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Figure 1: The user study for investigating users’ walking performance and experience with various walking methods in different
levels of fidelity VR. (a) shows the high-fidelity virtual scenario with a triangle walking trajectory, (b) shows a low-fidelity
virtual scenario with a rectangle walking trajectory, (c) shows the participant walking with the Real Walking method, (d) shows
the participant walking on the omnidirectional treadmill, (e) shows the participant walking with controller method.

Abstract

Locomotion is crucial for moving in virtual worlds, and a plau-
sible but realistic implementation is an essential component of
locomotion technologies. Various locomotion technologies, such
as treadmills or controller locomotion approaches have been devel-
oped to simulate continuous walking behavior in VR. However, it
is unknown which locomotion technique provides higher walking
performance and better walking experience. Hence, we conducted
a user study with 15 participants to systematically compare three
walking methods (real walking, walking with VR device controllers,
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and walking on an omnidirectional treadmill) in VR. We found that
the omnidirectional treadmill decreased walking performance and
increased simulator sickness, negatively affecting locomotion com-
pared to real walking and using VR controllers. Furthermore, visual
fidelity also affects walking performance in VR. We discuss poten-
tial factors for the negative performance of the omnidirectional
treadmill in virtual walking. Our work contributes to the important
area of locomotion techniques for immersive technologies.

CCS Concepts

« Human-centered computing — Empirical studies in HCI;
Virtual reality.

Keywords

Virtual Reality, Locomotion Technology, Walking Performance,
Fidelity, Simulator Sickness


https://orcid.org/0000-0003-3606-6856
https://orcid.org/0009-0008-7139-6387
https://orcid.org/0000-0003-3077-6267
https://orcid.org/0000-0001-9287-3770
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1145/3701571.3701603
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3701571.3701603&domain=pdf&date_stamp=2024-12-02

MUM ’24, December 01-04, 2024, Stockholm, Sweden

ACM Reference Format:

Yu Wang, Jakob Eckkrammer, Martin Kocur, and Philipp Wintersberger.
2024. Investigating Walking Performance and Experience with Different
Locomotion Technologies in VR. In International Conference on Mobile and
Ubiquitous Multimedia (MUM ’24), December 01-04, 2024, Stockholm, Sweden.
ACM, New York, NY, USA, 10 pages. https://doi.org/10.1145/3701571.3701603

1 Introduction

Virtual Reality (VR) simulates perceptual and sensorimotor vir-
tual environments (VEs), enabling interaction between users and
the VEs as they would in reality. Locomotion is a popular research
topic in VR, which enables movement from one place to another [7].
Meanwhile, walking methods are essential components of locomo-
tion technologies. The research of walking in immersive virtual en-
vironments (IVEs) is divided into two dimensions: the development
of wide-area trackers so users can really walk around [76], and the
development of body-active surrogates for a natural walking simula-
tion [72]. Natural walking with synchronized speed, direction, and
distance perception in IVEs has become an important technologi-
cal component for providing highly immersive walking sensations
in VR [37]. Nilsson et al. [55] have systematically categorized the
existing VR natural walking techniques into proxy gestures, repo-
sitioning systems, and redirection techniques. Locomotion based
on proxy gestures performs gestures of the lower body or upper
body serving as a proxy for actual steps [55, 65]. Walk-in-Place
(WIP) and arm-swing are two cost-effective approaches to walking
with proxy gestures [78], with WIP the footsteps in place are regis-
tered via a physical interface detecting discrete gait events [9, 10],
and arm-swing interface refers to translating users forward in VE
through the detection of the motion of their arm swing [48]. On the
other hand, Boletsis et al. [8] also created a taxonomy for existing
locomotion technologies and categorized them into motion-based,
room-scale-based, and controller-based locomotion technologies.
For motion-based locomotion, the physical movements are utilized
to enable the interaction while supporting continuous motion in
open VR spaces; room-scale locomotion relies on the tracking sys-
tem of the VR devices and is limited by the real environment’s
size; and finally, controller-based locomotion directs the continu-
ous movement in VR via a gamepad or controller [6]. Treadmills
are the commonly used repositioning systems for natural walking
in VR, which implements walking by eliminating the user’s for-
ward movement in the physical environment through elaborate
mechanical systems [55]. The omnidirectional treadmill (ODT) can
support free walking in any direction in IVEs [19, 30] and accommo-
dates different gait velocities during overground locomotion [31].
The combination of head-mounted display (HMD) and treadmill
walking is expected to realize a fully immersive VR [44, 62].
Various locomotion technologies show different performances
and influences on users’ walking experience and performance in
VR [75]. Existing research showed that using physical bipedal mov-
ing methods would obtain significantly better spatial orientation
than haptic devices [13]. Whitton et al. [77] compared real walking,
WIP, and controller flying and found that physically walking to
explore a VE was better than both WIP and controller locomotion.
However, real walking with large tracking systems is expensive and
limits exploration due to the size of the tracking areas in physical
space. Stepping in place appears to be the most common lower-body
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gesture, alternatives have been proposed to translate moving in VR
as well. The study from Nilsson et al. [54] also indicated upper-body
gestures equally as natural as WIP locomotion and less fatiguing. It
is already known that the conflicting sensory of the visual system
and vestibular will induce simulator sickness [60, 70] and affect the
movement in VEs. In addition, the disorientation caused by less
corresponding bodily movement is another disadvantage of virtual
walking [18, 20]. Different methods to facilitate natural walking be-
havior could affect users’ perceptions [1]. Fidelity is one of the core
concepts in VR research. It is defined as a measure of the realism
level of the VE and its resultant ability to convince the feelings of
presence [51]. Previous research also indicated that key elements of
psychological, affective, and ergonomic fidelity, are the real deter-
minants of VR system fidelity [25]. A room-scale VR configuration
allows the physical movement of the user within an interactive
area while reflecting their real-world motion in the VE, and it de-
velops more realistic applications that are highly interactive and
engaging [66].

However, the effect of different walking approaches on actual
walking experience and performance in VR has not been examined,
as well as how much the fidelity of the virtual scenario could incur
the changing of users’ virtual walking performance in VEs. There-
fore, we conducted a study to implement multiple walking methods
(real walking, controller walking, and an omnidirectional tread-
mill) and calculated the deviated area between the ideal and the
actual walking path to evaluate the influence of different walking
methods on dynamic position maintenance in VR. We found that
the ODT induced lower maintenance of dynamic position during
virtual walking. We also showed that a high-fidelity VE increased
the ability of dynamic position maintenance during walking in VR.
We discuss possible factors for the negative performance of the
ODT in natural walking in VR. Our work extends the research of
locomotion in VR by comparing users’ walking performance and
experience with various methods in both low- and high-fidelity VR.

2 Related Work

Locomotion in VR is integrated with vestibular, proprioceptive, and
visual sensory inputs. Especially the visual inputs provide users
with essential cues for orientation and self-movement perception
during moving [61]. Postural stability, also known as postural equi-
librium [17], indicates the capability of an individual to maintain
the body position and balance in the space for movements [56, 79].
The research by Hollman et al. [26] revealed that VR can induce
postural instability in standing and walking, as quantified with
kinematic gait parameters, which are typically utilized to evalu-
ate gait instability. Meanwhile, the decreased step velocity and
length [50], the increased gait width [38], the increased variability
in stride velocity [46] and width [3], and the increased mediolateral
displacement of the individual mass center [15] are all considered
as the signs of gait instability. The research from Simoneau et al.
[67] indicated that postural instability is caused by using visual
perturbations. Blanks et al. [4] used a force plate to measure the
resultant variation in postural stability to evaluate the effect of the
visual system on balance. To explore the visual polarity and scene
rotation in spatial VE, Richards et al. [61] conducted a study to
quantify the influence of visual scene variables on postural stability
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through locomotion with a treadmill. Since the degeneration of the
balance control system in the elderly, the measure of equilibrium
conditions is frequently required in many pathologies, Placidi et al.
[59] proposed a low-cost real-time virtual system for postural stabil-
ity assessment at home. Existing research also showed that postural
sway in standing increases in VR environments [27], and VR ag-
gravates visual-vestibular conflicts [16, 17]. Besides, Dietz et al.
[22] also investigated the stress response that affects the dynamic
balance of human upright gait in their study. Some research also
worked on the exploration of the correlation between visual input
and postural stability in VR [40]. Previous work demonstrated that
the manipulation of the amount or type of visual stimulus has been
used for assessments or training of postural balance [73]. Dynamic
visual images or minimal visual stimuli could also induce a decrease
in the postural stability [57]. Menzies et al. [51] proposed that pos-
tural stability can be used as an objective behavioral measure of
visual fidelity.

In addition to studying the postural stability affected by VR, re-
searchers also use VR as a tool for balance training [32], or gait
rehabilitation [11, 71], to improve walking safety and balance con-
trol [74]. Rehabilitation in VR enables interventions by manipulat-
ing training duration or intensity, meanwhile, the multi-sensory
feedback can also satisfy clinical demands for intensive and repeti-
tive patient training [21, 35], for instance, providing a therapeutic
platform with potential movement for patients with neurological
conditions [5], such as stroke [29, 36] and other nervous system
diseases [42, 53]. Pefiasco-Martin et al. [58] and Gallagher et al.
[24] also revealed in the previous studies that training with VR
enhances users’ interest in the rehabilitation process. Thus, the
implementation of virtual walking technologies offers promising
potential even in therapeutic rehabilitation.

3 Apparatus: Walking Implementation in
Virtual Reality

We investigate dynamic position maintenance with different natural
walking technologies in high- and low-fidelity virtual scenarios
through walking tasks in VR. For the first objective, we intended
to compare the dynamic position maintenance when impacted by
different walking methods. As a second objective, we also evaluated
the influence of fidelity on position maintenance. To get access to
the evaluations, we designed the walking tasks: users get a view
of reference walking trajectories in VR and walk once with each
of the three walking methods: Real Walking, Controller Walking,
and ODT. We compared the differences between the actual walking
trajectories and the reference walking trajectories to assess the
performance of dynamic position maintenance in virtual walking.

Through the immersive VR system, users can experience the
interaction and the virtual space, and the phenomenon where users
act and feel also indicates users’ presence in this VR system [68].
The study from Lee et al. [39] revealed that walking interactions in
VR can improve immersion and presence and prevent sickness in VR
applications. However, the walking interactions in their study were
conducted via a gamepad, hand interface, and a portable simulator
for in-place gestures instead of real walking or with the treadmill.
Nevertheless, based on the sensory conflict theory [12], the source
of sickness users are experiencing might be differing. Walking on
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an ODT might lead to a different sensory mismatch that could
cause motion sickness, since in the case of treadmill walking, users
perceive to be visually moving forward as they walk, but they
are actually walking on the spot [43]. Therefore, the evaluations of
immersion, presence, and simulator sickness of the different natural
walking methods in VR are the additional objectives of this study.

3.1 Implementation of Real Walking, Controller
Walking, and ODT in VR Walking

The VEs and the walking task in this study are developed in the
game engine Unity and implemented with the HMD Oculus Quest 2.
During the experiment, participants need to complete the walking
tasks in VR with three walking methods: Real Walking, Controller
Walking, and ODT. The Real Walking method relies on the accurate
position-tracking function of the HMD, participants can freely walk
in the physical space, and their movement in reality will be tracked
and reflected in VR synchronously. To implement the Real Walking
method, we experimented with a room-scale VR, and the physical
room space for the walking task is large, approximately 5m * 5m,
which is sufficient to be encompassed by the space tracking capabil-
ity of the HMD. The advent of room-scale VR has emerged in recent
years, where users configure a designated physical area allowing
users to naturally navigate and move [41]. With the Controller
Walking, participants held the controllers in hand, and the input of
the controller directed their movements during the walking task.
The motion input from the left controller was transmitted to the
VR project to effectuate the virtual movement. For walking on the
ODT, We used the KAT Walk C 2 Core in this study, which is set
up to work with Unity through the supplied KAT Unity Integration
SDK 1.

3.2 Walking Scenarios in VR with Different
Fidelity

To explore the impact of visual fidelity on people’s walking be-
havior, we designed two distinct virtual scenarios with low- and
high fidelity. In the high-fidelity virtual scenario, we constructed a
simulation of a simple room featuring an open central area to facil-
itate unobstructed walking along the designated trajectories. The
room is rectangular, includes orthogonal corners, and is outfitted
with windows, doors, and minimalist furniture, thereby offering
multiple reference points to assist in navigation. Compared to the
high-fidelity scenario, the low-fidelity virtual scenario features a
wooden floor on the ground plane within an open space with day-
light, which provides minimal visual cues to facilitate locomotion
behavior. The walking trajectories remain consistent across both
high- and low-fidelity scenarios.

3.3 Walking Trajectories in Experiments Design

In both low- and high-fidelity scenarios, we established two dis-
tinct walking trajectories: one triangular and one rectangular, which
showed as bright green color paths in the experimental VEs; see
Figure 1. Before commencing the walking task, the reference walk-
ing trajectories were presented to the participants. Subsequently,
participants were required to walk along the memorized paths after

https://www.kat-vr.com/pages/sdk
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Figure 2: The sphere turned into color green, the walking
trajectory vanished, and started to track the position during
the walking process.

the guiding trajectories had disappeared. Participants’ positions in
the VE were recorded in each frame in Unity based on the rate of
50 to 72 frames per second for the HMD Oculus Quest 2, and the
positions were recorded when there was movement detected be-
tween frames. We used the open-source software library Clipper2 2,
which provides various functions to process different calculations
for vector shapes. To evaluate the maintenance of dynamic posi-
tion in walking, we measured the deviation of the actual walking
trajectories and the reference walking trajectories in VR. We cal-
culated the symmetric difference between two vector shapes; one
was shaped by the participants’ actual walking path, and the other
one was the shape of the reference walking trajectories (see section
4.1.1). A small sphere is always visualized in the scenarios, when
participants are ready to conduct the walking task, they can trigger
the small sphere to disable the presentation of the walking trajec-
tory and start to record their frame-calculated position during the
walking process, see Figure 2. The color of the sphere turns from
red to green when it is triggered, as soon as the participants accom-
plished the walking task, they had to trigger the sphere manually
again to end the position tacking, and the sphere turned back to
the color red.

4 User Study

We conducted a user study in a within-participants design to ex-
plore the impact of various natural walking methods and VR fidelity
on users’ dynamic position maintenance in virtual walking. In the
study, we measured two independent variables (IVs); the first in-
dependent variables are the Walking Methods (Real Walking,
Controller Walking, and ODT) used to facilitate the walking behav-
ior in VR. The second independent variable is the Visual Fidelity
(low and high fidelity) of the VE. The walking behavior employ-
ing each of these walking methods was executed within virtual
scenarios of both high- and low-fidelity.

Zhttps://angusj.com/clipper2/Docs/Overview.htm
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4.1 Measures

Based on the consideration of the different technical mechanisms
of each natural walking method (Real Walking, Controller Walk-
ing, and the ODT), and the significant impact of display fidelity on
users’ strategy and performance in VR [49]. We proposed the follow-
ing aspects for the investigation of how different natural walking
methods and fidelity affect the dynamic position maintenance and
experience of walking in VR. Besides the position maintenance
evaluation, we also measured participants’ involvement, spatial
presence, and realism in VR through the Igroup Presence Question-
naire (IPQ) [64], as well as the users’ simulator sickness via the
Simulator Sickness Questionnaire (SSQ) [34] for the subjective data
analysis to estimate the walking experience in VR.

4.1.1 Objective Measures: Dynamic Position Maintenance Metrics.
In our study, we calculate the difference between the areas formed
by the actual walking paths of participants and the ideal walking
areas formed by the pre-designed reference walking trajectories
in VEs to indicate the dynamic position maintenance when par-
ticipants walk in VR. This measurement was inspired by Mattes
[47], who utilized a similar model to quantify drivers’ performance
in automotive lane change maneuvers. In their study, the area is
sensitive to multiple performance parameters, including percep-
tion, reaction, maneuvering, and lane keeping. Translated to our
problem of assessing participants’ walking performance in VR, the
area combines how well participants were able to (1) remember
the reference trajectory, and (2) balance/walk straight. The partici-
pant’s position was detected in every frame when they walked in
the VEs. The recorded position constructed the actual walking path
to compose the actual walking area. Correspondingly, the reference
walking trajectories (the triangle and rectangle walking trajecto-
ries) specify the ideal walking area. A larger discrepancy between
the actual walking area and the ideal walking area indicates lower
performance of dynamic position maintenance in walking.

4.1.2  Subjective Measures: Walking Experience in VR. We assessed
individual walking experiences with different walking methods in
VR using the Igroup Presence Questionnaire (IPQ). The question-
naire measured three key dimensions: Involvement, which mea-
sures the participant’s engagement within the VEs during walking;
Spatial Presence, which evaluates the sensation of physical pres-
ence within the VEs; and Experienced Realism, which indicates
the subjective perception of realism experienced in the VE dur-
ing walking. We used Simulator Sickness Questionnaire (SSQ) to
measure the levels of simulator sickness of participants to assess
how different walking methods in VR influence the incidence of
such sickness symptoms. There are existing studies that revealed
that high-fidelity can improve human performance in VR [63, 80]
and have positive effects on the user experience [49]. Therefore,
we only measured the subjective walking experience in VR with
high-level fidelity.

4.2 Participants

We recruited 15 participants in the user study, 11 male and 4 female,
they are all aged in the range of 20-32 years old (M = 23.9,5D =
3.3). None of the participants possessed a condition that could
impair their equilibrium or spatial perception in daily activities.
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Over half of the participants had less or zero experience with VR
technology before. All participants voluntarily consented to join
the experiment.

4.3 Procedure

At the beginning of the study, participants got a brief introduction
about the topic of the research and completed a short questionnaire
to collect demographic data. In this study, participants executed
the walking task using three methods (Real Walking, Controller
Walking, and ODT) within two VEs with two fidelity levels (high-
and low-fidelity), which implies that each participant needs to ac-
complish six trials of the walking task. In each trial, participants
walked with one of the three walking methods in one VE. After the
participants finished the walking task in both low- and high-fidelity
VEs, they would start a new trial with another walking method. The
sequence of the walking methods conditions in the study was quasi-
randomized to mitigate order effects. Since the rectangle walking
trajectory features right angles at its corners, the difficulty of ori-
entation and navigation is reduced in this walking path. Therefore,
a triangular walking trajectory has also been employed to enhance
the complexity of the walking task for participants, and in each
trial, participants need to accomplish the walking task with both
rectangle and triangle trajectories.

To minimize biases, triangular and rectangular walking trajecto-
ries were utilized for each participant in the walking task across
both high- and low-fidelity virtual scenarios using all three meth-
ods. Therefore, in each trial, participants walked following both
triangle and rectangle walking trajectories for two rounds consec-
utively with one walking method in one condition of VR fidelity.
Additionally, the sequence of the walking trajectory shape was
randomly assigned. Participants were also required to complete
the questionnaires after each trial of the walking task in VR, and
all participants accomplished the complete experiment within 40
minutes.

5 Results

In this section, we present the quantitative results from objec-
tive measurements and subjective questionnaires. We employed
repeated-measures ANOVAs and Bonferroni-corrected post-hoc
tests to analyze postural stability with different walking methods
(Real Walking, Controller Walking, and ODT) in both high- and
low-fidelity VR. It was conducted by calculating and comparing
the deviation between actual and ideal walking areas (in square
meters). Additionally, we assessed the VR experience using the IPQ
and SSQ questionnaires. The descriptive statistics are summarized
in the accompanying Table 1.

5.1 Dynamic Position Maintenance in Virtual
Walking with Various Methods in VR with
Different Fidelity

When comparing the effectiveness of walking methods (Real Walk-
ing, Controller Walking, and ODT) on dynamic position mainte-
nance by evaluating the difference between actual and ideal walking
areas, it was found that various walking methods significantly im-
pact participants’ performance of dynamic position maintenance
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(F =7.562, p = .002, n* = .143) in VR (see Figure 3a). Post hoc com-
parisons revealed that compared to the Real Walking method, walk-
ing with the ODT (Md = 3.375, p = .002) significantly decreases
the maintenance of the dynamic position during walking. On the
other hand, the result also indicated a significant effect of different
levels of fidelity (F = 33.070, p < .001, > = .248) on the perfor-
mance of position maintenance when participants walk in VR (see
Figure 3a). The low-fidelity virtual scenario (Md = 3.682, p < .001)
significantly decreases position maintenance performance during
walking in VR. Additionally, the interaction effects of walking meth-
ods and fidelity also show a significant impact on the dynamic
position maintenance (F = 5.063, p = .013, n° = .064) (see Fig-
ure 3c). The combination of walking methods ODT with walking
in a low-fidelity virtual scenario reduces position maintenance
performance compared to walking with an ODT in high-fidelity
VR (Md = 5.861,p < .001), Real Walking in both high-fidelity
(Md = 6.960, p < .001) and low-fidelity (Md = 5.652, p < .001), and
Controller Walking in VR with high-fidelity (Md = 7.069, p < .001).
Moreover, walking with the controller in low-fidelity VR also sig-
nificantly induces lower performance of dynamic position main-
tenance compared to walking with the controller in high-fidelity
VR (Md = 3.877,p = .009) and Real Walking in high-fidelity VR
(Md = 3.767, p = .032).

5.2 Experience of Walking in VR

Based on the collected IPQ ratings, we were unable to prove a
significant difference between the three walking methods affected
Involvement (F = .171, p = .843, 772 = .012). Nevertheless, the
findings also revealed significant differences in Realism (F = 6.640,
p = .004, n? = .322, see Figure 4a) and Spatial Presence (F = 4.872,
p = .015, n% = .258, see Figure 4b), when participants walked with
different methods in VR. The results from Post hoc comparisons
revealed that the Real Walking method can significantly increase
both the Realism (Md = —1.250,p = .003) and Spatial Presence
(Md = —-.533,p = .013) when walking in VR compared to the
method Controller Walking simultaneously. The results of SSQ
measures also revealed a significant difference between the three
methods impacted on the simulator sickness (F = 7.235, p = .003,
172 = .341, see Figure 4c), and the ODT increase the simulator
sickness of VR walking compared to the method Real Walking
(Md = .787, p = .002).

6 Discussion

Aiming to investigate the impact of walking methods and levels
of fidelity on people’s walking experience and performance in VR,
we conducted this study to measure participants’ dynamic position
maintenance during walking with three walking methods (Real
Walking, Controller Walking, and the ODT), and in VEs with dif-
ferent levels of fidelity.

6.1 Impact of Different Methods for Walking in
VR

From the noteworthy results for the deviated walking areas, it turns
out that the evaluation of different walking methods provides a
significant influence on the walking experience and performance
in VR. The intended effect of walking on an ODT indicated that
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. Position Maintenance (m?) VR Experience
Walking - - — - -
Methods High Fidelity | Low Fidelity | Involvement Realism Presence Sickness
o M [SD |M |SD |M |SD |M [SD |M |SD |M |SD
Real Walking 1.859 | 0.687 | 3.167 | 1.153 | 3.217 | 1.172 | 2.833 | 0.939 | 3.707 | 0.636 | 0.693 | 0.988
Controller 1.750 | 0.703 | 5.626 | 4.796 | 2.983 | 1.537 | 1.583 | 1.012 | 3.173 | 0.953 | 1.000 | 1.056
Treadmill 2.957 | 1.760 | 8819 | 5.816 | 3.167 | 1.419 | 2.100 | 1.228 | 3.493 | 0.744 | 1.480 | 1.282

Table 1: Descriptive data results of dynamic position maintenance (difference between the actual and ideal walking areas in
square-meter) in walking with different methods under conditions of VEs with high- and low-fidelity, and experience in VR
measured with subjective questionnaires IPQ (involvement, realism, spatial presence), and SSQ (simulator sickness).
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Figure 3: The figures from (a) to (c) show the data analysis results of deviated walking areas (in squared-meters) in VR affected
by walking methods, fidelity, and the interaction effects of independent variables walking methods and levels of fidelity. The
larger the deviated walking areas indicate the lower performance of position maintenance in walking.
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Figure 4: The figures from (a) to (c) show the subjective data analysis results of Realism, Spatial Presence, and Simulator Sickness
of walking in VR with various walking methods (Real Walking, Controller Walking, and Treadmill).

this locomotion technology highly reduced the performance of dy- In the evaluation of walking dynamic position performance, the
namic position maintenance in virtual walking compared to the controller walking also shows a similar impact on position main-
Real Walking method. Previous research indicates that variations tenance with the real walking method in walking behavior in VR.
in gait between overground and treadmill walking might be attrib- Motion sickness is an ongoing issue during the VR experience with
uted to the constraints of treadmill speed and the absence of visual HMD, and based on the results from our study, walking with the
flow [69], more specifically, treadmill walking slowed down the per- ODT also significantly aggravates simulator sickness in virtual
ceived optic flow relative to the walking speed [2, 23]. Consequently, walking compared to controller walking and real walking. The
these factors could also contribute to the observed significant dif- existing study of Cherni et al. [14] also showed that the sickness
ferences in dynamic position maintenance of walking on an ODT symptoms were more intense after using the omnidirectional tread-
compared to the Real Walking method. mill than before, and the device caused simulator sickness even after

a short exposure. Even though the correlation between simulator
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sickness and walking performance remains unclear, it is neverthe-
less worthy to assess the impact of simulator sickness on walking
performance and motion stability in VR in future studies. As a
revolutionary locomotion technology in VR, the omnidirectional
treadmill is an indispensable part of implementing unconstrained
movement in large-scale VEs; it’s necessary to find a tradeoff be-
tween the feasibility of unlimited moving and steady and continu-
ous walking performance, which could optimize the usage of the
treadmill in VR to get a higher immersive and stable perception for
users.

6.2 Fidelity effects on Walking in VR

According to the result of this study, the levels of visual fidelity also
lead to significant differences in the ability of position maintenance
during natural walking in VR. The walking performance of dynamic
position maintenance was highly increased when people walked in
the virtual scenario with high fidelity. Besides, within high-fidelity
VE, the influence of different walking methods even have fewer
differences in walking performance compared to walking in low-
fidelity VE, see Figure 3c. However, in our study, the high-fidelity
virtual scenario is implemented within a decorated virtual room,
while the low-fidelity scenario is conducted on an open space virtual
floor. The enclosed space and walls in the high-fidelity scenario may
offer more influential cues for orientation during walking compared
to the open space. Therefore, evaluating walking performance in an
open-space high-fidelity VE would be another noteworthy research
topic in the future. A higher visual fidelity denotes an enhanced
capacity to provide more effective visual feedback for stability
during the presentation of a stable stimulus [51]. Nevertheless,
whether it would have an equivalent effect on walking position
maintenance when presenting dynamic stimulus in VEs deserves
further investigation. Additionally, interaction fidelity is able to
enhance people’s performance in VR [49]. Therefore, VEs designed
with high fidelity might also improve walking performance in VR,
even though the effects might be different across various locomotion
methods.

6.3 Measures of Walking Performance in VR

Postural stability is used as an important indicator of people’s walk-
ing safety in VR. In most existing studies, the balance control of
users when moving in VEs is used as the common parameter to
investigate the postural stability frequently. Mohebbi et al. [52] also
identified users’ upright balance control responses to visual inputs
in VR to research on maintaining postural stability within complex
interactions. However, the two main functional goals of postural
behavior are postural orientation and postural equilibrium [28], and
postural stability refers to the ability of the position and balance
maintenance in the space [56, 79]. Therefore, position maintenance
could be another essential index to indicate postural stability when
people move in space. The existing research for quantifying driving
performance in lane-change tasks [47] measured the deviation be-
tween a normative model and the actual course of the subject along
the track. Thereby, the area deviation measure indicates driving
quality and covers important aspects of the driver’s performance,
perception, reaction, maneuver, and lane keeping (which all result
in an increased deviation). In the context of this study, the walking
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performance is sensitive to dynamic position maintenance during
walking and the capability of dynamic position maintenance, which
could also be impacted by distance perception, direction orienta-
tion in movement, and the real-time adjustment of the walking
path. Consequently, we intended to combine multiple aspects of
the factors and measure the deviated area between ideal and actual
walking trajectories to evaluate the walking performance. Thus, we
see our approach as a novel application of this driving performance
measurement in VR. In our study, we found that locomotion tech-
nologies can affect working performance in virtual walking, people
showed different walking position maintenance when they walked
with the real walking method, controller walking method, and the
ODT. It’s also worth exploring whether the variated performance
of dynamic position maintenance in VR could also reveal people’s
postural stability, more specifically people’s balance and position
control in the physical world. Additionally, distance is commonly
under-perceived in VEs Kelly et al. [33]; the underestimation of
the distance might cause disorientation in the perception of the
walking path; it’s also reasonable to assume that the distance per-
ception affects the performance of the virtual walking. Besides, the
starting and stopping delay and offset inherent to controller input
and treadmill technologies might also influence the detection and
calculation of the dynamic position in virtual walking.

7 Limitations and Future Work

For our experiment, we recruited 15 participants, all of whom are
students and belong to a young age demographic. However, com-
pared to young people, older adults showed less stable gait (higher
local divergence exponent), the shortest step length, and greater
step length variability [45]. Consequently, a larger sample size en-
compassing a broader range of age demographics would potentially
provide a more comprehensive overview of research into walking
performance in VR. Additionally, this would also facilitate the eval-
uation of which walking method would be able to provide a more
stable walking behavior for people in various age groups. In the
experiment, participants wore an HMD connected to a cable while
performing the walking task, which could limit their movement
flexibility compared to a wireless connection setup. For further
research, implementing a stable wireless connection for the HMD
could potentially improve the walking experience in VR.

We assessed people’s dynamic position maintenance when they
walked with different methods in VEs of varying fidelity levels.
This evaluation involved quantifying and comparing the deviation
between the actual walking area and the ideal walking area within
the VR context. Since walking performance includes multiple pa-
rameters, for instance, navigation, gait stability, gait length, and
walking speed, a measure involving more parameters would be able
to provide a comprehensive evaluation of walking performance in
VR. On the other hand, we also found the ODT causes great simula-
tor sickness in virtual walking. However, the ODT is proposed as a
promising locomotion approach in large-scale virtual environments
to enable users with full freedom of movement in VR. Therefore,
it’s worth continuing further research on the potential evolution to
improve the usability of the omnidirectional treadmill.
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8 Conclusion

In this study, we developed walking tasks to investigate the effects
of various walking methods (Real Walking, Controller Walking, and
omnidirectional treadmill) and fidelity on walking performance and
experience in VR. We measured the experience of walking in VR
using the dimensions of Realism, Involvement, and Spatial Presence
with the IPQ, and Simulator Sickness via the SSQ. We showed
that both the walking technique and the different levels of fidelity
influence the virtual walking experience and performance. High-
fidelity virtual scenarios can improve walking position maintenance
with all three methods in VR. Within the same level of VR fidelity,
the omnidirectional treadmill impacts the walking experience and
performance negatively, people have lower performance of position
maintenance and higher simulator sickness when they walk on the
omnidirectional treadmill. Additionally, the Real Walking method
demonstrated better performance in Realism and Spatial Presence
and exhibited the lowest incidence of simulator sickness compared
to other walking methods. Virtual environments with high fidelity
can also increase walking performance in VR and resist the impact
of different locomotion technologies.
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