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Our journey from the psychophysics of simple displays toward the pgoceqf nat-
ural scenes may call to mind the following well-known story that appears iryman
guises. Benighted space traveller in impenetrable rain forest on unkplewat, on
meeting small person with long ears: "Sir, can you tell me the way to Alderoaf?” P
son with ears: "If to Alderon going were I, not from here start wouid I.

- PAUL WHITTLE
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Chapter 1

Introduction

The two central squares in Colour Plate | (see page 137) are physigady, get they appear rather
different since they are embedded in surrounds of different colbhis phenomenon, which is
referred to asimultaneous colour contrgshas been known since antiquity, and particularly in
the two last centuries a rather impressive amount of scientific effortéws directed towards de-
veloping a deeper understanding of it (Tschermak, 1903; Whittle, 200#&) motivations behind
these investigations are and have been manifold, ranging from immediategraoncerns to
pure intellectual curiosity and philosophical questions. In the sciencesioh and perception
the major impetus stems from the notion that the study of perceptual illusions is tikébach
us something about the mechanisms which transform the highly ambiguous rnatirmpng-
ing on our sensory organs into useful and reliable information aboutdieenal world (Mach,
1866; Hoffman, 1998; Eagleman, 2001). In accordance with this geapproach, it has been
proposed that the simultaneous contrast ‘illusion’ is intimately linked to biologidalportant
mechanisms of colour constancy. According to Hering’s (1920) clddbieary, for instance, both
colour constancy and simultaneous colour contrast are the results @rtteerseural mechanism
of lateral inhibition. Similarly, Helmholtz (1911) proposed that the simultaneolmic contrast
‘illusion’ can be observed whenever the physical situation is at odds wg&hraptions that the
visual system relies on in order to obtain colour constancy, i.e. to provaertianism with an
illumination-independent representation of object colours. Under eigmathesis it is assumed
that simultaneous colour contrast and colour constancy are basicallydesaf the same coin.
Hence, the study of simultaneous contrast can be expected to yield insighthénnature of
colour constancy, and vice versa. Indeed, experiments designecdesiigate colour constancy
are often virtually indistinguishable from experiments performed in orderamlenore about
simultaneous colour contrast.

By virtue of the postulated connection to colour constancy, understasgimgtaneous con-
trastis regarded an important goal of vision science, and accordirggly ihan impressive amount
of experimental data available. Yet, although significant insights havedsrad, simultaneous
colour contrast is still far from a well-understood phenomenon; A easly general and com-
monly accepted quantitative model accounting for the psychophysicahdstget to emerge. The
reasons for these difficulties are probably manifold. It is well knowntti@simultaneous contrast
effect depends on a number of parameters, such as viewing condgionsl|us size, perceptual
organisation, and how the observers are instructed. In the presestigations, though, the main
focus is on a more basic conceptual problem.

As will be discussed in chapter 3, most quantitative models of simultaneotrsasbimplic-
itly rest on the seemingly natural and innocuous presumption that the cdianges induced
by a coloured surround are, in principle, of the same nature as thoseesbtay changing the
physical color-coordinates of the target patch. Accordingly, it is mesuthat the latter kind of
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8 CHAPTER 1. INTRODUCTION

colour change magompensateéhe former, or vice versa. Though this ‘compensation assump-
tion’ is seldom explicitly discussed, it is of profound theoretical signifieanthe hard facts of
Young-Helmholtz trichromatic theory demonstrate that human colour vision isitmtaboth in a
well-defined psychophysical sense (Krantz, 1975b) and a camespy physiological one (Sharpe
& Stockman, 1999). If the perceived colour of a local stimulus were iaddpnt of the context in
which itis embedded, this would imply that therceivectolour corresponding to a location of the
visual field can vary along no more than three dimensions. The contegtidepce of perceived
colour demonstrated by such phenomena as simultaneous contrast, howews up the theoret-
ical possibility that perceived colour may vary along more than three dimesissonply because
context-dependence means that perceived colour depends on miets tffrone-excitation val-
ues than that of the target itself (Evans, 1974). Thus, that percealedr should be trivariant
does not follow from trichromatic theory alone. Rather, the trivariangeeofeived colour would
only follow from trichromatic theoryprovided thatthe compensation assumption is valid (W. S.
Stiles, 1961).

That most quantitative models of simultaneous contrast are based on thersatipn as-
sumption is evidenced by the fact that they represent the perceivad ablihe target by a triplet
of numbers. That this may be inappropriate, though, is suggested by theofxseveral authors:
Based on a number of different arguments, it has been conjecturemidhathan three numbers
are necessary in order to represent the perceived colour of thet tatgquately (e.g. Katz, 1911,
Gelb, 1929; Kanizsa, 1966; Evans, 1964, 1974; Mausfeld, 19&®tede, 1998).

In chapter 4, | present experimental evidence lending strong sufiptitese claims. The
basic finding is that experimental estimates of the neutral point obtained wittotiventional
method of grey settings differ, in a clear and lawful manner, from estimétée aeutral point
obtained with some novel methods, in which the neutral point is measuretamgto indirect
criteria. It is found, for instance, that when targets are viewed emleiddz uniform coloured
surround, the convergence point for lines of constant hue doeasiotje may intuitively expect,
coincide with the chromaticity of a patch which is judged to appear achromati@diaad with
the chromaticity of the coloured surround. Though this finding may ap@eadpxical, it is shown
that it can be accounted for in quite rational terms by giving up the compensessumption and
instead assuming that simple centre-surround stimuli sometimes evoke phenamémscent of
perceptual transparency, which is traditionally thought to occur only irermomplex stimulus
displays (Metelli, 1970; D’Zmura, Colantoni, Knoblauch, & Laget, 199dekon, 1993, 2000;
Anderson, 1997).

Since the compensation assumption turns out to be unwarranted, it is clefaathiag mod-
els of simultaneous contrast in terms of it is bound to impede the developmesitef &nd more
adequate models. Thus, from this perspective, it appears less sgjthiat the vast amount of
previous research efforts, which have implicitly presupposed the valifittyeacompensation as-
sumption, have been but moderately successful in producing a commaelytad model. On the
constructive side, one may hope that once the traditional theoreticahMiit@kbased on the com-
pensation assumption is traded for a more adequate one, making prodressaasier. As men-
tioned above, the findings reported in chapter 4, which otherwise musaapgther paradoxical,
can be easily understood within a framework based on perceptual dransy. A reappraisal of
previous models and findings in terms of this framework has several firtivantages. To begin
with, it offers a natural explanation for the inconsistent and conflictisglte reported in course
of the long-standing Walraven-Shevell controversy (Walraven, 19989; Shevell, 1978, 1980;
Drum, 1981; Adelson, 1981; Davies, Faivre, & Werner, 1983).tharmore, as will be shown,
one of the candidate models discussed in this controversy, viz. the dartdirsg model (or, ‘full
discounting model’) put forward in the seminal contributions of Whittle and &vain (Whittle &
Challands, 1969; Whittle, 1994b, 2003; Walraven, 1976), is in excedigrdement with the rele-



vant findings provided that it is reconceptualised in terms of the new framkevidnderstood in
the classical ‘literal’ reading implied by the compensation assumption, the stotding model
is problematic in many respects: Some of the empirical evidence suggestsstmtlit valid to a

certain approximation (e.g. Shevell, 1978), and it is quite quite clear that iesralparadoxical
prediction in the case of zero-contrast centre-surround stimuli (Whit@e44, p. 451, Maus-
feld & Niederee 1993, p. 451). When the contrast-coding model is oepiunalised in terms
of perceptual transparency, though, these arguments against its vatilityearly inappropriate:
Perceptual transparency means that the total colour impression consmtspinenomenally dis-
tinct layers or components, and the contrast-coding model is found taloke$ite colour of one
of these very accurately.

The inappropriateness of the compensation assumption has a further imporaequence.
The compensation assumption provides the rationale for classical psycticed methods for
measuring simultaneous colour contrast, such as grey settings and asynealetsicmatching.
Thus, the invalidity of the compensation assumption implies that these methodd giedd re-
sults flawed with artifact. This matter is pursued in the asymmetric colour matchiegisents
reported in chapter 5. Here, a rather complex pattern of results grassistent with some previ-
ous reports (Smith & Pokorny, 1996; Miyahara, Smith, & Pokorny, 2@®dptained. The strong
nonlinearities in these data are not accounted for by classical models dfssignus contrast.
However, the present experiments reveal that it is not only impossibletuatfor the complex-
ity of the data curves in the traditional manner implied by the compensation assuniquti@tso
that the complexities can be accounted for in a quite simple manner. Basicalty)dtecteristic
and sometimes very large step-shaped portions of the data-curvesiadetéobe due to the fact
that well-defined sets of colour impressions cannot be realised at afl thkdarget is embedded
in a uniform surround. Which set of colour impressions are realisalerats on the colour of
the surround in a simple and lawful manner, and since the sets of missingscalaudifferent
for differently coloured surrounds, establishing a colour match betweemargets embedded in
different surrounds is sometimes impossible. Whenever a match is impossisljects must
by necessity resort to choosing the best match among poor alternatidethi@accounts for the
complexity of the data curves. Based on these results, a simple descriptile based on the
notions of ‘saturation scale truncation and extension’ is put forwards ¥éry simple model,
which systematises the way in which a surround of a given colour prohilatpelception of a
set of target colour impressions, is found to account very well for tifeeg nonlinearities of the
data curves. Interestingly, once the portions of the data curves whicheaccounted for as
simply due to the impossibility of establishing a true match are disregarded, thnimegndata
points, which represent a rather small induction effect, can be acabfortby simple von Kries
scaling (Kries, 1905). Hence, it would appear that the total effectrobs is due to two distinct
mechanisms, one which leads to saturations scale truncation and extendiomeanhich leads
to von Kries scaling. This hypothesis is substantiated in further experimenthjch it is found
that when comparable variegated surrounds are used instead ofwpifies, the von Kries effect
remains, whereas the other effect is abolished.

The latter result suggests that there are fundamental qualitative dfterdetween uniform
and variegated surrounds. Thus, the much-cited idea, according tb anyosariegated surround
can be replaced with a uniform one which is functionally equivalent in theeséhat it has the
same effect on the colour appearance of targets embedded in it (Va&llhengge-Malecki, 1990;
Brill, 2000) is clearly false, as suggested also in a number of previougest(glg. Schirillo &
Shevell, 1996; Brown & MaclLeod, 1997; Shevell & Wei, 1998; Barndgi, & Shevell, 1999).
Interestingly, though, the present findings suggest that uniform amnegated surrounds with the
same spatial average of cone excitation vectors can neverthelessterfatly equivalent with re-
spect to a common von Kries mechanism: The reason why functional ézndesis not observed
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in psychophysical experiments appears to be that a second mechaniding teasaturation scale
extension and truncation, is only operating when uniform surroundssae

The major conclusions that are suggested by the present findings camipearised as fol-
lows:

e There are fundamental differences between uniform and variegateniads.

e In the case of uniform surrounds, the compensation assumption is @miedr Instead,
perceptual transparency appears to play a central role.

e Though uniform surrounds are geometrically simpler than variegated thegsappear to
evoke more complex visual processing than variegated ones.

Furthermore, the rather simple descriptive model based on saturationestasion and trun-
cation is shown to describe different findings and observations relatsichtdtaneous contrast,
including Brown and MacLeod’s (1997) gamut expansion effect apglévls (1855) effect. As ar-
gued in the discussion, the present findings also suggest a newgiaspa the role of contrast-
coding in colour vision. Contrary to the widespread view according to wtictrast-coding con-
stitutes a fundamental peripheral mechanism providing the input for allgeteessing of colour
in the visual pathway, it is suggested that absolute coding plays at leaguiatly important role.
Thus, contrast-coding may perhaps better be conceived of as algmagiase mechanism upon
which the visual system relies only under certain circumstances.

The next chapter of this thesis gives a synopsis of basic colour th@tsn, in chapter 3,
classical models of simultaneous contrast are reviewed. In chaptes 3ithe experiments are
described, and in chapter 6 the findings are discussed in relation to a nafrdogrent research
issues.
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Chapter 2

Basic colour theory

The basis for our current scientific understanding of colour peraepsigorovided by Young-
Helmholtz trichromatic theory and Hering’s opponent colours theory. ®hadr describes the
intitial coding of colour by the receptors of the retina, whereas the latter igjtiido describe the
processing and recoding of the initial colour signal at a higher levele¥isual system. Since
knowledge of these theories is indispensible for understanding the mddetsuitaneous contrast
to be discussed in the next chapter, an introductory synopsis is proveted Readers familiar
with basic colour theory may skip this chapter, those interested in a more tfiot@atment are
referred to the standard reference work of Wyszecki and Stile2j198 very readable expo-
sitions of Schadinger (1920a, 1920b), or the penetrating but somewhat more dergdndinal
treatments provided by Krantz (1975b, 1975a). The historical origifsasic color theory are
discussed by Mollon (2003).

2.1 Trichromatic theory

It is a well-established fact that the colour vision of normal human obeeiigetrichromatic
(Maxwell, 1860; Helmholtz, 1911). Although the immediate stimuli for vision — ligaains
with radiant energy distributed in the wavelength interval between appréady®00 and 700 nm
— may vary along infinitely many dimensions (one for each real value of leagéh \), human
colour vision depends, in a certain sense, on only three variables. effegally acknowledged
explanation for this is that the retina contains only three kinds of receptuchvare active un-
der daylight illumination conditions, the long (L), middle (M), and short (Syelangth sensitive
cones. The spectral sensitivity curves of these receptd(s);m(A) ands()\), respectively —
were first estimated in the classical psychophysical experiment$nigkand Dieterici (1886),
and modern estimates, such as those of Stockman, MacLeod, and JeI®@88); shown in Fig-
ure 2.1, do not differ substantially from the original ones.

The cone excitation valuek, M, .S of a given light stimulus is obtained by multiplying its

spectral energy distribution(A) with each of the spectral sensitivity curves and then integrating

over the visual spectrum:

L(z) = /l(/\)x(/\)d)\

M(z) = / mN)z(\) dA 2.1)

(
S(z) = /s(/\)x()\)d)\.

13



14 CHAPTER 2. BASIC COLOUR THEORY
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Figure 2.1 The spectral sensitivities of the cones according to thenasts of Stockman, MacLeod and
Johnson (1993).

Since colour perception is assumed to depend only on the excitation of tmesekihds of
receptors, any two light stimuli(\) andy(\) should appear identical in colour whenever they
evoke identical triplete(x), e(y) of cone-excitations, that is

z(A) ~y(A) < e(z) = e(y) (2.2)
where the symbol- denotes perceptual equivalence, and

L(z)
e(r) = M(z) |. (2.3)
S(x)

The Grassmann Laws The basic psychophysical evidence for trichromatic theory stems from
simple colour matching experiments in which the observer typically views a bipatititellus
consisting of two semi-circular fields (see Figure 2.2). In this classicatr@xgntal situation,
which is commonly referred to as the&o-degree-paradigm or symmetric colour matching,
several fundamental observations, commonly referred to as the Gras&aas of Colour Mix-
ture, can be made. According tioe first Grassmann Law, two light beams which appear equal

in spite of having different spectra will continue to look equal if the same figid stimulus is
added to both of them, i.e.

r~y=>xr+z~y+z (2.4)

for all light beamse, y andz. The light beams are here identified with their spectral power func-
tions, which provide a measure of the radiant power density for eack ehlwavelength\. For
our purposes, the proper domain of these functions is the visual specitiich extends from
about\ = 400 to A = 700 nm. In Figure 2.3, two examples of such functianandy, as well
as their sunx + y, are shown: The sum of two functions is simply obtained by wavelength-wise
addition, i.e. f = x + y is defined byf(\) = z(\) 4+ y(A) for all values of\. Physically, light
beams can be added in this way simply by superimposing them, say, by projgetimgon the
same screen.

According tothe second Grassmann Lawtwo light beams which appear equal will continue
to look equal if their intensities are changed by the same amount, i.e.

rT~Y=>a-T~a-y (2.5)
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Figure 2.2 Symmetric colour matching: The observer views two sendwtar fields against a common
background. Typically, one of the stimulior y is fixed and the other is a mixture of three component
lights, the amounts of which the observer may adjust. Thie ¢éhshe observer is to find a setting such
that the semi-fields appear equal in colour. Whenever thiseisase, we write ~ 3. The semi-disks are
viewed foveally, and together subtend a visual angle of 2esegor less, such that only the fovea, which
contains only cones and no rods, is stimulated. This is teelexperimental situation to which the laws of
trichromatic theory refer. For the laws to be valid, it is ohflamental importance that the two semi-fields
are viewed against a common background (this is why one spealymmetriccolour matches). Typically,
the background consists of complete darkness, but this islyna matter of convention; The important
point is that it is constant. Note that the observer is neskedwhat colour the semi fields have, only
whether they have theamecolour, or, equivalently, whether the dividing line betwebe two semi-circles
becomes imperceptible.

X
2 2 y
400 500 600 700 400 500 600 700
X+ 0.5-
2 y 2 y
1 1

I N

400 500 600 700 400 500 600 700

Figure 2.3 Addition and scalar multiplication of (spectral) funct®nTop panels: Two arbitrarily chosen
functionsz andy. Bottom left: The function that is obtained by addingndy. Bottom right: The function
that is obtained by multiplying the functianwith the scalar 0.5.
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for all light beamsz, y and scalar factora. Mathematically, the multiplication of a function
with a scalara amounts to wavelength-wise multiplication of the function valués) with the
scalara, i.e. f = « - x is defined througlf (\) = « - () for all values of\. For illustration, the
result of multiplying a spectral power functignwith the scalar factor 0.5 is shown in Figure 2.3.
One way in which scalar multiplication of a light beam can be physically realidegiisserting a
neutral density filter (e.g. ‘untinted sunglasses’) in the light beam’s path.

The validity of the above psychophysical laws is what one would expesstdon the phys-
iological theory behind equation set 2.1 and the linking proposition (Tel@84)Lexpressed in
equation 2.2. It is easily deduced from equation set 2.1 that the conetiexcitactor of a light
stimulus should be a linear function of its spectral density function, i.e.

e(z +y) =e(z) +e(y) (2.6)
and
e(a-z)=a-e(z) (2.7)

holds for all spectra;, y and scalar factors.*

The third Grassmann Law is a bit trickier to formulate in an immediately comprehensible yet
correct manner. Basically, though, it states that any light stimulus can baeddtcappearance by
mixing just three reference lights in appropriate proportions. Strictly spgdkis is sometimes
not possible, but this is merely due to the extensive overlap of the spsetsitivity curves.

For trichromatic observers, it is always possible to find three referbgiets a, b andc so
that neither can be matched by mixing the two others. This should be the caseweh the the
corresponding cone excitation vectes ), e(b) ande(c) are linearly independent. Once such a
set of reference lights has been chosen, it is possible to find mixturgceems o, 5 and~ for
many test stimulic such that

r~o-a+B-b+y-c (2.8)

In the case of test stimuli for which this is not possible, it will be possible tdoistaa match by
adding one or two of the reference lights to the test stimulus instead of to thennegiaeference

light(s), e.g.
r+a-a~F-b+vy-c. (2.9)

Using the linking proposition and linearity this colour equation simply means that
e(x)+a-ela)=p0-e(b)+~-ec) (2.10)
which, by solving fore(z), can be rewritten as
e(x) =—a-e(a)+[-e(b) +v-e(c). (2.11)
This motivates the formal convention introduced by Maxwell (1860) ofitevg equation 2.9 as
r~—a-a+0-b+v-c (2.12)

Though a negative mixture coefficient makes no physical sense, thiofvayiting equation
2.9 highlights the fact that it can be interpreted as implying the relation betwmenexcitation
vectors expressed in equation 2.11.

!By the linking proposition: ~ y meanse(z) = e(y), hencee(z) +e(z) = e(y) + e(z). By linearity this implies
e(r + z) = e(y + z), which by the linking proposition means that}- = ~ y + z. The second Grassmann Law is
obtained by analogous reasoning.
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This convention being made, where the reference lights are always vatitire right side of
the colour equation, and a negative sign of the mixture coefficients dethatake corresponding
reference light was actually added to the test stimulus, we may formulate th&tiisdmann Law
as follows: For any test stimulus real and unique mixture coefficienis 8 and~ can always be
found such that equation 2.8 holds.

The third Grassmann Law, then, also referred to ap#yehophysical trivariance of color
matching, implies that as far as normal human color vision is concerned, it is possibjetify
any light beam uniquely through just tree numberg and~. Whenever equation 2.8 holds, the
latter are said to be the tristimulus coordinates of the stimublwith respect to the primaries b
andc.

A very important corollary of the Grassman Laws is that the tristimulus vetter (o, 3,7)*
of a light stimulus is a linear function of its spectral density function, i.e.

t(z+y) =t(z)+t(y) (2.13)
and
tla-z)=a-t(x) (2.14)

for all light stimuli z, y and scalar factors. This linearity is of fundamental importance. To begin
with, since any light beam can be regarded as a sum of monochromatic laghstzd unit radiant
power, it ensures that it is possible to compute the tristimulus values of aitsaarllight beam
once the tristimulus values have been determined for all monochromatic stimulitafadiant
power in the visual spectrum.

In order to appreciate this point, first consider that, in actual practicesumieg a spectral
density function boils down to partitioning the visual spectrum iNtalisjunct wavelength inter-
vals of widthA X and then measuring the radiant power within each of them. This yield<eete
spectral density function, such as the one in Figure 2.4. In this particxdaan@e, it is assumed
that the visual spectrum from 300 to 700 nm is partitioned into N=31 wavtiéntgrvals of width
AX =10 nm. Clearly, any spectral density functiormeasured at this spectral resolution can be
represented by a vector

with N entries, where the entry; stands for the radiant power in theh-wavelength interval.
A so-calledmonochromatic light is a light having all of its radiant power confined to a single

2In order to prove this corollary, it is necessary to assume that colotohesmare symmetric and transitive, i.e.
a ~ bimpliesb ~ a (symmetry) ancdw ~ b together withb ~ ¢ imply a ~ ¢ (transitivity) for all lightsa, b, ¢
('Zero'th Grassmann Law’). Using this, it follows from the first Gramsn Law thaia ~ b together withc ~ d
impliesa 4+ ¢ ~ b + d. To see this, consider that by~ b andc ~ d we havea + ¢ ~ b+ candc+ b ~ d + b,
respectively, which yielda + ¢ ~ b+ ¢ ~ d+ b ~ b+ d, in shorta + ¢ ~ b + d. We are now ready to prove that
Eq. 2.13 follows from the first Grassmann Law: [(et,, 3., 7.)" and(ay, By, 7,)" be the tristimulus vectors af and
y, respectively. By definition, this means that the colour equatiorsaa + 3.0 + vzc andy ~ aya + Byb + vy¢
hold. By the above corollary of the first Grassmann Law, this meaRgy) ~ aza + G20 + vz¢ + aya + Byb + vyc.
Rearranging terms yields+ y ~ (c. + ay)a + (B + By)b + (7e 4+ 7y)¢, thatis,(aw + ay, Be + By, Yo +7,)" is
the tristimulus vector of + y. This proves that Eq. 2.13 follows from the first Grassmann LawviRgathat Eq. 2.14
follows from the second Grassmann Law is even simpler.
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Figure 2.4 Discrete representation of a spectral density function.

wavelenth intervaf. Hence, in the above representatiormanochromatidight corresponds to a
vector with only one non-zero entry. For instance, a monochromatic lightieélength\,, where
A9 is the mid-point of thend wavelength interval, would be given by a vector of the form

0 0

xT9 1

0 0
mp = = T2 )

0 0

T 1 0 0 0
T9 0 1 0 0
T3 0 0 1 0
X 1= . =21 + 29 + x3 -+, , tTN ,
TN 0 0 0 1

it is obvious that any spectral density function can be regarded as a $imeaof monochromatic
lights of unit radiant power. In more compact form, this can be written as

N
X = sz -uy, (2.15)
i=1

whereu; is the spectral density function of a monochromatic light having unit radiewepin
the ith wavelength interval, and zero radiant power in all of the others. Tha$ave

N N
t(X) =t (Z x; - u,-) = int(u,-), (216)
i=1 i=1

3partitioning the spectrum into smaller wavelength intervals yields a finersemtation of the spectral distribution,
and thecontinuousspectral distribution, which is a purely theoretical entity, can be thougas tfie function which is
obtained whemA\ approaches zero. In actual practice, though, one obviously hasrkowith wavelength intervals
of a finite width, and for the purposes of colour science working with vesggh intervals of 1, 5 or 10 nm is often
considered to yield sufficient accuracy.
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Figure 2.5. A set of colour matching functions provided by Stiles and@®u{1955). The numerical values
of these, as well as many other important colourimetric fioms are freely available from from Stockman
and Sharpe’s Colour & Vision Database (http://cvisionduedu/).

where the second equality is due to the Grassmann linearity laws (equati@resna.2.14). We
now see that the tristimulus vectbfx) of any arbitrarylight is obtained by the straightforward
computation defined by equation 2.16. The only pieces of information resgefss perform-

ing this computation are a) the spectral power functos (z1,zs,---,xy)" of the light beam

of interest, and b) the tristimulus vectar@u;) of all monochromatic lights of unit energy. The
former is easily obtained through purgiysicalmeasurements, for instance by means of a ra-
diospectrometer, whereas the latter is provided by the resufisya@hophysicatolour matching
experiments.

Colour matching functions The latter piece of information is obtained by performing the kind
of colour matching experiment described earlier (see Figure 2.2, pgge A&y each mono-
chromatic stimulusu; in the visual spectrum, the intensity factorsg; andb; of three fixed
reference light®, G andB which are necessary in order to establish a colour match are deter-
mined. Then, the entries of the tristimulus vector of the monochromatic light wigiecés$o the
chosen set of reference lights ateg; andb;, i.e.

ri
t(ui) = g; (217)
bi

Once such a colour match has been made for all monochromatic lights in theuspethat is
for all valuesi from 1 to N, we have all the information that we need. If all these experirtgnta
determined tristimulus values are tabulated in an 3 by N matrix

rLoT2 - TN
g1 92 - - 9N (2.18)
by b2 - - by

where thei—th coloumn corresponds to the tristimulus vector of theh monochromatic stim-
ulus, then the rows of this matrix are called colour matching functions. Figbretbws a set
of colour matching functions, g, b established by W. Stiles and Burch (1955). In this particular
case, monochromatic reference ligitsG andB with wavelengths of 645, 526 and 444 nm, re-
spectively, were used. Note that, as is particularly prominent in the caséhaf colour matching
functions have negative branches. This corresponds to cases in aecof the reference lights
had to be added to the test light in order to establish a match.
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The colour matching functions obtained by the above procedure playdariugntal role in
colour science and technology. The colour matching functions are abnéyund to be very
similar for the majority of observers (i.e. those with normal trichromatic colouon)s Thus, the
mean colour matching functions of a small number of observers can basisathiversal standard
which is approximately valid for most observers, and thanks to the validityegbtissmann Laws,
these standard colour matching functions can be used to compute the tristisdukes of any light
beam, and thus provide the basis for the ‘objective’ specification or ‘tneasnt’ of colour.

Change of reference lights The three primary stimuli used to determine the colour matching
functions can, in essence, be chosen arbitfarijowever — again due to the Grassmann Laws —
two different sets of colour matching functions\), g(\), b(A) and (\), 7 (A), b (\) obtained by
using two different sets of primarid®, G, B andR’, G’, B’, respectively, are related by a simple

linear transformation, i.e. there exists an inverﬁtﬂeby-3 matrixM such that

() 7())
gn | =M | 70 |, (2.19)
b(\) b'(\)

and it is easily verified thawl is given as the matrix which has the tristimulus vectors of the pri-
mariesR’, G’ andB’ with respect to the primarieR, G andB as columns:

Let X be an arbitrary light beam ard®’y, G'x, B )" its tristimulus vector in terms of the ‘primed’ set of reference
lights, which by definition means that the colour match

X ~ RxR' +GxG' + BxB’ (2.20)

will hold. Furthermore, let{Rg/, Gr/, Br')', (Rar, Gar, Bar)t, and(Rpr, G/, Bp:)* be the tristimulus vectors of
the primed reference lights with respect to the unprimed ones, whichatieatrthe colour matches

R'~ RpR+Gr G + BrB (2.21)
G' ~ReR+Ge G+ ByB (2.22)
B' '~ RpR+ GG+ BpB (2.23)

are valid. The Grassmann Laws ensures that these expressions saipstitued directly into equation 2.20. A simple
rearrangement of terms then yields
X ~ (Rx-Rr+GYx-Ra + Bx-Rp) R+
(R -Gr +G% -Ga + By -Gp/) -G + (2.24)
(R/X - Br/ -|-G/X - Bgr + B,X . BBI) -B.

By definition, the expressions in the above parentheses are the tristinalles® x , Gx , Bx of the stimulusX with
respect to the unprimed reference lights. Thus, in matrix notation we have

RX RR/ RG/ RB/ R/X
Gx |=| Gn Go& Gz |-| G%x |. (2.25)
BX BRI BG’ BB’ BS(

As this relationship holds for the primed and unprimed tristimulus vectoray#ebitrary light beamX, it also holds
for the primed and unprimed tristimulus vectdrg\), g(\), b(A))" and (r()\), ¢'(\), b’ (\))* of any monochromatic
light used in the determination of the colour matching functions. Thus, thexmd equals the above transformation
matrix, the columns of which, as was postulated, correspond to the trissnaatiiors of the primed reference lights

“They must, however, be chosen such that neither of them can be mhdtghemixture of the others, i.e. their
tristimulus vectors must be linearly independent. Apart from this, therbsslately no limitation on the choice of
primaries. Specifically, there is no profound reason dictating that co@dsluse monochromatic reference lights. In
practice, though, this is generally done because it reduces the nufrtzeses in which negative mixture coefficients
are necessatry.

SIt is presupposed that the tristimulus vectors of the three referenceiligkésh set are linearly independent.
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Figure 2.6 The colour matching functions of Figure 2.5 are here expidés terms of monochromatic
reference lightsR’, G’ and B’ of wavelengths 580, 510 and 485 nm instead of those origingled.
Although these colour matching functions look differemtrfrthose in Figure 2.5, they provide exactly the
same information.

with respect to the unprimed ones.

As an illustration, the set of colour matching functions that one would expetitain if reference
lightsR’, G’ andB’ of wavelengths 550, 500 and 400 nm were used instead of the reédighis
R, G andB actually used by W. Stiles and Burch (1955) is shown in Figure 2.6. Ththege
colour matching functions look rather different from those in Figure 2&y tontain exactly the
same information: A given set of colour matching functions provides infoomabout the tri-
stimulus values of all monochromatic lights with respecyconceivable set of reference lights,
explicitly for one of them and implicitly for all the others. Thus, there is no guot reason why
one set of reference lights should be regarded as more natural thatinéne

Colour spaces and chromaticity diagrams The tristimulus vectors of light stimuli can be plot-
ted as points in a three-dimensional space, which is commonly referreddol@ag spaceor
tristimulus space Only a subset of the points in this space, commonly referred to asothar
conerepresents tristimulus vectors of physically realisable stimuli. A useful two+thinaal
representation of the three-dimensional colour cone is obtained by ictiagsé with a suitably
chosen plane. In the case of a colourimetric system based on the peféiggnisR,, G andB used
by Stiles and Burch, it is empirically true th&+ G + B > 0 for all tristimulus vectors corre-
sponding to real stimuli. Accordingly, the tristimulus vector of any real stimwusts positive
extension, intersects the unit plaRe- G+ B = 1 in a pointc (see Figure 2.7). The vectoiis ob-
tained by multiplying the tristimulus vector:= (R, G, B)* with the scalar factot /(R + G + B),
that is, ifr, g andb are the coordinates efwe have

r=R/(R+G+ B)
g=G/(R+G+B) (2.26)
b=B/(R+G + B).

These values, g andb are called thehromaticity coordinates of a stimulus with the tristimulus
valuesR, GG andB. Clearly, since the pointis always located in the same two-dimensional plane,
no more than two numbers are necessary in order to specify its positiorelynitjus customary

to specify just the two first coordinatesandg. Since we always have+ g + b = 1, the third
coordinate is then implicitly given ad — r — g. Typically, the chromaticity coordinatesandg

are then plotted in a rectilinear coordinate system. In geometrical terms,jidgdppb coordinate
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Figure 2.7: In the RGB system, the tristimulus vectior= (R, G, B)* corresponding to any real stimulus,
or a positive extension thereaf (t, o > 0) intersects the unit planB+ G+ B = 1 in a pointc (This is true
becausd&? + G + B > 0 for all real stimuli, such that must be located ‘above’ the pla&+ G + B = 0).

in this manner amounts to an orthogonal projection of the chromaticity veaiato theB = 0
plane.

A very important property of chromaticity coordinates is that they remain amgéd when
only the intensity of a stimulus is changed, i€X) = c(« - X) for all stimuli X and (positive)
scalars: By the Grassmann linearity law we havgey - X) = o - t(X) and from the above it
is clear thatc(t) = c(a - t). An immediately useful consequence of this is that the chromaticity
of a monochromatic stimulus depends only on its wavelength, and not on itsiintétwus, the
rg-chromaticities of the unit energy monochromatic stimuli used in the determiradtiba colour
matching functions, which are plotted in the upper left panel of Figure 218 be taken to rep-
resent the chromaticities afl monochromatic stimuli, not only those of unit intensity. Together,
these chromaticities representing monochromatic stimuli make up a horséstpes path com-
monly referred to as thepectral locus The reason that it consists of single points instead of a
continuous path is simply to be sought in the fact that the colour matching foscie based on
a partitioning of the spectrum into a finite number of discrete wavelength ifgerVhe opening
between the points at the two endpoints of the horse-shoe, which refgése two endpoints of
the visual spectrum, however, is real, and not due to this discrete samplingionochromatic
stimulus whatsoever will have a chromaticity located between these two endpBingsy mix-
tures of the two monochromatic lights at the endpoints of the visual spectrumeybg do. The
monochromatic stimulus at the lower end of the visual spectrum (approxamp€ends to appear
violet, that at the higher end (approx. 700 nm) tends to appear red, atdresbof these two
monochromatic stimuli, which tend to look purple, have chromaticities located on thedim-
necting the endpoints of the spectral locus. Together with the spectraltioisiso-callegburple
line forms a closed path (see upper left panel of Figure 2.8) within which treneticity of any
real stimulus is located. The region defined by this path is just the intersectibe colour cone
with the unit planeR + G + B = 1 (as projected orthogonally onto ti&= 0 plane).

To see that the chromaticities of all real stimuli, whatever their spectral distifyunust be
located within this region, one may rely on the fact that the chromaticity of a mixtite/o
stimuli (with positive intensity coefficients) is located somewhere on the line sgigroanecting
their chromaticities. This is geometrically illustrated in Figure 2.9. Formally, this statiemeans
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Figure 2.8 Top left: The rg-chromaticities of all monochromatic stin(A\ = 5 nm) are plotted here
as small points. This horseshoe-shaped region is callespibetral locus The larger points represent the
chromaticities of the reference lighis, G andB. For selected points the wavelength of the corresponding
monochromatic stimulus is shown. Top right: The chromtgiof all physically realisable stimuli are
located within the closed path, which consists of the spéldcus and the purple line (the purple line joins
the endpoints of the spectral locus). The grey region shbevstiromaticities of stimuli which are positive
mixures of the reference lights. Points outside of thisargiorresponds to tristimulus vectors which have
a negative component. The letter A shows the chromaticignoéqual energy spectrum. Bottom panels:
The same is shown in terms of another set of primdR&sz’ andB’ (the same ones as those upon which
the colour matching functions in Figure 2.6 are based).
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Figure 2.9 The sumX + Y of two vectors intersects the unit plane somewhere on thee deggment
connecting the intersection points &f andY. The same holds for any weighted sum X + y - Y with
positive weightse, y, since this vector must be located somewhere in the sectoplaine ‘betweenX and
Y, shown here in gray.

that for any lightsX, Y and positive intensity factors, y we havé
clz- X+y - Y)=a-cX)+(1—-a) c), (2.30)

where0 < o < 1. Exploiting this fact, it is easy to see that the chromatieity’) of a stimulus
Y which is a mixtureY = xq - X1 + 29 - X9 + 23 - X3, 2; > 0 of three stimuli must be located
somewhere in the triangle (see Figure 2.10) defined by their chromaticités), c(X2) and
c(X3): Defining P := z1 - X1 + x2 - X9, we haveY = P + z3 - X3, hencec(Y') is located on the
line segment betweet( P) andc(X3), and we know tha¢(P) is located somewhere on the line
segment betweet( X ;) andc(X32).

This triangle is theconvex hulbof the pointse( X7 ), ¢(X2) ande(X3). Informally, the convex
hull of a set of points may be understood as the polygon-shaped regida tibtained by spanning
a rubber band tightly around them. More generally, it can be shown thathtlwenaticity of a
mixtureY = z1 - X1 + 29 - Xo+, - -+, +ay - Xy of N stimuli, wherex; > 0 for all 7, must be
located in the convex hull of the chromaticitie§X;). What needs to be shown for that, is that

®To prove this, start with the equatid®( A+ B) = R(A)+R(B), which is valid for all lightsA, B by the Grassman
linearity law. By eqn. 2.26 we havB(Z) = r(Z) - S(Z), for any lightZ, whereS(Z) := R(Z) + G(Z) + B(Z).
Thus, we have (A + B) - S(A+ B) = r(A) - S(A) + r(B) - S(B). Simple rearrangement yields

_ 54 S(B)
r(A+ B) = S(A) +S(B) -r(A) S+ 5(B) -r(B). (2.27)
Defininga := %, this can be rewritten as
r(A+ B)=a-r(A)+ (1 —«a) -r(B). (2.28)

Strictly analogous reasoning shows that this equation holdg &ordb as well, so that all in all we have the vector
equation

c(A+B)=a-c(A)+ (1 —a)-c(B). (2.29)

Since this equation holds for all stimuli, we may substitdtdy = - X and B by y - Y/, which, remembering that
c(z - X) = ¢(X), yields eqn. 2.30. It remains to show tila o < 1. Sincea = 53555157 it suffices to show
that numerator and denominator are of the same sign. They are irgileeslS' (X) > 0 for all real stimuliX: In the
system based on the reference ligRtsG andB of Stiles and Burch, this is empirically true for all monochromatic
lights, and therefore also for any mixture thereof, whereby positiveurgxcoefficients are, of course, presupposed.
Note that this may not be the case for systems based on other primaribgsé cases, the unit plane cannot be used
for constructing a chromaticity diagram, and another suitable plane reustdal instead. In every case, a suitable plane
can be found.
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Figure 2.1Q Left panel: The chromaticitg(Y') of a mixtureY = z; - X1 + 29 - Xo + 23 - X3, 2; > 0
of three stimuli must be located within the triangle defingdh®e chromaticitiee(X;), c(X3) andc(X3).
See text for further explanation. Right panel: Represemtaif a ‘negative’ colour match” + x5 - Xy ~
1 - X1 + 23 - X3 in the chromaticity diagram.

c(Y) is aconvex combinatioof the chromaticitieg (X;), i.e.
c(Y) = A1-c(X1) + X2 -c(Xo)+, -+, An - c(Xn) (2.31)

with ¥ \; = 1and0 < \; < 1 for all i: The convex hull of a set of vectors equals the set of
all convex combinations of these vectagsdefinition’

Imaginary reference lights and the CIE system It should now be clear that the chromaticity of
any stimulus must be located in the convex hull of the chromaticites of all mommettic stimuli,
that is in the region defined by the spectral locus and the purple line (seee2@). Clearly, this
region, which we shall refer to as the ‘regionrefl chromaticities’, is not a triangle. If it were,
as was erroneously assumed in the early days of colour science, aie expect that positive
tristimulus values could be obtained for all light beams provided that oneéasget of reference
lights were chosen, namely those represented by the corners of théeyitmigany other set of
reference lights at least some stimuli would by necessity have at leastegaéve tristimulus
value. Under this assumption, then, one particular set of reference \ighis be set apart from
all others, and it appears natural to think of each of these refereints #ig exciting just one of the
three cone types. Estimating the spectral sensitivities of the cones basieal @rlour matching
functions would then be straightforward: Indeed, the cone sensitiviesdvsimply be identical
to the colour matching functions obtained using this special set of refetgits. However, as
the region of real chromaticities is not a triangle, this simple scheme will not,vaoikas will be
discussed in the next section, the estimation of the cone sensitivities ultimatdly bathased on
other principles.

The non-triangularity of the region of real chromaticities implies that no setaifreference
lights whatsoever yields colour matching functions which are positive oeeettire spectrum.

"We have already seen that eqn. 2.31 holdsNoe 2, since eqn. 2.30 can also be stated @) = A - ¢(X1) +
A2 - ¢(X2) with A1 + A2 = 1 and0 < A; < 1. Starting with this, the validity of eqn. 2.31 for any natural number
N can be easily ascertained using mathematical induction. For notationaréence, | just show how to get from
N = 2to N = 3, how to get from anyV to N + 1 should then be obvious: We hawéri X1 + x2 X2 + 23X3) =
)\1C($1X1 +£IZ2X2) =+ /\2C(X3) =)\ ()\/1 . C(X1) —+ )\/2 . C(XQ)) +)\QC(X3) = /\1A/10(X1) +>\1A/2C(X2) +)\2C(X3).
It is clear that the mixture coefficents here, namiely;, A1 A1 and)> add to unity since their sum i (A} + %) + A2
and we have\; + A2 = \] + X, = 1. Itis also clear that the mixture coefficients are all betw@@md1 since the
multiplication of two numbers from this interval are also within it.
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Figure 2.11 Expressed in terms of a set of imaginary reference lighth s, L, M every physically
realisable stimulus has positive tristimulus values,siery real chromaticity is within the triangtéL M.
This is impossible with any set of physically realisablesrefice lights such &, G, B, since these must
have chromaticities within the region of real chromatest{shown here in grey): The resulting triangle can
impossibly cover the entire region of real chromaticities.

Thus, irrespective of which set of reference lights is used, it is inedala that one sometimes has
to add one or two of the reference lights to the target light in order to estabtistour match, say,

Y +ao- Xg~x - X1+ 23 X3, (2.32)

For illustration, the representation of this kind of match in the chromaticity diagsashown

in the right panel of Figure 2.10. In a purely formal sense, though, itit gossible to obtain
all-positive colour matching functions by defining them in terms of so-cafteainary refer-
ence lights In Figure 2.11, a trianglél LM has been chosen such that the region of real chro-
maticities is contained entirely within it. Now, if the poini§, L, M have the rg-chromaticities
(rx,9x),(rr,gr) and(rar, gar), they may be said to represent the tristimulus vectors

RZ‘ T3
Gi | = gi ; (2.33)
B; L—ri—gi

wherei = K, L, M. Expressed relative to these tristimulus vectors instead of relative e
primaries every stimulus has all-positive tristimulus vectors. Doing this is comphkatalpgous to
specifying stimuli relative to th&G B tristimulus vectors of another s& G’ B’ of real reference
lights, except that the tristimulus vectorsigf L andM do not represent any physically realisable
stimulus. This is why one speaksiafaginaryreference lights.

As we have already discussed, itis essentially immaterial which set oénefefights is being
used for colourimetric specification, since the resulting sets of colour matéinictions describe
exactly the same information. On the practical side, though, agreeing ugecdic system of
colour specification for use in industry and commerce is clearly desirabEeCodmmission Inter-
nationale de I'Eclairag€or CIE) have recommended the use of a particular set of colour matching
functionsz(\),7(A), Z(A) which are defined in terms of the imaginary reference light&” and
Z. The choice of these specific reference lights was based on multifacetsiderations of prac-
tical and computational convenience. Since imaginary stimuli were choseadhef real ones,
for instance, every stimulus will have an all-positive tristimulus vector. Furibee, theY ref-
erence lights was chosen such that the second colour matching fuptiipeoincides with the
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Figure 2.12 Left panel: The CIE 1931 %2colour matching functions(\), 7(\) andz(\). Note that they
are all positive at all wavelengths. This is because thegpeeified in terms aimaginaryreference lights
X,Y andZ. Right panel: The corresponding chromaticity diagram, whe= X/(X +Y + Z) and
y=Y/(X +Y + Z). The closed line defines the region of real chromaticitiegaiA due to the use of
imaginary reference lights, this region is completely witthe triangleXY Z spanned by the reference
lights.

photopic luminous efficiency functiow (), which is used in the specification of luminance (see
later, page 35 ff.). Other relevant considerations included obtainingi@ref real chromaticities
which is practical when plotting colourimetric data. The CIE 1931 colour magchinctions and
the corresponding xy-chromaticity diagram are shown in Figure 2.12.

The cone sensitivities Until now, we have mainly discussed the psychophysical part of trichro-
matic theory, which, based on the Grassmann laws of trivariance andtynasifirst principles,
parsimoneously describes the colour matching behaviour of human ebsédut the ultimate ex-
planation for these psychophysical facts are to be sought in the phygiofdhe retina. Clearly,
the trivariance of colour matching is accounted for by assuming that a lightle8reatering the
eye is coded by three different kinds of receptors, each respotaliigipt stimuli in a characteris-
tic manner, as was suggested very early in the history of colour sciegcd@mer, 1777; Young,
1802). The linearity laws can be accounted for by assuming that thensspd these receptors
L, M andS to an arbitrary lightX are uniquely determined by the three integrals in equation set
2.1 on page 13, as already shown in footnote 1 on page 16.

Under this commonly accepted hypothesis, the cone excitation wecXorof a any stimulus
X is linearly related to its tristimulus vectof X ): Assume that the reference lighis G andB
have the cone excitation vecta€R) := (Lg, Mg, Sgr),e(G) := (Lg, Mg, S¢)! ande(B) :=
(Lp, Mg, Sp)t, respectively. Furthermore, let an arbitrary stimulifave the tristimulus values
Rx,Gx, Bx, which means that the colour matégh~ Rx - R+ Gx - G + Bx - B holds. By
the linking proposition, according to which two stimuli appear equal whartbeg have the same
cone excitation vectors, we then have

e(X) =e(Rx -R+Gx -G+ Bx-B), (2.34)

which (using egns. 2.6 and 2.7 on page 16, which are implied by equati@risat page 13) can
be rewritten as

e(X)=Rx -e(R)+Gx -e(G) + Bx - e(B). (2.35)
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In matrix notation, this can be rewritten as

Lx Rx
My | =M. | Gx (2.36)
Sx Bx
with
Lp Lo Lp
M:= | Mp Mg Mg |. (2.37)
Sr  Sa Sp

Since any tripletr(\g), g(Ao), b(Ag))! of values of the colour matching functions), g(\), b(\)
at wavelength\ is just the tristimulus values of a monochromatic light with wavelengthand
the triplet(1(A\o), m(X\o), s(Ao))! the corresponding triplet of values of the cone sensitivity func-
tionsi(\),m(\),5()\), we have

=

(2.38)

3|

=

Rt

Il
Sl 3
—~
R

From this equation it is clear that each of the three spectral sensitivitggoifithe cones must
be linear combinations of the colour matching functions, which imposes stestgctions on
their possible shapes. It is also clear that the task of determining the $gectsdivity functions
of the cones reduces to determining the the mawix

The reduction hypothesis of dichromatic colour blindness Based on the classicedduction
hypothesisof dichromatic colour blindness, the cone sensitivity functions can berdieted by
comparing the colour matches of normal observers with those of colowt-blies. Accord-
ing to this commonly accepted hypothesis, the three classical classes atlolimoliobservers —
protanopes, deuteranopes and tritanopes — laci.tbenes, the\/-cones and th&'-cones, re-
spectively. Importantly, though, the remaining two types of cones aremesbto work in the
same way as in hormal observers. Since these observers have jushttiorial types of cones,
they are calledlichromats whereas normal observers, who have three types of cones am calle
trichromats Historically, Konig and Dieterici’'s (1886) psychophysical determination of the cone
sensitivity functions based on this hypothesis is regarded as seminal.edetion hypothesis

in itself is much older, though, as it was hinted to already by Palmer (see M@@b8). In

the following, we shall briefly consider how the reduction hypothesis alliv@sdetermination

of the cone sensitivity functions based on the colour matches of trichrommadicliahromatic
observers. Other techniques can be, have been and are beingquuséérinvolve different aux-
iliary assumptions. The original procedure odidg and Dieterici (1886), for instance, is based
on the auxiliary assumption that, in the case of dichromatic observers, the twochromatic
lights at the endpoints of the visual spectrum each stimulate just one of th@h&s they posses.
Some more modern procedures are described in Stockman et al. (189 ame and Stockman
(1999). The procedure described below involves no auxiliary assunsgiod elucidates the basic
idea.

Dichromatic observers accept symmetric colour matches made by trichromsgicvets, but
confuse some stimuli which appear different to a trichromatic observesedan the reduction
hypothesis, one would of course expect that whenever two stimuli edekécal M - and.S-cone
excitations but different.-cone excitations, they should appear different to a trichromatic olrserve
but identical to a protanope, simply because he lackd.thenes. Thus, any pair of stimuli which
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appear different to a trichromat but equal to a protanope differ only-gone excitation and is
called a protanopiconfusion pair. Similarly, deuteranopic and tritanopic confusion pairs differ
only in M-cone andS-cone excitation, respectively.

An important corollary of this is that the confusion pairs of protanopic,tefamopic and
tritanopic observers each uniquely defines the ‘direction’ of an axisighftmatic) colour space
corresponding to pure L-cone, M-cone, or S-cone excitation, cfigpl. If, for instance, two
stimuli P and P’ are a protanopic confusion pair, with cone excitation veosdr?), e(P’), then
M(P) = M(P")andS(P) = S(P’), hence

Aep :=e(P)—e(P')=ALp -er, (2.39)

whereALp := L(P) — L(P’) and
e.:=| 0 |. (2.40)

DefiningN := M~!, we havet = N - e as a direct corollary of eqn. 2.36. Using this, it is easily
showr? that, for the corresponding difference of tristimulus vectats := t(P) — t(P’), we
have

Atp = ALp - tg, (2.41)
where
tL =N er,. (242)

Thus, the differencétp of the tristimulus vectors of any protanopic confusion pair always has the
same ‘direction’ in tristimulus space &g, and along this direction, only the amountiof-cone
excitation varies, while thé@/ — andS—cone excitations are constant. Clearly, strictly analogous
statments can be made for deuteranopic and tritanopic confusion paiss.tii@woefficent vector

of a tristimulus vector expressed in terms of three basis vectors having ¢eéiatis oftp, tp and

ts, may be interpreted as its cone exitation vector. Whereas the direction efliasis vectors is
uniquely determined by the confusion pairs, their lengths may be arbitradlech This merely
fixes the units of measurement fb, M- and.S-cone excitation.

Trichromatic theory provides no profound rationale for choosing pdstiainits of measure-
ment, so they may be arbitrarily chosen. If one arbitrarily chooses thesvafueL p, AMp and
ASr,i.e. the differences af-,M -, andS-cone excitation corresponding to the protanopic, deuter-
anopic and tritanopic confusion paif®, P’), (D, D) and(T,T"), as units of measurements for
L, M andS, respectively, then the matriX has the corresponding tristimulus vector differences
Atp, Atp andAtr as columns, i.e.

AR, AR, AR
N=| AG, AG; AG; |. (2.43)
AB, AB; AB,

To see this, consider that wh&X?. p := 1, eqns. 2.41 and 2.42 yieldtp = N-er,, and remember
thater, = (1,0,0) so thatN - ey, is just the first column olN. The claim is shown for the two
other columns ofV by applying strictly analogous reasoning to the deuteranopic and tritanopic
confusion pairs.

8We haveAtp :=t(P) —t(P') = N-e(P) = N-e(P') = N(e(P) —e(P')) =N -Aep = N-ALp -er =
ALp - N -er. Definingty, := N - er, yields egn. 2.41.
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Figure 2.13 Left: The colour cone in cone excitation space, where the arerespond to puré-, M-
and S-cone excitation, respectively. Note that the axes areidmithe colour cone, hence no realisable
stimulus stimulates a single cone type alone. Right: a spoeding chromaticity diagram, whefe=
L/(L+ M+ S)andm := L/(L + M + S). Analogously to theg andzy chromaticity diagrams, this
diagram is constructed by intersecting the colour planh thié unit plane. + M + .S = 1, and projecting
this intersection orthogonally onto th# = 0 plane. The pointd., M and .S represent cone excitation
vectors having only one non-zero entr; M or S, respectively. The point®, G and B, represent the
cone excitation vectors of the reference ligRtsG andB. The stimulusl” has one negative coordinate (R)
with respect to these reference lights, but only positiveecexcitation values.

Once the matrixN has been determined in this way, the cone sensitivity funciionsm(\)
ands(\) can be computed based on the colour matching functions using equationith3@ w-
N~!. Each of the cone sensitivity functions thus obtained can be multiplied withar sc@rder
to change the unit of measurement for each cone type. Criteria oftenruseter to define a unit
of measurement include scaling the cone sensitivity functions such thaafifegak at unity, or
such that thal.(E) = M (E) = S(E) = 1 for a particular equal energy stimulis

Cone excitation space and cone chromaticity diagrams The cone sensitivity functions accord-
ing to the estimate of Stockman et al. (1993) have already been shown i Riguon page 14.
If one takes a look at these curves, it is evident that no monochromatic fightlates just one of
the cone types alone. In fact, every physically realisable stimulus stimulatesth@r one cone
type. This is evident in Figure 2.13, which shows the colour cone in the excitation space
corresponding to these sensitivity functions, as well as a corresgpoldimomaticity diagram. In
the latter, the trianglé M S represents the all-positive octant of cone excitation space, i.e. all cone
excitation vectors for which the entrids M and S are all positive. The triangl&G B, on the
other hand, represents all the cone excitation vectors that can beddwpkephysically realisable
mixture of the three reference lighi®, G andB, i.e. those that correspond to tristimulus vec-
tors in the all-positive octant of thBG B tristimulus space. The interesting lesson to be learned
from this is that though many physically realisable stimuli are outside the allypsititant of
tristimulus space, for instance those located on the part of the spectraldetweenk andG,
they are nevertheless all within the all-positive octant of cone excitatiarespa

Viewed from this perspective, it should be clear that the notions of ‘imagip@maries’ and
'negative tristimulus values’, which until now may have appeared rattsraatt and meaningless
other than in a purely mathematical sense, are actually quite meaningful alsmntiete, em-
pirical sense. From the perspective of a tristimulus space, the axes®fesaitation space can
be regarded as ‘imaginary primaries’ but from the perspective of ercigation space, they obvi-
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Figure 2.14 Construction of the MacLeod-Boynton (1979) chromaticiggtam. Left: The colour cone is
intersected with the plane+ M = 1. Right: The resulting chromaticity diagram, whéte= L/(L+ M)
ands’ := S/(L + M).

ously have a fairly concrete physiological interpretation. It should riewlae evident that though
a particular test light may have one or more negative tristimulus values, in térngiven set of
reference lights, its cone excitation vector will have only positive enttie®/ andS. The test
light 7" in the right panel of Figure 2.13, for instance, has a negative tristimulus ¥4 which is
why its cone chromaticity plots outside the triangté;B. As every other stimulus, though, it is
located inside the triangleM S, which means that it has positive,)M - andS-cone excitation.

A cone chromaticity diagram that enjoys more widespread use than the onguire 2.13
is that devised by MacLeod and Boynton (1979). The construction otthismaticity diagram
is illustrated in Figure 2.14. In principle, a chromaticity diagram can be cartetitby using
any plane in colour space which intersects the colour cone completely. Mabkeeod-Boynton
diagram, the plané. + M = 1 is used instead of the unit plade+ M + S = 1. Based merely
on the basic facts of trichromatic theory, either of these choices is as gdbd ather. But when
one also takes into account experimental findings concerning the sd-afi@ance mechanism
(which will be discussed later, see page 35 ff.), which codes somethisglgrcorresponding to
the intensity-dimension of stimuli, using the plabe- M/ = 1 has distinct practical advantages. It
has been found that the-cones do not contribute to luminance. Instead, luminance corresponds
to a linear sum of thé/- and L-cone excitation (Eisner & MacLeod, 1980). Thus, by choosing
appropriate units of measurements fafi- and S-cone excitation the luminance of a stimulus
is just L. + M, and thus the plané + M = 1 is a plane of equiluminance, whereas the unit
plane + M + S is not. The chromaticity coordinates of the MacLeod-Boynton diagram are
I':=L/(L+M),m':= M/(L+ M) ands’ := S/(L + M), whereby onlym’ ands’ must be
explicitly stated, sincen’ = 1 — I’. An immediately useful property of the MacLeod-Boynton
diagram is that — in a plane of equiluminance — the valués of’ ands’ are directly proportional
to L-, M-, andS-cone excitation, respectively.
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The law of persistence We have now considered the major aspects of trichromatic theory, i.e.
the Grassman laws and their implications as well as the physiological linkinggitimm. Before
we turn to issues which are beyond the basic facts of trichromatic theoeyy ghbughts on its
proper scope may be in order. Itis, for instance, misleading to think otgpwoircolour space as
representing colour impressions. Instead, a point in colour space tiigtimulus vector, is more
properly thought of as representing an equivalence class of stimulhvaliappear indistinguish-
able to the observer. Indeed every point in the colour cone — excegat thothe curved part of the
spectral locus and in the plane of purples — represents an infinite nufrdieent, but mutually
metameric, lights. The reason why it is misleading to think of tristimulus vectorspassenting
colour impressions, is that the perceived colour of a stimulus depends ¢tentiporal and spatial
context in which it is viewed, as evidenced for instance by such pherom®esuccessive and
simultaneous contrast. Thus two stimuli with the same tristimulus vectors may apfiesend

in colour when they are viewed in different contexts. This is the reasgnthviewing condi-
tions are kept under strict experimental control in the colour matchingriexgets which found
the basis of trichromatic theory. For instance, the two fields that are to be enadch typically
viewed against a background of complete darkness. There is ncsitgdeshis, though. Accord-
ing to the law of persistence (‘persistence of optical equations’, Kr@85)l two stimuli which
appear equal when viewed against a (common) dark background,ontihce to appear equal
when viewed against any other (common) background as well. An immediaseqoence of this
is that when the colour matdR ~ R- R + G- G + B - B is valid when the two fields are viewed
against a dark background, it will also be valid when the two fields areedeagainst any other
background, hence the tristimulus values~, B of a stimulus are independent of the background
against which the target is viewed. Thus, the same colour space, withtleesggiivalence classes
of stimuli is obtained irrespective of which background the matching stimuliesed against,
whereas the perceived colour corresponding to the tristimulus vectorshaage. It is important,
though, that the two stimuli that are to be matched are viewed agairsaidackground. If the
two targets are viewed against different backgrounds, instead ahanoa one, a colour match
generally breaks down, as in the case of simultaneous contrast.

2.2 Trichromatic theory and colour appearance

Although it is tempting to think of the elements of cone excitation space or col@awesys rep-
resenting colours, everything that the hard facts of trichromatic theoryugllbout perceived
colour is that physically different lights which map to the same point in coloacespppear equal
(because they evoke the same cone excitation tripi&tichcolour impression they evoke can
not be deduced from the laws of trichromatic theory (Wright, 1972). Rereethhat the task of a
subject in a classical colour matching experiment is to make the two semi-figidarapqual in
colour, he is never actually asked what colour they appear. In or@ectmnt for how colour im-
pressions depend on the physical stimulus, then, it is necessary to godbgizhromatic theory
proper and develop further auxiliary theoretical notions.

According to one widespread idea, the perceived colour of any stimalube described in
terms of the three perceptual variablese, saturation andbrightness Indeed, in the case of an
isolated and homogeneous spot of light viewed against a backgroutatiofess (which are the
standard viewing conditions for classical colour matching experiments) geseptual variables
seem to be intimately related to certain dimensions of colour space. Stimuli whiglomy in
intensity, and therefore have the same chromaticity, differ only in brightwassreas hue and
saturation remain (at least roug®)yconstant. This observation provides a further motivation for

9Some deviations from this are known as the BezoldeRe effect, see Wyszecki and Stiles (1982, p. 420 ff.).
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the use of chromaticity diagrams: They are often said to yield a two-dimensigpasentation
of colour-space where only the brightness-dimension is lacking.

The perceptual variables hue and saturation seem to be represeraddngyof polar coor-
dinates in the chromaticity diagram: Somewhere in the centre of the diagramigreeranique
point which represents lights which appear achromatic (hueless, i.e. gragepr black). Any
straight line drawn from this point outwards represents lights which evokeirs of constant hue,
whereby perceived saturation increases with the distance from thenaatic point. Accordingly,
the most saturated colour impressions are evoked by the lights reprebgritezispectral locus
and the line of purples. As one moves along the spectral locus and the lpepmés, which
define a closed path enclosing the achromatic point, perceived hue iveaie®rdered sequence
including all possible hue impressions; one obtains a full ‘color circle’.

In a three-dimensional representation of the colour cone, then, we madlgagaa central line
extending from the origin represents achromatic colours, and that ptmesstant hue extend
outwards from this line (see Colour Plate. I, page 137), whereby samgdtke the ‘height’ of a
point in the cone represents brightness.

2.2.1 Hue, saturation, brightness, and Helmholtz coordinies

The above observations suggest that is could be possible to re-pasangetour space in a way
which yields a simple relation between the perceptual variables hue, satuaatdrightness and
variables of colour space. A classical re-parametrisation of this kintharso-called Helmholtz
coordinates dominant wavelength, purity, and luminance. We shall nosidmneach of the
variables in turn, and discuss to which extent they capture the perceptiales.

Dominant wavelength It is obvious from the chromaticity diagram that any stimulus with a
chromaticity between the achromatic point and the spectral locus is metameric tduaenak
a monochromatic stimulus and a stimulus represented by the achromatic point.aVélength
of the monochromatic constituent in this mixture is then said to be the dominant wgtrelef
the stimulus. By this definition, it is clear that it is impossible to assign a dominarelersyth
to stimuli with chromaticities between the achromatic point and the purple line. e tteees,
it is customary to assign it @emplementarglominant wavelength instead, which is simply the
dominant wavelength of a chromaticity which is located on the opposite side afctirematic
point (see Figure 2.15).

Itis essential to note that the dominant wavelength of a stimulus dependsanakinomatic-
ity is regarded as achromatic. This is not quite unproblematic, since trichrotinaticy has noth-
ing to say about which stimuli appear achromatic. For purely colourimetriogses, it may be
quite sufficient to define a certain stimulus as achromatic per definition, fiamices the spectrum
of a particular daylight, or an equal energy spectrum, which tend to lotdaat approximately
achromatic. Once this definition is made, any stimulus has a well-defined domiaaalength
which can be calculated based on the colour-matching functions. If, yesw@ominant wave-
length is intended to represent perceived hue, then the notion that licesstant hue converge
on the achromatic point requires that a perceptually defined achromattdgosed for reference.
In this case, it might be necessary to define the achromatic point individsialte location of the
achromatic point in the chromaticity diagram may differ, at least slightly, fdediht individual
observers, even for who are considered to be colour normal.

The results of psychophysical experiments suggest that lines of obista are not quite
straight (e.g. Burns, Elsner, Pokorny, & Smith, 1984; Wilson & Brocaldy 1955). These
deviations from linearity are generally referred to asAhaey effect They are sufficiently small
to say that to a first approximation, dominant wavelength may be consideradeguate index
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Figure 2.15 Definition of dominant wavelength. Left: For a stimulus witke chromaticity C, a line
from the achromatic pointl can be drawn through it until it intersects the spectral $oicuthe point)M .
The wavelength of the monochromatic stimulus with the chaticity M is the dominant wavelength of the
stimulus with the chromaticit¢’. Right: For stimuli with chromaticities lik€”, which are located between
the achromatic point and the purple line, this will not wohk.these cases, the line froif throughA is
extended until it intersects the spectral locus in the pbinfThe wavelength of the monochromatic stimulus
with chromaticityM is then thecomplementardominant wavelength of the stimulus with chromaticity:

of perceived hue as long as it is defined relative to a perceptually defateomatic point. Apart
from this, though, it should be kept in mind that hue differences arerfamn fproportional to
differences in dominant wavelength (see, for instance, Wyszecki &$fig82, p. 570 ff).

Purity The purity of a stimulus is a ratio of distances in the chromaticity diagram indicativwg h
far its chromaticity is displaced from the achromatic point towards the spémtted or the purple
line. If C is the chromaticity of the stimulusg} that of the achromatic point and the point where
a line from A throughC' intersects either the spectral locus or the purple line, then the purity of
the stimulus i§C A|/|M A|, where|AB| is the length of the line fromd to B (See the left panel
of Figure 2.15). Obviously, then, purity is a measure which may assumesvadieeen zero (for
the achromatic stimulus) and unity (for monochromatic stimuli or stimuli from theleduime).
Similar to dominant wavelength, the measure of purity depends on the cho&easthromatic
stimulus, but unlike dominant wavelength, which is independent of the cluieeparticular
chromaticity diagram, calculating the purity of a stimulus in terms of one chromaticigyatia
may yield quite different results than calculating it in terms of another. Fughelification is
therefore necessary in order to keep different measures of puty. aff purity is calculated
based on the CIE 1931 xy-diagram, the teggreitation purity is used. The terncolourimetric
purity is used when purity is calculated based on a chromaticity diagram which igrectesl
using a plane of equiluminance in colour space (the CIE xy-diagram issum, as for instance
the MacLeod-Boynton (1979) chromaticy diagrdrin Fig. 2.16, loci of constant exitation purity

01n the original definition, the colourimetric purity of a tristimulus vector (tmsilus) X is defined as follows: Any
tristimulus vectorX can be written as a subl + A of a tristimulus vecto?M from the spectral locus (or the purple
line) and an ‘achromatic’ tristimulus vectex. The colourimetric purityp. of X is then the ratio of the luminance
£(M) of the ‘'monochromatic constituent’ and the total luminad@1 + A) = ¢(M) + £(A) of the mixture, i.e. if
X = M + A, thenp.(X) := ¢(M)/(¢(M) + £(A)). To see that this definition is equivalent to the one given in
terms of an ‘equiluminant’ chromaticity diagram, consider the followingoging: An ‘equiluminant’ chromaticity
diagram is obtained by defining the chromaticity coordinatesf an arbitrary tristimulus vectoY asy; := Y;/4(Y)
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Figure 2.16 Left: Loci of constant excitation purity in the CIE xy-diagm for the puritie$).25, 0.5 and
0.75. Right: Corresponding loci of constacwlourimetricpurity.

(left) and constant colourimetric purity (right) are shown for comparisahénCIE xy-diagram.

It is well known that monochromatic lights of different wavelengths, whighdbfinition all
have a purity of 1, may vary quite considerably in perceived saturatign §nden, 1923). Ac-
cordingly, it is clear that no measure of purity can be used as an indegroéiged saturation
which is independent of dominant wavelength. For any fixed dominan¢hesagth, though, it is
probably unproblematic to assume that perceived saturation is a monotomicedlgsing function
of purity.

Luminance As the foundation of the technological discipline of colourimetry, trichromate th
ory provides an answer to the question about which stimuli look equal iuchen they are
viewed under equal viewing conditions), namely those which have the satmwius vectors.
A guestion with similar theoretical and practical interest, treated within the diseipfiphotom-
etry is: Which stimuli appear equal iorightness? Just as colourimetry provides three functions
of wavelength which can be used to predict which spectra appear eqoalour, namely the
colour matching functions, the aim of photometry is to establish a single fundtimawelength
which can be used to predict which spectra appear equally bright, i.e. thawsame ‘luminous
efficiency’.

Once a monochromatic stimulud),, of a fixed wavelength\, and intensitym,, has been
chosen as a reference, the relative luminous efficiency of any othesahimmatic stimulug\/y
may be determined, by measuring the intengityat which it appears to have the same brightness

foralli = 1,2,3. Thus, we haveX; = x; - (X)), M; = m; - (M) and A; = a; - £(A) for all i. Since we have
X; = M; + A;, this means that; - £(X) = m; - (M) + a; - £(A), or, rearranging and usingX) = ¢(M) + £(A),
(M) v ((A)
" I + 10A)

- a;. (2.44)
Defininga := %, this can be rewritten as; = o - m; + (1 — «) - a; Orx; = a; + o - (m; — a;), hence
x; —a; = «- (m; — a;), which in turn means that

Ty — Q; é(M)

= =

(2.45)

The left side of this equation corresponds to the definition of colourimetniitypas the ratio of line lengths in the
equiluminant chromaticity diagram, the right side is the definition in terms ditnéance ratio.
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as M,,. The ratiomy,,/m, may then be understood as the luminous efficiency/afrelative
to that of the reference lightd/,,. The functionB(\) := m,,/m, may then be called a lu-
minous efficiency function (‘brightness function’). For this brightnagsction to be practically
useful, one would like to be able to compute the brightdesfsany spectrum:(\) by multiplying
each of its monochromatic constituents with the luminous efficiency for thatlerayth and then
integrating over the visible spectrum:

0(z) == A B(A\)z(\) dA. (2.46)
In this equation{ is by definition a linear function of the stimulus, i.e
Uz(A) +y(A) = Lz(N) + £y(N)) (2.47)
and
Ut-y(N) =t-L(z(N) (2.48)

for any stimuliz()\), y(\) and intensity factors. This linearity law is commonly referred to as
Abney’s Law or, highlighting the analogy to the corresponding linearity laws of colour maxtur
the4th Grassmann law

Unfortunately, though, it is quite clear that Abney’s Law is not valid fouadbrightness
judgements! As was demonstrated by Abney and Festing (1886), however, animeueal
technique calletheterochromatic'? flicker photometry yields a measure of luminous efficiency
which obeys the linearity law. In heterochromatic flicker photometry, the two Stimich are to
be compared are presented in temporal succession at the same locatiewistitl field. Since
the two stimuli are repeatedly interchanged, the observer perceivesodipehange in colour
and brightness commonly referred to as flicker. The task of the obgerieeadjust the intensity
of one of the stimuli such that the perceived flicker is minimised, and at that {he two stimuli
are said to have the same luminous efficiency.

The fact that flicker photometry yields a measure of luminous efficiencyiwdteys Abney’s
Law is not its only advantage over direct heterochromatic brightness mgtchielging whether
two stimuli of different colour appear to be equally bright is notoriously dlifi, leading to large
variability in the data obtained with different observers. Worse still, measemés obtained with
a single observer may also be quite variable. Flicker photometry, on thelahdr yields quite
reliable measurements. Furthermore, it has been found that a numberoipstithophysical
techniques yield measurements which are consistent with those obtained Weh flifmtometry,
suggesting that it is tapping a visual mechanism of more general signiicanc

Ironically, then, one may say that flicker photometry yields a measure ightmess’ which
has all the properties one would like a measure of brightness to pogsagdram the fact that it
does not actually represent perceived brightness. Luminance is avidtirmany meanings, but
the most common usage is probably ‘whatever flicker photometry meastresder to provide
an objective measure of luminance, the CIE has defined a standard luneifficiesicy function
V' (X) for the so-called standard observer (see Fig. 2.17). Using this funttietuminance of a
stimulusz()\) is computed as

U(z) = kAV(A)x(A) A\, (2.49)

wherek is just a constant defining the unit of measurement.

HExcept under some very special circumstances (cf. Lennie, Rpk&iSmith, 1993)

12Heterochromatic means ‘having different chromaticities’. Obvioushyging when two stimuli wittequalchro-
maticity is equally bright is completely uninteresting, since this would be thewhseever they have the same tri-
stimulus values.
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Figure 2.17. The CIE (1924) 2 degree photopic luminosity cufvé\).

Trichromatic theory tells us that the visual mechanism which is responsiblé(for, as well
as any other visual mechanism operating under daylight conditions, euesve its input from
the three types of cones. The fact that luminance is a linear function ofrapiggests that it
is coded by a mechanism which sums cone excitations linearly, that is, the lwrifiah any
stimulus can be written as a linear sum of its cone excitation vdlugs$ and.s, i.e.

(=1-L+m-M+s-8, (2.50)

with fixed weightsl, m ands.!® For any fixed value of luminancéthis is just the equation of
a plane in cone excitation space, hence stimuli of constant luminance aesesfed by planes
in cone excitation space. Loci of constant brightness, on the other hesmbt planes in colour

space, but instead curved surfaces. This is because heterochrbngtiiness matches violate
Abney’s Law. The general finding, commonly referred to asHieémholtz-Kohlrausch effect,

is that perceived brightness increases with purity for stimuli of constaminknce (Kohlrausch,

1935).

Returning to our original question regarding the relation between the {@balghtness and
variables of colour space, we may say the following. Luminance, which imles linear sum
of the basis vectors of colour space, is useful for many practical &piplis, and is of profound
theoretical significance, but it does not represent perceivedthggb. It remains a conceivable
possibility, though, to find a non-linear function of the variables of colgace that represents
perceived brightness. This function would have to be rather complicatedjih and take the
Helmholtz-Kohlrausch effect into account. The fact that the size of tHenht#tz-Kohlrausch
effect depends on the dominant wavelength of the stimulus complicates mattees.fA perhaps
more fundamental problem, though, is the observation that heterochromgtitness matches
are subjectively difficult to perform and yield unreliable measuremenggesiing that judging
the brightness of heterochromatic stimuli is not a very natural task.

2.2.2 Complementarity of colours

A further important aspect of perceived colour which appears to geritbed (though by no means
explained) in a grossly adequate manner by variables of trichromatic tissibiat of complemen-
tary colours. In terms of trichromatic theory, two stimuli are said to be complemyenteenever
they can be additively mixed to yield a stimulus which appears achromatic. $squtén terms of

13As already noted, psychophysical evidence suggests thal, i.e. that the S-cones do not contribute to luminance
(Eisner & MacLeod, 1980).
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Figure 2.18 Left: The complementaries of the chromaticityare the chromaticities on the line from the
achromatic pointd to the spectral locus. Since complementarity is definediveléo the achromatic point,
the complementaries df are located on a line of constant hue (the right-hand paw&ishnes of constant
hue). Middle: If complementarity were defined relative t@tner pointA’ in the chromaticity diagram,
the complementaries of a given chromaticity, for instaA¢ewould in generahot correspond to a line of
constant hue.

the chromaticity diagram, this is the case whenever the line segment conneetaigdmaticities
of the two stimuli passes through the achromatic point. Apart from the chatelefinition of
the achromatic point, this definition is perfectly rigid and couched completelyrnmstef the hard
facts of trichromatic theory. However, the choice of the achromatic poiatg@snt of reference
for defining complementarity can only be justified by observations concecologr appearance,
which go beyond trichromatic theory proper. The notion that lines of cohsize converge on
the achromatic point can be used to motivate this particular choice: If complianteins defined
with respect to the achromatic point, then the set of complementaries cardasgdo a given
chromaticity is a line of constant hue. If, on the other hand, complementarity defined with
respect to any other chromaticity, the set of complementaries of a givemalticity would in
general correspond to a line in chromaticity space corresponding toeatiffues (see Figure
2.18).

Any two stimuli which are complementary according to this definition are calt#ditive
complementaries The notion of complementary colours, though, is much older than trichromatic
theory, and stems above all from observations made in connection withrdeppgl phenomena
of (negative) afterimages and simultaneous colour contrast. When aredlpatch is fixated
for some time and then substituted by a neutral background, an afterimage perceived (see
Colour Plate Il on page 138). The colour of the afterimage seems to dépencharacteristic
manner on the colour of the patch initially fixated. If one adapts to a yellow patehstance, the
afterimage is usually violet. Conversely, if one adapts to a violet patch thénadige is yellow.
Yellow and violet are therefore calleafterimage complementaries Every hue is thought to
have a characteristic afterimage complementary in much the same manneryastievglus has
an additive complementary line of constant dominant wavelength. Analod@s@swations can be
made with simultaneous contrast. When a patch which appears achromativietved against
a surround of darkness is embedded in a coloured surround, theguehrs tinged in the hue
which is thecontrast complementaryof the surround colour.

A critical observation which makes the definition of additive complementariessapery use-
ful and theoretically interesting is that colours which are afterimage comptan&nor contrast
complementaries appear to correspond, at least roughly, to stimuli wieetdditive complemen-
taries in the sense that the colour impression of an afterimage is matched eyakedl by a light
which is the additive complementary of the stimulus used to induce the afterithage.

41 use the term ‘match’ in a somewhat cavalier manner here. Actually itrisdifficult, perhaps even impossible,
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Though it is generally accepted that afterimage complementaries cordespahly to addi-
tive complementaries, it is debatable how exact this correspondencéaitués discussed by
Wilson and Brocklebank (1955), many researchers have noted teathsge complementaries
sometimes deviate from additive complementaries. The afterimage complemenyefiow is
for instance violet, whereas the additive complementary is blue. In their xparienents, though,
they found that these deviations could be explained by taking the Abnfyast account, i.e the
fact that lines of constant hue are sometimes slightly curved.

We now conclude our summary of how colour appearance can be ds$amiterms of con-
cepts related to trichromatic theory. As we have already pointed out, thecslbjeolour ap-
pearance is best regarded as a set of hypotheses extraneous tortaitit theory proper, since a)
they are based on a much weaker empirical basis than the Grassmannridathie @orrespond-
ing physiological three-receptor hypothesis and b) their validity may be&estad without ever
coming into conflict with these more well-established facts.

Whereas colour appearance is beyond trichromatic theory proper, & wititipal subject of
Hering's (1920)opponent colours theory which we shall discuss briefly in the following. At
the time it was proposed it was both intended and conceived of as an #ltenaatrichromatic
theory. In the course of time though, conceptual clarifications of sonlieraaisconceptions have
made it clear that opponent colours theory is by no means at odds wittotriakic theory proper.
The prevailing modern view is that trichromatic theory describes the inital gaafinolour in the
retina, wheras opponent colour theory describes the processing@uaing of this colour signal
at higher levels of the visual system.

2.3 Opponent colours theory

A question which has been discussed for centuries is how many basicstiete are, i.e. how
many colours one would need in order to be able to produce any othem asdca mixture of
the basic colours. At first consideration, trichromatic theory might seemagide a definite
answer to this. This is, however, only true if the term ‘colour’ is intended tanmkght beam’,
or, alternatively, ‘cone excitation vector’. However, as a famous qoidiewton reminds us, “the
Rays to speak properly are not colour&y’and obviously, one might add, cone excitation vectors
aren’t either. Ewald Hering (1920), the founding fatheropponent colours theory was very
aware of this, and couched his answer in terms of colpersse i.e. quacolour impressions.
According to this theory, there are six basic colour impressions, namelpuhariique huesred,
green, yellow and blue, as well as the two basic achromatic colour impreddiak and white.
Hering identified the four unique hues based on the phenomenologicaivatien that they
do not involve other hue impressions. Whereas an orange, for instaagée said to appear both
reddish and yellowish, a pure yellow can not be described as a pestepiiure of other colour
impression¥. Hence, yellow is a unique hue and orange is not. The same argumensdpplie
the three other unique hues blue, red and green. Every other hue casdribed as a perceptual

to make a real stimulus appear exactly equal to an afterimage.

“And if at any time | speak of Light and Rays as coloured or endued wilo@s, | would be understood to speak
not philosophically and properly, but grossly, and accordingly to €mhceptions as vulgar People in seeing all these
Experiments would be apt to frame. For the Rays to speak properipao®loured. In them there is nothing else than
a certain Power and Disposition to stir up a Sensation of this or that Coldiewton, 1704/1952, Book One, Part I,
Prop. Il, p. 124 ff)

181t is of essential importance that we speak qfsiceptuaimixture here. Couched in terms ophysicalmixture of
lights, this statement isottrue; It is quite possible to mix a light which appears red with a light which afgpgreen in
order to obtain a light which appears pure yellow. Historically, failure to disiish properly between perceptual colour
mixture and the physical mixture of lights was one of the obstacles whictichae overcome in order to appreciate
that opponent colours theory is quite compatible with trichromatic theory.



40 CHAPTER 2. BASIC COLOUR THEORY

X
K
3
€
(%]
c
@
°
g
Bl ue
o
(]
(3]
%
F
)2’/
%,
& Green N
o) ©
- -———— 0 —— +

Bl ue-yel | ow mechani sm

Figure 2.19 How combinations of the two opponent mechanisms ‘bluesy€land ‘red-green’ are thought
to give rise to different colour impressions. The diagram ba thought of as a kind of chromaticity
diagram, where the achromatic point is in the centre. If thiedyellow mechanism is in equilibrium, the
colours that can be perceived are represented by the ceattadal line in the diagram, and include pure
greens of all saturations, pure reds of all saturations,tl@aheutral colour (achromatic color). Which of
these colours are perceived is determined by the activitheofed-green mechanism. Note that when both
mechanisms are in equilibrium, an achromatic color will becgived. When only one of the mechanism is
in equilibrium, a unique hue is perceived.

mixture of a pair of unique hues. Violet, for instance, can be describednaigture of red and
blue, turquise as a mixture of blue and green, and so on. This is illustratealon Rlate IV on
page 138, where the outer cirle schematically indicates the amounts of twauniga contained
in any hue of the colour circle.

A basic feature of Hering’s theory, which is also evident in this illustratiorthét the four
unique hues are arranged in two pairs of mutually exclusive, or oppooelours. No colour
impression can be both bluish and yellowish, hence blue and yellow areeppbues. In the
same way, red and green are opponent hues. A pair of non-oppamene hues, such as blue
and green can be (perceptually) mixed to produce a colour impressioh whidains traces of
both, but a pair of opponent hues neutralise or cancel each othisiisThe reason why a a unique
blue and a unique yellow light, when physically mixed in the right proportiorejyce a stimulus
which appears achromatic, and not bluish yellow, whereas a physical miatuwo lights with
non-opponent hues, say, unique green and a unique yellow, adpmargreenish and yellowish.

In order to explain these characteristics of perceptual colour mixturenddenvisioned two
physiological mechanisms, each driven by a pair of antagonistic pesxeBke blue-yellow mech-
anism is excited by stimuli with a blue ‘valenc®, and inhibited by stimuli with a yellow ‘va-
lence’Y, or, possibly, vice versa; In any event, the two kinds of colour valéniteence the
mechanism in an antagonistic fashion. If the yellow and blue valences aadlyegtrong, the
mechanism is in equilibrium and may be said to yield a zero output, sinceBRher” = 0. If
the blue valence is stronger than the yellow valence, the mechansim yield&iggpoutput, since
B—Y > 0, inthe converse case it yields a negative output, siheeY” < 0. The same reasoning
applies, the necessary changes being made, to the red-green mechanism.

As illustrated in Figure 2.19, the only colours that can be seen when theybliogr mecha-
nism is in equilibrium are unique reds or unique greens, and — if the e&hgnechanism hap-
pens to also be in equilibrium — neutral (achromatic) colours. Analogoeishgr a unique blue,
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Figure 2.20 Simultaneous brightness contrast: The central squargshgeically equal, but the one em-
bedded in the dark surround appears brighter.

an achromatic colour, or a unique yellow can be seen when the blue-yellalvamiem is in

equilibrium, depending on the activity of the blue-yellow mechanism. All the datittermediate,

non-unique colours result when neither of the mechanisms are in equilitoramge for instance,
will be perceived when the blue-yellow mechanism yields a negative oatmlithe red-green
mechanism a positive output. This scheme also allows for a simple hypothesis péiception:

Colours of constant hue, but different saturation levels, all haveatme satio of excitations of the
blue-yellow and red-green mechanism, respectively.

In addition to the blue-yellow and red-green opponent mechanism, Hdsogastulated a
black-white mechanism. In contrast to the former, though, this mechanisnapponent in the
sense that it has a neutral point which yields a colour impression whiclitlenehite nor black;
white and black yields perceptual mixtures which are some shade of gidgrg shade of gray
can be said to resemble both black and white to some degree. In spite of thismitf between
the two hue mechanisms and the achromatic black-white mechanism, the latter isfefsedr
to as an opponent mechanism since Hering also conceived of this meunhasizs combination
of two antagonistic processes. This assumption was primarily based ovatixsgs concerning
temporal and spatial influences on achromatic colour appearance d@gaton and simultaneous
lightness contrast. Hering pointed to the fact that the sensation of black esvaked by the
absence of light alone, but requires either previous stimulation with a ligivarlss (adaptation)
or the presence of lighter stimuli at other locations in the visual field (simulteneantrast). This
observation can easily be made by turning out all light sources in a roormwithndows or other
openings through which light may enter. Immediately after turning out the lightsmay have
the impression of pitch black, but after some time the sensation will not be pitck &fgymore,
but instead some (darkjrey. Since this sensation of grey appears in the absence of any physical
stimulation, it is commonly referred to as ‘intrinsic grey’.It is also sometimes called ‘neural
grey’, in accordance with the assumption that it is due to some kind of spamiameural activity.
The reason why we, in spite of this, actually quite frequently perceivectsbges pitch black in
everyday life, is that there are generally other objects present in thal Viisld which reflect more
light. How the neighbouring regions which reflect more light may make a gtiemulus appear
more blackish is demonstrated by the well-known phenomenon of simultanebuebg contrast
(see Figure 2.20). In Hering's theory, direct stimulation of a point onetiea with light induces
whiteness, whereas previous or neighbouring stimulation with light inddee&ress, and these
two processes interact in an antagonistic manner to determine perceiveddightn

German: ‘Eigengrau’ or ‘Eigenlicht’.
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Figure 2.21 The basic idea behind zone theory. The opponent mechanigghg) Combine inputs from
the cones (left). The outputs of the cones may influence tpermgnt mechanism in an excitatory as well
as an inhibitory manner.
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Zone theory In Hering’s original theory, the red-green, blue-yellow and blacktevimecha-
nisms were conceived of as receptive elements of the retina, which shyvigun conflict with
trichromatic theory. Quite early, though, several authors suggesteHéhiaig’'s opponent mech-
anisms may be best sought at higher levels of the visual system. This ide#haowith the
growing realisation that the three-dimensionality of colour space implied bydritdtic theory is
not incompatible with the excistence of four basic colours (or six, if blackvelmite are included),
set the stage for the development of so-catlede-theoriesof colour vision (Kries, 1905). Since
the opponent mechanisms must directly or indirectly (e.g. via an intermediat taded by
the cones, this idea implies that the response of each of the opponentnisethahould be a
particular function of the cone-excitations. Theoretical work suggebtadhese functions could
even be quite simple. Sdbgtinger (1920b) and Judd (1949), for instance, showed that hgtboth
cal mechanisms summing (and subtracting) the outputs of the three typesesfamuiid yield the
kind of response characteristics one would expect the opponent mechi® possess (See Figure
2.21).

The basic logic behind this is quite simple. Safinger noted that monochromatic stimuli
which evoke the impression of unique blue and unique yellow are, within tagsion of mea-
surement, additive complementaries. That is, their respective chromaticitieolinear with
the achromatic point, or, put differently, the cone excitation vectors of tlheutvique hues and
any achromatic stimulus are all located in the same plane through the origin efegcitation
space. Such a mechanism would be a good candidate for the red-gmeemeat mechanism,
since the theory postulates that unique yellow, unique blue and achromiaticare the equi-
librium colours of the red-green mechanism, i.e. they should be percsivedever the red-green
mechanism is in equilibrium (produces a zero output). For cone excitatinrgeoutside of the
equilibrium plane, the mechanism would produce a positive output on oae &id a negative
one on the other, signalling either redness and greenness, resye&alabdinger also suggested
that the blue-yellow mechanism was linear, defining another null plane ia extitation space
containing the equlibrium colours unique green and unique red (as wbk ashromatic colours,
of course).

Planes in colour space are defined by an equation of the form

I-L+m-M+s-5=0 (2.51)
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wherel, m ands are fixed real coefficients defining the plane, dnd/ and S are cone excita-
tions. Accordingly, a mechanism which sums the cone excitatiog and.S with the weighting

factors/, m, s would produce a zero output for cone excitation vectors in this plane. rddhe
green (RG) opponent mechanism and the blue-yellow (BY) can thusfinedéy the coefficients
lra, MRraG, SRG, LBy , mpy andspgy in the equations

RG =Ilga-L+mpg- M+ sra-S (2.52)
and
BY =lgy -L+mpy - -M+ sy - S, (253)

respectively. Hering's black-white (BkW) mechanism is often identified ighuminance mech-
anism, which is also defined by a linear sum of the cone excitation values, i.e

BEW =lgew - L+mprw - M + sprw - S. (2.54)

The upshot of this is that the opponent mechanisms can define a newbssi®f/ectors in cone
excitation space, and when vectors in cone excitation space are epretaive to these basis
vectors, their entries represent the activity of the three opponent misate Rewriting the above
in matrix notation, we have

RG L
BY | =M M (2.55)
BEW S

with

lre  mMrc  SRG
M = lBy mpy SBY . (256)

Ipew mpBrw  SBEW

Thus, if a stimulusX has the tristimulus vecter( X)), then the three entries of the vectqrX ) :=
M - e(X) represent the activity of the three opponent mechanisms.

The elements oM defining theRG mechanisms can, in principle, be determined once the
cone-excitation vectors of two different colours which are in red+yeguilibrium (say, unique
yellow and achromatic) are known. The null plane of fR€ mechanism is then uniquely de-
fined by the three points given by these two vectors and the origin. The mti®rokthe nor-
mal vector of this plane are the coefficebts;, mra, sra Of eqn. 2.52. However, if the vector
nre = (lra, mra, sra)! is normal to the null plane, then any vector ngq, wherec an ar-
bitrary scalar factor is also normal to this null plane. Accordingly, the rlalh@ determines the
coefficientslgre, mpra, sra defining theRG mechanism only up to scalar multiplication with a
common factor. The same holds analogously fori€ mechanism. This means that knowledge
of the null planes of the two mechanisms, and their respective normal segtes us

RG = cpa - (e - L+mprg - M + sga - S) (2.57)
and
BY:CBy-(lBy-L—i-mBy-M—i-SBy-S), (258)

wherecre andcegy are the only unknowns. In opponent colours theory, the explicit goal is
describe colour appearance quantitatively in terms of the responses afplonent mechanisms.



44 CHAPTER 2. BASIC COLOUR THEORY

This can be used to fix the relative scaling of the opponent colour mechsinie. the ratio
cra/cpy: So-called binary hues, such as orange, violet, turquoise and alstage each con-
ceived of as having equal amounts of two unique hues. A ‘true orafagahstance, is assumed
to be50% red and50% yellow. Accordingly, it makes sense to choose the ratiogf to cpy
such thatRG = BY for a stimulus which appears a true orange.

Once the matrixM is known, one may use it to compute spectral sensitivity curves of the
opponent mechanism based on the cone sensitivity functions. In Cdaiar\Psensitivity curves
of the opponent mechanisms based on an estimate of this matrix originally pcbppsiudd is
shown. The spectral sensitivities of the opponent colour mechanisntarecalledvalence
curves, since they are thought to reflect the ‘amounts’ of the uniqueséngsations evoked by
a spectral stimulus. This assumption is central to opponent colours tleearynakes it a gen-
eral theory ofcolour appearance As we have seen, the opponent mechanisms can be thought
of as emerging through a simple basis transformation of cone-excitatior.spacwe have al-
ready seen, such basis transformations are part and parcel obmniatic theory. But opponent
colours theory goes beyond trichromatic theory in claiming that this particakas snatural for
describing perceived colot?.

The popularity of opponent colours theory today is without doubt lardaly to the seminal
work of Dorothea Jameson and Leo M. Hurvich. In a series of influep#ipkrs, they suggested
that several phenomena of colour vision can be parsimoneously deddin within the frame-
work of opponent colours theory, including purity discrimination, wavetkrdiscrimination and
the Bezold-Biicke shift (Jameson & Hurvich, 1955; Hurvich & Jameson, 1955).

The notion that the valence curves of the opponent mechanism yield arejpeesentation of
perceived colour, suggest that they can be used to predict the eppearance of any light stimu-
lus (disregarding the influence of adaptation, of course). The saddalle coefficients defined by
Hurvich and Jameson (1955) suggest themselves as useful for thisspurAccording to theory,
any hue can be thought of as a perceptual mixture of two unique ongidat for instance, can
be thought of as a mixture of unique blue and unique red. How close thé igddeeither of these
unigue hues can be quantified by the ratio of its blue valence to the sum duthard the red
valence, i.eB/(B + R). Obviously, if this coefficient is abow@5 there it has more blue valence
than red valence, if it is less, the converse is true. Clearly, the altermagaesureR/(B + R)
yields the same information, siné&/(B + R) + R/(B + R) = 1. Generally, one may define the
hue coefficients by the expressions

Kre = |RG|/(|RG| + |BY|) (2.59)
and
Kpy = |BY|/(|RG| + |BY]). (2.60)

Depending on the sign aRG, Kre may be thought of as giving the proportion of redness or
greenness, respectively, and the sigm3df makesK g~ a measure of either blue or yellow con-
tent. The spectral curves of these hue coefficients are shown in GRitaterVI on page 13%° In
theory, these curves can be used to predict which colours obsewcteedly perceive when view-
ing a given stimulus. If the observer views a monochromatic stimulus with a wagtelef 600

nm for instance, the curves in Color Plate VI predict that he should perit@s50% red and0%
yellow, i.e. a true orange. Colour naming experiments in which the obseaaxemssked to state
their ‘perceived hue coefficients’ explicitly (e.g., for a violet stimulus, ‘&Is the percentage of

8Hering (1920) spoke of a ‘natural colour system’.
Note thatK re = 1 — Kgy, as follows immediately from equations 2.59 and 2.60.
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blueness in this colour?”) do indeed vyield results which are grossly in linethishprediction
(Werner & Wooten, 1979).

Without doubt due to the fact that opponent colours theory deals explidgitiycolour appear-
ance it has received much attention by linguists and anthropologists, wliotarested in such
questions as how colour is represented by language or whether calmsrdes culturally deter-
mined or reflect specific features of our visual system which are dlzaress cultural borders.

The physiological basis of opponent colours theory Though opponent colours theory is, in the
first instance, a phenomenological theory of colour appearancagaso ventured hypotheses
regarding its physiological basis. From the observation that no colearsimultanously per-
ceived as red and green or blue and yellow, he drew the conclusiara‘titaysiological process
having redness and greenness, or, alternatively, yellowness agriebhk) as its perceptual corre-
late is either not conceivable at all, or but possible under quite spedalrarsual circumstances”
(Hering, 1920, p. 49, my translatici)

Later on, a plethora of physiological findings have documented cells inisoalvpathway
which responds positively to some wavelengths and negatively to othelis.véhich show such
a response characteristic, generally referred to as spectral opppiseiggest themselves as the
physiological substrate of Hering’s opponent mechanisms. An earlingjraf this kind is that of
Svaetichin (1956), who recorded from cells in the goldfish retina. Sveatariginally believed
that he was recording from cone receptors, but further investigatidicated that he had probably
been recording from horizontal cells, which combine the outputs of diffecones (Kaiser &
Boynton, 1996). Spectrally opponent cells were later also found in thd bsthe macaque
monkey by De Valois, Abramov, and Jacobs (1966). They presentedahmmatic stimuli from
the visual spectrum to the animals and measured how the firing rate of LGNchaltged with
wavelength.

As suggested in the schematic plots of Figure 2.22, a typical finding was thaetls re-
sponded with a firing rate below the spontaneous firing*taiesome wavelengths and with an
increased firing rate at others. Some of the cells responded with excitationgavivelengths
and inhibition to short wavelengths, whereas others were excited by wheelengths and in-
hibited by long wavelengths. For both kinds of cells, the point in the specivbere the sign
of the response changed was quite variable. However, for both kinzls, the distribution of
the crossover points was clearly not Gaussian, and there was someiardibat the distribu-
tions were bimodal, suggesting that both kinds of cells could by categorisetina subclasses
according to whether the crossover point was at a low wavelength ohighaone. According
to this classification, the four kinds of cells were labelled with the terms +R-&G;RB-Y and
-B+Y. As a gross illustration, the typical response pattern of each oé tfypes of cells are shown
schematically in Figure 2.22. The former two types have their crossovetspim high wave-
length (approximately where unique yellow is) and the latter have their crespoints at a lower
wavelength (approximately where unique green is).

De Valois et al. (1966) also found cells in the LGN which were not spectagponent, i.e.
they responend with increased firing rate to all wavelengths. The meatrapesponse rate of
these non-opponent cells was grossly similar to the spectral sensitivitg psjfthophysically de-
termined luminance functioli (\). These cells suggest themselves as a candidate neural subtrate
for the black-white mechanism.

Generally, such neurophysiological findings clearly support onecisg Hering’s opponent

2In this connection, it may be interesting to note that some later investigatiggesiuthat under ‘special and
unusual circumstances’ two opponent colours can indeed be yedcsimultaneously (Crane & Piantanida, 1983;
Billock, Gleason, & Tsou, 2001).

ZIMany cells fire at a certain rate even in the absence of any stimulation. Tthis spontaneous firing rate.
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Figure 2.22 Schematic illustration of typical results from De Valoishraham and Jacob’s (1966) study.
The curves here are drawn by hand and only give a rough inadlicat their original results. Each panel
represents the firing rate of one neuron in response to @iffanonochromatic lights from the visual spec-
trum. The curves have positive and negative lobes whickespond grossly to the positive and negative
lobes of the psychophysically defined valence curves of ngpbcolours theory. The categorisation of
different neurons are based on this similarity. Note that kimds of opponent neurons correspond to each
opponent mechanism (e.g-rR — G and+G — R for the red-green mechanism), and that the range of
possible negative firing rates (firing rates below the spwedas firing rate of the neuron) is more limited
than the range of possible positive firing rates.

colours theory, namely the assumption of an antagonist@pponentresponse, but remain some-
what unclear concering the issue of theique hues Whereas many studies have documented
spectral opponency in ganglion cells of the retina and cells of the LGN,¢hesmatic properties
are rather diverse. This diversity is not what one would intuitively ekpased on Hering's the-
ory of unique hues. Instead, the theory of unique hues would sutigeskistence of spectrally
opponent cells which clearly fall into two distinct classes corresponditigetoed-green and the
yellow-blue opponent mechanism, respectively. In the De Valois et @68G)Lexperiment, for
instance, one would expect the loci of the crossover points (zessiagin Figure 2.22) to be
very similar within each class of cell, and ideally this crossover point shautegspond closely
to the wavelengths of the unique hues. But the crossover points obtaiDedMalois et al's study
vary so much that the classification into BY and RG cells is far from unprolilepss pointed
out by the authors themselves (p. 969).

In a more recent study, though, Derrington, Krauskopf, and Leriri84) found that cells
in the parvocellular layer of the macaque LGN fell into two distinct groups withmemmodest
variation within each of the groups. However, the null-planes of thesenwitic mechanisms
were distinctly different from those one would expect from opponeluig's theory. In this respect
they agree with the results of the psychophysical experiments of Krpfjakidliams, and Heeley
(1982), who found two axes in chromaticity space to be independentlyadapsuggesting the
existence of two neural mechanisms. The axes found in this study alsty aétar from the
axes one would expect based on the unique colours of opponentstheory (see also Mollon
& Cavonius, 1987).
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In summary, then, we may say that while there is a plethora of evidenceldmlmeechanisms
exhibiting spectral opponency, there is little clear evidence for mechanisink vespond to those
axes in colour space which correspond to the unique hues, and tred maaohanisms behind the
unigue hues of opponent theory have yet to be identified (Valberd,)200

The failure to identify a clear neural substrate of unique colours, herveees obviously not
have any implications concerning the validity of the psychophysical thedsguming that the
psychophysical theory is in itself correct, it simply means that its neuratsatb has yet to be
found. Opponent colours theory plays an important role in many psysfsagal investigations on
colour vision, both as a theoretical framework and as a convenient tomlshall therefore now
consider some relevant psychophysical findings.

Linearity of the opponent mechanisms When Schidinger (1920b) and Judd (1949) showed
how opponent colours theory could be related to trichromatic theory, thalabed models which
assumed that the opponent mechanisms were linear combinations of thematse \With the em-
pirical evidence available at the time, this was probably not an unredsasgumption. Whether
this is in fact true or not, however, is of crucial theoretical and practaaiificance (Krantz,
1975a). If linearity can be presupposed, it would mean that the resgonstions of opponent
colour theory inherit the properties of the colour matching curves or the sensivities which
makes them so useful for ‘objective’ colour specification. Due to thes€nann Laws, the colour
matching curves, which are only given for monochromatic stimuli, can be tosealculate the
tristimulus values of any light stimulus. Similarly, linearity of the opponent mechanamogd
mean that the opponent response of any light stimuli can be computed d@agkd opponent
response curves for monochromatic lights.

The available empirical evidence suggests, however, that linearity dapenpresupposed.
In rigorous psychophysical experiments Larimer, Krantz, and Ciee(d874, 1975) found that
though the red-green mechanism appeared to be linear, the blue-yelldwmsau is clearly not.
A non-linearity of the blue-yellow mechanism is also suggested by the findihg¢erner and
Wooten (1979) and Webster, Miyahara, Malkoc, and Raker (208Ghd data of the latter study,
there is also some indication that the red-green mechanism may also be nonlinea

The results of Webster et al's (2000) study are also of special intsis® they question
the assumption that opponent mechanisms which are simple reweightings ohthenputs can
account for the loci of the opponent hues. If this were the case, on&vexpect interindividual
variations in the loci of oppoent hues to be due to individual differencesceptor sensitivities or
the weighting factors. Accordingly, across observers, the locusetinigue hue should correlate
with the loci of other unique hues. The data of Webster et al. (2000)eWenvare clearly at odds
with this expectation.

Unigue hues as a tool for studying adaptation and context effest The psychological primacy
of unique colours postulated by opponent colours theory makes thesaiaypgry useful for psy-
chophysical studies of adaptation and simultaneous contrast. As dentethblydhe phenomenon
of simultaneous contrast, for instance, the perceived colour of a gaeh of light may change
radically when the context in which it is embedded is changed. So called agyimmatching is
one standard method for quantifying the influence of the context. In thiszduwe the subjects
view two target patches andb embedded in different surroundsand B, respectively, and are
asked to change the tristimulus values of patcsuch that it appears equal in colourito The
difference in the tristimulus values afandb may then be taken as a measure of the context effect.
This method has some drawbacks, however. If both stimuli are presdntatliameously, then
one may not safely assume that the perceived colouri®@bnly influenced byA sinceB is also
present in the visual field and may also have an influence. If the stimulresemqted sequentially,
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on the other hand, the observer has to rely on memory to establish a match, imthicluces
another possible source of error.

For these and similar reasons one often uses the technique of grey setttegd jim which the
observers are asked to adjust the chromaticity of the target patch unfilaegpachromatic. The
difference of the chosen chromaticities for different surrounds maylegaken as a measure of
the context effect. In this technique no external comparison stimulus i€desidce the observer
judges the patch to be grey according to a fixed internal criterion. Thsgbfe of this method
rests on the fact that in any plane of constant luminance, there is onlyhwamaticity which
appears achromatic, whereas there are many chromaticities which caitlie bave a given
chromatic colour. Asking the observers to make the target appear vialétstance, makes the
task very difficult and vague since there are many chromaticities which msgitbéo look violet
in some way. A drawback of this method is, however, that the contexttefimoonly be measured
for stimuli which appear grey, and it cannot be ascertained whetherftbenoe of the surround
is comparable for other colours.

Opponent colours theory, however, suggest that this problem camekorated, since it con-
tends that besides grey, the unique colours are also psychologicatialsped easy to identify.
Studying how the loci of the unique colours are influenced by contexafier suggests itself as a
further method which has basically almost the same virtues as achromatic settirjews one
to measure the effect for a wider range of target colours. Accordingigue hue settings have
been employed in a number of studies on context effects in colour vision\(éataven, 1976;
Shevell, 1978; Mausfeld & Niedée, 1993). Opponent colours theory suggests that it should be
easier for an observer to adjust the colour to be ‘a good yellow’ than, sgood violet’, since
in the former case he can rely on the criterium that a unique yellow shoulddithér reddish
nor greenish’, whereas no comparable criterium can be offeredofoiunique hues. In contrast
with this expectation, though, Malkoc, Kay, and Webster (2001) repdintdunique hue settings
were no more reliable than settings for binary hues. Their conclusion thatitained “pattern
of results does not support a perceptual organization in which the diomsnsf red-green, blue-
yellow, and bright-dark have superordinate status” poses a seriobkepr for opponent colours
theory.

A further related problem with unique hue settings is that they are actually machvariable
than one would perhaps expect based on many experimental reportsarisdered in isolation.
A recent meta-analysis of Kuehni (2004) documents and discussesghedages of unique hue
settings obtained in a number of studies. The impressive size of this varialeitionies clear in
his statement that “one observer’s unique blue can be another’s ugrigeie and vice versa, and
the same for yellow and green.”



Chapter 3

Models of simultaneous contrast

The assumed validity of the von Kries formulation may have led investigators to be
lieve that the change in color appearance resulting from a chromatic rioackdis a
well-understood phenomenon. This is false.

- STEVEN K. SHEVELL (1978)

As we have seen, trichromatic theory provides the means for predictindn it beams
will look identical in colour. In itself, it does not provide any means fordicéng what colour
a given stimulus will appear, but the notion that perceived hue, saturatiodightness corre-
spond to dominant wavelength, purity and luminance, respectively caaidb¢osoffer at least a
gross indication of the relation between points in colour space and colpeaggce. However,
trichromatic theory only deals with how the local stimulus influences colourepéon under a
fixed state of adaptation, it does not deal with how colour perception isemdkd by temporal
and spatial context. As is well known, these influences can be quite draaradi@re ubiquitous
in real-life colour perception.

In order to develop a more complete theory of colour vision, these importan¢ndés must
obviously also be accounted for. Although a great number of contéattefin colour vision
are known, and there is ample reason to believe that they cannot all lzénexbby a common
mechanism, the simultaneous contrast effect shown in Colour Plate | isffésedt reasons, often
considered to be a paradigmatic case of spatial context effects. Orghaiod, this is just a matter
of terminology. Le Grand (1957), for instance, uses the term ‘simultansmntsast’ collectively
to refer toall spatial context effects in colour vision. On the other hand, the phenandsmon-
strated in Color Plate | is often thought to be the consequence of a perceyittzanism which
plays a fundamental role in most of everyday colour perception. Helmhd@tzljland Hering
(1920), for instance, both argued that simultaneous contrast, definednawowly as ‘the effect
observable in displays like Colour Plate I', as well as the biologically importaebhpmenon of
colour constancy, are due to a common perceptual mechanism.

Most modern theories of simultaneous contrast can be said to be develspreéinements or
combinations of the theories of Helmholtz and Hering, respectively (Kingd®®7). Following
Mach (1866), Hering favoured an explanation in terms of interactionsdmgtweural elements
of the retina, commonly referred to kderal inhibition in the modern literature. Helmholtz, on
the other hand, advocated a theory based on his general concepteption as the product of
unconscious inferencesThese two theories differ in many interesting respects, and much empir-
ical work has been devoted to evaluating the relative merit of the two thgdtiiegdom, 2003).

At present, though, we shall not delve into this difficult and multi-facetedeisbut constrain
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ourselves to noting that good arguments can be made in favour of bothesled®ur primary
concern here shall instead be quantitative models of simultaneous cowtnadt, though often
formulated within a certain theorical framework are often more eclectic in@atur

3.1 The von Kries model

A classical model of the influence of context on perceived colour, comyreferred to as the
von Kries coefficient scheméKries, 1905), can be considered a simple extension of trichromatic
theory. According to this model, the role of the context is to change the lbsersitivity of each

of the cone types L,M,S. If this is the case, the cone excitation values ebgkedtimulus cannot

in general be computed in the conventional manner, i.e. as

La = / IV)z(2) dA 3.1)
M, - / m(N)z(\) dA (3.2)
S, = / sVT(V) dA, (3.3)

since one would have to use corrected cone sensitivitig$, m’(\) ands’()) , instead of the
standard cone sensitivitiés\), m(A) ands(A). It can readily be assumed that the corrected cone
sensitivities must be rescaled versions of the original ones, since if tisrvae the case, stimuli
which are metameric in one state of adaptation would fail to be metameric in othes sfate
adaptation, as is not the case, according to the law of persistence (ge83)a Accordingly, we
havel’(\) = p; - L(A), m (X)) = pp, - m(N) ands’'(N\) = ps - s(\), wherep;, p,, andp, are positive
scaling factors, and the corrected cone excitation values of a stim@l<an be computed as

I = / o 1(\)z(A) dA (3.4)
M, = /pm'm()\)x()\)d)\ (3.5)
S = / ps - s(N)2(\) dA. (3.6)

Since the scaling factors;, i = [, m, s do not depend on wavelength, they can be written in
front of the integrals instead of within them. Then the remaining integrals an¢igdéto those
representing the standard cone excitation values in equations 3.1 thr@udledce

L = p-Lg (3.7)
M. = pm- M, (3.8)
S = ps-Se, (3.9)
or, in matrix notation,
e, =D ex (3.10)
where
Lgc L, pr 0 0
e, = M, |,ex:=| M, |,andD:=| 0 p,, 0 |. (3.11)

A very readable and thorough treatment of Helmholtz's and Heringjsetive theories is given by Gelb (1929).
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Since the sensitivity changes are thought to depend on the temporatiat spatext in which the
target stimulus is viewed, the von Kries coefficieptshould be understood as functiongC')

of the contexiC'. Accordingly, the diagonal matrild as well as the von Kries-transformed cone
excitation vectore!, are also functions of’. To underscore this, we write equation 3.10 in the
form

e, (C) =D(C) - ex. (3.12)

The above may be understood as the generic form of the von Kries modwie $pecific
submodels are obtained by stating how the von Kries coefficents depehd oharacteristics of
the context, i.e. by stating the functiopgC') explicitly. Many different, more or less specific
proposals have been made in the literature, but common to most formulationscisnthention
of normalising the functiong;(C) to unity for a standard viewing context This procedure
is appropriate since we are only interested in how the sensitivities changehdtiges in the
context, and convenient, since it implies that in the standard viewing contextpthected cone
excitation values are identical to the standard cone excitation values.

Even without making any explicit assumptions regarding the functig(is), though, it is
quite simple to test whether the generic von Kries model describes the irdloérmontext on
colour appearance adequately. As follows immediately from equation 3 4@othhected cone
excitation vector of a stimulus viewed in a contekiis a linear transform of its corrected cone
excitation vector when viewed in another contéxti.e.

ex(A) =D(B, A) - el (B) (3.13)
with
pi(B)
a0 0
D(B,A):=D(B)-D*4)=| o B o | (3.14)
PS(B)
00 L@

A simple corollary of this is that a set of targets which have identical von Kieesected cone
chromaticities in terms of one context, will still have mutually identical von Kriesested cone
chromaticities in terms of any other context. To see this, remember that all xcitetien vectors
of a given chromaticity can be written as

L
c- | M (3.15)
S

where the vector is fixed andis a positive nonzero number. Multiplying a vector of this form
with the transformation matrilo (B, A) yields

o

pu(

)
G

c. ZZ((/;)) M|, (3.16)
Ps
@ S

Again, the vector is fixed and> 0, hence all vectors of this form have the same chromaticity.
Now, since we know that in the standard viewing condition of a single tatigatlsis presented

in a context of complete darkness all stimuli with a given chromaticity differ éamlgerceived

brightness and are equal in perceived saturation and hue, the vanrkoi@el predicts that they
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should continue to be equal in saturation and hue for any other viewingpdoifhis prediction has
been tested and found to be at odds with the empirical findings in a numbiedes Jameson and
Hurvich (1959), for instance, presented monochromatic stimuli embeddeddloured surround
to their observers and asked them to report the perceived saturatidgruarof the target patch in
numerical terms. In general, the results changed markedly when the luriobtine target patch
was changed. Since these changes occurred with a constant chronadilcéytarget patch and a
constant surround, this result cannot be accounted for by the vies Kiodel.

Violations of this prediction of the von Kries model have also been reportednumber of
other studies. Werner and Walraven (1982) asked subjects to adjudtrtreaticity of a target
patch embedded in a coloured surround until it appeared achromatimuardithat the chromatic-
ities of the settings changed quite substantially with the luminance level of the petgh. This
resultis clearly at odds with the predictions of the von Kries model, espewibbiy one considers
that it is well documented that the chromaticity of the subjectively achromati¢ mindepen-
dent of the luminance when the stimulus is viewed in a context of complete daralraven &
Werner, 1991). A similar result has been reported by Chichilnisky antdéla(1996), and also
studies of simultaneous contrast using unique hue settings are known toagelt$s which cannot
be accounted for by the von Kries model (e.g. Walraven, 1976; Sh&9&18).

A further possibility to test the validity of the von Kries hypothesis is to rely ocaited
asymmetric colour matching. The observer views two target stiinatidb embedded in different
surroundsA and B and is asked to adjust the tristimulus values of one of the target stimuli until
both appear equal in colour. If settings are made for several diffeasget stimuli and a fixed pair
of surrounds, the von Kries hypothesis predicts that the cone excitatloas/of the settings for
the targeb should be a linear function of those for the targeThis prediction is clearly violated
in the experiments of Smith and Pokorny (1996) and Miyahara et al. (2001)

All of these studies investigated the effect of uniform coloured sudswn the perceived
colour of a target patch, i.e. simultaneous colour contrast in the narsamee, so with respect to
this situation at least, we may safely conclude that the von Kries model is inatedt should
be noted, though, that the von Kries model was not originally proposedctouat for simulta-
neous contrast. Instead, von Kries (1905) intended it to accountdanfluence of ‘chromatic
adaptation’ or ‘successive contrast’, i.e. the influence of pre-expd® a coloured stimulus on
the perceived colour of a stimulus presented at a later time at the same loddtiervisual field.
Much empirical data has been collected in this setting also. The motivation betaing early
studies of this phenomenon was however not to test the validity of the vos Kraelel, but to
determine the spectral sensitivities of the cones: It can be shown thatibthiries model ap-
plies, then data from asymmetric matching experiments can be used to determimatritrevith
which the colour matching curves must be multiplied in order to obtain the codarfuentals (see
Wyszecki & Stiles, 1982, p. 431). However, this undertaking turnédambe quite unsuccesful.
In order to account for the empirical findings, it was even suggestethiti@ could be more than
three types of cones (MacAdam, 1956). However, in view of moderreecig this appears unrea-
sonable, and the failure to establish the cone fundamentals by this methodae attributed
to invalidity of the von Kries hypothesis. Indeed, later non-linear modelshodroatic adapta-
tion have been proposed, which of course are incompatible with the vos iKioeel (MacAdam,
1961).

In summary, it is quite clear that the von Kries model fails to account for maygtmphysical
findings, and this failure can be understood as the starting point for tieéogeenent of other more
refined models, which we shall consider later (sections 3.2 and 3.3).rtNelass, the von Kries
model continues to play a central role in the colour vision literature. Thereseareral reasons
for this. Obviously, the failure of the von Kries model to account for pgphysical data does
not necessarily imply that sensitivity changes in the cones do not play anrslienultaneous
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or successive contrast. Even if von Kries-type sensitivity regulatiore v&é work, one could
obtain more complicated psychophysical data if additional mechanisms alsmicdlthe percept.
Indeed, the models of simultaneous contrast we shall consider later alparate von Kries

adaptation as a contributing submechanism. Furthermore, under somarexyelt conditions,

the von Kries model actually yields a reasonably good description of th€Sla¢égle & Brainard,

1999), so it may be valid for some situations.

Furthermore, based on purely computational deliberations it can bedatigaethe kind of
transformation of receptor inputs suggested by the von Kries hypotresisinder a number of
plausible assumptions, actually be quite good for achieving colour cogsfes, 1912; West
& Brill, 1982; Finlayson, Drew, & Funt, 1994). In this context, the von krimodel can be
conceived of as an abstract model of colour transformations, andat iseicessary to assume that
the transformation is implemented as cone sensitivity changes.

3.2 The two-process model

The failure of the von Kries model suggests that sensitivity regulation afdhe photoreceptors
cannot yield a complete account of the influence of context on pecteiour. In order to
address this problem, Jameson and Hurvich (1959) proposed a mooeagdaimodel which, in
addition to the multiplicative transformation of cone signals posited by the vors Kyipothesis,
also incorporates an additive transformation of neural signals at thenepplevel. According
to this model, the cone excitation vecteg of the target patch is first subjected to a von Kries
transformatiorD(C') yielding the von Kries-corrected cone excitation veetpfC) = D(C) - ex.
This signal is then subjected to opponent recoding. Since the opponehamems are assumed
to be linear combinations of the cone outputs, the triplet of resulting oppeigmlso’ (C) is
obtained by multiplying the von Kries-corrected cone excitation vector wittbg-3-matrix M,
i.e. ol (C) = M- e, (C). After the opponent recoding, the contéxXtcontributes a constant
opponent signal represented by the vettd€'). Accordingly, perceived colour is determined by
the opponent signal represented by the vector

0l(C) = 0 (C) +io(C), (3.17)
or, writing it out in full,
0 (C)=M- -D(C) -ex +io(C). (3.18)

The model owes its name to the fact that the conféit assumed to excert its influence on two
levels of neural processing, namely at the cone level through the vies ansfornD(C') and

at the opponent level through the additive sigid”). In terms of opponent colours theory, the
additive termi,, (C') can be understood as a shift in the neutral point of the opponent niscisan
Furthermore, since the excitations of the opponent mechanisms are sdpagseld a straight-
forward index of perceived colour, the additive component can iobesaepresent a fixed amount
of colour induced into the target patch by the context.

In purely formal terms it is equally possible, though, to formulate the model witfgderence
to opponent mechanisms. According to the model, two target stimartidy viewed in the con-
textsC andD, respectively, should appear equal in colour wheney¢€’) = oj (D). Obviously,
since the matridM is invertible, this will be the case whenewet !0 (C') = M !0 (D), hence
saying that perceived colour depends on the expres§igfi) is formally equivalent to saying that
it depends on the expressidd !0’ (C). Thus, we may equally well say that perceived colour is
represented by the expression
e(C) =M 10%(C) =D(C) - ex + M1 -i,(0), (3.19)

X
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or, definingic(C) := M1 -i,(0),

(C) = D(C) - ex + 1e(C). (3.20)

X

Remembering thdD (C') - e is just the von Kries-transformed cone excitation veefpwe have
er(C) = e +1e(C). (3.21)

In formal terms, then, the only difference between the von Kries modetantivo-process model
is that the latter allows for the additive teig{C). In general, it is assumed that the additive term is
inversely related to the von Kries-corrected cone excitation vector obifiext stimulus (Jameson
& Huvich, 1972), i.e. ife. is the cone excitation vector of the surround, thefC') = —k - e,
wherek is a positive constant. Accordingly, the additive term is often referred smhbtractive. As
ballpark figures, we may note that Jameson and Hurvich (1961) give éssiro&k: for different
spatial arrangements of the target and the context stimulus, rangindftdrfor the case where
the target patch is spatially separated from the inducing context stimulus6téor the case where
the target stimulus and the context stimulus share a common side.

One advantage of the two-process model over the von Kries model is tieatty the inclusion
of the subtractive term, it can account for the perception of pitch blaskvéhave already noted,
the absence of light per se does not evoke the perception of a godd lldénstead of intrinsic
grey. Only by adding a brighter temporal or spatial context, pitch blackegperceived. Now,
stimuli which appear achromatic when viewed in a standard dark contegtdune excitation
vectors of the forne - (1,1,1)! wherec is a non-negative number representing the intensity of
the stimulus and the perceived brightness of the stimulus decreases moriytevitbadecreas-
ing values ofc. Extrapolating from this observation, one would expect a quantitative hntode
represent an achromatic stimulus which appears even blacker than émealos light by a triplet
of negative numbers. There is no way, however, that one can subgcbne excitation vector
(L, M, S)! of a real light to a von Kries transform and obtain a vediar- L, p,, - M, ps - S)*
of von Kries transformed cone excitation values with negative componieets/s, M/, S and the
gain factorsp; are all positive. Adding a triplet of negative numbers, though, obviousgsdhe
trick, and this is allowed for by the additive term in the two-process model.

3.3 The contrast-coding model

When referring to the kind of simultaneous contrast which occurs whergattstimulus is em-
bedded in a uniform coloured surround, the effect of the additive tertime two-process theory
can be described by saying that a fraction of the von Kries-correcteel €xcitation vector of the
surround is subtracted from the von Kries-corrected cone excitaticiorvef the target: Since
ie(C) = —k - €., the model Eqn. 3.21 can be written as

el (0) =€l +1ie(C) = €, — kel. (3.22)

X

Exactly how large this fractioh might be is left open by the two-process theory. In this section,
we shall discuss models of simultaneous contrast which give a definiteemrétically very inter-
esting answer to this question. According to these modelgntiee surround vector is subtracted,
as opposed to just a part of it, i.e.= 1. Inserting this into equation 3.22, we obtain

e”(C) = e; - ei: =D(C)-ex — D(C)-ec=D(C) - (ex — ec), (3.23)

X

which makes it clear that),(C'), which is intended to be an index of perceived colour, is a func-
tion, represented by the von Kries transfofmC'), of the differencebetween the standard cone
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excitation vector of the target and that of the surround. Clearly, this Kintbdel suggests that the
cone excitation vector of the surround is an equally fundamental deternuihparceived colour

as the cone excitation vector of the target stimulus itself. This might appeatecouuitive, but
there are in fact many lines of empirical evidence supporting this hypothesish | shall refer to

as thecontrast-coding model As discussed by Whittle (2003), the general idea behind this model
has been put forward a number of times and can actually be said to be quite niddern work

on simultaneous contrast, though, the idea has perhaps been putdiemesat forcefully in the
respective contributions of Whittle and Walraven (e.g. Whittle & Challand&91®/hittle, 1992,
1994hb, 2003; Walraven, 1976, 1979; Werner & Walraven, 1982 .siall start the discussion of
the empirical evidence for contrast-coding by considering Walrav&8'8g) classic experiment.

3.3.1 Walraven’s experiment

In this experiment, the observers made unique yellow settings for target stimioéidded either in
ared surround or a surround of complete darkness. Both targetsiandrsds where composed of
monochromatic stimuli which evoke zero or close to z&mone excitation. Hence the stimuli can
be completely characterised in terms of theiand A/ cone excitation values and be represented
in a two-dimensional vs M cone excitation space. When a surround of complete darkness was
used, the unique yellow settings at different luminance levels of the ta@rfgt on a line through
the origin of L. vs M cone excitation space given by the equatigh= « - M. This is exactly
what one would expect based on the widespread assumption that antaewtzur’, which varies
only in brightness, is coded by a given ratio of cone excitation valuesquraently, a fixed
chromaticity. In this case, the chromaticity is given by the ratio

When the target was viewed in a red surround, the unique settings ferediffluminance
levels of the target did however not result in a constant ratib ahd M/ cone excitation anymore.
Instead, Walraven found that the ratio was constant if the cone excitatioassof the surround
were first subtracted from those of the surroune. the ratios = (L — Lg)/(Mr — Mg) was
constant for stimuli which appeared unique yellow in a given surroutithoAgh the values of
where different for different luminance levels of the red surrounig,dkneral relation was found
to be valid for all surrounds. It is also interesting to note that it is also vafithi dark surround
since in that caség = Mg = 0, henceLr = 3 - My, as was observed.

Clearly, this finding suggests that the difference between the cone extitegttor of the
target and that of the surround plays a more fundamental role in deternganegived colour
than the cone excitation vector of the target itself. The different valugdafdifferent surrounds
can be accounted for by assuming that this difference vector is subjeceslirround-dependent
von Kries transformation before the ratio is computed. If we assume thaetheiped colour, in
this case unique yellow, is determined by the ratio

pr(S) - (Lr — Lg)
pum(S) - (M — Mg)’

v i= (3.24)

for any surround, then the different values of

_ (Lr—1Ls) _ pu(9)
B(S) = Oy =My~ pu(S) ! (3.25)

for different surrounds can be accounted for by assuming that thakeaifferent ratios of the
von Kries coefficientg,,(S) andpr(S), which is quite reasonable since the latter are generally
assumed to depend on the surround. Generalising from the findingslEfa where S-cone
excitation did not play a role, to the case of triplets of cone excitation valuissletids to the
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Left eye Right eye Binocular

Figure 3.1 The experimental technique of haploscopically superiragalisplays (after Whittle, 1994b).
The left configuration is presented to the left eye, the ontaénmiddle to the right eye. The right panel
gives an impression of what the observer then perceives.sibare targets in the left and middle panels
are physically identical, yet appear somewhat differem tusimultaneous contrast. This effect is greatly
enhanced in the binocularly fused image. The reader map trgrify this by free-fusing the left and middle
panels. A coloured version of this is shown in Color Platedfilpage 140.

hypothesis that perceived colour is determined by the expression
wi(S) :=D(S) - (e; — e5) (3.26)

whereeg, eg are the cone excitation vectors of the target and the surround, reshgandD (.5)
is a surround-dependent diagonal matrix of von Kries coefficients.

3.3.2 Whittle’s experiment

Whereas Walraven (1976) obtained evidence for the contrast-codidglmidth the method of
unique hue settings, and later also with the technique of achromatic settingeef\8&Walraven,
1982), Whittle and Challands (1969) had earlier drawn very similar coiocissising a quite
different experimental technique of asymmetric colour matching. In thisrerpatal paradigm,
which was first described by Hering (1890) as an excellent meangfoodstrating simultaneous
colour contrast, a mirror system is used to present two different images teftrand the right
eye of the observer. As illustrated in Figure 3.1, each eye sees a tatght(pquare) embedded
in a larger surround (disk) with a fixation cross in the middle. In the left #ye target square
is left to the centre of the surround, whereas in the right eye, it is on ther sitie. When the
observer fuses the two images binocularly, he perceives a singlaisdrvath a single fixation
cross and two target squares, as illustrated on the right side of the.figaually, the perceived
colour of the fused surround is then some average of the colour of treurma@unds when they are
viewed ‘as is’, i.e. without fusing them. This phenomenon is commonly reféo@s binocular
summation. The phenomenon of immediate interest to us, though, is the colearappe of the
target patches. In Figure 3.1 the two target patches in the left and middisgaave the same
luminance, yet appear somewhat different since they are embeddetenenlifsurrounds. When
the two stimuli are binocularly fused, this effect of simultaneous brightnessast is greatly
enhanced, as suggested in the right panel. The reader may try to vasifgrthimself by fusing
the left and middle images in the figure. This effect cannot only be obderith achromatic
stimuli as in Figure 3.1, but also with coloured stimuli, as shown in Colour Platervfage 140.



3.3. THE CONTRAST-CODING MODEL 57

Using this kind of stimulus presentation, commonly referred to hagoscopically super-
imposed displays(HSD), Whittle and Challands (1969) measured the size of the simultaneous
brightness contrast effect for achromatic stimuli using asymmetric brighinagsing. In their
experiments, a target patdh of fixed luminancelr was presented in a surround of complete
darkness to the left eye, and the observer was asked to adjust the lamihyanf a second target
patchT', which was presented to the right eye and embedded in a sur@widuminancel.,
until it appeared equally bright as the fixed target. For a given luminaneé 4g- of the fixed
patch, matches were made for several different luminance levels oftteeisdC'.

The results obtained in this study clearly support the idea of contrastgodlity combination
of target and surround luminances in the right eye which were matchediverafiked stimulus
Fin the left eye yielded approximately the same value of the expression

by o Lr = Lo

= 3.27
Co T Lo (3.27)

where Ly is a constant. If the perceived brightness of the fixed patch, which &epted to

the left eye, is not influenced by the stimulus presented to the right eyecanbpination of
target and surround luminances which yields the same valbie sifiould have the same perceived
brightness, and accordinglyy can be interpreted as an index of perceived brightness. Defining
p(C):=1/(Lc + Ly) we have

br == p(C) - (L1 — Lc), (3.28)

which makes it clear that, according to this logic, perceived brightnessndspon the difference
between the luminance of the target and the surround scaled by a sisdepandent gain factor
p(C). Note the analogy to equation 3.26, which can also be written as

wi(C) = pL(C) (L — Le) (3.29)
wi (C) = pu(C)- (Mp — M) (3.30)
wi(C) = ps(C)-(Sr — Sc) (3.31)

for cone excitation values, M andS.

An immediate and important corrollary of the contrast-coding model in equat&$i8 that
an increment should never be matched to a decrement. If a target’paoibedded in a sur-
roundC is a luminance increment, i.eCr > L, then it should never be matched to a target
patchT” embedded in a surround which is a luminance decrement, ilg~ < L. Indeed, in
accordance with the model such increment-decrement matches neveiroegperiments using
haploscopically superimposed displays (Whittle, 1994b). This implies thatameroduce arbi-
trarily large simultaneous contrast effects just by using sufficiently @iffesurrounds. By way of
example, if a targel’ with a luminance ofl 1 cd/n? is embedded in a surrourddof luminancel 0
cd/n?, then whatever the luminance of the other surroGhds, say1100 cd/n¥, the subject will
have to choose a luminance greater that this for the target ffatichorder to establish a match.
Obviously, then, at the point where the target patches appear equaghitness, their luminances
differ by a factor of more thah00. The same logic can be applied to the contrast coding model for
cone-excitation vectors. In this case, the model in equation 3.26 predittstdrget which is an
X —cone decrement (whert€ is L, M or S) can never be matched to a target which issancone
decrement. The dramatic effects of the surround on the perceived adlthe target patch sug-
gested by this scheme remind one of the well-known quote attributed to thé frairter Eugne
Delacroix (1798-1863): “Give me the mud of the streets and | will turn it in®ltitious flesh of
awoman ... if you allow me to surround it as | please.”
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3.3.3 Other evidence for contrast-coding

Experimental evidence for contrast-coding has been obtained by usingnlaer of different ex-
perimental techniques, each with their own characteristic advantagessaddahtages. The re-
sults of some kinds of experiments are in clear agreement with the contdistydo/pothesis,
whereas the results of other kinds of experiments are less unanimougic8igly, experiments
in which the haploscopically superimposed displays of Whittle and Challar@di®)have been
used yield results which are generally in very good agreement with theastwtwding hypothe-
sis (Chichilnisky & Wandell, 1995; Shepherd, 1997, 1999; Niéde& Mausfeld, 1997; Richter,
2002). Studies similar to that of Walraven (1976), though, in which the stimellpeesented in
‘direct view’, i.e. without the ‘tricks’ of the haploscopically superimposéidplays, have pro-
duced less unequivocal evidence for the contrast-coding hypatt&sistly after the publication
of Walraven'’s study (1976), Shevell (1978) presented evidewnoe & similar study which were at
odds with the contrast-coding hypothesis. Walraven (1979) conteste 8 criticism, though,
and a rather vigorous controversy ensued (Shevell, 1980; Drumi, A@fIson, 1981; Werner &
Walraven, 1982; Davies et al., 1983; Nerger, Piantanida, & Larimé&3)L9

In the comparatively simple experimental situation studied by Walraven (1&@v6Shevell
(1978) where the stimulus is seen in direct view, then, the contrast-coglpmhesis becomes
problematic. On the one hand, these problems are purely empirical; Shéwuelirsys simply do
not agree with the predictions of the model. On the other hand, though, beangued that,
in this situation, the contrast-coding model simply cannot work based otypgagical delibera-
tions. The problem is that the contrast-coding model makes absurd prediftiicthe case of zero
contrast between target and surround, as noted both by MausfeMieaelee (1993) and Whittle
(1994a).

3.3.4 The zero-contrast problem

To appreciate the nature of this problem, consider two target stiumaiid b, embedded in the
uniform coloured surroundd and B, respectively. Assume further that each target has the same
cone excitation vector as the surround in which it is embedded,e,e= ep ande, = eg.
Obviously, in this case there is no contrast, and accordingly no visiblebbetween target and
surround. Clearly, then, the target patch evokes the same colour inoprasghe surround, since
the target and the surround constitute a single uniform surface (seer@éae VIII on page 140).
We may say that at zero contrast, the target ‘inherits’ the perceivedroofdhe surround. Now,
if the two surroundsA and B are of different colours, then the target patcheendb must also
appear to have different colours. This is, however, at odds with thgasi-coding model, which
predicts that the two target patches should appear to have the same éaloanding to the model
(equation 3.26), the expressions

wa(A) = D(A): (ea—ea) (3.32)
and
wp(B) = D(B): (e, —eB) (3.33)

should be the respective indices of perceived colour for the tariyethe surround4 and for the
targetd in the surroundB. At zero target-surround contrast they must both be equal to the zero
vector since thee, — ex = 0 andey, — eg = 0. Whether the von Kries transforni3(A) and
D(B) differ, does not matter, since they are both linear mappings and thus maertheeztor
onto the zero vector.
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Left eye Right eye Binocular

Figure 3.2 The zero-contrast problem does not apply to haploscopisatberimposed displays. If zero
contrast targets are presented in both eyes (left and mjdudith the single-eye stimuli and the binocularly
fused percept (right) consist of a large uniform surfaceth&tlocations corresponding to the targets, the
observer obviously has identical colour impressions. Tashdd contours are drawn here only to indicate
the locations of the zero-contrast targets, which are ofsmindistinguishable from the surrounds, both in
the single-eye views and the binocularly fused view. In thistration, achromatic stimuli are shown, but
obviously the same reasoning applies to coloured stimuli.

The problem of zero contrast does not only apply to the specific modristied here, where
the target-surround difference vector is subject to subsequent riea gcaling. Clearly, by sub-
stituting the von Kries transform in the contrast coding model by any funetioich maps the
null vector onto itself, a variant of the model is obtained which is also sutiebe zero contrast
problem. Several such variants have been discussed in the literaturdi@ugfeld & Niedege,
1993; Chichilnisky & Wandell, 1995; Niedee & Mausfeld, 1997; Richter, 2002). Quite gener-
ally, | shall use the term contrast-coding model for any model of simultaneontrast which is
subject to the zero-contrast problem.

3.3.5 The scope of the zero-contrast problem

The zero-contrast problem makes it clear that contrast-coding modeks anakbsurd prediction
when applied to a fairly simple situation, and therefore cannot realisticale s a complete
model of everyday colour perception. However, under the specialnvggeconditions employed in
many studies of simultaneous contrast, this prediction is actually not absalkdRather, it agrees
with the facts for quite trivial reasons. In the case of asymmetric colour mngt&xperiments
using haploscopically superimposed displays, for instance, a zetmsbtarget presented in one
of the surrounds will always appear equal to a zero-contrast targsénted in the other surrounds.
To see this, consider that when both targets are at zero contrast, the stpregented to each eye
is just a large uniform surround, and the surrounds from both eyebiaoculary fused into a
single large surround (see Figure 3.2). At the two locations of the visldliihere the targets
would be visible if they were distinguishable from the surround, one obljitas identical colour
impressions.

The haploscopically superimposed display is not the only experimentald¢eehin which the
otherwise absurd zero-contrast prediction of the contrast codinglsisdevially true. Wuerger
(1996) and later also Beer and MacLeod (2001) performed asymmeloigranatching experi-
ments using an experimental ‘trick’ which makes the two physically differanmbsinds appear
equal in colour. The ‘trick’ consists in blurring the edges of the surdsuias shown in Figure
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Figure 3.3 lllustration of the blurring-technique used by Wurger (836nd Beer and MacLeod (2001).
Top: The targets (squares) are presented in differentbucet (here differently bright) surrounds, the outer
borders of which are shaded gradually towards a common neigtzackground. When one maintains strict
fixation of the central cross for some time, the outer bordétbe local surrounds become invisible, and
one has the impression of two targets embedded in a commahgmay surround. Thus even though
the immediate surrounds of the targets are different, tipgear equal. This general effect can also be
appreciated in the lower panel, where the targets are amiltethe actual experiments, the target stimuli
are flashed onto the surrounds for a brief period of time. @pj®ears to be necessary because under strict
fixation also the targets have a tendency to become invjsitdd&ing a judgement impossible. Flashing the
targets makes them visible also under strict fixation. Thgeta in the top display are physically identical,
but appear slightly different due to simultaneous contrdste reader may try to verify that the effect is
enhanced when the outer borders of the immediate surrowudsrie invisible.

3.3. In the top panel of this figure two target stimuli (squares) are emdeaddelight and a dark
surround with blurred outer edges. If one fixates the cross in the middéelittle while, the two
physically different surrounds and the common mid-grey backgrounaivdppear to be equally
bright. The target squares then appear to be embedded in the same médhgoeynd, although
their immediate surrounds are physically quite different. Using coloured stingigad of the
achromatic ones in Figure 3.3, Wuerger (1996) exploited this effect sitieher subjects to ad-
just the colour of one of the target patches until it appeared equal tahbe &ler results, as well
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as those of Beer and MacLeod (2001) were comparable to those obtdthatie haploscopically
superimposed displays: In order to establish a match, the observeniabsequated the differ-

ences between the cone excitation vector of the target patch and its immediatenduand the

observers obviously will do so even if the contrast between the targaharimmediate surround
is zero: If both targets have zero contrast, i.e. are indistinguishabletfreimmediate surround
one has the situation shown in the bottom panel of Figure 3.3. Wheneveeritralacross is fix-

ated such that the immediate surrounds appear equal, one just peecgingke uniform mid-grey
background, hence the zero-contrast prediction is trivially true.

3.3.6 Contrast-coding and everyday colour perception

As we have seen, experiments using haploscopically superimposed displdne edge-blurring
technique of Wuerger (1996) generally yield very strong simultaneonisasi effects consistent
with contrast-coding. Experiments using less artificial viewing conditionsjghpfor instance
asymmetric matching experiments where the two centre-surround stimuli arsideeby-side in
direct view, generally yield smaller simultaneous contrast effects, wheldifficult to account
for by contrast-coding (Whittle, 1994a). Now, since the latter kind of expent obviously is
closer to the conditions of everyday colour perception, one might wontat the theoretical
significance of the contrast-coding observed in the haploscopicallyisypesed displays might
be. According to Whittle (1994b, 1994a, 2003), contrast-coding is turfeaf retinal mecha-
nisms. The fact that clear evidence for contrast-coding is seldom obtaimder more ordinary
viewing conditions can be explained by assuming that the effects of cbntdisg on the retinal
level are overshadowed or counteracted by other mechanisms at leigélsrof the visual system
(Shapley & Reid, 1985). Assuming this to be the case, it can be arguetth¢hativantage of the
HSD-technique over more ordinary viewing conditions is that it eliminates lanbas out the
contribution of higher mechanisms and therefore makes it possible to stubgtibgior of retinal
mechanisms in a more direct way. Theoretically, these higher mechanismsagéttko perform
some kind of ‘integration’ of the difference signals provided by the retimathanisms (Whittle
& Challands, 1969; Whittle, 1994a; Arend, 1973). To appreciate whateiant by integration
consider the following example: Two target stimualiand b are embedded in the surrounds
and B as suggested in Figure 3.4 (top). For simplicity, we assume all surfacesaithb@matic
so that we only have to consider the single dimension of luminance insteactefdimensional
cone excitation vectors. Assume that the two centre-surround stimuli haverttinance profile
shown in the lower part of the figure. Suppose now, that the retina &xtirae difference signals
AaA :=a— A, AbB := b— BandAAB := A — B from the borders in the stimulus. Only
these difference signals, as opposed to the absolute sigriald and B are conveyed to higher
levels of the visual system. How could the higher centres of the brain useiffieience signals
to decide whether the targetsandb have the same luminance? Clearly, they could compute the
luminance differencé\ab of the targets: andb by taking all the difference signals into account,
ie.

Aab = AaA+ AAB — AbB (3.34)
= (a—A)+(A-B)—(b—B)
= a-—b,

as should be evident from the figure, and the target pateresd b should of course have the
same luminance whenevéab is zero. Inserting this into the above equation yields the solution
a = b, which means that the target stimuli should be regarded as equal whe¢hewveabsolute
luminances are equal. If the brain performs this kind of computation, there theuld be no
simultaneous contrast effect even if the retina only codes differennalsigohysically identical
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Figure 3.4: The contrast-coding-plus-integration perspective a&gptb two juxtaposed centre-surround
stimuli (top). The lower panel shows the luminance profitgla horizontal path (upper dashed line). See
text for further explanations.

targets should appear equal even if they are embedded in differeotisds. If, however, the brain
for some reason fails to take the difference sighal B into account, one would expect quite a
strong simultaneous contrast effect. Neglecting the A3 in eqn. 3.34 yields

Aab = AaA — AbB. (3.35)

As above, the targets should be regarded as equal whef\ebés zero, but now this should be the
case wheneveha A = AbB, or equivalentlys — b = A — B. This means that the target patches
should appear equal whenever their luminances differ by an amouiaisjlestge as the luminance
differences of the surrounds; if the surrounds are very differeatyould expect a large effect.
We can now understand what is meant by integration; it simply means takingdifference
signals into account than those at the borders of the target stimulus itsalie blbove simple
example, integration means taking not just the local difference sigialsand AbB, but also the
non-local difference signah A B into account. This notion of integration can be used to explain
the differences between the results obtained with the HSD and the edgegligchnique on
the one hand and those obtained with side-by-side stimuli presented in\de&econ the other
hand. In the HSD, as well as the blurring technique, the difference ketite two surroundd
andB is not perceived, i.e. the brain assunded B to be zero although it actually is not. Thus,
integration breaks down, and we obtain large simultaneous contrastseffacessence, target-
surround differences are equated. In side-by-side stimuli, on the ludinel; smaller simultaneous
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contrast effects are generally found (Whittle, 1994a). This can bkieed by assuming that
the differenceA AB is taken into account, which is plausible, since in side-by-side displays, it is
readily perceived by the observer. We must assume, however, thgdaitiom is only partial. If it
were complete, we would expect no simultaneous contrast effect at atl wehseldom, if ever,

the case, even in side-by-side displays.

This perspective, according to which the retina codes differencelsignd the brain inte-
grates them (Whittle & Challands, 1969; Arend, 1973) has several stilegetheoretical implica-
tions. For one thing, the special viewing conditions of the HSD and the biutgithnique, which
otherwise might be regarded as unnatural and artificial, can be regasddeverly devised exper-
imental tools for studying the workings of retinal mechanisms, since they elimioatmlance
out, the influence of the integration performed at higher levels of the véys&m. Furthermore,
it implies that in order to account for everyday colour perception, bothdetaf contrast-coding
and a model of integration is needed; contrast-coding alone will not suffisis also means that
the zero-contrast problem cannot be used as an argument agaititast@oding models; the fact
that two zero-contrast targets in different surrounds do not apgepaal, as predicted by contrast-
coding alone, can simply be attributed to a mechanism of integration.

3.3.7 Evidence for contrast-coding under ordinary viewing onditions

As already mentioned, a substantial bulk of the evidence for contrastegcetbms from studies
using the HSD or the blurring-technique. Based on the contrast-codlisggegration model
of colour perception delineated above, one would expect to obtain dasistant with a simple
contrast-coding model under these special viewing conditions. Under, otlore ordinary view-
ing conditions, though, one woultbt expect to obtain results consistent with a simple contrast-
coding model, since in this case one would also expect mechanisms of intedoatifiluence the
results. The findings of Walraven (1976), however, seem to be atwitl this expectation. In his
study, the observers made unique yellow settings for a target stimulus eeubieda uniformly
coloured surround. Since both the target and the surround werenpeesn direct view, there is
no obvious reason why integration should fail to play a role. Neverthdiessesults could be well
described by a pure contrast-coding model. This finding poses a nuiti&lienging questions.
Although the HSD experiments and Walraven’s experiment are both digngtad as evidence
for contrast-coding, they suggest rather different theoreticalesten Whereas the HSD experi-
ments suggest that contrast-coding appears under special viewidigj@as where integration is
eliminated, Walraven’s experiment suggests that contrast-coding ascdes ordinary viewing
conditions. In the former case, the contrast-coding model can be tooléess describing just one
stage of the total process which determines perceived colour undeayrgiewing conditions, in
the latter case it appears that the contrast-coding model describes th@dotds. Furthermore,
whereas the zero-contrast prediction of the contrast-coding modeti&lyritrue in the HSD ex-
periments, it is patently absurd in the direct-view situation studied by Walrakiherto, we
have only formulated the zero-contrast prediction for asymmetric colourningtexperiments,
stating that two zero-contrast targets should appear equal even ifrineyrdedded in different
surround. We did not state what colour the zero-contrast targetddshppear, only that they
should be equal. Based on opponent colours theory, it is, howenssifghe to derive a more spe-
cific expectation which can be directly related to Walraven’'s experimentatigity namely that
zero-contrast targets should always appear achromatic even if thesdiis coloured: According
to the contrast-coding model, the perceived colour of the target is detetioyrie expression

wi(C) = D(C)- (e~ ec) (3.36)

/

_ /
= € — €
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whereD(C) is a von Kries transform, anet, e. are the cone excitation vectors of the target and
the surround, respectively, argl, e/, the corresponding von Kries-transformed cone excitation
vectors. This model can equally well be expressed in terms of the variatbdggonent colours
theory instead of the cone excitation vectors of trichromatic theory. To thistee von Kries-
transformed cone excitation vectors must simply be multiplied with the mifrixThus, in the
opponent formulation, perceived colour should be determined by thregsipn

ol(C) = M-e,(C)—M-e.(C) (3.37)
= M- wy(C). (3.38)

Now, at zero contrastw(C) is the zero vector, and multiplying it by any matrix also yields the
zero vector. Hence, at zero contrast, the three opponent mecharefmesented by the vector
0’ (C) must all be zero, i.e. in equilibrium. Since opponent colours theory asstiraeshen
the red-green and the blue-yellow mechanisms are both zero, the colowssigms should be
achromatic, we would expect that any zero-contrast target shoukebagghromatic. Clearly
this is an absurd prediction: A zero-contrast target in a coloured wulrobviously appears in
the same colour as the surround. If the surround is red, for instanedaihet also appears
red. Accordingly, the conclusion that Walraven’s (1976) model cabedaken literally appears
inevitable.

Beyond this conceptual problem, there is also direct empirical evideralkieging the va-
lidity of Walraven’s contrast-coding model. In an experiment very similar to ofidValraven,
Shevell (1978) found that the contrast-coding model must be modifiedier tw account for the
data. According to Shevell's model, perceived colour is determined byxgregsion

st(C) :=D(C) - (et — k- ec), (3.39)

wherek is a positive constant less than unity. Note that this equation is just the twegsmodel,
of which the respective models of Walraven and Shevell are speces;cgascording to Walraven'’s
model,k = 1 whereas according to that of Shevélljs less than that. Fotr = 1 we may say
that the cone excitation vector of the surround is completely subtractedrddisapunted’, fork
less than unity we may say that it is only partially discounted, hence Walsameodel is called a
‘full discounting model’, and Shevell’s is called a ‘partial discounting modgetjn. 3.39 can be
rewritten as

st(C) =D(C) - (et —ec+ (1 — k) -ec), (3.40)

hence the only difference between the models of Walraven and Sheveidt ihéhlatter includes
the term(1 — k) - e, whereas the former does not. This term, which is generally referredie as
‘additive effect’, is generally found to be fairly small, but it is of profaltiheoretical significance;
One may say that Shevell's model is immune to the zero-contrast problemtbg wirincluding
this term. Conversely, Walraven’s model is subject to the zero-contralstemn because it does
not include the additive term.

Whether it is, in fact, necessary to include this additive term in order tousmtdor the em-
pirical facts has been the subject of a long-standing and vigorousogensyy (\Walraven, 1979;
Shevell, 1980; Drum, 1981; Adelson, 1981; Werner & Walraven, 1B8®ies et al., 1983; Nerger
et al., 1993). Curiously, it proved very difficult to settle the issue. Sondiegisuggest that the
additive term is necessary, others suggest that a pure contrasgroodife! suffices. One difficulty
stems from the fact that the additive effect found in the studies of Sh@®B) and others is —
in absolute terms — rather small, i.e.is close to unity. Accordingly, the two models make very
similar predictions, and very precise measurements are necessarylincoddsinguish between
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Figure 3.5. Comparison of the predictions of Wal-
raven’s (1976) and Shevell’'s (1978) models, here in a
two-dimensional (dichromatic) cone excitation space.
The horizontal axis represents tliecone excitation

of the stimuli, the vertical axis\/-cone excitation. A
The arrow from the origin to the poiiL(S), M (S5)) .
represents the cone excitation vector of the surround.
According to Walraven’s model (top), unique yellow /
settings at different luminance levels should be lo- M(S)
cated on a straight line through that point. The slope 0 L
of this line depends on the von Kries coefficients,
as suggested by the different alternatives shown here
(dashed lines). For a given surround, though, the von
Kries coefficients are fixed, and the data should be " Shevell
described by one of the lines. According to Shevell's
model, the data should be described by a straight line
through the point - (L(S), M(S)). Estimates of
suggest that it is close to unity (in the order(g),
hence the point shown in the middle and lower pan-
els should be grossly realistic, and one may expect M(S)
that the data should fall on one of the white dashed 0
lines, which goes through this point. Since the slope v L(S)
of the prediction line is unspecified by both models,
very similar predictions can be made based on the
two models. This is illustrated in the lower panel. y Both models
The most diagnostic cases are those where the white
dashed line deviates the most from the black white
line, i.e. stimuli which are rather similar to the sur-

Walraven

round. This makes it difficult to distinguish between 77

the models based on empirical data. In the origi- //

nal experiments of Walraven and Shevell, this prob- e (2

lem is excerberated by the technical restriction that 0 .
only some of the potentially diagnostic measurements 0 L(S)

could be made, roughly those within the more brightly
shaded region.

the alternative models. Furthermore, in Walraven'’s original experimemiehss in the majority
of the investigations addressing the issue, the target patch was a lightsoganmposed on a
background light constituting the surround. Accordingly, the targethpats always a physical
increment with respect to the surround. When only such incremental strgeili are investi-
gated, the predictions of the two models differ most markedly for target stintuGhwhave low
contrast with respect to the surround, as schematically illustrated in Fidhire 3

Unfortunately, it seems that exactly under these conditions, which woutddsé diagnostic,
subjects experience problems when trying to make their settings. In Wakgt0@9, p. 1062)
words, “it is extremely difficult to judge the color of the test field (subjectsagity may be at
loss to report what they see). There are indications of a vague, buelpeession (an achromatic
interval?) at the transition from seeing green [...] to seeing red.” Also, indy$y Drum (1981),
where target stimuli of very low contrast (close to threshold detectabilitinagthe surround)
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were used, three of the five observers made settings indicative of éivaddfect, but no data
where obtained from the two remaining subjects because they weable to do the experiment
In repeated attempts to measure the red-green equilibrium point, they efimtehe hue of the
test flash was always either greenish or so weak as to be uninterptépal@60, his italics). That
the test stimulus should always look greenish is exactly what one wouldtxpthe absence
of an additive effect, so taken together, the results are equivocateubjects made settings in
accordance with the predictions of Shevell's model, whereas the othereiwavéed as one would
expect from Walraven's model.

Possible problems with the perceptual task One possible explanation for the equivocal results
of these experiments is that subjects are not actually able to perform ththégskre asked to
carry out. In most of the experiments, the observers are asked to #ugusblour of the tar-
get stimulus until it appears unique yellow, i.e. neither reddish nor greeoiskalternatively,
unique grey. According to Hering’s (1920) opponent colours théseg section 2.3), no colour
should appear both reddish and greenish, nor both bluish and yell@wishis should be a well-
defined criterion. However, some investigators have reported that &tigeili embedded in a
uniform surround may — especially at low target-surround contrasbkeea dual colour impres-
sion reminiscent of perceptual transparency (Helmholtz, 1911; Masiio&d, 1981; Brenner &
Cornelissen, 1991; Brown & MacLeod, 1997; Mausfeld, 1998; Nieele1998). By definition,
perceptual transparency involves the perception of two colours aathe kcation of the visual
field, namely the colour of the transparent medium and the colour of thetqigemeived behind
and ‘through’ it (Fuchs, 1923). In Colour Plate IX on page 141 this istilaied in the kind of
four-region stimulus typically used in studies of perceptual transpar@hetelli, 1970; D’Zmura
etal., 1997; Faul, 1997; Faul & Ekroll, 2002). If such dual colour iegsions are also evoked by
simple centre-surround stimuli, one may expect that the task of adjustinglthe ob the target
patch until it appears neither reddish nor greenish might be difficult, shecgarget may appear
as a reddish patch behind a greenish transparent layer, or vice sechahat the total colour im-
pression in the region of the target is both reddish and greenish. Thajea $imulus embedded
in a uniform coloured surround may indeed appear both reddish aadigheat the same time has
been reported by several researchers (Helmholtz, 1911; Bren@argelissen, 1991; Mausfeld,
1998). Such phenomena suggest themselves as a possible explandtierefjuivocal results ob-
tained in the studies contributing to the Walraven-Shevell controversye Ietiget patch appears
both reddish and greenish, it will obviously not be an easy task for thiests to make a setting
which appears neither reddish nor greenish, and it can be expectdbdianay resort to some
kind of less well-defined compromise.

In the next chapter, | shall present the results of a series of expasmarith strongly suggest
that such dual colour impressions are indeed evoked by simple centoensd stimuli. Using a
novel and ’indirect’ technique for determining the neutral point for tergenbedded in a coloured
surround we find that it coincides with the chromaticity of the surround, com@ance with the
seemingly absurd zero-contrast prediction of Walraven’s contraktiganodel. Although this
result is actually predicted by the contrast-coding model, it must be redyasdearadoxical under
the assumption that perceived colour can be adequately represergadpigt of numbers, as all
of the quantitative models hitherto discussed, including Walraven’s, implicisiyras. If this as-
sumption is given up, though, it is possible to develop a rational explandttbe present findings
in terms of perceptual transparency. Different aspects of the expaammesults are well captured
by the models of Walraven and Shevell, respectively, but the total patteesuts suggests that
the common basic premise of both models, namely that the colour impressiomsldyokimple
centre-surround stimuli only vary along three dimensions, is untenable.
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Chapter 4

The convergence paradox

A common method for measuring simultaneous colour contrast is to let subj@css #e chro-
maticity of the target stimulus until it appears achromatic, or devoid of huelielgon & Michels,
1948; Werner & Walraven, 1982). This experimental technique restsenommonly accepted
notion that achromatic colour impressions are special. Colour Plate Il anl®@gillustrates how
colour impressions are thought to correspond to points in colour spaaeedPof constant hue
intersect in a central line which represents all the achromatic colour impnessiio a plane of
constant luminance, which corresponds to a planar cross-section asptis, lines of constant
hue converge on a singular achromatic point, just as the spokes of &wbetat its hub. Thus,
if an observer is asked to adjust the chromaticity of the target such thaggaepachromatic, he
simply has to find this point, which should be a straighforward and well-c k.

In my own experience as a subject in experiments of this kind, thougheldmmetimes felt it
difficult to make exact settings in the sense that | was certain that there eshrairrace of this or
that hue. Since, as discussed in the previous section, a high acctiaegettings can be essential
for distinguishing between the predictions of different models, | tried téseéenf a method which
would make it easier for the observer to make precise settings. One idela wdiscexplored in
pilot experiments was to use more than a single target patch embedded in theuseoned. If
four target patches are used, for instance, one could ‘encirclsti@ddle’ the achromatic point
by making settings where the four patches have just noticable traces auhegdponent hues
blue, yellow, red and green. To this end, the chromaticities of the fourttpegehes were linked
to each other as four small difference vectors from a common mean chrayattcillustrated
in Figure 4.1. The observer could adjust both the mean chromaticity of thetdaag well as the
common length of the difference vectors, which extended in four diffefieections of chromatic-
ity space, i.e. roughly ‘redwards’, ‘greenwards’, ‘yellowwardadabluewards’ from the mean
chromaticity. By iteratively adjusting the mean chromaticity and the length of thereifte vec-
tors, the observer should be able to find a point where the four targetgearly achromatic, but
different enough to say with confidence that one is slightly too greenthiee slightly too red, the
third slightly too yellow and the fourth slightly too bluish to be truly achromatic. At gaging,
it appears natural to assume that the achromatic point should be locatedismnabdetween the
chromaticities of the four patches, presumably in the middle.

The informal pilot experiments with this method yielded highly interesting but adsp un-
settling results. With the new method, estimates of the achromatic point were obtennsd
coincided very accurately with the chromaticity of the coloured surroumaceShe targets and
the surround were equiluminant, this corresponds exactly to the zetmsbprediction of the
contrast-coding model: If a target has the same luminance and chromaticigysistbund it has
zero-contrast and the model predicts that it should appear achrometj@s¥ve have already dis-
cussed, this simply is not true because in this case the target is indistindaisbaithe surround
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Figure 4.1 Basic logic of the pilot experiments. The observer vieweat fiargets embedded in a com-
mon surround, as suggested in the left panel. The chroriesiaf the targets deviated in four different
directions from a mean chromaticity. The observer could adjust this mean chromaticity, as veetha
common length of the offsets. The right panel shows two dfiie possible settings, with different mean
chromaticities and lengths of the difference vectors. Te af the arrows represent the chromaticities of
the targets.

and must therefore appear in the same colour as the surround, whicdolMased. Thus, the new
method yielded an estimate of the achromatic point which cannot possibly bheezbtssing the
classical method of grey settings. Accordingly, when the results obtaiitbdive hew method
were compared with the results obtained using classical grey settings, thegl twt to be incon-
sistent. These inconsistencies turned out to be more than just minor diffsrehe total pattern
of results suggested that the grey point obtained using classical adluv@ettings was actually
locatedoutsideof a circle in chromaticity space containing a full hue circle. This is clearlyldso
with the common intuition that any circle in chromaticity space spanning all huegven small
its radius might be, should surround the achromatic point.

Clearly, these findings could be due to some kind of experimental artifabefare not, how-
ever, they must be regarded as real anomalies challenging a basic poelmise classical models
of simultaneous colour contrast. In the following | report the results ofri@sef more formal
and elaborate experiments which were designed to investigate this more .cldseayticipate,
the results strongly suggest that we are dealing with a real effect whifficalt to understand
from a classical perspective, but can be rationally accounted foeibeaumes that simple centre-
surround stimuli evoke impressions reminiscent of perceptual tramspardhese experiments
were performed and analysed in close collaboration with Franz Faul, &€iftiedeee and Eike
Richter, whose substantial contributions | gratefully acknowledge.

4.1 Basic logic of the experiments

Colour Plate 1l on page 137 illustrates schematically how the colour impressitergets viewed
in a context of complete darkness are thought to correspond to pointgimdiss space: Planes
of constant hue intersect in a central axis which represents achroroktioc @npressions of dif-
ferent brightness. In a plane of constant luminance (right panel) linesnstant hue converge on
the achromatic point. The colour represented by this ‘neutral point’ shibatéfore have both the
property of appearing achromatic and being the convergence poilndsrof constant hue. We
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Figure 4.2 Left: lllustration of the convergence criterion. The heéimgs represents lines of constant hue,
which converge on the achromatic point. If straight lines drawn from any other point in the chromatic-
itcity diagram, they cannot all be of constant hue: Most efdbtted lines intersect many different constant
hue lines. Right: lllustration of the enclosure criteri&@ach of the straight lines represents a different hue.
In order to intersect all of these lines, a closed path in Hrernaticity diagram must enclose the achromatic
point. This is the case for the heavy circle, but not for thehed circle.

shall refer to the point at which lines of constant hue converge as ttisahpoint according to the
convergence criterion Evidently, this point should be uniquely defined: A set of straight lines
extending from any other point in the chromaticity diagram can not all beon$tant hue (see
Figure 4.2, left). The achromatic point is also thought to possess a fynmtbgerty; any closed
path around it in chromaticity space should contain all possible heredgsure criterion). As
illustrated in the righ panel of Figure 4.2, this should only be true for theoaatic point.

These commonly accepted notions about structure in colour space anatitsr® perceptual
variables ultimately have their roots in an experimental paradigm that studiatetight spots
surrounded by complete darkness. In this simple case any light stimulesgonds uniquely to a
point in tristimulus space, and the neutral point in a plane of equiluminancidspossess all the
three properties of a) appearing achromatic, b) fulfulling the convergeriterion, and c) fulfilling
the enclosure criterion. It is generally assumed, though, that the ézpoesof these criteria also
holds for the general case in which the target stimulus is viewed in a suradiany colour. This
generalisation is a trivial corollary of classical models of simultaneous &smtrAccording to
most models, including those discussed in the previous chapter, introducoigued surround
simply relocates the point in tristimulus space representing a given colourdgigne Conversely,
the effect of the surround is just to relocate attributes of colour appearaithin tristimulus
space. Therefore if a given colour impression has the attributes a, b @nthe presence of a
dark surround, it should also possess them in the presence of aemkkwnround. Accordingly,
the achromatic point should fulfill the convergence and enclosure crads@in the presence
of a coloured surround. In our experiments, we investigated whetheistiisfact the case by
determining the neutral point for a given surround using all three crigidecomparing the results.

4.2 General methods

The stimuli, which consisted of one or more square target patches embieddedhiform rec-
tanglar surround were presented on a CRT screen (resolution, £.088 pixel; 75-Hz frame
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Figure 4.3 Left: lllustration of the stimulus used in the second partgperiment 1. The observers
viewed two sets of 16 targets arranged in two concentridesrand embedded in a common surround (The
relative sizes of the targets and the circles are correeflyoduced, but the figure is not drawn to scale, and
the surround was larger). Right: The chromaticities of Hrgets were distributed on two corresponding
circles in (u’,v’) chromaticity space. For clarity, the iaof the circles are here twice as large as they were
in the actual experiment. The polygon represents the gafmiieamonitor at the luminance used in the
experiment.

rate) and viewed in a completely dark chamber. The monitor was controlledhbgphics card

with a colour depth of 8 bits per red-green-blue channel. This setupaliksated by means of a
colourimeter (LMT Lichtmesstechnik, Berlin; C1210), following a standaxmtpdure described
by Brainard (1989).

4.3 Experiment 1

Stimuli and procedure In this experiment we determined the neutral point for targets presented
in a coloured surround using three different experimental technicplethe targets and the sur-
rounds used were equiluminant at 10 cé/and data were collected for three differently coloured
surrounds with the CIE 1976 (u’,v’) coordinates (0.2,0.49), (0.3,0.48)(8.225,0.38), appearing
approximately violet, red and yellow, respectively. In the first part oetkgeriment, conventional
grey settings were used: The subjects were asked to adjust the chronudticiingle square tar-
get patch (width, 0.66visual angle) embedded in a coloured rectangular surround (widtig14.2
height 10) until it appeared devoid of any hue. The adjustments were made by éiss four
arrow keys of a keyboard, with each pair of arrow keys changing linencaticity of the target
along one of the two axes of chromaticity space.

In the second part of the experiment, the neutral point was instead de¢eradcording the
convergence criterion. As illustrated in Figure 4.3, two sets of 16 squayettpatches (width,
0.33 each) were arranged on two circles (“spatial circles”, radii, 1&@W 2.8) and displayed in
the same surrounds as those used in the first part of the experimentshrohsaticities of these
patches were equally spaced on two concentric circles (“chromaticity €iyatethe CIE uniform
chromaticity space (Wyszecki & Stiles, 1982). The radius of the innemghticity circle was set
at a relatively small value (0.015 Euclidean distance in the (u’,v’) planikg duter chromaticity
circle had the same centre as the inner one, its radius being twice as ladedigee 4.3, right).
The chromaticity of each patch on the screen was set to that point of thmaticity circles that
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corresponds to its location on the spatial circles. The subjects made theigséttiadjusting the
centre of the two chromaticity circles. Thus, the two chromaticity circles weidlyiganslated in
chromaticity space, keeping the relative positions of all target chromaticiigsamged. The task
of the subjects was to make a setting which made each pair of target patchésvgigime angular
position on the screen appear to have the same hue. The centre of thetbity circles at this
setting was regarded as an estimate of the neutral point according to treggemmce criterion.

In the third part of the experiment, the enclosure criterion was used.tifhlgs display was
identical to that used in the second part of the experiment except thatiteespatial circle of
targets were omitted. In this part of the experiment, the subjects could alssi Hpuradius of
the chromaticity circle; the task was to find a setting for the centre that enalelgabtbeption of
a full hue circlé while keeping the radius as small as possible. Four experienced pé$yiog
observers, including myself, participated in the experiment. All were calotmnal as ascertained
by the Ishihara Tests for Colour-Blindness (Ishihara, 1967). Eregsurement was repeated 8
times.

Results Typical results from all three parts of the experiment are shown in Figydrehe results
of the three other observers are shown in Figure 4.5. For all threeusuls, it can be seen that
the cluster of the achromatic settings is clearly different from the very sinlisters obtained
using the convergence criterion and the enclosure criterion. Furtheyither two latter clusters
coincide almost perfectly with the surround chromaticity. Thus, using theecgance criterion
and the enclosure criterion one obtains an estimate of the neutral point edrigsponds to the
chromaticity of the surround, in agreement with the problematic zero-comregiction of the
Walraven'’s (1976) contrast-coding model. The achromatic settings, inasbnyield an estimate
of the neutral point which is clearly different from the chromaticity of the@und. The deviations
are generally approximately in the direction of the chromaticity of equal gneldte, as one
would expect based on Shevell's (1978) two-process model; Thetagarom the surround
chromaticity may be understood as representing the ‘additive effect’ ptesdutahis model.

Taken together, our results appear paradoxical in several regaids will not have escaped
the mindful reader’s notice, and we shall discuss these issues thiydag. Before we do so,
however, it is appropriate to ask whether the results are in some way dd#gctaA problematic
aspect of the present experiment is the different complexity of the stinediinghe different parts
of the experiments. In the first part of the experiment only a single taegehpvas used, whereas
in the second and third parts effectively 32 and 16 target stimuli were visilbtetobserver. The
following experiment was designed to address this issue.

4.4 Experiment 2

Stimuli and procedure In this experiment, subjects matched the hue of only two target simuli
(width, 0.66'; centre-to-centre distance, 1°3&mbedded in the same uniform surround (width,
14.25; height, 10). The chromaticity of one of these patches was fixed to 1 of 16 equidistant
points on a circle in uv chromaticity space. The chromaticity of the secondt feageh could

be adjusted continuously along a smaller concentric circle in chromaticity gp#uoe search for

the hue match. The center of both chromaticity circles was located at the jatfinaiz between

the background chromaticity and the achromatic point, which was determipedimentally by
using the same procedure as in the first part of experiment 1. The faitiege chromaticity
circles were 1.5 times and 3 times the distance between these two points, vetpésatie Figure

As a criterion for the perception of a full hue cirle, subjects were insteutteascertain that shades of all four
unique hues red, green, blue and yellow were visible.



74 CHAPTER 4. THE CONVERGENCE PARADOX
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Figure 4.4 Typical results from experiment 1 (subject VE), plotted e {CIELUV (u’,v’) chromaticity
space. Upper Left: The crosses represent the three surcbwachaticities investigated. The black point
represents the chromaticity of equal energy white. Theosuding polygon is the monitor gamut at the
luminance used in our experiments (10 céynThe other panels represent scaled-up portions of thisespa
(Surround chromaticity crosses are scaled correspondingize.) The grey dots represent the achromatic
settings made in the first part of the experiment, and theklmats represent the settings made according to
the convergence criterion (second part of the experimémtund the mean of these settings (not shown),
two black solid circles are drawn with the fixed radii usedclEaf the dotted circles represents one single
setting according to the enclosure criterion (third pathefexperiment).
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Figure 4.5 Results of experiment 1 for the subjects FF, JG and DW. Axdssgmbols as in Figure 4.4.
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Figure 4.6. The basic logic of experiment 2. Left: The subjects viewed targets'1 and7'2 embedded in

a common surround. Right: The chromaticity of the achromatic poititwas determined in a preliminary
experiment. Using this information, the chromaticitiestod targetsI’l and72 were sampled from two
concentric circles in chromaticity space surrounding libthachromatic pointl and the chromaticity of
the surroundS. In a given trial, the chromaticity of the targ@tl was fixed, and the subject was asked
to adjust the chromaticity df'2 along the inner circle untii’l and72 appeared to have the same hue.
Depending on whether lines of constant hue converge on t®matic point or the chromaticity of the
surround, one would expect the settingsandT'2’, respectively.

4.6). Because the radii of the chromaticity circles depend on the grey settfribe subject, it
often happened that the outer chromaticity circle extended beyond the mgaitart. In these
cases, the surround colours, which initially were set to the same valueg®sdriment 1, were
made slightly less saturated and the entire procedure was repeated. niieegeoce criterion
implies that straight lines drawn through the standard patch chromaticity amtitaticity of

the hue match intersect at the neutral point of chromaticity space. Bebatis¢he achromatic
point and the surround chromaticity were located symmetrically with respece tcetfiter of the
inner chromaticity circle and well within it (see Figure 4.6), it was a priorialyypossible for the
lines of constant hue to converge on either of these points.

Results The results of observers GW and VE, for whom data were collectedlIftirae sur-
round colours are shown in Figures 4.7 and 4.8, respectively.

The results of additional subjects who only performed the experiment wélootwo of the
surrounds are shown in Figures 4.9 and 4.10. To estimate the neutrafgoisubject and a
given surround, we searched for the chromaticity N that minimised the meataardeviation
between the line from the chromaticity of the fixed target to that of the subjettisgs and the
corresponding lines from the fixed chromaticity to the neutral point N. Asbmaseen in all of
the plots, the estimated neutral point lies very close to the surround chromatidityuch farther
away from the mean achromatic setting. Thus, the basic results of expefiroentbe confirmed
in this more rigorous test.

4.5 Experiment 3

A central assumption underlying our use of the convergence criteriom ialibve experiments is
that lines of constant hue are approximately straight. If, however,agro this assumption, the
lines are strongly curved, for instance as depicted in Figure 4.11 (ledtyesults of experiment
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Figure 4.7. Results from experiment 2 plotted in (u’,v’) chromaticitgardinates (subject GW). Row 1
is for the red surround, row 2 is for the yellow surround ang ®is for the blue surround. In the left
column, the data are plotted together with lines predictedhie hypothesis that lines of constant hue
converge on the achromatic point (black filled circle). $éolines are drawn from the chromaticities of
the fixed patches (small white dots on the outer circle) tatiteesponding mean settings (small white dots
on the inner circle), and the angular deviation from the jated lines is represented by the black wedges.
The white open symbol represents the best-fitting point afemence, and the black cross represents the
surround chromaticities. In the right column, the same deg@lotted, except that the lines predicted by the
hypothesis that lines of constant hue converge on the sufroliromaticities are given. The black wedges
representing the deviations from the prediction are gfeatich smaller in this case. Each data point is the
mean of three repeated settings.
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Figure 4.8 Results from experiment 2, subject VE. See caption of Figurdor explanations.
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Figure 4.9 Results from experiment 2, blue surround, subjects DW and3Se® caption of Figure 4.7 for
explanations.

2 may be compatible with the standard assumption that lines of constant huergmmn the
achromatic point. Although only relatively small deviations from linearity hagerbreported
(Burns et al., 1984), the possibility that large deviations may occur undgrésent experimental
conditions cannot be ruled oatpriori. Therefore, we conducted a third experiment in which we
addressed this possibility explicitly.

Stimuli and procedure The results of experiment 2 show that if lines of constant hue were
curved and thus still may converge on the achromatic point, some of thetd $tame the strongest
curvature (see Figure 4.11, left), and we focussed on these casessalf a method with fixed
stimuli instead of the adjustment procedure employed in experiment 2. Tlecsubiewed two
target patches (width: 1.27 centre-to-centre distance: 2%4n a common surround (width:
27.6, height: 19.2). The surrounds, which may be roughly described as yellow, pink ety
had the uv-coordinates (0.2, 0.53), (0.3, 0.46) and (0.22,0.35),atdsge. In a 4-alternative
forced choice procedure, the subjects were asked to indicate wheghlefttftest) patch a) had
the same hue as the right (standard) patch, b) had a hue differentiedrof the standard, c)
was invisible against the surround, or d) appeared achromatic. Theyingtructed to use a strict
criterion for a hue match.

For each surround, the chromaticities for the test patches were chiosea friangular region
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Figure 4.10 Results from experiment 2, red surround, subjects FF, DWFahdSee caption of Figure 4.7
for explanations.
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Figure 4.11 Left: A possible alternative interpretation of the dataxperiment 2 (here for the red back-

ground; compare with Figure 4.7, row 1) in terms of curveddiof constant hue. Right: Illustration of the

choice of target chromaticities in experiment 3 (see textlifgails). The black and white lines correspond
to two different conditions used for each surround.

in uv-space spanned by the chromaticities A, B and S of the achromatic p@ s titound, and
the standard patch, respectively. All different chromaticities inside thisgléarealisable at 8-bit
colour resolution were used for the test patches. The achromatic pantjust as in experiment
2 - determined for each subject in a preliminary experiment. The individualigrchined mean
A over 8 achromatic settings for a surround together with the surrourandticity B defines
a line AB in chromaticity space. For the standard patch we used a chromaticikyc8 (in uv
chromaticity space) had a Euclidian distance of 0.04 units from this line, aseaually far away
from A and B (see Figure 4.11, right panel).

Results The results for two subjects are plotted in figures 4.12 and 4.13 (the refaltsaml-
ditional subject were similar to those of subject MK and are not shown)caritbe clearly seen
that the equal hue lines for subject MK, which extend all the way down &stuld detectability
of the target against the surround, are approximately straight anéigenen the surround chro-
maticity. This equal hue line and the achromatic locus are separated by adexxiegion which
is neither classified as achromatic nor as a hue match. The equal hue limleseover BS look
like “amputated” versions of those of subject MK. After the experimenjesuitBS reported that
he had experienced a pronounced impression of transparency whaardbt was similar to the
background and that he, in view of the instruction to apply a strict critehiad hot classified these
cases as hue matches. Similar reports of perceptual transparen@iseemgade by the other sub-
jects (see discussion). The results of experiment 3 clearly rule ouimearities of equal hue loci
as a possible explanation for the dissociation of the achromatic point andrkiergence point
for lines of equal hues observed in experiment 1 and 2. Furthermiom® ® this experiment
judgements of achromaticity and hue equality were made under the exact sadigons, any
artefact due to slight differences in context can also be ruled out.

4.6 Discussion

The results of all three experiments support the conclusion that thereiss@cidtion between
the perceptual criterion of achromaticity and the structural definition of ¢ral point in chro-
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Figure 4.12 Typical results from experiment 3 in (u’,v’)-chromaticigoordinates, for the red and the
violet surround. Each panel shows the results for one stubjet one surround chromaticity. The filled
white circle represents the surround chromaticity. Thenopeite circles represent single grey settings from
the preliminary experiment. For each surround, two stathtinget chromaticities were used, represented
by the large black squares. Each point within the triangfindd by the surround chromaticity, the mean
achromatic setting and the standard test patch represents the test chromaticities which were compared
with that test patch. Points plotted as white squares reptésst patches which appear equal in hue to the
standard patch, those plotted as small black squares esprest patches which appear achromatic, and
those plotted as small black dots represent test chroriesithat are judged neither to be achromatic nor
a hue match. Chromaticity points for those test targets lwappeared indistinguishable from the surround
are omitted in the plot, yielding an empty region close towvinite filled circle.
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Figure 4.13 Typical results from experiment 3, for the yellow surrourke caption of Figure 4.12 for
explanation.

maticity space in terms of the convergence criterion. Lines of equal hwegeon the surround
chromaticity, and not on the achromatic point. Therefore, contrary to conmwations, the chro-
maticity of the background should be regarded as a more natural cectreoafaticity space than
the achromatic point.

Interestingly, our estimates of the neutral point obtained with achromatic settregconsis-
tent with Shevell’s (1978) two-process model, whereas our estimatesioé¢theal point using the
convergence criterion and the enclosure criterion are consistent witawda’s (1976) and Whit-
tle’s (1994b, 2003) contrast-coding models. Taken together, thouglprdsent findings must
appear paradoxical if one tries to understand them in terms of classibah®o@f colour space
with three dimensions such as hue, saturation and brightness. In the fgaménshall briefly
consider some conceptual issues raised by our findings, as well ahépwan be resolved.

To begin with, the finding that lines of constant hue converge on the chictyaf the sur-
round appears to be a contradiction in terms. To see this, consider fitgtpheblematic case of
lines of constant hue converging on an achromatic colour. Any coloargiven line of constant
hue can then be considered to be a mixture of two colours. All colours o afioonstant red
hue, for instance, can be considered to be a mixture of a saturatedloed and white (or, de-
pending on brightness, any achromatic colour), as illustrated in Colour®taigage 142. Thus,
along every line of constant hue, the colour impressions which aresepegl contain increasing
amounts of whiteness as saturation is decreased. The admixture of wisteatoehange the
perceived hue, though, since white is a neutral colour having no hue itkénes of constant
hue converge on a chromatic colour, however, we encounter a prol#&suo:in this case, the
colours along any line of constant hue can can be regarded as a miktwe ocolours. In this
case, though, both of them have a hue. If lines of constant hue geneeryellow, for instance,
all lines of constant hue should contain increasing amounts of yellowagghjstrated in Colour
Plate X on page 142. By way of example, a line of constant, say, red louddstontain increasing
amounts of redness, which obviously means that hue changes, arginthhoe along a line of
constant hue is of course a contradiction in terms. Nevertheless oucts,byho were instructed
to make constant hue judgements, actually produced settings suggestiimethaf constant hue
converge on the chromaticity of the coloured surround. How can this etigpaitern of results
be accounted for?

As already mentioned above, any line in chromaticity space converging arhtbmaticity
of the surround consist of two colour components, one of them camelépg to the colour of
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the surround, for instance red, and the other to the hue of the chromatittig ather end of
the line in chromaticity space. In Colour Plate X on page 142, the relative amofithese two
hue components, which we refer to as the ‘surround component’ andgdh&ast component’,
respectively, are schematically represented by the thickness of the tdgesieWe refer to the
colour component which corresponds to the colour of the surrouncedsulround component’
and the remaining colour component as the ‘contrast component’. Nove #ubjects somehow
disregard the surround component and base their judgements on thestoamponent only, then
the result that lines of constant hue converge on the surround cotaud e understandable; The
hue of the contrast component may remain constant although the total coloesssion changes
toward the colour of the surround. This would also explain the results @ataiith the enclosure
criterion; any circle around the surround chromaticity would contain a &mge of hues in terms
of the contrast component. But why should the subjects disregard treisdrcomponent? A
plausible hypothesis is that the local proximal stimulus is decomposed into two Sienulis
perceived colour components, like in the case of perceptual trameyaidetelli, 1970), colour
scission (Anderson, 1997) or laminar segmentation (Mausfeld, 198@)viSual system attributes
the surround component to a transparent overlay covering both tteaiadrand the target patch,
and therefore only the remaining contrast component is taken into acatent the hue of the
target patch is judged.

Interestingly, the above explanation in terms of colour scission suggestsubachromatic
settings actually should be impossible to make, because two chromatic colouwmeampshould
be perceived simultaneously. Colour Plate X illustrates the problems whigbcssiloan be ex-
pected to experience when searching for the achromatic point: At themakicity of the surround,
the target appears in the same colour as the surround, say yellow. Hritraaticity of the target
is changed in the direction of a colour complementary to the surround cahotlis case blue,
one would classically expect to find the achromatic point. However, ouinfisdsuggest that as
soon as one moves in this direction, the contrast component is alreadyMiéikéng it less blue
is impossible without going back to the surround chromaticity. Getting rid of aeudtie yellow
surround component is also impossible without having a strong bluish sbtenponent. In
other words, the subjects are unable to cancel the yellowish surrommgoc@nt and the bluish
contrast component against each other in order to obtain an achromiatic gopression and
must revert to simply trying to balance them such that the total colour impreissitose, but not
identical, to an achromatic colour impression.

The scission interpretation above is not only supported by our data loubglhe phenom-
enological observation that, especially at low chromatic contrast, the sbotlbur component
of the target patch seems to be covered by a “veil” that has the same celthe aurround. A
good impression of what this looks like can be gained in Colour Plate XI. Itogh&eft panel, the
‘spokes’ of different colours from the hue circle are all shaded tdw/gellow at the centre. That
is, the colours along the spokes correspond to lines in chromaticity spawergimg on the yellow
colour at the centre. When the same set of spokes is embedded in a yaltownsu(top right
panel), they suddenly appear to be of roughly constant hue. Furtheroree has the impression
of a yellow transparent ‘haze’ or ‘veil’ covering the spokes, partiduliwards the centre of the
display where the contrast between the colours of the spokes and theraliis low. The lower
part of the figure shows the analogous case where a red surrousetisnstead of a yellow one.

The stimulus display in this demonstration is more complex than the simple centoexsdirr
stimuli used in our experiments, so one might argue that this complexity giwetorimore com-
plex perceptual interpretations. Obviously, this cannot be ruledqartori, but the correspon-
dence between what one can observe in this demonstration and the hggotleekave ventured
in order to account for our findings with the simple centre-surround i®ratiking. Thus, the
demonstration actually may be said to illustrate the most important aspects of dingéirat a
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single glance. Some further interesting aspects of simultaneous condratt@suggested by this
demonstration. It appears that the impression of transparency andahgtktof the simultaneous
contrast effect are correlated. Towards the ‘hub’ of the spokieer@vcontrast between the spokes
and the surround is low, the most pronounced impressions of transgaenevoked. Also, the
strength of the simultaneous contrast effect, i.e. the perceived diffeteetween the physically
identical sets of spokes embedded in the grey and the yellow surrospectely, is most im-
pressive at the centre. The perceived colours of the portions opties which are farther away
from the centre appear almost equal in the two surrounds, suggestisintinidtaneous contrast is
comparatively weak or even absent at high contrast, where there is nessign of transparency.

Impossibility of asymmetric colour matching This demonstration can also be used to illus-
trate a further implication of our findings, namely that true asymmetric colour reatshould
sometimes be impossible to make. In the left and middle panels of Colour Plate Xigéwtical
sets of spokes are embedded in a yellow and a red surround, respyedtithis case asymmetric
matching is tantamount to changing the colours of the spokes in one of tloeusds; so that the
two sets of spokes appear identical although they are embedded inmtifareounds. In the right
panel, the colours of the spokes embedded in the yellow surround haxechanged such that
they appear very similar to the spokes embedded in the red surfoling most salient aspect of
the remaining differences in the perceived colours of the two sets oéspskhat the one embed-
ded in the red surround seems to be covered by a reddish haze, svtiereme embedded in the
yellow surround appears to be covered by yellowish haze. Since theraflthe haze is deter-
mined by the colour of the surround, it cannot be made equal for the tisamEspokes as long
as the two surrounds are different, and therefore true asymmetric coliuhes are not feasible.
This is at odds with all the classical models of simultaneous contrast discims€dapter 3, and
the matter will be subjected to further experimental investigation in Chapter 5.

Dimensionality of perceived colour The classical models of simultaneous contrast tacitly as-
sume that perceived colour can be adequately represented by a poihiree-dimensional space
(W. S. Stiles, 1961). According to the von Kries model, for instance, tleetdimensional vector
which results from multiplying the cone excitation vector of the target with asad-dependent
diagonal matrix should yield an index of the perceived colour of the ta@teh. This means that
perceived colour of the target can be represented by an expregstenformc(7, S) = fs(er),
whereer is the cone excitation vector of the targetand fs an invertible mapping which maps
triplets onto triplets and depends on the surrodhdin the case of the von Kries modélg is
the transform given by the diagonal matrix of surround-dependemtv@s coefficients. This
statement can be made for the two-process model and the contrast-codiabasavell, except
that fs also involves a translatory component in these cases, hence all thesls asxiene that
the perceived colour of the target can be represented by a threesiimehvector. This assump-
tion is essentially equivalent to the statement that asymmetric colour matchdd alveays be
possible, apart from in some well-defined cases: A tafgetmbedded in a surroung} should
appear equal to a second tar@etembedded in another surrouSgd whenever

f51 (eTI) - f52 (eT2)' (41)

Since the mappings are invertible, we may solveegy, obtaininger, = fsTll(fs2 (er,)). Ac-
cordingly, the subject may establish a match betwEeandT; just by setting the cone excitation
values of the former to this value. Asymmetric matches will therefore alwapobsible, except

2This was achieved by shading the same set of endpoint colours toyedluls instead of red.
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for the cases where the vectf)_srll(fg2 (er,)) is located outside of the colour cone and therefore
does not represent a possible combination of cone excitation values.

In these cases, one would expect the best possible setting to be a citatogxvector located
at the border of the colour cone: Sinf:gll(fs2 (er,)) is outside the colour cone, a point at its bor-
der will obviously be closer to it than any other point in the cone. The prableith establishing
asymmetric matches which can be expected to occur based on the prediegsfire however
clearly not of this kind. Our findings suggest that a target patch whipkas approximately grey
when presented in a red surround cannot truly be matched by any paegented in a green sur-
round. The most similar alternative, though, will not be located on the bofdle colour cone,
but instead well within it. Accordingly, the asymmetric matching problems implied bjirdings
suggest that the assumption that perceived colour can be represeatimee-dimensional space
is untenable. As a general hypothesis, this has been proposed by amifritvestigators (Katz,
1911; Gelb, 1929; Evans, 1964, 1974; Kanizsa, 1966; Heggellg¥il, 1992; Mausfeld, 1998)
previously. Based on commonly accepted empirical assumptions, BeE298) has provided
formal proof that any index of perceived colour which is a continoution of the target and
surround cone-excitation values must be at least four-dimensional présent findings accord
well with this conclusion.

Apparent surface colour vs. unasserted colour It has long been known that the results of
asymmetric colour matching experiments may depend on how the observarsteneted (Hen-
neman, 1935). If the observer is asked to make the two target patchesrdppemit the same
amount of light', different results are generally obtained than when hesfauicted to make the
two targets appear as though they were ‘cut of the same paper’ (Ardekges, 1986; Arend &
Goldstein, 1987; Arend & Spehar, 1993a, 1993b). This finding sstgdkat the observer can dis-
tinguish between two different perceptual aspects of the target stimultise tase of achromatic
stimuli, which were most often used in this line of research, these two ‘aspeetsommonly re-
ferred to as brightness and lightness, respectively, whereby ‘bagsitis defined as the perceived
intensity of the light emitted by the stimulus and ‘lightness’ is understood to be iteiped
reflectance. In the more general case of coloured stimuli, the corragsgoteims ‘unasserted
colour’ and 'apparent surface colour’ are used to make the anasadjstinction (Arend, 1994).

In the present experiments, the subjects were simply instructed to make tHardtg@atch
appear as achromatic as possible or make pairs of target patches to apgaailar in hue as
possible; no reference to distinction between unasserted colour oreapgarface colour was
made. Since most of the subjects were experienced psychophysieaveissfamiliar with this
distinction, some of them asked which criterion to apply. Those subjectstoldrio base their
settings on the ‘total colour impression’, i.e. on the ‘unasserted colohg.differences between
the directly determined achromatic point and the convergence point fofreesistant hue found
in our experiments can therefore not be due to different instructiomae$uformal observations
may be of interest in this connection. In my own experience as an obsenese experiments,
| found the task of finding the achromatic point rather difficult, and wasaftecertain whether
| had really been able to find the best setting. The task of making two targe¢sirapqual in
hue, on the other hand, felt very natural and there was never arbt deuo what was the best
setting. The difference in the ease and ‘naturalness’ of the two taskmiisiseent of the subjec-
tive uncertainties and unease experienced when making asymmetric magoigeside-by-side
displays which are contrasted by the subjective ease experiencechapkscopically superim-
posed displays (HSD) are used instead. Whittle (1994b, p.41) noted ¢hidSH “makes setting
a brightness match between patches on different backgrounds eédiffaminance subjectively
easy. The measurements cry out to be made: It is almost like doing visuainpétoy. In side
by side displays the task is much more difficult, and subjects often feel thawe satisfactory
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match”. It seems, therefore, that the hue matching tasks in our experinfiemés & number of
interesting characteristics with asymmetric colour matching using the HSD:

1. The matches are subjectively easy to perform and one is never ihaottdwhat is the best
setting.

2. The results obtained are consistent with contrast coding models.

3. The two targets which are to be matched (for colour in the HSD and justitoin our case)
are perceived against a common surround.

It should be kept in mind, though, that although there is no doubt as toisvtieg best hue match,
the patches nevertheless look different. As already noted, the pafgbesrdo be covered by a
transparent haze of the same colour as the surround, and this impneasiamost pronounced for
the patch which has the least contrast relative to the surround. If theuswlris red, this patch
therefore appears to be covered by a more pronounced red veil tharthter one. It appears,
though, that this difference cannot be reduced whatever setting ooses) and this seems to be
the reason why there is no doubt as to what is the best setting: One simply blasice but to dis-
regard this unchangeable difference and concentrate on making thieiregnzarts of the colour
impressions (the ‘contrast component’) as similar as possible. In the tHsedirect achromatic
settings, however, one can reduce the salience of the reddish habedsing a setting farther
away from the the chromaticity of the surround. This tends to make the cootmaponent ap-
pear more greenish, though, and one is uncertain what mixture of aduaie and a greenish
patch would be the best compromise. One way of thinking about these pkeaowhich | find
helpful is the idea that there actually is no such thing as an ‘unassertad’doipression (in the
case of our stimuli, at least): The stimulus evokes a perceptual decompasitioae proximal
colour signal which cannot by any act of will be reduced to a simple unsatged colour impres-
sion. Itis a widespread notion that by assuming a particual perceptuatiattitommonly referred
to as the ‘proximal mode’ or ‘painter's mode’, it is possible to overcome tivelyg disregard the
transforming influence of higher perceptual mechanisms and see sonigthiag ‘preperceptual’
local colour sensation which essentially reflects the properties of therleto@éhl stimulation, or
proximal stimulus. When trying to make an achromatic setting in our experimentssiyning
such a mode, i.e. by judging ‘unasserted colour’, though, one soadimeself reverting to very
‘cognitive’ criteria like “Could this balance of reddishness and gressipass for a good grey?”
or “If | disregard the reddishness and the greennness, is this settimmpéhehich has the most
salient grey content?” Thus, although one tries to adopt a proximal mdas,ome acutally ends
up doing does not feel very ‘preperceptual’ and it actually feels lassral than what one does
in the hue matching task, although the latter involves ‘discounting’ a simultalyeperceived
transparent layet. These informal observations are also supported by our experimerdal ltla
is evident from the data plots in Figure 4.5 on page 75 that the settings focltihenaatic point
differ substantially across the individual observers, whereas thegeftnthe convergence point
for lines of constant hue are much more similar for the different subjects.

Stimulus complexity, perceptual scene analysis and colour scissiorin his treatment of si-
multaneous colour contrast, Helmholtz (1911), noted that two complementatyrgcan be per-
ceived simultaneously on the same point of the visual field:

3The problematic issue of whether there exists such a thing as ‘proximzé’noo ‘unasserted colour’ and what
function it may serve in the perceptual process is discussed moraugidyoand from a slightly different angle by
Niedege (1998) and Mausfeld (2003a, 2003b).
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“Thus one believes to see two colours at this location, namely the greemrbat
attributes to the pane of glass, and the roseate, that one attributes to thdypape
ing behind it, and both combined do indeed produce the true colour at thisloca
namely white.” (Helmholtz, 1911, p. 249).

Hering (1887a, 1887h, 1887c, 1888), however, vehemently codtdsgeand similar obser-
vations made by Helmholtz:

“As far as the assumed scission of white into two complementary colours is con-
cerned, | shall return to this later. At present, | merely wish to note that this a
sumption directly contradicts what one actually perceives in this experimernheA
location of the patch one sees lmute colour, namely roseate, not green and roseate
simultaneously, one in front of the other; no-one notices any trace ehdmnere.”
(Hering, 1887b, p. 13).

In the early days of colour science, this matter was the issue of condieleletimte. A major
reason why it was considered important is probably that the putative eséstd dual colour im-
pressions of complementary were considered to be at odds with a bagioftétexing’s (1920)
opponent colours theory, namely that two opponent colours suclld @andegreen cannot coexist,
but instead neutralise each other, yielding an achromatic equilibrium cabuséction 2.3). To
Helmholtz, on the other hand, who argued for a ‘psychological’ explanafisimultaneous con-
trast in terms of ‘unconscious inference’, the coexistence of oppaodour impressions was not
only unproblematic, but also an argument in favour of his theory: Adogrib Helmholtz (1911),
the visual system somehow estimates the colour of the illuminant based on aufesden the ba-
sis of previous perceptual experience, and takes this estimate into aedwminferring the true
colour of an object. From this perspective, the existence of dual cofqaressions can be taken to
mean that not only the inferred true colour of an object, but also the pewrdesstimate of the il-
luminant colour is available to conscious experience. Although this is nateseary prerequisite
for the correctness of Helmholtz’ theory, since, in principle, a percépttanate of the illumi-
nant may play a functional role without being directly available to conscirperéence, it clearly
makes the theory more intuitively plausible: That the perceptual estimate of then#lat may
actually be perceived changes its status from a merely theoretical etqrladavice to a directly
observable fact. As such, it becomes in itself a target of scientific expanalo Helmholtz,
both the phenomenon that the colour of the central patch is changed gotieth@menon that one
has an impression of a coloured illumination or transparent veil throughhwhée colour of the
central patch is perceived are two empirical facts for which he proddesnmon parsimonious
explanation. To Hering, on the other hand, the putative perceived illummetiour is a non-fact,
only the change in the colour of the patch is real and in need of explan&iiearly this suited
him well, not only because there is then no threat to his opponent colaasytibut also because
any impression of the illuminant cannot easily be accounted for by his exdarof simultaneous
contrast in terms of lateral interactions between neural elements on the retina

From the above itis clear that the factual correctness of Helmholtz’ edisens was of central
theoretical importance, and accordingly much empirical work was directestdis confirming or

“My translation of the original German: “Man glaubt also an dieser Stelle lyteitig zwei Farben zu sehen,
namlich das Giin, welches man der Glasplatte zuschreibt, und das Rosenrot, weleimedem dahinter liegenden
Papier zuschreibt, und beide zusammen geben in der Tat die wabheedtaser Stelle,amlich Weil.”

SMy translation of the original German: “Was die hier angenommene Sgattas Weiss in zwei compleméme
Farben betrifft, so werde ich andeiwts darauf zuiickkommen. Hier will ich nur bemerken, dass diese Annahme in
directem Widerspruche mit dem steht, was man bei diesem Versuch Wwividibrnimmt. An der Stelle des Schnitzels
sieht man eben n@ineFarbe, @mlich Rosenroth, nicht aber @& und Rosenroth zugleich, das eiitger dem andern;
von Grin bemerkt hier Niemand eine Spur.”
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Figure 4.14 If a transparent medium corresponding to the regions P anov€ s a bipartite background,

a stimulus with four regions is generated. Here, the kindooffegion stimulus traditionally employed
in investigations of perceptual transparency is shown.hénriddle panel, one has the impression of a
transparent gray layer corresponding to the regions P antb¢@ring a bipartite background A and B.
In the right-hand panel, the luminances of the regions P amd\@ been exchanged. The stimulus does
not appear transparent anymore. Thus, the perceptionriaaency depends on the relation between the
four colours (here luminances) of A, B, P and Q. Informatibouat these relations is available at so-called
X-junctions in the image, indicated by the dotted circlethia left-hand panel.

disconfirming it; the issue of whether two opponent colours can be pertai the same location
of the visual field became an important field of inquiry (e.g. Schumann,)1%#&torically, this
line of research can be considered to be the precursor of the more mmedearch on percep-
tual transparency, which is generally based on Metelli’'s (1970) episeotiodel (Da Pos, 1989).
The central insight of this model is that a stimulus which contains only fouerdifftly coloured
uniform surfaces may contain enough information for perceptual deteatid reconstruction of
a transparent layer. Such a four-region stimulus would result if a bipagitkground is covered
by a uniform transparent medium (see Figure 4.14). At the locations @ighbal field where the
border of the transparent medium crosses the border between the rtiwapthe background,
so-called X-junctions are generated, and the relations between the sgoals from the four
regions meeting at this junction is generally considered to be a cue for &r@mey (Adelson &
Anadan, 1990). A theoretically important implication of this model is that fegien stimuli
may be considered the simplest possible kind of stimulus providing enougtfaug perceptual
parsing into background and transparent layer. Though the modellsmpeaapplied to stimuli
which objectively only contain three different regions, this correspdnctases in which figural
cues lead to the perception of four different regions (Anderson?;1BRroll & Faul, 2002). In
these cases, so-called T-junctions, or ‘implicit X-junctions’ (Watanabea&a@agh, 1993), are
thought to constitute the cues for transparency. In the case of even sstipiali, though, ap-
plying the Metelli model is impossible. The simple centre-surround stimuli useceisttidy of
simultaneous contrast is a case in point: They contain neither X- nor T-jusctience Metelli's
model instils the expectation that perceptual transparency should nevkede Thus, the Metelli
model suggests that the visual system should treat simple centre-siistonuli in a manner
which differs fundamentally from the way it treats slightly more complex stimuli. Tesretical
dichotomy is intuitively rather plausible: Stimuli containing X- or T-junctions, megke rather
compelling impressions of transparency. One may even produce stimuli ih whé&chas a rather
distinct impression of two opponent colours coexisting on the same locatithe afisual field,
for instance because a red background is perceived throughmatgaesparent layer (see Colour
Plate IX on page 141). The phenomena occuring in these complex stimullezaty ot be ac-
counted for by simple Hering-type explanations in terms of lateral inhibitionaalaghtation, but
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Figure 4.15 Left: Adelson’s (2000) Snake lllusion. The targets T aregitaily identical, yet the upper
ones appear much darker than the lower ones. This effecothammccounted for by lateral inhibition, since
the targets and the immediately surrounding regions A anteRexactly identical in the right-hand panel,
where the effect is substantially reduced (actually, thly difference between the left and right displays
is the luminances of the regions A and B’). A Helmholtziarpknation appears reasonable, though, since
the upper and lower targets appear to be located in regidmsgfter and darker illumination, respectively.
Alternatively, one may say that the lower targets appeaetodvered by a darkening transparent layer.

lend themselves naturally to an explanation in the spirit of Helmholtz since oreediasnct im-
pression of something like a veiling illumination or a transparent layer. In singpigres-surround
stimuli, on the other hand, such impressions are far less obvious, ancdraggausible that the
simultaneous contrast effects occuring in these stimuli are better accdanbgdateral inhibition
and adaptation.

In recent years, several theoretical developments and experimemtizlgs suggest, in ac-
cordance with the above dichotomy, that many phenomena of brightnesskmud perception
occuring in stimuli containing X- or T-junctions can be accounted for byragsg that the visual
system corrects for or takes into account the inferred presence afisparent medium (Ander-
son, 1997; Adelson, 1993, 2000). Adelson’s (2000) well-kn&make lllusionwhich is shown in
Figure 4.15, illustrates this point nicely. The upper and lower pairs ofttdiglesT” are physically
identical, yet the upper ones appear very much darker than the lowgr dhis effect cannot be
accounted for by a simple mechanism which takes only the luminance of the imm&diedtend
into account: In the right panel, the same stimulus display is shown, excepghéhaemi-disks
A’ and B’ have been removed. Though the immediate surrouhdsd B of the target diskg’
are physically identical in the left and the right panel, the perceivedrdiffee in brightness of
the upper and lower targets is much larger in the left display. Adelson J20@0ained the en-
hanced effect in the left display in terms of an Helmholtzian perceptual mesha In the left
stimulus display, one has a rather vivid impression of a shadow or a diagkeansparent layer
covering the region® and B’ as well as the lower pair of target disks. One may also say that
the regionsA and A’ and the upper pair of target disks appear to be more intensely illuminated.
If the visual system discounts these differences in perceptually estimatetnifition or trans-
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parency in order to estimate the reflectance of the targets, one would éxtpezstimate a higher
reflectance for the target which appears to be covered by a darkeaingparent layer, hence the
lower targets should appear to be lighter. In the right panel, corresmpdifferences in perceived
illumination (or transparency) are not evident, and accordingly thetefenuch smaller. There
is a small remaining effect though, and it appears reasonable to assumntadtedfect is due to
another mechanism; A simple Hering-type mechanism of lateral inhibition stsgi¢gsesif. Thus,
this phenomenon supports the abovementioned theoretical dichotomy in botétited as well
as phenomenal regards: In the left display, which contains X-junctianspelling impressions of
transparency are evoked, and there is a strong lightness illusion. lightelisplay, on the other
hand, there are neither X-junctions nor compelling impressions of tragrsparand the lightness
illusion is much weaker.

The present findings are very much in line with Helmholtz’ (1911), And@ss(@L997) and
Adelson’s (1993, 2000) emphasis on the role of colour scission in lightaed colour percep-
tion. They go beyond Anderson’s and Adelson’s theories and findimgsever, in suggesting
that colour scission plays an important role also in simple centre-surraumadlis although they
contain neither X- nor T-junctions. Our findings may be said to corrobdiatenholtz’ (1911)
original phenomenal observations made with simple centre-surround stirmiikeUHelmholtz’
observations on simultaneous contrast, though, which were made withregptal apparatus ac-
tually involving perceiving the stimulus through real, physically transparediameuch as in one
case a half-reflecting mirror (Scina’s experiment, 1847) and in anoéser & transparent piece of
fabric (Meyer's experiment, 1855), and therefore were easy tafgetdering’s (1887a, 1887b,
1887c, 1888) critisism, the present observations were made underomélblbed experimental
conditions: Even in the absence of physical transparency, Helmhgtz'tseeof seeing two colours
in the region corresponding to the target in a centre-surround stimulusecaomfirmed. Our find-
ings also suggest an answer to the question how Helmholtz could be sogabitiut seeing two
colours simultaneously in the region of the target whereas Hering coutdieeidedly claim see-
ing but a single colour: Perceptual transparency is only evoked inezsatround stimuli when
the contrast between the target and the surround is low. Viewing the stimuusgtha physically
transparent medium, as Helmholtz did, reduces the contrast betweenratadgairround. There-
fore, it is likely that his impressions of transparency were not due to tlysigdily transparent
media themselves, but to the fact that this produced a stimulus with low conttdsh i view
of our observations suggests itself to be a cue in the proximal stimulus evthléngerception
of transparency (see also Masin & ldone, 1981; Brenner & Cormreljss991; Mausfeld, 1998;
Koenderink, 2003). The corroboration of Helmholtz' observationsearide present more well-
controlled conditions suggest that it is necessary to draw the conclusibRéning was eager to
avoid: Lateral inhibition cannot yield a complete account of simultaneousagireven in simple
centre-surround stimuli. Our findings do not preclude that it may play alvateat least it is clear
that lateral inhibition in itself cannot account for the dual colour impression

Other evidence suggesting that the functionally neutral point diffes from the achromatic
point According to opponent colours theory, the phenomenally achromatic isatonsidered
to be identical to a functionally neutral point relative to which neural meishacode all other
colours. Our findings, though, suggest in accordance with contoalstg models that colour (in
this case constant hue) is computed relative to the colour of the surnwbatgver colour the sur-
round might have. Interestingly, a similar dissociation of the achromatic pothadunctionally
relevant neutral point has been found in a study on contrast adapfétebster & Wilson, 2000;
Webster, 2003). Here, the experimentally determined centre of contrawtommtrast adaptation
was not the achromatic point but the mean of a temporally modulated adapting stirlihough
it is not obvious whether or how their findings may be related to the predsereations, the re-
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sults of both their and our experiments agree in suggesting that the furistio@atral point may
differ from the phenomenally defined achromatic point.

An experimental finding which appears to be more directly related to therireses was
recently reported by Sakata (2004b, 2004a). His subjects matcheddhie appearance of after-
images produced by small targets presented in a uniform coloured sdrrAunovel feature of his
experiments which allowed rather precise measurements of the colourappeaf the afterim-
ages was the manner in which the afterimages were produced: The ssbjadtanously viewed
a number of small targets arranged in a circle and embedded in a uniforereslsurround,
much as in our experiments. Different from our experiments, thoughf #tleotargets had the
same colour. During the viewing of this stimulus, one of the targets was ablayked, whereas
all of the others remained visible. Which of the targets from the circle wakéthohanged in
a cyclical and rapid manner. Thus, at any point of time, the subjectipetta fresh afterimage
at the location where a target was blanked. The afterimage thereforeersaidto continously
change its spatial position, but to remain very constant in perceivedrcdloe colour of a further
test patch embedded in the same surround could be adjusted by the sulijbdtsas it appeared
to have the same colour as the afterimage.

Since, according to opponent colours theory, afterimages shouldahee®ur which is the
complementary to the colour of the stimulus which produced it, one may expé¢t¢héhaeutral
point should be located somewhere on the line in chromaticity space conndéwicgromatic-
ity of the target used to produce the afterimage and the chromaticity of the waich was
judged to appear equal in colour to the afterimage. If measurements ardonadeeral different
afterimage-inducing targets, the resulting set of lines can be expectedrseuitat the neutral
point. Interestingly, Sakata found that this point of intersection coincidéd tive chromaticity
of the surround, even though the surround was coloured. Accdydihg estimate of the neutral
point obtained in Sakata’s experiments suggests that the chromaticity oftbersiis the neutral
point. Obviously, this finding parallels our results obtained with the conmergand enclosure
criterion settings.

Interim Conclusions Our results strongly suggest that perceptual transparency is evosieat
ple centre-surround stimuli when contrast between the target and tloeisdris low. The colour
of one of the phenomenal layers of this dual perceptual represensaigons to be well described
by contrast-coding models of simultaneous contrast (Whittle & Challand®); Maittle, 2003;
Walraven, 1976), whereas the colour of the other phenomenal lagr@sponds to the colour of
the surround. Due to this laminar segmentation (Mausfeld, 1998) of thénpabsgtimulus it ap-
pears to be impossible to find a setting for the target patch such that the tiota Topression
appears truly achromatic. If subjects are nevertheless asked to dega@rtlve at some com-
promise, and the settings obtained in this case are consistent with She\&7i8 @ual process
model. This interpretation of the present findings may be said to provide aempective on the
long-standing Walraven-Shevell controversy: Both models provided description of different
aspects of the phenomenon, but they must both be considered inadeegeise they fail to acco-
modate for the dual aspect of the colours perceived. Consistent witfops claims (Evans, 1964;
Niedege, 1998), our findings strongly suggest that the colours perciivghple centre-suround
stimuli cannot be adequately described by a three-dimensional coloerr tadte dimensions than
three are needed to obtain a complete representation of the dual coloursgiopse#\nother way
to phrase this is to say that the cone excitation values of the target and thbseorround dmot
act in a compensatory manner to determine the perceived colour of the feinfenot being the
case, classical psychophysical methods for measuring simultanedtesstosuch as grey settings
and asymmetric colour matching can be expected to yield results fraught tifdictarThis matter
is pursued further in the next chapter.



Chapter 5

Kinds of simultaneous contrast

The results of the experiments reported in the previous chapter suggesgtahcolour changes
induced into a target patch when it is embedded in a uniform colouredusuhicannot always be
compensated by changing the cone excitation values of the target paislis, However, exactly
what subjects are asked to do in experiments using classical methodsafdifgjng simultaneous
colour contrast such as grey settings and asymmetric colour matching.lyCieaubjects are

asked to do something which they are, in fact, not able to do, they may testwing something

else, and interpreting the data obtained may lead to erroneous conclusions.

According to our findings, one would expect asymmetric colour matching tliffieult be-
cause, at low contrast, one perceives a transparent layer havimglthe of the surround ex-
tending ‘across’ the target patch. Accordingly, if two differently cokmliisurrounds are used,
the colours of the transparent layers will also be different, making a tleaicmatch impossi-
ble. By this logic, one would expect asymmetric colour matching to be difficuénelier the
surrounds used are perceived as having different colours: Oaty tine should perceive differ-
ently coloured transparent layers. This means that asymmetric colour ngastiuald be difficult
when side-by-side displays are used, in which the different colouteeourrounds are read-
ily perceived, whereas it should be unproblematic when haploscopieglsrisnposed displays
(HSD) are used, since the physically different surrounds are thegeaénto a common percept.
Indeed, as noted by Whittle (1994b, p. 48), establishing asymmetric coldohesds subjectively
much easier when the HSD is used than when the surrounds are pésidiedy-side. A further,
possibly related difference between these two ways of performing asyioroelour matches is
that the HSD yields a comparatively simple pattern of results (Whittle, 1994ighilitisky &
Wandell, 1995; Niedé&e & Mausfeld, 1997; Shepherd, 1997; Richter, 2002), whereadatse
obtained with side-by-side displays are much more complicated (Whittle, 19®mjth and
Pokorny (1996), for instance, obtained a pattern of results much morglicated than the almost
linear data regularly reported in studies using the HSD. Based on the délilverations, one may
surmise that the more complicated data obtained with side-by-side displays naiedity re-
lated to subjective matching problems. In the present chapter, | presdebee from asymmetric
colour matching experiments demonstrating that this is indeed the case.

5.1 Experiment4

Stimuli and procedure All stimuli were presented on a CRT computer monitor, which was
colourimetrically calibrated by means of a colourimeter (LMT C1210) followirsjeandard pro-
cedure (Brainard, 1989), and controlled by a graphics card yieldowaur resolution of 8 bits
per RGB channel. Viewing distance was approximately 90 cm, and the moniitnh was the
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Figure 5.1: Chromaticities of the surrounds employed in experimentofted in the CIExy-chromaticity
space (left) and the MacLeod-Boynton (1979) chromatigiigce (right). In both cases the polygon repre-
sents the gamut of the monitor at the luminance used in therempnt.
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Figure 5.2 Chromaticities employed for the fixed patch in experimengwiiaite symbols) and experiment
4b (black symbols) plotted in the Cbgy-chromaticity diagram (left) and the MacLeod-Boynton ahatic-
ity diagram (right).
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only source of illumination in the room, was located within a viewing box coveyelldck vel-
vet on the inside. The subjects viewed two square patches (subtenéingisual angle), each
centred in the middle of a square surroufidi{). The centre-to-centre distance between the two
centre-surround stimuli wag2.2°. All parts of the stimuli except the dark general background
were equiluminant at 10 cdfm The luminance of the adjustable patch was also restricted to 10
cd/m?, but the chromaticity could be varied freely within the gamut of the monitor (geebfil)
by using the arrow keys of a keyboard. For both surrounds and & fiatch we used chromatic-
ities which were all located on the same cardinal axis (Krauskopf et al2)198e cardinal axes
were defined as the lines through thg)(co-ordinates (0.656, 1.182) of llluminant C (Wyszecki
& Stiles, 1982) in the MacLeod-Boynton ((1979)) chromaticity diagram withstant ands val-
ues, respectively. The computationlaf= L/(L + M) ands := ¢ - S/(L + M) is based on the
cone excitationd,, M and S as estimated by Smith and Pokorny (Wyszecki & Stiles, 1982, p.
615). Thes co-ordinate was scaled by a constastch that it was 1 for equal energy white. For
isolated light spots, the perceived colours corresponding to the chrdtieatimn thes-axis may
be said to vary from a reddish blue to a greenish yellow, those corrdsppto the chromaticities
on thel-axis range from red to green. For brevity, and keeping in mind that @veseare not to
be confused with the unique hue loci of opponent colours theory (x@l2901), we shall refer
to the axes as the blue-yellow and red-green cardinal axis, respgctMethe surround chro-
maticities used in the present experiments are shown in figure 5.1. In theaieffghe figure
the CIE k,y)-chromaticities of the surrounds are plotted, and in the right part thesmrnding
MacLeod-Boynton I(s)-chromaticities. In experiment 4a, we used the following pairs of chro-
maticities (plotted in figure 5.1) from the blue-yellow cardinal axis for the@unds of the fixed
and the adjustable patch [given in the order (fixed, adjustab(€)]:B;), (C,Y;) and (B;,Y;),
with s = 1,2, 3,4, and for the fixed patch we used the chromaticities from the same cardigal ax
which are plotted as black symbols in figure 5.2. In experiment 4b we chesesils(C, R;),
(C,G;) and(Ri, G;) from the red-green axis as surround colours and for the fixed patalsed
the chromaticities from the same cardinal axis plotted as white symbols in figure 5.2
The task of the subjects was to make the perceived colours of the ceattthép as similar as
possible by manipulating the chromaticity of the adjustable patch. In eachimemtal session
matches were made for 12 different fixed patches and one pair olisgisoSince each match was
repeated 3 times for each subject, a single experimental session consRezirgle matches.
Three néve, but experienced psychophysical observers (MK, BS and G\icpated in the
experiments. All were colour-normal according to the Ishihara TestSd@wur-Blindness. Author
VE also performed the experiment. His data were very similar to those ofvargekV and are
not reported.

Results Consistent with previous reports (Wuerger, 1996; Rinner & Gegerdur2002), the
asymmetric matchégliffered mainly in the same chromaticity co-ordinate (either s) as the
surround pairs. Differences with respect to the other co-ordinate negligible. In figure 5.3
every single setting made in the experiment is plotted, those for surroursddiéring in thes
co-ordinate on the left, and those for surround pairs differing irl tweordinate on the right.

The white lines in figure 5.3 represent the constast-ordinate of the fixed patch in exper-
iment 4a (left panel) and the constanto-ordinate of the fixed patches in experiment 4b (right
panel). Apart from the small deviations from these lines, plots showing @méyof the chro-
maticity co-ordinates yield a complete representation of the data. In figureergghlts for the
surround pairs differing in the co-ordinate are shown. The format of these plots is explained in

!In the following we use the term asymmetric match for a best match in the sétise above instruction. Whenever
perceptual identity is implied we shall speak dfiae asymmetric match.
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Figure 5.3 Complete plot of all the settings chosen by the subjects peement 4a (left) and 4b (right)
plotted in the MacLeod-Boynton chromaticity diagram.

figure 5.4. The mearmco-ordinate of the subjects’ settings (vertical axis) is plotted against the
co-ordinate of the fixed patch (horizontal axis). Each data point isdbasenine individual set-
tings, three from each of the three subjects, and the error barseapoe®e standard deviation in
each direction. The top four panels represent the data for the sdrpains(C, B;), i = 1,2, 3,4,

the middle four panels for the surround p&i€s Y;) and the bottom four panels for the surround
pairs (B;,Y;). In each panel, the point where the two white rectangles meet represerss th
co-ordinates of the surround pair. The projection of this point on thedmtal axis gives the
co-ordinate of the surround in which the fixed patch was presentedrdfexiion on the vertical
axis gives the co-ordinate of the surround of the adjustable patch. Theite rectangles also
show the regions in which data points representing an increment-decreratafit with respect to
S-cone excitation would f&ll A center-surround stimulus is said to be incremental (decremental)
with respect to dimensioX whenever its center has a larger (smaltemalue than its surround.
Based on contrast-coding models, it is to be expected that increments\eanbeematched to
decrements, neither with respect to luminance nor with respect to conetiexdt@/Vhittle, 2003;
Kingdom, 2003).

The induction effects, defined as the difference in the co-ordinatesedixtd and the ad-
justable patch, are apparent in the plots as the vertical distance betwien algt point and the
diagonal line, which is where plot points would fall in the absence of anydtion effect. Con-
sistent with previous observations (Jameson & Huvich, 1972; Walrad@r6; Shevell, 1978),
the data cannot be accounted for by simple von Kries adaptation (Kri6§).18 this were the
case, the data in each plot should fall on a single line through the originhwhidearly not the
case. A very conspicious regularity of the data is a step-shaped bungefbeh referred to as the
‘step’, where the plot points seem to graze the border of one of the vddtangles. This ‘step’
gets larger with increasing difference between stm-ordinates of the surround pair, whereas
the induction effects outside this region, represented by the plot pointdhwbicot graze the
white rectangle, are but moderate in comparison. Thus, on a purelyiftesctevel, it appears
that a major part of the induction effects is accounted for simply by statinghkablot points
graze the white rectangle. This means that subjects avoid making S-coemémtrdecrement
matches, consistent with the predictions of contrast-coding (Whittle, 2003)ever, it also re-

2Due to the equiluminance of the stimuli, an S cone increment-decremertt owtars whenever agco-ordinate
increment-decrement match occurs.
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Figure 5.4: Explanation of the general format of the data plots. TheZuomtal and vertical axes represent
thes co-ordinate of the fixed and the adjustable patch, respdgtiVhe diagonal line shows where the data
points would fall in the absence of any induction effect. Tashed lines show the location of a nominally
neutral stimulus (llluminant C) on each axis. In each pla korizontal co-ordinate of the point where
the two white rectangles meet representssioe-ordinate of the surround of the fixed patch, the vertical
co-ordinate that of the surround of the adjustable patcle White regions show where data points would
fall in case of a match between ago-ordinate increment and arco-ordinate decrement. The bars along
the axes illustrate where colour impressions should ch&mogeblue to yellow assuming either “absolute”
coding (relative to llluminant C) or contrast coding (rélatto the surround).

veals more. Referring, for example, to the top panels in figure 5.5, theomégizportion of the
data curves means that several differetd-ordinate increments presented in the neutral surround
are matched to the same patch chromaticity in the blue surround, namely to theathity of

the blue surround itself.

Casual observations suggest that the reason for this curious pdttesults is that the range
of s co-ordinate increments presented in the neutral surround, whichralegealuish than the
blue surround, cannot be reproduced by any possible setting foratblh presented in the blue
surround. Itis, in other words, not possible to realise blue colour irsfmes in the blue surround
which are less blue than the surround itself: As soon as one has afi@eepo-ordinate decre-
ment in the blue surround, the colour impression of the patch splits into two anfmohaving
complementary hues: a yellowish contrast component, and a backgrompboent of the same
colour as the blue surround (see previous chapter). Since a true nedtebeln the ‘pure’ blue
colour impressions in the neutral surround and the ‘yellowish’ blue camopressions in the blue
surround is impossible, the subjects can at best try to minimise the differentes perceived
color of the central patches. Depending on which aspect of the colouedsipn is regarded most
important, one can distinguish different strategies.

One strategy (‘A’) would be to avoid that the two central patches contanpt@mentary colour
components. This can be achieved by avoidirmp-ordinate decrements in the blue surround.
However, this strategy has the unfortunate consequence that the patehblue surround now
appears too blue, a discrepancy which is the more evident and disturleimgatte saturated the
blue surround is. An alternative strategy (‘B’) would be to accept cometgary colour impres-
sions in the two central patches, in order to avoid the differences in tdsevi@ch would result
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Figure 5.5. Results from experiment 4a. Each data point representsehe of 9 settings (3 repetitions for
each of the 3 subjects). Error bars represent one standaetide in each direction. See fig 5.4 for further
explanations.

under strategy A.

Consistent with this reasoning, there were marked inter-observerdtitfes evident in the
data, which may be attributed to different strategies. In figure 5.6 indiviglaés for one of
the surround pairs differing in thg co-ordinate are shown. Observers GW and BS almost al-
ways avoided increment-decrement matches, whereas observer MKirmesdid not. These
data suggest that when confronted with the dilemma outlined above, ouctsultjade their set-
tings according to different strategies: Observers GW and BS seerafar gtrategy A, whereas
observer MK seems to switch from strategy A to strategy B when the pecteiifferences in
blueness of the central patches would get very large if one were to stitkategy A. All of the
abovementioned patterns in the data for surrounds differing ia¢beordinate are also evident in
the data for the surrounds differing in theo-ordinate. Figure 5.7 shows the pooled data for these
surround pairs, and figure 5.8 shows individual plots for one of the@sod pairs demonstrating
analogous inter-observer differences.

The data of experiment 4 show a rather complex pattern of results forseabund pair.
However, the plots for all of the surround pairs share a charactesgtie’ which is associated with
subjective matching problems and a general trend towards avoiding intrgi®erement matches.
Visual inspection of the plots in figures 5.5 and 5.7 suggests that the saflisgta points which
do not graze the border of the white ‘increment-decrement’ rectanglessent smaller induction
effects. Furthermore, this subset of data points can in many caseslpaidescribed by a line
through the origin, which would be consistent with a simple von Kries mecharnisis.idea is
illustrated by the exemplary plot in figure 5.9. The open symbols repreatnpdints grazing the
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Figure 5.6. Individual plots for the surround pairB3,Y3) for the observers GW (left), BS (middle)
and MK (right). Each data point is based on 3 individual sgii See caption of figure 5.5 for further
explanations.
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Figure 5.7: Results from experiment 4b. The plots show the results fet to-ordinate. The caption of
fig. 5.5 applies analogously by substitutirerb-ordinate’ by I co-ordinate’.
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Figure 5.8 Individual plots for the surround paifR3, G3) for the observers GW (left), BS (middle)
and MK (right). Each data point is based on 3 individual sgsi See caption of figure 5.7 for further
explanations.
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Figure 5.9 If those matches which graze the border of the white recéangpresenting increment-
decrement matches (open symbols) are disregarded, thiniregndata points (filled symbols) can be well
accounted for by simple von Kries scaling (dashed line)aDait surround paifC, B), observer BS.

white increment-decrement border rectangle. The rest of the data dillatsgymbols) are well
fitted by a straight (dashed) line through the origin, which is consistent withkvies adaptation.
Based on the phenomenological and quantitative differences betweertWwesubsets of the data
we surmised that different perceptual mechanisms might be respongiblifidoent subsets of the
matching data.

5.2 Experiment 5

As reported in the previous chapter, simple centre-surround stimuli tendke éhe perception of
perceptual transparency. In the introduction to the present chagteentured the hypothesis that
the resulting dual colour impressions should make it difficult to establish symmetric colour
matches. The results of experiment 4 indicate that this is indeed the caseharhaeteristic ‘step’

in the data curves appear to be related to subjective matching problems,iwhich seem to be
related to the perception of transparency. These observations stigagestimuli with uniform
surrounds, which are indeed very simple in terms phgsical descriptionare far from simple

in terms of thenternal semantic®f the visual system (Mausfeld, 2003a). Considering that—as
noted by (Evans, 1974, p. 210)—spatially uniform surfaces comeédmbeing contrary to the
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Figure 5.10 An achromatic Seurat surround (Andres, 1997; Mausfeld8;1Bausfeld & Andres, 2002).
The figure represents the geometry of the actual surroursdsin®ur experiments correctly, but the Seurats
actually employed in our experiments were isoluminant \pithely chromatic variance.

laws of nature”, this is not entirely unexpected. Indeed, natural scldom give rise to uniform
retinal stimulation. One rare exception, however, is the case of denseléoge one may surmise
that an extended uniform stimulus may serve as a fairly reliable cue fowfugh is a translucent
medium. Indeed, a low variance of colour codes in the stimulus has beeasppy Brown
and MaclLeod (1997) as a cue for the presence of haze or fog. 8inogorm stimulus may
be regarded as the limiting case of low variance, one could surmise that gie¢sorise to this
interpretation. If it is really the low variance that triggers an interpretatiorringef fog or haze,
then, conversely, a high variance surround should make such arré@tegipn improbable, and any
influence that may result from such an interpretation would be missing.eslbgcomparing the
induction effects appearing in uniform surrounds with those appearivgriegated surrounds of
high variance it should be possible to isolate the ‘transparency effeovided that both types of
stimuli are comparable with respect to other possible mechanisms. Seuratitypk (see Figure
5.10), previously investigated in a number of studies (Andres, 1997; &dlacLeod, 2002;
Mausfeld & Andres, 2002; Webster, Malkoc, Bilson, & Webster, 20@ppear to be well-suited
as such a ‘base-line stimulus’: For any uniform surround, a high4vegigeurat surround can
be found which is functionally equivalent with respect to visual mechanighish adapt to the
spatial mean of the distribution of cone excitations. In accordance with tedderations we
decided to compare the induction effects appearing in uniform surramititishose appearing in
corresponding high-variance Seurat surrounds having the satied sparage of cone-excitations.

Stimuli and procedure Display apparatus and calibration technique were the same as in exper-
iment 4. The CIE 1932° XYZ measurements made with a colourimeter were however converted
to the presumably more realistic cone excitation values based on the Stockatdedd-Johnson
(21993)2° fundamentals according to a procedure recently proposed by Golz acidddd (2003).
Specifically, our XYZ measurements were multiplied with the matrix

0.18772  0.60445 —0.02517
M := | —0.14014 0.43056  0.03773
0.02017 —0.04189 1.08472

in order to obtain LMS cone excitation values. The MacLeod-Boyntonq)L8Fromaticity co-
ordinates given in this section are based on these valuek;+el /(L+ M) ands := S/(L+M).
Luminance was defined dst+ M. Again, thesco-ordinate is scaled to be 1 for equal energy white.
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Figure 5.11. Chromaticities used in experiment 5 for the two uniform surds (white X’s) and the fixed
patch (black dots), plotted in the MacLeod-Boynton chraaitgtdiagram. The Seurat surrounds had the
samemeanchromaticities as the corresponding uniform surrounds.

The subjects viewed two circular patches (subtendid§ visual angle), each centred in the
middle of a square surrounfl.§°). The centre-to-centre distance between the two centre-surround
stimuli was11.7°. The surrounds were either uniform or variegated (Seurats); onlgiguds of
the same type were used together in a given stimulus presentation. Allesigiacept the dark
general background were equiluminanfat M = 10.97.2 The luminance of the test patch was
also restricted td. + M = 10.97, but the chromaticity could be varied freely within the gamut of
the monitor (see fig. 5.11) by using the arrow keys of a keyboard. Famheurrounds and the
fixed patch we used combinations of chromaticities which were all located csathe cardinal
axis (Krauskopf et al., 1982). Since our main objective in this experimastte compare the
effects of uniform and variegated surrounds, we only used chromagifitien the 'blue-yellow’
cardinal axis (with a constahico-ordinate af.692) for two surrounds and the fixed patch, thus
keeping the experimental effort within reasonable bounds.

The MacLeod-Boynton chromaticities of the two uniform surrounds usse (©.692, 3.203)
and (0.692,1.149), which appeared approximately violet and white, respectively. In caer
avoid cumbersome language, violet and its complementary, a yellowish;gvildrenceforth be
referred to as ‘blue’ and 'yellow’, respectively. To each of the umif@urrounds, a corresponding
variegated surround was constructed which had the same spatial @éritaclLeod-Boynton
co-ordinates. For both variegated surrounds, the variance ¢f $rend luminance co-ordinates
were0.000484, 0.256036 and0 respectively (with zero covariance betwdemds). Since parts of
the surround having a common contour with the central patch may potentially teeimportant
in determining its perceived colour than more remote parts of the surroundnsured that the
spatial mean and variance of chromaticity co-ordinates was equal ferasearrow ring-shaped
regions around the central patch.

The chromaticities of the 16 fixed patches are plotted together with the chromataditiee
surrounds in figure 5.11. All had the saineo-ordinate as the surrounds, and $em-ordinates
ranged fromD.216 to 4.230.

On a standard account it should not matter which member of a given pairoftisds is chosen
for presenting the fixed patch and which of them is used as a surroutidef@djustable patch.
However, the characteristic ‘step’ evident in the data from experimeungdests that presenting
the fixed patch in only one of the surrounds yields an incomplete picturece;léor the pair of
uniform surrounds employed, both surrounds were used for girgehe fixed patch, yielding a

3For CIE-illuminant C this value of. + M corresponds to a luminance of 10 cd/m
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double, complementary data set. Preliminary experiments showed that whénoh yariegated
surrounds were used, the data curves were much less complex, scethaetbf only one of the
surrounds for presenting the fixed patch yielded a sufficiently clearrpictu

The 5 subjects were colour normal as assessed by the Ishihara Tre€isldar-Blindness
and ndve as to the purposes of the experiments. All of the subjects were instrocted the
chromaticity of the adjustable patch such that it appeared as similar in colowr fizel patch as
possible, and in order to avoid possible misunderstandings, they werokldbat if achieving
the best possible match should require setting the chromaticity of the adjustabheqmual to
that of its surround, they should not hesitate to do so merely becausentha patch would then
become indistinguishable from the surround.

As mentioned in the discussion of the results of experiment 4, true colour esaéch some-
times impossible to make, and in these cases subjects seemingly revert totl#ffeategies (A or
B). In order to elucidate this point, two of the subjects (MH and GH) were tatitthey experi-
enced problems in establishing a perfect match and were uncertain hoectedr they should at
least satisfy the criterion that the two central patches should not conte@stod complementary
colours, i.e. if one patch contained a shade of blue, the other shouldm@airc a shade of yellow,
and vice versa. Under the hypothesis that perfect colour matche& estdblished, this auxiliary
instruction should of course not have any effect on the behavioueduhjects. Based on the re-
sults of experiment 4, however, we expected that subjective problesutdstccur and that when
confronted with them, this instruction would make the subjects pursue strategy A

Results The results for those 3 subjects (AD, OS and SZ) wdiw not receive the auxiliary
instruction are plotted in figure 5.12, those of the 2 subjects (MH and TG)dighdn figure 5.13.
Each row in the figures represents the data of one subject. In the leftasispthe matching
data for the pair of variegated surrounds are shown. For each subjege data were fitted by a
line through the origin (dotted line). These fits describe the data rather wtilvalues of R?
between 0.94 and 0.97 for the 5 subjects. Furthermore, the individuasskng rather similar,
ranging from 1.21 to 1.26.

The simplicity of these data curves are contrasted by the more complicatedudeta ob-
tained with the corresponding pair of uniform surrounds (middle and hghd panels). The
filled symbols in the middle panels represent the data obtained when the fixhdyzes presented
in the 'blue’ surround, and those in the right-hand panels represedatheobtained when it was
presented in the 'neutral’ surround. To ease comparison with the datatfie variegated sur-
rounds, the dotted regression lines of the left-hand panels are redréinese panels. Data points
which fall within the white regions in the plots represent a match betweartatordinate (i.e, S-
cone) increment and aco-ordinate decrement. The data for the uniform surrounds (middle and
right-hand plots) are in general rather similar to the data for the variegatsausads (left-hand
plot) except that the white increment-decrement regions appear to bedyomdulting in a ‘step’
in the data curve: the data curves appear to ‘get stuck’ at the left InaiddIé panels) and upper
(right-hand panels) borders of the (lower) white rectangle. This feaifithe data is most pro-
nounced in the data of the subjects who received the auxiliary instructipmgf.13). In the right
hand panels of figure 5.13, none of the data points are within the increraergrdent region, and
in the middle panels only one data point for each observer is clearly withmelyahe data point
immediately below the horizonal border between the two white rectangles. slopmseason for
this exception is that the contrast between the fixed patch and its surrasidonlow that the
observers occasionally did not recognize the central patch at all, atehthperceived a uniform
field of the same colour as the surround. In these cases, one woulct exgetting closer to the
diagonal in the plots. The high variances of the data points in question $iisdnterpretation.

The ‘step’, i.e. the vertical and horizontal portion of the data curvesirddawith uniform
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s co—ordinate, fixed patch

s co—ordinate, adjustable patch
s co-ordinate, adjustable patch

s co-ordinate, fixed patch

Figure 5.12 Results from experiment 5 for the subjects AD (top), SZ (rfejlednd OS (bottom). In the left
and right panel the horizontal axis representssthe-ordinate of the fixed patch and the vertical axisgshe
co-ordinate of the settings for the adjustable patch. Imitdzlle panel the axes are interchanged. Each plot
point represents the mean based on three individual sgttmgpr bars represent one standard deviation in
each direction. As in figure 5.5, the point where the whitéaegles meet represents theo-ordinates of
the surrounds and the white rectangles the region whererremt-decrement matches would be located.
Left panels: Results obtained wittariegatedsurrounds are well fitted by von Kries scaling (dashed line).
Middle and right-hand panels: Results obtained with c@oeasinguniformsurrounds show a characteristic
‘step’ which is associated with the avoidance of the whigiae which represents increment-decrement
matches. Outside of this region, the matches fall closedaltited line representing the von Kries scaling
obtained with the variegated surrounds. The middle paregsesent the data obtained when the fixed
patch was presented in the neutral surround, the right-pandl represents the data obtained when it was
presented in the blue surround. Open symbols repreyemnetrionatches with a pair of identical neutral
surrounds (middle panels) or with a pair of identical blugsunds (right-hand panels).
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Figure 5.13 Results from experiment 5 for the subjects MH (top) and TGt¢mo). See caption of figure
5.12 for further explanations.

surrounds shown in figures 5.12 and 5.13, means that several difténe@maticities of the fixed
patch were matched by the same chromaticity of the adjustable patch. This fimdipgori open
to two interpretations. Either the asymmetric matches made by the subjects ddfihahéure-
quirements of an equivalence relation, which means that they cannotdrettaieflect perceptual
identity, i.e. they cannot be true matches, or, alternatively, the physicaléyretit standard chro-
maticities which were matched to the same test chromaticity were perceptually indiistialle?

The open symbols in the middle and right hand plots of figure 5.12 and 5. i@seysym-
metric matches with either the blue uniform surround used on both sides (middléspanghe
neutral uniform surround used on both sides (right panel). Sincér afpiaentical surrounds is
used in both cases these matches should be colourimetric and hence fadl diagbnal of the
plots, which is indeed the case. For our purposes, the interesting fedttirese data is how-
ever not their veridicality, but their precision. The fact that these daietgpare well-ordered
and monotonic indicates that the different fixed patches are readily disahisinSince the set
of chromaticities used for the fixed patch in these symmetric matches includethiaissere
matched to the same chromaticity of the adjustable patch when the other unifoourgliwas
used, we can conclude that the original asymmetric matches do not fulfiktjuigrements of an
equivalence relation, and thus cannot, in general, be considerectous matches.

5.3 Discussion

The results of experiment 5 suggest that there are fundamental dfeerdetween the simulta-
neous contrast effects evoked by variegated surrounds and thalsedeby uniform surrounds.

4Let (a, A) = (b, B) denote the empirical statement that the central patiththe surroundA is matched by the
central patctb in the surroundB. Formally, our empirical finding means that there are two physically rdiffecentral
patchesa anda’ such that(a, A) = (b, B) and(a’, A) = (b, B). If = is an equivalence relation, it follows that
(a, A) = (a’, A). Obviously, if this is not the cases is not an equivalence relation and hence cannot be taken to
represent perceptual identity.
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In the case of variegated surrounds, a rather simple picture emergsty, Fire data curves are
simple and consistent with von Kries scaling, and secondly, neither impnessidransparency
nor subjective matching problems were reported. In the case of unifomounds, however, mat-
ters seem to be much more complicated, and we shall devote some spacedigrads how the
phenomena occuring in uniform surrounds can be described.

5.3.1 How uniform surrounds are special

As reported in the previous chapter, equiluminant centre-surround stimithlilow chromatic
contrast between centre and surround evoke impressions of transpan which two simulta-
neously perceived colour components can be distinguished, namelyrastaaomponent and a
background component. The background component always a&ipdhe same colour as the sur-
round, whereas the perceived colour of the contrast componeahdswn the contrast between
centre and surround. If the surround is achromatic, then the backdjcmmponent is also achro-
matic. This is illustrated in the left panel of Colour Plate XllI, where the bemligd component
is visible as a kind of achromatic haze, through which the ‘spokes’ aeped. The colours of
the spokes themselves is what we refer to as the contrast component. atdieethazy back-
ground component is only perceived in the region close to the centre spthkes, where contrast
with the achromatic surround is low. At larger contrast, no perceptuaeagncy is evident; The
regions of the spokes further away from the centre do not appeardoveeed by any transparent
medium. In the right-hand panel of the Colour Plate, the same set of spekabézided in a var-
iegated surround. In this case, one has no impression of transpamnt@omparing the colour
appearance of the two sets of spokes in the left and right panelsctiespe one can make a very
noteworthy observation. When the spokes are embedded in the varisgai®and, the colours of
the spokes grow increasingly similar to gray towards the centre. In therom#fiorround, however,
the same increase in gray content is attributed to the hazy gray backgroonpbnent only. The
spokes themselves, as perceived ‘through’ the grayish haze, éppear to vary in grayishness:
They appear rather, to be devoid of any grayishness altogether, ditheugh the spokes may be
said to vary in colourfulness, they do not vary in saturafigs the colours of the spokes become
more similar to the surround, they become less colourful or less prondbuteot less saturated
The contrast component cannot be made arbitrarily similar to white, hencartge of contrast
component colour impressions that can be evoked in a uniform suranaginot include colour
impressions of low saturation. Compared to the range of colour impressiuok van be evoked
in the variegated surround, we may say that colour impressions of lovasatuare missing for
all hues.

Now, if a uniform surround is coloured instead of achromatic, the situatictightly dif-
ferent. Also in this case certain colour impressions can be said to be missinipely are not
exactly the same as the ones that are missing in the case of an achromatiodguCompared
to the set of contrast component colour impressions that can be realisegr@y uniform sur-
round, the ones that can be realised in a blue uniform surround maydot® san the one hand,
includemore desaturated yellowbut, on the other hand, evéass desaturated bluegnalogous
statements can be made with respect to any arbitrarily coloured uniforousdrrin a green sur-
round, for instancea greater set of low-saturation reddish colour impressiansla smaller set
of low-saturation greenish onesll be available than in a grey surround. These observations are

SWyszecki and Stiles (1982, p. 487) defmturationas “the attribute of a visual sensation which permits a judge-
ment to be made of the degreee to which a chromatic stimulus differs fincexstromatic stimulus regardless of their
brightness” andtolourfulnesg(= chromaticness) as “the attribute of a visual sensation according tdwlinéc(per-
ceived) colour of an area appears to be more of less chromatic.”thmit¢he former definition makes reference to an
achromatic sensation, i.e. grey (or white) content, whereas the lattendoe
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demonstrated in Colour Plates XIV and XV on pages 145 and 146 . In sherg is always a set
of colour impressions that can be evoked in a neutral uniform surrbundot in a coloured uni-
form surround, and vice versa. Clearly, this statement can be gerdrfdisany pair of surrounds
of different hue. It is thus clear that true asymmetric colour matches slsoutétimes be impos-
sible to make.  An important point which needs to be made here, is that thens sede not
only one reason why asymmetric colour matching should be difficult whepmmi$urrounds are
used. Based on the analysis of the experiments in the previous chaptsswaed that matching
problems should occur because differently coloured surrounds lehd perception of differently
coloured background components perceived as transparent taing the targets. Such prob-
lems were indeed experienced in the present experiments, but the diseveaiions demonstrate
that even if one pays attention only to the contrast component, asymmetria caddches are
difficult because the set of contrast components which can be pedog@épends on the colour of
the surround. In the following, we shall consider a descriptive modéheiatter phenomenon
which may account for the curious ‘step’ in the data curves of our é@xgats. Afterwards, in
section 5.4, we shall see that this model makes rather good predictiortbdoeaperimental data
as well.

5.3.2 Saturation scale extension and truncation

The descriptive model to be developed in the following is based on the alfmmervation that
the set of colour impressions that can be evoked in a uniform surrcepehds on the surround
colour. The model refers not as much to what colours are actually ipedcas to what aspects
of the total colour impressions subjects seem to rely on when making their settingcases
where no transparency is perceived, this obviously requires noefusiiiecification. In cases
where transparency is perceived, though, both a background camipand a contrast component
is perceived. Nevertheless, as already noted in the previous chidggenbjects seem to base
their settings predominantly on the contrast component. Accordingly, irs dagelving dual
colour impressions, the descriptive model refers only to the contrastamenpand neglects the
background component.

Now, consider—in the equiluminance plane—a line of chromaticities throughl emergy
white, ranging from, say, blue to yellow. We then have a scale of colour safes which is
divided into a saturation scale of yellows and a saturation scale of blues ahtbmaticity of
the neutral point. In a graphic representation of the colour impressioriki®iine, we may
think of each of these two half-axes as a wedge, whereby the thickhéss wedge represents
the saturation of the colour impression represented. Thus we obtain a etigevand a yellow
wedge which abut at the neutral point (see Colour Plate XVI on pagelédiddle panel). It
is obvious from this representation that the line of chromaticities in question safiemcolour
impressions of arbitrarily low saturation for both hues, in accordance \@tsical assumptions.
In our descriptive model, however, we depart from this assumptionpasitithat it is not possible
to produce colour impressions of arbitrarily low saturation when the patcmizdded in an
equiluminant uniform neutral surround. This feature of our desceptiodel, which we shall
refer to as ‘pretruncation’, is accommodated in the graphic representstiosing wedges which
have their tips cut off (see Colour Plate XVI, right middle panel). We furghesit that when a
coloured surround is used, the wedges representing the colour inopess the central patches
remain essentiallpnchanged The graphic representation is merely modified in the following
way: the wedge which represents colours of the same hue as the sliisotrancated at the
location of the surround colour, and the wedge representing coloting a@bmplementary colour
impression is correspondingly extended (see Colour Plate XVI, righglpafihis feature of the
descriptive model will be referred to as saturation scale extension amzhtion.
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Features of the data captured by the notions of extension and incation From our descrip-
tive model we may indeed derive expected data curves for asymmetric maletieclosely re-
semble the actual data. This is illustrated for asymmetric matches between d aedteablue
surround in the upper left panel of Colour Plate XVII on page 148. imdhse it is assumed that
the fixed patches are presented in the neutral surround. As in our ldédathe axes in these
figures represent the chromaticity of the fixed and the adjustable pasgectesely. Along the
horizontal axis a schematic representation of expected perceived ¢otdhese chromaticities
is drawn, given that the central patch is presented in a neutral sdrrddlong the vertical axis
a corresponding representation for expected perceived colowefdral patches presented in a
blue surround is shown. Any point in this ‘plot’ which projects to locations @nttto axes rep-
resenting the same colour impression, as indicated by the schematic satuwalisdsawn along
them, represents an expected match. The tips adalid vertical arrows represent such expected
matches. It will be noted, however, that the scale drawn at the horizaxigatontains blues of
low saturation which have nalentical counterpart in the scale drawn at the vertical axis. For
these colours a true match should not be possible. The tips afattedvertical arrows drawn
in the figure represent the best possible settings that can be expedidtive assumption that
any two colour impressions which have the same hue are more similar than twéeocoenpary
colour impression$. If the same pair of surrounds is used, but the fixed patch is presentes in th
blue surround (Colour Plate XVII, lower left panel), an analogousstroction can be made. In
this case we observe that the scale drawn at the vertical axis containssyefidow saturation
which have no identical counterpart in the scale drawn at the horizoxgal Bhe tips of the hor-
izontal arrows represent the expected matches, whereby thosesavtoeh are drawn as dotted
lines again represent imperfect, but best possible matches. In the aigtifplanels of Colour Plate
XVII analogous expected matching curves have been derived foreadnld a yellow surround,
exhibiting the same general features.

It should now be clear that the somewhat unorthodox notions of satusai@e truncation and
extension, which are based on the observation that some low-saturdton icgpressions do not
appear in certain surrounds, allow for an elegant and parsimonioastas of a very prominent
feature of our results, namely the ‘step’ in the data curves which arigesibe several different
chromaticities of the fixed patch are matched to the same chromaticity of the atjyssdh. An
obvious but unimportant and easily remediable shortcoming of this descripttbat it predicts
colourimetric (i.e. ‘veridical’) matches outside the region of the ‘step’. A etarrespondence
to this subset of the actual data can be achieved by including a simple vand€dkng operation
prior to truncation and extension. In the above we refrained from daingesely for reasons of
expository simplicity. Furthermore, the amount of von Kries scaling negessaccount for the
actual data points in our plots would be rather small.

5.4 Experiment 6

Though the descriptive ‘saturation scale truncation and extension’ rdedeloped in the previous
section provides a simple and principled account of both phenomenalatisas and the quanti-
tative pattern of results, it is, admittedly, both provisional addoc On the other hand, however,
it is also sufficiently specific to derive expectations for further expertsiem this section, we
consider a phenomenon originally studied by Brown and MacLeod (199%8gt of differently
coloured targets appear more saturated when they are embedded inrenugrdy surround than

6As discussed in the results section of experiment 4, subjects may pursugfferent strategies (A or B) when
confronted with this lack of a true match: either ensure that hue is coorettat saturation differences are minimised.
The derived expectations are based on the assumption that strategurugg.
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when they are embedded in a variegated surround with the same avelage €bis effect, for
which Brown and MacLeod coined the term ‘gamut expansion’ is demongtiat€olour Plate
XVIII on page 148. In order to measure the effect quantitatively, Bramd MaclLeod (1997)
performed an asymmetric colour matching experiment: Target patches vesenfed in the uni-
form surround, and the observers adjusted the purity of corregmpmpetches presented in the
variegated surround in order to make them appear equal to the targethisFexperimental situ-
ation, we can make the predictions illustrated in the left panel of Colour PlafeoKIpage 149.
For concreteness, the predictions are derived for target patches thie red-green axis in chro-
maticity space. The horizontal and vertical axes represent the sametchl®maticities along
the red-green axis for targets embedded in the uniform and the varieyatednd, respectively.
Alongside the axes, wedges representing the colour impressions wet éxpecur are drawn:
Only in the case of the uniform surround, pretruncation is expected to,aghereas in the varie-
gated surround, colour impressions of arbitrarily low saturations sheulddlisable. A perceptual
match should plot at the points where the horizontal and vertical wedgeslia same thickness
(representing saturation), and these points are given by the heakylinlkes The dashed diag-
onal line represents the identity= z, hence the vertical distance between the dashed and the
heavy lines can be interpreted as a measure of the expected inducticn €ffmsequently, the
illustration shows that the expected induction effects are largest foit f@atghes with low purity,
and, as the target purity increases, approach zero. Brown andddd¢L997) used target patches
of low purity, and did indeed find rather large induction effects. Since théynot investigate
target patches of higher purities, however, the data they reported dtiow further evaluation of
the above predictions. In this section, | describe an experiment yieldiagrgood accordance
with the above expectation. This experiment was conducted by Gunnait\ivecollaboration
with Franz Faul and myself (Wendt, 2003; Wendt, Faul, & Ekroll, submitted).

Stimuli and procedure The stimuli were displayed on a CRT computer monitor. The subjects
viewed two centre-surround configurations with a horizontal centeeitre distance d9.49°.

The circular target patches had a radiu® 6fl6° and the square surrounds had a width 6f°.

One of the surrounds was uniform with the chromaticity of CIE llluminant C¢Med-Boynton
coordinateg = 0.692, s = 1.149 based on the Stockman et al., 1993,cbne fundamentals) and

a luminancel + M = 10 (corresponding to a value of Y = 9.12 cdfiim the CIE 1931 system).
The other, variegated surround always had the same spatial mean agdhe surround and the

fixed covariance matrix
4.4283 1.9361 0

Cov = 19361 0.9401 0
0 0 10.24

of LMS-coordinates. This covariance matrix describes the largest etligiatistribution in colour
space realisable within the monitor gamut for the given mean. In each triablihe of the central
patch in the uniform surround was fixed and the task of the subject wdgust he luminance and
purity of the central patch in the variegated surround such that bothgsa&gpeared as similar
as possible. In order to ease the task of the subjects the settings weiceestr the line in
chromaticity space through Illluminant C and the chromaticity of the fixed patois. r&striction,
which was also made in Brown and MacLeod’s study, was found to beoblgmatic in a pilot
experiment (Wendt, 2003) in which unrestricted settings showed no semtifieviation from this
“constant hue” line. The MacLeod-Boynton chromaticity coordinates effied patches used
are shown in Fig. 5.14. Their luminance was always 9.12 &dim. they were equiluminant to
the surround. Each of the 24 different test colours was presented §, tigseilting in 192 trials
which were presented in random order. The assignment of the unifodnvaxiegated stimulus
to the left or right hand side of the monitor was balanced in order to avoidiasydue to slight
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Figure 5.14 MaclLeod-Boynton chromaticities used for the fixed patchxpegiment 6 (black dots). On
each hue direction, numbered from 1 through 8, 3 differentylevels were investigated. For comparison,
the chromaticities used by Brown and MacLeod (1997) are steswvhite dots.

monitor inhomogeneities. The computer monitor was colourimetrically calibrated bypsvad a
colourimeter (LMT C1210) following a standard procedure (BrainaB89). The monitor was
controlled by a graphics card with a colour resolution of 8 bits per chaifiihel viewing distance
was 100 cm. The monitor was the only source of illumination in an otherwise dark.r Four
naive subjects and one of the investigators (GW) performed the experimetadiiormal colour
vision according to the Ishihara Tests for Colour-Blindness (Ishii&@7).

Results The mean results, pooled across all subjects, are shown in Figure 6.&8ch panel,
the data for one pair of complementary hue directions are shown, whirelohromaticity of the
neutral surround is chosen as origin of the coordinate systempaise= s — s., Al := [ — I,
wheres,, [, are the chromaticity coordinates of the surround (llluminant C). In theds fie
effect corresponds to the difference between the data points and gandidine as indicated by
the grey region. With increasing purity (corresponding to the absolutesatAs or Al), the
data points approach the diagonal. It appears natural to regard tltomdiag an asymptote since
a reversal of the effect with increasing purity seems highly improbable.asimptotic behaviour
of the data points are well described by a functios a exp(—xb) + x, wherex andy stand for
the purity of the fixed and adjustable patch, respectively. The greynegite the area between
the diagonal and the curve fitted to the data points. The general shapedsHtthcurves is rather
similar to the expectations based by the notion of saturation scale truncataDdkeir Plate XIX
on page 149, left): The induction effect is largest for targets of lovitywand approaches zero for
larger purities. This is the opposite of what one would expect basediampéesnodel of contrast
gain control (Colour Plate XIX, right). According to this model, the size ofititkiction effect
should increase, not decrease, with purity. In Figure 5.15, the bésttfie contrast gain control
model is indicated by the dotted lines (unequal gain factors for incremedtdeammements have
been permitted, hence the changes in slope at the origin). The predictithestauncation model
are clearly in much better accordance with the data.
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Figure 5.15 Dependence of the gamut expansion effect on the purity.ldvath panel shows the mean
settings of all subjects for two complementary hue diretisee Fig. 5.14) in MacLeod-Boynton coor-
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dinates, relative to the coordinates of llluminant C. Hen¢€| and|As| are proportional to purity. For
directions 2-6, and 4-8, for whichs andAl covary, onlyAl is given. The error bars corresponditd SD.

On the abscissa the relative coordinates of the fixed pa&hrawn, on the ordinate those of the subjects
settings. The grey regions show the gamut expansion efiecb(ding to the fitting procedure described in
the text). The dotted lines show the best-fitting prediciohthe gain control model, which clearly fail to

account for the data.
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As shown in Colour Plate XIX, the truncation model predicts a linear deerigathe size of
the effect with purity. This is merely to be understood as a provisional sinmgiifgssumption,
S0 it is not very surprising that the data suggest a slight nonlinearity.e$bsential point of the
truncation model is that colour of low saturation cannot be evoked in therami$urround, and
that one therefore would expect a discontinuity, or step, in the data atitte chromaticity of the
surround.

As in the previous experiments, impressions of transparency were@xped when the con-
trast between target and surround was low. This observation was atimtne original exper-
iments of Brown and MacLeod (1997, p. 848), who noted that “the appea of low contrast
displays often had the phenomenological quality of rich colors seen thraubick fog”. The
reader may get an impression of this in Colour Plate XIIl on page 144. Emwdstration may
be said to informally demonstrate the main findings of this experiment: At low iriiedween
target and surround, a) the induction effect is most pronouncedy)antpressions of transparent
haze are evident. Also, when the spokes are embedded in the unifooursdithey do not demon-
strate the ‘natural’ impressions of desaturation evident when they aredeletbén the variegated
surround.



Chapter 6

General Discussion

As discussed in chapter 3, quantitative models of simultaneous contrastalsassume that the
effect of the surround on the perceived colour of the target cambgensated by changing the
cone excitation vector of the target. Consequently, the influence of theusuris usually mod-
elled as a surround-dependent transformation of target cone excivetibors. The experiments
described in chapter 4, however, strongly suggested that this assuisptiomarranted. The basis
for this conclusion was the seemingly paradoxical finding that experimeuwuitigrmined lines of
constant hue converged on the chromaticity of the coloured surrouteééhef on the chromatic-
ity of a target which appears achromatic. Although this finding appeaasipzical when viewed
from a classical perspective, it was shown that it can be rationallyuated for under the assump-
tion that simple centre-surround stimuli evoke dual colour impressions rarittisf perceptual
transparency. A basic ingredient in this explanation was the notion thaty afotrast between
target and surround, the observer perceives a transparentdvéiize’ covering the target patch,
and that this transparent veil is perceived to have basically the same aslthe surround. Based
on the principles of this explanation, which was also supported by diregtgshenological ob-
servations, the display shown in Colour Plate XI on page 143 was devikéch can be said to
provide an informal demonstration of the basic observations.

A straighforward implication of the interpretation offered was that it shoafdetimes be im-
possible to make two targets embedded in differently coloured surroupésiagxactly equal in
colour, which would mean that the classical psychophysical method ofrasyric colour match-
ing should be problematic. This matter was investigated further in the experiwiedtapter
5. We expected subjective matching problems to occur because targetddemhlie differently
coloured surrounds should appear to be covered by differently madeansparent media. This
was indeed noted by the subjects, but these experiments also reveatema, seore disturbing,
source of subjective discontent with the matches. Even disregardingdferewtly coloured trans-
parent ‘veils’, it was sometimes impossible to match the perceived colours oéitiaining colour
impression (the ‘contrast component’). Based on the observations mtdedrperiments, it was
concluded that this was because in a given uniform surround, a cedaitolour impressions
cannot be evoked by any target chromaticity whatsoever, and that thoé ‘sgissing colours’ is
different for differently coloured surrounds. To describe thesenpmena of ‘missing colours’,
the notions of ‘saturation scale extension’ and ‘truncation’ were intred¢section 5.3.2). A sim-
ple descriptive model based on these notions was then shown to acedunatly for the distinct
‘step’ in the data curves (section 5.3.2). The results of experiment Bqséc2) suggest that both
the occurence of impressions of transparency as well as the phenomksaturation scale ex-
tension and truncation (reflected in the distinct ‘step’ in the data curvegaaticular to uniform
surrounds. When comparable variegated surrounds are used jrrst@adof the above was ob-
served, and the data were found to be compatible with simple von Kries sdalveys noted that

113



114 CHAPTER 6. GENERAL DISCUSSION

the more complex data obtained with uniform surrounds could be undemsscadombination of
this von Kries scaling and saturation scale extension and truncation, yhie latter overrides
the former.

Based on the observation that saturation scale extension and truncdioocoured in the
uniform surrounds, predictions were derived for the ‘gamut expanhgffect originally studied
by Brown and MacLeod (1997). The dependence of the gamut expaefect on the purity of
the target was found to be in good qualitative agreement with these expestatibich further
demonstrates the usefulness of the notions of saturation scale extercsibnraration.

The most important conclusion which can be drawn based on the presdings is that uni-
form surrounds evoke induction effects of a very peculiar natureivdre, contrary to widespread
and seemingly innocuous assumptiams, representativef colour induction effects at large. This
observation is of central importance, given the widespread use ofromgorrounds in studies of
colour vision. Various aspects of the findings also have implication for a euwftother current
research issues. Before this is discussed in more detail, though, weéosbfjl consider how
the notions of saturation scale extension and truncation can accountdspact of simultaneous
colour contrast known as Meyer's effect.

6.1 Accounting for Meyer’s effect

An effect related to simultaneous contrast which has received little attentiorodern colour
science, but was often discussed in the earlier literature is Meyert effdich is also known
astissue contras(German: ‘Florkontrast’, Meyer, 1855; Hering, 1887b; Helmholtz, I, Rerls,
1932; Walls, 1960; Brown, 2003; Mausfeld, 2003a). The basicrehten is that the inducing
effect a coloured uniform surround has on a central patch whickapmrey when viewed in iso-
lation may appear equally or even more impressive when the centre4sdrstmulus is viewed
through a transparent tissue although this generally reduces the putitg stirround in terms
of the proximal stimulus. In order to observe this effect it is not necgdsause a real trans-
parent tissue; The mere simulation of a transparent medium will also woderasnstrated in
Colour Plate XX on page 150. The two centre-surround stimuli on the lefititate the typical
demonstration of simultaneous colour contrast where two physically idefdiesf targets are
embedded in differently coloured surrounds. In the middle, this demonstiagpartially covered
by a simulated grey transparent lay:eFhe colour of the transparent layer was chosen to be iden-
tical to the colour of the targets; hence the transparent layer leavesribeegoitation values of
the target patches unchanged, whereas it reduces the purity (saiuodtioe coloured surrounds.
In spite of this, the two targets do not appear less different than in the akiggmonstration on
the left. The demonstration of the right-hand side shows that simply reducnguttity of the
surrounds by the same amount as the transparent layer would do ielpése same effect.

The interesting feature of this demonstration is that it is at odds with the ctiomaehwisdom
that more saturated surrounds have a stronger inducing effect. dnstean the purity of the
surround is reduced, the colour induced into a nominally gray target seerasiain essentially
the same. This is documented in a study by Kinney (1962). Her resultspdogtee in Figure 6.1.
It can be seen that the strength of the induction effect, which is prekeats with surrounds of
very low purity, remains remarkably stable in spite of large increases afugudt purity. In fact,
Kinney reported that for some of her subjects the induction effect égereaseavith increasing
surround purity.

Considering that experiments on simultaneous contrast, including the poessnsuggest, in
accordance with contrast-coding models (Whittle, 2003), that changirgptber of the surround

The simulation is based on Metelli's (1970) model of additive transpgrenc



6.2. THE ROLE OF CONTRAST-CODING IN COLOUR VISION 115

0.8
0.6
1

0.4
0.2

X X

02 04 06 08 02 04 06 08
y y
0.8 0.6

0.7

05 |
0.6
0.4
05
0.4 ° 3] S

X X
02 03 04 05 04 05 06 0.7

Figure 6.1 Matching data from Kinney (1962), replotted in the CIE 1984chromaticity diagram. A
patch with the chromaticity of illuminant A (large cross) svaresented in surrounds with different purity
(filled circles). Subjects adjusted the colour of an isalgb@tch in order to establish a match with the
embedded patch. The mean results from four observers anmstsoopen circles. Correspondence between
surround condition and subjects’ settings is denoted leyasizl colour of the disks and circles, respectively.
The lower graphs are blown-up versions of the upper ones.iocDbly, the subjects’ settings change but
marginally with large changes in the purity of the surround.

can have quite dramatic influences on the perceived colour of the targegbervation may
appear rather surprising. The saturation scale truncation and extemsitahintroduced in section
5.3.2, however, accounts naturally for all of these observations. @&grsim Figure 6.2 saturation
scale truncation and extension predicts that the perceived colour ottitealc nominally grey

patch should appear the same yellow when presented in a blue surrawelen saturated the
surround is, and the same blue when presented in a yellow surrountewehis saturation.
In cases where the target is not nominally neutral, though, changing thg plithe surround

may well have the dramatic effect of turning the original colour appearahthe target into its
complementary (e.g. from yellow to blue).

6.2 The role of contrast-coding in colour vision

Traditionally, one has sought to understand colour vision primarily in terniseodbsolute cone
excitations produced by the local stimulus. Accordingly, context effeais been assumed to be
due to changes in the sensitivity of the receptors (or postreceptoralments), brought about
by changes in the stimulation of neighbouring regions of the retina. Vievoad tiis perspective,
the absolute, local, colour signal plays a more fundamental role than ther gmals from
surrounding regions, since the role of the latter is merely to modify the forseerc¢hapter 3). In
more modern treatments of colour vision, though, the colour signals fronutheusid are often
assumed to play an equally fundamental role as those evoked by the tetjeCitdour is coded
in terms of the difference (or, contrast) between adjacent regionssiaoe the cone excitation
vectors at both sides of an edge contribute equally to that differenteenean be said to be
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Figure 6.2 Prediction of Meyer's effect based on saturation scalensib® and truncation. The three
upper scales represent the expected colour impressioreeifidral patches from the blue-yellow axis in
chromaticity space when viewed in three yellow surrounddiféérent saturation. The three lower scales
show the same for three blue surrounds. The vertical linestdethe chromaticity of a nominally grey
central patch. As evident from the illustration, such a redyiatch should appear the same blue (yellow)
when presented in any of the yellow (blue) surrounds.

more fundamental than the other.

The two abovementioned general hypotheses are often treated as theygbete mutually
exclusive possibilities, and depending upon which of the coding principédsolute or contrast-
based - is regarded as basic, very different theoretical signifidarettributed to the relevant
empirical observations. Some experiments and informal observationstmgitang effects of
context on colour appearance, whereas in other cases perceleed is found to be almost in-
dependent of context. If absolute coding is assumed to be basic, ther fobservations are in
need of an explanation, whereas the latter is exactly what one wouldtepea the other hand,
contrast coding is regarded as basic, strong simultaneous contexsseffe in no need of fur-
ther explanation. Also, the well-documented and biologically important phemomef ‘colour
constancy’ (Gelb, 1929; Brainard, 2003), i.e. the approximate indkyre® of perceived surface
colour in spite of illuminant changes, is to be expected, since the contiastdie neighbouring
surfaces is largely invariant across illuminant changes. Howeverathesdn which colour per-
ception is found to be largely independent of context poses a challetige tontrast-coding per-
spective. A case in point is the observation that when an object movkedtsatcthe background
against which it is seen, and consequently also the contrast at its lwbraleges, its perceived
colour does not appear to change appreciably (Whittle & Challands,, TR&%rist et al., 1999;
Whittle, 2003; Brown, 2003). Here we see that if the contrast-codingpgetive is adopted, it
becomes necessary to provide an explanation for observations whiglspond exactly to what
every layperson would iigely expect. To the layperson the constant colour appearance of an
object moving against a background of differently coloured objectsrigpetely unspectacular,
but for the scientist viewing it from the contrast-coding perspective ¢bbrees a phenomenon
interesting enough to reserve a special term for it, namely ‘backgrmdependent’-, or ‘type 2'-
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constancy (Gilchrist et al., 1999; Whittle, 2003). The qualifiers ‘basl4gd-independent’ or ‘type
2’ are used to avoid confusion with the classical phenomenon of 'illuminatidependent’-, or
‘type 1’-colour constancy. Background-independent constantypisally accounted for in terms
of mecanisms of ‘integration’ which counteract the effects of contragirgp according to the idea
that the “retina differentiates; the brain can integrate” (Whittle & Challan8691p. 1109, see
also Arend, 1973). On this view, understanding the putative mechanismggfation becomes a
primary aim of colour vision theory: Why does the brain sometimes integrades@netimes not?
As discussed in section 3.3.6, it is simple to explain why integration should deak under the
special experimental conditions of haploscopically superimposed disphdyitle & Challands,
1969), but explaining why it sometimes also breaks down under ordiegyyday viewing condi-
tions is more tricky. A prominent theoretical notion is that the visual system taagity edges in
the proximal stimulus as being due either to a change in reflectance, or tongedhallumination,
and disregard the latter in the integration process (Gilchrist, Delman, & Seoph983): This
could be an ’'intelligent’ strategy used by the visual system in order to aeb@our constancy.

In order to explain strong simultaneous contrast effects in terms of aktbogan of integra-
tion’, it seems necessary to assume that the ‘illumination edge’ which is negjladtee integra-
tion process corresponds to another edge in the proximal stimulus thartivaeen the target and
its immediate surrounding. For, if the visual system were to neglect the exddgedn the target
and its surround, it would neglect the very contrast signal which isasgduo be responsible for
the strong simultaneous contrast effect. Hence, in order to accoutitd@trong simultaneous
contrast effect observed in a simple centre-surround stimulus prdserdemplete darkness, one
is left with the option of assuming that the outer edge of the surround is edle¢et this does
not seem to be the case, because then a surround of high purity sppelar similar to the sur-
rounding context of darkness: It generally does’nget strong simultaneous contrast effects are
observed, as demonstrated by the results of the experiments reporteapterch. Furthermore,
even if one is nevertheless willing to uphold the assumption that a failure ofratimg at the
outer border of the surround is responsible for the strong simultaneoasst effect, one would
encounter severe difficulties when trying to explain why the strength ofitgltsneous contrast
effect varies dramatically even when only the colour of the target is vafiaé phenomenon is
a clear feature of data of the asymmetric colour matching experiments with mng@mrounds
reported in chapter 5, and a central property of the saturations sdalesen and trunctation
model used to described them. It is also demonstrated in Colour Plate XXer@&itfdegrees of
integration cannot explain these dramatic variations in the strength of the sipultacontrast
effect because everything that can reasonbly be assumed to infitienkept constant.

From the above, itis clear that it is difficult to account for our findings imteof the ‘contrast-
coding-plus-integration’ scheme. How, then, can we account for tttetliat our experiments
revealed both strong simultaneous contrast effects indicative of contrdimg, as well as very
weak ones indicative of background-independent constancy? ulidvappear natural to give up
the assumption that colour perception in genereitiser fundamentally contrast codex funda-
mentally absolutely coded, and instead assume that the visual system tisesding schemes
from the very start. If we assume that the visual system also has an &hgchded colour signal
at its disposal, then there would be no need for a process of integratidnyecould dispose of
the ‘there-and-back again’ explanation of background-indepdrmberstancy: Instead of assum-
ing that background-independent constancy is due to integration caating the putatively more
basic contrast coding, we could simply assume that it is due to absolute colting.

A revealing aspect of the present findings is that in the cases winéicgrm surrounds were

2In the case of prolonged viewing, a strongly coloured surround mpgagess saturated, but this is not necessary
for strong simultaneous contrast effects to occur; the major part ositheltaneous contrast effects appearing in
uniform surrounds occurs practicallystantaneouslyRinner & Gegenfurtner, 2000).
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used, very strong evidence for contrast-coding was obtained, adtre results obtained with var-
iegated surrounds are in no way indicative of contrast coding. Thigreppdichotomy between
uniform and variegated surrounds is particularly interesting considdraigrevious psychophys-
ical evidence for contrast coding stems, to the best of my knowleslgauisivelyfrom studies
using uniform surrounds (Whittle & Challands, 1969; Walraven, 197&:naf & Walraven, 1982;
Whittle, 1992; Mausfeld & Niedé&e, 1993; Nerger et al., 1993; Chichilnisky & Wandell, 1995,
1996; Niedeee & Mausfeld, 1997; Shepherd, 1997, 1999; Richter, 2002). rAsgY as the
present findings suggest, that contrast-coding is a special featung@fm surrounds throws new
light on the observation that the perceived colour of an object doeshaoge appreciably when it
moves through space although this changes the background againsitidseen: In nature, ob-
jects are but seldom located in front of a perfectly uniform backgréuat if they move against
a variegated background, the present findings suggest that orgy sitiht simultaneous contrast
effects should occur. In fact, even in the seldom cases where thgroackl consists of two or
more really uniform surfaces, the present findings suggest that ¢dimgpeffects should only be
observed in a few cases. We may say, therefore, that none of trenpfieslings are at odds with
everyday experience.

Taken together, the present findings suggest that the colour indufféatseappearing in uni-
form surrounds are a combination of two distinct effects that may be stwaef as resulting from
“absolute” and “contrast” coding, respectively, namely simple von Kreadirsg and saturation
scale truncation and extension. The critical observation is that the vos Kffiect is common
to both uniform and variegated surrounds whereas the presumablasBbéised truncation and
extension seems to be specific to low contrast stimuli with uniform surrourtus.suggest that
not only contrast coding can be observed in a “pure form” (e.g. Whittleh&llands, 1969;
Wuerger, 1996; Shepherd, 1997; Beer & MacLeod, 2001) butatsolute, von Kries coding.
It may therefore be premature and potentially misleading to attribute a more funtidmade to
contrast coding than to absolute coding. It appears more reasonakkutn@that both codings
schemes play specific functional roles in visual processing that may getteig by different stim-
ulus conditions. Such a “dual coding” could for instance be implementedagdrallel channels
of colour information (Arend, 1973, p. 391).

6.3 On the functional equivalence of surrounds

Itis often assumed that the colour induction effects appearing in unifodwariegated surrounds
are basically of the same nature. A prominent theoretical concept refjebisngeneral notion is
that offunctionally equivalent surrounds

Functional equivalence can be defined both on a theoretical levelraagberformance level.
From a theoretical point of view, the concept of functionally equivaimhuli is defined with
respect to garticular mechanismTwo stimuli are functional equivalent whenever the output of
this particular mechanism is the same for both stimuli. On the level of psychiocphyp&rfor-
mance, functional equivalence is understood with respectoehavioral criterion Two stimuli
are regarded as functional equivalent in this sense, if they lead to irglisthable experimental
results. Failures of functional equivalence on the behavioral leveboby be taken as an unequiv-
ocal indicator of functional equivalence with respect to a specific nmesimeif the behavior of the
subjects depends exclusively on this mechanism. If, on the other handharfmechanism also

3Based on my own experience, it seems that in the seldom cases in wigcisaire perceived against a uniform
background, ‘background-independent constancy’ does intdemk down. | recall, for instance, perceiving birds
flying against a background of clouds. As they crossed the bordeeba a rather dark and a much lighter cloud, their
perceived brightness changed rather impressively.
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plays arole, failure of functional equivalence on the behavioral lemeld result even if functional
equivalence with respect of one of the mechanisms holds.

In the colour vision literature, functional equivalence is often discusgdu reference to
mechanisms of colour constancy. If, for instance, the colour of the illumis@stimated based on
the average colour, all stimuli—variegated or uniform—should be functiomegjlyvalent when-
ever they have the same mean colour code. In order to test the viability ofébistital concept,
it has been translated into the empirical question whether it is possible todimdny arbitrary
surroundA, a corresponding uniform surroundl such thatA and A’ induce the “same colour
shifts” (Valberg & Lange-Malecki, 1990), in the sense thay conceivable central patch should
look the same whether it is embeddedAror A’ (Andres, 1997; Brill, 2000). A number of pre-
vious studies (e.g. Schirillo & Shevell, 1996; Brown & MaclLeod, 1997e\@il & Wei, 1998;
Barnes et al., 1999), suggest that this is not possible. The presdimginalso speak strongly
against the possibility of finding a uniform surround which is functionallyiegjent to a given
variegated surround in this behavioral sense: The data curves abtaioar asymmetric match-
ing experiment with pairs of variegated surrounds are approximately larghconsistent with
simple von Kries scaling. If there exists a pair of corresponding fundtipeguivalent uniform
surrounds, it should be possible to obtain the same simple data curve with ithig paiform
surrounds. This does not appear feasible, however, since all ofaba curves obtained with pairs
of uniform surrounds demonstrate strong non-linearities.

However, the present findings questions the assumption that coloutioedfects can be
ascribed to a single unique mechanism. Instead, the data curves obtaineaivatm surrounds
seem to be due to two distinct mechanisms, namely one yielding a simple and wekkie®n
scaling and another leading to saturation scale extension and truncaseenis that the former
mechanism operates in the same simple manner both in the case of unifornriegdtea sur-
rounds, whereas the latter only plays a role in uniform surrounds.efftreings suggest that even
seemingly simple stimuli may trigger more than one colour coding mechanism. Acglyrdail-
ures of functional equivalence found in previous as well as the presedy should be interpreted
cautiously; they do not preclude the possibility of functional equivalevitie respect to specific
contributing mechanisms.

6.4 The validity of grey settings and matching data

The methods of asymmetric colour matching and grey settings are the most compeoimex-
tal techniques for measuring simultaneous contrast and context effemfoiur vision at large.
They are also widely used in studies of colour constancy (e.g. Braidaaft, & Longere, 2003;
Brainard, 1998; Golz & MacLeod, 2002). A central implicit assumptiorvigling the rationale
for these methods is the notion that the effect of the surround on the cappearance of the
target can be compensated for by adjusting the cone excitation valuestafdgbé The results
of the present experiments strongly suggest that when uniform swsaare used, this assump-
tion is unwarranted. Consequently, in this case, the interpretation of gtéaygs and matching
data is fraught with problems. As the results of experiments reported inesh@agemonstrate,
a grey setting made by a subject can not uncritically be assumed to imply thatgbedetually
appeared achromatic. Instead, it must be interpreted as the setting atthdimhbject was able
to achieve the possible approximation to a truly achromatic colour appeavhticetarget. The
same holdsmutatis mudandidor asymmetric colour matches: The fact that a subject has made a
certain match does not imply that he was acutally able to make the two targets agpak only
that they appear as similar as possible. Consider, for instance, the &rafiggnith and Pokorny
(1996; see also Miyahara et al., 2001). In asymmetric colour matchingimeygs rather similar
to the present ones, they found that targets with chromaticities approximateé/riange between
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the chromaticity of equal energy white and the chromaticity of the surroundichwthey were
presented were all matched to approximately the target chromaticity in thedssgeoound. If
these matches are interpreted as representing perceptual indentity, thectateon offered by
Smith and Pokorny (1996), namely that there is a ‘hiatus’ in chromaticity sSpaeich colour
appearance does not vary greatly with the chromaticity of the target, seewitglre. In light
of the present findings, though, it appears that colour appearareeiddeed vary appreciable
within the ‘hiatus’, but that it varies along a range of low saturation levelagerof which can be
produced in the other surround due to saturation scale extension aodtiom) hence they are all
matched to the best available alternative, which is the same for all.

6.5 The representativity of grey settings

Beyond questioning the validity of grey settings and asymmetric matches reduttimgxperi-
ments in which uniform surrounds are used, the present results alsdnhplications for an issue
recently discussed by Speigle and Brainard (1999), namely whethesgtiings yield an esti-
mate of the size of simultaneous contrast or colour constancy effectd) ighiepresentative also
for targets which do not appear grey. Speigle and Brainard (1998paed asymmetric colour
matches with grey settings obtained under identical experimental conditidrfe@amd this to be
the case: Their asymmetric matching data could be well described by a simpkiesnrans-
form, and the corresponding grey settings could be used to predictimeizrs of that transform
accurately (up to a common scale factor, which by necessity must remainrindette). Hence,
their finding suggests that both patches which appear achromatic as weliches of all other
colours are subject to the same general principles of colour inductiamelgaron Kries scaling.
The present findings suggest a different picture, though. The nofisaturation scale trunca-
tion and extension, which captures our findings with uniform surrouedg well, implies that
measuring the transition point between complementary hues should, adtayiefu the point
corresponding to the corner of the ‘step’ in the data curve. It is cleathbaransition point will
never actually be chosen as a grey setting, since it corresponds tadheatitity of the surround.
Nevertheless, the results of the experiments reported in chapter 4, as\viwither available data
suggest that actual grey settings fall rather close to the chromaticity otitheuad (Werner &
Walraven, 1982; Chichilnisky & Wandell, 1999), which means that theyiarated well within
the region of the ‘step’. As can be seen in the schematic representationdar®ate XVII
as well as in the data plots of Experiments 4 and 5, interpreting any point withistdp as a
representative measurement, would lead to an overestimation of the oveualliom effect. This
overestimation is at its largest and most misleading for points close to the tramsitian

Thus, based on the present findings we may conclude that, when ur@tpritnminant sur-
rounds are used, grey settings can be expected to overestimate thad ehmtion effect. Speigle
and Brainard (1999), however, used more naturalistic stimuli, and it ismbssto assume that
they obtained a different result because their stimuli did not evoke siatustale extension and
truncation.

6.6 The relation to colour constancy

According to a widespread idea which dates back at least to Helmholtz)(i8&Ilphenomenon
of simultaneous contrast can be understood as “a misdirected attempt toatainconstancy”
(Walraven, Benzschawel, & Rogowitz, 1987, p. 269). While the geida does not seem unrea-
sonable, the present findings suggest that one should be cautiausrabmreting the induction
effects obtained in uniform surrounds in terms of colour constancy: &ainrscale extension
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and truncation, which seems to be responsible for the strong effects abtaith equiluminant
uniform surrounds, appears to be a feature which is particular to thisofyggmuli. Therefore
the results obtained with uniform surrounds may not be representatimdwagtion effects occur-
ring in stimuli that resemble natural situations more closely, such as thosdoysggkigle and
Brainard (1999). Since it is difficult to conceive of a sensible funclioole in mechanisms cor-
recting for illuminations changes for the distinguishing feature of saturatiale sruncation and
extension, namely the ‘missing colours’ phenomenon, it appears morahtuegard it as an
additional effect, that is not directly related to a basic colour constanchamesm. In the light of
our findings, as well as those of Speigle and Brainard (1999), a marnsiple candidate for such
a mechanism is simple von Kries scaling, which is consistent with all the prdag&ntsets ob-
tained with variegated surrounds, and also seems to play a basic, yetusdtes role in uniform
surrounds.

If correct, this interpretation implies that uniform surrounds should bé&adoin studies of
colour constancy. If the immediate surround of the target patches is omi® is common in
many investigations of colour constancy (e.g. Walraven et al., 19808 1995, 2001; Lucassen
& Walraven, 1993, 1996), it can be expected that saturation scalesexteand truncation is
evoked, and to the extent that this effect is unrelated to colour constaeagsults obtained may
be misleading.

6.7 The role of perceptual transparency

The present findings provide, in keeping with several previous gasens (Masin & Idone, 1981;
Brenner & Cornelissen, 1991; Brown & MacLeod, 1997; Mausfe@98; Niedeee, 1998), strong
evidence that impressions reminscent of perceptual transpareneyaded by the simple centre-
surround stimuli typically employed in studies of simultaneous colour contrasteTare several
indications that the strong colour inductions effects which are hereideddn terms of saturation
scale extension and truncation, and appear to be particular to uniforousds, are intimately
related to transparency-like colour scission.

A question of central theoretical importance is whether the correlation batthe strength of
the colour induction effect and the phenomenal impression of transpeoeserved in the present
experiments indicates a causal link between the perception of transparehcolour induction.
This question is not easy to address experimentally, since the perceptrangarency as a pu-
tatively causal variable can only be manipulated indirectly by changingeptiep of the stimulus,
which theoretically may influence the colour induction effect directly. In tfes@nt experiments,
the strength of the colour induction effects, as well as the impression ajpaeency were found
to covary with the uniformity of the surround, so both the uniformity of theauwrd in itself as
well as the perception of transparency can be regarded as candidags ®f the strong induction
effect. Taking other evidence into consideration, though, it appeatrshih@ampression of trans-
parency constitutes a more relevant variable than the uniformity of theusutrdn the present
experiments it was found that eliminating the impressions of transparencyify vexriegated
surrounds instead of uniform ones eliminated the strongest colour indwdtexts. If the percep-
tion of transparency is the relevant variable, however, it should algmésible to obtain strong
colour induction effects in variegated surrounds, provided that the sajne of transparency is
supported. In the case of variegated surrounds, impressions gbaransy may be reinstated by
using a variegated target instead of a uniform one, as evidenced byhtliEb @lusion (Chubb,
Sperling, & Solomon, 1989; Lotto & Purves, 2001). Hurlbert and WoliG2) investigated this
case, and did indeed find strong induction effects, which may be takeggestthat the percep-
tion of transparency is more relevant for strength of the colour inductfentehan the uniformity
of the surround as such.
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6.8 Relation to simultaneous brightness contrast

Although simultaneous brightness contrast and chromatic simultaneous cotdtast are clearly
intimately related phenomena, they are often investigated separately, irediffesearch tradi-
tions. One reason for this is presumably that a 'divide and conquergtragepursued: Try to
understand simultaneous brightness contrast, and chromatic simultaned@stceach in iso-
lation, and then turn to the more general case, which can be expectedet@ mysater chal-
lenge: As is well known, the chromatic and achromatic aspects of simultaceatrast interact
in rather complex manners (Evans, 1964, 1974; Valberg, 1975; Lottar&eR, 1999). Studying
the achromatic and chromatic aspects of simultaneous contrast simplifies mattsicecably.
A fact which is well-known to the extent that it is often regarded as trivaddi¢h it certainly is
not), is that when an achromatic patch is embedded in another achromatioreijrit does not
cease to appear achromatic: The only aspect of its colour appearahtedfiected is its bright-
ness (or lightness). Abusing mathematical terminology, one may say thatttbeasromatic
colour impressions is ‘closed’ under ‘the operations of simultaneousasihti his actually quite
remarkable fact makes it possible to study simultaneous brightness cantisdation, without
ever having to consider the chromatic aspects of simultaneous contrass bedn done so ex-
tensively that it makes sense to speak of a separate research traditadmi¢Get al., 1999). In
much the same way, any set of isoluminant colours appears to be closedthedperation of
simultaneous contrast. Accordingly, when only isoluminant stimuli are empldyisgossible to
study the purely chromatic aspects of simultaneous contrast without haviaket@imultaneous
brightness contrast into consideration. This strategy was pursued imethenp investigations. It
should be kept in mind, though, that the reason for this was primarily the wigkefothings sim-
ple. Once one also allows for luminance differences between the tag#t@surrounds, | have
little doubt that matters will become vastly less clear-cut and more complicatedhbgmesent
results suggest. In particular, simultaneous contrast effects tend tmbdess dramatic when
luminance contrast and chromatic contrast are mixed, than when theychrstedied in isolation
(Kirschmann, 1891; Olkkonen, Saarela, Peromaa, & Laurinen, 2002)

Although simultaneous brightness contrast was not investigated here,isherason to be-
lieve that there is something to be learned about it based on the preserggingimply because
purely achromatic simultaneous contrast and purely chromatic simultaneotnastseem to be
analogous in many respects. In both cases, there is clear evidenomfiast coding (Whittle &
Challands, 1969; Whittle, 1994b; Arend, Buehler, & Lockhead, 1®8&er & MaclLeod, 2001;
Kingdom, 2003). Furthermore, inspection of the data curves from sonhe @flsymmetric bright-
ness matching experiments reported in the literature (Takasaki, 1966{I8ch@99) suggests the
existence of a charateristic ‘step’ analogous to the ones revealed iretbenpexperiments. This
step could perhaps be accounted for in terms of blackness (or whitescas truncation and ex-
tension, in analogy to the notions of saturation scale extension and truncasidemonstrated in
Figure 6.3, which is constructed in a manner analogous to Colour PlatesndIX¥4, increments
invariably appear whitish in some way, whereas decrements appear bhladas the range of
whitish colour impressions which can be produced in a bright surroundrisdted relative to the
range of whitish colour impressions which can be produced in a dartusudr There seems to be,
in essence, no target which appears slighly less whitish than the suyradtimigh the surround is
very whitish, since any decrement looks blackish. The same holatsitis mutandiswith respect
to blackish colour impressions.
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Figure 6.3 Within each coloum, the small squares are physically idahtthat is, in each row actually
the same scale of colours from dark to bright is reproducexde that all of the targets above the diagonal,
which are luminance decrements appear whitish, while tthhesew the diagonal, which are luminance
increments, appear blackish. Note also that the upperssoatéch are embedded in the dark surrounds,
contain very dark whitish targets, particularly in the desksurround. The scales that are embedded in the
brighter surround, on the other hand, contain no dark-appewhitish targets. In exchange, though, they
contain more bright-appearing blackish targets than taees@embedded in the dark surrounds.

6.9 Conclusions

The results of the present experiments show that simultaneous contrastishamore complex
and multifaceted phenomenon than generally appreciated. While the simubacmutuast ef-
fects evoked by complex, variegated surrounds appear to be of aeblaiimple nature, uniform
surrounds seem to trigger more complex perceptual phenomena involzimgparency-like dual
colour impressions.

The perhaps most important insight that can be gained from the presestigations is that
classical models of simultaneous contrast, which are based upon the &ssutingt the colour
appearance changes induced into a target by a uniform colourexisdrcan be compensated
by adjusting the colour-coordinates of the target, can at best yield ampiete description of
the relevant phenomena. In the case of uniform surrounds, this ‘ctsapen assumption’ is
clearly unwarranted, and correspondingly, psychophysical methbith are based upon it, such
as asymmetric colour matching and grey settings, yield results flawed by artfgpgerimental
data obtained with these methods must therefore be interpreted with care.

Though the present findings demonstrate that classical models of simuitaoewtrast are
based on an erroneous assumption, they also provide strong evigerm@dur-coding mech-
anisms responding to the difference between the cone excitation vecttie tdrget and the
surround, as envisioned in the works of Whittle (1994b, 2003) and Wair§1976). Contrary
to the original assumptions, though, the contrast-coding scheme doessaoibé the total colour
impression, but only a phenomenally distinct part of it. The total colour imnessnsists of two
phenomenally distinct and simultaneously perceived layers, one of whgsrdgived ‘through’
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the other. One of these colour components behaves according to thiplpsraf contrast coding,
whereas the other, which has the phenomenal quality of a transparentdgering the target, ap-
pears in the colour of the surround. Once itis recognised that contrdisig determines but a part
of the total colour impression, the apparently contradictory experimentahfadf many studies,
in particular those reported in connection with the Walraven-Shevell carsy (Walraven, 1976,
1979; Shevell, 1978, 1980; Drum, 1981; Adelson, 1981; Davies €t383) become intelligible.

Though there is, in the above sense, clear evidence for contrasigcodine present data,
the total pattern of findings suggests that contrast coding does not @ayrkdamental, all-
encompassing role in colour vision often attributed to it (Whittle, 2003). Ratheeems that
absolute colour coding plays an equally important role. Clear eviden@®ffrast coding is only
obtained when uniform surrounds are used, while the induction effetasned with comparable
variegated surrounds are considerably smaller than one would exgsszt bn contrast coding. It
seems therefore, that contrast-coded colour signals are exploited bigtla¢ system only under
special conditions. One may speculate that conditions supporting theppercef transparency
may trigger the utilisation of the contrast signal.

The induction effects obtained with uniform surrounds appear to a benaination of two
effects, one of which is identical to the relatively small ‘von Kries-type'tpdation of the tar-
get's absolute colour signal observed with comparable variegatedusdso The other effect,
which is particular to uniform surrounds, appears to be of a rathelipeoature. Basically, any
uniform surround seems to prohibit the perception of a certain set oficmigpressions. The set
of such 'missing colours’ depends on the colour of the surround inackeristic ways captured
by a descriptive model introduced here as ‘saturation scale extensidrnuaication’. This model
provides a rather good description of many curious aspects of simultsgeotrast in uniform
surrounds, such as the vast variation in the size of the effect forelifféarget colours, Meyer’s
effect (Meyer, 1855; Helmholtz, 1911; Brown, 2003), and the garmpaesion effect of Brown
and MacLeod (1997).

6.10 Outlook

The primary focus of the present study was on the kind of simultaneousroobmtrast that oc-
curs in uniform surrounds. While this is presumably one of the most wellvkralemonstations
of the context-dependence of colour perception, it is by no means th@oaelySeveral different
stimulus displays demonstrating context effects have been reported astigaved in the litera-
ture, such as the Mach bands (Mach, 1866; Fiorentini, 1972), the-Cr8itien illusion (Wachtler
& Wehrhahn, 1997), the Hermann Grid (Hermann, 1870; Spillmann, 139djtheimer-Benary
cross (Benary, 1924), the Munker-White effect (Munker, 1970jté/ 1979), neon colour spread-
ing (Munker, 1970; van Tuijl, 1975), Adelson’ snake and tile illusions €&dn, 1993, 2000),
the watercolour illusion (Pinna, Brelstaff, & Spillmann, 2001), and varifouss of colour and
brightness assimilation (Bezold, 1874; de Weert & van Kruysbergé¥,;Shapley & Reid, 1985;
Monnier & Shevell, 2003).

The ultimate of goal vision science is to understand the lawful workings ofith@l mecha-
nisms which manifest themselves both in everyday colour perception assneltldese demon-
strations. Towards this aim it would be of great value to know which phenarsleare a common
mechanism and which do not, i.e. to develop a natural taxonomy consistinginoited set of
visual mechanisms as opposed to a meaningless list of phenomena. Yektbédategorising
the phenomena in a way that carves nature at its joints is by no means a tngjagigen that
phenomena which appear dissimilar at a superficial level may nevertheleks to the same vi-
sual mechanisms, and vice versa. It is therefore not surprising that different proposals have
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been made concerning which phenomena share a common mechanism andavinit (e.g. An-
derson, 1997; Gilchrist et al., 1999; Gilchrist & Economou, 2003; Kargd2003; Blakeslee &
McCourt, 2003).

Among the phenomena of colour perception which have most often beenl liokearious
other phenomena, simultaneous contrast definitely tops the list. It is oftenl iokdach bands,
the Craik-O’Brien illusion, and the Hermann Grid because they all involveptreeptual en-
hancement of perceived contrast. It has also been proposed tmaetmanisms behind classical
simultaneous contrast are at work also in the Munker-White illusion (Gilcatiat., 1999) and
neon colour spreading (da Pos & Bressan, 2003). The insights gairted present investiga-
tions may be used to evaluate the plausibility of such proposed links, andyqgii&lif meaning.
Since the kind of simultaneous contrast occuring in uniform surrounpsaao be due to two
distinct mechanisms, any proposal of a link between simultaneous comtdeasihya other phenom-
enon should not be made without stating which of the two ‘simultaneous contehanisms’
one refers to. Once such a commitment has been made, one has a bettéorbagduating
the plausibility of the proposal in psychophysical experiments. | am pé&tlgwoptimistic that
the regularities described in this thesis as saturation scale extension actdttaimmay serve as
a psychophysical signature of a special contrast-coding mechanishthanchecking whether
these regularities are present in other visual illusions may help answen¢séan whether they
share a mechanism with classical simultaneous contrast. | am tempted to hethggothesis
that saturation scale extensions and truncation (and/or their analogueshrightness domain)
can be documented in the Munker-White illusion, as well as in Adelson’sesitlakion. This
remains a question for future research, though.

In conclusion, | would like to raise one final issue which | think may be wodhsiering
for future research on colour vision: Although one is not primarily (cereat all) interested in
simultaneous contrast in many lines of psychophysical research orr egdan, it is a trivial fact
that any target which is to be judged, scaled or matched must, by neceegitedented against
a background of some sort, even if it is a background of complete deskndore often than
not, a uniform background is used, because of a wish for simplicity arigspecified viewing
conditions. In view of the present findings, which suggest that quiteiapend rather complex
phenomena occur in the presence of uniform surrounds, this mighiweptsabe a very good idea,
and for many purposes it may turn out to be more advantageous to usgavadieunstructured
surrounds. In applications where subjects are to match the colour ofet targadjusting the
colour of an adjustable patch, the latter should not be presented in amrstoround, since this
may preclude the possibility of realising some colour impressions.
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Colour Plates

Colour Plate I: Simultaneous colour contrast. The central squares aregallysdentical, yet they appear
rather different, since they are embedded in differentogunds.

Colour Plate II': Schematic illustration of how points in colour space areutjia to correspond to vari-
ables of perceived colour. Left: Planes of constant hue mueite central ‘achromatic axis’. Brightness
corresponds grossly to the ‘height’ in this three-dimenalaepresentation. Left: In a plane of constant
brightness (luminance), lines of constant hue convergeéherathromatic point. Saturation it thought to
correspond to the radial distance from the achromatic point
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Colour Plate 1l : Afterimages. Stare at the central cross in the left-handigoration for about ten sec-
onds, and then look at the right-hand fixation cross. You kEhoow experience fairly vivid afterimages of
the coloured squares.

b:r=0.75:0.25

b:r=0.5:0.5

b:r=0.25:0.75

Colour Plate IV: lllustration of how all hues (inner circle) can be conceiwdds perceptual mixtures of
the four unique hues blue, green, yellow, and red (outelsjiré prototypical violet, for instance, contains
equal amounts of blue and red. Adapted after Hering (1920).
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Colour Plate V: Left: The spectral sensitivity curves of the cones. Righte Bpectral sensitivity curves,
also called valence-curves, of the hypothetical opponesthanisms red-green, blue-yellow and black-
white. Note that whereas the cone sensitivities are alltipesieach of the two colour-opponent sensitivity
curves have negative and positive lobes. The opponenttiségsiunction drawn in black represents the
black-white and is assumed to be identical to the spectradithéty curve V() of the luminance mech-
anism. All three opponent sensitivity curves are just lin&ams of cone senstivity curves on the left. To
highlight the fact that they are thought to represent peeckcolour in a simple way, they are drawn here in
color. The vertical lines mark the zero-crossings of th@esbpponent mechanisms, i.e. the spectral loci
of unique blue, unique green and unique yellow (from leftigit). As is generally accepted, no mono-
chromatic stimulus evokes the impression of unique redeéts unique red is evoked by a binary mixture
of the monochromatic stimuli at the endpoints of the spectru
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Colour Plate VI: Values of the hue coefficients of opponent colour theory fonathromatic lights across
the visual spectrum. These curves are computed based oaltreg curves in Color Plate V and can be
read in the following way: At any wavelength, there are twe neisponses, except at the loci of the unique
hues, where there is only one hue response. The curves gieartbunt of one of the hue responses divided
by the total hue response. Accordingly, the hue responsaigtie loci of the unique hues (unique red is
extraspectral), and between 0 and 1 for all other wavelendtiote that the two curves are symmetric by
definition: For instance, red/(red+blue)=1-blue/(redr)l The points at which the two curves cross, i.e.
where the hue efficients equals 0.5, correspond to to theybimees turquoise, chartreuse and orange (from
left to right). The binary hue violet is extraspectral.
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Left eye Right eye Binocular

Colour Plate VII : The experimental technique of haploscopically superiragdasisplays (after Whittle,
1994b). The left configuration is presented to the left elye,ane in the middle to the right eye. The right
panel gives an impression of what the observer then pesceiliee square targets in the left and middle
panels are physically identical, yet appear somewhatrdiftedue to simultaneous contrast. This effect is
greatly enhanced in the binocularly fused image. The readsrtry to verify this by free-fusing the left
and middle panels.

Colour Plate VIII : The zero-contrast problem: The contrast-coding hyposhesdicts that the two cen-
tral regions should appear equal in colour since they hawesime (zero) contrast with their surrounds
(The dashed contours are merely drawn to indicate wheretgettsquares would be visible if they were
differently colored than their surrounds).
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Colour Plate IX: Two four-region stimuli of the kind traditionally used inviestigations of perceptual

transparency. In the left configuration, one may have theésgion of a greenish transparent filter in front
of a red object, and in the overlapping region one therefasethe impressions of two colours coexisiting
at the same location of the visual field. The left configuratlilustrates the same point with other colours.
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Colour Plate X: Top panels: The spokes on the left representing lines oéspanding hue can, as illus-
trated in the left-hand panel, each be considered to be &dmadture of a chromatic colour and a neutral
(grey) one. The thickness of the wedges represents théveeahounts of the two colours. Clearly, the
admixture of grey does not change the perceive hue. Bottoralgaln the case of a graded mixture of two
chromatic colours, however, the hue must of course change.
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Colour Plate XI: The spokes in the upper left panel are shaded towards yetidiei middle, and can
therefore not be thought of as lines of constant hue. If tineesset of spokes is embedded in a yellow
surround, though, they appear to be of roughly constantdndeas the contrast between the spokes and the
surround decreases towards the centre one has the impregsiellowish transparent haze covering the
spokes. In the lower panels, the analogous case is showpdkes shaded towards red and a red surround.
Note that the left sets of spokes are identical to the coordipg right ones. Perceptually, though, the two
sets of spokes on the right side appear much more similguadh they are just as different as the two
left-hand ones. The main perceptual difference betweetwiiés the colour of the haze appearing to cover
the spokes. Note that the intended colours in this demdiwirmay be incorrectly reproduced in print.
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Colour Plate Xl : The two left hand sets of spokes are identical (they are Hudlded towards red), but
look rather different since they are embedded in differemtaainds. The right-hand set of spokes are
shaded towards yellow instead, and look very similar to #teo§spokes in the middle, which are shaded
towards red. Note that the main remaining perceptual diffee between the two leftmost sets of spokes
is the reddish and the yellowish transparent haze. Charigagolours of the spokes further in order to
make them appear exactly equal would be futile, since theucalf the haze is a property determined by
the surround, and thus cannot be changed. Note that thedederolours in this demonstration may be
incorrectly reproduced in print.

A\ N /
N\

Colour Plate XllI : The two sets of spokes are identical, but appear rathereliffe Note that the effect

is most impressive at low contrast (towards the centre)revbae has impressions of transparency in the
uniform surround. Note also that the spokes in the variegsteround get arbitrarily desaturated (similar to
gray) towards the centre, while all of the greyness in thieHahd spokes appear to belong to the transparent
haze, leaving the spokes themselves appear rather sdtevate towards the centre. Note that the intended
colours in this demonstration may be incorrectly reproduoeprint.
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Colour Plate XIV: Within each coloum, the small squares are physically idahtithat is, in each row
actually the same scale of colours from blue to yellow is edpced. Note that all of the targets above
the diagonal, which are decrements with respect to the y@llew mechanism appear yellowish, while
those below the diagonal, which are increments, appeastbliNote also that the upper scales, which are
embedded in blue surrounds, contain very desaturatedsslidargets, particularly in the most saturated
blue surround. The scales that are embedded in the yellsusibunds, on the other hand, contain no
yellowish targets of very low saturation. In exchange, tilguhey contain more desaturated bluish targets
than the scales embedded in the blue surrounds. Note thaitémeled colours in this demonstration may
be incorrectly reproduced in print.
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Colour Plate XV: Within each coloum, the small squares are physically idahtiSee caption of Colour
Plate X1V for explanations, which appiyputatis mutandis
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Colour Plate XVI: Classical (left) vs. truncation-extension (right) viewrmfw colour impressions should

vary along a line from yellow to blue in chromaticity space patches embedded in surrounds of different
colours. In each sub-panel a pair of wedges represents tioeiysd colours of the opponent hues blue
and yellow. The thicker the wedge the more saturated theicaigpression. Below each pair of wedges a
scale representing S cone excitation is shown with a vétiadamark at the location of the surround. From

top to bottom the illustrations refer to yellow, neutral dride surrounds. A crucial difference between the
classical and the truncation-extension view is that, inldkter case, the saturation never approaches zero.
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Colour Plate XVII : Top left panel: The matches which may be expected based ensah and truncation
when fixed patches are presented in neutral surrounds, arsettings are made in a blue surround. Lower
left panel: Expected matches when the fixed patches arenpeeisia the blue surround. Right-hand panels:
Analogous expectations derived for matches made with awedhd a blue surround.

Colour Plate XVIII : The gamut expansion effect of Brown and MacLeod (1997). Ble fargets in the
uniform surround are physically identical to the corregfing four targets in the variegated surround, but
the former appear more saturated than the latter. Noteltbahtended colours in this demonstration may
be incorrectly reproduced in print.
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Pretruncation Contrast gain control

Colour Plate XIX: Predictions based on a simple gain control model (right) ‘anetruncation’ (left).
The wedges on the horizontal axis represent perceivedasiaturfor central patches with chromaticities
from the red-green axis in chromaticity space when presénta uniform neutral surround. In the case of
pretruncation the wedges would have their tips cut of (lafigd). The wedges on the vertical axis represent
the perceived saturation for the same central patches whbadted in a variegated neutral surround. The
different steepness of the horizontal and vertical wedgehe right panel represents gamut expansion.
The locations of expected matches are drawn as thick links.wihite dots demonstrate that the result of
measuring the effect for only one purity of the test patchBrasvn and MacLeod (1997) did, is compatible
with either hypothesis.
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Colour Plate XX: Meyer’s effect. The leftmost pair of centre-surround stiroanstitute a classical demon-
stration of simultaneous contrast, where the targets améeprin the same gray colour and the surrounds
have saturated complementary colours. In the middle, threessimulus pair is (partially) covered by a
gray transparent layer, as simulated by using a standarsigaaency model. Since the colour of the trans-
parent layer was chosen to be the same gray as the targeestté¢hevere left unchanged by this operation.
The saturation of the immediate surrounds, however is anbatly reduced. In spite of this, the perceived
difference in colour between the upper and lower targetgigky convincing as in the leftmost display,
perhaps even a bit more impressive. This observation ¢otetiMeyer’s effect. In the right-most display,
two centre-surround stimuli with exactly the same immediturrounds as in the middle panel are shown.
Also in this case, the effect is equally convincing as with thore saturated surrounds.

Colour Plate XXI: The two lower squares are mutually identical, as are thedmmes. The perceived
difference between the latter is however much more impregbian that of the upper ones. Hence, even
when the surrounds are fixed, the simultaneous contrastt effay be strong or weak, depending on the
colour of the target.
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Zusammenfassung (German abstract)

Einfuhrung

Die zwei mittleren Quadrate in Farbtafel | (S. 137) sind physikalisch gl&elsie in unterschied-
lich gefarbte Umfelder eingebettet sind, scheinen sie aber trotzdem untersdhigidigearbt zu
sein. Dieses seit der Antike bekannteaRbmen — der simultane Farbkontrast — war, insbeson-
dere in den letzten zwei Jahrhunderten, Gegenstand einer beeimddeckAnzahl empirischer
und theoretischer Untersuchungen (Tschermak, 1903; Whittle, 2D@8Anlasse {ir diese For-
schungsarbeiten waren viglfig, und reichten von rein praktischen Belangen bis hin zu philo-
sophischen Fragen. In den wissenschaftlichen Diziplinen, die sich miwgttionsweise des
Gesichtssinns besifiigen, entspringt die Hauptmotivation der gruaidtichen Vorstellung, dass
die Untersuchung solcher Sinn&sschungen einen Scisisel zum Vergindnis derjenigen Me-
chanismen bietet, die die mageren und mehrdeutigen Reizmuster auf derXétzhiazliche
und verbssliche Informationefiber die AuRenwelt umwandeln (Mach, 1866; Hoffman, 1998;
Eagleman, 2001). Dieser Vorstellung entsprechend wurde schbrein enger Zusammenhang
zwischen dem simultanen Farbkontrast und biologisch wichtigen Mechamigend-arbkonstanz
vermutet. Laut Herings (1920) klassischer Theorie, beispielsweisghdre sowohl die Farbkon-
stanz als auch der Simultankontrast auf Wechselwirkungen zwischescligarten Rezeptoren
auf der Netzhaut, d.h. auf dem neuronalen Mechanismus der lateratemitey (Hartline, Wag-
ner, & Ratliff, 1956). Auch Helmholtz (1911) ging davon aus, dass demankontrast und
die Farbkonstanz auf gemeinsame Mechanismeinckauiihren seien. Anders als Heringhfrte
Helmholtz beide Pinomene auf eine unbewusste schlussfolgerradigieit des Gehirns zick,
wobei diese unbewussten Sisse auf der Basisitherer Erfahrung mit den Regulaien der
Umwelt gezogen wirden. Der Simultankontrast ist nach Helmholtz daraufizkzufihren, dass
das Wahrnehmungssystem durch das farbige Umfeld zu einer unrebbstidonahmeiber die
Beleuchtungsveditnisse verleitet wird. Da das Wahrnehmungssystem auf die Eigenfarbe v
Gegensinden dadurch schlieRe, dass es den Einfluss der Beleuchtungrbeheng, iihre diese
fehlerhaft Schtzung der Beleuchtung zu einer \@sthten Scitzung der Eigenfarbe des Gegen-
standes.

Die Theorien von Hering und Helmholtz, von denen die Mehrheit der hauiigpeorien und
Modelle wesentliche Aspektébernommen hat, unterscheiden sich in vielen Punkiber die
heute noch diskutiert wird (Kingdom, 1997, 2003). Hering hob die Rolle emfachen, ange-
borenen physiologischen Mechanismen hervé@hsend Helmholtz’ Theorie die Bedeutung von
intelligenten, flexiblen und lerahigen Mechanismen unterstrich. Einig waren sich Hering und
Helmholtz jedoch in einem wesentlichen Punkipmich dass es sich beim Sehgmcht um ein
Schauen der Strahlungen als solcher [...] handelt, sondern um dasdise Strahlungen vermit-
telte Schauen der AuRendinge; das Auge hat uns ot die jeweilige Intensit oder Qualit
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des von den AufRendingen kommenden Lichtes, sondken diese Dinge selbst zu unterrich-
ten” (Hering, 1920, S. 13) und dass die Mechanismen, die uns dieses 'Schauen der AuRendinge’
ermoglichen, seien es laterale Hemmung oder unbewussta&ehlauchir den Simultankontrast
verantwortlich seien.

Vor allem aufgrund der offensichtlichen biologischen Wichtigkeit debkanstanzmechanis-
men hat sich die Forschung zu diesem Themengebiet seit den wegveriskrimbiten von Katz
(1911) und Gelb (1929) zu einem breit angelegten Unterfangen ermtyiokit zahlreichen Bei-
tragen aus vielen unterschiedlichen Disziplinen wie etwa Sinnesphysiologlendhmungspsy-
chologie und der Kinstlichen Intelligenz. Dies hat auch aufgrund des angenommenen Zusamme
hangs zwischen dem Simultankontrast und der Farbkonstanz, zur deigét, dass inzwischen
eine beeindruckendédife von Forschungsergebnissen zum Simultankontrast vorliegt. Ihpsyc
physikalischen Untersuchungen geht die Paradietitvischen Simultankontrast und Farbkonstanz
sogar so weit, dass Experimente, die durchbefwurden um Farbkonstanz zu untersuchen, meist
nicht zu unterscheiden sind von Experimenten, die der Erforschum§idailtankontrasts dienen
sollten undvice versaSowohl der Versuchsaufbau, die Reize, die dargeboten werdeych die
Aufgaben der Versuchspersonen sind meist dieselben oder zunsedeshnlich.

Der schieren Menge des vorliegenden Datenmaterials zum Trotz suchirden Literatur
vergeblich nach einem guantitativen Modell des Simultankontrastes mit derfiséellender Vor-
hersagekraft und mit Allgemeinheitsanspruch. Obwohl bedeutsame Ili#&rsigewonnen wur-
den, ist unser wissenchaftliches Varstinis und die technologische Beherrschung des Simultan-
kontrastes heute noch bestenfalls @lskenhaft zu bezeichnen: Die fundierten und umfassenden
Ubersichtsarbeiten von Whittle (1994b, 1994a, 2003) vermitteln einen iikdfavon, welchen
Schwierigkeiten man sich bei dem Versuch, aus den vielen Einzelbefwideolarentes und
allgemein diltiges Modell aufzustellen gegébergestellt sieht (siehe auch Mausfeld & Nidser
1993). Die Giinde fir diese Schwierigkeiten sind ohne Zweifel védtig. Es ist zum Beispiel seit
langem bekannt, dass der Simultankontrasteffekt von einer VielzaHEwdlussgbRen abhngt,
wie etwa Beobachtungsbedingungen, Raéfgn, perzeptuelle Organisation sowie Urteilskriteri-
en und Instruktion der Beobachter. In der vorliegenden Dissertatiothengedoch grundlegende-
re, konzeptuelle Probleme, mit denen klassische Modelle des Simultankestoabaftet sind, in
Angriff genommen.

Klassische Modelle des Simultankontrastes

Als Ausgangspunkitifr die vorliegenden psychophysikalischen Untersuchungen werd&spin
tel 3 einige einflussreiche und als klassisch geltende Modelle des Simulteasten vorgestellt
und deren Unterschiede und Gemeinsamkeiten aufgezeigt. Dabei vaarslgon Kriessche ‘Um-
stimmungsmodell der Photorezeptoren’ (Kries, 1905), das im Rahmepgdenenten Farbtheorie
formulierte Zwei-Prozess-Modell von Jameson und Hurvich (1959)eseime Klasse von soge-
nannten Kontrastkodierungsmodellen diskutiert. Letztere gehen dagonl@ss Farbe nicht an-
hand des lokalen absoluten Farbsignals kodiert wird, sondern grafids durch dieDifferenzen
von auf der Netzhaut benachbarten Farbsignalen (Whittle & Challag@9, Walraven, 1976).
Aufgrund einer Vielzahl negativer experimentelle Befunde gilt das viaedsche Modell seit
langerem als unzureichenigrfdie Erkirung des Simultankontrastes, wird aber trotzdenidier
sichtigt, unter anderem weil es nicht ausgeschlossen werden kameitiaMechanismus dieser
Art im gesamten Prozess mitwirkt: In den meisten anderen Modellen wird ein@mAKriessche

! Ihre wichtigste Bedeutung haben die Farbénuns, insofern sie Eigenschaften dirger sind, und als Erken-
nungszeichen deritper benutzt werderikinen. Wir gehen deshalb bei unseren Beobachtungen mit dem Sesiok
stets darauf aus, uns ein Urtébler die Korperfarben zu bilden, und dabei die Verschiedenheiten der Betlexghunter
der sich ein Krper uns darbietet, zu eliminieren” (Helmholtz, 1911, S. 243).
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Rezeptor-Umstimmung als Teilprozess vorausgesetzt, und die Ergebaiss®liegenden Expe-
rimente deuten in der Tat darauf hin, dass diese Annahme rigtaigh unrealistisch ist. Histo-
risch gesehen wurde das Zwei-Prozess-Modell von Jameson uritiats Alternative zu dem
empirisch stark geschiehten von Kries Modell vorgeschlagenaWend das von Kries-Modell
ausschlief3lich eine multiplikative Reskalierung des retinalen Farbsignaliektrgeht das Zwei-
Prozess-Modell davon aus, dass &ulch auch eine subtraktive Umkodierung stattfindet. Auf
der Ebene der Photorezeptoren findet zwar eine Umstimmung im von KreasSinne statt, auf
der nachgeschalteten, sogenannten opponenten Ebene der &drbiteng des visuellen Systems
werde jedoch zu#zlich ein Anteil des Farbsignals abgezogen, der dem Farbsignal in ubanitte
benachbarten Regionen der Netzhaut direkt proportional sei. JarnesoHurvich wiesen dar-
auf hin, dass durch die Annahme einerauatichen subtraktiven Umkodierung des Farbsignals
experimentelle Befunde eikit werden Bnnen, die mit dem reinen von Kries-Modell unverein-
bar waren. Umgekehrt sei die Annahme einer rein subtraktiven Umkodietgrgsaich nicht mit
den Befunden in Einklang zu bringen, so dass die Annahme eines Zusapigievon sowohl
multiplikativer als auch subtraktiver Umkodierung naheliegend erscheine.

Eine noch modernere Klasse von Modellen mit tiefgreifenden theoretidomgliikationen
werden in der vorliegenden Arbeit als Kontrastkodierungsmodelle WezreticDiese Modelle
konnen als Weiterentwicklungen, aber vor allem auch als noch genamfizprte Submodelle
des Zwei-Prozess-Modells aufgefasst werden. Wesentliattiése Modelle ist die Annahme, dass
der subtraktive Term im Zwei-Prozess-Modell nicht nur irgendwig@prtional zu dem Farbsignal
des Umfeldes, sondern sogar daidigntischist (Whittle & Challands, 1969; Walraven, 1976).
Die konzeptuellen Probleme, die sich durch die mit diesen Modellen verbandexperimentel-
len Befunde und theoretischen Deutungen ergeben, bilden den unmételbasgangspunkiif
die vorliegenden Untersuchungen. Einerseits erscheint die radikalahfme der Kontrastkodie-
rungsmodelle, dass der Farbeindruck grétzlich von der Differenz zwischen den Farbsignalen
von benachbarten Stellen des Gesichtsfeldes bestimmt werden, ausiMiénéen unplausibel,
andererseits ist die experimentelle Evidenzidab umfassend, dass sie fast unausweichlich er-
scheint (Whittle, 2003). Entsprechend unklar gestaltet sich der allgerenestische Umgang
mit dieser Vorstellung in der einsé@digen Literatur. Einerseits ist die grundlegende Idee hin-
ter den Kontrastkodierungsmodellen in der Neurophysiologie und dexhBlgie so etabliert,
dass sie inzwischen fast als ein Gemeinplatz verstanden wird, andsresise sie bei konkreter
Modellbildung oft \bllig auRen vor gelassen. Wie Whittle (2003) etwas sarkastisch, aber nicht
ganzlich unbegindet berangelt, bnnte man leicht zu ddiberzeugung gelangen, die Kontrast-
kodierungsmodelle iwrden nur dann herangezogen, wenn es einem genehm erscheibgiaier
Behandlung von Befunden, die damit nicht unmittelbar zugaeki sind, ohne weiteres auf3er Acht
gelassen. Als Alternative zu einem unverbindlichen und opportunisicmnsequenten Umgang
mit der Hypothese der Kontrastkodierung steht in der Literatur ein eleghet@etischer Rahmen
zur Verfugung, innerhalb dessen man sowohl der empirischen Eviderikohtrastkodierung als
auch einer Reihe damit scheinbar im Widerspruch stehenden Beobgehigerecht werden kann.
Laut dieser, in allgemeiner Form verbreiteten und von Whittle (1994a) uadd\(1973) explizit
formulierten Perspektive, ist Kontrastkodierung eine fundamentale &igaft der initialen Farb-
kodierung in der Netzhaut,arend in bheren visuellen Zentren und dem Gehirn Verarbeitungs-
schritte stattfinden, die diese initiale Kodierung unter gewissen &irdsh téickgangig machen
konnen. In enger Anlehnung an die komplengah mathematischen Operationen der Ableitung
und der Integration spricht man davon, dass die Netzhaut Differdrilcat, wahrend das Gehirn
diese Differenzsignale aufsummiefhe retina differentiates; the brain can integrate” (Whittle
& Challands, 1969, p. 1109). ldbereinstimmung mit den aus dieser Perspektive ableitbaren Er-
wartungen findet man unter speziellen experimentellen Bedingungeneiben dlie postulierten
Integrationsprozesse als aul3er Kraft gesetzt betrachtet wettheek, sehr starke Evidenirf
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reine Kontrastkodierung, &hrend man unter anderen, afiticheren Bedingungen, bei denen die
Integrationsprozesse unbee#@thtigt am Werke sein sollten, feststellen kann, dass die mit der rei-
nen Kontrastkodierung einhergehenden starken Simultankontraseefiedter Regel aufgehoben
oder zumindest deutlich abgesdit sind.

In der vorliegenden Arbeit wird jedoch eine Sciwhe dieser sonst sehr fundierten und be-
friedigenden Perspektive identifiziert und eingehenderen Unteniggeim unterzogen. Nach der
Kontrastkodierung-plus-Integrations-Perspektive wird mamlich dem von Walraven (1976) be-
richteten Befund nicht ohne weiteres gerecht. Walravens Experimeettlaif der einen Seite
starke Hinweise auf Kontrastkodierung, allerdings unter Bedingurggrgenen man nicht er-
warten wirde, dass die Integration irgendwie beéintrtigt sein sollte. Bei Kontrastkodierung
ohne Integration ergibt sich jedoch eine paradoxe Vorhersage (Wh#®la; Mausfeld & Nie-
detée, 1993): Man wirde ramlich auf der Basis der opponenten Farbtheorie erwarten, dass ein
Infeld, das zu seinem Umfeld identisch ist, immer achromatisch erscheinen so#t#angig da-
von, welche Farbe das Umfeld hat. Dass diese Vorhersage nichffentkein, ist offensichtlich,
denn in diesem Falle erscheint das Infeldimith in derselben Farbe wie das Umfeld.

Vor diesem Hintergrund mag es beruhigend erscheinen, dass Walisheetell nicht unange-
fochten blieb. Fast unmittelbar nach der déentlichung von Walravens (1976) Befunden stellte
Shevell (1978) Ergebnisse vor, die darauf hindeuteten, dass \Wag&Wodell zwar die Tatsachen
in guter Naherung beschreibt, aber eben nicht ganz exakt. Sowohl Walrdtedsll als auch
das von Shevell vertretene entsprechen dem Zwei-Prozess-Modéki wer subtraktive Term
nach Walraven genau den Umfeldkoordinaten entspricht, nach Sheagdigen aber zwar einem
grol3en aber eben nicht hundertprozentigen Anteil davon.&Baiar theoretischen Bedeutung der
Frage bsten die widerspiichlichen Befunde von Walraven und Shevell eine lebhafte Kontrevers
aus, in deren Verlauf eine Vielzahl weiterer Befunde aus &tirgfgeplanten Experimenten vor-
gestellt wurden. Es erwies sich jedoch aidierst schwierig, die Streitfrage eindeutig zaréh.
Eine Schwierigkeit bestand darin, dass die sich die Vorhersagen identddodelle in absoluten
Zahlen nur sehr gering unterscheiden, so dass sehr exakte Messtotgdten waren. Augrund
der formalen Struktur und der freien Parameter der Modelle kam noclu,hiless nur die Un-
tersuchung von Reizen mit sehr geringen Kontrasten zwischen Infeldlarfeld diagnostische
Daten erhoffen lieRen.

Um eine K&rung herbeiziithren, wurden entsprechend Experimente durdifgéfin denen
diese Randbedingungen ilif waren (Walraven, 1979; Drum, 1981). Aus diesen Arbeiten geht
jedoch hervor, dass die Versuchspersonen Schwierigkeiten hatieklrileile gemald der Instruk-
tion zu fallen. Ihre Aufgabe bestand darin, die Farbkoordinaten des Infstwemzustellen, dass
es Urgelb, d.h. wedebtlich noch giinlich erscheint, was nach den Standardannahmen der oppo-
nenten Farbtheorie problemlo®glich sein sollte. Dieser Standardannahme widersprechend, deu-
ten jedoch die Beobachtungen einiger Autoren (Helmholtz, 1911; Breé&@arnelissen, 1991;
Mausfeld, 1998) darauf hin, dass unémlichen Bedingungen zwei opponente Farbkomponenten
gleichzeitig wahrgenommen werden: Das Infeld wird unter @mdéen sowohlatlich als auch
grunlich wahrgenommen. Dass es den Versuchspersonen Schwierigheitgten sollte, Urgel-
beinstellungen zu machen, liegt vor dem Hintergrund dieser Beobadrtaug der Hand.

In der vorliegenden Arbeit wurde der Hypothese nachgeganges,diase Schwierigkeiten
auf der Ungjltigkeit einer Grundannahme beruhen, die klassische Modelle des Sinuriteextes
ihrer formalen Struktur nach implizit als gegeben voraussetzen. Quamidbodelle des Simul-
tankontrastes gehen traditionellerweise von der naheliegenden unicksoteelbstvergindlichen
Annahme aus, dass die durch das Umfeld bewirkten Faibderungen im Prinzip von dersel-
ben Art sind wie die Farbvénderungen, die durcAnderungen der Infeldkoordinaten hervorge-
rufen werden. Entsprechend wird davon ausgegangen, dassAr&idevon Farbveinderungen
sich gegenseitigompensierekonnen. Obwohl diesgKompensationsannahme” in der Literatur
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selten Gegenstand expliziter Diskussion watr, ist sie von grundlegeratmettscher Bedeutung.
Die harten Tatsachen der Young-Helmholtzschen Dreifarbentheorierzelgss das menschliche
Farbensehen dreidimensional ist, sowohl in einem wohldefinierten pglighikalischen (Krantz,
1975b) als auch in einem entsprechenden physiologischen SinngéS&aBtockman, 1999).
Ware der durch einen lokalen Lichtreiz ausigté Farbeindruck unabhgig von dem Umfeld,

in das er eingebettet ist, s@knte man folgerichtig aus den Tatsachen der Dreifarbentheorie
schlieRen, dass der dem lokalen Lichtreiz entsprechende Farbéiralrab nur entlang dreier
Dimensionen variieren kann. Die allgemeine Kontextaidigkeit des Farbeindruckes, die unter
anderem durch das Bhomen des Simultankontrastes belegt wirdffeet jedoch die theoretische
Moglichkeit, dass der Farbeindruck entlang mehr als dreier Dimensioniggrearkonnte, ganz
einfach weil die Kontextakimgigkeit nichts anderes heif3t, als dass der Farbeindruck von mehr Re-
zeptorerregungstripeln alhgt als dem einen Rezeptorerregungstripel des lokalen Reizes(Evan
1974). Tatsache ist, dass auf der Basis der Dreifarbentheorie allegsieegs auf eine Trivarianz
des Farbeindruckes geschlossen werden kann. Stattdessen felgiudienter der zuégzlichen
Annahme, dass die Kompensationsannahme gerechtfertigt ist (W. S. 839,

Die Tatsache, dass klassische Modelle des Simultankontrastes den &artleidurch Zah-
lentripel zu beschreiben versuchen, zeigt, dass sie diddgkeit der Kompensationsannahme vor-
aussetzen. Dass dies jedoch ungerechtfertigt <eintie, wird durch die Arbeiten mehrerer Auto-
ren nahegelegt. Basierend auf einer Reihe unterschiedlicher Arguomeh&eobachtungen wur-
den etliche Behauptungen aufgestellt, denen zufolge mehr als drei Zattleandig seien, um
den Farbeindruck eines Zielreizes angemessen zu charakterisigreldez, 1911; Gelb, 1929;
Kanizsa, 1966; Evans, 1964, 1974; Mausfeld, 1998; Niselet998).

Experimente zur Nullpunktproblematik

In Kapitel 4 werden Ergebnisse einer Versuchsreihe vorgestellt, didgickefur die Richtigkeit
dieser Behauptungen sprechen und umgekehrt auf diéltigigeit der Kompensationsannahme
schlieRen lassen. In diesen Experimenten werden neu entwickelte, eatrerctt recht einfache
Techniken eingesetzt, um die Lage des achromatischen Punktes in aenaiizititsebene zu
bestimmen. Diese Verfahreroknen als Abwandlungen einer klassischen Methode zur quanti-
tativen Bestimmung des Simultankontrasteffektes verstanden werdeatich der Methode der
Graueinstellungen (Helson & Michels, 1948; Speigle & Brainard, 1988).vorgegebener Lu-
minanz (Helligkeit) eines Reizes entsprechen digglichen Einstellungenif seine Farbkoor-
dinaten einer Ebene (Chromatéisebene) im dreidimensionalen Rezeptorerregungsraum, in der
es allgemein anerkannten theoretischen Vorstellungen zuéihgmausgezeichneten Punkt gibt,
der zu einem achromatischen Farbeindrudhrf. Die Lage dieses Punkteargt von der Farbe
des Umfeldes ab, und wird traditionellerweise als MaRden Simultankontrasteffekt verwen-
det. Der achromatische Punkt ist jedoch nicht nur dadurch dgegerallen anderen Punkten in
der Chromatizéitsebene ausgezeichnet, dass er achromatisch (weisf3, grau adezsgh nach
Luminanzstufe) erscheint. Allgemein akzeptierten theoretischen Vorstehuirmger den Zusam-
menhang zwischen Punkten im Rezeptorerregungsraum und Aspelsteaidbeindrucks zufolge,
konvergieren Geraden konstanten Farbtons in der Chrondésiziiene auf den achromatischen
Punkt (Konvergenzkriterium). Des weitererugste nach diesen Vorstellungen jede geschlossene
Kurve in der Chromatizéitsebene, die alle Fatirte des Farbenkreises edlthden achromatischen
Punkt umschlieRen (UmschlieRungskriterium). Die grundlegende Idée diesem Abschnitt be-
schriebenen Experimente besteht darin, den Graupunkt indibetdiese alternativen Kriterien

zu bestimmen und die so erhaltenen Ergebnisse mit dem auf traditionellem kivégelteen Grau-
punkt zu vergleichen. Die Vorstellung, dass diese alternativen Defiaitiaies achromatischen
Punktes equivalent sind, beruht vor allem auf Beobachtungen, dieatidrten, im Dunkelkon-
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text dargebotenen Reizen gemacht wurden, und dass sie in diesemuhllaugreffend ist, kann
zweifelsfrei vorausgesetzt werden. Dass sie aiiclReize, die in einem farbigen Umfeld dar-
geboten werden, zutrifft, wurde bisher nie in Frage gestellt, denn dies#ldemeinerung folgt
unmittelbar aus der traditionellerweise als selbstéadiich erachteten Kompensationsannahme.

Die Ergebnisse der vorliegenden Experimentalreihe deuten jedoch atakf ¢thin, dass diese
Verallgemeinerung nicht gemacht werden kann, und dass somitiligk&it der Kompensations-
annahme in Frage gestellt werden muss. Als dukoggger Befund stellt sich heraus, das der mit
den neuen indirekten Kriterien bestimmte Neutralpunkt im Rahmen der Messggkait immer
exakt mit der Umfeldchromatizt tibereinstimmt, \shrend der unter vergleichbaren Bedingungen
mit der konventionellen Methode der direkten Graueinstellungen ermitteltealf@urikt deutlich
und in gesetzi@aliger Weise davon abweicht. In weiteren Varianten des Basisexperikuamts
ten nbgliche Alternativerlkhrungen dieses Befundes, etwa durch den Abney-Effekt (demioéd
Befund, dass Geraden konstanten Farbton&dhteh leicht gekiilmmt sind, siehe Burns, Els-
ner, Pokorny & Smith, 1984) oder durch eine unterschiedliche Kompkedér Reize in den zu
vergleichenden Versuchsbedingungen, ausgeschlossen werden.

Der Befund, dass Geraden gleichen Farbtons auf die Chroraatigs farbigen Umfeldes
zulaufen statt auf den direkt bestimmten achromatischen Punkt, muss ausditesnellen Per-
spektive paradox anmuten, denn ersteres heif3t, dass der Korgugkhiir Farben konstanten
Farbtons in der bunten Farbe des Umfeldes erscheint, und damit demetlsch erscheinen-
de Punkt auf einer Geraden gleichen Farbtons liegen muss. Wie in deit Atigezeigt wird,
kann man diesem Befund jedoch in ganz rationaler Weise gerecht wevdan man die Kom-
pensationsannahme aufgibt und stattdessen davon ausgeht, dases Beirdchtung von einfa-
chen Infeld-Umfeldreizen das sonst nur aus komplexeren Reizkoafignen bekannte Rimo-
men der perzeptuellen Transparenz auftritt, bei dem per Definition zavbeR an der gleichen
Stelle des Gesichtsfeldes wahrgenommen werden (Metelli, 1970; D’Zmata £997; Adelson,
1993, 2000; Anderson, 1997; Faul & Ekroll, 2002).

Da sich die Kompensationsannahme als unberechtigt herausstellt, ersshkiar, dass ei-
ne darauf basierende Modellbildung die Entwicklung von besseren démuateren Modellen
nur verdgern kann. Vor diesem Hintergrund erscheint es wébigrraschend, dasdifrere For-
schungsanstrengungen, die auf der Kompensationsannahme amégelair nalig erfolgreich
dabei waren, ein allgemein akzeptiertes und befriedigendes quantitstoas| zu entwickeln.
Es ist zu hoffen, dass es leichter sein wird, Fortschritte zu erzielem dienauf der Kompen-
sationsannahme basierende Perspektive durch einen angemesd@nsémdnisrahmen ersetzt
wird. Auch eine Newbewertung bisheriger Modelle und Befunde unteiidksichtung der hier
gewonnenen Erkenntnisse erscheint notwendig. Der auf der AnneimaeBeteiligung perzep-
tueller Transparenz aufbauende Vargtnisrahmen bietet eine fidiche Erkkhrung fir die in-
konsistenten und widergpehlichen Befunde, die im Laufe der Walraven-Shevell-Kontroveese b
richtet wurden (Walraven, 1976, 1979; Shevell, 1978, 1980; Dri@811Adelson, 1981; Davies
et al., 1983). Des weiteren erkennt man vor dem Hintergrund diessp&ive, dass die schon
angesprochene Nullpunktproblematik nicht als ein Reductio-Ad-Absuvélitgument gegen die
Kontrastkodierungsmodelle verstanden werden kann. Vielmehr erschdiase Modelle ihrer
Grundidee nach in sehr gutélbereinstimmung mit den Tatsachen zu sein, vorausgesetzt, dass
man die Kontrastkodierungsmodelle im Sinne der Transparenzperspékavpretiert statt wie
urspiinglich konzipiert im Sinne der Kompensationshypothese. Perzeptuelhs@arenz heil3t,
dass zwei Farben gleichzeitig an der gleichen Stelle des Gesichtfeldegewammen werden,
und die Kontrastkodierungsmodelle scheim@mevon diesen beiden Farbkomponenten sehr zu-
treffend zu beschreiben.

Auf der Basis der in dieser Versuchsreihe gewonnenen Erkenntuissie zu Demonstrati-
onszwecken eine Reizkonfiguration entwickelt (siehe die Farbtafelm®IXil auf S. 143 ff.)
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bei deren Betrachtung wesentliche Aspekte der experimentellen Beduhdaem Blick deutlich
werden. Zuatzlich verdeutlichen diese Demonstrationen auch einige rein informelle Bletoioa
gen, die im Laufe der Experimente gemacht wurden. Zu erkennen ist, adss bei geringem
Kontrast zum Hintergrund transparémnliche duale Farbeiniicke auftreten, wobei die Farbe
einer der Komponenten der Farbe des Umfeldes entspricht, und dassen édlen der Simul-
tankontrast deutlich atker ist als sonst.

Experimente zur Farbengleichheit

Nicht nur klassische Modelle des Simultankontrastes setzen idiglait der Kompensations-
annahme voraus, sondern auch klassische psychophysikalischeddethur quantitativen Be-
stimmung des Simultankontrasteffektes, wie etwa die Methode der asymmetriszhabgleiche
(e.g. Wyszecki & Stiles, 1982; Smith & Pokorny, 1996). Da die Ergelenites oben beschribenen
Versuchsreihe stark darauf hindeuten, dass man die Kompensatiahsanifallen lassen muss,
ergibt sich die Vermutung, dass Daten aus asymmetrischen Farbabgteidh@nten mit Arte-
fakten behaftet seindanen und somit nicht in kanonischer Weise zu interpretierémemw

In Kapitel 5 der vorliegenden Arbeit werden die Ergebnisse zweiesuddrsreihen vorgestellt,
die durchgeiihrt wurden, um diese Problematikimer zu beleuchten. In beiden Versuchsreihen
wurden asymmetrische Farbabgleiche mit gleich-hellen, oder genaagt gegiiluminanten, In-
und Umfeldern durchgéhrt. Als Chromatiziiten der zwei Umfelder und des vorgegeben Infel-
des wurde eine Reihe unterschiedlicher Kombinationen von je einer desagueKardinalachsen
(Krauskopf et al., 1982) der Chromat&isebene geahlt, d.h. von je einer der Hauptachsen der
MacLeod-Boynton (1979) Chromatiaisebene. Die Chromatiaitdes zweiten Infeldes konnte
jedoch von den Versuchspersonen frei eingestellt werden, um Emdaeindruck herzustellen,
der nmbglichst identisch zu demjenigen des vorgegebenen Infeldes sein soliter ersten Ver-
suchsreihe wurden ausschlie3lich homogen e#rpef Umfelder verwendet. Dabei wiesen die
resultierenden Datenkurven, in denen die S-, bzw. L-Zapfenergedes Abgleichsinfeldes in
Abhangigkeit von der entsprechenden Erregung des Vorgabefelfigstraigen wurde, deutliche
und charakteristische Nonlinediéen auf. Die Ergebnisse dieser Experimente wichen somit deut-
lich von den Erwartungen ab, die sich aus klassischen Modellen des Sikanteastes ergeben,
denn diese Modelle iwrden typischerweise ein lineares oder affin-lineares Datenmustertenwa
lassen (Jameson & Huvich, 1972; Walraven, 1976; Shevell, 1978sfdiau& Niedegée, 1993;
Chichilnisky & Wandell, 1995). Der charakteristische Verlauf der Datenrat jedoch grob mit
einigen in der Literatur schon berichteten Ergebnisse@banbchen Experimenteiberein (Smith
& Pokorny, 1996; Miyahara et al., 2001).

Ein auffalliges Muster in den Datenkurven war eine treppemige Stufe, deren horizontale
und vertikale Seiten immer mit den Chromatizén der jeweils verwendeten Umfelddyerein-
stimmten. AulRerhalb der Region der Datenkurven, in der die Stufe auftriemunur geringigi-
ge Simultankontrasteffekte festgestellt. Diese waren mit dem von KriesdMed&aglic, wichen
aber aufgrund ihrer geringen Auggiung sehr deutlich von den auf Basis der Kontrastkodierungs-
modelle zu erwartenden, sehr starken Effekten ab. Der charaktdrestieclauf der Datenkurven
lie vermuten, dass der gemessene Simultankontrasteffekt auf zwesalmeelliche Mechanis-
men zuiickzufihren ist, @mlich auf einen mit geringen Simultankontrasteffekten einhergehenden
und einfachen von Kries-artigen Mechanismus, und einen zweiten Mischas, der nach Kon-
trastkodierungsprinzipien funktioniert. Letzterer schiégndie charakteristische treppénfige
Stufe in den Datenkurven verantwortlich zu sein, denn inhaltlich konnte &irge so verstanden
werden, dass Abgleiche zwischen Inkrementen und Dekrenfemeemieden wurden, was einer

2Mit Inkrement bzw. Dekrement ist ein Infeld gemeint, dass einénehen bzw. niedriegeren 'Farbwert’ hat als
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zentralen Vorhersage der Kontrastkodierungsmodelle entspricht (WHitlb, 1994a; King-
dom, 2003).

Dabei fiel auf, dass diese Vermeidung von Inkrement-Dekrement-#sbgle subjektiv sowohl
mit ausgepagten Abgleichsschwierigkeiten als auch mit dem Vorhandensein vospaemzein-
driicken einherzugehen schien. Diese Beobachtiihgd auf die Hypothese, dass der eine der
zwei postulierten Mechanismenamlich derjenige, derlifr die Stufe in den Datenkurven ver-
antwortlich gemacht wurde, in enger Verbindung mit der Wahrnehmundlvamsparenz steht.
Diese Hypothese legt es nahe, die zwei postulierten Mechanismen dadusolieren, dass man
die Wahrnehmung von Transparenz unterbindéhrgnd man die sonstigen Versuchsbedingun-
gen noglichst unveandert 3t. Geinge die Umsetzung dieser Randbedingungen,isdevman
erwarten, dass der von Kries-artige Effekt utdratert bestehen bleibtakrend die mit Kontrast-
kodierung und Transparenzwahrnehmung assozierte Stufe in demkDiaten verschwindet.

Basierend auf diesedberlegungen wurde eine zweite Versuchsreihe durétgefbei der —
anders als in der ersten — neben homogen eimgefn Umfeldern auch solche verwendet wur-
den, die mit einem zdéfligen Farbmuster versehen waren. Diese variierten Umfelder, die auch
als 'Seurat-Umfelder’ bezeichnet werden, da sie eine gewAssgichkeit zu einigen der poin-
tillistischen Genalden Georges Seurats (1859-1891) aufweisen, wurden bisherdan Raihe
von einschhgigen Untersuchungen eingesetzt (Andres, 1997; Mausfeld &eSn@002; Golz
& MacLeod, 2002; Webster et al., 2002)adie Zwecke der vorliegenden Untersuchungen er-
schien sie aus zwei @nden besonders geeignet: Einerseits lag es nahe, dass durchuiten str
relle Unterschied zwischen einem farblich variierten Umfeld und einem heneglinfeld eine
perzeptuelle Interpretation im Sinne einer gemeinsamen transparentehtSenigndert werden
sollte. Dass dies in der Tat der Fall ist, wurde durch informelle Beobaghtubesitigt. Anderer-
seits konnte zu jedem homogenen Umfeld ein variiertes Umfeld hergestelkémyetds insofern
damit vergleichbar war, dass es iaumlichen Mittel die gleichen Farbkoordinaten hatte. Entspre-
chend dieser Logik wurde in den asymmetrischen Farbabgleichexperimanfedem Paar von
homogenen Umfeldern auch ein entsprechendes Paar von variiertetdeimfantersucht und
die resultierende Paare von Datenkurvéntfomogene und variierte Umfelder direkt verglichen.
Bei der Planung dieser zweiten Experimentalreihe wurdatzlish die in der ersten Versuchsrei-
he gemachte informelle Beobachtung ioeksichtigt, dass die mit der Stufe in den Datenkurven
assozierten Farbabgleiche nicht als subjektiv befriedigend empfumdeten. Um diese Beob-
achtungen quantitativ fassbar zu machen, wurden Versuchsédungbd@ingebaut, die es im nach-
hinein erndglichten, zu piifen, ob die von den Versuchspersonen vorgenommenen Abgleinhe de
Symmetrie- und Transitivéttsbedingungen einéquivalenzrelation geingen.

Die Ergebnisse dieser Versuchsreihe &tgten sowohl die Hypothese, dass sich der bei den
homogenen Umfeldern gemessene Simultankontrasteffekt aus zwei iamdierbeileffekten zu-
sammensetzt, als auch die Vermutung, dass einige der von den Versgohgpevorgenomme-
nen Abgleiche nicht dahingehend interpretiert werdénrien, dass es den Versuchspersonen
tatsachlich gelungen are, die beiden Infelder ihrer Farbe nach perzeptuell gleich zu machen
Bei den variierten Umfelder traten durdtgig nur schwache Simultankontrasteffekte auf, die
sich gut durch ein einfaches von Kries-Modell beschreiben lieRehesmvurden weder Transpa-
renzeindiicke noch etwaige Abgleichprobleme beobachtet. Bei den homogenen @mféid-
gegen trat zuszlich zu diesem schwachen von Kries-artigen Effekt die tref@pamfie Stufe in
den Datenkurven auf, und damit assoziert auch wieder subjektivieisbgrobleme.

Diese Ergebnisse legen nahe, dass homogene Umfelder insoferrli giedjeals dass sie ei-
ne Art von Simultankontrasteffekt hervorrufen, der bei variierten &ldgrn nicht auftritt. Dieser

sein Umfeld, wobei unter 'Farbwert’ entweder Luminanz oder diedtmg einer der drei Rezeptortypen zu verstehen
ist (Wir betrachten hier jeweils nur eine dieserdGen, so dass uns diedglichen Mischélle nicht zu besdiftigen
brauchen).
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Befund spricht stark gegen die in der experimentellen Farbenforgchenbreitete theoretische
Vorstellung der sogenannten Funkticiaglivalenz, die besagt, dass man zu jedem variierten Um-
feld ein entsprechendes homogenes Umfeld finden kann, das dengl&ictiliss auf die wahr-
genommene Farbe von darin eingebetteten Infeldern hat (Valberg &eksliadecki, 1990; Brill,
2000).

Den vorliegenden Befunden nach liegt die Besonderheit von homondgéméeldern auch dar-
in, dass nur bei ihnen subjektive Abgleichprobleme auftraten. In descl#btten 5.3.1 und 5.3.2
der Arbeit wird gezeigt, wie die treppdirimigen Stufen in den Datenkurven direkt auf solche Ab-
gleichprobleme ziirckgefihrt werden Bnnen, was bedeutet, dass diese Anteile der Datenkurven
keinesfalls im Sinne einer perzeptuellen Gleichheit der beiden Infeldepietert werden sollten.
Basierend auf informellen qualitativen Beobachtungen wirdaizhist davon ausgegangen, dass es
fur jedes homogene Umfeld eine charakteristische Menge von Farbeledrgibt, die durch ein
darin eingebettetes Infeld gruridslich nicht hervorgerufen werderdknen, gleichgltig welche
Farkoordinaten man daf wahlt. Interessanterweise handelt es sich hierbei nicht etwa — wie man
nach klassischen Modellen des Simultankontrastes erwadentd — darum, dass je nach Far-
be des Umfeldes bestimmte Farbeiintke vom oberen Ende deaigungsskala durch ein darin
eingebettetes Infeld nicht hervorgerufen werdénren, sondern darum, dass vor allem Farbein-
driicke vom unteren Ende dera8igungsskala nicht realiserbar sinder Zusammenhang zwi-
schen Farbe des Umfeldes und der Menge der darin nicht realisiefBareeindiicke kann grob
wie folgt beschrieben werden: &rend in einermariiertenUmfeld alle Farbeindicke herstellbar
Zu sein scheinen, fehlen in einem achromatisdimnogenetUmfeld schon niedergéattigte Far-
beindiicke jeden Farbtons. Nimmt man aber stattdessen ein farbiges Umfelahrserknoch we-
niger von den Farbeindcken am unteren Ende deit8gungsskalaifr Farbbne, die dem Farbton
des Umfeldeghnlich sind, realisiert werden, dafaber werden mehr Farbeiritke vom unteren
Ende der &ttigungsskalaifr dazu komplemeate Farbbne wieder realisierbar. Bei der Betrach-
tung der in unterschiedliche Umfelder eingebetteten Farbskalen in detatedmbXIV und XV,
auf S. 145 ff. kann man eine ungdire Vorstellung von diesen Blmomenen gewinnen.

Diese Beobachtungen, die die Vorstellung von perzeptuebdtigingsskalen nahelegen, die
im unteren Bereich je nach Farbe des homogenen Umfeldes entwedsclahiggen oder erwei-
tert werden, werden in einem deskriptiven Modell zusammengefasstirEsdann aufgezeigt,
dass aufgrund der nach diesem Modell zu erwartenden umfeldglien Mengen von nicht-
herstellbaren Farbeinidcken die beobachteten trepp&mhigen Stufen in den Datenkurven zu
erwarten varen. Hierbei wird vorausgesetzt, dass die Versuchspersonen iratlen, bei denen
ein exakter Abgleich unidglich ist, stattdessen déhnlichste Alternative mit demselben Farbton
wabhlen.

Wie in den weiteren Teilen der Arbeit dargelegt wird, stellt es sich hedass, dieses deskrip-
tive Modell bei der integrativen Beschreibung von vielen schon beteanAspekten des Simul-
tankontrastes ein sehr hilfreiches Werkzeug darstellt und auch éadpem erlaubt, die in weiteren
Experimenten beatigt werden konnten. Im Abschnitt 5.4 der Arbeit werden die Ergebrasses
Experiments zum sogenannten 'Gamut-Expansion-Effekt’ von BrovehMiacLeod (1997) dar-
gestellt. Dieses Rftnomen besteht darin, dass Infelder beliebigen Farbtorddtiggsr erscheinen,
wenn sie in einem homogenen grauen (neutralen) Umfeld eingebettetIsimgsran sie in einem
variierten Umfeld eingebettet sind, das deaumlichen Mittelwert ihrer Farbwerte nach eben-
so als neutral bezeichnet werden kann (siehe Farbtafel XVIII ad#8). In der Untersuchung
von Brown und MacLeod (1997) wurdérfjeden Farbton der Infelder nur eine einzige (geringe)
Sattigungsstufe untersucht. Dabei stellte sich heraus, dass um einerichlmieerzielen, die ko-
lorimetrische &ttigung des in dem variierten Umfeld eingebetteten Infeldes im allgemeinen etwa
um den Faktor 3.5 @f3er gevathlt werden musste als die des im homogenen Umfeld vorgegebenen
Infeldes. Dieser Faktor, der als 'relativét8gung’ (relative richness’) bezeichnet wurde, wurde
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von Brown und MacLeod als Maltif den Effekt verwendet.

In dem in dieser Arbeit vorgestellten Experiment zum Gamut-Expansi@kBfferden ir je-
den Farbton mehrereaBigungsstufen untersucht. Es zeigte sich, dass di@&des Effektes mit
zunehmender&tigungsstufe des vorgegebenen Infeldes rapide abnimmt. Der allgeneziaafV
der Datenkurven stimmte dabei sehr gut mit der Erwartiipgrein, die sich auf der Basis des
oben genannten deskriptiven Modells ergibt (Vergleiche die Dateradiage in Abbildung 5.15
auf S. 111 mit der in Farbtafel XIX auf S. 149 dargestellten Vorhensdyahrend dieses Modell
die Daten gut beschreiben konnten, konnte ein einfaches, auf dgeNong einer multiplikativen
Sensitivititsregulierung (‘gain-control’) von opponenten Mechanismen aeftides Modell aus-
geschlossen werden. Dieses in der Literatur verbreitete gain-contiaeM\Webster, 2003) kann
als eine Art von Kries-Modell @herer Ordnung aufgefasst werden. Es basiert auf der Ideg, da
Farbkodierungsmechanismen, die Farbkontraste zwischen benachBhchen kodieren, durch
den hohen Kontrast im variierten Umfeld diden, und somitifr den Kontrast zwischen dem In-
feld und den Umfeld&ichen weniger empfindlich seien. Dieser Vorstellung zufolgede die im
homogenen Umfeld stattfindende Farbwahrnehmung den Normalfall darstedllerend ein vari-
iertes Umfeld zu einer modifizierten Farbwahrnehmuityt. Vor dem Hintergrund der in dieser
Arbeit gewonnenen Einsichten scheint es aber umgekehrt der Fadirzudsiss die im variierten
Umfeld stattfindende Farbwahrnehmung den Normalfall darstedihrend homogene Umfelder
zu einem spezielleren Modus der Farbwahrnehmiihgein. Als wesentliche Hinweisérf diese
Deutung kann einerseits angaft werden, dass in homogenen Umfeldern duale, transggienz
liche Farbeindicke auftreten, @hrend die in dem variierten Umfeld eingebetteten Infelder eher
die Erscheinungsweise von opaken Olgetilen haben, und andererseits die Tatsache, dass ein In-
feld, das in einem variierten Umfeld eingebettet ist, Farbéickk aller nbglichen &ttigungsstu-
fen annehmen kann,atirend im Falle eines homogenen achromatischen Umfeldes Faiimiadr
niederen &ttigungsgrades nicht realiserbar sind.

Allgemeine Diskussion

Im Kapitel 6 der Arbeit werden die experimentellen Befunde mit andersrdau Literatur be-
kannten Beobachtungen und aktuellen theoretischen Vorstellungen iehBeg gesetzt. Dabei
werden die folgenden Themen aufgegriffen:

e Deutung des Florkontrastes (Meyers Effekt)

e Die Rolle von Kontrastkodierung in der Farbwahrnehmung

e Funktionahquivalenz von variierten und homogenen Umfeldern

e Die Validitat von Graueinstellungen und asymmetrischen Farbabgleichen

e Die Repéasentativiat von Graueinstellungen

e Der Zusammenhang zwischen Simultankontrast und Farbkonstanz

e Der Zusammenhang zwischen Simultankontrast und perzeptueller Transpa
Im folgenden werden die zu diesen Themen angestdilteerlegungen kurz zusammengefasst.
Deutung des Florkontrastes Ein Pranomen, das in déiteren deutschsprachigen Literatur zum

Simultankontrast eine zentrale Rolle spielte (siehe z.B. Helmholtz, 1911; Ha&8Fb; Perls,
1932), in moderneren englischsprachigen Arbeiten aber aus unKiiemen nur in seltenen
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Fallen (Walls, 1960; Mausfeld, 2003a; Brown, 2003) Beksichtigung findet, ist der sogenannte
Florkontrast der auch unter dem Naméfeyers effekdbekannt ist (Meyer, 1855). Die urdprglich

als bedeutsam erachtete Beobachtung besteht darin, dass der Sinmifstkéfekt nicht dadurch
beeintachtigt wird, dass man die Reizvorlage durch ein graues, durchsicMiggism wie etwa
Transparenzpapier beobachtdir(Eine Demonstration siehe Farbtafel XX auf S. 150). Da man
damals wie heute oft davon ausgeht, dass der von einem farbigen Umfelithaominell graues
Infeld ausgébte Simultankontrasteffekt um sdagter ausdllt, je gegttigter das farbige Umfeld

ist (alle klassischen Modelle des Simultankontrastésien dies erwarten lassen), wurde dies als
erklarungsbedrftig angesehen, denn ein graues transparentes Medium hat etsatligenden
Einfluss auf die Umfeldfarbe undimste somit zu einer Abnahme des Simultankontrasteffektes
fuhren. Das in Abschnitt 5.3.2 der vorliegenden Arbeit vorgestellte gtsler Modell sagt aber
entgegen dieser verbreiteten Vermutung, und in gutegreinstimmung mit empirischen Befun-
den (Kinney, 1962), vorher, dass der in ein graues Infeld induzZgneltankontrasteffekiir alle
Sattigungsstufen des farbigen Umfeldes genau gleich stark sein sollte fddildung 6.2, S.
116).

Ein wesentlicher Grundifr die Verwirrung in diesem Punktidfte der Umstand sein, dass nach
klassischen Modellen des Simultankontrastes zu erwaréea,wass eindnderung der Umfeld-
farbe zu einer Farbverschiebung im Infeldhft, die fir alle mbglichen Infeldfarben in etwa gleich
grofl3 ware (wegen ihrer linearen oder affin-linearen Struktur). Dies entdpien Tatsachen aber
keineswegs. \Blhrend es unbestritten bleibt, dass elmelerung der Umfeldittigung zu drama-
tischenAnderungen in der wahrgenommenen Farbe von einigen Infeldfattseerf kann, trifft
dies fir nominell graue Infelder nicht zu. Im Unterschied zu klassischendlledl des Simultan-
kontrastes tigt das hier vorgestellte deskriptive Modell sowohl der ersteren alsder letzteren
Beobachtung Rechnung.

Die Rolle von Kontrastkodierung in der Farbwahrnehmung Im traditionellen Versindnis
der Farbwahrnehmung ging man davon aus, dass der Farbeindmnék durch die lokale Stimu-
lation der Netzhaut bestimmt wird. Dementsprecheaden Kontexteffekte auf durch das Umfeld
hervorgerufene Perturbationen des lokalen Farbsignalekzuiihren. Als prototypischiir diese
Vorstellung kann das von Kries-Modell aufgefasst werden, dasssictem Geiste nach auf theo-
retische Vorstellungen wie Rezeptorumstimmung, Adaptation undiéinmg bezieht. Aus dieser
Perspektive heraus ist es klar, dass das lokale Farbsignal eirdiegendere Rolle spielt als die
Farbsignale von benachbarten Regionen, denn die Rolle der letztestehtdediglich darin, das
lokale Farbsignal zmodifizieren

Nach der neueren theoretischen Perspektive, die durch die Kooulgstkngsmodelle nahe-
gelegt wird, spielen dagegen die benachbarten Farbsignale eineoeajrenslegende Rolle wie
das lokale Farbsignal. Da der Farbeindruck durchDifferenzzwischen benachbarten Regio-
nen bestimmt wird und die Rezeptorerregungen auf beiden Seiten dasdaenliegenden Kante
gleichermalRen zu dieser Differenz beitrageareves unangebracht, einem der beiden Farbsignal
eine grundlegendere Bedeutung zuzuschreiben als dem anderen.

Diese beiden Hypothesen werden in der Literatur oft so behandelt Zaénwgie sich gegen-
seitig ausschlieRende Alternativen, und je nachdem welche der beigeipfen man als grund-
legend betrachtet — lokale Absolutkodierung oder Kontrastkodierungreem eine Reihe von
empirischen Tatsachen grundlegend anders bewertet. Geht man zymeBes der Kontrast-
kodierungsperspektive aus, so @eman in die etwas sonderbare Position, dass man Tatsachen
erklaren muss, die dem unvoreingenommenen Laidhgvunspektakudr erscheinen. Zum Bei-
spiel stellt man wohl im Alltag selten fest, dass die wahrgenommene Farbe @ayeEnstan-
des sich nennensweiihdert, wenn er vor einen anders &@btten Hintergrund bewegt wird. Das
Phanomen, dass die Farbe des Gegenstandes hierbei relativ konsilantiblerrascht den Lai-
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en wohl kaum, aus der Kontrastkodierungsperspektive betrachiieestgedoch ein Rtsel dar,

das als so wesentlich erachtet wird, dass man einen eigenen Naniemetarviert hat: Man
spricht von ’hintergrundunal@mgiger Farbkonstanz’ oder 'Typ-2 Farbkonstanz’ (Gilchrist et al.,
1999; Whittle, 2003). Dieses Bhomen, das aus Sicht der Absolutkodierungsperspektive keiner
weiteren Erkhrung bedarf, wird im Rahmen der Kontrastkodierungsperspektiah diypotheti-
sche Integrationsprozesse ¢l die in fbheren Gehirnzentren stattfinden sollen und die in der
Netzhaut immer stattfindende Kontrastkodierung gegebenenikgingig machen. Innerhalb
der Kontrastkodierungsperspektive werden die hypothetischerrdtimysprozesse entsprechend
dafur verantwortlich gemacht, dass Simultankontrasteffekte manchmal setadtloder sogar
ganz fehlen, bisweilen aber auch dramatisch séimlken: Beobachtet man starke Simultankon-
trasteffekte, so sei dies darauf @akzufihren, dass die Integrationsprozesse irgendwie unterbun-
den oder umgangen werden, wohingegen die Abwesenheit von Simuiteasteffekten darauf
zurickgehe, dass die Integrationsprozesse normal funktionierten.

In der vorliegenden Arbeit wird aufgezeigt, dass die dramatiséreterungen in der &tke
des Simultankontrastes, die bei einem fest@aten Umfeld dadurch hervorgerufen werdénken,
dass man unterschiedliche Infeldfarbe&hhit, nicht durch unterschiedliche Aktigitder postulier-
ten Intergrationsprozessen éxibar sind. Es bleibt also aus dieser Perspektive udueykbarum
man bei einem festen Umfeldifeinige Infeldfarben fast perfekte Absolutkodierung feststellt und
bei anderen Infeldfarben wiederum so starke Effekte beobachse,die Annahme von Kontrast-
kodierung unvermeidlich scheint.

Als eine tragahige theoretische Auwfsung dieser Problematik wird in der Arbeit dagrgu-
mentiert, dass@heren Gehirnzentren sowohl absolutkodierte als auch kontrastb&Signale zur
Verfugung stehen, statt nur eines von beiden. Dabei scheint Kontrasikegligicht ein allgemei-
nes Kodierungsprinzip zu sein, sondern eines, das bei spezielldonges des Wahrnehmungs-
systems herangezogen wird, wie etwa bei der Wahrnehmung von hulrilkeit.

Funktional aquivalenz von variierten und homogenen Umfeldern Wie schon angesprochen,
geht man nach klassischer Vorstellung von der Funktéoalalenz homogener und variierter
Umfelder aus, d.h. man nimmt an, dass man zu jedem variierten Umfeld, ein hoesofje-
den kann, das denselben Effekt auf die wahrgenommene Farbe idge@betteter Infelder alibt
(Valberg & Lange-Malecki, 1990; Brill, 2000). Ibbereinstimmung mit einer Reihe von neueren
Untersuchungen zeigen die vorliegenden Befunde eindeutig, dass\@iestellung nicht zutrifft
(e.g. Schirillo & Shevell, 1996; Brown & MacLeod, 1997; Shevell & Wed98; Barnes et al.,
1999). Es ist aber auchaglich und eigentlich auch sinnvoller, die Idee der Funktiagalva-
lenz auf visuelle Mechanismen zu beziehen, statt auf psychophysikdliedt zu beobachtende
Phanomene. Vor dem Hintergrund der vorliegenden Befunde erscheidtirehaus riaglich zu
sein, dass homogene und variierte Umfelder bzgl. desjenigen Mechahfamkimnalaquivalent
sind, der hier als von Kries-Mechanismus bezeichnet wurde und $eresowohl in homogenen
als auch in variierten Umfeldern dieselbe Rolle spielt.

Die Validit at von Graueinstellungen und asymmetrischen Farbabgleichen Asymmetrischen
Farbabgleiche und Graueinstellungen stellen die wichtigsten traditionelléah&n zur quan-
titativen Messung des Simultankontrastes dar. Sie werden audfighn Untersuchungen zur
Farbkonstanz eingesetzt (Brainard et al., 2003; Brainard, 199; &MacLeod, 2002). Diese
Methoden basieren unmittelbar auf der in dieser Arbeit als Kompensatitaisawe bezeichneten
Grundannahme. Da sowohl die in Kapitel 4 als auch die in Kapitel 5 volgestersuchsergeb-
nisse zeigen, dass diese Grundannahme im Falle von homogenen Umifigttéeautrifft, miissen
Ergebnisse von entsprechenden Untersuchungetauierster Vorsicht interpretiert werden. In
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der vorliegenden Arbeit wird am Beispiel der Untersuchung von SmitHRakadrny (1996) aufge-
zeigt, wie eine Interpretation, bei dél$chlicherweise die @tigkeit der Kompensationsannahme
vorausgesetzt wird, zu Schlussfolgerung@ahrén kann, die nach den vorliegenden Befunden zu
urteilen als nicht zutreffend betrachtet werdeiassen. Im Falle von variierten Umfeldern scheint
diese Problematik jedoch keine Rolle zu spielen.

Die Reprasentativitat von Graueinstellungen Auch wenn man die mit der Validit von Grau-
einstellungen und asymmetrischen Farbabgleichen verbundene Problbgiatike &f3t, haben
die vorliegenden Befunde interessante Implikatiorianeine Kirzlich von Speigle und Brainard
(1999) behandelte Fragestellung. Diese Autoren gingen der praktisctheoretisch interessan-
ten Frage nach, ob man auf der Basis von relativ einfach durgheriden Graueinstellungen die
Ergebnisse von wesentlich aufwendiger zu erhebenden asymmetrisahzabgleichen vorher-
sagen kann. Geht man von deill@gkeit des von Kries-Modells aus, soluisste dies in der Tat
der Fall sein, mit der Einscnkung, dass man nur die Chromatzitier Abgleiche vorhersagen
konnte, wvahrend die Luminanz unbestimmt bliebe. In ihrer Untersuchung, die mit Kivaiesn
durchgetihrt wurde, die eher einer riatichen Szene entprechen, konnte diese Frage bejaht wer-
den. Die vorliegenden Ergebnisse deuten jedoch darauf hin, dassréientiung von homogenen
Umfeldern, die in einscllgigen Untersuchungen weitaiiislicher ist, zu einem anderen Ergebnis
fuhren wirde. Insbesondere erscheint es naheliegend, dass man aukdev@aGraueinstellun-
gen den allgemeinen Simultankontrasteffekt deutlibbrscktzen wirde.

Der Zusammenhang zwischen Simultankontrast und Farbkonstanz Wie in der Einleitung
schon angedeutet wurde, geht man im Allgemeinen davon aus, dassrdétaSkontrast das
Resultat eines fehlgeleiteten Versuchs des Wahrnehmungssystembitdeirstebeleuchtungsun-
abhangige (d.h. farbkonstante) Résentation von Objektfarben zu gewinnen (Helmholtz, 1911;
Hering, 1920; Walraven et al., 1987). Auch wenn diese Vorstellungipiell durchaus verinftig
erscheint, so legen die vorliegenden Ergebnisse doch nahe, dasfidsé@nd sein &nnte, wenn
man die Art von Simultankontrasteffekten, diehiamogenetmfeldern auftreten, ohne weiteres
im Sinne eines Farbkonstanzmechanismus’ interpretiert.

Der Zusammenhang zwischen Simultankontrast und perzeptueller fansparenz Die vor-
liegenden Befunde deuten Wbereinstimmung mit einer Reihelilierer Beobachtungen (Masin

& Idone, 1981; Brenner & Cornelissen, 1991; Brown & MacLeod97;9Mausfeld, 1998; Nie-
detée, 1998) stark darauf hin, dass einfache Infeld-Umfeld-Reizedsaesahnliche, zweiwerti-

ge Farbeindicke hervorrufen éinnen. Mehrere Hinweise deuten darauf hin, dass starke Simultan-
kontrasteffekte, wie sie in den vorliegenden Experimenten bei homodémégldern beobachtet
wurden, stets von einer transpareiimlichen Farbspaltung begleitet werden.

Eine Frage von zentraler theoretischer Bedeutung ist, ob die beobatbietkation zwischen
Starke des Simultankontrasteffektes und dem Vorhandensein von denfliciiesparenzeindcken
im Sinne eines kausalen Zusammenhangs gedeutet werden kann. Hstistnfach, diese Frage
experimentell zu pifen, da die Wahrnehmung von Transparenz als potentielle kausaldlgaria
nur auf indirektem Wege dadurch manipuliert werden kann, dass maRelefirgendwieandert,
was theoretisch auch den Simultankontrasteffekt direkt beeinflugseriek In den vorliegenden
Experimenten wurde festgestellt, dass sowohl diéket des Simultankontrasteffektes als auch
der Transparenzeindruck mit der Homoganhdes Umfeldes kovariiert, so dass unklar bleibt, ob
es die Homogenit des Umfeldes oder der Transparenzeindruck ist, der den Simulteaxktef-
fekt verursacht. Bércksichtigt man jedoch weitere Befunde, so scheint der Transpamenzek
die relevantere Variable zu sein. In den vorliegenden Experimenteneviastigestellt, dass der
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Transparenzeindruck dadurch eliminiert werden kann, dass marodamkene Umfeld durch ein
entsprechendes variiertes ersetzt, und dass dies auch zu einer Elimgetigtarken Simultan-
kontrasteffekte iihrt. Geht man davon aus, dass der Transparenzeindruck dientel&axiable
ist, so sollte es auch aglich sein, starke Simultankontrasteffekte in variierten Umfeldern zu er-
zeugen, indem man daf sorgt, dass auch hier Transparenzdicle auftreten. Ta&ehlich kann
man hier den Eindruck von Transparenz entstehen lassen, indem niestessuofeld entsprechend
inhomogen macht, wie es etwa bei der Chul@wmdchung der Fall ist (Chubb et al., 1989; Lotto
& Purves, 2001). Hurlbert und Wolf (2004) untersuchten diesenuralistellten ilUbereinstim-
mung mit dieser Hypothese starke Simultankontrasteffekte fest. Dadurdmeltiregelegt, dass
der Transparenzeindruck eine wichtigere Variable darstellt als die Hemitaggdes Umfeldes an
sich.

Fazit Die Ergebnisse der in dieser Arbeit vorgestellten Experimente zeigenddasSimultan-
kontrast ein weitaus komplizierteres und vielschichtigereémBmen ist als allgemein angenom-
men wird. WAhrend der Simultankontrasteffekt, der in variierten Umfeldern auftritt, sielfach
zu bescheiben ist, scheinen einfache homogene Umfelder komplexeepieile Mechanismen
anzustol3en, die zu transparahalichen zweiwertigen Farbeiridrken fihren.
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