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ABSTRACT

What determines the color appearance of rea objects viewed
under natural conditions? The light reflected from different
locations on a single object can vary enormously. This variation is
enhanced when the material properties of the object are changed
from matte to glossy. Yet humans have no trouble assigning a
color name to most things. We studied how people perceive the
color of spheres in complex scenes. Observers viewed graphics
simulations of a three-dimensional scene containing two spheres,
test and match. The observer[$ task was to adjust the match sphere
until its color appearance was the same as that of the test sphere.
The match sphere was aways matte, and observers varied its
color by changing the simulated spectral reflectance function. The
surface gloss of the test spheres was varied across conditions.
The data show that for fixed test sphere body reflectance, color
appearance depends on surface gloss. This effect is smal,
however, compared to the variation that would be expected if
observers simply matched the average of the light reflected from
the test.
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1 Introduction

A sdlient perceptua feature of many objects is that they have a
color. The blueness of the mugs shown in Figure 1, for example,
isreadily perceived. Yet a closer look at the figure reveds large
variation in the spectral properties of the individual locations on
the mugsCisurfaces. Some of the variation arises because the light
reflected by the object[s$ surface depends on the direction of the
incident and reflected light, and some arises because of the
geometrical pattern of the illumination. Thus the shape and pose
of an object made from a single homogenous material can interact
with the geometrical properties of the illumination to produce
large changes in the light reflected from different locations on the
object[s$ surface. This means that perceiving an object as having a
unified color requires extracting and integrating color information
from multiple object locations.

In addition, objects can be made of a variety of materias. One
way that materials vary, which we will focus on in this paper, is
surface gloss. The two mugs shown in Figure 1 share the same
diffuse reflectance or body color, but differ in their glossiness.
The presence of gloss increases the variation of reflected light
across the second mug(s surface. In addition to being interested
in how color is assigned to three-dimensional objects, we are
interested in the effect of surface gloss on color appearance.

Previous studies of object color perception have focused on the
appearance of flat matte surfaces under varying illumination
[Breneman 1987; Brainard and Wandell 1992; Brainard 1998].
Recently, there have been studies of how the scene geometry

Figure 1. Reflected light varies across the surface of three-
dimensional objects. The left panel shows an image of a matte
mug in a synthetic scene, while the right panel shows a glossy
mug in the same scene. The diffuse component of the reflectance
of the two mugs is identical. The colored squares at the top of
each panel show the color of three individual pixels from each
mug. The samples above each pane are taken from
corresponding locations on the two mugs. There is large
variation in the spectrum of the light reflected from different
regions of each mug, and this variation is larger for the glossy
mug.



affects the perception of lightness and color of such surfaces
[Kraft and Brainard 1999; Ripamonti et al. 2004; Yang and
Maloney 2001; Boyaci et a. 2003; Doerschner et a. 2004; Boyaci
et al. 2004]. In these experiments, the observer does not need to
integrate a range of test object chromaticities and luminannces, as
the reflected light is essentially uniform across the flat object.
There has also been increasing interest in exploring how people
perceive object material properties such as surface gloss [Hunter
and Harold 1987; Fleming et a. 2003; Fleming et al. 2004;
Pellacini et a. 2000; Obein et a. 2004]. Little is known,
however, about how we perceive the color of three-dimensiona
objects made of different surface materids. In this paper, we
report psychophysica experiments designed to explore this
question.

In our experiments, observers were asked to match the color
appearance of a match sphere to that of a test sphere. The match
sphere was aways matte, while the test sphere was varied from
matte to glossy. The data reject the simple hypothesis that the
color matches depend only on the spatial average of the light
reflected from the test sphere. The data also show that observers
exhibit some stability of object color perception in the face of
variation of surface gloss.

2 Method
2.1 Stimuli
2.1.1 Surface reflectance and scene contents

Observers viewed objects in arendered scene, asin Figure 2. The
rendered room was specified to have dimensions 36 cm (width)
40 cm (height) © 28 cm (depth). The front wall of the rendered
room was opaque but contained an aperture through which the
contents of the room could be seen. The size of the aperture
determined the size of the visible stimulus image, which was 21.5
cm (width) © 24.5 cm (height). The test sphere was on the | eft of
the rendered room and the match sphere was on the right. The
spheres were |ocated approximately in the middle of the room and
their specified diameters were 2 cm. The viewing position used
for rendering was at the same height as the center of the spheres
and was 76.4 cm from the center of the spheres. In the
experiments, the monitors were positioned at this distance from
the observer.

Figure 2. Experimental Scene. The figure shows the centra
portion of the rendered image. The scene contains two
spheres. The sphere on the left is the test sphere. Its surface
reflectance properties were varied from trial to trial. The
sphere on the right is the match sphere. It was always matte,
and observers adjusted its diffuse reflectance component to
match the color appearance of the test sphere.

The surface reflectance of all objects in the scene conformed to
the isotropic version of Ward light reflection model [Ward 1992].
This moded represents surface reflectance as the sum of two
components, diffuse and specular:
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where r(q‘,f‘,qu,fu,/) is the surface BRDF, r (/) is the

diffuse reflectance, which depends on wavelength, 7 governsthe

strength of the specular component, and a4 is a roughness
parameter that describes the spread of the specular highlight. The

angles ¢ and f, describe the direction of alight ray incident to
the object, while g and £, describe the direction of the reflected

light. The quantity @ is computed from the four angles as
described in Ward [Ward 1992].

We varied r (/) to control the body color of objects, and varied
(roa) to control surface gloss. Two different body colors and

five different glossinesses were used for the test sphere. The body
colors were chosen to have the diffuse reflectance spectra of two
of the squares on the Macbeth Color Checker. The top row of
Figure 3 shows the five purple test spheres used. The materia
parameters are listed in Table 1. The same materials were used
for the yellow-green tests. The match sphere was always matte
and its body color was adjusted by the observer. The rest of the
objects in the scene were held fixed throughout the experiment
and were as shown in Figure 2. The simulated scene was
illuminated by four arealights and a diffuse illuminant. The four
area lights were located on the ceiling of the rendered room. All
of the simulated illuminants had the spectrum of CIE D65 [CIE
1986.

Conditions Is a

Matte 0.00 0.00
Condition A 0.08 0.02
Condition B 0.12 0.18
Condition C 0.02 0.00
Condition D 0.18 0.12

Table 1. Test Sphere Parameters. This table provides the
BRDF parameters that were used to render each of the test
spheres.

2.1.2 Image generation

The scenes were modeled using the Maya (Alias, Inc., San Rafael,
CA) software tools. Model scenes were then exported to custom
MATLAB software (Mathworks, Inc., Natick, MA). This
software associated full spectra with each illuminant in the
modeled scene, and parameters/ (/), r_, and @ with each
object. Spectra were represented using 10 nm sampling between
400 and 700 nm (31 wavelength samples). The MATLAB
software converted the scene representation to a format
appropriate for the RADIANCE renderer [Ward 1994] and
invoked RADIANCE 31 times (once for each wavelength). This
process resulted in a 31-plane hyperspectral image of the scene.



