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Binocular rivalry is easily demonstrated by presenting
a small area of grating to each eye, with one eye’s grating
orthogonal to the other. The viewer typically sees only
one grating or the other, with the dominant percept swap-
ping from one grating to the other every few seconds.
This phenomenon has fascinated students of the visual
system for hundreds of years (DuTour, 1760), because it
dramatically alters the perceived image in the absence of
any change in the visual stimulus. Given the marked
change in perception during rivalry, it makes sense to ask
whether visual sensitivity is similarly altered. A number
of studies have looked at this question by briefly present-
ing test stimuli to one eye during its dominance phase,
when the conditioningstimulus to that eye is most visible,
and during its suppression phase, when the conditioning
stimulus is least visible. One of the earliest studies (Wales
& Fox, 1970) found that the sensitivity for detecting a test
stimulus was a factor of three lower during the suppres-
sion phase than during the dominance phase. Later stud-

ies (Blake & Camisa, 1979; Makous & Sanders, 1978)
have found sensitivity losses of a similar order.

This result leads to a major puzzle. Rivalry can prevent
the perception of a conditioning stimulus, and yet it re-
duces visual sensitivity by only a small amount. The dis-
crepancy is more obviouswhen stated in terms of contrast.
To prevent the detection of the (typically high-contrast)
conditioning stimulus under nonrivalry conditionswould
require reducing its contrast by a factor of around 100. Yet
when the sensitivity of the suppressed eye is tested dur-
ing rivalry, the loss of effective contrast is closer to three-
fold. How can this discrepancy be explained? One possi-
bility is that the suppression that operates during binocular
rivalry is selective for certain stimulus features, that the
features most heavily suppressed are those most important
for perception,and that less suppressed features contribute
to visual sensitivity.

Countingagainst this hypothesis are a number of stud-
ies showing that when a conditioning stimulus is sup-
pressed, alterations in its temporal or spatial makeup do
not improve its visibility (Blake & Fox, 1974b; Blake,
Westendorf, & Overton, 1980;Fox & Check, 1968; Wales
& Fox, 1970). Fox and Check (1968) induced rivalry and
then rotated or translated the suppressed conditioning
stimulus. Stimulus motion did not terminate the suppres-
sion period, so long as the motion was slow. Blake and
Fox (1974b) changed the spatial frequency or orientation
of a suppressed grating and likewise found that altering
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Binocular rivalry occurs when the two eyes are presented with incompatible stimuli and the per-
ceived image alternates between the two stimuli. The aim of this study was to find out whether the pe-
riodic perceptual loss of a monocular stimulus during binocular rivalry is mirrored by a comparable
loss of contrast sensitivity. We presented brief test stimuli to one eye while its conditioning stimulus
was dominant or suppressed. The test stimuli were varied widely across four stimulus domains—
namely, the relative stimulation of medium- and long-wavelength-sensitive cones, duration, spatial fre-
quency, and grating orientation. The result in each case was the same. Suppression depended slightly
or not at all on the type of test stimulus, and contrast sensitivityduring suppression was around 64% of
that during dominance. The effect of suppression on sensitivity is therefore very weak, relative to its
effect on the perceived image. Furthermore, suppression was largely independent of the similarity be-
tween the conditioning and the test stimuli, indicating that our results are better explained by eye sup-

pression than by stimulus suppression. A model is presented to account for the small, monocular sen-
sitivity loss during suppression: It assumes that test detection precedes conditioning stimulus
perception in the visual pathway.
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the conditioning stimulus did not terminate the suppres-
sion period. These studies lead to the conclusion that the
suppression process indiscriminately reduces the visibil-
ity of a wide variety of stimuli.

There is other evidence, however, suggesting that sup-
pression is selective. Logothetis,Leopold, and Sheinberg
(1996) induced binocular rivalry with orthogonalgratings
and then swapped the gratings between eyes every third of
a second. The interval during which a grating of fixed ori-
entation was continuously perceived spanned 2 sec or
more, despite the fact that the grating was swapped be-
tween eyes several times during that period. Lee and Blake
(1999) have carefully defined the conditionsunder which
this observation occurs. These results lead to the possibil-
ity that suppression is selectively targeted at a stimulus
feature, regardless of the eye to which that feature is pre-
sented. Logothetis et al. refer to this as stimulus suppres-
sion, as opposed to eye suppression.

Kovács, Papathomas, Yang, and Fehér (1996) also pro-
vided evidence for stimulus suppression. They presented
an array of spots to one eye, with some spots green and the
remainder red. A spatially identical array of spots was
presented to the fellow eye, but with green spots swapped
for red, and red for green. When the subjects fused the two
arrays, they saw spots of a single color much more often
than would be predictedon the basis of rivalry between the
two eyes. Spots of the other color were suppressed, even
though some were presented to one eye and the remain-
der to the fellow eye.

Clear evidence of selectivity in the suppression pro-
cess is obtained when the chromatic properties of the
stimulus are altered (Ooi & Loop, 1994; E. L. Smith,
Levi, Harwerth, & White, 1982). E. L. Smith et al. pre-
sented orthogonal gratings to the two eyes, resulting in
binocular rivalry, and used a flashed test stimulus to de-
termine the chromatic sensitivity of one eye during both
its dominant and its suppressed phases. Sensitivity during
dominancepeaked at three separate stimulus wavelengths,
indicating that the test stimulus was being detected by
three channels differing in their chromatic properties.
During suppression, however, sensitivity formed a one-
peaked function of wavelength that was well fitted by the
photopic luminosity function.E. L. Smith et al. concluded
that signals in chromatic visual channelsare reduced more
than those in luminance channels during suppression.

E. L. Smith et al.’s (1982) result suggests a possible rea-
son for the discrepancy between large perceptual losses
and small sensitivity losses during binocular rivalry. Per-
haps the perceptual loss during rivalry is due to the re-
duced signal in chromatic channels, whereas the detec-
tion of a test stimulus during suppression is mediated by
the relatively unaffected luminance channels. We tested
this idea by delivering chromatically modulated stimuli
during both the dominance and the suppression phases of
rivalry. Chromatic and luminance channels were tested
independently by varying the ratio in which the test stim-
ulus activated long- and medium-wavelength-sensitive
cones. Another possibility is that suppression acts selec-

tively on temporal or spatial stimulus domains that have
not been explicitly tested in previous work. We have there-
fore varied the duration and spatial frequency of the test
stimulus over a wide range, to see whether a portionof the
range is specifically affected by suppression. Finally, we
determined whether loss of sensitivity for a test stimulus
is due to eye suppression or stimulus suppression by al-
tering the orientation of the test so that it was either sim-
ilar or dissimilar spatially to one of the conditioningstim-
uli. Stimulus suppression predicts greater suppression
depth when the test stimulus is similar to the suppressed
conditioning stimulus.

METHOD

Subjects
Ten subjects were tested. The age range was 21–35 years, and all

the subjects had visual acuities of 6/6 or better in each eye. Stereop-
sis was measured with the TNO test and showed that the binocular
disparity threshold was 2 min arc or better. All the subjects gave
written consent to their participation once the methodology had been
explained to them. Apart from one of the authors (V.A.N.), the sub-
jects were unaware of the purpose and results of the experiments.

Stimulus
The two eyes were presented with differing static conditioning

stimuli to produce binocular rivalry, and a test stimulus was then
presented to one eye to measure its contrast sensitivity. When visual
stimuli delivered to the two eyes differ over a large area, the per-
ception is of a patchwork in which the stimulus delivered to one eye
is perceived in some patches and the other stimulus dominates in
the remaining patches. We ensured that suppression was largely re-
stricted to one eye’s stimulus at a time by using binocularly incom-
patible conditioning stimuli with a diameter of only 1º (Blake,
O’Shea, & Mueller, 1992). Furthermore, the test stimuli were kept
brief to make sure that they did not overlap the interval in which
suppression was transferring from one eye’s stimulus to the other.

Visual stimuli were delivered on a computer monitor (Mitsubishi
HL7955 or NEC 4FG) driven by a high-resolution video card (VSG
2/2, Cambridge Research Systems). The monitor’s interpixel spac-
ing was 0.2 min arc, and its optical distance from the eye was 6 m,
except in Experiment 2, where it was 5 m. The monitor’s frame rate
was 100 Hz in Experiment 1, 70 Hz in Experiment 2, and 120 Hz
in Experiments 3 and 4. Stimuli for the left eye were presented on the
left half of the monitor screen, and stimuli for the right eye on the
right half. A septum placed in front of the screen and front-surfaced
mirrors placed along the optical path kept the left-eye and the right-
eye views separate. The mirror in front of each eye belonged to a
stereoscope, which the subject adjusted to bring the two views into
alignment. The subject used chin and forehead rests to reduce head
movement.

The conditioning stimulus to each eye subtended 2.2º horizon-
tally and 3.5º vertically. It included a centered annulus to aid binoc-
ular fusion and Nonius markers around the edge to indicate the fu-
sion status, as is shown in Figure 1A. The annulus had inner and
outer radii of 1º and 1.12 º, respectively, the Nonius markers were
squares 0.2º on a side, and both the annulus and the markers were
dark. The bright region outside the annulus was spatially uniform,
with a luminance of 100 cd m22. The spatial pattern within the an-
nulus was a 3 cycles deg21 grating for both eyes, with one grating
oriented orthogonally to the other. The gratings had a contrast of
50% and a mean luminance of 66 cd m22 (in Experiments 1 and 2)
or 50 cd m22 (in Experiments 3 and 4). All the experiments were
performed in a dark room so that the only significant source of light
came from the monitor screen.
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Test stimuli were delivered to the right eye. Test onset and offset
were step functions of time; test duration was 100 msec for Exper-
iments 1, 3, and 4 and was variable in Experiment 2. For experi-
ments apart from the first, test contrast was set equal to the lumi-
nance increment from the test divided by the background luminance.
In Experiment 1, the test stimulus differed from the background in
both chromaticity and luminance; the difference was defined by the
cone contrasts of the test. Cone contrast was determined as follows.
First, cone energy absorption was calculated by measuring the spec-
tral emission of the stimulator screen with a spectrophotometer
(Photo Research PR-650), weighting the emission with the spectral
sensitivity of the relevant cone type (V. C. Smith & Pokorny, 1975),
and integrating over wavelength. Cone contrast was then set equal
to the increment in cone energy absorption from the test stimulus
divided by the absorption from the background. Contrast for the
short-wavelength-sensitive (S-) cones was set equal to zero so that
only the contrasts of the medium- and long-wavelength-sensitive
cones (M- and L-cones, respectively) were free to vary. Test stimu-
lus contrast was checked by measuring test chromaticity and lumi-
nance with the spectrophotomet er. Measured contrast deviated
from a linear function of contrast setting by at most 3%.

Figure 1B shows the coordinate system by which the chromatic
content of the test stimulus was varied. The horizontal axis gives L-
cone contrast, the vertical axis gives M-cone contrast, and a stimu-
lus with zero cone contrast is identical to the background so that the
origin represents the background. A test stimulus with a higher lu-
minance than the background increases both L- and M-cone re-
sponses and therefore appears in the upper right quadrant. A satu-

rated green test stimulus decreases L- and increases M-cone re-
sponses, thereby appearing in the upper left quadrant. Similarly, low
luminance and red stimuli appear in the lower left and right quad-
rants, respectively. An arbitrary test stimulus can be represented by
the length of the line joining it to the origin and the angle between
this line and the horizontal axis. These two quantities will be termed
contrast and azimuth, respectively.

Psychophysical Method
The subject waited until one eye’s conditioning stimulus was

completely dominant, so that there was no trace of the incompati-
ble conditioning stimulus delivered to the other eye. The subject
then triggered a test stimulus, which was delivered at either of two
locations. The location to which it was assigned varied randomly
from trial to trial, and the subject’s task was to signal in which lo-
cation it appeared. Incorrect choices were indicated with a short
tone. Stimulus contrast was varied with an up–down staircase rule:
Contrast was increased by a multiplicative factor of 1.25 after each
incorrect response and decreased by the same factor after three con-
secutive correct responses. This process was continued until four
down- and three up-staircases were completed. A Weibull function
(Weibull, 1951) was fitted to the resulting psychometric curve, and
the contrast threshold was set at that point on the function for which
the fraction of correct responses was .79. Contrast sensitivity was
calculated as the reciprocal of contrast threshold. At least two stair-
cases were interleaved in a run so that the subject could not predict
what stimulus would appear next. For each stimulus type, the final
contrast sensitivity was the mean across three or four runs.

Figure 1. Stimulus used to test sensitivity to briefly flashed targets during binocular rivalry. (A) Spatial and temporal design of the
experiment. Orthogonal, square-wave gratings were used to induce rivalry. The gratings had a spatial frequency of 3 cycles deg21 and
a contrast of 50%. Surrounding each grating were an annulus to aid binocular fusion and Nonius lines to monitor fusion status. When
the grating viewed by the right eye was dominant or suppressed, depending on the type of trial, the subject triggered a test stimulus.
The test was a uniform spot contained within the central dark bar of the right eye’s grating. Test contrast was calculated relative to
the dark bar. The test stimulus was displaced one diameter to the left or right of midline in the right eye’s view; only the latter case is
shown. The subject’s task was to signal on which side the test stimulus appeared. (B) Color space used to specify test stimulus chro-
maticity. The horizontal and vertical axes show contrast for the long- (L-) and medium- (M-) wavelength-sensitive cones, respectively.
The background stimulus produces zero contrast and therefore plots at the origin. The appearances of stimuli represented by each
quadrant are indicated (for example, “Bright” in the upper right quadrant). A point in this space is defined by the vector connecting
it to the origin and, therefore, by the length of the vector (contrast) and its angle with the horizontal (azimuth).
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RESULTS

Experiment 1: Chromatic
Selectivity of Suppression

In this experiment, we tested whether suppression
strength depends on the chromatic content of a test stim-
ulus. Figure 1A shows the design of the experiment.
Binocular rivalry was induced with orthogonal gratings,
and the test stimulus appeared when triggered by the sub-
ject. The test was a spot of 10 min arc diameter that was
superimposed on a dark bar of the grating presented to
the right eye. The test was displaced to the left or right of
center of the right eye’s view, and the subject’s task was
to signal whether the test was displaced left or right. The
duration of the test stimulus was fixed at 100 msec. The
chromaticity of the test stimulus is given by its azimuth,
which indicates the relative activationof L- and M-cones,
as shown in Figure 1B.

Figure 2A gives the contrast thresholds for 3 subjects.
The open circles, representing the dominance phase for
the tested eye, were obtained by presenting stimuli at 16
azimuths evenly distributed around the origin. Contrast
thresholds are greatest in the upper right and lower left

quadrants, indicating that luminance changes are more
difficult to detect than chromaticity changes. This ob-
servation matches well with previously published work
(Chaparro, Stromeyer, Huang, Kronauer, & Eskew, 1993;
Cole, Hine, & McIlhagga, 1993). The filled circles give
contrast threshold during suppression. They form a con-
tour lying outside the contourobtained during dominance,
indicating that contrast threshold increases during sup-
pression for all directions in this color space.

The graphs in Figure 2B show whether suppression
depth is greater at some azimuths than at others. These
data were obtained by dividing contrast threshold during
dominanceby that during suppression, and the loss owing
to suppression is represented by the displacementof an or-
dinate below the dashed line. If chromatic channels were
more suppressed than luminance channels, as was sug-
gestedby E. L. Smith et al. (1982), suppressiondepthwould
be greater at azimuths close to 135º and 315º, where the
test stimulus is isoluminant with the background. There is
a suggestion of such a trend in the data from subject D.L.,
but no such trend is evident for the other subjects.

An analysis of variance (ANOVA) was performed by
pooling sensitivitiesacross subjects. The interaction term

Figure 2. Effect of binocular rivalry suppression on color vision. (A) Contrast thresholds for 3 subjects stimulated with 16 combi-
nations of L- and M-cone contrast. Thresholds obtained during the dominance and suppression phases of rivalry are shown with open
and filled circles, respectively. The contour through the open circles shows the best fit for a probability summation model (Equa-
tion A1). The contour was expanded uniformly to fit the closed circles. (B) Suppression depth as a function of polar angle in the color
space. Suppression depth was calculated by dividing contrast threshold during dominance by that during suppression. The dashed
line indicates an absence of suppression, and each error bar indicates the 95% confidence interval.
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between perceptual status (dominance or suppression)
and azimuth was not significant [F(15,64) = 0.31, p =
.993], indicating that suppression depth does not depend
on azimuth. As a further test, we also performed a trend
analysis on the suppression depths, using orthogonal
polynomialsup to order 5. The polynomial of most inter-
est is of order 4, since it could show up dips or peaks
separated in azimuth by 180º. This analysis did not prove
significant [F(1,32) = 1.22, p = .28], nor did the analyses
using polynomials of other orders ( p . .26). We there-
fore conclude that suppression depth is independentof the
chromatic content of the test stimulus and, in particular,
that chromatic channels coding for the red–green axis are
no more heavily suppressed than are luminance channels.

Experiment 2: Temporal
Selectivity of Suppression

The question in the next experiment was whether sup-
pression strength depends on test stimulus duration. The
temporal sequence and placement of test stimuli were the
same as those in the previous experiment and are shown
in Figure 1A. The test stimulus differed from the back-
ground in luminance, but not in chromaticity. The inde-
pendent variable in this experiment was test stimulus du-
ration.

The results for 3 subjects are given in Figure 3A. The
open circles show contrast sensitivity during the domi-
nance phase of rivalry. Sensitivity increases with stimu-
lus duration, as is required by the Bunsen–Roscoe–
Bloch Law. The result of interest here is the sensitivity
obtained during the suppression phase of rivalry and its
relationship to the sensitivityduring dominance. This re-
lationship is brought out more clearly in panel B of the
figure, which shows the sensitivityduring suppression di-
vided by that during dominance. There appears to be no
consistent variation of suppression depth with stimulus
duration.An ANOVA on the pooled sensitivities from the
3 subjects showed that the interactionbetween perceptual
status (dominanceor suppression) and durationdid not ac-
count for a significant fraction of the variance [F(7,32) =
0.098, p = .998]. A second ANOVA was also performed
to see if there was any trend in suppression depth with in-
creasing duration. Orthogonal polynomials up to order 5
were fitted to the data, but all failed to reach significance
( p . .49). It is concluded that suppression strength does
not vary systematically with the brevity of the stimulus.

Fox and Check (1972) also measured the temporal se-
lectivity of suppression. They presented test stimuli of
constant duration at one of three times during the interval
for which a specific eye’s conditioning stimulus was sup-

Figure 3. Dependence of binocular rivalry suppression on test stimulus duration. (A) Contrast sensitivity as a function of test
stimulus duration for 3 subjects. Sensitivities during the dominance and suppression phases of binocular rivalry are shown by
open and filled circles, respectively. The line fitted to the open circles is the best-fitting model described by Equation A2. The
same line was fitted to the closed circles by displacing it vertically. (B) Suppression depth as a function of test stimulus dura-
tion. Suppression depth was calculated by dividing sensitivity during suppression by that during dominance. The dashed line
shows an absence of suppression, and each error bar indicates the 95% confidence interval.
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pressed. They found that the fraction of correctly recog-
nized test stimuli did not differ significantly between the
early, middle, and late stages of a suppression phase. Our
result is complementary to theirs, in that we find no se-
lectivity for stimulus durations substantially shorter than
those they used and in the lack of any selective effect on
contrast sensitivity.

Experiment 3: Spatial Selectivity of Suppression
The aim in our third experiment was to determine

whether binocular rivalry suppression produces a sensi-
tivity loss that depends on the spatial patterning of the
test stimulus. The stimulus used is shown in Figure 4.
The conditioning stimulus consisted of a vertical grating
to the left eye and a horizontal grating to the right, both
gratings being 3 cycles deg21 sinusoids. The test stimu-
lus was a Gabor patch superimposed on either the left or
the right half of the right eye grating. Superimposition
was achieved by presenting the conditioningstimulus and
the test stimulus on alternate video frames. The frame rate
was 120 Hz, so that both conditioning and test stimuli

had a frame rate of 60 Hz, with no apparent flicker. Test
spatial frequency was set at one of six values between 1
and 10 cycles deg21. The subject triggered the test when
the right eye’s conditioningstimulus was either dominant
or suppressed and then signaled the apparent location of
the test.

Results are shown for 3 subjects in Figure 5A. Contrast
sensitivity is plotted against test stimulus spatial fre-
quency for both the dominanceand the suppression phases
of binocular rivalry. The data span only one decade of spa-
tial frequency, because suppressed contrast sensitivity
was too low to measure at higher spatial frequencies. The
sensitivities collected during the dominance phase show
the familiar band-pass functionof spatial frequency (Rob-
son, 1966). Panel B of the figure shows the loss of sen-
sitivity owing to suppression: The ordinates in this case
give the sensitivity during suppression divided by that
during dominance. There seems to be no consistent trend
in the depth of suppression with spatial frequency. We
tested the hypothesis that suppression depth is indepen-
dent of spatial frequency with an ANOVA. For the pooled

Figure 4. Stimulus used to test spatial vision during binocular rivalry. The con-
ditioning stimulus was a sinusoidal grating for both eyes, with the left vertical and
the right horizontal. Both gratings had a spatial frequency of 3 cycles deg21 and a
contrast of 50%. The test stimulus was a Gabor patch centered over either the left
or the right half of the right eye’s grating; only the latter case is shown. The sub-
ject was required to signal the test stimulus’ location. The Gabor patch had a stan-
dard deviation in the horizontal direction equal to 0.24 times the fusion circle’s ra-
dius and 0.35 times the radius in the vertical direction. The patch was oriented at
45º to the horizontal, with a trough at its center. Test contrast was calculated rela-
tive to the mean luminance of the conditioning stimulus on which it was superim-
posed. The timing of the test stimulus is shown by the sequence from the top to the
bottom of the figure.
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sensitivities from the 3 subjects, the interaction term be-
tween perceptual status (dominance or suppression) and
spatial frequency was not significant [F(5,24) = 0.065,
p = .997]. A trend analysis on suppression depth using
orthogonal polynomials up to order 5 also failed to show
significance ( p . .32). We conclude that suppression
depth does not vary systematically with spatial fre-
quency and that suppression is therefore not selective for
the spatial frequency of the test stimulus.

Experiment 4: Eye Suppression
or Stimulus Suppression?

Experiments 1–3 provide no evidence that binocular ri-
valry suppression is selective for specific test stimuli. The
results thus far are therefore consistent with eye suppres-
sion: Suppression indiscriminately reduces the visibility
of all stimuli to a given eye. Previous work has shown,
however, that suppression has a component, stimulus sup-
pression, that is not limited to a single monocular channel
but is targeted at a stimulus characteristic, such as grating
orientation (Logothetis et al., 1996) or chromaticity (Ko-
vács et al., 1996). Our last experiment was therefore de-
signed to test whether the suppression loss we measured
was due to eye suppression or stimulus suppression. The

distinguishing aspect of this experiment was that some of
the test stimuli used were much like one or the other
monocular conditioning stimulus. The stimulus was the
same as that shown in Figure 4, except that here the test
stimulus had a spatial frequency equal to that of the con-
ditioning stimulus (3 cycles deg21), an orientation that
took one of seven values between, and including,horizon-
tal and vertical, and a spatial phase that varied randomly
from trial to trial (so that subjects could not base their
judgments on luminance changes at a single location).

The results are shown in Figure 6A for 3 subjects. The
open circles show the contrast sensitivity obtained when
the conditioning stimulus to the tested eye is dominant.
Sensitivity is lowest when the test is aligned with the
conditioning stimulus on which it is superimposed and
increases as the test is tilted away from the conditioning
stimulus. This upward trend is presumablydue to a release
from monocular masking (Phillips & Wilson, 1984).
There is also a downturn in sensitivity at an orientation
of 90º, where the test is aligned with the conditioning
stimulus in the untested eye, an effect that is probably
due to interocular masking (Legge, 1979).

The filled circles in Figure 6A give the contrast sensi-
tivity when the conditioning stimulus to the tested eye is

Figure 5. The effect of binocular rivalry suppression on the spatial frequency response. (A) Contrast sensitivity to a
flashed grating as a function of the grating’s spatial frequency. Results from 3 subjects are given. Sensitivity during the
dominance and suppression phases of binocular rivalry is represented by open and filled circles, respectively. The line
through the open circles gives the best-fitting difference-of-Gaussians model (Equation A3). The same model was dis-
placed downward to fit the filled circles. (B) Suppression depth for the same subjects. Suppression depth was calculated
by dividing the sensitivity during suppression with that during dominance. The dashed line indicates an absence of sup-
pression, and each error bar indicates the 95% confidence interval.
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suppressed, and the values in panel B of the figure show
the sensitivity during suppression divided by that during
dominance. An ANOVA on the pooled sensitivities from
the 3 subjects showed that the interaction term between
perceptual status (dominance or suppression) and orien-
tation did not reach significance [F(6,28) = 0.82, p = .57].
A trend analysis, however, produced a different result.
Using orthogonal polynomials up to order 5, the linear
term reached significance [F(1,14) = 7.86, p = .014].
This result, seen in Figure 6B as a downward trend in rel-
ative sensitivity with increasing orientation, is not very
robust. Removing one point, that of subject F.L. at an ori-
entation of 0º, shifts the F-value to the edge of signifi-
cance [F(1,13) = 4.67, p = .05]. We conclude, therefore,
that suppression of the conditioningstimulus to the tested
eye produces a loss of sensitivity that dependsweakly on
test orientation.

The results in Figure 6 closely match the expectations
of the eye suppression hypothesis. Assume, on the con-
trary, that the stimulus suppression hypothesis is true.
What do we expect then? Consider the data obtained with
a test orientation of 90º. The open circle at this orienta-
tion is obtained when the horizontal conditioning stimu-
lus is dominant and the vertical conditioning stimulus is
suppressed. The test stimulus has the same orientation as

the suppressed conditioningstimulusand, according to the
hypothesis, should be suppressed. The open circle should
therefore lie below its filled counterpart, resulting in a
suppression/dominance ratio greater than 1. A t test shows
that the ratio is less than 1 at a test orientation of 90º
[ratio = 0.52; t(11) = 10.0, p , .001], forcing the rejection
of the stimulus suppression hypothesis for the conditions
in which our experiment was performed.

DISCUSSION

Selectivity of Suppression
Our results are in agreement with previously pub-

lished reports (Blake & Fox, 1974b; Blake et al., 1980;
Fox & Check, 1968; Wales & Fox, 1970) about the se-
lectivity of binocular rivalry suppression: Suppression
depth varies little or not at all with the type of stimulus
used to test it. This agreement extends to the results of
E. L. Smith et al. (1982). Their Figure 1 shows that spec-
tral sensitivityduring suppression is less than that during
dominance and that there is no clear dependence of sup-
pression depth on stimulus wavelength at wavelengths
above 480 nm. Wavelengths below 480 nm have little in-
fluence on M- and L-cone contrast, so our data relate
largely to the upper end of the wavelength range. The pres-

Figure 6. Testing for eye or stimulus suppression. (A) Contrast sensitivity for 3 subjects. Open and filled circles give sensi-
tivity when the conditioning stimulus before the tested eye was dominantor suppressed, respectively. The line through the open
circles is the best-fitting masking model (Equation A4). The same model was displaced downward to fit the filled circles. Fig-
urines on the horizontal axis show test orientation relative to conditioning stimulus orientation. (B) Suppression depth, obtained
by dividing sensitivity during suppression by that during dominance. The dashed line indicates equal sensitivities for dominance
and suppression, and each error bar indicates the 95% confidence interval.
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ent results and those of Smith et al. therefore agree that
suppression is nonselectivewhen the test stimulus is var-
ied in its medium and high wavelength content.

E. L. Smith et al. (1982) interpreted their data to mean
that suppression acts more strongly on chromatic chan-
nels than on luminance channels. The results obtained in
the present paper indicate that this interpretation can be
made more precise. Sperling and Harwerth (1971) showed
that signals in two chromatic channels (L–M and M–L)
depend on a difference between L- and M-cone responses
and that signals in a third channel derive from S-cones.
We have shown that channels signaling a difference be-
tween L- and M-cone responses are suppressed no more
strongly than luminance channels. The large suppression
depth that E. L. Smith et al. demonstrated at low wave-
lengths is therefore likely to be due to a specific effect on
the channel in which S-cones play a major role.

In the spatial domain, three previous studies (Blake &
Fox, 1974b; O’Shea & Crassini, 1981; Walker & Powell,
1979) have investigated whether a change in the spatial
frequency or orientation of a suppressed stimulus is suf-
ficient to break suppression. All three studies used a re-
placement procedure to introduce the stimulus change:
The suppressed conditioning stimulus, a square-wave
grating, was replaced by another stimulus differing only
in spatial frequency or orientation. Such a procedure in-
troduces sudden changes in luminance across the stimu-
lus at places where dark bars are replaced with light and
light with dark. The suppression-breakingpower of stim-
ulus replacement presumably dependson the area of these
luminance changes. The difficulty with the replacement
procedure, therefore, is that breaking suppression proba-
bly depends more on the difference between the original
and the replacement conditioning stimuli and less on the
spatial form of the individual stimuli. It is not surprising,
therefore, that the three studies produced differing re-
sults. Blake and Fox (1974b) who used conditioningstim-
uli of low contrast (9% or less), found no break in sup-
pression when frequency or orientationchanges, whereas
Walker and Powell and O’Shea and Crassini, using con-
trasts of at least 70%, found clear breaks in suppression.

One way of removing the confusion between lumi-
nance and spatial change is to measure the threshold of
a test stimulus presented during the suppression phase.
This is the approach we have taken, and it is also the
method used by O’Shea and Crassini (1981) in their sec-
ond experiment. They still used a replacement proce-
dure, but the duration of the replacement grating was ad-
justed so that the subjects indicated its orientation with
a specified accuracy. Rivalry was induced with orthogo-
nal gratings, and one grating was briefly altered in orien-
tation while either suppressed or dominant. They found
that thresholds during suppression were much larger than
those during dominance when the orientation change
was less than 20º or greater than 70º but that thresholds
differed little in the 20º–70º range.

This disagrees with our finding of a nearly constant
threshold increase for all test stimulus orientations. The
reason for the disagreement is not clear but may be due

to different methodology. For instance, whereas we used
contrast as our threshold measure, O’Shea and Crassini
(1981) used duration. The large threshold increases they
found in some cases may have been due to durations near
or exceeding the integration time for stimulus detection.
It is useful to note, though, that their results and ours
agree in one important respect. Suppression is present for
an orientation change of, or close to, 90º, where the sup-
pressed stimulus is aligned, or nearly so, with the domi-
nant stimulus. The continued suppression in this case ar-
gues strongly for eye suppression, as opposed to stimulus
suppression. O’Shea and Crassini’s study and our study
are therefore in agreement on this point.

The one case in which we found any selectivity in the
suppressionprocess was in Experiment4: There was deeper
suppression when test stimulus orientation was set near
that of the dominant conditioningstimulus. This trend is in
the opposite direction to that expected from the stimulus
suppression hypothesis, in which a test aligned with the
dominant conditioning stimulus would lead to enhanced
sensitivity. The selectivity of suppression seen in Fig-
ure 6 is therefore further evidence against stimulus sup-
pression.

Suppression Depth
Several previous studies have measured the depth of

suppression by inducingbinocular rivalry, delivering a test
stimulus to one eye during its dominance and suppression
phases and comparing test stimulus sensitivity between
the two phases. Wales and Fox (1970) used such a method,
and their result is frequently quoted. They found that
sensitivity for test stimulus detection during suppression
was on the order of 0.5 log units less than, and therefore
32% of the value of, that during dominance. Their result,
however, was obtained by extrapolation along a psycho-
metric functionover a substantial fraction of the response
range. More reliable measurements were made by Mak-
ous and Sanders (1978) and Blake and Camisa (1979).
From data in those publications (Figures 14.2 and 6, re-
spectively), it can be estimated that sensitivityduring sup-
pression drops to about 60% of that during dominance.
Our results match well with those of Makous and Sanders
and those of Blake and Camisa. Sensitivity during sup-
pression averaged 60%, 65%, 66%, and 63% of that dur-
ing dominance in Experiments 1–4, respectively.

Perceptual Loss in Suppression
There are two findings in our work that are puzzling.

First, the depth of suppression we have measured is sur-
prisingly small when compared with the perceptual loss
during suppression. The sensitivity to a test stimulus dur-
ing suppression drops to an average of 64% of that dur-
ing dominance, but the suppressed conditioningstimulus
disappears completely from sight. In perceptual terms, the
contrast sensitivity for the conditioning stimulus must
drop by an order of magnitude or two during suppression.
Why is there such a discrepancy between the small drop
in contrast sensitivity for a flashed test and the large per-
ceptual loss during suppression? A second puzzle in our
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findings is the rejection of the stimulus suppression hy-
pothesis in Experiment 4. Recent psychophysical results
indicate that the perceptual loss during binocular rivalry
is specific for color (Kovács et al., 1996) or, in some cir-
cumstances, grating orientation (Lee & Blake, 1999; Lo-
gothetis et al., 1996). We find, however, that suppression
depth is much the same whether the test stimulus is simi-
lar or dissimilar to the suppressed conditioning stimulus.

A hypothesis capable of resolving both of these puz-
zles is that the losses in test detection and conditioning
stimulus perception are mediated by different sites in the
visual system. Under this hypothesis, losses in test de-
tection are assumed to occur within the primary visual
cortex, and perceptual losses are confined to the higher
visual cortex. The evidence for this idea comes partly
from studies of the influence of binocular rivalry on vi-
sual aftereffects. One aftereffect studied in this way is the
apparent reduction in grating contrast that occurs after a
suprathreshold grating has been viewed for a prolonged
period. Another such aftereffect occurs when a stationary
grating is viewed after adaptation to a translating grating:
The stationary grating appears to move in the opposite
direction. Binocular rivalry rendering the adapting stim-
ulus invisible for some of its presentation time does not
reduce the strength of these aftereffects (Blake & Fox,
1974a; Lehmkuhle & Fox, 1975). Because these afteref-
fects are assumed to arise in the primary visual cortex, the
corollary is that binocular rivalry suppression is targeted
at sites beyond the primary area.

By contrast, binocular rivalry does reduce motion af-
tereffects induced with a rotating spiral (Wiesenfelder &
Blake, 1990) or drifting plaid (van der Zwan, Wenderoth,
& Alais, 1993). These aftereffects are assumed to arise
beyond the primary visual cortex, since cells specifically
responsive to such forms of motion are found in cortical
areas MST (Graziano, Andersen, & Snowden, 1994) and
MT (Movshon, Adelson, Gizzi, & Newsome, 1985), re-
spectively, but not in the primary cortex. These studies
together provide substantial evidence that perceptual
losses owing to rivalry suppression arise at cortical sites
beyond the primary visual area. Spatial and temporal res-
olutions, on the other hand, are at a maximum in the pri-
mary visual cortex and decline in higherorder areas owing
to convergence (Barlow, 1981). It is highly likely, there-
fore, that detection of the test stimulus takes place in the
primary visual cortex.

There is also physiological evidence supporting the
suggestion that several cortical sites are involved in ri-
valry. First, Sengpiel, Blakemore, and Harrad (1995)
studied lateral geniculate cells and monocular cells in the
primary visual cortex of the anesthetizedcat. They found
that the response to a drifting grating presented to the
dominant eye was inhibited by a grating presented to the
fellow eye but that the inhibition was unaffected by the
relative orientation of the two gratings. Furthermore, the
loss of response was clustered around the 50% mark. Both
of these findings show clear parallels with the results of
our Experiment 4. Sengpiel et al. also studied binocular
cells in the primary visual cortex. These cells were also

inhibitedby binocular stimulation, but only when the two
gratings differed in orientation by more than about 20º.
Second, Sheinberg and Logothetis (1997) presented
macaque monkeys with binocularly rival stimuli and
trained the monkeys to indicate continuously which of
the two stimuli was perceived. Activity of cells in the in-
ferior temporal cortex was recorded during the behavioral
task. There was a good correlation between the activity
of many of the cells and the behavioral responses, indi-
cating that cells at this cortical level may have a major
role in the perceptions underlying rivalry.

The hypothesis that test detection and conditioning
stimulus perception occur at differing sites explains our
two puzzles as follows. First, sensitivity losses in sup-
pression are low because test detection occurs before sig-
nals reach the area at which binocular rivalry suppres-
sion is targeted, and perceptual losses are high because
they are mediatedby an area strongly affected by such sup-
pression. Second, sensitivity losses are better explainedby
eye suppression than by stimulus suppression, because
they occur in the primary visual cortex, where a signifi-
cant fraction of the cells are monocular or dominated by
one eye.

Figure 7 provides a model consistent with such data.
It is assumed, in common with previous models (Lehky,
1988; Sugie, 1982), that there is mutual inhibition be-
tween left- and right-eye-dominatedcells. Consistentwith
the physiological evidence (Sengpiel et al., 1995), it is
assumed that this inhibitiondoes not depend on the sim-
ilarity, or otherwise, of the stimuli to the two eyes. It is
also assumed that there is inhibition between binocular
cell populationsresponding to opposed stimulus features.
For the purposes of illustration, the figure shows inhibi-
tion between only two groups of cells, those tuned to ver-
tical orientations and those tuned to horizontal. Unlike
previous models, it is assumed here that the inhibition
occurs in both the primary visual cortex and the higher
cortical levels. The suppressed cells at the higher levels
in this model receive a smaller excitatory input than do
the suppressed cells at the primary level. Inhibition at
successive levels therefore results in amplification of
suppression depth. If the sensitivity for detection of a test
stimulus is mediated at the primary visual cortex and the
percept at the higher level, the model can explain the
marked difference between detection sensitivity and per-
ceptual loss.

The model assumes that there is interocularsuppression
in the primary visual cortex and that there is a progressive
increase in suppressionat each successive levelof the visual
cortex. This, in turn, predicts that aftereffects that arise in
the primary cortex should be at least marginally reduced
by binocular rivalry during adaptation. A small reduction
of such aftereffects is consistent with the fact that, al-
though early reports found no significant reduction of af-
tereffects thought to arise in the primary visual cortex
(Blake & Fox, 1974a; Lehmkuhle & Fox, 1975), a more re-
cent report does find a significant reduction (Lehky &
Blake, 1991). Also consistent with increasing rivalry sup-
pression in the higher visual cortex is the finding that af-
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tereffects that are thought to be encoded by such areas are
markedly reduced by rivalry during adaptation (van der
Zwan et al., 1993; Wiesenfelder & Blake, 1990).
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APPENDIX
Four models were fitted to the experimental data. This ap-

pendix defines the models and describes the fitting method.

Experiment 1: Chromatic Model
The first model, which appears in Figure 2, is a probability

summation model for contrast threshold as a functionof L- and
M-cone contrast. This was derived from Equation A4 in Cole
et al. (1993):

Pcorrect = 0.79

= 1 2 0.5 exp {2i = 1å2 [li c cos(Q) + mi c sin(Q)]4},

where li , mi = weighting of the L- and M-cone contrasts in ac-
tivity of the L + M (i = 1) and the L 2 M (i = 2) channels, c =
stimulus contrast, and Q = azimuth (deg).

Solving for threshold,

c = (2{ln[2(1 2 0.79)]}/ i = 1å2 [li cos(Q) + mi sin(Q)]4 )
1�4.

(A1)

Experiment 2: Temporal Model
The second model, seen in Figure 3, is a model for sensitiv-

ity as a function of test stimulus duration:

sensitivity = (Smaxd /dc) / Ö[(d / dc )2 + 1], (A2)

where Smax = maximum sensitivity, d = test stimulus duration
(sec), and dc = corner duration (sec), at which asymptotesmeet.

Experiment 3: Spatial Model
The third model, seen in Figure 5, is a difference-of-Gaussians

model for sensitivity to a grating as a function of the grating’s
spatial frequency (Enroth-Cugell & Robson, 1966):

sensitivity = Sc exp[2(prcu)2] 2 Ss exp[2(prsu)2], (A3)

where Sc , Ss = sensitivities of the center and surround mecha-
nisms, rc , rs = radii (in degrees)of the center and surroundmech-
anisms, and u = grating spatial frequency (cycles deg21).

Experiment 4: Orientation Model
The last model assumes that sensitivity to a Gabor test stim-

ulus is reducedby both monocular and interocularmasking.The
attenuation owing to masking depends on a Gaussian function
of the orientation difference between the test and the mask:

sensitivity = S 0{1 + km e20.69 [Q / Qm ]2
}21

{1 + ki e20.69[(90 2 Q) / Qi]2}21, (A4)

where S0 = maximum sensitivity,Q = orientation (deg) relative
to horizontal,Qm , Qi = half-widthat half-height(in degrees)of
sensitivity loss owing to monocular and interocular masking,

(Continued on next page)
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APPENDIX (Continued )

respectively, and km, k i = depth of monocular and interocular
masking, respectively.

Phillips and Wilson (1984) found a masking function with a
half-width at half-height of 25º for 3 cycles deg21 gratings.
Both Qm and Qi were set equal to this value.

Model Fitting
All four models were fitted to the experimental data by min-

imizing the sum of squared errors between the model and the
observations. The Solver function in MicrosoftExcel was used
to perform the minimization.




