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Abstract
Our brain constantly tries to anticipate the future by using a variety of memory mechanisms. Interestingly, studies using the
intermittent presentation of multistable displays have shown little perceptual persistence for interruptions longer than a few
hundred milliseconds. Here we examined whether we can facilitate the perceptual stability of bistable displays following a period
of invisibility by employing a physically plausible and ecologically valid occlusion event sequence, as opposed to the typical
intermittent presentation, with sudden onsets and offsets. To this end, we presented a bistable rotating structure-from-motion
display that was moving along a linear horizontal trajectory on the screen and either was temporarily occluded by another object
(a cardboard strip in Exp. 1, a computer-generated image in Exp. 2) or became invisible due to eye closure (Exp. 3).We report that
a bistable rotation direction reliably persisted following occlusion or interruption only (1) if the pre- and postinterruption
locations overlapped spatially (an occluder with apertures in Exp. 2 or brief, spontaneous blinks in Exp. 3) or (2) if an object’s
size allowed for the efficient grouping of dots on both sides of the occluding object (large objects in Exp. 1). In contrast, we
observed no persistence whenever the pre- and postinterruption locations were nonoverlapping (large solid occluding objects in
Exps. 1 and 2 and long, prompted blinks in Exp. 3).We report that the bistable rotation direction of a moving object persisted only
for spatially overlapping neural representations, and that persistence was not facilitated by a physically plausible and ecologically
valid occlusion event.
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Our brain is a prediction machine. Its function is not only to
build a useful representation of an outside world, in order to
guide our behavior but also to anticipate its future states to
optimize the use of limited resources. The predictive nature of
perception has been extensively studied using multistable dis-
plays, such as binocular rivalry, the Necker cube, or structure
from motion (SFM; see the supplementary videos). These

displays are compatible with two or more comparably likely
and easily distinguishable perceptual outcomes; a combina-
tion that makes their perception unstable and perceptual
changes very noticeable. When multistable displays are pre-
sented intermittently, their perceptual dominance at the dis-
play onset depends on numerous factors, such as attention
(Mossbridge, Ortega, Grabowecky, & Suzuki, 2013), the rel-
ative strength of competing interpretations (Hupé, Lamirel, &
Lorenceau, 2009; Song & Yao, 2009), or prior perceptual
experience (Klink et al., 2008; Kornmeier & Bach, 2004;
Orbach, Ehrlich, & Heath, 1963).

In the latter case, multistable perception is stabilized by
neural persistence or by the sensory memory of multistable
displays. Neural persistence is a continued response of neu-
rons after stimulus offset (Coltheart, 1980). It is most effective
for brief interruptions (e.g., <200 ms) when bistable displays
remain constant and at the same retinotopic location. The
highly specific nature of neural persistence, in combination
with the sensitivity to masking, confines its influence to very
brief interruptions such as fast blinks or small eye movements.
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In contrast, the sensory memory of multistable displays is
longer lasting (Leopold, Wilke, Maier, & Logothetis, 2002)
and is highly resistant to intervening visual stimulations
(Maier, Wilke, Logothetis, & Leopold, 2003), making it a
better candidate for a predictive memory (Pearson &
Brascamp, 2008). However, its utility is severely limited by
the very weak influence it exerts, much weaker than the influ-
ence of either neural persistence or perceptual adaptation
(Pastukhov & Braun, 2013). Here we asked whether this
weakness might reflect possible shortcomings of a common
intermittent-presentation design.

Specifically, the display in a typical intermittent-
presentation study behaves like a Cheshire cat, with a sudden
appearance being followed by an equally sudden disappear-
ance. This presentation schedule has little in common with
normal visual event sequences in our daily lives, as objects
typically become invisible because they are gradually occlud-
ed or because we close our eyes. Moreover, prior research
indicates that a physically plausible and consistent visual se-
quence facilitates the persistence of a temporarily invisible
object. For example, in the tunnel effect, the persistence of
an object that passes behind an occluder is facilitated by the
visibility of an occluding object, a predictable trajectory, a
consistent deletion/accretion sequence, and so forth
(Flombaum & Scholl, 2006; Kawachi & Gyoba, 2006).
Similarly, during endogenously generated saccades that brief-
ly interrupt the normal flow of sensory evidence, perceptual
stability is ensured by predictive remapping of the object’s
features to the future location (Melcher, 2007).

Here, we investigated whether we can facilitate the persis-
tence of bistable displays following a period of invisibility by
employing physically plausible and ecologically valid occlu-
sion event sequences. Specifically, we employed a bistable
rotating structure-from-motion display that moved along a
linear trajectory on the screen and either was temporarily oc-
cluded by another object (Exps. 1 and 2) or became invisible
due to eye closure (Exp. 3).

An occlusion by another object had been used previ-
ously in conjunction with the binocular rivalry display
(Blake, Sobel, & Gilroy, 2003). The latter consisted of
two incompatible dichoptically presented patterns, so that
only one of them tended to be perceived at a time and the
inputs from the other eye are suppressed. The binocular
rivalry display moved along the circular trajectory and
was temporarily occluded by a stationary object. That
study reported strong destabilization by occlusion.
However, because binocular rivalry relies on interocular
suppression, the eye dominance rather than the object
representation was what failed to persist. Accordingly, in
Experiments 1 and 2 we sought to address this issue by
using a bistable structure-from-motion display that relied
on a distributed representation in extrastriatal regions
(Orban, 2011).

Eye closure has also been used previously to study the
intermittent perception of bistable displays (Leopold et al.,
2002). Here, several authors have reported a strong perceptual
stabilization, which is thought to reflect an influence of the
sensory memory of multistable displays (Adams, 1954;
Leopold et al., 2002; Orbach, Ehrlich, & Vainstein, 1963).
However, the previous multistable displays had remained at
the same spatial location throughout the entire presentation
session. Thus, for this measurement it was hard to disentangle
lower-level, location-specific from potential higher-level pre-
dictive effects, which might be trajectory- rather than location-
specific. In our Experiment 3, we sought to alleviate these
potential confounding factors by combining eye closure with
the moving bistable structure-from-motion display.

Method

Participants

All procedures were in accordance with the national ethical
standards on human experimentation and with the Declaration
of Helsinki of 1975, as revised in 2008, and were approved by
the University of Bamberg. The observers had normal or
corrected-to-normal vision and showed normal color vision,
with the exception of observer SDA95m,who had a red–green
deficiency. Apart from one of the authors (observer SKL94w),
all observers were naïve as to the purpose of the experiments.
Informed consent was obtained from all participants prior to
the experimental session.

In total, 14 participants took part in the experiments. Five
of the participants, including the second author, took part in all
three experiments; three participants took part in Experiments
1 and 2; one took part in Experiments 2 and 3; and five took
part in only one experiment. Ten observers (eight females, two
males; ages 16–28 years) participated in Experiment 1. Nine
observers (six females, three males; ages 16–28 years) partic-
ipated in Experiment 2 (observer BPM97w was excluded
from the analysis due to a strong perceptual bias in favor of
the downward direction of rotation, since it constituted more
than 95% of this participant’s total clear perception reports).
Nine observers (four females, five males; ages 21–28) partic-
ipated in Experiment 3.

Apparatus

In the first two experiments, displays were presented on a
24.5-in. EIZO CG245W screen (size of the visible area
51.7 cm × 32.3 cm, resolution 1,920 × 1,200, refresh rate 59
Hz, viewing distance 50 cm; the head was stabilized with a
chin rest). A single-pixel subtended approximately 0.029°. In
Experiment 1, observers listened to the panning sound using
Sennheiser HD-202 headphones.
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In the third experiment, displays were presented on a
Samsung SyncMaster 2233 (size of visible area 47.5 cm ×
29.5 cm, resolution 1,680 × 1,050, refresh rate 120 Hz, view-
ing distance 50 cm; the headwas stabilized with a chin rest). A
single pixel subtended approximately 0.0302°. The observers
listened to the auditory signal over the loudspeakers. Eye
movements were monitored binocularly with a desk-
mounted eyetracker (EyeLink 1000, SR Research) at a fre-
quency of 1,000 Hz.

Displays

Observers viewed a moving, ambiguously rotating, structure-
from-motion (SFM) display (see Fig. 1b and Videos 1–11,
described in the Appendix). The width of the SFM object
was systematically varied in Experiment 1 (4.3°, 5°, 5.7°,
7.1°, and 8.5° of visual angle, respectively; 1:1, 1 1

6 : 1,

1 1
3 : 1; 1

1
3 : 1, and 2:1 ratios between the width of the SFM

object and the occluding strip), but was kept constant at 4.3°
of visual angle in Experiments 2 and 3. The individual dots
subtended 0.03° and were semitransparent in order to exclude
bias from the occlusion cues.

The SFM object rotated around the horizontal axis (90°/s)
while moving in a horizontal trajectory at a constant speed of
5.4°/s. The trajectory endpoints were at 10.8° of eccentricity.
The presentation duration of a single block was 48 s. We split
the continuous time series for each block into trials, with a
single trial being defined as the time for the SFM object to
traverse from one trajectory limit to the other (see Fig. 1e for
the schematic schedule representation). Accordingly, each
block consisted of 12 trials, and each trial was 4 s long.

In Experiment 1, the central portion of the screen was oc-
cluded by a rectangular piece of cardboard (4.3° wide; see Fig.
1a and Videos 1–6). A red fixation point was drawn on it at the
location that corresponded to the center of the screen. The

Fig. 1 Visual stimuli and procedure. (a) Schematic display and procedure
for Experiment 1, not drawn to scale. A structure-from-motion (SFM)
object, which rotated ambiguously around the horizontal axis,
repeatedly traversed the screen in a horizontal trajectory (marked by the
dashed line). The central portion of the screen was occluded by a
rectangular piece of cardboard. Observers were instructed to fixate on a
red dot drawn on the cardboard occluder and to report on the direction of
the rotation. (b) The SFM object used in the study; see also Videos 1–11.
(c, d) Experiment 2: The SFM object behind a visible (c) and the same but
camouflaged (d) occluder with a 50% aperture area. (e) Schematic

presentation schedule. The continuous time series was split into trials,
with a single trial being defined as the time for the SFM object to
traverse from one trajectory limit to the other. (f) Proportions of visible
dots for SFM objects of various widths as a function of their location on
the trajectory. Only the object with a 1:1 width ratio (relative to the width
of the occluding strip) is fully occluded for a single frame. Less than 25%
of all the dots were visible for 83 ms for the 1 1

3 : 1 width ratio, 166 ms for

the 1 1
6 : 1 width ratio, and 233 ms for the 1:1 width ratio
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proportion of dots visible at each location is plotted in Fig. 1f.
Please note that only the object with the 1:1 width ratio was
completely invisible for just a single frame. However, fewer
than 25% of all the dots were visible for 83 ms for the 1 1

3 : 1

width ratio, 166 ms for the 1 1
6 : 1 width ratio, and 233 ms for

the 1:1 width ratio.
In Experiment 2, the occluder was a computer-generated

image (4.3° × 6.0°) that completely or partially occluded the
moving SFM object. The total occluded area was systemati-
cally manipulated and was set at 0% (no occluder, labeled as
full visibility), 5%, 10%, 25%, 50%, and 100% (complete
occlusion). The occluder was either colored yellow (Fig. 1c;
visible occluder condition) or was the same gray color as the
background (Fig. 1d; camouflaged occluder condition; see
also Videos 7–10). In Experiment 3, the moving SFM object
was never occluded (see Video 11). Instead, observers were
instructed to shut their eyes in response to an auditory signal.
This is detailed in the BProcedure^ section below.

Pilot measurements for Experiment 1 indicated that com-
plete invisibility strongly destabilized the rotation (first and
last authors only and 1:1 object-to-occluder width condition
only, informal viewing session; these data were not included
in the analysis or the online dataset). Accordingly, to facilitate
the persistence of the fully occluded SFM object in
Experiment 1, it was overlaid on a Bhalo^ image accompanied
by a stereo sound that panned congruently from left to right, or
both. The halo image was a blue circle with a gradual decrease
in color (Gaussian spatial transparency profile, L*a*b*: 62.46,
– 28.19, – 8.47; see Fig. 1a). It was centered on the SFM
object and was never completely occluded. The panning
sound was constructed using the Audacity 2.0.6 software. It
was localized to the left or the right of the listener using the
interaural time difference.

To distinguish between persistence and the spatially
specific biases, the direction of the rotation of the SFM
object was systematically perturbed. Specifically, at the
beginning of each trial, the experimental software
attempted to induce an exogenously triggered perceptual
reversal by inverting the vertical on-screen motion (see
Pastukhov, Vonau, & Braun, 2012, for further details).
This gave us a better opportunity to compare the effect of
persistence with that of the spatially specific memory in-
fluences. The exogenous trigger was effective in 82%
[44%, 97%] (mean, range) of the trials in Experiment 1,
90% [70%, 97%] of the trials in Experiment 2, and 89%
[75%, 100%] of the trials in Experiment 3.

Procedure

Observers reported on the perceived direction of rotation of
the SFM object around the horizontal axis using the up and
down arrow keys. They were instructed to fixate either on the

dot drawn on the cardboard occluder (Exp. 1) or on a
computer-generated red circle (Exps. 2 and 3). A single block
lasted 48 s in Experiments 1 and 2, and 24 s in Experiment 3.
Experiments 1 and 2 were measured during a single experi-
mental session. Experiment 3 was measured separately two
months later.

Experiment 1 contained 20 conditions: five widths of the
SFM object, combined with a present or absent Bhalo^ and a
present or absent panning sound. The presentation order was
randomized, and the randomized sequence of blocks was pre-
sented first in a forward and then in a backward order (ABBA
design, 40 blocks in total). See also Videos 1–6.

Experiment 2 contained 12 conditions: six variants of the
occluder and two occluder colors. As in Experiment 1, the
presentation order was randomized and the blocks were re-
peated in the ABBA order (24 blocks in total). See also
Videos 7–10.

Experiment 3 also consisted of 12 blocks. All blocks and
trials had the same visual display sequence (see Video 11).
However, on every second and third trial, observers heard a
tone played over the computer speakers that lasted either
1,000 or 1,500 ms and started, respectively, 600 or 850 ms
before the SFM object reached the center of the screen. During
the first four blocks, observers were instructed to ignore the
sounds. In the following eight blocks, they were instructed to
shut their eyes for the duration of the tone. Their fixation and
blinking was monitored via an eyetracker. Observers reliably
closed their eyes in response to the tone: Five observers
missed only a single tone; four observers never missed a tone.
They were also highly consistent in the duration of their eye
closure, which was 955 ± 71ms (mean ± SD) for the 1,000-ms
tone and 1,355 ± 71 ms for the 1,500-ms tone.

Statistical analysis

The statistical analysis was performed in R (R Core Team,
2016) using the BayesFactor package (Morey & Rouder,
2015) for Bayesian linear mixed models, packages lme4
(Bates, Mächler, Bolker, & Walker, 2015) and lmerTest
(Kuznetsova, Bruun Brockhoff, & Haubo Bojesen
Christensen, 2016) for linear mixed models analysis, and
package ggplot2 (Wickham, 2009) to generate the figures.
Eye movement data were processed using the edfImport tool-
box (Pastukhov, 2017).

Data availability

All data files, along with the code used to perform the statis-
tical analyses and produce the figures, are available under a
Creative Commons Attribution 4.0 International Public
License at https://osf.io/qqrzp.
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Results

Experiment 1: Solid occluder

In our first experiment, we investigated whether a representa-
tion of a moving object persisted when it was partially or
completely occluded. To this end, we used an ambiguously
rotating SFM object and examined whether the bistable rota-
tion would be destabilized after the object passed behind the
occluder. To compare the persistence of fully and partially
occluded objects, we systematically manipulated the width
of the SFM shape from an object-to-occluder ratio of 1:1
(the SFM object was fully occluded for a single frame) to
2:1 (the occluding object covered no more than half the width
of the moving object; see also Fig. 1f for information on the
duration of the partial-occlusion episodes). Because prior
work had indicated that the object’s persistence is facilitated
by a physically plausible and congruent event sequence
(Flombaum & Scholl, 2006), we used a cardboard strip rather
than a computer-generated image to occlude the central part of
the screen. To ensure the variability of perceptual states, we
attempted to reverse the rotation by inverting the vertical com-
ponent of 2-D motion at the beginning of each trial. The ex-
ogenous trigger was effective in 82% ± 17% (mean ± 1 SD) of
the trials (see Pastukhov et al., 2012, for details about the
method).

To further facilitate the persistence of the occluded object,
we added two additional cues that indicated its continued
presence. The first was a colored Bhalo^ around the object.
This halo was wider than the occluding strip and was therefore
always at least partially visible. The second was a panning
sound that moved congruently from side to side with the
SFM object. Neither cue was informative about the dominant
direction of rotation. In total, we used four conditions: no
cues, a single cue, or both cues present. For further details,
please see Fig. 1a and b and Videos 1–6.

To quantify the persistence versus destabilization of rota-
tion, we computed the probability of participants reporting the
change in direction of rotation shortly after the object had
passed the center of the screen (the time point of minimal
visibility; please see Fig. 1f):

Pswitch ¼ N switch

N total
; ð1Þ

with Ntotal as the total number of trials and Nswitch as the num-
ber of trials in which observers reported a perceptual switch
between 200 and 800 ms after the object had passed the center
of the screen. We picked this response time interval because
prior work had indicated that it should contain the most reports
on perceptual changes (Pastukhov et al., 2012). Extending this
interval would increase the observed destabilization without
qualitatively altering the results. However, for those longer

periods the perceived rotation also depended on spatially spe-
cific biases, making it harder to disentangle their relative con-
tributions (see below).

To assess the influences of individual factors, we per-
formed both the multilevel linear mixed-effects models
(Bates et al., 2015) and a mixed-model Bayesian analysis of
variance (ANOVA; Bolstad & Curran, 2016; Morey &
Rouder, 2015), with object width, the presence of the halo
and the sound, and their interaction as independent factors,
and participants as a nested random effect. Maximum likeli-
hood was used as an estimation method, to allow for between-
model comparisons via ANOVA.

The results of Experiment 1 are presented in Fig. 2 and
Table 1. We found that the presence of neither the halo nor
the sound affected the perceptual stability of rotation. In con-
trast, the width of the SFM object had a strong and significant
effect on persistence (R2 = .533 for the linear mixed-effect
model with object width as a single independent factor, as-
suming correlated random intercepts and slopes). For most
observers, perceptual destabilization was strongly and nega-
tively correlated with the object’s size (i.e., smaller width ra-
tios led to stronger destabilization): Spearman’s ρwas – .77 [–
.81, – .64] (median [1st, 3rd quartiles]).

Fig. 2 Experiment 1: Effects of the object-to-occluder width ratio and the
presence of the halo and/or the panning sound on the perceptual stability
of rotation. Error bars depict a 95% binomial confidence interval
assuming the group’s mean performance and the total number of trials.
Pswitch = .5, labeled Bno persistence,^ shows the probability of the switch
that corresponds to no persistence. Values below that line indicate
persistence, and values above that line indicate consistent switching.
The values above the plot depict, from top to bottom, the t statistics
(Satterthwaite approximations to the degrees of freedom), the
corresponding p values, and the effect sizes when comparing Pswitch for
the corresponding width ratio and that for the width ratio of 2:1. The
comparison was performed using a linear mixed-effect model with
object width as an independent factor and observer identity as a nested
random effect.
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The reduced persistence for lower width ratios could be due
to the general impoverishment of sensory evidence (i.e., fewer
dots were visible during the occlusion episode; see Fig. 1f) or
to the lack of grouping for the dots on the two sides of the
cardboard strip. It is likely that for larger objects this grouping
allowed the visual system to bridge the gap and extend the
currently dominant perceptual state to the dots on the other
side. For the smaller objects, such as those with the width ratio
of 1 1

6 : 1, the number of dots simultaneously present on both
sides could have been too small to allow for effective group-
ing, leading to reduced stability even though the strip width
was smaller than a typical receptive field of neurons in hMT+
(Amano, Wandell, & Dumoulin, 2009). Finally, for the object
with a 1:1 width ratio, the dots never appeared simultaneously
on both sides, possibly providing little evidence for the re-
cruitment of spatially distant neural representations across
the strip. Taken together, our results indicate that the persis-
tence of illusory depth and, possibly, of an overall object rep-
resentation critically depends on the presence of uninterrupted
and reliable sensory evidence.

Experiment 2: Partial occluder

Our first experiment showed that the persistence of the rota-
tionwas proportional to the area of the object still visible when
the cardboard maximally occluded it. As we noted above, this
dependence could reflect impoverished evidence for the ob-
ject (i.e., fewer dots visible throughout the occlusion) or pos-
sibly, in addition, reduced grouping between the individual
dots on the two sides of the cardboard strip. To disentangle
these two hypotheses, we repeated the experiment but used a
fixed-size SFM object (object-to-occluder ratio of 1:1) and a
computer-generated occluder that contained rectangular aper-
tures. These apertures covered a certain fraction of the
occluder. Six conditions were used in total: a solid occluder
(no apertures; effectively, a replication of Exp. 1 with a
computer-generated occluding object instead of the cardboard

strip), 5%, 10%, 25%, or 50% of the total area occluded, and
no occluder. The apertures diminished the number of visible
dots. However, the small distance between the individual ap-
ertures was designed to facilitate grouping, and hence stabilize
the perception.

Because prior work had indicated that the visibility of the
occluder has a profound effect on the grouping of individual
motion components (McDermott & Adelson, 2004), we used
the same occluder twice, once as a visible occluder (yellow
color; Fig. 1c) and once as a camouflaged occluder (same
color as the background, so that its presence was evident only
while the SFM object was passing behind it; see Fig. 1d and
Videos 7–10). Otherwise, the procedure, the computed ob-
servables, and the general analysis were identical to those
aspects of Experiment 1.

As in Experiment 1, the complete occlusion strongly
destabilized rotation, irrespective of whether the occluder
was visible (Fig. 3). Aperture area had the strongest impact
on the probability of survival (effect size R2 = .40; see also
Table 2). However, the lack of a significant decrease in per-
ceptual stability for the aperture areas of 10% and above indi-
cates that the large spatial separation in Experiment 1 played a
crucial role in grouping, leading to the perceptual
destabilization.

The visibility of the occluding object might have had an
influence on the smaller (5% and 10%) aperture area condi-
tions, in which a visible occluder appeared to facilitate the
stability of rotation. The effect size of occluder visibility for
5% and 10% apertures was only moderate (R2 = .435) and
failed to reach significance, χ2(1) = 1.7, p = .2 (for a linear
mixed model with aperture size and occluder visibility as
fixed effects and observer identity as a nested random effect
vs. a similar model without the occluder visibility factor).

To summarize, we found that a lack of spatial overlap be-
tween successive locations (0% aperture condition), as well as
impoverished sensory evidence (5% aperture condition),
strongly destabilized the perception of bistable rotation.

Table 1 Multilevel linear mixed-effect models and the mixed-effect Bayesian ANOVAwith observer identity as a nested random effect, and object
width, the presence of the halo or the sound, as well as their interactions as independent factors

Model df AIC BIC Log-Likelihood χ2 p Value Bayes Factor

Observer 3 22.3 32 – 8.46

+ Width 6 – 56.0 – 43 32.01 80.97 <.001 221,475 ± 0.9%

+ Sound 7 – 55.7 – 39 32.82 1.62 .20 35,288 ± 1.4%

+ Halo 8 – 53.7 – 34 32.84 0.02 .88 18,500 ± 3.1%

+ Sound × Width 9 – 52.4 – 29 33.22 0.76 .38 1,973 ± 3.1%

+ Halo × Width 10 – 50.8 – 24 33.39 0.35 .56 238 ± 2.9%

+ Sound × Halo 11 – 48.9 – 19 33.45 0.11 .74 14 ± 2.3%

The Bayes factor was computed relative to the model with random effects only. χ2 was computed relative to the preceding simpler model. df: degrees of
freedom; AIC: Akaike’s information criterion; BIC: Schwarz’s Bayesian information criterion
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Experiment 3: Blinking

Our first experiments demonstrated that complete occlusion
strongly destabilized rotation. We wondered whether this
reflected a lack of persistence mechanisms or a lack of their
activation. To clarify this further, we repeated the measure-
ment but relied on eye closure to render the moving object
temporarily invisible. Blinking constitutes one of the most
common causes for interruptions in sensory evidence
(Volkmann, Riggs, & Moore, 1980) and is an endogenously
generated event. This means that the system has full knowl-
edge of why and when evidence for the object’s presence is
disturbed and has the best opportunity to employ a mechanism

for perceptual stabilization. On the one hand, this suggestion
is supported by earlier studies that demonstrated a profound
stabilizing effect of long eye closure on the perception of
rotation, albeit for a stationary object (Leopold et al., 2002),
as well as predictive remapping of an object’s features to a
new spatial location before a saccade (Melcher, 2007). On the
other hand, research on change blindness indicates the same
lack of persistence for blinks as for blanks (O’Regan, Deubel,
Clark, & Rensink, 2000).

The display and procedure were identical to those of
Experiments 1 and 2. However, the moving object was never
exogenously occluded, and the observers heard a tone played
on every second and third trial (the tone duration was either
1,000 or 1,500 ms). In the first four blocks, the observers were
told to ignore the tone, whereas in the following eight blocks
the participants were instructed to keep their eyes shut while
the tone was playing. Blinking and the accuracy of fixation
were monitored via an eyetracker, and the observers proved to
be highly reliable. Just five out of nine observers failed to
close their eyes for a single tone, and their timing was highly
consistent (the eye closure time was 955 ± 71 ms (mean ± SD)
for the 1,000-ms tone and 1,355 ± 71 ms for the 1,500-ms
tone).

For the analysis, we divided the trials into four types
(please see the upper table in Fig. 4a for information about
their relative frequencies). Control trials contained neither
sounds nor blinks. Here, the postevent time window was be-
tween 200 and 800 ms after the object had passed the center of
the screen, making it identical to the no-occluder condition in
Experiment 2. Sound trials included the tone but no blinks,
controlling for the potentially destabilizing effect of the sound
alone. The tone was considered to trigger the switch if a report
occurred between 200 and 800 ms after the sound onset.
Prompted blinks were trials in which the observers shut their
eyes in response to the tone, whereas spontaneous blinkswere
all other trials that contained unprompted blinks (i.e., blinks in
the absence of the tone). Approximately 7% of the trials
contained multiple blinks and were excluded from the analy-
sis. For both types of blinks, the postevent time window was
set between 200 and 800 ms after the participant had eyes
open. We found a small but statistically significant systematic

Table 2 Repeated measures Bayesian ANOVA and a linear mixed-effect model with total aperture area, occluder visibility, and the interaction between
total aperture area and visibility as independent factors, and with observer identity as a nested random effect

Model df AIC BIC Log-Likelihood χ2 p Value Bayes Factor

Observer 3 47 54 – 20.4

+ Aperture area 4 21 31 – 6.5 27.80 <.001 241,137 ± 0.43%

+ Occluder visibility 5 22 35 – 6.1 0.88 .35 152,935 ± 7.12%

+ Aperture area × Visibility 6 24 39 – 6.0 0.18 .67 18,500 ± 1.06%

The Bayes factor was computed relative to the model with random effects only. χ2 was computed relative to the preceding simpler model. df: degrees of
freedom; AIC: Akaike’s information criterion; BIC: Schwarz’s Bayesian information criterion

Fig. 3 Experiment 2: Effects of occluder visibility and of total aperture
area. Error bars depict 95% binomial confidence intervals assuming the
group’s mean performance and the total number of trials. Pswitch = .5,
labeled Bno persistence,^ shows the probability of a switch that
corresponds to no persistence. Values below that line indicate
persistence, and values above that line indicate consistent switching.
The values above the plot depict t statistics, the corresponding p values,
and the effect sizes when comparing Pswitch for the corresponding
aperture area versus the no-occluder condition (linear mixed-effect
model with total aperture area and occluder visibility as independent
factors and observer identity as a nested random effect)
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shift of eye gaze toward the anticipated location of the object
for the prompted blinks: 0.83° ± 0.65° (mean and SEM), χ2(1)
= 13.8, p = .0002, R2 = .087 (for a linear mixed model of the
gaze shift during the blink, with object motion direction as a
fixed factor and observer identity as a random factor). No
systematic shift was observed for spontaneous blinks: –
0.05° ± 0.13° (M ± SEM), χ2(1) = 0.5, p = .48, R2 = .074
(for a linear mixed model of the gaze shift during the blink,
with object motion direction as a fixed factor and observer
identity and block condition as random factors).

The results of Experiment 3 are summarized in Fig. 4a. We
found that only prompted blinks significantly destabilized the
perception of rotation. This effect did not depend on the du-
ration of eye closure, χ2(1) = .08, p = .78. Thus, in contrast to
the earlier report on stationary bistable displays (Leopold
et al., 2002), we found that for the moving bistable SFM
object, long, prompted blinks can be as destabilizing as the
complete occlusion used in Experiments 1 and 2.

In contrast to the prompted blinks and complete occlusion
in Experiments 1 and 2, spontaneous blinks produced very
little destabilization (see Fig. 4a). Although this may indicate
that spontaneous (but not prompted) blinks recruit memory
mechanisms that maintain activity in the visual cortex (Hyo,
Chung, Song, & Park, 2005), it must be noted that the

spontaneous blinks were very brief (102 ms [49.215 ms], geo-
metric mean and confidence interval based on geometric stan-
dard deviation; see Fig. 4c). This means that, in contrast to the
prompted blinks and the complete-occlusion events in
Experiments 1 and 2, the SFM object reappeared at the loca-
tion that overlappedwith the object’s location before the blink.
For 93% of all spontaneous blinks, the SFM display moved no
more than a half-width during the blink, whereas it moved at
least an entire width for virtually all prompted blinks (see Fig.
4c). Thus, it is very likely that the perception of rotation was
stabilized by the lingering activity (i.e., neural persistence,
discussed in the introduction) of the recently active and spa-
tially overlapping neural populations (Pastukhov & Braun,
2013). Additional factors for the stability following spontane-
ous blinks are the generally low levels of perceptual adapta-
tion that destabilize perception for stationary bistable displays
(Blake et al., 2003; Pastukhov & Braun, 2011) and perceptual
stabilization that occurs shortly before the blinks themselves
(see Fig. 4b and Van Dam & Van Ee, 2005).

Experiment 1–3: Location-specific perceptual bias

Since our experimental procedure relied on the moving
SFM object, this provided us with an opportunity to

Fig. 4 Experiment 3. (a) Probabilities of a switch being reported between
200 and 800ms after the event (see the text for details). Circle colors label
the individual observers. The Statistics table above the plot depicts the t
statistics, the corresponding p values, and the effect sizes when
comparing Pswitch to the control-condition occluder (linear mixed-effect
model with event type as an independent factor and observer identity as a
nested random effect). Pswitch = .5, labeled Bno persistence,^ shows the
probability of a switch that corresponds to no persistence. Values below
that line indicate persistence, and values above that line indicate

consistent switching. The Freq table summarizes the relative
frequencies of the individual trial types across all blocks (please note
that ~7% of the trials contained multiple blinks and were excluded from
the analysis). (b) Probabilities of the switch being reported within 600 ms
prior to the spontaneous blink. The same statistical comparisons were
done as in panel A. (c) Distributions of durations for spontaneous and
prompted blinks. The arrows show the percentages of spontaneous and
prompted blinks that were shorter than the time necessary for an object to
travel its half and its full width, respectively
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examine location-specific biases for the perception of ro-
tation. To this end, we divided the trajectory into 20 sub-
intervals and computed the probability of observers
reporting the upward direction of rotation for each inter-
val:

Pup ¼ Nup

Nup þ Ndown
; ð2Þ

where Nup and Ndown are the numbers of trials for which
the reported percepts were, correspondingly, upward or
downward in rotation. Trials with unclear perception were
excluded from the analysis.

As can be seen in Fig. 5, the location-specific analysis
showed divergent patterns of results, since the strength, direc-
tion, and location specificity of the bias varied greatly among
the observers. Some of these location-specific biases were
dynamic (e.g., observer SDA95m in Fig. 5), but some were
remarkably stable (observer UKS89m; please note that Exps.
1 and 2 occurred on the same day, whereas Exp. 3 was
conducted two months later). Our results match those found
for other multistable displays (Carter & Cavanagh, 2007;
Wexler, Duyck, & Mamassian, 2015) and provide further ev-
idence for representation-specific influences on multistable
perception.

Discussion

The main aim of the study was to investigate whether the
physical plausibility of an occlusion/disappearance episode
would facilitate the persistence of a temporarily occluded
moving bistable display. To this end, we used a bistable rotat-
ing structure-from-motion object that repeatedly traversed the
screen and either passed behind an occluding object (a card-
board strip in Exp. 1, a computer-generated image in Exp. 2)
or was rendered temporarily invisible due to participants clos-
ing their eyes (Exp. 3). We observed that bistable rotation
persisted only when the successive locations of the object
along the trajectory were overlapping, as was the case for
the occluder with apertures in Experiment 2 and for brief,
spontaneous blinks in Experiment 3, or if the object was large
enough to allow for the grouping of dots on both sides of the
occluding strip (Exp. 1). In contrast, whenever the successive
locations were nonoverlapping and spatially distant, we found
no persistence (i.e., both directions of bistable rotation were
equally likely to become dominant following the interruption).
This was the case for the complete-occlusion conditions in
Experiments 1 and 2 and the long, prompted blinks in
Experiment 3. In short, we found no predictive remapping of
a representation or of the features of a moving object onto an
anticipated but nonoverlapping spatial location.

Fig. 5 Location-specific bias: Probability of an observer reporting the upward direction of rotation (Pup) as a function of location. The stripes denote a
95% binomial confidence intervals. The solid lines indicate probabilities of reporting the upward direction of rotation
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Our results fit well with prior work on multistable displays
moving through adjacent neural populations. In our case, as
well as in Blake et al. (2003), perceptual dominance was
passed on to a different neural representation that mapped an
overlapping neighboring spatial location. Other cases includ-
ed the adjacent axis of rotation for a Bwobbling^ SFM globe
(Blake et al., 2003), object orientation for bistable kinetic
depth (Pastukhov & Braun, 2013), grating orientation for a
binocular rivalry display (Denison, Piazza, & Silver, 2011),
and relative dot locations for ambiguous-motion quartets
(Maloney, Martello, Sahm, & Spillmann, 2005). In all these
cases, the dominant percept was Bpassed on^ to the next neu-
ral representation, and the perception remained stable.
However, this was not the case whenever the gap between
two spatial locations (Blake et al., 2003) or between two ori-
entations (Pastukhov & Braun, 2013) was too large. Our pres-
ent study confirms these findings, showing both persistence
(for an occluding object with apertures in Exp. 2 or for brief,
spontaneous blinks in Exp. 3) and the lack of it (for the solid
occluding objects in Exps. 1 and 2 and for long, prompted
blinks in Exp. 3). However, the present results extend them
by showing that this gap is not bridged by a predictive
remapping of neural representations, even if the occluding
event is physically plausible, ecologically valid, predictable
(as in Exps. 1 and 2), and internally generated (as in Exp. 3).
Thus, the lack of persistence most likely reflects an absence of
such predictive neural mechanisms rather than our inability to
tap into them.

The observed lack of persistence indicates that, although
the location of an object may be tracked throughout an oc-
clusion episode, as in the tunnel effect (Burke, 1952;
Flombaum, Kundey, Santos, & Scholl, 2004; Flombaum &
Scholl, 2006; Scholl & Pylyshyn, 1999; Tougas & Bregman,
1990), its properties may be predictively remapped only
during active viewing (e.g., when making a saccade while
viewing an object; Melcher, 2007), but not during passive
viewing (fixating while viewing a moving object, as in the
present study). The likely source of this difference could be
a far lower confidence in the future object’s location in the
latter case. In contrast to an endogenously generated sac-
cade, a moving object may abruptly alter its velocity, ren-
dering extrapolation based on its prior motion erroneous.
Moreover, a moving object that is worth tracking, such as
a predator or prey, is likely to exhibit deliberately random
behavior and, therefore, motion. For example, animal studies
consistently show that predictable behavior can be a pro-
found disadvantage once your strategy has been found out
(Lee, Conroy, McGreevy, & Barraclough, 2004; Lee,
McGreevy, & Barraclough, 2005). Conversely, assuming
regular, predictable motion for a potentially unpredictably
behaving agent would mean that your predictions might be
wrong more often than not. In this case, making no predic-
tions and relying on the immediate visual evidence alone

may prove to be a better and safer strategy, at least at the
level of perceptual representation.

Finally, we would note the slightly different natures of the
destabilization observed for stationary versus moving
multistable displays. In the former case, destabilization is
strongest for blank durations of approximately half a second
(Klink et al., 2008; Kornmeier & Bach, 2004; Orbach,
Ehrlich, & Heath, 1963; Pastukhov & Braun, 2013). Here,
perception was pushed away from the previously dominant
state by the habituation of its neural representation (Noest,
van Ee, Nijs, & van Wezel, 2007; Wolfe, 1984). For shorter
interruptions, the destabilizing effect of adaptation is partially
mitigated by neural persistence (Pastukhov & Braun, 2013),
whereas longer interruptions allow for recovery from percep-
tual adaptation and reveal a weak facilitating effect of the
sensory memory of multistable displays (Adams, 1954;
Leopold et al., 2002; Orbach, Ehrlich, & Vainstein, 1963). In
our case, the movement of the bistable SFM object minimizes
the buildup of adaptation (Blake et al., 2003); thus, destabili-
zation reveals a lack of persistence for the recently dominant
percept at a new location. In this case, the perceptual decision
is dominated by location-specific biases and location-specific
memories (Knapen, Brascamp, Adams, & Graf, 2009).
Perhaps the latter processes were unable to bridge the gap
between the distant locations used in this study.

Conclusions

We report that a complete interruption of sensory evidence of
an object’s continued existence strongly and significantly
destabilized bistable rotation, as long as the object reappeared
at a nonoverlapping location, thus engaging previously
unaccessed neural representations.
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