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General Introduction & Summary
I'm not giving an introduction into the visual system here. If you want to learn something
about the nervous system and visual perception in general, I recommend the following books:

Principles of Neural Science. by Kandel, Schwartz & Jessell
Perception. by Blake & Sekuler

Why research this?
Vision is the dominant sensory modality for the majority of human beings, i.e.
those who are not blind. This has enormous implications for the way we view
the world and ourselves. Our `stream of consciousness', for example, for many
people is well characterized as a movie, a sequence of visual impressions. A very
appealing route for investigating the building blocks of our phenomenal experience
(which is what I wanted to do most of all), then, is to take aim at visual perception.
When we learn about visual perception by reading
a book or some papers, we soon get the impression
that vision is a highly creative enterprise. The
brain constructs our subjective visual experience
from highly variable input, and uses an extreme
amount of prior knowledge about the structure
of the world (derived from past experience) in
its interpretations. So, by nature vision is more
interpretation than it is a reliable representation
of the visual world.

Bistability
Visual perception is very important as an sub•
ject of scienti c research because of its prepon•
derance in our minds. But vision also has some

Figure 1: Necker cube The necker cube
causes bistable depth perception: at
rst you'll see one of the two squares
in front, but after a while of looking at
the cross in the middle you'll experi•
ence that the other square is in front all
of a sudden.

CHAPTER 0. GENERAL INTRODUCTION & SUMMARY

highly striking quirks that illustrate the interpretative nature of vision. One im•
portant example of these quirks is that given speci cally constructed input, visual
perception may lapse into an unstable state, vacillating between two di erent in•
terpretations over time. This may happen even when the stimulus does not change
on the screen nor on the retina. Speci cally, this process of perceptual alternations
occurs when we tailor a stimulus to provide information in such a way that the
brain has the ability to construct multiple perceptual solutions from this input.
What we have done when we succeed in bringing about such a state, is tap into the
mechanisms the brain uses in its act of interpretation. Please look to the Figure
1, where a simple example of such a bistable gure is depicted. Try to get a feel
for what it means for the stimulus to remain the same (you'll be looking at the
same picture all the time!), and you perceptual experience to change repeatedly and
saliently nonetheless. It is this fascinating phenomenon of bistability that is the
subject of this thesis.

Techniques
Now, during the course of my PhD studentship, I've primarily used the tech•
niques provided by the discipline of psychophysics. It usually involves presenting an
observer with very speci c (visual) stimulation and desiring from the observer a very
simple answer regarding the nature of the stimulus. The task is kept as simple as
possible, i.e. a discrimination between two speeds (which was faster?), for instance.
Then we may apply the framework of signal detection theory to interpret the shifts
in performance due to shifts in stimulus parameters. Psychophysics thus provides
a measure of perception from a functional point of view, and gives us a means to
build up a precise and quantitative description of perceptual phenomenology.
In the larger eld of neuroscience, psychophysics is (or should be, at least)
at the center of all research into perception. Psychophysical techniques are used
during neurophysiological research, because they provide quantitative estimates
of the content of perceptual awareness. A very productive aspect of the eld of
neuroscience is that all the di erent disciplines can share information, so that as
psychophysicists we can use insights from neurophysiological experiments in the
brains of monkeys and cats when we make assumptions in our models of perceptual
phenomena. Of course, as a psychophysicist you can instruct your human subjects
quite explicitly and in great detail, so you can create very complex experiments
in terms of what we ask of the observer. That's one of the great strengths of
psychophysics as a discipline. Another thing I really like about psychophysics, and
that's one of the things that I've really learned during the course of my studentship
(you may see a certain progression in the course of this thesis), is that you can
create a model of what you think is going on in the brain, in terms of neurons or

viii
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information processing channels. Then you test this model using just a computer,
a screen and a human being. When such a simple model correctly predicts the
behavior of a complex system such as the brain, that's an enormous thrill.
The most common psychophysical measure we use in bistablility research is
perceptual durations. These durations are gathered when observers look at a
bistable stimulus for a prolonged period of time, and report when their perceptual
state switches from one interpretation to the other. We record the times at
which observers reported these switches.Then, we look at what properties of the
alternation process were changed by variations in the stimuli that we presented.
This process of alternation is highly variable by nature (which points to a big role
for noise in our basic perceptual decision making), and this variability often stands
in the way of a very precise investigation of the mechanisms involved. To avoid
the trouble of highly noisy data, we may try to force the observer's perception into
a highly de ned state. One thing we can do, for instance, is to only provide one
of the two alternative percepts for a short period of time (say, 500 ms), and then
instantaneously add the other possible interpretation. Because of the novelty of
the newly presented second possible interpretation, it becomes dominant, and we
have a clearly de ned time•course of the observer's perception. This gives us the
possibility of investigating phenomena that would otherwise be concealed by noise,
and do so during speci c phases of the alternation cycle.

Stimulus paradigms & the experiments in this thesis
Binocular & Monocular rivalry

One of the most thoroughly researched types
of bistability is binocular rivalry. It occurs when
the two eyes view such di erent stimuli that the
brain can no longer fuse the two eyes' images,
and the observer's awareness will switch between
perception of the left eye's image and that of the
right eye's image. In keeping with the tradition
of binocular rivalry predominance in bistable per•
ception research, this thesis also contains a rela•
tive abundance of binocular rivalry studies, each of
which is aimed at investigating a rather di erent
aspect of binocular rivalry. The rst two chap•
ters that are concerned with binocular rivalry (2

Figure 2: Diaz•Caneja stimulus. Inte•
rocular combination of the top stimuli
may produce percepts such as those on
the bottom of the gure. For more in•
formation, see Chapter 3.

& 3) deal with a controversy in how researchers think of the mechanisms driv•
ing binocular rivalry, namely, whether binocular rivalry takes place in eye•based or
pattern•based processing channels. The rst hypothesis would state that the source

ix
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of competition in binocular rivalry is interocular con ict, and that inhibition acts
speci cally between monocular neurons innervated by the two separate eyes (in
V1), at a reasonably low level in the visual processing hierarchy. The second would
propose that binocular rivalry is a competition between the patterns presented to
the two eyes, and that inhibition between the two pattern representations causes
binocular rivalry. Note that this second hypothesis implies that rivalry inhibition
may occur at a much higher level in the visual hierarchy than the lower levels of
V1. Under `normal' rivalry conditions, these two hypotheses cannot be separately
addressed because the strong link between pattern and eye. There are some condi•
tions in which binocular rivalry percepts are dissociated regarding the eye•pattern
conjunction, which I have attempted to use and address.
Interocular grouping

First, I was highly interested in the ability of informa•

tion entering both eyes at the same time to be joined during binocular rivalry, a
phenomenon called interocular grouping. This happens when observers look at a
stimulus like that in Figure 2, and the horseshoe stimuli are projected in both eyes,
so that they will rival. Observers will then sometimes perceive an entire pattern of
horizontal bars, or circles, meaning that information from both eyes is being com•
bined in their percept, an e ect called interocular grouping. In cases of interocular
grouping, there is a disjunction between the stimuli in the separate eyes and the
observer perceptual experience in terms of pattern. Since one model (1) asserted
that when we icker a binocular rivalry stimulus, the rivalry becomes less eye•based,
we decided to icker an interocular grouping stimulus (such as the one in Figure 2).
A natural hypothesis would then be that interocular grouping should increase in its
preponderance because of the icker, when compared to a non• ickering stimulus.
Chapter 2 deals with the experiments in which we tried to investigate the in u•
ence of di erent parameters of stimulus icker on the occurrence of interocular
grouping percepts.
Monocular rivalry and Flicker & Switch rivalry

Another pair of methods to

eliminate the pattern•eye conjunction is to use monocular rivalry, and icker &
switch rivalry. Monocular rivalry could be described as showing the two eyes'
images from a binocular rivalry experiment superimposed in one eye (or both eyes)
at the same time. This way, both eyes see exactly the same thing, but a more faint
form of rivalry still occurs. For an example, see Figure 3.
Flicker & switch rivalry is de ned by a very contrived type of binocular rivalry
stimulus presentation, namely one in which we icker the stimuli at ∼20 Hz,
and swap the images between the eyes at 3 Hz. If rivalry were eye•based, we
would expect the 3 Hz eye swap operation to determine the observer's percepts
completely. However, observers report perceptual durations quite comparable
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to those that occurs during normal binocular rivalry. This means that rivalry
alternations are dissociated from the eye which receives the stimulation.
In these cases, perceptual bistability occurs
between patterns without an in uence of eye•
based suppression. We wanted to see what factors
then determine the perceptual exclusivity during
the resulting rivalry. To this end, we used color
and disparity•de ned depth di erence between
bar patterns to investigate whether these types
of information increase the amount of exclusive
perception of either of the two patterns that ob•
Figure 3: Monocular rivalry With the
right settings, the grating patterns will
vehemently suppress one another when
you stare at the xation mark in the mid•
dle. You may have to wait a while,
and suppression may be eeting, but
try to look at the pattern for around
15 s. You'll notice that the strength
of the bar patterns changes to and fro
quite rapidly, say, once every few sec•
onds. I like monocular rivalry very
much. When you use the right stimulus
settings, it can be like binocular rivalry,
only it isn't supposed to happen be•
cause both orthogonal grating patterns
are presented to the same eye. That's
what makes it such an interesting stimu•
lus paradigm, too, because if it's not the
eyes that are suppressing one another,
what is it?

servers report. Chapter 3 describes the experi•
ments we conducted on monocular and icker &
switch rivalry to determine the in uence of dif•
ferent information sources on perceptual suppres•
sion.
Transitions between
binocular rivalry percepts and their dynamics

When observers look at a binocular rivalry display
that is large enough, it will not rival as a whole (see
Chapter 2), but instead it will rival in a patchy, or
piecemeal, fashion. The boundaries between the
patches are very uid, moving around the stimulus
area continuously. We looked at these spatially

structured transitions that take shape and travel across a binocular rivalry stimulus
when switches between the two percepts occur, and conducted experiments to
speci cally investigate the in uence of motion on these transition waves (Chapter
4). We found that the binocular rivalry waves are propelled in the direction of
the motion of the stimulus that is becoming dominant, and adapted an existing
model to account for this behavior. Not only do our simulations nicely describe
the patterns in our data, the implementation of our model also tells us something
about how the brain deals with moving binocular targets.
In binocular rivalry between a static image and a rotating stimulus, we noticed
that the transition from motion dominance to static pattern dominance is accom•
panied by a marked increase in perceived speed. We investigated the mechanisms
behind this illusory acceleration, and determined that it is due to a non•uniform
suppression of motion signals during the perceptual alternation (see chapter 5).
When the suppression starts, it suppresses slower motion signals rst, and faster
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motion signals later. The speci c initial suppression of slower motion signals causes
the rest of the motion•related activity to give rise to the motion percept, and this
remaining activity is signaling higher speeds are occurring, resulting in a faster mo•
tion percept. We believe this is another instance of a traveling wave of suppression
moving through the brain in the dimension of speed, just as those that may occur
retinotopically (see chapter 4).
Slant rivalry

There are many di erent ways to create stimuli that kindle the phenomenon of
bi• or multistability in the observer, several of which I have attempted to research.
The one I started out with, slant rivalry, is created by pitting di erent depth cues
(binocular disparity and monocular linear perspective) against one another, causing
them to signify opposite slants of one single plane. The slant the observer perceives
then alternates between a slant percept based on disparity, and a slant percept based
on perspective. We investigated whether the adaptation to slant that occurs for
these depth cues is dependent on whether observers have been perceiving the slant
based on that speci c depth cue during adaptation. It is not. Adaptation to slant
de ned in both monocular perspective and binocular disparity is not in uenced by
perception during slant rivalry (Chapter 1).
Kinetic depth effect, ambiguously rotating sphere

Another type of bistable perception occurs when you orthographically project
a rotating sphere or cylinder of dots on a plane. Because of the orthographic
projection there is no perspective information to base a depth judgment on, but
the motion of the dots is a really compelling source of depth information. The
brain tries to segregate the left• and rightward moving dots into planes at di erent
depths, but because of the lack of conclusive depth ordering information, the
choices the brain makes are uncertain, and alternate over time just as binocular or
monocular rivalry does. This stimulus is an easy one to use in basic rivalry research,
since it has relatively long dominance durations (the average time one percept is
dominant between alternations) and you don't need a stereoscope to present it.
Stabilization and percept choice

When you remove a bistable stimulus from the

screen for a few seconds and make it reappear, the observer is very likely to perceive
the same interpretation as he or she perceived before you took away the stimulus.
When you do this repeatedly, with short exposures so as to preclude perceptual
switches during presentation, you can stabilize the perceptual state of the subject
tremendously. It is this stabilization phenomenon that we used to stabilize slant
rivalry in order for the adaptation to be reasonably uniform in the direction of
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either disparity•de ned slant or perspective•de ned slant, see Chapter 1.
We didn't only use this phenomenon as a tool to facilitate stable adaptation,
we also researched the mechanisms behind the reoccurrence of the same percept
after a blank in presentation. We used a bistable sphere to probe percept choice
at stimulus onset, and investigated the history•dependence of the in uences on
percept choice. We already knew that the observer does not `remember' the latest
percept in a type of `perceptual memory', but that the brain accumulates a bias to
perceive what it's perceived during the presentation interval before, and this bias is
what causes the reoccurrence of the same percept time after time. We now showed
that this bias is accumulated not during only the latest presentation interval, but
that perceptual history as long ago as a full minute in uences the choice the brain
makes at stimulus reappearance, and that several independent biases operating at
multiple di erent timescales in uence this choice concurrently.

Rationale of this thesis
Because of my broad interests and lack of patience, I have found myself research•
ing highly disparate types of visual processing using completely di erent stimuli
and paradigms. I feel that any attempt to try and conceptually merge the very
di erent ideas and stimulus paradigms of the separate chapters would be doomed
to fail if it were aimed to be even reasonably precise. Nevertheless, in hindsight
there seems to be some common ground between the diverse chapters, namely,
the fact that all of them deal with the interaction between segments of the stimuli
(be they spatial or cue•based) during ambiguous vision. In every chapter there is
some attempt to investigate the interaction of di erent information sources during
ambiguous vision, researched in various ways.

The subjective robustness of visual impressions provide most people with a
great deal of con dence in their own visual abilities, and vision and the qualities of
`consciousness' in general. From what we may learn from literature and experiments
(hopefully also from mine) this proposition regarding vision, however, proves to be
false. This is highly interesting, because it has severe repercussions for how our
brains work in general, given the assumption that vision can function as a model
for general brain function. Then, we must reappraise our phenomenal subjective
experience in general as being the result of automatic processes that are be highly
noisy. I believe that how we value our individual subjectivity should be guided by
knowledge of the noisiness and fallible automaticity of our brains' inner workings,
and that this knowledge should seep through into how we try to lead our everyday
lives. Spinoza was right on this point.
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I hope the information contained in this thesis adds anything to anything.
Enjoy the read.
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Chapter 1

Slant rivalry adaptation
Published as:
Slant perception, and its voluntary control, do not govern the slant aftereffect:
multiple slant signals adapt independently. Vision Research, (2006)

1.1

Summary

Although it is known that high•level spatial attention affects adaptation for a variety of
stimulus features (including binocular disparity), the in uence of voluntary attentional
control •and the associated awareness• on adaptation has remained unexplored. We
developed an ambiguous surface slant adaptation stimulus with con icting monocu•
lar and binocular slant signals that instigated two mutually exclusive surface percepts
with opposite slants. Using intermittent stimulus removal, subjects were able to vol•
untarily select one of the two rivaling slant percepts for extended adaptation periods,
enabling us to dissociate slant adaptation due to awareness from stimulus•induced
slant adaptation. We found that slant aftereffects (SAE) for monocular and binocular
test patterns had opposite signs when measured simultaneously. There was no signi •
cant in uence of voluntarily controlled perceptual state during adaptation on SAEs of
monocular or binocular signals. In addition, the magnitude of the binocular SAE did
not correlate with the magnitude of perceived slant. Using adaptation to one slant
cue, and testing with the other cue, we demonstrated that multiple slant signals adapt
independently. We conclude that slant adaptation occurs before the level of slant
awareness. Our ndings place the site of stereoscopic slant adaptation after disparity
and eye posture are interpreted for slant (as demonstrated by (2), using that disparity
scales with distance), but before other slant signals are integrated for the resulting
awareness of the presented slant stimulus.
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1.2

Introduction

Adaptation is the process through which nervous systems change their performance
based upon recent input history. Aftere ects evoked by prolonged exposure to an
adaptation stimulus are ubiquitous among sensory modalities and have traditionally
been used to identify separate processing streams. Here we asked whether an
observer's perceptual state a ects the generation of aftere ects. To investigate such
top•down in uence we used ambiguous perception and developed an adaptation
stimulus that capitalizes on voluntarily controlled perceptual awareness.
In bistable ambiguous perception a single unchanging stimulus, such as the
Necker cube, instigates two mutually exclusive perceptual interpretations, which
compete for perceptual dominance. In the current study we take advantage of the
capability of observers to exert voluntary mental control to select one of the two
competing alternative perceptual interpretations (review by (3), for recent com•
parison studies see (4; 5)). The role of voluntarily controlled perceptual awareness
can be studied using bistable ambiguous perception because it dissociates the ob•
server's perceptual state from the stimulus. The in uence of voluntarily controlled
perception on the generation of aftere ects has not yet been explored but it is not
unlikely to exist, as in uences of attention on aftere ects are well•documented for
a variety of stimulus features, among which motion (6; 7; 8), orientation (9) and
disparity (10). Generally, diversion of attention from the adapting stimulus causes
a smaller aftere ect and a selective increase in attention to a stimulus increases the
strength of the aftere ect produced. For instance, attention to a stimulus has a
multiplicative e ect on the gain of tuning curves of orientation•selective neurons
in V4 (11; 12). We focused on an aftere ect that has been widely examined:
the slant aftere ect (SAE). Slant refers to the three•dimensional rotation of a sur•
face. Prolonged exposure to a slanted surface causes subsequently viewed unslanted
surfaces to be perceived as slanted in the opposite direction (13; 14) and occurs
for both monocular and binocular cues to slant (15; 16). Adaptation to slant is
not dependent on the presence of both these cues; either cue can produce SAEs
when adapted to in isolation (17; 15). To study the role of high•level in uence
on the SAE we developed an adaptation paradigm based upon an ambiguous slant
stimulus, referred to as slant rivalry. In slant rivalry two distinct cues, monocular
perspective and binocular disparity, specify con icting slants which can be para•
metrically varied (18). An observer experiencing slant rivalry alternately perceives
a rectangular plane slanted in one direction (a perspective•dominated percept) and
a competing interpretation of a trapezoidal plane slanted in the opposite direction
(a disparity•dominated percept). The two percepts in slant rivalry alternate in a
stochastic fashion similar to other bistable stimuli (19). Slant rivalry has longer
perceptual durations and higher susceptibility to voluntary control compared to
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other stimuli (5), features which facilitate the examination of the in uence of vol•
untarily controlled perception of surface slant on adaptation. Moreover, a recent
SAE study, utilizing the fact that disparity•slant scales with distance (an approach
pioneered by Domini et al. (20)), demonstrated that the SAE correlated mainly
with high•level slant processing, as opposed to low•level retinal disparities (2).
This implies that voluntarily controlled slant perception might play a signi cant
role in the generation of SAEs. For one well•studied domain of bistable percep•
tion, namely binocular rivalry (where the two retinae are presented with unfusable
stimuli), several studies have investigated the in uence of perceptual suppression
on aftere ects (21; 22; 23; 24; 25; 26). For example, Wiesenfelder & Blake (22)
found that only complex motion adaptation is inhibited by suppression, whereas
simpler translational motion adaptation remains una ected, pointing to a locus of
rivalry suppression between the successive motion processing stages. For slant ri•
valry in particular, as multiple cues are involved, an interesting question is where in
the processing stream the bifurcation of information into the separate perceptual
representations occurs. One possibility is that the perceptual alternation occurs
at the cue•level, entailing that at the moment of an alternation one slant cue, say
disparity, becomes dominant and the other slant cue, perspective, becomes cut
o (low•level switch). Another possibility is that the perceptual alternation is a
higher•level selection of a certain slant, irrespective of the constituting cues. In
our experiments subjects were instructed to hold either one or the other slant
percept under xed stimulus conditions. We presented intermittent blank inter•
vals (27), which were recently developed into a psychophysical technique (28; 29),
to facilitate the dominance of one of the two alternative percepts for extended
periods, and measured simultaneous SAEs for both monocular and binocular cues
separately using di erent test stimuli. We used brie y ashed test stimuli in a
staircase procedure to avoid the spurious motion cue confounds that occur when
employing the often•used technique of manual rotation settings.
We found that the voluntary perceptual control during adaptation had no e ect
on the magnitude of the SAEs for both cues, and that adaptation to both cues
occurred independently and simultaneously. As a further investigation into the
independence of the SAE for both depth cues we determined the amount of
cross•cue SAE in a second experiment and found only small amounts of cross•cue
adaptation. In experiment 3 we investigated the in uence of the often•used manual
rotation test method of measuring SAEs for both monocular and binocular cues,
showing that this method is awed. Experiment 4 was conducted to clarify the
role of perceived slant magnitude on the SAE, with results showing that perceived
slant and SAE magnitude are not correlated, meaning that it is not perceived slant
that governs the SAE.
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1.3
1.3.1

Experiment 1

Methods
Apparatus

Subjects viewed stereoscopic images in a darkened room on a LaCie monitor that
subtended 40 x 30 deg at a viewing distance of 57 cm. The display was driven by a
Macintosh G4 computer using custom OpenGL•based software. Monitor refresh
was 100 Hz and every pixel subtended 1.5 x 1.5 min of arc. The stereograms
were presented to the two eyes by means of the standard red•green anaglyph
technique. Luminances of red and green stereogram half•images were adjusted to
appear equally bright. Photometric measurements showed that miniscule amounts
(0.3%) of the green and the red light leaked through the custom•made red and
the green lter, respectively.To avoid informative aliasing of tilted lines and dots,
full•screen antialiasing was applied to the display. Gaze data were collected using
an SMI Eyelink data acquisition system at 250 Hz. Four subjects, three of them

Figure 1.1: Renderings of the anaglyphic stimuli used. A: The slant rivalry adaptation stimulus used in
experiment 1, containing both binocular and monocular slant signals. In this stereogram, both perspective
and binocular disparity specify surface slant about the vertical axis. With red•over•left viewing, two
relatively stable percepts can be distinguished. In the rst percept, the grid recedes in depth with its right
side further away (it is perceived as a slanted rectangle). In the other percept, the left side of the grid
is further away (it is perceived as a trapezoid with the near•edge shorter than the far•edge). When the
red lter is over the right eye, perspective and disparity specify similar slants and the observer perceives
a single stable slanted grid with its left side closer. Demonstrations of slant rivalry can be found on
http://www.phys.uu.nl/ vanee/. B: The binocular test stimulus; a line with minimal texture cues to slant,
consisting of randomly jittered sparse and small dots. C: The monocular test stimulus consisting of only
perspective cues to slant when viewed with one eye. The dimensions were variable, as the slant of the
test stimulus was changed during the experiment. This was also the monocular adaptation stimulus used
in experiment 2, with dimensions equal to those of the bistable adaptation stimulus in A. D: The purely
binocular adaptation stimulus used in experiment 2, consisting of 60 randomly and sparsely placed small
dots with a minimum of monocular slant signals. E: The experimental procedure. The rst adaptation
duration was four minutes, subsequent top•up adaptation durations lasted 6 seconds. These times are
net viewing periods, discounting the periods when the stimulus was not presented as a result of periodic
stimulus removal (28) during adaptation. Subjects were instructed to xate the center xation dot and
required an average of appr. 210 trials to complete a session of four interleaved staircase measurements
(two with binocular test stimuli, two with monocular test stimuli).
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naive as to the purpose of the experiment, participated in the experiment.
Stimuli
Adaptation stimulus

The bistable adaptation stimulus was a grid consisting of

8 vertical and 6 horizontal lines, each with a width of 1.5 min of arc, arranged
as shown in g 1.1. The adaptation stimulus was 5.5◦ wide, and varied in height
between 4.5◦ and 5.2◦ due to foreshortening. Perspective projection information
speci ed the slant of the plane about a vertical axis to be either 55◦ or •55◦ . A
horizontal size ratio between right and left eye was applied in order to present
a disparity•de ned slant of •55◦ or 55◦ (also about a vertical axis), amounting to
a 110 degree slant con ict. This amount of con ict is well within the range for
which slant rivalry occurs (18).
To provide a frontoparallel reference, all adaptation stimuli were surrounded by
a background of open squares subtending 12 min of arc each. These background
squares were randomly arranged in a rectangular array with a density of 80% to avoid
binocular mismatching (the wallpaper e ect). The aperture in the background
measured 14.6◦ x 9.8◦ .
At all time during adaptation a dot (4.5 min of arc) was presented in the center of
the display as a xation point.
Test stimuli

Binocular test stimulus The binocular test stimulus was a horizontal

line of 12 small dots whose positions were randomly jittered, which was slanted by
applying a disparity gradient. This stimulus contains a minimum of non•disparity
cues, to avoid contamination with monocular visual input during test presentations.
The stimulus subtended 4.3◦ in width and 0.7◦ in height, and its constituent dots
measured 1.5 min of arc.
Monocular test stimulus Monocular test stimuli were presented to either the left or
the right eye. They consisted of a grid of the same structure as that shown during
adaptation, scaled in width in order to subtend approximately the same visual angle.
Test stimuli were presented against an empty background to avoid a frontoparallel
reference.
Procedure
Adaptation

Using the periodic stimulus removal paradigm developed by (27; 28;

29), subjects were able to hold either one of the two possible percepts for extended
periods of time. During the adaptation phase of each trial, the stimulus alternated
in a regular 0.5s o 1.5s on fashion. The total duration of on times was 4 min in
the rst trial, and 6 s in each subsequent top•up (30) trial. Subjects reported their
percepts continuously during the bistable adaptation phase. The durations of the
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Figure 1.2: A: The fractions of perceptual dominance during the rst adaptation period of a session,
de ned as the total amount of time spent in a percept divided by the total net viewing time duration of the
rst adaptation period, when subjects were instructed to hold either percept.These dominance fractions
illustrate the amount of voluntary control over perceptual state in slant rivalry when intermittent stimulus
presentation is used (28). Bars represent mean dominance fractions across four subjects, error bars indicate
standard deviations. B: Contour plots of one subject's gaze position data for adaptation trials during 'hold
disparity' and 'hold perspective' instruction. Gaze density is plotted as a fraction of the total amount of
gaze samples during an entire session. Angular precision of the gaze data recording is 0.5◦ . The different
instructions do not cause a shift in xation position or gaze behavior.

percepts were used to calculate the dominance time fractions. For two subjects,
gaze data were collected during adaptation in order to investigate if eye movements
were used to aid voluntary control of percept dominance. This was done in separate
sessions.
Test

The experimental procedure is shown in g 1.1. On each trial, the test

stimulus was shown for 0.5 s, after which time a question mark appeared in the
center of the screen. Subjects responded by pressing a key to indicate whether
the left or right side of the test stimulus was slanted towards them, and a new
trial commenced. Slant perceived as frontoparallel was measured using 4 randomly
interleaved one•up•one•down staircases, two for monocular aftere ects (one for
each eye) and two for binocular aftere ects. Starting points for the staircases were
random between •12.5◦ and 12.5◦ , and the initial stepsize was 5◦ . Staircases were
terminated after 18 reversals and the last 12 reversal values, of stepsize 0.3◦ slant
were averaged to yield the point of subjective equality (PSE), or aftere ect.
All conditions were tested twice; left•right symmetrical stimulus con gurations
were tested in separate sessions and their absolute values averaged to rule out any
e ect of bias on the results. These pairs of measurements were conducted on the
same day, with at least 30 minutes of rest separating the sessions.

1.3.2

Results

Before considering the SAE results, we rst review the success of intermittent
stimulus presentation as a means of percept stabilization, and we consider SAE
biases.
Fig 2.2A shows the fractions of the total adaptation period subjects reported
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seeing the two di erent percepts. These fractions illustrate the amount of control
subjects exerted over the slant rivalry alternations implying that subjects were
successful in holding a percept, thus ensuring steady adaptation. Shown in g.
2.2B, the gaze data plotted as the density of xation positions, demonstrate that
no speci c eye movement patterns or excentric gaze positions were used to aid
voluntary control. In accordance with prior results (31) the control over perception
was the result of central mechanisms.
Fig. 1.3 shows raw data for two sub•
jects, selected to illustrate di erent bias

Adaptation

patterns. Bars represent an average of two

one for 'hold perspective (P)' control exer•
tion instructions. The graphs in the left
column show SAEs for adaptation slants
P=55◦ and D=•55◦ , while the right column
graphs show P=•55◦ and D=55◦ adaptation
data, as indicated in the legend above the
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graphs. Our tests were used to null the
SAE; therefore the SAE ought to be in the
same direction as the adapting slant. We
de ne biases as the average of data col•
lected after adaptation to positive slants
and data collected after adaptation to neg•
ative slants. Subject JB shows a large con•
sistent bias in favor of right•near slants
for both disparity• and perspective•based
SAEs. Subject LD shows a bias close to
zero. Biases were also examined using pre•
adaptation measurements, and these con•
rmed the biases found using the adapta•
tion data, which we used in our analysis.
To examine the e ects of perceptual con•
trol exertion instruction, biases were sub•
tracted from the data, and unbiased data
were collapsed, i.e.

data collected after

Figure 1.3: Slant after•effect (SAE) data from
frontoparallel settings of test stimuli, for two sub•
jects after adaptation to a slant rivalry stimulus.
These two subjects are explicitly shown here to
illustrate the occurrence of biases in the fron•
toparallel slant settings and, more generally, the
differences between subjects. The left graph
for each subject shows data after adaptation to
positive perspective•de ned slant and negative
disparity•de ned slant, the right graphs show the
data after adaptation to opposite slants. Each
pair of bars (one for each test stimulus examining
the aftereffect associated with a particular cue)
represents data obtained from a single session.
Abbreviations P and D stand for the perceptual
'hold' conditions; perspective and disparity, re•
spectively. Error bars indicate standard devia•
tions across two staircase measurements, and
units on the ordinate are degrees of slant. Biases
are calculated as the average of each bar and
its opposite adaptation counterpart. Subject JB
shows a 'right towards' bias of 10◦ in both cues,
whereas subject LD shows no appreciable bias
(1◦ ). The biases were highly stable across ses•
sions for all subjects. To examine the effects of
perceived slant on SAEs we removed the biases
in subsequent plots.

adaptation to slant values P=55◦ and D=•
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55◦ were combined with the negative values of the data collected after adaptation
to slant values P=•55◦ and D=55◦ . The resultant values are shown in g. 1.4A,
which illustrates for each subject the total SAE for both perceptual control instruc•
tions measured with both the binocular and monocular test stimulus. Fig 4B shows
these data averaged across subjects. The aftere ects tested with the monocular
test stimulus are much larger than those tested with the binocular test stimulus,
amounting to more than 50% of the adapting slant, whereas for the binocular test
stimulus this is ca. 10%. It is evident from the SAEs in gure 1.4(A and B) that
adaptation to a bistable stimulus produces oppositely oriented SAEs for the two
di erent test stimuli. The di erence in aftere ects can be as large as 40◦ . It
is of interest to note here, that in pilot experiments we included test stimuli in
which both monocular perspective and binocular disparity cues were congruent.
The SAEs recorded using these test stimuli were highly variable and inconsistent
within subjects. When debriefed, subjects reported the experience of a percept of
bistable slant when actually viewing a congruent•slant test stimulus. During the
test periods in these experiments, the subjects could base their judgment of slant
on either cue, responding for one SAE in one trial and for the other SAE in another.
Clearly, this response behavior produces divergent staircases and inconsistent re•
sults. Di erences in SAE as a result of the instructions are shown in g. 1.4C
and D. For monocular tests, the 'hold disparity' instruction SAE was subtracted
from the 'hold perspective' instruction SAE, whereas for binocular tests the 'hold
perspective' instruction SAE was subtracted from the 'hold disparity' instruction
SAE. Thus, positive values indicate that attentional state facilitates the develop•
ment of SAEs for a particular cue. For our monocular test, the e ect of perceptual
control exertion on the SAE is inconsistent over subjects and the SAEs for the
two instructions do not di er signi cantly (post•hoc Tukey, F(1,3)=1.39, p = 0.12).
Although our binocular test shows positive values for all subjects, these values are
not signi cant (F(1,3)=2.60,p = 0.25). In sum, whether the subjects perceived
either the perspective•dominated or disparity•dominated slant during adaptation
to a 110◦ slant con ict stimulus does not in uence the SAEs recorded using both
monocular and binocular test stimuli.

1.4

Experiment 2

The results of experiment 1 show that SAEs in both cues are generated indepen•
dently of perceived slant in slant rivalry. Previous research (32; 16), however, shows
large cross•cue slant aftere ects that point to a considerable role of perceived slant
in the generation of SAEs. For instance, in one experiment (16) used a monocularly
viewed test stimulus composed of a rotatable square grid pattern after either binoc•
ular or monocular adaptation to a single line drawn on white paper slanted about
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Figure 1.4: Results of experiment 1. A: Slant aftereffects for disparity test stimuli (dark gray) and perspective
test stimuli (light gray) after adaptation to con icting slants of ±55◦ . The perceptual conditions are denoted
by P and D for 'hold perspective' and 'hold disparity', respectively. Bars represent collapsed data across
four staircases with biases removed. B: Data of A, averaged across subjects. C: Increase in binocularly
tested SAE induced by selective attention to the disparity•dominated percept, for all four subjects. Values
are the differences between SAEs in the 'hold disparity' and 'hold perspective' instructions. These are far
smaller than the standard deviations of the measurements, as can be seen from the values on the ordinate.
D: Increase in monocularly tested SAE induced by selective attention to the perspective•dominated percept.
Values are the differences between SAEs in the 'hold perspective' and 'hold disparity' instructions. C & D In
all, these data demonstrate that perceptual instruction conditions alter the magnitude of neither binocularly
nor monocularly tested SAEs.

a horizontal axis. The single line was used to minimize the amount of monocular
information to slant in the adaptation stimulus. They found an aftere ect of 2.7◦
after binocular adaptation, whereas after monocular adaptation the aftere ect was
0.4◦ . We conducted a second experiment to examine slant adaptation cross•over
between cues.
Subjects adapted either to slant de ned by perspective under monocular view•
ing, or to binocularly de ned slant in a random dot pattern containing a minimum
of texture cues. To investigate whether the di erent cues reinforce each other's
adaptation when adapted to in concert, we also included an adaptation condition
in which subjects adapted to a stimulus which contained both cues specifying the
same slant, a congruent slant adaptation condition.

1.4.1

Methods

Apparatus, test stimuli, subjects, stimulus/background dimensions and procedure
were identical to those used in experiment 1. Only the adaptation stimuli di ered.
All adaptation stimuli are shown in g. 1.1.
In random dot patterns, texture information indicates the plane has zero slant.
This information may hamper adaptation to slant. To minimize the texture cue
during adaptation we used a plane of sparse, small random dots (33). This binocular
adaptation stimulus consisted of a random dot pattern of 60 dots, with a height
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Figure 1.5: Results of experiment 2 in which we examined the cross•cue SAE. A & B: Slant after•effects
with adaptation to the cue being tested, with adaptation to the other cue, or both cues de ning congruent
slant. White bars indicate after•effects after monocular adaptation, light gray bars represent after•effects
after binocular adaptation, dark gray bars stand for SAEs after congruent adaptation, which can elucidate
whether there is an additive effect of the different cues' simultaneous adaptation. All adaptation slants
were ±55◦ . C: Amount of cross•cue SAE (tested with a non•adapted cue) plotted as the fraction of the
maximum SAE, i.e. when the adaptation stimulus contained only the cue being tested, calculated from the
data shown in A & B.

of 5.2◦ and width of 5.5◦ , equal to the size of the adaptation stimuli in the other
experiments. Dots subtended 1.5 min of arc. A horizontal size ratio between right
and left eye was applied in order to present a disparity•de ned slant of 55◦ or •55◦ .
The monocular adaptation stimulus was composed of the same grid as was used
for the adaptation to a bistable slant of experiment 1. It was monocularly presented
to the dominant eye. The congruent adaptation stimulus was the same grid as was
used in experiment 1, yet with identical disparity•de ned and perspective•de ned
slant.

1.4.2

Results

Aftere ects measured with the monocular test stimulus are shown in g. 1.5A,
SAEs measured binocularly are shown in g. 1.5B. Adaptation to one cue generates
an aftere ect that is largest when measured using that cue, although SAEs measured
with a test stimulus containing the other cue are signi cant (perspective, p < 0.001,
disparity, p < 0.05). This means that there is cross•cue adaptation to slant. This
cross•cue SAE can be expressed as a fraction of the SAE attained after adaptation
to the type of stimulus used to test the SAE (monocular adaptation, monocular
test or binocular adaptation, binocular test; g. 1.5C). Mean SAE cross•over across
subjects is 17% for disparity, and 22% for perspective. These cross•cue SAEs might
best be explained by assuming that adaptation occurs at a high, cue independent
level.
However, SAEs after adaptation to one cue (when tested with a test stimulus
containing that cue) are not signi cantly di erent from both SAEs obtained after
adaptation to both congruently de ned slants and SAEs obtained in experiment 1,
for either binocular or monocular test stimuli. This means that for both cues there
is no additive e ect for adaptation to congruently de ned slant (the other cue is

10

CHAPTER 1. SLANT RIVALRY ADAPTATION

1.5. EXPERIMENT 3

adapted to the same slant) as compared to either adaptation to an incongruent
slant stimulus or single•cue adaptation. Further comparison of these data with the
incongruent slant SAEs from experiment 1 revealed that there is no signi cant
diminutive e ect of the other cue being directed oppositely during adaptation. In
addition, no sign of weighted average combination of SAEs is present in the data.
It is interesting to observe that adaptation to binocularly de ned slant causes larger
binocularly measured aftere ects than adaptation to congruent slant.
Cross•cue SAEs for the two cues used in our experiment is evident only in those
cases when the other cue is being adapted in isolation. In cases where the cue being
tested has been adapted, there is no evidence for cross•cue SAEs. Adaptation at
a high cue•independent level, which accounts for ca. 20% of the SAE found in
within•cue adaptation and test, is present only when the cue used as a test has not
been used in prior stimulation.

1.5

Experiment 3

From experiments 1 & 2 we conclude that slant cues adapt independently, although
we also found that cross•cue slant adaptation, about 20% of the in•cue slant adap•
tation, is present. The previously found (32; 16)considerable cross•cue SAEs that
have generally been attributed to the perception of slant are in need of reconcil•
iation with our data. Here we demonstrate that the cross•cue SAEs depend on
the use of a speci c testing procedure used by these researchers. They employed
manual rotation of the test plane by the subject or experimenter. The introduction
of motion cues that are information sources to surface slant may in uence the SAE
measurements so that in fact, other cues to slant than those that have been adapted
are being tested. This may lead to smaller SAEs, but more importantly the use
of this procedure may be responsible for the alleged large dependency of SAEs on
perceived slant. To quantify the role of the testing procedure we modi ed our test
stimuli so that they could be rotated in depth about a vertical axis by the subject
by means of a computer mouse.

1.5.1

Methods

Apparatus, adaptation stimuli and stimulus/background dimensions were identical
to those used in experiment 1 & 2. Binocular and monocular test stimuli were a
binocular row of dots and a monocularly viewed grid, respectively. We mimicked
the manual adjustment procedure from the literature. Two subjects participated in
the experiment, Both had participated in experiments 1 & 2. Subjects rotated the
test stimuli in a to•and•fro rotating fashion by use of a computer mouse. They were
instructed to set the test stimulus in a frontoparallel orientation. There was no con•

11

1.5. EXPERIMENT 3

CHAPTER 1. SLANT RIVALRY ADAPTATION

straint on the duration of the test setting. Each type of test stimulus was tested a
total of 12 times, six for each adapting direction. Subjects were instructed to xate
the center xation dot. During the adaptation phase of each trial, we did not use the
periodic stimulus removal paradigm (28) used in experiments 1 & 2 to aid percep•
tual stabilization, as this had no e ect on the magnitude of SAEs. The net duration
of the rst adaptation period was identical to that in experiments 1 & 2, however, as
subjects were exposed to the test stimulus for a longer amount of time, which could
lead to dissipation of the SAE, top•up adaptation duration was extended to 30 s.

Fig. 1.6 shows the data contrasted to data

JB

TK

Manual adjustment
procedure

Staircase procedure

}

Results

D

P

}

1.5.2

D

P

from experiment 1 for two subjects. The
di erent signs for SAEs measured using dis•
parity and perspective test stimuli found
in experiments 1 & 2 are evident in the
manual rotation test data also, con rm•
ing the separate adaptation for both cues.
Disparity results are signi cantly di erent
from perspective measurements at the 1%
level (post•hoc Tukey test). The SAEs col•
lected using the congruent combination
test stimulus, that contains both cues to
slant, are comparable to the monocular per•
spective SAEs. Earlier research (32), em•
ploying physical stimuli, used binocularly
viewed monocular test stimuli as binocu•
lar test stimuli. Thus, these stimuli are
not purely binocular stimuli, as they con•
tain both cues, as do our combination test

Figure 1.6: Results of experiment 3, showing the
SAE data after adaptation to a bistable stimulus
for two subjects (differently colored bars) when
the manual setting of the test stimuli was used,
compared to when the staircase procedure was
used. All adaptation slants were ±55◦ . Results
are displayed at the same scale as the results of
experiment 1 in g. 1.4A. D and P stand for dis•
parity and perspective de ned test stimuli. Bars
for the manual adjustment procedure are aver•
ages of 12 manual settings, staircase procedure
bars are averages over 8 measurements, gath•
ered in experiment 1 in both perceptual hold
conditions. Error bars denote standard devia•
tions. SAE cue segregation is far more evident
when the super uous, unadapted motion cues
that are present in the manual rotation proce•
dure are not introduced into the testing pro•
cedure. Also, intersubject variability decreases
when this test is used.

stimuli. The use of physical stimuli in this
manner has lead researchers to the conclu•
sion that there is large adaptation cross•over between monocular and binocular
channels when in fact, binocular and monocular cues can show oppositely oriented
SAEs when separated using computer generated stimuli.
In addition, the high level of variance in the data gathered with the manual rotation
test demonstrates the rotation test stimulus' lack of reliability when compared to
the short presentation staircase method.
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1.6

Experiment 4

To ensure reliable slant rivalry, we were forced to use a reference surround. How•
ever, the in uence of this surround on slant adaptation is unclear. We investigated
how SAE magnitude and perceived slant magnitude are in uenced by the surround.

1.6.1
SAE

Methods
Apparatus and stimulus/background dimensions were identical to those used

in experiment 2, with the following exception: for e ciency no intermittent
stimulus presentation was used and adaptation periods were shortened to 3 minutes,
the net adaptation time of experiment 2. The adaptation stimulus was a random
dot plane, slanted 55◦ using binocular disparity, presented either with or without
the frontoparallel reference used in the previous experiments (see g. 1.1). Two
staircase measurements were conducted per session. These staircases terminated
after 12 reversals. Gaze measurement equipment and procedures were identical to
those of experiment 1. Two subjects participated in this experiment.
Slant estimation

Separate from the adaptation sessions, we measured perceived

slant. Subjects were shown a random dot plane, identical to the adaptation stimulus
used for adaptation in this experiment. Since perceived slant depends on the
presentation duration (34), we probed slant estimations at the moments that were
used during the adaptation experiments. To mimick the slants perceived during a
slant adaptation experiment, stimulus presentation periods were 3 min in the rst
trial, and 6 s in all subsequent trials. A session for this slant estimation experiment
consisted of 20 repetitions per condition. After inspection of the stimulus, subjects
were asked to report the perceived slant of the plane by use of a dial that could be
set using a computer mouse (34)1 . Subjects performed 4 of these sessions, 2 with
background and 2 without, for slants of ± 55◦ .

1 A sensible objection to this metrical slant•estimation method is that it is hard to interpret the data
because a slant angle that is estimated at 35◦ in one trial might look like 40◦ in another trial. Previous
work has demonstrated, however, that subjects have a relatively constant internal reference and that they
do not regard this task as dif cult. This estimation method has been used previously for real planes and
when subjects wore distorting lenses (33). In addition, a similar metrical depth estimation method was
successfully used for volumetric stimuli (35).
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g. 1.7 shows the slant estimates and SAEs
Gaze measurements indicated that mean
gaze position during the two conditions did
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in the left and right column, respectively.
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Perceived slant

JB

TK

Background

jects report greater SAEs when no refer•
ence was present (p < 0.0001). The e ect
for perceived slant is reversed, i.e. subjects
perceive greater slant when the stimulus is
surrounded by a reference plane (p < 10−6 ).
The surround's opposite in uence on per•
ceived slant and slant adaptation magni•
tude con icts with the hypothesis that it is
perceived slant that governs slant adapta•
tion: although subjects perceive more slant
during adaptation when the surround is in•

Figure 1.7: Results of experiment 4, in which
we investigated the role of the reference sur•
round on perceived slant magnitude and SAE
magnitude. Presented adaptation and estima•
tion slants were ± 55 degrees. Error bars denote
± 1 SEM. The left and right graphs depict SAEs
and perceived slant, respectively. For both slant
estimation and SAE there is a signi cant effect of
the surround, however, these effects are reversed
for the magnitude of perceived slant and the SAE.
Although subjects perceive a greater slant when
the stimulus is surrounded by a reference sur•
face, adaptation results in SAEs of smaller mag•
nitude. This runs contrary to the effect predicted
by the hypothesis that SAEs are determined by
perceived slant during adaptation.

cluded, the SAE is smaller.

1.7

Discussion

We examined whether slant perception, and its voluntary control, governs the SAE,
leading to several main ndings. First, there is no e ect of voluntarily controlled
perceptual state on the magnitude of the SAE for either of the cues used to
invoke slant rivalry. Second, perspective•de ned slant and disparity•de ned slant
adapt independently to a large extent. Third, the widely used standard method
for examining slant aftere ects, i.e. the procedure of manual rotation of a test
stimulus, is awed. Fourth, the magnitude of binocular SAEs does not correlate
with perceived slant. We will discuss each of these ndings separately, commencing
with the issue on methodology.

awed manual adjustment procedure
The standard way of quantifying slant aftere ects is the aforementioned manual
adjustment procedure in which the subject rotates the test stimulus, thereby intro•
ducing spurious unadapted motion cues. (A notable exception here is Berends et al.,
(2), who used a di erent method, see below.) We demonstrated that the adjustment
procedure brings about reduced SAEs that are highly variable (experiment 3), which
compares well with the variability and the size of the aftere ect for this procedure
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reported in the literature. Furthermore, we showed that the combination of binoc•
ular and monocular cues in the test stimulus results in a SAE that is biased towards
the monocular SAE when using the manual rotation method. This bias could have
led other studies to mistakenly conclude that there is considerable cross•cue adap•
tation. It is remarkable that the manual adjustment procedure has been widely used
as there were early hints that the method is unreliable. Wenderoth (14) reported
a control experiment using a staircase method nding large SAEs (that were even
parametrically dependent on the adapting slant). This nding was not reproduced
by Poom & Börjesson (32) using the adjustment procedure. Wenderoth went as
far as noting that the adjustment procedure is unsatisfactory for studying SAEs.
Moreover, one out of a series of experiments by Poom & Börjesson (32) shows a
clear decrease in the amount of SAE cross•over between monocular and binocular
slant cues when using a 2AFC task, as opposed to the adjustment procedure that
they used in the rest of their paper. These authors even proposed that the mo•
tion in the test conditions interfered with the adaptation e ect , but they did not
reinterpret their other results obtained with the adjustment procedure. Initially
the cross•cue adaptation had been taken in the literature as evidence for either an
in uence of texture cues or for slant adaptation. After Balch et al.(16) and Ryan
& Gillam (17) had provided evidence that it is not texture of a surface patch that
subjects adapt to, cross•cue adaptation found with the adjustment procedure had
been alleged commonly as evidence for perceived slant adaptation.

Cross•cue slant adaptation
We quanti ed the amount of SAE that can be measured by testing one slant cue
when adapted to the other slant cue (experiment 2). The magnitude of SAE
crossover was small (about 20%) compared to the SAE measured for a cue that is
adapted. We reasoned that adaptation to a bistable slant rivalry stimulus could ham•
per the development of a SAE for either cue because of the other cue's oppositely
oriented slant information. One would then predict to nd greater aftere ects
when adapting to single•cue or congruent•cue stimuli. We found, however, no sig•
ni cant di erences in SAEs across single•cue, congruent•cue, and con icting•cue
slant adaptation for either cue. From this latter result we conclude that adaptation
to the cues used in our stimuli occurs mainly independently. Balch et al. showed
full SAE crossover between slant cues employing line drawings and textured paper,
which was again taken as evidence for perceived slant adaptation. A few years
earlier, however, Epstein & Morgan•Paap (36) reported a SAE crossover of approx•
imately 50% when subjects adapted to a trapezoidal shape and set a binocularly
shown luminous line. These latter results are more in line with the 20% cross•
over that we found. A di erence between our stimuli and that of the precursors
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discussed here is that the stimuli used before were based on physical apparatuses
with physically slanted planes as slant stimuli. When stimuli are drawn on paper
the shape of the drawn stimulus outline can be contradicted or reinforced by the
texture of the paper on which the outline is drawn, giving rise to larger cross•cue
aftere ects.

Stable perception of slant rivalry stimuli
Subjects have a limited degree of voluntary control over their perceptual state dur•
ing slant rivalry and can increase the preponderance of the desired interpretation
to approximately 70% (19). Using the intermittent stimulus removal (27) as a psy•
chophysical technique (28; 29), the amount of control observers could successfully
exert was increased considerably, to approximately 90% in the present study. We
demonstrated that subjects were able to exert this in uence without resorting to
the aid of speci c eye movement patterns or gaze positions, see g 2.2. This is in
accordance with recent results which demonstrate that both (micro•)saccades and
blinks are necessary for neither the occurrence of (31) nor voluntary control over
(37) perceptual alternations in slant rivalry.

Effect of perceived slant on SAE
If slant adaptation occurs at a stage where slant information is represented in a
high•level, cue•independent fashion, in uence on the generation of SAEs through
voluntary control would be more likely than when slant adaptation occurs at a
cue•dependent low stage. We demonstrated (experiment 1) that perceptual state
and selective attention to cues during adaptation do not in uence the magnitude
of the SAE for both perspective and disparity slant cues, suggesting that slant
adaptation is a low•level process. We are able to discount most of the ndings
that were responsible for the idea of perceived slant adaptation, as those were all
based upon a awed method (experiment 3). A recent study (2) demonstrated that
adaptation to disparity•de ned slant occurs at relatively high levels, I.e. after eye
posture is incorporated into the disparity processing stream. These researchers
used the aforementioned feature that perceived shape from a gradient of disparity
depends critically on the viewing distance (20). Here we took non•disparity cues
into account that also in uence perceived slant. We also used the frontal surround,
which facilitates the generation of slant rivalry, to investigate the hypothesis that
perceived slant governs the SAE. We demonstrated that the surround in uences
perceived slant and SAE magnitude oppositely; perceived slant increases by the
introduction of a surround whereas the SAE decreases (experiment 4). Thus,
perceived slant magnitude does not determine SAE magnitude. The e ect of the
surround on the generation of the SAE can be seen in light of recent results by
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Taya, et al.(38) who reported that binocular SAEs are not retinotopic, and that the
magnitude of the SAE is dependent on the size of the adapting stimulus. In our
experiments, the inclusion of the frontoparallel reference surround induces non•
retinotopic slant adaptation to the frontoparallel plane, thus diminishing the SAE
due to the center stimulus for conditions in which the background was presented.
Also, the adaptation stimulus we used was far smaller than used elsewhere in
literature (33; 2; 38), leading to a smaller binocular SAE. The SAE data of Berends
et al.(2) have sometimes been interpreted as showing that it is perceived slant that
adapts. Our results, combined with those of Berends et al.(2), show that it is not
perceived slant that adapts, and position the site of disparity•slant adaptation after
eye posture incorporation, but before slant signals are integrated for the awareness
of slant: multiple slant signals adapt independently. It remains to be seen whether
similar reasoning applies to the results of Domini et al. (20).

Physiology
We found that monocular perspective and binocular disparity cues were simul•
taneously adapted in opposite directions after viewing a slant rivalry stimulus
( g 4). This suggests the separation of the di erent cues' channels as distinct
from a putative high•level cue independent slant channel. We reasoned that the
switch between the two percepts would occur before information reaches the cue•
independent slant channel, but after slants based on either cue alone have been
resolved. In slant rivalry the slant information based on the two cues separately is
relatively well elaborated before it enters the process of slant rivalry. A division of
stimulus•related and percept•related channels is supported by recent physiological
ndings. Welchman et al. (39) have used a stimulus akin to ours, and found that
fMRI signal in lower visual cortical areas correlates well with the stimulus parame•
ters, whereas higher visual cortical areas such as lateral•occipital (LOC) and medial
temporal (MT+/V5) cortex show higher correlations with perceived slant or depth
structure. Brouwer et al. (40) reported that during slant rivalry fMRI activation
correlating with alternations towards the disparity•dominated percept was found
in a number of visual areas, including dorsal visual areas V3A, V7, V4d•topo and
visual areas MT+ and LO. No activation was found for alternations towards the
perspective•dominated percept. Two relatively high areas have been targeted by
neurophysiologists using single•cell recordings in macaque. These areas are located
in parietal and temporal cortex, part of the dorsal and ventral stream, respectively.
The caudal intraparietal area (CIP) was found to contain neurons that are selective
for slant from both monocular and binocular cues by Tsutsui et al. (41; 42; 43).
The same role was found to be played by neurons in the inferior temporal (IT)
cortex (44). In both these areas, activity correlates with the presentation of slant
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independent from the cues that produce it. Of these two areas, IT is likely more
involved in the use of disparity gradients (45; 46; 47) and monocular depth cues as
a means to establish object selectivity. CIP, being part of the dorsal stream, is more
involved in the appreciation of depth as a means to guide action and visual eld
segregation. Interesting questions remain, for instance how these areas interact,
and how di erent stimulus cues serve to stimulate them di erentially. Investigating
these areas under conditions of mentally selected slant (such as possible in the slant
rivalry paradigm) might reveal answers to these open questions.

1.8

Conclusions

Slant perception and its voluntary control did not govern the SAE for either monoc•
ular or binocular signals. There was relatively small cross•cue SAE. We conclude
that slant speci ed by single cues is elaborated at relatively low and cue•dependent
levels, and that perceptual switching between the two possible slant rivalry percepts
occurs above these levels in the visual processing hierarchy.
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Stimulus icker alters interocular
grouping
Published as:
Stimulus icker alters interocular grouping during binocular rivalry.

Vision Re•

search, (2007)

2.1

Summary

When the two eyes are presented with suf ciently different stimuli, the stimuli will
engage in binocular rivalry. During binocular rivalry, a subject's perceptual state alter•
nates between awareness of the stimulus presented to the right eye and that presented
to the left eye. There are instances in which competition is not eye•based, but instead
takes place between stimulus features, as is the case in icker & switch rivalry (F&S).
Here we investigate another such instance, interocular grouping, using a Diaz•Caneja
type stimulus in conjunction with synchronous stimulus icker. Our results indicate
that stimulus icker increases the total duration of interocularly bound percepts, and
that this effect occurs for a range of temporal icker frequencies. Furthermore, the
use of contrast•inversion icker causes a decrease of total dominance duration of
the interocularly bound percepts. We argue that different ickering regimes can be
used to differentially stimulate lower and higher levels of visual processing involved
in binocular rivalry. We propose that the amount of interocularly combined pattern•
completed percept can be regarded as a measure of the level at which binocular
rivalry is resolved.

2.2. INTRODUCTION
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2.2

Introduction

There has been ongoing debate regarding the nature of binocular rivalry, the process
of perceptual alternation that occurs when the two eyes view su ciently di erent
stimuli (3; 48). One subject of debate is whether suppression during binocular
rivalry acts on eye•based representations or on higher level representations depen•
dent on stimulus properties . The rst view is substantiated by the fact that when
an eye is suppressed, detection thresholds in a range of modalities are increased in
the suppressed eye (49; 50; 51). Also, when the monocular half•image stimuli are
switched between the eyes, perception will follow the switches as if suppression dur•
ing rivalry were based on the eyes' images (52). Furthermore, BOLD responses in
the V1 blind spot have been shown to correlate with perceptual alternations during
binocular rivalry (53). Since the blind spot in V1 receives solely monocular a er•
ents, this is strong evidence for a monocular basis of binocular rivalry suppression.
There is, however, also evidence supporting the contrary hypothesis. Data from
monkey physiology suggest that the suppression during binocular rivalry increases
up the visual hierarchy, with relatively little percept•dependent modulation of cell
activity in V1 (54). Psychophysical examples of 'stimulus', or 'pattern' rivalry can be
divided into two categories: interocular grouping and icker & switch (F&S) rivalry.
Interocular grouping occurs when the stimuli used in binocular rivalry are spatially
non•uniform but can be recombined between the eyes such that uniform shapes
may alternate in subjects' perception ((55), but also see (56)). Thus, perception
alternates not between images projected into each eye, but between higher•level
interpretations of the stimuli. F&S rivalry results from a stimulus presentation
technique that is composed of two operations, both of which are necessary to
create F&S rivalry. The rst is to icker the stimulus, in an on•o regime, at fre•
quencies of 15•20 Hz. Second, the stimulus' monocular half•images are swapped
between the eyes at 1.5 Hz, i.e. presentation periods are 333 ms in each eye. The
e ect of the combination of these operations is that subjects perceive 'normal'
binocular rivalry (57), instead of the perceptual alternations at 3 Hz predicted by
an eye•based suppression hypothesis of binocular rivalry. Although dependent on
a limited range of stimulus parameters ((56), but see (58)), this phenomenon is a
strong indicator that binocular rivalry can indeed occur between representations
of stimulus features, and can occur independently of the stimulated eye. We used
a novel stimulus paradigm, consisting of a combination of interocular grouping
and the icker component of F&S rivalry to investigate whether stimulus icker
increases interocular grouping. To this end, we used the stimulus rst conceived by
Diaz•Caneja (1928), (translated by Alais, O'Shea, Mesana•Alais & Wilson, 2000),
shown in g. 2.1A. This stimulus type (which is in our case composed of horseshoe•
shaped gratings presented to each eye) has been used previously, for instance to
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investigate the importance of interhemispheric connections during rivalry (59).
Aside from perceiving eye•based binocular rivalry between the horseshoe shapes,
subjects viewing this stimulus report percepts of full circles and full line patterns.
These percepts are the result of interocular grouping and pattern completion. Note
that these percepts di er from F&S rivalry percepts in the way in which they are
a result of eye•independent information. In F&S rivalry, the information from the
two eyes is combined temporally, leading to percepts that are based alternatingly
on the right eye image and the left eye image and are in this manner independent
of the stimulated eye. In pattern completion dependent on interocular group•
ing, information from the two eyes is combined spatially, resulting in percepts of
shapes that obey, for instance, the principle of collinearity more strongly than do
the respective monocular images. Both stimulus paradigms, however, elicit 'pat•
tern rivalry' percepts that are independent of the monocular half•images and thus
can be used for the investigation of the eye•dependence of binocular rivalry. Our
stimuli combine characteristics of both of these stimulus presentation paradigms
and are, because they lack switches between the eyes, speci cally suited for the
investigation of the e ects of the temporal properties of the icker component
on interocular pattern combination. We conducted three experiments designed to
investigate the in uence of stimulus icker on the preponderance of interocular
pattern combination. After a rst proof of principle experiment, we altered tem•
poral frequency of on•o

icker in a second experiment and also changed the type

of icker while leaving the frequency content identical in a third experiment. We
show that interocular pattern combination increases due to stimulus icker; that
this e ect is independent of temporal frequency; yet does depend on the on•o
transients that accompany on•o

2.3
2.3.1

icker.

Experiment 1

Methods

Six observers participated in the experiment, one of which was aware of the hy•
potheses (author TK). All had normal or corrected•to•normal vision. They viewed
the dichoptic stimuli, renderings of which are depicted in Figure 1A, through a
mirror stereoscope at a viewing distance of 57 cm. The stimuli were presented on a
22 LaCie monitor running at a resolution of 1600x1200 and a refresh frequency of
75Hz, driven by an Apple G4 computer using custom software. The background
was black (luminance 0.06 cd/m2 ), and a surrounding pattern (white, luminance
71.9 cd/m2 ) of crosses together with concentric circles directly surrounding the
stimulus provided ample aid for correct binocular fusion. Stimuli were composed of
circular patches (diameter 1.6 degrees) of sine•wave luminance•modulated gratings,
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either concentric or linear. Grating contrast was set to 75% Michelson; spatial
frequency of the gratings was 5.5 cycles/degree. Gratings were bisected along the
vertical meridian and recombined to produce the horseshoe shaped Diaz•Caneja
stimuli. Under icker conditions, stimuli were presented to both eyes for 2 frames,
alternating with blanks of 2 frame durations resulting in a symmetric 19Hz icker
which was in phase across both eyes. The task was as follows: subjects reported
percepts of either circles or lines separately by pressing buttons on the keyboard.
The durations of buttonpresses were recorded separately for each type of per•
cept. Note that for circle and line stimuli these are monocularly based percepts,
whereas for horseshoe stimuli these are pattern•completed percepts (Figure 1B).
The order of trials in a session, and which eye received which input were random•
ized; each condition was tested once per session, with a trial duration of 60 s.
Each subject completed two sessions, each
of which contained four trials. The use of
interocular grouping stimuli could be con•
sidered controversial, as (60) have shown

A
1.6˚

1.6˚

Stimuli

1 2

that the report of complete percepts may
be dependent on subjects' reporting crite•
rion. We have taken two measures to en•
sure that this is not the case in our experi•
ments. First, we used stimuli that are very
simple compared to those used in previous

Percepts
BPattern completed
Piecemeal rivalry

1 2

a

a

interocular grouping experiments (55; 60),
leaving less room for criterion di erences
to have an impact on our results.

Sec•

b
Monocularly based

b
Monocularly based

ond, we conducted a control experiment
to investigate whether any e ect of stim•
ulus icker on total dominance durations
could also be due to a change in response
criterion. For instance, due to stimulus
icker subjects could become less conser•
vative in reporting circle and line percepts,
thus causing the amount of circle and line
percept to increase. Subjects were asked to
report left•open and right•open horseshoe
percepts. For circle and line stimuli, these

Figure 2.1: Stimuli and accompanying percepts.
Panel A: Renderings of the stimuli used in the
experiments, each of which was presented to
one eye while the other stimulus was presented
to the other eye; 1 :) The Diaz•Caneja type
horseshoe•shaped stimuli. 2 :) The circle and
line stimuli. Panel B: Possible percepts for stim•
uli from panel A. 1 :) a • pattern completion
percepts (reported as circle and line percepts) b
• monocularly based percepts (reported as horse•
shoe percepts) 2 :) a • piecemeal rivalry percepts
(reported as horseshoe percepts) b • monocularly
based percepts. (reported as circle and line per•
cepts).

percepts only occur during short periods of piecemeal transitions, while for horse•
shoe stimuli these are frequently occurring monocularly based percepts. As these
percepts complement the circle and line percepts, the fraction of these percepts
is also an indicator of pattern completion during viewing of the horseshoe shaped
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Figure 2.2: Data of experiment 1, illustrating the icker•induced increase in pattern completion. A Fraction
of time subjects perceived circles and lines, which in cases of horseshoe stimuli were pattern•completed
percepts. This fraction is greater for circle and line stimuli than for horseshoe stimuli. The amount of circle
or line percept does not differ between icker and non• icker conditions for the circle and line stimuli.
The horseshoe stimuli, however, show a signi cant increase in the amount of circle and line percept as
a consequence of stimulus icker. Error bars are ± 1 SEM. B Pattern completion ratios for all individual
subjects for each of the two stimulus types used. As a measure of the effect of stimulus icker on pattern
completion, we de ne the pattern completion ratio as the fraction of circle and line percept under icker
conditions divided by the fraction of circle and line percept under continuous presentation conditions.
This ratio is signi cantly greater than unity for the horseshoe stimulus, indicating that stimulus icker
increases the amount of pattern completion. Each line connects data points from one subject, showing a
consistent effect in all subjects. C Pattern segregation ratio from the control experiment in which subjects
reported horseshoe percepts. Consistent with the pattern completion ratio, it is the fraction of time subjects
perceived the horseshoe con guration under icker conditions divided by the fraction of this percept under
continuous viewing conditions. These percepts complement the circle and line percepts, so an increase
in circle and line percepts should be re ected in a decrease in horseshoe percepts and consequently a
decrease in pattern segregation ratio. This occurs for horseshoe stimuli but not for circle and line stimuli,
con rming the increase in pattern completion found for circle and line percept reports.

Diaz•Caneja type stimuli. If pattern completion increases this should decrease the
dominance of monocularly based horseshoe percepts for horseshoe stimuli, and
vice versa. Four observers participated in this experiment, in which each condition
was tested once in one session, and trial duration was 120 s. All further stimulus
parameters were identical to those of the original experiment.

2.3.2

Results

Figure 2.2 shows the results of experiment 1. As a measure for the strength
of pattern completion, we summed dominance durations of both circle and line
percepts to give the total time spent in pattern•completed percepts for horseshoe
stimuli, and monocularly based percepts for the circle and line stimulus conditions.
The fraction of time spent in circle and line percepts from experiment 1 and
identical conditions from experiment 2 is shown in Figure 2.2A. Monocularly
based circle and line percepts (right pair of bars) were reported more than pattern•
completed circle and line percepts (left pair of bars). For horseshoe shaped Diaz•
Caneja stimuli, this fraction is less than that reported by Ngo et al. (2000).
This divergence may be due to spatial frequency and duty cycle di erences. The
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application of stimulus icker increased the pattern•completed percept for the
horseshoe stimulus condition. This increase of circle and line percept is absent
for circle and line stimulus conditions. We de ne the pattern completion ratio
as the fraction of time spent in circle and line percepts for the icker condition
divided by the fraction of time spent in circle and line percepts for the continuous
presentation condition. Figure 2.2B (points with error bars) shows these ratios,
which are a measure of the e ect caused by icker, for both stimulus con gurations
averaged over all subjects. The lines between the two conditions represent data
from one subject each, and show clearly that the e ect consistently occurs in all
subjects. Stimulus icker increases the amount of pattern•completed percept for
horseshoe stimuli (p=0.001, paired t•test), but does not increase the amount of
monocularly based percept for circle and line stimuli (p>.4). The data from the
control experiment in which subjects reported horseshoe percepts are shown in
Figure 2.2C. The pattern segregation ratio is de ned as the fraction of time spent in
horseshoe percepts during stimulus icker, divided by the fraction of time spent in
these percepts during continuous presentation. An increase in pattern completion
would result in a decrease of the pattern segregation ratio in the present control
experiment, an e ect opposite to the change of pattern completion ratio in the
previous experiment. The decrease in pattern segregation ratio for stimulus rivalry
shown in gure 2.2C con rms the increase in pattern completion as a result of
stimulus icker. The decrease in horseshoe percept was signi cant for horseshoe
stimuli (p<.05, paired t•test), whereas the decrease in horseshoe percept that occurs
for circle and line stimuli was not (p=.2).

2.4
2.4.1

Experiment 2

Methods

Di erent icker frequencies have successfully been used to generate F&S rivalry
(58; 56; 57; 61). The range of frequencies at which it is possible to diminish
the importance of monocular images in binocular rivalry is highly informative,
especially regarding the relationship to physiological data, such as the di erent
critical fusion frequencies (CFF) of di erent cell populations (62). Therefore we
conducted an experiment in which we varied the frequency at which on•o

icker

was deployed. The range of frequencies tested was limited as for lower frequencies
the transients as a result of stimulus icker become increasingly strong percep•
tually and induce perceptual switches (63). These stimulus•induced alternations
are not the subject of the present paper, thus these frequencies were omitted.
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icker creates
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the predominance of plaid•like percepts.
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Monocular rivalry could ensue under these
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conditions of monocular temporal fusion,

0.5

however, the stimulus characteristics used
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Frequency of flicker

in the present study are quite di erent from
those normally required to induce monocu•

Figure 2.3: Frequency•independence of the in•
crease in pattern completion. The black line
represents data for horseshoe stimuli, the light
gray line represents data for the circle and line
stimuli. Pattern completion ratio is de ned
as the total duration of pattern•completed per•
cept during icker divided by the total duration
of pattern•completed percept during continuous
stimulation. Therefore, a value of one (indicated
by the dashed line) means there is no difference
in pattern completion as a result of icker. Val•
ues represent means across four subjects, error
bars are 1 SEM. It is evident that the increase
in pattern completion occurs equally for all fre•
quencies for the horseshoe stimuli. No such ef•
fect occurs for circle and line stimuli, apart from
an opposite effect at lower frequencies which
does not reach signi cant levels.

lar rivalry, such as low duty cycle, large stim•
uli and low contrast. Six observers partici•
pated, ve were subjects in the previous ex•
periment. Setup and stimuli were identical
to those used in the previous experiment,
but icker frequency was varied. Di er•
ent icker frequencies were implemented
by varying the number of frames presented
between successive blanks each lasting one
frame duration (13 ms). Thus, icker fre•
quency was varied between 10 and 24 Hz in
ve steps. Subjects completed one session
during which trial duration was 60 s.

2.4.2

Results

Figure 2.3 shows pattern completion ratios for both circle and line stimuli and
horseshoe stimuli, over a 10Hz•24Hz range of frequencies. Pattern completion
ratios are greater than unity at all frequencies for horseshoe stimuli, whereas the
ratios for circle and line stimuli are 1. Thus, there is no e ect of stimulus icker at
any of the frequencies tested for the circle and line stimuli, whereas for horseshoe•
shaped stimuli the e ect of stimulus icker is present at all frequencies. The
di erence between the two types of stimuli is highly signi cant (two•way ANOVA
F(1,4):28.7, p<.10•5). Subjects, when debriefed after the experiment, reported an
increase in transparent percepts at lower icker frequencies. With less convincing
percepts and more transition time, the amount of time reported as monocularly
based percept diminishes for circle and line stimuli. More importantly, for horse•
shoe stimuli the pattern completion ratios do not show any trend across frequen•
cies, indicating that the increase in pattern completion as a result of stimulus icker
is not dependent on icker frequency.
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2.5
2.5.1

Experiment 3

Methods

Pattern completion increases as a result of stimulus icker and does so approxi•
mately equally at multiple frequencies, as experiment 2 showed. Although insen•
sitive to changes in frequency, the e ect may be altered by changing the type of
icker used. To investigate this further, we modi ed the icker regime to alternate
not between presence and absence of the stimulus, but between two counterphased
presentations of the stimuli. Under this regime there are only local inversions of
contrast but no global luminance modulations at a given icker frequency. In the
presentation regime used here the patterns of circles, lines and horse•shoe shapes
are continuously presented, while the temporal frequency content of the stimulus
presentation is kept equal to that during on•o

icker. Moreover, counterphase

icker introduces a variation in stimulus phase over time, and modulation of cellular
responses due to varying spatial phase over time is a traditional method of separat•
ing di erent computational levels in primary visual cortex (i.e. simple and complex
cells)

(64).
Phase•invariant cells would not change

Counterphase Flicker / Continuous

their ring behavior due to the di erence
Pattern completion ratio
1

between on•o

and counterphase

icker.

However, two separate pools of phase•
sensitive neurons may respond to counter•

0.8

phase icker whereas only one would re•
0.6

spond to on•o

icker. Therefore, coun•

terphase icker may clarify at which neural

0.4

level interocular grouping occurs. The six
0.2

observers of the rst experiment partici•
pated in this counter•phasing experiment.
Stimuli

Again, setup and stimuli were identical to
those used in experiment 1. However, in•
stead of blanks, 2 frames of each cycle were

Figure 2.4: Pattern completion ratios for coun•
terphase icker. Counterphase icker decreases
the amount of circle and line percept when com•
pared to the non• icker condition for both stim•
ulus con gurations. This effect is signi cant
for the horseshoe stimulus. Thus, counterphase
icker has opposite effects on pattern comple•
tion when compared to on•off icker at the same
frequency. Bars represent pattern completion ra•
tios for both types of stimuli. Error bars are ± 1
SEM.

used to present a contrast•inverted version
of the stimulus that appeared during the
other two frames of the cycle. Thus, over
time, the gratings composing the stimu•
lus would counterphase at 19Hz. Subjects
completed one session, in which 4 con•
ditions were sampled. Trial duration was
120s.
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2.5.2

2.6. DISCUSSION

Results

Figure 2.4 shows the results from experiment 3. For circle and line stimuli, no sig•
ni cant di erence in pattern completion ratio occurs as a result of counterphasing
icker. There is, however, a marked e ect of counterphasing icker on the pat•
tern completion ratio for horseshoe stimuli. The decrease in pattern completion
is signi cant (paired t•test, p<.01). So, subjects perceived less pattern•completed
shapes during counterphasing ickering when compared to continuous stimulation,
an e ect that is opposite to the e ect of on•o

icker on pattern completion ratios

for horseshoe stimuli as found in experiment 1.

2.6

Discussion

We conducted three experiments to investigate whether interocular grouping is
increased by stimulus icker. Our results demonstrate that on•o

icker increases

interocularly combined pattern completion (exp. 1), that it does so independently
of icker frequency (exp. 2), and that this increase depends critically on the on•o
luminance transients that occur during stimulus icker (exp. 3).
Based on our results, we propose that the amount of interocularly combined
pattern•completed percept can be regarded as a measure of the level at which
binocular rivalry is resolved. We employ this measure to examine whether the tem•
poral characteristics of stimulus presentation can alter the level at which binocular
rivalry takes place. Local retinotopic factors are of paramount importance for the
occurrence of normal binocular rivalry (65), and the alternations between binoc•
ular rivalry percepts do occur in a retinotopically ordered fashion (66). However,
binocular rivalry suppression occurs at multiple levels in the visual hierarchy, as it
has been found that the depth of suppression increases with increasing stimulus
complexity (67). In addition, the pattern that undergoes suppression alters the
percept of the dominant pattern in a manner that implicates continuous interac•
tion at multiple levels (68). The fact that rivalry can occur independently of the
eye being stimulated, as occurs in F&S rivalry, points directly to the existence of
multiple rivalry stages (56; 57; 61). Stimulus icker is thought to cause rivalry
to bypass lower, monocular stages and transpire at higher stages whose activity is
independent of eye•of•origin information. A putative physiological mechanism for
this decrease of direct interocular inhibition due to stimulus icker is a decrease
in V1 neuron IPSP amplitude at stimulation frequencies above 6Hz ((69), see
also (1)). A compelling result by Bonneh (58) shows that the occurrence of F&S
rivalry is dependent on the size and structural coherence of the stimulus used,
under conditions of xed spatial frequency. This strongly suggests that pattern•
based representations are mediated by neurons with larger receptive elds, likely

27

2.6. DISCUSSION

CHAPTER 2. STIMULUS FLICKER ALTERS INTEROCULAR GROUPING

located higher in the visual processing stream. These higher stages could consist of
binocular cells in V1, but also constitute activity anywhere up the ventral pathway
along which the perceptual modulation of neuronal activity increases (70; 54). In•
terocular pattern completion is likely to be mediated by the higher stages at which
rivalry may occur. The increase in interocular pattern completion due to stimulus
icker accords well with the hypothesis that rivalry may transpire at several levels
simultaneously (58).
Previously, di erent frequencies of 15 to 20 Hz were used for the generation of
F&S rivalry (58; 56; 57; 61). We show that in our stimulus paradigm, the frequency
of on•o
icker has no decisive in uence on the increase in pattern completion
within the range of ca. 10 to 25 Hz. If extrapolated to F&S rivalry, our results
could be construed to indicate that there is no 'sweet spot' for the on•o

icker

frequency as there is for the switch frequency (56).
We also show that the increase in interocular pattern completion as a result
of stimulus icker is diminished and even reversed when there are no blanks in
stimulus presentation (Fig 4). Although the global patterns projected into the eyes
are the same as in the other experiments, the local luminance and spatial phase
change rapidly over time when the stimulus is counterphased. Geniculate and
cortical simple cells are known to be sensitive to changing spatial phase, and thus
might change their ring behavior as a result of counterphase icker. These cells
also have a tendency (strong for geniculate cells, less so for simple cells (71; 72;
73) to be more monocularly driven and have a higher critical icker frequency
(CFF) than complex cells that have a lower CFF than the frequencies used in the
present stimulus (62). Also, complex cells would not respond to counterphase
icker in a di erent manner when compared to on•o

icker given their lack of

phase sensitivity. Thus, assuming that the lower stages at which rivalry occurs
are stimulated twice every

icker period, we interpret the decrease in pattern

completion that results from the counterphase icker operation as a shift of the
binocular rivalry process to monocular stages, that would in this view consist of
monocular simple cells in V1. However, this interpretation is tentative, and should
be investigated further using a combination of physiological and psychophysical
experiments.
The data presented here provide evidence supporting the hypothesis that binoc•
ular rivalry occurs at multiple stages, and provide insights in the divisions between
these di erent stages. Further research employing the F&S stimulus or its deriva•
tives is very likely to be of use in investigating binocular rivalry, especially in
physiological studies.
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Distance in feature space
determines exclusivity in visual
rivalry
In press as:
Distance in feature space determines exclusivity in visual rivalry. Vision Research

3.1

Summary

Visual rivalry is thought to be a distributed process that simultaneously takes place at
multiple levels in the visual processing hierarchy. Also, the different types of rivalry,
such as binocular and monocular rivalry, are thought to engage shared underlying
mechanisms. We hypothesized that the amount of perceptual suppression during
rivalry as measured by the total duration of fully exclusive perceptual dominance is
determined by a distance in a neurally represented feature space. This hypothesis can
be contrasted with the possibility that the brain constructs an internal model of the
outside world using full• edged object representations, and that perceptual suppres•
sion is due to an appraisal of the likelihood of the particular stimulus con guration at
a high, object•based level. We applied color and stereo•depth differences between
monocular rivalry stimulus gratings, and manipulated color and eye•of•origin infor•
mation in binocular rivalry using the icker & switch presentation paradigm. Our data
show that exclusivity in visual rivalry increases with increased difference in feature
space without regard for real•world constraints, and that eye•of•origin information
may be regarded as a segregating feature that functions in a manner similar to color
and stereo•depth information. Moreover, distances de ned in multiple feature dimen•
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sions additively and independently increase the amount of perceptual exclusivity and
coherence in both monocular and binocular rivalry. We conclude that exclusivity in
visual rivalry is determined by a distance in feature space that is subtended by multiple
stimulus features.

3.2

Introduction

In perceptual rivalry perception alternates between several more or less equally
valid interpretations of a stimulus that are mutually exclusive. The fact that the
stimulus remains the same while phenomenal perception changes has resulted
in great interest from researchers attempting to investigate the neural correlates
of visual awareness (3; 48). In several types of rivalry, orthogonal gratings are
presented to the observer. These gratings may be presented dichoptically, resulting
in binocular rivalry between the two eyes' images (74), or dioptically, resulting
in monocular rivalry between the two grating patterns (75). Binocular rivalry
has traditionally been categorized separately from monocular and other types of
perceptual rivalry, occupying a category of its own, because of the evident low•
level and eye•based characteristics of binocular rivalry suppression (52; 76). Not
consciously accessible as an independent information source (77), the eye•of•origin
information that plays a role in binocular rivalry is represented in low•level neural
structures that subserve interocular gain control (78; 79). However, it is also
widely accepted that the mechanisms behind rivalrous alternations are multifaceted
(80; 81; 82) and must span multiple functional areas in the brain (3). This is
evidenced by the fact that both the occurrence and the strength of binocular rivalry
suppression are subject to contextual modulation through center•surround (83),
grouping mechanisms (84) and perceptual meaning (85). Monocular or pattern
rivalry is also subject to center•surround pattern completion interactions (86).
Not only are the mechanisms behind perceptual rivalry generally considered to
be distributed, there is also evidence that the di erent types of visual rivalry are
dependent on shared neural circuitry (87; 58; 57; 1).
There are many examples of rivalrous stimuli for which the rate of perceptual
alternations depends on the strength of the con ict between them (88; 18; 89).
When contrast, the main determinant of interocular gain control (78), is decreased
in a binocular rivalry stimulus, the source of con ict decreases in strength, resulting
in fusion of the two stimulus half•images: plaid percepts (90). We hypothesized
that, as a general mechanism, the neural inhibition that results in completeness of
perceptual suppression during visual rivalry is determined by a distance in a low•
level neurally represented space subtended by features such as orientation, color,
or eye•of•origin information, before these features are integrated into object rep•
resentations. Our hypothesis can be contrasted with the possibility that the brain
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constructs an internal model of the outside world, and that perceptual suppression
is due to an appraisal of the stimulus con guration likelihoods in this internal model
based on the properties of fully elaborated object representations. This latter hy•
pothesis would imply that rivalry acts at a relatively high neural level as opposed to
a feature•based hypothesis, which assumes that integration and suppression occur
at lower levels in the visual processing hierarchy. To test our hypothesis, we para•
metrically varied the feature•based distance between the two grating patterns of
a monocular rivalry stimulus by applying distances in both stereo•depth and color
feature spaces.
Color di erences between stimulus gratings a ect the speed of monocular
pattern rivalry alternations (91), as does the angle between the stimulus gratings
(92; 93). The stereo•depth di erence causes the gratings to appear at di erent
depths. This change in stimulus con guration strongly decreases the likelihood
that the two gratings coincide spatially. Real•world occlusion constraints play a
profound role in determining whether binocular rivalry occurs at any location in
the visual eld (94; 95), and the addition of stereo•depth di erence provides a
way to assess the role of depth ordering in monocular rivalry. If, for instance, the
likelihood of real•world con ict (i.e. a collision in 3 dimensional space) between
the stimulus gratings, when represented as objects plays a de nitive role in the
generation of perceptual suppression, the amount of time spent in fully exclusive
perceptual dominance should decrease as a result of the addition of stereo•depth
di erences. Conversely, our hypothesis regarding the distance in a low•level feature
space between the neural representations of the two gratings predicts that the
amount of fully exclusive perceptual rivalry must increase.
Another issue is whether in binocular rivalry, eye•of•origin information can be
seen as a segregating signal, much as we regard color and stereo•depth di erences.
That is, we wanted to investigate whether a di erence in eye•of•origin combines
with other stimulus features to produce perceptual suppression. Recently a new
type of presentation paradigm has been developed in which the stimulus presen•
tation is dichoptic and the stimulus halves are switched between the eyes at 3 Hz
while being ickered at a rate of ca. 20 Hz (57). This icker & switch (F&S) ri•
valry presentation may, when using the right stimulus conditions (56; 58), result in
percepts that survive switches between the eyes, implying that perceptual suppres•
sion is not eye•image based but based on pattern identity under these conditions.
The fact that eye•of•origin information is dissociated from alternations in visual
awareness allows us to speci cally address the role of eye•of•origin information
as a segregating feature in binocular rivalry by varying color di erences between
dichoptically presented orthogonal gratings in situations of binocular and F&S
rivalry.
Total dominance time is a measure of the vehemence of the rivalry process as

31

3.3. METHODS

CHAPTER 3. DISTANCE IN FEATURE SPACE DETERMINES EXCLUSIVITY IN VISUAL RIVALRY

it is de ned by the lack of intermediate, non•exclusive states such as fused plaid
percepts or piecemeal rivalry1 . In our experiments, we have used the sum of all
perceptual durations in which observers reported a completely exclusive percept
as a measure for the completeness of suppression. So, observers were reporting
full suppression of one grating and the concomitant full dominance of the other
grating, a phenomenon we refer to as full exclusivity. The dependent variable in
our experiments was the sum of the durations of full exclusivity in any one trial,
divided by the duration of that trial, yielding the 'full exclusivity fraction'2 .

3.3
3.3.1

Methods

Apparatus & Stimuli

Eight observers participated in the di erent experiments, one of whom was aware
of the hypotheses (author TK). At least six observers participated in each con•
dition. All had normal or corrected•to•normal vision, and could reliably discern
the stereo•di erences in our stimuli. Subjects viewed orthogonal grating stimuli
through a mirror stereoscope at a viewing distance of 47 cm. The stimuli were pre•
sented on a 22" LaCie monitor (1600x1200 @ 75Hz) with linear γ using custom
software.
A rendering of a monocular rivalry stimulus is shown in gure 1. Centrally a xa•
tion mark was projected, composed of half•recti ed concentric circular sine•wave
gratings with a gaussian envelope and a total visible size of 1.4◦ . Surrounding
the xation mark a gaussian enveloped (eccentricity µ 1.8◦ , σ 0.4◦ ) annulus lled
by a plaid consisting of half•recti ed sine•wave grating (spatial frequency 1.1 cy•
cles/degree) patterns was drawn. The background was black (luminance 0.0 cd/m2 ),
and a surrounding pattern (white, luminance 69.8 cd/m2 ) of crosses together with
a concentric circle directly surrounding the stimulus provided ample aid for cor•
rect binocular fusion, and a reference for any disparity signal in the stimulus.
1 In monocular and binocular rivalry the complementary percepts of what we term full exclusivity
constitute different perceptual impressions. The complement of full exclusivity in binocular rivalry is
characterized by a spatial break•up of exclusive perception such that the observer's percept is dominated
by one stimulus half•image at a certain spatial location, whereas the other stimulus half•image dominates
the remainder of the spatial extent of the stimulus. This type of perception is called piecemeal rivalry, as
opposed to the wholesale or coherent perceptual dominance that we term full exclusivity. Therefore, in
the case of binocular rivalry, 'full exclusivity' could be exchanged with 'coherence'. In monocular rivalry
however, the percept seen when perception is not fully exclusive is a fusion of the two constituent gratings
into a plaid pattern. In contrast, these types of plaid pattern percept do not occur in binocular rivalry apart
from the rst 150 ms of presentation (false fusion, (96)), and/or at very low stimulus contrasts (90). In the
case of monocular rivalry, the most coherent possible percept is a mixture of the two grating patterns fused
to a plaid percept and because of this, we cannot use the phrase 'coherence' but refer to this most exclusive
perceptual state as 'full exclusivity' in both binocular and monocular rivalry.
2 Note that what we term 'full exclusivity' does not imply strength of suppression as de ned by the
difference in detection or discrimination threshold during either dominance or suppression of the percepts.
This long•standing method (50) for probing the depth of suppression during binocular rivalry directly probes
the strength of gain•control (80; 97), whereas in our research we have not.
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To control one segre•
gating signal, the col•

5.8°

ors of the gratings mak•
ing up the plaid were
varied from isochromatic
(i.e.

both were yellow)

to full color di erence
(i.e.

0.95°

one was green,

one was red) in eight
steps. Care was taken to
ensure objective isolumi•
nance of both gratings in
all color separation condi•

Figure 3.1: Monocular rivalry stimulus The xation mark, consisting of
concentric circles, ensures stable xation and also provides a reference
for stereoscopic signals. This rendering illustrates the maximum color
difference between the two gratings.

tions. A control experi•
ment with patterns made
subjectively isoluminant
using a

icker isolumi•

nance test showed highly
similar results in two subjects (data not shown). Peak luminance of the plaid was
12.6 cd/m2 at the junctions, and each grating had a peak luminance of 6.3 cd/m2 .
Stereo•depth di erences between the two gratings were implemented by varying
the spatial phase of the gratings between the eyes to a maximum of 0.15◦ disparity
in four steps. In a control experiment we examined the possible e ect of vergence
eye position by placing the xation mark in the stereoscopic depth plane of either
the nearer or farther grating.
For the second experiment, a binocular rivalry stimulus was constructed by project•
ing one of the monocular rivalry gratings in each eye, with orthogonal orientations.
Peak luminance of these gratings was set to 12.6 cd/m2 to equate the total amounts
of luminance in the stimuli of binocular and monocular rivalry conditions. Binoc•
ular rivalry stimuli were presented under conditions of normal continuous viewing,
synchronous on•o

icker at 19 Hz, and icker and switch stimulation, during

which the stimulus was ickered at 19 Hz and the monocular half•images were
switched between the eyes with a full period of 660 ms, i.e. the duration of each
of the two eye•pattern combinations was 333 ms.

3.3.2

Procedure

In all experimental sessions the subjects' task was identical; Subjects were instructed
to xate the xation mark and report the orientation of the dominant grating
percept by depressing keys. They were speci cally instructed not to press when
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either a plaid, piecemeal rivalry, or rapid 3Hz alternations were perceived. When
debriefed, none of the subjects reported problems regarding binocular fusion during
the experiment, nor did stereoscopic depth and color engage in independent rivalry.
As we were interested in the mechanisms that cause perceptual exclusivity or
coherence, our main measure was the total fraction of a trial during which exclusive
perceptual dominance was experienced. We calculated this measure by summing
all the perceptual durations in a single trial, and divided this number by the total
duration of that trial. In all sessions, trial duration was 30 s, and each combination
of presentation regime and color or stereo•depth di erence was tested twice, once
for each of the orientation•color combinations. Subjects completed three sessions,
amounting to approximately 2.5 hours in total.

3.4

Experiment 1: Monocular Rivalry

Subjects viewed stimuli such as those depicted in gure 1 and continuously reported
periods of full perceptual exclusivity, meaning that when a plaid or piecemeal
rivalry was perceived, no keys were pressed. The exclusive dominance durations
were summed and divided by the total trial duration to yield the 'fraction of
full exclusivity'. This fraction is better suited than alternation rate to probe the
prevalence of intermediate perceptual states such as a plaid percept, or piecemeal
rivalry percepts. We independently varied grating separation using stereo•depth
di erences and color di erences between the two grating patterns.

3.4.1

Results

Our results, shown in gure 2A, demonstrate that the combination of stereoscopic
depth di erences and color di erences increases the amount of full perceptual
exclusivity, in some subjects to the point where the suppression likens binocular
rivalry suppression in completeness and rate. The strengthening of perceptual
exclusivity due to increased stereoscopic depth di erences is evidence for the
conjecture that pattern rivalry suppression is determined by distance in feature
space and not by an evaluation of the three dimensional positions of objects (that
is, at a high level of abstraction). Thus, real•world spatial relationships such as
likelihood of spatial grating coincidence do not play a role in the generation of
suppression in our stimuli. In addition, we nd that there is no predominance of
the near•plane percept that could be the result of real•world occlusion or depth•
ordering constraints such as those that occur in suppression based on surface
completion (86; 98). We also conducted a control experiment in which the xation
mark was placed in the depth plane of either the near or far stimulus plane. Figure
3.2B shows the data from this control experiment, demonstrating that there is no
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Figure 3.2: A: Monocular rivalry; exclusivity increased due to both color and stereo•depth differences
Results of experiment 1 plotted as full exclusivity fraction versus both color and stereoscopic depth differ•
ences between stimulus gratings. Fraction full exclusivity indicate the fraction of time subjects reported
complete perceptual suppression. This measure of the amount of exclusivity combines the rate and duration
of perceptual dominance periods. Both stereoscopic depth differences and color differences increase this
measure, lending credence to the proposition that it is distance in a feature space that causes perceptual
suppression. Moreover, the two signals additively increase the amount of exclusivity which points towards
a role for distributed processing of various signals as the source of perceptual suppression. Values indi•
cate the mean over 7 subjects. B: No effects of depth ordering and vergence eye position; experiment
1. Top: If the rivalrous alternations that subjects reported were in uenced by the depth ordering of the
planes (or inferences regarding occlusions) a difference in the preponderance of near•plane and far•plane
percepts should result from this in uence, as has been reported for other stimuli (98; 86) that rely on
surface•completion for suppression. The most likely result would be a near•plane predominance bias that
increases with stereoscopic depth difference. To investigate this, we took the total amount of time spent in
both near•plane and far•plane percepts for all stereo•depth differences separately and calculated the ratio
between the two, a measure of near•plane predominance bias. This ratio of near and far percepts is not
in uenced by the stereoscopic depth difference between the gratings F(4,30)=1.1, p = 0.4. Thus, depth
ordering does not in uence the predominance of the near•plane and far•plane percepts. Values indicate
the mean ±1 SEM over 8 subjects. Bottom: Changing the depth of the xation mark to that of either the
near or far plane does not affect the near/far ratio. To provide a control for the possible effect of vergence
eye position on the ratio of near and far plane percepts, we changed the stereoscopic depth of the xation
mark to that of either the near or the far plane. Placing the xation mark in either front or back plane
does not change the ratio of near to far planes (p>0.8). Together, these control results indicate that there is
no effect of either depth ordering or vergence eye position on the distribution of near•plane and far•plane
percepts. Values indicate the mean ±1 SEM over 6 subjects.

e ect of vergence eye position on the predominance of the near and far patterns.
Both color di erence (99; 100) and stereo•depth di erence in uence suppres•
sion ( gure 2A), evident in our data from the fact that near•monotonic increases
in full exclusivity fraction result from increases in either segregating signal. The
e ects of both features on the amount of exclusivity are additive and independent.
The e ects of color and stereo•depth di erence are both signi cant (F(4,270)=8.5,
p<0.001 & F(8,270)=4.2, p<0.001), but the interaction between the two is not
(F(32,270)=0.24, p=1.0). These results can be easily seen in gure 2A, where at the
highest level of color•separation the use of stereo•depth di erences produces an
almost identical increase in exclusivity as it does with no color•di erences present,
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and vice versa.

3.5

Experiment 2: Binocular Rivalry

To investigate whether eye•of•origin information can be seen as a segregating
signal that functions in a way similar to color di erence or stereo•depth di erence
we speci cally disengaged eye•of•origin information as a signal by means of the
F&S paradigm. We predict that under normal viewing conditions, eye•of•origin
information must interact with color, in which interaction color must play a role,
contrary to what has been found before (91). When eye•of•origin information is
no longer involved in the generation of perceptual suppression, however, we expect
that the role of color will equal that of color in a monocular rivalry stimulus with 0
stereo•depth di erence between the gratings (experiment 1).
In this second experiment, we parametrically varied color di erences between
dichoptically presented (binocularly rivaling) gratings. The gratings were presented
either continuously, with 19 Hz on•o

icker, or with F&S stimulation in which the

stimuli were swapped between the eyes at 3 Hz and ickered at 19 Hz. Monocular
rivalry stimuli with no stereo•depth di erence were used as a reference condition.

3.5.1

Results

Figure 3.3 shows that both normal and ickered binocular rivalry exhibit a strong
saturation, in the sense that the fraction of full exclusivity (coherence) will generally
not exceed 0.8 due to the durations of the transitions between percepts. The fact
that several studies (91; 101; 99) have found no e ect of color di erences on
binocular rivalry rate with orthogonal gratings may be due to this saturation, which
may be even greater when using smaller stimuli, because the use of smaller stimuli
limits the amount of piecemeal rivalry (102; 58). Since piecemeal rivalry is a
major complementary percept of full exclusivity (especially in binocular rivalry),
larger stimuli allow for a greater increase in perceptual coherence due to color
di erences.
We nd that the amount of suppression in both ickered and normal binocu•
lar rivalry is positively and signi cantly correlated with color di erence between
the stimulus gratings (Spearman's ρ for 71 d.f., 0.42 and 0.43, resp. p=0.0001 and
p<0.0001). The di erence between situations in which rivalry is based on interoc•
ular di erences (continuous and ickered binocular rivalry) and situations in which
suppression is based on pattern (F&S and monocular rivalry) clearly demonstrates
that eye•of•origin information is a very strong feature on which perceptual suppres•
sion is based, consistent with its low•level origins. As in experiment 1, a two•way
ANOVA with interactions shows that whereas both the e ects of color di erence
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(F(8,261)=6.5, p<0.001) and the e ect of pattern/eye di erence (F(1,261)=4.6,
p<0.05) are signi cant, their interaction is not (F(8,261)=0.65, p=0.74).
Continuous
Presentation

19 Hz Flicker

Flicker & Switch

Monocular
Rivalry

Fraction Suppression

The dependence of the
amount of exclusive perception
on both eye•of•origin informa•

0.8

tion and color di erences be•

0.7

tween gratings indicates that in

0.6
0.5

binocular rivalry, too, multiple

0.4

information sources contribute

0.3

to the generation of percep•

0.2
0.1

tual exclusivity. Although eye•
of•origin information is a very

Color difference between gratings

strong and low•level segregating
feature, it plays its role according

Figure 3.3: Effects of color difference on binocular and pat•
tern rivalry exclusivity. Colored lines represent conditions
of normal binocular rivalry, ickering binocular rivalry, and
pattern rivalry. These fall in two categories based on relative
color•difference sensitivity. Binocular rivalry, ickering and
continuously presented, remains close to saturation, but nev•
ertheless shows a signi cant positive correlation with color
difference. For both types of pattern rivalry the total amount
of exclusivity is less, but the degree of modulation due to
color differences is far greater than for binocular rivalry. Data
represent the mean ±1 SEM over 7 subjects.

to the rules of suppression based
on distance in multiple feature
spaces.

3.6

Discussion

We asked whether the strength
of con ict in pattern rivalry is
due to mere feature•based divi•

sion between the gratings, or depends on a real•world model that the brain may
construct based on the inferred spatial properties of object representations. Our
data strongly favor the feature•based hypothesis, according to which rivalry is de•
pendent on the amount of 'evidence' (independent of the cue that causes it) of the
separation of two grating patterns.
There is no in uence of depth order on our results. This independence of
spatial scene layout implies that in our experiment, suppression occurs at relatively
early neural levels at which depth ordering does not play a substantial role. This
nding can be contrasted to prior results (86), where the amount of perceptual
suppression reported was in uenced by the depth order in the stimulus. However,
as Maier et al's stimuli depended critically on contextual lling•in of suppression,
their ndings are likely the result of higher•level center•surround interactions.
Furthermore, the results of the control experiment in which we varied the posi•
tion in depth of the xation mark demonstrates that the increase in the amount of
exclusive perceptual suppression due to separation in depth is independent of the
depth•plane of xation. Regarding eye posture, it has been suggested (103; 104),
that there is a signi cant role for eye movements in the dynamics of monocular
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rivalry due to the fact that eye movements cause shifts in the retinal image, thereby
causing interactions between negative after•images and stimulus patterns. This
cannot provide a full explanation for perceptual switches during monocular rivalry,
however, since these switches also occur with afterimages (93; 105) and without
eye movements (37). In our experiments, if xation were alternately on the depth
planes of near and far planes, these eye movements would equally promote domi•
nance of both stimulus bar patterns, as both would shift by equal amounts in the two
eyes due to the fact that grating orientations in both eyes were ±45◦ . Therefore,
eye movements between the di erent depth planes of our stimuli cannot explain
our results. The dismissal of eye•of•origin information from binocular rivalry by
use of the F&S stimulation paradigm increases the relative importance of color dif•
ferences between the two grating patterns. Both F&S and monocular rivalry have
been coined pattern rivalry (57; 86) to illustrate the higher, eye•independent ori•
gins of the perceptual suppression that occurs. Under F&S and monocular pattern
rivalry conditions, the data show a very similar monotonic increase in suppression
due to the increase in color di erence between the grating patterns. This corre•
spondence between the two types of eye•independent pattern rivalry may point to
a common neural mechanism, one at which eye•independent orientation detectors
engage in mutual inhibition.
Stimulus icker does play a role in the e ects of the F&S manipulation (56)
and also increases the occurrence of interocular grouping in binocular rivalry (106).
However, in our experiment 2 it is the eye•swap operation that e ectively eliminates
eye•of•origin information as a segregating feature, suggesting a prominent role for
the eye•swap transient in generating percepts that mimic normal binocular rivalry
in duration. This nding is hard to reconcile with models that describe F&S rivalry
(1), according to which it is the icker that causes binocular rivalry to transpire on
a higher, eye•independent level and the eye•swap procedure is merely necessary to
bring the resulting eye•independence to light.
The large di erences in color sensitivity between rivalry based on eye and rivalry
based on pattern suggest that whereas binocular rivalry may be the result of the
processes that underlie interocular matching (65; 95) and are sensitive to patterns
that occur in binocular occlusion situations (94), pattern rivalry is more likely the
result of scene segmentation mechanisms (107; 86).
The di erent information sources (color, stereo•de ned depth and eye•of•
origin) we used in our experiments independently a ect the strength of perceptual
suppression as measured by the total amount of exclusive perception. This im•
plies that there is an important role for integrated distributed processing based on
the representation of multiple information sources in the generation of perceptual
suppression as measured by perceptual exclusivity.
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Stimulus motion propels
traveling waves.
Published as:
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4.1

Summary

State transitions in the nervous system often take shape as traveling waves, whereby
one neural state is replaced by another across space in a wave•like manner. In visual
perception, transitions between the two mutually exclusive percepts that alternate
when the two eyes view con icting stimuli (binocular rivalry) may also take shape
as traveling waves. The properties of these waves point to a neural substrate of
binocular rivalry alternations that has the hallmark signs of lower cortical areas. In
a series of experiments, we show a potent interaction between traveling waves in
binocular rivalry and stimulus motion. The course of the traveling wave is biased
in the motion direction of the suppressed stimulus that gains dominance by means
of the wave•like transition. Thus, stimulus motion may propel the traveling wave
across the stimulus to the extent that the stimulus motion dictates the traveling wave's
direction completely. Using a computational model, we show that a speed•dependent
asymmetry in lateral inhibitory connections between retinotopically organized and
motion•sensitive neurons can explain our results. We argue that such a change in
suppressive connections may play a vital role in the resolution of dynamic occlusion
situations.
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4.2

Introduction

Visual perception can uctuate over time even though the physical conditions of
stimulation remain unchanged. Called bistable perception, this beguiling disso•
ciation of physical stimulation and perceptual experience provides a potentially
fruitful means for studying the neural bases of perceptual awareness, the idea be•
ing to identify changing patterns of neural activity coincident with uctuations
between perceptual states (108). Perceptual bistability occurs in situations where
the brain receives con icting visual information about the nature of an object at
a given location in the visual eld. One particularly salient form of visual con ict
is binocular rivalry, uctuations in perceptual dominance between two dissimilar
stimuli presented separately to the two eyes (3). It is one important aspect of this
form of bistability that provides the focus of our paper.
Upon viewing binocular rivalry for the rst time, people are often struck by
the appearance of the two con icting stimuli as they experience switches in per•
ceptual state. Transitions from suppression to dominance are not abrupt, like the
changes produced when switching between television channels. Rather, rivalry
transitions tend to occur in a wave•like fashion, with the previously suppressed
stimulus breaking into dominance within a local area within region of the con•
ict and then spreading over the entire region. These waves of dominance during
state transitions presumably re ect spatio•temporal characteristics of the neural
medium promoting global perceptual dominance of one stimulus (66).
With ordinary rival targets, it is di cult to predict exactly where dominance
waves will arise and in which directions they will spread. Fortunately, however,
traveling waves of dominance can be controlled and measured using appropriately
designed rival conditions that induce waves at speci ed locations and that channel
their path of travel (66). The key is to use annular rival targets together with local
contrast increments to control where waves originate. Using this precise method of
stimulus presentation, the properties of the waves and the medium through which
they travel can be investigated. Previous experiments have implicated activity in
lower cortical areas as the neural correlate of the waves, because the properties of
the waves correspond to the characteristics of V1 functional connectivity. This
neural locus of wave propagation has been corroborated using functional imaging
(109).
Thus, binocular rivalry traveling waves lend themselves to the examination of
the functional properties of lower•level visual processing. We use these waves as
a probe into the neural mechanisms that combine information from the two eyes
under conditions of stimulus motion. In low•level stereoscopic computations, mo•
tion processing has an important role (35; 110), as evidenced by the joint encoding
of motion and binocular disparity in visual cortex (111; 112; 113). Motion also has
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strong e ects on predominance in binocular rivalry (114; 115), and stimulus motion
can interact through an interocular combination of the motion signals during binoc•
ular rivalry (116; 117). Using counter•rotating binocular rivalry stimuli, we show
that stimulus motion strongly propels traveling waves during transition phases of
binocular rivalry. To explain our ndings, we have developed a computational model
which implements directed spatial interactions between neighboring motion detec•
tors,
a type of connectivity that may
play a functional role in situa•
tions involving dynamic occlu•
sions.

4.3

A

Stimulus

Dial,
-45 degrees

Experiment 1
Carrier stimulus

Stimulus

B

motion propels traveling waves

Eye

We investigated the interaction
between stimulus motion and

L

R

Trial sequence

0.5 s

flash
suppression

0.5 s
trigger

traveling waves in binocular ri•

0.3 s

valry using stimuli that rotated
at a constant speed, which could

Mask stimulus

traveling
wave

Time

range from slow to quite fast.
Observers dichoptically viewed

subject
report

annular stimuli like those shown
in

gure 4.1A; the stimulus

presentation sequence is illus•
trated in gure 4.1B. In short, a
low•contrast grating (termed the
"carrier" because it carried the
wave of dominance) would be
suppressed by the sudden onset
of a high•contrast grating (called
the "mask").
After suppression of the car•
rier was established, a brief,
abrupt increment in the contrast
of the carrier grating was intro•
duced only at the bottom•most

Figure 4.1: A. Stimuli. The stimuli used in experiments 1 &
2. Stimulus motion was varied so that speeds were equal yet
opposite in both eyes to produce symmetry across the eyes.
Grating orientation was also opposite in both eyes. In exp. 1,
the dial position was xed at the top of the stimulus, whereas in
exp. 2, the mark was placed at different positions around the
entire upper half of the stimulus. B. Trial sequence. Subjects
initiated the trials by depressing the space bar and ended
them by releasing the space bar. First, the lower contrast
half•image (carrier grating) was shown for 500 ms. Then, the
higher contrast half•image (mask grating) was projected into
the other eye, causing immediate perceptual dominance of
the high•contrast mask annulus due to its higher contrast and
the sudden onset of presentation. After another 500 ms, a
300 ms trigger in the lower contrast carrier grating annulus
was used to initiate a wave•like transition at the 6 o'clock
position that propagated upward in both directions across the
annular stimulus. This strict timing sequence allowed precise
control over the order of subjects' perceptual state during a
trial.

part of that grating; this incre•
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ment triggered a duo of wave•like perceptual transitions in dominance from mask
to carrier that propagated upward within the boundaries of the annular•shaped
carrier, one in the clockwise direction and one in the counter•clockwise direction.
The spiral angles and stimulus velocities of the two rival targets were equal in mag•
nitude but opposite in direction for the carrier and mask; further details on the
stimuli and procedures are provided in the methods section.
Probability
‘traveling wave from CCW direction’
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traveling waves at the top

Figure 4.2: A. Experiment 1: Rates of arrival directions depend on
stimulus. Scatter plot of the probability that the traveling wave reached
the 12 o'clock dial from the CCW direction. Each symbol type data
data from one of ve subjects. The ordinate represent CCW probabil•
ity, sampled at a certain underlying stimulus speed (abcissa), positive
speeds represent carrier grating motion in the CCW direction. The
green dashed line is the best• tting cumulative Gaussian distribution.
The correlation between stimulus motion and CCW traveling wave
probability is highly signi cant (Spearman's ρ 0.77, p  0.001). B.
Differences in arrival times between CW and CCW traveling waves.
Arrival times from data of experiment 1 were binned across stimulus
speeds. Stimulus motion had a signi cant effect on the speeds at which
CW and CCW traveling waves moved (p < 0.01). These data indicate
that the traveling waves' tendency to arrive from a certain direction was
due to a change in traveling wave speed, con rming the arrival ratio
data. Data points here represent the mean of the difference in CW and
CCW arrival time across ve subjects, error bars are ± 1 SEM.

of the annulus.

Travel•

ing waves are symmetrical
when a stationary stimu•
lus is used, meaning that
they are as fast in one di•
rection as they are in the
other. Thus, the ratio of
arrivals at the 12 o'clock
position on the stimulus
should be 50% from the
CW and CCW directions
for traveling waves trig•

gered at the 6 o'clock position. Any change in this ratio would indicate an unequal
change in speed of the traveling wave in the di erent directions. Therefore, we
plotted the fraction of CCW arrivals for all 5 observers at all stimulus motion
speeds in gure 4.2A. The data show a strong correlation between stimulus motion
and the rate of CW and CCW arrival ratios, a correlation that is signi cant for each
of the observers separately (pi < 0.05, i ∈ (1,5)). The green curve in gure 4.2A
represents the best• tting cumulative gaussian curve applied to all data. These
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data show that traveling waves in binocular rivalry indeed tend to move faster in
the direction of the carrier's motion when compared to the opposite direction
(that of the mask stimulus' motion). If this shift in CW/CCW arrival ratio is
caused by a di erence in speeds between CW and CCW traveling waves, there
should also be a di erence between the durations of the traveling waves in CW
and CCW directions. To evaluate that possibility, we measured the amount of
time that elapsed between the trigger pulse and the arrival of the wave at the 12
o'clock mark. Figure 4.2B shows these traveling wave durations. Di erences be•
tween CW and CCW traveling wave durations were binned at 8 ◦ /s•wide intervals
and averaged across observers, resulting in the green line in gure 4.2B. The posi•
tive correlation between arrival time di erence and stimulus motion is signi cant
(Spearman's ρ 0.39, p=0.01), as is the ratio between arrival times of traveling waves
in the direction of carrier grating motion and those moving against it (p < 0.05,
t•test).
These in uences on the duration of the traveling waves and the ratio of
CW/CCW arrival substantiate our informal observations: stimulus motion sig•
ni cantly alters binocular rivalry traveling wave dynamics.

4.4

Experiment 2

The magnitude of motion's in uence on the traveling waves

Having found an interaction between stimulus motion and binocular rivalry trav•
eling waves, we sought to establish a measure of its extent. At greater stimulus
speeds, traveling wave arrival times encroach on the limits posed by the observer's
reaction time, as the traveling waves become increasingly propelled in the direc•
tion of carrier grating motion. We therefore focused on the spatial characteris•
tics of the ratio of CW/CCW arrivals. To allow us to increase stimulus speeds,
we devised a spatial discrimination task to sample the spatial changes of travel•
ing wave arrival probabilities due to stimulus motion. Arrival judgment position
was manipulated by varying the position of the red mark across the upper half
of the stimulus, providing multiple points at which the ratio of CCW and CW
arrival could be assessed. Results from this second experiment, shown in Fig•
ure 4.3, underscore the pronounced bias in traveling wave propagation due to
stimulus motion, especially at higher stimulus velocities. The range of speeds at
the single sampling position used in experiment 1 is represented by the red line
in the 3D•inset of gure 4.3. The shape of this red curve strongly resembles
the shape of the green curve in gure 4.2A (σ = 34◦ /s vs 30.5◦ /s, respectively),
demonstrating that these results dovetail nicely with the results of experiment 1.
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Figure 4.3: Experiment 2: Spatial shift of arrival ratios across
dial positions. Underlying stimulus motion determines the
position of the meeting point of the two traveling waves in
both directions. Stimulus speeds in angular degrees per sec•
ond are denoted along the ordinate, dial position along the
abcissa. Gray lines are 9% iso•probability lines, the 3D pro le
is shown in the top•right inset. The black dashed line repre•
sents the line of equal µ of the best• tting cumulative Gaussian
in three dimensions. At stimulus speeds greater than approxi•
mately 75 ◦ /s in either direction the responses are dominated
by the stimulus motion. In these cases, almost no reports of
the traveling wave arriving in the direction opposite to the car•
rier grating motion occurred, even for the most extreme dial
position. This means that the traveling wave moves more than
three times faster in the direction of the carrier grating mo•
tion than it did in the opposite direction. Data points are the
mean of 4 subjects. Inset 3D plot of the same data. The red
line depicts data from the range used in experiment 1. These
data mirror the data shown in gure 4.2A, showing that in the
range of stimulus motion used in experiment 1 the results of
experiment 2 show identical trends.
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eling wave.

motion exceeds ∼ ±40◦ /s, the
50% point of the CCW proba•
bility is shifted spatially to the

±90◦ point, indicating that the
speed of the traveling wave in
the direction of the carrier grat•
ing is threefold the speed in the
opposite direction. When stim•
ulus speed is increased even fur•
ther (to, say, 75◦ /s), this causes
the motion direction of the car•
rier grating to fully dominate the
traveling wave arrival direction.
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Model & Experiment 3

Horizontal connections between direction•selective neurons explain interaction
between traveling waves and stimulus motion

Wilson et al (2001) developed a neural model that could account for traveling waves
accompanying transitions from suppression to dominance. Their model contained
excitatory and inhibitory connections among two layers of neurons representing
stimulus features imaged in the separate eyes. Without revision, however, that
model does not embody an e ect of stimulus motion on wave speed. To examine
how this e ect could be explained within the context of that kind of model, we
implemented the model illustrated in Figure 4.4. This model is characterized by
two layers of neurons with connections between neighboring cells. Each of these
layers is driven by one eye's image. Both inhibitory interactions that suppress
the other eye's image and excitatory connections that provide collinear facilitation
extend spatially, thereby providing the lateral connections that are necessary for
wave propagation ( gure 4.4A).
To produce the asymmetric course of the traveling waves revealed in our ex•
periments, we incorporated an asymmetry in the interaction pro les between the
layers of neurons that undergo mutual inhibition. This type of interaction mimics
results from neurophysiological experiments which show that both excitatory and
inhibitory regions in the receptive elds of V1 neurons contribute to direction
selectivity (118; 119). Anatomically, signals modeled as excitatory and inhibitory
spatial interactions between neighboring neurons may travel through both hor•
izontal (120) and feedback connections (121). When spatially asymmetric and
direction•selective inhibitory interaction pro les are incorporated, this model ac•
curately reproduces our pattern of results ( gure 4.4C). The prominent role for
inhibitory processing follows insights from previous modeling studies (122; 123).
The asymmetry in inhibitory interactions is due to an increase of inhibition along
the path of stimulus motion. This inhibition is selectively aimed at neurons coding
the direction of motion opposite to the stimulus motion direction. This increase
in inhibition in one direction is o set by a decrease in the width of the direction•
selective inhibitory interactions against the path of stimulus motion. The total
amount of inhibition was held constant to promote network stability. In our
model, the e ect of stimulus motion on inhibition is characterized by the ratio be•
tween the width of the clockwise (CW) and counter•clockwise (CCW) inhibitory
interaction pro les. When both eyes receive opposite motion signals, the interoc•
ular inhibition exerted by the carrier stimulus is e ectively directed at the neurons
responding to the mask stimulus because of the direction•selective nature of the
inhibition. When the mask stimulus is dominant during rivalry, a contrast pulse
applied to the suppressed carrier grating causes that grating to achieve local domi•
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Figure 4.4: Computational model: connectivity and simulations We adapted the model by Wilson et.
al. (66) which incorporates spatially extended interocular inhibition and collinear facilitation, properties
of the functional connectivity within striate cortex. A The model consists of two layers of cells, each
of these layers receives input from one eye. Each cell interacts with neighboring cells in its own layer
(collinear facilitation, +) and negatively interacts with retinotopically nearby cells in the opposing layer
via inhibitory interneurons (•). B Illustration of the shape of excitatory (gray solid lines) and inhibitory
(dashed lines) in uences exerted by the layer that represents the Carrier •(C)• neurons. Stimulus motion
causes an asymmetry in the inhibitory pro le impinging on the Mask •( M)• neurons (green dashed curve),
where a standstill stimulus causes a symmetric inhibition pro le (red dashed curve). This direction•selective
inhibition acts on the M•neurons, speci cally those neurons that code for the opposite direction of motion.
Thus, the increase of inhibition impinging on the M•neurons due to the rising activity of C•neurons is
biased in the direction of the motion of the carrier grating. C The course of binocular rivalry traveling
waves under the in uence of stimulus motion, as predicted by the model. With greater stimulus speeds,
the asymmetry of motion in the different directions increases and the traveling wave duration decreases.
The top and bottom of the gures represent the bottom of the annular stimulus, and the sample positions
used in experiment 2 are shown at the ordinate. Clearly, the point of arrival under conditions of the higher
stimulus speeds lies farther than the 90◦ mark. The bottom gure that represents a traveling wave under the
in uence of a high level of stimulus motion has a ratio between clockwise and counter•clockwise inhibition
width of 4:1.

nance and, consequently, to inhibit the mask grating more intensely along the path
of the carrier motion. The result is a traveling wave of dominance that is propelled
along its direction of stimulus motion. Keep in mind that the actual velocity of the
carrier grating remains constant at all times • it is that grating's emergence from
suppression that comprises the accelerated appearance in perception.
Figure 4.4C shows simulations of the model network for three stimulus mo•
tion conditions, reproducing our experimental results. The trigger pulse causes a
traveling wave moving from the top and bottom towards the horizontal midline of
the gure. When stimulus motion is 0 the waves meet at the 0◦ position along
the circle. However, when stimulus motion propels a traveling wave, that wave
becomes faster in one direction than the other. For increasing speeds, this e ect
grows to the point where the traveling waves meet beyond the 90◦ mark, as oc•
curs with the speeds greater than ∼ ±40◦ /s in our experiment 2. For the gure
showing the simulation of the greatest stimulus speeds the ratio between clockwise
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and counter•clockwise inhibition width (an expression of the asymmetry of the
inhibitory interaction pro le) was 4:1.
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Figure 4.5: Experiment 3 and occlusion situation A Effect
of stimulus grating collinearity on the in uence of stimulus
motion on the traveling wave. In our model a change in spi•
ral angle, i.e. the collinearity of the pattern, is represented
by a change in excitatory in uence on neighboring neurons
in the same layer, whereas this change in spiral orientation
causes the effects of stimulus motion to diminish. Simulations
showed that these different elements jointly act in such a way
that the in uence of stimulus motion is hampered. We tested
this prediction directly by changing the spiral angle of both
carrier and mask gratings while keeping the angular velocity
of rotational motion equal at 23◦ /s. Data from three subjects
clearly con rms the prediction of a negative effect of stimulus
grating collinearity on the in uence of stimulus motion. The
black solid line represents the mean across subjects (colored
lines), error bars are ±1 SEM. B Diagram of the functional rel•
evance of the implementation of asymmetric inhibition. The
gures represent a top view of a binocular occlusion situation
at two times, t1 < t2 . A moving object may be occluded in
one eye (R, t1 ) and visible in the other (L, t1 ). Direction•
selective inhibition of the right•eye neurons in the path of the
motion that is visible in the left eye allows direction•selective
right•eye neurons to respond earlier to the appearance of the
target moving leftward at t2 .

not equal and opposite in the
two eyes showed no consistent
e ect of stimulus motion on the
traveling wave. In this case, the
inhibition suppresses opponent
direction•selective neurons, but
these are not stimulated due to
the di erence between stimulus
speeds in the two eyes. Thus,
the traveling wave is not in u•
enced by these asymmetric stim•
ulus motion conditions. Second,
if the motion signals delivered
to the two eyes are anti•parallel
(as is the case with radial grat•
ing patterns) the e ect of stim•
ulus motion on traveling waves

should be greatest, whereas increases in the spiral angle of the stimulus should
attenuate motion's e ect on the traveling waves.
Furthermore, if we increase the spiral angle of the stimulus gratings, it is pos•
sible to investigate the interactions between the e ects of motion and stimulus
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collinearity, which is implemented as an excitatory in uence between neighboring
neurons. Simulations showed that under conditions of identical angular velocities
in the stimuli, increasing the excitatory gain that neighboring cells exert on one an•
other (γE ) impedes the e ect of stimulus motion as represented in our model. So,
both the orientation•dependence of the inhibitory asymmetry and the interaction
of the inhibitory and excitatory e ects would predict that the stimulus motion's
e ect on the traveling waves depends on spiral angle.
We tested this prediction by measuring the e ect of stimulus motion (indexed
as the probability that the traveling wave would reach the 12 o'clock mark from
the direction of the carrier grating's motion) for several spiral angle conditions,
with angular rotational velocity held constant. Data from three observers, shown
in gure 4.5B, con rms this prediction by demonstrating a monotonic decrease of
the e ect of stimulus motion on the traveling wave arrival ratio as stimulus spiral
angle increases for each of the observers.

4.6

Discussion

We show that stimulus motion propels binocular rivalry traveling waves to the point
that the traveling wave is dominated by stimulus motion. Binocular rivalry is usually
regarded as a process that occurs at multiple neural sites in concert (3; 97; 67). Our
model explains our psychophysical results in a single•layer network using a direc•
tional inhibition asymmetry that exerts its in uence on a relatively low neural level.
Although this in uence may be due to feedback from higher motion•sensitive areas
or attentional processing (124; 125), our results do imply an important role for
low•level cortical network interactions in the dynamics of binocular rivalry travel•
ing waves, con rming previous ndings using the same type of stimulus (66; 109).
The motion•dependent asymmetry of inhibition implemented in our model is not
limited to the dichoptic presentation conditions provoking binocular rivalry. In
our model the same lateral interactions will be evoked during ordinary binocu•
lar viewing, which leads us to speculate that the functional signi cance of these
asymmetric, inhibitory interactions may be importantly involved in other aspects
of vision. Indeed, such network dynamics could provide valuable functionality in
situations of dynamic occlusions that occur continuously in everyday life ( gure
4.5B). When an observer views an object moving from behind an occluding surface,
one eye will receive the image of at least part of that object before the other eye
does. If neurons responsive to motion of that 'leading eye' stimulus selectively
inhibit neurons registering the opposite direction of motion along the projected
path of the stimulus, the neurons responsive to the stimulus imaged in the second
eye will be 'primed' to respond to the direction of motion already present in the
other eye. We envisage this type of neural wiring to play an important role in
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the human ability to perceive depth from interocular temporal order and motion
direction (110; 126).

4.7
4.7.1

Methods

Stimuli

Stimuli were dichoptically projected by means of a mirror stereoscope. Viewing
distance was 57 or 47 cm (experiment 1 and 2, resp.). Screen size was 22", and
resolution was 1600x1200 pixels, display refresh rate was 75 Hz. Screen γ was
linearized. Maximum stimulus luminance was 71.1 cd·m−2 , background luminance
was 35.5 cd·m−2 . Stimuli were gaussian enveloped (µ = 1 dva eccentricity, σ = 0.06
dva) sinusoidal spiral grating (32 cycles, angle 30◦ ) annuli. This spiral angle was
varied in experiment 3. Luminance contrast of the carrier and mask gratings and
stimulus speed range were adjusted per observer, with a mean mask contrast of 0.9,
and a mean carrier contrast of 0.24. The range of stimulus motions was con ned
to lie between •38◦ /s and 38◦ /s in experiment 1, whereas this range was larger in
experiment 2 (see gure 4.3). Stimulus motion was held constant at ±23◦ /s in
experiment 3. A xation mark consisting of concentric sinusoidal gratings with a
gaussian window (σ = 0.2 dva) was always projected in the middle of the screen. To
elicit a binocular rivalry transition, a gaussian enveloped (σ = 12.6 circular degrees)
luminance contrast pulse of contrast 1 was projected in the carrier grating at the
bottom of the stimulus. This transition boundary then moved upward across the
annular grating in the form of a traveling wave until reaching a red mark as shown
in gure 4.1A. This mark was placed at the top of the stimulus in experiment 1
& 3, and at varying locations (±90, ±45 & 0 circular degrees from the top of
the stimulus) in experiment 2. Motion speed was varied in opposite directions
for the carrier and mask gratings. This was done symmetrically to avoid a strong
increase in the relative dominance of one stimulus half•image relative to the other
due to di erences in stimulus motion between the two eyes. Orientation, motion
directions and the eye receiving a given stimulus pattern were counterbalanced and
randomized during a single session.

4.7.2

Task and procedure

Observers were seated in a darkened room. They initiated a trial, the sequence
of which is depicted in gure 4.1B, by depressing the space bar. First, the low•
contrast, carrier grating was displayed in one eye for 500 ms. Subsequently, the
high•contrast mask grating was projected in the other eye, causing perceptual
suppression of the carrier grating due to the di erence in contrast and the sudden
onset of the introduction of the mask grating. 500 ms after the introduction of
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the mask grating, a transient and local contrast pulse in the carrier grating was
introduced for 300 ms to induce an transition of perceptual state in the form
of a traveling wave. After the transient pulse the display continued to show the
rival targets while the traveling wave moved upward around the stimulus. At the
moment the traveling wave reached the mark, the subject released the space bar.
After the release of the space bar, which was timed, the subject indicated whether
the traveling wave arrived from the left or right side of the mark, or whether a
mistrial had occurred (no traveling wave was initiated, or initial suppression was
not achieved). Observers performed self•paced trials, in 1 session (420 trials) for
experiment 1, 2 sessions (320 trials each) for experiment 2 and for experiment
3, 1 session of 360 trials. In total, there were 9 di erent observers; 5 observers
participated in the rst experiment, 4 in experiment 2, and 3 in experiment 3. All
observers were naive, except author TK who participated in all experiments.

4.7.3

Model

We adapted the model by Wilson et. al. (66) that explains the properties of traveling
waves for stationary stimuli in terms of the characteristics of low•level functional
connectivity. In this model two circular arrays of neurons, each coding for a certain
monocular stimulus' percept, self•adapt slowly and inhibit one another through the
activity of interneurons ( gure 4.4). These three components, the stimulus•related
(T), interneuronal activity (I) and stimulus•related activity self•adaptation (H) are
represented by the following di erential equations describing one carrier (Cn ) cell:

= − TCn +

τT ∂t TCn
P+

= EC

100 P+ 2

(10 + HCn )2 + P+ 2

− γ I ∑ I Mk IK M

+ γE

{z

}
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τI ∂t ICn
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(4.1)
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where τT = 20 ms

|

{z

collinear facilitation

}

= − ICn + TCn

where τI = 20 ms

(4.2)

= − HCn + 2 TCn

where τH = 900 ms

(4.3)

Here, IK and EK are inhibitory and excitatory interaction pro les, respectively.
(
IK =

2 );
exp( x2 /σIccw

x<0

2 );
exp( x2 /σIcw

x≥0

and EK = exp( x2 /σE2 )

The e ect of stimulus motion is modeled as increased interocular inhibition exerted
by each of the monocular stimuli in the direction of its own motion, pictured as the
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green curve in gure 4.4. This corresponds to asymmetric IKs due to di erences
2
2 . The total amount of interocular inhibition was held constant
in σIccw
and σIcw

regardless of the asymmetry in order to ensure network stability. Note that when
2
2 we arrive at the model with stationary stimuli. Simulations included
σIccw
= σIcw
136 cells for both the Mask (M) and Carrier (C) gratings, and were run with a xed

stepsize of 0.25 ms using the GNU scienti c library implementation of the fourth
order Runge•Kutta procedure. Values were γ I = 0.85, γE ∈ (0.0,0.04) for spiral
patterns ranging from radial to concentric, E M = 30, EC = 24 (E M and EC are the
input levels of the two stimuli), σE2 = 6.
Our model also provides clear predictions regarding the optimal durations of
the phases of stimulus presentation during a single trial. In pilot experiments,
for example, shorter ash suppression durations caused a dramatic decrease in the
amount of successfully triggered traveling waves. The model explains this in terms
of the slow adaptation to the dominant percept, which has to reach a certain level
in order for the carrier grating to be able to suppress the mask grating.
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Chapter 5

Perceptual acceleration of visual
motion.
In preparation:
Interocular suppression causes perceptual acceleration of visual motion.

5.1

Summary

Visual motion is one of the most ubiquitous cues to changes in the environment,
which makes the processing of visual motion extremely important for survival. The
neural computations that motion signals undergo are implemented in a distributed
array of brain areas, which under normal circumstances work in a seamlessly inte•
grated fashion. Here, we report that the onset of binocular rivalry suppression causes
a highly salient increase in perceived speed of a moving target as it undergoes per•
ceptual suppression. We put forward evidence that binocular rivalry suppression
temporarily disrupts the seamless integration of visual motion processing by transient
speed•speci c suppression of low speed motion information in the brain. We pro•
pose a model that incorporates a traveling wave of suppression that moves along the
dimension of speed preference. Our results provide detailed insights into both the
distributed nature of visual motion processing and the mechanisms behind the onset
phase of interocular rivalry.

5.2. INTRODUCTION
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5.2

Introduction

Binocular vision and motion perception have strong links (35), and many neurons
that are activated by moving stimuli are also activated by binocular disparities (111;
113). One aspect of binocular vision is rivalry, the process of alternating mutually
exclusive perceptual suppression that occurs when the two eyes are confronted with
stimuli that cannot be interocularly matched. As is the case in the processing of
binocular disparity, stimulus motion is also important in rivalry. When two moving
patterns di er enough in speed or direction, they will engage in binocular rivalry
(25; 127). Interestingly, however, during the alternations that separate the two
opposite percepts, the motions in the two eyes may combine to produce a motion
percept of intermediate direction (116; 117).
These alternations between the two mutually exclusive percepts in binocular
rivalry provide appealing information regarding perceptual decision•making, and
therefore have been the subject of much research. When the extent of a binocular
rivalry stimulus is large enough, suppression will break up into di erent subsections
of opposite perceptual dominance across the area of the stimulus, a phenomenon
called piecemeal rivalry. The spatial make•up of this piecemeal rivalry will change
continuously, with the boundaries between the two percepts moving around the
stimulus as traveling waves. In previous research, these waves have been channeled
by the employment of annular stimuli to investigate the dynamics of perceptual
transitions that take the shape of binocular rivalry waves (66; 109; 128).
Even locally, at a single position in the visual eld it takes time for perception to
switch from dominance of one eye to dominance of the other eye. For one cortical
hypercolumn this process takes approximately 100•150 ms when we use stimuli
that stand still (66). During this period of transition, which may be extended
to multiple seconds under conditions of low contrast (90; 129), observers report
a gradual progression from one exclusive percept to the opposite. During this
transition an intermediate, `fused' percept occurs, similar to the false fusion that
may occur at binocular rivalry stimulus onset (130).
These lines of research into both the spatial and temporal dynamics of binoc•
ular rivalry transitions converge to show that the switch of perceptual dominance
in binocular rivalry is a process with a dynamics of its own. The investigation
of transitions may lead to fundamental insights into how the brain dynamically
allocates resources under conditions of perceptual con ict. We have discovered a
novel illusion that allows us to investigate the dynamics of binocular rivalry transi•
tions and their interactions with motion processing in a clear and incisive manner.
It occurs when viewing rivalry between rotational motion of radial gratings and
static patterns of concentric circles: a highly salient increase in perceived speed
of the motion pattern occurs as it is being suppressed during binocular rivalry
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alternations. We conducted a series of experiments to probe the magnitude of
the perceptual acceleration e ect with a speed comparison task, and constructed
a conceptual computational model to explain our ndings.

5.3
5.3.1

Experiments 1, 2 & 3

Experiment 1: types of suppression

We investigated whether the perceived acceleration during binocular rivalry al•
ternations is due to inter•ocular suppression. Another possibility would be that
this perceived acceleration is due to for instance a decrease in perceived contrast,
or would happen also when we project the two patterns (radial and concentric
gratings) in the same eye, causing monocular suppression.
Decreasing the contrast may result in both an increase or a decrease of perceived
speed, dependent on the speed of the stimulus (131; 132). Thus, a natural control
condition would be to mimic the decrease in perceived contrast that is a result of
interocular suppression and see whether transiently decreasing stimulus contrast

Stimuli

Trial Sequence
Left
eye

Right
eye
500 ms

Preexposure
Left
eye

Right
eye

Flash
Suppression
Left
eye

Test
Speed

Time

500 ms

Right
eye
500 ms

2 AFC
Subject report

Figure 5.1: Stimuli.
The stim•
uli used in our experiments. Trial
sequence. Subjects initiated the
trials by depressing the space bar.
The motion that was to be sup•
pressed was shown for 500 ms in
one of the two eyes. After this pre•
exposure interval, which served to
facilitate ash suppression, the sup•
pressor stimulus was projected into
the other eye, causing the motion
stimulus to gradually become sup•
pressed, resembling a decrease in
stimulus contrast. During this sup•
pression phase, the apparent speed
of the motion stimulus increases as
it was being suppressed. After an•
other 500 ms, both eyes received
congruent stimulation with identi•
cal speeds, which were drawn from
a range around the physical speed
of the motion stimulus. Subjects
performed a forced•choice discrim•
ination between the speed during
the suppression interval and the test
interval, indicating whether the test
was faster or slower than the sup•
pressed motion's speed.

55

5.3. EXPERIMENTS 1, 2 & 3

CHAPTER 5. PERCEPTUAL ACCELERATION OF VISUAL MOTION.

a ects motion perception in a similar manner. Given the speed of our stimuli,
decreasing the contrast should result in a decrease in perceived speed (131).
Another key question is whether the perceived acceleration is dependent on
the occurrence of interocular suppression, or may also occur when other types of
suppression are used. When an optimally oriented grating is used as a stimulus to
drive a V1 orientation•selective cell, the response of this cell can be dramatically
reduced by adding another, orthogonally oriented grating. This type of suppression,
which is well•characterized neurophysiologically (133; 134), is referred to as cross•
orientation suppression. Thus, another natural control condition is to use the
monocular addition of the two patterns and see whether any perceptual acceleration
of the motion stimulus occurs.
Fig. 5.2A shows the data for this experiment, in which 4 subjects participated.
It depicts the amount of perceived speed increase during the suppression inter•
val as measured using a speed•comparison task (see Fig. 5.1). These data clearly
show that interocular suppression causes a large increase in perceived speed. The
monocular, 'cross•orientation' suppression condition also shows a marked acceler•
ation, although it is less than that which occurs for interocular suppression. A
transient lowering of stimulus contrast causes a decrease in perceived speed, as
the speed used here is below the value of 8°/s. This is the minimal stimulus speed
needed to produce an increase in perceived speed due to a decrease in stimulus
contrast, whereas for stimulus speeds below this, a decrease in contrast will lead to
a decrease in perceived speed (131; 132).

5.3.2

Experiment 2: Changing the contrast of the suppressing grating

The perceived suppression due to interocular presentation is greater than that of
the monocular addition of the two patterns, and this di erence is mimicked in the
phenomenal di erence between binocular and monocular rivalry, binocular rivalry
being the stronger and more complete of the two (91; 86). The di erence in
acceleration e ect between monocular combination of the two stimuli and the
interocular rivalry conditions may lie in this di erence in 'strength' of suppression.
Because the contrast of the stimulus used for interocular suppression determines
the strength of its impulse•response at stimulus onset (135), it can be used as a
measure for the strength of initial suppression. Thus, we varied the contrast of
the suppressing grating to see whether the perceived acceleration of the motion
stimulus is in uenced by the contrast (strength) of the suppressing concentric
grating.
Fig. 5.2B shows the data from this experiment, and clearly illustrates that the
acceleration e ect is heavily in uenced by the contrast of the suppressing concen•
tric static stimulus. We interpret this result as a dependence of the acceleration
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e ect on the gain of the impulse•response of the suppressing stimulus, in agree•
ment with the di erence between monocular and interocular presentation of the
suppressing pattern found in experiment 1.
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Figure 5.2: A. Experiment 1: Increase in perceived speed is due to suppression. Our metric of choice is the
ratio of perceptual speed to the actual speed of the moving stimulus. This speed increase ratio is in uenced
due to Interocular suppression causes a large increase in perceived speed, which also occurs moderately for
monocular suppression. When physical contrast is lowered to mimic the decrease in perceived contrast that
results from interocular suppression, this results in a marked decrease in perceived speed. This decrease is
commensurate with reports in literature (131; 132). B. Experiment 2: Suppressor contrast correlates with
strength of acceleration effect. The impulse response to the onset of a high•contrast grating is greater than
to that of a low•contrast grating. Therefore, we examined whether the 'strength' of the suppressor had any
in uence on the acceleration effect. Keeping the moving stimulus' contrast at 50%, we varied the contrast
of the suppressing circular grating. Clearly, the acceleration effect correlates well with the contrast of the
stationary suppressor. C. Experiment 3: Suppressor speed correlates with strength of acceleration effect.
To investigate the role of motion content of the suppressing grating, we used radial gratings to suppress the
moving radial grating. The motion of this radial suppressor grating could be varied to be in the direction
of the moving suppressed stimulus, against it, or stand still. Data indicate that the difference in motion
direction between suppressor and suppressed grating determines the magnitude of the acceleration effect.
Values indicate the mean across 4 subjects, ± 1 SEM
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Experiment 3: Changing the speed of the suppressing grating

Motion and binocular rivalry have well•known strong interactions (116; 136; 137;
128). Therefore, it is probable that the motion content of the suppressor interacts
with the motion of the suppressed stimulus in the generation of the acceleration
e ect. Of course, concentric circles have unde ned motion content in the radial
direction, so to test this conjecture we used identical stimulus gratings for both
suppressor and suppressed grating. Due to the large di erence in stimulus motions
and the transience of stimulus onset for ash suppression, this does not impede
the ability of the suppressor to suppress the moving grating. Also, the speeds
at which the suppressor grating was moving were 25% of that of the suppressed
stimulus motion to avoid any di erence between the suppressive capabilities of the
suppressor grating at the di erent speeds.
Data from this experiment are shown in Fig. 5.2C, clearly indicating that
the motion content of the suppressing grating determines the magnitude of the
acceleration e ect. The e ect is greatest when the di erence between the two
stimulus motions is greatest, and the perceived acceleration disappears when the
direction of motion of the two stimuli are the same. These data strongly suggest
that the motion patterns in the two eyes in speci c combination determine the
perceptual acceleration e ect.

5.4

Experiment 4: Time•course of perceptual
acceleration

The acceleration e ect occurs for di erent types of perceptual alternations, both
those that occur during free•running rivalry (personal observation, see supplemen•
tal materials for demonstration) and those alternations induced by ash suppres•
sion. It is unclear however, whether the perceived acceleration is due to the fact
that the motion is being suppressed (steady state suppression), or whether it is due
to the transient onset of the suppression. In the former case, we would expect
the evolution of the perceptual acceleration e ect to last as long as the moving
stimulus is suppressed, and the magnitude of the perceived acceleration ought to
be comparable to the fraction of situations in which the moving stimulus is still
suppressed. On the other hand, if the perceptual acceleration is due to the tran•
sient of the perceptual alternation, the acceleration time•course ought to start its
decline ahead of the occurrence of perceptual alternations back to dominance of
the motion stimulus after ash suppression.
In order to shed light on this issue, we examined the evolution of the perceived
acceleration over time by probing the e ect at di erent moments during the sup•
pression interval (see Fig. 5.1). This time•course must be compared with a measure
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Figure 5.3: Timecourse of acceleration effect in relation to duration of interocular suppression Both the
timecourse of the acceleration effect (gray line) and the cumulative density function of suppression durations
with identical stimuli (black line). The timecourse of the perceived acceleration relative to the suppression
durations may provide valuable information regarding the mechanisms underlying the acceleration effect.
The peak of the acceleration effect occurs around 500 ms when decline sets in, when at this point in time
there have been essentially no perceptual switches (see black curve). The acceleration effect diminishes to
∼10% within 1.3s, whereas after this period of time the moving stimulus is still suppressed in approximately
70% of cases. This indicates that the perceived acceleration is likely to be due to the transient suppression,
and is a perceptual alternation•related effect instead of a suppression effect.

of percept survival, so we also conducted an experiment to probe the duration of
the suppression of the moving stimulus following onset of ash suppression in
which observers indicated the point in time when the moving stimulus returned to
dominance.
Figure 5.3 depicts the data for the acceleration time•course and the suppression
duration experiment in one graph. The acceleration time•course peaks around 500
ms, and returns to near baseline levels of ∼10% within 1.3s. The acceleration time•
course is much faster than the occurrence of perceptual alternations, as evidenced
for instance by the mean duration of the perceptual suppression, 1.6s. The decline
of the perceptual acceleration sets in when essentially no perceptual reversals have
been reported, pointing to an important role for the transient of the rst, ash•
suppression induced alternation in the generation of the perceptual acceleration.
This indicates that the perceived acceleration is likely to be due to the transient
suppression, and is a perceptual alternation•related e ect instead of a suppression
e ect.

5.5

Computational Model

Given the information gathered thus far, we can conclude the following regard•
ing the mechanisms mediating the perceived acceleration of the rotating annular
grating at stimulus suppression. It is due to the transient suppression of a moving
target, dependent on the gain of the suppression and the motion content of the
suppressing stimulus. From this information, we may attempt to distill a simple
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conceptual model to account for our results.
First, we must describe the neural representation of the motion stimulus in
terms of its speed content as a starting point for our model.
Any moving stimulus elicits activity in a large number of motion•selective cells
with di ering speed and direction sensitivities due to their broad speed tuning
and the aperture problem, respectively (138). Rotational motion, such as we used
in our stimuli, drives neurons sensitive to all motion directions equally so we can
integrate across direction, leaving us with just the length of the velocity vectors, i.e.
their speed. In the remaining speed dimension, our stimulus elicits activity whose
distribution is related to its envelope shape, which is Gaussian. For the sake of
simplicity, we assume that this relationship between stimulus contrast and motion•
induced response gain is linear. Thus, we can represent the activity of the neuronal
population that represents the stimulus' motion as a Gaussian distribution across
a speed axis
−

M( x) = e

( x − µ )2
2σ2
M

(5.1)

see Fig 5.4B. Neurons sensitive to speed are logarithmically speed•tuned (139),
dictating a logarithmic metric of the speed dimension in gures 5.4A & B.
Now we provide a description of the motion content of the suppressing grating,
and assume a dynamics of the suppression that results from ash suppression of
the moving stimulus. When we instigate binocular rivalry suppression of a moving
stimulus with one that stands still, this stationary stimulus contains an abundance of
slow motion signals in a speed distribution centered on zero, and thus the motion•
related activity distributions of the two stimuli do not match. From experiment 3
we know that interocular suppression is speed•speci c, the speed representation
of the moving stimulus will be suppressed at lower speeds at

rst, with faster

motion representations following suit in a wave•like manner. This temporary yet
speci c diminution of the slower motion signals from the motion•related activity
distribution of the motion stimulus' representation will cause the peak of the
speed•activity distribution to shift towards higher speeds, accelerating the motion
percept as it becomes suppressed, (Fig. 5.4).
x −µS
)
2σS

1 + Erf( √
S ( x ) = (1 − γ ) + γ

2

(5.2)

where γ is the gain of interocular suppression. We assume this suppression to
move linearly, as do retinotopic traveling waves in binocular rivalry (a linear shift
in µS ) and for the suppression to become noisier over time in a linear fashion (a
linear increase of the standard deviation of the cumulative Gaussian, σS ). The
time•course of this suppression is depicted in Fig 5.4A.
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Figure 5.4: Computational Model. A. Illustration of the progression of the suppression caused by a stimulus
that stands still as the suppression travels towards increasing speeds over time. Denoted times t0 , tmax and
t∞ stand the moment of suppression stimulus onset, the moment at which the perceptual acceleration
reaches its maximum (∼500 ms, see Fig. 5.3), and the end of the period of time that is meaningful for
our simulations, respectively. B. Illustration of the shift in motion•related activity caused by the gradual
increase in suppression. Over time, the peak of the motion•related activity distribution shifts towards
higher speeds, causing an increase in perceived speed. Note this shift of the distribution's peak occurs
while the total gain of the motion activity decreases due to the interocular suppression. C. Simulations of
the proposed model provided a time•course of the perceptual acceleration for different levels of suppression
gain. Higher suppression gain causes a greater perceived acceleration, whereas lower suppression gain
causes a smaller acceleration effect. Note the similarity between the time•course data of Fig. 5.3 and the
simulated time•course.

The result of this `traveling wave' in the neural representation of speed is
depicted in 5.4B, where the suppression depicted in Fig. 5.4A is multiplied by
the motion•induced activity at t0 to generate increasingly skewed distributions of
the motion•induced activity. We can then decode the perceived speed using a
winner•take•all scheme by taking the peak of the resulting distribution of activity
as a measure of perceived speed. The evolution of this perceived speed over time
is illustrated by the black line in Fig. 5.4B. Fig. 5.4C depicts this perceptual
acceleration time•course for di erent settings of the suppression gain, γ.
The reproduction of the basic psychophysical ndings by this type of model
is highly robust with regard to changes in the shape or speed of the wave of
suppression along the speed axis.
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Experiment 5: Changing the width of the stimulus
speed content

5.6.1

Rationale

Independent of the precise implementation of our model, it predicts that the
acceleration e ect should be dependent on the width of the distribution of motion•
induced activity. If this distribution is broad, the wave of suppression will be able
to produce a greater skewness in the motion activity distribution (the result of
partial low•speed suppression). This means that the more speeds are present in the
stimulus (the broader its distribution), the larger the acceleration e ect should be.
There are several ways to convert this prediction into a stimulus paradigm in
which we vary the distribution of motion content of a moving stimulus that is to
be suppressed. A dynamic random dot stimulus could be constructed to contain a
distribution of speeds drawn from a Gaussian. However, after constructing such
a stimulus we noticed that the cloud of dots provides no clear coherent motion
percept on which to base a global speed judgment.
Another option is to vary the amount of displacement per frame of a radial ro•
tating annular stimulus such as the one we used in experiments 1,2 and 4 according
to a Gaussian distribution, building up a distribution of speeds over presentation
time. We found that this type of presentation, however, tremendously hampers
the build•up of a smooth and coherent motion percept and so it cannot be used to
address our hypotheses.
Another solution to the problem of varying the width of the motion content
of a stimulus without a ecting the coherence of the stimulus, is to change its
spatial dimensions. While keeping the angular rotational speed identical, the ratio
between the width and eccentricity of the annular stimulus also provides a measure
of the width of the motion distribution (see Fig 5.5, Stimuli). That is to say, when
this ratio is great the speed distribution is broad, and we expect the acceleration
e ect to be greater. Thus, if we vary this ratio by varying both the width and the
eccentricity of the annular grating stimulus, while keeping the rotational speed (in
circular degrees per second) equal, our model provides clear predictions for the
e ect variation in this parameter must have on the acceleration e ect (Fig 5.5,
Predictions).
Note that when we keep the circular rotation speed equal with an identical
number of periods in the stimulus this results in identical temporal frequency con•
tent across our stimulus manipulations. Any model based on temporal frequency
content of our stimulus would thus predict no parametric variation of the accelera•
tion e ect across our stimulus parametrization. Acceleration of rotational motion
could also be due to a modulation of activity in rotational speed speci c cells such
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Figure 5.5: Experiment 5: Perceptual acceleration is due to the width of the motion distribution in the
stimulus. Stimuli We used a set of stimuli with different widths and eccentricities to create stimulus speed
distributions that varied in width. Predictions Predictions are based on the simple calculation of the ratio
between the width and eccentricity of the annular motion stimulus, corrected for the cortical magni cation
factor. These are plotted ordered for widths and diameters in the left and right plot, respectively. Data Top:
Data represent the mean of 5 subjects, error bars are the standard error of the mean. Note that both plots
depict the same 9 data points, but collapsed onto either the widths•axis or the diameters•axis. Bottom:
Because of the importance of the width of the distribution of speeds in the motion stimulus, our model
predicts that the ratio between the σ of the annulus (its width) and the diameter should determine the
amount of perceived acceleration. Thus, there should be a correlation between the two. When aggregated
depending on width/diameter ratio, three values for different stimulus widths collapse onto one another,
leaving 7 distinct ratios. The data show a very strong correlation between the width/eccentricity ratio and
the magnitude of the acceleration effect, with an R2 of 0.97.

as those present in area MST. In the parametrization we apply here, however, all
stimuli have the same rotational motion content. Therefore, if rotational motion
as such is paramount in the generation of the acceleration e ect we would again
expect no e ect of our parametrization.
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Results

Fig. 5.5, Data, shows the acceleration ratio data from experiment 5, in which
5 subjects participated. When comparing these data to the predictions of our
model,Fig. 5.5, Predictions, we see that the data and predictions have very com•
parable ordering. Moreover, our model makes highly precise predictions regarding
the e ect of motion distribution width on the magnitude of the acceleration e ect.
We therefore calculated the ratio between the width and diameter of each of the
nine stimuli used, leading to 7 ratio values (stimuli on the diagonal in the stimuli
array, Fig. 5.5 have equal width/diameter ratios). Our model predicts a correlation
between this ratio and the magnitude of the perceived acceleration. These data
demonstrate a very strong correlation between the predicted and empirical values
for the magnitude of the e ect (Fig. 5.5, bottom), R2 = 0.97, p < 0.0001.

5.7

Discussion

Visual motion perception, which is due to the integration of activity throughout a
distributed network of neurons, can be strongly altered by means of binocular ri•
valry suppression. Our results provide strong indications that the speed of rotation
of our stimuli is misperceived due to selective inter•ocular suppression of neural
activity signaling slower motion content. We contend that this suppression then
proceeds by increasing its foothold on neural populations more remote in their
preference of motion speed in a wave•like manner. In the model we constructed,
we have parsimoniously assumed that speed is represented in the brain as a con•
tinuous dimension (140), without an explicit segregation into di erent processing
streams.
It has been proposed that in motion perception, the brain uses a slowness
prior which is combined with likelihood estimates of motion sensors. This type
of scheme can reproduce many psychophysical results in motion perception (141;
142). Hypothetically, a speci c deterioration of the prior slowness information due
to interocular suppression could lead to a larger dependence on the higher•speed
likelihood information, speeding up the motion percept. It is unclear, however,
how the slow prior is neurally represented in relation to the site of binocular
rivalry suppression. Furthermore, the transience of the perceived acceleration
(experiment 4) cannot be readily explained by the selective reduction of the slow
prior's in uence on speed estimation.
Low frequency motion signals of high spatial frequency content (slower mo•
tions) are generally thought to be mediated by the parvocellular information•
processing stream, whereas higher temporal, lower spatial frequency content mo•
tion signals (faster motions) are mediated by the magnocellular stream. The mag•

64

CHAPTER 5. PERCEPTUAL ACCELERATION OF VISUAL MOTION.

5.7. DISCUSSION

nocellular stream is sensitive to lower contrasts and its responses saturate at lower
contrasts than does the parvocellular stream (143; 144; 145). The contrast•
sensitivity di erences between the two di erent processing streams can account
for several phenomena of speed•perception under conditions of changed contrast
(131; 132; 146). Our motion stimuli are likely to elicit activity in both these
streams, the activity of which is then integrated to produce the motion percept.
It could be argued that our results are due to a speci c suppression of the parvo•
cellular channels involved in the analysis of motion, leaving only the high temporal
frequency content of the stimulus to contribute to the remaining motion percept.
This speci c type of suppression agrees well with the signi cant role of parvocel•
lular channels in binocular rivalry (147).
We varied the speed content of our stimuli in experiment 5 while there was
no di erence in temporal frequency content of the di erent stimuli. Yet, there
was a strong di erence in perceived acceleration between the di erent conditions
based on stimulus parameters. These results point in the direction of a neural
substrate of the acceleration e ect that is selective not for speci c spatiotemporal
frequencies, but whose selectivity has abstracted from spatiotemporal frequency
to speed. This process of abstraction to speed preference away from temporal
and spatial frequency preference is known to occur from the level of complex
cells in striate cortex to the level of motion•selective cells in area MT (148; 149;
150). Note that preferred speeds also increase from complex cells in V1 to MT
(148), tentatively suggesting that the interocular suppression that is due to a static
suppressor not only selectively inhibits like motions, but also moves from the
site of initial interocular gain control in V1 (151; 79) upward through the motion
processing hierarchy. This information, when taken together, provides a reasonably
precise estimation regarding the neural mechanisms involved in the perceived
acceleration.

5.7.1

Conclusions

We propose that the perceptual acceleration we have discovered is due to sup•
pression of speed•speci c motion signals that increases over time to progressively
encompass more and more speeds di erent from the suppressor's motion content.
This type of mechanism has interesting parallels with the phenomenon of retino•
topic traveling waves that may occur in binocular rivalry alternations (66). Also,
our results imply that the traveling waves that are ubiquitous in neurophysiology
(152; 153) play a principal role in perceptual changes. In the case of perceptual ac•
celeration, the traveling waves would propagate not across retinotopic connections
between neurons, but across connections between neurons coding neighboring
speeds. Thus, our results shed new light on the dynamics of perceptual transitions
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in binocular rivalry.

5.8
5.8.1

Methods

Apparatus & stimuli

Stimuli were dichoptically projected by means of a mirror stereoscope. Viewing
distance was 57 (Exps. 1,2,3, & 4 ) or 47 cm (Exp. 5). Screen size was 22",
and resolution was 1600x1200 pixels, display refresh rate was 75 Hz. Screen γ
was linearized. Maximum stimulus luminance was 71.1 cd·m−2 , background lumi•
nance was 35.5 cd·m−2 . Stimuli were gratings of radial or concentric orientation
enveloped by a gaussian•shaped aperture. The contrast, diameter and width of the
annuli were varied in the di erent experiments. Exemplar stimuli are depicted in
gure 5.1. In all experiments except experiment 2, both mask and motion stimuli
had a Michelson contrast of 50%. In experiment 1, the patterns were linearly
added to create the binocularly presented 'cross•orientation suppression' stimuli,
and the contrast of the binocularly presented stimuli was lowered to 10% in the
lower contrast condition. The angular rotation in all experiment was 60 degrees
per second. The maximal contrast region of the annular stimuli were located at 1.5
degrees of visual angle (dva) of eccentricity. This means that at this eccentricity,
speeds were approximately 1.5 °/s.
In experiment 5, stimulus dimensions were manipulated, diameters of the an•
nular stimulus were varied between 0.6 dva and 1.4 dva, and widths (the σ of the
gaussian envelope) were varied between .06 dva and .14 dva.

5.8.2

Task & procedure

Observers were seated in a darkened room. They initiated a trial, the sequence of
which is depicted in gure 5.1 by depressing the space bar. First, a rotating radial
annular grating was projected in one of the two eyes for 500 ms. After this initial
phase, a suppressing stimulus was presented to the other eye. This transient onset
causes ash suppression of the moving stimulus, progressively rendering the moving
target invisible over the course of the 500 ms interval. Duration of this suppression
presentation was 500 ms in all experiments except experiment 4, where we varied
the duration of this suppression phase from 100 to 1300 ms to investigate the
time•course of the acceleration e ect. This suppression interval was followed by a
500 ms interval in which both eyes received identical stimulation, namely a moving
radial grating pattern rotating at a speed that was varied during the experiment.
Subjects performed a forced•choice discrimination between the speed during the
suppression interval and the test interval, indicating whether the test was faster or
slower than the suppressed motion's speed.
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We used both the method of constant stimuli (exp 1•4) and one•up•one•down
staircases (exp 5) to estimate the point of subjective equality (PSE), which provides
an estimate of the perceived speed during the suppression interval. Psychometric
curves were based on at least 140 trials, and staircases ran until 12 direction
reversals had taken place, with the PSE taken to be the mean of the last 6 reversals.
Two staircases were run per subject per condition.

67

5.8. METHODS

68

CHAPTER 5. PERCEPTUAL ACCELERATION OF VISUAL MOTION.

Chapter 6

Multi•timescale perceptual
history resolves visual ambiguity.
Submitted as:
Multi•timescale perceptual history resolves visual ambiguity.

6.1

Summary

When visual input is inconclusive, does previous experience aid vision in attain•
ing an accurate perceptual interpretation? We presented an ambiguous stimulus
intermittently, causing a single interpretation (percept) to be experienced (dominate)
on multiple consecutive presentations. Classically, this is attributed to a perceptual
bias toward the previous percept, taking effect at every presentation anew. Here we
demonstrate biases left by perception well before the most recent percept, up to a
minute ago. When percept X dominates on many consecutive presentations but is
then replaced relatively brie y by its opposite Y, a transient bias toward Y in uences
perception on immediately following presentations, but a longer•term bias causes X
to regain dominance later. Thus, signals promoting competing percepts coexist and
operate at different timescales. This multi•timescale 'memory' allows past experi•
ence to tune ambiguity resolution, and provides a exible mechanism for dynamic
adjustment of visual processing in general.

6.2

Introduction

The visual system adjusts its processing of current input on the basis of past expe•
rience. Such dynamic adjustment allows, for instance, faster responses to recurrent
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stimuli (154) and tuned weighting of visual cues depending on their previous valid•
ity (155). A fundamental question for such adaptive systems is how long a history
to incorporate in current processing. We investigate the role of past experience
in visual processing using ambiguous stimuli (Fig. 6.1A), images that convey con•
icting information to the eyes, causing perception to waver randomly between
alternative interpretations, or percepts (Fig. 6.1B, top). A role of past experi•
ence in this context becomes apparent when an ambiguous stimulus is periodically
removed from view (Fig. 6.1B, bottom). During such intermittent viewing, the
percept that is experienced (dominant) at each appearance tends to equal the dom•
inant percept on the previous encounter. This can cause perception to stabilize in
one interpretation for prolonged periods (28; 29; 27; 156; 68; 157; 158). Current
explanations attribute this form of visual memory to persistence after stimulus
removal of the most recent state of perceptual organization (28; 29; 27; 68; 157).
In this view an episode of stabilized perception is essentially a single intermittent
dominance episode, during which the visual system retains its present organization
because stimulus removal interferes with the mechanism of perceptual switching.
One implication of this idea is that perception of a reappearing ambiguous stimulus
depends on the most recent percept elicited by that stimulus, but not on how the
stimulus was perceived prior to that. In other words, because the proposed type
of visual memory centers on persistence of the most recent perceptual state, it is
'overwritten' with every perceptual switch, and is oblivious to all history beyond
the most recent percept. If perceptual stabilization of ambiguous stimuli re ects
a kind of memory that is aimed at e ciently using past experience in order to
optimize current processing, storage of the single most recent percept seems of
limited use. For a system to e ciently 'learn' from past experience, it must be
able to incorporate more than just the most recent event. From the perspective
of functionality one might therefore expect an in uence of more elaborate history
that goes beyond the most recent percept.
We study how perception of a reappearing ambiguous stimulus depends on per•
ception of that stimulus on previous encounters, for two distinct types of ambiguous
stimuli. We separately assess the roles of the immediately preceding percept and
of more remote perceptual history. We interleave episodes of intermittent view•
ing with episodes of continuous viewing (Fig. 6.1B). During intermittent viewing
perception stabilizes into one interpretation, potentially building a strong memory
of that percept. Continuous viewing prompts spontaneous alternations (switches)
between percepts. At the start of a new intermittent viewing episode, the most re•
cent percept − after spontaneous switches − can be distinct from the previously
stabilized percept that persistently dominated during the preceding intermittent
viewing episode. The in uence of the most recent percept and of more remote
history can then be distinguished by observing which percept stabilizes during the
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new intermittent viewing episode.

6.3
6.3.1

Results

The in uence of a perceptual switch on perceptual stabilization

Our experimental sessions (Fig 6.2a,
top) consisted of blocks of intermit•
tent presentation (IP) of an ambigu•
ous stimulus, interleaved with peri•
ods of continuous presentation (CP)
where perception was allowed to
switch spontaneously. Subjects re•
ported their perceptual state when
a stimulus reappeared and when•
ever the percept switched. Transi•
tions between IP and CP were in•
teractively initiated on the basis of
observers' perceptual reports (Fig.
6.2a, bottom). IP sequences pro•
ceeded until an observer reported
the same percept on eight consecu•
tive presentations, signaling robust
stabilization. When this occurred,
the stabilized percept was termed
the winner of that IP sequence, and
CP was started. CP periods, in turn,
were terminated ∼0.5 s after an ob•
server reported a perceptual switch,

Figure 6.1: Stimuli and presentation sequences. A. Each
of our stimuli has two distinct perceptual interpretations
(percepts). Only one percept is experienced (dominates)
at any given moment. Left: An ambiguous rotating sphere
is a two•dimensional projection of dots covering the sur•
face of a transparent sphere that rotates around a cen•
tral axis. Because no cue indicates which dots are in
front, the rotation direction is ambiguous and subjects
perceive either direction in turn, as indicated by the ar•
rows. Right: In binocular rivalry ambiguity arises because
each eye views a different image in the same location of
the visual eld. Subjects perceive either the left eye's
image or the right eye's image (here: left•tilted or right•
tilted gratings). B. Top: Viewing an ambiguous stimulus
continuously, observers experience random alternations
(switches) between both percepts every few seconds. Bot•
tom: Periodically removing the stimulus from the screen
(here: on•time ∼0.5 s; off•time ∼1.5 s) causes perception
to stabilize in one interpretation for sometimes minutes,
with only incidental switches between alternative inter•
pretations: Perceptual stabilization.

and then IP started again. From the
perspective of the current IP sequence the most recent CP percept represents im•

mediate perceptual history, as it is the last percept before the initiation of IP. The
previous winner, in contrast, represents remote perceptual history, having domi•
nated for eight consecutive presentations before perceptual switching. This design
enabled us to pit the e ects of immediate and remote perceptual history against
each other. Figure 6.2B illustrates hypothetical data for cases where the current
IP sequence is preceded by a CP period that contains a single perceptual switch.
The left plot shows the probability of perceiving a percept labeled '1' during the
previous IP sequence, conditional on the winner of that IP sequence (red versus
green curve). This probability is plotted separately for the last eight presentations
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/ Percept 2
CP
ceiving percept 1 during the rst eight presen•
1
tations of the current IP sequence, again condi•
tional on the winner of the previous IP sequence.
Hypothesis I: The dominant percept during the
current IP sequence is equal to the most recent
0
CP percept and therefore opposite to the winner
1
2
3
4
5
6
7
8
Winner
of the previous IP sequence. Hypothesis II: The
Presentation #
previous winner regains dominance during the
current IP sequence. C. Results Reports of seven
observers during the rst eight presentations of
an IP sequence, and during the nal, winning,
presentation. The dominant percept during the
current IP sequence was almost invariably iden•
tical to the winner of the previous IP sequence,
and therefore opposite to the last preceding CP
percept. This supports hypothesis II, suggesting
an in uence of a perceptual history that goes
beyond the most recent percept.

of that IP sequence (x•axis ticks). Because a winner is de ned as having domi•
nated on eight consecutive presentations, this probability is either zero or one.
The plots on the right show the hypothetical probability of perceiving percept 1
during the current IP sequence, again conditional on the winner of the previous IP
sequence. This is plotted for the rst eight presentations within the IP sequence
(x•axis ticks). Hypothesis I represents the classic view that perceptual stabilization
re ects persistence of the most recent percept. Perception switches exactly once
during the intervening CP period, so this view predicts that the current IP sequence
is generally dominated by the percept opposite to the winner of the previous IP
sequence. Hypothesis II assumes a central role of more global perceptual history.
Because the winner of the previous IP sequence dominated on eight consecutive
presentations, the single switch to the opposite percept during CP is assumed to
be relatively unimportant. Consequently, in this hypothesis the previous winner
regains dominance during the current IP sequence. Results presented here are for
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the ambiguous rotating sphere stimulus (Fig. 6.1A, left). Figure 2, bottom, shows
results for the condition where a single perceptual switch preceded the current IP
sequence. The x•axis now also includes the nal, winning presentation. Results of
all observers (individual curves) are inconsistent with hypothesis I, and in agree•
ment with hypothesis II. The dominant percept during the current IP sequence
was usually identical to the winner of the previous IP sequence, and opposite to
the most recent CP percept. This outcome cannot be due to a systematic tendency
for observers to consistently report one particular percept during IP (159), as all
observers show a similar result both when percept 1 won the previous IP sequence
and when percept 2 did (red and green curves). These results argue against the
view that perceptual stabilization re ects persistence of the most recent percept,
and argue in favor of a role of more global perceptual history.

6.3.2

The in uence of longer continuous presentation episodes

Would the winner of the previous IP sequence still predominate during the current
IP sequence in case multiple perceptual switches intervened during CP? Figure
3a shows perceptual dominance during the current IP sequence (averaged over
subjects), with the number of perceptual switches during the preceding CP period
depicted in diagrams on the left. The probability of perceiving the previous winner
during the current IP sequence decreased as the number of intervening switches
increased. Nevertheless, the probability remained above chance level even after
four intervening switches. This indicates that the bias toward the previous winner
can survive up to four spontaneous perceptual switches. Besides showing that
perception during the current IP sequence depends strongly on the winner of the
previous IP sequence, Figure 3a suggests that the nal CP percept also in uences
perception during IP. This is visible in the conditions where the intervening CP
period contained either one or three perceptual switches, and therefore ended
in the percept opposite to the previous winner (see diagrams on the left). In
those conditions, subjects reported the previous winner less often during the rst
presentations of an IP sequence than during later presentations. Where signi cant,
this trend is marked by an asterisk. In the conditions involving two or four switches,
in contrast, where the last percept of the intervening CP period was identical to
the previous winner, no such trend is visible. This indicates that both the previous
winner and the most recent percept in uence dominance during IP.
Higher numbers of intervening switches yield a smaller bias toward the previous
winner (Fig. 6.3A). This suggests that the biasing in uence of the previous winner
decreases during CP. Fig. 6.3B quanti es this by depicting the probability that
the current IP sequence is won by the same percept as the previous IP sequence,
as a function of the intervening CP duration. We pooled data over occasions
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Figure 6.3: The effect of longer CP periods. A.
Perception during the current IP sequence, de•
pendent on the number of perceptual switches
(diagrams on the left) during the preceding CP pe•
riod. Perception during the current IP sequence
is biased toward the winner of the previous IP
sequence, even if multiple switches occurred in
the mean time (the red curve lies above the green
curve in all conditions; p<0.01, paired t•test pair•
ing red and green points per subject). In ad•
dition, the bias toward the previous winner is
weaker if the intervening CP period contained
more switches. Finally, in those conditions where
CP ended in the percept opposite to the previous
winner (one or three switches), the probability
of perceiving the previous winner is reduced dur•
ing the initial intermittent presentations following
CP. The probability largely recovers as IP pro•
gresses, causing a trend away from chance (sig•
ni cant for three curves; Spearman p<0.025). In
the conditions where CP ended in the same per•
cept that won the previous IP sequence (two or
four switches), no such effect is visible. Error
bars indicate standard errors (n=7). B. Decay
of the previous winner's in uence during CP, for
one subject. The blue curve denotes the proba•
bility that the winner of the current IP sequence
equals the winner of the previous one, as a func•
tion of intervening CP duration. This probability
decreases gradually with increasing CP duration,
reaching chance after about a minute for this sub•
ject. Other subjects showed similar time courses.
For this analysis we divided CP durations into
quartiles for each switch number separately. For
each quartile the mean duration and the probabil•
ity the previous winner would recur formed a data
pair (symbols). An exponential curve was then
tted to these points. The blue curve and sym•
bols are based on all this subject's data. For the
red and green curves (data points not shown) we
separated occasions where percept 1 (red) won
the previous IP sequence from occasions where
percept 2 (green) did.

where either percept was the previous winner (blue curve). The curve shows a
gradual decay with increasing CP duration, reaching chance after a minute or so.
This indicates that the in uence of the previous winner fades during continuous
viewing and is completely gone after about a minute. The red and green curves
in Fig. 6.3B show the same as the blue curve, but separately for occasions where
percept 1 won the previous IP sequence (red) and those where percept 2 did (green).
The red curve runs slightly above the green curve, indicating an overall tendency
to perceive percept 1 more than percept 2. Nevertheless, the similarity between
these curves con rms that the bias toward the previous winner is distinct from a
systematic preference to report one particular percept.
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The in uence of a forced perceptual switch

We performed an additional experiment where we externally forced perception
away from the previous winner, instead of waiting for spontaneous switches during
CP. That is, we interleaved IP sequences, not with CP episodes, but with presenta•
tions of a disambiguated stimulus (Fig. 6.4A) that imposed the percept opposite to
the previous winner (160). Fig. 6.4B depicts how this a ected perception during
IP. During the initial presentation following unambiguous stimulation the proba•
bility of perceiving the previous winner was low, indicating successful disruption of
the winner's dominance streak. However, during the following intermittent presen•
tations the probability of perceiving the previous winner gradually recovered to well
above chance level. This pattern of results is similar to that observed when sponta•
neous switches ended in the percept opposite to the previous winner (Fig. 6.3, one
and three perceptual switches), and demonstrates that the in uence of the previous
winner can survive both spontaneous (Fig. 6.3) and forced perceptual switches.
A. Presentation
paradigm

time

One session

Figures 6.3 and 6.4 demonstrate
perceptual biases on two distinct

UP IP

timescales, namely a persistent
bias toward the previous winner

Winner
1 2 3

...

and a more transient bias toward
the most recent percept, be it

Disparity added

Previous IP sequence

UP

Current IP sequence

after spontaneous switches (Fig•
ure 6.3A) or imposed by unam•

B. Results

biguous stimulation (Figure 6.4).

Previous winner = Percept 1 / Percept 2

UP

In our design, the winning per•

p(Percept 1)

1

cept dominated on eight con•
secutive intermittent presenta•
0
1

2

3

4
5
6
Presentation #

7

8

Winner

tions, whereas the nal CP per•
cept and the exogenously forced
percept dominated only brie y.

Figure 6.4: The effect of a forced perceptual switch on stabi•
lization. A. Presentation paradigm Intermittent presentation
sequences were interleaved with presentation of an unam•
biguous version of the stimulus (unambiguous presentation,
UP). This stimulus was the same sphere but with binocular
disparity de ning a unique 3D layout. After a winner oc•
curred during an IP sequence, we presented the unambiguous
sphere that imposed the percept opposite to this winner, and
then resumed intermittent presentation. B.. Results for six
observers. During presentation 1 of the IP sequence subjects
usually reported the percept opposite to the previous winner.
Over the following IP presentations, however, dominance of
the previous winner gradually recovered for all subjects.

This suggests that the longer
a percept has dominated, the
more persistent a bias it leaves.
Furthermore, it appears that a
transient bias toward one per•
cept and a persistent bias to•
ward the other can exist inde•
pendently, in the sense that the
bias toward the previous winner
is not erased by the transient bias
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toward the most recent percept. Instead, as soon as this transient bias dissipates
during the course of IP, the bias toward the previous winner turns out to be un•
a ected (Figures 6.3A and 6.4B). These data therefore suggest the existence of
multiple parallel biases, each re ecting a di erent timescale of perceptual history.

The in uence of dominance during continuous presentation

p(current winner =
previous winner)

1

0

1
2
Normalized intervening CP duration

3

Fraction ‘opposite’
High Middle Low

6.3.4

If indeed perceptual history is a
main factor driving dominance
during IP, one prediction is that
dominance during IP re ects
not only the previous winner and
the most recent percept (Figures
6.3 and 6.4), but all perception

Figure 6.5: The effect of a forced perceptual switch on stabi•
lization. The in uence of perception during CP on perceptual
stabilization. The plot depicts the probability that the previous
winner will also win the current IP sequence, as a function of
the (normalized) intervening CP duration (cf. Fig 6.3B). Each
CP period consists of at least one episode where the previous
winner dominates and at least one episode where the oppo•
site percept dominates. Here we grouped our data according
to the fraction of opposite dominance, that is, the fraction of
the time during the intervening CP period that subjects ex•
perienced the percept opposite to the previous winner. The
probability for the previous winner to also win the current IP
sequence decays much faster during CP periods containing
mainly opposite dominance (magenta) than during CP peri•
ods containing more dominance of the previous winner itself
(blue and orange). For these plots we normalized CP dura•
tions per subject by dividing by the mean CP duration (17 s
on average), and then pooled over subjects (n=7). We split
the data into three quantiles of the fraction of opposite domi•
nance. Normalized CP durations for each of the three groups
were divided into ten quantiles to yield ten data points. These
points were tted with an exponential curve. The data for a
high and intermediate fraction of opposite dominance show a
signi cant negative trend (p<0.01, Spearman), but those for
a low fraction of opposite dominance do not (p<.25). Note
that, overall, the opposite percept took up more time during
CP than did the previous winner percept. That is, the aver•
age fraction of opposite dominance lies at 0.61, signi cantly
above 0.5 (p<<0.01, two sided t•test).

within the recent past. It should
therefore also depend on per•
ception throughout the preced•
ing CP period. This prediction
is tested in Figure 6.5, which
shows how the rate at which the
bias toward the previous win•
ner decays during CP, depends
on perception during CP. Like
Fig. 6.3B, this gure shows the
probability that the current IP
sequence is won by the winner
of the previous IP sequence, as
a function of the intervening CP
duration. We now separated our
data according to the fraction of
the intervening CP duration that
was taken up by dominance of
the percept opposite to the pre•

vious winner. This fraction could vary because spontaneous switches occur at
random intervals during CP, and also because the number of switches varied. Dur•
ing CP periods where the opposite percept dominated a large fraction of the time
(magenta), the bias toward the previous winner decayed rapidly with CP duration,
and eventually even turned into an opposite bias. If the CP period contained little
opposite dominance, in contrast (orange), the bias toward the previous winner re•
mained strong even at long CP durations. The curve for an intermediate fraction
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of opposite dominance (blue) falls in between these two extremes. These results
indicate that the bias toward the previous winner does not decay passively during
CP. Instead, is decays rapidly during dominance of the opposite percept but stays
high during dominance of the previous winner percept itself, consistent with the
notion that perception during IP is biased by perception throughout the recent
past.

6.4

Discussion

We interpret our ndings as follows. (i) During perceptual dominance the visual
system accumulates a bias toward the currently dominant percept. (ii) This accu•
mulation takes place on several timescales, such that prolonged dominance (e.g.
during IP) leaves a persistent biasing trace, whereas brief dominance (e.g. during
CP) leaves a more transient trace. (iii) Separate timescales work independently,
such that the system can brie y be biased toward one percept without losing its
longer•term bias toward the other percept. (iv) These biases become evident in
perception when an ambiguous stimulus reappears after an interruption. Then,
the visual system's choice between both percepts re ects the balance between var•
ious biasing traces that have so far accumulated. These notions agree well with
a recently developed computational model concerning perception of reappearing
ambiguous stimuli 6. In agreement with our present view, this model treats the
basic phenomenon of perceptual stabilization as a bias in percept choice at stimulus
onset (see (159) for more evidence that dominance at stimulus onset is governed
by fundamentally di erence factors than dominance during prolonged viewing).
Also, the model assumes that this bias gradually accumulates during perceptual
dominance. Although it does not address separate biases on multiple timescales,
the model is of particular interest here because it ascribes the accumulating bias
to progressive neural adaptation. That is, to gradual changes in responsiveness
(161; 162) of neurons that code the currently dominant percept. This leads to an
imbalance in adaptation state between neurons that code a recently dominant per•
cept and neurons coding the other percept. In the model this imbalance causes the
recently dominant percept to win the competition at stimulus onset. This view is
of interest here because adaptation occurs on a wide range of timescales in sensory
cortex (161; 162; 163; 164; 165). Multi•timescale adaptation therefore provides
a natural explanation for our observation of separate perceptual biases on various
timescales. It has been argued on theoretical grounds that the existence of multi•
timescale adaptation holds promise for functional forms of history•dependence in
neural systems (166; 167). We propose that the perceptual memory observed here
constitutes one such functional correlate. Our results indicate that when a visual
con ict reoccurs, traces of past perception increase the probability that the visual
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system will assume a previous state of interpretation rather than a di erent one.
Despite its apparently simple nature, such a mechanism could have great merit for
visual function. Visual input is quite generally ambiguous, and in normal conditions
only one perceptual interpretation is veridical. Selecting the one correct interpre•
tation often requires the combination of multiple information sources (168) and
engages extensive regions of the brain (48). The current observations suggest
that by biasing the system toward previous perceptual interpretations − be it the
most recent one or one that consistently dominated longer ago − visual memory
automatically enforces the outcome of previous perceptual con icts, and thereby
eliminates the need for the same con icts to be resolved repeatedly. Our view
of ambiguous gure memory suggests a close relation to visual memory in other
situations. Previous notions that attributed perceptual stabilization to prolonga•
tion of a perceptual state seemed to imply that it is a speci cally ambiguity•related
phenomenon. The present view of perceptual stabilization as a bias in a decision
network in this case a bistable perceptual decision network allows more room for
extensions beyond ambiguous perception. Speci cally, the accumulation of a bias
during perceptual dominance that we observe here is reminiscent of the progres•
sive decrease in response time that is observed when subjects direct their attention
(154; 169) or eyes xation (170; 171) to a similar search target appearing on several
consecutive trials. This type of attention priming occurs automatically, indepen•
dent of conscious recollection. It has been attributed to progressive use•related
changes that build up in the neural structures activated when the target is attended
(169; 171), so that every allocation of attention or gaze to an item simultaneously
acts to stimulate reorientation to that item in the future. This is analogous to the
accumulating bias that facilitates repeated perceptual dominance in our paradigm,
a similarity that is particularly remarkable considering the numerous other parallels
between attentional selection and perceptual dominance (48; 172). Our ndings
bear directly on the question asked at the outset, how long a history to incorporate
into current processing. Functionally, the answer depends on the liability for the
conditions to change. If they change every few seconds it is useless to incorporate
a minute•scale history because what happened a minute ago bears little relation to
the present situation. If, in contrast, the conditions remain relatively stable for
minutes, incorporating a longer•term history prevents unfavorable sensitivity to
seconds•long (noisy) excursions. Our ndings suggest how just such a strategy is
implemented in vision, by use of parallel biasing traces on several timescales. In
case of ambiguity resolution, if recent perception was highly stable, slow biases
have built up su ciently to outweigh the fast bias due to the most recent percept.
If perception was variable, however, no slow biases have accumulated and the most
recent percept becomes the main driving factor. This organization therefore en•
sures automatic adjustment of the e ective memory timescale, dependent on the
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changeability of the situation at hand.

6.5
Subjects and task

Methods

Subjects were two authors and eleven naive students. All had

normal or corrected•to•normal acuity, and in pilot experiments showed no strong
systematic preference to report one particular percept. They were instructed to
xate the center of the display passively, and report their percepts via key presses.
Experimental sessions took 40 minutes.
Apparatus and stimuli

Ambiguous stimuli were an ambiguous rotating sphere

(r=0.65 deg; ω=2.23 rad/s; 90 black dots of r=0.02 deg; mean lifetime=1 s) and
dichoptic ± 45 deg grayscale Gabor patches (σ=0.37 deg; 100% contrast; spf=2.7
c/deg). Stimuli were presented on a gray background (35 cd/m−2 ) within a white
alignment ring (r=1.7 deg) and with a red plus sign (side=0.2 deg) marking xation
for the sphere. They were presented via a mirror stereoscope, on a CRT monitor
(1600x1200) at a visual distance of 47 cm.
Intermittent presentation sequences

The timing of intermittent presentation

was optimized for each subject beforehand, to nd a regime with robust percep•
tual stabilization. We therefore designed an adaptive procedure that dynamically
adjusted stimulus timing according to a subject's perceptual reports, until no al•
ternation was reported during 60 s of intermittent presentation. The average
presentation duration was 0.5 s for both stimuli; the average blank duration was
1.4 s for binocular rivalry and 1.1 s for the ambiguous sphere. In all experiments we
terminated and discarded an IP sequence if a subject did not reach a stable percept
within 24 intermittent presentations. This happened on 1.5% of the occasions.
Forced perceptual switches

A CP period was terminated one presentation du•

ration (see above) after the

nal switch was reported, and the subsequent IP

sequence started one blank duration later. The number of spontaneous switches
varied randomly from 1 to 4 within sessions. The analysis of memory decay during
CP (Figure 6.3B) required more data than the other analyses, and was based on
additional sessions with three naive observers of the sphere.
Continuous viewing periods

In the experiments where perception was exoge•

nously forced away from the previous winner (Figure 6.4), unambiguous stimuli
were constructed as follows. For the ambiguous sphere we added binocular dis•
parity to the dots, de ning a unique rotation direction. Brief exposure to such
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an unambiguous rotation direction tends to cause perception of that same rota•
tion direction during subsequent ambiguous viewing (160). For binocular rivalry
the unambiguous stimulus consisted of one of the eyes' images in isolation, which
caused dominance of the opposite eye's image during subsequent ambiguous viewing
( ash suppression (173)). An e ective duration of unambiguous presentation was
determined per subject in pilot sessions beforehand, and amounted to 0.9 s on
average for the sphere, and 0.8 s on average for binocular rivalry.
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Nederlandse samenvatting
De hersenen zijn op elk moment bezig met het actief analyseren van de omgeving
om ons heen. Ze doen dit op basis van over het algemeen heel onduidelijke en
ruisige informatie. Deze informatie proberen de hersenen samen te voegen om tot
een duidelijker oordeel te kunnen komen, maar als je per toeval in een psychofysisch
experiment bent beland zoals ik veel heb uitgevoerd, dan krijgen je hersenen input
voorgeschoteld die totaal niet samen te voegen is, en twee even waarschijnlijke
mogelijkheden aanbiedt. Zo'n stimulus wordt een `ambigue stimulus' genoemd. Je
hersenen proberen in zo'n geval een duidelijke keus te maken voor een van de twee
mogelijkheden, en dat is waar je je als persoon van bewust wordt. Maar je hersenen
zijn continu hun keuzes aan het heroverwegen, en na verloop van enkele seconden
zullen ze hun keus veranderen in de andere mogelijkheid, die dan bewust wordt.
We noemen zo'n mogelijkheid als hij bewust is, een `percept'. Het continu wisselen
van de percepten over de tijd, wordt onder de noemer `ambigue perceptie' gevat.
In dit proefschrift staat een serie experimenten beschreven die ik heb uitgevo•
erd met mijn collega's. In de verschillende hoofdstukken worden vaak verschillende
stimuli gebruikt, die met elkaar gemeen hebben dat ze allemaal ambigu zijn. In al
deze stimuli heb ik geprobeerd de interacties tussen verschillende informatiebron•
nen in kaart te brengen. Zo heb ik de interacties tussen verschillende bronnen
van diepte•informatie, beweging, kleur, en invloeden op verschillende tijdschalen
proberen te onderzoeken, soms met meer succes, soms met minder.
De interacties tussen de verschillende informatiebronnen, en de integratie die
ze verzorgen zijn dan ook de reden dat dit proefschrift zo getiteld is als het is.
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