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Binocular rivalry with chromatic contours

PEEP F. M. STALMEIER and CHARLES M. M. DE WEERT
University of Nijmegen, Nijmegen, The Netherlands

The contribution ofcolored contours to binocular rivalry was investigated. Orthogonal circular
and radial figures were used as stimuli. Binocular rivalry was measured between a fixed achro
matic target presented to the left eye and a two-color target presented to the right eye. Various
color combinations were presented to the right eye to assess the rivalry strength of these color
combinations. The main conclusion is that the contributions ofcolor contours in binocular rivalry
and minimally distinct border experiments are closely related; that is, signals from short
wavelength-sensitive cones do not make an appreciable contribution to rivalry.

Levelt (1968) concluded that binocular rivalry is due
mainly to the presence and amount of nonfusionable con
tours in each eye (contour effect). In an informal experi
ment, he showed that purely chromatic (isoluminant)
red-white contours led to similar effectsas luminancecon
tours did. To obtain more detailed knowledge about the
contribution of colored contours to binocular rivalry, we
studied the course of the binocular rivalry process when
the color contours were changed in a quantitative man
ner. The data obtained with this method might be rele
vant for the issue oflarge color differences. If the rivalry
process varies with the color distance between the two
colors forming the contour, then rivalry might be used
to quantify combined chromatic and luminance differ
ences. The advantage of this method would be that quite
large color differences could be measured without ask
ing the subject for direct color difference judgments.

Ward and Boynton's (1974) experiments are of partic
ular interest, given the importance of the contour effect
in binocular rivalry. In their minimal distinct border
(MDB) experiments, subjects rated the strength of a chro
matic border between two juxtaposed color fields with
reference to a variable achromatic contour. Tansleyand
Boynton (1976) found indications in multidimensional
scaling analysis of MDB experiments that colors along
tritanopic confusion lines essentially collapse on the spec
trallocus. This means that in the MDB task, differential
stimulation of the blue cone is far less effective than
differential stimulationof the red and green cones (Kaiser
& Boynton, 1985; Valberg & Tansley, 1977). We sus
pected that these properties of color contours in MDB ex
periments are also important for binocular rivalry.
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Experiments 1 and 2 of the present study were con
cerned with the effect of color contours in binocular
rivalry. An attempt was made in Experiment 3 to express
the color contour strength in binocular rivalry in terms
of an equivalent achromatic contrast strength.

GENERAL METHOD

Subjects
Six subjects, 5 males and I female, participated in these experi

ments. They ranged in age from 26 to 43 years. Three of them were
corrected myopes. The subjects were color normal, as determined
with the Ishihara color test and the Farnsworth-Munsell lOO-hue
test. Four paid subjects were naive and had no previous experience
with binocular rivalry measurements. The 6 subjects were selected
out of9 subjects on the following criteria: maximum reproducibil
ity ofdominance values on a red-green test stimulus and, at worst,
composites were perceived less than 40% of the measurement time.

Apparatus
Stimuli were presented on a high-resolution color monitor (Barco

CTVM 2/51 H) with to-bit-wide red, green, and blue inputs. The
monitor was coupled with a DEC PDP 11/23 computer (Wittebrood,
Wansink, & de Weert, 1981). We used computer programs that
enable the luminance ofa color to be changed while the chromatic
ity coordinates of the color remain fixed, and programs that allow
for variation along a straight line in the combined luminance and
chromaticity space.

Stimulus display and data acquisition were under computer
control.

Stimulus Configuration
Figure 1 shows the stimulus pair presented to the left and right

eyes. One stimulus consisted of concentric circles; the other con
sisted of radials. Table 1 contains the luminance levels, as mea
sured with a Pritchard SPECTRA photometer. These particular
stimuli were chosen instead of the more common orthogonal oblique
gratings or horizontal/vertical pair of gratings because the more
common stimuli can give rise to more eye-following motions that
in particular weaken one stimulus and strengthen the other.

In the circular figure, presented to the left eye, achromatic colors
were used. The Michelson contrast, defined as K =
2x(Lmax-Lunn)/(Lmax+ Lmin), was equal to 0.5. Lmax and Lunn are
the local luminance levels as given in Table 1. The space-averaged
luminance of the circular figure was equal to 12 OO/m'. In the seg
mented figure, presented to the right eye, different pairs of colors
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Figure 1. Stimulus pair used for binocular rivalry. The concen
tric circular figure wasalways presented to the left eye, the segmented
radial figure to the right eye.
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ing which time an average of 35 combinations were measured. Oc
casionally, two sessions were held on one day. Every color combi
nation was repeated 10 times. All combinations were presented in
a different random order for each subject. A chinrest was used for
the fixation of the subjects' heads.

Before each session, the convergence of the color monitor was
carefully controlled to ensure that no dividing line was visible be
tween the colored segments.

From a l-rnin trial, seven parameters were computed and stored
on file: nl and n" the number of times the left or the right stimulus
dominated; tl and t., the average duration of the left or the right
stimulus; SI and Sr, the standard deviations of these durations; and
D, the dominance measure, defined as (Tr- Tt)/(Tr+Tt). T, and Tt
are the total times that the right and left stimulus were visible, that
is, T, = n.sct, and Tt = nl xn.

Note-The stimulus background was dark. L = luminance (in cd/m').

were presented in the segments. A central spot of the same size
and color used in the circular figure was added to the segmented
figure. It provided a steady fixation point, enhancing the fusional
stability of the stimuli. Moreover, it set a limit to the high-frequency
content of the segmented figure.

The contour lengths in the left and right figures were approxi
mately equal. Both the circular and segmented figures subtended
visual angles of 1.48°. The viewing distance was 3.1 m. A mirror
stereoscope was used to combine the left and the right figures dichop
tically. A septum separated the two figures.

Procedure
In the segmented figure, pairs of colors were presented in the

radial segments. If we could assume that both eyes have equal spec
tral sensitivity curves, it would not matter to which eye the colors
are presented; however, because sensitivity differences frequently
do occur, we chose to present the colored figure always to the right
eye. The colors used in Experiments 1 and 2 were made isoluminant
to white (chromaticity coordinates: 0.33,0.33) with a flicker pho
tometric calibration procedure (the flicker rate was 12.5 Hz) with
a 1° circular field, in which the subjects used the right eye only.
This was done for each subject. Thus every subject had hislher own
set of isoluminant colors. The circular figure in the left eye remained
unchanged during all three experiments. Differences in dominance
can therefore be attributed only to the variation of colors in the seg
mented figure.

Time registration of the binocular rivalry process during l-min
trials was done with two switches. The subjects were instructed
to fixate the central spot and to depress the left or right switch,
respectively, whenever the circular or segmented figure was com
pletely visible. Composites were perceived but not registered as
a separate category, since we were interested only in the complete
dominance of one figure or the other. The total time of occurrence
of composites may be derived from the data if necessary.

After each 1 min of measured rivalry for a given color combina
tion, there was a brief rest for 30 sec. Usually, about 10 consecu
tive trials were given, followed by a rest period of at least 3 min.
This schedule was not too tight, and the subjects were urged to pause
whenever they wanted. Each session was finished after 1 h, dur-

Table 1
CIE (xy) Coordinates of the Stimulus Colors

Color No. x y

1 .33 .33
2 .33 .33
4 .33 .33
5 .33 .33

3,6 variable

L

0.29
0.49

14.60
8.75

EXPERIMENT 1
DOMINANCE OF COLOR PAIRS

OF SEVEN COLORS

In this experiment, dominance was measured for each
combination of seven colors, distributed over that area
of the CIE chromaticity space that is covered by our color
monitor. The colors were made isoluminant at 12 cd/m'
for each subject, using the flicker procedure described
above. Thus we hoped to avoid the contribution of a lu
minance component to the contour and to obtain purely
chromatic contours. Table 2 and Figure 2 show the lo
cation on the CIE (x,y) diagram of the colors used in this
experiment.

In the first series, all 15 possible color combinations
of the first six colors were presented in the segmented
figure to the 6 subjects. The mean data of 5 subjects are
presented in Figure 3 (open circles). The dominance of
a color pair is plotted as a function of the distance be
tween these colors in the CIE 1960 (u,v) diagram. The
CIE (u,v) color-order system is intended to be perceptu
ally uniform for small color differences (Wyszecki &
Stiles, 1983). Positive dominance values indicate
predominance of the segmented figure over the circular
figure. (For clarity, the data points are connected by
lines.) The numbers near the data points denote the colors
presented in the segmented figure in accordance with the
color numbers given in Table 2. The standard deviation
of D for the 10 repeated measurements of a given color
pair was typically between 0.07 and 0.2 units of D for
individual subjects.

To assess the intraobserver reproducibility and the relia
bility of the measurements, this experiment was repeated
with all seven colors (see Table 2). Thus dominance
values of21 color combination' were measured in the sec
ond series. The time interval between these two series was
approximately 2.5 months. Four subjects, the same as in
the first series, participated. The mean data of 3 subjects
are shown in Figure 3 (closed circles). They are shifted
upward 0.2 units of D for clarity.

For every subject, the color combinations were ordered
with respect to increasing dominance value, and Spear
man's coefficient of rank correlation was calculated be
tween these two orderings of the first and second series.
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Table 2
CIE (x,y) Coordinates of the Colors Used in Experiment 1

Color No. x y L

I 0.30 0.55 12
2 0.41 0.47 12
3 0.60 0.33 12
4 0.20 0.10 12
5 0.35 0.19 12
6 0.25 0.33 12
7 0.33 0.33 12

Note-Color numbers are the same as those in Figure 2. L = luminance
(in cd/m').

MDB color pairs. The correlation coefficient 7(13) = 0.5,
which is significant at only the 10% level (two-tailed test).
Second, we correlated the overall strength of a color. For
every color, we added the dominance values of its com
binations with the remaining five colors to evaluate the
overall strength of that color. We did the same for the
MDB contrast equivalents. This had the desired effect of
averaging across the orientations of the color pairs in color
space. The correlation coefficient 7(4) = 0.82, which is
just significant at the 5% level (two-tailed test). This corre-

Figure 2. Location in the CIE (x,y) diagram of the colors used
in Experiment 1.

FIgUre 3. Mean dominance values of color pairs in the segmented
figure pIotted against the distance of the colors in the CIE 1960 (u, v)
diagram. Open circles correspond to the mean data of 5 subjects
for the color set containing six colors. Closed circles correspond to
the mean data of3 subjects for the color set containing seven colors.
The closed circlesare shifted upward 0.2 units of D for clarity. Posi
tive values indicate predominance of the segmented figure over the
circular figure. Numbers near the data points denote the colors as
given in Table 2.
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For the subjects l.S., G.W., E.H., and P.S., these coeffi
cients are 0.75,0.83,0.94, and 0.86, respectively. In Ta
ble 3 rank correlation coefficients between subjects are
given. Note that the data for Subject E.H. do not agree
with those of the other subjects; therefore, we have ex
cluded his results from the averaged data, presented in
Figure 3, although he was not excluded from subsequent
analyses.

Figure 3 clearly shows the existence of a saturation
plateau for large values of d(u,v). D seems to increase
with increasing eIE (u,v) distance, but not monotonically.
Closer inspection of Figure 3 shows that the dips in the
curves occur for color pairs consisting of colors along
lines pointing more or less to the tritanopic confusion
point. Only the data of Subject E.H. show an exception
to this general decrease of dominance values for color
pairs along tritanopic confusion lines.

The saturation plateau for most subjects in the second
series is generally not at the same level as that in the first
series; that is, there is a drift of the dominance values over
time. This means that dominance values can be compared
only within one series.

Some of the isoluminant color combinations-for ex
ample, (1,6) and (2,7)-showed extremely weak chro
matic contours. This phenomenon has been described
previously (Gregory, 1977; Koffka & Harrower, 1931).
It supports our claim that these colors were isoluminant.
Tansley and Boynton (1978) proposed that such blurred
contours occur when colors are closely set along tritanopic
confusion lines. This is in accordance with our results.

We roughly compared our data for the series with seven
colors to the MDB equivalent achromatic contrast settings
given by Ward and Boynton (1974), who used spectral
colors only. We selected their settings for the spectral
colors closest to the dominant wavelengths of our colors.
Color 5 was excluded since Ward and Boynton did not
measure any purple. Note that the correspondence be
tween the colors is not very good; for example, the color
combinations (1,6), (4,7), and (2,4) are almost tritanopic
in our color set, whereas Ward and Boynton's spectral
counterparts are not. Pearson's product-moment corre
lation coefficients were calculated in two ways. First, we
correlated individual color combinations; that is, we cor
related the dominance values of each color combination
(see Figure 3, closed points, color 5 excluded) with the
achromatic contrast equivalents of the corresponding
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Color No. x y L

Table 4
CIE (x,y) Coordinates of the Colors Used in Experiment 2

Note-Color numbers are the same as those in Figure 4. L = luminance
(in cd/m').

Table 3
Spearman's Coefficients of Rank Correlation Among

Subjects for the Series with 6 (IS Combinations;
Top) and 7 (21 Combinations; Bottom) Colors

separate series. The dominance of these color pairs was
measured by the subjects.

Dominance values, as a function of the distance between
two colors in the CIE 1960 (u,v) diagram, are plotted in
Figures 5a, 5b, and 5c. The numbers near the data points
denote which color numbers (see Table 4) were presented
in the segmented figure. Figure 5c shows that the varia
tion of the dominance values between the color combina
tions along line c is not very strong. However, the
dominance values for the color combinations along the
tritanopic confusion lines (Figures 5a and 5b) clearly in
crease with the color distance of the color pair along the
tritanopic line.

It is commonly held that the presence of nonfusionable
contours gives rise to binocular rivalry. Tansley and Boyn
ton (1976) found in MOB experiments that B cones
scarcely participate in border perception, that is, that tri
tanopic color pairs do not give rise to contour formation.
Although the results of Experiment 1 showed that the
predominance of stimuli with colors along a tritanopic
confusion line is relatively weak, the results in Figures 5a
and 5b for the two tritanopic lines clearly show that the
dominance values increase with increasing distance along
tritanopic lines. Thus, there is an apparent contradiction
between our finding and the MOB results.

This contradiction is resolved if we use the MOB cri
terion instead of the flicker criterion for isoluminance.
It appeared that these two criteria lead to different lu
minance levels. I For instance, if the luminances of color
pairs (l,4) and (5,8) are carefully adjusted to yield a
MOB, their dominance values drop to the same level as
the most leftward points in Figures 5a and 5b. This was
the case for all 3 subjects. Apparently, the luminance mis
match between the MOB and flicker criterion increases

0.66 0.73 0.33 0.71 0.82
0.60 0.60 0.70 0.53

0.15 0.80 0.89
0.25 -0.01

0.83

0.77 0.87 0.50
0.83 0.57

0.45

P.S. I.S. G.W. E.H. R.W. C.W.

P.S.
I.S.
G.W.
E.H.
R.W.
C.W.

P.S.
I.S.
G.W.
E.H.

I 0.550 0.359 12
2 0.450 0.264 12
3 0.400 0.217 12
4 0.375 0.193 12
5 0.395 0.465 12
6 0.330 0.330 12
7 0.300 0.268 12
8 0.235 0.133 12
9 0.450 0.275 12

IO 0.400 0.300 12
II 0.330 0.335 12
12 0.260 0.370 12

lation is quite good in view of the fact that we used non
spectral colors, and it demonstrates that the contour
strength of colored contours in binocular rivalry and MOB
are closely related to each other.

Figure 4. Location in the CIE (x,y) diagram of the colors used
in Experiment 2. Lines a and b are tritanopic confusion lines; along
line c, the 8<one excitation level is assumed to be constant.

EXPERIMENT 2
DOMINANCE OF COLORS
ALONG CRITICAL AXES

In Experiment 1 we found indications that the
dominance of a stimulus consisting of colors positioned
along tritanopic confusion lines is relatively low. We dealt
with this finding in more detail in Experiment 2.
Isoluminant colors were chosen on two tritanopic confu
sion lines and on a line along which the B-eone excita
tion level is constant (Boynton & Kambe, 1980). Again,
these colors were made isoluminant to 12 cd/m", using
the flicker procedure. We assumed that this would
eliminate any luminance difference at the contour.
Figure 4 and Table 4 show the colors used in this ex
periment.

Lines a and b in Figure 4 are tritanopic confusion lines.
Along these lines, only the B-cone excitation level
changes. Along line c, the B-eone excitation level is con
stant. On every line, four colors were chosen. This yielded
a total of six possible color pairs per line, which were
presented in random sequence in the segmented figure in
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Figure S. Dominance values of color pairs plotted against the distance of these colors in the CIE 1960 (u, v) diagram. Colors along lines
a and b (Figures Sa and Sb, respectively) are tritanopic confusion pairs. For colors along line c (Figure Sc), the B-eone excitation level
is assumed to be constant. Color pairs connected with lines are made isoluminant with the Dicker criterion. The remaining color pairs
at the right near the (u. v) axis in Figures Sa and Sb are made isoluminant using the MDB criterion. Figures near the data points denote
the colors as given in Table 4.

as the tritanopic difference between the colors increases.
We conclude that there is no contour formation for tri
tanopic color pairs and, consequently, no rivalry, provided
that the MDB criterion for isoluminance is used. This find
ing confirms the close relationship between the contribu
tion of color contours in binocular rivalry and MDB ex
periments.

EXPERIMENT 3
PURE COWR CONTRAST VERSUS

ACHROMATIC CONTRAST

The relative strengths of pure (i.e., isoluminant) color
and luminance contours have been investigated by several
authors. Hilz and Cavonius (1970) found that luminance
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Figure 6. Dominance value of five red-green and two achromatic
color pairs used in the segmented figure. From left to right, the closed
points correspond to color combinations R"G., R"G,., R"G, ..
R"G,.. and R"Gra- Subscripts denote the luminance level in cd/m'.
Open points correspond to the dominance values for achromatic con
trasts of 0.4 and 0.87. Bars indicate one standard deviation.

contours are stronger than isoluminant color contours in
a grating detection task. They estimated that an achro
matic contrast of 0.3 to 0.5 gives rise to the same acuity
as the maximum chromatic contrast. Ward and Boynton
(1974) found that the maximum equivalent achromatic
contrast setting for MDB color borders has an achromatic
contrast of0.4 (recalculated with our contrast definition).
In Experiment 3, we measured with binocular rivalry the
relative strength ofcolor contours (red-green) and achro
matic contours.

The strongest chromatic color combination found in Ex
periment 1 was red-green. To ensure that this color com
bination was isoluminant, we presented five red-green
combinations with the luminance of red fixed at 12 cd/m'
and the luminance of green ranging from 9 to 13 cd/m",
as measured with the Pritchard photometer. Thus we cir
cumvented a MDB isoluminance match for red-green.
This match is quite difficult to obtain because the border
never disappears. Insofar as red-green MDB matches
were made, the green luminance levels were always within
the given interval. Furthermore, two achromatic contrasts
of 0.4 and 0.87 were presented. The red-green and achro
matic combinations were presented at random in one se
ries in the segmented figure. Five subjects participated.
The results are shown in Figure 6.

As shown in Figure 6, the differentiation between the
various red-green combinations is weak, due to satura
tion effects. One would expect the presence of a mini
mum in the dominance values for the red-green combi-

nations, when the luminances of red and green colors are
equal according to the MDB criterion. This minimum is
not pronounced, because the red-green border remains
quite visible, whatever the relative red-green luminance
levels.

The intersubject variability in the results is quite large.
Figure 6 shows that the dominance value for the achro
matic contrast of 0.87 is well above or at the same level
as the minimum of the red-green dominance values, ex
cept for Subject J.S. The dominance value of achromatic
contrast of 0.4 is below the minimum of the red-green
dominance values, except for Subject E.H. We conclude
that, given the intersubject variability, no reliable esti
mate of the achromatic contrast, equivalent to the
red-green pure color contrast, can be made. However,
our data do not seem to be unreasonable in view of the
achromatic contrast values of about 0.4, suggested by Hilz
and Cavonius (1970) and Ward and Boynton (1974),
which were obtained with different experimental methods.

GENERAL DISCUSSION

In these experiments, we investigated the role of purely
chromatic contours in binocular rivalry. The results in
dicate that colored contours contribute to binocular rivalry
in the same way that they contribute to MDB strength;
that is, short-wavelength-sensitive cones do not make an
appreciable contribution to rivalry. The absence of a MDB
for tritanopic color pairs is mirrored by the almost com
plete absence of rivalry with contours formed by such
color pairs, provided a precise isoluminance match us
ing the MDB criterion is made.

Our conclusions agree fully with those arrived at by
Rogers and Hollins (1982), who measured binocular
rivalry for a series of colored targets in trichromats and
dichromats. They found an effect of color on binocular
rivalry for trichromats but not for dichromats. From this,
they concluded that binocular rivalry is tritanopic. The
occasional breakdown of rivalry, anecdotically mentioned
for their 453- and 482-nm color pair, also agrees well with
the decrease or breakdown of rivalry that we recorded
for several tritanopic color pairs. Note that their colors
were equated for brightness. The brightness and MDB
criterion lead to quite different luminance levels as the
saturation ofa color increases (Wagner & Boynton, 1972).
This explains that no breakdown of rivalry for other more
or less tritanopic color pairs was recorded in their data.

The presented method appears to be inadequate to quan
tify large color differences beween the two colors form
ing the chromatic borders in the segmented figure. First,
there is the saturation in dominance when the color differ
ence, expressed in cm 1960 (u,v) units, becomes larger.
This saturation sets in early for colors, discriminated by
a Hering type of red-green opponent color channel. Sec
ond, the intersubject variability in the relative chromatic
contour strengths, measured with binocular rivalry, is
quite large, indicating that the method cannot be used for
precise quantitative measurements. Finally, neither
binocular rivalry nor the MDB method that was proposed
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by Ward and Boynton (1974) for the measurement oflarge
color differences is sensitive to tritanopic color
differences.
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NOTE

I. The discrepancy between the MOB and flicker criterion was un
expected, since Kaiser (1971) and Wagner and Boynton (1972) stated
that both methods for luminance calibration are very similar. In a con
trol experiment, with the same 4 subjects using the right eye only and
5 additional subjects, we found that a flicker photometric match with
white of 10 cd/rrr' yields an average (9 subjects) blue and yellow lu
minance level of 10.5 and 10.0 cd/m", respectively. The MOB match
of blue with yellow, with the yellow luminance fixed at 10 cd/m", yields
an average (9 subjects) luminance of 13 cd/m" for blue. Thus we find
that significantly more blue is needed in a MOB match than in the flicker
match. In a control experiment, we found that the discrepancy disap
pears when artificial pupils and achromatizing lenses are used.
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