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Abstract

Relational color constancy refers to the constancy of the perceived relations between the colors of surfaces of a
scene under changes in the spectral composition of the illuminant. Spatial ratios of cone excitations provide a
natural physical basis for this constancy, as, on average, they are almost invariant under illuminant changes for large
collections of natural surfaces and illuminants. The aim of the present work was to determine, computationally, for
specific surfaces and illuminants, the constancy limits obtained by the application of a minimum-variance principle
to cone-excitation ratios and to investigate its validity in predicting observers’ surface-color judgments. Cone
excitations and their changes due to variations in the color of the illuminant were estimated for colored surfaces in
simulated two-dimensional scenes of colored papers and real three-dimensional scenes of solid colored objects. For
various test surfaces, scenes, and illuminants, the estimated levels of relational color constancy mediated by
cone-excitation ratios varied significantly with the test surface and only with certain desaturated surfaces
corresponded to ideal matches. Observers’ experimental matches were compared with predictions expressed in CIE
1976 (’',v') space and were found to be generally consistent with minimum-variance predictions.
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Introduction pends not so much on the constancy of their perceived colors under
changes in illuminant but on the constancy of the perceived color

The ability of the eye to perceive surface color independent of the . . . N
. . . . . . relations between them (“relational color constancy”). These per-
illuminant (“color constancy”) has been measured in a variety of

) . ceived color relations might be encoded by the ratios of cone
ways. Typically, two colored patterns or scenes representing the_ .~ . oL . .
excitations—uwithin the same cone class—arising from light re-

same set of surfaces but under two different lights are presented ?I)ected from the different surfaces in the scene; for with natural

the observer, either side-by-side or sequentially. In a surface-color- . . . . .
; : ﬁurfaces these spatial ratios are almost invariant under wide range
matching task, the observer adjusts the color of a test patc

embedded in one of the scenes so that it appears to be made of tﬂf flluminant changes (Foster & Nascimento, 1994; Nascimento

. . . et'al., 2002). Neurophysiological mechanisms that might mediate
same material as the corresponding patch in the other scene (Arer(]:one-excitation-ratio effects have been considered in Hurlbert and
& Reeves, 1986; Cornelissen & Brenner, 1995; Bauml, 1999;

Foster et al., 200d). In a closely related task, the observer could Wolf (2003)'. .
. ; B . What limits are imposed, therefore, on the level of color
be asked instead if the two scenes are related by an illuminant

change or if any of the objects have changed in their surfacgonStanCy if it is determined by the invariance or otherwise of

materials (Craven & Foster, 1992; Foster et al., 200 Almeida ;patlal ratios of cone (_excntatlons and to wha_1t eXtem mlght they
et al., 2004) influence performance in surface-color matching or discriminating

. ; ; > .
Both of these tasks involve the comparison of the colors Oflllumlnant from material changes? To address these questions,

P . 1pr dictions of performance were obtained with simulated two-
surfaces within and across scenes, and it has been sugges

(Foster & Nascimento, 1994) that performance in each task de_|mensional scenes comprising simple patterns of Munsell sur-
' faces under different illuminants and with real three-dimensional

scenes of solid colored objects under different illuminants, used in
Address correspondence and reprint requests to: Sérgio M. C. Nascg_)(per_'ments described elsewhere (de Almeida et al., 2004). In both
mento, Department of Physics, Gualtar Campus, University of Minho,Situations, observers were assumed to make surface-color matches

4710-057 Braga, Portugal. E-mail: smcn@fisica.uminho.pt by minimizing the variance in spatial cone-excitation ratios. It is
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emphasized that for observers the task was the traditional one—ttdifferent illuminants with correlated color temperatures chosen
assumption here concerns the mechanisms underlying observefsom 25,000 K, 6700 K, and 4000 K. The chromaticity coordinates
performance (Foster, 2003). The predicted degree of constangyroducing exactly invariant cone-excitation ratios with respect to
was found to vary significantly with the color of the test surface the surround for all three cone classes simultaneously were esti-
and only with certain desaturated surfaces were matches close tnated by calculating the corresponding excitations and converting
ideal. These variations from ideal performance closely fitted theback to chromaticities (see Appendix 1). The degree of color
variations in observers’ actual experimental matches, in both coloconstancy was quantified in CIE 1976',v') chromaticity space
direction and degree of constancy. by a commonly used constancy index (Arend & Reeves, 1986),
with value 0 corresponding to no constancy and 1 to ideal constancy.
For the analysis of real three-dimensional scenes, data were
Materials and methods taken from an asymmetric surface-color matching experiment

For the analysis of simulated two-dimensional scenes, surfaced€t@iled in de Almeida et al. (2004). Five colored objects were
were drawn from the complete set of 1269 samples invibasell used as test objects and seven pairs of illuminants, which sepa-

Book of Color (Munsell Color Corporation, 1976) with each rately and simultaneously illuminated each half of the scene, were
spectral-reflectance function sampled at 10-nm intervals. Thigrawn from the range 25,000 K-4000 K. Only the 25,000 K and
Munsell set was chosen for its approximately uniform distribution 8700 K pair was used here. Observers were instructed to adjust the
of chromaticities and because individual Munsell spectra or theifc°!or Of a three-dimensional test object on one side of the scene
combinations may represent some naturally occurring spectrqnder the 6700 K illuminant so that the paper covering it looked
(Jaaskelainen et al., 1990). It does not contain extremely saturatétf If It Was cut from the same sheet as the paper covering the
surfaces, but these are rare in natural environments (see, elgqrrespon_dlng_object on the other side of the scene under the
Nascimento et al., 2002). The illuminants represented differen¢>:000 K illuminant. _ )

phases of natural daylight and their spectral power distributions The(u’,v’_) c_hromat|C|ty coordinates and correspondmg levels
were generated from three basis functions taken from a principa?f €One excitations of these scenes were calculated in the same
components analysis of 622 samples (Judd et al., 1964). The levefé2y as for the simulated scenes, that is, based on minimizing the
of cone excitations for each illuminated surface were computed/@iance in cone-excitation ratios, except that the test surfaces,

using the Vos-Walraven cone spectral-sensitivity data and conver_s-u”ound’ aqd the illuminants were Qrawn from'those actually.used
sions from cone excitations to chromaticities effected with a' the €xperiment. Because the objects used in these experiments
standard conversion formula (Vos, 1978). were real three-dimensional objects, their chromatic specification

The two-dimensional scenes were the simplest possible convas not uniform across the surfaces; for that reason, the colors of

sisting of a variable Munsell (test) surface embedded in a uniforn{€ OPj€cts used in the computations were averages determined
surround with flat spectral reflectance. With this arrangement, itVith @ telespectroradiometer (SpectraColorimeter, PR-650, Photo

was possible to examine the effects of variations in test-surfac&esearch, Inc., Chatsworth, CA).
reflectance unconfounded by other variations in the spectral com-
position of the scene. The neutral surround was intended to rep-
; » . pﬁesults
resent a spectral average (the “grey-world” assumption), bu
chromatic surrounds were also tested. The CIE 1@76') chro- Fig. 1(a) shows a histogram representing the distribution of
maticity coordinates and corresponding levels of cone excitationpredicted constancy indices based on minimizing the variance in
of the test surface and surround were calculated under pairs @one-excitation ratios in the simulated two-dimensional scenes.

400 1 1 1 1 1
(@ T
N 0.5 L
w3004 L
o
Q
&
—
j=)
w
‘S 200+ Fov 044 -
5 )
° N
Q
E
5 N
= 1004 -
NN 0.3+ -
oL e . ]
0.4 0.6 0.8 1.0 0.1 0.2 0.3 0.4
constancy index u'

Fig. 1. Distribution of predicted constancy indices for 1269 Munsell test surfaces: (a) relative frequencies and (b) iso-index lines in
CIE 1976(u’,v’) chromaticity space. Each test surface was assumed to be embedded in a neutral surround, with both illuminated by
a daylight with correlated color temperature 25,000 K and then 6700 K.
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. L . L Fig. 1(b) shows for these scenes how the predicted constancy
greV + /+ indices depend on th@r',v’) chromaticity coordinates of the test
yellow surface. The contours represent iso-index lines. Constancy indices
are high with surfaces of low saturation and progressively decrease
red with surfaces of increasing saturation. The variation is anisotropic,
045 | with a slower decrease along a bluish-yellow axis than along a
' white reddish-green axis. Larger shifts in correlated color temperature of
, 25,000 K to 4000 K produced similar anisotropies, but, on average,
slightly higher constancy indices.
Fig. 2 shows, for the real three-dimensional scenes(uhe’)
blue chromaticity coordinates of the five colored test surfaces under an
illuminant with correlated color temperature 25,000 K and then
0.35 4 r 6700 K (solid and open circles, respectively). Also shown are the
corresponding chromaticities of the surfaces under the 6700 K
illuminant (crosses) based on minimizing the variance in cone-
excitation ratios.
u The color-matching performance of observers was compared
with predictions in two complementary ways, first with respect to

Fig. 2. Li i in CIE 1976u’,v’) ch ici f fi | - . . . S
9 ocations In .C 97qu ’U.) chromaticity space of five co orgd constancy indices and then with respect to the direction of bias in
test surfaces used in real three-dimensional scenes under daylight illumr-

nants with correlated color temperatures of 25,000 K (solid circles) and-0!0r SPace. Fig. 3(a) shows the predicted indices (solid bars) and
6700 K (open circles), and predicted locations under the 6700 K illuminanobServers’indices (hatched bars). The average prediction error was
(crosses) based on minimizing the variance in spatial cone-excitatio®-06, and the maximum was 0.09, obtained with the yellow test
ratios. surface. The particularly low value obtained by observers with the
green test surface closely followed the predicted value.

Fig. 3(b) shows predicted and observers’ direction of bias
Each of the 1269 counts was obtained for a different Munselldefined by the angle between a horizontal line and a line joining
surface surrounded by a neutral surface, with both illuminatedhe chromaticity coordinates of the match to the coordinates of
by a daylight with correlated color temperature 25,000 K andeach of the five test surfaces under the 6700 K illuminant. The
then 6700 K. Values of the indices ranged from 0.998 for a palepredicted bias follows the experimental data, although least well
pink surface to 0.35 for a yellow surface, with an average valuewith the green test surface. Observers’ matches were always biased
across all Munsell surfaces of about 0.89. Replacing the neutrahore towards the direction of the color of the fixed comparison
surround by a chromatic surround reduced the average index teurface under the 25,000 K illuminant.
the range 0.6-0.9, with the lower values obtained with more A similar analysis of constancy indices and bias direction was
saturated colors. Both with neutral and with chromatic sur-undertaken with data from a sequential illuminant-material-change
rounds, more than half of the surfaces had predicted constanayiscrimination experiment also using real three-dimensional ob-
levels of <0.95. jects (de Almeida et al., 2002). Solid colored objects were used as
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Fig. 3. Predicted surface-color-matching performance based on minimizing variance in spatial cone-excitation ratios (solid bars) and
observers’ performance (hatched bars) in real three-dimensional scenes under illuminants with correlated color temperatures of 25,000
K and 6700 K: (a) constancy indices and (b) angular direction of color bias. The color of each test surface is indicated.
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test objects similar to those used here, and the illuminant pair ha@lorNELISSEN, EW. & BRENNER, E. (1995). Simultaneous color constancy

correlated color temperatures of 25,000 K and 6700 K. The ;i‘gslitezing” analysis of viewing strategie¥ision Researchs,
relationship between predictions and observed performance WaéRAVEN, B.J. &' FosTER, D.H. (1992). An operational approach to colour

similar to that shown in Fig. 3 with simultaneous presentation of  constancyVvision Researc82, 1359-1366.

the comparison scenes. DE ALMEIDA, V.M.N., FIADEIRO, P.T., NasCIMENTO, S.M.C. & FOSTER,
D.H. (2002). Colour constancy under illuminant changes with 3-D and
2-D views of real scene®erception31, 135-135.

Discussion DE ALMEIDA, V.M.N., FiaDpERO, P.T. & NasciMenTo, S.M.C. (2004).
Colour constancy by asymmetric colour matching with real objects in

The principle of minimizing the variance in cone-excitation ratios  three-dimensional scenegisual Neuroscienc@l, 341-345. N

suggests significant limits on observers’ performance in Su”aceEOSgi‘?ér?c'?g (2(3’83)44%0'35 colour constancy existiends in Cognitive

color _matc_hlng and in Q|scr|_m|nat|ng Cha“ges |n_|||um|nant andFosm, D.H. <’§LNASCIMENTO, S.M.C. (1994). Relational colour constancy

materials in scenes. With simulated two-dimensional scenes of from invariant cone-excitation ratioBroceedings of the Royal Society

Munsell surfaces and daylight illuminants, the predicted level of B (London)257, 115-121.

constancy varied with the color of the test surface and came closEosTER, D.H., AMaNo, K. & NascimenTo, S.M.C. (2001a). Colour con-

to ideal values only with desaturated surfaces. The fact that more Stancy from temporal cues: Better matches with less variability under

. fast illuminant changes/ision Researci1, 285-293.

than half of the surfaces produced constancy-index levels lowef ¢ rr D H., Nascimento, SM.C., AMANO, K.. AREND, L.. LINNELL.

than 0.95 with a neutral surround and that the mean index fell to  K.J., Nieves, JL., PLET, S. & FosTER, 1.S. (2001b). Parallel detection

0.6-0.9 with a chromatic surround suggests that the expected of violations of color constancyroceedings of the National Academy

degree of constancy in practical situations could be lower thar}: of SCSQICGSAOf the %5-28’1\18151‘8156' SM.C. (2003). Tritanopic
- . . . OSTER, D.H., AMANO, K. ASCIMENTO, S.M.C. .
anticipated from everyday experience, particularly so with more colour constancy under daylight changes?Normal & Defective

saturated colors. Thus, the low values reported in some experi- colour Vision ed. MoLLoN, JD., POKORNY, J. & KNoBLAUCH, K.,
mental studies may be due more to the selection of surfaces rather pp. 218-224. Oxford: Oxford University Press.
than to other experimental factors. A possible mechanism undeHURLBERT, A. & WoLF, K. (2003). Color contrast: A contributory mech-

) . : L P anism to color constanc{rogress in Brain Research44, 147-160.
lying the anisotropy in the distribution of constancy indices hasJAASKELAINEN’T_’ PARKKINEN, J. & TovooKa, S. (1990). Vector-subspace

been con.sid.ered elseyvhere (Foster et al., 2‘_303)- model for color representationlournal of the Optical Society of
Quantitative modeling of observers’ experimental performance  America A7, 725-730.

in surface-color matching (e.g. Brainard et al., 1997; Bauml, 1999yupp, D.B., MacApaM, D.L. & Wyszeckl, G. (1964). Spectral distribu-
usually involves the adjustment of various empirically determined  tion of typical daylight as a function of correlated color temperature.

arameters. In contrast, the application here of the minimum Journal of the Optical Society of Americi, 1031-1040.
P : ’ pp MuNseLL CoLor CORPORATION (1976). Munsell Book of Color-Matte

variance principle to observers’ matching performance required Finish Collection Baltimore, Maryland: Munsell Color Corporation.
only the chromatic specification of the stimuli: there were no freeNascimento, S.M.C. & FosTer, D.H. (1997). Detecting natural changes of
parameters. Yet the variation in the degree of constancy and the CO“SjEXCititit%n fRatiOSI ig Si_mtpl(%o andd C;Jgalefsggloluigg images:

H : H H : ceedings O e Royal Socle naon 3 —. .
directional biases In.the e).(per.lmemal data, were generally WeILIASCIMENTgo, SM.C, FE);REIRA, F.g. & FosTER, D.H. (2002). Statistics of
reproduced. The residual bias in observers’ performance was di- gpatial cone-excitation ratios in natural scenfmirnal of the Optical
rected towards the color of the illuminant of the fixed comparison  Society of America A9, 1484—1490.
surface, suggesting some hue-and-saturation-based matching, whigbs, JJ. (1978). Colorimetric and photometric properties of ‘afénda-
has also been reported elsewhere (Bauml, 1999). mental observeiColor Research and Applicatiod, 125-128.

The success of this minimum-variance principle adds to previ-
ous data (Nascimento & Foster, 1997) pointing to a critical role forAppendix 1

spatial cone-excitation ratios in judging surface-color properties . )
under changes in illuminant. The CIE 1976(u’,v’) chromaticity coordinates of the test surface

producing exactly invariant cone-excitation ratios against the sur-
round in all three cone classes were calculated as follows. Suppose
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