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Description 
 

This course will survey color disciplines relevant to Computer Graphics ranging 
from color vision to color design. Participants should leave with a clear overview 
of the world of digital color, plus pointers to in-depth references on a wide range 
of color topics. For each topic, a brief overview and pointers to further informa-
tion will be provided. For most topics, I will suggest a standard reference book or 
two, augmented by published articles as needed. The course should be of value 
both to those seeking an introduction to color in computer graphics and to those 
knowledgeable in some aspects of color who wish to get a broader view of the 
field.  

 
Presenter 
 

Maureen Stone is an independent consultant working in the areas of digital color, 
large format displays, web graphics, interaction and design. Before founding 
StoneSoup Consulting, she spent 20 years at the Xerox Palo Alto Research Center 
where she attained the position of Principal Scientist. She has over 30 published 
papers plus 12 patents on topics including digital color, user interface technology 
and computer graphics. She has taught in SIGGRAPH digital color courses organ-
ized by William Cowan (SIGGRAPH '89) and Charles Poynton (SIGGRAPH 
'97), and first presented this survey course at SIGGRAPH '99. She has a BS and 
MS in Electrical Engineering from the University of Illinois, and a MS in Com-
puter Science from Caltech. 
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Maureen Stone 
StoneSoup Consulting 
650-559-9280 
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Schedule 
 

0:00-0:30 Color Vision and Appearance 
0:30-1:00 Color Reproduction and Management 
1:00-1:30 Color in Rendered Graphics 
1:30-2:00 Color Selection and Design 
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Introduction 

The goal of this course is to provide a broad survey of the color disciplines that relate to 
computer graphics. Color is an enormous field, with applications in almost every area of 
life. The taxonomy I present is designed to match common applications in graphics. It is, 
by definition, incomplete and superficial. Therefore, I base my presentation on standard 
texts and references in the field of color as much as possible. My hope is that after taking 
this course, you will know what there is to learn, and where to learn about it. If some of 
the fundamental principles can be learned just from the presentation, that would be great 
also. 

These notes are a description of the material that will be presented in the course. They 
include an extensive, annotated bibliography plus copies of the slides. Because of the 
way the bibliography is structured and annotated, I did not feel that it was necessary to 
cite the references from the notes text. 

The course is divided into three areas: vision, reproduction and synthesis. The vision sec-
tion provides the foundations for understanding color and its applications. The 
reproduction section discusses color media and color management. The synthesis section 
is split into computer graphics rendering, color selection and color design. 

Color Vision 

In this section, I will discuss basic color vision, colorimetery and color appearance. The 
reference I use for color vision is Brian Wandell’s Foundations of Vision, which is struc-
tured in three parts: Encoding, representation1 and response. What I call “basic color 
vision” is essentially the encoding part of his taxonomy. Colorimetery uses these princi-
ples to measure color. Wyszechki and Stiles Color Science is considered the standard 
reference for colorimetery, though most of what is presented here can be found in almost 
any color text. Color appearance is the response of the visual system to color. Mark Fair-
child’s Color Appearance Models is a recent book on color appearance that includes both 
a complete description of color appearance as it is currently understood, and a survey of 
computation models that are being developed to address this complex topic.  

Basics 

Light enters the eye as spectrum of colors, distributed by wavelength. This spectral dis-
tribution function impinges on the retina in the back of the eye and is absorbed by the 
cones. Human beings have three types of cones, which respond to different wavelengths 
of light. These are called either long, medium and short wavelength cones, or, corre-
spondingly, red, green and blue cones. Each cone absorbs light and sends a signal to the 
brain. That is, the spectrum of light is encoded into three values that correspond to the 
amount of light absorbed by each type of cone. This is the principle of trichromacy—
human vision is 3 dimensional. 

It should be clear that the actual distribution of the spectrum is only indirectly “seen” by 

                                                 
1 Brian’s representation section focuses on the visual pathways in the brain—I will not address these issues 
at all. 
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the eye. The response of each cone can be encoded as a function of wavelength (the spec-
tral response curve for the cone). Multiplying the spectrum by such a function and 
integrating produces the signal that is sent from the eye to the brain. Different spectra can 
produce the same signal, and as such, will “look the same.” This principle is called 
metamerism. 

The principle of metamerism underlies all color reproduction technologies. Instead of re-
producing the spectral stimulus, they create an equivalent response, or metameric match 
by mixing primary colors in a controlled way.  

Trichromacy and metamerism can also be applied to the problem of measuring color. It is 
important in many industries to be able to measure colored materials. If we can create an 
instrument that responds in the same way as the human eye, we can have an impartial ob-
server to define when colors match. From the discussion above, it seems obvious to fit an 
instrument with filters and sensors that behave like the cones. However, the precise defi-
nition of the cone response was not know until very recently. The science of color 
measurement is much older, and is based on experiments involving matching colors with 
sets of three primary lights. This is called colorimetery. 

Colorimetery 

The color matching experiments that underlie colorimetery are constructed as follows. 
Choose three primary lights (call them red, green and blue). Then, take a set of reference 
colors such as the monochromatic colors of the spectrum, or those generated by filtering 
a white light. For any set of three independent primaries, you can match any other color. 
Period. The only requirement is that you allow the primaries to go negative. In a physical 
matching experiment, this means that you shine the “negative” primary on the sample to 
be matched. This is a remarkably useful result. It means we can create a representation 
for color based on three primary lights. Any color can be defined as a set of three num-
bers that correspond to the power of the primaries. These three numbers are called the 
tristimulus values for the color. 

How do we know what primary values match a particular color? Clearly we cannot per-
form the color matching experiment on all possible spectra. The answer is to use the fact 
that colored light is additive. A spectrum can be constructed by adding a number of 
monochromatic lights together. This seems obvious, but what is less obvious is that the 
amount of the primaries needed to match colored light is also additive. Specifically, let 
the primaries be R, G and B. Let the spectrum be S. If RGB1 matches S1, and RGB2 
matches S2, then RGB1+RGB2 will match S1+S2. This principle was first formalized by 
Grassman, it is called Grassman’s law. 

To define the primaries for an arbitrary color, we use Grasman’s law to construct a set of 
color matching functions for the primaries. We perform the color matching experiment 
on each of the monochromatic spectral colors (sampled every 2 nm, for example). We use 
the result to create a set of three functions, one for each primary. To determine the 
amount of the primaries needed to match a particular spectrum, multiply the spectrum by 
the color matching functions and integrate. Three multiplications and three integrations, 
and you have the match. As all the functions described are sampled, this process is quite 
simple to implement. 
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What if we decide to use a different set of primaries? Do we have to repeat the color 
matching experiments? Most wonderfully, the answer is no, we can compute the color 
matching functions for the new set of primaries from the old ones. All we need to know is 
the definition of the new primaries in terms of the old ones. For those of you familiar 
with linear algebra, this is simply a change of basis, and can accomplished for a three di-
mensional system with a 3x3 transformation matrix. You apply this matrix to each of the 
samples in the color matching functions in turn to create the color matching functions for 
the new set of primaries. 

The color matching functions are remarkably like the spectral response curves for the 
cones. Multiply each by the viewed spectrum, and integrate to get an encoding into three 
numbers. Are these two types of curves related? The answer is yes, that the cone re-
sponse, too, is linearly related to the set of color matching functions. This result was only 
recently demonstrated by Bayer, Nunn and Schnapf in 1987. 

In 1931, the Commission International de l’Eclairage (CIE) standardized a set of prima-
ries and color matching functions that are the basis for most color measurement 
instruments used today. They transformed a set of color matching functions measured by 
Stiles and Burch to create a set of curves that were more convenient to use. This set is 
positive throughout the entire visible spectrum, and one of the curves can be used to 
compute the perceived brightness of the measured color. The CIE standard tristimulus 
values are notated X,Y and Z. They are often reduced to two dimensions by projecting 
them onto the X+Y+Z=1 plane, creating the CIE chromaticity diagram with its corre-
sponding chromaticity coordinates, x and y. 

Colored objects can be described as having spectral reflectance functions that selectively 
reflect and absorb light shined on them. A “red” object reflects the red wavelengths of 
light and absorbs the rest. Colorimetery can be applied directly to the light reflected from 
objects. It is sometime applied to the reflectance spectrum (measured by reflecting a 
known light off of a sample) as well. However, this spectrum cannot be perceived di-
rectly. What is viewed is always a function of both the object and the light.  

Some of the basic concepts of vision are demonstrated in the Color Playground, created 
at Brown University (http://www.cs.brown.edu/exploratory/ColorWeb/). A copy of these 
demonstrations are included in the CDROM version of these notes. They demonstrate 1) 
trichromacy 2) reflectance and 3) metamerism.  

  

Color Appearance 

The models used in colorimetery are remarkably simple. Color is a three-dimensional, 
linear system that can even be encoded in instruments. However, the truth about the per-
ception of color is much more complex. Color matching as described above only works 
for individual colors viewed under simple, controlled circumstances. It’s definition is 
based on the simple perception of colored light. In the real world, we see complex ar-
rangements of colors. These colors interact in ways that defy the simple model presented 
by colorimetery. 

In the slides is a classic photograph taken by John McCann. In it, two standard color 
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charts are seen, one in the sun and one in the shade. The difference in lighting is such that 
the measured intensity of the black patch in the sun is exactly the same as the white patch 
in the shade. That is, two instruments would assign them the same color, but they clearly 
look black and white in context. A similar situation exists with the gray step wedge, 
which lies across the shadow boundary. In spite of the fact that the intensity of the light 
reflected from the patches actually increases in the sunlight, it appears to show a mono-
tonically decreasing set of gray steps. 

Why the appearance of colors in the real world is so different than the simple models de-
fined by the retina is a combination of perceptual and cognitive effects. The perceptual 
effects are created by the encoding and processing in the brain of the original retinal sig-
nals, which is more complex than the simple RGB encoding described so far. Cognitive 
effects are based on our knowledge of how objects and lights behave in the world. 

If you ask people to describe a color, they do not normally speak in terms of its red, green 
and blue components. They will typically name a hue, such as red, purple, orange or pink. 
They may describe it as being light or dark. Or, they may called it vivid, colorful, muted, 
or grayish. This perceptual organization of color is used to define most “intuitive” color 
spaces. 

One of the best known perceptually organized color space is the Munsell space, which is 
roughly spherical in shape. Colors are organized with a vertical lightness axis (called 
value), hue arranged around the circumference, and chroma (or saturation) defined ra-
dially. Each step in the color space is of equal perceptual distance. That is, the difference 
between two colors is uniform throughout the space. This is not true of the CIE tristimu-
lus space. The original Munsell definition was created with hand-painted color chips, and 
you can still buy The Munsell Book of Color from the Munsell Color division of Gretag-
Macbeth (www.munsell.com). The Munsell chip set has also been defined with respect to 
the CIE tristimulus space. 

There are two uniform color spaces defined by the CIE for the measurement of color dif-
ferences. Called CIELAB and CIELUV, they are non-linear transformations of the CIE 
tristimulus values. Like the Munsell space, they are perceptually uniform. They have 
been defined such that a unit step in the space is considered a “just noticeable difference” 
or JND. Each space has a lightness axis (L*) and two opponent color axis (CIELAB = 
L*a*b* and CIELUV = L*u*v*). The equations that define the spaces include the tris-
timulus values for a reference white. This is necessary to create a single lightness axis.  

This perceptual organization of color reflects the first level of processing applied to the 
cone response, called the opponent color model. In this model, the RGB values from the 
retina are encoded as lightness plus a red-green and a blue-yellow color difference axis. 
This organization of color can be seen in the afterimages produced by staring at brightly 
colored patches. Stare at a red color, then look at a white surface—you will see a greenish 
afterimage caused by saturating the red-green opponent channel. You can create similar 
effects with blue-yellow patches, and with light-dark ones. 

The opponent color model also well describes the common forms of color vision defi-
ciencies. While these are usually caused because one type of cone in the retina is either 
missing or weak, they are most easily described in opponent terms. The most common 
problems are anomalies in the red-green opponent channel, where either the ability to see 
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red or to see green is impaired. This type of deficiency appears in approximately 10% of 
men. A much smaller percentage (1-2%) are weaknesses in the blue-yellow channel, with 
very few people actually “color blind,” or unable to see any hues at all. While most color 
vision problems are genetic, they can also appear as a side-effect of medication or illness. 

Opponent color theory was first proposed by Herring, in 1878, but was not accepted until 
Dorthea Jameson and Leo Hurvich performed controlled experiments in 1955 that veri-
fied the theory. It is now accepted as the first-level processing of the color vision signal 
after the cone response. Leo Hurvich has written a textbook, Color Vision, that is based 
on this theory. It is also the best technical reference I have found for the modalities of 
color vision deficiencies. 

Color appearance phenomenon are caused by the relationship between colors, by adapta-
tion and by cognitive effects based on our knowledge about lights and objects in the real 
world. Simultaneous contrast describes the influence of surrounding colors on the percep-
tion of a color. There are several simultaneous contrast examples in the slides. The 
simplest model for simultaneous contrast is that the afterimage of the surrounding color is 
added into the perception of the surrounded color. Therefore, a gray patch on a dark 
background looks lighter (add white) than a gray patch on a white background (add 
black). However, the real answer is more complex. In the slides are a set of colored 
patches on a background of alternating colored bars. Which bar the patch appears on 
changes its appearance, even though the actual surround is identical. Clearly the cognitive 
effect, in which we see a patch as being “on” a particular colored bar, is contributing in 
this example. 

Even a thin outline of a different color can make a big difference in the appearance of a 
colored region. The slide labeled the “Bezold Effect” demonstrates this. The only differ-
ence between the two patterns is the color of the outlines; white in one case and black in 
the other. But, the overall difference in appearance is quite dramatic. This effect was 
named for a 19th century rug designer, who was able to reuse his designs by this simple 
alteration. 

Size, or spatial frequency, has a strong impact on the perception of a color. The higher 
the spatial frequency, the less saturated the color. This is why the paint on the sample 
chip looks less vivid than it does on the wall. In the slide, the two colors really are identi-
cal. 

Human vision is very adaptable. We are capable of seeing in both very dim and very 
bright light. When we move from bright to dim lighting, or vice versa, we can feel our 
visual system adapt. Think of this as a gain control on the visual system. For dim light-
ing, we turn up the sensitivity. For bright lights, we need to damp it. These phenomena 
are called dark adaptation and light adaptation, respectively. In many cases, it is valid to 
assume that color appearance is relative to the current black/white levels, and is not ef-
fected by the absolute luminance. However, increasing luminance can produces a 
measurable increase in colorfulness (Hunt Effect) and contrast (Stevens Effect). 

 Chromatic adaptation describes the visual system’s ability to adapt to the color of the 
light illuminating the scene. Most color is created by shining light off of objects. While 
the reflected spectrum can be measured with colorimetric instruments, changing the light 
will change the measured color, sometimes dramatically. But, as we view the world, we 
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don’t generally perceive objects changing color as the light shifts. Think of it as an auto-
matic white-balancing function for the visual system. That is, the gain controls for the 
three cones are adjusted separately. Modeling chromatic adaptation is very important for 
the accurate reproduction of images, which will be discussed in the color media and man-
agement part of this tutorial. 

The cone response curves physically adapt to the color of the light source. This idea was 
first proposed by von Kries in 1902. von Kries did not present a mathematical model, but 
simply proposed the concept that the cones could independently adapt. Modern interpre-
tations of von Kries are expressed in terms of a scalar value, k, that is the inverse of the 
maximum response for each cone, typically the response for white. 

A color appearance model converts from measured values (such as the tristimulus values 
of the sample and its surrounding color, the overall illumination level, etc.) to correlates 
of perceptual attributes of color, including hue, chroma, lightness, brightness, etc. All 
color appearance models include a way to compensate for adaptation to different lighting 
conditions. Color appearance models are important for digital imaging applications, and 
are under active development. The CIE has codified a model, called CIECAM97s. Other 
models include CIELAB (minimal), RLAB and LLAB (improved CIELAB), Hunt, 
Nayatani, Guth and ATG. Mark Fairchild’s book is an excellent reference on this topic. 

Color Reproduction and Management 

Color reproduction focuses on the reproduction of colored images. It has been defined by 
the different technologies used in the traditional color reproduction industries: television, 
printing and photography. The best reference for this topic I know is Hunt’s Reproduc-
tion of Colour. First published in 1957, the fifth edition was published in 1996. Dr. Hunt 
is still active in the field, working with the Colour & Imaging Institute at the University 
of Derby in England. Gary Field has two newer books on the topic, Color and Its Repro-
duction, 2nd Edition and Principles of Color Reproduction, an update of John Yule’s 
classic book on printing, which has long been out of print. 

Traditionally, each color reproduction industry had its own separate technologies and 
skills. With the coming of digital imaging systems, these industries are being integrated, 
both with computing and with each other. It is not unusual to find a graphic arts business 
equipped with digital scanners, printers, film recorders, video cameras and video editing 
stations. The representation and management of color images in digital form was hinted 
at in the late 70’s, demonstrated in the early to late ‘80s, and is now an established com-
mercial domain. Color management systems are now part of every high-end color 
reproduction application, and are becoming more common for simple desktop publishing 
users. Giorgianni and Madden, both from Kodak, have written a book called Digital 
Color Management that is an excellent reference for this topic. 

The color reproduction industries, photography, printing and television, were traditionally 
focused on the reproduction of natural scenes. Such reproductions are inherently ap-
proximations, as no technology can reproduce the full range of colors visible in nature. 
Each industry tuned its process to provide the best approximation of the real world on its 
medium. Now, there is an increasing focus on cross-media reproduction and the integra-
tion of purely digital content as well as images of nature. This means that color 
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reproduction is becoming less about specific technologies and more about integrating all 
of them.   

Color reproduction 

The process of color reproduction involves capturing the light reflected from or emitted 
by an original, then reproducing it for viewing. The goal is to make the reproduction look 
as much like the original as possible. That is, viewing the reproduction should be as simi-
lar as possible to viewing the original scene, within the limitations of the medium.  All 
media can only reproduce a fraction of the human color vision experience, so all repro-
ductions are approximations. The definition of the ideal reproduction ultimately becomes 
one of preference and context, though there is substantial technical and craft information 
about creating good reproductions. As well as the books mentioned in the introduction to 
this section, there are the publications of the Society for Imaging Sciences & Technology 
(IS&T) and those of the Graphic Arts Technical Foundation (GATF). 

From our study of color matching, we know we can encode the colors reflected from a 
scene as three numbers that represent roughly the red, green and blue components of the 
colors seen. Image capture, therefore, is the process of capturing and encoding these val-
ues for every point across the image. These are the familiar image pixels used in digital 
representations of images. The separate red, green and blue images are sometimes called 
color separations. These separations are reproduced by mixing primary colors for the 
output medium. For light-producing media such as monitors or digital projectors, the 
primaries are red, green and blue light. This is called additive reproduction. For subtrac-
tive media such as film and print, the process involves subtracting the red, green and blue 
components from a white light using layers of colored filters, or subtractive reproduction. 
The primaries for the subtractive media are named after the color of the filters: cyan, ma-
genta and yellow. 

Good image reproduction maintains the appearance of the original.  As in color appear-
ance models, control of tone reproduction, which is the reproduction of the overall 
brightness and contrast (the achromatic axis) is separated from the problem of adjusting 
hue and saturation. Tone reproduction is simpler to model than color reproduction as it 
involves only one dimension and can easily be implemented with table lookup in digital 
systems. Many image reproduction problems can be satisfactorily solved simply by con-
trolling the tone reproduction. In traditional image reproduction industries, careful tone 
reproduction was augmented with color correction, a step that simply tried to adjust the 
primary input colors to better match the output media.  This was usually achieved by 
processing each separation independently, as can be done with the RGB (or CMYK) 
curves in tools like Adobe’s Photoshop. 

Color management systems provide a more general mechanism for matching colors based 
on measurements of the gamut, or set of all possible colors that can be produced by any 
output device (printer, monitor, etc.) Generating such a specification is called character-
izing the device. The characterization data is encoded in a device profile that represents 
the color reproduction characteristic for the device. Modern color management systems 
use a colorspace based on the CIE standards for this purpose. Most commercial systems 
use CIELAB, though some also support the use of the standard CIE XYZ tristimulus val-
ues. Future systems will be based on appearance models such as CIECAM97s. 
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Image capture   

To perform image capture, the scene is viewed through red, green and blue filters. If the 
filters represent color matching functions, the red, green and blue values would be tris-
timulus values. Typically, however, image capture filters are not color matching 
functions (or colorimetric filters). Such filters are expensive to make and inefficient to 
use because they absorb a great deal of the incoming light. More often, the filters are 
tuned to match the expected inputs and outputs. Because they are not true color matching 
functions, they may mis-code some colors. That is, two colors that look different to a 
human viewer may encode to the same RGB triple, and vice versa. However, substantial 
engineering effort has been spent to minimize these effects. 

Input devices must be characterized for use with color management systems.  However, 
the characterization can only be general if the device uses colorimetric filters.  Otherwise, 
the characterization depends on the input spectra used in the measurements.  For exam-
ple, a scanner could be characterized by scanning a set of colored patches with known 
CIELAB values and making a correspondence between the resulting RGB pixels and the 
CIELAB values. Other values could be interpolated from this set, and the inverse trans-
formation generated by inverting the input table. However, patches of a different material 
(paint vs. a photographic print, for example) that have the same CIELAB value might 
produce different RGB values in the scanner. Commercially, most scanned material is 
photographic prints or other printed materials of a standard form so that there are a lim-
ited number of characterizations needed in practice. 

Additive color systems 

Additive color systems reproduce the red, green and blue parts of the image by adding 
together red, green and blue lights. Such systems include monitors, liquid crystal displays 
(LCD) and digital projectors. The traditional additive color reproduction industry is tele-
vision, though scanned graphics displayed on a monitor may be more familiar to this 
audience. Charles Poynton’s book on Digital Video is a good reference for video and 
television technology. Lindsay Macdonald and Anthony Lowe have edited a good general 
reference on Display Systems for those who want more detail about specific display tech-
nologies. The Society for Information Display’s (www.sid.org) conferences and 
publications are the standard venue for research in display technology.  

To achieve a good additive reproduction system we need to match the color and the rela-
tive brightness of the input and output primaries. Let’s talk first about intensity, or 
brightness. The intensity transfer function (ITF) is the curve that maps input values (pix-
els or voltages) to intensity (viewed light). A monitor’s ITF is a non-linear, power 
function called a gamma function, which is defined primarily by the physics of the elec-
tron beam that excites the phosphors. Most modern monitors are manufactured such that 
they have identical gamma functions. The shape of the function can be modified, how-
ever, simply by changing the contrast and brightness adjustments on the display.  

In the slides is a diagram that describes the ITF’s for the television pipeline. The linear 
intensity values reflected from the original scene are non-linearly encoded in the camera. 
This both optimizes the use of pixel values by companding or compressing the intensities, 
and creates values that can be fed directly into the television electronics. The original de-
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sign was to make this encoding is exactly the inverse of the gamma function of the re-
ceiving monitor. However, studies by Bartleson and Breneman in the 70’s demonstrated 
that a slightly non-linear reproduction was perceptually more accurate because of the 
normally dim viewing environment for television. Therefore, while a typical monitor has 
a gamma function of 2.5, the camera encodes to the inverse of 2.2. 

For monitors, the color of its primaries is defined by the phosphors used. Most modern 
monitors have a similar set of primary colors. Liquid crystal displays, however use col-
ored filters and a backlight to define their pixels. Standards for these are still evolving. 
Specifically, there is a tension between the desire for bright saturated colors (bright, high-
powered backlight, intensely colored filters) and battery life (dimmer, low-powered back-
light and thinner, less saturated filters). The ITF for a liquid crystal display is not 
inherently a gamma curve, though some manufacturers apply one artificially for compati-
bility with monitors and video. 

Digital projectors are another additive color device that are becoming common.  A pro-
jector contains an imaging element such as a small LCD or an array of micro-mirrors 
(DMD) that modulates the light from a high-intensity light bulb. Most LCD projectors 
and the larger DMD projectors contain 3 imaging elements and a dichroic mirror that 
splits the white light from the bulb into its red, green and blue components. These are re-
combined and displayed simultaneously. The smallest projectors, however, use a single 
imaging element and a color wheel of filters, so the separations are displayed sequen-
tially. The DMD projectors based on Digital Light Processing (DLP) from Texas 
Instruments can weigh as little as 3 lbs and still produce a bright, crisp, image. Their col-
orwheel includes a clear filter that is used to add white to the brighter colors. This 
increases the dynamic range of the system, but makes it more complex to characterize.  
The native ITF for a projector is defined by the imaging element.  DMD elements actu-
ally pulse encode the grayscale, making them naturally linear.  However, like flat panel 
displays, most projectors contain image processing hardware that induces a gamma curve 
compatible with monitors and video. 

There is are diagrams in the slides that plot the typical monitor gamut (yellow solid trian-
gle) with several different LCD gamuts and a couple of digital projector gamuts. 
Traditionally RGB reproduction systems assume a common RGB because most displays 
were monitors. Now, this is no longer true. However, it is straightforward to transform 
from one RGB system to another by inserting a matrix multiplication in the output pipe-
line.  This can be implemented in special purpose hardware, as in video systems. Modern 
graphics cards, such as the Nvidia G-Force 2 (www.nvidia.com), provide a programma-
ble function that can be applied to this problem. 

Characterization of additive systems is fairly easy because there is a linear transformation 
between RGB intensity values and CIE tristimulus values. This transformation can be 
defined by measuring the red, green and blue primaries.  For most display technologies, 
this creates a 3x3 matrix that transforms from RGB intensity to XYZ.  For projection dis-
plays, it is necessary to include a translate component to compensate for the high black 
level of these devices.  This results in a 4x4 homogeneous transformation matrix. Note 
that the transform must be applied after the ITF is applied, not to the pixel values directly. 
The DLP projectors with the clear filter in the colorwheel, however, are not so simply 
characterized. 
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Subtractive color systems 

Subtractive color systems filter the red, green and blue components of the image from 
white light. To do this, they use colored filters that in theory modulate only the red, green 
and blue components of the spectrum. The filter that passes green and blue but modulates 
red appears cyan. Similarly the green-modulating filter appears a purplish-red called ma-
genta, and the blue-modulating filter is yellow. Therefore, the primaries of a subtractive 
reproduction system are said to be cyan, magenta and yellow. In printing, black ink is 
added as well, to improve the contrast. 

The advantage of subtractive color systems is that they use a single, white light source 
instead of three colored ones. Furthermore, for reflection prints, this light is simply the 
light in the room. While flat-panel displays are getting thinner and lighter, it is hard to 
imagine they will ever be as light, convenient and inexpensive as a sheet of paper. 

In a reflection print, the colored ink or film forms layers on a white background. Light 
passes through the layers and is reflected back to the viewer. Compared to light emitted 
from a display, or even light passing through a colored transparency (like a 35mm slide), 
prints are low-contrast and desaturated. This is caused by scattering as the light passes 
through the colored layers twice. Reduced scattering is why colored prints look more 
vivid on smooth, coated papers than on matte ones. 

The cyan, magenta and yellow filters created with printing inks are far from the ideal fil-
ters described above. That is, the cyan filter, which should only modulate the red part of 
the spectrum, also affects the green part. Similarly, magenta modulates both red and blue 
as well as green. This means that there is interaction, or cross-talk between the filters. 
They do not function as independent primaries in the same way that RGB lights do. The 
result is that it is difficult to predict what color a particular combination of inks can pro-
duce. Whereas RGB systems are linear, CMY systems are not. 

In printing, black ink is often added to the cyan, magenta and yellow separations to im-
prove contrast and to reduce the amount of ink spread on the paper. In theory, black and 
gray colors can be created by combining equal amounts of cyan, magenta and yellow. In 
practice, such a combination will often produce brown or olive green. Gray balancing is 
the process of determining the correct mixture of primaries to create a gray color. The 
darkest color produced by mixing the three primaries, black, can be made darker by print-
ing black ink on top of the three primaries. It is also possible to replace some of the 
colored ink with black, though once again, there is not a simple, linear relationship that 
predicts how much black ink is needed to replace a specific blend of CMY. The process 
of substituting black for the primaries in the darker colors is called gray component re-
placement, or GCR. 

Another topic of significance for printing is halftoning, or the process of converting in-
tensity into dot patterns on the paper. Most printing systems are binary—ink either is 
printed or not. To get the appearance of gray, the ink is printed as high-resolution patterns 
called halftone patterns. Originally made for mechanical printers by using a special filter 
and films, these patterns are now digitally produced on ultra-high resolution film record-
ers. The design and implementation of the halftone pattern has an important effect on the 
appearance of the printed image. Digital printers often use other patterning techniques 
such as dithering, and may have the ability to produce some grayscale on a dot-by-dot 
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bases. For example, an inkjet printer may create each spot with multiple drops. The more 
drops used, the darker the color. 

There is no simple, linear transformation that maps subtractive devices to tristimulus 
space. Combining filters multiplies their effect rather than adding them.  Most subtractive 
devices are characterized by measuring a large number of color patches then interpolating 
between them. Anything that changes the output appearance, such as changing the half-
toning algorithm in printing, will change the characterization. 

Gamuts and gamut mapping 

The gamut of a device creates a volume in the standard space. Only colors that fall within 
this volume can be reproduced on that particular device. The slides show several gamut 
representations.  The scatterplots represent the gamuts as 3D plots, which is the most ac-
curate way to think about them. Shown are a gamut for an additive system (a monitor), 
which is a regular shape similar to a cube but with parallelograms for faces.  This graphi-
cally demonstrates that the transformation from the RGB color cube to CIEXYZ is a 
linear one.  The Cromalin print gamut, however, is distinctly non-linear.  While there is 
some hint of the original cube, each face is a different size and some of the edges are dis-
tinctly curved.  The gamut is actually concave as well as bent. The gamut for the DLP 
projector shows a basic additive structure plus an extrusion at the white point caused by 
selectively adding white.  As a result, it is linear in some regions and not in others. 

Because the data used to generate the plots was absolute measurement data, the scales are 
quite different.  However, in color management applications, this data would be con-
verted to CIELAB, which normalizes it to a common white (but not necessarily black) 
value. Another figure in the slides shows gamuts projected onto the CIE chromaticity 
diagram. Here, linear systems project as triangles whose vertices are the chromaticity co-
ordinates of the red, green and blue primaries. The print gamut, in contrast, is quite 
irregularly shaped. 

To map from one device to another,  gamut mapping is applied as transformations in this 
common color space.  Current practice is to project colors towards the center of the 
gamut in a way that reduces saturation, and, to a lesser extent, brightness, while maintain-
ing hue. However, if no in-gamut color is really close, than the reproduction will look 
substantially different no matter how clever the gamut mapping algorithm. Only 
redesigning the image can really create a good reproduction. 

Color Management Systems 

There are a pair of diagrams at the start of this section (courtesy of Michael Bourgoin of 
Adobe Systems) that succinctly describe the digital color management problem. Given a 
set of digital input and output devices such as printers, scanners, monitors and film re-
corders, how do we convert colors between them without creating a customized 
transform between each pair of devices? The answer is to use a single, device-
independent color space, such as those defined by the CIE, as the common interchange 
format.  

Many companies produce color management systems, including Kodak, Agfa, 
Lineotronic and EFI, just to name a few. Apple’s ColorSync is built into the Apple oper-
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ating system in such a way that it can import color management engines from a variety of 
vendors. To support the exchange of profile information across systems, the International 
Color Consortium (ICC) was formed. This industry consortium has defined a standard 
profile format that is now commonly used by all commercial systems (www.color.org). 

On a Windows machine, the profiles are .icm files. These typically installed with the de-
vice driver for a new printer, monitor, etc.  These default profiles vary in how well they 
approximate the actual device, and of course, the system depends on the user to correctly 
identify the system components. For displays, the contrast and brightness settings must be 
correct to get a good match.  The setup procedures in Photoshop and similar program are 
designed to help maintain this. Serious practitioners must either invest in profile genera-
tion instrumentation and software, or pay to have custom profiles created.  

The role of the color management system is to manage the profiles and to transform im-
ages from one device to another based on the profile information. Because there is no 
single “correct” way to make these transformations unless the gamuts match perfectly, 
different systems will give different results. 

Matching image colors based on the CIE color matching metrics is not really sufficient. 
Image appearance is complex, and while using CIELAB is better than trying to match 
tristimulus values, it still falls short of being a true image-appearance space. For example, 
take an image viewed on a monitor that is set with white at a color temperature of D9300 
(a very bluish-white that is the default for many computer monitors). Now, reproduce it 
such that it looks good viewed in normal room lighting (anything from D5000 or 
warmer). This requires transforming the image white point in a way that mimics chro-
matic adaptation. The type white point transformation encoded in CIELAB, however, 
causes unexpected hue shifts. Future systems may include the use of improved color ap-
pearance models such as CIECAM 97. These models, however, are more complex to 
implement than CIELAB, so industry acceptance may be slow. 

Color Synthesis 

In computer graphics, we are often involved in the synthesis of color. Rendering systems 
synthesize color from the interaction of lights and surfaces. How the color is specified 
and represented depends on the rendering model and application. Rendering algorithms 
are part of graphics systems, where color is represented in a file, rendered, displayed, and 
integrated with colors and images from other applications. Application designers often 
provide users tools for selecting individual colors for illustrations, slides, web pages, or 
other designs. Graphic and information visualization designers have rules and systems for 
selecting colors, sets of colors and their application.  

This section of the talk will discuss all of these areas, which will be presented more as a 
set of topics rather than as a single, well-integrated story. There are three main sections: 
Color in rendered graphics, color selection and color design.  

Color in Rendered Graphics 

Colored lights stimulate the eye directly. However, the light we see when we look at an 
object is the product of the emission spectrum of the light and the reflectance spectrum of 
the object. In the Color Playground is a tool that multiplies two spectra to show the sim-
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plest form of this effect.  In nature, however, interactions between lights and objects is 
more complex. Shiny surfaces have highlights, rough ones appear textured. Particles and 
layers as small as the wavelength of light produce shimmering interference effects, like a 
butterfly wing. Light shining through clouds of small particles produce the blue-gray of 
smoke, the colors in the sky, and the blue in a child’s eyes. It is the goal of rendering re-
search to produce effective models of these processes that can be used to make 
compelling and beautiful images and animations.  

Unlike image reproduction, where the focus is on producing images of objects in the 
world, computer graphics is focused on producing images of objects that occur only as 
the result of numerical models. That is, there are virtual objects, and virtual lights that 
must be rendered to produce a visible image. How they are modeled and rendered defines 
their appearance. One of the most widely referenced books on color in computer graphics 
is Roy Hall’s Color and Illumination in Computer Graphics Systems. Unfortunately, this 
book is out-of-print. However, most books on rendering include a discussion of color. I 
have used Andrew Glassner’s Principles of Digital Image Synthesis as my reference for 
rendering. 

Simulation vs. Design 

Philosophically, computer graphics rendering can be organized between two extreme po-
sitions that I call simulation and design. The goal of simulation is to model reality. The 
emphasis is on physically correct representations and rendering algorithms, which for 
color means at minimum a spectral model of light and surface reflectance. The goal of 
design, on the other hand, is to produce a visual effect. Most design systems have lots of 
knobs, and the designer may do unreal things to create the desired result. One of my fa-
vorite stories demonstrating this involves an early graphics system that could not produce 
shadows. Yet the designers were making pictures with shadows in them. How did they do 
it? They added negative lights. Because the emphasis in design systems is interaction and 
flexibility, they typically use computationally efficient, RGB-based models. 

In simulation systems, the result should be good enough to measure. Rendering involves 
computing the interaction of light with a material surface. Both the surfaces and the lights 
should be physically accurate, preferably created by measurement. The equations that 
control the interaction and scattering of the light should also be physically accurate. Ra-
diosity, and more broadly, global illumination models, are required to describe the 
interaction of light throughout the scene. To define the visual representation of the image, 
tristimulus theory at a minimum is used, with more advanced perceptual models a topic 
of current research. 

In design systems, what the final image looks like is the goal. Unreal may be good, as in 
the negative lights example above. Designers don’t object to using physically accurate 
models, as long as they are efficient and flexible. Because performance is a paramount 
concern, simple lighting and shading models that can be accelerated with special hard-
ware are the most common in design systems. Most of these have their basis in Phong’s 
original shading model, which is extended to color simply by applying it to RGB inde-
pendently. Paul Strauss created an extension of this that has become part of SGI’s Open 
Inventor (www.sgi.com), which is a widely-used 3D graphics format. The designer can 
either simply paint surfaces or vertices with RGB colors, or apply simple material and 
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lighting models. Color is specified for the surface, its highlight, and its ambient (shad-
owed) components. Lights, too, are colored based on an RGB specification. RGB or 
intensity textures can be applied to surfaces. In his original paper, Strauss stated that this 
model was created to give designers a useful set of parameters for controlling the appear-
ance of their graphics.  

Recent SIGGRAPH papers have pushed the design end of the spectrum even further, into 
artistic or non-photorealistic rendering. Gooch shading, presented at SIGGRAPH ‘98, is 
a variation of the Phong shading model that mimics the type of shading a professional 
illustrator would use. It does not represent a realistic lighting model, but is optimized to 
illustrate the shape of the object being shaded. Several recent papers from the University 
of Washington have demonstrated rendering techniques that produce images that look 
like drawings made with traditional media such as pen and ink or watercolor. Amy and 
Bruce Gooch have now written a book on non-photorealistic rendering that will be pub-
lished in 2001. 

The commercial program Painter (was Fractal Design, is now Metagraphics at 
www.metagraphics.com) is a 2D painting package that does an excellent job of mimick-
ing pens, pencils, paints, and the like. It includes the effect of textured paper as well. 
While the designers of Painter have not published their algorithms, most systems that 
model ink and paint rely on the Kubulka-Monk model to create their effects. The 
Kubulka-Monk model describes paint (or any other similar colorant) as a sequence of 
thin layers. The model describes a way to compute the scattering and absorption in these 
layers. By varying the thickness of the layers and other parameters, you can get a good 
model of painted materials. 

RGB vs. Spectral Representations 

Within rendering systems, the two main ways to represent color are as spectra or as RGB 
triples. A spectral representation provides the only accurate way to model the interaction 
of light, direct or reflected, with object colors. An RGB triple can be thought of as a tris-
timulus representation for the color, or as a view based on color separations. However, 
while colors can be accurately represented by such triples, their interactions at the spec-
tral level cannot. That is, you can’t predicted the result of multiplying spectra by 
multiplying their tristimulus values. Therefore, RGB representations are inherently inac-
curate in rendering systems except for the simplest cases. In general, the more spectral 
computations needed (to model reflections, for example) the less satisfactory the RGB 
representation. 

So why not always use spectral representations? Because they are expensive. The range 
of wavelengths that comprise the visible spectrum runs from 370-730 nm. Good color 
measurement instruments sample this at 2 nm intervals, though many sample at 10 or 
even 20 nm intervals for efficiency. An equally-spaced sampling of the visible spectrum, 
therefore, contains from 180 to 18 samples that must be stored for every color in the 
screen and processed for every rendered pixel. 

It is possible to generate more efficient representations than uniform sampling if we 
know something about the possible shapes of the curves we want to represent. The sur-
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face reflectances of non-fluorescent objects2 are often very smooth, as is the spectral dis-
tribution of daylight or of incandescent light. Therefore it is possible to adapt the 
sampling to give a more efficient representation. Gary Meyer, Roy Hall and Andrew 
Glassner have all proposed methods for doing this, and Roy Hall has a paper surveying 
this topic in the July 1999 issue of IEEE Computer Graphics and Applications. The most 
efficient representations use as few as 4 samples/spectrum. Note, however, that a more 
concise representation may mean a more expensive reconstruction algorithm when the 
spectra are actually applied in the rendering.  

Another way to create an efficient representation for a set of curves is to define basis 
functions that can be linearly combined. With this approach, only the scalar multipliers 
for the basis functions need to be stored for each color. Maloney and Wandell have ap-
plied this technique to a variety of surface datasets, and Mark Peercy has applied this 
approach to computer rendering in his SIGGRAPH ’93 article.  

To display spectra on a monitor, they must be converted to RGB monitor values. Using 
trichromatic theory and the CIE color matching functions, it is straightforward to convert 
from spectra to tristimulus values. Because a digital monitor is also a three dimensional 
additive color system, there is a linear transformation that converts from CIE tristimulus 
values to the intensity needed for each of R, G and B. This matrix is derived from the tris-
timulus values that describe the monitor primaries, as is shown in the slides. 

RGB representations evolved by simply applying grayscale shading models to the red, 
green and blue image components independently. The effect is that any color is described 
as a linear combination of the three display primaries. If all we want to do is specify indi-
vidual colors, or additive mixtures of them, this is fine. However, in rendering, we 
multiply the spectrum of the light by the reflectance of the surface. This is not guaranteed 
to produce another spectrum that can be represented as a linear combination of the dis-
play primaries. Said another way, if the RGB values are the tristimulus values for the 
spectra, the product of the tristimulus values does not equal the tristimulus values of the 
product of the spectra. The exception is when one of the spectra is an equal energy white, 
which is often the case for simple graphics systems. A SIGGRAPH ’91 paper by Carlos 
Borges provides an analysis and bound for the error created by using an RGB model. 

Using an RGB representation for color can be very effective. Its failings only really ap-
pear as the lighting and shading models become more complex. The difficulty of 
constructing a simple case where RGB fails can be seen using the demonstrations in the 
Color Playground from Brown University that are included with the CDROM version of 
these notes. 

Viewing Rendered Graphics 

All graphics rendering algorithms must ultimately produce an image that can be dis-
played on a monitor or some other digital display device. The rendering color space is an 
unbounded, linear intensity space that must be mapped to the bounded, non-linear color 
space of a display system. As in image reproduction, the issues include definition of the 
correct RGB primaries, intensity mapping, out-of-gamut colors, and appearance consid-
                                                 
2 Phosphors, which are used in CRT displays or in the coating of fluorescent lights, contain high-energy 
spikes that must be carefully sampled. 
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erations. 

Rendering systems that use spectral representations are specified absolutely. However, 
those represented as RGB triples typically are not. For graphics interchange, such as the 
VRML graphics standard, it is critical to complete the calibration. Otherwise, it is impos-
sible to make the rendering look the same across two different display devices. While 
many monitors have similar RGB primaries, LCD panels and digital projectors do not. 
Also, the RGB specification in the rendering space is linear with respect to intensity, 
whereas most display systems are not. Therefore, both the RGB mapping and the inten-
sity transfer function (ITF) must be determined to create a correct rendering. 

Conversions between RGB systems can be accomplished with a 3x3 matrix transforma-
tion. For maximum accuracy, this should be performed per pixel. However, as most 
rendering systems interpolate colors as they fill, providing the transform per vertex would 
probably be an acceptable approximation. Unfortunately, this is more computation than 
most graphics systems are designed to apply to this problem.  

The intensity mapping can be controlled with 1 or 3 lookup tables. Classic 3D graphics 
systems are stand-alone applications. They can use the lookup tables in the display con-
troller to control the ITF of the displayed pixels. This is sometimes called “gamma 
correction” because the goal is to “correct” the non-linear gamma curve of the monitor to 
be the linear response defined by the rendering system. However, a linear ITF is not per-
ceptually uniform, nor is it an efficient encoding of an 8-bit pixel. Therefore, most 
desktop systems are not “gamma corrected” to linear intensity. Furthermore, different 
operating systems set different default ITF’s. As a result, colors on a Macintosh are 
lighter than those on a PC (actually, it’s a matter of contrast) and darker than on an SGI 
workstation. There is a slide that summarizes the cross-operating system gamma issues. 
Charles Poynton has also written extensively on this topic. 

In a multi-window, multi-application system, it is appropriate that the linearity of the dis-
play be controlled by the operating system because it is a shared resource. Therefore, the 
issue is not whether the lookup tables in the display controller can be changed by the 3D 
rendering application, for even if they could, changing them would be a bad idea. Most 
desktop applications are designed for a non-linear ITF, and would look terrible, or at least 
very different, linearized. Therefore, the rendering pipeline, not the display hardware, 
must include the functionality to produce the desired appearance to the viewer. 

Classic graphics texts propose displaying the linear intensities produced by the rendering 
system directly. However, research in the image reproduction domain by Bartleson & 
Breneman suggest that this will only give the best appearance if the viewing environment 
matches the original scene. If the viewing environment is darker, the reproduction will 
need more contrast to look right. They propose specific increases in contrast, expressed 
as gamma values, to accommodate dim and dark surrounding environments. These are 
used in the image reproduction industry to improve the appearance of television (dim sur-
round) and projected film (dark surround). Work in web-based graphic standards such as 
sRGB recommend a non-linear viewing gamma on computer displays, and color appear-
ance models such as CIECAM 97 use the Bartleson & Breneman results to model the 
effect of the surrounding illumination on color appearance.  

Work by Jack Tumblin and Holly Rushmeier apply more complex visual models to de-
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termine the ITF for rendered graphics. They describe their results in terms of tone repro-
duction, and base their results on the Stevens models of brightness. In their results, and in 
other work by Tumblin, they can more accurately reproduce high-contrast imagery, and 
create renderings that reflect the absolute brightness of the image. That is, a room lit by a 
dim light still looks dim compared to one lit by a bright light. Simpler models would 
normalize both images to the same appearance. Clearly, including perceptual models as 
part of the rendering pipeline is an important part of making rendered images look more 
realistic. 

Color Selection 

One aspect of digital color familiar to almost all users of computer systems is the color 
selection tool. Color is applied to documents, desktops, drawings and web pages. A typi-
cal desktop system might have over a dozen different tools for selecting RGB colors 
embedded in its applications. I know of no textbooks about designing color selection 
tools. There are, however, a few ideas that consistently appear. First is the transformation 
of the RGB color cube into some approximation of a perceptual colorspace. The two 
most commonly used are the HSV and HLS systems described in the Foley and van Dam 
graphics texts. Second is the mapping of a 3D space to a 2D, interactive tool. The sim-
plest mapping is sliders for each dimension such as R, G and B. This can be applied to 
any set of primaries, so graphic arts systems also include C, M, Y and K sliders. Many 
tools map two dimensions to a plane, then include a linear slider for the third. Many dif-
ferent mappings are possible, and the slides show several examples. Finally, color tools 
often include palettes of standard colors plus user-defined colors. The standard colors of-
ten represent the colors available on a display limited to 16 or 256 colors. There is also 
usually a pair of patches that show the color being changed and its new value. 

One of the original applications of perceptually-based color systems like the Munsell 
book of color, or the Ostwald system, was for color selection. There have been some ef-
forts to use perceptual spaces as the basis for digital color tools, as well. One of the first 
that was commercially available was “TekHVC” by Tektronics. The TekHVC space is 
similar to CIELUV, and the “TekColor Picker” could show slices of the gamuts of two 
different devices, making it possible to select only in-gamut colors. Giordanno Beretta’s 
“MetaPalette” used the CIELAB space to select palettes of harmonious colors. His work 
influenced the “Canon Color Advisor,” a clever tool buried in the print driver of Canon 
color printers. 

Another form of color selection is to use color names. There is something fundamental 
about naming color. Ask someone to describe a color and they will begin first with a hue 
name such as blue or green. Berlin and Kay discovered that color names are common to 
human language, and that there are a standard set of 11 simple color names that appear in 
all mature languages. These are the perceptual primaries (red, green, blue, yellow, black, 
white and gray) plus orange, purple, pink and brown. Furthermore, the order the names 
are introduced into the language is consistent across languages. Boynton and Olson have 
further studied the psychophysics of color names with a set of color naming experiments. 
They found that there was a high degree of correlation between the names given colors 
across people and cultures. That is, the color patches described as “red” by one person 
will also be described as red by another. Of course, not all colors have simple names, and 
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there is less agreement on these. But for the agreement for the basic colors was very 
good. A recent PhD thesis by Johan Lammens, which is available on-line, is an excellent 
reference for the perceptual basis for color names. 

Color names are also important for industrial applications. In 1976, the National Bureau 
of Standards published A Universal Color Language and Dictionary of Names, by Kelly 
and Judd. This describes both an orderly language for specifying color, calibrated to the 
Munsell color space, and a mapping into this language of thousands of industrial color 
names. For example, the color “avocado” could be described as “dark olive green.” Berk, 
Brownston, and Kaufman published an article in 1982 that introduced a simplified, more 
computationally tractable version of the NBS Color Language. We had an implementa-
tion of their system (plus our own improvements) running at Xerox PARC in the 80’s. I 
found an advertisement for a commercial implementation of the NBS Color Language as 
part of the Color Science Library, from the CGSD Corporation in Palo Alto, CA 
(www.cgsd.com). It looks like a useful package, but I haven’t tried it myself. 

In the graphics arts domain, the Pantone Matching System (www.pantone.com) is a 
common way of describing colors. Originally published as a book of print samples, the 
digital form of this system is incorporated in most of the major graphic arts applications 
such as Adobe Illustrator or Quark Express. 

Finally, dictionaries of color names are starting to be used for specifying colors in 
HTML, X-Windows and probably other applications. The names I have seen are simply a 
binding of a text string to an RGB triple. I have some reservations about the names them-
selves (what color is “silver” anyway, on a computer monitor?) But, the idea of naming is 
a good one. Names tend to limit the set of colors specified, and this can be good, which is 
why specifying hundreds of names is bad. In the X-window implementation, the name 
dictionary provides a useful level of indirection in the color specification Say you design 
a tool that includes “brown” text on a “tan” background. You then discover that text be-
comes illegible with that combination of colors on a 256 color display. You can simply 
change the specification of the names once, and have the effect appear everywhere. 

Color Design 

I am not a formally trained graphic designer or illustrator, though I’m a pretty experi-
enced amateur, as are many of us in the graphics field. For the discussion on visual 
design, I rely on a book by Wucius Wong called Principles of Color Design. Personally, I 
find Wong’s systematic approach to design very clear and compelling. On the other hand, 
if you go to the graphic arts section of your local bookstore and look for a book on color 
design, most of what you will find is books of color schemes represented as color pal-
ettes. Whelan’s, Color Harmony 2 came with a palette selection tool (the PalettePicker) 
on CDROM, so I chose it as my example of such an approach. Edward Tufte is famous 
for his books on information visualization, and Envisioning Information contains a chap-
ter on the use of color. I will conclude with a brief summary of his view on how and why 
to use color for visualization. 

Color Harmony 

The color circle used by designers is quite similar to the circle of hues described in a per-
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ceptually based color system such as Munsell. The circle is formed starting with three 
primaries, red, yellow and blue, plus three secondaries created by mixing the primaries 
pairwise: orange, green and purple. The full circle contains all the pairwise mixtures of 
these six colors as well. I am often asked why the primaries are not cyan, magenta and 
yellow. The answer may be more a one of naming than of function. The printing ink ma-
genta is a slightly purplish red, and the cyan is more or a true blue than its overprint with 
magenta, which is a purplish, almost navy blue. To one not familiar with printing termi-
nology, they could naturally be called blue, red and yellow.  

The other reason my be simply one of history and application. The cyan, magenta and 
yellow primaries used in an image reproduction system are carefully chosen to create the 
largest possible gamut. They are subject to strong constraints as to function and cost. The 
designer’s colorspace was traditionally formed by mixing paints. There is more flexibility 
in the exact choice of colors, which can be adjusted for an individual design. Whether 
layered or blended, the mixing principles are similar for both sets of subtractive prima-
ries. 

The other dimensions of a designer’s colorspace are lightness and saturation. Again, these 
are similar to the perceptual spaces discussed earlier. In fact, Wong uses the Munsell 
space and terminology (hue, value and chroma) to describe color design. Knowing that 
Munsell was an artist as well as a color scientist, makes this less surprising.  

The term tint applies to a color that has been lightened and desaturated by mixing it with 
white. A tone is a color grayed and darkened by mixing it with black. The complement of 
a color lies opposite it in the color wheel. A color mixed with its complement will be-
come neutral, or gray. 

The concept of color harmony is defined by Wong as “successful color combinations, 
whether these please the eye by using analogous colors, or excite the eye with contrasts.” 
Analogous colors are similar, contrasting colors are opposites. He then goes on to dem-
onstrate these principles applied to the hue, value and chroma of colors, using many 
beautiful examples. 

Color palettes are sets of 2-3 colors, plus their tints and tones, that are used in a design. 
They are often described in terms of qualities ranging from semi-scientific (contrast, neu-
tral, primary) to emotional (warm, elegant, exciting). An important issue when designing 
a palette is the message you are trying to convey with your choice of color. Now, using 
palettes in design is an excellent idea. It provides an overall visual coherence that is very 
important. And, people’s emotional response to color is very real. So whether or not you 
are comfortable with labels like “elegant,” having access to predesigned palettes, or better 
yet, the ability to custom design effective color palettes, should help improve the appear-
ance of our graphics. It is interesting, however, that all the color tools described in the 
previous section really only support selecting one color at a time. Even those that provide 
“palettes” do not provide any way to name, manage or reuse those palettes. Professional 
graphic design systems such as Adobe Illustrator seem to do a somewhat better job in this 
area, but I suspect there is far more that could be done to support palettes and other de-
sign principles in our digital tools. 
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Effective use of color 

The goal in selecting colors is, ultimately, to produce an image that is both attractive and 
that conveys its message effectively. It is difficult to describe the “effective” use of color 
unconstrained by any application. However, there are a few common principles worth 
mentioning here. 

Color is very eye-catching, creating emphasis, clustering, and evoking relationships to the 
known world. According to Tufte, the primary rule for the use of color “do no harm.” 
Color should be clarifying, not confusing. It should be tasteful, and it should be robust 
across media, viewing conditions and viewers.  

Color can be used to identify or label objects in an illustration. A classic example is 
shown in the slides. Take a page of numbers and count all the 7’s. Studies have shown 
that the amount of time to count them is proportional to the number of digits on the page. 
That is, to count the 7’s you must look at each digit in turn to determine whether or not it 
is a 7. Now, color the 7’s some distinctive color such as red. Now the time it takes to 
count the 7’s is proportional to the number of 7’s on the page. The red color labels the 7’s 
so all you have to do is count them up. Color works extremely well as this type of label as 
long as the identifying color is distinct within its context. Colored roadways or icons on 
maps, or colored text to identify hyperlinks are examples of color labels. 

Color scales can be used to indicate quantity. There are no real intuitive hue orderings 
except possibly one for temperature (blue to red), but lightness or saturation scales are 
often effective for defining relative values. Colors distributed on a plane also create vis-
ual clusters of similar values. Examples are thermometer scales or density plots. 

The world we see around us is colored, and colors in illustration often reflect their use in 
the physical domain. For example, stop signs and lights are red, so stop “buttons” are 
also. Geographic maps tint water blue and earth brown. The icons shown on the slide 
mimic the color of the fruits they represent, although the colors themselves do not match 
the natural object well. This is often true of color in illustrations. 

Finally, we use color because it is beautiful. Most people spend some amount of effort to 
make the colors in their environment match their aesthetic taste. Look at the way people 
decorate their workspaces, or color their computer desktops. Color impacts emotions, 
which can impact performance. While the value of aesthetics is often questioned in “prac-
tical” disciplines like science and engineering, it impacts even these fields. An attractive 
illustration will be more appealing to look at and will therefore be more effective. 

Adding color to illustrations and information visualization system in a way that is robust 
across systems, media and viewers can be very hard. Without color management, a care-
fully designed presentation on one medium can become a muddled mess on another. For 
example, I had a colleague who used bright green text on a dark green background for 
slides. On the monitor, the text was quite legible and the overall appearance was pleasing. 
Transferred to slides using a film recorder, however, the result was overall very dark and 
lacked the contrast needed to comfortably read the text. Even an excellent color manage-
ment system would not have completely saved him, as his text color was far outside of 
the film gamut. 

A primary issue for effectiveness is legibility, especially for text. They key to legibility is 
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brightness contrast, which is why black text on white paper (or white text on dark slides) 
is so popular. In fact, an edge defined by only hue difference cannot be seen. Such an ex-
ample is difficult to construct, but I can assure you, it is very disconcerting. You can see 
that two adjacent regions are differently colored, but it is impossible to find the edge be-
tween them. Another issue for text legibility is the distribution and focus of the short 
wavelength or blue cones as compared to the red and green cones. The blue cones are 
much more sparse, and focus on a slightly different plane than the other two. This is why 
some colors of bright blue text appear blurry—they are stimulating primarily the blue 
cones, which do not provide the same acuity as the others. The slides show a diagram 
from Mark Fairchild that shows the relative distribution of the three cone types. Note that 
there are no blue cones in the very center of the retina. 

Another type of cross media problem has to do with grayscale and color-mapped dis-
plays. Grayscale systems, of course, must map all colors to gray values. Care must be 
taken that these grays will function as replacements for the colors. Many desktop systems 
display a maximum of 256 colors, using dithering to approximate the rest. Dithered text 
and other fine features are often illegible, so it is important to chose colors that will re-
main solid. This is also true for printers, especially for low-resolution digital desktop 
systems. Text and fine features are much more crisp when they contain at least one solid 
separation, even in offset printing. A rather nice feature of the Netscape web browsers is 
that they automatically map text to solid colors on dithered displays. I wish more applica-
tions did this. 

All viewers are not the same either. As noted in the vision section, a significant part of 
the population has atypical color vision. As the red-green anomalies are the most com-
mon, one rule of thumb is to avoid encoding purely with a red-green distinction (an issue 
that apparently never occurred to the designers of stoplights). However, to ensure that 
important information can be distinguished by everyone, color should be combined with 
shape or other ways of encoding the information (like a stop sign). Another viewer issue 
is poor acuity, or lack of focus. Not all acuity problems can be fully corrected with 
lenses. Also, the eye gradually looses its ability to change focus as people age, which is 
why most people need some form of “reading glasses” by the time they are fifty. Avoid-
ing small, low-contrast text and other features is important to accommodate this problem. 
Pill-bottle labels with small colored letters on a colored background should be banned! 

In summary, when in doubt, use color conservatively. Duplicate the information carried 
by the color whenever possible. Know your target media and audience well, and be sure 
to test your designs thoroughly. 
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Annotated Bibliography 

I have organized this bibliography by section, though there will naturally be some refer-
ences that span sections. 

Introduction 

A good general book on color is Williamson and Cummins Light and Color In Nature 
and Art. It was designed for an undergraduate course and includes information on physics 
and optics as relates to color, as well as many of the topics covered in this tutorial. 

 
1. S. J. Williamson and H. Z. Cummins. Light and Color In Nature and Art. John 

Wiley & Sons (1983). 

Color Vision 

There are many excellent color vision textbooks. I chose Wandell’s because it is recent 
and has a computational flavor that should appeal to the technical members of the graph-
ics audience. I also mentioned the text by Leo Hurvich, which is out-of-print but should 
be available in academic libraries. There are a couple of other vision texts worth mention-
ing, though I am personally only familiar with one of them. Cornsweet’s 1970 book is a 
classic, though now 30 years old. David Marr’s book provides a less conventional yet in-
triguing model for vision. 

Wyszechki and Stiles massive Color Science is the standard reference for colorimetery 
and color psychophysics, though an introduction to these topics is included in almost any 
book on color. A substantial amount of this book is tables of numbers, which nowadays 
would be presented on CDROM. Interestingly enough, this book has no color pictures. 
Another classic book on color science and its application is Judd and Wyszechki’s Color 
in Business, Science, and Industry.  

Mark Fairchild’s book is the best reference on color appearance models. Josef Albers 
book, Interaction of Color, is famous for its color illustrations. It comes in two forms, an 
expensive hardback ($135) with a full set of color plates, or a somewhat abridged paper-
back version for approximately $10. I have the paperback, and have found it quite useful. 

 
2. Brian Wandell. Foundations of Vision. Sinauer Associates Inc. (1995). 
3. Leo M. Hurvich. Color Vision. Sinauer Associates Inc. (1980). 
4. Tom Cornsweet. Visual Perception. Academic Press (1970). 
5. David Marr. Vision. W. H. Freemand, San Francisco, CA. (1982). 
6. Judd, D. B. and G. Wyszecki. Color in Business, Science, and Industry. John 

Wiley & Sons (1975). 
7. G. Wyszechki and W.S. Stiles. Color Science, Second Edition. John Wiley & Sons 

(1982). 
8. Mark D. Fairchild. Color Appearance Models. Addision-Wesley (1998). 
9. Josef Albers. Interaction of Color. Yale University Press (1963).  
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Color Reproduction and Management 

Robert Hunt’s The Reproduction of Colour is an invaluable reference for color reproduc-
tion technology. Now in its 5th edition, it is a must-have for anyone interested in this 
aspect of color. Gary Field has two newer books on the topic, Color and Its Reproduc-
tion, 2nd Edition and Principles of Color Reproduction, an update of John Yule’s classic 
book on printing, which has long been out of print. Giorgianni and Madden’s Digital 
Color Management is a well-written book with a strong engineering orientation. It is 
beautifully produced, printed in full color, with some of the nicest illustrations around. In 
spite of the full-color production, it is reasonably priced at around $70. Charles Poynton, 
who regularly teaches about digital color at SIGGRAPH, has written a complete refer-
ence on digital video. His courses often include a section on color reproduction and color 
management. There is active research in the area of digital color reproduction systems 
and color management. Much of this work is published at conferences and in publications 
supported by the Society for Imaging Science and Technology, or IS&T 
(www.imaging.org). Their “Recent Progress” Series are bound volumes of select papers 
on topics such as color management and color science. The Graphic Arts Technical Foun-
dation (www.gatf.org) is also a good source of practical information on color and 
printing. Its publications can be ordered online through the Graphic Arts Information 
Network (www.gain.org). The Society of Information Display (www.sid.org) is a good 
source of references on display technologies.  I’ve found Display Systems and Projection 
Displays, from the Wiley SID Series in Display Technology particularly useful. 
 

10. R.W.G. Hunt. The Reproduction of Colour, Fifth Edition. Fountain Press, England 
(1996). 

11. G. G. Field, Color and Its Reproduction, 2nd Edition, GATF Press, 1999. 
12. J. A. C. Yule with G. G. Field, Principles of Color Reproduction: Applied to pho-

tomechanical reproduction, color photography, and the ink, paper, and other 
related industries, GATF Press, 2001. 

13. E.J. Giorgianni and T. E. Madden. Digital Color Management. Addison-Wesley 
(1998). 

14. C. A. Poynton. A Technical Introduction to Digital Video. John Wiley & Sons 
(1996).  

15. L.W. MacDonald and A.C. Lowe, Display Systems, John Wiley and Sons (1997). 
16. E.H. Stupp and M. S. Brennesholtz, Projection Displays, John Wiley and Sons 

(1999). 

Color Synthesis 

The primary reference I used for the rendering section of this tutorial is Andrew Glass-
ner’s big, two-volume work, Principles of Digital Image Synthesis. I am not a rendering 
expert, so I relied heavily on Andrew’s presentation. Andrew’s references are encyclope-
dic, but I duplicate a few here for convenience. Roy Hall’s book is out of print and not as 
recent, so I did not use it as much. Roy does have, however, a recent paper on the topic of 
spectral representations for rendering in the July 1999 issue of CG&A. Murphy and Do-
herty’s beautiful book on the forms of color in nature can be ordered through the 
Exploratorium website (www.exploratorium.com). The McCamy reference is for the 
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Macbeth ColorChecker used in the linear models example, which can be found at many 
photography stores or through GretagMacbeth (www.gretagmacbeth.com) 

 
17. Andrew Glassner. Principles of Digital Image Synthesis. Morgan Kaufmann, San 

Francisco, CA (1995). 
18. Gary Meyer. “Wavelength Selection for Synthetic Image Generation,” Computer 

Vision, Graphics, and Image Processing, vol. 41, pp. 57-79. (1988). 
19. Mark Peercy. “Linear color representations for full spectral rendering,” Computer 

Graphics, 27, 3, 191-198, August 1993. 
20. Carlos Borges, “Trichromatic Approximation for Computer Graphics Illumination 

Models,” Computer Graphics, 25,4, July 1991, pp. 101-104 (1991). 
21. Paul Strauss, “A realistic lighting model for computer animators.” IEEE Computer 

Graphics & Applications, 10(11):56-64, November (1990). 
22. Roy Hall. Illumination and Color in Computer Generated Imagery. Springer-

Verlag, NY, NY. 1989. 
23. Roy Hall. “A Comparison between XYZ, RGB, and Sampled Spectral Color 

Computation.” IEEE Computer Graphics and Applications, July, 1999. 
24. P. Murphy and P. Doherty, The Color of Nature, Exploratorium Books (1996). 
25. C. S. McCamy, H. Marcus, and J. G. Davidson. “A color-rendition chart.” Journal 

of Applied Photographic Engineering, 2(3):95-99, summer (1976). 

Artistic, or non-photorealistic rendering has been the topic of many recent SIGGRAPH 
papers from David Salesin’s group at the University of Washington. Winkenbach’s work 
on applying Salisbury’s pen and ink textures to rendering is one of the first in this series 
applied directly to 3D rendering. Curtis extends the model to watercolor. The original 
Kubelka-Monk reference is difficult to find, but Glassner includes a good explanation in 
his book. Gooch shading, presented at SIGGRAPH 98, extends the Phong model to tech-
niques for technical illustration.  The Gooches have a written a book on the topic, which 
should be available by SIGGRAPH 2001.  

  
26. M. P. Salisbury, S. E. Anderson, R. Barzel and D. H. Salesin. “Interactive Pen-

and-Ink Illustration,” Proceedings of SIGGRAPH 94, (Orlando, FL July 24-29, 
1994), in Computer Graphics Proceedings, ACM SIGGRAPH, pp. 101-118 
(1994). 

27. G. Winkenbach and D. H. Salesin. “Computer Generated Pen-and-Ink Illustra-
tion,” Proceedings of SIGGRAPH 94, (Orlando, FL, July 24-29, 1994), in 
Computer Graphics Proceedings, ACM SIGGRAPH, pp. 91-100 (1994). 

28. C. Curtis, S. E. Anderson, K. W. Fleischer, D. H. Salesin. “Computer-Generated 
Watercolor,” Proceedings of SIGGRAPH 97, (Los Angeles, CA, August 3-8, 
1997), in Computer Graphics Proceedings, ACM SIGGRAPH, pp. 421-430 
(1997). 

29. A. Gooch, B. Gooch, P. Shirley, E. Cohen. “A Non-Photorealistic Lighting Model 
for Automatic Technical Illustration,” Proceedings of SIGGRAPH 98, (Orlando, 
FL, July 19-24, 1998), in Computer Graphics Proceedings, ACM SIGGRAPH, pp. 
447-452 (1998). 
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30. A. Gooch, B. Gooch, Non-photorealistic rendering, A.K. Peters, Natick, MA, 
(2001). 

I first explored color issues with the exchange and rendering of 3D graphic for the web 
and desktop environments working with the VRML standard (www.web3d.org). A paper 
at the 1997 Color Imaging Conference describes it as a “work in progress.” Charles 
Poynton has written extensively about gamma, both formally and on his website 
(http://www.inforamp.net/~poynton/). The sRGB colorspace and recommended practices 
have been adopted by the International Electrotechnical Commission (IEC) as IEC 
61966-2-1 (http://www.iec.ch/home-e.htm).  

 
31. Maureen Stone. “Color in Web-based 3D Graphics,” Proceedings of the IS&T/SID 

Color Imaging Conference, Scottsdale, AZ, November (1997). 
32. Charles Poynton. The Rehabilitation of Gamma,” Proceedings of SPIE 3299 (San 

Jose, Calif., Jan. 26-30, 1998), 232-249 (Bellingham, Wash.: SPIE, 1998). 

Tumblin and Rushmeier’s original paper is available both as an IEEE CG&A journal ar-
ticle and as a tech report from Georgia Tech. Tumblin has done further work in this area, 
some of which is reflected in the TOG article listed, his SIGGRAPH 2000 paper, and in 
his PhD thesis. Mark Fairchild, together with the Cornell computer graphics group, have 
been working to develop a framework for appearance and rendering, as was reported in a 
SIGGRAPH ‘98 paper.  

 
33. J. Tumblin & H. Rushmeier, “Tone Reproduction for Realistic Images”  IEEE 

Computer Graphics & Applications, Vol. 14, No. 6, pp.42-48. Nov. 1993. Ex-
tended versions as Ga. Tech GVU Center Technical Report GIT-GVU-91-13, and 
92-32. 

34. J. Tumblin, J. Hodgins, & B. Guenter. “Two Methods for Display of High Con-
trast Images” ACM Transactions on Graphics, 18, 1, January 1999. 

35. S. N. Pattanaik, J. Tumblin, H. Yee, D. P. Greenberg, “Time-Dependent Visual 
Adaptation for Realistic Image Display,” Proceedings of SIGGRAPH 2000, (New 
Orleans, LA, July 23-28, 2000), in Computer Graphics Proceedings, ACM 
SIGGRAPH, pp. 47-54 (2000). 

36. S.N. Pattanaik, J. A. Ferwerda, M.D. Fairchild, D.P. Greenberg. “A Multiscale 
Model for Adaptation and Spatial Vision for Realistic Image Display.” Proceed-
ings of SIGGRAPH 98, (Orlando, FL, July 19-24, 1998), in Computer Graphics 
Proceedings, ACM SIGGRAPH, pp. 287-298 (1998). 

I know of no scholarly references on designing color selection tools, so I relied on my 
own observations, which I hope are not too idiosyncratic. The HSV colorspace was in-
vented by Alvy Ray Smith and presented in a 1978 SIGGRAPH paper. The following 
year the HLS space was recommended by the Computer Graphics Standards Planning 
Committee. These spaces are also described in the Foley and van Dam textbooks. Similar 
transformations of the RGB color cube have probably been created by many practitio-
ners. The TekHVC space and the TekColor Picker were developed by Tektronics in the 
late 1980’s, as was the work at Xerox on MetaPalette. The MetaPalette evolved into the 
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Canon Color Advisor, which was described in at a recent IS&T Color Imaging Confer-
ence. 
 

37. Alvy Ray Smith “Color gamut transform pairs,” Computer Graphics, 12(3):12-25. 
(1978). 

38. “Status Report of the Graphics Standards Planning Committee,”  Computer 
Graphics 13(3), August (1979). 

39. J. Foley, A. van Dam, S. Feiner and J. Hughes. Computer Graphics Principles and 
Practices. Addison-Wesley (1990). 

40. J. M. Taylor, G. M. Murch and P. A. MacManus. “Tektronix HVC: A Uniform 
Perceptual Color System for Display Users,” SID 88 Digest, pp.77-80, May 
(1988). 

41. G. Beretta. “Color Palette Selection Tools,” SPSE's 43rd Annual Conference, The 
Society for Imaging Science and Technology, 20-25 May 1990, Rochester (New 
York, USA) pp. 94-96 (1990). 

42. L. Lavendel and T. Kohler. “The Story of a Color Advisor,” Sixth IS&T/SID 
Color Imaging Conference (Scottsdale, AZ, November 1998), pp: 228-232. 
(1998). 

Color naming has been well studied. The most complete reference in the psychophysical 
domain is Lammen’s thesis. It contains many other references in its bibliography. I in-
clude the reference to Boynton and Olson’s work here also. Berlin and Kay’s 
anthropological work on color naming was originally published in 1969, and was re-
printed in 1990. The National Bureau of Standards has become NIST, the National 
Institute of Standards and Technology (www.nist.gov). The Pantone color matching 
products can be ordered from Pantone (www.pantone.com). 
 

43. Johan M. Lammens. “A Computational Model of Color Perception and Color 
Naming,” Ph.D. dissertation, State University of New York at Buffalo, Computer 
Science department. (1994).  

44. Robert Boynton and Conrad Olson. “Locating basic colors in the OSA space,” 
Color Research and Application, 12(2):94-105. 1987. 

45. Brent Berlin and Paul Kay. Basic Color Terms: Their Universality and Evolution, 
University of California Press, Berkeley CA, 1991 edition., originally published in 
1969. 

46. K.L. Kelly and D. B. Judd. Color, Universal Language and Dictionary of Names, 
National Bureau of Standards (U.S.) Special Publication 440, Washington, (1976). 

47. T. Berk, L. Brownston, and A. Kaufman. “A new color-naming system for graph-
ics languages.” IEEE Computer Graphics and Applications. 2, 3 (1982). 

Wong’s books on design are systematic and elegant in a way that should appeal to many 
in the computer graphics field. His Principles of Color Design is based on the Munsell 
(www.munsell.com) color ordering system. Whelen’s Color Harmony contains a full set 
of palettes plus a Windows application called the “Palette Picker” that is also available 
from www.lightdream.com. The Palette Picker lets you select palettes in three ways: by 
“scientific” name, by “aesthetic” name, or to harmonize with a selected color. The tool is 
not bad—it comes up with plausible palettes. It can only display their RGB or CMYK 
encoding, however, which then have to be copied by hand into another application. Tufte 
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is famous for his books on information visualization. The only one of his three books that 
contains a chapter about color is Envisioning Information. 

 
48. Wucius Wong. Principles of Color Design, second edition. John Wiley & Sons, 

NY, 1997. 
49. Bride M. Whelan, Color Harmony 2. Rockport Publishers, Rockport, Mass., 1997. 
50. Edward R. Tufte, Envisioning Information. Graphics Press, 1990. 
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Slides 

The slides presented in these notes are approximately the version that will be presented in 
the course.  A final version will be made available on my website at the time of the con-
ference. 

In the printed version of these notes, color plates will appear at the end of the slides that 
contain selected images and illustrations that only work when seen in color. 
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PC    Mac    SGIPC    Mac    SGI
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