
Stereo disparity improves color constancy

Joong Nam Yang a,b, Steven K. Shevell a,b,*

a Department of Ophthalmology & Visual Science, University of Chicago, 940 E. 57th Street, Chicago, IL 60637, USA
b Department of Psychology, University of Chicago, 940 E. 57th Street, Chicago, IL 60637, USA

Received 7 August 2001; received in revised form 17 December 2001

Abstract

Binocular disparity is an aspect of natural viewing. This research investigates whether disparity affects surface color perception.

Achromatic settings were obtained and compared for two stereograms of a scene with specular reflections, one stereogram with

binocular disparity and one without it (cyclopean view). Binocular disparity was found to improve color constancy. Next, the

geometry of specular highlights, which is distorted without binocular disparity, was specifically examined. Measurements compared

color constancy with specular reflections that were either normal (with stereo disparity) or distorted (cyclopean view of the spe-

cularities). No significant change in constancy was found due to the geometrical distortion of specular highlights that occurs without

stereo disparity, suggesting that constancy depends on other features of the percept affected by disparity. The results are discussed in

terms of illuminant estimation in surface color perception.

� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The color appearance of a surface results from the
light reaching the eye, which depends on both the sur-
face spectral reflectance of an object and the spectral
power distribution of the illuminant. From a computa-
tional point of view, the visual system must estimate an
object’s spectral reflectance from the receptoral quan-
tum catches, which carry insufficient information to
unambiguously determine the surface spectral reflec-
tance. How the visual system achieves this is still un-
known.

On the theory side, various algorithms for color
constancy assume that information in the scene is used
to estimate the illuminant (Hurlbert, 1998; Maloney,
1999; Pokorny, Shevell, & Smith, 1991). These theories
require that information in the scene includes cues to the
illuminant. Many candidate cues have been proposed to
signal the illuminant: the average of the scene chroma-
ticities (Buchsbaum, 1980), reference surfaces (Brill,

1978; Land, 1986; Land & McCann, 1971), intensity
gradients (Ullman, 1976), shadows (D’Zmura & Iver-
son, 1993), specular-diffuse boundaries (D’Zmura &
Lennie, 1986; Lee, 1986), mutual reflections (Funt,
Drew, & Ho, 1991), or subspace computation (Maloney
& Wandell, 1986). Maloney and Yang (in press) pro-
posed that the visual system estimates the illuminant
based on several types of cues available in the scene. The
visual system is assumed to aggregate illuminant infor-
mation from each cue to arrive at a final illuminant es-
timate.

If the visual system estimates the illuminant from
several cues, then the degree of color constancy may
vary from scene to scene, because scenes can have dif-
ferent cues available. Empirical studies have shown that
human color perception can range from almost no
constancy to nearly perfect constancy (Arend & Reeves,
1986; Arend, Reeves, Schirillo, & Goldstein, 1991;
Brainard, 1998; Jin & Shevell, 1996; Yang & Maloney,
2001). While candidate cues to estimate illumination
abound, few empirical studies have examined which cues
the visual system actually uses in surface color percep-
tion. Yang and Maloney (2001) report that the visual
system makes use of specular highlights, which reflect
the spectral composition of the illuminant. Bloj, Kersten,
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and Hurlbert (1999) showed that the visual system uses
mutual reflection as a cue to surface color perception,
though further experiments are needed to determine
how mutual reflections affect color constancy.

In this study, we use scenes that include specular re-
flections to consider whether binocular disparity affects
surface color perception and, if so, whether disparity
improves color constancy. Binocular disparity poten-
tially can provide several types of information that may
be useful in surface color perception. Consider a three-
dimensional scene presented to the observer without
binocular disparity. First, without disparity, specular
reflections are geometrically incorrect. Specular reflec-
tions arise because some surfaces are glossy enough to
reflect the illuminating light directly; glossy surfaces act
like mirrors. With normal disparity, the binocularly
fused percept of reflected light from a convex surface is
behind the object’s surface (Fig. 1a). 1 In cyclopean
view, on the other hand, the specular reflection is on the
object’s surface (Fig. 1b). The perceived geometry of
specular reflection has been shown to affect shape
judgment (Blake & B€uulthoff, 1990). When an observer
was presented with an ambiguous surface in terms of
surface curvature, the location of specular highlights
determined whether the surface was perceived as convex
or concave, although the effect was weaker for concave
surfaces.

Depth perception is another aspect of a three-
dimensional scene that changes when binocular dis-
parity is removed. Any three-dimensional scene with
objects, even presented without binocular disparity, has
depth information from several cues (for example, oc-
clusion, perspective, and texture gradients). Binocular
disparity, however, gives a strong and unique sense of
depth. Several studies have considered the influence of
color on depth perception (Domini, Blaser, & Cicerone,
1999; Kingdom & Simmons, 1996), but few have in-
vestigated whether perceived depth influences color
perception (Bloj et al., 1999; Shevell & Wei, 2000). This
is surprising, given that perceptual depth is a powerful
factor in lightness perception (Gilchrist, 1977) and that
binocular disparity alone can contribute to scene seg-
mentation (Julez, 1971).

If disparity affects color constancy, any of several
aspects of the percept may mediate the color shift. If the
visual system takes advantage of illuminant cues asso-
ciated with objects such as shadows, specularity or
mutual reflection, then illuminant cues may be affected,
though little is known about how such cues are affected.
Further, the separation of three-dimensional objects
from a background is different when stereo depth is
available (Norduln, 1998; Rock, 1997; Rock & Brosgole,

1964), which may affect color appearance by enhancing
figure-ground segmentation. Scene segmentation in color
constancy is an inherently difficult problem from a
computational viewpoint (Brill, 1990). As an example,
Brill considered a scene with two illuminants, and re-
quired a sensor to compute surface colors. This required
correctly determining how the scene was structured. He
showed that solving both problems at the same time
requires more constraints than solving either problem
alone. So far, no algorithm has been proposed for this
problem.

Lastly, with binocular disparity, additional parts of a
three-dimensional scene may be in view. Occluded parts
of a scene not visible to one eye may be seen by the other
eye (da Vinci stereopsis, Nakayama & Shimojo, 1990).
For example, the boundary between an object’s surface
and its shadow may shift when changing from binocular
to monocular vision. This may affect how the scene is
perceptually organized by the visual system, which can
affect color appearance (Schirillo & Shevell, 2000).

Given these possible advantages that binocular dis-
parity may have for surface color perception, binocular
disparity was manipulated to determine whether it ac-
tually affects color appearance, using (simulated) scenes
of illuminated objects with specular highlights. We find
that binocular disparity improves color constancy.

2. Method

Apparatus: Fig. 2 shows the experimental setup. The
observer’s left and right eyes viewed separate video
displays reflected by two mirrors, positioned so that the
observer saw a fused image. Head position was stabi-
lized with a chin rest. The two supporting bars of the
chin rest had blackened boards that blocked unintended
light from view. Images were displayed on two Trinitron
monitors, using X Windows on two Dell Linux systems.
A keyboard was used to adjust the chromaticity of the
test patch under subject control.

Stimuli: Fig. 3 shows the stimulus configuration used
in the experiments. Simulated objects were seen against
a uniform background, and the scene was illuminated by
a light source from the upper right corner. The simu-
lated illuminant created intensity gradients on the sur-
faces and also shadows on the objects and on the
background. It also created specular reflections on the
objects and on the background. Surfaces were rendered
using Munsell 10B 4=6 for the objects and BG 5=4 for
the background (Kelley, Gibson, & Nickerson, 1943).
All of the objects in the scene had identical surface
properties.

Image rendering: The images were rendered using the
Radiance software package (Larson & Shakespeare,
1997). Three-dimensional rendering follows the Shafer
model of illuminant–surface interaction (Shafer, 1985).

1 For a concave surface, the fused percept is in front of the object’s

surface.
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Fig. 1. Geometry of specular reflection. In (a), the reflected illuminant, or specular reflection, is seen inside the object in binocular vision, due to the

geometry of light–surface interaction. In (b), where the left and right images are the same for the cyclopean view, the percept of specular reflection is

on the object’s surface.

Fig. 3. Stimulus configuration. These are the images for the left and right eyes. When fused, the observer perceived stereo depth. There are specular

reflections both on the objects and on the background. The specular reflections on the objects are different in shape depending on their geometrical

relation to the light source, which is in the upper right corner (not shown here). The light creates shadows and illuminant gradients on the back-

ground, as well as on the objects’ surfaces.

Fig. 2. Experimental setup. The images were generated by two CPUs, whose displays on the left and right were viewed with mirrors. The observer

perceived a single fused image. See text for details.
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Physical surfaces are modeled into two parts, Lamber-
tian and specular, for dielectric materials such as plas-
tics. In order to display physical surfaces and
illuminants as accurately as possible on the monitors,
the present study used a step-function algorithm (Yang
& Maloney, 2001), in which the spectral power distri-
bution of illuminants and the spectral reflectance of
surfaces can be represented by more than three dimen-
sions. Empirically, Yang (1999) found that six or nine
step functions are sufficient to represent Munsell papers
or CIE standard illuminants. A nine-dimensional rep-
resentation of the spectral distributions for illuminants
and surfaces was used to render the stimuli. The two
illuminants used were normalized with respect to illu-
minant A before they were entered into the Radiance
rendering program, so that the area under each spectral
power distribution was the same. This was verified with
rendered images when the luminances of specular high-
lights under illuminants D65 and A were compared. No
additional ambient illumination was added.

Calibration: The left and right monitors were cali-
brated independently using gamma correction based on
52 of 256 digital gun values (step size of 5). Intermediate
values were determined by linear interpolation. The
image size was 600 by 600 pixels (19.2 by 19.2 cm).
Viewing distance was 58 cm, so the visual angle of the
image was 18.3� square. The luminances of each corner
of the square region of the CRT screen that included the
image had <5% variation from the center. Thus, no
spatial calibration was done. The maximum luminance
values of the R, G, and B phosphors in the central re-
gion were 19.6, 67.4, and 7.27 cd=m2 for one monitor
and 21.4, 66.0 and 8.12 cd=m2 for the other. The CIE
1931 x, y coordinates for the R, G, and B phosphors for
the two monitors were identical within measurement
error: (0.62, 0.34), (0.28, 0.60), and (0.15, 0.06).

Observers: Three observers participated in Experi-
ment I and three others took part in Experiment II. All
were paid na€ııve observers with normal color vision,
tested with an anamoloscope. The studies were ap-
proved by an Institutional Review Board at the Uni-
versity of Chicago.

Procedure: The square test patch was located on the
surface of an object in the scene, as shown in Fig. 3. The
observer’s task was to adjust the spectral composition of
the test patch so that it appeared achromatic. Two sets
of keys on the keyboard attached to one of the com-
puters were used to change the chromaticity of the test
patch. One set was used to change the chromaticity
along the L�M direction and the other along the
S � ðLþMÞ direction in DKL space (Derrington, Kra-
uskopf, & Lennie, 1984). The observer adapted to the
scene for 1 min at the beginning of each session and was
given unlimited time to adjust the test patch to achieve
an achromatic appearance. The observers familiarized
themselves with the task in a practice session. Three

starting chromaticities of the test patch were used, all
equally distant from illuminant D65 in CIE u’v’ space.
The three chromaticities, chosen randomly, were used
for one session, and such a procedure was repeated for
each of the three days when measurements were repli-
cated. Results were averaged over the three sessions.

3. Results

3.1. Experiment 1A: binocular disparity and color
constancy

The main purpose of this study is to investigate
whether binocular disparity can affect surface color
perception. To do that, achromatic settings were com-
pared for two stereograms, one in which the two bin-
ocular images were rendered for stereo vision (Fig. 3)
and the other in which the left and right images were the
same. The scenes included identical objects and back-
ground surfaces, which all had specular reflections as
well as attached shadows. This experiment evaluates the
overall influence of binocular disparity.

In Fig. 4, all three observers’ achromatic settings are
compared for the two conditions, i.e., with and without
binocular disparity. The two rows show the settings on
two chromaticity axes, S=ðLþMÞ and L=ðLþMÞ, of the
MacLeod–Boynton chromaticity diagram (MacLeod &
Boynton, 1979); here, however, units of S=ðLþMÞ are
normalized to 1.0 for 1 td of equal-energy white light.
Stars indicate physical illuminants D65 and A. Open
circles represent achromatic settings with binocular
disparity, and filled circles are results without binocular
disparity. For each observer along both axes, the mea-
surements show greater shifts toward illuminant A when
the scene was viewed with binocular disparity, compared
to the no-disparity measurements. This indicates better
color constancy with binocular disparity.

Color constancy index: Following Jin and Shevell
(1996), a color constancy index was calculated to assess
color appearance separately on each chromatic axis
(Fig. 5). Stars indicate the two illuminants and open
circles are hypothetical achromatic settings under each
illuminant. The length of vector b represents the distance
between illuminants A and D65 along either the S=ðLþ
MÞ or L=ðLþMÞ axis, and the length of vector a is the
distance between corresponding achromatic settings
along the same axis. The color constancy index is de-
fined as the ratio of the two vector lengths, a=b, which is
zero for no constancy and 1.0 for perfect constancy.

This index of color constancy is different from pre-
vious indices, in that it requires neither a particular
metric assumption in chromaticity space, nor the von-
Kries assumption in color transformation (cf. Arend &
Reeves, 1986; Brainard, 1998). In the analyses below,
the degree of color constancy is presented with two in-
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dices, one for the S=ðLþMÞ axis and the other for the
L=ðLþMÞ axis.

The observers’ color constancy indices are compared
in bar graphs along the S=ðLþMÞ axis and the
L=ðLþMÞ axis in Fig. 6. In each graph, the bars indicate
two conditions: normal binocular disparity and no

binocular disparity. The vertical axis shows the color
constancy index defined above. Compared to normal
binocular disparity, the color constancy indices are re-
duced without binocular disparity, for all observers and
along both axes (p < 0:05 by non-metric sign test). This
demonstrates that removing binocular disparity reduces
color constancy.

The stereo images and cyclopean images were slightly
different, but the chromaticities on average and at the
location of the brightest spots were the same. In CIE
1931 x, y coordinates, the chromaticities of brightest
spots were (0.385, 0.403) and (0.352, 0.359) for illumi-
nant A and D65 images respectively, while the respective
chromaticity averages were (0.360, 0.384) and (0.297,
0.352). These four chromaticities were the same for
stereo images and cyclopean images. Further, the aver-
age and peak luminances in all of these images were
identical (15.9 and 58.0 cd=m2, respectively). Thus, any
chromaticity or luminance difference between the stereo
and cyclopean conditions, either on average or for the
brightest spots, is ruled out as a possible explanation for
the results shown in Figs. 4 and 6.

3.2. Experiment 1B: Specular reflection and color con-
stancy

Stereo disparity reliably improves color constancy in
these scenes with specular reflections, but how large is

Fig. 4. Achromatic settings for normal binocular disparity vs. no binocular disparity along S=ðLþMÞ or L=ðLþMÞ axes. The vertical axis indicates
S=ðLþMÞ or L=ðLþMÞ, and the horizontal axis shows the illuminants (D65 or A). Stars indicate CIE Standard illuminants D65 and A. Achromatic

settings are shown as open circles for normal binocular disparity, and as filled circles for no binocular disparity. Error bars show �1 SEM.

Fig. 5. Definition of color constancy index. The vertical axis is either

L=ðLþMÞ or S=ðLþMÞ. Open circles represent hypothetical achro-

matic settings for two images rendered under illuminants D65 or A.

Stars indicate CIE Standard illuminants D65 or A. The color con-

stancy index is defined as the ratio of vector lengths, a=b.
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this improvement? The magnitude of improvement can
be considered by comparing it to the improvement in
constancy that results from adding specular highlights.
Yang and Maloney (2001) reported that specular reflec-
tions improve color constancy substantially; we sought
to determine the relative importance of stereo disparity.
In this experiment, two stereo-pair images were com-
pared. One is a pair with binocular disparity and spec-
ular highlights (Fig. 3) and one is a pair with binocular
disparity but no specular highlights. The Radiance
package allows control of the degree of specular reflec-
tion of a surface, which was zero in the stereo pair with
no specular reflection. Specular reflections were removed
from both the objects and the uniform background. The
stereograms were rendered under both illuminants D65
and A.

Fig. 7 compares achromatic settings for binocular
disparity with specular highlights vs. binocular disparity
without specular highlights. Achromatic settings are
shown for the S=ðLþMÞ axis (top row) and for the
L=ðLþMÞ axis (bottom row). Open circles represent
achromatic settings with binocular disparity and spec-
ular reflection, and filled circles are measurements
without specular reflections. Fig. 7 shows greater shifts
toward illuminant A when the scene contained both
binocular disparity and specularity, compared to the
scene with disparity but no specularity. This implies that
observers show better color constancy along both axes
when specular reflections are added (p < 0:05 by sign
test), confirming previous findings (Yang & Maloney,
2001).

The relative improvement in color constancy with
disparity is compared to the improvement from added
specular reflections in Fig. 8. The improvement from
adding binocular disparity ranges from 10% to 35%
(average of 28%), whereas the improvement for adding

specular reflection ranges from 4% to 70% (average of
36%). While these percentages are dependent on the
metric used to evaluate constancy, overall binocular
disparity and specular reflection have roughly similar
magnitudes of effect on surface color perception.

Note that the images described above had specular
reflections entirely removed in the scene, including the
background. A control experiment compared scenes
with or without specular reflection from the background,
while maintaining the specular reflections from the ob-
jects. Specular reflection from the background had little
influence on the achromatic settings. 2 This is consistent
with the findings of Yang and Maloney (2001).

When specular reflections are removed from the
scene, several properties of the image are changed, in-
cluding the average of chromaticities and luminances,
and luminance ranges. Fig. 9 shows the (calculated)
changes in average chromaticity for both the S=ðLþMÞ
and L=ðLþMÞ axes. The figure shows that, for each
axis, when specular reflections were removed, averages
(across pixels) were changed almost identically for both
illuminants D65 and A. This is inconsistent with an
explanation for the measurements in Fig. 7 being due to
the average chromaticity in the scene.

Luminance averages and ranges for these images are
listed in Table 1. When specular reflections are removed
from the scene, luminance values drop because specular
reflections are not present in the scene. The luminance
ranges are not kept constant for images with and with-
out specular reflections, of course, because doing so
would require increasing the radiance of the illuminant

Fig. 6. Color constancy index for normal binocular disparity vs. no binocular disparity along S=ðLþMÞ or L=ðLþMÞ axes. The vertical axis in-

dicates the color constancy index. Observers are indicated on the horizontal axis. The left panel shows the index on the S=ðLþMÞ axis, and the right

panel on the L=ðLþMÞ axis. Black bars shows the index for normal binocular disparity, and gray bars show it for no binocular disparity. Error bars

show �1 SEM.

2 For two observers, differences were 0.003� 0.012 or 0.003� 0.017

along L=ðLþMÞ, and 0.022� 0.009 or 0.011� 0.01 along S=ðLþMÞ.

1984 J.N. Yang, S.K. Shevell / Vision Research 42 (2002) 1979–1989



for the image without specular reflection, and two scenes
under illuminants of different light levels are not com-
parable. As described in the ‘Image Rendering’ part of
Section 2, the radiance of the two illuminants was held
fixed throughout the study. Table 1 shows that the lu-
minance averages did change, but equally for illumi-
nants D65 and A, suggesting that luminance, either on

average or in the extremes, cannot explain the change in
color constancy caused by specular highlights.

Note that both in Figs. 4 and 7, there is little differ-
ence in achromatic settings for illuminant D65 images,
whereas there are reliable differences in achromatic set-
tings for illuminant A images. This is not uncommon in
color constancy studies; measurements from Kraft and

Fig. 7. Achromatic settings for normal specular reflection vs. no specular reflection along S=ðLþMÞ or L=ðLþMÞ axes. The vertical axis indicates
S=ðLþMÞ or L=ðLþMÞ, and the horizontal axis shows the illuminant (D65 or A). Stars indicate CIE Standard illuminants D65 and A. Achromatic

settings are shown as open circles for normal specular reflection, and as filled circles for no specular reflection. Error bars, which are often hidden

under the symbols, are �1 SEM.

Fig. 8. Relative effects on color constancy from binocular disparity and specular reflection along S=ðLþMÞ or L=ðLþMÞ axes. The vertical axis

indicates the color constancy index. Observers are indicated on the horizontal axis. The left panel shows the index on the S=ðLþMÞ axis, and the

right panel on the L=ðLþMÞ axis. Black bars show the index for normal binocular disparity and surface reflection, gray bars show it for no binocular

disparity, and stippled bars show it for no specular reflection. Error bars show �1 SEM.
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Brainard (1999) and Yang and Maloney (2001) show
similar results. There is no definitive explanation for
this. Yang and Maloney (2001) suggested the cause may
be a difference in the prior probabilities of the illumi-
nants.

3.3. Experiment 2: specular reflection geometry

The above experiment shows an improvement in
color constancy when binocular disparity is introduced.
Since the geometry of specular reflections is distorted
when binocular disparity is removed (Fig. 1), one pos-
sibility is that the better color constancy with binocular
disparity is due to the undistorted geometry of specular
reflections.

Two stereograms were rendered with either geomet-
rically correct or incorrect specular reflections. The ste-
reogram with correct geometry was identical to the
images in Fig. 3, in which specular reflections are per-
ceived behind the object’s surface. The other stereogram
had specular reflections slightly perturbed, so that they
were perceived on the surface of objects and the back-
ground. Thus, as far as specular reflections are con-
cerned, the former scene is perceived as seen normally,
while the latter is for cyclopean view. Nothing else in the
scene was changed.

In Fig. 10, all three observers’ achromatic settings are
compared for scenes with correct and incorrect geome-
try of specular reflections. The top row shows the ach-
romatic settings along the S=ðLþMÞ axis and the
bottom row along the L=ðLþMÞ axis. Stars indicate
physical illuminants D65 and A. Open circles represent
achromatic settings when specular reflections were cor-
rectly rendered, and filled circles are settings when
specular reflections were geometrically distorted so they
appeared on the surface of the objects. While all achro-
matic settings along a given chromatic direction [L=ðLþ
MÞ or S=ðLþMÞ] were slightly shifted in the same
direction with distorted geometry (p < 0:05 for each
chromatic axis), which shows the distorted geometry
had a significant effect on color appearance, there was
almost no change in the degree of shift toward illumi-
nant A (that is, toward color constancy) with distorted
specular reflections. The color constancy index along
each axis is nearly identical whether or not specular
reflections were geometrically distorted (Fig. 11). Over-
all, the perceptual location of specular reflections did
not have a significant influence on color constancy.

4. Discussion

Color constancy improves with binocular disparity,
which demonstrates that disparity is an important factor
in surface color perception. From the viewpoint of il-
luminant estimation, we know of no algorithm that
takes account of this aspect of surface color perception
(cf. Hurlbert, 1998; Maloney, 1999, Pokorny et al.,
1991). The reduction of color constancy without bin-
ocular disparity suggests that the visual system may use
the different color signals from each eye in illuminant
estimation. How the different color signals from the two

Fig. 9. Physical averages of chromaticity. Chromaticity averages are

shown on both axes, L=ðLþMÞ and S=ðLþMÞ. Open squares are

averages for the images with normal specular reflections, and filled

squares are for images without specular reflections (see text).

Table 1

Luminance averages and ranges for the images used in experiment 1B

Luminances (cd/m2)

Averages Ranges

D65 with specular reflections 15.9 58.0–9.07

D65 without specular reflections 12.1 30.1–3.80

A with specular reflections 15.8 57.9–9.07

A without specular reflections 12.2 29.9–3.81

Luminance averages are shown in the middle column and luminance

ranges are shown in the right column. The rows are the different im-

ages. The difference in luminance average or range due to the removal

of specular reflections is the same for either illuminant.
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eyes are combined needs to be considered in color con-
stancy models.

An open question is how binocular disparity affects
surface color perception. One illuminant cue, the ge-
ometry of specular reflection, was tested here but no
evidence was found to support a role for it in color
constancy. Of course, there are other possible cues af-
fected by disparity, such as shading, shadows, interpre-
tation of mutual reflections and added depth perception.
Both shading and shadows are affected by binocular

disparity because of the da Vinci area seen by only one
eye (Nakayama & Shimojo, 1990). These differences
themselves may not contribute directly to changes in
color appearance but they may affect how the scene is
segmented or organized, which can affect surface color
perception.

Schirillo and Shevell (2000) found changes in color
appearance when nearly identical retinal stimuli were
altered to change perceptual organization. They pro-
posed the shifts in appearance could be explained by a

Fig. 11. Color constancy index for correct vs. incorrect geometry of specular reflections, along S=ðLþMÞ and L=ðLþMÞ axes. The vertical axis

indicates the color constancy index. Observers are indicated on the horizontal axis. The left panel shows the index for the S=ðLþMÞ axis, and the

right panel for the L=ðLþMÞ axis. Black bars show the index for normal geometry of specular reflection, and gray bars show it for distorted ge-

ometry of specular reflection. Error bars show �1 SEM.

Fig. 10. Achromatic settings for correct vs. incorrect geometry of specular reflection. The vertical axis indicates S=ðLþMÞ or L=ðLþMÞ, and the

horizontal axis shows the two illuminants (D65 or A). Stars indicate CIE Standard illuminants D65 and A. Achromatic settings are shown as open

circles for correct geometry of specular reflection, and as filled circles for incorrect geometry of specular reflection (cyclopean view). Error bars show

�1 SEM.
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difference in inferred illumination that accompanied the
change in perceptual organization. They used two-
dimensional scenes, while the present study uses three-
dimensional scenes in which there are more explicit
illuminant cues available to the visual system. In general,
three-dimensional scenes may be segmented differently
depending on binocular disparity, and such differences
in scene segmentation could affect the estimated illumi-
nant.

We used (simulated) three-dimensional objects with
specular highlights rather than perfectly matte objects,
in order to study color constancy with scenes that better
approach natural viewing. Strictly speaking, the results
do not show that disparity affects color constancy in the
absence of specular highlights, though this point pri-
marily concerns artificial laboratory stimuli, not natural
scenes which typically include specular reflections.

Color constancy was reduced when specular high-
lights were eliminated. This corroborates the report by
Yang and Maloney (2001), who further showed that this
result is not caused by a change in ‘equivalent’ back-
ground. The control condition here in Experiment 1b
(with specularity removed from only the background)
also is evidence against the ‘equivalent background’
hypothesis. In the illuminant estimation framework,
these results imply that specular reflections contribute to
the inferred illuminant.

The last experiment tested whether the visual system
uses the perceived location of specular highlights in
color constancy. We found no evidence to support this,
even though the visual system uses this information to
infer surface curvature (Blake & B€uulthoff, 1990). While
it is possible that the effect of perturbing the geometry of
highlights might be larger at a closer viewing distance
than used here (58 cm), which would cause a larger
change in the perceived location of highlights, the dis-
tance used here is not a far one. Any effect of geometry
found with a closer viewing distance would be restricted
to only very close objects. Therefore, other aspects of the
perceived scene that are affected by stereo disparity must
be considered in order to understand how stereo dis-
parity affects color constancy.
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