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ABSTRACT

Recent developments in the �eld of computer graph-
ics will provide color scientists with a new set of de-
sign tools. Real-time shading will make it possible
to interactively evaluate surfaces that exhibit com-
plex variation in the direction and color of re
ected
light. New software simulation techniques will facili-
tate the prediction of these important surface re
ec-
tion properties. Together these tools for synthesizing
and evaluating color appearance de�ne a new method-
ology called computer aided color appearance design.
This paper reviews the important computer graphics
advances in real-time shading and surface re
ection
modeling that have made this novel approach to color
appearance design possible.
Keywords: computer graphics, color, image syn-
thesis, re
ection modeling

1. INTRODUCTION

The �rst commercially successful application of com-
puter graphics was in the area of computer aided de-
sign. In the 1960's the automotive companies (pri-
marily General Motors) and the aircraft �rms (pri-
marily Lockheed) took the lead and, together with
computer manufacturers (primarily IBM), created the
�rst computer aided design systems [1]. Using the in-
teractive power of computer graphics, a mechanical
design was created at the cathode ray tube instead of
at the drafting board. This innovation made it possi-
ble to consider more alternatives, to numerically an-
alyze the strength and heat resistance of component
parts, and to re�ne the design before the �rst proto-
type was actually constructed. In addition, a descrip-
tion of the design could be stored in a database and
could be shared by other engineers who were work-
ing on the project. When fabrication of the design
was required, the database could be used to produce
a program for a numerically controlled machine.

Even though computer graphics hardware has
changed dramatically in the last forty years, com-
puter aided design continues to use the power of inter-

active computer graphics primarily to depict the ge-
ometry but not the color appearance of a design. This
is in spite of the fact that computer graphics systems
now involve digital control of each spot on a color tele-
vision monitor. While static color pictures have been
synthesized of complex surface re
ection phenomena
such as brushed metal, cloth, and metallic automo-
tive paint, the real time generation of such pictures
has, up until very recently, been impossible. This
was because of the limited surface re
ection model,
called the Phong model, which was available on most
computer graphic workstations.

Progress in computer graphics will soon make it
possible for computer aided design to include color
appearance. A complete speci�cation of color ap-
pearance must include both the spectral and the spa-
tial distribution of the light re
ected from a surface
[2]. The most general way of modeling this distribu-
tion is the bidirectional re
ection distribution func-
tion (BRDF). Recent developments in graphics hard-
ware and software have made it possible to display,
in real-time, a surface that has an arbitrary BRDF.
This important advance allows a color scientist to
critically evaluate the color appearance of a computer
generated object. In addition, computer graphic al-
gorithms for modeling surface re
ection have also im-
proved dramatically in the last few years. These
breakthroughs make it possible to generate a BRDF
for a surface by knowing a few key parameters of the
surface or by actually constructing a model of the
surface and simulating how light re
ects from it. The
combination of real-time BRDF based rendering and
powerful tools for BRDF synthesis will revolutionize
the way in which color engineers create new surface
coatings.

This paper will review the developments that have
taken place in the �eld of computer graphics to make
computer aided color appearance design an important
new technique for the coming decade. To begin, the
�rst three decades of real-time color raster graphic
hardware evolution will be overviewed. This will es-
tablish the ultimate potential and current limitations
of today's computer graphic workstations. Next, the
recent innovations in real-time shading, that make it
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Figure 1: Page from the Munsell Book of Color dis-
played on a 1970's frame bu�er (from [3]).

possible to display a surface with an arbitrary BRDF,
will be discussed. Here it will be seen that clever
utilization of graphics hardware is at last making it
possible to move beyond the Phong re
ection model.
Finally, computer graphic algorithms for modeling
surface re
ection will be covered. A review will be
done of how increasingly detailed surface models are
being constructed and how these models are being
subjected to ever more powerful light re
ection sim-
ulations.

2. COLOR RASTER GRAPHICS

HISTORY

Color computer graphics �rst became available in the
1970's. These raster graphic systems were constructed
from separate minicomputers, digital frame bu�ers,
and color television monitors. Each of these compo-
nents was purchased from a separate manufacturer,
and the integration of the system was the responsi-
bility of the buyer. Besides the basic read/write pixel
operation, the frame bu�ers had limited graphic hard-
ware capabilities (usually just text generation), and
the entire system was only able to display static two
dimensional color computer graphic images. Never-
theless, digital control of a color television monitor
was possible, and the colorimetric capability of this
hardware con�guration was explored [3]. Figure 1
shows a computer graphic reproduction of the Mun-
sell Book of Color that was created during this period
of time.

The 1980's saw the integration of the minicom-
puter, digital frame bu�er, and color television into
what became known as the computer graphic work-
station. Specialized computer graphic hardware was
added to these machines [1] in order to provide real-
time graphics capability. At the level of workstation
that was typically purchased for use by a design en-
gineer in a large company, the machine had 8 bits

of color per pixel and was able to interactively dis-
play the outline of polygons. These wireline graphics
workstations could draw pictures of complex three
dimensional objects and the user could translate, ro-
tate, and scale the object in real time. A color solid
drawn using a color gamut visualization program [4]
written in the 1980's is shown in Figure 2.

The personal computer became the dominant
graphics platform of the 1990's. By swapping out the
graphics card in these machines, users could dramati-
cally increase the graphics capability of their comput-
ers. By the end of the decade, graphics cards cost-
ing hundreds of dollars were providing performance
equivalent to that found in 1980's workstations cost-
ing thousands of times more. These graphics cards
could easily render, at interactive rates, many thou-
sands of fully shaded hidden surface removed poly-
gons. Signi�cant amounts of texture mapping mem-
ory were also available on many graphics cards before
the year 2000 arrived. An example of a three dimen-
sional color solid produced using a 1990's color gamut
visualization program [5] is shown in Figure 3.

The graphics hardware development that will dom-
inate the �rst decade of the new millennium and that
has signi�cant implications for computer aided color
appearance design, is the introduction of real-time
shading. No longer will the user be restricted to the
use of the Phong model for local illumination calcu-
lations. Any parameterized re
ection model can be
employed including a full BRDF. Even programmable
shaders, commonly found only in high-end software
rendering packages, will be available. This new graph-
ics hardware will make it possible to carefully control

Figure 2: Color monitor in CIE XYZ space created
using a 1980's computer graphics workstation [4].
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Figure 3: Monitor gamut in CIE Lab space cut away
to reveal printer gamut. Produced using 1990's com-
puter graphic hardware and software visualization
tools (from [5]).

both the color and the spatial distribution of the re-

ected light from a surface. This will facilitate the
real-time display of novel surface �nishes and will play
an important role in making computer aided color ap-
pearance design a reality.

3. REAL-TIME SHADING

Real-time shading makes use of multipass rendering
to implement sophisticated re
ection models on hard-
ware that does not natively support these techniques.
This approach takes advantage of alpha blending op-
erations that have become common on most graphics
cards. The alpha blending technique was originally
developed to permit the compositing together of two
graphic images [6]. In the context of multipass ren-
dering, alpha blending makes it possible to decom-
pose the evaluation of a single complex shading equa-
tion at each pixel into a sequence of additions and
multiplications of simpler individual terms. In a dou-
ble bu�ered system, one image is displayed while the
next image in the real-time sequence is formed us-
ing the multipass technique. When the new picture
is ready, the bu�ers are swapped and the just com-
puted image becomes the displayed image while the
previously displayed image is recomputed.

One approach to real-time shading is to decom-
pose a multi-variable re
ection model into the prod-
uct of individual bi-variate functions. A two dimen-
sional hardware texture map can then be used as a
sampled version of each bi-variate function. Texture
mapping then becomes the evaluation of a bi-variate
function instead of the usual indexing into a surface
texture pattern such as marble or wood grain. The
sampled value of the bi-variate function serves as one
term in the sequence of alpha blending operations de-

Figure 4: BRDF for metallic paint generated using a
virtual goniospectrophotometer (from [17]).

scribed in the preceeding paragraph. Heidrich and
Seidel [7] show how parameterized re
ection models
can be handled in this manner. The use of singular
value and normalized decomposition to reduce a four
dimensional BRDF into the product of a pair of two
dimensional functions is covered in [8]. This permits
real-time rendering of surfaces with arbitrary BRDF's
illuminated by point light sources.

Mirror and glossy re
ections can be added to real-
time shading through the use of environment map-
ping techniques. An environment map records the to-
tal re
ected light for each possible surface orientation.
If the object to be rendered is replaced by a sphere
that has the same BRDF, then the sphere will re-

ect the surrounding scene and the environment map
for the object will be the orthographic projection of
the sphere from the desired point of view. Multi-
pass methods can be used at render time to create a
complex BRDF from separate environment maps that
record, for example, the di�use, mirror, and Fresnel
portions of the surface re
ection. Cabral et al. [9]
show how to create an environment map for a partic-
ular point of view by warping together environment
maps from surrounding viewpoints. A novel parabolic
parameterization given in [7] can be used to create a
single mirror environment map that is valid from all
points of view. Techniques for makeing environment
maps for arbitrary glossy BRDF's are given in [10].

Real-time implementations of programmable
shaders have also been developed. A programmable
shader provides the ultimate 
exibility in re
ection
modeling. Instead of using a single parameterized re-

ection model or BRDF, the user is allowed to com-
bine shading techniques by writing a program that
is executed each time a shading calculation needs to
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be performed. A specialized language is often pro-
vided to compose these shading programs. The �rst
real-time version of a shading language was created
by Olano and Lastra [11]. The RenderMan Shading
Language [12, 13] was implemented on the special
purpose PixelFlow hardware system. Recently an-
other real-time version of RenderMan was developed
for widely available graphics hardware [14]. This re-
search employed multipass techniques to make Ren-
derMan work in real-time on top of OpenGL.

Computer-aided color appearance design will be
feasible because of the development of real-time shad-
ing. Just as aircraft and automobile designers have
been able to use interactive computer graphics to in-
spect the geometric aspects of a new mechanical de-
sign, it will now be possible for color scientists to eval-
uate the appearance attributes of a proposed new sur-
face �nish. In many cases it will be possible to change
the appearance properties of the surface in real time
using re
ectance models and BRDF's not commonly
available on today's computer graphic computers. In
other situations it will be necessary to generate a
new BRDF o�ine using complex surface re
ection
modeling software. The important factor is, however,
the speed and thoroughness with which the new ap-
pearance attributes can be evaluated due to real-time
shading. This makes it possible to try many di�erent
surface coating formulations before it is necessary to
manufacture the material.

4. BRDF SYNTHESIS

Modeling a surface and computing the BRDF for that
surface is an important part of the computer aided
color appearance design process. However, it is most
often accomplished using a stand alone software simu-
lation program and is almost never done in real-time.
There is, of course, a vast color science literature con-
cerning the computation of re
ectance for a surface
coating. For example, given the constitute pigments
of a paint, much research has been done on how to
determine the color of the resulting paint mixture. In
this paper we concentrate on work that has been ac-
complished in the �eld of computer graphics to syn-
thesize a BRDF when given either a model of the
surface microstructure or a few key parameters, such
as rms roughness, for the surface.

The most general approach to synthesizing a
BRDF is to create a \virtual goniospectrophotome-
ter." In this method an explicit model of surface
and subsurface microstructures is created. Many light
rays are cast at the surface model from a particular
direction and geometric optics is used to determine
how the light rays behave both above and below the
surface. A data structure is employed to capture the
light rays that are re
ected and scattered from the
surface. A new ray direction is then selected and
the process is repeated. In the end the data struc-

Figure 5: Synthetic scene for which colors were mixed
from pigments by using the Kubelka Munk method
(from [22]).

ture contains the BRDF. Cabral et al. [15] were the
�rst to develop the method, and Westin et al. [16]
elaborated the approach to generate BRDF's for com-
plex surfaces. Extensions to handle wavelength, in-
terference, and subsurface structures were added in
[17, 18, 19] (see Figure 4). Nagata et al. [20] have
used the method to make pictures of pearls and Hei-
drich et al. [21] have recently shown how to eÆciently
handle indirect, scattered light as part of the BRDF
synthesis.

Another popular technique for creating a BRDF
does not attempt to explicitly model all of the surface
and subsurface microstructures. Instead, the surface
is typically modeled as set of layers, and bulk absorp-
tion and scattering properties are assigned to each
layer. One dimensional linear transport theory is then
used to compute the radiation exchange between the
layers, and the overall re
ectance properties of the
surface are determined. Kubelka-Munk is the typi-
cal example of this approach and it was introduced
to computer graphics by Haase and Meyer [22] (see
Figure 5). Hanrahan and Krueger [23] were the �rst
to construct a model of a surface from layers and to
solve for the re
ectance using linear transport the-
ory. Dorsey and Hanrahan [24] showed how a lay-
ered model and the Kubelka-Munk approach could
be used to create the apperance of metallic patinas.
Later, the same researcher [25] employed scattering
functions and Monte Carlo ray tracing to simulate
subsurface scattering in stone. Recently Pharr and
Hanrahan [26] have solved non-linear scattering equa-
tions using a Monte Carlo approach.

The traditional approach to generating a BRDF
in computer graphics is the use of a parameterized
model. Rather than create surface microstructure or
solve a radiation exchange equation, a previously de-
rived re
ection model is utilized. The model may be
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Figure 6: Tiles with ASTM standard gloss of 20, 40, 60, and 80 (left to right) [34].

specialized for one type of surface and may have pa-
rameters for surface features such as roughness and
color. The model could be eÆcient enough to be
incorporated into a real-time shader. Early com-
puter graphic re
ection models are those developed
by Phong [27] and Blinn [28]. More sophisticated re-

ection models followed including those that account
for Fresnel re
ection [29] and directional di�use re-

ection [30]. An eÆcient model that was �t to mea-
sured data and that handles anisotropic re
ection was
developed by Ward [31]. Recently Stam [32] has in-
vented a model that includes di�raction e�ects and
Ashikhmin et al. [33] have produced a model that
takes a 2D microfacet orientation distribution as in-
put. Finally, gloss measurements have been incorpo-
rated as a re
ection model parameter [34] (see Figure
6).

5. CONCLUSIONS

Recent advances in computer graphic hardware and
software will soon expand the range of possible com-
puter aided design techniques. Rather than being
limited to geometric design problems as has been the
case since computer aided design was �rst developed
by the automobile and aircraft industries, color ap-
pearance problems will now be solvable using com-
puter graphic workstations. The principle reason that
this will become possible is the development of real-
time shading techniques. These new shading meth-
ods will permit the color scientist to evaluate the ap-
pearance of new color coatings and surface �nishes as
they observe a computer generated picture of an ob-
ject that has been assigned these surface re
ectance
properties. In addition, new BRDF synthesis tech-
niques are being developed both inside and outside
of the �eld of computer graphics. These simulation
programs make it possible to predict the re
ectance
properties for new paint formulations and surface coat-
ings. The combination of advanced re
ectance pre-

diction techniques and real-time shading methodolo-
gies will make computer aided color appearance de-
sign an important new tool for color engineers.
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