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Figure 1: The five experimental conditions that were examined between the real (top) and virtual (bottom) environment. From left to
right: (a) Matched Appearance and No Constraints, (b) Mismatched Appearance and No Constraints, (c) Mismatched Appearance
with Constraints, (d) Mismatched Appearance and Matched Constraints, and (e) Mismatched Appearance and Mismatched

Constraints.

ABSTRACT

This paper examines a common problem found in a number of virtual
reality setups—mismatches between real and virtual environments.
Specifically, this paper investigates whether the mismatching be-
tween a real and a virtual environment in terms of appearance and
physical constraints can affect the arousal (electrodermal activity)
and movement behavior in the participants. For this study, one base-
line condition and four mismatch conditions that examine different
mismatching types were developed and tested in a between-group
study design. The participants were immersed in a virtual environ-
ment and were asked to walk in a direction given to them along
a provided path. During that time, electrodermal activity and the
walking motion of participants were captured to assess potential
alterations in their arousal and movement behavior respectively. Re-
sults obtained from this study indicate significant differences in the
electrodermal activity and movement behavior of participants, es-
pecially when walking in a virtual environment that is mismatched
both in appearance and physical constraints. Even though to a lesser
degree, evidence was also found that correlates electrodermal ac-
tivity with movement behavior. Limitations and future research
directions are discussed.
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1 INTRODUCTION

Experiencing a virtual environment while being in a constrained, real
environment (e.g., one’s living room full of obstacles like couches,
chairs, tables) might be problematic. Moving within that real en-
vironment while wearing a full-blind, head-mounted display may
alter the psychological state of participants due to mistrust of the
virtual environment. Generally, constrained real environments pro-
vide different challenges compared to virtual reality lab spaces. For
example, in home or office virtual reality setups, the furniture con-
strains the walkable area, whereas virtual reality labs are typically
large, empty rooms. Despite the fact that a number of mapping [70]
and fitting [42] techniques have attempted to solve the mismatching
problem; further experimentation is required in order to assess how
deviations between virtual and real world may affect user psychology
and movement behavior.

Most of the prior work on this topic has focused on locomotion
within matched environments [13,36] or empty environments [60]. It
has been found that the conflict between the provided visual stimuli
of the virtual environment and the participant’s knowledge of the
real environment in which they are situated affects their navigational
choices [66]. However, even though we do know that aesthetically
mismatched real and virtual environments alter movement behavior
in virtual reality users, less attention has been given to the user’s psy-
chological state. Therefore, more input is required on that exact type
of mismatches which are responsible for affecting mental and physi-
cal behavior. In this paper, mental behavior is measured by capturing
user physiological data, and, more specifically, electrodermal activ-
ity. It should be noted that based on Fowles [14] and Boucsein [6],
electrodermal activity indicates physiological arousal [4,33,58] and
can be used as a measuring medium for exploring one’s emotional
state.

Understanding the way alterations occur in arousal (electrodermal
activity) and movement behavior when interacting within such envi-
ronments can yield several beneficial applications which can prove
useful for virtual reality developers. Thus, this paper investigates
whether and what types of mismatches between a real and virtual
environment (see Figure 1) might affect the electrodermal activity



(arousal) and movement behavior of virtual reality users. As a task,
participants were asked to walk around the environment by simply
following a provided path. Based on the collected data, this study
aims at answering the following four research questions:

* RQ1: Are there differences in the electrodermal activity of
participants across the five experimental conditions?

* RQ2: Are there differences in the movement behavior of par-
ticipants across the five experimental conditions?

* RQ3: Are there differences in participants’ behavior when
interacting within completely mismatched environments com-
pared to partially mismatched environments or identical envi-
ronments?

* RQ4: Does arousal (psychological state) correlates with the
movement behavior of participants when walking within mis-
matched real and virtual environments?

The remainder of this paper is organized as follows: related works
are presented in Section 2, methodology and implementation details
are given in Section 3, results are presented in Section 4 and are
discussed in Section 5, and conclusions and potential future work
are addressed in Section 6.

2 RELATED WORK

Virtual reality is a powerful tool that can be used to conduct various
experiments [39]. To date, it has been used to study movement behav-
ior in sports [5], in tasks related to spatial cognition [41,49], in ther-
apy and pain [25,26], phobia cases [15,57], and more. The advantage
of virtual reality technology in studying human behavior, feelings,
and perception is that it provides researchers the ability to control
and manipulate the parameters of the stimuli, while the experimental
conditions that participants are exposed to remain constant. Several
studies have looked at the benefits and have evaluated the effects of
virtual reality on human perception and behavior [40, 61, 63,75,76].

Mismatch between real and virtual environments and objects
is an area within virtual reality that was introduced almost three
decades ago [19] and has recently been revisited [66, 67]; yet, it
remains an area that has not been examined thoroughly. So far,
mismatching studies have examined the combination of visual and
sensory feedback in studies related to neurology and perception
[3,43] and studies that have examined the combination of virtual
environment substitution and movement behavior [66]. Hinckley et
al. [19] mismatched a real object with a virtual one that could be
considered similar but not identical; specifically, they used the head
of a doll to control brain visualization. Barbagli et al. [3] explored
the differentiation of forced direction of haptic feedback and how
it influenced presented visual information. Matsuoka et al. [43]
explored the tolerance for visual feedback distortions in a virtual
environment and found that humans are not capable of reliably
detecting inaccuracies during mismatched stimulus. Kwon et al. [37]
investigated to what extent mismatching the shape and size of objects
affected interaction usability and object presence. They found better
results when both the size and the shape matched but found no
significant results when size alone was altered. Finally, Simeone
et al. [66] investigated whether aesthetical mismatch affected the
movement behavior of participants. They found that indeed the
aesthetic mismatch affected the movement of participants.

This paper has investigated the changes in user movement be-
havior when interacting within mismatched real and virtual environ-
ments. In general, walking and interacting within a virtual environ-
ment is an important feature that should be provided to users in a
number of applications. Previous research has found that natural
walking is the most realistic method for exploring virtual reality
environments [73]. However, providing natural walking to virtual
reality users in their home entertainment setup is quite challenging
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due to various issues, such as the potential size disparity between
the real and virtual environments [60] and the existence of real
objects located in the real environment that are not present in the
virtual one [67]. To overcome this, a number of computational
methods—the so-called locomotion interfaces that allow a user to
navigate within a virtual reality environment—have been devel-
oped [60,69,71]. However, it is not always possible to use such
methods in home setups or other locations which are not explicitly
designed as a virtual reality lab. This is especially true when we bear
in mind that in most cases the users must be seated or allowed to
move only within small safe areas to mitigate the constraint problem.

Various studies have investigated human movement behavior in
either real [20,23,24] or virtual environments [8, 13, 64]; however,
very little attention has been given to whether and what types of
mismatches between a real and virtual environment actually affect
human movement behavior. Most virtual reality research that focuses
on human movement behavior has been dealing with the recurring
issues of human-virtual character interaction [45, 52]; walking in
virtual environments and obstacle avoidance [32,56]; human-object
interaction, such as object manipulation [12,65]; and the impact of
head-mounted displays on human movement behavior [31,48]. Such
studies investigate how humans change their movement behavior
when they are asked to interact with the given task. Beyond the
positive correlations that have been found when studying real and
virtual kinematic and biomechanical metrics [28], there is insuffi-
cient research on how human movement is altered when immersed
in a real environment [29].

In addition to human movement changes caused by virtual and
real environment mismatches, the study is also examining how these
changes may affect electrodermal activity in the participants. The
aim is to confirm or not the hypothesis that the use of the full-
blind, head-mounted display may be responsible for inducing in the
participants a sense of disorientation and loss of direction. Based on
written literature, feelings of lostness in real-life situations do induce
arousal [11,44,74] just as aesthetic mismatches cause changes in
human movement behavior [66].

Our research considers findings from prior studies [16,68], which
use physiological data in order to explore sensory mismatches, and
we examine these by using three different directions. First, we inves-
tigate the arousal of participants when they interact with mismatched
real and virtual environments in order to examine whether the miss-
ing knowledge of spatial constraints in real environments actually
induces arousal. Second, apart from exploring a global represen-
tation of body movement (speed and trajectory deviation of root
joint), we also assess local body movement (step length and step
duration) of participants, which is important in understanding how
participants regulate their movements in a more detailed manner.
Third, beyond examining appearance mismatches we also assess
mismatches related to spatial constraints to further understand how
different mismatching types affect the arousal and movement behav-
ior of participants. We believe this study functions predominantly as
an extension to prior works, but it also introduces important data that
should be considered when developing virtual reality applications
for mismatched environments.

3 MATERIALS AND METHODS

This section presents the details of the study which examine whether
the mismatching between real and virtual environments has altered
participants’ electrodermal activity and movement behavior. The
subsections describe the implementation details and the procedure
that was followed.

3.1

The participants were recruited through posters placed on notice
boards across campus, class announcements, and e-mails. The partic-
ipant group was comprised of 100 healthy individuals (both students
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and faculty) that were divided into five groups of 20. All participants
were volunteers and there was no type of compensation involved.
Of the total participants, 31 were female (M = 22.35, SD = 2.85)
and 69 were male (M = 23.16, SD = 2.45). Thirty-eight had no
prior experience with virtual reality. Also, none of the participants
experienced motion sickness during the experiment. Participants
were provided written consent as dictated by the Institutional Review
Board of our university.

3.2 Real and Virtual Environments

This study was performed at the motion capture studio of our de-
partment. The dimensions of the studio are 8 meters long, 8 meters
wide, with the ceiling height at 4 meters. These dimensions were
used to approximate the design of the virtual environments used in
the study. We removed all furniture from the lab in order for it to
be as empty as possible. For the purpose of this experiment, two
different environments were designed. The first one was a replica of
the motion capture studio that was used as our baseline environment.
The second one was an imaginary environment that was designed to
let us investigate the alteration of human electrodermal activity and
movement behavior. Both the real and virtual environments used for
this study are shown in Figure 1. Both the replica environment and
the imaginary environment were designed in the Autodesk 3ds Max.

3.3 Conditions of the Experiment

For this experiment, we developed five experimental conditions
in a way as to help us understand how and if participants’ prior
knowledge of spatial constraints in the real environment could alter
their arousal and movement behavior when they were immersed in a
virtual environment. The following five conditions (see also Figure
1 for visual illustration) were developed and examined in this paper:

e Matched Appearance and No Constraints: This is a base-
line condition. The virtual environment is a replica of the real
environment in which the experiment was conducted. This
baseline condition was used in order to capture the way that
participants move and respond in an unconstrained environ-
ment and conditions. No obstacles were in either the real or
virtual environments during this condition.

Mismatched Appearance and No Constraints: This condi-
tion presents an imaginary environment that matches the spatial
constraints of the virtual environment. No obstacles were in
either the real or virtual environments during this condition.

Mismatched Appearance with Constraints: This condition
uses the imaginary environment, and there is a mismatching of
the appearance between the real and the virtual environments.
Spatial constraints were added in the real environment by plac-
ing obstacles (carton boxes and a notice board). Obstacles do
not show in the virtual environment. Note that participants
were aware of the obstacles as the obstacles were placed there
before the start of the experiment.

Mismatched Appearance and Matched Constraints: This
condition uses the imaginary environment, and the obstacles
(carton boxes and a notice board) in the real environment are
substituted with virtual objects in the virtual environment. The
sizes of the objects in the virtual environment match the sizes
of the obstacles in the real environment. As in the previous
condition, the participants were aware of the obstacles placed
in the real environment.

Mismatched Appearance and Mismatched Constraints:
This condition uses the imaginary environment, and there is a
mismatching of both the appearance and the spatial constraints
between the real and the virtual environments. The spatial con-
straints mismatching was achieved by placing obstacles (carton
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boxes and a notice board) in the real environment. Specifically,
the position of obstacles in the virtual environment do not
match the position of obstacles in the real environment. Note
that participants were aware of the position of real obstacles as
the obstacles were placed in the real environment before the
start of the experiment.

The first condition was used as our baseline since it was consid-
ered to be the ideal condition in which a participant can experience
walking within a virtual environment. The other four conditions
can be considered as typical cases when experiencing virtual reality.
Specifically, in most lab or home virtual reality setups, virtual reality
users tend to interact with an imaginary virtual environment that
does not match the lab or home appearance and layout.

3.4 Equipment and Virtual Reality Application

The devices used for this study were the MSI VR One backpack
computer (Intel Core i7, NVIDIA GeForce GTX 1070, 16GB RAM)
for running the virtual reality application, the HTC Vive Pro head-
mounted display for projecting the virtual reality content, the Xsens
motion capture system for transferring the motion of participants
within the virtual environment and for capturing their motion, and
finally the Shimmer3 GSR+! electrodermal activity sensor was used
for capturing the physiological responses of participants. Note that
a virtual reality backpack computer was used to avoid wiring all
devices to a base station and to ensure that participants were able to
walk properly and unobstructed in the virtual environment; therefore,
by doing so, we ensured that movement alteration due to the presence
of cables was eliminated and that the virtual reality content was
transmitted at the proper frame rate. The application used for this
study was developed in the Unity 3D game engine version 2019.1.4.

Even though we used a motion capture system, which means
that the movements of the participants could be retargeted to a self-
avatar within the virtual environment, we decided not to assign a
self-avatar that would represent the participant within the virtual
environment. This decision was made for two reasons. First, we
know from a previous study that self-avatars alter the movement
behavior of participants [53]. Second, most users who experience
virtual reality use consumer-grade headsets that provide spatial navi-
gation without the presence of motion capture systems; however, in
order to represent a user in the virtual environment, a motion capture
system is required. Therefore, since experiencing virtual reality with
the use of a motion capture system from the comfort of our living
room is highly uncommon, participants were not represented with a
self-avatar. Nevertheless, possible limitations on user representation
are discussed later.

The blueprint of the real environment layout is shown in Figure
2(a) and the predefined path the participants were asked to follow
is shown in Figure 2(b). All participants were asked to follow
the exact same path. The path course would appear progressively
on the ground in the form of a rendered line that the participants
would follow (see Figure 2(c)). In designing the predefined path,
we considered the proxemics model [21,22,50]. The minimum
distance between the points of the path and obstacles/walls was set
at a distance of 23 cm (the diameter of the far phase of the intimate
space is 46 cm). Therefore, we made sure that all participants had
enough clearance to move relatively comfortably within the virtual
space. It should be noted that the total distance participants had to
cover was 150 meters. The rationale for choosing such a long walk
was based on our assumption that even though participants were
aware of the spatial constraints in the real environment, after walking
through various positions within the virtual environment, they would
expectedly become unaware of their spatial position with respect
to the obstacles. This sense of disorientation (lostness) is what we

Uhttps://www.shimmersensing.com/products/shimmer3-wireless-gsr-
sensor



wanted to induce to our participants during this study to investigate
possible alterations in their arousal and movement behavior.

We decided to have a line displayed on the ground, in front of
the participant (see Figure 2(c)), which would indicate the path par-
ticipants had to follow. Our intention was to examine how closely
participants would adhere or how far they would deviate from the
specified course. At this point it should be noted that a past study [66]
has shown that placing obstacles on the boundaries of the real envi-
ronment, while also giving abstract guidelines for reaching a position
within the virtual environment, can cause participants to deviate from
the optimal path (straight line between two waypoints) of direction
when moving in mismatched real and virtual environment.

3.5 Measurements

Objective measurements (electrodermal activity and movement be-
havior) were collected to investigate possible variations in the partic-
ipants’ behavior during the experiment. The following sub-sections
describe the measurements in detail.

3.5.1

To record electrodermal activity, we identified and calculated the
number of peaks and their average amplitudes throughout the exper-
iment. These procedures enabled us to examine both the frequency
and the intensity of physiological arousal in the participants. Note
that the electrodermal activity sensor cannot determine the valence of
emotion; it can only ascertain increases in physiological arousal [30].
Such increases are defined as the necessary condition for the elicita-
tion of an emotional state [6].

With regard to the recording procedure, we first captured baseline
measurements of electrodermal activity in all our participants and
then calibrated the measurements accordingly. Baseline measure-
ment can indicate whether certain participants are likely to be hyper-
or hypo-responders, independent of any effects of psychological ma-
nipulation. Following the recommendation of Braithwaite et al. [7],
we implemented the necessary baseline measurements by directing
the participants to walk within a real-world setting for two minutes
without wearing the head-mounted display and without engaging in
a virtual environment. A description of each calculated variable is
given below:

Electrodermal Activity Features

* Number of Peaks: This variable refers to the total number
of peaks found in the captured data. Ensuring an objective
comparison of conditions necessitated the normalization of
peaks in accordance with the duration of the trial. The number
of peaks is considered the best direct indicator of arousal [30]
(more peaks indicate higher arousal levels).

e Amplitude of Peaks: This variable pertains to the average
amplitude of all peaks found in the capture data. The average
amplitude of peaks determines the intensity of physiological
arousal (a higher amplitude translates to a more intense ex-
perience). In this study, peak amplitude was measured in
microsiemens ((.S).

3.5.2 Movement Behavior Features

A motion capture system was used to record the movement behavior
of participants under the assigned experimental conditions. Several
different measurements based on the recordings can be extracted
[8,27,69]. Our goal was to get both global and local input on
how participants walked within the virtual environment. To obtain
global input, we computed the average speed of the participants and
the average deviation from the provided path (see Cirio et al. [8]).
These measurements provided spatiotemporal information about
the participants’ movement behavior. To obtain local input, we
computed step length and step duration (see Hollman et al. [27]). A
description of each computed variable is given below:
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* Speed: The average speed of the participants’ motion when
following the provided path. The speed was measured in
meters per second.

* Deviation: The deviation was computed between the defined
path and the one followed by the participant. For the deviation,
the absolute value was computed in meters.

Step Length: The length of each step (distance between two
feet when both collide with the ground). The length was mea-
sured in meters. The step length was computed after segment-
ing the motion in single step segments [51].

» Step Duration: The time that was used by each participant
to perform a single step. The step duration was computed
in seconds. The duration for each step was estimated after
segmenting the motion in single step segments [51].

3.6 Procedure

The experiment was conducted in the motion capture studio of our
department. Once the participants arrived at the studio, the experi-
menter briefed all participants on the project and the equipment they
would have to wear. Before the commencement of the experiment,
participants were asked to sign the provided consent form and com-
plete a demographics questionnaire, both provided in paper-based
format. Then, the experimenter helped the participants put on the
necessary equipment. First, the motion capture system was attached
to the participants’ body and then followed the calibration process.
Next, the participants were asked to wear the backpack computer
and were provided assistance when necessary. When the computer
was set, the experimenter helped each participant attach the Shimmer
sensor using a wrist strap on the wrist of the non-dominant hand.
The electrodes of the electrodermal activity sensor were placed on
the index and middle finger of each participant. At this point, par-
ticipants were asked to take a short walk in the real environment
(motion capture studio) to ensure that they were able to move com-
fortably when wearing all the required equipment and devices. Next,
the experimenter assisted the participants with the head-mounted
display.

After the participants were familiarized with the virtual reality
equipment, the experimenter asked them to move toward a location
in the middle of the real environment indicated with a marked area
on the ground. Participants were told that once the application began,
they would be placed in a virtual environment and that a line would
appear in front of them indicating the course of the path that should
follow (see Figure 2(c)). Participants were instructed that the only
task they had to perform was to follow the path that would appear
and that the path would progressively unfold as they moved. No
other description about the environment was shared. Participants
were also told that an on-screen cue would inform them once the
experiment process was done.

The virtual reality condition to which each participant would be
exposed was not mentioned. Note that the participants participated
only in one of the five experimental conditions. Participants saw the
virtual environment only when the experiment had begun. It should
also be noted that participants were able to observe the structure of
the real environment and the obstacles located within it during the
corresponding conditions. Participants were informed that if they
felt tired or uncomfortable and wanted to stop the experiment, they
had full permission to do so at any time without consequences. Once
the walking task of the experiment was completed, the participants
were asked to remove the head-mounted display and all attached
equipment with the help of the experimenter. They were thanked
for their participation and then they were finally informed by the
experimenter about the objectives of the study. Participants were
also allowed to ask any questions upon completion of the study. The
total duration of the experiment including the calibration process of
the motion capture system did not exceed 45 minutes.
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Figure 2: (a) The blueprint of the real environment. (b) The path participants were asked to follow. The red dot indicates the starting point and the
blue dot indicates the destination (final) point. (c) The red line indicates the progressive display of the path which participants had to follow as they

were moving along within the virtual environment.
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Figure 3: The electrodermal activity measurements for all examined conditions: (a) Matched Appearance and No Constraints, (b) Mismatched
Appearance and No Constraints, (c) Mismatched Appearance with Constraints, (d) Mismatched Appearance and Matched Constraints, and (e)

Mismatched Appearance and Mismatched Constraints.

4 RESULTS

This section presents the results obtained from the study. All the
analyses were performed using the IBM SPSS v. 23.0 [54] software.
A one-way analysis of variance (ANOVA) was used to analyze the
data, using the five conditions as independent variables and the
collected data (electrodermal activity and movement behavior) as de-
pendent variables. The normality assumption of the measurements
was evaluated graphically using Q-Q plots of the residuals [18].
The Q-Q plots indicated that the obtained data had fulfilled the
normality assumption. The homogeneity variance assumption was
also evaluated via the residual plots; which exhibited no indica-
tion of heteroscedasticity. The individual differences were assessed
using a post-hoc Bonferroni test if the ANOVA was statistically
significant. A p < .05 value was judged as statistically significant.
All collected data were screened for correlations using the Pearson
product-moment correlation coefficient. Lastly, in order to test par-
ticipant homogeneity, we defined the five conditions as independent
variables and the height of the participants as dependent variables.
A one-way ANOVA revealed no significant results [F(4,95) = .791,
p = .534].

4.1 Electrodermal Activity Data

We compared the obtained electrodermal activity data (number of
peaks and amplitude of peaks) across the five experimental condi-
tions to examine whether the mismatched environments altered the
levels of arousal in our participants. The results for the electroder-

mal activity are illustrated in Figure 3, and descriptive statistics are
provided as supplementary material.

No significant results were found at the p < .05 level with respect
to the number of peaks [F(4,95) = .484, p = .747]. However, we
did find significant results in the participants’ amplitude of peaks
across the five experimental conditions [F'(4,95) =9.480, p < .001].
Pairwise comparisons show that the mean amplitude of peaks during
the Matched Appearance and No Constraints condition was signif-
icantly lower than that for the Mismatched Appearance with Con-
straints condition at the p < .001 level and the Mismatched Appear-
ance and Mismatched Constraints condition at the p < .001 level.
Moreover, the mean amplitude of peaks during the Mismatched Ap-
pearance and No Constraints condition was significantly lower than
that for the Mismatched Appearance with Constraints condition at
the p < .001 level and the Mismatched Appearance and Mismatched
Constraints condition at the p < .001 level.

4.2 Movement Behavior

We compared the obtained global and local movement behavior
features (speed, deviation, step length, step duration) across the five
experimental conditions to examine whether the mismatch between
real and virtual environments altered participants’ movement behav-
iors. The results for the movement behavior features are illustrated
in Figure 4, and descriptive statistics are provided as supplementary
material. Finally, for visualization purposes, the averaged captured
trajectories for each examined condition are shown in Figure 5.
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Figure 4: The movement behavior features measurements for all examined conditions: (a) Matched Appearance and No Constraints, (b)
Mismatched Appearance and No Constraints, (c) Mismatched Appearance with Constraints, (d) Mismatched Appearance and Matched Constraints,

and (e) Mismatched Appearance and Mismatched Constraints.

Regarding the movement behavior features that describe the
global motion of participants, we found a significant effect on
the participants’ speed across all five experimental conditions
[F(4,95) =5.982, p < .001]. Pairwise comparisons show that
the mean score for the Matched Appearance and No Constraints
condition was significantly higher than that for the Mismatched
Appearance with Constraints condition at the p < .001 level, the
Mismatched Appearance and Matched Constraints condition at the
p < .05, and the Mismatched Appearance and Mismatched Con-
straints condition at the p < .001 level. We also found a significant
effect on the participants’ deviation from the provided path across
the five experimental conditions [F(4,95) = 9.653, p < .001]. Pair-
wise comparisons show that the mean score for the Mismatched
Appearance with Constraints condition was significantly lower than
that for the Matched Appearance and No Constraints condition at
the p < .001 level, the Mismatched Appearance and No Constraints
condition at the p < .01 level, and the Mismatched Appearance and
Matched Constraints condition at the p < .01 level. Moreover, the
pairwise comparisons show that the mean score for the Mismatched
Appearance and Mismatched Constraints condition was significantly
lower than that for the Matched Appearance and No Constraints
condition at the p < .001 level, the Mismatched Appearance and
No Constraints condition at the p < .01 level, and the Mismatched
Appearance and Matched Constraints condition at the p < .01 level.

Regarding the movement behavior features that describe the lo-
cal motion of participants, we found a significant effect on the
participants’ step length across all five experimental conditions
[F(4,95) =9.226, p < .001]. Pairwise comparisons show that the
mean score for the Matched Appearance and No Constraints con-
dition was significantly higher than that for the Mismatched Ap-
pearance and No Constraints condition at the p < .05 level, the
Mismatched Appearance with Constraints condition at the p < .001
level, the Mismatched Appearance and Matched Constraints con-

dition at the p < .001 level, and the Mismatched Appearance and
Mismatched Constraints condition at the p < .001 level. No signifi-
cant results were found at the p < .05 level with respect to the step
duration of the participants’ motion [F(4,95) = .170, p = .616].

4.3 Correlation Between Data

We conducted a correlation analysis to investigate possible corre-
lations between the collected datasets (electrodermal activity and
movement behavior). The Pearson product-moment correlation co-
efficient was used for screening the data. Based on the conducted
correlation analyses, we were able to identify a negative weak down-
hill linear correlation between peaks amplitude and step length
[r =—.280, n = 100, p = .005], between peaks amplitude and de-
viation [r = —.238, n = 100, p = .017], and between number of
peaks and step length [r = —.276, n = 100, p = .007].

5 DiscussioN

For this study, five experimental conditions were developed to ex-
amine the effects of mismatches between a real environment and a
virtual environment on participants’ electrodermal activity (arousal)
and movement behavior. The obtained results from the electrodermal
activity measurements (RQ1) showed that there were alterations in
participants’ arousal in the group that experienced the Mismatched
Appearance with Constraints and the Mismatched Appearance and
Mismatched Constraints conditions. Although we were not able to
find a difference in the number of peaks, the amplitude difference is
quite important and indicates that the intensity, which the participant
group experienced the Mismatched Appearance with Constraints
and the Mismatched Appearance and Mismatched Constraints condi-
tions, was higher than the two conditions in which no obstacle were
present in the real environment. Since no significant difference was
found between the conditions Mismatched Appearance with Con-
straints and Mismatched Appearance and Mismatched Constraints,
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Figure 5: Visualization of the average trajectories (red) of all participants for each of the examined conditions ((a) Matched Appearance and No
Constraints, (b) Mismatched Appearance and No Constraints, (c) Mismatched Appearance with Constraints, (d) Mismatched Appearance and
Matched Constraints, and (e) Mismatched Appearance and Mismatched Constraints) and the defined path (white).

it can be said that the participants exhibit similar physiological states
when placed in a constrained real-world environment and instructed
to walk in a virtual environment in which virtual obstacles are either
missing or mismatched. This phenomenon indicates that regardless
of whether participants are exposed to Constraints or Mismatched
Constrains situations, their prior knowledge of real-world obstacles
exerts similar effects on participants’ physiological responses.

According to previous studies [17,34,46,72], the appearance of
the virtual environment itself can be a factor in altering arousal levels
in participants. In this study, the intentionally produced constraint-
related mismatches is what triggered changes in the participants’
behavior. Even though past studies on peak measurement have pro-
duced mixed results [1,35], and therefore, rendering this method
somewhat uncertain when assessing arousal, based on the statisti-
cally significant differences we found in the amplitude of the peaks
we can safely say (RQ3) that when participants are immersed in
a virtual environment that mismatches the real one in terms of ap-
pearance and spatial constraints, participant arousal (intensity levels)
is indeed triggered. This is an indication that such environments
challenge participants and induce psychological tension.

When participants were asked to comment on their experiences, a
few mentioned that once they lost awareness of the real environment,
they became worried and even afraid of colliding with obstacles.
This finding seems to be in line with previous studies that have
indicated a correlation between fear and arousal [2,9, 10,55]. Thus,
it can be inferred that there is some evidence which implies that
arousal might be triggered or affected due to the fear of colliding
with real-world obstacles.

The results from the motion-features measurements (RQ2) indi-
cate the following. From a global point of view, participants tended
to move slower in the virtual environment when obstacles were
located within the real environment compared to the conditions in
which no obstacles were present. This is an interesting result that
expands on a previous study indicating that aesthetically mismatched
real and virtual environments alter the movement behavior in partic-
ipants. Specifically, our findings come in a partial agreement with
Simeone et al. [66], which have also detected that the presence of
obstacles (and walls) has a similar effect. Contrary to our study,
in Simeone et al. [66] deviation levels seem to increase rather than
decrease. We interpret this as follows. In our study, the obstacles
were located in the middle of the environment and not on the edges
(boundaries). Moreover, we provided the participants with a specific
path to follow instead of providing them with an abstract guideline
on how to reach specified waypoints. It can be argued that due to
the fear of colliding with real-world obstacles, participants tended
to comply better with the provided path; therefore, the deviation
levels decreased. It should also be noted that participants exposed in
the Mismatched Appearance and Mismatched Constraints condition
told us that even though they were trying to follow the provided path
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as closely as possible, they were still cautious since they felt the
need to avoid colliding with objects and walls, which implies that
participants felt unsafe.

From a local point of view, we found that when participants
were placed in mismatched conditions, the step length decreased.
This decrease in the step length is another interesting finding. It
shows from a local point of view how participants tended to regulate
their stepping motion. For us, it looks like participants did not feel
safe enough to perform long steps but rather short ones in order
to move to an area closer to their current position. We believe
that participants made this decision in an attempt to maintain their
balance in a way that would allow them to be in full control in the
event of an unexpected situation. Although we found significant
results in speed, deviation, and step length, no such differences were
found in the step duration across the five experimental conditions.
Based on the statistically significant differences, it can be said (RQ3)
that the participants regulated their movement behavior differently
when interacting within the three mismatched conditions that include
spatial constraints compared to the matched in appearance with
no constraints condition. In other words, when participants are
immersed in imaginary environments while knowing that there is
no matching in terms of spatial constraints, they tend to be more
cautious with their movement behavior compared to when they are
immersed within an identical virtual environment.

Apart from the differences across the examined conditions, we
also explored possible correlations among the different forms of data
that were collected. Although only weak correlations were found, the
results indicate that changes in the participants’ movement correlate
with electrodermal activity (RQ4). There are various findings that
correlate electrodermal activity and subjective self-reported ratings
[35,62]. However, in this study, the finding that correlates the
movement behavior with the electrodermal activity is quite intriguing
and unexpected.

Our findings indicate that when arousal increases, step length and
deviation from the provided path decrease. Based on discussions we
had with participants, this is due to participants being unaware of the
real environment. Participants felt fear induced by the possibility of
colliding with the real-environment obstacles and therefore decided
to manipulate their movements with caution. Although there is a pre-
vious study which has correlated physiological activity with motor
control [47], we cannot adamantly support that electrodermal activ-
ity could function as an index for human movement behavior due
to the weak correlations. Such correlations demand further investi-
gation in order to conclude whether a walking task with matching
and mismatching conditions could be used as a method to determine
human behavior. Thus, more in depth and focused studies should
be conducted in order to obtain more reliable and conclusive results
with respect to this finding.



5.1

Besides the promising findings that our study has yielded, there
are a few limitations that should be addressed. The first is related
to electrodermal activity. We are aware that if we wish to accu-
rately measure degrees of arousal alterations, electrodermal activity
should be captured within a 1-to-5-second post-stimulus window
in order to determine whether there is an association between elec-
trodermal activity and specific events happening within a virtual
environment [30]. We are also aware that while electrodermal ac-
tivity data provide alteration measurements in arousal, according
to Lazzaro [38], the captured data can also be affected by muscle
activity, such as limb movement, which is quite important for virtual
reality interaction. Due to the nature of the task that our participants
were asked to perform, both limb movements and head turns were
continuous. In addition, instead of capturing event-related electro-
dermal activity, we performed our analysis on a continuous captured
signal.

Although we have found significant results in the amplitude of
peaks, as well as some weak evidence on electrodermal activity
and participant movement behavior correlations, we are not sure
whether such a finding can be considered as a regular occurrence.
Due to the targeted scope of the experiment in which participants
are instructed to perform a walking task, there is a likelihood that
the locomotion of participants introduced noise and subsequently
interfered with the captured signal. Therefore, there is a chance
that the significant effects that were found when examining the
results of the electrodermal activity might be random instead of
regular. At this point, we would like to note that we had somewhat
suspected that such an occurrence would have happened prior to the
commencement of the experiment. However, since we were aware
that such noise effect would be included in the data captured from
all participants alike, we assumed that the effect from noise would
be similar for all and therefore deemed that this would not cause
problems with our findings.

The second limitation is related to the way participants were
depicted within the virtual environment. Our conscious choice to
omit including virtual presence for the participants’ body might
have caused them to move differently since they had no feedback in
respect to their exact position and size of their body and also in re-
spect to the obstacles and other spatial constraints within the virtual
environment. Therefore, it is assumed that additional experimenta-
tion in which participants are represented with a self-avatar might
provide interesting and quite possibly varying results. However, in
an attempt to accurately simulate real-life virtual reality users, in
this study we decided not to assign participants a self-avatar since in
most cases people who use virtual reality in home setups do not use
a motion capture system that transfers their motion to a self-avatar.
Therefore, the benefit of not using a self-avatar is that the outcome
findings represent a greater percentage of the population of virtual
reality users.

A third limitation is that for the purposes of this experiment we
examined just five conditions even though we could have added
more (e.g., the Matched Appearance and Matched Constraints con-
dition). However, in our case, we decided to limit our study to the
five conditions since in real life it is more common to have users ex-
perience a virtual environment that is different from their real home
environment, in terms of appearance and constraints. Moreover,
it is also quite common for users to experience a virtual environ-
ment in the presence or real-world obstacles. However, to further
understand the effects that appearance and constraint mismatches
between real and virtual environments may have on arousal and
movement behavior, further studies that investigate additional inter-
action scenarios, such as Matched/Mismatched Appearance versus
Matched/Mismatched Constraints and Matched/Mismatched Ap-
pearance versus Constraints/No Constraints, seem imperative. In
addition, among the five experimental conditions, four were set as
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mismatched appearances. Including more conditions of Matched
Appearance as a comparison against those reflecting Mismatched
Appearance might generate valuable results. Moreover, a factorial
design with appearance and physical constraints as two independent
variables may render results easier to interpret.

Our intention was to capture the emotional experience of partici-
pants as they walk within virtual environments that do not necessarily
match the appearance and constraints of a real environment. Un-
fortunately, the electrodermal activity sensor can provide only data
concerning the arousal levels of participants. Thus, the last limitation
we wish to acknowledge is the omission of a questionnaire. That is,
because an emotional experience is characterized by its valence and
arousal level, additional self-reported emotion ratings are necessary
to explore other emotional dimensions, such as stress and confidence.
The reason we decided at first not to use one was based on past stud-
ies [59] which have indicated that self-reported responses are highly
subjective and do not always correspond to the actual experience of
the participant. However, upon completion of the experiment and
after having several discussions with our participants we realized
the fear of colliding with real objects was an additional factor which
affected movement behavior. Therefore, it seems critical that our
future studies should include questionnaires as they have proven to
be quite useful in extracting important feedback.

Concluding the limitation section, we note that the fear of collid-
ing with real-world obstacles might have also induced mistrust in
our participants when they were asked to walk within the virtual en-
vironment. In general, mistrust can be caused by either false-positive
experiences, in which an obstacle appears in a virtual environment
but is missing in the real one, or false-negative experiences, wherein
an obstacle is present in the real environment but not in the virtual
one. Although we probed into false-positives, the experimentation
characterized by false-negative conditions seems to be critical in
the derivation of valuable information regarding the mistrust of
participants and their fear of collision with real and virtual obstacles.

5.2 Design Considerations

We believe that the data extracted from examining human behavior
within mismatched real and virtual environments should be doc-
umented for future consideration when developing virtual reality
applications. Thus, we would like to reflect on how our conclusions
can aid the design of virtual environments. Considering that mis-
matches in terms of appearance and constraints affected both the
arousal and the movement behavior of participants, it is necessary
for techniques that map virtual to real [70] or real to virtual envi-
ronments [42] not to be limited to a 1-to-1 mapping process but to
also take into account additional clearance area that will need to be
provided to users. Moreover, including visual feedback (e.g., a line
of the path ’or other visuals indicating the clearance area) could be a
solution in a design that would enhance user spatial awareness since
this study shown that, when exposed to a constrained environment,
users are then likely to be more precise in following a visual path
(visual guidance).

6 CONCLUSIONS AND FUTURE WORK

Understanding the way a virtual reality participant’s behavior
changes when interacting within virtual environments, which do not
match the appearance and constraints of the real ones, might help
developers build virtual reality experiences, including navigation
and interaction within such environments, that can be considered
more precise and thus more efficient. As a result, user engage-
ment and immersion would also improve. In this paper, we studied
the impact that real and virtual environment mismatching had on
participants’ arousal and movement behavior. Our results indicate
a number of different effects which go beyond previous findings.
The obtained findings indicate that the mismatching between real
and virtual environments indeed affects the electrodermal activity



(arousal) and movement behavior of our participants; however, this
was more obvious when there were both appearance and constraints
mismatches between the real and the virtual environments. Finally,
we found some weak evidence that correlates electrodermal activity
with movement behavior.

Apart from the mentioned limitations that need further explo-
ration, we would like to expand our work to different domains that
are related to trust and comfort in mismatched real and virtual en-
vironments. We are planning to continue using motion capture and
electrodermal activity to better understand human behavior; however,
we are planning to enhance the collected data by taking into account
the gaze of participants. It is highly hypothesized that the use of
a head-mounted display with embedded eye-tracking functionality
would provide useful insights into the distribution and duration of
gaze fixations, which will help us understand how participants locate
their ongoing and forthcoming walking steps within a virtual envi-
ronment. Finally, the unexpected correlation that was found between
electrodermal activity and human movement will function for us as
a stimulant to further explore this direction with all its implications
in the near future.
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