
1 Introduction
Despite large variations in the colour of the illuminant in a scene, the colours of the
objects seem to change little. This colour constancy has, however, proved difficult to
quantify experimentally (Foster 2003). A variety of methodologies have been employed,
including colour naming (Troost 1992), asymmetric colour matching (Arend and Reeves
1986; Lucassen 1993), and achromatic adjustment (Brainard 1998; Kraft and Brainard
1999). The stimuli used in these kinds of experiments have typically been either computer-
generated on monitor screens (Arend and Reeves 1986; Foster et al 2001) or real objects
(Kraft and Brainard 1999) but in limited experimental designs. The main constraints
have been low luminance levels, restricted colour gamut, the two-dimensionality of scenes
or test objects, and the often abstract nature of the stimuli. Some or all of these factors
have been invoked in explanations of the variable levels of colour constancy recorded.

Our aim here has been to test colour constancy without these constraints. A novel
optical technique (de Almeida et al 2002; Nascimento et al 2004) was used to project
a virtual image of a real 3-D test object into a real 3-D scene. The effect of chromatic
complexity was tested by varying the number and colours of the real objects in the scene.
Surprisingly, no systematic effect of scene complexity or test-object colour was detected.

2 Methods
2.1 Apparatus
Figure 1a shows the optical arrangement. The virtual image (V) of an illuminated 3-D
test object (O) was projected by a large 50/50 beam splitter (BS) into a 3-D scene.
The beam splitter was a 400 mm6300 mm borosilicate glass plate, 1 mm thick, with a
Melles Griot HEBBAR coating. No secondary reflections from the back surface were
visible. The scene was illuminated by a computer-driven LCD data projector (Epson
EMP-5600; 2200 ANSI lumens) and the test object was illuminated independently by
another LCD data projector (Sony VPL-CS10; 1000 ANSI lumens) driven by a graphics
card VSG2/5 (Cambridge Research Systems, UK) with 12-bit resolution in each of the R,
G, and B channels. The test object was always a cube and was seen by observers as
part of the scene and not distinguished by virtue of its origin, even under moderate
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head movements. Mutual reflections between the test object and nearby surfaces were
simulated by introducing appropriately coloured surfaces close to O. These `auxiliary'
surfaces had the same colours as the surfaces located in the scene near the virtual
image V and could not be seen by the observer.

2.2 Scenes
Three types of scenes were tested. Scene 1 had a simple uniform surround; scene 2 had a
complex spatial surround of 24 objects of different shapes and of unsaturated colours;
and scene 3 had a complex surround of the same objects as in scene 2 but some with
more saturated colours. Figure 1b represents in the CIE 1976 (u 0, v 0 ) colour space the
coordinates of the objects in the scenes when illuminated under CIE standard illumi-
nant D65 . The colours of the test objects, also represented in figure 1b, were variously
red, green, blue, yellow, and white, and were distinct from the other colours in the
scene. The complete scene subtended 10 deg visual angle and the test object 1.5 deg.
The background was a dark-grey wall, dimly illuminated by stray light from the scene
and data projector. The total visual field was about 30 deg. The illumination on the
scene from the LCD data projector had a correlated colour temperature of either
25 000 K or 6700 K and luminance of about 400 cd mÿ2 measured at a barium sulphate
plug placed in the centre of the scene.

2.3 Procedure
In each trial, the scene was illuminated for 2 s: first, for 1 s at 25 000 K, and then for
1 s at 6700 K, with no interval between. The illuminant on the test object changed
either consistently or inconsistently with the scene illuminant by a variable degree
quantified within the CIE 1976 (u 0, v 0 ) colour space. In the consistent condition, the
illuminants on the test object and on the scene were the same (both either 25 000 K or
6700 K). In the inconsistent condition, the first illuminant on the test object was the
same as that on the scene (25 000 K), but when the scene was illuminated by the second
illuminant (6700 K), the colour of the test object could be any of 48 different colours
defined by a grid with a spacing of 0.005 units in the (u 0, v 0 ) space, as illustrated
by the solid symbols in figure 2a. The luminance of the test object remained constant.
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Figure 1. (a) Optical apparatus. The observer viewed a real scene comprising 24 real 3-D objects
through the large beam splitter (BS), which projected into the scene a virtual image (V) of a
cube test object (O). The scene and test object were illuminated by independent computer-driven
LCD projectors. (b) Coordinates in the CIE 1976 (u 0, v 0 ) space of the coloured test objects
used in the scenes when illuminated under CIE D65 . Solid circle: uniform surround of scene 1;
open circles: objects from unsaturated scene (scene 2); open squares: objects from saturated scene
(scene 3); triangles: test objects.
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In each trial, observers had to decide whether the surface of the test object had
changed. Although there was no time limit, observers tended to respond within the 5 s
following offset of the stimulus. All three scenes were used with the five test objects
and the order of scenes and test objects was balanced over sessions. Each observer
performed about 1000 trials with each test object and scene in several sessions of 1 h
each, during which they could take short breaks.

2.4 Observers
There were four observers: all except one (one of the authors, VA) were unaware of
the purpose of the experiment. Each had normal colour vision as assessed by Rayleigh
and Moreland anomaloscopy and the Farnsworth ^Munsell 100-hue test.

3 Results
For each test object, a plot was obtained of the frequency of `illuminant-change' responses
as a function of the position of the test object in the CIE 1976 (u 0, v 0 ) space, as shown
in figure 2a for a yellow test object and for a single observer. The response frequency
was normalised to unity at maximum. The contours show points of equal frequency. A
smooth surface (not shown) was fitted to the data and its maximum determined (indicated
in figure 2a by the open circle).

The degree of colour constancy for each test object and scene was quantified by
a standard index, defined as follows (Arend et al 1991). In (u 0, v 0 ) space, let a be the
Euclidean distance from the coordinates of the test object under 6700 K and the peak of
the response distribution, and let b be the Euclidean distance between the coordinates
of the object under 6700 K and under 25 000 K; then the constancy index c is given
by c � 1ÿ a=b. A value of c of 0 corresponds to perfect inconstancy and a value of 1
corresponds to perfect constancy, where the peak of the frequency distribution coincides
with the coordinates of the object under the 6700 K illuminant.
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Figure 2. (a) Contour plots in the CIE 1976 (u 0, v 0 ) space representing for one observer the
frequency of `illuminant-change' responses with a yellow test object. The frequency was normal-
ised to unity at maximum. The contours show points of equal frequency. A smooth surface
(not shown) was fitted to the data and its maximum determined (indicated by the open circle).
Open square: coordinates of test object under 25 000 K and 6700 K illuminants; solid symbols:
coordinates of each point of test grid. (b) Constancy indices with five test objects and three scenes.
Scene 1 had a simple uniform surround; scene 2 had a complex surround of unsaturated coloured
objects; and scene 3 had a complex surround of saturated coloured objects. Indices estimated from
the average data of four observers. Error bars indicate �1 SEM.
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Figure 2b shows constancy indices averaged over observers for the five test objects
and three scenes. An analysis of variance showed no significant effect of scene
(F2 6 � 3:6, p � 0:1), test object (F4 12 � 2:1, p 4 0:1), or interaction between the
two (F8 24 � 0:2, p 4 0:5). Although constancy indices varied little with the colour
of the test object, the corresponding pattern of responses showed a specific shape for
each colour.

4 Discussion
The degree of colour constancy obtained was similar in all experimental conditions. The
average constancy index of 0.80 was only slightly higher than that obtained in asymmet-
ric colour-matching measurements with Mondrian-like stimuli presented sequentially
(Foster et al 2001), suggesting that three-dimensionality has limited influence on colour
constancy.

More importantly, even in natural viewing conditions, the degree of colour constancy
was little affected by scene structure [although mutual reflections and stray illumina-
tion may be important with some stimuli, such as the Mach card (Bloj et al 1999),
they were not critical here]. This insensitivity to scene structure is reminiscent of the
finding by Arend et al (1991) with Mondrian and centre ^ surround stimulus arrays,
and by Kraft et al (2002) with more complex stimuli. It is, in particular, consistent
with an interpretation of surface-colour judgments based on simple scene relationships,
such as the spatial ratio of cone excitations between one surface and one or more others
(Amano and Foster 2004; Nascimento and Foster 1997), or more global judgments
based on minimising the variance among cone-excitation ratios (Nascimento et al 2004).
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