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Abstract

We report experimental evidence for substantial individiifierences in the susceptibility to simultaneous colour asttrinter-
estingly, we found that not only the general amount of coladuction varies across observers, but also the generpéstifathe
curves describing asymmetric matching data. A simple mbeséd on von Kries adaptation and crispening describesattae d
rather well when we regard its free parameters as obsereeifgp We argue that the von Kries component reflects themact

a temporal adaptation mechanism, while the crispening oot describes the action of the instantaneous, puretiakpaech-
anism most appropriately labelstmultaneougolour contrast. An interesting consequence of this viethas traditional ideas
about the general characteristics of simultaneous cdntrast be considered as misleading. According to Kirschrisagth law,
for instance, the simultaneous contra$éet should increase with increasing saturation of the suapbut crispening predicts the
converse. Based on this reasoning, vikeioa plausible explanation for the mixed evidence on thelitglof Kirschmann’s 4th
law. We also argue that simultaneous contrast, the criagediiect, Meyer's &ect and the gamut expansioffieet are just dferent
names for the same basic phenomenon.
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Note: This is a preprint of an article accepted for publimati 2008; Shevell and Kingdom, 2008). Théext depends, for
in Vision Research (httpwww.elsevier.comiocatévisres). instance, on the spatial parameters of the stimulus (Brenne
and Cornelissen, 1991), the current state of adaptatiom (Ri
ner and Gegenfurtner, 2000), perceptual organisationggen
1924; Gilchrist, 1977; Adelson, 1993, 2000; Anderson, 3997
Despite more than a century of intense and ingenious reand observer instructions (Arend and Goldstein, 1987).nEve
search #orts, simultaneous colour contrast is still — textbookthe dependence on purely colourimetric and photometrie var
lore to the contrary — a confusing and ill-understood phe-ables is fairly complex.
nomenon (Valberg, 1975; Shevell, 1978; Kingdom, 2003; Whit | the face of all this complexity, it is quite understandabl

tle, 2002, 2003). One unresolved question, for instance, ighat most studies have concentrated on studying the depeade
Wheth_er simultaneous contrast is to_be regarded as a mere P stimulus variables and largly neglected the intimidgpos-
turbation of absolute local colour signals or as a stra@htf  gjpjlity of substantial dierences across observers. Most studies
ward consequence of fundamentdtelience-coding principles  p5ve peen performed with just a couple of observers, mdsgly t
operating at an early level of the visual system (Whitl&)Z0  5ythor(s) and perhaps a couple of naive observers. An abserv
Arend, 1973). Though lip service is routinely paid to thédat  tion that seems to justify this is that the results from the tw

notion, it is often neglected in actual practice. _ three observers participating in each study tend to agidg fa
Over the years, we have also seen an accumulation of novglg.

‘effects’, which do not accord with traditional notions abowt th
basic characteristics of simultaneous contrast, such agéls
effect’ (Meyer, 1855), the ‘crispenindfect’ (Takasaki, 1966,
1967; Whittle, 1992) and the ‘the gamut expansidfea’
(Brown and MacLeod, 1997).

One reason why it has provedidtult to relate the findings
from different studies to each other and develop a quantitativ
model of sificient general validity is that simultaneous con-
trast depends on a plethora offfdrent variables (Kingdom,  Inthe present paper, we present the results of an asymmetric

matching experiment which yielded substantial individdig!

Email addressvekroll@psychologie.uni-kiel.de (Vebjgrn Ekroll) ferences. A partICUIarIy Interesting asp_ect of .the resslthat
URL:http://www.psychologie.uni-kiel.de/psychophysik not only the general amount of colour induction varied agros
(Vebjarn Ekroll) observers, but also the general shape of the individuallmatc

1. Introduction

There is some indication, though, that individuafeliences
can be quite substantial (Takasaki, 1966, 1967; Faircht89;
Cataliotti and Becklen, 2007; Bosten and Mollon, 2007, 2008
Many vision scientists will also probably have had the expe-
rience that some members of an audience fail to appreciate a
gemonstration of simultaneous contrast which the majasity
perience as striking.
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ing curves. Although the data may seem rather complex at first
sight, we were fairly successful in modelling the data with a
simple model with just three free parameters combining vorF
Kries adaptation (von Kries, 1905) and crispening (Takasak Q

1966, 1967). O el e

In the discussion, we shall argue that the crispening cont o ‘ n,,\‘;
ponent is likely to describe the general characteristicsiof = < Pt o o A 8.8°
multaneousontrast as opposed to temporal adaptation meche & 0 - r o & o
nisms. This is interesting because the general chardatsris (o : ' 290 !
crispening are in many ways opposite to those traditiorsdly " v b e
cribed to simultaneous colour contrast. We will also shoat th ie ed A Le (=
the model can predict the mixed evidence on Kirschmann's 4th -~ s
law given the individual dterences documented in the present
experiment. Figure 1: Grayscale version of the stimulus display useddrexperiment, here

with variegated surrounds. The spatial layout is corremtfyroduced except
for the absolute size. Note that the actual surrounds usdleiexperiment
were coloured, and that the luminance distribution in thépiction has been

2. Experiment manipulated to enhance the visibility of the spatial stitet For the same
reasons, the central targets are rendered in white here.

2.1. Stimuli and methods

The stimuli were presented on a CRT monitor (Sony GDM(i/4) - Coy, where
F500R, screen size 3040 cm, 1280«x 1024 pixels, 85-Hz re- 02621 01153 0O
fresh rate) that was controlled by a graphics card (ATI Radeo Cov=| 01153 00551 0 1)
9600) with a colour depth of 8 bits. We used a colourimeter 0 0 05184
(LMS 1290) to calibrate the monitor following a standard-pro
cedure (Brainard, 1989). The methods described in Golz anfbr both surrounds. As can be seen in Fig. 2, the mean chro-
MacLeod (2003) were used to transform back and forth bematicities of the two surrounds and the 1&elient chromatic-
tween CIE 1931 XYZ coordinates and LMS cone excitationities used for the fixed target presented in the 'grey’ surtbu
values with respect to the’ Zone fundamentals estimated by were located on the same constanaxis in the MaclLeod-
Stockman et al. (1993). During the experiments, the monitoBoynton chromaticity diagram. Both the fixed and the ad-
was the only light source in the room. The viewing distancgustable targets were equiluminant to the surrounds (nseof
was approximately 80 cm. To enhance tlfi@€tive colour res- |+m). The adjustable target presented in the ‘violet' surround
olution beyond the 8 bits per channel provided by the hardwar was restricted to the same constaakis.
we used Floyd-Steinberg errorfilision dithering (Floyd and The 12 target chromaticities and the five surround variance
Steinberg, 1976). The stimuli were pairs of centre-surdoun |evels resulted in 60 ffierent stimuli. Each measurement was
stimuli presented side by side on a black screen, with aeentr repeated four times for some of the observers and two tintes fo
to-centre distance of 10.{see Fig. 1). The surrounds were the remaining ones. Thus, each subject made either 120 or 240
square with a side length of 8.,8and targets presented at their settings. To balance anffects due to spatial inhomogenities of
centres were circular with a diameter 6f 2 the monitor, the horizontal position of the two surroundveh
The mean colour of the surround in which the fixed tar-swapped in half of the trials.
gets were presented was always grey with MacLeod-Boynton The subjects varied the chromaticity of the test targetglon
(r,b) coordinates (MacLeod and Boynton, 1979) of (0.69,1.16}he preset axis in chromaticity space by using therigfit keys
and a CIE luminance of 9.2d/n?. This chromaticity corre- of the keyboard. The tggown keys allowed additional adjust-
sponds to CIE 1931 llluminant Cx(= 0.3101y = 0.3162). ments on a very fine scale. The observers where instructed to
The mean colour of the surround in which the adjustable targemake the central targets as similar in colour as possibleadt
was presented was always violet. Iffdred from the grey sur- often been reported that making truly satisfactory asymmet
round only with respect to the b coordinate, which was raiseadolour matches is sometimesfithult, if not even impossible
from 1.16 to 3.5. At surround variance level 0, both surraund (Gelb, 1929; Ekroll et al., 2004; Faul et al., 2008; Vladbsic
were uniform. In surround variance levels 1-4, both surdsun et al., 2007), and that observers may make their matches ac-
were variegated ‘Seurats’ (Andres, 1997; Mausfeld and &sdr cording to diferent criteria producing fierent results (Arend
2002). As illustrated in Fig. 1, these surrounds consisted oand Goldstein, 1987; Arend and Spehar, 1993a,b). In Ekroll
overlapping disks. To calculate variegated surroundssytt- et al. (2004) we introduced the descriptive notion of ‘sation
ified mean and covariance matrix in LMS cone excitation spacescale truncation and extension’ to describe a seeminglpimp
an algorithm similar to that described in Mausfeld and Asdre tant aspect of the matching problems occurring in this kihd o
(2002) was used. The covariance matrix of the distributibn oexperiment. In particular, it would seem that in a surrouhd o
LMS cone-excitation values at surround variance lewehs given hue, targets of the same hue cannot appear less sdturat



Y B 2.2. Results

Before analysing the data, we discarded datapoints that may
al have been influenced by problems due to the restricted gamut
T \ ] of our computer monitor. Specifically, we removed all sefsin
f \ 1 with b-coordinates above 95% of the highest possible setting
sl | \ ] (b=5.23).
I ] Panel (a) in Fig. 3 shows the individual matching data for
I \ ] the pair of uniform surrounds (‘surround variance level Gyr
2r \ ] each subject, the mean chromaticity chosen for the targhein
\ \ ] violet surround is plotted against the chromaticity of theyet
\ ] in the grey surround. The data for each subject are connbgted
N a smoothed curve. The dashed diagonal line shows where set-
| ] tings would be located if there were no inductiateet at all.
A A N The dashed horizontal line marks the chromaticity of the vio
060 065 070 o075 o080 ost let surround, the vertical one that of the grey surround.efan
(b)-(e) show the same for surround variance levels 1-4. Con-
MacLeod-Boynton sidering that the range of these plots corresponds to théewho
o > Chromaticities of the stimuli used in th enlotted i range of settings possible with our standard computer rmagnit
tha Macleo d_g&it'g:iirgmat?citsy"gg érgsn? (,\'/IchzofiXZEg IB%F;(,) 1275?_ it is clear that the individual dierences are quite substantial at
Large grey disks: Surround chromaticities. Black dotsg@achromaticities. ~ all variance levels. In panel f), the mean data across observ
The dashed lines show the border of the gamut of our monitor. are shown. Each of the data curves show the mean for one
surround variance level. The averaged data are ratherasimil
across variance levels, but the central ‘bump’ in the dataesu
is more pronounced at the lower ones.
than the surround itself, no matter what chromaticity isseith In Fig. 4 the individual data for surround variance levekzer
Thus, if the surround is violet, targets appearing a lessasgd  are shown in separate plots. Comparing the individual plots
violet cannot be produced. Since less saturated violetbean it can be seen that not only the general amount of induction
produced in the white surround, the subject may find fii-di varies, but also the general shape of the data curves. Im orde
cult to match these in the violet surround. Confronted whiis t  to describe this variation quantitatively we fitted a mocasdx
problem, a subject may revert to twdfdirent strategies. Either, on the notions of von Kries adaptation (von Kries, 1905) and
he may choose the correct hue (violet instead of chartrense) crispening (Takasaki, 1966, 1967) to the data. Fig. 5 rejha
which case the targets cannot be equated for saturatiorg or ldata in Fig. 4 with the net inducingdfectt, —t; instead ot, on
may equate them for saturation, in which case the hues will behe ordinate.
opponent (violet and chartreuse). In an attempt to mininmse In the model we let an expressi@represent the colour ap-
terobserver dierences due to fierent strategies, the subjects pearance of a target with a nominal cone-excitation valeen-
were instructed to avoid matches between opponent huek at @ledded in a surround with a nominal cone-excitation v&8ue
cost. For present purposeE,andS are S-cone-excitation values, and

The subjects were told to view the stimuli in any way theythereforeC is a scalar value describing that aspect of colour ap-
felt natural, but to avoid strict and prolonged fixation. §hu pearance that depends on S-cone-excitation only. Peaigptu
the state of adaptation is likely to depend also on the stibjec this roughly corresponds to changes along the continuum fro

viewing behaviour and the time taken to establish a match. ~ chartreuse over grey to its complementary colour violet-(Va

The stimuli were presented in random order, and a sessio%erg’ 2001). According to the model, the colour appearafce o

with 120 stimuli typically lasted about 2 h. The subjects aver the target is given by the expression
instructed to make their settings as accurately as posaiitle Clt) =t+A-y(A) )
were free to use as much time for each setting as they found
necessary. In addition to the first author ('Subj. 7°) 11 stu-with
dents participating in an advanced course on visual paorept . Ao
served as observers. All were familiar with related sulgjéct Y(b)=a-¢€ ’ (3)
colour perception and informed about the original purpdse oy .— ,. T s:= .S A:=t—s a > 0, > 0. The scaling of
the experiment (which was to investigate how the colour@du the nominal cone-excitation values with the gain fagtds in-
tion effect depends on surround variance, not to study individualended to capture thefects of von Kries adaptation (von Kries,
differences). All subjects were colour normal as tested with thq905), which we assume tdfact target and surround equally.
Ishihara plates (Ishihara, 1967). In accounts of colour inductiorfiects based on the von Kries
model, it is generally assumed that the gain factors aresele
related to the nominal cone-excitation values of the surdou
1This dfect appears to be most pronounced at equiluminance. The ‘crispening termA - y(A) in Egn. 2 stems from the work

MacLeod-Boynton k
e
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Figure 3: a)-e): Each plot shows the individual matchingadat all subjects and one surround variance level. Eachalata represents the mean data of one
subject. The mean setting for the target in the violet surdas plotted against the chromaticity of the target preseim the grey surround. The vertical dashed
line marks the chromaticity of the grey surround, the harabone that of the violet surround. The dashed diagonaldhiows where settings would be located in
the absence of any inductioffect. f): Means of the data pooled across subjects. Each data corresponds to one surround variance level.
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Figure 4: Individual raw data for surround variance levelre format of the plots is the same as in Fig. 3. The solid diagshows the identity line. The curve
fitted to the data is based on the model in Eqn. 2. The dashedHiows the component of the fit attributable to mere von Kadeptation (see text). The subjects
are numbered such that the estimated value iotreases with subject number.
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Figure 5: Replot of the individual raw data for surround &ade level O from Fig. 4. Here, the size of tiéeett, — t; is plotted on the ordinate. The two vertical
lines represent the chromaticities of the surrounds. Tieediitted to the data and the dashed line correspond to fitshendon Kries component in Fig. 4. The
solid oblique line shows the prediction for complete vondsradaptation (i.dp = (S1/S2)t1).-
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Figure 6: lllustrations of how the relationship betweendbae excitation value T of the target and the expression @ggsmawith changes in the model parameters
(Egn. 2). a) Diterent values of the surround cone excitation va@ugiven by the vertical lines. b) Large value®{solid curve) and smaller value (dashed curve).
c) Large value ofr (solid) and small value (dashed). @¥ 1 (dashed line) and < 1 (solid line).

of Takasaki (1966, 1967). Intuitively, it produces an aifipli The solid curves in Fig. 4 are the resulting fits for surround
cation of the dfferences between target and surround, wherebyariance level O (the results for the other variance levedsew
the amount of amplification decreases swiftly towards zero asimilar). The dashed lines show the component of the model
the absolute dierence between target and surround increasesit which is attributable to von Kries adaptation only, i.det
Note that sincé\ changesits sign atandy(A) is a non-negative matching equatioii; = p,T, with the estimate op, obtained
function, addingA - y(A) as in Egn. 2 leads to an expansion from the full model fit. The full model’s deviation from this
around the surround colowsr Fig. 6 illustrates hovC plotted line is due to the crispening component. It can be seen that
against the target cone-excitation vallehanges with a) the the model accommodates the variation between subjechg fair
surround cone-excitation val& b) the ‘crispening amplitude well. The crispening non-linearity is almost absent in thatad
parametera, c) the ‘reciprocal crispening sharpness parameof subject 1, for instance, while it is very pronounced in the
ter’ o and d) the ‘von Kries adaptation paramejer’ data of subject 11. The slope of the dotted line in each plot is
In the model outlined above, we assume that von Kries adapt/p». Thus, a slope of 1 would mean that there is no von Kries
tation occurs prior to crispening. Our main motivation for adaptation, and the amount of adaptation increases wipeslo
doing so was that this order of operations yields predistion The amount of adaptation also varies across observers.akae d
which seem plausible in light of previous findings. In par- of subject 10 indicate a substantial amount of adaptatiilew
ticular, the model is compatible with a linear matching eurv those of observers 4 and 12 indicate that there is as good as no
T2 = (p1/p2)T1 under conditions of full adaptation, that is, adaptation.
whenp1/p2 = S/S;.
AtargetT; embedded in the ‘grey’ surrour®] should match
a targefT, embedded in the ‘violet’ surrourn, whenever the For purely illustrative purposes, the subjects have beem-nu
corresponding expressions f01in Eqn. 2 have the same value. bered such that the estimated valuenoiin the zero variance
We assume that the crispening parametesado are identical ~ condition shown in Fig. 4 increases with subject numbereNot
for both target-surround stimuli, whereas the adaptatwam-  that the size and shape of the non-linearity in the plots does
eterp depends on the surround. Presuming thegflects local  not only depend on the amplitude parametebut also on the
receptor adaptation it would, under strict fixation, depenty ~ width parameterr, and the adaptation parameter The de-
on the target itself. Under the free viewing conditions af th pendence op, may be appreciated by verifying that the linear
present experiments, we make the simplifying assumptiah th matching equatiof, = (p1/p2)T1 is a solution to Eqn. 4 if
the influence of the small target is small compared to the-influp1/p2 = S2/S1.
ence of the local surround and can therefore be neglecteds, Th
to model our matching data we have to solve the equation
The estimates of the model parameters for all surround vari-
p1T1 + a(p1T1 — p1Sy)elPrTpiSille = ance conditions are summarised in Fig. 7. The mean param-
02T + a02To — prSy)eleeTe=p2Sellor ) eter estimates are averaged across surround variance ievel
the top row and across subjects in the bottom row. The error
for T,. An analytical solution is not known to us, so in or- bars represent 95% confidence intervals. As can be seen in the
der to model the data we solved it numerically. We arbitrartop panels, the mean estimates of each of the three model pa-
ily setp; = 1, and estimated the values @fc- andp, that  rameters are reliably fierent across observers. In the bottom
best fit the data for each subject and surround variance lavel panels it can be seen that the mean crispening amplitutie
least squares criterion and a numerical search methathfM  creases with surround variance level, while the mean recgr
matica’s FindMinimum function) was used, with the constraints crispening sharpness parameteand adaptation parameier
a > 0ando > 0. seem to be constant across surround variance levels.
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3. Discussion Stimulus properties: As shown by Whittle (1992) the crispen-
ing can be strongly reduced or even abolished by ratheresubtl
The main findings of the present investigations are the folstimulus manipulations. Adding a thin black outline to the t
lowing: gets was found to be veryfective in reducing the crispening
in the brightness domair(but less so in the chromatic domain
e There are substantial individualftérences in the suscep- (Ovenston, 1998)). Also, the brightness crispening of achr
tibility to simultaneous colour contrast. matic targets was abolished by using saturated chromatic su
_ rounds instead of an achromatic one (Whittle, 1992). If the
¢ NO’F only the general amount of simultaneous contrasf,,qe Eqgn. 2 is formulated in terms of cone excitation vec-
varies across observers, but also the shape of the matcfyys this sort of result is to be expected since the crismgteim
ing curves (Fig. 4). would be dfectively zero at larger vector flierences between
target and surround. Previous findings of ours (Ekroll et al.
2004; Faul et al., 2008), as well as the present ones, demon-
strate that the amount of crispening is reduced or even abol-
ished by using variegated surrounds instead of uniform.ones
Thus, the stimulus conditions under which substantial aneu
of crispening occur seem to be rather limited.

e The data can be fairly well accounted for by a model (Egn
2) based on von Kries adaptation and crispening when a
three parameters of this model (crispening amplitude-
ciprocal crispening sharpnessand von Kries adaptation
p2) are regarded as observer specific.

* The crispening amplitude decreases with increasing SurCanceIIing of crispening under conditions of complete von

round variance, .Wh”e crispening sharpne;s and th‘f‘(ries adaptation:. Under conditions of complete von Kries
amount of von Kries adaptation seem to be 'ndependenédaptation i.e whep; = 1/S; or more generally:/p; =
] . | I =

of surround variance (at least for the limited range investi S,/Sy, the predicted matching curve is linear wilfy =

gated here). (01/p2) - T1 regardless of the amount of crispening. Intuitively,
The crispening non-linearity and the individual variation this is because the von Kries-corrected cone-excitatituega

found in the present experiments were also evident in the find®f the two physically dierent surrounds are equal, so that the
ings of Takasaki (1967). The present replication makessitrse CriSPening — which operates on the von Kries-corrected cone
less likely that the individual variation reported by Takiis ~XCitation values —cancels outin the asymmetric matclaisk t
is an artifact due to the somewhat cruder technical apparatg Nat iS, under conditions of full von Kries adaptation, pes-

used in his study (matching of Munsell chips). Presumablynd Still occurs, butitdoes notinfluence the results of asyet
related crispening non-linearities are evident in the datm  ''C matching experiments. This feature of the model is parti

several studies of simultaneous colour and brightnessasint Ularly interesting since the available evidence from asytiin
using asymmetric matching (Takasaki, 1966; Smith and PokgNa(ching experiments may appear rather contradictoryen th
ry, 1996: Schirillo, 1999; Miyahara et al., 2001; Ekrollat, ~ S€NSe that many studies have produced essentially lindahma
2004). A crispening non-linearity has also been reporteal in N9 data (Whittle and Challands, 1969; Wuerger, 1996; Richt
number of scaling and discrimination studies, where it show 2002) although the present one and many others have produced
up as enhanced discrimination for targets of low contrdatre Nighly non-linear matching data (Takasaki, 1966, 1967;t8mi

tive to the surround (Whittle, 1986, 1992, 1994 Krauskafa and Pokorny, 1996; Schirillo, 1999; Miyahara et al., 2001;
Gegenfurtner, 1992: Ovenston, 1998). Ekroll et al., 2004). In terms of the present model, this wioul

simply be because von Kries adaptation was essentially com-
plete in the former kind of study, while it was not in the latte
The results reported by Beer and MacLeod (2001) are in good
As discussed by Whittle (1992), many early researcher§greement with this idea. Their asymmetric brightness matc
failed to notice the crispeningfect in studies that would seem ing experiments produced matches fitting the linear eqoatio
to be similar to his own, which produced clear evidence ofo1 - T1 = p2 - T2 With pi = 1/S; very well under conditions
crispening. There may be threefférent reasons for the fail- Which presumably favour full adaptatiop; (= 1/S;) and non-
ure of crispening to show up in a given study. As we shalllinear, more variable data under conditions which do not. In
discuss in the following, the crispening may be absent dag to general, it would seem that approximately linear matches ar
interindividual diferences in the susceptibility to crispening, b) reported in studies where stable adaptational states were p
stimulus properties and c) cancelling of crispening under-c  duced by minimising spatial and temporal transients.
ditions of complete von Kries adaptation.

3.1. The absence and presence of crispeningfiaréint studies

3.2. Relation to the gamut expansigfeet

Individual differences:. One possible reason for crispening ef- Brown and MacLeod (1997) showed that coloured targets
fects failing to show up in some studies might be individuallooked more saturated when they were presented in a grey uni-
differences such as the ones documented in the present stuffm surround than when they were presented in a variegated
Some observers, such as for instance Subj. 1 in the present

_StUdy (see Fig. 4) may be practically ‘immune’ to the crispen  2jpcigentally, this might be the simple factor responsilethe results re-
ing effect. ported by Nundy and Purves (2002).




one that was also grey on average. Highlighting the factthstt 3.3. Relation to Kirschmann's 4th law and Meyerjfeet
effect difers radically from traditional descriptions of simulta-  According to Kirschmann’s (1891) 4th law, the simultane-
neous contrast as a translatory shift in colour space thie¢edo ous contrast ffect observable with a grey patch embedded in
the term ‘gamut expansiorffect’. There is good reason to be- a chromatic surround increases with the saturation of tihe su
lieve that the ‘gamut expansiotifect’ and the ‘crispening ef- round. This statement may be thought of as general predictio
fect’ are identical. In experiments similar to those of Broand  of most models of simultaneous countrast. A number of im-
MacLeod (1997), we previously obtained data showing that th portant models, for instance, which are specifications #atu e
gamut expansionfiect is highly non-linear (Faul et al., 2008). orations of Jameson and Hurvich’s (1961) dual process model
For targets with low contrast to the surround the expanson i(Walraven, 1976; Shevell, 1978, 1980; Mausfeld and Nieder”
maximal, and—in much the same way as the crispening terrh993; Chichilnisky and Wandell, 1995), would in general-pre
in Egn. 2—it decreases rapidly towards zero as tffiedince  dict results in accordance with Kirschmann’s 4th law beeaus
between target and surround increases. Thus, if we assuntigeir two main constituents do (von Kries adaptation andkbac
that a sificiently variegated surround produces essentially n@round discounting).
crispening, the data on the ‘gamut expansifiaa’ would sim- The general empirical validity of Kirschmann’s 4th law is
ply reflect crispening in the uniform surround. questionable. Kinney (1962) and Bosten and Mollon (2007)
It is instructive to consider how the matching equation inagree in finding that the postulated increase is very modest.
Eqgn. 4 can be adapted to the experimental paradigm in whic@ritically, some of the results from both studies even intid a
the gamut expansiorffect has been studied. In this case, thedecreaseSuch a decrease is also evidenced by the phenomenon
asymmetic matching is made between a grey uniform surrounighown as Meyer’s gect or ‘tissue contrast’ (Meyer, 1855; Her-
S; and a variegated or& with the same grey mean. According ing, 1887b; von Helmholtz, 1911; Perls, 1932; Krauss, 1949;
to a classical idea (Valberg and Lange-Malecki, 1990), tadap Walls, 1960; Brown, 2003; Mausfeld, 2003). The basic obser-
tion depends only on the mean surround colour. Hence, witlation is that the simultaneous contrageet that occurs when
the convention thad = 1 for a surround with a grey average a grey target is embedded in a chromatic surround can be en-
colour, we have, = p» = 1. Assuming further that there is hanced by viewing the stimulus through a piece of white trans
no crispening in the variegated surround, iee. = 0, Eqn. 4  parent tissue. Since the transparent tissue will reducsahe

reduces to ration of the surround, this would contradict Kirschmanttis
law.
To=Ti+a - (Ty-S) - eMmSio, (5) While it is difficult to account for Meyer'sféect on the ba-

sis of models based on von Kries adaptation and background
whereS = S; = S; is the mean cone-excitation value of the discounting, it is naturally accounted for in terms of cesp
grey surrounds. In Faul et al. (2008) we presented our data ang. Fig. 8a shows how the inductioffect in a grey target
the gamut expansiorffect by plotting Brown and MacLeod’s should depend on surround saturation according to theerrisp
(1997) relative richness measuf ¢ S)/(T1 — S) againsfT;.  ing term in the present model (Eqn. 2). Each curve represents
This can also be regarded as a plot against= T; — S by  the predictions based on the parameter estimates for ong of o
translating the origin on the horizonal axis. Hence, thefiom  subjects. As surround saturation increases the induotidtiys

shown in our plots should be given by reaches a maximum at the point where the surround saturation
(defined as the tlierence between the surround and the grey
f(A) =a-e™7 41, (6) target) equals the inverse crispening sharpness paramatet

then decreases towards zero.

Thus, if the above assumptions are correct, asymmetricimatc |t is less straightforward to derive predictions based on vo
ing in the gamut expansion paradigm can be considered as prRries adaptation, since most models do not make specific com-
viding a direct measure of the crispening functione /. mitments as to exactly how the von Kries parametatecrease

This poses an interesting question for future researchelyam  with the cone-excitation values of the surround. The préatis
whether the individual dierences in the sensitivity to crispen- shown in panel b) of Fig. 8 are based on the convention that
ing suggested by the present studies are mirrored by corrgr= 1 for a grey surround and the assumption that it decreases
sponding individual dferences in the sensitivity to the ‘gamut linearly with the cone-excitation value of the surround.afy
expansion ffect’. If the sensitivity to crispening indeed varies each curve is based on the parameter estimalef¢r one of
across observers, we would expect that the estimates of thgur subjects. Panel c) shows corresponding predictionsdbas
crispening parameters from a ‘simultaneous contrast @xperon the full model (Eqn. 2) which combines crispening and von
ment’ and a ‘gamut expansion experiment’ should correlate. Kries adaptation. The interesting point to be noticed ig tha

The above-mentioned hypothesis according to which Valwhether the predictions are in accordance with Kirschnmann’
berg and Lange-Malecki’s (1990) functional equivalencewf  4th law or its antithesis Meyer'stect depends on the individual
rounds with equal mean colours holds with respect to vonKrie combination of model parametet#so andp,. It is also note-
adaptation but not with respect to crispening seems to be suworthy that the qualitative shape of the predictions in pahe
ported by the finding that the crispening paramete@ndo  is rather similar to the empirical data curves obtained bgt8o
depend on the surround variance level whijedoes not (see and Mollon (2007). Note that they also reported large irdivi
Fig. 7). ual differences.
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Figure 8: Plots of how the inductionffect in a grey targeT should depend
on surround saturatio — T according to the present model (Egn. 2). Each
curve represents the prediction based on the parameteragssi for one of our

subjects. a) Here, the influence of crispening only is shoywndglecting von
Kries adaptationd, = 1). In this case the inductiorffectC — T should equal

Cornelissen and Brenner (1991) have shown that colour in-
duction increases under conditions favoring adaptatioch(as
strict fixation and prolonged viewing). In the present model
such manipulations would lead to lower values of the adapa-
tion parametep,. Thus, the critical balance between crispen-
ing and adaptation that determines whether Kirschmanh’s 4t
law is violated or not, is likely to depend not only on indiuil
differences, but also on viewing conditions. Specifically, we ex
pect less violations of Kirschmann'’s 4th law under conditio
favouring adaptation.

3.4. What is the essence of simultaneous colour contrast?

According to received wisdom, the colour induced in a target
is roughly complementary to the colour of its surround. Fur-
thermore, the strength of the inductiofiieet is assumed to in-
crease with the saturation of the surround (Kirschmanrtis 4t
Law). The majority of models of simultaneous colour con-
trast, such as for instance the dual process models inaiipgr
von Kries adaptation and background discounting (see gbove
are compatible with this gross qualitative description. eOv
the years, though, a number of phenomena have been docu-
mented whicha priori may qualify as simultaneous colour con-
trast in the sense that they seem to be instantaneous changes
the perceived colour of a target induced by the surround, but
do not fit the above-mentioned qualitative description, algm
Meyer’s effect the crispeningeffectand the gamut expansion
gffect Rather than regarding these observations as anomalies
suggesting that common conceptions about the essential cha
acteristics of simultaneous colour contrast need to beseelyi
though, the trend in the literature has been to regard these p
nomena as additional separaggécts.

In light of the above discussion, it seems reasonable and par
simoneous to regard Meyer'ffect, the gamut expansioffect
and the crispeningfiect as just dierent names for the same
basic phenomenon. The terms ‘gamut expansion’ and ‘crispen
ing’ aptly describe dterent essential characteristics of the phe-
nomenon described by the crispening term in Eqn. 2. The for-
mer term is adequate in the sense that we are dealing with an
expansion instead of a translation. The expansion is neatin
though, and as a consequence we get a maximum of discrim-
inability at the point where the target equals the surrodiinis
aspect is better captured by the latter term ‘crispening’.

The model used to describe the present data consists of the
two components von Kries adaptation and crispening. The for
mer component is compatible with traditional descriptiofis
simultaneous contrast as a unidirectional transform, emtie

a(T - S)eIT-SI/" ) Here it is assumed that only von Kries adaptation takeslatter is not. One may ask, though, whether it is not actubtly
place, i.e.C - T = psT — T. We assume thats = 1 for a white surround and

ps = p2 for the violet surround used in the present study. The vaddieg for
other surround colours are determined by linear interfmigxtrapolation. c)
Predicted inductionféect using the full model, that i€ — T = psT + a(os(T —
S))eles(T=S)i/oe _ 1,

11

crispening term that is most appropriately conceived ofias
multaneousolour contrast. Itis quite reasonable to assume that
most actual measurements, including the present onesuare d
to a combination of time-dependent adaptation mechaniadhs a
purely spatial mechanisms of true simultaneous contrasthwh
occurs instantaneously (Rinner and Gegenfurtner, 2006 T
component in the present model most naturally associatiéd wi
time-dependent mechanisms is von Kries adaptation, and the
component most naturally conceived of as an instantangaus s
tial mechanism is crispening. Some arguments can be made in



favour of this view. First, the von Kries scheme was original Sensitivity to colour gference signals and simultaneous con-
developed to account for temporal adaptatiffieas, and itis trast. Itis clear from Eqgn 4 that the crispening parametés a
traditionally associated with the notion of receptor fagvon = measure of how strongly colourftkrence signals contribute to
Kries, 1905). Second, phenomena characteristic of crisgen colour appearance. Our results suggest ¢hdeépends on both
such as the gamut expansioffieet or Meyer’'s €ect are typi- stimulus properties and characteristics of the observercah
cally observable immediately upon inspection of a demanstr be seenin Fig 7 a, the individual estimatesa¢éveraged across
tion. The suggested identification of true simultaneouswol the surround variance levels) vary by a factor of about Snffro
contrast with crispening certainly needs to be investiatere  0.45 to 2.27). In section 3.4 we argued that crispening and si
thoroughly in formal experiments. At present, though, i-su multaneous colour contrast are just two sides of the sanme coi
gests itself as an interesting and parsimoneous hypotlagls From this perspective individual variationsdnwould consti-
it is compatible with the available evidence. If the hypaike tute diferent degrees of susceptibility to simultaneous contrast.
is true, it would mean that traditional notions of simultane
colour contrast as a unidirectional transforminstead afasn-  Crispening sharpness vs. receptor gaim. the model fitted
linear expansion are fundamentally misleading. In thisean  to the data there is an ambiguity with respect to the absolute
tion, it should be noted that it is quite easy to confuse amexp size of the parameterg ando: In the matching equation (Eqn.
sion with a unidirectional transform such as background dis4), multiplying p; with a factorx can always be compensated
counting (Jameson and Hurvich, 1961; Walraven, 1976; Shewexactly by multiplyingo with the same factor. In modelling
ell, 1978, 1980; Mausfeld and Niederée, 1993; Chichipekd  data we have used the conventjgn= 1 and all parameters
Wandell, 1995) if one investigates only a limited range ofjéd ~ were estimated relative to that.
colours which do not span the centre of expansion. Expetisnen Thus, the variability in the individual parameter estinsdtar
with unique hue and grey settings would be a case in point. ¢ is open to two dierent interpretations: The variancedn
Assuming that simultaneous contrast is essentially idahti may reflect variance in the inverse crispening sharpenhs, t
to crispening, one would expect that the dependence on spabsolute cone sensitivity of the observer or a combination o
tial variables is the same in both cases. Experiments with sboth. The interpretation in terms of absolute cone seiviiit
multaneous contrast (Walraven, 1973; Brenner and Cogseglis is compatible with the finding that the mean estimaterds
1991) agree with our experiments on crispepiragnut expan- about the same for all surround variance levels (Fig. 7 e).
sion (Faul et al., 2008) in indicating a rather locé#keet. In-
creasing the width of an annular surround beyohadds but Variations in time-dependent adaptatioAs we have already
very little to the éfect and a gap between target and surroundnentioned, it appears natural to identify the von Kries &alap
of less than 1 degree abolishes th&fect almost completely.  tion parametep, with time-dependent adaptation mechanisms.
Thus, since subjects were free to use as much time as they
needed to establish a match, the variation in the individgal
timates may equally well reflectfiiérences in viewing time as
Interestingly, it has repeatedly been noticed that centret—rue mdwujua! varlat|or.1.- Since the expermgntg were mmie
o ) . L ger free viewing conditions, fferences in viewing strategies
surround stimuli tend to evoke an impression reminiscen . : : .
: i may also have contributed to the variance in the estimates of
of perceptual transparency (Metelli, 1970; Anderson, 1997
D’Zmura et al., 1997, 2000; Kasrai and Kingdom, 2001; RoF?
bilotto et al., 2002; Singh and Anderson, 2002; Faul anda

3.5. Relation to perceptual transparency

riterion problems. Several authors have pointed to the fact
Ekroll, 2002) or haze when the contrast between target an
T . at the colour appearance of a target has more than three de-
surround is low (Masin and Idone, 1981; Brenner and Cor- PP g

nelissen, 1991; Brown and MacLeod, 1997; Mausfeld, 1998?(23% Zfr;r?rideog ://v;ren(glesltk)) tqz;g.loKu;tgO(irgd:):g{itEeja(:]fsthlegséL:lr-
Ekroll et al., 2002, 2004; Faul et al., 2008). Since both $imu y ' ' . ' ' '

tan r fispening and percentual transparen in1974; Heggelund, 1993; Niederée, 1998; Niederée, InsPres
aneous contrasfuacrispening and perceptual transparency Mausfeld and Niederée, 1993; Mausfeld, 1998, 2003, Indres

simple centre-surround stimuli occur primarily at low @9 \yivie 2003 Ekroll et al., 2002, 2004; Logvinenko and Mal
surround contrast, it is natural to speculate that the twe- ph oney, 2’006_ V,Iadusich ot a'l 200’7) wh;ch could be attabi

nomena may be related. Th|_s WOU'O_' b_e consistent V.Vlth th?o the above-mentioned® occurence of layered, transparency-
growing body of work suggesting an intimate connection be-

tween coloubrightness induction féects and transparency like colour impressions. Thus, in asymmetric matching expe
: . ~ ments, where the subject can only vary three parameters (the
like layered scene representations (Adelson, 1993; Apnders ) y vary P (

. nominal cone-excitation values of the adjustable targatg
1997; Adelson, 2000; Anderson and Winawer, 2005, 2008; : . . .
Wollschiager and Anderson, 2009) may expect that it shall be impossible to establish a trueimat

Confronted with this impossible task, subjects may adapadi
ent criteria for deciding what constitutes the best possifdtch
3.6. Possible causes of the individual variation (Arend and Goldstein, 1987; Arend and Spehar, 1993a,b). As
mentioned in the experimental section, we took pains torensu
We now consider how the variation in the individual esti- that the subjects adopted the same criterion. These piecaut
mates of model parameterso- andp, may be interpreted. need not necessarily have been fisative as intended, though,
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so it cannot be ruled out for certain that criteria problenaym may be taken to suggest that the relative sensitivity fiedi
have contributed to the individual variation in the data.w-Ho ence signals and absolute signals varies across obseliers.
ever, the first author (Subj. 7), for instance, is quite cafid have also argued that simultaneous contrast, crispenththan
that he would never accept the almost veridical matches madgamut expansionfiect are just dterent terms for the same ba-
by Subj. 1 (see Fig. 4). Thus, at least a part of the individuakic phenomenon. This would mean that common assumptions
variation seems to reflect true perceptudlletences. about the basic characteristics of simultaneous coloutrasin

In any event, we do not believe that the matches made iare misleading. Viewed in conjunction with the individuati
our experiments represent perceptual identity in all caSes-  ation among our observers, this may account for the mixed ev-
sequently, the model we used to describe the ‘matches’ dhouldence for Kirschmann'’s 4th law.
not be thought of as predicting when two targets ffiedtent sur-
rounds appear equal. Rather, it merely describes the sabjec

matching behaviour. A. Acknowledgments

. L . We thank the students of the first author's WS0B/FOV

3.7. Other evidence for substantial individugfférences seminar for their contributions to this study. We are also
Investigations of simultaneous contrast are typically- perindebted to Paul Whittle and two anonymous reviewers for

formed with just a couple of observers, often just the a#)or helpful suggestions. Supported by a grant of the Deutsche
and perhaps one or two naive observers. As a consequencerigrschungsgemeinschaftto Franz Faul (FA/428).
is difficult to estimate how much individual variation there is
based on the existing literature. Results from experimeitts
just two or three observers often tend to suggest that teednt ~ References
server consistency is quite good. Some reports with aSOla"'EWhAdeIson, E. H., 1993. Perceptual organization and the jufgrof brightness.
larger sample of observers, though, suggest that the thdavi Science 262 (5142), 2042—4.
variation actually may be rather substantial (Barbur e28i04; Adelson, E. H., 2000. Lightness perception and lightndssidns. In: Gaz-

Cornelissen and Brenner, 1995; Pungrassamee et al., 2005). fﬂag.'g,\?l’TMﬁr(eii')’p;hgé\éigsclognmve Neurosciences, 2 edit@ambrigde,

tereStinglyr_ Cata!iOtti and BeCkle_n (2097) recently r_epdlthat Anderson, B. L., 1997. A theory of illusory lightness andnsparency in
one of their subjects was practically immune to simultarseou  monocular and binocular images: the role of contour jumstid®erception

brightness contrast. They called this observer a ‘supgrsee 26, 419-452.

e . . _ni nderson, B. L., Winawer, J., 2005. Image segmentation igihthless percep-
Similarly, Subj. 1 in the present study seems to be well mgHA tion, Nature 434 (7029), 79-83.

immu_ne to simultaneous colour cont_rast (S_ee Fig. _4). Anecdo URL http://dx.doi.org/10.1038/nature03271
tal evidence suggests that such an ‘immunity’ to simultaiseo Anderson, B. L., Winawer, J., 7 2008. Layered image reptesiens and the
contrast €ects may be not all that seldom in the general popu- Ccomputation of surface lightness. J. Vis. 8 (7), 1-22.

. . . URL http://journalofvision.org/8/7/18/
lation. In personal communications, many colleagues heve rAndres, J., 1997. Formale Modelle der Farbkonstanz undUmtersuchung

lated similar observations. durch die Methode der stetigen Szenenvariation. Posbdiicthesis,
Christian-Albrechts-Universitat zu Kiel.

Limitations of the modelThe colour appearance of a target Arend, L., Goldstein, R., 1987. Simultanous constancyjtiigss and bright-

embedded in a uniform surround depends on six parameters, "ess. Journal of the optical Society of America A 4, 22815228

L . Arend, L. E., 1973. Spatial fierential and integral operations in human vision:
namely the cone excitation tl’lplet of the target and thahef t Implications of stabilized retinal image fading. Psyclyital Review 80 (5),

surround. The model used to describe the data implicitly as- 374-39s.
sumes that the colour appearance of a target embedded inAgend, L. E., Spehar, B., 1993a. Lightness, brightness baigtitness contrast:
coloured surround nevertheless can be described by attriple 1- !lluminance variation. Perception & Psychophysics 5 446-456.

. . . S Arend, L. E., Spehar, B., 1993b. Lightness, brightness baigihtness contrast:
This |mpI|es that — barrlng gamut limitations — a perfectrasy 2. Reflectance variation. Perception & Psychophysics 546W-468.

metric match should always be possible. As already merdione Barbur, J. L., DeChuna, D., Wiliams, C. B., Plant, G., 208tudies of instan-
however, several lines of evidence suggest that this isheot t  taneous colour constancy in human vision. Journal of Eeatrimaging
- 13 (1), 15-28.
case. Therefore the modelcgnnot possibly capture all &spkc Beer, R MacLeod, D., 2001, Afterimage appearance andtaitap [ab-
colour appearance. Instead it can at best represent whabthe stract]. Journal of Vision 1 (3), 458a, httfournalofvision.orgl/3/458, DOI
server considers the best choice among imperfect alteasati 10.11671.3.458.
URL http://psy.ucsd.edu/ rdbeer/pubs/Vss2001.pdf

Benary, W., 1924. Beobachtungen zu einem Experiment Uletligkkitskon-
4. Conclusions trast. Psychologische Forschung 5, 131-142.

Bosten, J. M., Mollon, J., 2007. Kirschmann'’s fourth lawrdeption 36 ECVP

The present study documents substantial individual vikriab  Abstract Supplement, 190. . o

ity in the susceptibility to simultaneous colour contra3he Bosten, J. M., Mollon, J., 2008. Individualftérences in simultaneous contrast.

- . . Perception 37 ECVP Abstract Supplement, 105.
Va”ab'“ty could be well described using a model based OI’Brainard, D. H., 1989. Calibration of a computer controllezlor monitor.
von Kries adaptation and crispening. While the variabiiity Color Research and Application 14, 23-34.
the reciprocal crispening sharpness parametand the von Brenner, E., _Cornelissen, F. W., 1991. ‘Spatial inte‘raeti'mncolor vision de-
Kries adaptation parametgs are open to rather simple expla- __Pend on distances between boundaries. Naturwissenselg 0-73.

. .. . A . Brown, R. O., 2003. Backgrounds and illuminants: the yin gadg of color
nations, such as variations in absolute cone sensitiviteg sari- constancy. In: Mausfeld, R., Heyer, D. (Eds.), Colour: Mar! the Physi-

able viewing time, the variability in the crispening amptiea cal World. Oxford University Press, pp. 247-271.
13



Brown, R. O., MacLeod, D. I. A., 1997. Color appearance ddpem the vari-
ance of surround colors. Curr Biol 7 (11), 844-9.

Cataliotti, J., Becklen, R., 2007. Single dissociation\ssn lightness contrast
effects. Perception 36 ECVP Abstract Supplement, 79.

Chichilnisky, E. J., Wandell, B. A., 1995. Photoreceptonstvity changes
explain color appearance shifts induced by large uniforckgpeunds in
dichoptic matching. Vision Res 35 (2), 239-54.

Cornelissen, F.W., Brenner, E., 1991. On the role and naifi@daptation
in chromatic induction. In: Blum, B. (Ed.), Channels in V@Wervous
System: Neurophysiology, Psychophysics and Models. Eré&ublishing
House, Ltd.: London and Tel Aviv, pp. 109-123.

Cornelissen, F. W., Brenner, E., 1995. Simultaneous caoostancy revisited:
An analysis of viewing strategies. Vision Research, 35(2431-2448.
D’Zmura, M., Colantoni, P., Knoblauch, K., Laget, B., 199Color trans-

parency. Perception 26, 471-492.

D’Zmura, M., Rinner, O., Gegenfurtner, K. R., 2000. The ¢sleeen behind
transparent filters. Perception 29 (8), 911-26, 0301-0066nal Article.
Ekroll, V., Faul, F., Niederée, R., 2004. The peculiar nataf simultaneous
colour contrast in uniform surrounds. Vision Res 44 (1555-71786.

URL http://dx.doi.org/10.1016/j.visres.2004.02.009

Ekroll, V., Faul, F., Niederée, R., Richter, E., 2002. Ttaunal center of chro-
maticity space is not always achromatic: a new look at celduction. Proc
Natl Acad Sci U S A 99 (20), 13352-13356.

URL http://dx.doi.org/10.1073/pnas. 192216699

Evans, R. M., 1964. Variables of perceived color. Journ#hefOptical Society
of America 54 (12), 1467-1474.

Evans, R. M., 1974. The Perception of Color. New York: Wiley.

Fairchild, M. D., 1999. A victory for equivalent backgroundn average. In:
IS&T/SID 7th Color Imaging Conference, Scottsdale. pp. 87-92.

Faul, F., Ekroll, V., 2002. Psychophysical model of chramperceptual trans-
parency based on subtractive color mixture. Journal of théc@ Society
of America A, 19 (6), 1084—-1095.

Faul, F., Ekroll, V., Wendt, G., 2008. Color appearance: Timged role of
chromatic surround variance in the "gamut expansifieot’. J Vis 8 (3),
30.1-3020.

URL http://dx.doi.org/10.1167/8.3.30

Floyd, R., Steinberg, L., 1976. An adaptive algorithm foati&gl greyscale.
Proceedings of the SID 47, 75-77.

Gelb, A., 1929. Die ,,Farbenkonstanz” der Sehdinge. In: h8getA., von
Bergman, G., Embden, G., Ellinger, A. (Eds.), Handbuch @emdrmalen
und pathologischen Physiologie. Berlin: Springer, pp.-88%, bd. 12, 1.
Halfte. Rezeptionsorgane |I.

Gilchrist, A. L., 1977. Perceived lightness depends on gieed spatial ar-
rangement. Science 195, 185-187.

Golz, J., MacLeod, D. I. A., 2003. Colorimetry for CRT dispda J Opt Soc
Am A Opt Image Sci Vis 20 (5), 769-781.

Heggelund, P., 1993. Simultaneous luminance contrastehitbomatic colors.
Vision Res 33 (12), 1709-1722.

Hering, E., 1887b. Ueber die Theorie des simultanen Cdegason
Helmholtz: Il. Der Contrastversuch von H. Meyer und die \defsee am
Farbenkreisel. Pflugers Archiv fur Physiologie 41, 1-29.

Ishihara, S., 1967. Tests for Colour-Blindness. Kanehdmapfan Co., Ltd,
Tokio.

Jameson, D., Hurvich, L. M., 1961. Opponent chromatic itidac Experi-
mental evaluation and theoretical account. Journal of thiic@l Society of
America 51 (1), 46-53.

Kasrai, R., Kingdom, F. A. A., 2001. Precision, accuracyd aange of per-
ceived achromatic transparency. J Opt Soc Am A Opt Image 8Bcil¥,
1-11.

Katz, D., 1935. The world of color. Kegan, Paul, Trench, Tretband Co.,
London.

Kingdom, F. A., 2003. Levels of brightness perception. lrart, L., Jenkin,
M. (Eds.), Levels of Perception. Springer-Verlag, pp. 28-4

Kingdom, F. A. A., 2008. Perceiving light versus materiakivh Res 48 (20),
2090-2105.

URL http://dx.doi.org/10.1016/j.visres.2008.03.020

Kinney, J. A. S., 1962. Factor#facting induced color. Vision Research 2, 503—

525.
Kirschmann, A., 1891. Ueber die quantitativen Verhafiaigles simultanen
Helligkeits- und Farben-Contrastes. Philosophischei&tué, 417—-491.
Krauskopf, J., Gegenfurtner, K., 1992. Color discrimioatiand adaptation.

14

Vision Res 32 (11), 2165-2175.

Krauss, S., 1949. Phenomena observed in veiled colours apbthalmol 3,
318-21.

Logvinenko, A. D., Maloney, L. T., 2006. The proximity sttuce of achro-
matic surface colors and the impossibility of asymmetgbthess matching.
Percept Psychophys 68 (1), 76—-83.

MacLeod, D. I. A., Boynton, R. M., 1979. Chromaticity diagra&howing cone
excitation by stimuli of equal luminance. J Opt Soc Am 69 (8)83-6.

Masin, S. C., Idone, A. M., 1981. Studio sperimentale suliecezione della
trasparenza con figura e sfondo achromatici e omogenein&@eitaliano
di Psicologia 8, 265-277.

Mausfeld, R., 1998. Color perception: From Grassman carlagitial code for
object and illumination colors. In: Backhaus, W. G. K., KlieR., Werner,
J. S. (Eds.), Color Vision. Berlin: De Gruyter, pp. 219-250.

Mausfeld, R., 2003. ‘Colour’ as part of the format offdrent perceptual prim-
itives: the dual coding of colour. In: Mausfeld, R., Heyer,(Bds.), Colour
perception: Mind and the Physical World. Oxford Univerdiiess, pp. 381—
429.

Mausfeld, R., In Press. Color within an internalist framekvoThe role of
‘colour’ in the structure of the perceptual system. In: Quh&, Matthen,
M. (Eds.), Color Ontology and Color Science. MIT Press.

Mausfeld, R., Andres, J., 2002. Second-order statistieolofur codes modu-
late transformations thattectuate varying degrees of scene invariance and
illumination invariance. Perception 31 (2), 209-24.

Mausfeld, R., Niederée, R., 1993. An inquiry into relagbnoncepts of colour
based on incremental principles of colour coding for mirdimeational
stimuli. Perception 22, 427-462.

Metelli, F., 1970. An algebraic development of the theorypefceptual trans-
parency. Ergonomics 13, 59-66.

Meyer, H., 1855Uber Kontrast- und Komplementarfarben. Annalen der Fhysi
XCV, 170-171.

Miyahara, E., Smith, V. C., Pokorny, J., 2001. The consegegmf opponent
rectification: the fect of surround size and luminance on color appearance.
Vision Res 41 (7), 859-871.

Niederée, R., 1998. Die Erscheinungsweisen der Farben ilured steti-
gen Ubergangsformen: Theoretische und Experimentelle Untéisn-
gen zur relationalen Farbkodierung und zur Dimensicatalitlistandiger
perzeptueller Farbcodes. Postdoctoral thesis, Phildscmh Fakultat der
Christian-Albrechts-Universitat zu Kiel, Kiel.

Niederée, R., In Press. More than three dimensions: Whsinzoty consider-
ations can tell us about perceived colour. In: Cohen, J.thdat M. (Eds.),
Color Ontology and Color Science. MIT Press.

Nundy, S., Purves, D., 2002. A probabilistic explanatiorfbaghtness scaling.
Proc Natl Acad Sci U S A 99 (22), 14482-14487.

URL http://dx.doi.org/10.1073/pnas. 172520399

Ovenston, C. A., 1998. The scaling and discrimination oftiast colours. Ph.
d. thesis, University of Cambridge and Wolfson College.

Perls, L., 1932. Die Erscheinungen des simultanen Koesastd der Eindruck
der Feldbeleuchtung. Dissertation, Johann Wolfgang @e¥ittiversitat,
Frankfurt am Main.

Pungrassamee, P., lkeda, M., Katemake, P., Hansuebs&p@6, Color ap-
pearance determined by recognition of space. Optical Ret2(3), 211—
218.

Richter, E., 2002. Modelle der Kontrastcodierung. Ph. Bsik, Martin-Luther-
Universitat Halle-Wittenberg.

Rinner, O., Gegenfurtner, K. R., 2000. Time course of chtanzaaptation for
color appearance and discrimination. Vision Res 40 (14)3136.

Robilotto, R., Khang, B. G., Zaidi, Q., 2002. Sensory andgitsl determi-
nants of perceived achromatic transparency. Journal abiVig (5), 388—
403, http//journalofvision.org2/5/3/, DOI 10.11672.5.3.

Schirillo, J. A., 1999. Surround articulation. |. Brighssgjudgments. J Opt Soc
Am A Opt Image Sci Vis 16 (4), 793-803.

Shevell, S. K., 1978. The dual role of chromatic backgroundwlor percep-
tion. Vision Res 18, 1649-1661.

Shevell, S. K., 1980. Unambiguos evidence for the addititecein chromatic
adaption. Vision Res 20, 637—-639.

Shevell, S. K., Kingdom, F. A. A., 2008. Color in complex seenAnnu Rev
Psychol 59, 143-166.
URLhttp://dx.doi.org/10.1146/annurev.psych.59.103006.093619

Singh, M., Anderson, B. L., 2002. Toward a perceptual thedryansparency.
Psychol Rev 109 (3), 492-519.



Smith, V. C., Pokorny, J., 1996. Color contrast under cdieticchromatic adap-
tation reveals opponent rectification. Vision Res 36 (10873-105.

Stockman, A., MacLeod, D. I., Johnson, N. E., 1993. Spededisitivities
of the human cones. Journal of the Optical Society of AmefcED (12),
2491-2521.

Takasaki, H., 1966. Lightness change of grays induced bygehan reflectance
of gray background. Journal of the Optical Society of Amees6 (4), 504—
509.

Takasaki, H., 1967. Chromatic changes induced by changgwr@maticity of
background of constant lightness. Journal of the Opticale®p of America
57 (1), 93-96.

Valberg, A., 1975. Color induction. A study of lateral irdetions in human
vision. Ph. D. thesis, Institute of Physics, University ¢i@

Valberg, A., 2001. Unigque hues: an old problem for a new gggiaar. Vision
Res 41 (13), 1645-57.

Valberg, A., Lange-Malecki, B., 1990. "Colour constancy’ Mondrian pat-
terns: a partial cancellation of physical chromaticityftshby simultaneous
contrast. Vision Research 30 (3), 371-380.

Vladusich, T., Lucassen, M. P., Cornelissen, F. W., 200igHBness and dark-
ness as perceptual dimensions. PLoS Comput Biol 3 (10),.e179
URL http://dx.doi.org/10.1371/journal.pcbi.0030179

von Helmholtz, H. (Ed.), 1911. Handbuch der Physiologisctptik. Verlag
von Leopold Vos, Hamburg und Leipzig.

von Kries, J., 1905. Die Gesichtsempfindungen. In: Nagel(B#.), Hand-
buch der Physiologie des Menschen. Vol. 3, Physiologie thereS Friedrich
Vieweg und Sohn, Braunschweig, pp. 109-282.

Walls, G. L., 1960. Land! Land! Psychological Bulletin 5B-28.

Walraven, J., 1973. Spatial characteristics of chromaticiction; the segrega-
tion of lateral dfects from straylight artefacts. Vision Res 13, 1739-1753.

Walraven, J., 1976. Discounting the background - The miskirk in the ex-
planation of chromatic induction. Vision Res 16, 289-295.

Whittle, P., 1986. Increments and decrements: luminanseridiination. Vi-
sion Res 26 (10), 1677-1691.

Whittle, P., 1992. Brightness, discriminability and theidpening &ect”. Vi-
sion Res 32 (8), 1493-1507.

Whittle, P., 1994. The psychophysics of contrast brighinks Gilchrist, A. L.
(Ed.), Lightness, Brightness and Transparency. Lawrentigaim Asso-
ciates, pp. 35-110.

Whittle, P., 2002. Contrast colors: A powerful and distaghphenomenon. In:
Saunders, B., van Brakel, J. (Eds.), Theories, techndpg@istrumentalities
of color. University Press of America.

Whittle, P., 2003. Contrast colours. In: Mausfeld, R., Hefe (Eds.), Colour
perception: Mind and the physical world. Oxford Univerdisess, pp. 115—
138.

Whittle, P., Challands, P. D. C., 1969. Thigeet of background luminance on
the brightness of flashes. Vision Research 9, 1095-1110.

Wollschlager, D., Anderson, B. L., 2009. The role of lageseene representa-
tions in color appearance. Current Biology 17(5), 430-435.

Wauerger, S. M., 1996. Color appearance changes resuliimg i$o-luminant
chromatic adaptation. Vision Research 36 (19), 3107-3118.

15



