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ABSTRACT

Shared synchronised activities, such as dancing and singing, can
promote social bonding in both physical and virtual settings, but
are susceptible to network latencies in mediated environments, such
as social virtual reality (VR). Temporal delays can hinder interper-
sonal entrainment, causing users to feel out of sync, and reduce
presence. While prior work has examined how stimulus type and
frequency affect synchrony perception, the role of rhythmic interac-
tion, central to many interactive synchronised experiences, remains
unexplored. We conducted a within-subject study with 32 partici-
pants to systematically investigate how rhythmic interaction shapes
synchrony perception of rhythmic audiovisual stimuli in networked
VR environments. Motor behaviour and subjective synchrony rat-
ings (n = 32) are analysed, complemented by eye-tracking metrics
from a quality-controlled subset (n = 25). Through controlled stim-
ulus onset asynchronies (SOAs) between audio and video stimuli,
we simulate network latency scenarios where (1) audio precedes
video (as in VR dance environments where music playback is syn-
chronised to a global clock while remote dancer movements appear
delayed), and (2) video precedes audio (as in orchestra experiences
where a conductor’s movements are perceived first, followed by a
delayed auditory response from the orchestra). Participants either
synchronised hand movements with a virtual avatar or passively ob-
served it across two stimulus frequencies (0.5 Hz and 1 Hz), for
both audio- and video-leading offsets. Our results show that rhyth-
mic interaction significantly increases tolerance to audiovisual off-
sets, shifting the left decision criterion (LDC) by up to 66 ms, the
point of subjective synchrony (PSS) by up to 31 ms, and widening
the window of subjective synchrony (WSS) by up to 59 ms. These
effects suggest that rhythmic interaction can reduce sensitivity to
asynchronies in audio-leading scenarios, such as VR dance envi-
ronments. We also found that temporal offsets influence rhythmic
interaction behaviour and confirm that recent findings on the influ-
ence of stimulus frequency on PSS and temporal offsets on pupil
dilation can to a certain extent be replicated in interactive VR.

Index Terms: Synchrony Perception, Rhythmic Interaction.

1 INTRODUCTION

Shared synchronised (rhythmic) experiences, such as dancing,
playing music, or joint physical exercises, are known to foster so-
cial bonding by increasing partner likeability [35, 61, 27], trust [33],
cooperation [49, 69], group cohesion [23], and user experience [4].
A central mechanism in these activities is interpersonal entrain-
ment, the temporal alignment of (rhythmic) behaviour between in-
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dividuals [50]. In mediated environments such as social virtual re-
ality (VR), network latency can disrupt interpersonal entrainment
and synchronisation [50], making interactions feel asynchronous
and negatively impacting social experiences [47] as well as pres-
ence [30]. Depending on the scenario, latency can introduce dif-
ferent temporal offsets. For example, in a VR dance environment,
although audio playback may be synchronised to a global clock,
network latency can cause the movements of remote users to ap-
pear delayed to a local dancer (audio precedes video), while in a
virtual orchestra, the audio response of the orchestra to the gestures
of a conductor may appear delayed to the conductor or the audi-
ence (video precedes audio) [29, 52]. To preserve the social ben-
efits of synchronised interaction, Rinott et al. [50] propose design
approaches to compensate for network latency. However, a critical
yet unexplored question remains: How does rhythmic interaction
influence the perception of synchrony in networked environments?

To answer this question, we conducted a VR study, simulating
the effects of network latency through controlled stimulus onset
asynchronies (SOAs). In contrast to prior work, our experiment in-
cludes active user engagement through a rhythmic interaction task
where participants synchronize their movements with those of an
avatar. We record and analyse behavioural and physiological data
for a comprehensive investigation of synchrony perception and ef-
fects of temporal offsets in VR. Hand movements are recorded to
assess motor synchronization, while eye-tracking is used to inves-
tigate cognitive load. By systematically varying interaction pres-
ence (observation vs. rhythmic interaction), stimulus frequency and
temporal offset, we investigate how rhythmic interaction influences
the threshold of multisensory integration, the point at which users
perceive separate rather than unified events. We also investigate
whether the results of a recent study on the relationship between
pupil dilation and synchrony perception can be replicated in VR.

Our study reveals that rhythmic interaction can widen the win-
dow of subjective synchrony (WSS) by up to 59 ms and shift
a threshold for perceived synchrony, the left decision criterion
(LDC), by up to 66 ms toward larger temporal offsets. This suggests
that rhythmic interaction increases tolerance for temporal offsets
in audio-leading conditions (such as virtual dance environments,
where audio playback is synchronised to a global clock and remote
users’ movements appear delayed). Our results confirm findings
from recent work [29] that stimulus frequency does not affect the
WSS, but shifts the point of subjective synchrony (PSS) by up to
20 ms. We show that temporal offsets influenced motor behaviour
(during rhythmic interaction) and pupil responses. Pupil dilation
patterns were not as clear as in prior non-VR studies [29, 55], par-
ticularly during rhythmic interaction and at larger positive asyn-
chronies, suggesting that the VR environment with its more realis-
tic stimulus representation and the physical interaction introduced
variability and complexity to the pupil data.

The results of our study provide insights for the design of more
latency-resilient VR experiences, showing how rhythmic interac-
tion can increase tolerance to asynchronies. We investigate how
temporal offsets influence motor behaviour and pupil dilation, and
explore whether these behavioural and physiological measures can
predict synchrony judgments. This provides insight into the po-
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tential of implicit markers, such as movement patterns and pupil
responses, to inform adaptive latency compensation strategies for
enhanced social presence and real-time interaction in social VR.

2 RELATED WORK

We present research on synchronous VR experiences, network la-
tency in VR, synchrony perception, and pupillometry which form
the background for our study.

2.1 Synchronous VR Experiences
Synchronised experiences, such as dancing and making music, can
promote well-being, trust and social bonding [61, 33, 49, 23], and
similarly promote pro-social behaviour in VR environments [58].
For example dancing in VR has been found to have a positive ef-
fect on physical and mental well-being [53], even though network
latency can impact interpersonal experiences [47]. Investigating
avatar-mediated synchrony, Biswas et al. [8] found that motor syn-
chrony in virtual environments can lead to blurring of self-others
perception, which can enhance group cohesion and interpersonal
bonding. In addition, Albert et al. [2] found that synchronising
player movements in social VR exergames increases game enjoy-
ment and performance, while reducing perceived workload.

2.2 Network Latency in Social VR
Network latency can negatively impact synchronised social expe-
riences, hindering temporal coordination and potentially causing
confusion and disruptions [50]. Acceptable latency thresholds for
VR can vary widely depending on the tasks and interactions in-
volved [63]. Becher et al. [5] report that up to 230 ms of latency
often went unnoticed in a collaborative VR task, while Milef et
al. [44] identified that in some scenarios latency of 1000 ms can
be tolerated. Conversely, competitive scenarios demonstrate lower
tolerance, with even 100 ms of added latency significantly reducing
quality of experience and engagement [66], and 500 ms substan-
tially decreasing presence and flow [30]. For synchronised interac-
tions requiring precise temporal coordination, latency tolerance can
also vary. Hopkins et al. [26] identified a threshold between 160 ms
and 320 ms for noticeable latency effects in a musical augmented
reality (AR) task, while others found that up to 130 ms of added
network latency were still acceptable in a joint balancing task [65].
Latency can also disrupt the social and psychological effects of syn-
chronised interactions. Tarr et al. [62] found that for synchronised
movements with simulated remote users, the inclusion of the other
in self (IOS) was higher if the movements of simulated users were
not delayed. In a similar study, Yekani et al. [73] found a positive
correlation between perceived synchrony and social closeness.

2.3 Synchrony Perception
Synchrony judgment (SJ) tasks are commonly used to investigate
the perception of temporal asynchronies between stimuli [22, 67].
These tasks typically involve controlling the temporal offset be-
tween stimuli, the stimulus onset asynchrony (SOA), and analysing
participants’ synchrony judgments to determine key perceptual
thresholds: the point of subjective synchrony (PSS), which rep-
resents the SOA perceived as most synchronous, and the window
of subjective synchrony (WSS) or temporal integration window
(TIW), which defines the range around the PSS where SOAs are
frequently judged as synchronous [38]. While SJ remains stable
across age groups [7], it can vary depending on factors such as con-
tent type [18] and musical experience [36]. A well-documented
bias exists for audiovisual stimuli, whereby video-leading scenar-
ios, in which the visual event precedes its corresponding sound, are
perceived as more synchronous than objectively aligned or audio-
leading presentations [38]. Furthermore, prolonged exposure to
stimulus offsets can induce temporal recalibration, shifting the PSS
towards prior experienced offsets [67]. Klass et al. [29] found that

for rhythmic audiovisual stimuli, higher stimulus frequencies can
shift the PSS by up to 20 ms towards video-leading scenarios, in-
creasing tolerance for video-leading offsets at higher frequencies.
Recent work by Clouston et al. [14] explores how movement influ-
ences synchrony perception in VR, focusing on non-rhythmic au-
diovisual stimuli. Their results show that slow walking can increase
tolerance to asynchronies compared to fast walking, suggesting that
the way users move can influence their perception of synchrony.

2.4 Pupillometry and Synchrony Perception
Despite the growing integration of eye-tracking in modern VR
headsets, its application remains understudied, particularly in the
domain of pupillometry, a widely used method in cognitive psy-
chology for assessing pupil dilation as an indicator of cognitive,
physiological, and affective states [41, 3, 54, 1, 13]. Research
shows that pupil responses can synchronize with rhythmic stim-
uli [71] and dilate in response to high-groove music [9] or increas-
ing tempo [19], indicating sensitivity to temporal changes. Dy-
namic Attending Theory (DAT) [34] proposes that attention aligns
with external rhythms, enabling the brain to predict and synchro-
nize with events. When two audio tracks in a musical piece are
slightly out of sync, the brain broadens its attentional focus to ac-
commodate timing differences, and pupil dilation reflects the result-
ing increase in cognitive load [55]. Klass et al. [29] extend these
findings to rhythmic audiovisual stimuli in a desktop environment,
linking the effect to SJ and suggesting that pupil dilation may serve
as an indicator of perceived (a)synchrony. However, it remains to be
shown whether these results extend to interactive VR environments,
where sensorimotor activity and user engagement may additionally
influence pupil diameter and the underlying perceptual processes.

2.5 Summary
While prior work has investigated how temporal offsets influence
the perception of synchrony, the influence of rhythmic interaction
on synchrony perception for rhythmic stimuli remains unexplored.
Our study addresses this gap, investigating how rhythmic interac-
tion influences synchrony perception in VR.

3 STUDY PROCEDURE AND METHODOLOGY

We conducted a within-subject VR experiment to systematically
investigate how rhythmic interaction influences synchrony percep-
tion of rhythmic audiovisual stimuli in VR. Participants performed
a SJ task for audiovisual stimuli presented with different temporal
offsets (SOAs) and stimulus frequencies. Depending on the con-
dition, participants either actively synchronised their hand move-
ments with a virtual avatar or passively observed it. Physiological
and behavioural data were recorded for analysis.

3.1 Procedure
The study received ethical approval from TU Ilmenau. Participants
were welcomed, introduced to the study and asked to sign a con-
sent form. They completed a pre-questionnaire collecting demo-
graphic data and details on visual or hearing impairments. Partici-
pants were seated on a chair with adjustable armrests, set at a com-
fortable height to support their elbows during the rhythmic inter-
action task (hand waving). To minimize fatigue, participants were
informed that they could change the hand used to perform the ac-
tive movement between trials, if needed. Before participants put on
the HMD, the system was calibrated to ensure precise audiovisual
timing (see subsection 3.4). The participant’s virtual position was
calibrated to ensure the avatar was clearly visible within their field
of view (FOV) - while maintaining a comfortable viewing direction
(see Figure 1). After an automatic interpupillary distance (IPD)
adjustment, participants were asked if the avatar was clear; if not,
diopters were adjusted until clear vision was achieved. Following
this, an eye-tracker calibration was conducted (see subsection 3.4).
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Figure 1: Virtual environment showing the participant’s view of the
avatar with hand positions at the outermost and intermediate points
highlighted in different colours (left). The general layout, with the
avatar and the participant (right).

Before the experiment, participants were introduced to the task
via a virtual billboard displaying instructions and button mappings.
To ensure task comprehension, they completed five test trials for
each interaction condition. The experiment followed a counterbal-
anced within-subjects design, with two stimulus frequencies and
two interaction conditions (interaction vs. observation; see subsec-
tion 3.2). This resulted in four experimental blocks, counterbal-
anced across participants to control for order effects. Each block
lasted approximately 12 to 20 minutes, with 5-minute breaks be-
tween blocks to mitigate fatigue and motion sickness. During these
breaks, the Fast Motion Sickness Scale (FMS) was used to monitor
participants’ degree of motion sickness [28]. Before each block, the
position and eye-tracker calibration was repeated. During each trial,
participants tracked the avatar’s hand movements (approx. 7◦ visual
angle) with their eyes as it moved rhythmically between two ex-
treme positions (approx. 20◦ visual angle) on an XY plane. At each
turning point, a short sound was played. Depending on the exper-
imental condition, the sound was either synchronous with, lagging
behind, or preceding the avatar’s hand movement. At the begin-
ning of each trial, the avatar moved for four seconds without sound
to allow participants to entrain their movements in the interaction
condition and enabling baseline pupil dilation data collection.

Participants were tasked to judge the synchrony between the
avatar’s hand movement and the sound using a binary judgment.
Responses could be made at any time, but a minimum processing
time of four seconds ensured sufficient eye-tracking data collec-
tion. If participants responded early, the avatar’s hand turned blue
as feedback. After each judgment, the avatar’s hand disappeared for
two seconds before the next trial began. After the last block, par-
ticipants completed a post-questionnaire assessing how interaction
influenced their perception of synchrony (“Did the act of synchro-
nising your hand movement with the avatar’s hand movement influ-
ence your perception of synchrony? If so, how?”). The complete
experiment lasted about 70 to 100 minutes.

3.2 Study Design
We employed a within-subjects 2×2 factorial design with nine
within-cell levels, varying stimulus frequency (LOW: 0.5 Hz,
HIGH: 1 Hz) and interaction presence (INT: interaction, OBS: ob-
servation). Within each cell, nine different temporal offset levels
were presented and later analysed as a continuous predictor. Each
participant experienced all four conditions in counterbalanced order
using a balanced Latin square. The rhythmic stimulus consisted of a
hand-waving motion performed by a virtual avatar, with a short sine
tone (250 Hz, 32 ms) played at each turning point. To simulate net-
work latency, controlled stimulus onset asynchronies (SOAs) were
introduced by offsetting the sound relative to the avatar’s move-
ment. The SOAs (±400 ms, ±200 ms, ±100 ms, ±50 ms, 0 ms),

selected based on prior work [14, 72], represent one-way or round-
trip latencies depending on the scenario, and span a range consistent
with prior thresholds investigated for social VR interactions (see
subsection 2.2). Negative SOAs correspond to audio-leading con-
ditions, simulating cases where audio is received before a delayed
visual response (e.g., delayed remote movements in VR dance).
Positive SOAs represent video-leading conditions, such as delayed
musical responses to a conductor’s gestures.

For varying the factor of interaction presence, participants ei-
ther moved their hand in synchrony with the avatar (INT) or pas-
sively observed its movements (OBS). Stimulus frequencies were
selected based on prior work showing that lower frequencies can
shift the point of subjective synchrony (PSS) towards audio-leading
offsets [29]. Higher frequencies (e.g. 2 Hz) were not included, as
pilot tests revealed increased fatigue during prolonged interaction.
In contrast to Klass et al. [29], where visual trajectories followed a
linear and constant-speed motion, we introduce a non-linear (wav-
ing) motion with short acceleration and deceleration phases to bet-
ter reflect natural hand movements and support natural entrainment.
This motor task was chosen as it does not require complex mo-
tor planning and therefore limits the additional cognitive load that
could affect pupil responses. It also simplifies the measurement of
motor synchrony, as in more complex whole-body tasks (e.g. danc-
ing) different parts of the body may move at slightly different times
depending on how the movement is initiated.

Each of the four blocks (LOW+OBS, LOW+INT, HIGH+OBS,
HIGH+INT) included 54 trials, with each SOA presented six times
in randomized order similar to related work [22, 21, 29], to limit
order effects, resulting in 216 trials per participant. A pilot study
showed that six presentations per SOA and block provide stable
psychometric estimates, while keeping the session duration below
90 min. Alongside binary judgments, we recorded movements and
pupil dilation to assess implicit markers of synchrony perception.

3.3 Participants
We recruited 32 participants for our experiment (age range 23-35,
M = 27, SD = 3.07, 19 male, 13 female, none gender diverse)
via university mailing lists, who were compensated C20 for their
participation. VR expertise (M = 2.93, SD = 1.18) and frequent
engagement in activities requiring precise audiovisual timing (M
= 3.46, SD = 0.98) were self-reported on a five-point Likert scale
but were not required for participation. Of the fifteen participants
who reported wearing glasses regularly, two wore contact lenses for
the study. For the remaining participants, dioptric corrections were
made using the HMD to ensure a clear view of the stimuli and ac-
curate eye tracking. One participant reported impaired hearing for
high-pitched sounds but confirmed they could clearly perceive the
stimulus during the test phase.

3.4 Apparatus & Software
The experiment was conducted using an HTC VIVE XR Elite HMD
equipped with a VIVE Full Face Tracker, which can provide pupil
dilation, and gaze data at a sampling rate of 120 Hz with an accu-
racy of 0.5−1.1◦ within 20◦ of the field of view (FOV). Given that
the avatar’s hand movement remained within approx. 20◦ of the
FOV, we assume gaze tracking accuracy was well within accept-
able limits. To ensure accurate eye tracking, a five-point calibration
was carried out using the HMD’s integrated software. The applica-
tion was developed in Unity and ran standalone on the HMD at 90
frames per second (M = 89.75, SD = 1.07). Audio was played at full
volume through the built-in speakers. To ensure precise audiovisual
synchronisation, the system was calibrated using SyncOne2 [15], as
hard- and software of VR headsets can introduce audiovisual asyn-
chronies of up to 200 ms [17]. We observed an average audiovisual
asynchrony of 63.6 ms (SD = 42 ms), with the sign indicating that
audio followed the video stimulus, and applied corrections accord-
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ingly. Behavioural user data was recorded using the ISA recording
plugin [32], capturing participants’ hand movements and eye data
for post-experiment analysis.

3.5 Data Processing
This section describes processing of motor and eye-tracking data
and statistical analyses. In total, each participant made 216 syn-
chrony judgments (excluding test trials), resulting in 6,912 trials.
For one participant, the last judgment was not correctly recorded,
resulting in 6,911 trials used for analysis.

3.5.1 Pre-processing of Motor Data
To analyse motor synchronization during rhythmic interaction,
hand velocity and acceleration were computed for each trial. Since
the avatar’s hand movement was restricted to an XY plane (see Fig-
ure 1), velocity and acceleration were derived along the X-axis,
with the sign indicating direction. The baseline phase, in which
no auditory stimuli were played back to allow entrainment with the
avatar’s movements, was excluded from analysis. For each trial,
the active hand was identified as the one with the greatest over-
all change in velocity, and only data from this hand were used for
analysis. To reduce jitter, a five-frame moving average was applied
to the data. Velocity data were then scaled using least squares to
best match the avatar’s hand velocity, accounting for individual dif-
ferences in movement amplitude and counter-phase movements. 19
out of 3,456 trials in the interaction condition were excluded due to
insufficient hand-tracking data. On average, 53.9 (LOW+INT), and
53.5 (HIGH+INT) out of 54 trials were included in the analysis.

For the temporal analysis of motor behaviour, turning points and
tempo adaptations were identified by detecting zero-crossings in
velocity and acceleration data over time. To reduce noise, sign
changes were only considered if they remained stable within 50 ms
before and after the zero-crossing, with a minimum slope thresh-
old of 0.25. The temporal difference between hand movements of
the participant and the avatar was calculated by determining the
smallest temporal distance between corresponding turning points
and averaging it for each trial. For investigating temporal adapta-
tion efforts and dynamic motor adaptation, the average number of
acceleration zero crossings per second was calculated. To quan-
tify movement synchronisation, the Spearman correlation between
velocity of the avatar’s hand and the participant’s active hand was
computed. This approach was inspired by previous work on inves-
tigating synchronisation in VR [24, 45].

3.5.2 Pre-processing of Eye Tracking Data
Before analysing the eye-tracking data, the audio stimulus onset
was latency-corrected to reflect the actual playback time rather than
when it was triggered in the software. Preprocessing of pupil data
followed the recommendations of Mathôt and Vilotijević [40]. We
found that the HMD eye tracker used in this study exhibited lower
data quality compared to standard non-VR eye trackers. To address
this, we averaged left and right pupil measurements and marked se-
quences with constant values over several frames as missing (NaN),
allowing the blink reconstruction algorithm [42] to better recon-
struct these. We applied a subtractive baseline correction using
the last two seconds before the audio stimulus onset, during which
the avatar’s hand was already moving. In the interaction condition,
this also helped to correct for effects introduced by physical move-
ment. To account for the minimal physiological latency of pupil
responses, we excluded the first 200 ms after audio onset, follow-
ing Mathôt et al. who suggest that effects within this window are
very likely artefactual rather than stimulus-evoked [39]. Mean pupil
diameter was computed over the first four seconds of each trial to
standardise across varying response times.

Seven participants were excluded from pupil data analysis due
to low average sampling rates, indicating tracking issues. A lower

Synchrony Judgements Estimates Std. Error t p
(Intercept) 0.553 0.039 14.13 < .001 ***

ExperimentBlock 0.029 0.005 5.03 < .001 ***
Frequency 0.008 0.013 0.63 .527
AudioFirst -0.034 0.059 -0.58 .560
Interaction -0.005 0.017 -0.29 .770

AudioFirst × Interaction 0.132 0.026 4.95 < .001 ***
Eff. DoF Ref. DoF F p

s(SOA) 6.039 6.623 218.94 < .001 ***
s(Participant) 28.387 31 10.86 < .001 ***

Mean Pupil Dilation Estimates Std. Error t p
(Intercept) -0.002 0.011 -0.140 0.888

ExperimentBlock -0.000 0.003 -0.125 0.901
Frequency 0.035 0.006 6.180 < .001 ***
AudioFirst -0.000 0.011 -0.044 0.965
Interaction -0.025 0.008 -3.286 0.001 **

AudioFirst × Interaction -0.007 0.011 -0.580 0.562
Eff. DoF Ref. DoF F p

s(SOA) 1.851 2.19 6.656 .002 **
s(Participant) 19.011 24 3.917 < .001 ***

Table 1: Results of the GAM models for the two dependent vari-
ables (synchrony judgment and mean pupil dilation). Smooth terms
in the model are indicated by ”s”.

Tukey whisker of 40 Hz was used as exclusion threshold, given that
30 Hz–60 Hz [70, 57] are typically considered the minimum ac-
ceptable sampling rate for pupillometry studies. For three of these
participa nts, calibration difficulties had already been documented
in the session notes. Moreover, we excluded trials with more than
50% missing values, trials with extreme baseline values (absolute
z-score > 2 [40]), and trials in which the average distance between
gaze and the avatar’s hand on the XY plane exceeded 0.5 m, as
this suggested either an issue with eye-tracking calibration or that
participants did not fixate on the avatar’s movement. A total of
294 trials (5.44% of those remaining after participant exclusion)
were excluded due to these reasons, resulting in 5106 trials used
for pupil analysis. We conducted a Poisson regression analysis on
the number of trial exclusions per condition combinations (36 com-
binations, M = 8.17, SD = 4.43) and found significantly fewer ex-
clusions in high-frequency (p = .022) and interaction conditions
(p < .001). However, there were no significant differences in the
number of analysed trials between factors (M = 141.83, SD = 4.43)
or conditions (all p > .20), indicating that trial numbers were bal-
anced despite exclusions. An average of 51.25 trials (LOW+OBS),
51.72 (LOW+INT), 50.52 (HIGH+OBS), and 52.80 (HIGH+INT)
out of 54 trials per condition were included in the analysis.

3.5.3 Statistical Analysis
For analysis, Generalized Additive Models (GAMs) were used. All
models included the participant as a random effect to account for
inter-individual variability. To evaluate the appropriateness of the
models, Q-Q plots and histograms of the residuals were inspected
to assess normality and distribution.

4 RESULTS

We now present results on factors influencing synchrony perception
of rhythmic audiovisual stimuli in VR. Behavioural (hand move-
ments) and physiological responses (pupil dilation) are analysed to
complement subjective synchrony ratings.

4.1 Rhythmic Interaction & Synchrony Judgment
To investigate how SOA, stimulus frequency, and interaction pres-
ence influenced synchrony judgments, we analysed averaged par-
ticipant ratings for each combination of these factors (n = 1152)
using a GAM. As research has identified a non-linear relationship
between SOA and synchrony perception [38], we included the SOA
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Figure 2: Observed average synchrony judgments with 95% confi-
dence intervals computed across participants. Note, that rhythmic
interaction increased subjective ratings for audio-leading SOAs.

as a smooth predictor using cubic regression splines. Additionally,
because video-leading scenarios are typically perceived as more
synchronous [38], we introduced the predictor AudioFirst to dis-
tinguish between audio-leading (negative SOAs) and video-leading
(positive SOAs) conditions. Predictors for interaction presence and
frequency were also included. As average synchrony judgment in-
creased over the course of the experiment (see subsection 4.4) we
included the experiment block number (ExperimentBlock) as a pre-
dictor. Visual inspection of average synchrony ratings (see Fig-
ure 2) suggested that interaction presence particularly influenced
synchrony perception in audio-leading conditions, motivating the
inclusion of an interaction term (AudioFirst × Interaction). We
evaluated the improvement of the model by incrementally adding
predictors, assessing model fit using R2, AIC (Akaike Information
Criterion), BIC (Bayesian Information Criterion), histograms and
Q-Q plots (see subsubsection 3.5.3). Predictors were not standard-
ised, as we prioritised interpretability in original units rather than
relative importance. The reference levels for the categorical predic-
tors were: 0.5 Hz for Frequency, observation (FALSE) for Interac-
tion, and video-leading (FALSE) for the AudioFirst predictor.

The resulting GAM explains 70.3% of the deviance in synchrony
judgments (R2 = 0.69). Detailed results are shown in Table 1. Sig-
nificant effects were found for SOA values, interaction between
audio-leading conditions and interaction presence (AudioFirst × In-
teraction), and experiment block number (all p < .001). While Au-
dioFirst alone was not significant, the smooth predictor SOA was,
capturing the non-linear asymmetric relationship between temporal
offset and perceived synchrony (see Table 1).

Analysing synchrony judgments separately for negative (n =
512) and positive SOAs (n = 640) using GAMs with identical
predictors (excluding AudioFirst) revealed a significant effect of
the experiment block in both cases (positive SOAs: R2 = 0.61,
p = .002, est = 0.021; negative SOAs: R2 = 0.70, p < .0001, est
= 0.039). Interaction presence had a significant influence only for
negative SOAs (p < .0001, est = 0.126). Assessing multicollinear-

ity for both GAMs using variance inflation factors (VIFs) showed
no concerning levels of collinearity.

To investigate synchrony perception in more detail, we followed
related work [29] and fitted At-A-Glance functions to individual
participant judgements for each combination of interaction pres-
ence and frequency. The model assumes Gaussian latency noise
and incorporates trial-by-trial variability of two noisy decision cri-
teria (left and right decision criterion - LDC and RDC), which de-
fine subjective temporal boundaries for synchrony perception [72].
Unlike Gaussian probability density functions commonly used in
related work [38, 10, 18], which did not represent our data well, this
approach accounts for asymmetric slopes in the psychometric func-
tion, reflecting differences in synchrony perception depending on
whether the auditory or visual stimulus leads. The model fitting was
performed in R using the open-source implementation by Yarrow et
al. [72]. Quality of fits was evaluated using Leave-One-Out cross-
validation (LOO) and Pareto k diagnostics. Fits with R2 < 0.5 were
excluded from analysis, based on prior work suggesting that poor
fits indicate difficulty performing the task [38, 60, 29], resulting in
the exclusion of 8 out of 128 fits (LOW+OBS: 32, HIGH+OBS:
32, LOW+INT: 29, HIGH+INT: 27). From each fitted function, the
PSS, LDC, RDC, and the WSS were derived. The WSS was de-
fined as the temporal range centred around the PSS, which covers
68.26% of the total area under the fitted function, inspired by the
definition of the TIW in related work [38, 60]. Due to excluded
data (n = 120), a GAM was employed with the condition configu-
ration as predictor for the individual analysis of these parameters.
Analysis using VIFs indicated no concerning levels of collinearity.
Estimated marginal means and pairwise contrasts with Bonferroni
correction were calculated using the resulting models.

We found that interaction presence caused significant shifts of
the LDC (R2 = 0.79), with shifts towards audio-lead for both fre-
quencies by 66 ms for LOW (p < .0001) and 58 ms for HIGH
(p < .0001), reflecting that larger audio-leading offsets were con-
sidered to be in sync during interaction (see Figure 3a). No signif-
icant influence of frequency on the LDC was found. In contrast to
the LDC, no significant effect of frequency or interaction presence
on the RDC was observed (R2 = 0.83), indicating that interaction
did not influence synchrony perception for video-leading offsets.

For the PSS (R2 = 0.89), both interaction presence and stimulus
frequency had significant effects (see Figure 3b). Interaction shifted
the PSS towards audio-lead by 26 ms for LOW (p < .0001) and 31
ms for HIGH (p < .0001), meaning interaction shifted the offset
judged as most synchronous towards negative SOAs. Frequency
shifted the PSS by 20 ms in OBS (p< .0001) and 15 ms in INT (p=
.004), indicating that frequency influenced synchrony perception.

The WSS (R2 = 0.84) was significantly wider with interaction,
by 59 ms for LOW (p = .0001) and 43 ms for HIGH (p = .010),
but was not significantly influenced by frequency, showing that
interaction broadened the range of offsets participants still per-
ceived as in sync. This is also reflected in the mean WSS val-
ues (LOW+INT= 382.4ms, LOW+OBS= 337.7ms, HIGH+OBS=
350.4ms, HIGH+INT= 374.3ms).

4.2 Motor Behaviour & Synchrony Judgment

To investigate how temporal offsets and stimulus frequency affect
motor behaviour, we analysed hand tempo adjustments, temporal
turning points and the correlation between avatar and participant
movement using GAMs. We included SOA as a smooth predictor,
frequency as a fixed effect, and participant as a random effect.

Results of the tempo adaption analysis show that participants ad-
justed their tempo more frequently in the HIGH condition com-
pared to the LOW condition (Figure 4a). Across frequencies, larger
SOAs led to more frequent adjustments, indicating difficulties with
motor synchronisation. Statistical analysis using a GAM (R2 =
0.24) showed that both SOA (p = .021) and frequency (p < .001,
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(a) Left decision criterion (LDC). (b) Point of subjective synchrony (PSS).

Figure 3: Parameters of fitted At-A-Glance functions. Mean values
are indicated. Note, that p < 0.001 ***, p < 0.01 **, p < 0.05 *.

(a) Tempo adaptations. (b) Spearman correlations. (c) Turning differences.

Figure 4: Motor behaviour across different SOAs. The rate of
tempo adjustments per second of the participants’ hands is shown
in a. The Spearman correlation of the velocity between the avatar’s
hand and the participant’s active hand is shown in b. The temporal
difference between the turning points of the avatar and the partici-
pant’s hand is shown in c, with negative values indicating that the
participant’s movement preceded that of the avatar, and positive val-
ues indicating a delayed movement.

est = 2.36) significantly influenced tempo adaptation frequency.
Analysis of temporal distances between turning points in partic-

ipant and avatar hand movements reveals that in the HIGH condi-
tion, participants’ movements shifted toward the auditory stimulus
(Figure 4c). In the LOW condition, participants generally moved
ahead of the avatar, with the smallest temporal differences observed
at low positive SOAs. This adaptation towards the auditory stimu-
lus in the HIGH condition is also reflected in the averaged hand ve-
locities (Figure 5), where SOA-dependent differences in movement
emerge within the first two seconds. A GAM analysis (R2 = 0.18)
confirmed that both SOA (p < .001) and frequency (p < .001, est =
0.09) significantly influenced the temporal turning point distance.

Investigation of the Spearman correlation shows that it was high-
est for small absolute SOAs and generally stronger for positive
SOAs, with higher values in the HIGH than the LOW condition
(see Figure 4b), indicating that motor synchrony was highest for
smaller offsets and faster movements. The corresponding GAM
(R2 = 0.12), however, showed poor fit quality based on analysis of
Q-Q plots, which is why we do not report on model-based effects.

To explore whether motor behaviour could predict perceived
synchrony, we fitted separate GAMs with temporal turning point
differences, tempo adaptation frequency and Spearman correla-
tion as predictors of synchrony judgments. When these variables
were included without SOA, model fits were poor (all R2 < 0.03).
Adding SOA as a smooth predictor significantly improved the fit
(all R2 = 0.55), but none of the GAMs showed that motor behaviour

Figure 5: Average participant hand velocity by SOA for
HIGH+INT. The avatar’s hand velocity is indicated by a dashed
line. For negative SOAs, participants moved their hand earlier than
the avatar, whereas for positive SOAs, they moved later on average.

Figure 6: Observed average baseline-corrected mean pupil diameter
(mm) with 95% confidence intervals computed across participants.

significantly predicted synchrony judgments and had a good fit.

4.3 Pupil Dilation & Synchrony Judgment
To investigate pupil responses to temporal offsets, we again used
GAMs with participant as a random effect. We included the same
unstandardised predictors and reference levels as in subsection 4.1
to ensure comparability. Again, VIFs showed no evidence of prob-
lematic multicollinearity. Detailed results are presented in Table 1.

Stimulus frequency had a significant effect on pupil size (p <
.001), and the presence of interaction was associated with a sig-
nificant reduction in baseline-corrected pupil dilation (p = .001;
see Figure 6). The smooth term for SOA was also significant
(p = .002), indicating a non-linear relationship between temporal
offset and pupil size. In contrast, neither the main effect of Au-
dioFirst (p = .965) nor its interaction with participant interaction
(INT vs. OBS) (p = .562) was significant. Overall, the model ex-
plains 18.2% of the deviance (R2 = 0.16).

To investigate whether pupil dilation could serve as a physiolog-
ical indicator of perceived synchrony, we ran another GAM with
mean pupil size as a predictor of participants’ synchrony judg-
ments, keeping control variables and the random effect as in the
models above. Results showed that pupil size was not a signif-
icant predictor of synchrony ratings (neither as a linear nor as a
smooth term). Furthermore, a model comparison indicated that
adding mean pupil diameter to a model already containing SOA as a
term did not improve model fit (∆ Deviance = -0.038, p> .05), sug-
gesting that pupil dilation does not provide additional explanatory
power beyond SOA. However, when focusing on a narrower range
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(a) Average synchrony judgment. (b) Average task completion time.

Figure 7: Synchrony judgment and TCT across experiment blocks.
Note, that p < 0.001 ***, p < 0.01 **, p < 0.05 *.

of SOAs (absolute SOA ≤ 200 ms), similar to related work [29, 55],
we found that mean pupil dilation (as a linear term; reference level:
non-interactive trials) significantly predicted synchrony ratings (est
= -0.499, p = .047, R2 = 0.24): Larger pupil size was associated
with lower synchrony ratings, indicating greater perceived asyn-
chrony. The interaction term between pupil size and trial type (INT
vs. OBS) was not significant (p = .414), indicating that the rela-
tionship between pupil size and perceived synchrony did not differ
significantly between interactive and non-interactive conditions.

4.4 Experiment Duration & Synchrony Perception
To investigate the influence of experiment duration on synchrony
judgments, we analysed average synchrony judgments across ex-
periment blocks using a paired t-test with Bonferroni correction.
Participants’ average synchrony rating increased significantly over
time, from 0.6 in the first block to 0.68 in the last block (see Fig-
ure 7a). This effect is also reflected in the GAM model used in sub-
section 4.1. The trend toward higher average synchrony ratings over
experiment duration was present for both INT and OBS conditions
(see Figure 8). To determine whether the effect of rhythmic inter-
action on synchrony judgments was independent of this increase in
tolerance, we performed separate analyses for different blocks of
the experiment. Analysing the first and second halves of the experi-
ment independently (n = 576) using the GAM described in subsec-
tion 4.1 revealed that AudioFirst × Interaction remained a signifi-
cant predictor (first half: R2 = 0.72, p < .001, est = 0.134; second
half: R2 = 0.65, p < .001, est = 0.129), while ExperimentBlock did
not. When considering only the first block (effectively a between-
subject analysis) using the same GAM (n = 288, R2 = 0.72), Au-
dioFirst × Interaction was still a significant predictor (p = .007, est
= 0.139). In addition, Frequency had a significant effect (p = .041,
est = 0.082) on synchrony judgment.

In contrast to average synchrony judgments, the average task
completion time (TCT) remained stable throughout the experiment
(see Figure 7b). After removing extreme outliers using a conserva-
tive 3-MAD threshold [37], 111 of 128 average TCT values were
analysed. A GAM with ExperimentBlock as a predictor (R2 = 0.65)
was fitted to these values, and residuals were assessed using his-
tograms and Q-Q plots. Estimated marginal means and pairwise
contrasts with Bonferroni adjustments confirmed that TCT did not
significantly differ across experimental blocks (all p = 1.00).

Fast Motion Sickness (FMS) scores (20-point scale) increased
only slightly (pre-experiment M = 1.46, SD= 2.38; first block M =
1.96, SD= 2.63; second block M = 2.28, SD= 3.01; third block
M = 1.90, SD= 2.60; fourth block M = 2.46, SD= 3.40).

4.5 Self-reported Influence on Synchrony Perception
To examine the perceived influence of rhythmic interaction on syn-
chrony perception, we analysed the subjective post-questionnaire

Figure 8: Average synchrony rating over the experiment blocks.
Note, that here judgments for HIGH and LOW are combined.

responses. Participants’ answers were coded and grouped into four
categories: those who reported that interaction made judgments
more difficult (MoreDifficult, n = 7), those who found it improved
accuracy (MoreAccurate, n = 9), those who felt it made the experi-
ence more synchronous (MoreSynchronous, n = 3), and those who
reported no noticeable influence (Identical, n = 7). The remaining
participants (n= 6) did not provide a clear or interpretable response.
The responses suggest varying experiences of how interaction influ-
enced synchrony perception. Some participants found synchrony
judgment challenging, attributing increased cognitive load and di-
vided attention. One participant noted: “It made it slightly more
difficult due to additional cognitive load”. Another stated: “[...] I
think my perception was hindered while moving the arm. Could be
because of focus division”. In contrast, others felt more aware of
misalignments. One stated: “It made me a bit more aware when the
beat was not in sync”. Another remarked: “The combination of the
avatar, sound, and my own hand made the system more complex in
terms of cognitive load, but also made me more sensitive to notic-
ing out-of-sync situations”. Two participants described a trance-
like immersive state. One commented: “It got me into a trance-like
state. I thought I could detect asynchronous things better”.

To explore whether the reported subjective effects of rhythmic
interaction influenced synchrony judgments, we included the re-
sponse categories as predictors in the GAM described in subsec-
tion 4.1, using Identical as the reference level. These predic-
tors were included as interaction terms with the Interaction vari-
able. However, model comparison revealed no improvement in fit
(R2 = 0.69, ∆ Deviance = 0.2), and none of the interaction terms
reached significance (all p> .14), suggesting that subjective reports
of perceived influence did not systematically influence SJs.

5 DISCUSSION

Our study shows that rhythmic interaction can influence synchrony
perception in VR. Specifically, interaction shifted the point of sub-
jective synchrony (PSS) toward audio-leading offsets, widening the
window of subjective synchrony (WSS), and increasing tolerance
for temporal offsets (SOAs). These effects were accompanied by
adaptive motor behaviour, whereby participants’ movements were
influenced by SOAs and stimulus frequency. Our results also show
that pupillary responses were significantly influenced by stimulus
frequency, interaction presence, and SOA.

5.1 Synchrony Judgements
We found that interaction can influence synchrony perception in
VR, similar to recent findings by Clouston et al. [14], who showed
that walking speed modulates sensitivity to audiovisual asynchrony
in VR. While their study focused on non-rhythmic stimuli and
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found small effects across audio- and video-leading conditions, our
results show stronger and more specific effects for rhythmic inter-
action and rhythmic stimuli, specifically for audio-leading offsets.

The effect of rhythmic interaction on synchrony perception for
audio-leading conditions (negative SOAs) might be explained by
the introduced cognitive load. In the observation condition, partic-
ipants focused solely on judging synchrony, whereas in the inter-
action condition, they had to coordinate also their hand movements
with the avatar. This dual-task setup likely reduced the cognitive
resources available for evaluating synchrony. Audio-leading stim-
uli are generally perceived as less synchronous due to causal ex-
pectations, such as sound typically following visual events in the
real world [38]. Under increased task demands, participants may
have been less sensitive to such expectation violations, leading to a
more order-independent perception of synchrony. This interpreta-
tion aligns with findings that increased cognitive load can modulate
multisensory integration [43] and research showing that reduced
attentional resources are associated with less precise temporal or-
der judgments in multisensory tasks [16], suggesting that both task
demands and available attentional capacity may shape synchrony
perception. Intentional binding, the perceived compression of time
between a voluntary action and its sensory consequence [46], typi-
cally absent in passive observation but present during active move-
ment might have also influenced synchrony perception. Engaging
in rhythmic interaction might have strengthened the temporal bind-
ing between participants’ actions and the delayed avatar movement
(for audio-leading conditions), making it appear more synchronous.

Although participants were explicitly instructed to judge the syn-
chrony of the avatar relative to the sound, their assessments may
have also incorporated their own hand-to-sound or hand-to-avatar
alignment. Our analysis showed that temporal offsets influenced
motor behaviour, specifically the frequency of tempo adjustments
as well as the temporal distance of turning points. This aligns
with findings by Skaansar et al. [55], who report a negative rela-
tionship between asynchronies and tapping stability. However, ex-
ploratory investigations into whether synchrony judgements could
be predicted by tempo adjustments or turning point differences did
not indicate that this was the case. Furthermore, synchrony judge-
ments for the video-leading conditions (positive SOAs) were not
significantly influenced by interaction, also suggesting that partic-
ipants maintained consistent reference frames for synchrony judg-
ment across both observation and interaction conditions.

Temporal recalibration, which can shift the PSS toward prior ex-
perienced temporal offsets [67], is inherent in environments with
temporal offsets. While it could not be fully eliminated, we at-
tempted to minimise its impact by presenting SOAs in a randomized
order, as in related work [59, 11], reducing the likelihood of system-
atic adaptation effects. Consequently, we argue that our results re-
main generalizable to real networked interactions, where users are
often exposed to different latencies in unpredictable sequence.

While participants’ reports on how interaction influenced their
perception varied, we found no indications that self-reported ef-
fects systematically affected SJs, suggesting the observed change
in perception may have been caused more by implicit cognitive and
motor processes than by explicit awareness of interaction effects.

The avatar in our study simulated a remote user and allowed for
consistent and controlled stimulus presentation. While this design
does not capture the full dynamics of mutual interpersonal interac-
tion, it does reflect unidirectional scenarios found in social contexts,
such as a dance teacher or orchestra conductor leading others. As
such leader-follower configurations are present in coordinated ac-
tivities, we believe that our results apply to realistic contexts. In
rhythmic interaction with mutual entrainment, network latency can
additionally modulate cognitive load and shift the reference frame
for perceived synchrony, as users continually react to their partner’s
delayed actions. Consequently, tolerance to audio-leading offsets

may be less stable and dependent on interaction dynamics. Our re-
sults suggest that increased cognitive load induced by rhythmic in-
teraction may have increased tolerance to audio-leading offsets. As
a result, a comparable, albeit perhaps attenuated, effect might be
observed in VR environments with mutual entrainment and richer
whole-body movements, where additional motor planning can in-
crease cognitive demands. This would be consistent with prior
work indicating that network latency in remote music making was
less noticeable due to higher cognitive load when users were con-
stantly adjusting their movements [26]. At higher frequencies, how-
ever, the window of distinguishable asynchronies may be reduced,
(e.g. a 300 ms offset at 2 Hz can correspond to a -200 ms offset)
potentially moderating the influence of rhythmic interaction.

5.2 Pupil Dilation

Our data supports findings from previous work showing that tem-
poral offsets [55, 29] and stimulus frequency (and associated stim-
ulus speed) [20, 29] have a significant effect on pupil diameter, be-
yond the effects attributable to participants’ own rhythmic move-
ment [40, 31, 68]. During the interaction condition, significantly
smaller baseline-corrected pupil dilations were observed, suggest-
ing that waving along with the avatar may have provided a motor
reference, thereby reducing the cognitive load of the SJ task. No-
tably, mean baseline-corrected pupil diameters were negative in the
interaction condition, indicating lower pupil dilation during the task
than at baseline. While this may appear counter-intuitive, as the
onset of the auditory stimulus and the SJ task would typically be
expected to increase cognitive load, it may reflect a guiding effect
of the auditory stimulus that facilitated motor coordination.

While temporal offsets (SOAs) had a significant effect on pupil
diameter, in contrast to related work [29], our analysis revealed
no significant effects of stimulus order (AudioFirst), and visual in-
spection of the pupillometry data (see Figure 6) shows less distinct
trends. These differences may be attributed to the interactive nature
of our experiment, where measuring pupil diameter is susceptible
to artifacts from moving stimuli, associated eye movements, and
participants’ motor activity. While eye tracking studies often seek
to minimize such factors to reduce noise in pupillometry data, we
intentionally chose a more realistic setup to explore the applicabil-
ity of eye tracking in interactive VR. In this light, the R2 of the pupil
diameter GAM appears reasonable, given the observed variability
in eye-tracking signal quality (see subsection 5.3) and the inher-
ently noisy nature of physiological data. When focusing on condi-
tions that overlap with the mentioned non-VR experiments [29, 55],
specifically, SOAs between -200 and 200 ms in the observation
condition, similar patterns in pupil dilation emerge, closely resem-
bling those reported in their studies. In particular within -100 and
100 ms, a clear increase in pupil diameter with increasing abso-
lute SOA is observed (see Figure 6), suggesting that the integration
of misaligned audiovisual events demands broader attentional fo-
cus [55] and violates expectations [48, 6, 74], thereby resulting in
higher cognitive load. However, in the observation condition at 400
ms SOA, beyond the range tested in related work [29, 55], we ob-
served a notable decrease in pupil dilation, falling even below the
level observed at 0 ms SOA. This may suggest that beyond a cer-
tain temporal threshold, the perceptual system treats asynchronous
stimuli as unrelated events and no longer attempts to integrate them,
thereby eliminating the cognitive demands typically associated with
multisensory integration. One possible explanation for why this ef-
fect was only observed for positive but not negative SOAs, may
relate to asymmetries in task demands: Detecting that the hand has
already reversed direction (in the case of large positive SOAs) may
be less demanding than anticipating whether the movement has yet
to reach its peak (as in large negative SOAs). This may have been
further amplified by the absence of visual reference markers (e.g.,
boundary lines), which were present in previous work [29].
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Although pupil dilation appears to be influenced by temporal off-
sets, we found no consistent link with perceived synchrony. This
may be due to differences in processing levels: Similar to the light
reflex, cognitive pupillary dilations are involuntary responses to
changes in bodily arousal and mental effort. In contrast, synchrony
judgements involve a deliberate, subjective evaluation. Thus, both
measures may be shaped by different factors, including potential
confounding variables (see subsection 5.3), but also more funda-
mentally: pupil responses may reflect the unconscious cognitive
effort of integrating asynchronous stimuli [29, 55], rather than a
deliberate, subjective synchrony judgment.

5.3 Limitations
While our study provides insights into rhythmic interaction and
synchrony perception in VR, and is the first to do so, the gener-
alisability of our results may be influenced by a number of factors.

While average synchrony ratings significantly increased over the
experiment (see subsection 4.4), the significant effect of rhythmic
interaction on synchrony perception for audio-leading temporal off-
sets (negative SOAs) persisted throughout. The effect was consis-
tently observed in separate analysis of the experiment’s first and
second half, as well as in the first experiment block on its own. Fur-
thermore, an increase in average synchrony ratings over time was
present in both the interaction and observation conditions (see Fig-
ure 8), suggesting that this shift was not specific to the interaction
condition, but may have been caused by fatigue or by participants
becoming more lenient in their judgments. Nevertheless, learning
effects or strategy changes may have occurred over the course of
the experiment, which cannot be completely ruled out despite the
observed robustness of the effect of interaction on synchrony judg-
ments and the absence of significant differences in task completion
times. As participants did not navigate, we consider motion sick-
ness unlikely to have influenced results, in particular as the fast mo-
tion sickness (FMS) scores increased only slightly over the course
of the experiment and remained low on the 20-point scale.

With regards to pupil dilation data, we found that the VR eye
tracker used in this study showed somewhat lower data quality com-
pared to conventional eye-tracking systems, with occasional irreg-
ularities such as inconsistent sampling and brief tracking issues.
However, we applied thorough data cleaning and processing steps
to ensure the data was as accurate and reliable as possible. This
cleaning process led to the exclusion of some trials and partici-
pants, resulting in slightly unbalanced group sizes, although these
differences were not statistically significant. While we believe our
findings remain valid, and we did not observe a clear link between
pupil diameter and perceived asynchrony, it is possible that higher-
quality eye-tracking data might have allowed us to detect such sub-
tle effects. In addition to errors in instrumental measurement, it
is possible that pupil size may have been modulated by in-headset
luminance fluctuations or head movements (causing the headset to
shift and resulting in distorted eye-tracking data). Smooth pursuit
eye movements (introducing pupil-foreshortening error [40]), indi-
vidual variability in pupil reactions [51, 25], or visual fatigue and
attentional slips [56, 64] may also have had an impact. Although the
task was conducted seated with minimal head movement, within a
uniformly illuminated scene, and with scheduled breaks to reduce
fatigue, a limited influence cannot be completely ruled out.

6 CONCLUSION AND FUTURE WORK

We conducted a within-subject study to investigate how rhythmic
interaction influences synchrony perception of rhythmic stimuli in
VR. To simulate network latencies, controlled stimulus onset asyn-
chronies (SOAs) were introduced between rhythmic audiovisual
stimuli. Our findings highlight the complex role of interaction in
shaping multisensory perception in VR and show that rhythmic in-
teraction can significantly influence synchrony perception.

Specifically, we found that rhythmic interaction can shift the left
decision criterion (LDC) by up to 66 ms, the point of subjective
synchrony (PSS) by up to 31 ms, and widen the window of sub-
jective synchrony (WSS) by up to 59 ms, effectively increasing
tolerance to larger asynchronies, especially in audio-leading condi-
tions. Since end-to-end latencies of 100-200 ms are not uncommon
in social VR [12], and even an additional 50-100 ms of latency can
negatively affect user experience [12, 66], an increased tolerance of
66 ms could improve the quality of social VR experiences where
audio-leading offsets can occur. This might be particularly relevant
for social VR dance environments where music is synchronised to
a global clock and the movements of remote users are perceived
as delayed. Here, rhythmic interaction may reduce the impact of
network latency on synchrony perception. As synchronised experi-
ences have been shown to promote social bonding and cooperation,
expanding the range of latencies for which synchrony is perceived
may allow these benefits to play out in networked environments
despite latency. In addition, we found that prolonged exposure to
rhythmic stimuli with temporal offsets led to an increase in syn-
chrony ratings over time. This has implications for networked so-
cial VR experiences where latencies cannot be avoided but where
tolerance thresholds might increase over time.

Our results support findings by Klass et al. [29] that stimulus
frequency influences synchrony perception, with lower frequencies
shifting the PSS by up to 20 ms towards audio-leading offset. We
also observed a significant influence of temporal offsets on pupil
dilation, in line with previous findings [29, 55]. However, our re-
sults indicate that pupil diameter is a limited proxy for perceived
synchrony, as we found no strong or consistent association between
the two across conditions. While pupil responses may reflect syn-
chrony perception within a narrow SOA range (within ± 200 ms),
their predictive value appears to diminish in more complex interac-
tion tasks or at higher latencies. This aligns with studies showing
that the pupil is influenced by various factors [64, 56], including
motor activity [41, 31]. Future studies should combine high-quality
VR pupillometry with measures like EEG, gaze tracking, motion
capture, and scene luminance to better isolate factors affecting pupil
size. For example, extracting observed scene luminance, along with
body motion data, might help isolate pupil changes driven by light
or movement. In addition, future work could investigate individual
differences, as prior research has shown that both pupil responses
and synchrony judgments vary between participants [59, 51, 25].

In our study, the other user was simulated to ensure consis-
tent control of the experimental conditions. We plan to investi-
gate whether rhythmic interaction also influences synchrony per-
ception in real multi-user VR scenarios, particularly in environ-
ments, where mutual entrainment between users may dynamically
influence perceived synchrony through continuous bidirectional in-
teraction. Our findings also suggest that eye-tracking data may of-
fer insights into breaks in perceived synchrony in VR. Future re-
search could investigate whether such data can complement or even
replace subjective questionnaires and whether breaks in perceived
synchrony can be detected in real time to dynamically adjust system
behaviour and mitigate the effects of latency.

7 OPEN SCIENCE

To encourage research on synchrony perception of rhythmic stimuli
in VR, we publish the anonymised study data1 and our code2.
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