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INTRODUCTION
Current

Interest

Issues of constancy have arisen in the study of perception whenever the senses
have been examined as information
systems that mediate knowledge of the
characteristics
of the physical world. The kinds of constancy are manifold.
They include mappings on sensory surfaces that are somehow converted into
external space location maps so integrated that they serve not only as efficient
and precise indicators
of distance and direction information,
but as mediators
of sensorimotor integration and skill control as well (Guthrie et al 1983; Jay
Sparks 1984). Objects, moreover, preserve their objective identities
despite
*This is the tenth in a series of prefatory chapters written by eminentsenior psychologists.
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variety of changes in the energy maps projected on the sensory receiving
surfaces whetherthese changesrelate to the object (or event) sizes, shapes,
intensities, or qualities. At the sametime, objects are systematically dependent, in terms of their phenomenalappearances, on the different local
contexts in which they are embeddedin the objective environment. Emphasis
on only one or the other of these factors--i.e, identiiy preservation or
context-dependent perception--tends to ignore the richness of the total information that our sensory mechanismscontribute to the cognitive systems
that fashion the so-called real world as we knowit.
Someof the current resurgence of interest in the constancy problemcan be
attributed to the advent of the computerin its various degrees of technological
sophistication and processing capacity; the computeras a tool for testing
intricately detailed hypotheses,as a tool for developingsimulations, and as a
would-besubstitute for a humanperceiver--i.e, a perceptual robot or a "task"
robot with "machinevision." Thelast use, or better, goal, is one that seemsto
encouragean understandable tendency toward oversimplification of the problem. Wewouldhave no quarrel with such a tendency if it were not that the
oversimplification that might be useful for the machineas tool to perform
specific tasks in the robot context is somehow
carried over into the analysis of
perception, even though the oversimplification distorts the nature of the
humanperceptual problem.
In a 1986issue of the Journal of the Optical Society, a Feature Section was
devoted to computationalapproachesto color vision. 1 In his introduction the
feature editor explicitly recognizedthe focus on the machinetask aspect of the
approach. "If we want to address robots in higher-level languages that we
understand about objects, we must make them see the way we do" (Krauskopf
1986). Eight of the twelve feature papers dealt with color constancy, and the
primary aim was to find algorithms or computational approaches that would
yield meansfor deriving constant surface reflectance properties of objects for
different and initially unknownilluminants. 2 Apart from its use in the computation of surface reflectance characteristics for object recognition, perceptual information about the different conditions of illumination as relevant
in its ownright was largely if not totally ignored in these papers. Our own
judgmentis that humanvisual systems (including both higher- and lower-order processes) are likely to have evolved a design that provides perceptual
information about change as well as constancy--about light, weather, and
time of day, as well as about the relatively constant physical properties of
mainly opaque objects within a scene. To what extent current technology
~Thephrase"computational
vision"is alreadygainingwidecurrency(e.g. Boynton
1988).
2Stanford
University
hasappliedfor a patentbasedonresearchdirectedtowardthis goal,a
fact that emphasizes
its obviousrelation to machine
design(Maloney
&Wandell
1986).
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might or might not find such information relevant for the tasks of present-day
or near-future robots we are not prepared to say, but that luminosity information, as well as opaque surface information, is relevant for biological organisms of humanor other species is an assumption that we are prepared to make.
Historical

Overview

Early experimental studies of the perceptual constancies typically examined
the degree of constancy manifested under different conditions. [For an integrative theoretical discussion of the various constancies, with an emphasis
on Gestalt principles, see Koffka (1935).] With respect to color (including
both the chromatic and achromatic brightness or lightness properties),
the
central issue was the same as it is today. Howcan the surface reflectance
characteristics of the distal object be recovered to achieve an approximately
constant surface percept despite the fact that the retinal image of the object
depends on both its surface reflectance (R) and the incident illumination (1),
× I, when R is constant but I is both unknownand changes from one situation
to the next? Helmholtz’s conjecture was both best known and most widely
accepted. In his text on experimental psychology, Woodworth (1938) in3cluded Helmholtz’s own statement of his view, which we quote here.
Colorsare mainlyimportantfor us as properties of objects andas meansof identifying
objects. In visual observationweconstantlyaimto reacha judgment
on the object colors
andto eliminatedifferencesof illumination.So, weclearly distinguishbetweena white
sheet of paperin weakillumination and a gray sheet in strong illumination. Wehave
abundantopportunityto examinethe sameobjectcolors in full sunlight, in the blue light
fromthe clear sky, andthe reddishyellowlight of the sinkingsun or of candlelight--notto
mentionthe coloredreflections fromsurroundingobjects. Seeingthe sameobjects under
thesedifferentilluminations,welearnto get a correctideaof the objectcolorsin spite of
differenceof illumination.Wdlearn to judgehowsuchan objectwouldlookin whitelight,
andsince our interest lies entirely in the object color, webecomeunconsciousof the
sensationson whichthe judgmentrests.
Woodworth also cites Hering’s views on color constancy. Hering, not
surprisingly, disagreed with Helmholtz’s analysis. He called attention to the
various peripheral factors (pupillary changes, retinal adaptation, and physiological contrast mechanisms) that actually must alter the sensory effects of
visual stimulation under different conditions of illumination, and that, with
continued visual experience, Hering thought would also alter the state of the
central mechanisms involved in perception--the
kinds of changes we would
today refer to as visual plasticity. Hering’s view led directly to his concept of
"memory color."
3Thestatementquotedhere fromWoodworth
wasabstracted by himfromthe first edition of
Helmholtz’s
Physiological
Optics(1866,p. 408).In Southall’s(1924)Englishtranslation of
third edition, Helmholtz’sdiscussion appearsin Volume
2, pp. 286-87.
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Thecolorin which
wehavemostconsistently
seenan externalobjectis impressed
indelibly
onour memory
andbecomes
a fixed propertyof the memory
image.Whatthe layman
calls
thereal colorof anobjectis a colorof the objectthat hasbecome
fixed,as it were,in his
memory;
I shouldlike to call it the memory
colorof the object.... Moreover,
the memory
colorof the objectneednotberigorously
fixedbutcanhavea certainrangeof variation
depending
onits derivation
.... Allobjectsthat are alreadyknown
to us fromexperience,
or that weregardas familiarbytheir color,weseethrough
the spectacles
of memory
color.
(Hedng1920)

Woodworth’ssummarychapter on the perception of color captures the
flavor of the experimental work on approximate color constancy during the
period between 1900 and the late 1930s. Typically, the experiments were
designed to determine the degree of lightness constancy for various conditions, sometimes by sample matches made to a display of surfaces of
different reflectances under different levels of illumination and/or shadow
conditions, sometimes by matches made between rotating disks of various
average reflectances. The term "albedo" cameinto common
use as the relative
reflectance index, and the measure in these experiments was the degree to
whichthe albedo determinedthe visual matchesfor the different conditions.
Arithmetic (Brunswik) or logarithmic (Thouless) ratios were developed
express the departures of the experimental matchesfrom those predicted for
perfect lightness constancy. Ordinarily the data fell somewherebetween
perfect retinal image light matchesand perfect object constancy, although
occasionally overcompensationfor illumination differences was observed.
Considerable effort was devoted to determining the efficacy of various cues
for judging illumination, a requirement, in the Helmholtzcontext, for solving
the reflectance problem; and in the same context, measures were compared
for children of various ages. For the most part, children did not seem very
different from adults, although the results differed for different experiments
and wereparticularly susceptible to effects of instructions. Instructions have
always been recognized as crucial in such experiments (MacLeod1932; Katz
1935; Hurvich & Jameson 1966), and they continue to recur as an experimental variable (Arend & Reeves 1986; Arend & Goldstein 1987). The
extremes can best be summarized by the difference between making an
adjustment to makea particular part of a display look identical to the same
area in a differently illuminated display, as contrasted with an adjustmentto
makea particular surface in a display seemidentical in its surface characteristics to the sameobject in a differently illuminated display. Behavioral experiments on nonhumansused "identification" as indexed by a trained response, and these results, too, suggested that fish and primates are able to
identify objects in different illuminations in terms of their surface reflectances.
Not included in Woodworth’ssummarywas the classical experiment of
Hess &Pretori (1894). Although their aim was to measure the effects
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brightness contrast between two (adjacent) center/surround displays, their
results can readily be analyzedin constancyterms. That is, for a center area of
one reflectance and a surround of different reflectance, a uniformincrease in
illumination wouldproduce a proportional increase in light reflected from
each surface, and the ratio of reflected light of center-to-surround in the
retinal images wouldremain unchangeddespite the proportional increase in
each. The measuredcontrast ratio for the matchedarea in the center/surround
comparisondisplay wouldalso be constant if the observers were exhibiting
perfect lightness constancy. Our own replot of the Hess & Pretori data
(Jameson & Hurvich 1964, 1970) showsthat their observations encompass
range of findings that dependsystematically on the surround-to-center contrast ratio of each test display. Whenthis ratio is low (equivalent to surround
reflectance lower than center’s), the center appears to increase in perceived
brightness as center and surround are both increased proportionally in illumination; as the contrast ratio is madehigher (equivalent to surroundreflectance
higher than center’s), the center appearanceapproachesconstancy; and as the
contrast ratio is madestill higher (equivalent to surround reflectance much
higher than center’s), the dark center appears to becomeblacker with proportional increase in illumination of both center and surround. Wehave
reported findings similar to these for a patterned array of different achromatic
patches, and cite in our report concordant results from other laboratories
(Jameson & Hurvich 1961a, 1964).
RELEVANT

VARIABLES

Visual Sensitivity.
Light sensitivity is so well knownto be controlled by the level of illumination
to whichone is adapted that it hardly needs documentationhere. Althoughit
is most often illustrated by the dark-adaptation curve, for relevance to the
important constancy issue, only the photopic segment of that threshold
sensitivity function, the cone region, describes the course of sensitivity
recoveryof interest. Moreover,the reflection of this recoveryfunction, which
showsthe increasing threshold energy requirement with increase in level of
backgroundlight, makesclear the decrementin light sensitivity with increase
in adaptation level. Because the visual response dependson the product of
stimulus × sensitivity, a major part of the compensationfor illumination
changes(in addition to the small contribution of pupillary changes) obviously
occursat a very peripheral level, and largely in the retinal light receptors. For
the range of adaptation levels within which Weber’slaw holds, it is often
assumedthat contrast sensitivity (and by extension, suprathreshold contrast
perception) will be constant, and thus account for perceived lightness constancy. It is essentially another statement of the ratio hypothesisproposedby
Wallach (1948). Werethis a perfectly compensatorymechanism,then there
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wouldcertainly be no need for experience with, or judgments of, different
levels of illumination, becausetheir effects, at least for uniformilluminations
and diffuse object surfaces, wouldnever be registered at all beyondthe most
peripheral level of the visual system.But the situation is not quite this simple.
If contrast sensitivity is measuredwith sinewave stimuli as a function of
spatial frequency to determine the humancontrast-sensitivity function, both
the level and the formof this function changewith average level of illumination. This dependenceon illumination has important implications for visual
perception; it is one of the findings that makeit most unlikely that form
perception dependson a straightforward Fourier processing of a scene by the
visual system (Kelly & Burbeck 1984). It also suggests that all sharply
focused edges between surfaces of different reflectances will not appear
equally sharp at different light levels. Kelly & Burbeckbelieve that at low
spatial frequencies, contrast sensitivity is closely related to mechanisms
of
lateral inhibition, whichare spatially morediffuse than the excitatory processes. The dependenceof the effectiveness of such mechanismson illumination level is consistent with our ownlong-held conviction that visual adaptation must involve postreceptoral changes as well as receptoral sensitivity
adjustments (Hurvich & Jameson 1958, 1960, 1961, 1966; Jameson 1985;
Jameson & Hurvich 1956, 1959, 1961b, 1964, 1970, 1972; Varner et al
1984).
Chromatic Sensitivity
In 1905, von Kries made an analysis of the way the visual system might
compensatefor changes in the spectral quality of illumination to makeit
possible to identify object colors, and proposed that the three different
spectrally selective mechanismsof the retina (cone types) suffer relative
decrementsin overall light sensitivity in proportionto the relative strengths of
their individual stimulation by the prevailing illumination. This analysis is
qualitatively consistent with the way both the threshold and suprathreshold
spectral luminosity functions vary in form with chromatic adaptation (Jameson & Hurvich 1953; Hurvich & Jameson 1954). Thus, for example, exposure
to longwavelight selectively reduces light sensitivity in the sameregion of the
spectrum,as it should if the contribution of the longwavecone signal to light
sensitivity were reduced in amplitude. However, von Kries’s postulated
changesin the balance of sensitivities wouldnot changethe formsof the three
individual wavelengthvs receptor sensitivity functions, but only their amplitudes; hence additive color matchesthat dependon the selective absorptions
of the three different cone pigments wouldbe unaffected by the sensitivity
adjustments. Within reasonable limits, such matches are so unaffected, but
only if the state of adaptation is uniform throughout retinal image areas of
both the test and matchingfields.
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If this is not the case and the matches are "asymmetric" (for example
between test field in one eye for one state of chromatic adaptation and
matchingfield in the other eye for a different adaptation), then differences in
responsiveness between the two states of adaptation can be registered by
changes in the proportions of the matching lights. Such asymmetric color
matchesmakeit clear that the vonKries rule of linear, proportional changesin
amplitudeof receptor sensitivities cannot account for all the data (Hurvich
Jameson 1958; Jameson & Hurvich 1972). Departures from this rule are
systematic. That is, the measured changes in proportions of the matching
lights vary systematicallywith the luminancelevel of the test field relative to
the surround luminance to which the eye is adapted. The departures from the
proportionality rule are, moreover, in the directions that wouldhave been
predicted from a nonconstancy phenomenonknownas the Helson-Judd effect
(Helson 1938; Judd 1940). Spectrally nonselective surfaces seen against
spectrally nonselective background all appear achromatic (white through
grays to black) in white light. Whenilluminated by chromatic light, samples
whosereflectances are near the backgroundlevel continue to appear gray,
those abovethe backgroundlevel take on the hue of the illuminant, and those
belowtake on a hue that is complementary
to that of the illuminant. Hueshifts
for chromaticsamplestend to behavesimilarly--i.e, as if intermixed with the
illuminant hue or with its complementary,depending on the relative reflectances of sample and background. Such departures from perfect color constancy with changes in spectral quality of illumination are reminiscent of
those described above for lightness constancy, and both sets of phenomena
imply that perceivedcontrast betweenobjects of different surface reflectance
varies with the level and kind of illumination in whichthey are seen and to
which the visual system is adapted.
Weshould emphasizethat the magnitudes of these perceptual changes are
not so great as usually to prevent object identification by color, particularly
for distinctly colored surfaces that, under most ordinary illuminants, undergo
perceivedhue, saturation, or brightness shifts that still do not movethemout
of one color category and into another, which would certainly be the case
were there no compensatorychanges in visual sensitivities (Jameson1983).
For particular kinds of arrays that contain strong colors, but with subtle
color differences, however,the state of chromatic adaptation can makethe
difference betweenseeing a pattern and failing to perceive that the surface is
anything but uniformly colored. This statement is based on our studies of
wavelengthdiscrimination for test lights viewedwithin surrounds to which
the observer is adapted (Hurvich & Jameson 1961). The consequences
chromatic adaptation for such discriminations are not a priori obvious. It
might be anticipated that exposure, for example, to longwavelight, which
reduces the sensitivity of the longwavereceptor, wouldselectively impair
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discriminability betweenjust detectably different long wavelengths. Instead,
the opposite occurs. In the longwave spectral region, the threshold
wavelength difference is actually decreased; thus discriminability is improved, relative to what it is for neutral adaptation. And conversely,
wavelength discrimination is relatively impaired in the midwavespectral
region (wherelight sensitivity remains high). Qualitatively, what happens
this situation is that the perceivedredness is somewhat
depressedin the longer
wavelengths, makingslight differences in the yellownessof these samelights
more obvious, whereas the perceived midspectrum greenness is enhanced,
and tends to maskslight differences in the yellownessof these lights that can
be detected reliably in a neutral state of adaptation. Changesanalogous to
these occur in other spectral regions for other kinds of chromaticadaptation.
Anyonewhohas had the opportunity to observe paintings hung in the same
surroundings in both daylight and at night under incandescent illumination is
likely to be aware of the disappearance or enhancementof such subtle hue
differences. In most of these situations, the state of chromaticadaptation is
probably determinedprimarily by the spectral quality of the illuminant. This
assumesthat the different surfaces in the field of view will be sufficiently
varied so that the space average reflectance will not be far from neutral or
spectrally nonselective. Somepaintings, of course, are sufficiently large so
that only the gamutof reflectances within the painting itself enter, with the
illuminant, to affect the adaptation state. But here too the discriminability of
similar hues and saturations will be dependenton the quality as well as level
of the averagelight reflected fromthe surface area within the field of viewas
one inspects the painting, and it will differ for different illuminants.
In connectionwith paintings of the sort just mentioned,it should be pointed
out that evenfor a very large painting that is very nearly monochromatic,
such
as Ad Reinhart’s canvas called "Red Painting" (red geometric figure against
red background,6.5 ft by 12.5 ft), which hangs in the Metropolitan Museum
of Art in NewYork, continuedinspection of the painting does not rob it of its
redness and transform it into a gray painting. Fortunately for the artist,
chromaticadaptation of the von Kries sort need not be complete; that is, the
balance of sensitivities need not be completelycompensatoryso that the space
average product of the reflectances × illumination yields a neutral or
achromaticresponse. For highly selective reflectances or illuminants this is
seldomthe case; rather, the sensitivity balance only partially compensatesfor
the effective adapting light rather than completely compensatingfor it. In
brief, there are degrees of chromatic adaptation (Jameson&Hurvich 1956),
as well as degrees of light and dark adaptation. Completeadaptation to
strongly chromaticlight is a special case; it does occur in a so-called Ganzfeld
situation that is, whenthe eye is exposed to completely uniform illumination throughout the entire surface of the retina (Hochberget al 1951). With
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prolongedexposureto a Ganzfeld, all visual effect of light fades awayand we
become,as it were, sightless.
SURFACE
METAMERS
Surface metamers constitute a special case of an
illuminant-dependent departure from color constancy. This case comesabout
because the appearance of a given surface material under one illuminant can
be precisely matchedfor the sameilluminant by a variety of different dyes and
paint mixtures used to color other material samples. The spectral reflectance
distributions of tile samplescan differ markedly,but the samplesare visually
identical. Suchsurfaces are thus, by definition, all surface-color metamersfor
this one illuminant. If the illuminant is changed,the surface color matchesno
longer hold. The different samplestake on different hues and saturations that
deviate, one from the next, in directions and amountsthat are governed by
their particular spectral reflectances in relation to the spectral characteristics
of the newilluminant. [For a detailed technical discussion of surface metamers, illuminants, and distortion transformations, see Wyszecki& Stiles
(1967). ] The color changes cannot be predicted without a priori knowledge
the spectral distributions that are involved, but, in general, they will be more
significant the moreirregular the spectral reflectance and illuminancedistributions. With the increased use of fluorescent light sources that contain
localized spectral energy peaks, the so-called "color rendering" properties of
illuminants have required the increased attention of lighting engineers and
illuminant manufacturers. Visual mechanismsof color adaptation do not,
even in principle, solve this problemcaused by illuminant energy peaks and
high degrees of surface-color metamerism.
Neutral

Adaptation

and White Light

Chromaticadaptation is, by commonsense
definition, measuredas a departure
from adaptation to white light. By common
sense as well, white light is light
that looks white or achromatic. But what looks white or achromatic is, quite
obviously,any one of a variety of very different spectral distributions depending on other variables in the viewing situation. Consider only one series of
such illuminants whoseenergy varies smoothlyand systematically across the
visible spectrumin a waythat nearly parallels the energy output of a physicist’s ideal black body raised to increasing temperatures. Suchilluminants are
characterized by so-called color temperatures(kelvin, K); lights of high color
temperatures (such as light from the north sky, about 10,000 K) have their
energy output more heavily weighted in the short wavelengths, whereas
artificial incandescent light of the sort used for indoor illumination (24002800K) is relatively impoverishedin shortwaveenergy but has comparatively
high energy output in the longwaveregion of the visible spectrum. Illumina-
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tion that is a mixture of skylight and noondaysunlight (color temperature of
about 5500 K) has a relatively balanced energy distribution. This continuum
of illuminants is approximatelythe one referred to in Helmholtz’sstatement
that "wehave abundant opportunity to examinethe sameobject color in full
sunlight, in the blue light fromthe clear sky, and the reddish-yellowlight of
the sinking sun or of candlelight...", although our incandescent lights are
less "reddish-yellow" than either the sinking sun or Helmholtz’scandlelight.
In controlled laboratory test situations, uniformlight fields from this whole
gamutof color temperatures can be perceived as white light, but the perception dependson a multiplicity of interacting variables that include level of
total light energy, exposure duration, area of light field, and prior light
exposure (Hurvich & Jameson 1951a,b; Jameson & Hurvich 1951b). The
gamutof color temperatures perceived as white increases with energy level
whateverthe parametric value of each of the other variables. That is, at high
levels the relatively desaturated blue or yellowhues seen at lowerlight levels
are somehowveiled or weakened. Since the cone system adapts rapidly,
chromatic adaptation might well be a contributing factor responsible for the
neutral percept for all illuminants except the one that approximatesan equalenergy distribution. The latter illuminant (with some individual variation
probably due to differences in ocular media) in our experiments had no
perceptible hue at any energy level for any of the exposuredurations or field
sizes we examined.Results of other experimentsdesigned to test for chromatic adaptation effects wereconsistent with the conclusionthat it is only a near
equal-energyilluminant that leaves the visual system in a neutrally balanced
equilibrium state (Jameson & Hurvich 1951a).
For opaquesurfaces of spectrally nonselective refiectances, it is only for
conditions that produce such a physiologically neutral equilibrium state of
adaptation that all gray-scale levels of the nonselective surfaces can be
expected to appear equally achromatic as whites through grays to blacks.
Illuminants that produce other adaptation states will alter the perceived
neutrality in accord with the Helson-Juddeffect, tinting the lighter samples
toward the illuminant hue and the darker ones toward its compl~mentary.The
extent of the perceiveddepartures from strict neutrality of such surface colors
will be minimalfor illuminants very similar to the physiologically neutral
one, and increasingly more noticeable for illuminants that are more heavily
weighted toward one or another end of the spectrum. If the visual scene
includes a variety of spectrally selective as well as nonselectivesurfaces, then
the neutral or nonneutral appearancesof the latter will further dependon the
other surfaces in the array. In addition to illumination and reflectance characteristics, additional variables such as size and proximity becomerelevant for
all the perceived surface colors.
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Contrast, Assimilation,
and Receptive Fields
The systematic departures from color constancy that carry information about
illumination are essentially color contrast effects. They include both (a)
brightness or lightness contrast that accentuates the perceived difference
betweenthe lightest and darkest objects or reflectances as mentionedabove
for both surfaces (Jameson & Hurvich 1961a, 1964) and sinewave gratings
(Kelly &Burbeck1984), and (b) color contrast that accentuates perceived
differences in the complementaryyellow-to-blue and red-to-green hue dimensions(Jameson&Hurvich196 lb). In retinal imagesof natural scenes that
contain three-dimensional objects and surface reflectances madeup of both
specular and diffuse components,contrast accentuates the differences between highlight and shadow,and contributes to the three-dimensionality of
the scene, evenif the imageis not of the scene itself but of a two-dimensional
photographic display. Shadowingis so effective a cue for three-dimensional
shape that even shadowingthat is producedby border contrast, rather than a
gradation in either illumination or reflectance, can result in perceived depth
variations across a perfectly flat surface. A goodexampleis the familiar Mach
scallop or fluted effect that perceptually "curves" adjacent edgesforward and
back into the surface plane whenone views contiguous rectangular samples of
a gray scale that is regularly ordered from light to dark.
Lateral interactions are commonto the anatomy and neurophysiology of
visual systems. Although at least in some species there may be contact
influences that spread across the retinal receptor layer itself, in primates and
thus probablyalso in humans,the moresignificant lateral interactions seemto
occur at postreceptoral levels. In the color processing system, the threevariable spectral analysis of retinal imagelight occurs, as it were, in three
parallel classes of conereceptors, each with a characteristic spectral sensitivity determinedby its particular cone photopigment.Light absorption is signalled by graded hyperpolarizing electrical responses in each cone class, and
gives rise to synaptic changesthat result, ultimately, in postreceptoral "neural
images."
A significant recombination in the color-processing system involves a
transformation from the three different light absorption mapsof the receptor
mosaicthat yields another set of three mapsessentially basedon a set of three
different sumsand differences governedby the signal strengths in the different receptor types. In our model based on psychophysical evidence (see
Hurvich 1981), one of the neural systems is activated in accord with
difference between the weighted signal strengths of the midwave-sensitive
receptor and the summed
short- and longwave-sensitive receptors, a secondin
accord with a difference betweenthe weighted signal strengths of the shortwave-sensitive receptor and the summedmid- and longwave-sensitive recep-
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tors, and a third in accord with the weightedsignal strengths of the signals
summedfrom all three receptor types. It should be noted here that opponent
neural processing as fundamental to color vision is by nowuniversally
accepted, but the specific modelsproposedby different investigators differ in
their detailed formulations. A recent computational proposal (not yet implemented by experiment) suggests use of sinewave spectral powerdistributions to most efficiently evaluate a subset of these formulations, including our
own (Benzschawelet al 1986). All models require differencing mechanisms
for hue processing, in accord with Hering’s original hypothesis. The three
overlapping spectral separations achieved by the selective photopigmentsare
thus sharpened in the two differencing systems of the neural map, and
essentially lost in the third. But since this spectral sharpeningrequires neural
activation related to morethan any single one of the adjacent cones, it comes
at the expenseof the spatial discreteness potentially available at the retinal
receptor level. Thusthe effective spatial grain in the neural mapsis necessarily coarsenedrelative to that of the individual cones of the retinal mosaic.
Spatial, simultaneouscolor contrast has been a recognizedcharacteristic of
perception since at least the time of Leonardo da Vinci, and it has been
exploited by artists whooften exaggerate both hue and brightness contrast for
pictorial effect (Jameson& Hurvich 1975). Because of contrast, any formal
process expressionfor perceivedcolor for a specified retinal light imagearray
must include not only (a) the spectral sensitivities of the three classes
photopic light receptors, (b) coefficients to express the amplitudebalance
these receptors brought about by adaptation of the von Kries type, and (c) the
interactions that give rise to the difference and sumfunctions that characterize
spectral opponent processing in the neural image, but also (d) the mutual
lateral neural interactions that occur within each class of the triplex of
processing systems at this level (Jameson&Hurvich1959). The effects of the
latter are readily measured by perceptual scaling techniques and by color
matches made to individual, uniform samples within an array comparedwith
matchesto the same samples in the presence of parts or all of the remaining
array. Quantitative modelingof the effects by simultaneous equations that
include spatial terms can describe them to a rough approximation(Jameson
Hurvich 1961b, 1964), but a physiologically more realistic model, and one
that intrinsically subsumesmore spatial variables, involves filtering by a
difference of Gaussians (DOG)at the opponent neural level. Such functions
are idealized representations of neural receptive fields of the circularly symmetric, spatially antagonistic, center/surround type. Psychophysically determined threshold interaction effects-have been used to estimate the critical
spatial dimensions within which only excitatory summativeeffects (receptive
field center effects) occur within a small central foveal region of the visual
field (Westheimer 1967). Whensuch estimates are compared with those
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derived from other kinds of psychophysical experiments, such as measures of
sinewavecontrast sensitivity that typically involve larger retinal areas, there
are differences in calculated receptive field center diameters, although the
shapes of the derived sensitivity profiles are very similar (Kelly &Burbeck
1984). The nonhomogeneityof the receptor mosaic--that is, the decline in
numbersof cones per unit area from fovea to periphery of the retina (and
correspondingdecline in numbersof related postreceptoral cells)~is accompanied by expansion of receptive field center diameters with increasing
distance from the foveal projection; but there is also considerable size variation within any particular projection area (Hubel & Wiesel1960). Thus, the
spatial grain of the neural maps, although coarser, follows the grain of the
retinal receptor mosaic, but in a graded band, so to speak, rather than being
singularly determinedby retinal location.
Spatial mixture and blending of hue and/or lightness are effects that are
opposite to border contrast since they reduce, rather than accentuate, differences in contiguous image areas. In our ownanalyses of these phenomena,
the variation in receptive field size within a particular locus referred to above
has seemedto provide the kind of physiological basis needed to account for
the fact that both sharp edges between adjacent image areas and apparent
spreading of different hues across the image boundaries can occur. Such
effects, variously called assimilationor spreading,are particularly striking in
repetitive patterns whether striped or curvilinear, and they can readily be
observedin decorative fabrics and other motifs as well as in the paintings of
some contemporary artists (Jameson & Hurvich 1975).
Whatis seen in such patterns dependson the sizes of the uniformelements
within the pattern imagedon the retina relative to the cone diameters, and to
the diameters of both the center and surround regions of the related neural
receptive fields. If the imageelements are small relative to the cone diameters, then true spatial light mixtureoccurs; if they are small relative to the
receptive, field centers, then somedegree of spatial blending or assimilation
occurs; and if they are larger, then assimilation gives wayto spatial contrast.
These changes can be observed most easily by decreasing or increasing
viewing distance from the pattern, thus controlling the relative sizes by
increasing or decreasing, respectively, the width(in the stripe example)of the
pattern elementsin the retinal image. In this case, color constancyfails with
change in distance: For example, stripes that are seen close up as red
alternating with blue becomeincreasingly reddish purple and bluish purple
stripes farther away.Completelight mixture with failure of spatial resolution
requires very distant viewing. Far enoughaway, a striped pattern can look
uniform. It is the intermediate range that is of most interest, because here
there is both goodpattern resolution and partial hue mixture. Also, at just the
right distance within the intermediate range, it is possible to attend to the
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striped field as a wholeand see the stripes as reddish purple and bluish purple,
or, alternatively, to concentrate on the adjacent stripes at the center of gaze
(wherethe receptive fields are smallest in the foveal region) and see them
vividly red and blue with no trace of the purple mixture hue. To the casual
viewer, the nonconstancyof adjacent stripe color that can occur whenscanning such a pattern at the critical viewingdistance is usually not noticed as
such without deliberate attention, but what is noticed is a kind of visual
liveliness that fabric designers sometimesstrive for.
Since resolution and mixture dependon neural receptive field center sizes,
the fact that, for someretinal imagedimensions,both can occur simultaneously and at the samelocation suggests that the two effects result from processing
in different neural systems with different receptive field dimensions; and
indeed, process modelingusing scaled receptive field (DOG)filtering gives
good qualitative match to the perceptual effects (Jameson1985). Receptive
fields of different scales are used commonlyin computational models, and
their dimensions have typically been based on analyses of psychophysical
data indicating that sinewavecontrast sensitivity requires a numberof different spatial processing"channels"for different regions of the spatial frequency
dimension. [A good critical summaryand relevant references can be found in
Kelly & Burbeck (1984).] It is also concluded from the dependence
sinewavecontrast sensitivity on luminancelevel that the effectiveness of the
inhibitory surround region of receptive fields is decreased at low luminances
and increased at higher ones. Thus, the relative effectiveness of the mutual
lateral interactions that give rise to spatial contrast both at edges and across
more extended retinal image areas (see von Brkrsy 1968) would be expected
to vary with luminancein the same wayand provide a physiological basis for
the perceived increase in object color contrast in bright light.
Postreceptoral

Adaptation

or Biasing

It seemsclear that changein the spectral quality and quantity of the adapting
illuminant not only changesthe balance of sensitivities at the receptor level,
but that it also changesthe balance of excitatory and inhibitory influences that
are related to both spectral and spatial processingin the color related systems
at the postreceptoral level. In addition to the evidence fromour ownstudies of
asymmetriccolor matches, perceptual scaling data, and discrimination functions discussed earlier in this essay, and the evidence from sinewavecontrast
functions mentionedabove, additional evidence for the involvementof postreceptoral mechanismscomes from a very different experimental and analytical paradigm. This paradigmis the two-color increment threshold technique employedin the manyexemplary experiments and analyses carried out
by W. S. Stiles. Pugh & Kirk (1986) have published a comprehensive
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historical review of this work, including references to others (amongwhom
laugh was an important contributor), that outlines the changesin Stiles’s own
interpretation of such discrimination thresholds and provides the basis for the
current interpretation that the mechanismfor adaptation to the background
light in this paradigmcannot be restricted exclusively to the triplex of retinal
light receptors but must also involve postreceptoral adaptation effects in the
neural differencing mechanisms--i.e, at the spectrally opponent level of
neural color processing. In their review, the authors emphasizethat, although
Stiles had started from the hypothesisthat analysis of his psychophysicaldata
wouldreveal activities and adaptation effects only in the cones, by 1967he
himself pointed out that difference signals may also make an important
4contribution to the discriminations in his experimental paradigm.
Wedo not intend to imply here that the postreceptoral influences envisaged
by all investigators concernedwith this issue are necessarily identical with
those that we have hypothesized to account for a variety of different psychophysical and perceptual findings. For example, D’Zmura&Lennie (1986)
postulate variable weights that are adaptation-dependentapplied to the adaptation-scaled cone signals at the differencing level. Whethertheir specific
formulation wouldyield effects at the cortical level equivalent to our postulated postrecept0ral, incremental or decremental, equilibrium level or setpoint shifts that dependon lateral opponentinteractions is not directly evident. Their discussion of physiological mechanisms
leaves uncertain the level
(or levels) of neural processing at whichthe postreceptoral adaptation effects
occur (as does our own model of these effects), and even includes
expression of uncertainty about whether the kinds of adjustments to scaled
cone signals that they postulate for their secondstage are actually madeby the
visual system. Clearly, independent evidence on this issue from visual
neurophysiology is both lacking and needed. Some of our own psychophysical experiments that compareadaptation to steady light fields with
adaptation to the samelights for an equivalent duration but with interpolated
dark intervals that permitpartial recoveryof conesensitivity haveled us to the
conclusion that postreceptoral mechanisms(at some level) recover from
chromaticadaptation shifts very slowly before the neutral equilibrium level is
restored (Jamesonet al 1979). Suchrelatively lon~-term biasing suggests
potential contribution to the adaptation effects at processing levels as far
removedfromthe retinal receptors as the visual projection areas of the cortex.
Visual

Cortex

and Double-Opponent

Cells

Cells that showopponentspectral characteristics are knownto exist in the
primate all the wayfrom the retina, through the lateral geniculate nucleus
4For an

earlier suggestion
that this mightbe so, see Hurvich
1963.
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(LGN),to various cortical projection areas. Althoughcortical cells in area
and beyondusually have receptive fields that are organized in such a waythat
the cells are preferentially sensitive to lines and edgeswith particular orientations, someof which have been reported also to be spectrally selective and
opponent, there are also cortical cells with circularly symmetricreceptive
fields that are characterized by spectral opponencyboth in the centers and in
the antagonistic surrounds (De Valois et al 1982; Michael 1978a,b; Jameson
1985 for additional references). Recent work by Livingstone &Hubel (1984;
Hubel&Livingstone 1987) has localized such cells, thought to be related to
the parvocellular systemof the LGN,in cluster-like formations, blobs, in area
17, and has suggested that these double-opponentblob cells feed into thin
stripe formations in area 18, from which there are also anatomical connections back to area 17 as well as with other visual projection areas. Such
double-opponentcells conveniently display characteristics similar to the difference-of-Gaussiansreceptive fields combinedwith spectral differencing for
two hue systems and broadbandspectral sensitivities for an achromatic system, which are consistent with our interpretations of psychophysical and
perceptual data. Despite this convenient convergence, we do not intend to
implyeither that these are the relevant physiological findings for neural color
processing or that our ownanalyses are anything but oversimplified and
incomplete. It is with this caveat, and the further caveat that these are
certainly not the only collections of cells or brain areas involved, that they are
included in the digest shownin Table 1. The suggestionin this digest that the
connectionsto area 17 from area 18 as well as from 17 to 18 might be related
to changesin state related to the establishment of "memory
color" is our own
speculation, and it is no more than that. Interconnections with other subdivisions and other brain areas would certainly be required for colors of
particular hue categories to be regularly associated with objects of particular
forms and particular contexts.
From the point of view of understanding visual perception, or even a
circumscribed aspect of the mechanismsuch as color processing, in terms of
visual neurophysiology,we are barely at the starting line ready for the first
halting step. Froma perspective of 20 or more years back, progress in visual
neurophysiology has beeh rapid and impressive. But examinedfrom today’s
perspective, the missing details and the nearly totally unexploredfunctional
specializations of the different relevant brain areas, as well as of their mutual
interrelations, loom even more impressively large.
REMARKS

ON COMPUTATIONAL

APPROACHES

Wementionedin the introductory paragraphsof this essay that issues related
to object color constancy are a common
focus of computational approaches; in
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Table 1 Somerelevant aspects of color processing
Retinallight stimulus

vonKries adaptation(proportionalityrule weighted
for degreeof adaptation)

Additionalpostreceptoral
activation
Receptivefield effects (control by spatial sumsand
differences)
Activationof cortical sensory area 17
Area17 local cortical connections betweenblobs
Activationof cortical area
18

Reciprocalcortical connections betweenarea 17
and area 18

Space(and time) averageof:
Direct light Illuminantx surface reflectances(specular and diffuse components)
Influenceon:
Amplitudes
of three phototopicsensitivity functions
Controlof magnitudes
of input signals to postreceptoral spectral differencing mechanisms
and summative
luminosity mechanism
Locallyweightedspace(and time) averageof:
Differenceandsumeffects within adjacentpostrecepo
toral neural elements
Influenceon:
Set points of spectrally andspatially opponentmechanisms (R+G-, R-G+, Y+B-, Y-B+,
W+Bk-, W--Bk+)
Inputs fromparvocellularsystemto:
Blob-likesubdivisionsof retinotopicorganizationcontaining cells with double-opponent
receptivefields
Influenceon:
Spatial extentof lateral influencesonindividualdouble-opponentcells
Inputs fromblob cells of area 17to:
Cells segregatedin thin stripe subdivisionscontaining
cells with double-opponent,
nonorientedreceptive
fields
Influenceon:
Possiblerecurrentactivation for hypotheticalsynaptic
weightingin successiveapproximationto a "memory color"

Hurlbert’s (1986) words, computations that will "extract the invariant spectral-reflectance properties of an object’s surface from the varying light that it
reflects." Part of the problem considered by some computational studies is the
separate extraction of the illuminant properties from specular highlights in a
three-dimensional scene or representation thereof (D’Zmura & Lennie 1986;
Lee 1986), and another part is the separation of shadows from material
changes (Gershon et al 1986). Many of these approaches are concerned
some extent with one or another version of the retinex algorithm proposed by
Land (1983, 1986; Land & McCann1971) to specify lightness and color
constant terms related to constant reflectances and independently of illumination (Arend & Reeves 1986; Brainard & Wandell 1986; D’Zmura & Lennie
1986; Hurlbert 1986; Worthey & Brill 1986). Land’s computational procedures for describing perceived colors have undergone a number of mod-
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ifications since he was first surprised by his ownobservation that the wide
gamutof hues he was able to recognize in a photographicslide projection did
not require wavelengthsin the projected imagethat he associated with those
hues, nor did they require mixtures of wavelengthsfrom three different parts
of the spectrum as he would have anticipated from the technology of colorimetry (Land1959). Althoughothers saw his demonstrations as instances
simultaneouscolor contrast, Landwas not interested in contrast explanations,
whethercognitive or physiol6gical. As a physicist looking for another account
from the physics of light, he proposed that the different colors seen in the
natural image could be attributed to (and computedby) the ratios of almost
any pair of longer and shorter wavelengthsor wavelengthdistributions used to
formthe projected imageor to illuminate the original scene. The first significant changein this anti-trichromatic, or at least nontrichromatic, idea was in
the direction of traditional color theory. The two-recordaccount was modified
to a three-layer, three-light-record account in which lightness ratios were
computedfor each record separately, with the maximum
lightness in each
assigned a value of 1.0. Sucha procedureyields a three-variable chromaticity
and photometric lightness space normalized with respect to the maximum
lightness, taken to represent "white," with hue designations assigned to
various regions in the space in accord with the hue namesassigned to the three
different light records. Wewould describe this procedure as akin to the
application of avon Kries adaptation rule for the normalization, and a
Young-Helmholtztype of theory for the color coding. Further modifications
of the specifics of the retinex procedure include the computation of each
lightness ratio record across reflectance boundaries, akin to Wallach’s(1948)
account of achromatic lightness constancy; a reset correction to retain a
maximum
of 1.0; a logarithmic transformation; and the introduction of a ratio
threshold. The latter serves to discount gradual lightness changes within
reflectance boundaries of the sort that wouldbe producedby an illumination
gradient, thus eliminating the gradient from the computationand presumably
from the perception as well. In his 1983 paper, Land includes a transformation from what we described above as a chromaticity and lightness space,
whichhe calls the color three-space, to a red-green, yellow-blue, white-black
opponentcolor three-space. This is another step in the direction of currently
acceptedcolor theory. In a still morerecent report (Land1986)~an alternative
algorithm is presented that involves photometric measurementsof the surface
pattern with a small and a large photometer aperture (the latter having
diminishingsensitivity profile), a log transform of the record at each of the
two very different scales, and then a differencing operation. This alternative
algorithmfor the first time in retinex computationsrelaxes the strict coupling
betweencomputedlightness at a point on a surface and surface reflectance at
that location. The procedure, althoughdescribed differently, is implicitly akin
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to the mechanismproposed by von B6k6sy(1968) to account for simultaneous
contrast. This most recent change in retinex formulation thus brings the
computational approach closer to the center/surround receptive field based
modelingthat we, and manyothers, have been engagedin for sometime. The
retinex operations do not yet, however, include the receptive field dependencesrequired to subsumethe systematic departures from lightness and
color constancy that occur with changein level and quality of illumination.
Nor do they yet include in the photometricprocedures provision for changein
retinal image size with change in viewer-to-surface distance, and thus the
distance-dependent departures from perceived color constancy that can vary
from assimilation to contrast effects for the samereflectance pattern whichwe
discussed above (see the section on Contrast, Assimilation, and Receptive
Fields).
It seemspredictable that computationalapproachesto the old issue of color
constancy will not for long continue to seek direct and precise perceptual
correlates of constant surface reflectances, but will increasingly embodythe
more realistic approach of object identification through approximate invariance of color category. As we have pointed out elsewhere, there are some
colors (e.g. the colors of haystacks, concrete and other masonry)that are
difficult to categorize under any illuminant and that changequite noticeably
with changein viewingconditions. For objects of this sort, color identification, rather than contributingto object identification, is morelikely a result of
it. It also seems predictable that approaches that include computationsto
extract illumination information as well as surface color will probably begin
to incorporate shadow, as well as highlight effects, and to recognize the
biological significance of such information as such for purposes other than
being discounted. Wehave already cited attempts to separate shadowfrom
material changesacross surfaces, but we should add here that with no change
in shadow,illumination, or reflectance, perceived differences can also result
from apparent differences in object shape and orientation. Thus, a surface
seen as a trapezoid under glancing illumination can appear less light than it
does whenthe observer’s set is manipulatedso that the samesurface is seen as
a normally illuminated square lying flat on a receding plane (Hochberg1978).
Effects of this sort, whenthey occur, are clearly not under the control of any
variables in the light stimulus, but rather point to mutualinfluences between
different specialized processing systems temperedby well-practiced adaptive
behavioral responses of the individual.
In the long run, the kind of widely encompassingcomputational approach
that seemsto us to offer the mostpromisefor modelingof perceptual effects is
exemplified by Edelman’s neuronal group selection theory (Reeke &Edelman 1988). The theory is based on biological considerations, with both
variability and selection emphasizednot only as evolutionary but also as
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developmental principles. In development, selection for neuronal connectivity is elaborated by selective mechanisms for differential
cell growth and
survival, and followed during early experience by selection, through modification of synaptic strengths, amongdiverse preexisting groups of cells to
shape and adapt the behavior of the organism. An appealing feature of the
computational model based on this theory is the processing in parallel of
unique responses to individual stimuli (the automaton sampling system called
Darwin), and of generic responses to stimulus class (the automaton sampling
system called Wallace). There is high-level reciprocal connectivity between
these systems, and a natural emergence of similarity-based categories that are
relevant to the adaptive needs of organisms.
It seems to be agreed that surface color recognition is a useful componentof
object identification, and it is our judgment that such recognition is adequately accomplished by category matching and does not require precise matchingto-sample by the three color variables of hue, brightness, and saturation. It
seems also to be agreed that context and instructions
can modify actual
experimental matching between extremes that approximate reflectance matches, on the one hand, and on the other hand, an illumination-dependent range
of perceived hues, saturations,
and brightnesses that include, but are not
restricted to, a set of approximate reflectance matches. Both the systematic
changes and the categorical constancies are perceptually available for recording in experiments, and more importantly, for adaptive responses to objects
recognized in the environment and to the illumination conditions of that
environment. Recognition and identification
require some degree of perceived
constancy, but we could cite too many examples of identification and recognition, whether of persons, objects, buildings, or landscapes, despite aging,
fading, season, and illumination,
to assume that the systematic changes
related to such different conditions are not also perceptually informative in
important ways.
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