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ABSTRACT

Redirected Walking (RDW) effectively extends the navigable area of virtual environments but frequently induces cybersickness

due to vestibular-visual conflicts. To mitigate this, this study proposes a hierarchical visual guidance framework. We first introduce

a Steering Visual Guidance (SVG) model, which employs a grid-based pattern to provide a stable visual reference frame. While

effective, our evaluation revealed that the static, full-field nature of SVG can occlude the user’s view and reduce visual clarity. To

address this limitation, we optimized the model into Dynamic Steering Visual Guidance (DSVG). Grounded in the physiological

principles of central and peripheral vision, DSVG dynamically renders stability cues exclusively within the foveal region, fading
them in the periphery based on retinal sensitivity. A user study demonstrates that both SVG and DSVG significantly reduce sub-

jective discomfort and physiological markers of sickness compared to a control condition without cues. Crucially, DSVG achieves

sickness mitigation comparable to SVG while reducing visual occlusion by approximately 70%. These findings suggest that DSVG

offers a robust, occlusion-minimizing solution for deploying RDW in constrained physical spaces.

1 | Introduction

Redirected Walking (RDW) serves as a pivotal technique in Vir-
tual Reality (VR), enabling users to explore expansive virtual
environments within constrained physical spaces by impercepti-
bly manipulating walking trajectories through translational and
rotational gains [1, 2]. By subtly decoupling the virtual cam-
era from physical motion, RDW creates the illusion of an infi-
nite virtual space. However, the widespread adoption of RDW
is fundamentally constrained by cybersickness, a physiological
response triggered by the discrepancy between vestibular sig-
nals and visual feedback [3]. This sensory conflict disrupts neu-
ral integration, manifesting as dizziness, nausea, and disorien-
tation, thereby severely limiting the duration and quality of VR
immersion.

While mitigation strategies such as dynamic Field-of-View
(FOV) restriction and saccadic suppression have been pro-
posed [4, 5], they often compromise the sense of presence or
prove ineffective in dynamic locomotion scenarios. Moreover,
the severity of cybersickness is positively correlated with gain
amplitudes; higher gains—essential for efficient redirection in
smaller rooms—invariably induce more intense discomfort.
Consequently, a critical challenge remains: How can we mitigate
cybersickness in RDW without sacrificing the user’s field of view
or redirection efficiency?

To address this challenge, this study proposes a hierarchical
visual guidance framework grounded in the physiological prin-
ciples of human vision—specifically the distinct roles of central
and peripheral vision. Building upon the classic concept of an

Abbreviations: DSVG, dynamic steering visual guidance; RDW, redirected walking; SD, standard deviation; SSQ, simulator sickness questionnaire; SVG, steering visual

guidance.
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independent visual background (IVB) introduced by [6], we first
establish a Steering Visual Guidance (SVG) baseline. While tradi-
tional IVBs utilize a static grid to provide a stable reference frame,
SVG extends this principle by dynamically coupling the grid’s
velocity to the user’s real-time rotation gains, thereby accommo-
dating the active locomotion of RDW.

However, our formative evaluation revealed a critical trade-off:
while SVG effectively alleviates sickness, its static, full-field
nature tends to occlude the virtual environment and degrade
immersion. To resolve this conflict between visual comfort and
FOV occlusion, we optimized the baseline into Dynamic Steer-
ing Visual Guidance (DSVG). This represents the core contri-
bution of our work. Leveraging eye-tracking technology, DSVG
adopts a gaze-contingent approach. It dynamically renders stabil-
ity cues exclusively within the foveal region while fading them in
the periphery based on retinal sensitivity. This bio-inspired opti-
mization ensures that the visual cues remain perceptually salient
for stability but minimizes visual interference with the virtual
environment.

Our user study demonstrates that this hierarchical approach
offers a robust solution. DSVG achieves sickness mitigation com-
parable to, or better than, SVG, while significantly reducing visual
occlusion. This work provides empirical evidence that aligning
visual feedback with the natural processing characteristics of the
human eye can extend the comfortable duration of RDW.

By extending established visual mitigation principles with mod-
ern eye-tracking capabilities, the specific practical contributions
of this paper are summarized as follows:

1. We propose a practical optimization framework that
progresses from a foundational SVG baseline to a
gaze-contingent DSVG model. By systematically integrat-
ing eye-tracking with principles of foveal and peripheral
vision, we address the severe visual occlusion limitations of
traditional, full-field static guidance.

2. We implement a dynamic modulation mechanism (DSVG)
that leverages real-time eye tracking to strictly confine sta-
bility cues to the foveal region. This engineering synthesis
reduces visual occlusion by approximately 70% compared
to the SVG baseline, successfully balancing sickness miti-
gation with a clear visual field.

3. We provide rigorous empirical validation through a com-
parative user study, demonstrating that DSVG significantly
lowers subjective discomfort and improves physiological
markers compared to a no-cue baseline, confirming the via-
bility of fovea-restricted cues for adaptive RDW systems.

2 | Related Work

This section reviews the sensory conflicts in RDW and the phys-
iological principles of vision that inform our proposed solution.

21 | Cybersicknessin VR

Cybersickness remains a primary barrier to VR adoption, com-
monly explained by Sensory Conflict Theory [7]. Mismatches

between vestibular signals and visual feedback —frequent during
the gain manipulations of RDW —trigger symptoms including
nausea and disorientation [8, 9]. To mitigate this, researchers
have explored dynamic Field-of-View (FOV) restriction [10, 11],
optical flow modulation [12], and peripheral motion cues [13].
However, these methods are often limited to static or
vehicle-based scenarios [14, 15], with few solutions specifi-
cally optimized for the active locomotion of RDW. Assessment
typically combines subjective measures, such as the Simulator
Sickness Questionnaire (SSQ), with objective physiological sig-
nals like blink frequency and blood pressure [16, 17], which
allow for continuous monitoring [18].

2.2 | Redirected Walking and Gains

RDW enables the exploration of large virtual environments
within constrained physical spaces by manipulating user trajecto-
ries via gains [4]. While recent algorithms utilize potential fields
[19, 20], predictive modeling [21, 22], and environmental analy-
sis [23, 24] to optimize steering, they rely on rotation gains that
correlate strongly with cybersickness [25]. Recent advancements
have introduced standardized frameworks such as OpenRDW
[26], which provides a comprehensive library and benchmark for
state-of-the-art algorithms, including learning-based and mul-
tiuser functionalities in separate physical spaces [27]. While these
frameworks focus on optimizing steering efficiency and hardware
utilization, the intensified vestibular-visual mismatches caused
by high gains—especially in constrained rooms—remain a crit-
ical barrier [28]. Our approach addresses this by providing a
visual guidance layer that can be integrated into such systems to
enhance user comfort without necessitating a reduction in gain
magnitudes.

2.3 | Foveal Versus Peripheral Vision

Visual perception is hierarchically organized. The fovea (approx.
2°-5° eccentricity) provides high-acuity central vision crucial for
detail [29], while the peripheral field specializes in motion detec-
tion and spatial orientation. Traditional visual cues often clutter
the entire field of view, disrupting immersion. Leveraging the
distinct roles of these regions, our DSVG renders stability cues
exclusively in the fovea while fading them in the periphery. This
bio-inspired approach aims to maintain redirection efficacy while
minimizing visual occlusion.

3 | Method

This section details a method to mitigate cybersickness in RDW.
We first introduce a basic steering visual cue prototype and
then optimize it based on principles of central vision, peripheral
vision, and the fovea to improve comfort and efficiency.

3.1 | Steering Visual Guidance Design

While static independent visual backgrounds have been utilized
to reduce simulator sickness [6], they do not account for the con-
tinuous active locomotion in RDW. Therefore, we propose SVG
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FIGURE1 | Visualsof SVG.

as a dynamic evolution of this concept. The SVG interface com-
prises an array of light-blue circular cues, optimized for VR dis-
plays. Each cue subtends a visual angle of 0.8° and is arranged
in three horizontally aligned rows. As shown in Figure 1,
light blue—a low-luminance cool tone—was selected based on
standard UI/UX guidelines for head-mounted displays (HMDs)
because it minimizes visual strain and reduces eye fatigue dur-
ing continuous VR exposure. The grid uses variable-density spac-
ing to balance saliency and occlusion:The horizontal spacing
between each cue is 8°, which makes the cues clearly distinguish-
able without forming a continuous texture, and vertical row posi-
tions follow a cosine falloff:

Vi = Yoonter + (=1)" - 8.57 - cos(zn/2), (€))]
where n € {0,1,2} denotes row index. 30% baseline trans-
parency ensures foreground content visibility while maintaining
guidance function. 8.5° indicates that the visual cue rows are
positioned 8.5° above and below the central line of sight, respec-
tively. The purpose is to distribute the visual cues within the
user’s central and near-peripheral visual field, a region that
remains sensitive to overall motion direction and optic flow.
This placement also avoids positioning the cues too close to
the visual periphery, thereby establishing a spatially structured
reference frame. The SVG plane is rigidly fixed to head-mounted
display (HMD) coordinates at 2.0 m virtual depth, constrained to
horizontal motion parallel to the naso-occipital axis. All angular
units mentioned above are in degrees of visual angle.

When the user performs a redirected walk, the rotational gain
will cause the virtual world to fail to reflect the user’s real motion
state, that is, it will not be consistent with the information per-
ceived by the user’s vestibule. This is the main cause of VR cyber-
sickness. In order to correct the erroneous stimulation brought to
the user by the visual information in the VR headset, the move-
ment speed of the SVG needs to reflect the user’s real physical
motion state. That is, when the user rotates a certain angle, the
SVG moves a certain distance in the corresponding direction, and
both the direction and distance should follow the laws of the
physical world.

We obtain the rotation state of each frame of the user during
the VR experience, and by calculating the rotation difference

between consecutive frames, we can obtain the angular velocity
of the user’s rotation at a certain moment. Then we can calcu-
late the speed of the SVG based on the angular velocity and the
distance of the SVG from the human eye.

The SVG’s motion compensation adheres to body rotation-
induced vestibulo-ocular dynamics. When the user rotates clock-
wise in physical space, visual projection displacement occurs
in the counterclockwise direction relative to the HMD view-
port. Conversely, counterclockwise body rotation triggers clock-
wise SVG displacement. This inverse mapping preserves retinal
slip velocity within Vestibulo-Ocular Reflex (VOR) stabilization
thresholds. The SVG is designed to move cyclically in front of the
user’s eyes, and is designed to move in a horizontal direction. is
designed to move cyclically in front of the user’s eyes, that is, no
matter how many degrees the user rotates, the SVG will not go
beyond the user’s field of view.

Viy = —Sgn({@,,, €,)) - k. * @ppy X Tgp s )

where e, is the vertical axis unit vector, k, = 0.95 is an empir-
ical compensation factor. Instead of a formally benchmarked
value, this heuristic parameter was determined through iterative
pilot testing. We observed that applying a 5% dampening fac-
tor subjectively provided the most stable visual synchronization
for the Pico 4 Pro headset, effectively compensating for minor,
hardware-specific tracking discrepancies. Additionally, rg,; is
the distance of the SVG from the user’s eyes in a VR virtual envi-
ronment, as shown in Figure 2.

When the user rotates in the virtual world, the SVG automati-
cally moves according to the specified speed. This movement is
consistent with the real human motion, that is, with the user’s
vestibular perception. SVG indirectly guides the user’s vision to
the physical world, which greatly reduces the user’s cybersick-
ness symptoms.

3.2 | Optimization of SVG According to Vision
Principles

To evaluate the foundational SVG model, we conducted a for-
mative pilot study. Participants navigated a virtual environment
using SVG with a rotation gain of 0.5. Based on subjective feed-
back and discomfort ratings (Figure 3), three key observations
emerged:

First, SVG significantly attenuates cybersickness in RDW by pro-
viding a stable reference frame that aligns visual perception
with vestibular cues. Second, however, a subset of users reported
increased discomfort, attributing it to the high density and con-
tinuous motion of the grid pattern, which overwhelmed their
visual processing. Finally, the full-field nature of the static SVG
frequently occluded the virtual environment, obstructing the
user’s vision and preventing clear exploration of the scene.

To address the “comfort-vs.-occlusion” trade-off, we optimized
the model by integrating physiological principles of human
vision. Our objective was to minimize the negative visual impact
of the guidance cues while preserving their stabilizing function.
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FIGURE2 | How SVG works.
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FIGURE3 | Discomfort rating scale with SVG and no visual cues.

The first step was to solve the problem of increased cybersickness
for some users. While visual acuity is highest in the fovea, the
peripheral visual field is uniquely specialized for motion detec-
tion and processing global optic flow. Consequently, a dense,
full-field array of moving patterns overwhelms these peripheral
motion processing mechanisms, creating visual clutter that trig-
gers visual fatigue and paradoxically increases discomfort for
some users. By constraining the visual cues to the foveal region
(DSVG), we provide a stable, VOR-compensated reference frame
exactly where the user’s conscious visual attention is anchored
to mitigate sensory conflict. Simultaneously, we clear the periph-
ery of artificial moving stimuli, allowing the visual system to
naturally perceive the virtual environment’s optic flow without
obtrusive interference. In order to solve the above problems, we
cropped the SVG to show only the moving blue dots in 30% of the

user’s field of view while the movement of the blue dots remains
unchanged.

The blue dot is only displayed in the center of the field of view,
and when the user’s line of sight deviates from the center of the
field of view, the user will not see the movement of the blue dot
and will not receive the visual cue information. We utilize the
eye-tracking feature so that the position of the blue dot always
follows the position of the user’s gaze point in the field of view.
The visual cues are received no matter where the user looks in
the field of view, as shown in Figure 4.

The blue dots have a 70% reduction in the display area, in order
to maintain or improve its visual cue function and preserve the
visibility of the virtual scene. We treat the blue dot based on
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FIGURE4 | Use eye tracking for visual cues.

the principle of the sensitivity relationship between central and
peripheral vision. The center of the blue dot display area is taken
as the origin, and its transparent gradient is over-processed. We
give a formula for the relationship between the visual effect of the
blue dot and the user’s visual angle:

(iCen - kCen/(r + 1))/d

ifo’<r<10°
a=3q (3)
(lPer - kPer : r)/d

if 10° < r < 90°

r denotes the visual angle, the angle from the observer’s eye to
a position in the image, a denotes the transparency of the blue
dot, and d is the range of sensitivity in the sensitivity relationship
between central and peripheral vision, which is used to normalize
the calculation results of the molecule, so as to obtain the specific
value of the transparency a.

Transparency («) is modulated via a piecewise linear function
based on visual eccentricity (). In the central foveal region (0° <
r <10°), the cues remain predominantly opaque to provide a
salient stabilizing anchor. Beyond this boundary (10° < r < 90%),
transparency increases rapidly as a function of r, effectively fad-
ing the cues in the periphery where visual sensitivity is better
tuned for natural optic flow.

However, because we cropped the display area of the blue dot, the
effect of the blue dot in peripheral vision is not fully displayed.
Central vision typically consists of a “fovea parafovea perifovea”
with an outer boundary of approximately eccentricity, with a
boundary dividing the central/peripheral region, consistent with
the neurophysiological definition of visual partitioning [29]. We
call the optimized visual cue model DSVG as shown in Figure 5.

4 | User Study

4.1 | Overview and Hypotheses

After completing the optimization of the static model, we
obtained the final DSVG method. Our goal is to verify that the
proposed DSVG method can reduce the occlusion of visual cues to
the user’s line of sight and reduce the user’s cybersickness during
RDW, and the effect demonstrates non-inferiority to SVG regard-
ing sickness mitigation. To isolate the specific impact of our visual

104°(VR headset field of view)
|

Peripheral Vision
(without visual cues)

Centrai Vision

Peripheral Vision
(with'visual cues)

FIGURES5 | Use visual principles to optimize the visual cue model.

cues from other confounding factors, we evaluate SVG and DSVG
against a standard baseline with no visual cues (Control Group,
CG). This allows us to validate the progressive efficacy of our hier-
archical design. Therefore, we propose the following hypothesis:

Hypothesis 1. Visual guidance (both SVG and DSVG) sig-
nificantly mitigates cybersickness compared to navigating without
visual cues.

Hypothesis 2. Visual guidance (both SVG and DSVG) signif-
icantly increases the comfortable walking duration compared to
navigating without visual cues.

Hypothesis 3. Fovea-restricted  guidance  (DSVG) is
non-inferior to full-field guidance (SVG) regarding sickness
mitigation and comfort duration.

4.2 | Participants and Apparatus

We recruited 22 participants, 13 males and 9 females, aged
between 23 and 29 years (Mean = 23.875, SD = 1.46). Vision was
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FIGURE 6
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FIGURE7 | Participants’ experimental program.

normal. Sixteen of them had experience with HMD VR appli-
cations and none reported balance disorders. A post hoc power
analysis indicated that with N = 22, an alpha level of 0.05, and
the observed large effect sizes (all partial eta squared ;1; > 0.40),
the statistical power (1 — f) to detect the main effects of the
visual conditions exceeded 0.90, confirming that the study was
adequately powered. The HMD device used in our system was
the Pico 4 Pro, which has 6 DoF spatial localization, automatic
pupil adjustment, eye tracking, and face tracking. The above fea-
tures can detect the user’s eye position and blink information. We
packaged the experimental program to run on the HMD without
using a computer. We used the 24-hour ambulatory blood pres-
sure monitor to collect the user’s blood pressure and pulse infor-
mation. The measurable blood pressure range is 0-299 mmHG
with a margin of error of 3 + mmHG. The measurable pulse rate
is 40-190/min with a margin of error of + 3% of the readout. The
frequency of measurement is 2 mins. None of the N = 22 partici-
pants in the main study had taken partin the initial SVG pilot test.

4.3 | Experimental Environment

The experimental platform was developed in Unity, simulat-
ing a seamless indoor-outdoor environment navigated from a

first-person perspective. To evaluate the efficacy of visual guid-
ance under stress, we applied a constant, strictly rotational gain
of 0.5 (with no translational or curvature gains applied). The tra-
jectory consists of 13 sequential waypoints (3 indoor, 10 outdoor;
see Figure 6). Indoor tasks included object manipulation and a
mental arithmetic challenge requiring continuous 180° rotation,
specifically designed to induce vestibular-visual conflict. Outdoor
traversal focused on long-distance locomotion. Upon reaching
each waypoint, a UI prompt requested a real-time discomfort rat-
ing (0-10 scale) via a controller-driven slider. The study was con-
ducted in a 2700m? obstacle-free physical space to ensure unhin-
dered large-scale redirection.

44 | User Study Design

Figure 7 shows the experimental protocol. Each participant was
required to perform three experiments, and the three experiments
corresponded to three different experimental configurations (no
visual cues, using SVG, and using DSVG). The order between
the three experiments was randomized. The virtual and phys-
ical environments and the tasks completed were the same for
each experiment. The interval between the two experiments per-
formed by the same participant was at least greater than 1 day,
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but not more than 4 days. This was done to minimize interactions
between the two experiments.

Each participant was required to complete a pre-exposure SSQ
before conducting the experiment, followed by viewing an
instructional video that explained how to use the joystick to com-
plete tasks in the VR virtual environment and the perceived dif-
ferences between the VR virtual world and the physical world.
Users wore a Cloudsea 24-hour ambulatory blood pressure mon-
itor to collect information about their blood pressure and pulse
rate. At the beginning of the experiment, participants wore a
headset device to move around using an RDW system and com-
plete the tasks we set. For each task, users were asked to answer
a discomfort score that appeared in front of them. Participants
were informed in advance that if they reached a discomfort score
of 10 or reported that the cybersickness was too strong to continue
the experiment, their participation would be immediately termi-
nated. Remaining unanswered discomfort scores were assigned
a default value of 10. The experiment was terminated when the
participant reached the last path point. Upon completion or ter-
mination of the experiment, participants were asked to complete
the Post-Exposure SSQ.

4.5 | Experimental Indicators and Results

All participants’ cybersickness was quantified using the follow-
ing subjective and objective metrics: before and after SSQ score
difference, discomfort score, number of path points completed,
blinking frequency, blood pressure, and pulse rate. The differ-
ence between the pre- and post-SSQ scores served as a secondary
metric because the SSQ was collected before and after the partici-
pants performed the experiment, and it did not take into account

10

= CG-mean

what the participants felt in real time in the VR virtual environ-
ment, which may not accurately reflect the participants’ sense
of cybersickness. The discomfort score was used as a primary
subjective indicator. The number of path points completed indi-
cated the quality of the task completed by the participant. Blink
frequency, blood pressure, and pulse rate are physiological indi-
cators for evaluating cybersickness, and these indicators need to
be measured in real time while the participant is performing the
experiment.

To rigorously evaluate the condition effects within our repeated-
measures design, we adopted a comprehensive hierarchical sta-
tistical framework. First, a one-way Repeated-Measures ANOVA
(RM-ANOVA) was conducted for all continuous metrics to deter-
mine the significance of the overall main effects, with results
reported via F-values and partial eta squared (;1;) for effect
size estimation. Following the identification of significant main
effects, we performed detailed pairwise comparisons using ¢-tests
across the three experimental conditions (CG vs. SVG, CG vs.
DSVG, and SVG vs. DSVG). To manage the inflated Type I error
rate associated with multiple comparisons, a Bonferroni correc-
tion was applied, resulting in an adjusted significance thresh-
old of @ = 0.05/3 = 0.017. Furthermore, to specifically test the
non-inferiority claims in H3, we supplemented these frequentist
analyses with Bayesian statistical tests to evaluate the strength of
evidence between the SVG and DSVG conditions.

451 | DiscomfortScore

User experiments examined the differences in discomfort scores
between the use of SVG and DSVG and the absence of visual aids.
Figure 8 shows a graphical representation of the score difference.

= SVG-mean —CG -- SVG

—~
()
-~

DISCOMFORT SCORE

—
O
~

W7 w8 W9 w10 W11 w12 W13

WAYPOINT

FIGURES8 | Discomfort scores for each participant as a function of pathway point and the mean discomfort score for each pathway point in each

experimental condition. (a) CG versus SVG, (b) CG versus DSVG. areas indicate path points with statistically significant differences.
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Table 1 shows the statistical results. In Figure 8a, the vertical axis
corresponds to the discomfort score, with lower scores represent-
ing greater comfort. The horizontal axis represents path points,
and the use of path points ensures that participants experience
the same virtual environment stimuli when reporting the dis-
comfort scores. The thin red line indicates participants to whom
visual cues did not apply, and the thin blue line indicates par-
ticipants who used SVG. Participants to whom visual cues did
not apply were averaged over the path points, indicated using the
thick red line, and participants using SVG were averaged over the
path points, indicated using the thick blue line. In Figure 8b, the
same method was used to compare participants with no visual
cues applied and participants with DSVG.

Pairwise comparisons indicated that the SVG-mean (M = 1.85)
was significantly lower than the CG-mean (M = 3.91). The dis-
comfort scores of participants using SVG were significantly lower
than those navigating without visual cues, successfully support-
ing our Hypothesis H1. Similarly, the DSVG-mean (M = 1.79)
was also significantly lower than the CG baseline, providing fur-
ther corroboration for H1. These robust pairwise differences were

TABLE1 | Discomfort score results for each method. * denote statis-
tica significance.

Avg. Cohen’s Effect
IM,—Mg| .
Method +std. dev. Mcg p t d size
CG 391 +2.84

SVG 1.85+142 53.5%
DSVG 1.79 +142  54.2%

<0.017% 2969  0.92 Large
<0.017* 3.053  0.94 Large

TABLE2 | Comparisonofdiscomfortscoresbetween SVG and DSVG.
* denote statistica significance.

comprehensively validated by an RM-ANOVA, which revealed
a highly significant overall main effect of the visual guidance
condition on discomfort scores, F(2,42) = 18.09, p < 0.001, 11; =
0.46. Furthermore, we compared the specific performance gap
between SVG and DSVG, as detailed in Table 2. According to the
Bayesian factor, even when the dynamic visual cue reduces the
display area by 70%, the mitigating effect of DSVG is not signifi-
cantly different from-and may even slightly exceed-that of the
full-field SVG. This confirms the non-inferiority of our dynamic
approach, fully supporting our Hypothesis H3.

4.5.2 | Number of Waypoints Completed

Due to the fact that the movement patterns of the participants
during the experiment were rather complex, we regarded the total
number of waypoints completed in each experiment as a repre-
sentation of the comfortable duration during the experiment. We
measured the number of waypoints completed by each user and
analyzed them, and Figure 9 gives a graphical result.

The number of waypoints completed by the participants when
using SVG was significantly higher than that completed by the
participants who did not use visual cues. Three participants could
not complete all the path points without visual cues, but success-
fully completed the entire experiment with the help of SVG. This
verified our Hypothesis H2. There was no decrease in the per-
formance of participants using DSVG compared to those using
SVG, and all participants using DSVG completed all the way-
points we set. This validates hypotheses H2 and H3. However, it
cannot be concluded that the effect of DSVG is greater than that
of SVG, which reflects some shortcomings in our experimental
design.

4.5.3 | Blink Frequency

Avg. B
Ve IM,~Mcg| ayes
Method +std. dev. Mcg factor We used the built-in expression detection feature of HMD to col-
SVG 1.85 + 1.42 lect participants’ blink data. The results of the experiment are
shown in Figure 10 and the statistical results are also given in
DSVG 1.79 + 1.42 3.3% 0.311 & g
Table 3.
16 16
* *P<0.017
14 P<0.017 14
12 12
10 10
8 8
6 6
4 4
2 2
0 0
CG SVG CG DSVG
FIGUREY9 | Mean and individual completed waypoints. Bars represent averages, while red lines track individual participant trajectories across
conditions.
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FIGURE 10 | Blink frequency for each participant in different experimental conditions.

TABLE 3 | Statistical results for different indicators (compared to CG).

Avg. Cohen’s Effect
IM,—Mcql
Standards Method +std. dev. T Meg p t d size
CG 0.48+0.23
Blink SVG 0.29+0.18 39.6% <0.017* 2.914 0.90 Large
Frequency DSVG 0.26+0.16 45.8% < 0.001** 3.522 1.07 Large
CG 9.09+8.46
SSQ score SVG 3.81+3.91 58.1% <0.017* 2.591 0.80 Large
DSVG 3.18+3.74 65.0% < 0.017* 2.925 0.90 Large
CG 28.03+0.68
SDof PSDgyg SVG 28.87+1.26 2.9% <0.0173 2.535 0.85 Large
DSVG 28.89+0.73 3.1% < 0.001** 3.728 1.24 Very Large
CG 28.47+1.08
SD of PSDpg SVG 28.99+0.84 1.8% 0.12 1.611 0.54 Medium
DSVG 28.71+1.15 0.8% 0.52 0.650 0.22 Small

An RM-ANOVA demonstrated a highly significant overall
main effect of the experimental conditions on blink frequency,
F(2,42) = 32.18, p < 0.001, ’1; = 0.61. Subsequent pairwise com-
parisons revealed that, compared with participants who navi-
gated without visual cues, the blinking frequencies of those using
SVG and DSVG significantly decreased during the experiment.
Specifically, we observed a 39.6% decrease in blink frequency in
the SVG group and a 45.8% decrease in the DSVG group, suc-
cessfully confirming our Hypothesis H1. Furthermore, Table 4
details the specific comparison between the two guidance meth-
ods, highlighting an additional 10% reduction in blink frequency
for the DSVG group compared to the SVG group. Supported
by the Bayesian factor analysis, this finding not only confirms
our Hypothesis H3 regarding non-inferiority, but also reflects an
enhanced mitigating effect of DSVG on visual fatigue compared
to the static SVG.

454 | SSQ

We collected SSQ reports from each user before and after the trial.
The experimental results are shown in Figure 11, and the statis-
tical results are also presented in Table 3.

TABLE 4 | Statistical results of different indicators (DSVG vs. SVG).

[Msy—Mpsygl

Standards Momre Bayes factor
Blink frequency 10.3% 0.114
SSQ score 16.5% 0.178
SD of PSDgyg 3.1% 0.125
SD of PSDpp 0.96% 0.416

The subjective improvements in cybersickness were strongly
validated by the supplementary RM-ANOVA, which indicated
a significant main effect of the visual conditions on SSQ score
increments, F(2,42) = 15.40, p < 0.001, ;15 = 0.42. Pairwise com-
parisons revealed that participants using either SVG or DSVG
exhibited significantly lower SSQ increments compared to
those navigating without visual aids, yielding large effect sizes
(Cohen’s d) and thereby supporting our Hypothesis H3. Further-
more, comparing DSVG directly with SVG (as detailed in Table 4)
revealed no statistically significant difference between the two
guided groups. The substantial effect size of DSVG relative to
the control, combined with its comparable performance to the
full-field SVG, confirms the non-inferiority of our fovea-restricted
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FIGURE 11 | SSQ Score for each participant in different experimental conditions.
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approach. This perfectly aligns with our Bayesian factor analysis
and fully supports our Hypothesis H3.

4.5.5 | Blood Pressure

According to [18], the standard deviation of power frequency den-
sity of systolic blood pressure (P.S Dy ) (in dB/Hz) is a physio-
logical indicator that can reflect cybersickness in the frequency
domain, and the standard deviation of P.S D4y g is negatively cor-
related with cybersickness of the participants, which means that
the smaller the standard deviation of PS Dy g is, the more the
participants’ cybersickness is. The collected systolic blood pres-
sure data were processed, and the results are shown in Figure 12
and the statistical results are presented in Tables 3 and 4.

The standard deviation of P.S Dy ¢ increased significantly under
the effect of SVG. As shown in Figure 12a, most of the points are
located on the underside of the diagonal. The standard deviation
of PSDgy increases significantly under the action of DSVG, as
shown in Figure 12b, where most of the points are distributed
on the lower side of the diagonal. Combined with the statisti-
cal results in Tables 3 and 4, our hypotheses H1 is validated.
The standard deviation of P.SDgy ¢ is not much different under
the influence of SVG and DSVG. As shown in Figure 12c, the

SD/dB*Hz1

SD/dB*Hz"

PS Dy ¢ for each participant in different experimental conditions.

majority of points are distributed around the diagonal, which val-
idates our Hypothesis H3.

4.5.6 | Pulse Rate

Pulse rate is similar to blood pressure, and we need to cal-
culate the standard deviation of the power frequency density
(PSDpy) of the pulse rate. The standard deviation of the PS Dy
is negatively correlated with the cybersickness of the partici-
pants. Figure 13 shows the experimental results, and Tables 3
and 4 also give the statistical results. We performed the T-test
on the data between the different groups, and the p-values were
0.12 and 0.52, respectively, with no statistically significant dif-
ferences. In Figure 13a-c, we can see that the distribution
of points does not show much regularity. This lack of statis-
tical significance is primarily attributed to the physical walk-
ing interference inherent to our RDW tasks. The continuous
active locomotion introduced significant physical exertion noise
and motion artifacts into the pulse rate measurements. Conse-
quently, without the application of advanced signal filtering tech-
niques, the raw pulse rate data is overwhelmingly dominated
by the participants’ motor status, making it difficult to accu-
rately isolate and reflect the specific physiological symptoms of
cybersickness.

10 of 12
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5 | Conclusion and Limitation

This study introduces Dynamic Steering Visual Guidance
(DSVG), a novel gaze-contingent framework designed to mitigate
cybersickness in RDW. By aligning visual cues with the physiolog-
ical sensitivity of foveal and peripheral vision, DSVG resolves the
trade-off between comfort and visual occlusion. Our empirical
results demonstrate that DSVG is non-inferior to static guidance
(SVG) in reducing subjective discomfort and physiological stress
markers, while significantly minimizing visual occlusion. This
confirms that bio-inspired visual suppression is a viable pathway
for enhancing the practicality of RDW in constrained physical
spaces.

However, this study has notable limitations regarding the eval-
uation of user experience. Our experimental design primar-
ily focused on quantifying cybersickness mitigation through
objective physiological markers and basic subjective metrics.
We did not conduct formal qualitative interviews, nor did
we employ standardized psychometric questionnaires (e.g., the
Igroup Presence Questionnaire) to directly measure user immer-
sion, presence, or qualitative preferences. Consequently, while
DSVG significantly reduces geometric visual occlusion, its spe-
cific psychological impact on the sense of presence remains
to be fully quantified. Future work will incorporate compre-
hensive qualitative assessments and subjective usability evalua-
tions to provide a more holistic understanding of dynamic visual
guidance.

Additionally, certain system parameters, such as the hardware
compensation factor, were determined empirically through
pilot testing; future deployments would benefit from rigorous,
standardized hardware benchmarking to optimize these val-
ues. Furthermore, our findings regarding pulse rate highlight
a critical methodological limitation: measuring cardiovascular
metrics during active VR locomotion is highly susceptible to
physical interference. Future RDW studies must incorporate
advanced signal filtering algorithms to successfully decouple
cybersickness-induced physiological responses from typical
motion artifacts.
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