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To the memory of Dorothy Nickerson and David L. MacAdam, and to
Andreas Brockes for their encouragement to continue the pursuit of color
order and color difference

All that is alive tends toward color, individuality, specificity, effectiveness,
and opacity; all that is done with life inclines toward knowledge, abstraction,
generality, transfiguration, and transparency.

Johann Wolfgang von Goethe



Preface

Our color experiences are an important component of our visual experiences
and as such form a significant aspect of our consciousness. Color experiences
are the outcome of processing by the brain of information acquired as a result
of interaction of light energy with the three types of retinal cone cells in the
eyes. The three cone types filter the spectral complexity of our surroundings
and from the three kinds of signals the brain constructs complex experiences
that allow us to interact with our surroundings in a purposeful way. Luminance
contours are important input for the generation of these experiences but
much of the original complexity of the information arriving at the eye is in
terms of spectral signatures translated by the brain into colors. It has been
estimated that we can distinguish between color experiences that number in
the millions.

Given the human predilection for ordering experiences and given the large
number of different possible color experiences, it is not surprising that the
question of how to bring order to this multiplicity is one that humans thought
about since antiquity. Confusion created by the seemingly different result of
mixing colored lights and colored materials has complicated the search for
answers considerably. Only in the later eighteenth century have color experi-
ences begun to be sorted into three-dimensional arrangements, and three
attributes of color experiences have only been defined unambiguously in mid-
nineteenth century. Ordering color into a uniform color space means the cre-
ation of a geometrical model that is considered to be isomorphic (one-to-one
correspondence) with experiences. It is evident that this cannot be a simple
effort. Alternately, it can mean ordering color stimuli in a regular way so that
the most general psychological ordering principles are observed.

xii



PREFACE Xiii

This text presents a history of the significant steps in development of think-
ing about color order in the Western world from ancient Greece to the present.
Not surprisingly, given the complexity of the matter and the fact that it involves
a sense, several fundamental questions continue to be unanswered. Among
other things this has to do, despite hundreds of years of concentrated effort
by many individuals, with the absence of a scientifically satisfactory experi-
mental database of how humans perceive colors and color differences. The text
is limited to issues of color space as viewed against a simple achromatic sur-
round. It does not address issues of color appearance under widely varying
surround conditions.

Every space is divisible and a given color space is inextricably linked with
the definition of the divisions used. A dividing line is drawn between uniform
color spaces where distances in all directions are isomorphic to perceived dif-
ferences of equal magnitude and general color spaces that are ordered accord-
ing to some other principles. The plural is used because it has become evident
that there is no single uniform color space but each such space is related to
a quite highly specific set of viewing and general experimental conditions.
Uniform color spaces are of particular interest for color quality control pur-
poses in industries manufacturing colorants or colored goods. A considerable
variety of general regular spaces are in use, for example, in the graphics indus-
try and in computer display technology.

Regular arrangements of colors fit into euclidean space and can have many
different simple geometrical forms, depending on the definition of distance. It
is not evident that a uniform color space can have euclidean form (there are
no obvious reasons why it should).

The book begins with a general introduction to the subject in Chapter 1.
Following the historical account of color order systems in Chapter 2, funda-
mentals of psychophysics, the branch of science concerned with the relation-
ship between stimuli and experiences, are presented in Chapter 3. Chapter 4
describes the results of perceptual scaling of colors according to attributes. In
Chapter 5 these scales are related to scales based on psychophysical modifi-
cation of physical measurements (reflectance or spectral power distribution
measurements). The history until the present of the development of mathe-
matical color space and difference formulas is described in Chapter 6. Three
of the color order systems presented in Chapter 2 have been selected for more
detailed description of their development, their psychophysical structure, and
the problems associated with them in Chapter 7. Chapter 8 contains an analy-
sis of the agreements and discrepancies in psychophysical data describing
color at levels of difference ranging from color matching error to large.
Chapter 9, finally, draws conclusions and offers an experimental plan for the
kind of reliable, replicated perceptual data needed to make progress in this
field.

Aside from offering the first extended historical account of this fascinating
field, the book contains new analytical results of perceptual and psychophys-
ical color data and a synthesis of data developed for different purposes and
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under different circumstances. I believe it to be not only of interest to experts
and educators in industry and academe but also to neuroscientists and philoso-
phers grappling with problems of awareness and consciousness, to designers,
graphic artists, art historians, students of vision, psychology, design, and, last
but not least, the general reader with interest in the subject matter.

This book represents the culmination of some forty years of interest in the
subject. During these years I had many discussions with fellow devotees in
industry, academe, the Inter-Society Color Council, and other organizations
that helped shape my knowledge and views. I am grateful to all that helped
me to see the issues clearer.

The text was read and commented on in its entirety by Dale Purves. Indi-
vidual chapters have been read by Larry Hardin and Andreas Schwarz. I am
grateful to all three, but any remaining errors are my own.

A note about certain conventions: An author’s name with an associated
year relates to a complete reference at the back of the book. Comments in
angled parentheses are by the author, except in Chapter 2 where they usually
contain Greek and Latin color names.



Contents

Preface

Chapter 1. The Concept of Color Space and Color Solid

1.1
1.2
1.3
1.4
1.5

Introduction / 1

Divisions of Color Spaces and Solids / 6

Uniform and Regular Color Spaces / 8

Color Space, Sensation, Perception, and Awareness / 15
Plan of the Book / 16

Chapter 2. Historical Development of Color Order Systems

2.1
2.2
2.3
24
2.5
2.6
27
28
29
2.10
2.11
2.12
2.13
2.14

Color and Color Order Systems / 19

From Ancient Greece to the Middle Ages / 21
Color Order in the Renaissance / 32
Newton’s Color Diagram / 43

Development of the Color Circle / 46

Mayer and Lambert’s Color Solids / 51

Color Circles from Harris to Henry / 55
Three Primary Color Theories / 59

Runge’s Color Sphere / 59

The Cylindrical System of Matthias Klotz / 63
The Early Development of Psychophysics / 63
Chevreul’'s Hemispheric System / 66
Doppler’s Sphere Octant / 69

Yellow, Red and Blue, For a Time Firmly Established as
Primary Colors / 69

xii

19

vii



viii CONTENTS

2.15 Helmbholtz, Grassmann, and Maxwell / 72

2.16 Hering / 75

2.17 Geometrical Systems of the Nineteenth Century / 78
2.18 The Nineteenth-Century Experimental Psychologists / 82
2.19 The Munsell System / 84

2.20 Ridgeway’s Color Atlas / 86

2.21 Ostwald’s Farbkorper (Color Solid) / 89

2.22  Geometrical Systems of the Twentieth Century / 90
2.23 Rosch-MacAdam Color Solid / 91

2.24 The Luther-Nyberg Color Solid / 93

2.25 The German DIN6164 System / 93

2.26  Optical Society of America Uniform Color Scales / 95
2.27 Swedish Natural Color System / 96

2.28 Universal Color Language / 98

2.29 Color Mixing Spaces / 100

2.30 Spectral Spaces / 101

Chapter 3. Psychophysics

3.1  Fundaments of Psychophysics / 105

3.2  Categories / 108

3.3 Differences versus Magnitudes / 109

3.4 Psychophysical Scaling: Levels of Measurement / 113
3.5 Scaling Methods / 116

3.6 Unidimensional Scaling Methods / 117

3.7 Psychometric Function / 119

3.8  Multidimensional Scaling / 119

3.9  Psychological and Psychophysical Spaces / 121

3.10 Psychophysical Scaling as a Basis of Color Space / 122

Chapter 4. Color Attributes and Perceptual Attribute Scaling

4.1  Theories of Vision / 123

4.2 Historical Development of Views on Attributes / 124

4.3  Whiteness and Blackness / 129

4.4  Evans’s Five Color Attributes / 131

4.5 Common Color Attribute Definitions / 132

4.6 Confirmation of Three Attributes / 134

4.7  Contrast versus Similitude / 137

4.8  Neural Correlates of Color Attributes / 137

4.9  Psychological (Perceptual) Scaling of Color Attributes / 138
4.10 Perception of Color Differences / 154

104

123



CONTENTS

Chapter 5. Psychophysical Scaling of Color Attributes:

5.1
5.2

53
54
5.5
5.6
S
5.8
59
5.10

S.11
5.12

5.13
5.14
5.15

Stimulus and Perception

Requirements for a Uniform Psychophysical Color Space / 157
Postulated Relationship between Psychological and Physical
Magnitudes / 158

Photometry and Brightness/Lightness / 159

The Colorimetric System / 161

Cone Response Space / 164

Opponent Color Space / 169

How Are the L, M, S and X, Y, Z Color Spaces Related? / 174
Expressing Psychological Scales in Psychophysical Spaces / 176
Color Matching and Appearance Scaling / 193

Placement of the Red and Green Unique Hues in the
Opponent Color Diagram / 194

Curvature of Lines of Constant Hue Blue Colors / 196
Munsell Colors in the L, M, S and X, Y, Z Spaces and

the a, b Diagram / 196 '
Suprathreshold Small Color Differences / 199

Difference Threshold Measurements / 201

How Many Colors Can We Distinguish? / 202

Chapter 6. Historical Development of Color Space and Color

6.1
6.2
6.3
6.4
6.5
6.6

6.7
6.8
6.9
6.10

6.11
6.12
6.13
6.14

6.15
6.16

Difference Formulas

Line Elements / 204

Projective Transformations / 208

Fitting Models to the Munsell System / 213

Judd’s Model of Miiller’s Theory of Color Vision / 215
Color Difference Thresholds and Matching Error / 216
Further Development of Formulas Based on Opponent
Color Systems / 224

New Small Color Difference Data / 225

Ellipse and Ellipsoid Fitting / 226

Controversies of Detail / 227

Dependence of Calculated Color Difference on

Metric Chroma / 228

The CIE 1976 L*a*b* and L*u*v* Spaces / 229
Friele’s FCM Formula / 232

Richter’'s LABHNU2 Formula / 234

Weighting of Metric Lightness, Chroma, and Hue
Differences / 234

New Sets of Visual Data / 236

New Formulas / 239

ix

157

204



X
6.17
6.18

6.19
6.20

CONTENTS

Color Space Formulas and Comprehensive Models of
Color Vision / 248

Is the Opponent Color System “Soft Wired”? / 263
Spectral Spaces / 264

Performance Comparison of Various Formulas / 264

Chapter 7. Major Color Order Systems and Their

7.1
7.2

73
7.4

Psychophysical Structure

The Munsell Color System / 272

Optical Society of America Uniform Color Scales
(OSA-UCS) / 287

The Swedish Natural Color System (NCS) / 301
The “Fragility” of Color Atlases / 309

Chapter 8. From Color-Matching Error to Large Color Differences

8.1
8.2
8.3

8.4
8.5

8.6
8.7
8.8
8.9

A Common Basis for Comparison / 311

Chromatic and Lightness Crispening Effects / 313
Chromatic Crispening Fades as a Function of the Size of the
Difference / 318

Size and Ratio of Unit Increments / 320

Direction of Unit Chromatic Contours in the L, M, S and X, Y,
Z Spaces / 322

The Paradox of Hue Differences / 325

Unit Difference Contours around the Hue Circle / 328
Global Differences / 332

How Fundamental Are the Various Kinds of Data? / 332

Chapter 9. Conclusions and Outlook

9.1
9.2

9.3

9.4
9.5

9.6

9.7
9.8

9.9

What Are Color Spaces and How Can They Be Justified? / 337
What Causes the Perception of Colors and Their

Differences? / 339

Why Is Our Basic Color Experience Three-Dimensional and
Why Are There Four Unique Hues? / 340

What Are the Fundamental Perceptual Color Attributes? / 342
How Are Hue, Chroma, and Lightness Perceptions

Combined? / 343

What Causes the Perception of the Magnitude of Color
Differences? / 344

Chrispening Effects / 345

Perceptual Increment Magnitude as a Function of Stimulus
Increment Magnitude / 346

How Well Do Formulas Predict Perceived Color

Differences? / 347

271

311

336



9.10
9.11
9.12
9.13

9.14

9.15
9.16

Notes

CONTENTS

Is Uniform Color Space Euclidean? / 348

Unique Hues and Uniform Color Space / 350

Evidence for the Operation of an Opponent Color System / 350
Opponent Signals: The Source of Hue and

Chroma Perceptions? / 351

The Approximate Shape of a Uniform Color Solid / 352

A Research Program / 353

Kinds of Spaces / 357

Glossary

References

Credits

Index

Xi

361

366

375

399

403



Chapter

The Concept of Color
Space and Color Solid

1.1 INTRODUCTION

Attempting to understand our place in the world and classifying things and
experiences is a well-known human trait. Already ancient Greek philosophers
thought about the multitude of color perceptions, but they despaired of finding
a system in which to place them. First, colors were logically sorted according
to lightness, regardless of hue. Early in the second millennium we begin to find
descriptions of tonal scales of individual hues or mixed tones, like flesh color.
They were achieved by adding lighter or darker pigments of similar hue, even
black or white, to saturated chromatic pigments. Systematic hue circles began
to appear in the late seventeenth century. The concept of a three-dimensional
logical arrangement of color perceptions began to take shape only in the eigh-
teenth century.

Color space is a three-dimensional geometric space with axes appropriately
defined so that symbols for all possible color perceptions of humans or other
animals fit into it in an order corresponding to the psychological order. In this
space each color perception is represented as a point. The symbolic represen-
tations of color perceptions in this space form the color solid. The earliest pro-
posals for color solids had simple geometrical forms: triangular double
pyramid, sphere, cone, and so forth. There is, of course, no a priori reason why
a systematic arrangement of color perceptions should fit into a simple geo-
metrical solid. What controls the form of the solid is the definition of the axes
of the space and their divisions.

Color Space and Its Divisions: Color Order from Antiquity to the Present, by Rolf G. Kuehni
ISBN 0-471-32670-4  Copyright © 2003 by John Wiley & Sons, Inc.



2 THE CONCEPT OF COLOR SPACE AND COLOR SOLID

There is ample evidence that the colors we experience in various conditions
from a given spectral stimulus can vary widely. According to one view they are
determined by empirical rules derived on an evolutionary basis for our species
and for each individual. There is strong evidence that the color attributed to
an object depends on the nature and complexity of the surround in which the
object is seen. In scientific experiments the complexity of surrounds usually is
minimized (elementaristic approach)." Color experiences from given stimuli
under elementaristic conditions depend on the exact conditions and change to
a smaller or larger extent as quality and complexity of the surround and light-
ing change. Only under closely controlled conditions can a color space for the
average color normal human observer be represented by spectral stimuli. In
these relativized circumstances terms such as color stimulus and object color
have applicability restricted to the experimental conditions and cannot claim
the level of universality that has generally been assumed from the eighteenth
to the twentieth century. Critics of the idea of color space have pointed to its
lack of solid foundation. While this is ultimately true in the end such criticism
appears simply to address the fact that at this point in time we do not have an
understanding of consciousness. Color perceptions are the result of brain activ-
ity; they are subjective and private. As for all other sensory feelings and beliefs
we do not know how in a given situation a given light stimulus can result in
our seeing an object, and this object to have the appearance of red. It is not
clear that humans will ever gain an understanding of this process. Color sci-
entists have over the years built conjectural models based on what must, in
the absence of true knowledge, be called coincidental relationships between
stimuli as viewed in controlled circumstances and visual perceptions. In a
perfect world this is not an acceptable process. Given the lack of fundamen-
tal understanding of consciousness it is an empirical approach having
produced many reasonably well established, coincidental or otherwise, rela-
tionships.

Within the framework of an evolutionary development model, some key
questions concern what forces in our early history shaped the development of
visual sense and what strategies were implemented during its evolution by
neurochemistry to deal successfully with the pressures of these forces. The
simplistic color perceptions and attributes on which color scaling is based are
doubted by some psychologists as having anything to do with the fundamen-
tal perceptual processes embedded in our visual system as a result of interac-
tions with the environment. We appear to be only at the beginning of a process
to find answers. Questions such as why color space is (at least) three-dimen-
sional and why there are four psychologically fundamental hues and not more
or less have started to be asked only recently.

The issue of a systematic arrangement of color perceptions under simpli-
fied viewing conditions is a relatively abstract matter, removed from such con-
siderations. It is probably not surprising that it took shape in the age of
Enlightenment with its belief in a universal rational order. In the twentieth
century, aside from fundamental considerations of trying to understand our



INTRODUCTION 3

place in the world, the quest was shaped by technical and economic issues of
color control of manufactured colored goods.

A color space belongs in the domain of psychology. The description of
stimuli that under standard conditions result in perception of colors in that
space is an aspect of physics. Together they form the uneasy domain of psy-
chophysics that attempts to connect stimuli with perceptions (see Chapter 3).
The stimuli are messages to us from the outside world. An alternative view is
that we actively search for them when viewing the world. They enter through
the pupils of the eyes and are absorbed by the retinal layer. There they trigger
a complex chain of events that result in our perceptions. These events
belong into the domain of neuroscience and are part of the conundrum of
consciousness.

The number of different color experiences we can have is unknown, but
large. Given a particular starting point in color space the finest perceptual divi-
sion of color space is represented by visual threshold increments deviating
from that point in all directions. A color space of given definition can only be
expressed in terms of differences within the related color solid against a
chosen surround because it is only applicable to those conditions. The small-
est difference in a color solid as related to a given starting point, therefore,
consists of a pair of different color stimuli displayed against a particular
(usually neutral) surround and seen as having a just perceptible difference.

Generally. a color space and the related color solid may be defined as an
economic systematic description of subjective color experiences, and as such
it is not subject to engineering precision. It is indicative of our visual strate-
gies vis-a-vis the world.

Personal Color Spaces and Color Solids

Each person with normal color vision has individual, personal (relativized)
color spaces and related color solids (depending on the conditions under which
they were established). Such individual solids vary within limits, based on the
detailed implementation in an individual of his/her color vision apparatus.
(Relativized personal spaces generally are at least in ordinal if not in interval
order compared to that of the average observer.)’ What it means is that if the
reader and the writer sense the spectral power distribution representing a par-
ticular object color field in a particular surround and illumination, the result-
ing experience is likely to be somewhat different. Such a statement assumes
that both observers are “color normal” and that color normal individuals have
in essence the same fundamental color experiences. It does not consider the
possibility, raised by some philosophers, of what is loosely called “spectrum
inversion.” It cannot be excluded with certainty that, for example, the reader
actually experiences as green what the writer experiences as red, regardless of
how it is named.

How different the experience resulting from a given spectral power distri-
bution might be in terms of hue can be judged from individual determination
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of unique hues and, to less extent, from color perceptions judged to be inter-
mediate between unique hues. Unique hues are those four primary hues that
do not contain perceptual components of other hues. A unique red hue is
neither yellowish nor bluish: it is just red. Color stimuli resulting in unique hue
perception vary among color normal observers.” This variation depends on the
hue in question. It ranges approximately from 5% to 12% of the total hue vari-
ation in a hue circle experienced under standard viewing conditions (i.e.,
approximately two to five Munsell 40-hue steps;see Chapters 2 and 7 for infor-
mation on the Munsell system). Because of the absence of unambiguous cri-
teria, it is not possible to meaningfully assess the stimulus variability for other
hues. It is quite evident that there is also variability in the experience of gray
scale steps, in adaptation and constancy response and other visual mechanisms,
resulting in considerable variability of individual experience when looking at
a given scene of color stimuli. Persons with impaired color vision have implicit
color spaces significantly different from those of color normal observers.
Their nature cannot be conveyed with certainty. Theoretical considerations
of the genetics of color vision indicate that as much as 50% of the female pop-
ulation have the potential for four rather than the normal three cone types
even though none has so far been identified as having four cone types.* Richer
color experiences than those had by standard trichromatic observers have
recently been determined for females with the genetic potential for four cone
types. In how many ways their color experiences are richer remains to be
determined.

Adaptation and Conspicuousness of Differences

Color experiences, in the normal case, result from the impact of light energy
on the retina in our eyes. They are known to depend on the absolute level
of light energy. This level can differ by a ratio of 1 million to 1 (on a retinal
illumination basis). There are mechanical (pupil size) and neurochemical
processes to manage such large variation, known under the general term of
adaptation.” The complete process adjusts the range of incoming light to an
output capability with a range of approximately 100: 1. The adaptation process
works to map the energy pattern in a given viewing situation to the total
output range so that contrasts between different areas are seen roughly as the
same under a wide range of illumination. At very low intensities of light we
see no hued colors and neither do we at very high intensities. Probably because
of the importance of very low light levels (night) in the lives of some early
ancestors, we have a separate set of receptors for that situation, the rods. Rod
signals pass through the same postreceptoral cells into the brain as cone
signals. If they have any effect on daylight color vision, it is very small. The
response pattern as a function of light intensity of our daylight-level sensors,
the cones, is S-shaped, but the response has a considerable range that is
approximately linear in the center region. There are issues at low and high
levels of response of cones that cannot be of concern in this discussion. This
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text is largely limited to color spaces and solids represented by reflecting
materials at mid levels of illumination, say 500 to 1500 lux.’

Earlier, mention was made of the lack of constancy of color perceptions
resulting from most stimuli as a function of surround or illumination changes.
Chromatic adaptation is a seemingly opposite process. Its purpose appears to
be to provide a considerable level of color constancy for reflecting objects with
certain spectral signatures. Among terrestrial nonhuman mammals trichro-
matic color vision is limited largely to fruit eaters and pollinators. For them it
is important to recognize their objects of interest in all natural lighting condi-
tions. Color is an important part of the stored memory of the appearance of
objects and helps to recognize them rapidly when encountered again. Without
chromatic adaptation, colored objects in the natural world might change their
appearance significantly over time as a result of changes in ambient illumina-
tion. With independent adaptation capabilities for each cone type, likely
together with additional processes, our ancestors could recognize the colors of
most natural objects as essentially the same regardless of the quality of illu-
mination and surround. This is less true today than it was at a time when there
were only natural objects and all light was sunlight, direct, scattered, or
reflected. Today we have a large number of artificial colorants and various arti-
ficial light sources that have complicated the issue considerably, resulting in
smaller or larger changes in the appearance of objects as a function of sur-
round and illuminant. This text does not consider most issues of chromatic
adaptation but considers color spaces and related solids only in terms of
colored objects as viewed against achromatic backgrounds of varying levels of
lightness under a standard light source.

The visual system has developed in a way that favors the conspicuousness
of small differences in reflectance signatures of objects. Its cause may have
been an escalating battle between camouflage and detection, a matter of life
and death. Highest discrimination of small reflectance differences between
objects is provided in a surround with reflectance intermediate to those of the
objects compared. This results in improved detection of highly camouflaged
predators or prey in natural surroundings. The principle also applies when the
number of objects with different color increases and/or the differences
between them become larger. Best discrimination is provided in this case by
an average (i.e., mid-level) achromatic surround. The best surround to view a
complete color atlas, by this reasoning, is a mid-level gray.

Mathematical Color Appearance Models

Our complete color experience is much wider than what was just discussed.
We view natural scenes, color television, computer monitors, projected slides,
projected digital images, the output of many coloration devices under many
different light sources, metameric objects under different light sources, and so
on. It has become important to be able to predict for an average observer
the appearance of colored objects in many different conditions. This is the



