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Abstract Blinks and saccades cause transient interrup-
tions of visual input. To investigate how such effects
influence our perceptual state, we analyzed the time cour-
ses of blink and saccade rates in relation to perceptual
switching in the Necker cube. Both time courses of blink
and saccade rates showed peaks at different moments along
the switching process. A peak in blinking rate appeared
1,000 ms prior to the switching responses. Blinks occurring
around this peak were associated with subsequent switch-
ing to the preferred interpretation of the Necker cube.
Saccade rates showed a peak 150 ms prior to the switching
response. The direction of saccades around this peak was
predictive of the perceived orientation of the Necker cube
afterwards. Peak blinks were followed and peak saccades
were preceded by transient parietal theta band activity
indicating the changing of the perceptual interpretation.
Precisely-timed blinks, therefore, can initiate perceptual
switching, and precisely-timed saccades can facilitate an
ongoing change of interpretation.

Keywords Ambiguous figure - Necker cube - Saccade -
Blink - Perceptual organization

Introduction

When an ambiguous figure is presented continuously for a
certain period of time, observers report perceptual
switching; the perception of the figure reverses spontane-
ously (Attneave 1971; Ellis and Stark 1978; Isoglu-Alkac
et al. 1998, 2000; Ito et al. 2003; Murata et al. 2003;
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Nakatani and van Leeuwen 2005, 2006; Peterson and
Gibson 1991; Toppino 2003; van Dam and van Ee 2006).
Whereas there are no changes to the external figure itself,
two things keep changing: our eyes move continuously and
our brain activity evolves dynamically. The contribution of
each of these to the switching process has been studied
quite extensively; electroencephalogram (EEG) activity
has been recorded in order to identify the moment when
switching takes place (e.g. Isoglu-Alkag et al. 1998, 2000).
Other studies, however, have shown that there is no such
unique moment in the dynamics of EEG activity, and that
switching is a process that extends over several hundreds of
milliseconds (Nakatani and van Leeuwen 2005, 2006). As
for eye-movements, it is well known that eye-fixation
location biases the interpretation of ambiguous figures
(Einhéuser et al. 2004; Ellis and Stark 1978; Hochberg and
Peterson 1987; Kawabata 1986; Kawabata et al. 1978;
Ruggieri and Fernandez 1994; Toppino 2003). This effect
may be due to a sustained effect of top-down attention
(Peterson and Gibson 1991). Here, we raise the issue
whether there is also a transient effect of oculomotor
events, such as blinks and saccades, on perceptual
switching in ambiguous figures.

Blinking relates to the deployment of attentional
resources to visual information (Stern et al. 1993; Veltman
and Gaillard 1998; Zangemeister et al. 1995). Blink fre-
quency is sensitive to cognitive demand: it decreases when
a task requires massive engagement with a visual stimulus
(Veltman and Gaillard 1998). Blinking frequency would
tend to increase after the switching response is completed.
On the other hand, blinking could have an active role in the
switching. Blinking leads to transient interruptions of
visual input. Such a perturbation could, in principle,
destabilize the percept and increase the probability of
perceptual switching. Consistent with this expectation,
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transient perturbation to an ambiguous figure, produced by
illuminating the background in a brief flash, was reported
to enhance the rate of switching (Kanai et al. 2005).
Therefore, whether blinking occurs as a cause of or as a
response to the switching remains open to investigation.

In a similar perspective, we considered saccades. Sac-
cades are closely associated with shifts in spatial attention.
Neuroimaging studies using functional magnetic resonance
imaging (fMRI) showed that common neural substrates in
the posterior parietal cortex are responsible for both
switching and shifts of attention (Slotnick and Yantis
2005). Facilitation of switching though attention shifts may
be manifested in the associated saccades. Consistent with
this view, Ito et al. (2003), reported that the probability of
saccades increases prior to switching responses. On the
other hand, Ellis and Stark believed that prolonged fixation
leads to perceptual switching, and proposed that longer
fixation durations (and hence reduction in saccades) are
associated with the time to construct a new percept (Ellis
and Stark 1978). The role of saccades in perceptual
switching, therefore, remains open to further investigation.

In order to understand the function of oculomotor events
in perceptual switching, measuring oculomotor events
simultaneously with EEG might be useful. EEG activity
provides high-resolution temporal information about the
switching process. To investigate whether blinks and sac-
cades have an active role in the switching, we sought to
identify the time-line of oculomotor and brain activities
that systematically relate to perceptual switching. We
presented observers with one of the best-known ambiguous
figures: the Necker cube (Attneave 1971; Einhéuser et al.
2004; Ellis and Stark 1978; I§oglu-Alka9 et al. 1998, 2000;
Murata et al. 2003; Nakatani and van Leeuwen 2005, 2006;
Peterson and Gibson 1991; van Dam and van Ee 20006).
The cube is presented as a wire-frame image on a
2-dimensional display, its parallel edges drawn as parallel
lines of the same length. This renders the figure ambiguous
in terms of its perceived depth. The cube is typically seen
either pointing down with the lower face forward or
pointing up with the upper face forward. Observers viewed
the Necker cube for several minutes and reported percep-
tual reversals by button press, while we simultaneously
recorded their eye-movements and EEG activity.

Methods

Participants

Six participants (1 male and 5 female, aged 21-34) with
normal or corrected-to-normal vision participated in this

study. They were paid 1,000 yen per hour for their par-
ticipation. Participants gave their written informed consent.
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The Research Ethics Committee of the RIKEN had
approved our procedures.

Experimental design

The experiment consisted of two conditions: a perceptual
switching (PS) condition and a stimulus initiated (SI)
condition. In the PS-condition, a Necker cube (Fig. 1a) was
continuously presented for 4 min as a white line-drawing,
subtending 5° of visual angle, on a black ground. The
stimulus was shown at eye-height on a flat-panel monitor
(FlexScan L675, EIZO) in a sound proof room with
reduced ceiling illumination. Participants were seated
comfortably at a distance of 85 cm from the monitor. Since
the Necker cube predominantly tends to be perceived as
pointing in two different directions, participants pressed a
response button corresponding to the perceived direction
using their dominant hand. They were instructed to do so
whenever their visual percept of the Necker cube reversed
but not when it merely became inconsistent or vague.

In the SI-condition, two biased versions of the Necker
cube (Fig. 1b) were presented alternately at the same
location. Each cube was continuously presented for a
variable time interval of 5.0-10.0 s (mean 7.5 s; standard
deviation 1.8 s; uniform distribution). Whenever observers
detected that one figure was changed into the other, they
pressed the appropriate button.

Switching may fail to occur if participants know only
one of the possible interpretations of an ambiguous figure
(Rock et al. 1994). To assure that all participants started

Fig. 1 Visual stimuli in our experiment. The visual angle of the
stimuli in both the PS and SI-conditions was 5.0°. a In the PS-
condition, the Necker cube was presented as a white line drawing on a
black ground. The stimulus was continuously presented for 4 min.
b In the SI-condition, two biased versions of the Necker cube were
presented alternately at the same location. Each figure was contin-
uously presented for a variable time interval of 5.0-10.0 s (mean:
7.5 s) as a white line drawing on a black ground
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with equal information, they were advised before the
experiment that the Necker cube used in the PS-condition
has two alternative interpretations, that they might expe-
rience their perception to be switching from one to another,
and that they should press the appropriate button whenever
this occurred. Note that the biased version of the Necker
cube used in the Sl-condition also has some residual
ambiguity in terms of its perceived depth. After the
experiment, therefore, we asked participants whether they
had experienced any switching in the SI-condition.

Before a stimulus presentation, participants fixated on a
dot in the center of the monitor. Next, the stimulus
appeared in the center of the screen. Participants were
instructed to direct their fixation within the range of the
Necker cube during stimulus presentation. A session con-
sisted of 4 min of the PS-condition followed by 4 min of
the SI-condition, with a short (2 min) break in-between.
The total experiment included 3 sessions separated by
10 min breaks. The experiment took 60 min approximately
to complete.

Oculomotor events measurement

Oculomotor events (blinks and saccades) were measured
with an SR Research Eyelink system in three participants
and an SR Research Eyelink 1000 system in the others.
Both are video-based eye-tracking systems. The first sys-
tem uses a head-mounted camera with a sampling fre-
quency of 250 Hz for eye-tracking. We used a chin rest to
suppress head-movement. The other system uses a camera
with a sampling frequency of 500 Hz mounted on a fixed
device that also contained the chin rest. As the first system
was broken halfway during our study, we used the other
system for the remaining participants. We presented the
stimulus to both eyes, and measured eye-events from the
dominant eye. Simultaneously with eye-event recording,
we also measured the electroencephalogram (EEG). EEG
measurement is described in “EEG measurement”.

Temporal distributions of oculomotor events

Observers indicated switching by a button press. We
plotted oculomotor-events in alignment to the switching
response, in order to obtain their time curves. If certain
oculomotor-events, or their omission, is time-locked to the
switch response, a positive or negative peak would occur,
respectively, at a specific interval in its time curve.
Choosing the button press responses as the reference
(0 ms), we calculated the occurrence probability of ocu-
lomotor-events within 100 ms width bin with 50 ms
overlap. We calculated their temporal probability distri-
butions for each individual participant, standardized these
by a Z-transform, and averaged them.

Blinks and saccades were registered by the eye-tracking
system. The system determined blinks as pupil missing
periods. In addition, blinks are preceded by partial occlu-
sion of the pupil, and the eye-tracking system reports these
as changes in eye-position. We therefore determined blink
onset time by the onset of pupil position change, whenever
this was followed by pupil disappearance and classified as
saccades all abrupt changes of pupil position without
subsequent disappearance of the pupil.

Relationship between oculomotor events and perceptual
preference

Perceptual ambiguity does not imply that two alternative
interpretations are equally prominent. There is typically a
preferred interpretation that observers tend to see first and
for longer periods. These two interpretations may differ in
the way they are related to blinks as well as saccades. For
this reason, when we found oculomotor events to be time-
locked to switches, we analyzed the time curves separately
whether they occur in relation to a switch to or away from
the preferred interpretation.

Relationship between saccade and switching directions

One of the aims of our approach is to analyze whether and
how transient shifts in eye position bias the perception of
the figure. A relationship between saccade direction at
some time during the switching process and the orientation
of the percept afterwards may be expected, based on earlier
results in Attneave triangles (Ito et al. 2003) and on the
notion that saccades are usually associated with transient
shifts in attention. The focus of sustained attention biases
the perception of the Necker cube (Peterson and Gibson
1991). To test whether and how saccades bias the percep-
tion of an ambiguous figure, we analyzed the time curves
of saccades in relation to saccade and switching directions.

EEG measurement

Disk-type Ag/AgCl electrodes were placed on O1, 02, P3,
Pz, P4, F3, Fz, and F4 recording sites in accordance with the
international 10/20 system. When the SR Research Eyelink
1000 system was used for eye-events measurement, it was
possible to place additional electrodes on C3, Cz, and C4
recording sites. Reference and ground electrodes were
placed on left and right ears of each participant, respectively.
Vertical and horizontal electrooculogram (EOG) were also
recorded. Signals were amplified and band-limited with
differential amplifiers and first-order band-pass filters
(MEG-6116, Nihon Kohden). Gains were 94 dB for EEG
signals and 80 dB for EOG signals, and cut-off frequencies
were 0.08 Hz and 100 Hz. The input impedance of the
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amplifiers was 100 MQ. Signals were digitized with a 12 bits
analog-to-digital converter (AD12-64, Contec) at 500 Hz
and stored on the hard disk of a PC (Precision 340, Dell).

EEG analysis

We used independent component analysis (Hyvirinen and
Oja 2000) to reduce oculomotor artifacts in EEG record-
ings. Using the FastICA algorithm (Hyvérinen and Oja
1997), we decomposed the recordings and reconstructed
them after those components that had large correlation with
vertical or horizontal EOG had been removed.

In order to analyze EEG in the time—frequency domain,
we produced scalograms by using a continuous wavelet
transform. The mother function of the wavelet transform
was the complex Gabor function g(7),

1 s _
g(t) = Tmexp (— 4“2) exp(i2nr), (1)
where o = 0.5.
Wavelet coefficients of a signal x(z) were obtained as
follows;

Wit.r) = VF [ (g (1 = 1) @)

where g* is the complex conjugate of a complex Gabor
function.

Amplitude |W(t,f)| of EEG in the time—frequency
domain was normalized by the mean amplitude E[|W(f)|]
at each frequency f:

BV = [ WGl ®)

where T is the duration of EEG measurements, 12 min for
the PS and SI-conditions, respectively.

Statistical testing with bootstrap resampling

We used the bootstrap resampling method (Efron 1979;
Efron and Tibshirani 1986) to evaluate the statistical dif-
ference in parameters of interest such as amplitude of the
time curves of oculomotor events and amplitude of EEG
activity between conditions.

For instance, we calculated the difference in probability
of blinking at a time, #, between switching to one direction,
pa(t), and that to the other direction, pp(?),

x(t) = pa(t) — pa(1). (4)

The null hypothesis to be tested is that blinking at a
time, ¢, do not bias the direction of perceptual switching.
That is,
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x(t) = 0. (5)

We generated bootstrap parameters for x(z) that satisfy
the null hypothesis defined by Eq. (5). The distribution of
these bootstrap parameters is used to evaluate the statistical
significance of x(z). We first generated the bootstrap
parameters for the probability of blinking associated with
switching to one direction, p} (), and that with the other
direction, pj(f), by sampling with replacement of
switching trials in which blinking occurred at a time, t.
The bootstrap replication number was 1,000. We calculated
these parameters as follows;

% (0, = (Pa(0; P30 +25(0))
— (i), = P + p2(0), (6)

i=1,...,1,000,
where
napy (1) + ngpp(t)
(1) = . 7
P =" ™

ny and np are, respectively, the number of switching trials
in which blinking was associated with perceptual switching

to one direction and that with other direction. pj(f) and

py(t) are means of p;(7) and pj(r), respectively. As the
mean of x*(f), is zero, the distribution of x*(z), can be
considered as the distribution for x(¢), in case it satisfies the
null hypothesis. We evaluated the P value of the observed
x(t) from the distribution of x*(r),. Bootstrap statistical
tests for other parameters were performed in an analogous

manner.

Results

We report here first on properties of perceptual preference,
next on blinks and saccades in the perceptual switching
process, and finally on the EEG activity that appeared
jointly with blinks or saccades. Behavioral properties of
each participant such as numbers of perceptual switching,
blinks and saccades, and mean reaction time to the stimulus
changes are shown in Tables 1 and 2.

Perceptual preference in the Necker cube

Table 3 shows the average perceptual duration of each
perceived orientation in the PS-condition. All participants
except for Participant-D showed longer perceptual dura-
tions for the “downward” than for the “upward” orienta-
tion. The “downward” orientation is, thus, the preferred
orientation for participants except for Participant-D. In
each experimental trial of the PS-condition, when the
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Table 1 Behavior of individual participants

Participant Number of Number of Number of
switching blinks saccades
A 173 325 311
B 255 488 461
C 190 441 1,037
D 141 107 304
E 137 133 1,156
F 226 135 998

Numbers of perceptual switching, blinks and saccades during the
entire 12 min of the PS-condition

Table 2 Behavior properties of individual participants

Participant Number of Number of Mean reaction
blinks Saccades time (ms)
A 420 349 572
B 535 419 806
C 612 918 550
D 125 497 398
E 242 1,304 562
F 271 1,332 556

Numbers of blinks and saccades, and mean reaction time to the
stimulus changes during the entire 12 min of the SI-condition

Table 3 Perceptual preference in the Necker cube

Participant  Mean duration of Mean duration of  Preferred
downward upward interpretation
interpretation (s) interpretation (s)

A 4.65 3.24 Downward

B 3.10 2.45 Downward

C 4.59 2.72 Downward

D 4.01 5.78 Upward

E 6.36 3.84 Downward

F 4.00 2.22 Downward

Average perceptual durations of each interpretation of the Necker
cube

Necker cube first appeared the initial percept was always
the preferred orientation. These observed preferences in
switching direction were also consistent with what partic-
ipants reported after the experiment.

Although the biased version of the Necker cube used in
the SI-condition has a certain degree of ambiguity in terms
of its perceived depth, observers rarely reported that they
experienced switching for the biased cubes. We therefore
were able to use the data from the SI-condition to evaluate
the data in the PS-condition.

Blinks associated with perceptual switching

Figure 2 shows the time curves of blink probabilities in the
PS and SlI-conditions. In the PS-condition (Fig. 2a), the
time curve showed a peak at 1,000 ms-prior to the button
press response. This peak was associated with perceptual
switching to the preferred interpretation of the Necker cube
(P < 0.005, comparison between preferred and non-pre-
ferred interpretations). Table 4 shows for each participant
the timing of the peak and the number of blinks around the
peak. There was no such peak in the SI-condition (Fig. 2b).
The SI-condition showed a large peak after the response,
irrespective of direction of stimulus changes. We may
conclude that blinks at 1,000 ms-prior to the response
selectively facilitated perceptual switching to the preferred
interpretation of the Necker cube.

Saccades associated with perceptual switching

Figure 3 shows the probability distribution of the saccadic
directions averaged across participants. Leftward (130°-
240°) and rightward (300°-60°) saccadic movements were
predominant, about equally in the PS and SI-conditions.

We analyzed the possible correspondence between the
direction of saccades and the perceived orientation of the
Necker cube after the switch. Figure 4 shows the time
curves of saccadic probabilities when saccades occurred to
the left and the right in the PS and SI-conditions, sepa-
rately. Leftward saccades 150 ms-prior to the button press
responses in the PS-condition were preferentially associ-
ated with switching to downward interpretation of the
Necker cube, as they showed higher probabilities when the
switching occurred to a downward interpretation than when
the switching occurred to a upward interpretation
(P < 0.005, Fig. 4a). Rightward saccades 150 ms-prior to
the responses in the PS-condition were preferentially
associated with switching to the upward interpretation
(P < 0.005, Fig. 4b). Table 5 shows for each participant
the timing of the peak and the number of saccades around
the peak. On the other hand, in the SI-condition, saccadic
direction had no systematic relationship with the direction
of stimulus changes (Fig. 4c, d).

Figure 5 shows the variability in saccadic amplitude in
the PS-condition. We considered whether there was any
relationship between saccadic amplitude and perceptual
switching. Saccades were classified based on their ampli-
tude into “Large”: greater than 1.0°, “Medium”: between
0.5° and 1.0°, and “Small”: smaller than 0.5°. For these
three categories, we analyzed separately the time curves of
saccadic probabilities when saccades occurred to the left
and the right (Fig. 6). Leftward and rightward saccades
prior to the button press responses were preferentially
associated with perceptual switching to downward and
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Fig. 2 Comparison of blink probabilities between perceptual switch-
ing to preferred and non-preferred orientations in the PS-condition
(a) and those between stimulus change to preferred and non-preferred
orientations in the SI-condition (b). Temporal frequency distributions
of blink probabilities in individual participants were Z-transformed
and subsequently averaged across participants. The color red denotes
blink probabilities for perceptual switching or stimulus change to the

Table 4 Peaks in the temporal distributions of blink probability in
the PS-condition for individual participants

Participant Peak-timing (ms) Number of blinks
A —1,050 14
B —1,000 31
C -850 33
D —1,050 4
E —1,100 4
F —800 9

Peak-timing indicates the time bin where the time-series of blink
probabilities associated with switching to the preferred interpretation
of the Necker cube showed a peak. Timing of blinks was aligned with
timing of switching responses. Numbers of blinks in the bin that
corresponds with the peak probability are also shown

upward interpretations, respectively, approximately equally
across saccade size categories.

EEG activity accompanying switching-related blinks
and saccades

If blinks at the peak, 1,000 ms-prior to the button pressed
switching response, selectively facilitate perceptual

Fig. 3 Probability distributions a PS-condition
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preferred orientation. Blue denotes blink probabilities for perceptual
switching or stimulus changes to the non-preferred orientation. Green
denotes periods in which perceptual switching or stimulus change to
the preferred orientation showed larger blink probabilities
(P < 0.005). Purple denotes periods in which perceptual switching
or stimulus change to non-preferred orientation showed larger blink
probabilities (P < 0.005)

switching to the preferred interpretation of the Necker cube
(Fig. 2a), a characteristic EEG activity that reflects the
switching process might accompany these blinks. We
found a transient period of theta band activity in the pari-
etal area (Pz-recording site) that followed these blinks
(Fig. 7a). When blinks occurred at a different timing, such
theta band activity was not observed (Fig. 7b).

We also found a transient period of theta band activity
related to the saccades occurring 150 ms prior to the switch
response. Directions of these saccades were predictive of
subsequent switching directions (Fig. 4a, b). The theta
band activity preceded these saccades (Fig. 7c). When
saccades occurred at different timing from 150 ms-prior to
the response, such theta band activity was not observed
(Fig. 7d).

If the parietal theta band activity in the PS-condition
(Fig. 7a, d) reflects the changing of the percept, in the SI-
condition change of stimulus will also accompany parietal
theta band activity. As shown in Fig. 8, this was indeed the
case. Change of stimulus in the SI-condition evoked a
transient period of theta band activity. We may conclude
that the parietal theta activity is a signature of perceptual
configuration change. Therefore, in the PS-condition,

b Sl-condition

averaged across participants of 0.10 " r
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Fig. 4 Relationship between saccadic direction and orientation of the
Necker cube. Temporal distributions of saccadic probabilities aligned
with perceptual switching in the PS-condition or stimulus change in
the Sl-condition were Z-transformed and subsequently averaged
across participants. a Saccades to the left in the PS-condition.
b Saccades to the right in the PS-condition. ¢ Saccades to the left in
the Sl-condition. d Saccades to the right in the Sl-condition. Red
curves represent saccadic probabilities for perceptual switching or

Table 5 Peaks in the temporal distributions of saccadic probability in
the PS-condition for individual participants
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stimulus change to the downward orientation. Blue curves represent
saccadic probabilities for perceptual switching or stimulus change to
the upward orientation. Green denotes periods in which perceptual
switching or stimulus change to the downward orientation showed
larger saccadic probabilities (P < 0.005). Purple denotes periods in
which perceptual switching or stimulus change to the upward
orientation showed larger saccadic probabilities (P < 0.005)

Table 6 The numbers of blinks in Fig. 7b and the numbers of sac-
cades in Fig. 7e in each participant

Participant Peak-timing (ms) Number of saccades
A —-300 20
B —200 28
C —150 54
D —150 19
E _ -
F —-300 35

Peak-timing indicates the bin where the time-series of saccadic
probabilities showed a peak. Timing of saccades was aligned with
timing of switching responses. Numbers of saccades in the bin that
corresponds with the peak probability are also shown (Participant-E
did not show a large peak in saccadic probabilities.)

blinks 1,000 ms-prior to the response must have led to a
change of the percept, and saccades 150 ms-prior to the
response must have followed its initiation.

Besides theta, the SI condition also revealed an evoked
transient period of delta band activity in response to the
change of the stimulus (Fig. 8). Since no similar activity
occurred in the PS condition, the change-related activity is
likely to reflect stimulus-driven components.

Participant Number of blinks Number of saccades
in Fig. 7b in Fig. 7e

A 311 291

B 457 433

C 408 983

D 103 285

E 129 1,156

F 126 963

Discussion

We studied the properties of blinks and saccades in the
time course of perceptual switching. The time-curves of
blink and saccade probabilities in the PS-condition showed
peaks when they were aligned with button press responses.
This result indicates that blinks and saccades associated
with perceptual switching occur in specific intervals, time-
locked to the change of percept. A limited set of precisely
timed blinks and saccades are predictive of the direction of
perceptual switching. Blinks 1,000 ms prior to the response
lead to switching to the preferred interpretation, and the
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Fig. 5 PS-condition: probability distribution of saccadic amplitudes.
The values are averaged across participants

direction of saccades 150 ms prior to the response is
associated with the orientation of the percept after the
switch. Our results indicate that we need to take timing of
blinks and saccade into account in order to understand how
spontaneous oculomotor behavior influences our percept.
As time-curves of blink probabilities in the PS-condition
showed a peak 1,000 ms prior to button press responses
(Fig. 2a), it is possible that transient changes in the visual

Fig. 6 PS-condition: effect of
saccadic amplitude on

input, resulting from blinks around the peak, initiate the
perceptual switching process. Perturbations of the visual
system caused by blinking might lead to switching in a
manner analogous to ones that are caused externally, when
the visual stimulus is perturbed. For instance, perturbation
produced by illuminating the background in a brief flash
facilitates perceptual switching in ambiguous figures (Ka-
nai et al. 2005).

There are many blinks that are not associated with
switching. Blink-suppression in the magnocellular pathway
(Volkmann et al. 1980, 1982; Ridder and Tomlinson 1993,
1997) will normally protect the percept against perturba-
tion. Accordingly, as opposed to blinks associated with
switching (Fig. 7a), blinks not associated with switching
did not evoke parietal activity (Fig. 7b).

A hint to interpret the role of blinking might be obtained
from the relationship between blinks and the switching
direction. Blinks around a peak 1,000 ms prior to button
press responses were preferentially associated with
switching to the preferred interpretation of the Necker cube
(Fig. 2a). In the SI-condition, time-curves of blink proba-
bilities showed a peak after the responses for both stimulus
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Fig. 7 PS-condition: parietal theta band activity that accompanied
perceptual switching-related blinks or saccades. The EEG activity in
the parietal area (Pz) was normalized by the mean amplitude at each
frequency, aligned with blink-onset or saccadic-onset, and averaged
across the switching events and participants. a When switching
involved a blink in the bin where the time curve of blink probabilities
showed a peak at 1,000 ms-prior to the button press responses,
corresponding Pz-recordings were aligned with blink-onset and
averaged. The numbers of blinks used for averaging are shown in
Table 4. b Pz-recordings were aligned with blink-onset and averaged.
Blinks in the bin where the time curve of blink probabilities showed a
peak at 1,000 ms-prior to the responses were excluded. The numbers
of blinks used for averaging are shown in Table 6. ¢ Statistical
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Fig. 8 SI-condition: changes of the stimulus evoked theta and delta
band responses in the parietal area. The EEG activity in the parietal
area (Pz) was normalized by the mean amplitude at each frequency,
aligned with change of presented stimulus, and averaged across trials
and participants

changes to preferred and to non-preferred orientation of the
biased versions of the Necker cube (Fig. 2a). As the task in
the SI-condition is to press a response button whenever the
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difference in Pz-recordings between a and b. The color red denotes
that amplitude in a was larger than that in b (P < 0.01). d When the
switching events involved a saccade in the bin where the time curve
of saccadic probabilities showed a peak 150 ms-prior to the
responses, corresponding Pz-recordings were aligned with saccadic-
onset and averaged. The numbers of saccades in each participant are
shown in Table 5. e Pz-recordings were aligned with saccadic-onset
and averaged. Saccades in the bin where the time curve of saccadic
probabilities showed a peak 150 ms-prior to the responses were
excluded. The numbers of blinks used for averaging are shown in
Table 6. f Statistical difference in Pz-recordings between d and e. The
color red denotes that amplitude in d was larger than that in
e (P <0.01)

figure was changed, blinks after the responses may reflect
detachment of attention from the stimulus. If this is also the
case in the blinks 1,000 ms prior to the response in the PS-
condition, the blinks might reorganize attentional resources
by detaching attention from one part of the stimulus and
attaching it to another, where observers prefer to allocate
attention. As this reorganization process works as a shift of
attention, the blinks would most likely be associated with
switching to the preferred interpretation of the Necker
cube. If this is the case, parietal theta band activity after the
switching-related blinking (Fig. 7a) may reflect a process
of changing the percept, initiated by a reallocation of
attentional resources, while the stimulus remains
unchanged.

Time-curves of saccadic probabilities in the PS-condi-
tion showed a peak 150 ms prior to the button press
response (Fig. 4a, b). Furthermore, the direction of a
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saccade occurring around this peak was preferentially
associated with a specific direction of perceptual switching
(Fig. 4a, b). As a saccade is associated with a transient shift
of attention, a saccade interacts with an ongoing switching
process by changing the locus of attention. Furthermore,
when a certain part within an object is selectively attended,
the corresponding information is enhanced (Chelazzi et al.
2001). Therefore, when the process of changing a percept,
as indicated by parietal theta band activity, has already
started (Fig. 7d), a saccade facilitates this ongoing process
by shifting attention to a suitable part within the figure,
presumably one that is of diagnostic value to the new
interpretation.

The systematic relationship between saccade direction
and switching direction is consistent with the focal-feature
hypothesis (Toppino 2003): different focal regions within
an ambiguous figure are considered to favor perception of
an ambiguous figure. Several studies support this hypoth-
esis by showing that eye-fixation position biases the
interpretation of ambiguous figures (Einhduser et al. 2004;
Ellis and Stark 1978; Hochberg and Peterson 1987; Ka-
wabata 1986; Kawabata et al. 1978; Ruggieri and Fer-
nandez 1994; Toppino 2003). Our results indicate that
changing eye-fixation position by a saccade can transiently
bias the interpretation of ambiguous figures. However, only
a small set of saccades are effective in this way; and those
saccades occuring within a short time interval prior to the
button press response.

As only precisely timed blinks and saccades were asso-
ciated with perceptual switching, small numbers of switch-
ing were characterized by such blinks (Table 4) and saccades
(Table 5). The question, therefore, should arise: what initi-
ates perceptual switching in the remaining cases? In our
previous study (Nakatani and van Leeuwen 2006), we found
four types of gamma band synchrony patterns in relation to
perceptual switching. In all cases where gamma band syn-
chrony was observed, this occurred between parietal and
frontal areas. The gamma synchrony was observed in about
60% of the perceptual switching responses. These results
indicate that there are several distinct mechanisms underly-
ing perceptual switching. Another candidate mechanism is
pupil dilation. Einhéuser et al. (2008) reported a relationship
between pupil dilation and perceptual switching. They found
that pupil dilation effect was independent of blinks and
saccades. To understand the entire picture of the dynamics
underlying perceptual switching, a multi-causal framework
is necessary. Perceptual switching is a transition of the
cognitive system reflected in the dynamics of brain states.
Thus, neurodynamical framework would offer a good start-
ing point for integrating the various processes involved in
perceptual switching (Werner 2009).

The interpretation that parietal theta activity reflects
change of the percept is consistent with the SI-condition.

@ Springer

Here, change of the stimulus evoked this activity (Fig. 8).
This is unlike in the PS-condition, where no stimulus
change occurred. The most parsimonious explanation for
both conditions combined is that the theta activity reflects
both spontaneous and stimulus-induced changes of the
perceptual interpretation. In addition, a dissociation
between stimulus driven and spontaneous changes in per-
cept was observed: the SI-condition was characterized by
evoked delta activity in addition to the theta activity in
response to stimulus change; no corresponding delta
activity was observed in the PS-condition.

In conclusion, our results point out the roles of blinks
and saccades in perceptual switching in precisely-timed
intervals. In these cases, blinks and saccade occur in
combination with transient parietal theta activity, which
marks the change in interpretation. This activity follows
the relevant blinks. Perturbation caused by these blinks
results in the system having to newly construct an inter-
pretation. Consequently, blinks are associated with
switching to the preferred interpretation of the Necker
cube. The relevant saccades follow parietal theta activity,
indicating that the switching process has already started.
The saccades facilitate the ongoing switching process by
shifting attention; consequently the saccade directions
preferably correspond to the direction of the percept
afterwards. These results underline the important role of

transient, dynamic oculomotor events in perceptual
organization.
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