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Abstract. In virtual reality (VR), delays between a user’s action and
sensory feedback disrupt immersion and responsiveness, yet careful bud-
geting can expand rather than degrade VR’s design. We quantify per-
ceptual latency thresholds across three modalities (lighting, sound, rota-
tion) using a fixed-staircase procedure with ternary judgments (N = 20)
to estimate the Point of Subjective Simultaneity (PSS) and Temporal
Binding Window (TBW). Sound showed the smallest unnoticed delay,
rotation the largest, and thresholds differed significantly by modality.
Extending to a conventional display revealed no platform differences,
indicating thresholds are governed by sensorimotor engagement rather
than immersion, yielding latency guidelines for VR application.

Keywords: Multisensory Integration · Perceptual Latency · Temporal
Perception.

1 Introduction

Virtual Reality (VR) enables the creation of simulated environments that incor-
porate visual, auditory, and other sensory feedback. Specifically, VR generates
immersive three-dimensional environments to foster interactive experiences be-
tween humans and systems, such as in gaming or training scenarios [17, 20, 21].
When a user presses a virtual button, any temporal discrepancy between the in-
put and the sensory consequence can disrupt the sense of presence and diminish
perceived system responsiveness. However, in gamification or training simula-
tion, achieving effectively zero latency across multi-modalities remains practi-
cally challenging. Furthermore, these feedback channels naturally have different
delays because the software engine processes and renders each signal differently.
Prior research has extensively explored multisensory integration, particularly
between audio-visual and visual-tactile modalities such as rapid recalibration
driven by visual-intensity-dependent processing time [7] and examined the effect
of perceptual training on the audio-visual [14]. Although VR provides greater
immersion than conventional displays, both environments rely on a fundamen-
tal sensorimotor engagement loop: users perform an action and expect imme-
diate feedback. Therefore, an important question is whether perceptual latency
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thresholds are determined by the common sensorimotor process underlying ac-
tive interaction. However, whether these perceptual latency thresholds remain
consistent in HMDs and extend to conventional displays during active inter-
action has not been systematically investigated. To address this question, we
quantify perceptual latency thresholds across three sensory modalities. Partic-
ipants actively pressed a button to trigger a sensory event while latency was
manipulated using a fixed-staircase procedure with ternary judgments to esti-
mate the PSS and the TBW. Although auditory-visual temporal asymmetry is
established [18], [25], threshold values for interactive VR design remain unchar-
acterized. Similarly, whether immersion affects this sensitivity [8], [12] has not
been directly tested against a conventional display using an identical task; we ad-
dress this gap through quantitative thresholds and a direct platform comparison.
This study isolates the effect of display platform (HMD vs. conventional display)
under an identical virtual interaction paradigm, in which both button activation
and sensory feedback are digitally rendered without physical or mechanical ac-
tuation. By evaluating identical interaction tasks in HMD and extending the
study to a conventional display, our work quantifies perceptual latency thresh-
olds that provide latency guidelines for designing responsive gamified experiences
and training simulations.

In summary, the main contributions of this paper are as follows:

– We virtual realsystematically quantify perceptual latency thresholds across
three sensory modalities in HMD.

– We extend the study to conventional displays by applying the same virtual
environment and experimental procedures.

– Through our experiments, we show that perceptual latency thresholds differ
significantly by modality.

– We derive latency guidelines that help developers prioritize sensory feed-
back and develop responsive applications, such as gamified experiences and
training simulations.

2 Related Work

Our work builds upon multisensory integration and simultaneity thresholds, tem-
poral perception and time perception in virtual reality, and HMDs and conven-
tional displays.

2.1 Multisensory Integration and Simultaneity Thresholds

In everyday interactions, users expect near-immediate feedback following an ac-
tion, such as pressing a button to activate a light. When the delay between an
action and its outcome exceeds a specific threshold, the interaction is no longer
perceived as instantaneous, but rather as temporally disjointed [2]. Consistent
with this, latency degrades both user preference and task performance in di-
rect -touch interaction, with effects observed even below 10 ms and worsening
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for smaller or more distant targets [9, 15]. These thresholds are closely tied to
temporal sensitivity, which varies across sensory modalities [25], so acceptable
latency depends significantly on the feedback modality involved.

A key framework for understanding these limits relies on the concepts of
PSS and TBW. The PSS represents the temporal offset at which two events are
most likely to be perceived as simultaneous, while the TBW defines the temporal
interval within which asynchronous events are perceptually integrated as a single
event [24]. Crucially, PSS and TBW capture two different dimensions of temporal
perception. The PSS identifies the perceptual center, revealing which sensory
modality the brain naturally expects to experience first [18],whereas TBW maps
the maximum binding window for causality [25] and is known to narrow with age
[1]. Notably, active interaction such as pressing a virtual button alters temporal
expectations through the sense of agency. Building on this, we examine lighting,
sound, and rotation to quantify perceptual latency thresholds, systematically
determining latency guidelines for gamified experience and training simulation.

2.2 Temporal Perception vs. Time Perception

Temporal perception and time perception are closely related but represent dis-
tinct cognitive processes. Temporal perception concerns the detection and in-
tegration of events occurring over short timescales, typically ranging from mil-
liseconds to a few hundred milliseconds, whereas time perception refers to the
subjective estimation of duration over longer intervals [16,22]. Human time pro-
cessing is adaptive, and a more time-precise sense, such as hearing, can shift
the perceived timing of a less precise sense, such as vision [13, 18], and humans
continuously integrate multisensory information within specific temporal bound-
aries to preserve causality and synchrony [27]. Prior work on time perception has
largely focused on explicit duration judgments and higher-level factors such as
attention and cognitive load [4, 5], as well as factors such as visual motion [11],
task complexity [23], and user engagement [6], rather than the low-level temporal
characteristics of sensory feedback itself.

By quantifying the boundaries within which delays go unnoticed, gamification
or training simulation may manipulate temporal dynamics without disrupting
users’ perception of responsiveness or causality.

2.3 HMDs vs. Conventional Displays

HMDs and conventional displays provide fundamentally different interaction en-
vironments. HMDs provide an immersive experience through stereoscopic dis-
play, FOV, and interactive elements. Conversely, conventional displays typically
offer more limited sensory engagement, and these differences influence user expe-
rience, attention, and task performance [5]. Prior improvement on head-tracking
latency thresholds has focused primarily on HMDs [8, 12], and richer FOV and
depth cues in such devices could plausibly increase sensitivity to temporal in-
consistencies relative to a conventional display [19]. However, no prior study
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has directly quantified perceptual latency thresholds across both platforms un-
der an identical task, leaving it unexplored whether PSS and TBW generalize
across display technologies. To address this gap, we quantified perceptual la-
tency thresholds in HMD and extended the study to a conventional display using
an identical interaction paradigm and sensory conditions.

3 Experiments

We conducted two experiments. The first experiment quantified perceptual la-
tency thresholds across three sensory modalities, including lighting, sound, and
rotation in HMD. The second experiment examined whether these perceptual
latency thresholds remain consistent when the same tasks are performed on a
conventional display.

3.1 Experimental Setup

The experimental setup consists of two separate environments, i.e., VR and a
conventional display. While they share the same virtual scene, their implemen-
tations are separate.

a b C

d e f

Vi
rt
ua
l 
Sc
en
e 
(H
MD
)

Vi
rt
ua
l 
Sc
en
e 

(C
on
ve
nt
io
na
l 
Di
sp
la
ys
)

Button

Hand
Preview

Index finger

Speaker

Lamp

Fan

Virtual hand

Lamp (Switch on)

Question & Multiple-choice

Fig. 1. VR and conventional display experimental setup; (a) The virtual scene (HMD)
featuring a speaker, a lamp, a fan, and buttons. (b) In the virtual scene, when each
participant presses a button using their index finger, the lamp activates and remains
illuminated for approximately 1 second. (c) The system then displays the question
and multiple-choice answers within the virtual scene. Each participant provides their
responses verbally to the experimenter, who records the data via a keyboard. (d) The
virtual scene (conventional display) featuring a speaker, a lamp, a fan, a hand, buttons,
and a user preview. (e)-(f) The experimental procedure is similar to that in (b) and
(c).
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Implementation and User Interaction The virtual environment was de-
veloped using Unity (2022.3.47f1) with the Oculus Integration package and the
Low Poly Office Set (1.1.0) asset pack. Within this simulated scene (Fig 1a),
users interact with four main virtual elements designed for intuitive interaction:
three buttons, a lamp (lighting), a speaker (sound), and a fan ( rotation). For
VR, participants used a Meta Quest 3 with integrated hand tracking (Fig 1b).
For the conventional display, an Intel RealSense D415 depth camera with Medi-
aPipe (0.10.3) and Simple Hands Prefab (1.0) tracked the virtual hand (Fig 1d).
In both platforms, the right index finger pressed the virtual button to trigger
feedback.

Stimuli Generation and Calibration For the VR setup, the lighting modal-
ity utilized a lamp-enclosed point light (range: 12, intensity: 1, yellow hue) ren-
dered via real-time lighting for immediate feedback. During the conventional
display, the sound modality played an MP3 file at 60% volume through noise-
canceling headphones (Sony WH-1000XM2). The rotation modality simulated a
fan rotating at 800 RPM, a speed identified during preliminary testing as optimal
for clear visibility. For the conventional display setup, the sound and rotation
parameters matched the VR condition. However, we adjusted the lighting con-
figuration (range: 50, intensity: 18.5, yellow hue) while maintaining real-time
lighting rendering to ensure cross-platform visual and temporal consistency on
the monitor. We acknowledge that the simulated fan includes a brief acceleration
phase before reaching full rotational speed, mirroring the behavior of a physical
fan. While this design choice was intended to enhance realism, it may introduce
an additional perceptual delay independent of the manipulated latency parame-
ter, potentially inflating the measured PSS for the motion condition. We discuss
this further as a limitation in Section 7. Latency was measured over 50 test
rounds per condition. In VR (72 Hz), lighting and rotation latency was < 0.01
ms and sound latency was 14 ms; the latter was subtracted. In the conventional
display (75 Hz), measured latencies were 21 ms for lighting and rotation and 31
ms for sound, which were subtracted for temporal calibration.

Participants and Procedure We recruited 20 participants (aged between 20
and 30, 16 male and 4 female, all right-handed) to participate in our experiment.
They agreed to voluntarily participate without receiving compensation. Before
starting the experiment, participants scanned the QR code displayed on the
screen to access the online consent form. Once they had completed the form,
we explained the experimental procedure. Note that all participants took part
in both experiment 1 and experiment 2 in the same order. Participants sat on
a chair and used the right index finger to press a virtual button. The selected
feedback was then presented for approximately 1 second; after completing the
modality, they viewed a multiple-choice question within the scene and responded
to the experimenter.
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Task We quantified delay thresholds ranging from −400 ms to 400 ms across all
three modalities. Employing a fixed staircase procedure with a ternary judgment
task, the system latency was adjusted by +10 ms when participants perceived
Outcome first or Simultaneous synchrony, and by −10 ms for an Action-first
response. We note that our staircase procedure groups ‘Outcome first’ and ‘Si-
multaneous’ responses to drive the +10 ms step, effectively reducing the ternary
judgment to a two-alternative criterion that converges toward the stimulus level
at which the probability of an ’Action-first’ response falls to approximately 50%.
Modality order was randomized and counterbalanced across participants. Each
participant completed 150 trials total (3 modalities × 50 trials), with a 1-minute
rest period provided between modalities. The entire experiment required approx-
imately 45 minutes to complete. The task is identical in both experiment 1 and
experiment 2.

3.2 Statistical Analysis

To analyze the experimental results, we employed statistical procedures, includ-
ing data truncation, the PSS formula based on the arithmetic mean, and para-
metric estimation formulas for TBW.

Data Truncation Each experimental condition consisted of 50 trials. Following
standard fixed staircase protocols [10], the first 15 trials were excluded as an
initial burn-in phase characterized by large fluctuations near distant starting
points [3].

The Point of Subjective Simultaneity (PSS) We calculated the arithmetic
mean of the stimulus levels from the stable tracking phase (trials 16 to 50) to
determine the PSS value as follows.

PSS =
1

n

50∑
i=16

Li (1)

In Equation 1, Li represents the delay level (ms) at trial i and n denotes the
total number of analyzed trials (n = 35). Additionally, we computed a reversal-
based PSS, the mean SOA level at staircase reversal points, occurring within
the stable tracking phase (trials 16 − 50). We report the starting SOA, mean
reversal counts, and this reversal-based estimate alongside the mean-based PSS
in Section 4.1 and Section 5.1.

We calculated the standard deviation σ as follows:

σ =

√∑50
i=16(Li − PSS)2

n− 1
(2)

In Equation 2, Li represents the delay in each trial (spanning 16 to 50), PSS
represents the mean across these trials for each participant, n the total number
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of analyzed trials (n = 35, where n -1 = 34) and
∑

represents the sum of squared
differences.

The Temporal Binding Window (TBW) We calculated the precision of
temporal integration as follows.

TBW = (z0.75 − z0.25)× σ (3)

In Equation 3, σ represents the standard deviation of the delay levels from
trial 16 to 50, and zp denotes the standard score (z-score) at the pth percentile of
a normal distribution. Specifically, (z0.75 − z0.25) equals approximately 1.349. It
should be noted that σ here reflects the dispersion of the staircase levels during
the stable tracking phase rather than the slope of a fitted psychometric function.

4 Experiment 1: HMD

In this experiment, we quantify the perceptual latency thresholds across three
sensory modalities within a virtual environment. The study examines how tem-
poral delays affect users’ ability to detect multisensory asynchrony. In addition,
we formulated the following hypothesis for our study.

– H1-1: PSS for the sound modality will be lower than that of the lighting and
rotation modalities.

– H1-2: TBW for the rotation modality will be broader than that for lighting
and sound modalities.

This hypothesis aligns with basic principles of how the brain processes various
types of sensory feedback [28]. Regarding the PSS, the brain processes auditory
signals significantly faster than visual (lighting) and kinesthetic ( rotation) inputs
[18]. This expectation arises because users typically perceive auditory feedback
almost instantly after initiating an action, such as a button press. Regarding the
TBW, the temporal window for grouping distinct senses depends heavily on the
signal type. While lighting and sound function as transient, instantaneous events,
rotation (e.g., a rotating fan) is a continuous event spanning a prolonged duration
[25]. Because tracking rotation requires the central nervous system to process
ongoing movement rather than a discrete onset timestamp, the perceptual system
naturally accommodates a wider temporal window to bind this rotation to the
user’s action [26].

4.1 Result

As shown in Figure 2, the PSS results across the three modalities were 154.83±
18.34 ms (lighting), 95.12 ± 21.60 ms (sound), and 164.70 ± 16.54 ms ( rota-
tion), respectively (all values are reported as mean ± SEM). The staircase for
all participants began at a fixed starting SOA of 0 ms, with an average reversal-
stable count of 13.60 for lighting, 14.80 for sound, and 14.20 for rotation. The
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Fig. 2. The results of PSS in VR and conventional display included 3 modalities:
lighting, sound, and rotation.

corresponding reversal-based PSS estimates were 164.23 ± 23.02 ms for light-
ing, 94.73± 24.85 ms for sound, and 163.30± 18.37 ms for rotation. A one-way
RM-ANOVA was conducted to assess whether there were significant differences
in PSS across these modalities. The results indicated a significant difference
(F(2,38) = 17.73, p < 0.01). The post hoc analysis with a Bonferroni correction
revealed that the PSS for the sound modality was significantly different from
both the lighting (p = 0.01) and rotation (p < 0.01) modalities.

As shown in Figure 3, the TBW results were 50.84 ± 30.25 ms (lighting),
43.05 ± 21.71 ms (sound) and 48.33 ± 21.36 ms (rotation). A one-way RM-
ANOVA revealed no statistically significant difference between the modalities
(F(2,38) = 1.48, p = 0.23).

4.2 Discussion

Our results demonstrate that the PSS differed significantly across the three
modalities; no significant differences were observed in TBW within the virtual
environment. These findings validate hypothesis H1-1 and reject H1-2.

Regarding H1-1, the PSS distribution varied distinctly across the three modal-
ities. In the lighting modality, immediate visual feedback from the illuminated
table allowed rapid, confident responses. Conversely, the sound modality in-
duced perceptual confusion, as participants noted a subtle discrepancy immedi-
ately following the button press. Similar judgment challenges occurred in the
rotation modality; participants experienced temporal uncertainty regarding the
exact onset of the fan’s rotation.

Regarding H1-2, the TBW analysis indicated that the rotation modality did
not exhibit a significantly greater width compared to lighting and sound, thus
rejecting the initial hypothesis. For context, delays in real-world interconnected
devices such as Wi-Fi- or Zigbee-controlled lighting are generally understood to
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Fig. 3. The results of TBW in VR and conventional display included 3 modalities:
lighting, sound, and rotation.

be substantially longer than the imperceptibility thresholds reported here, often
due to communication overhead such as device wake-up and wireless transmis-
sion latency. This suggests that our thresholds represent a considerably stricter
standard than typical smart-home latency: rather than identifying the point at
which a delay becomes merely tolerable, our thresholds mark the point at which
it becomes entirely unnoticed. Additionally, physical devices provide direct tac-
tile feedback (such as the physical click of a button), which is absent in our virtual
setup and may change how users expect and tolerate delays. Directly comparing
physical and virtual interactions, both with and without tactile feedback, would
be an interesting direction for future research.

Interestingly, rotation showed higher PSS values than lighting, indicating a
descriptive tendency for latency to be detected at a higher delay for rotation.
However, the difference in TBW between the two modalities was not statistically
significant. Therefore, the present results do not provide sufficient evidence to
conclude that participants were more precise in judging latency for rotation than
for lighting.

5 Experiment 2: Conventional Display

In this experiment, we examined whether these perceptual latency thresholds
remain consistent when the same tasks are performed on a conventional display.
In addition, we formulated the following hypothesis for our study.

– H2-1: The Point of Subjective Simultaneity (PSS) for the sound modality
will be lower than that of the lighting and rotation modalities.

– H2-2: The Temporal Binding Windows (TBW) for the rotation modality
will be broader than those for lighting and sound modalities.

– H2-3: The PSS in VR will be lower, and the TBW will be narrower than
that of the conventional display.
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5.1 Result

We conducted a two-way RM-ANOVA to examine the effects of platform (VR vs.
conventional display) and modality (lighting, sound, and rotation). As shown in
Fig 2, the PSS analysis revealed no significant main effect of platform (F(1,19)
= 0.03, p = 0.86). However, the main effect of modality was significant (F(2,38)
= 34.20, p < 0.01), and there was no significant interaction between platform
and modality (F(2,38) = 2.92, p = 0.06).

Regarding the TBW, Fig 3 shows no significant main effect of platform
(F(1,19) = 0.56, p = 0.46). However, the main effect of modality was significant
(F(2,38) = 22.39, p < 0.01), and there was no significant interaction between
platform and modality (F(2,38) = 2.30, p = 0.11).

As shown in Figure 2, the PSS results across the three modalities were
134.36± 19.89 ms (lighting), 109.57± 18.49 ms (sound) and 179.73± 15.69 ms (
rotation) for conventional display. As in Experiment 1, the staircase began with
a fixed starting SOA of 0 ms, with an average reversal-stable count of 13.60 for
lighting, 14.60 for sound, and 11.65 for rotation. The corresponding reversal-
based PSS estimates were 137.36± 22.16 ms for lighting, 115.60± 21.82 ms for
sound, and 196.52 ± 23.57 ms for rotation. A one-way RM-ANOVA was con-
ducted to assess whether there were significant differences in PSS across these
modalities. The results indicated a significant difference (F(2,38) = 17.17, p <
0.01). The post hoc analysis with a Bonferroni correction revealed that the PSS
for the sound modality was significantly different from both the lighting (p =
0.03) and rotation (p = 0.01) modalities.

As shown in Figure 3, the TBW results were 57.30 ± 28.11 ms (lighting),
55.62± 29.25 ms (sound) and 72.20± 31.75 ms ( rotation) for conventional dis-
play. A one-way RM-ANOVA revealed a statistically significant difference among
the modalities (F(2,38) = 6.56, p < 0.04). The post-hoc analysis with a Bonfer-
roni correction revealed that the TBW in the sound modality was significantly
different from that in the rotation modality (p = 0.05), whereas no significant
difference was found compared to the lighting modality (p = 1.00).

5.2 Discussion

Our results demonstrate that the PSS differed significantly across the three
modalities; a significant difference in TBW was observed between the sound
and rotation modalities, but no significant difference between the lighting and
rotation modalities in a conventional display. These findings confirm the latency
noticeability thresholds, thereby validating hypotheses H2-1 and H2-2, while re-
jecting H2-3.

Regarding H2-1, the PSS distributions across the three modalities revealed
distinct perceptual patterns. In the lighting modality, immediate visual feedback
from the illuminated table facilitated rapid, confident responses. Conversely, the
sound modality induced perceptual confusion due to a subtle onset discrepancy.
The rotation modality presented similar challenges in temporal judgment. Be-
cause participants primarily focused on the button-pressing task, simultaneously
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tracking the fan’s rotation caused visual attention splits and response uncer-
tainty.

Regarding H2-2, the TBW analysis confirmed that the rotation modality
exhibited a greater width than both lighting and sound modalities. We note
that the discrepancy between experiments regarding the rotation TBW H1-2
was rejected in the HMD condition, whereas H2-2 was supported on the conven-
tional display.” First, we completed the HMD before the conventional display
conditions (see Section 7); increased familiarity or fatigue by Experiment 2 may
have altered participants’ sensitivity to the continuous rotation modality stimu-
lus independently of the conventional display itself. Second, an HMD has richer
depth cues and a wider field of view to support more precise visual tracking
of the fan’s rotation than the conventional display, potentially narrowing the
effective TBW for motion specifically in the HMD.

Finally, regarding H2-3, our two-way RM-ANOVA showed no significant main
effect of platform and no significant interaction between platform and modality.
This null result is consistent with the interpretation that latency thresholds are
governed primarily by sensorimotor engagement rather than platform-specific
immersion. We note that participants completed a practice session before data
collection and that we randomized and counterbalanced modality order, miti-
gating (though not fully eliminating) concerns about learning effects. However,
because platform order itself was fixed, we present the platform-invariance con-
clusion as consistent with, rather than conclusively confirming, this interpreta-
tion, and recommend counterbalanced platform ordering in future replications.

6 Latency Guidelines

We define the latency guideline as the PSS value itself, representing the empiri-
cally estimated point at which action and feedback are perceived as simultane-
ous. However, we report TBW separately as a comparative dispersion measure
indicating each modality and platform’s relative sensitivity to timing variability,
rather than combining it with PSS to form a tolerance interval as follows.

Latency Guidelines = PSS (4)

We summarize latency guidelines for maintaining imperceptible delays during
interaction for general users, as shown in Table 1.

7 Limitation

Our investigations have five limitations.
First, the HMD and conventional display platforms differed in several con-

founded respects beyond immersion itself: a minor refresh-rate discrepancy (72
vs.75 Hz, unlikely to matter relative to our 10 ms step size), FOV and stereo-
scopic depth cues present only in the HMD, greater susceptibility to environmen-
tal distraction on the conventional display, and a non-identical physical inter-
action posture (natural button press in VR vs. an extended-arm depth-camera
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Modality Platform Latency Guideline (PSS) (ms) TBW (ms) Comparative Only
Lighting VR 155 ms 50.84 ms
Sound VR 95 ms 43.05 ms

Rotation VR 165 ms 48.33 ms
Lighting Display 134 ms 57.30 ms
Sound Display 110 ms 55.62 ms

Rotation Display 180 ms 72.20 ms
Table 1. Recommended Latency Guidelines Derived from PSS, but TBW should not
be interpreted as a validated absolute tolerance width.

posture on the conventional display). Future work will use unified hand tracking
to equalize posture across platforms

Second, our rotation stimulus (a virtual fan with a brief acceleration phase)
mirrors realistic fan behavior, but this realism may itself add a perceptual de-
lay independent of the manipulated latency, potentially confounding the mea-
sured thresholds. Future work should isolate motion-specific perception using
instantaneous-onset stimuli or kinesthetic/force feedback devices.

Third, platform order was fixed, while modality order was randomized. A
practice session and rest breaks mitigated but did not fully rule out learn-
ing/fatigue effects on the observed platform invariance (H2-3) and the rota-
tion TBW discrepancy between Experiments 1 and 2 (Section 5.2). Future work
should counterbalance platform order to isolate this effect.

Fourth, our study is limited to virtual-to-virtual interaction and does not
compare against physical, mechanically actuated devices; such comparisons, with
and without tactile confirmation, remain important future work.

Finally, despite 50 trials per condition maintaining internal reliability, the
limited sample size may have inflated inter-subject variability; future studies
should scale up participant numbers to strengthen statistical power and clarify
the PSS-TBW correlation.

8 Conclusion

In this paper, we quantified perceptual latency thresholds across lighting, sound,
and rotation modalities in interactive environments. By employing a ternary-
judgment staircase task, we estimated the PSS and TBW, revealing that sound
required the smallest unnoticed delay and rotation the largest, with thresholds
differing significantly by modality. Comparing virtual reality with a conventional
display showed no significant platform differences, indicating that these temporal
thresholds are governed primarily by sensorimotor engagement rather than dis-
play immersion. Ultimately, these findings establish foundational latency guide-
lines for optimizing responsive applications.
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