQDWLRQ�RI� WKUHH� LPDJHV�FDQ�EH�XVHG� WR�JHQHUDWH� LPDJHV�RI� WKH� VXUIDFH�

LOOXPLQDWHG� IURP� D� QHZ� GLUHFWLRQV�� DQG� E\� DQDO\VLQJ� WKH� VSKHULFDO� KDUPRQLFV� RI�

OLJKWLQJ���%DVUL�DQG�-DFREV>%DVUL��@�VKRZHG�WKDW�D��'�OLQHDU�VXEVSDFH�FDQ�EH�XVHG�WR�

DFFXUDWHO\�DSSUR[LPDWH�WKH�VHW�RI�LPDJHV�REWDLQDEOH�IURP�D�/DPEHUWLDQ�REMHFW���

0DO]EHQGHU� HW�� DO�� >0DO]EHQGHU��@� LQWURGXFHG� 3RO\QRPLDO� 7H[WXUH�

0DSV�370V��� ZKLFK� XVH� D� ELTXDGUDWLF� SRO\QRPLDO� WR� PRGHO� OXPLQDQFH�� 7KH�

FRHIILFLHQWV� RI� WKH� ELTXDGUDWLF� SRO\QRPLDO� DUH� VWRUHG� SHU� SL[HO�� DQG� XVHG� WR�

UHFRQVWUXFW�WKH�VXUIDFH�FRORXU�XQGHU�YDU\LQJ�OLJKWLQJ�FRQGLWLRQV���370V�FDQ�FDSWXUH�

YDULDWLRQV� GXH� WR� VXUIDFH� VHOI�VKDGRZLQJ� DQG� LQWHUUHIOHFWLRQ� DQG� KDYH� JLYHQ�

LPSUHVVLYH�ORRNLQJ�UHVXOWV���

���� 6HOHFWLRQ�RI�$SSURDFKHV�

$V�SUHYLRXVO\�GLVFXVVHG�RQH�RI�RXU�DLPV�LV�WR�GHYHORS�WHFKQLTXHV�WKDW�FDQ�EH�SURYLGH�
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UHDO�WLPH� UHQGHULQJ� ZKHQ� LPSOHPHQWHG� LQ� D� GHVN� WRS� PDFKLQH�� 7KLV� OLPLWV� XV� WR�

UHOLJKWLQJ� DSSURDFKHV� WKDW� �D�� XVH� ORZ� GLPHQVLRQDO� UHSUHVHQWDWLRQV�� DQG� �E�� XVH�

VLPSOH� RU� FRPPRQ� JUDSKLFV� FDOFXODWLRQV� VXFK� DV� ZHLJKWHG� VXPV� RI� EDVH� LPDJHV��

%7)V�DUH�WRR�H[SHQVLYH�LQ�WHUPV�RI�WKH�GLPHQVLRQDOLW\�UHTXLUHG���ZH�KDYH�WKHUHIRUH�

VHOHFWHG�ILYH�RWKHU�PHWKRGV�OLVWHG�EHORZ�IRU�IXUWKHU�LQYHVWLJDWLRQ��

�,��7KLV�PHWKRG�XVHV�WKUHH�LPDJHV�RI�WKH�VDPSOH�WH[WXUH�WDNHQ�DW�DQ�LOOXPLQDWLRQ�

VODQW�DQJOH�RI�����DQG�WLOW�DQJOHV�RI���������DQG������>6KDVKXD��@���

*UDGLHQW�� 7KH� VHFRQG� PHWKRG� XVHV� VXUIDFH� JUDGLHQW� DQG� DOEHGR� PDSV� GHULYHG�

XVLQJ�SKRWRPHWULF�VWHUHR�>:RRGKDP���DQG�5XVKPHLHU��@���

370��7KLV�DSSURDFK�XVHV�3RO\QRPLDO�7H[WXUH�0DSV��370���GXH�WR�0DO]EHQGHU�

HW��DO��>0DO]EHQGHU��@����

(LJHQ���7KH�IRXUWK�PHWKRG�XVHV�WKH�ILUVW�WKUHH�3&$�EDVH�LPDJHV���

(LJHQ���7KLV�LV�LGHQWLFDO�WR�WKH�SUHYLRXV�PHWKRG�H[FHSW�WKDW�LW�XVHV�WKH�ILUVW�VL[�

EDVH�LPDJHV��

7KHVH�DSSURDFKHV�DUH�GHVFULEHG�LQ�GHWDLO�LQ�6HFWLRQ����

�� 6\QWKHVLV�PHWKRGV�

7KH� VHFRQG� VWDJH� RI� RXU� IUDPHZRUN� V\QWKHVLVHV� UHSUHVHQWDWLRQV� RI� ODUJHU� VXUIDFHV�

JLYHQ�VXLWDEOH�UHSUHVHQWDWLRQV�RI�WKH�VDPSOH�WH[WXUHV��$V�GLVFXVVHG�LQ�WKH�LQWURGXFWLRQ�

WKLV� IRUP� RI� WH[WXUH� V\QWKHVLV� FDQ� EH� YLHZHG� DV� DQ� H[WHQVLRQ� RI� H[LVWLQJ� �'�

DOJRULWKPV��7KDW�LV�ZH�VLPSO\�H[WHQG�V\QWKHVLV�LQ�5
�

�RU�5
�

�WR�V\QWKHVLV�LQ�5
�

���

0DQ\� �'� DSSURDFKHV� DUH� EDVHG� RQ� VWDWLVWLFDO� PRGHOV� RU� DVVXPSWLRQV�

>+HHJHU���� =KX���� 'H%RQHW���� :HL���� (IURV���� %DU�-RVHSK���� 6LPRQFHOOL����

;X����(IURV���	�$VKLNKPLQ��@��+RZHYHU��(IURV�DQG�/HXQJ�>(IURV��@�SUHVHQWHG�

D�VLPSOH�PHWKRG�ZKLFK�H[SORLWV�WKH�0DUNRY�UDQGRP�ILHOG�DVVXPSWLRQ��,W�VHOHFWV�

RXWSXW� SL[HOV� E\� PDWFKLQJ� QHLJKERXUKRRGV� EHWZHHQ� WKH� VDPSOH� DQG� V\QWKHVLVHG�

LPDJHV�WR�SURGXFH�UHDOLVWLF�UHVXOWV�IRU�PDQ\�WH[WXUHV��:HL�DQG�/HYR\�>:HL��@�XVHG�

PXOWL�UHVROXWLRQ� LPDJHV� WR� DFFHOHUDWH� WKLV� V\QWKHVLV� SURFHVV�� 0RUH� UHFHQWO\�� WZR�

TXLOWLQJ�DOJRULWKPV�>;X���	�(IURV��@�KDYH�EHHQ�VKRZQ�WR�EH�FDSDEOH�RI�SURGXFLQJ�

UHPDUNDEOH� UHVXOWV� ZKLOH� UHTXLULQJ� OLWWOH� FRPSXWDWLRQ�� :H� KDYH� WKHUHIRUH� VHOHFWHG�

(IURV� DQG� )UHHPDQ¶V� �'� LPDJH� TXLOWLQJ� PHWKRG� >(IURV��@� DV� WKH� EDVLV� IRU� RXU�
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V\QWKHVLV�DSSURDFK���

(IURV�DQG�)UHHPDQ¶V�PHWKRG�V\QWKHVL]HV�D�QHZ�LPDJH�E\� µVWLWFKLQJ¶� WRJHWKHU�

VPDOO�SDWFKHV�IURP�WKH�VDPSOH�LPDJH��7KH�QHZ�LPDJH�LV�JHQHUDWHG�LQ�UDVWHU�RUGHU���

)LUVW��D�EORFN�LV�UDQGRPO\�VHOHFWHG�IURP�WKH�VDPSOH�LPDJH�DQG�SDVWHG�LQWR�WKH�QHZ�

LPDJH�EHJLQQLQJ�DW�WKH�ILUVW�URZ�DQG�WKH�ILUVW�FROXPQ��7KHQ�DQRWKHU�EORFN�LV�VHOHFWHG�

DV�D�FDQGLGDWH�QHLJKERXU��7KLV�LV�SODFHG�QH[W�WR�WKH�ILUVW�EORFN�VR�WKDW�WKH\�RYHUODS�RQH�

DQRWKHU��7KH�RYHUODSSLQJ�DUHD�EHWZHHQ�WKH�WZR�EORFNV�LV�XVHG�WR�WHVW�WKH�JRRGQHVV�RI�

ILW�RI�WKH�FDQGLGDWH�XVLQJ�DQ�/��QRUP��7KLV�LV�UHSHDWHG�IRU�GLIIHUHQW�FDQGLGDWHV�DQG�WKH�

RQH� ZLWK� WKH� PLQLPXP� 66'� LV� VHOHFWHG� DV� WKH� ILQDO� QHLJKERXU�� $� PLQLPXP� HUURU�

ERXQGDU\�FXW�LV�FDOFXODWHG�LQ�WKH�RYHUODSSLQJ�DUHD�VR�WKDW�WKH�ERXQGDU\�ORRNV�VPRRWK��

%RWK�YHUWLFDO�DQG�KRUL]RQWDO�RYHUODSSLQJ�DUHDV�DUH�XVHG�IRU�VHOHFWLQJ�EHVW�PDWFKHG�

EORFNV�LQVLGH�WKH�QHZ�LPDJH��7KLV�ZKROH�SURFHVV�LV�UHSHDWHG�XQWLO�DQ�RXWSXW�LPDJH�RI�

WKH�UHTXLUHG�VL]H�KDV�EHHQ�JHQHUDWHG��

:H�KDYH�PDGH�WKUHH�VPDOO�PRGLILFDWLRQV�WR�WKLV�TXLOWLQJ�DOJRULWKP��)LUVW��LQVWHDG�

RI� ORFDWLQJ� WKH� EHVW�PDWFKLQJ� EORFN� XVLQJ� VHDUFK�� ZH� PRUH� RIWHQ� VHOHFW� WKH�

FRUUHVSRQGLQJ�QHLJKERXU�RI�ODVW�VHOHFWLRQ��7KLV�VLPSOLILFDWLRQ�GUDPDWLFDOO\�LQFUHDVHV�

WKH�VSHHG�RI� WKH�DOJRULWKP�ZLWKRXW�DSSDUHQWO\�DIIHFWLQJ�WKH�RXWSXW�>$VKLNKPLQ��@��

6HFRQG�� ZH� SHUIRUP� V\QWKHVLV� LQ� 5
�

� VSDFH�� ZKHUH� P� LV� WKH� GLPHQVLRQDOLW\� RI� WKH�

VXUIDFH�UHSUHVHQWDWLRQ�ZH�DUH�XVLQJ��7KLUG��ZH�XVH�DQ�HUURU�PHWULF�EDVHG�RQ�D�VXP�RI�

DEVROXWH�GLIIHUHQFHV�UDWKHU�WKDQ�PRUH�H[SHQVLYH�/��QRUP��

�� 7KH�)LYH�0HWKRGV�

7KLV�VHFWLRQ�GHVFULEHV�HDFK�RI�WKH�ILYH�DSSURDFKHV���,��*UDGLHQW��370��(LJHQ��DQG�

(LJHQ��� LQ� GHWDLO�� )LUVW� KRZHYHU�� ZH� GHVFULEH� WKH� LPDJH� FDSWXUH� VWDJH� ZKLFK� LV�

FRPPRQ�WR�DOO�RI�WKHVH�DSSURDFKHV��

���� ,PDJH�&DSWXUH�

:H� XVH� D� IL[HG� ���ELW� PRQRFKURPH� &&'� FDPHUD� WR� FDSWXUH� D� ��� LPDJHV� RI� HDFK�

VDPSOH���$�OLJKW�VRXUFH�ORFDWHG�DSSUR[LPDWHO\�DW��P�IURP�WKH�VDPSOH�LV�XVHG�DW�WKUHH�

VODQW�DQJOHV�DQG�WZHOYH�WLOW�DQJOHV��7KH�WLOW�DQJOHV�DUH�VHSDUDWHG�E\�LQWHUYDOV�RI�������

$OO� LPDJHV� XVHG� LQ� WKLV� SDSHU� DUH� DYDLODEOH� IURP� RXU� RQOLQH� LPDJH� GDWDEDVH��

�ZZZ�FHH�KZ�DF�XN�WH[WXUHODE�GDWDEDVH��:LWK�WKH�H[FHSWLRQ�RI�WKH��,��WKUHH�LPDJH��

PHWKRG�DOO�RI�WKH�DSSURDFKHV�XVH�WKH�IXOO�VHW�RI����LPDJHV��
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���� 7KH��,�PHWKRG��

8QGHU�WKH�DVVXPSWLRQ�RI�/DPEHUWLDQ�UHIOHFWDQFH��6KDVKXD>6KDVKXD��@�SURSRVHV�WKDW�

D�OLQHDU�FRPELQDWLRQ�RI�WKUHH�EDVH�LPDJHV�FDQ�EH�XVHG�WR�JHQHUDWH�QHZ�LPDJHV�XQGHU�

GLIIHUHQW�LOOXPLQDQW�GLUHFWLRQV��$FFRUGLQJ�WR�WKH�/DPEHUWLDQ�UHIOHFWDQFH�ODZ��
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ZKHUH��

��,��LV�WKH�LQWHQVLW\�RI�DQ�LPDJH�SL[HO�DW�SRVLWLRQ�[��\�

λ �LV�WKH�LQFLGHQW�LQWHQVLW\�WR�WKH�VXUIDFH�

ρ �LV�WKH�DOEHGR�YDOXH�RI�WKH�/DPEHUWLDQ�UHIOHFWLRQ�

τ �LV�WKH�WLOW�DQJOH�RI�LOOXPLQDWLRQ�

σ LV�WKH�VODQW�DQJOH�RI�LOOXPLQDWLRQ�

S DQG� T �DUH�WKH�SDUWLDO�GHULYDWLYHV�RI�WKH�VXUIDFH�KHLJKW�IXQFWLRQ�LQ�WKH�[�DQG�\�

GLUHFWLRQV�UHVSHFWLYHO\�

)URP�����ZH�FDQ�H[SUHVV�, � τ � σ� �DQ�LPDJH�FDSWXUHG�XQGHU�DQ�LOOXPLQDQW�GLUHFWLRQ�RI��τ�σ��

DV�D�OLQHDU�VXP�RI�WKUHH�LPDJHV�FDSWXUHG�XVLQJ�QRQ�FROLQHDU�LOOXPLQDQW�YHFWRUV��7KXV��

����
��VLQ�

VLQVLQ

��VLQ�

VLQFRV

��FRV�

FRV
�

���
��VLQ

VLQVLQ

���
��FRV�

FRV

��VLQ�

VLQVLQ

��VLQ�

VLQFRV
���

��
	���
���

��
	�����

��
	������

\[,

\[,

\[,\[,

⋅−−+

⋅+

⋅




 +−=

°°°

°

°°°

στστσ

στ

σστστ
στ

� ����

�

:H� XVH� �� LPDJHV� FDSWXUHG� ZLWK� LOOXPLQDWLRQ� VHSDUDWHG� E\� ���� LQ� WLOW�� 7KDW� LV� WKH�

LOOXPLQDWLRQ�LV�SURYLGHG�DW�D�FRPPRQ�VODQW������LQ�RXU�FDVH��DQG�DW�WLOW�DQJOHV�RI�����

���� DQG� ������ � 7KHVH� LPDJHV� DUH� XVHG� GLUHFWO\� LQ� HTXDWLRQ� �� IRU� UHQGHULQJ�� QR�

LQWHUPHGLDWH�LPDJHV�DUH�XVHG���

7KH�FRPSOHWH�V\QWKHVLV�SURFHGXUH�DQG�VDPSOH�LPDJHV�DUH�VKRZQ�LQ�)LJXUH����

7KH�WKUHH�SKRWRPHWULF�LPDJHV��D��E�	�F��RI�WKH�VDPSOH�DUH�FDSWXUHG��7KHVH�DUH�XVHG�WR�

V\QWKHVLVH��LQ�5
�
�VSDFH��WKUHH�ODUJHU�LPDJHV��D¶��E¶�	�F¶��ZKLFK�IRUP�WKH�EDVH�LPDJHV�

IRU�UHOLJKWLQJ�XVLQJ�HTXDWLRQ�����
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)LJXUH����6\QWKHVLV�GLUHFWO\�XVLQJ���SKRWRPHWULF�VDPSOH�LPDJHV��WKH��,�PHWKRG��

���� 7KH�*UDGLHQW�0HWKRG�

3KRWRPHWULF�VWHUHR�FRPPRQO\�XVHV�WKUHH�LPDJHV�WR�HVWLPDWH�WKH�JUDGLHQW�DQG�DOEHGR�

PDSV�RI�D�/DPEHUWLDQ�VXUIDFH��$GGLWLRQDO�LPDJHV�OHDG�WR�DQ�RYHU�FRQVWUDLQHG�V\VWHP��

ZKLFK� PD\� EH� VROYHG� XVLQJ� OHDVW� VTXDUHV� WHFKQLTXHV� WR� SURYLGH� SRWHQWLDOO\� PRUH�

DFFXUDWH� VROXWLRQV��*LYHQ���� LPDJHV�ZH�REWDLQ����HTXDWLRQV� WKDW� DUH�H[SUHVVHG� LQ�

PDWUL[�SURGXFW�IRUP�LQ�������
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ZKHUH��

DO�[�\��LV�WKH�SURGXFW�RI��DOEHGR� ��� \[ρ DQG�WKH�FRQVWDQW�LQFLGHQW�LQWHQVLW\� λ ��

7KXV�ZH�FDQ�XVH�VXUIDFH�JUDGLHQW�DQG�DOEHGR�PDSV�WR�UHSUHVHQW��'�VXUIDFH�WH[WXUH��

%\�V\QWKHVL]LQJ�DQG�UHOLJKWLQJ�VXUIDFH�JUDGLHQW�DQG�DOEHGR�PDSV��ZH�FDQ�JHQHUDWH�

QHZ� LPDJHV� XQGHU� DUELWUDU\� LOOXPLQDWLRQ�� :H� FDOO� WKLV� WKH� *UDGLHQW� PHWKRG�� 7KH�

FRPSOHWH�V\QWKHVLV�SURFHVV�LV�VLPLODU�WR�WKH�PHWKRG�VKRZQ�LQ�)LJXUH����
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���� 7KH�370�0HWKRG�

0DO]EHQGHU�SURSRVHG�WKH�XVH�RI�D�TXDGUDWLF�IXQFWLRQ�����DV�WKH�EDVH�UHSUHVHQWDWLRQ�

IRU�UHOLJKWLQJ�VXUIDFHV>0DO]EHQGHU��@���
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ZKHUH��

��� 	
 OO �LV� WKH� SURMHFWLRQ� RI� WKH� QRUPDOL]HG� OLJKW� YHFWRU� LQWR� WKH� ORFDO� WH[WXUH�

FRRUGLQDWH�V\VWHP� ��� \[ ��

/ �LV�WKH�UHVXOWDQW�VXUIDFH�OXPLQDQFH���

� ������ �
�

\[D\[D − ��DUH�FRHIILFLHQWV�VWRUHG�DV�VSDWLDO�PDSV�DQG�QDPHG�3RO\QRPLDO�

7H[WXUH�0DSV�370V����

)RU�HDFK�VDPSOH�WH[WXUH����FRHIILFLHQW�PDSV��370��DUH�JHQHUDWHG�E\�XVLQJ�69'�WR�

VROYH�WKH�RYHU�GHWHUPLQHG�V\VWHP��L�H��WKH����HTXDWLRQV�LQ�WKH�IRUP�RI����IRU�HYHU\�

ORFDWLRQ� ��� \[ ��7KLV�PHWKRG�FDQ�SURGXFH�UHDOLVWLF�UHVXOWV�IRU�WKRVH�WH[WXUHV�ZLWK�FDVW�

VKDGRZV�DQG�LQWHU�UHIOHFWLRQV���

:H� XVH� DOO� ��� LPDJHV� WR� JHQHUDWH� 3RO\QRPLDO� 7H[WXUH� 0DSV� �370V�� RI� WKH�

VDPSOH��7KHVH�VDPSOH�370V�DUH�XVHG�WR�V\QWKHVLVH�D�QHZ�VHW�RI�RXWSXW�370V��LQ�5


�

VSDFH��� �1HZ� LPDJHV� XQGHU�DUELWUDU\� LOOXPLQDWLRQV� DUH� REWDLQHG� E\� XVLQJ� WKH� QHZ�

OLJKWLQJ�YHFWRU� ��� �� OO �WR� UHOLJKW�RI� WKH�RXWSXW�370V�DFFRUGLQJ� WR� WKH�HTXDWLRQ������

7KH�ZKROH�SURFHVV�LV�VKRZQ�LQ�)LJXUH����

�
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)LJXUH����6\QWKHVLV�RXVLQJ�3RO\QRPLDO�7H[WXUH�0DSV��WKH�370�PHWKRG���

���� 7KH�(LJHQ��	�(LJHQ��0HWKRGV�

,Q� WKHVH� DSSURDFKHV� ZH� XVH� �� RU� �� EDVH� LPDJHV� LQ� HLJHQ�VSDFH� WR� UHSUHVHQW� DQG�

V\QWKHVLVH��'�VXUIDFH�WH[WXUHV��:H�SHUIRUP�6LQJXODU�9DOXH�'HFRPSRVLWLRQ��69'��RQ�

WKH���'�VDPSOH�LPDJH�VSDFH���

/HW�0� EH�D�P[Q� UHDO�PDWUL[��ZKHUH�P� LV� WKH�QXPEHU�RI� LPDJHV�DQG�Q� LV� WKH�

QXPEHU�RI�SL[HOV�SHU�LPDJH��E\�69'�ZH�FDQ�ZULWH��

�
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A
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�

ZKHUH�8�LV�D�P[P�RUWKRQRUPDO�PDWUL[�� Σ �LV�P[P�GLDJRQDO�PDWUL[��DQG�9�LV�D�P[Q�

RUWKRQRUPDO� PDWUL[�� /HW� �������� BC D
GLDJ σσσ=Σ �� ZKHUH Eσ �LV� WKH� VLQJXODU� YDOXH� RI�

PDWUL[� 0� DQG� F+≥ GG σσ �� %\� WROHUDWLQJ� D� VPDOO� LQIRUPDWLRQ� ORVV�� ZH� PD\� XVH�

��������������� H
I J

GLDJ σσ=Σ WR� DSSUR[LPDWH� �������� KL M
GLDJ σσσ=Σ �SURYLGLQJ� WKH�

VLQJXODU�YDOXHV�GHFUHDVH�TXLFNO\��7KHQ�HDFK�URZ�RI�PDWUL[�
N

9
O

Σ �UHSUHVHQWV�D�EDVH�

LPDJH��7KH�ILUVW����RU����EDVH�LPDJHV�RI�WKH�VDPSOH�DUH�XVHG�LQ�5
P
��RU��5

Q
��VSDFH�WR�

V\QWKHVL]H� ODUJHU� EDVH� LPDJHV�� 7KH� UHOLJKWLQJ� SURFHVV� WKHQ� VLPSO\� FRQVLVWV� RI�

JHQHUDWLQJ� OLQHDU� FRPELQDWLRQV� RI� WKHVH� QHZ� EDVH� LPDJHV�� )LJXUH� �� VKRZV� WKH�

FRPSOHWH�SURFHGXUH��

7KH� DGYDQWDJH� RI� XVLQJ� DQ� HLJHQ�VSDFH� DSSURDFK� LV� WKDW� ZH� PD\� V\QWKHVL]H�
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WH[WXUHV�ZLWK�DUELWUDU\� UHIOHFWDQFH� IXQFWLRQV��DOWKRXJK�VSHFXODU�VSLNHV�ZLOO� LQYROYH�

UHTXLUH�ODUJH�QXPEHUV�RI�EDVH�LPDJHV����
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)LJXUH����6\QWKHVLV�XVLQJ�EDVH�LPDJHV�LQ�HLJHQ�VSDFH���7KH�H[DPSOH��WH[WXUH�XVHG�LQ�WKH�

ILJXUH�LV�³DFL´��ZKLFK�FRQWDLQV�VSHFXODU�UHIOHFWDQFH���

���� 6XPPDU\�RI�$SSURDFKHV�

7KLV�VHFWLRQ�SURYLGHV�D� WDEXODU�VXPPDU\��7DEOH����RI� WKH� ILYH�DSSURDFKHV� WKDW�ZH�

KDYH�GHYHORSHG�DQG�ZLOO�UHSRUW�RQ�LQ�WKH�QH[W�VHFWLRQ��

�
7DEOH����6XPPDU\�RI�WKH���DSSURDFKHV�

$SSURDFK� � 7
8
�SKDVH� � 9

:
�SKDVH� � ;

:
�SKDVH�

�,��

1R�SURFHVVLQJ�UHTXLUHG�LQ�WKLV�

SKDVH�DV�WKH�WKUHH��D��E��F��LPDJHV�

DUH�XVHG�GLUHFWO\�

5
<
�V\QWKHVLV�

�SURGXFHV���ODUJH�SKRWRPHWULF�

LPDJHV�D¶��E¶��F¶��

,PDJH�EDVHG�UHOLJKWLQJ�

�SURGXFHV�ILQDO�LPDJH��

*UDGLHQW��

�

3URGXFHV�VDPSOH�JUDGLHQW�S�T��DQG�

DOEHGR�PDSV��DO��XVLQJ�DOO�VDPSOH�

LPDJHV��

5
<
�V\QWKHVLV�

�SURGXFHV�ODUJH�JUDGLHQW�DQG�

DOEHGR�PDSV��

*UDGLHQW�EDVHG�

UHOLJKWLQJ�

370��
*HQHUDWH�VDPSOH�3RO\QRPLDO�

7H[WXUH�0DSV���

5
=
�V\QWKHVLV�

�SURGXFHV�ODUJH�3RO\QRPLDO�

7H[WXUH�0DSV��

370��EDVHG�5HOLJKWLQJ�

(LJHQ��
*HQHUDWH���EDVH�LPDJHV�RI�VDPSOH�

LQ�HLJHQ�VSDFH�

5
<
�V\QWKHVLV�

�SURGXFHV�ODUJH�HLJHQ�EDVH�

LPDJHV��

(LJHQ�EDVHG�UHOLJKWLQJ�

�

(LJHQ��
*HQHUDWH���EDVH�LPDJHV�RI�VDPSOH�

LQ�HLJHQ�VSDFH�

5
=
�V\QWKHVLV�

�SURGXFHV�ODUJH�HLJHQ�EDVH�

LPDJHV���

(LJHQ�EDVHG�UHOLJKWLQJ�

�
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�� $VVHVVPHQW�RI�UHVXOWV�

:H�FRPSDUH� WKH� ILYH�DSSURDFKHV� LQ� WZR�VWDJHV��)LUVW��ZH�TXDQWLWDWLYHO\�DVVHVV� WKH�

UHOLJKWLQJ� PHWKRGV�� 6HFRQG�� ZH� DVVHVV� WKH� FRPSOHWH� V\QWKHVLV� DSSURDFKHV� XVLQJ�

SV\FKRSK\VLFDO�H[SHULPHQWV�FRXSOHG�ZLWK�VWDWLVWLFDO�WHVWV���

���� 4XDQWLWDWLYH�$VVHVVPHQW�RI�5HOLJKWLQJ�0HWKRGV��

,I�ZH�UHPRYH�WKH�V\QWKHVLV�VWDJH�IURP�RXU�IUDPHZRUN�ZH�FDQ�TXDQWLWDWLYHO\�DVVHVV�

UHOLJKWLQJ�PHWKRGV�E\�GLUHFWO\�FRPSDULQJ�UHOLW�LPDJHV�ZLWK�WKHLU�FRUUHVSRQGLQJ�UHDO�

�LQSXW��LPDJHV��:H�XVH����WH[WXUHV�ZLWK�UHIOHFWDQFH�SURSHUWLHV�UDQJLQJ�IURP�GLIIXVH�WR�

VWURQJO\�VSHFXODU��6RPH�LQFOXGH�VKDGRZV�DQG�LQWHUUHIOHFWLRQV��7KHVH�WH[WXUH�VDPSOHV�

DUH�VKRZQ�LQ�)LJXUH�����

�

DDL� DDM� DDP� DDU�

DDV� DFF� DFG� DFH�

DFK� DFL� DGF� DGG�

)LJXUH����6DPSOH�WH[WXUHV���

:H� UHOLJKW� WKHVH� WH[WXUHV� XVLQJ� VDPH� LOOXPLQDWLRQ� FRQGLWLRQV� WKDW� ZHUH� XVHG� WR�

FDSWXUH� WKH� LQSXW� LPDJHV��7KH�UHVXOWV�DUH�FRPSDUHG�XVLQJ�D�QRUPDOLVHG�URRW�PHDQ�
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10�LV�WKH�VL]H�RI�WKH�LPDJHV�LQ�SL[HOV��

L�[�\��LV�WKH�[�\
� 	
�SL[HO�RI�DQ�LQSXW�LPDJH��

U�[�\��LV�WKH�[�\
� 	
�SL[HO�RI�D�UHOLW�LPDJH��

7KH�UHVXOWV�RI�SHUIRUPLQJ�WKHVH�FRPSDULVRQV�DUH�VKRZQ�)LJXUH��LQ��D��DQG��E����
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�E��0HDQ��0D[LPXP��DQG�PLQLPXP�UHOLJKWLQJ�HUURUV�FDOFXODWHG�DFURVV�WH[WXUHV��

)LJXUH����4XDQWLWDWLYH�UHOLJKWLQJ�UHVXOWV�IRU�WKH�ILYH�PHWKRGV�

([DPSOH�RXWSXW�LPDJHV�DQG�WKHLU�DEVROXWH�GLIIHUHQFH�LPDJHV�DUH�VKRZQ�LQ�)LJXUH����

7KHVH� WKUHH� VHWV� RI� UHVXOWV� DUH� UHSUHVHQWDWLRQ� RI� WKH� LPDJHV� ZH� REWDLQHG� IRU�

/DPEHUWLDQ��/DPEHUWLDQ�ZLWK�VKDGRZV��DQG�VSHFXODU�VXUIDFHV��

)URP� WKHVH� UHVXOWV� LW� FDQ� EH� VHHQ� WKDW� WKH� �,� PHWKRG� SURGXFHV� WKH� ZRUVW�

SHUIRUPDQFH��7KLV�LV�QRW�VXUSULVLQJ�JLYHQ�WKDW�LW�XVHV�WKUHH�LQSXW�LPDJHV�ZKHUHDV�WKH�

RWKHU� IRXU� PHWKRGV� XVH� ���� � 7KH� UHDVRQ� LV� WKDW� �� LPDJHV� WKDW� FDQ� RQO\� SURGXFH�

DFFXUDWH�UHVXOWV�ZKHQ�WKH�WH[WXUHV�KDYH�SXUH�/DPEHUWLDQ�VXUIDFHV�ZLWK�QR�VKDGRZLQJ��

�

�

�

�

�

�

�

�

�

�
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�

DDU

�

DGG

�

DFK

�

�

)LJXUH����([DPSOH�RXWSXW�IURP�WKH�ILYH�PHWKRGV��IRU�WKH�WKUHH�WH[WXUHV�³DDU´��³DGG´�DQG�

³DFK´����)RU�HDFK�WH[WXUH��WKH�ILUVW�LPDJH�RI�WKH�ILUVW�URZ�LV�WKH�UHDO�LPDJH��DQG�WKH�VHFRQG�

WR� WKH� ILIWK� LPDJHV� DUH� V\QWKHVLV� UHVXOW�� WKH� VHFRQG� URZ� FRQWDLQV� GLIIHUHQFH� LPDJHV�

EHWZHHQ�UHDO�DQG��V\QWKHVLVHG�LPDJHV���ORRN�DW�WKLV�DJDLQ""�

2I� WKH� UHPDLQLQJ� PHWKRGV�� WZR� �(LJHQ�� 	� 370�� XVH� PRUH� H[SHQVLYH� 5
�

�

UHSUHVHQWDWLRQV�ZKLOH�*UDGLHQW�	�(LJHQ��XVH�5
�

��:H�ZRXOG�WKHUHIRUH�H[SHFW�WKH�ILUVW�

SDLU�RI�WHFKQLTXHV�WR�RXWSHUIRUP�WKH�ODWWHU��DQG�RQ�DJJUHJDWH�WKH�370�PHWKRG�GRHV�

LQGHHG�SURYLGH�WKH�EHVW�ILJXUH��+RZHYHU��WKH�SHUIRUPDQFH�RI�WKH�370�DSSURDFK�FDQ�

QRW� UHDOO\� EH� VHSDUDWHG� IURP� WKDW� RI� LWV� FKHDSHU� (LJHQ�� FRPSHWLWRU�� ,W� PXVW� EH�

FDXWLRQHG� KRZHYHU�� WKDW� WKHVH� QXPHULFDO� UHVXOWV� PD\� QRW� QHFHVVDULO\� DJUHH� ZLWK�

TXDOLWDWLYH�MXGJHPHQWV��

����5HDO������������������,���������������*UDGLHQW�����������370��������������(LJHQ�����������(LJHQ�����������
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���� 4XDOLWDWLYH�$VVHVVPHQW�RI�WKH�)LYH�6\QWKHVLV�$SSURDFKHV��

'HVSLWH�WKH�VLJQLILFDQW�TXDQWLW\�RI�UHVHDUFK�RQ�WH[WXUH�V\QWKHVLV�DSSURDFKHV�OLWWOH�KDV�

EHHQ�SXEOLVKHG�FRQFHUQLQJ�WKHLU�DVVHVVPHQW��'LUHFW�QXPHULFDO�FRPSDULVRQ�LV�GLIILFXOW�

DV�WKH�RXWSXW�WH[WXUHV�KDYH�QR�FRQYHQWLRQDO�JURXQG�WUXWK��7KH�PDMRULW\�RI�UHVHDUFKHUV�

WKHUHIRUH�VLPSO\�GLVSOD\�WKHLU�UHVXOWV�DORQJVLGH�WKRVH�RI�WKHLU�FRPSHWLWRUV�DQG�OHDYH�

WKH� FRPSDULVRQ� WR� UHDGHUV� >'H%RQHW���� :HL���� (IURV���� ;X���� (IURV��� 	�

$VKLNKPLQ��@��)HZ� SURYLGH� DQ\� H[SHULPHQWDO� VXSSRUW�� &RSHODQG� HW� DO� GLG� XVH� D�

SV\FKRSK\VLFDO� H[SHULPHQW�ZLWK� WHQ�REVHUYHUV� WR�DVVHVV� WKH�DELOLW\�RI� D�QXPHULFDO�

HUURU� PHWULF� WR� PRGHO� WKH� SHUFHSWXDO� GLIIHUHQFHV� EHWZHHQ� WH[WXUH� SDWWHUQV�

>&RSHODQG��@�EXW�WKHUH�LV�YHU\�OLWWOH�KDV�EHHQ�SXEOLVKHG�RQ�WKH�V\VWHPDWLF�TXDOLWDWLYH�

DVVHVVPHQW�RI�WH[WXUH�V\QWKHVLV�UHVXOWV�SHU�VH��:H�KDYH�WKHUHIRUH�GHYHORSHG�D�VLPSOH�

TXDOLWDWLYH�DSSURDFK��ZKLFK�XVHV�QRQSDUDPHWULF�VWDWLVWLFDO�WHVWV�DQG�SV\FKRSK\VLFDO�

H[SHULPHQWV���

:H�DVNHG�D�VHW�RI�WHQ�KXPDQ�REVHUYHUV�WR�UDQN�GLIIHUHQW�V\QWKHVLV�PHWKRGV�E\�

FRPSDULQJ�RXWSXW�LPDJHV�ZLWK�LQSXW�LPDJHV��7KHVH�UHVXOWV�ZHUH�WHVWHG�WR�VHH�LI�WKH�

UDQNLQJV�ZHUH�VWDWLVWLFDOO\�VLJQLILFDQW����

)LYH�WH[WXUHV�UHSUHVHQWDWLYH�RI�GLIIHUHQW�UHIOHFWDQFH�IXQFWLRQV�DQG�WRSRORJ\�ZHUH�

VHOHFWHG�� 7KH\� LQFOXGHG� VXUIDFHV� WKDW� H[KLELWHG� SXUH� /DPEHUWLDQ� UHIOHFWDQFH��

/DPEHUWLDQ�UHIOHFWDQFH�ZLWK�VKDGRZV��DQG�LQWHUUHIOHFWLRQV��7KHVH�LPDJHV�DUH�VKRZQ�

DW�WKH�HQG�RI�WKLV�SDSHU��DDM��DDV��DFH��DGF��DGG���)RU�HDFK�WH[WXUH��ZH�XVHG�HDFK�RI�WKH�

ILYH� PHWKRGV� WR� V\QWKHVLVH� WZR� RXWSXW� LPDJHV� XQGHU� LOOXPLQDWLRQV� RI� �τ  �����

σ  ������DQG��τ  �����σ  ������2EVHUYHUV�ZHUH�DVNHG�WR�UDQN�WKH�UHVXOWV�IRU�HDFK�

RI� WKH� ILYH� WH[WXUHV� IURP� WKH� EHVW� WR� WKH�ZRUVW��1R� RWKHU� LQVWUXFWLRQV�ZHUH� JLYHQ�

FRQFHUQLQJ� DV� WR� ZKDW� TXDOLWLHV� WR� ORRN� IRU� ZKHQ� FRPSDULQJ� PHWKRGV�� 7KXV� ZH�

FROOHFWHG����VHWV�RI�UDQNLQJV�����REVHUYHUV�[���WH[WXUHV����

6LQFH�HDFK�REVHUYHU�SHUIRUPHG�WKHLU�UDQNLQJ�LQGHSHQGHQWO\�ZH�XVHG�)ULHGPDQ¶V�

QRQSDUDPHWULF� WZR�ZD\� $QDO\VLV� RI� 9DULDQFH� �$129$�� DQG� D� PXOWL�FRPSDULVRQ�

PHWKRG�WR�WHVW�WKHLU�VLJQLILFDQFH���

)ULHGPDQ¶V�QRQSDUDPHWULF�WZR�ZD\�$QDO\VLV�RI�9DULDQFH��$129$��LV�GHVLJQHG�

WR�GHWHUPLQH�LI�ZH�PD\�FRQFOXGH�IURP�VDPSOH�HYLGHQFH�WKDW�WKHUH�LV�GLIIHUHQFH�DPRQJ�

WUHDWPHQW�HIIHFWV��,Q�RXU�H[SHULPHQWV�ZH�ILUVWO\�ZLVKHG�WR�GHFLGH�ZKHWKHU�WKHUH�ZDV�

DQ\� VLJQLILFDQW� GLIIHUHQFH� EHWZHHQ� WKH� SHUIRUPDQFH�RI� WKH�PHWKRGV��:H� WKHUHIRUH�

FRQVWUXFWHG� D�PDWUL[�ZKLFK� FRQWDLQV� RQH� FROXPQ� IRU� HDFK�PHWKRG�� � (DFK� FROXPQ�



� ��

FRQWDLQV� ��� UDQN� GDWD� ���� REVHUYHUV� [� �� WH[WXUHV��� )ULHGPDQ¶V� WHVW� FRPSDUHV� WKH�

PHDQV�RI�WKHVH�FROXPQV��VHH�>'DQLHO��@�IRU��PRUH�GHWDLOV����7KH�QXOO�K\SRWKHVLV�+ � �LV�

WKDW� DOO� ILYH� PHWKRGV� PDNH� QR� VLJQLILFDQW� GLIIHUHQFH� IRU� V\QWKHVLV� RI� �'� VXUIDFH�

WH[WXUH��ZKLOH�WKH�DOWHUQDWLYH�K\SRWKHVLV�+ � �LV�WKDW�DW�OHDVW�RQH�LV�GLIIHUHQW��7KH�WHVW�

VWDWLVWLF�LV�GHILQHG�DV��
�

�

�

�

���

���

�� ∑
=





 +−

+
=

�

�

�
�

NE
5

NEN
χ �

ZKHUH��

E�LV�WRWDO�QXPEHU�RI��UDQN�GDWD�IRU�HDFK�PHWKRG������

N�LV��WKH�QXPEHU�RI�PHWKRGV�WR�EH�FRPSDUHG������DQG�

�5 �LV�WKH�VXP�RI�UDQN�GDWD�IRU�HDFK�PHWKRG��

�

7KH�WHVW�UHVXOW�LQGLFDWHG�WKDW�WKHUH�LV�DW�OHDVW�RQH�PHWKRG�ZKLFK�SHUIRUPV�VLJQLILFDQWO\�

GLIIHUHQWO\�IURP�WKH�RWKHUV�DW�D�FRQILGHQFH�OHYHO�RI�����������H�����[�������HIIHFWLYHO\�

�������

:H� WKHUHIRUH� XVHG� D� PXOWLSOH� FRPSDULVRQ� WHVW� RI� PHDQV� WKDW� LV� GHVLJQHG� WR�

SURYLGH�DQ�XSSHU�ERXQG�RQ�WKH�SUREDELOLW\�WKDW�DQ\�FRPSDULVRQ�ZLOO�EH�LQFRUUHFWO\�

IRXQG�WR�EH�VLJQLILFDQW�>+RFKEHUJ��@��7KH�UHVXOW�LV�VKRZQ�LQ�)LJXUH����(DFK�JURXS�

PHDQ�LV�UHSUHVHQWHG�E\�D�VPDOO�FLUFOH�ZLWKLQ�DQ�LQWHUYDO��7ZR�PHDQV�DUH�VLJQLILFDQWO\�

GLIIHUHQW�LI�WKH�DVVRFLDWHG�LQWHUYDOV�DUH�GLVMRLQW��DQG�DUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�LI�

WKHLU�LQWHUYDOV�RYHUODS���

�
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)LJXUH����0XOWLSOH�FRPSDULVRQ�WHVW�RI�WKH�ILYH�PHWKRGV��6PDOO�FLUFOHV�DQG�OLQHV�UHSUHVHQW�

WKH� JURXS� PHDQV� DQG� WKHLU� LQWHUYDOV�� 7KH� KRUL]RQWDO� D[LV� LQGLFDWHV� UDQN� YDOXHV�� 7ZR�

PHDQV�DUH�VLJQLILFDQWO\�GLIIHUHQW�LI�WKHLU�LQWHUYDOV�DUH�GLVMRLQW��

%DVHG�RQ�WKH�UHVXOWV�RI�WKLV�WHVW�LQ�ZKLFK�WKH�FRQILGHQFH�OHYHOV�RI�WKH�LQWHUYDOV�DUH�

���� � � ����=α �� ZH� PDNH� WKH� IROORZLQJ� REVHUYDWLRQ�� 7KHUH� DUH� QR� VLJQLILFDQW�

GLIIHUHQFHV�EHWZHHQ�WKH�SHUIRUPDQFHV�RI�WKH�*UDGLHQW��(LJHQ���DQG�(LJHQ��PHWKRGV��

+RZHYHU��HDFK�RI�WKHVH�PHWKRGV�GRHV�RXWSHUIRUP�ERWK��,�DQG�370��

$OWKRXJK�(LJHQ��SURGXFHG�WKH�EHVW�TXDQWLWDWLYH�UHOLJKWLQJ�UHVXOWV��LWV�TXDOLWDWLYH�

SHUIRUPDQFH� LQ� WKH�V\QWKHVLV�H[SHULPHQWV�ZDV�QRW�VLJQLILFDQWO\�EHWWHU� WKDQ� LWV� WZR�

QHDUHVW� FRPSHWLWRUV�� *UDGLHQW� DQG� � (LJHQ��� 7KLV� PD\EH� EHFDXVH� V\QWKHVLV� LV�

SHUIRUPHG�LQ�5
�

�VSDFH�ZKLFK�LV�PRUH�SURQH�WR�PDWFKLQJ�HUURUV���7KHVH�HUURUV�RIWHQ�

LQWURGXFH�GLVFRQWLQXLWLHV��ZKLFK�DUH�SDUWLFXODUO\�QRWLFHDEOH�WR�KXPDQ�REVHUYHUV�����

,I�ZH�WDNH�FRPSXWDWLRQ�FRPSOH[LW\� LQWR�DFFRXQW��ZH�ILQG�WKDW�V\QWKHVLV� LQ�5
�

�

VSDFH� LV� RI� FRXUVH� WKH�PRVW� H[SHQVLYH� �� LQ� RXU� DSSURDFKHV�� LW� H[DFWO\� GRXEOHV� WKH�

FRPSXWDWLRQ�WLPH�FRPSDUHG�ZLWK�5
�

�V\QWKHVLV���

7KH� FRQFOXVLRQ� WKHUHIRUH� IURP� WKLV� OLPLWHG� WHVW� LV� WKDW�*UDGLHQW� DQG�(LJHQ��

ZRXOG�DSSHDU�RQ�DYHUDJH�RIIHU�DV�JRRG�D�SHUIRUPDQFH�DV�RI�DQ\�RI�WKH�RWKHU�PHWKRGV�
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DQG�WR�SURYLGH�LW�IRU�ORZ�FRPSXWDWLRQDO�FRVW��,Q�WKHRU\�WKH�PRUH�H[SHQVLYH�(LJHQ��

VKRXOG�RIIHU�EHWWHU�SHUIRUPDQFH�IRU�QRQ�/DPEHUWLDQ�VXUIDFHV�DV�ZDV�LQGLFDWHG�E\�WKH�

TXDQWLWDWLYH� UHOLJKWLQJ� WHVWV�� )LQDOO\�� LI� ORZ� FRPSXWDWLRQDO� DQG� LPDJH�DFTXLVLWLRQ�

UHTXLUHPHQWV�KDYH�WR�EH�NHSW�ORZ�WKHQ�WKH��,��PHWKRG�WKDW�XVHV�RQO\�WKUHH�SKRWRPHWULF�

LPDJHV�SURYLGHV�UHOLJKWLQJ�DW�WKH�FRVW�RI�ORZHU�TXDOLW\�RXWSXW��

�� &RQFOXVLRQV�

:H�KDYH�SUHVHQWHG� DQG� FRPSDUHG� ILYH� DSSURDFKHV� IRU� FDSWXULQJ�� V\QWKHVLVLQJ� DQG�

UHOLJKWLQJ�UHDO��'�VXUIDFH�WH[WXUHV��:H�DGDSWHG�D�WH[WXUH�TXLOWLQJ�PHWKRG�GXH�WR�(IURV�

DQG�FRPELQHG�WKLV�ZLWK�ILYH�GLIIHUHQW�UHOLJKWLQJ�UHSUHVHQWDWLRQV���

�,�±�WKUHH�SKRWRPHWULF�LPDJHV��

*UDGLHQW�±�JUDGLHQW�DQG�DOEHGR�PDSV�

370�±��3RO\QRPLDO�WH[WXUH�0DSV�

(LJHQ��±�7KUHH�EDVH�HLJHQ�LPDJHV�

(LJHQ��±�6L[�EDVH�HLJLQ�LPDJHV�

:H� SHUIRUPHG� TXDQWLWDWLYH� WHVWV� RQ� WKH� UHOLJKWLQJ� PHWKRGV�� DQG� ZH� GHYHORSHG� D�

TXDOLWDWLYH�WHVW�IRU�WKH�DVVHVVPHQW�RI�WKH�FRPSOHWH�V\QWKHVLV�V\VWHPV���

$OO�WKH�PHWKRGV�XVHG�WKLUW\�VL[�LPDJHV�H[FHSW�IRU��,�WKDW�RQO\�XVHV�WKUHH��7KLV�

UHGXFHG�GDWD�XVDJH�ZDV�UHIOHFWHG�LQ�WKH�SHUIRUPDQFH�RI�WKLV�PHWKRG��ZKLFK�LV�RQO\�

FDSDEOH�RI�UHQGHULQJ�XQVKDGRZHG�/DPEHUWLDQ�VXUIDFHV�VXFFHVVIXOO\��

7KH� VL[�EDVH�LPDJH� HLJHQ� PHWKRG� SURGXFHG� WKH� EHVW� TXDQWLWDWLYH� UHOLJKWLQJ�

UHVXOWV� DQG� LQ� SDUWLFXODU� LW�ZDV� VKRZQ� WR�EH�EHWWHU� DW� UHOLJKWLQJ� VSHFXODU� VXUIDFHV��

+RZHYHU�� LQ� WKH� TXDOLWDWLYH� WHVWV�� QR� VLJQLILFDQW� SHUIRUPDQFH� GLIIHUHQFHV� ZHUH�

GHWHFWHG�EHWZHHQ�LW�DQG�WKH�RWKHU�WZR�WRS�SHUIRUPHUV��(LJHQ��DQG�*UDGLHQW��+RZHYHU��

WKH�FRPSXWDWLRQDO�FRPSOH[LW\�RI�(LJHQ��LV�DSSUR[LPDWHO\�WZLFH�WKDW�RI�WKHVH�WZR�5
�

EDVHG�FRPSHWLWRUV��

�
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7DEOH����6\QWKHVLV�DQG�UHOLJKWLQJ�UHVXOWV�IURP�WKH�ILYH�PHWKRGV�IRU����WH[WXUHV��7KH�ILUVW�ILYH�

WH[WXUHV�³DDM´�´DDV´�´DFH´�´DGF´�´DGG´�� DUH� XVHG� LQ� WKH� TXDOLWDWLYH� WHVWV�� 7KH� OHIW� PRVW�

LPDJHV� DUH� IURP� WKH� VDPSOH�� WKH� UHPDLQGHU� DUH� V\QWKHVLV� UHVXOWV�� $UURZV� LQGLFDWH�

LOOXPLQDWLRQ�GLUHFWLRQ��

�
6DPSOH� �,�0HWKRG� *UDGLHQW�0HWKRG� 370�0HWKRG� (LJHQ��0HWKRG� (LJHQ��0HWKRG�

�
DDM�

� � � � �
� � � � � �

�
DDM�

� � � � �
�

� � � � � �

�
DDV�

� � � � �
� � � � � �

�
DDV�

� � � � �
�

� � � � � �

�
"""�

� � � � �
� � � � � �

"""�

� � � � �
�
�

�
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6DPSOH� �,�0HWKRG� *UDGLHQW�0HWKRG� 370�0HWKRG� (LJHQ��0HWKRG� (LJHQ��0HWKRG�
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