
1 Introduction
How do we decide whether 2 coloured surfaces are the same when viewed under different
lights? For uniform planar surfaces viewed in isolation in a dark field, the task is,
of course, impossible: red paper in white light looks the same as white paper in red light.
But when several differently coloured surfaces are present in the scene, the task of
distinguishing the reflecting properties of a surface from the spectrum of the illuminat-
ing light becomes more feasible. If the gamut of surfaces in the scene is sufficiently
large, then, in theory, it is possible to make a reliable estimate of the illuminant;
for example, by assuming it coincides with a spatial average (Buchsbaum 1980), or with
the highest-luminance surface (Land and McCann 1971), or by appealing to other
statistical properties of the image (Finlayson et al 2001; Golz and MacLeod 2002).
Knowing the properties of the illuminant then allows its effects to be discounted.
Accordingly, experimental tests of observers' ability to match surfaces under different
lights (`asymmetric colour matching') have often used stimuli consisting of patterns of
many differently coloured surfaces. But do observers really need to estimate the illumi-
nant in order to make surface-colour matches?

A crucial test of the role of the illuminant is whether asymmetric colour matching
is worse when the illuminant cannot be reliably estimated; for example, when there
are just 2 surfaces present in a scene. Previous experiments with stimulus patterns
consisting of just a few surfaces (Arend et al 1991; Tiplitz Blackwell and Buchsbaum
1988; Valberg and Lange-Malecki 1990) have suggested that pattern complexity is not
necessary for surface-colour matching, but the interpretation of these results in the
present context is complicated by design issues; for example, differences in the geom-
etry of the patterns. A direct comparison of the effects of the number of surfaces has
been reported in an unpublished PhD thesis by one of the present authors (Nascimento
1995), but this was in a different tasköthat of discriminating illuminant changes on a
pattern from changes in spectral reflectance (Craven and Foster 1992; Nascimento
and Foster 1997). In the experiments reported here, therefore, observers made surface-
colour matches between patterns of 49 surfaces, in Mondrian-like arrays, and between
patterns of 2 surfaces, with each surface of the same size or with each pattern of the
same area. No significant effect of number of surfaces was found.
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2 Methods
2.1 Stimuli
The stimuli were simulations on a computer-controlled colour monitor of illuminated
Lambertian coloured surfaces drawn randomly from 1269 samples in the Munsell Book
of Color (Munsell Color Corporation 1976). (All subsequent references to surfaces and
illuminants should be taken to refer to the corresponding simulations.) The surfaces
were formed into patterns with three geometries: (a) 162 array of abutting square
surfaces each of side 1 deg of visual angle; (b) 162 array of abutting surfaces each
3.5 deg67 deg; and (c) 767 array of abutting square surfaces each of side 1 deg
(see figure 1). The random sampling producing each pattern was repeated, if necessary,
to eliminate any accidental similarities between the test surfaces and the surrounding
surfaces (Foster et al 2001). Fresh random samples were drawn in each trial. The patterns
were viewed simultaneously side-by-side in a darkened room.

Patterns were presented in pairs. The left pattern was presented under a fixed
spatially uniform daylight of correlated colour temperature 25 000 K and luminance
50 cd mÿ2. The right pattern was identical but presented under a fixed spatially uniform
daylight of correlated colour temperature 6700 K and luminance 50 cd mÿ2, except for
the test surface. The test surface coincided with the right surface of the 2-surface pattern
and with the centre surface of the 49-surface pattern. The illumination on the test
surface was replaced by an independent, adjustable, spatially uniform local illuminant
constructed from daylight spectral basis functions (Judd et al 1964). By varying the
coefficients of these functions with a joypad input control to the computer, the observer
could vary the chromaticity and luminance of the local illuminant, and therefore that
of the test surfaces (Foster et al 2001). The three different pattern geometries were used
in separate experimental sessions. The luminance of light reflected from the patches
varied from 2.7 to 23 cd mÿ2, with mean approximately 10 cd mÿ2. The patterns were
viewed binocularly at 100 cm.

2.2 Apparatus
Stimuli were generated by a computer-controlled RGB colour-graphics system with
nominal 15-bit intensity resolution on each gun (VSG 2/3F, Cambridge Research
Systems Ltd, Rochester, Kent, UK), and displayed on a 20-inch RGB monitor
(GDM-20SE2T5, Sony Corp., Tokyo, Japan). Screen resolution was 10246768 pixels
and refresh rate approximately 100 Hz. A telespectroradiometer (SpectraColorimeter,
PR-650; Photo Research Inc., Chatsworth, CA, USA), which had previously been cali-
brated by the UK National Physical Laboratory, was used to calibrate the display
system. Errors in the displayed CIE (x, y, Y ) coordinates of a white test patch were
50:005 in (x, y) and 53% in Y (55% at lower light levels).

3.5 deg 7 deg

1 deg

(a) (b) (c)

Figure 1. Stimulus patterns comprising (a) 162 surfaces each of side 1 deg of visual angle,
(b) 162 surfaces each 3.5 deg67 deg, and (c) 767 surfaces each of side 1 deg, all drawn from
the Munsell Book of Color (Munsell Color Corporation 1976). A colour version of this figure can
be viewed on the Perception website at http://www.perceptionweb.com/misc/p5185/.
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2.3 Procedure
The observer's task was to adjust the chromaticity and luminance of the local illuminant
on the test surface so that the patterns in each pair looked as if they were made from
exactly the same pieces of coloured paper, that is, a `paper match' (Arend and Reeves
1986). Observers were allowed to move their eyes freely (Cornelissen and Brenner 1995),
and were given unlimited time to make each match. In all, they made sixteen matches
in each experimental condition.

2.4 Observers
Six observers participated in the experiments, four male and two female, aged 22 ^ 37
years, each with normal colour vision, verified by Rayleigh and Moreland anomaloscopy,
and with normal visual acuity. All except one, coauthor KA, were unaware of the
purpose of the experiment.

3 Results
To quantify observers' surface-colour-matching performance, a numerical constancy
index was used (Arend et al 1991). Thus, in the three-dimensional CIE 1976 L*u*v*
colour space, let a be the distance between the observer's match and the 6700 K
illuminant and let b be the distance between the 25 000 K and 6700 K illuminants;
then the constancy index is 1ÿ a=b. Perfect constancy corresponds to an index of unity.

Values of the constancy indices averaged over the six observers are given in table 1
for three stimulus geometries (similar values were obtained with constancy indices
based on an alternative CIE L*a*b* space). An analysis of variance showed that there
was no significant effect of number of surfaces (F2 10 � 0:5, p 4 0:5). There was also
no significant effect of surface size with the 2-surface patterns (F1 5 � 1:8, p � 0:2).

4 Discussion
Values of the constancy index were similar to those reported previously (Ba« uml 1999;
Brainard et al 1997; Foster et al 2001) and, critically, there was no effect of number
of surfaces: observers' matches were just as good with patterns of 49 surfaces as with
patterns of 2 surfaces of the same size. Since it is impossible to make a reliable esti-
mate of the illuminant from just 2 surfaces, it seems unlikely that observers need this
information to make surface-colour matches. This result is consistent with a previous
unpublished report (Nascimento 1995) on the discrimination of illuminant changes
from spectral-reflectance changes with patterns of 2 surfaces. It is also consistent with
previous studies (Arend et al 1991; Valberg and Lange-Malecki 1990; Werner et al 2000)
on the effects of `equivalent surrounds', although the issue of surround structure is
complex (Brenner and Cornelissen 1998; Brenner et al 2003; Jenness and Shevell 1995;
Monnier and Shevell 2003; Shevell and Wei 1998; Wachtler et al 2001).

How, then, do observers make matches with these minimal 2-surface patterns? One
possibility is that they make use of `relational colour constancy' (Foster and Nascimento
1994), which refers to the constancy of perceived colour relations between surfaces

,

,

Table 1. Surface-colour matching with three different stimulus geometries under daylights of
correlated colour temperatures 25 000 K and 6700 K. Constancy indices were calculated for
CIE 1976 L*u*v* colour space. Data for six observers. Values in parentheses are those of 1 SEM.

Stimulus geometry

2 surfaces 2 surfaces 49 surfaces
1 deg61 deg 3.5 deg67 deg 1 deg61 deg

Mean constancy index 0.72 (0.04) 0.78 (0.04) 0.73 (0.07)
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under different illuminants, as distinct from colour constancy, which refers to the
constancy of perceived colours of surfaces. That is, in these matches, observers simply
compare how the colour of 1 surface relates to the colour of 1 or more other surfaces
or, indeed, to the pattern as a whole, first under the one illuminant and then under
the other. There is a ready physiological substrate for these comparisons: the ratios
of cone-photoreceptor excitations generated in response to light reflected from pairs of
surfaces or groups of surfaces. Such ratios, which can also be calculated across
postreceptoral combinations and spatial averages of cone signals, have the remarkable
property of being almost exactly invariant under changes in illuminant, both with
coloured papers (Foster and Nascimento 1994) and with natural surfaces (Nascimento
et al 2002). Importantly, these ratios do not require an estimate of the illuminant or,
indeed, of the spectral reflectances of individual surfaces in the patterns (Nascimento
1995).

This is not, of course, to imply that colour constancy is solely a cone-based
phenomenon or that observers never make estimates of the illuminant when that infor-
mation is available. Rather, as has been argued elsewhere (Foster 2003), since only
perceived colour relations and not perceived colours need to be preserved to succeed
at asymmetric colour matching, such measurements do not themselves properly limit
colour constancy.
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