
Since the early 18th century, reversible figures have 
drawn the attention of researchers who considered them 
a unique window for studying the underlying processes 
of visual perception. In the past 170 years, different kinds 
of reversible (or ambiguous) figures have been developed 
and studied using psychophysical and neurophysiological 
methods. Long and Toppino (2004) suggested differenti-
ating between the ambiguity of a figure, which refers to 
the basic fact that the same physical stimulus can produce 
more than a single cognitive interpretation or percept, and 
the reversibility of the percept (i.e., involuntary oscilla-
tions between two percepts), which is assumed to depend 
on competing internal representations. In line with their 
proposal, our study will focus on the temporal properties 
of reversals in ambiguous apparent motion.

The extents to which the observed perceptual rever-
sal of reversible figures emerges from early processes at 
lower levels of the visual system or results from influences 
of higher cognitive processes is a topic of continuing de-
bate. In extensive reviews of the phenomenon of percep-
tual ambiguity in reversible figures, Leopold and Logo-
thetis (1999) and Long and Toppino (2004) summarized 
the proposed models of “figural reversals.” By and large, 
theories on reversible figures are based on either bottom-
up or top-down classes of explanations. Behavioral data 
lend support to both of these classes.

The first set of explanations assumes that perceptual re-
versal is primarily based on a rivalry between two compet-
ing perceptual interpretations at early processing levels—

that is, between the retina and the corresponding receptive 
fields of the primary visual cortex (Blake, Sobel, & Gilroy, 
2003). Indeed, the reversal of figures depends on stimulus 
properties such as the intensity (Lynn, 1961), figural com-
pleteness (Babich & Standing, 1981), and continuity of 
presentation (Leopold, Wilke, Maier, & Logothetis, 2002; 
Orbach, Ehrlich, & Heath, 1963). Further results that are 
typically cited to support such a sensory, bottom-up model 
of figural reversal are the increasing number of reversals 
over time, the strong retinotopy of the reversal effect 
(Blake et al., 2003; Toppino & Long, 1987), the reverse-
bias and adaptation effects (Long & Olszweski, 1999; Or-
bach et al., 1963; Petersik, Shepard, & Malsch, 1984), and 
the fact that independent reversals occur when simultane-
ously viewing multiple figures (Babich & Standing, 1981; 
Toppino & Long, 1987).

In contrast, top-down explanations emphasize the influ-
ence of higher cognitive processes. This interpretation is 
supported by the observation of a certain degree of voli-
tional control and by electrophysiological evidence (Leo-
pold & Logothetis, 1999). First and foremost, voluntary 
and intentional control is cited as an expression of top-
down influences (Hol, Koene, & van Ee, 2003; Peterson 
& Hochberg, 1983; Toppino, 2003). Slotnick and Yantis 
(2005) showed that voluntary shifts of visual attention 
and the perceptual configuration of a “Necker-cube-like” 
stimulus (composed of moving dots) were associated with 
activity in the posterior parietal cortex and frontoparietal 
attentional control network that has been interpreted to 
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an ambiguous-apparent-motion paradigm that allowed us 
to further study the temporal constraints of spontaneous 
perceptual reversals by systematically varying the stimu-
lus frequency and duration of single frames. We studied 
the relation between the frequency of perceptual rever-
sals and the stimulus frequency (Experiment 1), as well as 
whether a perceptual reversal can be triggered by a small 
irregularity in the presentation sequence (Experiment 2). 
A further aim of Experiment 2 was to develop a paradigm 
that would allow us to externally trigger otherwise sponta-
neous perceptual reversals. Since we were focusing on the 
temporal properties of spontaneous perceptual reversals, 
we chose a “simple” apparent-motion paradigm in which 
identical percepts were induced (apart from the rotation 
direction), thus enabling us to rule out higher cognitive 
influences. Such influences as secondary shifts of visuo-
spatial attention and other effects secondary to the chang-
ing perceptual content are common confounding variables 
in paradigms using complex ambiguous pictures.

METHOD

Subjects
Twenty-seven volunteer subjects (18 males, 9 females; mean age 

27 years, range 20–36 years) with normal or corrected-to-normal 
vision participated in the study. All were right-handed and drug-free 
and had no history of neurological or psychiatric disorders, and all 
gave written informed consent before the experiments. The study 
was approved by the Ethics Committee of the Faculty of Medicine 
at Technische Universität München.

Stimulus Materials and Task
The stimulus consisted of a modified version of the stimulus that 

Wohlschläger (2000) used in an apparent-motion paradigm to study 
the influence of action on the perception of apparent visual motion. 
This kind of illusory-motion stimulus dates from the spinning-wheel 
illusion first described by Wertheimer (1912) and later used in var-
ied versions, mainly focusing on the perception of motion (Sterzer 
& Kleinschmidt, 2007; Sterzer, Russ, Preibisch, & Kleinschmidt, 
2002; for a review of related studies, see Wilms et al., 2005) and on 
the influence of such factors as attention (Cavanagh, 1992; Culham, 
Verstraten, Ashida, & Cavanagh, 2000; Verstraten & Ashida, 2005; 
Verstraten, Cavanagh, & Labianca, 2000). In our experiments, we 
displayed a circle of 15 black dots on a gray background with a 
central fixation cross (we will refer to this as a “frame”). Two identi-
cal frames were alternately displayed, with an offset angle of 12º, 
thus inducing the impression of a circle that ambiguously rotated 
either in one direction or the other (Figure 1A). The stimuli were pre-
sented on a computer screen using Presentation software (Version 
9.2001.28.05, Neurobehavioral Systems), at a distance of 60 cm 
from the subject’s eyes. The stimulus frequency (in frames per sec-
ond, or fps) and the duration of a single frame were systematically 
varied. Subjects were not informed about the illusory, ambiguous, 
and manipulative character of the task but were simply instructed 
to maintain fixation on the central fixation cross and to indicate 
changes in the rotation direction of the circle through a buttonpress 
with the right index finger. Trials were terminated by this response 
and were followed by a randomized interval of 1 or 2 sec. If a subject 
did not perceive a change of direction or did not respond, the trial 
stopped automatically after 10 sec.

We conducted two experiments. In Experiment 1, our focus was 
the influence of the stimulus frequency on the percept duration and 
spontaneous reversal rate. We therefore systematically varied the 
frequency (i.e., the perceived “speed” of the rotation). The experi-
ment consisted of three runs, comprising 30 trials each. Three types 
of trials, with different stimulus frequencies (7.5, 6.0, or 5.0 fps), 

support the hypothesis that voluntary shifts of bistable 
percepts are mediated by spatial attention. Further results 
typically cited to support such a cognitive, top-down model 
of figural reversal refer to the influence of attention effects 
(Hochberg & Peterson, 1987; Rock, Hall, & Davis, 1994; 
Toppino, 2003), to familiarity effects (Rock et al., 1994; 
Rock & Mitchener, 1992), to learning and practice effects 
(Beer, 1989; Long, Toppino, & Kostenbauder, 1983), to ex-
pectancy or set effects (Bruner, Busiek, & Minturn, 1952; 
Bugelski & Alampay, 1961; Long, Toppino, & Mondin, 
1992), or to the influence of mental workload (Reisberg, 
1983; Reisberg & O’Shaughnessy, 1984).

Also, both top-down and bottom-up influences on 
spontaneous reversals of bistable percepts are supported 
by electrophysiological evidence, which is somehow con-
tradictory. Electrophysiological recordings of binocular 
rivalry in monkey brains have shown that reversals were 
primarily associated with activation in higher extrastriate 
visual areas and that monkeys’ subjective perceptions cor-
responded most to the activity of visually responsive neu-
rons in the inferotemporal cortex and superior temporal 
sulcus (Logothetis & Schall, 1989). The observation that 
perceptual rivalry was associated with activation in later 
visual areas has been interpreted to support a top-down 
initiation. Results of human fMRI experiments on binocu-
lar rivalry and ambiguous figures point in the same direc-
tion (Kleinschmidt, Büchel, Zeki, & Frackowiak, 1998; 
Lumer, Friston, & Rees, 1998; Lumer & Rees, 1999). 
On the basis of such evidence for the influence of higher 
cortical areas, Leopold and Logothetis (1999) concluded 
that different perceptions of ambiguous stimuli are essen-
tially “steered and modified by central brain structures 
involved in planning and generating behavioral actions” 
(p. 254). In a later study, Leopold et al. (2002) showed 
that spontaneous reversals of multistable percepts can be 
slowed when stimuli are viewed intermittently rather than 
continuously, which challenges the notion that perceptual 
reversals are governed by an autonomous oscillator that 
operates independently of the visual stimulus. Contrary to 
their earlier considerations, they interpreted this finding 
as an expression of bottom-up influences. With the help 
of motion-induced blindness, they further showed that the 
stabilization effect depended on the subjective disappear-
ance of the pattern rather than on the disappearance of the 
sensory representation itself. Perceptual switching thus 
appeared to be associated with mechanisms on the percep-
tual rather than the sensory processing level. Reviewing 
the evidence on binocular rivalry and ambiguous figures, 
both Blake and Logothetis (2002) and Long and Toppino 
(2004) came to the conclusion that bistable perception re-
lies on an interaction of sensory and cognitive processes, 
including bottom-up and top-down mechanisms.

As outlined above, the earlier studies indicated that 
bistable perception is influenced by stimulus parameters 
such as the visual angle (Borsellino et al., 1982) as well as 
the speed and density of presentation (Brouwer & van Ee, 
2006). Furthermore, perceptual alternations can be trig-
gered by a transient stimulus presented near the perceived 
object (Kanai, Moradi, Shimojo, & Verstraten, 2005). 
Following Brouwer and van Ee’s approach, we modified 



SPONTANEOUS PERCEPTUAL REVERSALS    439

about 45 min, which was the upper limit of maintaining concentra-
tion and focus on the stimulus. The left side of Table 1 summarizes 
the experimental conditions.

Statistical Analysis
The single trials and the different conditions were analyzed using 

statistical tests for dependent samples. Since the data were not nor-
mally distributed, only nonparametric tests were applied (Friedman 
two-way ANOVA, Wilcoxon matched-pairs signed rank test, and 
Spearman’s rank correlation coefficient). All p values were two-
sided and based on a significance level of .05.

RESULTS

Baseline Parameters
The following results include all answers of all of the 

subjects. In 39 of the 4,860 trials (0.8%; 23 trials in Ex-
periment 1 and 16 trials in Experiment 2), subjects did 
not respond within 10 sec, either indicating that no per-
ceptual reversal was observed or that the subject forgot 
to respond. None of the subjects realized the underlying 
experimental design and different conditions.

were displayed in random order (90 trials overall) in order to control 
for adaptation effects related to the course of the experiment. The 
runs were separated by short breaks (1 min) that allowed the subjects 
to close their eyes and relax.

In Experiment 2, we studied whether we could trigger a per-
ceptual reversal by introducing an irregularity in the presentation 
frequency, with the aim of developing a paradigm that would allow 
for comparisons of externally triggered with spontaneous (but oth-
erwise identical) perceptual reversals. On the basis of the observa-
tion that spontaneously generated reversals were accompanied by 
the impression of a remarkable standstill, before the circle rotated 
in the opposite direction, we systematically prolonged the dura-
tion of single stimulus frames (a “switch” event) by either 50% or 
100% in order to externally trigger a perceived reversal in the mo-
tion direction. The switch events were randomly inserted 1–2 sec 
after stimulus onset—that is, before the mean spontaneous reversal 
(which was estimated from a preliminary study)—to allow for a 
statistical differentiation of spontaneous responses (i.e., those in-
ternally generated by the brain) and externally triggered responses 
(i.e., those generated by the experimenter) (see Figure 1B). If a 
subject responded before a “switch” occurred, the change of rota-
tion direction was counted as the result of a spontaneous percep-
tual reversal, whereas all perceptual reversals that occurred after a 
switch were counted as externally triggered. The experiments took 

A

B

0º 12º Rotation

left vs. right

1) Internally generated

2) Externally triggered

“switch” Perceptual reversal

Figure 1. Ambiguous-apparent-motion stimulus (A) and experimental conditions (B).
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DISCUSSION

This study aimed at two goals. In the first experiment, we 
studied the relation between the stimulus frequency and the 
reversal rate, and therefore systematically varied the stimu-
lus frequency and analyzed the resulting percept duration. 
In the second experiment, we studied whether an irregu-
larity in the presentation sequence could trigger reversals 
otherwise identical to spontaneous percept reversals. We 
therefore inserted “switch” events; that is, we elongated the 
duration of a single frame by either 50% or 100%.

In Experiment 1, we showed that the percept duration, 
and with it the reversal rate, significantly depended on 
the stimulus frequency. Increasing stimulus frequency 
decreased the duration of perceptual phases (i.e., it in-
creased the spontaneous reversal rate of the illusory rotat-
ing circle). The median stable percept duration over all 
stimulus frequencies was 2.69 sec, which is within the 
range of typical ambiguous figures, such as the Necker 
cube and those in other apparent-motion paradigms 
(Gomez, Argandona, Solier, Angulo, & Vazquez, 1995; 
Orbach, Zucker, & Olson, 1966). The robust effect of 
the stimulus frequency on the reversal rate confirmed 
the dependence of the percept on primary stimulus prop-
erties, such as intensity (Lynn, 1961) and continuity of 
presentation (Leopold et al., 2002; Orbach et al., 1963). 
Recently, Brouwer and van Ee (2006) showed that increas-
ing dot density and velocity decreased percept durations 
in a structure-by- motion paradigm. These effects of exog-
enous stimulus properties on the reversal rate suggest that 
perceptual reversals of ambiguous stimuli are influenced, 
at least, by bottom-up effects on early processing levels. 
One could argue that eye movements could have triggered 
the perceptual reversals, but our subjects were intensively 
trained to focus on the central fixation point and not to 
track single points of the rotating circle. The response data 
of single subjects show a very circumscribed mean per-
cept duration, indicating that the reversal did not depend 
on incidental saccades. In addition, van Dam and van Ee 
(2006) specifically studied this question, and they demon-
strated that saccades correlated with perceptual reversals 
but did not induce them. Verstraten, Hooge, Culham, and 

Correlation of Percept Duration 
With Stimulus Frequency

In Experiment 1 (see Table 1, upper panel), we studied the 
influence of the stimulus frequency on the percept duration. 
The median percept duration (from stimulus onset to but-
tonpress) of all stimuli was 2.69 sec. Different stimulus fre-
quencies resulted in significantly different percept durations 
(Spearman p  .001), in that higher frequencies resulted in 
shorter durations (2.58 sec at 7.5 fps, 2.68 sec at 6.0 fps, 
and 2.85 sec at 5.0 fps). Converted to frames, the median 
percept durations were 19.4 frames in the 7.5-fps condition, 
16.1 frames in the 6-fps condition, and 14.25 frames in the 
5-fps condition. Pairwise comparisons revealed significant 
differences in percept duration between the 6- and 5-fps con-
ditions and between the 7.5- and 5-fps conditions (Wilcoxon 
p  .001), but no significant difference was found between 
the 7.5- and 6-fps conditions (Wilcoxon p  .25).

Effect of the Manipulation 
of the Percept Reversal

In Experiment 2 (see Table 1, lower panel), we stud-
ied whether we could trigger perceptual reversals by pro-
longing single frames by either 50% or 100%. In 312 tri-
als (13.5%), perceptual reversals were observed before 
a switch occurred. As outlined above, these trials were 
counted as spontaneously generated. The median percept 
duration of all conditions in Experiment 2 was shorter than 
in Experiment 1 (2.39 vs. 2.69 sec). Only in the 5-fps con-
dition did the switches result in a significant shortening of 
the percept duration (Friedman rank analysis, p  .001). 
The longer switch (200 msec) resulted in the shortest per-
cept durations—that is, in the highest impact on percept 
reversals (median percept duration: no switch, 2.85 sec; 
100-msec switch, 2.48 sec; 200-msec switch, 2.27 sec; 
Wilcoxon pairwise rank analysis, p  .001). Both the 
short and long switches (from stimulus onset to the end of 
the switch frame) correlated significantly with the percept 
reversal (i.e., percept duration; Spearman’s   .328, p  
.001), further validating the effect of the manipulation. In 
the 6- and 7.5-fps conditions, no significant effect of the 
switch could be observed, although the manipulation did 
result in a small shortening of percept durations.

Table 1 
Experimental Conditions and Percept Durations

Stimulus Frame
Frequency Duration Total Percept Duration (sec)

Run*  Trials  (fps)  (msec)  “Switch”  Trials  Mean  Median  Interquartile  p

Experiment 1 (No Switch)

1 30 7.5 133 n/a 799 3.09 2.58 1.90 .001***

2 30 6.0 167 n/a 802 3.12 2.68 1.94
3 30 5.0 200 n/a 806 3.38 2.85 2.18

Experiment 2 (Switch)

1 30 7.5 133 50% (67 msec) 371 3.07 2.47 1.75 .980***

100% (133 msec) 352 2.93 2.50 1.49
2 30 6.0 167 50% (84 msec) 360 2.90 2.35 1.58 .345***

100% (167 msec) 343 2.78 2.30 1.16
3 30 5.0 200 50% (100 msec) 344 3.08 2.48 1.89 .001***

100% (200 msec) 332 2.79 2.27 1.46
*All runs and trials were randomized. **Spearman.  ***Friedman.
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ral integration of the presented information. We therefore 
propose that spontaneous percept reversals are primar-
ily based on stimulus-independent, presemantic temporal 
properties of the brain (Pöppel, 2004), which nonetheless 
are externally influenced. In the same vein, the effect of 
the “switch” manipulation should not necessarily be in-
terpreted in favor of a bottom-up mechanism. We suppose 
that the irregularity in the stimulus frequency caused a 
breakdown of (otherwise autonomous) integration mecha-
nisms at early processing levels and, in this way, led to the 
generation of a new percept. To conclude, our paradigm 
does not definitely support a single interpretation but will 
allow for specific contrasts of spontaneous and externally 
triggered (but otherwise identical) perceptual reversals 
and, by this means, enable further study of this question.
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