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Chromatic Mach bands: Behavioral evidence for
lateral inhibition in human color vision
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Apparent hue shifts consistent with lateral inhibition in color mechanisms were measured, in
five purely chromatic gradients, for 7 observers. Apparent lightness shifts were measured in achro
matic versions of the same gradients, and a correlation was found to exist between the magni
tude of the chromatic shifts and the magnitude of the achromatic shifts. The data can be modeled
by a function that approximates the activity of color-sensitive neurons found in the monkey cor
tex. Individual differences and the failure of some previous researchers to find the effect can be
accounted for by differences in the function parameters for different observers.

One of the intensity gradients used by Ernst Mach
(1886/1967) to demonstrate what have become known as
"Mach bands" is graphed in Figure 1 (curve C). Ob
servers of a pattern with this luminance profile report a
bright band at the point where the luminance begins to
decline. As with others like it, thisobservation represents
one of the principal sources of evidence for spatially in
hibitory interactions in the human visual system.

If, instead of varying in luminance from light to dark,
the gradient was chromatic, running, for example, from
red to green, would a chromatic Mach band appear? The
answer is controversial. Some experimenters who have
looked for chromatic Mach bandshave found them (Daw,
1964; Jacobson & MacKinnon, 1969); others have not
(Ercoles-Guzzoni & Fiorentini, 1958; Fry, 1948; Green
& Fast, 1971; Thouless, 1922; Van der Horst & Bouman,
1967).

The well-established phenomena ofchromatic contrast
make the dispute over chromatic Mach bands puzzling,
since the same mechanisms may be expected to produce
both sets ofphenomena. Experimenters who find no chro
matic Mach bands sometimes question the evidence of
those who do, on the grounds that inadequate measures
were taken to ensure that the chromatic gradient had no
achromatic component. If the chromatic gradient did have
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an achromatic component, chromatic shifts could be
caused by a coupling to the achromatic effect through,
for example, the Bezold-Briicke effect. They also argue
that, because prolonged viewing was allowed, chromatic
Mach bands may be an artifact of successive contrast and
eye movements and not evidence for lateral interactions.
On the other side, those who find chromatic Mach bands
can point out that spurious negative results will occur if
the effect varies widely in strength among patterns and
observers, especially since most studies used small num
bers of patterns and observers.

Physiological evidence is similarly equivocal. Color
sensitive cells in the retina and lateral geniculate nucleus
of the monkey do not have the right characteristics to
produce chromatic Mach bands (Ingling & Drum, 1973),
but the double opponent cells reported in the monkey
visual cortex do (Michael, 1978). Thus, from several per
spectives, the possible existence ofchromatic Mach bands
and their relationship to lateral interactions is important
to our understanding ofhow humans process color infor
mation. The present series of experiments addresses these
issues, seeking conclusive psychophysical evidence for
the phenomenon of chromatic Mach bands.

GENERAL METHOD AND STIMULI

We studied five different gradients in chromatic andachromatic
versions (see Figure 1). All of these patterns show contrast effects
(i.e., the enhancement of differences) when achromatic. However,
some are of a type usually used in the study of "simultaneous con
trast" phenomena; others produce "Mach band" effects. The gra
dients were produced by spinning, at 60 Hz, disks to which pat
terns of paper were attached. Different patterns gave the five
gradients shown in Figure 1 as well as the inverses ofeach (colors
reversed or black andwhite reversed). Fixation guides were used;
these consisted of small white marks located beneath the test pat
tern at thearrowed locations shown in Figure 1. The matching field
was a spinning variable-sector disk, its sectors covered with the
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This pattern has the form of the standard
demonstration of simultaneous brightness
of color contrast. A region on a bright (or
colored) background is compared to a
region on a dark (or differently colored)
background. For some early versions see
Chevreul (1839) •
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A variation on ' A' . Since there is evidence
that edges play a considerable part in bright
nessparception, it is of interest to remove
tha abrupt edge between the beckgrounds
in 'A' while retaining the same overall con
trast with the test regions.

Ernst Mach (1886) first discovered his
famous contour enhancement effect using
a luminance gracfl8ntlike this. A bright bend
is seen at the central arrow. Previous
researchers failed to find chromatic Mach
bends in chromatic versions of this gradient.

This pattern was used by O'Brien (1958) to
investigate the Mach bend effect. It has the
useful property of increasing the sizeof the
effect over that which is seen in gradient
'C' .

Ranked steps of uniform luminance are seen 
as non uniform by most obsarvers. This ef
fect has often been linked to Mach bands
and it has been found to occur in chromatic
versions of this gradient. Chevraul (1839) is
credited with discovering the effect.

Figure 1. Grapbs showing the five gradients usedin the experiments. The arrows show the points to wbich matches
were made. The scale on the ordinate denotes the proportion (p) of one of the two component colors in the gradient
at a particular point on the gradient. The amount of the other component is 1-p. Notes summarize historical an
tecedents and theoretical significance of each pattern.

same colored papers as the disks used for the stimulus gradients.
A micrometer drive that was attached to the matching diskallowed
subjects to vary the relative sizes of the red and green sectors and,
thus, the color mixture. In this way, an exact physical match could
be obtained with any part of the stimulus gradient. Sections of the
gradient disk and the matching disk were masked off to create the
display field shown in Figure 2. The subjects observed the display
through a large beamsplitter set at 45° to the line of sight. Byal
ternately illuminating the chromatic display and a neutral white dis
play of the same luminance, shape, and position, we were able to
studytheeffects of intermittent exposure. Thelayout oftheapparatus
is diagramed in Figure 3.

Chromatic and Achromatic Gradients
Each stimulus gradient consisted of linear mixtures of the end

point colors. The proportion of each endpoint color present at a
given portion of the gradient is shown in Figure 1. The endpoint
colors were defined by the colors of the papers used to make the
disks and the colors of the filters through which they were illumi
nated. Three different sets of the five gradients shown in Figure 1
were used as stimuli. The sets were designed to maximally stimu
latethered-green opponentchannel, theyellow-blue opponentchan
nel, and the achromatic channel, respectively. To create gradients
thatselectively affectedtheopponent channels in thisway, it is neces
sary that the two colors defining the endpoints of a gradient differ
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Figure 2. Scaledrawing of the masked display as seen by the ob
server. The almost rectangular area (1) contained the chromatic
or aclu'omatic gradient. The cbonl-sbaped region contained the
matching field (M), with a neutral surround (8), which became the
color of the illuminant.

EXPERIMENT 1

Metric for Describing Gradients
To describe the patterns andexpress the results, we constructed

a scale that gave the value of unity to the distance between the
two colors (I and 2). The tristimulus values of scale value p
(0 ~ p ~ I) are X(p) = pX, + (l-p)X., Y(p) = Y, + (l-p)Y.,
Z(p) = pZ, + (l-p)Z,. Chromaticity coordinatescan be obtained,
for any given part of the stimulus gradient, by the formulas
x=X1(X+Y+Z) and y=Y(X+Y+Z).

Yellow-Blue Gradients
Yellow andblue papers illuminated through yellow and blue filters

were used for the yellow-blue gradients. Since changing the rela
tive intensity of the two sources drastically changed the chroma
ticity of the blue paper used for the disk, andsince collinearity with
the trltanopic copunctal point is necessary to maximally excite the
yellow-blue channel and not excite the red-green channel, the flicker
method proved impractical for making these gradients equiluminous.
Thus, it was not possible to individually set the relative luminances.
We therefore made the stimuli equiluminous by using a photome
ter that embodied a good V(X) approximation.

Achromatic Gradients
The achromatic gradients were made of black and white papers.

These were illuminated by light from projectors that was filtered
to approximate cm standard illuminant 065.

sources of variable intensity. The sources were adjusted by the
method of flicker photometry so that red andgreen areas, and hence
all intermediate areas, were of equal luminance for each subject.

The cm chromaticity coordinates of the two components of the
chromatic gradients can be given only if it is assumed that the sub
jects are equating the luminance at the same balance that the 1924
cm V(X) does. Thechromaticity coordinates given for the red-green
gradients assume this.

The purpose of the first experiment was to determine
the magnitude of the simultaneous contrast effect for each
of the five gradients shown in Figure 1 and to compare

, those effects for chromatic and achromatic versions of the
patterns.
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Figure 3. Diagram showing the layout of the major components
of the apparatus. The mirror (M) was placed to distnbute the light
from projecton (PI and P2) in such a way as to create a more uni
form illumination over the test and matching disks (D). Tbe light
from another projector (P3) wasalso reOected from the same mir
ror to illuminate the uniform neutral field (UF). Tbe stimuH were
viewed througb a large beam splitter (B), which meant that either
the uniform field was seen or the test and matching disks wereseen,
depending on what was .minated at a pIU1icuIar instant. Sbut
ten (SI, 81, and SJ) were used to control the timing of the illumi
nation of the test and matching disks and the uniform field. Filters
(Fl, F2, and FJ) and neutral density wedges (WI and W2) wereused
to control the illumination of the fields. Also shown is the observer
(0) and the drive moton (DR) used to spin the disks.

Method

Subjects. Seven subjects were used. All were color normals, as
measured by the Farnsworth-Munsell 100 Hue Test and H-R-R
pseudoisochromatic plates. Also, all subjects hadhad some previ
ous experience with psychophysical experiments involving color,
although only two, C. W. andW .B.C., were familiar with relevant
theories of color perception.

Procedure. To assess the effect for a given gradient, we hadthe
subject first make six matches to one of the points arrowed in
Figure I and then six matches to the other point. The measured
size of the effect was the difference between the two setsofmatches.

Table 1
Endpoint Colors in CIE Tristimulus Values

only on the channel to be stimulated. The following set ofendpoints
were created after much experimentation with combinations of
colored papers and illuminating lights. Table I shows the three sets

, of endpoint colors in cm tristimulus values. x
Stimulus Component Colors

Y Z X Y Z

Red-Green Gradients
To obtain the red-green chromatic gradients, we made the disks

from red and green papers and illuminated them by red and green

Red-Green
Yellow-Blue
Black-White

24.97
6.13
5.97

11.75 0.01 7.37 11.75
6.40 0.80 7.72 6.40
5.80 5.80 36.27 35.20

0.80
7.94

35.20



176 WARE AND COWAN

-005 B A E D C

On a different day, the subject madea second set of matches to
that gradient with the order of the points matched reversed. Also,
since the chromatic inverse of each pattern was essentially a left
to-right reversal of the gradient, the estimate of the size of the ef
fect for a given gradient was the average of the results of four
sessions.

Results and Discussion
The results from Experiment 1 are summarized by the

three graphs shown in Figure 4. These show the mean
size of the contrast effect for each subject and each pat
tern, in each of the three color categories: red-green,
yellow-blue, and achromatic. The size of the effect is
given in units that are decimal fractions of the distance
in tristimulus space between the two endpoint colors.

Notice the following features: (1) All patterns show
contrast effects, chromatic contrast in the case of the chro
matic gradients and achromatic contrast in the case of the
achromatic gradients. For example, in the case of red
green gradients, areas with green surrounds look redder
than areas with red surrounds. (2) There is great inter
subject variation; some subjects consistently produced
matches indicating larger contrast effects. (3) Given the
large individual variation, the magnitude of the effect is
roughly comparable for the achromatic, red-green, and
yellow-blue versions of the patterns. (4) There is great
interpattern variation, some patterns consistently giving
larger contrast effects than others. However, the patterns
that produced the largest measured contrast effect for the
chromatic gradients also produced the largest result for
the achromatic gradients. In particular, there is no evi
dence that the Mach band gradients (C and D) were
qualitatively different. Also, classical Mach band gradient
C gave the smallest effect for all chromatic and achro
matic versions.

There was only one pattern that showed different be
havior, depending on the colors used to produce the gra
dient. Pattern E, the staircase pattern, showed rather strik
ing differences depending on the color modality. Thus,
individual differences were relatively larger with the
achromatic versions of this pattern than with the chro
matic versions. In the red-green version, the effect for
this pattern was reduced relative to the effects for pat
terns B and D, whereas in the achromatic pattern the size
of the effect was comparable to that produced by those
two other patterns. Finally, and most remarkably, in the
yellow-blue version, this pattern produced, for most sub
jects, a larger effect than any other pattern.

The above evidence suggests that the same kind of
mechanism mediates all the contrast effects (except in E),
and that the mechanism is incorporated separately in the
red-green, yellow-blue, and achromatic "channels."

Ifwe ignore pattern E, the results, taken together, can
be explained by lateral inhibition in chromatic and achro
matic channels. The intersubject variation can be ex
plained by the occurrence ofdifferent amounts of inhibi
tion at the level in the visual system at which these effects
take place. However, we did two control experiments to
examine possible alternative explanations.

D C

D C·E

E

(0)

(c)

A

A
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0.20
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FIgure 4. Gnpb sbowiDg 1he IIleIISUI"ed cootnst effects under coo
tmllOll8 viewing aJDditioDsfor 7 subjects viewing each of the 6Ye
gndieDts. The resultsIIbownare thole obtained usiDgthe red-green
gndieDts, (a), 1he yelow-blue gradiems (b), and 1he acbromatic gra
dients (c). Each oIJIerver is represented by a p8I'ticuIar symbol on
all three graphs. The filCIIIe on the abIIc:issa denotesthe amount of
the contrast effect as a propot1ioDofthe total disIancein tristimnlus
space between the two component colors used to generate a partic
ular gradient.
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THE LATERAL INlllBmON MODEL

Figure 6. Graph showing the contrast effects predicted by a
hypothetical double-opponent chromatically seDSitive neuron for all
five gradients. The same effects are predicted by an opponent achr0
matic neuron.

generally only a single fixation occurred. This should cer
tainly be sufficient to drastically reduce eye-movement
induced edge effects.

Two subjects matched all five patterns under both con
tinuous and intermittent viewing conditions (1 sec of pat
tern, 4 sec of neutral field). The results (Figure 5) show
no diminution of the effect in intermittent viewing.

One-second exposures seem to be a practical limit, be
low which matching cannot be done. Nevertheless, we
had 4 subjects perform a somewhat different task with
shorter exposures (.5 sec of pattern, 2.5 sec of neutral
field). The subjects were asked to attempt to remove the
chromatic Mach bands by directly manipulating the color
balance. None could do so.

Although it is possible that substantial adaptation can
occur in .5 sec and that adaptation after I sec is the same
as in continuous exposure, we consider this to be unlikely.
We feel that the results described above, combined with
the positive results ofour lateral inhibition model (below),
make the eye-movement explanation improbable.
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EXPERIMENT 3

EXPERIMENT 2

It has been suggested that apparent chromatic contrast
might be caused by lateral inhibition in the achromatic
channel, which in some way, not usually specified, pulls
the chromatic appearance along with the chromatic effect.
To exclude this possibility, the achromatic channel must
be carefully nulled. Because the flicker photometric tech
nique for nulling the achromatic channel might be in
appropriate, or insufficiently accurate, we used Daw's
(1964) procedure, allowing 4 subjects to vary the rela
tive red-green luminances while looking at pattern D.
1beir instructions were to look for a minimum in the chro
matic contrast, or its disappearance, while looking at the
pattern andadjusting the luminance of the red component
of the pattern through its entire range. None of the sub
jects reported the disappearance of the chromatic effect,
except in the trivial case in which there was no red light
and the gradient degenerated to a green luminance gra
dient. Neither did they report any diminishing of the ef
fect as the gradients passed through the state in which the
component hues appeared to be equiluminous.

Some investigators think that chromatic contrast may
be caused by small eye movements that cause differen
tial adaptation near changes in the pattern (Wooten, 1970).
Even though there exists no coherent model of Mach
bands or other contrast phenomena based on eye move
ments, we nevertheless decided to try to establish whether
or not eye movements were contributing to the effects we
were observing.

Such eye movements cannot be eliminated by fixation
instructions, but adaptation can be decreased by intermit
tent viewing. Prior experimentation hadshown that, prac
tically, l-sec intermittent exposures were the shortest that
could be used. The task had required that in this interval
the subject fixate the relevant part of the test field and
the matching field with an oblique saccade in between.
At the most, two fixations to the test field were possible;

0.05 0.05

0.00 0.00 l-..L.=.J...Ja.J..........u:a...lJ4
BAECD BAECD

Figure 5. Bistognun sbowiDg the results ofExperimeDt 3. The data
are for 2 subjects for all five gradients. Open bars show measured
contrast effects under continuous viewing; hatched bars show the
effect measured under intermittent viewing. At the top of each bar
is a marker showing 1 SD.

To see how well lateral inhibition could account for the
results, we constructed a model based on color-sensitive
neurons found in the monkey cortex (Michael, 1978).
These are concentric double-opponent neurons with recep
tive fields of two types: One has a circular center excited
by red, inhibited by green, and an annular surround ex
cited by green, inhibited by red; the second type of cell
is the chromatic converse of the first. We created a
hypothetical neuron of this type, with its center surround
structure modeled by the difference of Gaussians func
tion: exp(-r/tr) - w . r. exp( -WZr/tr), where x is
the distance from the center of the distribution in minutes
of arc, (1 is the width of the center, w is the ratio of center
width to surround width, and r is the ratio of inhibition
to excitation (Wilson & Bergen, 1979). Figure 6 shows
the difference in response when such a cell-with a center
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half width of 10' and a surround 10 times as large,
parameters similar to those of monkey cortex-is posi
tioned at the arrows of each pattern in Figure 1. The
parameters were: 0-=6', w=O.I, and r=0.6. Varying cell
parameters (center and surround sizes, inhibition ratio)
varies the size of the effect but not the rank order of the
patterns. This is interesting, since human subjects give
results of varying magnitude but of consistent order. Note
that, with the exception of pattern E, the model ranks the
patterns in the same order as human subjects do.

We do not have a coherent explanation for the results
obtained with pattern E. However, we suggest that pat
tern E may give a small result because there is a visual
mechanism that is not included in the model, but which
"fills in" between edges and behaves differently for the
different chromatic and achromatic channels. This idea
is supported by our results with a chromatic Cornsweet
pattern (Ware & Cowan, 1983) for which the model gives
no effect and humans give a negative one. The Cornsweet
effect can also be predicted by a "filling-in" mechanism,
and it gave different effects for the different chromatic
and achromatic channels; however, the largest effect was
obtained for the achromatic pattern and the smallest ef
fect was obtained for the chromatic pattern. Clearly, the
possible existence and operation ofa "filling-in" mecha
nism is a profitable subject for future experimentation.

CONCLUSION

The finding that the same individual variation under
lies the large simultaneous contrast effects and the rela
tively smaller Mach-band effects strongly suggests that
these effects are subserved by the same mechanism. As
for the identity of this mechanism, although eye move
ments are not absolutely ruled out, lateral inhibition is
at present the strongest candidate. The interpattern and
intersubject variability in our study also provides a rea
son why investigations of chromatic Mach bands have
been so inconclusive. Most of the previous studies that

failedto findthe effect useda ramp, pattern C in Figure 1,
which induces only a small chromatic shift. Nevertheless,
our results are consistent with the notion that the mecha
nism that underlies this small shift is the same as that
which underlies the larger shifts seen in the other patterns.
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