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spective dcvelopcd in the context of color con-
stancy. This outl inc then serves as the background
fbr thc discussion of some gencral topics, such as
phcnorrenology and attr ibutes of- color. ancj con-
ceptual problents, l ike the rneasurentent device
conception ofcolorperception. Final ly, I  shal l  give
the outl ines ofa new perspectivc orr color percep-
t ion that is inspired by ethology. According to this
perspectivc, which cor.rsiders the parsing of the
sensory  input  in  te r rns  o f ,  e .g . , 'ob jec ts ' , . sur -
faces',  and 'events' to be detcrmincd by an innate-
ly fixed categorization process. color is not regard-
ed as sinrply rcpresenting a specif ic set ofphysical
attr ibutes ofthe environntent, l ike surfäce spcctral
ref lcctanccs, but rather is understood as part ofthe
very fbrmat, as i t  were, of the perccption inst inct
that couples our perceptuo-motorial systcm as a
whole to i ts environment. The cclebrated phenom-
ena that shor.v the cl ialect ic relat ionship of l ight
and object in color perception which in prcsent-
day computational approaches is rnisrepresented
and ovcr- ideal ized as thc 'problern of color con-
stancy' are, accorcling to this view, an insepara-
ble part of our .förm of perc'aption, rather than a
cor.r.rputational achievement of estimating natural
surface ref'lectance functions on the basis of cer-
tain sensory inputs. I f the perceptual catcgories of
' i l lumination 

color '  and 'object color ' ,  which are
thc mold inb which the internal coding of color is
fitted, are internally constituted by a f-ew ,repre-

scntat ive' physical features, then these physical
characterist ics cor,r ld be instantiated by an other-
rvise highly rcduced st imulus. Such 'minin.ral '

stirrruli would thcn sutfice to tr.igger internal per-
ceptual achievements, l ikc the segregation oi '
' ob jec t '  and ' i l l umina t ion '  in fb r lna t ion .  whose
cornplcxity fär excceds that of the triggering stir.n-
ulus. Two problems of perceptual thcory, though
related have to be dist inguished here (referr ing to
two dif f-ercnt units of analysis, viz.,  the individual
in a specif ic context and thc evolving species).
The first is to understand the nature ofthe internal
'semantics' 

of the perceptual categories of , l ights'

and 'objects'  for a given organism. The seconcl
problern refers to evolutionary processes during
which the internal sernantics originated: what
physical propcrt ies ofthe environment gavc r ise in
evolut ionary history to the structure of thcse pcr-

ceptual catcgorics' l  This second pr-oblcrn is part of
a general evolut ionary pcrspectir . ,e on thc univcrsal
structure of color perception. as at lvancccl b,
Shepard  (1992;  1994) .

12.2 Elementaristic vs.
Ecological Perspectives in
Color Research

In research on color perception \\ ,c can schcrnati-
cal ly dist ingLrish tr.vo dif fbrent k incls o l-  thcoretical
perspectives: an elementarist ic ps1'chophysical
(and often neulophysiological) pcrspcctir . ,c lbcLrs-
ing on ' front end' color coding. ancl a f irnct ional
perspective emphasizing con.tplcx trrcrceptual
achievements l ike color constancv or thc per.ccp-
l i o n  o l ' s h a d o w s  o l  i l l u r t r i n r t i o n .

The start ing points fbr the clcntentar- ist ic psy-
chophysical perspective arc elentcntar-y achicr,c-
rnents l ike color rnatching. color discrint ination
etc. and their temporal and spatial cocl ing pfopcr-
t ies. Typical st imuli  used l iere are dccontcxtual-
ized colors, i .e.,  mere color ancl l ight patterns that
are not embedded into a natural scene. I t  is ucl l
known that this perspcctivc provcd to be fiLritfir.
for our understanding of elementary ncural color
codes.

On the other hand. the ft-rnct ional ist pefspcctivc
which became int ir .nately connectcd u' i th a conr-
putat ional approach to color pcrception takes as i ts
start ing point contplex achieventents of- thc I isual
systcm, l ike color constancy. The corresponc.l inu
stimuli  are complex 'scenes' that are. phirsical ly
described in terms of '  contplex achievcl lent-rclat-
cd concepts, i .e.,  in terms of 'surtace ' .  's1-rccular

h igh l igh ts ' , ' shador ' " ,s ' , ' t ransparency '  c tc .
Whereas thc elementarist ic psychophysicl l  pcr-

spective only crnploys elcntentar-y spatio-tcntporal
l ight patterns as such without r.elat ing thent to pcr-
ceptual categorics or interpretat ions in tcnus of
environrnental enti t ies. the contputat ional pcrspcc-
t ive takes thc perccptual classit ' icat ion of the cnr., i-
ronment, i .e.,  the f irrniturc of thc physical u,orld as
perceived by thc organisnt, as gi len and attcrnpts
to establ ish computational mechanisrus that al lou.
propert ies olthe theorct ical ly predctenl inecl cnr, i-

Ob jec t  and I I lunr inu t iou  C 'o lo rs
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sornc ol-the conceptual intr icacics involved in the
issues of asscssing attr ibutcs of color (withclut
deal ing with thc many empir ical intr icacies in the
complex phenomcnology of color appearances).

12.3 Attributes of Color

The great variety of nuances of color appearances
that natr"rral scenes off-er us can only be rrrade
accessible for perceptual juclgments and l inguist ic
concepts by processes of abstraction and catego-
rization. Color tcrms gradually emerged in the
process of cultural evoltLt ion. From Honrer's
emphasis on forms of l ight, such as brightness,
luster, and thc changcabil i ty of colors, to the sub-
sequent and continuing intercst in the propcr color
of objects ancl in color as such, thcre has been a
cultural ly shaped progrcssiorr toward an increas-
ingly abstract color vocabulary. Thus, the bui ld-
ing-up of a color terminology is a cultural achievc-
r.nent that fiom the very beginning of hur.nan
culture rr irrors not only the signif icance of ccrtain
biological ly important objects, but to an incrcas-
lng cxtent the invention and cultural role of col-
orat ion techniques and dyeing-processes. Our
abstract color tcrms rnostly dcrive fion-r either con-
crcte objccts ( l ikc recl which in al l  Indo-E,uropean
languages scems to be dcrived fiom thc Sanskrit
word fbr blood, rudhira, c.g.,  erythros, ruber,
ruadh, rot. rougc, rosso) or fiom material proper-
t ics, e.g., shining. glossy. spcckled, dul l ,  drab,
resplendent (see Marty, 1879; Hochegger, 1884;
Wactzoldt, 1909). OLrr conscious awareness is of
objects and their rnaterial charactcr, whcreas color
appearances only seem to bc a kind of medium we
are reading through, as i t  wcre, in the visual sys-
tem's attempts to functional ly attain the biologi-
cal ly signif icant object. Thcreforc cognit ive
processes of sint i lar i ty classif icat ion arrd abstrac-
trve catcgorization alc neccssary tbr a l inguist ic
dcscript ion of color experienccs. This achicvement
of an abstractivc categorization entai ls thc Janus-
faccdness ofcolor with rcspect to i ts objectivc and
subjective aspects, mirrorcd by the incoherencc of '
our evcryday concept of color, which hovers
bctween two cluite difl'erent meanings of color,

rramely (objectir . ,e) color patchcs and (subjectivc)
color expcrienccs.

Whereas propert ies of the blain ccrtainlv rcstr ict
and prccletermine thc possiblc kinds o1'calcgorizl-
t ion ancl l inguist ic contprchcnsion ol- pcrccl-rtual
expcr ie r rccs .  thc rc  i s  to  da tc  no  conrpc l l inq  c r i -
dence tha t  the  coup l ing  o1 'co lo r  cxpcr icnccs  to  l in -
guist ic categories is in a spccif ic l iav prcclcter-
mined by propert ic-s of intcnl lr l  cot l ine (c1..
Frumkina ,  1984;  fo r  a l tc rna t ivc  v ie r rpo in ts  see
chaptel I  and I I  ) .  Though thc basic pcrccl.rtual
catcgories o1'bright ancl dark (r ihich lrarc bccomc
rnetaphorical ly I inke.d tu sevcral cultural lv signifr-
cant dichotornies) nray ha.,,c inf luc-nccd l inguist ic
categories. thcre ckrcs not sccl l  to bc a l ' i red sct of
natural l<inds 1br'  l inguist ic color. conccpts.
B io log ica l l y  and l i rnc t ionu l l v  c luc i l l  l spcc ts  o f
the perceptuo-ntotorial systel l t  clo not ntap in a
natural ancl direct way to lan-r1uaqt. but l tavc to be
' rccOl ts t ruc lc ( l '  h )  e  o r rsc i t l t t s  c ( )sn i l i \  c  t rc t i r  i t r .
Our l inguist ic -arip on color cxpcricnccs is basccl
on a catcgorization ploccss that is pr. irnar. i ly
shaped by contingcnt propcrt ics o1'thc cnviron-
tnent  ( l i ke  k inds  o f  b rokrg ica l l i ,  s ign i f  i canr  ob jcc rs
and the avai labi l i ty of natural t lycs). b1, '  thc cultur-
al contcxt ancl the cle-grce of l inguist ic abstraction
achieved. Though therc havc bccn s* cr.al attcnrpts
to show that this pl 'ocess ol 'catcgol izal ion is deter.-
mined by  cer ta in  in tc rna l  p roper t i cs  o l ' co lo r  cod-
ing  (e .g . ,  Rat l i f l .  1976) ,  no  cor tv i r rc ins  o  idencc  so
fär could be provided tbr sr,rch a clarnr. I l ' thc con-
struct ion of a color terrnirrolouy is I ' i r .st of 'al l  a cLrl-
tural achievcntent, i t  clocs not contc as a sut.prise
tha t  sc ien t i f i c  ins i -qh ts  in to  thc  na turc  o l ' in tc rna l
color coding have sincc thc last ccnturv theni-
selves reciprocal ly inl lucncc-d thc uuy \\ 'e catcgo-
rize and classify colors. Flnnt thc inve.nt ion ofthe
'basic color attr ibLrtes' huc. salr"rrat ion ancl bright-
ness and thc ideas cln an irrternal oppuncnt or.guni-
zation of color to color '-ordcl systcnts. l ikc thc
Munsell  or DIN systclt l  (rr 'hich ar.c uscd l i rr  inclus-
tr ial  processes that lcquirc stantlart ls anrl  norrns
fbr referr ing to colors). thc nuy u.c talk about
color is continuously chanqins. 

-Ihcret irrc 
i t  is

hardly an exaggeration to sny that " 'color 'cl id not
nrean to the Greeks I 'n,hat i l  uteal ls to us" ( lr*, in.
1974,  p .  1 ,1 ) .  Co lor  tcnns  arc  thc  p roduc t  o l 'a  cu l -
tural ly shapecl abstraction process. "Thc Honreric
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bcen discr-rssed since the beginnings olperceptual
thcory again and again. The conception ofthe per-
ceptual system as a kind of rneasuring clcvice
which 'inlorms' the organism about the physical
input, along with the idea that elernentary physical
variables, l ike intensity and wavelength of l ight,
are connected with elementary pcrceptual vari-
ables, l ike brightness and color, is an important
(mostly implici t ly employed) metaphoq which
itself  is a legacy of the way we scparated physical
and psychological aspects in the phi losophical his-
tory ofthe f ield and which has governed our think-
ing in thc study of perception sincc. Along with
Ihis meu.stu'entent device cont'eption ctf perception
(cf., MaLLsfeld, 1993) comes the idea that there are
atoms of perception, as it wcre, that are strongly
t ied to these elementary physical variables: name-
ly the sensations from which perceptions as
somcthing ref-erring to the external world are
constructed.

Because of the dif f icult ies in keeping apart the
physical and psychological aspects ofthe investi-
gation of color and in not succumbing to the st im-
ulus error, Katz ( 191 l ,  p. 29) remarked: , ,The most
important rule for describing color phcnomcna is.
what vagueness thcy have necds to be dcscribed as
such; part icularly in this respect there is a danger-
or-rs temptation to adultcrate the description by
perspectivcs borrowecl frorn physics.",

The problem ol how to deal theoretical ly with
the complex phenomenology of color has not been
squarely met by current theorics of color percep-
t ion. This is not only test i f led by the vexing prob-
lcm of the dirnensional i ty of color codes: Since
Hering. Katz, Gelb and others, indications have
bcen accumulating that color appearances cannot
be represented by a threc-dirnensional color code.
As Niederöe (1996) r igorously showed, even in
centcr-surround configurations the dimensional i ty
of color codes must bc greater than three i f  one is

' "Darf ich dic, r.vic mir scheint, rvichtigste Rcgel für
clic Beschreibung von Farbplrärromerren nennen, so
ist es diese: rvas an clen Farbphänornenen unbcstimn-rt
ist.  vcrlangt auch als solches beschriebcn zu rverdcn:
geraclc in dieser BezichLrng ist dic Gefahr- grof3. dafJ
die Bcschrcibr.rng durch dcr Physik cntlehnte Be_
trachtungsweisen verfälscht wird."

I I lurr inatron ( ' t l lo ls

wil l ing to accept the topological assuntptions
which, at least implici t ly. unclerl ic alurost al l  n-rod-
els of color coding. Though this tbrnral argunrcnt
for the inappropriateness of t l rrce-cl intcnsional
color codes is based on the tfacl i t ional I , ieu, orr
center-surround st imuli ,  i t  is consonant u, i th thc
perspective to regard center-sLlrroLlltcl conl'iqLrra-
t lons as minimal st imuli  lbr tr igger-in-u a dual coclc
{br 'object '  

and ' i l luminatior.r '  
colors.

12.4 Early Color Coding and the
Elementaristic Approach

12.4.1 Newton and Helmholtz's
Approach to Color perception

Newton regarc led  co lo r  l s  l rn  i r r t r i r rs ic  l ) r ( ) l rc l . t \  ( ) r .
disposit ion of l ight alonc and he t icd thc corrccDts
of refi-angibility and color together. Ne*'ton firuntl
thc basic fact of what wc cal l  ntetunreri .stu l tantc-
ly that there are l ights ( i .e..  u,avelcnuth contposi-
t ions) that can be physical ly dif l -ercnt but arc per-
ceptr"ral ly indist ingr-r ishablc ancl * 'as auare of the
existence of extraspcctral l iues. l lc consiclcrccl
(psychological ly simple) white l ight to bc plrvsi-
cal ly cornplex, namely composecl of al l  cl i f l -ercnt
l ights. One important insight of his is that thc encls
of the spectrum have sontcthin-9 ir-r conlnon pcr-
ceptual ly, which led hirn to provit le a ntctr ic ärr
speci[r ing color mixturcs: his fhuous centcr-ot '-
gravity principle. Newtot.r r .ncant this rnodel to bc
more than just a pictorial rcprescntrt ion of l i is
ideas; thc rnoclel is a quanti tat ir , ,e sche rnc to
account fbr the results ofcolor nt ixture (antl  in lnct
i t  is the f irst quanti tat ive ntodel in psvchophysics).

Helmholtz startcd fion.r this ntodel u'ith sontc
misunderstancl ings in thc begir.rninu t l tat uerc clar-
i f ied by Maxwell  and Grassrrann. Hclnrholtz' .s
goal was to investigate thc naturc of ( in his lords)
"tcrminal processes that are r-csponsiblc l i rr  the
dependcncy of visual expcrienccs on l isht st inr-
ul i ."  Hc devclopcd thc basic experinrcntal par.a-
digm for investigating basic principlcs of color
perception, connectcd psychophvsical l- indings
with ncurophysiological conjectur-es and proviclcd
the fundamentals of a theory of carlv color codinrr.
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does not rcpresent equali ty or inequali ty of color
attr ibutes l ike hue, saturation. and brightness. Thc
ratio of the length of two vcctor.s does not corrc-
spond to a rat io of brightnesses. and a l inc in
Grassmann space does not neccssesari ly corre-
spond to a constant hue. Thc Bezold-Brücke. sl t i t i
ofhues under changes of intcnsit ies of l ights t locs
not contradict propert ies of thc Grassntann struc-
ture.

5. The wcl l-known nonlinearit ies of neur.al cod-
ing do not cal l  into questiori  the val idity of thc l in-
ear color representatior-r of the ( lrassmann theorl ' .
F'irst of all. they do not ref-er only to thc
Grassmann theory i tself  ( the empir ical val icl i tv of
whicl.r  is a purely psychophysical questron). but to
the Grassmann theory curtr neurophysiolo-uical
l inking proposit ions. Secondly. evcn i f  thc usr.ral
l inking proposit ion discussed belou. is as-
sumecl namely that two lights are r.r.rctar.ncric. i1'
they result in the same number of photopirmcnl
isomcrizations for cach of the three univanant
types of receptors, any str ict ly monotonic transl irr-
mation of this process wil l  preserve thc l inear rep-
resentabi l i ty of the structure.

12.4.3 Opponent-ColorTheorv

Sincc Leonardo da Vinci and. later. ( iocthc.

Auber t  and Mach ' red 'and 'g reen ' !  anc l  'b lue 'an t l
'ycl low' have bcen regarded as psycholo-uical l ,v
basic and principlc colors. Gocthe, u'ho consid-
ered polari ty to bc one of thc basic principlc-s
underlying color experienccs (fbr an account ol '
Goethch r.netatheorct ical principlcs on n'hich his
approach to color is based, see Mausfeld. 199(r)
provided central ideas and observations notabl ir
on afterirnages, simultancous contrast and color.ecj
shadows - upon which opponcnt-color thcorv
came to be based.

For Hering, rvho took up central principles ol '
Goethe's approach, alrcady thc local color cocle is
intr insical ly determined by thc entirc spatro-tent-
poral excitat ion of the rct ina. Phenorrrcnolosical lv
Hering startcd f iom the observation that certain
color experiences have the property of bcin-g uni-
tary and that pairs of color experienccs that cxhib-
i t  this property are perceptual ly inconrpatiblc. The

L The Grassmann structure only ref'ers to
l ights, and not to the color ofobjects. Though l ight
is the r.nediun.r fbr asscssing the color of objccts,
much morc complcx perccptual mechanisms arc
involved whcn the st imulus consists of perceived

objects and l ights.
2. The or.r ly psychological rclat ion involved in

the Grassmann structure is metanterism. Thereforc
only those formal propert ies ofthe vector space of
equivalence classes of l ights can be given an
empirical interpretatior.r that are based on thc rela-
t ion of metamerism together with the two physical
opcrations. These are only those that are invariant
under l inear transfbrmations. Thus the vector
space has no cmpir ical ly mcaningful scalar prod-
uct, and Eucl idean distances between vectors can-
not be intcrpretecl as color sirr i lar i t ies or indices
of color discriminabil i ty. This can be easi ly secn
fionr the fäct that the vector space distance
betwecn two colors does not change whcn the
same color is added to both of them; i f  this third
color is, fbr instance, a very bright one, the psy-
chological distancc betwcen the colors wil l  be
reduced, however. Hou, to constrLlct a color space
in which, in addit ion to the psychological relat ion
of metamcrisr.r.r ,  other psychological relat ions l ike
similari ty and discriminabil i ty are represented is
st i l l  an r.rnsolved problem of what Schrödingcr
cal led highcr color metrics ("höhere Farh-
ntetr ik"\.

3. The ideal izcd and theoretical relat ion of
metarnerism which, for instance, implies str ict
transit ivi ty of color matches can only be related
to the cmpir ical relat ion of r.nctameric matchcs. i f
(at least implici t ly) thc usual vector space topolo-
gy is taken into account. Thus the Grassnrann
structure nceds to be supplementcd by topological
aspccts. Judgmental flr.Lctuations arc then taken to
l ie within a ncighbourhood of the ' true'point, and
small  variat ions in the physical variables are
assumed to lead to sr.nal l  variat ions in the color
appearancc (there are no jumps in color appear-
ancc). Grassmann ( I  853, p. 72) and Schrödingcr
(1920,  p .4 l5 f . )  there fore  cxp l i c i t l y  inc luded con-
t inuity assun.rpt ions in their fbrmulations.

4. Thc Grassmann structLlre does not ref-er to
color appearances (except for the dist inguishabil i -
ty- indist inguishabil i ty aspect)!  In part icular, i t
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implies the condit ion of scalar invariance (of uni-
que colors), i .c.,  the closurc of thc class of unique
colors under change of intensity. Furtherrnore, the
additive complerrcnt of-, say, unique green must be
unique recl.  i .e.,  each unique grcen can be made
achromatic by an addit ion of uniquc red.

A corrcsponding rigorous measurement theorct-
ic analysis of the rclation of prirnary and opponent
codes was given by Krantz (see Suppes et al. ,
1989, chap. l5). This result could also have been
stated in such a way that under the above condi-
t ions a system ofopponent codes can be achieved
from a tlxed Grassmann code by linear transfor-
mations. The operation of color cancel lat ion then
yields a l inear representation in the vector spacc
derived from the three-dimensional Grassmann
structure of metameric color matching, i .e.

Q,  g ( l )  -  I '  - r . : - ,  c r . ,  '  Q i ( l )

Q' r,( l)  - (P,(A)

Q" ,n , (1 ) -  I , : , . r . ,  c . . ,  . tp , ( l )

which, under the above assumptions, ncatly cor.r-
nects primary and opponent-color coding ( in thc
expcrimental si tuation of a single small  l ight spot
in an otherwise dark visual f ield).

A re-coding of primary color codes into oppo-
nent-color channels can be understood as a decor-
relation of reccptor signals that proves to have
intercsting fbrmal properties fiom the perspcctive
of efficient and reliable infbrmation transmission
in the visual system (Buchsbaum and Gottschalk.
r  e83) .

However, the simplicity and beauty of thc exact-
ly defined version of opponent-color theory char-
acterized above is in conflict with empirioal evi-
dencc. For instance, observations have been
reported that

a rrixture of unique green and uniqlre red
appears yel lowish

a rnixture of uniquc yel low ancl unique blue
appears rcddish
desaturating a spectral uniclue blr.re makes i t
appcar redclish
a unique white is not intensity irrvariant.

Because of this and other cmpir ical results, the
conccpts  o f  'opponent  co lo r ' , ' compler rcn tary
color ' .  ancl (successive or simultaneous) 'contrast

color '  do not coincidc. nor do the cotrcepts ol '
' un ique co lo r '  and ' in tens i ty  invar ian t  co lo r ' .

Up to now, attempts to formulate a clear-cut uncl
empir ical ly adequatc theory of opponenr-color
coding have met with l i t t le success. Thcre is no
coherent and empir ical ly satisfying thcory to
account for our introspcctive obsenations that
give r ise to thc intuit ion about an opponencv of
color coding. The f ield of correspontl irrg rescarclr
is rather strewn with highly expcriment-speci l ' ic
models of opponent coding that are harcl ly corn-
patible with each other.

There are several othcr attentpts at ntoclelling
second or higher-order chror-natic rnechanisms
based not on color cancel lat ion but i trsteacl on
other kinds of psychological relat ions. uhich suq-
gest the existence ofa grcat variety ofhi-qhcr-ordcr
color mechanisms. For instance. Krauskopl.
Wi l l iams ane l  Hee lcy  (1982)  i rnes t  r : l l e . l  e l r lnucs
in chromatic thresholcls in chromatical l l '  moclulat-
ed f ields and fbund 'cardinal direct ions' in color
space corresponding to a lurninancc channel. a
red-grcen channel and an S-cone axis. thc last
being clearly dist inct f iorr the axis definin-q thc ser
of colors that wcre in equi l ibr iunt fbr the r.cd-grccn
channel.

12 .4 .4  Re la t ingPsychophys ica tand

Neurophysiological Color Codes

The color codes considered so lar are based on
only two psychological relat ions. nantely nteta-
meric matches and color cancel lat ion (though thc
r.notivation that leads to singling out tlrc-se psycho-
logical relat ions refers to a much r icher sct of
observations). Now the qucstion arises rvhcthcr
the purely psychophysical color codes obtaincd
fiorr color rnatchcs and color canccl lat iou lcch-
nlques can bc interpreted in terms of ncural coi lcs.
i .c..  neural mechanisrns.

Current neurophysiological thcories ol '  color
vision assume two major stages o1' thc prinrarv
encocl ing of color: the f lrst stage refcr-s 1o thc uctir ' -
i ty of three types of univariant rcceptors. thc scc-
oncl sttrge to the subsequent irrtcgration and r.cor-
ganization of this act ivi ty by cel ls lvi th spcctr.alh
and spatial ly-opponerlt  response characterist ics.
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congenital dichromats. and not clue to cl iseasc)
provide insight into the relat ion bctu,cc-n thc tuir-
and three-dimcnsional Cjrassmann spaccs i  r l .olr ec. l
and their neurophysiological basis. Thc cxpcrr_
mental study of uni lateral dichrorrrat isnt thercl irre
has bcen considered of part icular interest lbr oLrr.
attempts to understand the early codins of- color.
(von  H ippc l ,  1880;  MacLeoc l  and Lenn ie ,  19761
Alpern  e t  a l . .  1983) .

What experimental results can bc expectccl.  r f
therc are, for instance, no shortwar,,e rcccptors (tr i_
tanopia) and i f  thus thc inptrt  g, is lacking,.) Thc
Young-Hclmholtz theory and starrclard opponcnt_
color theory assLu.ne that only son.rc of thc hi-gher
order codes dcpend on g, and thus that thc blue_
yellow channel gr, g is missing. Accordins to the
standard interpretat ion of thc youn-q-Hc-lnrholtz

theory (which l inks thc Grassntann theorv r i . i th
color appearanccs) one ntiuht cttn-jectur.c thut a
uni lateral tr i tanopic subject shoulcl,  u. i th his tr i_
tanopic eye, sec thc spectrum as .recl ' .  .gre,ctr.anr1
'yel low' 

and combinations thereofl  ncithcr .bluc.

nor  'wh i te 'shou ld  
be  seen.  and thcre  shou ld  bc  . ,

green that looks more saturated than any ercen
attainable by the normal eyc. Accordins to thc,
stanclard version ofopponcnt-color theorv thc loss
o f  the 'ye l lo rv -b luc 'channe l  shoLr lc l  r .esu l t  in  scc_
ing 'white' .  ' recl '  and 'grcen' as for thc normal
eye, while the mixture of red and greerr *.oulcl bc
achromatic. Both predict ions arc irr conl l ict r i i t l r
the experimental results: a uni lateral tr . i lanope secs
thc entire spcctrum on the slrortwav.c siclc of thc
neutral point between ,1210 nnt ancl -550 nnr as
bluc, i .e.,  he matches i t  to ,18_5 490 nm in his nor.
mal eye. The colors he sees in thc spcctrurm arc
recl white and blue with only a sntal l  antount ol-
ycl low and no green at al l .  Thus i t  secms that cen_
tral elements in thc I inkin-e proposit ions of thc
Young-Helrnholtz thcory and opponerrt-color the_
ory are utterly wrong:

"thosc central mcchanisms ivhicl i .  in thc nrtrrnal
observer, correspond to blucness (ancl r i .c
assulrrc, have heavy dependence on the outtr-rut of
the short-wave cones) are most act ivc incleed in
the tr i tanopc." (Alpcrn et al. .  1983. p. 6c)- l)

This and other results support thc conjecturc that
the psychophysical ly obsenecl threc-cl intcnsional_
ity of color matches in the 2o-paracl isnr cannot bc

distr ibutions fbr cach of the thrce types of reccp_
tors.

.  
In this way <p,(A) can be identi f led with

J E^().) Vi(),)  d),.  and psychophysical color space
rs associated with a corresponding three_din.rcn_
sional sensor space. Figure 12.2 juxtaposes the
basic elemcnts ofneural and psychophysical color
codcs in the experirnental si tuation of a small  l ight
in an otherwise dark visual f ield.

Whether this l inking proposit ion is empir ical ly
adequate, is st i l l  a matter of dispute, since there rs
confl ict ing empir ical evidcnce f iom various
sources. notably.

variabi l i ty within cone types,
violat ions of the persistency rule (ntctameric
lights rcmain metarneric if both viewcd in a clif_
f'erent contcxt; see below) for wontcn with an
addit ional cone typc and fbr sub.jccts with nor_
mal color visiorr.

Psychophysicists as well  as neurophysiologists
theretbre cal led ir .r to question the val idity of a l ink_
rng propctsitictn as simple as the one stated above.
To quote two examples:

".. .  evidence for the variabi l i ty among cones is
enough to raise serious doubts as to whcther
tr ichromatic matches arc determined at the
reccptor lcvel:  the cones probably are dist in_
guishing rel iably bctwecn the n-ratched f ietds. . . .
it seems to rre that we still cio not havc a satis_
factory physiological basis for tr ichrontacy; but
we can say that under some conditions at least
trichromacy rests on a neural (ancl not a recep_
tora l )  t r i var iance. "  (MacLeoc l  1936,  109/ l l  l )
"Evidcnce 

is accumulating to suggcst that thc
idca. that individuals with normal color visictn
have only thrce spectral ly dif ferent cone pho_
toreceptors. is also inval id. . . .  tr ichromacy of
normal vision has i ts origin at a level of the
visual pathrvay beyoncl that of thc cone pig_
ments, l ikely beyoncl t l rc receptors., '  (Neitz et
a l . ,  1993.  p .  122)

Other intcresting empir ical f incl ings contc f iom
expenments with people who cxhibit  uni lateral
dichromatism. Thcse rarc cases al low dichoptic
color matches and comparisons betwcen the two
eyes by color-naming techniques that uncler cer_
tain assurrpt ions (e.g., that their color sensations
in the dichromatic eye are the same as those of
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/ - )  I 12. Color Perception: FromGrassntan Codes to a Dual Coclefbr Objcct and I l lulnination C.olors

which are considered as .basic'  
and those which

arc considcrecl as sidc-eflects.
The Young-Maxwel l-Helmholtz_Grassrnann thc_

ory describes the transduction of l ight into a psy_
chophysical or neural code ancl togethcr with the
l inking proposit ion proposcs a reccptoral mecha_
nisrn that accounts fbr the Grassmann laws. Since
metarnerisnt is the only psychological relat ion
rnvolvecl the thcory cloes not refer to color appear_
ances. However, color appcarances are oftcn tacrt_
ly associated with the equivalence classes of
metameric l ights. In this case the theory becomes
a local l t-utot l i ,r .1ic, account of color appearances.
It  then has to deal with the problent that at one
location of a visual scene the sarre tr iple of
Grassmann codes/rcccptor outputs can give r ise to
clvite di//erent color appearanccs if the temporal or
spatial contcxt is variecl.  The cxistencr- of a sur_
round changes thc color appcarances in character_
ist ic ways and produccs new appearances, e.g.,
bror.vn, that cannot be observed in a dark .r,.rouid
(see chapter l0).

From a locally-atomistic perspective these are
secondary eflbcts, to be treatecl under the headine of'context 'efTects. 

On the othcr han4 they could i lso
show that the basic mechlnisrns detcrr l ining color
appcarances rn natural scenes can only be tappecl by'minirnal 

st imuli '  that are r icher than the 2- I iehts
rppropriatc lbr isolat irrg rcccptorr l  trrrrs. luct iori

For the elementarist ic perspective on color per_
ccption (as opposcd to a t irnct ional onc guiclet l  by
ecological physics) the cf l-ects of certain temooral
r r r t l  spu t ia l  var ia t ions  ( )n  lhe  loca l  .o lu r  rpp" , , r_
ance were considered an important chal lenge. To
l  surpr is rng  cx len t .  lhc  yor rng_Hc lmho l tz  t rad i_
t ion, however.,  was successful in developing an
extension ofthc theory that could at least in nrin_
ciple incorporate an important class of thcs"
cffccts.

The f irst systernatic investigations into mecha_
n i :ms respons ib le  lo r  lhesc  var ia t ions  wcrc  Der_
l - t r r r t red  by  l -ec l r i le r  {1g40) .  The cornp le r r , .n tun
charactcr ofaftcrirnages lecl Fechner to the iclea oi.
a t ir ing ol physiological processes (basecl on an
arralogy with a " loss of tcnsion, '  , , I /er lu.rt  

an
Spunnkrc(i") by which,,al l  phenomena conccrninu
r f ie r i rn i rgcs  r r rd  rdapt r t ion  can be  r .e t l r rce . l  tu . "n l
si t ivi ty processcs in the eye, '  Fechner, 1g40.

p. 430)' .  This intuit ion lcacl I lelntholtz to his con-
cept of "fat igue 

of rcceptors..  ("Ernrt iduttgst lr t ,o_
ric "), which was given a ntore prccise lirrnr bv von
Kries' "cocff icient 

schernc" l  
"  l t  r  t  t . . /  /  i  :  i  t ,  r  r  t . ,  t  r  r .  11 1 _. 1.

Because the young-tJeln.rholtz thcorv took us
bas ic  un i ts  o f  ana lys is  s i r ru le  l t {h t  spo ts  in  r r  . l l r k
surround, i t  had to postulate aclcl i t ional rncch"_
nisms to accoLlnt fbr thc et lects of spatial antl  tcnr_
poral context. For opponcnt_color.theorv on lhc
other hand i t  was mrtre rraturl l  to inctrr.nor. lr tc sPa-
t ial and temporal ef lects, sincc i ts uncle r lyins intr,_
it ions were hisbrical ly rootccl in phenonrerra thar
dcpend on variat ions of ' tcntporal and spatial con_
texts (Hering attr ibuted a ntuch ntore basic rolc 1.,
contrast and adaptation than I lelntholtz cl icl) .  Ttr
theoretical ly deal with thc situation of a sinqlc iso_
lated l ight in a dark surround only becanrc:possi_
ble aftcr the invention of ' the color cancel lat ion
techn ique wh ich  accord ing  to  I3 rückner  (19271
uas a l rcady  used by  Her ing .

In the fol lowing sections, I  shal l  br iel. ly outl inc
how the Young-Helrnholtz theory ancl a rur. iant ol.
opponent-color thcory deal with ten.rporal antl  spa_
tial contexts in tcrms of appropriatc cotlcs (or code
transfbrmations ).

12.4.5.1 The yon Kries CoefTicient
Scheme

Helmholtz took up Feclrner,s intuit ions lnd crln-
jectured that "the fat iguing of the or-uan ol-r, ision
modif ies the sensation of thc . just_scnse,cl l ight
approxinately in a way as i f  thc objcct i , , ,c interxi-
ty ofthe l ight is reducecl to a certain f iact ion of i ts
m a g n i t u d e . "  ( H e h r h o l t z ,  l 9 l l ,  V o i . 2 .  p  2 0 0 ) , .

This perspective al lotvs any ef-fects of adaptation
to bc translated back to physics ancl to dcscribc
thern as y' 'only thc ef lect ive physical st inrulus had
changed.
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'  "durch die man cl ic ganze lJrschcinun-r dcr.
Nachbilder auf ein Spiel l ,on Enrpfincl l ichkcir dcs
Alrgcs reduciren kann"
'  ". . .  dic lrn-nüdung clcr Sehncn,cnsrrbstanz t l ie
Enrpfindung ncu einfal lenclcn Lichtes unsc-l i ihr in
denr Vcrhälhis bceinträchtigt,  als rvr ire cl ic otr- lckt ive
Intensität dieses Lichtes unt c. incr.r trcst i inrrtcn
Bruchteil ihrer Grölle verntincler.l..'
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of thesc lar.vs providcs another pclssibility fbr
cst imating the cone spcctral sensit ivi t ies by trans-
fbrming the 3x3 matrix M by B rMB into a cl iag_
onal rnatrix D of reals (daß ,,ttie 

Erntüdtnc,_
ver.suche die Möglichl,eit _tt tirrt,r ,lire,.ten
Bestintmutg cler Clomponentcn bieten,,, von Kries.
1882,  p .  l0 t3 ) .

The yon Kries t,oe.//it'ient st.hente is at the core
of many approaches for deal ing r.vi th mechanisms
of sensit ivi ty control,  adaptation and color con_
stancy in psychophysics, neurophysiology (.mult i_
pl icat ive gain control ' )  and corrputat ional vision.
In fact, ' the'psychophysical 

von Kries hypothcsis
as well  as the proport ional i ty rule spl i t  up into a
variety of diffbrent hypotheses dependent on the
expcrrmental and theoretical paradigrn chosen.
Von Kries' original ideas of inclucl ing adaptation_
al phenomena u,i thin thc yirung-Helmholtz theory
primarily ref-er to aspects of temporal adaptation
('successive corrtrast ') .  whereas thc irse of von
Kries type transformations in contputat ional
approaches to color perception primarily refers tcr
effects of spatial contexts that rnirror chanses in
thc prcvai l ing i l lumination ta typicrl  .*rn,pl.  i ,  tn
rntcrprct the transfbrmation q,(A) (Ai(p(S)). qi(A)
as a kind of normalization of the receptor codcs
corresponding to a surface A under some i l lumi_
nation by the rcceptor codes of a white surfäcc
under the same i l lunrination).

Various psychophysical investigations into the
von Kries hypothesis have been carr iccl out since-
with more or less negative results (cf.  Wyszccki
and Sti les, 1982. p. 129tT.).  Many of the relevant
experirnental studies have concentratecl on conse_
quences clf the von Kries hypothesis rather than or-
thc hypothesis i tsel l ,  notably the l inearity Iaws
(Wyszeck i  and St i les ,  1982,  p .43  l )  and among
these thc proportionulitl, nrle. This rule has. under
several cxpcrirnental paradignrs, been shown to
i i i l  (cf.  Jameson and Hurvich, 1972). There is
abundant evidence both in psychophysics and ncu_
rophysiology that therc arc many types and sites of
adaptation in the visual system (cf. MacLeocl
1978; Walravcn and Valeton, 19g4; Walraven
ct al. ,  l9c)0). For instancc, Ahn ancl Macleod
( 1993 ) found that chrornatic adaptation hacl diflbr_
ent effects on flicker photometry and irniquc yel_
low sett incs.

Even in cases whcre a mult ipl icat i ," ,e von Kr. ics
transformatiotr is suggested by the clata. thc coclli_
cients night not be eirsi ly identi f iablc u, i t l t  a ccrtarn
stage of neural processing. since a srnglc co_
eficient can comprise the cfti,cts .-f ,n,r,li tr.,rn.-
fbrmations at quite cl i f ferent stages. Ncrer:thclcss.
the fai lure of ' the '  von Krics larvrproport ional i tv
rule gave r isc to search fbr .addit ional 

ntecltanisnrs-
(rn an attcmpt to preserve the basic spir i t  ol-a l incar
coeff icient law). notably'subtractive' ones.

12.4.5.2 The ..Two-process Interpretation',
of Spatial and Temporal Eflects
in Opponent-Color Theorv

Thc etlects on color appearance of spatial antl
temporal variat ions of 'context wcre at the origin oi.
opponent-color thcory. Hcring fbcLrsecl on certairr
spatial i r-rteractions of colors aucl corrcsponcl inu
phenomcna tracl i t ional ly subsurnecl r-rnder the
head ings ' l igh t  induc t ion ' ,  . co lo r  inc luc t ion . .
'simultaneous 

contrast '  etc. Thesc pltenor.r.rcrra
o f le r  I  n r tu ra l  s la r l i r rg  po iu t  lb r  i r  spu t i l r l l r  t , r . i cn t -
ed relat ional point of vierv as aclr,anced bv
Fechneq Mach, Hering. Katz. I3ühlcq Koflka. lnd
Land to mention only a fer.v well-knou.rr niutles.
According to this pcrspective, color is inhercntlv
de tc r rn ined by  fea turcs  o f  t l r c  en t r rc  r  i sur r l  :ecn t i .
Both aspects, the preadaptal ional ancl the relat ion_
al one, are of ien couched in thc same languitse ol-
adaptation, ancl i t  is. in f trct.  ottcrr dit f icult  r ir  t . , l t
thern apart in experimental or thcorct ical *,ork.

Within the frarnework of opponent-color. theorv
an expl ici t  mathematical rnoclcl to rccouut tbr. t l ic,
eflects of adaptation and incluctiorr in terrtrs of
opponent-color processing was proposecl b1,.
Janreson and Hurvich (e.g.. l9i '2). This is thc so-
called "tv,o-prot:es.r 

interpretuIiot1 ". n,hosc nrath_
cmatical core is a forr.nal schemc. rvhich. l ike the
von Krics coefficicnt schcme. allotvs ibr tlifl'ercnt
interpretations.

Whereas the l inear versiorr of opporrott-color-
thcory discussed in section 12.;1.3 ref-crs to a sin_
gle spot of light or.rly, thc ,,two-process 

intcrpr.cta-
t ion" also refers to thc efTect ofa (spatial) contcxt
i r r  wh ic l r  a  tes t  l ighr  i s  secn unr l  y ic lds  l r r  l l ) ' i r re
version of opponent-color theory. When applicd to
a system <p of l inear primary codes. thc ntodel can.
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afl ine functions (e.g., Jameson and Hurvich,
Walraven, Shevell ,  Larimcr) that take values in the
three-dimensional rcal vector space.

The Octant Model is an incremcntal ly l inear
model consonant with scveral cmpir ical and theo-
ret ical f indings on color coding. [ t  assumes a con-
trast code @, for each channel i and predicts that
between the inf ields of two such configurations a
color match is obtained i f  the respective contrast
codes for the two st imuli  coincide ( interestingly
enough, ner.rrophysiological as well  as psy-
chophysical observations sl lggest that thc primary
signals in thc ret ina result from contrast coding,
whereas absolute brightness and color must bc
approxirnately reconstructed by higher-order
processes). The contrast code Q, is given by the
dif l-crence Qi(A) - Q,(S), which in rurn is subjected
to a mult ipl icat ive surround-dependent transtbr-
mation p,-[S] (or, more prccisely, p,, [<p(S)]).  The
distinctive feature of the Octant Model is that
these transforntations are allowed to be diflerent
for incremcnts ( i .c.,  Q,(A) - 0,(S) > 0) and decre-
ments  ( r .e . ,  Q i (A)  -  Q i (S)  <  0 ) :  p ,_ [S ]  +  p1  [S ] .  tn
neurophysiological terms, thc sign of the responsc
in each ofthe three color channels depends entire-
ly on thc background, and the 'ON' and 'OFF'

parts of cach channel are subjected to diflbrenr
mult ipl icat ive gain controls. Thc result that incre-
mental and dccremental st imuli  arc proccssed dif-
f-crently does not comc as a surprisc in view of
both the phenomenological dist inct ion between
aperture and surface rrodes of color perception.
and the functional ist dist inct ion between i l lumina-
t ion colors and object colors.

AII incremcntal ly l inear models that assurne that
rncremcntal and decremental stimuli were subject-
ed to the same multiplicative surround-dependent
transformation pi[S] imply a qual i tat ive law of '
increntenl-det'rement synmletr.tt let A be an in-
cremcnt superimposed on a background S and A'
anothcr increment on a background T such that
the two inf ields are isophcne ( i .c.,  <S O A,S>
= <T @ A',Tt);  then the inf ields of the corre-
sponding decremental st intul i  ( i f  thcy are physi-
cal ly real izable) r.nust also bc isophene ( i .e.,
<S eA,S> = <T O A',T>). I f ,  on the other hand.
the principle of increment-decrement symmetry is
violated fbr a certain viewing condit ion and judg-

mental mode, then 1br suclt  a concl i t ion no in-
c rementa l l y  l inear  mode l  w i th  p ,  [S ]  -p ,  [S ]  can
hold.

A sinrplc phenomenon. cal lcd lrrrtr ir t tut((,  ( 'ott-
trast phenomerr.ur (Niederöe and Maustclcl .  1996).
already quali tat ively shorvs that incrcnrcnt-clccrc-
ment symmetry cannot hold gencral lv. Furthcr-
more, quanti tat ive expcriments of ours sltou that
the r.nult ipl icat ive'gain control '  coefi ' ic ients dif f fr .
indeed considerably fcrr irrclonents ancl dc'crc-
ments (Mausfeld and Niederöc. 1992) This dit ' -
fbrence does not only show up bet* 'ccn pr.oltcr
increments and proper decrentents. but belnccrr
several octant boundarics: Heyer ( I  996) b) '  cxpl ic-
i t ly extending the Octant ntodel to a subscqucnt
stage of opponent coding u'as ablc to shorr
cxper imenta l l y  ' k inks '  o f  un iquc  b luc  l ines  in
unique yel lcrw surrounds at several octant bound-
aries.

The dif l 'erencc in processing bctu'een incr.c-
ments and decrcments (or, r .r .rore gcneral lv. the
coding propert ies dcscribcd bv thc Ocrant Modcl)
could possibly be understood as rcsult ing l iorn the
structure of the eler-ncntary pcrceptual calcgor. ics
of 'object color '  and ' i l lunt ination 

color- ' .  r i l i ic l .
wi l l  be addressed belo*,.

The above presentation cont ' inecl i tself  to thc
abstract core ofbasic elententary color coclcs. Thc
elcmentarist ic perspcctive on color cocl ing is.
however, much more variegated ancl richcr ancl
incorporates for instancc ntechanisnrs relatcd to
cye-movements. f i l l ing-in processes. contr lst cocl-
ing etc. Nevertheless. therc are ntanv pltenortrcna
that cannot bc easi ly accontrnoclated in thc clc-
r.nentarist ic pcrspective on color cocl ing (cl.
Mausfeld and Niederöe, 1993, sec. 9) aucl nccessi-
tate an addit ional and cl i f l 'erent approach to color
perception.

12.5 Ecological and
Computational Perspectives

The clementarist ic perspective on color cocl ing
proved to be immcnsely f iui t f i r l  1or our unclcr-
standing of the primary transduction ancl neuro-
physiology of early color coding. Thc elerncntaris-
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E,xpl ici t  accouuts f iom dit lbrent theorct ical pcr_
spec t rves  werc  g iven by  lves  (1912)  and. laenscn
(1914) who introduce the concept of lcvel,  ancl
later. among othcrs, by Helson, . ludd Land, Bri l l
and  West  (e .g . ,  West  and Br i l l .  1982) ,  Mac leod
(1986) ,  and Fos ter  and Nasc imento  (1994) .

Non-adaptational approaches to color constancy
werc developed by Sällström, Buchsbaum, Bri l l"
Maloney and Wandell ,  and D'Zmura and lverson
Thesc approaches are expl ici t ly couchcd in terms
o1'the computational goal of recovering from the
sensory lnput a function that depends only on cer_
tain physical propert ies of objects, viz. character_
istics of sr-rrfäce reflectance.

In the fol lowing I shal l  very bricf ly sketch some
of thc basic ideas of the adaptational ancl non_
adaptational approachcs using thc example of
Land's Retinex scher.ne and of Malonev's also-
r i thm rvhich is based on the l inear f iamewlrk
approach.

12.5.1 The Problem of Approximate
Color Constancy from a
Computational point of View

A strong local ly-atomist ic perspectivc on color
perceptlon takes the color appearancc at cach loca-
t ion Ä of the visual f ield to be dcternrined by the

l ight pertaining to this very location. i .c..  b1, t l rc
respective tr iple <p(A*) alonc. This al leeccl point_
to-point correlat ion of u,ar, 'clength cr- l lposit ion
and color appcarance is in confl ict u, i th ntan-v
ernpir ical phenomena. among t lrcm colorecl shacl_
ows and the phenomenon that colors oi 'objccts
tend to remain fair ly constant unclcr cl tan-ucs ol '1he
co lo r  o f  the  i l l umina t ion .

The formal corc of the problenr of color con_
stancy as viewcd front a cortrputational pcrsl-rcctivc
is schematical ly shown in Figure 12.j .  Thc vari_
ables involvcd are the spectral encrgv distr ibLrt ion
E(),) of the i l lumination ancl t l ie spectral rc-
f lcctance function R(.r,), ;  at a locatiorr .r  o1'n sur_
face. The signal cor.ning to the cve is thc point-n. isc
product of i l lumination and ref lectarrce. as i t  u,crc
It  causes in each type i  of photorcceptor.s a ncur.al
signal. In this signal t l ie i l lumination contp()ncnl
and the rcf lectance conlponent are contpletclv con_
fbunded. Nevcrtheless, the inter-nal reprcsentntion.
i .c.,  thc percept of the (approxinrate lv) ' tnre '  color
o f the  sur face ,  rcqu i res  a  k ind  o fc l i scn tans l ins  o t '
the two componcnts. On the basis of local inl i l ._
mation ol a singlc posit ion .r this is. ol- coursc.
impossible, on logical grounds (analoeousl l ,  to thc
impossibi l i ty of identi fying cach of the tactors f ir l
a glven product of trvo nur-nbers). VisLral nrccha_
n isurs  tha t  accornp l i sh  a  ( la rge l i r )  i l l r - rn r ina t io r r_
indepcndcnt pcrceptual asscssl lent ol-the color ol '

In r  t
und
' M c

ilcc(
VCfS

lre (

\  d t c

ple-t
co lc
rrh i ,

i )
i l t
ta

ob.1r
a l  o

12.

i l ,

cr
Wht
pcfs

t(') p

con!

I n

obta
t lon

N4or
proc

be' d
be t l
cor1l

othe

t ivc

Retir
r i c  n
thc  t

(  und
race!

aVeri

s ider

I t
ma l ly
t ion .

irl'er

thc  C

rt'lirttrl L o/or todc

Jl( ; t  nu.. ' )  vtr ' t  o, l

, / .1
1 ' ,

t \

,{ ri
,J- -6)

.'\\ tlt , V'
R \ r '  (

s(nst)rl inful \

\

/, 
-_,,,,,,,,, rr,r,,,!,.ir, ),,,,

x

R(  ,L ,x )
Fig. 12.3: Thc ploblertr ol '  color
constancy.



-ird Äq poure"rlsuoc .{11.lo,n Ä1uo sr lerll lopou o
- selqeue^ 1ecrs.{qd 3ur,{1-rcpun oq} loJ lepour leJr
-s,{r1d :ueur1 IuuorsueLUrp-ellut.} e rlJns uo pes€B

'seJuelcoL+0J 
lfllJaos

lelnleu -]o sle:^ e3:e1 -ro3 oJrrl?UB^ llEle^o .]o 66 0
rr\o .roJ lunoJJü sr.rorlJUnl srseq tq;ite'Jirur)t\ul
.roJ 'ecurs '11eu"rs Ä1qe1:uulel sr loJle Ienplsel cqI
'loporrr rBeurl :elncryed srql lo.J scJuelcelJOl äJp,J
-,rns elqrssod 11e cle.rcLre8 o1 Äru,l uEJ uolleutqruoJ
-uloull srqllo slq8rc,tr eql'peleptsuol scct;-]lns erll

1o lucpuedepur eq ol pue pexrJ petrtnsse sr suorl
-JUnj srseq , 0q1 -]o qJee pue ,/ Jequnu erlJ suorl
-)unl srsnq r/.lo uollcurqtuor.nrJutl u sc pessoldxr
urql \r eJtrplrJ[1.1.r 1e.r1.r:cls e.]nllns qJuS suotl
-oun+ srstq pelrrurl-,(ouenbe"r;1o las cllu-] pexrJ ü

Jo uorluulqluoc lueurl e Äq peler,r-rrxo.rdde 11e,tr e;e
suonJunl .l.luulJJUel ;cll.rrds r.'ruJ:ns Xunu prrr
s1q8r1 ,1e:n1eu, -]o suollnquli-tp ,(8roue lurlccds cql

1eq1 ernlcefuor rrll o] pel o^eq säf,uelregel 1e:1cads
JJp.J.rns ournrJolcp lurll sossecotd 1eors.(qd eqt
olur suorlrirlsä^rrr sE llc^\ se s1q8rl pue seop.+llls

lucr-rrdurc .]o slos ä8lu[ Jo scs,{1eue :uepr 3ur,no1
-loJ ortl uo pcseq ere ,{ruelsuoc roloc Jo slepour

leuorletdupr:-uou .Jo sselc ]ueuruo,rd ]sollr eqJ

ruqlrJo8lv s6,teuoluI,\l puB

IroÄ,r,äruBJJ s6lepow rBaut-l aql z'I's'zl

'lueutrlrnllr etlros lcpun seJu8]
-Jollcl cJr,.IJns elqrssod lle to1 sepoc uuelussllg

1o lnure8 cql ut uepprq uollr?lrr;oJur JuEulLu
-n11r 3u11cu-rlxc lo.+ IJo,r\alue-rJ e pl.ro,lr uuupuo]\
e rol pesodord (066 t) qilsloC 'stur?urLullllr 

lulntuu
ur sciueqc repun luerJe^ur ]solu[t? scceJlns leJn
-lllu JoI ärB sorlur uolleltcxo euoc sJurs 'suor]8lel

:o1oc lerleds yo Surpoc l3orrp e Äq pe,terqoe eq
,{uur sepoc luuue^ur luuurrünlll leq} eJUeprAO pJplA
-ord (7661) olu.LurcsrN pue lelsoJ 'Äe.r8-prur e sr
,1u:rs ärll Jo JJr.rr?lJJLl.1l e,lule ru eql luql l(l Jtlo)s
Jrl] ur älqülrEAu c3P.+Jl-ls elrq.\\ e lcqll0 sr 0leql
luql Jtunssc puu uollDZrlnuu(ru:d^l-seu) uo\ n uo
pesuq oslu ert; teqt pedole,rcp ueoq e^uq ,{cuelsuoc
roloc ro.J srur1luo8p luuorleldepc -ror{to IBrä^cS

',{lesueluurr fruclsr-roc loloc uo
qJrccser lecr.rrdure pue lecrlolooql lorptn] poleln
-Lurls 'suorlelresqo 

leorrrdruc qym ocuultul lE pu€
,t;olcejsrlesun f11ecr1e;oeq1 Surcq elrdssp'Äcuu1s
-rroo roloc o1 qoeo.rddu luuorlelndr"uoc s.puu1

'seere uuupuot\l orll .lo s.poJ UUu[rssu.l1) Jrl]

Jo uecrLr ouleuoe8 Jql t.ll Iuuort.lodo.rd Ä1rs.rr.trr
eq ol petunssu e;c 'd sluclJr.+.+ioJ rrll J.rirrl.\\ -uorl

-t?luJoJSuc-rl ad,(1-sor.r; uo,\ c ot irrrlr:rrnbr {11urLr
--to.rt r-r ur{lrJo;lu xrurlol erll 'lurli snor.\qo sl ll

' asuclJelle.r Äe.r3-p r r-u u ol sptrocl:^ J-r.lot pi.lip r s
-uoc ul?upuoL\ aql Jo cJlrulJagc.r 1r.rtr:ltls :ri;-r:.rr.rr:
otl]-+r uorluurtunlll ur seiuurlo -rJ.\o luul.lu.\rrr (si:lul
-llls puu slqir1 lnoqu suorldrurrssu ;-uo.r1s .rrpLrn)
sr 1{ö)97'ö-l rpor.rolor snl.l. (iö).,),'ö ":r'r
'uEcnl 3uleuroei srql ol lroclso.r rlll,\\ pl.r.l ls.l Jql

.Io apoJ loloo orll sJzrlurLuou puu ('ö)! uuirr.l Jl.l
-letuoe8 Jql seltlnolur,(11r,lrrsr:c1 urqtr.rol-1t \irulil1
(eq] Jo uols.rc^ Jelul) eqJ sJpor uuuutssu-rr) ..\ll
-ccdse; oql elouJp ucupirot\ Jt-ll.+o.r s.rlr1r:cl .r:rr1to

11: ,ro.1 tö 
1e1 

'Ä13urpuodsa.l.ro.) .\' uro.r1 iurtuo:r

IqFII ctll .+o opoJ rnrculssu.l{) etlt .lo Jnlc\ rrl} icl
('tö ";ö "rö) -'ö 1c1 :s.lro11ol sl) piclr.rrsil) icl
'sepoJ roloJ uuerusstlr)Jo sul-tJl ur 'uur r.rnplro.rd
eql .{lsnoeuc3oruoq polllrrulnlll sr }lll1 r-rcl.lprrot\
poxl.] e Jo ,r pler.l 1sc1 ue,rri u .ro,1 :r.rnprro.rtl uorl
-uzrlEtulou prru rrosr.ruduor e lclu-rrs u ,,ic1 p:lurtlqo
e;u s:oleu8rsep JoloJ escql i-rorrll \rurli1 ul

'(JuJls pexl.I ouo ulrllt.\\) iluulsuol
.to1oc loeyed soun-rssr lr :srrollltlJ-l lnnldor.rlcl tt1
apoJ luetJelur-uollr?ulLunllr erl1 sall (rr'l.rr1mds.r:ld

1ut-torlulndruoc e ulo.r+ luJrlla.rrnLrc.r I st (r :^ui.lJq,,\\
' :^i JUU.nraciclu .rol o J

leJuuepr o1 puods:l:.rnJ stoluun-lsJp 1rn['rr (rr
( s.Jl)l

-Jns Jo uorlernSr3uoo pcxt.+ u.ro.l ) uolluulu.ntlll

;o se8uuqc -ropLnl luuull.\ul :rilt s.ro'lur.lirslp 1r
ploq iur,to11o.l rqt rlJrq.\\

loJ (srequnu 1o c1dr.r1 u 'J'r) s.rolnui;-rscp .ro1o:r
pulJ ol sr,n rlcecl.rdde s.puul 'pJlullorsrp .n1:rt:r1cl
-tttoJ rq ()l sü(l lr.rcr.nunrllr.lrll ll)tll lr.1pt illl iq p,rtr:r
-llof.tl sl?,^\ .1ttl:li.r\ stql r.rrr,r12 .\,1tt ! 1.\)l l).1lll)),rtl
qcrq,r\ reluoqcs 

1tuor1u1ndnro:r o1clur r s u.l o srr()ls.lJ.\

lllloles p:B,rro.] lnd puul siurpurl srrl .ro.l 'lulloJll

oJ'puel ul,\\p3 .+o stlollull:^tlottlJp,tllll.lptlol\.
sttotttc8ur eql ot Jlip Iu,\r,\a.r r? lua.\\.rapull
,{ctrulsnoc Joloc -}o uclqo-rd orll oluI strorluii-rlsr.rtr1

,iruu;suo3
roloJ ol qruo"rddy sspuE.I I'l's'zl

'euoJ:^ 
lcrlsl.\ Jrll .]o:^uolllt.rJ(lo Ilt

-qo13 euros uo päseq eq ^lluJnbisuor lsltu.r s1.rrllo

(tEZs:,r.r1cecls:a4 leuorlelnduo;1 pue lucr8oloog g 7;



240 12. Color Perception: From Grassman Codcs to a Dual Code for Ob.jcct ancJ I l luminatior.r ( 'olors

ceptual considcrations -.  Maloney (1985, 1992)
proposed a mechanism that exploits the underly-
ing physical regulari t ies. I ts goal is to cst imate
from the sensory input a function that clepencls
only on the surface spectral rcflectance function.
For his algori thrn, Maloney assumes that for the
case of three receptor types each light can be suf-
f icicntly well  approximated by a l inear combina-
t ion of three basic l ights, and each surface
reflectance by a linear combination of two basic
ref lectance functions, i .e.,  the vector space ofper-
missiblc l ights has thc dirnension 3. the vector
space of permissible ref lectances the dimension 2.
Therefore the values of the Grassmann codes of
the pcrmissible ref lectances under a f ixed permis-
sible l ight come to l ie in a two-dirnensional l inear
subspace of the three-dimensional Grassmann
space. Maloney provided natural assumptions
undcr which this subspace is characteristic fbr the
i l lumination in the sense that the i l lumination can

up to scalar mult ipl icat ion be determined f iom
thc posit ion of this subspace with rospect to the
(irassmann space. This in turn allows the clctermi-
nation up to scalar mult ipl icat ion of the
rcflectances. For a set ofempirical rcflectances the
system would have to determine (according to
some distance measure) the best approximating
l inear subspace in sensor space ( i fone chooses the
Euclidean distance this task is accon.rpl ishcd by
some kind of principle componcnt analysis).

Maloneyh penetrating analyses into the mathe-
matical structure that results from the interaction of
lights, surfaces and propcrties ofthe eyc (together
with assumptions of the visual system's task) can
be considered an important accomplishmcnt for the
conceptual clarification of the problem of color
constancy. On empirical grounds, however, the
gencral assumption that the visual systems's
achicverrcnt is to obtain a function of the sensory
input that clepends on R(.r.)"), but not on E(1"),
wh ich  on  Maloney \  accoun l  i s  lun tarnount  l ( )
recovering reflectances, does not seent to be appro-
priate. F-urthcrmore. to accollnt fbr empirical sur-
facc reflcctances which require (at least) thrce
degrccs of frecdom in surfacc reflectance func-
t ions, the algori thm rcquircs fbur types of recep-
tors. But even i f  thc algori thm should not tcach us
much about thc actual rncchtrnisms of huntan color

pcrception, the underlying approach is certainly a
whetstone to clari fy our basic concepts. Maloney\
approach particularly shows in a precise urathcntat-
ical way, how strong the implications are that can
be derived from ecological consiclerations about
the'physical fr iendl iness' of our enr, ' i ronnrent.

12.5.2 Qualitative Observations on the
Dialectic Relationship of
Illumination and Object Color

Plausible as computational approachcs of the kincl
mentioned above are at first sight (proviclcd one
restr icts attention to appropriate'scmi-ccoloqical.
si tuations, such as a 'Mondrian rvorld').  these
approaches have systcmatic drarvbacks lirnr a
psychological point of view. The most gencral
objection is that thc reduction of color perccption
to estimating surface reflectances is. ll"ont thc
point of view of perceptual psychology. nearlv as
misleading as the local ly atonrist ic rvavclensth-
based perspective. The claim that "tht, goul ol
color vision is to rec'over the int,ut.iunt .\;l)e(,ttul
refleclance of cthjecl.s (sutfitt.e,s) " (Poggio. lt)t)0.
p. 147) amounts to a distal variant of the measure_
ment device conccption ofperception. Though the
adaptive coupling of the organism to i ts environ-
ment takes strong advantage of physical regulari_
t ies of physical ref lectances, the clainr that the
estimation of spectral ref lectancc functions is i ,
goal of color vision arnounts to unc-leresti tnatins
constraints derived from its intcrnal .selnantic

structure',  as i t  were, and irnputes to the visual
system a goal that is not consonant with i ts actr.ral
achievements. What is achieved is not an estirua-
tion ofspectral reflectance l'unctions. but rathcr an
abstractivc catcgorial descript ion ofthc .color of 'a
perceived object ' ,  which is more stable than can be.
expectcd on the basis of the local sensory input.
i .e.,  the wavelength composit ion of the l i -qht cont-
ing f iont the ob.ject to the cye. In t lr is scrrse. thc
perccpt 'color 

of an object '  sccuts to bc nturc
strongly t ied to the spectral ref lectancc charactcr_
ist ics of the ob.jcct than to the rvar,clength contpo-
sit ion of the local sensory input. Thcre is. hoi is.-
er. no color constancy in thc str ict sense thi l t  tro
locations of the same spectral ref ' lcctarrce . look the
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1 4 1 12. Color Perception: From Grassman Codcs to a Dual Codc fbr Objcct and l l lunrinatiorr Col6r-s

derived from the goal of recovering spectral
reflectances, the question again arises in which
way adaptive properties of the internal coding of'
color can be described more appropriately.
Observations like the ones above may then providc
strong heuristics about what the actual achieve-
ments of the visual system with respect to color
perception arc and about how the attribute ofcolor
is intcrlocked with spatial aspects that in tum are
interrelated with the ' interpretat ion'of 

the scenes
in terms of 'objects'and ' i l lumination' (one cannot
overemphazise the point stressed by Koflka, 1936,
p. 129, that "a general theory of color must at the
same time be a general theory of space and form").

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

The ecological perspcctive on color perception
heuristically starts out from a physical description
of the sensory input in tcrms of complex achievc-
ment-related conccpts such as 'surfäce',  'spccular

highl ights' ,  'shadows', etc. I t  then attempts to con-
struct complex abstract color codes backwards, as
it were, from an appropriate physical description
ofthe perccptual achieventents, say color constan-
cy. F-or instance, one tries to find color codes (con-
sidercd as functions ofthe input) that are equal i f
the rcflectanccs that are part of the physical input
descript ion are cquivalent ( i .e.,  cqual up to mult i-
pl icat ion). Approaches l ikc these again amount to
succumbing to thc physical ist ic trap, sincc they
presuppose that the pcrceptual categories (e.g., of
' l ight 'or 'surfäce') are consti tuted by the corre-
sponding physical categories (ofphysical l ights or
surfaces). Such an assumption, however, cannot bc
dcrived fiom the cvolutionary requirement of an
adaptive coupling of perceptual categories to bio-
logical ly relevant physical oncs. In point of fact,
the perceptual categorics 'surface colors'vs. ' i l lu-

mination colors'  are not consti tutcd by thc corre-
sponding categorics ofphysics and t ied to them in

the sense of the latter being neccssary and suffi-
cient conditions for the former. Rather they arc
constituted by a set of biologically relevant l-ea-
tures that are specif ic to physical ly contingenr
organism-environment relations.

A proper physical descript ion of these rclat ions
should therefore not be couched in the vocabularv
o l  s t i l l - to -be- idcn t i f ied  percep lua l  carcgor ies .  N. r r
much is known today about the intemal semantics.
as it were, of the visual system, but therc are good
reasons to assume that basic 'scmantic'  units ol '
perceptlon are predetermined and tied to ccrtain
spatio-temporal characteristics of tl.re inconting
energy.

Approaches to deal with thc problcrn of the
internal perceptual semantics of organisnts werc
developed by v. Uexkül l ,  v. Frisch, Lorenz. Tin-
bergen, ancl for si tuations where, l ike in visual
perception, the unit of analysis is not the cntirc
organism but certain (often abstractly ideal izcd)
'nrechanisms', 

by Lashley, Bühlcr, Brunstvik and
Barlow, to mention only a few names. l]arlou
(1961,  p .219)  summed up th is  perspcc t ive  under
the watchword "passw,ortl 

hypothesi.s ": "specific

classes of st imuli  act as 'rcleasers' and evoke spc-
cif ic responses; these classes of st inrul i  arc
thought of as 'passwords'which have to bc dist in-
guishcd from al l  other st imuli ,  and i t  is suggestec
that their detection may be the ir.nportant function
of sensory relays."

An cxposit ion of these ethological perspcctives
as applied to the problem of how elcnrentary per-
ceptual categorics comc about is beyond the scol.rt'
of this paper and wil l  be given elsewhere. In the
present context only some heurist ic intuit ions ivi l l
bc addressed as to the general question whethcr
therc are cri t ical minimal st imulus characterist ics
that already trigger attempts of thc visual systenr
to ' interpret '  them in tcrms of certain perccptual
categories. Arc the perceptual categories of i l lu-
mination color '  and 'objcct color '  internal ly con-
stituted not by an extensive set of propcrties ot'
corrcsponding physical enti t ies, but rathcr by a
few 'representative' 

ones? If  so, these physical
characteristics could bc ir.rstantiated by an othcr-
wise highly reduced st ir .nulus, which thcn rvould
suffice to trigger an internal perccptual structurc
whose complexity far excccds thc contplcxity of
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rncrcmental ly l inear color code of thc Octant
Model in i l ,hich in ccnter-surround configura-
t i o n s ' l a r g e - d i s c  i n f o r m a t i o n '  a n d ' s m a l l - c l i s c
infbmration' arc segrcgated by the visual systent.
From this perspectivc, this segrcgation nt irrors
processes that are related to the segregation of
object and i l lumination infbrn.rat ion. l f  the centcr-
surround configurations contain physico-geomet-
r ical propert ies that alreacly tr iggcr the visual sys-
tem's ' intcrpretat ion' 

in terms of small ,  sharply
demarcatcd ob.jccts under chromatic i l lumination,
one should bc able to observe, under suitable ccln-
dit ions, phenomena l ike those described in section
I 2.5.2 also in center-surround configurations.

lndeed, in our color-cancellat ion cxperiments
we tbund phenomerra, where, again in Bühler\
worcls, "colors appear as if they were composed of
the actual object color and a coating by the chro-
matic i l lurnination" and wherc in perceptual space
one color is located behind the other.

The fbl lowing example of an exporiment may
servc to i l lustrate such phenomena: We used under
Maxwell ian-viewing cclndit ions using the ap-
paratus shown in Figure l2. l  a red surround
()" - 649 nm, 1 50 td, 8 I  0') ,  where the 2"- inf ielcl
was composed of a mixture of monochromatic
light (ARn.., @ AG5{,). The subjects had to perlbrm
(by a two-alternative forced choice double-randor.n
staircase) reddish/grecnish-judgrncnts and to
make a setting where the infield appears neither
reddish nor grcenish. While for most valucs of

' )h i . . t  
t ,  t l t ' r '  l , t  c  r .

o r e d d s h +  €  o g r e e n i s h

5 6 0  5 6 5  5 7 0  5 7 5  5 8 0  5 8 5  5 9 0  5 9 5  6 0 0

n m

Fig. 12,4: I tangc of rcddish/greenish appcarencc
inf ielcl  on red backgror-rnd of 1_50 td.

st imulus paramcters sub.jects u, 'cre ablc to slt istv
this. judgn.rcntal cr i ter ion (and r-r-rade sctt inss thal
are consonant with prcdict ions clcr ired l ior l  thc
Octant Model),  they reported tbr certain st intulus
parameters ( large surrounds. contrasts nol t()o
high, predominantly in the clecrentental ckrrnuin)
sceing a reddish ar-rd a greenish con-rporrc-nt sintul-
taneously.

Figurc 12.,1 shows lor a typical cxperinrcnt thc
range of dominant wavelcngths o1'the inf iclcl  11irr
dif ferent intensit ies) within rvhich a ret lcl ish antl
greenish color appearance (with a. in Katz's
words, "curious labi l i ty of colors") is scc'n sinrul-
taneously (thc lef l  curve iudicates thc lou,cr bor-rnd
of redcl ish appearances of thc inf icld. the r ight
curve the upper bor,rnd of greenish appcarances. in
between are infields that appcar r-cddish ancl
greenish simultaneously )

SLrbjects were not able to completelv canccl thc
amount of redness at thc posit ion of the inl ' iel t l  by
tncreasing the grecr.r componcnt o1' t l ic inf icl t l .
Therc seem to be two layers betr,r,een r',hich thet.c
is no complete trade-of ' |  I  consiclcr t l -r is obsct.r,u-
tion as a further ir-rdication that ccnter--sr-rrrouncl

'lIluminotion colctr' lutt,r l:a'::.,

Ret inul  intcu. : i t t ,  l t r t l i l  , ' :

Fig. 12.5: Laminar
sity prof i l .
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Fig. 12.6: Seurat confignrations of intenncdiate bandwiclth of spatial variat ion of the sun'ouncl and of thc sarrrc
sptrt ial ly-averaged chromatici t ies. rvi th spal ial lurninance modulal ion incrcasing on the vcrttcul axis. anrl  chr.o-
rnrt ici ty ntoclulat ion incrcasing on the horizontai axis.
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ror:nd type st imuli  with a hortogencolls surround
ancl Mondrian-type configuratior.rs and thcrcby
study those physical propert ics of such configura-
tions that lriggcr an intcrpretation in tcrn.rs ol the
clcrnentary perceptual catcgories of 'ob.jcct color '
anc l '  i l l L r rn ina t ion  co lo r ' .

Fol an intcrmecliatc banclwidth of spatial varia-
t ion of the surrouncl, FigLrre 12.6 sl iows typical
conf isurations r.vith spatial I u rni nance rnodr_r I ation
increasing on thc vert ical axis, and chromatici ty
modr-r lat ion increasing on the horizontal axis. For
al l  r" cl isplays in this i igure thc space-averagc
(lrassmann cocles ofthe surrounds arc identical to
the ones of the hornogcncolrs surrouucl in the dis-
play in thc r-rpper lcft .

According to tracl i t ional adaptational ntodels al l

these st irnul i  iue functional ly eclLrir ,alent. i .c..  ur.c
cxpectccl to exhibit  thc samc clTect on thc uniquc
yel low sett ings at thc locatior.r of thc infrcld. A
typical cxanrplc of a sin.rplc aclaptat iort nrodcl
of a spacc-averaged von Krics-ty1'rc scnsit ir  i1r '
control assulnes that rD(A,S) can bc unclcrstoocl irr
t e m r s  o f  s o m e  l i n e a r ' p o o l i n g  n t c c l r a n i s n t '

Q,(S) - I ,  w,, <p'(S(y1)), rvhelc S(y,) r lenotcs rhc
spectral cnergy cl istr ibutions of the sur.r-ouncl a1 lhc
location y;,  and \\ '1; e [0. 1] are location-t lcpcndcnt
weigl.rts (possibly clecreasing rvith distancc to thc
inf iclcl),  summing up to l .  Whilc our r lata clcarlv
reveal that in our Scurat-typc st intul i ,  surrorincls
with eqr-ral spacc-averagcd ( irassr-nann coor-d i  natcs
grossly violale any fr-rnct ional cqr-r ivalcnce rr i th
respccl to the r-Lniclue yel low sett ings o1'thc inf icld.
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the fbrntat of innate semantic pcrceptual cate-
gorics of 'object color '  and ' i l lumination 

color,,
rvhich in turn are intirnately interwoven with rep-
rcsentations for elementaly perccptual categories
for the representation of'surfaces, fbnr-r and space.
According to this view, perceptual achievcments
such as the segregati t ' rn o1'object and i l lurninant
color are brought forth by the very organization ol
the intcrnal rcpresentation of color rather than
bcing cornpr"rtationally derived frorn properties of
sensory inputs. This ref'lects the differcnce
betwcen two diffcrent metaphors in perceptual
theory: tr iggcring vs. computation.
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