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ABSTRACT

Auditory signals can bias visual motion judgements, but how dynamic auditory structure affects variable-speed motion during
perception and subsequent extrapolation remains unclear. Across three experiments, we paired changing visual motion with
changes in auditory tempo or pitch. In Experiment 1, slow and fast tempi produced robust, opposite shifts in the point of sub-
jective equality for visual speed-change judgements, without reliable evidence for a change in discrimination precision in this
paradigm. Experiment 2 revealed a weaker asymmetric pitch effect: Descending pitch shifted judgements toward deceleration,
whereas ascending pitch produced no reliable opposite shift. A pooled comparison localized the tempo-pitch difference pri-
marily to the speeding-direction bias rather than psychometric slope. In Experiment 3, the omnibus three-level auditory effect
on manual time-to-contact (TTC) was not significant; however, within the two sound-present conditions, accelerating tempo
shortened mean manual TTC by approximately 32 ms relative to decelerating tempo. The corresponding primary eye-TTC con-
trast was small and not significant, although time-resolved eye analyses revealed a transient postocclusion eye-velocity effect
together with broader sound-related pupil responses. Leave-one-condition-out model comparison nevertheless showed that the
same tempo-by-physical-TTC functional model provided the best held-out prediction for both manual and eye-based estimates.
Together, these findings indicate robust auditory-tempo biases in online visual speed judgements and more qualified, tempo-
dependent signatures during forward extrapolation after visual information disappears; the absence of a JND effect here should
not be generalized to all audiovisual motion tasks.

1 | Introduction apparent motion and perceived visual speed (Kafaligonul and

Stoner 2010; Hidaka et al. 2011; Kaya and Kafaligonul 2019;
Auditory signals can alter visual motion perception even when Meyerhoff et al. 2022; for the converse visual influence on per-
they provide no spatial information about the visual target. ceived auditory speed, see Lopez-Moliner and Soto-Faraco 2007),
Moving sounds and temporally structured sounds can bias and auditory temporal rate can influence visual temporal-rate

Abbreviations: AIC, Akaike information criterion; BCI, Bayesian causal inference; BIC, Bayesian information criterion; CI, confidence interval; GLMM, generalized
linear mixed model; IND, just noticeable difference; LOCO, leave-one-condition-out; LOCO-logLik, leave-one-condition-out log-likelihood; PSE, point of subjective
equality; RMSE, root mean square error; SD, standard deviation; TTC, time-to-contact.
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judgements more generally (Welch et al. 1986; Recanzone 2003).
These findings place audiovisual motion effects within a broader
class of crossmodal temporal interactions rather than treating
them as simple response facilitation.

A useful theoretical framework is Bayesian causal inference
and reliability-weighted multisensory integration (Ernst
and Banks 2002). On these accounts, crossmodal cues are
combined to the extent that they are inferred to arise from
a common event, and their influence depends on relative
reliability (Kording et al. 2007; Shams and Beierholm 2010;
Shams 2012). This framework does not require every audi-
tory feature to receive the same weight. Visual acceleration
estimates are comparatively imprecise (Watamaniuk and
Heinen 2003; Brenner et al. 2016; Kreyenmeier et al. 2022;
but see Brenner et al. 2014, for precise interceptive timing
with gravitationally accelerating targets), whereas audition
has high temporal resolution; therefore, global auditory tim-
ing may exert greater influence than a less directly temporal
feature correspondence. Relatedly, Chen et al. (2018) showed
that auditory and visual temporal information can be partially
integrated through temporal averaging, providing a concrete
precedent for graded crossmodal weighting rather than all-or-
none fusion.

The distinction between local temporal anchors and global
sequence structure is especially relevant to changing tempo.
Listeners are sensitive to gradual tempo changes and use them
to anticipate upcoming events (Pouliot and Grondin 2005;
Rankin et al. 2009; Cope et al. 2012; van der Steen et al. 2015;
Graber and Fujioka 2019). Recent evidence indicates that per-
ceived visual speed can depend on the overall auditory temporal
interval structure rather than solely on individual onset or offset
anchors (Ozkan et al. 2026). If so, a gradual change in auditory
tempo could act as a continuously evolving temporal context for
visual motion rather than as a sequence of isolated transients.
This possibility motivates testing abrupt and gradual audiovi-
sual changes separately.

In the present study, we implemented three experiments.
Experiments 1 and 2 were designed to compare a directly tem-
poral auditory cue with a featural correspondence. Experiment
1 manipulated auditory tempo while participants judged abrupt
or gradual changes in visual speed. We predicted opposite PSE
shifts for slow and fast tempo if auditory rate is mapped onto
visual speed. Experiment 2 held event rate constant while
pitch ascended or descended. Because pitch-motion correspon-
dences are well documented but need not be symmetric (Maeda
et al. 2004; Sadaghiani et al. 2009; King and Prime 2019), we
predicted a pitch-dependent bias but did not assume equal and
opposite effects for ascending and descending trajectories.
Comparing the two experiments therefore tests whether global
temporal structure and feature correspondence receive different
effective weights.

Auditory information also affects extrapolation after a tar-
get becomes invisible (Teramoto et al. 2010; for review, see
Hubbard 2015; Battaglini and Ghiani 2021). In prediction-
motion and time-to-contact (TTC) tasks, nonspatial audi-
tory features can shorten or prolong judged TTC (Battaglini
et al. 2013; Battaglini and Ghiani 2021; Chotsrisuparat

et al. 2017; DeLucia et al. 2016; Patrick and Anderson 2022;
Qin et al. 2022; Wessels et al. 2022, 2023). Two broad mecha-
nisms are plausible. Auditory structure could alter the weight-
ing or extrapolation of the stored visual motion history, or it
could alter the temporal scale on which an internal prediction
unfolds. The latter possibility includes clock-rate accounts
in which faster auditory rhythms accelerate an internal tim-
ing process, leading to earlier produced responses (Treisman
et al. 1990; Penton-Voak et al. 1996; Wearden et al. 1999).
Experiment 3 was designed to distinguish at least the func-
tional signatures of these possibilities by presenting changing
tempo only after occlusion and by comparing additive, kine-
matic, and tempo-by-physical-TTC models. We expected audi-
tory tempo to shift TTC in opposite directions and predicted
that any direction-specific oculomotor effect should emerge
after auditory onset rather than before occlusion; pupil effects
were treated as a broader index of sound-related physiologi-
cal/task state rather than a directional readout of motion pre-
diction. Across the three experiments, our central question is
therefore how dynamic auditory structure changes the bias
and temporal evolution of visual motion judgements, whether
that influence depends on auditory feature type, and whether
a common functional mapping can describe explicit and ocu-
lomotor extrapolation after visual information disappears.

2 | Materials and Methods

2.1 | Experiment 1: Effect of Sound Tempo on
Visual Speed Perception

2.1.1 | Participants

A total of 18 students from Peking University were recruited
to participate in the experiment. Data from four participants
were excluded from the final analysis: one due to accuracy
rates falling below chance levels, one due to near-perfect ac-
curacy (indicating a ceiling effect), and two due to incomplete
experimental sessions. The final sample consisted of 14 valid
participants (seven males and seven females) with a mean
age of 22.07years (SD=2.37). All participants had normal or
corrected-to-normal vision and self-reported normal hear-
ing. Prior to the experiment, all participants provided writ-
ten informed consent. The study protocol was approved by
the Committee for Protecting Human and Animal Subjects
at the School of Psychological and Cognitive Sciences, Peking
University. Sample size was based on comparable within-
subject audiovisual speed-perception studies. A sensitivity
power analysis (G¥*Power; Faul et al. 2007) indicated that the
final sample (N=14) provides 80% power to detect within-
subject effects of dz>0.81 (two-tailed paired-samples ¢-test,
a=0.05; Lakens 2013); the observed tempo-induced PSE ef-
fects (Idzl =1.03-1.91) exceeded this threshold. No partici-
pant took part in both Experiment 1 and Experiment 2 (see
Participants, Experiment 2).

2.1.2 | Experimental Design

The full experiment included three visual-change modes: abrupt
change, gradual change, and a 500-ms gap control between two
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motion segments. The abrupt and gradual modes each crossed
three auditory conditions (slow tempo, fast tempo, and no
sound) and constitute the primary 2 x 3 analysis reported below.
The gap control was accompanied by the two sound-present se-
quences and served as a first-order speed-discrimination com-
parison, requiring participants to judge whether postgap speed
was faster or slower than pregap speed. Thus, the gap trials were
part of the broader experimental design but were not included in
the primary abrupt/gradual psychometric analysis.

The method of constant stimuli was used to sample the psycho-
metric function. Signed visual speed change was treated as a con-
tinuous predictor. PSE was defined as the signed speed-change
value yielding 50% “acceleration” responses. Discrimination pre-
cision was summarized as JND. .., the distance from the PSE
to the 75% point of the fitted logistic psychometric function; for a
logistic slope b, IND_._.,=In(3)/Ibl. Positive PSE values indicate a
bias toward perceived visual deceleration, whereas negative val-
ues indicate a bias toward perceived visual acceleration.

A

2.1.3 | Stimuli and Apparatus

Stimuli were generated using MATLAB R2021b (MathWorks,
Natick, MA) and Psychtoolbox (Brainard 1997; Kleiner
et al. 2007; Pelli 1997) and displayed on a 27-in LCD moni-
tor (1920x 1080 pixels, 60Hz). Viewing distance was 58cm.
Auditory stimuli were delivered through Sony MDR-XB550
headphones at 60dB.

The visual stimulus was a drifting Gabor patch (Gaussian enve-
lope, 0=1°; spatial frequency=2cycles/degree; contrast=50%)
presented at fixation (Figure 1A). Motion direction was ran-
domly selected from four diagonal directions with equal proba-
bility. The initial speed was 6°/s. Ten signed speed-change levels
were tested (£6%, £12%, +20%, +30%, and £50%), yielding final
speeds from 4 to 9°/s. Percentage changes were defined using the
lower speed as the denominator (e.g., +50%: 6 X 1.5=9°/s; —=50%:
6 + 1.5=4°/s). In gradual trials, visual speed changed linearly
rather than stepping at the midpoint: Each gradual profile was
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FIGURE1 | Stimuli and setup for Experiment 1. (A) Example of the moving Gabor stimulus. (B) Visual-speed profiles for the 10 signed speed-
change levels in the abrupt condition; the corresponding gradual condition changes continuously rather than stepping at the midpoint. (C) Temporal
relationship between the visual motion and auditory sequences. The first 1000 ms establish the initial visual speed and 6-Hz auditory rate. In abrupt

trials, visual speed and auditory tempo transition around the midpoint; in gradual trials, the changes evolve continuously during the second half of

the sequence. Slow tempo decreases the auditory event rate and fast tempo increases it. The no sound control contains no auditory sequence.
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constructed from the corresponding abrupt profile by connect-
ing the midpoints of the prechange and postchange segments, so
that speed remained at the initial value for 0-500ms, changed
linearly over 500-1500 ms (crossing the abrupt step value at the
1000-ms midpoint), and remained at the final value for 1500-
2000ms (see schematic Figure 2).

Auditory stimuli were 50-ms, 500-Hz sinusoidal tones with 10-
ms onset and offset ramps. The initial presentation rate was 6 Hz.
In the fast tempo condition, rate increased toward 9Hz; in the
slow tempo condition, rate decreased toward 3Hz. In abrupt
trials, the rate transition occurred at the midpoint of the 2-s vi-
sual sequence; in gradual trials, auditory rate changed linearly
during the second half of the sequence. Tone onsets were cen-
tered within their nominal temporal periods rather than locked
to display frames. In gradual trials, the auditory rate changed
continuously across the entire 2000-ms sequence: The fast tempo
sequence comprised 15 tones with interonset intervals decreas-
ing from 207 to 97 ms, and the slow tempo sequence comprised
10 tones with interonset intervals increasing from 145 to 302 ms,
each tone centered within its interval. These interval series cor-
respond to approximately linear rate ramps (fast tempo: from
~4.5Hz increasing at ~3Hz/s; slow tempo: from ~7Hz decreas-
ing at ~2Hz/s). In abrupt trials, because tone onsets were cen-
tered within their nominal temporal periods, the first tone of the
new rate occurred approximately half an interonset interval after
the 1000-ms visual change point (%56 ms later for the 9-Hz fast
tempo rate and ~167 ms later for the 3-Hz slow tempo rate).

The following schematic (Figure 2) illustrates the three visual-
change modes and the gradual auditory sequences: Gradual
visual profiles are linear ramps connecting the midpoints of
the prechange and postchange segments of the correspond-
ing abrupt profiles (linear change over 500-1500ms), and the
gradual fast/slow tempo sequences contain 15 tones (intervals
207-97ms) and 10 tones (intervals 145-302ms), respectively,
spanning the 2000-ms trial.

2.1.4 | Procedure for Experiment 1

Each trial began with a 500-ms fixation period followed by the
audiovisual stimulus stream. Participants performed a two-
alternative forced-choice task and reported whether the visual
grating became faster or slower while ignoring the sounds.
Response keys (“z” and “m”) were counterbalanced across par-
ticipants. Responses were accepted from the onset of the second
half of the stimulus until 2000 ms after stimulus offset, followed
by a 2000-ms intertrial interval. Consequently, in gradual trials
aresponse could occur before the programmed change had fully
unfolded.

Each participant completed 960 trials, with 12 repetitions per
minimal condition. Trials were organized into 16 blocks of
60 trials. Abrupt and gradual visual-change conditions were
blocked, and no-sound trials were administered in separate
blocks. Testing was completed in two sessions of approximately

Visual-speed profiles and gradual auditory sequences (Experiments 1-2 schematic)
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FIGURE 2 | Visual-speed profiles and gradual auditory sequences of Experiments 1 and 2. (A) Abrupt condition: speed steps from 6°/s to one of
ten final speeds (4-9°/s) at the 1000-ms midpoint. (B) Gradual condition: speed remains at the initial value for 0-500ms, changes linearly between
the midpoints of the prechange and postchange segments (500-1500ms, crossing the abrupt step value at 1000 ms; the dashed step and gold markers
illustrate the midpoint-connection construction), and remains at the final value for 1500-2000 ms. (C) Gap control: a 500-ms blank separates the two

motion segments. (D) Tone onsets of the Experiment 1 gradual tempo sequences: fast tempo, 15 tones with interonset intervals of 207-97 ms; slow

tempo, 10 tones with intervals of 145-302 ms; each tone was centered within its interval.
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50min, separated by 4-48h. Before the formal experiment, par-
ticipants completed 24 practice trials for each sound-present
change mode.

2.2 | Experiment 2: Effect of Sound Pitch on Visual
Speed Perception

2.2.1 | Participants

A total of 15 students from Peking University participated
in the experiment. One participant was excluded due to low
accuracy. The remaining 14 valid participants (eight males
and six females) had a mean age of 21.36years (SD=2.31).
All participants had normal or corrected-to-normal vision
and reported normal hearing. Participants read and signed
an informed consent form prior to the experiment. The study
was approved by the Committee for Protecting Human and
Animal Subjects of the School of Psychological and Cognitive
Sciences, Peking University. No participant took part in
both Experiments 1 and 2. This nonoverlap was deliberate:
Because the order of the two experiments could not be coun-
terbalanced, prior participation in Experiment 1 might have
influenced performance in Experiment 2, so the two experi-
ments recruited entirely separate samples. The two samples
are therefore statistically independent, and the pooled cross-
experiment analysis is between-participants (see the Formal
Cross-Experiment Comparison and Table S4). Sample size
was based on comparable within-subject studies; a sensitivity
power analysis indicated that the final sample (N=14) pro-
vides 80% power to detect within-subject effects of dz>0.81
(two-tailed paired-samples t-test, « =0.05). The observed re-
liable participant-level PSE effects (Idzl =1.17-1.59) exceeded
this threshold.

2.2.2 | Stimuli and Apparatus

Visual stimuli and apparatus were identical to Experiment 1.
Auditory sequences were isochronous at 6 Hz and consisted
of twelve 50-ms sinusoidal tones with 10-ms onset and offset
ramps. Pitch, rather than presentation rate, was manipulated.
The reference pitch was 800Hz. In ascending-pitch trials, pitch
increased toward 1200Hz; in descending-pitch trials, it de-
creased toward 500 Hz. In gradual trials, pitch changed linearly
over time. Thus, Experiment 2 preserved auditory event rate
while manipulating pitch trajectory (Figure 3).

2.2.3 | Procedure for Experiment 2

Experiment 2 used three visual-change modes (abrupt, gradual,
or change after a blank interval) and auditory conditions defined
by ascending pitch, descending pitch, and no sound.

The trial sequence and response task were identical to
Experiment 1. The auditory control condition was matched to the
visual-change mode: Gradual-change control trials contained no
sound at all, whereas abrupt-change control trials contained a
single 50-ms, 800-Hz sinusoidal tone (10-ms onset/offset ramps)
presented at a random time within +100ms of the visual speed

change; this brief tone provided the same timing cue that the
abrupt pitch transition carried in experimental trials, thereby
controlling the temporal-cue confound. Each participant com-
pleted 1080 trials (12 repetitions per minimal condition), orga-
nized into 18 blocks of 60 trials. Visual-change modes and the
no-sound condition were blocked. Testing was completed in two
sessions of approximately 55min, separated by 4-48h, with 24
sound-present practice trials per visual-change mode.

2.3 | Experiment 3: The Effect of Auditory Rhythm
Changes on the Extrapolation of Uniformly
Accelerated Motion

2.3.1 | Participants

A total of 25 university students participated in the experiment.
Data from four participants were excluded: One because valid
trials under the prespecified eye-response proximity criterion
constituted less than two-thirds of the total; two because of
excessive blinking during eye-movement recording; and one
because of an atypical saccade pattern. The retained sample
therefore comprised 21 participants (eight males and 13 fe-
males; mean age =20.58 years, SD =2.32). Three of these partic-
ipants had also taken part in Experiment 2 two weeks earlier;
Experiment 3 shared no experimental stimuli with Experiment
2, and participant-name records indicated no other cross-
experiment overlap. All participants had normal or corrected-
to-normal vision and self-reported normal hearing. All
participants provided written informed consent. The study was
approved by the Committee for Protecting Human and Animal
Subjects at the School of Psychological and Cognitive Sciences,
Peking University. We checked trial-level reanalysis file used for
the verified repeated-measures analyses, which contained com-
plete condition data for 19 participants; accordingly, the inferen-
tial Experiment 3 statistics reported below use N=19 (df=18 for
two-level paired effects). A sensitivity power analysis for N=19
indicated 80% power to detect within-subject effects of dz >0.68
(two-tailed paired-samples -test, a=0.05).

2.3.2 | Stimuli and Apparatus

The visual stimulus was a red ball (1° diameter) moving from
left to right toward a black occluder (height =2°, length =13.4°)
whose left edge was centered on the display. During the 1700-
ms visible interval, the ball followed one of five constant-
acceleration trajectories (2.3, —1.3, 0, 1.6, or 3.2°/s?) and
reached the occluder at a common final visible velocity of 8°s.
Because the starting position varied with acceleration, the corre-
sponding physical TTC values after occlusion were 2810, 2000,
1675, 1461, and 1324 ms, respectively.

Auditory stimuli were sequences of 30-ms, 500-Hz sinusoi-
dal tones with 5-ms onset and offset ramps. The accelerating
tempo sequence began at 4.5Hz and increased at 3Hz/s; the
decelerating tempo sequence began at 7Hz and decreased at
2Hz/s. Both had an average rate of approximately 6 Hz during
the first second. Auditory stimulation began at occlusion and
ended at the participant's response, with a maximum duration
of 4s (Figure 4). Both sequences were fixed-length pregenerated
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FIGURE 3 | Stimuli and setup for Experiment 2. (A) Example of the drifting Gabor stimulus. (B) Pitch profiles for the 10 signed pitch-change
levels in the abrupt condition, with an 800-Hz reference and ascending or descending trajectories. (C) Temporal coupling of auditory and visual
stimuli. Auditory event rate remained constant at 6 Hz while pitch either changed abruptly at the midpoint or changed continuously during gradual
trials. The control condition was matched to the visual-change mode: The control was completely silent (no sound) for gradual visual-speed chang-
es, whereas abrupt-change control trials contained a single 50-ms, 800-Hz sinusoidal tone presented at a random time within 100 ms of the visual

change point (see Procedure for Experiment 2).

buffers rather than tones scheduled from a running rate law.
The decelerating tempo buffer contained 13 tones spanning
4000ms, with interonset intervals increasing monotonically
from 145ms to a final interval of 1000ms (1 Hz); the nominal
0-Hz point of the linear 7-2t description at 3.5s was therefore
never realized, and no tones occurred beyond the 4000-ms buf-
fer end. The accelerating tempo buffer contained 42 tones span-
ning approximately 3999 ms, with intervals decreasing from 207
to 61 ms. Playback began at occlusion onset and stopped imme-
diately at the manual response, so the number of delivered tones
depended on response duration: Across typical response times
(approximately 1.3-2.8s), decelerating tempo delivered 7-12
tones and accelerating tempo delivered 9-25 tones (see Table S5,
for the full tone-count mapping).

2.3.3 | Procedure for Experiment 3

Experiment 3 used a 5x3 within-subjects design crossing
five preocclusion physical accelerations (-2.3, —1.3, 0, 1.6,
and 3.2°/s?) with auditory condition (no sound, decelerating
tempo, accelerating tempo). Earlier shorthand labels (—40%,
—20%, 0%, +20%, and +40%) are omitted here because they do
not transparently define a physical percentage quantity. The
primary dependent variable was behavioral TTC; eye tracking
provided complementary indices of extrapolative oculomotor
dynamics.

Each trial began with a 400-800-ms fixation interval at the tar-
get's starting position. Target onset was gaze contingent (gaze
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FIGURE 4 | Experiment 3 design. (A) Preocclusion visible-velocity
trajectories for the five acceleration conditions (-2.3, —1.3, 0, +1.6, and
+3.2°/s?); the y axis shows visible velocity in°/s, and all trajectories con-
verge on the common final visible velocity of 8°/s at occlusion onset
(dashed line). (B) Trial timing: The target was visible for 1700 ms and
disappeared behind the occluder, and auditory tempo began changing
at occlusion onset. Colored arrows indicate the physical TTC associated
with each preocclusion acceleration trajectory; tick marks show the ac-
celerating and decelerating tempo tone sequences. (C) Participants fix-
ated the target start position, viewed the motion, mentally extrapolated
the hidden trajectory, and responded when they judged the target would
reach the far edge of the occluder.

within 2° of fixation). After the target disappeared behind the
occluder, participants mentally extrapolated its motion and
pressed the spacebar when they judged that the target would
reach the far edge of the occluder. The intertrial interval was
2000ms (Figure 4). Participants received the following instruc-
tions: In each trial, they would see a ball moving from left to
right with uniformly changing speed; after the ball reached the
center of the screen it would be occluded but would continue to
move with the same uniform acceleration behind the occluder;
after the ball disappeared, they were to keep tracking it with
their eyes and to press the spacebar when it reached the right
edge of the occluder; the ball would not reappear, and the system
would automatically record the accuracy of their tracking and of
the key press; sounds would be presented during the trial, were
irrelevant to task performance, but should not be completely
ignored.

The experiment consisted of 360 trials in total, divided into 9
blocks of 40 trials each. Each minimal condition contained 24
trials. The silent control condition was conducted in separate
blocks. The total duration was approximately 80 min. No feed-
back regarding estimation error was provided during the formal
experiment to minimize learning effects. A practice session of
30 trials was provided beforehand, during which the ball reap-
peared at its true position after the button press to familiarize
participants with the task.

Eye movements were recorded with a head-fixed EyeLink 1000
Plus (SR Research). Most participants were recorded binocularly
at 1000 Hz; the first three participants were recorded monocu-
larly at 1000 Hz and two participants were recorded binocularly
at 500 Hz. Acquisition settings used velocity and acceleration
thresholds of 22°/s and 4000°/s?, respectively.

3 | Analysis Methods

3.1 | EXP1 Data Preprocessing and Statistical
Analysis

Primary inference used the valid Abrupt and Gradual trials.
Signed visual speed change was modeled continuously, and binary
acceleration responses were analyzed with binomial psychometric
models on participant X signed-speed X visual-pattern X auditory-
condition trial counts. All models included visual pattern, signed
speed, their interaction, and participant-specific baseline and
speed-slope deviations. Five nested auditory-effect models tested
no auditory effect, condition-specific bias/PSE shifts, condition-
specific slope/JND changes, both effects, or additional moderation
by visual-change pattern. Model selection used AIC, trial-count
BIC, likelihood-ratio tests, and leave-one-participant-out predic-
tive log likelihood. PSE and JND. ., were derived from the fitted
intercept and slope; 95% confidence intervals were obtained by
participant bootstrap, with participant-level two-parameter logis-
tic fits retained as confirmatory summaries.

3.2 | EXP2 Data Preprocessing and Statistical
Analysis

The primary analysis paralleled Experiment 1 and focused on
the complete Abrupt/Gradual X no sound/descending/ascend-
ing subset. Binary acceleration responses were reconstructed
from accuracy and signed speed change, and signed visual
speed change was modeled continuously. The trial sequence and
response task were otherwise identical to Experiment 1.

One participant was excluded because of low task performance,
leaving N=14. No-response trials (accuracy=-1) were re-
moved before the primary analysis. Response reconstruction
and the five-model binomial psychometric analysis followed
Experiment 1. Candidate models tested whether pitch trajectory
shifted psychometric bias/PSE, psychometric slope/JND, both,
or whether these effects varied by abrupt versus gradual visual
change. AIC, trial-count BIC, likelihood-ratio tests, leave-one-
participant-out prediction, participant bootstrap confidence
intervals, and participant-level confirmatory fits were used in
parallel with Experiment 1.
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3.3 | Cross-Experiment and Exploratory Model
Analyses

For the formal Experiment 1-versus-2 comparison, valid Abrupt/
Gradual trials were pooled after experiment-specific prepro-
cessing. Auditory conditions were harmonized as no sound,
a slowing-direction cue (slow tempo/descending pitch), and a
speeding-direction cue (fast tempo/ascending pitch). A binomial
psychometric model included signed speed, visual pattern, exper-
iment, auditory cue, and relevant interactions, with participant-
specific baseline and speed-slope terms; Wald inference used
participant-cluster-robust covariance. The two experiments share
no participants, so the pooled analysis is between-participants.
Exploratory raw-curve comparisons additionally contrasted bias-
only, flexible psychometric, forced-fusion, segregation, and full
Bayesian causal-inference model families on a common response
likelihood; these group-aggregated fits are treated as descriptive
model comparisons rather than participant-level estimates of
causal-inference parameters.

3.4 | EXP3 Data Preprocessing and Statistical
Analysis

3.4.1 | Eye-Movement Preprocessing

Raw gaze position, pupil samples, EyeLink events, and trial
messages were parsed from each ASC file. Trial timing was de-
fined by recorded visual-onset, occlusion/auditory-onset, and
response messages, preserving the native 1000-Hz sampling
rate. Gaze position was low-pass filtered at 15Hz and pupil
area at 10 Hz; short bounded gaps were interpolated, blink-
contaminated periods were padded and excluded, and saccade
periods were excluded from pursuit traces before derived eye
velocity was low-pass filtered at 30 Hz. Saccades were classified
by horizontal displacement as forward or backward. Primary
eye-TTC was the elapsed time from occlusion onset to the end
of the first postocclusion forward saccade landing at or be-
yond the collision-zone coordinate, because occluded targets

are tracked largely through predictive sequences of saccades
(Tammi et al. 2022) that, together with pursuit, reflect a com-
mon sensorimotor process (Orban de Xivry and Lefevre 2007).
All inferential eye-TTC results reported in the revised manu-
script use this primary definition.

3.4.2 | Dependent Variables and Statistical Analysis

We reported the analyses that directly address the central hy-
potheses: manual TTC, primary eye-TTC, occlusion-aligned eye
velocity, pupil dynamics, and predictive TTC-model compari-
son. Eye-velocity and pupil traces were baseline corrected using
the 200ms immediately preceding occlusion. Time-resolved
decelerating-minus-silent and accelerating-minus-silent con-
trasts were evaluated with participant-level sign-flip cluster-
permutation tests collapsed across acceleration. Secondary
forward/backward-saccade counts, intersaccadic-interval mod-
els, window-based mixed models, and eye-behavior association
models are reported, together with their complete methods, in
the Supporting Information.

Manual TTC and primary eye-TTC condition means were fit
separately with candidate models contrasting final-velocity,
average-velocity, kinematic, effective-acceleration, and
tempo-dependent formulations (Table 1). The primary com-
parison was participant-level leave-one-condition-out (LOCO)
prediction. Among the nine models, M8 was specified as
TTC =pl-TTCphys + p2-(Tempo-TTCphys) + p3, where pl is a
global physical-TTC scaling term, p2 is a tempo-by-physical-
TTC gain, and p3 is an additive offset. M8 is interpreted as a
phenomenological functional model; its multiplicative struc-
ture is compatible with, but does not by itself establish, an
internal-clock mechanism.

The candidate set contains the following nine formulations: M1,
M2a, M2b, M3a, M3b, M4a, M4b, M5, and M8. Model parame-
ters are reported in seconds or dimensionless scaling units as
appropriate to each equation.

TABLE1 | Candidate model specifications for Experiment 3 manual and eye-based TTC fitting.

Model ID Model name Governing equation Parameters
M1 Final Velocity Additive TTC = Vfinald + p-Tempo k=1(p)
M2a Average Velocity Additive TTC = Vavgd + p-Tempo k=1(p)
M2b Average Velocity Multiplicative TTC = Vavgd-(1 + p-Tempo) k=1 (p)
M3a Kinematic (Vfinal) Additive TTC=TTCphys (Vfinal,a) + p-Tempo k=1 (p)
M3b Kinematic (Vfinal) Multiplicative TTC=TTCphys (Vfinal,a)-(1 + p-Tempo) k=1 (p)
M4a Kinematic (Vavg) Additive TTC=TTCphys (Vavg,a) + p-Tempo k=1 (p)
M4b Kinematic (Vavg) Multiplicative TTC =TTCphys (Vavg,a)-(1 + p-Tempo) k=1 (p)
M5 Effective Acceleration Scaling TTC=TTCphys (Vavg,a-(1 + p-Tempo)) k=1 (p)
MS Three-Parameter Perception TTC =pl TTCphys+p2-(Tempo-TTCphys) + p3 k=3 (pl,p2,p3)
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4 | Results
4.1 | Results for Experiment 1

4.1.1 | Experiment 1: Trial-Level Model Comparison
and PSE

The most robust model-selection result was a bias shift without
an auditory slope change. BIC and LOSO prediction selected
the Bias-only model (AIC=1896.70, BIC =2123.14, LOSO —log-
Lik=1079.26). Adding auditory bias terms to the Base model
strongly improved fit, likelihood-ratio x*(2)=228.74, p<0.001,
whereas adding auditory slope terms beyond the bias model did
not, x3(2)=3.51, p=0.173. AIC was slightly lower for the Full
model, but its additional pattern-specific terms worsened BIC
and out-of-sample prediction. Thus, the conservative trial-level
conclusion is that auditory tempo primarily shifts PSE rather
than changing discrimination slope (Table 2).

Across abrupt and gradual patterns, slow tempo shifted PSE
positively relative to no sound by 0.0426, 95% bootstrap CI
[0.0243, 0.0639], whereas fast tempo shifted PSE negatively by
—0.0587, 95% CI [-0.0757, —0.0449], yielding a slow-fast dif-
ference of 0.1013, 95% CI [0.0757, 0.1326]. The participant-level
confirmatory fits showed the same pattern: slow — no sound,
t(13)=3.84, p=0.002, dz=1.03; fast — no sound, #(13)=-7.15,
p<0.001, dz=-1.91; and slow — fast, £(13)=6.01, p<0.001,
dz=1.61. Importantly, the sign of the PSE shift indicates the
direction of perceptual bias: A positive PSE means that greater
physical acceleration was required to elicit 50% “acceleration”
responses and thus reflects a deceleration bias, whereas a nega-
tive PSE reflects an acceleration bias. Accordingly, slow tempo
induced a deceleration bias, while fast tempo induced an ac-
celeration bias, with a similar directional pattern observed for
both abrupt and gradual visual changes (Table 2 and Figure 5).
Relative to the +50% auditory-rate manipulation, the fitted
visual PSE shifts were approximately 4%-6% of the reference
speed-change scale, corresponding to roughly a 10% cross-
modal transfer in magnitude. Individual-participant PSE shifts
are plotted in Figure 6: In both visual-pattern conditions, the
large majority of the 14 participants fell on the expected side of
zero for both the slow — no sound and fast — no sound contrasts,
showing that the group-level tempo effect was not driven by a
minority of participants. A confirmatory GLMM with partici-
pant random effects (full coefficients in Table S3) reproduced
both auditory bias effects (both Izl > 2.7, ps <0.006) and found
no reliable speed X gradual interaction (8=0.043, SE=0.196,
95% CI [—0.342, 0.427],2=0.22, p=0.828).

TABLE 2 | Trial-level psychometric model comparison in Experiment 1.

Pattern-specific trial-level estimates are reported in Table S1.
The auditory PSE shifts were present in both abrupt and gradual
conditions, and the participant bootstrap did not indicate a re-
versal or dependence of the main tempo effect on visual-change
pattern.

4.1.2 | Experiment 1: Discrimination Precision
(JND7S—50)

In contrast to the PSE shifts, there was no reliable evidence
that auditory tempo altered discrimination precision in this
paradigm (Table 3). All three collapsed JND contrasts had 95%
participant-bootstrap confidence intervals that included zero,
and the participant-level paired comparisons were nonsignifi-
cant (ps >0.324). This null result is specific to the present speed-
change task and stimulus regime; it should not be interpreted
as evidence that auditory timing cannot affect low-level visual-
motion sensitivity under other conditions (Table 4).

4.1.3 | Experiment 1 Summary

Experiment 1 therefore provides strong evidence for a bidirec-
tional auditory-tempo effect on perceptual/decision bias, but
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FIGURE 5 | Experiment 1 collapsed raw psychometric data and the
raw-curve Bias-only model. Observed acceleration-response propor-
tions are shown across signed visual speed change for no sound, slow
tempo, and fast tempo. The principal auditory effect is a horizontal dis-
placement of the psychometric function.

Model AIC BIC LOSO —logLik Interpretation
Bias-only 1896.70 2123.14 1079.26 PSE/bias shift only
Bias+Slope 1897.19 2137.79 1081.99 PSE +slope
Full 1889.97 2158.87 1082.49 Pattern moderation
Base 2121.43 2333.73 1181.89 No auditory effect
Slope-only 2113.77 2340.21 1181.22 Slope change only
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Experiment 1 individual-participant PSE shifts (sound minus no sound). (A) Slow tempo — no sound; (B) fast tempo — no sound. Each

dot is one participant (IDs labelled), shown separately for abrupt and gradual visual-change patterns; black squares show group means with 95% confi-

dence intervals. Positive values indicate a deceleration-direction PSE shift. Per-condition PSE and JND

75-50

estimates are reported in Table S1.

TABLE 3 | Collapsed auditory contrasts in experiment 1.
Metric Contrast Estimate 95% bootstrap CI Participant-level check
PSE Slow — no sound 0.0426 [0.0243, 0.0639] 1(13)=3.84, p=0.002
PSE Fast — no sound —0.0587 [-0.0757, —0.0449] t(13)=-7.15, p<0.001
PSE Slow — fast 0.1013 [0.0757, 0.1326] t(13)=6.01, p<0.001
IND_. ., Slow — no sound — Clincludes 0 p>0.324
IND,, s, Fast — no sound — CI includes 0 p>0.324
IND, ., Slow — fast — Clincludes 0 p>0.324

TABLE 4 | Collapsed auditory contrasts in Experiment 2.
Metric Contrast Estimate 95% bootstrap CI Participant-level check
PSE Descending — no sound 0.0390 [0.0239, 0.0549] t(13)=4.39, p<0.001
PSE Ascending — no sound —0.0094 [-0.0218, 0.0066] t(13)=-1.21,p=0.250
PSE Descending — ascending 0.0484 [0.0329, 0.0630] t(13)=5.93, p<0.001
JND75-50 Descending — no sound —0.0005 [-0.0103, 0.0101] t(13)=0.11, p=0.918
JND75-50 Ascending — no sound 0.0039 [-0.0039, 0.0123] t(13)=0.91, p=0.380
IND75-50 Descending — ascending —0.0045 [-0.0154, 0.0067] t(13)=-0.61, p=0.555

little evidence for a change in visual speed-change precision.
Slow tempo shifts judgements toward deceleration and fast
tempo toward acceleration. Both BIC and held-out prediction
favor the simpler Bias-only account, and a direct raw-curve

model comparison likewise favors a condition-specific bias
model over a full Bayesian causal-inference model. The result
indicates a robust tempo-dependent bias shift rather than dy-
namic causal uncertainty or sensitivity enhancement.
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4.2 | Results for Experiment 2

4.2.1 | Experiment 2: Trial-Level Model Comparison
and PSE

Pitch trajectory produced a reliable bias effect but no reli-
able auditory slope effect. Adding descending/ascending bias
terms to the base model improved fit, x¥*(2)=65.99, p<0.001.
Adding slope terms beyond the bias-only model did not,
x*(2)=1.56, p=0.459. BIC and LOSO prediction selected bias-
only (AIC=2075.78, BIC=2306.55, LOSO —logLik =1209.70).
Although the full model had a slightly lower AIC (2071.79) and

1.04

@ No Sound observed
— No Sound fit
W Descending Pitch observed

—— Descending Pifch fit
A Ascending Pitdh observed
—— Ascending Pitch fit

e
©

e
o

Proportion “acceleration” responses
o
IS

e
N)

A

0.01

T T T T T T

—0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Signed visual speed change

FIGURE 7 | Experiment 2 collapsed raw psychometric data and the
bias-only fit. Descending pitch shifts the response curve toward a pos-
itive PSE, whereas ascending pitch remains close to no sound. Curves
are collapsed across abrupt and gradual visual-change patterns for the
raw-curve model comparison.

EXP2: Descending - No Sound

P 0.15-(A) o 1

o))

3

,_a: 01} .7.4 @ o0 1

c @9 @13 ®o

g 15 (OX)

» 0.05t ¢ © o) -

(o]

c 2 @ 11

0 ) :

§ Op------- tﬁ_"""""""fﬁ@g’d _____ ]

!L Q1

£ .0.05} 1

L

n

wl

‘g -01¢F @1 i
Abrupt Gradual

its joint pattern-moderation terms improved in-sample like-
lihood, it had a substantially higher BIC (2345.83) and worse
held-out prediction (LOSO —logLik =1211.72). The conservative
predictive conclusion is therefore a pitch-related bias shift rather
than a pitch-related change in slope (Figure 7).

The visual-change pattern itself was allowed to modulate psy-
chometric slope through the speed X gradual term. The fixed-
effects trial-count fit suggested broader psychometric functions
for gradual than abrupt changes, but a confirmatory GLMM
with participant random effects showed that this interaction
was not reliable once participant-level variability was modeled
(Experiment 2: £=0.090, SE=0.183, 95% CI [—0.269, 0.449],
z=0.49, p=0.624; Experiment 1: $=0.043, SE=0.196, 95% CI
[-0.342, 0.427], z=0.22, p=0.828; full coefficients in Table S3).
For these GLMMs, signed speed was recoded so that positive
values denote acceleration (the opposite sign convention from
the earlier analysis) and was rescaled before fitting. This pattern
term was not specific to a particular pitch condition and should
be distinguished from an auditory JND effect.

Descending pitch produced a positive PSE shift relative to no
sound of 0.0390, 95% participant-bootstrap CI [0.0239, 0.0549],
corresponding to a bias toward perceived visual deceleration.
Ascending pitch produced a small negative shift of —0.0094,
95% CI [—0.0218, 0.0066], which was not reliably different from
zero. Descending and ascending pitch differed by 0.0484, 95% CI
[0.0329, 0.0630]. Participant-level fits confirmed the same asym-
metric pattern: descending — no sound, #(13)=4.39, p<0.001,
dz=1.17; ascending — no sound, #(13)=-1.21, p=0.250; de-
scending — ascending, #(13)=5.93, p<0.001, dz=1.59.

The positive descending-pitch PSE shift was present for both abrupt
and gradual visual changes. Ascending pitch remained close to no
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FIGURE 8 | Experiment 2 individual-participant PSE shifts (sound minus no sound). (A) Descending pitch — no sound; (B) ascending pitch — no

sound. Conventions as in Figure 6. Per-condition PSE and JND75-50 estimates are reported in Table S2.

European Journal of Neuroscience, 2026

11 of 20

8518017 SUOWIWOD 8AIEa.D 3(gedldde ayy Aq pausenob ae saolie VO ‘88N JO S9INJ 10j A%eiqiT8UlIUO AB|IM UO (SUONIPUOD-PUR-SLUBIALIO" A3 1M AlRIq 1 BUI|UO//STIY) SUONIPUOD Pue swe 1 8y 88S *[9202/0T/92] uo AriqiTauluo A * Aiseaiun Buppd - usyd ueyi Aq 08202 Ul/TTTT OT/I0p/L0O A3 1M AeIq U1 |UO//SdNY WO1) pepeoiumoq ‘8 ‘9Z02 ‘89S6097T



sound in both patterns. Thus, the pitch effect is asymmetric: de-
scending pitch biases judgements toward deceleration, but ascend-
ing pitch does not provide a reliable mirror-image acceleration
bias. Individual-participant shifts are plotted in Figure 8: Nearly
all participants showed a positive descending — no sound shift,
whereas ascending — no sound shifts were distributed around zero.
The confirmatory random-effects GLMM (Table S3) agreed: The
descending-cue term was reliable (z=-2.62, p=0.009), whereas
the ascending-cue term was not (z=-1.94, p=0.052).

4.2.2 | Experiment 2: Discrimination Precision
(IND;5_5)

The trial-level analysis does not support a pitch-related reduction
in discrimination precision. Collapsed across visual pattern, de-
scending — no sound JND =-0.0005, 95% CI [—0.0103, 0.0101];
ascending — no sound =0.0039, 95% CI [-0.0039, 0.0123]; and
descending — ascending=-0.0045, 95% CI [-0.0154, 0.0067].
All intervals include zero.

4.2.3 | Formal Cross-Experiment (Experiment 1 vs.
Experiment 2) Trial-Level Comparison

The pooled dataset contained 28 experiment-specific partic-
ipant records and 18,758 valid abrupt/gradual trials (8746 in
Experiment 1 and 10,012 in Experiment 2). Auditory cues were
harmonized as no sound, slowing-direction, and speeding-
direction conditions as specified in the Methods. No partic-
ipant took part in both experiments, so the two samples are
statistically independent. The pooled GLMM therefore treats
the 28 experiment-specific participant records as 28 indepen-
dent participants, with participant-specific baseline and speed-
slope deviations and participant-cluster-robust covariance (full
coefficients in Table S4). Both harmonized auditory-cue terms
remained highly significant in this identity-preserving model
(z=-3.61 and z=-3.75, both ps <0.001), confirming that the
auditory bias effects do not depend on treating the overlapping
participants as independent.

The experiment X auditory-cue interaction on psychometric
bias was significant, Wald x2(2) =25.65, p<0.001. The slowing-
direction cue did not differ across experiments (Experiment
2xslowing: =0.085, cluster-robust SE=0.179, z=0.48,
p=0.635), whereas the speeding-direction cue was strongly at-
tenuated in Experiment 2 (experiment 2 X speeding: §=—0.673,
SE=0.138, z=-4.86, p<0.001). In the BIC-preferred pooled
bias-difference model, the fitted PSE shifts were +0.0422 (slow-
ing) and —0.0589 (fast) in experiment 1, compared with +0.0391
(descending) and —0.0095 (ascending) in Experiment 2. Thus,
the slowing/decelerating bias generalized across auditory di-
mensions, but the opposite speeding/acceleration bias was spe-
cific to the tempo manipulation.

There was no reliable cross-experiment difference in auditory
modulation of psychometric slope (experiment X cue X speed:
Wald x?(2)=1.20, p=0.550), and the higher-order pattern-
dependent cross-experiment terms were not jointly reliable
with cluster-robust inference, Wald x%(4)=8.95, p=0.062. BIC
favored the model allowing experiment-specific auditory bias

shifts (BIC=4512.91) over a model with shared auditory effects
(4537.52), additional experiment-specific slope effects (4529.98),
or the full pattern-moderated cross-experiment model (4557.55).
Confirmatory participant-level contrasts yielded the same in-
terpretation: The slowing-direction PSE shift did not differ be-
tween experiments, Welch #(23.88)=0.53, p=0.604, whereas
the speeding-direction shift did, #(24.89)=—-4.87, p<0.001; the
slow/fast versus descending/ascending directional span was
also larger in Experiment 1, #(17.76) = 3.19, p=0.005. None of the
corresponding cross-experiment JND contrast differences was
reliable (all p > 0.418).

4.2.4 | Exploratory Raw-Curve Computational Model
Comparison (Experiment 1 vs. Experiment 2)

4.2.4.1 | Experiment 1. Bias-only provided the best
information-criterion tradeoff (NLL=84.29, AIC=178.59,
BIC=213.97). Flexible psychometric (AIC=181.91, BIC=231.44),
forced fusion (AIC=181.95, BIC=231.49), and full BCI
(AIC=183.57, BIC=240.18) achieved only small raw-fit gains
that did not offset their additional parameters. The fitted full
BCI also approached a high common-cause regime and showed
boundary-like decision-noise behavior, further cautioning against
mechanistic interpretation.

4.2.4.2 | Experiment2. Flexible psychometric had the low-
est AIC (183.67), only 1.07 AIC units below bias-only (184.74),
but bias-only had the lowest trial-likelihood BIC (220.80 vs.
234.15 for flexible psychometric). Full BCI was worse by both
criteria (AIC=186.76, BIC=244.45), as was forced fusion
(AIC=186.07, BIC=236.55). Thus, Experiment 2 does not pro-
vide evidence that a causal-uncertainty mechanism is needed to
explain the pitch effect (Figure 9).

Taken together, the psychometric and computational model
comparisons favor a simpler account in which auditory context
shifts the perceptual estimate or decision criterion for visual
speed change (Figure 10). The data do not rule out multisen-
sory causal inference as a general framework, but the present
Experiments 1-2 do not require a BCI mechanism and do not
identify participant-level common-cause parameters.

Raw-curve model comparison across Experiments 1 and 2

mmm Experiment 1
200 W= Experiment 2

= = = -
w ~ °© I~} I o]
S a S @ o G

ABIC (trial likelihood; lower is better)

N
3]

Bias-only Flexible Forced Full BCI
psychometric fusion

Segregation

FIGURE 9 | Raw-curve model comparison across Experiments 1
and 2. Bars show ABIC relative to the best model within each experi-
ment using the same binomial trial likelihood. Bias-only has the lowest
BIC in both experiments; full BCI incurs a substantial complexity pen-
alty without a compensating improvement in fit.

12 of 20

European Journal of Neuroscience, 2026

8518017 SUOWIWOD 8AIEa.D 3(gedldde ayy Aq pausenob ae saolie VO ‘88N JO S9INJ 10j A%eiqiT8UlIUO AB|IM UO (SUONIPUOD-PUR-SLUBIALIO" A3 1M AlRIq 1 BUI|UO//STIY) SUONIPUOD Pue swe 1 8y 88S *[9202/0T/92] uo AriqiTauluo A * Aiseaiun Buppd - usyd ueyi Aq 08202 Ul/TTTT OT/I0p/L0O A3 1M AeIq U1 |UO//SdNY WO1) pepeoiumoq ‘8 ‘9Z02 ‘89S6097T



0.15 . .
° ° °
0.1+ ° L
o°
goosk © ge, o [ ° E
= o ©
°
g ° oo
3 } ° ©
4 o
S ol S o Joooo ]
o ° © °d o
°
. % 1)
°

g ® ore ° °

005 ® E
E ° i ©
£
.0k E
a
o

°
-0.15 - B
o
1 !

L L
EXP1 Slow-NoSound EXP1 Fast-NoSound EXP2 Desc-NoSound EXP2 Asc-NoSound

FIGURE 10 | Cross-experiment comparison of individual-
participant PSE shifts. Pattern-collapsed sound — no sound PSE shifts
are shown side by side for the two auditory conditions of each experi-
ment. Each dot is one participant; black squares show group means with
95% confidence intervals. The slowing-direction shifts (slow tempo in
Experiment 1, descending pitch in Experiment 2) were comparable
across experiments, whereas the speeding-direction shift was markedly
weaker for ascending pitch than for fast tempo, consistent with the for-
mal trial-level contrasts reported in the text.

4.2.5 | Experiment 2 Summary

Experiment 2 showed a reliable but asymmetric pitch-trajectory
effect on visual speed-change bias. Descending pitch shifted PSE
toward perceived deceleration, whereas ascending pitch did not
produce a reliable opposite PSE shift. Trial-level model found no
reliable pitch-related JND increase; discrimination was gener-
ally poorer for gradual than abrupt visual changes, but this was a
visual-pattern effect rather than an auditory effect. Thus, pitch and
tempo should not be treated as interchangeable cues: Both can bias
judgements, but tempo produces a stronger bidirectional mapping.
The pooled comparison localized the cross-experiment difference
to the speeding-direction cue: Descending pitch was statistically
comparable to slow tempo, whereas ascending pitch was mark-
edly weaker than fast tempo; no corresponding cross-experiment
slope/IND difference was detected (Figure 10).

Both experiments are best characterized primarily by shifts in
psychometric bias, with Experiment 1 showing two directions
of tempo-induced shift and Experiment 2 showing only the
descending-pitch component. Because the tempo manipulation
produced the clearer bidirectional perceptual effect, Experiment
3 focused on auditory rhythm and asked whether changing
tempo can also bias extrapolation after the visual target be-
comes occluded.

4.3 | Results for Experiment 3

4.3.1 | Experiment 3: Behavioral
and Eye-TTC Estimates

In the verified repeated-measures analyses, we used the 19
participants represented in the archived trial-level reanal-
ysis file. For manual TTC, the full 3 (auditory condition) x5

(acceleration) analysis showed no significant three-level
auditory main effect, Greenhouse-Geisser (GG) £€=0.528,
F(1.056, 19.009)=0.418, p=0.537, partial n>=0.023. The ac-
celeration effect was significant with uncorrected degrees of
freedom but did not remain significant after GG correction,
£=0.319, F(1.276, 22.977) = 3.548, p=0.063, partial #*>=0.165;
the auditory condition X acceleration interaction was also not
significant, €=0.583, F(4.665, 83.962)=0.277, p=0.915, par-
tial #>=0.015. In the planned comparison restricted to the
two sound-present conditions, tempo was significant, F(1,
18)=6.383, p=0.021, partial »>=0.262: Accelerating tempo
shortened judged TTC by approximately 32ms relative to
decelerating tempo (approximately 1965 vs. 1997 ms). In this
sound-present analysis, neither acceleration, e = 0.332, F(1.327,
23.895)=3.260, p=0.073, partial »>=0.153, nor the tempo x
acceleration interaction, €=0.791, F(3.164, 56.952)=0.250,
p=0.870, partial n?=0.014, was significant. Thus, the manual
result is a sound-present accelerating-versus-decelerating con-
trast, not a statistically established bidirectional shift relative
to silence.

Primary eye-TTC did not show a reliable tempo effect. In the
full 3x 5 repeated-measures analysis, the auditory main ef-
fect was not significant, GG € =0.576, F(1.152, 20.732) = 0.039,
p=0.877, partial 7n?>=0.002. The acceleration effect also
did not remain significant after GG correction, £€=0.352,
F(1.409, 25.359) =3.080, p=0.079, partial »?>=0.146, and the
auditory condition X acceleration interaction was not signif-
icant, £=0.629, F(5.028, 90.503)=0.634, p=0.675, partial
7?=0.034. Restricting the analysis to the two sound-present
conditions likewise yielded no tempo effect, F(1, 18)=0.178,
p=0.678, partial 7>=0.010, no GG-corrected acceleration
effect, €=0.371, F(1.482, 26.682)=2.400, p=0.122, partial
7?>=0.118, and no tempo X acceleration interaction, ¢ =0.855,
F(3.421, 61.581)=0.422, p=0.763, partial n>=0.023. These
results place the null primary eye-TTC contrast on the same
inferential footing as the manual analysis.

Figure 11 plots manual TTC and primary eye-TTC against
physical TTC for the three auditory conditions, with M8 predic-
tions and the identity line. Under the primary definitions, the
condition means were as follows. Silent: manual M =1955ms,
95% CI [1819, 2092]; primary eye-TTC M =1208ms, 95% CI
[1088, 1328]. Decelerating tempo: manual M =1997ms, 95%
CI [1878, 2116]; eye-TTC M=1200ms, 95% CI [1090, 1309].
Accelerating tempo: manual M =1965ms, 95% CI [1852, 2077];
eye-TTC M=1204ms, 95% CI [1103, 1306]. The sound-present
manual contrast (accelerating — decelerating) was —32.3 ms,
95% CI [=59.2, —5.4], t(18)=—-2.53, p=0.021, dz=-0.58,
whereas the primary eye-TTC contrast was small and not
reliable (4.6 ms, 95% CI [-18.3, 27.6], t(18)=0.42, p=0.678,
dz=0.10). Both paired contrasts are based on the same N=19
analysis sample used in the verified repeated-measures anal-
yses. Primary eye-TTC estimates were substantially shorter
than manual estimates, and both measures were heavily
compressed relative to the identity line, indicating that ex-
trapolation did not fully track the physical TTC manipulation
(Table 5), consistent with the limit use of acceleration infor-
mation in prediction-motion tasks (Benguigui and Bennett
2010; Bennett and Benguigui 2013; Vicovaro et al. 2019).
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individual participants, the dashed line is the identity line, and solid curves show M8 predictions for each auditory condition.

TABLE 5 | Verified repeated-measures summary of Experiment 3 manual TTC and primary eye-TTC.

Outcome Analysis/effect Statistic Key descriptive contrast
Manual TTC 3% 5 full Tempo: €=0.528, F(1.056,19.009)=0.418, Omnibus sound ns; GG acceleration
p=0.537, np>=0.023; acceleration: p=0.063; interaction p=0.915
£=0.319, F(1.276,22.977) = 3.548,
p=0.063, 7p>=0.165
Manual TTC 2X5 Tempo: F(1,18)=6.383, p=0.021, Accelerating ~#1965ms vs. decelerating
sound-present np?=0.262; acceleration: e=0.332, ~1997 ms (~ — 32 ms); interaction p=0.870
F(1.327,23.895)=3.260, p=0.073
Primary 3% 5 full Tempo: €=0.576, F(1.152,20.732)=0.039, No significant tempo or GG-corrected
eye-TTC p=0.877, np>=0.002; acceleration: acceleration effect; interaction p=0.675
€=0.352, F(1.409,25.359)=3.080, p=0.079
Primary 2X5 Tempo: F(1,18)=0.178, p=0.678, Accelerating ~#1204 ms vs. decelerating
eye-TTC sound-present np?=0.010; acceleration: e=0.371, ~1200ms (+4.6 ms); interaction p=0.763

F(1.482,26.682)=2.400, p=0.122

Note: All rows are based on the N=19 participants represented in the archived trial-level reanalysis file. Greenhouse-Geisser corrections are reported with corrected
degrees of freedom and ¢ where applicable. The F statistic is unchanged by the correction; corrected df and p values are paired from the same GG analysis. Primary
eye-TTC is defined as the first postocclusion forward saccade reaching the collision zone.

4.3.2 | Experiment 3: Occlusion-Aligned
Eye-Velocity Dynamics

After subtraction of the preocclusion baseline, all three
tempo conditions showed a strong transient increase in eye
velocity after occlusion, followed by a decline and eventual
negative velocity later in the interval (Figure 12). The larg-
est early transient occurred in the silent condition, with
smaller peaks for decelerating and accelerating tempo. The
participant-level cluster-permutation comparison identified
a significant decelerating-minus-silent interval centered ap-
proximately 0.48-0.60s after occlusion. No comparably ex-
tended accelerating-minus-silent cluster was evident in the
plotted result. Because the analysis explicitly subtracts the
preocclusion state, this postocclusion cluster provides stron-
ger evidence for tempo-dependent predictive oculomotor
dynamics.

4.3.3 | Experiment 3: Occlusion-Aligned
Pupil Dynamics

Pupil responses diverged more broadly after occlusion
(Figure 13). All conditions showed increasing dilation rela-
tive to the pre-occlusion baseline, but both sound conditions
rose above silent beginning early in the occluded interval
and remained separated for much of the next 1-1.5s. Cluster-
permutation markers indicated a broad accelerating-minus-
silent cluster from shortly after occlusion to roughly 1.45s,
and a decelerating-minus-silent cluster beginning later and
extending to roughly 1.5s. The two auditory trajectories were
closely similar to each other over much of this interval. This
pattern supports an auditory-context effect on postocclusion
physiological/task state, but the common elevation of both
sound conditions cautions against interpreting pupil dilation
as a direction-specific representation of tempo.
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FIGURE 13 | Occlusion-aligned pupil dynamics in Experiment 3.
Pupil area is expressed as percentage change from the pre-occlusion
baseline and is collapsed across acceleration. Time zero marks occlusion
and auditory onset. Colored markers indicate significant participant-
level cluster-permutation contrasts with silent. Both auditory conditions
showed sustained postocclusion dilation relative to Silent, with substan-
tial overlap between the decelerating and accelerating trajectories.

4.3.4 | Experiment 3: Out-of-Sample TTC
Model Comparison

The predictive model comparison produced a clear result
(Figure 14). For manual TTC, M8 had a mean LOCO RMSE
of approximately 0.17s, substantially below all other candidate
models (approximately 0.39-0.65s), and was the participant-
level LOCO winner for about 95% of observers. For primary
eye-TTC, M8 again had the lowest mean LOCO RMSE (approx-
imately 0.13s vs. approximately 0.52-0.98s for the alternatives)
and was the LOCO winner for every participant. Thus, both re-
sponse modalities are better predicted by a mapping that scales
with physical TTC and allows auditory tempo to modulate that
scaling than by a fixed additive tempo shift, constant-velocity
heuristic, or effective-acceleration rule.

This result is predictive rather than only descriptive because
each acceleration X tempo condition was held out in turn

and predicted from the remaining conditions. The tempo X
physical-TTC term can be interpreted as a change in predic-
tive weighting or temporal scaling whose influence grows
with the extrapolation interval. It is compatible with a clock-
rate account, but M8 is phenomenological and cannot distin-
guish an internal pacemaker from other mechanisms that
multiplicatively transform the mapping from physical motion
history to response time.

4.3.5 | Experiment 3 Summary

Experiment 3 provided a qualified set of tempo-dependent ex-
trapolation findings. The verified full 3x5 manual analysis
showed neither a significant three-level auditory effect nor a
GG-corrected acceleration effect. The planned sound-present
manual comparison nevertheless showed a 32-ms accelerating-
versus-decelerating tempo contrast, F(1,18)=6.383, p=0.021.In
contrast, the corresponding primary eye-TTC tempo effect was
null, F(1, 18)=0.178, p=0.678. Baseline-corrected eye velocity
showed a temporally localized decelerating-versus-silent effect,
whereas pupil dilation showed broader sound-versus-silence
elevations that were similar for the two tempo directions. M8
nevertheless provided markedly better held-out prediction than
the alternative TTC models for both manual and primary eye-
based estimates. Thus, Experiment 3 supports a modest sound-
present manual tempo contrast and tempo-related oculomotor/
model signatures, but not a statistically established bidirectional
TTC shift relative to silence or a corresponding primary eye-
TTC tempo shift.

5 | Discussion

Across three experiments, dynamic auditory structure biased
judgements of variable-speed visual motion, but the strength
and form of the evidence depended on the auditory feature and
task stage. Experiment 1 produced robust opposite PSE shifts
for slow and fast tempo; Experiment 2 produced a weaker
asymmetric pitch effect dominated by descending pitch; and
Experiment 3 produced a 32-ms sound-present manual tempo
contrast despite a nonsignificant omnibus three-level auditory
effect. The primary eye-TTC tempo contrast in Experiment 3
was not significant, and the GG-corrected acceleration effects
in both manual and primary eye-TTC analyses were also non-
significant. A transient postocclusion eye-velocity effect was
observed, and M8 ranked best in held-out model comparisons
for both manual and eye-TTC data. These results extend prior
demonstrations that sound can alter apparent motion, perceived
visual speed, and inferred motion (Kafaligonul and Stoner 2010;
Meyerhoff et al. 2022; Chotsrisuparat et al. 2017; Patrick and
Anderson 2022; Qin et al. 2022) by showing robust auditory
effects while motion is visible and more qualified tempo-
dependent signatures during prediction after visual input has
disappeared.

The perceptual results can be situated within causal-inference
and reliability-weighted accounts without assuming that a
full Bayesian causal-inference model must win the present
model comparison. In Bayesian causal inference, cue com-
bination depends on the inferred probability of a common
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FIGURE 14 | Out-of-sample comparison of candidate TTC models for Experiment 3. Left: mean leave-one-condition-out (LOCO) RMSE for man-

ual behavioral TTC and eye-based TTC. Right: proportion of participants for whom each model produced the lowest LOCO prediction error. M8,

which combines global physical-TTC scaling, a Tempo X physical-TTC interaction, and an additive offset, clearly outperformed the alternative mod-

els for both response modalities and won for nearly all behavioral participants and all eye-TTC participants.

cause and on cue reliability (Koérding et al. 2007; Shams and
Beierholm 2010; Shams 2012). Visual acceleration is rela-
tively noisy, whereas auditory timing is precise; a temporally
coherent auditory sequence can therefore receive substantial
effective weight when estimating a changing event. Chen
et al. (2018) likewise showed graded crossmodal temporal av-
eraging, illustrating that auditory and visual temporal signals
can be partially integrated. Our raw-curve comparison found
that the additional parameters of the full BCI model were not
justified by the present response curves, but that negative re-
sult should be interpreted narrowly: The data do not require
explicit causal-uncertainty parameters to describe these psy-
chometric shifts, rather than disproving causal inference as a
general multisensory framework.

The contrast between tempo and pitch further suggests feature-
dependent weighting, even though the analysis of pitch and
duration patterns may partly share neural substrates (Griffiths
et al. 1999). Slow tempo and descending pitch produced com-
parable deceleration-directed shifts, but fast tempo produced
a clear acceleration-directed shift whereas ascending pitch re-
mained close to no sound. Global auditory rate may map more
directly onto the temporal dynamics of visual speed than pitch
trajectory does, and recent work showing that overall auditory
interval structure, rather than only local onset/offset anchors,
changes perceived biological-motion speed supports this inter-
pretation (Ozkan et al. 2026). Pitch-motion correspondences
are also not necessarily symmetric: Falling pitch is ecologically
associated with a receding source, and crossmodal mappings
between pitch and spatial/motion dimensions can show direc-
tional asymmetries (Eitan and Granot 2006; Carnevale and
Harris 2016). On the visual side, speed decrements are detected
more readily than increments (Hohnsbein and Mateeff 2002),
which may make deceleratio-directed biases easier to obtain
across auditory features. In the present stimuli, the descending
and ascending excursions were also unequal in log-frequency

magnitude, so the pitch asymmetry should not be attributed to a
single mechanism without a stimulus-matched follow-up.

The absence of reliable auditory JND changes in Experiments
1 and 2 should be interpreted in relation to the specific task
and stimulus regime. Auditory timing can alter sensitivity to
low-level visual motion in other paradigms (Kafaligonul and
Stoner 2012), and task-irrelevant sound can facilitate visual
processing or visual-motion representations (Kim et al. 2012;
Gleiss and Kayser 2014; Kayser et al. 2017). Our results therefore
support the narrower conclusion that, for these suprathreshold
speed-change judgements, the dominant measurable auditory
consequence was a horizontal psychometric shift rather than a
slope change. Such a shift is compatible with a change in the
estimated motion signal or in decision criterion; the present
behavioral data do not by themselves localize the effect to a
purely perceptual versus decisional stage. In audiovisual motion
discrimination, for example, sensory congruency effects and
histor-dependent decision effects can arise at distinct processing
stages (Kayser and Kayser 2018).

Experiment 3 adds to previous auditory-rhythm TTC studies by
manipulating tempo only after occlusion, using multiple pre-
occlusion acceleration histories that converge on the same final
visible velocity, recording eye movements as an index of predic-
tive tracking (Bennett et al. 2007; Lappi 2016; Lopez-Moliner
and Brenner 2016), and evaluating candidate models with held-
out prediction. The strong performance of M8 implies that the
auditory effect is not well captured by a constant additive off-
set. Instead, tempo interacts with physical TTC, so its influence
depends on the extrapolation interval. In reliability-weighting
terms, this is consistent with auditory temporal structure con-
tributing more strongly as uncertainty accumulates during lon-
ger hidden-motion predictions. It is also compatible with the
alternative that auditory tempo changes the temporal scale used
to produce a TTC response rather than reweighting the visual
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motion estimate itself (cf. the common rate control account of
prediction motion; Makin 2018). The weaker tempo effect on
primary eye- TTC than on manual TTC is also compatible with
evidence that oculomotor behavior and judgments of moving or
hidden targets are coupled (Jonikaitis et al. 2009; Bennett et al.
2010; Goettker et al. 2018) but can be controlled partly inde-
pendently (Benguigui and Bennett 2010).

A specific version of the temporal-scale account is the internal
clock or pacemaker hypothesis. Faster click trains can speed
subjective timing, whereas slower temporal stimulation can pro-
duce the opposite tendency (Treisman et al. 1990; Penton-Voak
et al. 1996; Wearden et al. 1999; Droit-Volet and Wearden 2002).
Click trains can also increase the perceived velocity of subse-
quently presented moving stimuli (Makin et al. 2012). In a
TTC production task, a faster clock would reach a response cri-
terion earlier (cf. Hanes and Schall 1996) and thereby shorten
judged TTC; this is the same direction observed for accelerating
tempo. Scalar-timing and cortico-striatal timing frameworks
provide related mechanistic context (Gibbon et al. 1984; Matell
and Meck 2004; Coull et al. 2011), as do accounts linking neu-
ral oscillations to timing and temporal prediction (Gupta and
Chen 2016; Wiener and Kanai 2016). The multiplicative tempo
X physical- TTC structure of M8 is therefore consistent with
clock-rate scaling. However, the present design does not mea-
sure subjective time independently of motion extrapolation,
so it cannot adjudicate a pacemaker mechanism against other
multiplicative transformations of visual prediction. A future
experiment should cross auditory tempo with an independent
interval-timing task or manipulate temporal reliability while
holding motion evidence constant.

The eye data separate direction-specific predictive effects from
more general sound-related physiology. Eye velocity showed a
localized postocclusion decelerating-versus-silent effect, con-
sistent with evidence that task-irrelevant sounds can modulate
oculomotor timing (Vidal et al. 2020), whereas pupil dilation
increased broadly for both sound conditions and the two audi-
tory trajectories largely overlapped. Thus, sound per se appears
to alter arousal or task state (Hess and Polt 1964; Beatty 1982),
which can itself influence TTC estimation (Baures et al. 2018),
while the direction of perceptual/TTC bias depends on auditory
feature structure. This dissociation argues against explaining
the behavioral effect as a generic arousal response. It also cau-
tions against a single simple entrainment account (Large and
Jones 1999; Lakatos et al. 2008; Henao et al. 2020; Lenc et al.
2021): A genuine entrainment mechanism would require stron-
ger evidence of phase-specific coupling to the time-varying audi-
tory sequence than is provided by the present oculomotor traces.

At the neural level, the findings are compatible with interactions
among auditory timing systems, visual-motion cortex, and pa-
rietal predictive networks (Merchant and Georgopoulos 2006).
Audiovisual synchrony can alter connectivity between auditory
and visual areas (Lewis and Noppeney 2010), structural pathways
connect auditory and visual motion-selective regions (Gurtubay-
Antolin et al. 2021), and V5/MT + responds to audiovisual motion
events (Scheef et al. 2009) and contributes causally to spatio-
temporal integration in visual motion (Zinchenko et al. 2021).
Hierarchical multisensory regions can also implement computa-
tions consistent with causal inference (Rohe and Noppeney 2015).

In addition, attentional modulation in visual cortex depends on
the expected timing of task events (Ghose and Maunsell 2002),
offering one route through which auditory temporal structure
could shape visual-motion processing. These observations iden-
tify plausible substrates, but our behavioral and eye-tracking ex-
periments cannot determine which neural populations implement
the tempo-dependent bias. Neuroimaging, electrophysiology, or
causal perturbation would be required to localize the mechanism.

Several other limitations constrain the interpretation. The
present pitch excursions were not perfectly symmetric in loga-
rithmic frequency, and the TTC model comparison is phenom-
enological rather than a direct measurement of an internal
clock. The verified Experiment 3 inferential dataset contained
N=19 participants, for which a two-tailed paired-samples
sensitivity analysis gives 80% power for effects of approxi-
mately dz > 0.68; the observed sound-present manual contrast
was dz=-0.58. The supporting behavioral effect therefore
falls below the effect size that this analysis sample was pow-
ered to detect and should be replicated in a larger preregis-
tered sample. By contrast, the reliable within-subject effects
in Experiments 1 and 2 (observed Idzl=1.03-1.91) exceeded
their sensitivity threshold of dz>0.81. These issues motivate
preregistered replication with matched cue magnitudes, ma-
nipulated cue reliabilities, hierarchical random-slope models,
independent timing measures, and increased power for the
Experiment 3 sound-present contrast.

In summary, auditory temporal structure provides a context that
can bias the perception of changing visual motion and is associated
with tempo-dependent signatures during extrapolation of hidden
motion. The robust bidirectional tempo effect in Experiment 1, the
weaker asymmetric pitch effect in Experiment 2, and the qualified
sound-present/manual and model-based findings in Experiment
3 favor a feature- and context-sensitive account rather than a
generic effect of sound. The data are compatible with reliability-
weighted multisensory integration and with temporal-scale/clock-
rate mechanisms, but they do not uniquely identify either neural
or computational implementation, and Experiment 3 does not es-
tablish a bidirectional TTC shift relative to silence. Distinguishing
these alternatives will require experiments that independently
manipulate temporal reliability, causal correspondence, and sub-
jective timing while measuring both perceptual and oculomotor
predictions.
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