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To identify neural correlates of conscious visual aware-
ness (Crick & Koch, 1995), neuroscientists capitalize on 
bistable perception, a class of phenomena wherein visual 
experience fluctuates between alternative perceptual in-
terpretations even though physical stimulation remains 
invariant (Andrews & Purves, 1997; Blake & Logothe-
tis, 2002; Kim & Blake, 2005; Leopold & Logothetis, 
1999). During bistable perception, there evidently exist 
modulations in neural activity coincident with the fluc-
tuations in awareness, and identifying the sites of those 
neural modulations has become a challenge in single-
cell recordings from awake, behaving animals (Leopold 
& Logothetis, 1996; Logothetis & Schall, 1989) and in 
human brain imaging (Haynes, Deichmann, & Rees, 
2005; Lumer, Friston, & Rees, 1998; Polonsky, Blake, 
Braun, & Heeger, 2000; Tong & Engel, 2001; Wunder-
lich, Schneider, & Kastner, 2005).

One very intriguing form of bistability can be provoked 
by presentation of two dissimilar visual figures to the two 
eyes, with the rival figures rapidly turned “on” and “off ” 
and repeatedly swapped between the two eyes several 
times a second (Figure 1, left). This stimulus presentation 
regime can produce alternations in perception in which 
the dominance of a given figure lasts several seconds and, 
therefore, transcends multiple eye swaps (Logothetis, Leo-
pold, & Sheinberg, 1996). This form of bistability, unlike 
conventional binocular rivalry (Blake, 1989), cannot be 
explained by low-level interocular competition and, in-
stead, implicates higher level neural competition between 
alternative stimulus representations (Wilson, 2003). How-
ever, this unique form of perceptual bistability, called 
stimulus rivalry, occurs within a rather narrow range of 
stimulus conditions (Bonneh, Sagi, & Karni, 2001; Lee & 
Blake, 1999), and, moreover, some observers experience 
difficulty in perceiving any bistability when viewing this 

eye-swapping display. Development of strategies for in-
creasing the incidence of stimulus rivalry would promote 
its more widespread use as a tool for studying perceptual 
bistability, and that was the motive for the experiments 
described in this article.

The point of departure for our work was a concern 
about the possibly disruptive effect of the abrupt transients 
that occur as the gratings viewed by the two eyes change 
orientation every 333 msec. In their original article, Logo-
thetis et al. (1996) were aware of this possibility, and they 
attempted “to minimize or eliminate the awareness of in-
stances of stimulus reversals” (p. 623) by rapidly flicker-
ing (18 Hz) both gratings on and off throughout the period 
of stimulus presentation. Rapid flicker does indeed help 
perception of stimulus rivalry (Lee & Blake, 1999), but it 
does not eliminate onset transients created when the grat-
ings are swapped between the eyes. To minimize those 
transients, we modified the eye-swapping procedure so 
that the off periods of rival stimulation associated with 
the flicker/swap procedure (Figure 1, left) were replaced 
by repetitive presentation of the composite of the two rival 
grating patterns (Figure 1, right). We reckoned that the 
composite configuration might smooth the transition from 
one rival configuration to the other, while, at the same 
time, retaining the fast, repetitive flicker that facilitates 
perception of stimulus rivalry (Lee & Blake, 1999).

We call this novel stimulus technique the composite/
swap sequence to distinguish it from the flicker/swap se-
quence characteristic of ordinary stimulus rivalry. In the 
experiments described below, we document that the com-
posite/swap sequence enhances the incidence of stimulus 
rivalry for nearly all observers tested (Experiment 1), in-
cluding under stimulus conditions where ordinary flicker/
swap sequences yield very few instances of slow alterna-
tions in perceptual dominance (Experiment 2).
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Stimuli and Procedure. The stimuli were round-windowed, 
sine-wave gratings, one oriented 45º clockwise and the other 45º 
counterclockwise. The spatial frequency of both rival stimuli was 
3 cycles/deg and the contrast of both was 25%. The diameter of 
the circular window was 2.4º of visual angle, and the edges of both 
gratings were smoothed with a Gaussian filter whose full width at 
half maximum was 0.14º. A black circular frame (inner and outer 
diameters 2.7º and 3.0º) surrounded each grating to promote stable 
binocular alignment, and a small, round fixation point was centered 
within both eyes’ views to promote central fixation.

During the flicker/swap sequence, the two rival targets flickered 
rapidly on and off at 15 Hz and they were also swapped between the 
eyes every 333 msec. During the composite/swap sequence, off pe-
riods of the flicker/swap sequence were replaced by presentation of 
a plaid pattern created by multiplicative combination of the two rival 
targets. During prolonged viewing periods, observers pressed and 
held designated keys to indicate when one of the two rival gratings 
was distinctly dominant. Each trial lasted 30 sec and each stimulus 
combination was tested four times.

To familiarize them with bistable perception, all observers were 
initially given a practice session during which they viewed conven-
tional binocular rivalry in which the dissimilar monocular gratings 
were not swapped between the eyes. On some trials, those rival 
gratings were flickered on/off at 15 Hz, and on other trials, the off 
periods of flicker were replaced by presentation of the composite 
plaid to both eyes. In all other respects, these binocular rivalry dis-
plays, and the procedures used to measure rivalry, were identical to 
those used for the flicker/swap sequence and the composite/swap 
sequence described above.

Participants. Ten naive observers together with the first author 
of this article (9 male and 2 female) participated in this experiment. 
All had normal or corrected-to-normal vision, and all gave informed 
consent after thorough explanation of the procedures.

Results
The normalized frequency distributions produced by 

the flicker/swap sequence and the composite/swap se-
quence were unimodal and skewed toward longer dura-
tions (Figure 2A). Comparison of these two normalized 
distributions using the Kolmogorov–Smirnov test reveals 
that they are not significantly different ( p  .57). These 
histograms conform to the general shape of the frequency 
distributions associated with a variety of bistable phe-
nomena (see, e.g., Brascamp, van Ee, Pestman, & van den 
Berg, 2005) including stimulus rivalry (Logothetis et al., 
1996). We conclude, therefore, that including the com-
posite stimulus in the eye-swap procedure does not alter 
the stochastic properties of the perceptual bistability ex-
perienced when one is viewing the sequence. But does the 
composite influence the incidence of stimulus rivalry?

Figure 2B compares the two sequence procedures by 
plotting for each observer the incidence of stimulus rivalry 
from the flicker/swap sequence against the incidence of 
stimulus rivalry for the composite/swap sequence. (Inci-
dence is defined as the total time for which either grating 
was distinctly dominant, divided by the total viewing pe-
riod.) Notice that the data points tend to fall above the di-
agonal line, indicating that observers experience stimulus 
rivalry more frequently when viewing the composite/swap 
sequence [t(10)  2.47, p  .05]. Note, too, the pair of data 
points lying very near the y-axis—these data came from 2 
observers who almost never experienced slow alternations 
in dominance when viewing the conventional flicker/swap 
sequence but did perceive stimulus rivalry when viewing 

EXPERIMENT 1

We compared the incidence of stimulus rivalry using 
the composite/swap sequence and the flicker/swap se-
quence, the aim being to establish whether the composite/
swap sequence indeed enhances stimulus rivalry, includ-
ing among observers who experience great difficulty in 
seeing stimulus rivalry when viewing the conventional 
flicker/swap sequence.

Method
Apparatus. Visual stimuli were created using MATLAB (Math-

Works) in conjunction with the Psychophysics Toolbox (Brain-
ard, 1997; Pelli, 1997). Stimuli were presented on the screen of a 
Mitsubishi Diamond Pro 2020u monitor (1,024  768 resolution; 
120-Hz frame rate) whose mean luminance was 24.22 cd/m2 in a 
dimly lit room. A Macintosh G4 computer controlled all aspects 
of display presentation and testing. Rival stimuli were presented 
separately to each eye using a mirror stereoscope with eyepieces 
90 cm from the monitor.
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Figure 1. Schematic diagram of two forms of stimulus sequence 
tested in Experiments 1 and 2. When observers were viewing these 
sequences, perception slowly alternated distinctly as one of the 
two rival grating patterns was perceptually stronger for several 
seconds during the dominance phase. Observers were instructed 
to press and hold one of two keys only when the left-tilted grating 
or the right-tilted grating was distinctly dominant.
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decreased as the contrast of rival stimuli increased or as 
the spatial frequency of the stimuli decreased. This pattern 
of results replicates previous work (Lee & Blake, 1999). 
Although still dependent on spatial frequency and con-
trast, the total amount of time that stimulus rivalry was ex-
perienced increased when the composite/swap sequence 
was viewed. A repeated measures ANOVA showed that 
the mean dominance durations for viewing the composite/
swap sequence were approximately 50% longer than the 
mean dominance durations for viewing the flicker/swap 
sequence [contrast condition, F(1,5)  27.60, p  .01; 
spatial frequency, F(1,5)  7.30, p  .05]. (See Tables 1 
and 2.) This implies that perceptual dominance is more 
resistant to disruptions instigated by the eye-swapping 
procedure when the composite/swap sequence is viewed.

Could this increased incidence of stimulus rivalry asso-
ciated with the composite/swap sequence be attributed to 
neural adaptation produced by the repeated exposures to 
the composite configuration? The composite configura-
tion presumably activates neurons responsive to the com-
ponent orientations of that composite, whereas with the 
flicker/swap sequence, those neurons would not be acti-
vated during the off periods. Over time, then, orientation-
 selective neurons would be activated for a longer total 
amount of time during the composite sequence, and, 
therefore, those neurons would be more likely to adapt. It 
is known that adaptation generally weakens the effective 
stimulus strength of a pattern (Blakemore & Campbell, 
1969; Hammett, Snowden, & Smith, 1994), and we know 
that the incidence of stimulus rivalry is greater when stim-
ulus strength is weak (Lee & Blake, 1999).

To evaluate the potential contribution of adaptation, 
we calculated the incidence of stimulus rivalry during 
the first 10-sec epoch and during the last 10-sec epoch 
of the 30-sec tracking period of both the composite/swap 
and the flicker/swap sequence. The logic was as follows: 
If adaptation causes the higher incidence of stimulus ri-

the composite/swap sequence. It is also noteworthy that 9 
of 11 observers tested in this experiment had never been 
exposed to stimulus rivalry before these data were collected 
(this includes the single observer, obvious in Figure 2B, for 
whom the flicker/swap sequence was more effective).

The enhanced incidence of stimulus rivalry associated 
with the composite/swap sequence led us next to ask whether 
this novel technique could expand the range of stimulus con-
ditions under which bistable perception is experienced. To 
pursue that question, we performed a second experiment.

EXPERIMENT 2

This experiment compared the incidence of stimulus ri-
valry produced by the composite/swap and the flicker/swap 
sequences comprising rival targets whose contrast and spatial 
frequency were varied independently. We focused on these 
stimulus dimensions because previous work (Lee & Blake, 
1999) showed that stimulus rivalry rarely occurs when target 
contrast is high or when spatial frequency is low.

Method
Stimuli and Procedure. For the contrast condition, four contrast 

values (20%, 30%, 40%, and 50%) were tested with spatial frequency 
held constant at 3 cycles/deg. For the spatial frequency condition, four 
spatial frequencies (1.2, 2.4, 3.6, and 4.8 cycles/deg) were tested with 
contrast held constant at 25%. All other aspects of the stimuli and pro-
cedure were identical to those in Experiment 1. Variations in contrast 
and in spatial frequency were tested in separate sessions. A single trial 
lasted 30 sec and was repeated four times for each condition. Each 
session consisted of 32 randomly intermixed trials (4 levels of a given 
stimulus dimension  2 types of swap sequence  4 repetitions).

Participants. Six observers (5 male and 1 female), including the 
first author, participated in this experiment. All 6 had participated 
in Experiment 1.

Results
As shown in Figures 3A and 3B, when the flicker/swap 

sequence was viewed, the incidence of stimulus rivalry 

0

0.5

1.0

0 0.5 1.0

Flicker/Swap

C
o

m
p

o
si

te
/S

w
ap

0

0.15

0.30

0.0 1.0 2.0 3.0 4.0

Flicker/swap
Composite/swap

Normalized Dominance 
Durations

N
o

rm
al

iz
ed

 F
re

q
u

en
cy

A B

Figure 2. Comparison of the incidence of stimulus rivalry for two kinds of pre-
sentation sequences. (A) Normalized frequency histogram of stimulus rivalry from 
the composite/swap sequence (solid line) and flicker/swap sequence (dashed line). 
For each observer, dominance durations were normalized by that individual’s mean 
dominance duration. (B) Scatterplot of stimulus rivalry incidence for viewing flicker/
swap sequence and for viewing composite/swap sequence. Each point indicates the 
incidence of stimulus rivalry of a single observer tested on both conditions.
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condition [F(1,5)  5.90, p  .06]. The same lack of 
significance for the condition  epoch interaction was 
found when a repeated measures ANOVA was performed 
on the average dominance durations during the first ver-
sus the last 10 sec [contrast condition, F(1,5)  3.74, 
p  .11; spatial frequency condition, F(1,5)  2.31, p  
.18]. We conclude, therefore, that the enhanced incidence 
of stimulus rivalry when composite/swap sequences are 
viewed cannot be attributed to differential adaptation 
during the composite configuration.

DISCUSSION

In two experiments, we found that stimulus rivalry oc-
curs more readily when accompanied by exposure of both 
eyes to a nonrival composite of both rival targets. When 
the off period of conventional flicker/swap is replaced 
with this dioptic, composite configuration, the incidence 
of stimulus rivalry increases for most observers and is 
experienced over a wider range of stimulus conditions. 
By what means does the composite enhance perception of 
stimulus rivalry?

Our initial hypothesis was that presence of the com-
posite might enhance stimulus rivalry by minimizing the 
onset transients caused by the abrupt changes in orienta-
tion produced by the eye-swap procedure. The two panels 
in Figure 4 schematically illustrate what we have in mind. 
In the flicker/swap sequence (Figure 4A), rival stimula-
tion is immediately preceded by a period during which 
both eyes see uncontoured regions of average luminance. 
This means, therefore, that the onset of rival stimulation 
is abrupt. Under at least some circumstances, visual tran-
sients can disrupt rivalry (Fox & Check, 1968; P. Walker 
& Powell, 1979). Recall, too, that Logothetis et al. (1996) 
attempted to minimize the consequences of abrupt stimu-
lus reversals by embedding those reversals in a constant 
stream of rapid flicker. With the composite/swap sequence 
(Figure 4B), both orientation components constituting the 
period of rival stimulation are present in the two eyes im-
mediately preceding this rival period. The only transient 
immediately preceding rival stimulation is created by the 
offset of one of the two component orientations, and that 
transient is minimized because the other component re-
mains present in that eye.

The composite’s effectiveness may also arise from its 
engagement of monocular rivalry, the reciprocal fluctua-
tions in the clarity of two different, superimposed images 
such as orthogonally oriented gratings (Breese, 1899).1 
Two lines of evidence suggest that monocular rivalry 
from the composite could enhance stimulus rivalry. First, 
Pearson and Clifford (2005) have shown that monocular 
rivalry can indeed interact with stimulus rivalry and, for 
that matter, with binocular rivalry, to promote coherent 
perceptual dominance over space and time. Second, At-
kinson, Campbell, Fiorentini, and Maffei (1973) have 
shown that the incidence of monocular rivalry increases 
at lower contrasts and at lower spatial frequencies, which 
is also the consequence of the composite in our experi-
ments (Figure 3). At present we do not know the neural 
bases of monocular rivalry, although it is tempting to think 

valry when viewing the composite/swap sequence, we 
should observe a differential effect of this swap sequence 
during the last tracking epoch, when adaptation would 
have grown in magnitude. This would be evidenced by 
a statistically significant two-way interaction between 
stimulus condition—the composite/swap sequence and 
the flicker/swap sequence—and epoch—the first 10 sec 
and the last 10 sec. Repeated measures ANOVAs revealed 
no such evidence, however, for either the contrast condi-
tion [F(1,5)  2.60, p  .17] or the spatial frequency 
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Figure 3. Comparison of the incidence of stimulus rivalry for 
two kinds of presentation sequences tested at different contrast 
values (A) and different spatial frequency values (B). Asterisks 
indicate differences between sequence type where p  .05 when 
difference t tests were performed for each contrast and spatial 
frequency level. Filled circles connected by a solid line indicate 
the stimulus rivalry from composite/swap sequence; open circles 
connected with a dotted line indicate the stimulus rivalry from 
flicker/swap sequence. Error bars equal one standard error. 
(A) The incidence of stimulus rivalry for viewing the composite/
swap sequence was higher than the incidence for viewing the 
flicker/swap sequence at overall contrast levels [F(1,5)  7.11, 
p  .05; repeated measures ANOVA]. (B) The incidence of stimu-
lus rivalry at high spatial frequencies (3.6 and 4.8 cycles/deg) was 
equivalent for the two sequences, but the incidence of stimulus 
rivalry for viewing composite/swap sequence was higher at low 
spatial frequency levels  in comparison with the flicker/swap con-
dition (1.2 and 2.4 cycles/deg).
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binocular combination, such as the gain-control model 
of Ding and Sperling (2006).
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sequence (B).
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