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The Perceptual Organization of Colors:

An Adaptation to Regularities
of the Terrestrial World?
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7KRVH�WDNLQJ�DQ�HYROXWLRQDU\�DSSURDFK�WR�WKH�EHKDYLRUDO��FRJQLWLYH��DQG�VRFLDO�VFL�
HQFHV�KDYH�EHHQ�HPSKDVL]LQJ�WKH�QDWXUDO�VHOHFWLRQ�RI�PHFKDQLVPV�DQG�VWUDWHJLHV�WKDW
DUH�VSHFLILF�WR�SDUWLFXODU�VSHFLHV��JHQGHUV��DQG�SUREOHP�GRPDLQV��7KLV�HPSKDVLV�RQ�WKH
SDUWLFXODU�LV�XQGHUVWDQGDEOH�DV�D�UHDFWLRQ�DJDLQVW�WKH�WHQGHQF\��ORQJ�GRPLQDQW�LQ�WKHVH
VFLHQFHV��WR�SURFHHG�DV�LI�KXPDQ�DQG�DQLPDO�EHKDYLRU�FRXOG�EH�H[SODLQHG�LQ�WHUPV�RI
MXVW�WZR�WKLQJV���D��JHQHUDO�ODZV�RI�OHDUQLQJ�DQG�FRJQLWLYH�FRQVWUDLQWV�WKDW�KROG�DFURVV
VSHFLHV��JHQGHUV��DQG�GRPDLQV��DQG��E��WKH�SDUWLFXODU�VHW�RI�HQYLURQPHQWDO��LQFOXGLQJ
FXOWXUDO��FLUFXPVWDQFHV�WR�ZKLFK�HDFK�DQLPDO�FDQ�DGDSW�RQO\�E\�OHDUQLQJ�WKURXJK�LWV
RZQ�LQGLYLGXDO�H[SHULHQFH��(YROXWLRQDU\�WKHRULVWV
�HPSKDVLV�RQ�VSHFLILF�DGDSWDWLRQ V
PD\�DOVR�UHIOHFW�WKH�WHQGHQF\�RI�VXFK�DGDSWDWLRQV�WR�FDWFK�RXU�DWWHQWLRQ�WKURXJK�WKH
YHU\�GLYHUVLW\�RI�WKHLU�VSHFLILFLW\��$GDSWDWLRQV�WR�XQLYHUVDO�IHDWXUHV�RI�RXU�ZRUOG�DUH�DSW
WR�HVFDSH�RXU�QRWLFH�VLPSO\�EHFDXVH�ZH�GR�QRW�REVHUYH�DQ\WKLQJ�ZLWK�ZKLFK�VXFK�DGDS�
WDWLRQV�VWDQG�LQ�FRQWUDVW�

,Q�WKLV�FKDSWHU�,�FRQVLGHU�VRPH�FKDUDFWHULVWLFV�RI�WKH�SHUFHSWLRQ�DQG�UHSUHVHQWDWLRQ
RI�FRORUV�WKDW��DOWKRXJK�QRW�XQLYHUVDO�LQ�DQLPDO�YLVLRQ��GR�DSSHDU�WR�EH�XQLYHUVDO�LQ�WKH
QRUPDO�FRORU�YLVLRQ�RI�KXPDQV��SUHYDOHQW�LQ�RWKHU�SULPDWHV��DQG�FRPPRQ�LQ�D�QXPEHU
RI�RWKHU�TXLWH�GLIIHUHQW�EXW�DOVR�KLJKO\�YLVXDO�VSHFLHV��LQFOXGLQJ�WKH�ELUGV�DQG�WKH�EHHV�
7KH�TXHVWLRQV�UDLVHG�DUH��D��ZKHWKHU�WKHVH�FKDUDFWHULVWLFV�RI�FRORU�SHUFHSWLRQ�DQG�UHS�
UHVHQWDWLRQ�DUH�PHUHO\�DUELWUDU\�GHVLJQ�IHDWXUHV�RI�WKHVH�SDUWLFXODU�VSHFLHV���E��ZKHWKHU
WKHVH�FKDUDFWHULVWLF V�DURVH�D V�VSHFLILF�DGDSWDWLRQV�WR�WK H�SDUWLFXOD U�HQYLURQPHQWD O
QLFKHV�LQ�ZKLF K�WKHVH�VSHFLHV�HYROYHG ��RU��F ��ZKHWKHU�WKH\�PD\�KDY H�HPHUJHG�DV
DGYDQFHG�DGDSWDWLRQV�WR�VRPH�SURSHUWLHV�WKDW�SUHYDLO�WKURXJKRXW�WKH�WHUUHVWULDO�HQYL�
URQPHQW��0\�GLVFXVVLRQ�KHUH�ZLOO�SULQFLSDOO\�FRQFHUQ�IRXU�UHPDUNDEOH�FKDUDFWHULVWLFV
RI�WKH�FRORUV�WKDW�ZH�VR�LPPHGLDWHO\�DQG�DXWRPDWLFDOO\�H[SHULHQFH�ZKHQ�ZH�ORRN�DW
WKH�REMHFWV�DURXQG�XV�

���7KH�SHUFHSWXDO�FRQVWDQF\�RI�FRORUV��2SHQLQJ�RXU�H\HV�VHHPV�OLNH�VLPSO\�RSHQLQJ
D�ZLQGRZ�RQ�D�VXUURXQGLQJ�ZRUOG�RI�HQGXULQJ�REMHFWV�DQG�WKHLU�LQKHUHQW�FRORUV��&ORVHU
FRQVLGHUDWLRQ�VKRZV��KRZHYHU��WKDW�RXU�H[SHULHQFH�RI�WKH�FRORUV�RI�REMHFWV�GHSHQGV�RQ
D�SURFHVV�RI�YLVXDO�DQDO\VLV�WKDW��DOWKRXJK�ODUJHO\�XQFRQVFLRXV��PXVW�EH�KLJKO\�VRSKLV�
WLFDWHG�DQG�FRPSOH[��%HFDXVH�PRVW�WHUUHVWULDO�REMHFWV�GR�QRW�VKLQH�E\�WKHLU�RZQ�OLJKW�
WKH�OLJKW�WKDW�VWULNHV�RXU�H\HV�IURP�WKRVH�REMHFWV�DQG�E\�ZKLFK�ZH�VHH�WKHP�JHQHUDOO\
RULJLQDWHV�L Q�D �YHU\�GLIIHUHQW ��H[WUDWHUUHVWULD O�VRXUFH²QDPHO\ ��WKH�VXQ ��0RUHRYHU�
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GHSHQGLQJ�RQ�WKH�FLUFXPVWDQFHV�LQ�ZKLFK�DQ�REMHFW�LV�YLHZHG��WKDW�VRODU�LOOXPLQDWLRQ
LV�VXEMHFW�WR�JUHDW�YDULDWLRQ�L Q�VSHFWUDO�FRPSRVLWLRQ ��)R U�H[DPSOH��OLJKW�VWULNLQJ�DQ
REMHFW�GLUHFWO\�IURP�D Q�RYHUKHDG�VXQ�PD\�EH�VWURQJHVW�L Q�PLGGOH�ZDYHOHQJWKV��\HO�
ORZV���OLJKW�VFDWWHUHG�WR�DQ�REMHFW�IURP�FOHDU�VN\�PD\�EH�VWURQJHVW�LQ�VKRUW�ZDYHOHQJWKV
�EOXHV���DQG�OLJK W�IURP�D �VHWWLQJ�VXQ�PD\�EH�VWURQJHVW�L Q�ORQ J�ZDYHOHQJWKV��UHGV��
'HSHQGLQJ�RQ�VXFK�YLHZLQJ�FRQGLWLRQV��WKH�OLJKW�VFDWWHUHG�EDFN�WR�RXU�H\HV�IURP�DQ\
JLYHQ�REMHFW�FDQ�DFFRUGLQJO\�EH�VWURQJO\�ELDVHG�WRZDUG�WKH�PLGGOH��VKRUWHU��RU�ORQJHU
ZDYHOHQJWKV�DQG��VR��WRZDUG�WKH�\HOORZV��EOXHV��RU�UHGV��<HW��GHVSLWH�WKHVH�JUHDW�YDULD�
WLRQV�LQ�WKH�OLJKW�WKDW�D�VXUIDFH�VFDWWHUV�EDFN�WR�RXU�H\HV�XQGHU�WKHVH�GLIIHUHQW�FRQGL �
WLRQV��WKH�FRORU�WKDW�ZH�SHUFHLYH�D�VXUIDFH�WR�KDYH�UHPDLQV�D�IL[HG��DSSDUHQWO\�LQKHUHQW
SURSHUW\�RI�WKH�VXUIDFH�LWVHOI�

7KH�DGDSWLYH�VLJQLILFDQFH�RI�VXFK�SHUFHSWXDO�FRQVWDQF\�RI�VXUIDFH�FRORU�LV�FOHDU��,Q
RUGHU�WR�UHVSRQG�DSSURSULDWHO\�WR�DQ�REMHFW�ZH�PXVW�UHFRJQL]H�LW�DV�WKH�VDPH�GLVWDO
REMHFW�GHVSLWH�ZLGH�YDULDWLRQV�LQ�WKH�LOOXPLQDWLRQ�DQG�LQ�WKH�UHVXOWLQJ�FRPSRVLWLRQ�RI
WKH�OLJKW�VWULNLQJ�RXU�UHWLQDV��$IWHU�FHQWXULHV�RI�LQYHVWLJDWLRQ��WKH�TXHVWLRQ�RI�KRZ�RXU
YLVXDO�V\VWHPV�DFKLHYH�FRORU�FRQVWDQF\�KDV�EHHQ�FRQVLGHUDEO\�FODULILHG�DQG��SHUKDSV�
HVVHQWLDOO\�DQVZHUHG��VHH�0DORQH\�	�:DQGHOO���������$OWKRXJK�WKH�SULQFLSOH�RI�FRORU
FRQVWDQF\�XQGHUOLHV�YLUWXDOO\�HYHU\WKLQJ�,�KDYH�WR�VD\�LQ�WKLV�FKDSWHU��WKDW�SULQFLSOH��LI
QRW�\H W�WKH�VSHFLIL F�SK\VLRORJLFDO�PHFKDQLVP�E\�ZKLFK�LW�LV�DFKLHYHG��KDV�ORQJ�EHHQ
DFFHSWHG�DV�IXQGDPHQWDO�LQ�SV\FKRORJ\�DQG�YLVXDO�VFLHQFH��7R�WKH�H[WHQW�WKDW�,�KDYH
DQ\�QHZ�LGHDV�WR�SUHVHQW��WKHVH�ZLOO�SULPDULO\�FRQFHUQ�WKH�IROORZLQJ�WKUHH�RWKHU�FKDU�
DFWHULVWLFV�R I�KXPD Q�FROR U�SHUFHSWLR Q�DQ G�UHSUHVHQWDWLRQ²FKDUDFWHULVWLF V�WKDW �
DOWKRXJK�ZHOO�HVWDEOLVKHG��VWLOO�KDYH�QR�JHQHUDOO\�DFFHSWHG�H[SODQDWLRQV�

���7KH�WKUHH�GLPHQVLRQDO�VWUXFWXUH�RI�FRORUV��,Q�WHUPV�RI�LWV�FKURPDWLF�FRPSRVLWLRQ�
WKH�OLJKW�UHDFKLQJ�RXU�H\HV�IURP�DQ\�RQH�SRLQW�LQ�WKH�YLVXDO�ILHOG�FDQ�YDU\�LQ�DQ�XQOLP�
LWHG�QXPEHU�RI�GLPHQVLRQV��(DFK�VXFK�GLPHQVLRQ�ZRXOG�VSHFLI\�WKH�DPRXQW�RI�HQHUJ\
LQ�WK H�OLJK W�WKDW�L V�RI�RQH�SDUWLFXOD U�ZDYHOHQJW K�ZLWKLQ�WKH�UDQJ H�RI�YLVLEOH�ZDYH�
OHQJWKV²EHWZHHQ�DERXW�����QP��QDQRPHWHUV��DW�WKH�YLROHW�HQG�RI�WKH�YLVLEOH�VSHFWUXP
DQG�DERXW�����QP�DW�WKH�UHG�HQG��<HW�WKH�VXUIDFH�FRORUV�H[SHULHQFHG�E\�KXPDQV�ZLWK
QRUPDO�FRORU�YLVLRQ��LQ�DGGLWLRQ�WR�EHLQJ�HVVHQWLDOO\�FRQVWDQW�IR U�HDFK�VXUIDFH��YDU\
EHWZHHQ�GLIIHUHQW�VXUIDFHV�LQ�RQO\�WKUHH�GLPHQVLRQV��+HOPKROW]����������� ��<RXQJ�
�������,Q�RSHUDWLRQDO�WHUPV��QRUPDO�REVHUYHUV�FDQ�PDWFK�WKH�FRORU�DSSHDUDQFH�RI�DQ\
JLYHQ�VXUIDFH�E\�DGMXVWLQJ�WKUHH²EXW�QR�IHZHU�WKDQ�WKUHH²NQREV�RQ�D�VXLWDEOH�FRORU�
PL[LQJ�DSSDUDWXV�

$FFRUGLQJO\��WKH�VXUIDFH�FRORUV�H[SHULHQFHG�E\�QRUPDOO\�VLJKWHG�KXPDQ�REVHUYHUV
DUH�UHSUHVHQWDEOH�DV�SRLQWV�LQ�D�WKUHH�GLPHQVLRQDO�FRORU�VSDFH��ZKRVH�WKUHH�GLPHQVLRQV
FDQ�EH�WDNHQ�WR�EH�WKRVH�FDOOHG�OLJKWQHVV��KXH��DQG�VDWXUDWLRQ��VHH�)LJXUH�����OD���:K\
LV�WKH�QXPEH U�R I�GLPHQVLRQV�R I�RXU�UHSUHVHQWDWLR Q�R I�FRORUV�H[DFWO\�WKUHH²UDWKHU
WKDQ��VD\��WZR�RU�IRXU"�)XUWKHUPRUH��JLYHQ�WKDW�ZH�H[SHULHQFH�FRORUV�DV�SURSHUWLHV�RI
WKH�VXUIDFHV�RI�H[WHUQDO�REMHFWV��LQ�ZKDW�VHQVH��LI�DQ\��GRHV�WKLV�WKUHH�GLPHQVLRQDOLW\�RI
RXU�FRORU�H[SHULHQFH�UHIOHFW�D�WKUHH�GLPHQVLRQDOLW\�LQ�WKH�ZRUOG"

���7KH�FLUFXODU�VWUXFWXUH�RI�VSHFWUDOO\�SXUH�FRORUV��7KH�FRORUV�WKDW�FRUUHVSRQG�WR�WKH
KXHV�RI�WKH�UDLQERZ²FKURPDWLFDOO\�SXUH�FRORUV�WKDW�DUH�PD[LPDOO\�VDWXUDWHG�LQ�WKH
VHQVH�WKDW�WKH\�GLIIHU�D V�PXFK�DV�SRVVLEOH�IURP�D ��FRUUHVSRQGLQJO\�OLJKW��PHGLXP��RU
GDUN��QHXWUDO�RU�DFKURPDWLF�JUD\²FDQ�HDFK�EH�PDWFKHG�E\�OLJKW�WKDW�LV�VSHFWUDOO\�SXUH�
WKDW�LV ��FRPSRVHG�R I�D�VLQJOH�ZDYHOHQJWK���7KH�RQO\�VDWXUDWHG�FRORU V�WKDW�FDQQRW�EH
PDWFKHG�E\�D�VLQJOH�ZDYHOHQJWK�DUH�WKH�SXUSOHV��ZKLFK�DULVH�IURP�PL[WXUHV�RI�D�ORQJ�
ZDYHOHQJWK�UHG�DQG�D�VKRUW�ZDYHOHQJWK�EOXH�RU�YLROHW���*LYHQ�WKDW�WKH�SXUH�FRORUV�RI
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Figure 13.1 Schematic representations of three-dimensional color space in terms of
three polar dimensions of lightness, hue, and saturation (a) or in terms of three dimen-
sions of opponency between lightness versus darkness, blueness versus yellowness, and
redness versus greenness (b).

WKH�UDLQERZ�WKXV�FRUUHVSRQG�WR�D�VLQJOH�SK\VLFDO�GLPHQVLRQ��ZDYHOHQJWK���LW�LV�QRW�VXU�
SULVLQJ�WKDW�WKHVH�FRORUV�DUH�UHSUHVHQWHG�E \�D�VLQJOH�GLPHQVLRQ�RI�WKUHH�GLPHQVLRQDO
FRORU�VSDFH²QDPHO\��WKH�GLPHQVLRQ�ZH�FDOO�KXH��:KDW�GRHV�QHHG�H[SODLQLQJ��LV�ZK\
WKLV�GLPHQVLRQ�RI�KXH�LV�QRW�UHFWLOLQHDU��OLNH�WKH�SK\VLFDO�GLPHQVLRQ�RI�ZDYHOHQJWK�WR
ZKLFK�LW�FRUUHVSRQGV��EXW�FLUFXODU��DV�VFKHPDWLFDOO\�LOOXVWUDWH G�E\�WKH�HTXDWRULDO�OLQ H
DURXQG�FRORU�VSDFH�LQ�)LJXUH�����OD��

7KH�FLUFXODU�UHSUHVHQWDWLRQ�R I�KXH��RULJLQDOO\�GHVFULEHG�E \�,VDDF�1HZWRQ�������
DQG�DFFRUGLQJO\�UHIHUUHG�WR�DV�1HZWRQ
V�FRORU�FLUFOH��LV�HQWDLOHG�E\�DQ�HOHPHQWDU\�SHU�
FHSWXDO�IDFW ��7K H�KXH V�DW�WKH�WZR�HQGV�RI�WKH�SK\VLFD O�FRQWLQXXP�RI�YLVLEOH�ZDYH�
OHQJWKV²QDPHO\��ORQJ�ZDYHOHQJWK�UHG�DQG�VKRUW�ZDYHOHQJWK�YLROHW²DUH�H[SHULHQFHG
E\�LQGLYLGXDOV�ZLWK�QRUPDO�FRORU�YLVLRQ�DV�PRUH�VLPLODU�WR�HDFK�RWKHU�WKDQ�HLWKHU�LV�WR
LQWHUPHGLDWH�ZDYHOHQJWK�JUHHQ��7KLV�SV\FKRORJLFDO�SUR[LPLW\�EHWZHHQ�WKH�SK\VLFDOO\
PRVW�ZLGHO\�VHSDUDWHG��UH G�DQG�YLROHW��HQGV�RI�WKH�KXH�FRQWLQXXP�FDQ�EH�DFKLHYHG�LQ
FRORU�VSDFH�RQO\�E\�EHQGLQJ�WKLV�FRQWLQXXP�LQWR�D�FLUFOH��,V�WKLV�FLUFXODULW\�RI�KXH�D
PDQLIHVWDWLRQ�RI�DQ�DUELWUDU\�FKDUDFWHULVWLF�R I�RXU�SHUFHSWXDO�V\VWHP��WKHQ"�2U�PLJKW
LW�KDYH�VRPH�GHHSHU�VRXUFH��LI�QRW�VLPSO\�LQ�WKH�ZDYHOHQJWKV�RI�VSHFWUDOO\�SXUH�OLJKWV�
LQ�VRPH�PRUH�VXEWOH�UHJXODULW\�RI�WKH�SK\VLFDO�ZRUOG"

���7K H�XQLYHUVDO�RUJDQL]DWLRQ�R I�FRORUV�LQWR�FDWHJRULHV�DQG�SURWRW\SHV��7K H�WKUHH�
GLPHQVLRQDO�VSDFH�RI�VXUIDFH�FRORUV��)LJXUH������²LQFOXGLQJ�WKH�RQH�GLPHQVLRQDO�FLU�
FOH�RI�KXHV�DURXQG�WKH�SHULPHWHU�RI�WKDW�VSDFH²LV�FRQWLQXRXV�LQ�WKH�VHQVH�WKDW�EHWZHHQ
DQ\�WZR�GLVWLQFWO\�GLIIHUHQ W�FRORUV ��ZH�FDQ�REWDLQ��E \�FRORU�PL[LQJ ��D�FRORU�RI�LQWHU�
PHGLDWH�DSSHDUDQFH��$W�WKH�VDPH�WLPH��KRZHYHU��WKLV�FRQWLQXRXV�VSDFH�VHHPV�WR�GLYLGH
LQWR�UHODWLYHO\�GLVFUHWH�UHJLRQV�ZLWKLQ�ZKLFK�WKH�FRORUV�DSSHDU�UHODWLYHO\�PRUH�KRPR�
JHQHRXV�WKDQ�FRORUV�WKDW�FURVV�WKH�ERXQGDULHV�EHWZHHQ�VXFK�UHJLRQV��:LWKLQ�VXFK�D
UHJLRQ��PRUHRYHU��WKH�FRORUV�WHQG�WR�EH�GHVFULEHG�E\�D�VLQJOH�EDVLF�FRORU�ZRUG��VXFK�DV
RXU�(QJOLVK�ZRUGV��UHG����\HOORZ����JUHHQ���RU��EOXH���:LWK�HYHQ�JUHDWHU�FRQVLVWHQF\�
ZH�JHQHUDOO\�DJUHH�ZLWK�HDFK�RWKHU�DERXW�ZKDW�KLJKO\�ORFDOL]HG�VXEUHJLRQ�ZLWKLQ�HDFK
VXFK�JHQHUDO�UHJLRQ�FRQWDLQV�WKH�EHVW�RU�PRVW�SURWRW\SLFDO�H[DPSOH V�RI�WKH�FRORU�SUH�
YDLOLQJ�WKURXJKRXW�WKDW�JHQHUDO�UHJLRQ�
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,QGHHG��DFURVV�KXPDQ�FXOWXUHV��UHJDUGOHVV�RI�WKH�GXUDWLRQ�DQG�GLVWDQFH�RI�WKHLU�JHR�
JUDSKLFDO�VHSDUDWLRQ�DQG�WKH�QXPEHU�RI�EDVLF�FRORU�WHUPV�WKDW�WKHLU�YHU\�GLIIHUHQW�ODQ�
JXDJHV�LQFOXGH��WKHUH�VHHPV�WR�EH�D�XQLYHUVDO�XQGHUO\LQJ�KLHUDUFK\�RI�UHJLRQV�DQG��HVSH�
FLDOO\��SURWRW\SLFDO�VXEUHJLRQV�RI�FRORU�VSDFH�WR�ZKLFK�QDWLYH�VSHDNHUV�DVVLJQ�ZKDWHYHU
EDVLF�FRORU�WHUPV�WKHLU�LQGLYLGXDO�ODQJXDJHV�LQFOXGH��%HUOLQ�	�.D\���������7KXV��PRVW
ODQJXDJHV�KDYH�WHUPV�WKDW�QDWLYH�VSHDNHUV�DSSO\�WR�FRORUV�LQ�WKH�YHU\�VDPH�UHJLRQV�RI
FRORU�VSDFH�IRU�ZKLFK�ZH�XVH�WKH�ZRUGV��UHG��DQ G��JUHHQ���,I��LQ�DGGLWLRQ��D�JLYHQ�ODQ�
JXDJH�DOVR�LQFOXGHV�ZRUGV�FRUUHVSRQGLQJ��IRU�H[DPSOH��WR�RXU��RUDQJH��RU��SXUSOH��
WKRVH�ZRUG��WRR��DUH�DSSOLHG�WR�HVVHQWLDOO\�WKH�VDPH�UHJLRQV�RI�FRORU�VSDFH�IRU�ZKLFK�ZH
XVH��RUDQJH��RU��SXUSOH���7KHUH�LV��PRUHRYHU��HVSHFLDOO\�JUHDW�FRQVLVWHQF\�LQ�WKH�ORFD�
WLRQV�RI�WKH�FRORUV�WKDW�DUH�SLFNHG�RXW�DV�WKH�EHVW�RU�SXUHVW�H[DPSOH�RI�DQ\�SDUWLFXODU
FRORU��,V�WKLV�FDWHJRULFDO�RUJDQL]DWLRQ�RI�KXPDQ�FRORU�UHSUHVHQWDWLRQ�WK H�PDQLIHVWDWLRQ
RI�DQ�DUELWUDU\�GHVLJQ�IHDWXUH�RI�WKH�KXPDQ�YLVXDO�V\VWHP"�2U��DJDLQ��LV�LW�D�UHIOHFWLRQ
RI�VRPH�JHQHUDO�SURSHUW\�RI�WKH�ZRUOG"

,�GR�QRW�FODLP�WR�KDYH�ILQDO�DQG�GHILQLWLYH�DQVZHUV�IRU�WKHVH�ODVW�WKUHH�TXHVWLRQV²
FRQFHUQLQJ�WKH�WKUHH�GLPHQVLRQDOLW\�RI�FRORUV��WKH�FLUFXODULW\�RI�KXHV��DQG�WKH�FRQVLV�
WHQW�RUJDQL]DWLRQ�RI�FRORUV�LQWR�FDWHJRULHV�DQG�SURWRW\SHV��%HOLHYLQJ ��KRZHYHU��WKDW
WKHVH�TXHVWLRQV�DUH�ZRUWK�H[SORULQJ�IURP�D Q�HYROXWLRQDU\�VWDQGSRLQW��, �VKDOO�WHQWD�
WLYHO\�SURSRVH�VRPH�K\SRWKHVHV�DV�WR�ZKHUH�LQ�WKH�ZRUOG�ZH�PLJKW�ORRN�IRU�SHUYDVLYH
DQG�HQGXULQJ�UHJXODULWLHV�WR�ZKLFK�WKHVH�VWUXFWXUDO�SURSHUWLHV�RI�WKH�KXPDQ�YLVXDO�V\V�
WHP�PD\�KDYH�DFFRPPRGDWHG�WKURXJK�QDWXUDO�VHOHFWLRQ��)LUVW ��KRZHYHU��,�DWWHPSW�WR
VLWXDWH�P\�SURSRVDOV�ZLWKLQ�WKH�EURDGHU�FRQWH[W�RI�KXPDQ�SHUFHSWXDO�DQG�FRJQLWLYH
FRQVWUDLQWV�JHQHUDOO\�

STRUCTURE IN HUMAN PERCEPTION AND COGNITION IN GENERAL

)RU�RYHU�D�FHQWXU\��SV\FKRORJLFDO�UHVHDUFKHUV�KDYH�EHHQ�SURELQJ�WKH�VWUXFWXUHV�DQG
SURFHVVHV�RI�SHUFHSWLRQ��PHPRU\��DQG�WKRXJKW�WKDW�PHGLDWH�WKH�EHKDYLRUV�RI�KXPDQV
DQG�RWKHU�DQLPDOV��7\SLFDOO\��WKLV�SURELQJ�KDV�WDNHQ�WKH�IRUP�R I�EHKDYLRUDO�H[SHUL�
PHQWV�VXJJHVWHG�E\�HYLGHQFH�IURP�RQH�RU�PRUH�RI�WKUHH�VRXUFHV���D��LQWURVSHFWLRQV�LQWR
RQH
V�RZQ�H[SHULHQFH�DQG�LQQHU�SURFHVVHV���E��LQIRUPDWLRQ�JOHDQHG�DERXW�WKH�DQDWRP\
RU�SK\VLRORJ\�RI�WKH�XQGHUO\LQJ�SK\VLFDO�PHFKDQLVPV��DQG��F��UHVXOWV�REWDLQHG�IUR P
SUHYLRXV�EHKDYLRUDO�VWXGLHV��0RU H�UHFHQWO\��LQ�VHHNLQJ�WR�XQGHUVWDQG�QR W�RQO \�WKH
QDWXUH�EXW�DOVR�WKH�RULJLQV�RI�SV\FKRORJLFDO�SULQFLSOHV��VRPH�RI�XV�KDYH�EHHQ�WXUQLQJ
WR�D�IRXUWK�VRXUFH�IRU�JXLGDQFH²QDPHO\��WR�WKH�HFRORJLFDO�SURSHUWLHV�RI�WKH�ZRUOG�LQ
ZKLFK�ZH�KDYH�HYROYHG�DQG�WR�WKH�DGYDQWDJHV�WR�EH�UHDOL]HG�E\�LQGLYLGXDOV�ZKR�KDYH
JHQHWLFDOO\�LQWHUQDOL]HG�UHSUHVHQWDWLRQV�RI�WKRVH�SURSHUWLHV �

7DNHQ�E\�WKHPVHOYHV��ILQGLQJV�EDVHG�RQ�LQWURVSHFWLYH��EHKDYLRUDO��DQG�SK\VLRORJ�
LFDO�HYLGHQFH�DOLNH��KRZHYHU�ZHOO�HVWDEOLVKHG�DQ G�PXWXDOO \�FRQVLVWHQW�WKH\�PD\�EH�
UHPDLQ�DV�OLWWOH�PRUH�WKDQ��EUXWH�IDFWV��DERXW�WKH�KXPDQ�RU�DQLPDO�VXEMHFWV�VWXGLHG�
:KDW�VXFK�ILQGLQJV�UHYHDO�PLJKW�EH�PHUHO\�DUELWUDU\�RU�DG�KRF�SURSHUWLHV�RI�WKH�SDU�
WLFXODU�FROOHFWLRQ�RI�WHUUHVWULDO�VSHFLHV�LQYHVWLJDWHG��(YHQ�RXU�RZQ�SHUFHSWXDO�DQG�FRJ�
QLWLYH�FDSDELOLWLHV��D V�PXFK�DV�RXU�RZQ�ERGLO\�VL]HV�DQG�VKDSHV��PD\�EH�WKH�SURGXFWV
RI�D �KLVWRU\�R I�PRUH�R U�OHV V�DFFLGHQWD O�FLUFXPVWDQFH V�SHFXOLD U�W R�MXVW�RQ H�DPRQJ
XQFRXQWHG�HYROXWLRQDU\�OLQHV��&HUWDLQO\��WKHVH�FDSDELOLWLHV�GR�QRW�DSSHDU�WR�EH�ZKROO\
GLFWDWHG�E\�ZKDW�LV�SK\VLFDOO\�SRVVLEOH�

7KH�IROORZLQJ�DUH�MXVW�D�IHZ�RI�WKH�HDVLO\�VWDWHG�DQG�ZHOO�NQRZQ�RI�RXU�SHUFHSWXDO�
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FRJQLWLYH�OLPLWDWLRQV��D V�WKHVH�KDYH�EHHQ�GHPRQVWUDWHG�XQGH U�KLJKO\�FRQWUROOHG�EXW
QRQQDWXUDOLVWLF�ODERUDWRU\�FRQGLWLRQV�

���$OWKRXJ K�D�SK\VLFDO�PHDVXULQJ�LQVWUXPHQW�FDQ�UHOLDEO\�LGHQWLI\�D�YDVW�QXPEHU
RI�DEVROXWH�OHYHOV�RI�D�VWLPXOXV��ZH�UHOLDEO\�LGHQWLI\�RQO\�DERXW�VHYHQ��0LOOHU�
������

���$OWKRXJ K�D�SK\VLFDO�UHFRUGLQJ�LQVWUXPHQW�FDQ�UHJLVWHU�D�YDVW�QXPEHU�RI�GLPHQ�
VLRQV�RI�YDULDWLRQ�RI�WKH�VSHFWUDO�FRPSRVLWLRQ�RI�OLJKW��WKH�FRORUV�ZH�H[SHULHQFH
YDU\��DV�,�KDYH�DOUHDG\�QRWHG��DORQJ�RQO\�WKUHH�LQGHSHQGHQW�GLPHQVLRQV��+HOP�
KROW]�������������<RXQJ��������

���$OWKRXJ K�WKH�UHG�DQG�YLROH W�VSHFWUDO�FRORUV�GLIIHU�WK H�PRVW�ZLGHO\�LQ�SK\VLFDO
ZDYHOHQJWK��WKHVH�FRORUV�DSSHDU�PRUH�VLPLODU�WR�HDFK�RWKHU�WKDQ�HLWKHU�GRHV�WR
WKH�JUHHQ�RI�DQ�LQWHUPHGLDWH�ZDYHOHQJWK��OHDGLQJ��DV�QRWHG��WR�1HZWRQ
V�FRORU
FLUFOH��

���$OWKRXJ K�D�FDPHUD�FDQ�UHFRUG�DQG�LQGHILQLWHO\�SUHVHUYH�DQ�HQWLUH�VFHQH�LQ�D
PLOOLVHFRQG�EOLQN�RI�D�VKXWWHU��WKH��LFRQLF��LPDJH�WKDW�RXU�YLVXDO�V\VWHP�UHWDLQV
IURP�D�VLQJOH�EULHI�H[SRVXUH�GHFD\V�LQ�OHVV�WKDQ�D�VHFRQG�DQG��GXULQJ�WKLV�WLPH�
ZH�DUH�DEOH�WR�HQFRGH�RQO\�DERXW�IRXU�RU�ILYH�LWHPV�IRU�PRUH�SHUPDQHQW�VWRUDJH
�6SHUOLQJ��������

���$OWKRXJ K�D�FRPSXWHU�FDQ�VWRUH�DQ�HVVHQWLDOO\�XQOLPLWHG�QXPEHU�RI�XQUHODWHG
LWHPV�IRU�VXEVHTXHQW�UHWULHYDO��IROORZLQJ�D�VLQJOH�SUHVHQWDWLRQ��ZH�FDQ�UHOLDEO\
UHFDOO�D�OLVW�RI�QR�PRUH�WKDQ�DERXW�VHYHQ�LWHPV��0LOOHU��������

���$OWKRXJ K�D�FRPSXWHU�FRXO G�GHWHFW�FRUUHODWLRQ V�EHWZHHQ�HYHQWV�VHSDUDWHG�E\
DQ\�VSHFLILHG�WLPH�LQWHUYDO�DQG�LQ�HLWKHU�RUGHU�RI�RFFXUUHQFH��LQ�YLUWXDOO\�DOO�DQL�
PDOV�ZLWK�QHUYRXV�V\VWHPV��FODVVLFDO�FRQGLWLRQLQJ�JHQHUDOO\�UHTXLUHV�WKDW�WKH
FRQGLWLRQHG�VWLPXOXV�ODVW�IRU�D�VKRUW�WLPH�DQG�HLWKHU�EH�VLPXOWDQHRXV�ZLWK�WKH
XQFRQGLWLRQHG�VWLPXOXV�RU�SUHFHGH�LW�E\�QR�PRUH�WKDQ�D�IHZ�VHFRQGV��3DYORY�
����������� �

���$OWKRXJ K�D�FRPSXWHU�FD Q�VZLIWO \�DQ G�HUURUOHVVO \�FDUU\�RXW�LQGHILQLWHO \�SUR �
WUDFWHG�VHTXHQFH V�RI�DEVWUDFW�ORJLFD O�RSHUDWLRQV��Z H�DUH�VXEMHFW�WR�V\VWHPDWLF
HUURUV�LQ�SHUIRUPLQJ�WKH�VLPSOHV W�W\SHV�RI�ORJLFDO�LQIHUHQFHV��H�J���7YHUVN\�	
.DKQHPDQ������ ��:DVRQ�	 �-RKQVRQ�/DLUG ������ ��:RRGZRUW K�	 �6HOOV �
�����²DW�OHDVW�ZKHQ�WKHVH�LQIHUHQFHV�DUH�QRW�RI�WKH�NLQG�WKDW�ZHUH�HVVHQWLDO�WR
WKH�ILWQHVV�RI�RXU�KXQWHU�JDWKHUHU�DQFHVWRUV�GXULQJ�WKH�3OHLVWRFHQH�HU D��&RV�
PLGHV��������

2XU�SHUIRUPDQFH�LQ�D�QDWXUDO�VHWWLQJ�LV��KRZHYHU��D�YHU\�GLIIHUHQW�PDWWHU ��7KHUH�
RXU�SHUFHSWXDO�DQG�FRJQLWLYH�FDSDELOLWLHV�YDVWO\�H[FHHG�WKH�FDSDELOLWLHV�RI�HYHQ�WKH�PRVW
DGYDQFHG�DUWLILFLDO�V\VWHPV��:H�UHDGLO\�SDUVH�FRPSOH[�DQG�FKDQJLQJ�YLVXDO�VFHQHV�DQG
DXGLWRU\�VWUHDPV�LQWR�VSDWLDOO\�ORFDOL]HG�H[WHUQDO�REMHFWV�DQG�VRXQG�VRXUFHV��:H�FODV�
VLI\�WKRVH�REMHFWV�DQG�VRXUFHV�LQWR�QDWXUDO�NLQGV�GHVSLWH�DSSUHFLDEOH�YDULDWLRQ�LQ�WKH
LQGLYLGXDO�LQVWDQFHV�DQG�WKHLU�FRQWH[WV��SRVLWLRQV��RU�FRQGLWLRQV�RI�LOOXPLQDWLRQ��:H
LQIHU�WKH�OLNHO\�HQVXLQJ�EHKDYLRUV�RI�VXFK�QDWXUDO�REMHFWV²LQFOXGLQJ�WKH�UHFRJQLWLRQ
RI�DQLPDOV�DQG�DQWLFLSDWLRQ�R I�WKHLU�DSSURDFK�RU�UHWUHDW��WKH�UHFRJQLWLRQ�HIIDFHV�DQG
LQWHUSUHWDWLRQ�RI�WKHLU�H[SUHVVLRQV��DQG�WKH�LGHQWLILFDWLRQ�RI�YRLFHV�DQG�LQWHUSUHWDWLRQ
RI�WKHLU�PHDQLQJV��:H�UHFHGH�DQG�WUDQVIHU��IURP�RQH�LQGLYLGXDO�WR�DQRWKHU��LQIRUPD �
WLRQ�DERXW�DUELWUDU\�RU�SRVVLEOH�VWDWHV�RI�DIIDLUV�E\�PHDQV�RI�D�ILQLWH�VHW�RI�V\PEROV��SKR�
QHPHV�RU�FRUUHVSRQGLQJ�ZULWWHQ�FKDUDFWHUV���$QG�ZH�SODQ�IRU�IXWXUH�FRXUVHV�RI�DFWLRQ
DQG�GHYLVH�FUHDWLYH�VROXWLRQV�WR�DQ�RSHQ�FODVV�RI�UHDO�ZRUOG�SUREOHPV�
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7R�WKH�H[WHQW�WKDW�SV\FKRORJLFDO�VFLHQFH�IDLOV�WR�LGHQWLI\�QRQDUELWUDU\�UHDVRQV�RU
VRXUFHV�IRU�WKHVH�SHUFHSWXDO�FRJQLWLYH�OLPLWDWLRQ V�DQG�IRU�WKHVH�SHUFHSWXDO�FRJQLWLYH
FDSDELOLWLHV��WKLV�VFLHQFH�ZLOO�UHPDLQ�D�PHUHO\�GHVFULSWLYH�VFLHQFH�RI�WKLV�RU�WKDW�SDUWLF�
XODU�WHUUHVWULDO�VSHFLHV ��7KLV�LV�WUXH�HYHQ�LI�ZH�DUH�DEOH�WR�VKRZ�WKDW�WKHVH�OLPLWDWLRQV
DQG�FDSDELOLWLHV�DUH�FRQVHTXHQFHV�RI�WKH�VWUXFWXUHV�RI�XQGHUO\LQJ�QHXURSK\VLRORJLFDO
PHFKDQLVPV��7KRVH�QHXURSK\VLRORJLFDO�VWUXFWXUHV�FDQ�WKHPVHOYHV�EH�GHHPHG�QRQDU�
ELWUDU\�RQO\�WR�WKH�H[WHQW�WKDW�WKH\�FDQ�EH�VHHQ�WR�GHULYH�IURP�VRPH�XOWLPDWHO\�QRQ�
DUELWUDU\�VRXUFH�

:KHUH��WKHQ��VKRXOG�ZH�ORRN�IRU�VXFK�D�QRQDUELWUDU\�VRXUFH"�7KH�DQVZHU�FDQ�RQO\
EH���,Q�WKH�ZRUOG���$OO�QLFKHV�FDSDEOH�RI�VXSSRUWLQJ�WKH�HYROXWLRQ�DQG�PDLQWHQDQFH
RI�LQWHOOLJHQW�OLIH��WKRXJK�GLIIHULQJ�LQ�QXPHURXV�GHWDLOV��VKDUH�VRPH�JHQHUDO²SHUKDSV
HYHQ�XQLYHUVDO²SURSHUWLHV��,W�LV�WR�WKHVH�SURSHUWLHV�WKDW�ZH�PXVW�ORRN�IRU�WKH�XOWLPDWH�
QRQDUELWUDU\�VRXUFHV�RI�WKH�UHJXODULWLHV�WKDW�ZH�ILQG�LQ�SHUFHSWLRQ�FRJQLWLRQ�DV�ZHOO�DV
LQ�LWV�XQGHUO\LQJ�QHXURSK\VLRORJLFDO�VXEVWUDWH�

6RPH�RI�WKH�SURSHUWLHV�WKDW�, �KDYH�LQ�PLQG�KHUH�DUH�WKH�IROORZLQJ��VHH�6KHSDUG�
����D������E ������ ������� ��6SDF H�L V�WKUHH�GLPHQVLRQDO ��ORFDOO \�(XFOLGHDQ ��DQ G
HQGRZHG�ZLW K�D �JUDYLWDWLRQDOO\�FRQIHUUH G�XQLTXH�XSZDUG�GLUHFWLRQ��7LP H�L V�RQH�
GLPHQVLRQDO�DQG�HQGRZHG�ZLWK�D�WKHUPRG\QDPLFDOO\�FRQIHUUHG�XQLTXH�IRUZDUG�GLUHF�
WLRQ��3HULRG V�R I�UHODWLYH�ZDUPWK�DQ G�OLJK W��RZLQJ�WR�WK H�FRQVHUYDWLR Q�R I�DQJXODU
PRPHQWXP�RI�SODQHWDU\�URWDWLRQ��UHJXODUO\�DOWHUQDWH�ZLWK�SHULRGV�RI�UHODWLYH�FRROQHVV
DQG�GDUNQHVV��$QG�REMHFWV�KDYLQJ�DQ�LPSRUWDQW�FRQVHTXHQFH�DUH�RI�D�SDUWLFXODU�QDW�
XUDO�NLQG�DQG�WKHUHIRUH�FRUUHVSRQG�W R�D�JHQHUDOO\�FRPSDFW�FRQQHFWH G�UHJLRQ�LQ�WKH
VSDFH�R I�SRVVLEOH�REMHFWV²KRZHYH U�PXF K�WKRVH�REMHFW V�PD\�YDU\�L Q�WKHLU�VHQVLEOH
SURSHUWLHV��RI�VL]H��VKDSH��FRORU��RGRU��PRWLRQ��DQG�VR�RQ��

$PRQJ�WKH�JHQHV�DULVLQJ�WKURXJK�UDQGRP�PXWDWLRQV��WKHQ��QDWXUDO�VHOHFWLRQ�PXVW
KDYH�IDYRUHG�JHQHV�QRW�RQO\�RQ�WKH�EDVLV�RI�KRZ�ZHOO�WKH\�SURSDJDWHG�XQGHU�WKH�VSHFLDO
FLUFXPVWDQFHV�SHFXOLDU�WR�WKH�HFRORJLFDO�QLFKH�FXUUHQWO\�RFFXSLHG��EXW�DOVR��DV�,�KDYH
DUJXHG�SUHYLRXVO \��H�J���6KHSDUG ������D� ��HYHQ�PRUH�FRQVLVWHQWO \�L Q�WK H�ORQ J�UXQ�
DFFRUGLQJ�WR�KRZ�ZHOO�WKH\�SURSDJDWH�XQGHU�WKH�JHQHUDO�FLUFXPVWDQFHV�FRPPRQ�WR�DOO
HFRORJLFDO�QLFKHV��)RU��DV�DQ�HYROXWLRQDU\�OLQH�EUDQFKHV�LQWR�HDFK�QHZ�QLFKH��WKH�VHOHF�
WLYH�SUHVVXUHV�RQ�JHQH�SURSDJDWLRQ�WKDW�DUH�JXDUDQWHHG�WR�UHPDLQ�XQFKDQJHG�DUH�MXVW
WKRVH�SUHVVXUHV�WKDW�DUH�FRPPRQ�WR�DOO�QLFKHV�

0RWLYDWHG�E\�WKHVH�FRQVLGHUDWLRQV��PXF K�RI�P\�RZQ�UHFHQW�ZRUN�RQ�SHUFHSWLRQ
DQG�FRJQLWLRQ�LQ�KXPDQV�KDV�VRXJKW�HYLGHQFH�WKDW�RXU�SHUFHSWXDO�FRJQLWLYH�V\VWHPV
KDYH�LQ�IDF W�LQWHUQDOL]HG ��HVSHFLDOO \�GHHSO\ ��WKH�PRV W�SHUYDVLYH�DQG�HQGXULQ J�FRQ�
VWUDLQWV�RI�WKH�H[WHUQDO�ZRUOG��,Q�SUHYLRXV�SDSHUV��,�KDYH�SULPDULO\�IRFXVHG�RQ�HYLGHQFH
FRQFHUQLQJ�WZR�W\SHV�RI�SHUFHSWXDO�FRJQLWLYH�FDSDELOLWLHV ��7KH�ILUVW�LV�RXU�FDSDELOLW\
IRU�UHSUHVHQWLQ J�ULJL G�WUDQVIRUPDWLRQ V�R I�REMHFW V�L Q�WKUHH�GLPHQVLRQD O�(XFOLGHD Q
VSDFH²DV�UHYHDOHG�LQ�H[SHULPHQWV��D��RQ�WKH�SHUFHSWLRQ�RI�DFWXDOO\�SUHVHQWHG�PRWLRQV�
�E��RQ�WKH�LOOXVLRQ�RI�YLVXDO�DSSDUHQW�PRWLRQV��DQG��F��RQ�WKH�LPDJLQDWLRQ�RI�SRVVLEOH
PRWLRQV��6KHSDUG ������ ������ ������ ��6KHSDUG�	 �&RRSHU������ ��DQG��IR U�D�UHFHQ W
JURXS�WKHRUHWLF�IRUPXODWLRQ��&DUOWRQ�	�6KHSDUG������� ��7KH�VHFRQG�LV�RXU�FDSDELOLW\
IRU�HVWLPDWLQJ�WKH�FRQGLWLRQDO�SUREDELOLW\�WKDW�D�SDUWLFXODU�REMHFW�LV�RI�WKH�QDWXUDO�NLQG
KDYLQJ�VRPH�VLJQLILFDQW�FRQVHTXHQFH��JLYHQ�WKDW�DQRWKHU�SDUWLFXODU�REMHFW�KDV�DOUHDG\
EHHQ�IRXQG�WR�KDYH�WKDW�FRQVHTXHQFH²DV�UHYHDOHG�LQ�H[SHULPHQWV�RQ�VWLPXOXV�JHQ�
HUDOL]DWLRQ�DQG�WUDQVIHU�RI�OHDUQLQJ��6KHSDUG������E� �

,�WXUQ�QRZ�WR�WKH�VSHFLILF�TXHVWLRQV�UDLVHG�DW�WKH�RXWVHW�FRQFHUQLQJ�IRXU�PDMRU�FKDU�
DFWHULVWLFV�R I�RXU�SHUFHSWLRQ�DQ G�PHQWD O�UHSUHVHQWDWLRQ�R I�VXUIDFH�FRORUV²QDPHO\ �
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WKHLU�FRQVWDQF\��WKHLU�WKUHH�GLPHQVLRQDOLW\��WKHLU�FLUFXODULW\�ZLWK�UHVSHFW�WR�KXH��DQG
WKHLU�RUJDQL]DWLRQ�LQWR�FDWHJRULHV�DQG�SURWRW\SHV��,Q�DGGLWLRQ�WR�UHYLHZLQJ�WKH�EDVLF
HPSLULFDO�SKHQRPHQD�WR�EH�H[SODLQHG�LQ�HDFK�FDVH��,�DUJXH�WKDW�WKHVH�SKHQRPHQD�PD\
DULVH�QRW�IURP�PHUHO\�DFFLGHQWDO�IHDWXUHV�RI�WKH�KXPDQ�YLVXDO�V\VWHP�EXW�IURP�JHQHWLF
DFFRPPRGDWLRQV�W R�LGHQWLILDEOH�UHJXODULWLHV�LQ�WKH�WHUUHVWULDO�ZRUOG�

THE PERCEPTUAL CONSTANCY OF COLORS

$PRQJ�WKH�IRXU�PDMRU�FKDUDFWHULVWLFV�RI�KXPDQ�FRORU�SHUFHSWLRQ�PHQWLRQHG��WKDW�RI
FRORU�FRQVWDQF\�LV�XQGRXEWHGO\�RI�WKH�PRVW�REYLRXV�DQG�ZHOO�XQGHUVWRRG�IXQFWLRQDO
VLJQLILFDQFH��7KLV�LV�QRW�WR�VD\�WKDW�WKH�DFKLHYHPHQW�RI�FRQVWDQF\�LV�LQ�DQ\�ZD\�WULYLDO�
7KH�OLJKW�WKDW�UHDFKHV�RXU�H\HV�IURP�DQ�H[WHUQDO�VXUIDFH�LV�D�SURGXFW�RI�ERWK�WKH�VSHFWUDO
UHIOHFWDQFH�FKDUDFWHULVWLFV�R I�D�VXUIDFH�DQG�WKH�VSHFWUDO�HQHUJ\�GLVWULEXWLRQ�RI�WKH�OLJKW
WKDW�KDSSHQV�WR�IDOO�RQ�WKDW�VXUIDFH��,Q�IDFW��DV�,�VKDOO�VKRUWO\�QRWH��HDFK�RI�WZR�VXUIDFHV
FDQ�UHWDLQ�LWV�RZQ�GLVWLQFW�FRORU�DSSHDUDQFH�HYHQ�ZKHQ�WKH�WZR�VXUIDFHV�DUH�YLHZHG
XQGHU�VXFK�GLIIHUHQW�FRQGLWLRQV�RI�LOOXPLQDWLRQ�WKDW�WKH�OLJKW�WKDW�HDFK�VXUIDFH�UHIOHFWV
EDFN�WR�RXU�H\HV�LV�RI�LGHQWLFDO�FRPSRVLWLRQ��7KLV�FRXOG�KDSSHQ��IRU�H[DPSOH��LI�D�UHG�
GLVK�REMHFW�LV�LOOXPLQDWHG�VROHO\�E\�WKH�EOXLVK�OLJKW�RI�WKH�VN\��ZKLOH�D�EOXLVK�REMHFW�LV
LOOXPLQDWHG�VROHO\�E\�WKH�UHGGLVK�OLJKW�RI�WKH�VHWWLQJ�VXQ��&RQVWDQF\�LQ�WKH�DSSHDUDQFH
RI�VXUIDFHV�XQGHU�VXFK�GLIIHUHQW�FRQGLWLRQV�RI�LOOXPLQDWLRQ�FDQ�EH�DFKLHYHG�RQO\�WR�WKH
H[WHQW�WKDW�WKH�YLVXDO�V\VWHP�FDQ�VXFFHVVIXOO\�LQIHU�WKH�VHSDUDWH�FRQWULEXWLRQV²RI�WKH
VXUIDFHV�DQG�RI�WKH�OLJKWLQJ²WKDW�KDYH�MRLQWO\�JLYHQ�ULVH�WR�WKH�UHWLQDO�VWLPXOXV�

%\�ZKDW�PHFKDQLVP�GRHV�WKH�YLVXDO�V\VWHP�PDNH�VXFK�DQ�LQIHUHQFH�DQG��KHQFH�
DWWDLQ�FRQVWDQF\�LQ�WKH�SHUFHLYHG�FRORUV�RI�REMHFWV"�7ZR�FRPSXWDWLRQDO�WKHRULHV�RI
FRORU�YLVLRQ�KDYH�EHHQ�HVSHFLDOO\�LQIOXHQWLDO�LQ�WKH�GHYHORSPHQW�RI�P\�RZQ�WKLQNLQJ
DERXW�D�SRVVLEOH�HYROXWLRQDU\�EDVLV�IRU�WKH�ZD\�LQ�ZKLFK�KXPDQV�UHSUHVHQW�FRORUV��7KH
ILUVW�ZDV�WKH�UHWLQH[ �WKHRU\�SURSRVHG�E\�(GZLQ�/DQG���������$OWKRXJK�WKDW�WKHRU\
WXUQV�RXW�WR�SURYLGH�DQ�LQFRPSOHWH�VROXWLRQ�WR�WKH�SUREOHP�RI�FRORU�FRQVWDQF\��LW�ILUVW
VXJJHVWHG�WR�PH�WKDW�WKH�SULQFLSDO�IHDWXUHV�RI�FRORU�YLVLRQ�PD\�KDYH�DULVHQ�DV�DQ�DFFRP�
PRGDWLRQ�WR�UHJXODULWLHV�LQ�WKH�ZRUOG��7KH�VHFRQG�LV�WKH�JHQHUDO�OLQHDU�PRGHO�IRU�FRORU
YLVLRQ�PRUH�UHFHQWO\�SXW�IRUZDUG�E\�0DORQH\�DQG�:DQGHOO���������,Q�DGGLWLRQ�WR�SUR�
YLGLQJ�ZKDW�,�WDNH�WR�EH�WKH�ILUVW�VDWLVIDFWRU\�VROXWLRQ�WR�WKH�SUREOHP�RI�FRORU�FRQVWDQF\�
WKLV�PRGHO�ILQDOO\�OHG�PH�WR�DQ�HYROXWLRQDU\�DUJXPHQW�DV�WR�ZK\�KXPDQ�YLVLRQ�VKRXOG
EH�WULFKURPDWLF��WKDW�LV��VKRXOG�KDYH�H[DFWO\�WKUHH�GLPHQVLRQV�RI�FRORU�UHSUHVHQWDWLRQ �

Land's Retinex Scheme for Color Constancy

7KH�SRVVLELOLW\�WKDW�WKH�VXEMHFWLYH�SKHQRPHQD�RI�FRORU�PD\�UHIOHFW�DQ�REMHFWLYH�SURS�
HUW\�RI�WKH�ZRUOG�EHJDQ�WR�LQWULJXH�PH�RQ�DWWHQGLQJ�/DQG
V�VWULNLQJO\�LOOXVWUDWHG�:LO�
OLDP�-DPHV�/HFWXUHV��DW�+DUYDUG�8QLYHUVLW\�LQ�������RQ�KLV�UHWLQH[�WKHRU\��VHH�/DQG�
������������3UHYLRXVO\��WH[WERRN�DFFRXQWV�RI�FRORU�YLVLRQ�KDG�IRFXVHG�RQ�SKHQRPHQD
DWWULEXWDEOH�WR�SHULSKHUDO��RIWHQ�UHWLQDO ��VHQVRU\�PHFKDQLVPV��3ULQFLSDO�H[DPSOHV�RI
VXFK�SKHQRPHQD�DUH�WKH�JUDGXDO�DGMXVWPHQW�RI�YLVXDO�VHQVLWLYLW\��FDOOHG�DGDSWDWLRQ�
IROORZLQJ�D�FKDQJH�LQ�JHQHUDO�OHYHO�RI�LOOXPLQDWLRQ��DQG�WKH�LOOXVRU\�VKLIW�LQ�DSSHDUDQFH
RI�D�VXUIDFH��WRZDUG�WKH�OLJKWHU�RU�GDUNHU��UHGGHU�RU�JUHHQHU��EOXHU�RU�\HOORZHU���FDOOHG
VLPXOWDQHRXV�RU�VXFFHVVLYH�FRQWUDVW��ZKHQ�WKDW�VXUIDFH�LV�VXUURXQGHG�RU�SUHFHGHG�E\�D
VXUIDFH�WKDW�LV��FRQWUDVWLQJO\��GDUNHU�RU�OLJKWHU��JUHHQHU�RU�UHGGHU��\HOORZHU�RU�EOXHU�
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UHVSHFWLYHO\���6XFK�SKHQRPHQD�RI�DGDSWDWLRQ�DQG�FRQWUDVW��LQFLGHQWDOO\��DUH�FKDUDF�
WHULVWLF�RI�PRVW�VHQVRU\�PHFKDQLVPV�DQG�QR W�VSHFLIL F�WR�FRORU�RU�HYHQ�WR�YLVLRQ���$
PDMRU�WKUXVW�RI�/DQG
V�DSSURDFK��FRQGLWLRQHG�SHUKDSV�E\�KLV�SUDFWLFDO�LQWHUHVW�LQ�FRQ�
WULEXWLQJ�WR�FRORU�SKRWRJUDSK\��ZDV�WR�ORRN�EH\RQG�WKH�VHQVRU\�PHFKDQLVPV�WR�WKH
ZRUOG�RXWVLGH�DQG�WR�FRQVLGHU�WKH�SUREOHP�WKDW�WKH�ZRUOG�SUHVHQWV�DQG�WKDW�WKH�VHQVRU\
PHFKDQLVPV�PXVW�VROYH��7KLV�LV�HVVHQWLDOO\�WKH�DSSURDFK�WDNHQ�WR�YLVLRQ�LQ�JHQHUDO�E\
'DYLG�0DUU��������DQG��RULJLQDOO\��EXW�ZLWKRXW�WKH�JRDO�RI�DOVR�GHYHORSLQJ�D�FRPSX�
WDWLRQDO�PRGHO� ��E\�-DPHV�*LEVRQ������������ ��������

/DQG
V�GHPRQVWUDWLRQ V�VKRZHG ��LQ�D�SDUWLFXODUO\�FRPSHOOLQJ�ZD\��WKDW�WKH�FRORU
WKDW�ZH�H[SHULHQFH�RI�D�SDWFK�RI�VXUIDFH�LV�QRW�GHWHUPLQHG�E\�WKH�FRPSRVLWLRQ�R I�WKH
OLJKW�UHDFKLQJ�RXU�H\HV�IURP�WKDW�SDWFK��,QVWHDG��WKH�FRORU�ZH�H[SHULHQFH�VRPHKRZ�FDS�
WXUHV�DQ�LQYDULDQW�SURSHUW\�RI�WKH�VXUIDFH�LWVHOI ��GHVSLWH�WKH�HQRUPRXV�LOOXPLQDWLRQ�
FRQWLQJHQW�YDULDWLRQV�LQ�WKH�FRPSRVLWLRQ�R I�WKH�OLJKW�UHIOHFWHG�EDFN�WR�RXU�H\HV��)RU
H[DPSOH��/DQ G�LOOXPLQDWHG�D �ODUJH�GLVSOD\�FRPSRVHG�RI�UHFWDQJXODU�VKHHW V�RI�PDQ\
GLIIHUHQW�FRORUHG�SDSHUV��FDOOHG�D��0RQGULDQ��EHFDXVH�LW�UHVHPEOHG�WKH�DEVWUDFW�SDLQW�
LQJV�E\�0RQGULDQ��E\�PHDQV�RI�WKUHH�SURMHFWRUV²RQH�SURMHFWLQJ�VKRUW�ZDYHOHQJWK
�YLROHW��OLJKW��RQH�SURMHFWLQJ�PLGGOH�ZDYHOHQJWK��JUHHQ��OLJKW��DQG�RQH�SURMHFWLQJ�ORQJ�
ZDYHOHQJWK��UHG��OLJKW��7KH�LQWHQVLW\�RI�WKH�FRORUHG�OLJKW�IURP�HDFK�SURMHFWRU�FRXOG�EH
LQGHSHQGHQWO\�FRQWUROOHG��2 Q�D �VFUHHQ�DERY H�WKH�0RQGULDQ�GLVSOD\ ��WKH�SURMHFWH G
LPDJH�RI�WKH�GLDO�RI�D�WHOHVFRSLF�VSR W�SKRWRPHWHU�UHJLVWHUH G�WKH�LQWHQVLW\�RI�WKH�OLJKW
UHIOHFWHG�EDFN�IURP�DQ\�UHFWDQJXODU�SDWFK�LQ�WKH�0RQGULDQ�DW�ZKLFK�WKH�SKRWRPHWH U
ZDV�FXUUHQWO\�SRLQWHG�

:LWK�RQ H�VHWWLQ J�R I�WKH�LQWHQVLWLH V�R I�WKH�WKUH H�LOOXPLQDWLQ J�SURMHFWRUV��/DQ G
SRLQWHG�WKH�VSRW�SKRWRPHWHU�D W�D�SDWFK�RI�WKH�0RQGULDQ�WKDW�DSSHDUHG�D�UXVW�FRORUHG
UHGGLVK�EURZQ��,Q�WXUQ��SDLUV�RI�WKH�WKUHH�SURMHFWRUV�ZHUH�WXUQHG�RII ��DQG ��IURP�WK H
SURMHFWHG�LPDJH�RI�WKH�GLDO�RI�WKH�VSRW�SKRWRPHWHU��ZH�FRXOG�VHH�KRZ�PXFK�OLJKW�IURP
WKH�VXFFHVVLYHO \�LVRODWHG�VKRUW� ��PLGGOH���DQG�ORQJ�ZDYHOHQJWK�SURMHFWRUV�ZDV�EHLQJ
UHIOHFWHG�EDFN�WR�RXU�H\HV�IURP�WKDW�UXVW�FRORUHG�SDWFK��1H[W ��/DQG�SRLQWHG�WKH�VSRW
SKRWRPHWHU�DW�D�YHU\�GLIIHUHQW��JUHHQ�SDWFK��$JDLQ��DOO�SDLUV�RI�WKH�WKUHH�SURMHFWRUV�ZHUH
VXFFHVVLYHO\�WXUQHG�RI I��\LHOGLQJ��RI�FRXUVH��YHU\�GLIIHUHQW�UHDGLQJ V�RI�WKH�DPRXQWV�RI
VKRUW���PLGGOH���DQG�ORQJ�ZDYHOHQJWK�OLJKW�UHIOHFWHG�IURP�WKLV�JUHHQ�SDWFK���7KH�LQWHQ�
VLW\�RI�HDFK�SURMHFWRU�ZDV�WKHQ�DGMXVWHG�VR�WKDW�DFFRUGLQJ�WR�WKH�VSRW�SKRWRPHWHU��WKH
YHU\�VDPH�DPRXQW�RI�OLJKW�IURP�WKD W�SURMHFWRU²ZKHQ�L W�DORQH�UHPDLQHG�RQ²ZD V
UHIOHFWHG�EDFN�WR�RXU�H\HV�E\�WKH�JUHHQ�SDWFK�D V�KDG�SUHYLRXVO\�EHHQ�UHIOHFWHG�EDFN
�IURP�WKDW�SURMHFWRU��E\�WKH�UHGGLVK�EURZQ�SDWFK��)RU�H[DPSOH��LQ�RUGHU�WR�JHW�WKH�VDPH
DPRXQW�R I�UH G�OLJK W�UHIOHFWH G�EDF N�IUR P�WK H�JUHH Q�SDWF K�D V�KD G�SUHYLRXVO \�EHHQ
UHIOHFWHG�EDFN�IURP�WKH�UHGGLVK�EURZQ�SDWFK��WKH�UHG�SURMHFWRU�KDG�WR�EH�WXUQHG�ZD\
XS��DQG�LQ�RUGHU�WR�JHW�WKH�VDPH�DPRXQW�RI�JUHHQ�OLJKW�UHIOHFWHG�EDFN��WKH�JUHHQ�SUR�
MHFWRU�KDG�WR�EH�WXUQHG�ZD\�GRZQ�

$V�D�UHVXOW�RI�WKHVH�DGMXVWPHQWV��ZKHQ�DOO�WKUHH�SURMHFWRUV�ZHUH�WKHQ�WXUQHG�EDFN
RQ��RXU�H\HV�ZHUH�UHFHLYLQJ�OLJKW�IURP�WKH�JUHHQ�SDWFK�WKDW�ZDV�YLUWXDOO\�LGHQWLFDO�LQ
SK\VLFDO�FRPSRVLWLRQ�WR�WKH�OLJKW�RXU�H\HV�KDG�SUHYLRXVO\�EHHQ�UHFHLYLQJ�IURP�WKH�UHG�
GLVK�EURZQ�SDWFK��$VWRQLVKLQJO\��XQGHU�WKLV�JUHDWO\�DOWHUHG�OLJKWLQJ�WKH�RULJLQDOO\�UHG�
GLVK�EURZQ�SDWFK�VWLO O�DSSHDUHG�UHGGLV K�EURZQ ��DQG�WKH�RULJLQDOO\�JUHHQ�SDWFK�VWLO O
DSSHDUHG�JUHHQ��,Q�IDFW��WKH�HQWLUH�0RQGULDQ�GLVSOD\�DSSHDUHG�HVVHQWLDOO\�XQFKDQJHG�
&OHDUO\��FRORU�LV�LQ�WKH�H\H�RI�WKH�EHKROGHU�LQ�WKH�VHQVH�WKDW�LW�GRHV�QRW�KDYH�D�RQH�WR�
RQH�FRUUHVSRQGHQFH�WR�WKH�SK\VLFDO�FRPSRVLWLRQ�R I�WKH�OLJKW�WKDW��VWULNLQJ�WKH�UHWLQD�
JLYHV�ULVH�WR�WKDW�FRORU��RU�HYHQ��DV�ZH�VKDOO�VHH��WR�WKH�GLPHQVLRQDOLW\�RI�WKH�YDULDWLRQV
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WKDW�RFFXU�LQ�WKDW�FRPSRVLWLRQ���<H W�WKH�UHVXOWLQJ�VXEMHFWLYH�H[SHULHQFH�RI�FRORU��HYL�
GHQWO\��GRHV�FDSWXUH�DQ�LQYDULDQW�SURSHUW\�RI�WKH�VXUIDFH�RI�WKH�GLVWDO�REMHFW�

/DQG�SURSRVHG�KLV�UHWLQH[�WKHRU\�WR�DFFRXQW�IRU�WKLV�UHPDUNDEOH�IHDW�RI�FRORU�FRQ�
VWDQF\�E\�SRVLWLQJ�WKD W�WK H�YLVXD O�V\VWHP�DXWRPDWLFDOO\�FRPSXWH V�DQ�LQGHSHQGHQ W
EULJKWQHVV�QRUPDOL]DWLRQ�ZLWKLQ�HDFK�RI�WKUHH�FRORU�FKDQQHOV��ZKLFK��IRU�SUHVHQW�SXU�
SRVHV��ZH�FDQ�WKLQN�RI�DV�DVVRFLDWHG�ZLWK�WKH�VKRUW� ��PLGGOH���DQG�ORQJ�ZDYHOHQJWK
UHFHSWRUV���, Q�HIIHFW��KH�DVVXPHG�WKDW�WKH�JDLQ�RI�HDFK�FKURPDWLF�FKDQQHO�LV�LQFUHDVHG
RU�UHGXFHG�VR�WKDW�WKH�RXWSXW�IRU�WKDW�FKDQQHO��ZKHQ�WKDW�RXWSXW�LV�LQWHJUDWHG�RYHU�WKH
HQWLUH�YLVLEOH�VFHQH��PDLQWDLQV�D�IL[HG��VWDQGDUG�OHYHO�RI�OLJKWQHVV��7KXV��ZKHQ�WKH�UHO�
DWLYH�DPRXQW�RI�ORQJ�ZDYHOHQJWK�OLJKW�LQ�WKH�LOOXPLQDWLRQ�LQFUHDVHV²ZKHWKHU�EHFDXVH
WKH�LQWHQVLW\�RI�D�UHG�SURMHFWRU�LV�WXUQHG�XS�RU�EHFDXVH�WKH�VXQ�LV�VHWWLQJ²WKHUH�LV�D
FRUUHODWHG�LQFUHDVH�LQ�WKH�DPRXQW�RI�UHG�OLJKW�UHIOHFWHG�IURP�WKH�VFHQH�DV�D�ZKROH��%XW
WKH�YLVXDO�V\VWHP�DXWRPDWLFDOO\�FRPSHQVDWHV�IRU�WKLV�LQFUHDVH�LQ�WKH�DYHUDJH�UHGQHVV
RI�WKH�OLJKW�UHIOHFWHG�EDFN�IURP�WKH�HQWLUH�VFHQH�E\�GHFUHDVLQJ�LQ�WKH�RYHUDOO�JDLQ�RI�WKH
ORQJ�ZDYHOHQJWK�LQSXW�FKDQQHO��7KH�FRQVHTXHQFH�LV�WKDW�WKH�VFHQH��LQFOXGLQJ�D�UHGGLVK
EURZQ�SDWFK�DQG�D�JUHHQ�SDWFK��FRQWLQXHV�WR�ORRN�HVVHQWLDOO\�WKH�VDPH�

/DQG
V�DSSURDFK�WR�FRORU�YLVLRQ�DSSHDOHG�WR�PH�EHFDXVH�LW�SRLQWHG�WRZDUG�WKH�SRV�
VLELOLW\�WKDW�IXQGDPHQWDO�DVSHFWV�RI�FRORU�YLVLRQ�PD\�QRW�EH�E\�SURGXFWV�RI�DFFLGHQWDO
GHVLJQ�IHDWXUHV�RI�WKH�YLVXDO�V\VWHP�DULVLQJ�LQ�D�SDUWLFXODU�VSHFLHV�EXW�PD\�UHSUHVHQW�D
IXQFWLRQDO�DFFRPPRGDWLRQ�W R�D�TXLWH�JHQHUDO�SURSHUW\�RI�WKH�ZRUOG�LQ�ZKLFK�ZH�DQG
RWKHU�WHUUHVWULDO�DQLPDOV�KDYH�HYROYHG��/DQG�KLPVHOI�VXJJHVWHG�VRPHWKLQJ�RI�WKLV�VRUW
ZKHQ�KH�VSRNH�RI�RXU��SRODU�SDUWQHUVKLS��ZLWK�WKH�ZRUOG�DURXQG�XV��/DQG��������

6WLOO��/DQG
V�UHWLQH[�WKHRU\�GRHV�QRW�LQ�LWVHOI�SURYLGH�DQ�DQVZHU�WR�WKH�TXHVWLRQV�RI
ZK\�ZH�KDYH�VSHFLILFDOO\�WKUHH�FKURPDWLF�LQSXW�FKDQQHOV�DQG�KHQFH�VSHFLILFDOO\�WKUHH
GLPHQVLRQV�RI�FRORU�YLVLRQ��0RUHRYHU��WKH�UHWLQH[�WKHRU\�KDV�EHHQ�VKRZQ�WR�IDOO�VKRUW
RI�SURYLGLQJ�D�VDWLVIDFWRU\�DFFRXQW�RI�FRORU�FRQVWDQF\�LWVHOI��1RUPDOL]DWLRQ�RI�OLJKWQHVV
ZLWKLQ�HDFK�RI�WKUHH�FRORU�FKDQQHOV�LQGHSHQGHQWO\�ZLOO�DFKLHYH�FRORU�FRQVWDQF\�RQO\�LI
WKH�ZKROH�VFHQH�YLHZHG�LQFOXGHV�D�W\SLFDO�UHSUHVHQWDWLRQ�R I�VKRUW���PLGGOH���DQG�ORQJ�
ZDYHOHQJWK�UHIOHFWLQJ�VXUIDFHV��,I�WKH�VFHQH�LV�VWURQJO\�ELDVHG�WRZDUG�WKH�UHGV��DV�LQ�D
FDQ\RQ�LQ�WKH�VRXWKZHVWHUQ�8�6����WRZDUG�WKH�JUHHQV��DV�LQ�D�UDLQ�IRUHVW���RU�WRZDUG�WKH
EOXHV��DV�LQ�D�VN\�DQG�ZDWHU�VFHQH���WKH�SURSRVHG�QRUPDOL]DWLRQ�ZLOO�VWULYH�WR�UHPRYH
WKH�RYHUDOO�UHG��JUHHQ��RU�EOXH�FRPSOH[LRQ�RI�WKH�OLJKW�UHIOHFWHG�EDFN�IURP�WK H�VFHQH
HYHQ�WKRXJK��LQ�HDFK�RI�WKHVH�FDVHV��WKH�FRPSOH[LRQ�LV�DQ�LQKHUHQW�FKDUDFWHULVWLF�RI�WKH
VFHQH�LWVHOI�DQG�QRW�D�ELDV�LPSRVHG�E\�WKH�FXUUHQWO\�SUHYDLOLQJ�LOOXPLQDWLRQ��,QGHHG �
LQ�SKRWRJUDSK\�DQG�WHOHYLVLRQ��FRORU�UHQGHULQJ�LV�VLPLODUO\�DWWHPSWHG�E\�VHSDUDWHO\
DGMXVWLQJ�WKH�LQWHQVLWLHV�RI�HDFK�RI�WKUHH�FRORU�FKDQQHOV²ZLWK�UHVXOWV�ZKRVH�LQDGH�
TXDFLHV�DUH�DOO�WRR�IDPLOLDU�

Maloney and Wand ell's General Linear Model for Color Constancy
%XLOGLQJ�RQ�ZRUN�E\�6DOVWURP���������%ULOO��������%ULOO�	�:HVW������ ��:HVW�	�%ULOO�
�������%XFKVEDXP���������DQG�RWKHUV��/DXUHQFH�0DORQH\�DQG�%ULDQ�:DQGHOO�PRUH
UHFHQWO\�SXW�IRUZDUG�D�JHQHUDO�OLQHDU�PRGHO�IRU�FRORU�YLVLRQ�WKDW�RYHUFRPHV�WKH�SULQ�
FLSDO�OLPLWDWLRQ V�R I�/DQG
V�UHWLQH[�WKHRU\��0DORQH\�	�:DQGHOO������� ��, W�ZDV�WKH
DGYHQW�RI�0DORQH\�DQG�:DQGHOO
V�PRGHO�DW�6WDQIRUG�8QLYHUVLW\�WKDW�ILQDOO\��QHDUO\���
\HDUV�DIWHU�/DQG
V�:LOOLDP�-DPHV�/HFWXUHV��VXJJHVWHG�WR�PH�WKH�SRVVLELOLW\��WR�ZKLFK�,
ZLOO�VRRQ�WXUQ��RI�D�QRQDUELWUDU\�EDVLV�IRU�WKH�WKUHH�GLPHQVLRQDOLW\�R I�KXPDQ�FRORU
YLVLRQ�
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0DORQH\�DQG�:DQGHOO
V�WKHRU\�GRHV�QRW�UHTXLUH�WKH�UHVWULFWLYH�DVVXPSWLRQ�WKDW�WKH
GLVWULEXWLRQ�RI�LQWULQVLF�FRORUV�LQ�HDFK�VFHQH�DOZD\V�EH�WKH�VDPH��,Q�WKHLU�PRGHO��VXUIDFH
FRORUV�DUH�HVWLPDWHG�E \�DSSO\LQJ�D�WUDQVIRUPDWLRQ�WR�DO O�WKUHH�FKURPDWLF�FKDQQHOV
MRLQWO\��UDWKHU�WKDQ�WR�HDFK�FKDQQHO�VHSDUDWHO\��7KH�UHVXOWLQJ�JHQHUDO�OLQHDU�WUDQVIRU�
PDWLRQ�\LHOG V�HVWLPDWHV�R I�WKH�LQWULQVLF�VXUIDFH�FRORU V�WKDW�DSSUR[LPDWH�LQYDULDQFH
ERWK�XQGHU�QDWXUDO�YDULDWLRQV�RI�LOOXPLQDWLRQ�DQG�XQGHU�ZLGH�YDULDWLRQV�RI�WKH�GLVWUL�
EXWLRQ�RI�VXUIDFH�FRORUV��VXFK�DV�DULVH�LQ�D�UHG�FDQ\RQ��D�JUHHQ�UDLQ�IRUHVW��RU�D�EOXH�VN\
DQG�ZDWHU�VFHQH���$OWKRXJK�WKH�PDWKHPDWLFDO�IRUPXODWLRQ�RI�0DORQH\�DQG�:DQGHOO
V
PRGHO�LV�QRW�HVVHQWLDO�KHUH��LW�LV�ZRUWK�RQH�SDUDJUDSK�DQG�RQH�HTXDWLRQ�IRU�WKRVH�ZKR
DUH�DEOH�WR�DSSUHFLDWH�LWV�HOHJDQFH�DQG�JHQHUDOLW\�

7KH�WKUHH�FHQWUDO�FRPSRQHQW V�R I�WKH�PRGHO�VSHFLI\�WK H�GHSHQGHQFLHV�RQ�ZDYH�
OHQJWK�RI��D��WKH�LOOXPLQDWLRQ�IDOOLQJ�RQ�WKH�VFHQH���E��WKH�OLJKW�UHIOHFWLQJ�FKDUDFWHULVWLFV
RI�WKH�VXUIDFHV�PDNLQJ�XS�WKH�VFHQH��DQG��F��WKH�OLJKW�DEVRUELQJ�FKDUDFWHULVWLFV�RI�WKH
OLJKW�VHQVLWLYH�UHFHSWRUV�LQ�WKH�H\H�YLHZLQJ�WKH�VFHQH��6SHFLILFDOO\��IRU�HDFK�SRLQW�[�RI
D�VXUIDFH�LQ�WKH�VFHQH�DQG�IRU�HDFK�ZDYHOHQJWK�RI�OLJKW�;��WKH�WKUHH�FRPSRQHQWV�DUH��WKH
VSHFWUDO�SRZHU�GLVWULEXWLRQ�RI�WKH�LOOXPLQDWLRQ��D�IXQFWLRQ�R I�ZDYHOHQJWK�(;�;��VSHFL �
I\LQJ�WKH�DPRXQW�RI�OLJKW��H�J���LQ�TXDQWD�SHU�VHFRQG��RI�HDFK�ZDYHOHQJWK�;�IDOOLQJ�RQ
WKH�VXUIDF H�SRLQW�[��WKH�VSHFWUDO �UHIOHFWDQFH �GLVWULEXWLRQ �R I�WKH�VXUIDFH��D �IXQFWLRQ�R I
ZDYHOHQJWK�6[�?��VSHFLI\LQJ�WKH�SURSRUWLRQ�RI�DQ\�OLJKW�TXDQWD�RI�ZDYHOHQJWK�;�IDOOLQJ
RQ�WKH�VXUIDFH�DW�SRLQW�[�WKDW�ZLOO�EH�VFDWWHUHG�EDFN�IURP�WKDW�VXUIDFH��UDWKHU�WKDQ�EHLQJ
DEVRUEHG�E\�WKH�VXUIDFH���DQG�WKH�VSHFWUDO�VHQVLWLYLW\�FKDUDFWHULVWLFV�RIWKHSKRWRUHFHS�
WLYH�XQLWV��IXQFWLRQV�RI�ZDYHOHQJWK�5N�;��JLYLQJ ��IRU�UHWLQDO�UHFHSWRUV��FRQHV��RI�HDFK
W\SH�N�WKH�VHQVLWLYLW\�RI�UHFHSWRUV�RI�WKDW�W\SH�WR�OLJKW�RI�ZDYHOHQJWK�;��7KH�UHVSRQVH�RI
D�UHFHSWRU�RI�W\SH�N�WR�OLJKW�VFDWWHUHG�IURP�WKH�SRLQW�[�RQ�WKH�VXUIDFH�LV�WKHQ�JLYHQ�E\
LQWHJUDWLRQ�RI�WKH�SURGXFW�RI�WKHVH�WKUHH�FRPSRQHQWV�RYHU�WKH�HQWLUH�VSHFWUXP�RI�ZDYH�
OHQJWKV�

�ZKHUH��IRU�KXPDQV��ZKR�KDYH�WKUHH�W\SHV�RI�FRQHV��1� ����
&UXFLDO�WR�WKH�DSSOLFDWLRQ�R I�WKLV�PRGHO�WR�WKH�SUREOHP�RI�FRORU�FRQVWDQF\�LV�WKH

HYLGHQFH��UHYLHZHG�E\�0DORQH\�DQG�:DQGHOO���������WKDW�WKH�ILUVW�WZR�RI�WKHVH�IXQF �
WLRQV�RI�ZDYHOHQJWK���
�;��DQG�6
�;�� �HDF K�KDYH�RQO\�D�OLPLWHG�QXPEHU�RI�GHJUHHV�RI
IUHHGRP�L Q�WKH�QDWXUDO�HQYLURQPHQW��7KDW�LV ��DOWKRXJK�WKH�IXQFWLRQV�FKDUDFWHUL]LQJ
LQGLYLGXDO�FRQGLWLRQV�R I�LOOXPLQDWLRQ�DQG�LQGLYLGXDO�SK\VLFDO�VXUIDFHV�FDQ�HDFK�WDNH
RQ�D�SRWHQWLDOO\�XQOLPLWHG�QXPEHU�RI�GLIIHUHQW�VKDSHV ��LQ�WKH�QDWXUDO�WHUUHVWULDO�HQYL�
URQPHQW�HDFK�RI�WKHVH�VKDSHV�FDQ�EH�DSSUR[LPDWHG�DV�VRPH�OLQHDU�FRPELQDWLRQ�RI�D
VPDOO�QXPEHU�RI�IL[HG�XQGHUO\LQJ�IXQFWLRQV��FDOOHG�WKH�EDVLV�OLJKWLQJ�IXQFWLRQV�DQG�WKH
EDVLV�UHIOHFWDQFH �IXQFWLRQV� �UHVSHFWLYHO\ ���)RU�WKRVH�IDPLOLD U�ZLW K�IDFWRU�DQDO\VL V�RU
SULQFLSDO�FRPSRQHQW V�DQDO\VLV��WKLV�LV�PHUHO\�DQRWKHU�LQVWDQFH�R I�WKH�ZD\�LQ�ZKLFK
UHGXQGDQFLHV�RU�FRUUHODWLRQV�LQ�PXOWLYDULDWH�GDWD�SHUPLW�WKH�DSSUR[LPDWH�UHFRQVWUXF�
WLRQ�RI�WKRVH�GDWD�IURP�D �UHODWLYHO\�VPDOO�QXPEHU�RI�XQGHUO\LQJ�IDFWRUV��

7KXV��DOWKRXJK�WKH�FRPSOHWH�VSHFLILFDWLRQ�RI�WKH�OLJKW�UHIOHFWLQJ�FKDUDFWHULVWLFV�RI
D�VXUIDFH�PXVW�JLYH��IRU�HDFK�ZDYHOHQJWK�RI�OLJKW�VWULNLQJ�WKDW�VXUIDFH��WKH�SURSRUWLRQ
RI�WKH�OLJKW�RI�WKDW�ZDYHOHQJWK�WKDW�ZLOO�EH�VFDWWHUHG�EDFN�IURP�WKH�VXUIDFH��UDWKHU�WKDQ
EHLQJ�DEVRUEHG���IR U�PRVW�QDWXUDOO\�RFFXUULQJ�VXUIDFHV�WKH�VSHFWUDO�UHIOHFWDQFH�GLVWUL�
EXWLRQV�6
�;��WXUQ�RXW�WR�EH�VPRRWK��ZHOO�EHKDYHG�IXQFWLRQV�RI�ZDYHOHQJWK��%DUORZ�
������6WLOHV��:\V]HFNL��	�2KWD���������7KHUH�LV��PRUHRYHU��D�ZHOO�XQGHUVWRRG�SK\VLFDO
UHDVRQ�IRU�WKLV�LQ�WHUPV�RI�WKH�*DXVVLDQ�VPRRWKLQJ�HQWDLOHG�E\�WKH�YHU\�ODUJH�QXPEHU
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RI�TXDQWXP�LQWHUDFWLRQV�DPRQJ�QXPHURXV�QHLJKERULQJ�HQHUJ\�VWDWHV�LQ�VXUIDFH�DWRPV
WKDW�PHGLDWH�WKH�DEVRUSWLRQ�DQG�UH�HPLVVLRQ�RI�LQFLGHQW�SKRWRQV��0DORQH\��������1DV�
VDX���������,Q�DQ\�FDVH��WKH�VPRRWKQHVV�DQG��KHQFH��UHGXQGDQF\�LQ�WKH�HPSLULFDOO\
REWDLQHG�VSHFWUDO�UHIOHFWDQFH�IXQFWLRQV�SHUPLWV�WKHVH�IXQFWLRQV�WR�EH�DSSUR[LPDWHG�DV
OLQHDU�FRPELQDWLRQV�RI�D�IHZ�EDVLV�IXQFWLRQV��&RKHQ������ ��.ULQRY������ ��<LOPD]�
�����²DOWKRXJK�HYLGHQWO\�QRW�DV�IHZ�DV�WKUHH��%XFKVEDXP�	�*RWWVFKDON��������0DOR�
QH\������� �

)RU�QDWXUDO�FRQGLWLRQV�RI�OLJKWLQJ��RQ�WKH�RWKHU�KDQG��VSHFWUDO�HQHUJ\�GLVWULEXWLRQV
([�?��DSSDUHQWO\�FDQ�EH�DGHTXDWHO\�DSSUR[LPDWHG�DV�OLQHDU�FRPELQDWLRQV�RIMXVW�WKUHH
EDVLV�OLJKWLQJ�IXQFWLRQV��-XGG��0F$GDP��	�:\V]HFNL��������DOVR�VHH�'DV�	�6DVWUL�
������'L[RQ��������6DVWUL�	�'DV�������������:LQFK��%RVKRII��.RN��	�GX�7RLW��������
)RU�H[DPSOH��-XGG�HW�DO��IRXQG�WKDW�����HPSLULFDOO\�PHDVXUHG�VSHFWUDO�SRZHU�GLVWUL�
EXWLRQV��PHDVXUHG�XQGHU�D�JUHDW�YDULHW\�RI�FRQGLWLRQV�R I�ZHDWKHU�DQG�WLPHV�RI�GD\�
FRXOG�EH�DFFXUDWHO\�DSSUR[LPDWHG�DV�ZHLJKWHG�FRPELQDWLRQV�RIMXVW�WKH�WKUHH�IXQFWLRQV
SORWWHG�LQ�)LJXUH��������$V�LQ�IDFWRU�DQDO\VLV��WKHVH�SDUWLFXODU�EDVLV�IXQFWLRQV�DUH�QRW
XQLTXHO\�GHWHUPLQHG�E\�WKH�GDWD��2WKHU�VHWV�RI�WKUHH�EDVLV�IXQFWLRQV�WKDW�GLIIHU�IUR P
WKHVH�E\�D�QRQVLQJXODU�OLQHDU�WUDQVIRUPDWLRQ��VXFK�DV�D�URWDWLRQ��ZRXOG�DFFRXQW�IRU�WKH
GDWD�MXVW�DV�ZHOO��7KH�LPSRUWDQW�SRLQW�LV�WKDW�ZKLFKHYHU�RI�WKH�DOWHUQDWLYH�EDVLV�IXQF�
WLRQV�DUH�XVHG��WKH\�PXVW�EH�WKUHH�LQ�QXPEHU��

Figure T3.2 Three basis functions of wavelength that can be linearly combined to
account for the major variations in the spectral compositions of natural daylight. (Based
on Table 1 on page 1035 of Judd, MacAdam, & Wyszecki, 1964; copyright by the Amer-
ican Institut̂  of Physics, 1964).
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0DORQH\�DQG�:DQGHOO��������VKRZHG�WKDW�WKH�XQNQRZQ�VXUIDFH�UHIOHFWDQFH�IXQF �
WLRQV�6
�;�²WKDW�LV��WKH�LQWULQVLF�FRORUV�RI�WKH�VXUIDFHV²FDQ�EH�DSSUR[LPDWHG��XS�WR
D�VLQJOH�PXOWLSOLFDWLYH�VFDODU��VROHO\�IURP�WKH�UHVSRQVHV�RI�WKH�1�FODVVHV�RI�SKRWRUHFHS�
WRUV��SURYLGHG�WKDW�WZR�FRQGLWLRQV�DUH�PHW���D��7KH�QXPEHU�RI�FKURPDWLFDOO\�GLVWLQFW
FODVVHV�RI�SKRWRUHFHSWRUV��1��PXVW�EH�RQH�JUHDWHU�WKDQ�WKH�QXPEHU�RI�GHJUHHV�RI�IUHH�
GRP�RI�WKH�VXUIDFH�UHIOHFWDQFHV���E��WKH�QXPEHU�RI�FKURPDWLFDOO\�GLVWLQFW�YLVLEOH�VXU�
IDFHV�LQ�WKH�VFHQH�YLHZHG�PXVW�EH�DW�OHDVW�1�² ���

7KH�VLQJOH�PXOWLSOLFDWLYH�VFDODU�WKDW�UHPDLQV�LQGHWHUPLQDWH�LQ�0DORQH\�DQG�:DQ�
GHOO
V�PRGHO�FRUUHVSRQGV�WR�DQ�RYHUDOO��DFKURPDWLF��OLJKWQHVV�WKDW��DFFRUGLQJ�WR�WKH
JHQHUDO�OLQHDU�PRGHO��FDQQRW�EH�XQDPELJXRXVO\�DSSRUWLRQHG�EHWZHHQ�WKH�VXUIDFHV�DQG
WKH�LOOXPLQDWLRQ�IDOOLQJ�RQ�WKRVH�VXUIDFHV��7KH�OLJKW�UHIOHFWHG�IURP�VXUIDFHV��DORQH��FRQ�
WDLQV��LQ�IDFW��LQVXIILFLHQW�LQIRUPDWLRQ�IRU�DQ\�VFKHPH�RI�YLVXDO�DQDO\VLV�WR�GLVWLQJXLVK
EHWZHHQ�GDUNHU�VXUIDFHV�XQGHU�EULJKWHU�OLJKWLQJ�DQG�FRUUHVSRQGLQJ�EXW�OLJKWHU�VXUIDFHV
XQGHU�GLPPH U�OLJKWLQJ ��0DORQH \�DQ G�:DQGHO O�QHYHUWKHOHV V�DFKLHYHG�D �GHFLVLY H
DGYDQFH�E\�UHGXFLQJ�WKH�UHVLGXDO�LQGHWHUPLQDF\�WR�D�VLQJOH�VFDODU��0RUHRYHU��WKDW�VLQ�
JOH�VFDODU�FDQ�SUREDEO\�EH�DGHTXDWHO\�DSSUR[LPDWHG��LQ�PRVW�QDWXUDO�VHWWLQJV��E\�HVWL�
PDWLQJ�WKH�RYHUDOO�EULJKWQHVV�RI�WKH�LOOXPLQDWLRQ�L Q�ZD\V�QRW�H[SOLFLWO\�WDNHQ�LQWR
DFFRXQW�E\�WKH�OLQHDU�PRGHO��DV�RULJLQDOO\�IUDPHG�VROHO\�LQ�WHUPV�RI�WKH�OLJKW�VFDWWHUHG
IURP�VXUIDFHV� ��)RU�H[DPSOH��WKH�EULJKWQHVV�RI�WKH�LOOXPLQDWLRQ�PLJKW�EH�HVWLPDWHG�
LQGHSHQGHQWO\�R I�WKH�OLJK W�VFDWWHUHG�IURP�VXUIDFHV ��IUR P�WK H�EULJKWQHVV�RI�WKH�VN\
�WRJHWKHU�ZLWK�YLVXDO�HYLGHQFH�IRU�WKH�SUHVHQFH�RI�REMHFWV�VKDGLQJ�WKH�VXUIDFHV�YLHZHG��

,Q�FRQWUDVW��/DQG
V�UHWLQH[�PRGHO�LQFOXGHG�QRW�RQH�EXW�WKUHH�LQGHWHUPLQDWH�VFD�
ODUV²RQH�IRU�WKH�RYHUDOO�OLJKWQHVV�OHYHO�ZLWKLQ�HDFK�RI�WKH�WKUHH��UHG��JUHHQ��DQG�EOXH�
FKURPDWLF�FKDQQHOV��%UDLQDUG�DQG�:DQGHOO��������KDYH�VKRZQ��IXUWKHU��WKDW�DWWHPSWV
WR�DSSUR[LPDWH�VXUIDFH�FRORU�E\�FRUUHFWLQJ�OLJKWQHVVHV�ZLWKLQ�HDFK�FKURPDWLF�FKDQQHO
VHSDUDWHO\��DV�LQ�UHWLQH[�VFKHPHV��UHVW�RQ�WKH�XQMXVWLILDEOH�DVVXPSWLRQ�WKDW�WKH�VHW�RI
EDVLV�OLJKWLQJ�IXQFWLRQV�(
�?��FDQ�EH�FKRVHQ��E\�VRPH�OLQHDU�WUDQVIRUPDWLRQ��VR�WKDW
YDULDWLRQV�LQ�WKH�ZHLJKW�RI�DQ\�RQH�EDVLV�IXQFWLRQ�DIIHFWV�WKH�UHVSRQVH�RI�RQO\�RQH�FKUR�
PDWLF�FKDQQHO�

,Q�IDFW��E\�VWULYLQJ�IRU�OLJKWQHVV�FRQVWDQF\�ZLWKLQ�HDFK�FKURPDWLF�FKDQQHO�VHSD�
UDWHO\��UHWLQH[�VFKHPHV�QHFHVVDULO\�IRUIHLW�QR W�RQO\�FRQVWDQF\�RI�FRORUV��DV�VXFK��EXW
DOVR�FRQVWDQF\�RI�WKH�UHODWLYH��SXUHO\�DFKURPDWLF�OLJKWQHVVHV�RI�GLIIHUHQW�REMHFWV��,Q�D
FKURPDWLF�ZRUOG��HYHQ�WKH�RUGHULQJ�RI�UHFRYHUHG�OLJKWQHVVHV�ZLWKLQ�HDFK�FKDQQHO�ZLOO
GHSHQG�RQ�WKH�VSHFWUDO�EDODQFH�RI�WKH�LOOXPLQDWLRQ²XQOHVV�WKH�DELOLW\�WR�VHH�XQGHU�GLP
LOOXPLQDWLRQ�L V�VHULRXVO\�FRPSURPLVHG�E\�UHVWULFWLQJ�HDFK�FKDQQHO�WR�D�YHU\�QDUURZ
EDQG�RI�ZDYHOHQJWKV��:LWK�EURDGO\�WXQHG�DQG�KHQFH�HIILFLHQW�FKDQQHOV��OLNH�WKRVH�DFWX�
DOO\�IRXQG�LQ�DQLPDOV���D�UHWLQH[�V\VWHP�FRXOG�HVWLPDWH�D�SDWFK�RI�VXUIDFH�WKDW�UHIOHFWV
RQO\�VKRUWHU�ZDYHOHQJWKV�WR�EH�HLWKHU�OLJKWHU�RU�GDUNHU�WKDQ�D�SDWFK�WKDW�UHIOHFWV�RQO\
ORQJHU�ZDYHOHQJWKV��GHSHQGLQJ�RQ�ZKHWKHU�WKH�LOOXPLQDWLRQ�FRQWDLQV�SULPDULO\�VKRUWHU
RU�ORQJHU�ZDYHOHQJWKV��UHVSHFWLYHO\��7KLV�LQGHWHUPLQDF\�LQ�WKH�HVWLPDWLRQ�RI�UHODWLYH
OLJKWQHVVHV�RI�VXUIDFHV�FDQQRW�EH�HOLPLQDWHG�E\�DQ\�FRPSDULVRQ�EHWZHHQ�WKH�RXWSXWV
RI�VHSDUDWH�FKDQQHOV��ZKLFK��DV�LQ�UHWLQH[�VFKHPHV��HDFK�FRQWDLQ�WKHLU�RZQ�DUELWUDU\
PXOWLSOLHU��6XFK�DQ�LQGHWHUPLQDF\�FDQ�EH�HOLPLQDWHG�RQO\�E\�WUDQVIRUPLQJ�DOO�WKUHH
FKDQQHOV�MRLQWO\��DV�DGYRFDWHG�E\�0DORQH\�DQG�:DQGHOO��������

,�KDYH�JRQH�LQWR�WKHRULHV�RI�FRORU�FRQVWDQF\�DW�VXFK�OHQJWK�QRW�RQO\�EHFDXVH�FRORU
FRQVWDQF\�LV�RI�REYLRXV�DGDSWLYH�VLJQLILFDQFH�EXW�DOVR�EHFDXVH�,�EHOLHYH�WKH�PHFKD�
QLVPV�WKDW�KDYH�HYROYHG�IRU�WKH�DFKLHYHPHQW�RI�FRORU�FRQVWDQF\�PD\�XQGHUOLH�WKH�RWKHU
PDMRU�IHDWXUHV�RI�KXPDQ�FRORU�UHSUHVHQWDWLRQ�WKDW�,�ZLOO�EH�FRQVLGHULQJ�LQ�WKH�HQVX�
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LQJ�VHFWLRQV��, I�,�DP�FRUUHFW�L Q�WKLV��WKHVH�IHDWXUHV��WRR��DU H�QRW�DUELWUDU\�EXW�UHIOHF W
SHUYDVLYH�DQG�HQGXULQJ�UHJXODULWLHV�RI�WKH�WHUUHVWULDO�HQYLURQPHQ W�LQ�ZKLFK�ZH�KDYH
HYROYHG�

THE THREE-DIMENSIONALITY OF COLORS

7KH�WKUHH�GLPHQVLRQDOLW\�RI�KXPDQ�FRORU�SHUFHSWLRQ�UHYHDOV�LWVHOI��DV�,�DOUHDG\�QRWHG�
LQ�WKH�DELOLW\�RI�D�QRUPDOO\�VLJKWHG�REVHUYHU�WR�PDWFK�WKH�FRORU�DSSHDUDQFH�RI�DQ\�SUH�
VHQWHG�VXUIDFH�E\�DGMXVWLQJ�WKUHH��EXW�QR�IHZHU�WKDQ�WKUHH��XQLGLPHQVLRQDO�FRQWUROV�RQ
D�VXLWDEOH�FRORU�PL[LQJ�DSSDUDWXV ��2QH�RI�WKHVH�WKUHH�GLPHQVLRQV�L V�PRVW�QDWXUDOO\
WDNHQ�WR�EH�WKH��DFKURPDWLF��GLPHQVLRQ�RI�OLJKWQHVV²DV�UHSUHVHQWHG��LQ�SXUHVW�IRUP�
E\�WKH�VKDGHV�RI�JUD\�UDQJLQJ�IURP�EODFN�WR�ZKLWH��7KH�WZR�UHPDLQLQJ��FKURPDWLF �
GLPHQVLRQV�FDQ�EH�WDNHQ�WR�EH�D�FLUFXODU�GLPHQVLRQ�RI�KXH� �ZKLFK��LQ�F\FOLQJ�WKURXJK
WKH�VSHFWUDOO\�SXUH�FRORUV�RI�UHG��RUDQJH��\HOORZ��JUHHQ��EOXH��DQG�YLROHW��IRUPV�1HZ�
WRQ
V�FRORU�FLUFOH��DQG�D�UDGLDO�GLPHQVLRQ�RI�VDWXUDWLRQ� �ZKLFK�YDULHV�EHWZHHQ�HDFK�RI
WKHVH�VSHFWUDOO\�SXUH�KXHV�DQG�D�FHQWUDO��QHXWUDO�JUD\�RI�WKH�VDPH�OLJKWQHVV���$JDLQ��VHH
)LJXUH�����OD��

$OWHUQDWLYHO\��DQG�LQ�DJUHHPHQW�ZLWK�WKH�RSSRQHQW�SURFHVV�WKHRU\�RI�FRORU�YLVLRQ
SURSRVHG�E\�(ZDOG�+HULQJ�������������DQG�JLYHQ�D�PRGHUQ�GHYHORSPHQW�E\�+XUYLFK
DQG�-DPHVRQ������� ��WKH�WZR�FKURPDWLF�GLPHQVLRQV�FDQ�EH�WDNHQ�WR�EH�D�UHFWLOLQHDU
UHG�YHUVXV�JUHHQ�GLPHQVLRQ�DQG�DQ�RUWKRJRQDO�\HOORZ�YHUVXV�EOXH��RU�\HOORZ�YHUVXV�
YLROHW��GLPHQVLRQ²DV�LOOXVWUDWHG�LQ�)LJXUH�����,E��:KHWKHU�ZH�WKXV�GHVFULEH�WKH�XQGHU�
O\LQJ�WKUHH�GLPHQVLRQDO�FRORU�VSDFH�XVLQJ�SRODU�FKURPDWLF�FRRUGLQDWHV�RI�KXH�DQG�VDW�
XUDWLRQ��)LJXUH��� ��OD��R U�XVLQJ�UHFWDQJXODU�FKURPDWLF�FRRUGLQDWHV�RI�UHGQHVV�YHUVXV
JUHHQQHVV�DQG�RI�\HOORZQHVV�YHUVXV�EOXHQHVV��)LJXUH�����,E���DOO�FRORUV�FDQ�EH�REWDLQHG
E\�DQ�DSSURSULDWH�FRPELQDWLRQ�RI�YDOXHV�RQ�WKH�WKUHH�FKRVHQ�GLPHQVLRQV�

Inadequacy of Some Proposed Explanations for Trichromacy

*LYHQ�WKDW�WKH�KXPDQ�YLVXDO�V\VWHP�QRUPDOO\�SURYLGHV�MXVW�WKUHH�GLPHQVLRQV�IRU�WKH
UHSUHVHQWDWLRQ�RI�FRORUV��D�TXHVWLRQ�LPPHGLDWHO \�SUHVHQW V�LWVHOI ��:K\�H[DFWO\�WKUHH
GLPHQVLRQV��UDWKHU�WKDQ��VD\��WZR�RU�IRXU"�7KUHH�DQVZHUV�WKDW�PLJKW�ILUVW�VXJJHVW�WKHP�
VHOYHV�DOO�SURYH��RQ�FORVHU�FRQVLGHUDWLRQ��W R�EH�LQDGHTXDWH�

Is Trichromacy Explained by the Physical Properites of Surfaces?
,QKHUHQW�SK\VLFDO�SURSHUWLHV�RI�WKH�VXUIDFHV�LQ�WKH�H[WHUQDO�ZRUOG�GR�LQGHHG�GHWHUPLQH
ZKLFK�FRORUV�ZH�SHUFHLYH�WKRVH�VXUIDFHV�WR�KDYH²RXW�RI�D�WKUHH�GLPHQVLRQDO�VHW�RI
DOWHUQDWLYH�FRORUV�WKDW�ZH�DUH�FDSDEOH�RI�UHSUHVHQWLQJ��7KRVH�SK\VLFDO�SURSHUWLHV�RI�VXU�
IDFHV�HYLGHQWO\�GR�QRW��KRZHYHU��GHWHUPLQH�WKH�GLPHQVLRQDOLW\�RI�RXU�VHW�RI�DOWHUQDWLYH
FRORU�UHSUHVHQWDWLRQV��:KD W�WKH�LQKHUHQW�SK\VLFDO�SURSHUWLHV�RI�D�VXUIDFH�UHDOO\�GHWHU�
PLQH�LV�WKH�VSHFWUDO�UHIOHFWDQFH�GLVWULEXWLRQ�RI�WKH�VXUIDFH��DQG�WKH�VSHFWUDO�UHIOHFWDQFH
GLVWULEXWLRQ��EHLQJ�GHILQHG�RYHU�D�FRQWLQXXP�RI�ZDYHOHQJWKV��FDQ�UHTXLUH�DQ�XQOLPLWHG
QXPEHU�RI�TXDQWLWLHV�LQ�RUGHU�IRU�XV�WR�VSHFLI\�WKH�UHODWLYH�DPRXQW�RI�OLJKW�WKDW�ZRXOG
EH�UHIOHFWHG�EDFN�IRU�HDFK�ZDYHOHQJWK�EHWZHHQ�����DQG�����QP��7UXH��WKH�VSHFWUD O
UHIOHFWDQFH�IXQFWLRQ V�RI�ZDYHOHQJWK�IRU�QDWXUDOO \�RFFXUULQJ�VXUIDFH V�DU H�JHQHUDOO\
VPRRWK�IXQFWLRQV��DQG�VXFK�VPRRWKQHVV�LPSOLHV�WKH�SRVVLELOLW\�RI�VRPH�GLPHQVLRQDO
UHGXFWLRQ��(YLGHQWO\��WKRXJK��WKH�VPRRWKQHVVHV�DUH�RQO\�VXIILFLHQW�WR�SHUPLW�D�UHGXF�
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WLRQ�WR�VRPHZKHUH�EHWZHHQ�ILYH�DQG�VHYHQ�GLPHQVLRQV��0DORQH\���������7KH�IXUWKHU
FRPSUHVVLRQ�WR�WKH�WKUHH�GLPHQVLRQV�RI�FRORU�WKDW�ZH�H[SHULHQFH�FDQQRW�EH�DWWULEXWHG
WR�D�SURSHUW\�RI�WKH�VXUIDFHV�RI�REMHFWV��WKHUHIRUH��EXW�PXVW�EH�LPSRVHG�E\�RXU�YLVXDO
V\VWHP��7KH�HPSLULFDOO\�YHULILDEOH�FRQVHTXHQFH�LV�WKDW�WKHUH�DUH�VXUIDFHV��FDOOHG�PHWD�
PHULF�VXUIDFHV��WKDW�KDYH�GLIIHUHQW�VSHFWUDO�UHIOHFWDQFH�GLVWULEXWLRQV�DFFRUGLQJ�WR�SK\V�
LFDO�PHDVXUHPHQWV�DQG�\HW�WR�RXU�H\HV�DUH�SHUFHSWXDOO\�LQGLVWLQJXLVKDEOH�LQ�FRORU�

7s Trichromacy Explained by Our Possession of Just Three Types of Cone?
$V�LV�ZHOO�NQRZQ��KXPDQ�FRORU�YLVLRQ�LV�PHGLDWHG�E\�WKUHH�W\SHV�RI�UHWLQDO�FRQHV �
ZKRVH�SKRWRFKHPLFDO�SLJPHQWV�KDYH�SHDN�VHQVLWLYLWLHV�WXQHG��UHVSHFWLYHO\��WR�ORQJHU�
PLGGOH��DQG�VKRUWHU�ZDYHOHQJWKV�LQ�WKH�YLVLEOH�UDQJH��7KLV�IDFW�FDQ�FHUWDLQO\�EH�WDNHQ
WR�H[SODLQ�KRZ�WKH�GLPHQVLRQDO�FRPSUHVVLRQ�LV�LPSRVHG�E\�WKH�KXPDQ�YLVXDO�V\VWHP�
%XW�LW�RQO\�WUDQVIRUPV�WKH�TXHVWLRQ�RI�ZK\�WKHUH�LV�VXFK�D�GLPHQVLRQDO�FRPSUHVVLRQ
IURP�WK H�TXHVWLRQ�RI�ZK\�ZH�H[SHULHQFH�MXVW�WKUHH�GLPHQVLRQV�RI�FRORU�LQWR�WKH�VWLOO
XQDQVZHUHG�TXHVWLRQ�R I�ZK\�RXU�UHWLQDV�SRVVHVV�MXVW�WKUHH�FODVVHV�RI�FRORU�VHQVLWLYH
XQLWV�

7s Trichromacy Explained by a Trade-off Between Chromatic and Spatial
Resolution?
3RVVLEO\�WKH�PDMRULW\�RI�FRQWHPSRUDU\�YLVLRQ�VFLHQWLVWV�UHJDUGV�WKH�WKUHH�GLPHQVLRQ�
DOLW\�RI�KXPDQ�FRORU�UHSUHVHQWDWLRQ�D V�D�PRUH�SUDJPDWLF��VRPHZKDW�DUELWUDU\�FRP�
SURPLVH�EHWZHHQ�FRPSHWLQJ�SUHVVXUHV�WRZDUG�WKH�RQH�GLPHQVLRQDO�VLPSOLFLW\�RI�DFK�
URPDWLF��FRORUOHVV��YLVLRQ�DQG�WKH�KLJK�GLPHQVLRQDO�FRPSOH[LW\�RI�WKH�WUXO\�IXOO�FRORU
YLVLRQ�WKDW�ZRXOG�ZKROO\�FDSWXUH�WKH�LQWULQVLF�VSHFWUDO�UHIOHFWDQFH�GLVWULEXWLRQ�RI�HDFK
DQG�HYHU\�H[WHUQDO�VXUIDFH��$PRQJ�RXU�GLVWDQW�KXQWHU�JDWKHUHU�DQFHVWRUV��WKRVH�KDYLQJ
RQO\�WZR�W\SHV�RI�FRQHV�DQG��KHQFH��RQO\�WZR�GLPHQVLRQV�RI�FRORU�YLVLRQ�PLJKW�KDYH
EHHQ�D W�D �VOLJKW�EXW��L Q�WKH�ORQJ�UXQ��VLJQLILFDQW�GLVDGYDQWDJ H�LQ�LGHQWLI\LQ J�IRRGV �
PDWHV��SUHGDWRUV��DQG�WKH�OLNH��$W�WKH�VDPH�WLPH��DQ\�DQFHVWRUV�WKDW��WKURXJK�VSRQWD�
QHRXV�PXWDWLRQ��PLJKW�KDYH�KDG�FRQHV�RI�PRUH�WKDQ�WKUHH�W\SHV�DQG��KHQFH��IRXU�RU
PRUH�GLPHQVLRQV�RI�FRORU�YLVLRQ�PLJKW�KDYH�ORVW�LQ�SUHFLVLRQ�RI�IRUP�GLVFULPLQDWLRQ
PRUH�WKDQ�WKH\�JDLQHG�LQ�UHILQHPHQW�RI�REMHFW�LGHQWLILFDWLRQ�WKURXJK�FRORU��)RU��LQ
RUGHU�W R�DFFRPPRGDW H�D Q�DGGLWLRQD O�FODV V�R I�FRORU�VHQVLWLYH�UHWLQD O�UHFHSWRUV ��WK H
UHFHSWRUV�RI�VRPH�FODVV�RU�FODVVHV�ZRXOG�QHFHVVDULO\�KDYH�WR�EH�OHVV�GHQVHO\�GLVWULEXWHG
DFURVV�WKH�UHWLQD��,QGHHG��WKHUH�PD\�EH�VRPH�YDOLGLW\�WR�WKLV�WKLUG�DQVZHU��6WLOO��LW�LV
XQVDWLVI\LQJO\�QRQVSHFLILF�DQG�SRVW�KRF��,W�PDNHV�SODXVLEOH�WKDW�WKH�QXPEHU�RI�FKUR�
PDWLFDOO\�GLVWLQFW�UHFHSWRU�FODVVHV�KDV�VRPH�RSWLPXP�YDOXH��EXW�LW�JLYHV�QR�UHDVRQ�ZK\
WKLV�RSWLPXP�QXPEHU�LV�VSHFLILFDOO\�WKUHH��(VVHQWLDOO\�WKH�VDPH�DUJXPHQW�FRXOG�KDYH
EHHQ�RIIHUHG�L I�RXU�FRORU�YLVLRQ�ZHUH�LQVWHDG��VD\ ��WZR�GLPHQVLRQDO�RU�IRXU��R U�ILYH�
GLPHQVLRQDO�

An Alternative Basis for Trichromacy in the Degrees of Freedom
of Terrestrial Illumination

,Q�RUGHU�WR�H[SODLQ�WKH�VSHFLILFDOO\�WKUHH�GLPHQVLRQDO�FKDUDFWHU�RI�RXU�FRORU�UHSUHVHQ�
WDWLRQ��,�KDYH�EHHQ�DGYDQFLQJ�D�IRXUWK��TXLWH�GLIIHUHQW�SRVVLEOH�DQVZHU��6KHSDUG�������
������VHH�DOVR��6KHSDUG������D���*LYHQ�WKDW�RXU�YLVXDO�V\VWHPV�GR�QRW�FDSWXUH�WKH�IXO O
UHIOHFWDQFH�FKDUDFWHULVWLFV�RI�D�VXUIDFH�DQ\ZD\��SHUKDSV�ZH�VKRXOG�VKLIW�RXU�IRFXV�DZD\
IURP�WKH�TXHVWLRQ�RI�KRZ�ZH�SHUFHLYH�WKH�WUXH�FRORU�RI�D�VXUIDFH�DQG�IRFXV��LQVWHDG��RQ
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KRZ�WKH�FRORU�WKDW�ZH�GR�SHUFHLYH�LV�QHYHUWKHOHVV�WKH�VDPH�FRORU�HDFK�WLPH�ZH�YLHZ�WKH
VDPH�VXUIDFH��,W�LV�DIWHU�DOO�WKLV�FRQVWDQF\�RI�FRORU�WKDW�LV�PRVW�HVVHQWLDO�IRU�LGHQWLI\LQJ
REMHFWV�DQG��KHQFH��IRU�EHKDYLQJ�DSSURSULDWHO\�ZLWK�UHVSHFW�WR�WKHP��,Q�SDUWLFXODU��WKH
SRVVLELOLW\�,�KDYH�EHHQ�SXWWLQJ�IRUZDUG�LV�WKDW�RXU�YLVXDO�V\VWHPV�DQDO\]H�LQSXWV�LQWR
WKUHH�FRORU�GLPHQVLRQV�EHFDXVH�WKUHH�LV�WKH�QXPEHU�RI�GHJUHHV�RI�IUHHGRP�RI�WHUUHVWULDO
LOOXPLQDWLRQ²GHJUHHV�RI�IUHHGRP�WKDW�PXVW�EH�FRPSHQVDWHG�IRU�LQ�RUGHU�WR�DFKLHYH
FRQVWDQF\�RI�SHUFHLYHG�VXUIDFH�FRORUV�

,�ZDV�OHG�WR�WKLV�SRVVLELOLW\�E\�ZKDW�,�WRRN�WR�EH�DQ�LPSOLFDWLRQ�RI�WKH�JHQHUDO�OLQHDU
PRGHO�IRU�FRORU�YLVLRQ�SURSRVHG�E\�0DORQH\�DQG�:DQGHOO���������7KLV�LPSOLFDWLRQ
FRQFHUQV�D�K\SRWKHWLFDO�DQLPDO�ZKRVH�VXUYLYDO�DQG�UHSURGXFWLRQ�GHSHQGV�RQO\�RQ�LWV
SHUFHSWLRQ�RI�WKH�VKDSHV�DQG�UHODWLYH�OLJKWQHVVHV�RI�REMHFWV�DQG�QRW�DW�DOO�RQ�WKHLU�FKUR�
PDWLF�FRORUV��,W�DSSHDUHG�WR�PH�WKDW�VXFK�DQ�DQLPDO��DOWKRXJK�UHTXLULQJ�RQO\�D�VKDGHV�
RI�JUD\�UHSUHVHQWDWLRQ�RI�LWV�ZRUOG��FRXOG�QHYHUWKHOHVV�DFKLHYH�FRQVWDQF\�RI�LWV��DFK�
URPDWLF��UHSUHVHQWDWLRQ�RQO \�LI�LWV�YLVXDO�V\VWHP�ILUVW�DQDO\]HG�WKH�RSWLFDO�LQSXW�LQWR
WKUHH�FKURPDWLF�FKDQQHOV ��� ,�DP�DVVXPLQJ��DJDLQ ��WKDW�WKRVH�FKDQQHOV²OLNH�DFWXDO
SKRWRUHFHSWRUV²DUH�VXIILFLHQWO\�EURDG�EDQG�WR�PDNH�HIILFLHQW�XV H�RI�DYDLODEOH�OLJKW��
2QO\�LQ�WKLV�ZD\�FRXOG�WKH�DQLPDO
V�HVWLPDWHV�RI�WKH�DFKURPDWLF�OLJKWQHVVHV�RI�VXU�
URXQGLQJ�VXUIDFHV�EH�VWDELOL]HG�DJDLQVW�WKH�WKUHH�GHJUHHV�RI�IUHHGRP�RI�FKURPDWLF�FRP�
SRVLWLRQ�RI�QDWXUDO�LOOXPLQDWLRQ���7KH�VDPH�ZRXOG�EH�WUXH��LQFLGHQWDOO\��IRU�D�FDPHUD�
WHOHYLVLRQ�V\VWHP��RU�URERW�WKDW�ZDV�WR�JHQHUDWH�D�OLJKWQHVV�FRQVWDQW�VKDGHV�RI�JUD\��RU
�EODFN�DQG�ZKLWH���LPDJH��

0DORQH\�DQG�:DQGHOO��������WKHPVHOYHV�GLG�QRW�VSHFLILFDOO\�DGGUHVV�WKH�TXHVWLRQ
RI�WKH�PLQLPXP�QXPEHU�RI�GLPHQVLRQV�QHHGHG�WR�DFKLHYH�FRORU�FRQVWDQF\��5DWKHU �
WKH\�IRFXVHG�RQ�WKH�VRPHZKDW�GLIIHUHQW�TXHVWLRQ�RI�WKH�QXPEHU�RI�GLPHQVLRQV�QHHGHG
WR�GHWHUPLQH��IRU�DQ\�VXUIDFH��WKH�IXO O�VSHFWUDO�UHIOHFWDQFH�IXQFWLRQ�RI�WKDW�VXUIDFH��$V
,�QRWHG��0DORQH\�DQG�:DQGHOO�FRQFOXGHG�WKDW��IRU�VXFK�D�GHWHUPLQDWLRQ��WKH�QXPEHU
RI�FKURPDWLF�FKDQQHOV�1�PXVW�H[FHHG�E\�RQH�WKH�QXPEHU�RI�GHJUHHV�RI�IUHHGRP�RI�WKH
HQVHPEOH�RI�UHIOHFWDQFH�IXQFWLRQV��D�QXPEHU�WKDW�PD\�LWVHOI�OLH�EHWZHHQ�ILYH�DQG�VHYHQ
�0DORQH\��������

6XSSRVH��KRZHYHU ��WKDW�WKH�SULQFLSDO�FULWHULRQ�IRU�VXFFHVV�RI�WKH�YLVXDO�V\VWHP
V
FKURPDWLF�DQDO\VLV�LV�QRW�WKDW�LW�UHSUHVHQW�WKH�IXOO�FRPSOH[LW\�RI�WKH�VSHFWUDO�UHIOHFWDQFH
IXQFWLRQ�IRU�HDFK�VXUIDFH�EXW�WKDW�LW�HQVXUH�WKDW�WKH��SRVVLEO\�UHGXFHG��UHSUHVHQWDWLRQ
RI�HDFK�VXFK�IXQFWLRQ�LV�FRQVWDQW�XQGHU�QDWXUDO�YDULDWLRQV�RI�LOOXPLQDWLRQ��:H�GR�QRW
QHHG�WR�PDNH�D�FRPPLWPHQW��KHUH��DV�WR�WKH�SDUWLFXODU�FRPSXWDWLRQDO�PHWKRG�WKDW�WKH
YLVXDO�V\VWHP�XVHV�WR�HVWLPDWH�WKH�FKDUDFWHULVWLF V�R I�WKH�SUHYDLOLQJ�LOOXPLQDWLRQ��,W
FRXOG�EH�DQ�LPSURYHG�YHUVLRQ�RI�/DQG
V�UHWLQH[�PHWKRG��0DORQH\�DQG�:DQGHOO
V�JHQ�
HUDO�OLQHDU�PHWKRG��RU�D�PHWKRG�WKDW�XVHV��LQ�DGGLWLRQ��PRUH�GLUHFW�LQIRUPDWLRQ�DERXW
WKH�FKDUDFWHULVWLFV�RI�WKH�LOOXPLQDWLRQ��DYDLODEOH��VD\��IURP�D�YLHZ�RI�WKH�VXQ��VN\��VKDG�
RZV��R U�VSHFXODU�UHIOHFWLRQV���)RU�DQ\�VXFK�PHWKRG��WKH�JHQHUDO�OLQHDU�PRGHO�LQGLFDWHV
WKDW�FRUUHFWLRQ�IRU�WKH�PRPHQWDU\�FKDUDFWHULVWLFV�RI�WKH�LOOXPLQDWLRQ�WKDW�ZLOO�DFKLHYH
FRQVWDQF\�LQ�WKH�UHSUHVHQWDWLRQ�RI�VXUIDFH�FRORUV�UHTXLUHV�WKDW�WKH�QXPEHU�RI�FKUR�
PDWLF�FKDQQHOV�79�HTXDO�WKH�QXPEHU�RI�GHJUHHV�RI�IUHHGRP�R I�QDWXUDO�LOOXPLQDWLRQ²
WKDW�LV��HVVHQWLDOO\�WKUHH�

,�DP�QRW�FODLPLQJ�WKDW�WKH�FKURPDWLF�FRORUV�RI�REMHFWV�WKHPVHOYHV�DUH�RI�QR�ELR�
ORJLFDO�VLJQLILFDQFH�WR�XV��RU�WKDW�ZH�H[SHULHQFH�FRORU�RQO\�DV�D�E\�SURGXFW�RI�D�PHFK�
DQLVP�WKDW�KDV�HYROYHG�WR�DFKLHYH�LQYDULDQFH�RI�OLJKWQHVV�XQGHU�FKDQJHV�RI�LOOXPLQD�
WLRQ��3HUFHSWXDO�FRQVWDQF\�LV�LPSRUWDQW��EXW�ZH�XQGRXEWHGO\�EHQHILW�IURP�KDYLQ J�D
SHUFHSWXDO�UHSUHVHQWDWLRQ�RI�WKH�FKURPDWLF�FRORUV�WKHPVHOYHV��/DERUDWRU\�VWXGLHV�KDYH
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IRXQG�FKURPDWLF�FRORU�WR�EH�D�PRUH�HIIHFWLYH�FXH�IRU�JXLGLQJ�YLVXDO�VHDUFK�WKDQ�HLWKHU
OLJKWQHVV�RU�VKDSH��VHH�WKH�UHYLHZ�E\�&KULVW������� ��$QG�LQ�D�QDWXUDO�VHWWLQJ��D�SXUHO\
VKDGHV�RI�JUD\�UHSUHVHQWDWLR Q�R I�WK H�ZRUOG ��HYHQ�L I�OLJKWQHVV�FRQVWDQW ��ZRXO G�QR W
HQDEOH�XV�WR�GLVFULPLQDWH��VD\��UHG�IURP�JUHHQ�EHUULHV�RU�HYHQ�WR�VSRW�ULSH�EHUULHV��ZLWK
VXIILFLHQW�HDV H�DQG�VSHHG��IURP�D �EDFNJURXQG�RI�JUHHQ�OHDYHV��8QGRXEWHGO\��WKHQ��D
SHUFHSWXDO�UHSUHVHQWDWLRQ�RI�FKURPDWLF�VXUIDFH�FRORU�LV�LWVHOI�IDYRUHG�E\�QDWXUDO�VHOHF�
WLRQ²DV�LV�VXJJHVWHG�E\�WKH�LPSRUWDQW�UROHV�LW�KDV�EHHQ�IRXQG�WR�SOD\�LQ�WKH�EHKDYLRUV
RI�PDQ\�DQLPDOV��H�J���)HUQDOG�������+DUGLQ��������-DFREV�������/\WKJRH ������� �

)RU�PRVW�KXPDQ�SXUSRVHV��KRZHYHU��WKH�JDLQ�LQ�JRLQJ�WR�WKH�VL[�RU�PRUH�FKURPDWLF
FKDQQHOV�WKDW��DFFRUGLQJ�WR�0DORQH\��������PLJKW�EH�UHTXLUHG�WR�GLVFULPLQDWH�EHWZHHQ
DOO�QDWXUDOO\�RFFXUULQJ�VXUIDFH�UHIOHFWDQFH�IXQFWLRQV�ZRXOG�SUREDEO\�QRW�RIIVHW�WKH�FRVWV
RI�UHGXFHG�VSDWLDO�UHVROXWLRQ�DQG�LQFUHDVHG�FRPSXWDWLRQDO�EXUGHQ��,W�LV��WKHQ��RQ�WKH
DVVXPSWLRQ�WKDW�VRPH�UHODWLYHO\�VPDOO�QXPEHU�RI�FRORU�GLPHQVLRQV�VXIILFHV�IRU�WKH�GLV�
FULPLQDWLRQ�DQG�UHFRJQLWLRQ�RI�ELRORJLFDOO\�VLJQLILFDQW�REMHFWV�WKDW�,�SURSRVH�WKDW�WKH
SUHFLVH�QXPEHU�RI�GLPHQVLRQV�RI�RXU�FRORU�UHSUHVHQWDWLRQ�PD\�KDYH�EHHQ�GHWHUPLQHG�
LQVWHDG��E\�WKH�QXPEHU�RI�GHJUHHV�RI�IUHHGRP�RI�WHUUHVWULDO�LOOXPLQDWLRQ�WKDW�PXVW�EH
FRPSHQVDWHG�IRU�LQ�RUGHU�WR�REWDLQ�SHUFHSWXDO�FRQVWDQF\�RI�WKH�FRORUV�WKDW�ZH�GR�H[SH�
ULHQFH�

The Physical Basis of the Three Degrees of Freedom of Natural Illumination
7KH�VRODU�VRXUFH�RI�VLJQLILFDQW�WHUUHVWULD O�LOOXPLQDWLRQ�KDV�SUREDEO\�EHHQ�HVVHQWLDOO\
LQYDULDQW�LQ�WKH�VSHFWUDO�FRPSRVLWLRQ�RI�LWV�RXWSXW�WKURXJKRXW�UHFHQW�HYROXWLRQDU\�KLV�
WRU\��7KH�HQHUJ\�GLVWULEXWLRQ�RI�WKH�SRUWLRQ�RI�WKDW�VXQOLJKW�LOOXPLQDWLQJ�DQ\�SDUWLFXODU
WHUUHVWULDO�VFHQH�KDV�QHYHUWKHOHVV�YDULHG�JUHDWO\�IURP�FLUFXPVWDQF H�WR�FLUFXPVWDQFH
�H�J��VHH&RQGLW	*UXP�������-XGGHWDO��������0F)DUODQG	0XQ]������D������E�
6DVWUL�	�'DV������� ��<HW��WKLV�YDULDWLRQ�KDV�HYLGHQWO\�EHHQ�FRQVWUDLQHG�E\�WHUUHVWULDO
FRQGLWLRQV�WR�HVVHQWLDOO\�WKUHH�LQGHSHQGHQW�GLPHQVLRQV��VHH�-XGG�HW�DO����������,QGHHG�
WKHVH�WKUHH�HQYLURQPHQWDO�GHJUHHV�RI�IUHHGRP�DSSHD U�WR�EHDU�D�FORVH�FRUUHVSRQGHQFH
WR�WKH�WKUHH�GLPHQVLRQV�RI�FRORU�RSSRQHQF\�WKDW�+HULQJ�������������DQG�+XUYLFK�DQG
-DPHVRQ��������SURSRVHG�IRU�WKH�KXPDQ�YLVXDO�V\VWHP�RQ�WKH�EDVLV�RI�HQWLUHO\�GLIIHUHQW
�SV\FKRSK\VLFDO�UDWKHU�WKDQ�HFRORJLFDO��FRQVLGHUDWLRQV �

The Light-Dark Variation
7KHUH�LV��ILUVW��WKH�GLPHQVLRQ�RI�YDULDWLRQ�LQ�RYHUDOO�LQWHQVLW\�RI�LOOXPLQDWLRQ�EHWZHHQ
PLGGD\�DQG�GHHS�VKDGH�RU�PRRQOLJKW��7KLV�YDULDWLRQ�FDQ�RFFXU��PRUHRYHU��ZLWKRXW
PXFK�VKLIW�LQ�FKURPDWLF�FRPSRVLWLRQ��8QGHU�QDWXUDO�FRQGLWLRQV��WKH�EULJKWHVW�H[WUHPH
RI�WKLV�YDULDWLRQ�LV�JHQHUDOO\�SURYLGHG�E\�WKH�IXOO�FRPSOHPHQW�RI�OLJKW�IURP�DQ�RYHUKHDG
VXQ�RQ�D�FOHDU�GD\²LQFOXGLQJ�ERWK�WKH�\HOORZ�ELDVHG��PLGGOH��WR�ORQJ�ZDYHOHQJWK�SRU�
WLRQ�WKDW�GLUHFWO\�SHQHWUDWHV�WR�D�VFHQH�DQG�WKH�EOXH�ELDVHG��VKRUW�ZDYHOHQJWK�SRUWLRQ
WKDW�LV�LQGLUHFWO\�VFDWWHUHG�WR�WKH�VFHQH�E\�WKH�VXUURXQGLQJ�VN\��0XFK�OHVV�EULJKW�LOOX�
PLQDWLRQ�WKDW�QHYHUWKHOHVV�KDV�D�VLPLODU�VSHFWUDO�FRPSRVLWLRQ�FDQ�DULVH�WKURXJK�WKH
FKURPDWLFDOO\�QRQVHOHFWLYH�ILOWHULQJ�WKDW�PD\�RFFXU�ZKHQ��IRU�H[DPSOH��WKH�VDPH�VRUW
RI�OLJKW��IURP�VXQ�DQG�VN\��UHDFKHV�D�VFHQH�RQO\�DIWHU�EHLQJ�VFDWWHUHG�WR�LW�IURP�FKUR�
PDWLFDOO\�QHXWUDO�VXUIDFHV�VXFK�DV�ZKLWH�FORXGV��JUH\�FOLIIV��RU�WKH�PRRQ��,QGHHG��PRRQ�
OLJKW��WKRXJK�YDVWO\�UHGXFHG�EHORZ�GD\OLJKW�LQWHQVLWLHV��KDV�HVVHQWLDOO\�WKH�VDPH�VSHFWUDO
FRPSRVLWLRQ��EHFDXVH�WKH�OXQDU�VXUIDFH�UHIOHFWV�DOO�VRODU�ZDYHOHQJWKV�ZLWKLQ�WKH�YLVLEOH
UDQJH�DERXW�HTXDOO\��/\WKJRH��������
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The Yellow-Blue Variation
7KLV�VHFRQG��FKURPDWLF�GLPHQVLRQ�R I�YDULDWLRQ�DULVHV�SULPDULO\�DV�D�UHVXOW�RI�5DOHLJK
VFDWWHULQJ��VHH�%RUQ�	�:ROI������ ��/\WKJRH������� ��7KH�VKRUWHV W��EOX H�DQG�YLROHW�
ZDYHOHQJWKV�RI�OLJKW�DUH�PRVW�VFDWWHUHG�E\�WKH�VPDOOHVW�SDUWLFOHV�LQ�WKH�DWPRVSKHUH²
SDUWLFXODUO\�WKH�PROHFXOHV�RI�WKH�DLU�LWVHOI���$V�WKH�SDUWLFOHV�LQ�WKH�DLU�EHFRPH�ODUJHU�
WKH�GLVWULEXWLRQ�R I�VFDWWHUHG�ZDYHOHQJWKV�EHFRPHV�PRUH�XQLIRUP²VR�WKDW�ODUJHU�ZDWHU
GURSOHWV��IRU�H[DPSOH��JLYH�ULVH�WR�WKH�DFKURPDWLF��ZKLWH�RU�JUD\�DSSHDUDQFH�RI�KD]H�
IRJ��RU�FORXGV���$�EOXH�H[WUHPH�LQ�QDWXUDO�OLJKWLQJ�WKHUHIRUH�RFFXUV�ZKHQ�D�UHODWLYHO\
ORFDOL]HG�REMHFW��VXFK�DV�D�WUHH�RU�FORXG��EORFNV�GLUHFW�VXQOLJKW�IURP�VWULNLQJ�WKH�VFHQH�
ZKLOH�SHUPLWWLQJ�XQREVWUXFWHG�LOOXPLQDWLR Q�RI�WKDW�VFHQH�E\�WKH�OLJKW�VFDWWHUHG�WR�LW
IURP�DQ�RWKHUZLVH�FOHDU�VN\²SDUWLFXODUO\�IURP�WKRVH�SRUWLRQV�RI�WKH�VN\�WKDW�DUH�VHS�
DUDWHG�IURP�WKH�VXQ�E\�D�ODUJH�FHOHVWLDO�DQJOH��VHH�/\WKJRH��������0F)DUODQG�	�0XQ]�
����D���7KH�FRQWUDVWLQJ�\HOOR Z�H[WUHPH�RFFXUV�XQGHU�WKH�FRPSOHPHQWDU\�FRQGLWLR Q
LQ�ZKLFK�D�SRUWLRQ�RI�D�VFHQH�LV�LOOXPLQDWHG�RQO\�E\�GLUHFW�VXQOLJKW²DV�E\�D�EHDP�RI
VXQOLJKW�DGPLWWHG�E\�D�VPDOO�RSHQLQJ�LQ�D�FDYH��OHDI\�FDQRS\��RU�KDQGPDGH�VKHOWHU²
ZLWK�DOO�VN\OLJKW�FXW�RII��6XFK�SXUHO\�GLUHFW�VRODU�OLJKW�GRHV�QRW�RI�FRXUVH�FRQVLVW�VROHO\
RI�ZDYHOHQJWKV�LQ�WKH�\HOORZ�UHJLRQ�RI�WKH�VSHFWUXP��5DWKHU��,�FDOO�LW�\HOORZ�EHFDXVH�
DIWHU�UHPRYDO�RI�WKH�VKRUWHVW��EOXH�DQG�YLROHW��ZDYHOHQJWKV��WKH�FHQWHU�RI�WKH�UHPDLQLQJ
EDQG�RI�YLVLEOH�ZDYHOHQJWKV�IDOOV�LQ�WKH�\HOORZ�UHJLRQ�RI�WKH�VSHFWUXP�DQG�EHFDXVH�WKHVH
UHPDLQLQJ�ZDYHOHQJWKV��ZKHQ�FRPELQHG��FD Q�JLYH�ULVH��OLNH�WKH�GLVN�RI�WKH�RYHUKHDG
VXQ�LWVHOI��WR�D�FRUUHVSRQGLQJO\�\HOORZ�DSSHDUDQFH�

The Red-Green Variation
7KLV�WKLUG�GLPHQVLRQ�RI�YDULDWLRQ�GHSHQGV�ERWK�RQ�WKH�HOHYDWLRQ�RI�WKH�VXQ�DQG�RQ�WKH
DWPRVSKHULF�EXUGHQ�RI�ZDWHU�YDSRU��7KH�ORQJHVW��UHG��ZDYHOHQJWKV�DUH�OHDVW�VFDWWHUHG
E\�DLU�PROHFXOHV�DQG�RWKHU�VPDOO�DWPRVSKHULFDOO\�VXVSHQGHG�SDUWLFOHV��VXFK�DV�GXVW��
%XW�WKRVH�ZDYHOHQJWKV�DUH�DOVR�PRVW�DEVRUEHG�E\�DQ\�ZDWHU�WKDW�WKH\�HQFRXQWHU��,Q�WKH
UHODWLYH�DEVHQFH�R I�ZDWHU�YDSRU��WK H�VXQOLJK W�WKDW�GLUHFWO \�VWULNHV�D�VFHQH�ZLOO�KDYH
UHWDLQHG�D �UHODWLYHO\�JUHDWHU�SURSRUWLRQ�R I�LWV�ORQJHVW�ZDYHOHQJWK��UHG�FRPSRQHQW�DV
WKH�VXQ�DSSURDFKHV�WKH�KRUL]RQ��DQG��KHQFH��LWV�OLJKW�PXVW�SHQHWUDWH�D�ORQJHU�DQG��DW
WKH�ORZHU�DOWLWXGH��GHQVHU�FROXPQ�RI�DLU�DQG�VXVSHQGHG�SDUWLFOH V�EHIRUH�VWULNLQJ�WKH
VFHQH��:KHQ�WKH�DWPRVSKHUH�FDUULHV�D�KLJK�EXUGHQ�RI�ZDWHU�YDSRU��RQ�WKH�RWKHU�KDQG�
WKH�SHQHWUDWLQJ�OLJKW�ZLOO�FRQWDLQ�D�UHGXFHG�FRPSRQHQW�RI�ORQJ�ZDYHOHQJWK�UHG�OLJKW�
�7KHUH�LV��LQFLGHQWDOO\��D Q�DV\PPHWU\�EHWZHHQ�WKH�OLJKWLQJ�FRQGLWLRQV�DW�VXQULVH�DQG
VXQVHW�EHFDXVH�HYHQ�ZKHQ�WKH�VXQ�LV�LQ�WKH�VDPH�SUR[LPLW\�WR�WKH�KRUL]RQ��WKH�SUHFHG�
LQJ�WHPSHUDWXUH�DQG�KHQFH�EXUGHQ�RI�ZDWHU�YDSRU�ZLOO�JHQHUDOO\�EH�GLIIHUHQW�LQ�WKH�WZR
FDVHV���)RU�ERWK�VRXUFHV�RI�WKH�UHG�YDULDWLRQ��HOHYDWLRQ�RI�WKH�VXQ�DQG�SUHVHQFH�RI�ZDWHU
YDSRU���WKH�DUJXPHQW�IRU�SXWWLQJ�JUHHQ�LQ�RSSRVLWLRQ�W R�UHG�LV�HVVHQWLDOO\�WKH�VDPH�DV
WKH�DUJXPHQW�IRU�SXWWLQJ�\HOORZ�LQ�RSSRVLWLRQ�W R�EOXH��$IWHU�UHPRYDO�RI�WKH�ORQJHVW�
ZDYHOHQJWK��UHG�HQG�RI�WKH�YLVLEOH�VSHFWUXP��WKH�FHQWHU�RI�WKH�UHPDLQLQJ�EDQG�RI�YLVLEOH
ZDYHOHQJWKV�IDOOV�LQ�WKH�JUHHQ�SRUWLRQ�RI�WKH�VSHFWUXP �

)URP�D�SXUHO\�PDWKHPDWLFDO�VWDQGSRLQW ��R I�FRXUVH��DQ\��QRQGHJHQHUDWH��FRRUGL�
QDWH�V\VWHP�LV�HTXLYDOHQW�WR�DQ\�RWKHU�LQ�WKH�VHQVH�WKDW�HLWKHU�FDQ�EH�REWDLQHG�IURP�WKH
RWKHU�E\�D�VXLWDEOH��QRQVLQJXODU��WUDQVIRUPDWLRQ��7KXV��DV�,�KDYH�DOUHDG\�QRWHG��WKH
SRLQWV�R I�WKUHH�GLPHQVLRQDO�FRORU�VSDF H�FD Q�EH�UHSUHVHQWHG�E \�HLWKHU�WK H�SROD U�R U
WKH�UHFWDQJXODU�FRRUGLQDW H�V\VWHP V�VKRZQ�LQ�)LJXUH��� ��OD�DQG�����E ��6LPLODUO\��DV�,
DOVR�QRWHG��D�OLQHDU�WUDQVIRUPDWLRQ�FRXOG�FRQYHUW�WKH�WKUHH�EDVLV�IXQFWLRQV�SORWWHG�LQ

THE PERCEPTUAL ORGANIZATION OF COLORS
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)LJXUH������LQWR�WKUHH�GLIIHUHQWO\�VKDSHG��EXW�IXQFWLRQDOO\�HTXLYDOHQW�EDVLV�IXQFWLRQV �
:LWK�UHVSHFW�WR�VLPSOLFLW\�DQG�HIILFLHQF\�RI�FRPSXWDWLRQ��KRZHYHU��D�YLVXDO�V\VWHP�WKDW
UHSUHVHQWV�FROR U�L Q�WHUP V�R I�WKH�SDUWLFXOD U�OLJKW�GDUN ��\HOORZ�EOXH ��DQG�UHG�JUHH Q
GLPHQVLRQV�WKDW�FRUUHVSRQG�PRV W�GLUHFWO\�WR�WKH�XQGHUO\LQJ�SK\VLFDO�GLPHQVLRQV�RI
YDULDWLRQ�RI�QDWXUDO�LOOXPLQDWLRQ�LQ�WKH�WHUUHVWULDO�HQYLURQPHQW�PLJKW�PRVW�HIIHFWLYHO\
FRPSHQVDWH�IR U�WKHVH�YDULDWLRQV�DQG��WKXV��DWWDLQ�FRORU�FRQVWDQF\ �

Recapitulation and Consideration of Some Counterexamples
and Methodological Issues
Recapitulation of the Argument Concerning the Source of Trichromacy
7KH�YLVXDO�V\VWHP�VWDUWV�ZLWK�D�UHWLQDO�LQSXW�LQ�ZKLFK��DW�DQ\�RQH�PRPHQW��HDFK�UHFHS�
WRU�XQL W��FRQH ��UHFHLYH V�VRP H�GLVWULEXWLR Q�R I�LQWHQVLWLH V�R I�ZDYHOHQJWK V�EHWZHHQ
URXJKO\�����DQG�����QP��)RU�WKH�SXUSRVHV�RI�LGHQWLI\LQJ�REMHFWV�DQG�UHVSRQGLQJ�DGDS�
WLYHO\�WR�WKHP��WKH�YLVXDO�V\VWHP�PXVW�DQDO\]H�WKLV�FRPSOH[�LQSXW�LQWR�WZR�FRPSR�
QHQWV²RQH�FRUUHVSRQGLQ J�W R�WK H�ELRORJLFDOO \�VLJQLILFDQW ��LQYDULDQ W�SURSHUWLH V�R I
REMHFWV��UHJDUGHG�DV�WKH��VLJQDO���DQG�RQH�FRUUHVSRQGLQJ�WR�WKH�ELRORJLFDOO\�OHVV�VLJ�
QLILFDQW�PRPHQWDU\�FLUFXPVWDQFHV�R I�YLHZLQJ�DQG�OLJKWLQJ��UHJDUGHG�DV�WKH��QRLVH���
:LWK�UHJDUG�WR�WKH�SHUFHSWLRQ�RI�WKH�FRORUV�RI�REMHFWV��WKLV�LV�MXVW�WKH�FRORU�FRQVWDQF\
SUREOHP�RI�DQDO\]LQJ�WKH�GLVWULEXWLRQ�R I�VSHFWUDO�HQHUJLHV�LPSLQJLQJ�DW�HDFK�SRLQW�RI
WKH�UHWLQD�LQWR�D�FRPSRQHQW�WKDW�FDSWXUHV�VRPH�LQYDULDQW�FKDUDFWHULVWLF�RI�WKH�VXUIDFH
RI�DQ�REMHFW�DQG�D�FRPSOHPHQWDU\�FRPSRQHQ W�DWWULEXWDEO H�WR�WKH�PRPHQWDU\�FRQGL�
WLRQV�RI�LOOXPLQDWLRQ�

,�KDYH�VXJJHVWHG�WKDW�WKH�YLVXDO�V\VWHP�KDV�VROYHG�WKH�SUREOHP�RI�SHUIRUPLQJ�WKLV
DQDO\VLV�DQG�KHQFH�RI�DWWDLQLQJ�FRORU�FRQVWDQF\�E\�ILUVW�DQDO\]LQJ�WKH�YLVXDO�LQSXW�LQWR
WKH�PLQLPXP�QXPEHU�RI�FKURPDWLF�FKDQQHOV�QHHGHG�WR�FDUU\�RXW�WKH�UHTXLUHG�DQDO�
\VLV��QDPHO\��WKUHH��,I�WKLV�VXJJHVWLRQ�LV�FRUUHFW��WKH�KXPDQ�YLVXDO�V\VWHP�SURYLGHV�IRU
WKUHH�GLPHQVLRQV�R I�UHSUHVHQWDWLRQ�R I�FRORUV�EHFDXVH�WKHUH�DUH ��LQ�IDFW ��WKUHH�FRUUH �
VSRQGLQJ�GHJUHHV�RI�IUHHGRP�L Q�WKH�ZRUOG��%XW�WKHVH�WKUHH�GHJUHHV�RI�IUHHGRP�L Q�WKH
ZRUOG�DUH�QRW�WKH�GHJUHHV�RI�IUHHGRP�RI�WKH�LQWULQVLF�FRORUV�RI�VXUIDFHV��ZKLFK�HYLGHQWO\
DUH�JUHDWHU�WKDQ�WKUHH��0DORQH\���������,QVWHDG��WKH�FULWLFDO�GHJUHHV�RI�IUHHGRP�LQ�WKH
ZRUOG�PD\�EH�WKRVH�RI�QDWXUDO�LOOXPLQDWLRQ�LQ�WKH�WHUUHVWULDO�HQYLURQPHQW�

7KH�RYHUDOO������WR�����QP��UDQJH�RI�VSHFWUDO�VHQVLWLYLW\�RI�WKH�KXPDQ�H\H�KDV�ORQJ
EHHQ�UHJDUGHG�DV�DQ�HYROXWLRQDU\�DFFRPPRGDWLRQ�W R�WKH�UDQJH�RI�VRODU�ZDYHOHQJWKV
WKDW�UHDFK�XV�WKURXJK�WKH�HDUWK
V�DWPRVSKHUH��DQG�WKURXJK�WKH�DTXHRXV�PHGLXP�RI�RXU
H\HV²DQG��RULJLQDOO\��RI�WKH�VHD�IURP�ZKLFK�RXU�GLVWDQW�DQFHVWRUV�HPHUJHG���H�J���VHH
-DFREV������ ��/\WKJRH������� ��3RVVLEO\��WK H�WKUHH�GLPHQVLRQDOLW \�R I�KXPDQ�FRORU
YLVLRQ�PD\�VLPLODUO\�UHSUHVHQW�DQ�HYROXWLRQDU\�DFFRPPRGDWLRQ�W R�WKH�HVVHQWLDOO\�WKUHH
GHJUHHV�RI�IUHHGRP�RI�WHUUHVWULDO�WUDQVIRUPDWLRQ�RI�WKH�VRODU�ZDYHOHQJWKV�SDVVHG�E\�WKH
HDUWK
V�DWPRVSKHUH �

%DVHG�RQ�FRQVLGHUDWLRQV�RI�WKH�SK\VLFDO�FDXVHV�RI�WKHVH�QDWXUDO�YDULDWLRQV�RI�WHU�
UHVWULDO�OLJKWLQ J��FI��&RQGLW�	 �*UXP������ ��-XGG�H W�DO������� ��0F)DUODQG�	 �0XQ]�
����D������E��6DVWUL�	�'DV������� ��,�KDYH�IXUWKHU�FRQMHFWXUHG�WKDW�WKHVH�WKUHH�GHJUHHV
RI�IUHHGRP�PD\�EH�HVVHQWLDOO\�FKDUDFWHUL]HG�D V�D�OLJKW�GDUN�YDULDWLRQ��EHWZHHQ�XQRE�
VWUXFWHG�PLGGD\�LOOXPLQDWLRQ�YHUVXV�LOOXPLQDWLRQ�RI�WKH�VDPH�FRPSRVLWLRQ�EXW�JUHDWO\
UHGXFHG�LQWHQVLW\�WKDW�UHDFKHV�WKH�VFHQH�RQO\�E\�VFDWWHULQJ�IURP�FORXGV ��FOLIIV ��R U�WKH
PRRQ���D�\HOORZ�EOXH�YDULDWLRQ��EHWZHHQ�LOOXPLQDWLRQ�SULPDULO\�UHDFKLQJ�DQ�REMHFW
GLUHFWO\�IURP�DQ�RYHUKHDG�VXQ�YHUVXV�LQGLUHFWO\�E\�5DOHLJK�VFDWWHULQJ�IURP�FOHDU�VN\��
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DQG�D�UHG�JUHHQ�YDULDWLRQ��GHSHQGLQJ�RQ�WKH�SUR[LPLW\�RI�WKH�VXQ�WR�WKH�KRUL]RQ�DQG
WKH�DPRXQW�RI�ZDWHU�YDSRU�LQ�WKH�DLU���,I�VR��D�VHOHFWLYH�DGYDQWDJH�PD\�KDYH�EHHQ�FRQ�
IHUUHG�RQ�JHQHV�IRU�WKH�GHYHORSPHQW�RI�D�QHXUDO�PHFKDQLVP�WKDW�FRPELQHV�DQG�WUDQV�
IRUPV�WKH�RXWSXWV�RI�WKH�WKUHH�FODVVHV�RI�UHWLQDO�UHFHSWRUV�LQWR�WKH�WKUHH�VSHFLILF�RSSR�
QHQW�SURFHVV�GLPHQVLRQV�SURSRVHG��RQ�TXLWH�GLIIHUHQW�JURXQGV��E\�+HULQJ������������
DQG�E\�+XUYLFK�DQG�-DPHVRQ��������

Consideration of Some Apparent Counterexamples
&RORU�FRQVWDQF\�LV�QHLWKHU�SHUIHFW�QRU�XQFRQGLWLRQDO��KRZHYHU��H�J���VHH�+HOVRQ�������
-XGG��������:RUWK\���������2XU�RZQ�YLVXDO�PHFKDQLVPV�KDYH�EHHQ�VKDSHG�E\�WKH�SDU�
WLFXODU�VHOHFWLYH�SUHVVXUHV�WKDW�KDYH�RSHUDWHG�XQGH U�WKH�QDWXUDO�FRQGLWLRQV�JHQHUDOO\
SUHYDLOLQJ�RQ�SODQHW�(DUWK�GXULQJ�PDPPDOLDQ�HYROXWLRQ��1RW�VXUSULVLQJO\��WKHUHIRUH�
RXU�FRORU�FRQVWDQF\�FDQ�EUHDN�GRZQ�XQGHU�DUWLILFLDO�OLJKWLQJ��2Q�DQ�HYROXWLRQDU\�WLPH
VFDOH��VXFK�OLJKWLQJ�KDV�EHJXQ�WR�IDOO�RQ�RXU�LQGRRU�RU�QRFWXUQDO�VXUURXQGLQJV�IRU�WRR
VKRUW�D�WLPH�IRU�VHOHFWLRQ�SUHVVXUHV�RQ�RXU�YLVXDO�PHFKDQLVPV�WR�FRPSHQVDWH�IR U�WKH
QHZ�GHJUHHV�RI�IUHHGRP�LQWURGXFHG�E\�VXFK�OLJKWLQJ��$W�QLJKW��ZH�PD\�WKXV�IDLO�WR�UHF�
RJQL]H�RXU�RZQ�FDU�LQ�D�SDUNLQJ�ORW�LOOXPLQDWHG�RQO \�E\�VRGLXP�R U�PHUFXU\�YDSRU
ODPSV�

7R�FODLP�WKDW�WKH�VHOHFWLRQ�SUHVVXUH�WKDW�SUHYDLOHG�XQWLO�YHU\�UHFHQWO\�LQ�WKH�QDWXUDO
HQYLURQPHQW�KD V�EHHQ�WRZDUG�WKUHH�GLPHQVLRQV�R I�FRORU�UHSUHVHQWDWLR Q�L V�QRW��RI
FRXUVH��WR�FODLP�WKDW�WKLV�SUHVVXUH�KDV�EHHQ�JUHDW�HQRXJK�WR�RYHUULGH�DOO�RWKHU�VHOHFWLRQ
SUHVVXUHV�DQG��KHQFH ��WR�HQVXU H�WULFKURPDF\�LQ�DO O�KLJKO\�YLVXDO�WHUUHVWULDO�VSHFLHV �
$OWKRXJK�WKH�RQFH�ZLGHVSUHDG�EHOLHI�WKDW�FRORU�YLVLRQ�LV�DEVHQW�LQ�PDQ\�PDPPDOV�
HYHQ�LQFOXGLQJ�FDWV�RU�GRJV��LV�XQGRXEWHGO\�LQFRUUHFW��-DFREV������� ��D�QXPEHU�RI�VSH�
FLHV�ZLWK�RWKHUZLVH�ZHOO�GHYHORSHG�YLVXDO�V\VWHPV�KDYH�EHHQ�UHSRUWHG�WR�ODFN�WKUHH�
GLPHQVLRQDO�FRORU�UHSUHVHQWDWLRQ��7KXV��ZKLOH�ROG�ZRUOG�PRQNH\V�HYLGHQWO\�WHQG��OLNH
KXPDQV��WR�EH�WULFKURPDWLF��HYLGHQFH�FRQFHUQLQJ�QHZ�ZRUOG�PRQNH\V�KDV�SRLQWHG�WR
GLFKURPDF\�DQG�WR�WULFKURPDF\�LQ�GLIIHUHQW�VSHFLHV�

(YHQ�LQ�KXPDQV��DSSUR[LPDWLRQV�WR�GLFKURPDF\�RFFXU�LQ�DERXW����RI�WKH�SRSX�
ODWLRQ��SULPDULO\�LQ�PDOHV��EHFDXVH�QHDUO\�DOO�IRUPV�RI�FRQJHQLWDO�FRORU�GHILFLHQFLHV�DUH
GHWHUPLQHG�E\�VH[�OLQNHG�JHQHV²-DFREV��������1DWKDQV��7KRPDV��	�+RJQHVV��������
0RVW�W\SLFDOO\��KXPDQ�FRORU�GHILFLHQF\�WDNHV�WKH�IRUP�RI�VRPH�GHJUHH�RI�FROODSVH�RI
FRORU�VSDFH�DORQJ�WKH�UHG�JUHHQ�GLPHQVLRQ��VHH�)LJXUH�����,E���,Q�H[WUHPH�FDVHV�RI�WKLV
SDUWLFXODU�W\SH�RI�FROODSVH��SURWDQRSLD���KXPD Q�WULFKURPDF\�PD\�EH�UHGXFHG�WR�SXUH
GLFKURPDF\��7RWDO�FRORU�EOLQGQHVV��WKDW�LV��PRQRFKURPDF\��DOVR�RFFXUV�LQ�RWKHUZLVH
VLJKWHG�KXPDQV²HLWKHU�EHFDXVH�WKH�FRORU�VHOHFWLYH�UHWLQD O�FRQHV�DUH�DEVHQW��OHDYLQJ
RQO\�WKH�DFKURPDWLF�UHWLQDO�UHFHSWRUV��FDOOHG�URGV��RU�EHFDXVH�WKH�QHXUDO�FLUFXLWU\�QHF�
HVVDU\�IRU�WKH�SURSHU�DQDO\VLV�RI�WKH�RXWSXWV�RI�WKH�FRQHV�LV�PLVVLQJ�RU�GHIHFWLYH��VHH
$OSHUD������ ��-DFREV������� ��3XUH�PRQRFKURPDF\�R I�WKLV�VRUW�L V�H[WUHPHO\�UDUH�LQ
KXPDQV��KRZHYHU��DV�PLJKW�EH�H[SHFWHG�LI�FRORU�YLVLRQ�DQG�RU�OLJKWQHVV�FRQVWDQF\�VLJ�
QLILFDQWO\�FRQWULEXWHG�WR�WKH�DGDSWDWLRQ�R I�RXU�DQFHVWRUV �

%HFDXVH�D�UHODWLYHO\�ODUJH�SRUWLRQ�R I�WKH�YDULDQFH�LQ�WKH�VSHFWUDO�GLVWULEXWLRQV�RI
QDWXUDO�OLJKW�FDQ�EH�DFFRXQWHG�IRU�E\�DV�IHZ�DV�WZR�GLPHQVLRQV��VHH��H�J���'L[RQ�������
-XGG�HW�DO�������� ��D�GHJUHH�RI�FRORU�FRQVWDQF\�WKDW�LV�DFFHSWDEOH�XQGHU�PRVW�QDWXUDO
FRQGLWLRQV�PD\�EH�DWWDLQDEOH�ZLWK ��MXVW�WZR�FODVVHV�RI�FRQHV�DQG��KHQFH��ZLWK�MXVW�WZR
FKURPDWLF�FKDQQHOV�RI�YLVXDO�LQSXW��0RUHRYHU��WKH�DGGLWLRQ�RI�HDFK�QHZ�FODVV�RI�UHWLQDO
UHFHSWRUV�HQWDLOV�ERWK�FRVWV�RI�UHGXFHG�VSDWLD O�UHVROXWLRQ�IR U�HDFK�FODVV�DQG�FRVWV�RI
DGGLWLRQDO�QHXUDO�SURFHVVLQJ�VWUXFWXUHV��1HYHUWKHOHVV��LQ�WKH�ORQJ�UXQ��JHQHV�IRU�WKUHH�
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GLPHQVLRQDO�FROR U�YLVLRQ²JHQH V�WKDW�DU H�DOUHDG\�EHLQJ�LGHQWLILHG�DQ G�ORFDOL]HG�RQ
KXPDQ�FKURPRVRPHV��1DWKDQV ��7KRPDV ��	 �+RJQHVV�������²PD \�SURYLGH�D�VXIIL �
FLHQW�FRQWULEXWLRQ�WR�FRORU�FRQVWDQF\�VR�WKDW�VXFK�JHQHV�HYHQWXDOO\�WHQG�WR�SUHYDLO�LQ
WKH�PRVW�YLVXDOO\�GHYHORSHG�HYROXWLRQDU\�OLQHV��(YHQ�DV�UHPRWH�D�VSHFLHV�DV�WKH�KRQH\
EHH��WKH�LQVHFW�ZKRVH�FRORU�YLVLRQ�KDV�EHHQ�PRVW�WKRURXJKO\�VWXGLHG��/\WKJRH������� �
KDV�EHHQ�UHSRUWHG�WR�EH�WULFKURPDWLF��'DXPHU ��������ZLWK��LQ�IDFW��FRORU�YLVLRQ�YHU\
PXFK�OLNH�RXU�RZQ��/H*UDQG������� ��H[FHSW�WKDW�LW V�YLVXDO�VHQVLWLYLW\�LV�VRPHZKDW
VKLIWHG��DV�D�ZKROH��WRZDUG�WKH�VKRUWHU�ZDYHOHQJWKV��YRQ�+HOYHUVRQ������� �

Methodological Issues Concerning the Determination of Dimensionality
)URP�WKH�VWDQGSRLQW�WDNHQ�KHUH��WKH�GLPHQVLRQDOLW\�RI�DQ�DQLPDO
V�SHUFHSWXDO�UHSUH�
VHQWDWLRQ�RI�FRORUV�LV�SHUKDSV�WKH�VLQJOH�PRVW�IXQGDPHQWDO�FKDUDFWHULVWLF�RI�WKDW�DQL�
PDO
V�FROR U�YLVLRQ��FI ��-DFREV������ ��SS�������� ��<HW ��WKLV�GLPHQVLRQDOLW\�UHPDLQV
XQGHWHUPLQHG�IRU�PRVW�KLJKO\�YLVXDO�VSHFLHV��7KH�GLPHQVLRQDOLW\�RI�FRORU�UHSUHVHQWD�
WLRQ�LV�LQ�IDFW�TXLWH�GLIILFXOW�WR�GHWHUPLQH�LQ�QRQKXPDQ�VSHFLHV��DQG�LW�EHFRPHV�PRUH
GLIILFXOW�L Q�PRUH�UHPRWH�VSHFLHV���,Q�D�FORVHO\�UHODWHG�SULPDWH�VSHFLHV�ZH�PLJKW�PDNH
DQ�LQIHUHQFH�DV�WR�WKH�GLPHQVLRQDOLW\�RI�FRORU�YLVLRQ�IURP�WKH�DQDWRPLFDO�SUHVHQFH�RU
DEVHQFH�RI�HDFK�RI�WKH�WKUHH�W\SHV�RI�FRQHV�WKDW�PHGLDWH�WULFKURPDF\�LQ�RXU�RZQ�FDVH��
$V�,�KDYH�PHQWLRQHG��WK H�QXPEHU�RI�XQLGLPHQVLRQDO�YDULDEOHV�ZKRVH�DGMXVWPHQW�LV
VXIILFLHQW�W R�DFKLHYH�D�YLVXDO�PDWFK�ZLWK�DQ\�JLYHQ�FRORU�LV�HTXLYDOHQW�WR�WKH�GLPHQ�
VLRQDOLW\�RI�FRORU�VSDFH�IRU�WKH�VSHFLHV�GRLQJ�WKH�PDWFKLQJ��%XW��IRU�D�YHU\�GLIIHUHQ W
VSHFLHV��KRZ�GR�ZH�NQRZ�ZKLFK�RI�WKH�SRWHQWLDOO\�FRXQWOHVV�GLPHQVLRQV�DORQJ�ZKLFK
VSHFWUDO�GLVWULEXWLRQV�FDQ�GLIIHU�DUH�WR�EH�YDULHG"�$QG��DOWKRXJK�ZH�PLJKW�WUDLQ�DQ�DQL�
PDO�WR�PDNH�D�SDUWLFXODU�UHVSRQVH�ZKHQ�DQG�RQO\�ZKHQ�WZR�GLVSOD\HG�FRORUV�DUH�LQGLV�
FULPLQDEOH�IRU�WKDW�DQLPDO��KRZ�GR�ZH�WUDLQ�WKH�DQLPDO�WR�DGMXVW�VHYHUD O�XQLGLPHQ�
VLRQDO�FRQWUROV��VLPXOWDQHRXVO\��WR�DFKLHYH�VXFK�D�YLVXDO�PDWFK"

,Q�SULQFLSOH��WKH�GLPHQVLRQDOLW\�RI�D�VSDFH�FDQ�EH�GHWHUPLQHG�IURP�WK H�UHODWLRQV
DPRQJ�D�IL[HG��ILQLWH�VHW�RI�SRLQWV��RU�VWLPXOL���ZLWKRXW�UHTXLULQJ�FRQWLQXRXV�DGMXVW�
PHQW�RU�PDWFKLQJ��7KH�GLIILFXOW\�ZLWK�WKLV�DSSURDFK�LV�WKDW�WKH�GLPHQVLRQDOLW\�R I�WKH
VSDFH�LV�QRW�D �SURSHUW\�R I�VLQJOH�SRLQWV�RU��LQGHHG ��R I�SDLUV�R U�RI�WULSOHWV�RI�SRLQWV�
5DWKHU��LW�LV�D�SURSHUW\�GHWHUPLQHG�E\�WKH�GLVWDQFHV�EHWZHHQ�DOO�SRLQWV��RU��LQ�WKH�FDVH
XQGHU�FRQVLGHUDWLRQ��WKH�GLVVLPLODULWLHV�EHWZHHQ�DOO�FRORUV��LQ�VHWV�FRQWDLQLQJ�D�QXPEHU
RI�SRLQWV��RU�FRORUV��WKDW�LV�RQH�JUHDWHU�WKDQ�WKH�QXPEHU�RI�GLPHQVLRQV�RI�WKH�VSDFH
�%OXPHQWKDO������� ��0XOWLGLPHQVLRQDO�VFDOLQJ²SDUWLFXODUO\�PXOWLGLPHQVLRQDO�VFDO�
LQJ�RI�WKH�VR�FDOOHG�QRQPHWULF�YDULHW\��.UXVNDO�������6KHSDUG������������²FDQ�SHU�
PLW�D�GHWHUPLQDWLRQ�R I�WKH�GLPHQVLRQDOLW\�R I�D�ILQLWH�VHW�RI�VWLPXOL��6XFK�D�PHWKRG
UHTXLUHV��KRZHYHU��REWDLQLQJ�HVWLPDWHV�RI�WKH�DQLPDO
V�SHUFHLYHG�VLPLODULWLHV�RU�GLVVLP�
LODULWLHV�EHWZHHQ�PRVW�RI�WKH�VWLPXOL�LQ�WKH�VHW��+XPDQV�UHDGLO\�JLYH�QXPHULFDO�UDWLQJV
RI�VLPLODULW\��EXW�LQ�WKH�FDVH�RI�RWKHU�DQLPDOV�VXFK�HVWLPDWHV�PD\�KDYH�WR�EH�EDVHG�RQ
WKH�H[WHQW�WR�ZKLFK�D�UHVSRQVH�OHDUQHG�WR�HDFK�VWLPXOXV�JHQHUDOL]HV�WR�HDFK�RI�WKH�RWKHUV
RU�R Q�ODWHQFLH V�R U�IUHTXHQFLH V�RI�HUURUV�L Q�PDWFKLQJ�WR�VDPSO H�UHVSRQVHV��H�J� ��VHH
%ORXJK������ ��6KHSDUG������ ������� ��8QIRUWXQDWHO\��WKH�WUDLQLQJ�DQG�GDWD�FROOHFWLRQ
ZRXOG�UHTXLUH�D�PDMRU�UHVHDUFK�HIIRUW�IR U�HDFK�VSHFLHV�DQG�HDFK�VHW�RI�FRORUHG�VXUIDFHV
LQYHVWLJDWHG�

5DWKHU�WKDQ�DWWHPSWLQJ�WR�GHWHUPLQH�WKH�GLPHQVLRQDOLW\�RI�FRORU�UHSUHVHQWDWLRQ�LQ
GLIIHUHQW�VSHFLHV�E\�PHDQV�RI�PXOWLGLPHQVLRQDO�VFDOLQJ��UHVHDUFKHUV�KDYH�PRVWO\�SXU�
VXHG�WKHLU�FRPSDUDWLYH�VWXGLHV�RI�WKH�FRORU�FDSDELOLWLHV�RI�GLIIHUHQW�VSHFLHV��D��DQDWRP�
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LFDOO\�RU�SK\VLRORJLFDOO\��E\�WU\LQJ�WR�GHWHUPLQH�WKH�QXPEHU�RI�GLVWLQFW�W\SHV�RI�UHFHS�
WRU�XQLWV��VXFK�DV�UHWLQDO�FRQHV�KDYLQJ�SKRWRVHQVLWLYH�SLJPHQWV�RU�RLO�GURSOHW�ILOWHUV
ZLWK�GLIIHUHQW�ZDYHOHQJWK�FKDUDFWHULVWLFV���RU��E��SV\FKRSK\VLFDOO\��E\�PHDVXULQJ�GLV�
FULPLQDELOLW\�EHWZHHQ�QHLJKERULQJ�VSHFWUDOO\�SXUH�FRORUV�DW�GLIIHUHQW�ORFDWLRQ V�DORQJ
WKH�FRQWLQXXP�RI�ZDYHOHQJWK��1HLWKHU�RI�WKHVH�PHWKRGV�SURYLGHV��KRZHYHU��D�UHOLDEOH
LQGLFDWLRQ�RI�WKH�GLPHQVLRQDOLW\�R I�WKH�DQLPDO
V�SHUFHSWXDO�UHSUHVHQWDWLRQ�R I�FRORUV�

)URP�DQDWRPLFDO�H[DPLQDWLRQ ��RQH�PD\�QHYHU�EH�VXUH�WKDW�RQH�KDV�IRXQG�HYHU\
FKURPDWLFDOO\�GLVWLQF W�W\SH�RI�UHFHSWRU�XQLW��(YHQ�LI�RQH�FRXOG��WKHUH�LV�QR�JXDUDQWHH
WKDW�WKH�QXPEHU�RI�GLPHQVLRQV�RI�FRORU�UHSUHVHQWDWLRQ�L V�DV�ODUJH�DV�WKH�QXPEHU�RI
W\SHV�IRXQG��7KH�RXWSXWV�RI�WZR�RU�PRUH�W\SHV�RI�SKRWRUHFHSWRUV�ZLWK�GLIIHUHQW�VSHFWUDO
VHQVLWLYLWLHV�PLJK W�EH�QHXUDOO\�FRPELQHG�LQW R�RQH�FKURPDWLF�FKDQQHO�VRPHZKHUH�XS
WKH�OLQH���,QGHHG��KXPDQV��QRUPDOO\�KDYH�IRXU�LGHQWLILHG�W\SHV�RI�UHWLQDO�SKRWRUHFHS�
WRUV²QDPHO\��FRQHV�RI�WKUHH�W\SHV�DQG�URGV�RI�RQH�W\SH��HDFK�W\SH�ZLWK�LWV�SHDN�VHQ�
VLWLYLW\�DW�D�GLIIHUHQW�ZDYHOHQJWK��<HW��KXPDQV�QRUPDOO\�KDYH�RQO\�WKUHH�GLPHQVLRQV
RI�FRORU�UHSUHVHQWDWLRQ� �

7KH�SV\FKRSK\VLFDOO\�GHWHUPLQHG�ZDYHOHQJWK�GLVFULPLQDWLRQ�IXQFWLRQ�LV�HYHQ�OHVV
LQIRUPDWLYH�DERXW�WKH�GLPHQVLRQDOLW\�RI�DQ�DQLPDO
V�FRORU�UHSUHVHQWDWLRQ��)RU�H[DP�
SOH��DQ�DQLPDO�FRXOG�GLVFULPLQDWH�DQ�DUELWUDULO\�ODUJH�QXPEHU�RI�ZDYHOHQJWKV�DQG�VWLOO
UHSUHVHQW�DOO�WKRVH�VSHFWUDOO\�SXUH�FRORUV�RQ�D�VLQJOH�GLPHQVLRQ�RI�KXH��MXVW�DV�DQ�LQGL�
YLGXDO�FRXOG�GLVFULPLQDWH�DQ�DUELWUDULO\�ODUJH�QXPEHU�RI�LQWHQVLW\�OHYHOV�DQG�VWLOO�UHS�
UHVHQW�WKRVH�VKDGHV�RI�JUD\�RQ�D�VLQJOH�GLPHQVLRQ�RI�OLJKWQHVV��7KH�TXHVWLRQ�RI�GLPHQ�
VLRQDOLW\�GHSHQGV�QRW�RQ�WKH�QXPEHU�RI�GLVFULPLQDEO\�GLIIHUHQW�ZDYHOHQJWK V�EXW�RQ
WKH�GLVFULPLQDELOLWLHV�RI�DOO�SRVVLEOH�PL[WXUHV�RI�VXFK�ZDYHOHQJWKV��%XW�WKH�QXPEHU�RI
SDLUV�RI�PL[WXUHV�WKDW�PLJKW�EH�WHVWHG�LQFUHDVHV�UDGLFDOO\�ZLWK�WKH�QXPEHU�RI�GLVFUL�
PLQDEOH�ZDYHOHQJWKV�WR�EH�PL[HG�

$�VLQJOH�H[DPSOH�PD\�VXIILFH�W R�LOOXVWUDWH�WKH�SUREOHP��7KH�FRORU�FDSDELOLWLHV�RI
SLJHRQV�KDYH�EHHQ�H[WHQVLYHO\�LQYHVWLJDWHG�SV\FKRSK\VLFDOO\�DV�ZHOO�DV�DQDWRPLFDOO\�
7KHLU�ZDYHOHQJWK�GLVFULPLQDWLRQ�IXQFWLR Q�KDV�EHHQ�PHDVXUHG��+DPLOWRQ�	�&ROHPDQ�
������:ULJKW������� ��DQG�HYLGHQFH�KDV�EHHQ�IRXQG�IR U�DW�OHDVW�VL[�FKURPDWLFDOO\�GLV�
WLQFW�W\SHV�RI�UHWLQDO�FRQHV²KDYLQJ�GLIIHUHQW�ZDYHOHQJWK�VHOHFWLY H�FRPELQDWLRQV�RI
SKRWRSLJPHQWV�DQ G�FRORUH G�RLO�GURSOH W�ILOWHU V��%RZPDNHU ������ ��%RZPDNH U�	
.QRZOHV������� ��1HYHUWKHOHVV ��WR�P\�NQRZOHGJH��WKH�TXHVWLRQ�UHPDLQ V�RSHQ�DV�WR
ZKHWKHU�WKH�SLJHRQ�LV�WULFKURPDWLF��D V�ZH�DUH��RU�ZKHWKHU�LW�KDV�DV�PDQ\�DV�IRXU��ILYH�
RU�VL[�GLPHQVLRQV�RI�FRORU�UHSUHVHQWDWLRQ��&RQFHLYDEO\ ��LQ�WKH�SLJHRQ�WKHUH�KDV�EHHQ
VXIILFLHQW�VHOHFWLRQ�SUHVVXUH�QRW�RQO\�WRZDUG�WKH�WKUHH�FKURPDWLF�FKDQQHOV�QHHGHG�IRU
WKH�DFKLHYHPHQW�RI�FRORU�FRQVWDQF\�LQ�WKH�QDWXUDO�HQYLURQPHQW��EXW�DOVR�WRZDUG�WKH
DGGLWLRQDO�FKURPDWLF�FKDQQHOV�WKDW��DFFRUGLQJ�WR�0DORQH\�DQG�:DQGHO)V��������JHQ�
HUDO�OLQHDU�PRGHO�WRJHWKHU�ZLWK�0DORQH\
V��������HVWLPDWH�RI�WKH�QXPEHU�RI�GHJUHHV�RI
IUHHGRP�RI�WKH�VSHFWUDO�UHIOHFWDQFH�GLVWULEXWLRQV�RI�QDWXUDO�VXUIDFHV��PLJKW�EH�UHTXLUHG
WR�FDSWXUH�IXOO\�WKH�LQWULQVLF�UHIOHFWDQFH�FKDUDFWHULVWLFV�RI�QDWXUDO�REMHFWV�RU�IRRGV�

THE CIRCULAR STRUCTURE OF SPECTRALLY PURE COLORS

$QRWKHU�RQH�RI�WKH�IDFWV�WKDW�,�LQFOXGHG�LQ�P\�LQLWLDO��LOOXVWUDWLYH�OLVW�RI�VWUXFWXUDO�FRQ�
VWUDLQWV�RQ�KXPDQ�SHUFHSWLRQ�DQ G�FRJQLWLRQ�LV�WKH�IDFW�WKDW�WKH�SK\VLFDOO\�UHFWLOLQHDU
FRQWLQXXP�RI�ZDYHOHQJWK�LV�WUDQVIRUPHG�E\�WKH�KXPDQ�YLVXDO�V\VWHP�LQWR�WKH�SV\FKR�
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ORJLFDOO\�FLUFXODU�FRQWLQXXP�RI�SHUFHLYHG�KXHV²WKDW�LV��LQWR�1HZWRQ
V��������FRORU
FLUFOH��VFKHPDWLFDOO\�SRUWUD\HG�DV�WKH�HTXDWRU�RI�FRORU�VSDFH�LQ�)LJXUH��� ��OD��6XFK�D
FLUFOH�FDQ�EH�UHFRYHUHG�ZLWK�FRQVLGHUDEOH�SUHFLVLRQ�E\�DSSO\LQJ�PHWKRGV�RI�PXOWLGL�
PHQVLRQDO�VFDOLQJ�WR�KXPDQ�MXGJPHQWV�RI�WKH�VLPLODULWLHV�DPRQJ�VSHFWUDO�KXHV��6KHS�
DUG������ ��6KHSDUG�	�&RRSHU������� ��7KH�FLUFXODULW\�LV�LPSOLHG��DV�,�QRWHG��E\�WKH
REVHUYDWLRQ�WKDW�UHG�DQG�YLROHW��DOWKRXJK�PD[LPDOO\�VHSDUDWHG�LQ�SK\VLFDO�ZDYHOHQJWK�
DSSHDU�PRUH�VLPLODU�WR�HDFK�RWKHU�WKDQ�HLWKHU�GRHV�WR�JUHHQ��ZKLFK�LV�RI�DQ�LQWHUPHGLDWH
ZDYHOHQJWK�

,�FRQMHFWXUH�WKDW�WKLV�FLUFXODULW\�RI�KXH�PD\�KDYH�DULVHQ�DV�D�FRQVHTXHQFH�RI�WKH
WUDQVIRUPDWLRQ�E\�ZKLFK�WKH�KXPDQ�YLVXDO�V\VWHP�FDUULHV�WKH�UHVSRQVHV�RI�WKUHH�FODVVHV
RI�UHWLQDO�SKRWRUHFHSWRUV��WKH�FRQHV�PRVW�VHQVLWLYH�WR�ORQJ��PHGLXP��DQG�VKRUW�ZDYH�
OHQJWKV��LQWR�WKH�WKUHH�RSSRQHQW�SURFHVVHV��WKH�OLJKW�GDUN��\HOORZ�EOXH��DQG�UHG�JUHHQ
SURFHVVHV���,I�VR��QRW�RQO\�WKH�WKUHH�GLPHQVLRQDOLW\�R I�FRORU�VSDFH�EXW�DOVR�WKH�VSHFLIL�
FDOO\�FLUFXODU�FKDUDFWHU�R I�WKH�KXH�GLPHQVLRQ��UDWKHU�WKDQ�EHLQJ�DQ�DUELWUDU\�GHVLJQ
IHDWXUH�RI�WKH�KXPDQ�YLVXDO�V\VWHP��PD\�EH�WUDFHDEOH�WR�DQ�HQGXULQJ�UHJXODULW\�LQ�WKH
WHUUHVWULDO�ZRUOG�LQ�ZKLFK�ZH�KDYH�HYROYHG�

The Circularity of Hue as an Accommodation to the Degrees of Freedom
of Terrestrial Illumination
,Q�URXJK�RXWOLQH��WKH�DUJXPHQW�UXQV�DV�IROORZV��7KH�H[WUHPHV�RI�WKH�UDQJH�RI�VRODU
ZDYHOHQJWKV�DGPLWWHG�WKURXJK�WKH�WHUUHVWULDO��ZLQGRZ��RQ�WKH�VRODU�VSHFWUXP�DUH��QDW�
XUDOO\��WKH�PRVW�DIIHFWHG�E\�DQ\�YDULDWLRQV�LQ�WKDW��ZLQGRZ���7KXV��WKH�ORQJHVW�ZDYH�
OHQJWKV��WKH�UHG�FRPSRQHQWV��DUH�ERWK�OHDVW�VFDWWHUHG�E\�DWPRVSKHULFDOO\�VXVSHQGHG
SDUWLFOHV�DQG�PRV W�DEVRUEHG�E \�ZDWHU�YDSRU��DQG�WKH�VKRUWHVW�ZDYHOHQJWKV��WKH�EOXH
DQG�YLROHW�FRPSRQHQWV��DUH�PRVW�VFDWWHUHG�E\�WKH�VPDOOHVW�DWPRVSKHULF�SDUWLFOHV²SDU�
WLFXODUO\�E\�WKH�PROHFXOHV�RI�WKH�DLU�LWVHOI��1RZ��LI�WKH�YDULDEOH�FRPSRQHQW�RI�ORQJHVW
YLVLEOH�ZDYHOHQJWKV��WKH�UHGV��LV�SXW�LQ�RSSRVLWLRQ�WR�WKH�UHVW�RI�WKH�YLVLEOH�ZDYHOHQJWKV�
WKH�FHQWUDO�WHQGHQF\�RI�WKRVH�RSSRVLQJ�ZDYHOHQJWKV�ZLOO�EH�ZKDW�ZH�FDOO�JUHHQ²QRW
WKH�YLVLEOH�ZDYHOHQJWKV�WKDW�DUH�SK\VLFDOO\�PRVW�UHPRWH�IURP�WK H�UHGV��QDPHO\��WKH
VKRUW�ZDYHOHQJWK�YLROHWV���6LPLODUO\��LI�WKH�LQGHSHQGHQWO\�YDULDEOH�FRPSRQHQW�RI�VKRUW�
HVW�YLVLEOH�ZDYHOHQJWKV��WKH�EOXHV�DQG�YLROHWV��DUH�SXW�LQ�RSSRVLWLRQ�WR�WKH�UHVW�RI�WKH
YLVLEOH�ZDYHOHQJWKV��WKH�FHQWUDO�WHQGHQF\�RI�WKRVH�RSSRVLQJ�ZDYHOHQJWKV�ZLOO�EH�ZKDW
ZH�FDOO�\HOORZ²QRW�WKH�YLVLEOH�ZDYHOHQJWKV�WKDW�DUH�SK\VLFDOO\�PRVW�UHPRWH�IURP�WKH
YLROHWV�DQG�EOXHV��QDPHO\��WKH�ORQJ�ZDYHOHQJWK�UHGV��

$FFRUGLQJO\��D �WUDQVIRUPDWLRQ�E \�WKH�YLVXD O�V\VWHP�IURP�WK H�RXWSXW V�R I�WKUHH
FODVVHV�RI�FRQHV�WR�DQ�RSSRQHQW�SURFHV V�UHSUHVHQWDWLRQ�KD V�WKH�HIIHF W�R I�EHQGLQJ�WKH
SK\VLFDOO\�UHFWLOLQHDU�FRQWLQXXP�RI�ZDYHOHQJWK�LQWR�D�FORVHG�F\FOH�RI�VSHFWUDO�KXHV �
:KHUHDV�LQ�WKH�RULJLQDO�SK\VLFDO�FRQWLQXXP��WKH�H[WUHPH�RSSRVLWHV�ZHUH�UHG�DQG�YLR�
OHW��LQ�WKH�UHVXOWLQJ�F\FOH�RI�KXHV��WKH�RSSRVLWHV��VFKHPDWLFDOO\�WKRXJKW�RI�DV�WKH�GLDJ�
RQDOO\�RSSRVLWH�FRUQHUV�RI�D�VTXDUH��DUH�UHG�DQG�JUHHQ��DFURVV�RQH�GLDJRQDO��DQG�\HOORZ
DQG�EOXH�YLROHW��DFURVV�WKH�RWKHU�GLDJRQDO���7KH�RULJLQDOO\�PRVW�UHPRWH�KXHV�RI�UHG�DQG
YLROHW��EHLQJ�QRZ�VHSDUDWHG�E\�RQO\�RQH�HGJH�RI�WKH��VFKHPDWLF��VTXDUH��EHFRPH�FORVHU
WRJHWKHU�WKDQ�WKH�QRZ�GLDJRQDOO\�VHSDUDWHG�UHG�DQG�JUHHQ�RU�WKH�QRZ�GLDJRQDOO\�VHS�
DUDWHG�\HOORZ�DQG�EOXH�YLROHW���7KH�UHG��\HOORZ��JUHHQ��DQG�EOXH��FRUQHUV��DUH�LQ�IDF W
TXLWH�HYLGHQW�LQ�WKH�>VTXDULVK@�YHUVLRQ�RI�WKH�FRORU�FLUFOH�WKDW�HPHUJHG�ZKHQ�&DUUROO
DQG�,�DSSOLHG�PXOWLGLPHQVLRQDO�VFDOLQJ�WR�FRORU�QDPLQJ�GDWD�FROOHFWHG�E\�%R\QWRQ�DQG
*RUGRQ�>���� @�IRU����VSHFWUDO�KXHV�>VHH�6KHSDUG�	�&DUUROO������ ��)LJXUH����S�����@��
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&RORU�YLVLRQ�UHTXLUHV��LQ�DQ\�FDVH��QRW�RQO\�ZDYHOHQJWK�VHOHFWLYH�UHFHSWRUV��WKH�UHWLQDO
FRQHV��EXW�DOVR�VRPH�SURFHVVLQJ�PDFKLQHU\�IRU�HVWLPDWLQJ�IURP�WKH�YDULDEOH�RXWSXWV
RI�WKRVH�UHFHSWRUV�WKH�LQYDULDQ W�FRORUV�RI�GLVWDO�REMHFWV ��3UHVXPDEO\��PRUHRYHU��WKH
JHQHV�VSHFLI\LQJ�WK H�VWUXFWXU H�RI�VXFK�QHXURQDO�FLUFXLWU\�ZLOO�JHQHUDOO\�OHDG�WR�WK H
GHYHORSPHQW�RI�WKDW�FLUFXLWU\�LQ�HDFK�LQGLYLGXDO�ZKHWKHU�RU�QRW�WKDW�FLUFXLWU\�LV�GHV�
WLQHG�WR�UHFHLYH�QRUPDO�VLJQDOV�IURP�WKDW�SDUWLFXODU�LQGLYLGXDO
V�UHWLQDO�UHFHSWRUV��)RU
H[DPSOH��DQ�LQGLYLGXDO�ZKR�LV�PLVVLQJ�WKH�JHQH�IRU�RQH�RI�WKH�FODVVHV�RI�ZDYHOHQJWK�
VHOHFWLYH�FRQHV�PD\��WKURXJK�DQ�LQDELOLW\�WR�GLVFULPLQDWH�EHWZHHQ�FHUWDLQ�SUHVHQWHG
FRORUV��VXFK�DV�UHG�DQG�JUHHQ���JLYH�HYLGHQFH�RI�D�FROODSVHG��WZR�GLPHQVLRQDO�FRORU
VSDFH��%XW�WKLV�GRHV�QRW�SUHFOXGH�WKDW�LQGLYLGXDO
V�SRVVHVVLRQ��D W�KLJKHU�OHYHOV�RI�WKH
QHUYRXV�V\VWHP��RI�WKH�FLUFXLWV�WKDW�KDYH�EHHQ�HYROXWLRQDULO\�VKDSHG�IRU�UHSUHVHQWLQJ
WKH�IXOO ��WKUHH�GLPHQVLRQDO�V\VWHP�RI�FRORUV�

,Q�DQ�LQYHVWLJDWLRQ�RI�WKH�UHSUHVHQWDWLRQ�RI�FRORUV�E\�QRUPDOO\�VLJKWHG��FRORU�EOLQG�
DQG�WRWDOO\�EOLQG�LQGLYLGXDOV��6KHSDUG�	�&RRSHU������� ��/\QQ�&RRSHU�DQG�, �IRXQG
HYLGHQFH�WKDW�VXJJHVWV�WKLV�LV�WKH�FDVH�DQG�WKXV�FRQWUDGLFWV�WKH�FHQWUDO�WHQHW�RI�WKH�%ULW�
LVK�HPSLULFLVW�SKLORVRSKHUV²WKD W�HYHU\WKLQJ�WKDW�HDFK�LQGLYLGXDO�NQRZV�PXVW�KDYH
ILUVW�HQWHUHG�WKURXJK�WKDW�LQGLYLGXDO
V�RZQ�VHQVRU\�H[SHULHQFH��:H�DVNHG�WKH�LQGLYLG�
XDOV�ZLWK�WKH�GLIIHUHQW�W\SHV�RI�QRUPDO�DQG�DQRPDORXV�FRORU�YLVLRQ�WR�MXGJH�WKH�VLPL�
ODULWLHV�DPRQJ�VDWXUDWHG�KXHV�XQGHU�WZR�FRQGLWLRQV���D��ZKHQ�SDLUV�RI�WKRVH�KXHV�ZHUH
DFWXDOO\�SUHVHQWHG��D V�FRORUHG�SDSHUV� ��DQG��E ��ZKHQ�WKH�SDLU V�RI�KXHV�ZHUH�PHUHO\
QDPHG��H�J����UHG��FRPSDUH G�ZLWK��RUDQJH����:H�DSSOLHG�PXOWLGLPHQVLRQDO�VFDOLQJ�WR
WKH�UHVXOWLQJ�VLPLODULW\�GDWD�IRU�HDFK�W\SH�RI�LQGLYLGXDO�DQG�IRU�HDFK�RI�WKH�WZR�FRQ�
GLWLRQV�RI�SUHVHQWDWLRQ��0RV W�VWULNLQJ�ZHUH�WKH�UHVXOWV�IRU�WKH�UHG�JUHHQ�FRORU�EOLQG
LQGLYLGXDOV��SURWDQV�DQ G�GHXWDQV�� �$ V�H[SHFWHG��ZKH Q�WKH�FRORUV�ZHUH�DFWXDOO\�SUH�
VHQWHG�WR�WKHVH�LQGLYLGXDOV��PXOWLGLPHQVLRQDO�VFDOLQJ�\LHOGHG�D�GHJHQHUDWH�YHUVLRQ�RI
1HZWRQ
V�FRORU�FLUFOH�ZLWK�WKH�UHG�DQG�JUHHQ�VLGHV�RI�WKH�FLUFOH�FROODSVHG�WRJHWKHU��6LJ�
QLILFDQWO\��KRZHYHU��ZKHQ�RQO\�WKH�QDPHV�RI�WKH�FRORUV�ZHUH�SUHVHQWHG��PXOWLGLPHQ�
VLRQDO�VFDOLQJ�\LHOGHG�WKH�VWDQGDUG��QRQGHJHQHUDW H�FRORU�FLUFOH�REWDLQHG�IUR P�FRORU �
QRUPDO�LQGLYLGXDOV��FI��6KHSDUG������ ��S�������������S������

2QH�SDUWLFXODUO\�DUWLFXODWH�SURWDQ�LQVLVWHG�WKDW�DOWKRXJK�KH�FRXOG�QRW�GLVWLQJXLVK
WKH��KLJKO\�VDWXUDWHG��UHG�DQG�JUHHQ�ZH�VKRZHG�KLP��QHLWKHU�RI�WKHVH�SDSHUV�FDPH�DQ\�
ZKHUH�QHDU�PDWFKLQJ�XS�WR�WKH�YLYLG�UHG�DQG�JUHHQ�KH�FRXOG�LPDJLQH��,Q�D�VHQVH��WKHQ�
WKH�LQWHUQDO�UHSUHVHQWDWLRQ�R I�FRORUV�DSSHDUV�WR�EH�WKUHH�GLPHQVLRQDO�HYHQ�IRU�WKRVH
ZKR��RZLQJ�WR�D�SXUHO\�VHQVRU\�GHILFLW��FDQ�RQO\�GLVFULPLQDWH�H[WHUQDOO\�SUHVHQWHG�FRO�
RUV�DORQJ�WZR�GLPHQVLRQV��PRVW�FRPPRQO\��WKH�GLPHQVLRQV�RI�OLJKW�YHUVXV�GDUN�DQG
\HOORZ�YHUVXV�EOXH�LQGLFDWHG�LQ�)LJXUH�����,E��

,QFLGHQWDOO\��LW�ZDV�LQ�WKH�GRPDLQ�RI�FRORUV�WKDW�WKH�SUHHPLQHQW�%ULWLVK�HPSLULFLVW�
'DYLG�+XPH��DFNQRZOHGJHG�ZKDW�KH�FRQVLGHUHG�WR�EH�WKH�RQH�SRVVLEOH�H[FHSWLRQ�WR
WKH�HPSLULFLVWV
�FHQWUDO�PD[LP��+XPH��RQ�VXSSRVLQJ��D�SHUVRQ�WR�KDYH�HQMR\HG�KLV
VLJKW�IRU�WKLUW\�\HDUV��DQG�WR�KDYH�EHFRPH�SHUIHFWO\�ZHOO�DFTXDLQWHG�ZLWK�FRORXUV�RI�DOO
NLQGV��H[FHSWLQJ�RQH�SDUWLFXODU�VKDGH�RI�EOXH����FRQIHVVHG�WR�IDYRULQJ�DQ�DIILUPDWLY H
DQVZHU�WR�WKH�TXHVWLRQ�RI��ZKHWKHU�
WLV�SRVVLEOH�IRU�KLP��IURP�KLV�RZQ�LPDJLQDWLRQ��WR
VXSSO\�WKLV�GHILFLHQF\��DQG�UDLVH�XS�WR�KLPVHOI�WKH�LGHD�RI�WKDL�SDUWLFXODU�VKDGH��WKR
�LW
KDG�QHYHU�EHHQ�FRQYH\HG�WR�KLP�E\�KLV�VHQVHV"��'HVSLWH�WKLV�DGPLVVLRQ��+XPH�FRQ�
FOXGHG��VRPHZKD W�ODPHO\��WKDW��WKH�LQVWDQF H�L V�VR�SDUWLFXODU�DQ G�VLQJXODU��WKDW�
WL V

THE PERCEPTUAL ORGANIZATION OF COLORS
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VFDUFH�ZRUWK�RXU�REVHUYLQJ��DQG�GRHV�QRW�PHULW�WKDW�IRU�LW�DORQH�ZH�VKRXOG�DOWHU�RXU
JHQHUDO�PD[LP���+XPH�������������S�����

THE ORGANIZATION OF COLORS INTO CATEGORIES AND PROTOTYPES

3KHQRPHQD�RI�FRORU�YLVLRQ�UXQ�FRXQWH U�QR W�RQO\�WR�WKH�FHQWUDO�WHQHW�RI�WKH�%ULWLVK
HPSLULFLVWV�EXW�DOV R�WR�WKH�YLHZV�RI�WKH�PRUH�UHFHQW�$PHULFDQ�OLQJXLVWLF�UHODWLYLVWV�
$FFRUGLQJ�WR�WKH�ODWWHU��DV�UHSUHVHQWHG�SDUWLFXODUO\�E\�6DSLU��������DQG�:KRUI��������
HDFK�ODQJXDJH�OH[LFDOO\�HQFRGHV�H[SHULHQFH�LQ�D�ZD\�WKDW�LV�XQLTXH�WR�WKH�FXOWXUH�LQ
ZKLFK�WKDW�ODQJXDJH�HYROYHG��&RORU�RIIHUV�D�SDUWLFXODUO\�VXLWDEOH�GRPDLQ�IRU�WHVWLQJ�WKLV
LGHD�EHFDXVH�HDFK�FRORU��DV�H[SHULHQFHG�E\�KXPDQ�REVHUYHUV��LV�D�UHODWLYHO\��XQLWDU\�
RU��XQDQDO\]DEOH ��SHUFHSW��6KHSDUG ������ ������ ��6KHSDUG�	�&KDQJ������� ��FRUUH�
VSRQGLQJ�WR�D�VLQJOH�SRLQW�LQ�WKH�FRORU�VSDFH�VFKHPDWLFDOO\�SRUWUD\HG�LQ�)LJXUH�������,I
OLQJXLVWLF�UHODWLYLW\�ZHUH�YDOLG��WKH�ZD\�FRQWLQXRXV�FRORU�VSDFH�LV�GLYLGHG�LQWR�UHJLRQV
IRU�WKH�SXUSRVHV�RI�DVVLJQLQJ�GLVFUHWH�QDPHV�WR�FRORUV�ZRXOG�EH�H[SHFWHG�WR�GLIIHU�L Q
PRUH�RU�OHVV�DUELWUDU\�ZD\V�IURP�RQH�ODQJXDJH�WR�DQRWKHU��(PSLULFDO�VWXGLHV��KRZHYHU�
KDYH�XQFRYHUHG�D�VWULNLQJ�GHJUHH�RI�FURVV�FXOWXUDO�XQLIRUPLW\�

The Cross-Cultural Findings of Berlin and Kay

7RJHWKHU�ZLWK�WKHLU�FR�ZRUNHUV��%HUOLQ�DQG�.D\��������SUHVHQWHG�QDWLYH�VSHDNHUV�RI
���GLYHUVH�ODQJXDJHV�ZLWK�DQ�DUUD\�RI�����0XQVHOO�FRORU�FKLSV��LQFOXGLQJ�����PD[L�
PXP�VDWXUDWLR Q�FRORU V�GLIIHULQJ�L Q�HTXDOO\�VSDFHG�VWHSV�RI�KXH�DQG�OLJKWQHVV��ZKLFK
KDG�RULJLQDOO\�EHHQ�XVHG�LQ�D�FRPSDULVRQ�RI�(QJOLVK�DQG�=XQL�FRORU�WHUPLQRORJ\�E\
/HQQHEHUJ�DQG�5REHUWV���������DQG���DGGLWLRQDO�]HUR�VDWXUDWLRQ�VKDGH V�RI�JUD\��)RU
HDFK�EDVLF�FRORU�WHUP��[��LQ�DQ�LQIRUPDQW
V�QDWLYH�ODQJXDJH��WKH�LQIRUPDQW�ZDV�DVNHG
WR�XVH�D�EODFN�JUHDVH�SHQFLO�WR�HQFLUFOH��RQ�DQ�DFHWDWH�VKHHW�RYHUOD\LQJ�WKH�DUUD\�RI�FRORU
FKLSV���D��WKH�VHW�RI�FRORUV�WKDW�WKH�LQIRUPDQW��ZRXOG�XQGHU�DQ\�FRQGLWLRQV�FDOO�[��DQG�
WKHQ���E��WKH�VXEVHW�RI�WKRVH�FRORUV�WKDW�WKH�LQIRUPDQW�UHJDUGHG�DV��WKH�EHVW��PRVW�W\S�
LFDO�H[DPSOHV�RI�MF���%HUOLQ�	�.D\��������S�����

%HUOLQ�DQG�.D\�IRXQG�WKD W�WKH�FRORU�WHUPV�LQ�GLIIHUHQW�ODQJXDJH V�GLG�QRW�FRUUH�
VSRQG�WR�DUELWUDULO\�RYHUODSSLQJ�UHJLRQV�LQ�FRORU�VSDFH��,QVWHDG��WKH�WHUPV�ZHUH�HVVHQ�
WLDOO\�FRQVLVWHQW�ZLWK�D�XQLYHUVDO�XQGHUO\LQJ�KLHUDUFK\�RI�QRQRYHUODSSLQJ�UHJLRQV�LQ
FRORU�VSDF H�IR U�HDF K�R I�WKH�� ��ODQJXDJH V�GLUHFWO \�LQYHVWLJDWH G��DQ G�WKHV H�UHVXOW V
DSSHDUHG�WR�EH�FRQVLVWHQW�ZLWK�WKH�UHSRUWV��E\�RWKHUV��RI�WKH�XVH�RI�FRORU�WHUPV�LQ�VRPH
���RWKHU�ODQJXDJHV� ��7KH�ODQJXDJHV�GLIIHUHG�SULPDULO \�LQ�WKH�QXPEHU�RI�EDVLF�FRORU
WHUPV�WKH\�LQFOXGHG��7KH\�GLIIHUHG�YHU\�OLWWOH�LQ�WKH�ORFDWLRQV�RI�WKH�UHJLRQV�FRUUHVSRQG�
LQJ�WR�WKH�EDVLF�FRORU�WHUPV�WKDW�WKH\�GLG�LQFOXGH��,Q�SDUWLFXODU��WKH�ODQJXDJHV�JHQHUDOO\
FRQIRUPHG�ZLW K�D�SDUWLDO�RUGH U�R I�FRORU�FDWHJRULH V��WKD W�LV ��UHJLRQV�RI�FRORU�VSDFH�
WKDW²LQ�WHUPV�RI�WKH�(QJOLVK�QDPHV�WKDW�ZH�DVVLJQ�WR�WKHVH�FDWHJRULHV²LV�DV�IROORZV�



THE PERCEPTUAL ORGANIZATION OF COLORS 519

�ZKHUH��IRU�GLVWLQFW�FRORU�FDWHJRULHV��D��E?�WKH�H[SUHVVLRQ�D���E �VLJQLILHV�WKDW�D�LV�SUHV�
HQW�LQ�HYHU\�ODQJXDJH�LQ�ZKLFK�E�LV�SUHVHQW�DQG�DOVR�LQ�VRPH�ODQJXDJH�LQ�ZKLFK�E�LV�QRW
SUHVHQW���%HUOLQ�	�.D\��������S�����

7KH�UHJLRQV�LQ�FRORU�VSDFH�FRUUHVSRQGLQJ�WR�WKHVH�DSSDUHQWO\�XQLYHUVDO�FRORU�FDW�
HJRULHV�DUH��ZLWK�WKH�H[FHSWLRQ�RI�WKH�UHJLRQ�IRU�WKH�FRPSOHWHO\�XQVDWXUDWHG�JUD\V��FRQ�
YHQLHQWO\�GLVSOD\HG�RQ�WKH�KXH�E\�OLJKWQHVV�UHFWDQJOH��ZKLFK��DV�LQGLFDWHG�LQ�)LJXUH
������FDQ�EH�WKRXJKW�RI�DV�D�0HUFDWRU�SURMHFWLRQ�RI�WKH�PD[LPXP�VDWXUDWLRQ�VXUIDFH
RI�WKH�VSKHUH�RI�FRORUV�SUHYLRXVO\�LOOXVWUDWHG�LQ�)LJXUH��������%HFDXVH�WKH�DFKURPDWL F
FRORU�JUD\�FRUUHVSRQGV�WR�WKH�FHQWHU�RI�WKH�VSKHUH��LW�LV�QRW�UHSUHVHQWDEOH�RQ�WKH�SUR�
MHFWLRQ�RI�WKH�VXUIDFH�RI�WKH�VSKHUH���7KH�SODFHPHQW�RI�WKH�(QJOLVK�QDPHV�IRU�WKH�VXF�
FHVVLYH�KXHV���5HG����2UDQJH����<HOORZ���HWF���LV�RQO\�VFKHPDWLF�LQ�)LJXUH�������KXH
DQG�OLJKWQHVV�WXUQ�RXW�WR�EH�XQLYHUVDOO\�FRUUHODWHG�LQ�WKH�ORFDWLRQV�RI�SURWRW\SLFDO�FRO�
RUV�LQ�VXFK�D�ZD\�WKDW�\HOORZ��LQ�DGGLWLRQ�WR�IDOOLQJ�EHWZHHQ�UHG�DQG�JUHHQ�LQ�KXH��LV
PXFK�OLJKWHU�WKDQ�WKHVH��DQG�WKH�RWKHU��EDVLF�KXHV�

)LJXUH������LV�P\�DGDSWDWLRQ�R I�WKH�ILJXUH�LQ�ZKLFK�%HUOLQ�DQG�.D\�VXPPDUL]HG
WKH�UHVXOWV�RI�WKHLU�RZQ�VWXG\�RI�FRORU�QDPLQJ�E\�QDWLYH�VSHDNHUV�RI����GLIIHUHQW�ODQ�
JXDJHV��7KH�FRQVLVWHQWO\�IRXQG�ORFDWLRQ V�RI�WKH�EDVLF�FRORU�FDWHJRULHV�DUH�GLVSOD\HG
ZLWKLQ�WKH�WZR�GLPHQVLRQDO�KXH�E\�OLJKWQHV V�0HUFDWRU�SURMHFWLRQ�R I�WKH�PD[LPXP�
VDWXUDWLRQ�VXUIDFH�RI�FRORU�VSDFH��7KH�HQFLUFOHG�UHJLRQV�DSSUR[LPDWH�WKH�DUHDV�ZLWKLQ
ZKLFK�WKH�FRORUV�FKRVHQ�DV��WKH�EHVW ��PRVW�W\SLFDO�H[DPSOHV��RI�WKH�FRUUHVSRQGLQJ
EDVLF�FRORU�WHUPV�FRQVLVWHQWO\�IHO O�DFFRUGLQJ�WR�LQIRUPDQWV�IURP�WKH�YDULRXV�FXOWXUHV�
7KHVH�IRFDO�FRORU�FDWHJRULHV�DUH�ODEHOHG��IRU�RXU�FRQYHQLHQFH��E\�WKH�EDVLF�WHUPV�WKDW
ZH�XVH�IRU�WKHVH�FRORUV�LQ�(QJOLVK�

6XUURXQGLQJ�HDFK�RI�WKHVH�HQFLUFOHG�IRFDO�UHJLRQV��D�ODUJHU�UHJLRQ�WR�ZKLFK�LQIRU �
PDQWV�LQGLFDWHG�WK H�VDPH�FRORU�WHUP�PLJK W�EH�H[WHQGHG�XQGHU�VRPH�FRQGLWLRQ�LV
URXJKO\�LQGLFDWHG�E\�WKH�SHQXPEUD�RI�FRUUHVSRQGLQJ�LQLWLDO�OHWWHUV���*��IRU��*UHHQ��
�%U��IRU��%URZQ���DQG�VR�RQ��$JDLQ��KRZHYHU��VRPH�RI�WKH�ODQJXDJHV�GLG�QRW�KDYH
EDVLF�FRORU�WHUPV�IRU�VRPH�RI�WKH�ORZHU�FDWHJRULHV�LQ�WKH�KLHUDUFK\��VXFK�DV�WKH�FDWH�
JRULHV�KHUH�ODEHOHG��3LQN����3XUSOH���RU��2UDQJH���,Q�WKHVH�FDVHV��WKH�SHQXPEUD�VXU�
URXQGLQJ�WKH�QHLJKERULQJ�IRFDO�FRORU�UHJLRQV�WKDW�ZHUH�UHSUHVHQWHG�LQ�WKH�ODQJXDJH

Figure 13.3 Schematic diagram of how the surface of the three-dimensional color
space shown in Figure 13.1 can be unwrapped (by Mercator projection) into a rectan-
gular map in which each point represents the most saturated color of a corresponding
hue and lightness.
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Figure 13.4 Schematic representation of regions, within the rectangular map of satu-
rated colors (as diagramed in Figure 13.3), for which color names are commonly used in
different cultures. The name printed within each region is the color word most often
used by English-speaking informants. The number of lines drawn around each region
indicates the cross-cultural prevalence of assigning a distinct color term specifically to
that region. The penumbra of letters ("Gr" for "Green," "Br" for "Brown," etc.) indi-
cates a larger region that the color term might be extended to under some conditions,
according to informants. (Adapted from Figure 3 on page 9 of Berlin & Kay, 1969; copy-
right, University of California Press, 1969.)

PLJKW�H[WHQG�WKURXJK�WKH�UHJLRQ�ODFNLQJ�LWV�RZQ�EDVLF�FRORU�WHUP��7KXV��LI�WKH�ODQJXDJH
FRQWDLQHG�Q R�EDVLF�WHUP�VSHFLILFDOO\�IRU�WKH�FRORUV�LQ�WKH�FDWHJRU\�KHUH�ODEHOHG��3XU �
SOH���WK H�WHUPV�IRU�WKH�QHLJKERULQJ�UHJLRQV�KHUH�ODEHOHG��%OXH ��RU��5HG��PLJK W�EH
H[WHQGHG�LQWR�WKH�UHJLRQ�WR�ZKLFK�ZH�DSSO\�WKH�ZRUG��3XUSOH���$OVR��RI�FRXUVH��WKH
FRORUV�IDOOLQJ�LQ�WKH�SHQXPEUD�DURXQG�D�JLYHQ�IRFDO�FRORU�UHJLRQ�PLJKW�EH�GLVWLQJXLVKHG
E\�WKH�EDVLF�FRORU�WHUP�WRJHWKHU�ZLWK�D�TXDOLILHU��,Q�(QJOLVK��IRU�H[DPSOH���OLJKW�JUHHQ�
RU��SDOH�JUHHQ��PLJKW�EH�XVHG�IRU�FRORUV�IDOOLQJ�DERYH�WKH�IRFDO�UHJLRQ�IRU�JUHHQ��DQG
�EOXH�JUHHQ��PLJKW�EH�XVHG�IRU�FRORUV�IDOOLQJ�EHWZHHQ�WKH�IRFDO�UHJLRQV�IRU�EOXH�DQG
JUHHQ��$QG�VRPH�ODQJXDJHV�KDYH�VLQJOH�WHUPV�IR U�VWLOO�ORZHU�OHYHOV�RI�WKH�KLHUDUFK\ �
7KXV��LQ�(QJOLVK�ZH�PLJKW�XVH�WKH�ZRUG��ODYHQGHU��IRU�OLJKW�SXUSOH���FKDUWUHXVH��IRU
\HOORZ�JUHHQ��DQG��QDY\��IRU�GDUN�EOXH��RU�EOXH�EODFN��

,�KDYH�LQGLFDWHG�WKH�KLHUDUFKLFDO�VWUXFWXUH�WKDW�%HUOLQ�DQG�.D\�IRXQG�IRU�WKH�IRFDO
FRORUV�E\�HQFLUFOLQJ�HDF K�FRUUHVSRQGLQJ�VXEUHJLRQ�RI�FRORU�VSDFH�E\�DQ�DSSURSULDWH
QXPEHU�RI�OLQHV��7KXV�,�KDYH�GUDZQ�VL[�OLQHV�DURXQG�WKH�XQLYHUVDOO\�QDPHG�IRFDO�FRORU
FDWHJRULHV�FRUUHVSRQGLQJ�WR�RXU��:KLWH��DQG��%ODFN���ILYH�OLQHV�DURXQG�WKH�QH[W�PRVW
SUHYDOHQWO\�QDPHG�FDWHJRU\ ��FRUUHVSRQGLQJ�W R�RXU��5HG���DQG�VR�RQ�IRU�VXFFHVVLYHO\
ORZHU�OHYHOV�LQ�WKH�KLHUDUFK\²�*UHHQ��DQG��<HOORZ���IRXU�OLQHV�HDFK����%OXH���WKUHH
OLQHV����%URZQ���WZR�OLQHV���DQG��3LQN����3XUSOH���DQG��2UDQJH���D�VLQJOH�HQFLUFOLQJ
OLQH�IRU�HDFK��
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7KH�UHFWDQJXODU�0HUFDWRU�SURMHFWLRQ�RI�D�JOREH�LV�HTXLYDOHQW�WR�D�F\OLQGHU�LQ�WKDW
WKH�ULJKW�DQG�OHIW�HGJHV�RI�WKH�UHFWDQJOH�FRUUHVSRQG�WR�WKH�VDPH�PHULGLDQ�RQ�WKH�VSKHUH
DQG��KHQFH��WR�WKH�VDPH�VHULHV�RI�FRORUV��KHUH��WKH�UHGV�YDU\LQJ�LQ�OLJKWQHVV�IURP�GDUNHVW
UHG�WR�OLJKWHVW�SLQN���7KXV�WKH�IRFDO�UHJLRQV�ODEHOHG��5HG��DQ G��3LQN��LQ�)LJXUH�����
RYHUODS�ERWK�WKH�OHIW�DQG�ULJKW�HQGV�RI�WKH�UHFWDQJOH�DV�GLVSOD\HG�LQ�WKDW�ILJXUH���$V�,
KDYH�DOUHDG\�UHPDUNHG��WKH�VXUIDFH�FRORU�SXUSOH�LV�QRW�IXOO \�UHSUHVHQWHG�LQ�WKH�SXUH
VSHFWUDO�FRORUV�RI�PRQRFKURPDWLF�OLJK W�VXFK�DV�DULVH�IURP�D �SULVP�RU�LQ�D�UDLQERZ�
6XUIDFHV�WKDW�ZH�FDOO�SXUSOH�DUH�VXUIDFHV�WKDW�UHIOHFW�D�PL[WXUH�RI�WKH�ORQJHVW�DQG�VKRUW�
HVW�RI�WKH�YLVLEOH�ZDYHOHQJWKV��WKDW�LV��D�PL[WXUH�RI�UHG�DQG�YLROHW��

Additional, Corroborating Results and Implications
7KH�ORFDWLRQV�LQ�FRORU�VSDFH�RI�WKH�XQLYHUVDO�IRFDO�FRORU�UHJLRQV�FDQ�XVHIXOO\�EH�GLV�
SOD\HG�LQ�DQRWKHU�ZD\²QDPHO\��DV�WKHVH�UHJLRQV�ZRXOG�SURMHFW�RQWR�D�IODW�SODQH�FXW�
WLQJ�WKURXJK�WKDW�WKUHH�GLPHQVLRQDO�VSDFH��IRU�H[DPSOH��WKH�KRUL]RQWDO�SODQH�SLFWXUHG
DV�SDVVLQJ�WKURXJK�WKH�HTXDWRU�R I�WKH�VSKHUH�LQ�)LJXUH����� ��)LJXUH���� ��VKRZV�P\
DGDSWDWLRQ�RI�VXFK�D�SORW�REWDLQHG�E\�%R\QWRQ�DQG�2OVRQ��������RQ�WKH�EDVLV�RI�VLQJOH�
ZRUG��PRQROH[HPLF��FRORU�QDPLQJ�RI�����FRORU�VDPSOHV�E\�VHYHQ�(QJOLVK�VSHDNLQJ
REVHUYHUV��+HUH�DJDLQ��HDFK�UHJLRQ�ZLWKLQ�ZKLFK�FRORUV�ZHUH�JLYHQ�D�SDUWLFXODU�FRORU
QDPH�LV�ILOOHG�LQ�ZLWK�WKH�LQLWLDO�OHWWHU�RI�WKDW�FRORU��H�J���ZLWK��*�V�IRU��*UHHQ����7KH
SRLQW�ZLWKLQ�VXFK�D�UHJLRQ�WKDW��RQ�DYHUDJH��ZDV�DFFHSWHG�DV�WKH�EHVW�H[DPSOH�RI�WKDW

Figure 13.5 Regions of color space for which color names are commonly used, pro-
jected (by parallel projection) onto the equatorial disk cutting through the spherical
model illustrated in Figure 13.1, according to data reported by Boynton and Olson
(1987). (Adapted from Figure 2 on page 99 of Boynton & Olson, 1987; copyright, John
Wiley & Sons, Inc., 1987.)
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FRORU��FRQVLGHUHG�WKH�IRFDO�FRORU�IRU�WKDW�UHJLRQ��LV�LQGLFDWHG�E\�WKH�EODFN�FLUFOH��ZLWK
D�FRUUHVSRQGLQJ�ZKLWH�OHWWHU��H�J����*���

7KH�GLPHQVLRQV�RI�WKLV�WZR�GLPHQVLRQDO�SURMHFWLRQ�RI�FRORU�VSDFH�DUH�QRW�KXH�DQG
OLJKWQHVV��DV�LQ�WKH�0HUFDWRU�SURMHFWLRQ�R I�)LJXUH����� ��,QVWHDG��WKH�WZR�GLPHQVLRQV
KHUH�FDQ�EH�FRQVLGHUHG�WR�EH�WKH�SRODU�FRRUGLQDWH�GLPHQVLRQV�RI�KXH��QRZ�UHSUHVHQWHG
DV�D�FRPSOHWH�FLUFOH�DURXQG�WKH�SHULPHWHU��DQG�VDWXUDWLRQ��ZKLFK�LV�QRZ�UHSUHVHQWHG
DV�UDGLDO�GLVWDQFH�RXW�IURP�WKH�XQVDWXUDWHG�ZKLWH�DQG�JUD\�QHDU�WKH�FHQWHU�WR�WKH�PD[�
LPXP�VDWXUDWLR Q�KXH V�DURXQG�WK H�SHULPHWHU� ��7K H�IRFD O�FKURPDWL F�FRORU V�DUH�QR W
ORFDWHG�DW�WKH�FHQWHUV�RI�WKHLU�UHJLRQV�EXW�RXW�WRZDUG�WKH�PD[LPXP�VDWXUDWLRQ�SHULP�
HWHU��$V�QRWHG�EHIRUH��WKH�GLPHQVLRQV�RI�WKLV�VDPH�SURMHFWLRQ�RI�FRORU�VSDFH�FDQ�DOWHU�
QDWLYHO\�EH�WDNHQ�W R�EH�WKH�UHFWDQJXODU�FRRUGLQDW H�GLPHQVLRQ V�R I�UHG�YHUVXV�JUHHQ
�URXJKO\�YHUWLFDO�LQ�)LJXUH�������DQG�EOXH�YHUVXV�\HOORZ��URXJKO\�KRUL]RQWDO��

7KH�GLVSRVLWLRQ�R I�IRFDO�FRORU�UHJLRQV�REWDLQHG�E\�%R\QWRQ�DQG�2OVRQ��������IRU
WKLV�SURMHFWLRQ��WKRXJK�QHFHVVDULO\�GLIIHUHQW��LV�TXLWH�FRQVLVWHQW�ZLWK�WKH�GLVSRVLWLRQ�RI
WKHVH�UHJLRQV�LQ�WKH�0HUFDWRU�W\SH�RI�SURMHFWLRQ�SUHVHQWHG�E\�%HUOLQ�DQG�.D\��������
7KH�UHSUHVHQWDWLRQ�VKRZQ�LQ�)LJXUH�������KRZHYHU��EHWWHU�DFFRPPRGDWHV�WKH�OHVV�VDW�
XUDWHG�DQG�DFKURPDWLF�FRORUV��EURZQ��JUD\��DQG�ZKLWH��DQG²LQ�UHTXLULQJ�QR�EUHDN�LQ
WKH�SLQN�UHG�UHJLRQ²PRUH�H[SOLFLWO\�PDLQWDLQV�WKH�LQWHJULW\�RI�WKH�KXH�FLUFOH��FRUUH�
VSRQGLQJ�WR�WKH�HTXDWRU�LQ�WKH�PRUH�VFKHPDWLF�)LJXUHV������DQG������ ��7KH�UHSUHVHQ�
WDWLRQ�LQ�)LJXUH����� ��RQ�WKH�RWKHU�KDQG��PRUH�FOHDUO\�SUHVHUYHV�RWKHU�DVSHFWV�RI�FRORU
UHSUHVHQWDWLRQ²VXFK�D V�WKDW�WK H�\HOOR Z�EDQG�R I�WKH�VSHFWUXP�DSSHDU V�OLJKWH U��RU
EULJKWHU��WKDQ�WKH�RWKHU��UHG��JUHHQ��RU�EOXH��EDQGV�

7KH�FURVV�FXOWXUDO�UHVXOWV�VXFK�DV�WKRVH�UHSRUWHG�E\�%HUOLQ�DQG�.D\��������DQG�E\
%R\QWRQ�DQG�KLV�FR�ZRUNHUV��HVSHFLDOO\��8FKLNDZD�	�%R\QWRQ��������ZKR�FRPSDUHG
FRORU�QDPLQJ�E\�$PHULFDQ�DQG�QDWLYH�-DSDQHVH�REVHUYHUV��SURYLGH�OLWWOH�VXSSRUW�IRU
WKH�:KRUILDQ�K\SRWKHVLV�WKDW�ODQJXDJH�VWUXFWXUHV�KRZ�ZH�SHUFHLYH�WKH�ZRUOG��,QVWHDG�
WKHVH�UHVXOWV�DSSHDU�WR�EH�PRUH�FRQVRQDQW�ZLWK�WKH�LGHD�WKDW�WKH�LQQDWH�ELRORJ\�RI�RXU
SHUFHSWXDO�V\VWHP�VWUXFWXUHV�WKH�ZD\�ZH�XVH�ODQJXDJH�

3K\VLFDOO\��WKH�VSHFWUXP�RI�VRODU�OLJKW�VHHQ�LQ�D�UDLQERZ�RU�UHIUDFWHG�E\�D�SULVP��DV
LQ�WKH�RULJLQDO�LQYHVWLJDWLRQV�E\�1HZWRQ��������LV�D�FRQWLQXXP�RI�ZDYHOHQJWKV��<HW�ZH
WHQG�WR�SHUFHLYH�WKLV�FRQWLQXXP�DV�GLYLGHG�LQWR�D�IHZ�UHODWLYHO\�GLVFUHWH�EDQGV�RI�KXH�
VXFK�DV�WKRVH�ZH�FDOO�UHG��RUDQJH��\HOORZ��JUHHQ��EOXH��DQG�YLROHW���:KLWH��SXUSOH��DQG
DOO�XQVDWXUDWHG�FRORU V�DU H�REWDLQHG�RQO \�E\�UHFRPELQLQJ�WKHVH�SXUH�VSHFWUD O�ZDYH�
OHQJWKV��ZKLOH�EODFN�LV�RI�FRXUVH�REWDLQHG�E\�EORFNLQJ�RII�DOO�YLVLEOH�ZDYHOHQJWKV��

(OHDQRU�5RVHQ��IRUPHUO\�+HLGHU��DQG�RWKHUV��LQ�H[SHULPHQWDO�VWXGLHV�ZLWK�KXPDQ
REVHUYHUV��KDYH�VKRZQ��LQ�DGGLWLRQ��WKDW�WKH�PRVW�SURWRW\SLFDO��RU�IRFDO��FRORUV�ZLWKLQ
HDFK�UHJLRQ�RI�FRORU�VSDF H�WHQ G�W R�EH�PRUH�UDSLGO\�DQG�FRQVLVWHQWO\�SHUFHLYHG�DQG
UHPHPEHUHG�WKDQ�QRQIRFDO�FRORUV��ZKLFK�DUH�FORVHU�WR�WKH�ERXQGDULHV�EHWZHHQ�UHJLRQV�
ZKLOH�GLVFULPLQDWLRQ�EHWZHH Q�FRORUV�DSSHDUV�W R�EH�VKDUSHU�DFURVV�WKH�ERXQGDULHV�RI
WKHVH�UHJLRQV�WKDQ�ZLWKLQ�WKH�VDPH�UHJLRQ��+HLGHU����������� ��5RVFK�������������VHH
DOVR�%R\QWRQ�	�2OVRQ������ ������ ��0HUYLV�	�5RVFK������ ��1DJ\�	�6DQFKH]������ �
8FKLNDZD�	�%R\QWRQ��������

0RUHRYHU��WKH�WHQGHQF\�WRZDUG�WKH�SHUFHSWXDO�FDWHJRUL]DWLRQ�R I�WKH�KXH�FRQWLQ�
XXP�LV�QRW�XQLTXH�WR�KXPDQ�DGXOWV��EXW�KDV�EHHQ�UHSRUWHG�WR�WDNH�HVVHQWLDOO\�WKH�VDPH
IRUP�LQ�KXPDQ�LQIDQWV��%HUQVWHLQ��.HVVHQ��	�:HLVNRSI��������DQG�LQ�RWKHU�SULPDWHV
�(VVRFN������ ��6DQGHOO��*URVV ��	�%RUQVWHLQ������� ���,Q�PRQNH\V ��LQFLGHQWDOO\��=HN L
>����@�IRXQG�FRUWLFDO�FHOOV�ZKRVH�UHVSRQVHV��OLNH�RXU�RZQ�FRORU�FRQVWDQW�H[SHULHQFH�RI
VXUIDFHV��ZHUH�GHWHUPLQHG�E\�WKH�LQWULQVLF�UHIOHFWDQFH�FKDUDFWHULVWLFV�RI�DQ�H[WHUQDO�VXU�
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IDFH�UHJDUGOHVV�RI�WKH�LOOXPLQDWLRQ���7KHUH�LV�HYHQ�HYLGHQFH�WKDW�WKH�VSHFWUDO�FRQWLQXXP
LV�DOVR�SHUFHSWXDOO\�SDUWLWLRQHG�E\�VXFK�UHPRWH�VSHFLHV�DV�SLJHRQV�DQG�EHHV��WKRXJK
DSSDUHQWO\�LQWR�FRORU�FDWHJRULHV�WKDW�GLIIHU�VRPHZKDW�IURP�WKRVH�FRPPRQ�WR�KXPDQV
DQG�PRQNH\V��.LLKQ������ ��YRQ�)ULVFK��������:ULJKW�	�*XPPLQJ������� ��)RU�DOO�RI
WKHVH�DQLPDOV��LQFOXGLQJ�KXPDQV��YLVXD O�GLVFULPLQDWLRQ�EHWZHH Q�QHLJKERULQJ�ZDYH�
OHQJWKV�KDV�EHHQ�UHSRUWHG�WR�EH�VKDUSHVW�DW�WKH�ERXQGDULHV�EHWZHHQ�WKH�FRORU�FDWHJRULHV
IRU�HDFK�VSHFLHV��*UDKDP��7XUQHU��	�+XUVW������ ��-DFREV�	�*D\ORUG������ ��1DJ\�	
6DQFKH]������ ��6PLWK������ ��YRQ�+HOYHUVHQ ������ ��:ULJKW������� ��$QG��DV�WKH�HYL�
GHQFH�REWDLQHG�E\�%HUOLQ�DQG�.D\��������DQG�RWKHUV�KDV�VKRZQ�LQ�WKH�KXPDQ�FDVH��WKH
ERXQGDULHV�WHQ G�WR�EH�WKH�VDPH�DFURVV�FXOWXUHV�WKDW�KDYH�GHYHORSHG�RQ�ZLGHO\�VHSD�
UDWHG�FRQWLQHQWV�DQG�WKDW�KDYH�YHU\�GLIIHUHQW�ODQJXDJHV�DQG�VHWV�RI�FRORU�WHUPV��(YL�
GHQWO\��DV�FRQFOXGHG�E\�8FKLNDZD�	�%R\WRQ��������DQG��HDUOLHU��E\�5DWOLII������� ��WKH
ZD\�LQ�ZKLFK�KXPDQV�FDWHJRUL]H�FRORUV�LV�XQLYHUVDOO\�SUHZLUHG�UDWKHU�WKDQ�LQGLYLGXDOO\
DFTXLUHG�

%XW�ZH�DUH�VWLOO�OHIW�ZLWK�WKH�TXHVWLRQ�RI�WKH�VRXUFH�RI�WKH�SDUWLFXODU�IRUP�RI�VXFK
DQ�LQQDWH�ELRORJ\�XQGHUO\LQJ�KXPDQ�FRORU�FDWHJRUL]DWLRQ��, V�WKLV�ELRORJ\�PHUHO\�DFFL�
GHQWDO�R U�KDV�LW�DULVHQ�D V�DQ�DFFRPPRGDWLRQ�W R�VRPH�LGHQWLILDEOH�UHJXODULW\�LQ�WKH
ZRUOG�LQ�ZKLFK�ZH�KDYH�HYROYHG"�3HUKDSV�ZH�VKRXOG�GLVWLQJXLVK�WZR�TXHVWLRQV��)LUVW�
ZK\�LV�WKH�FRQWLQXRXV�VSDFH�RI�FRORUV�SDUWLWLRQHG�LQWR�GLVFUHWH�FDWHJRULHV�DW�DOO"�6HFRQG�
JLYHQ�WKDW�LW�LV�SDUWLWLRQHG��ZK\�LV�LW�SDUWLWLRQHG�LQ�WKH�SDUWLFXODU�ZD\�LQGLFDWHG�LQ�)LJ�
XUHV������DQG����� "

Possible Adaptive Functions of a Categorical Organization of Colors
,Q�WKH�FDVH�RI�KXPDQV��RQH�DGYDQWDJH�RI�DQ�LQQDWH�VWUXFWXULQJ�RI�FRQWLQXRXV�FRORU
VSDFH�LQWR�GLVFUHWH�UHJLRQV��RUJDQL]HG�DURXQG�SURWRW\SLFDO�RU�IRFDO�FRORUV��KDV�DOUHDG\
EHHQ�LPSOLFLW�LQ�WKH�GLVFXVVLRQ�R I�WKH�OLQJXLVWLF�VWXGLHV�E\�%HUOLQ�DQG�.D\�DQG�RWKHUV�
%HFDXVH�D�GLVFUHWH�VWUXFWXULQJ�PDNHV�SRVVLEOH�WKH�FRQVLVWHQW�DVVLJQPHQW�R I�ZRUGV�WR
FRORUV��LW�IDFLOLWDWHV�FRPPXQLFDWLRQ�EHWZHH Q�LQGLYLGXDOV�DERX W�WKH�FRORUV�RI�REMHFWV
WKDW�PD\�EH�RI�ELRORJLFDO�VLJQLILFDQFH��2QH�PD\�UHDGLO\�LGHQWLI\�D�SHUVRQ�WKDW�RQH�LV�WR
PHHW�IRU�WKH�ILUVW�WLPH�RQ�WKH�EDVLV�RI�D�GHVFULSWLRQ�R I�D�FRORU�WKDW�WKDW�SHUVRQ�ZLOO�EH
ZHDULQJ��%XW�LW�PD\�EH�LPSRVVLEOH�WR�LGHQWLI\�WKDW�SHUVRQ�RQ�WKH�EDVLV�RI�D�GHVFULSWLRQ
RI�KLV�RU�KHU�IDFH��7KH�FRQWLQXRXV�VSDFH�RI�KXPDQ�IDFHV��LQ�DGGLWLRQ�WR�EHLQJ�RI�KLJKHU
GLPHQVLRQDOLW\��GRH V�QRW�VHHP�WR�EH�HQGRZHG�ZLWK�D�FRQVLVWHQW�FDWHJRULFDO�VWUXFWXU H
OLNH�WKDW�RI�WKH�FRQWLQXRXV�VSDFH�RI�FRORUV�

2I�FRXUVH��WKLV�OLQJXLVWLF�DGYDQWDJH�RI�FDWHJRULFDO�UHSUHVHQWDWLRQ�R I�FRORUV�FDQQRW
EH�WKH�H[SODQDWLRQ�IR U�WKH�YHU \�VLPLODU�FDWHJRULFDO�VWUXFWXU H�WKDW�KD V�EHHQ�GHPRQ�
VWUDWHG�IRU�WKH�FRORU�VSDFHV�RI�RWKHU��QRQOLQJXLVWLF�VSHFLHV��6WLOO ��IRU�WKH�PRUH�JHQHUDO
SXUSRVHV�RI�ELRORJLFDO�VLJQDOLQJ�ZLWKLQ�DQG�EHWZHHQ�VSHFLHV��WKH�FDWHJRULFDO�UHSUHVHQ�
WDWLRQ�RI�FRORUV�PD\�KDYH�VLPLODU�DGYDQWDJHV��D V�KDV�EHHQ�DUJXHG�E\�+DUGLQ��������
7KH�DGYDQWDJHV�IRU�ERWK�RI�WKHVH�SXUSRVHV²IRU�KXPDQ�ODQJXDJH�DQG�IRU�RWKHU�W\SHV
RI�VLJQDOLQJ²FDQ�EH�VHHQ�DV�H[DPSOHV�RI�WKH�JHQHUDO�SULQFLSOH�RI�VKDUHDELOLW\�HQXQFL�
DWHG�E\�)UH\G��������������:KHQ�FDVW�LQ�HYROXWLRQDU\�WHUPV��WKDW�SULQFLSOH�VD\V�WKDW
VRPH�FRJQLWLYH�VWUXFWXUHV�RU�IXQFWLRQV�PD\�DULVH�QRW�EHFDXVH�WKH\�FDSWXUH�D�ELRORJL�
FDOO\�VLJQLILFDQW�UHJXODULW\�LQ�WKH�SK\VLFDO�ZRUOG�EXW�EHFDXVH�WKH\�IDFLOLWDWH�RU�PDNH
SRVVLEOH�WKH�VKDULQJ�RI�NQRZOHGJH�EHWZHHQ�FRQVSHFLILFV��&OHDUO\��DQ�LQQDWH�SUHGLVSR �
VLWLRQ�WRZDUG�D�FRQVLVWHQW�SDUWLWLRQLQJ�RI�D�ELRORJLFDOO\�VLJQLILFDQW�FRQWLQXXP�LQWR�GLV�
FUHWH�FDWHJRULHV�ZLOO�IDFLOLWDWH�WKH�VKDULQJ�RI�NQRZOHGJH�DERXW�WKH�WKLQJV�VLJQLILHG�E\
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WKDW�FRQWLQXXP��ZKHWKHU�WKURXJK�FKDQJHV�LQ�WKH�FRORUDWLRQ�RI�ERGLO\�PDUNLQJV��DV�LQ
VRPH�ILVK²)HUQDOG��������RU�WKURXJK�KXPDQ�ODQJXDJH��%HUOLQ�	�.D\��������.D\�	
0F'DQLHO������ ��/HQQHEHUJ�	�5REHUWV������ ��0LOOHU�	�-RKQVRQ�/DLUG������� �

$�FDWHJRULFDO�VWUXFWXULQJ�FDQ�DOVR�IDFLOLWDWH�FRPPXQLFDWLRQ�ZLWKLQ�DQ�LQGLYLGXDO²
IRU�H[DPSOH ��IUR P�RQ H�LQIRUPDWLRQ�SURFHVVLQJ�PRGXO H�WR�DQRWKHU�ZLWKL Q�WKH�VDPH
LQGLYLGXDO
V�EUDLQ��DV�)UH\G�KDV�VXJJHVWHG��SHUVRQDO�FRPPXQLFDWLRQ��-XQH������ ��RU
IURP�RQH�RFFDVLRQ�WR�DQRWKHU��DFURVV�WLPH��+HLGHU������ ��5RVHQ������� ��&HUWDLQO\��WR
UHPHPEHU�WKH�FRORU�RI�D�SDUWLFXODU�REMHFW�DIWHU�D�VLQJOH�H[SRVXUH�PD\�EH�LPSRUWDQW�LI
WKDW�REMHFW�ZDV��VD\��D�QHZO\�HQFRXQWHUHG�SUHGDWRU�IURP�ZKLFK�RQH�EDUHO\�HVFDSHG��$
FOHDU�H[DPSOH�RI�WKH�DGYDQWDJH�RI�SHUFHSWXDO�FDWHJRUL]DWLRQ�KDV�EHHQ�UHSRUWHG�LQ�WKH
DXGLWRU\�GRPDLQ��ZKHUH�LQGLYLGXDOV�GLIIHU�PDUNHGO\�LQ�WKHLU�DELOLWLHV�WR�UHFRJQL]H�WKH
DEVROXWH�SLWFK�RI�D�WRQH��LQGHSHQGHQW�R I�LWV�UHODWLRQ�WR�VRPH�RWKHU�WRQH���,QGLYLGXDO V
ZLWK�WKL V�DELOLW\�RI�VR�FDOOHG�DEVROXWH �SLWFK�DUH�PXFK�PRUH�DFFXUDWH�L Q�LGHQWLI\LQ J
ZKHWKHU�D�ORQJ�GHOD\HG�VHFRQG�WRQH�LV�RU�LV�QRW�D�UHSHWLWLRQ�RI�DQ�HDUOLHU�WRQH��%DFKHP�
������

Possible Sources of the Particular Categorical Organization of Human Colors
(YHQ�LI�ZH�DJUHH�WKDW�WKH�RUJDQL]DWLRQ�RI�FRORU�VSDFH�LQWR�FDWHJRULHV�DQG�SURWRW\SH V
FDQ�VHUYH�DGDSWLYH�IXQFWLRQV��ZH�DUH�VWLOO�OHI W�ZLW K�WKH�TXHVWLRQ�RI�ZK\�WKLV�VSDFH�LV
RUJDQL]HG�LQ�WKH�SDUWLFXODU�FDWHJRULFD O�ZD \�WKDW�LW�LV��UDWKHU�WKDQ�LQ�VRPH�RWKHU�FDWH �
JRULFDO�ZD\��&RQVLGHUDWLRQ�RI�WKLV�TXHVWLRQ�QHFHVVDULO\�EHFRPHV�VWLOO�PRUH�VSHFXODWLYH�
7KH�RUJDQL]DWLRQ�RI�FRORU�VSDFH�WKDW��DORQJ�ZLWK�LWV�SUHVXPDEO\�JHQHWLFDOO\�HQWUHQFKHG
SK\VLRORJLFDO�EDVLV��DSSHDUV�XELTXLWRXV�LQ�KXPDQV�DQG�RWKHU�SULPDWHV�PD\�HYHQWXDOO\
EH�IRXQG�WR�VWHP�IURP�DQ\�PL[WXUH�RI�DW�OHDVW�WKUHH�VRXUFHV���D��7KH�RUJDQL]DWLRQ�FRXOG
EH�D�ODUJHO\�DFFLGHQWDO�RU�DUELWUDU\�VROXWLRQ��RXW�RI�FRXQWOHVV�RWKHU��HTXDOO\�VDWLVIDFWRU\
RUJDQL]DWLRQV��WR�WKH�SUREOHP�RI�SURYLGLQJ�D�GLVFUHWH�EDVLV�IRU�LQWUDVSHFLILF�VLJQDOLQJ�
ODQJXDJH��RU�VKDUHDELOLW\���E ��WKH�RUJDQL]DWLRQ�FRXO G�UHIOHFW�VRPHWKLQJ�DERXW�WKH�QDW�
XUDO�JURXSLQJ V�RI�WKH�VXUIDF H�UHIOHFWDQFH�GLVWULEXWLRQV�R I�REMHFWV��LQWR�ULSH�YHUVXV
XQULSH�HGLEOH�IUXLWV��SUHGDWRUV�YHUVXV�SUH\��DQG�VR�RQ��WKDW�KDYH�ORQJ�KDG�SDUWLFXOD U
ELRORJLFDO�VLJQLILFDQF H�IRU�RXU�DQFHVWRU V�DQ G�WKRV H�R I�RWKHU�SULPDWHV��FI ��6KHSDUG�
����E���RU��F��LQ�OLQH�ZLWK�P\�FRQMHFWXUH�DV�WR�WKH�VRXUFH�RI�WKH�WKUHH�GLPHQVLRQDOLW\
RI�FRORU�VSDFH�LWVHOI��WKLV�RUJDQL]DWLRQ�FRXOG�UHIOHFW�VRPHWKLQJ�DERXW�WKH�ZD\V�LQ�ZKLFK
WHUUHVWULDO�OLJKWLQJ�KDV�PRVW�W\SLFDOO\�YDULHG�GXULQJ�HYROXWLRQDU\�KLVWRU\�

7R�P\�NQRZOHGJH��WKH�V\VWHPDWLF�VXUYH\�RI�WKH�VSHFWUDO�UHIOHFWDQFH�GLVWULEXWLRQV�RI
D�ODUJH�VDPSOH�RI�VLJQLILFDQW�VXUIDFHV�LQ�WKH�QDWXUDO�HQYLURQPHQW�QHHGHG�WR�VXSSRUW�WKH
VHFRQG�DOWHUQDWLYH�KDV�\HW�WR�EH�XQGHUWDNHQ��,Q�WKH�PHDQWLPH��,�ILQG�VRPH�VXSSRUW�IRU
WKH�ODV W�DOWHUQDWLYH�L Q�ZKDW�DOUHDG\�DSSHDUV�W R�EH�D�QRQDFFLGHQWD O�FRUUHVSRQGHQF H
EHWZHHQ�WKH�PRVW�HQWUHQFKHG�RI�WKH�KXPDQ�FRORU�FDWHJRULHV�DQG�WKH�JHQHUDOO\�DFFHSWHG
RSSRQHQW�SURFHVV�GLPHQVLRQV�RI�KXPDQ�FRORU�YLVLRQ��ZKLFK��DV�,�KDYH�QRWHG��VHHP�WR
FRUUHVSRQG�WR�WKH�QDWXUDO�GLPHQVLRQV�RI�WHUUHVWULDO�OLJKWLQJ�

2Q�RQH�KDQG��WKH�VL[�IRFDO�FRORUV�WKDW�ZH�FDOO�ZKLWH��EODFN��UHG��JUHHQ��\HOORZ��DQG
EOXH��DOVR�WHUPHG��ODQGPDUN�FRORUV��E\�0LOOHU�	�-RKQVRQ�/DLUG������ ��DUH�KLJKHVW�LQ
WKH�KLHUDUFK\�RI�EDVLF�FRORU�FDWHJRULHV�DFFRUGLQJ�WR�%HUOLQ�DQG�.D\���������DV�,�LQGL�
FDWHG�LQ�)LJXUH������E\�HQFLUFOLQJ�WKH�FRUUHVSRQGLQJ�(QJOLVK�WHUPV�ZLWK�WKUHH�RU�PRUH
OLQHV��2Q�WKH�RWKHU�KDQG��WKHVH�DUH�MXVW�WKH�VL[�FRORUV�WKDW�DUH�XVXDOO\�WDNHQ�WR�GHILQH
WKH�HQGV�RI�WKH�WKUHH�OLJKW�GDUN��UHG�JUHHQ��DQG�\HOORZ�EOXH�GLPHQVLRQV�LQ�RSSRQHQW
SURFHVV�WKHRULHV��0RUHRYHU��,�KDYH�VXJJHVWHG�WKDW�MXVW�WKHVH�GLPHQVLRQV�PD\�EH�EHVW
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VXLWHG�W R�FRPSHQVDW H�IR U�WKH�PRV W�FRPPRQ�YDULDWLRQ V�R I�WHUUHVWULDO�LOOXPLQDWLRQ �
�(YHQ�WK H�XQLYHUVDOO \�OLJKWHU�DSSHDUDQF H�R I�IRFD O�\HOOR Z�PD\�KDY H�DQ�HFRORJLFD O
EDVLV²SRVVLEO\�LQ�WKH�\HOORZ�FHQWUDO�WHQGHQF\�RI�WKH�GLUHFW�OLJKW�IURP�DQ�RYHUKHDG�VXQ
DIWHU�WKH�VKRUWHU�ZDYHOHQJWK�EOXHV�DQG�YLROHWV�KDYH�EHHQ�SDUWLDOO\�ILOWHUHG�RXW�E\�DWPR�
VSKHULF�VFDWWHULQJ� �

7KH�VHFRQGDU\�IRFDO�FRORUV��VXFK�DV�WKRVH�WKDW�ZH�FDOO�RUDQJH��SXUSOH��SLQN��EURZQ�
DQG�JUD\��PD\�EH�GLVWLQJXLVKHG��ZKHQ ��LQ�D�JLYHQ�FXOWXUH��WKH\�DUH�GLVWLQJXLVKHG��LQ
RUGHU�WR�ILOO�LQ�WKH�PDLQ�JDSV�LQ�FRORU�VSDFH�EHWZHHQ�WKH�SULPDU\�IRFDO�FRORUV�GHILQHG
E\�WKH�XQGHUO\LQJ�RSSRQHQW�SURFHVVHV��%R\QWRQ�KDV�UHYLHZHG�HYLGHQFH�WKDW�SHRSOH�ZLOO
GHVFULEH�WKHVH�VHFRQGDU\�IRFD O�FRORUV�DV�PL[WXUHV�RI�RWKHU�PRUH�SULPDU\�FRORUV��EXW
ZLOO�QRW�GHVFULEH�WKH�SULPDU\�IRFDO�FRORUV�DV�PL[WXUHV�RI�DQ\�RWKHU�FRORUV��%R\QWRQ�
������S�������7KXV��RUDQJH��SXUSOH��DQG�SLQN�ZLOO�EH�GHVFULEHG�DV�FRQWDLQLQJ�UHG�PL[HG
ZLWK�\HOORZ ��EOXH��DQG�ZKLWH ��UHVSHFWLYHO\��ZKLOH�D�SURWRW\SLFD O�UH G�LWVHO I�L V�QHYHU
GHVFULEHG�DV�FRQWDLQLQJ�DQ\�GLVFHUQLEOH�FRQWULEXWLRQ�RI�D�QHLJKERULQJ�FRORU�VXFK�DV
RUDQJH�RU�SXUSOH�

,Q�DQ\�FDVH��LI�FDWHJRULFDO�VWUXFWXULQJ�RI�FRORUV�VHUYHV�DQ�DGDSWLYH�IXQFWLRQ��WKHUH
QHHG�EH�QR�SRZHUIXO�VHOHFWLY H�DGYDQWDJH�RI�RQH�VWUXFWXULQJ�LQ�RUGHU�IRU�LW�WR�SUHYDLO
RYHU�RWKHUV��$�VOLJKW�SUHGLVSRVLWLRQ�WRZDU G�RQH�RUJDQL]DWLRQ��DULVLQJ�SHUKDSV�IURP�D
TXLWH�GLIIHUHQW��QRQFDWHJRULFD O�VRXUFH�PLJKW�ELDV�WKH�VHOHFWLRQ�WRZDUG�WKDW�RUJDQL]D�
WLRQ�RYH U�RWKHU��RWKHUZLVH�FRPSDUDEO\�XVHIXO�FDWHJRULFD O�RUJDQL]DWLRQV ��7KH�VRXUFH
WKDW�,�KDYH�EHHQ�VXJJHVWLQJ�PLJKW�H[HUW�VXFK�DQ�LQIOXHQFH�LV�WKH�QDWXUDO�YDULDWLRQ�RI
WHUUHVWULDO�LOOXPLQDWLRQ��IRU�ZKLFK�ZH�PXVW�FRPSHQVDWH�LQ�RUGHU�WR�DFKLHYH�FRORU�FRQ�
VWDQF\��$OWHUQDWLYHO\��RI�FRXUVH��WKH�ODUJHO\�XQH[SORUHG�SRVVLELOLW\�UHPDLQ V�WKDW�WKH
LQWULQVLF�FRORUV�RI�REMHFWV�WKDW�KDYH�EHHQ�RI�ELRORJLFDO�VLJQLILFDQFH�IRU�RXU�DQFHVWRU V
PD\�KDYH�WHQGHG�W R�FOXVWHU�DURXQG�WKH�IRFD O�FRORUV�LGHQWLILHG�E\�%HUOLQ�DQG�.D\²
SHUKDSV��UHG�IRU�ULSH�IUXLW��H�J���EHUULHV��DSSOHV��WRPDWRHV��HWF����JUHHQ�IRU�WUHHV�DQG�RWKHU
YHJHWDWLRQ��DQG�EOXH�IRU�ZDWHU�DQG�VN\��,Q�WKH�DEVHQFH�RI�D�V\VWHPDWLF�VXUYH\�RI�WKH
VSHFWUDO�UHIOHFWDQFH�GLVWULEXWLRQV�RI�D�ODUJH�VDPSOH�RI�VLJQLILFDQW�VXUIDFHV�LQ�WKH�QDWXUDO
HQYLURQPHQW��KRZHYHU��WKH�GLPHQVLRQV�RI�YDULDWLRQ�RI�QDWXUDO�LOOXPLQDWLRQ�PD\�SUR�
YLGH�IRU�WKH�PRVW�SDUVLPRQLRXV�H[SODQDWLRQ�IR U�WKH�PRVW�VDOLHQW�IHDWXUH V�RI�WKH�XQL�
YHUVDO�FRORU�FDWHJRULHV�RI�KXPDQV�

CONCLUDING REMARKS

The Search for a Nonarbitrary Basis for Psychological Principles

2QH�FDQ�GLVWLQJXLVK�WKUHH�ZD\V�LQ�ZKLFK�ZH�WU\�WR�HVWDEOLVK�DQG�WR�DFKLHYH�XQGHUVWDQG�
LQJ�RI�D�SV\FKRORJLFDO�SKHQRPHQRQ��$OWKRXJK�DQ\�FRPELQDWLRQ�RI�WKHVH�ZD\V�FDQ�EH
SXUVXHG��VLPXOWDQHRXVO\�RU�LQ�DQ\�RUGHU��WKH\�PD\�WHQG�WR�EHFRPH�GRPLQDQW�LQ�WKUHH
VXFFHVVLYH�VWDJHV�RI�VFLHQWLILF�LQYHVWLJDWLRQ��7KH�ILUVW�VXFK�VWDJH�IRFXVHV�RQ�WKH�HPSLU�
LFDO�HVWDEOLVKPHQW�R I�WKH�SKHQRPHQRQ�LWVHOI��WKURXJK�EHKDYLRUDO��SV\FKRSK\VLFDO��RU
OLQJXLVWLF�LQYHVWLJDWLRQV��ZKHWKHU�XVLQJ�ODERUDWRU\�H[SHULPHQWV�RU�ILHOG�REVHUYDWLRQV��
7KH�VHFRQG�VWDJH�VKLIWV�IRFXV�WR�WKH�HOXFLGDWLRQ�RI�WKH�SK\VLRORJLFDO�PHFKDQLVPV�WKDW
PD\�XQGHUOL H�WKDW�HVWDEOLVKH G�SKHQRPHQRQ ��WKURXJK�QHXURSK\VLRORJLFDO�LQYHVWLJD�
WLRQV��ZKHWKHU�E\�HOHFWURSK\VLRORJLFDO�UHFRUGLQJ�RI�FRQFRPLWDQW�EUDLQ�DFWLYLW\�RU�E\
VLPXODWLRQ�RI�SURSRVHG�FRQQHFWLRQLVW�PRGHOV�RQ�D�FRPSXWHU���7KH�WKLUG�VWDJH��ZKHQ
LQGHHG�LW�LV�HPEDUNHG�XSRQ��VKLIWV�IRFXV��DJDLQ��WR�WKH�SUREOHPV�WKDW�WKH�H[WHUQDO�ZRUOG
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SRVHV�IRU�DQ�LQGLYLGXDO��,Q�WKLV�VWDJH��ZH�WU\�WR�XQGHUVWDQG�ERWK�WKH�QHXURSK\VLRORJLFDO
PHFKDQLVPV�DQG�WKH�FRJQLWLYH�DQG�EHKDYLRUDO�IXQFWLRQV�WKDW�WKRVH�PHFKDQLVPV�PHGL�
DWH�QRW�DV�DUELWUDU\�GHVLJQ�IHDWXUHV�RI�D�SDUWLFXODU�VSHFLHV��EXW�DV�DFFRPPRGDWLRQV�W R
SHUYDVLYH�DQG�HQGXULQJ�SURSHUWLHV�RI�WKH�ZRUOG�

,Q�RXU�XQGHUVWDQGLQJ�RI�WKH�KXPDQ�UHSUHVHQWDWLRQ�R I�FRORUV��RYHU�WKUHH�FHQWXULHV
RI�LQVSLUHG�HPSLULFDO�LQYHVWLJDWLRQ�KDV�HVWDEOLVKHG�PDQ \�RI�WKH�EDVLF�SKHQRPHQD�RI
KXPDQ�FRORU�YLVLRQ��)RU�SUHVHQW�SXUSRVHV ��WKHVH�SKHQRPHQD�KDYH�LQFOXGHG�WKH�FRQ�
VWDQF\��WKH�WKUHH�GLPHQVLRQDOLW\��WKH�KXH�FLUFXODULW\��DQ G�WKH�FDWHJRULFDO�VWUXFWXUH�RI
FRORUV��%HJLQQLQ J�ODWHU��SK\VLRORJLFDO�LQYHVWLJDWLRQV��ZKLFK�,�KDYH�QRW�DWWHPSWHG�W R
UHYLHZ��KDYH�EHJXQ�WR�SLQ�GRZQ�WKH�QHXURQDO�PHFKDQLVPV�XQGHUO\LQJ�D�IHZ�RI�WKHVH
SKHQRPHQD��VHH��IRU�H[DPSOH��'H�9DORLV��������'H�9DORLV�	�'H�9DORLV��������)RVWHU�
������/HQQLH��������/LYLQJVWRQH�	�+XEHO������ ��=HNL������� ��7KH�UHJXODULWLHV�LQ�WKH
ZRUOG�WKDW�PD\�GHWHUPLQH�WKH�QDWXUH�RI�WKHVH�SK\VLRORJLFDO�PHFKDQLVPV��DV�ZHOO�DV�RI
WKH�SHUFHSWXDO�FRJQLWLYH�SKHQRPHQD�WKDW�WKH\�PHGLDWH��UHPDL Q�ODUJHO\�XQH[SORUHG�
%H\RQG�WK H�ORQJ�VWDQGLQ J�UHFRJQLWLR Q�R I�WKH�SUREOH P�R I�FRORU�FRQVWDQF \�DQG�WK H
PRGHO�UHFHQWO \�SURSRVH G�IR U�LW V�VROXWLRQ�E \�0DORQH\�DQG�:DQGHO O������� ��, �KDYH
RIIHUHG�OLWWO H�PRUH�WKDQ�VRPH�WHQWDWLYH�VXJJHVWLRQV�DERXW�SRVVLEO\�IUXLWIXO�GLUHFWLRQ V
IRU�IXUWKHU�H[SORUDWLRQ �

,�EHJDQ�WKLV�FKDSWHU�ZLWK�WKH�FODLP�WKDW�QDWXUDO�VHOHFWLRQ�VKRXOG�OHDG�WR�WKH�HPHU�
JHQFH�QRW�RQO\�RI�SHUFHSWXDO��EHKDYLRUDO ��DQG�FRJQLWLYH�PHFKDQLVPV�WKDW�DUH�DGDSWHG
WR�WKH�VSHFLILF�FLUFXPVWDQFHV�IDFH G�E\�SDUWLFXODU�VSHFLHV ��JHQGHUV ��DQG�GRPDLQV��EXW
DOVR�RI�PHFKDQLVPV�WKDW�DUH�DGDSWHG�WR�WKH�JHQHUDO�FLUFXPVWDQFHV�IDFHG�E\�DOO�VR�FDOOHG
KLJKHU�RUJDQLVPV��&RORU�YLVLRQ�RIIHUV�D �OHVV�REYLRXV�FDVH�IRU�VXSSRUWLQJ�VXFK�D�FODLP
WKDQ�WKH�SKHQRPHQD�WKDW�,�KDYH�XVXDOO\�XVHG�IRU�WKLV�SXUSRVH��QDPHO\��WKRVH�RI�VSDWLDO
UHSUHVHQWDWLRQ��H�J���6KHSDUG��������DQG�RI�JHQHUDOL]DWLRQ��H�J� ��6KHSDUG������E� ��&RORU
SHUWDLQV�WR�D�VLQJOH�VHQVRU\�PRGDOLW\��YLVLRQ���ZKHUHDV�VSDFH�DQG�JHQHUDOL]DWLRQ�DUH�QRW
PRGDOLW\�VSHFLILF ��0RUHRYHU ��WKH�SURSHUWLH V�L Q�WKH�ZRUOG�WKDW�PLJK W�GHWHUPLQH�WKH
RUJDQL]DWLRQ�RI�FRORUV�DUH�OHVV�REYLRXV�WKDQ�WKRVH�WKDW�PLJKW�GHWHUPLQH�WKH�UHSUHVHQ�
WDWLRQ�R I�VSDFH��)R U�H[DPSOH��ZKHUHDV�WKH�WKUHH�GLPHQVLRQDOLW\�R I�SHUFHSWXDO�VSDF H
GHULYHV�GLUHFWO\�IUR P�WK H�IXQGDPHQWD O�WKUHH�GLPHQVLRQDOLW\�R I�SK\VLFDO�VSDFH ��WK H
WKUHH�GLPHQVLRQDOLW\�RI�FRORU�VSDFH�GRHV�QRW�V R�GLUHFWO\�RU�REYLRXVO\�GHULYH�IURP�D
WKUHH�GLPHQVLRQDOLW\�LQ�WKH�ZRUOG��7KH�FDVH�IRU�D�QRQDUELWUDU\�EDVLV�IRU�WKH�VWUXFWXUH
RI�FRORUV��WR�WKH�H[WHQW�WKDW�LW�FDQ�EH�PDGH��KDV�WKH�DGYDQWDJH��KRZHYHU��RI�VXJJHVWLQJ
WKDW�SV\FKRORJLFDO�FRQVWUDLQWV�PD\�FRUUHVSRQG�W R�UHJXODULWLHV�LQ�WKH�ZRUOG�HYHQ�ZKHQ
WKH�FRUUHVSRQGHQFH�L V�QRW�LQLWLDOO\�REYLRXV�

Possible Universal Pressures Toward the Organization of Colors

,�FRQFOXGH�ZLWK�D�EULHI�FRQVLGHUDWLRQ�R I�WKH�VHQVH��LI�DQ\��LQ�ZKLFK�D�WHQGHQF\�WRZDUG
WKH�SURSHUWLHV�RI�FRORU�UHSUHVHQWDWLRQ�, �KDYH�EHHQ�FRQVLGHULQJ�PD\�EH�JHQHUDO²RU�HYHQ
XQLYHUVDO��7KURXJKRXW��,�KDYH�VSRNHQ�RI�WKH�SRVVLELOLW\�RI�VHOHFWLYH�SUHVVXUHV�WR�ZKLFK
KLJKO\�YLVXDO�WHUUHVWULDO�DQLPDOV�PD\�EH�VXEMHFW�LQ�WKH�WHUUHVWULDO�HQYLURQPHQW��, �XVHG
WKH�TXDOLILFDWLRQ��WHUUHVWULDO��EHFDXVH�FRQGLWLRQV�R I�LOOXPLQDWLRQ�LQ�RWKHU��IRU�H[DP�
SOH��DTXDWLF�HQYLURQPHQWV�FDQ�EH�TXLWH�GLIIHUHQW��2ZLQJ�WR�WKH�DOUHDG\�QRWHG�VHOHFWLYH
DEVRUSWLRQ�E\�ZDWHU�RI�WKH�ORQJHU�ZDYHOHQJWKV��ZLWK�LQFUHDVLQJ�GHSWK�LQ�D�PDULQH�HQYL�
URQPHQW��WKH�DYDLODEOH�VRODU�OLJKW��LQ�DGGLWLRQ�WR�EHLQJ�SURJUHVVLYHO\�UHGXFHG�LQ�RYHUDOO
LQWHQVLW\��EHFRPHV�SURJUHVVLYHO\�UHVWULFWHG�LQ�VSHFWUDO�UDQJH�WR�WKH�VKRUWHU�ZDYHOHQJWKV�
7KLV�EOXH�VKLI W�DQ G�FRPSUHVVLR Q�L Q�UDQJH�RI�DYDLODEOH�ZDYHOHQJWK V�LV�NQRZQ�WR�EH
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PDWFKHG�E\�D�FRUUHVSRQGLQJ�EOXH�VKLIW�DQG�FRPSUHVVLRQ�LQ�WKH�UDQJH�RI�VSHFWUDO�VHQ�
VLWLYLW\�RI�GHHSHU�GZHOOLQJ�PDULQH�DQLPDOV��/\WKJRH��������

,W�GRHV�VHHP�WR�PH ��KRZHYHU��WKDW�WKH�ZDYHOHQJWK�GHSHQGHQFLHV�RI�WKH�YDULDEOH
KHLJKW�RI�D�VXQ��SUHVHQFH�RI�DWPRVSKHULF�DHURVROV ��DQ G�GLUHFW�YHUVXV�LQGLUHFW�LOOXPL �
QDWLRQ�PLJKW�DSSO\�TXLWH�JHQHUDOO\�RQ�WKH�VXUIDFHV�RI�SODQHWV�FDSDEOH�RI�VXSSRUWLQJ�WKH
HYROXWLRQ�RI�KLJKO\�YLVXDO�RUJDQLVPV��6XFK�D�SODQHW�LV�SUHVXPDEO\�OLNHO\��D��WR�FLUFOH�D
ORQJ�OLYHG�VWDU�WKDW�HPLWV�D�VWDEOH��EURDG�UDQJH�RI�ZDYHOHQJWKV���E��WR�XQGHUJR�UHJXODU
URWDWLRQ�DERXW�LWV�RZQ�D[LV��RZLQJ�WR�WKH�FRQVHUYDWLRQ�RI�DQJXODU�PRPHQWXP���DQG��F�
WR�SRVVHVV�DQ�DWPRVSKHUH�WKDW�GLIIHUHQWLDOO\�ILOWHUV�WKH�ZDYHOHQJWKV�RI�GLUHFW�DQG�VFDW�
WHUHG�OLJKW�GHSHQGLQJ�RQ�WKH��URWDWLRQDOO\�GHWHUPLQHG��DQJOH�DW�ZKLFK�WKH�OLJKW�HQWHUV
WKH�DWPRVSKHUH�DQG�WKH�VL]H�GLVWULEXWLRQ�RI�DWPRVSKHULF�SDUWLFOHV��0RUHRYHU��WKH�DUJX�
PHQWV�IRU�FDWHJRULFDO�UHSUHVHQWDWLRQ�RI�FRORUV�EDVHG�RQ�PHPRUDELOLW\�DQG�VKDUHDELOLW\
GR�QRW�GHSHQG�RQ�SDUWLFXODU�IHDWXUHV�RI�WKH�WHUUHVWULDO�HQYLURQPHQW��,Q�VKRUW��MXVW�DV
WKHUH�PD\�EH�XQLYHUVDO�VHOHFWLYH�SUHVVXUHV�WRZDUG�PHFKDQLVPV�IRU�WKH�UHSUHVHQWDWLRQ
RI�WKUHH�GLPHQVLRQDO�VSDFH�DQG�IR U�DQ�H[SRQHQWLD O�ODZ�RI�JHQHUDOL]DWLRQ��6KHSDUG �
����D���WKHUH�PD\�EH�TXLWH�JHQHUDO�VHOHFWLYH�SUHVVXUHV�WRZDUG�PHFKDQLVPV�IRU�WKH�UHS�
UHVHQWDWLRQ�RI�WKH�VXUIDFH�FKDUDFWHULVWLFV�RI�REMHFWV�LQ�D�ORZ�GLPHQVLRQDO��SHUKDSV�HYHQ
D�WKUHH�GLPHQVLRQDO��FRORU�VSDFH��ZLWK�D�FLUFXODU�FRPSRQHQW�RI�KXH��DQG�D�FDWHJRULFDO
VWUXFWXUH�

3RVVLEO\��EHKDYLRUDO�DQG�FRJQLWLYH�WKHRULVWV�VKRXOG�DVSLUH�WR�D�ZLGHU�VFRSH�IRU�WKHLU
VFLHQFH��$Q�HYROXWLRQDU\�WKHRU\�RI�PLQG�QHHG�QRW�FRQILQH�LWVHOI�WR�WKH�SDUWLFXODU�PLQGV
RI�WKH�PRUH�RU�OHVV�DFFLGHQWDO�FROOHFWLRQ�RI�VSHFLHV�ZH�ILQG�RQ�SODQHW�(DUWK��7KHUH�PD\
EH�TXLWH�JHQHUDO�RU�HYHQ�XQLYHUVDO�SULQFLSOHV�WKDW�FKDUDFWHUL]H�SODQHWDU\�HQYLURQPHQWV
FDSDEOH�RI�VXSSRUWLQJ�WKH�RULJLQ�DQG�HYROXWLRQ�RI�LQFUHDVLQJO\�FRPSOH[�IRUPV�RI�OLIH�
,I�VR��WKHUH�PD\�EH�FRUUHVSRQGLQJ�JHQHUDO�RU�HYHQ�XQLYHUVDO�SULQFLSOHV�RI�PLQG�WKDW�E\
YLUWXH�RI�WKHLU�PHVK�ZLWK�WKH�SULQFLSOHV�RI�WKHVH�HQYLURQPHQWV��DUH�IDYRUHG�E\�D�SURFHVV
RI�QDWXUDO�VHOHFWLRQ�ZKHUHYHU�LW�PD\�EH�WDNLQJ�SODFH�

ACKNOWLEDGMENTS

3UHSDUDWLRQ�RI�WKLV�FKDSWHU�ZDV�VXSSRUWHG�E\�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�*UDQW�1R��%16����
�������7KH�FKDSWHU�KDV�EHQHILWHG�IURP�KHOSIX O�FRPPHQWV�RQ�HDUOLHU�GUDIWV�E\�D�QXPEHU�RI�FRO�
OHDJXHV��LQFOXGLQ J�5REHU W�%R\QWRQ ��/HG D�&RVPLGHV ��-HQQLIHU�)UH\G ��*HRIIUH \�0LOOHU ��-RKQ
7RRE\��DQG�%ULDQ�:DQGHOO�

REFERENCES

$OSHUQ��0����������:KDW�LV�LW�WKDW�FRQILQHV�LQ�D�ZRUOG�ZLWKRXW�FRORU"�,QYHVWLJDWLYH�2SWKDPRORJ\�
������������

%DFKHP��$����������7LPH�IDFWRUV�LQ�UHODWLYH�DQG�DEVROXWH�SLWFK�GHWHUPLQDWLRQ��-RXUQDO �R I�WKH
$FRXVWLFDO�6RFLHW\�R I�$PHULFD��������������

%DUORZ��+��%����������:KDW�FDXVHV�WULFKURPDF\"�$�WKHRUHWLFDO�DQDO\VLV�XVLQJ�FRPE�ILOWHUHG�VSHF�
WUD��9LVLRQ �5HVHDUFK��������������

%HUOLQ��%���	�.D\��3����������%DVLF�FRORU�WHUPV��7KHLU�XQLYHUVDOLW\�DQG�HYROXWLRQ��%HUNHOH\��&$�
8QLYHUVLW\�RI�&DOLIRUQLD�3UHVV�

%ORXJK��'��6����������'LVFULPLQDWLRQ�RI�OHWWHUV�DQG�UDQGRP�GRW�SDWWHUQV�E\�SLJHRQV�DQG�KXPDQV�
-RXUQDO�RI�([SHULPHQWDO�3V\FKRORJ\� �$QLPDO�%HKDYLRU�3URFHVVHV�������?����� �



528 PERCEPTION AND LANGUAGE AS ADAPTATIONS

%OXPHQWKDO��/��0����������7KHRU\ �DQ G�DSSOLFDWLRQV �R I�GLVWDQFH�JHRPHWU\��2[IRUG��&ODUHQGRQ
3UHVV�

%RUQ��0���	�:ROI��(����������3ULQFLSOHV�R I�RSWLFV��2[IRUG��3HUJDPRQ�3UHVV�
%RUQVWHLQ��0��+���.HVVHQ��:���	�:HLVNRSI��6����������&RORU�YLVLRQ�DQG�KXH�FDWHJRUL]DWLRQ�LQ

\RXQJ�KXPDQ�LQIDQWV��-RXUQDO�RI�([SHULPHQWDO�3V\FKRORJ\� �+XPDQ�3HUFHSWLRQ�DQG�3HU�
IRUPDQFH��� ����������

%RZPDNHU��-��.����������7KH�YLVXDO�SLJPHQWV��RLO�GURSOHWV�DQG�VSHFWUDO�VHQVLWLYLWLHV�RI�WKH�SLJHRQ�
9LVLRQ�5HVHDUFK����������������

%RZPDNHU��-��.� ��	�.QRZOHV��$ ����������7KH�YLVXDO�SLJPHQWV�DQG�RLO�GURSOHWV�R I�WKH�FKLFNHQ
UHWLQD��9LVLRQ �5HVHDUFK��������������

%R\QWRQ��5��0����������&RORU�YLVLRQ��$QQXDO�5HYLHZ�RI�3V\FKRORJ\���� ���������
%R\QWRQ��5��0���	�*RUGRQ��-����������%H]ROG�%ULLNH�KXH�VKLIW�PHDVXUHG�E\�FRORU�QDPLQJ�WHFK �

QLTXH��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD������������
%R\QWRQ��5 ��0� ��	 �2OVRQ��& ��; �������� ��/RFDWLQJ�EDVLF�FRORU V�L Q�WKH�26$�VSDFH��&2/25

UHVHDUFK�DQG�DSSOLFDWLRQ����� ��������
%R\QWRQ��5��0���	�2OVRQ��&��;����������6DOLHQFH�RI�FKURPDWLF�EDVLF�FRORU�WHUPV�FRQILUPHG�E\

WKUHH�PHDVXUHV��9LVLRQ �5HVHDUFK����������������
%UDLQDUG��'��+���	�:DQGHOO��%��$����������$QDO\VLV�RI�WKH�UHWLQH[�WKHRU\�RI�FRORU�YLVLRQ��-RXUQDO

RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD�������� ��������
%ULOO��0��+����������$�GHYLFH�IRU�SHUIRUPLQJ�LOOXPLQDQW�LQYDULDQW�DVVHVVPHQW�RI�FKURPDWLF�UHOD �

WLRQV��-RXUQDO�RI�7KHRUHWLFDO �%LRORJ\���� ����������
%ULOO��0��+���	�:HVW��*�������� ��&RQWULEXWLRQV�WR�WKH�WKHRU\�RI�LQYDULDQFH�RI�FRORU�XQGHU�WKH

FRQGLWLRQ�R I�YDU\LQJ�LOOXPLQDQFH��-RXUQDO�RI�0DWKHPDWLFDO�%LRORJ\����� ���������
%XFKVEDXP��*�������� ��$�VSDWLDO�SURFHVVRU�PRGH O�IRU�REMHFW�FRORU�SHUFHSWLRQ ��-RXUQDO �R I�WK H

)UDQNOLQ�,QVWLWXWLRQ������������
%XFKVEDXP��*���	�*RWWVFKDON��$����������&KURPDWLFLW\�FRRUGLQDWHV�RI�IUHTXHQF\�OLPLWHG�IXQF �

WLRQV��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD��������������
&DUOWRQ��(��+���	�6KHSDUG��5 ��1����������3V\FKRORJLFDOO\�VLPSOH�PRWLRQV�DV�JHRGHVLF�SDWKV��, �

$V\PPHWULF�REMHFWV��,, ��6\PPHWULF�REMHFWV��-RXUQDO �R I�0DWKHPDWLFDO �3V\FKRORJ\� ��� �
���������������� �

&KULVW��5��(����������5HYLHZ�DQG�DQDO\VLV�RI�FRORU�FRGLQJ�UHVHDUFK�IR U�YLVXDO�GLVSOD\V��+XPDQ
)DFWRUV��������������

&RKHQ��-����������'HSHQGHQF\�RI�WKH�VSHFWUDO�UHIOHFWDQFH�FXUYHV�RI�WKH�0XQVHOO�&RORU�&KLSV��3V\�
FKRQRPLF�6FLHQFH�������������

&RQGLW��+��5���	�*UXP��)����������6SHFWUDO�HQHUJ\�GLVWULEXWLRQ�RI�GD\OLJKW��-RXUQDO�RI�WKH�2SWLFDO
6RFLHW\�RI �$PHULFD��������������

&RVPLGHV��/����������7KH�ORJLF�RI�VRFLDO�H[FKDQJH��+DV�QDWXUDO�VHOHFWLRQ�VKDSHG�KRZ�KXPDQV
UHDVRQ"�6WXGLHV�ZLWK�WKH�:DVRQ�VHOHFWLRQ�WDVN��&RJQLWLRQ��������������

'DV��6��5���	�6DVWUL��9�'�3����������6SHFWUDO�GLVWULEXWLRQ�DQG�FRORU�RI�WURSLFDO�GD\OLJKW��-RXUQDO
RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD����������

'DXPHU��.����������5HLW]PHWULVFKH�XQWHUVXFKXQJHQ�GHV�)DUEHQVHKHQV�GHU�%LHQHQ��=HLWVFKULIW
IXU�9HUJOHLFKHQGH �3K\VLRORJLF� �������������

'H�9DORLV ��5��/����������&HQWUDO�PHFKDQLVPV�RI�FRORU�YLVLRQ��,Q�5 ��-XQJ��(G����+DQGERRN�RI
VHQVRU\�SK\VLRORJ\��9RO�����$��SS������������%HUOLQ��6SULQJHU�9HUODJ�

'H�9DORLV��5��/���	�'H�9DORLV��.��.����������1HXUDO�FRGLQJ�RI�FRORU��,Q�(��&��&DUWHUHWWH�	�0��3�
)ULHGPDQ��(GV����+DQGERRN�RI�SHUFHSWLRQ��9RO�����SS���������� ��1HZ�<RUN��$FDGHPLF
3UHVV�

'L[RQ��(��5����������6SHFWUDO�GLVWULEXWLRQ�R I�$XVWUDOLDQ�GD\OLJKW��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\
RI�$PHULFD��������������

(VVRFN��6��0����������&RORU�SHUFHSWLRQ�DQ G�FRORU�FODVVLILFDWLRQ��,Q�'��0��5XPEDXJK��(G����/DQ�
JXDJH�OHDUQLQJ�E\�D�FKLPSDQ]HH��7KH�/$1$�SURMHFW��SS������������1HZ�<RUN��$FDGHPLF
3UHVV�



THE PERCEPTUAL ORGANIZATION OF COLORS 529
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.UXVNDO��-��%����������0XOWLGLPHQVLRQDO�VFDOLQ J�E\�RSWLPL]LQJ�JRRGQHVV�R I�ILW�WR�D�QRQPHWULF
K\SRWKHVLV��3V\FKRPHWULND���������� �

.LLKQ��$����������8EHU�GHQ�)DUEHQVLQQ�GHU�%LHQHQ��=HLWVFKULIWIXU�YHUJOHLFKHQGH �3K\VLRORJLH����
��������

/DQG��(��+����������7KH�UHWLQH[��$PHULFDQ�6FLHQWLVW��������������
/DQG��(��+���������-DQXDU\�)HEUXDU\���2X U��SRODU�SDUWQHUVKLS��ZLWK�WKH�ZRUOG�DURXQG�XV��+DU�

YDUG�0DJD]LQH��������
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/DQG��(��+����������5HFHQW�DGYDQFHV�LQ�UHWLQH[�WKHRU\�DQG�VRPH�LPSOLFDWLRQV�IRU�FRUWLFDO�FRP�
SXWDWLRQV��&RORU�YLVLRQ�DQG�WK H�QDWXUDO�LPDJH��3URFHHGLQJV�RI�WKH�1DWLRQDO�$FDGHP\�RI
6FLHQFHV���������������

/H*UDQG��<����������&RORULPHWULH�GH�)$EHLOOH�$SLV�PHOOLIHUD��9LVLRQ �5HVHDUFK�����������
/HQQHEHUJ��(��+���	�5REHUWV��-��0����������7KH�ODQJXDJH�RI�H[SHULHQFH��$�VWXG\�LQ�PHWKRGRORJ\�

,QWHUQDWLRQDO-RXUQDO�R I�$PHULFDQ�/LQJXLVWLFV��0HPRLU��� �
/HQQLH��3����������5HFHQW�GHYHORSPHQWV�L Q�WKH�SK\VLRORJ\�RI�FRORU�YLVLRQ��7UHQGV �L Q�1HXURVFL�

HQFH�������������
/LYLQJVWRQH��0��6���	�+XEHO��'��+����������$QDWRP\�DQG�SK\VLRORJ\�RI�D�FRORU�V\VWHP�LQ�WKH

SULPDWH�YLVXDO�FRUWH[��-RXUQDO�RI1HXURVFLHQFH��� ����������
/\WKJRH��-��1����������7KH�HFRORJ\�R I�YLVLRQ� �1HZ�<RUN�DQG�/RQGRQ ��2[IRUG�8QLYHUVLW\�3UHVV�
0DORQH\��/ ��7����������(YDOXDWLRQ�R I�OLQHDU�PRGHOV�RI�VXUIDFH�VSHFWUDO�UHIOHFWDQF H�ZLWK�VPDOO

QXPEHUV�RI�SDUDPHWHUV��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD�$���������������
0DORQH\��/��7���	�:DQGHOO��%��$����������&RORU�FRQVWDQF\ ��$ �PHWKRG�IR U�UHFRYHULQJ�VXUIDFH

VSHFWUDO�UHIOHFWDQFH ��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD�$�����������
0DUU��'����������9LVLRQ��6DQ�)UDQFLVFR��: ��+��)UHHPDQ �
0F)DUODQG��:��1���	�0XQ]��)��:�������D���7KH�SKRWLF�HQYLURQPHQW�RI�FOHDU�WURSLFDO�VHDV�GXULQJ

WKH�GD\��9LVLRQ �5HVHDUFK����������������
0F)DUODQG��:��1���	�0XQ]��)��:�������E���7KH�HYROXWLRQ�RI�SKRWRSLF�YLVXDO�SLJPHQWV�LQ�ILVKHV�

9LVLRQ�5HVHDUFK����������������
0HUYLV��&��%��	�5RVFK��(����������&DWHJRUL]DWLRQ�R I�QDWXUDO�REMHFWV��$QQXDO�5HYLHZ�RI�
3V\FKRO�

RJ\�������������
0LOOHU��*��$����������7KH�PDJLFDO�QXPEHU�VHYHQ��SOXV�RU�PLQXV�WZR��6RPH�OLPLWV�RQ�RXU�FDSDFLW\

IRU�SURFHVVLQJ�LQIRUPDWLRQ��3V\FKRORJLFDO�5HYLHZ������������
0LOOHU��*��$���	�-RKQVRQ�/DLUG��3 ��1����������/DQJXDJH�DQG�SHUFHSWLRQ��&DPEULGJH��0$��+DU�

YDUG�8QLYHUVLW\�3UHVV�
1DJ\��$���	�6DQFKH]��5 ���������1RYHPEHU���&RORU�GLIIHUHQFH�UHTXLUHG �IRU�SDUDOOHO�YLVXDO�VHDUFK�

3DSHU�SUHVHQWHG�DW�WKH�$QQXDO�0HHWLQJ�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD��6DQWD�&ODUD�
&$�

1DVVDX��. ����������7K H�SK\VLFV�DQG�FKHPLVWU\ �RI�FRORU� �7KH�ILIWHHQ�FDXVHV�RI�FRORU� �1HZ�<RUN�
:LOH\�

1DWKDQV��-���7KRPDV��'� ��	�+RJQHVV��' ��6����������0ROHFXODU�JHQHWLFV�RI�KXPDQ�FRORU�YLVLRQ�
7KH�JHQHV�HQFRGLQJ�EOXH��JUHHQ�DQG�UHG�SLJPHQWV��6FLHQFH���������������

1HZWRQ��,����������2SWLFNV��%RRN�����/RQGRQ��3ULQWHG�IRU�6��6PLWK�	�%��:DOIRUG�
3DYORY��,��3 ����������&RQGLWLRQHG�UHIOH[HV ��* ��9 ��$QUHS��7UDQV����/RQGRQ��2[IRU G�8QLYHUVLW\

3UHVV�
3DYORY��,��3����������/HFWXUHV�RQ�FRQGLWLRQHG�UHIOH[H V��:��+��*DQQWW��7UDQV����1HZ�<RUN��,QWHU�

QDWLRQDO�3UHVV �
5DWOLII��)����������2Q�WKH�SV\FKRSK\VLRORJLFDO�EDVHV�RI�XQLYHUVDO�FRORU�QDPHV��3URFHHGLQJV�RI�WKH

$PHULFDQ�3KLORVRSK\�6RFLHW\���������������
5RVFK��(����������1DWXUDO�FDWHJRULHV��&RJQLWLYH�3V\FKRORJ\��� ����������
5RVFK��( ����������7KH�QDWXUDO�PHQWD O�FRGHV�IRU�FRORU�FDWHJRULHV��-RXUQDO�RI�([SHULPHQWDO�3V\�

FKRORJ\��+XPDQ�3HUFHSWLRQ �DQG�3HUIRUPDQFH��� ����������
6DOVWURP��3����������&RORXU�DQG�SK\VLFV��6RPH�UHPDUNV�FRQFHUQLQJ�WKH�SK\VLFDO�DVSHFWV�RI�KXPDQ

FRORU�YLVLRQ��5HSRUW�1R ����������6WRFNKROP��6ZHGHQ��,QVWLWXWH�RI�3K\VLFV��8QLYHUVLW\�RI
6WRFNKROP�

6DQGHOO��-��+���*URVV��&��*���	�%RUQVWHLQ��0��1����������&RORU�FDWHJRULHV�LQ�0DFDTXHV��-RXUQDO
RI�&RPSDUDWLYH�DQG�3K\VLRORJLFDO�3V\FKRORJ\���� ����������

6DSLU��( ����������7LPH�SHUVSHFWLYH�L Q�DERULJLQDO�$PHULFD Q�FXOWXUH��$�VWXG\�LQ�PHWKRG��, Q�' �
0DQGHOEDXP��(G����6HOHFWHG�ZULWLQJV�RI�(GZDUG�6DSLU�LQ�ODQJXDJH��FXOWXUH��DQG�SHUVRQ�
DOLW\��%HUNHOH\��&$��8QLYHUVLW\�RI�&DOLIRUQLD�3UHVV������ �
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6DVWUL��8�'�3���	�'DV��6��5����������6SHFWUDO�GLVWULEXWLRQ�DQG�FRORXU�RI�QRUWK�VN\�DW�'HOKL��-RXU�
QDO�RI�WKH�2SWLFDO�6RFLHW\�R I�$PHULFD����������

6DVWUL��8�'�3� ��	�'DV��6��5�����������7\SLFDO�VSHFWUDO�GLVWULEXWLRQV�DQ G�FRORXU�IRU�WURSLFDO�GD\�
OLJKW��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD����������

6KHSDUG��5��1����������7KH�DQDO\VLV�RI�SUR[LPLWLHV��0XOWLGLPHQVLRQDO�VFDOLQJ�ZLWK�DQ�XQNQRZQ
GLVWDQFH�IXQFWLRQ��3DUWV���DQG�����3V\FKRPHWULFD�����������������������

6KHSDUG��5��1����������$WWHQWLRQ�DQG�WKH�PHWULF�VWUXFWXUH�RI�WKH�VWLPXOXV�VSDFH��-RXUQDO�RI�0DWK�
HPDWLFDO�3V\FKRORJ\��� ��������

6KHSDUG��5 ��1�������� ��$SSUR[LPDWLRQ�WR�XQLIRU P�JUDGLHQW V�RI�JHQHUDOL]DWLRQ�E\�PRQRWRQH
WUDQVIRUPDWLRQV�RI�VFDOH��,Q�'��,��0RVWRIVN\��(G����6WLPXOXV�JHQHUDOL]DWLRQ��SS����������
6WDQIRUG��&$��6WDQIRUG�8QLYHUVLW\�3UHVV�

6KHSDUG��5 ��1����������)RUP��IRUPDWLRQ��DQG�WUDQVIRUPDWLRQ�R I�LQWHUQDO�UHSUHVHQWDWLRQV��, Q�5�
6ROVR��(G����,QIRUPDWLRQ�SURFHVVLQJ �DQG�FRJQLWLRQ��7KH�/R\ROD�6\PSRVLXP��SS����������
+LOOVGDOH��1-��/DZUHQFH�(UOEDXP�$VVRFLDWHV�

6KHSDUG��5��1����������0XOWLGLPHQVLRQDO�VFDOLQJ��WUHH�ILWWLQJ��DQG�FOXVWHULQJ��6FLHQFH�����������
����

6KHSDUG��5��1����������3V\FKRSK\VLFDO�FRPSOHPHQWDULW\��,Q�0��.XERY\�	�-��3RPHUDQW]��(GV���
3HUFHSWXDO�RUJDQL]DWLRQ��SS������������+LOOVGDOH��1-��/DZUHQFH�(UOEDXP�$VVRFLDWHV�

6KHSDUG��5��1����������(FRORJLFDO�FRQVWUDLQWV�RQ�LQWHUQDO�UHSUHVHQWDWLRQ��5HVRQDQ W�NLQHPDWLF V
RI�SHUFHLYLQJ��LPDJLQLQJ��WKLQNLQJ�DQG�GUHDPLQJ��3V\FKRORJLFDO �5HYLHZ��������������

6KHSDUG��5��1�������D���(YROXWLRQ�RI�D�PHVK�EHWZHHQ�SULQFLSOHV�RI�WKH�PLQG�DQG�UHJXODULWLHV�RI
WKH�ZRUOG��,Q�-��'XSUH��(G����7KH�ODWHVW�RQ�WKH�EHVW��(VVD\V�RQ�HYROXWLRQ�DQG�RSWLPDOO\
�SS������������&DPEULGJH��0$��0,7�3UHVV�%UDGIRUG�%RRNV�

6KHSDUG��5��1�������E���7RZDUG�D�XQLYHUVDO�ODZ�RI�JHQHUDOL]DWLRQ�IRU�SV\FKRORJLFDO�VFLHQFH��6FL�
HQFH�����������������

6KHSDUG��5��1����������7KH�UROH�RI�WUDQVIRUPDWLRQV�LQ�VSDWLDO�FRJQLWLRQ��,Q�-��6WLOHV�'DYLV��0�
.ULWFKHYVN\��	�8��%HOOXJL��(GV����6SDWLDO�FRJQLWLRQ� �%UDLQ�EDVHV�DQG�GHYHORSPHQW��SS �
���������+LOOVGDOH��1-��/DZUHQFH�(UOEDXP�$VVRFLDWHV �

6KHSDUG��5 ��1����������,QWHUQDO�UHSUHVHQWDWLRQ�R I�XQLYHUVDO�UHJXODULWLHV��$ �FKDOOHQJH�IRU�FRQQHF�
WLRQLVP��, Q�/��1DGHO��/��$��&RRSHU��3��&XOLFRYHU��	 �5�0�+DUQLVK��(GV�� ��1HXUDO�FRQ�
QHFWLRQV��PHQWDO �FRPSXWDWLRQ ��SS���������� ��&DPEULGJH ��0$ ��0,7�3UHVV�%UDGIRUG
%RRNV�

6KHSDUG��5��1����������$�SRVVLEOH�HYROXWLRQDU\�EDVLV�IRU�WULFKURPDF\��3URFHHGLQJV�RI�WKH�63,(�
636(�V\PSRVLXP�RQ�HOHFWURQLF�LPDJLQJ��6FLHQFH�DQG�WHFKQRORJ\����������

6KHSDUG��5��1����������,QWHJUDOLW\�YHUVXV�VHSDUDELOLW\�RI�VWLPXOXV�GLPHQVLRQV��)URP�DQ�HDUO\�FRQ�
YHUJHQFH�RI�HYLGHQFH�WR�D�SURSRVHG�WKHRUHWLFDO�EDVLV��,Q�*��5��/RFNKHDG�	�-��5��3RPHU�
DQW]��(GV����3HUFHSWLRQ�R I�VWUXFWXUH��SS�������� ��:DVKLQJWRQ��'&��$PHULFDQ�3V\FKRORJ�
LFDO�$VVRFLDWLRQ�

6KHSDUG��5��1���LQ�SUHVV���:KDW�LQ�WKH�ZRUOG�GHWHUPLQHV�WKH�VWUXFWXUH�RI�FRORU�VSDFH"��&RPPHQ�
WDU\�RQ�7KRPSVRQ��3DODFLRV��	�9DUHOD���%HKDYLRUDO�DQG�%UDLQ�6FLHQFHV�

6KHSDUG��5��1��	�&DUUROO��-��'����������3DUDPHWULF�UHSUHVHQWDWLRQ�RI�QRQOLQHDU�GDWD�VWUXFWXUHV�
,Q�3 ��5��.ULVKQDLDK��(G����0XOWLYDULDWH�DQDO\VLV ��SS������������1HZ�<RUN��$FDGHPLF
3UHVV�

6KHSDUG��5��1���	�&KDQJ��-��-����������6WLPXOXV�JHQHUDOL]DWLRQ�LQ�WKH�OHDUQLQJ�RI�FODVVLILFDWLRQV�
-RXUQDO�RI�([SHULPHQWDO�3V\FKRORJ\� ��� ���������

6KHSDUG��5 ��1���	�&RRSHU��/��$����������0HQWDO�LPDJHV�DQG�WKHLU�WUDQVIRUPDWLRQV��&DPEULGJH �
0$��0,7�3UHVV�%UDGIRUG�%RRNV �

6KHSDUG��5��1���	�&RRSHU��/ ��$����������5HSUHVHQWDWLRQ�RI�FRORUV�LQ�WKH�EOLQG��FRORU�EOLQG��DQG
QRUPDOO\�VLJKWHG��3V\FKRORJLFDO�6FLHQFH�����LQ�SUHVV��

6PLWK��'��3�����������'HULYDWLRQ�RI�ZDYHOHQJWK�GLVFULPLQDWLRQ�IURP�FRORXU�QDPLQJ�GDWD��9LVLRQ
5HVHDUFK��������������
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6SHUOLQJ��*����������7KH�LQIRUPDWLRQ�DYDLODEOH�LQ�EULHI�YLVXDO�SUHVHQWDWLRQV��3V\FKRORJLFDO�0RQ�
RJUDSKV�������� �:KROH�1R�������

6WLOHV��:��6���:\V]HFNL��*���	�2KWD��1����������&RXQWLQJ�PHWDPHULF�REMHFW�FRORU�VWLPXOL�XVLQJ
IUHTXHQF\�OLPLWHG�VSHFWUD O�UHIOHFWDQFH�IXQFWLRQV��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHU�
LFD��������������

7YHUVN\��$���	�.DKQHPDQ��'����������-XGJPHQW�XQGHU�XQFHUWDLQW\��+HXULVWLFV�DQG�ELDVHV��6FL�
HQFH�����������������

8FKLNDZD��.���	�%R\QWRQ��5��0����������&DWHJRULFDO�FROR U�SHUFHSWLRQ�R I�-DSDQHVH�REVHUYHUV �
&RPSDULVRQ�ZLWK�WKDW�RI�$PHULFDQV��9LVLRQ �5HVHDUFK����������������

YRQ�)ULVFK��.����������%HHV��7KHLU�YLVLRQ��FKHPLFDO�VHQVHV��DQG�ODQJXDJH��,WKDFD��1< ��&RUQHO O
8QLYHUVLW\�3UHVV�

YRQ�+HOYHUVRQ��2����������=XU�VSHNWUDOHQ�8QWHUVFKLHGVHPSILQGOLFKNHLWGHU�+RQLJELHQH��-RXUQDO
RI�&RPSDUDWLYH�3K\VLRORJ\��������������

:DVRQ��3��&��	�-RKQVRQ�/DLUG��3 ��1����������3V\FKRORJ\�R I�UHDVRQLQJ� �6WUXFWXUH�DQG�FRQWHQW�
/RQGRQ��%DWVIRUG�

:HVW��*���	�%ULOO��0��+����������1HFHVVDU\�DQG�VXIILFLHQ W�FRQGLWLRQ V�IR U�9RQ�.ULHV�FKURPDWLF
DGDSWDWLRQ�W R�JLYH�FRORU�FRQVWDQF\��-RXUQDO�RI�0DWKHPDWLFDO�%LRORJ\���� ����������

:KRUI��%��/����������/DQJXDJH��WKRXJKW��DQG�UHDOLW\��1HZ�<RUN��:LOH\�
:LQFK��*��7���%RVKRII��0��&���.RN��&��-���	�GX�7RLW��$��*����������6SHFWURUDGLRPHWULF�DQG�FRO�

RULPHWULF�FKDUDFWHULVWLFV�R I�GD\OLJKW�LQ�WKH�VRXWKHUQ�KHPLVSKHUH��3UHWRULD��6RXWK�$IULFD �
-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD��������������

:RRGZRUWK��5��6���	�6HOOV��6��%����������$Q�DWPRVSKHUH�HIIHF W�L Q�IRUPDO�V\OORJLVWL F�UHDVRQLQJ�
-RXUQDO�RI�([SHULPHQWDO�3V\FKRORJ\� ��� ����������

:RUWK\��-��$����������/LPLWDWLRQV�R I�FRORU�FRQVWDQF\��-RXUQDO�RI�WKH�2SWLFDO�6RFLHW\�RI�$PHULFD
$�������������� �

:ULJKW��$��$����������3V\FKRPHWULF�DQ G�SV\FKRSK\VLFD O�KXH�GLVFULPLQDWLRQ�IXQFWLRQ V�IRU�WKH
SLJHRQ��9LVLRQ �5HVHDUFK��������������� �

:ULJKW��$��$���	�*XPPLQJ��:��:����������&RORU�QDPLQJ�IXQFWLRQ V�IRU�WKH�SLJHRQ��-RXUQDO�RI
WKH�([SHULPHQWDO�$QDO\VLV�RI�%HKDYLRU���������� �

<LOPD]��+����������&RORU�YLVLRQ�DQG�D�QHZ�DSSURDFK�WR�FRORU�SHUFHSWLRQ��,Q�(��(��%HUQDUG�	�0�
5��.DUH��(GV���%LRORJLFDO�SURWRW\SHV�DQ G�V\QWKHWLF�V\VWHPV��SS���������� ��1HZ�<RUN�
3OHQXP�

<RXQJ��7�������� ��2Q�SK\VLFD O�RSWLFV��, Q�$�FRXUVH �RI�OHFWXUHV �RQ�QDWXUDO�SKLORVRSK\�DQG�WK H
PHFKDQLFDO�DUWV��9RO���� ��/RQGRQ��3ULQWHG�IR U�7D\ORU�DQG�:HOWRQ�������

=HNL��6����������&RORXU�SDWKZD\V�DQG�KLHUDUFKLHV�LQ�WKH�FHUHEUDO�FRUWH[��7KH�UHVSRQVHV�RI�ZDYH�
OHQJWK�VHOHFWLYH�DQG�FRORXU�FRGHG�FHOOV�LQ�PRQNH\�YLVXDO�FRUWH[�WR�FKDQJHV�LQ�ZDYHOHQJWK
FRPSRVLWLRQ��1HXURVFLHQFH� ������������


