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Preface

olor is a part of many different fields, from vision and per-

ception to art and design. The subset of color, called digital

color, in which color is encoded and manipulated as digital
values, still spans many fields, including: image reproduction, com-
puter graphics, and multi-media design. Each field has its own ref-
erence books, technical publications and conferences, making it easy
to focus on one field without being aware of relevant work in oth-
ers. This book is a “field guide,” designed to provide a high-level
summary of each field, with pointers to in-depth resources. For those
interested in digital color, this is the book to read first.

Who Should Read this Book?

Students learning about color, especially those in computer
science, engineering, and digital media.

Engineers and computer scientists who need to learn about
digital color.

Graphic artists and digital photographers, who are tired of
books that present only “how to” without describing “why?”
Experts in one field of color who want to learn about other fields.
Anyone wanting a broad introduction to digital color.
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How this Book Is Structured

Each chapter provides a summary of a color field, with a focus on
digital color—many fields spread widely beyond pixels. One of the
challenges of a book such as this is to balance between superficial
and overwhelming. Ideally, experts will find the description of their
field an accurate but high-level summary. For those unfamiliar with
the field, the description should seem detailed to the point of need-
ing careful reading. Along with providing information specific to
the field, the presentation cross-references other fields, and empha-
sizes common concepts.

Each chapter identifies one or more significant books for its field
towards the end of the introduction. Other books may be men-
tioned throughout the chapter as needed. All books are referenced
informally by name, with the full citation information included in
the bibliography. Within the chapters, there are occasional refer-
ences to technical papers that provide detail not found in any book.
For these, the full citation information is contained in the margin
near where the paper is mentioned. There was a deliberate decision
to be selective, rather than inclusive, in the choice of these refer-
ences, as it is impossible to reference all potentially relevant litera-
ture in a book of this breadth without overwhelming the reader.
Many of the named papers are good starting points for finding other
papers in their area.

There is a resources section at the end of the book that includes
a bibliography and pointers to professional organizations, jour-
nals, and standards bodies. The list of books is comprehensive,
but far from exhaustive, and contains primarily those books I per-
sonally own and have found useful. The bibliography is intro-
duced by a discussion that includes a sentence or two about each
book. This is not a true annotated bibliography, with a detailed
paragraph for each entry, but an effort to qualitatively describe
the strengths, weaknesses and application of each book. The de-
scription of each organization and standards body includes the
journals and magazines published by the organization, and a
website for further information.
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The book does include mathematical equations to precisely de-
scribe concepts such as the transformation between different color
representations. Formulas are valuable for implementers, and for
those for whom the math speaks more clearly than words. The math
is presented, however, in such a way that it can be skimmed or
ignored by those not interested in that level of detail.

Overview of the Chapters

Chapter |: Color Vision. The basic principles of color vision, in which
light strikes the eye and is encoded in the retina as exactly three
signals, underlie the use of RGB for encoding color. These same prin-
ciples are used as the basis for measuring color, including represent-
ing color as points on the CIE chromaticity diagram, examples of
which are used throughout the book.

Chapter 2: Color Appearance. The basic principles presented in Chapter
1 provide a simple model for color perception that expands the prin-
ciples of color appearance. This is best demonstrated by the various
optical illusions showing that what a color “looks like” depends on
context; for example, in the right circumstances, the identical color
(as measured) can appear either black or white. Included is an over-
view of the computational models that are being used to incorpo-
rate these principles into digital color systems. Many color appear-
ance principles underlie color design principles.

Chapter 3: RGB and Brightness. In digital color, colors are defined as
numerical values, which have no inherent visual meaning. A funda-
mental requirement for understanding digital color as presented in
this book is knowing how to bind these numbers to specific physi-
cal and psychophysical metrics. The principles presented in this chap-
ter, even without the mathematical detail, provide a critical founda-
tion for the rest of the book.

Chapter 4: Color in Nature. Color in the natural world is created by the
interaction of light with matter. This chapter is included to provide
a reference for color synthesis in such digital color fields as com-
puter graphics, and to provide a deeper understanding of some of
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the physical processes that underlie color reproduction technologies
such as printing and photography.

Chapters 5-9 are a set of 5 related chapters on the topic of color
reproduction. In this book, the color reproduction fields are pre-
sented with an emphasis on digital color reproduction and the use
of “device-independent color,” which is color defined with respect
to the psychophysical metrics described in Chapters 1 and 3.
Chapter 5: Color Reproduction. Traditionally, the field of color repro-
duction is focused on the production of images that are pictures of
the natural world. This chapter provides an overview of the general
principles of color image reproduction as it is traditionally prac-
ticed in photography, television, and printing.

Chapter 6: Image Capture. In image capture, the “natural world” becomes
image pixels. The technology of image capture includes cameras and
scanners.

Chapter T: Additive Color Systems. Additive color systems output im-
age pixels as colored light. The technologies of additive color in-
clude displays and digital projectors. Originally designed for televi-
sion, additive color systems are the most familiar physical form for
digital color, due to their use in computer displays.

Chapter 8: Subtractive Color Systems. Digital color images must be
converted to subtractive color dyes and inks to be printed on paper or
projected as slides or movies. This chapter describes the principles and
technologies that underlie printing and photography.

Chapter 9: Color Management Systems. Color management systems,
which are based on using device-independent color representations
for digital color, can be used to create reliable color transformations
from one digital medium to another. This chapter provides insight,
for example, on how to create prints that are a good reproduction
of the pixels displayed on a monitor. It is not a cookbook for any
particular system, but a presentation of the basic principles behind
all color management systems, including why problems occur and
ways to maintain some degree of control.

Chapter 10: Computer Graphics. The field of computer graphics blends
the physical models of Chapter 4 with the principles of color repro-

Xii
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duction presented in Chapter 5. This chapter focuses on 3D render-
ing, which is the process that creates images from numerically-de-
fined 3D models.

Chapter 11: Color Selection and Design. The principles of color selection
and design presented here are primarily those that define the aesthetic
use of color as taught in graphic design. These principles are more algo-
rithmic and rule-based than those outside of the field may appreciate.
Other color design principles, such as text legibility, are readily defined
in terms of the color appearance principles defined in Chapter 2.
Chapter 12: Color in Information Display. The effective use of color for
information display can be described by Tufte’s principles, the pri-
mary of which is to “do no harm.” This field includes concepts from
color perception, color reproduction, and color design that can be
applied to visualization, illustration, and user interface design.
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Color Vision

olor vision starts with light striking the retina, a photosen-

sitive organ in the back of the eye. The cells in the retina

encode the light into signals, which are transmitted to the
brain. There, the signals are interpreted to provide the perception of
color. This chapter focuses on color vision at the encoding level,
where it is represented by three signal values generated by the retina.
This encoding is the foundation for color measurement, and for the
representation of color as a triple of red, green, and blue values.

Introduction

Light enters the eye as a spectrum of colors distributed by wave-
length. The spectrum impinges on the retina in the back of the eye,
and for color vision, is absorbed by special cells called cones. Hu-
man beings have three types of cones, which respond to different
wavelengths of light. These are called long, medium, and short



Visible Light Energy Light
Encoded as
LMS Values Cones
Perceived as Color Brain
Figure I.

Process diagram of basic color vision.
Light strikes the cones, which encode
signals for the brain.
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wavelength cones (LMS), or, more informally, red, green, and blue
cones (RGB).

Each cone absorbs light and sends a signal along the optic nerve
that indicates the total amount of light energy “seen” by the cone.
This signal is interpreted in the brain to create the perception of
color (Figure 1). This process has two important implications for
understanding color vision. First, the spectral distribution is collapsed
into exactly three values, one for each cone. Second, these values,
not the spectrum, are what represents color at its earliest percep-
tion. These principles are called trichromacy and metamerism, re-
spectively.

Color measurement, or colorimetry, can use these principles to
encode color as three numbers. Similarly, digital color imaging uses
these principles to encode color as RGB pixels, which are also rep-
resented by three numbers. This is not coincidence: color vision at
the retinal encoding level is essentially an RGB encoding system.
Basic vision, as presented in this chapter, is wonderfully orderly,
involving concise mathematical operations on spectra and their
encodings. However, as the next chapter will show, encoding is
only the beginning of color perception. The full perception of color
is much less tidy.

There are many excellent books on color vision, several of which
are listed in the bibliography. For understanding digital color, my
favorite is Brian Wandell’s Foundations of Vision, which is struc-
tured in three parts: encoding, representation, and response. What
this chapter describes is essentially the encoding part of his tax-
onomy. Color Science, by Wyszecki and Stiles, is considered the stan-
dard reference for quantitative color science and colorimetry. Roy
Berns’ update of the classic Billmeyer and Saltzman Principles of
Color Technology is an up-to-date reference on color, its percep-
tion, and its measurement.

The first sections in this chapter define the basics of color vision:
describing color as a spectrum, the retinal sensors, and the principles
of trichromacy and metamerism. The second half describes the prin-
ciples behind colorimetry, especially those specified by the Commis-
sion Internationale de I’Eclairage (CIE).
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| Color Vision

Visible light can be described as a function of power versus wave-
length. This function is called a spectral distribution function, or
spectrum. Colored light contains wavelengths in the range 370-730
nanometers (nm). The color of the light depends on the distribution
of the energy over the visible spectrum; different wavelengths ap-

pear different colors.

Each wavelength is associated with a color. Wavelength colors
vary from purple (violet) and purple-blue (indigo) through blue,

1

Relative Power

400 500

Wavelength (nm)

The height of a spectral dis-
tribution function indicates its
power—the taller the brighter.
Two spectra that are simply
scaled multiples of each other
will have the same color, one
brighter than the other. For
example, Figure 3 is the same
purple color at different
brightness levels. The area
under the spectrum is a mea-
sure of brightness called the
intensity.

Fluorescent Light

700

green, yellow, and orange to
red, which are the familiar
colors of the rainbow. Longer
than visible wavelengths are
infrared and shorter ones are
ultraviolet light. Figure 2
shows the spectral distribu-
tion for a fluorescent light
bulb. The wavelength colors
are roughly illustrated by the
colors in the band under the
figure. The true colors would
be much more intense.
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100%

50% |

25%]]

400

500
Wavelength (nm)

700

Figure 2.

The spectral distribution function for
a fluorescent light. The colored band
shows approximate wavelength colors.

Figure 3.
The same purple color at 100%,
15%, 50%, and 25% intensity.
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Three  monochromatic colors. Viewed
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is the same at all wavelengths.
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Spectral distributions that include only a single wavelength
describe an intense, pure, saturated color, as in laser light. Such
colors are plotted as spikes, as shown in Figure 4 (the colors are
approximate).

Spectral distributions that contain all colors in approximately
equal amounts will appear white. Equal energy white is the color
created by presenting equal energy at all wavelengths (Figure 5).
While not readily found in nature, it is often used in computer graph-
ics and other computational processes as a canonical white light.

Different mixes of wavelengths will give different colors. For
example, the monochromatic colors in Figure 4 are each a pure,
saturated color. Viewed all together as a mixture, they will appear
white. The precise color seen depends on both the spectrum and the
cones, as described below.

Note that it is more common in signal processing and engineer-
ing to plot spectra as a function of frequency, which is the inverse of
wavelength. This means that red is a low-frequency color and ap-
pears on the left of the graph, and blue-violet on the right. This is
also the derivation of the terms infrared and ultraviolet. However,
color and vision scientists consistently use wavelength plots, where
red is on the right.

Colored Objects

The color of an object is defined by two spectra: the surface reflec-
tance of the object, and the light source shining on it. The product of
these two spectra is the light that enters the eye and stimulates the
cones. Surface reflectances are often specified as percentages, where
100% reflects all of the available light.

Changing the light creates a different spectral result, resulting in
a different color. This is why paint samples in the store, for ex-
ample, look different than when viewed at home. This is illustrated
in Figure 6, which shows the result of multiplying the same spec-
trum by two different light sources, one representing daylight, and
the other incandescent light. In this plot, both surface reflectance

4
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) Object ) Incandescent Light ) Color 1
[0
g 2z >
8 2 2
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14
0 0 0
400 700 400 700 400 700
Object Daylight Color 2
1 ) G v 1
Q
g z 2
g 2 z
3 X s = g
5 = =
[v4
0 0 0
400 700 400 700 400 700
Figure 6.

Different lights reflecting off the
same surface create different spec-
tra, and hence different colors.

and intensity are normalized to the range 0...1, to make them easier
to evaluate.

The full perception of object color is complex. For example, a
painted wall in a room with the light from both a lamp and a win-
dow shining on it is perceived to be all one color, even though the
light varies significantly across it. Some of these effects are treated in
Chapter 2, which describes color appearance. Within this chapter,
the color of an object is simply a spectral distribution, which changes
as the light changes.

The Retina, Rods, and Cones

The retina covers the back of the eye. Light enters through the pu-
pil, and is focused by the cornea and the lens on the retina, similar to
the way an image is focused on film or on the imaging array in a

5



Figure 7.

The spectral response curves for
the short (blue), medium (green), and
long (red) cones.
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digital camera. There are two types of imaging sensors on the
retina—the rods and the cones. Only the cones are used for normal
color vision.

We see color when the light is bright. As the total light dims
(dim room light, or twilight), color vision begins to simplify to-
wards the gray, colorless view one sees “in the dark.” Both rods and
cones contain photopigments, which generate signals on the optic
nerve when exposed to light. Rod photopigments are sensitive at
low light levels, but saturate at about the point at which cone
photopigments begin to respond. Rod and cone vision are formally
called scotopic and photopic vision, respectively. There is a narrow
range of lighting where both rods and cones are active, which is
called mesopic. Color vision as described here is strictly photopic,
involving only the cones.

The response of each cone can be encoded as a function of wave-
length called the spectral response curve for the cone, as shown in
Figure 7. Note that cone re-
sponse curves overlap signifi-
cantly, especially the medium
(green) and long (red) curves.

Multiplying the spectrum
of the incoming light, called
the stimulus, by the response
curve and integrating to get
the resulting intensity defines
the signal that is sent from the
eye to the brain. This is illus-
trated in Figure 8. The viewed

1

Relative Sensitivity

Wavelength (nm)

light is multiplied by the three cone response curves producing three
filtered “views” of the spectrum, one for each cone. The area under
each of these curves is the signal sent on the optic nerve, as illus-
trated by the height of the bars.

Unlike manufactured arrays of light sensors, such as those used
in digital cameras, which are laid out in a uniform rectangular ar-
ray, the rods and cones are unevenly distributed in the retina. The
cones are concentrated in the center of the eye, in the region called
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the fovea. The rods, plus a few, scattered cones, cover the rest of the
retina. There are approximately 5 million cones and 100 million
rods in each human eye. There is also a blind spot in the retina, a
region that has no rods or cones, where the retinal receptors attach
to the optic nerve at the back of the eye. The fovea covers less than
10% of the retina, yet is responsible for all of the color signals sent
from the eye to the brain.

How does this uneven mosaic of receptors create a continuous
image in our brains? The answer is that our eyes constantly move, in
a pattern of rapid jumps called saccades. It is left to the brain to
stitch together all the images to create a continuous color image.

Trchromacy and Metamerism

The encoding created by the cones means that every spectrum is
represented by exactly three signals—this is the principle of
trichromacy. That color can be described by exactly three values is a
result that appears over and over again in color science and engi-
neering. Colored pixels in digital color are encoded as three values
(red, green, and blue) due to trichromacy.

Different animals have different models for color vision. While
most primates are trichromats, birds and fish often have more sen-
sors, indicating that their visual system operates in four or more
dimensions. Animal cones may respond to different wavelengths
than human cones. Many insects, for example, have sensors that
operate in the ultraviolet range, which is invisible to people. Other

1

400 700 SML

Figure 8.

Multiplying a spectrum by the cone
response curves and integrating cre-
ates the basic color signal to the
brain. The height of the bars reflects
the strength of the three signals.



Figure 9.

Two different spectra create the same
color, shown as a purple bar, illustrat-
ing the property of metamerism.
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animals, for example, cats and dogs, appear to have fewer cones
than humans, and current thinking suggest that they may see color
only in the blue-green part of the spectrum. Previously, it was thought
that they saw only shades of gray, though probably with more pre-
cision than humans do.

The principle of metamerism states that different spectra that
produce the same encoded signals look the same color. Color is de-
fined by the product of the spectrum with the cone response, not
the spectrum alone. The principle of metamerism underlies all color
reproduction technologies. Instead of reproducing the original spec-
tral distribution that described the color, they create an equivalent
response, or metameric match by mixing three colors in a controlled

way. Figure 9 shows a pair
1 —_—————— of spectra that create (ap-
proximately) the same
purple color as shown: one
is smooth, taken from a col-
ored object lit by white light
source, and the other is a
mixture of red, green, and
blue phosphor emissions
from a computer display.
These spectral distributions
are very different, but appear
the same.

Relative Power

400 500

Wavelength (nm)

700

Trichromacy and metamerism can be used to create instruments
that measure color. Creating an instrument that responds in the
same way as the human eye is critical for many industries. It al-
lows colored materials to be described impartially and quantita-
tively, and creates metrics that define when colors match. From
the discussion above, it might seem obvious to fit an instrument
with filters and sensors that behave like the cones. However, the
precise definition of the cone response was not known until rela-
tively recently. The science of color measurement is much older,
and is based on experiments involving matching colors with sets
of three primary lights.
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Colorimetry

Colorimetry is the science of color measurement. It is based on em-
pirical studies of humans matching colors. This results are used to
create three color-matching functions that can be used convert any
spectrum into a standard encoding, just as the cones convert any
stimulus into LMS signals.

The color-matching experiments that underlie colorimetry are
constructed as follows. Choose three primary lights (call them red,
green, and blue), which can vary in intensity. Then, take a set of
reference colors such as the monochromatic colors of the spectrum,
or colors generated by filtering a white light. The job of the observer
is to combine and adjust the primary colors to create a result that
matches the reference color. This is shown schematically in Figure 10.
Once the match is made, the color can then be defined simply by
describing the amount of each primary needed to match it.

This is a remarkably useful result. It means that any color can be
described as three numbers, which correspond to the amount of
each primary used to create the color. These three numbers are called
the tristimulus values for the color.

What about colors that cannot be matched? The answer is to use
“negative light.” For example, if the blend is too reddish, even with

Color to Match

\ :%\\
Arver Adjusts

Primaries to Create
Visual Match

Three, Adjustable Primaries

Figure 10.

Color-matching experiments are the
basis for colorimetry. An observer
adjusts three primary lights to match
each sample color.
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no red shining on the blend, the observer is allowed to shine some of
the red primary on the reference to make the match. The amount of
red shone on the reference color is the “negative red” included in the
match. It is therefore possible to match all other colors with any set
of three, distinct colors, assuming you can use “negative light” as
described above. In this context, “distinct” means that no primary
color is simply a brighter version than another primary.

Defining a color by three numbers plus a known set of primaries
is clearly a substantial simplification over the full spectral represen-
tation of the color. Color matches defined this way, however, are
defined only for colors described as spectrum. For colored objects, the
color must be viewed on a standard background under standard light-
ing to produce a single spectrum as a stimulus. The resulting match,
therefore, is valid only for those lighting and viewing conditions.

It would be very inconvenient to have to perform a color-match-
ing experiment to define the tristimulus values for each new color.
Fortunately, color matching can be defined more generally because
colored light and its perception work as an additive system—the
result of shining several lights on the same point is simply the sum
of their spectra. A spectrum, therefore, can be considered as the sum
of a number of monochromatic colors, one per wavelength. This
was alluded to in Figure 4, where the sum of the three monochro-
matic colors is perceived as white.

Color matching is also additive; the match to a sum of spectra is
the sum of the matches. To spell this out mathematically, for a given
spectrum, S, let the tristimulus values be R, G, and B (RGB). If
RGB; matches S;, and RGB, matches S,, then RGB; + RGB, will
match S; + S,. This principle was first formalized by Grassmann,
and it is called Grassmann’s additivity law. This principle can be
applied to predict the colors produced by additive color systems
such as digital color displays, as described in Chapters 3 and 7.

Now, let us return to the problem of color matching. To find the
tristimulus values for an arbitrary color, we use Grassmann’s addi-
tivity law to construct a set of color-matching functions for our pri-
maries. First, we perform the color-matching experiment on each of
the monochromatic spectral colors (sampled every nanometer, for

10
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example). The result is a set of three functions of wavelength, one
for each primary, whose height is the amount of the primary needed
to match that particularly wavelength.

Figure 11 shows a set of
color-matching functions con-
structed by Stiles and Burch in
1959 using a set of three
monochromatic colors, as in-
dicated. The red curve is nega-
tive in the shorter wave-
lengths, indicating that some
0 “negative red” is needed to
create a match in those regions.
All color-matching functions
measured from real lights in-
clude negative lobes because the long and medium cone response
curves overlap. Therefore, there is no way to fully stimulate the red
and green cones independently of each other.

Given a set of color-matching functions and a color defined
by a spectrum, the tristimulus values are determined by multiply-
ing the spectrum by the color-matching functions and integrating
the results. This is the same process shown in Figure 8 to illus-
trate the cone response, which suggests that color-matching func-
tions are equivalent to cone response curves. To explore this, we
need to look further at the mathematical properties of color mix-
ture.

Given a set of color-matching functions, it is possible to create
equivalent functions for a new set of primary colors by linear trans-
formation. All we need to know is the definition of the new prima-
ries in terms of the old ones. For those familiar with linear algebra,
this is simply a change of basis, and can accomplished for a three
dimensional system with a 3 x 3 transformation matrix. Applying
this matrix to each of the samples in the color-matching functions
in turn creates the color-matching functions for the new set of pri-
maries. As a result, all color-matching functions are linear transfor-
mations of each other.

3

N

-

Tristimulus Values

400 500 700
Wavelength (nm)

Figure 11.

The color-matching functions defined
by Stiles and Burch using three
monochrome light sources: R = 645
nm, G = 525 nm, and B = 444 nm.



Figure 12.

CIE recommended color-matching func-
tions (1931), also called the CIE 1931
standard observer. y can also be used
to calculate luminance.

A Field Guide to Digital Color

The cone response functions can be shown to be a linear transfor-
mation of the color-matching functions once the optical properties of
the eye, such as chromatic aberration, are properly included. This
result was finally demonstrated in the late 80s, over 50 years after the
first color-matching functions were measured.

CIE Colorimetry

In 1931, the Commission Internationale de I’Eclairage (CIE) stan-
dardized a set of primaries and color-matching functions that are
the basis for most color measurement instruments used today. They
transformed a set of measured color-matching functions, similar to
those of Stiles and Burch, to
create a set of curves that

N
o

were more convenient to use.
These are notated X, ¥, and Z

z
and are shown in Figure 12.
Y X This set is positive through-
out the entire visible spec-
trum, and one of the curves
“A (¥) can be used to compute

the perceived brightness of

Wavelength (nm) the measured color, called its

luminance. Luminance will be

discussed in more detail in Chapter 2. The function z is zéro for most

wavelengths because it was more convenient for the hand calcula-

tions that were common at the time. There are no physical lights

that can be used to create these functions; the primaries are now
mathematical abstractions.

The CIE tristimulus values are computed from the CIE color-
matching functions and are notated X, Y, and Z. The color-matching
functions have been normalized so that an input spectrum with a
constant value of one (equal energy unit spectrum) would create (X,
Y, Z )= (1, 1, 1), as shown in Figure 13. If all input spectra are
normalized to lie in the range (0, 1), the resulting tristimulus values

Tristimulus Values
o -
© [N)

°
~
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Stimulus CIE Standard Observer ~———» CIE XYZ
1.8 Integrate
X=1
] — ]
X Y=1
Z=1
0 0
400 700 400 700

all fall inside the unit cube—no tristimulus value would exceed 1.0.
Both absolute and normalized tristimulus values are used in color
measurement.

It is difficult to visualize and compare three-dimensional val-
ues, and in many applications, it is useful to be able to define a
color independently from its brightness. The CIE chromaticity dia-
gram, shown in Figure 14, is a two-dimensional projection of the
tristimulus values that is the most common way of visualizing them.
It is derived from the CIE XYZ values by dividing them by their
sum, as shown in the equations. The resulting chromaticity values,
notated x, y and z, have the property that x + y + z = 1. The chro-
maticity diagram is a plot of x versus y.

This diagram is worth some study. Any color (a spectrum of light)
can be plotted as a point, independent of its brightness (power).
Also, all metameric matches to the spectrum, which by definition
have the same tristimulus values, will plot at the same point.

The chromaticity diagram illustrates how color is additive. Take
two colors, each of which plots as a point in the chromaticity dia-
gram. Any colors that are mixtures of these two colors will plot
along the line connecting them. The distance along this line is pro-
portional to the relative brightness of the two colors. For three col-
ors, all mixtures will lie within the triangle formed by their chroma-
ticity coordinates, and so on.

The monochromatic spectral colors lie along the horse-shoe
shaped path, which is called the spectrum locus. All visible colors lie
within the shape bounded by this path and the line that connects

13

Figure 13.

The CIE tristimulus values are cal-
culated by multiplying the stimulus
times the color-matching functions
and integrating the result. They are
normalized such that equal energy
white gives XYZ = (I, I, I}, as shown.



Figure 14.

CIE 1931 chromaticity diagram show-
ing the spectrum locus, the purple
line, and the black-body curve. The
transformation from CIE XVZ is shown
in the equations.

B X
T T Xyv+z
B Y
YT Xtv+z
1l =zx4+y+=z
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1931 CIE Chromaticity Diagram
0.8

0.7

0.6 Spectrum Locus

0.5

0.4

0.3 Black-body Curve
0.2}
\ Purple Line
0.1}
0 . . . . . . . )
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 X

the two ends (called the purple line) because all spectra can be cre-
ated by sums of monochromatic colors. The closer a color lies to the
spectrum locus, the more saturated (vivid, colorful) it is. Take a
point near the center of the diagram as a reference white and draw a
line out to the spectrum locus. The line defines a family of colors
that have the same basic hue, but become progressively more pure
(saturated) as they approach the spectrum locus. The colorimetric
term purity describes the relative distance along such a line.

Colors that appear white lie near the center of the chromaticity
diagram. Most of these colors are clustered near the black-body
curve, which describes colors caused by heating an object that re-
flects no light (called a black-body radiator) until it glows white-
hot. These colors range from yellowish-red to blue-white.

14
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1976 CIE Chromaticity Diagram

0.5

Black-body Curve

Purple Line

0.2}
0.1}F
Spectrum Locus
0 ! ! ! ! ! )
0 0.1 0.2 0.3 0.4 0.5 X

One major concern with the 1931 chromaticity diagram is that
distances are not proportional to perceptual differences in color. For
example, two points that are within, say, 0.1 units of each other in
the reddish (lower right) part of the chart will be perceptually more
different than two colors the same distance away in the greenish
(upper left) part of the chart. Therefore, there have been many
variations on this diagram that attempt to make it more uni-
form. One of the most commonly used is the u” v’ system, shown
in Figure 15, along with its supporting mathematical transfor-
mation. Which chromaticity diagram to use is often very much a
matter of practice and technical “taste.” In spite of the many
improvements proposed and adopted throughout the years, the
1931 diagram is still the most common.

5

Figure 15.

CIE 1976 chromaticity diagram show-
ing the spectrum locus, the purple
line, and the black-body curve. The
transformation from CIE XYZ is shown
in the equations.
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Colorimetry and Colored Objects

Colorimetry can only be applied directly to the light reflecting from
a colored object, which can be described as a spectral distribution.
Colorimetry applied to objects, therefore, will always depend on the
spectral description of the light. Many instruments for measuring
colored objects contain a light source, and are held against the sur-
face of the object to eliminate all other light.

Some authors multiply the surface reflectance by the color-match-
ing functions to define “tristimulus values” for the surface. This is a
rather suspect practice that stretches the definition of colorimetry
beyond its origins in visual matching. Physically, this is equivalent
to illuminating the surface with a uniform white light (equal energy
at all wavelengths) to create a spectral stimulus. The result, how-
ever, is different than any color the object will produce in prac-
tice, because such light sources do not exist in nature. Further-
more, such tristimulus values do not follow the additive prin-
ciples described above. What does it mean to blend two object
colors? The potential for confusion hardly seems to compensate
for the possible convenience.

Color Measurement

Instrumentation for tristimulus-based color measurement comes in
two forms: instruments that sample spectra and compute tristimulus
values based on the samples, and instruments that use filters to ap-
proximate the color-matching functions. The first usually have
“spectro-” in their name, and are either spectroradiometers (which
measure light directly and absolutely) or spectrophotometers (which
measure relative reflectance, and often contain their own light
source). The second form are colorimeters, and are often specifically
designed for monitors, reflection prints, or transmission films. In
general, colorimeters are cheaper, faster, and less accurate than sys-
tems that sample spectra.
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All color instrumentation comes with a specification that tells its
precision and the range of brightness it can accurately measure. It is
important to pay attention to this information: there is no point in
agonizing over a 1% luminance variation, for example, if the instru-
ment is only accurate to 2%. Similarly, measuring something that is
too bright may simply generate bad data, not an error message, and
may also damage the instrument.

All instrumentation needs routine calibration and evaluation to be
sure it is working correctly. In addition to following the manufacturer’s
recommendations, it is useful to create some standard measurements,
and make them routinely to see if the instrument has drifted. Similarly,
for any task, it is important to find some “reality check” measure-
ments to ensure you don’t waste time gathering garbage. For ex-
ample, when measuring a CRT display, the sum of the tristimulus
values for red, green, and blue should equal the tristimulus values
for white, because white is the sum of red, green, and blue.

Most color measurement equipment can be connected to a com-
puter via a serial port. The vendors often offer both a way to inter-
face the instrument to a program and some end-user software for
color measurement. My experience is that this software is often not
as good as the equipment it runs—these folks understand color
measurement, not software. Similarly, be prepared for some quirks
in the serial port driver, as the “standards™ in this area seem to be
rather loosely interpreted, a problem that is not unique to color
measurement equipment. It is most convenient if the interface can
be driven by sending text codes down the serial port line. This is
generally robust, and can be easily interfaced to any system, or even
driven by hand from a terminal emulator.

Before color management systems created a need for inexpensive and
convenient color measurement, most colorimetric instruments were ex-
pensive and difficult to use. The use of color measurement in color man-
agement systems (described in Chapter 9) for the graphic arts and digital
photography has created a market for less expensive and easier to use
equipment. While often not as precise as the high-end instruments,
such equipment is usually adequate for digital color imaging needs.
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Figure 16.

Color filters for densitometry (ISO
Status A), recommended for measuring
the colors in photographic prints. These
are not color-matching functions.

A Field Guide to Digital Color

Densitometric Measurement

Densitometry is such a common form of color measurement that it is
described here, even though it is not based on color-matching func-
tions and the principles of CIE colorimetry. A densitometer measures
the amount of light transmitted through or reflected from a material
and encodes it logarithmically. Density is defined as
-log,(T) or -log,,(R), where T (transmittance) or R (reflectance) lie
in the range (0,1). Therefore, a transmittance of 1 is a density of 0,
a transmittance of 0.001 (0.1%) is a density of 3.0, and the density
for a transmittance of 0 is undefined.

Color densitometers measure density through narrow-band color
filters, such as those shown in Figure 16. These are designed to selec-
tively measure colorants in photographic or print media. Their spec-
tral response functions are not color-matching functions, and can-
not be used to compute tristimulus values. True color-matching func-
tions always overlap, as do 1
the curves in Figure 11 and
Figure 12.

Densitometers are often
used in digital color to mea-
sure the dyes and inks used in
print and film, the subtractive
color processes. The peaks of
their color filters are designed
to match the specific 400 500 700
colorants being measured. Wavelength (nm)

Relative Response

Summary

Light in the visible spectrum stimulates the cones in the retina, which
encode and send messages along the optic nerve to produce the sen-
sation of color. Different spectra can produce the same response,
which is the property called metamerism. The encoding can be rep-
resented by three numbers because the human visual system is basi-
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