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Figure 1. Ternus display and stimulus configurations. (A) Two alternative motion percepts of the Ternus display. Left: “element” motion for short ISI, where the middle

dot is perceived as static, whereas the outer dots are perceived to move from 1 side to the other. Right: “group” motion for long ISIs, where the 2 dots are perceived as

moving in tandem. (B) Example trial for Experiments 1–3.

randomized for each participant. Participants performed a total
of 336 trials, divided into 2 blocks of 168 trials each. Throughout
the experiments, participants were required to fixate the fixation
cross and make saccades whenever the fixation cross-moved
(Fig. 1B). This procedure was used to promote/generate a new
fixation immediately before the Ternus frames, to decrease the
chance for participants to blink and/or make saccades during
the Ternus frames and thus allowing better eye movement data
acquisition (see eye movement recording and data analyses for
details).

Experiment 2: Ternus Motion with Block-Sound Conditions

The stimuli configuration and timelines were identical to Experi-
ment 1, except that the sound conditions (with or without beeps)
were separated into different blocks. Specifically, the experimen-
tal trials were separated into 4 blocks: 2 blocks consisted of
the Ternus display without tones, whereas the other 2 blocks
had synchronously paired beeps. Each block contained 84 trials.
The level of SOA and the left- or rightward apparent motion
were counterbalanced and presented in a randomized order. The
order of blocks for baseline (no-sound) and sound conditions was
randomized using the Latin square protocol.

Experiment 3: Ternus Motion with Block-SOA Conditions

The stimulus configuration and timelines were identical to
Experiment 1, except that the 7 levels of SOA conditions were

conducted in separate blocks each containing 168 trials. However,
the SOAs in a given block were fixed. There were 12 consecutive
trials for each level of SOA and left- and rightward apparent
motion was counterbalanced.

Experiment 4: Localization of Visual Stimulus (Control Test)

Experiment 4 was the control experiment. The trial structure and
time parameters were identical to Experiment 1, except that the
critical Ternus frames were replaced by a blank screen (with the
same luminance as the background). Upon seeing the question
mark, participants were required to discriminate whether the
question mark appeared at a left or right location by clicking the
left mouse button or right mouse button, respectively, as quickly
and as accurately as possible.

Behavioral Data Analyses

For Experiments 1–3, the proportions of the group-motion
responses across 7 intervals were fitted to the psychometric
curve using a logistic function (see Shi et al. 2010). The
transitional threshold, which is the points of subjective equality
(PSE) at which the participant was likely to report both motion
percepts equally, was calculated by estimating 50% of the
reporting of group motion on the fitted curve. The just noticeable
difference (JND), which is an indicator of the sensitivity of
apparent motion discrimination, was calculated as 50% of the
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Figure 2. Proportions of the dominant percept of “group motion” as a function

of different experimental conditions across 7 SOAs, parameterized with sound

conditions. E1 (red lines): Experiment 1 used fully randomized trials; E2 (blue

lines): Experiment 2 used blocked baseline and sound trials; E3 (black lines):

Experiment 3 used blocked SOA conditions. “Baseline” (solid lines): visual Ternus

stimuli were presented without tones. “Sound” (dashed lines): visual Ternus

stimuli were presented synchronously with a pair of tones. The 7 SOAs ranged

from 80 to 260 ms with a step size of 30 ms.

PSE in the sound condition was significantly smaller than in
baseline [t(16) = 6.629, P < 0.001]. To minimize intertrial effects
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Discussion
Crossmodal Perceptual Grouping by Eyes and Ears:
Attention and Sensory Reliability-Related Microsaccade
Changes

The Ternus display served as an excellent paradigm to study the
neural correlates of nonretinotopic, relative motion perception.
This paradigm is demonstrated to be a versatile tool for the study
of nonretinotopic processing without eye movements (saccades),
since the visual frame elements are located within the central
fovea area for observation (Boi et al. 2011; Pooresmaeili et al.
2012; Thunell et al. 2016). In the present study, the synchronous
sound inputs triggered more reports of “group motion” in the
Ternus display, replicating previous behavioral results that used
the same paradigm (Shi et al. 2010; Chen et al. 2018).

To the best of our knowledge, the temporal dynamics of
perceptual grouping in audiovisual integration have not been
studied empirically using an eye tracking approach (in partic-
ular within short time ranges of 1 s), except for a few studies
on spatial orienting (Rolfs et al. 2005; Wang et al. 2017). Tem-
poral ventriloquism is an effective paradigm for studying the
crossmodal perceptual grouping effect (Vroomen and de Gelder
2000; Freeman and Driver 2008; Chen et al. 2010; Shi et al. 2010;
Chen and Vroomen 2013). In temporal ventriloquism, paired
beeps or salient sounds (grouped by similar pitch) segregate
the corresponding and concurrent visual events. Consequently,
the observer easily identifies the visual targets and thus, biases
visual motion perception (Freeman and Driver 2008; Shi et al.
2010; Chen et al. 2011; Roseboom et al. 2013; Chen et al. 2018).

Previous studies have revealed that saccading to a relevant
stimulus can be an overt correlate of the allocation of spatial
attention, whereas precisely timed gaze stabilization can be an
overt correlate of the allocation of temporal attention (Denison
et al. 2019). The present study contributes to our understanding
of the MS mechanism during a covert attention paradigm. We
did not overtly direct attention to the spatial directions of the
target, as shown in most previous studies (Hafed and Krauzlis
2010, 2012; Wang et al. 2017). In our case, upon receiving the
auditory input, with the attentional demands on the visual input,
observers employed a nonretinotopic binding of audiovisual
events to establish distinctiveness of visual objects (with
accompanying sounds) across space and time (Otto et al. 2010),
which results in inhibited microsaccades (Siegenthaler et al.
2014; Krzysztof et al. 2018). Typically, this process resulted in a
delayed time course of OMI (Fig. 2C, Supplementary Figure 3 and
4), in response to either attentional selection under a demanding
task or the subjective prolonging of visual event durations with
concurrent auditory inputs (Wearden et al. 1998; Shi et al. 2010).
The OMI last longer and we observed it existed until S3 (500–
750 ms) after the onset of the second visual Ternus frame,
before its rebound in S4 (750–1000 ms). The OMI pattern is
task-specific since we found more deep modulation in Ternus
task than the 1 in control (“localization”) task. As we have
shown, the change magnitude of the microsaccade rates is
typically low. Indeed, the low-change signals (in presence of
sounds) were generated in advance, and could be used as an
optimal (discrete) temporal sampling strategy (Martinez-Conde
et al. 2009; Rolfs 2009), to resolve the perceptual ambiguities as
typified in the visual Ternus display. Microsaccades (“oculomotor
freezing”) observed in the present study, go beyond vision and
indicate a crossmodal coupling between oculomotor action and
temporal attending among different sensory modalities (Badde
et al. 2020). In this means, microsaccades, though rare and
with low changes in amplitudes, still provide highly sufficient

information about the temporal attending and its temporal
dynamics during brief audiovisual integration (Pastukhov and
Braun 2010).

We found a coherent link between the behavioral effect-size
and the MS rate across different experimental conditions. Specif-
ically, in Experiment 1 we varied the presence of sound and the
SOA between the 2 visual Ternus frames, in a fully randomized
manner. This arrangement imposed the largest uncertainty (as
well as a high attentional demand) and greatly reduced the
expectation of the trial properties. Accordingly, observers showed
the largest bias in perceptual classification of Ternus motion
(with greatly reduced PSE) as well as the sensitive readout of eye
metrics (i.e., greatest inhibition of microsaccades). By recording
microsaccades, we demonstrated that during crossmodal inte-
gration, the uncertainty of the stimuli presentation affected the
OMI as well, resembling the “inverse effectiveness” as shown in
pervious findings (Holmes 2009; Hou et al. 2019).

Microsaccades as a Temporal Trigger

Microsaccades are generated when fixation-related activity
at the rostral center of the superior-colliculus map spreads
to neighboring locations due to local excitation (Engbert and
Kliegl 2003; Rolfs et al. 2008a; Amit et al. 2019). In our case,
attention on auditory events could serve as a temporal trigger,
shift the balance of oculomotor (spontaneous) maps, and favor
or even consolidate the nonretinotopic channel, which binds
the audiovisual events and produces the dominant percept of
“group motion” (Park et al. 2019). This suggests that, although
rare, the occurrence of MS is a sampling strategy (Mergenthaler
and Engbert 2007; Martinez-Conde et al. 2009). This has been
shown to be robust in a previous unimodal study, where MS are
persistent until a perceptual decision is made (Pastukhov and
Braun 2010; Widmann et al. 2014; Loughnane et al. 2018).

MS Rate Prevails Over Pupil Dilation in Audiovisual
Integration in Brief Temporal Scale

In our study, the crossmodal integration effect was not con-
tributed to by saliency detection that featured with the PDR,
but rather by OMI. The genuine crossmodal freezing effect was
specific to the Ternus task, where audiovisual integration is
required. In contrast, the control experiment (Experiment 4) with
visual localization did not generate a compatible gaze duration
pattern as observed in the Ternus tasks (Experiments 1–3). Sound
beeps triggered similar pupil dilations in both the Ternus tasks
and localization task. A PDR was observed in the presence of
sounds across all tasks, and pupil sizes increased more in the
sound condition than in the baseline condition. OMI is a sensitive
index for the discrimination of task-specific processing. With
audiovisual integration, MS rates were lower in the Ternus task
than in the localization task and the MS suppression lasted
longer.

Our finding that sounds induce stronger PDR is consistent
with previous findings (Wang et al. 2014; Liao et al. 2016a; Liao
et al. 2016b), which likely relates to the superior colliculus (Wang
et al. 2012) as the neural substrate for audiovisual integration.
Given the very brief duration of the sounds, the changes in pupil
size may not have been sensitive enough to indicate the temporal
dynamics of crossmodal integration.

In sum, using the paradigm of visual Ternus display and
eye movement metrics, we identified coherent behavioral and
neuropsychological evidence for the temporal dynamics (within
1 s) during crossmodal integration: concurrent inputs of beeps
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