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Figure 1: Schematic illustration of the experimental task and the key result: Participants imagined a ball rolling down ramps in
different environments, with shorter expected durations in a 1:1 VR lab compared to the physical lab, and longer durations in a

large-scale VR room compared to the 1:1 VR lab.

Abstract

Accurate temporal expectations support interaction in virtual real-
ity (VR), yet it remains unclear whether the internal models that
guide such expectations in the real world transfer unchanged to
immersive VR. We report two experiments examining expected
durations of gravity-driven motion across real and virtual environ-
ments. In Experiment 1, participants imagined a ball rolling down
ramps in a physical lab, a 1:1 VR replica, and an up-scaled VR room
and produced the time the imagined process would take. Results
revealed systematic distortions: durations were underestimated in
VR relative to the physical lab, and larger virtual spaces elicited
longer durations. Experiment 2 assessed whether participants incor-
porated gravity laws into their simulations. Although gravitational
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acceleration was consistently underestimated, it was incorporated
in both real and virtual environments. Our findings show that VR
and its spatial scale bias temporal expectations, with implications
for the design of temporally coherent and physically plausible VR
experiences.
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1 Introduction

Immersive virtual reality (VR) presents users with a world that
resembles our physical world, with familiar objects, spaces, and
physical relationships. A key question for VR research, however, is
whether people rely on the same mental models in such environ-
ments as they do in the real world. As in the physical world, inter-
action in VR requires continuous predictions (e.g., how long move-
ments take, when moving objects arrive, and how gravity affects
them). Such temporal and physical expectations guide perception,
action, and decision-making processes. Understanding whether
real-world expectations transfer to virtual environments therefore
addresses a fundamental question about perception and action in
VR. Exploring the similarities and differences in users’ temporal ex-
pectations between real and virtual environments, and identifying
the factors that shape these expectations, provides foundational
insight into how people internally model physical dynamics in VR.
This is crucial for designing VR systems whose dynamics are plau-
sible and predictable for users, whether in time-critical interactions,
simulation, or physics-based applications.

Although prior work has shown that temporal experience in
VR can differ from the physical world in certain contexts, little
is known about whether users expect physical processes in VR
to unfold in the same way as in the real world, or whether VR
produces systematic shifts in the mental models that guide such
expectations. A growing body of research suggests that time is not
perceived identically in virtual and physical environments. Several
studies report a phenomenon known as time compression, a ten-
dency to experience shorter durations in VR compared to the real
world [38, 41, 54]. Yet these findings primarily concern abstract time
perception, such as the estimation of seconds or minutes, rather
than the users’ expectations about the duration of dynamic events.
Recent work has begun to move in this direction by applying men-
tal imagery tasks in real and virtual environments to examine how
users’ temporal expectations of physical processes differ between
the two settings. Mental imagery paradigms offer a powerful tool
to probe such expectations because they reveal users’ internal mod-
els of how physical events unfold without being confounded by
properties of rendered motion in VR, such as visual fidelity, ani-
mation quality, physics-engine implementation, or system latency.
By asking participants to imagine an event rather than observe
it, researchers can directly assess the cognitive expectations that
guide predictions about physical dynamics across environments.
Bogon et al. [6], for example, successfully used this approach and
showed that users’ expectations about the duration of an imagined
event (water pouring from a bottle) differed between real and vir-
tual environments—even though basic time perception remained
unchanged. This suggests that while subjective time perception
may remain stable, internal models of physical dynamics can shift
across environments and alter temporal expectations. However,
the processes studied so far involve relatively simple dynamics
and do not fully capture the role of fundamental physical laws
such as gravity. To address this gap, in this study we focus on a
more straightforward and physically grounded case: gravity-driven
motion. Using the scenario of a ball rolling down a ramp, we inves-
tigate whether imagining such an event in VR leads to systematic
distortions in expected duration compared to imagining the same
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event in real environments. Beyond overall duration, we further
examined whether participants anticipated gravitational acceler-
ation in their mental simulations, and whether such expectations
differed across real and virtual environments.

In addition to the type of environment and the type of physi-
cal process, the spatial context of an environment can shape the
temporal dynamics of perceived or imagined events. People tend to
overestimate durations in larger rooms [20, 31, 40, 50], reflecting a
perceptual coupling of space and time [16, 58]. As VR entails a high
potential to expand the design space—allowing room size, object
scale, and layout to be manipulated without physical constraints—
interactions between the spatial scale of virtual environments and
VR-induced changes in temporal expectations can provide impor-
tant information for the design of VR scenarios where users need
to interpret object motion, anticipate outcomes, and interact with
dynamic scenes. Yet most prior work on how temporal judgments
are affected by spatial characteristics of virtual environments has fo-
cused on abstract intervals or static contexts [8, 9, 11, 31, 42, 53, 57],
leaving it an open question whether spatial transformations in VR
also affect how users anticipate the duration of dynamic physical
events. In this study, we therefore compare temporal expectations
between real and virtual environments, and we include a third condi-
tion with an upscaled virtual room to additionally examine whether
spatial scaling in VR alters imagined durations of gravity-driven
motion and influences participants’ anticipation of gravitational
acceleration.

Based on these gaps, our work addresses the following research
questions:

e RQ1: Does the medium of VR per se alter users’ expectations
about the duration of physical processes—such as gravity-
driven motion-compared to a real laboratory environment?

e RQ2: Does spatial scaling in VR (i.e., an upscaled virtual
room) further bias temporal expectations about the duration
of dynamic physical events?

e RQ3: Do participants anticipate gravitational acceleration
when simulating such motion, and do these expectations
differ across real and virtual environments?

We report two experiments that investigated how immersive VR
and its spatial scale affect temporal expectations of physical pro-
cesses. In Experiment 1, participants imagined a ball rolling down
ramps of different gradients and reproduced its expected duration
across three settings: a real laboratory, a 1:1 virtual replica, and a spa-
tially up-scaled version of the virtual room. Results show that both
the shift from real to virtual environments and changes in perceived
room size systematically biased imagined durations. In Experiment
2, we assessed whether participants accounted for gravitational
acceleration by setting duration estimates for the first and second
halves of the same ramp in relation to each other. Although acceler-
ation was quantitatively underestimated, participants consistently
incorporated accelerative dynamics in their simulations in both
real and virtual environments. Together, our findings demonstrate
that imagining gravity-driven motion in VR leads to systematic
distortions of expected duration, shaped by both environment type
and spatial scale. These insights inform the design of VR systems
that rely on accurate temporal predictions of physical dynamics,
such as in training, simulation, and interactive applications.
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2 Related Work

To examine whether temporal expectations that guide perception
and action in the real world transfer to immersive virtual environ-
ments, and to identify which factors of VR shape these expectations,
we draw on prior work in three areas of research: (1) subjective
time perception in VR, (2) expectations about physical processes in
VR, and (3) the influence of spatial scale on temporal experience.

2.1 Subjective Time in VR

Research on time perception in VR has shown that immersive envi-
ronments can systematically alter how users experience the pas-
sage of time. One reported phenomenon is time compression—the
tendency for durations to feel shorter in VR than in the physical
world [38, 41]. This effect is often attributed to heightened arousal or
attentional engagement [15, 57]. Recent experimental work further
supports this view, showing that user engagement and environ-
mental dynamics can significantly modulate perceived duration in
VR, with active users tending to underestimate elapsed time [44].
However, these effects may not be uniform. For example, Mullen et
al. [42] reported both compression and expansion of perceived time
depending on the spatial configuration of the virtual environment.
Such results indicate that contextual features—such as environment
size—can modulate temporal judgments in VR.

Beyond these contextual factors, several studies have investi-
gated whether VR as a medium inherently alters basic temporal
processing. One line of work has examined whether distortions in
temporal experience arise from changes in embodiment or multi-
sensory integration. For example, manipulating the speed of par-
ticipants’ own movements, or their visual feedback, can shift per-
ceived duration [3]. Other studies suggest that immersive VR may
induce dissociative states or disrupt interoceptive processing, both
of which are known to affect the experience of time [17, 21]. These
findings not only suggest that temporal experience in VR may dif-
fer from real-world perception but also raise the possibility that
it can be deliberately shaped. Researchers have exploited this in
interactive applications, for example by slowing down or speeding
up the world in response to user movement [3, 36], or by simulating
altered diurnal rhythms [35, 53].

In most of these studies, time perception was investigated in VR
using rich and interactive settings, often involving emotional or
cognitive load. As a result, it has remained unclear whether VR per
se—in the absence of such contextual influences—alters the basic
sense of elapsed time. Addressing this, Bogon et al. [6] compared
subjective time perception in matched real and virtual laboratory
environments under low-interaction conditions. Participants repro-
duced numerical durations (e.g., “eight seconds”) without external
stimuli, and the results showed no differences between real and
virtual settings, suggesting that the basic sense of elapsed time
remains largely intact in immersive VR. However, their work also
hinted that this temporal stability might not generalize to all forms
of timing in VR, which we explore in the next section.

2.2 Expectations about Physical Processes in VR

Bogon et al. [6] also examined a different type of timing: tempo-
ral expectations for familiar physical processes. In a second task,
participants were asked to mentally simulate water pouring from
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an inverted bottle and to indicate the start and the end of this pro-
cess. Unlike the abstract interval task, this physical-process task
revealed a significant effect of the environment: Participants pro-
duced longer durations for this imagined process in VR than in the
real world. These findings introduced a critical distinction between
time perception per se and temporal expectations about physical pro-
cesses. Their findings suggest that while immersive VR does not
distort the internal sense of elapsed time, it can affect users’ tem-
poral expectations about the duration of physical processes. This
dissociation raises important questions for research and design:
How do users internally model physical processes in VR compared
to real world scenarios? Are expectations about motion, gravity, or
causality preserved, or are these concepts reshaped by the context
of the virtual environment? Such questions are central for under-
standing how users internally represent physical dynamics in VR,
a foundational question that also informs the design of coherent
and predictable virtual environments.

While Bogon et al. [6] provide the only direct comparison be-
tween VR and the physical world, several other studies have used
VR primarily as a methodological tool to investigate intuitive physics.
VR enables controlled manipulations of self-perception, motion
cues, and physical laws that are not feasible in real-world settings,
making it well suited for studying how people adapt and apply
their internal models of physical dynamics. For example, Pouke et
al. [47] demonstrated that when users experience a mismatch in
the spatial relation between the virtual self and the surrounding
environment—such as perceiving themselves as extremely large
or small—they often judge physically incorrect object behavior
(e.g., unrealistic falling speeds) as more plausible than physically
accurate motion. Moreover, immersive VR has been used to study
how people represent gravity-driven motion by presenting rolling
balls in VR and asking participants to adjust either the slope of the
virtual surface or the acceleration of the ball until the motion ap-
peared natural, with judgments broadly consistent with Newtonian
mechanics when rich visual context was available [14]. Extending
this line of work, rolling and falling balls have been combined with
motor-interception tasks and time-to-contact judgments, showing
that internal models of gravity robustly shape perceived natural-
ness, interception accuracy, and temporal predictions—even when
motion cues are manipulated or partially occluded [19, 34]. While
these studies provide valuable insights into perceptual responses
to physically animated stimuli in VR, they share two important
limitations: They all rely on visible object motion, and they lack
real-world baselines. As a result, it remains open how users form
temporal expectations of gravity-driven motion in VR without the
confounding influence of direct visual input or physical interaction,
and whether these expectations rely on the same internal models
that guide perception in the real world.

The study of such internal models is enabled by mental imagery
tasks, which have been increasingly applied over the past decades
[45, 46, 52]. Although independent from direct sensory input, men-
tal imagery activates similar neuronal networks as direct perception
[2, 22, 60], promoting the understanding of mental imagery as a
weak form of perception [45, 46]. Accordingly, mental imagery tasks
have been effectively employed to investigate spatial representa-
tions [4, 12], memory processes [26, 52], perceived self-location
[30, 37] and intuitive physics [10, 24, 28]. A specific advantage over
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the conventional approach of timing directly experienced intervals
is that the timing of imagined events offers the intriguing possibil-
ity of studying the expected (rather than perceived) duration of an
event [6, 25]. This enables to study the users’ internal models of
how physical processes unfold over time [24]. Especially with re-
spect to VR, this makes mental imagery an ideal method for testing
whether the medium alone changes temporal expectations for phys-
ical processes, entirely independent of any physically simulated or
displayed motion [6].

2.3 Influence of Environmental Scale on
Temporal Experience

While VR allows users to engage with dynamic events and simulate
physical processes, it also offers unparalleled flexibility in manipu-
lating the spatial context in which these processes unfold. Unlike
physical laboratories, virtual environments are not constrained by
architectural or material limitations—spaces can be scaled, distorted,
or expanded without practical cost. This flexibility raises an impor-
tant question: Do changes in the spatial scale of an environment
affect how users internally model the timing of events?

There is growing evidence for a close relationship between spa-
tial and temporal representations, suggesting that manipulating
spatial context can systematically influence temporal judgments.
Numerous studies have demonstrated that time intervals tend to
be judged as longer in larger environments, indicating a coupling
between spatial extent and perceived duration [20, 31, 40, 42, 50].
Although some evidence suggests the opposite under specific condi-
tions [42], the dominant trend supports the idea that larger spatial
contexts lead to dilated temporal experience. In a seminal study,
DeLong [20] asked participants to imagine performing everyday
activities in miniature model environments and to indicate when 30
minutes had passed. The results revealed a compression of perceived
time in smaller spaces. This finding was replicated by Mitchell and
Davis [40] and aligns with the idea of a shared cortical magnitude
system for processing space, time, and quantity [16, 51, 58]. Taken
together, these findings suggest that spatial scale can systemati-
cally shape temporal judgments, raising the question of whether
enlarging or shrinking environments in immersive VR also alters
how users anticipate the duration of physical processes in VR.

2.4 Summary

Prior research shows that immersive VR can alter temporal ex-
perience, but the mechanisms and boundary conditions remain
unclear. Interval timing often appears robust across real and vir-
tual environments [6], yet several studies report distortions such
as time compression [41, 54]. These inconsistencies suggest that
contextual factors—such as arousal, task demands, or environment
size—systematically modulate perceived time [3, 42].

Beyond abstract intervals, VR also appears to influence expec-
tations about physical processes. For example, water pouring was
expected to last longer in VR than in the real world [6], and manipu-
lations of body—environment relations can make implausible object
motion appear more plausible than accurate physics [47]. At the
same time, studies with visible motion suggest that internal models
of gravity still support perception and action in VR [14, 19, 34].
Taken together, prior studies have advanced our understanding
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of perception and action under altered physics in VR, but they do
not resolve whether temporal expectations for simple, well-defined
physical processes are altered by the switch from real to virtual
environments or remain anchored in real-world principles such as
gravitational acceleration.

Finally, spatial scale is known to bias perceived duration, with
larger environments eliciting longer judgments [20, 31, 40, 50].
However, prior demonstrations have largely relied on passive view-
ing of environments or on abstract interval judgments, leaving
it open whether such space-time interactions also shape tempo-
ral expectations when people imagine dynamic physical processes
unfolding within those environments.

The open question, therefore, is to determine whether immersive
VR and its spatial scale fundamentally reshape temporal expecta-
tions for simple physical events, or whether these expectations
remain consistent with real-world principles such as gravitational
acceleration.

3 Experiment 1

The first experiment examined how immersive virtual reality affects
users’ temporal expectations about the duration of dynamic phys-
ical processes, and whether these expectations are modulated by
the spatial scale of the virtual environment. Specifically, we asked
whether a physically plausible event-a ball rolling down a ramp-is
expected to take the same amount of time when imagined in a
real-world lab, a virtual replica of that lab, or an up-scaled virtual
room. Participants mentally imagined the ball’s movement down
ramps of varying slope and produced the duration of the imagined
event. This paradigm enabled us to probe two core questions: First,
does the medium of virtual reality per se alter users’ expectations
about the duration of physical processes—such as gravity-driven
motion—compared to a real laboratory environment (RQ1)? And
second, does spatial scaling in VR (i.e., an upscaled virtual room)
further bias temporal expectations about the duration of dynamic
physical events (RQ2)?

3.1 Method

3.1.1 Participants. A total of 42 participants were recruited from
our institution and the local community. Participants took part
voluntarily or in exchange for course credits. The initial sample
size of 42 participants was based on the intention of achieving an
effective final sample size of at least 34 participants after potential
exclusions. This sample size ensured that, with an alpha level of .05,
the study has sufficient statistical power (> .85) to detect an effect
size of r]?, = .15 (MorePower, version 6.0.4; [13]). Due to difficulties
in keeping up concentration (tiredness), the data of one participant
were excluded from analysis. The final sample consisted of 41 par-
ticipants (20 females, 21 males) with a mean age of 29.7 years (SD
= 5.7, ranging from 21 to 43). In terms of prior experience with
virtual reality, 30 participants (73.2%) reported having used VR at
least once before. Only one participant (2.4%) indicated frequent
use of VR headsets, 28 (68.3%) reported rare use, and the remain-
ing 13 participants (31.7%) had never used VR before. Prior to the
experiment, all participants provided informed, written consent.

3.1.2  Apparatus. Participants were presented with four wooden
ramps (203 cm length, 4.1 cm width, 1.9 cm height), each allowing a
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Figure 2: Experimental Setup. A: Photograph of the custom-
designed wooden ball tracks used in the experiment. B:
Schematic representation of the experimental setup viewed
from above with (1) the position of the participant during
the time production tasks, (2) the workspace with the ques-
tionnaires, and (3) the study conductor’s workspace. C: Par-
ticipant in the experimental setup, wearing a barber cape
and VR headset

ball to roll down (see Figure 2A). Ramps were visibly labeled as "A",
"B", "C" and "D" and varied in slope (1.4, 3.6, 10.3, and 25.1°), which
was adjusted to produce rolling durations of 8, 4, 2 and 1 seconds.
As response times The use of supra-second durations precluded
effects of response times use of these The effective rolling distance
for the experiment was 2 meters. The additional 3 cm in length
allowed for the placement of a green marker exactly at the 2 m
point, which served as the imagined starting position for the ball
(Figure 2A).
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Participants sat on a chair, facing the four ramps. For the VR
conditions, participants wore a head-mounted display (HMD; HTC
Vive Pro 2) with a refresh rate of 120 Hz, a resolution of 4896 x
2448 pixels per eye, and a horizontal field-of-view of 120°. The vir-
tual environments and task presentation were implemented using
Unity 3D (version 2019.2.1f1, https://unity.com/). Participants wore
a black barber cape that concealed their hands and arms. This en-
sured comparable bodily awareness across conditions. Although
arm tracking would have been technically possible, it would have
introduced additional visual and proprioceptive cues that differed
between real and virtual environments. Covering the arms and
hands with the cape therefore provided the cleanest way to keep
bodily information consistent across all conditions by preventing
participants from seeing their own arm movements and mouse
clicks.

3.1.3 Task and Stimuli. Participants were asked to imagine a ball
rolling down one of the four ramps, starting at the green marker to
the end of the ramp, and to produce the duration of this imagined
event. Each trial began with the display of one ramp identifier (A-D).
Participants were instructed to press the mouse button once when
they imagined the ball starting at the green marker, and a second
time when they imagined the ball arriving at the ramp’s end. Thus,
the produced interval between the two button presses indicates
the imagined duration of the event. After the first button press,
screen color changed to green until the second press. The intertrial
interval was set to 2 s after the second button press.

3.1.4  Environment Conditions. Three environments were tested.
In the real environment (RE) condition, participants performed the
time production task in the real laboratory environment (see Fig-
ure 3A) without wearing the HMD. In the virtual reality conditions,
participants completed the task in a normal-sized virtual version of
the laboratory (VRyormal; see Figure 3B) and in an up-scaled virtual
version of the same environment (VR}a.g.; see Figure 3C). Virtual
environments were presented via the HMD. For the VR, condi-
tion, both width and length of the room was expanded by a factor
of 9, and height was tripled. The distances between the ramps and
the table desk remained constant across the three environments
(Figure 3). Importantly, the ball was never shown moving in either
environment. Participants only imagined the motion, as our aim
was to measure their internal expectations about gravity-driven
dynamics in VR without providing any visual or simulated phys-
ical cues. As a result, no virtual physics (e.g., gravity, friction, or
motion animation) was implemented, and participants were not
informed about any physical or spatial parameters of the environ-
ments. This ensured that any differences between conditions would
reflect participants’ spontaneous expectations based on being in the
respective environments rather than assumptions about potential
changes in the implemented physics.

3.1.5 Questionnaires. After each experimental block, participants
answered two questions regarding fatigue and dizziness, each rated
on a 7-point Likert scale (ranging from "not at all" to "very strong").
These items were selected from the Simulator Sickness Question-
naire ([33]).

To assess participants’ sense of presence in the VR environments,
the Igroup Presence Questionnaire (IPQ; [55]) was administered
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Figure 3: Environment conditions. The task was performed
in (A) the real laboratory environment (RE), in (B) a normal-
sized virtual version of the laboratory (VR rmal); and in (C)
an up-scaled virtual version of the laboratory (VRj,yge)-

after the last VR oymal and VRyypge block of Experiment 2 (which
was conducted directly after Experiment 1, including the same
participants, the same technical set-up and the same environment
conditions). The IPQ consists of 14 items rated on a 7-point Likert
scale and measures three subscales (Spatial Presence, Involvement,
and Experienced Realism), as well as an additional single item
for general presence. The questionnaire was administered in its
German version. We included the IPQ to document participants’
general sense of being located in the VR environments, which they
could actively explore by head movements. This measure served asa
basic check to ensure that presence levels did not differ substantially
between VR conditions based on the room size.

3.1.6  Procedure. The experimental procedure is illustrated in Fig-
ure 4. Each participant completed the time production task in all
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three environment conditions (RE, VRyormal, VRiarge)- The order
of the three environment conditions was counterbalanced across
participants using a balanced Latin square to control for potential
order effects.

Each environment condition was tested twice, resulting in six
experimental blocks. Each block consisted of 20 trials, with five
trials for each of the four standard intervals (1, 2, 4, and 8 s). The
presentation order of the ramp identifiers (A, B, C, D) was random-
ized within each block. In total, participants performed 120 trials
across the six blocks.

Before the main experiment, participants completed an inter-
action phase and a practice block in the RE condition. During the
interaction phase, participants were instructed to observe each of
the four ball tracks and to roll a glass ball down each ramp once,
starting at the green marker. At this stage, participants were not
informed about the upcoming time production task to minimize the
risk of inducing internal counting strategies. Following the interac-
tion phase, participants were seated at the central position in front
of the ramps (see Figure 2). The black barber cape was adjusted
to conceal their hands and arms. Participants then performed the
practice block, consisting of one duration production trial for each
ramp in randomized order, to ensure task comprehension and verify
system functionality.

After the practice block, participants completed a demographic
questionnaire. For the VR conditions, the HMD was positioned and
calibrated before each block.

Each experimental block began with the display of a randomly se-
lected ramp identifier (A-D) on the monitor. Participants performed
the time production task as described above. After completing a
block, participants were shown a cross to indicate the end of the
block and were then asked to complete the questionnaire. In the
VR conditions, the HMD was removed after each block to allow
participants to complete the questionnaire.

The entire experimental session (consisting of Experiment 1 and
Experiment 2) lasted approximately 60 minutes.

This study was conducted in accordance with the ethics and
privacy regulations of our institution and, thus, following the poli-
cies of our country and funding body. Throughout the user study,
participants did not face any immediate risks or dangers. The study
did not involve vulnerable groups, and no intense emotions or phys-
ical stress were induced. All participants were informed about the
study’s purpose and explicitly informed that they can withdraw
from the voluntary participation at any time. The data of all partici-
pants were anonymized in all data sets. All authors were dedicated
to the highest ethical standard and adhered to the institution’s code
of conduct.

3.1.7  Statistical Analyses and Design. All analysis scripts and as-
sociated raw data are available via the Open Science Framework
(OSF, project link: https://osf.io/qd5py/).

Produced intervals were standardized by calculating ratio scores
between produced intervals and standard intervals. Ratios greater
than 1 indicate an overestimation of the actual interval, whereas
ratios below 1 indicate an underestimation. A ratio of 1 would indi-
cate accurate reproduction of the standard interval. Before applying
statistical tests, we inspected the distribution of the ratio scores to
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Figure 4: Schematic overview of the experimental procedure of Experiment 1. Each participant completed the time production
task in all three environment conditions (RE, VR ,ormal, VR]arge)- Participants completed a questionnaire (Q) after each condition.
Before the experimental blocks, participants completed an interaction phase and a practice block in the RE condition. During
the interaction phase, participants observed a glass ball physically rolling down each ramp, without being informed about the

following time production task.

assess normality. Since the distribution of the ratio scores was pos-
itively skewed, we log-transformed the ratio scores to normalize
the distribution before statistical testing. We refer to the trans-
formed variable as ratiojog. To obtain corresponding interpretable
non-standardized effect sizes, we additionally report mean ratio val-
ues that are derived by back-transforming the mean ratiojo, values
(ratio = e"log) No extreme outliers were identified, defined as
ratioog scores exceeding three times the standard deviation of the
respective individual cell means. Full preprocessing and diagnostic
checks are available in the OSF repository.

Data were analyzed in R (version 4.5.0; [48]) using repeated-
measures ANOVAs and t-tests. For preprocessing, we used the
tidyverse package bundle (version 2.0.0; [59]), and for statistical
analyses the package rstatix (version 0.7.2; [32]). Effects with vio-
lations of sphericity were Greenhouse—Geisser corrected and are
reported with corresponding ¢ estimates.

To analyze the effect of environment conditions on time percep-
tion, we conducted a 3 X 4 repeated measures ANOVA including
the within-subjects factors environment (RE, VRyormal, VRiarge) and
standard interval (1, 2, 4, and 8 s).

3.2 Results

All analysis scripts and associated raw data are available via the
Open Science Framework (OSF, project link: https://osf.io/qd5py/).

3.2.1  Timing Performance. Back-transformed mean ratiojog scores
as a function of environment and standard interval are illustrated
in Figure 5A. The results of the 3 X 4 within-subjects ANOVA on
the ratioj,g scores revealed significant main effects of environment,
F(2,80) = 4.42, p = 015, n% = .10, and interval, F(1.29, 51.43) = 310.07,
p<.001, qlz, = .89, ¢ = .429. The interaction between environment

and interval was not significant, F(4.40, 176.13) = 0.81, p = .533, qlz,
=.02, £ = .734.

To further explore the main effect of environment, we conducted
pairwise t-tests on the ratiojy scores averaged across intervals (see
Figure 5B). Reported p values were corrected for multiple compar-
isons using false discovery rate (FDR) estimation [5]. Ratio scores
were significantly higher in the RE condition compared to VRyormals
1(40) = 2.32, p = .039, d = .36, 95% CI [0.10, 0.62]. Similarly, scores
were significantly higher in VRyyrge compared to VRyormal, #(40) =

2.77, p = .026, d = 43, 95% CI [0.17, 0.68]. No significant difference
was found between RE and VRyrge, #(40) = 0.19, p = .848, d = .03,
95% CI [-0.28, 0.34].

3.2.2 Questionnaire Data. As a control, we assessed simulator sick-
ness by analyzing fatigue (Q1) and dizziness (Q2) ratings in one-way
repeated-measures ANOVAs. Although mean values were generally
low across all conditions, both analyses revealed significant main
effects of environment (Q1: F(2, 80) = 26.53, p < .001, r]f, =.40; Q2:
F(2, 80) = 22.17, p < .001, r]f, = .36). For Q1, fatigue ratings were
lowest in RE (M = 1.14), higher in VR 5y (M = 1.97), and highest
in VRjarge (M = 2.07). Post-hoc paired t-tests with FDR adjustment
confirmed higher fatigue in both VR conditions compared to RE
(prDR < -001), while VRy5rma) and VRyapge did not differ (prpg = 33).
For Q2, dizziness ratings followed the same pattern (RE: M = 0.33;
VRpormal: M = 0.99; VRjarge: M = 1.04). Both VR conditions differed
significantly from RE (pppg < .001), whereas VRpormal and VRyarge
did not differ (pgpr = .52).

The IPQ results revealed significant differences for two subscales.
Spatial presence was higher in VRyyrpe (M = 3.74) compared to
VRyormal (M = 3.41), t(40) = 2.48, p = .017, d = .39. For experienced
realism, scores were higher in VRormal (M = 2.41) than in VRjarge
(M = 2.07), £(40) = 2.05, p = .047, d = .32. Other subscales did not
differ significantly between conditions (all p > .079).

3.3 Discussion

The data of Experiment 1 reveal that the imagined duration of a
ball rolling down a ramp was generally overproduced across all
environments (Figure 5B). Importantly, the duration of the same
gravity-driven process was imagined to last shorter within a vir-
tual model of the environment (VR omal condition in Figure 5B),
compared to the real laboratory (RE condition in Figure 5B). Ad-
dressing RQ1, these results demonstrate that the medium of VR
alters users’ expectations about the duration of gravity-driven mo-
tion: Such events are imagined to last shorter in VR than in the real
environment.

Addressing RQ2, a direct comparison between the two virtual
environments (differing only in room size) reveals that spatial scale
influenced the expected duration of the same gravity-driven process.
In the large virtual room, the imagined duration of the ball rolling
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Figure 5: Results of Experiment 1. Mean ratios between pro-
duced time and standard durations. Values above 1 indicate
overestimation (longer imagined duration of the ball rolling
down the ramp), and values below 1indicate underestimation.
Error bars represent standard errors of the mean. (A) Ratios
by environment and standard interval. (B) Ratios averaged
across intervals by environment. (Significance: * indicates
p < .05; n.s. indicates p > .05)

down the ramp was longer than in the normal-sized virtual room
(VRjarge Vs. VRpormal condition in Figure 5B).

4 Experiment 2

Experiment 1 demonstrated that temporal expectations regarding
physical processes varied depending on the type of environment
(real vs. VR) and on the spatial size of the virtual rooms. However,
it did not provide information as to whether and to what extent par-
ticipants incorporated gravitational acceleration into their mental
simulation of the physical process, or whether they instead imag-
ined a constant (physically incorrect) speed of motion. To address
RQ3, we designed Experiment 2 to test this by dividing the ramps
into two equidistant sections (i.e., each 1 m in length) and asking
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participants to indicate the imagined time for the first and second
halves separately.
The duration of a ball rolling down a ramp can be calculated

with the formula t = % where L is the ramp’s length and a. is

the effective acceleration. Hence, the exact durations the ball needs
for the first and for the second half depend on a.g, a parameter
unknown to the participants, as it in turn depends on the ramp’s
slope and the friction caused by the material. Calculating the ratio
between the produced duration for the first and the second half
circumvents this issue, because ag falls out of the equation:

L
t(first) t(first) B \ Gerrf a4
t(second) ~ t(all) —t(first)) ~ [=2L__ [L_
deff deff

Therefore, irrespective of the actual value of a.g (i.e., irrespec-
tive of ramp slope and friction), the ratio between the produced
durations for first and second halves should always equal 2.4, if the
acceleration is taken into account in a physically correct manner.

4.1 Method

The same participants who completed Experiment 1 also took part
in Experiment 2. Both experiments were conducted within the
same testing session and used the same environment conditions
(RE, VRyormals VRlarge)- While participants completed the final ques-
tionnaire of Experiment 1, the experimenter prepared Experiment
2, so the transition introduced no meaningful break in the session.

4.1.1  Apparatus and Procedure. The apparatus and technical setup
were identical to Experiment 1, except that only the two longest
ramps (4 s and 8 s) were used, each marked at its midpoint with a
red indicator.

In each trial, participants imagined a ball rolling down one of
the two ramps and produced the durations of the first and the
second half of the motion separately. This was done by three mouse
presses: The first to indicate the start of the motion, the second
when the ball was imagined to reach the midpoint, and the third
when it was imagined to reach the end of the ramp. Each trial
thus yielded two consecutive duration productions. Participants
completed one block per environment condition (RE, VR, ormal,
VRyarge), resulting in three experimental blocks of 20 trials (10 per
ramp; randomized), totaling 60 trials per participant. The order of
environment conditions was counterbalanced via a Latin square
and kept constant for each participant across Experiments 1 and 2.

4.1.2  Statistical Analyses and Design. All analysis scripts and as-
sociated raw data are available via the Open Science Framework
(OSF, project link: https://osf.io/qd5py/).

Data were analyzed in R (version 4.5.0; [48]) using repeated-
measures ANOVAs and t-tests. For preprocessing, we used the
tidyverse package bundle (version 2.0.0; [59]), and for statistical
analyses the package rstatix (version 0.7.2; [32]).

To quantify the extent to which participants correctly accounted
for physical laws about gravity in their mental simulation of physi-
cal processes, we calculated an "acceleration index (AI)" for each
trial by dividing the produced duration for the first half of the ramp
by the produced duration for the second half. According to physical
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Figure 6: Results of Experiment 2. Mean acceleration in-
dices (AI), defined as the ratio between produced dura-
tions for the first and second halves of the ramp. Al values
greater than 1 indicate that the first half was judged to take
longer—consistent with directionally correct mental simula-
tion of gravitational acceleration. Across all conditions, AI
values were significantly greater than 1 (FDR-corrected one-
sample t-tests against 1), indicating consistent directional
alignment with gravitational acceleration. These significant
results are indicated in the plot using asterisks placed above
the corresponding bars. However, Al values remained sub-
stantially below the value corresponding to physically cor-
rect acceleration (2.4). No significant differences between
environment conditions were observed (all FDR-corrected
pairwise comparisons were non-significant). Error bars rep-
resent standard errors of the means. (Significance: * indicates
P < .05; n.s. indicates p > .05)

laws of motion on inclined planes, a rolling object accelerates as it
moves downward. Therefore, the first half of the ramp should take
longer than the second half, resulting in acceleration indices above
1. The physically accurate acceleration index would be 2.4. Since the
distribution of acceleration indices was positively skewed, it was
log-transformed before statistical testing. To obtain corresponding
interpretable non-standardized effect sizes, we additionally report
mean acceleration indices that are derived by back-transforming
the mean Alj,, values (Al = eAliog). No extreme outliers were iden-
tified, defined as Alj,; scores exceeding three times the standard
deviation of the respective individual cell means. To analyze the
effect of environment conditions on Aljog, we conducted a 3 X 2
repeated measures ANOVA with the within-subject factors envi-
ronment (RE, VRyormal, VRjarge) and standard interval (4 s, 8 s).

4.2 Results

All analysis scripts and associated raw data are available via the
Open Science Framework (OSF, project link: https://osf.io/qd5py/).

Acceleration indices as a function of environment are illustrated
in Figure 6. The results of the 3 x 2 within-subjects ANOVA on the
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Aljog scores revealed no significant main effect of environment, F(2,
80) = 2.70, p = .073, nj, = .06, or interval, F(1, 40) = 0.09, p = 765, 13
< .01. The interaction between environment and interval was also
not significant, F(2, 80) = 2.60, p = .080, 13, = .06.

For all three environment conditions, the acceleration index was
significantly lower than the physically correct value of 2.4 (Aljpg =
log(2.4) ~ 0.875), indicating that participants did not fully simulate
gravitational acceleration (RE: #(40) = —25.79, p < .001; VR ormal:
1(40) = =22.07, p < .001; VRjyyge: H(40) = —27.51, p < .001). At the
same time, the acceleration index was significantly above a value
of one (Aljoy = 0). One-sample -tests against 1 revealed significant
deviations in all three environments (RE: #(40) = 2.99, prpg = .005;
VR 1ormal: 1(40) = 3.75, pppR = .002; VRiarge: £(40) = 3.30, prpg = .003),
indicating that the duration of the second half was imagined as
being shorter than the duration of the first half, which is consistent
with directionally correct mental simulation. Reported p-values
were adjusted using the FDR procedure [5] to account for multiple
comparisons.

4.3 Discussion

The results of Experiment 2 demonstrate that participants incor-
porated accelerative dynamics into their mental simulations, but
in a substantially underestimated form. Although the degree of
imagined acceleration was far below the physically correct value,
participants nevertheless imagined the ball covering the second
half of the ramp in a shorter interval than the first (indicating that
they assumed an accelerative pattern) in all environments. The
underestimation of physical acceleration was not modulated by
the type of environment and therefore seems to reflect a general
underestimation of gravitational acceleration in imagined physical
processes, rather than an effect of immersive VR (see also [10]).

5 General Discussion

In the present study, we examined how immersive VR and its spatial
scale affect the internal models that guide temporal expectations for
simple physical processes. To address this question, we compared
the durations of an imagined gravity-driven process in real and
virtual environments. Participants imagined a ball rolling down
ramps of varying slopes and produced the duration of these mental
simulations. Our findings address three research questions: (RQ1)
whether immersive VR alters temporal expectations compared to
a real environment, (RQ2) whether the spatial scale of virtual en-
vironments biases these expectations, and (RQ3) whether mental
simulations of physical processes in VR adhere to gravitational
acceleration. We discuss each of these aspects in the following sec-
tions, followed by implications, limitations and directions for future
research.

5.1 Effects of Immersive VR

Addressing RQ1, our results show that immersive VR alters tem-
poral expectations of gravity-driven motion compared to a real
environment. Participants imagined the same physical process —
a ball rolling down a ramp - to take less time in VR than in the
physical lab. Because participants never observed the ball rolling
in VR, the observed differences reflect internal expectations rather
than responses to simulated physics in VR.
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This finding aligns with prior evidence that immersive VR can
distort perceived durations, but it also refines the interpretation
of such effects. Earlier work often attributed time compression
in VR to general changes in time perception [15, 41, 54]. More
recent studies, however, suggest that distortions may instead arise
from contextual factors, such as emotional content [57] or altered
expectations about physical processes [6, 49]. Our results support
this latter view: Rather than reflecting a fundamental change in
time perception, the differences we observed seem to be driven by
how participants internally simulate physical dynamics in VR.

A particularly relevant point of comparison is the study by Bo-
gon et al. [6], which likewise contrasted temporal expectations
for a physical process between real and virtual environments. Be-
yond providing a direct methodological parallel, this comparison
also offers clues as to why VR alters temporal expectations in the
first place. Despite the use of different physical processes (“ball
rolling down a ramp” in the present study vs. “water running out
of a bottle” in Bogon et al. [6]), produced durations in the RE con-
dition exhibit considerable overlap between studies (as revealed
by a comparison between Figure 4 here and Figure 3 in Bogon et
al. [6]). The duration of processes corresponding to an actual du-
ration of 1 and 2 seconds were over-produced, 4-second processes
were approximately accurately produced, and 8-second processes
were under-produced. However, despite comparable duration judg-
ments in the RE condition, the effect of immersive VR was reversed
across studies. In [6], water flowing out of a bottle was expected
to take longer in VR than in RE, whereas in the present study, a
ball rolling down a ramp was expected to require less time in VR
than in RE. One possible explanation for this divergence could lie
in the nature of the underlying physical processes and how they
are mentally simulated under different sensory conditions. Esti-
mating the duration of imagined water flowing out of a bottle [6]
may depend on internal assumptions about viscosity and flow rate.
In contrast, estimating the duration of an imagined ball rolling
down a ramp, as in the present study, may rely on assumptions
about surface friction and resistance. Although these ideas remain
speculative, they suggest the possibility of material-specific biases
in how users extrapolate physical behavior from virtual cues. For
instance, fluids in VR often lack convincing dynamic detail and
could therefore be mentally represented as more viscous, leading
participants to implicitly imagine “virtual” water as thicker and
flowing more slowly. Conversely, rigid bodies such as ramps and
balls are typically rendered with higher visual clarity and may
appear more idealized, potentially encouraging mentally simpli-
fied representations in which friction is underestimated. Clarifying
whether such process- or material-specific biases indeed contribute
to the direction of VR-induced differences in temporal expectations
of physical processes will require targeted empirical studies.

Overall, our findings suggest that the medium of immersive VR
can shift the mental models that guide users’ predictions about
physical processes. The mental models used to simulate and an-
ticipate physical processes in the real world do not fully transfer
to immersive VR. This highlights that VR can subtly reshape such
models even when no visual motion or physical process is shown,
which is highly relevant for understanding perception and action
in VR.
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5.2 Effects of Spatial Room Size

Addressing RQ2, our results show that temporal expectations are
systematically influenced by the spatial scale of the surrounding
environment. In our study, the same process (a ball rolling down a
ramp) was imagined as taking longer in a large-scale virtual room
than in a smaller one. This finding extends previous work that has
shown that when entire rooms of different sizes are presented for
a fixed duration, larger rooms tend to be judged as lasting longer
than smaller ones [20, 31, 40, 50], by demonstrating that temporal
expectations for physical processes in VR are likewise modulated
by spatial scale. Thus, the changes in temporal judgments, induced
by the spatial size of the room, are not restricted to the perceived
duration of being in a scene, but also affect the expected duration
of physical processes occurring within it.

5.3 Internal Models of Acceleration in Real and
Virtual Environments

Addressing RQ3, the analysis of the acceleration index (ratio be-
tween the produced durations for the first and second halves of each
ramp) revealed that although this index was below the physically
correct value of 2.4, it was consistently greater than 1 across all
environments. This pattern indicates that participants incorporated
acceleration into their mental simulations in both real and virtual
environments, demonstrating that gravity-like expectations persist
even when the event is imagined in immersive VR.

The general underestimation of gravitational acceleration is in
line with previous findings [10, 24], which likewise reported that
acceleration is often underestimated or not fully incorporated in
mental imagery (but see [28]). Crucially, however, all conditions
in our study showed the characteristic signature of accelerative
dynamics: The duration of the mentally simulated ball rolling down
the first half of the ramp was consistently produced as longer
than the duration for the second half. This provides clear evidence
that participants’ mental simulations did not treat the motion as
constant-velocity but instead reflected an internal model that in-
cludes accelerative forces, and that this accelerative pattern was
preserved when the event was imagined in VR.

5.4 Implications

Our findings have foundational implications for understanding how
users form expectations about physical dynamics in immersive VR.
They show that the mental models guiding the anticipation of
physical processes in the real world do not simply carry over into
virtual environments. Instead, basic temporal expectations, such as
how long a gravity-driven event should take, can shift as a function
of the medium and the spatial properties of the virtual environment.
This indicates that designers of VR environments and applications
cannot assume that users apply real-world physical expectations in
VR in a straightforward way when aiming to create coherent and
predictable virtual environments.

Building on these foundational insights, one area in which such
expectations become particularly relevant is the use of VR for train-
ing and skill transfer. VR is already employed in domains such as
sports, manufacturing, medical coordination, and surgical training,
and its use in these contexts is likely to increase in the future [29, 43].
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Many of these scenarios require users to accurately anticipate phys-
ically determined temporal dynamics such as trajectories, gravity,
or acceleration. Our results indicate, however, that the temporal
expectations users bring from the real world do not always transfer
identically to immersive VR and that spatial scale can further mod-
ulate these expectations. While the observed differences are subtle,
they highlight that VR may shape how users internally represent
the timing of simple physical events, which may impair the accu-
racy of perception and action coordination in VR contexts involving
physically moving objects. Our study therefore suggests that it may
be valuable to examine under which conditions VR-trained timing
aligns with real-world expectations and when design strategies
- such as instructional cues or calibration of motion dynamics -
could support effective transfer.

A related implication concerns potential mismatches between
users’ expected durations of physical processes in VR and the dura-
tions of implemented physical processes in VR, which may nega-
tively affect user experience. Our study shows that a gravity-driven
physical process is anticipated as faster in VR, whereas other work
has demonstrated that other physical processes are expected to be
slower in VR than in the real world (e.g., water flow [6]). These
differences indicate that temporal expectations in VR do not al-
ways align with those shaped by real-world dynamics. In situations
where users must rely on accurate timing to coordinate perception
and action, such mismatches may influence how coherent or com-
fortable an interaction feels. For example, if a process unfolds more
slowly than anticipated, delays and waiting times can arise that are
known to negatively affect user experience and behavior [7, 39].
Conversely, if a process is completed more quickly than expected,
users may experience discomfort because their temporal prepara-
tion is misaligned, as predictive mechanisms linking perception
and action [23] fail to match the actual course of events. These con-
siderations imply that designers may benefit from considering how
the timing of physics-based events relates to user’s expectations
when physically grounded interactions are intended. Our findings,
however, point to the possibility that strict physical “authentic-
ity” may not always be the right choice for achieving that goal, as
users’ mental models of physics in VR can deviate from real-world
physical laws.

A further implication concerns the role of spatial scale in VR.
Our results show that enlarging the virtual room systematically in-
creased the expected duration of a physical process, demonstrating
that spatial scale directly biases temporal judgments. This finding
highlights that room size in VR is not a neutral design parameter
but shapes how users anticipate dynamic events unfolding within
it. Designers should therefore consider that manipulations of spa-
tial scale—whether deliberate or incidental—may alter the timing
expectations of users and, in turn, influence the plausibility and
usability of VR applications.

5.5 Limitations and Future Work

Because our paradigm relies on mental imagery, it naturally ex-
hibits substantial inter-subject variability [18, 46]. Unlike conven-
tional timing tasks in which the to-be-judged event is directly per-
ceived, imagery-based duration productions can reflect individual
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differences in prior experience and knowledge. Since this variabil-
ity primarily affects between-subject comparisons, we focused on
within-subject comparisons throughout the study, computed each
mean ratio from several productions per condition and carefully
determined a sample size capable of detecting the effects targeted
in our within-subject design of Experiment 1 despite this variability.
Nevertheless, in Experiment 2, the comparatively small acceleration
differences and the reduced number of ratio values contributing to
each mean, together with the general inter-subject variability of the
paradigm, may have contributed to the absence of significant differ-
ences between the environment conditions. While this constitutes
a limitation of the present study, it also motivates future work to
examine acceleration-related expectations with increased statistical
power by extending sample size and trial numbers. Importantly,
the same characteristic that introduces variability — that mental im-
agery is shaped by individually different prior assumptions rather
than by perceptual input [46] — renders this method an attractive
tool for revealing information with respect to naive expectations
about the duration of physical processes in VR. This issue cannot
be addressed with conventional duration judgment tasks in which
duration judgments are anchored to a physical reference.

We also note that the experimental design of the present study
does not constitute a full 2 x 2 factorial design. The inclusion of
a large-scale real environment would have resulted in such a de-
sign and could have further strengthened the interpretability of
medium- and scale-related effects. However, implementing such
a condition would also introduce additional factors known to in-
fluence temporal judgments, such as differences in room appear-
ance [1] and changes in bodily arousal of participants due to the
physical effort and time required to move between experimental
rooms [56]. More importantly, our research questions focus on how
temporal expectations transfer from the real world to VR, and how
VR-specific spatial scaling shapes these expectations. A large-scale
physical room would therefore address a related, but conceptually
distinct question. While our design focused on VR-related effects
and minimized potential confounding factors, a replication of our
basic results in a study including a large-scale real-environment
condition could nevertheless help consolidate our findings.

A further consideration arises from the divergence between our
findings and those of Bogon et al. [6], who reported that water flow
was expected to last longer in VR than in the real world, whereas
we observed shorter expected durations for a rolling ball. Although
this divergence cannot be resolved on the basis of the present re-
sults, one could speculate that it may relate to how users mentally
represent the properties of VR-simulated materials (as elaborated
in Section 5.1). Future research could test this speculative interpre-
tation more directly by parametrically manipulating visual cues
related to viscosity and friction in VR and measuring their effects
on time perception. In addition, individual differences in physical
intuition or prior VR experience may moderate these effects. In the
present study we did not differentiate between participants with dif-
ferent levels of familiarity with VR. However, it seems plausible that
users’ mental models of physics in VR are influenced by the extent
and quality of their prior VR experience, which in turn may shape
expectations about the fluency and timing of physical processes
in virtual environments. Future studies should therefore examine
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how different levels of VR experience shape temporal expectations
of physical processes in VR.

Another critical point concerns the perceived length of the ramps,
which may have been influenced by the size of the surrounding
virtual environments. Larger spaces can bias judgments of object
dimensions. For example, wider rooms have been shown to affect
perceived distances of embedded objects [27]. If a similar effect
occurred here, ramps might have appeared shorter in the large
virtual room. However, our data speak against this interpretation:
Produced durations were even longer in the large virtual room
compared to the small one. If the ramps had indeed appeared shorter,
the imagined ball should have reached the end earlier rather than
later.

The present study focused on the mental imagery of physical
processes and the associated temporal expectations. A central open
question for future research is how these expectations differ be-
tween the physical and the virtual worlds when physical processes
are directly implemented in VR rather than only imagined. Devi-
ations from such expectations may simply be accepted, with user
models adjusting accordingly, but they may also reduce the experi-
enced plausibility of VR. Prior work suggests that, with rich visual
cues, users can perceive both physically accurate and implausible
object dynamics as natural in VR [14, 34, 47]. However, system-
atic comparisons between real and virtual settings are still lacking.
Building on our findings, future work should therefore investigate
how environment type shapes the perception of physical processes.
This could include manipulating gravity in VR and using augmented
reality as an intermediate setting for systematic alterations within
a real-world context. Such studies would help to identify situations
in which internal temporal expectations mismatch actual physical
processes and assess their impact on presence, usability, and task
performance. These insights will inform design strategies for creat-
ing virtual environments that feel coherent and support effective
interaction, even when strict physical accuracy is not maintained.

6 Conclusion

In this work, we examined how immersive VR shapes users’ tempo-
ral expectations of gravity-driven motion. Across two experiments,
participants imagined a ball rolling down ramps under different
environmental conditions, including a physical lab, a 1:1 VR replica,
and an up-scaled VR room. We found systematic distortions: Par-
ticipants imagined shorter durations in VR than in the physical
lab and larger virtual spaces led to longer expected durations com-
pared to smaller virtual spaces. Moreover, although gravitational
acceleration was underestimated, participants nevertheless relied
on a simplified, gravity-like internal model of acceleration in both
real and virtual environments. These findings demonstrate that
temporal expectations for simple physical processes are not stable
across real and virtual settings but are biased by both the medium
and the spatial scale of VR. Taken together, our results show that
the expectations that guide perception and action in the real world
do not fully transfer to immersive VR. Instead, users rely on inter-
nal models whose qualitative structure — such as assuming accel-
eration — is preserved, while their quantitative expression shifts
with properties of the virtual environment. These findings provide
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foundational insight into how people internally model physical dy-
namics in VR, even when no motion is seen, and thus help explain
why temporal predictions in VR can diverge from their real-world
counterparts. These insights have broader implications for under-
standing perception and interaction in immersive VR. Designers
and researchers working with physics-based VR experiences may
benefit from considering how such context-sensitive expectations
shape users’ interpretations of dynamic events, without assuming
that real-world timing intuitions apply unchanged in VR. Future
work should therefore examine how these expectations unfold dur-
ing active interaction with implemented VR physics, how prior VR
experience shapes the underlying internal models, and how VR
systems might be designed to support coherent and predictable
experiences.
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