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Abstract

Pupil dilation responses are reliable physiological markers of arousal in response to unexpected events. We investigated how
these responses generalise across different sensory modalities by using transitions between regular and random sequences of
visual dots and auditory tones. In Experiment 1, we investigated sequences of visual dots and found that (a) transitions from
a regular sequence to a random sequence induced pupil dilations, (b) transitions from one regular sequence to another regular
sequence also induced pupil dilations, and (c) transitions from a random sequence to a regular sequence did not reliably induce
them. In Experiment 2, we replicated these findings, confirming their reliability and thereby generalizing the literature from
the auditory to the visual modality. In Experiment 3, we directly compared pupil dilations in visual and auditory modalities.
We observed strong cross-modal similarity in pupil sizes, particularly for transitions between regular and random sequences.
We also decomposed the pupil size time series to approximate phasic pupil dilation events. While the patterns of dilation
events were quite similar, differences between modalities in dilation size (but not in rates) occurred during transitions from
one regular to another regular sequence. Overall, our findings suggest that pupil-linked arousal reflects inference of statistical

structure and its violations, exhibiting substantial (albeit not perfect) similarity across modalities.

Keywords Pupil size - Arousal - Uncertainty - Visual regularities - Auditory regularities

Sensory input exhibits statistical regularities over multi-
ple temporal and spatial scales. A wide range of studies has
demonstrated that human observers track these statistical reg-
ularities (Barascud et al., 2016; Canale, 2022; Conway, 2020;
Frost et al., 2015; Paavilainen, 2013; Sherman et al., 2020).
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Regularities exhibit a complex structure, leading observers
to experience prediction errors of varying degrees across var-
ious time scales. In particular, low-probability, salient, and
abrupt changes generate strong brain responses and high-
light the requirement for learning and adaptation (Dayan &
Yu, 2006; Jordan, 2024; Soltani & Izquierdo, 2019).
Several biomarkers have been associated with prediction
errors, notably various electroencephalography (EEG) sig-
natures. These include the Mismatch Negativity Response
(MMN), an early EEG component (100-200 ms) elicited by
a deviant stimulus within a regularly structured sequence.
Although primarily studied in the auditory literature, MMNs
are observed across all modalities, and concern the pre-
dictability of stimuli independent of modality of interest; and
have been taken as reflecting hierarchical inferences across
cortices (Duncan et al., 2009; Grundei et al., 2023; Lieder et
al., 2013; Prete et al., 2022; Schroger et al., 2015; Sussman,
2005). MMNs are seen, for example, in audition (Grundei et
al.,2023; Lecaignard et al., 2022), somatosensation (Grundei
et al., 2023), and vision (Kreml4cek et al., 2016). Equally,
the P3 component (300-500 ms) responds to prediction errors
and has been observed across auditory, somatosensory and
visual modalities (Lau et al., 2019; Duncan et al., 2009;
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Zhang et al., 2022), and multi-modal sequences (Grundei
et al., 2023).

Critically, the brain’s response to violations exemplified
by the MMN and P3 is also frequently accompanied by a
physiological marker: pupil dilation, a type of pupil response
characterised by an increase in pupil size (Alamiaetal., 2019;
Basgol et al., 2025; Bianco et al., 2020; Liao et al., 2016a, b;
Planton & Dehaene, 2021; Zekveld et al., 2018; Zhao et al.,
2019).

Pupil dilations are associated with activity of the locus
coeruleus-norepinephrine system (the LC-NE system; de Gee
etal.,2017; Glennon et al., 2019; Joshi and Gold, 2020; Joshi
et al., 2016; Rylan et al., 2018; Peter et al., 2014; Reimer
et al., 2016; Strauch et al., 2022) as well as of the basal
forebrain-cholinergic system (the BF-ACh system; Lloyd et
al., 2023). Such responses have long been investigated as
reflecting computational processes in the brain (Basgol et
al., 2025; Filipowicz et al., 2020; Rylan et al., 2018; Nassar
et al., 2012; Pajkossy et al., 2023; Zhao et al., 2019), even
when these responses are not directly relevant to task require-
ments or when the effect of task requirements on pupil size
is statistically controlled (Alamia et al., 2019; Basgol et al.,
2025; Liao et al., 2016b; Zhao et al., 2019).

The pupil dilates, for example, in response to the viola-
tion of simple, regularly structured visual or auditory stimuli
by a deviant stimulus (Alamia et al., 2019; Liao et al.,
2016b; Zekveld et al., 2018). Equally, the pupil also dilates in
response to unexpected transitions from a regular sequence
(structured by repeating a set of 50-ms-long tone pips) either
to a random sequence (Zhao et al., 2019) or a different reg-
ular sequence (Basgol et al., 2025). The magnitude and the
number of dilation events are modulated by the extent of
violations introduced by these transitions (i.e., the change
in surprise, Basgol et al., 2025). These results are consis-
tent with the view that phasic pupil dilation responses reflect
state transitions (Basgol et al., 2025; Bouret & Sara, 2005;
Dayan & Yu, 2006; de Gee et al., 2017; Krishnamurthy et al.,
2017; Nassar et al., 2012; Angela & Yu, 2012; Yu & Dayan,
2005). That is, a sufficiently strong environmental change,
indicating a state transition, would elicit the LC-NE system
activity associated with arousal, which in turn would reset
cortical target circuits to enhance focus on novel information
(Bouret & Sara, 2005; Dayan & Yu, 2006).

However, this previous research on pupillary responses
to statistical changes in complex sequences has focused
on audition. Growing evidence suggests a modality-specific
advantage for audition over vision: the auditory system is
more efficiently responsive to sequential patterns across
time, whereas the visual system is better at patterns across
space (Conway, 2020; Conway & Christiansen, 2005, 2009;
Emberson et al., 2011; Ferguson et al., 2018; Frost et al.,
2015;Hansetal., 1966; Gregg & Recanzone, 2009; Robinson
& Sloutsky, 2007). These differences, among others (Con-
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way, 2020; Frost et al., 2015), have raised questions about
the domain-generality of sequential processing. Conversely,
emerging evidence, including EEG biomarkers (MMN and
P3; Grundei et al., 2023), and the engagement of over-
lapping brain networks across sensory modalities (Planton
& Dehaene, 2021), suggests that domain-general mecha-
nisms may underlie responses to prediction errors, potentially
operating in concert with modality-specific processes (Con-
way, 2020; Frost et al., 2015). Since vision is also capable
of processing and learning statistical relationships within
sequences (Conway, 2020), we investigated generalization of
pupillary responses to statistical changes in complex visual
sequences, and compared the responses across visual and
auditory modalities.

Purpose of the study

Bringing together these threads, we sought to investigate
pupil dynamics, as a proxy of computational processes in
the brain. We created a visual version of a rapid tone presen-
tation paradigm (Barascud et al., 2016; Southwell & Chait,
2018; Southwell et al., 2017; Zhao et al., 2019) that we
have also previously employed (Basgol et al., 2025). In this
new visual version, a short-lived white dot appeared on a
two-dimensional (2D) screen, moving across predetermined
positions in either a regular (repeating trajectory) or random
pattern. We employed three types of transitions between these
patterns: random to regular, regular to random, or regular to a
novel regular pattern. While transitions from random to reg-
ular patterns lead to the emergence of regularities (increasing
predictability and reduction of surprise), those from regular
to random or to novel regular patterns lead to their violations
(reducing predictability and increasing surprise either con-
tinuously or momentarily, Barascud et al., 2016; Basgol et
al., 2025; Zhao et al., 2019).

As for the case of audition, we isolated spontaneous pro-
cessing of visual regularities and minimised the influence of
decision-making and motor responses on pupil size (Privitera
et al., 2010; Simpson, 1969), by instructing participants to
perform the incidental task of detecting a target (e.g., a gap
or a shape). This was to ensure that they kept their attention
on the sequences.

First, we conducted two experiments, Experiments 1 and
2, to examine whether observations of pupil size from the
auditory modality can be extended to the visual modality,
with violations, but not the emergence, of visual regularities
eliciting pupil dilation responses (Basgol et al., 2025; Zhao et
al., 2019). The experiments differed in their incidental tasks:
detecting a gap (Experiment 1, mirroring previous auditory
studies; Basgol et al., 2025; Milne et al., 2021; Zhao et al.,
2019) or detecting a brief shape change (Experiment 2).
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Then, in Experiment 3, we compared pupil responses to
visual and auditory regularity violations. Here, we built on
previous studies that compared auditory and visual modali-
ties (Stefania et al., 2018; Klingner et al., 2011; Liao et al.,
2016b) by presenting transitions with varying degrees of sta-
tistical change.

Experiment 1

In this experiment, we investigated whether we could extend
previous auditory results, which demonstrate that regular-
ity violations lead to pupil dilation responses (Basgol et al.,
2025; Zhao et al., 2019), to the case of vision.

Method

The raw data, processed data, and analysis scripts associated
with studies in this manuscript are available on Zenodo (doi.
org/10.5281/zenodo.18613650). Unlike other experiments
in this paper, this experiment and associated analyses were
not preregistered. However, the analysis plan closely fol-
lowed our previous study with auditory stimuli (Basgol et
al., 2025).

Participants

Fifteen participants contributed to the study. We dropped the
data of one participant due to a high number of blinks and
excessive data loss, resulting in 14 participants (11 female,
one diverse, Myge: 23.78, SDyge: 3.25). The number of par-
ticipants was comparable to experiments investigating the
effect of auditory regularity violations (Zhao et al., 2019).
Participants were mostly university students and were com-
pensated with either course credit or 10 EUR per hour. The
experiment took approximately 1.5 hours.

Materials

Previous studies generated random (RAND) and regular
(REG) patterns by sampling a number (n) of items from a
pool of 20-items (Barascud et al., 2016; Basgol et al., 2025;
Southwell & Chait, 2018; Southwell et al., 2017; Zhao et
al., 2019; Milne et al., 2021). For a RAND# pattern, n items
were randomly chosen from the pool (with replacement), and
were then randomly resampled (with replacement) until the
desired total sequence length was reached. In contrast, for a
REGn pattern, n items were again randomly chosen from the
pool (with replacement), but were then presented repeatedly
in the same order.

RAND and REG patterns shared the same low-level
features but differed in their statistical properties. When tri-

als involved a transition from one pattern to another (e.g.,
RAND#n-REGn or REGr-RANDR), the same positions were
used for both sequence types to avoid a confound with the
novelty of items (Zhao et al., 2019; Basgol et al., 2025).

We sampled REGS and RANDS patterns to generate base-
line trials. However, in our work, we used sampling without
replacement to preserve complexity in REGn patterns. Trials
involving RANDS5-REGS were used to investigate the effect
of the emergence of a regularity on pupil size. Trials involv-
ing the transition REG5-RANDS were used to investigate the
effect of regularity violation. We also included a transition
between different regularities, REG5a-REGS5b (which were
different but used the same 5 items; see Fig. 1a). Comparing
REG5-RANDS with REG5a-REGS5b allowed us to compare
the effects of violations that later evolved into regularities.

In earlier versions of this paradigm, the items were short,
50 ms tones (Barascud etal., 2016; Basgol et al., 2025; South-
well & Chait, 2018; Southwell et al., 2017; Zhao et al., 2019;
Milne et al., 2021). In our current visual analogue of this
paradigm, the items were short-lived white dot presented at
positions in a 2D display (a grid with 4 rows x 5 columns;
see Fig. 1b). Thus, regularities were structured by the spatio-
temporal trajectory of the dot’s position, rather than by its
identity (such as its colour or shape, see similar paradigms;
Conway & Christiansen, 2005; 2009; Simon et al., 2016).
This type of display allowed us to control for two potential
sources of noise. That is (a) we minimised luminance-driven
effects on pupil, and (b) kept the working memory load low
for tracking the statistics across items, helping the regulari-
ties pop-out (Conway & Christiansen, 2009; demonstrating
superior statistical learning for spatial position over identity).

Each participant observed 210 trials of randomly gen-
erated visual sequences (30 REG5-RANDS, 30 REGS5a-
REG5b, 60 REGS5, 60 RANDS-REGS, and 30 RANDYS).
The length of trials varied from 6 to 8 s, and transitions
occurred between 3.25 and 4 s after the sequence onset with
a granularity of 0.25 s. REGS presentations consisted of 24-
32 repetitions of the same visual sequence (120-160 items
in total), and the REGS5 sequences in REG5-RANDS5 and
REG5a-REG5b were violated after 13-16 repetitions (65-80
items in total). Since visual regularities might have required
more time to be recognised than auditory regularities, we
increased the trial durations over those used in earlier audi-
tory studies (Zhao et al., 2019; Basgol et al., 2025). Inter-trial
intervals were 4 s with a 1-s feedback.

A gap detection task was used to maintain participants’
attention to visual sequences without requiring them to search
for the transitions between patterns. This required partici-
pants to detect possible 0.4 s gaps, which occurred on 20% of
trials and at any time between 0.5 s post-onset and pre-offset.
Note that 0.4 s is approximately three times longer than the
gap duration in earlier auditory research (0.15 s for RAND
and 0.1 s for REG patterns; (Zhao et al., 2019; Basgol et al.,
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Fig.1 Conditions and experiments. a An example set of visual stimuli.
The x-axis represents time, and the y-axis represents the possible posi-
tions on a visual display of a white dot, as shown in (b, c, d). Note that
2D positions were flattened for a one-dimensional representation on the
y-axis. Red vertical lines in (a) and red borders in (b, ¢, and d) indicate
transitions between visual patterns (although the timing of transitions
was jittered in experiments). RANDS: Five positions were randomly
chosen from a set of 20 possible positions and shown in random order.
REGS: Five positions were also randomly selected from the same posi-
tion pool (without replacement), but these were presented repeatedly
in a fixed, consistent order. Both RANDS and REGS5 served as control
conditions, as they did not involve any statistical transition. RANDS5-
REGS: A sequence began with a RANDS pattern and then transitioned
into a REG5 pattern. REG5-RANDS: A transition occurred from a
REGS pattern to a RANDS pattern. REG5a-REGS5b: The sequence tran-
sitioned from one REGS5 pattern to a different REGS pattern. Therefore,
REGS5-RANDS and REG5a-REG5b lead to violations of the previous
regularity, whereas RANDS-REGS lead to the emergence of new reg-
ularities. Note that we controlled for the introduction of new positions

2025). We chose this duration based on pilot experiments, in
which participants had difficulty detecting visual gaps less than
0.4 s. Each condition involved the same proportion of gaps.

The main experiment consisted of six blocks, each con-
taining trials from different conditions. Participants then
completed a short control block. Trials in this control block
were REG5 or RANDS, and in 50% of the trials, a single
tone pip was also presented (0.5 s, 1000 Hz). This control
block was designed to assess whether the visual properties
of the experiment alone induced a ceiling effect in pupil size.
If such a ceiling effect were present, we would expect no
pupil dilation response to the tone pip, and the absence of
responses would have been due to the inability of the pupil
to dilate further.

The visual stimuli were presented using a ViewPixx/3D
System (screen diagonal: 24 inches, 60.96 cm). Participants
were provided a RESPONSEPixx connected to the monitor
and could respond by choosing one of the five buttons. Their
right eyes (unless specified) were tracked using an EyeLink
1000 system (SR Research) at a sampling rate of 1000 Hz.
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modality order counterbalanced

after transitions. Experiment 1 included all conditions; Experiments 2
and 3 included REGS5, REG5-RANDS, and REG5a-REGS5b. Pattern and
trial durations differed across experiments. b Experiment 1 used a 2D
display (4 rows x 5 columns). In this task, participants were required to
detect gaps in the sequences (marked by blue borders). ¢ Experiment
2 used a 3 x 3 display, where possible positions of the moving white
dot were marked with a grey patch. Instead of a gap, participants were
instructed to detect a white diagonal shape (marked by blue borders). d
In Experiment 3, we compared pupil responses to visual and auditory
regularity violations, and therefore included the presentation of visual
and auditory sequences. Visual sequences were presented as the move-
ment of a dot (without reference locations), similar to Experiments 1 and
2, whereas auditory sequences consisted of tones. Sequences from each
modality were presented in separate blocks. Participants first detected
gaps, and then they evaluated the items, which consisted of sequences,
in terms of similarity and the saliency of transitions between patterns.
Coloured borders (red, blue, and black) are drawn only for visualisation
purposes

Procedure

Participants sat in a luminance-controlled, dimly lit room (5
cd/m?). They were instructed to place their chin on a chin-
rest to maintain a fixed distance between the eye and the
monitor (50 cm), and the eye tracker was positioned below
the monitor.

Participants were shown an example of a trial that included
a gap and then attended a brief practice session. They were
instructed to monitor the sequences for gaps and respond with
a button press. To minimise the influence of gaze position and
retinal luminance changes (due to shifts in the white dot’s
position) on pupil, participants were instructed to fixate on
the cross at the centre of the screen (or the centre of the screen
if the cross was absent).

The six blocks of the main experiment were separated by
an optional 3-minute break. Before each block, a calibration
phase was conducted to align gaze location data recorded by
the eye tracker. Following the main experiment, participants
completed the control experiment.
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Analysis
Analysis of behavioural performance

We transformed participants’ hit and false alarm rates using
an arcsine function for subsequent parametric and Bayesian
statistical analyses (Zhao et al., 2019; Basgol et al., 2025).

Analysis of pupil responses

Pupil area in the right eye was recorded at a sampling rate of
1000 Hz. Trials with a gap or a button press were excluded
from analysis to eliminate potential effects of the gap or
motor responses on pupil (Privitera et al., 2010; Simpson,
1969). For RANDS-REGS, REG5-RANDS, and REG5a-
REGS5b conditions, pupil data were segmented from 1 second
before to 3 seconds after transitions. For REG5 and RANDS
conditions, dummy transitions corresponding to the times of
real transitions on other trials were randomly picked.

Pupil size was reconstructed by piecewise cubic interpolation
when there were complete or partial blinks. Trials with 20%
missing data due to blinking, and those involving missing data
after interpolation, were excluded from the analyses. Due to
excessive trial loss (70%), one participant was excluded.

We controlled the effect of gaze on pupil size by analysing
participants’ gaze direction: none of the participants’ mean
gaze locations exceeded the group mean by more than three
standard deviations. As a control analysis, we also quanti-
fied gaze stability for visual trials. For each participant, we
computed their mean gaze position and determined trials in
which the mean gaze deviated by more than three standard
deviations from this participant-specific mean. No trial met
this criterion; therefore, no data were excluded.

After smoothing the data with a 150 ms Hanning win-
dow, pupil size was z-scored by computing the mean and
standard deviation separately for each participant and block.
Baseline correction was performed by subtracting the aver-
age pupil size from the 1 s interval before each real or dummy
transition, allowing us to assess the impact of transitions on
pupil size. A similar analysis pipeline was used to evaluate
the effect of the tone pip on pupil size, with data segmented
from 1 s before to 3 s after its onset. Pupil size in the no-
transition control conditions (REG5 and RANDS) was also
analysed over the whole trial (see Supplementary Figure S1).

Upon aggregating the data, we compared conditions using
a non-parametric permutation procedure that controls the
family-wise error rate. This procedure employed 5,000 per-
mutations, with the null distribution generated by randomly
sign-flipping participants’ average pupil size differences
between the transition conditions with their corresponding
no-transition control (implemented in MNE-Python, using
an initial cluster-forming threshold of p < .05; Gramfort et

al., 2013; Larson et al., 2022; Maris and Oostenveld, 2007).
We transformed 7-values to Bayes factors (BFj( or BFy; for
estimating the evidence of the null hypothesis) with Jef-
freys, Zellner, and Siow (JZS) prior using a Cauchy scale
factor of 0.707 (Pingouin package in Python, Vallat, 2018).
p values associated with time-independent comparisons (i.e.,
mean-based tests) were corrected using the Holm-Bonferroni
method, and corrections were noted where applicable.

Analysis of pupil events and their magnitudes

The standard analysis in pupillometry involves averaging
event-related pupil responses across trials. However, this appro-
ach may distort peak amplitudes and response latencies (Fink
et al., 2024), similar to challenges observed in other biological
signals such as unctional magnetic resonance imaging (fMRI)
and EEG (Guy et al., 2021; Wang et al., 2021). In our expe-
rience, two key issues can contribute to this distortion: (a)
variability in pupil response times across trials and (b) reduc-
tions in pupil size as an orientation response to an event.

One solution to these issues is to extract small pupil events,
such as micro-dilations and constrictions, from continuous
pupil size measurements. These events are relevant because,
as a proxy of phasic pupil response, they are associated with
the activity of the LC-NE system (Joshi et al., 2016), espe-
cially when their magnitudes are high (Megemont et al.,
2022). We identified these events by detecting the moments
when the pupil size increased or decreased, analysing the slopes
of pupil size (computed using the np.gradient function from
numpy in Python, Basgol et al., 2025; Joshi et al., 2016;
Megemont et al., 2022; Milne et al., 2021; Zhao et al., 2019).

Transitions can elicit saccadic eye movements, which
may, in turn, influence pupil size (Winn et al., 2018) and lead
to an overestimation of event rates. We addressed this poten-
tial confound in several ways: Participants were instructed
not to follow the dots with their gaze, and gaze-related con-
trol analyses described in the previous section were applied.
Furthermore, to minimise overestimation, we restricted our
analysis to pupil events lasting longer than 300 ms, a thresh-
old that was also adopted in previous studies (see Basgol et
al., 2025; Zhao et al., 2019).

We applied a 500-ms sliding window (based on each par-
ticipant’s mean across trials) to the event data, separately for
each participant and condition. Events were encoded as one
at the time point at which they occurred, and their magnitude
was defined as the magnitude difference from the preceding
zero crossing, which served as the baseline. This analysis
produced two distinct time series: one reflecting the count of
events, and the other also reflecting their size. Baseline cor-
rection followed the same procedure as the pupil size data.
We discuss this analysis in Experiment 3 (see Supplementary
Figure S6).

@ Springer
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Analysis of the statistics of the sequences

We analysed the surprise afforded by transitions in the
sequences using a hierarchical Chinese restaurant process
(HCRP) sequence model (Teh, 2006; Elteto et al., 2022).
We adopted this model to ensure a domain-general account
of sequence learning that does not rely on modality-specific
assumptions. Furthermore, this model is agnostic to the unex-
pected and expected certainty that underpins the design of
the experiment (Yu & Dayan, 2005), which makes its pre-
dictions unbiased relative to our hypotheses. We calculated
the surprise for all experiments. For the sake of clarity, we
present only the results of Experiment 1. The other experi-
ments showed a similar pattern of results (see Supplementary
Section S3).

Results
Behavioural performance

Participants performed similarly across conditions (see Fig. 2a).
Paired two-sided #-tests revealed no significant difference in
hit rates between REGS5 and RANDS (REG5 =95.2, RANDS
=90.5, BFp = 0.374, p = .399, 95% CI = [-0.140, 0.320],
d; =0.327) nor false alarm rates (REG5 = 0.146, RANDS =
0, BF1p = 0.413, p = .336, 95% CI = [-0.0017, 0.0046], d
= 0.277), indicating that the task was similarly challenging
across conditions.

Pupil responses

The emergence of visual regularities (RANDS5-REGS) did
not elicit significant pupil dilation (compared to RANDS, see
Fig. 2b). By contrast, violations of visual regularities (REGS5-
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Fig. 2 Gap detection performance and pupil responses in Experiment
1. Results of Experiment 1. a Hit and false alarm rates, Hit and FA,
respectively, for the gap detection performance. Single points corre-
spond to the performance of individual participants. Error bars indicate
bootstrapped 95% confidence intervals. b Baseline corrected pupil size.
Time O s marks real or dummy transitions to the next pattern. Regular-
ity violations (REG5-RANDS, REG5a-REG5b) evoked pupil dilation
responses, but the emergence of regular patterns (RAND5-REGS) did
not. ¢ Difference between regularity violation conditions and corre-
sponding no-transition conditions. Even though both types of violations
led to a pupil size increase, the REG5-RANDS condition was associ-
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Time from tone pip (s)

ated with greater pupil dilation than REG5a-REGS5b, which is indicated
by the black horizontal line. d Results of surprise analyses. Surprise
values were estimated using a hierarchical Chinese restaurant process
(HCRP) sequence model (Bltets et al., 2022), fitted to the sequence of
trials experienced by each participant during the experimental session.
The average surprise from the 1-second interval preceding the transition
(from -1 to 0 s) was calculated and subtracted from the values for each
trial to correct for baseline. e Pupil dilation responses to tone pips. In
(b, ¢, and e), coloured horizontal lines mark time clusters with cluster-
level p < .05 relative to no-transition control conditions. Shaded areas
indicate the between-participants’ SEMs
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RANDS5 and REG5a-REG5b) did lead to pupil dilation
(compared to REGS, Fig. 2b). These results are consistent
with previous findings in the auditory domain (Basgol et
al., 2025; Zhao et al., 2019). To isolate the effect of tran-
sitions, we subtracted pupil size in the REGS5 condition from
pupil size in REG5-RANDS and REG5a-REGS5b conditions
(see Fig. 2c). The increase in pupil size in REG5a-REG5b
(approximately 0.15) was smaller than in REG5-RANDS
(approximately 0.25).

Pupil size has been shown to scale with the amount of
surprise (Basgol et al., 2025). We estimated surprise profiles
of visual transitions using an hierarchical Chinese restau-
rant process model (Teh, 2006; Eltetd et al., 2022) that was
agnostic to the difference between unexpected and expected
uncertainty (see Figure 2d). The model suggests that the sur-
prise for the REG5-RANDS condition upon transition was
transient and sustained (see dark blue line in Fig. 2d); in
contrast, the surprise for REG5a-REG5b was transient (see
orange line in Fig. 2d). The surprise for RAND5a-REG5b
reduced after the transition (see red line in Fig. 2d).

In the control block, participants were presented with a
short tone pip, which also elicited pupil dilations (see Fig. 2e),
indicating that merely performing a visual task does not
prevent the pupil from responding to an arousing stimulus,
consistent with previous findings (Marois & Vachon, 2018).

Discussion

Visual regularity violations in the REG5-RANDS and REG5a-
REGS5D conditions resulted in pupil dilations; in contrast, the
emergence of visual regularities (RAND5-REGS) did not
lead to a considerable increase in pupil size. These results
generalised previous findings in the auditory domain (Basgol
et al., 2025; Zhao et al., 2019). The REG5-RANDS5 condi-
tion elicited a greater increase in pupil size compared to the
REG5a-REG5b condition, reflecting the sustained surprise
response (see Fig. 2d).

The lack of a pupil dilation response to the emergence
of visual regularities (see Fig. 2b) is notable, specifically
for vision, given that temporal regularities at a spatial loca-
tion have been shown to guide attention of participants,
even when such regularities do not provide any informa-
tion about the task (Zhao et al., 2013; Zhao and Luo, 2017,
but see Alamia and Zénon, 2016). This has been interpreted
as a task-irrelevant attentional bias towards visual regular-
ities (not observed for auditory regularities, Southwell et
al., 2017). Pupil responses reflect the activity of attentional
networks (Strauch et al., 2022); therefore, it needs to be exam-
ined whether and how regularities influence attention, and
whether pupil responses (including constrictions) are sensi-
tive to such regularities (Binda et al., 2025).

Experiment 2

We next administered a pre-registered version of Exper-
iment 1 to ensure that the difference between the two
conditions (REG5-RANDYS vs. REG5a-REG5b) arises from
transitions between patterns rather than the experimental
structure. We therefore adjusted both the task and the stim-
ulus display: (a) we used a 3 x 3 grid, limiting the display
to nine locations. We expected that this would enable partic-
ipants to monitor dot positions more effectively. Following
this change, the dot size was set to 1° of the visual angle,
(b) we marked the locations on the reference grid where the
white dot could appear, and (c) participants were instructed
to detect brief changes to the shape of the white dot.

Method

We preregistered this study using AsPredicted (https://
aspredicted.org/db33-5vg8.pdf). We highlight deviations
from the preregistration and indicate exploratory analyses
where applicable.

Participants

We calculated the number of participants based on the effect
size we found in Experiment 1. To estimate the effect size,
we first identified peak pupil dilation responses in the grand
average for REG5-RANDS and REG5a-REGS5b. Then, using
this information, we calculated the difference in amplitude
between the REG5-RANDS5 and REG5a-REGS5b conditions
and the corresponding control condition, REGS, for each par-
ticipant. Note that calculating the effect size this way is more
conservative than calculating the effect size based on time-
series of pupil sizes, as the grand average does not consider
pupil response differences across individuals.

The effect size of Experiment 1 wasd, = 0.75andd, = 1
for REG5a-REG5b and REG5-RANDS, respectively (based
on a one-tailed student #-test). Using G*Power (Faul et al.,
2007), with d, = 0.75, we found that N = 18 is enough for
an adequately powered study with 1 - 8 =0.92 and @ = 0.05.

To improve upon Experiment 1, we measured participants’
visual acuity using the Freiburg Vision Test (the FrACT) and
included only those with a visual acuity better than or equal
to 0.3 logMAR (i.e., within the normal vision range; Bach,
2006). We excluded two participants due to eye tracker cal-
ibration problems, as inaccurate gaze measurements could
affect pupil size estimation. Including their data did not alter
the overall pupil response pattern. We included the data of
19 participants in our analyses (14 female, Myee = 22.7,
SDyee = 4.21, mean Mjogmar = —0.14, SDjogmar = 0.13).
Note that this number is one more than specified in the
preregistration; however, we retained this participant, as its
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inclusion did not change the overall pattern of statistical
results. The experiment lasted 1.5 hours.

Materials

Each participant observed 120 trials of randomly generated
visual sequences (30 REG5-RANDS, 30 REG5a-REG5b,
and 60 REGS as a baseline). The length of trials was 8 s, and
transitions occurred between 3.5 s and 4 s after the sequence
onset with a granularity of 0.25 s. REGSs consisted of 32
repetitions (160 tones), and REG5s in REG5-RANDS and
REGS5a-REG5b were violated after 14-16 repetitions (70-80
tones). Participants were instructed to detect a brief change
of the white dot into a diamond lasting 0.1 s.

Procedure

The procedure for Experiment 2 was similar to that of Experi-
ment 1, with a few key differences: we assessed participants’
visual acuity using the FrACT (Bach, 20006), participants
required to achieve an 85% hit rate during the practice ses-
sion, and they filled out a questionnaire after the experiment.

Analysis
Analysis of behavioural performance
We preprocessed the data as specified in the preregistration;

as a result of the exclusion criteria, 36 trials (approximately
2%) were excluded from the analysis.

Results
Behavioural performance

Participants performed similarly across conditions, with hit
rates around 96% and false alarm rates between 0-2% (see
Fig. 3a). Repeated measures ANOVA did not reveal a signifi-
cant effect for hit rates, F(2,36)=0.13, p=.870, nf, =0.007.
In contrast, the numerically small difference, ~ 1.5%, in the
REGS5-RANDS condition led to a statistical difference across
conditions, F (2, 36) = 6.84, p = .003, nf, =0.28. The REG5-
RANDS condition received more false alarm responses than
the REG5a-REG5b condition (p = .015, BFjg = 9.26, d, =
1.04), but not more than the REGS5 condition (p = .126, BFjg
=1.61, d; =0.68).

Pupil responses

The REG5-RANDS5 and REG5a-REG5b conditions evoked
pupil dilation responses (see Fig. 3b). Although average pupil
size in REG5a-REGS5b was smaller than in REG5-RANDS,
the test did not provide sufficient evidence for a difference
(pupil size in the REGS5 condition was subtracted; Figure 3c).

Discussion

Pupil responses show a similar pattern across visual and
auditory modalities (Zhao et al., 2019; Basgol et al., 2025),
providing evidence for domain-general responses to predic-
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Fig. 3 Shape detection performance and pupil dilation responses in
Experiment 2. Results of Experiment 2. a Hit and false alarm rates, Hit
and FA respectively, for the shape detection performance. Single points
correspond to the performance of individual participants. Error bars
indicate bootstrapped 95% confidence intervals. b Baseline corrected
pupil size. In line with Experiment 1, pupil dilation responses were
induced by regularity violations (REG5-RANDS, REG5a-REGS5Db). ¢
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Difference between regularity violation conditions and corresponding
no-transition conditions. Both types of violations led to an increase in
pupil size. Error bars in (a) and shaded areas in (b and c) indicate the
between-participant SEMs. Coloured horizontal lines indicate regions
where cluster-level statistics p < .05. The abbreviation ns. indicates
non-significance
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tion errors (see Supplementary Figure S5 for comparisons of
all experiments; Conway, 2020; Grundei et al., 2023; Sabio-
Albert et al., 2025; Planton and Dehaene, 2021). However,
we have so far only compared pupil responses to violations
of visual regularities with existing results in the literature
(Basgol et al., 2025; Zhao et al., 2019). These comparisons
were, therefore, qualitative.

Previous studies have quantitatively compared the effects
of presentation modality on pupil size by manipulating cog-
nitive effort (Klingner et al., 2011; Lisi et al., 2015; Stefania
etal., 2018); however, for unexpected events, modalities have
mainly been studied using a limited, simple set of stimuli that
lack variance (Zekveld et al., 2018; Liao et al., 2016b). We
therefore conducted Experiment 3 to get a more comprehen-
sive comparison between modalities.

Experiment 3

In Experiment 3, we presented participants with sequences
from visual and auditory modalities. These sequences shared
the same conditional relationships across items in time, but
they differed in presentation modality (i.e., tones for auditory
stimuli and dot locations for visual stimuli, a standard method
used in the literature; see Conway & Christiansen, 2005);
they were, therefore, isomorphic.

Differences in pupil response dynamics may arise from
modality-specific characteristics. Prior work has shown a lin-
ear relationship between subjective judgements of saliency
and pupil dilation (Liao et al., 2016a). Therefore, to fur-
ther investigate cross-modal effects, we compared pupil
responses based on participants’ ratings of saliency (see Sup-
plementary Figure S10).

We hypothesised that violations of regularities would
increase pupil size. Additionally, we expected isomorphic
transitions to evoke similar pupil responses, as reflected in
both time-series and scalar pupil measures. We also hypoth-
esised that pupil responses across modalities would present
similar relationships with saliency ratings.

Method

This experiment was preregistered on AsPredicted (https://
aspredicted.org/v3wq-bszn.pdf). We highlight any devia-
tions or exploratory analyses, when applicable.

Participants

We used the effect size from Experiment 1 (d, = 0.75) to
determine the required number of participants (N in short) for
the effect of transitions, as the current experiment resembles
Experiment 1 (in terms of visual display and task). Using

G*Power (Faul et al., 2007), we found that a sample size of
N =20 would result in a power of 1-8 = 0.94 with o = 0.05.

We sought to test correlations of pupil responses across
modalities. For this test, we planned to compute a Pear-
son correlation coefficient for each participant, and compare
coefficients to zero using a one-tailed z-test. We therefore
conducted another power analysis, using an effect size of
r = 0.2 (SD = 0.2). This effect size aligns well with the
average effect size reported in psychology (David etal., 2019)
and is between a small ( = 0.1) and medium (r = 0.3)
effect size (Cohen, 1992). Using Fisher’s z-transform of
correlations (r, = 0.21, SD, = 0.22) and assuming the
transformed values to be normally distributed, we ran a sim-
ulation 500 times. We found that, with N = 20, obtaining
24 trials per participant for a single transition condition (e.g.,
REG5-RANDS, after excluding trials with gaps) is sufficient
to achieve a statistical power of 1 — 8 = 0.89. Similarly, col-
lecting 48 trials per participant for two transition conditions
(REG5-RANDS and REG5a-REG5Db together, after exclud-
ing trials with gaps) is sufficient to reach 1 — 8 = 0.96 with
a = 0.05 for detecting correlations across modalities.

Twenty participants attended the experiment (13 female,
Mage: 24.4, SDage: 7.51, mean MZogMAR3 -0.1, SDlogMAR:
0.15). Participants were mostly university students and were
compensated with either course credit or 12.5 EUR per hour.
The experiment took approximately 2 hours.

Materials

Participants observed a set of 120 trials (30 REG5-RANDS,
30 REG5a-REGS5b, and 60 REGS) for each modality. In con-
trast to our earlier experiments and previous studies (Zhao
et al., 2019; Basgol et al., 2025), in which participants were
presented with randomly generated, different sets of trials,
all participants in this experiment received the same set of
trials that were generated before the data collection (but in
individually-randomised orders).

The frequency pool included nine pre-selected tones: three
base frequencies (222, 292, and 384 Hz) and their two suc-
cessive octaves (444, 584, 768 Hz and 888, 1168, 1536 Hz).
Similarly, the position pool included the positions created
by a 3 x 3 grid (without grey-coloured reference locations
to keep presentations conceptually similar; see Fig. 1d).
Unbeknownst to the participants, these pools were mapped:
frequencies and dot positions were associated. High tones
(low tones) were associated with higher (lower) locations in
the grid to arrange for the visual and auditory patterns to be
represented as similarly as possible (see the spatial-musical
association of response codes, the SMARC effect, Rusconi et
al., 2006; see Fig. 1d). When sampling sequences, we ensured
that each visual sequence had an isomorphic auditory coun-
terpart by choosing frequencies according to this predefined
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mapping (a standard practice in the statistical learning litera-
ture; Conway & Christiansen, 2005). This procedure created
isomorphic visual and auditory sequences.

To ensure sufficient variability for correlational analyses,
transitions involving differences of 3, 4, and 5 items (i.e.,
frequencies and dot locations) between patterns (first 5 items
before and after transitions) were equally represented. Trials
with zero circular Hamming distance (i.e., identical patterns
differing only by a phase shift) were excluded, as such tran-
sitions could be imperceptible under rapid and continuous
presentation (these trials were not excluded in Experiments 1
and 2).

Participants began the experiment with a block from one
modality (e.g., auditory). Then they continued with a block
from the other modality (e.g., visual), with the trial order ran-
domised across participants. Notably, each pair of successive
blocks, namely 1-2, 3-4, 5-6, included the identical sequences
presented in different modalities in the same order. We kept
blocks close in time given that pupil response systematically
varies as a function of time (Drew et al., 2023).

Due to the long block duration (approximately 7 minutes),
participants were unlikely to discover these associations;
indeed, none of the participants reported being aware of it.
The order of sequences was randomised for each participant
to prevent time-varying factors (such as fatigue and warm-up
effects) from being associated with specific sequences (Sirois
& Brisson, 2014; Winn et al., 2018; Drew et al., 2023).

The length of trials was 7.5 s, and transitions occurred
between 2.5 and 3.5 s after the sequence onset with a granu-
larity of 0.25 s. REGS5 sequences consisted of 30 repetitions
(150 items), and REGSs in REG5-RANDS5 and REGS5-
REG5b were violated after 10-14 repetitions (50-70 items).
We shortened the trial duration relative to Experiments 1 and
2 to keep the experiment below 2 hours and reduce the risk
of pupil fatigue (Winn et al., 2018; Drew et al., 2023).

Participants were instructed to detect gaps occurring
between 0.5 s after sequence onset and 1 second before
sequence offset, which occurred with a probability of 20%.
Gaps in auditory sequences were set to 0.2 s, whereas in
visual sequences, they were set to 0.4 s.

Procedure

Participants were shown examples of auditory and visual
sequences (with gaps) and began the practice session with
their assigned modality (for example, auditory); then, they
continued the practice block for the other modality (for exam-
ple, visual). Similar to the practice session, they began the
main experiment with their assigned modality (e.g., auditory)
and then continued with the alternate modality (e.g., visual).
They completed a brief questionnaire, which now included
a question about their perceived mental effort for the visual
and auditory gap detection tasks. After the questionnaire,
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participants first rated the similarity between items and then
assessed the saliency of transitions. Analyses and discussions
associated with these measurements can be found in Supple-
mentary Section S9.

Auditory stimuli were presented through headphones
(diotically using Beyerdynamic DT-770 M 80 Ohm) con-
nected to the display. All remaining procedural aspects were
consistent with previous experiments.

Analysis
Pupil responses

Compared with Experiments 1 and 2, we made a minor, pre-
registered adjustment to the pipeline of pupil size analysis.
The analysis now focuses on the four-second (previously
three-second) window following the transition, as 80% of
pupil peaks occurred within this time frame in Experi-
ments 1 and 2. Dummy transitions were kept consistent
across isomorphic trials to ensure comparability. During pre-
processing, 32 trials (approximately 1%) were excluded. Due
toissues with the experimental setup, the left pupil were mea-
sured for two participants.

Time-series of pupil sizes

We compared time-series of pupil sizes across modalities
using BF(; (which estimates the degree of evidence support-
ing the null hypothesis).

Correlations of pupil responses

We calculated scalar values for isomorphic transition pairs.
Measurements include peak pupil size, the time of peak pupil
response, mean pupil size and the minimum pupil size. We
then computed correlations between these scalar values as
follows:

(a) As detailed in the preregistration, we first examined
whether participants showed comparable scalar pupil
measures for isomorphic pairs. We calculated a Pear-
son correlation coefficient for each participant separately
and tested if these correlations significantly differed
from zero using a one-tailed #-test (following Fisher’s
z-transformation).

(b) In an exploratory analysis, we examined whether scalar
pupil measures were similar across modalities at the
group level. We computed the average scalar value for
each isomorphic transition and then assessed correla-
tions between these averages. This reduced measurement
noise, yielding more stable estimates.
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Fig. 4 Gap detection performances for REG5 in Experiment 3. Error
bars indicate between-participant SEMs

Results
Behavioural performance

Hit and false alarm rates were slightly different across modal-
ities (see Fig. 4), with lower hit rates for audition than vision
(REGS: Auditory = 0.967, Visual = 1.00, BFjg =3.25,p =
.017,95% CI =[-0.000590, -0.0000645], d, =-0.598; for the
average of all conditions: Auditory = 0.927, Visual = (0.988,
BFiy =9.19, p = .005, 95% CI = [-0.001, -0.000208], d,
= -0.728) and higher false alarm rates (REGS5: Auditory =
0.016, Visual = 0.0014, BFj9 = 3.29, p = .017, 95% CI =
[0.0000293, 0.000264], d, = 0.6; for the average of all con-
ditions: Auditory = 0.015, Visual = 0.010, B Fp = 0.265, p
=.592, 95% CI = [-0.000116, 0.000197], d, = 0.125). Note
that the gap intervals were longer for vision.

We analysed additional performance variables. Partici-
pants’ reaction times (RTs) did not differ (Auditory = 958
ms, Visual = 884 ms, BF¢ = 0.39, p = .290, 95% CI = [-
69.58, 218.12], d, = 0.32) and they did not find the auditory
task harder than the visual task (BFjo =0.371, p=.316,95%
CI=[-0.31,0.91], d; =0.213). Their perception of effort was
correlated (r =.590, BFjp =9.119, p =.006, 95% CI =[0.2,
0.82]).

Time-series of pupil sizes

The REG5-RANDS condition evoked remarkably similar
pupil dilations across modalities (see Fig. 5a and b, and,
for a comparison, see Fig. 5c). However, unlike Experi-
ments 1 and 2, the REG5a-REG5b condition did not evoke
strong pupil dilations (see Fig. 5a and b). A slight increase in
pupil size was observed in the auditory modality compared
to the visual modality, but the difference was not substantial
(see Fig. 5d).

Cluster-based permutation statistics did not reveal a reli-
able difference between pupil responses across modalities.

We then calculated BFjo for each time step, with none
exceeding the threshold of 3. We then assessed the evidence
for the null hypothesis using BFy; (see Fig. 5c, d, and e).
Overall, pupil responses were similar across modalities with
momentary deviations in REG5a-REG5b and REGS.

Pupil events and their magnitudes

We conducted an exploratory analysis based on pupil events.
For both REG5-RANDS and REG5a-REGS5Db, dilation event
rates and amplitudes were consistent (see Fig. 6a and b)
across experiments with visual sequences. However, the
effect of the REG5a-REG5b condition on pupil size was
weaker (compare Fig. 6¢ and d).

Pupil events showed similar results for the REG5-RANDS
conditions (see Fig. 6b for dilations and Fig. 6d for constric-
tions). However, although visual and auditory REG5-REG5b
conditions were highly similar in terms of the number of
dilation events, they were different in size: the auditory
REG5a-REG5b resulted in larger dilation events than its
visual counterpart (Fig. 6d).

This analysis complements pupil-size averaging: the
absence of a pupil-size increase in the REG5a-REG5b con-
dition does not necessarily imply that pupil responses to
transitions are absent, and it suggests that there may be dif-
ferences across modalities in how they affect pupil responses
(compare Figs. 5d and 6d).

Correlations of pupil responses

We conducted three analyses: We first estimated correla-
tions within a participant (see Fig. 7a and Table 1). Second,
we examined correlations at the group level by averaging
scalar values (see Fig. 7b; Table 2). Finally, we compared
scalar pupil measures across modalities (see Fig. 5). p-values
reported in Tables 1, 2, and 3 were corrected on a per-table
basis (using the Holm-Bonferroni method).

Peak and mean pupil size Peak pupil size was correlated
(see Table 1, one-tailed ¢-tests were used as specified in the
preregistration) for the majority of participants (see Fig. 7a).
Note, however, that the REG5a-REG5b condition showed
a weaker correlation (M, = 0.12) than the REG5-RANDS
condition (M, = 0.28; difference: t = 2.658, BF 1y = 3.556,
p = 0.016, d, = 0.763, 95% CI = [0.030, 0.280]). Group
responses calculated for isomorphic transitions agreed with
this observation (see Fig. 7b and Table 2), again the correla-
tion for REG5a-REG5b was numerically weaker (r = 0.64)
than REG5-RANDYS (r = 0.86; however, the difference was
not statistically strong, z=1.734, p=0.083,95% CI=[-0.070,
1.140]). Mean pupil size was consistent with peak pupil size
(see Tables 1 and 2; difference: z = 2.376, p = 0.018, 95%
CI =[0.128, 1.338] with a statistically strong estimate). The
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Fig. 5 Time-series of pupil sizes across modalities in Experiment 3.
Pupil responses in Experiment 3. Baseline-corrected pupil size for a
visual and b auditory modalities. Similar to previous experiments, the
REGS5-RANDS condition evoked pupil dilation responses. In contrast,
the REG5a-REG5b condition did not trigger substantial pupil dilation.
¢ The REG5-RANDS condition led to similar pupil responses across
modalities. d However, in the REG5a-REG5b condition, the auditory
modality showed a slight increase compared to the visual modality, but
this difference was not statistically significant. e The main pupil trend

REG5a-REG5Db condition did not lead to consistent correla-
tions compared to the REG5-RANDS condition, following
peak pupil size (t = 2.3, BF9 = 2.2, p = 0.028, d, = 0.75,
95% CI1 =10.020, 0.280]).

The REG5-RANDS condition led to the same peak pupil
magnitudes (see Fig. 7c and Table 3); This measure was
slightly different for the REG5a-REG5b and REG5 condi-
tions (see Table 3).

Peak time The time of pupil peaks was not consistently cor-
related within participants (see Fig. 7d and Table 1); it
became correlated when all transitions together were consid-
ered (see Fig. 7e and Table 2). The absence of a correlation
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Time from transition (s)

Time from transition (s)

for the REGS5 condition was similar across modalities, with the auditory
modality showing slightly larger responses. Shaded areas indicate the
between-participant SEMs. Coloured horizontal lines indicate regions
where cluster-level statistics p < .05 in (a) and (b); and they indicate
BFy; for (c), (d), and (e) to estimate the amount of evidence for the
null hypothesis (suggesting no difference between the distributions).
The thin line corresponds to BFy; > 1, and the thick line corresponds
to BFy; > 3. We also calculated cluster-level statistics for (c), (d), and
(e), which did not suggest a statistical difference (p > .05)

in REG5-RANDS may reflect that this condition induces sus-
tained violations, to which the pupil can continue to respond.
The time of peak pupil size was similar across conditions
(note that t-tests were conducted after log transformation).
Only the REG5a-REGS5b condition appeared different, but
this effect did not survive the multiple comparison correc-
tion (see Table 3).

Minimum pupil size As an exploratory analysis, we exam-
ined minimum pupil size, as it may reflect a decrease in
uncertainty (Milne et al., 2021). The REG5-RANDS con-
dition seemed to be correlated (see Table 1 for a weak
correlation and Table 2 for a stronger correlation).
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Fig.6 Pupil dilation events and their size across experiments. Baseline-
corrected rates and sizes of dilation events. Note that (a, b, ¢, d) show
dilation events; (a, b) for REG5-RANDS and (¢, d) for REG5a-REG5b
conditions. (e, f, g, h) show constriction events; (e, f) for REG5-RANDS
and (g, h) for REG5a-REG5b conditions. The upper figures show the
sizes of events, whereas the lower figures show event rates, regard-
less of the magnitude of the event. (a, b) Pupil dilation event rates and
magnitudes are consistent in REG5-RANDS across experiments. (c, d)
These figures are also similar in REG5a-REG5b;. However, they are
not as consistent as in REG5-RANDS (compare Experiment 3 with
Experiments 1 and 2). (e, f) Only in Experiment 3 do we observe
clear constriction events, mirroring the dilation rates. Modalities also
appeared to behave differently across conditions in their effects on pupil
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size and rates. In Experiment 3, (b) dilation rates and magnitudes are
similar for the REG5-RANDS condition; whereas, (d) they diverge for
the REG5a-REG5b condition, where auditory modality did lead to a
pupil size increase; whereas visual modality did not. Experiments 1
and 2 agree that visual modality does not lead to a dilation event size
increase for REG5a-REG5b but for REG5-RANDS (a, ¢). Coloured
horizontal lines indicate regions where cluster-level statistics p < .05
for transition and baseline conditions. The grey horizontal line in (d)
indicates the difference between modalities. There was no reliable dif-
ference between auditory and visual baseline conditions (REGS5). Dots
in pupil rate figures correspond to dilation and constriction events in
transition conditions.
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Table 1 Correlations of
participants

Control analysis Correlations reflect structural similarities
between isomorphic transitions. Still, it is reasonable to ques-

Table 2 Correlations across
Isomorphic Transitions

@ Springer

Statistics t M, %95 CI BFjo Peorr d
dv Conditions
Peak pupil size REG5-RANDS 5.06 0.28 [0.19, 1] 768.94 < .001 1.13
REG5a-REG5b 2.69 0.12 [0.04, 1] 7.58 0.065 0.6
Transitions 5.73 0.22 [0.16, 1] > 1000 < .001 1.28
REGS 5.48 0.25 [0.17,1] > 1000 < .001 1.22
Peak time REGS5-RANDS -0.13 -0.01 [-0.09, 1] 0.47 0.812 0.03
REG5a-REG5b 0.58 0.03 [-0.06, 1] 0.54 0.812 0.13
Transitions 0.62 0.02 [-0.04, 1] 0.55 0.812 0.14
REG5 2.55 0.06 [0.02, 1] 5.87 0.069 0.57
Mean size REG5-RANDS5 4.34 0.22 [0.13,1] 183.61 0.002 0.97
REG5a-REG5b 1.48 0.06 [-0.01, 1] 1.19 0.345 0.33
Transitions 4.67 0.15 [0.10, 1] 356.18 0.001 1.05
REG5 4.5 0.18 [0.11,1] 248.79 0.001 1.01
Minimum size REG5-RANDS 24 0.12 [0.03, 1] 4.54 0.081 0.54
REG5a-REG5b 1.55 0.09 [-0.01, 1] 1.29 0.345 0.35
Transitions 2.67 0.1 [0.03, 1] 7.25 0.065 0.6
REG5 3.26 0.13 [0.06, 1] 21.8 0.02 0.73

Individual correlations based on isomorphic pairs of visual and auditory sequences were calculated for each
participant. The correlations were then compared to O using a one-tailed 7-test. M, corresponds to the mean of
individual correlations; 95% CI denotes the one-sided confidence interval. The statistical metrics BF0, pcorr»
and d refer, respectively, to the Bayes factor, the corrected p-values of these correlations, and effect sizes

tion if these correlations may have been modulated by other

factors (despite our randomisation attempts). We re-ran these
analyses to address this possible concern, determining "fake"

Statistics r %95 C1 BFio Pcorr
dv Conditions
Peak pupil size REG5-RANDS 0.86 [0.71, 0.94] > 1000 < .001
REG5a-REG5b 0.64 [0.32, 0.83] 56.96 0.006
Transitions 0.77 [0.62, 0.86] > 1000 < .001
REGS 0.71 [0.53, 0.83] > 1000 < .001
Peak time REGS5-RANDS 0.31 [-0.11, 0.63] 0.71 0.367
REGS5a-REGS5b 0.47 [0.09, 0.74] 3.33 0.097
Transitions 0.39 [0.12, 0.61] 7.08 0.036
REGS 0.54 [0.31, 0.72] 393.55 0.001
Mean size REG5-RANDS 0.8 [0.58, 0.91] > 1000 < .001
REGS5a-REGS5b 0.35 [-0.06, 0.66] 0.96 0.367
Transitions 0.64 [0.44, 0.79] > 1000 < .001
REGS 0.53 [0.3, 0.71] 304.7 0.001
Minimum size REG5-RANDS 0.64 [0.32, 0.83] 53.21 0.006
REGS5a-REG5b 0.2 [-0.22, 0.56] 0.39 0.367
Transitions 0.46 [0.21, 0.66] 38.16 0.006
REGS5 0.25 [-0.04, 0.5] 0.72 0.367

Correlations were calculated based on the mean of visual and auditory transitions, reflecting group-level
responses. r denotes the correlation coefficient; 95% CI denotes the confidence interval. The statistical metrics
BF|o and p.,, refer, respectively, to the Bayes factor and the corrected p-values of these correlations
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Fig. 7 Comparisons of scalar values extracted from pupil traces in
Experiment 3. The first row corresponds to peak pupil size, and the sec-
ond corresponds to their time. Columns correspond to different types
of comparisons: participants’ correlations, group correlations based on

isomorphic pairs. These fake pairs were determined as the
closest trials (in terms of time) to the original pair within
the same condition (and block); thereby assessing whether
correlations are due to the dynamics of the experiment. Out
of 32 tests estimating correlations, only one test yielded a
BF|o greater than 3, which is the correlation of modalities
for REGS in terms of peak size (M, = 0.09, BF¢ = 12.59,
Peorr =0.063). No other comparison yielded a BFo > 3 (with
all other corrected p-values > .476).

averages of isomorphic transitions, and differences of scalar values.
Shaded areas and error bars indicate between-participant SEMs. Aster-
isks denote where p.orr < 0.05

Correlations of pupil events We conducted similar analyses
based on dilation events. While the number of dilation events
did not correlate across modalities (note that the maximum
number of events in a trial was only 4), the total magnitude
of events showed strong correlations (but not in REG5a-
REGS5b; see Supplementary Figure S5).
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Table 3 Pupil differences across modalities

Statistics t My SEM 4 My SEMy 95% CI BFjg Peorr d,
dv Conditions
Peak pupil size REG5-RANDS 0.22 0.88 0.05 0.87 0.07 [-0.09, 0.11] 0.24 1.0 0.04
REG5a-REG5b 3.71 0.75 0.04 0.57 0.04 [0.08, 0.28] 25.76 0.018 0.98
REGS5 3.1 0.75 0.04 0.63 0.04 [0.04,0.2] 8.05 0.064 0.71
Peak time REGS5-RANDS -1.18 2080.0 78.0 2191.0 76.0 [-0.15, 0.04] 0.43 1.0 0.32
REG5a-REGS5b 2.98 2025.0 69.0 1770.0 81.0 [0.04, 0.25] 6.38 0.077 0.82
REGS5 0.66 2006.0 83.0 1946.0 59.0 [-0.05, 0.09] 0.28 1.0 0.13
Mean size REGS5-RANDS -0.73 0.21 0.04 0.24 0.05 [-0.09, 0.04] 0.3 1.0 0.12
REGS5a-REGS5b 2.07 0.08 0.04 -0.03 0.04 [-0.0, 0.23] 1.35 0.415 0.62
REGS5 1.43 0.07 0.04 0.01 0.04 [-0.02, 0.13] 0.56 1.0 0.3
Minimum size REGS5-RANDS -2.46 -0.58 0.04 -0.47 0.04 [-0.21, -0.02] 2.51 0.214 0.6
REGS5a-REG5b 0.01 -0.67 0.05 -0.67 0.05 [-0.13,0.13] 0.23 1.0 0.0
REGS5 -1.53 -0.67 0.05 -0.6 0.04 [-0.17, 0.03] 0.63 0.998 0.32

Differences of scalar pupil values extracted from pupil traces. ¢ denotes the value of ¢-test, M4 and My correspond to the mean of scalar pupil
values; SEM 4 and SEMy are corresponding standard error of the means (SEMs). 95% CI denotes confidence intervals. Statistical metrics, BFjg
and p..r, refer, respectively, to the Bayes factor and the corrected p-values of these correlations. d, corresponds to effect sizes

General discussion

Given the sensitivity of pupil responses to prediction errors
(Basgol et al., 2025; Zhao et al., 2019), and building on prior
evidence indicating cross-modal similarities in the process-
ing of deviant stimuli (Grundei et al., 2023; Sabio-Albert et
al., 2025; Planton & Dehaene, 2021), we adapted the rapid
tone presentation paradigm used in audition to vision (Baras-
cud et al., 2016; Basgol et al., 2025; Southwell et al., 2017,
Southwell & Chait, 2018; Zhao et al., 2019) and investi-
gated pupil dynamics to changes within visual and auditory
sequences.

Regularity violations and pupil dilation responses

Our main results in the visual modality were consistent with
previous auditory observations (Basgol et al., 2025; Zhao et
al., 2019). The emergence of regularities (RANDS-REGS,
Experiment 1) does not lead to pupil dilations, whereas vio-
lations of regularities by random patterns (REG5-RANDS;
Experiments 1, 2, and 3) and by regular patterns does
(REG5a-REGS5b; Experiments 1, 2, see Figure 6 and S5).
Therefore, our results support the conclusion that pupil dila-
tions are associated with domain-general reset of internal
models in response to abrupt violations of predictive relation-
ships (i.e., unexpected uncertainties triggering the LC-NE
system activity; Basgol et al., 2025; Zhao et al., 2019). How-
ever, there were two empirical irregularities: the magnitude of
pupil dilation to REG5a-REG5b transitions was consistently
smaller than REG5-RANDS (compared to the previous study,
Supplementary Section S4) and its magnitude was inconsis-
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tent across experiments; see Figs. 2b, 3b, and 5). We return
to this issue after presenting the remaining empirical results.

Pupil size: cross-modal similarities and differences

The REG5-RANDS conditions elicited remarkably similar
pupil dilations (see Experiment 3, Fig. 5c¢). This resemblance
is evident not only in scalar measures but also in the over-
all pupil dynamics. A comparable, albeit weaker, similarity
was observed between the REG5a-REGS5b conditions across
modalities.

As an exploratory analysis, we compared pupil responses
across modalities without transitions (i.e., REGS). Interest-
ingly, pupil responses are still correlated. This suggests that
pupil size may reflect not only changes due to transitions, b
ut also inferences of participants in response to REG5 sequences
that could be interpreted as the general level of uncertainty
(Milne et al., 2021), which has been shown to lead to tonic
increases in pupil size (Gesztesi & Pajkossy, 2025; Filipow-
icz et al., 2020; Nassar et al., 2012; Pajkossy et al., 2023).

Crucially, we based cross-modal correlations on isomor-
phic transitions rather than participant-wise means, as the
latter can be confounded by individual differences in pupil
responsiveness. By analysing responses per transition (either
for a participant or all participants as a group), we effectively
eliminated participant-specific biases.

Pupil events: cross-modal similarities
and differences

We extracted pupil events putatively associated with the LC-
NE system activity (Basgol et al., 2025; Joshi et al., 2016;
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Megemont et al., 2022; Milne et al., 2021; Zhao et al., 2019;
Reimer et al., 2016). Transitions in REG5-RANDS5 showed a
consistent increase (see Fig. 6a and 6b; in line with previous
studies, Basgol et al., 2025); on the other hand, transitions
in REG5a-REG5b showed a strong increase in Experiment 3
(see Fig. 6d), in which sequences were identical across partic-
ipants and thus reduced pupil-response variability, whereas
it showed smaller increases in Experiments 1 and 2 (see Fig.
6¢).

Dilation events and their magnitudes increased after tran-
sitions in REG5-RANDS conditions (see Fig. 6) with a
remarkably similar degree across modalities. In contrast, the
auditory and visual REG5a-REGS5b conditions differed in
terms of the size of dilation events (but not in rates; see
Fig. 6d; and see Fig. 6¢ for the events in visual sequences),
consistent with the numerically larger pupil responses in the
auditory modality (Fig. 5d; see also Klingner et al., 2011).

Integrating the findings
Domain-general responses with modality constraints

Structured learning of patterns occurs across perceptual
domains. Yet, the underlying mechanisms vary by modality
and the presentation mode, suggesting modality-specific sys-
tems (Conway, 2020; Conway & Christiansen, 2009; Frost
etal., 2015).

Strong cross-modal correlations, especially in REGS5-
RANDS, support (but do not prove) the idea of a domain-
general response to prediction errors (Grundei et al., 2023;
Planton & Dehaene, 2021; Sabio-Albert et al., 2025) that
seems to trigger activity of the LC-NE system and informs
the arousal system about the moments of model reset.
Saliency reports of participants, interpreted as an evaluation
of changing uncertainties upon transitions, suggest a similar
conclusion (see Supplementary Section S9).

On the other hand, divergences in REG5a-REG5b across
modalities (albeit with correlated responses) suggest modality-
specific differences (see Figs. 6d, 7c, and f). In the following
section, we discuss differences between the REG5-RANDS
and REG5a-REGS5b conditions.

Differences between regularity violations

Our data included two findings about the REG5a-REG5b
transitions that need further scrutiny. First, the magnitude of
dilation associated with these was consistently smaller than
for REG5-RANDS. Second, this magnitude was not consis-
tent across experiments.

The comparison between REG5a-REG5b and REGS-
RANDS provides an important window onto the effects on
pupil dilation of evolving certainty (REGS5b) versus per-
sistent uncertainty (RANDS). From a statistical viewpoint,

both these transitions are initially associated with unex-
pected uncertainty. The resulting transient uncertainty, which
is expected after an unexpected change, and the associated
violations of predictions both rapidly reduce in REG5b, but
persist in RANDS (evident also in our quantitative predic-
tions of surprise in Fig. 2d). We argue that it is this difference
that determines the observed dilation, at least when filtered by
the low-pass pupil response function (Hoeks & Levelt, 1993;
Basgol et al., 2025). This reasoning leads one to expect that
REGS5a-REGS5b will evoke less pupil dilation than REG5-
RANDS (and, presumably, also less than REG10-RANDI10,
which was one of the conditions reported in Basgol et al.,
2025).

Nevertheless, the processes underpinning the persistent
elevation following the switch to RANDS in REG5-RANDS
are not yet fully understood. One possibility is that pupil dila-
tion simply follows surprise (Fig. 2d). This surprise should
itself become predictable (i.e., become a form of expected
uncertainty), which Yu and Dayan (2005) suggested would
be represented by ACh. This neuromodulator could itself
impact tonic pupil dilation (Milne et al., 2021; Lloyd et al.,
2023; Reimer et al., 2016; Nelson & Mooney, 2016; Mridha
et al., 2021; Yu & Dayan, 2005). However, expected uncer-
tainty includes both reducible (epistemic) and irreducible
(aleatoric) components. The REG5a-REG5b transition illus-
trates the former; one might expect the latter ultimately to be
filtered out as a form of adaptation. It would be interesting
to design an experiment to test this cleanly.

There are two inconsistencies across experiments in the
dilation to REG5a-REG5b. In Experiments 1 and 2, the
transition evoked significant excess dilation (Fig. 2b and c;
Fig. 3b and c), despite no considerable difference in the size
of dilation or constriction events (Fig. 6¢ and g). In the visual
condition of Experiment 3, there was no considerable dilation
(Fig. 5a and d), but there were excess dilation events (Fig. 6d
and h). In the auditory condition of Experiment 3, there was
also no considerable dilation (Fig. 5b and d), but there were
excess dilation events that were also larger (Fig. 6d and h).
These observations imply that the signal-to-noise ratio for
these transitions may be low, arising inconsistent and weak
dilations. However, it is also possible that the visual regular-
ities are harder to learn than the auditory ones; consequently,
both the violation and establishment of the statistical struc-
ture are weaker, leading to smaller signals (Conway, 2020).
The structure of the regularities in REG5b in Experiment 3
was also slightly different from that in Experiments 1 and 2,
which may have further influenced the results.

While the current account emphasises uncertainties, it
would be unsafe to assume that the pupil exclusively reflects
these processes. Pupil size is sensitive to many changes in
internal states (Rylan et al., 2018; Strauch et al., 2022; Gru-
jicetal., 2024). For example, pupil-linked changes have been
related to shifts in arousal, exploration-exploitation trade-off,
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effort, stress, circadian phase and metabolic or motivational
state (Grujic et al., 2024). Therefore, the pupil provides a
composite read-out of several partly overlapping control sys-
tems rather than a pure index of any single computational
variable. Nonetheless, in the present experiments the close
temporal locking of pupil responses to sequence transitions
makes it plausible that unexpected uncertainty-related sig-
nals constitute the main contributors to the effects we report,
while fluctuations in internal variables may modulate their
expression and thereby contribute to the variability observed,
for example, in responses to REG5a-REGS5b transitions.

Limitations and further research

The reduced and unstable REG5a-REGS5b response, together
with the weaker post-phasic reduction in the REG5-RANDS
condition relative to earlier work, leaves some important
questions. Future studies should first manipulate expected
uncertainty independently of transition type, for example
by varying the conditional variability of the pre-transition
sequence while keeping the REG5-RANDS and REGS5a-
REGH5b transitions fixed. We predict that higher expected
uncertainty will attenuate phasic dilations, particularly for
REG5a-REG5b. A second possibility is to examine how
learning speed and pattern familiarity modulate responses
to transitions between regularities, by comparing REG5a-
REGS5D transitions with novel versus pre-familiarised post-
transition patterns. If novel REGS5Db patterns evoke larger and
more prolonged phasic dilations than familiar patterns (or
increase in event rates), this would support the idea that rapid
inference of the new regularity shortens the period of ele-
vated unexpected uncertainty and thus explains the weaker,
less stable REG5a-REG5b effects at the group level.

Minor dilation events and global pupil size do not covary
in a simple, one-to-one manner. The presented dissocia-
tions indicate that the presence and strength of event-level
responses can diverge from the shape and magnitude of the
global pupil trace, and that a weak or absent sustained mean
increase for REG5a-REG5b does not necessarily imply the
absence of phasic, uncertainty-related responses. To clarify
these relationships, future work can model the pupil trace as
the output of a generative process in which dilation events
(Joshi et al., 2016; Reimer et al., 2016; Megemont et al.,
2022) are driven by computational variables such as unex-
pected uncertainty (Basgol et al., 2025; Dayan & Yu, 2006;
Yu & Dayan, 2005). These events then can be convolved with
a pupil response function (Hoeks & Levelt, 1993; Basgol et
al., 2025) with possible addition of tonic state variables asso-
ciated with expected uncertainty and/or belief uncertainty
(Nassar et al., 2012; Milne et al., 2021; Filipowicz et al.,
2020). This approach would link pupil responses to sequence
structure, and thereby help to interpret discrepancies such as
the weaker and less consistent REG5a-REG5D effects across
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experiments. Such a model could also be used to investigate
individual sensitivities to modalities.

In our visual paradigm, regularities were formed by spatio-
temporal relationships between the positions of the white dot.
Similar paradigms have been used before (Conway & Chris-
tiansen, 2005, 2009; Simon et al., 2016), where it has been
found that participants extracted visual patterns better when
stimuli were presented spatially compared to, for example,
when they were presented as successive coloured patches
(Conway & Christiansen, 2009; Hans et al., 1966; Robinson
& Sloutsky, 2007). Therefore, a key question is how current
results vary across different presentations within a modality
(e.g., by varying durations of items or their complexities)
and, if so, where any differences originate. For example, in
the current paradigm, small changes in dot location after tran-
sitions may not significantly affect pupil size, not because of
visual limitations, but due to the way the visual system func-
tions. Vision, for example, is scale- and translation-invariant,
which may render specific transitions to be easily integrated
with prior information. One compelling experimental idea is
to identify conditions in which the visual modality surpasses
the auditory modality, thereby reversing the current pattern
of results.

There is growing evidence that the visual system exhibits
anisotropy, and the pupil is no exception. For instance, the
pupillary light reflex is influenced differently by luminance
from the top versus the bottom of a display (Cai et al., 2024).
Some of the variability in pupil responses to visual regularity
violations could be attributed to this effect.

Retinal illumination and covert attention to the illuminated
portion of the screen lead to pupil constrictions (Binda et al.,
2013; Mathot et al., 2013; Strauch, 2024); therefore, white
dots that do not appear in a predicted position might lead to
small dilations (if the retina is on that spot). These studies
used large and wide stimuli (usually occupying half of the
screen), remaining on the screen for extended periods (in the
order of seconds). In contrast, in our presentations, the size
of white dots was small (maximum of 1° of visual angle), the
dots were presented in a confined space (5° wide of visual
angle) and presented quickly (20 Hz, in the order of ms).
A natural extension would be to use a black dot to dimin-
ish this possible effect or investigate how dots with different
luminance profiles affect pupil responses (Pan et al., 2022,
2024). Given the strong cross-modal consistency and applied
gaze-related controls, any remaining effects of oculomotor
behaviours are likely minimal. Indeed, saccade, microsac-
cade, and blink rates showed no modulation by transitions
(see Supplementary Section S10).

Previous research has investigated the oddball effect on
pupil size, for example, by simultaneously presenting audi-
tory and visual stimuli (Liao et al., 2016b). Further research
can explore how pupil size dynamically evolves within
sequences when a new modality is introduced and how mul-
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timodal predictions are formed (Van Der Stoep et al., 2021;
Rigato et al., 2016; Liu et al., 2024).

Conclusion

Previous studies point to the possibility that the processing of
regularities is modality-specific (Sherman et al., 2020; Con-
way, 2020; Barascud et al., 2016; Paavilainen, 2013; Frost et
al., 2015; Canale, 2022), even if violations of those regular-
ities may be detected through a domain-general mechanism
(Sabio-Albert et al., 2025; Grundei et al., 2023; Planton &
Dehaene, 2021). We observed that pupil dilation responses,
often linked to such violations (Basgol et al., 2025; Nassar
et al., 2012; Zhao et al., 2019), exhibit notable similari-
ties across modalities. While these responses are correlated
across domains, transitions with random patterns elicit more
consistent effects than those with regular patterns. These
findings highlight pupil dilation responses as a sensitive,
modality-general index of the violation of statistical struc-
ture, while also revealing modality-specific differences in
their processing.
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S1 Analysis of Sustained Pupil Responses
S1.1 Experiments 1 and 2:

To explore potential differences between REG5 and RANDS, we analysed pupil size
data 6 s after the start of each trial. Baseline pupil size was calculated by averaging pupil
measurements taken during the first 0.25 s (due to the missing pupil size measurements in the
inter-trial interval) after trial onset (i.e., during the first repetition of a possible regularity).
We then subtracted this baseline value from pupil sizes recorded during the 6 s epoch to assess
the influence of the pattern types on pupil size. We compared pupil sizes in REG5 and
RANDS5. As shown in Figure [STh, there is no considerable difference in pupil size between the
two conditions. However, there appears to be a gradual decline in pupil size during the REG5
trials. Bayesian analysis supports this evidence, such that the BFg exceeds 3 at around 5.48
s, suggesting moderate evidence in favour of a difference. However, this evidence decreases,
with the BF¢ dropping below 3 at 5.68 s (see Figure )

In Experiment 2, we observed that pupil responses to regular patterns spontaneously
increased, possibly as a proxy for the effort participants exerted on the task (see Figure )
This observation suggests that the detection task in Experiment 2 was possibly more effortful
than the gap detection task in Experiment 1. This aspect of the results was not investigated,

as it was beyond the scope of the paper.
S1.2 Experiment 3:

In Experiment 3, we presented participants with visual and auditory regularities.
Pupil responses to consistent auditory patterns were greater than those to visual patterns (see
Figure . In light of accounts that sustained pupil size is a proxy of effort (Van der Wel and
Van Steenbergen, 2018]), this result may indicate that processing of frequencies (in the scope
of the gap detection task) might require more effort.

Baseline pupil size was calculated by averaging pupil measurements taken during the
1-second interval before trial onset. This baseline value was then subtracted from the pupil

sizes recorded during the trial to analyse the effect of presentation modality on pupil size.
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Figure S1
Pupil responses to pattern types.
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Note. Sustained pupil responses in Experiments 1 and 2. (a) Experiment 1. Pupil dilation responses to pattern
types. Average normalised pupil size over time in no-transition control conditions. These conditions led to similar
changes in pupil size. However, there appears to be a gradual decline in pupil size for REG5. (b) Experiment 2.
Shaded areas indicate the between-participant standard error of the means.

Figure S2
Pupil responses to REG5S across modalities.
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Note. Sustained pupil responses in Experiment 3. Pupil dilation responses to REG5 across modalities. Average
normalised pupil size over time in no-transition control conditions. These conditions led to different pupil size
changes, such that the auditory regular patterns elicited a heightened pupil response compared to the visual
regular patterns. Coloured horizontal lines indicate regions where cluster-level statistics p < 0.05 for the difference
between visual and auditory modalities. Shaded areas indicate the between-participant standard error of the
means.
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S2 Comparisons of Experiments

We show all experiments and the same conditions on the same figure (see Figure .

Figure S3
Pupil baseline and dilations across experiments.
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Note. Pupil baseline and dilations across experiments. (a) pupil responses in REG5-RANDS5, (b) in REGHa-
REGS5b and (c) in REGS5, (d) pupil baselines that are calculated by averaging 1 sec before the transition. Shaded
areas and error bars indicate the between-participant standard error of the means.
S3 Statistics of Sequences
To quantify the degree of surprise elicited by transitions in the stimulus sequences, we
analysed participants’ trial-wise surprise using a hierarchical Chinese Restaurant Process
(HCRP) sequence model (Figure Elteto et al., ; Teh, . This model provides a
domain-general account of sequence learning by capturing statistical regularities across
multiple contextual depths without relying on modality-specific assumptions. For each

experiment, we analysed the surprisal associated with transitions by fitting the model to the

sequence of trials experienced by each participant, yielding trial-wise surprise estimates.
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Figure S4
Statistics of sequences.
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Note. Surprise values were estimated using a hierarchical Chinese Restaurant Process (HCRP) sequence model
(Eltet('j et al., [2022), which was fitted to the sequence of trials experienced by participants during an experimental
session. To correct for baseline differences, the average surprise computed over the 1-second interval preceding
the transition (from —1 to 0 s) was calculated and subtracted from the surprise values of each trial. (a) shows
analyses for Experiment 1, (b) for Experiment 2 and (c) for Experiment 3. Shaded areas indicate the between-
participant standard error of the mean.

S4 Comparison with the Previous Study

In our previous work, we investigated pupil dilation responses to complex auditory
sequences (complexity of 10); violations of regularities, both by random patterns
(REG10-RAND10) and by novel regularities (REG10a-REG10b), led to pupil dilation
responses, as shown in Figure [Sbh. The emergence of regularities from a random sequence
(RAND10-REG10) did not yield an increase relative to the random baseline (RAND10).

We obtained a similar pattern of results when using shorter sequences (length 5), as
shown in Figure [S5b. While most conditions mirrored the findings from the more complex
sequences, the pupil dilation responses observed for the violation of a regularity by a novel
regularity (REGba-REG5b) were notably smaller in magnitude. These observations on pupil
response to regularity changes were replicated even when the nature of the task was modified
to a more engaging shape detection task (see Figure )

We performed a direct comparison of pupil dilation responses to structured stimuli
across auditory (frequencies) and visual (changing dot positions) modalities, as in Figures
and . When a regular pattern was violated by a random one (REG5-RAND5), the pupil
responses were similar across modalities and consistent with our previous findings (compare

REG5-RANDS in Figures and with Figure ) In contrast, when a presented
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regularity was violated by a novel one (REG5a-REG5b), the pupil responses diverged between
the auditory and visual modalities (compare REG5a-REG5b in Figures and with

Figure [SBh).

Figure S5
The comparison with the previous study.
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Note. The comparison of the current results of pupil dilation responses with the previous study. (a) In our
previous study, Basgol et al., we investigated pupil dilation responses to regularity violations, but in
sequences of length 10, with items being short presentations of particular pure-tone frequencies. Violations of
regularities with random patterns (REG10-RAND10) and novel regularities (REG10a-REG10b) led to an increase.
The emergence of regularities from random patterns (RAND10-REG10) did not result in a significant increase
compared to the baseline (RAND10). (b) Similar results were obtained here with shorter sequences of length
5. However, smaller pupil dilation responses were observed for the violation of regularities by novel regularities
(REG5a-REGS5D). (c) Similar observations were obtained when the task was changed to a more engaging shape
detection task. (d, e€) We directly compared pupil dilation responses when structured stimuli were presented
in auditory, as frequencies, and vision, as changing dot positions. Similar pupil responses were obtained when
random patterns violated presented regularities (compare REG5-RANDS in d, e with a). In contrast, pupil
responses diverged when novel regularities violated presented regularities (compare REG5a-REG5b in d, e with
a). Baseline pupil responses (i.e., REG5) tend to fluctuate. Shaded areas indicate the between-participant
standard error of the means. Coloured horizontal lines indicate regions where cluster-level statistics p < .05.
(a) Reproduced from the supplementary material of Basgol, H., Dayan, P., & Franz, V. H. (2025). Violation of
auditory regularities is reflected in pupil dynamics. Cortex, 183, 66-86. CC BY 4.0.
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We conducted exploratory analyses to identify the factors that may contribute to the
missing effect in REG5a-REG5b (see Figures and [S5k). One factor we considered was
pupil baseline, as it is known that baseline measurements can obscure increases in pupil size
(Relano-Iborra et al., 2022). Our analysis, however, revealed that the pupil baseline in
Experiment 3 was similar to the pupil baseline observed in Experiment 1 (see Figure .
Furthermore, pupil size increased in the REG5-RANDbS condition, which rules out the
potential influence of pupil baseline.

Another factor is experiment duration, which has been associated with a reduction in
pupil size increase (McLaughlin et al., 2023). We also observed that the duration of the
experiment influenced pupil size, with regularity violations in initial blocks causing a slightly
larger increase. However, even the earliest trials did not demonstrate effects consistent with
previous experiments (see REG5a-REG5b in Figure [S3)).

Participants may also have implicitly learned when the transition occurred (Akdogan
et al., [2016), allowing them to modulate their effort in response to changing task demands.
This modulation could have produced a gradual increase in pupil size around the time of
transitions, followed by a reduction in REG5 (see Figure . It may also explain the reduction
in pupil size observed in REG5a-REGbHb, resulting from more efficient effort regulation.

It is important to note that the absence of time-series pupil size increase does not
imply that REGba-REG5b did not affect pupil size; in fact, pupil dilation events (presented in

the main text) have increased due to these transitions.
S5 Pupil Event Rate Analysis

A typical pupillometry analysis involves averaging event-related pupil responses across
trials. Still, this method can misrepresent peak amplitudes and response latencies (Fink et al.,
2024), as is also the case with signals such as functional magnetic resonance imaging (fMRI)
and EEG (Guy et al., |[2021; Wang et al., 2021)).

To address these problems, we extracted pupil events (i.e., dilations and constrictions)
from continuous pupil data. These were identified by analysing changes in pupil size slopes.
This method enabled a more detailed analysis of condition and modality differences.

In Experiments 1 and 2, we observed differences between the transition conditions and
the no-transition control condition. However, these differences did not survive the

cluster-based permutation test (except for the strong constriction response in the
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REG5-RANDS condition of Experiment 1). On the other hand, increasing statistical power by
combining Experiments 1 and 2 (though note that differences exist across experiments that

could increase variability) revealed a strong response in the REG5-RANDS5 condition (in terms
of event rates and magnitudes) and a potential difference in the REG5a-REG5b condition (in

terms of event rates), which was later confirmed in Experiment 3 (see the main text for the

discussion).
.
Figure S6
Pupil event rate analyses for Experiments 1 and 2.
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Note. Pupil event rate analyses for Experiments 1 and 2. Pupil dilation and constriction rates were computed
using a running average with a 500-ms window. Overall, dilation rates for REG5-RANDS5 and REG5a-REG5b
slightly increased (this increase became significant after combining Experiments 1 and 2, as described in the main
text). On the other hand, the transition from RAND5 to REG5 did not result in a considerable change. Coloured
horizontal lines indicate regions where cluster-level statistics p < 0.05 between each transition condition (shown
as dark green) and the no-transition control (light green). Shaded areas represent between-participant standard
error of the means.

S6 Control Analyses for Correlations

We conducted correlations across modalities based on scalar measures of pupil size, as
presented in the main text. We also conducted a control analysis to estimate whether these
correlations are based on a common variable that could be associated with the temporal

dynamics of the experiment (remember that trial pairs occur in the same order within the
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block). We conducted control analyses to address the potential impact of isomorphic pairs on
our results. To do this, we re-ran the analyses with "fake" isomorphic pairs, which were
determined as the closest trials in time to the original pair, within the same condition and
block.

Out of 32 tests estimating correlations, only one test yielded a BFyy greater than 3,
which is the correlation of modalities for REG5 (Mr = 0.09, BF1g = 12.59, pcorr = 0.063, see
Tables and . No other comparison yielded a BF1y > 3 (with all other corrected p-values
> .476).

Table S1
Control Analysis: Correlations of Participants

Statistics t M, %95 CI BF10  peorr d
dv Conditions
Peak size REG5-RAND5  0.03 0.0 [-0.07, 1]  0.46 1.0 0.01
REG5a-REG5b  -0.04 -0.0 [-0.1,1] 046 1.0  0.01
Transitions 0.67 0.02 [-0.03,1] 0.57 1.0 0.15
REG5 2.97 0.09 [0.04,1] 12.59 0.063 0.66
Peak time REG5-RAND5 -0.21 -0.01 [-0.11, 1] 0.47 1.0 0.05

[
REG5a-REG5b  0.25 0.01  [-0.07, 1] 0.48 1.0 0.06
Transitions 0.28 0.01 [-0.05,1] 0.48 1.0 0.06
REG5 049 0.02 [-0.05 1] 052 1.0  0.11
Mean size REG5-RAND5  1.05 0.04 [-0.03,1] 0.76 1.0 0.24
REG5a-REG5b  -0.23  -0.01 [-0.1,1]  0.48 1.0 0.05
Transitions 1.01 0.04 [-0.02,1] 0.73 1.0 0.23
REG5 1.96 0.07 [0.01,1] 2.26 0.49 0.44
Minimum size REG5-RAND5 0.51  0.03  [-0.06, 1] 0.52 1.0 0.12
REG5a-REG5b  0.42  0.02  [-0.06,1] 0.5 1.0 0.09
Transitions 0.67 0.02 [-0.04,1] 0.57 1.0 0.15
REG5 1.39 0.06 [-0.01,1] 1.08 1.0 0.31

Note. Individual correlations based on isomorphic pairs of visual and auditory sequences were calculated for each
participant (but now after selecting fake pairs for control analyses). The correlations were then compared to 0
using a one-tailed t-test. M, corresponds to the mean of individual correlations; 95% CI denotes the one=sided
confidence interval. The statistical metrics BF10, pcorr, and d, refer, respectively, to the Bayes factor, the
corrected p-values of these correlations, and effect sizes.
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Table S2
Control Analysis: Correlations across Isomorphic Transitions

Statistics r %95 CI BF1p  peorr
dv Conditions
Peak size REG5-RAND5  -0.14 [-0.51, 0.28] 0.31 1.0
REG5a-REG5b  -0.44 [-0.72,-0.04] 224  0.476
Transitions -0.02 [-0.3, 0.27] 0.18 1.0
REG5 0.32  [0.04, 0.55] 1.96 0.424
Peak time REG5-RAND5  -0.09 [-0.47,0.33] 0.27 1.0
REG5a-REG5b  -0.15 [-0.52,0.27] 0.32 1.0
Transitions -0.04 [-0.32,0.25] 0.19 1.0
REG5S 0.11 [-0.18,0.39] 0.24 1.0
Mean size REG5-RAND5  0.06 [-0.35,0.45] 0.26 1.0
REG5a-REG5b  -0.29  [-0.62, 0.12]  0.63 1.0
Transitions 0.13  [-0.16, 0.4] 0.26 1.0
REG5 0.28  [-0.0, 0.52] 1.1 0.748
Minimum size REG5-RAND5 0.11  [-0.31, 0.49] 0.29 1.0
REG5a-REG5b  -0.11  [-0.49, 0.31]  0.29 1.0
Transitions 0.12  [-0.17,0.39] 0.25 1.0
REG5 0.21 [-0.08,0.47] 0.49 1.0

Note. Correlations were calculated based on the mean of visual and auditory transitions (but now after selecting
fake pairs for control analyses), reflecting group-level responses. r denotes the correlation coefficient; 95% CI
denotes the confidence interval. The statistical metrics BF1p and peorr refer, respectively, to the Bayes factor and
the corrected p-values of these correlations.

S7 Correlations of Modalities based on Pupil Events

We calculated scalar measures of pupil size for isomorphic trial pairs. Similar to this
analysis, we calculated the number of dilation events and the sum of event size, and computed
correlations between these values across isomorphic trial pairs. Interestingly, the number of
dilation events was not correlated; however, the total size of events was correlated in both
transition and baseline conditions across modalities (see Tables [S3| and [S4)). Although
modalities resulted in similar patterns of results (see the main manuscript), they were not
correlated across modalities due to the limited range (the maximum number of events in a

trial was only 4, and the minimum was 0).
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Table S3
Correlations of Participants for Dilation Events
Statistics t M, %95 CI  BFqg Deorr d
dv Conditions
Number of dilation events REG5-RANDS5 212 0.1 [0.02,1] 2.9 0.118 047
REG5a-REG5b  -0.15 -0.01  [-0.09, 1] 0.47 1.0 0.03
Transitions 0.73  0.02 [-0.02, 1]  0.59 0.76 0.16
REG5 -0.13 -0.0 [-0.06, 1] 0.47 1.0 0.03
Sum of event size REG5-RAND5 3.77 0.17 [0.1, 1] 58.71 0.005 0.84
REG5a-REG5b 0.9 0.06  [-0.05, 1] 0.66 0.76 0.2
Transitions 4.23 0.13 [0.08, 1] 145.28 0.002 0.95
REG5 3.46 0.13 [0.07,1] 32.06 0.008 0.77

Note. Individual correlations based on isomorphic pairs of visual and auditory sequences were calculated for each
participant. The correlations were then compared to 0 using a one-tailed ¢-test. M, corresponds to the mean of
individual correlations; 95% CI denotes the confidence interval from the t-test. Because of the one-tailed t-test,
only one tail of the CI is given. The statistical metrics BF10, pcorr, and d, refer, respectively, to the Bayes factor,

the corrected p-values of these correlations, and effect sizes.

Table S4

Correlations across Isomorphic Transitions for Dilation Events

Statistics r %95 CI BF1o Peorr

dv Conditions

Number of dilation events REG5-RAND5 0.16 [-0.26, 0.53]  0.33 1.0
REG5a-REG5b  -0.14 [-0.51, 0.28]  0.31 1.0
Transitions 0.05 [-0.24,0.33] 0.19 1.0
REG5 -0.24  [-0.49, 0.05]  0.65 0.515

Sum of event size REG5-RAND5 0.51 [0.14, 0.76] 5.65 0.062
REG5a-REG5b  0.22  [-0.2, 0.57] 0.42 1.0
Transitions 0.52 [0.28, 0.7] 203.08 0.001
REG) 0.66 [0.46, 0.79] > 1000 < .001

Note. Correlations were calculated based on the mean of visual and auditory transitions, reflecting group-level
responses. r denotes the correlation coefficient; 95% CI denotes the confidence interval. The statistical metrics
BF10 and pcorr refer, respectively, to the Bayes factor and the corrected p-values of these correlations.



PUPIL AND REGULARITY VIOLATIONS 12

S8 Temporal Analyses

We investigated whether the timing within the experiment influences pupil responses
to regularity violations and whether these effects are consistent across modalities. To this end,
we divided the experiment into three segments: early (blocks 1-2), mid (3-4), and late (5-6),
and averaged the time-series pupil size along with associated scalar measures (i.e., peak and
mean pupil sizes).

Figure [S7 illustrates the temporal dynamics of pupil responses to two types of
statistical transitions, REG5—RAND5 and REG5a—REGbSb, across experimental blocks.
Figures ST a to ¢ and Figures [S7]f to h display time-locked, normalised pupil size traces for
early (blocks 1-2), mid (3-4), and late (4-6) segments, separately for each condition. Solid
and dashed lines denote the visual and auditory modalities, respectively. In the
REG5-RAND5 condition (Figure [S7h to c), pupil dilation responses were large and sustained
across the session, although a gradual reduction in amplitude was observed over time. By
contrast, REG5a-REG5D transitions (Figures to h) elicited smaller responses overall, with
a more pronounced decline across blocks, particularly in the visual modality.

Summary metrics of these responses are shown in Figures and e (REG5-RAND5)
and Figures and j (REG5a-REGHD), plotting peak and mean pupil size as a function of
block group. For REG5—RANDS, both modalities exhibited a similar decline in pupil response
over time (Figures and e), consistent with habituation to continuous violations during the
experiment. In contrast, for REG5a—REG5b (Figures and j), the auditory modality
remained stable across blocks, while the visual modality showed a significant reduction in both
peak and mean pupil size. This divergence, indicated by asterisks, reflects a modality-specific
sensitivity to transient statistical changes. Note that p-values are not corrected for multiple
comparisons. The correction operation (with 12 tests) yielded no test results suggesting a

significant difference.
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Figure S7
Temporal Analyses of Pupil Responses for Experiment 3.
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Note. Pupil responses in Experiment 3 across groups of blocks. Panels a-c and f-h show normalised pupil size in
the REG5-RANDS5 (blue, top row) and REG5a-REG5b (yellow, bottom row) conditions, split by block groups:
(1, 2) early, (3, 4) mid, and (5, 6) late. In the REG5-RAND5 condition, pupil dilation remained, though
with a gradual reduction in amplitude (a, ¢). In contrast, REG5a—REG5b transitions evoked smaller pupil
dilations overall, especially in the visual modality (f, h). (d-e) and (i, j) summarise peak and mean pupil sizes
across block groups for each condition and modality. In REG5-RANDS5, pupil size decreased over time for both
modalities without a strong divergence (d, €). In REG5a-REG5b, auditory responses remained stable, whereas
visual responses declined more over time (i, j), indicating a modality-specific adaptation to transient statistical
violations. Asterisks denote p < 0.05 between modalities. Note that p-values are not corrected. Error bars and
shaded areas indicate between-participant standard error of the means.
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Figure S8
Temporal Analyses of Pupil Responses.
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S9 Saliency Analyses

Following Conway and Christiansen (2005), we asked participants to judge similarities
between items (i.e., tones and dots appearing on a grid) on a continuous scale from 0 to 100
(i.e., 81 randomly selected, pairwise comparisons of 9 items within a given modality). Each
item was displayed for 0.5 s, with an inter-presentation interval of 1 s. In a subsequent
experiment, participants were presented with short versions of transitions (1 s before and 1 s
after the transition, totalling 2 s). They rated the saliency of these transitions using a
continuous scale from 0 to 100 (i.e., 48 judgements for visual items and 48 for auditory items,
totalling 96).

Participants then participated in the item similarity judgment experiment, where they
were asked to assess the similarity between pairs of items. Before the experiment, they were
shown the most distant (i.e., dissimilar) items from the dataset (auditory: 222 Hz and 1536
Hz tones; visual: dots in the bottom-left and upper-right corners of the reference grid), and
they were asked to scale their similarity judgements accordingly.

All permutations were presented to participants in a random order. We conducted this
experiment to design possible exploratory analyses that could estimate representations of
items that participants form; however, given confirmed predictions and the strong correlations
across modalities, we did not analyse the results of this measurement.

Participants then rated transitions based on their saliency. They were presented with
three example trials (one from each condition; REG5, REG5a-REG5b, and REG5-RANDS)
and instructed to evaluate the degree of subjective detectability (i.e., saliency) of transitions.
Participants were encouraged to respond consistently, reflecting a consistent and ordered
relationship. This procedure provided a shared basis for comparing pupil responses observed
across modalities (Liao et al., 2016). We first rescaled participants’ saliency judgements (in
isolation for each modality) to a 0-100 range to minimise the influence of individual scaling
biases on overall trends (note that this rescaling was not specified in the preregistration). We
then examined correlations of these judgements between modalities at individual and group
levels.

We investigated the relationship between participants’ pupil responses following the
transition and their saliency judgements by running a linear mixed effects model for each

modality and time point (using the statsmodels package in Python; Seabold and Perktold,
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2010)) to predict pupil size (without baseline correction). We based our analysis on all trials
without splitting the data into transitions, as participants judged transitions in the same
session and were instructed to rate salience in an ordered relationship, independent of
conditions. For the sake of completeness, we re-ran the analysis for all conditions and
modalities.

We used a linear mixed model to consider the effect of participant-level variables
associated with the overall experiment, such as reaction times (RTs), sensitivity (d’) and
mental effort. We included the following predictors in the models: baseline pupil responses for
each trial (averaged over one second before the transition), d’;, RTs and mental effort reported
by participants for gap detection tasks. All variables in the model were normalised to ensure
the comparability of coefficients.

We examined participants’ saliency judgements for visual and auditory transitions to
find out a common perceptual metric for transitions (Joshi et al.,2016]). These judgements
were correlated (see Figure ; REG5-RANDS5: z = 0.13, BFig = 5.75, p = .009, 95% CI =
[0.04, 0.22], d, = 0.65; REG5a-REG5b: z = 0.08, BF1y = 2.45, p = .025, 95% CI = [0.01,
0.16], d, = 0.55). However, the average correlations among participants were only around 0.1,
which may be attributed to the experimental structure. In the experiment, participants
judged and compared all transitions together, independent of conditions. Indeed, the
correlation between saliency judgements for sequences increased when transition trials were
considered together (z = 0.30, BF1p > 1000, p < .001, 95% CI = [0.23, 0.37], d, = 1.96).

We calculated the average saliency per transition and calculated correlations of these
averages. These values were highly correlated for the REG5-RANDS5 condition (see
Figure , REG5-RANDS: r = .65, BF19 = 61.93, p < .001, 95% CI = [0.33, 0.83]).
However, for REG5a-REG5b, the test was inconclusive (REG5a-REG5Hb: r = .32, BFp =
0.74, p = .132, 95% CI = [-0.10, 0.64]). Correlations increased when all trials were considered
(All: » = .75, BF19 > 1000, p < .001, 95% CI = [0.59, 0.85]).

Some transitions were rated as more salient than the others (see Figure and
compare conditions REG5-RAND5 and REG5a-REG5b). These judgements coarsely reflected
pupil dilation responses (see time-series pupil trace examples for transitions that lead to the
lowest and highest total saliency in Figure )

Beyond visual descriptions, we examined how saliency judgements relate to pupil
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Figure S9
Saliency of transitions.
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Note. The relationship between participants’ saliency judgements in Experiment 3. (a) Correlations for partic-
ipants across modalities, (b) the group. Pupil trace examples for transitions at the lowest and highest total
saliency across modalities. Shaded areas and error bars indicate standard error of the means.

responses after transitions. We used linear regression to account for several other variables
that could influence pupil size, such as baseline pupil size, transition time, trial order,
sensitivity (d'), reaction times, and mental effort. This was necessary to ensure that these
factors did not confound our results. This analysis also helped to reveal the relationships
between the experimental variables.

Our analysis was based on all trials without separating transitions, as participants
rated salience in an ordered relationship within the same session, independent of conditions
(For completeness, we also reran the analysis for conditions separately in Figure .

Pupil responses were positively associated with participants’ post-experiment saliency
judgements across time, in a way that was similar across visual and auditory conditions (see
Figure ) Baseline pupil size had a strong early effect just after the transition, which
decreased gradually over time (see Figure ) Based on this finding, we divided the data
into blocks. We found that pupil size decreased more in the visual than in the auditory
REGbHa-REGHDb condition.

Among task-related variables, transition time tended to decrease pupil size, especially
in the visual modality (Figure ) Pupil responses also decreased slightly throughout the

experiment as trials progressed, suggesting a possible effect of habituation (Figure [S10(d).
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d’ was not related to pupil responses in either modality (Figure ) RTs showed
weak associations with pupil size, slightly stronger in the visual condition, although these
effects were small and short-lived (Figure ) Perceived mental effort did not show a
consistent relationship with pupil responses; coefficients stayed close to zero throughout the
time window (Figure [S10g).

Finally, the intercept term increased after the transition in both modalities, indicating
that some variability in pupil responses remained unexplained by the included predictors
(Figure [S10h).

Figure S10
Pupil dilation responses and experimental variables.
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Note. Time-dependent coefficients of the linear model developed for Experiment 3. (a) Relationship between
participants’ post-experiment saliency judgements and their pupil responses over time, showing similar patterns
across visual and auditory modalities. (b) Contribution of baseline pupil size (averaged over the 1 s before
transition) to the observed pupil response. (c) Influence of transition time on pupil size, indicating a negative
relationship between the time that transition occurs in a trial and pupil size. The effect is particularly evident
for the visual modality. (d) Effect of trial order, showing a gradual decline in pupil response with repeated
trials. (e) Relationship between sensitivity (d’) and pupil response over time, with no consistent difference across
modalities. (f) Effect of reaction times on pupil responses, suggesting slightly stronger associations in the visual
condition. However, note that the effect is small. (g) Influence of perceived effort for detecting gaps, showing no
strong contribution. (h) Intercept term reflecting general trends in pupil responses after transition, independent
of predictors. Shaded regions indicate the 95% confidence intervals received from the model. The grey solid and
dashed lines indicate time points where p < .05 for the visual and auditory modalities, respectively. No reliable
difference was observed across modalities in terms of experimental variables affecting pupil size.
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We observed that, in line with previous distance measures (Basgol et al., 2025),
saliency was positively associated with pupil dilation, confirming earlier findings (see
Figure .

Since participants evaluated all transitions together in the same session, this may have
influenced their ratings. Our correlation analysis in the main text also supported this notion.
That is why we examined the relationship between these judgments and pupil size. Here, for
the sake of completeness, we conducted the same analyses again, but this time splitting them
into conditions.

Pupil responses were positively associated with saliency reports of participants, with
coefficients rising after the transition (Figure ) However, the coeflicients were not
statistically significant. Coefficients estimated for the REG5-RANDS5 condition seem to reach
significance. Baseline pupil size was a strong predictor, showing a large positive coefficient at
the moment of transition that decayed rapidly over the following 4 seconds (Figure )

Transition time showed a small, transient negative association with pupil size after the
transition, an effect that was slightly more pronounced in the visual modality of the
REG5a-REG5b condition (Figure [S11c). Among the other predictors, trial order had a
negative influence on pupil size, particularly in the REG5a-REGS5b condition, suggesting an
effect of habituation over the course of the experiment (Figure [SII).

Performance-related metrics were not strongly associated with pupil responses. d’
showed only a minor relationship with pupil size, with coefficients remaining at zero after the
transition (Figure [S11p). Similarly, RTs and (Figure [S11f) perceived effort for the gap
detection task did not explain considerable variance (Figure [S11f).

Finally, the intercept term showed a robust increase following the transition in all
conditions, peaking around 2 seconds before slowly decaying (Figure ) This indicates a
significant portion of the pupillary response to the transition itself remained after accounting

for all other predictors in the model.
S10 Eye Events
S10.1 Saccades and blinks

Saccades and blinks were detected using built-in eye-tracker classification algorithm of
the EyeLink 1000 system. Their rates were computed by identifying event onsets and

evaluating frequency within a sliding window similar to pupil event rates. To assess how these
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Figure S11

Pupil dilation responses and experimental variables.
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Note. Time-dependent coefficients of the linear model developed for Experiment 3. This time, we split conditions.
(a) Relationship between participants’ post-experiment saliency judgements and their pupil responses over time.
(b) Contribution of baseline pupil size (averaged over the 1 s before transition) to the observed pupil response.
(c) Influence of transition time on pupil size. (d) Effect of trial order, showing a gradual decline in pupil response
with repeated trials. (e) Relationship between sensitivity (d') and pupil response over time. (f) Effect of reaction
times on pupil responses. (g) Influence of perceived effort for detecting gaps. (h) Intercept term reflecting general
trends in pupil responses after transition, independent of predictors. Shaded regions indicate the 95% confidence
intervals received from the model. The coloured solid and dashed lines indicate time points at which p < .05 for
the visual and auditory modalities, respectively, for specific conditions.
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events evolve after transitions, we applied a 500-ms sliding window (based on each
participant’s mean across trials) to the event data, separately for each participant and
condition. Baseline correction was applied to all rate measures to control for inter-participant
variability and pre-transition fluctuations.

The mean saccade onset rate during auditory trials was approximately 0.392 Hz (SEM
= 0.075), while during visual trials it was slightly lower, at approximately 0.385 Hz (SEM =
0.075). In contrast, blink rates showed a more marked difference across modalities. During
auditory trials, the blink onset rate averaged around 0.016 Hz (SEM = 0.004), whereas in
visual trials it was only 0.009 Hz (SEM = 0.003). There were no difference observed in terms

of saccades and blink rates across conditions (Figures|[S12a-d).
S10.2 Microsaccades

The EyeLink 1000 system cannot detect microsaccades properly. Therefore,
microsaccades were detected with millisecond accuracy using the Engbert and Kliegl
velocity-threshold algorithm (Engbert and Kliegl, 2003; Schwetlick et al., 2025)), which
computes velocity over time and applies a threshold to identify transient fixational saccades
(velocity threshold = 5, minimum microsaccade duration: 3 ms).

To estimate microsaccade rate as a continuous function over time (Figure , a
causal kernel-based convolution was employed. Specifically, the estimated rate function r(t) is
obtained by convolving a microsaccadic response function p(t) with a causal filter kernel w(7),
as follows: Tapprox(t) = [T w(7) p(t — 7) d7. The response function p(t) represents the series
of microsaccade onset times as a sum of Dirac delta functions: p(t) = YN, 6(t — ;). The
causal kernel w(7) used in this analysis is defined as: w(7) = [a?T exp(—aT)] 4 Where a = 35
corresponding to a time constant of 30 ms. The operator []; ensures that the kernel evaluates
to zero for negative time lags, preserving causality. This kernel-based method enables
temporally smoothed rate estimation. The rate function r(¢) was computed by averaging

across all trials within a participant and modality. There were no difference observed in terms

of microsaccades across conditions (Figures [S12¢ and [S12f).
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Microsaccade, saccade, and blink rates in Experiment 3.
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Time course of event-related eye metrics in response to experimental transitions during Experiment 3.

Each subplot shows condition-wise mean rates over time and shaded areas indicate between-participant standard

error of the means, aligned to the transition onset (0 s).

Saccade rates in the (a) auditory and (b) visual

modalities. Blink rates in the (c¢) auditory and (d) visual modality. Microsaccade rates in the (c¢) auditory and
(d) visual modality. Solid lines represent visual trials, and dashed lines indicate auditory trials. Conditions led

to similar behaviours across conditions.
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