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Chapter 1
Perception is inevitably subjective. This is because the information available at the peripheral sense
organs such as the retina is not sufﬁcient for any system to unambiguously resolve the actual state of the
outside world. In other words, the information such as the distribution of light intensity on the retina is
not sufﬁcient for the visual system to come to a unique solution. This is true especially when we need
to know the three dimensional structure of an object. A vast amount of information is lost when the
structure is projected to two-dimensional data. In this regard, our perception is a most probable inference
derived from the peripheral information. However, the inference requires prior knowledge of the world,
otherwise the problem is under-constrained and the inference problem cannot be resolved. The prior
knowledge is widely believed to develop through experiences and interactions with the environment.
To illustrate the idea of visual inference and prior knowledge, consider the picture in Figure 1. The
inside of the circles are shaded by a grayscale luminance gradient. The picture itself is two dimensional,
but the shades let us infer the convexity and concavity of the circular regions. We are likely to perceive
the circles with a gradient from white to black from the top to the bottom as convex, while the regions
with an opposite gradient are perceived as concave. The percepts are due to the polarity of the gradient,
not to a particular conﬁguration of the stimulus. This can be veriﬁed by ﬂipping the picture upside
down. Then, concavity and convexity also ﬂip.
This three dimensional percept from the shading is often attributed to our prior assumption from
the past experience that light usually comes from above. This classical example shows that a visual
phenomenon can be useful in ﬁnding out the principles of the visual system. In this thesis, I will show
several new visual phenomena. The interest in studying visual illusions is that they offer the instances
in which the inference fails. By studying those instances, we can learn about the assumptions the visual
system makes.
Multistable Perception
As we discussed, the proximal information is ambiguous. Even with the help of prior knowledge, the
visual system cannot always reach a single, most probable interpretation of the world. In such a case,
the visual system sometimes comes up with multiple interpretations for a single stimulus (Figure 2).
These stimuli are called multistable, and when the possible percepts are limited to two alternatives, they
are called bistable. It is worth noting that we do not perceive multiple interpretations simultaneously.
When one perceptual interpretation is dominant, the other possiblities are suppressed. The advantage
of studying multistable stimuli is that they allow us to dissociate perceptual from stimulus-driven
mechanisms.
As we look at these multistable stimuli, we experience a sequence of spontaneous perceptual
alternations between the possible interpretations. The alternations continue to occur incessantly every
few seconds, despite the fact that the stimulus itself is constant. This implies that these spontaneous
alternations reﬂect the internal dynamics of the visual system.
Perceptual disappearances
The dynamics of visual perception during the view of a constant stimulus can also be found in the phenomena of perceptual disappearances (Figure 3). The classical example is the so-called Troxler fading;
when an observer maintains a ﬁxation while attempting to observe a stationary object in the periphery,
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Figure 1. 3D shape from shading.

this peripheral object tends to disappear from awareness (Troxler, 1804). After the disappearance, the
target object can reappear for various reasons such as eye movements or blinks. Also, there seems to be
automatic recovery of the percept from the disappearance.
Another example of perceptual disappearances is motion-induced blindness (MIB) (Bonneh,
Cooperman, & Sagi, 2001). In MIB, salient objects superimposed on a motion stimulus disappear from
visual awareness. The effect is not restricted to stationary stimuli, since even a slowly moving stimulus
can disappear. In both cases, the awareness of the target objects is obliterated despite its physical presence. At the very input level on the retina, the neurons continue to ﬁre, though weakly due to adaptation.
This implies that the bottom-up signals are lost somewhere before they reache visual awareness.
Both perceptual alternations in multistable stimuli and perceptual disappearances of salient stimuli
involve dynamic changes in the neural activities responsible for the percept, that is, adaptation (Kohler
& Wallach, 1944; Hock, Schoner, & Voss, 1997). Although adaptation is certainly involved in the
dynamic changes of the percept, it remains unclear whether adaptation is the only factor that produces
the effects. For example, the timing of perceptual alternation is highly stochastic. Also, several lines
of evidence indicate the contribution of active, top-down processes. For example, imaging studies
have shown neural activity in the parietal and frontal cortical areas speciﬁcally involved in perceptual
alternations (Lumer, Friston, & Rees, 1998; Kleinschmidt et al., 1998). Also, patients with a lesion in
the frontal or parietal areas show different alternation and fading dynamics.
Filling-in
When we experience perceptual disappearances, the location of the stimulus is “ﬁlled-in” by the
surrounding context. A common example of the ﬁlling-in is the percept within our blind spot. Although
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Figure 2. Examples of multistable stimuli. A. Necker cube. This ﬁgure can be perceived in two different way (and potentially many more). The most frequent percepts
are depicted in B. The percept often alternates between the two percepts. C. Another
example. This ﬁgure has four common interpretations, which are depicted in D.

there is a blind spot in each eye lacking photoreceptors, we do not see corresponding holes in our visual
ﬁelds. Usually, the spatial region corresponding to the blind spot of one eye is covered by the other eye.
However, even if we close one eye, the hole in vision is not so immediately noticable. This is due to the
constant action of ﬁlling-in mechanisms, which create the perceptual content of the blind spot using the
information of the surrounding regions. In other words, the visual system infers the content within the
blind spot based on the information available for the surrounding area.
An example of the ﬁlling-in is shown in Figure 4. First ﬁnd your blind spot using Figure 4A. Close
your left eye and stare at the square with your right eye. For the right eye, the blind spot is found on the
right side of the ﬁxation. Adjust the distance so that the circle on the right side becomes invisible. In
order to ﬁgure out what kind of inferences the visual system makes, try the same procedure for Figure
4B. The line segments both above and below the gray circle will be connected in percept. This means
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Figure 3. Troxler fading. Fixate on the cross and try to suppress blinks for several
seconds. The gray area will start shrinking and disappears completely in the end.

that the visual system inferes based on the surrounding information that the two lines are likely to be
a straight connected line; the visual system interpolates the inside of the blind spot with the inferred
presence of a straight line. This means that the inference for the lacking information in the blind spot is
not restricted to the color of a background, but it incorporates primitive geometric structures as well.
Outline of the thesis
In this thesis, we will address three questions regarding the unconscious inferences used in our visual
system.
Dynamics of visual inference
The visual system performs the inference process by accumulating information over time. Even during
one ﬁxation (~200ms), the information is integrated over time in order to reach a more reliable solution.
Temporal integration is a good strategy for the visual system to attain a high performance. However,
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Figure 4. Blind spot. Close your left eye and look at the cross. .A. Adjust the viewing
distance so that the gray spot falls within your blind spot. The inside of the blind spot
is ﬁlled with the color surrounding that area. B. Try to adjust the distance so that the
gray spot comes within the blind spot. Then, the black bars, at the top and the bottom of the spot, get connected. This indicates that ﬁlling-in takes basic geometrical
structure into account.

temporal integration cannot continue for inﬁnite time, because the visual system needs to cope with a
new stimulus as well. If the information of a previously viewed object interferes with a new object, the
inference as to the new object would become unreliable. Therefore, the visual system needs to know
when to stop the integration and start a new inference for the new object. Hence the ﬁrst question is;
How does the visual system know when to stop and start this temporal integration process?
In general, the visual system responds with a transient burst of spikes to both the onset and offset of a
stimulus. The transient responses are evoked by a sudden change in the visual environment and perhaps
more commonly by our eye movements. When we make a saccade – a discrete change in gaze direction
– the image on the retina changes drastically. A single eye movement produces both the offset of an old
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image and onset of a new image.
In Chapter 2 and 3 we will provide evidence that visual transients (without eye movements) such as a
visual ﬂash reset the perceptual representation, which had been present prior to the transient stimulus. In
Chapter 2 we show that visual transients trigger perceptual disappearances of visual objects. Moreover,
in Chapter 3 we show that visual transients induce an alternation of the percept for a bistable stimulus.
In Chapter 4 we examine the mechanisms that give rise to the transient signals. We will show that
the transient signal results from the interplay between rapid adaptation and stimulus onset. In addition
to the resetting function, we show that visual transients themselves are a form of perception. We devised
a psychophysical method to evoke transient signals without involving any change in the perceptual
content. The pure transient signals yield the sense that something has changed, despite the absence of a
change. This shows that visual transients are not only resetting the internal states for perceiving a new
stimulus, but also serve as a cue to detect a change in the visual environment.
In Chapter 5, we show that visual transients can also bring unconscious visual processing into
conscious vision. The position of a moving object is often misperceived as ahead of its veridical
position. We show that when a ring-shaped ﬂash encloses a part of a moving object, the enclosed region
is torn apart from the moving object and remains within the ﬂash. This phenomenon demonstrates the
existence of the representations that correspond to the veridical, retinotopic position of the moving
object within the visual cortex. The signal for the veridical position can thus be perceptually revealed
visual transients.
Our experiments as a whole suggest that visual perception is constructed based on initial transient
signals, which trigger unconscious processing for a ﬁrst estimate of the environment. Over a few
hundreds milliseconds, the visual system accumulates evidence supporting the ﬁrst estimate and only
after a high level of certainty is achieved, will the stimulus be consciously perceived. However, this
percept is reset when we are presented with a new stimulus. Such reset most likely occurs after each
saccadic eye movement. Every time we make a saccade, the retina is stimulated by a new set of stimuli.
This creates the visual transients and thereby causes the resetting of previous interpretations. This
cycle of a new percept at a new ﬁxation repeats itself all the time to form stable, yet ﬂexible visual
perception.

Past inﬂuence on visual inference
Although the momentary visual representation for a ﬁxation may be reset by a new stimulus, some
aspects of the past visual information need to remain intact. For example, past experiences are critical for
forming the prior knowledge about the environment. Therefore, it is essential to uncover the principle as
to how the percepts in the past affect the percepts in the future. How does the visual system learn the
assumptions for unconscious inference?
In general, a brief exposure to a visual stimulus produces both facilitatory and suppressive effects on
a subsequent stimulus. We will show that these effects, called priming and aftereffects, can be obtained
from the same procedure. These two opposing effects are fundamental phenomena and are likely to be
involved in the normal functions of our vision.
In Chapter 6, we demonstrate the two types of perceptual traces left by a brief exposure to motion
stimuli. One is a rapid form of aftereffect and the other is a new type of perceptual priming which we
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call sensitization. These effects last even after the offset of a stimulus and affect the inference process
(i.e., the percept of a bistable stimulus) in the near future. Furthermore, we demonstrate that this rapid
form of aftereffect is mediated by early visual processing stages, whereas the facilitation, a form of
unconscious memory over several seconds, is formed at a higher visual processing stage. In particular,
the sensitization is important in the formation of the prior assumptions the visual system makes. The
sensitization is a form of unconscious memory utilized by the visual system to resolve ambiguities.
Unlike the case of continuous viewing of a stimulus, sensitization is not disrupted by a transient
stimulus presented during a period between the prime and test. In Chapter 7, we show that the continuous
presentation of a stationary stimulus is effective in reducing the sensitization. This effect can be regarded
as a recalibration of the prior assumption based on recent experience.
In Chapter 8, we show that attention facilitates the sensitization process. We conduct experiments
in which attention is distracted either during or after the prime. In both cases, the sensitization was
signiﬁcantly reduced. These ﬁndings indicate that while the sensitization appears to be almost automatic
and the memory trace is implicit, attention assists the construction of the unconscious memory.
Thus the answer to the question is, in broad terms, that perceptual memory is created by conscious
perception which survives interruptions.
The level of visual inference
In general, the visual system is structured hierarchically. That is, the aspects being processed become
more complex and abstract at higher stages along the pathways of visual processing. Observations
based on experiments on the blind spot suggest that the visual system does not perform the inference at
an arbitrary processing level, but that the inference takes place at an intermediate level. For example,
we cannot overrule the percept by our knowledge (cognition). If the image in the blind spot is complex
such as a face, the visual system does not ﬁll-in the image (the face) based on that knowledge. This
indicates that there is an upper limit in the hierarchy that can directly inﬂuence the percept. On the other
hand, the ﬁlling-in takes relatively simple patterns into account. For example, collinear bars placed
on the both sides of the blind spot can be perceptually connected. Therefore, the basic structure of the
ﬁlling-in has both upper and lower limits. So what is the level of visual processing is perceptual ﬁllingin being accomplished?
Filling-in is generally believed to follow local rules. For example, color ﬁlling-in processes are
consistently blocked by luminance edges. The convergence of these classical observations with the
neurophysiological characterization of non-classical receptive ﬁelds has formed the foundation of a
well-established model of the visual system. In this view, colored regions are deﬁned retinotopically by
sharp luminance transitions, which contain color interactions within their boundaries.
In Chapter 10, we demonstrate that color ﬁlling-in is not strictly determined by local edges. We
present a new illusion where color ﬁlling occurs discretely even to disjoint regions. We ﬁnd that,
whereas luminance edges block color-ﬁlling in classical stimuli, repeated luminance edges actually
facilitate the ﬁlling-inprocess. We hypothesize that color ﬁlling is not blocked by luminance edges per
se, but by the surface segmentation cues that they produce. In the repeated edges case, the luminance
proﬁle does not perceptually segment the colored surface, so color-ﬁlling proceeds.
Our demonstration extends the classical notion of ﬁlling-in to surfafce-based ﬁlling-in. This model
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can encompass both the classical ﬁlling-in and the discrete ﬁlling-in. Furthermore, we show that the
surface-based nature of color-ﬁlling transcends retinotopy. We use stimuli consisting of multiple
perceptual surfaces. We show that separate color-ﬁlling processes can occur independently for each
surface.
In the context of neurophysiology, this explanation is a departure from the recent trend of explaining
surface color and ﬁlling-in in terms of lateral interactions in early, retinotopically organized, visual
cortex. Daniel Dennet’s theory of surface color being coded as a “tag” in higher level processing
has fallen out of favor as neurophysiological investigations have found correlates of surface color in
V1. Though we do not wish to resurrect the “tagging” theory in its entirety, it seems clear that the
higher level coding of surfaces must be involved in the processing of surface colors. These conﬂicting
accounts may best be resolved as a re-entrant information stream from surface-coding regions back into
early visual cortex.
In the context of the evolution of the visual system, our theory reﬂects the ecological constraints
of natural scenes. Because surfaces and objects often occlude each other, their retinal projections
are frequently discontinuous. Visual processing must discount these gaps if they are to operate in an
ecologically valid manner. While lateral, retinotopic, interactions are sufﬁcient to process un-occluded
objects, surface-based computations are needed to optimally process the multiple visible parts of
partially occluded objects.
In Chapter 9 and 11, we provide further evidence to support the hypothesis that visual surfaces are
the basic building blocks for conscious perception. In Chapter 9, we show that conscious access to the
local information incompatible with global surface representation can be disrupted. In Chapter 11, we
show a new illusion where the visual system binds motion and color incorrectly. This phenomenon of
misbinding suggests that the visual system performs the segregation of visual surfaces, and then binds
features such as color onto the segregated surfaces. Thus, surface representation is the basis.
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Chapter 2

Time-locked perceptual fading induced
by visual transients

Published as:
Ryota Kanai & Yukiyasu Kamitani (2003). Time-locked perceptual fading induced by visual transients.
Journal of Cognitive Neuroscience 15, 664-672.
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Abstract
After prolonged ﬁxation, a stationary object placed in the peripheral visual ﬁeld fades and disappears
tfrom our visual awareness, especially at low luminance contrast (the Troxler effect). Here, we report
that similar fading can be triggered by visual transients, such as additional visual stimuli ﬂashed near
the object, apparent motion, or a brief removal of the object itself (blinking). The fading occurs even
without prolonged adaptation and is time-locked to the presentation of the visual transients. Experiments show that the effect of a ﬂashed object decreased monotonically as a function of the distance
from the target object. Consistent with this result, when apparent motion, consisting of a sequence of
ﬂashes was presented between stationary disks, these target disks perceptually disappeared as if erased
by the moving object. Blinking the target disk, instead of ﬂashing an additional visual object, turned out
to be sufﬁcient to induce the fading. The effect of blinking peaked around a blink duration of 80 msec.
Our ﬁndings reveal a unique mechanism that controls the visibility of visual objects in a spatially selective and time-locked manner in response to transient visual inputs. Possible mechanisms underlying this
phenomenon will be discussed.
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INTRODUCTION
The visibility of visual objects is not simply a function of stimulus intensity or contrast. It also depends
on internal states of the visual system, including adaptation levels of local feature detectors as well as
highlevel cognitive states, such as attention. Perceptual fading induced by prolonged ﬁxation is one of
the remarkable perceptual phenomena where the visibility of a visual object is drastically altered by
changes in internal states of the visual system. When an observer maintains ﬁxation while attempting
to view a stationary object in the periphery, this peripheral object becomes fainter and disappears from
awareness (Troxler, 1804). This phenomenon, known as the Troxler effect, is especially striking at low
luminance contrast (Livingstone & Hubel, 1987).
The Troxler effect is commonly assumed to result from sensory adaptation of edge detectors (Ramachandran & Gregory, 1991; Krauskopf, 1963). The sensory adaptation procedure generally consists
of two separable periods, namely, an adaptation period and a test period. In the Troxler effect, there is
an adaptation period of a certain duration, followed by a test period in which the target disappears as
a consequence of adaptation. Since slight eye movements after the fading can make the whole area of
the target reappear, the Troxler effect is generally explained in terms of adaptation to an edge, as opposed to adaptation to a surface, followed by a ﬁlling-in of the background visual attributes across the
attenuated edge.
Here, we report a new type of fading effect that is induced by presentation of a ﬂash, without prolonged adaptation. The basic effect we discovered is illustrated in Figure 1. A stationary red disk (illustrated as dark gray) was presented on a near-isoluminant green background as in stimuli commonly
used to induce the Troxler effect. A few seconds after the onset of the red disk, thus without sufﬁcient
adaptation to induce the Troxler fading, a white ring was ﬂashed around the disk for 40 msec. Although
the disk was physically present all the time, it was perceived to disappear when the ﬂash was presented
and stayed invisible for several seconds. This fading effect does not require a strict isoluminant background, but occurs even when the target disk is deﬁned by a relatively high-contrast, achromatic edge
as well. To obtain maximal and drastic fading effects, however, we used a near-isoluminant background
of a different chromaticity in this study.
A notable characteristic of this fading effect is that the timing of fading is perfectly controlled. In
studies of the Troxler effect, the fading time, the time required for the initiation of the perceptual fading
from stimulus onset, is often used as an estimate of likeliness that the fading occurs in a given stimulus
condition (Sakaguchi, 2001; Lou, 1999; De Weerd, Desimone, & Ungerleider, 1998; Clarke, 1961). The
fading time is known to be typically long and its variability across trials to be large. Thus, the fading
time in the Troxler effect is not readily predictable. On the other hand, the fading induced by a ﬂash is
time-locked to the ﬂash, and thus allows more ﬂexible experimental designs to study perceptual fading
and ﬁlling-in phenomena by triggering a fading at an experimenter’s desired timing.
More importantly, the fading induced by a ﬂash provides insights into the mechanisms that mediate
our conscious visual perception. Although the fading is driven by a brief visual stimulus, the invisible
period lasts substantially longer than the duration of the ﬂash. Therefore, the fading seems to reﬂect not
just interactions between concurrent visual inputs, but a sustained change in internal states of the visual
system. Furthermore, since the spatial overlap between the edges of the ﬂash and the target disk does
not seem essential, it is unlikely that the fading is induced by the same mechanism as the Troxler effect,

13

Chapter 2

Figure 1. Perceptual fading induced by a ﬂash. The left column illustrates
the ﬂash stimulus used to induce the perceptual fading.A red disk was
presented on the nearisoluminant green background. After a short ﬁxation
on the cross, a white ring surrounding the red disk was ﬂashed. The red
disk was physically present throughout the observation. The right column
shows a typical percept of this stimulus. The red disk perceptually disappeared when the ﬂash was presented.
which is thought to involve adaptation of edge detectors.
In this article, we present data demonstrating that a ﬂashed object can induce the fading of a lowcontrast target in a well-controlled manner both in space and time. It is also shown that even a brief
removal of the object itself (blinking) leads to the fading: Thus, transient sensation, not the presentation
of an additional object, is essential to induce the fading. We discuss possible mechanisms underlying
this phenomenon, as well as the relation to other fading phenomena.
RESULTS
We ﬁrst measured the frequency of fading as a function of the distance between the ﬂashed stimulus and
the target. The dependency on the spatial distance is informative in identifying the level of processing
involved in the fading effect, since high- and low-level processes are generally characterized by global
and local interactions, respectively. If high-level processes are involved, the fading would occur rather
irrespective of the distance, while if low-level processes are involved, it would occur only at short
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distances. In addition, a different type of distance dependence may be predicted by an account based
on spatial attention: If the fading is caused by diverting attention from the target to the ﬂash, the fading
would be observed even more frequently when the distance is large.
We used stimuli illustrated in Figure 2A. The target red disk (1.06o in diameter) was presented on a
nearisoluminant green background at one of eight directions at an eccentricity of 10.6o. Subsequent to
1500 msec of ﬁxation, a white disk of the same size was ﬂashed for 40 msec at the same eccentricity in a
variable direction relative to the target disk (in Figure 2A). After the presentation of the ﬂash, the target
disk remained for another 1500 msec. The strength of the effect in triggering the fading was quantiﬁed
as the percentage of the trials in which the observers reported that fading occurred at the timing of the
ﬂash. In a control experiment where no ﬂash disk was presented, subjects were asked to report whether
they experienced a fading at any time during the viewing time (3000 msec). In addition, to control for
a potential shift in response bias depending on the distance between the target and the ﬂash, a separate
session was conducted in which the target disk was physically removed at the onset of the ﬂash.
Figure 2B and 2C shows the results averaged over different target positions. In all four subjects,
the frequency of perceptual fading monotonically decreased as the spatial separation between the ﬂash
and the target increased (Figure 2C; Spearman rank-order correlation coefﬁcient R = .898, p < .001).
The results of the control condition show that a fading rarely occurred within 3000 msec of ﬁxation
alone. The frequency of fading was 1.7%, 6.7%, 23.3%, and 3.3% for the subjects CP, MR, RK, and
WH, respectively (dashed lines in Figure 2C). The mean frequency of fading across the subjects was
8.8% (dashed line in Figure 2B). In the trials where the target disk was physically removed at the onset
of the ﬂash, the subjects rarely failed to detect the physical fading (2.3%), and the detection ratio did
not depend on the target-ﬂash distance. Thus, the decrease in the frequency of the perceptual fading as a
function of the target-ﬂash distance is not simply due to response bias associated with the spatial separation. The results support the idea that the fading is mediated by local interactions between the ﬂash and
the target stimuli, as opposed to nonselective cognitive effects or diverted attention by the ﬂash.
Figure 2D and 2E shows the frequency of fading as a function of the target position and the distance
between the target and ﬂashed disks. In certain stimulus conditions, the frequency of perceptual fading
reached 100%. The maximum frequency of fading was 93.3%, 100%, 100%, and 100% for CP, MR,
RK, and WH, respectively (Figure 2E). Although such a ‘‘hot-spot’’ was quite variable across subjects,
there were two general tendencies. First, subjects experienced a fading more often when the target was
along the vertical axis, than when along the horizontal axis. This may be accounted for by the anisotropy cortical magniﬁcation factors between the horizontal and vertical meridians. The representation
of visual image in the visual cortex is biased with a greater emphasis on the horizontal meridian than
on the vertical meridian (Van Essen, Newsome, & Mounsell, 1984). In other words, a larger part of
visual processing areas is devoted to stimuli presented on the horizontal meridian than on the vertical
meridian, when compared at the same eccentricity. This may let the visual representation of objects
on the horizontal meridian be more stable and resistant to perceptual fading. Second, fading occurred
more frequently in the upper visual ﬁeld than in the lower visual ﬁeld, as can be seen in the mean of
all subjects (Figure 2D). Such asymmetry has been found in other psychophysical measurements. For
example, it is known that illusory contours are detected better when presented in the lower visual ﬁeld
than in the upper visual ﬁeld (Rubin, Nakayama, & Shapley, 1996). In addition, upper/lower asymmetry is found in the neurophysiology of the visual pathway in terms of the cortical magniﬁcation factor:
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There is a slight overemphasis on inferior relative to superior parts of the visual ﬁeld in the visual cortical areas (Van Essen et al., 1984).
The fact that the fading was induced more frequently by spatially close ﬂashes indicates that the
spatial extent where the fading is induced can be well controlled by the location of the ﬂash. To further
demonstrate the ﬁne control of perceptual fading by a ﬂash in space as well as in time, we designed the
following stimulus conﬁguration. The stimulus consisted of an array of target disks, and ﬂashed disks
that were presented sequentially between the target disks, producing apparent motion of a single disk
over the target disks (Figure 3A). We observed that the target disks disappeared one by one as the ﬂash
passed through, as if they were swept by a moving disk.
In an experiment to support this observation, we used four target disks and varied the number of
ﬂashed disks that were presented sequentially to produce apparent motion. Hereafter, we refer to the
four target disks as D1, D2, D3, and D4, and to ﬁve ﬂashes as F1, F2, and so on. Apparent motion was
produced by presenting the ﬂashes in this order, and the extent to which the target disks were covered
by the apparent motion was manipulated by varying the number of ﬂashes beginning from F1 (F1-only,
F1–2, F1–3, F1–4, and F1–5). Subjects were asked to report which target disk(s) perceptually disappeared after the last ﬂash for each condition was presented. The results show that the fading of a disk
was induced only when the moving ﬂash was presented near the disk (Figure 3B,C). In the condition
F1-only, the fading of D1 was frequently induced, whereas most of the other disks remained visible. In
the condition F1–2, D1 and D2 faded frequently, whereas others remained largely visible. In the same
manner, as the extent covered by apparent motion increased, the fading of a larger number of disks was
triggered. We applied a repeated measures ANOVA and a post hoc Tukey multiple comparison test for
each ﬂash condition. For all conditions, the ANOVA results were signiﬁcant ( p < .05). The post hoc
tests revealed between which disks the frequency of fading was signiﬁcantly different for each condition: for the F1-only condition, between D1 and D2–4 ( p < .01); for F1–2, between D1–2 and D3–4 (p
< .01); for F1–3, between D1–3 and D4 ( p < .05); for F1–4, between D1–3 and D4 ( p < .05); for F1–5,
no signiﬁcant difference between disks (*p < .05, **p < .01, in Figure 3A). Thus, the locus of statistical
signiﬁcance shifted in accordance with the extent of apparent motion.
Figure 2 (previous page). Flash-induced fading experiment. (A) Schematic illustration
of the stimulus. A red disk (illustrated as dark gray) was presented at an eccentricity
of 10.6o from the ﬁxation point. The disk was presented at one of eight directions (the
downward direction in this ﬁgure). After 1500 msec from the onset of the red disk, a
white disk of the same size as the red disk was ﬂashed for 40 msec. The separation
between the target and the ﬂash, denoted by θ, was varied (6.7o, 20o, 60o, or 180o).
After the ﬂash, the red disk remained for another 1500 msec until the end of trial. (B)
Mean frequency of fading as a function of the separation between the ﬂash and the
target disks. The dotted line is the baseline frequency of fading obtained from the control condition where no ﬂash was presented. The error bar indicates the standard error
of the mean. (C) Individual results of four subjects. (D) Mean frequency of fading as a
function of the target location. The radial axis corresponds to the frequency of fading
from 0% (center) to 100% (outer circle) and the angular axis corresponds to the direction where the target disk was presented. Concentric circles are drawn at every 25%.
(E) Results of individual subjects.
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These results support the phenomenology that the consecutively ﬂashed disks appear to erase target
disks one by one along the path of apparent motion. The highly speciﬁc manner of fading demonstrated
here is in contrast with rather unpredictable fading observed in the conventional Troxler effect and another type of motion-induced fading that will be discussed later.
Is the presentation of an additional object necessary to produce the fading effect? To address this
issue, we next examined the effect of a brief removal of the target stimulus (blinking), instead of ﬂashing an object. Blinking of a stimulus gives rise to transient sensation similar to a ﬂashed stimulus. Thus,
if transient sensation is sufﬁcient to produce the fading effect, such blinking should induce a fading as
well. On the other hand, it is also possible that such blinking interrupts adaptation, and thus leads to
less fading.
To produce strong transient sensation, the duration of a blink should neither be too short nor too
long: If it is too short, the blink is undetectable, whereas if it is too long, the disappearance and reappearance of the target are perceived as separate events, thus would not produce a single, vivid, transient
event. If transient sensation is important in the fading effect, we expect that the frequency of fading
should show dependency on the blink duration. Therefore, we explored a variable duration of a blink
(26, 80, 240, or 720 msec) to manipulate the strength of transient sensation and thereby examined what
range of blink duration is effective at triggering a fading (Figure 4A).
The results show that the blink indeed induced perceptual fading (Figure 4B,C). The frequency
of fading was evidently higher in the blink condition as compared to the control condition in which
observers were asked to judge whether fading occurred at any time during the same observation duration without blinking. Thus, blinking increased the probability of fading, rather than decreasing it by
interrupting adaptation. Note, however, that blinking was not as effective as ﬂashing a stimulus nearby.
Nonetheless, the increased frequency of fading by blinking the target disk supports the idea that transient sensation is sufﬁcient to trigger the fading effect.
A general tendency of the results was that the fading effect decreased as the blink duration increased
(Spearman rank order correlation coefﬁcient R = .570, p =.011). However, the shortest blink duration
we tested was not necessarily the most effective. In three out of four observers, a stronger fading effect
was found at the blink duration of 80 msec, rather than at the shortest blink duration of 26 msec (Figure
4B,C).
The dependency of the fading frequency on blink duration may reﬂect the strength of transient
sensation induced by a blink of a different duration. In our informal observation, subjects reported that
the impression of a blink, which was presented in the fovea to avoid fading, was strongest when the
duration was 80 msec. The strength of a blink may also be related to ﬂicker sensitivity as described in
the literature. Flicker sensitivity at a temporal frequency could correspond to the strength of a blink with
a duration of half the ﬂicker period (the reciprocal of frequency). The sensitivity to a chromatic ﬂicker
is known to start decreasing around a temporal frequency of 7 Hz (van der Horst, 1969). This provides
a rough estimation that the detectability of a blink begins to decay around 71 msec (1000 msec/[2 X 7
Hz]), consistent with the slight decay of the fading frequency at the shortest blink (26 msec). While the
chromatic ﬂicker sensitivity is largely constant at lower temporal frequencies (van der Horst, 1969), our
data show a decrease in fading frequency for the corresponding longer blinks. This may be explained by
a possible contribution of temporal luminance modulation that may be implicated in the stimulus (see
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Figure 3. Perceptual fading induced by apparent motion. (A) Five experimental
conditions differing in the number of ﬂashes are illustrated schematically (the size is
not to the scale). Four red disks (D1– 4) appeared at the beginning of a trial. After
1500 msec, ﬂashes were presented sequentially between disks, producing apparent
motion in the clockwise direction. (B) Mean frequency of fading as a function of the
target location and the ﬂash condition. The results of pairwise comparison (Tukey
test) are marked by * and ** for p < .05 and p < .01, respectively. (C) Individual results of four subjects.
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Supplementary Figure. The results shown in Figure 3B is displayed in a red-green
color scale.
Methods): The visual system has a markedly less sensitivity to temporal luminance modulation at low
temporal frequencies than at the optimal frequency (Kelly, 1979). Taken together, these results suggest
that the frequency of fading depends on the strength of the transient sensation produced by a blink.
DISCUSSION
In the ﬁrst experiment, we examined the spatial property of the fading induced by a ﬂash. The frequency of fading decreased drastically as the separation between the ﬂash and the target increased,
indicating that the effect of the ﬂash is spatially local. In addition, the timing of the fading was perceptually time-locked to the ﬂash. These characteristics were further conﬁrmed in the second experiment
in which apparent motion was employed as an inducer of the perceptual fading. In the condition where
all the ﬂashes were presented, red disks were often perceived to fade in the order from D1 to D4, as if
they were swept away by the moving white disk. This clearly demonstrates the highly speciﬁc manner
of the fading in both space and time. In the third experiment, we showed that a brief disappearance
of the target stimulus itself causes the fading, indicating that transient sensation, as opposed to the
presentation of an additional object, is sufﬁcient to produce the fading effect. In our present study, we
used near-isoluminant stimuli to obtain a maximum fading effect. However, a similar effect can be
observed in relatively high-contrast, achromatic stimuli, and therefore the effect appears to reﬂect a
more general property of our perception.
Although adaptation of edge detectors due to the stabilization of the retinal image by ﬁxation
may contribute to the fading by reducing the gain of edge signals, it is unlikely that this fully explains
our results. The observed fading frequency was generally much higher in the conditions with visual
transients than in those without visual transients, where only edge adaptation is thought to contribute
to the fading. While spatial proximity between the ﬂash and the target was shown to be important, the
fading was readily observed although there was no overlap between the edges of the ﬂash and those of
the target. Edge adaptation is thought to be highly position speciﬁc, since it can be disrupted by small
eye movements, as observed in the conventional Troxler effect. Hence, the ﬂashed stimulus does not
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Figure 4. Blink-induced fading experiment. (A) A schematic illustration of the
stimulus. A red disk (illustrated as dark gray) was presented at an eccentricity of
10.68 from the ﬁxation point. The disk was presented at one of eight directions (the
downward direction in this ﬁgure). After 1500 msec from the onset, the target disk
physically disappeared for a variable duration (26, 80, 240, or 720 msec). After this
blink period, the target disk reappeared and stayed on for another 1500 msec, until
the end of trial. (B) Mean frequency of vfading as a function of the blink duration (26,
80, 240, or 720 msec).
seem to cause fading by affecting the edge adaptation of the target. Our results of blink-induced fading are also evidence against the account based on edge adaptation, since adaptation would instead be
interrupted by a blink. One might argue that the disappearance and reappearance of the target produced
strong signals in edge detectors, which in turn expedited adaptation, and thus resulted in a fading. In

21

Chapter 2
our preliminary experiment, however, we observed a similar fading in a stimulus where only the central region of the target disk was brieﬂy extinguished while the outer edge of the disk was unchanged.
Therefore, transient signals close to the target, rather than edge adaptation, seem to play a crucial role
in the blink-induced fading too.
Motion-induced blindness (MIB) would be another example of perceptual fading that cannot be
attributed solely to edge adaptation (Bonneh, Cooperman, & Sagi, 2001). MIB is a visual illusion
wherein salient objects placed on a motion stimulus disappear from visual awareness. In MIB, even a
slowly moving object can perceptually disappear. Based on this observation, it is argued that MIB is
not attributable to low-level edge adaptation. Our perceptual fading is similar to MIB in that the cause
of fading is not simply due to edge adaptation, but rather due to the interaction between the target and
a stronger stimulus, such as a ﬂash, in our stimulus, and structure-from-motion, in MIB. However, in
MIB, the timing of fading is unpredictable. In addition, when there are multiple stationary objects on
the periphery, the location or the order of perceptual fading is not predictable from the motion stimulus.
In contrast, our stimulus provides more control of fading in space and time, as demonstrated in our apparent motion conﬁguration. The precise control in space and time may be a great methodological advantage over conventional stimuli used for perceptual fading and ﬁlling-in, especially when combined
with electrophysiological and imaging techniques.
It may seem puzzling that transient stimuli caused a fading, or an inhibitory effect, whereas in many
studies, they have been used to cue the target, or to facilitate behavior or perception by drawing attention to the target (Hikosaka, Miyauchi, & Shimojo, 1993; Posner, 1980). It should be noted, however,
that in typical cueing tasks, a transient stimulus, such as a ﬂash, precedes the onset of a high-contrast
target, while in our stimulus, the low-contrast target is present throughout the trial and overlaps the
transient stimulus in time. It is an open question what the critical conditions are for transients to cause
facilitation or suppression. Competition between a low-contrast target and a spatially close and co-occurring salient, transient object, however, may play an important role in producing the suppressive
effect in our fading phenomenon.
The biased competition model (Desimone, 1998; Desimone & Duncan, 1995), which has been proposed to explain the effect of selective attention on neural responses in areas V4 and IT, may provide an
insight into the inhibitory aspect of the fading effect. According to the model, objects in the visual ﬁeld
compete for the responses of cells in the visual cortex. When two objects are presented in the same receptive ﬁeld, the response of neurons to that region is determined by a mutually suppressive interaction
between the two stimuli. Thus, a neural representation of visual objects is selected in favor of one over
the other. In the fading induced by visual transients, the weak signal from the target disk may be suppressed by the salient, transient signal. Therefore, the cell’s responses to the target disk would decrease
to below threshold, resulting in the perceptual fading of the disk.
Although this particular model assumes that the competition occurs among visual objects rather
than among local features, it is unclear whether the fading effect is object-based or not. The blink-induced fading indicates that fading can be triggered without presentation of an additional object. Thus,
the competition between object representations does not seem to be essential. However, it should also
be mentioned that the fading effect exhibits an object-based aspect as well. In our preliminary observation, we used stimuli similar to those used in the apparent motion experiment (see Figure 3A), except
that four discrete target disks were replaced by a continuous bar. As the ﬂash moved, the bar disap-
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peared not gradually from one end to the other, but nearly in an all-or-nothing manner: Presenting just
one ﬂash was sometimes sufﬁcient to cause the fading of the entire bar. This observation seems to favor
object-based mechanisms, as it shows that the unit of fading is an object, rather than features in a local
area. It remains to be seen what level of visual representations is critical for the fading effect.
Another important aspect of the fading effect is that a brief stimulus presentation (<100 msec; the
visual transient) leads to a long invisibility of the target (2–3 sec).In this regard, the fading effect reported here is distinct from conventional visual masking phenomena, where a brieﬂy presented target is
suppressed by another temporally adjacent stimulus (Breitmeyer, 1984; see also Paradiso & Nakayama,
1991, for visual masking related to perceptual ﬁlling-in). Although it is possible that conventional visual masking, which reﬂects interactions between the target and the mask presented within a short time
window, is involved in the initiation of the fading, it cannot explain the long invisible period. The fading
effect seems to reﬂect a sustained process controlling the visibility of objects, the state of which could
be drastically altered in response to transient visual inputs.
In this study, we have demonstrated a novel method to induce a perceptual fading using visual
transients. It allows one to control the location and the timing of perceptual fading, and thus may prove
useful in electrophysiological and imaging studies on fading or ﬁlling-in phenomena. The fading effect
shows that a transient visual event can lead to a drastic and sustained change in the visibility of an object
that is constantly presented. Our results suggest that it cannot be attributed to adaptation of local feature
detectors or higher cognitive factors, but that it reveals a unique component of visual processing that
crucially mediates conscious visual perception.
METHODS
Four subjects participated in each experiment. All subjects had normal or corrected-to-normal visual
acuity and reported no color vision abnormalities. R.K. is an author of the present article. Stimuli and
Procedure Subjects were seated in front of a CRT monitor at a distance of 57 cm. Before each experiment, heterochromatic ﬂicker photometry was used for each subject to obtain a green that was isoluminant to the maximum intensity of red (6.3 cd/m2). In all experiments, the targets were red disks of the
maximum intensity (1.06o in diameter) on a background of the near-isoluminant green, and presented at
an eccentricity of 10.6o. Since we performed the ﬂicker photometry for the entire display, not for each
disk location, the disks may not be strictly isoluminant to the background, which thus may admittedly
contain a small luminance component. To reduce accumulative adaptation across trials, a dynamic noise
pattern was presented between trials.
In the experiment of the ﬂash-induced fading, a white disk (23 cd/m2) was ﬂashed for 40 msec after
1500 msec from the onset of the target disk. This was followed by another 1500 msec of observation
(Figure 2A). A beep was given to inform subjects of the end of a trial. The ﬂash was placed at the same
eccentricity as the target disk, and its relative angle from the target disk (θ, in Figure 2A) was varied
(6.7o, 20o, 60o, or 180o). Each of 32 stimulus conditions (8 target positions X 4 relative ﬂash positions)
was repeated 15 times, and the order of presentation was randomized. Subjects were asked to report
whether the fading of the red target was induced immediately following the ﬂash. In the experiment of
the blink-induced fading, the same procedure was adopted except that a blinking of the target of a variable duration (26, 80, 240, or 720 msec) was used instead of a ﬂash. In the control experiment for these
two experiments, the target disk stayed on for 3000 msec without a ﬂash or a blink. Subjects were asked
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to report whether a fading of the target occurred at any time during the observation period of 3000 msec.
Fifteen trials were repeated for each of the eight target positions.
In the experiment of the fading induced by apparent motion, four red target disks appeared on the
green background. We refer to these disks as D1, D2, D3, and D4 in clockwise order (Figure 3A). These
disks were presented at an eccentricity of 10.6o from the ﬁxation point. The angle between adjacent two
disks was 20o, therefore the angle between D1 and D4 subtended 60o. The position of the disks was randomly shifted across trials, while the eccentricity and the relative separation between disks were held
constant. After 1500 msec, a series of white disks were ﬂashed. We will refer to these white disks as
F1, F2, and so on (Figure 3A). The presentation time of each ﬂash was 66.7 msec and the interstimulus
interval between the ﬂashes was 0 msec. The ﬂashes were positioned at the same eccentricity as the
target disks. The range of apparent motion was varied (F1–5, F1–4, F1–3, F1–2, and F1-only), whereas
the order of ﬂash presentations was always clockwise. Immediately after the last ﬂash, subjects were
informed of the end of the trial by a beep and prompted to report which target disk(s) disappeared.
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Abstract
When our visual system is confronted with ambiguous stimuli, the perceptual interpretation spontaneously alternates between the competing incompatible interpretations. The timing of such perceptual
alternations is highly stochastic and the underlying neural mechanisms are poorly understood. We
show that perceptual alternations can be triggered by a transient stimulus presented nearby. The induction was tested for four types of bistable stimuli: structure-from-motion, binocular rivalry, Necker cube,
and ambiguous apparent motion. While underlying mechanisms may vary among them, a transient
ﬂash induced time-locked perceptual alternations in all cases. The effect showed a dependency on the
adaptation to the dominant percept prior to the presentation of a ﬂash. These perceptual alternations
show many similarities to perceptual disappearances induced by transient stimuli (Kanai & Kamitani,
2003, Moradi & Shimojo, 2004). Mechanisms linking these two transient induced phenomena are
discussed.
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1. Introduction
When we are presented with a stimulus that has multiple perceptual interpretations, we experience
a sequence of spontaneous perceptual alternations between the possible interpretations. Such multistable stimuli have been used to dissociate perceptual from stimulus-driven mechanisms to study visual
awareness. The timing of the alternations is highly variable, and the underlying mechanisms as well as
the neural substrates are poorly understood. Understanding the mechanisms underlying the perceptual
alternations is important not only for understanding bistable perception per se, but also for understanding the dynamics of normal vision (Blake & Logothetis, 2002).
The perceptual alternations can be explained, to some extent, in terms of passive decays of perceptual signals (or adaptation). Although adaptation indeed increases the probability of alternations, it
does not seem to directly cause them (Kohler & Wallach, 1944; Hock, Schoner, & Voss, 1997). That
is, an additional factor seems necessary for an alternation to actually occur. Contributions of more active, top-down processes have been suggested to mediate alternations. Imaging studies have shown the
involvement of parietal and frontal cortical areas (Lumer, Friston, & Rees, 1998; Kleinschmidt et al.,
1998). Also, bottom-up signals following small eye movements have been suggested to be responsible
for perceptual alternations (Levelt, 1966, 1967, Murata et al. 2003; but see, Blake, Fox, & McIntyre,
1971; Wade 1973). Since eye movements result in a transient signal due to new retinal input, the visual
transient may contribute to or is even responsible for the induction of perceptual alternation. Surprisingly, to the best of our knowledge, this possibility has not been investigated systematically.
In this study, we show that a visual transient can trigger a perceptual alternation. The induced alternations were time-locked to the transient, and therefore the timing is highly predictable. We show that
presenting a ﬂash behind a bistable ﬁgure results in a sudden transition of the current perception into
the competing interpretation. This effect, termed Induced Perceptual Alternation (IPA), is demonstrated
with a variety of ambiguous stimuli including structure-from-motion, binocular rivalry, Necker cube,
and ambiguous apparent motion.
The IPA manifests characteristics similar to another transient-induced phenomenon where visual
transients induce perceptual disappearance of objects (Kanai & Kamitani, 2003; Moradi & Shimojo,
2004). In both cases, transient stimuli cause a drastic change of the percept to a constant visual stimulus. We attempt to offer a schematic model that explains how visual transients produce a drastic perceptual change both in perceptual rivalry and disappearance.
2. Experiment 1: Basic Effect
In our ﬁrst experiment, we show that perceptual reversals can be induced by transients in a variety of
bistable stimuli; structure-from-motion, binocular rivalry, Necker cube, and bistable apparent motion.
2. 1. Methods
2. 1. 1. Observers & Apparatus
Four naïve observers and one of the authors (RK) participated. All observers had normal or correctedto-normal vision. The stimuli were generated on a Macintosh computer using Matlab PsychToolbox
(Brainard, 1997; Pelli, 1997) and presented on a 22-inch CRT monitor (LaCie Blue Electron). The
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refresh rate of the display was 85 Hz, and the resolution, 1280 X 1024. The viewing distance was 57
cm.
2. 1. 2. Stimuli
We displayed four types of bistable stimuli. These stimuli were Structure-From-Motion (SFM), Binocular Rivalry (BR), Necker Cube (NC), and bistable Apparent Motion (AM). The details of the stimulus
parameters are described below. A ﬁxation cross was placed in the geometric center of each stimulus.
At random intervals every 2-4 s, the background was ﬂashed for 47 ms without occluding the bistable
stimuli. The ﬂash was white (56 cd/m2).
SFM (Figure 1a): The SFM consisted of 400 blue dots with a lifetime of 1 second presented against
a black background. The shape of the structure was a cylinder rotating around the vertical axis centered
at the ﬁxation cross (red). The size of the cylinder was 3.9o in height and 3.12o in diameter. The rotation speed was 0.2 rps. For this stimulus, the transient was a ﬂash (47 ms) that had a rectangular shape
covering the background of the stimulus area of SFM.
BR (Figure 1b): Two orthogonal square-wave gratings, red-black vs. green-black (45 deg and 135
deg) were presented in a circular area (diameter 7.8o). The gratings were presented dichoptically with
the use of red and green color ﬁlters. The gratings had a spatial frequency of 0.8 cpd and the duty cycle
was 20%. To support binocular fusion, a white ring (0.4o in width) was surrounding the stimulus. The
combinations of color (red and green), eye (left and right) and orientation (45 deg and 135 deg) were
randomly chosen for each trial. Transient ﬂashes were presented by brieﬂy changing the black part of
the gratings (i.e. the background) into white for 47 ms.
NC (Figure 1c): The skeletal drawing of a cube was presented in blue against a black background.
The length of each edge was 1.95o when viewed from a perpendicular angle. The ﬂash (47 ms) was a
solid white disk with a diameter of 7.81o centering at the ﬁxation.
AM (Figure 1d): AM was created by presenting a pair of blue disks alternately against a black background. The diameter of each disk was 0.98o. In one frame the disks were presented in the upper-right
and lower-left quadrants, and in the other frame, in the upper-left and lower-right quadrants. These two
frames were alternated every 200 ms, and there was no blank interval between the frames. The four disk
positions were 1.17o away from the ﬁxation point along both the horizontal and vertical axes. The ﬂash
was a white disk (4.69o in diameter) centering at the ﬁxation cross.
2. 1. 3. Procedure
Before starting the experiment, naïve observers were familiarized with bistable stimuli and perceptual
reversals. It is known that it can be difﬁcult for naïve observers to experience the ﬁrst alternation (see,
Girgus, Rock, & Egatz, 1977; Rock & Mitchener, 1992). In a trial, the observers viewed a bistable
stimulus continuously for 30 seconds, and responded by a key press, when they experienced a perceptual reversal at any time during a trial.. A ﬂash (lasting for 47ms) was presented randomly between 2
and 4 seconds after the previous ﬂash (uniform sampling). The ﬂashes were always presented behind
the ambiguous stimuli, without occluding any part of them.
As a control, we conducted the same experiment without the ﬂashes to obtain the spontaneous reversal rates. Thus, there were 8 conditions (the ﬂash and control conditions for each of the four stimulus
types). For each condition, the observer performed ten trials in a single session (the total viewing dura-
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Figure 1. The four types of bistable stimuli used in Experiment 1 are illustrated. a. Structurefrom-Motion (SFM). Dots can be perceived as a rotating cylinder and the perceived direction
of rotation alternates spontaneously. b. Binocular Rivalry (BR). Two square gratings (orthogonal to each other) are viewed dichoptically. Percept alternates between the two gratings
(eyes). c. Necker Cube (NC). One surface of the cube appear in front and then the same
surface is perceived in rear. d. Apparent Motion (AM). Two frames are alternately shown. In
one frame, two disks are at the upper-left and lower-right positions, and in the other frame,
they are at the upper-right and lower-left positions. The correspondence between these
disks across the two frames is ambiguous. Therefore, this stimulus is typically perceived as
two disks moving along either horizontal or vertical axis, and these two percepts alternates.

tion was 300 seconds). The order of the conditions was randomized for each observer.
2. 2. Results & Discussion
Figure 2 shows the frequency of alternation with respect to the ﬂash onset. Alternations were observed
often 500~1000 ms after the ﬂash, indicating that sudden perceptual changes occurred just after the
ﬂash. The dashed lines show the frequency of alternation in the control experiment where the same
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stimuli were viewed but without the ﬂash. Overall, the frequency of the alternation is signiﬁcantly
higher than the spontaneous alternation rates (t-test: SFM, p < 0.05; BR, p < 0.01; NC, p < 0.01; AM,
p < 0.05).
The median of the time to alternation after the ﬂash was presented was 706 ms, 612 ms, 1024 ms
and 824 ms for SFM, BR, NC, and AM, respectively. These values are larger than reaction times for
simple detection tasks (<500 ms). This suggests that observers responded to the percept that occurred
after the ﬂash, and did not simply reacted to the sudden ﬂash. Figure 2b shows the mean alternation
rates for each stimulus type. In all stimulus types, the rates were higher in the ﬂash condition than in
the control conditions (SFM, p < 0.01; BR, p < 0.05; NC, p < 0.01; AM, p < 0.01),
The IPA seems more remarkable in the conditions with SFM and AM compared to BR and NC
(Figure 2a). Why the ﬂash was more effective at inducing alternations in these two types of stimuli is
unclear. A difference between SFM/AM and BR/NC is that the former stimuli are dynamic, i.e. continuously moving, whereas the latter stimuli are constant. Thus, IPA may possibly have a stronger effect
with dynamic stimuli.
3. Experiment 2A: Spatial Speciﬁcity
In Experiment 1, we showed that a ﬂash indeed induces alternations of the perceptual interpretation of
ambiguous stimuli. However, the ﬂash was always presented at the same location as the ambiguous
stimuli. In the next experiment, we address the question whether the IPA is spatially limited to the location of the ﬂash or caused by transient stimuli of all kinds.
We compared two conditions while presenting bistable stimuli in the periphery: (i) ﬂash was presented at the same location as a bistable stimulus, and (ii) ﬂash was presented on the other side visual
ﬁeld (at the same eccentricity).
3. 1. Methods
3. 1. 1. Observers & Apparatus
Five new naïve observers participated in the experiment with SFM and four naïve observers in the
experiment with NC. Control data were obtained from three observers who participated in both experiments. Stimuli were presented on a CRT monitor with a resolution of 1152 X 864, and a refresh rate of
85 Hz, and were viewed binocularly from 57 cm.
3. 1. 2. Stimuli
We chose to use two types of bistable stimuli, SFM and NC, as examples of dynamic and static ambiguous stimuli, respectively. We describe details of the parameters of these stimuli below.
SFM: An imaginary cylinder consisted of 200 white dots (3.5 min of arc diameter) against a black
background. The cylinder subtended 4.4 deg x 4.4 deg, and was presented at an eccentricity of 2.93°
from the nearest edge to ﬁxation in the left visual ﬁeld (LVF). The cylinder rotated around a horizontal
axis at 0.9 rps.
NC: A Necker cube (4.4 deg x 4.4 deg) was displayed in LVF. The edge nearest to the center of
the screen was 2.93o to the left. The NC was presented on a gray background. Steady ﬁxation while
viewing a stationary object in the periphery results in a disappearance of the object due to adaptation
(Troxler 1804), especially when transient stimuli are presented nearby (Kanai & Kamitani 2003; Mo-
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Figure 2. The results of Experiment 1. a. The frequency of perceptual reversals is shown
with respect to ﬂash (time zero). All perceptual alternations after a ﬂash are included (not
just the ﬁrst one). The frequency is shown in a normalized scale. That is, the bar height corresponds to the probability that a reversal occurs within a certain bin (200ms) after a ﬂash,
i.e. the number of alternations (within the bin) divided by the total number of ﬂash events.
For comparison, dashed lines are drawn to indicate the frequency of reversals in the unit bin
width (200ms) when the alternations rates were estimated without presenting the ﬂash (control). The histograms for the four types of bistable stimuli show that observers’ responses to
reversals frequently occurred at 0.5 – 1.0 seconds after a ﬂash. This pattern was evident in
all four stimuli. The data are from four observers. b. Alternation rate for each condition. The
rate was higher in the condition with ﬂash (white bars) than in the control condition (gray
bars).
radi & Shimojo, 2004). To avoid retinal adaptation and perceptual disappearance during observation,
observers were made to track a small dot (7 arcmin, arcmin from the center) slowly rotating around a
ﬁxation cross (at 0.32 rps).
The bistable stimuli were presented in the left visual ﬁeld. At a random timing between 3 and 5
seconds (uniform sampling), a white ﬂash of the same size was brieﬂy presented for 35 ms. There were
two conditions as regards the position of the ﬂash. In the ipsilateral condition, the ﬂash was presented
at the same location (i.e. LVF) as the bistable stimuli. In the contralateral condition (control), the ﬂash
was presented at the opposite location in the right visual ﬁeld (RVF). Other factors – such as eccentricity, the duration of ﬂash etc. – were similar.
3. 1. 3. Procedure
Observers pressed a key to report the percept at the beginning of each session and when a percept
switched to another. In a session, a bistable stimulus was shown continuously for 150 seconds. Three
observers participated in 4 sessions (2 ipsilateral sessions and 2 contralateral sessions). Two observers
participated only in the ipsilateral condition. The order of experiments was counterbalanced within and
between the observers.
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3. 2. Results & Discussion
The frequency of perceptual alternations is plotted as a function of the time elapsed after the ﬂash was
presented (Figure 3). It can be seen from the histograms that in the ipsilateral condition, the alternations
occurred following the ﬂash. This resulted in a high frequency of reversals around 500 to 1000 ms, both
in the SFM (Figure 3a) and in the NC condition (Figure 3c). This was followed by a reduction of the
frequency around 1.5 s. In contrast, these peaks were not evident in the contralateral condition where
the ﬂash was presented in the opposite visual ﬁeld (Figure 3b,d). The mean time of alternations with
respect to the ﬂash was signiﬁcantly smaller in the ipsilateral condition (Kruskal-Wallis ANOVA, p <
0.001 in both SFM and NC). Also, the probability of reversals – as measured by the number of alternations per ﬂash – was signiﬁcantly larger in the ipsilateral condition than in the contralateral condition
(SFM; 1.133 vs. 0.736, χ2 = 17.28, p < 0.001; NC; 0.925 vs. 0.739, χ2 = 7.21, p < 0.01).
The results indicate that the IPA retains a certain level of spatial speciﬁcity. That is, perceptual
alternation is not triggered just by any transient event visible to the observers. The interaction between
the ﬂash and bistable stimuli is limited. This spatial speciﬁcity is informative with regard to the level
where the ﬂash interacts with the representations for bistable stimuli. It shows that the interaction is
presumably occurring in relatively early visual areas where visual inputs are retinotopically organized.
The fact that the ﬂash presented on the opposite side does not induce perceptual alternation also
suggests that the IPA is not caused by a secondary effect. For example, the perceptual alternations could
be produced by a secondary effect of the peripheral ﬂash like eye movements or eye blinks (but see
Tse, Sheinberg & Logothetis, 2002). If the ﬂash were to induce eye movements or blinks, perceptual
alternations would be expected to occur also in the contralateral condition. However, this was not the
case. Thus, the IPA appears to be mediated via local interactions between a transient stimulus and the
representations for bistable stimuli.
4. Experiment 2B: Spatial Speciﬁcity
As mentioned earlier, the spatial speciﬁcity gives us a hint where the ﬂash interacts with the representations for bistable stimuli. While the previous experiment shows that alternations are not induced by
transient events of any kind, it was not sufﬁcient to tell how large the effective range is. Therefore, we
devised a similar, but more thorough experiment. Instead of comparing the two locations of the ﬂash
across visual hemiﬁelds, we now used 25 locations surrounding a bistable stimulus in the same hemiﬁeld as the target bistable stimulus.
4. 1. Methods
4. 1. 1. Observers & Apparatus
Six new naïve observers participated in this experiment. Stimuli were presented on a CRT monitor with
a resolution of 1280 X 1024, and a refresh rate of 75 Hz, and were viewed binocularly from 57 cm.
4. 1. 2. Stimuli
For this experiment, we used a cylinder-shaped SFM consisting of 200 blue dots (2.4 min of arc) against
a black background. The cylinder subtended 3.2 deg x 3.2 deg, and presented at an eccentricity of 6.4°
from the nearest edge to ﬁxation on the left visual ﬁeld (LVF). The cylinder rotated around a vertical
axis at 1.0 rps.
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The stimulus conﬁguration is shown in Figure 4a. The display was segmented into 25 regions in a
grid fashion. Bistable stimuli were always shown at the central square, and a white square was ﬂashed
(67ms) at one of the 25 regions.
4. 1. 3. Procedure
In a trial, the observers viewed a bistable stimulus for one second, and then the ﬂash appeared at one
of the 25 regions. The size of the ﬂash was 3.2 deg x 3.2 deg. The bistable stimulus was continuously
viewed for another one second, and then removed from the display. The observers reported whether
alternation occurred during the trial by pressing a key. 20 samples were made for each ﬂash location.
Thus one block consisted of 500 (25 positions X 20) trials.

Figure 3. The results of Experiment 2A. The frequency of perceptual reversals is shown with
respect to ﬂash (time zero). The frequency is shown in a normalized scale, that is, as the
probability that a reversal occurs within a certain bin (250ms) after a ﬂash. a. The results for
the condition where SFM and ﬂash were presented in the same visual ﬁeld (LVF). Alternations occurred frequently just after the ﬂash (<1000 ms). b. The results for the condition
where SFM and ﬂash were presented on the different visual ﬁeld. The peak after the ﬂash
is not as evident as the ipsilateral condition. c. The result of NC-ipsilateral condition. d. The
result of NC-contralateral condition.

35

Chapter 3
4. 2. Results & Discussion
The results are shown in Figure 4b. The probability of perceptual alternation per trial is displayed in a
gray-scale. As can be seen from the ﬁgure, the highest rate of alternations was observed at the position
of SFM. And the effect strength gradually decreased as the distance between the SFM and the ﬂash
increased (Spearman R = -0.786, P < 0.001).
So we can draw two conclusions from these data. First, the IPA is spatially conﬁned to the location
of the ﬂash. Second, the speciﬁcity is not so strict; in other words, spatial overlap between the ﬂash and
a bistable stimulus is not a requirement. Thus, the ﬂash inﬂuences on a spatial range which is slightly
larger than the ﬂash itself.
5. Experiment 3: Location Speciﬁcity versus Perceptual Grouping
Experiment 2A and 2B demonstrate that presenting a ﬂash near the location of a bistable stimulus induces perceptual alternation, whereas a ﬂash distant from the bistable stimulus does not.
Is the effective area of transient limited solely by the spatial separation? Here, we are interested
in characterizing the nature of this spatial speciﬁcity. In particular, the question we address in this
experiment is whether the spatial speciﬁcity is deﬁned in an object-based manner, or solely based on
spatial separation.
We examined whether a ﬂash presented on a distant, but perceptually grouped object can induce an
alternation. We presented two SFM cylinders in the LVF, rotating around a vertical axis. In this conﬁguration, both cylinders are perceptually grouped together and often perceived to rotate in the same
direction (Eby, Loomis, & Solomon, 1989; Gillam, 1972, Grossmann & Dobbins, 2003). Observers
were asked to report reversals for just one of the cylinders (target), while a ﬂash was presented either
at the target or non-target locations. If perceptual alternation operates in an object-based fashion, then
presenting a ﬂash at either location should induce alternations.
In these tasks, attention is conceivably directed only to the target. This attentional bias may disrupt
the perceptual grouping of the two cylinders. Therefore, these tasks could possibly undermine the
grouping effect. Thus, using the same conﬁguration, we also performed an experiment where observers were asked to report whether both cylinders are moving in the same direction, or in the opposite
directions. This task requires the observers to attend to both cylinders.
These experiments were meant to tell us whether the effective range of a transient is affected by
perceptual grouping, or simply determined by the spatial distance.
5. 1. Methods
Eleven naïve observers participated in the experiment. Two SFM stimuli (cylinders) were presented
±0.6 deg apart from the horizontal meridian (Figure 5a-d). Thus, the distance between the cylinders
(edge-to-edge) was 1.2 deg. At a random timing between 3 and 5 seconds (uniform sampling), a white
ﬂash of the same size was presented at the same location as one of the stimuli. The apparatus and
stimuli parameters were identical to experiment 2,
Five conditions were tested in separate blocks. In conditions 1-3, the two cylinders were rotating
around the vertical axis, and observers were asked to report the reversals of the top cylinder (condition 1, n = 10), or bottom cylinder (condition 2, n = 11), or whether both cylinders are rotating in the
same direction (condition 3, n = 10). In conditions 4-5, the two cylinders had orthogonal axes. Unlike
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Figure 4. The design and results of Experiment 2B. a. The lines are drawn for illustration
purposes, and are not shown during the experiment. A SFM is shown at the center of the
grid pattern which is at an eccentricity of 6.4 deg left of the ﬁxation. A square ﬂash was
shown at one of the 25 locations. b. The probability that a ﬂash at a given position induces
an alternation of the rotation direction is shown in a grayscale. White indicates high probability of perceptual alternation, while black indicates low probability.

coaxial conﬁguration, spontaneous perceptual alternations are not linked for orthogonal SFM cylinders.
Observers were asked to report the reversals of the top cylinder (condition 4, n = 7), or bottom cylinder
(condition 5, n = 9). The target cylinder was always rotating around the vertical axis.
The SFM stimuli were presented continuously in each block for 200 s. The order of the experiments
was randomized for each observer. In all the conditions, the ﬂash occurred at the target location or the
non-target location randomly.
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5. 2. Results and Discussion
The results for each stimulus condition are shown in Figure 5a-d, and the number of induced reversals
(i.e., reversals occurring within 0.5 – 1 s after the ﬂash) for each condition is summarized in Table 1.
As in the previous experiments, perceptual alternations were successfully induced when the ﬂash was
presented at the location of the target (Figure 5e-h).
Our interest here is whether an alternation is induced when the ﬂash is presented on a spatially separate, but perceptually grouped stimulus. The results were ambiguous as regards this question. In fact,
we found an asymmetrical effect between the upper and lower visual ﬁelds for coaxial SFM. When
the target was the cylinder in the upper visual quadrant (condition 1, Figure 5i), there was an effect of
perceptual grouping. That is, the ﬂash on the lower cylinder produced a time-locked perceptual alternation of the top cylinder. Indeed, the IPA occurred about equally frequently independent of the ﬂash
position (condition 1: same vs. different, p = 0.92). On the other hand, when the target was the lower
cylinder (condition 2, Figure 5j), the ﬂash on the upper cylinder did not produce the IPA of the lower
cylinder (condition 2, same vs. other: p < 0.001, Chi-square test). This shows that the IPA is spatially
very speciﬁc to the target position, when the target is in the lower visual ﬁeld.
Why is there such an asymmetry between the upper and lower visual quadrants? Perceptual grouping between the top and bottom cylinder seems to be an important factor, because IPA was conﬁned
to the target location for orthogonal conﬁguration of SFM stimuli, regardless of the target being in the
upper or lower visual quadrant (Figure 5k,l). Another possible factor is attentional resolution, which
is also known to manifest an upper-lower asymmetry (He, Cavanagh, & Intriligator, 1996). Since attentional resolution is higher in the lower visual ﬁeld, attention to the bottom cylinder may more effectively individuate the target stimulus from the other cylinder. If so, the perceptual grouping of the two
cylinders would be weaker when the lower cylinder is attended.
When the observers were required to attend to both cylinders (condition 3), the ﬂash disrupted the
synchronous rotations of the two cylinders (Figure 6a), which often took 0-1 s to recover (Figure 6b).
We did not ﬁnd a noticeable difference in the effect depending on the ﬂash position (top or bottom) as
in the other conditions where the observers were monitoring the rotation direction of either cylinder.
Three observers reported that the ﬂash induced counterrotation quite frequently. This implies that for
these observers, the ﬂash had often a local effect. However, other observers experienced the counterrotation rarely, as if the rotations of both cylinders were always linked. Probably, the difference across
observers is due to their tendency to attend either locally or globally without intending to do so. These
observations, together with the asymmetry between the upper and lower visual ﬁelds, suggest that a
ﬂash can have an effect both locally and globally depending on the observer’s attentional state.
Taken together, the IPA manifests both a spatial speciﬁcity and an effect of perceptual grouping
depending on the target position. Currently, we cannot specify what other factors determine on which
principle the IPA operates. However, as we discussed above, one of the likely candidates is attention.
When a local aspect of a stimulus is attended, it will be relatively isolated from the rest. In such a situation, the IPA is limited to this area, i.e. a ﬂash outside the attended part does not induce an alternation.
On the other hand, when attention is directed to an object as a whole (two cylinders as one grouped
object), a transient stimulus presented within this object seems to have a global impact on the entire
object including the portions that are not directly stimulated by the transient.
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6. Experiment 4A: Effects of Adaptation
In the previous experiments, we presented a ﬂash repeatedly and showed that the ﬂash is responsible for
the increase in the frequency of perceptual reversals. In bistable perception, adaptation to the dominant
percept is widely considered as one of the key factors causing perceptual alternations (Köhler & Wallach, 1944; Cornwell, 1976; Babich & Standing, 1981; Merk & Schnakenberg, 2002; Blake, Sobel &
Gilroy, 2003). How is the effect of a ﬂash related to the adaptation process in bistable percepts? The
purpose of the next experiment is to examine the possible interactions between a transient stimulus and
adaptation. Prior to a ﬂash, we presented bistable stimuli for a variable duration of time, and examined
the dependency of IPA on the adaptation duration.
If the ﬂash directly causes an alternation independent of sensory adaptation to a dominant percept,
the alternation frequency will not depend on the adaptation duration. Conversely, if adaptation does
have an effect on the IPA, the frequency of IPA will depend on the adaptation duration.
6. 1. Methods
6 .1. 1. Observers & Apparatus
Six observers including the author (RK) participated in this experiment. One observer was excluded
from the analysis because he had difﬁculty in perceiving perceptual alternations in SFM, even when he
continuously viewed the stimulus for several minutes. The stimuli were presented on a 22-inch CRT
monitor (LaCie Blue Electron). The refresh rate of the display was 60 Hz, and the resolution 1280 X
1024. Viewing distance was 57 cm.
6 .1. 2. Stimuli
In this experiment, we used SFM and NC. One trial consisted of three phases; adaptation phase, ﬂash
phase, and post-ﬂash phase (Figure 7a). In all phases, a bistable stimulus was continuously shown on
a black background. The duration of adaptation phase was varied between 250 ms, 500 ms, 1000 ms,
2000 ms, and 3000 ms. In the ﬂash phase, the stimulus background turned into white for 82 ms. Subsequently, the same stimulus was observed for another 500 ms so that observers could make a judgment
whether there was a perceptual reversal or not.
The exact parameters used in this experiment are described below. The center of the stimuli was
located 5.9o to the left of the ﬁxation cross.
SFM: The cylinder of the SFM-stimulus had a radius of 1.9o and a height of 4.5o. It consisted of 800
blue dots with a lifetime of 583 ms (35 frames) and rotated at a speed of 0.5 rps.
NC: The Necker cube was drawn in blue subtending approximately 2.5o of visual angle when
viewed from the perpendicular angle.
6. 1. 3. Procedure
At the end of each trial, observers reported whether perceptual reversals occurred just after the ﬂash.
The observers also reported whether the spontaneous alternation occurred before the ﬂash. In order to
avoid the contamination of spontaneous alternations, those trials were not counted and were repeated
later. Observers were instructed to attend to the initial percept once the trial was started. This manipulation of attention is known to keep spontaneous alternations lower (Pelton & Solley, 1968), thus preventing frequent early alternations before the ﬂash. Observers performed 20 trials for each condition.
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Figure 5. The results of Experiment 3. a. The stimulus used in condition 1 is schematically illustrated. Two SFM cylinders, rotating around the vertical axis, are presented in the LVF 0.6 deg off the horizontal meridian. The observers reported the reversals of the top cylinder (target). b. The stimulus used in the condition 2. The conﬁguration is the same as the condition 1, but the target was the bottom cylinder. c and d. The stimuli used in
conditions 4-5, respectively. The non-target cylinder was rotating around the horizontal axis. e-h. The alternation frequency of the condition shown
in a-d in which the ﬂash was presented at the target cylinder. The histogram shows the alternation frequency as a function of the time elapsed after
a ﬂash. The bin width is 0.5 s. The histogram is normalized by the total number of ﬂashes. i-l. The results of the same conditions (a-d) in which the
ﬂash was presented at the non-target cylinder (bottom).
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6. 2. Results & Discussion
The results for the SFM and NC stimuli are displayed in Figure 7b and 7c. The proportion of trials
for which the ﬂash triggered a perceptual alternation is shown as a function of adaptation duration.
The results show that the ﬂash was more effective at inducing an alternation when one interpretation
had been perceived for a longer time, which results in deeper adaptation. The alternations increased
monotonically as the adaptation duration increased (Spearman’s rank order correlation: R = 0.79, p <
0.001 for NC, R = 0.65, p < 0.001 for SFM). The results indicate that some adaptation is required for
an alternation to occur and a ﬂash by itself is not necessarily sufﬁcient.
7. Experiment 4B: Effects of Adaptation
In the previous experiments, the trials in which an alternation was observed before the presentation of
a ﬂash were discarded. While the increase in alternation rate is consistent with our interpretation that
adaptation is required for the IPA, this is not conclusive. For example, spontaneous alternation should
also occur more frequently as the viewing duration increases as in Experiment 4A. The purpose of
this experiment was to compare the rate of the alternation induced by transients with the spontaneous
alternation rate.
7. 1. Methods
7 .1. 1. Observers & Apparatus
Three new observers and one of the authors (RK) participated in this experiment. The apparatus was
the same as Experiment 4A.
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Figure 6. The results of Experiment 3 (condition 3). a. The occurrences of anti-rotation are
shown as a function of the time elapsed after a ﬂash. The histogram is normalized by the
total number of ﬂashes. b. The durations of anti-rotation are shown. The histogram is normalized by the total number of the occurrences of anti-rotation.

7 .1. 2. Stimuli & Procedure
In this experiment, we used the same stimuli as in Experiment 4 (i.e., SFM and NC). However, we used
a different set of adaptation durations (1s, 2s, 3s, and 4s). Post-ﬂash observation duration was again
500ms.
At the end of each trial, observers reported whether perceptual reversals occurred any time during
the trial regardless of whether the alternation coincided with the timing of the ﬂash. Thus, the results include both the IPA and spontaneous alternations. Also, observers were instructed to attend to the initial
percept as in Experiment 4A. We included a control condition to measure the spontaneous alternation
rates as a function of viewing duration. The order of the main condition and the control condition was
counterbalanced across observers. In both conditions, observers performed 40 trials per viewing duration.
7. 2. Results & Discussion
The results for the SFM and NC stimuli are displayed in Figure 8a and 8b. As expected, the proportion of alternation trials increased as the viewing duration became longer both in the ﬂash condition
(Spearman’s rank order correlation: R = 0.826, p <0.001 for NC and R = 0.877, p < 0.001 for SFM) and
in the control condition (Spearman’s rank order correlation: R = 0.682, p <0.01 for NC and R = 0.690, p
<0.01 for SFM). The results indicate that alternation was facilitated in the ﬂash condition than the control condition (Two-tailed paired t-test for each adaptation duration. Both in SFM and NC, p < 0.05 for
1s, and p < 0.01 for other durations. The p-values are Bonferroni corrected for multiple comparisons).
If the ﬂash produces an alternation with a certain probability regardless of the depth of adaptation,
the proportion of alternation trials should increase simply because of the increase in the spontaneous
alternations. Thus, in order to gain insight as to the role of adaptation in the IPA, we need to look at the
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Figure 7. The design and the results of the adaptation experiment (Experiment 4A). a.
The stimuli used in Experiment 4A are illustrated. Ambiguous ﬁgures (NC and SFM) were
presented next to the ﬁxation cross throughout a trial. After a variable duration of adaptation, a ﬂash was presented in the background. This was followed by 500 ms of observation. Observers reported alternations triggered by the ﬂash. The trials where alternation was
observed before the ﬂash were discarded and repeated later in the session. b. The results of
NC condition in Experiment 4A. Proportion of trials in which observers perceived an alternation is plotted as a function of the adaptation duration. c. The results of SFM condition in
Experiment 4A.
differences in the increase rate for the IPA and spontaneous alternations. If the IPA interacts with the adaptation level, the alternation in the ﬂash condition should increase at a faster rate than the spontaneous
rate alone. On the other hand, if the IPA is a constant effect independent of adaptation, the increase rate
in the ﬂash condition should equal the control condition unless there is a ceiling effect due to saturation.
Therefore, we compared the increase rate between the ﬂash condition and the control condition. The
increase rate per each time epoch was calculated by subtracting the proportion of alternation trials at
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time T s from that of time (T+1) s.
The analysis shows that the increase rate is not the identical between the two conditions. In the NC
experiment, the increase rate was higher for the ﬂash condition than for the control condition when the
adaptation duration increased from 2s to 3s (Figure 8c, paired t-test, p<0.05). In the SFM experiment,
it was higher when the adaptation duration increased from 1s to 2s (Figure 8d, paired t-test, p<0.05).
These results support the conclusion that the effect size of the IPA depends on the adaptation depth
preceding the presentation of the ﬂash.
8. General Discussion
We have shown that perceptual reversals during the observation of ambiguous stimuli can be induced
by a transient stimulus. This Induced Perceptual Alternation (IPA) provides us with a means to investigate the dynamics underlying the perceptual alternation.
Our experiments revealed the basic characteristics of the IPA. First, the reversals are time-locked
to the ﬂash. Second, the effect is largely conﬁned to the location of the ﬂash. That is, the ﬂash needs
to be presented near the target stimulus. Third, adaptation to the dominant perceptual interpretation is
necessary, and the strength of the effect depends on the depth of adaptation.
These characteristics are shared by another transient-induced phenomenon, where a transient stimulus triggers a fading of an object presented in the periphery (Kanai & Kamitani, 2003; Moradi & Shimojo, 2004; see also, Wilke, Logothetis & Leopold, 2003; Breitmeyer & Rudd, 1981). The fading effect
shows the time-locked characteristics. It is conﬁned to a limited spatial region near the transient stimulus. Also, pre-adaptation, although brief, is necessary for fading to be reliably triggered. In addition to
the similarities in these basic characteristics, what is common between the perceptual alternations and
disappearances, is that conscious perception for a physically constant stimulus is drastically changed
by transient stimuli. In fact, results of other studies also suggest that there is a common mechanism
underlying both perceptual disappearance and bistable percepts (Bonneh, Cooperman, & Sagi, 2000;
Carter & Pettigrew, 2003). Given these similarities between perceptual alternations and fading, we
need to understand the function of a visual transient both in the perceptual fading and the IPA in a uniﬁed framework. Here we address this issue in two parts: ﬁrst, what kind of dynamics can result in such
a behavior, and second, what is the possible underlying neural mechanism for such dynamics.
8.1. Neural Model and Simulation
We propose a schematic model of the effects of transient input that incorporates both the alternation
and fading effects. Perceptual bistability is often considered analogous to the alternation between states
or attractors in bistable or multistable neural networks or dynamical systems (Poston & Stewart, 1978;
Kawamoto & Anderson, 1985). Stability can be analyzed in such models by constructing a so-called
energy function (or Lyapunov function) such that in the absence of noise the energy always decreases
until the system reaches a ﬁxed state or a stable attractor. The stable states of such models are determined by local minima of the energy function. In Figure 9, two mutually exclusive percepts for a bistable stimulus are illustrated as two locally stable minima in the energy function (left and right).
Experimental evidence suggests that prior adaptation can increase the reversal rate from the adapted
percept to the unadapted percept (Long, Toppino & Mondin, 1992). This ﬁnding is consistent with a
scheme in which adaptation changes the energy landscape of the system by increasing the energy of
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the adapted state (Figure 9c). Conceivably, a transient stimulus at the same location should induce a
reversal either by changing the state of the network, or by modifying the energy landscape.
It has been suggested that a salient transient signal triggers a rapid change in the gain of the input
(Moradi & Shimojo, 2004). This type of response is necessary for efﬁcient coding of information in
a changing environment. In the absence of the transient signal, the gain gradually returns to the level
before the ﬂash. However, the change in the input gain following a ﬂash results in smoothing of the
energy landscape (Figure 9b). Consequently, our model predicts that the spontaneous reversal rate
increases following the ﬂash. However, if a ﬂash follows sufﬁcient adaptation, the combined effect of
adaptation and reduction of the gain makes the previous local minima unstable and as a result, induces
a perceptual alternation (Figure 9d).
Figure 10 demonstrates a minimal implementation of the aforementioned schematic account. We
modeled the bistability in our network using opponent neurons (that selectively respond to opposite
directions) with symmetric inhibitory connections (Figure 10a). When there is no noise in the network,
the state always converges to one of the two stable minima (percepts) and the outcome is determined
by the initial condition. In the presence of stochasticity, however, the system occasionally alternates
between the two percepts. The rate for switching from one state to another depends on the difference
between their energies and noise level, as well as the height of the energy separating the minima.
The output of each Ising neuron at each time-step is modeled as follows (Hinton & Sejnowski,
1986):
Output = 1 with probability

1
1+ e

- 2 (ax − b )

, otherwise output = -1.

where x is the total input given we = -wi = 1, a = 2.5 is the slope, and b reﬂects the change in threshold
following adaptation

2 − b
db 
τ
=
dt 
− b

if output = 1
τ = 1s
otherwise

Figures 10b compares the distribution of intervals between perceptual reversals in Experiment 3
(SFM-contra, actual data) and simulation data. This rudimentary model seems, at least qualitatively, to
capture the stochastic nature of spontaneous perceptual alternations.
The effect of transient was modeled by a transient decrease in the slope as follows:
t −t0
 − t −t0
−
a (t ) = a − k  e τ 2 − e τ1




,



t > t0

where τ1=150 ms, τ2=300 ms, k = 3, and t0 reﬂects the onset of the transient plus 150 ms visual processing delay. Figure 9c demonstrates that such reduction in the slope can induce reversals comparable to
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Figure 8. The results of Experiment 4B. a. The results of NC condition. The ﬁlled circles
show the proportion of trials in which alternation was observed for the ﬂash condition. The
open circles show the results of the control condition. Error bars indicate one s.e.m. b. The
results of SFM condition. c. The increase rate for the NC condition (shown in Figure 8a).
The ﬁlled circles and open circles indicate the ﬂash condition and the control condition,
respectively. d. The increase rate for the SFM condition (shown in Figure 8b). Error bars
indicate one s.e.m. The star symbol denotes a signiﬁcant difference based on a paired t-test
(p<0.05).
the empirical data in Figure 3a (reaction-time is not included in the simulation). We also veriﬁed that
if the transient slope change occurs before enough adaptation, it fails to induce any alternation (Figure
10d).
Thus, our model can explain the time-locked nature, and the requirement of adaptation in IPA. In
this model, the effect of a transient is a brief loss of neural sensitivity. Previously, we have shown that
modeling the effect of a transient in a similar fashion can explain the perceptual disappearance induced
by visual transients (See, Moradi & Shimojo, 2004). Thus, our simple model covers both the perceptual
alternation and disappearance phenomena
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8.2. Underlying Neural Mechanism
Experiment 4A and 4B suggest that IPA results from a combination of two components: adaptation
to a dominant percept and the effect of a transient. What are the neural foundations underlying these
components? The adaptation process is speciﬁc for the stimulus and is likely to occur in early visual
areas where visual inputs are still retinotopically organized. For example, it is known that adaptation to
a Necker cube is speciﬁc to the location at which the stimulus is presented. Alternation rates of Necker
cube usually increase during continuous viewing. However, the accelerated alternation rate due to adaptation restores to the original level, when the cube is moved elsewhere in the visual ﬁeld (Babich, &
Standing, 1981). Recently, Blake, Sobel and Gilroy (2003) have shown that bistable stimuli (BR and
SFM) that are moving continuously in the visual ﬁeld manifest slower alternation rates. This indicates
also the involvement of location speciﬁc (retinotopic) adaptation.
On the other hand, the neural circuitry responsible for the effect of a ﬂash is somewhat elusive.
The increase in gain and the smoothing of the energy landscape in our proposed model can be achieved
biophysically via non-speciﬁc shunting inhibition (Torre & Poggio, 1978). Whether this is mediated
through local interactions or attentional mechanisms via top-down feedback remains unclear. Nonetheless, we are tempted to attribute this effect of visual transients to attentional mechanisms mediated by
the parietal attention system. First, attentional shift is suggested to induce perceptual alternations in
ambiguous ﬁgures (Georgiades & Harris, 1997; Tsal & Kolbet, 1985). Also the alternation slows down
when observers are engaged in a secondary task (Reisberg 1983). While we emphasized that the effective range of transients is spatially conﬁned, this does not necessarily mean that the interactions should
occur within the retinotopically organized visual areas. In particular in the parietal cortex, many cells
have spatially conﬁned receptive ﬁelds and they are involved in attentional control (e.g. Colby & Goldberg, 1999). The involvement of the parietal system in both the perceptual disappearance and perceptual
alternation has been suggested before. Bonneh et al (2001) compared motion-induced blindness to the
extinction of salient stimuli experienced by patients with parietal lesions. Parietal patients often fail
to perceive a salient object presented contralateral to the damage cortical hemisphere (Driver & Vuilleumier, 2001; Rees et al. 2000). Moreover, their perceptual disappearance is facilitated (Mennemeier
et al., 1994; Wolpert, Goodbody, & Husain, 1998).
The past studies on bistable perception concern internally induced alternations i.e., spontaneous
alternations during the view of a constant stimulus, or voluntary (top-down) control of dominant percept (Pelton & Solley, 1968; Reisberg 1983; Lumer, Rees, & Friston 1998; See Leopold & Logothetis,
1999). In these cases, endogenous shifts of attention have been suggested to play a causal role in perceptual alternations. On the other hand, our method of presenting a transient stimulus is closely related
to exogenously triggered attention (Posner & Cohen, 1984; Hikosaka, Miyauchi & Shimojo, 1993;
Theewes, Kramer, Hahn & Irwin, 1998). In this view, the IPA may be regarded as the exogenous counterpart of attentional shifts in bistable perception. And the parietal area involved in orienting spatial attention (LIP in particular; See. Colby & Goldberg, 1999) is a likely candidate for producing perceptual
alternations in response to transient inputs.
Our Experiment 2B showed that the spatial speciﬁcity of IPA is not strictly conﬁned to the location
of the target stimulus. This mild form of spatial speciﬁcity is also observed in perceptual disappearance
induced by transient stimuli (Kanai & Kamitani, 2003; Wilke, Logothetis & Leopold, 2003; Moradi &
Shimojo, 2004). This extended spatial speciﬁcity is in contrast to sensory adaptation, which typically
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Figure 9. A schematic model of the ﬂash-induced alternation. Two mutually exclusive percepts are illustrated as the two energy wells (left and right). a. Upon stimulus onset, energy
wells for both percepts are deep. b. When a ﬂash is presented without a substantial adaptation, the smoothing effect (see text) is not sufﬁcient to cause the energy wall low enough for
perceptual alternation to occur. c. After adaptation, the energy well for the dominant percept
becomes shallow (here the left well). d. When a ﬂash is presented after adaptation, the
smoothing effect of the ﬂash causes the energy wall sufﬁciently low for the perceptual state
to transit to the other interpretation.
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Figure 10. a. Bi-stability model: two opponent neurons inhibit each other. b. Histogram of the
intervals between perceptual reversals for experimental data (Experiment 2A, SFM-contra)
vs. simulation. c. Simulated effect of the ﬂash. Flash onset was 5 sec after onset of each
simulated trial. d. Flash by itself does not result in any effect in the model. Flash occurs at
the onset of simulated trial, thus the neurons are not adapted at the time of the ﬂash. Figures
are based on 500 simulated trials with a time-step of 10ms.
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requires strict stimulus overlap.
The ﬁnding that a ﬂash sometimes inﬂuences the percept in an object-based manner (see Experiment 3), also seems to suggest the involvement of a slightly higher mechanism rather than non-selective
effects in the lower sensory areas. In Experiment 3, a ﬂash presented on a coaxial SFM cylinder sometimes induced an alternation in the other cylinder, which was presumably perceptually grouped. This
implies that the effect of a ﬂash transferred to a distant, but grouped object. Previously, a similar effect
has been reported in perceptual disappearance (Kanai & Kamitani, 2003). When a long bar is presented
in a periphery, presenting a ﬂash at one end of the bar, was sometimes sufﬁcient to induce a fading of
the entire bar. This also suggests an object-based effect of visual transients.
These comparisons suggest that there is a connection between perceptual fading and frontoparietal
functions. Moreover, recent evidence indicates the involvement of top-down feedback in the perception of bistable stimuli. For example, the right frontoparietal cortex is involved in the disambiguation of
bistable stimuli such as the Necker cube (Bisiach et al., 1999; Sengpiel, 2000; Inui et al., 2000). Also,
frontoparietal areas associated with selective visual attention are considered to be involved in initiating
perceptual alternation (Lumer, Rees, & Friston 1998; Kleinschmidt, Büchel, Zeki, Frackowiak, 1998;
Sterzer, Russ, Preibisch, & Kleinschmidt, 2002; Leopold & Logothetis 1999; Miller et al, 2000; Pettigrew, 2001). So the current evidence shows that frontoparietal areas play a critical role both in perceptual fading and in alternation. This makes it tempting to suggest that these alternation-related areas
may be the source of the inhibition by a ﬂash, and causing IPA.
8.3.Concluding Remark
In the ﬁeld of the perception of bistable stimuli, there has been an extensive debate as regards the mechanisms underlying perceptual alternations. The ﬁrst explanation involves adaptation of the currently
dominant stimulus interpretation (Kohler, 1940; Long and Toppino, 1994; Blake, Sobel, & Gilroy,
2003). Proponents of the second explanation assume that attention-related processes actively trigger
perceptual alternations (Lumer, Friston, & Rees, 1998; Kleinschmidt et al., 1998; Leopold & Logothetis, 1999). However, these explanations are not necessarily mutually exclusive and bistable perception
seems to be mediated at a multitude of processing levels in the visual system (Blake & Logothetis,
2002). Our model combines adaptation at lower sensory level and transient gain change via feedback.
Finally, it is the ﬁrst model that provides an account for both perceptual alternations and disappearances
in a single scheme.
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Abstract
A visual transient due to a sudden visual change is generally considered to draw our attention to a location of interest. In a series of experiments we investigated how visual transients facilitate change detection in a scene. In line with earlier reports, we found that a transient sensation has its roots in a temporal
interaction at a monocular processing level. Interestingly, we also show that visual transients make it
possible to detect a change in the eye of origin, despite the fact that observers have no clue as to which
eye is stimulated. That is, visual transients are detected even when there is no perceptual change in the
visual content after binocular fusion. More importantly, we show that observers cannot distinguish the
transient due to a change in eye of origin from a feature change (the orientation of a Gabor). Both are
perceived as actual changes. We conclude that a transient signal is sufﬁcient for the visual system to
judge whether something has changed over time.
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1. Introduction
In general, most people naively believe that they have a clear representation of the visual world. However, recent studies dealing with change blindness demonstrate that the amount of information we can
explicitly hold in mind is limited, and that focal attention is required to make the visual information
consciously accessible (see Rensink, 2002, for a review). Change blindness can be observed when
a change occurs during a blank interval (Phillips, 1974; Pashler, 1988) or when irrelevant transient
stimuli are presented together with a change (O’Regan, Rensink & Clark, 1999).
To detect a change in a visual scene, the visual system utilizes two distinct mechanisms. The ﬁrst
can account for a rather automatic detection of low-level transients (e.g. Pashler, 1988; Phillips, 1974).
This type of change detection is parallel and unlimited in capacity: a visual change will give rise to
an immediate sensation of a visual transient. However, the sensation of a transient is abolished, for
example, when a blank frame is inserted between successive frames (Phillips, 1974; Pashler, 1988; Simons, 2000). In those cases, the actual detection of the change has to rely on the second mechanism. In
order to ﬁnd the change, the objects in the display have to be searched and memorized in a consciously
accessible form so that comparisons between the two presentations at different time intervals can be
made (Rensink, O’Regan & Clark, 1997). Since this form of memory is limited in capacity, observers
are normally unaware of even obvious changes. In such a case, focal attention to the locations of the
changes is necessary for change detection.
The focus of the present study is the ﬁrst type of change detection mechanism; the one based on
low-level transients. How are transient sensations created in our visual system? A monocular mechanism was proposed by Phillips & Singer (1974). In their experiments, they successively presented two
patterns containing a large number of dots. Observers were required to report whether the second image
contained a change or not (nowadays also known as the single-shot paradigm). Changes were deﬁned
as either the disappearance of a dot or the appearance of a new dot. Since the stimulus pattern contained a large number of dots, observers could not explicitly register sufﬁciently large number of dots
in memory to ﬁnd the change. Therefore detection of the change had to rely on the low-level transient.
When the two successive patterns were presented to the same eye, the detection performance was high,
but only for short inter-stimulus intervals (ISIs). For longer intervals, the performance deteriorated.
Even more interesting, when the ﬁrst and the second stimuli were presented to different eyes, observers could hardly detect a change regardless of the duration of the interval. This means that automatic
change detection is based on mechanisms that are located in the monocular stage of the visual system.
We will further corroborate the monocular nature of the transient generation using a paradigm
where observers are required to detect a change in the eye of origin. If the transient generation relies on
a monocular mechanism, it will be possible to detect a change in the stimuli, even if the overall visual
content is constant.
Moreover, this stimulus conﬁguration offers an opportunity to dissociate transient sensation from
actual feature changes (see Figure 2a). Sudden visual changes are closely tied to visual transients, i.e.,
they are usually accompanied by a transient sensation. However, the change in the eye of origin offers
a situation in which transient sensation is created at the location of the change, but the visual content of
features remains constant. As we will show, the transient sensation is a core visual sensation dissociable
from the percepts for visual features (see Experiment 2).
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Furthermore, we examine two possible roles of visual transients in change detection. The ﬁrst is
related to exogenous attention, which is automatically directed to a location of a transient signal. It is
often argued that visual changes involving transients are easy to detect, because transient stimuli attract
our attention to the location. However, if change detection involves a comparison of the pictures of both
before and after a change, attention needs to facilitate the featural analysis of not only the present, but
also the immediate past. However, it is not known whether attention drawn by a transient can actually
facilitate our visual analysis of the stimulus in the immediate past (but see Landman, Spekreijse &
Lamme, 2003). Alternatively, the featural analysis may not be a necessary component of change detection. The effortless nature of detecting a transient change can also be explained, if the visual system
interprets the transient signal as an actual event of a change.
The experiment on the changes in the eye of origin, as described above, provides a clear test for
these two hypotheses. The results show that a transient signal is sufﬁcient for the visual system to judge
that something has changed. It turns out that a feature change in the visual content is not a necessary
condition. In other words, transient signals as such arising from a change in the eye of origin can induce
a subjective impression of a change.
2. Experiment 1: Monoptic vs. Dichoptic Change Detection
In the ﬁrst experiment we try to replicate the experiment by Phillips & Singer (1974) using our stimulus conﬁguration. The experiment was designed to shed light on two important characteristics of the
change detection mechanism. First, the role of the ordering of the successive frames (within and between eyes), and second the role of ISI duration (see Figure 1a and 1b).
The rationale is that a change between two successive stimulus presentations to different eyes will
be hard to detect irrespective of the ISI. This dichoptic condition will examine whether change detection is mediated by monocular mechanisms. In the monoptic condition, however, the performance does
depend on the ISI. When the interval is short, detection will be automatic and easy. When the ISI
becomes longer, detection will become less automatic and eventually result in change blindness. This
ISI-dependency will give us an insight into the temporal integration characteristics of the detectors that
are responsible for immediate change detection.
2.1 Methods
2.1.1 Observers
Five observers participated in this experiment. Each observer had normal or corrected-to-normal vision. All except one (author RK) were naive as to the hypotheses of the experiment. The stimuli were
generated on a G4 Macintosh computer using Matlab PsychToolbox (Brainard, 1997; Pelli, 1997) and
presented on a 21-inch CRT monitor. The refresh rate of the display was 75 Hz and the resolution 1280
X 1024 pixels. Observers viewed the stimuli through two pairs of mirrors mounted at a distance of 57
cm from the display. With the mirrors, the actual viewing distance was 70 cm.
2.1.2 Stimuli & Apparatus.
We used stimuli as shown in the Figure 1ab. The stimuli consisted of eight Gabor patches that were
presented at an eccentricity of 1.92o. The sigma of the Gabors was 0.192o. Each patch was surrounded
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Figure 1. The stimuli and the results of the change-detection experiment. Two images were
presented with a variable ISI (13 ms, 40 ms, 67 ms, 133 ms, 333 ms or 667 ms). One of
the Gabor patches changed its orientation by 30o. a. An example of the stimuli used in the
monoptic condition. The ﬁrst and the second images were presented to the same eye. b. An
example of the stimuli used in the dichoptic condition. The ﬁrst and the second images were
presented to different eyes. c.) The results of ﬁve observers are shown. The percentages correct responses are plotted against ISI. The error bars represent standard errors of the mean.

57

Chapter 4
by a white ring (23 cd/m2) to support binocular fusion. The diameter of the inner edges of the rings
was 1o and the width of the rings was 0.128o. To further ensure stable binocular fusion, 7 high-contrast
rectangular frames were drawn outside the area where the stimuli were presented (not shown in Figure
1). The spatial frequency of the carrier of the Gabors was 0.576 cpd. The image of eight Gabor patches
was presented for 533 ms (hereafter, we refer to this ﬁrst presentation as P1). P1 was followed by a
‘blank’ frame (11.5 cd/m2). The presentation time of this blank frame was variable, either 13 ms, 40 ms,
67 ms, 133 ms, 333 ms or 667 ms. While the blank frame was present, the rings and the ﬁxation cross
remained visible to maintain binocular fusion. Subsequently, a second set of eight Gabor patches was
presented for 133 ms (hereafter P2), in which one of the Gabor patches changed its orientation by 30o.
The stimulus presentation was either monoptic or dichoptic. In the monoptic condition, P1 and P2
were presented to the same eye, either both to the right eye or both to the left eye. In the dichoptic condition, P1 was presented either to the left or to the right eye, and P2 was presented to the other eye.
2.1.3 Procedure
We instructed the observers to report the location of the change by pressing the corresponding key after
each trial. All observers were trained for at least for 3 sessions on separate days prior to the formal
experiment. The formal experiment consisted of 196 trials for each subject: 8 (positions of the change)
X 2 (eye-of-origins, left and right) X 2 (monoptic and dichoptic conditions) X 6 (ISIs). Feedback was
given by a beep. Fixation on the central cross was required throughout the experiment.
2.2 Results & Discussion
The results are shown in Figure 1c. The data were collapsed over positions of change and eye of origin,
which resulted in 16 samples for 12 conditions (monoptic vs. dichoptic as a function of ISI). We show
the proportion of trials in which observers reported the location of the change correctly. Note that the
chance level is 12.5%. In the monoptic condition, the performance was high at the short ISIs and drastically decreased as the ISI increased (Spearman rank-order correlation, Rs = -0.86, P < 0.001). This
sudden decrease reﬂects the predicted transition from the transient-based detection to change blindness.
In the dichoptic condition, the performance was poor even for short ISIs. These ﬁndings corroborate
the earlier ﬁndings that transient-based change detection mechanism has monocular origins (Phillips &
Singer, 1974).
Although the results show that transient-based change detection is largely monocular, binocular
mechanisms do seem to contribute to change detection as well. The results of the dichoptic condition
show a slight ISI-dependency. The detection performance decreased monotonically as the ISI increased
(Spearman rank-order correlation, Rs = -0.61, P < 0.001). An explanation may come from a binocularly responding motion detection mechanism. Although dichoptically presented change is invisible for
monocular motion detectors (Reichardt, 1961; Marr & Ullman, 1981), binocular motion detection is
known to work in some conditions (Braddick & Adlard, 1978; Georgeson & Shackleton, 1989; but see
Green & Blake, 1981).
Notwithstanding this binocular effect, our results indicate that the primary mechanism for the automatic transient-detection is monocular. Moreover, the results show that the temporal integration time is
short. Higher performance in the monocular condition compared to the dichoptic condition was found
only for ISIs equal or shorter than 67 ms (Pair-wise t-test, P < 0.05).
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3. Experiment 2: Transient sensations without a change
In the previous experiment, we have shown that the transient detection is primarily mediated by a monocular mechanism. In this experiment, we constructed stimuli where the transient sensation occurs as
result of a change in the eye of origin (Figure 2a). Given the outcome of Experiment 1 and following
Phillips & Singer’s line of reasoning, a change that occurs within one eye should be detectable even if
the fused image is perceptually constant. This is illustrated in Figure 2a. In this case, there is no perceived change when the images are binocularly fused, because one is not aware of the eye from which
the visual input originates. However, given the monocular nature of the transient generation, a change
in the eye of origin will again produce a transient. Therefore, a change in the eye of origin should be
detectable based on the transient sensation. In this experiment, we show that this is indeed the case.
3.1 Methods
3.1.1 Observers & Apparatus
Observers and apparatus in this experiment were identical to the previous experiment.
3.1.2 Stimuli
The stimuli were similar to those used in Experiment 1 except that:
1. single patches could have a different eye of origin and
2. the orientations of carrier of the Gabor did not change, leaving the fused images unchanged
(Figure 2).
In P1, one eye was presented with seven Gabor patches (distractors) with random orientations,
while the other eye was presented with only one Gabor patch (target) at the empty location. When these
two images are fused, all eight Gabors are perceived. This stimulus is indistinguishable from a stimulus
in which all eight Gabor patches are presented to one eye only. The ISI between P1 and P2 was varied
between 13 ms, 40 ms, 67 ms, 133 ms, 333 ms or 667 ms.
3.1.3 Procedure
Like in experiment 1, observers performed a transient-detection task in which they were required to
report the location where a transient sensation occurred.
3.2 Results & Discussion
The results are shown in Figure 2b. Again, 16 trials were performed for each ISI and converted into the
proportion of trials in which observers reported the correct location of the change. The performance
showed a dependency on ISI similar to the monoptic condition in Experiment 1, implying the involvement of the same mechanism. This ISI-dependency also indicates that the detection was not simply
based on the percept of P1 alone. If observers had been able to distinguish the target by the appearance
of P1 alone (e.g. because of binocular rivalry between eyes), the performance would not show the ISIdependency. These results indicate that the changes in eye of origin were detected by the monocular
mechanism for change detection.
So, the observers were able to detect a change in the eye of origin. This seems to be at odds with
the fact that we are normally not aware of the eye of origin (e.g. Blake, Westendorf & Fox, 1990; Fox,
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Figure 2. The stimuli and the results of the transient-detection experiment. a. In the ﬁrst display, one Gabor patch was shown to one eye while the others were present in the other eye.
In the second display, all Gabor patches were presented to the same eye. b. The results show
the mean of ﬁve observers. The percentages of correct responses are plotted against ISI. The
error bars represent standard errors of the mean.

1991). However, the task was not to indicate the eye of origin. Instead, performance was based on
the detection of the transient sensation. Interestingly, the results show that a transient sensation can occur independent of the presence of a change in the visual content. This demonstrates that a transient
sensation can be classiﬁed as a core sensation, without the need of changing visual features such as
orientation.
4. Experiment 3 Discrimination Task between a Transient and a Change
In Experiment 2, we successfully isolated a core transient sensation without the need of an actual change
in visual features. One commonly accepted role of visual transients is to draw attention to a location of
interest (e.g. Posner & Cohen, 1982; Hikosaka, Miyauchi & Shimojo, 1993; Theeuwes, Kramer, Hahn
& Irwin, 1998). As such, attention may help constrain the number of objects that has to be looked for,
for example in iconic memory (Sperling, 1960), and facilitate change detection. Alternatively, it is
possible that a transient sensation is directly connected to the perception of a visual change. That is, a
visual transient may be sufﬁcient for producing a subjective impression of a change, even when there is
no change in the visual content and, as such, is the change.
To examine the possible functional roles of visual transients, we designed an experiment in which
observers had to discriminate an actual change from a transient sensation without a change. We used
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three stimulus conditions (see also Figure 3):
1. Real-change condition: One of the Gabors changed its carrier orientation by 30o where P1 and
P2 were presented to the same eye.
2. Transient-only condition: The transient sensation was created as in Experiment 2, where there
was no change in orientation.
3. No-change condition: P1 and P2 were presented to the same eye and did not contain a change
in orientation. These presentations served as catch trials.
These conditions offer a clear test to distinguish the two possible roles of a transient in change detection. It could be that a transient facilitates change detection by drawing attention to the location of
a change, but is not sufﬁcient to create the perception of a change. In that case, observers will be able
to distinguish real change from a transient sensation because attention will be drawn to a speciﬁc location and serves a starting point for further analyses based on visual features. Alternatively, if a transient
sensation may be sufﬁcient to produce the impression of visual change, observers will be poor at distinguishing the two conditions. In other words, if change detection relies solely on the transient sensation,
the two stimulus conditions will be perceived as an actual change.
4.1 Methods
4.1.1 Observers & Apparatus
Observers and apparatus for this experiment were the same as in the previous experiments.
4.1.2 Stimuli
The stimuli used in this experiment are illustrated in Figure 3a-c. Three types of stimuli were used.
The ﬁrst is equivalent to the monoptic condition in Experiment 1 in which two images were presented
successively and where one of the Gabor patches changed its carrier orientation by 30o (Figure 3a).
The second type of stimuli was equivalent to those used in Experiment 2. One of the Gabor patches
was presented to one eye, while other patches were presented to the other eye. After a blank interval,
the isolated patch was presented on the exact same location but in the other eye. Therefore in P2 all
the patches were presented only to one eye (Figure 3b). The third type of stimuli served as catch trials
in which two identical images were presented monoptically (Figure 3c). A total of 80 trials were performed for each condition in a randomized order. For all conditions, the blank frame presentation time
was held constant at 26.7 ms.
4.1.3 Procedure
Observers were instructed to respond only to an orientation change, not to the transient sensation without an orientation change. Prior to the experiment, observers were told that in some trials, the stimuli
produce a transient sensation without a change in orientation. They were asked to try and to report this
type of transient sensation as “no change”.
4.2 Results & Discussion
The results are shown in Figure 3d. The graph shows the percentage of trials in which observers reported a change for each stimulus condition. The t-test between the transient-only condition and the
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real-change condition turned out to be not signiﬁcant (T = -0.56; P = 0.594, two-tailed), indicating
that a transient sensation due to changes in eye of origin was reported equally often as real changes in
orientation.
Given that we informed our observers of the fact that a transient sensation could occur without
a change in orientation and instructed them not to respond to those trials, it shows that the observers
reported the presence of an actual change regardless of whether the transient involved an orientation
change or not. These results make it very tempting to conclude that a transient sensation is directly
connected to the perception of a visual change.
5. General Discussion
In this study we investigated the mechanisms for the detection of sudden visual changes. In our experiments we showed that a transient sensation is due to mechanisms at the monocular stages of visual processing. Moreover, we provided evidence along several lines that a transient is sufﬁcient to produce a
subjective impression of a change, even if the visual content in terms of spatial features does not change
at all. So what do these results imply and how do already known phenomena ﬁt in here?
Phillips & Singer (1974) found that change detection is mediated by a monocular mechanism. According to them, the onset response of cells in LGN becomes brieﬂy weaker due to quick adaptation
(Phillips & Singer, 1974; Singer & Phillips, 1974). Because of this adaptation, cells will respond more
weakly to those parts of the stimulus that were present in P1 as well as P2 as compared to parts that
only show up at the time P2 is presented (for example by changing the eye or origin). In other words,
this results in a difference in the transient response to the second display –– a larger onset response to a
novel stimulus compared with those that were present in P1. Subsequent processing stages exploit the
difference in the onset signals and detect the location of the change. This process is likely to operate in
a winner-take-all fashion.
The mechanism of transient-based change detection discussed above provides an explanation as to
how transient signals are suppressed and become ineffective in providing signals for successful change
detection in the typical change-blindness paradigms. A commonly used technique to induce change
blindness is the blank paradigm in which a change occurs during a temporal gap (e.g. Phillips, 1974;
Pashler 1988; Simons, 2000; Rensink, O’Regan & Clark, 1997). The idea is that a blank between two
visual presentations allows neurons to recover from adaptation. Therefore, the onset response to the
change does not differ in magnitude. As a result, change cannot be detected automatically and the detection must rely on an explicit form of memory.
Another well-known method is the mud-splash paradigm in which additional transient distracters
are presented together with the change to be detected (O’Regan, Rensink & Clark, 1999; Rensink,
O’Regan & Clark, 2000). This paradigm is effective even when the distracters do not overlap the location of the change. Because the distracters produce as strong transient responses as the target, there is
no difference in neural response magnitude and therefore no information about the changed target. So,
with multiple transient stimuli, the visual system cannot identify which transient response corresponds
to the change. Unlike the blank paradigm, however, the potential target locations are restricted to the
transients of the distracters and the change. Thus, the change detection would rely on visual search
among the limited number of locations. Indeed, change detection is slightly easier than the blank paradigm (Rensink, O’Regan & Clark, 2000).
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Figure 3. The stimuli and the results of the discrimination task between a transient and a real
change. a. An example of the stimuli used in the real-change condition. The two stimulus
frames were presented monoptically. One of the Gabor patches changed its orientation by 30o.
b. Example of the stimuli used in the transient-only condition. The change was the eye of origin.
These stimuli are identical to those used in Experiment 2. c. Example of the stimuli used in the
catch trials. Stimuli were presented monoptically and did not contain any change. d. Results
of the experiment, where we show the mean of ﬁve observers and the percentages of trials in
which observers reported a change. The error bars represent standard errors of the mean.

It is generally thought that transients are important for the detection of change. A common explanation is that a visual transient attracts attention to the location of interest. However, this does not necessarily mean that we have conscious access to the visual representation of the target prior to a change.
Moreover, visual acuity makes it sometimes even impossible to have a representation of the object at
all, especially when the transient event occurs in periphery. Experiment 3 showed that with a visual
transient, observers reported a change even if there was no change in the features after binocular fusion.
If attention directed to visual transients served as a cue to recover the visual representation before the
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change, observers would be able to correctly report that there was no change. As we know now, this is
not the case. The transient sensation alone (i.e., no featural change) was judged as an actual event of a
change.
In our present study, the nature of the tasks was detection (or localization), but not identiﬁcation
of a change. It has been argued that identiﬁcation of a change involves a different mechanism than the
detection process (Wilken & Mattingley, 2000; Watanabe, 2003). The dissociation of the two processes
implies that in some occasions, observers can detect and localize a change, but cannot identify what the
change is. In the Experiment 3, observers could detect the changes based on transient signals. However, they were not aware of the identity of the change, and thus reporting the presence of a real change
also in the transient-only condition. This suggests that while the visual transients are likely to play a
major role in the detection and localization of a change, they do not directly facilitate the identiﬁcation
process.
At ﬁrst sight, these results are at odds with the studies on the cueing effect during change blindness
(Becker, Pashler & Anstis, 2000; Landman, Spekreijse & Lamme 2003). These studies showed that
presenting a cue at a location of change during the blank improves change detection. The cue is effective even 1500 ms after the offset of the ﬁrst display (Landman et al., 2003). This means that attention
can help retrieve the visual representation in the past. However, this cueing effect disappeared when
the cue occurred after the onset of the second display (P2), despite the fact that the duration between the
offset of the ﬁrst display and the onset of the cue was shorter than 1500 ms. In other words, when the
second display is presented, the previous visual representation is erased and attention cannot retrieve it
any more. In our experiment, the transient occurred at the onset of the second display. Therefore, the
representation of the ﬁrst display was erased by the presentation of the second display, and observers
were not able to consciously access the feature presented before the change.
Experiment 2 showed that transient sensation is a dissociable core sensation that is independent of
the featural visual content. Subjectively, the percept for the change in eye of origin (i.e., a transient
sensation without a featural change) is similar to that for a ﬂicker or a brief presentation of a ﬂash as
commonly used in cueing experiments. Thus, there is a clear subjective impression that something happened at that location. This type of change detection contrasts with the blindsight in which observers
can reliably detect and localize a target, but without a high conﬁdence. Given the qualitative difference
between the detection and identiﬁcation of a change, it would be interesting to see whether observers
conﬁdently report the identity of a change in the transient-only condition.
While our present study as well as Phillips & Singer’s show that the generation of transient impression originates in early, monocular stages of visual processing, it is an open question at what level
of visual processing the subjective impression of a change occurs. The percept of a transient is not
fundamentally different from other temporal aspects like ﬂicker and motion. Thus, it could well be
that cortical areas responsible for visual temporal modulations such as the area MT/V5 or areas in the
parietal lobe (Battelli et al., 2001) are involved. Future experiments will hopefully address this question as well.
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Abstract
The position of a moving object is often mislocalized in the direction of movement. The ﬂash lag effect
is one of many examples. At the input stage of visual processing, the position of a moving object should
still be represented veridically, whereas it should become closer to the mislocalized position at a later
processing stage responsible for positional judgment. Here, we show that visual transients are able to
expose the veridical position of a moving object as it is represented in early visual areas. For example,
when a ring is ﬂashed on a moving bar, the part of the bar in the ring is perceived at the veridical position, whereas the part outside the ring is perceived as ahead of the ring, as in the ﬂash-lag effect. Our
observations suggest that a ﬁlling-in process is triggered at the edges of the ﬂash. This indicates that in
early cortical areas, a moving object is still represented at its veridical position, and that the perceived
location is determined at higher stages of visual processing.
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Introduction
The position of a moving object is perceptually mislocalized towards the direction of movement in various situations (De Valois & De Valois, 1991; Ramachandran & Anstis, 1990; Sheth & Shimojo, 2003;
Kanai, Sheth, & Shimojo, 2004; Whitney et al., 2003). For example, when a ﬂash is presented physically coincident with a continuously moving object, the position of the moving object is perceived to be
ahead of the ﬂash. This visual phenomenon is called the ﬂash-lag effect, or FLE (Hazelhoff & Wiersma,
1924; Metzger, 1932 in Mateeff & Hohnsbein, 1988; MacKay, 1961; Nijhawan, 1994).
At the input level of the vision (e.g. the retina), a moving object and a ﬂash should be aligned as
they physically are . Even after the retina, the positional representations in the very early stages should
remain (close to) veridical. Only after certain stages of visual processing does the neural representation correspond to the perceived and sometimes illusory position, as opposed to the physical position.
Where in the hierarchy of the visual system is the perceived position represented? Usually stationary
objects are perceived roughly at the veridical location. In such a case, we cannot dissociate the neural
responses to the physical input and the neural representations corresponding to the perceived location.
In mislocalization illusions, however, the perceived position can be dissociated from the physical position on the retina. Thus, mislocalization illusions such as the FLE offer an opportunity to isolate the
neural substrates in the visual brain, responsible for our sense of space.
In the present study, we report a new visual phenomenon that illuminates the issue of physical
versus perceived (or illusory) position. In the classical FLE stimulus as shown in Fig. 1a, the inside
of a moving ring is ﬂashed. There, the ﬂash lags the moving ring and there is a hollow region of the
background color within the ring (e.g., Eagleman & Sejnowski, 2000; Khurana, Watanabe & Nijhawan,
2000). In our illusion, the ordering of the ring and the disk is reversed, i.e., we ﬂashed a ring surrounding a moving disk (Fig. 1b). Although this conﬁguration does not seem fundamentally different from
the classical FLE, an interesting percept, which is not expected from the classical FLE study, arises:
The moving disk was perceived not only ahead of the ﬂashed ring, as the FLE predicts, but also within
the ring – which is the veridical position of the moving disk. In other words, the disk is perceived at
two locations simultaneously, one at an extrapolated position and the other at the real position. This
perceptual effect demonstrates that the veridical position – which is usually not perceived – is made
visible by the ﬂash.
Initial Observations
We created a series of related stimuli to capture the basic characteristics of the effect. First, we used a
smaller moving disk so that it does not completely ﬁll the hollow area of the ﬂashed ring (Fig. 2a). In
other words, the edge of the moving disk is not attached to the inner edge of the ﬂashed ring. In this
case, the recovery of the veridical position was not observed, and just the standard FLE was observed.
Second, we used a moving ring (instead of a disk) that ﬁtted within the ﬂashed disk (Fig. 2b). The area
inside of the moving ring is open (that is, ﬁlled with the background color). Interestingly, the open area
within the ﬂashed ring was perceptually ﬁlled with the red. Third, a ring was ﬂashed on the central part
of a long moving vertical bar (Fig. 2c). The part of the bar falling within the ring is perceived at the
veridical position with respect to the ﬂash, lagging behind the rest of the bar outside the frame.
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Fig. 1. Flash lag effect (a, FLE) versus Real position
recovery (b).
a. A typical FLE stimulus is illustrated (top). Here a
red disk moves from left to right. Midway, the inside
of the disk is ﬂashed. In the percept, the moving ring
is perceived at a position extrapolated along the motion direction, whereas the ﬂash remain at the veridical position. In this stimulus, the ﬂash and the ring
are dissociated, and a crescent black region is perceived within the ring (bottom).
b. A typical stimulus is illustrated (top). Here a red
disk moves from left to right. Midway, a white ring,
physically enclosing the moving disk, is ﬂashed. The
FLE predicts the percept where the ring and the
ﬂash are dissociated (middle). However, one perceives not only the moving disk at an extrapolated
position, but also the region within the ﬂashed ring
is completely ﬁlled with the color of the moving disk
(bottom).

Experiment 1
The initial observations suggest the involvement of a ﬁlling-in related process in the recovery of the
veridical position. One important characteristic of ﬁlling-in is that the propagation of color towards the
inside of ﬂashed edge takes time (Paradiso & Nakayama, 1991). For instance, the inside of a ﬂashed
square is often perceived as less vivid than the area near the edges, and sometimes not ﬁlled-in at all
(Macknik, Martinez-Conde, & Haglund, 2000). This implies that if a ﬁlling-in process is involved in
the recovery effect, the vividness of the recovered veridical position should inversely scale with the
distance between ﬂashed edges. In Experiment 1, we directly address this issue by systematically measuring the effect of distance on the vividness of the recovered part of a moving stimulus.
In order to obtain a clear percept of the recovery effect, the stimulus needs to satisfy several conditions. First, the speed of a moving object needs to be sufﬁciently fast so that the illusory position of a
moving object created by the FLE is well apart from the veridical position. This is necessary for observers to be able to clearly identify the spatial offset. Also, motion needs to be smooth and continuous.
With discrete motion stimuli (i.e., apparent motion), each frame persists longer in the actual percept,
causing a percept of multiple objects even without a ﬂash. Also we wanted to make the stimulus as
symmetric as possible with respect to the point of ﬁxation, so that we can exclude, or at least minimize
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Figure 2. Variation of the real position recovery effect.
a. In the case where the moving
disk is not attached to the inner
edge of the ﬂashed ring, the real
position is not recovered.
b. In the case where the moving
disk has a hollow region within itself, the recovery effect is observed
and the hole of the moving disk is
ﬁlled.
c. In the case when a ring was
ﬂashed on a moving bar, the part of
the bar within enclosed by the ring
is recovered.

the contamination of the effects of eye movements. Under these constraints, we chose an expanding
ring as a moving stimulus, as it is symmetric in all directions, and produces a larger FLE compared with
contracting stimuli.
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Metvhods
Observers & Apparatus
Six observers participated in this experiment including one of the authors (RK). All observers had normal or corrected-to-normal vision. The stimuli were controlled by an Apple Macintosh running Matlab
and presented on a 22 inch CRT monitor with a resolution of 1280 X 1024 pixels at 75 Hz refresh rate.
The viewing distance was 57 cm and head movements were restrained by a chinrest.
Stimuli & Procedure
The stimulus was an expanding black ring (speed, 15 deg/s; line thickness, 0.4 deg) against a gray background (60 cd.m2). When the ring reached the eccentricity of 5.6 deg, a ﬂash consisting of dots that are
arranged in a circle was presented for one frame (13 ms) on the ring (see, Fig. 3b). The ﬂash was made
of a variable number of equally distributed dots (4, 6, 8, 10, 12, 24, or 32 dots).
The observers performed a rating task where they were required to report the vividness of the black
ring between the ﬂashed dots. They rated the vividness as follows:
1. No ring was perceived
2. A faint ring was perceived, but was not as vivid as the moving one
3. A ring as vivid as the moving one was perceived.
20 samples were made for each condition. This means a total of 140 trials for each observer (7 different
numbers of dots X 20 samples). The observers’ ratings were scaled between 0 and 1 by giving a score
0 to the choice 1, 0.5 to the choice 2, and 1 to the choice 3. As said, a high rating indicates a more vivid
percept of the veridical position.
Results
The results are shown in Figure 3c. The results show that the vividness of the ring at the veridical
position increased as more dots were ﬂashed (Spearman Rank-Order Correlation, Rs = 0.8116; P <
0.001). This is expected as we have outlined earlier. We plotted the same data as a function of separation between the dots (Fig. 3d). The graph shows that as the separation increases, the effect becomes
weaker. This supports the involvement of a ﬁlling-in process in which the distance between the edges
determines the vividness of the percept.
However, this could also reﬂect the total number of the dots in a ﬂash; with a larger number of
ﬂashed dots, the total area occupied by the ﬂash becomes larger, resulting in a stronger effect. Thus, we
repeated the same experiment with just two dots as an auxiliary experiment, while varying the distance
between them (10, 20, 30, 60 or 90 deg in radial angle). The two dots were presented in the lower visual
ﬁeld and were symmetrical with respect to the vertical midline. Observers made judgments on the vividness of the arc between the two dots. The same six observers participated in this experiment.
The results for this experiment for the same six observers are shown in Fig. 3e. It can be seen that
when the separation was small, the percept of the black ring at its veridical position became more vivid
(Spearman Rank-Order Correlation, Rs = -0.7039, P < 0.01). Thus the distance of the dots enclosing
the recovered region determines the vividness of the recovered veridical position. These results are
consistent with the prediction based on the involvement of ﬁlling-in process.
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Figure 3. Illustration of stimuli and the results. a. The stimulus was an expanding ring. b.
White dots are ﬂashed on the black ring as shown in the left panel. This results in the percept
with two rings as shown on the right panel. c. The vividness of the recovered ring is plotted
as a function of the number of ﬂashed dots (n=6). Error bars indicate one SEM. d. The same
data are re-plotted as a function of the separation angle between two dots. e. The results of
two-dot experiment. Instead of many dots, only two dots were used and their separation angle
was varied. The vividness of the arc enclosed by the two dots is plotted as a function of the
separation (n=6). Error bars indicate one SEM.

Experiment 2
We further examined the temporal characteristics of the effect. The temporal characteristics are informative in understanding how a ﬂash interacts with a moving object. For example, if the ﬂash interacts
with the residual activity of the moving object, which by itself is no longer strong enough to give rise to
a conscious percept, the ﬂash presented even after the moving object should produce a similar, possibly
less vivid, recovery effect. On the other hand, if the ﬂash interacts only directly with the concurrently
present signals for the moving stimulus, the maximum recovery effect should be obtained with the
synchronous presentation of the ﬂash.
To address these temporal issues, we used the stimulus with 24 dots, but the dots were ﬂashed at a
variable timing (SOA), both before and after the moving ring had passed the eccentricity of the ﬂashed
dots (5.6 deg).
Methods
Observers & Apparatus
The same six observers participated. The apparatus was the same as Experiment 1.
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Stimuli & Procedure
The stimulus was the same expanding black ring (speed, 15 deg/s; thickness, 0.4 deg) against a gray
background. 24 white dots were ﬂashed (13ms) at the eccentricity of 5.6 deg with a variable timing
with respect to the time when the expanding ring arrived at the same eccentricity. The relative timing, or stimulus onset asynchrony (SOA) between the ﬂash and the ring at the eccentricity, was varied
between –120ms, –80ms, -53ms, –26ms, 0ms, +26, +53ms, +80ms, and +120ms. The negative SOAs
indicate that the ﬂash was presented before the ring reached the same position, whereas the positive
SOAs indicate that ﬂash was presented after the ring passed that position.
The observers again made a subjective rating as described in the Methods section of the previous
experiment. Each observer performed 20 trials per condition, resulting in a total of 180 trials (9 conditions X 20 trials). The order of the conditions was randomized across trials.
Results
The results are shown in Fig. 4. The effect of SOA on the vividness rating was signiﬁcant (Repeated
Measures of ANOVA, F(8,40) = 14.52, P < 0.001). The vividness for the illusory ring was highest when
the ﬂash physically coincided with the moving stimulus. Flashing the dots after the ring had passed did
not recover the veridical position of the ring. On the other hand, the ﬂash before the arrival of the ring
produced the percept of the illusory ring, although the vividness rating was not as high as for the ﬂash
that physically coincided with the moving stimulus. However, this result is difﬁcult to interpret, because
around that time (in negative SOAs), the (extrapolated) illusory position of the ring could overlap the
position of the ﬂashes. Nevertheless, the data certainly support the main point that the vivid percept
of the veridical position is attained with the ﬂash that physically overlaps with the moving stimulus in
space and time. This indicates that the ﬂash interacts directly with the signals for the moving stimulus
and that at the time this interaction occurs, both the ﬂash and the moving stimulus are represented at
their veridical positions at the correct timing.
Discussion
We have shown that the veridical position of a moving object can be made visible by presenting an
adjoining stimulus transiently. The effect is speciﬁc to the region enclosed by the transient. The percept
is most vivid when the ﬂash physically coincides with the moving stimulus in space and time. These
ﬁndings indicate that the ﬂash interacts with the moving object at the early processing stage where the
moving stimulus is still represented at the veridical position.
Our observations suggest that a ﬁlling-in process is involved in the recovery of the veridical position. This is further supported by our experiments showing that the recovery is limited to the region
enclosed by ﬂashed stimuli (The two-dot experiment; Fig 3e). Filling-in is usually based on edge information in that the feature information of color or brightness propagates from the edges and ﬁlls-in
the enclosed area (Paradiso & Nakayama, 1991). When the moving disk is not directly bordering the
ﬂashed ring, the recovery was not observed (Fig. 2a), indicating the necessity of edge information. That
is, the recovery is not as general as recovering any picture within a ﬂashed ring. Further, our observation
as shown in Fig.2b indicates that the recovery is mediated by the edge connected to the ﬂash, because
the edge information (white-red) is sufﬁcient to ﬁll-in the entire region within the ring including the
empty spot. Finally, the effect is speciﬁc to the enclosed area, but not outside the ring (Fig. 2c), again
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Figure 4. The results of the timing experiment. The vividness of the ring is shown as a function of temporal separation between the ﬂash frame and the frame containing the ring at the
same location as the ﬂash (n=6). Positive SOAs indicate that the ﬂash was presented after
the expanding ring had passed, whereas negative SOAs indicate that the ﬂash was presented
before the ring had arrived at the eccentricity. Note that the maximum vividness was obtained
when the timing was synchronous (SOA =0). Error bars indicate one SEM.

consistent with our ﬁlling-in interpretation.
We have shown that the distance between two ﬂashes creating the edges needs to be small in order
to create a vivid percept of the veridical position. This is again consistent with the ﬁlling-in interpretation. For example, if a color-ﬁlled stimulus is presented very brieﬂy, the inside of the stimulus is often
not perceptually ﬁlled. This is because the ﬁlling-in process cannot be completed within a short duration of time (see, Macknik, Martinez-Conde, & Haglund, 2000). With increasing the distance between
edges, longer time is required for the ﬁlling-in to complete and the vividness will fade.
Generally, the ﬁlling-in process is mediated by early visual areas in which the visual ﬁeld is retinotopically represented. The percept of veridical position implies that the positional representation of
a moving object is still maintained at the veridical location in those areas. Therefore, subjective judgments on the position of moving objects should be based on the information encoded at later stages.
Put differently, the veridical representations in these areas are not directly reﬂected in our subjective
perception. They are made visible only when prompted by transient stimuli.
In this study, we have demonstrated a novel method to make the veridical position of a moving
object visible. This effect is likely to be induced by a ﬁlling-in process which is triggered by a transient
stimulus. The interaction of the ﬁlling-in process with the veridical spatial representation suggests that
in early cortical areas, the positional representation of a moving object is still veridical. The perceived
position of a moving object must therefore be coded in higher visual areas than those mediating visual
ﬁlling-in. Recent studies seem to support this. Work by McGraw, Walsh, & Barrett (2004) indicates
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that activity in area MT is critical for the mislocalization of a moving object. Also, the representation
of an illusory contour is still maintained in early visual areas even when it is not perceived because of a
motion-induced shift of perceived position (Rajimehr, 2004). These lines of evidence make it tempting
to suggest that perceived position is not directly encoded in the early areas, but is constructed after the
integration with motion signals.
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Perceptual manifestations of fast neural plasticity: Motion priming, rapid
motion aftereffect and perceptual sensitization
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Abstract
Visual neurons show fast adaptive behavior in response to brief visual input. However, the perceptual
consequences of this rapid neural adaptation are less known. Here, we show that brief exposure to a
moving adaptation stimulus - ranging from tens to hundreds of milliseconds - inﬂuences the perception
of a subsequently presented ambiguous motion test stimulus. Whether the ambiguous motion is perceived to move in the same direction (priming), or in the opposite direction (rapid motion aftereffect)
varies systematically with the duration of the adaptation stimulus and the adaptation-test blank interval.
These biases appear and decay rapidly. Moreover, when the adapting stimulus is itself ambiguous, these
effects are not produced. Instead, the percept for the subsequent test stimulus is biased to the perceived
direction of the adaptation stimulus. This effect (perceptual sensitization) builds gradually over the time
between the adaptation and test stimuli. Our results indicate that rapid adaptation plays a role mainly
within early motion processing, whereas a slow potentiation controls the sensitivity at a later stage.
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Introduction
After viewing a moving pattern continuously, we perceive a subsequently presented stationary pattern
as moving in the opposite direction. This phenomenon – known as the motion aftereffect (MAE) – has
been widely studied in order to gain insights into adaptation characteristics of motion-sensitive neurons
in the visual system (see, Anstis, Verstraten & Mather, 1998 for an overview). Typically, the MAE is
induced by using adaptation durations that last several to tens of seconds. Neurons showing similar time
courses have been considered as the neuronal substrates underlying the MAE (Barlow & Hill, 1963;
Hammond & Mouat, 1988; Hammond, Mouat & Smith, 1988; Kohn & Movshon, 2003).
In contrast to the relatively slow dynamics of adaptation resulting in the MAE, much faster forms
of adaptation – on the order of a few hundreds of milliseconds – have been reported in electrophysiological studies. For example, when the same stimulus is presented twice in close temporal succession,
the neural response to the second presentation is considerably reduced (Nelson, 1991; Chance, Nelson
& Abbott, 1998; Finlayson & Cynader, 1995; Stratford, Tarczy-Hornuch, Martin, Bannister & Jack,
1996). This pattern is also observed in area MT (Lisberger & Movshon, 1999; Priebe, Churchland &
Lisberger, 2002), which is apparently closely linked to the subjective experience of visual movement
(Newsome, Britten & Movshon, 1989; Zeki, Watson & Frackowiak, 1993; Logothetis & Schall, 1989;
Bradley, Chang & Andersen, 1998).
Moreover, neuronal plasticity exists not only in depressive forms - leading to a decrease in responsiveness - but also shows potentiation in response to brief stimulation. Prior stimulation of a neuron
increases its responsiveness to a subsequent stimulation (e.g., Castro-Alamancos & Connors, 1996;
Hempel et al., 2000). The presence of these two opposite adaptive mechanisms implies that they play
distinct functional roles in the nervous system. However, given the diversity of the forms of plasticity and the complexity of their induction conditions, it is difﬁcult to infer how these different types
of plasticity orchestrate the perceptual outcome. Although depth of adaptation and MAE duration are
closely related (e.g., Verstraten, Grüsser, Fredericksen & van de Grind, 1994), no ﬁrm relationship has
been drawn between these fast patterns of neurophysiological plasticity and patterns of psychophysical
behavior.
In psychophysics, studies using brief stimulus presentations have produced two opposite effects:
aftereffects and priming. A few studies have shown that a brief presentation of a stimulus results in a
suppressive effect in the perception of subsequently presented stimuli (e.g., Sekuler & Littlejohn, 1974;
Raymond & Isaak, 1998). On the other hand, many other studies use brief presentations to produce
priming effects – a facilitatory effect on the perception of a subsequently presented stimulus. In the motion domain, brieﬂy presenting unidirectional motion facilitates the percept of that direction for the next
presentation (Pinkus & Pantle, 1997; Raymond, O’Donnell & Tipper, 1998). It is puzzling that, while
the general procedures to induce aftereffects and priming in these studies are almost identical, they result in opposite effects in terms of perceived direction. This apparent conﬂict needs to be resolved, but
methodological differences between the studies make direct comparison of the results difﬁcult.
In the present study, we systematically vary the timing between a particular pair of adaptation and
test stimuli. This way, we attempt to ﬁnd out which conditions lead to negative aftereffects, and which
lead to priming. Furthermore, we deduce the location of the effects in the processing hierarchy by comparing the results with those obtained from adaptation to an ambiguous stimulus. These time courses
and locations are then related to the known neurophysiological dynamics and anatomy.
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Our results show that there are at least three types of psychophysical adaptations.
• The ﬁrst is known as visual motion priming (or VMP) as reported by Pinkus & Pantle (1997).
They showed that an extremely brief exposure (80ms) to energy-based motion causes a strong bias
toward the same direction.
• The second is a very rapid form of MAE (rMAE), in which slightly longer adaptation (e.g. 320
ms) produces a strong bias towards the opposite direction.
• The third is what we call perceptual sensitization (PS), in which an ambiguous stimulus lacking
energy based motion causes subsequent percepts to follow the direction of the preceding percept.
The VMP and the rMAE occur almost immediately after exposure to the adaptation stimulus and
decline quickly over a second. PS, on the other hand, develops gradually over the course of a few
seconds. The distinct time courses of these effects suggest the involvement of different types of neural
plasticity at different processing levels.
Experiment 1: Adaptation to brief directional motion
We presented an adaptation stimulus consisting of unidirectional motion, and measured its effect on the
percept of the subsequently presented directionally ambiguous test stimulus. By varying both the duration of the adaptation stimulus as well as the blank interval between the adaptation and test stimulus,
we characterize the temporal dynamics of aftereffect and priming.
Methods
Apparatus & observers
Stimuli were generated on a Macintosh computer running Matlab PsychToolbox (Brainard, 1997; Pelli,
1997) and presented on a 22-inch CRT monitor. The refresh rate of the display was 75 Hz and the resolusion 1280 X 1024 pixels. Stimuli were viewed from a distance of 57 cm. We used a linearized color
lookup table for gamma correction.
Ten observers including one of the authors (RK) participated in this experiment. Other observers
were naïve as to the purpose of the experiment. All observers had normal or corrected-to-normal visual
acuity.
Stimuli & Procedure
The stimuli were sine-wave luminance gratings with a contrast of 0.5 (Michelson contrast) and a spatial
frequency of 1 cpd. The gratings were spatially enveloped by a 2-D Gaussian with a sigma of 4 degrees.
To aid ﬁxation, the central part of the stimuli was replaced by a disk (2 degrees in radius) with the same
luminance of the background, and a white ﬁxation point was drawn in the center of the display
Both the directional and ambiguous stimuli were created by shifting the phase of the sine-wave
stimulus. To create the directional stimuli, the phase was shifted by +90 degrees every 40 ms. The direction of motion was horizontal either to the right or to the left. Ambiguous stimuli were created by shifting the phase 180 degrees every 80 ms (Figure 1a). This way, the speed of the test stimulus matched
that of the adaptation stimulus (6.25 deg/s).
The direction of the adaptation stimulus was randomized across trials. We varied the adaptation
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duration between 80, 160, 320, and 640ms, which corresponded to 2, 4, 8, and 16 frames, respectively.
After a variable ISI (40ms, 120ms, 480ms, 1000ms, and 2000ms), during which the display was blank,
the test stimulus was always presented for 320 ms.
The task was to indicate whether the test stimulus was moving in the same direction or in the opposite direction as compared to the adaptation stimulus. There were a total of 20 conditions; 4 (adaptation durations) X 5 (ISIs). 40 trials were performed for each condition, and the order of conditions was
randomized.
Results
The results are shown in Figure 1b. For each adaptation duration, the percentage of trials in which the
test stimulus was perceived to move in the same direction is shown as a function of the adaptation-test
ISI. With the shortest adaptation duration (80ms, solid triangle), there was a strong perceptual bias for
perceiving the ambiguous motion in the same direction as the adaptation stimulus. This effect – known
as visual motion priming (or VMP) – decayed rapidly as a function of the ISI. This is quantitatively
consistent with the earlier reports by Pinkus and Pantle (1997).
As the adaptation duration increased, the VMP vanished and was replaced with an opposite effect.
That is to say, after adapting to directional movement for a slightly longer duration, the test stimulus
tended to be perceived as moving in the opposite direction. Although the effect resembles the classical MAE, we call it rapid MAE (rMAE) for two reasons. First, given the temporal characteristics, we
do not know whether the rMAE results from the same neural adaptation responsible for the classical
MAE. Second and more importantly, the classic MAE exhibits “storage”, in that it survives even after
extended viewing a blank display after adaptation (Spigel, 1960; but see also, van de Grind, van der
Smagt & Verstraten, 2004) whereas the rMAE does not. It has decayed completely after a blank of 2-3
s. These observations suggest that a different type of neural plasticity may underlie the rMAE.
Our results demonstrate that the contradictory effects, namely the VMP and (r)MAE can arise from
the same stimulus and task, and the effect ﬂips depending on small differences in adaptation duration
and ISI. Both effects recovered to the baseline level (indicated by the dashed line in Figure 1b) quickly,
but with different rates. The VMP vanished within one second, whereas the rMAE recovered more
gradually over 2-3 seconds.
Experiment 2: Brief adaptation to ambiguous motion
Where does the rMAE take place in the hierarchy of visual motion processing stages? In functional
terms, at least two stages can be distinguished. The early stage involves the detection of local motion
energy inherent in the stimulus. In other words, the activation is stimulus-driven in the early stage. On
the other hand, the late stage is related to perceptual decision-making based on the integration of the
local motion signals. A counterphase grating, for example, activates motion detectors for opposite directions simultaneously at the early stage. However, only one of the two directions is usually perceived.
This perceived direction is determined and represented in the late stage.
Does the rMAE take place at the early stage or the late stage? To answer this question, we used
directionally ambiguous motion as an adaptation stimulus. The rationale behind using ambiguous motion is to bypass the directional biases induced by adaptation in the early stage. Since the local motion
energy of ambiguous motion is balanced between the two opponent directions, exposure to ambiguous

83

Chapter 6

Figure 1. a. Illustration of the stimuli. The adaptation stimulus was directional apparent motion created by 90-degree phase shifts. Here, an example of 320 ms adaptation is shown.
After the adaptation, a blank image was presented for 40ms, 120ms, 480ms, 1000ms or
2000ms. This was followed by ambiguous motion made of 180-degree phase shifts. The
duration of the test stimulus was constant (80ms x 4 frames = 320 ms). Both for the adaptation stimulus and the test stimulus, the luminance contrast was 0.5 (Michaelson contrast). b.
Results from Experiment 1 (n=10). For each adaptation duration, the proportion of trials in
which observers perceived the test stimulus as moving in the same direction as the adaptation stimulus is shown as a function of blank duration. The results are shown for four adaptation durations; 80 ms (solid triangle), 160 ms (solid diamond), 320 ms (solid circle), and
640 ms (solid square). Error bars indicate one s.e.m.
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motion will not cause a directional bias at the early stage. This allows us to extract effects speciﬁc to
the late stage. If rMAE occurs in the late stage without involving the early stage, the rMAE should be
observed even when the adaptation does not contain a bias in motion energy. If rMAE is speciﬁc to the
early stage and absent in the late stage, no rMAE will be observed.
Methods
Apparatus & Observers
The same experimental setup was used for this experiment. Eight observers including one of the authors
(RK) participated. All observers had normal or corrected-to-normal visual acuity.
Stimuli & Procedure
Stimuli were the same sine-wave gratings as in Experiment 1. Here, the difference is that on half the trials, the adaptation stimulus was ambiguous motion instead of directional motion. For both the ambiguous and directional adaptation stimuli, the duration was 320 ms. Again, we varied the blank duration
between the adaptation and the test (40ms, 120ms, 480ms, 1000ms and 2000ms). Thus, half of the trials
with a directional motion replicate the 320 ms adaptation condition of Experiment 1, and the other half
are equivalent conditions but with ambiguous motion.
The task was the same as for Experiment 1. Observers were asked to indicate whether the test
stimulus was moving in the same direction or in the opposite direction with respect to the direction of
the adaptation stimulus. There were a total of 10 conditions; 2 (ambiguous adaptation and directional
adaptation) X 5 (ISIs). 40 trials were performed for each condition, and the order of conditions was
randomized across trials.
Results
The results are shown in Figure 2. For each type of adaptation stimulus (ambiguous vs. directional), the
percentage of trials in which the test stimulus were perceived to move in the same direction is shown as
a function of the blank duration. The rMAE was observed when the adaptation stimulus was directional:
the subsequent percept was biased in the opposite direction, corroborating the results of the previous
experiment. On the other hand, adaptation to ambiguous motion did not lead to negative bias (or the
rMAE). This implies that the rMAE is primarily mediated by the early motion processing stages.
The ambiguous motion produced a positive bias in which the percept of the same direction as the
previously perceived direction is facilitated (t-test on the pooled data across all ISIs, P < 0.001). In other
words, a brief exposure to ambiguous motion caused a facilitation effect similar to priming. This means
that the responsiveness of the neuronal substrates seems to be enhanced when they are perceived. This
plasticity gradually develops over the few seconds that follow the adaptation stimulus (Spearman rankorder correlation Rs = 0.29, P < 0.05). This slow time course distinguishes itself from the VMP which
decays quickly, and shows that a different kind of plasticity exists at a later stage.
Experiment 3: Long Intervals
In the previous experiment, perception of one motion direction produces a positive bias on the perception of a subsequent ambiguous motion – the effect we refer to as perceptual sensitization (PS). We did
not obtain the positive bias from adaptation to directional motion. However, directional motion also
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Figure 2. Results of Experiment 2 (n=8). For each of the two types of adaptation stimuli,
the proportion of trials in which the test was perceived to move in the same direction as the
adaptation stimulus is plotted as a function of the adaptation-test ISI. Solid circles show the
data from the conditions in which the adaptation stimulus was directional (unambiguous),
replicating the results of Experiment 1 (i.e., Figure 1b, solid circles). Open circles indicate the
data from the conditions in which adaptation stimulus was ambiguous. Error bars indicate one
s.e.m.
induces a subjectively very similar percept of movement. Thus, if the PS is induced by the percept
of directional movement, unambiguous motion should also produce the PS. The failure to ﬁnd the PS
with adaptation to directional motion can be attributed to the dominance of the simultaneously induced
rMAE. Since the PS grows gradually over a few seconds, and the rMAE seems to decline more rapidly,
we expect that with longer blank durations we can isolate the PS component from the rMAE. Based
on these lines of reasoning, we conducted the same experiment as Experiment 2, but including longer
ISIs up to 5s.
Methods
Apparatus & Observers
The same experimental setup was used for this experiment. Six observers including one of the authors
(RK) participated. All observers had normal or corrected-to-normal visual acuity.
Stimuli & Procedure
Stimuli and procedure were identical as Experiment 2. In addition to the ISIs used in Experiment 2
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(40ms, 120ms, 480ms, 1000ms and 2000ms), we added the ISIs of 3000ms, 4000ms and 5000 ms. Both
directional motion and ambiguous motion were used as adaptation stimulus (320 ms).
There were a total of 16 conditions; 2 (ambiguous adaptation and directional adaptation) X 8 (ISIs).
40 trials were performed for each condition, and the order of conditions was randomized across trials.
Results
The results are shown in Figure 3A. Consistent with Experiment 2, adaptation to ambiguous motion
induced a positive bias throughout the ISIs. The PS gradually developed with increasing the ISI (Spearman rank-order correlation Rs = 0.602, P < 0.001) without showing any decline even with the long
ISIs.
Exposure to directional motion produced a negative bias (or rMAE) for short ISIs. However, increasing the ISI (>3s) resulted in a positive bias, i.e., the percept for the same direction was promoted.
The percept of the same direction steadily increased as the ISI increased (Spearman rank-order correlation Rs = 0.804, P < 0.001). This shows that both the rMAE and PS are induced by the same stimulus
(i.e., directional motion), but they manifest themselves at different times.
The coexistence of the rMAE and PS suggests that the apparently fast recovery of the rMAE (in Experiment 1 and 2) can actually be slower, because the weak rMAE after a long ISI must be counteracted
by the PS. Figure 3A shows the difference between the data for adaptation to ambiguous motion and the
data for adaptation to directional motion. This provides us with a rough idea about the time course of the
rMAE alone (the underlying assumption is that both directional motion and ambiguous motion induced
equally strong PS). The subtraction shows that the rMAE component gradually decayed with increasing
the ISI, and the time constant for the rMAE to decay to 50% of the initial maximum strength is about
2 seconds. Indeed the best ﬁt of exponential decay function was obtained when the time constant was
2007ms and the maximum amplitude 32.58.
General Discussion
In summary, we have shown that three distinct types of adaptation can be induced in response to a brief
stimulus; 1. Visual motion priming (VMP), 2. Rapid MAE (rMAE), and 3. Perceptual sensitization
(PS). These effects are characterized by the time course and effect on the perceived direction.
Experiment 1 shows that a brief stimulus presentation works as a prime despite its similarity to a
typical adaptation paradigm used for the MAE. In fact, our results show that the VMP and (r)MAE occur in the same stimulus conﬁguration, producing opposite effects due to a slight change in adaptation
duration. If adaptation is very brief (80 ~ 160 ms), VMP is produced. With longer durations, the rMAE
becomes dominant. Both the VMP and the rMAE are absent with adaptation to energy-balanced motion, suggesting these two effects result from early motion processing (Experiment 2).
The classical MAE has been attributed to adaptation of direction-selective neurons with a time
constant of several seconds (see Verstraten, Fredericksen, Grüsser, & van de Grind, 1994; Wade &
Verstraten, 2005, for an overview). However, the rMAE is induced by very brief adaptation duration.
Given the speed of adaptation, the rMAE seems to involve neural substrates with distinct rapid plasticity which cannot be directly studied using the classical MAE.
Our experiments show that this rapid plasticity takes place primarily in the early motion processing
stage responsible for motion energy detection. However, in the late stage of perceptual processing the
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rMAE seems absent or present but so weak that it is concealed by the PS. The early and late stages
are usually considered to correspond to the primary visual cortex (or V1) and medial temporal area
(or MT/V5), respectively. These neuro-anatomical correspondences suggest that the rapid depression
responsible for the rMAE probably takes place at the level of V1, and possibly even earlier at the synapses from LGN to V1 (See, Carandini, Heeger, & Senn, 2002; Chung, Li, & Nelson, 2002; Chance,
Nelson, & Abbott, 1998).
The later stage shows, instead, a gradual development of potentiation, and no decay at least up
to 5 seconds. This slow time course implies the involvement of a different type of neural plasticity. Related to this phenomenon is the perceptual stabilization of intermittently presented multistable
stimuli. Normally, when a multistable stimulus is continuously presented, observers experience incessant spontaneous alternations between the possible percepts. However, if the stimulus is presented only
intermittently with blank intervals of 3-5s, the percept for that stimulus is stabilized for a long duration
(Leopold, Wilke, Maier & Logothetis, 2002; Maier, Wilke, Logothetis & Leopold, 2003; Chen & He,
2004; see also Ramachandran & Anstis, 1985). The sensitization we report here may fundamentally
be the same phenomenon. The time course of the perceptual sensitization in which the facilitation
gradually increases with longer blank durations may provide the basis for the perceptual stabilization
and account for the necessity of the 3-to-5 second blank intervals. In the case of stabilization, each presentation of a stimulus serves as the adaptation stimulus for inducing the sensitization for one percept.
Then, during the extended blank interval, the sensitization develops sufﬁciently strong to consistently
bias the subsequent percept to the same interpretation. Then, the percept of the new stimulus works as
another adaptation stimulus for causing the bias in the same direction, and so on.
In the classical MAE, two types of MAEs – static and dynamic– have been used to illuminate the
two distinctive motion processing stages (Culham, Verstraten, Ashida & Cavanagh, 2000; Nishida &
Ashida 2000). The static MAE is obtained after an observer views a motion stimulus with directional
energy. It is observed regardless of whether the test stimulus is static or dynamic. However, when
the adapting stimulus is energy-balanced (or bistable), the MAE is observed only with dynamic test
stimuli. These two types of MAEs show the independent motion processing stages.
The motivation behind Experiment 2 and Experiment 3 is analogous to these studies. However,
the results obtained from brief exposures to motion stimuli are qualitatively different from those using extended adaptation. First, the rMAE was observed only with a dynamic pattern as a test. When
adaptation is extremely brief as in our rMAE, static test patterns did not produce any measurable MAE,
even when the adapting stimulus contained directional motion energy (Experiment 1). This contrasts
with the classical static MAE where MAE from directional motion can be observed both with static
and dynamic test patterns. One possible reason for this is that the adaptation resulting in an rMAE is
not as strong as the classical MAE due to the brief adaptation and can be revealed only by a dynamic
test, which is generally considered to be more sensitive. Second, our brief presentation of energy-balanced motion did not produce any MAE analogous to the dynamic MAE. Instead, we found the perceptual sensitization, an opposite effect. These differences imply differences in the underlying neural
mechanisms mediating various types of perceptual adaptations.
The PS showed a gradual development over the blank interval. In fact, this steady increase can be
interpreted in two ways. One interpretation is that the plasticity responsible for the PS itself increases
gradually. Alternatively, the PS is established just after the adaptation stimulus, but is effectively can-
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Figure 3. Results of Experiment 3 (n=6). A. For each of the two types of adaptation stimuli, the proportion of trials in which the test was perceived to move in the same direction
as the adaptation stimulus is plotted as a function of the adaptation-test ISI. Solid circles
show the data from the conditions in which the adaptation stimulus was directional (unambiguous). Open circles indicate the data from the conditions in which adaptation stimulus
was ambiguous. Error bars indicate one s.e.m. B. The strength of rMAE after subtraction
of the PS. Subtraction was performed for individual data and then averaged across the
observers. Error bars indicate one s.e.m.

celled by another short-lasting negative bias (or an aftereffect) driven by perception. Our present experiments cannot clearly distinguish between these two possibilities. Further study is needed to elucidate
the time courses of possibly multiple types of plasticity underlying the slowly increasing PS.
Finally, the present results show the perceptual manifestations of fast neuronal plasticity and for
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the ﬁrst time relates them to fast adaptation characteristics, previously reported in electrophysiological
studies (Nelson, 1991; Stratford et al., 1996; Lisberger & Movshon, 1999). They indicate that at least
two opponent sensory adaptations coexist at different levels of visual motion processing; fast rapid
depression at the early motion detection stage, and slow gradual potentiation at the perceptual stage.
These two types of rapid plasticity may play a functional role in visual perception. For example, the
early rapid depression would be useful for gain control at the input level (Abbott, Varela, Sen, & Nelson, 1997) as well as for detecting a temporal contrast (Kanai & Verstraten, 2004). On the other hand,
the late gradual potentiation may help us to maintain perceptual continuity across disruptions by other
objects or saccades, and also serves as a foundation for rapid perceptual learning (Hawkey, Amitay &
Moore, 2004) by enhancing the sensitivity to perceptually conﬁrmed interpretations.
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Abstract
When a bistable motion is viewed following an exposure to a motion stimulus, the percept is biased in
the same direction as the ﬁrst stimulus. This form of priming, termed perceptual sensitization, increases
gradually as the interval between the two stimuli becomes longer. The persistence of the effect over
several seconds (>5s) indicates that sensitization is a form of unconscious perceptual memory. Here we
show that observation of a stationary stimulus during the interval disrupts the gradual development of
sensitization. The disruption can be obtained independent of the orientation of the intervening stimulus.
Moreover, the results show that the disruption becomes stronger as the presentation duration of the
intervening stimulus increases. Our results suggest that the visual system dynamically calibrates its
internal bias using the most recent percept.
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Introduction
A brief exposure to a stimulus often has a perceptual effect on a subsequently presented stimulus.
This can be facilitatory or suppressive effect depending on the stimulus condition. Facilitation and
suppression are generally called priming and aftereffect, respectively. These opposing effects have been
observed in many conditions, but are usually studied separately.
Previously we have shown that brief adaptation (e.g. 320ms) to unambiguous visual motion results
in both a rapid motion aftereffect (rMAE) and a type of priming effect that we have termed perceptual
sensitization (PS) (Kanai & Verstraten, 2005). Typically, the rMAE dominates just after the offset of
the adaptation stimulus and it lasts for a few seconds. As the adaptation-test interval becomes longer,
the PS takes over. In other words, the perceptual bias shifts from negative (aftereffect) to positive
(priming) effects. Even when the adaptation stimulus itself is ambiguous, the PS is still induced (Kanai
& Verstraten, 2005). That is, the subjective percept for ambiguous motion produces a positive bias on
the succeeding ambiguous motion. This means that the PS is not a stimulus-driven phenomenon, but
depends on the percept of the observer. In contrast, the rMAE seems to be produced by the input signal,
as is not observed for adaptation to ambiguous motion.
The PS is closely related to the stabilization process for bistable stimuli (Leopold, Maier, Wilke
& Logothetis, 2002). Usually, when we are looking at a bistable stimulus, the percept spontaneously
alternates between the possible interpretations every few seconds. However, if the stimulus is presented
only intermittently with a blank interval of 3-5s, the percept is ﬁxed to one percept and this can last
for several minutes (Leopold, Wilke, Maier & Logothetis, 2002; Maier, Wilke, Logothetis & Leopold,
2003; Chen & He, 2004; Pearson & Clifford, 2005). The time course of the PS in which the facilitation
increases gradually during the blank is consistent with the need for a blank of a few seconds between
presentations for the stabilization effect. In an intermittent display of an ambiguous stimulus, each
presentation can be considered as ambiguous adaptation and repeatedly produces the PS for the next
presentation.
Interestingly, stabilization is not disrupted by the presence of other objects during the interval
(Maier, et al., 2003). Maier and his colleagues showed that when different kinds of bistable stimuli are
interleaved across one another, the percept for each stimulus is stabilized independent of each other.
This ﬁnding indicates that presenting an unrelated stimulus during the intervals does not disrupt the
stabilization.
In this paper, we report a method to disrupt the stabilization (or equivalently the PS). Uncovering the
conditions where the stabilization can be abolished is certainly informative for ﬁnding the underlying
mechanisms. Our experiments show that viewing a stationary stimulus during the blank period can
completely abolish the stabilization, at least for the case of a bistable motion stimulus. Given that
mere presentation of a different stimulus during the blank interval is not effective at disrupting the
stabilization, our ﬁnding is in an apparent contradiction with the ﬁnding by Maier et alt. In order to
reconcile this discrepancy, we perform a series of experiments to determine the boundary conditions as
to when the stabilization is disrupted and when it is not. We show that prolonged viewing of a stationary
stimulus is critical for the disruption.
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Experiment 1: Stopping the motion
We measured the effect of adaptation to a brief motion stimulus (320ms). The adaptation stimuli were
either directional (unambiguous) or ambiguous. After a variable duration, a test stimulus (ambiguous
motion) was presented, and observers reported whether the adaptation stimulus and the test stimulus
moved in the same direction or in the opposite direction. During the adaptation-test intervals, either a
blank display or a stationary stimulus (the ﬁnal frame of the adaptation stimulus) was shown.
Methods
Observers
Nine naïve observers and one of the authors (RK) participated. All observers had normal or correctedto-normal visual acuity.
Apparatus
Stimuli were generated on a Macintosh computer running Matlab PsychToolbox (Brainard, 1997; Pelli,
1997) and presented on a 22-inch CRT monitor. The refresh rate of the display was 75 Hz and the
resolution 1280 X 1024 pixels. Stimuli were viewed from a distance of 57 cm. We used a linearized
color lookup table for gamma correction.
Stimuli
We presented a directional motion stimulus or ambiguous motion for a brief adaptation and then
measured the consequential bias on the percept for the test stimulus (Figure 1). Both the adapting
stimulus and the test stimulus had a constant duration (320ms), but the interval between adaptation and
test was varied between 480, 1000, 2000, 3000, 4000 and 5000ms.
The stimuli consisted of a series of sine-wave luminance gratings with a contrast of 1 (Michelson
contrast) and a spatial frequency of 1 cpd. The gratings were spatially enveloped by a 2-D Gaussian
with a sigma of 4 degrees. The central part of the stimulus was replaced by a disk (2 degrees in radius)
with the background luminance (46 cd/m2) and a ﬁxation point (a white dot) was drawn at the center
(See Figure 1).
Motion stimuli were created by shifting the phase of the sine-wave grating. For the directional
motion, the phase was shifted by 90 degrees every 40 ms. This results in either leftward or rightward
horizontal movement depending on the direction of the phase shift. The direction was randomized
across trials. The duration of the adapting stimulus was 320ms (8 steps). For the ambiguous motion
(test stimulus), the phase shift was 180 degrees every 80 ms. The total stimulus duration was 320 ms (4
steps). The speed of motion was 6.25 deg/s for both types of stimuli.
Procedure
The observer’s task was to judge whether the test stimulus moved in the same or in the opposite
direction as compared to the adapting stimulus. On half of the trials, the last frame of the adapting
stimulus remained on the display during the interval, and started moving at the time the test stimulus
was expected to appear. On the other half of the trials, the interval was a blank display just with the
ﬁxation point.
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There were 24 conditions in total; 2 (adapting stimulus types [directional or ambiguous]) X 2 (interval
types [blank or stationary]) X 6 (ISIs). Each observer performed 40 trials per condition. The order of the
conditions was randomized across trials.
Results & Discussion
The results are shown in Figure 2. The percentage of trials in which observers reported that the adaptation
stimulus and test stimulus were perceived to move in the same direction is shown as a function of the
interval between adaptation and test (ISI). The solid circles indicate the results of adaptation to directional
motion with blank intervals. In this condition, the exposure to directional motion produces the rapid
motion aftereffect (rMAE; See Kanai & Verstraten, in press) for short ISIs (<1s). For ISIs longer than
3s, the percept is biased towards the same direction as the adaptation stimulus. This shows that both the
rMAE and PS are induced by the same unambiguous stimulus. They manifest themselves at different
ISIs (Figure 2A), indicating a gradual transition from rMAE to PS over the interval.
On the other hand, adaptation to ambiguous motion did not produce a negative bias (<50%) for all
ISIs tested. Instead, it primes the percept to the same direction. Again, the PS gradually developed with
increasing ISI (open circles in Figure 2B). These results show that adaptation to both directional and
ambiguous motion produces the sensitization effect. In both cases, the effect steadily increased without
decay at least up to 5 seconds, the longest ISI tested.
More relevant to the purpose of this experiment was to see whether the stationary stimulus during
the interval affects the development of sensitization. Our results show that sensitization is disrupted
when the adaptation-test stimulus was ﬁlled with a stationary stimulus, instead of a blank, both for
adaptation to directional motion (Figure 2A, solid squares) and adaptation to ambiguous motion (Figure
2B, open squares).
The stationary-intervals seem to selectively disrupt the PS, but not the rMAE. As said, adaptation
to directional motion causes both rMAE and PS. In the stationary-interval condition (Figure 2A, solid
squares), the PS seems to be completely abolished; No positive bias (>50%) was found for the tested ISI
range. On the other hand, the rMAE was not disrupted by the stationary intervals. Rather, the duration
of rMAE extended to 2 seconds by presenting a stationary stimulus during the interval. This apparent
facilitation of the rMAE is probably due to the fact that in the blank intervals, the rMAE at short ISIs
was effectively cancelled out by the PS which had already started developing at short ISIs.
The disruption of the PS by a stationary stimulus was also observed when the adaptation stimulus
was ambiguous (Figure 2B, open squares). Although the disruption was not complete – the mean over
all ISIs is 57.9%, so slightly above 50% (One-tailed t-test, P = 0.033), the effect size was signiﬁcantly
reduced as compared to the blank-interval condition (One-tailed t-test, P < 0.01). The gradual
increase observed for exposure to ambiguous motion with the blank-interval (Spearman’s rank-order
correlation, Rs = 0.4173 P < 0.01) disappeared in the stationary-interval condition (Spearman’s rankorder correlation, Rs = 0.0121, P = 0.4715).
In sum, our results so far indicate that the development of the PS is suppressed by the presence of a
stationary stimulus during the interval. To the best of our knowledge, this is the only instance in which
the PS is disrupted.
The disruption of the PS seems to be in a contradiction with previous studies showing the robustness
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Figure 1. Design of Experiment 1. There were four stimulus conditions in Experiment
1. Each is illustrated by one of the columns. (Top Row) The adaptation stimulus
was either directional (left two columns) or ambiguous motion (right two columns).
The single dotted arrows indicate directional motion (deﬁned by consecutive 90
degrees phase shifts). Here only rightward motion is shown as an example, but
leftward motion was also used for adaptation on half of the trials. The bidirectional
dotted arrows indicate ambiguous motion which could be perceived as moving to the
right or to the left. (Middle Row) Either a blank display or a stationary stimulus was
continuously shown during the variable interval between adaptation and test. (Bottom
Row) The test stimulus was always ambiguous motion.
of the effect. For example Maier et al. (2003) showed that the effect is not disrupted even when other
types of bistable stimuli are interleaved in the blank periods. The discrepancy may arise from a difference
in the nature of the stimuli presented during the intervals. Maier et al. inserted other ambiguous stimuli
or the same type of stimuli but in ‘orthogonal’ directions, which could have resulted in independent
effects. Our manipulation of displaying stationary stimuli seems to feed additional information that the
moving grating has halted. This could be used as a cue to remove the PS in the visual system. Another
possibility is that while Maier et al. presented another stimulus only brieﬂy during the intervals, our
stationary stimuli were presented for the whole ISI period. The disruption of the PS may require that
a stimulus be presented for a long time during the interval. In Experiment 2 and 3, we examine these
two possibilities.
Experiment 2: Orthogonal stationary stimuli
Our main interest here is whether the disruption is speciﬁc to a stationary stimulus which has the same
pattern (i.e., vertical grating) as the motion stimuli or whether it can be induced by any stationary
stimulus. The presentation of a stationary stimulus with the same orientation perceptually indicates
that the moving grating has stopped. This could provide the cue, which disrupts the PS. On the other
hand, presenting an orthogonal grating is more similar to the blank interval in that the moving grating
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Figure 2. Rapid adaptation to (A) directional stimuli and (B) ambiguous stimuli. The
percentage of trials where the test stimulus was perceived in the same direction as the
adapting stimulus is plotted as a function of the duration of adaptation-test interval. A.
Results of adaptation to directional motion. The solid circles indicate the results for
blank intervals, and the solid squares for stationary intervals. B. Results for adaptation
to ambiguous motion. The open circles indicate the results for blank intervals, and the
open squares for stationary intervals. Error bars indicate one SEM (n = 10).

disappears and reappears abruptly.
To examine whether the disruption is caused by the signals for (1) the halt of motion or (2)
the presence of a stationary stimulus, we conducted the following two experiments. The ﬁrst is the
orthogonal orientation condition in which the stationary grating during the interval was orthogonal (i.e.
a horizontal grating). The second is the same orientation condition in which the stationary grating had
the same orientation as the motion stimuli. This condition is needed for comparison and is essentially
identical as Experiment 1.
A second purpose of this experiment is to replicate the results of Experiment 1 using a different task
in which observers explicitly indicate the direction of the adaptation and test stimuli. In Experiment
1, the observers judged whether the ﬁrst and the second stimuli moved in the same direction or in the
opposite direction. This procedure does not allow observers to report an ambiguous percept such as
ﬂicker or oscillatory motion. In order to ensure that the result observed in Experiment 1 is not restricted
to this particular instruction, we now allow the observers to report the ambiguous percept as well.
Methods
Apparatus
The apparatus was identical as for Experiment 1.
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Observers
A total of ten observers participated. Two observers were excluded from the analysis, because they
reported ambiguous percept (ﬂicker or oscillatory motion) on more than 80% of trials. The remaining
eight observers participated in the same orientation experiment and/or the orthogonal orientation
experiment. For each experiment the data were obtained from a total of six observers. Four out of
six participated in both experiments, and the remaining four observers participated in either of the
two experiments. The order of the two experiments was counterbalanced for the four observers who
participated in both experiments.
Stimuli
In both experiments, both directional and ambiguous motion was used as the adaptation stimulus, and
they were mixed across trials. We used ﬁve different interval durations (1000ms, 2000ms, 3000ms,
4000ms, and 5000ms) in both experiments. The details of the stimulus parameters are identical as in
Experiment 1.
Procedure
The task was to report the direction of the ﬁrst and second (i.e. adaptor and test) stimuli after each trial.
In addition to ‘leftward’ and ‘rightward’ reports, the observers were allowed to report the motion as
‘ambiguous’ when they perceived a ﬂicker or oscillatory movement instead of a unidirectional motion.
For each experiment (same and orthogonal), there were 20 conditions in total; 2 adapting stimulus
types [directional or ambiguous] X 2 interval types [blank or stationary] X 5 (ISIs). Each observer
performed 40 trials per condition. These conditions were randomized across trials.
Analysis
The trials in which observers reported ambiguous percept either for the adaptation or the test stimulus
were excluded from the analysis. After excluding the two observers mentioned above, the percentage
of the valid trials in which observers reported unambiguous percept (either leftward or rightwards for
ambiguous stimuli) was 83.2 + 7.9% (s.e.m.) for the orthogonal condition, and 87.9 + 4.1% (s.e.m.) for
the same condition. Only these conditions were used for the analysis. The percentage of valid trials did
not differ between the two experiments (t-test, P = 0.635).
Results & Discussion
The results of the same orientation condition and the orthogonal orientation condition are shown in
Figure 3 and Figure 4, respectively. The ﬁgures show the percentage of trials in which observers reported
the same direction for the adaptation and test stimulus is shown as a function of the interval duration.
Figure 3 shows the results of the same orientation condition. It shows that the results of Experiment
1 can be replicated with the task where observers were allowed to report an ambiguous percept as such.
It shows the robustness of the effects we observed in Experiment 1.
More germane to our primary aim is the orthogonal orientation condition. The results shown in
Figure 4 indicate that the orthogonal stationary grating also disrupts the development of the PS. This
means that the disruption is not speciﬁc to the percept of the halt, but that the presence of a stationary
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Figure 3. Results of Experiment 2: Stationary stimulus with the same orientation. A.
Results of adaptation to directional motion. The solid circles indicate the results for
blank intervals, and the solid squares for stationary intervals. B. Results for adaptation
to ambiguous stimuli. The open circles indicate the results for blank intervals, and the
open squares for stationary intervals. Error bars indicate one SEM (n = 8).

pattern as such is critical for the disruption.
Experiment 3: The disruption depends on the duration of stationary stimuli
In the discussion of Experiment 1, we argued that the presentation of a brief stimulus alone is usually
not sufﬁcient to disrupt the stabilization of bistable percept (Maier et al. 2003). The difference of our
stimulus conditions from Maier et al is that the stationary stimulus we presented during the interval was
present throughout. Thus, the disruption of the stabilization may require that the stationary stimulus
be viewed for a sufﬁciently long time. If so, the disruption should become gradually effective with
increasing the presentation duration. In this experiment, we will directly address this possibility by
varying the presentation duration of the stationary stimulus.
Methods
Apparatus
The apparatus was identical as Experiment 1 and 2.
Observers
Five naive observers and one of the authors (RK) participated.
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Figure 4. Results of Experiment 2: Stationary stimulus with the orthogonal orientation.
A. Results of adaptation to directional motion. The solid circles indicate the results for
blank intervals, and the solid squares for stationary intervals. B. Results for adaptation
to ambiguous stimuli. The open circles indicate the results for blank intervals, and the
open squares for stationary intervals. Error bars indicate one SEM (n = 6).

Stimuli
The interval duration was ﬁxed at 4000ms. We chose this duration, because it produces the
PS reliably. Only directional motion was used for adaptation, since our previous results show that
directional motion induces the PS reliably with the 4000ms interval. The reason why we used the
directional motion is to avoid discarding many trials due to ambiguous percept for the adaptation
stimulus. The stationary stimulus had the same orientation as the motion stimuli.
The duration of the stationary stimulus was varied between 0 (that is, no stationary stimulus), 120,
480, 1000, and 4000ms (Figure 5A). The timing of stationary presentation was centered at the 2000ms
after the offset of the adaptation stimulus. For example, for the presentation duration of 1000ms, the
stationary stimulus was presented from 1500ms to 2500ms from the offset of the adaptation stimulus.
Except for these points, the details of the stimuli were identical as Experiment 1 and 2.
Procedure
The task was the same as Experiment 2; the observers were asked to judge the direction of the ﬁrst
and second stimuli. They were allowed to report ambiguous percept as such. The direction of the
adaptation motion was randomly intermixed.
There were 10 conditions; 5 (ISIs) X 2 (directions for the adaptation stimulus [leftward or
rightward]). 10 samples were made for each condition and the data for the two directions were merged
so that we had 20 samples for each stationary duration per observer.
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Figure 5. The design and results
of Experiment 3. A. Five different
presentation durations of the intervening
stationary stimulus in Experiment 3
are diagrammed. The timing of the
presentation was centered at the
middle of the interval (2000ms). B. The
percentage of trials in which the test
stimulus was perceived in the same
direction as the directional adaptation
stimulus is plotted as a function of the
presentation time of the stationary
stimulus. Error bars indicate one SEM (n
= 6).

Results & Discussion
The results are shown in Figure 5B. The positive bias induced by the adaptation stimulus gradually
decreased as the presentation time of the stationary stimulus increased (Spearman rank-order correlation,
Rs = -0.658, P < 0.01). This implies that the disruption of the stabilization does require a prolonged
viewing of a stationary stimulus.
Although the disruption occurred gradually with increasing presentation time of the stationary
pattern, complete disruption was attained only when the stationary pattern was presented for the
entire interval duration (4s). One tailed t-test performed for each presentation duration shows that the
percentage of trials perceiving the same direction was signiﬁcantly larger than 50% for the durations of
0ms, 120ms, 480ms and 2000ms (pair-wise t-test, P < 0.05), but it not for the 4000ms condition.
In light of these results, we can now explain why the presentation of another object during the
interval does not disrupt the stabilization. In order to obtain the disruption of the stabilization reliably,
the interleaved stimulus needs to be presented for a long duration and the mere presentation of another
stimulus is not sufﬁcient. This suggests that the disruption is not all-or-none phenomenon, but involves
an active, continuous process.
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General Discussion
We have shown that presenting a stationary intervening stimulus during the interval between adaptation
and test can disrupt the gradual development of the perceptual sensitization (PS) – a form of priming
effect. The disruption can be induced regardless of the orientation of the stationary stimulus, and
becomes more effective as the duration of the stationary stimulus increases.
Pearson and Clifford (2005) argued that unambiguous stimuli produce aftereffects, whereas
ambiguous stimuli produce priming. However, our results of Experiment 1 show that adaptation to
unambiguous motion leads to both an aftereffect and priming depending on the adaptation-test interval.
With short ISIs, unambiguous motion indeed produces an aftereffect (rMAE), but later the effect of
adaptation switches to priming (PS). Thus, the absence of a priming effect from unambiguous stimuli
in the study by Pearson and Clifford seems to be due to the short intervals (1 second) used in their
study.
We found that the sensitization is hardly disrupted by ﬂashing a stationary stimulus. This contrasts
with the ﬁnding that presenting a visual transient during the observation of a multistable stimulus
triggers a perceptual alternation by resetting the internal states sustaining the current percept (Kanai,
Moradi, Shimojo & Verstraten, 2005; Wilke, Logothetis, & Leopold, 2004; Kanai & Kamitani, 2003).
This disparity suggests that the sensitization involves a mechanism that is distinct from the sustention
of a percept during the continuous observation.
Recently many attempts have been made to model visual perception as a Bayesian inference (e.g.,
Kersten, Mamassian, Yuille, 2004; Weiss, Simoncelli & Adelson, 2002). Visual perception is inherently
an inference process, as the peripheral visual information inevitably contains ambiguity, which is not
limited to the bistable stimuli used in the laboratory. In order for the visual system to resolve the
ambiguity and reach a probable interpretation, the system needs to adopt certain assumptions about the
world. These assumptions are called prior in the Bayesian inference.
In this view, though speculative, the sensitization and its disruption can be regarded as the
adjustments of the prior based on past experience rather than the stimulus properties per se. That is,
when we perceived a motion stimulus in one direction in the recent past, this experience changes the
prior for motion perception towards that direction, resulting in a positive bias (the PS). On the other
hand, the perception of a stationary stimulus recalibrates the system in order to reduce the internal bias
(or the prior) for one direction.
While we have shown the disruption of PS for a particular type of bistable motion stimulus, it
remain the open question whether the stabilization of other types of bistable stimuli can be disrupted by
a similar procedure. For example, for many types of bistable stimuli (e.g. Necker cube), it is difﬁcult
to ﬁnd a stimulus corresponding to the stationary pattern in the motion case. Nevertheless, at least
for certain types of bistable stimuli (e.g. structure-from-motion), it is possible to ﬁnd a stimulus that
could serve as the stationary (or unbiased) stimulus. Thus, future studies can address the issue of the
generality of the disruption in other bistable stimuli as well.

104

Disruption of Perceptual Sensitization

105

Chapter 7

106

Attentional Modulation of Perceptual Sensitization

Chapter 8
Perceptual stabilization requires
attention

In preparation
Kanai, R. & Verstraten, F.A.J. (2005). Perceptual stabilization requires attention.
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Abstract
Perceptual priming is generally regarded as a passive and automatic process, as it is obtained even
without awareness of the prime. Recent studies have introduced a more active form of perceptual
priming in which priming for a subsequent ambiguous stimulus is triggered by the subjective percept for
a previous ambiguous stimulus. This phenomenon known as stabilization does not require a conscious
effort to actively maintain one perceptual interpretation. In this study, we show that distraction of
attention, during and even after the prime presentation interferes the build-up of perceptual memory
for stabilization. This implies that despite the apparent automaticity, stabilization involves an active
attentional process for encoding and retention and that awareness of the prime as such is not sufﬁcient.
The disruption during the encoding can be attributed to the reduction in sensory signals for the prime.
However, the disruption during the retention suggests that the implicit memory trace of the prime
necessitates the attentional resource to fully develop. The active nature of the build-up of the perceptual
memory for stabilization is consistent with the idea that the perceptual memory increases its strength
gradually over a few seconds. These ﬁndings suggest that seemingly automatic and effortless cognitive
processes can compete with online perceptual processing for common attentional resources.
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Introduction
Perception of a stimulus is often facilitated by a recent exposure to an associated stimulus. The
facilitation is typically characterized as a faster and/or more accurate response to a related stimulus as
compared to an unrelated stimulus (Tulving & Schacter, 1990). This facilitation is called perceptual
priming when the facilitation concerns a relatively low-level perceptual feature (e.g. visual motion).
Perceptual priming is considered as a form of implicit memory, since it occurs even without an explicit
memory of the past percept (Hamann & Squire, 1997). Moreover, the encoding process does not require
conscious awareness of the prime. This has been shown, for example, in the studies using backward
masking, which renders the prime invisible for the observers (Klotz & Wolff, 1995; Bar & Biederman,
1998; Breitmeyer, Ogmen, & Chen, 2004).
Recently, a new form of perceptual priming, which does depend on the conscious percept, has
been discovered. A hallmark of this percept-dependent priming is the stabilization of a percept for
bistable stimuli, which have two possible perceptual interpretations (e.g. a Necker Cube). When a
bistable stimulus is presented brieﬂy and repeatedly after blank intervals, the percept for the stimulus is
stabilized to one interpretation (Leopold, Wilke, Maier & Logothetis, 2002; Maier, Wilke, Logothetis
& Leopold, 2003). This stabilization effect is due to the repetition of the percept-dependent perceptual
priming, which we have called perceptual sensitization (Kanai & Verstraten, in press). Each brief
presentation of a stimulus serves as a prime for the next presentation.
This sensitization effect differs from classical perceptual priming in several ways. First, the
sensitization depends on the subjective percept for the prime, whereas the conscious percept of a prime
itself is often not required for classical priming. Second, the sensitization shows a gradual development
over time. That is, the facilitation is weak just after the presentation of a prime, but gradually develops
over time (about 3 to 5 seconds, see Kanai & Verstraten, in press). This contrasts with the more classical
types of perceptual priming, which is most effective immediately after the prime presentation (e.g.
Pinkus & Pantle, 1997; Jiang et al. 2002). These differences suggest that the sensitization involves a
more active construction of the memory trace.
If sensitization is indeed a more active construction, it is expected that attentive mechanisms are
required for the encoding and retention of the perceptual memory. In the present study, we test whether
the sensitization requires attention both for encoding and retention. We show that if attention is directed
to a second task (a letter identiﬁcation task) during the presentation of the prime or even during the
prime-test interval, the development of sensitization is interfered. This means that a conscious percept
of the prime as such is not sufﬁcient for the sensitization, and that full attention to the prime is essential
for successful encoding and development of sensitization.
Methods
Observers Apparatus
Eight observers participated in the two experiments presented in this study. One of the observers was
the author RK, and other seven observers were naïve as to the purposes of the experiments. Before
the experiments, we conducted a screening test in which the observers had to report the percept for a
counterphase grating and an unambiguously drifting grating. They were asked to report whether they
perceived a grating as moving in one direction (left or right) or as ambiguous (ﬂicker or oscillatory
motion). With the screening test, we conﬁrmed that the seven naïve observers perceive the counterphase
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Figure 1. Attentional distraction during the adaptation. A. The stimulus sequence is
illustrated. B. The results of adaptation to directional stimuli. Solid circles indicate the
results of single task experiment and solid triangles the results of dual task experiment.
C. The results of adaptation to ambiguous stimuli. Open circles indicate the results of
single task experiment and open triangles the results of dual task experiment. Error
bars indicate one SEM (n = 8).

grating as a directional motion rather than a ﬂicker or oscillatory motion in more than 80% of 100 trials,
which were intermixed with 100 trials of directional motion. For a pool of 21 observers, 15 observers
satisﬁed this criterion, and the seven observers who participated in the present study were among the 15
observers who passed the screening test.
Apparatus
Stimuli were generated on a Macintosh computer running Matlab PsychToolbox (Brainard, 1997; Pelli,
1997) and presented on a 22-inch CRT monitor. The refresh rate of the display was 75 Hz and the
resolution 1280 X 1024 pixels. Stimuli were viewed from a distance of 57 cm. We used a linearized
color lookup table for gamma correction.
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Stimuli & procedure
The stimulus was made of a series of a Gabor shifting in its phase. The Gabor had a contrast of 1
(Michelson contrast), and the sigma of the Gaussian envelope was 2º and spatial frequency was 1
cpd. Both the prime and the test stimulus were presented 6º below the ﬁxation point (to the center of
the Gabor). We used apparent motion version of counter-phase stimuli. The directional motion was
created by shifting the phase of the Gabor by 90 degrees every 40ms, and the ambiguous motion
was created by shifting the phase by 180 degrees every 80ms. For both stimuli, the total duration
was 320ms, i.e, the directional motion consisted of consecutive presentation of 8 frames and the
ambiguous motion consisted of four frames.
For the prime motion, both directional motion and ambiguous motion (both 320 ms in duration)
were used and they were intermixed across trials. The test stimulus was always ambiguous motion
(320ms).
For the ﬁrst experiment (encoding), the blank interval between adaptation and the test was varied
between 480 ms, 2000ms and 3000ms. For the second experiment (retention and development), the
blank interval was varied between 1000, 2000, and 3000ms. A shorter duration was used in the second
experiment in order to avoid direct interference of the attentional task (see below) with the processing
of the prime.
In both experiments, the observers were asked to report the direction of motion for both the prime
and test stimuli.
Attentional Task
Attention was manipulated by a concurrent task in which observers had to identify a letter presented for
80 ms. The letters were randomly chosen from A to Z in Helvetica and subtended approximately 1.5 deg
(vertical) by 1.2 deg (horizontal). A mask was presented for 240 ms immediately after the target letter.
The duration of (target + mask) coincided with the duration of the prime motion. In half the blocks,
observers were required to perform the letter identiﬁcation task and the motion task simultaneously. In
the other half, they performed the motion judgment task only. The letters and masks were presented also
in the single task condition, but the observers were asked to ignore the letters and masks and focus on
the motion task. The block order was counterbalanced across and within observers.
Results
Is attention necessary for the encoding of sensitization?
We performed a dual task experiment in which observers had to identify a letter (80ms) followed by
a mask (240ms) (Figure 1A), while they concurrently reported the perceived direction(s) of both the
prime and the test motion stimulus. To ensure that observers were able to report the percept of the prime
stimulus reliably, we kept the letter identiﬁcation task easy (97.83% + 0.39 (s.e.m.) % correct). The
performance for the identiﬁcation of the unambiguous motion was kept close to 100% correct (99.67%
+ 0.3 (s.e.m.) % correct). This ensures that the observers can report their percept even in the dual task
setting.
The results are shown in Figure 1B and 1C. The percentage of trials in which the observers reported
the same direction for the prime and test is plotted as a function of the interval duration. Despite the
relatively low attentional demand for the task, the attentional manipulation resulted in a signiﬁcant
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Figure 2. Attentional distraction during the blank interval. A. The stimulus sequence is
illustrated. B. The results of adaptation to directional stimuli. Solid circles indicate the
results of single task experiment and solid triangles the results of dual task experiment.
C. The results of adaptation to ambiguous stimuli. Open circles indicate the results of
single task experiment and open triangles the results of dual task experiment. Error
bars indicate one SEM (n = 8).
reduction of the sensitization. For the ambiguous primes, the sensitization in the dual task condition was
attenuated compared to the full attention condition (Figure 1B) (A repeated measures of ANOVA shows
a signiﬁcant effect of attentional manipulation, F(1,14) = 17.6, P < 0.01).
A concern regarding the results of adaptation to ambiguous motion is that in the dual task, observers
might not be able to see the motion stimulus. In that case, the observers would have to answer the
direction randomly and this would result in the apparent reduction of sensitization, because random
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responses would yield results close to chance level (50% line). However, the condition in which the
prime was unambiguous controls for this potential concern.
As we mentioned, the performance for the motion discrimination task for the unambiguous prime
was near 100% correct. This ensures that the observers are reporting the motion directions reliably in the
dual task condition. As we have shown in a previous study, a brief adaptation to unambiguous motion
produces not only the sensitization effect, but also a rapid form of motion aftereffect for intervals shorter
than 1 second (Kanai & Verstraten, in press). However, with a sufﬁciently long interval (>2s), a robust
sensitization is obtained, and therefore the results for long intervals can tell us whether the reduction of
sensitization can be attributed to the inability to report the perceived direction of the motion prime.
The results for the unambiguous prime are shown in Figure 1C. With interval durations suitable for
obtaining the sensitization (i.e., 2 sec and 3 sec), a signiﬁcant reduction of sensitization was observed.
A repeated measures ANOVA shows that this pattern of interaction between the attentional condition
and the interval duration is signiﬁcant (F(2,14) = 4.59, P < 0.05). Also, the reduction of rapid motion
aftereffect was found for short durations in the dual task condition (Figure 1C), showing attentional
modulation of rapid motion aftereffect.
The results of the unambiguous prime condition indicate that the reduction in sensitization cannot
be attributed to the inability to perceive the prime due to the attentional load. Instead, the results support
the idea that sensitization is dependent on the attentional resources available for processing the prime.
Is attention necessary for the development of sensitization?
The retention of the perceptual memory in sensitization seems to occur in a rather automatic fashion,
since it occurs usually without a conscious effort to maintain the previous percept. This automaticity
is further supported by the fact that the sensitization is not disrupted by a brief presentation of an
intervening stimulus (Maier et al., 2003; Kanai & Verstraten, submitted). As we discussed earlier,
sensitization is not fully effective immediately after the prime, but it develops gradually over time.
This implies that sensitization is achieved via an unconscious process during the interval between the
prime and test. In the following experiment, we test whether this apparently automatic process requires
attentional resources. Although there is no physical stimulus during the blank interval to be attended,
the unconscious process could still be operating on the memory trace produced by the prime. If this
process requires attentional resource, distraction of attention during this period should interfere with
this process.
In order to test this idea, we imposed the same attentional task as the previous experiment during
the blank intervals (Figure 2A). The letter target was presented in the middle of the interval duration
(e.g., for 2s intervals, the target appeared 1s after the offset of the prime), and again the observers were
required to identify the letter target in the dual task condition.
The results are shown in Figure 2B and 2C. For the ambiguous prime (Figure 2B), the attentional
manipulation resulted in a reduction of the sensitization for all the ISIs tested (A repeated measures
of ANOVA shows a signiﬁcant effect of attentional manipulation, F(1,14) = 6.89, p < 0.05). Neither
the interval duration, nor the interaction between the attentional manipulation and the interval was
signiﬁcant (both F < 1).
As was the case for the ﬁrst experiment, the unambiguous condition serves as a control for the
visibility of the prime. The performance for the motion discrimination task was close to 100% (98.34%).
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The sensitization observed at the interval durations of 2 and 3 sec was reduced when the letter task was
performed. A repeated measures of ANOVA shows a signiﬁcant interaction between the attentional
manipulation and the interval duration (F(2,14) = 5.18, p < 0.05). The attentional manipulation itself
did not reach signiﬁcance (F(1,14) = 3.45, p = 0.106). However, the data shows the nonsigniﬁcant trend
that the concurrent task decreases the frequency that observers report the same-direction percept. The
interval duration itself was not signiﬁcant (F(2,14) < 1), due to the use of long interval durations in
which the rapid aftereffect is not prominently present, if at all.
Taken together, these results show that interference during the retention period also disrupts
sensitization. This implies that the apparently automatic development of sensitization is in fact an active
process, which requires attentional resources.
Discussion
We have demonstrated that attentional distraction with a relatively easy concurrent task is sufﬁcient for
disrupting the perceptual sensitization. While the sensitization is driven by conscious percept for the
prime rather than the mere exposure to the stimulus, our results show that the strength of sensitization
depends on the attention allocated to the processing of the prime. The attentional modulation was found
both for the encoding and retention periods.
The disruption during the encoding can be attributed to a reduced strength of perceptual signals. In
the studies on perceptual adaptation, attention modulates the strength of aftereffects (e.g. Lankheet &
Verstraten, 1995) by the selectively enhancing the signals for an attended stimulus. In a similar vein, the
attentional effect on the encoding of sensitization can be understood as a consequence of the reduction
of the sensory signals for the prime.
The dependence on subjective percept is a key feature of sensitization, since classical priming
effects usually do not require conscious registration of the prime. For example, semantic priming does
not require awareness of the prime (Marcel, 1983; Forster & Davis, 1984; Dehaene et al, 1998; Valdes
et al 2005). Some of the past studies on perceptual priming have shown that attentional manipulation
during the encoding does not affect the magnitude of priming effect, whereas the same manipulation
does deteriorate the performance for explicit memory tasks (Szymansky & MacLeod, 1996; Kellogg,
Newcombe, Kammer, & Schmitt, 1996). However, more recent studies showed evidence that at least
under restricted conditions, attention is critical for successful priming (Bentin, Moscovitch, Nirhod,
1998; Naccache, Blandin & Dehaene, 2002; Lachter, Forster & Ruthruff, 2004; Kentridge, Heywood
& Weiskrantz, 1999; Mulligan, 2002). In semantic priming, imposing a dual task during encoding
completely abolishes the effect, even when the prime is consciously perceived (Duscherer & Holender,
2003). Moreover, repetition priming requires attention (Stone, Ladd, & Gabrieli, 2000). Taken together,
attention to the prime seems to be vital for the encoding process in priming, whereas awareness of
the prime per se is not. The attentional modulation of the encoding for sensitization agrees with these
ﬁndings on the general class of priming effects.
We found that attentional distraction during the retention interval also reduces the sensitization
effect. Our previous studies showed that the perceptual sensitization gradually develops over a few
seconds, and the effect is weak or almost absent for short, blank intervals. Our ﬁndings in the present
study indicate that attention is required for this build-up stage of sensitization. However, the question
remains how the attentional manipulation interferes with sensitization, because no stimulus is present on
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the display during this period. Since the competition for the attentional resource is not possible between
two simultaneously present stimuli, the competition must occur between the mental representation (i.e,
memory trace for the prime) and the concurrent task. That is, the internal representation seems to be
‘attended’ without conscious intention during the build-up phase of sensitization.
On the other hand, attentional effect during the development of sensitization is somewhat unforeseen,
because during this period, the prime is no longer present on the display, and direct interference with the
sensory processing of the priming is no longer possible. Our previous studies show that the perceptual
sensitization develops gradually over a few seconds, and the effect is weak or almost absent for
short, blank intervals (Kanai & Verstraten, in press; Kanai & Verstraten, submitted). This implies that
immediately after the prime, a memory trace is present, yet it is still in its incipient stage. Attentional
demand on other tasks during this period seems to disrupt the memory trace from developing to its full
strength. Moreover, the requirement of the attentional resource contradicts our subjective impression
that sensitization is passive, that is, that it develops without any conscious effort to actively maintain the
memory trace. Nevertheless, our present results show that the development of sensitization is automatic
without requiring a conscious effort or intention, yet it is an active process that requires attentional
resources.
Taken as a whole, our study demonstrates that perceptual sensitization is not a passive process, but
the effect is reduced without full attention to the stimulus. This is true not only for the encoding process,
but also for the developmental period of the sensitization.
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Blindness to local signals in transparent
motion from oscillating dots
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Abstract
Visual processing involves hierarchical stages in which local features are initially analyzed and subsequently grouped into objects and surfaces. In the domain of motion perception, transparent motion has
been used as a powerful tool to investigate the mechanisms underlying the grouping of local features.
Here, we report a novel way of creating motion transparency from oscillating dots (MTOD). In this
stimulus, individual dots move back and forth over a small distance. When the dots are oscillating in
synchrony, global surfaces are also perceived as moving back and forth. However, when the oscillation
desynchronizes, the percept turns into two moving surfaces that are sliding over each other continuously (streaming motion). The percept of MTOD is similar to conventional transparent motion, where
individual dots move only in one direction. Also, when streaming motion is perceived, the detection
of oscillation is impaired. This blindness to the oscillation becomes stronger, as the signal strength for
the streaming motion is increased. These ﬁndings suggest that when global visual representations are
constructed, weak and inconsistent local signals are discarded.
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1. Introduction
In general, the visual system analyzes a scene using hierarchical processing stages. Initially, local features are analyzed in parallel over the entire visual ﬁeld. At this stage, local features have not been
integrated into objects or surfaces yet. As such these components are perceptually meaningless. A visual
environment, however, consists of objects and surfaces rather than local features. To obtain a behaviorally meaningful representation of the visual environment, the visual system needs to combine local
features. This integration stage has been extensively studied in the domain of visual motion processing
(e.g. Braddick, 1993 for a review).
Visual motion is known to undergo at least two distinct processing stages. At the ﬁrst stage, motion
analysis is performed by local motion ﬁlters selective for spatio-temporal orientation (e.g. Adelson &
Bergen, 1985; van Santen & Sperling, 1985). This process is generally thought to occur at the level of
the primary visual cortex, also known as the area V1. In the subsequent global stage, these local motions are combined in order to construct the visual environment via integration and segregation. That is,
integration by combining the signals arising from a common visual object (or surface), and segregation
for those arising from different objects (or surfaces). This process – generally thought to occur at the
level of the middle temporal area (MT/V5) - becomes computationally challenging especially under a
condition known as motion transparency, in which signals arising from different surfaces occupy the
same location in visual space (e.g. Verstraten, Fredericksen & van de Grind, 1994; Qian, Andersen &
Adelson, 1994; Snowden & Verstraten, 1999; Treue, Hol & Rauber, 2000). Because of this overlap,
these segmentation processes (integration and segregation) have to be performed based on the characteristics of local signals without relying on positional cues.
In this study, we report a new method to create transparent motion: motion transparency from oscillating dots (MTOD). For this speciﬁc stimulus, the local oscillating dots move back and forth. That is,
the local dots move back and forth over a short distance at a constant speed, changing their direction
of motion periodically (Figure 1). The percept of MTOD changes depending on the synchronicity of
the oscillations. When the directional changes of the dots are asynchronous (Figure 1A), the result is
a compelling percept of streaming motion transparency, which is perceptually similar to conventional
transparent motion stimuli. This stimulus conﬁguration is perceived as two surfaces that are sliding over
each other continuously without changing their direction of movement, despite the fact that the dots
are oscillating locally (Figure 1B). In contrast, when the dots oscillate in synchrony (Figure 1C), the
percept changes into that of two globally oscillating surfaces, i.e., two transparent surfaces that individually change their directions in phase with oscillations of the local dots (Figure 1D).
Using a discrimination task, we demonstrate the perceptual similarity between the MTOD and
traditional transparent motion. Interestingly, the fact that observers are very poor at discriminating the
two types of transparent motion implies that they are ‘blind’ to the oscillatory components of the dots.
The perceptual presence of the oscillations seems to be overruled by the presence of the current global
interpretation. Implications are discussed in detail in the General Discussion.
2. General Methods
2. 1. Observers & Apparatus
In all experiments, 4 observers participated. Two are authors on the present paper (RK and CP) and the
others were naïve as to the purpose of the experiment. All had normal or corrected-to-normal visual
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Figure 1. A schematic illustration of stimuli and typical percepts. (A) Horizontal
positions of 7 dots are plotted as a function of time. Each dot oscillates over a
small distance. Here, a condition in which the dots have a random initial phase
is depicted. (B) The percept for the random-phase condition is illustrated. Two
surfaces are perceived as sliding over each other without changing their direction of movement. Filled and open circles are adopted only for purpose of clarity. (C) Horizontal position of 7 dots is depicted. Here, the initial phase of each
dot was sampled from either 0 or π. Thus, all the dots change their direction of
movement in synchrony. (D) Percept for this stimulus condition is illustrated.
Two overlapping surfaces are perceived as bouncing.

acuity. Stimuli were presented on a 22-inch monitor (LaCie Electron) controlled by a MAC G4 running
MATLAB (Mathworks Inc.) and Psychophysics Toolbox (Brainard, 1997; Pelli, 1997). The observers sat in a chair in front of the screen at a viewing distance of 57 cm, with their heads supported by a
chinrest.
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2. 2. Stimuli
The stimuli consisted of 600 oscillatory dots. The position of a dot followed a periodic sawtooth function as following: S(ω) = 1 - 2ω/π (0< ω ≤ π), −3 + 2ω/π (π< ω ≤ 2π), where X denotes the horizontal
position of a dot, A the amplitude of the oscillation, S a sawtooth periodic function, ƒ the oscillation
frequency, t the time elapsed from stimulus onset, and ø the initial phase of the oscillation. The oscillation frequency ƒ was set to 2.5 Hz, which means that one full cycle took 400 ms. Oscillation amplitude
was 0.4o of visual arc, resulting in a velocity of 4.0o/s either leftwards or rightwards, depending on the
phase.
3. Experiment 1
At ﬁrst glance, the MTOD seems perceptually similar to conventional or traditional motion transparency (hereafter TMT) stimuli. In order to demonstrate this perceptual similarity, we need an objective
measure. For this we conducted an experiment in which observers were required to discriminate the
MTOD with variable synchronicity from the TMT that consisted of random dots with limited lifetime.
3. 1. Methods
3. 1. 1. Stimuli & Procedure
To parametrically shift the degree of oscillation synchronicity, we manipulated the range of distributions from which the initial phases of the dots were sampled (Figure 2A-C). This way, the synchronicity
was varied gradually between two extreme conditions: The random-phase condition (Figure 2A) and
the synchronous-phase condition (Figure 2C). The distribution was set symmetrically around a unit circle such that at any time during the stimulus presentation, the balance between leftwards and rightwards
motions was kept constant. This manipulation was necessary in order to remove additional cues for
observers to detect oscillating dots such as an imbalance between leftwards and rightwards movements.
The index of synchronicity was deﬁned between 0 and 1, corresponding to the random-phase condition
and synchronous-phase condition, respectively. Intermediate levels of synchronicity were created by
adjusting the angle (θ, in Figure 2B) between 0 and 180o. The synchronicity index (IS) was deﬁned as
(π −θ)/π. The stimuli consisted of 600 dots. 20 trials were performed for each synchronicity level. TMT
stimuli also consisted of 600 dots with limited lifetime (200 ms) and they were interleaved on half the
trials. The lifetime (200 ms) was chosen so that it corresponds to half the cycle of the oscillation (i.e.,
the duration for which the oscillatory dots continuously move in one direction).
In our pilot observations, it was clear that if the observation duration was sufﬁciently long, observers were able to discriminate MTOD stimuli from the TMT stimuli by carefully attending to individual
dots. To optimize the difﬁculty of the task, we therefore presented the stimuli only for 800 ms (i.e., 2
oscillation cycles). The dots were shown within a square area of 7.8o by 7.8o, whose upper edge was at
a distance of 5.9o below the ﬁxation point.
The observers’ task was to detect the presence of oscillating dots in the stimulus. A beep was given
as feedback when observers incorrectly reported the presence of oscillatory dots in catch trials.
3. 2. Results & Discussion
The results for individual observers are shown in Figure 2C. The detection performance of the oscillating dots increased monotonically as the synchronicity increased (Spearman rank-order correlation, Rs =
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Figure 2. An illustration of the phase distribution and the results of the experiment in
which the synchronicity of oscillation was systematically varied. (A) When the synchronicity was zero, the initial phase of an oscillating dot was uniformly sampled from
360o. (B). A higher rate of synchronicity was obtained by restricting the sampling
source (thick line). (C) The maximum synchronicity was obtained when the initial
phase was sampled from either of two points that are 180o apart from each other. An
index of the synchronicity was deﬁned between 0 and 1 by linearly interpolating the
random-phase condition and synchronous-phase condition. (D) The results of four
observers. The detection performance is plotted as a function of synchronicity.

0.9148, P < 0.001). The detection was easy in the synchronous-phase condition, because the percept of
bouncing transparent motion was sufﬁcient for observers to report the presence of oscillatory dots (see
Figure 1D). Thus, in the synchronous-phase condition, all observers were able to detect the oscillatory
dots in all the trials. The false alarm rate was 0.8%, 0.0%, 26.7%, and 1.9% for observer BV, CP, MN,
and RK, respectively. In the conditions with lower synchronicity, the detection of oscillatory dots was
more difﬁcult. The poor performance in those conditions indicates the difﬁculty in discriminating the
MTOD and TMT. This is likely due to the similarity of the global percept between the two. In contrast
to the synchronous-phase condition, the perceptual appearance of the MTOD (i.e., streaming transparent motion) does not indicate the presence of the oscillatory dots. Therefore, in such a case, the observers needed to isolate individual dots in order to correctly report the presence of oscillatory dots.
Interestingly, the observers were not able to detect the oscillatory dots in the random-phase condition, despite the fact that all the dots were oscillating and the observers were trying to ﬁnd them. This
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implies that they are ‘blind’ to the oscillatory components of the dots.
4. Experiment 2
What caused the blindness to the oscillations in MTOD? We can think of two possible explanations. It
could be that the signals arising from directional reversals are integrated over too short a time-window.
That is, when the oscillations are asynchronous, they are not integrated efﬁciently. Therefore, the output signals after integration are not strong enough for the system to detect. Consequently, the detection
of oscillation is poor at low synchronicity. A second possibility is that the blindness may be due to a
conﬂict between interpretations. The oscillations of the dots result in an incompatible interpretation for
the visual system, given the presence of the streaming transparent motion interpretation. An analogous
situation can be found in the perception of bistable stimuli. While viewing ambiguous ﬁgures like the
Necker cube, two mutually incompatible interpretations are latent in the stimulus, yet only one interpretation is perceived. As long as one interpretation is dominant, the other is not consciously perceived.
Similarly, in the case of the oscillatory dots, the information inconsistent with the dominant interpretation (the global surfaces) may not be consciously perceived.
In the next experiment, we examine this possibility. To avoid the issue of the time-window discussed
above, we keep the oscillations always synchronous (equivalent to the synchronous-phase condition in
Experiment 1), while we manipulate the signal strength for the global percept by varying the coherence of the moving dots (see Figure 3A-C). The rationale of this experiment is that with higher motion
coherence, the local oscillations become more incompatible with the global percept, and therefore less
visible for observers. Following the same line of reasoning; when the local oscillations are embedded in
incoherent noise, they will be less incompatible, and thus more detectable. Thus, the prediction for this
experiment is that the blindness to oscillations increases with higher coherence.
4. 1. Methods
4. 1. 1 Stimuli & Procedure
Oscillating dots (target; see Figure 3A) were superimposed on a transparent motion stimulus with a variable signal level (distractor; see Figure 3B). We varied the coherence in the distractor (5%, 10%, 20%
and 90%). These trials (target-present) were interleaved with the trials where the target was replaced
with traditional motion transparency (TMT) consisting of 600 random dots. The dots had a lifetime of
200 ms, which corresponds to half a cycle at 2.5 Hz oscillation frequency. The dots were updated at
random locations and disappeared after their lifetime. In order to avoid synchronous onset or offset, the
dots appearing in the ﬁrst frame of a trial were assigned a random duration (lifetime <200 ms). Four
different levels of coherence were used in the target-absent trials (52.5%, 55%, 60% and 95%), which
were equal to the coherence level in the target-present trials. During a trial, the stimulus was presented
for 800 ms (i.e., 2 oscillation cycles). Again, the dots were shown within a square area of 7.8o by 7.8o,
whose upper edge was at a distance of 5.9o below the ﬁxation point. Each stimulus condition was performed 20 times, resulting in a total of 160 trials.
Observers were asked to indicate the presence or absence of the oscillatory dots. Feedback was
given by a beep when observers mistakenly reported the presence in the target-absent trials.
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Figure 3. A schematic illustration of the stimuli used in the second experiment. Transparent
motion generated by 300 oscillating dots (target) was superimposed on a distractor stimulus
consisting of 300 moving dots with a limited lifetime (200 ms). (A) 300 dots moving back and
forth at a frequency of 2.5 Hz with an amplitude of 0.4o. The stimulus was presented for two
cycles (i.e., 800 ms). (B) The distractor consisted of 300 random dots with a limited lifetime
of 200 ms. The proportion of signal dots was varied between 5%, 10%, 20% and 90%. Here,
an example of 40% signal is illustrated. For illustration purposes, noise dots are shown as
ﬁlled-circles and signal dots by open-circles. In the experiment, all dots were white on a black
background. (C) A schematic image of superimposition of a target and a distractor. (D) Results
for four observers. The proportion of trials in which observers correctly reported local oscillation
is indicated by the solid circles, and the false alarm rate by the open circles.

4. 2. Results & Discussion
The results are shown in Figure 3D. The detection of oscillatory dots decreased monotonically as the
coherence level in the distractor increased (Spearman rank-order correlation, Rs = -0.920, P < 0.001).
Thus, the detection of oscillatory dots critically depended upon the signal strength for global motion.
This suggests that when the global percept of streaming motion is supported by high coherence, the
blindness to oscillation increased. The results support the idea that the blindness to oscillation is due to
its incompatibility with the global percept.
However, a weak activation of the global motion system does not seem to be sufﬁcient. In other
words, when streaming transparent motion was barely visible, the detection of the oscillation was not
impaired. In all stimulus conditions, an equal amount of oscillatory dots were always moving coherently in the horizontal directions. In fact, streaming transparent motion was visible even in the condition
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with the lowest coherence level (5%). Thus, the critical factor for the blindness is not the mere presence
of global moving surfaces, but the strength of the signal supporting the presence of global surfaces.
5. General Discussion
In the present study, we reported a new way of generating transparent motion. When the dots oscillate
asynchronously, the MTOD is perceptually very similar to the more classical types of transparent motion. In MTOD, the oscillatory components of motion become invisible for observers. This blindness
effect is dependent on the signal strength supporting the global surface interpretation. Our experiments
suggest that this blindness is due to the incompatibility of their representation with the global percept
of streaming motion.
In our MTOD display, the global percept drastically changed depending on the synchronicity of
directional changes of the local dots. Such perceptual phenomena have been reported earlier using
slightly different displays (Gerbino & Bernetti, 1984; Treue, Andersen, Ando & Hildreth, 1995; Bravo
& Watamaniuk, 1995; Watamaniuk, Flinn & Stohr, 2003). For example, Treue et al. (1995) used a cylinder-shaped structure-from-motion stimulus consisting of the dots that changed the direction of rotation
periodically. They showed that observers hardly notice the change of the cylinder rotation, especially
when the local dots reversed their rotation direction asynchronously. Bravo and Watamaniuk (1995)
used a motion display in which each dot moved with two speeds (slow and fast) alternately, but in the
same direction. In this case, asynchronous speed changes resulted in the percept of two superimposed
sheets of moving dots. Moreover, Watamaniuk, et al. (2003) showed that dots moving in two directions
in alternation also result in the percept of transparent motion. These examples show dissociation of
the behavior of individual dots and the global percept. Common to all these stimulus types is that the
asynchronous alternations in speed or direction is the key to obtain a clear percept of transparent motion
without being disturbed by the changes in the local dots.
The blindness to oscillations in MTOD is perceptually similar to a visual phenomenon known as
motion capture (e.g. Ramachandran & Cavanagh, 1987). As is true for our stimulus, in motion capture the individual motion signals, which are certainly present in the stimulus conﬁguration, are not
perceived. Thus for both phenomena, incompatible local signals are not perceived in the presence of
coherent global motion. In Experiment 2, we showed that the coherence for global motion is the critical factor for the decrease in performance in oscillation detection. This is in line with previous ﬁndings
indicating that the more compelling the percept of global motion is, the stronger the effect of motion
capture becomes (Ramachandran & Anstis, 1983; Yo & Wilson, 1992).
How does the blindness arise? One possible account is that local signals can be perceived only if
they are part of a global representation. However, this cannot fully explain our results. In Experiment 2,
global motion was perceived in all conditions. However, the effect appeared mainly in those conditions
where the signal coherence was high (e.g. 90%). Thus, the critical factor for the blindness to oscillation
is not the mere presence of global moving surfaces, but strong signals for the global representation.
An alternative account for the blindness effect is that local signals are suppressed by a strong global
representation before reaching visual awareness. Mutually suppressive interactions between simultaneously present interpretations are known to exist in higher visual cortical areas (Desimone, 1998; Desimone & Duncan, 1995; Kastner & Ungerleider, 2000). It is plausible that such an inhibitory interaction
exist for early visual processing as well. If this were the case, then the inhibitory effect can be accounted
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for by suppression of the local signals in the early visual processing area such as V1 via feedback from
the higher visual area representing the global surfaces (e.g. area MT). This is consistent with our ﬁnding
that the blindness effect critically depends on the strength of the signals supporting a global representation. Strong signals for the global surfaces activate the higher visual areas. This may result in a stronger
suppression of inconsistent signals through feedback. In addition, such a suppressive mechanism for
inconsistent local signals would be advantageous for the visual system, because it facilitates the construction of surface representation in the presence of conﬂicting information or noise.
The idea of the suppression dependent on the signal level for global motion is applicable to other
visual phenomena. For example, when we view ambiguous stimuli like a Necker cube, the percept alternates between possible interpretations. The possible interpretations are not perceived simultaneously.
This means that the information that is inconsistent with the dominant percept is suppressed and does
not reach visual awareness. In a similar vein, motion-induced blindness (Bonneh, Cooperman & Sagi,
2001) may be explained by the suppression of inconsistent signals. For this phenomenon, salient dots
placed on a ﬁeld of coherently moving dots disappear from our awareness despite constant stimulation
of the retina. Those salient dots are incompatible with the representation of global motion (e.g. structure-from-motion). As a result of this incompatibility, the signals for the dots are suppressed, leading to
their perceptual disappearance.
So far it is not known whether such inhibition is actually involved in early visual processing, and
our present data cannot prove or disprove this point. However, this is an interesting empirical question
and as such further studies can address this question.
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When you see a red ball rolling across the ﬂoor, the ball’s redness, roundness and motion seem uniﬁed
and inseparably bound together as features of an object. However, neurophysiological evidence indicates that visual features such as color, shape and motion are processed in separate regions of the brain
(Livingstone & Hubel, 1988). Here we report an illusion that exploits this separation, causing color and
motion to be recombined incorrectly during the continuous viewing of a stable stimulus.
The illusion is seen in stimuli containing two sheets of random dots moving rigidly in opposite directions. The dots are colored such that the central and peripheral portions of the stimuli combine color
and motion in opposite fashions (ﬁgure 1a). In the center, upward-moving dots are red, and downwardmoving dots are green. In the peripheral regions, upward-moving dots are green and downward-moving dots are red.
Observers gazing at the center of the display perceive peripheral dots erroneously, “binding” color
and motion in the wrong combination. Thus the entire display appears to be covered by a sheet of red
dots moving upwards and a sheet of green dots moving downwards.
To quantify this effect, subjects reported whether the majority of peripheral red dots were moving
up or down in a series of trials where we varied the percentage of peripheral dots moving in either direction. In control trials where the central portion of the stimulus was omitted, subjects’ (N=5, 3 naive)
responses roughly followed the physical stimulus (ﬁgure 1b, black line). When the central portion was
present, responses shifted profoundly, in the same direction as the central dots. (Figure 1b. red and
green lines, MANOVA, F(10,16)=35.2, p<0.001).
To ensure that subjects’ responses reﬂected perception, and not a simple bias to respond according
to the central dots, we generated stimuli in which one peripheral region matched the center and the other
contained the opposite motion. Subjects (N=4, 3 naïve, from ﬁrst experiment) perceived both sides to
move with the center, performing poorly at reporting which side moved the other way (mean±sem:
47±8% correct, d’=-0.12±0.38). Meanwhile, they performed well at reporting which side was which
when the stimulus center was blank (86±2.5% correct, d’=1.5±0.2, paired-ttest p<0.5).
We propose that the illusion is the result of an ambiguity-resolving mechanism. Because vision is
clearest at the point of gaze, it would normally be advantageous to use information from the center to
resolve peripheral ambiguity if a common, uniform surface is ecologically likely. Uniform surfaces are
strongly implicated by the contiguous and precisely equal values of color and motion present across
this stimulus. Peripheral features are bound in accordance with the usually more reliable center, in this
case mistakenly.
Previous investigations of basic visual feature binding required the use of stimuli with brief presentation times or rapidly changing features to induce errors or inefﬁciencies (Treisman & Gelade, 1980;
Moutoussis, & Zeki, 1997; Nishida & Johnston, 2002). The illusion presented here occurs during continuous and fully attentive viewing, avoiding the common confounds of memory, expectation and task
strategy (Wolfe & Cave, 1999). It solidiﬁes the evidence for the existence of a binding problem, and
provides a substrate for neurophysiological investigation.
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Figure 1: a) Sample transparent motion stimulus. Two sets of random dots move rigidly in
opposite directions. Upper circles show details of the physical stimulus. In the upward-moving surface, dots near ﬁxation are red, and dots beyond 6 ̊ horizontal eccentricity are green.
In the downward-moving surface, conversely, dots near ﬁxation are green and dots beyond 6
̊ are red. The transition line is marked by white bars. See online supplemental materials for
movie ﬁle. Lower circles show details of the illusory percept. Observers incorrectly pair color
and motion in the periphery. All upwards-moving dots appear red, and all downwards-moving
dots appear green, forming two homogeneous surfaces of dots moving in opposite directions.
b) Quantiﬁcation of effect. Proportion of trials in which subjects judged that the majority of
red dots beyond the white bars were moving upwards, plotted as a function of the actual
percentage of red dots moving upwards. Subjects were given unlimited time to view the
stimuli. Three trial types are plotted: in control trials (black line), the central region is blank,
and responses follow the physical stimulus. When the central region contained upward-moving red dots and downward moving green dots (red line), responses shifted predominantly to
“up”. When the central region contained the opposite motion (green line), responses shifted
predominantly to “down”.
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Abstract
“Filling-in” illusions have been used to investigate the visual processing of color surfaces, which early
visual cortex encodes almost entirely as local edges, rather than ﬁlled shapes. Because all of these illusions are blocked by luminance edges, it has been hypothesized that our perception of surface color is
determined by retinotopically surrounding edges. Inspired by the artwork of Julian Stanczak, we show
that color-ﬁlling readily jumps over luminance gaps, proceeding across discrete color patches in a manner that obeys the parsing of perceptual surfaces. Perceptual surfaces provide the boundaries for limiting color-ﬁlling, and are deﬁned by global features. Retinotopically overlaid surfaces can each serve
as a substrate for a separate color-ﬁlling processes. These processes behave independently and remain
segregated to their own perceptual surfaces. Neurophysiological investigation of these stimuli, which
are unique in providing conﬂicts between local edge and global surface information, should elucidate
the processing and coding of internal surface color.
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Introduction
The representation of uniform color surfaces in the activity of early visual cortex is decidedly different
from the intuitive assumption of isomorphic coding (such as what one might ﬁnd in the CCD array of
a digital camera). When a patch of uniform color is presented, little or no activity is evoked in neurons
whose receptive ﬁelds lie directly on the patch’s surface. Instead, vigorous activity is found in neurons
whose receptive ﬁelds lie on the edges of the patch (Friedman et al., 2003; Hubel and Wiesel, 1968).
In a corresponding set of results from psychophysical studies, the perceived color and/or brightness of
a uniform surface has been found to depend on signals from the edges of the surface, rather than from
its interior (Cornsweet, 1970; Montag, 1997; Pinna et al., 2001; Redies and Spillmann, 1981). How is
this edge-based encoding scheme “decoded” into our perception of ﬁlled surfaces? The mechanisms
whereby the edge signals inform the perception of the surface itself have been elucidated by the study
of a broad class of visual phenomena, which can be described as “ﬁlling-in” effects.
Color ﬁlling-in, for example, is a visual phenomenon where the perceived color of a visual region is
dictated, or ﬁlled-in, by the surrounding color (Pessoa et al., 1998). This process is responsible for the
invisibility of the blind spot (Ramachandran, 1992), or other regions that lack bottom-up signals due to
pathological scotomas (Bender and Teuber, 1946; Sergent, 1988; Zur and Ullman, 2003). Filling-in is
also observed in an extensively characterized process known as Troxler fading. After prolonged ﬁxative viewing of a scene, small objects disappear from view, their locations “ﬁlled-in” by the surrounding
color (Cornsweet, 1970; De Weerd et al., 1998; Gerrits et al., 1966; Ramachandran and Gregory, 1991;
Riggs et al., 1953; Troxler, 1804; Yarbus, 1967).
One characteristic found consistently throughout all known ﬁlling-in effects is that they are disrupted by luminance edges (Boynton et al., 1977; Cole et al., 1990; Cornsweet, 1970; Eskew and Boynton,
1987; Kingdom and Moulden, 1988; Montag, 1997; Paradiso and Nakayama, 1991; Redies et al., 1984;
Todorovic, 1987). The interposition of a luminance edge (e.g. a dark gap) between two colored regions
blocks ﬁlling-in from one side to the other. Only after prolonged adaptation, whereby the luminance
edge itself fades from awareness, can ﬁlling-in proceed.
This characteristic has been foundational to classical mathematical and neuromorphic models of
visual processing (reviewed in Cohen and Grossberg, 1984; reviewed in Pessoa et al., 1998). Under
these interpretations, color and luminance information diffuses along the retinotopic map, starting and
stopping at borders deﬁned by local features such as high-contrast luminance transitions. Through this
process, information encoded at surface edges comes to ﬁll enclosed shapes. This decodes the edgebased scheme found in early visual cortex, resulting in the perception of uniform surfaces. This notion
that sharp luminance transitions deﬁne surface borders has been used to explain the illusory spread of
colors across areas lacking strong edge signals, and also why dark luminance gaps enhance the contrast
of colors on either side and block color-ﬁlling.
In this paper, we report a color-ﬁlling effect which deﬁes the above conceptualization. While viewing the artwork of Julian Stanczak (Stanczak and McCleland, 1998), we noticed strong phenomenological effects whereby color-ﬁlling jumped over clearly-deﬁned luminance gaps. Unlike the classical
demonstrations, which require that luminance gaps adapt and fade from conscious perception, this form
of color-ﬁlling occurred without the adaptation of the gaps, leaving the luminance proﬁle perceptually
intact.
While Stanczak’s art vividly shows counter-examples to the classical model, it is difﬁcult to dis-
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Figure 1. Stimuli of Experiment 1. (a). Typical color gradient stimulus with a grid
pattern. (b). The corresponding control stimulus, the same gradient without the
grid. This conﬁguration is known to cause Troxler fading in classical studies. (c).
Color proﬁle of the stimuli. The percentage of a central color is deﬁned by a cumulative Gaussian as a function of visual eccentricity. When the central color is red,
0% means 100% green. (d). Trial sequence. A trial consisted of the observation
of test stimulus until response or 30 sec timeout. Participants responded when the
entire area of the stimulus became perceptually homogeneous. Inter-trial effects
were minimized by presenting a color gradient of opposite polarity, and then a
dynamic noise pattern, each for half the duration of the trial stimulus.
cern why a completely different type of color ﬁlling occurs in these situations. Most of the pieces
contained a number of visual elements and effects, and used colors chosen for their tendency to dazzle
and “vibrate” in the viewer’s eye. We set out to verify that the effect could occur with the simple color
gradients used in classical ﬁlling-in studies and a single set of strong, clearly presented luminance gaps,
so that the effect could be parametrically characterized and investigated further.
Our simpliﬁed stimulus is depicted in Fig 1A. A broad color gradient from red to green is displayed
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within an array of squares set against a black background. This stimulus successfully reproduced the
discrete color-ﬁlling effect. When the center of this stimulus is gazed at steadily, the foveal color (red)
appears to ﬁll the peripheral squares, overwriting the original color (green). Notably, the black grid pattern remains perceptually prominent throughout the entire process. Cursory examination of a number
of stimulus conﬁgurations revealed that this effect survives a wide range of gap and patch sizes, and
does not require colinearity of edges (see supplementary materials for samples).
In a series of experiments, we show that ﬁlling-in occurs in a fashion highly selective to perceptual
surfaces. Our study extends the classical view, and unites it with a wide literature showing the importance of surface parsing in other basic aspects of vision. We argue that the spreading and interaction
of color information is governed not by the mere presence or absence of local, retinotopically deﬁned
features such as luminance contrast, but by their ability to affect the parsing of perceptual surfaces that
are deﬁned in a visually holistic context. These parsed surfaces likely have separate representations,
because we ﬁnd that multiple color-ﬁlling processes can proceed on retinotopically overlaid surfaces,
in ways which indicate that each process is mediated independently of the other.
Results
In our ﬁrst experiment, we created two sets of basic stimuli using elements described in the introduction
(Fig 1a). The ﬁrst set of stimuli consisted of simple color gradients, taken from conﬁgurations known to
induce classical Troxler fading. The color gradient was deﬁned as a function of the visual eccentricity
from a ﬁxation marker and had a cumulative Gaussian proﬁle as shown in Fig 1c. These stimuli had
differing values for the location parameter µ, which corresponds to the size of the central disk. The
second set of stimuli was identical to the ﬁrst, except for the superimposition of a dark grid pattern over
each stimulus. In each trial, one stimulus was presented with a small ﬁxation point at the center. When
observers perceived the ﬁlling-in process to complete, that is, when the entire stimulus area became
perceptually homogeneous in color, they pressed one of three keys. This response indicated whether 1)
the central color had ﬁlled into the peripheral squares, 2) the peripheral color had ﬁlled into the central
squares, or 3) the direction of ﬁlling was ambiguous. After the response, observers viewed two types
of counter-adaptation stimuli to minimize cross-trial effects (Fig. 1d). Trials in which observers did not
perceive a homogeneous color within 30 seconds were aborted.
Two measures were made in order to characterize the phenomenon. First, the time at which a
keypress occurred (Time To Fill, or TTF) was used as a measure of how readily color-ﬁlling occurs in
a given stimulus condition. Second, the direction of the ﬁlling-in was analyzed. These measures were
used to characterize the effects of the size of the central color disk, and the effects of superimposing
the grid pattern.
The TTF results are shown in Fig. 2. In the classical conditions without the grid pattern, the ﬁlling-in took 15 sec. or longer on average. Changing the size of the disk did not signiﬁcantly change the
TTF (Fig 2a, dashed curve; F(2,18) = 0.701, P = 0.509). However, superimposing the grid signiﬁcantly
sped up TTFs overall (Fig 2a solid curve vs. dashed curve; F(1,18) = 24.11, P < 0.001), by 3-7 sec. on
average.
The direction of ﬁlling-in had an expected relationship to the size of the central disk. There was an
increased tendency for the foveal color to ﬁll outwards with larger disk sizes (Fig. 2a). Moreover, the
presence of the grid overlay also drastically affected the direction of color ﬁlling (Fig 2a, solid curve vs.
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Figure 2. Results of Experiment 1. (a). The effects of luminance gaps on
the direction of color-ﬁlling. Mean results of the Directionality Index is plotted
as a function of central disk radius (μ). A positive Index indicates a tendency
of the color to ﬁll outwards; a negative Index, inwards. An index of one
would indicate all observed color-ﬁlling events were in the outward direction.
Open circles with a dotted line indicate the conditions with gaps, and solid
circles with a solid line the conditions without gaps. All error bars represent
standard error of the mean (N=4, 40 trials per condition). The presence of
gaps markedly shifts the percept from ﬁlling inward to ﬁlling outwards. (b).
The effect of luminance gaps on the speed of color-ﬁlling. Mean results of
the time required for the completion of color-ﬁlling is plotted as a function of
central disk radius (μ). The presence of luminance gaps markedly reduces
the time to ﬁlling.
dashed curve). When the grid was present, the direction of color-ﬁlling was biased outwards. This was
particularly clear in the conditions at the smallest radius of the central color, where the presence of grid
caused a complete reversal of ﬁlling direction.
The ﬁnding that color ﬁlled outwards was initially surprising, as classical studies reported only
the ﬁlling-in of objects by the background color. This experiment, however, shows that even classical
conﬁgurations cause the ﬁlling of an object’s color into the background, when a color spot of sufﬁcient
size is centrally ﬁxated.
The tendency for the grid texture to change the direction of color-ﬁlling might be explained by the
receptive ﬁeld sizes present in the fovea and in the periphery. Whereas the spatial resolution of the fovea is sufﬁcient to separately encode the color and gap regions, this is not true for the periphery. There,
receptive ﬁelds are large, and individual elements tend to sum across larger regions of space. The grid
texture, then, dilutes the strength of the color signal much more in the periphery than in the fovea. This
may increase the tendency for color of the central disk to override the color of the periphery.
We leave this topic of ﬁlling direction for future study. Rather than investigating the factors which
determine which color wins the competition for perceptual supremacy, we focus on ﬁnding the factors
which deﬁne the regions within which color competition occurs.
For this, the TTF results provide the central ﬁnding. It is a surprise that color-ﬁlling should occur at
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all in the stimuli with the grid texture, let alone in an expedited fashion. Why would luminance edges
promote color-ﬁlling in these stimuli, when they blocked color-ﬁlling so effectively in classical studies?
Our hypothesis is that the spatial limits of color-ﬁlling are not determined by luminance edges per se,
but by the surface segregation cues that they often give rise to. Based on the process of surface parsing,
color-ﬁlling proceeds across all regions which are interpreted as arising from the same visual surface.
In the classical color-ﬁlling experiments, isolated luminance edges were presented in alignment
with the transitions between color regions (e.g. a single dark ring around the color disk of Exp 1). This
was originally interpreted to mean that luminance edges themselves block color-ﬁlling. We propose
that the blocking is not a result of the edges per se, but the fact that they provide a strong cue that the
regions on either side arose from separate surfaces. Both interpretations can explain the classical ﬁndings, because the contribution of locally deﬁned features such as luminance edges is experimentally
confounded with the contribution of globally deﬁned surfaces.
The stimuli presented here eliminate that confound, and indicate that global surface segregation is
the key step in deﬁning the limits of color-ﬁlling. Speaking in terms of local features such as luminance
edges, the grid texture creates more boundaries, breaking up the visual ﬁeld. But speaking in terms
of perceptual surfaces, the grid is clearly seen as a superimposed surface, and thus it uniﬁes the visual
ﬁeld. The grid provides strong cues that all of the colored elements arise from a common surface. Our
surface-based hypothesis would explain why the color-ﬁlling occurs with the grid, and why it occurs
so much more rapidly.
The ﬁrst experiment showed that the color ﬁlling process passes through luminance edges which
do not provide segmentation cues. The next experiment provides positive support for the role of surface segmentation by showing the converse – that ﬁlling in is blocked by non-luminance-based surface
segmentation cues. Here, we observed ﬁlling-in on texture stimuli consisting of oriented bar elements
(Grossberg and Mingolla, 1985; Landy and Bergen, 1991). In texture stimuli, we can embed non-luminance-based segmentation cues, using differences in orientations to form second-order borders (Fig.
3a). While keeping the color gradient constant, we varied the strength of the texture segmentation cues.
We compared a condition lacking texture edges (Fig. 3a, left panel) with conditions containing texture
edges of three different levels of sharpness (Fig. 3a, other panels) by measuring the TTF for each condition. According to our hypothesis, this kind of segregation cue should block the ﬁlling-in phenomenon,
especially when the texture border is sharply deﬁned.
The TTF results are shown in Fig. 3b. In the condition without texture edges, the ﬁlling-in occurred
across the entire stimulus almost instantly. In trials with texture edges, especially the sharpest condition, subjects observed that the color would ﬁll-out relatively quickly to the textural borders, stop there,
and then require much longer to cross over. These subjective reports were reﬂected in the quantitative
behavioral data. A repeated measures of ANOVA revealed that the TTF signiﬁcantly differs among
conditions (F(3,9) = 6.079, p = 0.005). A post hoc (Tukey) test showed that the TTFs in the “no edge”
condition were signiﬁcantly smaller than in the sharp and medium edge conditions (p < 0.01, p < 0.05),
but not the shallow condition (p > 0.05). As in experiment one, color-ﬁlling was not blocked by the
many luminance gaps. Instead, it was blocked by textural edges, resulting in a longer duration of viewing required to complete the ﬁlling-in process.
This fully disassociates the roles of luminance edges and surface segregation in determining the
limits of the color-ﬁlling process. Luminance edges are neither necessary nor sufﬁcient in blocking
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Figure 3. Color ﬁlling-out on texture deﬁned by oriented bars. (a) The four types of
stimuli: No Edge condition in which the texture was homogeneous, Shallow Edge
condition (σ = 5.0o), Medium Edge condition (σ = 3.3o), and Sharp edge condition
(σ = 0o). (b) Effects of textural borders on color-ﬁlling. Mean results of time to ﬁlling for the four conditions. Error bars represent standard error of the mean (N=4,
20 trials each condition). The percentages of trials in which a participant did not
respond before the 30s time limit are shown in the brackets, and are excluded
from the analysis. The completion of the ﬁlling-out process was inhibited by the
textural borders, most strongly by the sharpest borders. This indicates that the
borders of the color-ﬁlling processes are determined by surface segmentation,
not luminance edges.
color-ﬁlling. Instead, surface segregation is the critical component in deﬁning the borders of the colored areas.
The above explains how color information is restricted in its retinotopic extent, but does not explain
the “discreteness” of the effect. That is, color-ﬁlling not only proceeds beyond the black boundaries,
but seems to “jump” over them. If the transmission of color information is meant to cope with situations of multiple overlying surfaces, it could be that there exist multiple surface representations over
which color information can ﬂow independently. On the other hand, this can also be explained within
the framework of a single retinotopic representation, with some kind of suppressive mechanism that
prevents the color from being fully expressed in the dark gaps. Some support for this may be seen in
the phenomenon of color induction, where black areas are sometimes seen with a “tint” of a neighboring color.
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To examine these possibilities, we created stimuli in which two color gradients were overlaid in
the stimulus. If the substrate for the color-ﬁlling process is a single retinotopic representation, then we
would expect that multiple color-ﬁlling processes might not be able to cross each other in a region of
visual space, or that they would otherwise mix or interfere with each other. On the contrary, we ﬁnd in
the following experiment that these stimuli give rise to two independent processes, indicating that the
visual representations over which color information is ﬂowing encode each surface separately.
We created a series of stimuli in which one color gradient was presented in discrete squares as in
the ﬁrst experiment, but now a second gradient was presented in the area previously occupied by the
back grid (Fig. 4a). We varied the size of the central disk in the grid area, but held constant the gradient
within the squares. In each trial, subjects made two keypresses. With the left hand, they pressed a key
when the color gradient in the squares became homogeneous. With the right hand, they did the same
task for the other gradient. Keypresses indicated whether the direction of the color-ﬁlling was fovealoutwards or peripheral-inwards. Data analysis was based on responses given within a 30 second time
limit.
Both the qualitative and quantitative aspects of observers’ responses indicated that two separate
processes of color-ﬁlling co-occurred independently of each other across the overlaid gradients. Observers reported that color-ﬁlling occurred in both the array of squares and the grid, but they remained
distinct and separate. For example, given the stimulus shown in Fig. 4a, an observer might see all the
squares take on their foveal blue color and see the entire grid take on its peripheral red color (illustrated
in Fig. 4b). The colors of the squares do not ﬁll-in to areas occupied by grid, or vice versa.
Quantitative analysis of the data also showed that two ﬁlling-in processes were acting separately
and independently. In many trials, the directions of ﬁlling for the two gradients were reported to be
opposite (Illustrated in Figs. 4a and 4b, data in Fig. 4c). The highest likelihood of opposite directions
of ﬁlling (51%) occurred in the trials where the gradient in the grid pattern was set to the smallest disk
radius.
Analyzing the TTF results trial-by-trial, we found that the timing of the two responses also reﬂected separate processes. Fig. 4d is a trial-by-trial plot of the TTF for the squares vs. the TTF for the
grid. Subjects usually reported completion of ﬁlling-in to complete at different times for the grid and
the squares, on average 5.7 seconds apart. Overall, the correlation between completion times for the
two processes is extremely weak. In the raw data plot of Fig. 4d, R2=0.18. Much of this is due to the
contribution of systematic differences between subjects. When data is scaled to each subject’s mean,
R2=0.12.
These spatial and temporal results indicate both quantitatively and qualitatively that visual processing segregates the input into perceptual surfaces and creates separate representations for each surface.
It is within each of these representations that the color-ﬁlling process occurs. Thus, the ﬂow of information is not determined by simple retinotopic adjacency or local borders, but by common surface
origin.
Our ﬁnal experiment tests the limits of this notion that color-ﬁlling is occurring across multiple
perceptual surface representations. In the following stimuli, two surfaces are transparently overlaid,
both occupying the entire display, so that every point in retinotopic space has an equal correspondence
with either surface. We saw whether two color-ﬁlling processes could still remain separate, restricted
to elements of their own surface.
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Figure 4. Color ﬁlling-out on two color gradients. (a) Sample stimulus. Conﬁguration is a modiﬁed version of stimuli in experiment 1, where the gaps between squares
contain a second color gradient. (b) Illustration of an eventual percept. Participants
perceived color-ﬁlling to occur on both surfaces. Component colors remained restricted to their own surfaces. Here, the blue color of the central squares has ﬁlled
out to the peripheral squares, and the red color of the peripheral grid has ﬁlled into
the central grid. (c) Participants often perceived color to spread in opposite directions
in the grid and the squares. The percentage of ﬁlling events to proceed in opposite
directions is graphed as a function of the grid gradient’s disk size. (d) Color-ﬁlling occurred at independent rates on the two surfaces. The TTFs for the grid and squares
are plotted against each other trial by trial. On average, responses for the grid and
squares were separated by 5.7 seconds in either direction. Correlation between the
two is poor: R2 is 0.18, or 0.12 after correcting for inter-subject contributions. This
indicates that color-ﬁlling processes are occurring separately on each perceptual
surface.
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Figure 5. Selective color ﬁlling-out for transparently overlaid surfaces. (a) The transparent motion stimulus was created by superimposing two surfaces of random dots,
each deﬁned by common motion. On one surface, dot colors had a color gradient
from red (center) to green (periphery), whereas on the other surface the opposing
color gradient was used. (b) After prolonged viewing of this stimulus, it was perceived
as two homogeneously colored surfaces, the central color of each surface having
ﬁlled-out to the peripheral elements sharing the same motion. (c) Time required
for completion of color-ﬁlling for single- and dual-surface stimuli of varying gradient
steepness. Solid circles indicate the results of the single surface condition, and solid
squares the results of the transparent surface condition. Errobar bars indicate one
s.e.m. (N=4, 16 trials per condition).
We used a transparent motion stimulus (see, Fig. 5a), in which multiple surfaces coexist at the same
retinal position (Snowden and Verstraten, 1999). Two surfaces consisting of random dots moved in opposite directions, each having a different color gradient from center to periphery. On one surface (say,
moving upwards), the color of individual dots gradually shifted from red to green as the eccentricity
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increased, while on the other surface (moving downward), the color of the dots gradually shifted from
red to green.
We observed that after prolonged viewing, the color ﬁlling-in to peripheral dots occurred selectively
for each motion-deﬁned surface. Fig. 5b illustrates the eventual percept for the stimulus diagrammed in
Fig. 5a. After prolonged viewing, the color of the surface moving upwards appeared to become homogeneously red, whereas the color on the other surface appeared homogeneously green.
To parametrically characterize the effect, we created two sets of stimuli. The ﬁrst set were stimuli
were constructed as above, with varying steepness of the color gradient (sigma). The second set consisted of single surfaces, in which only half the dots (say, the ones moving upwards) were displayed. In
each trial observers made one or two keypresses to indicate when each of the moving surfaces appeared
homogeneous in color.
As expected, response times increased as the steepness of the color gradient increased. Most importantly, no signiﬁcant differences were found in the response times when comparing dual surface to
single-surface stimuli of the same sigma settings (Fig 5c).
This provides further support for the idea that color-ﬁlling proceeds along multiple perceptual surface representations, rather than across a single retinotopic map. First, a color ﬁlling process occurring
across a surface took the same amount of time whether or not a second surface was overlaid. Second,
in these stimuli, any given point in retinotopic space would at times be occupied by elements of either
or both surfaces. Yet the two color-ﬁlling processes remained separate and restricted to elements of
their own perceptual surface.
Discussion
Taken as a whole, our experimental results show that the substrate for color-ﬁlling is not the classically
conceived retinotopic map subdivided by locally-deﬁned edges. Instead, surface segregation creates
separate representations over which multiple color-ﬁlling processes can occur. The color interactions
to which a particular region of visual space is subject, then, is determined by its membership in these
surfaces. The processing of a region’s color will be conducted in the context of the color information
from other and regions determined to arise from a common surface, even if they are disconnected.
Conversely, color information from other surfaces, even though it may be in retinotopically intervening
space, is essentially ignored.
Speaking in broadly theoretical and ecological terms, it would seem appropriate for color computations to be surface-speciﬁc. Our visual world is ﬁlled with occlusive relationships where one surface
is partially occluded by another, as in an object behind a tree. It would be advantageous to allow visual processing to deal with the visible parts that object as if it were whole, with a minimal amount of
interference from signals arising from the leaves and branches. But what kind of neural mechanisms
could be involved in the transfer of color information across remote visual regions in such a speciﬁc
manner?
The types of pattern, conﬁguration, and common-motion based cues we used in the stimuli would
point toward processing that occurs in higher visual areas. Higher visual areas however, cannot offer
a full account of the visual phenomena described here. While the spatial resolution of these areas is
sufﬁcient to encode changes in perceived color over the broad color gradients, it is not sufﬁcient to
explain the ﬁne-grained surface speciﬁcity displayed in our experiments. Receptive ﬁeld sizes are too
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large to encode different colors for all of the squares and the grid, let alone for the separate dots in the
transparent motion stimulus.
It seems then, that a full account requires distributed, cooperative coding between high and lowlevel visual areas, one computing surface properties and relationships based on global patterns, and
the other encoding ﬁne-grained maps of surface correspondence. Results from a number of neurophysiological studies provide details for such a distributed computation. More generally, they also lend
support for the primary role of the global surface segregation process in determining surface color and
visibility.
First we review single-unit neurophysiology studies of classical Troxler fading and its relationship
to the processing of uniform color surfaces. Recordings in macaque V1 and V2 have been taken while
the monkey viewed classical Troxler fading stimuli consisting of a solid disk of one color and a ring of
surrounding color. It was found that neurons selective for the edge of the color disk declined in activity
with a time-course that corresponded to the monkey’s behavioral report of disk fading. Meanwhile,
neurons that were selective for the interior surface of the color spot, activity remained steady. In preliminary data, the same was found to be true in V4 (von der Heydt et al., 2003).
This evidence indicates that early visual cortex does not “ﬁll-in” perceptual color in the literal
sense. Instead, von der Heydt et al argue that perceptual color is directly encoded in low level “oriented
edge signals” which are used in ﬁgure-ground segregation. In an earlier study from the same group,
single-cell recordings from macaque V2 during stimulation with solid color patches indicated that edgeselective neurons encode not only the luminance polarity across an edge, but also border ownership
– which side represented ﬁgure and which side ground (Zhou et al., 2000). The timecourse of activity
suggested that feedback from higher visual areas supplied the global surface information, as border
ownership signals appeared at a timing that strained the speed limits of lateral neural connectivity.
Under this kind of symbolic ﬁlling-in interpretation, these oriented edge signals would be the direct
source of color information for higher order processing of form – there would be no “spread” of surface
signals in the isomorphic sense. The inclusion of ﬁgure-ground components in the oriented edge signals could begin to explain some aspects of the phenomena described in our study. However, it does not
account for how certain edges might be discounted in the context of global surface cues.
What is required in the illusions presented here is a neural signal present in early visual cortex
that codes for a common surface across non-contiguous patches of color. This could provide the highresolution map necessary to allow color information to interact across gaps. It would also provide the
necessary information for higher-order color processing to determine the set of color edge signals which
are relevant to the surface, and which edge signals are to be ignored.
Such signals have been found in V1, in monkeys viewing texture-deﬁned ﬁgures much like the
ones we used in experiment 2. Neurons with receptive ﬁelds in the center of a texture surface experienced a late enhancement in their response if that surface was segregated in a ﬁgure-ground relationship
(Zipser et al., 1996). When feedback from higher visual areas is disrupted, either by anesthesia (Lamme
et al., 1998) or lesion (Lamme et al., 1997), the ﬁgure-ground enhancement is eliminated, while other
stimulus-response patterns remain the same.
These studies indicate that the edge signals in early visual cortex are multiplexed with a map of
surface correspondences that is built based on feedback from higher visual areas. This parallels our
psychophysical ﬁnding that edge signals contribute to the color of ﬁlled surfaces in a manner that is
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dependent on their role in globally segregated surfaces.
Psychophysical studies in humans also indicate that surface segregation is a critical step for visual
perception in general, and in the perception of surface color in particular. Studies in a number of different ﬁelds and techniques offer somewhat different interpretations as to how perceived color interacts
with surface representations.
In the context of illuminated objects and surfaces, there has been a long tradition of debate as to
whether there is explicit decomposition of stimulus luminance into surface reﬂectance and prevailing
illumination, or if surface qualities are calculated based on local cue processing alone (Anderson, 1997;
Bergstrom, 1977; Gilchrist et al., 1999; Gilchrist, 1979). Recently, Anderson and Winawer provided
vivid support for the existence of explicit decomposition for luminance stimuli, showing that a conﬁgural presentation of transparently overlaid cloud-like formations greatly enhanced the magnitude of the
typical simultaneous contrast illusion (Anderson and Winawer, 2005). Although color and luminance
processing are known to diverge in many aspects, this shows that surface attribution can play a role in
the appearance of basic surface properties.
Looking at color perception speciﬁcally, Moradi and Shimojo conducted a study comparing the
perception of colored random dot surfaces under conditions of rapid alternation or transparent motion.
They found that surfaces in transparent motion were segregated pre-attentively. Color, on the other
hand, required attention in order to successfully attribute color to each surface (Moradi and Shimojo,
2004).
In this regard, it has been proposed that the color ﬁlling-in found in stabilized and/or equiluminant
images is more consistent with a breakdown in surface segmentation and feature binding, than with a
decay in bottom-up visual input (Billock and Tsou, 2004b). It has been found that optical stabilization
of images on the retina causes color to be unbound from surfaces, inducing color migration or switching
across borders, and eventually a complete visual black-out (Billock et al., 2001). Also, the phenomenal
progression of image fading is consistently based on the sequential disappearance of globally organized
parts, rather than a progression along local features (reviewed in Billock and Tsou, 2004a).
Neurophysiological investigation of activity during the viewing of stimuli of the kind presented here
would be highly informative as to how colored visual surfaces are encoded in cortex. Up until now,
evidence has been consistent with the notion that local edge signals correspond to perceived surface
properties. In contrast, the stimuli presented here contain sets of local edges which are consistent with
each other when analyzed locally, but are in competition when organized into globally segmented surfaces. Direct measurement of the neural signals corresponding to the color edges around local elements
would reveal whether such competitive interactions are resolved at the level of early visual cortex.
If the local edge signals are found to somehow reverse in accordance with the perceived color, then
this would be consistent with a direct symbolic code such as the one proposed by von der Heydt, in
which low-level oriented edge signals are the seat for a direct encoding of surface color used in higherlevel form processing. If the local edge signals are found to persist in contradiction of the perceived
color, this would be more consistent with a cortical binding model such as proposed by Billock and
Tsou, where the appearance and visibility of surfaces is determined by how connections within and
between various feature and surface maps are maintained.
CONCLUSION
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Our ﬁndings argue that the processing of surface color is dependent on the formation of multiple perceptual surface representations, which are segmented based on global features and conﬁgurations. This
processing seems to require both the wide receptive ﬁelds and global processing of higher visual areas
and the high-resolution local feature map in lower visual areas. We propose that this process might
involve surface processing in higher visual areas and a feedback loop causes ﬁne-grained surface correspondences to be encoded in early visual cortex. There is neurophysiological evidence for such surface-encoding feedback in awake behaving monkey. This reverberant feedback between multiple higher level surface representations and lower level local features could signal the proper correspondences
between local elements and their surfaces. Such a mechanism might explain how color processing can
occur across elements of a common surface, independently of nearby elements of other surfaces.
Methods
Participants & Apparatus Experiments 1, 2 and 4 each involved four participants, including two of the
authors (RK and DW). Experiment 3 involved six participants, including three of the authors (RK, DW
and SS). All had normal or corrected-to-normal visual acuity and normal color perception.
Stimuli were presented on a 22-inch monitor, a LaCie Electron21 with a screen image projecting
37.5 cm X 28 cm. Stimuli were generated in Matlab using Psychophysics Toolbox (Brainard, 1997),
running under Macintosh OS 9. The participants sat in front of the computer screen at a viewing distance of 57 cm, their heads partially immobilized in a chinrest. Chromaticity of colors was measured at
viewing distance with a Minolta Chroma Meter CS-100A, which outputs CIE 1931 x,y units.
Stimuli & Procedure Prior to each experiment, the green value perceptually equiluminant to the
maximum intensity of the monitor’s red gun was obtained for each individual participant using heterochromatic ﬂicker.
Experiment 1: We used radial color gradients where color gradually changes between red (CIE
x,y = 0.629, 0.342) and green (0.287, 0.610 ), displayed at the equiluminant level for each subject (see
Fig. 1). Intermediate colors in the gradient were created via linear interpolation after gamma correction. The gradient was deﬁned as a function of the visual eccentricity from a ﬁxation marker and had a
cumulative Gaussian proﬁle (Fig. 1C),
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where x is the eccentricity, and σ the scale parameter that determines the steepness of the gradient, and
µ is the location parameter for the eccentricity at which the intermediate color (yellow) occurred.
In the ﬁrst experiment, we used three radii for the central color disk (µ = 2.8o, 5.6o and 8.3o) with
σ = µ/2. On half the trials, we used red-center stimuli, and on the other half, green-center stimuli. The
stimuli were displayed within a circular aperture with a radius of 14.3o. On the half of trials, luminance
(black) gaps (6.7 arcmin in width) were overlaid on the color gradient. Thus the color gradient was
displayed only on regularly arranged squares (26.7 arcmin by 26.7 arcmin; see Fig. 1A). In the control
condition, the same stimuli were presented without the gaps (Fig. 1B).
Participants viewed each stimulus until they judged the entire area to become homogeneous in
color, at that point they would hit one of three keys, indicating whether the central color had ﬁlled into
the periphery, vice-versa, or if the direction was too ambiguous to judge. Each trial was subject to a 30
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second time limit.
Following each stimulus presentation, inter-trial effects were minimized by presenting the opposite
color gradient, followed by a dynamic pattern mask consisting of all of the colors present in the stimulus. Both were presented for half the duration of the original stimulus. 20 trials were performed on
each condition. There were thus a total of [3 (radii) X 2 (color polarity; red-center vs. green-center) X
2 (with and without the gaps) X 20 trials] = 240 trials. The experiment was divided into 4 blocks and
each took about 30-40 minutes.
Analysis: The Directionality-Index, I, was calculated as I = {(Number of Filling-out Trials) –
(Number of Filling-in Trials)} / {(Number of Filling-out Trials) + (Number of Filling-in Trials)}. The
value of I ranges between –1 and 1. A positive value of I indicates a tendency for ﬁlling-out to occur,
and a negative value indicates a tendency toward ﬁlling-in.
Experiment 2 (texture deﬁned by bar orientation): Stimuli subtended the entire display. The color
gradient was deﬁned in the same manner as in the ﬁrst experiment except that it was created based on
horizontal, instead of radial, eccentricity. µ and � were ﬁxed at 10o and 3.3o, respectively. Bar size was
3.3o-by-0.56o. Orientation of the bar at a given horizontal eccentricity was determined in a way similar
to the color gradient as following;
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where φ(x) is the orientation of a bar at an eccentricity x and f(x) is the cumulative Gaussian function.
The ﬁrst term is the orientation of a bar displayed at the center. This orientation gradually changed to
the orthogonal orientation through φ = 0 (i.e. horizontal bars). The position of a bar, x, was based on the
central point of the bar. The density of the bars was 2.25 bars/deg2. For the gradient of the texture, we
used a ﬁxed µ of 3.3o and varied σ between 0o, 3.3o, and 5.0o.
As in Experiment 1, trial types were balanced in terms of color polarity, and each trial was followed
by a full-ﬁeld opposing gradient and pattern mask. Each participant responded to 20 trials for each
condition.
Experiment 3 (static dual-gradient stimuli): Stimuli subtended the entire display. Squares subtended
0.37o, and spaced by 0.55o. The color gradient within the squares went from light-blue (CIE x, y =
0.168, 0.166) to green (0.274, 0.563). The color gradient within the grid went from red (0.642, 0.346)
to yellow (0.544, 0.418). Spatial parameters of the gradient were ﬁxed for the squares, with µ=7.32
and σ=3.66. Spatial parameters of the grid were varied across trials, with µ=5.49, 7.32 or 10.98 and
σ=µ/10.
Trial sequence remained the same. Participants pressed keys when they perceived the grid and/or
the squares to become homogeneous in color. Keypresses by the left hand indicated the time and direction of color-ﬁlling in the grid, keypresses by the right hand indicated the time and direction of colorﬁlling in the squares. Each participant performed 10 trials per condition.
Experiment 4 (transparent motion): The transparent motion stimulus was created by superimposing two surfaces (upwards and downwards), each consisting of 600 random dots. Each dot was 0.178o
diameter and had a lifetime of 2 seconds. The velocity was 2.84o/s. The stimulus was displayed in an
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area subtending 14.2o vertically and 17.8o horizontally. The color gradient for each surface was created in the same manner as for the shape-based stimulus. Here, µ was ﬁxed at 3.75o and sigma varied
between 0o, 2o or 3o.
The participants viewed the stimuli for unlimited duration of time and responded when they perceived the entire stimulus as homogeneous. Each participant performed 16 trials per condition.
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Summary
Visual perception is often regarded as the result of the brain’s best guess about the world based on the
sensory signals. The brain’s guess, or inference, is as good as automatic, that is, without a conscious
effort for the observer. Despite this passive automaticity, the computation underlying ‘unconscious
inference’ is complex. The fundamental principles underlying unconscious inference are still poorly
understood.
In this thesis, we presented a series of studies, which attempt to uncover these underlying
principles. For this, we approached the problem from three different angles. First, we studied the role
of visual transients in visual inference (Chapter 2 to 5). Second, we addressed how past experience,
like a brief exposure to a stimulus, contributes to the formation of implicit perceptual memory in the
inference process (Chapter 6 to 8). Third, we looked for the basis on which the unconscious inference
is performed, and showed evidence that surface perception constitutes the basis for the inference.
Visual Transients
In Chapter 2 and Chapter 3, we have shown the unique role that visual transients play (e.g. a ﬂash).
The presentation of a visual transient triggers a perceptual change for a constant stimulus as though
the transient reset the internal representation. That is, this current representation is discarded, and
the visual computation is initiated from the scratch. More speciﬁcally, in Chapter 2, we showed
that visual transients produce a perceptual disappearance of a salient stimulus, and in Chapter 3, we
showed that visual transients trigger perceptual alternations in a time-locked fashion. In the model
presented in Chapter 3, these transient induced phenomena are integrated into a single framework.
These functions of visual transients – that is, resetting of the previously established percept and
restarting of visual computations – are likely to be useful if one considers the temporal integration
of the input and the time span of each ﬁxation between eye movements. The visual system integrates
information over time so as to attain an interpretation of the visual environment. This strategy
is useful for reducing the noise in the input and the system itself. However, when two different
objects are inspected across ﬁxations or presented sequentially, the visual system needs to perform
computations separately for each object. Otherwise, the two objects will merge in perception and
therefore give a false representation of the world. Saccadic eye movements and presentation of a new
object accompany the appearance of a new stimulus and the disappearance of an old stimulus on the
retina. This temporal pattern of retinal stimulation produces the visual transients just as those used in
our experiments. We argue that the functions of visual transients described above reﬂect the dynamics
of the visual system, which has evolved together with the oculomotor systems.
In Chapter 4, we investigated how visual transients are generated and processed in the brain. In
general, visual neurons throughout the brain respond to a sudden onset or offset of a visual stimulus
by a sudden increase in ﬁring rate. The study in Chapter 4 shows that the transient responses adapt
very quickly and this adaptation serves as a mechanism underlying rather automatic change detection.
Moreover, we showed that the transient signal itself forms a percept and yields an impression that
there was a change in the visual display. This rapid adaptation phenomenon was further explored in
Chapter 6 in a more general context.
In Chapter 5 we dealt with a different aspect of visual transients. We showed that visual transients
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could revive the neural signals, which are usually not perceived by the observer. In our experiments,
we used moving stimuli and presented a ﬂash enclosing the moving stimuli. Moving stimuli often
give the perceptual impression that they are spatially shifted in the direction of the movement.
However, at early visual processing stages, the position of a moving stimulus should still be
represented at its veridical position. Only after several stages of visual processing, should the internal
representation correspond to the perceived position. When a ﬂash is presented at the same time and
the same position as the moving stimulus, the portion of the moving stimulus enclosed within the ﬂash
is captured within the ﬂash. As a result, the moving stimulus is perceived both within and outside the
ﬂash. In other words, the veridical representation, which is normally not perceived, is made visible.
This effect implies that the visual transients interact with the moving stimulus at a stage as early as the
level at which the signals for the moving stimulus are still veridical and unconscious.
Rapid adaptation and implicit perceptual memory
The reset of a previous interpretation of the visual environment is certainly beneﬁcial for early visual
processing. However, some information needs to persist across interruptions and eye movements.
The persistence of information is crucial particularly for mid-level visual processing where
perceptual memory formed by previous experiences and the current visual input interact. In Chapter
6 through 8, we studied how a brief exposure to a stimulus affects the perception of a subsequently
presented stimulus. A brief exposure to a stimulus produces both a positive (facilitatory) and
negative (suppressive) bias on a subsequent stimulus, with a strong dependency on the time after the
exposures. Almost identical procedures yield the completely opposite effects, i.e., perceptual priming
and aftereffects.
In Chapter 6, we sought for the boundary conditions for priming or aftereffect to occur. By using
motion displays, we found that the aftereffect (rapid motion aftereffect, or rMAE) and perceptual
sensitization (PS) can be obtained from the same stimulus, but that they have different time courses.
The rMAE is short lasting and disappears in about 1 to 2 seconds and is driven by motion energy. In
contrast, the PS develops gradually over 3 seconds and is driven by the way the stimulus is perceived,
as opposed to the stimulus characteristics. These ﬁndings indicate that the rMAE is mediated by an
early motion processing stage, whereas the PS is mediated by a later stage where the neural responses
correspond to the observer’s subjective motion percept. Moreover, the different time courses indicate
that the types of plasticity involved in the rMAE and the PS are distinct. We speculated that a rapid
synaptic depression is underlying the rMAE and that the augmentation type of synaptic plasticity is
underlying the PS. We argued that PS is a type of perceptual memory used for the maintenance of
perceptual memory, which survives interruptions and visual transients.
In Chapter 7, we presented a method to disrupt the PS. Unlike the effects of the visual transient
described in Chapter 2 through 5, the brief presentation of other types of stimuli after the initial
exposure does not prevent the PS from its gradual development. However, we found that continuous,
and persistent presentation of a stationary stimulus for several seconds successfully eliminates the PS.
This was interpreted as another dynamic calibration of prior knowledge.
The PS seems to develop rather automatically without any conscious effort to retain the
information from the previous percept. On the other hand, the fact that the effect depends on the
subjective percept for the prime suggests that the PS may not occur completely automatically. In
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Chapter 8, we examined how automatic the development of the PS is. We manipulated the attention
of observers either during or after the presentation of the prime by imposing a concurrent task. We
found that even when the observers could perceive the prime motion, the development of the PS was
suppressed by the attentional manipulation. We showed that visual awareness of the prime by itself
is not sufﬁcient for the PS to occur, and full attention to the prime is required. This ﬁnding implies
that the encoding and retention (or consolidation) of implicit perceptual memory is an automatic, yet
active process.
Surface as a building block of visual perception
The visual system consists of more or less modular processing stages. These stages are organized
in a hierarchical structure with feedforward and feedback connections between modules. Given
this massive reciprocal interaction, the concept of hierarchy may be too simplistic. Nevertheless,
the distinction between the early and late processing stages has proven to be useful for delineating
the fundamental processes underlying visual perception. In this framework, the early stage extracts
relatively simple visual features, and subsequent later stages integrate and segregate the features into a
coherent whole such as surfaces and objects.
In Chapter 9 to 11, we addressed the question whether we can directly perceive the low-level
visual features, or whether our perception manifests itself only via coherent surfaces and objects. In a
series of experiments we showed that grouped surfaces constitute the basic unit of visual perception.
That is, the structures of the surfaces are established ﬁrst and details of the surfaces (such as color and
motion) are assembled onto the surfaces. Our study implies that visual perception is constructed with
surfaces, and we can access to the details only via the medium of global surfaces.
As mentioned earlier, visual processing involves hierarchical stages in which local features are
initially analyzed and subsequently grouped into objects and surfaces. In Chapter 9, we presented a
new method to dissociate the local and global processes in the domain of visual motion perception.
The stimulus consists of oscillating dots, moving back and forth over a small distance. When
viewed, this stimulus appears as two sheets of surfaces sliding over each other. The percept of
transparent motion is most compelling when the phase of the oscillation is desynchronized, and as
the synchronicity increases, the percept is taken over by two surfaces oscillating out of phase. What
is important about this stimulus is that each dot contains two types of local information, that is, the
motion component and transient component. Despite the presence of these two types of signals, we do
not notice the transient component while perceiving the streaming transparent motion. Our systematic
manipulation of signal strength for the global motion revealed that weak and inconsistent local signals
are discarded from awareness in the presence of global surfaces.
In Chapter 10, we showed further evidence that visual surfaces are the basis on which local visual
features are bound. We presented an instance in which color and motion are combined incorrectly
when they are bound to spatially overlapping surfaces. This phenomenon of misbinding arises as
a result of an hard wired assumption by the visual system that features adhered to one surface are
roughly constant across the entire surface. For example, when there is a clear segregation cue for the
surfaces, the misbinding phenomenon is not observed. Further, the fact that misbinding occurs across
transparent surfaces provides more support for surface-based binding mechanisms.
This idea of surface-based construction was further explored in Chapter 11. We presented a
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series of demonstrations that color information spreads to distant elements that constitute a part of a
common surface. This surface-based spreading of color information contrasts with a classical notion
of ﬁlling-in where color and luminance information diffuses along the retinotopic map, starting and
stopping at borders deﬁned by local features such as high contrast luminance transitions. We ﬁnd
that, whereas luminance edges block ﬁlling in for classical stimuli, repeated luminance edges actually
facilitate the process. This led us to hypothesize that ﬁlling is not limited by luminance edges per se,
but by the surface segmentation cues that they produce. In the repeated edges case, the luminance
proﬁle does not perceptually segment the colored surface, so ﬁlling-in proceeds.
Our ﬁndings in the last three chapters suggest that local features are bound to perceptual surface
representations, which are segmented based on global conﬁgurations. This processing requires
interactions between higher visual areas with large receptive ﬁelds and lower visual areas with a highresolution local feature map. We proposed that the feedback loop between higher and lower visual
areas enables the encoding of ﬁne-grained surface correspondences in early visual cortex.
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Samenvatting
Bewuste waarneming van de visuele wereld wordt vaak beschouwd als zijnde het resultaat van de
beste aﬂeiding die het visuele systeem maakt van de aanwezige zintuiglijke informatie. Deze aﬂeiding
of inferentie, is in hoge mate een automatisch proces, dat wil zeggen, het proces treedt op zonder dat
de waarnemer zich hiervan bewust is. Doel van dit proefschrift is inzicht te krijgen in dit proces van
onbewuste inferentie.
In dit proefschrift bestuderen we het proces van onbewuste inferentie vanuit drie invalshoeken.
Ten eerste onderzoeken we de rol van plotselinge kortstondige aanbieding van visuele stimuli in
onbewuste inferentie (Hoofdstuk 2 t/m 5). Ten tweede bestuderen we de rol van impliciet geheugen
in onbewuste inferentie. Anders gezegd, welke rol speelt het recente verleden in onbewuste inferentie
(Hoofdstuk 6 t/m 8). Als laatste behandelen we op welke informatie onbewuste inferentie is gebaseerd
(Hoofdstuk 9 t/m 11).
Kortstondige visuele stimulatie
In Hoofdstuk 2 en 3 tonen we aan dat kortstondig aangeboden visuele stimuli (bijvoorbeeld een
korte ﬂits) een cruciale rol spelen in onbewuste inferentie. Het kort aanbieden van een stimulus
zorgt ervoor dat er een nieuwe interne representatie wordt gevormd. De huidige representatie van de
stimulus wordt verworpen, en verwerking van de stimulus start weer van voor af aan. In Hoofdstuk
2 laten we zien dat het kort aanbieden van een stimulus ervoor kan zorgen dat een visuele stimulus
uit de waarneming verdwijnt. Dus, ondanks dat een stimulus voortdurend op een beeldscherm werd
aangeboden, zorgde een korte ﬂits ervoor dat de stimulus uit de waarneming verdween. Het kort
aanbieden van een stimulus ‘reset’ als het ware de eerder gevormde waarneming. In Hoofdstuk 3
onderzochten we hoe de waarneming van multi-stabiele stimuli verandert als gevolg van het kort
aanbieden van een stimulus. multi-stabiele stimuli zijn stimuli die op verschillende wijze kunnen
worden waargenomen. Uit de resultaten blijkt dat de waarneming van zo’n stimulus verandert door
een kort aangeboden stimulus. Ook wordt in Hoofdstuk 3 een model geïntroduceerd dat verschillende
bevindingen op het gebied van kortstondige visuele informatie integreert.
Het resultaat van het kort aanbieden van een stimulus – het ‘re-setten’ van een eerder gevormde
waarneming - zou een belangrijke functie kunnen hebben. Voor het efﬁcient waarnemen van de
visuele wereld dient visuele informatie over verschillende tijdsmomenten geïntegreerd te worden.
Deze strategie is nuttig in het kader van het verminderen van de aanwezige ruis in zowel de input als
in het systeem zelf. Echter, visuele verwerking van twee verschillende objecten dient gescheiden te
zijn als de objecten op dezelfde plek op de retina terechtkomen door middel van een oogbeweging,
of als ze na elkaar op dezelfde plek worden aangeboden. Indien verwerking niet gescheiden zou zijn,
zouden beide objecten wel eens als één enkel object waargenomen kunnen worden. Indien visuele
verwerking gereset wordt bij het aanbieden van een nieuwe stimulus of door het maken van een
oogbeweging, kan dit potentiële probleem vermeden worden. Aangezien het visuele systeem samen
met het oculo-motorische systeem is geëvolueerd, stellen we voor dat het kort aanbieden van een
visuele stimulus tot een zelfde resultaat leidt als het maken van een oogbeweging.
In Hoofdstuk 4 onderzoeken we hoe korte visuele stimulatie gerepresenteerd wordt door het
visuele systeem. Het is bekend dat neuronen betrokken bij visuele verwerking reageren op het begin
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en eind van aanbieding van visuele stimulus door middel van een tijdelijke toename in vuurfrequentie.
Hoofdstuk 4 toont aan dat de reactie op kort aangeboden stimuli snel verandert. We stellen voor dat
deze snelle verandering dient als mechanisme voor het (automatisch) detecteren van verandering in
visuele stimulatie. Ook laten we zien dat een kort aangeboden stimulus ervoor kan zorgen dat er een
illusoire verandering in een visuele stimulus wordt waargenomen. Dit proces van snelle aanpassing op
kort aangeboden stimuli wordt verder behandelt in Hoofdstuk 6.
In Hoofdstuk 5 laten we zien dat kort aangeboden visuele stimuli neurale signalen kunnen
blootleggen die normaal gesproken niet worden waargenomen door de waarnemer. In diverse
experimenten gebruikten we bewegende stimuli die vergezeld gingen met een kort aangeboden
visuele stimulus. Deze stimulus omringde kort de bewegende stimulus. Uit onderzoek is bekend
dat de waargenomen positie van een object vaak verschuift in de richting van de beweging. Echter,
op vroege niveaus van visuele verwerking zou de representatie van positie nog overeenkomstig de
fysieke positie moeten zijn. Op hogere niveaus van visuele verwerking zou de gerepresenteerde
positie van een bewegende stimulus pas overeenkomen met de waarneming. Het kort aanbieden
van een visuele stimulus zorgde er in onze experimenten voor dat een bewegende stimulus op twee
posities werd waargenomen: op de positie waar de bewegende stimulus fysiek aanwezig was (en
omringd werd door de kort aangeboden stimulus), en op een positie in het verlengde van de beweging.
Het kort aanbieden van een stimulus maakte de fysieke positie van de bewegende stimulus zichtbaar
die normaal niet zou worden waargenomen. Dit resultaat impliceert dat kort aangeboden visuele
stimuli invloed hebben op vroege visuele verwerkingsniveaus waar de positie van een bewegende
stimulus nog overeenkomt met de fysieke positie, en waarvan de verwerking nog onbewust is.
Snelle aanpassing op visuele input en impliciet perceptueel geheugen
Het ‘resetten’ van een voorafgaande visuele interpretatie van de visuele wereld is voordelig voor lage
niveaus van visuele verwerking. Echter, het is ook belangrijk bepaalde informatie te behouden als
er veranderingen in visuele input optreden door oogbewegingen of plotselinge veranderingen in de
visuele omgeving. Het behoud van visuele informatie is cruciaal op niveaus van visuele verwerking
waar perceptueel geheugen gebaseerd op voorafgaande informatie en huidige visuele informatie
interacteren. In Hoofdstuk 6 tot en met 8 onderzoeken we hoe korte aanbieding van een visuele
stimulus de waarneming van een opeenvolgende stimulus beïnvloedt. Korte aanbieding van een
visuele stimulus kan zowel een positieve (faciliterende) als een negatieve (inhiberende) invloed op
een volgende stimulus hebben. Of de invloed positief of negatief was hing in sterke mate af van de
tijd tussen de kort aangeboden stimulus (de prime) en de stimulus die daar op volgde. Dus, bijna
identieke procedures leidden tot tegenovergestelde effecten, dat wil zeggen tot perceptuele priming
(de positieve invloed) en na-effecten (de negatieve invloed).
Hoofdstuk 6 behandelt de grensgevallen waarvoor priming en na-effecten optreden. Door gebruik
te maken van bewegende stimuli vonden we dat het na-effect (rapid Motion Aftereffect, of rMAE) en
perceptuele sensitisatie (perceptual sensitization (PS)) optreedt voor dezelfde stimulus, afhankelijk
van aanbiedingstijd. De rMAE duurt kort en verdwijnt na 1 tot 2 seconden. Verder is de rMAE
afhankelijk van bewegingsenergie. Echter, PS ontwikkelt over een tijd van ongeveer 3 seconden en
is afhankelijk van de waarneming van de beweging, en minder van de bewegingsenergie. Dit geeft
aan dat de rMAE tot stand komt op vroege niveaus van visuele verwerking en PS veroorzaakt wordt
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door latere niveaus waar de neurale respons de waarneming van de proefpersoon weerspiegelt. De
betrokkenheid van verschillende verwerkingsniveaus wordt verder benadrukt door de verschillende
tijden waarvoor de twee effecten optreden. Verder speculeren we dat synaptische processen op een
korte tijdschaal beide perceptuele fenomenen veroorzaken. Ook stellen we voor dat PS een type
perceptueel geheugen is dat gebruikt wordt om visuele informatie te behouden tijdens verstoringen of
veranderingen in visuele input.
In Hoofdstuk 7 presenteren we een methode die PS verstoort. In tegenstelling tot de effecten
van korte aanbieding van een visuele stimulus gerapporteerd in Hoofdstuk 2 tot en met 5, kan korte
aanbieding van andere typen van stimuli na de eerste aanbieding van een stimulus het ontwikkelen
van PS van deze stimulus niet verstoren. Echter, het presenteren van een langer aanwezige stationaire
stimulus kan PS wél verstoren. Dit interpreteren we als een andere dynamische herijking van
voorafgaande kennis.
Het lijkt er dus op dat PS automatisch optreedt zonder bewuste poging informatie van een
voorafgaande waarneming te behouden. Het feit dat PS afhankelijk is van de waarneming van de
prime suggereert dat PS niet geheel automatisch optreedt. In Hoofdstuk 8 onderzoeken we hoe
automatisch de ontwikkeling van PS is. Om dit te bereiken manipuleerden we de visuele aandacht
van proefpersonen tijdens of na de presentatie van de prime door middel van een aandachtstaak.
Uit de resultaten blijkt dat het ontwikkelen van PS werd onderdrukt door de aandachtstaak zelfs
als proefpersonen de prime bewust waarnamen. Dus, het bewust waarnemen van de prime is niet
voldoende om PS te veroorzaken, alleen als veel aandacht voor de prime beschikbaar is, treedt het
fenomeen op. Deze bevindingen impliceren dat het encoderen en behouden van impliciet perceptueel
geheugen een automatisch maar actief proces is.
Waargenomen oppervlak als bouwsteen van visuele waarneming
Het visuele systeem bestaat uit min of meer modulaire verwerkingsniveaus. Deze niveaus zijn hebben
een hiërarchische structuur en worden verbonden door zogenaamde ‘feedforward’ en ‘feedback’
verbindingen. Een ‘feedforward’ verbinding zend informatie verder naar een volgend niveau, een
‘feedback’ verbinding zendt informatie terug naar een niveau waar informatie eerder vandaan
kwam. Aangezien deze verbindingen in grote mate aanwezig zijn, lijkt het idee van een hiërarchie te
eenvoudig. Echter, het onderscheid tussen vroege en late verwerkingsniveaus is een nuttige gebleken
voor het onderzoeken van fundamentele processen betrokken bij visuele verwerking. Binnen dit
algemeen raamwerk extraheren lage verwerkingsniveaus relatief eenvoudige visuele kenmerken.
Hogere niveaus integreren en segregeren deze kenmerken tot een coherent geheel zoals representaties
van oppervlakte en objecten.
In Hoofdstuk 9 tot en met 11 stellen we de vraag of laag-niveau visuele kenmerken direct
waargenomen kunnen worden, of dat we alleen coherente oppervlakken en objecten waarnemen.
In een aantal experimenten tonen we aan dat coherente oppervlakken een belangrijke basis vormen
voor visuele waarneming. We vonden dat het eerst coherente oppervlakken worden gevormd en dat
details van deze oppervlakken (zoals kleur en beweging) hierin worden opgenomen. Onze resultaten
tonen aan dat visuele waarneming opgebouwd is uit coherente oppervlakken en dat details alleen
toegankelijk zijn via deze oppervlakken.
Zoals eerder opgemerkt bevat visuele verwerking hiërarchische verwerkingsniveaus waarin eerst
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locale kenmerken worden verwerkt voordat ze geïntegreerd worden tot objecten en oppervlakten. In
Hoofdstuk 9 presenteren we een nieuwe methode die lokale en globale verwerkingsniveaus in visuele
bewegingswaarneming kan scheiden. De stimulus bestond uit punten die over een korte afstand heen
en weer bewogen. De waarneming van deze oscillerende punten leidt tot transparante beweging,
waarbij twee vlakken continue over elkaar heen lijken te bewegen. Deze waarneming van continue
transparante beweging is het meest overtuigend als de fase van de oscillatie gedesynchroniseerd is.
Met toenemende synchroniciteit worden twee vlakken waargenomen die uit fase oscilleren. Belangrijk
bij deze stimulus is dat elk punt twee soorten lokale informatie bevat: het bewegingssignaal en
het signaal van de oscillatie (de omkering van richting). Ondanks de aanwezigheid van beide
signalen merken we het ‘oscillatie-signaal’ niet op tijdens de continue transparante beweging. Onze
systematische manipulatie van de signaalsterkte van globale beweging toont aan dat lokale signalen
die niet overeenkomen met het globale oppervlak niet toegankelijk zijn voor bewuste inspectie.
Hoofdstuk 10 levert aanvullend bewijs dat visuele oppervlakken de basis vormen waaraan lokale
kenmerken worden gebonden. In een aantal experimenten tonen we aan dat kleur en beweging
verkeerd gecombineerd worden als ze gebonden zijn aan ruimtelijk overlappende oppervlakken. Dit
‘misbinding’ fenomeen treedt op als gevolg van diep verankerde assumpties van het visuele systeem
dat visuele kenmerken die verbonden zijn aan een oppervlak ruwweg constant zijn over het gehele
oppervlak. Dit wordt in dit Hoofdstuk geïllustreerd door de bevinding dat ‘misbinding’ niet optreedt
als een duidelijk scheiding op de oppervlakken aanwezig is. Ook tonen de experimenten aan over
‘misbinding’ aan dat oppervlakken een belangrijke rol spelen bij visuele waarneming.
Het idee van oppervlak-gebaseerde waarneming wordt verder onderzocht in Hoofdstuk 11. Hier
behandelen we een aantal experimenten die aantonen dat kleur-informatie zich verspreidt naar verder
weg staande elementen als deze elementen onderdeel zijn van hetzelfde oppervlak. Deze kleurverspreiding op basis van oppervlak verschilt van het fenomeen ‘ﬁlling in’, waar kleur en luminantieinformatie zich verspreidt over een soort retinotope kaart. In dit geval start en stopt de verspreiding
van kleur bij lokale grenzen zoals luminantie-veranderingen van hoog contrast. Onze experimenten
tonen aan dat zulke luminantie-grenzen verspreiding van kleur juist faciliteerden. We suggereren
dat ‘ﬁlling in’ niet gelimiteerd wordt door luminantie-grenzen an sich, maar door de scheidingen
van verschillende oppervlakken die ze veroorzaken. In de door ons gebruikte stimuli scheidde de
luminantie-grenzen het gekleurde oppervlak niet, waardoor de kleur zich verder kon verspreiden.
De bevindingen van de laatste drie hoofdstukken tonen aan dat lokale kenmerken gebonden
worden aan oppervlak-representaties die gebaseerd zijn op globale samenstelling. Deze verwerking
vereist interacties tussen hogere visuele gebieden met grote receptieve velden en lagere visuele
gebieden die visuele kenmerken met hoge resolutie representeren. We stellen voor dat een ‘feedback’loop tussen hogere en lagere visuele gebieden het mogelijk maakt oppervlakken met bijbehorende
lokale kenmerken te representeren in visuele verwerkingsgebieden op laag niveau.
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要旨
脳が網膜などの感覚器官から送られてきた信号をもとに、実際に外界の状況がどうなっているの
かを推測し、その結果として我々の視覚経験が成立するのだという見方がある。脳の推測は我々
が意識することなく自動的に行われているので、その裏にある無意識の内に行われる計算の複雑
さに気がつくことはない。この無意識の推論過程の基本原理はまだまだこれから解明されるべき大
きなテーマである。
この論文では、そのような視覚系における推論過程の基本原理の解明を目的とした研究結果
を示した。そこで、研究は大きく三つに分けられる。一つ目は、視覚推論における瞬間的に呈示さ
れる視覚刺激の持つ役割について論じた（二章から五章）。二つ目は、一瞬の視覚経験が推論過
程に使われると考えられる潜在記憶にいかに影響を与えるかを研究した（六章から八章）。三つ目
は、人間の視覚系が無意識の推論を行う際に、どのような視覚構造を基礎としているかを調べた（
九章から十一章）。

瞬間的視覚刺激
第二章と第三章では、フラッシュなどの瞬間的視覚刺激の持つ特異な機能を示した。瞬間的視覚
刺激を呈示することで、物理的に変化しない一定の刺激に対する知覚の変化が引き起こされる。
瞬間的視覚刺激によって脳内の刺激に対する表象がリセットされたかのような効果が得られる。つ
まり、現時点での知覚表現は消去され、新たに視覚情報処理を一からやり直すことになる。第二章
では、非常にはっきりと知覚可能な刺激が、瞬間的視覚刺激により、実際に呈示されているにもか
かわらず、一時的に知覚上消失するという現象を示した。第三章では、同様の瞬間的視覚刺激が
複数の解釈が可能な刺激に対する主観的知覚が変化することを示した。第三章で提案したモデル
では、この二つの瞬間的視覚刺激により誘導される視覚現象を統一的な枠組みで説明するもので
ある。
一度確立された知覚をリセットし、新しい視覚処理を一から始めるという二つの現象は通常の
視覚処理に有用な計算原理ではないかと考えられる。我々は常に目を動かして視覚情報を集めて
いる。視覚系は眼球運動間の凝視時間数百秒の間に、入力情報を一定の時間にわたって統合し
ている。この情報の時間統合は、 入力とシステム自体に潜在するノイズを除外し、外界を正しく解
釈するために必要な戦略だと考えられる。しかし、複数の物体を解釈する場合には、それぞれの物
体に対して、独立な視覚処理を行わなければ、知覚的解釈は入り交じり不安定なものとなってしま
うだろう。サッカードと呼ばれる眼球運動や、新しい物体の出現の際には、必ず網膜上での刺激の
出現と消失を伴う。瞬間的視覚刺激を呈示することは、このような網膜刺激の時間的特徴と類似し
た状況を作り出している。さらに、眼球運動を司るシステムと、知覚表現を司るシステムは共に支え
合う形で進化してきたことを考慮すると、瞬間的視覚刺激の引き起こす現象は、視覚系が眼球運動
系と協調するために持つ機能的なダイナミクスを反映しているのではないかと考えられる。
第四章では、瞬間的視覚刺激が脳内で瞬間的反応を引き起こす機構を探求した。視覚刺激
に反応性を示すニューロンは一般に、刺激の出現と消失に対して、一時的な発火頻度の上昇を示
す。第四章では、この一時的な発火反応は短時間で適応的変化を示し、この変化が視覚系に組み
込まれている自動的な外界に対する変化検知機能に貢献していることを示した。そして、そのよう
な瞬間的な発火反応自体が、特殊な知覚を引き起こし、外界で変化が起きたという印象を、たとえ
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実際に変化がなかった場合でも、作り出している。第四章で示した、瞬時のニューロンの適応的な
反応性の変化はさらに第六章で論じた。
第五章では瞬間的視覚刺激のさらに別の側面を追求した。そこでは瞬間的視覚刺激により、
普段は意識に上ることのないニューロンの活動が意識に上らせることができるということを示した。
具体的には、動いている視覚刺激に重ねて、その物体を取り囲むようなフラッシュを呈示した。一
般に、動いている刺激の位置は運動方向にシフトして知覚される。だが、網膜などの視覚処理系の
初期段階では、物理的な位置と対応した空間表現がなされているはずである。視覚処理が数段階
施された後に、脳内での空間表現はより知覚されている空間表現に近づくはずである。我々の実
験は運動中の刺激と時空間で交わるフラッシュにより、その物体のフラッシュに囲まれている部分
のみが物理的な空間位置と対応した場所に知覚されるようになることを示した。つまり、瞬間的視
覚刺激が普段は目に見えていない物理的空間と対応するニューロン信号を視覚化したといえる。
このことから、瞬間的視覚刺激は運動中の刺激と、非常に初期の、まだ空間情報が物理的位置に
対応し、意識には通常上らない段階で干渉すると考えられる。

高速適応と潜在知覚記憶
視覚環境の解釈をリセットすることは、初期視覚処理系にとっては有用な機能かもしれないが、眼
球運動などによって引き起こされる断続的な刺激呈示において、レセットされずに継続するべき情
報もある。特に、過去の知覚経験と現在の入力が連携する、高次と低次の中間に位置する処理段
階では、一時的な視覚遮断においても情報を継続する必要がある。第六章から第八章では、視覚
刺激に対する短時間の露出によって、その後の知覚がどのように変化するかを調べた。刺激への
短時間露出は一般に、正と負の効果を引き起こし、両者はそれぞれ固有の時間発展を示す。実験
状況がほぼ同一であるにも関わらず、プライミングと残効という二つの相反する効果が得られるの
だ。
第六章では、プライミングと残効がそれぞれどのような状況で生じるのか、その境界条件を調
べた。視覚運動刺激を用いて、超高速運動残効と知覚増強という二つの現象が単一の刺激により
引き起こされ、それぞれが異なる時間経過で発展・減衰することを示した。超高速運動残効は、運
動エネルギーにより誘導され、持続時間は短く、数秒以内に消滅する。それとは対照的に、知覚増
強はゆっくりと（約３秒かけて）増強していき、誘導要因は主観的な知覚である。これらの発見から、
超高速運動残効は視覚運動処理の初期段階で生じ、知覚増強はニューロンの反応がより主観的
運動知覚と対応した後期の処理段階で起きていると推測できる。さらに、ことなる時間発展から、超
高速運動残効と知覚増強は、異なるシナプス可塑性を基盤に持つのではないかと推測される。そ
して、ここでの本題である、視覚遮断を越える知覚記憶の維持に関しては、この知覚増強が関与し
ていると考えられる。
第七章では、知覚増強を阻害する方法を示した。知覚増強に関しては、第二章から第五章で
述べたような瞬間的視覚刺激によって引き起こされる効果は得られず、知覚増強を誘導する刺激
の後で、 単に無関係な刺激を一瞬呈示するだけでは、増強効果のゆっくりとした形成過程を押さえ
ることはできない。しかし、第七章で、動いていない刺激を持続的に呈示し続けることで、知覚増強
を完全に抑制することができることを示した。このことを基に、視覚系の持つ環境についての事前
知識を動的に調節するメカニズムがあるのではないかと論じた。
知覚増強は被験者の意図に関係なく自動的（つまり、無意識のうちに）に形成される。一方で、
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主観的知覚に依存するという点では、完全に受動的な効果であるというわけではない。第八章で
は、知覚増強の形成過程がどこまで自動的でどこから被験者の積極的な意図が関わっているの
かを調べた。そのために、従来の実験課題と同時にもう一つの被験者の注意を要求する課題を加
えて、知覚増強が阻害されるかどうかを検証した。その結果、注意を運動刺激以外に引きつけるこ
とで、知覚増強の形成は抑制されることが判明した。このことは、刺激に対する主観的知覚だけで
は、知覚増強の形成には不十分で、それに加えて、ある程度の注意が刺激に向けられていること
が必要条件だということを示している。さらに、注意を最初の刺激呈示後、すなわち潜在記憶の保
持期間中においてそらした場合でも、同じような知覚増強形成の抑制が見られた。これらのことか
ら、刺激呈示中の記憶の初期の取り込みにおいても、知覚記憶の形成過程のどちらも、自動的で
あるにも関わらず、能動的な側面を持っているといえる。

知覚の構成要素としての面
視覚系はいくつもの機能に特化したモデュールから構成されている。それぞれのモデュールは階
層構造に組み込まれフィードフォワード・フィードバック結合を介して常に情報を交換している。この
ような相互的結合を考えれば、階層構造という発想はやや単純化し過ぎかもしれないが、視覚情
報処理における初期過程と後期過程という枠組みは視覚を理解する上で、役立つことが多い。こ
の枠組みでは、まず初期過程において単純な情報が抽出され、その後の後期過程でその抽出さ
れた情報が組み合わされ、全体として意味をなす物体や面といった構成組織に統合される。
第九章から第十一章では、初期過程における低次の視覚特徴が直接意識に上り知覚されてい
るのか、あるいは、面や物体といったまとまった単位の基で初めて、その一部として知覚されている
のかとう問題に取り組んだ。一連の実験により、統合された面が知覚の基礎となっていることがわ
かってきた。面の構造がまず初めに視覚処理により確立され、そのあとで色や運動といった面の詳
細な情報が貼付けられていくのである。つまり、視覚は面によって構成され、その面を通じてのみ
詳細な視覚特徴は意識に上るようだ。
前述の通り、視覚処理は局所的な特徴抽出から、大域的な面や物体への統合過程からなる
階層構造を呈している。第九章では、この局所的な処理と、大域的な処理を分離する方法を、新し
い視覚運動刺激を用いて示した。その刺激は多数の振動している光の点から構成されているのだ
が、実際に眺めてみると、まるで二枚のシートが逆方向にスムーズに動いているように見える。とく
に振動の位相が非同期的な場合には、このような知覚が顕著である。実際には、この振動している
光の点には、少なくとも二種類の情報が含まれている。運動方向自体の成分と、運動方向が変化
したときのタイミングの情報を含んだ成分の二つである。しかし、その運動方向変化の情報は透明
な二枚のシートが知覚されているときには、被験者は気がつかない。より精密に行われた実験で、
運動情報を統合する信号の強度が高まるにつれて、大域的な知覚的解釈にそぐわない局所的な
情報は意識的知覚から排除されるようになるということが示された。
第十章では、視覚において面が局所的視覚特徴を結合するための基礎となっていることを示
すさらなる証拠を示した。色と運動が空間的に重なり合っている面の上で誤った組み合わせで結合
される例を発見したのである。この誤結合現象は視覚系がもつ、一つの面の上では局所的特徴は
相互に似ているという暗黙の仮定に由来すると考えられる。そのような仮定は、現実世界では的確
な仮定で、視覚刺激一般の曖昧さ解消のために使われているのだと考えられる。実際に、面を分
離するような視覚手がかりを加えることで、誤結合現象は見えなくなる。さらに、誤結合現象が重複
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する二つの面の間で生じるということが、面に依存した特徴の結合機構を支持する。
視覚知覚が面に依存しているという仮説をさらに第十一章で検証した。共通の面を構成する要
素間では色情報が伝搬可能であることを示した。この面に依存した色情報の伝搬は、古典的なフィ
リング・インについて、色情報は高いコントラストの線分のみに依存した局所的な過程であるという
見解とは、一見、全く異なっているように思える。輝度によって定義された線分はフィリング・インを
ブロックするが、我々の報告した刺激では逆に促進する。このことから、フィリング・インは輝度定義
された線分そのものによってブロックされるのではなく、その線分によって面が分断されることによ
りせき止められるのだと、古典的な解釈を拡張した。我々の刺激では、輝度定義された線分を面全
体で繰り返された刺激を用いている。この場合は、線分は面を分断せず、パターンとしてその一部
となるので、フィリング・インは境界線を乗り越えて空間的に離れた領域にも進むことができるので
ある。
この最後の三章での結果から、局所的特徴は、 大域的な情報に基づいた面に結びつけられる
ということが示唆される。そのような情報処理には、大きな受容フィールドを持つ高次視覚領域と高
精度の特徴抽出マップをもつ低次視覚領域との相互作用が必須だと考えられる。高次と低次の視
覚領域間でのフィードバック・ループによって、高い空間精度をもつ面の表象が初期視覚野で可能
となっているのではないだろうか。
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