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ABSTRACT
Bipedal walking is generally considered to be the most natural and
common locomotion technique in the physical world, for humans,
and the most presence-enhancing form of locomotion in virtual
reality (VR). However, there are significant differences in the way
people walk in VR compared to their walking behaviour in the
real world. For instance, previous studies have shown a significant
decrease of gait parameters, in particular, velocity and step length
in the virtual environment (VE). However, those studies have only
considered short periods of walking. In contrast, many VR applications involve extended exposures to the VE and often include
additional cognitive tasks such as way-finding. Hence, it remains
an open question whether velocity during VR walking will further
slowdown over time or if users of VR will eventually speed-up and
adapt their velocity to the VE and move with the same speed as in
the real world.
In this paper we present a study to compare the effects of cognitive task on velocity during long-distance walking in VR compared
to walking in the real world. Therefore, we used an exact virtual
replica model of the users’ real surrounding. To reliably evaluate
locomotion performance, we analyzed walking velocity during longdistance walking. This was achieved by 60 consecutive cycles using
a left/right figure-8 protocol, which avoids the limitations of treadmill and non-consecutive walking protocols (i. e., start-stop). The
results show a significant decrease of velocity in the VE compared
to the real world even after 60 consecutive cycles with and without
the cognitive task.
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INTRODUCTION

In everyday life, humans move in the most natural form of locomotion (i. e. walking) to explore the real world. Likewise, walking in
a virtual environment (VE) is important for many applications of
virtual reality (VR) such as architecture, training, or entertainment.
To achieve this goal, an obvious implementation of virtual walking
is to simply track the user’s actual real-world motion and map it
one-to-one to the virtual camera. However, one problem is that the
user must be tracked within the available space of the room, which
prevents the users from walking longer distances.
A variety of techniques have been proposed to address this fundamental issue while maintaining VR users in restricted real areas, including walking in-place [Usoh et al. 1999], redirected walking [Razzaque et al. 2001; Steinicke et al. 2009] or omni-directional
treadmills [Darken et al. 1997]. Previous research primarily focused
on treadmill virtual walking in terms of cognitive aspects of navigation [Ruddle et al. 2011, 2013], gait performance [Hollman et al.
2007a, 2006; Mohler et al. 2007b]. Little is known regarding the
tendency for locomotion performance during overground walking
(i. e., natural ground surface) and over time [Martelli et al. 2018].
Treadmill walking is supposed to be biomechanically identical to
normal walking, but it alters users’ perception of motion due to
missing vestibular feedback and therefore may alter gait parameters
as compared to overground walking. [Durgin et al. 2007] found that
perceived speed in a complex environment decreased by about 10%
on a treadmill compared to wide-area walking. In contrast, the experiments described in [Banton et al. 2005] presented experiments
investigating the underestimation of visual flow velocities during
treadmill walking and reported that the visually perceived velocity
appears too slow compared to the physical walking velocity.
However, so far it remains unclear if the differences between a
user’s velocity during VR walking will further slowdown over time
or if users of VR will eventually speed-up and adapt their velocity
to the VE and move with the same speed as in the real world. In this
context, recent advancements in VR technology with the availability
of affordable, low-cost tracked head-mounted displays (HMDs) have
allowed access to unexplored paradigms [Schultheis and Rizzo 2001;
Sveistrup 2004], which provide a safe environment for analyzing
how humans react and adapt to the VE during continuous walking.
Therefore, it seems reasonable to allow participants enough time
to become familiar with the VE. More time could see a decrease in
locomotion parameters. This might enhance motor learning and
rehabilitation outcomes by offering life-like environments making
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it possible to practice activities of daily living in a personalized,
safe and accessible manner.
In previous work described in [Janeh et al. 2018, 2017; Mohler
et al. 2007a], authors evaluated the differences of spatiotemporal
parameters between a VE and the real world while using nonconsecutive protocols (i. e., start-stop) for a few laps of walking
on a pathway. This non-consecutive walking might not only be
different from continuous walking, but its evaluation might also fail
to identify the key characteristics of variability during locomotion
tasks [König et al. 2014; Paterson et al. 2009]. Therefore, in order to
reliably evaluate locomotion performance, we propose the collection of walking velocity for at least 60 consecutive cycles using a
left/right figure-8 1 protocol as illustrated in Figure 2a, which avoids
the limitations of treadmill and non-consecutive walking protocols that lead to erroneous results [König et al. 2014]. Researchers
have shown that a continuous overground walking protocol is a
valid and reliable method for investigating gait changes over time
with age [Paterson et al. 2008]. Recently, two studies [Martelli et al.
2018; Thompson and Franz 2017] have investigated the visuomotor
adaptation of gait over time due to prolonged walking in a VE with
healthy younger adults. In particular, they showed that differences
in stride length, step width and stride variability were reduced
significantly over time while walking in the VE.
Moreover, we measured velocity under single and dual-task
paradigms [Abernethy 1988] to examine the influence of cognitive demands on gait parameters while walking in the real world
and in the VE. In dual-task paradigms, participants are typically
asked to perform two tasks simultaneously (i. e., walking while
completing a cognitive task). We employed a dual-task paradigm to
investigate the effects of concurrent cognitive task on locomotion
performance, and evaluate the cognitive demands of locomotion
task within the VE. The dual-task paradigm has not been widely
used in VR, but it can be applied to understand influences of cognitive tasks on traveling or locomotion gait and balance [Woollacott and Shumway-Cook 2002]. Locomotion through VEs requires
that the users have the ability to move about while accomplishing
tasks [Bowman et al. 1997]. These aspects may cause users to resort
to strategies requiring additional cognitive resources within the
VE, which compete for resources that are utilized for successful
completion of the locomotion task.
Our study aims at analyzing locomotion performance within a
VE and the real world during overground walking with and without
the cognitive task. In particular, we investigate the locomotion
adaptation of gait parameters over time due to prolonged exposure
to these conditions. Our hypotheses are described below.
• Continuous walking will lead to reduced differences in gait
velocity over time in a VE vs the real world.
• In contrast, distraction (i. e., performing a dual task) during
continuous walking will slow down this adaptation within
the VE.
To our knowledge, the literature in longitudinal studies does not
provide a consistent insight into the effects of overground walking
on locomotion performance over time and the amount of cognitive
demands that are induced by prolonged exposure to the VE.
1 The

"figure-8" cycle is also used in Infinity Walk, which is a therapeutic method for
progressively developing coordination.

Janeh et al.
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RELATED WORK

A VE with a treadmill-based walking interface has recently been
used in several research studies [Parijat and Lockhart 2011; Schellenbach et al. 2010; Thompson and Franz 2017]. Authors of these
studies have investigated biomechanical aspects of walking over
time in an attempt to analyze how humans react and adapt to the VE
during treadmill walking. In particular, [Thompson and Franz 2017]
investigated the tendency for visuomotor adaptation in walking
balance control using prolonged exposure to visual flow perturbations. In addition, [Parijat and Lockhart 2011; Schellenbach et al.
2010] showed changes in spatiotemporal gait parameters and their
variability as an effect of prolonged exposure to VR while walking
on a treadmill. Recently, [Kim et al. 2017] explored clinical utilization of a VE over long periods of time for neuro-rehabilitation to
treat individuals with Parkinson’s disease. They concluded that
using head-mounted displays (HMDs) for longer bouts of walking
in the VE did not induce simulator sickness, which could be useful
for future rehabilitation-based applications with this population.
Importantly, it is unclear whether treadmill walking induces similar motor responses of overground walking [Hollman et al. 2016].
Therefore, even after long periods of treadmill walking in a VE, gait
does not completely approximate overground walking [Schellenbach et al. 2010; van der Krogt et al. 2014].
Research on overground walking in a VE is relatively new, and
little is known about how walking overground with a HMD matches
gait parameters in the real world [Janeh et al. 2018, 2017; Mohler
et al. 2007a]. These aforementioned studies involved only a short
period of walking as they were designed to investigate responses
to a particular manipulation in a VE. Therefore, time spent in the
VE in these studies was much shorter, approximately total 2–3
min based on the distance walked and reported spatiotemporal
gait parameters. The authors showed that healthy young adults
walked in the VE with reduced velocity, increased step width and
longer step times. In contrast, Janeh et al. reported that the gait
parameters of healthy older adults [Janeh et al. 2018] and individuals
with PD [Janeh et al. 2019] (such as velocity, step length, double
support, etc.) within a VE were not different than those in the real
world. Thus, analyzing gait changes within a VE while walking
overground for longer periods of time in healthy younger and older
adults has not been systematically explored. A recent study suggests
that participants can modify their overground walking pattern over
time to accommodate the VE [Martelli et al. 2018]; it provided
evidence for visuomotor adaptations during overground walking
while wearing a HMD. In particular, results showed that participants
adapted to the VE over time by increasing stride length and reducing
stride width, stride length variability, step time variability, and step
time. Despite that, participants still took shorter strides with wider
stride width while walking in the VE.
Because most environments (i. e., real or virtual) are characterized by background noise, obstacles, and distracting visual/auditory
stimuli, while walking, humans are required to perform cognitive
and locomotion task simultaneously [Bayot et al. 2018]; (i. e., walking while talking, texting on a mobile, or thinking about one’s
shopping list. Consequently, [Nadkarni et al. 2010] have shown that
cognitive tasks which activate working memory and spatial attention can have an effect on human locomotion. In particular, they
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Figure 1: Schematic representation of the experiment: (a) A participant walks in the real workspace with an HMD on the
walkway of the figure-8 protocol, and (b) the VE, as viewed in the HMD.
found that changes in gait, including speed, stride length, and double support time, were affected by cognitive tasks. Moreover, [Oh
and LaPointe 2017] have recently demonstrated the impact of cognitive load on gait parameters in a dual-task walking paradigm. In
experiments by [Marsh et al. 2013] performed to investigate the
cognitive costs of various locomotion interfaces. It was shown that
locomotion techniques required spatial working memory resources.
Unnatural locomotion techniques have been shown to affect performance in cognitive tasks negatively [Zanbaka et al. 2004]. Their
results suggest that locomotion with a less natural interface in a
VE can increase spatial working memory demands, and locomotion
with a smaller field of view (FOV) can increase general attentional
demands. A more recent study by [Bruder et al. 2015] investigated
the cognitive costs that are induced by redirected walking based
on curvature gains of different magnitudes on the walking user.
They used a dual-task method to determine the mutual influence
between a redirected walking locomotion task and a concurrent
task, which draws from either verbal or spatial cognitive resources.
Results suggested that using gain values outside these limit values
increased the cognitive load and decreased the locomotion task
performance.
For this work we considered the role of cognitive demands as it
relates to locomotion performance. Therefore, evaluation of locomotion performance under dual-task conditions may reveal subtle
gait detriments that would otherwise go unnoticed. The primary
purpose of this study was to examine whether convergence in velocity occurs over time while walking in the VE compared with
the real world. A secondary purpose of the study was to compare
errors in the cognitive task during dual-task walking in both real
and virtual worlds to quantify the relationships between cognitive
performance and locomotion performance.

3 EXPERIMENT
3.1 Participants
A total of 18 participants (4 female and 14 male, ages 19–37 years,
M = 25.16 S D = 4.65 ) completed the experiment. The body height of
the participants varied between 1.64–1.9 m, M = 1.81 m S D = 0.08 m .
The participants were students, who obtained class credits, or professionals at the local department of computer science. All of our

participants had normal or corrected-to-normal vision (i. e., 6 participants wore glasses). None of our participants reported a disorder
of equilibrium. No other vision disorders have been reported by
our participants. Participants wore an HMD for approximately 90
minutes during the experiment, 17 participants had some experience with HMDs before. The experience of the participants with
3D stereoscopic displays (cinema, games etc.) in a range of 1 (no
experience) to 5 (much experience) was M = 4.05 S D = 1.01 .

3.2

Apparatus

We performed the experiment in a laboratory room with dimensions
15m × 7.5m; see Figure 1 (a). During the experiment, the room was
darkened in order to reduce the participant’s perception of the
real world while immersed in the VE. The VE was rendered using
Unity3D; a cross-platform game engine with a custom-enabled VR
communications and rendering library. As illustrated in Figure 1 (b),
the VE was a 3D laboratory, which is an exact virtual replica of
the real laboratory. For rendering, system control and logging, we
used an Intel computer with 3.4GHz Core i7 processor, 16GB of
main memory and Nvidia GeForce GTX 1080 graphics card. The
participants wore an HTC Vive Pro HMD for the visual stimulus
presentation, which provides a resolution of 1440 × 1600 pixels
per eye with a refresh rate of 90Hz and an approximately 110◦
diagonal FOV. We tracked sensors on the HMD in all conditions
of the experiment, using a Lighthouse tracking system (2 base
stations emitting pulsed IR lasers) that tracked the user’s head
movement with sub-millimeter precision in the laboratory. We used
the VIVE Deluxe Audio Strap with integrated over-ear headphones
to render cognitive task, which provides an auditive feedback in
the form of a letter sounds. Participants performed the cognitive
task via button presses on a gamepad remote controller. Before the
experiment, all participants completed a written informed consent
form to participate in the study. The study was approved by the
local ethics committee.

3.3

Method

We used a 4×6 within-subject factorial design, with 4 blocks of
locomotion conditions (i. e., walking alone in the real world and the
VE, walking while completing a cognitive task in the real world and
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Figure 2: Schematic representation of the left/right figure-8 protocol: (a) An Illustration of the typical pathway length during
right figure-8 walking cycle (i. e. shaded area), and (b) illustration of the cognitive two-back task: auditory working memory
sequences during right figure-8 walking cycle.
the VE), and 6 blocks of cycle conditions (i. e., consecutive walking
with left/right figure-8 cycles ∈ {1, 2, . . . ., 59, 60}). The order of
the tested locomotion conditions was counter-balanced. In total,
the participants completed 4 × 60 = 240 cycles (i. e., ≈ 2.1km within
a duration of ≈ 33.6min). Participants completed 5 training cycles
before each block. They were allowed to abort the experiment at
any time and to take breaks at any time between blocks.
In addition, they filled out the simulator sickness questionnaire
(SSQ) [Kennedy et al. 1993] immediately before and after the experiment, further the Slater-Usoh-Steed (SUS) presence questionnaire [Usoh et al. 2000], and a demographic questionnaire. The total
time per participant, including pre-questionnaires, instructions, experiment, breaks, post-questionnaires, and debriefing, was about
two hours.
3.3.1 Locomotion Task. The task started by standing at the start
line. Participants were then instructed to walk continuously at a
normal pace in a path that described a left/right "8" placed on the
floor in front of the participant to indicate the walking distance

in the real and the VE. The two straight sections of the so-called
"figure-8" cycle (as suggested by [König et al. 2014]) were each 4.5m
in length and 1m wide Figure 2a. We collected gait data from the
tracked HMD during walking of the 4.5m straight sections. The
curved sections were not included in the assessment to allow for
acceleration/deceleration while turning. The total distance walked
during figure-8 cycle was 9m over a duration of ≈ 8.4s, after which
the two sections of the figure-8 cycle ended, and participants were
guided to turn left/right by the presentation of an arrow on a computer monitor mounted on the table in front of the first section of
the figure-8 cycle. The next figure-8 cycle started once participants
reached the start position. In each condition, the participant had
to walk 60 consecutive left/right figure-8 cycles about 540m over a
duration of ≈ 8.4min with the HMD in the real and virtual worlds.
This was done with and without the cognitive task.
During the experiment, an experimental assistant managed the
cables of the HMD for each participant and ensured that participants could walk safely. In the experiment, mean values of walking
velocity were computed along 60 consecutive figure-8 cycles.

Infinity Walk in VR
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3.3.2 Cognitive Task. As illustrated in Figure 2b, the auditory
working memory task was a letter two-back task [Kirchner 1958]. In
every cycle, participants were shown a continuous stream of letters
that were presented on HMD’s headphones in both VE and the
real world conditions. Participants were instructed to respond by
pressing the button on the gamepad remote if a presented letter was
the same as the one that came up two stimuli back in the sequence
(true condition in Figure 2b). This task has a high auditory working
memory load since it requires continuous on-line monitoring and
maintenance of the presented letter until two consecutive letters
presented. If (and only if) the stimulus matched the one that came
up two stimuli before it, participants had to press a button on the
gamepad remote controller. This task did not require large shifts of
spatial attention or memory as the letters were presented continuously in the headphones of the HMD. The presentation duration
for every stimulus on the cognitive paradigms was ≈ 500 ms with a
pseudo-randomized interstimulus interval of 800−1200 ms, thereby
allowing for 10 stimuli for every trial with 6 recorded responses
as shown in Figure 2b. Participants were instructed to perform the
cognitive task to the best of their ability while walking the straight
sections of figure-8 cycle in the locomotion dual-task conditions.
The decrements in walking velocity during the cognitive task were
computed as a percentage using the following formula:
∆ V elocity =

4

Sinдle T ask − Dual T ask
× 100
Sinдle T ask

(1)

RESULTS

The results were normally distributed (Shapiro-Wilk test at the 5%
level). We analyzed the results with a repeated-measures ANOVA
and Tukey multiple comparisons at the 5% significance level with
Bonferroni correction. Degrees of freedom were corrected using
Greenhouse-Geisser estimates of sphericity when Mauchly’s test
indicated that the assumption of sphericity had been violated.

4.1

Locomotion Performance

Figure 3 shows the pooled results for the figure-8 cycles plotted
against the performance in the locomotion with and without the
cognitive task for both real and virtual worlds. The vertical bars
show the standard error of the mean. The x-axes show the pooled
figure-8 cycles, the y-axes show the mean of walking velocity.
We found a significant main effect of locomotion conditions for
walking velocity (F 2.38,33.39 = 23.06, p < .001, ηp2 = .622). Post-hoc
tests showed significant differences for walking velocity between
locomotion conditions. While walking in the VE with no task, participants walked significantly with slower velocity (p = .04) compared to the real world walking. During walking in the VE with the
cognitive task, participants walked significantly with slower velocity (p = .02). The results revealed no significant interaction effects
between (cycle × locomotion) conditions for walking velocity.
In order to ensure that counterbalancing had worked, and it does
not affect the study outcome. We performed a repeated-measures
ANOVA across all participants in each locomotion condition given
first followed by second, third and fourth as an independent variable
on walking velocity as dependent variable. We found no significant
main effects of locomotion conditions with given order on walking

velocity (F 2.41,40.99 = 1.29, p = .2, ηp2 = .071). The group effects are
thus symmetric.

4.2

Cognitive Performance

We found no main effects of cycles conditions along a continuous
walking velocity (F 4.11,57.59 = .91, p = .4, ηp2 = .061) and percentage of the correct responses (F 2.77,44.25 = .48, p = .6, ηp2 = .029) and
therefore pooled the data.
We compared the walking velocity for the real/virtual locomotion with and without the cognitive task with a paired t-test. We
found a significant decrease of 6.5% velocity during dual-task walking in the real world (p < .001) compared to the single-task walking.
Also while walking in the VE, we found a significant decrease of
8% velocity during dual-task walking (p < .001) compared to the
single-task walking. Additionally, the differences in accuracy of
serial subtraction were analyzed using a paired t test, between velocity of walking alone and and with cognitive task within the VE
and the real world. We found a significant velocity decrease by
13.3% in the VE (p < .001) compared to the real world.
Moreover, we compared the percentage of correct responses for
the real/virtual locomotion with the cognitive task with a paired ttest. We found no significant main effect of the cognitive task on the
percentage of correct responses between the real and virtual walking (p=.3). Participants made comparably high task performance
with a continuous walking both for the real M = 80.99% S D = 11.39
and the virtual worlds M = 82.99% S D = 8.48 .

4.3

Questionnaires

We measured a mean SSQ score M = 7.27 S D = 22.44 before the experiment, and a mean SSQ score of M = 11.29 S D = 26.6 after the
experiment. We analyzed the SSQ questionnaire scores with a nonparametric Wilcoxon Signed Rank Test at the 5% significance level.
The SSQ scores indicate overall high simulator sickness symptoms
for extensive continuous walking with an HMD, and we found
a significant increase of symptoms over the time of the experiment; Z = −2.38, p = .01. The mean SUS PQ score for the sense
of feeling present in the VE was M = 5.26 S D = .52 which indicates
a high sense of presence [Usoh et al. 2000]. Additionally, participants judged their fear to collide with the walls of the room or
other physical obstacles while immersed with the HMD during
the experiment as comparably low (rating scale, 0=no fear, 5=high
fear); M = 1.68 S D = .76 .

5

DISCUSSION

Our results suggest that participants gait between the real and virtual environment had different velocity. These results are similar
with those reported in other studies [Janeh et al. 2018, 2017; Mohler
et al. 2007a], whose younger adults tended to walk slower within
a VE during short periods of walking. These differences persisted
even after long periods of walking. Interestingly, we found that
velocity (Figure 3) was reduced significantly while walking continuously in the VE after 60 cycles compared to the real world,
which indicates an almost linear effect of consecutive cycles over
time. However, our results differed from those seen during overground [Martelli et al. 2018], and treadmill walking [Thompson and
Franz 2017]. These authors reported that over time, participants
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Figure 3: Pooled results of the experiment with figure-8 cycles on the horizontal axis for walking velocity on the vertical axis.
adapt to the VE and provide comparable results to motor adaptation
in real environments [Anglin et al. 2017].
Moreover, walking velocity (Figure 3) decreased significantly
while performing a cognitive task in the VE and the real world. This
suggests that that cognitive demands have an impact on gait and
that attention processes involved in walking. Earlier works [Bayot
et al. 2018; Hollman et al. 2007b; Patel et al. 2014] reported a reduction in walking velocity, cadence and stride length together with an
increase in stride time when cognitive demands were modulated.
These modulations may serve as a way to maintain gait stability in
conditions of higher cognitive demand [Al-Yahya et al. 2011].
These are important findings for prolonged use of VR technology,
which could help developers and researchers improve the naturalness of walking in VEs [Multon and Olivier 2013], or to propose
evaluation metrics where participants practice over a prolonged
period. Our findings further suggest that gait detriments in locomotion performance within VEs highly depend on many potential
contributing factors, which span the whole range from technical,
perceptual, cognitive to simulator sickness aspects.

5.1

Technical Factors

Despite advancements in VR technology, there are still major technical limitations of current HMDs such as resolution, FOV and
latency, which can cause a user to walk differently in the VE. [Slater
et al. 2009] found that visual realism (i. e., geometric and illumination) induces greater participant presence within the VE. Interestingly, [Jones et al. 2012] investigated that higher peripheral
visual flow (i. e., relatively high FOV) was causing participants to recalibrate their gait, enabling them to move more accurately in the

VE. In contrast, the effect of potential latency in the HMD can create
negative effects on gait characteristics [Samaraweera et al. 2015].
Although the HTC Vive Pro’s end-to-end system latency is stable
and low about 15ms [Le Chénéchal and Chatel-Goldman 2018], it
can still introduce delays from the user’s physical movement until
the response becomes available on the HMD’s screen.

5.2

Perceptual Factors

Discrepancies between perception in real and virtual environments
have naturally been suggested as a potential factor contributing to
the fact that distances in VEs are often over- or underestimated [Interrante et al. 2006, 2008; Loomis et al. 2003; Renner et al. 2013]. In
particular, they have found that people underestimate egocentric
distances in the VE as compared to real-world performance. Consequently, studies using shorter distances found an influence, while
studies using longer distances did not [Renner et al. 2013]. Many
researchers tried to explain these effects through VR hardware technology limitations or the subjective state of the users, who often
walk more slowly and carefully in VEs than they would in the real
world, e. g., due to fear of colliding with unseen walls [Banton et al.
2005; Durgin et al. 2005]. A common potential explanation for the
misinterpretation could be based on incorrect depth and motion
cues provided to the human eye, when looking through an HMD,
which introduces accommodation-convergence conflicts [Hoffman
et al. 2008]. [Watt et al. 2005] stated that inappropriate depth
cues in typical HMDs may contribute to distortions in perceived
space. Some studies have suggested that this effect is an issue of
perception-action recalibration [Kunz et al. 2013], while others suggest that walking through the virtual environment with continuous
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visual feedback is necessary to cause rescaling of the perceived
space [Kelly et al. 2013]. [Rieser et al. 1995] demonstrated that
adapting to a new perception-action coupling had an influence on
subsequent dynamic updating of space, as indicated by visually
directed walking.

5.3

Cognitive Factors

It is unknown to what extent the nature of navigation in VEs interferes with other cognitive processes. [Waller et al. 1998] have
assumed that the difficulty of navigation in a VE (i. e., an exact
replica of a real environment) is caused by a lack of environment
fidelity and/or movement fidelity, when compared with the equivalent real world. Additionally, VEs have been found to impose a
cognitive load that demands attention, response selection, and the
processing of rich visual stimuli involving several perceptual processes [Mirelman et al. 2010]. [Peterson et al. 2018] found that
the use of VR increases cognitive load. Due to cognitive-motor
interference that reflects interactions between cognition and gait,
performance in either or both tasks declines when cognitive load
increases, suggesting that gait control relies on higher cognitive
systems [Al-Yahya et al. 2011]. In the scope of the present study,
despite cognitive performance in the VE and the real world being
comparable, we found a significant decrease in velocity within the
VE by 13.3% compared to the real world. This indicates that participants resort to strategies requiring additional cognitive resources
within the VE, which contend for resources that are utilized for
successful completion of the locomotion task.

5.4

Simulator Sickness Factors

Due to the significant differences found in SSQ scores from tests
administrated at the beginning and the end of the experiment, it
is possible that participants’ gait was influenced by simulator sickness symptoms (i. e., increased fatigue, sweating, nausea, dizziness,
difficulty focusing and eyestrain), introduced by prolonged walking
in the VE . Previous studies [Ibánez et al. 2016; Jaeger and Mourant
2001] have shown no clear correlation between walking and simulator sickness in the VE. However, there are also studies which do
not support this claim [Borrego et al. 2016; Schuemie et al. 2005],
therefore further research on this issue is necessary.

6

CONCLUSIONS AND FUTURE WORK

The objective of our study was to analyze changes in velocity over
time while walking overground within a VE and the real world
with and without the cognitive task. We conducted a controlled
user study to investigate locomotion adaptation over time due to
prolonged exposure to these conditions. Results show a significant
decrease of velocity along 60 consecutive left/right figure-8 cycles
in the VE compared to the real world. Moreover, walking velocity
further decreased within the VE compared to the real world while
performing a cognitively challenging task.
Our findings seem to disagree with previous literature that suggests that staying and interacting within a VE for a longer time lead
to reduction of differences in gait [Martelli et al. 2018; Thompson
and Franz 2017]. This disagreement with prior literature is most
likely due the limitations of current VR technology, such as computers, tracking systems, and HMDs. Results of the present study

SAP ’19, September 19–20, 2019, Barcelona, Spain
provide a foundation for future longitudinal studies exploring approaches such as a left/right figure-8 protocol to simulate real world
challenges while walking long distances in a controlled VE. Furthermore, these findings bring forth several issues that potentially
have interest for the scientific and clinical community and may
have positive implications for gait training [Hess et al. 2010]. The
experiment was based upon the evaluation of younger adults, and
therefore may be relevant to the examination of, or interventions
for, gait disorders in older adults.
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