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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 scem 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
ficld 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.

lts unique blend of physics, neurophysiology and
phenomenology makes color science particularly
rewarding for studies of foundational and concep-
tual issues of perception. What propertics does the
perceptual coding of physical features of the envi-
ronment exhibit? What kind of internal structure
docs 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. 256ft.). 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 distingnished 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-



220

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-
cd 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 cclebrated 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 sutfice 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-
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ceptual categorics? 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 tocus-
ing on ‘front end’ color coding, and a functional
perspective  emphasizing perceptual
achievements like color constancy or the percep-
tion of shadows or illumination.

The starting points for the elementaristic psy-
chophysical perspective arc elementary achicve-
ments like color matching, color discrimination
ete. 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 scenc. It is well
known that this perspective proved to be fruitful
for our understanding of elementary neural color
codes.

complex

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-relat-
cd concepts, i.e., in terms of “surface’, specular
highlights’, ‘shadows’, *transparency” ctc.

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 classitication of the envi-
ronment, i.€., 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 cnvi-
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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, ‘illumination’, ‘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.



222

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

some of the conceptual intricacics 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, c.g., erythros, ruber,
ruadh, rot, rouge, rosso) or from material proper-
tics, e.g.. shining, glossy, speckled, dull, drab,
resplendent (see Marty, 1879; Hochegger, 1884:
Wactzoldt, 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 achicvement
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 propertics of internal coding (cf.
Frumkina, 1984: for alternative viewpoints see
chapter 1 and 11). Though the basic pereeptual
categories of bright and dark (which have become
metaphorically linked to several culturally signifi-
cant dichotomies) may have influenced linguistic
categories, there docs not seem to be a fixed set of
natural kinds for linguistic 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 propertics of the environ-
ment (like kinds of biologically significant objects
and the availability of natural dycs). 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 arc 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

color
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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 appcarances:
brightness: “the attribute of a visual sensation
according to which a given stimulus
appecars to be more or less intense”
(Note the ambiguity of the concept
‘intense” in this description.)

“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 recetved, but misguided idea that these attrib-
utes adequatcly 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 sclecting a wavclength, increasing
light intensity and diluting a light stimulus with
white light. The elementary color attributes were
thus taken from clementary physical operations
{furthermore the fact of trichromacy of elementary
color coding is incorrectly taken as evidence that
color appcarances can completely be described by
three perceptual variables). Many writers in the
carly 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 (“Verhiillung”y 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
("Fdhigkeit und Bedingungen der isolierenden

hue:

Abstraktion”, Stumpf, 1917, p. 8), dismissed *sat-
uration’ as a color attribute completely (“Sdrti-
gung konnen wir nicht als Attribut anerkennen”,
Stumpf, 1917, p. 86). He conceived saturation to
be a cognitive abstraction and a cognitively added
rclation capturing the approximation of a color to
its ideal. In a similar vein, the concept of satura-
tion was rcjected by many others, among them
Katz and G.E. Miiller, who spoke instead of
forcefulness ( “Eindringlichkeit”), and K. Biihler,
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 achicve-
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-
nesscd 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, sincc 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 naturc of percep-
tion along the joints of clementary physics is onc
of the most seductive and mislcading idcas. The
problematic nature of attempts to parse perceptual
phenomena according to categories derived from
elementary concepts and operations of physics has

' “Dicse Gliederung macht keinen Anspruch darauf,
eine naturgemdsse zu scin; wir konnen sie vor der
Hand als eine ganz willkiirliche betrachten. Sie ist
aber cine vollkommen strenge, da sie sich an dic
objective Beschaffenheit desjenigen Lichtes hilt,
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 scparated 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 necds to be described as
such; particularly in this respect there is a danger-
ous temptation to adulterate the description by
perspectives borrowed from physics.”

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 Niederée (1996) rigorously showed, even in
center-surround configurations the dimensionality
of color codes must be greater than three if one is

* “Darfich dic, wic mir scheint, wichtigste Regel fiir
dic Beschreibung von Farbphinomenen nennen, so
ist es diese: was an den Farbphidnomenen unbestimmt
ist, verlangt auch als solches beschrieben zu werden:
gerade in dieser Bezichung ist dic Gefahr grofB, daf
die Beschreibung durch der Physik cntlehnte Be-
trachtungsweisen verfalscht wird.”
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willing to accept the topological assumptions
which, at least implicitly, underlic 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 meramerism  name-
ly that there are lights (i.e., wavelength COMPpOsi-
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; thc 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
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 carly 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 cxperimental 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 =, is found to
be unaffected by the physical operations of super-
imposing lights (corresponding to the addition of
spectral cnergy densities), denoted by @, and
changing intensity of lights, denoted by *.

This means that if A and B arc perceptually
indistinguishable lights (metameric lights), ie.,
A =B. with spectral energy distributions E,(})
and Eu(A) and if the same light C with energy dis-
tribution E_(A) is added pointwise to each of these
lights ( “additive color mixture "), i.c.

E\@,n()&) - E,\(}\) + EH(M,

then the following relations (“Grassmann laws”)
hold

A®@C=Ba&cC
t*A=t*B

Thus, metamerism is (to a large extent) preserved
under addition and scalar multiptication 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
mctamerism 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 ¢ = (@,. ¢s, @;) exists which maps the quali-
tative physical structure <L, @, *> homomorphi-
cally (i.c., linearly) into the three-dimensional real
veetor space, such that 4 = B < @(4) = ¢(B).
Thus. the physical structure

<L.@®. *>

and the psychological structure
<L,=>

neatly interact to yield the psychophysical struc-
ture

<L, ®, * = >

The empirical validity of the Grassmann laws
makes the psychological relationz a congruence
relation with respect to the physical operations @
and * .

The mapping ¢ 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
(X,Y, 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 ¢ = (@, @,, ©3)
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; Schrodinger,
1920; Suppes ct 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, ctc. Since it is
often wedded to tacit additional assumptions and
interpretations that go beyond its content, some
remarks may be useful.
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I. The Grassmann structure only refers to
lights, and not to the color of objects. Though light
is the medium for assessing the color of objccts,
much more complex perceptual mechanisms arc
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 betwcen 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 Schrédinger
called higher color metrics (“héhere Furb-
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 arc 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 Schrédinger
(1920, p. 4151.) 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 cach 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. Gocthe,
Aubert and Mach ‘red’ and *green’, and *blue” and
‘yellow” have been regarded as psychologically
basic and principle colors. Gocthe, 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, simultancous contrast and colored
shadows - upon which opponent-color theory
came to be based.

For Hering, who took up central principles of
Goethe’s approach, alrcady 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-
suished coordinate system for color attributes are
the bipolar or opponent pairs: redness/greencss,
vellowness/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
idecas were taken up and further developed by
G. E. Miller 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 Briickner (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 cquilibrium
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 ncurophysiological thecory, 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 0O, .. O, , and O, .
associated with the ‘red-green’, ‘blue-yellow’ and
*white-black™ opponent color codes, respectively.
This, then, is related to the psychophysical con-
cept of wunique 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’, te., 9, , = 0, corresponds to
colors that are neither reddish nor greenish, i.e., to
cither a unique blue, a unique yellow, or a white
color appearance. (In addition, positive and nega-
tive values of Q, , are taken to correspond to color
appearances conﬁlining a reddish and greenish
component. respectively.)

This condition allows the introduction of pairs
of chromatic opponent codes @, , and @, , (using
the same notation again) in purely psychophysical
terms. The essential qualitative relations involved
arc (in addition to metamerism and the basic
physical attributes) the psychological predicates
U, (i=1,2), where U,(4), 4 € L, means the stimu-
lus 4 being psychophysically in red-green cquilib-
rium, i.c., appearing ncither greenish nor reddish,
and U,(4), 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 undergonc 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 mcaning 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) = (O, ), Oy oA, O, w(A4)) as neural codes,
it is natural to ask how they are related to primary
receptor codes, i.c., to a Grassmann code ¢. A cor-
responding question can be asked if the opponent
codes arc considered as purely psychophysical
ones (i.c., 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. Thesc
conditions have to do with the requirement that
cancellation mecasurements be independent of the
choice of the equilibrating light, which imposes
the restriction that cancellation equivalences yield
onc-dimensional  Grassmann  structures. This
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implies the condition of scalar invariance (of uni-
que colors), i.c., 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
vields a linear representation in the vector space
derived from the three-dimensional Grassmann
structure of metameric color matching, i.e.

Qr g(A) = Zr:l.Z.S Cri” (pl(A)
Qy o) =215 05 Qi(A)
Qw —hl(A) - Z|:l.2.3 C3i° (pl(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
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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 rescarch
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, Krauskopt.
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 sct 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.c., neural mechanisms.

Current neurophysiological thcories 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 rcor-
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 ncurophysiolog-
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 arc 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

Neurophvsiological

Output of three univariant receptor types

neural codes

A =
R, R, R

1 Ry R Ry

L

B
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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 threc 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:

A=B e [E,M) V(L dh=JEyn) vy dh
i=1,2,3

where E, (M) is the spectral energy functions of
the light A, and V,(A) are the spectral scnsitivity

Basic color codes
in the 2° paradigm

Psvchophysical

Grassmann's laws and trichromacy
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Fig. 12.2: Basic color codes.
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12. Color Perception: From Grassman Cod

distributions for cach of the three types of recep-

tors.

In this way @(A) can be identified with
jEA(k) Vi(A) dA. 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 cxhibit unilateral

dichromatism. Thcse rarc 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

es to a Dual Code for Object and Illumination Colors

congenital dichromats, and not due to disease) —
provide insight into the relation between the two-
and three-dimensional Grassmann spaccs 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:
Alpern et al., 1983).

What experimental results can be expected. if
there are, for instance, no shortwave receptors (tri-
tanopia) and if thus the input @, is lacking? The
Young-Helmholtz theory and standard opponent-
color theory assume that only some of the higher
order codes depend on @, and thus that the blue-
yellow channel Q, , 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 fritanopic subject should, with his tri-
tanopic eye, see the spectrum as ‘red”, ‘green’ and
‘yellow” and combinations thereof: neither “bluc’
nor ‘white’ should be seen, and there should be a
green that looks more saturated than any green
attainable by the normal eyec. According to the
standard version of opponcnt-color theory the loss
of the ‘yellow-bluc” channel should result in sce-
ing ‘white’, ‘red’ and ‘green’ as for the normal
eye, while the mixture of red and green would be
achromatic. Both predictions arc in conflict with
the experimental results: a unilateral tritanope secs
the entire spectrum on the shortwave side of the
neutral point between 440 nm and 350 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 blucness (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 psychophysically 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)

Whercas a ncurophysiological perspective on
color deals with the ncural 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-ficlds 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 ncurophysiology. The tendency that perceptual
psychologists notoriously avail themselves of ncu-
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 1s 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 cffects
of context in theorics of carly 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 cxperiments 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 diftferent 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
arc 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 appcarances 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
extenston 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 aficrimages led Fechner to the idea of
a tiring of physiological processes (based on an
analogy with a “loss of tension” — “Verfust an
Spannkraft”’) by which “all phenomena concerning
afterimages and adaptation can be reduced to sen-
sitivity processes in the eye” Fechner, 1840,
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p- 430)". This intuition lead Helmholtz to his con-
cept of “fatigue of receptors™ ("Ermidungstheo-
rie”), which was given a more precise form by von
Kries’ “coefficient scheme™ ( “Koeffizientensaiz "),

Because the Young-Helmholt, theory took as
basic units of analysis single light spots in a dark
surround, 1t 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 2 much more basic role to
contrast and adaptation than Helmholt, 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 Briickner (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, 191 1, Vol. 2, p. 200)*.

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.

" “durch die man dic ganze Erscheinung  der
Nachbilder auf ein Spiel von Empfindlichkeit
Auges reduciren kann”

' *... dic Ermiidung der Sehnervensubstans die
Empfindung neu einfallenden Lichtes ungefihr in
dem Verhiltnis beeintrichtigt, als wiire dic objektive
Intensitiit dieses Lichtes um cinen
Bruchteil threr Gréfie vermindert.”

des

bestimmten



An explicit model of this intuition to account for
the effects of temporal adaptation was first pro-
posed by von Krics (1882). Based on the hypothe-
sis of lincar sensitivity control acting on three
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<A S>=<BS> < JF‘/\(}\') piS) V(L) dh
= TEg(0) p(S) -V,(1) di

i=1,2,3

types of primary receptors, this so-called von
Kries coefficient scheme assumed that the effect of
adaptation can, for cach receptor type, (approxi-
mately) be described as multiplication of each
receptor code by a real number.

Adaptation 1s 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.

Vidy =p- Vi) pe (0,1)

Three numbers p,, p,, p; thus suffice to complete-
ly describe the process of adaptation.

Though it was originally intended to be a
ncewrophvsiological hypothesis (“fatigue of recep-
tors™), many of the corresponding empirical in-
vestigations address its psychophysical counter-
parts.

To formulate its psychophysical counterpart, [
shall use the notation of Mausfeld and Niederée
(1993) for the characterization of the stimuli
employed: two stimuli A and B that are presented
after pre-adapting by a light S, will be writen as
<A.S> and <B,S>. More generally, | 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 testficlds A and B look ‘the samc
color® will be called isophene:

<A.S>=<B.T>.

For the case of a dark surround (S, T =0, where 0
is the zero energy distribution) the concepts of
metamerism and isophenism coincide, i.e., A=B
can be identified with <A 0> = <B,0>.

Now, if the linking proposition that character-
izes the Young-Helmholtz theory, namely

A=B o JE\(M) V(L) dh = E.) V(L) dA

is valid for the dark-adapted eye, then the von
Kries coefficient scheme amounts to the validity
ot the following linking proposition for the eye
pre-adapted by some light S:

where (p; is a function of @(S) (or of @,(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 @,(A) — p{(@(S))- G A).

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 rcalizable light
that fulfills this symmetry condition for all three
receptor types simultaneously).

From this linking proposition a number of impor-
tant psychophysical consequences foilow: Meta-
meric classes of lights must be preserved under
adaptation ( “Persistenzsatz”, persistency rule):

A =B = <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>=<B,T> and <C,S5>=<D,T>
S <A®CS>=<BO® DT>

and

<A,S>=<B,T>

= <t * A S>=<t*BT> proportionality rule
(“Proportionalititssatz”)

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 3x3 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
cstimating the cone spectral sensitivities by trans-
forming the 3 x3 matrix M by B''MB into a diag-
onal matrix D of reals (da} “die Ermiidungs-
Mdglichkeit  -u
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 ¢,(A) (Pi(p(S) - oi(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. 429{T). 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 ncu-
rophysiology that there arc 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.

versuche die einer directen
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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 lincar
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. Thesec phenomena
offer a natural starting point for a spatially orient-
ed relational point of view as advanced by
Fechner, Mach, Hering, Katz, Biihler, 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-
cmatical core is a formal scheme, which, like the
von Krics 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 applicd to
a system ¢ of linear primary codes, the model can,
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for the “red-green system’, be given the following
schematic form:

QI'*‘:'(A:S) = Zl 1.2.3 kl(s) (Px(A) - I(S)

where A denotes the presented lights and S the
(spatially or temporally) adapting light, and k(S)
and /(S) arc rcal 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 homogencous 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 arc scveral important variants of this
model like Walraven’s (1976) “discounting the
hackground” model:

Ol AS) = X5 K(S) (0((A) — ¢(S)

This model assumes that in stimuli of the kind
A =S @ A only the incremental part A is subject-
cd to a von Kries type sensitivity control:

Ql’ g(A*S) = Zlfl,l.fx kl(S) ’ (pl(A)

A discussion of thesc models can be found in
Mausfeld and Niederée (1991; 1993).

In the next section [ shall summarize a theoreti-
cal scheme for color codes in center-surround
stimuli, put forward by Mausfeld and Niederée
(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. [ 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 trics 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 rclation
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, | shall denote a stimulus consisting of
a central infield A presented in a surround/back-
ground S (each characterized by the primary color
codes @;(A), ©(S), 1=1,2,3) by <A,S>. (In the
following I use the terms ‘surround’ and ‘back-
ground’ interchangably, A, B, ... always denote the
absolute inficlds.)

Consider two such stimuli <A.S> and <B.,T>. Of
course, if the two infields A and B have identical
values with respect to a Grassmann code ¢ and if
the two surrounds S and T also have identical ¢-
values, the two stimuli are isophene:

If o(A) = @(B) and @(S) = ¢(T).
then <A,S> = <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 @ that captures the appearance of the
infield, 1.e.

<A,S> = <B,T> & ®(A.S) = ®(B,T).

and that 1s 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
D(A,S) =h(@(A), ¢(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 @; 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 resuft from contrast coding,
whereas absolute brightness and color must be
approximately reconstructed by higher-order
processes). The contrast code ®; is given by the
diffcrence ¢,(A) — ¢,(S), which in turn is subjected
to a multiplicative surround-dependent transfor-
mation p,_[S] (or, more precisely, p, [¢(S)]). The
distinctive feature of the Octant Model is that
these transformations are allowed to be different
for increments (i.c., ¢,(A) — ¢,(S) = 0) and decre-
ments (ie., $(A)— 0(S) < 0): p.[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 cach 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 surprisc 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 A be an in-
crement superimposed on a background S and A’
another increment on a background T such that
the two infields are isophene (i.c., <S @ A.S>
=<T @ A" T>); then the infields of the corre-
sponding decremental stimuli (if they are physi-
cally realizable) must also be isophene (i.e.,
<S ©AS> =<T © A, T>). 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 p, [S] =p, [S] can
hold.

A simple phenomenon, called luminance con-
trast phenomenon (Niederée and Mausfeld, 1996),
already qualitatively shows that increment-decre-
ment symmetry cannot hold gencrally. Further-
more, quantitative experiments of ours show that
the multiplicative ‘gain control’ coefticients differ
indeed considerably for increments and decre-
ments (Mausfeld and Niederée, 1992). This dit-
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 categorics
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
clementaristic 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 cle-
mentaristic perspective on color coding (cf.
Mausfeld and Niederée, 1993, sec. 9) and necessi-
tate an additional and different approach to color
perception.

12.5 Ecological and

Computational Perspectives

The clementaristic 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 lacunac to be filled in the future in the theo-
retical picture the clementaristic 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 pereeption assume that the pattern of color
appearances which is evoked by a spatio-temporal
array of lights A; is a function of the correspond-
ing tristimulus array @(A;). This assumption,
called extended primary trichromacy by Mausfeld
and Niederée (1993), is equivalent to the assump-
tion that the pattern of color appearances does not
change if cach light A, is replaced by a metameric
light.

When an clementaristic 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 eve is to discriminate different distributions of

energy over the spectrun.” 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 stimudus.”

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
pereeption 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
achicvements 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.”
Hering’s commitment to a functionalist perspec-
tive has since then been echoed and advanced by
Biihler, Heider, Brunswik, Gibson, Shepard, to
mention just a few well-known names. Unfor-
tunately, the prevailing orthodoxies of elemen-
taristic and neurophysiologically 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 ¢s sich beim Sehen, sondern um das durch
diese Strahlungen vermittelte Schauen der AufBen-
dinge; das Auge hat uns nicht Uber die jeweilige
Intensitdt oder Qualitdt des von den Aufcndingen
kommenden Lichtes, sondern iiber diese Dinge selbst
zu unterrichten.”
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Explicit accounts from different theoretical per-
spectives werc given by lves (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 Sillstrom, 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
Lands Retinex scheme and of Maloney’s algo-
rithm which is based on the lincar 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 cach loca-
tion & of the visual field to be determined by the

retinal color code
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light pertaining to this very location. i.c.. by the
respective triple ©(A,) 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
E(X) of the illumination and the spectral  re-
flectance function R(x,A) at a location x 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.c., 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 v this is. of course.
impossible, on logical grounds (analogously to the
impossibility of identifying cach 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

f(ReAx))

Fig. 12.3: The problem of color
constancy.
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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 duc 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 Theorv. 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.c., a triple of numbers) for
which the following hold:

1) designators are invariant under changes of

illumination (for a fixed configuration of sur-

faces)

i) equal designators correspond to identical

color appearances.

Whereas 1) 1s a requirement from a computational
perspective, 1i) ties the illumination-invariant code
to pereeptual 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 x of a fixed
Mondrian that is illuminated homogeneously, the
procedure can, in terms of Grassmann color codes,
be described as follows: Let @, = (@, , ¢, ©3,)
be the value ot the Grassmann code of the light
coming from x. Correspondingly, let ¢, for all
other patches 1 of the Mondrian denote the respec-
tive Grassmann codes. The (later version of the)
Retinex algorithm basically calculates the geomet-
ric mean G(g,) and normalizes the color code of
the test field with respect to this geometric mean,
Le. UG, This color code L =@/G(,) 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 cquivalent 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.

Scveral 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 thc gamut of
Grassmann codes for all possible surfacc 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 lincar combination of » basis func-
tions. The number » and each of the » basis func-
tions is assumed fixed and to be independent of
the surfaces considered, the weights of this linear
combination can vary to gencrate 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 cstimate
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 eyc (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
achiecvement is to obtain a function of the sensory
input that depends on R(x.A), but not on E(A),
which on Maloney’s account is tantamount to
recovering reflectances, does not seem to be appro-
priate. Furthermore, to account for empirical sur-
face reflectances 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 tcach us
much about the actual mechanisms of human color
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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
INlumination and Object Color

Plausible as computational approaches of the kind
mentioned above are at first sight (provided one
restricts attention to appropriate ‘semi-ccological
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 “rie 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 ot 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’ scems to be more
strongly tied to the spectral reflectance character-
istics of the object than to the wavelength compo-
sition ot the local sensory input. There is. howey-
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 ‘cquality of color
appearances’ whose meaning depcnds on the
judgmental task and the observers ‘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 cstablish color appcarances
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)". 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. Conscquently, 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
pereept 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
carcfully describe the phenomenal peculiarities
that arc characteristic for color appearances under
(chromatic) illumination. Helmholtz (1911, Vol. 2,
p. 243) described them as “colors that can be secn
at the sume location of the visual field one behind
the other.”™ Biihler (1922, p. 40) spoke of “locating
colors in perceptual space one behind the other”
(“Hintereinander Wahrneh-
mungsrawm ), “colors appear as if they were com-
posed of the actual object color and a coating by

von Farborten im

“ “Innerhalb eines qualitativ normal beleuchteten
Gesichtsfeldes wird man vergeblich Farbeindriicke
herzustellen versuchen, die denen in jeder Bezichung
gleichen, welche wir in buntfarbig beleuchtcten
Gesichtsfeldern antreffen.”

“Farben. die in demselben Teil des Gesichtsicldes
vorhanden sind™ und wo “cine Farbe durch dic andere
hindurch zu schen ist”

the chromatic illumination.™ 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 whitc wall in a
room illuminated by a reddish light, can arouse
intriguing kinds of impressions in a
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
iHlumination 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

cach 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 theorctical
insights. However, if one abandons the inappropri-
ate assumption that properties of color coding can
completely be understood in terms of, or even be

careful

* Farben “‘erscheinen, als ob sie aus der eigentlichen
Objektfarbe und cinem daraufliegenden Hautchen aus
der farbigen Beleuchtung zusammengesetzt scien”
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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-
¢y. 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 cquivalent (i.e., cqual 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 oncs. In point of fact,
the perceptual categories ‘surface colors’ vs. ‘illu-
mination colors’ are not constituted by the corre-
sponding categorics of physics and tied to them in

the sense of the latter being necessary and suffi-
cient conditions for the former. Rather they arc
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 ‘secmantic’ 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. Uexkiill, v. Frisch, Lorenz, Tin-
bergen, and, for situations where, like in visual
perception, the unit of analysis is not the cntire
organism but certain (often abstractly idealized)
‘mechanisms’, by Lashley, Biihler, 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 arc
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 cxposition of these ethological perspectives
as applied to the problem of how elementary per-
ceptual categorics 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
therc 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,
mnately 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
cnvironment, 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-
tancous 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
offachieving scene invariance of color designators,
L.e.. the color of an object should not vary with the
color of ncighboring 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
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situations led Hering and later, in a more pro-
nounced way, Jaensch, Gelb, Biihler, Kardos and
Miiller 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. Biihler
(1922, p. 131) interpreted the phenomenon of
simultaneous contrast in such situations as a
degencrate marginal phenomenon attesting to the
visual system’ 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 [ 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 ‘Mlumination Color’

In the Octant Model, ¢(S) can be regarded as a
measurc of some level set by <A,S> with which
the inficld A is to be compared in such a way that
®(A) — &(S) is processed and for each component
subjected to a surround-dependent multiplicative
transformation p;[¢(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 segrcgation 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 Biihler’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
(A =649 nm, 150 td, 8-10°), where the 2°-infield
was composed of a mixture of monochromatic
light (AR, ® AGs,). The subjects had to perform
(by a two-alternative forced choice double-random
staircase) reddish/grecnish-judgments and to
make a setting where the infield appears neither
reddish nor greenish. While for most valucs of
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Fig. 12.4: Range of reddish/greenish appcarence of
infield on red background of 150 td.
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stimulus parameters subjects were able to satisty
this judgmental criterion (and made scttings 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.

Figurc 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 Katzs
words, “curious lability of colors™) is scen 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 inficld.
There seem to be two layers between which there
is no complete trade-off. 1 consider this obscrva-
tion as a further indication that center-surround

"Humination color' layer

'Object color' laver

Retinal intensity profil

Fig. 12.5: Laminar segmentation of the retinal inten-
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 ‘I[llumination Color’ in
Minimal Seurat-type

Configurations

So far | only referred to center-surround configu-
rations in which the surround corresponds to an
arca that is spatially uniform, i.e., homogencous in
terms of spectral encrgy distributions. The central
heuristic underlying the approach proposed here is
that such homogencous 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 scgmentation 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-ccological 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
transtormations in the dircction of color constancy
are stronger if a certain area is pereeived as figure
than if it is perceived as ground.” The homoge-
neous center-surround configuration can be con-
sidered as the prototypical situation for triggering
a figure-ground scgmentation, according to what

daB dicjenigen zentralen Faktoren, durch
welche die auf einer farbigen Beleuchtung beruhende
Veriinderung in der Farbe der Dinge kompensiert
werden. stirker wirksam sind an dem Felde, das als
Figur. als an dem. welehes als Grund hervortritt.”

[T,

Rubin (1921, p. 79) called a “fundamental law™
(“Fundamentalregel ). in situations where a ho-
mogeneous ficld of small size is surrounded by a
much larger homogeneous field, there is a pre-
dominant tendency to perceive the enclosed small-
er ficld 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 sequencc 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-
mogencities
— 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 sizc as in the
previous cxperiment with homogencous center-
surround configurations and consists of a mixture
of red and green which has to be brought to a red-
green cquilibrium.

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 flowcr 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 investigatc 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 = displays in this figure 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 ®(A,S) can be understood in
terms of some linear ‘pooling mechanism’
i(S) =% w;; ¢(S(y;)), where S(y;) denotes the
spectral energy distributions of the surround at the
location y;, and w; € [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/m?) 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-
gorics 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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