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ABSTRACT

Visual synchrony, a form of coordinated behavior wherein observers look at displays in a similar manner, is
important for understanding how coordinated visual attention influences cognitive, emotional, and social
development. Traditional developmental research tested visual synchrony using gaze location metrics—assessing
the convergence of children's visual focus at any given moment. However, gaze location is not the only looking
measure linked to attention and cognitive states. Pupil dilation—the process of the pupils increasing in size as a
physiological response to stimuli—offers a window into the autonomic nervous system, providing insights into
cognitive load, emotional arousal, and attention shifts. Our aim was to develop and validate a new techni-
que—time-resolved pupillometry pipeline—that tests developmental differences in visual synchrony by quan-
tifying within-group physiological coupling during free viewing. Rather than comparing raw pupil size between
children and adults, we identify when each group exhibits coordinated pupillary responses and whether the
temporal profile of synchrony differs across development. This approach complements gaze-based measures by
capturing autonomic co-fluctuations linked to attention and arousal, yielding a scalable tool for naturalistic
developmental research. We demonstrate our approach in previously collected data from preschoolers and adults
during free viewing of cartoon videos. We found stable and significant time windows where the two age groups
differed in synchrony, suggesting different physiological responses to the videos within each age group. We
shared all our analyses and tutorials for other researchers to use. Findings highlight the potential for using pupil
dilation to explore how individuals, from children to adults, synchronize their attention and emotions. Such a
technique offers a richer picture of what and how children share visual information during observation.

1. Introduction

development of theory of mind (Baimel et al., 2015; Brandone and Stout,
2023), and the understanding of social cues (Brooks and Meltzoff, 2005;

Behavioral synchrony—the coordination of actions between indi-
viduals—plays a critical role in fostering social cohesion and under-
standing, significantly influencing group dynamics, cooperation, and
the establishment of social connections (Hoch et al., 2021; Marsh et al.,
2009; Valdesolo et al., 2010). Within the domain of child development,
there is much focus on visual synchrony, and specifically how coordi-
nated visual attention between caregivers and children is instrumental
for cognitive and social development (Feldman, 2007; Hessels et al.,
2024). The mechanisms underlying visual synchrony, including joint
attention and shared gaze, are foundational for learning (Suarez-Rivera
et al., 2019; Yu and Smith, 2012, 2017), facilitating the acquisition of
language (Kuhl, 2004; Righi et al., 2018; Schroer and Yu, 2023), the
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Mundy and Newell, 2007). These processes are not only important for
acquiring specific skills but also for the child's overall developmental
trajectory, influencing emotional regulation, social interaction patterns,
and the ability to engage in complex social environments (Carpenter
et al., 1998; Sebanz et al., 2006).

The development of visual synchrony is a crucial aspect of social and
cognitive development, marked by developmental changes in synchrony
(Gredeback et al., 2010; Kirkorian et al., 2009) that reflect a develop-
mental shift from responsive joint attention in infancy (L. B. Smith et al.,
2011; Tomasello, 1995; Yu and Smith, 2012) where infants follow the
gaze or pointing gesture of caregivers to share attention towards the
same object or event to more sophisticated forms of interaction in
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childhood and adolescence. Those include initiative joint attention (the
child takes the lead in directing another's attention towards an object or
event of interest; Bruner, 1985), shared attention mechanisms (children
not only share a focus but are also aware that they are sharing this focus;
Moore and Dunham, 1995), social referencing (the child looks to a
caregiver or another individual for cues about how to react to a novel or
uncertain situation), and understanding intentions (recognizing that
others have different intentions and desires; Wellman et al., 2001). Vi-
sual synchrony is also linked to developmental changes in neural net-
works that underpin attention, social cognition, and emotional
regulation (Triesch et al., 2007).

Traditional research of visual synchrony focused on how individuals
coordinate their gaze through shared everyday interactions such as
conversations even in the absence of direct visual interaction
(Richardson et al., 2007; Risko et al., 2016). The variability in visual
synchrony across different contexts, influenced by factors like task
complexity, emotional content, and interpersonal relations, further il-
lustrates the adaptive nature of human social cognition (Henderson
et al., 2007; Hollingworth et al., 2001). Those findings mostly relied on
eye-tracking technologies that record where and how long an individual
looks at different areas of a visual field, thereby enabling researchers to
identify patterns of how people align their gaze when exposed to the
same stimuli, thereby linking perceptual performance and cognitive
states (Brennan et al., 2008; Hasson et al., 2012; Louwerse et al., 2012;
Richardson and Dale, 2005).

Despite the importance of visual synchrony, its development has
been studied only using gaze location metrics—assessing the conver-
gence of children's visual focus at any given moment. This metric is
beneficial to identify developmental milestones in how children engage
with and perceive visual stimuli (Dorr et al., 2010; Hasson et al., 2008;
Mital et al., 2011; Shepherd et al., 2010; T. J. Smith and Mital, 2013; ‘t
Hart et al., 2009; Wang et al., 2012).

Research using gaze-based approaches has revealed important
developmental differences in visual attention patterns, demonstrating
that children and adults differ in where they direct their spatial focus
during free viewing of dynamic stimuli (Franchak et al., 2016).

However, while gaze location effectively captures the spatial di-
mensions of visual attention, it operates under the assumption that the
convergence of visual focus fully represents the complexity of synchro-
nized visual engagement. Gaze location metrics tell us where individuals
look, but provide limited insight into how the underlying cognitive and
physiological systems respond to and process visual information.

Pupil dilation—the process of the pupils increasing in size as a
physiological response to visual stimuli—offers a window into the
autonomic nervous system, providing insights into the cognitive load,
emotional arousal, and shifts in attention (Beatty and Lucero-Wagoner,
2000; Forbes et al., 2024; Laeng et al., 2012). Presumably, synchronized
changes in pupil size across individuals (Kang and Wheatley, 2017;
Mathot et al., 2018; Sirois and Brisson, 2014) introduce an additional,
unexplored measure to developmental changes in coordinating their
attention.

In the adult literature, researchers showed that when individuals
engage in tasks requiring attention or are exposed to emotional stimuli,
their pupil size reflects ongoing changes in cognitive and emotional
processing, as it is modulated by both perceptual demands and arousal
state (Harrison et al., 2006; Murphy et al., 2014). Further, work by Kret
and De Dreu (2017) has demonstrated that pupil synchrony can enhance
social cohesion and trust within groups, indicating its role in facilitating
nonverbal communication and social bonding. Pupil synchrony has also
been explored as a marker for shared cognitive workload and mutual
understanding during cooperative tasks, highlighting its potential as a
tool for measuring the dynamics of social interaction and collaboration
(Dalmaso et al., 2012; Elliott et al., 2007). Evidence from educational
contexts has further demonstrated that synchronized pupil responses
can serve as indicators of shared attentional engagement, with higher
synchrony correlating with better learning outcomes and reduced
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synchrony occurring when attention is diverted (Madsen et al., 2021).
These findings highlight the significance of pupil synchrony as a window
into the complex interplay of perception, cognition, and emotion.

Building on these insights, the current study is the first to explore the
potential of using pupil synchrony to test developmental changes in
visual synchrony. We introduce a method for assessing developmental
differences in visual synchrony using pupil-dilation synchrony computed
within age groups during free viewing. The method asks when children
and adults, respectively, show coordinated pupillary responses, and
whether these time-resolved synchrony profiles diverge across groups.
Using time-resolved synchrony can have a significant contribution to
developmental research because it moves the study of visual synchrony
beyond where children look (gaze location) to how their underlying
cognitive and autonomic systems align over time. In doing so, it can
reveal developmental differences in how visual information is pro-
cessed, rather than differences in spatial attention alone.

In doing so, it augments gaze-location metrics by indexing autonomic
co-fluctuations associated with attention, cognitive load, and arousal.
Because synchrony is derived from within-group inter-subject correlations
on changes in pupil size, it is insensitive to baseline pupil differences and
to age-related differences in where participants look—properties that
make it especially suitable for naturalistic developmental paradigms. The
pipeline yields concrete temporal windows that subsequent hypothesis-
driven studies can annotate and explain, enabling developmental re-
searchers who use eye tracking to pinpoint the specific moments when
age groups diverge in their physiological coordination.

Our approach builds on prior synchrony work showing that shared
ocular and physiological dynamics can index common processing during
naturalistic viewing (e.g., Kang and Wheatley, 2017; Madsen et al.,
2021; Madsen and Parra, 2022). Here, we extend this logic to pupil-di-
lation synchrony computed within age groups and made time-resolved via
rolling windows, enabling developmental comparisons of when
intra-group physiological coupling diverges.

To that end, we used previous data collected from the preschoolers
(3- to 5-year-olds) and adults reported in Ossmy et al. (2021). In be-
tween blocks of watching hammering tasks, children and a subset of
adults were watching the same short video clips. We analyzed changes in
their pupil size during this free viewing and developed an analytic
procedure that first calculates pupil synchrony within each age group
separately—examining correlations among children and correlations
among adults—and then compares these within-group synchrony pat-
terns between the two age groups. This approach ensures that known
differences in where children and adults direct their gaze during free
viewing (Franchak et al., 2016) do not influence our synchrony mea-
sures, as we examine the strength of physiological coordination within
each developmental group before comparing across groups. Our pro-
cedure significantly identifies differences in pupil synchrony between
the two age groups. We expected more pupil synchrony within the adult
group compared to the child group, and we predicted that these differ-
ences would be distributed equally across time and video content.

2. Methods

With participants’ permission, videos and demographic data are
shared in the Databrary web-based library: https://nyu.databrary.org/v
olume/321. The volume also includes all the films used as stimuli and
the eye-tracking data that we used for analysis. All analysis scripts and a
tutorials are shared in https://github.com/Physical-Cognition-Lab/A-Pu
pil-Dilation-Technique-to-Test-Developmental-Differences-in-Visual-
Synchrony.

2.1. Participants
The original study tested 22 children from 3.09 to 5.49 years of age

(M = 4.06 years; 11 girls) and 22 adults from 19.37 to 26.40 years of age
(M = 22.02 years; 14 women). Thirteen adults watched different
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animated videos and, therefore, were excluded from this secondary
analysis. Due to technical issues (n = 1) or not enough data (n = 5;
watched less than 75% of each video), our secondary analysis focused on
data from 16 children (M = 3.94 years, 14 girls). Children were recruited
from families in the NYC area who were interested in participating in
psychology research, and the adults were recruited through word of
mouth. Participants received a robot toy, photograph magnet, and tote
bag for their participation. The experiment conformed to the guidelines
approved by the ethics committee at New York University. All partici-
pants were healthy with normal vision.

2.2. Procedure

Children and adults were seated in either a child or adult-sized chair
facing a 60-cm widescreen LCD monitor with a resolution of 1920 x
1200 (Fig. 1A). The height and orientation of the monitor were adjusted
to align with the participants' eye level. We used remote eye tracking
(desk-mounted SMI eye tracker; SensoMotoric Instruments, RED, 120
Hz) to record participants' pupil size while they observed videos of ac-
tors using tools and four family-friendly animated short videos in be-
tween. We used a 4-point routine to calibrate the tracker and validated
the calibration using a second 4-point routine. To ensure the calibration
remained accurate, a third 4-point routine was conducted at the session's
conclusion.

The current study only focuses only on the animated videos. Data on
tool-use observation was previously reported in a different article
(Ossmy et al., 2021) and was excluded here. Participants also wore an
EEG cap for purposes unrelated to the current study, and their neural
activity has been reported in a separate study (Ossmy et al., 2021).
Participants were not instructed to focus on anything specific during the
observation.

We verified that participants attended to the screen by computing the
proportion of gaze samples within the display boundaries during each
clip. Children showed 97.5% + 3.8% on-screen samples and adults
99.7% =+ 0.4%; groups did not differ significantly (beta regression: z =
—1.92, p = .055). Sessions included standard calibration/validation,
artefact rejection, and exclusion if <75% of a clip was available,
ensuring that the analysed epochs reflected on-screen viewing.

2.3. Video clips

Four animated short films were presented in the same order to all
participants (Fig. 1A): (1) ‘Soar’ (270 s)—a short film that explores the
heartwarming story of a young girl who befriends a tiny boy pilot who
crashes his miniature flying machine. Together, they embark on a
journey to help him repair his plane, navigate through challenges, and
ultimately enable him to soar once again, highlighting themes of
friendship, perseverance, and the power of collaboration; (2) ‘Dustin’
(382.8 s)—a CGI animated film about a pug who, much to his chagrin,
has to arrange with an automatic cleaning robot as his new roommate;
(3) ‘Lifted’ (258 s)—a movie about a young alien that struggles to abduct
a sleeping human under the watchful eye of his instructor, facing
numerous comedic mishaps as it attempts to control the spaceship's
complicated machinery. Despite his failures, the story concludes with an
unexpected twist that highlights the value of perseverance and learning
from mistakes; and (4) ‘Boundin’ (248 s)—a short musical film on a
once-proud lamb loses its confidence after being sheared, feeling
exposed and ridiculed by the other animals. A wise jackalope comes
along and teaches the lamb the importance of resilience and self-
acceptance, inspiring it to “bound' joyfully again regardless of its
appearance).

The four video clips differ significantly in visualisation, characters
and narrative structures. ‘Soar’ emphasises creativity and collaboration,
engaging participants in problem-solving and the joys of friendship.
‘Dustin’ introduces humour and the challenges of adaptation through
the interaction between a dog and a robot, prompting reflections on
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technology and companionship. ‘Lifted’ explores the themes of learning
and failure, invoking empathy and amusement as viewers witness the
alien's comedic attempts at abduction. Lastly, ‘Boundin' deals with
resilience and self-acceptance, eliciting emotional responses related to
empathy and encouragement as the lamb regains its confidence.

This spectrum of thematic differences allowed us to explore whether
differences in pupil synchrony of adults and children are related to
perceptual, cognitive, or emotional experiences. Perceptually, the
different visual styles may capture attention differently, affecting how
observers synchronise their focus on key visual elements. Cognitively,
the distinct stories and lessons challenge observers to engage with
diverse problem-solving strategies, moral judgments, and understanding
of character motivations, potentially aligning or diverging their in-
terpretations and reflections. Emotionally, the range from humour to
empathy across the films can synchronize observers’ emotional
responses.

Each film was split into three time chunks that were interspersed
with the tool-use clips. The clips were presented in three segments by
design in the original experiment (Ossmy et al., 2021), as filler blocks
interleaved with the primary task. Our analysis was constrained by that
pre-defined segmentation. Because we were interested in the effect of
time on pupil synchrony, we analysed the different time intervals
separately. Further information about the visual stimuli across the entire
session can be found in Ossmy et al., (2021).

2.4. Pupil dilation pre-processing

As a first step, we accounted for the influence of gaze position on
pupil dilation by fitting a linear model for each participant, using the x
and y gaze coordinates as regressors for pupil size. This approach as-
sumes that variations in pupil size can partially be explained by where
participants are looking on the screen. Specifically, this correction ad-
dresses technical artifacts that occur when gaze moves toward the pe-
riphery of the eye-tracking camera's field of view, where the eye
tracker's ability to accurately detect pupil boundaries can be compro-
mised, leading to systematic underestimation of pupil size. By extracting
the residuals from this model, we effectively removed these immediate
spatial measurement artifacts, isolating the pupil dilation signal of in-
terest. From this point onward, references to “pupil dilation' refer to
these residual values.

Following this adjustment, a median filter with a window size of 11
samples was applied to attenuate noise and smooth the signal (Mayer
and Liszkowski, 2025). After filtering, data were down-sampled to 20Hz
(Mathot and Vilotijevi¢, 2022), and linear interpolation was used to fill
missing time points up to a maximum gap of 1.5 s. Any gaps larger than
this threshold were not interpolated.

Subsequently, visual inspection was carried out to detect and label
sections or entire video chunks that displayed artefacts. Video chunks or
portions thereof identified as containing artefacts were filled with NaNs.
Following artefact identification, video chunks containing less than 25%
of the data were discarded (0 chunks). Participants with less than 25% of
the total amount of video chunks were excluded from subsequent
analysis (2 children).

2.5. Pupil synchrony calculation

We calculated a pupil synchrony index PS for the children group
(PS.) and adults group (PS,) separately to avoid influence from differ-
ences in gaze patterns between age groups. For each time interval, we
calculated Pearson correlation between each pair of participants using a
centered rolling window of 2 s (see Fig. 1B). We used 2-s windows
because pupil size changes on a slow timescale, typically peaking ~1-2 s
after a stimulus/event. This interval therefore captures the bulk of task-
evoked pupillary dynamics while preserving temporal localisation. The
choice is consistent with methodological guidance and empirical latency
estimates in pupillometry (da Silva Castanheira et al., 2021; Hershman
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Fig. 1. (A) Experimental setup: A child participant is seated in front of a monitor with a remote eye tracker. The screen displays images from four different animated
short films (Soar, Dustin, Lifted, and Boundin), each divided into three chunks. (B) Schematic illustration of the analytic procedure. The top-left panel depicts the
adjustment of pupil dilation based on x and y gaze coordinates. The left-lower panel shows the Rolling Pupil Correlation analysis, depicting Pearson correlations of
pupil dilation over time for two separate groups. The correlations are visualized as time series and corresponding heatmaps. From each correlation matrix, a single
value was extracted as the average Pearson correlation. The right-lower panel illustrates the Rolling t-test analysis, showing the comparison of synchrony between
groups over time, with highlighted areas indicating statistically significant differences (p < .05).
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et al., 2023; Hoeks and Levelt, 1993; Just and Carpenter, 1993). More-
over, our question concerned moment-to-moment synchrony during
naturalistic viewing (i.e., whether participants’ pupil signals
co-fluctuate at the same moments), rather than similarity of entire tra-
jectories. Computing Pearson correlations in centred 2-s rolling
windows captures instantaneous covariation and allows moderate la-
tency variability within the typical 1-2 s pupillary response. Methods
that explicitly realign traces (e.g., dynamic time warping or
lag-optimised cross-correlation; Behrens et al., 2020; Meszlényi et al.,
2017) would suppress developmental timing differences, which are the
signal of interest in our comparison of within-group synchrony between
children and adults.

Since the pupil dilation values had been adjusted to account for gaze
position by extracting residuals from a linear model, these correlations
can be described as partial correlations. This analysis resulted in a cor-
relation matrix for each time point, representing the similarity in pupil
dilation across participants. Averaging the correlation matrix in each
group yielded an average PS, and PS, for each timepoint. To normalize
the distribution for inferential statistics, we applied the Fisher Z-
Transformation to the values within the matrix before averaging the
correlation coefficients. The transformation facilitated the mean calcu-
lation, ensuring equal variance across values, resulting in a more accu-
rate measure of central tendency. The average was calculated by first
applying Fisher Z-Transformation to the values within the matrix, and
then calculating the mean of the matrix. We used the inverse of the
Fisher Z-Transformation to transform the extracted means back. Win-
dows that contained less than 25% of the data were excluded from
further analyses. Importantly, because the analysis relies on the corre-
lation between changes in pupil size rather than absolute size, differ-
ences in baseline pupil size between adults and children do not affect the
calculation of pupil synchrony. As a result, differences in average pupil
size between age groups do not bias the interpretation of the synchrony
measure.

2.6. Analytic procedure

Fig. 1B shows a schematic illustration of our analytic procedure.
Given the unequal distribution of participants across the two groups
(comprising 9 adults and 16 children), we employed a bootstrapped t-
test to ensure unbiased comparisons. We performed 1,000 iterations in
the bootstrap sampling procedure, and randomly selected 9 children in
each iteration to match the adult group size. Pupil synchrony indices PS,
and PS, were calculated for each bootstrap sample and each video time
point (see Pupil Synchrony Calculation). Subsequently, we calculated
the mean pupil synchrony over 10-s bins for each video chunks. We used
these 10-s bins to (i) stabilise variance and improve the reliability of
short-window correlation estimates and (ii) align the analysis with the
multi-second dynamics typical of naturalistic video processing (tempo-
ral integration windows spanning several seconds to tens of seconds; see
da Silva Castanheira et al., 2021; Hasson et al., 2008; Madsen and Parra,
2022). Ten seconds thus balances temporal resolution against statistical
power. Then, a t-test was calculated for each iteration to compare the
mean PS, and PS,. The p-values extracted from these tests were used to
fit a density estimation curve, enabling us to identify the most frequently
occurring value. Because a single inferential conclusion is drawn from
the resampling distribution, a nominal a = .05 was used and no
multiple-comparisons correction is required at this omnibus stage.

A rolling t-test was used to determine the specific time points in the
video segments where pupil synchrony significantly differed between
the two groups. This test was conducted using a centered rolling window
of 4 s, during which we compared the PS, and PS, values. The window
size was dynamically adjusted at the edges of the data to include the
maximum available data. This allowed to calculate a p-value for each
time point of the video chunks. Crucially, we corrected multiple com-
parisons from the rolling t-tests using False Discovery Rate (Benjamini
and Hochberg, 1995). We also used the extracted p-values to validate
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sections of the videos where there was a significant difference in pupil
synchrony between the two groups.

We assessed the significance by performing an identical analytic
procedure as described above, using the same data but with shuffled
participant labels. To obtain a distribution of shuffle-labeled differences
in synchrony, this was repeated 100 times. In each iteration, participants
were randomly assigned to either the adult or child group. We defined a
time window as significant if the synchrony differences based on real
labels exceeded the shuffle-labelled distribution with a significance level
of 0.05 (Ossmy and Mukamel, 2018). A tolerance of +0.20 s was
allowed in identifying repeated segments to account for minor varia-
tions in timing. Our analytic procedure and full tutorial are shared in htt
ps://github.com/Physical-Cognition-Lab/A-Pupil-Dilation-Techniqu
e-to-Test-Developmental-Differences-in-Visual-Synchrony.

3. Results

To test whether adults and children differed in within-group syn-
chrony, we compared synchrony patterns between the age groups using
a bootstrapped approach (See Methods). The p-value distribution from
the bootstrapped t-tests (Fig. S1) showed a strongly right-skewed
pattern, with values heavily concentrated at low levels (peak at p =
.002) and a long tail toward higher p-values, suggesting differences in
pupil-dilation synchrony patterns between adults and children when
viewing identical visual content.

Having established this general difference between the age groups,
we next focused on when these differences emerged across the temporal
dynamics of video viewing. Fig. 2A displays pupil synchrony over time
for adults (blue) and children (red) across all chunks of the four
animated films. We identified 128 time windows showing significant
differences between the two groups (max p-value = 0.049, min t-value
= —26.60). These windows were distributed relatively evenly across all
video chunks (M = 11, SD = 3.9 significant time windows per chunk),
indicating that the synchrony differences were not occurring at specific
content but distributed throughout the viewing experience.

The significant windows were not only frequent but also temporally
sustained: the average duration of significant windows was 5.2 s (SD = 1
s; see Fig. 2B), and this duration did not vary systematically across video
chunks (F (11, 120) = 0.95, p = .48). This supports our prediction that
differences do not depend on specific video content but rather reflect
general developmental differences in physiological coordination.

To validate that these differences reflected genuine age-related pat-
terns rather than spurious findings, we compared our results against
patterns emerging from randomized group assignments. Table 1 shows
that only 20 of the 128 observed significant windows (15.6%) appeared
when participants were randomly assigned to groups, demonstrating
that the vast majority of our findings exceed chance levels.

Finally, to further test the robustness of these effects, we examined
whether the number and duration of significant windows differed be-
tween the randomized groups compared to the age groups. Fig. 2C shows
the distribution of the number of significant time windows in the ran-
domized groups, which is lower than the number of windows in which
age groups differ. Moreover, the windows that did emerge by chance in
randomized data were significantly shorter (M = 3.54s, SD = 1.16) than
those based on true age groups (M = 5.26, SD = 3.7). A Kolmogorov-
Smirnov test comparing the distribution of durations between age-
group data and randomized-group data was significant (W = 698,404,
p <.001), confirming that developmental differences in pupil synchrony
are robust.

4. Discussion

Coordinated physiological responses to shared visual content pro-
vide a powerful lens for examining developmental differences in atten-
tion and/or emotional engagement. In this secondary data analysis, we
explored the potential of pupil dilation as a novel metric for assessing
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Fig. 2. Analysis of pupil synchrony across different video chunks and groups. (A) Pupil synchrony over time for adults (blue) and children (red) across all chunks of
four animated short films: Boundin, Dustin, Lifted, and Soar. Yellow highlighted areas indicate time windows with significant differences in synchrony between
adults and children. (B) Density distribution of the duration of time windows where significant pupil synchrony differences were observed. The x-axis shows the
duration in seconds and the y-axis shows the density. (C) Density distribution of the number of significant time windows which are longer than 2 s and found in
randomized data. The purple histogram shows the distribution from randomized data, while the yellow dot represents the number of significant time windows found
in the non-randomized (actual) data.
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Table 1

A list of time windows where significant differences in pupil synchrony between
adults and children were found in the pupil synchrony analysis and were also
found in the randomized data analysis.

START END DUR How many times the
time window were
found in the
randomized data

Boundin Chunkl 3.6 7.65 4.05 1
Boundin Chunkl  59.85 65.45 5.6 4
Boundin Chunk2  26.85 29.5 2.65 1
Boundin Chunk2 58.75 60.8 2.05 1
Boundin Chunk2  63.7 68.25 4.55 1
Boundin Chunk2  83.1 85.55 2.45 2
Boundin Chunk3 2.55 5.85 3.3 3
Boundin Chunk3  44.25 47.1 2.85 4
Boundin Chunk3  58.55 61.15 2.6 1
Dustin Chunk1 38.8 41.45 2.65 1
Dustin Chunkl 45.9 50.3 4.4 1
Dustin Chunk1 75.15 78.45 3.3 1
Dustin Chunk1 91.1 95.35 4.25 1
Dustin Chunkl 103.8 106.65 2.85 1
Dustin Chunk2 0 3.45 3.45 8
Dustin Chunk2 5.55 8.25 2.7 1
Dustin Chunk2 9.3 12.15 2.85 1
Dustin Chunk2 39.4 42.35 2.95 3
Dustin Chunk2 56.45 59.35 2.9 4
Dustin Chunk2 65.25 69.65 4.4 1
Dustin Chunk3 83.25 91.75 8.5 1
Dustin Chunk3 97.8 100.15 2.35 1
Dustin Chunk3 ~ 106.8 109.3 2.5 5
Dustin Chunk3 ~ 110.65 113.15 2.5 3
Dustin Chunk3 ~ 115.5 119.1 3.6 1
Dustin Chunk3 ~ 128.3 130.35 2.05 3
Lifted Chunk1 0 4 4 3
Lifted Chunk1 28.35 32.15 3.8 2
Lifted Chunk1 56.6 60 3.4 2
Lifted Chunk2 51.7 54.5 2.8 1
Lifted Chunk2 55.15 58.4 3.25 1
Lifted Chunk2 62.2 64.85 2.65 4
Lifted Chunk2 116.95 119.6 2.65 1
Lifted Chunk3 17.5 215 4 1
Lifted Chunk3 23.55 30.95 7.4 1
Lifted Chunk3 32 35.85 3.85 1
Lifted Chunk3 36.45 39.2 2.75 1
Lifted Chunk3 84.1 86.45 2.35 2
Soar Chunk1 0 4.2 4.2 7
Soar Chunkl 58.9 61.05 2.15 4
Soar Chunk1 65.65 68.85 3.2 1
Soar Chunk1 74.75 77.55 2.8 6
Soar Chunk2 3.65 6.5 2.85 1
Soar Chunk2 38.3 41.65 3.35 4
Soar Chunk2 67.85 70.85 3 3
Soar Chunk2 72.65 75.35 2.7 1
Soar Chunk2 135.7 140.05 4.35 1
Soar Chunk2 142.4 146.2 3.8 2
Soar Chunk2 148.75 153.05 4.3 1
Soar Chunk3 49 53.8 4.8 2

visual synchrony across development by analysing how cohesively
children and adults synchronize their pupillary responses while viewing
the same video content.

We found significant differences in pupil-dilation synchrony between
preschool children and adults during free viewing of animated video
clips. Our primary contribution is methodological. By applying time-
resolved pupil synchrony to developmental questions, this approach
reveals when age groups diverge in their physiological responses during
naturalistic viewing—information that gaze location alone cannot cap-
ture. Rather than only indicating where attention is directed, it reflects
whether underlying cognitive and autonomic systems are coordinated in
their responses, offering a window onto how shared visual engagement
develops over time. Notably, our analyses quantify within-group syn-
chrony (inter-subject correlations among children, and separately
among adults), so the reported effects index differences in group-level
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physiological coupling over time, not raw differences in mean pupil
responses between groups. The present findings validate this pipeline:
adults and children show reliably different within-group synchrony across
multiple windows, exceeding shuffled-label baselines. These results
establish feasibility and motivate future work that integrates narrative/
affective annotation or converging measures to specify the psychological
sources of synchrony divergence.

The present dataset was not designed to manipulate or annotate
narrative features. The pipeline we provide—rolling correlations, rolling
t-tests, and visualisation of significant windows—readily aims to sup-
port future, hypothesis-driven studies that combine pupillometry with
narrative/event coding, attention probes, or emotion measures to
establish the psychological meaning of synchrony divergences. Never-
theless, the differences in pupil synchrony observed in our study align
with established research linking pupil responses to emotional and
attentional processes. Pupil synchrony has been demonstrated during
emotional engagement during shared attention (Kang and Wheatley,
2017), while individual pupil responses during video viewing correlate
with attentional engagement and learning outcomes (Madsen et al.,
2021). Our findings extend this literature by demonstrating that syn-
chronized pupil responses themselves undergo developmental changes.
The differences we observed between children and adults when viewing
identical visual stimuli suggest that these reflect developmental varia-
tions in how visual stimuli are processed at physiological levels. Given
previous work showed a link between pupil responses and such pro-
cesses (Hepach and Westermann, 2016; Mathot, 2018; Sirois and Bris-
son, 2014), the findings suggest developmental changes in pupil
synchrony patterns that may reflect differences in how visual stimuli are
processed at both cognitive and physiological levels. In essence, the
variation in pupil synchrony observed suggests that adults and children
do not merely see things differently; presumably, their levels of shared
attention and emotional engagement with peers in the same age group
vary significantly. Adults typically displayed greater synchrony,
implying a more uniform response across individuals in this age group
compared to children, who exhibited a more variable response.

Our analysis focused on free viewing because it offers a unique lens
into spontaneous and not directed responses. Traditional developmental
studies of visual synchrony focus on directed screen-based tasks where
participants’ gaze is guided (Franchak, 2020). Free viewing, by contrast,
allows subjects to look wherever they wish, providing insights into
natural viewing habits and unscripted cognitive processing (Franchak
et al., 2016). This method can reveal fundamental aspects of develop-
mental cognitive and emotional processes as they occur in real-time,
outside the structured settings of many psychological experiments
(Madsen and Parra, 2022; Nuthmann and Henderson, 2010).

The differences we found in pupil dilation synchrony provide a
window into the distinct perceptual worlds inhabited by children and
adults. Pupil dilation, a link to autonomic nervous activity, offers
objective cues to underlying shifts in cognitive load and emotional
states. For children, whose cognitive and emotional systems are still
developing, these cues can be particularly varied. The fact that adults
generally showed higher synchrony might reflect a more developed,
standardized processing of emotional and cognitive stimuli, which sta-
bilizes with development. Our analysis focuses on synchrony in pupil-
size changes rather than absolute size, ensuring that differences in
baseline pupil size between children and adults do not affect the mea-
sure. By correlating fluctuations in pupil size, we enable meaningful
comparisons between groups with different baseline pupil characteris-
tics. Importantly, our study focused on extracting pupil synchrony
within each age group and then comparing these within-group syn-
chrony patterns between children and adults. This approach allows us to
examine developmental differences in physiological coordination while
avoiding potential confounds from known differences in spatial gaze
patterns between age groups.

Our technique and tutorials open new avenues for research into how
perceptual processes evolve from childhood to adulthood. By integrating
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pupillometry with traditional measures of visual synchrony, researchers
can gain a more holistic view of the cognitive and emotional resources
that are harnessed during visual engagement. Such a view could unveil
the dynamics of how children with varying developmental profiles, such
as those with attention deficit hyperactivity disorder (ADHD), process
visual stimuli not only at the cognitive level but also through the lens of
physiological responses (Ansarinasab et al., 2022; Braithwaite et al.,
20205 Fitzpatrick et al., 2018; Tansey et al., 2022). Based on this sec-
ondary analysis, we propose that pupil-dilation synchrony can serve as a
powerful tool in the toolkit of developmental psychology, particularly in
educational settings (Biihler et al., 2024; Schneider et al., 2022).
Recognizing the patterns of cognitive regulation through physiological
measures like pupil dilation can help tailor educational and develop-
mental interventions more effectively. For instance, understanding the
variability in how children engage with visual stimuli can lead to more
personalized learning experiences that cater to children's unique
developmental needs.

4.1. Limitations and future directions

While the study provides valuable insights into pupil synchrony, its
conclusions should be considered in light of certain limitations. Most
notably, the small sample size of 16 children and 9 adults may limit the
generalizability of the findings. This constraint should be taken into
account when interpreting the study's conclusions, as a larger and more
diverse sample could offer a more comprehensive understanding of
developmental changes in pupil synchrony.

Moreover, our analyses establish when within-group pupil synchrony
diverges across development; they do not adjudicate why. Under natu-
ralistic viewing, luminance can modulate pupil size via the pupillary
light reflex (Ellis, 1981; Knapen et al., 2016). Because we residualised by
gaze position and compared within-group time-resolved synchrony,
global luminance transients would be expected to affect both groups
similarly. Nonetheless, differential coupling to luminance and content
remains a plausible mechanism and a target for future research. The
pipeline readily accommodates hypothesis-driven extensions (e.g., in-
clusion of frame-wise luminance regressors, equiluminant stimuli, or
controlled PLR probes) to dissociate luminance-driven and cognitive-
—emotional contributions to synchrony.

Nevertheless, the main aim of this work was to develop a method-
ological approach and share it with other researchers. We share tutorials
and codes that implement the full pipeline, enabling replication and
extension (https://github.com/Physical-Cognition-Lab/A-Pupil-Dilatio
n-Technique-to-Test-Developmental-Differences-in-Visual-Synchrony).
Future studies should expand on this foundational research by exploring
a broader range of ages and developmental stages, incorporating diverse
types of visual stimuli, and examining the potential longitudinal changes
in pupil synchrony. Additionally, integrating more granular neuro-
physiological data, such as EEG measures, could enrich our under-
standing of the neural correlates of these observed behaviors (Ossmy
et al., 2021, 2022). Such integrated research is crucial in harnessing the
full potential of pupillometry in developmental science, providing
deeper insights into the maturation of visual and cognitive faculties
across the human lifespan.
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