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Preface 

This book, Color Vision — Perspectives from 
Different Disciplines, originated in an interdisci-
plinary "Symposium on Color Vision" that took 
place at the Einstein Forum in Potsdam in 
February 1996, with workshops in Berlin at the 
Freie Universität Berlin (FUB), the Federal 
Institute of Material Research and Testing (Bun-
desanstalt für Materialforschung und -prüfung) 
and the School of the Arts (Hochschule der 
Künste). The main goal of the symposium was to 
review the current state of color vision research, 
bringing together scientists from such different 
disciplines as neurobiology, psychology, color 
metrics, medicine, philosophy and art. 

The resulting book is conceptualized in the first 
place as a text book for introductory courses at the 
graduate level. It provides an introduction to the 
exciting field of color vision for students and read-
ers who are new to the field. The second intention 
of this book is to give established scientists an 
overview and an update on research activities in 
related fields. We hope that the material gathered 
from the diversity of fields will motivate students 
and experts alike to take a broader perspective 
with regard to color vision from the different dis-
ciplines. 

Acknowledgements 

The successful completion of this project depend-
ed on the commitment of a number of valued col-
leagues. We want to thank the contributing authors 
who prepared their chapters according to the aims 
of this book and who responded constructively to 
the suggestions for revisions that were made to 
them. Valuable comments were provided by Hans 
Irtel, Rainer Mausfeld, Brooke Schefrin, Lothar 

Spillmann, and Michael Wertheimer. We also 
thank Gary Smith, director of the Einstein Forum 
in Potsdam, whose initial encouragement and con-
tinued support launched the book project. Sybille 
De Vito-Egerland (Division for External Affairs, 
FUB), Mary Gaebel, Johannes Haack (Inter-
disciplinary Center for Cognitive Studies, Uni-
versity of Potsdam), Matthias Kross (Einstein 
Forum), Katharina Misch (FUB), Konstanze 
Pistor (Ministry of Science, Research, and 
Culture, Brandenburg), and Christiane von Alten 
(The Permanent Commission for Research and 
Academic Recruitment, FUB) contributed much 
time and energy both to the organization of the 
symposium and the realization of the book. The 
symposium as well as the color illustrations in the 
book were made possible by the generous finan-
cial support of the Freie Universität Berlin, the 
Einstein Forum Potsdam, the Interdisciplinary 
Center for Cognitive Studies at the University of 
Potsdam, the Brandenburg Ministry for Science, 
Research and Culture, and the Council on 
Research and Creative Work of the University of 
Colorado. Christiane Bowinkelmann and Mario 
Noyer-Weidner, of Walter de Gruyter Publishers 
Berlin, brought the book to completion. We are 
grateful to each of them. J. S. W. is especially 
grateful to the Alexander von Humboldt Foun-
dation and the University of Potsdam for a guest 
professorship related to a senior scientist award 
during the time of the symposium. 

Berlin, 31 July 1997 Werner G. K. Backhaus 
Reinhold Kliegl 

John S.Werner 

www.ebook3000.com

http://www.ebook3000.org




Contents 

Introduction xiii 
Werner G. K. Backhaus, Reinhold Kliegl 
and John S. Werner 

I. Color Vision in Art and Science 

1. Aging through the Eyes of Monet 
John S. Werner 

1.1 Introduction 1 
1.2 A Link between Sunlight and Aging . 5 
1.3 The Trivariance of Color Mixture: 

Maxwell and Helmholtz 9 
1.4 Monet's Early Impressionistic Style . 12 
1.4.1 Possible Influences of Turner and 

Goethe 13 
1.4.2 Possible Influences of Chevreul 

and Delacroix 17 
1.5 Monet's Years in Argenteuil and 

Vetheuil 23 
1.6 The Opponent Code for Color 

Appearance: Hering 23 
1.7 Monet's Response to Pointillism and 

Divisionism 27 
1.8 Hay Stack and Cathedral Series 30 
1.9 Monet Returns to London 33 
1.10 Water Lilies and Cataracts 33 
1.11 Summary 38 

References 39 

II. Physiology and Neuroethology 

2. Physiological and Psychophysical 
Simulations of Color Vision in 
Humans and Animals 
Werner G. K. Backhaus 

2.1 Introduction 45 

2.1.1 Phenomenology of Color Vision . . . . 45 
2.1.2 Disciplines 45 
2.1.3 Psychophysical Simulations 46 
2.1.4 Physiological Simulations 46 
2.2 Color Stimuli 47 
2.3 Psychophysics of Color Vision 48 
2.3.1 Psychophysical Judgments 50 
2.4 Psychophysical Color Spaces 51 
2.4.1 The Color Similarity (MDS) Space. . 51 
2.4.2 The Elementary Color Space (Color 

Sensations Space) 52 
2.4.3 The jnd Scale 54 
2.5 Neurophysiology of Color Vision . . . 54 
2.5.1 Humans and Other Vertebrates 54 
2.5.2 Honeybees and Other Invertebrates. . 56 
2.6 Physiological Color Spaces 57 
2.6.1 Physical Description of the Color 

Stimulus 57 
2.6.2 The Color Stimulus Space 57 
2.6.3 The Photoreceptor Sensitivity 

(Light Absorption) Space 
(1st Physiological Color Space) 60 

2.6.4 The Photoreceptor Excitation Space 
(2nd Physiological Color S p a c e ) . . . . 61 

2.6.5 The Color-Opponent Coding Space 
(3rd Physiological Color Space) . . . . 61 

2.6.6 Color Spaces and jnd Scales 62 
2.7 Psychophysical and Physiological 

Simulations of Color Vision 62 
2.7.1 The Psychophysical (MDS) Color 

Space in Honeybees 62 
2.7.2 Neuronal Color-Coding and 

Color-Choice Behavior in Honeybees 64 
2.7.3 Identification of the Physiological 

COC Space and the Psychophysical 
MDS Space 65 

2.8 Conscious vs. Unconscious 
Judgments 71 

www.ebook3000.com

http://www.ebook3000.org


viii Contents 

2.8.1 Color Sensations in Animals 71 
2.9 Conclusions 74 

References 75 

3. Receptors, Channels and Color in 
Primate Retina 
Barry B. Lee 

3.1 Introduction 79 
3.2 Physiology and Anatomy in the 

Retina 80 
3.3 Conclusions 86 

References 87 

4. Chromatic Processing in the Lateral 
Geniculate Nucleus of the Common 
Marmoset (Callithrix jacchus) 
Jan Kremers, Eberhart Zrenner, 
Stefan Weiss and Sabine Meierkord 

4.1 Introduction 89 
4.2 Spectral Responsivities 91 
4.3 Responses of LGN Cells to Various 

Photoreceptor Contrasts 93 
4.4 Selective Photoreceptor Stimulation 

in Human Observers 95 
4.5 Summary 98 

References 98 

5. Molecular Genetics and the 
Biological Basis of Color Vision 
Maureen Neitz and Jay Neitz 

5.1 Introduction 101 
5.2 Background 101 
5.2.1 Types of Congenital Color Vision 

Defects 101 
5.2.2 Genome Organization and Inheritance 

Patterns of Color Vision Defects . . . . 102 
5.2.3 Genes and Gene Expression 103 
5.3 Spectral Tuning of M- and L-Cone 

Pigments 104 
5.4 Color Vision Defects 108 
5.4.1 What Distinguishes Normal from 

Anomalous Pigments? I l l 
5.4.2 What Distinguishes Photopigments 

Underlying Dichromacy from Normal 
Pigments? 113 

5.5 Variation in Normal Color Vision . . . 115 
5.6 What Can Visual Pigment Gene 

Expression Tell Us about the 
Architecture of the Retina? 116 
References 117 

6. Source Analysis of Color-Evoked 
Potentials in a Realistic Head Model 
Confirmed by Functional MRI 
Walter Paulus, Renate Kolle, 
Jürgen Baudewig, Nora Freudenthaler, 
Mathias Kunkel, Michael Finkenstaedt 
and Hans-Heino Rustenbeck 

6.1 Introduction 121 
6.2 Methods 127 
6.3 Results 128 
6.4 Discussion 129 
6.5 Summary 129 

References 129 

7. Wavelength Information 
Processing versus Color Perception: 
Evidence from Blindsight and 
Color-BIind Sight 
Petra Stoerig 

7.1 Introduction 131 
7.2 Wavelength Information Processing . 134 
7.2.1 Wavelength Information Processing 

in Cortical Blindness 134 
7.2.2 Wavelength Processing in 

Cortical Color Blindness 138 
7.3 Segregation of Wavelength and 

Intensity Information and Constancy. 141 
7.4 Color Perception 143 

References 145 

8. Color Vision in Lower Vertebrates 
Christa Neumeyer 

8.1 Introduction 149 
8.2 Wavelength Discrimination in Lower 

Vertebrates 150 
8.2.1 Goldfish 150 
8.2.2 Turtles 151 
8.2.3 Amphibia 154 
8.3 Color Constancy and Color Contrast. 155 



Contents ix 

8.4 Color Vision and Other Visual 
Functions: Evidence for Parallel 
Processing of Visual Information . . . 157 

8.5 Color Perception 159 
8.6 Summary 160 

References 161 

9. Color Vision: Ecology and 
Evolution in Making the Best of 
the Photic Environment 
Peter G. Kevan and 
Werner G. K. Backhaus 

9.1 Introduction 163 
9.2 Palaeontological Record 164 
9.3 Daylight and Color Vision 165 
9.4 Colorimetry 167 
9.5 Color Spaces 168 
9.6 Evolution of Floral Colors and Color 

Vision 171 
9.7 Color Patterns in Flowers 175 
9.8 Trichromacy and Tetrachromacy . . . . 177 
9.9 Conclusions 178 

References 178 

III. Psychology and Philosophy 

10. The Perception of Blackness: 
An Historical and Contemporary 
Review 
Vicki J. Volbrecht and Reinhold Kliegl 

10.1 Introduction 187 
10.2 The Phenomenology of Blackness. . . 187 
10.2.1 Helmholtz: Trichromatic Theory of 

Color Vision 189 
10.2.2 Hering: Opponent-Process Theory of 

Color Vision 189 
10.2.3 Criticism and Other Theories 191 
10.3 Historical Review 194 
10.3.1 Induction Experiments 194 
10.3.2 Blackness-Induction Experiments . . . 195 
10.4 Physiological Mechanisms 201 
10.5 Conclusion 202 

References 202 

11. Basic Color Terms and Basic Color 
Categories 207 
Clyde L. Hardin 

Discussion and Summary 215 
References 216 

12. Color Perception: From Grassman 
Codes to a Dual Code for 
Object and Illumination Colors 
Rainer Mausfeld 

12.1 Introduction 219 
12.2 Elementaristic vs. Ecological 

Perspectives in Color Research 220 
12.3 Attributes of Color 222 
12.4 Early Color Coding and the 

Elementaristic Approach 224 
12.4.1 Newton and Helmholtz's Approach 

to Color Perception 224 
12.4.2 The Young-Helmholtz Theory and 

Grassmann's Laws 225 
12.4.3 Opponent-Color Theory 226 
12.4.4 Relating Psychophysical and 

Neurophysiological Color Codes. . . . 228 
12.4.5 Elementary Color Codes Accounting 

for Variations in Spatial and Temporal 
Context 231 

12.5 Ecological and Computational 
Perspectives 236 

12.5.1 The Problem of Approximate Color 
Constancy from a Computational 
Point of View 238 

12.5.2 Qualitative Observations on the Dia-
lectic Relationship of Illumination 
and Object Color 240 

12.6 Center-Surround Configurations as 
Minimal Stimuli for Triggering a 
Dual Code for Object Colors' and 
'Illumination Colors' 242 

12.6.1 Laminar Segmentation and a Dual 
Code for Objec t Color' and 
'Illumination Color' 243 

12.6.2 Segregation of Object Color' and 
'Illumination Color' in Minimal 
Seurat-type Configurations 245 
References 248 

www.ebook3000.com

http://www.ebook3000.org


χ Contents 

13. Color Contrast Gain Control 
Michael D'Zmura 

13.1 Introduction 251 
13.1.1 What is Contrast Gain Control? 251 
13.1.2 Selectivity for Spatial Frequency, 

Orientation and Color 252 
13.1.3 Feed-Forward, Matrix-Multiplicative 

Circuitry 253 
13.1.4 Spatial Pooling of Contrast 254 
13.2 Model Components 254 
13.3 Color Image Processing 256 
13.3.1 Channel Responses 256 
13.3.2 Channel Contrasts 257 
13.3.3 Channel Interaction 261 
13.3.4 Channel Gains 261 
13.3.5 Multichannel Contrast Gain Control . 263 
13.4 Discussion 264 
13.5 Summary 265 

References 265 

14. Binocular Brightness Combination: 
A Mechanism for Combining 
Two Sources of Rather Similar 
Information 
Hans Irtel 

14.1 Intensity Invariance of Binocular 
Brightness 267 

14.2 Methods 269 
14.3 Results 270 
14.4 Discussion 271 
14.5 Summary 273 

References 273 

15. Inferences about Infant 
Color Vision 
Kenneth Knoblauch, 
Michelle L. Bieber and 
John S. Werner 

15.1 Introduction 275 
15.2 Inferences from Luminosity 275 
15.3 Inferences from Silent Substitution . . 277 
15.4 Inferences about Rod Intrusion 278 
15.5 Inferences about M- and L-Cones . . . 279 
15.6 Summary 281 

References 281 

IV. Color Metrics and Application 

16. Dichromacy -
The Simplest Type of Color Vision 
Horst Scheibner 

16.1 Introduction: An Initial Overview . . . 285 
16.2 The Trichromatic Instrumental Color 

Space 3 V b g r 286 
16.3 Measuring the Deuteranopic Missing 

Color and Reducing Trichromacy 
to Deuteranopia 287 

16.4 The Transition from the Instrumental 
Trichromatic Space to the 
Instrumental Deuteranopic Space . . . 290 

16.5 The Transformation from the Tri-
chromatic Instrumental Color Space 
to the Deuteranopic Opponent-Color 
Space 291 

16.6 The Role of the Fundamental Color 
Space 294 

16.7 Construction of the Fundamental 
Color Spaces 3 V P T D and 2 V P X and 
the Deuteranopic Opponent-Color 
Channels 295 

16.8 A Synopsis of Deuteranopia 298 
16.9 A Synopsis of Dichromacy 299 
16.10 A Lattice-Theoretical Classification 

of Dichromacy and Other Color 
Deficiencies 301 

16.11 Concluding Remarks 301 
16.12 Summary 302 

References 302 

17. Current CIE Work 
to Achieve Physiologically-Correct 
Color Metrics 
Jänos Schanda 

17.1 Introduction 307 
17.2 Cone Excitation Spectra 308 
17.2.1 Choice of the Color-Matching 

Functions 308 
17.2.2 Deriving L-, M-, S-Cone Excitation 

Spectra from Color-Matching Data . . 309 
17.2.3 Intra-Ocular Screening 310 
17.2.4 Derivation of the Fundamental 

Response Curves 311 



Contents xi 

17.3 Further Aspects 314 
17.3.1 Rod Intrusion 314 
17.3.2 Color Appearance 315 
17.3.3 Color Management Studies 315 
17.4 Summary 316 

References 316 

18. Use of Computer Graphics in 
PostScript for Color Didactics 
Klaus Richter 

18.1 Introduction 319 
18.2 Multiplicity of Colors 321 
18.3 Color Solid, Basic Colors and 

Color Attributes 322 
18.4 Spectrum and 3-Dimensional Color 

Values 324 

18.5 Color Measurement, Mixture and 
Contrast 325 

18.6 Colors: Equally Spaced and 
Thresholds 327 

18.7 Opponent Achromatic Color Vision. . 328 
18.8 Sensitivity, Saturation and 

Chromaticity 329 
18.9 Summary 332 

References 332 

List of Contributors 333 

Index 337 

www.ebook3000.com

http://www.ebook3000.org




Introduction 
Werner G. K. Backhaus, Reinhold Kliegl and John S. Werner 

The colors of objects appear, at first glance, to be 
inherent properties of those objects. We say, for 
example, "this flower is blue," "this apple is red," 
"the grass is green," and "this painting is colorful." 
The tendency to treat color as a property of objects 
is strengthened by mechanisms that maintain a 
color constant world with changes in the illumina-
tion. The flower, the apple and the grass appear to 
have more or less the same color under the various 
phases of daylight illumination. It is easy to show, 
however, that color constancy is not perfect. The 
hue of an object is strongly affected by certain 
light sources, as well as by preceding and/or sur-
rounding light, as scientists and artists have ob-
served in many circumstances described in this 
book. These latter observations suggest that color, 
as we experience it, is not an inherent property of 
objects but is associated with the spectral distribu-
tion of light reflected from them in the context of 
preceding and surrounding illumination. 

Just as experienced color is not a property of 
objects, color is also not a property of the light. 
The perceived color of an object depends on the 
spectral content of the light that is absorbed by the 
cone photoreceptors which initiate a cascade of 
physiological reactions in the retina and the brain. 
Newton (1704) recognized this when he wrote 
"For the Rays to speak properly are not coloured" 
(p. 124). He came to this view by observing that 
there are numerous combinations of physically dif-
ferent lights that appear identical, called metamers. 
Maxwell (1860) and Helmholtz (1867) later estab-
lished an empirical basis for three-dimensional 
metameric-matching spaces from which they con-
cluded, correctly, that color vision is made possible 
by three classes of photoreceptors. 

The appearance of color is also not explained, 
however, solely by the activity of three classes of 

cone photoreceptors, although like the physical 
properties of the stimulus, trivariance represents 
an indispensable component in color vision pro-
cessing. Introspection shows that all experienced 
colors can be described in terms of six elementary 
sensations: red, green, blue, yellow, black and 
white. This is represented in Figure 1. Hues are 
represented on the circumference, with blue and 

Fig. 1: The color solid: perceptual color space fol-
lowing Hering's (1920) proposal that there are six 
elementary color sensations. 
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xiv Introduction 

yellow, and red and green, plotted opposite each 
other because the pairs red/green and blue/yellow 
never occur co-spatially and/or co-temporally. 
They are thus called opponent colors (Hering, 
1920). The achromatic colors, black and white, are 
shown at the apices. The three planes orthogonal 
to the black-white axis illustrate colors having dif-
ferent levels of lightness and darkness. Hering rec-
ognized that constraints on how colors appear 
imply constraints on how colors are coded by the 
nervous system. The perceptual bases for Hering's 
ideas have been verified by psychophysical exper-
iments and their physiological foundations have 
been proven in general to be correct by neuro-
physiological measurements. 

Perspectives from Different Disciplines 

What is left to explain in color science? This 
depends on one's discipline and perspective with-
in that discipline. This book provides a sampling 
of perspectives beginning with an historical dis-
cussion of research on color vision in art and sci-
ence. The artist who composes a picture must 
know about the effects of light on our perception 
(e.g., color assimilation, contrast and color con-
stancy) to avoid unintended side effects. While 
artists continue to show provocative effects that 
beg for physiological and psychological explana-
tion, color scientists sometimes look at the prob-
lem the other way around: asking to what degree 
artistic achievements can be explained by what is 
currently understood from color science. 

Color perception is based on a number of neur-
al processing stages and while each level of pro-
cessing is essential to understanding color appear-
ance, there is not a one-to-one mapping between 
physical stimuli, physiological responses and 
color appearance. The physiological concept of 
three photoreceptor types and the psychological 
experience of six elementary colors obviously do 
not match each other. Von Kries (1882), however, 
proposed a zone theory in which the activity of the 
three receptor types is transformed at a stage of 
opponent-color processing. This view is now well 
accepted but, as discussed in several chapters in 
this book, the mathematical transformations used 

to map the photoreceptor activity to the neural 
code, and ultimately to perception, are still being 
investigated. 

The links among a number of physiological pro-
cessing stages are also explored in this book 
through research from several different disci-
plines: the relations between photoreceptor signals 
and various transformations into a color-opponent 
code carried through processing stages in the reti-
na and higher-levels of the brain; the molecular 
genetics of the cone photopigments and their in-
fluences on color-matching; and, the relations 
between neural computations and behavior, not 
only in normal and color deficient primates, but in 
animals such as the honeybee where the neuronal 
circuits are simpler and more tractable both elec-
trophysiologically and computationally. 

Despite extraordinary leaps in technical meth-
ods for investigating color vision (such as electro-
physiology, brain imaging, molecular genetics, 
etc.), the meaning of the information yielded is not 
always self-evident. Ultimately, we can never be 
sure that two humans have the same color experi-
ence, even if they identify the same stimulus using 
the same words. Inferences about sensations are 
even more difficult in the case of different animal 
species with which we can only communicate via 
behavioral experiments. For this reason, philoso-
phers remain useful in guiding our thinking about 
further criteria that, if satisfied, might allow a rea-
sonable person to infer whether two people or two 
different species experience the world in the same 
way. 

Finally, the transformations from color metrics 
to displayed colors is a matter of great practical 
importance. The use of color has become more 
prevalent in everyday life. Until very recently, 
books containing as many color illustrations as 
this one were reserved for those wealthy popes and 
dukes who could afford illuminated manuscripts. 
Color television and computer displays are now 
common place. While engineering moves ahead, 
principles from other disciplines also come to the 
fore. Precise color management is in the process 
of being developed in some cases on the basis of 
results from basic color science, but the practical 
issues in color imaging can also raise thorny ques-
tions for color theory. 



Integrative Views xv 

Integrative Views 

It seems clear from the chapters in this book that 
progress in the various disciplines of color science 
often depends not only on progress within that dis-
cipline, but also on conceptual developments in 
related fields. The successful search for single 
cells in the visual pathway that respond in a spec-
trally-opponent manner was motivated by percep-
tual studies implying that our nervous system must 
be organized in this manner (although not neces-
sarily at the level of single cells). In this example, 
as in many others, there was a period during which 
interdisciplinary interest surged to the benefit of 
several disciplines interested in color coding. 
Often, however, the disciplines are widely out of 
step with one another as witnessed by the long lag 
between Hering's proposal of perceptual-opponent 
coding and the much later discovery of its possible 
cellular basis. Following a period of interdiscipli-
nary progress, some concepts lose their energizing 
force for one or the other discipline and new 
cycles ensue. We now see, for example, a search 
for specific neural mechanisms to explain the 
more complex aspects of color perception such as 
color contrast, color constancy or the filling-in of 
color information beyond the spatial coverage of 
receptive fields of single neurons. While one 
approach, usually the perceptual, moves ahead of 
the other for a period of time, the lag between dis-
ciplines today is shorter than in the past. 

Nowadays, as in the past, color vision is not so 
much investigated by interdisciplinary teams but 
by researchers working in different disciplines. 
The investigations usually aim to solve specific 
problems within their specific area, but because of 

the causal chain structure of color processing, 
ideas and methods are imported from other disci-
plines as the problem dictates. Thus, the separation 
amongst the disciplines varies over time and ulti-
mately vanishes into an integrative view on color 
vision. At the risk of being called "color vision 
chauvinists," we submit that there is no other field 
where our understanding of the physical, physio-
logical and perceptual foundations of a behavior 
are better understood than in color vision. Thus, 
the area of color vision stands as a model for 
investigations of other aspects of brain and behav-
ior where disciplinary barriers must be broken to 
make further progress. 
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1. Aging through the Eyes of Monet 
John S. Werner 

1.1 Introduction 

One of the most eventful periods for our under-
standing of color, both in art and in science, oc-
curred between 14 November 1840 and 5 De-
cember 1926 - the life span of Oscar Claude 
Monet. In art, Monet's life encompassed the peri-
od between the Romantic pictorial tradition and 

Abstract Expressionism. In science, the physical 
principles pertaining to light and color laid down 
by Newton in the preceding century (Newton, 
1704) were used to discover processes of color 
coding by the eye and brain. In short, the way both 
artists and scientists think about color today was 
shaped from 1840 to 1926 to a degree that may be 
unparalleled by any other period of 86 years. 
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Fig. 1.1: Claude Monet (1872) Impression: Soleil levant (Le Port du Havre par la brume). [Impression: Sunrise 
(Port of Le Havre Through the Mist.] Oil on canvas, 48 x 63 cm. (After restoration.) Musee Marmottan, Paris. 
(Photo credit: Giraudon/Art Resource, New York.) 
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Fig. 1.2: Pierre Auguste Renoir (1875-76) Torse de femme au soleil. [Torso of a Woman in the Sun.] Oil on 
canvas, 81 χ 65 cm. Musee d'Orsay, Paris. 
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Art and science have at least one purpose in 
common: to enrich the human spirit. Whatever 
else one might say about Monet, he has certainly 
enriched our civilization. For when he unveiled the 
painting shown in Figure 1.1 at the first exhibition 
of the Societe Anonyme des Artistes in 1874, he 
became the de facto leader of a movement that 
would alter the course of Western art history. This 
painting was originally called "The Port of Le 
Havre" but is now known by its subtitle 
"Impression: Sunrise," from which a school of art 
was given its name, Impressionism. The picture 
captures what we now expect from an Im-
pressionist painting - light, atmosphere, color and 
movement, all in the service of rendering the feel-
ings of the moment. 

The Impressionists were individualists, with dif-
ferent styles, preferred subject matter, and aspira-
tions. What united them, however, was a rebellious 
spirit against the Paris Salon and a desire to cap-
ture the fleeting effects of light and color. 
Consider Pierre Auguste Renoir's Torso of a 
Woman in the Sun (Fig. 1.2) presented in the sec-
ond Impressionists' exhibit in 1876. Although he 
preferred to paint the human form, he did so in a 
way that captured the delicate shades and shadows 
that were previously not recorded on canvas. But it 
was not just the handling of light and color that 
made the movement controversial; those pretty 
pictures of the Impressionists had said "No" to the 
classical pictorial tradition. Great art no longer 
had to depict kings, popes and saints: ordinary ex-
perience would do. 

Someone once asked Renoir how it is that he ob-
tained the delicate flesh tones of his nudes for 
which he became famous, and he said in effect, I 
just keep painting and painting until I feel like 
grabbing (Vollard, 1925). When pushed further 
about the possible scientific basis of his tech-
niques, Renoir said that if any of his work could be 
subjected to scientific analysis, he would not con-
sider it art. Such a reaction is not atypical in the 
history of art, but it is somewhat atypical for the 
Impressionists. Many of them had a deep and 
abiding interest in color science. Camille Pissarro, 
for example, studied scientific literature in order 
to perfect his use of color. 

The eyes of Monet changed over his life span, 

and so too did the way he portrayed the world. One 
must admit, of course, that changes in Monet's vi-
sion are confounded by changes in his style of 
painting, notwithstanding that his stated goal was 
always to portray the subtle modulations of light 
without interpretation. Monet once said: 

When you go out to paint, try to forget what ob-
jects you have before you, a tree, a house, a field 
or whatever. Merely think, here is a little square 
of blue, here an oblong of pink, here a streak of 
yellow, and paint it just as it looks to you, the 
exact color and shape, until it gives your own 
naive impression of the scene before you. 
(Perry, 1927, p. 120) 

Monet's changing portrayal of nature throughout 
his life has drawn attention to important processes 
of visual aging but has also perpetuated myths 
about the aging visual system. The purpose of this 
chapter is to offer a personal interpretation of 
color science and art in Monet's lifetime, with an 
analysis of his aging eye as it may be derived from 
his art and as related to current research on senes-
cence of human color vision. 

1.2 A Link between Sunlight 
and Aging 

Paul Cezanne once remarked (Barnes, 1990, p. 6) 
that "Monet is just an eye but my god what an 
eye!" The human eye is shown schematically in 
Figure 1.3. Light, if it is to be seen, must first travel 
through the various ocular media, the cornea, the 
anterior chamber filled with aqueous, the lens and 
the vitreous humor. It then passes through the lay-
ers of cells comprising the retina, shown in an en-
larged view, where it can be absorbed by the rods 
and cones, the receptor cells that initiate vision. 

The clinically normal eye appears rather stable 
over much of the life span. Barring disease or trau-
ma, senescent deterioration is seldom noticed until 
mid- to late-life. At first glance, then, aging of the 
eye is a phenomenon of later life. Unfortunately, 
first impressions can be quite misleading. A clos-
er look at the visual system shows that it is con-
stantly changing throughout life (Weale, 1982; 
Werneret al., 1990). 
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Fig. 1.3: Schematic cross-section of the human eye with the retina shown in an enlarged view. The ocular 
media include the cornea, aqueous contained in the anterior chamber, lens and vitreous humor. The retina, 
shown in a magnified view, includes five principal cell types, photoreceptors (rods and cones), horizontal 
cells, bipolars, amacrines and ganglion cells (the axons of which form the optic nerve). 

One factor that is believed to contribute to age-
related changes in the eye is exposure to light itself 
(Werner, 1991). This factor may be especially per-
tinent to understanding Monet. Although other 
artists had painted in the open, Monet was perhaps 
the first to do so on a large scale and seemingly 
under all weather and seasonal conditions. His 
careful observations of the varying effects of sun-
light and his insistence on painting en plein air 
virtually guaranteed that he would receive more 

than the usual cumulative exposure to sunlight. 
Even as early as 1867, at age 27, Monet had troub-
le with his vision following hours of painting in 
sunlight, and he received medical advice to aban-
don his outdoor painting (Stuckey, 1995). Several 
times thereafter he reported visual disturbances 
following a day of painting in the sun. 

To understand the effects of light on the eye, it 
is necessary to def ine the spectrum of optical ra-
diation. The visible spectrum includes wave-
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Fig. 1 . 4 : Extracted lenses of humans at various ages: (A) six months, (B) eight years, (C) 12 years, (D) 25 
years, (E) 47 years, (F) 60 years, (G) 70 years, (H) 82 years, and (1)91 years. Also shown are three types of 
cataractous lenses: (J) nuclear cataract, age 70; (K) cortical cataract, age 68; and (L) mixed nuclear and cor-
tical cataract, age 74 years. (From Lerman, 1980.) 
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lengths between about 400 and 700 nm. At 400 nm 
the light normally appears violet in the light-
adapted state, and shorter wavelengths are called 
ultraviolet (or UV) light. Because of absorption in 
the stratospheric ozone layer, very little light 
below 300 nm reaches the earth's surface so, for 
practical purposes, the UV spectrum of sunlight 
encompasses the range from approximately 300 to 
400 nm. At the other end of the visible spectrum at 
700 nm, the light normally appears red under 
light-adapted conditions; longer wavelengths are 
called infrared. 

The energy contained within a single quantum is 
inversely related to its wavelength; quanta in the 
UV may contain enough energy to alter molecules 
in the eye that absorb them, primarily by initiating 
a cascade of oxidative reactions that are harmful to 
cells. This type of light damage is usually called 
photochemical or actinic (Werner and Spillmann, 
1989). These photochemical reactions occur as 
long as we are exposed to high-energy photons 
and because we are exposed to them from birth, 
we can be assured that cellular deterioration, or 
senescence, begins even from the first days of life. 

Experiments with non human animals verify that 
any wavelength of light, in sufficient intensity, may 
damage the eye, but the shorter the wavelength, the 
more effective it is. For example, light at 325 nm in 
the UV is about 1,000-fold more effective in dam-
aging the photoreceptors and retinal pigment ep-
ithelium than light at about 580 nm (usually ap-
pearing yellow) in the visible region of the 
spectrum (Ham et al., 1982). This damage is not 
fundoscopically visible until about 48 hours after 
exposure, indicating that it is due to photochemical 
processes and not a burn. A retinal burn seldom oc-
curs with natural light exposure because there is 
usually insufficient energy to raise the temperature 
of the retina by > 10 °C, the approximate threshold 
for thermal damage. Exposures that are insuffi-
cient to reach the threshold for retinal damage 
may nevertheless add to the effects of other expo-
sures, accumulating over time to produce cellular 
changes associated with normal aging (Marshall, 
1985; Werner 1991). 

Under normal circumstances the eye has several 
natural defenses to protect it from the photochem-
ical insult associated with sunlight. For example, 

distributed throughout the eye are various antioxi-
dant molecules (e.g., superoxide dismutase, α-to-
copherol, glutathione, melanin, selenium and 
ascorbic acid) that neutralize phototoxic reactions. 
Especially important in this respect is the presence 
of the yellow macular pigment around the fovea (a 
depression in the retina where the cone photore-
ceptors are most densely packed and which pro-
vides our best spatial resolution; it typically corre-
sponds to the center of gaze) which not only 
reduces the intensity of short-wave visible light 
reaching the retina, but which also consists of 
Carotinoid pigments that are excellent at neutraliz-
ing some of the phototoxic reactions that occur in 
the eye (Kirschfeld, 1982). A second line of de-
fense lies in the ability of cells to replace their parts 
by molecular renewal. Visual cells continuously re-
construct or replace virtually all of their parts ex-
cept DNA (Young, 1982). As a result, damaged 
constituents of cells are replaced in a piecemeal 
fashion. A third defense against the most damaging 
wavelengths of light results from the tendency of 
these wavelengths to be absorbed by the ocular 
media, primarily the lens, before they can reach the 
retina. Figure 1.4 shows that the lens becomes an 
even more effective absorber of short wavelength 
light as an increasing function of age. One can see 
how clear the lens is in the newborn, and that it be-
comes distinctly yellow in adulthood and brown in 
old age. Quantitative studies with larger numbers 
of individuals reveal that the density (log of the re-
ciprocal of transmission) of the ocular media in-
creases as a function of age from infancy through 
the end of life (Werner, 1982; Weale, 1988; 
Pokorny and Smith, 1997). 

Figure 1.4 illustrates common types of cataract. 
Nuclear cataract, which is what Claude Monet ul-
timately developed, is shown by lens J. Cataract is 
only an extreme of normal aging; we call the aged 
lens a cataract when it interferes with functional 
vision. Considerable experimental and epidemio-
logical evidence has shown that lenticular senes-
cence and cataract are, in part, due to the absorp-
tion of high-energy photons of UV (Young, 1991). 
In other words, exposure to sunlight accelerates 
aging of the lens and is one of the significant risk 
factors for cataract. 
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1.3 The Trivariance of Color 
Mixture: Maxwell and 
Helmholtz 

Once light reaches the retina, it can be absorbed by 
three different classes of cones, the photoreceptors 
of color vision. The foundation for our under-
standing of these processes was laid by James 
Clerk Maxwell and Hermann von Helmholtz in 
the mid 19th Century, although Thomas Young 
(1802) and others before him (Weale, 1957) had 
speculated earlier that normal human vision may 
be trichromatic. Maxwell and Helmholtz under-
stood the difference between additive and subtrac-
tive light mixture, a distinction that would be dis-
covered somewhat later by the Impressionists. 

Subtractive mixture is familiar to most people 
through playing with paints in childhood. As illus-
trated by Figure 1.5, the mixture of blue and yellow 
paint typically appears green. In this example, the 
blue pigment absorbs many of the long-wave quan-
ta and the yellow pigment absorbs many of the 
short-wave quanta. What reaches the eye is primar-
ily middle wavelengths, the band that is reflected 
by both pigments. This is analogous to passing a 
white light with all wavelengths through two suc-
cessive filters, a blue and a yellow. In Figure 1.5 
the blue filter transmits quanta primarily of short 
and middle wavelengths while the yellow filter 
transmits primarily the middle and long wave-
length quanta. Light of specific wavelengths is 
subtracted out at each stage and all that reaches the 
eye is that which both filters transmit, the middle 
wavelengths, which we usually call green. In sub-
tractive color mixture the result is always a loss of 
light compared to that which would be transmitted 
(reflected) by either filter (pigment) alone. This 
can be appreciated by comparing the individual 
paint reflectances or the filter transmittances in the 
top row of Figure 1.5, with the resultant subtractive 
mixture shown on the right of the middle row. 

Consider now a case of additive color mixture 
which can be effected using the same blue and yel-
low paints or filters shown in Figure 1.5. In the 
case of paints, a blue spot is placed next to a yel-
low spot so that light from each is reflected to the 
eye in parallel. If the spots are small enough, the 

two reflected lights will not be resolved as indi-
vidual spots and will, in the words of Pointillist 
painters, "optically blend." The mixture in this ex-
ample will appear achromatic (gray or white). The 
light distribution that reaches the eye in this exam-
ple is equivalent to that obtained when the same 
broad-band light is passed in parallel through each 
filter so that both beams enter the eye and are su-
perposed at the retina. The resultant mixture with-
in the eye appears neither yellow nor blue, but 
achromatic. Such pairs of lights, that can be mixed 
to appear white, are called complementary lights. 
There is a large number of complementary light 
pairs, but they are most conveniently found using 
monochromatic lights, essentially single wave-
lengths of light (e.g., 470 and 570 nm). More gen-
erally, three relatively arbitrarily chosen lights are 
required to match any other light distribution. 
Physically different lights that appear identical are 
called metamers. The existence of metamers 
shows that the appearance of a color is not expli-
cable on the basis of the physics of light alone, but 
is due to the processes that the light initiates in the 
eye and brain. 

Maxwell's (1860) studies of additive light mix-
ture carefully documented the proportions of three 
lights required to match an achromatic standard. 
He described the results by algebraic or color mix-
ture equations, and because only three variables 
were required, he could illustrate the results in a tri-
angular diagram. He realized that the trivariance of 
color mixture implies the existence of three kinds 
of color mechanisms in the eye. In related experi-
ments, Helmholtz showed that any light of the 
spectrum can be matched by an appropriate combi-
nation of three others. From this observation, he 
too correctly concluded that the retinal receptors of 
daylight vision, the cones, are trivariant. Helm-
holtz's estimates of the relative sensitivities of the 
three cone types presented in his Handbuch der 
Physiologischen Optik (Helmholtz, 1867) are close 
to more modern estimates (Vos and Walraven, 
1971; Smith and Pokorny, 1975) such as those 
shown in Figure 1.6 for infants and adults. 

Although correct about this fundamental point, 
Helmholtz took another step that went beyond his 
data. To account for color appearance, he proposed 
that the response of each class of receptor is di-
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Light Source Emission 

Yellow 
Paint or 
Filter 

Wavelength (nm) Wavelength (nm) Wavelength (nm) 
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the Eye from 
Subtractive Mixtures 

Paints 
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Fig. 1.5: Top row: The number of quanta emitted from a hypothetical light source is plotted as a function of 
wavelength. Graphs in the middle and right show hypothetical paints and filters; the reflectance axes refer to 
the proportion of incident quanta (plotted from 0.0 to 1.0) reflected by the individual paints and the transmit-
tance axes refer to the proportion of incident quanta (plotted from 0.0 to 1.0) transmitted by the individual fil-
ters. What is not reflected by the paint or transmitted by the filter is shown on the right axes as absorption 
(plotted from 1.0 to 0.0). A blue paint (filter) contains pigment that reflects (transmits) primarily short and 
middle wavelength quanta, but absorbs long wavelength quanta. A yellow paint (filter) contains pigment that 
reflects (transmits) quanta primarily at middle and long wavelengths, but absorbs short wavelength quanta. 
Middle row: Subtractive mixture using the blue and yellow paints (in a uniform mixture) or the blue and yel-
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Fig. 1.6: Relative log quantal sensitivity of the three classes of human cone 
photoreceptor. Smooth functions show the sensitivities of short- (S), middle-
(M) and long-wave (L) cones in the adult (Vos, 1978), adjusted in sensitivity 
according to the less dense ocular media (Werner, 1982) and absence of mac-
ular pigment of infants. Squares show sensitivity of S-cones from an infant ob-
tained by Volbrecht and Werner (1987), while white and black circles show 
sensitivities of an infant's M- and L-cones, respectively, obtained by Bieber et 
al. (in press). 

rectly linked to perception. Therefore , he labeled 
the three classes of receptors as blue, green and 
red. For reasons to be described later, this aspect of 
his theory is not correct and it is more accurate to 
label the receptors according to their wavelength 
of maximal sensitivity at either short-, middle- or 
long-wavelengths. 

Using psychophysical methods , Werner and 
Steele (1988) measured the sensitivity of the dif-
ferent cone pathways for 75 observers between the 

ages of 10 and 85 years. All three cone types were 
found to decrease s ignif icant ly in sensitivity as a 
funct ion of age. A linear funct ion describes the 
data well and there is no statistical jus t i f ica t ion for 
supposing that the t rue func t ion is non-l inear over 
this age range. In addit ion, the rate of change with 
age appears to be similar for the three cone types; 
approximately 0.13 log unit ( 2 6 % ) per decade. 
One can think of these results as showing that the 
elderly visual system, at least at this stage of pro-

low filters (in series) from the top row are illustrated. While these two figures show the approximate appear-
ance with neutral adaptation, the figure on the right shows the physical light distribution reaching the eye from 
these mixtures. 
Bottom row: Additive mixture occurs when the light is reflected by the two (unmixed) paints applied in small 
dots that cannot be resolved as discrete dots by the visual system; the appearance is achromatic. Additive mix-
ture also occurs when the light is passed through the two filters in parallel; the appearance is achromatic. As 
illustrated by the graph on the right, the light reaching the eye is the sum of that reflected (transmitted) by each 
of the pigments (filters) alone. 
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cessing, is similar to the young visual system op-
erating at a reduced light level. 

Several sites in the visual pathway are responsi-
ble for age-related losses in sensitivity, but the 
largest proportion of the sensitivity loss appears to 
be at early stages of processing. These include in-
creased absorption of light by the ocular media, a 
loss in the ability of the photoreceptors to capture 
quanta (Schefrin et al., 1992), and/or an elevation 
in neural noise (Schefrin et al., 1995). 

One also sees a great deal of individual variation 
in cone sensitivity within each age. The sources of 
this variation are no doubt multi-faceted, but an 
important one is likely to be exposure to sunlight. 
Psychophysical studies (Werner et al., 1989) and 
an anatomical study (Marshall, 1978) suggest that 
retinal aging, as with aging of the lens, is acceler-
ated by exposure to light, especially UV and short-
wave visible light. 

1.4 Monet's Early 
Impressionistic Style 

While Maxwell and Helmholtz were developing 
theories about the physiological basis of color mix-
ing, Monet and Renoir were in La Grenouillere ex-
perimenting with additive and subtractive mixtures 
on canvas. Here, many of the fundamentals of 
Monet's style were developed, including painting 
en plein air and representing complex aspects of 
reflections and shadow on canvas. More and more, 
his brushstrokes consisted of a pure, unmixed 
color, except when dark colors were formed 
through subtractive color mixtures. 

In 1921, the Neo-Impressionist painter Paul 
Signac (1921) published an historical account that 
characterized Impressionism as based on these 
four aspects of technique: 

Fig. 1.7: Claude Monet (1869) La Grenouillere. Oil on canvas, 74.6 x 99.7 cm. The Metropolitan Museum of 
Art, Bequest of Mrs. H.O. Havemeyer, 1929. The H.O. Havemeyer Collection. 
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1. Palette composed solely of pure colors ap-
proximating those of the solar spectrum; 

2. Mixing on the palette and optical mixture; 
3. Comma-shaped or swept-over brushstrokes; 
4. Technique of instinct and inspiration, 

(p. 266) 
All of these characteristics can be seen to some de-
gree in Monet's 1869 painting, La Grenouillere 
(Fig. 1.7). 

Signac's first point is clear, although the term 
"pure" is not necessarily used in any perceptual 
sense. He seems to have meant only that the 
Impressionists used the most saturated pigments 
available. The second point, mixing on the palette 
and optical mixture, refers to the use of subtractive 
and additive color mixture, respectively. This point 
is also related to the fourth point, which merely 
refers to an unwillingness of most Impressionists 
to follow strict divisionist techniques associated 
with Pointillism and Neo-Impressionism. 

With respect to Signac's third point, Monet's 
comma-like brushstrokes can certainly be identi-
fied in many of his paintings. His brushstrokes, 
however, were quite varied (Seitz, 1956). He might 
use dapples of paint to represent the ripple of water, 
or swirls to depict smoke and steam. Multi-colored 
periodic patterns that recede in contrast and size are 
used in La Grenouillere to show shadows shimmer-
ing on the water. Or, as in some of his water lily 
paintings, Monet captures shadows reflected on the 
water with mostly vertical lines, while the lily pads 
are contrasted with thick horizontal brushstrokes. 
These and other brushstrokes were combined with a 
variety of textures (Herbert, 1979) which were also 
quite complex, but which generally varied from 
coarse in the foreground to fine in the background, 
corresponding to the surface variations on the reti-
nal image. At times criticized as unskilled, some of 
the patterns seen in his 1869 La Grenouillere may 
be considered a prelude to abstract art. 

Close inspection of Monet's paintings also 
shows another interesting feature - the weave of 
his white canvases can often be seen through the 
background because they are not completely cov-
ered by paint. The choice of a white canvas was 
not accidental. Canvas was available in a variety of 
colors in the 19th Century, but Monet always used 
white (Callen, 1982). Unpainted areas provided 

contrasting textures, and the high reflectance of a 
white canvas could be exploited to capture quick-
ly certain highlights in natural scenes by having to 
apply little or no paint. 

Monet described still another reason for his 
choice of a white canvas; he said it was to estab-
lish a scale of (color) values. He studied the light 
intensely and is said to have attempted to under-
stand the color of the prevailing illumination be-
fore attempting to evaluate the colors of the land-
scape. Our sense of illumination was later 
discussed by the Gestalt psychologist David Katz 
(1911), but it is still poorly understood. 

In describing this period of his life when he and 
Renoir, among others, would paint together, 
Monet said, "It was as if a veil was torn from my 
eyes and I understood what painting could be" 
(Barnes, 1990, p. 8). Soon, however, another veil 
would be torn from Monet's eyes when in 1870 he 
and his wife, Camille, moved to London. He want-
ed to escape conscription in the Franco-Prussian 
war as did Pissarro, whom he met there. In 
London, Monet and Pissarro saw the works of that 
lone English genius, J. M.W. Turner, almost cer-
tainly one of England's most creative painters. 

1.4.1 Possible Influences of Turner and 
Goethe 

Not only Monet and Pissarro, but many of the bud-
ding Impressionists went to London to see, for ex-
ample, Turner's The Fighting Temeraire (1838) 
and his Rain, Steam and Speed (1844). Captivated 
by light and color, Turner attempted to achieve in 
his paintings a luminosity and brightness that ap-
proached those visual experiences where light and 
color reach their highest levels of complexity for 
the painter - when light is reflected from water or 
seen through rain, steam and fog. 

How did he do it? First of all, he seemed to 
grasp the difference between additive and subtrac-
tive color mixture. In many of his paintings Turner 
strategically placed small dots of light color so 
that the additive mixture provided luster and bril-
liance. This was about 40 years before the 
Impressionists would exploit this technique more 
fully, and some 50 years before the Neo-
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Impressionists would carry it to its limit. Turner 
also experimented extensively with blocks of color 
placed side-by-side to study the ways colors influ-
enced each other (Clark, 1960). 

Despite having very little formal education, 
Turner painstakingly worked his way through a 

translation of Johann Wolfgang von Goethes 
(1810) Zur Farbenlehre (Reynolds. 1969). To ap-
preciate the impact of Goethe on Turner, it is nec-
essary to describe briefly ideas of Goethe that have 
taken hold. 

Goethe wanted to be a painter, but lacked the 

Fig. 1.8: Johann Wolfgang von Goethe (1810). Bild eines Mädchen in umgekehrten Farben. [Picture of a Girl 
in Reversed Colors.] Watercolor with penciled outlines, 15.8 χ 14.6 cm. Stiftung Weimarer Klassik Museen, 
Weimar, Germany. 
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talent. Many modern scientists dismiss his 
Farbenlehre because of his polemic against 
Newton; history does not look kindly on attacks 
against Newton. Nevertheless, there is much in 
Goethe's book that is worthwhile, beginning with 
his attempt to analyze sensations independently of 
the stimuli that produce those sensations. His 
statement that "the theory of colors in strictness 
may be investigated quite independently of optics" 
(Goethe, 1810, p. 163) anticipated an oft-quoted 
statement by Maxwell (1872) who asserted that 
"the science of color must ... be regarded as essen-
tially a mental science" (p. 261). Goethe also antic-
ipated Hering's opponent-color theory (described 
below) when he indicated that there are pairs of pri-
mary colors (at least four, perhaps six) and that the 
paired members interact with each other antagonis-
tically. He came to this view by careful observa-
tions of afterimages, successive contrast effects, as 
he describes in the following example: 

I have entered an inn toward evening, and, as a 
well-favoured girl, with a brilliantly fair com-
plexion, black hair, and a scarlet bodice, came 
into the room, I looked attentively at her as she 
stood before me at some distance in half shadow. 
As she presently afterward turned away, I saw on 
the white wall, which was now before me, a black 
face surrounded with a bright light, while the 
dress of the perfectly distinct figure appeared a 
beautiful sea-green. (Goethe, 1810, p. 83) 

Goethe painted the negative image shown in 
Figure 1.8 so that this "well-favoured girl" can be 
appreciated in all her splendor through an afterim-
age. To produce the afterimage, carefully fixate a 
salient point and hold the eyes steady for about 
15 seconds; then shift your gaze to a blank field 
such as a neutral wall. It helps to blink when look-
ing at the blank field. Notice that the colors of the 
afterimage are complementary, or approximately 
so, to those of the original image. 

Goethe described analogous phenomena in the 
spatial domain based on colored shadows, a topic 
that would later engage Helmholtz and Hering 
(Hering, 1887) in heated debate. According to 
Goethe's illustration, shown in Figure 1.9, a surface 
is illuminated by a whitish light from the left and a 
yellowish light from the right. Each beam will be 
partially obstructed by the object in the center, re-

\ \ 

Fig. 1.9: Goethe's (Goethe, 1810) illustration of col-
ored shadows (see text). 

suiting in a shadow on either side. The shadow on 
the right is lacking the whitish light so, having only 
the yellow illumination, it appears a more saturat-
ed yellow than the surround. One might expect that 
the shadow on the left, lacking the yellowish light 
and being illuminated only by the whitish light, 
would appear white, but it does not. Rather, it ap-
pears bluish, that is, tinged with the opposite hue to 
that surrounding it. This is an example of what is 
more generally known as simultaneous contrast. As 
Goethe correctly concluded from this phe-
nomenon, blue and yellow oppose each other not 
just in time, as with afterimages, but also in space. 

Goethe described how perceptual principles 
could be exploited to good effect in painting. 
Turner accepted this view and used it to his ad-
vantage to exaggerate light yellow areas by sur-
rounding them with dark blue areas. In a tribute 
to Goethe, he painted Light and Colour (Goethe's 
Theory) - the Morning after the Deluge 
(Fig. 1.10). This painting is predominantly yellow, 
the color that Goethe considered the first deriva-
tive of light. It stands in marked contrast to 
Turner's (1843) companion painting (Shade and 
Darkness - the Evening of the Deluge) which is 
dominated by blue, Goethe's first derivative of 
darkness. At this point, Turner had obviously be-
come extremely abstract, anticipating aspects of 
Impressionism and Expressionism. This work is 
without precedent in Western Art and it is safe to 
say that Monet could not have seen anything re-
motely similar to it in Europe at the time. 

Turner also became quite a profound pessimist 
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Fig. 1.10: Joseph Mallord William Turner (1843) Light and Colour (Goethe s Theory) - the morning after the 
Deluge - Moses writing the Book of Genesis. Oil on canvas, 78.8 x 78.8 cm. Tate Gallery, London. 

as exemplified by the verses attached to the title of 
this painting taken from his poem, The Fallacies of 
Hope. He wrote: "hope, hope, where is thy market 
now?" This aspect of Turner would not have ap-
pealed to the Impressionists. Renoir said he sim-
ply wanted to paint pretty pictures. And Vincent 
van Gogh, more a Post-Impressionist, said that he 
hoped that their art could "give comfort, and make 
life possible, in the way that Christianity once did" 
(Russell, 1974, p. 22). 

Pissarro was enthralled with Turner, and al-
though Monet rarely commented on other paint-
ings, he did make complimentary statements about 
Rain, Steam and Speed (interestingly, an etching 
of this Turner masterpiece by Felix Bracquemond 
was shown in the first Impressionist exhibit). 
Generally, however, Monet denied being much im-
pressed by Turner and was critical of his exuberant 
romanticism. In truth, Paul Signac noted that the 
Impressionists studied Turner's work and mar-
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veled at effects that he produced that they had not 
been able to achieve. Signac (1921) writes: 

They were in the first place struck by his snow 
and ice effects. They were astonished to see how 
he had succeeded in producing the sensation of 
whiteness of the snow while they had so far 
been unable to achieve this with their large 
patches of ceruse (white lead) spread out flat 
with broad brushstrokes. They say that this mar-
velous result was obtained not by a uniform 
white, but by a number of touches of diverse 
colors, placed side by side and reconstituting the 
desired effect at a distance, (pp. 239-240) 

Turner and Monet had much in common besides 
their interest in additive color mixture and color 
contrast effects. They were both fascinated by the 
changing effects of light at different times of day. 
John Ruskin (1843) catalogued some 60 Turner 
paintings according to the lighting conditions as-
sociated with various times of day, as modified by 
weather, atmosphere and the objects themselves. 
Later, Monet would illustrate the changing effects 
of light and atmosphere in more compelling fash-
ion through series of paintings of the same subject. 
Both artists went to great extremes to observe na-
ture. For example, Turner claimed to have tied 
himself to the deck of a ship to observe a raging 
storm at sea and was nearly killed. Monet de-
scribed a similar experience. But their differences 
were equally compelling; while Turner depicted 
nature in her fury, Monet seems to have preferred 
her more pastoral, but elegant, simplicity. 

1.4.2 Possible Influences of Chevreul 
and Delacroix 

If Monet had been inclined to study the work of 
any scientist, it would probably have been Michel 
Eugene Chevreul rather than Goethe. Whereas an 
emotion-laden analysis of color appealed to Turner 
and Goethe, a less passionate analysis appealed to 
Chevreul and Monet. Chevreul was the Director of 
Dyes for the Gobelins tapestry works, and in that 
capacity he conducted detailed experiments on the 
interactions between threads placed side by side, 
either when the colored regions were small enough 
to mix additively or large enough to create simul-

taneous contrast. These experiments are described 
in his 1839 book (Chevreul, 1839), De la Loi du 
Contraste Simultane des Couleurs, a book that 
was hailed by the Impressionists and studied by 
Helmholtz. Chevreul's studies of contrast culmi-
nated in a set of descriptive laws. Figure 1.11 
shows one of his beautiful illustrations of how a 
hue induces its complement in surrounding re-
gions, analogously to Goethe's colored shadows. 

Many of Chevreul's ideas were tested on 
the canvas by Eugene Delacroix. Like Turner, 
Delacroix offended his contemporaries by his bold 
use of color, although it is doubtful that his paint-
ings ever realized the luminosity of Turner's. 
Figure 1.12 shows his painting called The Lion 
Hunt (1860-61). The carnage in Delacroix's pic-
ture is made vivid enough by his use of saturated 
pigments, and perhaps it is done so well because it 
was said that he never missed a feeding at the Paris 
zoo (Clark, 1960). The Impressionists studied the 
work of Delacroix and seemed particularly enam-
ored by his thoughts on simultaneous contrast, 
about which he is said to have remarked: "Give me 
the mud of the streets and I will turn it into the lus-
cious flesh of a woman" (Signac, 1921, p. 238) [if 
you will allow me to surround it as I please]. 

If it is assumed for the moment that the "luscious 
flesh" that Delacroix had in mind was white, it can 
be shown by experiment that he was correct. Figure 
1.13 presents results from an experiment (Werner 
and Walraven, 1982) in the CIE x,y chromaticity 
diagram, which represents all possible additive 
color mixtures. The perimeter of the diagram rep-
resents the loci of monochromatic lights and the 
light mixtures (between 400 and 700 nm) that en-
close the space. The colored areas illustrate the ap-
proximate appearance of these light mixtures in the 
neutral state of adaptation (i.e., when the colors are 
viewed in an unilluminated surround). The subject's 
task in the experiment was to vary the ratio of two 
lights (complementary colors) until the mixture 
looked white. The central χ shows the light mixture 
that appeared white without any background or sur-
rounding light. The experiment was then repeated 
in the presence of various larger chromatic adapt-
ing backgrounds. The spokes connect the neutral 
white point and the adapting backgrounds, which 
were all located on the perimeter of the color dia-
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Fig. 1.11: Μ. E. Chevreul's (Chevreul, 1839) illustration of simultaneous hue contrast. In this figure, the col-
ors that would normally be induced by a colored disk into a neutral surround are exaggerated by painting the 
surround regions. (Colors are digitally enhanced by the author to compensate for fading of the original plate.) 

gram. The data points show the stimulus that 
looked white after adaptation to various colors and 
for various contrasts (i.e., intensity ratios of test and 
background). The dashed contours are model pre-

dictions assuming von Kries adaptation and a sub-
tractive process; that is, separate sensitivity adjust-
ments in each class of receptor in proportion to 
their activation by the background light (Werner 
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Fig. 1.12: E. Delacroix (1860/61) La chasse aux lions. [The Lion Hunt.] Oil on canvas, 76.5 x 98.5 cm. Potter 
Palmer Collection, Art Institute of Chicago. (Photograph © 1996, The Art Institute of Chicago. All rights re-
served.) 

and Walraven, 1982; see chapter 12). Without dis-
cussing the experimental details, one can readily 
appreciate that Delacroix was correct: that any 
light can appear white under the right condit ions 
of contrast and adaptation. 

Delacroix also advocated the use of hatchings to 
influence colors based on a complementary phe-
nomenon to contrast called assimilation or the 
Bezold Spreading Effect (Bezold, 1874). This oc-
curs when a background and interlaced pattern of 
different color fail to oppose each other as in simul-
taneous contrast, but seem to blend together. Figure 
1.14 illustrates assimilation with four different hues 
that have black or white hatching superimposed; al-
though the background hue within each panel is 
physically uniform, it appears different depending 
on whether it is interlaced with black or white. 

Assimilation is still not well understood, but it is 
known that it cannot be explained by light scatter 
f rom one region of the image to another. When the 
hatching is f ine relative to the diameters of individ-
ual receptors, additive light mixture occurs, but in 
this case the hatching itself will not be visible. If the 
elements in the hatching are small relative to the 
postreceptoral elements that sum inputs f rom a 
number of cones, assimilation may occur. When the 
hatching is courser, contrast typically occurs, but de-
pends on a number of factors such as the luminance 
of the pattern relative to the background (de Weert 
and Spillmann, 1995). By varying the viewing dis-
tance of a suitable pattern, one can observe light 
mixture, assimilation and contrast. Thus, assimila-
tion, although not due to optical mixture, could be 
due to a neural blending in some color channels 
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Fig. 1.13: The loci of lights that appear white under various states of adaptation presented in the C1E x,y chro-
maticity diagram. Colored areas within the diagram represent the approximate appearance of additive color 
mixtures in a neutral state of adaptation. The central χ represents the light mixture that appeared white in a 
neutral state of adaptation for one observer, while the data points show the chromaticity of the light that ap-
peared white following adaptation to the continuously presented chromatic backgrounds (250 Troland retinal 
illuminance). The backgrounds tested are all on the perimeter of the diagram and connected to the central χ 
by lines. Squares, triangles and circles represent illuminance contrasts (test/background intensity ) of 0.2, 1.0 
and 5.0, respectively. (After Werner and Walravcn, 1982.) 
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Fig. 1.14: Illustration of assimilation or the Bezold Spreading Effect. The background color is the same with-
in a panel, but it appears darker when interlaced with black hatching compared to when it is interlaced with 
white hatching. 

while other color channels still respond differently 
to the form and the background (Jameson and 
Hurvich, 1989). Assimilation probably occurs as 
much in nature as contrast, but we know much less 
about its physiological basis (de Weert, 1991). 

It may seem f rom these phenomena of adapta-
tion, assimilation and contrast that the visual sys-
tem is easily fooled and subject to illusion, but the 
mechanisms producing these effects are what make 
normal color vision possible. As Hering (1920) 
pointed out: 

"The most important consequences of reciprocal 
interactions are not at all those expressed in con-
trast phenomena, that is, in the alleged false see-
ing of ' real ' colors of objects. On the contrary, it 
is precisely the so-called correct seeing of these 

colors that depends in its very essence on such 
reciprocal interactions" (pp. 123-124) . 

In full agreement , Monet would later say: 
For me, a landscape does not exist in its own 
right, since its appearance changes at every mo-
ment; but its surroundings bring it to life - the 
air and the light which vary continually . . . For 
me, it is only the surrounding a tmosphere which 
gives objects their true value. (Barnes , 1990, 
p. 36) 

Thus, while some of these phenomena of adapta-
tion, assimilation and contrast do illustrate imper-
fect color constancy, they seldom lead to confus ion 
about an object 's identity based on color. More gen-
erally, they support correct identification of object 
color by accentuating differences between object 
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Fig. 1.15: Top: Claude Monet (1873) Les 
coquelicots a Argenteuil. [Poppies at 
Argenteuil.] Oil on canvas, 50 x 65 cm. 
Musee d'Orsay, Paris. (Photo credit: Erich 
Lessing/Art Resource, New York.) 
Bottom: Claude Monet (1879) Camille 
Monet sur son lit de Mort. [Camille Monet 
on her death-bed.] Oil on canvas, 
90 x 68 cm. Musee d'Orsay, Paris. 
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and shadow, with assimilation enhancing the uni-
formity of a single surface and contrast enhancing 
differences between figure and ground. These ex-
amples provide important probes to visual scien-
tists for identifying properties of the visual system 
that are normally not apparent at all. The mecha-
nisms mediating these effects are what keep us 
from being fooled most of the time about the re-
flectance or color of objects when the color of the 
illumination changes - they make color constancy 
possible. This refers to the experience that the col-
ors of most objects appear to be about the same in 
a wide variety of lighting conditions, even though 
they may reflect very different spectral distribu-
tions to the eye. Color constancy would not be 
possible if the visual system were not able to ad-
just its chromatic sensitivity as illumination varies. 

1.5 Monet's Years in Argenteuil 
and Vetheuil 

Monet lived in Argenteuil and Vetheuil from 1871 
to 1881. During this time he created some of the 
most beloved masterpieces of the Impressionist 
movement. Many of these paintings illustrate an 
idyllic country lifestyle with his wife Camille and 
young son Jean, such as in his painting, The 
Luncheon (1873) or the Poppies at Argenteuil 
(Fig. 1.15, top). This was a happy time for Monet -
until 1879 when his wife Camille died. Out of this 
tragedy we gain insight into Monet's seemingly ir-
repressible obsession with the changing effects of 
color. He went so far as to portray Camille's chang-
ing coloration on her death bed (Fig. 1.15, bottom) 
and described his feelings as follows: 

You cannot know ... the obsession, the joy, the 
torment of my days. To the point that, one day, 
when I was at the death-bed of a lady who had 
been, and still was, very dear to me, I found my-
self staring at the tragic countenance, automati-
cally trying to identify the sequence, the propor-
tions of light and shade in the colors that death 
had imposed on the immobile face. Shades 
of blue, yellow, gray, and I don't know what. 
That's what I had become (Clemenceau, 1929, 
p. 350-351). 

1.6 The Opponent Code for 
Color Appearance: Hering 

During these years, Germany was developing its 
own Impressionist school through the wonderful 
paintings of Adolph Menzel, Max Liebermann, 
Gotthardt Kuehl and others (Düchting and Sagner-
Düchting, 1993), although the most significant 
events from the point of view of this essay were 
probably being carried out in the laboratory. 

Ewald Hering, Professor of Physiology in 
Vienna and later in Prague and Leipzig, pointed 
out that the Helmholtz view nicely accounted for 
the trivariance of color mixture, but the second 
part of the Helmholtz theory - that there are three 
fundamental hue sensations - is inconsistent with 
our color experience. Hering (1920) proposed that 
there are four elemental hues, red, green, yellow 
and blue, and that all hue experience is based on 
combinations of these elements. (For a complete 
account of color experience, Hering also proposed 
that there are two fundamental achromatic colors, 
black and white; see chapter 10, Shinomori et al., 
1997.) He was not the first to make this proposal. 
It could be pointed out that Leonardo appreciated 
this centuries before. To which Hering replied that: 

"If one were to designate the nomenclature used 
... as a four-color theory, then ... language itself 
would be its author, for language has long since 
singled out red, yellow, green and blue as the 
principle colors of the multiplicity of chromatic 
colors" (Hering, 1920, p. 48). 

Hering further postulated that the hue variables are 
organized physiologically in antagonistic pairs 
that involve processes of excitation and inhibition, 
with the result that the sensations of red and green 
never occur at the same time and place, nor do the 
sensations of blue and yellow. He, therefore, re-
ferred to these paired colors as opponent. To ex-
plain phenomena of successive and simultaneous 
contrast, Hering also proposed that these physio-
logical processes are organized in an antagonistic 
or opponent fashion across time and space. 

Since Berlin and Kay's (1969) anthropological 
survey, evidence has supported the view that there 
are a limited number of hue names needed to de-
scribe our color experience and that they are de-
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Fig. 1.16: Mean hue-naming data (white squares) and average predicted hue-
naming (black circles) based on opponent-cancellation functions (Figure 1.17) 
for three observers plotted as a function of wavelength. Red-green is plotted 
from 0 to 100% on the left axis; blue-yellow is plotted from 100 to 0% on the 
right axis. The letters B, G, and Y denote the average wavelength of the same 
observers' unique hues. (After Werner and Wooten, 1979.) 

pendent on the organization of neurophysiological 
mechanisms in the eye and brain (Ratliff, 1976). 
One example is shown in Figure 1.16. Observers 
were asked to describe lights of different wave-
length using the terms red, green, yellow and blue 
(Werner and Wooten, 1979). Results are shown by 
the white squares. Red or green is plotted from 
0 to 100% on the left axis, and blue or yellow is 
plotted in the opposite direction, from 100 to 0%, 
on the right axis. The data could be plotted in this 
way because, consistent with Hering's theory, the 
observers almost never used the terms red and 
green together or the terms blue and yellow to-
gether. The letters (B, G, Y) on the horizontal axes 
designate the wavelengths of the lights that were 
uniquely blue, green or yellow for the average of 
the same three persons whose hue-naming data are 
presented. 

Jameson and Hurvich (1955) developed meth-
ods to measure psychophysical^ the opponent 
processes of Hering using a hue-cancellation task. 
The strength of each hue (e.g., red) was quantified 
by the energy of the opponent hue (e.g, green) 

necessary to produce an equilibrium state (e.g., 
neither red nor green). Hue cancellation functions 
presented in Figure 1.17, based on their method, 
show the response of the red-green and yellow-
blue opponent channels as a function of wave-
length. Responses of single cells of the macaque 
monkey at various levels of visual processing look 
remarkably similar to these functions (see chapter 
3; Zrenner et al., 1990), and there is compelling 
reason to believe that these opponent processes, 
via cortically-rectified signals (DeValois and 
DeValois, 1993), are an important part of the neu-
ral network responsible for perceived hue. Figure 
1.16 (circles) compares hue naming and the mean 
ratio of red-green to yellow-blue response at each 
wavelength measured by the cancellation task. The 
opponent responses measured by cancellation 
agree quite well with color naming, consistent 
with the idea that these opponent processes are the 
neural substrate of color appearance. 

While some researchers, even as recently as 
20 years ago, seemed to find the Hering view in-
compatible with the Maxwell-Helmholtz theory, 
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Fig. 1.17: Opponent-hue cancellation functions averaged for three observers 
plotted as a function of wavelength. Red-green is shown by white squares, with 
red plotted as positive and green as negative. Blue-yellow is shown by black 
circles, with blue plotted as negative and yellow as positive. (After Werner and 
Wooten, 1979.) 

Johannes von Kries (1882), Professor of Phys-
iology in Freiburg, put forth a zone theory before 
the turn of the century in which color vision begins 
with the activity of three classes of cone photore-
ceptor which is re-mapped onto the neural-oppo-
nent processes of Hering. A more modern version 
of such a zone model based on equations of 
Jameson and Hurvich (1968) is presented in Figure 
1.18. It utilizes the idea that receptors activate neu-
ral processes in either an excitatory or inhibitory 
fashion, and different combinat ions of all three re-
ceptors produce the two opponent-chromatic pro-
cesses. The direct connections between receptors 
and opponent mechanisms shown in Figure 1.18 
are a considerable oversimplification to illustrate 
functional relations. Anatomical and physiological 
studies have demonstrated numerous interactions 
between cells at various levels between the pho-
toreceptors and higher-level color mechanisms. It 
should also be noted that more complex non-linear 
models are required to describe some aspects of 
color perception, even though the linear equations 
used in Figure 1.18 provide an excellent first-order 
description of cancellation functions. 

The data on age-related changes in color vision 
presented so far have dealt only with the first zone 
(i.e., photoreceptors) , but there might also be age-
related changes in the later stages of color pro-
cessing. Schefr in and Werner (1990) measured the 
balance points of the opponent m e c h a n i s m s (that 
is, the spectral unique hues) in 50 observers rang-
ing in age f rom 13 to 74 years. Of part icular inter-
est are the loci of unique blue and unique yellow, 
because they can be described under many condi-
t ions by a linear model and will, therefore , be un-
af fec ted by age-related losses in light intensity as-
sociated with lenticular senescence. The results 
show that there is no s ignif icant change in the 
wavelength of these unique hues over this wide 
age range. That these results reflect a more gener-
al pattern of stability in color percept ion across the 
life span was conf i rmed in a co lor -naming experi-
ment using more naturalistic, b road-band surfaces, 
color chips f rom the Uni fo rm Color Samples of 
the Optical Society of Amer ica (Schef r in and 
Werner, 1993). Not only did young and old use the 
same words to describe hues, but they did not dif-
fer s ignif icant ly in the proport ions of different 
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Fig. 1.18: A modern version of von Kries's 1882 zone 
theory (Kries, 1882), based on the equations of 
Jameson and Hurvich (1968) linking the activity of 
the three classes of cone photoreceptors (S, Μ and L) 
to red-green (left) and yellow-blue (right) opponent 
mechanisms as a function of wavelength from 400 to 
700 nm. The shapes of the opponent-response func-
tions depend on the sign (+ or -, corresponding to 
neural excitation or inhibition) of the signals from the 
cones and their neural weights. The parameters (spec-
ified in terms of quanta at the cornea) and equations 
used to generate the functions are shown at the bot-
tom. 

Fig. 1.19: Heterochromatic brightness sensitivity change per decade is plotted 
as a function of wavelength at the cornea (black circles) and at the retina (white 
squares). The horizontal line at zero denotes no age-related change. The thick-
er horizontal line at +0.05 shows the mean increase in brightnesss sensitivity 
per decade between 420 and 560 nm. (After Kraft and Werner, 1994.) 
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hues needed to describe the stimuli. Similarly, 
when asked to describe the percentage of chro-
matic and achromatic components of spectral 
lights (Kraft and Werner, 1997), and when asked 
to find a mixture of unique blue and yellow that 
appeared white (Werner and Schefrin, 1993), 
young and old did not differ significantly. 

These results demonstrate a surprising degree of 
stability in color perception across the life span, 
even though age-related changes in the lens alter 
the spectral distribution of light reaching the reti-
na. This would seem to be possible only if the vi-
sual system compensates for or adapts to those 
changes in retinal illumination that occur with 
lenticular senescence. Clear evidence for this 
compensation was found in a study by Kraft and 
Werner (1994) of the brightness of monochromat-
ic lights for 50 observers ranging in age from 19 to 
85 years. Each monchromatic light (420-700 nm; 
16 wavelengths) was matched in brightness to a 
white standard. In the same individuals, the densi-
ty of the ocular media was estimated so that 
brightness sensitivity could be specified at the 
retina, as shown in Figure 1.19 (white squares). 
On average, brightness sensitivity at middle and 
long-wavelengths does not change significantly, 
but at short wavelengths it actually increases with 
age. This increase occurs only at the retina, and 
under natural conditions it is not enough to elimi-
nate some brightness loss (at the cornea) for violet 
lights in the elderly. However, across 6 decades it 
implies a doubling of brightness sensitivity, which 
goes a long way toward restoring constancy that 
would otherwise be disrupted by the yellowing of 
the lens. 

1.7 Monet's Response to 
Pointillism and Divisionism 

In the eighth Impressionist exhibit in 1886, 
Georges Seurat showed how the Neo-
Impressionists would take the next step in apply-
ing the color science of the time to painting. His 
(1884) A Sunday Afternoon on the Island of the 
Grand Jatte (Fig. 1.20) is one of the most cele-
brated examples of the technique of Pointillism. 

The technique is, in principle, not different from 
that used by Turner, although in practice it was an 
extraordinary leap from Turner because the points 
were applied by Seurat in a much more systemat-
ic and consistent manner. Seurat had studied all 
the color science available to him including work 
by Chevreul and Helmholtz. His masterpiece in-
cludes dots of varying sizes to achieve the 
Pointillist goal of increasing the luminosity of 
paintings by placing small dots of pure color side-
by-side to produce an optical mixture in the eye or 
to achieve strong hue contrasts with larger dots. 

Pissarro, van Gogh and Matisse tried their hand 
at Pointillism but were not satisfied and soon aban-
doned the technique. Their disillusionment was 
due, in part, to the fact that the appearance of a 
Pointillist painting depends so critically on the 
viewing distance. At some distances, the paintings 
do not have the brilliant hues intended, but just the 
opposite - the hues appear drab and desaturated. 
Even Seurat's (1887-88) Les Poseuses, with its tiny 
dots, is a disappointment in this regard (Ratliff, 
1992). Interestingly, the mechanism that underlies 
the success of the Pointillist technique as an art 
form also underlies its limitations. The problem 
arises because the signals from cone photorecep-
tors are integrated in the visual pathways to form 
receptive fields, areas of the retina that activate a 
particular cell by excitation or inhibition, depend-
ing on where the light falls within the receptive 
field (Wiesel and Hubel, 1966), as illustrated by 
Figure 1.21. The three-dimensional profile on the 
left illustrates the response increase when stimulat-
ed by green in the receptive field center and the in-
hibition by red in its surround. The other cell 
shown has a blue-yellow, antagonistic center-sur-
round organization. These receptive field profiles 
are spatial filters for color processing, modeled 
here as the difference of two Gaussian functions, 
one representing the distribution of excitation and 
a second, having lower amplitude but broader area, 
representing the distribution of inhibition. Many 
individual cells can be modeled in this way, al-
though their responses often do not follow the per-
ceptual red-green or blue-yellow axes (Lennie and 
D'Zmura, 1988). Nevertheless, the combined ac-
tivity of many such cells having overlapping recep-
tive fields appears to result in a network that forms 
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Fig. 1.20: Georges Seurat (1884) Un Dimanche apres-midi a lie de La Grande-Jatte. [A Sunday Afternoon on 
the Island of the Grand Jatte.] Oil on canvas, 207.5 χ 308 cm. Helen Birch Bartlett Memorial Collection, Art 
Institute of Chicago. (Photograph © 1996, The Art Institute of Chicago. All rights reserved.) 

a mosaic consistent with Figure 1.21. Such recep-
tive fields provide the kind of mechanism required 
to explain the spatial-chromatic opponency de-
scribed by Hering (1920). Of course, each individ-
ual receptive field will produce a response only to 
stimulation by an edge, but if the entire receptive 
field is uniformly illuminated by a particular color 
it will not respond. These receptive fields help to 
explain hue contrast at borders, but not the induc-
tion of hue across large areas of the visual field 
such as observed with Goethe's colored shadows. 
How an entire area is filled-in perceptually with a 
uniform hue is not clear, although a number of neu-
rophysiological hypotheses involving propagation 
across cortical regions beyond the area of the clas-
sical receptive field have been described 
(Spillmann and Werner, 1996). 

Consider the consequences of this kind of neu-
ral organization for how we perceive a Pointillist 
painting. Suppose an artist places small dots of 
paint, say a blue and yellow dot, side-by-side. If 

the dots, at a particular viewing distance, are small 
enough to approach the size of individual cone re-
ceptors, additive color mixture would be expected 
and the region would appear achromatic. If the 
dots were somewhat larger, but small enough so 
that the yellow and blue fell within the excitatory 
and inhibitory regions of the receptive field, re-
spectively, they would likely cancel each other's 
effects, rather than produce contrast. The result 
would be an achromatic color. Notice that in this 
case, the effect is similar to additive color mixture, 
but it is really a neural mixture that depends on the 
size of the areas over which information is 
summed in the visual pathways. Whether small 
dabs of paint produce cancellation, contrast or as-
similation depends upon the "fit" between the size 
of the dots imaged on the retina (and hence the 
viewing distance) and the size of the receptive 
fields. Receptive fields are known to increase in 
size with retinal eccentricity, although there is a 
range of receptive field sizes representing each re-



1.7 Monet's Response to Pointillism and Divisionism 29 

Fig. 1.21: Receptive field profiles for red-green and blue-yellow cells. These cells have an antagonistic cen-
ter-surround spatial organization such that one color in the center produces excitation and the opponent color 
in the surround produces inhibition. 

gion of the visual field. The Neo-Impressionists 
did not know about receptive fields, but certainly 
knew about the perceptual phenomena that they 
produce. At just the right distance, the receptive 
fields will be activated to produce the additive 
mixtures and contrasts intended by the artist. How 
does one know what that distance is? In noting that 
the brilliance of Pointillist paintings depended on 
the viewing distance, Pissarro suggested the gen-
eral rule that a Pointillist painting be viewed at a 
distance that is three times the diagonal. Of 
course, this advice only makes sense if the size of 
the dots has a fixed relation to the size of the paint-
ing as a whole (Weale, 1971) - which was appar-
ently not always the case. 

Paul Signac emphasized that the best technique 
practiced by Neo-lmpressionists was "Divi-
sionism" not "Pointillism," by which he meant that 
the paint should be applied with small distinctive 
strokes, not tiny points. Signac wrote: "The Neo-
Impressionist does not paint with dots, he divides" 
(1921, p. 207). It is difficult to see how this solves 

the problem; rather, it only defines a new set of 
distances at which one has hue cancellation vs. 
contrast. Perhaps anticipating this rejoinder, 
Signac referred to Rembrandt: 

"A painting is not to be sniffed," said Rem-
brandt. When listening to a symphony, one 
does not sit in the midst of the brass, but in the 
place where the sounds of the different instru-
ments blend into the harmony desired by the 
composer. Afterwards one can enjoy dissecting 
the score, note by note, and so study the manner 
of orchestration. Likewise, when viewing a di-
vided painting, one should first stand far enough 
away to obtain the impression as a whole, and 
then come closer in order to study the interplay 
of the colored elements, supposing that these 
technical details are of interest. (Signac, 1921, 
p. 264). 

In the meantime, Monet tried other approaches 
that used elements of Divisionism, but without a 
rigid application of the technique. One example is 
shown in Figure 1.22, Bend in the Epte River near 
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Fig. 1.22: Claude Monet (1888) Un Tournant de l'Epte. [Bend in the Epte River near Giverny.] Oil on canvas, 
74 χ 93 cm. Philadelphia Museum of Art: The William L. Elkins Collection. 

Giverny (1888). The foliage of the trees follows 
very much the style of Seurat, but it is set apart 
from the water and sky which maintain his 
comma-like strokes. The result is just as luminous 
as the Pointillist and Divisionist attempts, but 
seems altogether more spontaneous and natural. 

1.8 Hay Stack and Cathedral 
Series 

By 1890, at the age of 50, Monet had reached a 
high standing in the art world and had found fi-
nancial security. He rebuilt an old farmhouse in 
Giverny and employed six gardeners to indulge his 
love of horticulture and flowers. It was a magnifi-

cent site which he captured in numerous paintings. 
Glorious though his gardens were, Monet also il-
lustrated the subtle undulations of light and color 
in more mundane spots such as in the hay stacks 
behind his house. There he painted a series of 
canvases capturing different conditions of light, 
atmosphere and weather. His approach was me-
thodical; rising early in the morning even in the 
depth of winter, he caught the first glimpse of sun-
rise at his chosen location, typically rested at mid-
day and then returned to catch the setting sun. 

Figure 1.23 shows how splendidly Monet captures 
the light in the hay stacks. On the top, the morning 
light falls upon the snow, and the yellow hay stacks 
are surrounded with the blue colored shadows de-
scribed by Goethe. On the bottom, Monet shows a 
greenish shadow induced by the reddish color of the 
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Fig. 1.23: Top: Claude Monet (1891) Meules, Effet de Gelee Blanche. [Hay Stacks. Snow 
Effect. Sunshine.J Oil on canvas 65 x 92 cm. National Gallery of Scotland, Edinburgh. 
Bottom: Claude Monet (1890-91) Meule, Soleil couchant. [Hay Stack. (Sunset).] Oil on 
canvas, 73.3 x 92.6 cm. Juliana Cheney Edwards Collection, Museum of Fine Arts, Boston. 
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Fig. 1.24: Left: Claude Monet (1894) Le portail, brouillard matinal. [Rouen Cathedral: The Portal (Early 
Morning).] Oil on canvas, 100 x 65 cm. Museum Folkwang, Essen. 
Right: Claude Monet (1894) Le portail (soleil). [Rouen Cathedral: The Portal (Early Afternoon).] Oil on can-
vas, 100 x 65 cm. Board of Trustees's, National Gallery of Art, Washington. 

hay stack in the late afternoon sun. We now regard 
this simultaneous contrast effect, exaggerated by 
Monet on the canvas, as due to the reciprocal neural-
opponent responses across the visual field. 

Monet's hay stack series includes more than 
30 canvases, from different vantage points and dis-
tances, and in different lighting. In order to depict 
fugitive effects, he worked on as many as seven 
canvases simultaneously, apparently dashing from 
one to another as the light would change. The can-
vases would then be taken to the studio and placed 
side-by-side for retouching. The series was intend-
ed to be displayed together. That the subject mat-
ter is monotonous and uninspiring to many people 
is beside the point. Monet said: "I was trying to do 
the impossible ... to paint light itself" (Myers, 
1990, p. 92). 

Monet painted several other series, including the 
Gare St. Lazare, the Seine near Giverny and vari-
ous scenes from his gardens. In the cold winter of 
1892, the 52-year-old Monet rented a large room 
directly across from the Cathedral of Notre Dame 
in the nearby city of Rouen. For the first time, he 
would paint an outdoor scene from indoors. 
Unlike many cathedrals, there was little space to 
afford an unobstructed vantage point so we see the 
cathedral facade cropped (Fig. 1.24), due appar-
ently to the restricted view through the window. 
Monet was apparently frustrated, not so much 
from the view, but from what he was trying to ac-
complish. No other paintings occupied so much of 
his time. 

He left Rouen after the winter and returned again 
the next year, but still failed to complete his project 
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until he returned home and painted from memory. 
In all, he managed 30 canvases which he placed 
side-by-side in his studio to finish. They all are 
signed 1894, the year of their completion. Once 
again, the content of the series is not particularly 
critical to Monet (cf., Pissarro, 1990). Each canvas 
represents a moment in time associated with differ-
ent light and atmosphere. In Figure 1.24, the paint-
ing on the left represents early morning, and the 
sun can be seen gently breaking through the mist 
near the spires while the light is occluded nearer 
the ground. On the right, it is afternoon, and the en-
tire facade basks in the sunlight. The shadows are 
created with sculpted mounds of paint, whereas the 
bright areas include patches where the canvas is not 
completely covered. 

If Monet had wanted to represent the physical 
situation accurately he would have had to make the 
afternoon scene reflect several thousand times 
more light to the eye compared to the canvas de-
picting the morning scene. He could not have done 
that, but he didn't need to because our visual sys-
tem is remarkably insensitive to ambient light level 
over a large range. How, then, does his painting 
convey the obvious impression that the afternoon 
scene is much brighter than the morning scene 
when there is relatively little difference between 
the two paintings in their average light reflectance? 

Monet seems to have discovered another funda-
mental characteristic of the visual system. As the 
overall light level increases, so does the perceived 
contrast - yellows and blues become more yellow 
or blue, blacks become blacker and whites become 
whiter. The loss of sensitivity to absolute light level 
may result largely from sensitivity adjustments of 
the cone pathways, but the changes in contrast re-
quire an explanation at a neural level in the oppo-
nent pathways (Jameson and Hurvich, 1975). 

1.9 Monet Returns to London 

In the fall of 1899, Monet traveled back to 
London. From the Savoy Hotel and St. Thomas's 
Hospital he would paint Waterloo Bridge and the 
Houses of Parliament. He made several trips over 
the next five years, during which he completed 

more than 100 canvases (Tucker, 1995). It is inter-
esting to compare his Boats on the Thames in 1871 
with his Houses of Parliament painted 30 years 
later (Fig. 1.25). The atmosphere in the latter is 
richer, as we see the fiery sun barely penetrating 
the dense clouds. Indeed, the pageant of colors in 
many canvases from this series anticipated 
Fauvism. It is almost as though Monet is now chal-
lenging Turner on his own turf, as Turner had once 
done with the great French landscapist, Claude 
Lorrain. Turner not only copied some of Lorrain's 
paintings, but insisted in his bequest to the 
National Gallery that his copies hang next to 
Lorrain's originals for comparison, a request that 
is still honored. Some critics pointed out that now 
Monet's paintings should be hung next to Turner's, 
calling them both great Impressionists worthy of 
comparison (Gage, 1972). 

1.10 Water Lilies and Cataracts 

Monet's final motif, which occupied him for well 
over 25 years, was based on his garden at Giverny, 
particularly his water lilies and his Japanese-style 
bridge. The bridge on the top in Figure 1.26 was 
painted in 1899 and the one on the bottom about 
20 years later. What was the basis for the enormous 
difference? In the intervening years, Monet's cat-
aracts had matured. One sees not only a shift in col-
ors from blues and greens to yellows and browns, 
but also less distinct forms on the bottom painting, 
no doubt due to the scattering of light caused by his 
cataracts. This is an optical effect that neural pro-
cesses previously described cannot compensate. 

Although the onset of his visual loss was gradu-
al, he seems not to have remarked about it until 
about 1908, at age 68. Four years later, a Paris doc-
tor confirmed the diagnosis of bilateral cataracts 
made by Monet's country physician. As his 
cataracts became worse, he found it impossible to 
paint in bright light or to depict scenes with bright 
backgrounds - again, to be sure, due to the scat-
tering of light and the concomitant degradation of 
the retinal image. 

Despite his poor vision, Monet pursued his 
dream of many years to create vast canvases that 
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Fig. 1.25: Top: Claude Monet (1871) Bateaux dans le Bassin de Londres. [Boats on the 
Thames, London.] Oil on canvas, 47 x 72 cm. Private Collection, Monte Carlo. 
Bottom: Claude Monet (1904) Londres, le Parlement, Trouee de soleil dans le hrouil-
lard. [Houses of Parliament (Rays of Sun in the Fog).] Oil on canvas, 81 x 92 cm. Musec 
d'Orsay, Paris. 
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Fig. 1.26: Top: Claude Monet (1899) Le hassin mix nympheas. [Water-
lillies and Japanese Bridge.] Oil on canvas, 9 1 x 9 0 cm. The Art 
Museum, Princeton University. From the Collection of William Church 
Osborn, Trustee of Princeton University (1914 -1951), President of the 
Metropolitan Museum of Art (1941 1947); given by his family. (Photo 
credit: Clem Fiori.) 
Bottom: Claude Monet (1918-22) Nympheas: Le pant Japanais. 
[Japanese Bridge.] Oil on canvas, 8 9 x 1 1 6 cm. The Minneapolis 
Institute of Arts. 
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would surround the entire interior of a room, de-
picting water and plants in a manner that revealed 
the elusive brilliance of nature. He pursued the 
project with vigor and even built a large new stu-
dio to accommodate his large-scale canvases. 
Monet called this project a bit of a folly and 
referred to the paintings as his "Grandes 
Decorations." At this point he refused cataract 
surgery, fearing it would make his vision even 
worse. Yet he could no longer discriminate be-
tween many of his paints, relying instead on read-
ing the labels for selecting his colors and then re-
membering their precise arrangement on his 
palette. He realized that many of his pictures were 
quite dark; and on several occasions, after com-
paring these canvases with his earlier works, he 
slashed and destroyed them. 

During these years, Monet received frequent 
visits from his long-time friend, Georges 
Clemenceau, a remarkable man who had ascended 
to the rank of Premier of France. By the beginning 
of 1917, the end of the first World War was in 
sight, and Monet had agreed to donate two large 
panels of his "Grandes Decorations" to France to 
celebrate the armistice. Clemenceau, however, 
convinced him to donate not two panels but all 12 
that Monet had planned, with the stipulation that a 
building would be constructed to house them in 
the manner that Monet had envisioned. The num-
ber was later increased to 19 panels in order to ac-
commodate the architect's plan to house them in 
the Orangerie des Tuileries in Paris. There was, of 
course, some question in Monet's mind about 
whether he would have the energy and the eyesight 
needed to complete this enormous undertaking. 

Monet had once said that he wished he had been 
born blind and then suddenly made to see so that 
he could paint his impressions without the bias of 
prior experience. Soon, a version of his wish 
would be granted. By 1922, at the age of 82, he 
had become essentially blind in the right eye and 
had only a little useful vision in the left eye, ac-
cording to his medical records. Determined to 
continue, he said that "I will paint almost blind as 
Beethoven composed completely deaf" (Stuckey, 
1995, p. 251). To improve his vision for a few 
hours at a time, he used a prescribed mydriatic to 
dilate his pupils (Ravin, 1985). Monet used very 

little blue in his paintings at this time, presumably 
because his dense cataracts would have transmit-
ted so little short-wave light that blue would have 
been indistinguishable from black. The compensa-
tion processes described above may have reached 
the physiological limit so that by the summer of 
1922 he found it necessary to stop painting. 
Clemenceau finally convinced Monet to go ahead 
with cataract surgery in his right eye that year. 

Within six months of cataract extraction, Monet 
developed a secondary cataract, an opacification of 
the posterior capsule of the operated eye. This is a 
common complication of cataract surgery; and, al-
though it did not surprise his physician, the opaci-
ty was a traumatic development for Monet. In July 
1923 the cloudy membrane was extracted in 
Monet's home in Giverny. Monet was prescribed 
glasses, but they caused him to experience double 
vision and optical distortion. He discovered that his 
vision improved if he covcred one eye, usually the 
left. Now Monet complained that through his left 
eye, with a remaining cataract, everything was too 
yellow, while through the eye with the cataract re-
moved (aphakic eye), he experienced everything as 
too blue. Figure 1.27 shows his paintings of his 
House Seen from the Rose Garden which are be-
lieved to be painted with only one eye or the other 
(Lanthony, 1993). The difference between the 
views through the different eyes is striking. 

One might wonder why the difference in yellow 
filters in Monet's eyes should so strikingly affect 
his choice of colors. After all, in the aphakic eye, 
Monet's retina should receive more short-wave-
length light reflected not only from the scene he is 
trying to depict but equally from the blue paints on 
his palette. The net effect would therefore seem to 
require the same match between the scene and the 
canvas with or without a dense yellow cataract. 
From this point of view, the yellow filter should 
have no effect on Monet's paintings because it lies 
in front of both the original scene and his palette. 

This analysis would be correct if our visual sys-
tem were capable of responding to each wave-
length of light separately and if there were enough 
pigments to match each wavelength. However, 
neither of these two requirements is met. As 
Clemenceau put it to Monet, "The steel of your 
eyesight breaks the crust of appearances, and you 



1.10 Water Lilies and Cataracts 37 

Fig. 1.27: Top: Claude Monet (1925) La maison vue du jardin aux roses. 
[House Seen from the Rose Garden.] Oil on canvas, 81 x 92 cm. Musee 
Marmottan, Paris. 
Bottom: Claude Monet (1925) La maison vue du jardin aux roses. [House 
Seen from the Rose Garden.] Oil on canvas, 8 9 x 1 0 0 cm. Musee 
Marmottan, Paris. 
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penetrate the inner substance of things in order to 
decompose it into projectors of light which you re-
compose with the brush so that you may reestab-
lish subtly upon our retinas the effect of sensations 
in their fullest intensity" (Clemenceau, 1930, 
pp. 18-19). Expressed less poetically, the painter 
does not make a physical match between the orig-
inal scene and the canvas but a visual (approxi-
mately metameric) match. These matches depend 
on the shapes of the receptor action spectra 
(Fig. 1.6), and the latter are modified (as specified 
at the cornea) by age-related changes in the lens 
(Wright, 1928-29). In short, the senescent or 
cataractous lens modifies the receptor sensitivities 
in two ways: First, it alters the shapes of the re-
ceptor action spectra (specified at the cornea) by 
reducing sensitivity more at short wavelengths 
than at middle and long wavelengths. Second, it 
reduces the relative heights of the action spectra, 
affecting S-cones more than M- or L-cones. 
Processes such as color matching which depend 
on the shapes of the photoreceptor action spectra 
cannot be compensated neurally because each 
cone type obeys the principle of univariance (i.e., 
all absorbed quanta produce the same response in 
a photoreceptor), while relative sensitivities or 
heights of the curves can be compensated to a 
large extent. The net effect is that lenticular senes-
cence affects color matches more than color ap-
pearance (Werner, 1996). 

Following cataract surgery, patients often report a 
resurgence of blue experienced through the operat-
ed eye, as would be expected due to the removal of 
their dense yellow lens, but they adapt rather quick-
ly over the course of weeks or months. Monet did 
not adapt so quickly, but some of his difficulty may 
have been with his impatience, which led his physi-
cian frequently to change the prescribed colored 
lenses that were intended to equate color appear-
ance in the two eyes (Ravin, 1985). This process 
commenced when a Paris ophthalmologist, Jacques 
Mawas, prescribed a pair of glasses that were tinted 
yellowish-green. This eliminated Monet's previous 
complaint that he sees nothing but blue. Up to that 
point, he relied on his left eye for painting, but now 
switched to his right eye. Monet and Dr. Mawas 
tried glasses with various tints during the next two 
years. In the end, they settled on a pair of untinted 

glasses that Monet described as quite satisfactory. 
No doubt this outcome was due to chromatic adap-
tation in his visual system over this period. 

In July 1925, three years after his original 
cataract extraction, Monet declared that his color 
vision was completely restored and his mood was 
ebullient. Now 85 years old, he resumed his work 
and completed not the 19 promised canvases for 
his "Grandes Decorations" but 22. 

Monet never saw these canvases displayed in 
the room that he had envisioned. He died on 
5 December 1926. Next to his bed was a book 
opened to Baudelaire's poem, "The Stranger" 
(Vidal, 1956). It goes, "Tell me, enigmatical man, 
whom do you love best, your father, your mother, 
your sister, or your brother?" To which the man 
replied, "I love the clouds." It was fitting that 
Clemenceau was by his side and was the one to 
close his eyes. Monet once said to Clemenceau, 
"Put your hand in mine and let us help one anoth-
er to see things better" (Tucker, 1995, p. 225). Two 
months after closing Monet's eyes, Clemenceau 
helped the world to see better through Monet by 
opening the Orangerie des Tuileries with his 
"Grandes Decorations." 

1.11 Summary 

The life span of the Impressionist Claude Monet, 
1840 to 1926, encompassed some of the most im-
portant developments in how color is now under-
stood in art and science. In his paintings, Monet 
made the ephemeral effects of light and color his 
central subject matter. He is likely to have been in-
fluenced by J. W. v. Goethe via J. M. W. Turner and 
Μ. E. Chevreul via E. Delacroix, who exploited 
new ideas about additive color mixture and simul-
taneous contrast. Paintings from this period 
provide useful illustrations of the discoveries and 
theories of Monet's contemporaries in science, in-
cluding J. C. Maxwell, H. v. Helmholtz, E. Hering 
and J. v. Kries, although he was probably not di-
rectly influenced by them. Their scientific theories 
are cornerstones for current thinking about color 
vision and provide a useful framework for analyz-
ing age-related changes in color perception. 
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Monet's vision changed during his life, perhaps 
due in part to accelerated aging caused by sunlight 
to which he was often exposed by virtue of his 
painting en plein air. Light, especially UV light, 
may accelerate the normal age-related changes in 
the lens and photoreceptors. The cone pathways 
lose sensitivity on a continuous basis from early 
adulthood to old age. When expressed in terms of 
sensitivity at the cornea, S-, M- and L-cones ap-
pear to lose sensitivity at approximately the same 
rate with age. This is somewhat surprising because 
senescent changes in the lens produce a selective 
loss in the amount of short wavelength light that 
can reach the retina, a reduction commonly 
thought to reduce sensitivity of the visual system 
to blue hues. Monet's reaction to his own senes-
cent lens, culminating in a cataract, has been taken 
to support this view. Recent studies, however, 
show that the visual system adapts to normal 
lenticular senescence and actively rebalances the 
sensitivity of color mechanisms to support con-
stancy of color perception across the life span. 

Acknowledgements 

I am grateful to the Alexander von Humboldt 
Foundation (Bonn, Germany) for a Senior Scien-
tist Award. Studies conducted in my laboratory 
were made possible through the support of the 
National Institute on Aging (grant AG04058). The 
helpful comments of Michelle L. Bieber, Philippe 
Lanthony, Jonathan O. Roberts, Brooke E. Schefrin, 
Elizabeth J. Smith, Vivianne Smith, Lothar Spill-
mann, Floyd Ratliff and Michael Wertheimer are 
gratefully acknowledged. 

References 

Barnes, R. (1990). Monet by Monet. (New York: 
Alfred A. Knopf). 

Berlin, B. and Kay, P. (1969). Basic Color Terms, 
Their Universality and Evolution. (Berkeley: 
University of California Press). 

Bezold, W. v. (1874) Die Farbenlehre. (Braun-
schweig: Westermann). 

Bieber, Μ., Knoblauch, Κ., and Werner, J. S. (in 

press). M- and L-cones in early infancy: II. Action 
spectra at 8-weeks of age. Vision Res. 

Callen, A. (1982). Techniques of the Impressionists. 
(London: QED Publishing). 

Chevreul, Μ. E. (1839). De la Loi du Contraste 
Simultane des Couleurs. Paris: Pitois-Levrault. 
[trans, by F. Birren (1967) as The Principles of 
Harmony and Contrast of Colors and their 
Applications to the Arts.] (New York: Van Nostrand 
Reinhold Company, Inc.). 

Clark, K. (1960). Looking at Pictures. (London: John 
Murray). 

Clemenceau, G. (1929). Claude Monet. Reprinted in: 
Monet: A Retrospective, C.F. Stuckey, ed. (New 
York: Spadem, 1985), pp. 350-366. 

Clemenceau, G. (1930). Claude Monet: The Water 
Lilies. (Garden City, New York: Doubleday, Doran 
& Company) 

de Weert, C. Μ. M. (1991). Assimilation versus con-
trast. In: From Pigments to Perception, A. Valberg 
and Β. B. Lee, eds. (New York: Plenum), 
pp. 305-311. 

de Weert, C. Μ. M. and Spillmann, L. (1995). 
Assimilation: Asymmetry between brightness and 
darkness? Vision Res. 35, 1413-1419. 

DeValois, R. L. and DeValois, Κ. K. (1993). A multi-
stage color model. Vision Res. 33, 1053-1065. 

Düchting, H. and Sagner-Düchting, Κ. (1993). Die 
Malerei des deutschen Impressionismus. (Köln: 
DuMont Buchverlag). 

Gage, J. (1972). Turner: Rain, Steam and Speed. 
(London: Allen Lane the Penguin Press). 

Goethe, J. W. v. (1810). Zur Farbenlehre. (Tübingen: 
J.G. Cotta. Diederich, Jena). (Translation arranged 
and edited by R. Matthaei as: Goethe's Color 
Theory. New York: Van Nostrand, 1971.) 

Ham, W. T., Mueller, Η. Α., Ruffolo, J. J., Guerry, D., 
and Guerry, R.K. (1982). Action spectrum for reti-
nal injury from near-ultraviolet radiation in the 
aphakic monkey. Am. J. Ophthalmol. 93, 299-306. 

Helmholtz, H. v. (1867). Handbuch der Physio-
logischen Optik. (Hamburg: Voss), [third edition 
translated as: Helmholtz's Treatise on Phys-
iological Optics; J. P. C. Southall, Ed. Rochester, 
New York: Optical Society of America, 1924.] 

Herbert, R. (1979). Method and meaning in Monet. 
ΑΙΑ 67, 90-108. 

Hering, Ε. (1887). Ueber die Theorie des simultanen 
Contrastes von Helmholtz. Pf. A. 40, 172-191. 

Hering, E. (1920). Outlines of a Theory of the Light 
Sense. L.M. Hurvich and D. Jameson, trans. 
(Harvard U. Press, Cambridge, Mass., 1964; origi-
nally published by Springer, Berlin). 

www.ebook3000.com

http://www.ebook3000.org


40 1. Aging through the Eyes of Monet 

Jameson, D. and Hurvich, L. M. (1955). Some quan-
titative aspects of an opponent-colors theory: 
I. Chromatic responses and spectral saturation. J. 
Opt. Soc. Am. 45, 546-552. 

Jameson, D. and Hurvich, L. M. (1968). Opponent-
response functions related to measured cone pig-
ments. J. Opt. Soc. Am. 58, 4 2 9 ^ 3 0 . 

Jameson, D. and Hurvich, L. M. (1975). From con-
trast to assimilation: In art and in the eye. Leonardo 
8, 125-131. 

Jameson, D. and Hurvich, L. M. (1989). Essay con-
cerning color constancy. A. Rev. Psychol. 40, 
1 - 2 2 . 

Katz, D. (1911). The World of Colour. [English trans-
lation by R. B. MacLeod and C. W. Fox, published 
in 1935)], (London: Kegan Paul, Trench, Trubner 
& Co). 

Kirschfeld, Κ. (1982). Carotenoid pigments. Proc. R. 
Soc. London B. 216, 71-85. 

Kraft, J. M. and Werner, J. S. (1994). Spectral effi-
ciency across the life span: Flicker photometry and 
brightness matching. J. Opt. Soc. Am. A. 11, 
1213-1221. 

Kraft, J. M. and Werner, J. S. (1997). Age-related 
changes in saturation of non-spectral lights. In: 
John Dalton's Color Vision Legacy, C.M. 
Dickinson, I. J. Murray and D. Carden, eds. 
(London: Taylor & Francis), pp. 553-560. 

Kries, J. v. (1882). Die Gesichtsempfindungen und 
ihre Analyse. (Leipzig: Veith & Co.). 

Lanthony, P. (1993). La cataracte et la peinture de 
Claude Monet. Points De Vue No. 29, 12-25. 

Lennie, P. and D'Zmura, M. (1988). Mechanisms of 
color vision. CRC Critical Rev. Neurobiol. 3, 
333-340. 

Lerman, S. (1980). Radiant Energy and the Eye. 
(New York: Macmillan Publishing Co.). 

Marshall, J. (1978). Ageing changes in human cones. 
In: XXIII Concilium Ophthalmologicum, Kyoto, 
K. Shimizu and J. A. Oosterhuis, eds. (Elsevier 
North-Holland, Amsterdam), pp. 375-378. 

Marshall, J. (1985). Radiation and the aging eye. 
Ophthalmic Physiol. Opt. 5, 241-263. 

Maxwell, J. C. (1860). On the theory of compound 
colours and the relations of the colours of the spect-
rum. Philos. Trans. R. Soc. London 150, 57-84. 

Maxwell, J. C. (1872). On color vision. Proc. R. Inst. 
G.B. 6, 260-271. 

Myers, B. (1990). Methods of the Masters: Monet. 
(London: Park Lane). 

Newton, I. (1704). Opticks: Or, a Treatise of the 
Reflexions, Refractions, Inflexions and Colours of 
Light. (London: S. Smith and B. Walford). 

Perry, L. C. (1927). Reminiscences of Claude Monet 
from 1889 to 1909. Am. Mag. Art 18, (March, 
No. 3), 119-126. 

Pissarro, J. (1990). Monet's Cathedral: Rouen 
1892-1894. (New York: Alfred A. Knopf). 

Pokorny, J. and Smith, V. (1997). How much light 
reaches the retina? In Colour Vision Deficiencies 
XIII, C. R. Cavonius, ed. (Dordrecht: Kluwer), 
pp. 491-511. 

Ratliff, F. (1976). On the psychophysiological bases 
of universal color terms. Pro. Am. Phil. Soc. 120, 
311-330. 

Ratliff, F. (1992). Paul Signac and Color in Neo-
Impressionism. (New York: The Rockefeller 
University Press). 

Ravin, J. G. (1985). Monet's cataracts. J. Am. Med. 
Ass. 253, 394-399. 

Reynolds, G. (1969). Turner. (London: Thames and 
Hudson). 

Ruskin, J. (1843). Modern Painters. Vol. 1. Of 
General Principles and of Truth. (London: Smith, 
Elder & Co.). 

Russell, J. (1974). The Meanings of Modern Art. Vol. 
1. The Secret Revolution. (New York: The Museum 
of Modern Art). 

Schefrin, Β. E. and Werner, J. S. (1990). Loci of spec-
tral unique hues throughout the life span. J. Opt. 
Soc. Am. A. 7, 305-31 1. 

Schefrin, Β. E. and Werner, J. S. (1993). Age-related 
changes in the color appearance of broadband sur-
faces. Color Res. and Appl. 18, 380-389. 

Schefrin, Β. E., Shinomori, K., and Werner, J. S. 
(1995). Contributions of neural pathways to age-
related losses in chromatic discrimination. J. Opt. 
Soc. Am. A. 12, 1233-1241. 

Schefrin, Β. E., Werner, J. S., Plach, M., Utlaut, N., 
and Switkes, E. (1992). Sites of age-related sensi-
tivity loss in a short-wave cone pathway. J. Opt. 
Soc. Am. A. 9, 355-363. 

Seitz, W. (1956). Monet and abstract painting. 
Reprinted in: Monet: A Retrospective, C. F. Stuckey, 
ed. (New York: Spadem, 1985), pp. 367-374. 

Shinomori, K., Schefrin, Β. E., and Werner, J. S. 
(1997). Spectral mechanisms of spatially induced 
blackness: data and quantitative model. J. Opt. Soc. 
Am. A. 14, 372-387. 

Signac, P. (1921). D'Eugene Delacroix au Neo-
Impressionnisme. (Paris: H. Floury), [trans, and 
ed. by W. Silverman in F. Ratliff (1992) Paul 
Signac and Color in Neo-Impressionism. New 
York: The Rockefeller University Press, 
pp. 193-285] 

Smith, V C. and Pokorny, J. (1975). Spectral sensitiv-



1.11 Summary 41 

ity of the foveal cone photopigments between 400 
and 500 nm. Vision Res. 15, 161-171. 

Spillmann, L. and Werner, J. S. (1996). Long-range 
interactions in visual perception. TINS 19, 
428^134. 

Stuckey, C. F. (1995). Claude Monet: 1840-1926. 
(Chicago: The Art Institute of Chicago). 

Tucker, P. Η. (1995). Claude Monet: Life and Art. 
(New Haven: Yale University Press). 

Vidal, H. (1956). Remembering Claude Monet. 
Reprinted in: Monet: A Retrospective, C. F. 
Stuckey, ed. (New York: Spadem, 1985), 
pp. 349-350. 

Volbrecht, V J. and Werner, J. S. (1987). Isolation of 
short-wavelength-sensitive cone photoreceptors in 
4-6-week-old human infants. Vision Res. 27, 
469^478. 

Vollard, A. (1925). Renoir, an intimate record. 
Reprinted in: Renoir: A Retrospective, N. Wadley, 
ed. (New York: Hugh Lauter Levin Associates, 
1987), pp. 304-308. 

Vos, J. J. (1978). Colorimetric and photometric prop-
erties of a 2° fundamental observer. Color Res. and 
Appl. 3, 125-128. 

Vos, J. J. and Walraven, P. L. (1971). On the deriva-
tion of the foveal receptor primaries. Vision Res. 
11, 799-818. 

Weale, R. A. (1957). Trichromatic ideas in the seven-
teenth and eighteenth centuries. Nature 179, 
648-651. 

Weale, R. A. (1971). The death of Pointillism. The 
Listener (4 March), 273-275. 

Weale, R. A. (1982). A Biography of the Eye. 
(London: H.K. Lewis & Co. Ltd.). 

Weale, R. A. (1988). Age and transmittance of the 
human crystalline lens. J. Physiol., Lond. 395, 
577-87. 

Werner, J. S. (1982). Development of scotopic sensi-
tivity and the absorption spectrum of the human 
ocular media. J. Opt. Soc. Am. 72, 247-258. 

Werner, J. S. (1991). The damaging effects of light on 
the eye and implications for understanding changes 
in vision across the life span. In: The Changing 
Visual System: Maturation and Aging in the 
Central Nervous System, P. Bagnoli and W. Hodos, 
eds. (New York: Plenum), pp. 295-309. 

Werner, J. S. (1996). Visual problems of the retina 
during ageing. In: Prog. Retinal Res., Ν. N. 

Osborne and J. Chader, eds. (Oxford: Pergamon 
Press), pp. 621-645. 

Werner, J. S. and Schefrin, Β. E. (1993). Loci of 
achromatic points across the life span. J. Opt. Soc. 
Am. A. 10, 1509-1516. 

Werner, J. S. and Spillmann, L. (1989). UV-absorbing 
intraocular lenses: Safety, efficacy, and conse-
quences for the cataract patient. Graefe's Arch. 
Clin. Exp. Ophthalmol. 227, 248-256. 

Werner, J. S. and Steele, V G. (1988). Sensitivity of 
human foveal color mechanisms throughout the 
life span. J. Opt. Soc. Am. A. 5, 2122-2130. 

Werner, J. S. and Walraven, J. (1982). The effects of 
chromatic adaptation on the achromatic locus: 
Role of luminance, contrast, and background color. 
Vision Res. 22, 929-943. 

Werner, J. S. and Wooten, B. R. (1979). Opponent-
chromatic mechanisms: Relation to photopigments 
and hue naming. J. Opt. Soc. Am. 69, 4 2 2 ^ 3 4 . 

Werner, J. S., Peterzell, D. H., and Scheetz, A. J. 
(1990). Light, vision, and aging. Optom. Vision 
Sei. 67, 214-229. 

Werner, J. S„ Steele, V G„ and Pfoff, D. S. (1989). 
Loss of human photoreceptor sensitivity associated 
with chronic exposure to ultraviolet radiation. 
Ophthalmology 96, 1552-1558. 

Wiesel, Τ. Ν. and Hubel, D. H. (1966). Spatial and 
chromatic interactions in the lateral geniculate 
body of the rhesus monkey. J. Physiol., Lond. 29, 
1116-1156. 

Wright, W. D. (1928-29). A re-determination of the 
trichromatic coefficients of the spectral colors. 
Trans. Opt. Soc. 30, 141-164. 

Young, R. W. (1982). The Bowman lecture, 1982. 
Biological renewal. Applications to the eye. T. 
Ophth. Soc. 102, 42-75. 

Young, R. W. (1991). Age-Related Cataract. (New 
York: Oxford University Press). 

Young, T. (1802). On the theory of light and colors. 
Philos. Trans. R. Soc. London 92, 1 2 ^ 8 . 

Zrenner, E., Abramov, I., Akita, M., Cowey, Α., 
Livingstone, M., and Valberg, A. (1990). Color per-
ception: Retinal, geniculate, and cortical mecha-
nisms. In: Visual Perception: The Neuro-
physiological Foundations, L. Spillmann and J. S. 
Werner, eds. (San Diego: Academic Press), 
pp. 163-203. 

www.ebook3000.com

http://www.ebook3000.org




II Physiology and Neuroethology 

www.ebook3000.com

http://www.ebook3000.org




2 Physiological and Psychophysical Simulations of 
Color Vision in Humans and Animals 
Werner G. K. Backhaus 

2.1 Introduction 2.1.2 Disciplines 

2.1.1 Phenomenology of Color Vision 

When light enters our eyes, we experience color 
sensations. Under constant viewing conditions, 
identical lights cause comparable color sensations. 
This holds to a good approximation in different 
subjects with normal color vision and allows us 
to perform systematic investigations of the subjec-
tive phenomena of color vision in psychophysical 
experiments. Depending on the wavelength inten-
sity distribution of the light, we are able to experi-
ence about a million different colors. A closer 
inspection shows that all color sensations are com-
posed of only six elementary color sensations 
(German: Urfarben, English: unique-colors, ele-
mentary colors) red, green, blue, yellow, black and 
white, of different amounts (Hering, 1874; 1920). 
Black is indeed an elementary color sensation and 
not "no sensation at all" which just occurs when 
no light is present (see chapter 10). This can easi-
ly be demonstrated in color contrast experiments 
with "black" cardboards which do not reflect any 
light at all and "white" cardboards which reflect 
almost all light. Simultaneous illumination of both 
cards, for example, by daylight shows that in a 
small region to both sides of the contrast border 
"black" looks darker and "white" looks brighter 
compared to an independent presentation. This 
phenomenon is called the Mach band, first quanti-
tatively described and explained by the physicist 
and philosopher, Ernst Mach (1886) in physiolog-
ical simulations. 

Light entering our eyes is absorbed by the pho-
toreceptors in the retina. The neuronal color-cod-
ing system processes the information from the 
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Fig. 2.1: Integrative view of the color vision process 
and related research disciplines. Color vision systems 
possess a causal chain structure (left side). 
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photoreceptors further and finally provides the 
information for the color sensations. Humans can 
verbally report about their color sensations. Color 
vision in non-human animals, can be tested only 
in behavioral experiments. The specific color-
choice behavior of the species is most relevant, in 
addition in these cases. Figure 2.1 gives an integra-
tive view to the major components of color vision 
systems and the different disciplines working on 
the respective parts. Since processing of color 
information is a causal chain, from the photore-
ceptors via the neuronal color-coding system to the 
color sensations produced in the brain, excitations 
at different stages of this chain may be used as an 
unequivocal description of the respective color pro-
duced at the end of this chain. Research on color 
vision is obviously only possible by integrative 
research of different disciplines. 

2.1.3 Psychophysical Simulations 

Since under constant viewing conditions identical 
lights cause identical color sensations, the sim-
plest way to denote color sensations is in terms of 
characteristics of the light stimuli (e.g., by the 
respective spectral intensity distributions that pro-
duce a criterion response). It is furthermore possi-
ble to denote a color by a dot in linear coordinate 
systems (i.e., color spaces). A basis for these color 
spaces may also be provided by different parts of 
the neuronal color-coding chain. The different 
color spaces thus have different properties and are 
thus used for different purposes. As a basis for 
these color spaces one may use: 

1) the light intensities of three lights (pri-
maries) of constant relative spectral intensity dis-
tributions (e.g., colored lamps, phosphors of mon-
itors), which are used for light mixture (tristimulus 
space); 

2) the photon fluxes (photons per second) 
absorbed in the different spectral types of photore-
ceptors (light absorption space); 

3) the membrane potentials of the spectral types 
of photoreceptor cells (photoreceptor space); 

4) the numbers on three abstract scales derived, 
for example, by multidimensional scaling (MDS) 
analysis from the results of color discrimination 

and color similarity experiments (color similarity 
space, e.g., MDS color space); 

5) the excitation values of the color-opponent 
coding (COC) neurons (COC space); 

6) the amounts of elementary colors (EC) 
which constitute the color sensation (EC space); 

7) the choice proportions measured in the 
color-choice behavior in terms of just noticeable 
difference (jnd) scales. 

2.1.4 Physiological Simulations 

Mach (1886) derived a quantitative model which 
explains black and white contrast effects in terms 
of a mathematical description of a neuronal net-

a 

χ χ 

Fig. 2.2: a: Model of the retina describing photore-
ceptors (upper circles) and neurons (lower circles) as 
interconnected via inhibitory (blue dots) and excita-
tory (red bars) synapses (see eq. 1, lateral inhibition, 
Mach, 1886). The contrast boarder of brighter (longer 
arrows) and dimmer (shorter arrows) light is in-
creased (lower red arrows) at the neuronal level 
(x: retina position). 
b: subjective brightness L (red line) of Mach's inten-
sity profile I (black line). 
c: Brightness R (red line) of the intensity profile 1 
(black line) calculated from the retina model. A com-
parison of the graphs in (b) and (c) shows that the 
black and white color contrast effect, as measured in 
psychophysical experiments, is well explained by the 
model (see text). (After Ratliff, 1965; Backhaus, 
1996.) 



2.2 Color Stimuli 47 

work. The physiological model takes lateral inhi-
bition between neurons of the human retina into 
account: 

Rp = Ip(Ip Κ / Σ l} kpj) (1) 
j=| 

The light intensity (I) reaches the photoreceptor 
cells (p) in the retina. Each of ρ photoreceptors is 
connected to a fixed number (n) of ρ neurons with 
excitations R, via an excitatory synapse of weight-
ing Κ and inhibitory synapses with weightings k p r 

Figure 2.2 shows a comparison of experimental 
(psychophysical) data with the predictions of 
respective simulations with the model (Ratliff, 
1965). These results imply two further properties 
of the neuronal color-coding system which appear 
to be most helpful for further physiological simu-
lations of color vision systems: 1) Mach's results 
clearly demonstrate that it is not always necessary 
for explaining color vision phenomena to take 
the entire neuronal color-coding system into 
account. It is rather sufficient to describe the 
essential parts which determine the respective 
phenomena. 2) The model describes only the non-
linear interactions of the peripheral part (retina) of 
the neuronal color-coding system. From this it fol-
lows that the further parts of the neuronal color-
coding network perform almost linear coding. 

In the following sections, the determination of 
the properties and applications of the color spaces 
will be described. First physiological interpreta-
tions of the abstract psychophysical scales of the 
subjective color spaces will be presented and the 
implications for conscious and unconscious color 
vision in man and animals will be discussed. 

2.2 Color Stimuli 

The color vision system analyzes the light stimu-
lus at first by absorbing photons in the different 
types of photoreceptors according to their spectral 
sensitivities. The photons are absorbed in the pho-
toreceptors of the eye with a probability depend-
ing exclusively on the spectral sensitivity of the 
respective photoreceptor, not on the energy of the 
photons. Thus, photoreceptors perform measure-

ments of the photon fluxes rather than of the light 
energy. So the spectral intensity distribution con-
tains the entire information about the light relevant 
to color vision. 

From the intensity values of the photoreceptors 
the neuronal network derives the color informa-
tion which is finally represented by our color sen-
sations. The visible wavelength range for our own 
color vision is about 400 n m - 7 0 0 nm (Fig. 2.3), 
whereas the visible ranges of insects (Menzel and 
Backhaus, 1991; see below) and several lower ver-
tebrates (see chapter 8) appear to be shifted to 
shorter wavelengths (UV range: <400 nm). In 
these cases, the long wavelength photoreceptor 
appears either to be replaced by a UV-receptor 
(trichromats) or the visible wavelength range is 
extended to the UV range (300 n m - 7 0 0 nm) 
(tetra- and higher Polychromats). The UV-compo-
nent of daylight is, therefore, most relevant for the 
color vision systems of many animals but is irrel-
evant for color vision of higher vertebrates includ-
ing our own. This has to be accounted for in exper-
iments with animals because light that is white for 
us may not be white for many animals. 

Since light is the stimulus for color sensations it 
is necessary to measure light in terms of spectral 
intensity functions over time. Nowadays this can 
be performed by simultaneous spectral photome-
ters via a stationary grid and an array of photo-
cells. Simultaneous spectral photometers allow us 
to measure spectral intensity distributions, even at 
lower light intensities, e.g. each 4 ms, with high 
accuracy (e.g., in the range of 250 nni-800 nm in 
1 nm steps). This allows one to determine the 
physical properties of even rapidly changing light 
stimuli. For further processing of the measured 
light spectra in physiological simulations of color 
vision, it is thus convenient to express the light 
intensities as photon fluxes (unit: trolands) over 
wavelength. Otherwise wavelength dependent 
conversion factors have to be taken into account 
before comparing light intensity spectra and spec-
tral sensitivities measured in different units. 

In color vision experiments, it is most suitable to 
mix a light from a daylight simulating source 
(comparable to illuminant D65) with monochro-
matic light with independently adjustable intensi-
ties at different mixing ratios. Changing the mix-
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Fig. 2.3: Relative absorbance of the three cone types and rods in the human retina plotted as 
a function of wavelength. Although the relations between color appearance are slightly dis-
torted by photographic reproduction, one can still appreciate that the purest hues (elementary 
hues) are not visible near the wavelengths of maximal sensitivity of the photoreceptors. 
Rather, the information from the photoreceptors is further processed by the retina and the 
brain (see text). (After Dowling, 1987.) 

ing ratio from pure monochromatic light over 
diluted monochromatic light to pure daylight caus-
es sensations reaching from most saturated colors 
via whitish, grayish or blackish colors to the 
achromatic colors white, gray or black. 

We are nowadays able to produce millions of 
different color stimuli on color monitors. Never-
theless, lamps of higher intensities and classical 
optical equipment did not become old-fashioned. 
UV light can only be produced by lamps and mod-
ified by optics of quartz glass up to now. Also for 
light in our visible wavelength range, color moni-
tors can only partially replace the optical equip-
ment. 

Color monitors possess three types of phospho-
rs; the spectral intensity distribution of the emitted 
light is broad (i.e., not at all monochromatic) and 
of rather low intensity compared to bright day-
light. Consequently, the range of lights which can 
be produced by light mixture is very much restrict-
ed and thus allows us to only produce unsaturated 
colors. Furthermore, prediction of the outcome of 
light mixtures is much more difficult (e.g., cross-
talk between the phosphors) than it is for the addi-

tive light mixtures which can be produced by clas-
sical optical devices. Nevertheless, if the system -
computer and monitor - is calibrated, color pat-
terns can be easily produced, which are indeed 
most helpful in many psychophysical investiga-
tions. In total, in modern color vision labs classi-
cal optical equipment and color monitors, both of 
course computer controlled, compliment each 
other. The technical devices became more and 
more sophisticated, so that it became necessary to 
perform color vision experiments also at optical 
and other more technical institutes (see chapters 
17 and 18). 

2.3 Psychophysics of Color 
Vison 

Psychophysics of color vision originally developed 
as a special discipline of experimental psychology. 
Experimental psychology measures perceptual 
processes (effects) in order to scale the internal 
representations of sensory stimuli in the brain (psy-
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che). The stimuli have to be well defined so that 
they can be repeatedly presented with high accura-
cy (e.g., photographs of faces, handwritten texts, 
paintings). Usually the stimuli cannot be described 
in simple physical terms. Nevertheless the stimuli 
can be labeled by numbers and subjective scales 
can be determined, for example, the similarity of 
faces, the wellness of handwritings, the beauty of 
paintings, on which each of the stimuli is repre-
sented by a certain number (see chapter 1). If the 
stimuli are more simple and thus can be described 
in physical terms, we speak of psychophysics as 
part of experimental psychology. Most of the 
experiments performed on color vision are of the 
latter type, with light as the physical stimulus. The 
first systematic psychophysical experiments were 
performed by Weber (1834) and Fechner (1860). 

Color vision experiments on animals are per-
formed traditionally at neurobiology and behav-
ioral biology institutes. At present, physiological 
models of color vision are ongoing developed, 
which allow simulation of the subjective judg-
ments of animals and humans in order to 1) obtain 
neurobiological and psychological explanation 
models for color vision in animals and in man 
which will finally allow us 2) derivation of color 
difference formulas for human color vision for 
specific purposes, also providing the basis for 
more precise technical color management. 

In a first approach, psychophysics relates the 
measured subjective scales of the internal repre-
sentation of stimuli to the intensities of the sen-
sations. In the cases of more simple modalities, as 
the sense for heaviness which Weber investigated in 
his earlier experiments, the internal representation 
can be described mathematically by one subjective 
scale only. This is because the subjective internal 
representation of the sensational intensity (e.g., 
color brightness X which is related to light intensi-
ty S) has only one degree of freedom. In the cases 
of one-dimensional representations, a psychometric 
function X(S) can be derived which allows one to 
predict the sensational intensity (X) from the inten-
sity of the physical stimulus (S). Weber measured 
the threshold AS at which a stimulus S appears in 
50% of the cases to be different from a second stim-
ulus S + AS. It turned out that AS is proportional to 
the stimulus intensity S which can be written in 

terms of Weber's law (1st psychophysical law) with 
the Weber constant c: 

AS / S = c (2) 

Fechner interpreted the constant c as the intensity 
of the sensational representation X of the stimulus, 
with the assumption that equally large X's are 
detected equally often by the subject. Thus eq. 2 
became: 

AS / S = c = c' AX. (3) 

Integration of eq. 3 for infinitesimally small 
thresholds gives Fechner's psychometric function 
(2nd psychophysical law): 

X = 1/c' ln(S/S0) = k log(S/S0). (4) 

This equation can also be read as a definition of 
the sensational intensity X with respect to stimu-
lus intensity S and absolute threshold intensity S(). 

Thurstone described the psychophysical process 
by the statistical model shown in Figure 2.4. The 
stimuli S are mapped by the neuronal processes to 
certain but fluctuating sensational intensities X. 
The decision process is described as due to the 

decision time t, t, t . 

stimulus scale 

sensation scale 

-1 r* < π • < 1 ι • 
0 > ζ 0>z z<0 

decision Si [ - • S; S, I—• S, 

Fig. 2.4: Psychophysical model of the decision-mak-
ing process in color vision experiments based on 
Thurstone's law of comparative judgment (see text). 
The color stimuli S are mapped onto the scale of 
color sensations X according to the respective fluctu-
ations of the neuronal network which performs this 
process. The fluctuations of the stimuli usually are 
negligible. The decision-making process is described 
as instantaneous (i.e., the decision is performed by 
comparison of the actual values on the color sensa-
tion scale at decision time). Since no memory is 
involved in this process, the precision of the decisions 
does not depend on the time between two decisions. 
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actual difference ΔΧ = X, - X2 at time t. So, the 
same results of Weber's threshold experiments 
were interpreted by Thurstone (1927) using exclu-
sively subjective terms (law of comparative judg-
ment, 3rd psychophysical law): 

X, - X2 = ζ1 2 \ /σ^ + σ 2 - 2r12 σ, σ2 (5) 

σ is the standard deviation of the fluctuations of 
the sensational intensities X caused by the stimuli 
S, r is the correlation coefficient between the fluc-
tuations of the sensational intensities X, z's are the 
probability transformed choice percentages of cor-
rect choices of the reference stimulus (e.g., S^. 

Thurstone's formulation is more general than 
the formulation of Fechner. The assumption of 
Fechner (1860) that equally large ΔΧ = X, - X2 

are equally often detected by a subject, is only 
realized if the square-root expression is a constant, 
which is, for example, the case if the standard 
deviations σ are identical, constant and uncorre-
c ted (r = 0). This important case is known in 
psychophysics as Thurstone's case V. The results 
of psychophysical experiments on color vision and 
other modalities are well described by this case. In 
the special case of complete correlation (r =1) and 
σ ~ Sn, the psychometric function derived from 
eq. 5 deviates from Fechner's logarithmic psycho-
metric function and takes the form of a power 
function X = k' Sn, with a constant exponent η 
(Plateau, 1872; Stevens, 1975). The different cases 
are obviously related to the noise properties of the 
neuronal color-coding systems. Thus, the question 
of the appropriateness of different psychometrical 
functions will best be investigated in more detailed 
physiological and psychophysical simulations 
based on respective measurements. 

Since eq. 5 does not contain any physical quan-
tities, the law of comparative judgment cannot 
only be used for scaling choice percentages mea-
sured in psychophysical experiments but is also 
used for the wider class of data measured in exper-
imental psychology. Weber's and Fechner's formu-
lation of the psychophysical law describes one-
dimensional cases only. Thurstone's law allows a 
generalization to multidimensional modalities and 
thus provides a most helpful tool for describing 
color vision, which in the case of humans is indeed 
three-dimensional. 

2.3.1 Psychophysical Judgments 

2.3.1.1 Color difference judgments 

Subjects may be asked to discriminate a color 
stimulus from a dark surround or to discriminate 
two color stimuli from each other by answering 
"yes" when a difference is seen and "no" when no 
difference is seen. The repeated judgments of the 
subject can be accumulated to choice percentages 
which represent the detection probability of a dif-
ference between a light and the surround or 
between two lights (Fig. 2.5). This experimental 
method is called "indirect scaling". The first 
experiments of this type were performed by Weber 
(1834). The sensations that were caused had only 
one quality (dimension) of which only the sensa-
tional intensity X can vary. Repeated measure-
ments of absolute thresholds (with respect to no 
stimulus) or incremental thresholds (with respect 
to another stimulus of certain intensity) were per-
formed, e.g., by adjusting the stimulus until it is 
just detected or judged as different from the refer-
ence stimulus in 50% of the cases (i.e., 75% cor-
rect choices of the reference stimulus). The differ-

Fig. 2.5: The psychophysical measurement process. 
According to the statistical model described in Figure 
2.4, a difference of two colors on the linear color sen-
sation scale ζ is one jnd if the choice percentages for 
the reference color is 75% (identical colors: 50%). 
The assumption of Fechner that one jnd on the sensa-
tion scale is detected equally often does not hold 
in general, but does for the most important case of 
the law of comparative judgment (i.e., Thurstone's 
case V). 
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ences between two stimuli at 50% (resp. 75%) 
threshold (AS) is said to be a just noticeable differ-
ence (jnd). 

2.3.1.2 Color similarity judgments 

In the case of color vision, the subjects may be 
asked to judge which of two color stimuli is more 
similar to (or different from) a reference stimulus 
(method of triads, Torgerson, 1958). The results of 
color similarity experiments of this type showed: 
1) two identical sensations have to be represented 
at one locus in a perceptual color space, and the 
difference between the two sensations is, there-
fore, represented by a distance of zero (identity 
axiom). 2) Differences of two sensations A and Β 
are symmetrical (i.e., Δ(Α, B) = A(B, A)). 3) If 
sensation A is different from sensation Β and Β is 
different from C, then the difference between A 
and C cannot be greater than the difference 
between the sum of the differences Δ between A 
and B, and A and C: Δ(Α, C) < Δ(Α, Β) + A(B,C) 
(triangle inequality). For one-dimensional sensa-
tions the inequality sign reduces to the equal sign. 

The method of complete triads measures the 
similarities of all color stimuli against a reference 
stimulus and every color stimulus in the experi-
ment is taken once as the reference stimulus. 
Multidimensional scaling (MDS) analysis allows 
the determination of the subjective color space 
which allows us to specify the number of di-
mensions, the scale values of the color stimuli on 
these dimensions and the composition rule 
(Minkowski metric, see below) which fulfills the 
axioms above and allows us a derivation of the 
total differences of each two colors from the dif-
ferences on the individual dimensions. 

2.3.1.3 Content analytical judgments 

In content analytical experiments on color vision, 
the subjects are asked to judge the proportions of 
elementary color sensations (elementary colors) of 
which the total color sensations (colors) consist 
(see above). The members of the pairs red/green 
and blue/yellow do not occur simultaneously in a 
color sensation, they appear to exclude each other 
and so are called opponent colors. All other com-

binations of elementary colors may indeed occur 
simultaneously, for example, blue and green (blue-
green), green and yellow (yellowish green), yel-
low-red (orange), red and blue (purple), black and 
white (gray). This means that only four percent-
ages (red or green, blue or yellow, black and 
white) have to be judged for any color. Since the 
percentages sum up to 100%, only three of the 
percentages are sufficient for unequivocally 
denoting the color sensations (see below). 

2.4 Psychophysical Color 
Spaces 

2.4.1 The Color Similarity (MDS) 
Space 

The subjective color space of humans and animals 
can be determined, for example, by multidimen-
sional scaling (MDS) analysis of choice percent-
ages obtained in color difference and color simi-
larity experiments (see above). The MDS analysis 
assumes that every (color) sensation is represented 
as a locus in a linear multidimensional vector 
space. Color discrimination (reference stimulus 
and one alternative stimulus) and color similarity 
judgments (reference stimulus and two alternative 
stimuli) are described as simply related by a prob-
ability transformation (% —» z-values, see Fig. 2.5) 
to the distances between each two color loci in the 
subjective color space. The color distance D 
between two colors (1, 2) is derived from the dif-
ferences of the respective scale values X; on the d 
coordinates (dimensions) according to a general 
calculation rule, the Minkowski-Metrie with the 
exponent n: 

Do = (Σ|χπ - x j 2f) ' / n . (6) 
i=l 

The Minkowski metric is the simplest metric 
which fulfills the axiomatic conditions discussed 
in the previous section (see e.g., Kolmogorof and 
Fomin, 1957; Ahrens, 1974). The Minkowski met-
ric contains three different cases: 1) η = 2: the 
Euclidean metric (square-root of the sum of the 
squared coordinate differences, see Fig. 2.6), 
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Fig. 2.6: Comparison of the relative loci of 60 colored chips in the Munsell system (left side) and in the MDS 
color space (right side) obtained by multidimensional scaling of a color similarity experiment with these chips. 
Because of the Euclidean metric of the human color space, the MDS scales are usually not drawn, but the rel-
ative positions of the color loci are compared instead (see text). (After Indow and Ohsumi, 1972.) 

2) η = 1: city-block metric (sum of the abso-
lute coordinate differences, see Fig. 2.7) and 
3) η oo; the dominance metric (largest coordi-
nate difference). 

Several color-choice experiments of this kind 
were performed with humans and the obtained 
choice percentages were investigated by metric 
(Euclidean space) and non-metric (Minkowski 
space) MDS analysis. The results showed, at least to 
a good approximation, that the human color space 
is three-dimensional with a Euclidean metric. This 
result agrees with other subjective color-order sys-
tems, such as the Munsell atlas (see Fig. 2.6), 
obtained when subjects are asked to sort all kinds of 

different color chips according to their similarity 
(e.g., Indow and Ohsumi, 1972). 

2.4.2 The Elementary Color Space 
(Color Sensations Space) 

The three-dimensional color space spanned by the 
elementary colors (see above) is based on content 
analytical judgments and thus is quite different 
from the three-dimensional light mixture space and 
also from the physiological color spaces, which are 
based on color discrimination and color similarity 
judgments (see above). The six proportions can be 
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Fig. 2.7: Geometry of the subjective COC space of 
the honeybee. Because of the city-block metric of the 
COC diagram, the loci of most similar colors lie on a 
square around the reference color locus. The color 
difference between two colors or between the respec-
tive color stimuli, SI and S2, can be calculated 
according to the city-block metric (see text) or graph-
ically from the COC diagram by counting the con-
centric squares crossed (jnd's) when moving on a 
straight line from S1 to S2. Because of the city-block 
metric, the same number of jnd's is obtained when 
moving on axis A and then perpendicular on axis Β 
from SI to S2 (see text). 

(c) (d) (e) 

Fig. 2.8: Geometry of the natural color system NCS (see text). 
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represented in a three-dimensional elementary 
color space. Two coordinates represent the a-
mounts of the opponent-color pairs, elementary 
red or green and elementary blue or yellow. The 
third dimension represents the amounts of elemen-
tary black and white. This color space is called the 
Natural Color System (NCS, Hering, 1874; 1920; 
see Introduction). Figure 2.8 shows a graphical 
representation of the Swedish Standard (1979) 
notation of the Natural Color System based on the 
respective color order systems of Hering and 
Ostwald (see Derefeldt, 1991). 

From the amounts of elementary colors, three 
values of blackness, chromaticness (here: satura-
tion), and hue are derived according to the formu-
la as in the following examples: chromaticness = 
greenness (G) = 30 + 40 = 70 / yellowness (Y); 
hue = G χ Y, with χ = yellowness / (yellowness + 
greenness) * 100 = 30/70 * 100 = 43 (G43Y). 
Because of the judgment type this space is based 
on (see above), the elementary color space does 
not possess a metric for deriving color differences. 

2.4.3 The jnd Scale 

Two color stimuli possess a just noticeable differ-
ence (jnd) to each other, if a difference is observed 
in 50% of the cases presented (see above). If the 
two color stimuli are more different than one jnd 
from each other, the smallest possible number of 
jnd's between the two color stimuli can be taken as 
a measure of color difference or color similarity. 
This allows for an experimental determination of 
subjective color differences by successive thresh-
old experiments, especially with animals for 
which the subjective color space is not known. 

2.5 Neurophysiology of Color 
Vision 

2.5.1 Humans and Other Vertebrates 

Color vision systems consist of the following 
components: light entering the eye is absorbed in 
the photoreceptor cells according to their respec-

tive spectral sensitivities. The absorbed photons 
excite the photopigments in the photoreceptor 
membranes. The chromophore of the photopig-
ments in the human eye and that of most of the 
other vertebrates is retinal, so the photopigments 
are rhodopsins (fishes and amphibians can have 
porphyropsins instead). The excited rhodopsin 
(metarhodopsin) molecules trigger a biochemical 
phototransduction cascade. This finally closes 
cation channels, which steer the flux of cations 
(mainly sodium) through the membrane, causing 
variations of the membrane potential. The total ion 
flux is affected in addition by the activity of ion-
pumps. The light intensity absorbed in the pho-
toreceptors is thus coded as hyperpolarization 
(more negative values) of the membrane potential. 
Paradoxically, the cation flux is highest at night 
when no light is present, whereas during daytime, 
the flux of cations is reduced. 

Our eye possesses four different spectral types 
of photoreceptors: 1) one type of rod with maxi-
mum spectral sensitivity at about 498 nm (Dow-
ling, 1987; Fig. 2.3), and 2) three different cone 
types: 433 nm, 532 nm, and 564 nm (Tab. 2.1, 
Fig. 2.3). The central region of highest spatial res-
olution in our eye, the fovea, has a visual angle of 
2° and contains exclusively cones. Extrafoveally, 
the rods dominate more and more from the center 
to the periphery. The rods are more sensitive than 
the cones. Under dim light conditions vision relies 
exclusively on the rods (scotopic vision), where-
as under daylight conditions (photopic vision) vi-
sion is dominated by the cones (normal color 
vision). 

The information from the photoreceptors is fur-
ther processed by the neuronal color-coding sys-
tem, which is finally represented as the six ele-
mentary colors in our color sensations. This 
processing starts in the neuronal network of bipo-
lar cells, horizontal cells, amacrine cells, and gan-
glion cells in our retina. The axons of the ganglion 
cells form the optic nerve which projects via the 
optic chiasm and the lateral geniculate nucleus 
(LGN) to the prestriate and striate cortex. The sig-
nals from the cones are further processed in an an-
tagonistic fashion (i.e., neurons in the LGN and 
cortex receive inhibitory and excitatory inputs 
from the photoreceptors via the neuronal network 
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Table 2.1: Maxima of cone spectral sensitivity determined with different methods. 

S-cone M-cone L-cone method author 
444 nm 
419 nm 
437 nm 

533 nm 
531 nm 
533nm 

571 nm 
558 nm 
564 nm 

psychophysics 
microspectrophotometry 
microspectrophotometry 

Estevez, 1979 
Dartnall et al., 1985 
Dowling, 1987 

433 nm 532 nm 564 nm (average) 

Functional Diagram 
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Fig. 2.9: Functional diagram, receptive fields and responses of photoreceptors 
and color opponent-coding ganglion cells in the macaque retina (see also chap-
ters 3 and 4). A: In this example the L cones in the center of the receptive field 
of the ganglion cell are surrounded by Μ cones. Increasing the intensity of 
"red" light illuminating the center, excites the cell. Cells of this type are called 
ON-center cells (OFF-center cell when inhibition occurs when the center is 
illuminated by "red" light). Increasing the intensity of "green" illumination of 
the surround inhibits the cell. A "yellow" light which excites both the L and Μ 
cones has no effect because excitation and inhibition cancel each other (see 
spike responses, right column). B: Spatial structure of the receptive fields of 
the six most common types of color-opponent ganglion cells and frequency of 
incidence. (After Zrenner et al., 1990.) 
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Fig. 2.10: Anatomical interconnection scheme of the neurons of the human color-coding system. The retinal 
ganglion cells project into the parvocellular lateral geniculate nucleus (LGN) and via the ß-band of the pri-
mary visual cortex and visual area 2 (V2) to visual area V4. (After Livingstone and Hubel, 1988.) 

in the retina). Human color perception appears to 
rely on the excitations of two color-opponent cod-
ing neuron types having antagonistic inputs from 
the S, M, and L cones: a) L+ center - M_ surround 
(L_ center - M+ surround, M_ center - L+ surround, 
and M+ center - L_ surround) coding for red/green 
with spectrally/spatially antagonistically orga-
nized receptive fields, and S+L_M_ (S_L+M+) with 
simple receptive fields, coding for blue/yellow. A 
non-opponent coding system b) S+L+M+ (S_M_L_) 
codes for black and white (Zrenner et al. 1990; 
Gouras, 1991a,b). Figure 2.9 shows the receptive 
fields of the respective LGN neurons which pro-
ject via area VI to area V4 (see Fig. 2.10). 

2.5.2 Honeybees and Other 
Invertebrates 

The compound eye of the honeybee contains about 
5,000 facets (ommatidia). Each ommatidium con-
sists of nine photoreceptor cells (3 UV spectral sen-
sitivity: λ ^ = 344 nm, 2 "blue" (Β), λ ^ , = 436 nm, 
and 4 "green" (G), XmiK = 544-556 nm, Fig. 2.11) 
which build a fused rhabdom of their rhabdomers 
(microvilli). Light entering an ommatidium via the 
cornea lens is absorbed successively in the light-
guiding rhabdom by the rhodopsin molecules in 
the microvilli membranes. As in the eyes of other 
invertebrates, an absorbed photon converts the 
rhodopsin molecule into metarhodopsin which 
triggers a biochemical phototransduction cascade, 
finally opening cation channels. The resulting ion 
currents depolarize (more positive values) the 
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Fig. 2.11: Best-estimate functions based on intracel-
lular recordings of the spectral sensitivities of the 
photoreceptors of the honeybee compound eye (from 
Backhaus, 1991). 

membrane of the photoreceptor (i.e., the absorbed 
photon fluxes are coded in the graded membrane 
potentials). In the honeybee and other insects neu-
ronal coding for color vision is realized by further 
processing of the membrane potentials of the pho-
toreceptor cells of the retina by the monopolar 
cells of the lamina (1st optical neuropile) and the 
medulla (2nd optic neuropile). In the bee, the 
monopolar cells mainly sum the potentials of sev-
eral photoreceptor cells of exclusively one spec-
tral class of ca. 19 neighboring ommatidia. The 
graded potentials of the monopolar cells are fur-
ther processed by two types of spiking color-oppo-
nent coding (COC) neurons of the lobula (3rd 
optic neuropile), which mainly sum the membrane 
potentials of all three spectral classes of monopo-
lar cells weighted by the inhibitory and excitatory 
synapses (type A: UV_ B+ G+, type B: UV_ B+ G_). 

2.6 Physiological Color Spaces 

2.6.1 Physical Description of the Color 
Stimulus 

The color stimuli presented in psychophysical ex-
periments are sufficiently physically described in 
terms of spectral light intensity distributions (see 
above). The spectral intensity distributions of sev-

eral lights can be superimposed (summed) to the 
total intensity distribution of the mixture, over 
wavelength. The physical properties of light mix-
tures can be determined from such a diagram, but 
nothing can be said about the physiological 
weightings of the lights by the photoreceptors or 
the neuronal color-coding system or about color 
appearance. Since under constant viewing condi-
tions identical lights cause identical color sensa-
tions, the purely physical description of light may 
be used as an objective "color" notation. These 
diagrams allow to predict mixtures of completely 
different lights which are nevertheless physically 
identical and thus produce identical color sensa-
tions (metameric light mixtures, see below). 

2.6.2 The Color Stimulus Space 

The physicist Newton (1643-1727) spread day-
light by a prism into a continuum of monochro-
matic lights of different wavelengths. He 
explained the phenomenon in quantitatively exact 
fashion by his theory of light waves. Besides the 
physical aspects of light he was also interested in 
the color sensations (colors) caused by the light 
entering our eyes. He remixed parts of the spec-
trum and found lights (metameric lights) which 
are physically different (i.e., different spectral 
intensity distributions) but nevertheless look iden-
tical (i.e., produce the same color). A white sensa-
tion occurs, for example, by mixing selected pairs 
of monochromatic lights (complementary lights) 
with accordingly adjusted intensities. The physical 
properties of light (intensity and wavelength) 
therefore have to be carefully distinguished from 
the color sensations caused by the light. He wrote 
in his Opticks: 

"The homogeneal Light and Rays which appear 
red or rather make Objects appear so, I call 
Rubrifick or Red-making; those which make 
Objects appear yellow, green, blue, and violet, I 
call Yellow-making, Green-making, Blue-mak-
ing, and Violet-making, and so of the rest. ... 
For the Rays to speak properly are not coloured. 
In them there is nothing else than a certain 
Power and Disposition to stir up a Sensation of 
this or that Colour." Newton (1704, 1952) 
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Fig. 2.12: Newton's color plate. The lights are ordered according to 
the subjective similarity of the color sensations they cause in a 
human observer. White-making light rays are located in the center. 
Chromatic lights which cause the purely chromatic color sensations 
are located at the round boundary of the plate, equidistant from the 
white-point. Newton could not determine the proper form of the 
boundary curve on which the monochromatic lights are located 
(spectral curve, compare Figs. 2.7, 2.8, 2.14, 2.15 and 2.22) because 
of optical limitations of the instruments available at his times (see 
also chapters 17 and 18). (After Newton, 1704, 1952.) 

On the basis of the results of his light mixture 
experiments, he developed an idealized model for 
the prediction of the colors caused by different 
light mixtures (color table, Fig. 2.12) within the 
range of accuracy at which optical experiments 
could be performed at his time. Daylight which 
looks white to us (white light) is located at the cen-
ter of the round "weightless" table. Equidistant 
from the center (i.e., at the periphery of the table) 
the monochromatic lights are located. The amounts 
(intensities) of the mixed lights were represented 
by "masses" at the loci of the lights used for mix-
ture. The locus of the light mixtures of each of the 
two lights is simply found as the center-of-gravity 
which lies on the straight line through the two light 
(color) loci. The locus and amount of the mixture is 
found when the distance between the two loci is 
divided in the inverse proportions of the two mass-
es (center-of-gravity method). Although Newton 
had not derived a vector space, his model is never-
theless three-dimensional. The color plate is two-
dimensional; the third dimension of light intensity 
corresponds to the masses which represent the 
amounts of the mixed lights. In this sense Newton 
was first to demonstrate that human color vision is 
three-dimensional. 

Based on the center-of-gravity method for color 
mixture and emphasizing the three-dimensionality 
of human color vision, the physicist and physiolo-
gist v. Helmholtz (1852; 1867) and the mathemati-
cian Grassmann (1853) suggested a color triangle 
as a mathematical representation of metameric 
light mixtures. The corners of the triangle repre-
sent three primary lights (primaries) used for light 

mixture. The color triangle can be interpreted as a 
plane section (chromaticity plane) through the 
three-dimensional color space (vector space) 
spanned by the primary values R, G, B: 

R = Ι ΐ (λ) Γ'(λ) άλ, G = Ι ΐ (λ) g'(X) dλ, 
Β = Ι ΐ (λ) b ' f t ) dλ, 

with the spectral intensity distributions Ι(λ) 
weighted by the spectral weighting functions τ'(λ), 
g ' ^ ) , The chromaticity coordinates r, g, b of 
the color triangle (chromaticity plane) are the pro-
portions of the primary values (Fig. 2.13 a, b): 

r = R / (R+G+B), g = G / (R+G+B), 
b= Β / (R+G+B), thus r + g + b = 1. 

The spectral weighting functions describe the 
effectiveness of monochromatic light intensity 
in the eye of the observer. For a specific set of 
primaries, these functions can always be obtained 
in color-matching experiments in which an 
observer is asked to adjust the intensities of 
the three primary lights R, G, Β so that the re-
sulting light mixture looks identical to a given 
monochromatic light of wavelength λ (judg-
ment: color of Ιλ is identical to color of 
Γ '(λ) RmaK + g U ) Gmax + b U ) Bmax; see chapter 
12). In the cases in which these matches can be 
obtained, the corresponding chromaticity coordi-
nates are positive and the color loci lie within the 
chromaticity triangle spanned by the primaries. If 
such a direct match cannot be achieved, one or two 
of the primaries have to be mixed with the mono-
chromatic light and the resulting mixture has to be 
adjusted to match the color of the mixture of the 
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Fig. 2.13a: Photoreceptor sensitivity (light absorption) color space and respective chro-
maticity diagram. The color space is spanned by three vectors Ρ which represent the pho-
ton fluxes absorbed in the three types of photoreceptors. A color is represented by the tip 
of the resultant vector F. Color brightness can be approximately derived as the sum of the 
coordinate values P. The length of the color vector F has no special meaning. The chro-
maticity diagram can be derived as a plane section through the color space. The chro-
maticity coordinates ρ represent colors of equal totally absorbed photon flux 
(Σ Pj = const., eqs. 9-10). The color loci in the chromaticity diagram can be determined 
as the intersection points of the color vectors F through the color plane, 
b: Determination of the locus of a light mixture fm from the loci of two color stimuli f, 
and f2 mixed. According to the Graßmannian (1853) mixture rules based on Newton's 
(1704) center-of-gravity method the straight line through the two loci has simply to be 
divided into the inverse proportions of the amounts of light (Μ = P1+P2+P3) used for 
mixture (the procedure is the same in the color space). It has to be pointed out that the 
chromaticity coordinates are only a rough denotation of chromaticness (the two-dimen-
sional aspect of color, different from brightness). The chromaticness of a color depends 
on the light intensity (i.e., the Bezold-Brücke effect) which is not at all described by the 
chromaticity diagram because the chromaticity coordinates are independent of variations 
in light intensity (see eq. 10). Thus, color differences between the color loci cannot be 
derived in a simple way (e.g., as the geometrical distance between two color loci) from 
chromaticity diagrams (see text). (After Backhaus and Menzel, 1987.) 

remaining primaries (indirect color matching). 
The respective chromaticity coordinates become 
negative and the loci of the monochromatic lights 
lie outside of the color triangle in this case (see 
e.g., Richter, 1981). 

The light spectrum was first gauged by Maxwell 
(1855, 1860) who determined the weighting func-
tions τ'(λ), g'(Ä) and ^ ( λ ) in precise color mixture 
experiments with rotating disks consisting of light 
reflecting sectors (color top). The loci of the mono-

chromatic lights proved to lie on a slightly distorted 
circle around the white point. Mixtures of the ends 
of the visible spectrum, which look purple 
(blue/red), lie at the respective centers-of-gravity on 
the straight mixture line between the loci of the vis-
ible ends of the spectrum (see e.g., Fig. 2.14). For 
special applications in human color vision (color 
metrics), linear transformations of the RGB color 
stimulus space and color plane are in use (e.g., CIE 
diagram, see chapter 17). 
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Fig. 2.14: Daumer's 1956 color-choice percentages 
measured in light mixture experiments with hon-
eybees, redrawn in the photon absorption color trian-
gle for the honeybee. (After Menzel and Backhaus, 
1991.) 

The concept of the RGB color stimulus space 
can also be applied to other animal species when 
the respective loci of the monochromatic lights 
(spectral curve) have been determined in color 
choice experiments. The RGB space is especially 
useful if the physiology of the color-coding system 
of an animal species is only incompletely known 
(honeybees: Daumer, 1956, see Fig. 2.14; bumble-
bees: Mazokhin-Porshnyakow, 1962; for other ani-
mals see Jacobs, 1981). The form of the spectral 
curve allows for an examination of the dimension-
ality of the respective color vision system, for pre-
dicting light mixtures and their discriminability in 
terms of metameric color stimuli (see above). 

In the case of dichromatic (two photoreceptors) 
color vision (see chapter 16), there exists for any 
light mixture a monochromatic light of certain 
intensity which is metameric to the mixture. Color 
vision is at least three-dimensional if there exist 
light mixtures which are not metameric to any 
monochromatic light (e.g., white light, mixture of 
monochromatic lights of the extreme ends of the 

visible spectrum or "purple"-line, see Fig. 2.14). 
Spectral curves are thus most useful for a quanti-
tative comparison of the color vision systems of 
different species. 

It has to be pointed out that in all the color stim-
ulus spaces only the light (color) loci have a mean-
ing. Subjective color differences (see above) may 
not be read from these diagrams directly as the 
geometric distance between the color loci. 

2.6.3 The Photoreceptor Sensitivity 
(Light Absorption) Space (1st 
Physiological Color Space) 

Palmer (1777) and Young (1802) already hypothe-
sized about the physiological basis of human color 
vision on the basis of psychophysical measure-
ments, to be based on three spectral types of res-
onators for light of different wavelengths. These 
resonators were much later identified in electro-
physiological investigations to be the three spectral 
types of photoreceptors (cones) in the retina. If the 
spectral sensitivity functions are electrophysiologi-
cally measured for a specific color vision system, 
the absorbed photon fluxes may be used as the basis 
vectors of a physiological color space and a respec-
tive color triangle (Cornsweet, 1970; Rushton, 
1972; Rodieck, 1973). The linear light mixture 
rules (Graßmann, 1853) hold in both the color 
spaces. This is because the absorbed photon fluxes 
are calculated as the integral over the spectral inten-
sity distribution weighted by the spectral sensitivi-
ty of the photoreceptors (see Fig. 2.13 a, b), which 
are, mathematically speaking, linear functional of 
the light intensity, which do not affect the linearity 
of the mixture rules (Krantz, 1975): 

m 

P, = R J i ^ ) s A ) < R , (9) 
i-l 

where Ι(λ) is the spectral light intensity distribution, 
s(\) the spectral sensitivity function of the (m) 
types of photoreceptors (i = 1 - m) and the range 
sensitivity R which accounts for the reduction of the 
sensitivity during light adaptation (Laughlin, 1981). 
The color space is spanned by the relative photon 
fluxes Pj absorbed in the photoreceptors. The chro-
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maticity plane again is calculated according to 
eq. 7-8 which holds for an arbitrary number (m) of 
photoreceptors (honeybees: v. Helversen, 1972b; 
insects: Menzel and Backhaus, 1991): 

m 
p, = P ^ Σ Pi (10) 

The chromaticity diagram, spanned by the (m) 
chromaticity coordinates pi5 represents light stim-
uli which cause constant total absorbed photon 
fluxes. Polychromatic color spaces and polychro-
matic chromaticty planes allow us a description of 
color vision systems for species with more than 
three types of photoreceptors (tetrachromatic sys-
tems: e.g., the wasp Tentredo and the solitary bee 
Callonychium petuniae, vertebrates: e.g., goldfish 
(see chapter 8) and pentachromatic systems: e.g., 
butterfly Papilio xuthus (see Menzel and Backhaus, 
1991). All color stimuli with constant totally 
absorbed photon flux lie in the general polychro-
matic case within a (m-l)-dimensional subspace 
(Σρ; = 1) of the m-dimensional color space. In the 
case of two-dimensional color vision, this subspace 
is a straight line (see chapter 16), in the case of 
three-dimensional color vision, a flat triangle (see 
above) and in tetrachromatic color vision, a tetra-
hedron (see Neumeyer, 1988). These chromaticity 
subspaces allow a three-dimensional representation 
(for coordinates and respective transformations of 
three-dimensional representations of tetrachromat-
ic color vision, see Menzel and Backhaus, 1991). 

The light absorption color space takes spectral 
sensitivity as a major property of the photorecep-
tors into account and thus contains more informa-
tion for comparison of color vision in different 
species. Again in this case, the geometrical dis-
tances between the color loci may not be directly 
interpreted as the subjective color differences. The 
color stimulus space as well as the light absorption 
space both belong to the lower color metric 
(Schrödinger, 1920 a, b). 

2.6.4 The Photoreceptor Excitation 
Space (2nd Physiological Color 
Space) 

The photoreceptors absorb photons with a proba-
bility determined by their spectral sensitivity and so 
exclusively code for the relative absorbed photon 
flux. The photoreceptors therefore do not analyze 
the wavelengths of the absorbed photons but just 
measure absorbed photon fluxes (univariance prin-
ciple). The membrane potential V is nonlinearly 
related to the relative absorbed photon flux Ρ 
according to the general phototransduction func-
tion (Naka and Rushton, 1966, 1967; Lipetz, 1971): 

Ε = V/Vmax = Pn / (Pn + 1), (11) 

with a species-specific parameter n. The photore-
ceptor space is spanned by the relative electrical 
excitations E. The sum of the excitations can be 
interpreted as the excitation of a neuron which 
codes for brightness. The plane, ΣΕ| = const., thus 
represents the colors of approximately constant 
brightness. Paradoxically, this color space is less 
useful than the color stimulus space and the light 
absorption space. This is because the linear 
Grassmannian rules for predicting light mixtures 
neither hold in this space nor can the subjective 
color difference be read directly in terms of the 
geometrical distance between the color loci. For 
the design of psychophysical experiments with 
animals, thus, the photon absorption space is usu-
ally prefered over the photoreceptor excitation 
space (see chapter 9), also because the color plane 
(Σρ; = 1) appears to be a rather good approxima-
tion for equally-bright (ΣΕ; = const.) colors (see 
Backhaus, 1992). 

2.6.5 The Color-Opponent Coding 
Space (3rd Physiological Color 
Space) 

Following the physiological approach (see Fig. 2.1) 
further, we obtained the color-opponent coding 
(COC) space. The relative membrane potentials of 
the three types of photoreceptors caused by light 
are described by eq. 11, taking into account adap-
tation to bright light as described by eq. 9. The 
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photoreceptor potentials are processed further via 
several other neurons (honeybees: monopolar cells, 
humans: neurons in the retina, LGN, and VI) to 
two (honeybees) or three (humans) types of color-
opponent coding neurons (see above). The coding 
of the neurons via their synapses are assumed to be 
linear. In the case of the honeybee, the color-oppo-
nent coding (COC) space was shown to be identi-
cal to the psychophysical MDS color space 
(Backhaus, 1991). It is expected that a comparable 
relationship exists between the MDS space and a 
respective COC space in humans (see below). 

2.6.6 Color Spaces and jnd Scales 

The minimum number of jnd's is identical to the 
color difference between two colors (see example, 
Fig. 2.7). In the case of the city-block metric, the 
color difference between each two colors is there-
fore more easily obtained by successive jnd mea-
surements than in the case of the Euclidean metric. 
In the first case, any line in a wider area has only 
to be measured, whereas in the second case, a spe-
cific mixture line has to be found. As already 
pointed out above, the geometry of the chromatic-
ity diagram is not equispaced with respect to sub-
jective color differences. The line of the smallest 
number of jnd's (i.e., the line of most similar col-
ors) is thus curved in the color stimulus space, the 
light absorption space and in the photoreceptor 
excitation space as well as in the respective color 
planes (i.e., chromaticity diagrams). 

The psychophysical MDS space and the physio-
logical color opponent-coding (COC) space (see 
below) both appear to be equispaced with respect to 
subjective color differences. In the Euclidean space 
(e.g., human color vision), the difference between 
each two colors is simply determined as the straight 
(geometrical) distance between each two color loci. 
The loci of colors, one jnd different from a certain 
color, lie on circles (Fig. 2.6). In a color space with 
a city-block metric (e.g., honeybee color space), the 
loci of colors one jnd apart from a specific color lie 
on squares around this color. Figure 2.7 shows 
the city-block geometry of the COC space which 
allows for a simple geometrical method for deter-
mining the color differences between each two col-

ors by simply counting the lines crossed when mov-
ing from one color locus to the other on a straight 
line (see example). If the subjective color space 
possesses a Euclidean metric, there exists only one 
line of the smallest number of jnd's between two 
colors. If the metric is the city-block metric, there 
always exists an area within the boundaries of 
which all lines, between one color stimulus and 
another, possess the minimum number. This geo-
metrical property allows to determine the number 
of jnd steps in behavioral experiments much easier 
when the subjective color space possesses a city-
block metric compared to a Euclidean metric. 

2.7 Psychophysical and 
Physiological Simulations of 
Color Vision 

Since the first systematic psychophysical mea-
surements performed by Weber (1834) and 
Fechner (1860), there have been continuous 
attempts to interpret and understand the psy-
chophysical results in the field of color vision in 
progressively detailed neurophysiological and 
neuroanatomical terms. Nowadays, it is possible to 
simulate neuronal color-coding systems in detail 
on the computer. These simulations allow for pre-
dictions which motivate more specific elec-
trophysiological measurements. How far this iter-
ative process has come will be illustrated by 
means of the theory of color vision and color-
choice behavior of the honeybee. 

2.7.1 The Psychophysical (MDS) Color 
Space in Honeybees 

In order to determine the subjective color space of 
the honeybee, multiple color-choice experiments 
were performed with twelve color stimuli, espe-
cially for multidimensional scaling analysis 
(Backhaus, Menzel and Kreißl, 1987). Individual 
bees were trained on one of twelve color stimuli 
and the choice percentages towards the alterna-
tives were measured (color similarity experi-
ments). Special care was taken to check whether 
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Fig. 2.15: Color loci of the twelve color stimuli used 
in the behavioral experiments performed for multidi-
mensional scaling of color similarity in honeybees 
in: a) the photon absorption plane, b) magnification 
of a), c) color-opponent coding (COC) diagram, d) 
magnification of c), and e) the MDS color space 
(from Backhaus 1991). 
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the MDS model of color perception in humans is 
appropriate also for color vision of the honeybee. 
The choice percentages of bees turned out to be 
even more reliable (smaller fluctuations) than 
those of humans. The choice percentages were 
thus analyzed by metric (Euclidean metric) and 
non-metric multidimensional (Minkowski metric) 
scaling (MDS) analysis. According to special 
goodness-of-fit-measures, the dimension, the met-
ric and the scale values (dimensions, coordinates) 
of the twelve color stimuli used were determined. 
The following results were obtained: 1) the inter-
nal representation of color information in the bee 
has the structure of a vector space, comparable to 
human color vision. 2) The color space is only 
two-dimensional, compared to the human color 
space which is three-dimensional. 3) It is without 
a brightness dimension and 4) with a city-block-
metric, which again is different from the human 
color space which has a Euclidean metric. 5) The 
scale values for the twelve color stimuli allow for 
a reliable reconstruction of the measured choice 
percentages according to the psychophysical 
(MDS) model of color vision. The geometry of 
this color space is shown in Figure 2.15c-e. 
Subjective color differences can be calculated via 
the city-block metric (eq. 6) or geometrically from 
the MDS diagram (see example, Fig. 2.7). 

2.7.2 Neuronal Color-Coding and 
Color-Choice Behavior in 
Honeybees 

Color spaces have been derived for humans but 
also for color vision in animals with the intention 
of getting an impression of how the lights are 
weighted and represented in the respective species, 
in terms of color discrimination and color similar-
ity relations and in terms of elementary colors. For 
many insect and vertebrate species, color vision is 
well investigated in terms of color discrimination 
and color similarity experiments as well as by elec-
trophysiological measurements of the spectral sen-
sitivity of the photoreceptors. Thus, in many cases, 
color vision in animals can be well described in 
terms of color stimulus spaces and photon absorp-
tion spaces (see above; chapters 8 and 9). 

Honeybees have been the most intensively 
investigated in behavioral as well as physiological 
respects since the first experiments of v. Frisch 
(1914), who showed that bees are able to discrim-
inate a "blue" plate from a series of "gray" plates. 
A bee reaches an acquisition level of color learn-
ing which is better than 95 % when rewarded sev-
eral times on a color stimulus with droplets of 
sucrose solution. In color discrimination experi-
ments, alternative color stimuli are tested for con-
fusion with the training stimulus in unrewarded 
tests. The experimental bee provides the sucrose 
solution to other bees in the hive for further pro-
cessing, and then immediately returns to the ex-
perimental setup. An individual bee can be tested 
up to 14 days. Thus, honeybees are ideal animals 
for color training experiments. The color-choice 
percentages that are obtained can be treated like 
results of psychophysical experiments with 
humans. Because of the detailed electrophysiolog-
ical and neuroanatomical knowledge of the neu-
ronal color-coding system, all of the color spaces 
described above can be used to describe their color 
vision. Thus, the problem of color vision in ani-
mals will be further discussed using the color 
vision system of the honeybee as a model. 

Daumer (1956) showed in light mixture experi-
ments that color vision of the bee is trichromatic. 
He presented the amounts of the light stimuli used 
for mixtures that are indistinguishable for the bee 
from a reference stimulus (metameric colors) in a 
chromaticity diagram, spanned by the normalized 
light intensities of the basic lights (primaries) used 
for the mixture see also chapter 9. It turned out 
that the color stimulus space needed for describing 
the results is three-dimensional. 

Since the first electrophysiological recordings 
of Autrum and v. Zwehl (1964), the spectral sensi-
tivity functions of the three types of photorecep-
tors were determined with increasing accuracy 
(for a comparison of methods and results, see 
Menzel, et al., 1986; best estimate functions: 
Menzel and Backhaus, 1991; Fig. 2.11). 

Knowledge of the spectral sensitivity functions 
of the photoreceptors allows us to construct the 
photon absorption space for the bee (v. Helversen, 
1972 a; Backhaus and Menzel, 1987). Daumer 
showed in his light mixing experiments that honey-
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bee color vision is indeed trichromatic in the sense 
that three types of photoreceptors are involved. 
The photon absorption space stands in a linear rela-
tionship to the color stimulus space. The linear 
mixture rules hold and thus Daumer's mixture 
ratios hold in both the spaces. Daumer's results are 
redrawn in the photon absorption diagram which 
makes this conclusion obvious (see Fig. 2.14). 

According to eq. 9-11, the photoreceptor space 
for the honeybee was derived. This space per se 
has no further interesting properties except to rep-
resent the membrane potentials of the photorecep-
tors, i.e., neither the linear light mixture rules hold 
nor can the color difference between two color loci 
be derived directly from the diagram (see above). 
The photoreceptor space was therefore combined 
with the jnd concept for determination of color dif-
ferences from this diagram (Backhaus and Menzel, 
1987; Backhaus, 1992b). As mentioned above, the 
jnd concept is most useful as long as the subjective 
color space is unknown. Indeed the photoreceptor 
model was developed before the subjective color 
space of the bee was determined by MDS analysis 
(see above) and so it was a precursor for the COC 
model of the honeybee. The photoreceptor model 
of color vision is still attractive because it allows a 
generalization to color vision of other animal 
species if only the spectral sensitivities of the pho-
toreceptors are known (see chapter 9). The pho-
toreceptor model allows in addition a straightfor-
ward extension to polychromatic color vision 
(insects: Menzel and Backhaus, 1991). 

In the next step, the neuronal color-coding sys-
tem was described by steady-state models (Back-
haus, 1991) of the three types of photoreceptors 
with the respective monopolar cells and the two 
types of color-opponent coding (COC) neurons 
which were exclusively found in the honeybee 
brain by intracellular recording techniques (Kien 
and Menzel, 1977). The photoreceptor model in-
cluded in this description is identical with that used 
for the photoreceptor space of the bee (i.e., the best 
estimate functions based on the measured spectral 
sensitivities (see above), the phototransduction 
process and the light adaptation mechanism were 
taken into account). In the case of adaptation to 
darkness, the relative membrane potential is zero, 
and half of the maximum response in the case of 

adaptation to daylight. Since electrophysiological 
data must always be suspected to be distorted by 
artifacts, the spectral sensitivity curves of the COC 
neurons were only qualitatively used, motivating 
the physiological model of color-opponent coding. 
Thus, an additional, independent way for determin-
ing the physiological parameters of the model was 
looked for and found. 

2.7.3 Identification of the 
Physiological COC Space and the 
Psychophysical MDS Space 

The abstract MDS scales and the excitation values 
of the two types of color-opponent coding neurons 
might well be identical to each other. This would 
indeed allow a determination of the physiological 
parameters of the color-opponent coding (COC) 
model (see eqs. in Fig. 2.16). Most helpful for this 
approach was that the city block metric fixes the 
coordinates (dimensions) of the MDS color space 
(i.e., the coordinates may not be continuously 
rotated as is indeed the case for the human color 
space because of its Euclidean metric). The gain 
parameters could then be calculated as the unique 
least-square solution for minimal differences 
(identification) between the twelve MDS scale 
values, A' and B' of the color stimuli used in the 
color similarity experiments and the twelve 
respective excitation values, A and Β of the model 
COC neurons calculated from the spectral intensi-
ty functions of these twelve color stimuli (see 
Fig. 2.15). 

After the scales which span the subjective color 
space were identified by physiological simulations 
to be identical to the excitation values of the two 
color-opponent coding neurons, the physiological 
model and the psychophysical model could be 
combined (Fig. 2.16). The physiological model 
yields the excitation values of the two color-oppo-
nent coding neurons A and B. From the two exci-
tation values A and Β color distances d were 
derived via the city-block metric of the subjective 
color space. The city-block metric can also be real-
ized physiologically by simple neurons. The sim-
plest neuronal network consists of pairs of neurons 
which show no spontaneous activity (i.e., the rest-
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Fig. 2.16: The theory of color vision and color-choice behavior of the bee. 
Upper part (above dashed line): physiological model of neuronal color-coding. 
Lower part (below dashed line): psychophysical model of color difference (MDS 
color space) and the model of color-choice behavior. 
Left: neuronal interconnection scheme. 
Right: mathematical description (from Backhaus, 1993; see text). 

ing spike frequency is zero), and receive inputs 
opposite in sign from the color memory and from 
the two color-opponent coding neurons A and B, 
respectively. Cells of this type have additionally 
been found in the honeybee brain (Kien and 
Menzel, 1977). 

As a check for the appropriateness of this iden-
tification, the spectral sensitivity curves of the 
COC neurons were determined by simulations of 
the electrophysiological measurements. The form 
of the wavelength/intensity curves (Fig. 2.17) 
changes dramatically when the wavelength of the 
test light is varied. This means that the univariance 
principle (see above) does not apply in this case. 

Certain wavelengths depolarize (higher spike fre-
quency) or hyperpolarize (lower spike frequency) 
the COC neurons. The intensity to response curves 
may even be biphasic. Nevertheless, the form of 
the spectral sensitivity functions do not depend 
much on the choice of the threshold criterion. This 
is because the minimum threshold can only be 
chosen in a range of l % - 6 . 3 % of the maximum 
response. The reason for this is that the noise 
amplitude is minimally about 1 % of the maximum 
response in electrophysiological recordings and if 
the threshold is set to higher values than 6.3%, the 
criterion is not reached by the test light at all wave-
lengths of the visual range. 
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Fig. 2.17: Excitation/intensity curves Ελ(Ι) obtained by simulations of electro-
physiological measurements on the two model color-opponent coding neurons A 
(a) and Β (b) of Fig. 2.16 with dark adapted photoreceptors. The numbers indi-
cate the wavelengths of the monochromatic lights in nm, varied from dark to 
bright light intensities. Both neurons sum the inhibitory and excitatory inputs 
from the photoreceptors via the monopolar cells and the respective synapses. At 
lower as well as at brighter intensities both the neurons show the same relative 
resting spike frequency (0). The univariance principle (see text) obviously holds 
only for the photoreceptors. The excitation/intensity of the color-opponent cod-
ing neurons decrease or increase with increasing light intensity due to the dom-
inance of the inhibitory or the excitatory inputs from the photoreceptors, and are 
even biphasic in neuron Β (b). 
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Fig. 2.18: Comparison of the spectral sensitivities derived from the intensity excitation curves in Fig. 2.16 with 
the spectral sensitivity functions measured by Kien and Menzel (1977). a) and b) examples of spectral sensi-
tivity functions of which the spectral sensitivity function for neuron type A in c) was derived, d) spectral sen-
sitivity of model neuron A. e) measured spectral sensitivity function of neuron type B. f) spectral sensitivity 
function of model neuron B. The spike trains in c) and e) show typical responses of neuron types A and Β with 
respect to an intensity step of different monochromatic lights. The numbers indicate the wavelengths in nm. 
Solid line: minimal criterion of excitation for determining spectral sensitivity: 1 % of maximal excitation. 
Dashed line: maximal criterion: 6% of maximum response. 
The measured and predicted curves from the physiological simulations are in a very good agreement. Only the 
inhibitory part (minimum) of the measured function in c) could not be obtained. Closer inspection of the indi-
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* The measured spectral sensitivity functions are 
100 in very good agreement with the spectral sensi-

5 3 3 n m tivity functions predicted from the simulations 

f \ o f these measurements with the COC model 

j \ (Fig. 2.18). The general form as well as the maxi-

ma, minima and zero crossings o f the measured 

and the predicted functions are almost identical. A 

greater deviation appears to exist only in the 

inhibitory part o f neuron A . The measured mini-

mum is broader than in the respective simulation. 

Closer inspection o f the spectral sensitivity o f the 

—•—1—1—1—1—•—1 μ ι ) individual recordings shows that the form and the 
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halfwidth o f the minima agree with that o f the 

simulation. The broadening o f the minimum is 

obviously due to a shift o f the minima o f the indi-

vidual functions, which might well be due to arti-

facts in the recordings. This shows that it was 

indeed necessary to derive the parameters o f the 

physiological COC model on the basis o f behav-

ioral data first, instead o f fittting the parameters 

directly to the electrophysiologically-measured 

functions. 

. V . Fig. 2.19: Comparison of the choice percentages 
measured (circles, dashed lines) in behavioral color 

—ι—ι—.—ι—ι—ι—ι—ι—ι—ι—ι—ι iog<o discrimination experiments (Menzel, 1981) and the 
a 9 io ii i2 is results of respective physiological simulations (stars) 

as a function of the intensity I of the monochromatic 
lights used. In the experiments, dark adapted individ-
ual bees were trained to turn to one side (e.g., right) 
in a T-maze when white light was presented at the 

413nm decision point and to turn to the other side (e.g., left) 
when a monochromatic light of an intensity for best 
discrimination was shown. The intensity of the mono-

/ chromatic light was varied in the tests and the choice 
percentages towards the monochromatic light were 
measured: a) 533 nm, b) 440 nm, and c) 413 nm. The 
striking agreement between measured and simulated 

J „ data shows 1) that in color training experiments the 
color vision system of the bee is at work also at low-
est light intenties, and that 2) intensity-dependent 
color shifts (Bezold-Brücke effect) also exist in the 

β a io ii i2 i3 k®0' bee (from Backhaus, 1992; see text). 

vidual recordings a) and b) from which the curve in c) was derived, look very close to the predicted curve in 
d). Since the model curves were theoretically derived exclusively from behavioral data, this comparison clear-
ly demonstrates that the color-opponent coding neurons recorded by Kien and Menzel (1977) are essentially 
involved in color vision of the honeybee (from Backhaus, 1991; see text). 

www.ebook3000.com

http://www.ebook3000.org


70 2. Physiological and Psychophysical Simulations of Color Vision in Humans and Animals 

ΔΑ/nm 

A/nm 

Fig. 2.20: Comparison of the wavelength discrimina-
tion curve of the honeybee measured (+, dashed line) 
in behavioral experiments (v. Helversen, 1972) and 
the results of the respective physiological simulations 
(*, solid line) using the COC model and the model of 
the decision process. Abscissa: wavelengths of the 
reference monochromatic light. Ordinate: wave-
length difference necessary for 70% correct choices 
of the reference light. (From Backhaus, 1991, see 
text.) 

In addition to this physiological test, the steady-
state model of color vision and color-choice 
behavior of the honeybee has also passed all criti-
cal tests by behavioral experiments. 1) Menzel 
(1981) performed a color training experiment in 
which the bee had to learn to turn to one side in a 
T-maze when a bright white light was seen at the 
decision point and to turn to the other side when a 
monochromatic light of specific wavelength was 
presented. In the unrewarded tests, the mono-
chromatic light was shown at different intensities. 
In Figure 2.19, the results of the three experiments 
performed at 533 nm, 440 nm and 413 nm are com-
pared to the results of the respective simulations 
with the COC model. The agreement is striking. 
The results clearly demonstrate that the chromatic-
ness (two-dimensional aspect of a color, different 
from brightness) depends on the light intensity, i.e., 
the Bezold-Brücke effect, well known from human 
color vision, also exists in honeybees (Backhaus, 
1992 a). It was shown, in addition, that there is 
indeed no brightness dimension involved in honey-
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Fig. 2.21: Comparison of a pre-experiment (v. Helversen, 1972) to the behavioral wavelength discrimination 
experiment of Fig. 2.20 and the respective physiological simulations. After training to a dark color stimulus, 
the bee was tested against monochromatic stimuli of different intensities, a) three typical curves which were 
measured (symbols) for three different wavelengths and the respective physiological simulations (solid lines), 
b) behavioral spectral sensitivity curve derived from a) with a criterion of 70% correct choices (dots) and the 
respective physiological simulations with the COC model (Fig. 2.16). (After Brandt, et al., 1993.) The behav-
ioral data are shown to be due again to intensity dependent color shifts (Bezold-Brücke effect) and not to color 
discrimination on the basis of a color brightness system. 
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bee color vision even at the highest light inten-
sities. 2) v. Helversen (1972 a) measured the wave-
length discrimination function of the bee. A com-
parison of the measured data with the curve 
obtained in a simulation of the behavioral experi-
ments is shown in figure 2.20. The agreement is 
again excellent. 3) In a behavioral pre-experiment, 
v. Helversen (1972 a) determined the absolute 
spectral sensitivity function of the bee with respect 
to an almost dark color stimulus. This is a standard 
experiment in human color vision as well as in the 
color vision of animals. Since only the intensity of 
monochromatic lights is varied in these experi-
ments, it is usually assumed that the choice behav-
ior would rely on the neuronal color brightness 
system. The simulation of this experiment with the 
COC model of the bee (Brandt et al., 1993), which 
does not possess a brightness dimension, again 
accurately fits straightforward the measured data 
(Fig. 2.21). The bee discriminates the intensity dif-
ferences on the basis of intensity dependent color 
(chromaticness) shifts (Bezold-Briicke effect), and 
not on the basis of a brightness system. It must be 
concluded from this result that care has to be taken 
when assuming anything about the components of 
a neuronal color-coding system. The neuronal sys-
tem in question has rather to be electrophysiologi-
cally measured, modeled and tested in detailed 
physiological simulations. 

2.8 Conscious vs. Unconscious 
Judgments 

Because of the causal chain structure of our color 
vision which we know from introspection, it is not 
at all obvious which types of judgments rely on 
our conscious color sensations and which rely on 
the excitation values of the neurons of the infor-
mation coding system or on both. Color discrimi-
nation and color similarity experiments are also 
the common experiments performed with animals 
for investigating their color vision. It is suspected 
that from this type of experiment nothing may be 
concluded about color sensations or conscious 
color vision. Discrimination of a colored light 
from a series of white lights of different intensities 

(see above) allows us only the conclusion that the 
animal possesses a neuronal color-coding system 
which might code for color sensations as well. 

2.8.1 Color Sensations in Animals 

The simplest case of conscious color vision is 
when we experience simple (unstructured, homo-
geneous) color sensations. The amounts of the six 
elementary colors constituting a color sensation 

( a ) 
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Fig. 2.22: Comparison of a) the Munsell color space 
with lines of constant hue (radial) and constant chro-
ma (concentric) at brightness level value 5 and b) the 
NCS elementary color space with constant-hue lines 
(radial) and constant-chromaticness (saturation) lines 
plotted in the CIE 1976 (u*v*) diagram. Both spaces 
appear to be isomorphic and linearly related to each 
other (from Derefeldt, G., 1991, Fig. 13.23; after 
Billmeyer, 1988; and Derefeldt et al., 1987). 
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are represented in a three-dimensional linear ele-
mentary color (EC) space. This color space 
appears to be isomorphic to the MDS color space 
as well as to other color order systems, as e.g., the 
Munsell system (Figs. 2.6, 2.22). Both color 
spaces represent colors as certain loci. Never-
theless, the EC and the MDS color spaces repre-
sent the results of two distinct types of psy-
chophysical judgments. The EC space represents 
the amounts of the elementary color sensations as 
measured in color content analytical experiments 
(see above). The MDS space represents total color 
differences as distances between each two color 
loci. The total color distance ζ is equal to the prob-
ability transformed choice percentages ρ (color 
distance = z(p)) measured in color discrimination 
and color similarity experiments (see above). This 
type of experiments, as usually performed also 
with animals, measures only the similarity rela-
tions (differences) between colors and hence does 
not tell us anything about elementary colors and 
color sensations per se. 

Our investigations with honeybees have shown 
that the coordinates of the respective MDS color 
space are identical with the excitation values of 
the respective color-opponent coding neurons 
(Backhaus, 1993). This allows us predictions of 
the color-choice percentages from the spectral 
intensity distributions and the electrical excita-
tions of the neuronal color-coding system alone. 
There was no need to assume anything about con-
scious color sensations in animals to explain the 
results of color discrimination and color similarity 
experiments so far. Thus, nothing can be conclud-
ed about the existence of color sensations in ani-
mals from this type of experiment. 

This conclusion is supported by the finding that 
color discrimination experiments can also be per-
formed with cortically color blind patients, who 
lack conscious color sensations but have the neu-
ronal color-coding system otherwise intact. 
Although these patients do not see any colors, not 
even gray shades, they are able to adjust the lights 
in color discrimination experiments for just-
noticeable differences. The wavelength discrimi-
nation functions that are obtained possess the 
same form as those of subjects with normal color 
vision. Only the absolute discrimination ability is 

reduced (Stoerig and Cowey, 1989; see chapter 7). 
Discrimination of color stimuli can obviously be 
performed on the basis of the (unconscious) elec-
trical excitations of the neuronal color-coding sys-
tem alone. The elementary colors cannot be iden-
tical with the electrical excitations of neurons 
because we experience our elementary color sen-
sations as six different qualities but the electrical 
potential is only one physical quality, even if su-
perimposed from several neurons (ontological 
argument). 

In the content analytical experiments mentioned 
above, the subjects are instructed to inspect the 
content of the color sensations and to judge the 
percentages of the elementary colors in a color 
sensation. Electrophysiologically, no evidence has 
been found for the existence of neurons which 
would code for the amounts of elementary colors 
in simple color sensations (e.g., Gouras, 1991). 
Cortically color blind patients who lack conscious 
color sensations thus most likely do not have the 
information available to perform this task. It there-
fore appears to be a strong suggestion that there 
exist color sensations in animals, if an animal 
could be successfully trained to relate the choice 
behavior to the amounts of individual elementary 
colors, and if it could be shown in addition that 
neuron types which tonically code for the amounts 
of individual elementary colors are lacking. This 
indeed seems to be the case in honeybees. 

In humans, the MDS space is isomorphic to the 
space of elementary colors (see above). The color-
opponent coding COC system of the bee was 
shown to be isomorphic to the MDS space of the 
bee. This motivated the extension of the COC sys-
tem to a color space spanned by the amounts of 
elementary colors (EC space, Fig. 2.23). The para-
meters of the EC space are almost fixed with 
respect to the COC space because of its picewise 
linearity and isomorphy to the COC space. This 
allows us to predict the percentages of elementary 
colors for all color stimuli of which the spectral 
intensity distributions are known. 

Honeybees show flower constancy (i.e., tend to 
revisit the flowers of the same plant species), as 
Aristotle (1951-61) had already reported. Thus, 
honeybees were alternatingly trained in double 
color training experiments to two different color 
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Β 

Fig. 2.23: The model of color sensations in honey-
bees. This diagram is an extension of the COC model 
in Fig. 2.16. Piecewise linearity is assumed between 
the COC space and the space of elementary colors 
which uniquely relates both spaces to each other. The 
amounts of elementary colors can be read off the dia-
gram as coordinate values of the respective color loci 
(see examples). (From Backhaus, 1991.) 

A- © Ο 3 # A * 
Amounts of elementary colors 

Fig. 2.24: Linear relationship (solid lines) between 
the excitation values (abscissa) of the COC neuron 
type A, resp. (B) and the predicted amounts in % 
(ordinate) of unique (elementary) colors A—, 0, and 
A+, resp. (Β-, 0, B+). The extreme excitation values 
(—12 and 12) of the COC neurons are reasonably 
assumed to cause color sensations which consist of 
elementary colors A - (B-) and A+ (B+). Dark light as 
well as very bright daylight does not excite these neu-
rons (0) causing a pure achromatic color sensation of 
elementary (unique) color 0. Excitations in between 
these values give rise to mixtures of the respective 
elementary colors with amounts proportional to the 
respective excitation values. Upper graph: 
Examples for mixtures of elementary-colors in the 
color sensations. (From Backhaus, 1995.) 
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Fig. 2.25 a: COC diagram with the color stimuli used in the double-color training experiments below (see 
text), b: Color-choice percentages for the three color stimuli in the tests. Solid: measured. Dotted: prediction 
of the COC model extended by the model of elementary colors (EC space). Dashed: prediction according 
exclusively to the COC model. The behavioral results obviously support the hypothesis of elementary colors 
and thus color sensations in honeybees. (From Backhaus, 1995.) 

COC-Diagram: 
Elementary Colors 
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stimuli. This was with the idea that they would 
prefer to learn one color as a food signal instead of 
two and thus would learn the elementary color 
which the two rewarded colors have in common. 
In the unrewarded tests, the bee would then choose 
the alternatives according to the amounts of the 
learned elementary color present in the respective 
colors (Fig. 2.24). Instead, most of the bees 
learned both colors as two independent color loci 
in the color space, as in ordinary color discrimina-
tion experiments, and ignored an additional alter-
native in the unrewarded tests, which was clearly 
discriminable (>95%) from the learned colors and 
from the "gray" background (Fig. 2.25). But one 
of the bees showed indeed quite a different choice 
behavior in these experiments. Although equally 
often rewarded on both training stimuli, the bee 
chose one of the rewarded stimuli only about half 
as often compared to the other rewarded color 
stimulus. Furthermore, the bee preferred the third 
stimulus over this training stimulus in the tests, 
which the other bees had ignored because of the 
great dissimilarity to both the training stimuli (Fig. 
2.25). The bee appears to have indeed learned an 
elementary color as a food signal and to have cho-
sen the alternatives according to the amounts of 
the elementary color present in the respective col-
ors. The results obtained agree quantitatively with 
the predictions of the COC model, extended to the 
elementary color (EC) model of the bee, and thus 
support the hypothesis about the existence of ele-
mentary colors and thus color sensations in bees 
(Backhaus, 1995). 

2.9 Conclusions 

It has been shown that color vision in humans as 
well as in non-human animals can be described by 
different color spaces with different properties for 
different purposes. In the case of the honeybee, the 
abstract scales of the color space were shown to be 
identical with the excitations of the two types of 
color-opponent coding neurons exclusively found 
in the honeybee brain. A similar relationship is 
expected for human color vision although this is 
more difficult to show because the human color 

space possesses a Euclidean metric which allows a 
continuous rotation of the axes (scales, dimen-
sions) of the color space. 

Because of this identification, the system of six 
physiological, psychophysical and behavioral 
models: 1) the photoreceptor model, 2) the model 
of monopolar cells, 3) the model of COC neurons, 
4) the MDS model of color differences, 5) the 
model of decision making (judgments), and 6) the 
model of color-choice behavior, allows us to pre-
dict the choice behavior of the honeybee exclu-
sively from the spectral light intensity distribu-
tions of the color stimuli. In physiological 
simulations of the color-coding system of the hon-
eybee it could be shown that the color-opponent 
coding neurons recorded by Kien and Menzel 
(1977) are indeed essential for color-choice 
behavior, which could not be demonstrated by 
intracellular recordings of the neurons alone. 

The color vision experiments mostly performed 
with animals, color discrimination and color simi-
larity experiments, do not need any assumptions 
about color sensations for explaining the results. 
The color-choice behavior in this type of experi-
ment appears to be completely described in terms 
of the electrical excitations of the neuronal color-
coding system. Thus, nothing can be concluded 
about the existence of color sensations from the 
results of this type of experiment. In order to 
answer this question, the following further condi-
tions have to be fulfilled: 

1) The color sensations must be organized sim-
ilarly to ours (i.e., must consist of elementary col-
ors of different amounts, adding up to 100%). 

2) It must be shown that no neurons exist with 
excitations strongly correlated with the amounts of 
elementary colors. 

3) The neuronal color-coding system must be 
modeled physiologically so completely that the 
color-choice behavior of the respective animal is 
most accurately described. 

4) It must be shown that the neuronal color-
coding system does not explain the results of con-
tent analytical experiments. 

5) On the other hand, the results must be in 
agreement with the neuronal color-coding (e.g., 
COC) model extended by the elementary colors 
(EC) model. 
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If 1 -5 are fulfilled, it can be concluded that the 
animal indeed relates the color-choice behavior to 
elementary colors and not directly to the excita-
tions of the neurons. This structural argument 
would support the hypothesis that the animal pos-
sesses color sensations comparable to ours. In one 
honeybee it has so far been shown that the choice 
behavior in double-color training experiments 
cannot at all be described on the basis of the neu-
ronal color-coding systems alone, but is in agree-
ment with the theory of neuronal color-coding and 
color-choice behavior of the honeybee extended 
by the elementary colors hypothesis. 

Whether color sensations in animals are more 
or less identical to ours must be further investi-
gated by analyzing the material correlates which 
might be identical to the color sensations. In this 
further analysis, the results of color analytical 
experiments, again, will be most helpful. If these 
materials (matter) could be identified, the problem 
of color sensations in animals would be reduced 
to a standard problem of natural sciences of show-
ing that specific substances are present in the 
brain. 
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3 Receptors, Channels and Color 
in Primate Retina 

Barry B. Lee 

3.1 Introduction 

The retina t ransforms the spectral distribution of 
light fal l ing upon it into a neural signal in two 
stages. Light is first differential ly absorbed by the 
three types of cone receptor. Then the output of the 
cones is subtracted or added to generate neural 
signals which leave the retina to be processed by 
the cortex or other parts of the brain. Over the past 
decade, we have learned many of the physiological 
and anatomical bases of these t ransformations, 
and how retinal signals relate to perception of 
color and form. 

The idea of there being three classes of cone in 
the retina with different spectral sensitivities is usu-
ally ascribed to Thomas Young (1802). Young's 
trichromatic hypothesis is but briefly stated in his 
Bakerian lecture, almost as an aside. This becomes 
understandable if we look more closely at the devel-
opment of ideas about light and color in the 18th 
century. Many physicists then accepted that the 
spectrum is a continuous distribution f rom violet 
through to red. However, there were two views as to 
the nature of light. The Newtonian view of light as 
particles or corpuscles was countered by that of 
Huygens and Euler (1787), who favored a wave the-
ory. Indeed Young (1800) was dismissive of Euler 
until embracing the wave theory in the Bakerian 
lecture two years later. Contrary to both these views 
was the empirical fact that spectral colors could be 
matched by mixing three primaries. Although well 
known to artists and printers, this f inding was first 
put on a formal basis in a public lecture by Tobias 
Mayer (1758), an astronomer at Göttingen Uni-
versity, who constructed a three-dimensional color 
mixture space based on r e d yellow and blue as pri-
maries. Mayer was well aware that this was in con-
tradiction to both corpuscular and wave theories, 

but supposed that there were only three ray types in 
the spectrum and other spectral colors were a mix-
ture of these. Due to Mayer's early death in 1762, 
his work was only published in abstract fo rm (in the 
Göttinger Anzeige) until it was expanded and 
published with other posthumous papers by 
G. C. Lichtenberg in 1775, who had just become 
professor of physics in Göttingen. Figure 3.1 shows 

Fig. 3.1: The color triangle of Tobias Mayer. Note 
that red, yellow and blue are used as primaries. 
Thomas Young at first used these three colors as well, 
but later changed his primaries to red, green and blue. 
In preparing this triangle, Mayer did not in fact fol-
low his prescribed color mixture formula; he cheated 
to get the correct colors. The distinction between 
additive and subtractive color mixture was not recog-
nized at that time; Mayer's color mixture solid was 
based on an additive formula, and printing of course 
involves subtractive color mixture. Both Mayer and 
Lichtenberg clearly realised that some problem was 
present, but it was Helmholtz who was the first to 
diagnose its origin. 
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Mayer's color triangle as published in this volume. 
In Mayer's formal exposition each side of the trian-
gle was divided into thirteen steps, but to simplify 
printing, each side was reduced to seven for publi-
cation. This section through Mayer's color mixture 
space contained 91 colors. Extension to three 
dimensions, down to black and up to white, led to a 
three-dimensional color mixture solid. 

Around this time, in 1777, an English glass 
maker, George Palmer, suggested that there were 
three types of photoreceptor in the retina (see 3.5), 
while accepting the Mayer viewpoint of three ray 
types in physical light. The Palmer theory was 
reviewed in Lichtenberg's Magazine, published by 
G. C. Lichtenberg's brother, L. C. Lichtenberg 
(1781). Thomas Young was a medical student in 
Göttingen in 1795-96 and wrote his thesis there. 
He was acquainted with G. C. Lichtenberg, who 
had maintained a vigorous interest in color vision 
and physiological optics, and Lichtenberg noted 
Young's visits in his diary. Unfortunately, he did 
not note the subjects of their discussions. We can 
thus see Young's hypothesis as a natural develop-
ment of ideas current at the time. His great 
achievement was to see that a continuous distribu-
tion of light in the spectrum was compatible with 
trichromatic matching, if there are only three 
receptor types in the retina. 

Soon after the trichromatic theory became 
established (Maxwell, 1855; Helmholtz, 1866), 
Hering put forward an opponent theory of color 
(1878) based on the perceptual opponency 
between red and green, and between blue and yel-
low. These two alternative viewpoints gave rise to 
controversy, but we can now see that opponent 
processes reflect in some way post-receptoral 
mechanisms. DeValois (1966; 1971) was the first 
to describe cells in the visual pathway of the pri-
mate which were, for example, inhibited by red 
and excited by green light. The rest of this article 
concerns the transformation of receptor to oppo-
nent signals in the retina, and its relation to per-
ceptual opponency. 

The presence of three different cone types has 
now been well established, from spectral absorp-
tion measurements on individual cones (Bow-
maker, 1991) and through measurements of their 
physiological responses (Baylor et al., 1987). 

Most recently, slight differences in a given cone 
type between individuals with normal color vision 
have been found to exist (see chapter 5). Cones 
with absorption maxima in short (ca. 430 nm), 
middle (535 nm) and long (565 nm) wavelength 
regions are designated S-, M- and L-cones. After 
the receptors, different cell systems carry visual 
information to the brain. A class of large ganglion 
cells, termed parasol cells, send axons through the 
magnocellular (MC) layers of the lateral genicu-
late nucleus to the visual cortex. These cells 
appear to sum activity of M- and L-cones. Other 
classes of small ganglion cells send axons through 
the parvocellular (PC) layers of the geniculate to 
the cortex. Most if not all of these cells are cone-
opponent; for example, they may be excited by the 
M-cone and inhibited by the L-cone (+M-L cells). 
I shall now look at these pathways in more detail. 

3.2 Physiology and Anatomy 
in the Retina 

It is possible to directly record from ganglion cells 
in the intact eye (Gouras, 1968). Combining in 
vivo recordings with visual stimuli carefully 
matched to those used in standard psychophysical 
paradigms has yielded much information as to the 
roles of different cell types in visual performance 
(see Lee, 1996 for review). However, the anatom-
ical circuitry underlying responses had to be 
inferred from other studies. Recently it has 
become possible to maintain the primate retina in 
vitro (Dacey and Lee, 1994 a; 1994 b). This allows 
one to record from ganglion cells and other retinal 
cell types and then inject neurobiotin to fill the 
cell so that it can be anatomically identified. We 
can thus learn much more about how the retinal 
signals are generated. 

Figure 3.2 shows responses of a parasol gan-
glion cell of the MC-pathway to modulation in dif-
ferent directions in an opponent space (Derrington 
et al., 1984). These directions have been indicated 
as a black-white axis, which represents luminance 
modulation, a red-green axis, which represents 
modulation at equal luminance along a constant S-
cone axis (counterphase modulation of the M- and 
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Fig. 3.2: Responses of on-center cells of the parasol, MC system to modula-
tion in cardinal directions in color space. These have been designated as black-
white, red-green and blue-yellow as described in the text. Data obtained with 
luminance, constant S-cone, and pure S-cone modulation are associated with 
each of the axes. In each, the upper panel shows an impulse histogram from a 
parafoveal ganglion cell in vivo (2 cycles, 10 Hz, 50% contrast, 4.7 deg field, 
2000 td; peak response ca. 160 imp/sec). The middle and lower panels show in 
vitro data from a cell from peripheral retina obtained under similar stimulus 
conditions. The middle panel shows a single response trace. Membrane poten-
tial was ca. - 6 0 mV and spike amplitude 65 mV. The lowest histogram shows 
the averaged spike response from the intracellular recording. 

On-Center MC-Cells; Responses to Cardinal Directions in 
Color Space 

Luminance (Wh-BI) 

k j , 

Constant S (R-G) 

L-cones alone), and a blue-yellow axis, represent-
ing S-cone modulation along a tritan line. It is 
important to note that these axes do not exactly 
correspond to perceptually opponent axes of 
Hering. The differences are discussed in a later 
section. 

In the panel associated with each of the axes, the 
top histogram shows the response of a ganglion 
cell recorded in vivo to two cycles of modulation. 
The middle trace shows the intracellular response 
of a cell recorded in vitro to the same stimuli. The 
modulation of the membrane potential can be 
seen, with impulses on top. The lower histogram 
shows the averaged spike response from the intra-
cellular recording. Both in vivo and in vitro there 

is a strong response to luminance modulation, and 
no response to modulation along the blue-yellow, 
tritan axis. There is a small response to red-green 
modulation at twice the stimulus frequency. This 
appears to be due to a non-linearity of M- and L-
cone summation (Lee et al., 1989a); their out-of-
phase signals do not perfectly cancel but leave a 
residual response. 

The properties of parasol cells of the MC-path-
way closely correspond to those required of a sub-
strate for a psychophysical luminance channel. 
Those shown in Figure 3.2 correspond to those 
needed for heterochromatic flicker photometry. In 
this task, two lights are alternated at, say, 
10-20 Hz, and an observer is required to adjust 
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their relative intensity until the sensation of flick-
er is minimized or abolished. This task provided 
most of the data used to define the photopic lumi-
nosity function, and in a series of experiments we 
have been able to show that the properties of MC-
cells match the psychophysical data in consider-
able detail (Lee et a l , 1988; Smith et al., 1992). 
Detection of luminance flicker seems likewise to 
be the responsibility of this pathway (Lee et al., 
1989b; 1990). 

After intracellular injection of neurobiotin, typ-
ical parasol cell morphology is revealed (Fig. 
3.3A). MC-cells may have an on- or off-center 
receptive field structure, and these correspond to 
two distinct parasol cell types. These are sketched 
on the left hand of Figure 3.4, which represents a 
schematic cross-section of primate retina. As in 
other species (Famiglietti and Kolb, 1976), on and 
off-center cells have dendritic trees which ramify 
in the inner, vitreal and outer, scleral sub-layers of 
the inner plexiform layer (IPL) respectively. At the 
top of the figure are sketched the array of cones; 
rod inputs, and their circuitry, have not been 
included. Parasol ganglion cells probably receive 
input from only M- and L-cones. Certain diffuse 
bipolar cell types gather input from about 
4 -6 cones, and invaginating and flat varieties pro-
vide input to on and off-center parasol cells 
respectively (Boycott and Wässle, 1991). We thus 
have a specific pathway which carries a luminance 
signal from the receptors up the brain. 

Figure 3.5 shows responses of cone-opponent 
midget ganglion cells. This is the most numerous 
type, making up about 60% of ganglion cells, as 
compared to the MC-cells' 10%. In central retina, 
from which the in vivo recordings were obtained, 
cells of this type are M,L-cone opponent, with 

Fig. 3.3: Morphology of different cell types. A. The 
dendritic tree and cell body of an inner parasol cell, 
which projects through the MC-layers of the genicu-
late to cortex. B. Morphology of inner midget gan-
glion cell from peripheral retina. These ganglion cells 
project through the PC-layers to cortex. C. The two 
dendritic trees of a small bistratified cell. These cells 
project through the geniculate to cortex, but may 
strictly speaking belong neither to the MC- or PC-
pathways. 

inner tree 

outer tree 
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Circuitry of Primate Retina 

Receptor 
Terminals 
Outer 
Plexiform 
L a y e r _ 

Inner 
Nuclear 
Layer 

Inner 
Plexiform 
Layer 

Ganglion 
Cell 
Layer 

Parasol Cells 
Small bodied 

Inner Cell 

Fig. 3.4: A sketch of hypothetical circuitry in primate retina. On- and off-center cell types (which each form 
separate mosaics) are connected to the cones through specific bipolar cells. Red and green on-center cells 
share the same mosaic, as do red and green off-center cells, and they are shown in red and green stripes. The 
identification of the -S, +ML, yellow on, blue off cell is still tentative. Latest results identifying horizontal cell 
types are also included. 

excitation from one and inhibition from the other 
cone. The cell shown was of the +M-L type, and 
gives vigorous excitation to greenward and inhibi-
tion to redward modulation. There is a weak on 
response to luminance modulation and no 
response to modulation along the tritan line. The 
in vitro recordings were from the same cell type 
but indicate one of the few differences we have 
encountered in the in vivo and in vitro recordings. 
The in vitro cell shows a stronger luminance 
response than the in vivo cell, i.e., less cone oppo-
nency. This may be because in vitro cells are 
recorded from peripheral retina, where the larger 
cell bodies make it easier to record. In central reti-
na, the anatomy suggests midget cells only receive 
input from a single cone. In peripheral retina, 
midget ganglion cell dendritic trees are larger and 
some mixing of cone inputs may take place. 

Psychophysical evidence suggests that detection 
of chromatic and luminance changes are mediated 
by discrete detection mechanisms. A convenient 

way of displaying this is shown in Figure 3.6. 
Based on knowledge of the cone fundamentals, it 
is possible to calculate M-, L- or S-cone contrast 
at threshold. In the example shown, M- and L-
cone contrast axes are used. Luminance modula-
tion corresponds to in-phase modulation of the M-
and L-cones, i.e., a +45 degree vector. Red-green 
chromatic modulation corresponds to counter-
phase modulation of the M- and L-cones, i.e., the 
vector drawn at - 4 5 degrees. When psychophysi-
cal thresholds are measured under carefully con-
trolled conditions and plotted in this space, they 
can be described by combinations of straight-line 
segments, as seen in the data replotted in Figure 
3.6A (Stromeyer et al„ 1985; 1987; Cole et al., 
1993). If cell 'thresholds' are plotted in the same 
space, one finds that different cell types can con-
tribute the different segments, as shown in Figure 
3.6B (Lee et al., 1993), where a parasol, MC-cell 
is seen to have the lowest threshold in the lumi-
nance quadrant, and a red-green opponent midget 
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Response of M/L Opponent Cells to Modulation in 
Cardinal Directions in Color Space 

Luminance 

Red-Green 

Blue-Yellow 

H l r t i i B i H h i i l i i l 

w 

Fig. 3.5: Responses of cells of the midget, PC-pathway as in Fig. 3.2. The in 
vivo recording was obtained from a red-on, +L-M cell, and the in vitro record-
ing from a +M-L green on cell. Both give an excitatory response to the lumi-
nance modulation, but the response to the red-green modulation is approxi-
mately phase inverted. There is a more vigorous response to luminance 
modulation in the in vitro cell. 

PC-cell in the chromatic quadrant. Under thresh-
old conditions, peripheral opponent and non-
opponent cell systems thus appear to underlie 
luminance and chromatic detection channels. 

The morphology of a peripheral midget cell is 
shown in Figure 3.3B. It is distinct from the para-
sol cell in Figure 3.3A, and at a more extreme 
eccentricity; at the same eccentricity, midget cell 
dendritic trees are smaller than their parasol coun-
terparts. In the center of Figure 3.4 the circuitry of 
these cell types has been sketched. There appear to 
be green, +M-L and red +L-M on-center cells 
which are currently anatomically indistinguishable. 
The same holds true for off-center cells. Both have 
been drawn in red and green stripes. These cell 
types ramify in the inner and outer sublayers of the 
IPL, and again specific, midget bipolar cells are 
associated with them to provide a distinct and sep-
arate circuitry for the red-green opponent signal. 

Responses of a blue-on cell are shown in Figure 

3.7. Cells of this type receive excitatory input 
from the S-cone and opponent, inhibitory input 
from the M- and L-cones. The in vivo response is 
vigorous to blue-yellow modulation along the tri-
tan line, weak to luminance modulation and there 
is no response to red-green modulation. A similar 
pattern can be seen in the in vitro recording. 

In psychophysical experiments, it is possible to 
plot thresholds in an S-, M- and L-cone space, 
expanding on the representation in Figure 3.6, and 
then threshold contours indicate the presence of 
separable blue-yellow, S-cone and red-green chro-
matic detection mechanisms (Cole et al., 1993). 
When cellular thresholds are plotted in the space, 
data are consistent with different cell systems 
underlying these separable mechanisms. 

The blue-on cell has a unique morphology 
(Dacey and Lee, 1994a). It is the small bistratified 
cell, with one layer of dendrites in the inner sub-
layer of the IPL, close to the ganglion cell bodies 



3.2 Physiology and Anatomy in the Retina 85 

-0.04 

Thresholds in M,L Cone Space and Detection Mechanisms 
Psychophysical Thresholds Different Cell Types 

- Straight Line Segments? as a Physiological Substrate 
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On Center MC-Cell 
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Fig. 3.6: A. Psychophysical thresholds plotted in an M/L-cone contrast space. It appears that the threshold con-
tour can be described by a combination of straight-line segments. Stimuli were 15 Hz modulation of a 3800 td 
field metameric to 577 nm. Replotted from (Stromeyer et al., 1987). B. Thresholds (contrast required to gen-
erate a 10 imp/sec first harmonic response) of +M-L opponent cell and parasol MC-cell. Stimuli were 2 Hz 
modulation of a 2000 td 570 nm field. Each cell's thresholds follow a linear course plotted in this space, and 
can support the linear segments seen in the psychophysics. Replotted from (Lee et al., 1993). 
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Fig. 3.7: Response of a +S-ML cell to the same stimuli as employed as in Figure 3.2. 
The cells give a vigorous response to the S-cone stimulus, and no response to the con-
stant S, R-G stimulus. 
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and another in the outer sublayer. The two layers of 
dendritic tree of the same cell are separately dis-
played in Figure 3.3C and they are sketched in 
Figure 3.4. The inner layer of dendrites matches up 
with the axonal arborization of a specific bipolar 
cell associated with the S-cone (Mariani, 1984). 
The bipolar input to the outer layer is unknown, 
but these dual inputs seem likely to be involved in 
the generation of cone opponency. Lastly, there is 
a physiologically distinctive ganglion cell class 
with inhibitory S-cone input (Valberg et al., 1986). 
This has been tentatively identified as a small-
bodied ganglion cell with a dendritic tree ramify-
ing in the inner sub-layer of the IPL. 

Each of the ganglion cell types drawn in Figure 
3.4 represent a mosaic of cells spread across the 
retina. It may be more useful to think about the 
retinal signals in terms of their mosaics of origin, 
rather than in terms of MC- and PC-pathways. The 
cells of Figure 3.4 constitute the vast majority of 
cells which project to the visual cortex through the 
thalamus, and probably make up about 90% of the 
total ganglion cell population. There are a number 
of ganglion cell types which project to the brain-
stem and must fulfill vegetative functions such as 
pupillary control. They have not yet been fully 
characterized, but up to now no ganglion cell type 
has been detected which shows cone opponency 
apart from the midget and S-cone types drawn in 
Figure 3.4. 

Finally, the in vitro technique shows great 
promise in finding out more about how ganglion 
cell signals are generated. We have recently 
recorded from horizontal cells, which are 
interneurons in the outer plexiform layer. The 
number of horizontal cell types and their connec-
tivity has been controversial (Boycott et al., 1987; 
Kolb et al., 1994) but direct recording and anatom-
ical identification has now shown that only two 
types are present. The HI type only contacts M-
and L-cones while the H2 type contacts preferen-
tially S-cones and M- and L-cones to a lesser 
degree (Dacey et al., 1996), and these cells have 
also been drawn into Figure 3.4. It is often 
assumed that horizontal cells contribute to recep-
tive field surround and/or to visual adaptation, and 
we now have the means to directly test these 
hypotheses. 

3.3 Conclusions 

The picture of the primate retina which has 
emerged in recent years is one of a simple and ele-
gant structure. After the receptors, very specific 
circuitry exists with which receptor signals are 
transformed to neural output signals from gan-
glion cells. There has recently been some discus-
sion as to how far a degree of randomness may be 
present in retinal wiring (e.g., Lennie et al., 1991), 
but so far specificity of connectivity has been a 
striking feature. Parasol cells of the MC-pathway 
provide a physiological substrate for the lumi-
nance channel of psychophysics, midget ganglion 
cells for a red-green opponent channel and the 
small bistratified cell and another cell type for a 
blue-yellow channel. Thus these psychophysical 
channels now have a firm physiological and 
anatomical basis. 

A complication lies in the relation of cone-
opponent mechanisms to perceptually opponent 
colors. Although psychophysical threshold experi-
ments seem to match up well with physiological 
mechanisms at the retinal level (Fig. 3.6), the cor-
respondence fails with suprathreshold color nam-
ing. For example, unique green (a green which is 
neither bluish or yellowish) is located at about 
570 nm, whereas unique blue is located at about 
470 nm. However, the red-green cone opponent 
channel is very strongly activated by a change in 
color from, say, white to 470 nm. Some transfor-
mation of cone to perceptual opponency must 
occur centrally (Guth, 1991; DeValois and 
DeValois, 1993). Whether it would be sensible to 
seek for perceptually opponent cells in cortex, or 
whether this transformation occurs in some kind 
of neural network remains to be determined; in 
any event, the locus lies beyond the retina. 

The perceptual roles of ganglion cells is most 
easy to define in detection experiments, under 
threshold conditions. Under suprathreshold condi-
tions, defining functional roles becomes more dif-
ficult. This is especially the case in spatial vision, 
where high resolution and precision seems to be 
mediated by an achromatic or luminance channel. 
The MC-pathway probably supports this channel 
to a significant degree (Kaiser et al., 1990; Lee et 
al., 1992; 1995), but midget cells may also be able 
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to contribute due to their high numerosity (e.g., 
Lennie and D'Zmura, 1988). Perceptual perfor-
mance may often be flexible enough to make use 
of neural signals whichever afferent pathway they 
have traveled, and resolving these pathway's dif-
ferential contributions remains a challenge. 
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4. Chromatic Processing in the Lateral Geniculate 
Nucleus of the Common Marmoset 
(Callith rix jacchus) 
Jan Kremers, Eberhart Zrenner, Stefan Weiss and Sabine Meierkord 

4.1 Introduction 

Evolution has developed color vision to enable 
organisms to differentiate between objects of 
equal brightness by a kind of spectral analysis of 
the object reflectance. At a given luminance level 
most visual systems can discern only approxi-
mately 20 shades of grey while the analysis of the 
wavelength of reflected quanta by means of 
trichromatic color vision allows one to discern 
millions of different colors with different levels of 
brightness hue and luminance. Additionally, the 
usually very subtle differences between the broad 
spectral reflectance curves of biological objects 
are enhanced quite admirably by color-opponent 
ganglion cells so that the small differences 
between spectral reflectances are transformed to 
produce the strongest possible neurobiological 
signal, an electrical sign reversal in the color-
opponent ganglion cells (Zrenner, 1983). 

On the other hand, mother nature has provided 
a number of different solutions to this problem of 
enhancing chromatic differences between objects; 
photoreceptors of a large variety of spectral sensitiv-
ity have developed; animals use two, three or more 
photoreceptors of different spectral sensitivity to 
analyze objects. Additionally, it is possible that the 
interaction between rods and a single class of cones 
provides a remnant dichromatic type of color vision, 
e.g. in blue cone monochromats (Reitner et al., 
1991). Consequently, the particular influence of the 
rod system on chromatic differentiation has to be 
taken into account. Therefore it seems very reveal-
ing to compare trichromatic primates and to study 
the differences between cone spectral sensitivity, rod 
and cone interaction in trichromatic as well as in 
dichromatic systems. A well-suited animal in this 
respect is the common marmoset. 

The common marmoset (Callithrix jacchus) is 
a New World primate (suborder: Anthropoidea 
or Simii; infraorder: Platyrrhini; family: Calli-
thrichidae). The New World primates separated 
from the Old World primates (suborder: 
Anthropoidea', infraorder: Catarrhini) about 
40 million years ago. The common ancestor prob-
ably was a simian (Hershkovitz, 1997). Until 
recently there was little known of the physiological 
properties of the platyrrhine visual system. From 
early observations, it was known that the chromat-
ic processing in platyrrhines might differ from the 
trichromatic system normal in catarrhines 
(Grether, 1939; Malmo and Grether, 1947; Miles, 
1958; Jacobs, 1963). Subsequent studies mainly 
from Jacobs, Bowmaker and Mollon and their co-
workers confirmed that many platyrrhines were 
actually dichromats, and that they displayed a sex-
linked polymorphism with respect to chromatic 
processing. In the beginning of the eighties, the 
idea developed that this polymorphism has a genet-
ic basis. It was hypothesised that there is a single 
gene on the X-chromosome defining the pigment 
for the long- and middle-wavelength range. How-
ever, there are presumably three different alleles 
for this gene, each coding for a different type of 
cone photopigment. Since these three pigments 
absorb maximally in the long- and middle-wave-
length range, they will be summarized as L/M-
cone photopigments. As a result, there are three 
dichromatic and three trichromatic phenotypes. 
The dichromats are all males and the homozygot-
ic females, whereas the heterozygotic females are 
trichromats. Confirmation of this hypothesis came 
from microspectrophotometric measurements and 
from psychophysical studies (Tovee et al., 1992; 
Tovee, 1994; Travis et al., 1988; Jacobs et al., 
1987; 1993; Mollon et al., 1984). 
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Apart from these photopigment differences 
between Old and New World primates there are 
other differences involving the photoreceptors: the 
cone density is higher and the rod density is lower 
in marmoset than in macaques and humans (Troilo 
etal., 1993; Goodchild et al., 1996). Recent results 
indicate a lower S-cone density in marmosets 
(Martin and Griinert, 1996). 

In another recent study it was shown that it was 
possible to determine the phenotype electrophysi-
ologically from measurements in the lateral genic-
ulate nucleus (LGN) of the common marmoset 
(Yeh et al., 1995). In this study, two lights (from a 
green and a red LED respectively) were modulat-
ed with different relative phases. The response 
phase of the LGN cells revealed from which cone 
types the cells received their input. Yeh et al. 
(1995) also concluded that the retinal processing 
of the cone information is probably very similar 
for Old and New World primates. They also found 
that marmoset retinal ganglion cells had temporal 
characteristics very similar to those of macaques. 

The LGNs of all primates (thus not only all 
anthropoids or monkeys, but also the prosimians 
and the tarsiers) are layered. The most important 
layers are the magnocellular (M-) and the parvo-
cellular (P-) layers. The cells in these layers have 
different anatomical and physiological properties. 
They receive their input from morphologically dis-
tinct classes of retinal ganglion cells: the midget 
ganglion cells project to the parvocellular layers 
whereas the parasol ganglion cells project to the 
magnocellular layers. Retinal ganglion cells have 
similar physiological properties as LGN cells and 
are therefore also distinguished in P- and M-cells. 
Most probably, the midget ganglion cells are the 
morphological substrate for the P-cells and the 
parasol cells of the M-cells. The results of recent 
intracellular measurements (Dacey and Lee, 1994) 
seem to confirm this assumption. 

P-cells of Old-World monkeys have color-oppo-
nent inputs. They receive excitatory signals from 
either the long- (L-) or the middle- (M-) wave-
length sensitive cones and inhibitory signals from 
the other cone. As a result, P-cells are excited by 
some colors and inhibited by others, and therefore 
are probably very important for color vision. In M-
cells, both cone types are either excitatory or 

inhibitory. Therefore they are more sensitive to 
luminance changes and are not color selective. In 
dichromatic New World primates, both cell types 
receive input from only one cone type (the L/M-
cone). None of the cells are color selective. The 
chromatic signals are only carried by a small num-
ber of cells, the so-called 'blue-on' cells, which 
additionally receive input from S-cones. 

P- and M-cells also have different temporal and 
spatial properties. Studies performed in our lab, 
showed that marmoset LGN cells have temporal 
properties which are qualitatively the same as in 
macaque retinal ganglion cells: cells belonging to 
the magnocellular (M-) layers were more respon-
sive to luminance modulation than parvocellular 
(P-) cells. Moreover M-cells were temporally 
more nonlinear than P-cells, and the same types of 
nonlinearities as in macaques (such as saturation 
and contrast gain control) were observed in mar-
moset LGN cells. We, however, found evidence for 
substantial temporal filtering in the LGN cells 
(Kremers et al., 1997a). We further found that the 
spatial processing in the retina is identical for mar-
mosets and macaques. The receptive fields of mar-
moset LGN cells were larger than those of 
macaques exactly as would be expected on the 
basis of the smaller eye of the marmoset. Further, 
as in macaques, M-cells were spatially more non-
linear with similar nonlinearity indices (Kremers 
and Weiss, 1997). 

From these results it can be concluded that reti-
nal processing is probably very similar in 
platyrrhines and catarrhines. The main differences 
involve the photoreceptors. In the present paper 
we want to present the results of some studies on 
the chromatic processing in the dichromatic mar-
moset LGN, with emphasis on the interaction 
between rod and cone signals. Yeh et al. (1995) 
found some indications for strong rod inputs in 
some LGN cells. The objective of the present stud-
ies was to further pursue this observation. We 
measured the spectral sensitivities of P- and M-
LGN cells to chromatic flashes upon a white back-
ground of various intensities. Further, we deter-
mined the 'silent substitution' location of a coun-
terphase red-green modulation on a monitor. The 
concept of silent substitution was first introduced 
by Estevez and Spekreijse (1974). This idea makes 
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use of the 'principal of univariance' (Mitchell and 
Rushton, 1971): the hyperpolarization in a pho-
toreceptor is determined by the number of photons 
absorbed and not by the wavelength of these pho-
tons. Thus if two light-sources with different 
wavelength contents are exchanged without a 
change in the quantal catches in a certain photore-
ceptor, this substitution will be 'silent' for this 
photoreceptor: there will be no change in hyper-
polarization. The 'silent substitution' point is char-
acteristic for the present photoreceptor pigment. 

The response amplitudes and phases of the cells 
at various mean luminances allowed some conclu-
sions about the interaction between rods and 
cones. We further used the results of the electro-
physiological studies as a basis for the study of 
rod-cone interactions in dichromatic human 
observers. 

4.2 Spectral Responsivities 

We measured the responses of marmoset LGN 
cells to chromatic flashes upon a white back-
ground (Kremers et al., 1997b) produced by a 
Xenon arc light source, the output of which was 
mainly in the visible part of the spectrum (color 
temperature: 4471° K; measured with a Spectra-
scan* spectroradiometer). The background intensi-
ty was either 1, 10 or 40 cd/m2, which resulted in 
retinal illuminances equivalent to 31, 153 and 615 
human trolands respectively (we used an artificial 
pupil of 2 mm diameter in all marmoset experi-
ments; because of the smaller marmoset eye we 
calculated that the retinal illumination is 4.9 times 
larger than in the human eye). The chromaticity of 
the flashes was determined by interference filters 
and the same xenon arc source. The responses to 
various flash intensities were measured. Response 
amplitude at each condition was determined by 
the maximal discharge rate in a 50 msec time win-
dow after the excitatory stimulus (flash-on for on-
center cells and vice versa). Response amplitude 
was plotted as function of the Michelson radiance 

contrast ( = ^ — Rflash — j 0 f ^ stimulus 
V 2 X bckgr + Kflash J 

rather than Weber fraction since with Michelson 

contrast, a good description of only the lower flash 
intensities could be obtained where the adaptive 
state of the cells was mainly determined by the 
background and not by the stimulus. Radiance 
terms were used instead of quantal terms because 
of the broad-band spectrum of the background 
and because the photoreceptor sensitivities were 
calculated using the whole spectral output rather 
than the peak output wavelength. Photoreceptor 
absorptances were therefore divided by the wave-
length to get the absorptances in energy units, and 
were corrected for absorption in the eye media 
(data kindly provided by Prof. J. Bowmaker). We 
fitted Naka-Rushton functions through the 
response vs. contrast plots and responsivity was 
defined as the initial slope of this function (which 
is the cell's contrast gain). 

Figure 4.1 shows the mean spectral responsivi-
ties of LGN cells in one animal. The peak sensi-
tivity for both P- and M-cell at a 1 cd/m2 back-
ground is at 500 nm, indicating that the response 
is mainly determined by rod input. The peak sen-
sitivity of P-cells at 10 cd/m2 background has 
shifted to 518 nm and the curve has become 
broader. We interpret these data as showing that 
the cells have substantial cone input at this back-
ground intensity. 

The blood of all animals used in our studies was 
examined genetically to determine the genotype 
(Williams et al., 1992; Hunt et al., 1993). In this 
particular animal the gene for the photopigment 
which maximally absorbs at 543 nm was present. 
In a later section we describe that it was actually 
possible to establish the link between genotype 
and phenotype, so that we are relatively confident 
that this animal indeed had the 543 nm photopig-
ment. Through the data we fitted an addition of the 
sensitivities of rods and the 543 nm cone pigments 
to the various stimulus conditions. These fits are 
also shown in Figure 4.1. The spectral responsivi-
ties were too broad to determine the present pho-
topigment directly, since the absorption spectra of 
all three L/M cones gave satisfactory fits. But, the 
fits with absorption spectra of the genetically 
determined photopigments were the best in the 
majority of the cases. 

From the strength of the rod and cone input we 
calculated the ratio of rod to cone input strength to 
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Fig. 4.1: Mean spectral responsivities of 6 parvocel-
lular (A) and 3 magnocellular (B) cells at a 1 cd/m2 

background giving a retinal illuminance of 15 equiv-
alent human td. The cells respond maximally at 
500 nm. The curve for the M-cells is somewhat 
broader, indicating stronger cone input. The mean 
spectral responsivity of 7 P-cells at 10 cd/m2 (153 td) 
background are displayed in panel C. The maximal 
responsivity has shifted towards longer wavelengths, 
which is an indication of relatively stronger cone 
input. Spectral absorptances of the photoreceptors are 
fitted through the data. These absorptances were cal-
culated using the nomograms of Knowles and 
Dartnall (1977). The quantal absorptances were 
divided by the wavelength to obtain the absorption in 
radiant terms. 

the two cell types at various background levels. 
The ratios are given in Figure 4.2. These data show 
that there is a negative correlation between rod to 
cone ratio and background illuminance. Further, 
P-cells seem to receive stronger rod signals than 
M-cells. 

These data show that LGN cells in the dichro-

Fig. 4.2: Ratio of rod to cone input to P- and M-cells 
for different background retinal illuminances. The 
ratio decreases with increasing illuminance, indicat-
ing less strong rod signals. Further, P-cells seem to 
receive stronger rod signals than M-cells, the cause of 
which may lie in our way of defining response as dis-
cussed in the text. 

matic marmoset have substantial rod input up to 
relatively high illuminance levels. But the method 
of determining spectral responsivities to chromat-
ic flashes has some inherent disadvantages which 
make it difficult to further study how rods and 
cones interact. These disadvantages are: Flash 
stimuli contain many temporal frequencies. When 
cells have different temporal characteristics then it 
is difficult to quantify the interaction between both 
cell types. That seems to be the case with rods and 
cones. Furthermore, P- and M-cells have different 
temporal characteristics. The difference between 
both cell types as found in Figure 4.2 might be the 
result of these differences rather than real differ-
ences in rod or cone input. Since the response was 
defined as the maximal response within a 50 msec 
time window, a bias is introduced to get the 
response in a transient phase after the excitatory 
response. This transient phase might be more pro-
nounced in M-cells. On the other hand the rod 
component in the response is possibly too slow 
to become expressed in this transient phase. A 
second disadvantage of the flash paradigm is that 
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the state of adaptation changes continuously 
during the measurements, since the cells also 
adapt to the stimulus. Finally, the measurements 
were very time consuming (getting a complete 
spectral responsivity plot for one cell took about 
1.5 hours). Therefore we have only limited num-
bers of useful response data. 

To overcome these disadvantages we developed 
a stimulus using a monitor. The next section 
describes this stimulus type and the results of the 
measurements. 

4.3 Responses of LGN Cells 
to Various Photoreceptor 
Contrasts 

We developed a stimulus on a BARCO monitor 
that was controlled by a VSG 2/2 graphics card 
(Cambridge Research Systems). The stimulus con-
sisted of counterphase modulation of the red and 
green guns of the monitor at a temporal frequency 
of 4 Hz, which was about the optimal frequency 
for most P- and M-cells (Kremers et al., 1997 a). 
The spatial configuration of the stimulus was a 
circular center with a counterphase modulating 
surround. The center size was chosen to fit the 
receptive field center optimally. The reason for 
choosing this spatial configuration was to maxi-
mize the signal-to-noise ratio, through reinforce-
ment of the receptive field's center by the sur-
round. The contrast of the red gun was kept 
constant at 43% (expressed as Michelson con-
trast). The contrast of the green gun was varied 
between 5% and 80%, in steps of 5%. From the 
spectral output of the guns and spectral absorp-
tances of the photopigments (corrected for absorp-
tion in the eye media and recalculated into energy 
terms) we calculated the photoreceptor contrast at 
each green contrast condition. The photoreceptor 
contrast of course depends on the absorption spec-
trum of the photopigments. A photoreceptor con-
trast of 0% is the 'silent substitution' condition for 
the pigment. Figure 4.3 shows the calculated pho-
toreceptor contrast as a function of the green con-
trast for the various photoreceptors. Phase of pho-
toreceptor responses is determined by red 

Calculated photoreceptor contrast for 
the different stimulus conditions 

Green phosphor Michelson contrast (%) 

Fig. 4.3: Calculated photoreceptor contrasts for the 
different stimulus conditions. Red contrast was 43 %. 

modulation when green contrast is small and by 
the green modulation (and therefore 180° shifted) 
when the green contrast is large. 

The measurements were repeated at different 
luminance levels. The responses of an on-center M-
cell are displayed in Figure 4.4 as function of green 
contrast at different luminance levels. At high re-
tinal illuminance the point of minimal response 
of this cell corresponds best with the 'silent sub-
stitution' point of a 563 nm photopigment. The 
response phase shifts by 180° at this point. Our 
conclusion that this animal has a 563 nm cone was 
confirmed by the genetic analysis. At lower retinal 
illuminances the condition of minimal cell re-
sponse had shifted towards the 'silent substitution' 
point of the rods, without reaching it. From this we 
concluded that under these conditions the cell 
receives input from rods and the L/M cones. The 
response phase changes only gradually around the 
minimum, which indicates that the rod and the 
cone inputs have different dynamic properties. 

We modeled the cell responses by a vector addi-
tion of rod and cone inputs. To fit the model to the 
data, the data were transformed into vectors in 
polar coordinates where the vector's angle with the 
abscissa is determined by response phase and the 
vector length by response amplitude. The rod and 
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Responses of an on-centre M-cell 

A: 846 td B: 30 td 

140 

20 40 60 80 40 60 

Fig. 4.4: Response amplitude (upper plots) and 
response phase (lower plots) of an on-center M-cell at 
two different luminance levels (2 and 40+15 cd/nr 
resulting in 30 and 615 + 231 equivalent human 
trolands respectively). The response is minimal close 
to the 'silent substitution' point of the 563 nm cone at 
high retinal illuminances. The response phase 
changes abruptly over 180° at this minimum. At 
2 cd/m2, the minimal response is between the 'silent 
substitution' points of cones and rods. The response 
phase changes more gradually. 

cone signal vectors were added in such a manner 
to describe the data best. Figure 4.5 shows the 
results of the same cell as Figure 4.4 together with 
the model fits. 

From the fits, phases and amplitudes of rod and 
cone inputs were obtained. For each luminance 
condition we calculated the ratio of rod to cone 
input strengths. In Figure 4.6 the mean ratio for P-
and M-cells is given as function of retinal illumi-
nance. Even at an illuminance level of 615 human 
trolands there is some rod input to the cells. For 
higher retinal illuminances we gave additional 
unmodulated light of the blue phosphors to selec-
tively adapt the rods. It is only when about 150 td 
of the blue light is added, that the rod input is neg-
ligible, since the ratio does not increase any further. 

We further found that the ratio of rod to cone 
input strength is correlated with retinal eccentrici-
ty (Fig. 4.7). This seems to be trivial when taking 
the rod and cone distribution into account, but to 
our knowledge this has not been found before on 
the basis physiological data. The finding is also 
indicative of the fact that our method is sensitive 
enough to study rod-cone interactions. 

These measurements were repeated in some 
cells for several different temporal frequencies at 
an intermediate retinal illuminance level for which 
we found both substantial rod and cone input at 
4 Hz. The data were again consistent with the vec-
tor addition model. The phase differences between 
rods and cones at the different frequencies indicat-

180° 

Model fit through response data on-centre M-cell 

846 td B 30 td 

/ \· \ · 
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Fig. 4.5: The same data 
as in Figure 4.4 present-
ed in a polar plot. Data 
are presented as vector 
end-points. The response 
amplitude is depicted by 
the distance to the origin. 
The angle of the vector 
with the abscissa gives 
the response phase. The 
lines are best fits with 
the model of vector addi-
tion of rod and cone sig-
nals. 
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ed that the rod signals were delayed relative to 
cone signals by about 45 msecs. Yeh et al. (1995) 
found for one cell a latency of 33 msec. These val-
ues were relatively close to values found in physi-
ological measurements in macaques (Gouras and 
Link, 1966; Lee et al., 1997) which gave latencies 

Unmodu la ted light of t he 
blue phosphors a d d e d 

0.1 

P-ce l ls 
M-ce l ls 

Λ 

0 200 400 600 800 1000 

Mean ret inal i l luminance (td) 

Fig. 4.6: Ratio of rod to cone input strengths as a 
function of retinal illuminance (expressed as human 
trolands). The ratio decreases monotonically, indicat-
ing decreasing strength of the rod signal. Even at 
about 600 td significant rod input was measurable. In 
contrast to the flash data, we did not find differences 
between P- and M-cells with this paradigm. 
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Fig. 4.7: Ratio of rod to cone input strength as a func-
tion of retinal eccentricity showing that rod signals 
are more important in eccentric cells. 

of about 20-50 msec, and somewhat lower than 
psychophysical^ determined latencies (MacLead, 
1972; van den Berg and Spekreijse, 1977) of 
70-75 msec. 

From these measurements we were able to con-
clude that: 
- With this stimulus type it is possible to deter-

mine the present L/M photopigment. 
- A model which assumes vector addition of rod 

and cone inputs describes the data well. 
- We found that the cells can receive strong rod 

input up to relatively high retinal illuminances. 
That is in agreement with the spectral responsiv-
ity data and with the observations of Yeh et al. 

- The rod input strength increases with increasing 
retinal eccentricities. 

The advantages of this stimulus above the spectral 
responsivity measurement is that the measurements 
at all retinal illuminances were performed within 
about 10 min, in contrast to the 1.5 hours necessary 
to measure the spectral responsivity at one retinal 
illuminance level. Further, with the monitor stimu-
lus the time-average retinal illuminance does not 
change with stimulus condition. Thirdly, the mea-
surements with the monitor stimuli were much 
more informative about the type of interaction 
between rods and cones. Moreover by measuring 
the interaction at several temporal frequencies it is 
possible to draw some conclusions about the tem-
poral properties of rod and cone signals. 

Since the marmoset visual system was found to 
be relatively similar to those of Old World pri-
mates, with the exception of the differences in the 
photoreceptor density and absorption spectra 
(Goodchild et al., 1996; Yeh et al., 1995; Kremers 
and Weiss, 1997), we wondered whether a similar 
strong rod input can also be found in human 
dichromats. 

4.4 Selective Photoreceptor 
Stimulation in Human 
Observers 

In this section some preliminary results are pre-
sented from psychophysical measurements on 
human observers for which a similar stimulus as in 
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the physiological experiments was used. All three 
monitor phosphors were modulated with prede-
fined contrasts at 2 Hz and 10 Hz. The phosphors 
could modulate either in phase or in counterphase 
relative to each other. By taking into account the 
emission spectra of the phosphors and the cone 
fundamentals (DeMarco et al., 1992), the cone 
contrast in each of the three cone classes could be 
calculated. In all the measurements the S-cone 
contrast was 0 % (S-cone silent substitution). 
Because of the broad emission spectra of the mon-
itor phosphors it was not possible to obtain high 
cone contrasts, but in most measurements thresh-
olds could be obtained. Thresholds can be present-
ed in a two-dimensional plot displaying the L- and 
M-cone contrasts. A line through the origin in this 
plot connects points with the same ratio of L- to 
M- cone contrast. We measured the thresholds of 
trichromatic and dichromatic observers along 
eight directions in this plot. These measurements 
were performed at a time-averaged retinal illumi-
nance of 470 td, for which the rod signal is proba-
bly small. The results are displayed in Figure 4.8 
for a trichromat, a deuteranope and a protanope. 
The dichromatic observers had the largest thresh-

olds along the cone axis which the observer lacks. 
This is a control that our calculations indeed 
resulted in the desired cone contrasts. The thresh-
olds in the trichromatic observer were totally dif-
ferent and were more determined by postrecep-
toral systems. At low temporal frequencies, the 
thresholds are probably determined by the parvo-
cellular system (Smith et al., 1992; Kremers et al., 
1992). Since the parvocellular system is at this fre-
quency least sensitive for luminance modulation 
and very sensitive for chromatic modulation (Lee 
et al., 1993), the thresholds are highest for the con-
ditions where the luminance information is maxi-
mal and the chromatic information is minimal. 
That is the case when the L- and M-cones modu-
late in phase and with equal contrast, thus for con-
ditions along the 45° line. There is however also a 
chromatic component in this stimulus since in this 
condition the centers of the blue-on cells are not 
excited (because these stimuli are all silent substi-
tutions for the S-cone) but the surrounds are excit-
ed by the L- and M-cone modulations. At higher 
frequencies the magnocellular system probably 
determines the thresholds. Therefore the thresh-
olds now result in a totally different outline in the 

470 td 

M-cone contrast (%) 

Fig. 4.8: Modulation thresholds for a trichromatic and two dichromatic human 
observers for different ratios of L- to M-cone modulation. Two different fre-
quencies were used (2 and 10 Hz). Retinal illuminance was 470 td, and retinal 
eccentricity was 2°. S-cone contrast was 0% for all conditions. The thresholds 
of the trichromatic observer are determined by the luminance and chromatic 
contents of the stimulus, whereas the thresholds of the dichromats are deter-
mined by the pigment present. 
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plot, with maximal thresholds along the equilumi-
nance axis, i.e., along the direction when L- and 
M-cones are modulated in counterphase with the 
M-contrast twice the L-cone contrast (luminance 
contrast was calculated along each direction by 
calculating the multiplication of the phosphor 
modulations with Vx). 

The monitor stimulus is thus suitable to study 
rod-cone interactions in dichromats because with 
the three phosphors we can span the three-dimen-
sional space of the rods and the two cone types. 
Trichromats have four active photoreceptors, and 
therefore it is impossible to get each combination 
of photoreceptor contrast. Analogous to the L/M-
cone space described above we created a rod/L-
cone space for deuteranopes and a rod/M-cone 
space for protanopes. S-cone contrast again was 
0% in all conditions. Figure 4.9 shows the thresh-
olds of a deuteranopic observer. The stimuli were 
presented at 2° and 7.5° retinal eccentricity. 

At 2° eccentricity and 470 and 47 td, the thresh-

olds along the pure rod modulation axis are larger 
than along the pure cone modulation axis, indicat-
ing that the rod signal indeed was small. With 
decreasing retinal illuminance the thresholds at 
10 Hz increase indicating an overall loss of sensi-
tivity. Only at 4.7 td did the orientation of the 
threshold ellipse rotate away from the rod axis, 
indicating substantial rod signals in this condition. 
From these data it can be concluded that at least at 
retinal illuminances down to 47 td, rod signals are 
negligible. That is seemingly in contrast with the 
electrophysiological data on marmoset LGN cells. 
But the marmoset data also show that at low reti-
nal eccentricities most LGN cells do not receive 
strong rod input. Although no electrophysiological 
data were obtained at 2° it is likely that this is also 
the case at this eccentricity. 

The lower panels of Figure 4.9 show psy-
chophysical thresholds at higher retinal eccentric-
ities. The threshold ellipses indicate that the retinal 
illuminance at which rod signals are involved 

MM (deuteranope) 

σι α> -ο 

cn ω 13 
- 2 0 - 1 0 

L-cone contrast (%) 

Fig. 4.9: Thresholds of a deuteranopic observer in a rod/L-cone space. 
Retinal eccentricity for the thresholds shown in the upper panels was 2°. 
At 470 and 47 td the thresholds are largest along the pure rod modulation 
axis, indicating only minor rod input at these retinal illuminances. At 
4.7 td the threshold ellipse has rotated for the 2 Hz thresholds indicating 
significant rod signals. The thresholds increase dramatically for the 10 Hz 
modulation, in agreement with the overall observed loss of sensitivity to 
high temporal frequencies with decreasing retinal illuminance. The lower 
panels show thresholds measured at a retinal eccentricity of 7.5°. The 
threshold ellipses indicate that rods are involved already at 47 td. Thus, the 
strength of the rod signals increases with increasing retinal eccentricity. 
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indeed increase when the thresholds are measured 
at higher retinal eccentricity. It thus seems that, as 
in the physiological measurements, the retinal 
eccentricity plays an important role in the strength 
of the rod signals. The question, however, remains, 
whether the absolute levels of rod signals differ 
between humans and marmosets. Further, there 
might be differences between dichromats and 
trichromats. This issue is unresolved yet. 

4.5 Summary 

We measured responses of lateral geniculate cells 
in dichromatic common marmosets to chromatic 
flashes and to counterphase modulation of the red 
and green phosphors of a monitor. Both measure-
ments gave indications of substantial rod input to 
both magno- (M-) and parvo- (P-) cells up to rela-
tively high retinal illuminances (equivalent to 
600 td in the human eye). We found that M-cells 
and the majority of P-cells had only input from the 
cone absorbing maximally in the middle- and 
long-wavelength range. Rod and cone signals to 
these cells were non-opponent. The response of 
the cells could be modeled by a vector sum of rod 
and cone signals. The strength of the rod signal 
decreased with increasing retinal illuminance and 
with decreasing retinal eccentricity. In psy-
chophysical threshold measurements in dichro-
matic human observers at 2° eccentricity, the 
thresholds were not influenced by rods for retinal 
illuminances down to 47 td. 
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5. Molecular Genetics and the Biological Basis 
of Color Vision 
Maureen Neitz and Jay Neitz 

5.1 Introduction 

Molecular biology and molecular genetics are 
beginning to help to answer questions of long-
standing interest to color vision scientists. For 
example, shifts in spectral sensitivity of the mid-
dle-(M) and long-(L) wavelength sensitive pho-
topigments have long been known to underlie con-
genital red-green color vision anomalies, but there 
have been unanswered questions. What are the 
spectral sensitivities of the photopigments that 
underlie the different forms of color blindness? In 
anomalous trichromacy the X-encoded pigments 
are less separated in spectral peak than normal, but 
how large a spectral difference between pigments 
is required to support color vision? How small can 
the spectral difference be before color vision is 
degraded? In the commonly observed congenital 
color vision defects, how much color vision loss 
can be explained purely by a decrease in the spec-
tral difference between the underlying pigments, 
and how much must be attributed to deficiencies 
in post-receptoral processing? A closely related, 
but more global question that concerns the rela-
tionship between the cone photopigments and 
color vision is: why, for most humans, is color 
vision trichromatic, as opposed to tetrachromatic 
or even pentachromatic? Is trichromacy imposed 
because the number of spectrally distinct pho-
topigments in the eye is limited to three or is the 
limitation at a higher level in the nervous system 
that has the capacity to carry only three color 
"channels"? 

5.2 Background 

5.2.1 Types of Congenital Color Vision 
Defects 

To have normal color vision a person needs at least 
three spectrally different cone photopigments 
derived from each of three well-separated spectral 
classes: short-, middle-, and long-wavelength sensi-
tive. These can be abbreviated S, M, and L. 
Alteration or loss of cone pigments cause color 
vision defects. The mildest disturbances in color 
vision are the anomalous trichromacies in which 
two of the cone pigments are less separated in spec-
tral sensitivity than normal. Such mild color vision 
defects are extremely common, affecting 6% of 
males in Caucasian populations. The next most 
severe category of color vision defect are the 
dichromacies. Dichromats have lost one class of 
pigment and they base their color vision on just two 
pigments. There are three classes of dichromats cat-
egorized by missing either the L, Μ or S pigments 
and named respectively protanopes, deuteranopes, 
and tritanopes. Loss of the S pigment (tritanopia) is 
a rare condition. Protanopia and deuteranopia are 
much more common. They each occur at a rate of 
about 1 % in Caucasian males. In the final category 
are the extremely rare monochromacies in which 
individuals are completely color blind. In this 
group there are two classes. Rod monochromats 
have loss of function of all three classes of cones. 
Blue cone monochromats have functional rods and 
S cones but have lost function of L and Μ cones. 
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Q - carriers 

Π - affected male 

Π - normal male 

Ο - affected females 

Ο · normal females 

Fig. 5.1: Pedigree showing X-linked segregation of a color vision defect 
The circles indicate females, squares indicate males. Females have two X-
chromosomes, males have one X- and one Y-chromosome. X-chromosomes 
conferring normal color vision are denoted Xn, those conferring protanopic 
color vision are denoted Xp. In the pedigree drawn, the parents of the pedigree 
(top circle and square) had four children, two males and two females. One 
daughter (XnXp) married a protanopic male, and they had four children, two 
males and two females. One son of the parents of the pedigree married a 
homozygous normal woman (X„Xn) and they had three children, one male and 
two females. 

5.2.2 Genome Organization and 
Inheritance Patterns of Color 
Vision Defects 

The human genome is organized into 23 pairs of 
chromosomes - 1 pair of sex chromosomes, and 
22 pairs of autosomes (non-sex chromosomes). 
The sex chromosomes determine gender. Males 
have one X-chromosome and one Y-chromosome, 
females have two X-chromosomes. The majority 
of the X and Y chromosomes contain different 
genes, thus males are hemizygous for genes on the 
X-chromosome. Females can either be homozy-
gous or heterozygous for genes on the X-chromo-
some depending on whether the genes on the two 
Xs are the same or different, respectively. 

In somatic cells, genes from both members of 
each pair of autosomes are expressed, however 
genes from only one X-chromosome are expres-
sed. In females, this is accomplished by a random, 

functional inactivation (X-inactivation) of one 
copy of the X-chromosome in each cell. 

Red-green color vision defects, including protan 
and deutan defects, and blue cone monochromacy, 
are inherited as X-linked traits because the genes 
encoding the L and Μ cone opsins are both carried 
on the X-chromosome. An example of a pedigree 
segregating the color vision defect, protanopia, is 
shown in Figure 5.1. A male inherits the X-chromo-
some from his mother, and the Y chromosome from 
his father; a female inherits one X-chromosome 
from her mother and the other from her father. Thus, 
if a woman is heterozygous for protanopia (XnXp in 
Fig. 5.1) and the father of her children has normal 
color vision (XnY), then her sons have a 50% 
chance of inheriting her X-chromosome carrying 
protanopia, and thus of being protanopes (XpY). 
Her daughters also have a 50 % chance of inheriting 
her protan X-chromosome, but the daughters will 
inherit a normal X-chromosome from the father. 
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The daughters, thus, have a 50% chance of being 
heterozygous carriers of protanopia. A female carri-
er will have normal color vision because, due to X-
inactivation, one-half of her photoreceptor cells will 
express the genes from the X-chromosome that con-
fers normal color vision, and this rescues her from 
the color vision defect. In order to have protanopia, 
a female must inherit an X-chromosome that con-
fers protanopia from both her mother and father. A 
color deficient man will not pass his genes for 
protanopia to his sons because his sons inherit his 
Y chromosome. However, a protanopic father will 
pass his genes for protanopia to his daughters, and 
the daughters are said to be obligate carriers. 
Daughters of carrier females and protanopic 
fathers have a 50 % chance of being protanopic. 
The other X-linked color vision disorders follow 
the same pattern of inheritance as protanopia. One 
additional consequence of X-inactivation is that 
females who inherit one X-chromosome that would 
confer deuteranopia and the other that would con-
fer protanopia have normal color vision. The gene 
on one chromosome produces Μ pigment and a 
gene on the other chromosome produces L pig-
ment. X-inactivation segregates these into two pop-
ulations of photoreceptors and the nervous system 
is plastic enough to derive red-green color vision. 

The very first studies of the molecular genetics 
of color vision were done by Nathans and his col-
leagues (Nathans et al., 1986a; 1986b). They iso-
lated and characterized human L, Μ and S pigment 
genes. Their results indicated that the L and Μ pig-
ment genes are on the X-chromosome and that they 
are 98% identical to each other. Perhaps the most 
surprising finding was that most people have more 
than two cone pigment genes on the X-chromo-
some. The Μ and L pigment genes are arranged in 
a head-to-tail tandemly repeated array. The present 
evidence indicates that individuals with normal 
color vision can vary widely in the number of cone 
pigment genes in the array (Neitz and Neitz, 1995). 
Two pigment genes - one Μ and one L - is the 
minimum requirement for normal vision and three 
genes is probably the most frequent number, but 
the range is up to perhaps as many as ten pigment 
genes. The X-chromosome can have multiple M-
or multiple L-pigment genes, but it is more com-
mon to have extra M-pigment genes. 

The gene encoding the S-cone opsin is located 
on autosome 7 (Nathans et al., 1986a). The color 
defect, tritanomaly, is caused by deleterious muta-
tions in the S-pigment gene that render the pig-
ment nonfunctional (Weitz et al., 1992a; 1992b). 
Tritanomaly is inherited in an autosomal dominant 
fashion, meaning that heterozygotes who have one 
mutant and one normal copy of the S-cone opsin 
gene exhibit the tritanomalous phenotype. The 
defective gene predominates over the normal one 
presumably because both are expressed in the 
same S-cone photoreceptor, and the defective gene 
product adversely affects the viability of the cell. 
Curiously, it appears that some people have the 
defective S-cone opsin gene but do not manifest 
tritanomaly, and this phenomenon is known as 
incomplete penetrance. 

Rod monochromacy is inherited as an autoso-
mal recessive trait. The gene underlying this con-
genital color vision defect has not been identified, 
however it appears that it is an autosomal gene, 
and that two mutant copies (homozygous reces-
sive) are required to produce the disease pheno-
type. The focus of the remainder of this chapter 
will be on normal color vision, the common con-
genital red-green color vision defects and the 
underlying L- and M-pigment genes. 

5.2.3 Genes and Gene Expression 

The L-, M-, and S-cone opsin genes are believed 
to be expressed exclusively in the cone photore-
ceptor cells of the retina. The steps in the process 
of gene expression are illustrated in Figure 5.2. 
The L- and M-cone opsin genes each contain six 
exons, or coding regions, separated by five inter-
vening regions, or introns. When a gene is 
expressed, the genomic copy of the gene is used by 
the cellular machinery as a template to make an 
RNA copy. The introns and exons are initially tran-
scribed into heterogeneous nuclear RNA. This ini-
tial transcript is processed to remove the introns, 
and the exons are linked together to form messen-
ger RNA (mRNA). The mRNA is used as a tem-
plate to direct the synthesis of the protein product 
in the process of translation. 

DNA and RNA are chemically very similar. 
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Fig. 5.2: Genes and gene expression. 
DNA is double stranded with antiparallel strands. The 
"head" and "tail" of each strand is conventionally 
designated 5' and 3' respectively. The convention for 
diagramming DNA is that the 5' end of the top strand 
is to the left, and the 3' end of the top strand is to the 
right. The bottom strand has the exact opposite orien-
tation, with the 5' end to the right and the 3' end to 
the left. Genes are composed of exons connected by 
introns, indicated here by tiny boxes (exons) connect-
ed by lines (introns). Genes are transcribed into het-
erogeneous nuclear RNA which is then processed by 
"splicing" out the introns to form messenger RNA 
(mRNA). The mRNA is translated into a protein. 

They both contain linear sequences of four nu-
cleotide building blocks. For DNA the nucleotide 
building blocks are referred to with the letters G, 
A, C and Τ for the bases guanine, adenine, cyto-
sine and thymine. For RNA the nucleotide build-
ing blocks are referred to by the letters G, A, C and 
U for the bases guanine, adenine, cytosine and 
uracil. The genetic code for the amino acid 
sequence of a protein is contained within the cod-
ing sequence of a gene and its corresponding 
mRNA. Within the mRNA there is a signal for 
where the translation machinery should begin 
translating the mRNA into protein, and the genet-
ic code is read three nucleotides at a time with 
each series of three nucleotides specifiying the 
next amino acid to be incorporated into the 
polypeptide chain, or gene product. Also, included 

in the genetic code is a signal for where translation 
is to be terminated. Each set of three nucleotides 
that specifies an amino acid or specifies termina-
tion of translation is termed a codon. 

When molecular biologists wish to study a gene 
expressed in a specific tissue, one general ap-
proach that is used is to isolate mRNA from the 
tissue of interest, and make a DNA copy of the 
mRNA. This DNA copy is termed cDNA. 

5.3 Spectral Tuning of M- and 
L-Cone Pigments 

A major contribution from molecular biology is an 
understanding of the role of specific amino acid 
differences in tuning the absorption spectra of the 
L and Μ pigments. This in turn has allowed the 
use of molecular genetics to deduce the spectral 
sensitivities of the pigments specified by the genes 
in individuals. Comparisons of color vision behav-
ior with the deduced spectra of the pigments has 
provided insight into the photopigment basis of 
both normal and defective red-green color vision. 

Work from a large number of laboratories using 
a variety of molecular genetic approaches has 
contributed to our understanding of spectral tun-
ing of the X-chromosome encoded cone pigments 
(Asenjo et al., 1994; Chan et al., 1992; Ibbotson et 
al., 1992; Kosower, 1988; Merbs and Nathans, 
1992; 1993; Neitz, et al., 1989; 1991; Williams et 
al., 1992). The genes for the L- and M-pigments 
each contain six exons. The first and sixth exons 
are identical between and among L- and M-pig-
ment genes, and thus they do not participate in 
spectral tuning. Each of the other exons, 2-5, spec-
ify amino acid substitutions that produce spectral 
shifts. 

The first identification of which of the differ-
ences among the M- and L-pigments contribute 
most to spectral differences came from a compar-
ison of spectral sensitivities with the deduced 
amino acid sequences of the X-encoded visual 
pigments (Neitz et al., 1991). In that study, com-
parison of two human dichromats and six males 
from two species of South American primate 
revealed that most of the spectral difference 
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9 chromophore attachment site 

Fig. 5.3: A schematic diagram of an L/M cone opsin molecule. 
Amino acids are illustrated as spherical "beads" along the protein strand. There are 
18 amino acid dimorphisms that occur among the X-encoded opsins. Two differences, at 
positions 277, 285, shown in red, located in helix 6, together are responsible for the dif-
ference between the two major classes of X-encoded opsin, L and M. Changing these two 
produces a shift in peak absorption of 16-24 nanometers. Dimorphic changes at five other 
amino acid positions (shown in yellow) produce relatively smaller spectral differences. The 
dimorphism at position 180 plays a central role in producing individual differences in nor-
mal color vision and also plays a role in modulating the severity of color vision defects. 
The other spectrally active positions can modulate the severity of color vision defects and 
probably also play a role in normal color vision variations. It appears that the active 
changes produce a smaller spectral effect when introduced in an Μ pigment than when 
introduced in an L pigment (i.e., when Μ vs. L are defined by the identity of the amino 
acids at 277 and 285). An example is that substitution at position 116 produces a spectral 
change in L but not in Μ pigments. The 11 amino acid residues shown in blue are dimor-
phic among the human X-encoded opsins but they are not known to play a role in spectral 
tuning of Μ or L pigments. The protein component of the cone visual pigment (opsin) is 
a chain of amino acids imbedded in the cell membrane lipid bilayer. The seven transmem-
brane protein segments form alpha helices as they cross the lipid bilayer. In the photore-
ceptor cell, the helices from a bundle surrounding and completely encasing the light 
absorbing chromophore, 11-cis retinal. In this diagram, the molecule is opened out to dis-
play the inside surface. The chromophore attachment site, Lysine 312 in helix 7, is shown 
in black. Adapted from Donnelly et al. (1994). 
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Fig. 5.4: Amino acid substitutions involved in spectral tuning. 
On the left is a diagram showing the L- and M-pigment gene struc-
ture, indicating the seven spectrally active amino acid substitutions 
encoded by exons 2-5 of the genes. The single letter amino acid 
code is given and S = serine; I = isoleucine; A = alanine; Y = tyro-
sine; Τ = threonine; F = phenylalanine. Red indicates that the 
encoded amino acids at the spectrally active positions shift the 
spectrum long, green indicates that the encoded amino acids shift 
the spectrum short. To the right are the L- and M-pigment genes 
constructed by Merbs and Nathans (1993) and Asenjo et al. (1994) 
and the measured spectral peaks ( λ ^ ) for each of the encoded pig-
ments are given. The two studies gave different values for the ληγΛΧ 

of each pigment but this is not surprising because the two groups 
used different biochemical methods. ND = not done. 

between L and Μ pigments is produced by two 
amino acid substitutions encoded by exon 5 of the 
genes. These substitutions are tyrosine for pheny-
lalanine at position 277 (Y277F) and threonine for 
alanine at position 285 (T285A), and together they 
produce a spectral shift of 16-24 nm (Fig. 5.3). 
These two substitutions, alone, can be thought of 
as determining whether a pigment is classified as 
Μ or L. The results of that study also indicated 
that substitution of serine for alanine at position 
180 (S180A) produces a spectral shift of 4 - 7 nm. 
This site was of particular interest, in retrospect, 
because in the pioneering study of Nathans et al. 
(1986b) position 180 was not a variant position 
found to characterize the difference between Μ 
and L pigments. Instead it was one of four sites 
that differed among three L pigments (two were 

expressed sequences derived from human donor 
eyes, the third was a genomic gene)1. The discov-
ery that the substitution S180A produces a spec-
tral shift was a direct clue that more than one spec-
tral variant of the L pigment might occur in the 
color normal population. Earlier microspectropho-
tometric data had also provided evidence that there 

1 It was later discovered that two of the codons which 
were reported as variant among L-pigments were in 
error. J. Nathans has generously distributed one of the 
cDNA clones (hs7). The use of that clone has been 
invaluable in work on cone pigment genes world-
wide. However, several groups, including our own, 
have determined the sequence of that clone. The orig-
inally reported sequence was in error at two sites, in 
codons 111 and 116. 
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might be more than one spectral variant of L and 
Μ pigments in color normals (Dartnall et al., 
1983). Together, these clues suggested a photopig-
ment basis for variation in normal color vision 
(Neitz and Jacobs, 1986; 1989; 1990). 

In vitro and in vivo studies confirmed that the 
substitutions S180A, Y277F and T285A are the 
three that produce the largest spectral shifts 
(Asenjo et al., 1994; Chan et al., 1992; Ibbotson et 
al., 1992; Merbs and Nathans, 1993; Williams et 
al., 1992). In addition, several other amino acid 
substitutions encoded by exons 2, 4 and 5 were 
identified as producing relatively small spectral 
shifts. Asenjo et al. (1994) demonstrated that 
seven amino acid substitutions are required to shift 
the spectral peak (λΙί12χ) from that of the shortest Μ 
pigment to that of the longest L pigment, a shift of 
about 27-30 nm. The seven amino acid sites are 
shown in the protein structure (Fig. 5.3) and on the 
gene structure (Fig. 5.4). 

Merbs and Nathans (1992) and Asenjo et al. 
(1994) made various gene constructs which 
encode chimeric pigments designed to investigate 
the effects of amino acid substitutions on Xmax. In 
Figure 5.4, the gene constructs are diagrammed on 
the right as arrows showing exons 2, 3, 4 and 5. 
The color of each exon indicates which amino 
acids are specified at the spectrally active loci 
encoded by that exon, and the color is keyed to the 

red and green genes at the left in Figure 5.4. There 
is good agreement about the relative influence of 
the amino acid substitutions on spectral peak. 

Merbs and Nathans (1992) and Asenjo et al. 
(1994) both observed that the magnitude of the 
spectral shift provided by any given amino acid 
substitution is influenced by whether the substitu-
tion is made in an L-pigment (Y277, T285) or an 
M-pigment (F277, A285). In general, the shifts are 
readily apparent in L-pigments, but are either 
smaller or not detected in the M-pigments, as is 
evident from the Xm,M values shown in Figure 5.4. 
This suggests that spectral subtypes of the L-pig-
ment can be produced by making substitutions at 
any one of the five spectrally active positions 
besides 277 and 285. Similarly, subtypes of M-pig-
ments can be produced, but there are perhaps fewer 
spectral variants of the M-pigment that can be gen-
erated by substitutions at these five positions. 

To summarize, human pigments can be separat-
ed into two main classes by substitution at two 
amino acid positions encoded by exon 5 of the 
gene. Other dimorphic sites in the pigments cause 
smaller spectral shifts that can produce subtypes 
of L- and Μ pigments. Subtypes occur as poly-
morphic variants in normal color vision and they 
occur in color vision defects. Figure 5.5 summa-
rizes the current thinking about the variety of pig-
ments which may commonly occur in humans. 

Wavelength (nm) 

Fig. 5.5: Absorption spectra of the variety of cone photopigments 
thought to occur in humans. The blue curve is the absorption spec-
trum of the short-wavelength sensitive pigment. The cluster of 
green curves that peak near 530 nm are the absorption spectra of 
the Μ pigments encoded by the genes shown in Figure 5.4. The 
cluster of yellow, orange and red curves that peak above 550 nm 
are the absorption spectra of the L pigments encoded by the genes 
shown in Figure 5.4. This figure was generated using the λ,η.,χ val-
ues from Asenjo et al. (1994). 
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The range and variety of M-pigments is proposed 
to be smaller than L-pigments because some of the 
substitutions that change the spectral peak of an L-
pigment have no effect in an M-pigment, and, in 
general, the spectrally active substitutions have a 
greater effect in L pigments than in M-pigments. 
The L-pigments appear to form a class discrete 
from the M-pigment class; a span of about 10 nm 
separates the longest M- from the shortest L-pig-
ment (see Fig. 5.5). The story may not be complete 
still. Some of the changes made in vitro have been 
confirmed to produce similar effects in vivo but 
others have not. In addition, there are two com-
monly occurring amino acid dimorphisms, at posi-
tions 174 and 178 (Neitz et al., 1995a; Winderickx 
et al., 1993), that did not occur in the genes that 
Nathans et al. (1986b) originally studied. The in 
vitro studies summarized in Figure 5.4 were 
designed to study Nathans' genes, so whether or 
not these two additional dimorphisms are spectral-
ly active has not been determined. Neither is 

expected to produce a large spectral change, either 
alone or in combination with the other dimor-
phisms that have been tested, but the only way to 
find out is by experiment. 

Understanding the relationship between visual 
pigment gene sequences and the spectral sensitiv-
ities of the encoded pigments provides us with 
important information with which to test some 
long standing ideas about the mechanism underly-
ing variation in the severity of color vision defects 
and in normal color vision. 

5.4 Color Vision Defects 

In people with normal color vision, the ability to 
distinguish between colors in the red-to-green 
region of the spectrum is based on the difference 
between the L- and M-cone pigments. In contrast, 
anomalous trichromats are missing one of the nor-
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Fig. 5.6: Test of the spectral proximity 
hypothesis in deuteranomaly. 
The D value was obtained by measuring 
the colors in the designs in the AO-HRR 
plates as specified by their coordinates in 
units of the Commission International de 
l'Eclairage (CIE) u'v' diagram (follow-
ing Regan et al., 1994). For normal color 
vision this represents a two-dimensional 
color diagram in which equal distances 
in different locations correspond to equal 
perceptual differences. The maximal 
spectral separation between the L pig-
ments encoded by the genes in each sub-
ject was calculated using the ληΐίΧ values 
from Asenjo et al. (1994) and Merbs and 
Nathans (1993), given in Figure 5.4. The 
identity of the first gene in each array is 
known from experimental data, the rela-
tive order of the downstream genes is not 
known and the orders are arbitrarily 
drawn here. The parentheses indicate that 
there may be more than one copy of a 
gene with that structure. 
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mal cone pigments, and it has been said that they 
have an "anomalous pigment". Within a given 
class of anomalous trichromacy, there is tremen-
dous variability in the degree of color vision loss. 
One hypothesis that has been proposed to explain 
this is that individuals differ in the magnitude of 
the spectral separation between the underlying X-
encoded pigments (DeMarco et al., 1992; Neitz 
and Neitz, 1994; Piantanida, 1976; Pokorny and 
Smith, 1977; 1982). A modern version of this idea 
has been termed the spectral proximity hypothesis 
(Regan et al., 1994). The idea is that if an individ-
ual had X-encoded pigments that were quite simi-
lar in spectral sensitivity, the individual would 
have severely impaired red-green color vision. In 
contrast, an individual whose X-encoded pigments 
were widely separated in spectral sensitivity would 
suffer a mild color vision loss. 

The amount of information about spectral tun-
ing that is presently available has made a molecu-
lar genetic test of the spectral proximity hypo-
thesis possible. This was recently done for 
deuteranomaly which affects about 5% of men, 
and is thus the most common form of red-green 
color vision deficiency (Neitz et al., 1996a). The 
results of that study are summarized in Figure 5.6. 
Eighteen men with a deutan color vision defect 
were identified by Rayleigh matching. Two were 
dichromats, and sixteen were deuteranomalous 
trichromats. Among the deuteranomalous men 
there was a wide range in severity of the color 
vision defect. This is illustrated quite nicely by 
their performance on the American Optical Hardy 
Rand and Rittler (AO-HRR) pseudoisochromatic 
plate test. This test includes a series of stimuli that 
are designed to determine the severity of deutan 
color vision defects. The test relies on the princi-
ple that there are saturated colors that a deutera-
nope cannot distinguish from gray. One of the col-
ors is a very particular blue-green and the other 
is its complement, a magenta-like color. Most 
deuteranomalous observers can discriminate from 
gray the saturated versions of these special colors 
but fail to see the color in more desaturated (pas-
tel) versions of the same hues. The subject is 
shown a series of progressively more saturated 
symbols each printed on a background of gray 
dots. Severely affected deutan observers can read 

none or only the most saturated symbols; less 
severely affected participants are able to read cor-
rectly more desaturated symbols. This set of 
experiments was restricted to the use of the 
magenta series of symbols in the AO-HRR plates. 
The extent of each subject's color vision defect 
was expressed numerically as the distance (D) in 
color space that must differentiate the symbol on 
the plate from its gray background before the per-
son could correctly identify the symbol. The D 
value for the most difficult plate read by each sub-
ject is given in Figure 5.6. These ranged from 
0.022 indicating a relatively mild defect to 0.081 
indicating a relatively severe defect. Three sub-
jects (the two dichromats, dl and d2, and an 
anomalous trichromat, subject 189) were unable to 
correctly identify any of the symbols in the AO-
HRR plates meant to diagnose deutan color vision 
defects. These subjects were assigned D values of 
>0.081. 

For each of the 18 deutan men, molecular genet-
ic analysis was performed to identify the amino 
acids specified at each of the spectrally active 
positions. The analysis was done in a way that 
allowed the first gene in the array, an L-pigment 
gene, to be characterized independently of the 
downstream L-pigment genes. The deduced L-pig-
ment gene structures are shown in Figure 5.6. As 
in Figure 5.4, the arrows in Figure 5.6 show exons 
2, 3, 4 and 5 and are color coded according to 
whether the specified amino acids pull the spec-
trum long (red) or short (green). We used the Xmax 

values given in Figure 5.4 to determine the maxi-
mum spectral separation between the L pigments 
encoded by the genes in each subject. The genetic 
analysis suggested that the two dichromats each 
had a single X-linked pigment gene (Fig. 5.6). 
Among the deuteranomalous men, there is a near-
ly perfect correlation between color vision behav-
ior, as indicated by performance on the AO-HRR 
plates, and the magnitude of the spectral separa-
tion between L pigments predicted from the genet-
ic analysis. Together, the molecular genetic and 
behavioral data define four general categories of 
deutan defect ranging from the most severe form, 
dichromacy, to a very mild deficiency. 

Alternatives to the spectral proximity hypothe-
sis have frequently been proposed. For example, it 
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has been suggested that differences in the severity 
of color vision defects derive from the amount of 
pigment produced (Nagy, 1982; Pokorny and 
Smith, 1987) or in the stability, quantum efficien-
cy, or signaling of the pigment molecule, or in 
post-receptoral processing (Jameson and Hurvich, 
1956). Proposal of these alternatives seemed nec-
essary because the original version of the spectral 
proximity hypothesis failed to predict color vision 
behavior. This failure stemmed from the long held 
assumption that there was a fixed L-pigment 
shared by all normal and deuteranomalous people 
alike.2 It had seemed natural to assume that every-
one with normal color vision had the same L-pig-
ment. Furthermore, the standard idea was that in 
deuteranomaly only the M-pigment was different 
from normal, having been replaced with one of a 
variety of pigments whose spectral peak was in-
between the stereotyped normal L and normal M. 
Known as the "single-shift" hypothesis, this 
arrangement predicted that the spectral proximity 
of the X-linked pigments and, thus, color discrim-
ination should decrease with increases in the Xmax 

of the "deuteranomalous pigment". The single-
shift hypothesis predicted that deuteranomals 
would have a systematic pattern of behaviors in a 
standard color test, the Rayleigh color match. 

In the Rayleigh match (after Lord Rayleigh, 
1881) a person is shown two primary lights, a red 
and a green, and is asked to mix them together in 
a proportion that will exactly match the appear-
ance of a monochromatic orange comparison 
light. For a trichromat, when the mixture and com-
parison light appear identical it is because the Μ 
and L pigments absorb photons at the same rate 
when stimulated by the red-green mixture as they 
do when presented with the monochromatic 
orange. The S cones are very insensitive to the 
middle-to-long wavelength lights used in this 
test so they do not participate in the match. 
Deuteranomals choose a range of red-green mix-
tures as matching the comparison light that are 
much different than normal. The green/red mix-
ture ratios are typically more than four times high-

2 An exception is a model, progressive for its time, 
forwarded by Alpern and Moeller (Alpern and Pugh, 
1977) who proposed variation in normal L-pigments. 

Ε a Ε 
I s a. Ε 
ο'S S ° 

400 450 500 550 600 650 700 

Wavelength (nm) 

Fig. 5.7: The spectral proximity hypothesis accurate-
ly predicts color vision behavior because there are 
relative spectral shifts in the underlying photopig-
ments. 
At the top are the absorption spectra for the furthest 
separated Μ (green curve) and L (red curve) pig-
ments underlying normal color vision. Also shown 
are the L pigments underlying deuteranomalous color 
vision in three male subjects from Figure 5.6. The 
Xmax values given are those predicted by Asenjo et al. 
(1994) in Figure 5.4. The vertical dashed green and 
red lines indicate the position of the ληι ϊχ for each pig-
ment shown. Arrows indicate the shifts in λιη3Χ of pig-
ments underlying deuteranomaly relative to the pig-
ments underlying normal color vision. 

Normal 
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er than normal. This is because with an intermedi-
ate pigment replacing the normal Μ there is a rel-
ative decrease in sensitivity to green light and an 
increase in sensitivity to red. To compensate, the 
deuteranomals require more green light and less 
red in the mixture to match the monochromatic 
standard. People with the more extreme anom-
alies, because of their poor discrimination ability, 
will accept a wider range than normal of red/green 
ratios as indistinguishable from the orange stan-
dard. 

The single shift hypothesis predicted that as the 
anomalous pigment's λ , ^ approaches that of the 
L pigment, there should be a decrease in the 
red/green mixture ratios chosen as matching the 
standard and there should be a simultaneous loss 
of color discrimination ability. The loss of color 
discrimination would be manifest as a progres-
sively larger range of mixtures chosen as accept-
able matches to the monochromatic standard. 
However, among deuteranomals, Rayleigh match-
ing ranges and the match midpoints are not well 
correlated as was predicted. This observation is 
what led to the proposal that there must be defects 
in post-receptoral processing mechanisms to ex-
plain the color vision losses that are not accompa-
nied by progressively more shifted mixture ratios. 

Through molecular biology and molecular 
genetics, we have come to realize that relative 
shifts among the pigments are what account for 
the differences in behavior, and they also account 
for why some individuals with very poor color dis-
crimination have a Rayleigh match midpoint that 
is closer to normal than others who have better 
color discrimination. This is illustrated in Figure 
5.7. Deuteranomalous subjects 189, 028 and 021 
are subjects who participated in the study summa-
rized in Figure 5.6, and who were classified as 
deuteranomalous based on Rayleigh-matching 
data. Subject 186 only had a mild deuteranomaly, 
while subject 021 was very severely deuteranom-
alous, and subject 028 was intermediate between 
these two. All three subjects have reduced sensi-
tivity to green light compared to normal because 
all are missing M-pigment function. Subject 186 
has increased sensitivity to red light relative to 
normal, because he has the same 563 nm L-pig-
ment as the normal person, but he also has an L-

pigment that peaks at about 551 nm. Subject 028 
has the same 563 nm L-pigment as the normal per-
son and subject 186, and he has another L-pigment 
that peaks at 555 nm, so he is expected to have 
even greater sensitivity to red light than subject 
186. Thus, we would predict that compared to sub-

ject 186, subject 028 would have a wider Rayleigh 
match range and a match midpoint that is further 
from normal. Subject 021 has an L pigment with a 
Xm.dx of 556 nm and one with a Xmix of 555 nm, and 
thus would have a greater Rayleigh matching 
range than either subject 186 or 028. Subject 021 
would also have reduced sensitivity to red com-
pared to both subject 028 and 186 so his match 
midpoint would be closer to normal. This is exact-
ly the phenomenon that the original version of the 
spectral proximity hypothesis was unable to 
explain, and led to the proposal that other mecha-
nisms contribute to the loss of color vision. 

The nearly perfect correlation between behavior 
and the predicted spectral separation between the 
underlying photopigments provides strong support 
for the spectral proximity hypothesis. Most of the 
variation in behavior can be accounted for simply 
by spectral proximity. It would be interesting to 
conduct a similar molecular genetic test of the spec-
tral proximity hypothesis in protanomalous men. 

5.4.1 What Distinguishes Normal from 
Anomalous Pigments? 

The data in Figure 5.6 provide us with insight into 
the nature of the anomalous pigments that under-
lie deuteranomalous color vision. Detailed analy-
sis of the visual pigment gene sequences underly-
ing normal color vision have been carried out 
previously (Neitz et al., 1995 a). Some of the same 
chimeric1 L-pigment genes found in individuals 

' Nathans et al. (1986a,b) originally used the term 
hybrid or fusion gene to refer to X-linked pigment 
genes that contained part M-pigment gene and part 
L-pigment gene sequence. Many dimorphisms occur 
among M- and among L-pigment genes as well as 
between M- and L-pigment genes. Thus, it is seems 
more appropriate to refer to "hybrid or fusion" genes 
simply as chimeric genes. 
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Fig. 5.8: Genetic mechanisms thought to produce the visual pigment gene arrays underlying congenital red-
green color vision deficiencies. Red arrows indicate L-pigment genes, green arrows indicate M-pigment 
genes. The black versus white tails of the arrows indicate that the DNA sequences that flank the first gene in 
the array are unique to the first gene, but the sequences that flank the 5' end of the downstream genes are 
shared by all downstream genes. 
(A) Two hypothetical X-chromosome photopigment gene arrays that underlie normal color vision (top) under-
go intragenic recombination to produce two new arrays (bottom). The parental arrays are drawn as having a 
single L-pigment gene followed by a variable number of M-pigment genes, where η is any integer > 1. One 
array structure, drawn here as having a single L-pigment gene, followed by a chimeric gene, followed by one 
or more M-pigment genes, is found in deutan and color-normal men. The other new array structure, which 
contains a chimeric gene first in the array, and may or may not be followed by M-pigment genes, has only 
been observed in protan men and female carriers of protan defects (Kainz et al., submitted). 
(B) Two hypothetical gene arrays that underlie normal color vision (top) undergo intergenic recombination to 
produce two new arrays. One contains a single L gene, and no Μ genes, and underlies deuteranopia. 

with deuteranomalous color vision are also found 
in men with normal color vision. Analysis of the 
L- and M-pigment genes expressed in retinas from 
male donors have revealed that of men who would 
be expected to have normal color vision because 
they express genes for three visual pigment class-
es, 10% express more than one L pigment gene 
(Strege et al., 1996; Sjoberg et al., 1998). In these 
men, the second L-pigment genes are chimeras 
identical to those found in some deuteranomalous 
men. Thus, the distinction between a "normal" L-
pigment and a "deuteranomalous" pigment is 
fuzzy. That is, in some instances the two are iden-
tical. 

Consideration of the genetic mechanisms 
believed to produce the visual pigment gene arrays 
underlying color vision defects serves to illustrate 
this point. The L- and M-pigment genes lie in a 
head-to-tail tandem array on the X-chromosome. 
Among men with normal color vision, the first 
gene in the array encodes an L-pigment (Neitz 

et al., 1996b). During cell division, the two X-
chromosomes can misalign allowing a crossover 
to occur between an L- and an M-pigment gene. 
Intragenic crossovers of this sort produce two new 
X-linked pigment gene arrays, each containing a 
chimeric gene, as illustrated in Figure 5.8A. In 
this example, one array contains an intact L-pig-
ment gene, one or more intact M-pigment genes, 
and a chimeric gene in which the front end derives 
from an M-pigment gene and the back end derives 
from an L-pigment gene. Exon 5 of this chimeric 
gene specifies Y277 andT285, and thus it encodes 
an L-pigment. The precise location of the cross-
over will determine the spectral peak of the 
chimeric pigment. This type of array structure is 
seen in men with normal color vision who express 
two L pigment genes - the "normal" L-pigment 
gene and the chimeric L-pigment gene (Neitz 
et al., 1996 b; Neitz and Neitz, 1993; Sjoberg et al., 
1997; 1998). It is also the type of structure seen in 
men with a deuteranomalous defect who, for rea-
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sons that remain mysterious, do not express any 
functional M-pigment but do express both the 
"normal" L-pigment gene and the chimeric one 
(Neitz et al., 1996a). Thus, the pigment encoded 
by the chimeric L-pigment gene can underlie 
either normal or deuteranomalous color vision. 

The second product of the intragenic crossover 
shown in Figure 5.8 A is an array in which the first 
gene is a chimera, and the downstream genes are 
typical M-pigment genes. Exon 5 of this chimeric 
gene specifies F277 and A285, and thus it encodes 
an Μ pigment. This type of chimeric gene in the 
first position in the array is the hallmark of a 
protan gene array (Kainz et al., 1997; 1998). The 
chimeric M-pigment gene encodes the protanom-
alous pigment, and its spectral peak is determined 
by the precise location of the crossover and the 
parent gene sequences. 

Do the protanomalous pigments uniquely under-
lie protan defects, or are they also found in men 
with normal color vision? In a recent study 
addressing this question, we screened 150 male 
donor retinas looking for ones in which no L-pig-
ment genes were expressed (Balding et al., 1997; 
1998). Four such donors were found and three of 
them had and expressed more than one M-pigment 
gene suggesting that each had a protanomalous 
color vision defect. The fourth donor expressed a 
single M-pigment gene sequence suggesting he 
was a protanope. 

Each of the three protanomalous donors had an 
X-linked visual pigment gene array structure that 
is uniquely characteristic of protanomalous men 
(Fig. 5.8 A). Sequence analysis of the genomic 
genes and the genes expressed in the retinas 
revealed that the three men each expressed at least 
two distinct M-pigment genes. One of the ex-
pressed M-pigment genes corresponded in se-
quence to an M-pigment gene typically found in 
men with normal color vision. The other expressed 
gene was the chimeric gene that occupied the first 
position in the array, and encodes the putative 
protanomalous pigment. For all three men, the first 
gene in the array (the gene encoding the protanom-
alous pigment) was expressed at about twice the 
level of the downstream gene. The deduced amino 
acid sequence of the protanomalous pigment in 
each male indicated that it differs in sequence from 

M-pigments that have been found in men with nor-
mal color vision. These findings indicate that there 
are anomalous pigments that are unique to protan 
color vision defects. 

5.4.2 What Distinguishes Photo-
pigments Underlying 
Dichromacy from Normal 
Pigments? 

Intragenic crossovers such as the one illustrated in 
Figure 5.8A produce a protanopic gene array if 
one of the parent arrays (the top array drawn in 
Fig. 5.8 A) has only one M-pigment gene (n = 1). 
In this case, the crossover would produce an array 
with a single, chimeric gene which encodes an M-
pigment. It can be seen from this that there is not 
necessarily any difference between protanopic and 
protanomalous pigments. As for the protanom-
alous pigments, the protanopic pigments will dif-
fer in amino acid sequence from the M-pigments 
found in color normal males if the crossover 
occurs downstream of the gene sequences that 
encode the polymorphic amino acid positions. 

From spectral tuning studies we know that there 
is variation in the spectral positioning of M-pig-
ments (see Fig. 5.5), which in turn predicts that 
there will be variation in the spectral positioning of 
protanopic pigments. In a recent study, elec-
troretinographic (ERG) measures of the spectral 
sensitivity function and gene sequence analysis was 
done on 8 protanopes (Neitz et al., 1995 b). Seven 
had similar spectral sensitivities which were best fit 
by a curve with a peak at 530 nm. The eighth was 
different, his pigment peaked at 537 nm. Sequence 
analysis of the underlying photopigment genes 
revealed that the seven who were similar each had 
a chimeric M-pigment gene in which exon 2 spec-
ified the long-shifting amino acid at position 116, 
but specified the short-shifting amino acids at all 
other spectrally active positions. The eighth 
protanope had a chimeric M-pigment gene which 
specified the long-shifting amino acids at positions 
116, 180, 233, 236 and the short-shifting amino 
acids at the remaining relevant positions (see Figs. 
5.3 and 5.4). Thus, results for these two types of 
protanopes indicate that the protanopic pigments 
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differ in amino acid sequence from the Μ pigments 
found in color normal men, however the spectral 
sensitivities o f these protanopic pigments are indis-
tinguishable from those o f Μ pigments underlying 
normal color vision (Jacobs and Neitz, 1993;Neitz 
et al., 1995b; 1989). 

Deuteranopic gene arrays are thought to be pro-
duced by intergenic crossovers in which one prod-
uct of the recombination event is an array from 
which all M-pigment genes have been deleted, as 
illustrated in Figure 5 .8B . Thus, deuteranopic pig-
ments are the same L-pigments present in the nor-
mal population. We know from spectral tuning that 
there is variation in the spectral positioning of the 
L-pigments (see Fig. 5.5), and this leads to the 
prediction that there is variation in the spectral 
positioning of deuteranopic pigments. A study of 
dichromats confirms this prediction (Neitz et al., 

1995b). Electroretinographic measurements o f the 
spectral sensitivity functions from four deutera-
nopes revealed that two of the subjects had a pig-
ment with Xmax o f 563 nm, and the other two had a 
Xmix o f 558 nm. Molecular genetic analysis o f the 
underlying cone pigment genes revealed that the 
two males with a pigment peaking at 563 nm had 
L-pigment genes that specified S I 8 0 (L- s , 8 0 pig-
ments), and the two males with a pigment peaking 
at 558 nm had L-pigment genes that specified 
A 1 8 0 ( L 

~A]8o pigments). Complete gene sequences 
were determined for one of each of the two types 
o f deuteranopes, and the only spectrally active 
amino acid difference encoded by the genes was 
for the S/A 180 polymorphism. Also, the se-
quences o f the deuteranope pigment genes were 
identical to those o f L-pigment genes in color nor-
mal men. 
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Fig. 5.9: Distribution of Rayleigh-match midpoints. 
The top histogram shows the distribution for males with normal, 
deuteranomalous and protanomalous color vision. The data for 
color vision deficient observers are shown to illustrate that 
although there is variation among men with normal color vision, 
all men classified as normal have Rayleigh matches that fall well 
within the normal range. The bottom histogram shows the distrib-
ution of Rayleigh-match midpoints for women with normal color 
vision. The color of the bars in the histogram illustrate the color of 
the red/green mixture that matches the standard orange as it would 
appear to a person whose match midpoint was 0.5 R/(R+G). That 
is, the red/green mixture set by a protanomalous appears red to an 
average normal observer, and that set by a deuteranomalous 
appears green. The matches made by men at the two extremes of 
normal set a match that appears orangish or greenish to a person 
who sets a match at 0.5. 
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Historically, the spectral sensitivity functions of 
"the deuteranope pigment" or "the protanope pig-
ment" have been measured by averaging the 
results of the functions measured in a group of 
deuteranopes or a group of protanopes (Wyszecki 
and Stiles, 1982). One implication of the finding 
that there is variation in the spectral positioning of 
the pigments underlying both deuteranopia and 
protanopia is that the spectral sensitivity functions 
measured as an average of more than one individ-
ual are invalid. 

5.5 Variation in Normal 
Color Vision 

Another long-standing question is whether varia-
tion in spectral positioning of L- and M-pigments 
contributes to the significant variations in color 
matching that have been observed among individ-
uals classified as having normal color vision. 
Neitz and Jacobs (1986, 1990) used a sensitive 
color matching assay to examine the magnitude 
and nature of individual variation in color match-
ing among men and women with normal color 
vision. The distribution of the Rayleigh-match 
midpoints for 160 men and 100 women are shown 
in Figure 5.9. Winderickx et al. (1992) reported a 
similar distribution for the Rayleigh matches for 
color-normal men, as did Piantanida and Gille 
(1992). The matches for men in these studies 
appear to be multimodally distributed. The results 
of molecular genetic analysis of the L- and M-pig-
ment genes of a representative subset of the men 
whose Rayleigh match data is shown in Figure 5.9 
indicated a correlation between colour vision 
behavior and whether serine or alanine was speci-
fied at position 180 of the L- and M-pigment 
genes (Neitz et al., 1993). Neitz et al. suggested 
that most (83%) of the variation in normal color 
vision can be accounted for by variation in the 
spectral positioning of the L- and M-cone pig-
ments. 

Winderickx et al. (1992) examined L-pigment 
genes to investigate the relationship between the 
S/A 180 polymorphism and the Rayleigh match in 
50 color-normal men. Indeed, whether an individ-

ual had a gene for L-g^Q versus L-AISO strongly cor-
related to the amount of red light required in the 
Rayleigh match. They suggested that the S/A 180 
polymorphism in L pigments underlies variation 
in normal color vision, and that this polymorphism 
in the Μ pigments does not contribute significant-
ly to color vision variation. 

From analysis of color-normal men we see that 
the frequency of genes for L-S180 and L-A |80 are 
similar, being nearly equal. Most men have a gene 
for M-a i80, but the frequency of genes for M-S l 8 0 is 
lower (Neitz et al., 1995 a; Winderickx et al., 
1992). However, neither of these studies is likely 
to provide an accurate estimate of the frequency of 
the S/A 180 polymorphism in L- and M-pigments 
in the population because the samples were small, 
and likely to be biased in the way they were select-
ed. To get a better idea of the frequency of this 
polymorphism in L- and M-pigments, we se-
quenced the L- and M-pigment cDNAs from 
130 male donors (Sjoberg et al., 1997; unpub-
lished work). Each donor expressed both L- and 
M-pigment genes in the retina, and we took this as 
evidence that each was color normal. Of the 
expressed L-pigment genes, 51 .5% specified 
L-S |80 and 48 .5% specified L-A,80 (95% confi-
dence limits ±8.5%). Of the expressed M-pig-
ment genes, 93% were for M-A180, and 7 % were 
for M-S180 (95% confidence limits limits ±4.5%). 
If the contribution of this polymorphism to normal 
variation is directly related to the frequency at 
which the different alleles are expressed in the 
population, as one might anticipate, then one 
would predict that the polymorphism in L-pig-
ments is responsible for a much larger portion of 
the variation. 

From Figure 5.9 it can be seen that the majority 
of women make Rayleigh matches that fall inter-
mediate between those made by the two largest 
groups of men. Is there a photopigment basis for 
this? From a theoretical standpoint, the answer is 
yes. As mentioned above, the frequency of genes 
for L-S |80 versus L-AI80 in the population of color-
normal men is nearly equal. Females have two X-
chromosomes. The probability that a woman will 
get both X-chromosomes with L-A l 8 0 genes is 
23 .5% and the probability she will get both with 
L"si8o genes is 26.5%. The probability that a 
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woman will get one X-chromosome with an L-S180 

gene and one with an L-A,80 gene is almost exact-
ly 50%). If, as theory predicts, half of the cells 
inactivate one X-chromosome and half inactivate 
the other, the heterozygous women will have 
approximately equal numbers of two spectral sub-
types of L cone - L-S180 and L-Alg0 . The distribution 
of Rayleigh matches in women (Fig. 5.9) shows 
that 28% of the women required a lower amount 
of red in the match, 2 0 % required a higher 
amount, and 52% required an intermediate 
amount. If, as for men, the S/A180 polymorphism 
in L-pigments accounts for most of the variation in 
behavior, then we would predict that women in the 
group that requires the lesser amount of red will 
have L-A180 genes on both X-chromosomes, those 
that require more red will have L-S1S0 genes on 
both Xs and those that require an intermediate 
amount will have a gene for L-A |80 on one X-chro-

Fig. 5.10: Theoretical cone mosaic of a female. 
A representation of how the mosaic of cones might 
appear in a tiny patch of retina located at about 3 mm 
eccentric from the fovea. S-cones (colored blue) 
make up about 8% and M-cones (green) about 30% 
percent of the total. Evidence would suggest that 
about one-half of females have two spectrally differ-
ent L-cone types (red and orange respectively). The 
two types are shown as being equal in number and 
randomly distributed as might be expected from ran-
dom X-chromosome inactivation. 

mosome and a gene for L-Slg0 on the other. We are 
in the process of testing these ideas. 

Recent data from a study of visual pigment gene 
expression in the retinas from female donors pro-
vides some support for this idea (Kraft et al., 
1998). We have looked at the visual pigment 
genes expressed in retinas from four female 
donors. All four women expressed both L- and M-
pigment genes. Two of the four women express 
both a gene for L-S]g0 and one for L-A180. In both of 
these women, there is roughly equal expression of 
genes for L-S |80 and L-A180. Based on these data, 
we hypothesize the distribution of L-, M- and S-
cone types in the average female retina that is illus-
trated in Figure 5.10. This expression pattern is 
consistent with the idea that there is a photopig-
ment basis for differences in the distribution of the 
Rayleigh match in men and women. Similar 
expression studies in males reveals that about 10% 
of men express more than one L-pigment gene 
(Strege et al., 1996; Sjoberg, et al., 1998). The dif-
ference is that in men, expression of one of the L-
pigment genes usually predominates, representing 
about 75% or more of the expressed L-pigment 
genes (Neitz et al., 1996b; Strege et al., 1996, 
Sjoberg et al., 1998). 

5.6 What Can Visual Pigment 
Gene Expression Tell Us 
about the Architecture of 
the Retina? 

The three pigment hypothesis suggests that 
humans are trichromatic because there are three 
cone pigments in the retina (Brindley, 1970). What 
happens if there are more than three pigments? 
Does the person have an extra dimension of color 
vision? Historically, this question has been 
addressed in women known to be carriers of 
anomalous trichromacy (Jordan and Mollon, 
1993; Nagy et al, 1981). The idea is that carriers 
have the unique potential for tetrachromacy 
because they will express the three normal pig-
ments, in addition to an "anomalous" pigment. 
However, from a theoretical standpoint, and this is 
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supported by a small study of expression in 
females, the majority of women are expected to 
have the photopigment basis for tetrachromacy. 
Given that in experiments to look for evidence of 
tetrachromacy in carriers, normal women serve as 
controls and they generally do not exhibit tetra-
chromacy, one might argue that this supports the 
idea that trichromacy is not a limitation of the 
number of spectrally distinct cone pigments. 
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6. Source Analysis of Color-Evoked Potentials 
in a Realistic Head Model 
Confirmed by Functional MRI 
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6.1 Introduction 

Electroencephalographic (EEG) activity recorded 
from the skull is an invaluable tool in clinical neu-
rophysiology, for example, in supporting the diag-
nosis of epilepsy. In basic science it is used to 
record electrical activity generated by cerebral 
events. EEG changes induced by sensory stimuli, 
so-called evoked potentials (EP), reflect the acti-
vation of cortical areas to specific somatosensory, 
auditory or visual stimuli and can be best record-
ed close to the appropriate areas. These evoked 
potentials are usually much smaller than the spon-
taneous EEG activity. In order to detect them 
against the EEG background noise the EEG 
epochs after a sensory stimulus have to be aver-
aged. The number of averages required depends on 
the signal-to-noise ratio, which in the case of visu-
ally-evoked potentials (VEP) requires some hun-
dred averages. Due to the slow signal processing 
in the retina, VEPs have longer latencies than 
somatosensory or auditory evoked potentials. For 
foveal stimuli the cortex is activated at around 
60 ms. VEPs to color stimulation differ from those 
after achromatic stimulation particularly in the 
early time range between 60 and 120 ms (Paulus et 
al., 1984). This is due to the different behavior of 
the receptive fields of color sensitive, so-called 
parvocellular cells (p-cells) in the retina. Par-
vocellular retinal ganglion cells terminate in the 
parvocellular layer of the lateral geniculate body 
in the thalamus of the brain. There are also mag-
nocellular cells, terminating in the magnocellular 
layer, that are not involved in color vision. The 
receptive fields of all retinal cells consist of a 
receptive field center and antagonistic surround. 
In the case of a p-cell, the center consists of one 
cone, either blue, red or green and the surround of 

a mixture of these three cone types (Paulus and 
Kröger-Paulus, 1983). If these cells are stimulated 
by a homogeneous color stimulus, they will re-
spond strongly, either by enhancing or by decreas-
ing their spontaneous firing rate. With an achro-
matic stimulus, center and surround cones are 
excited equally and the antagonistic receptive field 
switching nullifies the net outcome. This explains 
why homogeneous color stimuli produce a promi-
nent negativity of the visual cortex at 87 ms (N87), 
which is lacking with homogeneous achromatic 
stimuli (Paulus et al., 1986). With a chromatic 
stimulus, all cells covered by the stimulus respond 
vigorously, whereas in case of a luminance incre-
ment or decrement only the few units at the border 
of the stimulus are excited! 

In order to isolate chromatic pathways for the 
investigation of color processing two important 
methodological aspects have to be kept in mind. 
1). When looking for a pure color response it is 
necessary to use homogeneous color stimuli since 
in a combined color and pattern stimulus usually 
the pattern response dominates and occludes the 
color response. 2). Furthermore, the color stimu-
lus should be exchanged with an equally-bright 
achromatic stimulus in order to avoid a contami-
nation with a luminance onset stimulus. 

With equally-bright (not equally-luminant) col-
ors, the uniform color-specific surface negativity 
N87 can be recorded over the visual cortex (Oz) 
with an onset at around 60 ms with a clear occipi-
tal maximum (Paulus et al., 1984; Fig. 6.1). With 
a different type of equipment we have later con-
firmed these findings and have shown that the 
waveform of N87 is nearly constant regardless of 
the colors "red, green, blue or yellow" used for 
stimulation. In other words, different colors do not 
generate different EEG activity as long as they are 
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matched for equal brightness. The N87 amplitude 
however increases with increasing color saturation 
(Paulus et al., 1988). 

N87 can also be attributed to the decoding oper-
ation which has to be performed in the primary 
visual cortex for parvocellular activity which 
always transmits combined color and black-white 
luminance information (Paulus et al., 1986). 
Although, as already mentioned, p-cells play a 
major role in color perception, they also are - in 
parallel - heavily involved in discriminating high 
resolution black-white information. In order to be 
able to achieve this, the same p-cell encodes color 
information different from black-white border 
information (Paulus et al., 1986). These different 
aspects of information have to be decoded in the 
primary visual cortex, where we think N87 is the 
electrophysiological correlate of this decoding 
operation. Examples for a decoding operation may 

be seen in different behaviors of N87: It increases 
with an increase in luminance for red stimuli, it 
decreases for a luminance increase for green stim-
uli (Paulus et al., 1984). Improved methods of 
analysis have been developed in order to achieve a 
better understanding of these processes in the 
visual cortex. 

At the beginning of this decade, advances in 
technology allowed a recalculation of the electri-
cal generators within the brain from the EEG sur-
face activity. This could be achieved by the use of 
dipole source analysis methods on the basis of 
multichannel recordings. These methods assume 
that the electrical activity measured at the skull 
surface can be used to reconstruct the electrical 
sources which in fact generate the surface activity 
and which cannot be measured directly by non-
invasive methods. Basically, the program places 
single hypothetical dipoles into the brain and cal-

OZ 
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Fig. 6.1: Grand averages of VEPs from 10 subjects at the electrode site Oz. The middle row of traces (marked 
on the left by the actual test stimulus intensity in cd/m2) represents the responses to subjectively equally-bright 
color stimuli. Color responses with additional luminance and decrements (marked in percentages at the left of 
each trace) are shown. All color stimuli are preceded and followed by the same yellow reference stimuli, as 
indicated at the top of each trace. Negativity is plotted upwards. 
(Reprinted from: EEG and Clin. Neurophysiol., Vol. 58, Paulus W. et al., Colour and brightness components 
of foveal visual evoked potentials in man, pages 107-119 (1984), with kind permission from Elsevier Science 
Ireland Ltd., Bay 15 K, Shannon Industrial Estate, Co.Clare. Irland) 
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culates iteratively, how much of the surface activ-
ity is explained by the location and the orientation 
of that given dipole. It is then moved and rotated 
further unless an optimal decrease of the so-called 
residual variance is achieved. In other words, the 
program tries to explain as much as possible of the 
surface activity by as few dipoles as possible. 
Usually with three to five dipoles about 95% of 
surface EEG activity can be explained. 

Resolution in space of the reconstructed gener-
ators increases with the number of recorded EEG 
channels. The first calculations were performed in 
a spherical head model. Originally we used 32 
EEG channel recordings within this spherical head 
model and analyzed it by aid of the brain evoked 
sources analysis (BESA) software package. With 
this technique we were able to show that the N87 
component can be attributed to the primary visual 
cortex (VI ) (Plendl et al„ 1995). 

We have investigated higher stages of color pro-
cessing by using color Mondrian stimuli, an 
abstract stimulus containing patches of different 

Fig. 6.2: A color Mondrian stimulus (top) and pictures of a subject being tested by VEP (bottom, left) and 
during the measuring of the exact positions of the electrodes using the optotrac system (bottom, right). 

colors of different sizes without recognizable 
objects, closely resembling the paintings of Piet 
Mondrian (Plendl et al„ 1993; Fig. 6.2 and 6.3). 
Again on the basis of 32 EEG channel recordings 
and in a spherical head model we could explain 
most of the electrical activity with a three dipole 
model. The first dipole was attributed to VI , the 
second to V2/V3 and the third tentatively to the 
fusiform and lingual gyrus (V4). The activity of 
the first dipole peaked at about 90 ms, the second 
at about 120 ms and the third at 160 ms. The main 
argument that the third source could be attributed 
to V4 was based on its perpendicular orientation at 
the base of the occipital cortex where V4 is to be 
expected and predicted from anatomy (Clarke and 
Miklossy, 1990; Fig. 6.4). Surprisingly, the dipole 
peaking at 160 ms did not differ after color and 
black-white Mondrian stimulation. This finding 
was basically confirmed a year later by Buchner et 
al. (1994). In a control experiment with motion 
stimuli the equivalent dipole to V4 changed its 
direction and rotates upwards and outwards 
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0-250 ma • 0-250 im 

Fig. 6.3: Dipole sources in a spherical head model obtained for the colored (above) and colorless (below) 
Mondrian patterns presented in each half-field. The 3 dipoles explain 85-95 % of the variance and are con-
sistent with the origin of activity in VI, V2/3 and V4, respectively. There is little difference between the 
strength and character of dipole 3 for the colored and colorless stimuli. This shows that activity can be evoked 
anteriorly at the base of the occipital lobe (in the region of the fusiform and lingual gyri) by colorless patterned 
stimulation as well as by color. 
(Reprinted from: Neuroscience Letters, Vol. 150, Plendl H. et al., The time course and location of cerebral 
evoked activity associated with the processing of color stimuli in man, pages 9-12 (1993), with kind permis-
sion from Elsevier Science - NL, Sara Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands) 

(Probst et al.,1993), compatible with the location 
of V5 or MT in the human (Clarke and Miklossy, 
1990). 

It is however clear that particularly in the prima-
ry visual cortex these areas vary interindividually 
to a great extent (Brindley, 1972). Therefore more 
precise localization approaches have to take this 
variability into account by analyzing individual 
subjects. Recent advances in analysis methods 
allow source calculations in a realistic head model 

on the basis of magnetic resonance imaging 
(MRI). From the MR images the program knows 
the individual structures within each subject's 
head. Herewith the different surfaces of the cortex, 
the skull and the skin can be used for individual 
reconstruction of electrical activity in each sub-
ject's brain. With this method a rather precise 
localization of the individual sources can be 
achieved by superimposing electrical source activ-
ity onto the realistic individual MRI brain anatomy 
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L 

Fig. 6.4: Surface view of occipital cotex in man. Column 1 (from left) shows the left hemi-
sphere from the medial (top) and inferior (bottom) aspects in man. The cortex posterior to 
the vertical line is represented in columns 2 (sulci and gyri), 3 (Brodmann's areas, 19) and 
4 (visual areas according to newer terminology). 
(After: Clarke S. and Miklossy J. (1990). Occipital cortex in man: organization of callos-
al connections, related myelo- and cytoarchitecture, and putative boundaries of functional 
visual areas. J. Comp. Neuro. 8, 298(2), 188-214, Fig. 1, with permission from S. Clarke) 

of the subject investigated (CURRY, Philips Inc., 
Hamburg). 

The EEG methods described are particularly 
powerful in the time domain. Problems arise, if 
two sources are active at the same time, since their 
dipole fields may cancel each other or fuse to a 
pseudodipole. Newer functional imaging methods 
easily circumvent this problem. One widely used 
method is positron emission tomography (PET) 
which, however, inevitably exposes the subjects to 
some radioactivity. By this method, positron-emit-
ting isotopes are used to" tag" molecules of a com-
pound of interest which are introduced into the 
human body. These compounds are used to "trace" 
biological processes. After a given time, some of 
this atoms will decay and emit a positron. After 
collisions of these positrons with electrons, energy 
is liberated in the form of gamma rays which can 
be detected by a scanner. The density in the result-
ing images reflects the concentration of the 
positron-emitting probe in the tissue. 

The method of the future for activation studies is 
probably functional magnetic resonance imaging 

(fMRI). Magnetic resonance imaging (MRI) makes 
use of the magnetic properties from the hydrogen 
nuclei. To perform MRI the individual lies in a 
scanner with a strong magnetic field inside. Using 
the different signals that the nuclei emit depending 
on their surrounding it is possible to visualize the 
human brain in consecutive sections in two-dimen-
sional slices. The first successful application using 
MRI technology for detecting brain activity used 
contrast agents like gadolinium-DTPA. Nowadays 
fMRI is completely noninvasive: During brain acti-
vation blood flow and volume increase locally in 
the activated regions. So when comparing images 
acquired during stimulation and during a resting 
state it is possible to detect the areas of the brain 
that respond to the stimulus. The relation between 
oxyhemoglobin and deoxyhemoglobin, which 
changes in activated brain areas, works as an intrin-
sic contrast agent. The resulting contrast is called 
'blood oxygen level dependent' (BOLD). A few 
advantages of fMRI are the excellent spatial reso-
lution and the possibility to do repeated measure-
ments on the same subjects. In this study we used 
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DEVIATION SCAN / DIPOLE FIT 

time: 160 ms after stimulus onset 

Fig. 6.5: Deviation scan of 
N87 after foveal st imulation 
in the human visual cortex. 
The colored dots represent 
those cortical regions which 
generate (with more than 
9 0 % likelihood) the electri-
cal activity at the surface. 
The main activity is concen-
trated at the occipital pole, 
well in accord with the repre-
sentation of the fovea in V I . 

Fig. 6.6: Deviation scan at 
160 ms in the human visual 
cortex after stimulation with 
a right lower red octant of 8° 
extent. The left lower f igure 
represents the cortical area 
which generates the electrical 
activity at 160 ms with more 
than 9 0 % likelihood; the 
middle lower figure repre-
sents the equivalent calcula-
tions with a threshold of 
9 5 % . The lower right part of 
the f igure shows the equiva-
lent dipole with a downward 
orientation. 

[threshold 90%] [threshold 95%] 
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fMRI to confirm the findings of the EEG source 
analysis. The two methods complement each other; 
EEG data have excellent temporal resolution while 
fMRI has excellent spatial resolution. 

6.2 Methods 

The EEG was recorded from 64 channels, band-
pass filtered between 3 Hz and 50 Hz. The elec-
trodes were positioned according to the 10/10 sys-
tem with a concentration over the occipital cortex. 
The exact position was measured by the optotrac 
system (Northern Digital, CDN) and transferred to 
the software package CURRY. An individual MRI 
(Siemens Vision) scan was obtained from the sub-
ject and transferred digitally into CURRY. 
Electrode position was superimposed onto the 
subject's skull. The reconstruction paradigm cal-
culates the currents inside the head with boundary 

conditions. Two source models of a single moving 
dipole and of a deviation scan algorithm were per-
formed to explain the measured data as well as 
possible. First, the single dipole model assumes 
that only one center is active with freedom in loca-
tion, rotation and orientation. Secondly the devia-
tion scan weights single dipole fits for current sup-
port points across the cortical surface. In order to 
obtain the specific structure of the cortex and the 
support points, the surface was segmented from a 
three-dimensional MRI data set. This calculation 
thus works in a realistic head model. In the spher-
ical head model analysis program BESA, which 
we previously employed, the operator can choose 
to add additional test dipoles. In our present pro-
gram this is not possible. Thus the analysis repre-
sents an objective result uninfluenced by the inves-
tigator's strategy. The results plotted in Figures 6.5 
and 6.6 have been assessed by the straightforward 
application of the calculation algorithm. 

In an independent session, we re-examined the 

Colour Mondrian Black-white Mondrian 

Fig. 6.7: Functional MRI by using the FLASH technique. Stimulation was performed with a black-white 
Mondrian compared to a color Mondrian. Activation of secondary visual areas is present bilaterally in about 
the same region where the deviation scan localized the activity of the color-evoked potentials in Figure 6.5. 
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subject using fMRI. Visual stimulation was per-
formed using a simple paradigm: closely in front 
of the subject's eyes we fixed a sheet of paper 
showing a black-white or color Mondrian. Then 
thirty-two images of a slice covering the visual 
cortex were acquired. This takes about four min-
utes or eight seconds per image. During one half 
of this time the subject was instructed to keep his 
eyes closed while during the other time the subject 
was instructed to look at the picture. In order to 
enhance the response the subject was instructed to 
blink at about 2 Hz while looking at the picture. In 
order to detect the BOLD contrast we use a pulse 
sequence called FLASH (fast low angle shot, 
Frahm et al 1993) with the following parameters: 
TR 63 ms, TE 30 ms, flip angle = 10°, slice thick-
ness 4 mm, Field of View 250 cm2, matrix size 
256x256. The resulting time series were analyzed 
using a pixel-by-pixel analysis. Functional images 
were created using a pixel-by-pixel analysis by 
correlation of signal intensities with the stimulus 
protocol (Bandettini et al., 1993). Only pixels with 
high correlation coefficients (above 0.5) were 
assumed to be activated and were superimposed 
color coded onto a corresponding anatomical 
image (Fig. 6.7). 

6.3 Results 

In the first experiment we have focused our exper-
imental design on stimulating VI by reproducing 
the N87 component with the same stimulator and 
procedure as used by Paulus et al. (1984). 
Essentially, the subjects fixated centrally a 4° 
homogeneous yellow field with a luminance of 
21.5 cd/m2 which changed for 300 ms to a homo-
geneous red with a luminance of 26 cd/m2. The 
same component N87 could be recorded again 
with a much more detailed spatial resolution. 
Figure 6.8 depicts the distribution of the electric 
field on the left side of the skull. The dipole source 
analysis algorithm calculates one main dipole as 
the main source, depicted in Figure 6.8 as a yellow 
arrow. On the right side the forward calculated 
field is projected onto the skull. It can be seen that 
there are deviations between measured (left) and 
calculated (right) field distributions particularly at 
the frontal cortex. These deviations show that 
there are additional sources of current. 

Figure 6.5 represents a deviation scan of the 
data of Figure 6.8 onto the individual anatomy of 
the visual cortex of this subject. The red dotted 
areas represent the cortical gyri which generate 

Fig. 6.8: left: Raw electric fields of N87 on the skull surface in arbritary coordinates. The occiput is plotted 
at the top, the forehead at the bottom, right side of the skull on the left. The yellow dipole represents the ori-
entation of the calculated dipole. The forward calculated field of this dipole is represented on the right. In par-
ticular, the frontal positivity remains unexplained and demonstrates the need for a more complex model. 
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(with a likelihood of more than 90%) the electri-
cal generators of the surface activity. As can be 
seen, the activity originates at the occipital pole 
where the foveal representation of VI is located. 

Figure 6.6 demonstrates the corresponding cal-
culations after stimulation with a lower right color 
octant using the field distribution 160 ms after 
stimulus onset. The lower left part shows the 
superposition of electrical activity onto the lingual 
and fusiform gyrus when the threshold is set to 
90 %, the lower middle part according to a thresh-
old of 95%. The downward orientation of the 
equivalent dipole in the lower right part of the fig-
ure is the same as published by Plendl et al. 
(1993). 

Figure 6.7 demonstrates the activation of prima-
ry and secondary visual areas when fixating a 
color Mondrian in the MRI. The plane of this MRI 
slice traverses the red dotted area in Figure 6.6. 

after different visual stimuli, e.g., when comparing 
color stimulation with stimulation with the catego-
ry "face". According to clinical experience, cere-
bral achromatopsia (a syndrome in which the 
patient loses the ability to see colors after cortical 
damage) and prosopagnosia (a blindness for faces, 
a perceptual defect following a lesion of the pos-
terior portion of the minor hemisphere) may occur 
together suggesting close by cerebral representa-
tion. We are quite optimistic that we will be able to 
show these relationships in the future by superim-
posing EEG and/or fMRI data onto the individual 
subject's anatomy. 

We also hope to be able to contribute to ques-
tions concerning central color processing, particu-
larly with respect to different aspects of color and 
luminance perception (Paulus and Kröger-Paulus, 
1983; DeValois et al., 1993; Lennie et al., 1993). 

6.4 Discussion 

Multimodal imaging procedures allow the repre-
sentation of cortically activated structures after 
color stimulation in a three-dimensional MRI 
reconstruction of the subject's brain. As predicted 
from anatomy, f rom PET studies (Lueck et al., 
1989) and from earlier work in the spherical head 
model, N87 could be attributed to activation of VI 
by CURRY. We were able to show by EEG source 
reconstruction and by functional MRI, that the 
generators of color-evoked potentials can be 
attributed to the lingual and fusiform gyrus, as was 
predicted earlier in a spherical head model (Plendl 
et al., 1993). Some tendency to more activation 
could be seen in the fMRI responses to color 
Mondrian stimulation when compared to black-
white Mondrian stimulation. More work is neces-
sary to elucidate the interindividual variability of 
the visual cortex, to demonstrate significant devi-
ations between human and monkey visual system 
as predicted by other authors (Heywood et al., 
1995) and to evaluate the distribution pattern of 
activation after different stimulation categories. 
This method seems to offer particularly promising 
results for studying differential cortical activation 

6.5 Summary 

We have recorded color-evoked potentials in order 
to trace sequential color processing stages in the 
visual system. In the first experiment, a foveal color 
coded component (N87) was recorded. In the sec-
ond experiment, different segments (octants) of one 
hemifield were stimulated with homogeneous red in 
order to stimulate higher-order visual areas unilater-
ally. The EEG was recorded from 64 channels. A 
source analysis in a realistic head model was per-
formed by using the individual MRI anatomy of the 
subject's brain by aid of the software package 
CURRY. In the first experiment we were able to 
trace the activity generated at 87 ms to VI at the 
occipital pole and in the second experiment the 
activity at 160 ms to the fusiform and lingual gyrus. 
Activation of the latter areas was confirmed in the 
functional MRI by using a color Mondrian stimulus. 

References 

Bandettini Ρ .Α., Jesmanowicz Α., Wong Ε. C. η and 
Hyde J. S. (1993). Processing strategies for time-
course data sets in functional MRI of the human 
brain. Magn. Res. Med. 30, 161-173. 

www.ebook3000.com

http://www.ebook3000.org


130 6. Source Analysis of Color-Evoked Potentials in a Realistic Head Model 

Brindley G. (1972). The variability of the human stri-
ate cortex. J. Physiol. 225, 1-2 . 

Büchner Η., Weyen U., Frackowiack R. S. J., Romaya 
J., and Zeki S. (1994). The timing of visual evoked 
potential activity in human area V4. Proc. R. Soc. 
Lond. B. 257, 99-104. 

Clarke S. and Miklossy J. (1990). Occipital cortex in 
man: organization of callosal connections, related 
myelo- and cytoarchitecture, and putative bound-
aries of functional visual areas. J. Comp. Neuro. 8, 
298(2), 188-214. 

DeValois R. L. and DeValois Κ. K. (1993). A multi-
stage color model. Vision Res. 33, 1053-1065. 

Frahm J., Merboldt K. D., and Hänicke W. (1993). 
Functional MRI of human brain activation at high 
spatial resolution. Magn. Res. Med. 29, 139-144. 

Heywood C. Α., Gaffan D., and Cowey A. (1995). 
Cerebral achromatopsia in monkeys. Eur. J. 
Neurosci. 7, 1064-1073. 

Lennie P., Pokorny J., and Smith V. C. (1993). 
Luminance. J. Opt. Soc. Am. A. 10, 1283-1293. 

Lueck C. J., Zeki S., Friston K. J., Deiber M. P., Cope 
P., Cunningham V .J., Lammertsma Α. Α., Kennard 
C., and Frackowiack R. S. J. (1989). The color cen-
tre in the cerebral cortex of man. Nature 340, 
386-389. 

Paulus W. and Kröger-Paulus A. (1983) A new con-
cept of retinal color coding. Vision Res. 23, 
529-540. 

Paulus W , Homberg V, Cunningham K., Halliday 
A. M., and Rohde N. (1984). Color and brightness 
components of foveal color evoked potentials in 
man. EEG and Clm. Neurophysiol. 58, 107-119. 

Paulus W., Homberg V, Cunningham K., and 
Halliday A. M. (1986). Color and brightness cod-
ing in the central nervous system: theoretical 
aspects and visual evoked potentials to homoge-
neous red and green stimuli. Proc. R. Soc. Lond. B. 
227, 53-66. 

Paulus W„ Plendl H„ and Krafczyk S. (1988). Spatial 
dissociation of early and late color evoked compo-
nents. EEG and Clin. Neurophysiol. 71, 81-88. 

Plendl H., Paulus W., Roberts I.G., Bötzel Κ. , Towell 
Α. , Pitman J. R., Scherg M., and Halliday A. M. 
(1993). The time course and location of cerebral 
evoked activity associated with the processing of 
color stimuli in man. Neuroscience Letters 150, 
9-12. 

Plendl H., Pröckl D., Schulze S., Mayer M., Bötzel 
Κ., and Paulus W. (1995) The cerebral generator of 
the color evoked component Ν 87 of the visual 
evoked potential : Localization by application of 
the regional source technique. In: B. Drum (Ed.) 
Color Vision Deficiencies XII, Kluwer, Dordrecht, 
369-373. 

Probst Th., Plendl H , Paulus W., Wist E. R., and 
Scherg M. (1993). Identification of the visual 
motion area (area V5) in the human brain by dipole 
source analysis. Exp. Brain Res. 93, 345-351. 



7. Wavelength Information Processing 
versus Color Perception: 
Evidence from Blindsight and Color-Blind Sight 

Petra Stoerig 

7.1 Introduction 

The visual world of a person with normal vision is 
richly colored. The usefulness of color vision is 
easily demonstrated by comparing a color with a 
black-and-white photograph. A natural scene can 
immediately be grouped into friend and foe, into 
food and non-food, fruit and non-fruit on the col-
ored one, and the fruits ' ripeness is easily judged. 
In contrast, the mere detection of the fruit on the 
black-and-white photograph is a time-consuming 
task, with items having to be selected in serial 
search on the basis of brightness, reflection, and 
form. The advantage color vision must have 
brought about during evolution has transferred 
into modern life. Whether one is foraging in the 
market, retrieving one's car from a crowded park-
ing lot, or choosing the best-matched sweater from 
one's wardrobe, color vision much facilitates the 
task (see Fig. 7.1). 

How is it achieved? Every text book on vision 
explains that the color of objects is caused by the 
objects' dominantly reflecting light of a particular 
band of wavelengths. Newton's ingenious experi-
ments showed that light consisted of rays that dif-
fer in their 'refrangability' , and consequently in 
their disposition to exhibit this or that particular 
color (Newton, 1671/1953, p. 74). Day-active or-
ganisms have, to a different extent, learned to use 
the difference in refrangability, and have devel-
oped receptors which respond differentially to 
light of different wavelength. 

Man and other primates, like rhesus monkeys 
who have a visual system and visual functions 
very much like ours (De Valois and Jacobs, 1968), 
have four types of receptors - three types of cone 
and one type of rod receptor. They differ in the 
absorption spectrum of their photopigment (see 

chapter 2), and together provide the input signal to 
the visual system that from the retinal processing 
stages on divides the incoming information about 
the distribution of light into different parallel 
channels or sub-systems. The rod system is spe-
cialized for vision at low luminance where differ-
ent wavelengths excite the rod receptors to a dif-
ferent degree, with long wavelength stimuli 
requiring much more energy than blue-green stim-
uli whose wavelength lies at the peak of the rod 
absorption spectrum (see Fig. 7.2 A). The second 
or broadband system receives its input from rods 
and cones; both middle- and long-wavelength 
cones contribute, but short-wavelength cones do, 
if at all, only to a minor extent (Lee et al., 1989). 
The receptoral input is reflected in the spectral 
sensitivity curve measured under conditions that 
favor the broadband system's physiological prop-
erties. The example shown in Figure 7.2 Β was 
measured with fast-flickering stimuli (45 Hz) pre-
sented at 30° eccentricity on a background of low 
photopic to mesopic luminance (0.1 cd/m2). A 
smooth curve results which peaks in the 'green ' 
range of the spectrum: the ν λ curve. Note the 
smooth decrease of sensitivity toward the short-
wavelength ( 'blue ' ) end of the spectrum. There is 
still some debate about the broadband system's 
possible contribution to color vision, and about the 
extent to which cells of this type are able to differ-
entiate their response irrespective of relative lumi-
nance on the basis of chromatic information alone. 
However, the segregation of intensity and wave-
length information clearly does not appear to be 
the broadband system's major domain. 

The third or spectrally-opponent system re-
ceives input from all three cone types. These 
inputs get combined in a fashion that makes a 
color-opponent cell respond differentially to light 

www.ebook3000.com

http://www.ebook3000.org


132 7. Wavelength Information Processing versus Color Perception 

Fig. 7.1: Color helps to find the object of desire. 

of different wavelength independent of variations 
in the intensity ratio of the two lights. The oppo-
nent organization is again reflected in the spectral 
sensitivity curve, which to favor this system is 
measured with large long stimuli on a white back-
ground of photopic luminance (Sperling and 

Harwcrth, 1971; Snelgar et al., 1987). An example 
is given in Figure 7 .2C. Note the minima and 
maxima in this bumpy curve that are displaced 
f rom the peak absorpt ion of the pigments and 
reflect the opponent processes (Sperling and 
Harwerth, 1971). Together with the increase in 
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650 450 

WAVELENGTH (nm) 
Fig. 7.2: Spectral sensitivity curves measured on the upper oblique meridians in a normal observer. Conditions 
were tailored to favor (A): the rod system: a background of scotopic luminance (0.0001 cd/m2), and a 116', 
200 ms stimulus presented at 10° eccentricity; (B): the broadband system: a low-photopic - mesopic back-
ground (and adaptation) of 0.1 cd/m2, a 44', 45 Hz stimulus presented for 200 ms at 30° eccentricity; (C): the 
color-opponent system: a white adapting background of 32 cd/m2 luminance, a 116', 200 ms stimulus pre-
sented at 10° eccentricity. All three curves are based on increment-threshold values which were determined by 
increasing the luminance of a stimulus of a particular wavelength in steps of 0.05 log units until that stimulus 
became detectable for the observer. Empty symbols: 135° meridian, nasal hemifield, filled symbols: 
45° meridian, temporal hemifield. 

sensitivity in the short wavelengths, these discon-
tinuities distinguish the wavelength-opponent 
spectral sensitivity curve from the others. This 
system can process chromatic information inde-
pendent of luminance, and is well suited to segre-
gate the visual scene on that basis. 

These systems are already segregated in the reti-
na, and they remain largely so through the central 
processing stages. Note that they all use both 
wavelength and intensity information from the 
visual environment, but that only the wavelength-
opponent system can use both types of informa-
tion independently. 

This brief account of the physiology of color 
vision, like the vast majority of everything that has 
been said about the topic, accounts for basic 

aspects of wavelength information processing. 
Does it equally well account for color vision? I 
want to argue that it does not, and that wavelength 
information processing is not the same as color 
perception. This can be demonstrated with the help 
of human patients who have lost color vision with-
out having lost the ability to use wavelength infor-
mation. The evidence I shall present stems mostly 
from patients with cortical blindness, and is com-
plemented by evidence from patients with cortical 
color blindness. Thus, both groups of patients have 
lost color vision, the first because they have lost 
all phenomenal vision, the second because they 
have lost color vision selectively, while retaining 
conscious perception of other visual modalities, 
like motion and brightness, depth and form. 
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7.2 Wavelength Information 
Processing 

7.2.1 Wavelength Information 
Processing in Cortical Blindness 

Cortical blindness results from lesions that destroy 
or denervate the primary visual cortex. This struc-
ture is almost entirely buried on the medial side of 
the occipital lobes, and is topographically orga-
nized, with neurons in each part of the tissue 
responding to stimuli in a particular part of the 
visual field. A circumscribed destruction therefore 
causes a circumscribed visual field defect which 
due to the decussation of fibers in the optic chiasm 
is located in the contralesional visual hemifield. 
The field defect is perimetrically assessed and 
classified on the basis of its extent (a complete 
hemianopia affects an entire hemifield, a quadran-
tanopia only one quarter), its position in the field 
(to the left, to the upper right), and its density. 
Density, in contrast to the other two descriptors, 
refers not to spatial extent or position, but to the 
degree of visual loss. While stimuli presented 
within a relative field defect can be detected by the 
patient, provided they are of high contrast, tran-
sient, and fast-moving, stimuli presented within an 
absolute field defect are not seen at all. An 
absolute visual field defect is therefore character-
ized by an "absence of all and any sensation of 
light and color" (Wilbrand and Sänger, 1904, 
p. 353). 

Despite the loss of all conscious vision caused 
by a total destruction or denervation of primary 
visual cortex, visual information from the corti-
cally blind part of the visual field still enters the 
visual system. The part of the retina that corre-
sponds to the lesion in primary visual cortex 
shows long-term transneuronal degeneration (van 
Buren, 1963; Cowey et al., 1989), but the surviv-
ing retinal ganglion cells continue to provide visu-
al input to all known retinorecipient nuclei: the 
superior colliculus, the pulvinar, the three nuclei 
of the accessory optic system, the dorsal lateral 
geniculate nucleus (dLGN), the pregeniculate, the 
nucleus of the optic tract, the pretectum, and the 
nucleus suprachiasmaticus (see Cowey and 
Stoerig, 1991 for review). Physiological studies 

have shown that all nuclei that have so far been 
studied in this respect retain at least some visual 
responsivity after destruction of primary visual 
cortex (see Pasik and Pasik, 1982 for review). 
They send the visual information they receive 
from the retina either directly (dLGN, pulvinar 
nucleus) or indirectly (superior colliculus, pre-
geniculate nucleus) to the higher visual cortical 
areas. These surround the primary visual cortex, 
and extend forward into the parietal and temporal 
lobes of the cerebrum. At least the occipito-pari-
etal cortical areas also remain visually responsive, 
as has been shown in monkeys (see Bullier et al., 
1993 for review) and, using positron-emmission-
tomography in man (Barbur et al., 1993). The 
functional visual subsystem that survives the 
destruction of primary visual cortex thus contin-
ues to process visual information from the corti-
cally blind visual field. 

Not surprisingly, this processing can also be 
demonstrated behaviorally. With experimental par-
adigms that circumvent the problem of the 
patient's inability to consciously see stimuli in 
the cortically blind field, visual responses can 
be elicited. The phenomenon of 'blindsight' 
(Weiskrantz et al., 1974) demonstrates that (and 
what) visual responses can be evoked when the 
phenomenal representation of the stimulus is lost. 

The visual functions that make up blindsight 
and can be evoked from the cortically blind field 
can be grouped into three classes. The first is that 
of visual reflexes. While reflexes such as the pupil 
light reflex, the photic blink reflex, and optokinet-
ic nystagmus can all be demonstrated after striate 
cortical destruction, neither one shows much 
wavelength selectivity. The pupil however con-
stricts not only in response to an increase in lumi-
nance, but shows small differential responses to 
light of different wavelength. If monochromatic 
stimuli presented foveally are exchanged at isolu-
minance, systematic changes in pupil size can be 
observed (Saini and Cohen, 1979; Young and 
Alpern, 1980). As the pupil response in the periph-
ery is largely rod dominated, Barbur and col-
leagues developed a technique to isolate the 
pupil's chromatic responses from the light reflex 
using a luminance masking technique. When a 
stimulus that consists of small checks of different 
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Time (s) Time (s) 

Fig. 7.3: The stimulus used to isolate the pupil response to spectral information. The grey squares are lumi-
nance-modulated in space and over time. The central stimulus field turns red (or blue, or green) while contin-
uing to be luminance-modulated. The pupil traces demonstrate the effect of the masking; it markedly dimin-
ishes the response in both the normal and cortically impaired hemifields of the patient but does not abolish it 
entirely. (With kind permission from John Barbur). 

luminance are individually luminance modulated 
over time, and turn red, green, or blue during pre-
sentation, is presented in the periphery of a normal 
hemifield, a reliable pupil wavelength response 
can be isolated (Barbur et al., 1995). When 
Barbur, Sahraie, Weiskrantz and I used the same 
stimulus in two hemianopic patients, the respons-

es from the normal hemifield were essentially nor-
mal, while those from the cortically blind field 
showed less chromatic modulation in one patient 
(see Fig. 7.3), and as good as none in the other. 

The next class of visual functions that remain in 
cortically blind visual fields is that of indirect 
implicit responses. In contrast to reflexive ones 
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that can also be demonstrated in comatose 
patients, the indirect responses require the patient 
to both be conscious and to have some normal 
visual field which allows conscious vision. The 
normal field is necessary because these responses 
are demonstrated through the influence a stimulus 
in the blind field exerts on the response to a seen 
stimulus presented in the normal field. An exam-
ple has been reported by Corbetta et al. (1990), 
who measured reaction times to a stimulus in the 
normal field, and showed it to be significantly 
altered through the presentation of a second stim-
ulus in the blind field. An influence of chromatic 
information in the blind field has been indirectly 
demonstrated using a color-induction paradigm. A 
colored surround induces an apparent desaturated 
hue in the central white field, which can be seen in 
the after-image and depends on the colors used for 
the surround. Showing such a color-inducing pat-
tern to a patient with an incomplete hemianopia, 
Pöppel (1986) found that the induced hue in the 
after-image depended not only on the seen colors, 
but also on the color of that part of the surround 
that was invisible to the patient because it fell into 
his blind field (see Fig. 7.4). 

The third level of visual responses from a corti-
cally blind field are those that require the patient 
to respond directly to a stimulus falling into the 
defective area. Because the patients cannot see 
stimuli within the absolute field defect, they have 
to be convinced to nevertheless try and guess 
whether a stimulus has been presented, where it 
has been presented, or which one of a limited num-
ber of stimuli has been presented. With forced-
choice guessing paradigms, detection, localiza-

tion, and discrimination of motion, direction, ori-
entation, size, and stimulus luminance have been 
demonstrated (see Weiskrantz, 1990; Stoerig and 
Cowey, 1997 for recent reviews). Regarding wave-
length information processing, Alan Cowey and 1 
measured spectral sensitivity curves. We used 
dark- and light-adapted conditions to see whether 
we could find evidence for both rod and cone 
receptor function. Narrow-band stimuli (between 
450 and 660 nm) were presented at corresponding 
positions in the normal and cortically blind hemi-
fields of three patients. Α Tübinger perimeter was 
used for the experiments. With the patient fixating 
a central fixation spot on a homogenous white 
background, a stimulus was presented in random 
alternation with blank trials; both stimulus and 
blank presentations were indicated with an identi-
cal sound emitted from the shutter. The patient's 
task was to guess upon each presentation whether 
or not a stimulus had been presented. Stimulus 
luminance was increased by 0.05 log units after 
each batch of presentations to find the minimum 
intensity at which the patient's detection was sig-
nificantly different from chance. Measurements 
were compared with those from the corresponding 
retinal position in the normal hemifield. 

The resultant curves from both hemifields show 
a normal Purkinje-shift, with the dark-adap-
ted curve being narrowly tuned, peaking at 
500-525 nm, and declining steeply in the long 
wavelengths, and the light-adapted curve being 
broadly tuned (see Figs. 7.5 A, Β for examples). 

In addition to the evidence for rod and cone 
function, measurements of spectral sensitivity 
under light-adapted conditions can differentiate 

Fig. 7.4: A color-inducing stimulus presented partially inside the 
patient's cortically blind visual field (given in grey) caused the 
patient to report a different hue in the central square's after-image, 
depending on which color was presented. (Figure redrawn with kind 
permission from Ernst Pöppel). 
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Fig. 7.5: Increment-threshold spectral sensitivity curves measured in patient B.R. who had a 
quadrantanopia to the upper left. The empty circles represent sensitivity for the normal nasal 
hemifield (10° eccentricity, 45° meridian); the filled circles the corresponding values from the 
cortically blind field (10°/135° meridian) which were determined with the use of two-alterna-
tive forced choice guessing. Note the relatively small difference in sensitivity. (A): 116', 200 ms 
stimuli, background was set at 0.00001 cd/m2. (B): 44', 200 ms, 45 Hz stimuli, background 
0.1 cd/m2. (C): 116', 200 ms stimuli, white background 32 cd/m2. The curves' shapes indicate 
rod (A) and cone function (B/C) as well as broadband and chromatically-opponent processes 
(B/C). (Data in A and C from Stoerig and Cowey (1989)). 

between broadband and chromatically opponent 
processes. When measured with large (116'), long 
(200 ms) stimuli presented on a white adapting 
background of 32 cd/m2 to favor the chromatical-
ly-opponent system, the resultant curves from 
both hemifields show maxima at about 450, 550, 
and 600 nm and a minimum at 480 nm (Fig. 7.5C). 
These systematic discontinuities are hallmarks of 
chromatic opponency (Sperling and Harwerth, 
1971). The curves that result from measurements 
using smaller (44') flickering (45 Hz) stimuli pre-
sented at 10° eccentricity on a white adapting 
background of 0.1 cd/m2 show a broad plateau of 
sensitivity between 500 and 600 nm and a slight 
decline toward both ends of the visible spectrum. 
The small increase in 'blue' sensitivity in the curve 
from the normal field probably indicates S cone 
intrusion (Fig. 7.5 B). This increase is absent in the 
curves measured at 30 instead of 10° eccentricity 
(Fig. 7.2 B), demonstrating that the conditions 

used here did favor but not isolate the broadband 
system. Together, the spectral sensitivity curves 
from the cortically blind hemifield show that it 
continues to be subserved not only by rod and 
cone receptors but by broadband and chromatical-
ly-opponent channels as well (Stoerig and Cowey, 
1989; 1991). 

The preservation of chromatically-opponent 
processes is further supported by the patient's abil-
ity to discriminate between stimuli of different 
wavelength. To eliminate discriminable cues that 
can arise from differences in effective brightness, 
the stimuli were set at luminances 0.5 log units 
above the previously established thresholds for sta-
tistically significant detection in each individual 
patient. Two-alternative forced-choice guessing 
was again used, with the patients verbally guessing 
upon each presentation which one of two stimuli of 
different color had been presented at a fixed posi-
tion within the cortically blind field. The probabil-
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ity ratio for the two stimuli was systematically var-
ied to trace out Receiver-Operating-Characteristic 
curves which provide a means to control for biases 
in the subjects' responses (Green and Swets, 1966; 
Stoerig et al., 1985). Red, green, yellow, and 
orange stimuli were used, with peak wavelength 
separation between 50 and 20 nm. The results (see 
Fig. 7.5 for example) showed that the patients were 
able to discriminate between the stimuli, albeit to a 
different extent (Stoerig and Cowey, 1992). 

We tried to take these results, which agree with 
those of Stoerig (1987) and Brent et al. (1994), 
one step further by getting an estimate of wave-
length discrimination thresholds. For that purpose, 
we measured wavelength discrimination as before, 
at corresponding positions in the normal and cor-
tically blind hemifields, using stimuli from the 
middle part of the spectrum, with peak transmis-
sion between 553 and 600 nm, and peak separa-
tion from 47 to 7 nm. The results show that while 
wavelength discrimination thresholds in the 
periphery of the normal field are quite small, dis-
criminability failing only at the smallest separa-
tion (553 vs 560 nm), they are increased in the 
field defect to 20-36 nm (Stoerig and Cowey, 
1992). 

Together, these results demonstrate that blind-
sight patients are able to use wavelength informa-

tion in their cortically blind fields, although this 
information is not represented phenomenally: The 
patients do not see anything. 

7.2.2 Wavelength Processing in 
Cortical Color Blindness 

That wavelength information can be processed in 
the absence of color vision has also been shown 
with the help of patients who are cortically color 
blind. In contrast to cortical blindness that abol-
ishes all phenomenal vision, cortical color blind-
ness leaves the patient with a repertoire of phe-
nomenal visual qualities other than that of color. A 
patient with dischromatopsia consciously sees the 
visual world, but its colors appear washed out; a 
patient with achromatopsia loses color vision alto-
gether, seeing a monochromatic visual world in 
grayish shades. Often, this pathology is accompa-
nied by additional visual deficits, for instance by a 
partial visual field defect or by a disturbance of 
form and object vision or recognition. The addi-
tional losses most probably arise from the lesion 
not being confined to the part of the lingual and 
fusiform gyri (which correspond to medial and lat-
eral parts of the occipitotemporal gyrus) whose 
destruction abolishes color vision quite selectively 
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Fig. 7.6: Wavelength discrimination in three blindsight patients. Receiver-Operating-
Characteristic curves were traced out by varying the probability ratio for red (600 nm) 
and green (550 nm) stimuli. Each ROC-point represents the result of 500 presentations. 
The area under the curve (P(A)) is significantly different from 0.5 in all cases; asterisks 
indicate the significance level of the individual ROC-points (**: ρ < 0.005). (Data from 
Stoerig and Cowey (1992)). 
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Fig. 7.7: A horizontal section through the human brain taken at the level indi-
cated in the right-hand figure. The occipitotemporal gyrus (otg) - its lateral 
part is also called fusiform gyrus and its medial part lingual gyrus - is situat-
ed ventral to the calcarine sulcus (sc). The primary visual cortex lies on the 
banks of the calcarine, with the lower quadrant of the visual field represented 
on the upper bank and the upper quadrant on the lower bank. Because of its 
greater proximity to the lower bank, destruction of the occipitotemporal gyrus 
more commonly involves this part of primary visual cortex. The lateral genic-
ulate nucleus appears on the same section (LGN). 

(Meadows, 1974; Zeki, 1990). This cortical area 
which is needed for color vision and activated dur-
ing stimulation with colored stimuli (Lueck et al., 
1989), is situated at the base of the occipitotempo-
ral cortex (see Fig. 7.7). As a consequence of the 
vicinity to the lower bank of the primary visual 
cortex, a lesion extending backward into the pri-
mary visual cortex will produce a quadrantanopia 
in the upper visual hemifield as well (Meadows, 
1974); in contrast, more extensive lesions that 
destroy additional extrastriate visual cortical areas 
or their projections to the hippocampus (a sea 
horse shaped structure important for memory) can 
cause an agnosia in addition to the color blindness 
(Albertet al., 1979). 

The latter is the case for patient M.S. who has 
been extensively studied by several groups 
(Mollon et al., 1980; Heywoodet al., 1991; 1994). 
MS was 22 years old when an illness, presumed to 
be Herpes encephalitis, caused a cortical blindness 
to the left, and a cortical color blindness to the 
right. NMR-images show the extensive bilateral 
lesion which involves the 'color area' at the base 
of the left hemisphere (Hey wood et al., 1991). The 
patient could not match, name, or sort colors, had 

an error score of 1245 in the Farnsworth-Munsell 
100 hue test (a test where isoluminant colors have 
to be sorted, this score indicating random sorting), 
and made random matches when asked to adjust a 
mixture of 540 and 640 nm light to match 580 nm 
with a Nagel anomaloscope. Despite his complete 
failure at these and other tasks which classify him 
as totally color blind, the patient retained function 
of all three cone types (Mollon et al., 1980). 
Measurements of his increment threshold spectral 
sensitivity under appropriate conditions further 
indicated the presence of post-receptoral wave-
length-opponent mechanisms (Heywood et al., 
1991). 

Despite his color blindness, the patient can 
make use of wavelength information: He could 
read the pseudo-isochromatic Ishihara-plates 
when they were presented at a distance of 2 m 
instead of at reading distance where he failed 
(Mollon et al., 1980). He showed a wavelength-
specific motion after-effect: When tested in green 
light, the after-effect induced by 30 s exposure to 
a rotating textured disc presented in red light, was 
only 53% of its value when tested in the red light 
used for adaptation (Mollon et al., 1980). He could 
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detect the border between adjacent color fields, 
such as red and green, no matter what their lumi-
nance ratio, although to him they both appeared 
the same shade of grey (Heywood et al., 1991). If 
the colors abutted one another, he could also pick 
out the odd color in a chromatic series, because, 
although all colors appeared the same shade of 
grey, he could detect an edge between them 
(Heywood et al., 1991). M.S.'s use of wavelength 
information was further demonstrated when 
Heywood et al. (1994) reported him to flawlessly 
discriminate between forms (squares and crosses) 
which were composed of small colored squares 
and seen against a surround of grey squares differ-
ing in luminance. In addition, the patient was pre-
sented with an isoluminant red-green sinewave 
grating that was phase shifted by 90°. In normal 
observers, such a stimulus produces the impres-
sion of (apparent) upward or downward motion 
which depends on information as to which bar is 
red, which green. Although in the absence of this 
information the direction of apparent motion is 
ambiguous, M.S. reported it correctly, demonstrat-
ing that "mysteriously, MS can detect the sign of 
color contrast without experiencing the colors" 
(Heywood and Cowey, 1998; see Fig. 7.7). 

Presently, it has not been settled which cells, 
pathways, and cortical areas are responsible for 

the continued use of wavelength information. Both 
broadband (Heywood et al., 1991; Troscianko 
et al., 1996) and chromatically-opponent channels 
(Heywood et al., 1994) are being discussed. 
Independent of whether one or both systems are 
involved in the continued processing, it is obvious 
from the reports that wavelength information can 
be visually exploited in the absence of color 
vision. 

Wavelength information can even be used by 
itself, as demonstrated by the cortically color-
blind patient's ability to see a border between iso-
luminant red and green half-fields, an ability 
which is shared by broadband retinal ganglion 
cells (Lee et al., 1989). But the patient (and the 
cell) confounds luminance and wavelength infor-
mation when both are available. His detection is 
based on salience and, in the case of form detec-
tion and discrimination, on border continuity, and 
can be abolished by conditions that eliminate 
those percepts. Hey wood and colleagues (1994) 
conclude from their observation that "saturated 
chromatic and achromatic boundaries are conspic-
uously different to M.S. ... when they are of simi-
lar luminance contrast. Increasing the luminance 
contrast of the achromatic boundary renders the 
achromatic and chromatic boundaries perceptually 
similar." Therefore, "his contrast vision is mediat-

Fig. 7.8: Isoluminant red-green sinewave grating. Although unable to see the color of the bars the achro-
matopsic patient M.S. could correctly identify the direction of apparent motion that is produced by 90° phase 
shifts. (With kind permission from Charles Heywood). 
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ed by a mechanism that extracts color or lumi-
nance contrast without readily distinguishing 
between them" (p. 252). A similar effect can be 
demonstrated in blindsight patients whose detec-
tion of a stimulus, revealed by forced-choice 
guessing, can be much facilitated by adding wave-
length to luminance information (Stoerig, 1987). 

It follows that wavelength information helps 
solve visual tasks even when it is confounded with 
luminance. However, wavelength information pro-
cessing is a long cry from color perception not 
only because it confounds the types of informa-
tion, but because it is not phenomenal. 

7.3 Segregation of Wavelength 
and Intensity Information 
and Constancy 

De Valois and Jacobs (1984) def ine color vision 
by focussing on the necessity to unconfound lumi-
nance and wavelength information: " . . . what is 
meant (or should be meant) by saying that an indi-
vidual has color vision is that he or she has the 
ability to respond independently to wavelength 
and to intensity differences" (p. 425). 

In addition, the advantage of color vision owes 
much to color constancy which refers to our abili-
ty to identify colors under different illuminations. 
More precisely, it enables us to use spectral infor-
mation for perceptual tasks such as image segre-
gation and object identification despite consider-
able changes in the spectral composition of the 
illuminant(s). The spectral composition of day-
light changes from sunrise to sunset; the spectral 
composition of tungsten light is quite different 
from that emitted by candles. Nevertheless, we can 
use spectral information and identify colors, if 
imperfectly, even under massively different illumi-
nants, provided we are adapted and receive infor-
mation from an array of reflecting surfaces. If 
information regarding the visual scene surround-
ing a particular object is artificially removed, 
our color identification fails (Land, 1977). In 
Figure 7.8, the effect of color constancy is illus-
trated by showing the remarkable difference a 
multi-colored display undergoes when illuminated 

Fig. 7.9: Color constancy: The same array of com-
puter-generated Munsell-paper covered eggs is 
shown under two different daylight illuminants (D40, 
C IE-coordinates χ = 0.3823, y = 0.3838, above; 
D250, χ = 0.2499, y = 0.2548, below). The massive 
shift in color appearance is largely (if imperfectly) 
compensated in human color constancy. It is achieved 
by comparison of the relative activity in the three 
cone receptor channels, adjustments for the adapta-
tional state of the eye and the color signal of the back-
ground; in addition, it may use specular reflections 
and colored light cast by the objects in the scene. 
(With kind permission from Anya Hurlbert). 
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with different daylights: A person with color 
vision but without color constancy would see the 
displays about as different as they appear here. 

Like size and form constancy, color constancy 

allows object identification despite constantly 
changing conditions: perspective, motion of one-
self and of the seen object, depth, illumination, and 
the like. In the present context, this achievement is 

BL's Normal 's 
Colour Colour 
Categories Categories 

0.1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . ? 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 
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Fig. 7.10: Above: By varying the spectral composition of light falling onto a 'Mondrian' 
stimulus shown here under white light, color-constancy was assessed in the dyschro-
matopsic patient B.L.; it was found to be affected in tandem with his color vision. Below: 
Color categories (white light illumination) for the patient and a normal observer. (With 
kind permission from Keith Ruddock). 
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noteworthy because it enables us to use color for 
perceptual purposes such as image segmentation 
(see chapter 12) and object identification despite 
massive changes in wavelength information. 

Can wavelength information be processed inde-
pendent of intensity and in a manner that satisfies 
the requirements of constancy without being phe-
nomenally represented as color? Theoretically, it 
is possible to conceive of 'wavelength' constancy 
and for that matter, of wavelength information 
processing largely independent from intensity 
information, without invoking the phenomenal 
perception of color. Man can conceive of highly 
complex mathematical and cognitive operations 
which appear without any qualitative dressing. 
Man can conceive of zombies, beings that are 
indistinguishable from us normal mortals but lack 
all experience, all qualia (see Metzinger, 1995 for 
recent discussion). The paradigm that qualia are 
functionally ineffective, inert, currently rules in 
both philosophy and neuroscience because there is 
no logical necessity for qualia. Therefore, on pure-
ly theoretical grounds, a complex form of wave-
length information processing that is able to take 
into account all the releveant information about 
distribution of light, borders, reflections, and the 
like would suffice. 

Practically or technically, the answer may also 
be Yes, albeit with a note of caution. There may 
indeed be a considerable number of algorithms 
that produce a relative independance of the 
assigned outputs from the spectral composition of 
the illuminant, provided they are fed sufficient 
information about wavelength distribution, bor-
ders, texture, specular reflections, and so forth 
(see Hurlbert, 1998; for a recent review). Quite 
successful constancy algorithms can and increas-
ingly will thus be mathematically formulated and 
implemented in technical systems such as cameras 
and robots. Nevertheless, their conception 
depends in an important fashion on a biological 
system, namely the engineer who successfully 
mimicks his own color vision and constancy. Epis-
temologically, color was there before we knew the 
first thing about light being composed of different 
wavelengths of different 'refrangibility'. 

Biologically, the question is empirical in nature: 
If color constancy depends on wavelength infor-

mation processing and not on color perception, it 
could be preserved in cases of preserved wave-
length information processing without color 
vision. If it depends on color vision, it should be 
abolished along with it. Recent evidence indicates 
that constancy depends on color vision: An inves-
tigation of color constancy mechanisms in a 
dyschromatopsic patient clearly demonstrated that 
constancy was affected in tandem with color per-
ception (Kennard et al., 1995; see Fig. 7.9). 

To complement this important first finding, 
studies of color constancy in the achromatopsic 
patient MS and in blindsight patients are currently 
underway. What little biological evidence there is 
at present indicates that constancy depends on 
color vision. 

7.4 Color Perception 

Although there is no logical necessity for colors, 
which are qualia or phenomenal representations 
with complex physiological underpinnings, there 
may still be a biological necessity. That it is possi-
ble to calculate a relatively constant designator on 
the basis of wavelength information (plus addi-
tional information about discontinuities etc.) does 
not indicate that biological organisms ever use a 
color constancy algorithm that is not based on 
color vision. If nature uses the phenomenal repre-
sentation of wavelength information - color - to 
arrive at color constancy in man, it may well use 
a similar procedure in non-human organisms. 
Species as divergent as bees (von Frisch, 1964), 
gold fish (Ingle, 1985), pigeon (Thompson et al., 
1992), and macaque monkeys (Wild et al., 1985) 
all display color constancy. In view of the similar-
ity of our environment (which overrides the differ-
ences in ecological niches) and the concordant 
similarity in the visual equipment, one can argue 
that it is more likely that evolution has used simi-
lar means in different species, not qualia-depen-
dancc in one and qualia-independent algorithms in 
the others. In short, it is possible that in biological 
organisms there exists no processing of wave-
length information that is independent of intensity 
information and that provides a designator largely 
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independent of the wavelengths of the illuminant 
but is not phenomenal. 

Color vision in the common sense of the word 
and as we know it is always phenomenal and thus 
conscious (Nelkin, 1996). As such it is distinct 
from wavelength information processing not only 
because it does not simply reflect the wavelength 
composition of a surface but because it is experi-
enced in the thousands of shades we can tell apart. 
For an individual to possess color vision, he, she 
or it needs to have a phenomenal representation of 
light of different wavelength, a color experience. 

Color vision serves three major visual tasks: It 
helps to detect visual objects, particularly in envi-
ronments where many luminance levels render the 
use of luminance information alone insufficient. 
Like texture, contrast, and motion it is used for the 
segregation of the visual image. It contributes to 
the identification and recognition of visual 
objects. 

Patients who lack the experience of color are 
also lacking in their performance regarding these 
tasks. Blindsight patients who in their cortically 
blind fields lack all phenomenal vision can detect 
and discriminate stimuli of different wavelength, 
but only in an unaware mode. In addition, this 
detection is rather limited: although it has not yet 
been tested formally, it seems unlikely that blind-
sight patients would be able to detect a target 
- defined by wavelength in this case - that was 
embedded in a visual environment. Existing clini-
cal evidence strongly points to the phenomenal 
representation being prior to image segregation, 
because an inability to segregate an image into 
objects can be observed in patients who possess a 
full repertoire of phenomenal visual modalities, 
i.e., they can see color, brightness, texture, and 
motion, while a reverse disorder has never been 
described (Stoerig, 1996). Finally, object identifi-
cation is possible only in an unconscious fashion 
(or better, in an unaware mode to indicate that the 
patient is of course conscious), if the object is not 
phenomenally represented. Implicit unaware 
recognition has repeatedly been reported. For 
instance, a patient with severe amnesia who is 
unable to remember ever having met an individual 
before, may nevertheless behave differently to-
wards someone who has treated him in a friendly 

manner. Conscious recognition however appears 
impossible if the information is not presented phe-
nomenally. 

In addition, the blindsight patients do not con-
sciously know that they have any visual informa-
tion available. They experience themselves as only 
guessing whether or not something has been pre-
sented, and they cannot tell whether they have per-
formed at chance level - for instance because the 
stimuli were presented on the natural blind spot 
which is receptor-free - or whether they have per-
formed at 100% correct. In addition, they cannot 
consciously remember a stimulus that has been 
presented only to the blind field, and may simply 
be unable to use visual information processed 
solely in the unaware mode for any conscious 
intentional manipulation. 

Patients with cerebral achromatopsia also use 
wavelength information in their color-blind visual 
fields. Under certain circumstances, an isolumi-
nant red-green pattern will produce a phenomenal 
border between two half-fields of apparently sim-
ilar greyness, or it will be used to infer informa-
tion about (apparent) motion direction. Detection 
of a single colored square in an array of grey 
squares of similar size and different luminance 
however is impossible (Heywood et al., 1994). 
When conditions allow the patient to see a bound-
ary which can be based on both luminance and 
chromatic information, this boundary can be used 
for image segregation; a cross or a large square 
become visible in the array, but the segregation 
into figure and ground depends on the phenome-
nal border. The same applies to object identifica-
tion. The patient can identify a cross, can verbally 
and manually describe it, if he has those perceptu-
al boundaries available. Identification based on 
color per color is absent, and I assume that infor-
mation about the color of a stimulus cannot be 
consciously remembered (or otherwise conscious-
ly and intentionally accessed) if the stimulus has 
only been seen in the achromatopsic state or field. 

Indeed, the uses wavelength without color can 
be put to seem rather limited. The patients' 
achievements appear remarkable and come as a 
surprise mainly because not only the cortically 
blind patients but the cortically color blind 
patients are visually disabled. M.S. describes his 
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surroundings as grey, fails to identify surface col-
ors, fails completely in a color sorting test. 
Another achromatopsic patient, described by 
Robert Boyle as early as 1688 (Mollon, 1989), was 
unable to distinguish by color the violets she want-
ed to gather, ' tho' she kneel'd in that place where 
they grew'. 

Could it be that the patient's deficits are causal-
ly connected to the absence of color vision? That 
the quale, the experience is biologically necess-
sary for the higher perceptual, cognitive, inten-
tional functions? The currently ruling paradigm in 
both philosophy and neuroscience is that qualia 
simply do not have a function. They are regarded 
as mysterious addenda to cognitive and computa-
tional processes which could as well or better be 
explained without them. But maybe we should put 
this paradigm on the back-burner, not only 
because there exists a body of clinical evidence 
that does not agree with it, but also because it pre-
vents us f rom asking whether any quale - color, 
pitch, pain, softness, or sweetness - serves a bio-
logical function. We'll only learn the answer if we 
put the question experimentally to biological 
organisms. To this purpose we can use a variety 
of approaches that include neuropsychological 
experiments on patients who have lost certain 
qualia, psychophysical experiments with para-
digms that prevent information that still gets 
processed to become phenomenally represented in 
normal observers (see Kolb and Braun, 1995 for 
an example), behavioral experiments that assess in 
non-human animals the extent of higher perceptu-
al and cognitive abilities which we know that man 
cannot perform without a phenomenal representa-
tion. Only by doing experiments of this kind will 
we learn whether qualia play a role, what role it 
may be, and hopefully how they come to play it: 
how a plain color comes to represent the stagger-
ing mathematical complexity that enters into its 
appearance. 
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8. Color Vision in Lower Vertebrates 

Christa Neumeyer 

8.1 Introduction 

Karl von Frisch, famous for his discoveries in ori-
entation, communication and sensory capacities of 
the honey bee, introduced a powerful behavioral 
training technique for investigating color vision in 
animals. He trained the minnow (Phoxinus laevis), 
a cyprinid fish, by providing a food reward, and 
was able to show for the first time that a lower ver-
tebrate can discriminate all colors (red, green, 
blue, yellow) from various shades of grey (von 
Frisch, 1913). This was published even before his 
well known demonstration of color vision in the 
honeybee (von Frisch, 1914). With his experi-
ments he disproved Carl von Hess's hypothesis 
that insects and lower vertebrates are completely 
color blind. Von Hess's conclusions were based on 
experiments using "reflexes" such as positive pho-
totaxis as behavioral responses (von Hess, 1914). 
As we know today (see below), honeybees and 
cyprinid fishes do indeed behave as if they were 
color blind in some behavioral contexts, but not in 
contexts involving food acquisition as used by 
Karl von Frisch. Between 1920 and 1930 impor-
tant results were obtained with training experi-
ments with the minnow performed by students of 
Karl von Frisch and Alfred Kühn. Wolff (1925), 
for example, investigated wavelength discrimina-
tion in the spectral range between 300 nm and 
800 nm. He showed (Wolff, 1925) that minnows 
possess three ranges of best discrimination ability 
(near 400 nm, 500 nm and 600 nm). He was even 
able to show that they see ultraviolet light, a result 
completely neglected until about 1980. Burkamp 
(1923) found that minnows and other fishes rec-
ognize a colored paper under colored illumination, 
and, thus, was already able to show color constan-
cy. There are also early training experiments in 

reptiles: Wagner (1933) showed color discrimina-
tion in lizards, Wojtusiak (1933) demonstrated in 
turtles an excellent wavelength discrimination 
ability in three spectral ranges, and also showed 
ultraviolet vision. In amphibia, which are very dif-
ficult to train, it was shown that frogs and toads 
respond to ultraviolet light (Zipse, 1935). How-
ever, it has not yet been possible to measure wave-
length discrimination. 

In the attempts to understand the neural basis of 
human color vision, lower vertebrates, especially 
cyprinid fishes, have been important subjects. 
Because of the large cell size of their photorecep-
tors and neurons in their retinae, intracellular 
recordings were possible very early. The first 
recordings were performed by Svaetichin (1953). 
His "S-potentials" recorded from horizontal cells 
(originally believed to be cone responses) revealed 
so-called "color-opponent" properties showing 
depolarization in certain wavelength ranges and 
hyperpolarization in others. This type of "oppo-
nent" activity was exactly that property Ewald 
Hering had demanded to explain opponent colors 
and the four unique hues in human color vision. In 
the carp, Tomita (1963) recorded intracellular!ly 
from single cones and found three spectral types. 
The same result was obtained by microspec-
trophotometry, a method invented to measure the 
absorption spectra of the cone photopigments in 
situ (Marks, 1965). From that time on, the retina, 
especially that of cyprinid fishes and of the turtle 
Pseudemys scripta elegans, has been very inten-
sively investigated. Compared with the retina of 
primates, it seems that important steps of informa-
tion processing in color vision already occur on 
the peripheral level of the retina. This conclusion 
is based mainly on the finding that bipolar and 
ganglion cells in the retina of fishes show so-
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called double-opponent responses which are found 
in mammals only in the primary visual cortex 
(Daw, 1967; Kaneko and Tachibana, 1983). 

The relatively easy access to retinal neurons in 
lower vertebrates and the possibility of performing 
behavioral training experiments, gives us the 
opportunity not only to investigate different aspects 
of color vision (as characteristics of the entire sys-
tem), but also to investigate the cellular level. 
There is one animal, the goldfish, which is espe-
cially suitable as a subject. The goldfish, kept 
as a pet for at least a thousand years in China and 
Japan (Hervey and Hems, 1968/1981), can be eas-
ily tamed and also trained. Therefore, goldfish 
vision is best understood amongst all lower verte-
brates. 

8.2 Wavelength Discrimination 
in Lower Vertebrates 

8.2.1 Goldfish 

The way we measured wavelength discrimination 
in goldfish (and also in the turtle Pseudemys 
scripta elegans) is shown in Figure 8.1. Two test 
fields were presented to the animal freely swim-
ming in a small (40 χ 20 χ 28 cm) tank. The test 
fields were illuminated with monochromatic light 
via fiber optics from the outside of the tank. The 
monochromatic light was adjusted to equal "ani-
mal-subjective" brightness, according to the spec-
tral sensitivity functions measured under the same 
experimental conditions (Neumeyer, 1984). In 
Figure 8.2 the Δλ-function of the goldfish is 
shown, measured at first between 400 and 720 nm 
(Neumeyer, 1991), and later also between 300 and 
400 nm (Fratzer et al., 1994). 

There are three ranges of best discrimination 
ability: at about 610 nm, at 500 nm, and at 400 nm. 
In the range of maximal discrimination at 500 nm, 
a wavelength difference of 3-5 nm was sufficient 
for the goldfish to see a "just noticeable" differ-
ence. The ranges of best discrimination at 500 nm 
and 610 nm were roughly expected on the basis of 
the three cone types so far known from microspec-
trophotometry (Marks, 1965; Harosi, 1976): in 

f liy Η Λ Tu) hüi US® jw^®1» 

Fig. 8.1: Goldfish in training experiment. 
The freely swimming goldfish has to decide between 
two testfields illuminated from the outside of the tank 
with monochromatic light of the same "goldfish-spe-
cific" brightness. The fish is trained on one wave-
length by delivering a small amount of a food paste 
from the feeding tube at the test field. The second 
"comparison" testfield is illuminated with another 
wavelength. Discrimination ability is measured as the 
relative frequency with which the training wave-
length is chosen. A bite or peck at one of the test-
fields is counted as a choice. To obtain the Δλ-func-
tion, the difference between training wavelength and 
the wavelength at which the threshold criterion of 
70% relative choice frequency was reached, was cal-
culated. 
Foto: Jürgen Schramme 

these spectral ranges the absorption functions of 
the short- and mid-, and of the mid- and long-
wavelength photopigments, respectively, cross 
each other. The third range at 400 nm (although 
already found by Wolff, 1925!), however, was 
highly surprising. There were two possible ex-
planations as shown in model computations 
(Neumeyer, 1986): the effect of a side maximum 
of the long-wavelength cone type (beta band), and 
the existence of a cone type (at that time unknown) 
maximally sensitive in the ultraviolet range. 
Additive color mixture experiments decided 
between these two possibilities (Neumeyer, 1985; 
1992). They showed that the goldfish has not only 
three, but four cone types, the fourth being maxi-
mally sensitive in the ultraviolet range. This cone 
type was also deduced from measurements of 
spectral sensitivity in goldfish by Hawryshyn 
and Beauchamp (1985), and was demonstrated 
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Fig. 8.2: Wavelength discrimination in goldfish (Δλ-
function). 
Small values of Δλ (ordinate) stand for a high 
discrimination ability. Discrimination was highest 
in three spectral ranges (abscissa): 400, 500, and 
610 nm. Wavelength discrimination was absent in the 
short- and long-spectral ranges (after Neumeyer, 
1986, and Fratzer et al., 1994). 

much later using microspectrophotometry by 
Bowmaker, et al. (1991). In other cyprinid fishes, 
evidence for the existence of ultraviolet cones 
came earlier (Avery et al., 1982; Härosi and 
Hashimoto, 1983). Detailed color mixture experi-
ments have shown that color vision in goldfish is 
tetrachromatic (Neumeyer, 1992). 

8.2.2 Turtles 

Many birds and reptiles possess brightly colored 
oil droplets in the inner segments of their cones 
just underneath the light-absorbing structures in 

the outer segment (Fig. 8.3). In some amphibia 
and fishes, clear oil droplets only have been 
described. 

Colored oil droplets act as cut-off filters for the 
light entering the outer segment of the cones where 
it is absorbed by the photopigment. As the short-
wavelength and ultraviolet light is absorbed by 
most oil droplets, they alter the effective spectral 
sensitivity of the cones (Fig. 8.4), and, thus, oil 
droplets must have an effect on color vision. As 
photoreceptors and retinal neurons of some turtles 
are well investigated, it seemed especially promis-
ing to investigate the wavelength discrimination 
abilities of the turtle Pseudemys scripta elegans. In 
highly difficult experiments, Karin Arnold (Arnold 
and Neumeyer, 1987) succeeded in training three 
turtles, and obtained two complete Δλ-functions 
(Fig. 8.5). As in the goldfish, and also highly unex-
pectedly, three ranges of best discrimination ability 
were found at 400 nm, 500 nm, and at 600 nm. 

As shown in additive color mixture experiments, 
the good discrimination at 400 nm is due to the 

Fig. 8.3: Oil droplets in the retina of the turtle 
Pseudemys scripta elegans. Red oil droplets are most 
frequent, followed by orange and yellow ones. Clear 
oil droplets are relatively rare (arrow). There seem to 
be two types of clear oil droplets: with and without a 
high transmittance in the ultraviolet spectral range. 
One cone type in double cones (asterisk.) possesses 
"pale green" oil droplets which also show a high 
transmittance in the ultraviolet range. Double cones 
do not seem to play a role in color vision (for refer-
ences see Arnold and Neumeyer, 1987). Dark struc-
tures: pigment epithelium. 
Foto: Teruya Ohtsuka 
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existence of an ultraviolet sensitive cone, which 
was only very recently found with microspec-
trophotometry (Govardovskii, personal communi-
cation). As in goldfish, color vision in Pseudemys 

λ [nm] 

Fig. 8.4: Cone photopigments, oil droplets and effec-
tive cone sensitivity of the turtle Pseudemys scripta 
elegans. 
A. Relative spectral absorbance of the cone pho-
topigments identified so far (left ordinate scale). The 
three photopigment types are characterized by the 
peak wavelengths (continuous lines). Dashed lines: 
spectral transmission of the clear (c), yellow (y), and 
red (r) oil droplets (right ordinate scale). (After 
Neumeyer and Jäger, 1985). 
Β. Relative "effective" cone sensitivity functions 
obtained by weighting the photopigment absorption 
spectra with oil droplet transmission. The decreasing 
sensitivity slope between 400 and 460 nm indicates 
the ultraviolet cone type as concluded from wave-
length discrimination and additive color mixture 
experiments. The functions explain the properties of 
wavelength discrimination of turtle SI as shown in 
model computations. (After Arnold and Neumeyer, 
1987). 

is tetrachromatic. Another unexpected finding was 
the fact that the turtles were entirely unable to dis-
criminate wavelengths between 450 nm and 
512 nm which is indicated by the high Δλ values 
of 60-70 nm around 450 nm in Figure 8.5. 

As shown in model computations (Arnold and 
Neumeyer, 1987), the gap in wavelength discrimi-
nation in the blue to blue-green range (between 450 
and 520 nm) is a consequence of the yellow and red 
oil droplets which absorb all short-wavelength light 
entering the cones containing the mid- and long 
wavelength photopigments (Fig. 8.4). Wavelengths 
between 450 and 520 nm excite the short-wave-
length cone type exclusively, causing an equal exci-
tation ratio of the cone types and, thus, the same 
perceived hue. At first glance one might guess that 
this "wavelength discrimination gap" is a disadvan-
tage for color vision. However, one has to take into 
consideration that color vision is not designed to 
"stare at the rainbow", as Victor Govardovskii uses 
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Fig. 8.5: Wavelength discrimination (Δλ-function) of 
the turtle Pseudemys scripta elegans. Results from 
two turtles, SI (dark), and S2 (open symbols). The 
stippled line is hypothetical (After Arnold and 
Neumeyer, 1987). 
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The color triangle in A is calculated on the basis of the turtle photopigments (from Fig. 8.5 A), the triangle in 
Β on the basis of the "effective" cone sensitivity spectra which include the filter effect of the oil droplets (from 
Fig. 8.5 B). Each point in a triangle represents the relative values with which each of the three cone types is 
excited by the light reflected from the colored paper (black dots) or by spectral light (circles). The excitation 
of the UV-cone type is not taken into consideration. The corners x, y, ζ represent colors which excite exclu-
sively the short-, mid-, and long-wavelength cone type, respectively. 
For calculation of the color loci see Neumeyer (1980). 
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to say, but to discriminate object colors. Therefore, 
we asked whether the oil droplets would also 
impair discrimination of object colors. For that pur-
pose, we calculated the color loci of about 50 dif-
ferently colored papers (HKS papers) on the basis 
of cone types with and without oil droplets. 

The results are shown in a presentation of the 
turtle color triangle (which does not take into 
account the ultraviolet cone type for simplicity) 
in Figure 8.6. The triangle in Figure 8.6 A is cal-
culated on the basis of the cone photopigments 
(Fig. 8.5 A). Here, the loci of the spectral colors 
(open symbols) are located on the side between 
the corners "z" and "y" for wavelengths between 
750 and 560 nm, indicating that the long- and the 
mid-wavelength cone types would be excited. The 
loci for wavelengths between 550 and 400 nm lie 
inside the triangle, indicating that these wave-
lengths excite all three cone types to certain 
degrees. The loci of the colored papers are rather 
close together, some even coincide. In Figure 
8.6B, the loci are calculated for the same colored 
papers but on the basis of the "effective" cone sen-
sitivity spectra from Figure 8.5 B. Here, the loci of 
the spectral colors are found almost exclusively at 
the sides of the triangle, and the loci of the colored 
papers are distributed over a large area. Contrary 
to our expectation, the loci of blue and blue-green 
object colors do not coincide in one point (as do 
the loci of the spectral colors between 520 and 

460 nm that are all located at the "x" corner) 
which would mean that they cannot be discrimi-
nated. Instead, they are more clearly separated 
than on the basis of the photopigments alone. 
Despite the fact that we do not know the meaning 
of a certain distance in the interior of the triangle, 
one has the impression that object colors are bet-
ter separated, and thus, better discriminable, than 
on the basis of the photopigments alone. The col-
ored oil droplets certainly do not impair the dis-
crimination of object colors. In goldfish, a similar 
effect was assumed to occur by neuronal inhibito-
ry interactions between cone types of different 
spectral types (Neumeyer, 1986). 

8.2.3 Amphibia 

Color vision in amphibia is difficult to investigate 
because they cannot be trained easily. We used the 
European tiger salamander (Salamandra salaman-
dra) to find out whether their color vision uses an 
ultraviolet cone type as goldfish and turtles, and 
whether their color vision is tri- or dichromatic. As 
a behavioral indicator we used a fixed action pat-
tern which is released when the animal sees a 
moving prey. The animal then usually turns toward 
the object and snaps by flicking out its tongue. To 
elicit this response, we used a black "worm" 
dummy as shown in Figure 8.7 which moved slow-

Fig. 8.7: Salamandra salamandra 
in experiment. The animal res-
ponds to a worm dummy 
(6 χ 25 mm) moving at a speed of 
6 mm/s. When the contrast bet-
ween the monochromatically illu-
minated background and the 
dummy was high, the salamander 
turned its head approached the 
screen and snapped by flicking 
out its tongue. As a measure of its 
reaction, we used the relative fre-
quency of snapping related to the 
sum of turning movements and 
snapping responses. (From Przy-
rembel, Keller and Neumeyer, 
1995). 
Foto: Jürgen Schramme. 



8.3 Color Constancy and Color Contrast 155 

ly in front of a background illuminated with 
monochromatic light. 

By varying the intensity we determined the 
number of quanta impinging on the screen that was 
just sufficient to elicit a response in the animal, 
and so measured a spectral sensitivity function. 
The result indicated maximal sensitivity in the 
range between 500 to 580 nm without pronounced 
maxima and minima (Przyrembel et al., 1995). A 
relatively high sensitivity (but 1-1.5 log units 
below the maximum) was also found in the ultra-
violet range. However, measurements of chromat-
ic adaptation under yellow illumination revealed 
that the sensitivity in the ultraviolet range was not 
independent of sensitivity in the mid-wavelength 
region. Thus, the existence of a separate ultraviolet 
photoreceptor type could not be concluded. 

Color discrimination experiments were per-
formed on a color monitor showing a moving col-
ored worm dummy on a differently colored sur-
round of the same salamander-specific brightness. 
The results indicate that salamanders are able to 
discriminate blue from green, and red from green, 
and, therefore, have most probably trichromatic 
color vision. 

However, the existence of trichromatic color 
vision cannot be expected for all amphibia. Zipse 
(1935) already reported that some frogs and toads 
can see ultraviolet light rather well, and, in the 
american tiger salamander, Ambystoma tigrinum, 
four different cone photopigments, one with max-
imal absorption in the ultraviolet, have been found 
(Perry and McNaughton, 1991). 

8.3 Color Constancy and Color 
Contrast 

Biologically relevant colors are the colors of 
objects. The colors seen are caused by the light 
reflected by the surface. However, the spectral dis-
tribution of the reflected light impinging the eye is 
not only determined by the spectral reflectance 
properties of the surface but also by the spectral 
radiant flux of the illuminating light. The spectral 
composition of natural daylight changes consider-
ably during the course of a day, and also depends 

on the filtering effects of clouds, forest canopy, 
water (for aquatic animals) and so on (Henderson, 
1977; Kirk, 1983; Lythgoe, 1979; Endler, 1993). 
Therefore, if an animal uses color as a cue to rec-
ognize objects, it requires mechanisms compen-
sating for the spectral changes of the illumination, 
and thus providing constancy. According to an 
idea of von Campenhausen (1986), the necessity 
to eliminate the spectral alterations of daylight 
could even have been the selective pressure for the 
generation of color vision during evolution. His 
experiments showed that an animal with one pho-
toreceptor type only (for example a human being 
using rod vision) is unable to make correct light-
ness judgements whenever the spectral composi-
tion of the light changes. To detect changes in the 
spectral radiance, and to compensate for them, two 
photoreceptor types with different spectral sensi-
tivities are required. This, however, is also the pre-
requisite condition for color vision. 

Color constancy is best investigated in cyprinid 
fishes (for other animals see review by Neumeyer, 
1998). Burkamp (1923) already showed that min-
nows and other fishes are able to recognize object 
colors under colored illuminations, a finding con-
firmed in the carp by Dimentman et al. (1972). In 
a famous experiment, Ingle (1985) showed color 
constancy in goldfish by using a Mondrian pat-
tern. To analyze color constancy quantitatively in 
goldfish, we used a method first applied in the 
honeybee (Neumeyer, 1980; 1981). This method 
has the advantage that there is always a series of at 
least seven very similar but still discriminable col-
ored papers (testfields) presented, amongst which 
the animal can choose that specific color which 
most resembles the color it has learned. The ani-
mal was trained on one medium color which 
turned out to be a very hard task for goldfish and 
experimenter: many weeks or even months had 
been required before the fish clearly preferred this 
training testfield amongst all the others. The train-
ing situation is shown in Figure 8.8. 

In the experiments performed by Saskia Dörr, 
the goldfish was trained on a bluish gray testfield 
out of a series of 15 different bluish and yellowish 
testfields presented on a gray or a black back-
ground (Dörr, 1996; Dörr and Neumeyer, 1996). 
The training was performed under a white illumi-
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and purple illuminations, i.e., for a direction in 
color space perpendicular to the direction in which 
the main changes of daylight (corresponding to the 
Planckian locus) occur. 

Under these conditions also, color constancy 
was surprisingly good (Fig. 8.9A). The color con-
stancy effect was best when the testfields were 

Fig. 8.8: Training procedure to show color constancy 
and color contrast. The goldfish is rewarded by a 
small amount of the food paste whenever it pecks at 
the training testfield (orange) shown together with 
similar reddish, orange and greenish testfields behind 
the tank. To measure color constancy, the setup is 
illuminated with white light during training, and with 
colored light during the tests. In the latter situation 
the fish are never rewarded. To measure color con-
trast, the testfields are presented on a grey back-
ground during training, in the test situation the back-
ground is changed to red or green, respectively. 
Foto: Guido Mangold. 

nation. In the test for color constancy, the color of 
the illumination was changed to blue or yellow, 
everything else remaining the same. If color vision 
were determined by the cone excitation ratio only, 
i.e., if there were no color constancy, all the differ-
ent test fields would appear to the fish "more" 
blue under a bluish illumination than under the 
white training light. Then, the fish would not rec-
ognize the training field, but should select a "more 
yellowish" test field which now stimulates its cone 
types in the same ratio as the training testfield did 
before under white illumination. (Which testfield 
has this property can be found by calculating the 
color loci of the testfields under the different illu-
minations.) A color constant goldfish, however, 
should always f ind his training field amongst all 
the different testfields. Saskia Dörr has shown that 
this is indeed the case within certain limits. 

In another series of experiments we tested 
whether color constancy is also found for green 
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Fig. 8.9: Color constancy and simultaneous color 
contrast in goldfish. 
A. Choice behavior of a goldfish in the color con-
stancy experiment. Ordinate: relative choice frequen-
cy in %; abscissa: green (G4) to purple (P5) test field 
colors; D: greyish training color. The result of train-
ing under white light is indicated by the white bars. 
Under green illumination the choice frequency distri-
bution (dark bars) is not changed. The testfields were 
presented with a grey surround. Testfield P5 (arrow) 
under green illumination stimulates the cone types in 
the same way as training testfield D under white 
training illumination (see text). 
B. Choice behavior in simultaneous color contrast sit-
uation. White bars: choice frequency when the test-
fields are presented with grey surround (training sit-
uation); dark bars: testfields presented with purple 
surround. Here, goldfish preferred more purple test-
fields. This indicates that all testfields appeared more 
green with purple surround. With its choice of the 
purple testfields P3 and P4 the fish compensates for 
the color contrast effect. 
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presented on a medium grey background, not per-
fect with a black background, and over-com-
pensated with a white background (Fritsch and 
Neumeyer, 1996). Surround size also played an 
important role which indicates that neuronal later-
al interactions might be involved. 

With the same method (Fig. 8.8), we also inves-
tigated simultaneous color contrast. Here, the 
goldfish were trained on one medium color while 
the entire series of nine green to purple testfields 
was presented on a grey background. In the test, 
the same testfields were shown on a purple or a 
green background, respectively. Here, the fish did 
not select their training field (which was also pre-
sent) but a very different testfield. With its choice 
behavior (Fig. 8.9 Β shows one example) the gold-
fish indicated that the hues of all testfields have 
changed so that now the chosen testfield most 
resembled the training hue on a gray surround. As 
very small annular testfields were sufficient to 
cause color contrast, we concluded that lateral 
interactions and not chromatic adaptation is the 
main mechanism involved (Dörr and Neumeyer, 
1997). Successive color contrast as found in the 
honeybee (Neumeyer, 1981) could not be shown 
in goldfish with our method (Dörr, 1996). 

8.4 Color Vision and Other 
Visual Functions: Evidence 
for Parallel Processing of 
Visual Information 

Spectral sensitivity functions in goldfish have 
been measured several times with very different 
results depending on the behavioral response used 
(Fig. 8.10). 

Functions with a single maximum in the long 
wavelength range were obtained using the opto-
motor response (Fig. 8.10A), or the dorsal light 
reaction (b), whereas training methods (c and d) 
gave broad curves or even functions with three 
very pronounced maxima (e). The comparison of 
these functions and further investigations show 
that the term "spectral sensitivity" is misleading as 
it suggests that there is just one function. Actually 
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Fig. 8.10: Spectral sensitivity functions in goldfish, 
a: action spectrum of the optomotor response (after 
Cronly-Dillon and Müntz, 1965); b: action spectrum 
of the dorsal light reaction (after Powers, 1978); 
c: spectral sensitivity measured in a training experi-
ment (classical conditioning using electro-shock) 
(after Beauchamp and Rowe, 1977); d: spectral sen-
sitivity in training experiment (food reward, training 
on the illuminated testfield, comparison testfield: 
dark) (after Yager, 1967); e: spectral sensitivity in 
training experiment (food reward, training on the dark 
testfield, comparison testfield: illuminated) (after 
Neumeyer, 1984). 
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Fig. 8.11: Action spectra of the optomotor 
response in goldfish (A) and in the turtle 
Pseudemys scripta elegans (B). The dashed 
line in A represents the spectral sensitivity 
function of the long-wavelength cone type 
in goldfish. The comparison with the action 
spectrum indicates that the short wavelength 
flank is steeper than the cone sensitivity 
function. We assume that this is due to an 
inhibitory influence of the mid-wavelength 
cone channel (from Schaerer and Neumeyer, 
1996). The dashed line in Β shows the effec-
tive long wavelength cone sensitivity func-
tion combined with the red oil droplet (from 
Schaerer, 1993). C: optomotor response of 
one goldfish as an example in a red-green 
striped cylinder illuminated simultaneously 
by monochromatic red and green light. At a 
certain intensity of the red or green light, 
respectively, the response drops to zero. This 
result indicates that motion vision in the 
optomotor response is "color-blind" (from 
Schaerer, 1993). 
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one should speak of "action spectra" of different 
behavioral tasks which reflect the contribution of 
different cone types in different ways. 

A re-investigation of the optomotor response in 
goldfish by Schaerer (1993) showed again a func-
tion with a single maximum in the long wave-
length range (Fig. 8.11 A). This function can be 
regarded as the action spectrum of motion vision 
(wide field motion). 

The comparison with the long wavelength cone 
sensitivity function (dashed line) indicates that 
motion vision measured with this behavioral 
method is mainly determined by the long-wave-
length cone type. A similar result was obtained 
when the turtle Pseudemys scripta elegans was 
tested (Fig. 8.11B). If only one cone type is 
involved in motion vision, the optomotor response 
should go to zero whenever an "isoluminant" red-
green striped pattern is used. This is indeed the 
case as shown in Figure 8.11C. Motion vision in 
goldfish investigated using the optomotor 
response is "color blind" (Schaerer and Neumeyer, 
1996). This seems to be a general principle of 
visual systems also found in the honeybee (Kaiser 
and Liske, 1974), and to some extent in humans as 
well. 

The fact that the long-wavelength cone type in 
goldfish is (almost exclusively) involved in 
motion vision, and (together with the three other 
cone types) in color vision gives a first hint that 
both visual functions are processed in parallel, 
possibly already at a retinal level. That at least the 
long-wavelength cone information does indeed 
feed into different "channels" became evident 
from the following findings: 1.) Under reduced 
("mesopic") light conditions of 1 lux, the long-
wavelength cone type does not contribute to color 
vision any longer: red cannot be discriminated 
from green, and sensitivity in the long-wavelength 
range is reduced (Neumeyer and Arnold, 1989). 
However, if "brightness" detection is tested 
instead of color vision (by reversing the training 
procedure) under the same conditions of 1 lux, 
long-wavelength sensitivity is still high (Neu-
meyer et al., 1991). 2.) The tuberculostatic drug 
ethambutol impairs red-green discrimination by 
disturbing the contribution of the long-wavelength 
cone type, but does not affect the contribution 

of this cone type to "brightness" detection 
(Spekreijse et al., 1991). 3.) Dopamine seems to 
be important in bringing the retina into the light 
adapted state. When a Dl-dopamine-receptor 
antagonist is injected into the eyes, trained gold-
fish are unable to discriminate red from green 
(Mora-Ferrer and Neumeyer, 1996). However, in 
the context of motion vision, also mediated by 
long-wavelength cones, the same drug does not 
impair long-wavelength sensitivity (Mora-Ferrer 
et al., 1995). 

Thus, it seems that there is a functional dichoto-
my of the long-wavelength cone information: the 
contribution to color vision and to visual acuity 
(Neumeyer, in prep.) is affected in the mesopic 
state and by certain drugs, whereas the contribu-
tion to brightness, flicker and motion detection is 
not (Neumeyer and Schaerer, 1992). A parallel 
processing of color and shape on the one hand, and 
brightness and motion on the other hand seems to 
occur in primates also. 

8.5 Color Perception 

Tetrachromatic color vision as found in goldfish 
and turtles (and also in birds) including the ultra-
violet range implies specific properties of color 
perception. In tetrachromatic color vision, all 
hues can be represented in a color tetrahedron 
which is the equivalent of the color triangle in a 
trichromatic color vision system (Neumeyer, 
1991; 1992). 

Ultraviolet is represented at the apex of the 
tetrahedron (Fig. 8.12). Which sensation an ultra-
violet light will create we cannot know, but we 
may assume that it may be a fourth basic color (as 
it seems reasonable to assume that the number of 
basic colors corresponds at least to the number of 
photoreceptor types involved in color vision). 
More interesting is the question of how white light 
might be perceived by an animal with tetrachro-
matic color vision. White light has to include the 
ultraviolet range, and will stimulate all four cone 
types about equally. Thus, the corresponding color 
loci will be located in the interior of the tetrahe-
dron (near "XW" in Fig. 8.12). If white light is 
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perceived as "neutral" as in human color vision 
(which we do not know yet), we may ask how, for 
example, the goldfish perceives "our" white which 
does not contain ultraviolet. This color is repre-
sented by an area in the center of the triangle 
"x,y,z" of the tetrahedron. Such colors can be eas-
ily discriminated by goldfish from Xenon-white 
("XW" in Fig. 8.12) as shown by Neumeyer 
(1992). But how will this "white without ultravio-
let" be perceived? Certainly not as neutral. 
Perhaps it is perceived as a reddish-greenish-blue, 
a color containing three hues at once ("ternary" 
colors according to Thompson, Palacios and 
Varela, 1992)? Such colors (which we cannot pic-
ture) should also occur within the triangles 
"x,uv,y", "y,uv,z" and "x,uv,z" of the tetrahedron. 

Another question which may also be asked 
about trichromatic color vision systems is whether 
there are more unique colors than cone types. In 
human color vision we have the perception of 
"yellow" between red and green, i.e., a color 

UV 

Fig. 8.12: Color tetrahedron of the goldfish. Each 
point in the tetrahedron represents the relative excita-
tion values of the four goldfish cone types. The cor-
ners stand for the exclusive excitation of the UV, 
short-, mid-, and long-wavelength cone types, "uv", 
"x", "y", and "z", respectively. The line connecting 
the loci between 750 nm and 300 nm is the spectral 
locus. "X" represents the locus of the white light of a 
Xenon-arc lamp. This locus is near the line between 
400 nm and 600 nm. These two wavelengths were 
found to be complementary colors for the goldfish 
(from Neumeyer, 1992). 

which excites the mid- and long-wavelength cone 
types about equally. Is this also true for the gold-
fish? Our experiments so far seem to indicate that 
colors appearing to us "yellow" are not seen by 
the goldfish as a unique color but as a perceptual 
mixture of "red" and "green" (Kitschmann and 
Neumeyer, 1996). It may also be asked whether 
there are unique hues in other spectral ranges such 
as around 500 nm, and 400 nm. 

8.6 Summary 

Color vision in goldfish (Carassius auratus) and 
in turtle (Pseumdemys scripta elegans) is tetra-
chromatic, and based on four different cones types 
(the fourth being an ultraviolet sensitive cone 
type). This was shown in training experiments 
(food reward) measuring the ability of wavelength 
discrimination and the properties of additive color 
mixture. Color vision in salamanders (Salamandra 
salamandra), however, seems to be trichromatic, 
as indicated by experiments using a fixed action 
pattern, the prey catching response. Color vision 
in turtles (and in birds) is especially remarkable 
because of the colored oil droplets located in the 
cones just underneath the outer segment. They act 
as cut-off filters and modify cone spectral sensi-
tivity in the short wavelength range. They seem to 
be of advantage in the discrimination of object 
colors. Color vision in goldfish is investigated 
under many different aspects, and, thus, is best 
known amongst all lower vertebrates. Color con-
stancy, for instance, was measured quantitatively 
for blue-yellow, and green-red illumination colors, 
and turned out to be highly effective. Simul-
taneous color contrast could be shown as well. Not 
all behavioral methods seem to be appropriate to 
investigate color vision. Using the optomotor 
response in goldfish, the action spectrum indicates 
the dominance of the L-cone type. Motion vision 
is "color-blind". Furthermore, there seems to be a 
parallel and separate processing of different visual 
functions, such as " color" and "acuity" on the one 
hand, and "motion", "flicker" and "brightness" on 
the other hand, similar to the properties of primate 
visual systems. 
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9. Color Vision: Ecology and Evolution in Making 
the Best of the Photic Environment 
Peter G. Kevan and Werner G. K. Backhaus 

9.1 Introduction 

"The primary necessity which led to the devel-
opment of the sense of colour was probably the 
need of distinguishing objects much alike in 
form and size, but differing in important proper-
ties, such as ripe and unripe, or eatable and poi-
sonous fruits, flowers with honey [i.e., nectar] or 
without, the sexes of the same or closely allied 
species. In most cases the strongest contrast 
would be the most useful, especially as the 
colours of objects to be distinguished would 
form but minute spots or points when compared 
with the broad masses of tint of sky, earth, or 
foliage against which they would be set." 

So wrote the co-founder of modern evolutionary 
theory, Alfred Russel Wallace over a century ago 
(Wallace, 1878, p. 243; 1891, p. 411). Our essay 
places his ideas into a modern framework of evo-
lution, ecology, and neurobiology. 

First, it is important to explore the photic envi-
ronment from a palaeontological viewpoint, and 
with respect to the biotic evolution of an oxy-
genated atmosphere on earth. The consequences 
of oxygenating the atmosphere prior to 400 mil-
lion years ago were major and must have changed 
the nature of daylight, especially in attenuating 
ultraviolet light. Whether or not color vision exist-
ed for the marine animals of the time is unknown, 
but the possibility is discussed briefly from view-
points of habitats and phylogeny. 

Color vision in arthropods is mostly trichromat-
ic, with the stimulating wavebands of light which 
might look "ultraviolet", "blue" and "green" to the 
respective species, as it is in vertebrates for which 
the stimulating wavebands might appear "blue", 
"green", and "red" as in the case of human color 
vision. The existence of color vision systems with 

four photoreceptor spectral types (tetrachromacy) 
in both groups present some fascinating problems 
about why such a complex color vision system 
should have arisen, and how it works. For the 
reader's convenience, wavelengths are denoted in 
the following by the names of the colors they 
cause in human perception. 

The ideas expressed by Wallace are employed to 
develop an ecological and evolutionary argument, 
based mainly on the light reflecting properties of 
flowers and the species-specific color information 
derived by flower visiting animals. Flowers are of 
interest to insects and birds, both with well devel-
oped appreciations of the colors of objects around 
them, and we suggest that, through evolutionary 
events the trichromatic colour spaces of insects 
and of birds both became filled, as far as physical-
ly and chemically possible on the part of the 
plants, with floral colors in at least some ecologi-
cal communities. Thus, for the flowers to assume 
distinctiveness to pollinators, a situation favored 
by natural selection because of the greater relia-
bility and efficiency of intra-specific (constant) 
pollen transfer and so reproductive output by the 
plants, color shifts would be favored for flowers of 
some members of competing guilds of plants. This 
phenomenon may be thought of as character dis-
placement and directional or disruptive selection 
(Kevan and Baker, 1984). This process would 
cause a filling of the color space for the guild of 
pollinators available. However, escape from that 
guild could occur if floral colors changed to 
embrace another color space of a different pollina-
tor guild. Thus, flowers in the insect trichromatic 
color space could fill also the bird trichromatic 
color space by emphasising "red" (e.g., the lark-
spur, Delphinium nudicaule, Guerrant 1982). 

The evolutionary obverse to the above concerns 
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visual systems. It is assumed here, for the purpose 
of floral and pollination biology, that trichromacy 
is the plesiomorphic condition (common original 
attribute) for both insects and birds. One may use 
analogous arguments to those presented for floral 
colors, and as expressed by Wallace, to suggest 
that flower foragers with greater abilities to dis-
criminate colors would be able to forage more 
efficiently. This may be especially important to 
flower and fruit-feeding animals which have high 
energy requirements and other activities to which 
to attend (e.g., birds and butterflies in mate-find-
ing, courtship, territoriality, predator avoidance, 
etc.). Thus, tetrachromatic color vision systems 
might be favored if they allow for ready discrimi-
nation of colored objects also of interest to poten-
tially competing trichromatic organisms, such as 
other insects or other birds (see 9.8). 

9.2 Palaeontological Record 

It is likely that even the first metazoan (multicel-
lular) animals of late Proterozoic or Precambrian 
time (ca. 600 Million years ago), mostly Cnidaria-
like (jellyfish and their relatives) (Norris, 1989; 
Seilander, 1989) were able to distinguish photic 
signals of different wavelengths. Image processing 
and possibly color vision must have originated 
somewhat later with the first animals with com-
plex eyes perhaps early in Cambrian time (ca. 
570 Million years ago). By mid-Cambrian there 
existed an astounding diversity of invertebrates 
(Gould, 1989), including arthropods (the Phylum 
of animals including centipedes, millipedes, 
insects, crustacea, spiders, mites, scorpions, and 
others, especially the now extinct Trilobites with 
sophisticated compound eyes (Levi-Setti, 1993)) 
had become common. Although it is unknown 
whether or not these ancient animals had color 
vision, it is known that compound eyes are well 
constructed for separating photic stimuli of differ-
ing wavelengths, as in modern day arthropods 
(Menzel, 1979). Evidence for the antiquity for 
arthropods' being able to distinguish lights of 
different wavelengths may be inferred from 
Cambrian times when the Mandibulata (modern 

examples being Crustacea and Insecta) and 
Chelicerata (modern examples being horse-shoe 
crabs, spiders, and scorpions) were already evolu-
tionarily separated. Both major groups have peaks 
of sensitivity in the ultraviolet and green parts of 
the spectrum, and the mandibulates also in the 
blue (Menzel, 1979; Menzel and Backhaus, 1991; 
Chittka, 1996). 

Camera eyes, as in chordates (cartilaginous and 
bony fish) and cephalopods (nautiloids and their 
relatives) are represented in late Cambrian and 
Ordovician (ca. 500 million years ago) times and 
may also have had capabilities in color vision. 
There is no reason to assume achromacy because 
these organisms were restricted to marine habitats. 
Light in the visual spectrum (from ultraviolet to 
red, ca. 360 nm to 750 nm) penetrates well into sea 
water (Morel, 1974; Kishino, 1994) even though 
local conditions create much variability in the 
underwater photic environment (Munz and 
McFarland, 1975). Even so, the evolution of color 
vision may have come later. It is difficult to know 
how bottom dwelling organisms, such as the earli-
est fish and arthropods would benefit from color 
vision. Indeed, McFarland and Munz (1975) have 
argued that color vision in fish arose in the 
Silurian (ca. 418 million years ago) and was 
favored by free-swimming habits which required 
greater optical appreciation of surroundings. The 
argument can be extended to embrace inverte-
brates, in particular, arthropods. The free-swim-
ming cephalopods of today do not seem to have 
color vision (Wells, 1978; Menzel, 1979), a para-
dox considering how colorful these animals can 
be, and how they can change color to match their 
substrates or even when threatened. 

During Ordovician time (to about 430 million 
years ago) the diversity of life in the sea expanded 
greatly and most modern Phyla (major taxonomic 
units of organisms sharing fundamental patterns 
of organization and a common descent) are repre-
sented in the fossil record. Throughout the early 
history of life on earth, oxygen must have been 
produced by photosynthetic unicells and plants 
(Cloud, 1978, Schöpf, 1983) and was in sufficient 
quantities in the seas to support animal respiration 
by early Cambrian time. However, up until 
Silurian time the atmosphere is believed to have 
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contained slowly increasing, but perhaps little free 
oxygen (Robinson, 1991). At about that time, 
though, the photic environment of the earth must 
have changed greatly as oxygen built up in the 
atmosphere (Birkner and Marshall, 1965; Cloud, 
1978; Robinson, 1991), being produced by plants 
too rapidly to be precipitated from the seas by oxy-
gen fixing microbes and removed from the atmos-
phere by biotic and physical oxidative processes 
(Garrels et al., 1976; Robinson, 1991). Robinson 
(1991) suggests that oxygen levels rose to over 
30% of the atmosphere into the Carboniferous, 
about 300 Million years ago. The prime conse-
quences were that short-wave ultraviolet light 
reaching the earth's surface from the sun was 
attenuated as the atmosphere became oxygenated. 
Protected from ultraviolet radiation in an oxy-
genated atmosphere, aerobic organisms could 
become terrestrial. From that time, we assume that 
levels of oxygen and ozone have remained more or 
less in stasis, being in balance with carbon dioxide 
through photosynthesis, respiration, and bio-phys-
ical-chemical processes of oxidation after the 
Carboniferous (Garrels et al., 1976; Robinson, 
1991). The spectral quality of daylight (Fig. 9.1) 
has remained more or less the same (see 
Henderson, 1977) and color vision accords with it. 

9.3 Daylight and Color Vision 

In general, within visual spectra, "ultraviolet" is 
the least represented (has the lowest intensity), and 
"blue" the most. A useful standard based on day-
light measurements is the normlight function D65 
(because of the related color temperature of a 
black body radiator of about 6,500 K; see e.g., 
Wyszecki and Stiles, 1982). That standard is a 
close approximation of daylight and so is ecologi-
cally relevant despite the attenuation of ultraviolet 
by various natural fluctuations in the atmosphere 
which are expected to effect the quality of natural 
light throughout the day, under cloud, in shade, 
and so on. Daylight is often described in terms 
of relative power across the spectrum (e.g., 
Henderson, 1977), but for color vision, it is the 
quantum emissions at each wavelength that matter. 

Because the energy of a quantum of light is 
inversely proportional to its wavelength, the con-
version is simple. Figure 9.1 presents the quantum 
flux of representative daylight. 

In terrestrial arthropods, the relative sensitivities 
of the different spectral classes of photoreceptors 
are proportional to the inverse of the adaptation 
light. Thus in honeybees and other species of 
insects for dark as well as for daylight adapted 
eyes, sensitivity to ultraviolet is about 4-6- or 
more-fold that to other parts of the spectrum 
(Daumer, 1956; Kevan, 1970, 1978, 1983; 
v. Helversen, 1972; Laughlin, 1976; Menzel, 
1979; Backhaus and Menzel, 1987; Menzel and 
Backhaus, 1991). This effect is especially manifest 
in the attractiveness of ultraviolet light in insect 
phototaxis (Kevan, 1979a; Menzel, 1979). It has 
been suggested that the high level of responsive-
ness to ultraviolet light reflects the insects' taking 
it as indicating the open environment in escaping 
enclosures (Laughlin, 1976). 

Many vertebrates are insensitive to ultraviolet 
light, which is filtered from the retina by the opti-
cal humours, pigments and the lens. The relative 
sensitivities of the three types of cone cells in 
many vertebrates, and by which light appears blue, 
green, and red for us, are quite similar (Thompson 
1995; Neitz and Neitz, see chapter 5) by compari-
son with rather more separated and discrete sensi-
tivity curves in the photoreceptors, "ultraviolet", 
"blue" and "green", of many arthropods (Menzel, 
1979). Some arthropods have an additional pho-
toreceptor for red (long-wave) light (e.g., some 
bees (Hymenoptera), Menzel, 1990; Menzel and 
Backhaus, 1991) or even up to two additional pho-
toreceptors (e.g., butterflies (Lepidoptera), Ari-
kawa et al., 1987). Some vertebrates (e.g., various 
fish, Bowmaker and Kunz, 1987; Neumeyer, 
1985), amphibia and reptiles (Neumeyer, see 
chapter 8, birds; Goldsmith, 1980; Bowmaker, 
1980; Bennett et al., 1996, rodents; Jacobs et al., 
1991) have an additional ultraviolet sensitivity 
(see Goldsmith, 1991; Jacobs, 1992). The full and 
ultimate reasons for tetrachromacy (Goldsmith, 
1990, 1994; Neumeyer, 1991; Bennett and Cuthill, 
1994; Thompson, 1995) are not ecologically 
understood, but presumably are important in the 
lives of these animals (cf. Wallace, 1878, 1891). 
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Fig. 9.1: Daylight and its spectrum 
(normalight D65) in terms of the rela-
tive quantum flux (see Henderson 
1977). 

Fig. 9.2: Components of illu-
mination, the photic environ-
ment, and color vision. 
Daylight is reflected from 
vegetation (a background) 
and from objects of interest 
to animals with color vision 
(a flower to a bee) and is per-
ceived by the animal. Color 
vision and color discrimina-
tion involves integration of 
all components of the photic 
environment (see also Kevan, 
1975, 1983; Menzel, 1990). 
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Noteworthy is the fact that the flowers which pro-
vide nectar to butterflies are often especially 
reflective in the red part of the spectrum (Müller, 
1883; Proctor and Yeo, 1973) vis a vis flowers that 
attract the attention of trichromatic insects. Fruits 
sought after by tetrachromatic birds reflect ultravi-
olet (Burkhardt, 1982). 

9.4 Colorimetry 

The measurement of light reflected by objects of 
importance to animals must be made according to 
their spectral sensitivities and the natural photic 
environments in which they live. Thus, and 
because UV light is depauperate in natural lights 
(Fig. 9.1), one can not use, for example, CIE defi-
nitions for the human eye of "white" when dis-
cussing insect color vision and colorimetry. The 
definition of a "white looking surface" as having 
equiproportionate reflectance across the light 
spectrum of the illuminant (e.g., daylight) visible 
to the sensor in question, and that of a "colored 
looking surface" as reflecting only certain parts of 
this spectrum, has served well in an ecological 
context. This allows for simple representations of 
colors as dots in color triangles representing the 
light intensities reflected by the respective sur-
faces (Daumer, 1956; Kevan 1972, 1978, 1983). 
However, that system is rather too simple for accu-
rate denotation of colors seen by the insects. 
Spectral sensitivity as well as the adaptation state 
of the photoreceptors has to be taken into account. 
Furthermore, it has been found that background 
reflectance surrounding the colored object and 
ambient light have profound influences on color 
discrimination in insects (Neumeyer, 1980, 1981; 
Backhaus and Menzel, 1987; Backhaus, 1992a; 
Dittrich, 1995a,b). Thus, adaptation of the pho-
toreceptors to background light and ambient light 
must be taken into account as well. Color-
Opponent Coding (COC) as the neuronal mecha-
nism for color vision in honeybees (Kien and 
Menzel, 1977; Backhaus, 1991, 1993; Backhaus, 
see chapter 2) explains well their observed abili-
ties and limitations in color discrimination. The 
COC color space is based on the interplay of the 

spectral intensity distribution of the photic envi-
ronment (e.g., daylight), the spectral reflectance of 
the objects and the background, the transduction 
process as also responsible for adaptation, and the 
spectral sensitivities of the photoreceptors. This 
system seems to have wide applicability to insects, 
especially Hymenoptera (Backhaus and Menzel, 
1987; Menzel and Backhaus, 1991; Peitsch et al., 
1994). 

When considering floral colors to trichromatic 
bees, the background reflectance of leaves or 
ground is dull and more or less uniform reaching 
from ultraviolet to yellow-green (Kevan, 1972, 
1978, 1983; Chittka et al., 1994). Thus, neutral 
(grey) backgrounds can be used as approximations 
of natural ones in behavioral experiments (see 
Backhaus et al., 1987; Backhaus, 1992a; Dittrich, 
1995a,b) and the COC system can be used to pre-
dict the outcomes and explain the results of exper-
iments in which honeybees are tested for their 
capabilities to discriminate colored targets from 
backgrounds and from each other (Backhaus, 
1993; Giurfa et al., 1994, 1995, 1996). 

In vertebrate color vision, the dimensions of 
brightness (lightness, dark to dazzling) and two 
chromaticness dimensions of colors (aspect of 
color different from brightness, German: Farbart, 
e.g., hue and saturation) are important components 
(Wyszecki and Stiles, 1982) of discrimination 
(Burnham et al., 1963; Thompson, 1995) and psy-
chophysical measurement of colors (Wright, 
1969) as is brought out in other chapters of this 
book. Because of the way spectral reflectance 
information is gathered and processed by the 
insect eye and brain, brightness is not used for 
color vision (only the two dimensions of chromat-
icness) even though it is in other behavioral con-
texts, in which the honeybee appears to be color 
blind (no chromaticness information used), as for 
example, in the case of natural phototaxis (open 
space response) when the bee is escaping from an 
enclosure (v. Hess, 1913) or when leaving the 
feeding place (Menzel and Greggers, 1985). Also 
in the case of optomotor or large field movement 
response (Kaiser and Liske, 1974; Kaiser et al., 
1977) as well as in visual scanning behavior in 
front of vertical gratings and flight orientation 
towards horizontal and vertical gratings (Lehrer 
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et al., 1985; Srinivasan and Lehrer, 1988), the bee 
also appears to be color blind. As in the case of 
color vision, the choice behavior is not mediated 
by a brightness system, to which all three photore-
ceptor spectral types would contribute, but exclu-
sively by the green contrast coded in the green 
receptor. This is also the case for small object 
detection as has been shown now in experiments 
in which the decision point was fixed for the hon-
eybees at certain distances to the targets. Also 
object detection depends in general on the color 
difference of the object from the background. 
Only if the objects are too small for color vision, 
object detection depends exclusively on the green 
contrast (Lehrer and Bischof, 1995; Giurfa et al., 
1996). In the experiments by Giurfa et al. (1996) 
using a Y-maze with retractable back walls, verti-
cally presented colored targets which had both 
color and green contrast (e.g., yellow or blue) with 
the background (grey) could be detected at mini-
mum angle subtended at the eye of 5°, but when 
only color contrast was present (e.g., with brown) 
in the target against the background, the angle was 
about 15°. When green contrast and color contrast 
were both lacking (e.g., rose-pink), the bees failed 
to find the target. 

From the foregoing it can be understood why it 
has been pointed out that the many studies in 
which ultraviolet reflections of flowers have been 
examined in vacuo are inadequate (Kevan, 1979 b) 
because these provide information on only one 
photoreceptor to anthophilous (flower visiting) 
insects. The information content of such analyses 
is even less than those made using human percep-
tion of color which provides information on the 
other two photoreceptor spectral types combined. 
Data from both approaches are difficult to inter-
pret ecologically and functionally. The value of 
appropriate trichromatic colorimetry for apprecia-
tion of color differences to animals with different 
systems of trichromacy has been emphasized by 
several scientists (Daumer, 1958; Kevan, 1972, 
1978, 1983; Backhaus and Menzel, 1987; Back-
haus, 1991, 1993; Menzel and Backhaus, 1991; 
Chittka and Menzel ,1992; Chittka et al., 1994; 
Menzel and Shmida, 1993; Kevan et al., 1996) and 
several graphical representations for different pur-
poses were explored (see Backhaus, chapter 2). 

9.5 Color Spaces 

The color spaces used for insect vision have ranged 
from color wheels to various triangular forms. The 
COC color space provides for a physiologically 
adequate description of color vision by honeybees. 
It describes their neuronal color-opponent coding 
(COC) system and their color-choice behavior in 
training experiments as well as allowing for the 
derivation of subjective color differences by the 
city-block metric (Backhaus and Menzel, 1987; 
Backhaus et al., 1987, Backhaus, 1991; see 
Backhaus, chapter 2). Backhaus (1991) has devel-
oped recent approaches by allowing a precise 
means of plotting the loci of colors and of measur-
ing distances between them by the city-block met-
ric (Backhaus and Menzel, 1987, Backhaus et al., 
1987; see Backhaus, chapter 2). The distances 
between color loci are measured by the same sub-
jective scale (COC units) throughout the space, so 
eliminating the non-linearity of the distances 
between loci in different parts of triangles which 
represent colors by relative light intensities or rela-
tive photon fluxes absorbed in the three photore-
ceptor spectral types. Chittka (1992) has derived a 
trivariant color diagram with a Euclidean metric 
(color hexagon) from the COC color space for the 
honeybee, comparable to an earlier developed pho-
toreceptor model of color vision (Backhaus and 
Menzel, 1987; Backhaus, 1992b; see Backhaus, 
chapter 2), with the aim to describe color vision of 
other insects (mostly bees, Peitsch et al., 1994). All 
color circles, triangles, and hexagons used are 
trivariant, i.e., are related to three photoreceptor 
spectral types (or primary lights). This provides for 
six broad color categories, the boundaries of which 
are defined by the dominant wavelengths of the 
primary lights used for light mixtures (e.g., 
Daumer 1956) or the maximum sensitivity of the 
photoreceptors, and the half-way (50%) bound-
aries inbetween (e.g., Backhaus and Menzel, 1987; 
Chittka, 1992; Menzel and Shmida, 1993; Fig. 
9.3). Daumer (1956, 1958) referred to "UV-yel-
low" as "bee-purple", named by analogy to human 
color-naming because the color combines the 
shortest and longest wavebands of visible light for 
bees, vis a vis blue-red for human beings. Kevan 
(1972) extended and harmonized the analogy so 
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that "yellow-green" was termed "insect-red", blue 
was "insect-green", and ultraviolet was "insect-
blue". Chittka (1992) and Menzel and Shmida 
(1993) have used a symbolic color-naming system 
involving the letters, UY B, G, etc. (Fig. 9.3). Most 
recently, Backhaus (see chapter 2) discusses five 
elementary color names based on the bee-subjec-
tive COC diagram: "UV", "violet", "green", "yel-
low", and achromatic "grey". Only one achromatic 
elementary color, "grey", is postulated because 
color vision of the bee has no brightness dimen-
sion, i.e., the bee does not discriminate "black" and 
"white" in color training experiments. As in the 
case of human color vision, intermediate colors 
can be described by a combination of the respec-
tive elementary colors, e.g., "yellow-green" or 
"UV-yellow" (bee-purple). 

Fig. 9.3: A color hexagon (after Chittka, 1992) based 
on the color opponency space (Backhaus, see chapter 
2), with ultraviolet depicted as black, blue as blue, 
and green (also yellow-green) as green (color classes 
are related to the spectral sensitivity of the three pho-
toreceptor types, UV, B, G). Objects with equipropor-
tionate reflectances in those three wavebands for 
trichromatic insects are neutrally colored (depicted as 
white) (see Kevan, 1975, 1983). The grey shape rep-
resents the relative numbers of floral colors in each 
color class (e.g., Blue + Green denoted as Β + G) (for 
details see Chittka et al., 1994). 

For general ecological and evolutionary discus-
sion, the color names are used as designations and 
the form of the color space does not influence 
more general conclusions. For specific ecological 
and evolutionary analysis of colorimetric data 
(such as are needed to measure and understand the 
differences in colors of flowers, for example, as 
they age, in closely related species, in species 
competing for pollinators, in model and mimic 
pairs of species, and so on) accurate and precise 
measurements of reflectance spectra are required. 

When using a simple triangle for plotting insect 
(bee) versus human trichromaticity coordinates of 
floral colors, the available color space is much 
fuller for the former. For human beings, many 
flowers have similar colors which cluster in the yel-
low, white, pink, and pale blue parts of the triangle. 
For insects, the individual loci for blossoms of dif-
ferent species within a community of flowering 
plants are more discrete and spread throughout the 
triangle except for the ultraviolet sector (Kevan, 
1972, 1978, 1983) (Fig. 9.4a-d) . This same trend 
has been shown for floral colors in a more general 
sense (Chittka et al., 1994) (Fig. 9.4e). 

Further, it is worth noting that the greatest abun-
dance and diversity of floral colors falls in the 
region where insects have the greatest abilities to 
distinguish between wavelengths of light, i.e., 
between about 360 and 520 nm (Menzel and 
Backhaus, 1991) with especially highly developed 
discriminability at about 400 nm and 500 nm (hon-
eybee: v. Helverson, 1972; Menzel, 1979; Back-
haus and Menzel, 1987; Menzel and Backhaus, 
1991). The greatest abundance of flowers (33%) 
are colored in the blue-green part of the spectrum 
around 500 nm (Fig. 9.3 and 9.4) which corre-
sponds to the waveband of greatest color discrimi-
nation in insects. The wavebands of highest dis-
crimination correspond to those at which at least 
one of the photoreceptors shows greater changes in 
membrane potential per unit change in wavelength 
(Backhaus and Menzel, 1987; Backhaus, 1992b; 
Backhaus, see chapter 2). By analogy, one would 
expect that flowers which reflect light into one or 
two photoreceptor types at the most discriminated 
wavelengths, would have color loci in those color 
categories with the greatest degrees of discrim-
inability for small variations within them. 
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The color space for human beings, and other 
trichromatic vertebrates, is also well described by 
a triangular diagram, even though lightness adds 
an additional dimension to produce a color solid 
(see Wright, 1969; Wyszecki and Styles, 1982). 
The problem with representation of tetrachromat-
ic spaces is clear. It is simpler for insects for which 
brightness is not a factor in color vision (i.e., the 
tetrachromatic color space is three dimensional in 

this case (see Menzel and Backhaus, 1991), but 
has added complexity for vertebrates for which 
it is fourdimensional (Thompson et al., 1992; 
Thompson, 1995; Neumeyer, see chapter 8). We 
have made no attempt to illustrate tetrachromatic 
color spaces, except through stacking of the two 
trichromatic spaces represented only as simple tri-
angles or hexagons (see Fig. 9.6a, b). 

c d 
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Fig. 9.4: The diversity of floral colors presented in a simple triangular trichromatic color space with respect 
to human and insect color vision, a, b are for flowers of the Canadian High Arctic (from Kevan, 1970, 1972) 
and c, d are for flowers of the weedy flora of Eastern North America (from Mulligan and Kevan, 1973). Spots 
indicate, by their size, the color loci of flowers of one, two, or three species of plants. The shapes indicate, by 
their widths, the numbers of species of plants with flowers having a color locus along the center line of the 
shape. The greater diversity and discreteness of the colors in the insect's color space vis ά vis the human color 
space is clear, as is the greater area of the space occupied by floral colors for insects, e shows the diversity and 
discreteness of the floral colors examined by Chittka et al. (1994). In all spaces, the center is the point of 
equiproportionate reflectance in the appropriate wavebands for color vision in insects and human beings. For 
insects, natural backgrounds (soil, vegetation, etc.) tend to fall at the center of the space (Kevan, 1972; 
Mulligan and Kevan, 1973; Chittka et al., 1994). The paucity of loci in the ultraviolet sectors of the insect's 
color spaces is noteworthy and discussed in the text. 

9.6 Evolution of Floral Colors 
and Color Vision 

All in all, studies of ecological assemblages of flo-
ral colors have shown that the individual floral col-
ors are more distinctive to insects than they are to 
human beings, a characteristic which would offset 
constraints caused by the former's lesser visual 
acuity (Kevan, 1978, 1983; Chittka et al., 1994; 
Dafni et al., 1997). Extending those ecological 
community findings, one may surmise that, 
throughout evolutionary time, the color space for 
insects has become more and more filled with flo-

ral colors according to the model of Kevan and 
Baker (1984). That model presents the interplay of 
competition of plants for pollinators and flower 
visitors for floral resources with the mutualistic 
benefits for both partners in the relationships. The 
model predicts increasing specialization of both 
partners though co-evolutionary processes involv-
ing character displacement (e.g., divergence in 
colors of flowers of two taxa of plants) and greater 
reliability in foraging by pollinators and gene flow 
for plants. The greater the pollinators' abilities to 
discriminate between flowers, the greater the prob-
ability of their finding resources and the more 
likely it is that intra-specific pollen flow results; 
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i.e., the Darwinian advantage of floral constancy 
would operate. Floral constancy is the tendency of 
pollinators to visit flowers of the same species of 
plant during a foraging trip (Thompson, 1983) and 
abets reproductive success of both pollinators 
(through greater efficiency in foraging) and their 
plants (through more, and more reliable, intraspe-
cific pollen flow) (Waddington, 1983; Nuboer, 
1986). 

The ecological relationships between color vison 
systems of pollinating insects and spectral proper-
ties of flowers are subject to ongoing investigations 
by population genetical simulations, based on the 
models of the neuronal color-opponent coding 
(COC) system and the color choice behavior of the 
honeybee and a model of spectral reflectance of 
flowers (Backhaus and Breyer, 1995; Backhaus et 
al., 1996; Pielot and Backhaus, 1996; Pielot et al., 
in prep.). It turned out in these simulations that 
mutation of the physiological parameters and 
selection of the fittest individuals results in a 
dynamical system which is indeed self-optimizing 
because of the reciprocal adaptation, i.e., the para-
meters of both systems are best possibly tuned to 
each other. Nevertheless, the individual parameters 
do not reach stable end-states, but fluctuate finally 
without selection pressure, whereby both the sys-
tems remain constantly well adapted (best fitness) 
to each other. These results show up evolutionary 
possibilities under the most restrictive constraints 
of co-adaptation between pollinators and plants. 
Whether one of these possibilties has indeed been 
realized by the evolution which actually took 
place, has to be further investigated. 

Therefore, it is interesting to step back to the 
evolution of angiosperms (flowering plants) and 
pollinators. Kevan et al. (1975) suggested that 
even some of the earliest terrestrial arthropods of 
Devonian time (about 360 Million years ago) vis-
ited sporangia of early vascular plants to feed. The 
sporangia of extant club-mosses and horestails are 
often colored differently (pale to yellow) from the 
vegetative parts of the plants. Spores of Carbo-
niferous plants have been found on the bodies 
(mouthparts and thoraces) of some of the huge 
fossil insects of the time (Kukalova-Peck, person-
al communication). The earliest fossil bees are of 
Triassic age (about 200 Million years ago) 

(Hasiotis et al., 1995) and appear to predate the 
first definitive flowering plants of Cretaceous time 
(about 100 Million years ago). Moreover, it has 
been suggested that among the earlier Mesozoic 
Cycadoidea (primitive trees resembling some 
palms) were species which produced flower-like 
structures which attracted spore dispersing insects 
(Leppik, 1960). Their colors are not known but 
many extant cycads have sporangia which are pale 
in color and rely on insects to disperse micro-
spores of one plant to the megaspores of another 
and so promote fertilization (Farrera, personal 
communication). 

Spore dispersal by insects, as considered above, 
is not true pollination because such microspores 
are not multicellular (microgametophytes), as are 
pollen grains. Nevertheless, the fauna which 
thrived before the true flowering plants probably 
had behaviors functional later in true pollination 
already entrenched (Kevan and Baker, 1983). 
Indeed, Labandeira and Sepkowski (1993) indicate 
that the evolution of flowering plants had no influ-
ence on the diversification of insect families and 
feeding types. It is generally thought that the earli-
est pollinators associated with the earliest flowers 
were beetles (Coleoptera), flies (Diptera) and pos-
sibly bees and that the flowers were achlorophyl-
lous (lacking chlorophyll) and so were probably 
yellowish-white (as in etiolated vegetation growing 
in the dark) (Willemstein, 1987). Floral scent, rather 
than color, may have been the more important flo-
ral cue to pollinators. Such flowers would likely 
have had strong green contrast against the vegeta-
tion, as well as color contrast through ultraviolet 
absorption. Osche (1983) suggested that yellow 
pigmented anthers and pollen optically signalled 
foraging pollinators to food, primarily pollen, in 
early angiosperms. Through evolutionary time, 
some pigments presumably became more concen-
trated in the reproductive structures and intensified 
their colors and green contrast with respect to the 
vegetation. It is worth noting that these pigments 
probably arose as protective pigments for photo-
synthesis (Demmig-Adams and Adams, 1996) or 
for chromosomes, or both. Carotenoids, with col-
ors ranging from pale (xanthophylls) to intense yel-
low (carotenes) in intracellular plastids, were prob-
ably accompanied by flavonoids (anthocyanins, 
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Fig. 9.5: Composite and semi-diagramatic represen-
tation of the spectrally relevant components of flow-
ers. The large white arrow represents incoming natur-
al light (daylight) and the four differently colored 
arrows represent reflections in the four wavebands of 
light comprising trichromacy for insects (arrows: 
ultraviolet = black, blue, and green) and for human 
beings (arrows: blue, green, and red) and for tetra-
chromacy (all four arrows). Zone A represents green 
vegetation with green chloroplasts, the organelles 
containing chlorophyll, in the cells' cytoplasm 
(depicted as pale green). On the underside of the leaf, 
the closable stomata, which allow for gas exchange 
with the atmosphere, are presented. Zone Β repre-
sents etiolated vegetation with few chloroplasts and 
many yellow chromoplasts. Zone C represents vege-
tation which appears silvery white because of the 
large air spaces between the cells beneath the epider-
mis. Zone D demonstrates the way in which the 
bright shiny yellow (plus ultraviolet) color of butter-
cups are generated from reflections from the oil rich 
epidermal cells underlain with cells rich in reflective 
starch granules (white). Zone Ε represents the com-
mon situation for yellow flowers which absorb blue 
light and, often ultraviolet (*) by flavonoids, but 
reflect other wavebands by the Carotinoids. Zones F 
and G are similar to Zone E, except that physical 
structures, here epidermal papillae, are also involved 
in reflection and refraction of light, including ultravi-
olet (F) or not (G). Zone Η represents the effects of 
chromoplasts with orange and red reflecting pig-
ments (carotenoids). Zones I, J and Κ represent the 
colors of petals influenced by anthocyanins dissolved 
throughout the cytoplasm. These may cause blue (I), 
purple to mauve and rose (J), to red (K) colors of 
flowers, but without reflecting ultraviolet unless spe-
cial structures are also present (as in Zone F). Zone L 
represents white colored flowers, with cytoplasmic 
pigments (anthoxanthins) which do not reflect ultra-
violet. Zone Μ represents translucency in petals. 

anthochlors, and flavonols) in cytoplasmic vac-
uoles. Combinations of these, and minor chemical 
changes in them, have allowed for the versatility of 
absorptions and reflections of natural light (see 
Fig. 9.5). The anthocyanins are particularly inter-
esting as they allow for blue and red colors 
(Scogin, 1983; Guerrant, 1982). 

The color space, one can imagine, would have 
become increasingly occupied by colors of repro-

ductive structures and of floral colors radiating 
from pale yellow to bright yellow and, by changes 
in the types of anthocyanins and their chemical 
make-up, to blues as diversification of the flora 
dependent on insects for pollination or spore trans-
fer took place and the fauna co-evolved and diver-
sified as well. 

The anthocyanins and carotenes also allow for 
coloration in red, which is considered to be an 
advanced floral trait by botanists. Red sensitivity 
is known in a variety of insects, including butter-
flies and bees (see above). Flowers looking red-
dish to human beings are associated mainly with 
pollination by butterflies and birds (Faegri and van 
der Pijl, 1978). Both groups, as well as bees, are 
considered to be evolutionarily advanced. Thus, 
from the color space associated with trichromatic 
insects, the color space for tetrachromatic insects, 
and later birds, could also become occupied by 
loci of floral colors through co-evolutionary mutu-
alistic diversification. 

Recently, Chittka (1996) posed the question 
"Does bee color vision predate the evolution of 
flower color?" His answer, not surprisingly, given 
the information above, is that this is most likely 
the case. The color vision systems of arthropods 
appear to be conservative because the investigated 
taxa show only smaller fluctuations of the spectral 
positions of the ultraviolet and blue maximum 
sensitivity. However, some special cases seem to 
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Fig. 9.6: The evolution of floral colors in two tr ichromatic color spaces (ultraviolet, blue, green; blue, green, 
red) presented in a triangle a) and in a hexagon b). It is supposed that the original color contrast for the repro-
ductive parts of plants against the green vegetation came about by yellowing (etiolation) and emphasis of 
ref lectance f rom yellow, carotenoid, pigments . Thus, chromatic and green contrast would arise, making the 
parts highly visible to insects. The evolutionary trend in the higher placed space of both a) and b) radiates f rom 
the neutrally colored center to the periphery in the direction of the green receptor 's sensitivity. Many plants 
also contain anthocyanic p igments in the protoplast of leaf cells. These tend to be bluish. Thus, in the absence 
of chlorophyll, a trend in coloration into the blue-green area is indicated. Many flowers in this part of the 
insect's color space appear white to human beings. Flowers lacking carotenoid pigments , but with antho-
cyanins (flavonoids), also evolved and entered the blue part of the color spaces. Generally, it is considered that 
yellow is a relatively unspecial ized floral color but blue is advanced (see Kevan, 1983). Ultraviolet is absorbed 
by flavonoids and its reflection is caused mostly by physical propert ies of floral cells. Thus, the interplay of 
physical and chemical characterist ics allows for a wide diversity of floral colors, with constraints in ultravio-
let reflective propert ies (see Fig. 9.4). The ultraviolet part of the spaces are not well occupied by color loci, 
al though ultraviolet absorbing parts are. The ma jo r inf luence of ultraviolet in floral colors is in combinat ion 
with yellow (i.e., in the waveband of the green receptor of insects ' eyes) and have been termed bee- or insect-
purple (Daumer, 1958, Kevan, 1972 et seq.). 
It is assumed that vertebrate pollination arose f rom insect pollination. The main classes of floral pigments , 
carotenoids, and f lavonoids, evolved to embrace red ref lectances (e.g., Gucrrant , 1982) as presented in the 
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exist in addition, for examples, those of the short-
er wavelength peak for the ultraviolet receptor of 
the alpine bumble bee, Bombus jonellus, living in 
a bright and ultraviolet-rich environment versus 
the reverse shift in Mellipona quadrifasciata 
which lives beneath the canopy of tropical forests 
(Menzel, 1990). The green receptor shows some 
consistent difference between higher taxa, and 
bees have the maximum sensitivity for the green 
receptor shifted at least about +10 nm to 
530-556 nm. Chittka (1996) rejects the hypothesis 
that insect photoreceptors are "tuned to code for 
particular objects, such as flowers in the case of 
bees," but in an earlier paper (Chittka et al., 1993) 
he points out that the system of color vision in 
bees is optimal for the detection of floral colors. 
The shift in peak sensitivity of the long waveband 
sensor to longer wavelengths merits consideration 
and cannot be dismissed because other possibly 
non-anthophilous insects related to bees share the 
feature as probably pleisiomorphic. Examination 
of the spectral reflectance curves of a large diver-
sity of flowers (Chittka et al., 1994) reveals that 
peak sensitivity at 520 nm corresponds to about 
half the maximum spectral reflectance from yel-
low flowers. A peak sensitivity of 535 nm, howev-
er, corresponds closely to the asymptotic (maxi-
mum) level of reflectance. That has important 
consequences for perception of green contrast and 
for color discrimination, especially with ultravio-
let mixtures as in "bee- or insect-purple" (Daumer, 
1958; Kevan, 1983) or UV+G-B (Menzel and 
Shmida, 1983; Chittka et al., 1994) flowers. 
Tuning of the spectral receptor arrays in relation to 
behavioral ecology in foraging and mate recogni-
tion has been proposed for butterflies (Lycaena 
spp.) (Bernard and Remington, 1991). 

Although ultraviolet reflections from flowers 
would impart especially discriminable colors to 
them, the paucity of flowers which actually reflect 

in the ultraviolet sectors of the color spaces 
(Fig. 9.3 and 9.4) suggests that there is general dif-
ficulty of synthesizing pigments, or producing 
structures, that do reflect it. The flowers that 
reflect ultraviolet (mostly yellow, blue and red, 
Chittka et al., 1994; Kevan et al., 1996) do so by 
specialized epidermal structures (Kugler, 1963) 
rather than pigments. Almost no white (to human 
beings) flowers reflect ultraviolet. This may be an 
evolutionary consequence of the fact that such 
flowers would be colorimetrically dysfunctional 
by their chromatic similarity to their darker back-
grounds, showing only brightness contrast, and so 
would be difficult for insects to detect (Kevan 
et al., 1996) coupled with possible physico-chemi-
co problems in ultraviolet reflection (see above). 
As an aside, it is worth noting that variability in 
the long-waveband receptors is also greater than in 
the short and medium wavebands in vertebrates. 
This may be related to foraging (color vision), 
escape (phototaxis), and object recognition (green 
receptors) in general (see Thompson, 1995). 

9.7 Color Patterns in Flowers 

Kevan (1983) has pointed out that the color pat-
terns in flowers, often called nectar guides because 
they are involved in the orientation of pollinators 
to nectar rewards (as well as to pollen and the 
reproductive structures) within the flowers, seem 
to follow some general rules (Kevan, 1983; Dafni 
and Kevan, 1996). It seems that the shorter wave-
lengths of light are reflected from the periphery, or 
background color of the petals. Thus, some blue-
reflecting (including pinky-purple and white) 
flowers have yellow centers (as in forget-me-nots) 
and yellow flowers that reflect ultraviolet do so 
from the outer ring of color. Lunau (1992, 1993) 

lower placed spaces. The paths for the evolution of floral colorations with respect to trichromacy in vertebrates 
branch from the green area (vegetation), but, and more importantly as implied by the descending grey wall 
linking the triangular spaces (too difficult to present within both diagrams a) and b), branch from the floral 
colors in the green and blue parts of both spaces into the red. Thus, flowers which stimulated insects' blue and 
green receptors have evolved convergently and stimulate the red receptor of vertebrates (e.g., hummingbirds) 
and some insects (e.g., butterflies). Red, as a floral color, is considered to be highly advanced. Tetrachromacy 
can take advantage of the combined trichromatic spaces. 
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has suggested that pollinators (namely bumble-
bees, Bombus spp.) innately respond to increasing 
color purity in moving centripetally on approach 
to and on flowers. However, there is more to the 
story than meets the eye. 

As has been pointed out, the vegetation or other 
backgrounds against which flowers bloom are 
more or less neutrally colored in the insects' color 
spaces, so that most floral colors are of greater 
purity than the background. In addition, to the fact 
that producing ultraviolet reflecting structures and 
pigments is difficult for plants to produce (see 
above), Kevan et al. (1996) have argued that the 
rarity of "insect-white" flowers has to do with the 
fact that brightness is not perceived in color dis-
crimination by insects (Backhaus, 1991) so that 
insect-white flowers are not especially chromati-
cally different from a gray background and would 
not be perceived through color discrimination. It is 
indeed very difficult if possible at all to train hon-
eybees to learn to associate reward with insect-
white targets on achromatic backgrounds (Hertz, 
1937 a,b; Englander, 1941). Population genetical 
simulations of co-evolution of color vision sys-
tems of pollinating insects and spectral properties 
of flowers (see above) showed that no brightness 
systems develop during co-evolution, also in the 
case of polychromatic color vision systems (Pielot 
and Backhaus, 1997a). 

The Color-Opponent Coding system of color 
vision has the interesting property of making any 
background color into a neutral standard against 
which the color of an object is viewed (see 
Backhaus, chapter 2 and Fig. 9.2). Thus, as a bee 
approaches a multicolored flower, it first sees the 
flower, in relation to the background, as a single 
color represented by the average effect (re-
flectance and area) of the colors present. Thus, a 
flower which is "yellow-ultraviolet" peripherally 
and "yellow" centrally would first appear as "yel-
low-ultraviolet", but more yellow that the periph-
ery itself. Once the bee is close enough to, and 
looks long enough at the flower, the COC model 
predicts that the "yellow-ultraviolet" periphery 
becomes the background for the flower's smaller 
center and the chromatic difference between the 
center and the periphery is perceived. If that 
hypothesis is correct, it is possible for the center of 

the flower to be the same color as the vegetation 
because centripetally arranged chromatic differ-
ences would be preserved. Thus, colored flowers 
with greenish centers, of which there are many, 
might appear effectively colored and with nectar 
guides visible to insect visitors. 

There is, however, the matter of the role of green 
contrast in profoundly affecting the size over 
which colored targets can be seen (Giurfa et al., 
1996, and above). Thus, we hypothesize that fine-
ly dissected and small nectar guides have both 
green and color contrast against the background 
coloration of their petals, but nectar guides lacking 
green contrast would have to be large to be effec-
tive. That appears to be the case, but has still to be 
experimentally tested and a thorough survey of 
floral colorations must be made. There are many 
"yellow-ultraviolet" flowers which have "yellow-
ultraviolet" reflecting nectar guides. These guides 
do not show green contrast with respect to "yel-
low-ultraviolet" and almost all are presented as 
large, bull's eye patterns or large patches (see 
Daumer, 1958; Kevan, 1972; Mulligan and Kevan, 
1973; Beidinger and Barthlott, 1993; Burr and 
Barthlott, 1993) rather than as discrete and fine 
radiating lines or small spots which are visible to 
human beings (e.g., "blue"-reflecting flowers with 
"yellow" and other colorated guides). 

All that accords with the finding that both chro-
matic and green contrast are needed for greatest 
detectability. Anthers could act as signals only 
when presented against vegetation or specially 
colored bracts (see Osche, 1983). The ultraviolet 
patterns associated with some floral buds, which 
expose the back (abaxial) sides of petals prior to 
anthesis, could serve to camouflage them by caus-
ing a small average chromatic difference with the 
vegetational background and lack of green con-
trast (see example in Eisner et al., 1973). 

Given all the constraints associated with floral 
coloration and insect vision, the combinations of 
colors for easy discrimination by insects are limit-
ed. The flower's average color must have both 
chromatic and green contrast against the general 
backdrop of the environment (which, by applica-
tion of COC, is neutral), then the inner colors of 
the nectar guides on the flowers are similarly con-
strained for maximum effect, but large patterns 
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lacking green contrast can be effective because 
the insect would be already on, or very close to, 
the flower by the time the chromatic difference 
could be discriminated. In the centres of open, 
bowl-shaped flowers, the pistils are often exposed 
and greenish, and chromatic contrast would suf-
fice, especially with tactile (Kevan and Lane, 
1985) and chemosensory (Lex, 1954; Bolwig, 
1954; Dobson, 1987) cues available to the flower 
visitor. Thus, the explanation for the ordering of 
the arrangements of colors of nectar guides pre-
sented by Lunau (1992, 1993) can be better under-
stood, not in terms of color purity per se, but in 
relation to the rules set forth by Kevan (1983; 
Dafni and Kevan, 1996). 

9.8 Trichromacy and 
Tetrachromacy 

A major advance in color vision capability must 
have come about through tetrachromacy and it 
must be assumed that Wallace's "necessity" (1878) 
applies. The issue of trichromacy and tetrachro-
macy also deserves mention because there appear 
to be some correlates with the breadth of the visu-
al spectrum. 

Trichromatic color vision spans daylight over 
about 300 nm and tetrachromacy spans an extra 
100 nm. General constraints on the band widths of 
greatest sensitivity of the photoreceptors involved 
in color vision may be hypothesized, even though 
there is much overlap especially at wavelengths at 
which the receptors are less sensitive (Menzel and 
Backhaus, 1991 for insects; Neitz and Neitz, see 
chapter 5; Lee, see chapter 3). The nature of the 
photosensitive pigments and cellular function 
work in concert to make the greatest waveband-
specific sensitivity of the photoreceptors mostly 
about 100-150 nm wide. That being the case, and 
that a standard shape of spectral sensitivity of pho-
toreceptors (Dartnall, 1953; Ebrey and Honig, 
1977; Maximov, 1988; Stavenga et al„ 1993) can 
be used to approximate sensitivity functions, may 
be, at least with the help of additional optical 
devices as filtering pigments, colored lenses etc., 
that approximate sensitivity functions of about 

50-70 nm bandwidth for 50% or better sensitivity 
can be derived. The similarities in spectral sensi-
tivity functions for insects and other invertebrates 
are exemplified in extensive reviews (Menzel, 
1979; Menzel and Backhaus, 1991). If the forego-
ing is valid, then the information gathered by spec-
trally overlapping sensors would be maximal for 
one sensor per ca. 100 nm. Vorobyev (in prepara-
tion) has calculated that for the ca. 300 nm band-
width for color vision, color discriminability is 
much less for dichromats than for trichromats, but 
the addition of a fourth sensor produces only a 
small gain in color discriminability. For a ca. 
400 nm bandwidth of color vision, trichromacy is 
much less effective in color discrimination than is 
tetrachromacy, but pentachromacy results in little 
relative improvement. Thus, even though pen-
tachromacy has been reported in butterflies 
(Arikawa et al., 1987), it seems that the different 
trichromatic and similar tetrachromatic systems of 
color vision use the available daylight spectrum 
from ultraviolet to red each in their best possible 
way (for model calculations of wavelength dis-
crimination of tri-, tetra-, and pentachromatic 
color vision systems (see Menzel and Backhaus, 
1991; Goldsmith, 1994). 

One may conjecture that the addition of other 
spectral sensors to improve color discrimination in 
existing systems of color vision would require the 
existing sensors to shift and become narrower. The 
amazing arrays of at least 11 sensors in mantis 
shrimps (Cronin and Marshall, 1989; Cronin et al., 
1994) begs the question that returns us to the quo-
tation from Wallace at the start. What is it in the 
environment of these creatures that they need to 
discriminate so exactly to be competitive in the 
Darwinian sense? Predator detection and avoid-
ance has been indicated as a role for the ultravio-
let receptor in these shrimps (Cronin et al., 1994). 
Although this same question has been partially 
answered in regard to tetrachromacy and frugivory 
in birds and primates (Gauthier-Hion et al., 1985) 
and to flower visiting in some insects, the link 
between ecology and color discrimination in many 
tetrachromatic vertebrates remains to be investi-
gated (see Bennett and Cuthill, 1994; Bennett et 
al., 1996; Neumeyer, see chapter 8). It may be that 
some of the spectral sensitivity maxima and asso-
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ciated cells do not have a role in image processing 
per se, but are related to wavelength specific 
behaviors and are not part of color vision (see 
Menzel and Backhaus, 1991; Goldsmith 1994). 
Population genetical simulations of co-evolution 
of polychromatic (six photoreceptors and five 
COC neurons) color vision systems of pollinating 
insects based on the COC model for the honeybee 
and spectral reflectance of flowers (see above) 
show indeed that the number of photoreceptor 
types tend to reduce to oligochromatic systems 
(Pielot and Backhaus, 1997b). 

9.9 Conclusions 

Palaeontological and phylogenetic evidence indi-
cates that color vision has existed probably for at 
least half a billion years. The sorts of sensors that 
comprise color vision systems accord with the 
most energetic, uniform, and stable parts of the 
daylight spectrum from near ultraviolet to red 
(Henderson, 1977) and the range of spectral sensi-
tivity maxima extends from 320 nm to 630 nm 
(Menzel, 1979). There appear to be some general-
ities with respect to the bandwidths over which 
spectral sensors operate so that they mostly have a 
half-band width of about 50-70 nm in which they 
show the highest sensitivity. The numbers of sen-
sors (three or four) accord with requirements for 
greatest discriminability and fewest sensors. 

Linking the fine-tuning of color vision and sen-
sor types must be done with care and with the 
photic environment, reflectance of objects of inter-
est, and of the backgrounds against which they 
appear, in mind. The question of why there are not 
more sensors, but with narrower band sensitivities, 
may be the effect of the nature of rather broad 
spectral reflectances from natural objects, such as 
vegetation, flowers, fruits, other animals, sky, and 
the ground. Presumably achromatic and dichro-
matic vision can be understood in terms of the 
lesser needs of animals with such vision in dis-
criminating colors. The remarkable arrays in man-
tis shrimps (see above) (Cronin and Marshall, 
1989) and tetrachromacy in many vertebrates are 
not yet understood in ecological terms (Bennett 

and Cuthill, 1994; Goldsmith, 1994; Thompson, 
1995). Thus, although color vision systems mostly 
seem to make the best of natural photic environ-
ments and are attuned to the perception of a wide 
variety of objects of importance, and their back-
grounds, the hypotheses that fall from all that pro-
vide a diverse landscape of research opportunities 
in physiology, genetics, neurobiology, behavior, 
ecology, evolution and philosophy as explanations 
for ultimate functionality are sought. 
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10. The Perception of Blackness: 
An Historical and Contemporary Review 
Vicki J. Volbrecht and Reinhold Kliegl 

10.1 Introduction 

Historically, the perception of blackness has spir-
ited a lively debate as to its actual validity as a 
'real' perception (e.g., Ward, 1905, 1916; 
Titchener 1916a,b) and its place in theories of 
color vision (e.g., Neifeld, 1924; Ladd-Franklin, 
1925; Lemmon, 1925; Michaels, 1925; Venable, 
1925; Rich, 1926; Luh, 1930). Yet, despite the 
years of heated discussion on blackness, this per-
ception has become an integral part of Hurvich 
and Jameson's (1957) opponent-process theory of 
color vision and Heggelund's (1974a,b; 1992) 
bidimensional theory of achromatic vision and has 
sparked a relatively recent flurry of scientific 
investigation into the neural processes mediating 
the perception of blackness (e.g., Werner et al., 
1984; Cicerone et al., 1986; Fuld et al., 1986; Kulp 
and Fuld, 1989; Volbrecht and Werner, 1989; 
Volbrecht et al, 1989; 1990; Shinomori et al., 
1994; 1997). 

This chapter provides an historical and contem-
porary survey of theoretical and empirical work on 
the perception of blackness, including the accept-
ed as well as the controversial aspects of black-
ness. The first place to commence the discussion 
of blackness is with the theories of Helmholtz and 
Hering, each an exemplar of the differing perspec-
tives on blackness. The long-reaching impact of 
these two theories will be recognized in the review 
of other color vision theories (e.g., Ladd-Franklin, 
Müller, Hurvich and Jameson, Heggelund), psy-
chophysical research on blackness, and physiolog-
ical findings. 

10.2 The Phenomenology of 
Blackness 

How did the perception or the sensation of black-
ness become a source of controversy? Basically, 
the discord arose over the two different views on 
the physical conditions required to elicit the per-
ception of blackness. In particular, one group be-
lieved blackness was the outcome of the absence 
of light while the other group credited blackness to 
the presence of light. Since the nineteenth century, 
these two diverse concepts are best exemplified 
in the color vision theories of Helmholtz 
(1867/1962) and Hering (1878, 1920/1964). 

Helmholtz wrote in his Handbuch der Physio-
logischen Optik (1867): 

Das Schwarz ist eine wirkliche Empfindung, 
wenn es auch durch Abwesenheit allen Lichts 
hervorgebracht wird. Wir unterscheiden die 
Empfindung des Schwarzen deutlich von dem 
Mangel aller Empfindung. Ein Fleck unseres 
Gesichtsfeldes, von welchem kein Licht in unser 
Auge fällt, erscheint uns schwarz, aber die 
Objekte hinter unserem Rücken, von denen 
auch kein Licht in unser Auge fällt, ... 
erscheinen uns nicht schwarz, sondern für sie 
mangelt alle Erfahrung (pp. 109 ff).1 

According to Helmholtz, black was the result of 
the complete absence of light; but it was not the 

' English translation: "Black is a real sensation, even 
if it is produced by the entire absence of light. The 
sensation of black is distinctly different from the lack 
of all sensation. A spot in the field of view which 
sends no light to the eye looks black; but no light 
comes to the eye from objects that are behind our 
back, whether they are dark or bright, and yet these 
objects do not look black - there is simply no sensa-
tion so far as they are concerned." 
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same as the absence of sensation. Black was a true 
sensation. This notion that blackness resulted from 
the lack of light stimulation was not original to 
Helmholtz. Aristotle and/or his students (1967) 
had much earlier proposed this as one condition 
under which blackness could be perceived and 
Goethe (1810/1970) had iterated the same idea. 
Likewise, this view of blackness also did not ter-
minate with Helmholtz and his theory of color 
vision. Others (e.g., Schopenhauer, 1905; Troland, 
1921; Ladd-Franklin, 1922a, 1925) also supported 
the perception of blackness originating from zero 
light stimulation. 

Ewald Hering was not persuaded by Helm-
holtz's reasoning. He argued that the perception of 
blackness could not occur from the absence of 
light stimulation since closing one's eyes did not 
produce a perception of blackness but rather one 
of gray, referred to as Eigengrau. Instead, he 
(Hering, 1874) proposed: 

Gleichwohl ist es eine Thatsache der alltäg-
lichen Erfahrung, welche ich jedoch noch nir-
gends besonders betont gefunden habe, dass die 
eigentliche schwarze Empfindung erst unter 
dem Einfluss des äussern Lichtreizes zu Stande 
kommt, wie ja auch die weisse Empfindung für 
gewöhnlich durch objectives Licht hervor-
gerufen wird; nur mit dem Unterschiede, dass 
sich die weisse Empfindung unter dem directen, 
die schwarze aber unter dem indirecten Ein-
flüsse des Lichtreizes entwickelt, nämlich durch 
den sogenannten simultanen oder successiven 
Contrast, (p. 97)2 

Thus, according to Hering, blackness was the 
result of the indirect influence of light from spatial 
(simultaneous) and/or temporal (successive) con-
trast. An object could reflect a large quantity of 

2 English translation: "It is a matter of everyday 
experience (which, however, I have not found espe-
cially emphasized anywhere) that the genuinely black 
sensation arises only under the influence of external 
light stimuli just as the sensation of white is usually 
evoked by objective light. The difference is that the 
sensation of white develops under direct influence of 
light whereas the sensation of black does so under 
indirect influence, namely the so-called simultaneous 
or successive contrast." 

light and be perceived as red, green, blue, yellow, 
or white; but if this same object was surrounded 
and/or preceded by more intense stimulation, it 
would begin to appear black. As the intensity of 
the contrasting stimulus increased, the object 
would become blacker until at some luminance 
level the object would appear completely black to 
the observer. 

Gelb (1929/1955) elegantly demonstrated 
Hering's ideas by using a smooth black disk and a 
single light source. The light source, which was 
hidden from view, illuminated only the disk but 
none of the surrounding fixtures in the environ-
ment. When the black disk was observed under 
these conditions, it appeared white and not black. 
When a piece of white paper, which reflected 
much more light than the black disk, was imposed 
into the scene such that it covered a portion of the 
disk, the disk suddenly appeared black. 

This relationship between spatial contrast and 
blackness was more recently demonstrated with a 
complex stimulus. Wright (1980, 1981), using a 
slide of van Eyck's painting, "The Arnolfini 
Marriage," separated the chromatic and achromat-
ic components to create a new slide containing 
only the chromatic information and a print con-
taining only the achromatic information. When the 
chromatic slide was projected onto the white-black 
print, the color of the original slide was restored; 
but when the chromatic slide was projected onto a 
black background, the blackness components of 
the painting were not reproduced. The luminance 
contrast captured in the achromatic print was 
required to restore the color of black to the paint-
ing. Both Gelb's and Wright's demonstrations 
once again illustrated that the perception of black-
ness was due to light stimulation and not a lack of 
light stimulation. 

Hering was by no means the first person to 
report the perception of blackness under condi-
tions of contrast. Chevreul (1839/1883), who was 
Director of Dyes for the Royal Manufactures at 
Gobelins, received complaints on the quality of 
the black used in their tapestries: the black 
appeared quite dull or lackluster. Chevreul noted 
that to achieve a perceptually "good" black the 
threads next to the black area needed to reflect 
more light than the black threads. Goethe 
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(1810/1970) and Helmholtz (1867/1962) also 
wrote about blackness induction under conditions 
of temporal and spatial contrast, but neither attrib-
uted blackness perception to the physical light 
conditions of contrast. Because of the failure to 
acknowledge the importance of light in the per-
ception of blackness, Hering (1874) remarked: 

Wenn man alle diese Thatsachen bedenkt, muss 
man sich wundern, wie man die Empfindung 
des Schwarzen als diejenige definieren konnte, 
welche der ruhenden, nicht durch Licht ge-
reizten Netzhaut eigenthümlich ist. Gerade das 
Auge, welches vor jedem äusseren Lichtreize 
sorgfältig ... geschützt wurde, ... empfindet 
durchaus kein Schwarz, sondern hat Emp-
findungen, welchen man eine ziemlich bedeu-
tende Helligkeit zuschreiben muss ... (p. 98)3 

These differing opinions as to the physical con-
ditions necessary to create blackness highlight 
one of the important theoretical distinctions 
between Helmholtz and Hering, although it was 
not the only one. Other differing theoretical con-
ceptualizations between the two men are elaborat-
ed below and traced to contemporary research 
endeavors. 

10.2.1 Helmholtz: Trichromatic Theory 
of Color Vision 

While Helmholtz is probably given the most cred-
it for the trichromatic theory of color vision, he 
was not the first to postulate such a theory (see 
Balaraman, 1962; Weale, 1957). In fact, he did not 
originally believe that a trichromatic theory could 
adequately explain the perception of color (see 
Hurvich and Jameson, 1949; Sherman, 1981). 
Unhindered by his initial misunderstanding, 
Helmholtz incorporated the ideas of Young 
(1802/1970; 1845/1970) and Maxwell (1860) to 

1 English translation: "All things considered, one 
wonders how the sensation of black could be defined 
as the one which is peculiar to the resting retina, not 
stimulated by light. It is exactly the eye protected 
carefully from any external stimulus of light which 
does not sense any black but has sensations that must 
be attributed to a considerable amount of brightness." 

develop his universally recognized theory of color 
vision. 

Following from Newton (1730/1979), Helm-
holtz realized that the correspondence between the 
various wavelengths of light and color perception, 
such as experienced with a rainbow, was achieved 
solely within the organism; it was not the rays of 
light that were colored and produced the various 
color perceptions. He, therefore, proposed the 
existence of three types (violet, green, and red) of 
retinal nerve fibers or receptors. Each fiber class 
was differentially sensitive to wavelengths of light 
ranging from approximately 400 nm to 700 nm, 
with the violet-coding fibers maximally sensitive 
to the short wavelengths, the green-coding fibers 
maximally sensitive to the middle wavelengths, 
and the red-coding fibers maximally sensitive to 
the long wavelengths. An alternative model would 
have been to assume one nerve fiber sensitive to 
one particular wavelength of light in the visible 
spectrum; however, color-matching experiments 
(Maxwell, 1860; Helmholtz, 1867/1962) revealed 
three mechanisms were sufficient to account for 
color perception. 

Within this tri-receptor model, different color 
sensations were the outcome of the relative 
strengths with which these three fiber types were 
activated by physical light. Since these fibers were 
assumed to have a direct connection to the cortex, 
stimulation of one or a combination of these fibers 
generated the various psychological experiences 
of color. In particular, equal activation of all three 
fiber types created the sensation of whiteness. The 
blackness sensation occurred when none of the 
fibers were stimulated by light. 

10.2.2 Hering: Opponent-Process 
Theory of Color Vision 

Whereas Helmholtz's theory was guided by the 
physics of light, Hering's theory was strongly 
influenced by the phenomenological experience of 
color. Hering (1920/1964) observed that when the 
different hues were arranged in a circle there were 
a great number of bichromatic mixtures but none 
of these mixtures could be described as yellow-
blue or red-green. Hering (1888/1897, 1920/1964) 
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argued that this mutual exclusivity between yel-
low-blue and between red-green had its origin in 
neurophysiologically-based chemical processes of 
the visual system. He interpreted this perceptual 
constraint as evidence for an antagonistic relation 
between the chemical processes mediating yellow 
and blue and similarly red and green. He, there-
fore, proposed the existence of two chromatic-
opponent processes (red-green and blue-yellow); 
each process had an excitatory and inhibitory 
component, which Hering referred to as assimila-
tion and dissimilation. These two antagonistic 
processes struggled to maintain a state of equilib-
rium in the visual system, although under most 
normal viewing conditions there was usually an 
imbalance. The vast array of chromatic percep-
tions, therefore, arose from the degree of imbal-
ance within the opponent processes. 

Hering realized, however, that besides the chro-
matic component or hue of a color, there was also 
an achromatic component. A third chemical or 
visual process was needed to describe this added 
dimension of color. He, therefore, proposed a 
white-black chemical process and also viewed it as 
antagonistic. He based this inference on the recip-
rocal relation observed between black and white 
under conditions of spatial and temporal contrast, 
but not on mutual exclusivity since there was a 
continuous transition from white to black passing 
through the various shades of gray (i.e., gray could 
be described as white-black - see Quinn et al., 
1985). 

Nonetheless, it was assumed that when dissimi-
lation was greater than assimilation, white was 
perceived; but when assimilation was greater than 
dissimilation, black was seen. Furthermore, the 
metabolic activity evoked by a light stimulus in 
one particular area of the visual system did not 
affect just that area but also influenced the chemi-
cal activity in surrounding and succeeding visual 
areas, but in the opposite direction. This property 
could easily explain color perceptions created by 
simultaneous and successive contrast, in particular 
that of black which only occurred under contrast 
conditions. 

Hence, if the intensity of a white annular light 
increased around a center stimulus, dissimilation 
of the affected areas of the visual field would 

increase and at the same time this activity would 
induce assimilation into the surrounding areas of 
the visual field. If this surround induced more 
assimilation into the center such that it canceled or 
inhibited the dissimilation already present in that 
visual area, the center would appear black. Under 
conditions of temporal contrast, a white inducing 
stimulus would generate dissimilation in the visu-
al area excited by it. After termination of the white 
stimulus, the process of assimilation would domi-
nate over dissimilation in an attempt to restore the 
system to a state of equilibrium. Before equilibri-
um would be reached, a black afterimage would be 
perceived. 

Of course, Helmholtz, as his historical exposi-
tion attests, was familiar with contrast phenomena 
and the perception of blackness under such condi-
tions. Unlike Hering, he did not use these percep-
tual experiences to structure his theory of color 
vision. His theory focused on physical parameters 
of stimuli to explain and predict color perception. 
Such an emphasis proved cumbersome in trying to 
account for some of the more complex color per-
ceptions encountered in everyday life, especially 
those not directly linked to physical stimuli. To 
compensate for this limitation, Helmholtz suggest-
ed retinal fatigue to explain successive contrast 
and unconscious inference to account for simulta-
neous contrast. 

The basic premise of the retinal fatigue hypoth-
esis was that certain receptor types exposed to par-
ticular wavelengths of light became fatigued such 
they were selectively suppressed and unable to 
respond immediately to succeeding light stimula-
tion of the same or similar wavelengths. For exam-
ple, a white object reflecting wavelengths across 
the entire visible spectrum would suppress all 
three receptor types. When the object was 
removed or the light extinguished, the fatigued 
receptors would be unable to respond to any light; 
consequently, the perception of blackness. 

The retinal fatigue hypothesis could not be 
applied to conditions of simultaneous contrast 
since color induction in these circumstances was 
immediate and the retinal mechanisms did not have 
time to become fatigued (Chevreul, 1839/1883). 
Instead, Helmholtz (1867/1962) proposed that a 
person perceiving any object in a complex scene 



10.2 The Phenomenology of Blackness 191 

formed an unconscious judgment of its color. The 
final perceived color was determined by correcting 
mentally for lighting conditions causing the induc-
tion. The more practice people had in these cogni-
tive operations, the less contrast influenced their 
perception and the better able they were to judge 
the 'true' color of an object despite the viewing 
conditions. It was the lack of experience with the 
involuntary inferences that led to the perception of 
induced colors in simultaneous contrast. 

This unconscious correction for illumination 
was challenged by Gestalt psychologists (e.g., 
Katz, 1930/1935) as inadequate to explain such 
contrast phenomena as the Gelb effect (discussed 
above; for an earlier criticism of this explanation 
see also Hering, 1887). Even with complete 
knowledge about the experimental set-up, people 
still could not correct their perception of blackness 
when the white paper was introduced. 

10.2.3 Criticism and Other Theories 

The color vision theories of Helmholtz and 
Hering, although probably the most well known 
and debated, were not necessarily accepted by 
their peers or colleagues. The theory of Helmholtz 
was acknowledged to provide the best and most 
feasible account of color mixture (Troland, 1921; 
Rich, 1926). While this was its forte, it was also its 
limitation in that it relied on the parameters of 
physical stimuli to predict the outcome of color 
appearance. Such an emphasis introduced prob-
lems in that the physical causes of the gray sensa-
tion were assumed to be the same as the physical 
causes of the red, green, and violet sensation com-
bined; and from this premise, one could easily 
conclude that the gray sensation was the "coinci-
dence of the sensations red, green, and blue" 
(Franklin, 1893; p. 477), rather than a separate 
sensation. This argument also applied to 
Helmholtz's assumption about the sensation of 
white arising from stimulation of all three classes 
of nerve fibers and proved to be even more trou-
blesome since a person missing the green class of 
fibers still perceived white like a color-normal 
person (Franklin, 1983). Even von Kries, presum-
ably one of Helmholtz's most well-known stu-

dents, expressed doubt about Helmholtz's theory 
when he wrote in his commentary of the 1924 
English edition of Physiological Optics: "To begin 
with, it may be regarded as certain that there actu-
ally is a reciprocal physiological action as Hering 
supposed, especially with respect to luminosity 
contrast"(p. 300). 

The strength of Hering's (1878, 1920/1964) the-
ory was his explanation of achromatic sensations 
(Mach, 1906/1959; Rich, 1926), but at the same 
time it was also his discussion of the white-black 
chemical process that presented some difficulties. 
The major problem was that the sensations of 
black and white were not mutually exclusive as 
were the chromatic-opponent pairs (Mach, 
1906/1959; Troland, 1921; Ladd-Franklin, 1922a). 
Furthermore, Hering did not offer a reason for this 
discrepancy or the seemingly special status 
assigned to the white-black process (McDougall, 
1901a); and it was, therefore, questioned whether 
a special process for blackness was really neces-
sary (McDougall, 1901b). At the same time, 
though, Hering's physiological explication of 
simultaneous contrast with dissimilation and 
assimilation seemed more parsimonious than 
Helmholtz's speculations about unconscious infer-
ence (Franklin, 1893); and Helmholtz's fatigue 
hypothesis for successive contrast could not 
explain the presence of afterimages with closed 
eyes (McDougall, 1901c), Hering's could. 

Other Theories: 
Ladd-Franklin and Müller 

Ladd-Franklin offered her evolutionary or devel-
opmental theory of color vision as an alternative to 
Helmholtz's and Hering's theories. According to 
Ladd-Franklin, there originally existed only one 
photosensitive substance in the retina which, when 
stimulated by light, signaled the perception of 
whiteness. Over the evolutionary process this sub-
stance differentiated into blue and yellow mole-
cules, so when either was separately activated, the 
perception of blue or yellow followed. When both 
were simultaneously activated, the perception of 
whiteness ensued. The yellow molecules separated 
into red and green molecules in the last evolution-
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ary stage. Light stimulation of one or any combi-
nation of these molecules produced the chromatic 
and white sensations. 

Because Ladd-Franklin viewed black as a non-
light sensation, she did not integrate the sensation 
of blackness with the other color sensations into 
her evolutionary theory. Rather, she led the reader 
to conclude that blackness resulted from the inac-
tivation of the red, green, and blue molecules. This 
aspect of her theory spawned a series of papers 
criticizing, defending, or elaborating her position 
on blackness (e.g., Troland, 1921; Neifeld, 1924; 
Michaels, 1925; Lemmon, 1925; Venable, 1925; 
Rich, 1926; Luh, 1930). 

Due to their stance on blackness, neither 
Helmholtz's nor Ladd-Franklin's theory of color 
vision could readily account for the experience of 
Eigengrau. Müller (1896, 1897) developed a theo-
ry that attempted to overcome this problem and 
improve on Hering's theory. Miiller's theory was 
also one of the first to distinguish between retinal 
and cortical activities in the visual pathway; 
Hering had not been so clear in this structural dis-
tinction with his opponent processes. 

Müller (1896, 1897) suggested the presence of 
three reversible or antagonistic chemical reactions 
in the retina: white-black, red-green, and blue-yel-
low. If light caused a white reaction in the retina, 
it initiated an opposing reaction to neutralize the 
white reaction and return the retina to a state of 
equilibrium. The reverse occurred during a black 
reaction. Similar reciprocal processes were as-
sumed to exist for the red-green and blue-yellow 
pairs. 

In the cortex, there existed an endogenous white 
process and an endogenous black process that were 
also antagonistic with each other and dominated 
over the weaker chromatic excitations. The active 
retinal processes determined which of the cortical 
processes were in an excited state. If a white reac-
tion dominated the retina, the white-black balance 
was disturbed, causing the white excitation in the 
cortex to increase and signal the perception of 
whiteness. Similarly, if a black reaction prevailed 
in the retina, it increased the black excitation in the 
cortex to signal the sensation of blackness. Lastly, 
if the black and white reactions in the retina were 
in equilibrium, Eigengrau was perceived. 

Besides the color theories of Ladd-Franklin and 
Müller, many other theories of color vision were 
proposed (e.g., McDougall, 1901 a,b,c; Schopen-
hauer, 1905; see Parsons, 1915, and Boring, 
1942). Most of these theories assumed that black-
ness resulted from the absence of light and/or the 
absence of neural activity. But despite this pletho-
ra of theories, the influence of the theories of 
Helmholtz and Hering surpassed the others. 

Contemporary Theories: 
Hurvich and Jameson and Heggelund 

In the scientific community Helmholtz's theory 
received far greater attention than Hering's. There 
also were a number of attempts to combine 
the theories of Helmholtz and Hering (e.g., 
Ladd-Franklin, 1916, 1922a,b; Franklin, 1893; 
Hartridge, 1948), but the most important experi-
ments to clarify the connection between both the-
ories were the zone theories of von Kries (1905) 
and Schrödinger (1925). Nevertheless, and espe-
cially in the United States, it was not until Hurvich 
and Jameson's (1957) work in the 1950's that an 
interest in Hering's work was rekindled. Hurvich 
and Jameson incorporated the idea of three re-
ceptor types from Helmholtz (1867/1920) with 
Hering's (1878, 1920/1964) assumption of three 
opponent processes and suggested a model where-
by neural signals from the photoreceptors com-
bined to produce an opponent response in another 
neural unit further along the visual pathway. In 
general, as Figure 10.1 illustrates, they proposed 
that outputs from the short- and long-wavelength 
photoreceptors combined at a postreceptoral level 
to interact antagonistically with output from the 
middle-wavelength receptors. This interaction 
generated a red-green opponent response. Like-
wise, there was a postreceptoral site at which the 
neural signals from the middle- and long-wave-
length photoreceptors opposed signals from the 
short-wavelength receptors. This particular activi-
ty produced a blue-yellow opponent response. 
Similar to the idea of Helmholtz, the perception of 
whiteness was attributed to the additive combina-
tion of all three cone signals at a later site in the 
visual pathway. The perception of blackness was 
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assumed to be the consequence of all three recep-
tor types in close spatial and/or temporal proximi-
ty signaling inhibition, and this inhibition from 
each receptor type also merged at a later neural 
site in the visual pathway. Together, then, activa-
tion of the three receptor types in a similar man-
ner, either excitatory or inhibitory, defined the 
white-black opponent process. 

This general theoretical framework proved to be 
quite economical in that it included the three vari-
ables necessary to explain color matching and the 
four chromatic (red, green, yellow, blue) and two 
achromatic (black, white) variables necessary to 
explain color appearance. Moreover, psychophysi-
cal measures of the chromatic-opponent response 
functions from a hue cancellation task (Jameson 
and Hurvich, 1955) could be reasonably fitted by 
the theoretical equations that described the rela-
tionship between the cone inputs and the response 
outputs for the chromatic-opponent processes 
(Hurvich and Jameson, 1955, 1957; Romeskie, 
1978; Werner and Wooten, 1979); however, a sim-
ilar experimental verification was not obtained for 
the achromatic processes. 

Hurvich and Jameson (1957) equated, rather 
arbitrarily, the responsivity of whiteness to a pho-
topic luminosity function as operationalized by a 
spectral sensitivity curve measured on a white 
background (Hurvich and Jameson, 1953). The 
blackness response function was assumed to have 
the inverse shape of the whiteness function "since 
the strength of the black contrast response is 
directly related to the magnitude of either the sur-
rounding or the preceding whiteness or bright-
ness" (p. 389, Hurvich and Jameson, 1957). The 

problem with these assumptions about the 
response functions for the white-black process was 
that neither function was based on a perceptual 
criterion (e.g., whiteness or blackness). Although 
it might be assumed that the stimuli appeared 
"whitish" at threshold on a white background, the 
authors noted that the stimuli sometimes appeared 
chromatic, especially at the short and long wave-
lengths (Hurvich and Jameson, 1953). 

Heggelund (1974a,b; 1992) formulated a theory 
concerned solely with the achromatic processes 
and conducted some provocative, albeit not con-
clusive, experiments to support his postulations. 
Heggelund, first, disregarded both Helmholtz's 
unidimensional view that achromatic colors repre-
sented a continuum of different intensities of 
white and Hering's bidimensional view that black 
and white were opponent. Rather, Heggelund 
acknowledged that there were mutually exclusive 
achromatic perceptions if one considered both sur-
face (object) and film (aperture) colors. 

Heggelund proposed that the color terms black, 
gray, and white were often used to describe the col-
ors of objects in the visual field (surface colors) 
while the terms luminous (clear) and white were 
often used to describe the colors of lights in the 
visual field (film colors). Most investigators (e.g., 
Katz, 1930/1935; MacLeod, 1932; Evans, 1949) 
conceded that there was a qualitative difference 
between achromatic colors in the object and aper-
ture modes but did not attempt to account for these 
differences in one theoretical model. Heggelund 
suggested such an inclusive model by proposing 
that luminous and black were opponent since both 
colors could not be seen simultaneously in the 

OP Ρ ΟΝΕΝΓΤ- PROCESSES 

Fig. 10.1: Representation of Hurvich and Jameson's opponent-
process model of color vision. The three cone types are short-
wavelength-sensitive (S-cones), middle-wavelength-sensitive (M-
cones), and long-wavelength-sensitive (L-cones). The three 
opponent processes are blue-yellow (B/Y), red-green (R/G), and 
white-black (Wh/Bk). The solid lines denote excitation and the 
dashed lines inhibition to represent the opponency among the cone 
signals. Cone inputs to the black process are not represented since 
black is the result of the three cone types in close spatial and/or 
temporal proximity signaling inhibition. 
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same place (i.e., luminous was only perceived in 
aperture mode and black only in surface mode). 
Black and white were, however, orthogonal to each 
other and could be seen at the same time in the 
grayness of a surface; and luminous and white were 
orthogonal to each other since both could be seen 
together in a luminous white of a light. From his 
experiments, Heggelund (1974b, 1992, 1993) con-
cluded that the strength and quality of black were 
related to contrast while the strength and quality of 
whiteness were related to local luminance values. 

10.3 Historical Review 

10.3.1 Induction Experiments 

The first psychophysical measures of the chromat-
ic-opponent response functions were obtained in 
1955 (Jameson and Hurvich, 1955); however, it 
was not until 1984 (Werner et al., 1984) that 
response functions based on a perceptual criterion 
of complete blackness were reported. Because the 
perception of blackness resulted from spatial 
and/or temporal contrast, an experimental proce-
dure incorporating contrast stimuli was required to 
measure the blackness component of the achro-
matic process (i.e., a hue cancellation based on the 
direct influence of light and on mutual exclusivity 
could not be used). Oddly, contrast experiments 
had been used for years to study spatially-induced 
brightness/darkness (e.g., Hess and Pretori, 
1894/1970; Wallach, 1948; Heineman, 1955), but 
none had directly investigated blackness-induction 
thresholds. 

In the spatial induction studies of brightness 
contrast, a broadband ("white") test field was pre-
sented at the same time as a broadband ("white") 
inducing field. The actual stimulus configuration 
varied among studies. Some used a circular test 
field surrounded by an annular inducing field; 
others used a rectangular test field contiguous 
with a rectangular inducing field positioned on 
one side or two opposing sides. Since the stimulus 
parameters were quite easy to manipulate, they 
readily permitted the study of test and inducing 
field luminance (Diamond, 1953), area (Diamond, 

1955, 1962), configuration (Horeman, 1963), and 
separation from each other (Leibowitz et al., 1953) 
on spatially-induced brightness/darkness. Regard-
less of their particular emphasis, these studies 
showed that as the intensity of the inducing field 
increased, the test field became darker until a 
point was reached where the test field appeared 
completely black. 

Other investigators extended the spatial induc-
tion paradigm by adding chromatic test and/or 
inducing fields and measuring spectral sensitivity 
functions for different achromatic response crite-
ria. For example, one study measured thresholds 
for gray (Evans, 1967) and then expanded the 
work to examine the threshold between gray con-
tent and apparent fluorescence (Evans and 
Swenholt, 1969), while another group investigated 
the just-noticeable darkening of a test field 
(Mount and Thomas, 1968). Results from Evans 
(1967) and Mount and Thomas (1968) disclosed 
that luminance was the sole factor determining 
thresholds for gray and a just-noticeable darken-
ing; spectral compositions of the stimuli were 
irrelevant. The threshold between gray and appar-
ent fluorescence, however, revealed a chromatic 
influence. None of these studies, however, looked 
at the effects of chromatic stimuli on a perceptual 
criterion of complete blackness. 

Fewer studies have examined the effects of tem-
poral contrast on achromatic perception, although 
many spatial contrast studies contained an inher-
ent temporal contrast component due to long 
viewing times of the experimental stimulus that 
permitted successive eye movements over the 
stimulus. Nonetheless, Hering (1878) demonstrat-
ed that blackness could be temporally induced by 
superimposing one stimulus on another and subse-
quently removing it, and Creed (1931) used the 
same procedure to study achromatic afterimages. 
Others (e.g., Jacobs and Gaylord, 1967; Wooten, 
1984) introduced chromatic stimuli and presented 
an inducing field at a particular intensity level for 
a specific period of time. Upon termination of the 
inducing field, a test field was shown in the same 
spatial location as the inducing field and chromat-
ic induction effects were measured, but no achro-
matic effects. Another group of researchers modi-
fied this design so that the preceding stimulus was 
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either annular in shape (e.g., Kitterle, 1972, 1975) 
or two half fields separated by a specific gap 
(Kinney, 1962). After termination of the inducing 
field, the test field was either presented in the 
location of the center of the annulus or the gap 
between the two half fields. Both researchers 
observed changes in brightness due to the con-
trast; however, test field placement introduced 
simultaneous contrast into a successive contrast 
paradigm. 

10.3.2 Blackness-Induction 
Experiments 

Blackness-induction experiments have fallen into 
two groups: those that have investigated the color 
appearance of stimuli under conditions of spatial 
and temporal contrast and those that have mea-
sured spectral sensitivity functions of achromatic 
processes under conditions of spatial and temporal 
contrast. While these studies have not always ar-
rived at the same conclusions, they have increased 
our understanding of the white-black process and 
its role in the visual system. 

Color-Naming Studies 

Quinn et al. (1985) investigated Hering's (1878, 
1920/1964) premise that black and white, but not 
gray, were the elemental achromatic sensations. In 
other words, gray was not a necessary color term 
since it could be described as a blackish white or a 
whitish black. Observers in their study viewed a 
perceptually white (i.e., devoid of hue) test center 
surrounded by a perceptually white annulus at 
varying intensity levels and described the test cen-
ter by assigning percentages to the color terms 
black, white and/or gray. Each test session varied 
as to which of the three or combination of the 
three terms could be used by the observer. Results 
from their study supported Hering's claim as to the 
elemental nature of black and white, and the non-
elemental nature of gray. This study also showed 
that as the intensity of the surround increased, the 
percent of whiteness required to describe the test 
center decreased, while the percent of blackness 

increased. None of the test centers were specified 
as 100% black, but the highest surround intensity 
(3.5 log troland) was most likely insufficient to 
induce complete blackness into the 2.2 log troland 
test center. 

At the same time Fuld and Otto (1985) were 
studying the effects of spatial contrast on mono-
chromatic lights. Similar to Quinn et al. (1985), a 
perceptually white (i.e., unique white) annulus 
surrounded a monochromatic test center. They 
noted that as the intensity of the surround 
increased, the percent of whiteness decreased; at 
the higher intensity levels, percentages were 
assigned to blackness such that at the highest sur-
round level the monochromatic stimulus was 
sometimes described as completely black. Also, a 
test center was rarely perceived as containing both 
a black and white component at the same time; it 
was either a whitish chromatic perception or a 
blackish chromatic perception. According to Fuld 
and Otto (1985), this later observation seemed to 
suggest that Hering's white-black process was 
indeed antagonistic and similar to that of the chro-
matic-opponent processes, especially when a 
strong hue component was present with an achro-
matic component. 

It was not until a few years later that this was 
applied to the study of the temporal induction of 
blackness (Volbrecht et al., 1989). Unlike the two 
previous spatial induction studies, the inducing 
fields for this study were an observer's unique 
blue, unique green, unique yellow, and unique 
white. The test stimulus, also called the reference 
field, was an observer's unique white. Both the 
inducing and test stimuli were the same size. After 
the inducing field was presented for five seconds, 
the reference field was immediately presented for 
400 ms in the same spatial location. 

Figure 10.2 presents the color-naming data of 
one observer for each of the four inducing fields. 
As surround intensity increased, the percent of 
whiteness (open circles) decreased while the per-
cent of blackness (solid circles) increased until the 
test stimulus was described as 100 % black. When 
the blackness-response functions of this observer 
were compared across the four inducing fields 
(bottom panel), a pattern of convergence was 
observed, such that the same illuminance level was 
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INDUCING FIELD ILLUMINANCE (log td) 

Fig. 10.2: Color-naming functions are shown for one observer (LA). In each 
panel, mean percent color is plotted as a function of inducing field illuminance. 
The top four panels represent a different inducing field (unique white, unique 
blue, unique green, unique yellow), and different symbols denote different color 
terms: black (solid circles), white (open circles), blue (solid squares), yellow 
(open squares), red (open triangles). Error bars denote ± 1 standard error of the 
mean. The bottom panel replots the black response functions from each of the 
four top panels. Different symbols denote the different inducing field conditions: 
unique white (solid circles), unique blue (solid triangles), unique green (open tri-
angles), unique yellow (open circles). After Volbrecht et al. (1989). 

required to induce 100% blackness regardless of 
the spectral content of the inducing field. The 
same pattern was seen for all observers in this 
study and for the two test intensity levels. It was, 
therefore, concluded that illuminance and not 

chromaticity of the inducing field was the key 
determinant for the threshold of 100% blackness. 
This finding was also verified by Shinomori and 
colleagues (1994) in a color-naming study of spa-
tially-induced blackness. 
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The color-naming studies did not resolve many 
questions about mechanisms related to the neural 
processes underlying the perception of blackness. 
Rather, they piqued further curiosity as to the 
nature of the specific processes responsible for 
blackness perception. Because of the laborious 
procedure of color naming, the measurement of 
spectral sensitivity functions of the achromatic 
processes provided a quicker and more intensive 
alternative by which to explore these neural 
processes, in particular the threshold for complete 
blackness. 

Spectral Sensitivity Studies 

The first study to measure systematically a spectral 
sensitivity function based on a perceptual criterion 
of complete blackness was by Werner et al. (1984). 
In their spatial induction experiment, observers 
viewed a circular, broadband ("white") test center 
separated from a monochromatic annulus by a dark 
gap. The observers adjusted the intensity of the 
monochromatic surround until the test center "just 
turned black, its contour disappeared, and the cen-
tral field became indistinguishable from the dark 
surrounding gap that separated it from the annu-
lus" (p. 982-983). The spectral sensitivity of black-
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Fig. 10.3: Log relative sensitivity for blackness 
induction (solid circles) and HFP (open circles) are 
plotted as a function of wavelength (nm) for one 
observer (RK). Both curves have been normalized to 
560 nm. After Werner et al. (1984). 

ness was assumed to be inversely related to the 
intensity of the monochromatic annuli required to 
render the field completely black. 

Data from one observer in this study are pre-
sented in Figure 10.3. The figure shows that this 
observer's blackness-induction function (solid cir-
cles) is similar to his heterochromatic flicker pho-
tometry (HFP) function (open circles). HFP is 
defined by an operation that minimizes flicker 
between a monochromatic light and a standard 
light presented in counterphase. The HFP 
response function represents an individual's pho-
topic luminosity function and is believed to be 
mediated by the additive input of the M- and L-
cone signals (Vos and Walraven, 1979; Schnapf et 
al., 1987; Lee et al., 1988). Because the HFP func-
tion is not influenced by the chromaticity of exper-
imental stimuli, the similarity between the black-
ness-induction and HFP functions implies that the 
illuminance of the monochromatic annulus, and 
not its chromaticity, is responsible for blackness 
induction. Also, the close fit between the two 
functions suggests that the additive input of the Μ 
and L cones may mediate blackness induction. 

The work of Cicerone et al. (1986) further sub-
stantiated the finding from Werner et al. (1984). 
Cicerone and colleagues showed that changing the 
spectral composition of the center stimulus from 
5500K to 480, 500, 580 or 660 nm did not alter 
the spectral sensitivity function of blackness; it 
was still inversely related to an individual's HFP 
function. 

The one limitation to the Werner et al. (1984) 
and Cicerone et al. (1986) studies was that they 
did not measure an individual's brightness func-
tion and compare it to the blackness-induction 
function. Unlike the luminosity function, the 
brightness function requires an observer to equate 
two fields of different chromaticities in brightness 
and is known to represent the influence of antag-
onistic chromatic processes (Guth et al., 1969; 
Ikeda et al., 1982; Yaguchi and Ikeda, 1983; 
Nakano et al., 1988), as shown by Sloan's (1928) 
notch at approximately 580 nm. Kulp and Fuld 
(1989) argued that some of the blackness data 
from Werner et al. (1984) showed the presence of 
a notch at 580 nm (e.g., the blackness curve in Fig. 
10.3). Kulp and Fuld also questioned the presence 
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of the gap and whether observers were actually set-
ting a criterion of complete blackness or setting a 
minimally distinct border (MDB) between the cen-
ter stimulus and the gap. Previous work (Wagner 
and Boynton, 1972) demonstrated that an MDB 
criterion yielded a spectral sensitivity function 
quite similar in shape to that of an HFP function. 
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Kulp and Fuld (1989), therefore, repeated the 
spatial induction experiments. Two different 
induction functions were measured: for one, the 
radiance of the monochromatic annulus was 
increased until the broadband "white" test center 
appeared black and for the other the radiance of 
the annulus was increased until the edge between 
the test center and gap disappeared. HFP and 
brightness-matching functions were also obtained 
for each observer. In general, it was difficult to 
differentiate whether an individual's HFP or 
brightness-matching function better fit the induc-
tion data from either condition. Part of this prob-
lem can be attributed to the fact that HFP and 
brightness-matching functions under certain 
experimental conditions can be very similar in 
shape to each other (e.g., Ives, 1912 a; Sperling 
and Lewis, 1959; Volbrecht and Werner, 1989). 
Unfortunately, this study did not directly compare 
the two induction functions to each other to deter-
mine if both perceptual criteria yielded the same 
function. 

Although the difference among the shapes of 
the three functions seems quantitatively quite 
small, they are theoretically quite significant. As 
discussed above, the HFP function represents the 
additive input of the cone signals, whereas the 
brightness function represents nonadditive inter-
actions among the cone signals. It was assumed 
that if the blackness-induction function was better 
described by either the HFP or brightness func-
tion, the same neural mechanism mediating that 
function was also mediating the blackness-induc-
tion function. Because, at times, it was difficult to 
distinguish any differences among the three func-

Fig. 10.4: Additivity results for spatially-induced 
blackness (solid circles), HFP (solid squares), and 
brightness matching (open triangles) are shown for 
one observer (VV). In the top two panels mean per-
cent of light in a variable and addend (510 nm in top 
panel, 630 nm in middle panel) mixture is plotted as 
a function of the variable wavelength (nm). Error bars 
denote +/-1 standard error of the mean. The bottom 
panel shows the mean percent light at 630 nm plotted 
as a function of the mean percent light at 510 nm. The 
diagonal line represents complete additivity. After 
Volbrecht et al. (1990). 
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tions, later studies (e.g., Volbrecht et al., 1990; 
Shinomori et al., 1997) took a more stringent 
approach by subjecting spatially-induced black-
ness to tests of additivity. 

Volbrecht et al. (1990) tested for additivity in 
the blackness induction, HFP, and brightness-
matching functions. Although it had been demon-
strated that HFP was additive (e.g., Ives, 1912b; 
Guth et al., 1969) and brightness was nonadditive 
(e.g., Tessier and Blottiau, 1951; Yaguchi and 
Ikeda, 1983; Nakano et al., 1988), the additivity 
(nonadditivity) patterns for these two functions 
were utilized as a template by which to judge the 
additivity data from the induction of complete 
blackness. In one set of additivity experiments, 
two addends (510 nm and 630 nm) were used. The 
addend was reduced by 70% and a series of wave-
lengths, called variable wavelengths, from 430 to 
670 nm in 40 nm steps were one-by-one super-
posed on the addend. Observers adjusted the 
intensity of the variable wavelength until the crite-
rion response was achieved. Results from this 
study are presented for one observer in the top two 
panels of Figure 10.4. While the brightness-
matching data (open triangles) show flagrant vio-
lations of additivity (i.e., deviations from 100%), 
neither the HFP (solid squares) nor the blackness-
induction (solid circles) data show signs of addi-
tivity failure. When 510 nm and 630 nm were 
combined in different proportions for the three dif-
ferent psychophysical tasks, blackness induction 
and HFP again showed no violations of additivity 
(see Fig. 10.4, bottom panel). The data confirmed 
the earlier studies from Werner et al. (1984) and 
Cicerone et al. (1986) and once again suggested 
that blackness was mediated by additive input 
from the cones and determined by the luminance 
of a stimulus and not its spectral composition. 

These findings and conclusions from the spatial 
induction studies were further strengthened by the 
temporal induction study of blackness (Volbrecht 
and Werner, 1989). Observers' blackness-induc-
tion functions appeared to be better fitted to their 
HFP functions than their brightness-matching 
functions and temporally-induced blackness did 
not deviate from additivity. Likewise, as Figure 
10.5 reveals, the difference in induction paradigms 
did not seem to affect the shape of the blackness 

functions. Also shown in Figure 10.5 are spectral 
sensitivity measurements of spatially-induced 
blackness obtained from a protanope, a dichromat 
known to be missing the long-wavelength-sensi-
tive photopigment. As expected, his blackness-
induction function (solid circles) was narrower 
than that of the color normals and basically indis-
tinguishable from that of his HFP function (open 
circles), suggesting mediation of both functions by 
the Μ cones. 

Altogether the evidence from studies of spatial-
ly and temporally-induced blackness supported 
the hypothesis that blackness was mediated by the 
additive combination of cone signals such as 
Hurvich and Jameson (1957) proposed in their 
opponent-process theory of color vision. The pic-
ture, however, became a bit muddied by Fuld and 
colleagues (1986). Unlike the other studies, this 
study measured the spectral sensitivity function 
for a perceptual criterion based on equal white-
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Fig. 10.5: Log relative sensitivity is plotted as a func-
tion of wavelength (nm). The solid line is the black-
ness-induction function from one color-normal 
observer (VV) measured under conditions of tempo-
ral contrast. The dashed line is the blackness-induc-
tion function for the same color-normal observer 
measured under conditions of spatial contrast. The 
closed circles represent the blackness-induction func-
tion for one protanope (KK) measured under condi-
tions of spatial contrast. The open circles represent 
the protanope's HFP function. The data have been 
normalized to 550 nm. After Volbrecht and Werner 
(1989). 
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black. In their experiment, a "white" xenon annu-
lus surrounded a series of monochromatic, circu-
lar test stimuli, each equated to the same illumi-
nance level. Observers ignored the chromatic 
content of the center stimulus and increased the 
intensity of a dim annulus until reaching a thresh-
old between predominantly white and equal white-
black. They then continued to increase the illumi-
nance of the annulus until reaching a second 
threshold between equal white-black and predom-
inantly black. From the studies using a blackness 
criterion, it might be predicted that the equal 
white-black point would occur at the same annular 
illuminance level. This was not the case. The func-
tion resembled what would be expected from a 
brightness function, indicating a nonadditive chro-
matic influence. 

For a number of years, the difference between 
the blackness-induction studies and the equal 
white-black study were attributed to differences in 
the response criteria (Fuld et al., 1986; Volbrecht 
et al., 1989; Volbrecht et al., 1990). It was assumed 
by these experimenters that the blackness criterion 
tapped into the black component of the achromat-
ic process while the equal white-black criterion 
conveyed the interaction of both achromatic 
processes. Although the black-response function 
was assumed to be the inverse of the white-
response function (Hurvich and Jameson, 1957), 
the spectral sensitivity of the white-response func-
tion had never been formally measured using a 
perceptual criterion of whiteness. It was easy to 
conclude that the two response criteria were medi-
ated by different neural processes. 

Unfortunately, during discussions of response 
criteria, another critical feature was ignored, 
namely differing stimulus parameters. Shinomori 
et al. (1994) in their color-naming study compared 
not only the spatial blackness-induction studies 
and the white-black study but earlier studies and 
reported that, in general, a stimulus duration of 
500 ms or less showed functions dependent only 
on the illuminance of the stimuli (e.g., Werner et 
al., 1984; Cicerone et al., 1986; Volbrecht et al., 
1990), while durations of 2 s or more showed 
achromatic functions with a chromatic contribu-
tion (e.g., Fuld et al., 1986; Evans and Swenholt, 
1969). Using a 2 s stimulus duration and a circu-

lar, "white" test field surrounded by a monochro-
matic annulus, Shinomori and colleagues found 
that the slope of the blackness-induction function 
from a color-naming task did not change as a func-
tion of annular wavelength. Rather, the function 
was contingent on the luminance of the surround. 

What Shinomori et al. (1994) did not investi-
gate, though, was a fundamental difference in the 
spectral content of the inducing and test fields. 
The blackness-induction studies utilized a mono-
chromatic annulus while the equal white-black 
study used a broadband "white" annulus. Shino-
mori et al. (1997), therefore, experimentally pur-
sued this difference. In their study, blackness-
induction functions were measured under two 
conditions: monochromatic annulus surrounding 
a "white" center and a "white" annulus surround-
ing a monochromatic center. In both conditions, 
observers adjusted the monochromatic stimulus 
until the center just turned black. They found that 
these two conditions were the crucial determinants 
as to whether a blackness-induction function was 
influenced by the chromaticity of a stimulus. As 
Figure 10.6 shows, when the annulus was mono-
chromatic (solid circles), the blackness-induction 
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Fig. 10.6: Log relative sensitivity is plotted as a func-
tion of wavelength (nm) for one observer (KS). Solid 
circles represent the blackness-induction function 
obtained with a monochromatic annulus and a broad-
band ("white") center. Open circles represent the 
blackness-induction function obtained with a broad-
band ("white") annulus and monochromatic center. 
Both curves were normalized to 550 nm. After 
Shinomori et al. (1997). 
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function was only determined by the luminance of 
the surround, as indicated by the unimodal func-
tion; however, when the annulus was broadband 
(open circles), the blackness-response function 
revealed a chromatic contribution, as evidenced by 
the three distinct peaks in the function and a dip at 
approximately 580 nm. As further confirmation, 
additivity tests were conducted with the mono-
chromatic center/"white" annulus configuration. 
Failures of additivity were readily observed. It was 
concluded that the blackness-induction functions 
represented an interaction among achromatic sig-
nals from the annulus and both achromatic and 
chromatic-opponent signals elicited from the test 
center. 

From this study (Shinomori et al., 1997), a more 
comprehensive model of spatially-induced black-
ness has emerged. A schema of this model is pre-
sented in Figure 10.7. This model describes the 
neural response functions arising from the center 

and annulus and how they combine to give the 
experience of blackness. The first stage of the 
model represents the excitation of the three cone 
types (S, M, L) from the center stimulus, whose 
signals can be combined in one of four ways 
[L+M, L-2M, 2M-L,S-(M+L)], and excitation of 
two cone types (M, L) from the annulus, whose 
signals are additively combined. At the second 
stage, M/L opponent signals arising from the test 
center are rectified in the cortex such that only one 
of the two M/L opponent processes is active at a 
time. The signals originating from the center con-
tinue on to stage three, where an S-(M+L) signal 
interacts in an opposing manner with the rectified 
output. After a logarithmic transformation of the 
signals from both the center and the surround, the 
signals from both are subtractively combined to 
create the neural output necessary to perceive 
blackness. 

CONES: L,M,S 

CENTER 

CONES: L,M 

ANNULUS 

Fig. 10.7: Schematic representation of Shinomori et 
al.'s (1997) model of blackness. L, M, S denote long-
wavelength-sensitive, middle-wavelength-sensitive, 
and short-wavelength-sensitive cones, respectively. 

10.4 Physiological Mechanisms 

The early theorists on the perception of blackness 
speculated on the mechanisms contributing to 
color vision and several years later physiological 
evidence emerged to support and at times contra-
dict their theories. For example, Helmholtz's neb-
ulous nerve fibers were identified as three cone 
receptors, each differentiated by the photopigment 
it contained and classified by the peak sensitivities 
of their absorption spectra - short-wavelength sen-
sitive (S), middle-wavelength sensitive (M), and 
long-wavelength sensitive (L; Brown and Wald, 
1963; Bowmaker and Dartnall, 1980; Schnapf 
et al., 1987). Neural mechanisms further along the 
visual pathway have not, however, shown similar 
response functions as the cones. 

Hering, on the other hand, surmised that there 
were neural mechanisms displaying antagonistic 
behavior, although it was never completely clear if 
he believed these mechanisms to exist in the reti-
na, in the cortex or both. Electrophysiological 
recordings have disclosed spatially antagonistic 
achromatic and chromatic mechanisms in both the 
retina and cortex (De Valois et al., 1966; Wiesel 
and Hubel, 1966; Livingstone and Hubel, 1984). 
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Of particular interest for achromatic processing 
are the broadband cells which have a spectral 
response function in both the center and surround 
(the surround being the inverse of the center 
response function) that are similar in shape to 
those obtained with humans for HFP and black-
ness induction. It has further been demonstrated at 
the ganglion cell level that most of these cells 
receive input from the Μ and L photoreceptors 
and a small set receive input from all three cone 
types - albeit very weak input from the S cones 
(de Monasterio and Gouras, 1975; de Monasterio, 
1978). In addition, the magno cells have been 
directly linked to HFP responses (Lee et al., 1988). 

Categorically, the broadband cells are common-
ly divided into two groups: on-center/off-surround 
and off-center/on-surround. The on-center cells 
respond to increments of light and can be thought 
of as white+/black-cells since optimal activity for 
these cells occurs when a white spot appears on a 
black background. The off-center cells, however, 
respond to decrements of light, showing the great-
est excitatory activity when a black spot appears 
on a white background, and can be referred to as 
black+/white- (DeValois and DeValois, 1975). It 
would appear that these two cell types could 
explain the experience of all achromatic percep-
tions. 

The problem is how to explain the recent model 
of Shinomori et al. (1997) which implies a more 
complex interaction between both the achromatic 
and chromatic channels in the perception of black. 
While it is often easier to think of the white-black 
process as completely separate from the chromat-
ic-opponent processes, cells may multiplex both 
types of information (De Valois and De Valois, 
1975; Lennie, 1984; Ingling and Martinez-
Uriegas, 1985). Perhaps, it is better to think not in 
terms of achromatic and chromatic pathways but 
rather in terms of on-channels to signal increments 
of light and off-channels to signal decrements of 
light, which includes both achromatic and chro-
matic responsive cells (Schiller, 1984; Schiller, 
1992). The problem, however, in relating the past 
physiological findings to this current theory of 
blackness is that none of the past physiological 
studies have been guided by this current psy-
chophysical theory or have directly investigated 

blackness. It is probably better to wait and use this 
theory to drive future physiological studies, rather 
than casually implicate an unrelated neural 
process in blackness perception. 

10.5 Conclusion 

While it is easy to speculate as to the initial impact 
of a theory, it is much more difficult to predict its 
long-lasting contribution. Two color vision theo-
rists from the nineteenth century, Helmholtz and 
Hering, have certainly influenced the direction and 
interpretation of past and current color vision the-
ories and research. In this chapter only one domain 
of their theories was explored, namely the percep-
tion of blackness. As evidenced above, the theory 
of Hurvich and Jameson (1957) drew from the 
ideas of both theorists with a strong emphasis on 
Hering's views of blackness. The psychophysical 
studies of blackness also followed the Hering tra-
dition, and the physiological studies point to the 
use of Helmholtz and Hering's ideas to interpret 
their experimental findings. The problem arises 
when others propose different ideas. For example, 
while Heggelund acknowledges the idea of oppo-
nency, he does not follow the ideas of Hering. In 
fact, he has charted new territory by attempting to 
explain color appearance in both the surface and 
aperture modes. Also, the new model of Shino-
mori and colleagues (1997) deviates from the orig-
inal concepts of Helmholtz, Hering, and Hurvich 
and Jameson. One can only wonder what the im-
pact of these new ideas will have on future 
research, especially in physiology. Will some reti-
nal and cortical cells be classified as luminous 
+/black? Or will physiologists develop their own 
visual theories and guide the psychophysical study 
of blackness? 
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11. Basic Color Terms and Basic Color Categories 

Clyde L. Hardin 

Twenty-five years have passed since the publication 
of Brent Berlin and Paul Kay's influential book, 
Basic Color Terms (1969). After it appeared, there 
was a flurry of critiques, responses, and further 
studies. When the work became enshrined in the 
textbooks, most people took the issue of the nature 
and implications of basic color term usage to be set-
tled. Strangely enough, exactly what was supposed 
to have been settled depended on whom you con-
sulted. On the left wing were the unreconstructed 
cultural relativists who maintained that the Berlin 
and Kay findings were an artifact of their methods, 
and that these were riddled with dubious assump-
tions. On the right wing were the nativists who 
found the Berlin-Kay picture totally persuasive. 

As usually turns out to be the case, the truth lies 
between these extreme views. Although the Berlin 
and Kay position was significantly modified in 
subsequent years, many of its basic tenets have 
proved to be quite robust, supported by various 
bits of independent evidence. Nonetheless, there 
are many important questions that remain unre-
solved. If the grand multilayered story that the 
Berlin-Kay work suggests can be completed in its 
most essential details, it will connect perception, 
thought, and culture. At the center of the story is 
the experience of color and its representation in 
individual consciousness. One branch of the story 
reaches downward into human biology and the 
organization of the nervous system. The other 
branch reaches outward into language and social 
interaction. Doubtless there will in time be many 
such stories, but at the present juncture in the his-
tory of science, this one is the only viable candi-
date. There are numerous gaps and holes between 
levels and within levels. All the same, there is 
enough on the table to suggest that holes can be 
filled and links forged. 

Here is how the original story went. Berlin and 
Kay were struck by how easily common color 
terms could be translated between languages from 
places as diverse as Tahiti and Mesoamerica. But 
if, as cultural relativists had suggested, languages 
divide color space arbitrarily, and moreover, shape 
the way that their speakers perceive colored 
objects, how is this possible? To investigate the 
question, Berlin and Kay proposed criteria to sep-
arate the basic from the non-basic color terms of a 
language. Basic terms are to be those that are gen-
eral and salient. A term is general if it applies to 
diverse classes of objects and its meaning is not 
subsumable under the meaning of another term. A 
term is salient if it is readily elicitable, occurs in 
the idiolects of most informants, and is used con-
sistently by individuals and with a high degree of 
consensus among individuals. To determine the 
references of the basic color terms of a language, 
Berlin and Kay used a rectangular array of Mun-
sell color chips of maximum available chroma, 
vertically ordered in ten equal lightness steps, and 
horizontally ordered by hue, each column differ-
ing from its neighbors by a nominal 2.5 Hue steps. 
(The array was essentially a Mercator projection 
of the outer skin of the Munsell solid.) The test 
array was covered by transparent acetate, and each 
informant was asked, for each basic color term, to 
mark with a grease pencil (a) the best example, or 
focus of the color, and (b) the region of chips that 
could be called by the color term. Figure 11.1 
illustrates the naming of all of the chips of the 
Berlin-Kay array by a 35-year-old male English 
speaker. 'Plus' signs represent the focal examples 
chosen by this speaker for each of the basic color 
categories. 

The investigation on which Basic Color Terms 
was based used native-speaking informants in the 
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San Francisco Bay Area for 20 languages, supple-
menting this limited field study with a literature 
search on 78 additional languages. The synchronic 
results were that languages vary in numbers of 
basic color terms, from a minimum of two terms 
(Papuan Dani) to a (probable) maximum of elev-
en, Russian and Hungarian being possible excep-
tions. But no matter how many basic color terms 
languages might have, their foci tend to cluster 
reliably in relatively narrow regions of the array, 
whereas boundaries are drawn unreliably, with low 
consistency and consensus for any language. 

The diachronic conclusion was that if languages 
were ordered according to numbers of basic color 
terms, the sequences of encodings of basic color 
terms were tightly constrained (the conception of 
successive steps as encodings was subsequently 
changed by Berlin and Kay). For example, if a lan-
guage has two basic color terms (a "Stage I" lan-
guage) those terms will encode black and white. If 
it has three ("Stage II"), those terms will encode 
black, white, and red. If it has four ("Stage III"), 
the terms will be for black, white, red, and either 
yellow or green. The entire sequence comprises 
seven stages and eleven basic color terms. Berlin 
and Kay interpreted these as stages in an evolu-
tionary sequence, and it is this interpretation that 
has occasioned the greatest controversy. The 
nature of the stages and the rules that govern their 
development are the points of the Berlin-Kay the-
ses that have been most revised by their authors. 

The early emergence of black, white, red, yel-
low, green, and blue, along with the clustering of 
the focal examples of each of these terms readily 
suggests an interpretation in terms of Hering's 
opponent-process theory. This reading of the mat-
ter was strengthened when McDaniel (1972) 
showed that when experimental subjects were 
asked to match their respective focal choices of 
red, yellow, green, and blue Munsell color chips 
with monochromatic lights, they chose lights of 
unique hue. Evidence for the view that hue cate-
gories based upon the perception of four elemen-
tary Hering hues are conceptually more funda-
mental than the other hue categories comes from 
hue-naming experiments with human adults. That 
the primacy of these Hering hue categories is bio-
logically rather than linguistically based has been 

argued for by the congruence between adult 
human color-naming data and color categorization 
by human infants as well as other primates. Let us 
consider these points in turn. 

A typical hue-naming experiment asks subjects 
to look at spots of monochromatic light and 
describe them with a restricted set of hue names 
prescribed by the experimenter. They are instruct-
ed to estimate the percentage of the specified hue 
that they see in the stimulus. Subjects tend to be 
quite reliable in performing this task. Sternheim 
and Boynton (1966), along with later investiga-
tors, used an estimation procedure to determine 
the minimum number of hue terms necessary to 
describe the spectrum completely. The require-
ment for a stimulus to be described completely 
was that the percentage estimate of component 
hues add up to 100. A total component estimation 
of less than 100 per cent over a spectral range was 
interpreted as meaning that another hue term was 
required, whereas if every portion of the spectrum 
could be specified in terms of 100 per cent totals 
of the permitted hues, the names of those hues 
were taken to constitute a descriptively sufficient 
set for that spectral portion. Thus the term 
'orange' proves to be unnecessary, since subjects 
are able to describe stimuli that look orange entire-
ly in terms of yellow and red, whereas if the terms 
'orange' and 'green' are permitted but 'yellow' 
forbidden, yellow-looking stimuli will not be 
describable as a combination of orange and green. 
English speakers find the hue names 'red', 'yel-
low', 'green' and 'blue' prove to be both necessary 
and sufficient to describe any spectral stimulus. 

Hue naming as we have so far described it relies 
upon language. What about creatures without lan-
guage? Do they find some categorizations of color 
continua more natural than others? Four-month 
human infants know precious little English, and 
they cannot describe what they see. Nevertheless, 
by watching their eye fixations one can tell 
whether they see two stimuli as similar or differ-
ent. Infants will lose interest in a stimulus that 
looks similar to its predecessor, but continue look-
ing at a stimulus that they regard as different from 
what went before. By exposing infants to se-
quences of colored lights whose dominant wave-
lengths are 20 nm apart, and recording their eye 
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movements, Bornstein, Kessen and Weiskopf 
(1976) were able to map out their spectral color 
categories. These proved to line up rather well 
with the spectral categories of adults that are 
mapped with color-naming procedures. Using a 
rather different subject pool, Sandell, Gross, and 
Bornstein (1979) trained macaques to respond dif-
ferentially to colored papers that human beings 
would see as good representatives of their cate-
gories, and then presented them with randomized 
sequences of colored papers that did not match the 
training stimuli. Their response rates changed 
markedly as the stimuli crossed human red-yel-
low-green-blue category boundaries, and were not 
sensitive to minor variations from monkey to mon-
key in the actual values of the training stimuli. 

All of this suggests that categorization is in an 
important respect prior to language. This is con-
sistent with what we know about certain brain-
damaged people, who can pass color-vision tests 
as well as produce color names (see chapter 7). 
Though they are unable to apply the color names 
to objects correctly, they are able to sort colored 
yarns correctly. However, it may well be the case 
that the categories available to these people are a 
function of their past experience with language 
and with socially influenced color-sorting experi-
ences. We would like to know if there is a set of 
default categories that members of our species and 
our closest cousins bring into the world. The infant 
data suggest that there is, and that these default 
categories are based upon the Hering primaries. 

The very success of the nativist argument puts a 
significant burden on visual and cognitive scien-
tists. It is one thing to note with satisfaction that 
basic infant hues are basic Hering hues. It is quite 
another to give an account of why there are eleven 
Berlin-Kay categories but only six Hering cate-
gories, why some derived categories such as pur-
ple are basic but others such as chartreuse are not, 
and why the categories are so uneven in size and 
placement. When one examines the color space in 
three dimensions rather than just looking at the 
outer skin, as Berlin and Kay did, the problems are 
even more pronounced. 

Working independently of each other and using 
different color-order systems and different meth-
ods, Boynton and his collaborators in the United 

States (Boynton and Olson, 1987; Uchikawa and 
Boynton, 1987) and Sivik and Taft (Sivik, 1985; 
Sivik and Taft, 1991) in Sweden asked subjects to 
name samples drawn from the whole color space. 
Their determinations of the sizes and locations of 
the eleven Berlin and Kay categories are quite 
comparble, although they used different methods. 

Boynton and Olson (1987), using separately 
presented samples from the Optical Society of 
America's Uniform Color Space (OSA) asked 
their English-speaking informants to name the 
samples with monolexical terms, but put no fur-
ther restrictions on what those terms were to be. 
After each informant named each of the 424 color 
chips, presented in random sequence on two sepa-
rate occasions, Boynton and Olson assessed the 
consistency with which each subject named the 
chips as well as the extent of agreement, or con-
sensus, among informants. During the trials, 
response latency between each presentation and 
the production of the name was covertly measured. 
Boynton and Olson found that each of these three 
salience measures - consistency, consensus, and 
response time - neatly separated the chips named 
by Berlin and Kay's eleven basic color terms from 
all of the others. Uchikawa and Boynton repeated 
the procedure with native speakers of Japanese 
with essentially the same results. Later data gath-
ered from testing English-speaking two and four-
year old children and a four-year old Japanese 
child were consistent with these findings. 

The Boynton work raises several intriguing 
issues. Here is one of them. Although all three of 
the salience measures separate basic from non-
basic color terms, none of them distinguishes 
between the terms for the Hering primaries and the 
terms for the other basic colors. Corbett and 
Davies (1997) looked at a number of linguistic as 
well as salience measures that would not only dis-
criminate basic from non-basic color terms, but 
also distinguish between the Hering primaries and 
the other basic terms. The only procedure that they 
found that reliably made this latter distinction was 
to ask people to list the color terms that first come 
to mind. The Hering primaries almost always get 
mentioned first. Why do the other techniques fail 
to establish such a difference among the primary 
and derived basics? Boynton is inclined to say that 
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none of the basic colors is more fundamental than 
the rest, and that whatever native neural machinery 
makes for color classifications, the category-gen-
erating mechanisms for orange are on a par with 
those for red and yellow. Here is a direct quota-
tion: "I feel it reasonable to suppose that there may 
be eleven categorically-separate varieties of activ-
ity, corresponding to each of eleven kinds of color 
sensations that are identified by the eleven basic 
color terms" (Boynton, 1997). And this from the 
man who helped bring us the Sternheim-Boynton 
color-naming technique that established that red 
and yellow are more basic than orange! 

A second problem has to do with the large dif-
ferences in size between the regions of color space 
that are called 'red' or 'yellow' and the ones that 
are called 'blue' or 'green'. The latter, but not the 
former, are found at all lightness levels. To this 
one might appropriately respond that we call light 
reds 'pink' and dark - or, more accurately, black-
ened - yellows 'brown'. Now many people will 
hesitate to say that a brown is just a blackened 
orange or yellow, for brown looks to have a very 
different quality from those two. Indeed, Fuld, 
Werner and Wooten (1983) found some evidence 
to support the conclusion that brown might be an 
elemental color. Although Quinn, Rosano, and 
Wooten (1988), by running a careful Sternheim-
Boynton procedure, were subsequently able to 
show that brown is none other than blackened yel-
low, the subjective impression remains that there is 
something special about brown. Its appearance of 
strong qualitative difference from yellow distin-
guishes it from other blackened colors, most of 
which resemble their parent hues. Blackened blues 
continue to look blue, blackened greens, i.e., olive 
greens, continue to look green. Only oranges and 
yellows seem to lose the parental connection when 
blackened. I would suggest that we have here an 
important phenomenal fact that has not been fully 
accounted for. 

Another question has to do with the absence of 
basic terms for two regions of binary hue that are 
marked by such non-basic terms as 'chartreuse' 
and 'lime' on the one hand, and 'aqua' and 
'turquoise' on the other. If one takes a simple-
minded look at the basic opponent-colors scheme, 
one finds no reason to expect that the yellow-

green binaries and the green-blue binaries would 
be less salient than the yellow-red binaries that we 
call 'orange' and the red-blue binaries that we call 
'purple'. And yet, Berlin and Kay tell us that there 
are many languages with basic terms for orange 
and purple, but not a single one with a basic term 
for either chartreuse or turquoise. 

'Chartreuse' is not the most common of words. 
Many people think that it falls between pink and 
purple. Suppose, however, that one had a group of 
people who knew how to use the term correctly. 
Would their use of the term be closely analogous 
to their use of 'orange'? Several years ago, Beare 
and Siegel (1967) had shown that in color-naming 
experiments when 'yellow' and 'red' were permit-
ted but 'orange' forbidden, subjects would fully 
describe the spectral range around 590 nm in 
terms of 'red' and 'yellow', in complete accor-
dance with the findings of Sternheim and 
Boynton. But if 'orange' were permitted in addi-
tion to 'red' and 'yellow', the ranges of both of 
these latter terms would be sharply constricted, 
and neither name would ever be used to describe a 
590 nm stimulus. In similar fashion, in using the 
OSA chip set, Boynton never found a case in 
which a chip was called 'yellow' on one occasion 
and 'red' on another, by either the same or differ-
ent subjects, whereas many chips were called 'red' 
on one occasion and 'orange' on another. 

Miller (1997) explored the comparative uses of 
'orange' and 'chartreuse' by using a forced-choice 
color-naming procedure in which the available hue 
names were 'red', 'yellow', 'green', and 'blue' 
along with 'orange' and 'chartreuse'. All of 
Miller's subjects were told that chartreuse is "a 
greenish-yellow or yellowish-green about halfway 
between green and yellow." They viewed mono-
chromatic lights ranging from 430 to 660 nm, and 
"were instructed that after a warning tone they 
would receive a hue term and then must push one 
of two buttons indicating whether the hue is 'pre-
sent' or 'absent'." The resulting identification 
functions for the six hue terms are good matches 
for the curves obtained in the more usual hue-
naming experiments. However, the functions for 
'chartreuse' and 'orange' relate quite differently to 
their neighbors. 'Orange' shows the expected 
behavior, restricting the ranges of 'red' and 'yel-
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low', whereas 'chartreuse' seems essentially 
redundant, 'yellow' and 'green' behaving in the 
presence of 'chartreuse' much the way that 'red' 
and 'yellow' behave in the absence of 'orange'. 
Taken with the Berlin and Kay data, this suggests 
a difference between the binaries that we would 
not have expected from the opponent scheme 
alone. 

We have seen that there are several lines of evi-
dence to support Berlin and Kay's distinction 
between basic and non-basic color terms, with six 
of the basic terms having as their referents the 
Hering primaries. The color categories that these 
six pick out appear to have a prototypic structure, 
with the foci for the most part positioned where 
visual science would have expected them to be, the 
generalization from the prototypic instances being 
achieved by mechanisms held in common by 
members of our species and our animal cousins. It 
is reasonable to expect that visual science will 
have a central role to play in explaining the details 
of color category organization, although it seems 
clear that our understanding of the color-vision 
system is not yet fully up to the task. But it also 
seems clear that although perceptual mechanisms 
can account for the saliences in our experience, 
cognitive mechanisms must be invoked to explain 
how and why certain of these saliences are seized 
on and exploited, while others play a minor role. 

This becomes all the more apparent when we 
direct our attention to the processes by which color 
categories receive cultural elaboration and expres-
sion. We have every reason to suppose that human 
visual systems function the same way in almost 
everyone almost everywhere, whereas the stock of 
basic color terms varies from place to place and 
time to time. This is, as Berlin and Kay themselves 
came to see, not just a matter of labels coming to 
be attached to pre-existent categories, but of a 
development of the categories themselves. 

Kay and McDaniel (1978) proceeded to recon-
ceive the developmental scheme as the successive 
division of macro-categories into smaller cate-
gories focused on the Hering primaries, and then 
the partition of the Hering categories into the other 
basic, or "derived" categories plus narrower ver-
sions of the Hering six. They suggested thinking 
of the macro-categories as fuzzy-set unions of the 

Hering categories, and of the derived categories as 
rescaled fuzzy-set intersections of pairs of the 
Hering six. The developmental scheme they pro-
posed is illustrated in an idealized fashion in 
Figure 11.2. For an intuitive reference, compare 
the schema for Stage 7 with Figure 11.1c. 

Stage I systems (of which Dani is the only 
attested example) are followed by systems of the 
Stage II type, with three categories: a white cate-
gory, a (red plus yellow) category, and a (black 
plus green plus blue) category. According to Kay 
and McDaniel, there were two types of four-term 
systems. Stage Ilia had a (white), a (red plus yel-
low), and a (green plus blue) and a black category. 
Stage Illb had a white, a red, a yellow, and a (green 
plus blue plus black) category. One could, they 
suggested, think of Stage Ilia as having resulted 
from the (green plus blue plus black) category of 
Stage II splitting into (green plus blue) and black. 
One could think of Stage Illb as having resulted 
from the (red plus yellow) category of Stage II 
splitting into separate red and yellow categories. 

In the transition from Ilia to IV, the (red plus 
yellow) category splits into separate red and yel-
low categories. In the transition from Illb to IV, 
(black plus green plus blue) splits into black and 
(green plus blue), often referred to as 'grue'. 
Passing from Stage IV to Stage V, grue splits into 
green and blue, producing a system with exactly 
one basic color term for each of the Hering funda-
mentals. After Stage V, derived terms, based on 
fuzzy-set intersection, make their first appearance, 
and this process continues until the Stage VII lan-
guages such as contemporary English have devel-
oped. Hereafter, we shall call all of this "the Kay-
McDaniel sequence" and the sequence plus the 
fuzzy-set interpretation "the Kay-McDaniel theo-
ry". The virtues of the Kay-McDaniel theory were 
recently set out by Kay (personal conversation): 

"As far as color per se is concerned the neurolo-
gy that is devoted to strictly to color yields as 
output only the six Hering fundamentals. Then, 
the other categories, derived like orange, or com-
posite like (black or green or blue), are depen-
dent on the interaction of the strictly color-devot-
ed circuitry with some kind of general cognitive 
circuitry that has to do with some kind of gener-
al category-forming operations that are not 
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restricted to color. One way to interpret the Kay 
and McDaniel story is, then, that after you get 
the six Hering primaries, the color story is over, 
and you enter general psychology, a general cog-
nitive psychology, as it operates on color stuff, 
but using psychological processes that may oper-
ate on other stuff besides color." 

Two caveats are in order here. First, as we shall 
shortly see, there are reasons to wonder whether it 
is indeed the case that color science would have 
nothing else to contribute to the story. For in-
stance, where else should we turn to find out why 
the warm category always divides before the cool 
category? Visual salience is surely needed in addi-

Fig. 11.1 a: This is a photograph of the minature Munsell color array that was used in field trials of the World 
Color Survey for indicating informants' choices of focal referents of color terms. Color-naming trials used 
standard-sized Munsell chips of the same designations as those in the array. Those chips were presented indi-
vidually in randomized order. 

1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 4 

0 A 1 2 3 4 5 6 7 » 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 « 9 0 1 2 3 4 5 6 7 8 9 0 9 . 5 

0 Β 2 2 2 2 2 2 2 2 4 6 6 6 6 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
0 c 6 6 6 6 6 6 8 14 16 14 12 12 12 4 10 8 8 6 6 6 6 4 4 4 4 4 4 4 6 6 4 4 4 4 6 6 6 6 6 6 
0 D 8 Β 10 10 10 14 14 14 12 12 12 12 12 6 10 10 10 8 8 8 8 8 6 6 6 6 6 8 8 8 6 6 6 6 8 8 10 10 8 8 
0 1 12 12 12 14 16 12 12 12 10 10 10 10 10 8 12 12 10 10 10 10 Β 8 Β 8 Β 8 8 10 10 10 8 8 8 8 10 10 10 10 12 12 
0 F 14 14 14 16 14 12 10 10 8 8 8 8 8 10 10 12 12 10 10 10 10 Β 8 Β 8 8 8 10 12 12 10 10 10 10 10 12 12 12 14 14 
0 c 14 14 14 14 10 8 8 6 6 6 6 6 6 12 8 8 10 10 10 10 8 Β 8 6 6 Β Β 10 10 12 12 10 10 10 10 12 12 12 12 14 
0 Η 10 10 12 10 8 6 6 6 4 4 4 4 4 10 6 6 8 8 10 8 6 6 6 6 6 6 6 8 10 10 12 10 10 10 10 10 10 10 10 10 
0 1 8 8 8 6 4 4 4 2 2 2 2 2 2 4 4 4 4 6 6 6 4 4 4 4 4 4 6 6 ί 8 10 8 8 8 6 6 8 8 8 8 
0 Κ 2.5 5 7.5 10 5 10 S 10 5 10 5 10 5 10 5 10 5 10 5 10 5 10 

R YR Y GY G BG Β BP Ρ RP 

Fig. 11.1 b: This figure gives the specifications of the Munsell color chips that were used in the array pictured 
in Figure 11.1 and as color-naming stimuli. On the left and at the top are the designations that are printed on 
the field array. The corresponding Munsell specifications for Hue are given at the bottom, and the specifica-
tions for Value appear on the right. The numbers within each cell specify the Munsell Chroma. Heavy lines 
distinguish Chroma at /6 and below from /8 and above. The left column represents the achromatic Value scale, 
all of whose chips have a Munsell Chroma of 0. (Courtesy of Robert MacLaury). 
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Fig. 11.1c: Color-naming of the Berlin-Kay Munsell array by an English-speaker (see text). (Courtesy of 
Robert MacLaury). 
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Fig. 11.2: Schematic representation of the Kay-McDaniel sequence (see text). 
(Courtesy of Paul Kay and Robert MacLaury). 
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tion to general cognitive processes. Secondly, it is 
not clear that fuzzy logic alone will be able to do 
all the work that Kay and McDaniel ask of it. 
Orange is a case in point. According to fuzzy 
logic, a theory that permits graded set member-
ship, since orange is the product (along with a 
scaling factor) of red and yellow, focal orange 
should be an example of both red and yellow, yet 
Boynton found no case in which a chip was called 
both 'red' and 'yellow'. Here, it is important to 
distinguish between the color category to which a 
colored sample is assigned and the hue compo-
nents that can be distinguished in that sample. 
Samples called 'red' can have a distinct yellow hue 
component in them - a fact marked in English by 
the 'ish' suffix - without anyone's being inclined 
to label the samples as 'yellow'. Depending upon 
instructions, subjects can be driven to respond 
either to an overall category established by the 
dominant hue, or to the admixed hue. Someone 
who is asked to affix to a sample a monolexemic 
color word of her choice will likely respond quite 
differently from one who is presented with the 
same sample with the instruction, "Yellow: yes or 
no." To ask how the orange category is formed 
from the red category and the yellow category 
without relativizing the question to the task 
demand or without making the category-compo-
nent distinction can easily lead to confusion. 
Beyond that, the fuzzy-logic model would suggest 
that the behavior of orange and chartreuse should 
be the same, but Miller's study indicates the con-
trary. Such considerations call the Kay-McDaniel 
theory into question, but leave the Kay-McDaniel 
sequence intact - for the moment at least. 

In the 1970s, while the Kay-McDaniel theory 
was being hatched, Berlin, Kay and Merrifield 
were planning the ambitious World Color Survey. 
Protestant evangelists, dispatched to the most 
remote regions of the world, were instructed in 
color term elicitation, interviewing techniques, 
and the use of a standard randomized array of 
Munsell color chips as well as a miniaturized color 
sample array. The objective was to gather data in 
the field from a wide variety of languages, with 
25 monlingual informants for each language (Kay 
et al., 1991). In addition to their efforts, and those 
of several other workers, MacLaury (1997) con-

ducted a wide-ranging Mesoamerican Color Sur-
vey, using the WCS methods as well as some inno-
vations of his own. Altogether, there is now ana-
lyzed data on 111 exotic languages. The new data 
have required substantial complications to the 
Kay-McDaniel sequence (Kay et al., 1997). 

I shall have nothing particular to say about these 
complications, save for two remarks. The first is 
that the results from some of the languages in which 
there seem to be very broad categories embracing 
mid-lighness yellow, green, and blue cease to be 
quite so puzzling when the categories are seen as 
marking distinctions primarily in brightness or 
lightness rather than in hue. MacLaury (1992) has 
suggested a separate brightness sequence for some 
languages that later merges with Kay-McDaniel 
hue sequences. This would correct a bias in the 
Berlin-Kay tradition so far in favor of hue cate-
gories that has been pointed out from the beginning 
by Hickerson (1971) and others. As Casson (1997) 
tells us, "The eight Old English terms that survived 
and evolved into basic color terms were brightness 
terms that had minor hue senses (except red and 
green, which had major hue senses)." 

My second comment is that the basic color 
vocabularies of the great majority of languages are 
consistent with the Kay and McDaniel sequence. 
The exceptions to it are striking and interesting, 
but they are few. There are solid independent rea-
sons for taking it to be describing an historical 
process. Historical linguists have performed sever-
al reconstructions of earlier states of present-day 
languages, proto-Mayan, proto-Polynesian, and 
Anglo-Saxon for example, and have generally 
found the roots of their basic color terms to be in 
accord with the Kay-McDaniel sequence. And 
some of the WCS interviews are best interpreted 
as marking languages in transition from an earlier 
to a later stage, with the speakers who use a new 
basic term tending to be younger than those speak-
ers who do not use the new term. It is of no small 
interest that in virtually all cases linguistic forms 
that undergo development in time devolve as well 
as evolve. According to linguistic typologist 
Greville Corbett (oral communication), there are 
just two known counterexamples to this: numeral 
systems and systems of basic color terms. 

There remain the questions of what drives the 
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evolution of basic color terms, and what, beyond 
the resources of fuzzy-set logic, constrains the pat-
terns of basic color term development. The answer 
or, more likely, answers to the first question lie at 
least in part within the domain of social theory. 
Some authors see the development of basic color 
terms as related to social complexity, though what 
one is to understand by "social complexity" is a 
question that is bound to be provocative. Others 
link the development to color technology. 

More to the point of our concerns here is to 
identify the sources of constraint in the develop-
ment of basic color terms. Why do the Dani divide 
color space into a warm-light (mola) region and a 
dark-cool (mili) region? An answer that occurs to 
us all is implicit in the gloss itself: the colors 
called 'warm' and the colors called 'cool' seem to 
form natural resemblance classes. The division is 
robust, and the same cross-modal semantic labels 
are reliably used in different languages: Sivik and 
Taft (1990, 1991) have determined this for 
English, Swedish, Russian, and Croatian. An inter-
esting question here is whether red and yellow on 
the one hand, and blue and green on the other, are 
lumped together because of their association with 
warmth and coolness respectively, or whether 
there are intrinsic resemblances that are marked by 
the associational terms. If, as I suspect, the second 
opinion, is correct, there is an important phenom-
enal fact to be accounted for, and not much in the 
way of currently available resources to do the 
accounting. (It is interesting to notice that Hering 
gave red and yellow positive values, and green and 
blue negative values. This assignment of sign to 
chromatic valence has persisted to the present, 
although it is now officially viewed as only con-
ventional). An important first step in exploring 
this matter was undertaken by Katra and Wooten 
(1996), who found that subjects' ratings of color 
chips as "warm" or "cool" closely tracked their 
opponent-response functions. 

Another striking feature of the Kay-McDaniel 
sequence, to which the World Color Survey pro-
vides no exceptions, is the invariable tendency of 
the "warm" macrocategory to divide before the 
"cool" macrocategory. There are many languages, 
particularly in mesoamerica, which have basic cat-
egories for red, yellow, and white, along with an 

intact "grue" - green plus blue - category. There 
are, on the other hand, no languages with separate 
basic terms for green and blue that retain an undif-
ferentiated red plus yellow category. MacLaury 
has remarked in conversation that this would be 
readily explained if green were more similar to 
blue than red is similar to yellow. I know of no 
study that has established this to be so, though it is 
certainly interesting to observe that people seem to 
argue more frequently about whether a given sam-
ple is "really" blue rather than green than whether 
it is "really" red rather than yellow. And we have 
already noted the rather striking fact that green 
and blue cover large areas of phenomenal color 
space whereas the "warm" region is differentiated 
much more finely into red, yellow, orange, pink, 
and brown. Just why any of this is so is, I think, 
quite mysterious. It seems to me that once more 
language is tracking visual saliences, the nature of 
which has scarcely been explored by visual sci-
ence. 

The chief features of the Berlin-Kay synchronic 
findings and the chief trends of the Kay-McDaniel 
sequence are real and robust. They cry out for 
fuller explanation. Psychophysicists need to estab-
lish the detailed character of the visual saliences 
that underly basic color categories and macro-cat-
egories, and ask how biological mechanisms 
might account for those saliences. Cognitivists 
need to ask about the dynamics that propel the 
development of color categories, and whether 
those dynamics are operative in the formation of 
other kinds of basic experiential categories as 
well. There is a lot of work here for everybody. 

Discussion and Summary 

Although the details of the Berlin-Kay evolution-
ary sequence have been criticized by many schol-
ars, and the sequence substantially revised, partic-
ularly by Kay and McDaniel, the basic claims have 
been confirmed, and those claims invite interpre-
tation in terms of innate perceptual and cognitive 
mechanisms. That the mechanisms are indeed 
innate is supported by both infant and chimpanzee 
studies of color naming, which are consistent with 
color naming by adult native speakers of European 
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languages, as studied by Boynton, Sivik, and oth-
ers. The location of the foci of basic color terms 
and the order of their appearance in the Berlin-
Kay evolutionary sequence indicate that the six 
Hering elementary colors have a central role to 
play. However, there are many features of the data 
and theory that are not explained by an appeal to 
simple opponent-process models. These include 
the naming of some but not all binary colors by 
basic terms, the failure of many salience tests to 
distinguish between Hering basic terms and the 
other basic color terms, the strikingly unequal size 
and distribution of basic color categories, and the 
early-stage formation and subsequent asymmetri-
cal dissolution of macro-categories, such as 
"warm-light" and "cool-dark" in languages that 
have but few basic color terms. The invariability of 
some of these sequences-e.g. the warm categories 
always break up into red and yellow categories 
before the cool categories are resolved into green 
and blue-suggests that they derive from biologi-
cally-based perceptual saliences. Some very pre-
liminary-though provocative-work has been done 
to investigate these questions. One experiment 
seems to tie the warm-cool division to the levels of 
opponent-channel activation, and another suggests 
that color categorizations by individuals may 
replicate the Berlin-Kay sequence. All of these 
questions cry out for further investigation. 
Psychophysicists need to establish the detailed 
character of the visual saliences that that underly 
basic color categories and macro-categories, and 
ask how biological mechanisms might account for 
those saliences. Cognitivists need to ask about the 
dynamics that propel the development of color 
categories, and whether those dynamics are opera-
tive in the formation of other kinds of basic expe-
riential categories as well. At stake is the possibil-
ity of framing a coherent account of how a piece 
of language is fitted to perception. Potentially, it is 
a story that reaches all the way from neurobiology 
to human culture; it is the only such story that now 
lies within our grasp. 
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12. Color Perception: 
From Grassmann Codes to a Dual Code 
for Object and Illumination Colors 
Rainer Mausfeld 

12.1 Introduction 

Among the many different attributes of visual 
experiences the attribute of color appears to be the 
most enigmatic with respect to our attempts to 
deal with it theoretically. Unlike shape for 
instance, color does not seem to be part of a physi-
co-geometrical description of the physical worlds. 
Color rather seems to be a product of the organ-
ism's visual system; it appears to be of a subjective 
nature. Though the concepts of 'subjective' and 
'objective' resist any clear-cut definition, it is 
obvious that color cannot be entirely internal, like 
emotional states, since under normal conditions 
color experiences are tied in a lawful way to prop-
erties of the physical world. This Janus-facedness 
of color has not only made color an important tar-
get for epistemological inquiries into the relation 
between the 'external world' and its 'internal rep-
resentation', but has also made color perception a 
field of paradigmatic interest for investigations 
into fundamental aspects of the cognitive sciences. 
Color perception encompasses the entire gamut of 
levels, from neural transduction to linguistic clas-
sifications and conscious percepts, with which the 
cognitive sciences are concerned. 

Its unique blend of physics, neurophysiology and 
phenomenology makes color science particularly 
rewarding for studies of foundational and concep-
tual issues of perception. What properties does the 
perceptual coding of physical features of the envi-
ronment exhibit? What kind of internal structure 
does the perceptual system impose on the sensory 
input? How can the achievements of color percep-
tion be characterized in terms of the adaptive cou-
pling of the organism to its environment? What 
kind of physical regularities does the visual system 
take advantage of in pursuing its functional goals? 

Such questions can only be successfully dealt 
with if one clearly distinguishes different levels of 
description and analysis: the physical description 
of perceptually relevant aspects of the physical 
environment, the phenomenological description, 
the description of functional achievements and 
descriptions of neural processing. The notion of a 
color code, as advanced by Krantz (Suppes et al., 
1989, p. 256 ff.), is a particulary helpful tool for 
separating these levels in color research and for 
understanding their interrelation. It allows the 
conflation of physical, phenomenological and neu-
rophysiological aspects to be avoided and the fol-
lowing questions to be distinguished from one 
another: 

- what kind of psychological relations are referred 
to? (e.g., metamerism, color cancellation mea-
sures, thresholds, color appearances, assessment 
of 'object colors') 

- what is the underlying physical structure? (e.g., 
physical structure of 'lights', physical structure 
of 'natural lights' and 'ecological surfaces') 

- how can codes with certain properties (e.g., 
codes for metamerism, codes for unique colors, 
codes that are illumination independent) be con-
structed on the basis of the joint psycho-physi-
cal structure? 

In this chapter I will try to provide an introducto-
ry and abbreviated outline of different psy-
chophysical perspectives in color research from a 
purely psychophysical and functionalist point of 
view. In order to bring out the basic theoretical ele-
ments more clearly I shall, in an intuitive and 
implicit way, employ the formal notion of a color 
code and sketch along these lines the Grassmann 
theory of primary color coding, schemes for oppo-
nent color-coding, codes for accounting for spatial 
and temporal context, and the computational per-
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spective developed in the context of color con-
stancy. This outline then serves as the background 
for the discussion of some general topics, such as 
phenomenology and attributes of color, and con-
ceptual problems, like the measurement device 
conception of color perception. Finally, I shall give 
the outlines of a new perspective on color percep-
tion that is inspired by ethology. According to this 
perspective, which considers the parsing of the 
sensory input in terms of, e.g., 'objects', 'sur-
faces', and 'events' to be determined by an innate-
ly fixed categorization process, color is not regard-
ed as simply representing a specific set of physical 
attributes of the environment, like surface spectral 
reflectances, but rather is understood as part of the 
very format, as it were, of the perception instinct 
that couples our perceptuo-motorial system as a 
whole to its environment. The celebrated phenom-
ena that show the dialectic relationship of light 
and object in color perception - which in present-
day computational approaches is misrepresented 
and over-idealized as the 'problem of color con-
stancy' - are, according to this view, an insepara-
ble part of our form of perception, rather than a 
computational achievement of estimating natural 
surface reflectance functions on the basis of cer-
tain sensory inputs. If the perceptual categories of 
'illumination color' and 'object color', which are 
the mold into which the internal coding of color is 
fitted, are internally constituted by a few 'repre-
sentative' physical features, then these physical 
characteristics could be instantiated by an other-
wise highly reduced stimulus. Such 'minimal' 
stimuli would then suffice to trigger internal per-
ceptual achievements, like the segregation of 
'object' and 'illumination' information, whose 
complexity far exceeds that of the triggering stim-
ulus. Two problems of perceptual theory, though 
related, have to be distinguished here (referring to 
two different units of analysis, viz., the individual 
in a specific context and the evolving species). 
The first is to understand the nature of the internal 
'semantics' of the perceptual categories of 'lights' 
and 'objects' for a given organism. The second 
problem refers to evolutionary processes during 
which the internal semantics originated: what 
physical properties of the environment gave rise in 
evolutionary history to the structure of these per-

ceptual categories? This second problem is part of 
a general evolutionary perspective on the universal 
structure of color perception, as advanced by 
Shepard (1992; 1994). 

12.2 ELementaristic vs. 
Ecological Perspectives in 
Color Research 

In research on color perception we can schemati-
cally distinguish two different kinds of theoretical 
perspectives: an elementaristic psychophysical 
(and often neurophysiological) perspective focus-
ing on 'front end' color coding, and a functional 
perspective emphasizing complex perceptual 
achievements like color constancy or the percep-
tion of shadows or illumination. 

The starting points for the elementaristic psy-
chophysical perspective are elementary achieve-
ments like color matching, color discrimination 
etc. and their temporal and spatial coding proper-
ties. Typical stimuli used here are decontextual-
ized colors, i.e., mere color and light patterns that 
are not embedded into a natural scene. It is well 
known that this perspective proved to be fruitful 
for our understanding of elementary neural color 
codes. 

On the other hand, the functionalist perspective 
which became intimately connected with a com-
putational approach to color perception takes as its 
starting point complex achievements of the visual 
system, like color constancy. The corresponding 
stimuli are complex 'scenes' that are physically 
described in terms of complex achievement-re lat-
ed concepts, i.e., in terms of 'surface', 'specular 
highlights', 'shadows', 'transparency' etc. 

Whereas the elementaristic psychophysical per-
spective only employs elementary spatio-temporal 
light patterns as such without relating them to per-
ceptual categories or interpretations in terms of 
environmental entities, the computational perspec-
tive takes the perceptual classification of the envi-
ronment, i.e., the furniture of the physical world as 
perceived by the organism, as given and attempts 
to establish computational mechanisms that allow 
properties of the theoretically predetermined envi-
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ronment to be reconstructed from the sensory 
input. In the theoretical language of the elemen-
taristic perspective the stimulus is described in 
terms of elementary physical variables, whereas 
the computational approaches tend to describe the 
input by employing perceptual categories of the 
output. (The different spirits of these two perspec-
tives is mirrored in the different kinds of apparatus 
typically employed for experimental investiga-
tions, namely Maxwellian viewing systems, as 
shown in Figure 12.1, vs. complex spatio-temporal 
patterns on CRT screens.) 

Thus, the elementary psychophysical perspec-
tive only deals with processes like sensory trans-
duction, filtering, signal-noise analysis etc. with-
out addressing the problem of how elementary 
perceptual categories, like surface, object and 
light, are constructed. On the other hand, the com-
putational perspective takes these perceptual cate-
gories for granted and uses them right from the 
beginning for the physical description of the 
scene. But the physical and the perceptual cate-

gories of, say, ' i l lumination', ' surface ' , 'object ' 
and 'motion' do not coincide, and the existence of 
the physical entity is not only not sufficient, but 
not even necessary for the corresponding percept 
(think of an object on a CRT screen or in a virtual 
reality setting). Neither of these perspectives (or 
combinations thereof) thus deals explicitly with 
the core problem of how elementary perceptual 
categories, like 'surface' , 'object ' , 'illumination 
color' or 'object color' come about. It is this aspect 
that I shall address in the final section. 

Theories on the internal coding of color - both 
within an elementary and within an ecological per-
spective - are only weakly and often only very 
indirectly linked to appearances of color. Yet 
observations about color appearances usually pro-
vide the starting point and motivation for investi-
gations of color coding. Since the question of 
attributes of color is a far less trivial and settled 
question than is suggested by the current color 
term orthodoxy of 'hue ' , 'brightness' and 'satura-
tion' , I shall briefly outline in the next section 

Fig. 12.1: The Kiel micro-optic Maxwellian-view system. 
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some of the conceptual intricacies involved in the 
issues of assessing attributes of color (without 
dealing with the many empirical intricacies in the 
complex phenomenology of color appearances). 

12.3 Attributes of Color 

The great variety of nuances of color appearances 
that natural scenes offer us can only be made 
accessible for perceptual judgments and linguistic 
concepts by processes of abstraction and catego-
rization. Color terms gradually emerged in the 
process of cultural evolution. From Homer's 
emphasis on forms of light, such as brightness, 
luster, and the changeability of colors, to the sub-
sequent and continuing interest in the proper color 
of objects and in color as such, there has been a 
culturally shaped progression toward an increas-
ingly abstract color vocabulary. Thus, the build-
ing-up of a color terminology is a cultural achieve-
ment that from the very beginning of human 
culture mirrors not only the significance of certain 
biologically important objects, but to an increas-
ing extent the invention and cultural role of col-
oration techniques and dyeing-processes. Our 
abstract color terms mostly derive from either con-
crete objects (like red, which in all Indo-European 
languages seems to be derived from the Sanskrit 
word for blood, rudhira, e.g., erythros, ruber, 
ruadh, rot, rouge, rosso) or from material proper-
ties, e.g., shining, glossy, speckled, dull, drab, 
resplendent (see Marty, 1879; Hochegger, 1884; 
Waetzoldt, 1909). Our conscious awareness is of 
objects and their material character, whereas color 
appearances only seem to be a kind of medium we 
are reading through, as it were, in the visual sys-
tem's attempts to functionally attain the biologi-
cally significant object. Therefore cognitive 
processes of similarity classification and abstrac-
tive categorization are necessary for a linguistic 
description of color experiences. This achievement 
of an abstractive categorization entails the Janus-
facedness of color with respect to its objective and 
subjective aspects, mirrored by the incoherence of 
our everyday concept of color, which hovers 
between two quite different meanings of color, 

namely (objective) color patches and (subjective) 
color experiences. 

Whereas properties of the brain certainly restrict 
and predetermine the possible kinds of categoriza-
tion and linguistic comprehension of perceptual 
experiences, there is to date no compelling evi-
dence that the coupling of color experiences to lin-
guistic categories is in a specific way predeter-
mined by properties of internal coding (cf., 
Frumkina, 1984; for alternative viewpoints see 
chapter 1 and 11). Though the basic perceptual 
categories of bright and dark (which have become 
metaphorically linked to several culturally signifi-
cant dichotomies) may have influenced linguistic 
categories, there does not seem to be a fixed set of 
natural kinds for linguistic color concepts. 
Biologically and functionally crucial aspects of 
the perceptuo-motorial system do not map in a 
natural and direct way to language, but have to be 
'reconstructed' by conscious cognitive activity. 
Our linguistic grip on color experiences is based 
on a categorization process that is primarily 
shaped by contingent properties of the environ-
ment (like kinds of biologically significant objects 
and the availability of natural dyes), by the cultur-
al context and the degree of linguistic abstraction 
achieved. Though there have been several attempts 
to show that this process of categorization is deter-
mined by certain internal properties of color cod-
ing (e.g., Ratliff, 1976), no convincing evidence so 
far could be provided for such a claim. If the con-
struction of a color terminology is first of all a cul-
tural achievement, it does not come as a surprise 
that scientific insights into the nature of internal 
color coding have since the last century them-
selves reciprocally influenced the way we catego-
rize and classify colors. From the invention of the 
'basic color attributes' hue, saturation and bright-
ness and the ideas on an internal opponent organi-
zation of color to color-order systems, like the 
Munsell or DIN system (which are used for indus-
trial processes that require standards and norms 
for referring to colors), the way we talk about 
color is continuously changing. Therefore it is 
hardly an exaggeration to say that "'color' did not 
mean to the Greeks what it means to us" (Irwin, 
1974, p. 14). Color terms are the product of a cul-
turally shaped abstraction process. "The Homeric 
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Greek had not yet learned to think in abstract 
terms. 'What is color?' is a question they would 
never have formulated, let alone been able to 
answer." (Irwin, 1974, p. 22) 

If we look at standard textbooks on color per-
ception we find the following kind of description 
of color attributes, which is usually regarded as a 
natural, unique and complete classification for 
describing color appearances: 
brightness: "the attribute of a visual sensation 

according to which a given stimulus 
appears to be more or less intense" 
(Note the ambiguity of the concept 
'intense' in this description.) 

hue: "the attribute of a color perception 
denoted by blue, green, yellow, red, 
purple, and so on" 

saturation: "the attribute of a visual sensation 
which permits a judgment to be made 
of the degree to which a chromatic 
stimulus differs from an achromatic 
stimulus regardless of their bright-
ness" (Wyszecki and Stiles, 1982, 
p. 487). 

The received, but misguided idea that these attrib-
utes adequately characterize color appearances 
amounts to downplaying the complex phenomenal 
structure of color experiences (for linguistic evi-
dence of their inadequacy see Frumkina, 1984, 
p. 24). These attributes were, in the wake of Helm-
holtz, derived from the corresponding physical 
operations of selecting a wavelength, increasing 
light intensity and diluting a light stimulus with 
white light. The elementary color attributes were 
thus taken from elementary physical operations 
(furthermore the fact of trichromacy of elementary 
color coding is incorrectly taken as evidence that 
color appearances can completely be described by 
three perceptual variables). Many writers in the 
early literature were aware of that. For instance, 
Hering rejected the concept of saturation altogeth-
er as a mixing-up of perceptual and physical 
aspects. He preferred the (reciprocal) concept of 
veiling ("Verhüllung") of color (Hering, 1920, 
p. 40). And Stumpf, who considered the problem 
of color attributes to be a problem of the ability 
and the conditions for an isolating abstraction 
("Fähigkeit und Bedingungen der isolierenden 

Abstraktion", Stumpf, 1917, p. 8), dismissed 'sat-
uration' as a color attribute completely ("Sätti-
gung können wir nicht als Attribut anerkennen ", 
Stumpf, 1917, p. 86). He conceived saturation to 
be a cognitive abstraction and a cognitively added 
relation capturing the approximation of a color to 
its ideal. In a similar vein, the concept of satura-
tion was rejected by many others, among them 
Katz and G. E. Müller, who spoke instead of 
forcefulness ("Eindringlichkeit"), and K. Bühler, 
who spoke of intensity of colors. Another interest-
ing case is the perceptual category of achromatic 
appearances, which being a highly complex - and 
up to now poorly understood - perceptual achieve-
ment within color perception is from a physicalis-
tic perspective misconceived as a simpler case 
than color perception proper. Even for achromatic 
colors, as is well known since Hering, at least a 
bidimensional account is necessary, as can be wit-
nessed by appearances like luminous grey. 

Von Kries, a pupil of Helmholtz, was aware of 
such problems but he preferred to trade psycho-
logical arbitrariness for an apparent precision of 
color concepts that results from their strong tie to 
physical operations. He remarked that a division 
of color appearances in terms of hue, saturation 
and brightness "does not claim to be a natural one; 
without much ado we can regard it as a complete-
ly arbitrary one. Such a description is, however, a 
completely rigorous one, since it only refers to 
objective properties of the light that causes the 
corresponding appearances" (von Kries, 1882, 
p. 6)'. 

In the history of perceptual psychology, the 
physicalistic trap of slicing the nature of percep-
tion along the joints of elementary physics is one 
of the most seductive and misleading ideas. The 
problematic nature of attempts to parse perceptual 
phenomena according to categories derived from 
elementary concepts and operations of physics has 

1 "Diese Gliederung macht keinen Anspruch darauf, 
eine naturgemässe zu sein; wir können sie vor der 
Hand als eine ganz willkürliche betrachten. Sie ist 
aber eine vollkommen strenge, da sie sich an die 
objective Beschaffenheit desjenigen Lichtes hält, 
welches die betreffende Empfindung hervorzurufen 
vermag". 
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been discussed since the beginnings of perceptual 
theory again and again. The conception of the per-
ceptual system as a kind of measuring device 
which 'informs' the organism about the physical 
input, along with the idea that elementary physical 
variables, like intensity and wavelength of light, 
are connected with elementary perceptual vari-
ables, like brightness and color, is an important 
(mostly implicitly employed) metaphor, which 
itself is a legacy of the way we separated physical 
and psychological aspects in the philosophical his-
tory of the field and which has governed our think-
ing in the study of perception since. Along with 
this measurement device conception of perception 
(cf., Mausfeld, 1993) comes the idea that there are 
atoms of perception, as it were, that are strongly 
tied to these elementary physical variables: name-
ly the sensations from which perceptions - as 
something referring to the external world - are 
constructed. 

Because of the difficulties in keeping apart the 
physical and psychological aspects of the investi-
gation of color and in not succumbing to the stim-
ulus error, Katz (1911, p. 29) remarked: "The most 
important rule for describing color phenomena is: 
what vagueness they have needs to be described as 
such; particularly in this respect there is a danger-
ous temptation to adulterate the description by 
perspectives borrowed from physics."2 

The problem of how to deal theoretically with 
the complex phenomenology of color has not been 
squarely met by current theories of color percep-
tion. This is not only testified by the vexing prob-
lem of the dimensionality of color codes: Since 
Hering, Katz, Gelb and others, indications have 
been accumulating that color appearances cannot 
be represented by a three-dimensional color code. 
As Niederee (1996) rigorously showed, even in 
center-surround configurations the dimensionality 
of color codes must be greater than three if one is 

2 "Darf ich die, wie mir scheint, wichtigste Regel für 
die Beschreibung von Farbphänomenen nennen, so 
ist es diese: was an den Farbphänomenen unbestimmt 
ist, verlangt auch als solches beschrieben zu werden; 
gerade in dieser Beziehung ist die Gefahr groß, daß 
die Beschreibung durch der Physik entlehnte Be-
trachtungsweisen verfälscht wird." 

willing to accept the topological assumptions 
which, at least implicitly, underlie almost all mod-
els of color coding. Though this formal argument 
for the inappropriateness of three-dimensional 
color codes is based on the traditional view on 
center-surround stimuli, it is consonant with the 
perspective to regard center-surround configura-
tions as minimal stimuli for triggering a dual code 
for 'object' and 'illumination' colors. 

12.4 Early Color Coding and the 
Elementaristic Approach 

12.4.1 Newton and Helmholtz's 
Approach to Color Perception 

Newton regarded color as an intrinsic property or 
disposition of light alone and he tied the concepts 
of refrangibility and color together. Newton found 
the basic fact of what we call metamerism - name-
ly that there are lights (i.e., wavelength composi-
tions) that can be physically different but are per-
ceptually indistinguishable - and was aware of the 
existence of extraspectral hues. He considered 
(psychologically simple) white light to be physi-
cally complex, namely composed of all different 
lights. One important insight of his is that the ends 
of the spectrum have something in common per-
ceptually, which led him to provide a metric for 
specifying color mixtures: his famous center-of-
gravity principle. Newton meant this model to be 
more than just a pictorial representation of his 
ideas; the model is a quantitative scheme to 
account for the results of color mixture (and in fact 
it is the first quantitative model in psychophysics). 

Helmholtz started from this model with some 
misunderstandings in the beginning that were clar-
ified by Maxwell and Grassmann. Helmholtz's 
goal was to investigate the nature of (in his words) 
"terminal processes that are responsible for the 
dependency of visual experiences on light stim-
uli." He developed the basic experimental para-
digm for investigating basic principles of color 
perception, connected psychophysical findings 
with neurophysiological conjectures and provided 
the fundamentals of a theory of early color coding. 
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However, there is one aspect that this theory does 
not address at all, namely the appearance of color 
(it only deals with metamerism, i.e., equality of 
appearances). 

12.4.2 The Young-Helmholtz Theory 
and Grassmann's Laws 

The Young-Helmholtz theory is based on some 
simple experimental findings in certain viewing 
conditions: if a small spot of light - typically of 
the size of about 2° visual angle - is presented in 
an otherwise dark visual field, the psychological 
relation of metamerism, denoted by Ξ, is found to 
be unaffected by the physical operations of super-
imposing lights (corresponding to the addition of 
spectral energy densities), denoted by Θ, and 
changing intensity of lights, denoted by *. 

This means that if A and Β are perceptually 
indistinguishable lights (metameric lights), i.e., 
Α Ξ Β, with spectral energy distributions ΕΑ(λ) 
and ΕΒ(λ) and if the same light C with energy dis-
tribution Ε ε (λ) is added pointwise to each of these 
lights ("additive color mixture "), i.e. 

ΕΑ θ Β(λ) = ΕΑ(λ) + ΕΒ(λ), 

then the following relations ("Grassmann laws") 
hold 

A © C Ξ Β θ C 

t * A = t * Β 

Thus, metamerism is (to a large extent) preserved 
under addition and scalar multiplication of lights. 

Together with the trichromacy of color matching 
and the uniqueness of trichromatic matches, this 
gives rise to a triple of linear codes that represent 
metamerism in the following sense. Let <L, ®,*> 
be the qualitative physical structure of lights 
(where L is the set of lights identified with their 
spectral radiant energy distributions). Then a map-
ping φ = (φ,, φ2, φ3) exists which maps the quali-
tative physical structure <L, θ , *> homomorphi-
cally (i.e., linearly) into the three-dimensional real 
vector space, such that A = Β <=> φ(Λ) = ψ(Β). 

Thus, the physical structure 

<L, θ , *> 

and the psychological structure 

<L, = > 

neatly interact to yield the psychophysical struc-
ture 

<L, θ , *, = >. 

The empirical validity of the Grassmann laws 
makes the psychological relation ( a congruence 
relation with respect to the physical operations ® 
and *). 

The mapping φ will be called a Grassmann 
code. It is not unique, but there exists a whole 
family of such codes, which are linearly related. 
Among these are the mappings that represent the 
physiological receptor codes and the mapping 
(Χ, Υ, Z) that leads to CIE color space. 

The visual system thus constructs equivalence 
classes on the set of physical lights, which from a 
physical point of view amounts to coarsening the 
physical description. How perceptual equivalence 
classes are factored out of the infinite-dimensional 
physical description is described by the Grassmann 
laws. These laws make it possible to numerically 
represent colors in a convex cone in three-dimen-
sional real vector space, which leads to the concep-
tion of a three-dimensional color space, whose ele-
ments are described by a color code φ = (φ,, φ2, φ3) 
in this vector space. Classes of metameric lights 
can then be identified with color appearances. 

These Grassmann codes representing meta-
merism constitute the (purely) psychophysical 
core of the Newton-Young-Helmholtz theory of 
color vision (Grassmann, 1853; Schrödinger, 
1920; Suppes et al., 1989, ch. 15). As already 
mentioned above, the notion of a Grassmann code 
for metamerism does not refer to specific attribut-
es of color (as opposed to color codes referred to 
in opponent-color theory). 

The Grassmann structure of color coding con-
stitutes the core not only of the Young-Helmholtz 
theory of color vision but of all other theories of 
color perception, such as opponent-color theory, 
industrial systems for specifying color, computa-
tional theories of color constancy, etc. Since it is 
often wedded to tacit additional assumptions and 
interpretations that go beyond its content, some 
remarks may be useful. 

www.ebook3000.com

http://www.ebook3000.org


226 12. Color Perception: From Grassman Codes to a Dual Code for Object and Illumination Colors 

1. The Grassmann structure only refers to 
lights, and not to the color of objects. Though light 
is the medium for assessing the color of objects, 
much more complex perceptual mechanisms are 
involved when the stimulus consists of perceived 
objects and lights. 

2. The only psychological relation involved in 
the Grassmann structure is metamerism. Therefore 
only those formal properties of the vector space of 
equivalence classes of lights can be given an 
empirical interpretation that are based on the rela-
tion of metamerism together with the two physical 
operations. These are only those that are invariant 
under linear transformations. Thus the vector 
space has no empirically meaningful scalar prod-
uct, and Euclidean distances between vectors can-
not be interpreted as color similarities or indices 
of color discriminability. This can be easily seen 
from the fact that the vector space distance 
between two colors does not change when the 
same color is added to both of them; if this third 
color is, for instance, a very bright one, the psy-
chological distance between the colors will be 
reduced, however. How to construct a color space 
in which, in addition to the psychological relation 
of metamerism, other psychological relations like 
similarity and discriminability are represented is 
still an unsolved problem of what Schrödinger 
called higher color metrics {"höhere Farb-
metrik "). 

3. The idealized and theoretical relation of 
metamerism - which, for instance, implies strict 
transitivity of color matches - can only be related 
to the empirical relation of metameric matches, if 
(at least implicitly) the usual vector space topolo-
gy is taken into account. Thus the Grassmann 
structure needs to be supplemented by topological 
aspects. Judgmental fluctuations are then taken to 
lie within a neighbourhood of the 'true' point, and 
small variations in the physical variables are 
assumed to lead to small variations in the color 
appearance (there are no jumps in color appear-
ance). Grassmann (1853, p. 72) and Schrödinger 
(1920, p. 415 f.) therefore explicitly included con-
tinuity assumptions in their formulations. 

4. The Grassmann structure does not refer to 
color appearances (except for the distinguishabili-
ty-indistinguishability aspect)! In particular, it 

does not represent equality or inequality of color 
attributes like hue, saturation, and brightness. The 
ratio of the length of two vectors does not corre-
spond to a ratio of brightnesses, and a line in 
Grassmann space does not necessesarily corre-
spond to a constant hue. The Bezold-Briicke shift 
of hues under changes of intensities of lights does 
not contradict properties of the Grassmann struc-
ture. 

5. The well-known nonlinearities of neural cod-
ing do not call into question the validity of the lin-
ear color representation of the Grassmann theory. 
First of all, they do not refer only to the 
Grassmann theory itself (the empirical validity of 
which is a purely psychophysical question), but to 
the Grassmann theory cum neurophysiological 
linking propositions. Secondly, even if the usual 
linking proposition - discussed below - is as-
sumed, namely that two lights are metameric, if 
they result in the same number of photopigment 
isomerizations for each of the three univariant 
types of receptors, any strictly monotonic transfor-
mation of this process will preserve the linear rep-
resentability of the structure. 

12.4.3 Opponent-Color Theory 

Since Leonardo da Vinci and, later, Goethe, 
Aubert and Mach 'red' and 'green', and 'blue' and 
'yellow' have been regarded as psychologically 
basic and principle colors. Goethe, who consid-
ered polarity to be one of the basic principles 
underlying color experiences (for an account of 
Goethe's metatheoretical principles on which his 
approach to color is based, see Mausfeld, 1996) 
provided central ideas and observations - notably 
on afterimages, simultaneous contrast and colored 
shadows - upon which opponent-color theory 
came to be based. 

For Hering, who took up central principles of 
Goethe's approach, already the local color code is 
intrinsically determined by the entire spatio-tem-
poral excitation of the retina. Phenomenologically 
Hering started from the observation that certain 
color experiences have the property of being uni-
tary and that pairs of color experiences that exhib-
it this property are perceptually incompatible. The 
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three perceptual attributes that constitute a distin-
guished coordinate system for color attributes are 
the bipolar or opponent pairs: redness/greeness, 
yellowness/blueness, and whitness/blackness. 
Hering developed together with a wealth of inge-
nious experiments - a theoretical account of color 
coding that was based on such an opponent char-
acter of the phenomenal structure of color. His 
ideas were taken up and further developed by 
G. E. Müller and others, and more recently by 
Jameson and Hurvich (see Jameson and Hurvich, 
1972), who systematically employed an experi-
mental technique, color cancellation, that was 
invented by Hering and used by Brückner (1927). 
The technique of color cancellation allows the 
determination of the amount of redness in a red-
dish color by the amount of a standard green that 
has to be added to bring the color to equilibrium 
with respect to the redness-greenness attribute. 
Thus this technique combines judgments of oppo-
nent attributes with the additive structure of the set 
of lights and allows a version of opponent-color 
theory to be formulated that refers to configura-
tions consisting only of a single spot of light. 

12.4.3.1 Color Codes Representing 
Opponent-Color Attributes 

As a neurophysiological theory, opponent-color 
theory basically states that the color signals for a 
homogeneous stimulus emerging from the three 
types of primary receptors are combined at a sec-
ond level in some specific way to form three types 
of channels, denoted here by QT g, £>b y and 0w_bl, 
associated with the 'red-green', 'blue-yellow' and 
'white-black' opponent color codes, respectively. 
This, then, is related to the psychophysical con-
cept of unique colors by means of the linking 
hypothesis that unique colors are determined by 
the respective zero points of the two chromatic 
(neurophysiological) codes. For instance, a 'red-
green equilibrium', i.e., 0r_g = 0, corresponds to 
colors that are neither reddish nor greenish, i.e., to 
either a unique blue, a unique yellow, or a white 
color appearance. (In addition, positive and nega-
tive values of Qr t, are taken to correspond to color 
appearances containing a reddish and greenish 
component, respectively.) 

This condition allows the introduction of pairs 
of chromatic opponent codes QT g and Qb y (using 
the same notation again) in purely psychophysical 
terms. The essential qualitative relations involved 
are (in addition to metamerism and the basic 
physical attributes) the psychological predicates 
Uj (i= 1,2), where υ,(Λ), A e L, means the stimu-
lus A being psychophysically in red-green equilib-
rium, i.e., appearing neither greenish nor reddish, 
and υ2(Λ), that A appears neither bluish nor 
yellowish. The corresponding psychophysical 
opponent-color theory deals with the qualitative 
laws governing the interplay of these relations 
with the relations/operations of the Grassmann 
structure. 

Since the beginnings of opponent-color theory, 
the meaning of the corresponding types of color 
codes has undergone various changes, with its 
interpretation to the present day vacillating 
between referring to the idea of a 'neural code' vs. 
a 'psychophysical code', and here in turn between 
'perceptual codes' or more abstract ones. Of 
course, the meaning of such a system of codes 
may vary with the experimental paradigm and the-
oretical framework adopted. 

12.4.3.2 Relating Grassmann and 
Opponent Codes 

If one considers a system of opponent codes 
Q(A) = (Qr e(A), Qy b(A), Qw U(A)) as neural codes, 
it is natural to ask how they are related to primary 
receptor codes, i.e., to a Grassmann code φ. A cor-
responding question can be asked if the opponent 
codes are considered as purely psychophysical 
ones (i.e., in terms of qualitative relations and laws 
concerning properties of phenomenological rela-
tions and their interplay with physical ones). It 
turns out that from this perspective, triples of 
opponent codes may simply be chosen among the 
family of Grassmann codes, provided certain qual-
itative assumptions in addition to unitariness and 
incompatibility of attributes - are fulfilled. These 
conditions have to do with the requirement that 
cancellation measurements be independent of the 
choice of the equilibrating light, which imposes 
the restriction that cancellation equivalences yield 
one-dimensional Grassmann structures. This 
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implies the condition of scalar invariance (of uni-
que colors), i.e., the closure of the class of unique 
colors under change of intensity. Furthermore, the 
additive complement of, say, unique green must be 
unique red, i.e., each unique green can be made 
achromatic by an addition of unique red. 

A corresponding rigorous measurement theoret-
ic analysis of the relation of primary and opponent 
codes was given by Krantz (see Suppes et al., 
1989, chap. 15). This result could also have been 
stated in such a way that under the above condi-
tions a system of opponent codes can be achieved 
from a fixed Grassmann code by linear transfor-
mations. The operation of color cancellation then 
yields a linear representation in the vector space 
derived from the three-dimensional Grassmann 
structure of metameric color matching, i.e. 

Qr-g(^) = Σί=Ι,2,3 C U ' φί(Λ) 

Qy-b(^) = Σ ί=1 ,2)3 C2<i ' φ;(Λ) 

Qw-bi04) = Ei=li2,3 c3ii · φ,(A) 

which, under the above assumptions, neatly con-
nects primary and opponent-color coding (in the 
experimental situation of a single small light spot 
in an otherwise dark visual field). 

A re-coding of primary color codes into oppo-
nent-color channels can be understood as a decor-
relation of receptor signals that proves to have 
interesting formal properties from the perspective 
of efficient and reliable information transmission 
in the visual system (Buchsbaum and Gottschalk, 
1983). 

However, the simplicity and beauty of the exact-
ly defined version of opponent-color theory char-
acterized above is in conflict with empirical evi-
dence. For instance, observations have been 
reported that 
- a mixture of unique green and unique red 

appears yellowish 
- a mixture of unique yellow and unique blue 

appears reddish 
- desaturating a spectral unique blue makes it 

appear reddish 
- a unique white is not intensity invariant. 
Because of this and other empirical results, the 
concepts of 'opponent color', 'complementary 
color', and (successive or simultaneous) 'contrast 

color' do not coincide, nor do the concepts of 
'unique color' and 'intensity invariant color'. 

Up to now, attempts to formulate a clear-cut and 
empirically adequate theory of opponent-color 
coding have met with little success. There is no 
coherent and empirically satisfying theory to 
account for our introspective observations that 
give rise to the intuition about an opponency of 
color coding. The field of corresponding research 
is rather strewn with highly experiment-specific 
models of opponent coding that are hardly com-
patible with each other. 

There are several other attempts at modelling 
second or higher-order chromatic mechanisms 
based not on color cancellation but instead on 
other kinds of psychological relations, which sug-
gest the existence of a great variety of higher-order 
color mechanisms. For instance, Krauskopf, 
Williams and Heeley (1982) investigated changes 
in chromatic thresholds in chromatically modulat-
ed fields and found 'cardinal directions' in color 
space corresponding to a luminance channel, a 
red-green channel and an S-cone axis, the last 
being clearly distinct from the axis defining the set 
of colors that were in equilibrium for the red-green 
channel. 

12.4.4 Relating Psychophysical and 
Neurophysiological Color Codes 

The color codes considered so far are based on 
only two psychological relations, namely meta-
meric matches and color cancellation (though the 
motivation that leads to singling out these psycho-
logical relations refers to a much richer set of 
observations). Now the question arises whether 
the purely psychophysical color codes obtained 
from color matches and color cancellation tech-
niques can be interpreted in terms of neural codes, 
i.e., neural mechanisms. 

Current neurophysiological theories of color 
vision assume two major stages of the primary 
encoding of color: the first stage refers to the activ-
ity of three types of univariant receptors, the sec-
ond stage to the subsequent integration and reor-
ganization of this activity by cells with spectrally 
and spatially-opponent response characteristics. 
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These two stages of neural encoding are taken to 
correspond psychophysically (i.e., with respect to 
psychological relations) to the two types of color 
codes discussed above. There is, however, a logical 
gap between quantitative psychophysical notions 
of color codes that refer only to psychological 
relations on the one hand, and the neurophysiolog-
ical interpretations of these codes in terms of neur-
al codes on the other. Usually, these different inter-
pretations of the term 'code' are simply conflated 
in vision research parlance. Accordingly, the 'link-
ing propositions' that have to be invoked to bridge 
this gap are usually not spelled out explicitly. 

The linking proposition that has had the greatest 
appeal in color science since Helmholtz is one that 
relates the psychophysical code for metameric 
matches to a corresponding neural code in terms 

of primary receptors and gives the purely psycho-
physical concept of metamerism an interpretation 
in neurophysiological terms based on the idea that 
among codes for metamerism one can single out 
certain color codes that in some sense characterize 
the output of three types of receptors. Psycho-
physical opponent-color codes are then interpreted 
as higher order neural codes that result from a cer-
tain combination of neural primary codes. 

The linking proposition invoked for relating 
Grassmann codes and primary receptor codes is: 

Α ξ Β <=> J ΕΑ(λ) ν , (λ) dX = j ΕΒ(λ) V A ) άλ 

i = 1 , 2 , 3 

where ΕΑ(λ) is the spectral energy functions of 
the light A, and ν ( (λ) are the spectral sensitivity 

Basic color codes 
in the 2° paradigm 

Neurophysiological Psychophysical 

Outpul of three uni variant receptor types Grassmann's laws and trichromacy 

Α Ξ Β 
nietanierism 

neural codes 

Β 

A A 
I I 

Grassmann codes 

A = Β 

Fig. 12.2: Basic color codes. 
/ EA(A)V i(A)dA = J Eß(A) Vi (λ)άλ 

φ(Α) = φ (Β) 

φ(ΐ*Α)= ίφ(Α) 

φ(Α®0= ίΡ(Α) + 0>(Ο 
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distributions for each of the three types of recep-
tors. 

In this way φ,(Α) can be identified with 
J ΕΑ(λ) Vj(X) dλ, and psychophysical color space 
is associated with a corresponding three-dimen-
sional sensor space. Figure 12.2 juxtaposes the 
basic elements of neural and psychophysical color 
codes in the experimental situation of a small light 
in an otherwise dark visual field. 

Whether this linking proposition is empirically 
adequate, is still a matter of dispute, since there is 
conflicting empirical evidence from various 
sources, notably, 
- variability within cone types, 
- violations of the persistency rule (metameric 

lights remain metameric if both viewed in a dif-
ferent context; see below) for women with an 
additional cone type and for subjects with nor-
mal color vision. 

Psychophysicists as well as neurophysiologists 
therefore called into question the validity of a link-
ing proposition as simple as the one stated above. 
To quote two examples: 

"... evidence for the variability among cones is 
enough to raise serious doubts as to whether 
trichromatic matches are determined at the 
receptor level: the cones probably are distin-
guishing reliably between the matched fields. ... 
it seems to me that we still do not have a satis-
factory physiological basis for trichromacy; but 
we can say that under some conditions at least 
trichromacy rests on a neural (and not a recep-
toral) trivariance." (MacLeod, 1986, 109/111) 
"Evidence is accumulating to suggest that the 
idea, that individuals with normal color vision 
have only three spectrally different cone pho-
toreceptors, is also invalid. ... trichromacy of 
normal vision has its origin at a level of the 
visual pathway beyond that of the cone pig-
ments, likely beyond the receptors." (Neitz et 
al„ 1993, p. 122) 

Other interesting empirical findings come from 
experiments with people who exhibit unilateral 
dichromatism. These rare cases allow dichoptic 
color matches and comparisons between the two 
eyes by color-naming techniques that - under cer-
tain assumptions (e.g., that their color sensations 
in the dichromatic eye are the same as those of 

congenital dichromats, and not due to disease) -
provide insight into the relation between the two-
and three-dimensional Grassmann spaces involved 
and their neurophysiological basis. The experi-
mental study of unilateral dichromatism therefore 
has been considered of particular interest for our 
attempts to understand the early coding of color 
(von Hippel, 1880; MacLeod and Lennie, 1976; 
Alpernet al„ 1983). 

What experimental results can be expected, if 
there are, for instance, no shortwave receptors (tri-
tanopia) and if thus the input φ! is lacking? The 
Young-Helmholtz theory and standard opponent-
color theory assume that only some of the higher 
order codes depend on φ, and thus that the blue-
yellow channel Qb g is missing. According to the 
standard interpretation of the Young-Helmholtz 
theory (which links the Grassmann theory with 
color appearances) one might conjecture that a 
unilateral tritanopic subject should, with his tri-
tanopic eye, see the spectrum as 'red', 'green' and 
'yellow' and combinations thereof; neither 'blue' 
nor 'white' should be seen, and there should be a 
green that looks more saturated than any green 
attainable by the normal eye. According to the 
standard version of opponent-color theory the loss 
of the 'yellow-blue' channel should result in see-
ing 'white', 'red' and 'green' as for the normal 
eye, while the mixture of red and green would be 
achromatic. Both predictions are in conflict with 
the experimental results: a unilateral tritanope sees 
the entire spectrum on the shortwave side of the 
neutral point between 440 nm and 550 nm - as 
blue, i.e., he matches it to 485-490 nm in his nor-
mal eye. The colors he sees in the spectrum are 
red, white and blue with only a small amount of 
yellow and no green at all. Thus it seems that cen-
tral elements in the linking propositions of the 
Young-Helmholtz theory and opponent-color the-
ory are utterly wrong: 

"those central mechanisms which, in the normal 
observer, correspond to blueness (and we 
assume, have heavy dependence on the output of 
the short-wave cones) are most active indeed in 
the tritanope." (Alpern et al., 1983, p. 694) 

This and other results support the conjecture that 
the psychophysical^ observed three-dimensional-
ity of color matches in the 2°-paradigm cannot be 
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attributed in a simple way to the existence of three 
types of photoreceptors: 

"There must be a limitation to only three 
degrees of freedom at the level of central mech-
anisms, not merely at the level of photopig-
ments." (Alpern et al., 1983, p. 693) 

Whereas a neurophysiological perspective on 
color deals with the neural architecture of the visu-
al system and the minutiae of the neural coding of 
color, psycho-physics deals with the interplay of 
phenomenology and physics and with abstract 
'strategies' that the visual system employs for 
achieving its tasks, without embarking on specula-
tions about neural mechanisms. To reveal the 
underlying strategies is first and foremost a psy-
chological or psychophysical task, since only 
when we have an idea of the basic 'logic' of the 
system can we speculate on neurophysiological 
implementation (which may pertain to a unit of 
analysis other than the level of neurons). Though 
there is not and cannot be a sharp boundary 
between psychophysical and neurophysiological 
work, differences in emphasis and orientation with 
respect to these two levels of analysis can be dis-
cerned. 

Attempts to understand the relation between 
psychophysical codes and the neurophysiology of 
color coding have since the beginnings of color 
research been the driving forces in the field. For 
the psychology of color perception this situation is 
not without problems, since psychology faces in 
its history the danger of a centrifugal tendency by 
which certain sub-fields spin away into other dis-
ciplines. This is certainly the case with large areas 
of color science. Here, psychology has not yet 
taken on its due role and to a large extent has relin-
quished a field of genuine psychological interest 
to neurophysiology. The tendency that perceptual 
psychologists notoriously avail themselves of neu-
rophysiological terms when it suits their 'explana-
tory' purposes and hastily call upon ad hoc 
pseudo-explanations for isolated psychophysical 
phenomena in terms of equally isolated neuro-
physiological findings is testimony to the higher 
'epistemological dignity' they ascribe to neuro-
physiology. However, given the complexity now 
apparent both in psychophysical observations and 
in neurophysiological findings, claims that empir-

ical results provide sufficient constraints to bridge 
the logical gap between the two levels of descrip-
tion seem to be based on forlorn hopes. In the light 
of what little is presently understood of the physics 
of the brain, neuroreductionism amounts to no 
more than a bold speculation about what might be 
the relevant aspects. Even worse, it rests on a mis-
construed account of the development of scientif-
ic theories which almost always was due to 
explanatory unification rather than reduction. 

12.4.5 Elementary Color Codes 
Accounting for Variations in 
Spatial and Temporal Context 

So far I have only referred to experimental situa-
tions where the stimulus is a small spatially and 
temporally homogeneous light in an otherwise dark 
visual field (typically experimentally studied under 
so-called Maxwellian viewing conditions, shown in 
Figure 12.1, where the subject's head is fixed and a 
beam of light is projected through the pupil on the 
retina). Though it is assumed that the Grassmann 
laws and qualitative laws of color cancellation are 
valid over a wide range of spatial and temporal 
contexts, the color appearances themselves can 
change with variations of context. It therefore 
appears natural to try to accommodate the effects 
of context in theories of early color coding. 

Several theoretical perspectives have been 
developed to account for spatial and temporal 
effects; these perspectives are intimately tied to 
certain phenomena and corresponding paradig-
matic experimental situations; the terms 'adapta-
tion', 'induction' and 'contrast' can - in an ideal-
ized manner - be associated with specific ex-
perimental stimulus situations. However, evalua-
tion of the many experiments investigating spatial 
and temporal aspects of color perception is imped-
ed by the poorly understood effects of the details 
of the experimental situations (which often 
involve complex interactions of spatial and tempo-
ral aspects as well as different judgmental criteria 
and viewing conditions). This abundant variety of 
different experimental setups and stimulus condi-
tions mirrors the theoretical uncertainty about how 
to carve the multitude of phenomena into those 
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which are considered as 'basic' and those which 
are considered as side-effects. 

The Young-Maxwell-Helmholtz-Grassmann the-
ory describes the transduction of light into a psy-
chophysical or neural code and - together with the 
linking proposition proposes a receptoral mecha-
nism that accounts for the Grassmann laws. Since 
metamerism is the only psychological relation 
involved, the theory does not refer to color appear-
ances. However, color appearances are often tacit-
ly associated with the equivalence classes of 
metameric lights. In this case the theory becomes 
a locally-atomistic account of color appearances. 
It then has to deal with the problem that at one 
location of a visual scene the same triple of 
Grassmann codes/receptor outputs can give rise to 
quite different color appearances if the temporal or 
spatial context is varied. The existence of a sur-
round changes the color appearances in character-
istic ways and produces new appearances, e.g., 
brown, that cannot be observed in a dark surround 
(see chapter 10). 

From a locally-atomistic perspective these are 
secondary effects, to be treated under the heading of 
'context' effects. On the other hand, they could also 
show that the basic mechanisms determining color 
appearances in natural scenes can only be tapped by 
'minimal stimuli' that are richer than the 2° lights 
appropriate for isolating receptoral transduction. 

For the elementaristic perspective on color per-
ception (as opposed to a functional one guided by 
ecological physics) the effects of certain temporal 
and spatial variations on the local color appear-
ance were considered an important challenge. To 
a surprising extent, the Young-Helmholtz tradi-
tion, however, was successful in developing an 
extension of the theory that could - at least in prin-
ciple - incorporate an important class of these 
effects. 

The first systematic investigations into mecha-
nisms responsible for these variations were per-
formed by Fechner (1840). The complementary 
character of afterimages led Fechner to the idea of 
a tiring of physiological processes (based on an 
analogy with a "loss of tension" - "Verlust an 
Spannkraft") by which "all phenomena concerning 
afterimages and adaptation can be reduced to sen-
sitivity processes in the eye" Fechner, 1840, 

p. 430)3. This intuition lead Helmholtz to his con-
cept of "fatigue of receptors" ("Ermüdungstheo-
rie "), which was given a more precise form by von 
Kries' "coefficient scheme" ("Koeffizientensatz "). 

Because the Young-Helmholtz theory took as 
basic units of analysis single light spots in a dark 
surround, it had to postulate additional mecha-
nisms to account for the effects of spatial and tem-
poral context. For opponent-color theory on the 
other hand it was more natural to incorporate spa-
tial and temporal effects, since its underlying intu-
itions were historically rooted in phenomena that 
depend on variations of temporal and spatial con-
texts (Hering attributed a much more basic role to 
contrast and adaptation than Helmholtz did). To 
theoretically deal with the situation of a single iso-
lated light in a dark surround only became possi-
ble after the invention of the color cancellation 
technique which according to Brückner (1927) 
was already used by Hering. 

In the following sections, I shall briefly outline 
how the Young-Helmholtz theory and a variant of 
opponent-color theory deal with temporal and spa-
tial contexts in terms of appropriate codes (or code 
transformations). 

12.4.5.1 The von Kries Coefficient 
Scheme 

Helmholtz took up Fechner's intuitions and con-
jectured that "the fatiguing of the organ of vision 
modifies the sensation of the just-sensed light 
approximately in a way as if the objective intensi-
ty of the light is reduced to a certain fraction of its 
magnitude." (Helmholtz, 1911, Vol. 2, p. 200)4. 

This perspective allows any effects of adaptation 
to be translated back to physics and to describe 
them as if only the effective physical stimulus had 
changed. 

3 "durch die man die ganze Erscheinung der 
Nachbilder auf ein Spiel von Empfindlichkeit des 
Auges reduciren kann" 
4 "... die Ermüdung der Sehnervensubstanz die 
Empfindung neu einfallenden Lichtes ungefähr in 
dem Verhältnis beeinträchtigt, als wäre die objektive 
Intensität dieses Lichtes um einen bestimmten 
Bruchteil ihrer Größe vermindert." 
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An explicit model of this intuition to account for 
the effects of temporal adaptation was first pro-
posed by von Kries (1882). Based on the hypothe-
sis of linear sensitivity control acting on three 
types of primary receptors, this so-called von 
Kries coefficient scheme assumed that the effect of 
adaptation can, for each receptor type, (approxi-
mately) be described as multiplication of each 
receptor code by a real number. 

Adaptation is regarded here as a differential 
fatiguing of the three types of receptors. The sen-
sitivity of each type of receptor is assumed to be 
reduced over the spectrum by a constant factor, 
i.e., the spectral sensitivity curves change their 
amplitude but not their form, i.e. 

ν;(λ) = ρ!·ν ί(λ) P ie (0,1) 
Three numbers p l5 p2, p3 thus suffice to complete-
ly describe the process of adaptation. 

Though it was originally intended to be a 
neurophysiological hypothesis ("fatigue of recep-
tors"), many of the corresponding empirical in-
vestigations address its psychophysical counter-
parts. 

To formulate its psychophysical counterpart, I 
shall use the notation of Mausfeld and Niederee 
(1993) for the characterization of the stimuli 
employed: two stimuli A and Β that are presented 
after pre-adapting by a light S, will be writen as 
<A,S> and <B,S>. More generally, I shall use this 
notation for any temporal or spatial context S. Two 
such stimuli <A,S> and <B,T> which have the 
property that the testfields A and Β look 'the same 
color' will be called isophene: 

<A,S> == <B,T>. 

For the case of a dark surround (S, Τ = 0, where 0 
is the zero energy distribution) the concepts of 
metamerism and isophenism coincide, i.e., Α Ξ Β 
can be identified with <A,0> Ξ <B,0>. 

Now, if the linking proposition that character-
izes the Young-Helmholtz theory, namely 

Α Ξ Β <=> J ΕΑ(λ) ν,(λ) άλ = J ΕΕ(λ) V;(X) dλ 

is valid for the dark-adapted eye, then the von 
Kries coefficient scheme amounts to the validity 
of the following linking proposition for the eye 
pre-adapted by some light S: 

<A,S> = <B,S> <=> J e a ( \ ) p,(S) ·ν;(λ) dλ 
= ί Εβ(λ) Pi(S) Ύ;(λ) dλ 

i = 1 ,2 ,3 

where (pj is a function of (p(S) (or of cpj(S) if it is 
assumed to be independent of the two remaining 
channels). In terms of primary receptor codes this 
means that the effect of context S on the color 
appearance of a testfield A can be completely cap-
tured by a transformation φ,(Α) —> p,((p(S)) • φ,(Α). 

The right equation directly shows the symmetry 
of the operations 'reducing receptor sensitivity by 
a factor' and 'reducing the effective intensity of 
light for this receptor by the same factor' (though 
there is not necessarily a physically realizable light 
that fulfills this symmetry condition for all three 
receptor types simultaneously). 

From this linking proposition a number of impor-
tant psychophysical consequences follow: Meta-
meric classes of lights must be preserved under 
adaptation ("Persistenzsatz ", persistency rule): 

Α ξ Β => <A,S> = <B,S> 

for any pre-adapting light S 

Furthermore, the Grassmann linearity laws must 
remain valid for any constant state of adaptation of 
the eye. This must be true also for the case of 
asymmetric adaptation (e.g., both eyes adapted 
differently, matches between both eyes): 

<A,S> Ξ <B,T> and <C,S> ξ <D,T> 

=> <A Θ C,S> ξ <B θ D,T> 

and 

<A,S> = <B,T> 

=> <t * A,S> = <t * B,T> proportionality rule 
("Proportionalitätssatz") 

The transition from one state of adaptation to 
another can, according to this theory, be described 
by a linear transformation of the corresponding tri-
stimulus values, i.e., by a 3 x 3 matrix M. With 
respect to the spectral sensitivity functions of the 
cones this transformation is completely described 
by three numbers, i.e., a diagonal matrix D. Von 
Kries already was aware of the fact that the validity 
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of these laws provides another possibility for 
estimating the cone spectral sensitivities by trans-
forming the 3 x 3 matrix Μ by Β VT Β into a diag-
onal matrix D of reals (daß "die Ermüdungs-
versuche die Möglichkeit zu einer directen 
Bestimmung der Componenten bieten ", von Kries, 
1882, p. 108). 

The von Kries coefficient scheme is at the core 
of many approaches for dealing with mechanisms 
of sensitivity control, adaptation and color con-
stancy in psychophysics, neurophysiology ('multi-
plicative gain control') and computational vision. 
In fact, 'the' psychophysical von Kries hypothesis 
as well as the proportionality rule split up into a 
variety of different hypotheses dependent on the 
experimental and theoretical paradigm chosen. 
Von Kries' original ideas of including adaptation-
al phenomena within the Young-Helmholtz theory 
primarily refer to aspects of temporal adaptation 
('successive contrast'), whereas the use of von 
Kries type transformations in computational 
approaches to color perception primarily refers to 
effects of spatial contexts that mirror changes in 
the prevailing illumination (a typical example is to 
interpret the transformation φ;(Α) (φ,{p(S)) · <p,(A) 
as a kind of normalization of the receptor codes 
corresponding to a surface A under some illumi-
nation by the receptor codes of a white surface 
under the same illumination). 

Various psychophysical investigations into the 
von Kries hypothesis have been carried out since, 
with more or less negative results (cf. Wyszecki 
and Stiles, 1982, p. 429ff.). Many of the relevant 
experimental studies have concentrated on conse-
quences of the von Kries hypothesis rather than on 
the hypothesis itself, notably the linearity laws 
(Wyszecki and Stiles, 1982, p. 431) and among 
these the proportionality rule. This rule has, under 
several experimental paradigms, been shown to 
fail (cf. Jameson and Hurvich, 1972). There is 
abundant evidence both in psychophysics and neu-
rophysiology that there are many types and sites of 
adaptation in the visual system (cf. MacLeod, 
1978; Walraven and Valeton, 1984; Walraven 
et al., 1990). For instance, Ahn and MacLeod 
(1993) found that chromatic adaptation had differ-
ent effects on flicker photometry and unique yel-
low settings. 

Even in cases where a multiplicative von Kries 
transformation is suggested by the data, the coeffi-
cients might not be easily identifiable with a certain 
stage of neural processing, since a single co-
efficient can comprise the effects of many trans-
formations at quite different stages. Nevertheless, 
the failure of 'the' von Kries law/proportionality 
rule gave rise to search for 'additional mechanisms' 
(in an attempt to preserve the basic spirit of a linear 
coefficient law), notably 'subtractive' ones. 

12.4.5.2 The "Two-Process Interpretation" 
of Spatial and Temporal Effects 
in Opponent-Color Theory 

The effects on color appearance of spatial and 
temporal variations of context were at the origin of 
opponent-color theory. Hering focused on certain 
spatial interactions of colors and corresponding 
phenomena traditionally subsumed under the 
headings 'light induction', 'color induction', 
'simultaneous contrast' etc. These phenomena 
offer a natural starting point for a spatially orient-
ed relational point of view as advanced by 
Fechner, Mach, Hering, Katz, Bühler, Koffka, and 
Land, to mention only a few well-known names. 
According to this perspective, color is inherently 
determined by features of the entire visual scene. 
Both aspects, the preadaptational and the relation-
al one, are often couched in the same language of 
adaptation, and it is, in fact, often difficult to tell 
them apart in experimental or theoretical work. 

Within the framework of opponent-color theory 
an explicit mathematical model to account for the 
effects of adaptation and induction in terms of 
opponent-color processing was proposed by 
Jameson and Hurvich (e.g., 1972). This is the so-
called "two-process interpretation ", whose math-
ematical core is a formal scheme, which, like the 
von Kries coefficient scheme, allows for different 
interpretations. 

Whereas the linear version of opponent-color 
theory discussed in section 12.4.3 refers to a sin-
gle spot of light only, the "two-process interpreta-
tion" also refers to the effect of a (spatial) context 
in which a test light is seen and yields an affine 
version of opponent-color theory. When applied to 
a system φ of linear primary codes, the model can, 
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for the 'red-green system', be given the following 
schematic form: 

ßr_g(A;S) = Iw ,2 ,3 ki(S)· φί(Α) - /(S) 

where A denotes the presented lights and S the 
(spatially or temporally) adapting light, and kj(S) 
and /(S) are real numbers. The Jameson-Hurvich 
model postulated analogous equations for the 
other two channels. 

This model is different from the linear oppo-
nent-color model of section 12.4.3.2. that was 
based on color-cancellation experiments. Where-
as, under suitable linearity assumptions, the oppo-
nent codes derived from color-cancellation exper-
iments with a single homogeneous spot of light 
belong to the class of Grassmann codes, the oppo-
nent codes of the Jameson-Hurvich model are 
affine functions of the linear primary codes and 
are, thus, not Grassmann codes themselves. 

There are several important variants of this 
model like Walraven's (1976) "discounting the 
background" model: 

ör_g(A;S) = Σμ ,2 ,3 kj(S)· (φί(Α) - cp,(S)) 

This model assumes that in stimuli of the kind 
A = S θ Δ only the incremental part Δ is subject-
ed to a von Kries type sensitivity control: 

0 I^(A;S) = I i = 1 ,2 ,3k i(S)-9 i(A). 

A discussion of these models can be found in 
Mausfeld and Niederee (1991; 1993). 

In the next section I shall summarize a theoreti-
cal scheme for color codes in center-surround 
stimuli, put forward by Mausfeld and Niederee 
(1993), that is based on a contrast code of primary 
receptor signals and incorporates both multiplica-
tive and subtractive mechanisms of sensitivity 
control. This scheme, called the Octant Model 
(because it partitions the receptor excitation space 
into eight regions), on the one hand allows a sim-
ple interpretation in traditional terms of front end 
contrast coding. On the other hand, theoretical as 
well as empirical observations connected with it 
lead in a natural way to a more sophisticated read-
ing of this model in terms of complex perceptual 
achievements. I shall turn to the corresponding 
functionalist and ethology-inspired perspective in 
section 12.6. 

12.4.5.3 The Octant Model and 
Increment-Decrement Asymmetry 

There is ample evidence in color research support-
ing the idea that spatio-temporal transients provide 
the essential 'information' for the coding of color. 
The following model is based on corresponding 
theoretical ideas and empirical results and tries to 
specify some basic aspects of such a transient-
based perspective for a 'minimal' kind of stimulus 
configuration that suits a relational transient-
based perspective of color, according to which, at 
each point, color is determined by the relation 
between (at least) two 'lights', characterized by 
their spectral compositions, one pertaining to this 
very point and the other(s) to its neighborhood. 

As above, I shall denote a stimulus consisting of 
a central infield A presented in a surround/back-
ground S (each characterized by the primary color 
codes <Pj(A), q>j(S), i = 1,2,3) by <A,S>. (In the 
following I use the terms 'surround' and 'back-
ground' interchangably, A, B, ... always denote the 
absolute infields.) 

Consider two such stimuli <A,S> and <B,T>. Of 
course, if the two infields A and Β have identical 
values with respect to a Grassmann code φ and if 
the two surrounds S and Τ also have identical φ-
values, the two stimuli are isophene: 

If φ(Α) = φ(Β) and q>(S) = <p(T), 

then <A,S> ξ <B,T>. 

The converse, however, is not true, since different 
vectors in six-dimensional real vector space may 
result in isophene infields. Therefore, many 
attempts in color science have been made to find a 
color code Φ that captures the appearance of the 
infield, i.e. 

<A,S> ξ <B,T> 0(A,S) = Φ(Β,Τ). 

and that is some simple function h of the corre-
sponding Grassmann code. More precisely, one 
wants to find some vector valued function on the 
six-dimensional real vector space such that 
0(A,S) = h(cp(A), <p(S)) is a color code for the 
appearance of the infield. 

Examples for h are linear functions in the infield 
for a fixed surround (e.g., von Kries, Land) and 
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affine functions (e.g., Jameson and Hurvich, 
Walraven, Shevell, Larimer) that take values in the 
three-dimensional real vector space. 

The Octant Model is an incrementally linear 
model consonant with several empirical and theo-
retical findings on color coding. It assumes a con-
trast code Φ, for each channel i and predicts that 
between the infields of two such configurations a 
color match is obtained if the respective contrast 
codes for the two stimuli coincide (interestingly 
enough, neurophysiological as well as psy-
chophysical observations suggest that the primary 
signals in the retina result from contrast coding, 
whereas absolute brightness and color must be 
approximately reconstructed by higher-order 
processes). The contrast code Φ, is given by the 
difference φ;(Α) - φ,(8), which in turn is subjected 
to a multiplicative surround-dependent transfor-
mation pi±[S] (or, more precisely, pi±[(p(S)]). The 
distinctive feature of the Octant Model is that 
these transformations are allowed to be different 
for increments (i.e., φί(Α) - 0;(S) > 0) and decre-
ments (i.e., φ,(Α) - (MS) < 0): p1+[S] * p,„[S]. In 
neurophysiological terms, the sign of the response 
in each of the three color channels depends entire-
ly on the background, and the 'ON' and 'OFF' 
parts of each channel are subjected to different 
multiplicative gain controls. The result that incre-
mental and decremental stimuli are processed dif-
ferently does not come as a surprise in view of 
both the phenomenological distinction between 
aperture and surface modes of color perception, 
and the functionalist distinction between illumina-
tion colors and object colors. 

All incrementally linear models that assume that 
incremental and decremental stimuli were subject-
ed to the same multiplicative surround-dependent 
transformation p;[S] imply a qualitative law of 
increment-decrement symmetry, let Δ be an in-
crement superimposed on a background S and Δ' 
another increment on a background Τ such that 
the two infields are isophene (i.e., <S θ A,S> 
ξ <T Θ Δ',Τ>); then the infields of the corre-
sponding decremental stimuli (if they are physi-
cally realizable) must also be isophene (i.e., 
<S ©A,S> Ξ <T θ Δ',Τ>). If, on the other hand, 
the principle of increment-decrement symmetry is 
violated for a certain viewing condition and judg-

mental mode, then for such a condition no in-
crementally linear model with pi+[S] =p,_[S] can 
hold. 

A simple phenomenon, called luminance con-
trast phenomenon (Niederee and Mausfeld, 1996), 
already qualitatively shows that increment-decre-
ment symmetry cannot hold generally. Further-
more, quantitative experiments of ours show that 
the multiplicative 'gain control' coefficients differ 
indeed considerably for increments and decre-
ments (Mausfeld and Niederee, 1992). This dif-
ference does not only show up between proper 
increments and proper decrements, but between 
several octant boundaries: Heyer (1996) by explic-
itly extending the Octant model to a subsequent 
stage of opponent coding - was able to show 
experimentally 'kinks' of unique blue lines in 
unique yellow surrounds at several octant bound-
aries. 

The difference in processing between incre-
ments and decrements (or, more generally, the 
coding properties described by the Octant Model) 
could possibly be understood as resulting from the 
structure of the elementary perceptual categories 
of 'object color' and 'illumination color', which 
will be addressed below. 

The above presentation confined itself to the 
abstract core of basic elementary color codes. The 
elementaristic perspective on color coding is, 
however, much more variegated and richer and 
incorporates for instance mechanisms related to 
eye-movements, filling-in processes, contrast cod-
ing etc. Nevertheless, there are many phenomena 
that cannot be easily accommodated in the ele-
mentaristic perspective on color coding (cf. 
Mausfeld and Niederee, 1993, sec. 9) and necessi-
tate an additional and different approach to color 
perception. 

12.5 Ecological and 
Computational Perspectives 

The elementaristic perspective on color coding 
proved to be immensely fruitful for our under-
standing of the primary transduction and neuro-
physiology of early color coding. The elementaris-
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tic perspective is, however, ill-equipped to deal 
with problems of color perception in complex 
scenes. This does not mean that there are simply 
some lacunae to be filled in the future in the theo-
retical picture the elementaristic perspective draws 
of color perception. Rather the entire perspective 
is, in a pernicious way, misleading if one attempts 
to extend it to problems of color perception in nat-
ural scenes. 

It goes without saying that this does not chal-
lenge the fact that the Grassmann theory consti-
tutes the basis for any theory of complex color 
coding. In particular, almost all approaches to 
color perception assume that the pattern of color 
appearances which is evoked by a spatio-temporal 
array of lights Aj is a function of the correspond-
ing tristimulus array c p ( A j ) . This assumption, 
called extended primary trichromacy by Mausfeld 
and Niederee (1993), is equivalent to the assump-
tion that the pattern of color appearances does not 
change if each light Aj is replaced by a metameric 
light. 

When an elementaristic perspective on color 
vision attempts to incorporate functionalist as-
pects of goals of perception it succumbs to a mea-
surement device (mis-)conception of perception. 
This may be exemplified by Barlow's (1982, 
p. 635) remark that "For color vision, the task of 
the eye is to discriminate different distributions of 
energy over the spectrum." In a similar vein 
Buchsbaum and Gottschalk (1983, p. 92) state: 
"The visual system is concerned with estimating 
the spectral functional shape of the incoming 
color stimulus." 

The success of the elementaristic approach to 
color vision with respect to neurophysiological 
concerns has for many decades reduced psy-
chophysics to an auxiliary discipline of neurophys-
iology. Corresponding attitudes have prevailed in 
psychophysics and veiled the fact that since the 
beginning of scientific investigations into color 
perception an alternative perspective has been 
developed that takes into account functionalist 
aspects of perception and starts from the idea that 
color perception deals with complex perceptual 
achievements in connection with the interplay of 
light and objects. This perspective had already 
been clearly expressed by Hering (1920, p. 13): 

"Vision is not a matter of perceiving light rays 
as such, but the ability to see external objects by 
means of these rays; the eye's task is not to 
inform us about the respective intensity or qual-
ity of the light that comes from the external 
objects, but to inform us about the objects them-
selves."5 

Hering's commitment to a functionalist perspec-
tive has since then been echoed and advanced by 
Bühler, Heider, Brunswik, Gibson, Shepard, to 
mention just a few well-known names. Unfor-
tunately, the prevailing orthodoxies of elemen-
taristic and neurophysiological ly oriented psy-
chophysics suppressed complex functionalist 
approaches to color perception to such an extent 
that it took quite some time and effort to once 
more attain the level of insights that one can find 
in the classic literature, e.g., in Gelb (1929) or 
Kardos (1935). These insights have been resur-
rected in a new guise due to the emergence of arti-
ficial intelligence research, where they have 
inspired various computational approaches to 
color vision. 

We can schematically distinguish two kinds of 
approaches to theoretically deal with the internal 
coding of the color of objects under varying illu-
minations. The adaptational perspective empha-
sizes the role of simple elementary mechanisms 
that neutralize the effects of changes of the illumi-
nation. Of these the most prominent is a von 
Kries-type normalization of the receptor output by 
an illumination-dependent factor. Such an adap-
tive rescaling could in principle yield a good 
approximation to color constancy if reflectance 
and illuminant spectra are broad relative to the 
bandwidth of the receptors. The basic spirit of an 
adaptational perspective on color constancy can 
already be found in Hering, who considered color 
constancy as primarily due to elementary and 
primitive processing modes of the visual system. 

• "Nicht um das Schauen der Strahlungen als solcher 
handelt es sich beim Sehen, sondern um das durch 
diese Strahlungen vermittelte Schauen der Außen-
dinge; das Auge hat uns nicht über die jeweilige 
Intensität oder Qualität des von den Außendingen 
kommenden Lichtes, sondern über diese Dinge selbst 
zu unterrichten." 
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Explicit accounts from different theoretical per-
spectives were given by Ives (1912) and Jaensch 
(1914) who introduce the concept of level, and 
later, among others, by Helson, Judd, Land, Brill 
and West (e.g., West and Brill, 1982), MacLeod 
(1986), and Foster and Nascimento (1994). 

Non-adaptational approaches to color constancy 
were developed by Sällström, Buchsbaum, Brill, 
Maloney and Wandell, and D'Zmura and Iverson. 
These approaches are explicitly couched in terms 
of the computational goal of recovering from the 
sensory input a function that depends only on cer-
tain physical properties of objects, viz. character-
istics of surface reflectance. 

In the following I shall very briefly sketch some 
of the basic ideas of the adaptational and non-
adaptational approaches using the example of 
Land's Retinex scheme and of Maloney's algo-
rithm which is based on the linear framework 
approach. 

12.5.1 The Problem of Approximate 
Color Constancy from a 
Computational Point of View 

A strong locally-atomistic perspective on color 
perception takes the color appearance at each loca-
tion k of the visual field to be determined by the 

light pertaining to this very location, i.e., by the 
respective triple cp(Ak) alone. This alleged point-
to-point correlation of wavelength composition 
and color appearance is in conflict with many 
empirical phenomena, among them colored shad-
ows and the phenomenon that colors of objects 
tend to remain fairly constant under changes of the 
color of the illumination. 

The formal core of the problem of color con-
stancy as viewed from a computational perspective 
is schematically shown in Figure 12.3. The vari-
ables involved are the spectral energy distribution 
Ε(λ) of the illumination and the spectral re-
flectance function R(.r,X) at a location .τ of a sur-
face. The signal coming to the eye is the point-wise 
product of illumination and reflectance, as it were. 
It causes in each type i of photoreceptors a neural 
signal. In this signal the illumination component 
and the reflectance component are completely con-
founded. Nevertheless, the internal representation, 
i.e., the percept of the (approximately) 'true' color 
of the surface, requires a kind of disentangling of 
the two components. On the basis of local infor-
mation of a single position χ this is, of course, 
impossible, on logical grounds (analogously to the 
impossibility of identifying each of the factors for 
a given product of two numbers). Visual mecha-
nisms that accomplish a (largely) illumination-
independent perceptual assessment of the color of 

Fig. 12.3: The problem of color 
constancy. 

χ 

R(λ,χ) 

sensory· input 

f(R(A,x)) 
perceptual representation 
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objects must consequently be based on some glob-
al operations of the visual scene. 

12.5.1.1 Land's Approach to Color 
Constancy 

Investigations into the problem of color constancy 
underwent a revival due to the ingenious 
'Mondrian' demonstrations of Edwin Land. To 
account for his findings Land put forward several 
versions of a simple computational scheme, which 
he called Retinex Theory. This scheme was moti-
vated by the idea that the illuminant has to be com-
pletely discounted. Land's approach was to find 
color designators (i.e., a triple of numbers) for 
which the following hold: 

i) designators are invariant under changes of 
illumination (for a fixed configuration of sur-
faces) 
ii) equal designators correspond to identical 
color appearances. 

Whereas i) is a requirement from a computational 
perspective, ii) ties the illumination-invariant code 
to perceptual relations; it assumes perfect color 
constancy (within one fixed scene). 

In Retinex theory these color designators are 
obtained by a simple comparison and normaliza-
tion procedure. For a given test field χ of a fixed 
Mondrian that is illuminated homogeneously, the 
procedure can, in terms of Grassmann color codes, 
be described as follows: Let φχ = (φ, x, φ2>χ, φ3.χ) 
be the value of the Grassmann code of the light 
coming from x. Correspondingly, let (py for all 
other patches ν of the Mondrian denote the respec-
tive Grassmann codes. The (later version of the) 
Retinex algorithm basically calculates the geomet-
ric mean G((py) and normalizes the color code of 
the test field with respect to this geometric mean, 
i.e., (px/G((py). This color code L = φχ/(7(φν) is 
(under strong assumptions about lights and sur-
faces) invariant over changes in illumination if the 
average spectral reflectance of the Mondrian con-
sidered corresponds to a mid-grey reflectance. 

It is obvious that the Retinex algorithm is for-
mally equivalent to a von Kries-type transforma-
tion, where the coefficients p; are assumed to be 
inversely proportional to the geometric mean of 
the Grassmann codes of the Mondrian areas. 

Land's computational approach to color con-
stancy, despite being theoretically unsatisfactory 
and at variance with empirical observations, stim-
ulated further theoretical and empirical research 
on color constancy immensely. 

Several other adaptational algorithms for color 
constancy have been developed that are also based 
on a von Kries-type normalization and assume that 
there is either a white surface available in the 
scene or that the average reflectance of the scene 
is a mid-grey. Foster and Nascimento (1994) pro-
vided evidence that illuminant invariant codes may 
be achieved by a direct coding of spatial color 
relations, since cone excitation ratios are for nat-
ural surfaces almost invariant under changes in 
natural illuminants. Forsyth (1990) proposed for a 
Mondrian world a framework for extracting illu-
minant information hidden in the gamut of 
Grassmann codes for all possible surface reflec-
tances under some illuminant. 

12.5.1.2 The Linear Model's Framework 
and Maloney's Algorithm 

The most prominent class of non-adaptational 
models of color constancy are based on the fol-
lowing idea: analyses of large sets of empirical 
surfaces and lights as well as investigations into 
the physical processes that determine surface 
spectral reflectances have led to the conjecture that 
the spectral energy distributions of 'natural' lights 
and many surface spectral reflectance functions 
are well approximated by a linear combination of 
a fixed finite set of frequency-limited basis func-
tions. Each surface spectral reflectance is then 
expressed as a linear combination of η basis func-
tions. The number η and each of the η basis func-
tions is assumed fixed and to be independent of 
the surfaces considered, the weights of this linear 
combination can vary to generate all possible sur-
face reflectances for this particular linear model. 
The residual error is remarkably small, since, for 
instance, eight basis functions account for over 
0.99 of overall variance for large sets of natural 
spectral reflectances. 

Based on such a finite-dimensional linear phys-
ical model for the underlying physical variables -
a model that is only weakly constrained by per-
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ceptual considerations - Maloney (1985, 1992) 
proposed a mechanism that exploits the underly-
ing physical regularities. Its goal is to estimate 
from the sensory input a function that depends 
only on the surface spectral reflectance function. 
For his algorithm, Maloney assumes that for the 
case of three receptor types each light can be suf-
ficiently well approximated by a linear combina-
tion of three basic lights, and each surface 
reflectance by a linear combination of two basic 
reflectance functions, i.e., the vector space of per-
missible lights has the dimension 3, the vector 
space of permissible reflectances the dimension 2. 
Therefore the values of the Grassmann codes of 
the permissible reflectances under a fixed permis-
sible light come to lie in a two-dimensional linear 
subspace of the three-dimensional Grassmann 
space. Maloney provided natural assumptions 
under which this subspace is characteristic for the 
illumination in the sense that the illumination can 
- up to scalar multiplication - be determined from 
the position of this subspace with respect to the 
Grassmann space. This in turn allows the determi-
nation - up to scalar multiplication - of the 
reflectances. For a set of empirical reflectances the 
system would have to determine (according to 
some distance measure) the best approximating 
linear subspace in sensor space (if one chooses the 
Euclidean distance this task is accomplished by 
some kind of principle component analysis). 

Maloney's penetrating analyses into the mathe-
matical structure that results from the interaction of 
lights, surfaces and properties of the eye (together 
with assumptions of the visual system's task) can 
be considered an important accomplishment for the 
conceptual clarification of the problem of color 
constancy. On empirical grounds, however, the 
general assumption that the visual systems's 
achievement is to obtain a function of the sensory 
input that depends on R/χ,λ), but not on Ε(λ), 
which on Maloney's account is tantamount to 
recovering reflectances, does not seem to be appro-
priate. Furthermore, to account for empirical sur-
face reflectanccs which require (at least) three 
degrees of freedom in surface reflectance func-
tions, the algorithm requires four types of recep-
tors. But even if the algorithm should not teach us 
much about the actual mechanisms of human color 

perception, the underlying approach is certainly a 
whetstone to clarify our basic concepts. Maloney's 
approach particularly shows in a precise mathemat-
ical way, how strong the implications are that can 
be derived from ecological considerations about 
the 'physical friendliness' of our environment. 

12.5.2 Qualitative Observations on the 
Dialectic Relationship of 
Illumination and Object Color 

Plausible as computational approaches of the kind 
mentioned above are at first sight (provided one 
restricts attention to appropriate 'semi-ecological' 
situations, such as a 'Mondrian world'), these 
approaches have systematic drawbacks from a 
psychological point of view. The most general 
objection is that the reduction of color perception 
to estimating surface reflectances is, from the 
point of view of perceptual psychology, nearly as 
misleading as the locally atomistic wavelength-
based perspective. The claim that "the goal of 
color vision is to recover the invariant spectral 
reflectance of objects (surfaces)" (Poggio, 1990, 
p. 147) amounts to a distal variant of the measure-
ment device conception of perception. Though the 
adaptive coupling of the organism to its environ-
ment takes strong advantage of physical regulari-
ties of physical reflectances, the claim that the 
estimation of spectral reflectance functions is a 
goal of color vision amounts to underestimating 
constraints derived from its internal 'semantic 
structure', as it were, and imputes to the visual 
system a goal that is not consonant with its actual 
achievements. What is achieved is not an estima-
tion of spectral reflectance functions, but rather an 
abstractive categorial description of the 'color of a 
perceived object', which is more stable than can be 
expected on the basis of the local sensory input, 
i.e., the wavelength composition of the light com-
ing from the object to the eye. In this sense, the 
percept 'color of an object' seems to be more 
strongly tied to the spectral reflectance character-
istics of the object than to the wavelength compo-
sition of the local sensory input. There is, howev-
er, no color constancy in the strict sense that two 
locations of the same spectral reflectance 'look the 
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same' under two different illuminations. Complex 
scenes rather require a notion of 'equality of color 
appearances' whose meaning depends on the 
judgmental task and the observer's 'mode of per-
ception'. This was already stressed by Katz, who 
also observed that color appearances under chro-
matic illumination have a peculiar character of a 
kind that cannot be encountered under normal illu-
mination. "Attempts to establish color appearances 
within a field of view in qualitatively normal illu-
mination that in all respects are equal to color 
appearances that can be encountered in fields of 
view in chromatical illumination, are prone to fail" 
(Katz, 1911, p. 274)6. The often subtle phenomenal 
differences in appearance have escaped apprecia-
tion in computational perspectives. This is partly 
due to the fact that computational psychophysicists 
are often loath to admit any consideration of phe-
nomenological appearance. Consequently, the con-
struction of illumination independent color codes 
tends to be divorced from the construction of 
appropriate appearance codes. Another reason for 
this situation lies in our lack of a suitable theoreti-
cal language for the phenomenal description of the 
percept associated with the interplay of perceived 
illumination and perceived objects, since such a 
description has to deal with aspects of, for instance, 
vagueness, abstraction and categorization. 

In the classic literature we find many attempts to 
carefully describe the phenomenal peculiarities 
that are characteristic for color appearances under 
(chromatic) illumination. Helmholtz (1911, Vol. 2, 
p. 243) described them as "colors that can be seen 
at the same location of the visual field one behind 
the other."7 Bühler (1922, p. 40) spoke of "locating 
colors in perceptual space one behind the other" 
("Hintereinander von Farborten im Wahrneh-
mungsraum "), "colors appear as if they were com-
posed of the actual object color and a coating by 

6 "Innerhalb eines qualitativ normal beleuchteten 
Gesichtsfeldes wird man vergeblich Farbeindrücke 
herzustellen versuchen, die denen in jeder Beziehung 
gleichen, welche wir in buntfarbig beleuchteten 
Gesichtsfeldern antreffen." 
7 "Farben, die in demselben Teil des Gesichtsfeldes 
vorhanden sind" und wo "eine Farbe durch die andere 
hindurch zu sehen ist" 

the chromatic illumination."8 Katz (1911, p. 274) 
noted "the curious lability of colors under chro-
matic illumination." Similar observation can be 
found in Hering (e.g., 1888), Fuchs (1923), or 
Gelb (1929). 

Even everyday situations, say a white wall in a 
room illuminated by a reddish light, can arouse 
intriguing kinds of impressions in a careful 
observer: 
- we can 'see' both the color of the object ('white' 

wall) and the color of the illumination (in many 
cases there is, through shifts of attention, some 
freedom in how we 'decompose' the sensory 
input into an 'object color component' and an 
'illumination color component') 

- the colors of objects in the room are less dis-
tinctive and more vague than under 'normal illu-
mination' (though we tend to have good access 
to the 'colors of the objects') 

- the gamut of colors tends to shrink the more the 
illumination deviates from a white one (which 
gives rise to the conjecture that the visual sys-
tem might use something like the variance of 
Grassmann codes for an assessment of the illu-
mination) 

- a white illumination seems to be special in that 
we cease to have the impression of a separate 
illumination at all. 

Furthermore, a green light, for instance, and an 
olive-green surface exhibit some phenomenologi-
cal similarity: Though in principle these two 
'worlds' of colour appearances could have been 
phenomenologically completely divorced from 
each other, the adaptive requirement of colour 
constancy necessitates the possibility of at least a 
partial compensation and continuous transition 
between the two. 

From present-day computational perspectives, 
phenomenological descriptions like these more or 
less seem to be mere exercises in phenomenology 
that do not promise to provide further theoretical 
insights. However, if one abandons the inappropri-
ate assumption that properties of color coding can 
completely be understood in terms of, or even be 

8 Farben "erscheinen, als ob sie aus der eigentlichen 
Objektfarbe und einem daraufliegenden Häutchen aus 
der farbigen Beleuchtung zusammengesetzt seien" 
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derived from the goal of recovering spectral 
reflectances, the question again arises in which 
way adaptive properties of the internal coding of 
color can be described more appropriately. 
Observations like the ones above may then provide 
strong heuristics about what the actual achieve-
ments of the visual system with respect to color 
perception are and about how the attribute of color 
is interlocked with spatial aspects that in turn are 
interrelated with the 'interpretation' of the scenes 
in terms of 'objects ' and 'illumination' (one cannot 
overemphazise the point stressed by Koffka, 1936, 
p. 129, that "a general theory of color must at the 
same time be a general theory of space and form"). 

12.6 Center-Surround Configu-
rations as Minimal Stimuli 
for Triggering a Dual Code 
for Object Colors' and 
'Illumination Colors' 

The ecological perspective on color perception 
heuristically starts out from a physical description 
of the sensory input in terms of complex achieve-
ment-related concepts such as 'surface', 'specular 
highlights', 'shadows', etc. It then attempts to con-
struct complex abstract color codes backwards, as 
it were, from an appropriate physical description 
of the perceptual achievements, say color constan-
cy. For instance, one tries to find color codes (con-
sidered as functions of the input) that are equal if 
the reflectances that are part of the physical input 
description are equivalent (i.e., equal up to multi-
plication). Approaches like these again amount to 
succumbing to the physicalistic trap, since they 
presuppose that the perceptual categories (e.g., of 
'light' or 'surface') are constituted by the corre-
sponding physical categories (of physical lights or 
surfaces). Such an assumption, however, cannot be 
derived from the evolutionary requirement of an 
adaptive coupling of perceptual categories to bio-
logically relevant physical ones. In point of fact, 
the perceptual categories 'surface colors' vs. 'illu-
mination colors' are not constituted by the corre-
sponding categories of physics and tied to them in 

the sense of the latter being necessary and suffi-
cient conditions for the former. Rather they are 
constituted by a set of biologically relevant fea-
tures that are specific to physically contingent 
organism-environment relations. 

A proper physical description of these relations 
should therefore not be couched in the vocabulary 
of still-to-be-identified perceptual categories. Not 
much is known today about the internal semantics, 
as it were, of the visual system, but there are good 
reasons to assume that basic 'semantic' units of 
perception are predetermined and tied to certain 
spatio-temporal characteristics of the incoming 
energy. 

Approaches to deal with the problem of the 
internal perceptual semantics of organisms were 
developed by v. Uexküll, v. Frisch, Lorenz, Tin-
bergen, and, for situations where, like in visual 
perception, the unit of analysis is not the entire 
organism but certain (often abstractly idealized) 
'mechanisms', by Lashley, Bühler, Brunswik and 
Barlow, to mention only a few names. Barlow 
(1961, p. 219) summed up this perspective under 
the watchword "password hypothesis"·. "Specific 
classes of stimuli act as 'releasers' and evoke spe-
cific responses; these classes of stimuli are 
thought of as 'passwords' which have to be distin-
guished from all other stimuli, and it is suggested 
that their detection may be the important function 
of sensory relays." 

An exposition of these ethological perspectives 
as applied to the problem of how elementary per-
ceptual categories come about is beyond the scope 
of this paper and will be given elsewhere. In the 
present context only some heuristic intuitions will 
be addressed as to the general question whether 
there are critical minimal stimulus characteristics 
that already trigger attempts of the visual system 
to 'interpret' them in terms of certain perceptual 
categories. Are the perceptual categories of 'illu-
mination color' and 'object color' internally con-
stituted not by an extensive set of properties of 
corresponding physical entities, but rather by a 
few 'representative' ones? If so, these physical 
characteristics could be instantiated by an other-
wise highly reduced stimulus, which then would 
suffice to trigger an internal perceptual structure 
whose complexity far exceeds the complexity of 
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the triggering stimulus. The initial mapping of 
sensory inputs on internal codes is, on this view, 
innately specified in terms of an 'environmental 
semantics'. 

According to such a perspective, the dialectic 
relationship of illumination and object is mirrored 
in a perceptual bi-segmentation of the visual field 
(corresponding to the fovea-extrafovea segmenta-
tion of the retina). The main function of the sur-
rounding field is - besides detection of motion and 
optical flow, and orientation in space - to estimate 
the illumination, and not to identify objects of 
which this surrounding field is composed. The 
problem of approximate color constancy is, on this 
view, misrepresented by current computational 
accounts. If color is part of the format of 'repre-
senting' the environment, i.e., a property of the 
organization of the perception instinct that couples 
our perceptuo-motorial system as a whole to its 
environment, processes underlying phenomena of 
approximate color constancy are not necessarily 
coupled to certain invariant characteristics of 
physical objects, to wit spectral reflectances, but 
rather are part of the way the system is organized. 
Consequently these complex internal structures 
can be triggered by appropriate but highly uneco-
logical stimuli (though in evolutionary history 
physical properties of natural spectral reflectances 
played a crucial role for the development of these 
properties of internal organization). Once trig-
gered they create mandatory 'interpretations' in 
terms of a dual code for 'illumination color' and 
'object color'. 

An interesting candidate for such classes of 
stimuli are center-surround type configurations, 
traditionally associated with mechanisms of early 
color coding (like sensitivity control and opponent 
processing) and exhibiting phenomena like simul-
taneous contrast. Already Helmholtz observed that 
under natural conditions simultaneous contrast 
rarely occurs (a phenomenon that in modern terms 
can be related to the important computational goal 
of achieving scene invariance of color designators, 
i.e., the color of an object should not vary with the 
color of neighboring objects). There seems to be 
something special about the geometrical configu-
ration of small and sharply demarcated infields in 
large surrounds. The phenomena observed in these 

situations led Hering and later, in a more pro-
nounced way, Jaensch, Gelb, Bühler, Kardos and 
Müller to assign a special status to center-sur-
round stimuli and to favor a functional interpreta-
tion of the corresponding results in terms of 'high-
er-level' achievements. For instance K. Bühler 
(1922, p. 131) interpreted the phenomenon of 
simultaneous contrast in such situations as a 
degenerate marginal phenomenon attesting to the 
visual system's capability of preserving colors 
under changes of illumination. 

With respect to different aspects there is strong 
empirical and theoretical evidence that suggests 
regarding center-surround type stimuli as 'mini-
mal' stimuli for triggering mechanisms of the 
visual system that provide basic constituents for 
the perceptual categories of 'illumination color' 
and 'object color' and their interplay. In the next 
two sections I shall sketch some of the experimen-
tal indications in support of such a triggering of 
elementary perceptual categories by center-sur-
round situations. 

12.6.1 Laminar Segmentation and a 
Dual Code for Object Color' 
and 'Illumination Color' 

In the Octant Model, <j)(S) can be regarded as a 
measure of some level set by <A,S> with which 
the infield A is to be compared in such a way that 
φ(Α) - <))(S) is processed and for each component 
subjected to a surround-dependent multiplicative 
transformation Pj[<t>(S)]. According to this model, 
the corresponding three-dimensional code for the 
color appearance of the infield is described for-
mally by a contrast operator which involves taking 
differences of primary codes and applying con-
trast-dependent multiplicative transformations in 
each of the three components. 

The idea that the dialectic relationship of object 
and medium, and of 'object color' and 'illumina-
tion color' is a fundamental part of the structural 
form of our visual world, together with an etholo-
gy-inspired perspective that considers center-sur-
round configurations as kinds of sign stimuli for 
an 'object under chromatic illumination' sheds 
new light on the specific way - as captured in the 
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incrementally linear color code of the Octant 
Model - in which in center-surround configura-
tions 'large-disc information' and 'small-disc 
information' are segregated by the visual system. 
From this perspective, this segregation mirrors 
processes that are related to the segregation of 
object and illumination information. If the center-
surround configurations contain physico-geomet-
rical properties that already trigger the visual sys-
tem's 'interpretation' in terms of small, sharply 
demarcated objects under chromatic illumination, 
one should be able to observe, under suitable con-
ditions, phenomena like those described in section 
12.5.2 also in center-surround configurations. 

Indeed, in our color-cancellation experiments 
we found phenomena, where, again in Bühler's 
words, "colors appear as if they were composed of 
the actual object color and a coating by the chro-
matic illumination" and where in perceptual space 
one color is located behind the other. 

The following example of an experiment may 
serve to illustrate such phenomena: We used under 
Maxwellian-viewing conditions - using the ap-
paratus shown in Figure 12.1 - a red surround 
(λ = 649 nm, 150 td, 8-10°), where the 2°-infield 
was composed of a mixture of monochromatic 
light (AR649 Θ AG546). The subjects had to perform 
(by a two-alternative forced choice double-random 
staircase) reddish/greenish-judgments and to 
make a setting where the infield appears neither 
reddish nor greenish. While for most values of 

stimulus parameters subjects were able to satisfy 
this judgmental criterion (and made settings that 
are consonant with predictions derived from the 
Octant Model), they reported for certain stimulus 
parameters (large surrounds, contrasts not too 
high, predominantly in the decremental domain) 
seeing a reddish and a greenish component simul-
taneously. 

Figure 12.4 shows for a typical experiment the 
range of dominant wavelengths of the infield (for 
different intensities) within which a reddish and 
greenish color appearance (with a, in Katz's 
words, "curious lability of colors") is seen simul-
taneously (the left curve indicates the lower bound 
of reddish appearances of the infield, the right 
curve the upper bound of greenish appearances, in 
between are infields that appear reddish and 
greenish simultaneously). 

Subjects were not able to completely cancel the 
amount of redness at the position of the infield by 
increasing the green component of the infield. 
There seem to be two layers between which there 
is no complete trade-off. I consider this observa-
tion as a further indication that center-surround 
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Fig. 12.4: Range of reddish/greenish appearence of Fig. 12.5: Laminar segmentation of the retinal inten-
infield on red background of 150 td. sity profil. 
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situations already trigger a laminar segmentation 
of the retinal intensity profile into an 'object 
color' component and an 'illumination color' com-
ponent - as metaphorically indicated by Figure 
12.5 - and give rise to a dual color code for these 
two components. 

12.6.2 Segregation of Object Color' 
and 'Illumination Color' in 
Minimal Seurat-type 
Configurations 

So far I only referred to center-surround configu-
rations in which the surround corresponds to an 
area that is spatially uniform, i.e., homogeneous in 
terms of spectral energy distributions. The central 
heuristic underlying the approach proposed here is 
that such homogeneous center-surround configu-
rations can be regarded as minimal stimuli for trig-
gering a dual code for 'object colors' and 'illumi-
nation colors'. Though the above phenomenon of 
laminar segmentation already can be interpreted 
as some indication along this line, in order to 
establish a more convincing case in favor of this 
conjecture, one has to establish a 'continuous 
path', as it were, that connects this minimal situa-
tion via increasingly more complex ones with 
semi-ecological ones, like Mondrian-type situa-
tions or three-dimensional scenes. 

It is not the physico-geometrical property of 
being a center-surround configuration, but rather 
the perceptual feature of a certain figure-ground 
segmentation that triggers basic mechanisms sub-
serving 'color constancy' that is of importance 
here. Already Rubin (1921, p. 56) observed that 
transformations in the direction of color constancy 
are stronger if a certain area is perceived as figure 
than if it is perceived as ground.1' The homoge-
neous center-surround configuration can be con-
sidered as the prototypical situation for triggering 
a figure-ground segmentation, according to what 

'' "... daß diejenigen zentralen Faktoren, durch 
welche die auf einer farbigen Beleuchtung beruhende 
Veränderung in der Farbe der Dinge kompensiert 
werden, stärker wirksam sind an dem Felde, das als 
Figur, als an dem, welches als Grund hervortritt." 

Rubin (1921, p. 79) called a "fundamental law" 
("Fundamentalregel"): in situations where a ho-
mogeneous field of small size is surrounded by a 
much larger homogeneous field, there is a pre-
dominant tendency to perceive the enclosed small-
er field as figure. 

In a series of experiments in collaboration with 
Johannes Andres we attempted to bridge the gap 
from homogeneous center-surround configura-
tions to Mondrian configuration by a sequence of 
configurations (presented on a CRT screen) of the 
following kind. For each homogeneous surround 
(characterized by the corresponding Grassmann 
coordinates) a family of spatially inhomogenous 
surrounds, which have the same space-average 
Grassmann coordinates (globally, and within sev-
eral smaller annular regions of increasing distance 
from the infield), is constructed by varying the 
following parameters: 
- bandwidth of spatial variation of spectral inho-

mogeneities 
- spatial inhomogeneities achieved by varying the 

degrees of modulation along the luminance axis 
- spatial inhomogeneities achieved by varying the 

degrees of modulation along the red-green axis 
The geometrical layout of spatial variations of the 
surround is given by a random structure of over-
lapping circles (with occluding intersections) of a 
certain diameter (defining bandwidth of spatial 
variation). The infield has the same size as in the 
previous experiment with homogeneous center-
surround configurations and consists of a mixture 
of red and green which has to be brought to a red-
green equilibrium. 

For very small diameters of the circles of the 
surround and if both luminance and chromatic 
modulations are employed, the stimulus configu-
ration is reminiscent of the Neo-Impressionistic 
style of painting (see Fig. 1.20 of chapter 1). 
Because of this, I refer to these stimuli as Seurat-
type configurations. Increasing the diameter leads 
to patterns that resemble, say, a piece of fruit 
against a background of leaves, or a flower against 
a background of grass or soil. For circles with very 
large diameters a Mondrian-type of configuration 
is obtained. Using these kinds of stimulus config-
urations we can systematically investigate contin-
uous transitions of complexity between center-sur-
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Fig. 12.6: Seurat configurations of intermediate bandwidth of spatial variation of the surround and of the same 
spatially-averaged chromaticities, with spatial luminance modulation increasing on the vertical axis, and chro-
maticity modulation increasing on the horizontal axis. 

round type stimuli with a homogeneous surround 
and Mondrian-type configurations and thereby 
study those physical properties of such configura-
tions that trigger an interpretation in terms of the 
elementary perceptual categories of 'object color' 
and 'illumination color ' . 

For an intermediate bandwidth of spatial varia-
tion of the surround, Figure 12.6 shows typical 
configurations with spatial luminance modulation 
increasing on the vertical axis, and chromaticity 
modulation increasing on the horizontal axis. For 
all four displays in this f igure the space-average 
Grassmann codes of the surrounds are identical to 
the ones of the homogeneous surround in the dis-
play in the upper left. 

According to traditional adaptational models all 

these stimuli are functionally equivalent, i.e., are 
expected to exhibit the same effect on the unique 
yellow settings at the location of the infield. A 
typical example of a simple adaptation model 
of a space-averaged von Kries-type sensitivity 
control assumes that 0 ( A , S ) can be understood in 
terms of some linear 'pooling mechanism' 
9i(S) = Ej Wj i9 i(S(y j)), where S t y ) denotes the 
spectral energy distributions of the surround at the 
location yj5 and w,; e [0,1] are location-dependent 
weights (possibly decreasing with distance to the 
infield), summing up to 1. While our data clearly 
reveal that in our Seurat-type stimuli, surrounds 
with equal space-averaged Grassmann coordinates 
grossly violate any functional equivalence with 
respect to the unique yellow settings of the infield, 
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they suggest an interpretation in terms of a trig-
gering of elementary perceptual categories related 
to 'object color' and 'illumination color'. 

Since a detailed report of our experiments will 
be published separately, I shall only briefly men-
tion some qualitative results that are of interest in 
the present context. If a unique yellow test spot, 
e.g., with a dominant wavelength of 575 nm, is sur-
rounded by a homogeneous reddish surround (with 
a dominant wavelength of, say, 596 nm), the dom-
inant wavelength for the infield needs to be shifted 
towards longer wavelengths, e.g., to 585 nm, in 
order for a red-green equilibrium to be preserved. 
We now kept the infield at the same luminance as 
the surround (L = 9 cd/m2) and spatially modulated 
the surround along the red-green axis only, along 
the luminance axis only and simultaneously along 
both axes, while keeping the spatial average fixed. 

For an isochromatic surround (Fig. 12.7 left), 
i.e., no red-green variation and spatial luminance 
variation only, the red-green equilibrium settings 
showed a stronger shift towards longer wavelength 
than the ones for the corresponding homogeneous 
surround. A reduced variance of color codes in the 
surround seems to increase the visual system's 
propensity to interpret the configuration as an illu-
minated scene. For the case of an isoluminant sur-
round (Fig. 12.7 right) with strong spatial red-
green modulation only, the opposite effect showed 
up, i.e. the unique yellow settings strongly tended 
towards the ones of a dark surround or a space-
averaged achromatic surround. A qualitatively 

similar result for a red background field with 
sparse white and green dots has been obtained by 
Jenness & Shevell (1995). The finding for isolu-
minant surrounds can be related to the functional 
goal of achieving approximate scene invariance 
for the color codes of the infield. (The difference 
between surround configurations of isoluminant 
and isochromatic patches is more pronounced for 
reddish surrounds than for greenish ones, as is to 
be expected from considerations about natural 
illumination variations.) 

These experimental phenomena can be ac-
commodated by the general perspective outlined 
above according to which the surround-dependent 
change in appearance of an infield in a center-sur-
round configuration is not to be understood as an 
elementary re-coding of channels by a simple sur-
round-dependent gain control, but in fact mirrors 
the triggering of a much more complex mecha-
nism for establishing a dual code for 'object color' 
and 'illumination color'. The case of isoluminant 
chromatic spatial modulation results in a proximal 
stimulus pattern that is highly improbable to result 
from surfaces under chromatic illumination; it is a 
non-generic view, as it were. Such a configuration 
fails to trigger a proper dual code for illumination 
and object colors and thus does not activate any 
illuminance correction (this is analoguous to the 
observation that a non-generic view of a Necker 
cube fails to trigger a 3D-interpretation). 

The results of our experiments support, in my 
view, the idea that all color processing is cast into 

Fig. 12.7: Isochromatic (left) and isoluminant (right) Seurat configuration with same spatially averaged chro-
maticities. 
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the format of innate semantic perceptual cate-
gories of 'object color' and 'illumination color' , 
which in turn are intimately interwoven with rep-
resentations for elementary perceptual categories 
for the representation of surfaces, form and space. 
According to this view, perceptual achievements 
such as the segregation of object and illuminant 
color are brought forth by the very organization of 
the internal representation of color rather than 
being computationally derived from properties of 
sensory inputs. This reflects the difference 
between two different metaphors in perceptual 
theory: triggering vs. computation. 
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13. Color Contrast Gain Control 

Michael D 'Zmura 

13.1 Introduction 

Many television sets have a knob that lets one 
adjust the amount of picture contrast. Turning the 
knob in one direction causes contrast to increase 
and, in the other direction, to decrease. One some-
times finds three such knobs on a color television 
set for adjusting black-white, red-green and yel-
low-blue contrast, respectively. The human visual 
system also has a system for controlling contrast, 
and the aim of this chapter is to show how it 
works. The method will be to trace the fate of a 
color image through the contrast gain control cir-
cuitry of a multiresolution model of human visual 
processing. 

13.1.1 What is Contrast Gain Control? 

Contrast gain control is demonstrated in Figure 
13.1. The gray levels in the central disk on the left 

are physically identical to those of the disk on the 
right. Yet most people report that the apparent con-
trast of the right disk is higher than that of the left 
disk: the dark areas appear darker and the light 
areas appear lighter. The disk on the left is sur-
rounded by an annulus of high contrast. The con-
trast gain control of the visual system responds to 
high contrast by turning local contrast down. The 
disk on the right is surrounded by an area of zero 
contrast, and the contrast gain control responds by 
turning local contrast up. The result is the 
observed difference in apparent contrast. 

Over what distance does contrast in one location 
affect apparent contrast in another location? Does 
color contrast of one hue (e.g., red) affect apparent 
color contrast for another hue (e.g., yellow)? 
Where does the circuitry that is responsible for the 
contrast gain control reside within the visual sys-
tem - is this a retinal effect or a cortical one? 
Singer and I have studied these and related ques-
tions over the past several years (Singer and 

Fig. 13.1: A demonstration of contrast gain control by the human visual system. 
Gaze at the point midway between the central disk on the left and the disk on the 
right. The contrast of the disk at the right appears to be greater, although it is physi-
cally the same. (After Chubb et al., 1989). 
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D'Zmura, 1994, 1995; D'Zmura and Singer, 
1996). We have used psychophysical experiments 
to measure the dependence of contrast gain control 
on many variables. In one experiment, observers 
were shown the annulus in one eye's visual field 
and the central disk in the other eye's visual field. 
The effects of contrast gain control were still visi-
ble under these circumstances, and this interocular 
transfer suggests strongly that the contrast gain 
control has a cortical locus (Blakemore and 
Campbell, 1969). 

13.1.2 Selectivity for Spatial Frequency, 
Orientation and Color 

Systematic studies of how contrast gain control 
depends on stimulus variables such as spatial fre-
quency, orientation and color reveal a selectivity in 
contrast gain control that is captured well by mod-
els of visual processing with multiple channels. 
Chubb, Sperling and Solomon (1989) used sinu-
soidal patterns to show that the reduction in the 
apparent contrast of a central disk, found when 
contrast in a surrounding annulus is increased, 
depends on the relative spatial frequencies of cen-
ter and surround. Their results are shown in Figure 
13.2A. The reduction of apparent contrast is 
halved if the peak spatial frequency of the sur-
round is moved to either an octave lower or an 
octave higher than that of the center. This selectiv-
ity can be captured by a model of visual process-
ing that has several channels with different spatial 
frequency sensitivities. Contrast within a spatial 
frequency channel affects the gain on that channel 
strongly but affects the gain on channels with dif-
ferent sensitivities more weakly. 

Solomon, Sperling and Chubb (1993) used disks 
and annuli filled with spatial sinusoids of varying 
orientation to show that the visible effects of con-
trast gain control depend on the relative orienta-
tion of center and surround (see Fig. 13.2B). The 
reduction is strongest when center and surround 
share the same orientation and is weakest when 
they have perpendicular orientations. This selec-
tivity can be captured by a model of visual pro-
cessing that has several channels with different 
orientation sensitivities. Contrast within a channel 

of specific orientation affects the gain within that 
channel most strongly. 

Singer and I used disks and annuli of varying 
chromatic properties to show chromatic selectivity 
in contrast gain control (Singer and D'Zmura, 
1994). The strongest reduction in the apparent con-

SB 

ω Η "Κ 
— 

c ° g o 

DC 

50 i 

40 

30 4 

20 

104 

0 

Β 
φ 
J Co 
ω Η "Κ Ό 
° Έ 
r - Ο § o 
Μ 
oc 

6 0 -

40-

20 

CO 
ta ^ 
c c ο ο 

j«: 3 
Ul X3 

15 

10 

5 

0 

• 

0.5 1.0 2.0 
Spatial Frequency 

Ratio 

II 1 
Stimulus 

Configuration 

τ 
pL 

JL, 
s 

& 
Μ 

X, 
S 

JL 
L 
& 
Μ 

\ L&M ί 

Annulus 
Chromatic axis 

Fig. 13.2: Selectivity in contrast gain control. 
A. Selectivity in spatial frequency (After Chubb et 
al„ 1989). 
B. Selectivity in orientation (After Solomon et al., 
1993). 
C. Selectivity in color (After Singer and D'Zmura, 
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trast of a central disk is found with surrounds 
that have identical chromatic properties (see 
Fig. 13.2C). Again, a multiple channel model helps 
to explain the result. If there are three channels that 
respond best to stimuli along the achromatic, 
L&M-cone and S-cone axes of color space, respec-
tively (the significance of these axes is reviewed 
briefly just below), then the result follows if one 
supposes that contrast within any one channel 
affects the gain in that same channel most strongly. 

13.1.3 Feed-Forward, 
Matrix-Multiplicative Circuitry 

Singer and I used the results of more detailed 
experiments on color in contrast gain control to 
build a model, pictured in Figure 13.3 (Singer and 

D'Zmura, 1995). The first stage of the model (top) 
includes the three cone mechanisms L, Μ & S 
(Smith and Pokorny, 1975) and a von Kries type of 
adaptation that acts within each channel (von 
Kries, 1905). This stage is followed by a color-
opponent transformation (Hurvich and Jameson, 
1957) to create three channels sensitive to achro-
matic (A), L&M-cone and S-cone axis stimuli, 
respectively. 

The achromatic axis in color space is the axis 
along which lights vary in their intensity. Lights 
along this axis appear to vary from white through 
gray to black. The L&M-cone and S-cone axes are 
the cardinal chromatic axes of Krauskopf 
(MacLeod and Boynton, 1979; Krauskopf et al., 
1982; Derrington et al., 1984). Modulations among 
lights along the L&M-cone axis are isoluminant 
and are invisible to the S-cones. Lights along this 

( Ξ > — K x ) 0 
I 9 a t 'LM t 

g A
x r A 9LMXrLM 9sxrs 

Fig. 13.3: Model of chro-
matic interaction in contrast 
gain control (after Singer 
and D'Zmura, 1995). The 
feed-forward multiplicative 
circuitry differs from the 
divisive normalization pro-
cedures proposed by 
Sperling (1989) and Heeger 
(1992). Data collected by 
Singer and D'Zmura (1995) 
on saturating nonlinearities 
in contrast gain control were 
fit well by the former but not 
by the latter. 
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axis typically range from red through gray to blue-
green. Modulations among lights along the S-cone 
axis are isoluminant and are invisible to both the 
long- and medium-wavelength-sensitive (L & M) 
cones. Lights along this axis typically range from 
purple through gray to yellow-green. 

Contrast is computed in each of the three second-
stage channels by (1) rectifying the channel signal 
to create a nonnegative response at each point, and 
(2) determining local contrast by pooling contrast 
over an appropriate area. This spatial pooling is 
accomplished formally by convolving a spatial 
pooling function W(x) with the space-varying, rec-
tified response |r(x)| of each channel. Such opera-
tions produce the achromatic channel's contrast 
cA = W • |rA|, the L&M-cone axis channel's contrast 
CLM = W • |rLM| and the S-cone axis channel's con-
trast c s = W * |rs|. The space-varying contrasts are 
then combined appropriately using the nine coeffi-
cients b (see Fig. 13.3), which are chosen accord-
ing to empirical results on chromatic selectivity 
(Singer & D'Zmura, 1995). The selectively com-
bined contrasts are used to determine gains gA, g L M 

and g s on the responses of the achromatic and 
opponent channels. The gains act multiplicatively 
on the chromatic signals to produce the three out-
puts gA χ rA, gLM χ rLM and g s χ rs. The contrasts 
cA, cLM and c s are combined additively and then 
subtracted from one to determine the gains gA, gLM 

and g s. In this model, the effect of increasing con-
trast is to reduce gain in an inhibitory fashion. 

13.1.4 Spatial Pooling of Contrast 

By extending the model to include second-stage 
channels that are selective not only for color but 
also for spatial frequency and orientation, we can 
capture the psychophysical results on selectivity in 
contrast gain control. One further ingredient is 
needed: data on the spatial pooling functions 
W(x), which describe the area over which contrast 
is pooled by the contrast gain control. Cannon and 
Fullenkamp (1991) used spatial sinusoids to show 
that the width of the area over which contrast is 
pooled increases roughly linearly with spatial 
wavelength. Singer and I (1994) showed that pool-
ing areas are roughly independent of stimulus 

Spatial Frequency 
(cyc/deg) 

Fig. 13.4: Spatial frequency sensitivity of contrast 
pooling by the gain control described by a Gaussian 
function (after D'Zmura and Singer, 1996). 

chromatic properties. More recently, Singer and I 
used spatially-sinusoidal modulations of contrast 
modulation to determine the spatial frequency 
sensitivity of contrast pooling (D'Zmura and 
Singer, 1995). The spatial frequency sensitivities 
were fit well by Gaussians (see Fig. 13.4). 
Transforming these sensitivities back to the space 
domain provides Gaussian receptive field profiles 
for contrast pooling. 

13.2 Model Components 

The contrast gain control model of Figure 13.3 is 
readily extended to (1) include results on selectivity 
in spatial frequency, orientation and color; (2) incor-
porate data on the spatial pooling of contrast, and 
(3) process color images. The full model has four 
spatial frequency bands that are octave-wide (with 
the exception of the lowest spatial frequency band). 
For each of the four spatial frequency bands, there 
is a Gaussian contrast pooling area with a standard 
deviation that is proportional to the central spatial 
wavelength of the band. The model has six bands of 
differing orientation, each of width 30 degrees. The 
model works with achromatic, L&M-cone and S-
cone axis signals. The model has a total of 72 chan-
nels formed of the various combinations of spatial 
frequency, orientation and color, and these 72 chan-
nels interact selectively in contrast gain control. 

Figure 13.5 shows the spatial properties of the 
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achromatic mechanism's channels. Along the top 
are six sinusoids that label channel orientation, 
which varies from vertical at left to horizontal in 
the middle and back again at right in 30° steps. 
Along the left side are four sinusoids that label 
channel spatial frequency, which varies from low at 
the top to high at the bottom. The spatial frequency 
and orientation properties of each of the 24 chan-
nels are shown in the Fourier domain. White areas 
in the diagrams indicate channel sensitivity. 

There are also 24 L&M-cone axis channels, 
with spatial properties that are identical to those 
pictured for the achromatic mechanism. The dif-
ference is that these L&M-cone axis channels are 
maximally sensitive to chromatic change along the 
L&M-cone axis, in the red/blue-green direction, 
rather than to black-white change. Likewise, there 
are 24 S-cone axis channels with properties that 

are identical to those of the achromatic and the 
L&M-cone axis channels, except that their peak 
sensitivity is to chromatic change along the S-cone 
axis, in the yellow-green/purple direction. The 
model has a total of 72 channels. 

The model's contrast pooling functions are shown 
in the right column of Figure 13.6. These are four 
spatially-isotropic Gaussian functions with standard 
deviations that increase in proportion to channel 
spatial wavelength. Channel spatial wavelength is 
labelled by the sinusoids in the three columns at 
left; pooling is identical for the three color channels. 

The interaction in contrast gain control among 
the model's 72 channels is guided by the psy-
chophysical data on selectivity (see Fig. 13.2). As 
discussed below, the interaction is separable; the 
model's selectivities in spatial frequency, orienta-
tion and color are mutually independent. 

Fig. 13.5: The model's achromatic channels, tuned for spatial frequency and orientation. Each 
of the 24 plots of channel sensitivity is labelled by a sinusoid in the left column that indicates 
channel peak spatial frequency and by a sinusoid in the top row that indicates channel central 
orientation. Each of the 24 sensitivity plots has its origin (frequency 0) in the center; frequen-
cy increases as one moves from the center towards the edge. White areas indicate frequencies 
and orientations to which channels are sensitive. The L&M-cone and S-cone axis channels have 
identical spatial properties. 
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Fig. 13.6: Gaussian spatial pooling 
functions (right column) have stan-
dard deviations that increase linear-
ly with channel wavelength (three 
leftmost columns). 

13.3 Color Image Processing 

Let us now illustrate the operation of the model 
using an actual image as input. The chosen input 
image is a color picture of the space shuttle 
"Discovery" of size 128x128 pixels. This image 
is shown in Figure 13.7 at the top left. In the mid-
dle row is the color decomposition of the input 
image along the achromatic (left), L&M-cone 
(center) and S-cone (right) axes. The black-white 
picture is readily visible. It is more difficult to 
make out the L&M-cone and S-cone channel 
images, which are presented at approximate isolu-
minance. In the bottom row are shown the Fourier 
domain spectra of the three color channels' 
images. Again, brighter areas signal larger values, 
and it is evident that much of the space shuttle 
image's energy lies at low frequencies, towards the 
centers of the three plots in the bottom row. Note 
also the fine horizontal and vertical lines of spec-
tral energy that pass through the origins of the fre-
quency-domain plots; these correspond to verti-
cally-oriented and horizontally-oriented edges, 
respectively, in the original space-domain images. 

13.3.1 Channel Responses 

The model divides the Fourier-domain energy up 
into the channels described earlier (Fig. 13.5). 
Figure 13.8 shows the responses of each of the 
achromatic channels to the space shuttle image. The 
channels are labelled by sinusoids that indicate 
channel peak spatial frequency (left column) and 
mean orientation (top row). Most of the energy is 
found at low spatial frequencies (top row). The 
rocket, shuttle and gantry provide plenty of vertical-
ly-oriented energy (left column) at low and moder-
ate spatial frequencies. Note also the strong, hori-
zontally-oriented gradient at a low spatial frequency 
which corresponds to the gradient between the sky 
above and ground below in the space shuttle image. 

Much the same arrangement of energy is found 
among L&M-cone axis channels (see Fig. 13.9), 
although response strength is less than that found 
with the achromatic mechanisms. The lighter-
than-average values in these channel response 
images correspond to positive-valued responses 
by the L&M-cone channels, which code redness, 
while the darker-than-average values correspond 
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Fig. 13.7: The "Discovery" space shuttle image, input to the contrast gain control 
model. In the middle row are the achromatic, L&M-cone and S-cone channel images, 
and the Fourier amplitude spectra of these are shown in the bottom row. 

to negative-valued responses, which code blue-
greenness. The red rocket shows up most promi-
nently in the low and moderate spatial frequency, 
vertically-oriented bands. 

Figure 13.10, finally, shows the responses of the 
S-cone channels. The blueness of the sky is coded 
by positive values and shows up as a lighter region 
in the response image for the low-frequency, hori-
zontally-oriented channel . Yellow areas in the 
input image show up as dark regions. 

13.3.2 Channel Contrasts 

The model 's contrast gain control works by multi-
plying each of the 72 channel responses (Figs. 

13.8-13.10) at each posit ion by channel -spec i f ic 
gains. These gains are de te rmined by taking 
appropriate linear combinat ions of local contrasts 
found within each of the channels . The local con-
trasts are computed by taking the absolute value of 
channel response and convolving the result with a 
Gauss ian contrast pooling funct ion of appropriate 
size. Note that if one omits the ful l -wave rect i f ica-
tion (absolute value operat ion) and simply con-
volves a channel 's response with a Gaussian, all 
that would be achieved would be a blurr ing that 
would not correspond to a calculation of contrast 
within the channel . The ful l-wave rect i f icat ion 
causes the result of the local contrast computa t ion 
to correspond to our notion of contrast as a differ-
ence between m a x i m u m and m i n i m u m values. 
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Fig. 13.9: Responses of the model's L&M-cone axis channels to the space shuttle image. 
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Fig. 13.10: Responses of the model 's S-cone axis channels to the space shuttle image 

Η Β Ι 
Fig. 13.11: Local contrast within the model 's achromat ic channels . 
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Fig. 13.13: Local contrast within the model's S-cone axis channels. 
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The local contrasts of the achromatic channels 
are shown in Figure 13.11. Higher contrasts are 
coded by lighter values. Most contrast is found at 
low frequencies and at vertical orientations. The 
area of the picture with the rocket and the shuttle 
provides vertically-oriented contrast at all fre-
quencies, as does the gantry, especially at higher 
frequencies. The horizontally-oriented gradient 
between the sky and the ground has undergone a 
rectification that is clearly visible within the con-
trast image for the low-frequency, horizontally-
oriented channel. The sky presents a contrast rela-
tive to the center of the picture; the ground also 
presents a contrast relative to the center. 

A similar pattern for L&M-cone axis channels 
is shown in Figure 13.12, although there is less 
L&M-cone contrast than achromatic contrast in 
the space shuttle image. Figure 13.13 shows local 
contrast among the S-cone axis channels, and 
again the pattern is similar to that found among the 
achromatic channels. 

13.3.3 Channel Interaction 

The gain control works by forming, for each of the 
72 channels, an appropriate linear combination of 
the local contrast responses and then using the 
result to inhibit channel signals. The linear combi-
nation incorporates the selectivity in spatial fre-
quency, orientation and color that was described 
earlier. The model is completely separable: selec-
tivities in spatial frequency, orientation and color 
are mutually independent. The coefficient that 
describes the contribution that one channel's con-
trast makes to the gain of a second channel is equal 
to the product of three independent factors: (1) a 
factor that depends on the spatial frequencies of the 
two channels; (2) a factor that depends on the two 
channels' relative orientations, and (3) a factor that 
depends on the two channels' chromatic properties. 

The factors that are used in the model are drawn 
from the data of Figure 13.2. For spatial frequency 
(Fig. 13.2a), the factor is maximal for channels of 
identical spatial frequency, falls to half-maximum 
for channels that differ by an octave, and falls to 
zero for channels that differ by more than an 
octave. For orientation (Fig. 13.2b), the factor is 

maximal for channels of identical orientation, falls 
to half-maximum for channels that differ by 90°, 
and varies sinusoidally between maximum and 
half-maximum for the intermediate relative orien-
tations. For color (Fig. 13.2c), the factors are near-
ly identical to those shown, with the exception that 
the contributions of isoluminant contrast to achro-
matic gain are taken to be zero. Achromatic con-
trast has strong effects on L&M-cone and S-cone 
channel gains, but not vice versa (Singer and 
D'Zmura, 1994; 1995). 

13.3.4 Channel Gains 

To determine a channel's gain, we combine the 
contrasts of each channel appropriately and then 
subtract the result from one, at each point. The 
space shuttle image gains for the achromatic chan-
nels are shown in Figure 13.14. Such a gain has a 
maximum possible value of one. If the value one 
multiplies a channel signal, then the channel signal 
is unchanged. These pictures use bright values to 
code the high gains near one. Any gain that is less 
than one - but greater than zero - will act to turn the 
contrast down. Dark values code smaller gains. The 
dark values mark areas in the channel response pic-
tures where contrast will be turned down by the 
gain control. The minimum possible gain is zero; a 
negative-valued gain would reverse contrast. 

The uniform gray along the top row of gains in 
Figure 13.14 shows that these gains will reduce 
contrast at low frequencies in a way that is largely 
independent of location. At higher frequencies, the 
gain control will act in a more spatially-localized 
manner, retaining contrast in the area of the sky 
and reducing contrast in the area of the shuttle, 
rocket, crane, and gantry. 

The gains for the L&M-cone axis channels, 
shown in Figure 13.15, are similar to those for the 
achromatic channels, as are the gains for the S-
cone axis channels, shown in Figure 13.16. The 
substantial amount of achromatic contrast in the 
space shuttle image, relative to chromatic contrast, 
and the strong influence of achromatic contrast on 
the gains on L&M-cone and S-cone axis signals, 
cause the gains on the color channels to be domi-
nated by achromatic contrast. 
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Fig. 13.15: Gains to be applied to the model's L&M-cone axis channels. 
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Fig. 13.16: Gains to be applied to the model's S-cone axis channels. 

The gains for moderately high spatial frequency, 
S-cone axis channels (Fig. 13.16, next-to-bottom 
row) provide an example of selectivity. The crane 
at the top right of the space shuttle image is ori-
ented horizontally, and it causes a reduction in 
gain for the horizontally-oriented channel, evident 
as a crane-shaped darkening, that is greater than 
the reduction for the vertically-oriented channel. A 
similar difference can be seen in Figure 13.14 for 
the achromatic channels and in Figure 13.15 for 
the L&M-cone channels. Contrast at one orienta-
tion has only half its maximum potency when 
determining gain at the perpendicular orientation. 

13.3.5 Multichannel Contrast 
Gain Control 

The model multiplies each channel's signal by the 
corresponding gain, at each picture location. One 
may then recombine the signals to produce an out-
put picture. Figure 13.17 shows the model's out-
put. At top left is the original input; immediately 

beside it is the output. Comparing the two pictures 
shows that the primary action of the contrast gain 
control is to turn contrast levels down. The point-
by-point difference between the input image and 
the output image is shown immediately to the right 
of the output image, and this difference image 
shows the large change. 

We can draw a more informative comparison 
between input and output if we match their total 
power levels. This procedure lets us see more 
clearly a result of the contrast gain control sug-
gested by Robson (1988), which is that areas of 
low contrast will f ind their contrasts boosted rela-
tive to areas of high contrast. The power-normal-
ized picture is shown at the top left on the right-
hand side of Figure 13.17. Comparing this picture 
with the original input at the far left shows that the 
contrast of high contrast regions has been reduced 
substantially. The difference between the original 
input and the power-normalized output is shown at 
the right of the top row. The white of the space 
shuttle has been reduced, as has the red of the 
rocket. All other features within the image are rel-
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Fig. 13.17: Comparison of input (top, left, left-hand-side) and output (top, middle, left-hand-
side) space shuttle images. The difference between input and output images is shown to the right 
of the output image (top, right, left-hand-side). The power-normalized output is shown at the 
top left on the right-hand-side. Immediately beside it is the difference between it and the input. 
The middle and bottom rows on the right-hand side show the color channel images and Fourier 
amplitude spectra of the power-normalized output. 

atively enhanced, and it is apparent that the con-
trast gain control helps to equal ize contrast levels 
across the image. 

13.4 Discussion 

The color contrast gain control that is presented 
here is simple, yet suff ic ient ly detai led to process 
color images. It incorporates the results of psy-
chophysical exper iments on contrast gain control 
in human observers. These include f indings on 
selectivity in spatial frequency, orientation and 
color and on the spatial pool ing of contrast. 

One element of the model 's s implici ty is its scale 
invariance. The effects of the contrast gain control 
on an image are roughly independent of image 
scale, and this is because the model works identi-
cally within all spatial f requency bands. There are 
several modif ica t ions that can be m a d e to provide 
a model that agrees with fur ther results on human 
visual processing, but that is no longer scale 
invariant. Such a model might prove useful in sit-

uations where images are always presented at a 
f ixed scale to (or distance f rom) the visual system. 

A first such modi f ica t ion is to el iminate the sen-
sitivities of the L & M cone and S cone channels to 
signals at high spatial f requencies . The spatial fre-
quency range of the achromat ic channels is at least 
an octave greater than that of the two color-oppo-
nent channels (Mullen, 1985; Lennie & D ' Z m u r a , 
1988). The simplest modif ica t ion would be to 
remove h igh-f requency color-opponent channels 
f rom the model . 

A second modi f ica t ion would be to include an 
interaction between spatial f requency and orienta-
tion in the step where contrasts are combined lin-
early to produce gains. Such an interaction is sug-
gested by the results of Solomon, Sperling and 
Chubb (1993), w h o found that orientation selec-
tivity in contrast gain control increases as st imulus 
spatial f requency increases. 

A third modi f ica t ion would be to use the pool-
ing areas presented by Singer and me. The present 
model uses Gaussian funct ions with standard devi-
ations that increase in proport ion to spatial fre-
quency. Our results suggest that the pooling areas 
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are modelled better if the standard deviations 
increase linearly as a function of spatial frequency, 
not proportionately (D'Zmura and Singer, 1996). 
An additive constant in the relation between 
Gaussian standard deviation and channel spatial 
frequency causes the model to vary with scale, 
however, as do the removal of chromatic channel 
sensitivity to high frequencies and the inclusion of 
interaction in spatial-frequency and orientation 
selectivity. 

There are other worthwhile modifications to the 
model that do not affect its scale invariance. Chief 
among these is the inclusion of saturating nonlin-
earities. Singer and I measured the way that the 
effects of contrast gain control depend on stimulus 
contrast and found that the effects saturate as 
stimulus contrast increases (Singer and D'Zmura, 
1995). An important formal role of these saturat-
ing nonlinearities is to prevent gains from drop-
ping below zero (recall that a negative gain causes 
an unwanted contrast reversal). Yet the present 
model does not include saturating nonlinearities, 
for the reason that natural images generally have 
fairly low contrast levels (Moorhead, 1985). The 
images that I have run through the model have 
never come close to giving rise to negative con-
trast gains. 

A related modification is to use half-wave-recti-
fied channels rather than standard second-stage 
channels, namely to use the six channels black, 
white, blue-green, red, yellow-green and purple 
(viz. the six halves of the achromatic, L&M cone 
and S cone axes). Although the model can readily 
be changed to accommodate such half-wave recti-
fication, one awaits empirical evidence of inde-
pendent contrast gain control - selectivity - for 
channel halves. 

The motive for introducing half-wave rectifica-
tion comes largely from the electrophysiological 
literature, which suggests that many cortical neu-
rons have very low levels of maintained discharge 
and so cannot signal reductions in firing frequen-
cy (e.g., Lennie et al., 1990). Several pieces of evi-
dence suggest that contrast gain control is applied 
by cortical neurons: (1) interocular transfer 
(Singerand D'Zmura, 1994); (2) orientation selec-
tivity (Solomon et al., 1993); (3) sluggish tempo-
ral response (Singer and D'Zmura, 1994), and (4) 

large receptive fields (Cannon and Fullenkamp, 
1991; Singer and D'Zmura, 1994; D 'Zmura and 
Singer, 1996). Neuronal mechanisms of color con-
trast gain control have not yet been identified in 
primates, however. 

13.5 Summary 

1 present a model for contrast gain control that is 
based on results from psychophysical experiments 
on human vision. The model pools contrast in 
channels that are tuned for spatial frequency, ori-
entation and color and combines these contrasts 
selectively to determine channel gain. Stages in 
the model's processing of a color image are illus-
trated. The chief effect of the contrast gain control 
is to equalize contrast levels across space. 
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14. Binocular Brightness Combination: 
A Mechanism for Combining Two Sources 
of Rather Similar Information 
Hans Irtel 

14.1 Intensity Invariance 
of Binocular Brightness 

Our perception of the world is strongly restricted 
by the properties of our senses. These provide us 
with a rather selective view of the world where 
much of the potentially available information is 
not directly accessible. But what is accessible has 
been proven to be sufficient for survival, at least 
until now. The Ptolemaic view of the world is a 
nice demonstration of what is accessible by direct 
and unaided perception: Even if we know that the 
stars' distances to the earth vary greatly, they all 
appear to be fixed to the sky at the same distance. 
We are not able to discriminate their distances. So 
unaided perception gives us a distorted or even 
wrong view of the world. Nevertheless, although 
this is hard to quantify, it seems reasonable to say 
that most of our direct view of the world is correct. 

For ordinary people this is an obvious fact. So 
obvious that, for example, it needs some really 
good arguments to convince new students that 
while perceiving generally is easy and almost 
effortless, studying perception and explaining per-
ceptual phenomena is very hard. This, by the way, 
is a striking difference to other cognitive behavior: 
Playing chess for example is hard for most of us 
but machines have been built which do it much 
better than most of us will ever be able to do it. On 
the contrary, perceiving is easy for all of us but 
there is no machine which does it nearly as well as 
any of us. 

One of the major problems with perception is 
that the information which is available for our 
senses contains a lot of noise. If we ask what is 
important for orientation in the world we have to 
concede that much of the important and accessible 
information is contaminated by less important 

information. And often information about differ-
ent facts is confounded and cannot be extracted by 
simple means. Think about brightness or lightness 
perception. The light arriving in our eyes from 
object surfaces depends both on the reflectance 
properties of the surfaces and on the illumination. 
To recognize objects there should be a mechanism 
which gives us reflectance properties of the 
objects which are independent of illumination. 
However, the perceptual system should better not 
throw away the illumination information com-
pletely, since then it might be difficult to estimate 
the time of sunset which could be dangerous in a 
natural environment. 

Problems like this are treated under the label of 
constancy or invariance properties of perception. 
These usually deal with situations where some per-
ceptual attribute of a stimulus is invariant under 
certain transformations of the stimulus. A typical 
example is the above mentioned notion of lightness 
constancy under varying illumination conditions. 

Lightness or perceived surface color constancy 
are examples for invariance properties under stim-
ulus changes which are independent of the observ-
er. Additional complications for the perceiving 
organism are created by the fact that most active 
behavior of the organism itself also results in cer-
tain variations of the visual stimulus. A typical 
example is in motion perception. Motion of the 
outside world and self motion of the organism are 
confounded in the retinal image. If the retinal 
image is to be used as a source of information 
about object motion then this confounding has to 
be resolved. 

Before reporting an empirical analysis of some 
invariance properties, let me point to one common 
result in almost all experimental studies of con-
stancy phenomena. All of these are invariance 
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properties against some action or transformation 
in the stimulus situation. The result of the invari-
ances are that some perceived attributes of the 
stimuli are constant under the respective transfor-
mation. However, I know of no case where this 
invariance or constancy is perfect. Very often 
research has concentrated on the attribute which 
remains nearly invariant and this usually has some 
obvious survival value. However, in most cases it 
also seems useful not to have perfect invariance. 
Since having perfect invariance means that the 
respective stimulus transformation goes unno-
ticed. And in most cases this would be a severe 
disadvantage. 

The experiments to be reported here deal with 
binocular combination of brightness. Usually the 
two retinal images are rather similar. This is espe-
cially true for fused regions of the visual field and 
with respect to the distribution of color. For this 
situation one would expect that each monocular 
component contributes equally to the fused image. 
One also would expect that the brightness of a 
fused region of the visual field, called „binocular 
brightness", shows a strictly monotone depen-
dence on the monocular stimulus intensities in this 
case. This is empirically confirmed. 

However, the situation becomes different if the 
monocular stimulus components become rather 
different in intensity or contrast. An extreme case 
is the closure of one eye. We hardly notice any 
change in color appearance or in brightness if one 
eye is closed as compared to binocular viewing. 
Thus, the mechanism for combining the two 
sources of visual information works such that both 
components are weighted equally when the stimuli 
are almost equal and is dominated by a single 
source when this source dominates the stimulus. 

The first person who investigated this prob-
lem experimentally was G. Th. Fechner in 1861 
(Fechner, 1861). He looked at the sky while one of 
his eyes was covered with a gray filter that he 
could estimate the brightness of the sky for binoc-
ular viewing with one eye observing freely and the 
other eye getting varying amounts of light. He 
mostly made judgments about the change of per-
ceived binocular brightness when closing the eye 
with the filter in front as compared to observation 
with both eyes. He found a psychophysical func-

tion which showed two special properties 
(Fig. 14.1): 
1.The function is not monotone increasing. For 

zero filter transmittance the brightness corre-
sponds to monocular viewing. Increasing the 
filter transmittance from zero upward first leads 
to a decrease in binocular brightness until a min-
imum is reached and only then does the bright-
ness increase with increasing transmittance of 
the filter. 

2. For binocular viewing without filter the bright-
ness is approximately equal to monocular view-
ing, with some small advantage to binocular 
viewing. 

The question then is how a model of the binocular 
fusion mechanism might look. Its general struc-
ture should contain a monocular input transforma-
tion fix) and some binocular combination rule 
F(x,y): 

B(x, a) = F[/(x),M] 

Questions like these are traditionally treated by 
goodness of fit methods. I will use a different 
method here which may be viewed as an experi-
mental method to analyze the form of the psy-

x ο Χ 0.25x χ 0.5x χ 0.75x χ x 

Fig. 14.1: Fechner's psychophysical function shows 
binocular brightness B(x,a) for constant values of χ 
and increasing filter transmittances a. Note that there 
is an initial decrease of binocular brightness when 
changing from monocular viewing to binocular view-
ing with one eye covered by a low transmittance fil-
ter. Monocular and binocular observation of the same 
stimulus results in almost the same brightness: 
B{x, 0) ~ B(x, χ). 
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chophysical function involved. This will allow me 
to experimentally test not only single models but 
even larger classes of models with common struc-
tural properties. 

In the experiment the subject has to compare 
pairs of dichoptic stimuli. Each of these contains 
stimulus intensity components x, y, for the left and 
stimulus intensity components a, b, for the right 
eye. The stimuli are presented such that both the 
components χ and a, and the components y and b 
are fused, such that we can ask the subject to com-
pare the brightness of (x, a) and (y, b). We write 
(x, a) > (y, b) iff the subject judges {x, a) to be at 
least as bright as (y, b). In order to analyze the 
structural properties of binocular fusion we can 
then ask what happens if we change the intensities 
of the stimuli involved. To derive some hypotheses 
about the behavior of the psychophysical function 
for binocular brightness we look at the following 
condition of intensity invariance: if (x, a) > (y, b) 
then (tx, ta) > (ty, tb) for all real numbers 
0 < t < °o, where tx is the intensity χ multiplied by 
the factor t. Fechner describes a condition which 
may be interpreted as intensity invariance: " . . . daß 
die Helligkeit des Himmels von keinem wesent-
lichen Einfluß auf die Lage des Indifferenzpunctes 
ist" (Fechner, 1861, p. 422). 

With this condition in mind we can now look at 
specific points of the psychophysical function in 
Figure 14.1. The equivalence point e(x) of a psy-
chophysical function for binocular brightness is 
defined by (e(x), 0) ~ {x, x). It is that stimulus 
e(x) which, when viewed monocularly, looks equal 
to χ viewed binocularly; and the minimal point 
m(x) is that stimulus which, when combined with 
x, results in the lowest possible brightness: 
(x, m{x) > {x, a) for all a. If we combine these def-
initions with the intensity invariance condition we 
get the following two functional equations for e(x) 
and m(x): 

e{tx) = t e(x), 

m(tx) = t m{x). 

The solutions to these functional equations are 
unique and rather simple (Aczel, 1966). Both 
functions e(x) and m(x) have to be linear functions 
of the reference intensity: 

e{tx) = β e(x), 

m(tx) = ym(x) 

for some non-negative real valued β and γ. The 
equivalence point and the minimum point thus 
have to move upwards in a linear fashion for 
increasing reference intensities (Irtel, 1991). 

The previously derived behavior of the equiva-
lence and the minimum point describe characteris-
tic points of the psychophysical function for 
binocular brightness. They capture the non-monot-
one behavior of this function and thus actually 
describe their most interesting points, namely 
those points which are most different from the 
usual psychophysical functions found in psychol-
ogy. These points also are those points which 
should be investigated experimentally. This is usu-
ally not done if data are collected for fitting some 
equation to them. For example, consider the data 
collected by de Weert and Levelt (1974). A closer 
look at their data set shows that they actually 
looked at a set of psychophysical functions at var-
ious levels of intensity for the reference stimulus. 
However, in their data the minimum point is con-
stant at 10 cd/m2 simply because they did not col-
lect any other data between 0 and 20 cd/m2. Such 
a set of data actually is not very useful for testing 
any model of binocular brightness fusion because 
the most critical part of the binocular brightness 
function is not tested empirically. De Weert and 
Levelt's model does have the intensitiy invariance 
condition formulated above as a necessary conse-
quence. 

Since none of the published sets of data on 
binocular brightness combination allows for test-
ing the intensity invariance condition an experi-
ment was run to explicitly test how the equiva-
lence point and the minimum point change under 
varying reference intensity levels. 

14.2 Methods 

The experimental setup is described in full detail 
by Irtel (1991). It was run on a precisely calibrat-
ed monitor (BARCO CDCT 51/3) controlled by a 
PC with a Matrox PIP 1024 graphics controller 
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board providing for 8 bit resolution or 256 steps 
per color channel. Calibration was done by an 
LMT 1000 photometer with high accuracy V(X) 
sensitivity function. The subject viewed the screen 
through a mirror haploscope such that the left part 
of the screen was visible for the left and the right 
part of the screen for the right eye only. A chinrest 
was used for head fixation. The display and the 
haploscope were adjusted for optimal fusion of the 
dichoptic stimuli. 

The display background was black and during 
adaptation there was a bright 120 cd/m2 ellipsoid 
adaptation field extending 6° vertically and 4° 
horizontally with a small dark fixation mark. The 
stimuli were bright half disks of 0.5° radius on a 
dark background positioned above and below the 
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Fig. 14.2: Comparison of dichoptic stimuli of the 
form (χ, λ:) which have the same binocular brightness 
as stimuli of the form (y, 0). The data are from 3 sub-
jects with 2 measurements for each value of χ (one 
data point at χ = 96 cd/m2 is missing). The dashed 
line represents y = x There is an almost constant 
binocular advantage of 20%. The solid line shows the 
predictions of the model. 

fixation mark with a 0.5° gap between the upper 
and the lower dichoptic stimulus. Each of the two 
dichoptic stimuli had a left eye and a right eye 
component which were fused and appeared as a 
single half disk for the subject. Stimulus display 
duration was 1.2 s and there was an adaptation 
period of 6 s between trials. The task was to com-
pare the upper and the lower half disk with respect 
to brightness. 

The first part of the experiment was used to find 
that stimulus component e(x) which, when present-
ed together with a zero right-eye component, 
appeared equal to the stimulus (χ, χ), χ was set to 3, 
6, 12, 24, 48 and 96 cd/m2. The value of e(x) was 
found by an adaptive 1-up-1-down procedure lim-
ited to 20 trials. Starting values were optimized 
according to preliminary data. Results were com-
puted from the turning points only. The second part 
of the experiment was used to find the minimum 
points m(x) for each of the above listed reference 
values χ between 3 and 96 cd/m2. This was done by 
presenting stimuli of the form (x, y) and (x, y + δ), 
where δ was a small luminance increment. An 
adaptive procedure was set up such that y was 
increased whenever (x, y) was chosen to be brighter 
than (x, y + δ) and vice versa. The increment δ was 
chosen according to preliminary data. The adaptive 
procedures were stopped after 8 turning points and 
the results were computed from these. 

14.3 Results 

The results for e(x) and m(x) are shown in Figures 
14.2 and 14.3. Figure 14.2 shows results of a com-
parison of stimuli of the form (x, x) and (y, 0) 
where the first component is presented to the left 
and the second component is presented to the right 
eye only. It is clear that for all intensities the sin-
gle-component stimulus (y, 0) needs a little more 
intensity than the two-component stimulus (x, x). 
In general the factor is around 1.2 such that 
monocular stimuli need about 20% more intensity 
in order to appear equal in brightness to binocular 
stimuli. 

The results for the minimal point are shown in 
Figure 14.3. Intensity invariance requires that the 
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minimum points increase linearly with reference 
intensity. This clearly is not the case. The values of 
m(x) increase much more slowly as expected. 

14.4 Discussion 

Although the data of Figure 14.2 for the equiva-
lence points indicate a linear relation between 
monocularly and binocularly-viewed stimuli of 
equal binocular brightness, the results in Figure 
14.3 clearly refute intensity invariance. The mini-
mum point of the psychophysical function for 
binocular brightness grows much more slowly 
than would be expected from intensity invariance. 
This refutes all models of binocular brightness 
which allow for a separation between the intensity 
dependent factor t and the fusional process B(x, a): 

B(tx, ta) = G,[5(x, a)] 

Thus, the fusion process B(x, a) itself depends on 
the intensity factor t. This actually rejects almost 
all models of binocular brightness combination 
which have been suggested, including that of de 
Weert and Levelt (1974) and that of Curtis and 
Rule (1978). Both have intensity invariance as a 
necessary condition. The major reason that these 
models fail is that they assume a power function as 
a monocular input transformation. Note that power 
functions are intensity invariant: For fix) = xa we 
get fix) = tafix) and thus the effect of t can be 

Fig. 14.3: Minimal stimuli m{x) 
as they depend on the reference 
intensity x. Intensity invariance 
requires that m(x) is linear in x. 
Clearly the data of 4 subjects 
show a strong deviation from 
linearity. The solid line repre-
sents predictions from the 
model. 

separated from the function itself, we have 
fix) = G,[/(x)]. This also holds for a reasonable 
choice of binocular fusion functions F{x,y) 
(Aczel, 1966). 

An input transformation which does not have 
this property is the logarithmic function. MacLeod 
(1972) has already suggested this function as an 
input transformation for binocular brightness. A 
model for binocular fusion of color has been sug-
gested by Schrödinger (1926) and both de Weert 
and Levelt's (1974) and MacLeod's (1972) models 
are derived from it. He suggested that each 
monocular component has to be weighted by a 
function which gives the relative intensity of each 
input signal. Thus Schrödinger's weight function is 

fix) 
w<*· *>

 =M+M 
where fix) is the monocular input. Note, however, 
that using this weight function alone is also rul-
ed out by our data since it suggests that 
w(x, 0) = 2w(x, x) and thus binocular and monocu-
lar observation of the same stimulus should result 
in the same brightness. We thus suggest a model 
with the following properties: 
1.The monocular input transformation is a loga-

rithmic function with an adaptation-dependent 
threshold parameter x0. 

2. Binocular fusion is a mixture of monocular 
inputs with weights that depend on relative sig-
nal strengths as suggested by Schrödinger 
(1926). 
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3. The intensity-dependent weights have a com-
pression parameter k, such that they do not add 
up to 1. If this parameter is less than 1 then there 
is a slight advantage for dichoptic stimuli with 
similar intensities as compared to stimuli with 
strongly different intensities in both eyes. 

4. There also is an eye dominance factor, δ, for 
giving different weights to the stimuli in the two 
eyes. 

We thus have the following model: 

ί 0o + logCx/x,,) i f x > xo 
•>(x> \φ0+ ifx<x0 

Λχ) 
w<*. = M T j ä ) 

B(x, a) = 5w(x, a)kJ{x) + i [ l - w(x, a)f J[a) 
ο 

Here x0 is the adaptation-dependent threshold 
parameter. Its value has been found to be between 
0.03 and 12.0 cd/m2, depending on adaptation 
stimulus level, k determines the binocular advan-
tage for equal components in both eyes, its value 
is around k = 0.92, and δ describes individual eye 
dominance and should be constant for a single 
subject. 

The solid lines in Figures 14.2 and 14.3 show 
the predictions of the model for the data of the 
experiment. The parameter δ was set equal to 1 for 
these data since no comparison was possible 
between the two eyes in this experiment. Using the 
data of all subjects and all tasks, k was estimated 
as k = 0.919 and xn was estimated as xft = 4.2 cd/m2 

by least-squares minimization. Figure 14.4 con-
tains a comparison of the data and the model's pre-
diction for an experiment published by Irtel 
(1986). The major difference from the present 
study was that subjects were dark adapted in 
this case. This results in an estimate of 
x0 = 0.034 cd/m2 for the threshold value while k 
stays almost constant at 0.95. 

Fechner had called his experiment „Paradoxer 
Versuch" because it showed that a stimulus can 
look brighter even if less light enters the eyes. In 
my view the non-monotone psychophysical func-
tion is a consequence of two simple invariance 
properties: 
1. Monocular and binocular viewing results in 

almost the same brightness. 
2. For fused dichoptic stimuli with rather similar 

components there is a monotone relation 
between stimulus luminance or contrast and 
brightness. 

As a consequence of these two conditions one gets 
the non-monotone psychophysical function of 
binocular brightness. The function in Fig. 14.1 has 
to have approximately the same ordinate value 
B(x, a) for a = 0 and for a = χ and it has to be 
monotone increasing at a = x. This implies that 
there is a local minimum between a = 0 and a = x. 

Thus it seems that a major reason for Fechner's 
paradox is our ability to independently close each 
single eye. Since the mechanism described ensures 
that the world's brightness does not change signif-
icantly if we close one of the two eyes. If this is 
true then, contrary to the claim of Lehky (1983), 

χ [cd/m2] 

Fig. 14.4: Minimal stimuli from an 
experiment where the subject was dark-
adapted (Irtel, 1986). Increase of mini-
mal stimuli also is not linear. Data are 
connected by dotted lines, predicted 
points are connected by solid lines. 
Parameter estimation for the model 
results in jc0 = 0.034 and k = 0.95. 
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we should not have a similar non-monotone effect 
in binaural loudness combinat ion, since there is 
no need for it there. Hübner (1991) looked for 
Fechner 's paradox in binaural loudness combina-
tion, but could not f ind it. This supports the idea 
that Fechner 's paradox is a result of approximate 
binocular brightness constancy under change of 
viewing condit ion. 

14.5 Summary 

In most natural si tuations binocular fusion of 
brightness combines two rather similar intensity 
components . Binocular br ightness is monotone in 
both components for these situations. Closing one 
eye completely, however, leaves brightness almost 
invariant. A general intensity invariant fus ion 
mechan i sm for brightness is proposed and qualita-
tive condit ions for its psychophysical funct ion are 
derived and tested empirically. The model com-
bines a Fechnerian, logari thmic monocular input 
t ransformat ion with an intensity dependent binoc-
ular mixture, where the monocula r weights depend 
on relative intensity of the monocula r inputs. It 
contains an adaption dependent monocular tresh-
old parameter and an adapt ion independent com-
pression of the binocular fus ion weights resulting 
in a slightly higher e f f ic iency of binocularly bal-
anced stimuli as compared to monocular observa-
tion. 
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15. Inferences about Infant Color Vision 
Kenneth Knoblauch, Michelle L. Bieber and John S. Werner 

15.1 Introduction 

Many early studies of infant color vision were 
aimed principally at elucidating the first level of 
visual processing (Peeples and Teller, 1975; Teller 
et al., 1978; Hamer et al., 1982; Packer et al., 
1984; Varner et al., 1985; Volbrecht and Werner, 
1987; Pulos et al., 1980; Powers et al., 1981; 
Werner, 1982). These studies were directed at such 
issues as how early can infants respond differen-
tially to lights on the basis of wavelength differ-
ences, what is the dimension of infant color space 
and what photoreceptor classes mediate their 
responses. The evidence from these initial studies 
has been taken to indicate that all three cone class-
es and rods are functional by 8-12 weeks. In this 
age range, infants begin to respond differentially 
to pairs of monochromatic lights in the Rayleigh 
region of the spectrum and also to pairs that fall 
along tritan confusion lines. Thus, one finds state-
ments in the literature to the effect that all three 
cone classes have been demonstrated to be func-
tioning at these ages or earlier (Banks and 
Bennett, 1988; Morrone et al., 1993) and attention 
has turned to questions aimed at successive levels 
of visual processing. A goal of this paper will be 
to demonstrate that the evidence in these early 
studies is not conclusive on the functional status of 
all of the cone classes. Since three classes of func-
tioning cones are a prerequisite to normal color 
vision, this evidence raises questions about the 
interpretation of studies on infant post-receptoral 
processes, as well. 

15.2 Inferences from Luminosity 

It has frequently been noted that estimates of 
infant luminosity tend to be similar to those from 
adults. Indeed, the spectral sensitivity for mini-
mum heterochromatic flicker using a visual-
evoked potential (VEP) response measure is well 
fit by the adult curve except at short wavelengths 
where differences are expected on the basis of age 
differences in pre-retinal screening factors (Bieber 
et al., 1995). Since the adult flicker-based lumi-
nosity curve is thought to be mediated by only 
middle (M) and long (L) wavelength sensitive 
cones (Lee et al., 1988; Eisner and MacLeod, 
1980), one might think that these results support 
the functional presence of both M- and L-cones. 
This argument is valid for the L-cones, since the 
long wavelength limb of the flicker sensitivity 
curve is limited primarily by this cone class. Their 
absence would certainly be evident as a long 
wavelength luminosity loss, just as in protanopic 
observers. But what of the M-cones? It has often 
been remarked that the contribution of the M-
cones to the luminosity curve is not well defined 
(Pitt, 1935; Hurvich, 1972; Cicerone and Nerger, 
1989; Billock, 1995). 

From another point of view, the similarity of 
infant and adult luminosity matches is surprising. 
On anatomical grounds, differences would be 
expected between infant and adult spectral sensi-
tivities. The outer segments of foveal cones in the 
newborn are about forty times shorter than those 
in an adult (Abramov et al., 1982) If photon 
absorption in cones is assumed to follow the Beer-
Lambert Law (Wyszecki and Stiles, 1982), then 
the short pathlengths of infant cones would mean 
that the photopigments are present in low optical 
density and would indicate that there is no self-
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screening of the visual pigment in infant eyes. The 
consequences of this for infant spectral sensitivity 
for each class of cones are illustrated in the top 
three panels of Figure 15.1. In each panel, the 
Stockman fundamentals (Stockman et al., 1993) 
are shown as solid lines for the L-, M- and S-cones 
(left to right). The dashed lines show the limiting 
form of the spectral sensitivity as the optical den-
sity is reduced. These calculations were performed 
with the assumption that the adult curves repre-
sented a density of 0.4. In addition, the lens and 

macular pigment absorption were reduced in 
accordance with estimates of their densities in 
infant eyes (Werner, 1982; Bone et al., 1988). 

The influence of reduced photopigment optical 
density is evident in the narrowing of each curve 
on the long wavelength side. The effect of reduced 
pre-retinal screening is evident in the higher sensi-
tivities in the short wavelength portion of the spec-
trum. The adult luminosity curve is well predicted 
by the formula, 0.68273 L + 0.35235 Μ (Stock-
man et al., 1993), which is shown as a solid curve 

Wavelength (nm) 
Fig. 15.1: Stockman L-cone, M-cone and S-cone fundamentals (A, Β and C, respectively) for adult 
observer (solid) and as calculated for an infant observer (dashed) with reduced optical density and 
reduced lens and macular pigment screening. D. Adult (solid) and infant (dashed) luminosity func-
tions calculated from the weighted sum, respectively, of adult and infant M- and L-cone funda-
mentals. E. Relative spectral energy distributions of B, G and R primaries measured from an 
Electrohome color display. 
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in the bottom left panel of Figure 15.1. Assuming 
low density photopigments but the same contribu-
tion of each cone class to luminosity judgments, 
the prediction for an infant luminosity curve 
is shown in the same panel as a dashed curve. 
The expected differences are systematic but 
small throughout the long wavelength portion. 
Nevertheless, the consequences for luminosity 
equations are interesting. 

Consider the three curves in the bottom right 
panel of Figure 15.1. These are the spectral distri-
butions of energy measured for each of the three 
guns, R, G and B, on an Electrohome color dis-
play. Such display systems are seeing increasing 
use in infant studies of color vision as they have 
been in vision studies in general for several years 
now. The curves are typical of those found on 
nearly all commercially available CRT-type dis-
plays. Several recent studies have investigated the 
responses of infants to mixtures of the G and R 
guns to investigate the development of sensitivity 
to luminance and red-green chromatic processes. 
Note that the G gun has a spectral distribution that 
extends outside of the Rayleigh region so it would 
be expected to stimulate S cones and rods, 
although this aspect is rarely emphasized (though 
see Dale et al„ 1993). 

In several studies, the G and R guns have been 
flickered in counterphase and the ratio of their 
luminances has been varied systematically to eval-
uate whether infants display a minimum response 
at a ratio that might correspond to a luminance 

match. The scale used is often like the one shown 
in Figure 15.2, in which the proportion of lumi-
nance in the R gun of the stimulus is plotted. For 
an observer with the adult luminosity function, the 
equiluminant point would fall at a value of 0.5. 
Arrows below the scale indicate the luminance 
ratios that would correspond to matches for M-
cones (0.679), L-cones (0.436) and rods (0.835). 
An observer who only had functioning L-cones in 
his retina would find that the G and R primaries 
matched at a ratio that differs from a normal lumi-
nance match by about 15%. 

We recomputed some of these matches for the 
infant spectral sensitivities shown in Figure 15.1 
and expressed them in terms of the adult lumi-
nance scale. The values that we obtained are 
shown by the arrows above the scale for Μ-cones 
(0.735), L-cones (0.496) and a luminance match 
(0.563). The spectral sensitivities in the infant reti-
na are all foreshortened on the long wavelength 
side, from which it follows that they require more 
of the R gun luminance for each of the predicted 
matches. The shift is such that the L-cone equation 
for an infant becomes indistinguishable from an 
adult luminance equation and the infant luminance 
equation differs from the adult by about 12%. 
These differences are small and would probably be 
difficult to detect experimentally. Nevertheless, it 
seems reasonable to claim that the similarity of 
infant luminance matches to those of an adult pro-
vides no basis for making any inferences on the 
status of M-cones in the infant retina. 

Lum Μ 
Infant 

0.1 0.2 0.3 0.4 0.5 0 .6 0.7 0.8 0.9 1.0 

Μ Rod Adult 

R/R+G 

Fig. 15.2: Scale indicating the proportion of luminance of the R gun as a function of the sum 
of the luminances of the G and R guns. The arrows below the scale show the values at which 
the G and R guns would be equated for their excitation of M-cones, L-cones and rods. The 
arrows above the axis indicate the M-cone, L-cone and luminance matches predicted for an 
infant observer, but expressed in adult luminance units. 
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15.3 Inferences 
from Silent Substitution 

Another line of evidence on the status of infant 
color vision mechanisms comes from the silent-
substitution technique (Estevez and Spekreijse, 
1982; Estevez et al., 1975). With this technique, 
stimuli are chosen to be equated for all but one of 
the underlying mechanisms. If there is a residual 
response, then it is taken as evidence that the 
mechanism for which the lights were not equated 
is functional. Care must be taken, however, that 
this is the only mechanism for which the lights 
have not been equated. A case in point is shown in 
Figure 15.3. The solid curve describes the type of 
response or sensitivity curve one might expect to 
counterphase flicker of the G and R primaries 
from Figure 15.1 for a series of luminance ratios, 
if an observer had only the adult luminance sensi-
tivity or, as we have just shown, the L-cone sensi-
tivity predicted from a newborn infant. By about 
eight weeks of age, most infants fail to show a null 
at any luminance ratio (Hamer et al., 1982; 
Morrone et al., 1993; Dale et al., 1993). It is 

argued that by this age the chromatic mechanism 
that differences M- and L-cone signals has begun 
to function and produces the residual response at 
equiluminance. 

Consider, however, an alternate possibility. 
Infants are typically tested with large fields to 
ensure that the stimulus is sufficiently salient to 
attract their attention. In addition, most instrumen-
tation used to test infants does not permit a high 
luminance level. Finally, fixation simply cannot be 
controlled to the same level of precision in infants 
as in adults. The first and third factors favor a con-
tribution from the peripheral retina to infant 
responses. All three factors favor the contribution 
of rods. Under appropriate conditions, rod 
responses have not been difficult to demonstrate in 
infants (Powers et al., 1981; Werner, 1982; Brown, 
1990; Hansen and Fulton, 1995; Knoblauch et al., 
1996). The rod contrast of the G and R primaries 
is 0.671 at the adult equiluminance point. The 
dashed curve in Figure 15.3 shows how a rod 
response to equiluminant modulation could be 
indistinguishable from a chromatic response. 

R/R+G 

Fig. 15.3: A schematic representation of the form of 
response function (solid curve) one might obtain 
from flickering various ratios of the G and R pri-
maries of a color display if the response was based 
only on the adult luminosity function. The arrows 
indicate the null points expected from adult M-cone, 
L-cone and rod spectral sensitivities. The dashed 
curve indicates a response function with a null con-
sistent with a rod spectral sensitivity and illustrates 
how the rods could respond well at the adult equilu-
minance point. 

15.4 Inferences about Rod 
Intrusion 

To evaluate the possibility that rods contribute to 
VEP's generated by large field flicker in the 
Rayleigh region, we tested an adult protanope 
(Knoblauch et al., 1996). The stimulus consisted 
of a 550 nm circular field (6 deg) that was alter-
nated in square-wave counterphase with a 590 nm 
light at 7.5 Hz. The ratio of the two lights was 
adjusted so that the modulation produced silent 
substitution for the M-cones. In a given trial, the 
mean luminance of the flickering field was 
smoothly increased over a 30 sec period while the 
fundamental frequency of the VEP signal was 
extracted in real time with a vector voltmeter. 
Given that the observer was a protanope, we 
expected no residual response from L-cones. The 
solid curve in Figure 15.4 shows the variation in 
VEP amplitude that we measured as a function of 
the mean luminance of the field. This stimulus 
produces a contrast of 0.57 in the rods and 0.33 in 
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the L-cones. We suspected that the residual 
response was due to rods because the subject 
reported a strong sensation of flicker in peripheral 
vision probably from scattered light in his eye. 
Another possibility is that the observer has anom-
alous L-cones in his peripheral retina (Breton and 
Cowan, 1981) that generate a residual response to 
an M-cone equated modulation. 

Additional evidence that this residual response 
is due to rods comes from the experiments in 
which we attempted to control for the rod modula-
tion. Note that a flickering pair of lights permits 
only a single degree of freedom in the setting, the 
ratio of the lights, so that the lights can be equated 
for only one class of photoreceptors at a time. To 
establish a silent-substitution condition for two 
classes of photoreceptors simultaneously requires 
the introduction of an additional degree of freedom 
in the stimulus. To achieve this end, we flickered a 
570 nm light against a mixture of 540 and 610 nm. 
This stimulus allows two degrees of freedom, for 
example, the intensity of the 570 nm light and the 
ratio of the 540 to the 610 nm light in the mixture. 
Similar to a Rayleigh equation, the lights can be 
adjusted to be equated for two classes of photore-
ceptors simultaneously. We adjusted the lights to 

Ε < 

1.25 -

1.00 

Obs: KK, protanope 
550/590 
570/540 + 610 

0.75 

-τ 0.50 

0.25 • 

J ' I I 1111 

100 
Luminance (cd/m2) 

Fig. 15.4: VEP amplitude (in microvolts) at the fun-
damental frequency (7.5 Hz) measured from an adult 
protanope as a function of the mean luminance of 
counterphase square-wave flicker between 550 and 
590 nm lights (solid) that have been equated for M-
cone excitation and between 570 nm and a mixture of 
540 and 610 nm lights (dashed) that have been equat-
ed for M-cone and rod excitation. 

the calculated equations for M-cones and rods. The 
VEP response to this stimulus from the protanope 
is shown as the dashed curve in Figure 15.4. Now 
the amplitude of the fundamental remains relative-
ly flat as the mean luminance is increased and the 
observer reported that the peripheral flicker was 
absent. This stimulus would generate a contrast of 
0.37 in L-cones, if they were present, and probably 
somewhat less in anomalous L-cones. Thus, when 
the stimulus is equated for rod and M-cone excita-
tion, no residual response remains. 

15.5 Inferences about 
M- and L-Cones 

This stimulus can also be adjusted to yield a con-
stant response from rods and L-cones to isolate an 
M-cone response or from M- and L-cones to iso-
late a rod response. In principle, modifications of 
the intensities used should be necessary to isolate 
infant photoreceptor responses to take into 
account the differences in their spectral sensitivi-
ties as shown in Figure 15.1. In practice, however, 
we have found that such adjustments are small 
compared to the noise in the VEP signal and can 
be ignored (Knoblauch et al., 1996). 

We have used these stimuli to evaluate whether 
or not infants respond to M- and L-cone isolating 
stimuli and if so, at what ages these responses can 
be detected (Knoblauch et al., 1994; Werner et al., 
1995). Figure 15.5 shows the VEP amplitudes 
measured from infants at four and eight weeks. At 
eight weeks, there is a clear response to each of the 
stimuli that is qualitatively similar to the type of 
response that we have measured from adult 
observers, suggesting that both classes of cones 
are functioning. At four weeks, however, the 
responses are considerably reduced (note the dif-
ference in vertical scales). In fact, the responses 
are no greater than those that we find in adult 
dichromats to the isolating stimulus for the class of 
cones that they are lacking. Does this mean that M-
and L-cones are not yet functioning at four weeks? 

We also measured the responses to luminance 
modulation of the 570 nm light in each infant. We 
find that the responses to pure luminance modula-

www.ebook3000.com

http://www.ebook3000.org


280 15. Inferences about Infant Color Vision 

tion are also depressed at this age. If we normalize 
the VEP amplitudes by the mean amplitude mea-
sured for the luminance condition, in fact, the 
responses at four and eight weeks appear quite 
similar. The normalized responses of the adult 
dichromats remain depressed, however. In effect, 
the difference between these two ages can be 
accounted for by an overall reduction in the size of 
the signals generated. 

While the results presented thus far support the 
hypothesis that M- and L-cones are functional as 
early as four weeks, they do not provide unequiv-
ocal evidence for this. As was mentioned above, 
there is reason to expect that the infant cone pho-
toreceptor sensitivities differ systematically from 
those of an adult. If the isolation conditions that 
we calculated from adult standard curves were not 
adequately equated for infant cone sensitivities, 
then our conclusion based on the data presented 
above, that M- and L-cones are functional in early 
infancy, would not be valid. A more direct test for 
the presence of functional M- and L-cones in early 
infancy is to measure the action spectra of the iso-
lated mechanisms. For example, the action spectra 
measured under L-cone isolation should corre-
spond to the L-cone fundamental and that mea-
sured under M-cone isolation should correspond 
to the M-cone fundamental. 

The procedure that we used to determine the 

action spectra of the isolated mechanisms consist-
ed of estimating how much background light as a 
function of wavelength needs to be added to the 
receptor-isolating stimulus in order to reduce the 
VEP response by a criterion voltage (Bieber et al., 
1996). VEP-derived action spectra so obtained 
from five infants (8-12 weeks) and two adults in 
response to both the M-cone and L-cone isolating 
stimuli are in reasonable agreement with the Smith 
and Pokorny M- and L-cone fundamentals (Smith 
and Pokorny, 1975). Over the range tested, these 
curves do not differ importantly from the 
Stockman fundamentals used in Figure 15.1. 
These results provide definitive evidence for the 
efficacy of our isolation conditions, and thus for 
the functioning of M- and L-cones as early as 
eight weeks. In addition, the similarity of respons-
es found at four and eight weeks suggests that both 
M- and L-cones are functional as early as four 
weeks, though the signals appear to be of lower 
amplitude. These results then taken together with 
earlier studies that conclusively identified rod 
(Powers et al., 1981; Werner, 1982) and S-cone 
responses (Volbrecht and Werner, 1987), verify 
that all photoreceptor classes of the adult human 
retina are functioning early, perhaps within a 
month after birth. 

The stimuli that we have developed should be 
useful for further explorations of infant responses 

Luminance (cd/m2) Luminance (cd/m2) 

Fig. 15.5: A. VEP amplitude (in microvolts) at the fundamental frequency (7.5 Hz) measured 
from a four week old infant and B. an eight week old infant as a function of the mean lumi-
nance of counterphase square-wave flicker between 570 nm and a mixture of 540 and 610 nm 
lights that have been adjusted to isolate L-cones (solid) or M-cones (dashed). Note the differ-
ence in scaling of the ordinates between the two ages 
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to wavelength differences. For example , the com-
binat ions of the M- and L-cone isolating stimuli 
lie in a constant rod plane in the color mixture 
space def ined by the three pr imary lights that we 
used. The demonstrat ion of a V E P response to all 
such combinat ions would indicate that the infants 
can respond to chromatic di f ferences independent-
ly of the rod response and would strengthen evi-
dence for post-receptoral processing. The M- and 
L-cone isolating stimuli do not lie in an equi lumi-
nant plane, so these directions in color space are 
not appropriate for making inferences about chro-
matic responses. The responses to these stimuli 
could be mediated through a luminance sensitive 
channel . Evidence for both chromat ic and lumi-
nance processing might also be obtained by vary-
ing the temporal f requency of the stimulus. In 
addition, it would be interesting to use these rod-
equated stimuli in a behavioral paradigm, such as 
preferential looking, to evaluate whether infants 
show evidence of being able to detect modulat ions 
of these stimuli as early as the V E P responses can 
be detected. Finally, the rod-isolating condit ion, 
which we did not explore in this paper, should be 
useful for exploring the development of rod func-
tion in infants in a fashion that minimizes the con-
tribution of cone responses. 

15.6 Summary 

The presence of funct ioning M- and L-cones in 
infants has somet imes been inferred f r o m the sim-
ilarity of adult and infant luminosi ty funct ions or 
f rom the presence of a residual response at equilu-
minance between lights that s t imulate primarily 
the M- and L-cones. We demonst ra te that neither 
of these criteria provide strong evidence for the 
funct ioning of M-cones in newborns . To separate 
the responses of M- and L-cones, we measured 
visual-evoked potentials and used a double silent-
substitution technique to hold constant the output 
of one cone class and the rods. Infants at four and 
eight weeks are shown to respond similarly to M-
cone and L-cone isolating stimuli though the 
ampli tudes of response at four weeks are about 
one- f i f th of those at eight weeks. Taken together 

with previous studies ident i fy ing S-cone and rod 
responses in infants, our data complete the demon-
stration of all cone classes in the infant retina by 
four weeks. 
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16. Dichromacy - The Simplest Type of Color Vision 
Horst Scheibner 

16.1 Introduction: 
An Initial Overview 

The present contribution is an attempt to outline 
dichromacy - two-dimensional color vision - as a 
linear theory founded on visual psychophysics and 
embedded in a linear theory of trichromacy -
three-dimensional color vision. Historical authori-
ties in this field are Maxwell (1855), Helmholtz 
(1909-1911), Hering (1874), König (1893, 1903), 
Köllner (1912), Rosmanit (1914), Exner (1920), 
Schrödinger (1920, 1925), Müller (1924), Pitt 
(1935), Wright (1946, 1972), LeGrand (1957), 
Hurvich (1981), Wyszecki and Stiles (1982), and 
others. More recent progress is reported by, among 
others, Heinsius (1973), Pokorny et al. (1979), 
Scheibner and Wolf (1985), Marre and Marre 
(1986), Pokorny and Smith (1986), Vos et al. 
(1990), Ohta (1990), Valberg and Lee (1991), 
Guth (1991), Gouras (1991), Foster (1991), 
DeMarco et al. (1992), Stockman et al. (1993), 
Zeki (1993), Brainard (1995), Wandell (1995), 
Krastel (1995), and Kaiser and Boynton (1996). 

In order to have a firm experimental basis let us 
start with a three-dimensional instrumental vecto-
rial color space. It is characterized by basis vectors 
that represent real, physical radiation stimuli (as 
opposed to imaginary ones inherent, for example, 
in the CIE 1931 system). For measurements and 
for purposes of representation, we use the instru-
mental color space of W. D. Wright (1946), in 
which the basis vectors called primaries are real-
ized by monochromatic radiations of wavelengths 
460 nm (blue, B), 530 nm (green, G) and 650 nm 
(red, R). A vector equation for a color C then reads 

C = BB + GG + RR, (1) 

where B, G, R are the (real) primaries and the tri-

stimulus values B, G, R are the components of the 
color mixture. This trichromatic color space is 
designated in Figure 16.1 by 3VBGR> where V 
stands for vector space, the superscript 3 means 
the dimension of the space, and the subscripts B, 
G, R denote the additive components. 

The classical types of dichromacy are prota-
nopia, deuteranopia and tritanopia. Here, deutera-
nopia has been selected as a typical representative 
of dichromacy. It appears in Figure 16.1 in the 
form of the three two-dimensional vector spaces, 
with the color vectors 

C = Β Β' + R R' (2) 

C=?P + TT (3) 

C=KK+LL, (4) 

where the letters have an analogous meaning as in 
eq. (1). These deuteranopic vector spaces are 
called the instrumental color space, the funda-
mental color space and the opponent-color space, 
respectively. The di-stimulus values of eqs. (2) and 
(3) are called the instrumental di-stimulus values 
and the fundamental di-stimulus values, respec-
tively whereas the opponent di-stimulus values K, 
L of eq. (4) may be referred to as chrominance (K) 
and luminance (L). The fundamental color space, 
eq. (3), is also called the cone excitation space 
(Kaiser and Boynton, 1996). 

The various spaces in Figure 16.1 are connected 
by arrows representing linear mappings. The dou-
ble arrows mean invertible, dimension-preserving 
mappings, the one-sided arrows mean non-invert-
ible, dimension-diminishing mappings. 

As Figure 16.1 shows, the starting point of this 
linear theory is the instrumental color space 3VBGR. 
The connecting mappings, then, contain the essen-
tial statements of the theory. For this reason, they 
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Colour spaces and their mappings 

Fig. 16.1: Commutative diagram (Kostrikin and 
Manin, 1989) of color spaces and their mappings. 
3 V b g r trichromatic instrumental color space, 2VB<R' 
deuteranopic instrumental color space, 2VPT deutera-
nopic fundamental color space, 2VKL deuteranopic 
opponent-color space. The arrows represent linear 
mappings. 

also offer the site of experimental attack in con-
structing the theory. Within the present psy-
chophysical paradigm, the means are the follow-
ing perceptual criteria: indistinguishably equal 
(i.e., the color match), heterochromatically equal-
ly bright (i.e., the heterochromatic brightness 
match) and the judgements neither blue nor yellow 
and neither green nor red (Scheibner and Wolf, 
1985; Scheibner, 1987, 1990; Scheibner and 
Kremer, 1996). As a rule, these criteria determine 
one- or two-dimensional subspaces. They may sin-
gle out such subspaces that operate as mapping 
kernels, i.e., subspaces that are mapped to zero 
(are annihilated). Examples in Figure 16.1 are the 
mappings U and M. Or else the criteria may single 
out subspaces to become subspaces of the target 
space, e.g., mapping Q. Comparing the cases of Μ 
and A will also illustrate that the overdimensional-
ity 3 compared to 2 may be advantageous. 

16.2 The Trichromatic 
Instrumental Color Space 
3 V * BGR 

Experimentally, the instrumental color space 
3 V b g r may be given by the optical output of the 
visual tristimulus colorimeter used. Ours was a 
Guild-type colorimeter (Beck and Richter, 1958). 

Figure 16.2 shows the chromaticity chart for the 
instrumental color space 3VBGR according to 
Wright (1946). Included are the equations for the 
chromaticity coordinates b, g, r; r is plotted on the 
abscissa and g is plotted on the ordinate. The nor-
malization of the primaries according to Wright 
(1946) is also indicated. 

Instrumental Primary System 
"B(460nm), G(530nm), R(630nm) 

Fig. 16.2: Chromaticity chart pertaining to the instru-
mental color space 3VBGR according to W. D. Wright 
(1946). In the left top corner, the chromaticity locus 
of a typical deuteranopic missing color D is shown 
under the condition of the normalization indicated. 
(B\ R') is a possible set of remaining instrumental 
deuteranopic primaries. Here and henceforth, the pri-
maries and other vectors are drawn with an arrow on 
top while in the text they are designated with bold 
italic letters. 



16.3 Measuring the Deuteranopic Missing Color and Reducing Trichromacy to Deuteranopia 287 

Trichromatic instrumental spectral values 
according to Estevez-Stiles-Burch, 
2° diameter visual field 

3 , 7 5 

Normalisation:_b(494) : g(494) = 1 : 1 
r(583) : g(583) = 0,4: 1 

2 , 0 -

4 0 0 4 5 0 5 0 0 5 5 0 600 6 5 0 7 0 0 

Fig. 16.3: Trichromatic color-matching 
functions with reference to the mono-
chromatic primaries of wavelengths 460 
nm, 530 nm and 650 nm (Estevez, 
1982). Note the special red-green nor-
malization. 

Various sets of trichromatic color-matching 
functions with reference to the primaries of Figure 
16.2 are known. We use the 2° functions due to 
Stiles and Burch as prepared by Estevez (Stiles 
and Burch, 1959; Estevez, 1982; cf. also Vos et al., 
1990). They are shown in Figure 16.3. By defini-
tion, they show zero crossings at the wavelengths 
of the instrumental primaries. The ordinates of the 
"red" curve ί(λ) have been depressed to 4 0 % of 
the usual values due to the special red-green nor-
malization indicated. This normalization moves 
the (imaginary) chromaticity locus of the deutera-
nopic missing color to be determined closer to the 
color triangle (B, G, R). The trichromatic func-
tions ^ λ ) , g(X), ί (λ) (Fig. 16.3) will be reduced, 
i.e., transformed under diminishing the dimension 
by one, to deuteranopic spectral functions (map-
pings Q, U and Μ in Fig. 16.1). 

16.3 Measuring the 
Deuteranopic Missing Color 
and Reducing Trichromacy 
to Deuteranopia 

The mapping U (Fig. 16.1) reduces the three-
dimensional color space to a two-dimensional 
deuteranopic one by eliminating one dimension. 

Because the middle or "green"-absorbing visual 
cone pigment is absent in the deuteranope 
(Rushton, 1965), one might think that it would 
suffice to discard the "green" instrumental prima-
ry G in Figure 16.2, thus establishing a deutera-
nopic instrumental color space with the two 
remaining primaries Β' = Β and R' = R. But exper-
iment shows that this discarding process is incor-
rect: the "missing color" (German: Fehlfarbe) 
(König and Dieterici, 1892; Schrödinger, 1920) is 
not the real color G, but an imaginary color denot-
ed D in Figure 16.2. Because of its site quite dis-
tant from <7, the usual normalization in Figure 
16.2 has been changed in Figure 16.3 and subse-
quent figures. 

The reducing mapping must be of the form 

B' 

R' 

= U G 

R 

(5) 

where the triple on the right hand side is a trichro-
matic vector, the pair on the left hand side is a 
deuteranopic one, and U is a matrix consisting of 
two rows and three columns. The mapping (matrix 
U) is essentially determined if we know a special 
color vector 

D = B d Β + G D G + RD R 

for which 

(6) 
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= U 

\ R d / 

(7) 

holds. This special color vector is the missing 
color and can be measured (Schrödinger, 1920; 
Nuberg and Yustova, 1957; Scheibner, 1968c, 
1976; Krögerand Scheibner, 1977; Scheibner and 
Paulus, 1978; Paulus, 1978/79; Kröger-Paulus, 
1980; Scheufens and Scheibner, 1984; Klauder, 
1983/84; Scheufens, 1983/84; Scheibner and 
Orazem, 1997 a, b). 

The vector D, eq. (6), spans a one-dimensional 
subspace 

'KD = tZ), - o o < t < + co, (8) 

t being a free scalar parameter. In linear algebra 
(Boseck, 1984; Kostrikin and Manin, 1989) such a 
subspace is called the kernel of the mapping U, 

D e ' K D < J V ' BGR' 

ing point. The sites of such missing points were 
outside the triangle BGR and in the neighborhood 
of the dots denoted by D(490 nm), D, D(580 nm) 
and D(510 nm) in Figure 16.4. Since a color match 
also implies a heterochromatic brightness match 
(or luminance match), a difference vector accord-
ing to eq. (10) must be luminance-free. Hence, its 
chromaticity locus is necessarily imaginary. 

The loci of the dichromatic color matches them-
selves are those dots which lie inside the triangle 
BGR including the line segment GR (Fig. 16.4). 
For each test stimulus, they were well approximat-
ed by a straight line, a confusion line. 

The three confusion lines do not have a common 
point of intersection nor did the three sets of indi-
vidual missing points pertaining to the three test 
stimuli coincide in a common missing point. For 
this reason, the individual missing points arising 

Determination of the deuteranopic missing 
colour D by means of three confusion lines. 

(9) 2° diameter visual field 

where the symbol < is intended to mean subspace 
of. 'KD with/) is mapped to zero, i.e., is annihilat-
ed, in agreement with eq. (7). 

Figure 16.4 shows a way to measure the deuter-
anopic missing color. The (r,g)-chromaticity chart 
for our instrumental color space 3VBGR is shown, 
using the altered red-green normalization. Three 
sets of chromaticity loci form straight lines, so-
called deuteranopic confusion lines. They were 
measured by means of deuteranopic color matches 
done within the framework of a three-dimensional 
color space: the green mixture component (G0G) 
was kept constant, the blue (Bß) and red (RÄ) 
components were freely variable. The mixtures 
were matched against three spectral test stimuli of 
wavelengths 490 nm, 510 nm and 580 nm, respec-
tively, indicated in Figure 16.4. The vectorial dif-
ference of two tristimulus value triples resulting 
from matches against an identical test stimulus, 
where two different green mixture components 
were fixed but the blue and red components were 
freely variable, is an individual representative DtJ 

of the missing color vector: 

(Bi—Bj) B + (Gi0 - Gjo) G + (Rj - Rj) R = Dn. (10) 

Its chromaticity locus (r, g) is an individual miss-

vDU90nm 
,D 

C = Β §• GG + R· R 

^D|580nm) 
.D(510nm) 

Normierung 
B(494) : G(494) = 1 : 1 
R(583) : G(583) = 0,4: 1 

-1.2 -1.0 -0.8 -0 .6 -0.4 -0.2 β 0,2 0.4 0.6 0.8 1.0 

-0.5-

Fig. 16.4: Instrumental (r, g)-chromaticity chart. The 
points within the triangle BGR including the line seg-
ment GR are chromaticity loci of dichromatic color 
matches (see text) against spectral test stimuli of 
490 nm, 510 nm and 580 nm, each test stimulus pro-
ducing a confusion line. The points D(490 nm), 
D(580 nm) and D(510 nm) each belong to a confu-
sion line and are (imaginary) loci of averaged miss-
ing points. 
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C = Β Β 

D = 0 Β 

+ G G + R R 

+ 1 G - 0,4R 

Fig. 16.5: Spatial configuration of a 
deuteranopic missing color within 
3V b c ; r . The unit plane Β + G + R = 1 is 
taken as the chromaticity chart contain-
ing the trichromatic spectral locus. The 
colors C] and C2 are indistinguishably 
equal to a deuteranope, as are C3 and C4. 
The difference vectors C{ - C2 and 
C3 - C4 are equal to the missing color 
vector D up to a factor c. D is the miss-
ing point (from Kröger-Paulus, 1980, 
modified). 

Deuteranopic missing colour D: 

D = Bd · Β + GQ · G + RQ · R 

0 - "•(·) 
B, G, R tri-stimulus values 
Β R ' di-stimulus values 

Missing colour as the kernel of a reduction mapping: 

0 - - 8 ) 

Additionally 

0 - - ( · ) 

0 - » • ( · ) 

f rom a test stimulus were averaged. These aver-
ages are designated by D(490 nm), D(580 nm) and 
D(510 nm). Their grand average D reads 

D = 0 Β + 1.8460 G - 0.8460 R. (11) 

Fig. 16.6: Scheme of how to determine the 2 • 3 
matrix U if the missing color D and the association 
with the deuteranopic primaries are known. 

In this representation of the deuteranopic missing 
color vector, the numbers, formally tristimulus 
values, are normalized to chromaticity coordi-
nates, since according to eq. (8) the normalizat ion 
of vector D is free. According to eq. (9), vector D 
is a member of subspace 'KD , which, strictly 
speaking, is itself the deuteranopic missing color. 

Expression (11) is a non-zero vector for a 
tr ichromat (non-match) but a zero vector for the 
deuteranope (match), in agreement with eq. (7). 
This vector has a certain direction within the 
three-dimensional color space and hence a certain 
chromaticity locus, namely the copunctal point 
through which all confusion lines ought to pass. 
Being a null vector with respect to the color 
attribute brightness, vector (11) lies within the 
deuteranopic null-luminance plane, the so-called 
deuteranopic alychne plane (see section 16.5) 
according to Schrödinger (1925), and its chro-
maticity locus and the deuteranopic alychne trace 
in the chromaticity chart are, therefore, incident. 
By the same argument, since the vector D (eq. 
(11)) is also a null vector with respect to the color 
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attribute chroma, it lies coplanarly within the 
deuteranopic null-chrominance plane, the so-
called neutral zone plane, and the chromaticity 
locus of D and the trace of the neutral zone in 
chromaticity chart are incident. 

Figure 16.5 illustrates these ideas (cf. also 
Oleari et al. (1996) for helpful illustrations). While 
Figure 16.4 demonstrates the determination of a 
missing color within the chromaticity chart, where 
vector operations are not immediately discernible, 
Figure 16.5 shows the procedure within the vector 
space itself (Scheibner, 1968 c; Kröger-Paulus, 
1980). It may be useful to supplement the vector 
space by an affine (point) space (Kostrikin and 
Manin, 1989) such that vectors taken as differ-
ences of points are possible and a plane like the 
unit plane Β + G + R = 1 can be explicitly 
defined. One may recognize that the difference 
vectors according to eq. (10) are aligned in paral-
lel straight lines within the affine point space. The 
projections of these parallel straight lines from the 
origin Ο into the chromaticity chart converge to 
the co-punctal point D (Fig. 16.5). 

Figure 16.6 gives details for determining the 
matrix U sought. It consists of 2 • 3 = 6 coeffi-
cients. Eq. (7), repeated in the middle of Figure 
16.6, yields two coefficients of U. Associating the 
trichromatic primaries Β and R with the deutera-
nopic primaries 

B' 

/<Λ 

and R' = (12) 

\ V 

as shown in Figure 16.2, yields the four remaining 
coefficients of the matrix U. This is shown in the 
additional equations at the bottom of Figure 16.6. 
Fixing the deuteranopic basis vectors in this man-
ner is not without a certain arbitrariness, but it is 
the simplest approach. 

16.4 The Transition from the 
Instrumental Trichromatic 
Space to the Instrumental 
Deuteranopic Space 

The measurements performed on deuteranope 
A.O. resulted in the deuteranopic missing color 
vector given by eq. (11) and shown in Figure 16.4. 
The resulting mapping (matrix U in Fig. 16.1) is 

B' = B 
R' = 0.4583G + R. 

(13) 

Applying these equations to the color-matching 
functions 6(λ), | (λ ) , τ(λ) of Figure 16.3 results 

3,75η 

3,0-

2 , 0 -

1.0-

0 

-0,5 

Deuteranopic instrumental spectral values. 
2° diameter visual field 

Normalisation:_b(494) : g(494) 
r(583) : g(583) 

AO. 

'b' 

r 

i00 450 500 550 600 650 700 

Fig. 16.7: Deuteranopic instru-
mental matching functions 
£>'(λ) and ϊ'(λ) derived from 
the trichromatic color-matching 
functions shown in Figure 16.3 
using the missing color vector 
D. Although the red-green nor-
malization taken from Figure 
16.3 does not explicitly exist any 
more it is still effective. The 
matrix is U of Figures 16.1 and 
16.6. 
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in the deuteranopic instrumental spectral values 
5'(λ) and ϊ'(λ) shown in Figure 16.7. (Note that 
altered red-green normalization is still effective.) 
Eqs. (13) are reproduced in matrix form and 
rewritten for color-matching functions, which, of 
course, are special tri-stimulus and di-stimulus 
values. It is apparent that the collapse of trichro-
macy to deuteranopia occurs in the green-red 
region, leaving the blue mechanism untouched. 

16.5 The Transformation from 
the Trichromatic 
Instrumental Color Space to 
the Deuteranopic 
Opponent-Color Space 

So far we have applied the perceptual criterion 
indistinguishably equal. As demonstrated in 
Figures 16.4 and 16.5, two deuteranopic color 
matches are sufficient to determine the kernel of 
the mapping U, i.e., a point locus in the chro-
maticity chart, and thus to reduce δ(λ), g(X) ϊ(λ) to 
£>'(λ), ϊ '(λ) (Fig. 16.7). Indeed, repeated dichro-
matic matches with different fixed (green) compo-
nents result in straight lines, the so-called confu-
sion lines. The criterion indistinguishably equal 
points to the fact that such a line describes a single 
dichromatic chromaticity. From a geometric point 
of view, these lines are elements dual to points 
within the chromaticity chart. 

Deuteranopic opponent-color vision can be ap-
proached by using the two perceptual criteria nei-
ther blue nor yellow and equally bright. One could 
do this within the deuteranopic instrumental color 
space 2VB'R', which is characterized by eq. (2). The 
chromaticity chart of 2VB-R· is shown in Figure 
16.2 as a binary color-mixture line joining the loci 
of the primaries B' and R', and 2VB'R' is connected 
to the trichromatic instrumental color space 3 V B GR 

through eqs. (13). In view of eq. (4), one has to 
determine the chrominance primary Κ and the 
luminance primary L. The vector Κ, a luminance-
free vector, is determined as the difference vector 
of two colors which have been equated in bright-
ness. The vector L, a chrominance-free vector, is 

that sum of the primaries B' and R' which obeys 
the criterion neither blue nor yellow. (More details 
may be found in a paper by Bruckwilder and 
Scheibner, 1988/89). The result can be gathered 
from Figure 16.8 where Κ and L and their equa-
tions are shown. In Figure 16.1, this procedure 
corresponds to the mapping A: 

/ B ' \ 
/ κ \ 

\ L / 

= A 

\ R ' / 

(14) 

Within 2VB -R' , however, the confusion lines with 
their copunctal point have been lost. In order to 
preserve them we decided to directly execute the 
mapping Μ instead of performing mapping A 
(Fig. 16.1). For that purpose, the same chromatic 
and achromatic criteria had to be applied by the 
deuteranopic observer. 

For the chromatic criterion neither blue nor yel-
low, the observer adjusted various different binary 
color mixtures and judged these according to the 
criterion. This was done in the left side of the 
bipartite visual field of the colorimeter. When the 
mixture obeyed the criterion, the observer 
matched it to the superposition of the three instru-
mental primaries presented in the right half of the 
visual field. Thus, the colors obeying the criterion 
could be plotted in the (r,g)-chromaticity chart. 
They were well approximated by a straight, line -
the so-called neutral or chrominance-free zone. In 
Figure 16.8, it is shown as the straight line that 
runs through the central area of the color triangle 
(BGR). 

In appliying the second, achromatic, criterion, 
the deuteranopic observer equated the brightness 
of pairs of colors, which were different in color to 
him. For that purpose, he applied the criterion of 
minimally distinct border (Boynton, 1978; Thoma, 
1982). By matching the equated colors to a super-
position of the three experimental primaries, the 
colors were specified within the B,G,R)-system. 
Then, pairwise vectorial differences were calculat-
ed, formally similar to eq. (10). Such difference 
vectors are by definition luminance-free. Their 
chromaticity loci lay in the imaginary region of 
the chromaticity chart and were well approximat-
ed by a straight line (the line to the left side of the 
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Chromaticity charts of the spaces 
3 VBGR. 3 VPDT. 2 V B ,R·» 2 V K L . 2 V P T 

Fig. 16.8: The deuteranopic neutral zone K = 0 and alychne trace L = 0 are shown, an 
experimental result of observer A. O. The averaging procedure by way of the intermediate 
vectors A and Q took into account that the missing point of vector D in Figure 16.4 became 
an exact copunctal point. Additionally, the chromaticities of the fundamental primaries 
P, D, T, after having been adapted to observer A. O., and the chromaticities of the deuter-
anopic reference systems (Β', R ), CP', Τ), (K, L) are shown. In the boxes, the equations are 
repeated in a larger letter size. 
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color triangle in Fig. 16.8). It is the famous trace 
of the alychne (=lightless), introduced by 
Schrödinger (1925). 

The final averaging process for constructing the 
neutral zone and the alychne trace took the miss-
ing point D into account such that the two lines 
intersected in locus D. 

In deriving equations for the neutral zone and 
the alychne trace, we wished to express their dual 
character compared to point loci. Linear homoge-
neous forms fulfill this wish: 

βΒ + γβ + pR = 0, (15) 

where B, G, R are tri-stimulus values and β, γ, ρ 
are coefficients. In a first step, the straight lines 
may be expressed by equations of the type 

g = mr + h, (16) 

where the variables g and r are chromaticity coor-
dinates pertaining to 3VBGR, and m and h are con-
stants. By changing from the chromaticity coordi-
nates r, g to tristimulus values B, G, R as indicated 
in Figures 16.2 and 16.4, we arrive at equations of 
the form (15). 

Eq. (15) is the general incidence condition of a 
point and a straight line and expresses the princi-
ple of duality (v. Staudt, 1847; Plaumann and 
Strambach, 1981): 
a) with the triple (β, γ, ρ) constant, varying the 

triple (B, G, R) produces a fixed straight line; 
b)with the triple (B, G, R) constant, varying the 

triple (β, γ, ρ), produces a pencil of straight lines 
through a fixed point. 

For this reason, (B, G, R) are called point coordi-
nates and (β, γ, ρ) are called line coordinates in the 
projective plane, which is here identified with the 
chromaticity chart. Eq. (15) holds only if the point 
described by (B, G, R) lies on the straight line 
described by (β, γ, ρ), i.e., if the point and the 
straight line are incident; if this is not the case, the 
left-hand side of eq. (15) takes on a non-zero 
value. If the point crosses the line, the left-hand 
side of eq. (15) changes sign, reflecting the blue-
yellow color opponency present in deuteranopic 
color perception. 

For the neutral zone, the evaluation resulted in 

1.8497B - 1,0G - 2.182R = 0 (17) 

and for the trace of the alychne in 

0.1280B + 1.0G + 2.182R = 0 (18) 

In both equations, the green coefficient γ is arbi-
trarily normalized to 1. In Figure 16.8, the equa-
tions are written beside the pertaining straight 
lines. 

Eqs. (15), (17), (18) are considered to represent 
straight lines within the chromaticity chart, in 
which the tri-stimulus values B, G, R are general 
homogeneous coordinates (Maxwell, 1963). But 
we may also view the equations representing 
planes containing the origin, i.e., two-dimensional 
subspaces of 3VBGR· order to make the final 
step from these plane equations (17) and (18) to 
the mapping equations Μ of Figure 16.1 we may 
take advantage of the relation between incidence 
and non-incidence: For colors with chromaticity 
loci incident on the neutral zone or alychne trace, 
the equations (17) or (18) hold; for all other col-
ors, the transformation Μ results and reads 

Κ = 1.8497B- 1.0G-2.182R 
L = 0.1280B + LOG + 2.182R, ( } 

where Κ and L are opponent distimulus values 
according to the deuteranopic color representation 
of eq. (4). In principle, eqs. (19) are of the type of 
eq. (5), eqs. (17) and (18) are of the type (7), with 
the difference that the target space of the mapping 
is the deuteranopic opponent-color space. Thus, 
the perceptual criterion neither blue nor yellow 
singles out the two-dimensional kernel 2KK to be 
annihilated: 

2KK < 3 V b g r , (20) 

while the perceptual criterion equally bright sin-
gles out the two-dimensional kernel 2KL to be 
annihilated: 

2KL<3VB G R , (21) 

and the two kernels intersect in the deuteranopic 
missing color D, (eq. (9)): 

D g 'KD = 2Κκ η 2K l < 3 V b g r , (22) 

where the symbol < means subspace of, η means 
intersection. The two remaining, non-annihilated 
opponent components Κ and L, called chromi-
nance and luminance build up the deuteranopic 
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Deuteranopic opponent spectral values, 
2° diameter visual field a ο 

Μλ)\ /0.2667 -0,1442 -0,3146\ 
. I (λ) J \0,0645 0,5037 1,0991)'I r ^ j / 

Fig. 16.9: Deuteranopic spectral op-
ponent functions k ^ ) and 1(λ) are 
shown. They were derived from trichro-
matic color-matching functions 0(λ), 
g(X), ί(λ) shown in Figure 16.3 by 
means of the 2x3 matrix Μ of Figure 
16.1. The function 1ί(λ) could be called 
the spectral blue-yellow chroma sensi-
tivity, 1(λ) could be called the spectral 
brightness sensitivity. 

opponent-color space 2VKL (Fig· 16.1). Note that 
the kernel 2KK, the neutral zone, contains real col-
ors while the kernel 2KL, the alychne, contains 
only imaginary colors. 

The mapping given by eqs. (19) was applied 
to the color-matching functions 5(λ), ^(λ), ί(λ) 
shown in Figure 16.3. The results are the two spec-
tral curves ϊϊ(λ) and ΐ(λ) shown in Figure 16.9. The 
mapping equations have been renormalized so that 
the maximum of each curve assumes the value 
one; this leaves the ratios of the coefficients 
in each row of the matrix unchanged. We may 
call k(^) the spectral deuteranopic blue-yellow 
chroma sensitivity, ϊ(λ) the spectral deuteranopic 
brightness sensitivity, the terms chroma and bright-
ness indicating sensations. 

16.6 The Role of the 
Fundamental Color Space 

The trichromatic color-matching functions 
(Fig. 16.3) and the dichromatic color-matching 
functions (Fig. 16.7) possess zero crossings and, 
therefore, negative curve branches, so that they are 
not suited to represent the spectral sensitivities of 
the retinal cones. The so-called fundamental color 

space 3 V p d x remedies this deficit in that the per-
taining spectral functions ρ(λ), ά(λ), ΐ(λ) can be 
interpreted as spectral cone sensitivities. Ac-
cording to the classical hypothesis of König 
(König and Dieterici, 1893), the missing colors of 
the three types of dichromats provide the excita-
tions of the three cone types. By making the miss-
ing colors the basis vectors of a vectorial color 
space, a fundamental color space 3VPDX, can be 
constructed. Within 3VPDT, a color vector reads 

C = PP + OD + TT, (22) 

where Ρ, D, Τ are fundamental tri-stimulus values, 
Ρ is the red fundamental primary given by the 
protanopic missing color, D is the green funda-
mental primary given by the deuteranopic missing 
color and Τ is the blue fundamental primary given 
by the tritanopic missing color. 

The space 3VPDT has been omitted in Figure 
16.1. Its independent experimental determination 
would require the availability of all three types of 
dichromatic observers to determine their missing 
colors. It is interesting that an independent deter-
mination of a dichromatic fundamental color 
space (in our case, Figure 16.1, the deuteranopic 
fundamental color space 2VPT) also requires all 
three types of dichromatic observers: The map-
ping Q (Fig. 16.1) is established by the deutera-
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nopic missing color providing the mapping kernel, 
by the protanopic missing color providing the first 
basis vector of the target space, and by the tri-
tanopic missing color providing the second basis 
vector of the target space. The procedure is similar 
to the determination of the mapping U delineated 
in Figure 16.6. 

The mapping F (Fig. 16.1), which connects 
2Vb- r- with 2 V P T , does not lend itself to experi-
mental attack, since the loss of the overdimension-
ality of 2VB<R< compared to 3VBGR prevents the 
measuring of the protanopic and tritanopic miss-
ing colors sought. The final goal is the mapping Ο 
(Fig. 16.1) which serves to describe the excitation 
transfer from the deuternopic retinal cones into the 
postreceptoral opponent-color channels (Scheib-
ner and Wolf, 1985, 1985/86; Scheibner and 
Lochner, 1991). 

In the following section, the data of the funda-
mental space 3 V p d t are taken from the literature 
(reviews by Wyszecki and Stiles, 1982; Pokorny 
and Smith, 1986; Stockman et al., 1993; Brainard, 
1995). Its primaries P, D, Τ were expressed with-
in the instrumental space 3VBGR. By means of the 
measured deuteranopic primary D (Fig. 16.4), it is 
adapted to 2VPT. Finally, the mapping Ο sought 
(Fig. 16.1) is determined by a concatenation of the 
mappings F_1 and A. 

16.7 Construction of the 
Fundamental Color Spaces 
3 V p x d and 2 V P T and the 
Deuteranopic Opponent-
Color Channels 

The loci of the fundamental primaries P, D, Τ are 
taken from Bruckwilder and Scheibner (1988/89). 
In order to achieve coherence between our data so 
far and the fundamental system, the fundamental 
primary D of Bruckwilder and Scheibner is 
replaced by the missing color D of Figure 16.4. 
The locus of the fundamental primary Τ was 
slightly modified in that it is made incident with 
our deuteranope's alychne trace L = 0. This im-

plies that our deuteranope's blue cones do not con-
tribute to brightness. Figure 16.8 shows the loca-
tion of the three partially modified fundamental 
primaries; their equations: 

Ρ = 0.0Β - 0.2948G + 1.2948Ä 

D = 0.0Β + 1.8460G - 0.8460Ä (23) 

Τ = 1.1606Ä-0.1706G + 0.010Ä. 

These equations are normalized so that the coeffi-
cients are numerically chromaticity coordinates b, 
g, r (i.e., sum to unity). 

From linear algebra it is known (Boseck, 1984; 
Kostrikin and Manin, 1989) that tristimulus values 
and primaries obey the following transformation 
scheme: 

ΊΒΊ 
D = W G 

Τ V R / 

D = W IT G 

Λ 
where the superscript Τ indicates the transposition 
of the inverted matrix W 1 . 

Inverting and transposing the matrix of eqs. (23) 
makes it possible to calculate fundamental tristim-
ulus values (P, D, T) from instrumental tristimulus 
values (B, G, R). In particular, this was done for 
the curves 6(λ), ^(λ), ϊ(λ) shown in Figure 16.3. 
In the process of calculation, the matrix of eq. (24) 
was row-wise renormalized so that the maxima 
of the resulting spectral fundamental curves ρ(λ), 
3(λ), ΐ(λ) assume the value 1. The result is shown 
in Figure 16.10. In the renormalized form, eqs. 
(24)read 

ρ(λ) = 0.0646ΐ>(λ) + 0.5037£(λ) 
+ 1.0990ϊ(λ) 

3(λ) = 0.08405(λ) + 0.5792 ̂ (λ) (26) 
+ 0.1319 τ(λ) 

ΐ(λ) = 02706 5(λ). 

By virtue of the special properties of the funda-
mental primaries, the middle or green curve 5(λ) 
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Fundamental spectral values, 
2° diameter visual field 
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•ρ(λ) = 0,0646·0(λ) 
dW = 0,0840·0(λ) 
Τ(λ) = 0,2706·Β(λ) 
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Fig. 16.10: Spectral fundamental 
functions of the normal trichromat. 
The equations at the bottom indicate 
how they have been derived from the 
color-matching functions shown in 
Figure 16.3. Since in the deutera-
nope the green or middle wave-
length visual pigment is absent, 
the curves t(X) and ρ(λ) describe the 
relative spectral sensitivity of the 
deuteranope's blue and red retinal 
cones. 

can simply be discarded for the deuteranope. 
Therefore, in Figure 16.1, the mapping Q connect-
ing 3 V b g r with 2 V P X is given by the first and third 
row of eqs. (26). 

In order to exploit the transformation connec-
tions between the three deuteranopic spaces 2 V P T , 
2VB'R' and 2 V k l shown in Figure 16.1, the three 
spaces must be given within one common reference 
system. Here, 2VB-R< is chosen as the common sys-
tem, the chromaticity diagram of which has shrunk 
to the r-axis in Figure 16.8. It may be helpful to 
imagine a second scale b (or b') on this axis run-
ning in the opposite direction to scale r (or r'), with 
its zero point located at R and the unity point locat-
ed at Β (Fig. 16.8). The deuteranopic chromaticity 
coordinates b ' and r' are defined according to 

b' = B'/(B' + R'), r ' = R7(B' + R'). (27) 

Now, the primaries B, G, R and P, D, Τ must be 
transformed - expressed as column vectors within 
3 V b g r - into 2 V B ' R ' by means of the mapping U , 

and the opponent primaries Κ and L also have to 
appear within 2VB'R'. Figure 16.8 shows that the 
locus of Κ is the intersection of the alychne trace 
L = 0 with the r-axis, and the locus of L is the 
intersection of the neutral zone Κ = 0 with the r-
axis. This constellation, moreover, demonstrates 
that any mapping U is equivalent to a projection 
starting from the projection center D, whereby any 

trichromatic locus is uniquely projected to a 
deuteranopic locus on the r-axis. The result is 
shown in Figure 16.8. 

Besides the assumption 

Β = B' 
R = R' 

the equations read 

P = + 1Ä' 
T = 1.06232?' - 0 . 0 6 2 3 Ä ' 

and 

Κ = 1.06235' - 0 . 0 6 2 3 Ä ' 
L = 0 . 5 4 1 3 5 ' +0.4587/?' . 

(28) 

(29) 

(30) 

Note that the primary Ρ e 2VB'R' is different 
from jPe 3VBGR, as is the case with T' and T. 
Nevertheless, both Ρ and Ρ and 7" and Τ are of 
the same deuteranopic chromaticity, since they lie 
on the same deuteranopic confusion lines. 

In view of Figure 16.1, we may identify map-
ping (29) with F IT, where now the deuteranopic 
fundamental space is denoted by 2VP<r (primes 
added), and mapping (30) may be identified with 
A"1T. We wish to perform the concatenation 

(31) 
K 1 P' P' 

= 0 = AF 1 

L T , Ί' 



16.7 Construction of the Fundamental Color Spaces 3 VPTD and 2VPT 297 

ρ(λ) = 0 , 0 6 4 6 Φ ( λ ) + 0 ,5037-g"a) + 1,0990·7(λ) 
ϊ (λ ) = 0 ,0840 ·Μλ) + 0 ,5792-0(λ) + 0 ,1 31 9·Τ(λ) 
Τ(λ) = 0 ,2706 ·0 (λ ) + 0 , 0 0 0 0 · Ι ( λ ) + 0,0000·7(λ) 

/Μλ) \ / - 0 , 2 8 6 2 1 , 0 5 3 7 \ /ρ (λ ) \ 
\κλ)^ I ι,ο ο,ο /Am)/ 

Fig. 16.11: The upper part shows the spectral fundamental functions of Figure 16.10. 
The lower part shows the deuteranopic spectral opponent functions of Figure 16.9. The 
equation at the bottom shows how the deuteranopic spectral cone sensitivities and 
ρ(λ) are transformed by means of the 2 x 2 opponency matrix Ο (Fig. 16.1). 
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Therefore, the matrix F 1 T of eq. (29) must be 
transposed and, with regard to the deuteran-
opic spectral functions b'(X), ?'(λ), row-wise 
renormalized. The result is 

/ \ B' 

\ / 

0 3.6959 
\ / \ / \ 

Ρ' P' 
= F"1 

Τ' r 
\ / \ / 

(32) 
0 .9096- 0.2168 

\ / 
In turn, the matrix A-IT of eq. (30) must be invert-
ed and transposed and, with regard to the deutera-
nopic spectral opponent functions ΐί(λ), ϊ(λ), row-
wise renormalized. This leads to 

/ 0 .2667 - 0.3146^ (B^l 
= A (33) 

10.0645 1.0991 R' R' 
\ / \ / \ / \ / 

The concatenation of eqs. (32) and (33) yields the 
transformation Ο = A F_ l : 

κ 

L 

/ \ Κ 

L 
\ / 

0.2862 1.0537X 

0 

/ / >1 
Ρ ' Ρ ' 

= 0 

Τ ' Τ ' 
\ / \ / 

(34) 

\ / 
Equation (34) describes the excitation transfer 
from the deuteranopic retinal cones to the deuter-
anopic postreceptoral opponent-color channels. Κ 
designates the opponent distimulus value of the 
luminance channel, Ο is the opponency matrix. 
At the bottom of Figure 16.11, eq. (34) ap-
pears in a form written for spectral curves. The 
curves ϊί(λ) and ϊ(λ) are, of course, the same as 
in Figure 16.9. The curves ρ(λ), 3(λ), ΐ(λ) at the 
top of Figure 16.11 stand for the three trichromat-
ic receptor sensitivities. Only the curves ρ(λ) and 
ί(λ) apply to the deuteranope. Clearly, ρ'(λ) = ρ(λ) 
and ί'(λ) = ΐ(λ). Since ϊ(λ) = ρ(λ), the deuteran-
opic brightness is carried by the red cones alone. 

16.8 A Synopsis of Deuteranopia 

Figure 16.12 shows the commutative diagram of 
Figure 16.1, supplemented by the set of visible 
radiation stimuli, Σ. An immediate physiologically 
relevant meaning is present in the mappings Ζ and 
Ο (heavy arrows). Such a diagram may indicate 
ways to construct transfer paths even if some inter-

(l)=0-(τ)=0 F (r·)=OFU-(g) = M-(g) 

Fig. 16.12: The diagram of Figure 16.1 supplement-
ed by the set of all visible radiation stimuli Σ and the 
mappings Z, W, Y starting from Σ. The two heavy 
arrows indicate the two physiologically relevant map-
pings Ζ (eqs. (36) and (37)) and Ο (eqs. (34) or (39)). 
Ζ symbolizes the stimulus-excitation transfer of the 
retinal receptors (cones); Ο symbolizes the excitation 
transfer from the retinal receptors into the postrecep-
toral opponent channels. The row at the bottom indi-
cates a possible way to arrive at the deuteranopic 
opponent-color space via the deuteranopic funda-
mental space through concatenations of mappings. 

mediate stages such as 3VBGR and 2VB 'r' do not 
possess an immediate physiological meaning. An 
example of path shaping is the concatenation 
0 = AF"1 (eq. (31)). 

The transfer indicated by Ζ and 0 in Figure 
16.12 may run the following way. The elements of 
the set Σ are radiation stimuli described by a spec-
tral power density Φ>, where λ means wavelength 
of the radiation: 

Φι dX Ε Σ. (35) 

Such stimuli (monochromatic or composite) im-
pinge on the retinal cones and arouse the cone 
excitations Ρ (red cones) and Τ {blue cones): 

P = c„ Ρ(λ) Φ ^ λ (36) 

L r 
T = ct ΐ(λ) Φ ^ λ (37) 
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where ρ(λ) and ί(λ) are spectral sensitivities (Fig. 
16.10) of the two types of deuteranopic cones; cp 

and ct are normalizing constants. Formulae of this 
type are well known from the fundamentals of col-
orimetry (Wyszecki and Stiles, 1982); historically, 
they first seem to have appeared with the Viennese 
School under Exner, around the time of the first 
World War (Kohlrausch, 1920). 

The cone excitations represented by the vector 

7 P X 

Τ 
\ / 

V PT (38) 

are transferred into two postreceptoral color-oppo-
nent channels described by 

(39) 
Κ Ρ 

= 0 
L Τ \ / \ / 

where Κ is the blue-yellow chrominance and L is 
the luminance. The matrix Ο is the opponency 
matrix for which a numerical example is given 
with eq. (34), cf. Figure 16.11. Κ and L constitute 
a vector in the deuteranopic opponent-color space 
2VKL: 

/ \ 
Κ 

L \ / 

V K.L (40) 

reference to the trichromatic fundamental system 
(P, D, Τ). Ρ stands for protanopic missing color, D 
for deuteranopic and Τ for tritanopic missing 
color. These loci of the fundamental primaries 
(basis vectors) are arranged in an equilateral trian-
gle. The excitation transfer is written the following 
way, where fundamental and opponent di-stimulus 
values are used: 

(41) 

/ \ / \ 
Protanopia D 

= 0 P 

LD Τ \ V \ / 

Deuteranopia 
FKD' FPL = OD 
LD Τ 

\ / \ / 
/ \ / \ 

Tritanopia Kt Ρ 
= OT 

LT D \ V \ / 

(42) 

The blue-yellow chrominance Κ correlates per-
ceptually with an antagonistic blue-yellow chro-
ma, the luminance L correlates perceptually with 
brightness. In summary, the sequence of equations 
(35) to (40) provides a quite complete description 
of deuteranopia as a representative type of dichro-
macy. 

16.9 A Synopsis of Dichromacy 

The diagrams of Figures 16.1 and 16.12 apply 
specifically to deuteranopia. One could repeat 
them for protanopia and tritanopia, but we deal 
here only with the physiologically relevant map-
pings 0;, i = p, d, t, which map the fundamental 
color spaces to the opponent-color spaces. Figure 
16.13 shows all three types of dichromacy with 

(43) 

In these equations, (D, Τ), (Ρ, Τ), (P, D) are funda-
mental di-stimulus values, (Kp, Lp), (Kd, Ld), (Kt, 
Lt) are opponent di-stimulus values, Kp, Kd mean-
ing blue-yellow chrominance, Kt meaning green-
red chrominance, Lp, Ld, Lt meaning luminance. 
Oi5 i = p, d, t are 2 x 2 matrices, the opponency 
matrices. A numerical example for eq. (42) is eq. 
(34), Figure 16.11. 

The primaries are transformed contragrediently, 
as in eq. (25): 

(.D, T) = (A„, Lp) Op 

(.Ρ, Τ) = (Κό, Ld) Od 

(P, D) = (Kt, Lx) O, 

(41a) 

(42a) 

(43a) 

(These matrix equations have already been trans-
posed, hence the left-operating rows.) 

The loci of the fundamental primaries, P, D, Τ 
form the corners of the fundamental color triangle 
(Fig. 16.13). Since the missing color vectors 
P, D, Τ and the luminance primaries Lp, Ld, Lx are 
by definition chrominance-free, they are incident 
with the corresponding neutral zones np, nd, nt 

(e.g., Ρ and Lp lie on np, etc.). Similarly, missing 
colors and chrominance primaries are by defini-
tion luminance-free, hence they lie on the corre-
sponding alychne traces (P and Kp on ap, etc.). 
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Such a constellation implies a direct additive 
decomposition of any color into chrominance and 
luminance, which, in technical television, is the 
basic principle of black-white and color compati-
bility (Scheibner and Wolf, 1985, 1985/86; 
Scheibner, 1987). The six straight lines np, nd, n„ 
ap, ad, at are shown in Figure 16.13 as heavy rays. 
In protanopia and deuteranopia, the contribution 
of the blue retinal cones (T) to luminance can be 
neglected, so that Τ and ad are also incident. 
Therefore, the rays ap and ad become sides, Kp and 

Dichromatic vision 

Fig. 16.13: Dichromatic vision. In each color chart, 
the corners of the equilateral triangle PDT are the 
chromaticities of the protanopic, deuteranopic, tri-
tanopic missing colors, identified with the funda-
mental primaries. The rays np, nd, nt are the neutral 
zones, ap, ad, at are the alychne traces. Kj; i = p, d, t 
are the chromaticities of the dichromatic chromi-
nance primaries (luminance-free), L,, i = p, d, t are 
the chromaticities of the dichromatic luminance pri-
maries (chrominance-free). The large filled circles 
are the vertices of the dichromatic chromaticity pen-
cils. The point S may be interpreted as the copunctal 
point of a hypothetical fusion deuteranope exhibiting 
brightness sensation of the normal trichromat (and 
the tritanope). 

Κά become corners of the fundamental triangle. 
These important features are missing in tritanopia: 
a, is not a side and Kx is not a corner of the funda-
mental triangle. One reason for this tritanopic dis-
parity may be the greater similarity of tritanopia to 
normal trichromacy; for the tritanopic alychne, 
trace a, is close to the trichromatic alychne trace, 
and the tritanopic neutral zone nt resembles the 
hue yellow of the normal trichromat. 

The reduction of trichromacy to a particular 
type of dichromacy implies the degeneration of 
the fundamental color triangle to the side that is 
left when the missing color is removed: side DT in 
protanopia, side PT in deuteranopia and side PD in 
tritanopia (Fig. 16.13). It may appear strange that 
all these dichromatic chromaticity charts lie out-
side the gamut of real colors, i.e., are imaginary. It 
is here that the dual point of view of regarding the 
pencil of rays through a point as the true elements 
of dichromatic chromaticities reveals its strength: 
on this view, reducing trichromacy to dichromacy 
means not removing the missing primary but 
removing the side of the color triangle opposite the 
missing primary. The pencil of rays through the 
missing primary does pass through the region of 
real colors, and at the same time illustrates the col-
lapse from trichromacy to dichromacy. 

A conspicuous feature of Figure 16.13 is that the 
three types of alychne traces ap, ad, and a, intersect 
in a common point, the locus T. This property may 
indicate both the evolutionarily old function 
(Mollon and Jordan, 1988/89; Mollon, 1991) and 
the pivotal role (Scheibner, 1987) of the blue cone 
mechanism in postreceptoral processing. 

It is generally accepted that protanopia and 
deuteranopia are loss dichromacies, i.e., the 
respective color mechanism is absent in the human 
fovea. For tritanopia (Wright, 1952; Barca, 1977), 
the situation does not seem to be completely clar-
ified (Mollon, 1982; Alpern et al„ 1983; Foster, 
1991). In the present exposition, all three types of 
dichromacy are treated the same way by means of 
the missing color. This does not necessarily mean 
that tritanopia is a loss dichromacy because a psy-
chophysical finding does not permit a unique 
inference about detailed neurophysiological mech-
anisms. 
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16.10 A Lattice-Theoretical 
Classification of 
Dichromacy and Other 
Color Deficiencies 

At the end of the 19th century, v. Kries (1897 a, b) 
reported the following interrelation between 
protanopia, deuteranopia and trichromacy, which 
according to him was already known: A trichromat 
accepts a color match both of a protanope and a 
deuteranope only if the protanope and the deuter-
anope accept the color match of the other. This 
finding and facts on classes of metameric color 
stimuli (metamers) suggest the following interpre-
tation: 

In the set Σ of color stimuli (Fig. 16.12), each 
type of observer induces a partition of Σ into class-
es of metameric stimuli by virtue of his perceptu-
al criterion indistinguishably equal. This criterion 
works as an equivalence relation (Scheibner, 
1968 a; 1968 b). The partitions of the various types 
of color observers form a so-called lattice 
(German: Verband) (Scheibner, 1968 a, 1970; cf. 
also Gericke, 1963; Szasz, 1963; Pracht, 1980). 
Making the simplest assumptions, the lattice of 
partitions assumes the shape shown in Figure 
16.14. The partitions are designated by letters. The 
connecting lines and their intersections have the 

following lattice-theoretical meanings (Szasz, 
1963): 

The operation of meet (symbol Π) of two parti-
tions results in the highest possible partition (point 
in the diagram) at which the lines leading down-
ward meet; for example ϋ ρ Π Mr = T; D d n Τ = T. 

The operation of join (symbol l_l) of two parti-
tions results in the lowest possible partition at 
which the lines leading upward join; for example 
D p U M r = { I } ; T u D d = D , 

The operation M b n Dp = Dp implies the relation 
of refinement Dp < Mb between the two partitions, 
etc. 

The lattice-theoretical operation of meet rests 
on the iei-theoretical intersection of classes the 
elements of which are metamers here. An experi-
mental implementation are the confrontation 
experiments reported by v. Kries (1897a, b). 
According to the same procedure, attempts have 
been reported to establish a connection between 
normal trichromacy, anomalous trichromacy and 
dichromacy (Scheibner et al., 1972; Scheibner, 
1974a, b, c; Scheibner and Boll, 1972; 1974). 

The transfer of the lattice-theoretical operations 
and relations to the structures (spaces) of Figure 
16.12 requires modifying their definition. Thus, 
the concepts inherent in Figures 16.12 and 16.14 
may join together in a natural way and open new 
insights. 

Total Blindness 

M r Monochromacy 

Dichromacy 

Trichromacy 

Fig. 16.14: The lattice of color stimulus partitions. Σ, 
set of visible radiation stimuli; {Σ}, coarsest parti-
tion, amaurosis; Mb, Mg, Mr, partitions of blue-cone 
monochromats, green-cone monochromats, red-cone 
monochromats; Dp, Dd, D„ partitions of protanopes, 
deuteranopes, tritanopes; T, finest partition, of tri-
chromats. 

16.11 Concluding Remarks 

The preceding exposition demonstrates a linear 
description of dichromacy. This certainly justifies 
the statement in the title of a simple structure. 
Moreover, the linearity is fulfilled quite well. This 
is due to the compression of the dimension of the 
color space from 3 to 2, which hides non-lineari-
ties. For instance, the Abney effect is hardly 
noticeable (Knottenberg and Scheibner, 1993). 

The main statements concern dichromatic oppo-
nent-color spaces, the determination of which 
rests on the fact that two dichromatic color attrib-
utes, chroma and brightness, can be perceived and 
quantified. Embedding in a three-dimensional 
color space makes it possible to determine a null-
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chrominance plane and a null-luminance plane, 
both of which intersect in the missing color, a one-
dimensional subspace that represents a carrier of a 
bundle of dual planes. 

A noticeable deviation from the two-dimension-
al nature of dichromatic color vision may emerge 
if the visual field is larger than foveal, in which 
case an additional red-green discrimination 
becomes effective in protanopia and deuteranopia 
(Scheibner and Boynton, 1968; Orazem and 
Scheibner, 1995). Hence, classical requirements 
for a simple expression and description of dichro-
macy (and trichromacy) are the following: foveal 
visual field, unrelated and free colors (cf. 
Scheibner, 1990; Kaiser and Boynton, 1996), and 
a photopic light level. 

The claim that dichromacy is the simplest type 
of color vision may have the basis that, opera-
tionally, only one chromatic perceptual criterion is 
applied, the other criteria being free of a predicate 
concerning chromaticness. It is true that the chro-
matic criterion captures two (antagonistic) hues. 
But this seems to be an inherent property of 
human color vision. A monochromatic color 
vision (Scheibner, 1968b) seems inconceivable. 

The preceding exposition, in particular Figure 
16.13, also demonstrates the importance of the 
dichromatic alychne trace: it is an imaginary con-
fusion line. One primary of a dichromatic oppo-
nent-color space is real, the other is imaginary. 
The extension to a trichromatic opponent-color 
space adds one imaginary primary (Scheibner and 
Wolf, 1985). 

An interesting aspect would be to develop the 
dual character of confusion lines further (section 
16.5). Some initial attempts have been reported 
elsewhere (Scheibner, 1993; Scheibner and 
Orazem, 1997). 

16.12 Summary 

Dichromacy is treated as a reduced form of nor-
mal trichromacy. Experimentally, the required 
transformations are determined by means of three 
perceptual criteria, which single out the kernels of 
the desired mappings. The kernels are the missing 

color, the null-chrominance plane (the neutral 
zone) and the null-luminance plane (the alychne). 
Deuteranopia is discussed in detail, the perceptual 
criteria being indistinguishably equal, neither blue 
nor yellow and equally bright. The chain of events 
starts with the radiation stimulus, goes on to the 
excitation of retinal cones and ends with the exci-
tation of an opponent-color channel and a lumi-
nance channel. 
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17. Current CIE Work to Achieve 
Physiologically-Correct Color Metrics 
Janos Schanda 

17.1 Introduction 

Colorimetry became technically useful when in 
1931 the CIE standardized the color-matching func-
tions for the 2° observer and some illuminant spec-
tral power distributions to be used with reflecting 
colored samples (Recommendation officielles de la 
Commission Internationale de l'Eclairage, 1931). 
The CIE 1931 color-matching functions have been 
used since then in a practically unchanged form. 
They have been interpolated, smoothed at one point 
or the other, their numeric values have been fixed to 
seven significant digits, but fundamentally every-
thing stayed unchanged. This is the case, despite 
the fact that it has been known for a considerable 
time that the y(k) function, which is identical with 
the V(X) function, defined in 1924 (Principales 
Decisions de la Commission Internationale de 
l'Eclairage, 1924), is in error in the blue part of the 
spectrum (Judd, 1951). This discrepancy in the V(X) 
function was acknowledged in 1988, when CIE 
published the spectral luminous efficiency function 
for photopic vision for the supplementary 2° 
observer (CIE Technical Report, 1988) often called 
the "Judd correction". The different observers do 
not produce significantly different luminous flux 
values for general purpose light sources (Schanda, 
1989), therefore the CIE 1988 2° function is more 
of theoretical significance then of practical impor-
tance. It is, however, widely used by vision scien-
tists to compare experimental results. 

Unfortunately, the Judd corrections were 
not consequently implemented to correct also the 
χ(λ) and ζ(λ) functions and no "Judd corrected" 
color-matching functions have been standardized. 
This resulted in the fact that color vision 
researchers, who have to apply some corrections 
to the 1931 standard color-matching functions, use 

slightly different corrections. This adds to the 
experimental differences encountered in all such 
investigations and makes the comparison of the 
results more complicated. 

The endeavor of vision scientists and col-
orimetrists has been always to deduce the color-
matching functions from basic photo-biological 
response functions. Therefore, when CIE realized 
above uncertainty it established in 1991 its Tech-
nical Committee TC 1-36, "Fundamental Chro-
maticity Diagram with Physiologically Significant 
Axes" and entrusted it to develop a chromaticity 
diagram where the coordinates correspond to 
physiologically-significant axes. It was hoped that 
by combining fundamental biological and psy-
chophysical research results it might be possible to 
come up with a colorimetric system that is firmly 
based on fundamental research results and reflects 
human vision mechanisms. 

One can assume that the mental response to a 
light stimulus will be related to the photochemical 
process taking place within the photoreceptors, for 
color vision in the cones. Thus, for our purpose the 
cone-excitation spectrum, assumed to be propor-
tional to the absorption of the photopigments in 
the cones, is the fundamental visual process. One 
can assume that these processes obey the laws of 
physics and chemistry. CIE TC 1-36 has not 
intended to go beyond this point in the assessment 
of the visual signal by the human observer. 

Psychophysical experiments can be done only 
with radiation reaching the outer layer of the eye, 
the absorption of the ocular media between the 
outer layer of the cornea and the photopigments 
will distort the spectrum of the cone-excitation 
spectra and this has to be determined. The spectral 
sensitivities traced back to this input point of the 
eye will be called "fundamentals". 
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With psychophysical measurements we perform 
color matches, and the functions needed to obtain 
such color matches are called "color-matching 
functions" (cmf's). 

We will distinguish in the next sections of this 
paper between the psychophysical color-matching 
functions, their transformation into a system that 
reflects human processing, but at the entrance of 
the eye as fundamental sensitivity spectra (or 
shortly fundamentals) and the physico-chemico-
biological photopigment absorption/photo-signal 
excitation process related photopigment absorp-
tion spectra or cone-excitation spectra. 

17.2 Cone Excitation Spectra 

To determine the primary physiological color 
vision mechanism, i.e., the cone photopigment 
absorption spectra, is not that easy. Micro-
spectrophotometric measurements of human reti-
nal tissue (Dartnall et al., 1983) have shown that 
there are three distinctly different photopigments 
in the human cones. The measurements show rea-
sonable agreement with so-called suction elec-
trode photoelectric measurements (Schnapf et al., 
1987) obtained on monkey cone cells where the 
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Fig. 17.1: Microspectrophotometric absorption spec-
tra of human cones compared with suction electrode 
photoelectric measurements obtained on monkey 
cone cells. 

minute electric currents produced by the illumi-
nated cone sucked into a micropipette were inves-
tigated (see Fig. 17.1). Thus, from physiological 
measurements one can assume that the cones of 
the human retina contain three different photopig-
ments, where two have rather similar spectral sen-
sitivity and the third one is distinctly different. It is 
usual to call the three cone sensitivities as Long-
Wave Sensitive (or L-) cone, Medium-Wave 
Sensitive (or M-) cone and Short-Wave Sensitive 
(or S-) cone sensitivity (see e.g., Stockman et al., 
1993). (In older literature we find also the symbols 
R(ed), G(reen) and B(lue), or to distinguish them 
from real lights the symbols ρ, γ and σ are used to 
identify these visual sensitivities.) The precision 
of direct physiological investigations is not suffi-
cient to develop from these measurements cone-
excitation functions with an accuracy high enough 
to be used to model the visual mechanism. They 
serve merely for comparison with cone sensitivity 
functions derived from psychophysical experi-
ments (e.g., heterochromatic brightness-matching 
experiments, taking Königs hypothesis into con-
sideration, see later). 

Thus, CIE TC 1-36 was faced with the problem 
to select those psychophysical experiments that 
show the highest accuracy and to derive a mecha-
nism of transforming these data into cone excita-
tion spectra. 

17.2.1 Choice of the 
Color-Matching Functions 

To obtain color-matching functions (cmf's) there 
are basically two methods; one is called Maxwell 
matching, where a white reference light is 
matched with the additive mixture of three mono-
chromatic lights, and the wavelength of one of the 
lights is systematically scanned along the spec-
trum, setting the color matches for every selected 
wavelength. The other is the so-called maximum 
saturation method, where three, mutually indepen-
dent colored lights (e.g., a red, a green and a blue 
one) are selected and their additive mixture is 
matched to a monochromatic light, which is again 
scanned along the spectrum. The theoretical set up 
for this experiment is depicted in Figure 17.2. 
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Test field 

Matching field 

Fig. 17.2: Theoretical layout of a maximum satura-
tion color-matching experiment. 

Most of the experiments to determine cmf's 
have been done by this second method, and it has 
been shown that their results agree reasonably well 
with those obtained using the Maxwell match, 
although there are some slight, still unexplained 
discrepancies in some particular sections of the 
chromaticity diagram (for a summary see e.g., 
Robertson, 1993). 

There are two sets of experiments to obtain 
cmf's with special importance: Those concerned 
with the original CIE standard, i.e., focused on the 
determination of the 2° observer and those using 
larger visual fields, namely field sizes of about 
10° visual angle. The first ones were supposed to 
sample only the cones, but were individually 
biased due to differences in the macular pigmenta-
tion of the observer. The second ones suffered 
from rod intrusion, as at larger visual angles the 
retina contains an increasing number of rods, and 
if the retinal illuminance is not high enough the 
color match is influenced by the rod excitation as 
well. This leads to a tetrachromatic color match 
showing many complications (Trezona, 1993). 

After careful check of all the published cmf's, 
TC 1-36 decided to start with the 10° cmf's deter-
mined by Stiles and Burch (Stiles, 1955; Stiles and 
Burch, 1959) as well as Speranskaya (1959). 
When the CIE average 10° observer cmf's were 
calculated, different weights were assigned to the 
two sets of data, depending on the number of 
observers used. Correction was also made for rod 

intrusion. The Stiles-Burch and Speranskaya data 
also have the advantage that they have been 
derived by purely radiometric and colorimetric 
means. In case of the CIE 1931 observer the three 
matching lights were measured for their lumi-
nance and thus an arbitrary photometric connec-
tion was introduced (Robertson, 1993). 

It is well known that individual cmf's show con-
siderable scatter. It was always thought that aver-
aging these individual curves will lead to a value 
more representative of the average observer. 
Recent photo-biological research has shown that 
there are individual differences in the of the 
L- and M-cone pigments found in both dichromats 
and color-normal subjects (Neitz et al., 1991; 
Sanocki et al., 1993), ranging for deuteranopes 
about 4.3 nm and for protanopes about 3.5 nm. 
Thus, the L pigments should be more heteroge-
neous than the Μ pigments, causing the L-cone 
fundamental to be more variable than the M-cone 
fundamental, leading to a broader averaged L-
cone response spectrum. In the comparison of the 
derived fundamental response curves with pig-
ment absorption curves this should be taken into 
account. 

17.2.2 Deriving L-, M-, S-Cone 
Excitation Spectra from 
Color-Matching Data 

The measured cmf's depend on the primary lights 
used. Based on Grassmann's laws (1853), the 
cmf's determined under one set of primaries can 
be transformed into cmf's of another set of pri-
maries. All sets of primaries are in this respect 
equally valid. Thus, from the measurement of 
cmf's alone the fundamental cone excitation pri-
maries cannot be determined, only a linear trans-
formation of them. The postulate that CIE TC 1 -36 
uses to derive the cone excitations from the cmf's 
is the assumption of the validity of König's postu-
late (1886), according to which dichromatic vision 
is a reduced form of trichromatic vision where 
one cone response is missing and two others are 
left unchanged in spectral sensitivity. Stockman 
et al. (1993) have grounded this postulate experi-
mentally. 
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Many investigations were conducted to deter-
mine the dichromatic confusion loci. One of the 
most extensive evaluations and determinations of 
fundamentals can be found in the work of Vos and 
co-workers (1990), who optimized the location of 
the dichromatic confusion loci based on the avail-
able literature using the Stiles-Burch 2° pilot data 
set (Trezona, 1984). 

There has been a long debate in the literature 
and in the committee whether S-cones contribute 
to the luminance sensation or not. There is evi-
dence that luminance-like signals (flicker photom-
etry, distinctness of border, task performance, etc.) 
show a spectral sensitivity similar to V{X), and that 
this spectral sensitivity is composed of the L-cone 
and M-cone signals (Lennie et al., 1993). These 
two cone types seem to be narrowly related to each 
other, most probably they became distinctly differ-
ent only at a late stage of evolution, while the S-
cones behave in a number of cases differently. All 
theses differences, mainly based on time-depen-
dent variations of some effects (e.g., chromatic 
adaptation, flicker rate, intensity dependence), 
coupled with psychophysical color-matching re-
sults, help in developing experiments to derive 
fundamental excitation spectra. 

Before we discuss the practical manipulation of 
the cmf's to derive cone-excitation spectra, we 
have to deal with the different absorption mecha-
nisms changing the spectral power distribution of 
the color stimulus reaching the outer surface of the 
eye throughout its path to the retina. 

17.2.3 Intra-Ocular Screening 

Psychophysical experiments can determine the 
fundamental response spectra only outside the eye. 
The absorption of photons leading to the cone 
action spectra takes place at the retina. The selec-
tive absorption in the lens and macular pigment, 
self-screening in the outer segments of the cones 
(depending on the optical density of the pig-
ments), waveguide effects, etc. have to be consid-
ered before the actual cone-excitation spectra can 
be derived. 

17.2.3.1 Absorption by 
the Macular Pigment 

Several investigations have been described in the 
literature both on the local distribution of the mac-
ular pigment and its spectral distribution. 
Analyzing the experiments, the committee decid-
ed to use density spectrum suggested by Vos 
(1972), correcting only for the maximum density. 
Figure 17.3 shows the wavelength dependence of 
the macular pigment density after Vos (1972). 

Regarding the local distribution of the macular 
pigmentation, the committee considers a slightly 
modified version of the curve proposed by 
Moreland and Bhatt (1984), which can be 
described by the following equation: 

Dmax = 0 ,6243 . l0'"Diameter/7·957) 

This equation can be used in the range of 1 to 10 
degree diameters. Macular pigmentation seems to 
stay unchanged after early childhood (Werner et 
al., 1987; Bone et al., 1988), thus no age related 
function is used. 

wavelength, nm 

Fig. 17.3: Wavelength dependence of the macular 
pigment density, after Vos (1972). 

17.2.3.2 Absorption of the Lens 

The committee proposes to use the data as derived 
by Stockman et al. (1993) for considering the 
spectral density of the eye lens (see Fig. 17.4). 
This curve has a steep rise below 450 nm. It is 
known that the eye lens optical density increases 
with age (Pokorny et al., 1987; Weale, 1988; 
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wavelength, nm 

Fig. 17.4: Wavelength dependence of the lens optical 
density, after Stockman et al. (1993) 

Werner, 1982). The committee decided to use the 
Pokorny et al. (1987) data. The committee has not 
decided yet on this age related effect (i.e., as a first 
recommendation the cone-excitation spectra will 
be calculated from experiments with young 
observers). 

17.2.3.3 Change of the Optical Density of 
the Photopigments with Field Size 

The effective optical density of the photopigments 
decreases with increasing eccentricity of the 
incoming radiation. It is not quite clear for the 
moment whether this is a real decrease of the pig-
ment density or whether it is due to a length 
change of the cones. Biological investigations 
show that with increasing eccentricity the cones 
become shorter and this will lead to a decrease of 
the effective density. The committee has not yet 
reached final agreement on this eccentricity cor-
rection, although it will be important, together 
with the macular pigment absorption distribution 
in formulating cmf's for different field sizes. 

A possible candidate for the visual pigment 
optical density distribution in the eccentricity 
range 30' < d < 10° is, according to Pokorny and 
Smith (1976): 

For L-cones: ODL = 0.25 + 0.8825 · e("d/1 333), 

and 

for M-cones: ODM = 0.15 + 0.8825 · e^'1 '3 3 3 ' . 

17.2.4 Derivation of the Fundamental 
Response Curves 

To get an understanding of the photochemical 
processes in the human retina in a form useful for 
practical colorimetry one has to start from two 
directions: From the external world by transform-
ing the cmf's into fundamental spectral sensitivity 
functions, and comparing these with the funda-
mentals reached by folding theoretical cone 
absorption spectra with the transmission spectra of 
the ocular media as described in the previous sec-
tion. 

Based on Grassmann's laws, the fundamentals 
have to be a linear transformation of the cmf's: 

L(X) a 1 1 a 1 2 a l 3 m 

Μ(λ) = a 2 1 a 2 2 a 2 3 • 9(λ) 

S(A) a 3 1 a 3 2 a 3 3 m 

As already mentioned, according to the König 
postulate dichromatic vision is assumed to be 
identified by the loss of one of the three response 
systems. 

A straightforward method of determining the 
chromaticity of the missing cone mechanism is to 
find the copunctual point for a class of dichromats 
in the chromaticity diagram (i.e., the convergence 
point of those straight lines that represent the con-
fusable colors for that class of dichromats). Figure 
17.5 shows according to Judd and Wyszecki's 
(1975) measurements the protanopic, deuteranopic 
and tritanopic confusion lines in a C1E 1931 chro-
maticity diagram. An alternate way of determining 
the copunctual points for protanopes and deutera-
nopes is a derivation from their luminosity curves. 

By establishing the copunctual points for the 
three classes of dichromats, one obtains six of the 
nine coefficients required for the linear transfor-
mation from cmf's to the three fundamentals. The 
remaining coefficients can be obtained from con-
sidering the relative contribution of the L- and M-
cones to the luminosity function. Stockman et al. 
(1993), (see below), constructed the luminosity 
function in the following way: 7 = 1 . 8 3 L + M. 
CIE TC-1-36 is also considering to incorporate in 
the transformation equation the constraint that 
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equal-energy white should have equal L, M, S 
coordinates, just as in the CIE system. 

A further theoretical consideration the commit-
tee made was to apply spectral absorption tem-
plates. The most recent proposal by Lamb (1995) 
provides the following equation for the shape of 
the absorption curves: 

S(x) = l/[exp a(A -x) + exp b(B - χ) 
+ exp c(C — x) + B\ 

where χ = ν / vmax = / λ and a = 70; b = 28.5; 
c = -14.1; A = 0.880; Β = 0.924; C = 1.104; 
D = 0.655. 

It is anticipated that such theoretical correction 
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might be used to adjust and smooth cone-excitation 
spectra derived from cmf's, correcting these with 
the ocular media absorption and self screening. 

CIE TC 1-36 contemplates to use the Stiles-
Burch (1959) and Speranskaya (1959) data in 
the form as averaged to reach the CIE 1964 
supplementary standard observer (10° observer) 
(Commission Internationale d'Eclairage, 1986; 
ISO/CIE, 1991). One possibility is to take the 
transformation to reach fundamentals as published 
by Stockman et al. (1993), based on the assump-
tion that the S-fundamental does not contribute to 
luminance. 

L{X) = 0.236157 x10 + 0.826427 yl0 

- 0.045710 z,0 

Μ(λ) = - 0.431117 χ,ο + 1.206922 j>10 

+ 0.090020 ζ,ο 

SU) =0.040557 χ ,ο -0 .019683 
+ 0.486195 ζ,ο 

for λ < 520 nm, and 

5(λ) = ιο(10402<1/λ)"21·7185) for λ > 520 nm. 

These spectra are shown in Figure 17.6. These 
functions have the draw-back that the S(X) curve is 
above 520 nm a non-linear function of the cmf's. 

An alternative way would be to construct S(X) 
entirely from the ζ,0(λ) function. A good approxi-
mation for this is: 

S(X) = 0.49326 ζ 1 0(λ) 

Thus, according to a private communication by 
Walraven, a possibility for the refinement of the 
matrix coefficient values based on this approxima-
tion of 5(λ) and the assumptions that only the L-
and M-cones contribute to luminance ^ιο(λ), thus 
that const • L(X) + Μ(λ) =^ιο(λ), i.e. 

const · a , , + a,2 = 0 

const · a,3 + a22 = 0 

This enables an all linear matrix transformation 
and the independent derivation of the copunctual 
points. 

After correcting for the absorption of the ocular 
media and the macular pigment, the L- M- S- pig-
ment absorption curves (cone-excitation spectra) 
have to be derived. This will be done for different 
observation angles along the lines described in the 
previous sections. The final curves might then be 
further smoothed and corrected based on the theo-
retical estimates of the absorption curve shapes 
(templates). 
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CIETC 1-36. 

There are also other good experiments from 
which cmf's can be deduced. Among these the 
1931 Guild-Wright data are of special importance. 
For these the committee will study the Smith-
Pokorny L- M- S- transformations (1975) as these 
are based on the hypothesis that the S-cones do not 
contribute to luminance. Stockmann et al. derived 
L-, M-, S- fundamentals also from the Stiles-
Burch 2° data (1993). But all the 2° data will be 
analyzed only after completing the work on the 
10° data. 

17.3 Further Aspects 

The committee intends to develop a new V(X) 
function, a continuous observer between 1° and 
10°, based on the L- and M-fundamentals, derived 
by using the 10° y(X) function and approximating 
the FM(A)-function. 

Further on the committee wishes to develop 
a three dimensional LMS space, a two dimension-
al constant luminance diagram (i.e., constant 
(L + M) diagram). The system will be built in such 
a form that it takes into account the variation of 
macular pigment density, visual pigment density 
and assumes no change in the lens absorption. 

Finally, a chromaticity diagram similar to the 
CIE 1931 diagram will be constructed. Preli-
minary calculations show that with the presently 
used assumptions this diagram will be very simi-

lar to the CIE-Judd 1951 diagram (1951), signifi-
cant differences might occur in the 400^170 nm 
region. 

17.3.1 Rod Intrusion 

In a three-part paper Thornton (1992) described 
his experiments where he concluded that CIE col-
orimetry breaks down in the case of Maxwell 
matches for a 10° observer. Although the author 
disagrees with the assumption that the discrepan-
cies found can, at least partly, be explained by rod 
intrusion, many experts were of the opinion that 
rod intrusion has a major influence on 10° color 
matches if light intensity is not high enough 
(Shapiro et al., 1993). Further experiments have 
shown discrepancies also at 2° observation. 

At the time, when the CIE 1964 supplementary 
colorimetric observer was established, Judd and 
co-workers (1993) performed long calculations to 
correct the Stiles-Burch and Speranskaya data for 
rod intrusion and established real cone cmf's for 
the 10° observer . As the elaborations of this report 
are rather lengthy and not suitable for practical 
colorimetry, the CIE entrusted TC 1 -43 to investi-
gate the effect in more detail and come up with 
some further recommendations. 

The committee is still working on its recom-
mendations; the preliminary proposal claims that 
rod intrusion can be neglected when the following 
expression is larger then one: 

l(L'l)2 (L'I )2 
ΔR* =Λ — -\ {δτ>) [Ar) 

here L'J, and L'I are scotopic luminance of the 
metameric pair, AT' is calculated from retinal illu-
minance based on adapting field luminance. 

As a general rule one can state that if task illu-
minance is below 1000 lux and the observation 
angle is larger then 4°, a trichromatic match with 
the 10° observer functions will contain a residual 
rod intrusion error that needs further correction, or 
more simply, 10° visual color matches should be 
done only if task illuminance is above 1000 lux. 
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17.3.2 Color Appearance 

CIE colorimetry describes only color matches and 
cannot predict color appearance. Studies have 
been conducted for at least the past two decades to 
come up with a colorimetric description of color 
appearance, where chromatic adaptation and level 
of illumination are also considered. 

The CIE started work on establishing a color 
appearance metric some years ago, but the com-
mittee was unable to come up with a single color 
appearance model. It recommended the more 
detailed investigation of the two most extensive 
models, the Hunt (1991; 1994) and the Nayatani 
and co-workers (Nayatani et al., 1990; 1995; 
Nayatani, 1995) models. Now CIE TC 1-34 is 
dealing with the subject, concentrating on surface 
colors. In its investigations some further models 
have been included (CIE, 1995) and the prelimi-
nary report of the chairman concluded that for 
most detailed tasks the Hunt model should be 
used, but for simpler approximate calculations the 
RLAB formula could be used (Fairchild and 
Berns, 1993). 

The subject seems, however, still not ready for 
international agreement. The draft report produced 
partly major disagreement at the developers of the 
not recommended models, and during the time of 
formulating the report some new models have been 
put forward (Luo et al., 1996). There are also a 
number of experiments going on to increase the 
available data base that can be used to decide 
among the different models, e.g., Kuo et al. (1996). 

Professor Hunt summarized the following prin-
ciples that an agreed model should provide (1996): 
1. The model should be comprehensive, so that it 

can be used in a variety of applications. 
2. The model should cover a wide range of stimu-

lus and adapting intensities. 
3. The model should cover a wide range of view-

ing conditions and should be usable also in the 
case of unrelated colors. 

4. The spectral sensitivity functions should be a lin-
ear transformation of the CIE Standard Colori-
metric Observers and the Scotopic Observer. 

5. There should be a possibility to include or 
exclude cognitive factors. 

6. Model predictions should be: hue-angle and 

hue-quadrature, brightness, lightness, satura-
tion, chroma and colorfulness. 

7. The model should be capable of operation in a 
reverse mode. 

None of the present day models fulfills all these 
requirements. But a group working on a CIE pro-
posal is confident that by 1997 a consensus rec-
ommendation can be reached.1 

17.3.3 Color Management Studies 

One of the hot items in current colorimetric studies 
is the proper description of color appearance on the 
video display unit (VDU), cross correlation between 
the color appearance of an original, of its image on 
the VDU and the color rendering of a printed copy 
of the VDU image (hard-copy). CIE TC 1-27 is 
dealing with this question. A paper has been pub-
lished (Alessi, 1995) requesting further input and 
defining preferred experimental situations. 

The problem of cross media color fidelity is that 
the gamut areas of the VDU and of the printer are 
different; thus, not all colors that can be produced 
on the VDU are possible on the hard-copy and vice 
versa. Thus, not only must the different viewing 
situations be considered, but also the best colori-
metric shift in color space between the color solid 
of the VDU and the printer has to be established. 

CIE hosted an expert symposium on the subject 
in March 1996 in Vienna, co-sponsored by the 
major international standardizing organisations 
dealing jointly with this field (ISO, IEC, ITU), to 
set the course for further action in the field, both 
for establishing a data base to be used by model 
builders and for practical use by those concerned 
with standards in the field of graphic arts, color 
communication, electronic imaging and photogra-
phy, as well as color facsimile transmission (CIE 
Expert Symposium, 1996). 

1 Footnote added at proof-reading: The CIE 
CAM97S has officially been introduced in 1997. 
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17.4 Summary 

Colorimetry is just reaching its second phase of 
major development. In 1931 CIE set the direction 
for describing color matches. This method, based 
entirely on empirical observations, was able to 
serve well the needs of surface colors industry. 

In recent years the comparison of surface color 
appearance and of colors produced on a VDU 
became more and more important. This forced the 
re-thinking of the fundamental principles of col-
orimetry and to refine the very basic tables of data 
and functions used in colorimetric calculations. 
Also new additions, mainly the introduction of 
color appearance analysis became necessary. 

A number of CIE committees are active in the 
re-establishment of the rules of colorimetry and 
we can expect that within a few years some new 
guidelines will be published that will help applied 
colorimetry to achieve even better congruence 
between the visually observed and the calculated 
results. One has to remember, however, that color 
is a human perception, and as such it shows indi-
vidual deviations from the mean. One can never 
expect that the observations of one individual will 
exactly be matched by the calculated results which 
are based on the average of results achieved by 
many observers. Thus, it is not possible to develop 
a colorimetry that describes the color perception 
of each individual exactly, but the mathematical 
descriptions will hopefully include some predic-
tions of the deviations that can be expected. 

CIE colorimetry was introduced 65 years ago to 
describe the colorimetric properties of colored 
lights and signals. Soon after establishment it 
turned out that it is most capable to describe the 
colorimetry of reflective media and is now widely 
applied in all branches of the coloring industries 
(e.g. in the textile, paper and automotive indus-
tries), where the aim is to produce as far as possi-
ble non-metameric matches i.e., matches where 
the standard and the test samples show similar 
spectral reflectance. 

With the advance of modern light sources (gas 
discharge lamps with and without phosphors, 
emitting in narrow emission bands) and the use of 
color monitors it became important to deal with 
metameric matches (where only the color is the 

same, but the spectral power distribution is very 
different) and to find ways to describe not only 
color matches but also color appearance. 

CIE TC 1-36 re-examined the fundamental 
spectral sensitivity functions of the human observ-
er and is currently working on a system of col-
orimetry based on the very best color-matching 
experiments, considering the different pre-retinal 
filtering agents and basic vision knowledge. It is 
hoped that these investigations will permit a col-
orimetric system that can span the 1 ° to 10° range 
of observation angle. 

CIE TC 1-43 extends this work by considering 
also light intensity effects, as at larger observation 
angles intensity dependent rod intrusion influ-
ences metameric color matches. 

A very fundamental work on color difference 
evaluation has just been finished and a new color 
difference formula has been published, where dif-
ferent perturbing factors and location within the 
color solid can be considered. 

There are several models of color appearance 
described in the literature, and CIE TC 1-34 is 
engaged in testing and comparing these models 
and will eventually come up with a recommenda-
tion - if not for a generally accepted model, but for 
methods to thoroughly learn about the perfor-
mance of these models. 

CIE TC 1-27 is collecting data for a specifica-
tion of color appearance differences between 
reflective media (printed samples) and self-lumi-
nous displays (color monitors). 

As seen, work is going on in many areas of col-
orimetry. The paper high-lights recent achieve-
ments and shows trends of current research. 
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18. Use of Computer Graphics in PostScript 
for Color Didactics 
Klaus Richter 

18.1 Introduction 

The quality of image reproduction in image sci-
ence is defined by the differences between the 
original and the reproduction. In many fields of 
application the reproducibility of image reproduc-
tion is important. The different reproduction sys-
tems have very different properties, e. g., use lin-
ear (scanners), square root (video-cameras) and 
logarithmic (film-cameras) signals as a function of 
luminance. The failures in reproduction must be 
measured and corrected. For this optimization, ref-
erence originals and measurements of their output 
are important. Such reference testcharts (achro-
matic and chromatic) are defined by the German 
standard organisation (DIN) in the standard 
DIN 33 866 for testing color-copying machines. 

In the publishing industry the achromatic and 
chromatic colors within figures are usually def-
ined by a special programming language called 
PostScript (PS). Definitions of device-dependent 
and device-independent colors are included in PS. 

PostScript (see Adobe 1990) allows one to use 
device-independent color specifications of the 
Commission Internationale de TEclairage (CIE) 
(CIE, 1978) for the description of colors. The lay-
out is then often defined by vector computer 
graphics, which fills different areas by different 
device-independent colors. The output devices, e. 
g., monitors or printers in combination with soft-
ware-programs, use the device-independent color 
definitons in the PS program to match the CIE col-
ors by device-dependent colors. 

A monitor uses device-dependent phosphors 
emitting light which looks orange-red O, yellow-
ish-green L and violet-blue V (color set OLV) and 
a printer uses paint reflecting light which looks 
cyan-blue C, magenta-red M, yellow Y, and black 

Ν (french = noir) (color set CMYN) for this pur-
pose. The color set names used for reproduction 
are refered as RBG and CMYK in the PostScript 
language respectively. The color set names OLV 
and CMYN are more useful for educational pur-
poses as the letters R, G, and Β are reserved for 
elementary colors (see section 18.2). 

PS was used to create the color figures in this 
article. The PostScript programming language will 
not be described. The following parts describe 
some basic points of color order, color mixture, 
color measurement, color vision, color scaling, 
and color thresholds. The figures and the short 
description are especially useful for educational 
purposes. 

More than 500 similar color figures (with 
German terms) are published and printed in a 
book (Richter, 1996). The PostScript program 
code of all figures is available in the CD-ROM of 
the book. The CD-ROM includes the Software 
"Adobe Reader with Search" for MAC, WIN and 
UNIX and all the color figures in the data formats 
PostScript (PS) and Portable Document (PDF) 
which are about three times compressed compared 
to PS and includes specifications for video and 
sound. 

All the color figures can be printed on overhead 
transparency in DIN A4 size. The figures can be 
modified, e. g., freely scaled and the (German) 
terms can be easily translated into other lan-
guages. The figures can be easily used in desk top 
publication systems (Pagemaker, Quark Express, 
etc.). 

There are about 300 PS devices from 60 manu-
facturers on the market. With display-PS comput-
er systems, e. g., NEXTSTEP or OPENSTEP on 
Intel-Hardware (with Microsoft Windows 3.1 or 
Windows NT 4.0) one can write and edit PS-code 
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in one window and view the color figure in the 
other window. Most of the color figures were cre-
ated that way. 

Desk top publishing products with a display 
PostScript extension allow one to position and 
view the figures within the text. In the case of dig-
ital or cross media output via Internet the resolu-
tion and the color rendering dictionary of the out-
put device is used for optimization. Using PS- or 
PDF-computer graphics of the figures in the book 
reduces file size by a factor 1000 compared to 
pixel graphics. This is one of the reasons why the 
PDF-format is often used in the Internet. 

There are free PS- and PDF-printer drivers on 
the market which allow one to produce PS- or 
PDF-code from any application, e. g., Microsoft 
(MS) WORD in MS-Windows. The PDF-code can 
be viewed in Internet with the Acrobat Reader. The 
layout is not changed by the viewing process. The 
color output devices can be color calibrated. Then 
the visual color differences are minimized be-
tween the device-independent CIE colors defined 
in the PS- or PDF-program code and the mixture 
of the device-dependent colors of the output de-
vice, and often no visual differences occur. 

Any color output device can be specified by the 
color output of device independent CIE test colors. 
The CIE has defined 14 CIE test colors for color 
rendering properties in 1974 and the CIELAB 
color space for color order and tolerance specifi-
cation in 1986. The coordinates of the CIELAB 
color space are lightness L*, red-green chromatic-
ness a*, and yellow-blue chromaticness b*. 

There are 100 steps (CIELAB units) between 
black and white defined in the CIELAB lightness 
L* scale. One can discriminate two gray samples 
with about one unit CIELAB difference if the 
samples are located side by side. For separated 
samples on a gray surround about three CIELAB 
units can be discriminated. 

The DIN testcharts (DIN 33 866) use the CIE 
test colors and the CIELAB L*a*b* color specifi-
cation in the PS program code. The digital PS pro-
gram code of the produced analog DIN testcharts 
(DIN 33 866, one achromatic and one chromatic) 
will be published as new digital DIN testcharts 
useful for color output specification and color cal-
ibration of color output devices. 

These digital DIN standards can be used for the 
luminance and color calibration of monitors, print-
ers and printing processes. Visual color compari-
son of the device output with the originals, the 
analog DIN testcharts, or color measurement of 
the device output allows one to correct the digital 
input. In a few steps a calibration matrix can be 
calculated for the output device and often an out-
put is reached within visual tolerances of three 
CIELAB units for the CIE test colors and equidis-
tant gray scales. 

The digital DIN standards are very flexible. 
Some properties are: 
- device independent L*a*b* color specification 

in PS or PDF program code, 
- output on any computer platform (Mac-OS, 

MS-Windows, Unix), 
- output of PDF code on any printer (use Adobe 

Reader and File: Print), 
- output of PS code on any PS printer (copy PS 

code to PS printer), 
- flexible digital correction by visual comparison 

with analog DIN testcharts, 
- flexible digital correction by L*a*b* color mea-

surement, use ColorMouse, 
"black box" optimization for: 
any color monitor justification, 
any output paper, 
any color ink, 
any reproduction process. 

If no visual difference in the output occurs, than 
the mean color difference is less than three 
CIELAB units for the 14 CIE chromatic test 
colors and five DIN achromatic test colors (see 
DIN 33 866). 

It is not intended to describe the PS program 
code nor the experimental details of experiments 
in this paper. More information on both areas are 
published (Richter, 1996). The aim of this paper is 
to illustrate how to use the PS program code for 
creating color figures with device-independent 
colors specified by the L*a*b* color coordinates 
in the CIELAB color space. 

The possibility of color calibration and manage-
ment by DIN color test charts indicate the impor-
tance of the PS program code for the area of color 
education and color reproduction. 

Next to each figure number there is another 
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multiplicity of achromatic colors number, e.g., 8512-1 for Figure 18.1. These num-
bers are out of a list of more than 500 color figures 
published by Richter (1996). There is a plan to 
have the PS program code of the figures in dif-
ferent sizes (5.4 cm χ 4.0 cm and A4) and figure 
text in different languages (German, English, 
French, Spanish, Italian) in Internet. More in-
formation on this project may be obtained in Inter-
net at the address: http://www.bam-berlin.de 
and the BAM department VIII.3 or by email: 
klaus.richter@bam.de. 

18.2 Multiplicity of Colors 
Fig. 18.2: Multiplicity of colors. The achromatic col-
ors are marked and the others are chromatic [8512-2]. 

All that we see has color. Colors form the elements 
of our visual sensations. Different from these sen-
sations are the materials and processes which pro-
duce colors. According to Judd and Wyszecki 
(1975), people with normal color vision can dis-
tinguish about 10 million different colors. A clas-
sification by common attributes is thus necessary 
to order this multiplicity. 

Fig. 18.1: Multiplicity of color samples in a random 
arrangement [8512-1]. 

Figure 18.1 shows a random arrangement of 
color samples. 

Figure 18.2 shows a random arrangement of 
color samples which first of all can be separated 
into groups of achromatic and chromatic colors. In 
Figure 18.2 the achromatic colors are marked, the 
others are chromatic. 

Fig. 18.3: Multiplicity of colors. The chromatic col-
ors are marked, the others are achromatic. [8512-3], 

Figure 18.3 shows a random arrangement of 
color samples. The marked colors are chromatic 
and the others are achromatic. 

Figure 18.4 shows hexadecimal codes for a ran-
dom arrangement of color samples. The achromat-
ic colors show three equal hexadecimal codes and 
the chromatic colors show three different codes. 
An asterix (*) describes equally-spaced scales. A 
gray with the hexadecimal code 777* is located 
approximately in the middle between black (code 
000*) and white (code FFF*). The three hexadec-
imal codes describe the amount of orange-red 
(code F00*), yellowish-green (0F0*) and violet-
blue (00F*) within a color. 

The hexadecimal code is device-dependent and 
especially used for color monitors. Color monitors 
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Fig. 18.5: Double cone that illustrates the separation 
into achromatic and chromatic colors [8520-1]. 

Fig. 18.4: Achromatic colors with three equal hexa-
decimal codes and chromatic colors with three differ-
ent hexadecimal codes [8513-1]. 

with different phosphors and different color cali-
bration will lead to different color outputs. A sim-
ilar code for three-paint printers is in use. New 
printers and reproduction processes mix colors 
by four, five, six or seven paints and in this case 
the code is less useful. The only solution is to use 
the device-independent color specifications in 
CIELAB color space and try to mix the CIE col-
ors by the device-dependent paints or phosphors. 

18.3 Color Solid, Basic Colors 
and Color Attributes 

Leonardo da Vinci (1452-1519) ordered the mul-
titude of colors by selecting six "elementary" col-
ors; one neutral or achromatic pair (white-black), 
and two chromatic pairs (red-green and 
yellow-blue). The double cone of Figure 18.5 
serves as a simplified model to illustrate his ideas, 
the vertical axis corresponding to the array of neu-
tral colors (black to white) and the circumference 
corresponding to the pure chromatic colors. 

Figure 18.5 shows the color double cone with six 
"simple" colors or six "elementary" colors as they 
are called here. In Figure 18.5 the letters stand for: 

W white J yellow R red 
(french: jaune) 

Ν black Β blue G green. 
(= noir) 

Fig. 18.6: Vertical cut through the color double cone 
in the red-green hue plane [8520-2]. 

Figure 18.6 shows the color double cone with 
intermediate steps in the vertical red-green plane 
cut through the achromatic (white-black) axis. 
The same letters are used as in Figure 18.5. 

Figure 18.7 shows the color double cone with 
intermediate steps in the vertical yellow-blue 
plane cut through the achromatic (white-black) 
axis. The same letters are used as in Figure 18.5. 

In Figure 18.8 one can easily determine the ele-
mentary yellow J as neither reddish nor greenish. 
The criterion for the determination of the elemen-
tary color yellow J in a hue circle are given. In 
Figure 18.8 the letters mean: 

J yellow (french: jaunne) 
Ο orange-red L leaf-green V violet-blue. 
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Fig. 18.9: Symmetric hue circle with four elementary 
colors R, J, G, and Β [8522-4], 

Fig. 18.7: Vertical cut through the color double cone 
in the yellow-blue hue plane [8520-3]. 

Fig. 18.8: Criterion for the determination of the ele-
mentary color J out of a hue circle in the yellow 
region [8522-5], 

Fig. 18.10: Symmetric hue circle with sixteen chro-
matic colors [8672-4], 

Figure 18.10 shows a hue circle with sixteen chro-
matic colors. The f igure shows always three colors 
between two elementary colors and 100 steps 
between two elementary colors. The letters stand 
for: 

J25R visually 75 % yellow and 25 % red 
J50R visually 50 % yellow and 50 % red 
J75R visually 25 % yellow and 75 % red 

and similarly for the other sectors R Β, Β G, and 
G J of the hue circle. 

Perceptually, three color attributes specify a 
color. Most of the color order systems choose hue 
as the f irst attribute, e. g., the Munsel l System 

In addition, the hexadecimal OLV*-code is shown 
for all color samples out of the hue circle. 

In each hue circle there are four chromatic col-
ors which are perceptually simple. We call them 
elementary colors and we dist inguish elementary 
red, e lementary yellow, e lementary green and ele-
mentary blue. The colors on either side of the two 
perpendicular elementary hue axes, R-G and J B, 
become increasingly yellower or bluer, redder or 
greener respectively, as they depart f rom the 
achromatic center. 

Figure 18.9 shows a symmetr ic hue circle with 
the opposing elementary colors r ed -g reen and yel-
low-blue . In Figure 18.9 the designations stand 
for: 

Elementary colors: J yellow R red 
Β blue G green 

B50G 
B25G 

four Elemen 
tary Colors 
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(Newhall et al., 1943), the German DIN System 
(Richter, 1963), and the Swedish Natural Color 
System (Hard, 1981). These color systems differ in 
the choice of the two other attributes. The Munsell 
System chose the color attribute chromaticness C* 
(named Chroma) and lightness L* in a hue plane. 
This is also the choice in the CIELAB color space 
(CIE, 1978). 

Figure 18.11 shows colors of constant chroma-
ticness C* and of different lightness L* in a red 
hue plane. There are 100 lightness steps between 
black and white and 100 chromaticness steps 
between mean grey and red. In that case the colors 
in Figure 18.11 have the chromaticness C* = 25 

and the lightness is L* = 10, 30, 50, 70, and 90 for 
the vertical color series. 

Figure 18.12 shows colors of constant lightness 
L* and of different chromaticness C* in a red 
hue plane. The colors in Figure 18.12 have 
the lightness L* = 50 and the chromaticness is 
C* = 0, 25, 50, 75, and 100 for the horizontal color 
series. 

18.4 Spectrum and 
3-Dimensional Color Values 

Fig. 18.11: Colors of constant chromaticness C* = 25 
and of different lightness (L* = 10, 30, 50, 70, 90) in 
a red hue plane [8521-2]. 

Fig. 18.13: Visible spectrum and spectral luminous 
sensitivity ν(λ) = ^(λ) between λ = 380 nm and 
λ = 760 nm [8532-1], 

j (λ) luminous Sensitivity 
I /ν linear Spectrum Evaluation 

400 500 600 700 
Wavelength λ/nm 

* = const. 

ά(λ) relative RG Chromatic Values 
A linear Assessment of Radiation 

400 500 600 700 
Wavelength λ/nm 

Fig. 18.12: Colors of constant lightness L* = 50 and 
of different chromaticness (C* = 0, 25, 50, 75, 100) 
in a red hue plane [8521-3]. 

Fig. 18.14: Spectral red-green chromatic values ä(A) 
of the opponent red-green color system for spectral 
colors between λ = 380 nm and λ = 760 nm [8532-5]. 
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400 500 600 700 
Wavelength λ/nm 

Fig. 18.15: Spectral yellow-blue chromatic values 
Β(λ) of the opponent yellow-blue color system for 
spectral colors between λ = 380 nm and λ = 760 nm 
[8532-6], 

Fig.18.16: Spectral colors in a three-dimensional 
color space with the coordinates luminous reflectance 
Y, and chromatic values red-green A and yellow-blue 
Β [8532-3], 

The region of light radiation with all wavelengths 
(λ) in the visible spectrum between λ = 380 nm 
and λ = 760 nm (1 nanometer = 10 9m) is shown. 

Figure 18.13 shows the spectral luminous sensi-
tivity V(Ä) = y(X) between λ = 380 ηπι and 
λ = 760 nm which is the visible spectrum. Ac-
cording to the figure, the color spectrum appears 
darker from the middle yellow-green region to 
both ends. 

Figure 18.14 shows spectral red-green chroma-
tic values δ(λ) of the opponent red-green color 

system for spectral colors between λ = 380 nm and 
λ = 760 nm. 

Figure 18.15 shows spectral yellow-blue chro-
matic values 5(λ) of the opponent yellow-blue 
color system for spectral colors between 
λ = 380 nm and λ = 760 nm. 

Figure 18.16 demonstrates the valences (values) 
of the spectral colors in the color mixture. The 
valences of the spectral colors are described by 
color vectors in a three-dimensional space with the 
coordinates: luminous reflectance Y, red-green 
chromatic value A, and yellow-blue chromatic 
value B. 

18.5 Color Measurement, 
Mixture and Contrast 

Figure 18.17 shows the spectral tristimulus val-
ues χ(λ), y(Ä), and ζ(λ) defined by the Commision 
International de l 'Eclairage (CIE, 1986). The three 
spectral tristimulus functions describe the three 
sensitivities of the CIE standard observer, provid-
ing the basis for color measurement. Together with 
the relative spectral power distribution S(X) of an 
illuminant and the spectral reflectance curve R(X) 
of a surface one can calculate the three tristimulus 
values X, Y, and Z. 

The three tristimulus values X, Y, and Ζ are 
coordinates that specify a color. Beside the tris-
timulus values, the chromaticity coordinates χ and 

Fig. 18.17: Spectral tristimulus values χ(λ), y ^ ) , and 
ζ(λ) defined by the CIE in 1931 [8542-5]. 
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y may be used. These can be calculated from the 
tristimulus values Χ, Υ, and Ζ by the following 
equations: 

x = X/(X+Y+Z) 
y = Υ / (X + Y+Z) 

Fig. 18.18: Elementary colors of Miescher et al. 
(1982) in the CIE chromaticity diagram with the 
chromaticity coordinates χ and y [8333-5], 

Figure 18.18 shows the elementary colors of 
Miescher et al. (1982) in the CIE chromaticity dia-
gram. The chromaticity coordinates χ and y, and 
the luminous reflectance Y (which according to the 
CIE Colorimetry recommendations is expressed 
as a ratio relating to the value 100 for white) can 
be used to specify a color just as clearly as the 
three tristimulus values X, 7, and Z. In accordance 
with the recommendations of colorimetry, numer-

ical values of the tristimulus values X, Y, and Ζ 
generally lie between 0 and 100. The chromaticity 
coordinates χ and y are always smaller than 1.0. 
The χ and y coordinates specify chromaticity 
points on a rectangular (x, y) diagram. 

Figure 18.19 shows both the three basic colors 
orange-red O, leaf-green L and violet-blue Κ of the 
additive color mixture and the three mixed colors 
yellow Y, cyan-blue C, and magenta-red M. White 
is produced from the mixture of all three basic col-
ors. 

• " 

• 
G Z R 
• η Ρ ψ κ s 

• 

s s β r • 

Fig. 18.20: Three identical color scales with equidis-
tant chromaticness steps on a grey background are 
shown here on grey, red and green backgrounds for 
two central field sizes [8561-3]. 

Figure 18.20 shows three identical color series 
with equidistant chromaticness steps against a sur-
round color of medium grey which is the reference 
condition and also in red and green surrounds for 
two central field sizes. 

The red color samples on a green surround 
appear redder then on a red surround. The green 
color samples on a red surround appear greener 
then on a green surround. Also, the grey samples 
in the middle no longer appear grey, but are influ-
enced in opposite directions by the surround. 

The change of appearance of colors by the col-
ors that surround them is conditioned by physio-
logical processes in the visual system. Up to now 
models of color vision can not fully describe these 
contrast effects. 

5 5 0 

Elementary colors 
of Miescher in the 
CIE chromaticity 
diagram 

600 

VF 
ν 

Fig. 18.19: Additive color mixture of basic colors 
orange-red O, leaf-green L and violet-blue V [8550-1]. 
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18.6 Colors: Equally Spaced 
and Thresholds 

Figure 18.21 shows a color series between a very 
chromatic turquoise Τ along grey D65 (daylight) 
to a very chromatic purple-red Ρ which is approx-
imately equally spaced. The experimental condi-
tion is shown in the upper left of the figure. In a 
white surround there is a quadratic gray field. In 
this grey surround to end colors purple-red Ρ and 
turquoise Τ were shown. In the lower circle field 
colors of equal luminance between the two end 
colors Τ and Ρ can be mixed continuously. 

Figure 18.22 shows experimental results of the 
equidistant color spacing for series turquoise Τ -
grey D65 and grey D65 - purple-red Ρ as a func-
tion of the coordinate a = χ / y. Constant geomet-
rical difference values of Aa correspond to equal 
visual chromatic differences. 

The description of equal chromaticness steps by 
equal geometrical differences of a color valence 
value (a = χ / y) is here very simple. Therefore the 
geometrical difference Δ a can be used to set color 
tolerances in industrial fields. 

Equally Spaced Colors 
1 0 ί 

I ffmtS 
I S s l l i 

5 τ Ο 
1 jaw!!!· 

0 > 
Τ D65 

Fig. 18.21: Color spacing of a series turquoise Τ -
grey D65 - purple-red P. Equal color differences of the 
color steps between T- D65 and D65 - Ρ [8762-1], 

Fig. 18.22: Color spacing of the series turquoise Τ — 
grey of D65 - purple-red P\ constant values of Δα 
with color measurement values a = χ / y [8762-6]. 

Fig. 18.23: Color thresholds within a series turquoise 
Τ - grey D65 - purple-red P. The smallest value of 
Aa is reached near acromatic central field colors 
[8762-7], 

Figure 18.23 shows color thresholds within a 
series turquoise Τ - grey D65 - purple-red P. The 
smallest value of Δα is reached near the achro-
matic central field color. The experimental situa-
tion is shown in the upper left of the Figure. In a 
grey surround with a white border there are shown 
two end colors, purple-red Ρ and turquoise T. 

In the lower circle, field colors of equal lumi-
nance between the two end colors Τ and Ρ could 
be mixed continuously. On the left and right bipar-
tite field equal amounts of equiluminance colors Τ 
and Ρ are projected. About one percent of lumi-
nance is necessary for seeing a color difference 
between the left and right bipartite field. The chro-
maticity difference (Δα) of this threshold percep-
tion is measured and plotted in Figure 18.23. The 
geometrical differences (Δα) are not constant as 
expected by the scaling experiments in Figure 

A a / relative Chromaticness C* 
10" ^ ^ ^ relative Chromaticn 

IY Q JPL J |C* = I»O 
lo . . . ιο ί I C!f 1 J ' 5 

Ο Aa= Chromaticity 
Difference g-χ / y 
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18.22. They are smallest near the achromatic sur-
round and increase linearly as a function of the 
chromaticity difference from grey both in the 
direction of turquoise Γ and in the direction of pur-
ple-red P. Near grey about 30 and near turquoise 
Τ and purple-red Ρ about ten threshold steps cor-
respond to a chromaticness step. 

Fig. 18.24: Color thresholds within the series 
turquoise Τ - grey D65 - purple-red P. The variable 
chromaticity difference (Δα ) is based on two visual 
processes of receptors Ρ and D [8762-8]. 

Figure 18.24 shows color thresholds within the 
series turquoise Τ - grey D65 - purple-red P. The 
variable chromaticity difference (Δα) is based on 
two visual processes of receptors Ρ and D. 

18.7 Opponent Achromatic 
Color Vision 

Figure 18.25 shows the luminance discrimination 
(LI AL) for achromatic colors of different central 
field luminance (L). In experiments, five different 
surround field luminances Lu= 1, 10, 100, 1000, 
and 10000 cd/m2 were chosen. The observer 
adapts to the grey surround. The two bipartite cen-
tral fields were shown only for a short time (0.1 s). 
One can reasonably assume that during this short 
time no significant adaptation change of the visu-
al system takes place. 

Figure 18.26 shows luminance discrimination 
(L/ AL) for achromatic colors of different central 

Fig. 18.25: Luminance discrimination (L/AL) for 
achromatic colors of different central field luminance 
(L) for five different surround field luminances Lu 

[8753-1], 

Fig. 18.26: Luminance discrimination (LIAL) for 
achromatic colors of different central field luminance 
(L) for five different surround field luminances Lu. 
Approximation for five different Lu by a process 
black Ν [8753-2], 

field luminance (L) for five different surround 
field luminances (Lu). Approximation for five dif-
ferent Lu by a process black N. 

Figure 18.27 shows the luminance discrimina-
tion (LI AL) for achromatic colors of different cen-
tral field luminance (L) for five different surround 
field luminances Lu. Approximation for five dif-
ferent Lu by a process white W. 

Figure 18.28 shows the luminance discrimina-
tion (LI AL) for achromatic colors of different cen-
tral field luminance (L) for five different surround 
field luminances L„. Approximation for the mean 
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Fig. 18.27: Luminance discrimination (AL/L) for 
achromatic colors of different central field luminance 
(L) for five different surround field luminances (L j . 
Approximation for five different Lu by a process 
white W [8753-3], 

18.8 Sensitivity, Saturation 
and Chromaticity 

Figure 18.29 shows the sensitivity of adapted re-
ceptors P", D" and their mean U". The term adapt-
ed is used here for equal maximum sensitivity for 
light of equal energy within the visible spectrum. 
The sensivity maximum of P" and D" is reached 
for u = - 0 . 3 (540 nm) and u = 0.3 (570 nm). The 
mean U" is normalized to zero at 555 nm. This nor-
malization is reached by multiplying factors 1.06 
to compute P" and D" from Ρ and D. There is no 
contribution of Τ to Ρ (compare with Fig. 18.31). 

[ c d / m ] 

logarithmic®! -Sensitivity 
=1,06( +0,00 1 
=1,06( +0,00 ) 

Adaptation: u = 0 
v.. u =0,3 
I vV\ - u =-0,3 

600 700λ/ηιη 
Fig. 18.29: Sensitivity of adapted receptors P", D" 
and the mean U". Sensitivity maximum of P" and D" 
for u = - 0 . 3 (540 nm) and u = 0.3 (570 nm). No con-
tribution of Γ to Ρ [9053-1], 

Fig. 18.28: Luminance discrimination (AL/L) for 
achromatic colors of different central field luminance 
(L) for five different surround field luminances Lu. 
Approximation for the mean surround field lumi-
nance Lu = 100 cd/m2 by a process black Ν and a 
process ff [8753-4], 

surround field luminance Lu= 100 cd/m2 by a 
process black Ν and a process W. 

The description of color threshold experiments 
by two visual processes in the red-green direction 
was already shown in Figures 18.23 and 18.24. 
Here we use two visual processes for the 
black-white direction. Between threshold and 
scaling we constructed a relationship for the 
red-green direction. A similar but more complex 
model for the black-white direction is developed 
elsewere (Richter, 1996). 

Fig. 18.30: Saturation of adapted receptors P", D" 
and the mean U". Sensitivity maximum of P" and D" 
for u = - 0 . 3 (540 nm) and u = 0.3 (570 nm). No con-
tribution of Τ to Ρ [9053-2], 

logarithmic®« -Saturation 
= ( χ ) 0 ' 5 " = 1 , 0 6 ( + 0 , 0 0 

l n p = ( l n i + l n )/2 =l ,06(+0,00 
Iog[( W m , ( I S )] Adaptation: u = 0 
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Figure 18.30 shows the saturation of adapted re-
ceptors P", D" and their mean if'. The sensitivity 
maximum of P" and D" is reached for u = -0 .3 
(540 nm) and u = 0.3 (570 nm). The mean If' is 
normalized to zero at 555 nm. This normalization 
is reached by multiplying factors 1.06 to compute 
P" and D" from Ρ and D. There is no contribution 
of Τ to P. 

Figure 18.31 shows the sensitivity of adapted 
receptors F\ D" and their mean If'. The sensitivi-
ty maximum of P"and D" is reached for u = - 0 . 3 
(540 nm) and u = 0.3 (570 nm). The mean U" is 
normalized to zero at 555 nm. This normalization 

is reached by multiplying factors 0.90 and 1.25 to 
compute P" and D" from Ρ and D for a 5 % contri-
bution of Γ to Ρ (compare with Fig. 18.29). 

Figure 18.32 shows the saturation of adapted 
receptors P", D" and their mean U". The sensivity 
maximum of P" and D" is reached for u = -0 .3 
(540 nm) and u = 0.3 (570 nm). The mean W is 
normalized to zero at 555 nm. This normalization 
is reached by multiplying factors 0.90 and 1.25 to 
compute P" and D" from Ρ and D for a 5 % con-
tribution of Τ to P. 

Saturation is defined by a ratio of the receptor 
sensitivities P" or D" and their mean U'. The lo-
garithmic ratio is either a linear function (see 
Fig. 18.30) or a parabolic function (see Fig. 18.32) 
as function of wavelength. These ratios are used to 
define logarithmic chromaticity diagrams. 

The logarithmic chromaticity diagrams are very 
useful to specify chromaticness tolerances for col-
ors of equal lightness (and luminance). Equal 
chromaticness steps in red-green and yellow-blue 
directions correspond to equal geometrical differ-
ences within the nonlinear (logarithmic or cube 
root) chromaticity diagrams. 

logarithmitlMf Sensitivity 
B = ( I χ//")0 '5 , ?=0,90( +0,05 I 
h Q ~(ln I +ln )' )/2 =1,25( +0,00 
log [ f l g S I 111 Adaptation: u = 0 

400 500 600 700λ/ι 
Fig. 18.31: Sensitivity of adapted receptors P", D" 
and the mean U". Sensitivity maximum of P" and D" 
for u = -0.3 (540 nm) and u = 0.3 (570 nm) for a 5% 
contribution of TXo Ρ [9063-1], 

JogarithmiJgj| -Saturation 
raf = ( ' χ " )°>5 =0,90( +0,057) 
MM =(ln:'/If;+ln D")I2 />"=1,25(/-'+0,00 
logl ( β ( ) Adaptation: u = 0 

logarithmic Chromaticity D i S ^ 
/^-Saturation / =0,90( +0,02 ) 
log (,/"/"!), λ<|05ηηι / =l,26( +0,00 ) 
log S / J " ) , λ>505ηηι S I =1,00(7'+0,02/') I w m m IIHIIIII | fl ffllW 

7 -Saturation 
log (· f | ) + 
log |j&/¥'% λ<505ηιη 
Jog ( f a ), \>505nm 

Fig. 18.32: Saturation of adapted receptors P", D"and 
the mean U". Sensitivity maximum of P" and D" for 
u = -0.3 (540 nm) and u = 0.3 (570 nm) for a 5% 
contribution of Τ to Ρ [9063-2], 

Fig. 18.33: Logarithmic chromaticity diagram with 
RG- and ./^-saturation. The saturations are based on 
the ratio of receptor sensitivities P", D", and T' 
[9472-3], 

Figure 18.33 shows a logarithmic chromaticity 
diagram with RG- and Jß-saturation. The satura-
tions are based on the ratio of receptor sensitivities 
P: D", and Γ . 

Figure 18.34 shows the cube root chromaticity 
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Fig. 18.34: Cube root chromaticity diagram (aUh b'w) 
with RG- and ./ß-saturation. The saturations are 
based on the luminance ratios a = X! Y = x/y and 
b = - 0 . 4 Z/ Y= - 0 . 4 z/y of the CIE standard observer 
[8220-3], 

diagram {a !0, b\0) with RG- and Jß-sa tura t ion. 
The saturations are based on a cube root transfor-
mation of linear luminance ratios a = X/Y = x/y 
and b = - 0 . 4 Z/Y = - 0 . 4 z/y of the CIE standard 
observer. In a first approximation the trist imulus 
values X, Y, and Ζ correspond to P", i f ' , and T'. A 
cube root chromaticity diagram is, to a first 
approximation, similar to a logarithmic chromatic-
ity diagram. This property leads to similar chro-
maticiy diagrams in Figures 18.33 and 18.34. 

The cube root chromaticities a 10 and b\0 shown 
in Figure 18.34 can be used for defini t ions of color 
attributes in the CIELAB 1976 color space. The 
color samples of a color system def ined by the 
Optical Society of America (OSA, see MacAdam, 
1978) are plotted in the chromaticity diagram (a'10, 
b\0). The sample of equal lightness L*OSA = 0 

(approximately V CIELAB 50) shows approxi-

color space CIELAB 1976, color values, attributes, chromaticities (a', b') 

tristimulus values Χ, Υ, Ζ -> color attributes L* a* b* 

lightness L* = 116 (Υ/ΥΛ)λβ --16 
flG-chromaticnessa* = 500 [ (X/Xn)m - (F/Fn)1/3 1 = 500 [ a' - Ym 

y/?-chromaticnessb* = 200 [ ( Y / Y n ) m - {Z/Zn)m ] = 500 [ b' - b'a] Ym 

color attributes L* a*, b* -> tristimulus values Χ, Υ, Ζ 
tristimulus values X = Xn [ (L* + 16) / 116 + a*/500 f 

Y = y „ [ ( L * + 1 6 ) / 1 1 6 ] 3 

Ζ = Z n [ ( L * + 1 6 ) / 1 1 6 - b * / 2 0 0 ] 3 

chromaticities for CIELAB 1976, LABHNU 1977, LABHNU11979 
CIELAB 1976, 2 
LABHNU 1977 
LABHNU 1 1979 
LABHNU2 1979 
CIELAB 1976, 10' 

a' = 0,2191 (x/y) 
1/3 

1/3 
a'= (x/y + 1/6) / 4 
a (x/y + 1 ) / 1 5 linear! 

2/3 

1/3 

chromatic i ty constants ciz = 500 (1/Xn) 
C I E L A B , 2°, 10° 

a' = (x/y + 1/6) /15 
A'=r 0,2193 (xio/yio) 

1/3 
= 0 ,2191 

010= 500 ( l /X n io ) ' / 3 = 0 ,2193 

b' = - 0,08376 (z/y)m 

b ' = - ( z / y + 1 / 6 ) 1 / 3 / 1 2 

b' = - (z/y + 1/6)1/3 / 12 
b' = - (z/y + 1/6)1/3 / 12 
b' = - 0,08417 (zio/yio) 

b2 w - 200 (1/Zn)1 / 3 = - 0 ,08376 

bxo= - 200 ( l /Z„io) 1 / 3 = - 0 ,08417 

1/3 

Fig. 18.35: Color spaces, tristimulus values, color attributes, and chromaticities used in different applications 
to decribe color spacing [8192-3], 
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mately equal geometrical differences for equal 
visual differences. Therefore the geometrical tol-
erances can be used to define industrial color tol-
erances. For this purpose the CIELAB color space 
(CIE, 1978) is widely used. 

Figure 18.35 shows the definition of color 
spaces, tristimulus values, color attributes, and 
chromaticities used in different applications to 
decribe color spacing (Richter, 1996). The defini-
tions of the color attributes lightness L*, i?G-chro-
maticness a*, and Jß-chromaticness b* are shown 
for the color spaces CIELAB 1976, 2° and 10°, 
LABHNU 1977, LABHNU1/2 1979. Chromat-
icity diagrams (a', b') are computed by chromatic-
ity ratios x / y and z/y. An example was shown in 
the chromaticity diagram {a, b') of Figure 18.34. 

Similar chromaticity diagrams (a", b") based on 
the chromaticity ratios x/y and z /y have been 
developed to decribe color thresholds (Richter, 
1996). The coordinates shown in Figure 18.35 
can be used in PostScript computer programs. 
PostScript is at present the only programming 
language which allows one to fill the areas in 
a layout with device-independent colors. About 
300 PostScript devices of 60 manufacturers mix 
the colors of the layout by device-dependent col-
ors within small tolerances, e. g., on monitors by 
the device colors orange-red O, leaf-green L and 
violet-blue V or within printers by the device col-
ors cyan-blue C, magenta-red M, yellow Y, and 
Black N. 

18.9 Summary 

PostScript allows one to use device-independent 
CIE color spaces based on color measurement for 
the description of colors in computer programs. If 
one uses vector graphics (e. g., to describe areas 
and lines) the resolution of the output device 
describes the visual quality of images. 

Some figures describe basic parts of color order, 
color vision and color spaces. These figures are 
especially useful for educational purposes. More 
than 500 similar color figures are published and 
printed in Richter (1996). The PostScript Code is 
available on CD-ROM. All color figures can be 

printed on overhead transparency in different 
sizes, can be modified and can be used in other 
publications. 
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