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Abstract-Land’s Color Mondrian experiments showed that a single wavelength-radiance distribution 
falling on a point on the retina can generate nearly any color sensation. In Part I we repeated that 
experiment. quantifying the color sensations for each of the many Mondrian areas. In Part II we 
show that each area‘s coior sensation correlates with a triplet of reflectances measured with photodetec- 
tors having the same spectral sensitivities as the cone pigments in the eye. This result provides a 
description of what the visual system does. but it does not provide a mechanism for how the visual 
system can do it because the reflectance measurements required the use of a reflectance standard 
and unchanging illumination. In Part III we describe a model for color sensations that computes 
three reflectances from the wavelength-radiance distribution without reflectance or illumination stan- 
dards: hence. it is able to predict the color sensations seen by the observer. The model is able 
to predict gray. red. yellow. green and blue sensations associated with areas that send identical wave- 
length-radiance distributions to the eye. 

Ke,r Wo&--Color Mondrian experiments: color sensation: model for color sensations. 

In the human eye there are three types of cones, each 
containing a different photosensitive pigment (Marks, 
Dobelle and MacNichol. 1964; Brown and Wald, 
1964). It is often assumed that the color at each point 
in the visual image depends only on the relative ener- 
gies absorbed by these three pigments from the light 
incident at that point on the retina. In general, this 
simple approach to color is incorrect. While it is cer- 
tainly true that any color can be matched by suitable 
adjustment of the intensities of three fixed primaries, 
a particular mixture of those primaries does not speci- 
fy a unique color sensation (Wright, 1972; Wyszecki, 
1973). Helmholtz (1924), in his chapter on contrast, 
cites a variety of observations that show that the 
color of an area changes when areas adjacent to it 
are changed. Helson (1938), Evans (1948) and Albers 
(1963) extended these observations experimentally. 
Land (1959a. 1962.1964, 1975) showed that in moder- 
ately complex images there is no unique color sensa- 
tion associated with a particular wavelength-radiate 
distribution at a point. Land’s *‘Color Mondrian”z 
experiments demonstrate that a particular wave- 
length-radiance distribution can produce nearly any 
color sensation. 

The Color Mondrian display, used in those exper- 
iments, consisted of about 100 different colored matte 
papers arranged arbitrarity so that no particular color 

’ Present address: Department of Physiology-Anatomy, 
University of California. Berkeley. CA 94720. 

’ The experiment is so Wed because the visual display 
used in she experiment resembles a painting by Piet Mon- 
drian. 

surrounded another. In fact, each paper was sur- 
rounded by at least five or six different colored papers 
(see Land, 1975, for color photograph of display). The 
display was illuminated by three projectors. each 
with a different ~te~erence filter. One filter transmit- 
ted part of the long-waves of the spectrum, which 
appear red; the second transmitted part of the middle- 
length waves (green): and the third, part of the short- 
waves (blue). Each projector had an inde~ndent volt- 
age control. The observers picked an area. say a white 
one, and the experimenter measured separately the 
three (long-. middle- and short-wave) radiances com- 
ing from that area. Then the observer picked a second 
area, for example, a red one. and the experimenter 
measured the triplet of radiances coming from it. 
These measurements showed that there was slightly 
less long-wave light coming from the red paper than 
from the white, but that there was much less middle- 
and short-wavelength light. The experimenter then 
adjusted the amounts of the three ~luminants so that 
the same triplet of long-, middle- and short-wave 
radiances came from the red paper as came previously 
from the white paper. For each waveband, the experi- 
menter increased the illumination by the factor that 
the white paper was a better reelector than the red 
paper. All three illuminants were turned on together 
and the observer reported that the red area still 
looked red. even though the radiance measurements 
showed that the light reaching the eye was identical 
to that sent by the white area a moment before. The 
sensation red was produced by exactly the same 
stimulus at a point that previously produced the sen- 
sation white. In the same manner. Land went from 



paper to paper in the display and produced very 
nearly the full gamut of color sensations with a single 
triplet of radiance measurements. 

Land proposed that something fundamental was 
wrong with the idea that the biological system 
used the physical stimulus at a point to determine 
color. Instead of the long-. middle- and short-wave 
recc’ptors comparing, responses at a point. Land sug- 
gested that information from the lon_e-wave receptors 
was intercompared to compute a bIologica analog 
of retlectance from the long-uave flus. Similarlv. the 
information from the middle-wave receptors is ‘inter- 
compared to form the biolo$cal analog of retlectance 
for that waveband and this procedure is repeated 
again for the short-wave receptors. This biological 
analog of reflectance is called lightness. The informa- 
tion from each of the separate sets of cones generates 
a separate lightness image; the comparison of three 
separate lightnesses for each area is the determinant 
of color (Land. 1964). 

The formation of the lightnesses and their compari- 
son could occur in the retina or in the cortex. Exper- 
iments in visual physiology cannot as yet define the 
location of the interactions that must be occurring. 
Therefore. Land coined the word Retinex (made of 
“retina” and “cortex”) to designate the physiological 
mechanisms that generate these independent images. 
His proposal did not demand that the retinal 
elements with the same sensitivity be directly 
connected to each other. Instead, somewhere in the 
retinal-cortical structure. elements with the same 
wavelength sensitivity cooperate to form independent 
lightness images (Land. 1964). 

We wish to test whether the quantitative predic- 
tions of the Retinex theory match the color experi- 
ence of an observer viewing the Color ,Mondrian ex- 
periments.’ This test of Retinex theory is readily divi- 
sible into three parts. In Part I we quantify the color 
sensations seen by the observers. We asked our sub- 
jects to choose from the !“ilunse[l Book of‘ Color the 
colored chips which best matched the color of each 
area in the Mondrian. 

In Part II we test whether the observers’ matches 
correlate with those predicted by Retinex theory. The 
theory states that each color is determined by a triplet 
of LighJltnesses. and that each lightness, in a situation 
like the Color Mondrian. corresponds to the reflec- 
tance of the area measured with a photodetector which 
has the same spectral sensitivity as one of the three 
cone pigments. Land’s experiments show conclusively 
that color sensations do not correlate with the energy 
at each point. Our results show that the color sensa- 

’ We have reserved for later papers the comparison of 
Land’s Retinex model with other explanations of the invar- 
iance of color sensation with changes in the wavelength- 
radiance distribution of the light coming to the eye, such 
as chromatic adaptation (von Kries, 1905). The literature 
contains many variations of the chromatic adaptation 
hypothesis (Helson. 1943). a few emDirical formations such 
as-that of Judd (1940). and a varieiy of experiments that 
articulate problems with theories which assert that chro- 
matic adaptation can account for the absence of correla- 
tion berween the wavelength-radiance distribution coming 
from a point and the color sensation of that point (Walters. 
1942: Wassef, 1958. 1959: Land and Daw. 1962; Land. 
1975). 

tlons are tsr> highI> correlated uith the triplets oi 
reflectance. The results shoi\ that the \lsual s>stem 
performs the analog of measuring retlectancss even 
though it does not LISS knou, n reflectance standards 
and invariant illumination. 

In Part III ue describe a model for calculating 
lightnesses from the radiances falling on sach point 
on the retina. The calculations required by the model 
were performed by computer. The inputs to the com- 
puter wtre thrse arrays of radiances measured at 480 

points on the Color Mondrian display. Each array 
was iveighted by one of three absorption curves which 
characterize the cone pigments (Brolvn and Wald. 
1963; Brown. unpublished). The output of the model 
was three arrays of computed lightnssses. We then 
test the model’s predictions by comparing them with 
the triplets of lightnesses measured from the matching 
chips chosen bq the observers. This comparison of 
observers’ choices and computer calculations shows 
a very Dood lit. . = 

P,\RT I 

To test the quantitative predictions of Retinex 
theory for the Mondrian experiment. we needed 
detailed psychophysical measurements of what the 
observer saw in each part of the experiment. In the 
past we have established standard black and white 
displays that can be used as a metric for lightness 
(Xl~%ann. Land and Tatnall. 1970). The principle was 
that an area in the standard display produced a con- 
stant. unique sensation, just as long as the illumina- 
tion. the other areas in the display. and the state of 
adaptation of the observer’s eye were all constant. 
A standard display satisfying these conditions can be 
used to quantify sensations produced in any other 
display having different illumination. surround or 
state of observer adaptation. 

In the present experiments we are concerned with 
color. Our choice for the desired “catalogue” of color 
sensations was the :Cfu~.Al Book of Color (Matte 
Finish Collection). We then had to select an appro- 
priate illuminant. We could have used a broad-band 
illuminant such as Illuminant C, used in the original 
selection and definition of Munsell papers: instead we 
decided to use the three narrow-band illuminants used 
to illuminate the Mondrian. The reason for this 
choice is that the papers in the Munsell Book viewed 
in Illuminant C do not appear as saturated as the 
same Munxll papers viewed in three narrow-band 
illuminants. Rather than choosing papers for our 
Mondrian display which were less saturated than 
those used in the original experiment. we changed 
the convention of using Illuminant C on the Munsell 
Book. The uniform spacing of the elements in the 
Munsell Book which depend on Illuminant C was 
not essential for our use. 

METHODS 

The .Clunsell Srarrdard 

The MunselI Book was placed on the bottom of a large 
five-sided (75 cm) cubic box. The observer sat facing the 
open sixth side. resting his head in goggles suspended 
across the open side of the cube. The right side of the 
go&es was covered so that the subject could use only 
his left eye when viewing the 1Munsell Book Standard. 
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Black velvet cloth. which surrounded the goggles, covered 
the remaining face of the cube. Three projectors. each with 
a narrow-band interference filter (peak transmission at 130. 
530 and 630 nm: bandwidth 10 nm at half-height) sent light 
into the box through small ports in the wall opposite the 
observer. Mirrors reflected the three beams of light up onto 
the top inside surface of the box. The optics were such 
that each beam almost covered the top of the box. and 
the mirrors were placed so that al1 three beams were cen- 
tered and roughly superimposed. The integrating proper- 
ties of the box made it possible to illuminate each chip 
in the Munxll Book with the same quantity of each wave- 
band. thus satisfying the requirement for even illumination. 
A 12.7 by 20.3 cm gray paper (Munsell Value 5,) was used 
as the constant surround. A hole slightly smaller than a 
1Munsell chip was cut in the center of the paper. The 
observer moved the gray paper about and placed it around 
each chip he considered as a match. This satisfied the re- 
quirement that each chip have an identical surround. 
Finally. to keep adaptation effects as constant as possible. 
we conducted our experiments in a darkened room and 
used a binocular matching procedure. Both the experimtn- 
tal display and the Munsell Book were viewed monocu- 
larly but with different eyes. The subject had to turn away 
from the Mondrian display to look at the ,MunselI Book. 
Both displays were viewed through mounted goggles which 
automatically covered the eye used to view the other dis- 
play. This successive compartson procedure eliminated any 
possible binocular interaction between target and standard 
(see Fig. 1). 

We adjusted the voltages of the three projectors iliu- 
minating the Munsell Book so that the white area 
appeared the “best” white. The triplet of radiances coming 
from the white paper in the Munsell Book was 1.15 x 
lo-’ W. sr-t rnP2 630~nm light, 7.8 x 1Oa3 W. sr-’ m-’ 
j30-nm light, and 3.3 x 10-s W. sr-i m-l 4%nm light. 

The Color Mondrimr displu_v 

The Mondrian part of the experimental display was a 
30-cm square piece of cardboard completely covered by 
17 small rectangles of Munsell papers in various sizes and 
hues. surrounded by a uniform middle-gray area. This dis- 
play. referred to as the 17.Area Mondrian (see Fig. 2). was 
viewed in a 90 x 60 x 6Ocm illumination box with a white 
interior and a black exterior. The target was pfaced in 
the back of the illumination box and was held in place 
by a hinged door. The Mondrian and its background were 
illuminated by three projectors each with different 
narrow-band interference fitters. The peak wavefengths 
of the three filters were 450. 530 and 630 nm. The flux 
comingfromeach projector could be independently varied by 
one ofthree variable transformers, each connected to a separ- 
ate voltage-stabilized circuit. Mirrors were placed in the 
beams of light to divide each beam and spread the light 
uniformly inside the white box. No light from the projec- 
tors fell directly on the Mondrian display. All of the light 
falling on the target was reflected from the walls of the 
box. making the effective tight source large and the illu- 
mination approximately uniform; the maximum deviation 
from uniform illumination for any one waveband was less 
than l@,;. 

To be sure that the subject had no way of estimating 
the illuminant, he looked through a mask. fitted over a 
hole in the wall opposite the Mondrian. which allowed 
him to seeonly the target and none ofthe interior white walls. 
His head was held in positioa by a lensless goggle moun- 
ted 104cm in front of the Mondrian display. The sides of 
the goggle were opaque and thus prevented any light from 
other equipment from reaching the eye. 

Procedrcre 

For our initial measurements. the Mondrian iilumina- 
tion was identical to that falling on the Munsefl Book. 

We measured the triplet of radiances coming from a gray 
paper (Area Pl in the display. In 630~nm light alone there 
were 5.8 x lOA W. sr-’ m-l. which we define as the 
radiance .‘i : in 530.nm light there were 3.2 x lo- ’ W. sr -t 
m- ‘. which we define as Y: and in 450 nm there were 1.6 x 
IOmJ W. sr-i rnez. which we call Z. The “gray experiment” 
is defined as I7-Area Mondrian with the illumination 
such that the triplet X. Y.Z radiances came 
from the gray area P. Then we chose a red-purple 
paper (.%ea Gl and separatefy adjusted the three illumi- 
nants until the 630-nm radiance from the red-purple paper 
equalled X. the i?O-nm radiance equalled 1: and -&50-nm 
radiance equalled Z. This is defined as the “red exper- 
iment”. Similarly. a blue paper (area H). a green paper 
(area R). and a yellow paper (area C) were also chosen. 
When the illumination was such that X.Y and Z came 
from these papers. that defined the “blue”. “green” and 
“yellow” experiment. In each “experiment” there is one 
area in the Mondrian that sends to the eye the X. Y and 
Z radiances. These color papers were chosen to have about 
the same Munsell Value as the gray paper and. when poss- 
ible. have the second highest chroma available in the matte 
surface Munsell Book. In order to allow our observers 
the opportunity to choose from the Munsefi Book a higher 
chroma as well as a lower chroma, we did not choose the 
chips with the highest chroma. Neither the initial lighting 
nor the choice of colors is critical. 

The illumination on the Munsell Book remained con- 
stant and was equal to the illumination used on the Mon- 
drian in the “gray experiment”. The subjects were given 
unlimited time to choose the Munsell colors which 
matched the 17 areas in the display and the gray surround- 
ing the target. The subjects were not told which iliuminants 
were lighting the target for any particular experimental 
session. We randomized the order in which the experimen- 
tal conditions were presented. Three subjects participated 
in five experimental sessions for each of the iiv-e conditions. 
The subjects were a female and two males. all with normal 
color vision and very good color discrimination (based on 
their low scores from the Farnsworth-hlunsell 100-Hue 
Test). 

RESULTS 

The first column in Table 1 lists the Munsell desig- 
nation of the actual papers used in the l7-Area Mon- 
drian. The second through sixth columns list the 
sunsets designation of the average of the Munsell 
chips chosen by the three subjects. Each of these 
columns (2 through 6) reports the rest&s for one of 
five experiments. Each row reports the results for a 
single area in the 17-Area Mondrian display for all 
five experiments. Each Munsell designation is the 
average of 15 observer responses-5 trials for each 
of three observers. The average was computed by av- 
eraging hue. value and chroma separately and then 
finding the nearest Munsell paper. Although the sub- 
jects’ choices are all close to the actual Munsell desig- 
nation, their choices for the “gray experiment” are most 
similar because the illum~ation for the “gray exper- 
iment” was identical to the Standard Ihuminant used 
for the lMunsel1 Book. Recall that in each experimen- 
tal condition. the illumination was changed so that 
the triplet of radiances coming from the gray area 
in the “gray experiment” was identical to the triplet 
of radiances coming from the yellow area in the yel- 
low experiment. etc. Since the triplets of radiances 
were identical for these five areas. they are indist- 
inguishable from each other by any means of color 
photometry. If we were to calcuiate the position on 
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Table 1. This lists the actual papers that made up each area in the hlondruln and :he 
avera_ee chip chosen by the observer to match that area in each of the rive experlmsnrs 
described in the text. The matching chips for the gKIj are3 in the grab experiment. the 
red area in the red experiment. the blue area in the blue experiment, the green area in the 
green experiment and the yellow area in the qellow experiment are enclosed in rectangular 
boxes. These areas. as described in the text. sent to the eye exactly the same wavelengrh-ra- 
dianLx distribution. Despite this fact the observer chose a Lariety of different papers and. 
hence. a variet) of different uavelength-radiance distributions to match one and the same 

sakelength-radiance distribution. 

PAPER 
IN 

MONDRIAN 

MATCHING CHIP 
IN 

MUNSELL BOOK 

a chromaticity diagram of the identical triplets of 
radiances from these five areas they must, by defini- 
tion, fall on exactly the same place on the graph; 
they have identical chromaticities and identical tristi- 
mulus values. 

The five chips chosen by the subjects to match 
these five areas are: 5YR6/1. 5R6/6. 25%6/4. 
lOGY7/4, 5Y8/8. These values are of particular inter- 
est because they indicate the range of colors that was 
achieved in this experiment by the same wavelength- 
radiance distribution. The chromaticities of the 
matching papers chosen from the Munsell Book for 
each of these five areas are plotted in Fig. 3. We have 
also indicated the total range of chromaticities avail- 
able from the Munsell Book in the narrow-band illu- 
mination falling on it. The conclusion is clear. Very 
nearly the entire range of both chromaticities and 
color sensations that could be generated by the Mun- 
sell Book were generated by a single triplet of 
radiance measurements. As Land has shown, the 
wavelength-radiance distribution at a point cannot be 
the determinant of color sensations in the Color 
Mondrian experiments. 

PART II 

A test of the rejectance hypothesis 

In this section we test the hypothesis that color 
sensations are determined by triplets of lightnesses, 
and that these lightnesses correspond to integrated 
reflectances in the present experiments. Note that we 
are using the term integrated reflectance. which is 
somewhat different from the usual physical definition 
of reflectance. Reflectance is the ratio of the radiance 
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Fig. 3. The labelled points show the chromaticity coor- 
dinates of the Munsell chips chosen to match the five areas 
which sent identical wavelength-radiance distributions to 
the subjects’ eyes. N labels the gray area in the “gray exper- 
iment”, R the red area in the -‘red experiment”. Y the yet- 
low area in the “yellow experiment”. G the green area in 
the *‘green experiment”, and f? the blue area in the “blue 
experiment”. The untabe4led points connected by solid 
lines show the chromaticity coordinates of the most satu- 
rated lMunsel1 chips on ten equally spaced pages I50 Wue) 
in the Munsell Book of Color when illuminated in our 

standard narrow-band illumination. 



Fig. 1. A schematic diagram of the method by which the observers selected chips in the Munsell Book 
of Color which matched the areas in the If-Area Mondrian. The observer views the Munsell Book 
with his left eye under fixed conditions namely, the illumination is constant and a gray surround is 
placed over each area. The observer views the Mnndrian with his right eye. The ilIumination on the 
Mondtian is varied in each of the five experiments and the areas surrounding any particular area are 

arbitrary. 
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2. A black and white photograph of thecobr display called the 17.Area Mondrian. The lli\ 
xnation of each color area is printed on the photo~~h. Each NW is also ide~t~~~ by a 

ital letter for future reference in this paper. 
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Fig. 4. The solid curves show the relative spectral sensi- 
tivity of human retinal cones as measured by Paul Brown, 
multiplied by the spectral transmission of the ocular media 
and the macular pigment. The dotted curves are the rela- 
tive spectral sensitivity of the photomultiplier-filter com- 
binations used to approximate the pigments. All curves 

are normalized to their peaks at 100. 

reflected from a test object to the amount of light 
falling on the test object. Usually reflectance is 
measured by taking the ratio of the radiance from 
the test object to the radiance coming from a known 
reflection standard which reflects the same fraction 
of the light falling on it across the visible spectrum. 
Ordinarily, this pair of measurements is made by inte- 
grating radiance over a very narrow band of wave- 
lengths, so as to specify the reflectance of the object 
at each wavelength. Instead, we are using three light 
detectors that each measure the reflected radiance 
integrated over nearly the entire visible spectrum. Each 
of the three integrated reflectance measurements is 
made with a light detector whose spectral response 
matches the spectral response of one of the three cone 
pigments. With each light detector we define the inte- 
grated reflectance of a paper as the ratio of the inte- 
grated radiance from that paper to the integrated 
radiance coming from a white standard paper. Thus. 
any colored surface can be characterized by a triplet 
of integrated reflectances weighted by the three spec 
tral sensitivities of the cone pigments. This section 
of the paper tests how well this triplet of integrated 
reflectance measurements corresponds to the color 
seen by the observers. 

METHODS 

Many techniques have been used fo measure cone-pig- 
ment sensitivity curves. The curves we used were Paul 
Brown’s measurements (unpublished) of extrafoveal cones, 
obtained by the technique described by Brown and Wald 
(1963). These long-, middle-, and short-wave absorption 
curves were multiplied by the transmission of the eye and 
the absorption of the macular pigment to estimate the 
resultant net sensitivity of the pigments of the intact eye 
(Wyszecki and Stiles, 1967). We calculated the lilter com- 
binations that would alter the spectral sensitivity, of the 
S-l 1 Photomultiplier surface in our Gamma-Scientfic tele- 
photometer to approximate most closely the corrected 
spectral sensitivity of each cone pigment. The results are 
shown in Fig. 4. The best fit for the long-wave pigment 
was provided by the combination of the photomultiplier 
and Wratten 106 and 8 filters. The middle-wave pigment 

was matched by the photomultiplier tube ar.d Wratten 103 
and S filters. and the short-wave pigment by the combined 
Wratten 47 and 86A filters. 

We found the three integrated reflectances for every area 
in the Mondrian target using the following procedure. One 
of the experimental iiluminants (all three projectors) de- 
scribed in the Methods section of Part I was set up. The 
radiance integrated under Brown’s long-wave curve using 
the appropriate photometer-filter combination was 
measured from an area and recorded. This quantity is used 
as the numerator of the integrated reflectance fraction and 
is equal to the maximum integrated radiance that the long- 
wave cones could absorb from that paper. A lar_ee white 
paper used as a reflectance standard was placed m front 
of the Mondrian. and the integrated radiance under 
Brown’s long-wave curke coming from it was measured. 
The ratio of radiances (paper/standard) was used as the 
long-wave integrated reflectance of the paper. This pro- 
cedure was repeated for the middle-length wave and short- 
wave reflectances. We repeated these measurements for 
every area in the I7-Area IMondrian. Then. in turn. the 
four remaining experimental illuminants were set up and 
the reflectance measurements were made for each illumi- 
nant. 

We also measured the integrated reflectances of each 
chip in the Munsell Book in our standard narrow-band 
illuminant. Thus, when our subjects chose a chip from the 
Munsell Book as a match for an area in the target, we 
could compare the three integrated reflectances of the 
target area with the three integzrated reflectances of the 
matching chips. 

RESULTS 

Figure 5 is a graph of the radiances integrated un- 
der Brown’s curves coming from areas in the Mon- 
drian vs the radiances coming from the Munsell chips 
chosen to match them. On the graph we have plotted 
the results from all five “experiments” for each of 17 
color areas and the gray surround for each of three 
wavebands. The solid line at 45” describes the locus 
of points where the radiance from the matching Mun- 
sell chip was equal to the radiance from the Mon- 
drian area. There is very little correlation between 
integrated radiance from an area and its matching 
color sensation. For example. the Mondrian areas 
that sent to the eye 40 radiance units were matched 
by the Munsell Book areas that sent to the eye 
radiances varying from 15 to 70 units. 

If, instead of radiances, we compare the triplets of 
integrated reflectances, we find good correlation 
between the measured properties of the 17-Area Mon- 
drian and chips chosen from the Munsell Book. 
Figure 6 is a graph of integrated reflectance of the 
same Mondrian areas vs the integrated reflectance of 
matching Munsell chips. Just as in Fig. 5, the graph 
contains all five “experiments”. The solid line de- 
scribes the locus of points where integrated reflec- 
tances of Mondrian areas and matching chips are 
equal. Compared to radiance, integrated reflectance 
is a much better predictor of color sensation. 

Before we can evaluate how well integrated reflec- 
tance predicts color, we must consider a problem in 
scaling. Land’s hypothesis is that a triplet of light- 
nesses determines color, but what is the relationship 
between reflectance and lightness? Equal increments 
in reflectance do not represent equal increments in 
sensation. For example. the difference in lightness 
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fig. 5. Compares the integrated radiances coming from each Mondrian area (horizontal axis) with 
the average integrated radiances coming from the matching Munsell chips (vertical axis). All long-wave 
integrated radiances are plotted with the symbol +. all middle-wave radiances with A, and all short- 

wave radiances with 1. The data from all 17 areas in all five experiments are plotted here. 

between two papers that have reflectances of 90 and 
SP/g is very small while the difference in lightness 
between papers that have reflectance 15 and 5% is 
very iarge. The ,Munseli Value Scale from white to 
black was partitioned so that each increment in Value 
is a uniform increment in lightness (Newhall et al., 
1943). In order to be able to compare the significance 
of the differences between integrated reflectance. both 
measured from the Mondrian and chosen by the 
observers. we scaled all the reflectance measurements 
just as we had done earlier with Biack and White 
Mondrians. Each increment of the scaled reflectance 
represented a constant increment of sensation. We 
converted each integrated reflectance to scaled inte- 
_@ed reflectance by using the Glasser et al. (1958) 
approximation to Munsetl Value: 

fiectance goes from a value of 10.0 for a perfect refiec- 
tor to O-0 for the ultimate black. ‘Neither of these 
iightnesses is attainable. We used a Coior-Aid white 
paper as our white standard; it had an absolute reflec- 
lance of 93~5% and a scated integrated re&ctance of 
96 In order to have the reflectance measure~nts 
conform to Gfasser’s equation, we multiplied each re- 
flectance by 0.935. 

Figure 7 is a graph of the scaled integrated reflec- 
tances of Mondrian areas and matching Munsell 
chips. At the 45’ line. the scaled integrated reflectance 
of the Mondrian area equals the matching Munseil 
chip; the fit to the line is quite good. 

I/ = 2. jjgp' 3 - 1,835 for p > 0*384?4 

where V is scaled integrated reflectance and p is per 
cent integrated reflectance. This scaled integrated re- 

Table 2 lists the scaled integrated re&ctances of 
the Mondrian areas and the matching chips. The 
table lists two triplets of integrated reffectances for 
each area in each experiment. The left triplet fists the 
scaled integrated reflectances of the Mondrian areas 
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Fig. 6. The integrated reflectance of each area in the Mon- 
drian (horizontal axis) is plotted against the integrated re- 
flectance of the matching Munsell chip (vertical axis). AU 
long-wave integrated reflectances are plotted with the sym- 

Fig. 7. The scaled integrated reflectance of each area in 
the Mondrian (horizontal axis) is plotted against the aver- 
age scaled integrated reflectance of the matching Munsell 
chip (vertical axis). All long-wave scated integrated refiec- 
tances are plotted with the symbol +. middle-w&e with 

bol +. middle-wave with A and short-wave with Cl. A and short-wave with 5. 
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Table 2. This lists the scaled integrated reflectances of each 
area in each of the five experiments. For example. the 
results from Area A in the gray experiment can be 
expressed as a set of six scaled integrated reflecctances. 
Three of those values on the left are the long-. middle-, 
and short-wave scaled integrated reflectances of the paper 
in the Mondrian; while the three on the right are the long-. 
middle-. and short-wave scaled integrated reflectances of 

the matching chip in the Munsell Book 

measured under the illumination conditions in which 
the observer made the match. The right triplet lists 
the scaled integrated reflectances of the chip that the 
observer chose. As in Table 1 each column lists an 
experiment and each row lists an area in the 17-Area 
Mondrian. 

Although scaled reflectance is a very good predictor 
of color sensations, careful scrutiny of Table 2 will 
show small differences in scaled reflectances for some 
areas and systematic shifts from one experiment to 
another. We computed the difference between the 
scaled integrated reflectances measured from the 
matching chip and those measured from the actual 
target area. The average difference was +O.l + @7 
(1 S.D.) on a scale of O-10. Generally, the scaled inte- 
grated reflectances measured from the target area was 
very close to the scaled integrated reflectances of the 
chip chosen by the observer. but there were quite sig- 
nificant differences for some areas. There are two 
major reasons why some data points do not fall 
e.xactly on the 45’ line. First. random errors asso- 
ciated with the psychophysical measurements of 
observer response may affect the results. Secondly. 

there is a systematic departure from a perfect correla- 
tion between color sensations and scaled integrated 
reflectance. 

In the random error category. it is possible that 
there are errors introduced by inaccuracies in the 
shape of the cone pigment absorption curves or the 
lack of a perfect fit to these curves for the telephot- 
ometer. However, the effect of these errors is small 
because we measured the integrated reflectance of 
both Mondrian and Munsell Book with the same teie- 
photometer and, hence, errors in spectral sensitivity 
tend to cancel. Comparison of matches by one 
observer with those of different observers also show 
that observer variability is very small. 

A more significant source of the discrepancies 
between the scaled integrated reflectances of the Mon- 
drian areas and those of the matching chips is the 
limited nature of the comparison standard. In some 
instances the Munsell Book may not contain papers 
whose reflectances closely resemble the integrated re- 
flectances of areas in the Mondrian in nonstandard 
illumination. The observer may see the hue he wants. 
but not the value or chroma: the resulting com- 
promise choice necessarily introduces errors. 

This problem is of particular importance when we 
note that the integrated reflectance of Mondrian areas 
changes slightly with changes in illumination. It is 
the distinction between reflectance at each discrete 
wavelength and integrated reflectance that explains 
an object’s ability to change integrated reflectance 
with change in illumination. Of course. an object’s 
reflectance at any wavelength is by definition indepen- 
dent of illumination. However. integrated reflectance 
by its definition is subject to change. The integrated 
reflectance (p,) for each different visual pigment c can 
be expressed as 

k 7 [R,(i). H(i). C:(i)] 

PC = 
I= 637330,450 _ _ 

[R,(i). H(i.). v,(i)] 

where the numerator is the radiance sent to the eye 
from the paper p. and the denominator is the radiance 
sent from the known standard s. R is reflectance; H 
is irradiance; V, is the spectral sensitivity of the visual 
pigment c; i. refers to one of three narrow-band il- 
luminants at 630, 530 and 450nm; k refers to the 
conversion factor from irradiance to radiance. Chang- 
ing the illumination falling on the area changes only 
the three values H(i). Nevertheless. the integrated re- 
flectances of a non-neutral color R,(i) can vary con- 
siderably with i.. The product of V,(j.) and H(i.) deter- 
mines the relative contribution of R,(i) to the sum. 
It is this change in weighting that changes p, with 
changes in H(i). 

Glancing across the row of Mondrian scaled inte- 
grated reflectances in Table 2 for Area P, we see very 
little change with the changes of illumination, a result 
that holds for long-, middle- and short-wave inte- 
grated reflectances. This is to be expected because 
the gray paper has nearly the same reflectance for 
all wavelengths. The green paper-Area I&- exhibits 
more typical changes in integrated reflectance due to 
changes in illumination. The long-wave scaled inte- 
grated reflectance varies from 6.3 to 7.5. The middle- 
wave integrated reflectances varies less, from 7.4 to 



7.6. and the short-wave reflectance also shosvs a small 
change from 5.7 to 5.8. The red paper. Area G. shows 
the maximum change: 5.2 to 7.j in long-ivaLe. 4.3 to 5.1 
in middle-waLeand 5.3 to 5.2 in short-wave light. These 
numbers also illustrate that the long-wave scaled inte- 
grated retlectances are most affected b> illumination 
changes. 

.Area G is also a good example of an error intro- 
duced by the finite nature of the Standard and the 
change in scaled integrated reflectance with change 
in illumination. In the “green experiment”, Area G had 
scaled integmted reflectances of 75. 5.1 and 5.2: the 
average scaled integrated reflectances chosen by the 
observers lvere 6.6, 5.1 and 5.3. The middle- and short- 
wave reflectances of the chip chosen by the observer 
match quite well with the measured Mondrian reflec- 
tances. The observers’ choice of 6.6 for the long-wave 
yIas much lower than the 7.5 measured from the 
Mondrian. indicating much greater saturation of the 
area. The observers’ choice specified in Munsell coor- 
dinates is ?5R6!12. The matte surface Munsell Book 
does not contain a 25R6’14 or XR6/16. one of which 
would be necessary to arrive at the retlectances 
measured from that Mondrian area in the “green ex- 
periment”. The limitations of the finite Munsell Book 
are most apparent with white and black papers (Area 
li and Area L). All the Munsell chips above a light- 
ness of 9.0 and below a lightness of 2.5 have a chroma 
of zero. If the observer wanted to pick an area of 
set-y high or Lery low value but with non-zero chroma, 
he would have to choose a darker or lighter chip 
to specify the hue. This explains why Areas K and 
L show comparatively large discrepancies between 
~Iunsell chips and Mondrian areas reflectances. 

Let us non turn our attention to the small system- 
aric differences found between various experiments. 
In order to produce the situation in which Area G 
in the “red experiment’* sent to the observer’s eye 
exactly the same radiation as had come from Area 
P in the “gray experiment”. we had to increase all 
three illuminants. The irradiances were increased by 
factors of 1.91.247 and 1.68. For the “red experiment”. 
the average measured differences between scaled inte- 
grated retlectances of the matching Munsell chips and 
the scaled integrated reflectances of the Mondrian 
areas were I 0.5 (long-a-ave). + 0.8 (middle-wave) and 
~0.3 (short-wave reflectance). Compare this to the 
gray experiment: +O.l for the long-wave. f0.1 for 
the middle-wave, and -0.0 for the short-wave inte- 
grated reflectances. It appears that increasing the illu- 
mination increases slightly the scaled integrated re- 
flectances of the Munsell chips chosen to match the 
areas in the Mondrian. Using the data from all five 
experiments. we tested whether overall illumination 
at?ects the subjects’ choices. Figure 8 is the graph 
of the ratio of overall illumination (radiance from 
Area K, a white paper, in any “experiment” to radiance 
from the same paper in the Munsell E&ok Standard) 
\‘s the average difference in scaled integrated teflec- 
tance. The 15 data points (plotted as x’s) show that 
there is a systematic effect on the appearance of Mon- 
drian areas due to overall changes in illumination. 
When the iIIumination is greater than that of the 
Standard. the observer matches the Mondrian area 
with a paper that has a slightly higher reflectance. 
When the illumination is less than that of the Stan- 

dard, the observer chooses a loser refl:ctancz chip. 
Thsse small departures (less that IO”,, integrutsd re- 
fecrance or 0.8 scaled integrated retlectance) from 
perfect correlation between Nondrian areas and 
matching Munssll chips represent the most serious 
discrepancy in the hypothesis under examination. 

As an additional test of the intluence of illumina- 
tion. we performed a control experiment in which we 
changed the intensity of all three wab-sbands b> the 
same amount. In the “gray experiment” the illumina- 
tion of the target was the same as that falling on 
the Munsell Book. WC increased the intensity of the 
three wavelengths illuminating the target until each 
was double that falling on the XIunsell Book: \ve also 
halved the three illuminants. Our subjects matched 
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Fig. 8. These are graphs of differences in scaled integrated 
reflectance (matching chip in ~Mut~seil Book minus Mondrian 
area)asafunctionofoverall brightness.Thevertical axisplots 
the average difference in scaled integrated reflectance. while 
the horizontal axis plots the ratio of overaLl illumination 
(radiance coming from the white paper. Area K. in the 
kfondrian divided by the radiance coming from the white 
oaoer. N9.6’. in the Munsell Book). The f’s plot the dars 
i&n the five color “experiments”. while the f;tled triangles 
and solid line connectinfn them plot the data from the con- 
trol experiment in which all three illuminations xer5 

changed by the same factor. 



Quantitative studies in Retinex theory 453 

the target areas to the chips in the book at each of 
these three light levels: double. equal or half. In Fig. 
8. the filled triangles. connected by the solid lines. 
show the results of this experiment. Observers 
selected chips with a slightly higher reflectance when 
the illumination was increased, and they chose chips 
with a slightly lower reflectance when the illumination 
was decreased. The systematic differences found in the 
five “experiments” (plotted as x ‘sf appear to fafl about 
the solid lines. Thus. we conclude the systematic dif- 
ferences found in Table Z are due to differences in 
overall illumination between the Mondrian and the 
Munsell Book. 

PART III 

Correlatiorl of obserrrrs’ choices with rnoders predic- 
tions 

The results of the last section have shown that the 
primary function of a mathematical model for these 
experiments is to calculate the integrated reffectances 
of each area in the Mondrian. The problem becomes 
more interesting when we remember that the eye does 
not have the usual tools of the physicist. The eye 
has neither a reflectance standard nor constant illu- 
mination. A model for color vision must propose a 
way of calculating three integrated reflectances from 
the waveIength-radiance distributions that fall on the 
retina. 

The first of the five assumptions of our color model 
is that there are three different types of light trans- 
ducers. i.e. receptors, each with a different spectral 
sensitivity described by one of Brown’s cone pigment 
curves. This hypothesis is based on Thomas Young’s 
(1802) suggestion and is held in common with almost 
al theories of color vision. 

The second assumption is that the model compares 
all the information from all the long-wavelength 
receptors to determine the equivalent of long-wave 
reflectance for each area. As we will discuss later these 
interactions need not be direct interconnections 
between receptors. Info~ation generated by the 
long-wavelength receptors is intercompared across 
the entire field of view. The model arrives at the inte- 
grated reflectance of each area by comparing the 
long-wave response for each area to the long-wave 
responses for all other areas. Thus, the highest reflec- 
tance in the entire image becomes the “reflectance 
standard”. It is possible to calculate the long-wave 
reflectance from all the long-wave receptors’ responses 
to energy only if the information received these recep- 
tors is kept separate. We simply apply this process 
three times. once for each type of light receptor. This 
procedure is repeated for the responses of the middle- 
and short-wavelength receptors. Each system acts in- 
de~ndently to produce separate lightness values, 
which approximate integrated reflectances for each 
point in the visual image. This second assumption 
comes from Land’s Retinex theory and is a significant 
departure from Young’s theory, which proposes 
intercomparisons of long-, middle- and short-wave 
receptors at a point. 

The third a~umption of the model is that changes 
in reflectance are discontinuous. abrupt, and highly 
visible while changes in illumination are continuous, 

slow and nearly invisible. Therefore. gradual reflec- 
tance changes are regarded by the visual system as 
changes in illumination and hence are nearly invi- 
sible; while discontinuous changes in illumination, 
such as shadows with sharp boundaries. are regarded 
as changes in reflectance. If two points in the field of 
view are close together, the difference in illumina- 
tion falling on these points till be small, even in 
displays in which the ilIumination varies considerably 
from one side to the other. In order that the ratio 
of radiances from two closely spaced points be signif& 
cantly different from 1.0. these two radiances must 
be measured from two areas with different reflec- 
tances. Since the difference in illumination is small. 
the ratio of radiances of these two areas will be close 
to the ratio of their reflectances. and in fact the ratio 
of radiances approaches the ratio of reflectances as 
a limit when the distance between two points on 
either side of an edge approaches 0.0. It follows that 
a simple mechanism for finding the ratio of reflec- 
tances of two adjacent areas is a bridge pair of recep- 
tors that computes the ratio of radiances at closely 
spaced points. 

The fourth assumption is that the model takes the 
refiectance ratios generated by the previous stage and 
sequentially multiplies them to form a product of the 
ratios at each point in the image. The ratio stage 
determines the relationship of any area to all of tts 
adjacent areas. while the sequential product stage 
determines the relationship of any area to all other 
areas in the entire field of view. This multiplication 
can be done in a variety of ways. The simplest is to 
generate a series of paths that wander through the 
two-dimensional array of energies formed by the dis- 
play on the model’s “retina”. Each path can begin 
anywhere in the image. The operation along each 
path takes the ratio of two adjacent points and mul- 
tiplies it by the ratio of the next pair of points 
along the path. At any point in a given pathway 
through an array of radiances, the product equals the 
ratio of the reflectance of the last area in the sequence 
to the reflectance of the starting point. The name 
sequential product is meant to imply a sequence of 
operations in which each point in the field of view 
is able to influence other points, even distant points. 
We are not implying that the visual system computes 
its lightness response in the manner of a digital com- 
puter, i.e. one ratio and product at a time. The 
model as described in this paper is one of many em- 
bodiments using the ratio-multipli~tion process. it 
is the description of a digital, twodimensional com- 
putation for testing the processing principles. It uses 
standard serial processing suitable for computer 
analysis. Details of parallel processing systems that 
might resemble biological components easily follow 
from the processing principles but are beyond the 
scope of this paper. 

If each of the digital computer’s paths began in 
a region of loo”//, reflectance. then the sequential 
product at each point would be numerically equal 
to the reflectance of that area. Instead. the model 
assumes that the first value in any sequence is a lO@? 
reflectance, and the model sets any value of the 
sequential product greater than 10 equal to 1Q. This 
resetting procedure would occur whenever the path 
reaches an area whose reflectance is greater than the 



actual retlectance of the starting point: It ceases after 
the path rzachss the highest reflectance in the scene. 
and thcreaft:r sach of the sequential products equals 
the ratio of rsflectance of that area to the highest 
reflectance. The sequential product con\;erts the rela- 
tive rstlectanccs of two adjacent areas to the rcdsc- 
tance compared to the highest retiectancr in the field 
ol view. The third and fourth assumptions of the 
model come from Land and McCann’s model for 
lightness (see Land and McCann. 1971). 

The fifth assumption is that the model must have 
the ability to arrive at lightness in situations in which 
lightness does not correlate with reflectance. There 
are bvo general cases in which the lightness of objects 
fails to correlate with reflectance. The first are situ- 
ations in which two areas of identical reflectance 
appear differsnt when placed in markedly different 
surrounds, usually called simultaneous contrast. 
(Since we used a multicolored test target in these ex- 
periments. the influence of surround is difficult to iso- 
late.) SecondI!. two areas of the same reflectance will 
also not match if the intensities of their illuminants 
are very ditTersnt. Large changes in overall illu- 
minance produce small changes in lightness. It is a 
common observation that objects seen on a bright 
sunny day have different lightnesses from the same 
objects seen on a dark rain! day. This fact has also 
been experimentally measured by Jameson and Hur- 
vich (1961). Stevens and Stevens (1963). and Bartleson 
and Breneman (1967). 

The departure of lightness from dependence on rc- 
Rectance plays a small but important part in these 
experiments. In order to calculate lightness rather 
than just scaled integrated reflectance. there must be 
a small dependence of lightness on changes in the 
overall level of illumination. The data from Fig. 8 
provide us with measurements of changes in light- 
ness as a function of luminance for experiments de- 
scribed in this paper. 

The assumption about overall illumination makes 
it possible to explain how a pure spectral band of 
wavelengths in a completely dark surround appears 
to have color. Without a small correction for large 
changes in overall radiance the model would predict 
that any single wavelength in the spectrum would 
appear white when presented in the absence of any 
other light. For example, consider a spot of 520-nm 
light. All three of Brown’s pigment curves show a 
response to this wavelength. The long-wave pigment 
is 60”; as sensitive to 520 nm as it is to 560 nm (peak 
of long-wave pi_pment). The middle-wave pigment is 
90”, as sensitive to 520 nm as it is to its peak (530 
nm). and the short-wale pigment 19, as sensitixe to 
510 nm as it is to its peak (440 nm). If we were to 
process this target with the rules given above the 
model would report that the 520-run spot was at the 
top of the lightness scale on all three Retinexes and 
therefore should be assigned 100’~, reflectance or a 
lightness of 9.6. When all three lightnesses are 9.6, 
the model predicts that the color is white: 520nm 
tight is not white, but green. However. there is 90 
times more radiance available to the middle-bvave 
cone piment than to the short-wave pigment and 
three times more radiance abailable to the middle- 
wave pi_ment than to the long-wake pigment: 
changes of this magnitude must have an effect on the 

apparent lighrness of the spot on each Retins\. ‘IVc 
conclude that the short- and long-uake tightnesses 
of ths 53nm spot will be less than that of the ml& 
die-wavs lightness. Green sensations are characterized 
bq triplets of lightncssrs in which the middle-\ia\e 
lightness is greater than the othsr two. 

The tirst step in the process \vas to measure the 
radiances of sdch point in the simplified Mondrian 
in the long. middle. and short wavebands. With all 
thrse narrow-band illuminators on simultaneouslji. 
the integrated radiances under each of Brown’s recep- 
tor curves \\ere measured. For each receptor ssnsi- 
tivity. the hlondrian Lvaj charactzrizsd b! 180 
radiances spaced rsgularl~, in a 3-! x 20 arm!‘. The 
computer mods1 \tiij not given the positions of boun- 
daries of areas. just the radiance at all points. We 
chose to use unidirectional paths of length 100 for 
all three model calculations. The origin of the path 
and its direction in the 480-point array were deter- 
mined by a random-number generator. The paths 
traveled straight ahead until they reached the peri- 
meter of the target where they either reflected back 
across the target or traveled along the perimeter. The 
direction of the retlection from the perimeter bvas also 
chosen b> the random-number generator. At each 
point along the path the radiance from that point 
uas divided by the radiance at the previous point. 
The ratio ivas tested to see whether the difference 
from I.0 was significant. A ratio behveen 0.997 and 
1033 was jet equal to 1.0: then the ratio was multip- 
lied b> the sequsntial product from the previous 
point. This sequential product was tested to see if 
it was larger than 1.0. If so. it was set equal to 1.0. 
initiating a new high reflectance standard. If not. it 
was sent on unchanged. This sequential product \vas 
used twice: first. it was held to be averaged with all 
the other outputs from paths that had reached this 
location in the array: and second, it was sent on to 
be multiplied into the next sequential product. The 
geometric mean of all the sequential products at each 
point was computed and this average sequential prod- 
uct used as the prediction of the model. Using a cor- 
rection factor for overall illumination based on the 
solid lines in Fig. S. we applied a normalizing factor 
to each sequential product calculation. With these 
corrections. the model went beyond the computation 
.of integrated reflectance (a propert! that can be 
measured aith a meter) to an estimation of lightness 
(measurable only by a visual system). Therefore. ue 
will call the scaled output of the model “computed 
lightness”. The observer quantified each sensation b> 
matching it to the Munsell Book. We define the 
scaled integrated reflectances of Munsell chips in the 
Standard to be equai to the lightnesses chosen bq 
the observer. F&e 9 has 15 graphs. each of which 
plots computed lightnesses on the vertical axis and 
observ-ed tightnesses on the horizontal axis. There is one 
graph for each cone wai-eband in each “experiment”. 
The left-hand column contains the long,-wate graphs 
for each of the five experiments: the mtddle column. 
the middle-wave graphs: and the right hand column. 
the short-wave graphs. The “gray”. “red”. “blue”. 
“green’ and ~-yello~~” experiments are presented in 
successive ro\vs from top to bottom. The letters in 
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Fig. 9. Shows the long-. middle-, and short-wave observed lightness vs computed lightness comparisons 
for each of the five experiments. The height of the boxes is the mean computed lightness 1 1S.D. 
of the various ~ndivid~l predictions for points in the array that make up that area. The width of 

the box is the mean + 1 SD. of the observers’ choices of matching lightness. 



each graph identify each area of the Mondrian. The 
center of each box is the mean of computed vs the 
mean of obssned lightnesses. The predictions of the 
model are in excellent agreement with the chips 
chosen by the observer. 

DISCCSSIOX 

We have shown that the model can predict 
observer results with considerable success. The model 
is very simple. Its major function is to find a triplet 
of reflectances. one for each photopigment. without 
a reflectance standard. The model achieves this, first 
by processing the long-wave information indepen- 
dently of the middle- and short-wave information, and 
second by comparing each area to every other area 
within a given waveband. The particular technique 
of computation is one of many equivalent embodi- 
ments of the model. The fundamental assumptions 
are merely that the ratio of energies, at closely spaced 
pairs or sets of points. are multiplied to a give a prod- 
uct that is closely correlated with reflectance and rep- 
resents long-distance interactions across the image. 

How well does this model agree with the results 
of other psychophysical experiments’? The Mondrian 
experiments show that information from each set of 
cones is processed independently. Other studies. using 
threshold measurements. show independence of cone 
mechanisms at stages of the visual process measured 
by that particular threshold. Stiles (1949) concluded 
that the cone mechanisms were independent. Alpem’s 
(1965) metacontrast experiments showed that the 
threshold for a j-msec flash can be greatly increased 
by following it with a second flash surrounding the 
first. Alpem and Rushton (1965) extended the 
desensitizing metacontrast experiments to test the in- 
dependence of the cone mechanisms. They found that 
if a test flash excited one cone mechanism, then the 
after-flash raised that threshold only to the extent it 
stimulates that mechanism in the surround. With ach- 
romatic targets, Westheimer showed that illuminating 
the area surrounding a test flash either increased (de- 
sensitization) or decreased (sensitization) its threshold 
depending on whether the diameter of the region sur- 
rounding the test flash was small or large. McKee 
and Westheirner (1970) measured the action spectrum 
of the sensitizing effect for the red and green color 
systems. They showed that sensitization occurred pri- 
marily within a particular cone mechanism, not 
between cone mechanisms. 

Despite considerable psychophysical evidence for 
independent processing. neurophysiological data from 
some stages in the visual pathway suggest non-inde- 
pendent processing similar to that proposed originally 
by Hering (1964). In the goldfish, Svaetichin (1956) 
and MacNichol rt al. (1958) found units, later shown 
to be horizontal cells. which were depolarized by 
long-wavelength light and hyperpolarized by middle- 
wavelength light. Recordings made in monkey lateral 
geniculate cells (DeValois. 1965: Wiesel and Hubel, 
1966) showed that the receptive field center responded 
to one spectral region. while the surround responded 
antagonistically to another spectral region. 

The combination of these results indicate the infor- 
mation from one cone mechanism is combined with 
the information from other cones at certain neural 

stages. The interaction of information between d&r- 
ent cone mechanisms observed in the neurophksiolo- 
gical work is not necessarily in contradiction to the 
ps>choph>slcal results. There are tno distinct prob- 
lems confronting the human color system. The first 
is calculating the reflectance of each area from the 
radiances from every point. The second is the main- 
tenance and possible enhancement of the differences 
in spectral information obtained from the different 
photopigments. Ths overlap of the absorption curves 
of the visual pi_ments is so great that the masimum 
difference betlveen the long-wave pinent response 
and the middle-bvuve pigment response is vsr! smal!. 
even for brightly colored papers. For example. the 
integrated retrectances of the reddest chip in the matte 
surface Munsell Book j5R5 ‘12) are 3-t. I5 and 1 I”,. 
The integrated retlectances of the chip that is most 
different in color (5BGjiS) are 20, 27 and Y,,. This 
very restricted range of differences in integrated rsflec- 
tances is due to the extent of overlap of the 
cone pigments. Compare these differences of inte- 
grated reffectance with the difference between thrse 
go”, reflectances for a white and three P, reflectances 
for a black. Opponent processing of the color signals 
at some stage could be invaluable for reliable 
transmission of spectral information to higher levels. 
Opponent processing may have nothing to do with 
the conversion of radiance at every point in the retina 
into sensations that correspond to the reflectances of 
areas in the field of view. It may be used to guarantee 
accurate transmission of spectral or color information 
from one location of latsral interactions--the 
retina-to another location of lateral interac- 
tions-the cortex. With a transmission system which 
contains a finite amount of noise. it seems more 
beneficial to transmit the small difference between two 
large numbers than to transmit both large numbers. 

There is analogous appearance and later disappear- 
ance of opponent-type processing in the transmission 
of color television signals. The color television camera 
uses three vidicon tubes. each filtered to respond to 
one spectral region. The intensity of the light at each 
point in the image is determined separately for each 
waveband. In the color television set there are three 
electron guns. one for each set of red-. green- and 
blue-emitting color phosphors. However. the signals 
that are transmitted from the television station to the 
individual receivers are not three independent signals. 
but these signals are coded b>- a st_stem somewhat 
like the opponent processing first suggested by Her- 
ivg,. The comparison of the visual system with tele- 
vision is good for illustrating how opponent process- 
ing of the signals is helpful for transmission of signals 
over long distances. The television analogy is poor 
in that television detects. transmits and reproduces 
an equivalent set of radiances on the face of a cathode 
ray tube, There are no color sensations actually pro- 
duced by color television; one needs a visual system 
to generate color sensations. 

This use of opponent processing leads to three 
equally good alternative hypotheses about the human 
visual system. The first is that the reflectance of each 
object in the field of view is established very earl) 
.in the neural processing and that the signal transmit- 
ted to the cortex correlates with the reflectance of 
objects, not the radiance absorbed by photopi_gments. 
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If this hypothesis is correct. then the reflectance calcu- 
lations proposed by Retinex theory have been com- 
pleted before the stgnals are sent to the cortex and 
before opponent signal processing can be used to 
enhance color and transmission properties for the 
lightness signals. 

The second hypothesis is that the reflectance calcu- 
lations do not occur in the retina but are located 
in the cortex. This hypothesis can as well make use 
of spectral opponent processing for enhancement and 
transmission. but would require reconstruction in the 
cortex of three radiance arrays absorbed by each type 
of cone. 

The third hypothesis is that part of the reflectance 
calculation takes place in the retina and part in the 
cortex. Here again opponent processing could be used 
for its transmission properties. 

Choosing one of these three hypotheses is not poss- 
ible until more is known about the quantitative 
properties of signals recorded from the intermediate 
cells between retina and brain. If reflectance is estab- 
lished in the retina. then the signals in the ganglion 
and lateral geniculate cells correspond to the light- 
nesses of objects and not to the radiances coming 
to the eye. If the second hypothesis is true. then the 
signal recorded from the ganglion cells and the lateral 
geniculate will correspond to the radiance coming to 
the eye and show little correlation to sensations 
reported by the observer. ,If the third hypothesis is 
true, namely, that the calculation of reflectance takes 
place partially in the retina and partially in the cortex. 
then the signals recorded from the ganglion and 
lateral geniculate cells would correspond to relative 
reflectance calculations for a limited field of view, 
whereas signals recorded from cells in the cortex 
would correspond to reflectance calculated over much 
greater angular subtends or the entire field of view. 

Recent neurophysiological experiments seem to 
support the general scheme that color opponent pro- 
cessing is an intermediate step in the processing of 
color information. Fuortes and Simon (1974) recently 
reported that L-type horizontal cells in turtles 
received input from only one type of cone. They also 
reported that the color-opponent C-type horizontal 
cells did not receive signals from red cones, but from 
red horizontal cells responsive to a large receptive 
field. This kind of opposition involving the response 
over a large area is distinctly different from that of 
the opposition of a green cone or a group of green 
cones with a surrounding group of red cones in a 
comparatively small area. Although there are many 
similarities to be found in turtle and primate retinas, 
hypotheses must be tempered by the fact that there 
are as well many differences between these structures 
(Daw. 1973). 

Neurophysiological details of primate ganglion. 
lateral geniculate, and cortical cells are available. Col- 
or-opponent cells are found between the retina and 
cortex. namely, in the ganglion and lateral geniculate 
cells (Wiesel and Hubel, 1966; De Valois and Pease, 
1971). More complex double-opponent cells having 
both red-on center and red-off surround combined 
with green-off center and green-on surround are 
found in the ganglion cells of goldfish and the cortical 
cells of primates (Daw. 1968, 1972). 

Recent work by Gouras and Padmos (1974) and 

Gouras (1974) showed that a smaller percentage of 
cells in monkey cortex exhibits opponent responses 
compared to the cells in the lateral geniculate. Gouras 
and Padmos found that graded potentials. the earliest 
electrical response detectable in the striate cortex of 
anesthesized rhesus monkeys, showed color-oppo- 
ment antagonism between cone mechanisms. Gouras 
(1974) found that many of the cells in the fovea1 
striate cortex exhibited spatial antagonism within the 
same cone mechanism; if the center of the cell’s recep- 
tive field was excited by red cones. the surround was 
inhibited by red cones. There appears to be a decrease 
in opponent responses at more complex levels. 

Whatever the actual properties of the physiological 
structures and their interactions, the system as a 
whole works as a reflectance-finding device. as shown 
in this paper. The information reaching the receptors 
in the retina is a spatial arrangement of radiances. 
The sensations reported by observers show little cor- 
relation with the wavelength-radiance distributions, 
but show high correlation with three retlectances 
measured with light detectors that have the same 
spectral sensitivities as the three cone receptors. In 
achromatic situations, lightness is the sensation pro- 
duced by the retlectance-calculating mechanism of the 
visual system. Retinex theoiy proposes that color sen- 
sations are dependent on three lithtnesses calculated 
from the wavelength-radiance distributions on the 
retina. The model described in this paper provides 
a mathematical description of a process whose major 
assumptions are that lightness can be calculated by 
intercomparison of information from a single region 
.of the spectrum. and that color sensations are gener- 
ated by subsequent comparisons of three iightnesses. 
The model’s predictions agree with the observers’ sen- 
sations. 
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