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Abstract

Virtual Reality (VR) is becoming more accessible and widely utilized in crucial disciplines like

training, communication, health care, and education. One of the important parts of VR applications is walking

through virtual environments. So, researchers have broadly studied various kinds of walking in VR as it can

reduce sickness, improve the sense of presence, and enhance the general user experience. Due to the recent

availability of consumer Head Mounted Displays(HMDs), people are using HMDs in all sorts of different

locations. It underscores the need for locomotion methods that allow users to move through large Immersive

Virtual Environments (IVEs) when occupying a small physical space or even seated.

Although many aspects of locomotion in VR have received extensive research, very little work has

considered how locomotive behaviors might change over time as users become more experienced in IVEs. As

HMDs were rarely encountered outside of a lab before 2016, most locomotion research before this was likely

conducted with VR novices who had no prior experience with the technology. However, as this is no longer

the case, it is important to consider whether locomotive behaviors may evolve over time with user experience.

This proposal specifically studies locomotive behaviors and effects that may adjust over time.

For the first study, we conducted experiments measuring novice and experienced subjects’ gait

parameters in VR and real environments. Prior research has established that users’ gait in virtual and

real environments differs; however, little research has evaluated how users’ gait differs as users gain more

experience with VR. We conducted experiments measuring novice and experienced subjects’ gait parameters

in VR and real environments. Results showed that subjects’ performance in VR and Real World was more

similar in the last trials than in the first trials; their walking dissimilarity in the start trials diminished by

walking more trials. We found the trial as a significant variable affecting the walking speed, step length, and

trunk angle for both groups of users. While the main effect of expertise was not observed, an interaction

effect between expertise and the trial number was shown. The trunk angle increased over time for novices but

decreased for experts.
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The second study reports the results of an experiment investigating how users’ behavior with two

locomotion methods changed over four weeks: teleportation and joystick-based locomotion. Twenty novice

VR users (no more than 1 hour prior experience with any form of walking in VR) were recruited. They loaned

an Oculus Quest for four weeks on their own time, including an activity we provided them with. Results

showed that the time required to complete the navigation task decreased faster for joystick-based locomotion.

Spatial memory improved with time, particularly when using teleportation (which starts disadvantaged to

joystick-based locomotion). Also, overall cybersickness decreased slightly over time; two dimensions of

cybersickness (nausea and disorientation) increased notably over time using joystick-based navigation.

The next study presents the findings of a longitudinal research study investigating the effects of

locomotion methods within virtual reality on participants’ spatial awareness during VR experiences and

subsequent real-world gait parameters. The study encompasses two distinct environments: the real world and

VR. In the real world setting, we analyze key gait parameters, including walking speed, distance traveled,

and step count, both pre and post-VR exposure, to perceive the influence of VR locomotion on post-VR gait

behavior. Additionally, we assess participants’ spatial awareness and the occurrence of simulator sickness,

considering two locomotion methods: joystick and teleportation. Our results reveal significant changes in

gait parameters associated with increased VR locomotion experience. Furthermore, we observe a remarkable

reduction in cybersickness symptoms over successive VR sessions, particularly evident among participants

utilizing joystick locomotion. This study contributes to the understanding of gait behavior influenced by VR

locomotion technology and the duration of VR immersion.

Together, these studies inform how locomotion and navigation behavior may change in VR as users

become more accustomed to walking in virtual reality settings. Also, comparative studies on locomotion

methods help VR developers to implement the better-suited locomotion method. Thus, it provides knowledge

to design and develop VR systems to perform better for different applications and groups of users.
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Chapter 1

Introduction

Virtual Reality (VR) has emerged as a transformative technology, revolutionizing various sectors

such as healthcare, education, communications, and entertainment. Different aspects of VR that influence

VR sickness, enhance the sense of presence, and improve the overall user experience have been the subject

of extensive research [10, 44, 107, 120]. One of the key aspects of VR applications that have garnered

significant attention is locomotion, which allows users to navigate through immersive virtual environments

(VEs). This feature is crucial in a multitude of applications, from rehabilitation in healthcare to immersive

gaming experiences [58, 84].

The concept of locomotion in VR is not new, but recent advancements in technology have ushered

in a new era for VR locomotion. The latest technical and interaction advancements have sparked interest

among researchers and users alike, leading to a surge in the analysis and experience of current VR locomotion

techniques [10]. Locomotion in VR is more than just a means of movement; it is a fundamental part of the VR

experience. It is the mechanism that allows users to interact with the virtual world, explore it, and engage with

it. It is what makes the virtual world feel real and immersive. However, achieving effective locomotion in VR

is a complex task. It requires careful consideration of various factors, including the size and shape of the room,

the surrounding objects in the virtual and real worlds, and the user’s physical capabilities and comfort [107].

Different methods of locomotion have been developed to cater to these factors. These methods range

from real walking, where users physically walk in the real world to move in the virtual world, to more abstract

methods such as walking-in-place, teleportation, and joystick-based locomotion [10, 44, 120]. Each method

has its advantages and disadvantages, and the choice of method can significantly impact the user’s experience

in VR.
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Real walking, for instance, offers a high level of immersion and presence, making it an ideal method

for VR applications. However, it requires a large physical space, which may not always be available. Walking-

in-place and joystick-based locomotion, on the other hand, are more accessible methods that can be used in

smaller spaces. However, they can also increase disorientation and reduce a user’s sense of presence within a

VR environment [44, 120].

Teleportation is another commonly used method of locomotion in VR. It allows users to move

instantly from one location to another, making it a convenient method for navigating large virtual environments.

However, like walking-in-place and joystick-based locomotion, teleportation can also increase disorientation

and reduce a user’s sense of presence [10].

Locomotion in VR is intrinsically tied to navigation, as the way users move directly impacts how

they explore and interact with the virtual environment. The ability to navigate effectively in VR is not only

a function of the locomotion technique used but also of the user’s understanding of the virtual space. This

coupling of locomotion and navigation is a critical aspect of VR design, as it can significantly influence the

user’s sense of presence, spatial understanding, and overall VR experience [31, 92]. Therefore, research into

VR locomotion must also consider its impact on navigation, as the two are inextricably linked in the context of

immersive VR experiences.

1.1 Real Walking in VR

Real walking in VR, despite its inherent challenges, offers unique advantages over other locomotion

methods in terms of immersion, presence, spatial understanding, and the ability to mimic real-world walking

dynamics. Its applications in various fields highlight its importance in the realm of VR locomotion.

In the fields of navigation and spatial cognition, real walking in VR has been shown to have

significant implications as compared to other locomotion methods such as teleportation or joystick-based

locomotion [92, 112]. This is likely due to the naturalistic interaction with the environment that real walking

affords, which can lead to a more accurate mental representation of the virtual space [92]. Maneuvrier et al.

found that a higher sense of presence in VR, which is often associated with real walking, promoted better

performance on a virtual spatial cognition evaluation [69]. This suggests that real walking in VR, with its

naturalistic movement dynamics, could provide a more accurate representation of distances in VR, which could

be beneficial in applications where accurate spatial cognition is crucial, such as navigation training. Another

study by Mahmud et al. found that auditory feedback could improve gait performance in VR, making walking
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in VR more accessible for people with and without mobility impairments [68]. This suggests that multi-modal

feedback, which is naturally present in real walking, could enhance navigation and spatial understanding in

VR.

In contrast, a study by Larrue et al. compared the impact of motor activity on spatial cognition in VR

by comparing a walking interface with a brain-computer interface (BCI) that enabled navigation without any

motor activity. Surprisingly, they found similar performances across both interfaces, suggesting that motor

activity, such as real walking, is not essential for learning and transferring spatial knowledge in VR [63].

However, this does not diminish the potential benefits of real walking in VR, especially in terms of immersion

and presence.

Finally, in a more recent study, Kafri et al. compared the performance of young and older adults in a

complex task while navigating in a real shopping mall and a high-fidelity virtual replica of the mall. They

found that both age groups walked faster with higher step lengths and lower gait variability in the real-world

environment compared to the virtual environment. However, the younger group performed better in terms of

task completion time and score in both environments [54]. This study underscores the potential differences

in gait and task performance between real and virtual environments, which could have implications for the

design of VR applications that aim to mimic real-world walking dynamics.

1.2 Is Gait Affected by Prior Experience Walking in VR?

Just as age can influence locomotion and navigation in both real and virtual environments, it may be

that a user’s gait in VR will change over time as they spend more time walking in VR. As users gain more

familiarity with VR, their gait within the virtual environment may evolve, potentially becoming more similar

to their real-world gait. This hypothesis is supported by research in other domains, which has shown that

experience can significantly influence behavior and performance in virtual environments [28].

However, despite the potential implications of such changes, there is a surprising lack of research

exploring how gait in VR changes over time as users gain more experience with VR. This gap in the literature

is significant, given the potential impact of such changes on various applications, from rehabilitation and

training to user comfort and game design.

For instance, in the context of rehabilitation, understanding how gait evolves over time in VR could

inform the design of more effective rehabilitation protocols. A study by de Rooij et al. [34] found that

virtual reality gait training was not statistically different from non-virtual reality gait training in improving

3



participation in community-living people after stroke. However, the study did not consider the potential impact

of users’ prior experience with VR on their gait and performance. If gait does indeed change over time as

users gain more experience in VR, this could have significant implications for the effectiveness of VR-based

rehabilitation protocols.

Similarly, understanding how gait changes over time in VR could help design more effective training

programs in the context of VR-based training and education. For instance, if gait in VR becomes more similar

to real-world gait as users gain more experience in VR, this could potentially improve the transfer of skills

learned in VR to the real world. This is supported by a study by Cooper et al. [28], which found that VR

training with augmented, task-relevant, multisensory cues resulted in higher objective performance during a

real-world task.

Furthermore, changes in gait over time in VR could also have implications for user comfort and the

prevention of VR sickness. If users adjust their gait in VR to reduce discomfort and VR sickness as they gain

more experience, this could potentially improve the overall user experience in VR. This is supported by a

study by Al-Amri et al. [1], which found that self-paced treadmill walking in VR was a safe and well-tolerated

intervention that users positively rated.

Finally, changes in gait over time in VR could also have implications for social VR applications and

VR game design. In social VR applications, where users’ avatars mimic their real-world movements, changes

in gait could affect how users perceive and interact with each other. In VR games, understanding how gait

changes over time could inform the design of game mechanics, levels, and challenges to accommodate these

changes and maintain an engaging and immersive experience.

Given these potential implications, it is crucial to conduct longitudinal research exploring how gait

may change over time as users become more accustomed to walking in VR. Such research could provide

valuable insights into the evolution of gait in VR, the factors influencing this evolution, and the potential

applications of these insights in various fields. This dissertation represents the first step towards understanding

how gait in VR may change over time as users spend more time using and walking in VR.

1.3 Examining Gait in Virtual Reality and the Real World

Gait in virtual reality and in the real world can indeed exhibit dissimilar characteristics due to the

unique environmental and perceptual factors inherent in each setting. When individuals navigate VR, they

encounter a computer-generated simulated environment that may differ substantially from their physical
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surroundings. Consequently, participants may display gait alterations in VR to adapt to the novel visual cues

and virtual terrain, which can deviate from real-world conditions.

An important technique that can be used to understand gait in VR is to compare virtual walking to

walking in the real world. Any differences between real walking and walking in VR can provide important

insights into VR systems’ potential limitations or advantages in replicating real-world locomotion. Prior

studies were conducted to understand users’ gait behaviors in Virtual Environments (VE) compared to the real

environment (RE). Several experiments were completed in two real and virtual world states when participants

were asked to walk in both.

Hollman et al. demonstrated considerable differences in gait parameters such as stride length, stride

velocity, and step width when users walked in VE compared to RE. Subjects walked in the VR environment

with reduced stride lengths, increased step widths, and increased variability in stride velocity [48]. Likewise,

Mohler et al. ran experiments where participants wore a Head-Mounted Display (HMD) and a backpack. They

had a shorter stride length, slower walking velocity, and a lower head-trunk angle in VE than when walking in

the real world [74].

The virtual environment’s limited physical space and reduced sensory feedback further contribute

to modifications in gait patterns, as individuals may navigate within confined areas and experience a partial

absence of real-world feedback that normally influences their walking style in reality. Additionally, simulator

sickness in VR can introduce discomfort and disorientation, potentially affecting gait behaviors as users strive

to accommodate the unfamiliar sensations.

Despite these disparities, some similarities between gait in VR and the real world can emerge under

certain circumstances. VR systems that closely replicate real-world scenarios or employ advanced tracking

technologies seek to minimize the divergence in gait patterns. Moreover, individuals with prior experience

in VR locomotion may adapt more readily, showcasing gait patterns that align better with their real-world

counterparts. Studying these differences and similarities in gait between VR and the real world is crucial to

optimizing VR experiences for users, ensuring safe and comfortable navigation within virtual environments.

Unlike the work above, Canessa et al. found no significant differences between gait in VE and RE,

including total distance, stride length, and step length. However, they observed differences in other gait

parameters, such as peak swing velocity, step count, and cadence, which they also explained by wearing cabled

HMD for the virtual conditions [19]. Understanding these distinctions can guide the development of effective

VR locomotion techniques and promote a seamless integration between virtual and real-world locomotion

practices, fostering immersive and engaging virtual experiences with potential applications in various domains
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such as training, rehabilitation, and entertainment.

1.4 Contributions

This dissertation investigates the relationship between gait, navigation, and prior experience with

virtual reality. It consists of three studies that examine different aspects of this intersection:

1. A study comparing the gait of inexperienced and experienced VR users in the real world and virtual

reality.

2. A study examining navigation behaviors and spatial understanding over time using joystick-based

locomotion and teleportation.

3. A study exploring how gait in the real world changes after navigating in a virtual environment and how

this effect is moderated by experience with VR.

1.4.1 Study 1

Chapter 3 presents the design and results of the first study. The first study presented in Chapter 3

highlights the need to consider users’ expertise in VEs when designing walking assets and to analyze their

effectiveness. Most of the experimental studies on locomotion aids available in the literature do not distinguish

between experienced and inexperienced users. However, locomotion assets appropriate for experienced users

may need more practical support for inexperienced users.

We recruited two groups of participants: participants with little to no experience in VR (referred to as

novices) and participants with substantial prior experience in VR (referred to as experts). Participants walked

controlled in real and corresponding virtual conditions to record their gait proportions. Each participant’s

difference in gait parameters was computed and analyzed to determine whether walking in VE and RE varied

between novice and expert users. This proposal presents the results of two completed studies and describes the

next research study in progress.

So, the main contributions of this study are:

1. Evaluating the differences between walking in the real world and IVEs.

2. Examining the effect of prior experience to moderate the gait differences in real and VR environments.
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1.4.2 Study 2

Chapter 4 introduces the design and findings of the second study. This longitudinal experiment

involved participants engaging in a navigation activity four times over a four-week duration. Prior to commenc-

ing the experiment, participants were randomly assigned to one of two between-subject conditions: 1) utilizing

teleportation for locomotion or 2) employing joystick-based locomotion. Each time they performed the activity,

participants underwent ten navigation trials, during which their completion time and accuracy with a spatial

updating task were recorded. Additionally, participants completed the Simulator Sickness Questionnaire [57]

and the iGroup presence questionnaire [94].

Our hypothesis posits that changes in participants’ locomotive performance are linked to the loco-

motion technique they use in VR. Furthermore, we anticipated observing the effect of time/experience on

participants’ performance in locomotion and navigation within the immersive virtual environment (IVE). The

main contributions of this research are as follows:

1. Evaluating users’ locomotive behaviors alters across sessions as they become more familiar with VR

2. Evaluating different patterns of change between locomotion methods

3. Evaluating the effects of the locomotion method on simulator sickness and presence over time?

1.4.3 Study 3

Chapter 5 presents the design and results of the third study. As a continuation of prior research,

this study delved into potential changes in locomotion and navigation in VR, as well as their lasting effects

over a three-session period. Our hypothesis was that both navigation parameters, like spatial memory, and

locomotion parameters, such as walking speed in the real world, would be altered after multiple VR sessions.

The main objective was to investigate how VR locomotion and navigation, using both joystick and teleportation

techniques, would modify participants’ walking behavior in both VR and the real world over time.

To investigate the effects of walking in immersive virtual environments (IVEs) on novice VR users’

walking behavior, a controlled experiment was conducted. Firstly, participants completed 20 trials of natural

walking in a real room, during which their gait parameters were measured. Subsequently, participants used

either the joystick-based or teleportation technique to navigate through a virtual maze-like setting (see Figure

5.2). Ten navigation trials were conducted, during which parameters such as completion time and spatial

accuracy were recorded. Finally, participants completed another 20 trials of natural walking in the real world
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to assess their walking behavior after the VR experience. The second real-world situation was identical to the

first one to ensure result reliability.

So, the main contributions of this study are:

1. Evaluating participants’ real-world locomotive behaviors after experiencing VR locomotion

2. Evaluating locomotion method impact on gait parameters in the real world

3. Evaluating participants’ VR locomotive behaviors over time
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Chapter 2

Related Works

2.1 Locomotion Techniques

Determining an effective method for moving players within virtual environments has become a

crucial challenge and has led to renewed interest in the study of locomotion techniques in virtual environments.

Virtual reality locomotion allows users to move within an infinite-scale virtual world while remaining confined

to a room-scale real-world environment [46]. Locomotion is a basic form of human-computer interaction, and

in virtual reality, it significantly impacts aspects of the user experience, such as enjoyment, frustration, fatigue,

motion sickness, and presence. When the virtual environment is the same size as the physical environment,

and the system allows for natural movement, users can walk to control the virtual-world locomotion. However,

when the virtual environment is larger than the physical environment, alternative methods of locomotion must

be used. As a result, new techniques have emerged, but choosing which technique to use needs to be better

understood, developed, or experimented with [24].

VR locomotion is an essential interaction element that facilitates navigation in VR environments

[17, 45]. This locomotion can, however, lead to simulator sickness [38, 117] and disorientation [15]. Finding

an efficient Locomotion Technique (LT) that does not negatively impact presence, cause motion sickness, or

induce fatigue is a significant challenge currently the focus of many research studies [13]. Numerous novel

LTs have been introduced with the rising popularity of VR [11], leading to a greater pool of LTs. It requires

researchers, developers, and designers to get an overview of existing LTs to know all possible choices among

LTs, identify gaps, or design a novel LT.

Since the early days of VR development, different locomotion techniques have been designed and
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analyzed to make efficient, user-friendly navigation in virtual environments [11]. The literature review

established the diverse character of the different VR locomotion techniques under comparative settings. A

study of locomotion techniques revealed three main categories: those that focus on the user’s body, those

that focus on external peripherals, and those that use a combination of both. Each of these categories can be

divided into various subcategories [24].

Joystick locomotion employing artificial interaction allows for a less physically intense experience,

with the user being stationary and simply using a controller; however, it can be cognitively intense and lead

more easily to VR sickness [37]. Teleportation effortlessly takes the users from place to place, though the

visual jumps may ruin the immersion and spatial orientation [12]. A teleportation technique named ”Dash”

tries to lessen spatial disorientation by supplying a small quantity of optical flow during the viewpoint change

to enable path integration [7]. Dash facilitates path integration and decreases spatial disorientation compared

to standard teleportation while reducing VR sickness.

Janeh et al. indicated significant distinctions in biomechanical gait parameters, such as step length

and walking velocity in virtual and real environments for younger and older adults. The results showed that,

unlike younger adults, the older adults walked at a comparable speed in real and virtual environments. Also,

older adults had similar step lengths in the VE and the real world, whereas younger adults had a significantly

shorter step length in the VE than in the real world [52]

Langbehn et al. compared joystick, teleportation, and redirected walking. Their results showed

that travel time was the shortest for teleportation, and the joystick had the highest VR sickness. Also, no

difference has been found in presence scores between the three locomotion methods, but teleportation and

redirected walking were most preferred [62]. In addition, comparing teleportation to three virtual locomotion

techniques, including the joystick method, joystick with tunneling (with a restricted field of view ), and body

tilt, showed no difference in presence. However, the quality of the experience was significantly higher for

teleportation [114].

Coomer et al. examined four locomotion methods: arm cycling, joystick, teleportation, and point-

tugging (users select a point in space and pull themselves toward it by pushing on a button on a controller).

They found that teleportation and arm-cycling had lower simulator sickness than joystick and point-tugging.

Also, users walked further by teleportation than the other three methods. Moreover, teleportation caused more

spatial disorientation than others, so they looked around more [27].

In conclusion, the study of locomotion techniques in virtual environments is crucial for enabling

effective player movement. Researchers have explored various approaches, considering physical intensity,
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cognitive demands, spatial orientation, and presence. Evaluating different locomotion methods has revealed

distinctions in user preferences, simulator sickness, presence, and the overall quality of the experience.

Continued research in this field aims to enhance the user’s locomotion experience in virtual environments

while mitigating negative effects such as motion sickness and disorientation.

2.2 VR Experience

Previous experience with virtual reality can affect a user’s perception and actions in VR in several

ways. For example, individuals with prior experience may easily adapt to the immersive environment and

better understand how to interact. They may also have a better sense of depth perception and spatial awareness,

which can help them navigate virtual environments more effectively. On the other hand, individuals with

limited prior experience may have a harder time adjusting to the VR environment. They may experience

disorientation, motion sickness, and difficulty interacting with virtual objects. They may also struggle with

spatial awareness and depth perception, making it difficult to navigate the virtual environment. Additionally,

prior experience can shape users’ expectations and how they react to different virtual scenarios. For instance,

users with experience in simulation, gaming, or training in virtual reality might react differently than users

who have never been exposed to it.

Unfortunately, most experimental analyses on navigation assets do not differentiate between experi-

enced and inexperienced users. Navigation assets suitable for experienced users may not provide a proper level

of support for inexperienced users. So, resolutions enhancing inexperienced users’ navigation performance

may not benefit experienced users [18].

Lin et al. analyzed the effect of repeated exposures to indoor environments on people’s indoor

wayfinding performance under normal conditions and during a fire emergency, which could cause mental stress.

Indoor wayfinding experiments were performed in an immersive virtual museum. Collected data included

participants’ wayfinding performance, sense of direction, wayfinding anxiety, and simulator sickness. The

results indicated a significant positive effect of repeated exposure on participants’ wayfinding performance,

which decreased the time needed to complete the required task [65].

Burigut et al. ran an experimental study whose purpose was: (1) to compare three navigation assets

that allow users to perform wayfinding tasks in virtual desktop environments by pointing out the location of

objects or places; (2) to evaluate the impacts of user experience with 3D desktop VEs on the navigation assets

efficacy. They compared the navigation performance (whole time to conducting a search task) of 48 subjects
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separated into two groups of experienced and inexperienced VR users. Based on their results, differences

are strongly influenced by the virtual environment where navigation takes place, like abstract vs. geographic

environments [18].

Since the modern 3D computer game is one of the most common virtual environments or 3D interfaces,

using computer games as the basis for virtual environment evolution would be helpful [110]. The present era

of computer games gives the experience of virtual worlds featuring user-friendly interaction and the simulation

of the real world. Frey et al. studied the effects of game experience on psychological experimenting in IVEs,

considering if training could lower the performance distinctions between users who play games and users who

do not [41].

Moreover, another research project has explained the impacts of gaming experience on virtual

environment evaluations involving navigation tasks. Results revealed that perceived gaming skill and progress

in a first-person-shooter (FPS) game were the most compatible metrics demonstrating significant correlations

with performance in time-based navigation tasks [103]. Beilinson et al. conducted longitudinal research,

tracking users over 45-minute sessions when interacting with each other in VR; evaluating results showed that

the feeling of presence did not change over time [4].

Likewise, [84] is a longitudinal study investigating how users played Minecraft on the desktop and

in VR, including three 45-minute sessions on each setup. However, no effects were perceived within this

time frame. Moreover, participants adapted to the VE and visual perturbations over time based on the results

indicating increasing stride length and reducing stride width and time [70].

Richardson et al. studied the relationship between prior video game experience and spatial perfor-

mance in virtual and real environments. Across two experiments, the gaming experience was associated with

performance in virtual desktop environments; those with more video game experience pointed more accurately

to non-visible targets [89]. The results suggest that the gaming experience is related to the ability to make

precise spatial representations while moving in Immersive Virtual Environment.

The study’s results by Murias et al. confirmed that individuals who have played video games for

longer perform better on a virtual-navigation task. However, this effect was most pronounced in players of

video games that involve navigation, and it cannot be solely attributed to their mastery of game controls.

Additionally, participants who frequently play video games involving navigation reported employing more

efficient navigation strategies, such as utilizing cognitive maps or relying on learned routes. These findings

support the idea that improved navigation and orientation skills in video game players are likely a result of

regular practice of these skills for entertainment purposes [78]. Although, there is yet a significant lack of
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research on the expected time users need to become proficient at traveling in the VR world.

Previous experience with virtual reality can significantly influence a user’s perception and actions

within VR environments. Those with prior experience tend to adapt more easily, possess better depth perception

and spatial awareness, and navigate virtual environments more effectively. Conversely, individuals with limited

experience may struggle with adjusting to the VR environment, experiencing disorientation and difficulty

interacting with virtual objects. Moreover, prior experience shapes users’ expectations and reactions to virtual

scenarios. However, the differentiation between experienced and inexperienced users is often overlooked

in experimental analyses on navigation assets, leading to a need for proper support for inexperienced users.

Nevertheless, studies have shown the positive impact of repeated exposure on wayfinding performance and

the potential benefits of using computer games as a basis for virtual environment development. The gaming

experience has been linked to improved performance in virtual environments, particularly in navigation tasks

and efficient navigation strategies. It is important to explore further the expected time required for users to

become proficient in navigating the VR world. Overall, understanding the role of prior experience and its

implications can enhance the design and effectiveness of virtual reality experiences.

2.3 Navigation and Spatial Memory

Navigation includes wayfinding and traveling, which are closely affiliated and used. So, travel

technique may affect the ability to perform wayfinding tasks and the user’s spatial orientation [14]. One

common VR navigation approach is using a joystick or other handheld controller to move through the virtual

environment. This approach has the advantage of being intuitive and easy to use, but it can also lead to feelings

of disorientation or motion sickness in some users. Another approach uses body movements, such as walking

or head movements, to navigate the virtual environment. This approach is often called ”natural navigation”

and is considered more immersive and less likely to cause disorientation or motion sickness [27]. However, it

can be more difficult to implement and require specialized hardware such as motion capture systems.

The memory system encodes, stores, recognizes, embodies, and recalls spatial information about the

environment is called spatial memory [67]. Spatial memory is responsible for encoding, storing, and retrieving

information about an individual’s spatial environment, including location, orientation, and relationships among

objects [2, 3]. It enables us to navigate and locate objects in our environment. It is critical for tasks such as

finding one’s way around a new city, remembering where items are stored in a room, or remembering the

layout of a building. Studies have shown that the hippocampus and surrounding brain regions are key structures
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involved in spatial memory [77]. A classic study in spatial memory is O’Keefe and Nadel’s publication ”The

Hippocampus as a Cognitive Map.” In this study, they proposed the idea of a cognitive map which refers to a

mental representation of the environment that allows for the storage and retrieval of spatial information [82].

Navigation and spatial memory in virtual reality are closely related [75]. The level of realism

and presence in the virtual environment and interaction and exploration can impact spatial memory recall.

Navigation in virtual reality can improve spatial memory recall, as individuals can actively explore and interact

with the virtual environment. The level of realism and presence in the virtual environment has been shown

to impact spatial memory recall positively [61]. Research in cognitive psychology has shown that recall is

superior in the same environment in which the learning took place [42]. The representation of space in virtual

reality can also impact spatial memory, with more realistic and dynamic virtual environments leading to better

memory recall [83].

Previous research on virtual reality navigation has focused on developing methods to help users

navigate and explore virtual environments intuitively and efficiently. This has included studying spatial cues,

such as landmarks and environmental features, to allow users to orient themselves and understand their location

within a virtual environment [96]. Researchers have also studied navigation aids, such as maps and compasses,

and the impact of different forms of movement (e.g., walking vs. teleportation) on navigation performance and

user experience. Another area of research has been on how virtual reality can assist with real-world navigation

tasks, such as wayfinding, for people with visual impairments [53].

One area of research has focused on the design of virtual environments, specifically the creation of

virtual worlds that are large and complex enough to support effective navigation while also being intuitive and

easy to use [30]. Researchers have also investigated using different input devices, such as a joystick, keyboard,

and mouse, and more advanced devices, such as the Oculus Touch and the Vive controllers. Some research

studied the impact of navigation in VR on user performance, the occurrence of cybersickness symptoms,

and the level of presence [22]. Studies have shown that VR navigation can significantly impact a user’s

sense of presence and spatial awareness, which can affect a user’s ability to navigate and interact with virtual

environments.

Xu et al. examined the effect of three locomotion techniques (joystick, pointing-and-teleporting, and

walking-in-place) on object location learning and recall. Participants were asked to memorize the location of a

virtual object in a virtual environment (VE). Unexpectedly, results indicated that the average placement error,

the distance between the original and recalled object location, was approximately the same for all locomotion

techniques [121]. Overall, the research on Navigation in Virtual Reality continues to evolve as the technology
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develops, and new ways of interacting with virtual environments are being explored.

In closing, navigation and spatial memory are crucial in virtual reality experiences. The choice of

navigation technique, such as joystick-based or natural navigation, can impact users’ sense of disorientation or

immersion. Spatial memory, responsible for encoding and retrieving spatial information, is closely linked to

navigation in virtual reality. The level of realism and presence in virtual environments can enhance spatial

memory recall. Researchers have explored various methods to improve navigation, including using spatial

cues, navigation aids, and the design of large and intuitive virtual worlds. Additionally, investigations have

been conducted on the impact of different input devices, user performance, cybersickness symptoms, and

presence in virtual reality navigation. While there is ongoing research in this field, it is clear that navigation in

virtual reality continues to evolve with advancements in technology and innovative approaches to interacting

with virtual environments.

2.4 VR Afteraffects

Walking in virtual reality (VR) has become a popular way to experience immersive environments and

explore new environments without physical limitations. However, the effects of walking in VR can extend

beyond the virtual environment and may cause aftereffects that persist into the real world. Aftereffects refer to

changes in perception or behavior after exposure to a stimulus. The impact of VR locomotion on real-world

behavior may be influenced by various factors, including the type of virtual environment [101], the duration of

exposure [106], and the user’s prior experience with VR [79].

Several research efforts have examined how VR locomotion affects posture control and balance. Chen

et al. explored the short-term impact of VR training on balance. They compared it to other active interventions,

such as traditional balance training, sensory integration balance training, neurodevelopment treatment, and

cycling, for individuals with Parkinson’s disease [23]. The results showed promising moderate evidence for

the effectiveness of VR in improving balance in these individuals. While the impact was insufficient to reach

the clinical significance threshold, VR was just as effective as active interventions and could be considered

a supplementary therapy for balance rehabilitation in Parkinson’s patients. Another study by De Rooij et al.

shows a significant impact of VR walking on patients’ balance and gait ability after stroke. They studied if VR

training for balance or gait training is effective for patients with stroke and found out it helps improve their

balance or gait ability [33].

In addition to postural control and balance, VR locomotion has also impacted spatial perception
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and body ownership. Embodied virtual bodies in VR significantly affect the perception of the self-body, for

example, in aspects like perceived size, shape, posture, location, or sense of ownership [72]. Reinhard et al.

studied how the age of an avatar affects a person’s walking speed after embodiment, taking into account the

role of body ownership and spatial presence. The results showed that participants who embodied older avatars

took more time walking a specific distance than those who embodied young avatars [88].

Studies have revealed that walking in virtual reality can cause changes in perception of size, depth,

and motion, leading to difficulties in adapting to the real world. One study found that walking experience in

a virtual environment can impact an individual’s subsequent distance estimates in the physical world [116].

Another survey by Maruhn et al. compared various methods for measuring depth perception in VR during

active locomotion and found that there were varying levels of exposure for different ways and a predicted

impact of translation gains [71]. Varmaghani et al. investigated if exposure to VR can lead to a decline in

cognitive spatial ability and attention and if this decline is related to cybersickness [113].

As kinematic measurements indicate, VR can cause postural instability while standing or walking.

The deviations in gait patterns suggest that walking in a VR environment can cause gait instability in healthy

individuals. It is likely due to the compensatory response to visual stimulation in the VR environment [47].

Further study is necessary to fully comprehend the impact of VR locomotion on real-world behavior and

establish guidelines for the safe and effective use of VR for movement. When considering the effects of

VR, it is important to weigh the potential risks and benefits for different applications, such as therapy and

rehabilitation, entertainment, and education.

Studying the aftereffects of walking in virtual reality (VR) on real-world walking can have several

potential benefits to society, like improved rehabilitation. Virtual reality is increasingly used in rehabilitation

settings to help people regain their walking ability after an injury or illness [8]. By studying the aftereffects

of walking in VR on real-world walking, researchers can better understand how to use VR to improve

rehabilitation outcomes. It helps to provide safer mobility for older adults; as the global population ages,

interventions are needed to help them maintain mobility and independence [20]. By studying the aftereffects

of walking in VR on real-world walking, researchers can develop safer and more effective interventions for

older adults.

In summary, the effects of walking in virtual reality extend beyond the virtual environment and can

impact real-world behavior. Factors such as the type of virtual environment, duration of exposure, and prior

VR experience can influence the impact of VR locomotion on posture control, balance, spatial perception, and

body ownership. Studies have shown promising evidence of the effectiveness of VR in improving balance in
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individuals with Parkinson’s disease and stroke patients. However, walking in VR can also lead to difficulties

adapting to the real world, affecting distance estimation, depth perception, cognitive spatial ability, and gait

patterns. Further research is needed to fully understand the implications of VR locomotion on real-world

behavior and establish guidelines for its safe and effective use. By studying the aftereffects of walking in VR

on real-world walking, we can enhance rehabilitation, gain insights into cognitive processes, promote safer

mobility for older adults, improve athletic training, and deepen our understanding of the brain’s functioning.

2.5 Presence

Virtual reality is an advanced human-computer interface that incorporates various sensory modalities,

such as visual, haptic, and auditory cues, to enhance the realism and immersion of the virtual environment [97].

This heightened sense of realism gives rise to a phenomenon called ”presence,” which denotes the user’s

subjective feeling of truly existing within the virtual world, facilitated by computer-generated visual and

auditory stimuli [5, 99]. By offering highly realistic and immersive experiences, VR emerges as a potent tool

capable of enabling the creation of unique and innovative consumption experiences [32, 64].

The concept of presence is widely used to measure the immersive capacity of interactive experiences

in virtual environments [99]. It is referred to by experts in various ways, such as telepresence, which creates

a sense of ”being there,” and social presence, which focuses on the feeling of ”being there with another”

and examines interactions between real and virtual humans [9]. For this study, we adopt the definition of

presence that involves the transportation of the user’s consciousness to the virtual environment [66]. Our

experimentations do not include interactions with human-like characters, so social presence is irrelevant.

We focus on a subtype of presence that closely aligns with its original concept, ”Spatial Presence.”

Spatial Presence is commonly described as ”a sense of being there,” where a person’s perception fails to

accurately acknowledge the technology that creates the illusion of being in a different physical location and

environment from their actual surroundings in the real world. Although this definition is similar to the earlier

notion of ”telepresence” [35], the term ”telepresence” is more general as it is not specific to particular media

technologies, such as virtual reality, often associated with it.

Academic research in this area explores the psychological and cognitive mechanisms that underlie

spatial presence, the potential applications of spatial presence in various fields (e.g., education, training, therapy,

entertainment), and the design principles to enhance and optimize the feeling of presence in mixed reality

experiences. Researchers use various methodologies to study spatial presence, such as surveys, questionnaires,
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physiological measurements, and qualitative interviews to understand how users perceive and experience

mixed realities [43]. The insights gained from these studies can inform the development of better mixed-reality

systems and applications that provide users with more immersive and engaging experiences.

The primary characteristic of spatial presence is the belief in being present in a mediated environment.

This quality makes spatial presence a critical factor in various communication applications. For instance:

The success of simulation-based learning relies on the learner’s sense of being in the simulated environment

[87]. Furthermore, spatial presence can enhance existing media effects, such as The enjoyment of using

entertainment media, like video games [109]. Coordinated action in organizations, where members’ feeling of

presence in shared virtual spaces, facilitated by videoconferencing and other communication tools, improves

collaboration [39].

Several factors contribute to the perception of presence in virtual reality, including the level of

immersion provided by the technology, the quality of sensory inputs (such as visual, auditory, and tactile

cues) [100], the user’s ability to interact with virtual elements, and the coherence and relevance of the virtual

content to the real-world context [90]. By integrating certain aspects, it is possible to expect a substantial

improvement in the user’s feeling of presence. Features involve utilizing faster processors with higher update

rates, more precise tracking devices that are less burdensome, and HMDs offering broader fields of view [29].

So this results in more reliable and detailed spatial cues, making it more likely that the user perceives the

virtual environment as spatial and themselves as an integral part of it.

In the context of immersive experience design in VR, the challenge of enabling users to move through

larger environments beyond the physical limits of room-scale tracking is an ongoing and iterative one. This

involves implementing VR locomotion methods that allow users to navigate and explore extensive virtual

spaces. Such design decisions have significant implications on performance, comfort, and presence within

the VR experience, and they should be based on scientific evidence to create compelling and enjoyable user

interactions.

Bowman et al. proposed a taxonomy for classifying VR locomotion methods based on their complex-

ity [16]. The taxonomy includes key categories: 1) Travel involves controlling the user’s viewpoint motion

within the three-dimensional virtual environment. It encompasses different methods of moving from one

location to another, such as teleportation or smooth locomotion. 2) Wayfinding is a cognitive process wherein

users determine a path or route through the IVE. It relies on visual cues, the user’s knowledge of the virtual

space, and the availability of aids like maps or compasses within the VR experience. 3) Navigation refers

to the interaction combining travel and wayfinding skills. It involves physically moving through the virtual

18



environment and making cognitive decisions about navigating effectively within it. Generally, the focus is on

navigation skills, which have higher cognitive implications for the user. When users navigate large virtual

environments, they not only engage in physical movements but also need to process visual information, spatial

awareness, and cognitive mapping to make informed decisions on their path and direction.

Earlier research suggests that techniques used to represent virtual walking impact the sense of

presence in virtual environments [102]. However, a recent study found that the choice of locomotion method

does not significantly affect the sense of presence in VR. As participants become more accustomed to the VR

experience, they feel a similar level of presence regardless of the locomotion method used, or they cannot

internally perceive any notable differences in presence [104]. This dissertation investigates how the locomotion

methods, specifically teleportation, joystick, and real walking, would be related to the sense of presence in

IVEs.

2.6 Simulator Sickness

Simulator sickness, or motion sickness in virtual environments, is a phenomenon experienced by

individuals using simulators or virtual reality systems. It involves symptoms like discomfort, nausea, dizziness,

and sometimes vomiting. This occurs due to a sensory conflict between the visual system’s perception and

the vestibular system’s cues related to motion and orientation. The discrepancy between these inputs leads to

motion sickness, similar to what people feel when traveling in vehicles.

Previous research has primarily investigated human factors influencing the virtual immersion experi-

ence, including gender, prior experience, and motion sickness history. Some studies indicated that females

experience more simulator sickness [56], while prior experience strongly correlates with simulator sick-

ness [60, 105]. Based on these experimental results, the same quality of the VR system can provide different

user experiences depending on various human factors.

VR locomotion can induce simulator sickness due to various factors. When walking naturally, your

inner ear senses motion and aligns with what your eyes see. However, in VR locomotion, you might move

within a virtual environment while remaining stationary physically. This disparity between visual motion cues

and absent vestibular cues can trigger a sensory conflict, causing simulator sickness [60].

Additionally, changes in motion involving acceleration and deceleration during walking are not

always accurately replicated in VR, contributing to a mismatch between visual cues and physical sensations,

thus promoting motion sickness. Furthermore, natural walking involves subtle sensations like the impact
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of steps and changes in foot pressure [98]. These sensations might be lacking or different in VR, leading

to discomfort. Artificial locomotion methods, like using a joystick or controller for smooth movement, are

prevalent in VR experiences. While these methods allow movement without actual walking, they can induce

motion sickness due to the mismatch between physical walking and simulated training [51].

It is widely recognized that the intensity of VR sickness can be reduced through repeated exposure

to the same VR content. In Freitag et al.’s research, participants who were inexperienced with VR exhibited

heightened discomfort, evident in elevated SSQ scores and diminished task performance within the VR

environment [40]. Hence, accounting for a user’s past VR encounters is crucial when delivering VR content.

Recent research more focused on the effects of VR exposure on simulator sickness like [85] that examines

longitudinal trends in consumer perceptions of presence and simulator sickness in VR games. It analyzes

these trends over time using data collected from the Annual Symposium on Computer-Human Interaction in

Play. They studied how users’ thoughts on presence and simulator sickness have evolved in the context of VR

gaming.

Assessing the severity of the symptoms is crucial to diagnose and mitigate the simulator sickness

symptoms. Self-reporting questionnaires are the predominant approach to quantify VR sickness, providing

an intuitive means to describe one’s condition. Depending on their chosen methodology, users can express

their physical state through subjective or objective assessments. Earlier research primarily leaned toward

subjective methods, employing a variety of questionnaire formats. More contemporary endeavors have aimed

at objectively measuring discomfort levels, utilizing markers such as postural instability or physiological

signals [21]. In this study, we used the SSQ questionnaire and evaluated the participants’ performance to

determine the level of simulator sickness during the experiment.
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Chapter 3

Gait Differences in the Real World and

Virtual Reality: The Effect of Prior

Virtual Reality Experience

3.1 Research Design

We hypothesize that gait differences in VEs and REs will shrink for more experienced users (experi-

ence with any VR). To test this hypothesis, we designed an experiment to examine natural walking in virtual

and real rooms to see VE and RE’s gait differences. We recruited two groups of participants: participants

with little to no experience in VR (referred to as novices) and participants with substantial prior experience

in VR (referred to as experts). Participants walked controlled in real and corresponding virtual conditions to

record their gait proportions. Each participant’s difference in gait parameters was computed and analyzed to

determine whether walking in VE, and RE varied between novice and expert users.

This section describes our experiment of measuring the gait parameters of novice and expert VR

users. We ran a mixed study with two factors: walking environment (real vs. virtual worlds: within-subjects)

and prior VR experience (expert vs. novice: between subjects). We designed two different conditions for

running the experiments

• Virtual Space: walking with HMD for 40 trials in a virtual room.
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Figure 3.1: Top: Real room (Lab area), Bottom: Virtual room
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• Real World: walking without HMD for 40 trials in a real room similar to the one inside the VE.

Participants performed the experiment in both conditions with counterbalanced order. Each phase has 40 trials

of walking a 6 m path between two targets on the ground. Positional data from participants’ bodies were

collected for further analysis. We calculated the following parameters using the collected data: 1) Walking

speed, 2) Step Length, and 3) Trunk angle when walking.

3.2 Environment and Equipment

Experiments took place in a fully tracked space, 10 m × 6 m in size, with a 6 m path to walk between

two designated targets. This physical space has been precisely replicated in VR by using Unity (see Figure

3.1). The participants were asked to wear an HTC Vive HMD, which provides a resolution of 1080×1200

pixels per eye with an approximately 110 ◦ diagonal field of view and a refresh rate of 90 Hz. Four lighthouse

tracking systems did positional tracking with the HTC Vive. Two HTC Vive trackers were used to track the

user’s feet and fastened right above the ankles. Also, subjects in the real-world phase wore one HTC Vive

tracker on the hip and a hard hat with a fixed HTC-Vive tracker to track their head movements; the hard hat

was chosen to make a similar condition to wearing an HMD and walking comfortable and stable. In addition

to detecting and tracking their hands’ position, they carried an HTC-Vive controller in their hands. Participants

walked back and forth along the 6-meter path between two targets for 80 trials. These experiments have been

done in VR and real-world conditions, wearing the HMD for walking in the virtual room and the hard hat to

walk in the real-room condition.

Figure 3.2: A user wearing four HTC Vive trackers to track his body movements during walking

3.3 Participants

We have recruited 30 participants, 17 novices (9 men, eight women) who had less than 5 hours of

experience with VR applications and 13 expert VR users (10 men, three women) with more than 20 hours of

VR experience. Participants who participated in the experiment were students at Clemson University. Nineteen

were men, and 11 were women, with an average age of 24 (18-38 years). All had normal or corrected-to-normal

sight with contact lenses. Our participants reported no vision or equilibrium disorders. Moreover, all of them

were naive to the experimental conditions they experienced and wore their everyday clothes. Four participants
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had never worn a VR headset before this experiment; the rest had used HTC Vive and Oculus Rift HMDs.

The participants’ study time, including pre-questionnaires, instructions, setting up the trackers, running the

experiment, post-questionnaires, and interviewing, was about 30 minutes.

3.4 Procedure

Participants were recruited primarily from computer science and psychology departments; they

received a $10 US gift card or credit for their course. Upon arrival, participants were told the experiment’s pro-

cedure and signed a consent form. Then, all participants filled out a pre-questionnaire about their demographic

information and backgrounds in VR. Afterward, feet and hip trackers were affixed to their ankles and back.

They were asked to wear HMD or hard hats and grab controllers based on the first condition, either VR or

real-world.

After calibrating the trackers by the experimenter, participants started walking back and forth between

two targets marked on the ground. Participants were asked to walk at a comfortable pace between the target

zones. Once they reached the target zone, participants had to turn around and walk back to their starting point.

At the end of each trial, a recorded audio instruction let the participants know that one trial had been done

and they could walk in the other direction. After completing the first 40 trials in an experiment condition, the

experiment was switched to another condition. The experimenter provided the participants with the hard hat or

HMD and asked them to stand at the start point to proceed with the experiment. So, subjects walked another

40 trials in the opposite condition for the second part of the experiment.

Immediately after finishing the experiment session, participants filled out the post-test presence

questionnaire. The questionnaire consisted of 13 questions with 7-point Likert scales. Mean I-Group Presence

Questionnaire (IPQ) score [94] for the feeling present in the VE was M= 4.9, indicating a relatively good sense

of presence in VR. After completing the questionnaires, the experimenter interviewed participants asking

questions about their perception and understanding during the experiment. In the end, participants were invited

to give feedback regarding the experiment.

3.5 Results: Comparing expert and novice users’ gait parameters

We assumed the following hypotheses:

• H1: Participants’ gait parameters in VR and the real world differ.
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Table 3.1: Effective variables on Walking Time

Walking Time Coefficient/Estimate 95% CI T p-value Std Std. Coef. 95% CI

Modality 0.86 [+0.55,+1.16] 5.50 < .001 0.38 [+0.17,+0.59]
Expertise 0.66 [−0.16,+1.48] 1.58 0.115 0.35 [−0.24,+0.94]

Trial 3.86e-03 [0.00,+0.01] 1.98 0.048 0.03 [0.00,+0.06]
Modality * Trial -0.02 [−0.02,−0.01] -7.29 < .001 -0.14 [−0.17,−0.10]
Expertise * Trial -8.74e-03 [−0.01,0.00] -3.88 < .001 -0.07 [−0.11,−0.04]

• H2: Participants with prior VR experience (experience with any VR) walk differently than novice VR

users.

To analyze prior experience’s effect on gait parameters, we ran statistics models comparing Expert

and Novice users’ gait parameters. In the first round of analysis, walking time, average speed, step count, step

length, and trunk angle values for both groups of participants were assessed. The following section reports the

evaluation results and describes how they would provide answers to our research questions.

We conducted linear mixed models to study human walking in the Immersive Virtual Environment.

We evaluated the effects of experimental conditions (VR vs. Real World) and previous VR experience (Expert

vs. Novice). We analyzed with a random intercept to account for repeated measurement data. We ran an

exploratory model with modality, previous VR experience, trial ID as Independent Variables(IVs), and gait

parameters as Dependent Variables (DV). We used the ”buildmer” function from the CRAN package in R

Studio. Buildmer performs backward step-wise elimination based on multiple criteria, such as a change in

log-likelihood, AIC, and BIC, and converges a maximal model [115].

3.5.1 Walking Time(s)

After examining the full model containing Expertise (Experienced Novice), Modality (Real Virtual),

and Trial ID, the best-fit model (using the BIC criteria) was determined. It included Expertise, Modality, and

Trial as fixed effects, along with 2-way interaction effects; Expertise*Trial and Modality*Trial. The linear

mixed model parameters for walking time are reported in Table 3.1.

The model’s total explanatory power is substantial (conditional R2 = 0.82), and the part related to the

fixed effects alone (marginal R2) is 0.07. The model’s intercept, corresponding to Modality, Expertise, and

Trial, is at 6.67 (95% CI [6.09, 7.26], t(2208) = 22.43, p < .001). Based on the results, the effect of Modality
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Figure 3.3: Time to complete the 40 trials for novice and expert users labeled by their prior experience level

is statistically significant and positive (beta = 0.86, 95% CI [0.55, 1.16], t(2208) = 5.50, p < .001; Std. beta =

0.38, 95% CI [0.17, 0.59]). However, the effect of Expertise is statistically non-significant and positive (beta =

0.66, 95% CI [-0.16, 1.48], t(2208) = 1.58, p = 0.115; Std. beta = 0.35, 95% CI [-0.24, 0.94]). In addition,

the effect of the Trial is statistically significant and positive (beta = 3.86e-03, 95% CI [3.98e-05, 7.67e-03],

t(2208) = 1.98, p < .05; Std. beta = 0.03, 95% CI [3.32e-04, 0.06]). Considering two-way interactions, the

interaction effect between Trial on Modality is statistically significant and negative (beta = -0.02, 95% CI

[-0.02, -0.01], t(2208) = -7.29, p < .001; Std. beta = -0.14, 95% CI [-0.17, -0.10]). Also, the interaction effect

between Trial on Expertise is statistically significant and negative (beta = -8.74e-03, 95% CI [-0.01, -4.33e-03],

t(2208) = -3.88, p < .001; Std. beta = -0.07, 95% CI [-0.11, -0.04]).

While the average time for users to walk one trial in the VR was 7.643 seconds, the average time to

walk the same distance without VR headsets was 7.067 seconds. As shown in Figure3.3, walking time for both

groups of users was significantly higher in VR. The graph also shows that walking time is reduced over time

by completing more trails. It may bring us an important learning pattern with technology usage; more walking

time in VR makes users faster in taking steps.

Our initial assumption was that walking time in the real world would be the same for both novices

and experts. However, evaluating the results showed that experts spent less time in both VR and real-world

conditions. Consequently, this unexpected result made us analyze more variables to find a meaningful pattern

to describe this outcome. We noticed that the order of the experiment’s conditions affected the walking time.

So, we added Modality Order (VR first vs. RW first) as another independent variable to the analysis. We
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Figure 3.4: Walking time of the 40 trials by experienced and novice users labeled by first VR and first RW as
the first condition of experiment

found a two-way interaction effect between Modality Order and Trial ID, suggesting that walking time for

both groups of subjects, either first walked in VR or real-world, has decreased from the first trials to the last

ones (p < .001). Also, the results showed a significant three-way interaction effect between Modality Order,

Modality, and Trial ID.

The relationship between Modality, Trial ID, Expertise, and Modality Order on the Walking Time is

shown in Figure 3.4. It suggests that subjects in a VR environment walked more quickly than in the real world.

In addition, those who first walked in the VR space walked quicker in the later trials and spent less time than

those who first walked in the real world (p < .001). Participants who started the experiment with the VR phase

sooner adapted to handling the VR hardware while walking.

As a part of the experiment procedure, subjects were asked to wear trackers on their feet and hip.

Also, they wore a VR headset (in VR) and a hard hat (in real space). Carrying this equipment might be a factor

that made novices slower than experts. When they started walking in the real world, they only wore trackers

and a hard hat. When they walked into VR, they had both VR hardware to carry and stepped into a relatively

new environment. One possible explanation would be that novices who started with VR used new devices on

their bodies and simultaneously entered a new world. However, novices who started with the real world carried

less weight and figured out how to walk with the devices in a less complex set in a real lab area. Therefore,

there could have been a carry-over effect for novices, such that their experience of walking at higher speed in

the real world might have carried over to the virtual world.
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Table 3.2: Effective variables on Average Speed per Trial

Average Speed Coefficient/Estimate 95% CI T p-value Std Std. Coef. 95% CI

Modality -0.09 [−0.13,−0.06] -5.27 < .001 -0.36 [−0.57,−0.15]
Trial 6.58e-04 [0.00,0.00] 3.68 < .001 0.05 [+0.02,+0.07]

Modality * Trial 1.84e-03 [0.00,0.00] 7.28 < .001 0.13 [+0.10,+0.17]

3.5.2 Average Speed m/s

The average speed has been calculated using equation 3.2 in which the speed is generated using the

∆D and ∆t (equation 3.1).

∆Vi =
∆Di

∆ti
, where

{
∆ti = ti+1 − ti (3.1)

V =
1
N

N−1

∑
i=1

∆Vi (3.2)

Figure 3.5: Average Speed influenced by Modality and Expertise

Our results showed that participants walked quicker in the real world p< .001. While the mean speed

for walking in the VR was 0.954, participants walked in the real space with a speed of 1.009 m/s. Furthermore,
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Table 3.3: Effective variables on Step Count per Trial

Step Count Coefficient/Estimate 95% CI T p-value Std Std. Coef. 95% CI

Expertise 0.62 [−0.12,+1.37] 1.65 0.099 0.32 [−0.18,+0.82]
Modality 0.40 [+0.11,+0.70] 2.69 0.007 0.16 [−0.01,+0.33]

Trial 7.94e-03 [0.00,+0.01] 2.47 0.014 0.06 [+0.01,+0.11]
Modality * Trial -8.38e-03 [−0.02,0.00] -2.22 0.026 -0.07 [−0.12,−0.01]
Expertise * Trial -7.56e-03 [−0.01,0.00] -2.01 0.045 -0.06 [−0.12,0.00]

on average, novices had a lower speed than experts p < .001. Adding Trial ID numbers to the analysis revealed

a significant effect of Trial and Modality on average speed (See fig.3.10).

Table 3.2 shows details of our full model containing Expertise, Modality, and Trial. The best-fit model

(using the BIC criteria) is determined to include Modality and Trial as fixed effects and 2-way interaction

effects between Modality and Trial.

We fitted a linear mixed model to predict Average Speed with Modality and Trial. The model’s

total explanatory power is substantial (conditional R2 = 0.82), and the part related to the fixed effects alone

(marginal R2) is 0.05. The model’s intercept, corresponding to Condition = Real World and Trial = 0, is at 0.99

(95% CI [0.93, 1.04], t(2196) = 36.60, p < .001). In this model, the effect of Modality is statistically significant

and negative (beta = -0.09, 95% CI [-0.13, -0.06], t(2196) = -5.27, p < .001; Std. beta = -0.36, 95% CI [-0.57,

-0.15]). In addition, the effect of the Trial is statistically significant and positive (beta = 6.58e-04, 95% CI

[3.08e-04, 1.01e-03], t(2196) = 3.68, p < .001; Std. beta = 0.05, 95% CI [0.02, 0.07]). The interaction effect

of Trial on Modality is statistically significant and positive (beta = 1.84e-03, 95% CI [1.35e-03, 2.34e-03],

t(2196) = 7.28, p < .001; Std. beta = 0.13, 95% CI [0.10, 0.17]).

Examining the results showed an increase in velocity by walking more trials. It may conclude that

participants walked slowly in the beginning trials because they were not thoroughly familiar with the system.

As they made some trials, they learned the system interaction and walked more quickly. Thus, the walking

behavior of participants shows evidence of calibration; as participants gained comfort with the condition they

were experiencing, they tended to walk at a higher velocity.

3.5.3 Step Count

Wendt et al. suggested a gait-based state model categorized into four states (no gait, single foot initial

swing, single foot terminal swing, and post-single foot double support), and each state is altered by four gait

29



Table 3.4: Effective variables on Step length per Trial

Step Length Coefficient/Estimate 95% CI T p-value Std Std. Coef. 95% CI

Expertise -0.21 [−0.43,+0.01] -1.84 0.066 0.23 [−0.63,+0.18]
Modality -0.21 [-0.32, -0.11] -3.86 < .001 -0.15 [−0.31,0.02]

Trial -5.73e-03 [−0.01,0.00] -3.91 < .001 -0.13 [−0.19,−0.06]
Expertise * Trial 4.36e-03 [0.00,+0.01] 2.54 0.011 0.10 [+0.02,+0.17]
Modality * Trial 6.72e-03 [0.00,+0.01] 3.93 < .001 0.15 [+0.07,+0.22]

events (foot-off, max foot height, foot-strike, gait stop) [118]. So, the gait experience is concluded as follows:

Foot Off happens when a single foot is leaving the ground; Max Foot Height has been identified if the moving

ankle’s vertical velocity decreases below a threshold. Foot Strike happens when the moving foot contacts the

ground. Gait Stop happens when the moving single foot touches the floor in the foot’s initial swing state. If a

gait stop is detected, the system returns to the no gait state.

We have used the method that [123] suggests for step detection. In this paper, to keep the results

consistent, we only used the position of the left foot. Both step count and step length are calculated for the left

foot.

After examining the full model containing Expertise, Modality, and Trial, the best-fit model (using

the BIC criteria) was determined to include Expertise (p < .1), Modality (p < .01), and Trial (p < .05) as fixed

effects, along with two-way interaction effects between Expertise and Trial (p < .05) plus Modality and Trial

(p < .05) The linear mixed model parameters for step count are reported in Table 3.3. The estimate column

reports the average change of the left foot step number influenced by the experiment variables (the slope in a

linear model).

Based on the results shown in figure3.6 number of steps in the VR environment is significantly higher

than in the Real World (p = 0.007). Also, step numbers gradually decrease for novice users while expert users

stay with a fixed step number until the end of trials (p = 0.044). Results match our assumption that VR users

walk more confidently in the real world than in the VR space. Considering users walking patterns reveals that

novice users get more confident by walking in VR; their step numbers are slightly lower in the last trials.

Standardized parameters were obtained by fitting the model on a standardized dataset version. 95%

Confidence Intervals (CIs) and p-values were computed using the Wald approximation. We fitted a linear

mixed model to predict Step Count with Expertise, Modality, and Trial. The model’s total explanatory power

is substantial (conditional R2 = 0.59), and the part related to the fixed effects alone (marginal R2) is 0.03. The
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Figure 3.6: Left Step Count influenced by Modality during the experiment time

model’s intercept is at 4.79 (95% CI [4.26, 5.31]). Within this model, the effect of Expertise is statistically

non-significant and positive (beta = 0.62, 95% CI [-0.12, 1.37], t(1969) = 1.65, p = 0.099, Std. beta = 0.32).

However, the effect of Modality is statistically significant and positive (beta = 0.40, 95% CI [0.11, 0.70],

t(1969) = 2.69, p < .01, Std. beta = 0.16). The effect of the Trial is also statistically significant and positive

(beta = 7.94e-03, 95% CI [1.63e-03, 0.01], t(1969) = 2.47, p < .05, Std. beta = 0.06). Also, the interaction

effect between Trial and Modality is statistically significant and negative (beta = -8.38e-03, 95% CI [-0.02,

-9.94e-04], t(1969) = -2.22, p < .05, Std. beta = -0.07). In addition, the interaction effect between Trial and

Expertise [Novice] is statistically significant and negative (beta = -7.56e-03, 95% CI [-0.01, -1.71e-04], t(1969)

= -2.01, p < .05, Std. beta = -0.06).

3.5.4 Step Length

The distance between two consecutive placements of the same foot on the ground is labeled step

length. Points of contact are determined from the translation of the foot tracker. Equation 3.4 gives us the

desired distance.

∆Di =
√

x2
i + y2

i + z2
i , where


∆xi = xi+1 − xi

∆yi = yi+1 − yi

∆zi = zi+1 − zi

(3.3)
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D =
N−1

∑
i=1

∆Di (3.4)

Figure 3.7: Step Length changes over time of experiment by effects of Expertise and Modality

We fitted a linear mixed model to predict Step Length with Expertise, Modality, and Trial. The

model’s total explanatory power is substantial (conditional R2 = 0.31), and the part related to the fixed effects

alone (marginal R2) is 0.03. The model’s intercept, corresponding to Expertise = Expert, Condition = Real

World and Trial = 0, is at 1.52 (95% CI [1.36, 1.68], t(1969) = 18.50, p < .001). Within this model, the effect

of Expertise is statistically non-significant and negative (beta = -0.21, 95% CI [-0.43, 0.01], t(1969) = -1.84, p

= 0.066; Std. beta = -0.23, 95% CI [-0.63, 0.18]). The effect of Modality is statistically significant and negative

(beta = -0.21, 95% CI [-0.32, -0.11], t(1969) = -3.86, p < .001; Std. beta = -0.15, 95% CI [-0.31, 0.02]).

The effect of Trial is statistically significant and negative (beta = -5.73e-03, 95% CI [-8.59e-03, -2.86e-03],

t(1969) = -3.91, p < .001; Std. beta = -0.13, 95% CI [-0.19, -0.06]). The interaction effect between the Trial

and Expertise [Novice] is statistically significant and positive (beta = 4.36e-03, 95% CI [1.00e-03, 7.71e-03],

t(1969) = 2.54, p < .05; Std. beta = 0.10, 95% CI [0.02, 0.17]). The interaction effect between Trial and

Modality is statistically significant and positive (beta = 6.72e-03, 95% CI [3.36e-03, 0.01], t(1969) = 3.93, p <

.001; Std. beta = 0.15, 95% CI [0.07, 0.22]).

3.5.5 Trunk Angle

The trunk angle is the angle between the trunk segment and a vertical axis in the longitudinal plane.

This angle is represented in figure 3.8 as θ 2; it would be positive if one leans back against the vertical line [122].
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Table 3.5: Effective variables on Trunk Angle

Trunk Angle Coefficient/Estimate 95% CI T p-value Std Std. Coef. 95% CI

Expertise -0.09 [−0.26,+0.07] -1.11 0.269 -0.14 [−0.40,+0.12]
Modality +0.36 [−0.06,+0.79] 1.68 0.093 0.52 [−0.16,+1.21]

Trial -2.18e-03 [0.00,0.00] -2.58 0.010 -0.04 [−0.07,−0.01]
Expertise * Modality -0.45 [−1.06,+0.16] -1.45 0.146 -0.54 [−1.52,+0.45]

Expertise * Trial 4.60e-04 [0.00,0.00] 0.38 0.707 8.63e-03 [−0.04,+0.05]
Modality * Trial -2.03e-03 [0.00,0.00] -1.68 0.093 -0.04 [−0.08,+0.01]

Expertise * Modality * Trial 6.02e-03 [0.00,+0.01] 3.46 < .001 0.11 [0.05,+0.18]

So, if a user stands in a position like figure 3.8, his/her trunk angle would be negative. As results show, experts’

trunk angle in VR condition represents that they were more upright walking with HMD than novices. Novice

VR users need to lean forward to take steps, while experts unconsciously adopt the field of view and manage

walking without looking down. However, the graph shows that experts walked differently in VR and real-world

sessions. We may explain it by users’ curiosity to look around and explore the virtual space. In comparison,

novices were mainly focused on walking and reaching the targets on the ground.

Figure 3.8: Trunk angle [49]

We fitted a linear mixed model to predict Trunk Angle with Expertise, Modality, and Trial. The

model’s total explanatory power is substantial (conditional R2 = 0.88), and the part related to the fixed effects

alone (marginal R2) is 0.06. The model’s intercept is at -0.12 (95% CI [-0.24, -3.76e-03]). Within this model:

the effect of Expertise is statistically non-significant and negative (beta = -0.09, 95% CI [-0.26, 0.07], t(2116)

= -1.11, p = 0.269, Std. beta = -0.14). The effect of Modality is statistically non-significant and positive (beta

= 0.36, 95% CI [-0.06, 0.79], t(2116) = 1.68, p = 0.093, Std. beta = 0.52). The effect of Trial is statistically
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Figure 3.9: Relationship between Modality and Expertise effects on Trunk Angle

significant and negative (beta = -2.18e-03, 95% CI [-3.84e-03, -5.23e-04], t(2116) = -2.58, p < .01, Std. beta

= -0.04). The interaction effect between Modality and Expertise is statistically non-significant and negative

(beta = -0.45, 95% CI [-1.06, 0.16], t(2116) = -1.45, p = 0.146, Std. beta = -0.54). The interaction effect

between Trial and Expertise is statistically non-significant and positive (beta = 4.60e-04, 95% CI [-1.94e-03,

2.86e-03], t(2116) = 0.38, p = 0.707, Std. beta = 8.63e-03). The interaction effect between Trial and Modality

is statistically non-significant and negative (beta = -2.03e-03, 95% CI [-4.40e-03, 3.36e-04], t(2116) = -1.68, p

= 0.093, Std. beta = -0.04). The 3-way interaction effect between Trial, Expertise, and Modality is statistically

significant and positive (beta = 6.02e-03, 95% CI [2.61e-03, 9.44e-03], t(2116) = 3.46, p < .001, Std. beta =

0.11).

Linear-mixed models (LMMs) were used to analyze the experiment results and verify the hypotheses.

So, models were created in R [86] first using the ’buildmer’ [115] and ’lme4’ [6] R packages. Buildmer

automatically tests different possible models based on a set of independent variables and uses the model’s

likelihood-ratio test and the minimum Bayesian information criterion to select the model that best matches the

observed data [95]. Once the final model was specified, it fitted to the data using the lmer command provided

by lme4. The lmerTest package [6] was used to estimate p-values using the Satterthwaite degrees of freedom

method [93] for the models generated by lmer. The figures were generated using ggplot2 [119]. Equivalence

tests were performed using the TOSTER package in R.
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3.6 Results: Gait parameters difference based on expertise and trial

numbers

We consider three independent variables in this study: 1) walking speed, 2) step length, and 3) trunk

angle. These gait parameters got evaluated based on the subjects’ expertise and the trial numbers. Our primary

interest was how the difference in gait between the real world and VR gets moderated by prior experience

using VR. We first computed the delta between participants’ gait in the real world and VR for each metric

and then used this value in our analysis. According to this convention, a positive delta value indicates that

the metric was greater in the real world (e.g., a positive delta speed indicates that participants walked more

quickly in the real world).

3.6.1 Average Speed m/s

Figure 3.10: Difference between experts and novices average speed in VR and Real-World. The average speed
for walking in the IVE was 0.954 m/s, and for walking in the real room was 1.009 m/s

Standardized parameters were obtained by fitting the model on a standardized version of the data

set. 95% Confidence Intervals (CIs) and p-values were computed using the Wald approximation. We fitted a

linear mixed model to predict Delta Velocity with Trial Number and Expertise. The model included Participant

Identification Number (PID) as a random effect. The model’s total explanatory power is substantial (conditional

R2 = 0.56), and the part related to the fixed effects alone (marginal R2) is 0.07. The model’s intercept is at

0.16 (95% CI [0.12, 0.20]). Within this model:
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The effect of Trial is statistically significant and negative (β = -2.52e-03, 95% CI [-3.00e-03, -2.04e-

03], t(1094) = -10.28, p < 0.001, Std. β = -0.30). Moreover, effect of Expertise(Novice) is trending towards

significance and negative (β = -0.05, 95% CI [-0.11, 1.90e-03], t(1094) = -1.89, p = 0.059, Std. β = -0.29).

Also, the interaction effect of Expertise on Trial is statistically significant and positive (β = 1.18e-03, 95% CI

[5.04e-04, 1.86e-03], t(1094) = 3.42, p < 0.001, Std. β = 0.14). This interaction effect significantly affected

the subject’s walking, as observed in the experiment location and graphs. We performed an equivalence test on

the effect of expertise and found that the changes in speed between experts and novices were equivalent to

each other within a range of ±0.04 meters/second.

Novices and experts walked at different speeds in VR and the real room setups; both were faster in

the Real World than in the VE. Figure 3.10 shows the graph of speed changes during the experiment. The red

line displays the experts’ velocity shifts over time, as depicted in the graph. The graph shows that experts’

performance in the last trials was more similar than in the first trials. Likewise, the same pattern is observed

for novices’ walking velocity; the blue line depicts how their performance dissimilarity in the start trials

diminishes over time by walking more trials. For both groups, the more trials were completed, the more

distinctions turned into similarities.

3.6.2 Step Length

Step length was defined as the distance between two consecutive placements of the same foot on the

ground. Points of contact were located based on tracking data from the HTC Vive tracker on participants’ feet.

We have used the suggested method in [123] for step detection. The average step length was then computed by

taking the average length of each step taken in one trial.

Standardized parameters were obtained by fitting the model on a standardized dataset version. 95%

CIs and p-values were computed using the Wald approximation. We fitted a linear mixed model to predict

Delta Step Length with Trial. The model included PID as a random effect. The model’s total explanatory

power is substantial (conditional R2 = 0.36), and the part related to the fixed effects alone (marginal R2) is

3.03e-03. The model’s intercept is at 0.36 (95% CI [0.24, 0.48]). Within this model, the effect of the Trial is

statistically significant and negative (β = -2.26e-03, 95% CI [-4.30e-03, -2.15e-04], t(992) = -2.17, p < 0.05,

Std. β = -0.06). We performed an equivalence test on the effect of expertise and found that the changes in

step length between experts and novices were equivalent to each other within a range of ±0.13 meters. The

above statistics have indicated the trial as a significant variable affecting the step length. Likewise, the graph

illustrates the average step length distinctions over trials (see Figure 3.11).
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Figure 3.11: Step Length changes over time of experiment; when an expert’s step held an average length of
1.4 m, the average step length for a novice was 1.2 m

3.6.3 Trunk Angle

A trunk angle is between the trunk segment and a vertical axis in the longitudinal plane. This angle is

represented in Figure 3.8 as θ2; it would be positive if one leans back against the vertical line [122]. So, if a

user stands in a position like Figure 3.8, his/her trunk angle would be negative.

We fitted a linear mixed model (estimated using REML and nloptwrap optimizer) to predict Delta

Trunk-Angle (DeltaTA) by changes of Expertise and Trial, including PID as a random effect. The model’s

total explanatory power is substantial (conditional R2 = 0.83), and the part related to the fixed effects alone

(marginal R2) is 0.07. The model’s intercept, corresponding to Expertise = Expert and Trial = 0, is at 0.75

(95% CI [0.46, 1.04], t(710) = 5.04, p < 0.001). Within this model, the effect of Expertise is statistically

non-significant; however, the effect of Trial is statistically significant and negative (β = -2.59e-03, 95% CI

[-4.46e-03, -7.29e-04], t(701) = -2.73, p < 0.01; Std. β = -0.05, 95% CI [-0.09, -0.01]). Moreover, there

is an interaction effect of Trial on Expertise that is statistically significant and positive (β = 4.17e-03, 95%

CI [2.16e-04, 8.13e-03], t(701) = 2.07, p < 0.05; Std. β = 0.08, 95% CI [4.17e-03, 0.16]). We performed

an equivalence test on the effect of expertise and found that the changes in trunk angle between experts and

novices were equivalent to each other within a range of ±0.3 degrees.

Experienced subjects walked more upright in the IVE than in the real environment, and novices

walked in VR while leaning forward. As statistics revealed, the trial was a significant variable, so the subjects’

poses changed over trials. While a main effect of expertise was not observed, an interaction effect between

37



Figure 3.12: Difference of participants’ Trunk Angle in the IVE and Real World over the 40 trials

expertise and the trial number was present, such that the difference in trunk angle increased over time for

novices but decreased over time with experts (see Figure 3.12).

3.7 Discussion

Walking is one of the most fundamental tasks for moving in VR applications such as training, health

care, and education. The principal purpose of this study was to examine if and to what extent novice and

experienced VR users walk differently in immersive virtual environments. We collected valuable results to

find gait differences between novice and expert subjects.

Results showed that walking time for both groups of participants was significantly higher in VR, and

it was reduced by completing more trails. However, experienced VR users needed less time for both phases;

they traveled the path faster than novices in VR and Real-World conditions. One possible explanation for the

difference between novice and experienced VR users is that expert users may have enhanced perception-action

coordination from prior VR experience. This prior VR experience may have enabled them to perceive the

optic flow in VR simulations better and execute motor effort to maintain a comfortable travel speed; support

for this explanation can be found in driving and bicycling simulator research [25, 26].

Furthermore, novices had a lower speed than experts p < 0.001. As a part of the experiment procedure,

subjects were asked to wear trackers on their feet and hip. Also, they wore a VR headset (in VR) and a hard

hat (in the real session). Carrying all the equipment might be a factor that made novices slower than experts.
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When they started walking in the real world, they only wore trackers and a hard hat. When they walked into

VR, they had both VR hardware to carry and stepped into a relatively new environment.

In addition, the difference between the average length of steps in VR and the real world is higher for

expert users. So, the results matched our assumption that VR users’ prior experience leads to differences in

their behavior. They took relatively larger steps in a VR setting than in a real room.

Furthermore, novice participants inclined forward to take steps, while experts were more upright

when walking on the path. We may explain it by expert users’ curiosity to look around and explore the virtual

space. In comparison, novices were mainly focused on walking and reaching the targets on the ground.

In future research, we would like to explore the question, what if experts had more experience using

alternative interfaces but not walking? It would lead to some potential follow-up studies for further research.

Future work will also include the analysis of gait behaviors of experienced and novice VR users in other tasks,

such as collision avoidance and gap crossing.

3.8 Conclusion

This chapter aimed to compare gait parameters in VR and the real world. The parameters include

speed, step length, and trunk angle. So, the gait characteristics for two conditions and two classes of users

were analyzed to assess the effect of the prior VR experience. We compared the differences between velocity,

step length, and body angle for each participant in VR versus the Real world. The more people experience VR,

their walking parameters differ in VR and the real room. Our findings illustrate that the VR experience may

make users self-calibrate and distinguish actions in the two conditions.
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Chapter 4

Changes in Navigation Over Time: A

Comparison of Teleportation and

Joystick-based Locomotion

4.1 Research Design

In this chapter, we report the results of a longitudinal experiment where participants completed a

navigation activity four times during a four-week period. Before beginning the experiment, participants were

randomly assigned to one of two between-subject conditions: 1) using teleportation for locomotion or 2) using

joystick-based locomotion. Participants were assigned ten navigation trials each time they performed the

activity, during which the time required to complete the task and their accuracy with a spatial updating task

was measured. Participants also completed the Simulator Sickness Questionnaire [57] and the iGroup presence

questionnaire [94].

We hypothesize that the change in participants’ locomotive performance correlates with the loco-

motion technique they use in VR. Also, we expected to see an effect of time/experience on participants’

locomotion and navigation performance in IVE. Our research questions were as follows:

RQ1: Will participants’ locomotive behaviors change between sessions as they become more familiar with

VR?
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RQ2: Will a different pattern of change be observed between locomotive methods?

RQ3: Will the effects of the locomotion method on simulator sickness change with time?

RQ4: Will the effects of the locomotion method on presence change with time?

4.2 Environment and Equipment

Twenty different floorplans were automatically generated using the Dungeon Architect plugin [111]

for Unity. All floorplans were designed with the following constraints: 1) the main path from start to finish

was 8 rooms long, 2) four side paths containing three rooms ending in a dead-end, 3) a key-card was placed at

the final room of one of these side paths, 4) a locked door that could be opened with the keycard was placed on

the main path after the four side paths. All rooms were directly connected to other rooms; no corridors were in

the floorplans. These rules ensured that the different floorplans contained the same number of rooms, the same

connectivity, and the shortest path of the same length (crossing through 10 unique doorways, 3 of which were

traversed twice). Example floorplans can be seen in Figure 1, and an example of a typical room can be seen in

Figure 5.2.

Locomotion was implemented using VRTK 4 1 and the VRTK Prefabs v1.1.8 [36]. Joystick locomo-

tion was calibrated to move participants at a constant speed of 2.25 meters per second, equivalent to a fast walk.

Pushing forward on the joystick would translate participants in the direction they were facing; participants

could move side-to-side or backward by pushing the joystick in the appropriate direction. A dead zone of

10% was used to prevent very slight adjustments of the joystick from moving participants. Teleportation was

implemented where participants pressed down on the trigger to activate a parabolic raycast that could be used

to select where they wanted to move to. Once they had indicated where they wanted to move using the raycast,

participants released the trigger to teleport to that location. Teleportation occurred instantaneously without any

fading of the scene view. The maximum distance participants could teleport at once was 10 meters.

4.3 Participants

Twenty people participated in this study (five females and one non-binary). Ages ranged from 18 to

33 years old, with a median age of 20. All participants had normal or corrected-to-normal vision. Participants

were recruited via an email sent to undergraduate and graduate students at Clemson University.
1https://www.vrtk.io/
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The participants were recruited based on the below prerequisites: 1) having less than 1 hour of prior

experience using VR, 2) volunteering to commit to using the HMD regularly for four weeks, 3) being ready

to complete detailed activities as part of the experiment every week, 4) approving not to let anyone else use

the device, 5) confirmation of having an open floor space at home that could be used for the Quest, and 6)

participating in two interviews during the study. Participants received a $50 Visa gift card when enrolling in

the study and a $75 Amazon gift card after finishing the study.

4.4 Procedure

Each participant was loaned an Oculus Quest for the experiment duration (four weeks). Upon picking

up the HMD, participants were provided with straightforward instructions about 1) operating the headset, 2)

using the Sidequest application 2 to load the custom activities onto the Quest, 3) and accessing data saved

to the headset about their activities. Each week, participants were requested to upload log files about their

activity to a specific Google Drive folder created for each participant. This allowed us to keep track of their

progress and remind participants who fell behind.

Participants were asked to complete three activities each week and any personal use they were

interested in (e.g., games, entertainment, etc.). Participants were instructed to complete no more than one

of our activities on any given day so as to avoid any immediate effects of one activity on another activity.

Participants accessed our custom activities via a single application. Participants completed three custom

activities in counterbalance order: 1) an activity assessing sensitivity to rotational gains, 2) an activity assessing

sensitivity to proprioceptive offsets, and 3) a navigation activity. Activities 1 and 2 were completed while

stationary; no locomotion or navigation was required from participants. A brief description of each of these

activities is included below. This paper only reports the results of the Navigation activity, which is focused on

locomotion and navigation in VR over time.

Rotational Gain activity: In this activity, participants were asked to stand in a garage environment

and look at targets to the right and left in multiple trials. One of these rotations had a gain applied in each trial.

Participants were then asked to identify which rotation had a gain applied to it. While rotational gains can

sometimes lead to cybersickness, the average scores reported by participants were low [91].

Proprioceptive Offsets activity: In this activity, participants were asked to sit down in front of a

virtual table and stack blocks at a target location. The Oculus Quest’s hand tracking was enabled for this

2https://sidequestvr.com/
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Figure 4.1: Three examples of generated levels. In these images, the main path from start to end is shown in
white, and the side path to the key is colored orange. The other colored paths are the three remaining dead-end
paths.

activity, and participants could pick up a block using a pinching gesture. An offset to the hand’s position was

applied during some stacking tasks, and participants were asked to identify when an offset was applied [59].

Navigation activity: In this activity, participants were supposed to complete ten trials each time

they performed the activity( each session). During each trial, participants were asked to navigate through

a maze-like environment (see Section 4.2 for details). As part of the trial, they had to find a key to open a

locked door leading to the exit. Upon reaching the exit, participants were asked to point in the direction of

where they found the key and where they had begun the trial. Participants were randomly assigned to one of

two between-subject conditions in the navigation activity: the teleportation or the joystick-based locomotion

condition. They were asked to complete this activity four times, once each week. They did not receive feedback

on their performance during experiment implementation to minimize learning impacts. Participants could quit

the session at any time due to the risk of cybersickness associated with this activity. The igroup presence and

simulator sickness questionnaire were administered for each session; participants completed the Simulator

Sickness Questionnaire [57] and the iGroup presence questionnaire [94].

4.5 Results

Linear mixed models (LMMs) analyzed the experiment results and tested the hypotheses. Models

were created in R [86] using the ’buildmer’ [115] and ’lme4’ [6] R packages. Buildmer automatically tests

different possible models based on a set of independent variables and uses the model’s likelihood-ratio test

and the minimum Bayesian information criterion to select the model that best matches the observed data [95].

Fixed effects that are not included in the final model can be assumed to have had little effect on the modeled

variable. Once the final model was specified, it was fitted to the data using the lmer command provided
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Figure 4.2: An example of a typical room in the different levels.

by lme4. The lmerTest package was used to estimate p-values using the Satterthwaite degrees of freedom

method [93] for the models generated by lmer. Figures were generated using ggplot2 [119]. Unless stated

otherwise, condition, session, and trial number were input into Buildmer as potential fixed effects when

modeling a given independent variable.

Sixteen of our twenty participants completed all four sessions. Of these participants, six were in the

joystick condition, and ten were in the teleportation condition. Although we asked participants to complete 10

trials per session, they completed an average of 5.9 trials per session in joystick mode and 8.2 trials per session

in teleportation mode. The higher drop rate for the joystick condition can likely be attributed to the increased

cybersickness associated with joystick-based locomotion. In total, 141 trials were completed in the joystick

condition, and 321 trials were completed in the teleportation condition.

Table 4.1: Parameters of locomotion time model

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(484) p

(Intercept) 158.17 [137.54, 178.80] 0.66 [ 0.36, 0.97] 15.07 < .001
Session -22.95 [-29.90, -16.01] -0.43 [-0.57, -0.30] -6.49 < .001
Condition [Teleportation] -72.51 [-98.47, -46.54] -0.94 [-1.33, -0.55] -5.49 < .001
Session * Condition [Teleportation] 12.10 [ 3.80, 20.41] 0.23 [ 0.07, 0.39] 2.86 0.004

4.5.1 Locomotion Time

We fitted a linear mixed model to predict Locomotion Time with Session, Condition, and Session by

Condition. The model included PID as a random effect. The model’s total explanatory power is substantial
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Figure 4.3: The time taken to complete the navigation trials decreased across sessions in both conditions;
however, it decreased at a faster rate in the joystick condition.

(conditional R2 = 0.39), and the part related to the fixed effects alone (marginal R2) is 0.25. The coefficients

for the fixed effects are reported in Table 4.1.

The time required to complete a trial decreased by 22.95 seconds for each additional completed

session. Additionally, the time taken to complete the trial decreased by 72.51 seconds compared to the

joystick when using teleportation. However, the two-way interaction effect between Session and Condition

[Teleportation] indicates that the effect of Session was less pronounced for participants who used teleportation,

such that the effect of Session decreased by 12.10 seconds when using teleportation.

Table 4.2: Spatial Memory Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(1079) p

(Intercept) 33.79 [ 21.72, 45.85] -0.20 [-0.50, 0.10] 5.50 < .001
Session -3.85 [ -7.48, -0.21] 0.03 [-0.08, 0.14] -2.08 0.038
Condition [Teleport] -0.62 [-15.86, 14.63] 0.35 [-0.03, 0.73] -0.08 0.937
Trial -3.45 [ -6.04, -0.86] -0.06 [-0.17, 0.05] -2.61 0.009
Session * Condition [Teleport] 3.26 [ -1.33, 7.84] -0.08 [-0.21, 0.05] 1.39 0.164
Session * Trial 1.15 [ 0.26, 2.04] 0.14 [ 0.03, 0.26] 2.53 0.012
Condition [Teleport] * Trial 3.47 [ 0.49, 6.44] 0.02 [-0.11, 0.15] 2.29 0.022
(Condition [Teleport] * Trial) * Session -1.28 [ -2.32, -0.25] -0.16 [-0.29, -0.03] -2.43 0.015
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4.5.2 Spatial Memory

After reaching the end of a trial, participants were asked to point in the direction of where they started

the level and where they found the key card. The angular error between the direction they pointed in and the

true direction was then calculated. This analysis used an absolute angular error in the horizontal XZ plane, as

we do not anticipate any right/left directional effects since the entire level was on a single XZ plane.

We fitted a linear mixed model to predict Absolute Angular Error with Session, Condition, Trial

Number, and all interaction effects as fixed effects. The model included PID as a random effect. The model’s

total explanatory power is moderate (conditional R2 = 0.15), and the part related to the fixed effects alone

(marginal R2) is 0.03. The coefficients for the fixed effects are reported in Table 4.2.

The baseline error predicted by the model was 33.79°. This error decreased by 3.85° for each

additional Session completed and decreased by 3.85° for each additional trial completed.

The effect of Trial on error was moderated by Session, such that the effect of Trial diminished by 1.15°

for each additional session completed, indicating that the effect of Trial on error diminished as participants

completed more sessions. Similarly, the effect of Trial on error was moderated by Condition, such that the

effect of Trial diminished by 3.47° when in the teleportation condition, indicating that Trial had little effect on

error when participants moved via teleportation. However, the three-way interaction indicates that the effect of

Trial on error became meaningful as the Session increased. The effect of Trial in the teleportation condition

decreased error by an additional 1.28° for each additional session completed.

4.5.3 Simulator Sickness

We report separate analyses for each of the four factors of the Simulator Sickness Questionnaire

in this section. The questionnaire asks participants to score 16 symptoms on a four-point scale (0-3). A

factor analysis revealed that these symptoms could be placed into three general categories: Oculomotor,

Disorientation, and Nausea [57]. The total Score represents the overall severity of motion sickness experienced

by the users of virtual reality systems.

4.5.3.1 Nausea

We fitted a linear mixed model to predict Nausea with Session and Condition. The model included

PID as a random effect. The model’s total explanatory power is weak (conditional R2 = 0.07), and the part

related to the fixed effects alone (marginal R2) is 2.76e-03. The coefficients for the fixed effects are reported in
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Figure 4.4: Angular error decreased markedly across sessions in the joystick condition but only decreased
slightly in the teleportation condition.

Table 4.3. Neither Session nor Condition had a significant effect on Nausea scores.

Table 4.3: Nausea Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(62) p

(Intercept) 29.60 [24.21, 34.98] 0.04 [-0.37, 0.45] 10.99 < .001
Session 0.27 [-1.52, 2.06] 0.04 [-0.21, 0.28] 0.30 0.762
Condition [Teleportation] -0.64 [-5.05, 3.78] -0.08 [-0.62, 0.47] -0.29 0.773

4.5.3.2 Disorientation

We fitted a linear mixed model to predict Disorientation with Session, Condition, and Session by

Condition. The model included PID as a random effect. The model’s total explanatory power is moderate

(conditional R2 = 0.22), and the part related to the fixed effects alone (marginal R2) is 0.07. The coefficients

for the fixed effects are reported in Table 4.4. Disorientation increased by 1.53 for each additional session that

was completed. However, the two-way interaction between Session and Condition [Teleportation] indicates

that this increase in disorientation was primarily seen in the Joystick condition, as the effect of Session in the

Teleportation condition decreased by 1.98.
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Table 4.4: Disorientation Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(61) p

(Intercept) 11.71 [ 7.64, 15.78] 0.13 [-0.31, 0.57] 5.76 < .001
Session 1.53 [ 0.05, 3.00] 0.35 [ 0.01, 0.69] 2.07 0.043
Condition [Teleportation] 3.65 [-1.79, 9.10] -0.23 [-0.82, 0.36] 1.34 0.184
Condition [Teleportation] * Session -1.98 [-3.94, -0.02] -0.46 [-0.91, 0.00] -2.02 0.048

4.5.3.3 Oculomotor

We fitted a linear mixed model to predict Oculomotor with Session and Condition. The model

included PID as a random effect. The model’s total explanatory power is substantial (conditional R2 = 0.43),

and the part related to the fixed effects alone (marginal R2) is 0.17. The coefficients for the fixed effects are

reported in Table 4.5. While Session did not significantly affect Oculomotor discomfort, it did decrease by

10.09 points when using teleportation compared to joystick locomotion.

Table 4.5: Oculomotor Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(62) p

(Intercept) 23.99 [ 15.75, 32.22] 0.44 [-0.03, 0.91] 5.82 < .001
Session -1.96 [ -4.27, 0.34] -0.16 [-0.36, 0.03] -1.70 0.094
Condition [Teleportation] -10.09 [-18.39, -1.80] -0.77 [-1.39, -0.14] -2.43 0.018

4.5.3.4 Total Sickness Score

We fitted a linear mixed model to predict the Total with Condition. The model included PID as a

random effect. The model’s total explanatory power is moderate (conditional R2 = 0.25), and the part related

to the fixed effects alone (marginal R2) is 0.10. The coefficients for the fixed effects are reported in Table

4.6. While Session did not significantly affect Total Sickness, it did decrease by 5.46 points when using

teleportation compared to joystick locomotion.

Table 4.6: Total Sickness Score Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(62) p

(Intercept) 27.32 [ 21.55, 33.08] 0.34 [-0.09, 0.78] 9.47 < .001
Session -0.78 [ -2.57, 1.01] -0.10 [-0.31, 0.12] -0.87 0.386
Condition [Teleportation] -5.46 [-10.70, -0.23] -0.61 [-1.19, -0.03] -2.09 0.041
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Figure 4.5: While some effects were observed for simulator sickness, reported sickness scores were relatively
stable overall.

4.5.4 Presence by Session

Presence as the subjective psychological response in a VR system varies for different users. Partici-

pants were asked to answer questions regarding their sense of presence. We have used the igroup Presence

Questionnaire (IPQ) [94] as a scale for measuring the sense of presence experienced in a virtual environment.

IPQ is developed in three main categories, which make 16 questions with slightly different themes altogether.

The 16-item scale evaluated presence in terms of spatial presence, involvement, and judgment of realness.

4.5.4.1 Spatial

We fitted a linear mixed model to predict Spatial with Session. The model included PID as a random

effect. The model’s total explanatory power is substantial (conditional R2 = 0.58), and the part related to the

fixed effects alone (marginal R2) is 0.03. The coefficients for the fixed effects are reported in Table 4.7. Spatial

presence decreased by 0.17 for each additional session completed.

Table 4.7: Spatial Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(62) p

(Intercept) 0.71 [ 0.19, 1.22] 0.02 [-0.37, 0.40] 2.74 0.008
Session -0.17 [-0.31, -0.02] -0.19 [-0.35, -0.02] -2.24 0.029
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4.5.4.2 Involvement

We fitted a linear mixed model to predict Involvement with the Session. The model included PID as a

random effect. The model’s total explanatory power is substantial (conditional R2 = 0.33), and the part related

to the fixed effects alone (marginal R2) is 0.02. The coefficients for the fixed effects are reported in Table 4.8.

The session did not have a significant effect on Involvement.

Table 4.8: Involvement Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(62) p

(Intercept) -0.02 [-0.79, 0.75] 0.02 [-0.32, 0.36] -0.05 0.963
Session -0.17 [-0.43, 0.08] -0.14 [-0.35, 0.07] -1.35 0.183

4.5.4.3 Realism

We fitted a linear mixed model to predict Realism with the Session. The model included PID as a

random effect. The model’s total explanatory power is substantial (conditional R2 = 0.41), and the part related

to the fixed effects alone (marginal R2) is 3.77e-04. The coefficients for the fixed effects are reported in Table

4.9. The session did not have a significant effect on Realism.

Table 4.9: Realism Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(62) p

(Intercept) -0.84 [-1.36, -0.32] 0.02 [-0.34, 0.38] -3.20 0.002
Session -0.02 [-0.18, 0.15] -0.02 [-0.22, 0.18] -0.20 0.842

4.5.4.4 Total Presence Score

We fitted a linear mixed model to predict the Total Score with the Session. The model included PID

as a random effect. The model’s total explanatory power is substantial (conditional R2 = 0.53), and the part

related to the fixed effects alone (marginal R2) is 0.01. The coefficients for the fixed effects are reported in

Table 4.10. The session did not have a significant effect on Total Presence.

Table 4.10: Total Presence Score Model Parameters

Parameter Coefficient [95% CI] Std. Coef. [95% CI] t(62) p

(Intercept) -0.01 [-0.43, 0.41] 0.03 [-0.35, 0.41] -0.07 0.948
Session -0.09 [-0.21, 0.04] -0.12 [-0.29, 0.05] -1.37 0.174
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4.6 Discussion

Regarding RQ1, Session was observed to have several effects on participant behavior: participants

1) completed trials an average of 22.63 seconds more quickly for each session they completed (p < 0.001), 2)

improved their performance on the spatial memory task by an average of 3.85° for each session completed

(p = 0.038), 3) reported experiencing slightly more disorientation with each session completed (p = 0.043),

and 4) reported experiencing slightly less spatial presence with each session completed (p = 0.029). While

simple learning effects likely played a large role in the improvement in trial completion time between sessions,

participants’ improvement on the spatial memory task is not as easily attributable to a learning effect as

participants were not provided with any feedback about their performance on this task. These results show

how at least some aspects of navigation and locomotion can change over time as users become more proficient

with a locomotion technique.

Regarding RQ2, we observed differences between both locomotion methods, as expected from

prior work: participants 1) completed the navigation trials an average of 72 seconds faster when using

teleportation and 2) were more accurate on the spatial recall task when using joystick locomotion. However,

we also observed interaction effects between the locomotion method and session, indicating that the effect

of experience impacted performance on these tasks differently depending on the locomotion method used.

Participants improved their completion time more rapidly in the joystick condition than in the teleportation

condition. Participants’ performance on the spatial memory task improved more rapidly in the joystick

condition. While teleportation initially allowed participants to complete the navigation tasks substantially

faster, this advantage diminished substantially by the study’s conclusion. This highlights how some differences

in locomotion methods may diminish over time as users become more familiar with their use. However, a

contrasting effect was seen for the locomotion method’s effect on performance in the spatial memory task.

The gap between locomotion methods widened substantially with time as participants in the joystick condition

saw marked improvements while participants in the joystick condition showed little improvement. This shows

how differences between locomotion methods can grow more pronounced with time and experience.

A more complex observation can be made regarding the session’s effect on spatial memory as

expressed in the three-way interaction effect involving the locomotion method, trial number, and session.

The main effect of trial (µ = −3.45, p = 0.009) suggests that participants improved their spatial memory

within a given session across the 10 trials. However, this effect was moderated by two-way interaction effects

with both locomotion method (µ = 3.47, p = 0.022) and session (µ = 1.15, p = 0.012): participants in the

51



teleportation condition showed little improvement across trials within a given session, and the effect of trial

diminished as session increased (likely due to an improvement in baseline performance leaving less room for

improvement). Finally, a three-way interaction effect was observed for the session on the locomotion method

by trial (µ =−1.28, p = 0.015): as the session increased, participants who used teleportation began to improve

their performance across trials within a given session. In sum, participants who moved via joystick locomotion

were immediately able to improve their performance on the spatial memory task within a given session; in

contrast, participants who moved via teleportation were initially unable to improve their performance on the

spatial memory task within a given session but learned to do so as session increased. Two implications emerge

from these findings: 1) performance gaps between locomotion techniques may widen with time when

The concepts of calibration and attunement may help to explain why the trial’s effect on accuracy was

mediated differently between conditions [50] (accuracy was directly mediated by trial in the joystick condition,

but the session in the teleportation condition further mediated this effect). Calibration and attunement are

both concepts about the role of sensory information in the perception-action system. Calibration occurs when

an organism adapts its behavior in response to salient information acquired through its sensory system. On

the other hand, attunement is the process by which an organism identifies what information is salient to

a given activity, which can then be used for calibration. Optic flow is an important source of information

regarding self-motion in the real world; its presence when using joystick locomotion and absence when using

teleportation is an often cited reason why spatial awareness suffers when using teleportation compared to other

continuous forms of locomotion [7]. As users are already familiar with the information provided by optic

flow, the steady improvement in spatial awareness observed in participants who used joystick locomotion may

manifest their calibrating to the varying properties of optic flow in VR compared to the real world. In contrast,

as no optic flow is present when teleporting, this source of information was not available to participants in the

teleportation condition to use when calibrating their spatial awareness. Instead, we see a three-way interaction

effect whereby participants initially failed to improve their performance across trials in a given session but

later gradually improved their performance across trials. This may be a sign that participants in this condition

were attuning to other sources of information that could be used for calibration in the absence of optic flow.

Regarding RQ3 and RQ4, the present findings shed light on the anticipated effects of locomotion on

sickness in the context of virtual reality experiences. Our study revealed that teleportation exhibited a notable

association with reduced feelings of overall sickness (µ = −5.46, p = 0.041) and oculomotor discomfort

(µ = −10.09, p = 0.018). These results align with previous expectations and provide empirical evidence

supporting the potential benefits of teleportation as a preferred locomotion technique to mitigate sickness
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symptoms.

The effects of the session were less pronounced on sickness and presence. Feelings of disorientation

were reported to increase across sessions (µ = 1.53, p = 0.043), but no effects of the session were observed for

the other measured dimensions of simulator sickness. An interaction effect between session and locomotion

method on disorientation was also observed where the effect of session on disorientation was diminished for

participants who moved via teleportation (µ =−1.98, p = 0.048).

The relation between locomotion methods, sessions, and simulator sickness suggests additional

research to explain the underlying factors contributing to these relationships. By advancing our understanding

of locomotion effects on sickness, these findings contribute to optimizing virtual reality experiences, enhancing

user comfort, and facilitating the development of immersive applications across various domains.

4.7 Limitations

When interpreting these results, it is important to note that participants in the joystick condition

completed fewer activities overall and fewer trials within those activities, most likely due to the higher simulator

sickness associated with joystick locomotion. As such, the results regarding sickness should be interpreted

cautiously, as they may under-report the typical amounts of sickness associated with joystick locomotion. It

should also be noted that sickness and presence scores were only collected once for each activity, which means

fewer data points existed for our analysis than the data for completion for time and spatial memory, both of

which were collected during each trial.

It should also be noted that, as this experiment was conducted in the wild, we did not control for

what applications participants used and when they engaged in them. We chose to allow for more naturalistic

conditions akin to those real consumers would engage in after acquiring a VR HMD to increase the ecological

validity of this experiment. We believed this to be important as real users will likely encounter multiple forms

of locomotion simultaneously across different applications.

4.8 Conclusion

The presented results demonstrate that a user’s familiarity with a given locomotion technique can

influence locomotive behaviors and effects. While not conclusive, it is particularly interesting how the effect

of session on completion time was more pronounced in the joystick condition, which performed worse overall
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than the teleportation condition; similarly, the effect of session on spatial memory, as indicated by the three-way

interaction effect, was more pronounced for the teleportation condition, which also performed worse overall

than the joystick condition. This may suggest that some of the tradeoffs between locomotion methods may

become less meaningful over time as users become more familiar with the technique. Cybersickness was a

notable exception to this pattern, as cybersickness generally increased in the joystick condition.

In sum, participants who moved via joystick locomotion were immediately able to improve their

performance on the spatial memory task within a given session; in contrast, participants who moved via

teleportation were initially unable to improve their performance on the spatial memory task within a given

session but learned to do so as session increased. More research is needed to understand how specific behaviors

and effects associated with different locomotion techniques are affected when users become more familiar

with the technique.
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Chapter 5

Longitudinal impact of locomotion

methods on spatial awareness in virtual

reality and real-world gait after exiting

VR

VR researchers have conducted various studies to understand the aftereffects of walking in VR,

ranging from visual and cognitive changes to physical symptoms. According to recent studies, users may

experience symptoms such as headaches, dizziness, fatigue, and disorientation after using VR, especially in

cases where the VR environment is not aligned with the user’s physical movements. These symptoms are

commonly referred to as simulator sickness or VR sickness. They are thought to be caused by conflicting

sensory information and the lack of physical feedback in the VR environment [73, 108]. Research has also

explored the impact of VR locomotion on gait parameters and found that there can be changes in walking

patterns, balance, and stride length after exposure to VR [55, 76]. These changes are caused by the interaction

between the user’s body and the VR environment. The extent of these changes may depend on various factors,

such as the type of VR locomotion technology used and the duration of exposure.
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5.1 Research Design

In this chapter, we present the results of a longitudinal experiment in which participants underwent a

locomotion-navigation experiment three times a week. The experiment aimed to investigate the aftereffects of

locomotion and navigation in VR. We hypothesized that the experience of walking in a virtual environment

would modify their real-world walking patterns after exposure to VR.

The experiment also explored the effects of different locomotion methods on the aftereffects of

walking in virtual reality. The study evaluated two distinct techniques: teleportation and joystick-based

locomotion. We anticipated that walking in VR would cause some alterations in the participants’ sense of

presence and simulator sickness. Also, we expected to observe considerable changes in users’ gait parameters

like speed, step length, body angle, and path deviation in the real world.

As a follow-up to our previous studies [80, 81], this study investigated the possible changes in

locomotion and navigation in VR and its aftereffects over the three-session period. We hypothesized that the

navigation parameters within VR, such as spatial memory, and the locomotion parameters, such as walking

speed in the real world, would be altered after multiple VR sessions. This study aimed to determine how

VR locomotion and navigation using the joystick and teleportation techniques modify participants’ walking

behavior in both VR and the real world over time.

So, a controlled experiment was conducted to investigate the effects of walking in IVEs on novice

VR users’ walking behavior. First, participants completed 20 trials of natural walking in a real room, during

which their gait parameters were collected. Subsequently, participants used the joystick-based or teleportation

technique to navigate a virtual environment, specifically a maze-like setting (see Figure 5.2). Ten navigation

trials were conducted, during which parameters such as the time required to complete the task and spatial

accuracy were recorded. Finally, participants completed another 20 trials of natural walking in the real world

to collect their walking behavior after their VR experience. The second real-world situation was identical to

the first one to ensure the reliability of the results.

The research questions that this study aimed to answer are as follows:

RQ1: Will participants’ locomotive behaviors change in the real world after locomotion in VR?

RQ1-1: Will gait parameters become more pronounced with experience?

RQ1-2: Will the locomotion method impact change in gait parameters in the real world?

RQ2: Will participants’ locomotive behaviors change in VR over time?
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RQ3: Will the locomotion method impact change in navigation in VR over time?

5.2 Environment and Equipment

5.2.1 Real-world Walking Phases

Participants walked between two targets placed diagonally in our 8x6 m space that is tracked using 4

HTC Vive Lighthouse 2 sensors placed in the corners of the space. Targets were marked on the floor using

an X made of masking tape. The tracking space was carefully aligned with the real world prior to each

experiment by placing controllers on each of these targets in the real world and aligning the space based

on their positions. Data was sampled at 60 hz. Based on the tracked hip, feet, and head, we computed the

following gait parameters: 1) walking speed, 2) distance walked, and 3) step count.

Upon examining the data after the experiment, it was discovered that the tracked feet data contained

significant artifacts that prevented reliable computation of step metrics. Instead, we extracted step count (or a

similar metric) from the changes in the vertical position of the hip tracker. A python program was written to

extract this information from the tracked hip data. First, any linear trend in the data was removed to eliminate

any inaccuracies in the tracking systems orientation (e.g., the floor was not quite level). The remaining signal

was then smoothed with a SciPy’s Savitzky−Golay filter with a window size of 11 and a polyorder of 3.

These values were determined graphically by observing how well the filtered data matched the original data

across a number of different participants. Finally, the Y value of the signal was inverted to convert troughs into

peaks and SciPy’s f ind peaks function (with a prominence of 0.01) was applied to detect when a trough in the

original signal occurred. This was also verified graphically by plotting the identified troughs on the original

signal and examining this across multiple participants. The number of observed troughs was then counted, and

this was interpreted as the number of steps participants took during a given walking trial.

5.2.2 VR Locomotion Phase

During the VR phase, participants used a Meta Quest Pro, which provides a resolution of 1,920 by

1,800 pixels per eye with a 120-degree field of view and a refresh rate of 90 Hz. The hard hat with the HTC

Vive tracker was removed for this phase, but other trackers were left on the participant. Tracking data was

not recorded during this phase as participants navigated the virtual environment using artificial locomotion

methods due to space constraints.
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Figure 5.1: Three examples of floorplans in VR environment. In these images, the main path from start to
end is shown in white, and the side path to the key is colored green. The other colored paths are the three
remaining dead-end paths.

Twenty different floorplans were automatically generated using the Dungeon Architect plugin [111]

for the Unity game engine. All floorplans were designed with the following constraints: 1) the main path

from start to finish was 8 rooms long, 2) four side paths containing three rooms ending in a dead-end, 3) a

key-card was placed at the final room of one of these side paths, 4) a locked door that could be opened with

the keycard was placed on the main path after the four side paths. All rooms were directly connected to other

rooms; no corridors were in the floorplans. These rules ensured that the different floorplans contained the same

number of rooms, the same connectivity, and the shortest path of the same length (crossing through 10 unique

doorways, 3 of which were traversed twice). Example floorplans can be seen in Figure 5.1, and an example of

a typical room can be seen in Figure 5.2.

Locomotion was implemented using VRTK 4 1 and the VRTK Prefabs v1.1.8 [36]. Joystick locomo-

tion was calibrated to move participants at a constant speed of 2.25 meters per second, equivalent to a fast walk.

Pushing forward on the joystick would translate participants in the direction they were facing; participants

could move side-to-side or backward by pushing the joystick in the appropriate direction. A dead zone of

10% was used to prevent very slight adjustments of the joystick from moving participants. Teleportation was

implemented where participants pressed down on the trigger to activate a parabolic raycast that could be used

to select where they wanted to move to. Once they had indicated where they wanted to move using the raycast,

participants released the trigger to teleport to that location. Teleportation occurred instantaneously without any

fading of the scene view. The maximum distance participants could teleport at once was 10 meters.

1https://www.vrtk.io/
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5.3 Participants

For this study, The recruitment process was a bit challenging, as it required finding individuals with

limited VR experience willing to participate in the experiment multiple times. The experiment was widely

advertised on and off campus to find and hire eligible participants. Thirty participants (12 women and 18

men) were recruited, primarily from Clemson University students who received a $60 gift card after finishing

the third session. The following criteria qualified them: 1) possessing less than one hour of prior experience

with VR and 2) voluntarily committing to attend the experiment regularly throughout three sessions. Of these

participants, fifteen were in the joystick condition, and fifteen were in the teleportation condition. However,

one of the participants in the group of joystick users withdrew after the first session due to severe simulator

sickness.

Figure 5.2: A room in virtual environment

5.4 Procedure

In order to answer our hypotheses, we designed a longitudinal between-subjects study. Participants

completed three sessions, each of which was separated by a single day. In these sessions, participants walked

in a real environment to establish a baseline, spent time navigating a virtual environment, and then performed

the same walking trials in a real environment a second time to determine what, if any, effects their time in VR

had on their gait behaviors.

Upon arriving at the lab for the first time, participants were introduced to the experiment’s procedure

and purpose and were asked to sign a consent form prior to completing a pre-questionnaire collecting
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demographics and information concerning their prior experience with VR. Once this was done, the participants

were outfitted with HTC Vive trackers that were used to collect gait data; trackers were placed on their hips,

both feet and their heads (mounted to a hard hat worn during walking trials). The trackers were then calibrated

prior to the beginning of the experiment. Participants then completed 20 walking trials in the real world

where they walked back and forth between 2 points that were separated by 6 meters. A sound played when

participants arrived at their current target, indicating that one trial was complete and another had begun.

Participants were instructed to walk at a pace they found comfortable during real-world trials.

Once these trials were completed, participants entered the VR phase of the experiment. In this

phase, participants completed up to 10 trials navigating a collection of mazes (see Figure 5.2). In each maze,

participants were instructed to find a key card that would open the door to the exit of the maze. Upon reaching

the exit, they were instructed to point in the direction they had started the maze, and they had found the

keycard. Participants in this phase were divided into two locomotion conditions: 1) teleportation and 2)

continuous steering using a joystick. Participants were asked to complete all 10 trials but were allowed to exit

this phase early if they began to experience cybersickness. Participants completed the Simulator Sickness

Questionnaire [57] prior to exiting the virtual environment.

Finally, participants completed a second set of walking trials in the real-world. The position of the

HTC Vive trackers was adjusted if they had shifted during the VR phase and then recalibrated. Participants

then completed 20 additional trials as they had done in the first walking phase. These three phases were

repeated three times on separate days.

5.5 Results

Linear mixed-effects models were used in our analysis of the data. The Buildmer package was used to

identify the original best-fitting model. Theoretical variations of this best-fitting model were then evaluated and

compared using AIC, BIC, and R2 values. In the event of skewed data, we considered models that were fitted

against both non-transformed and log-transformed datasets. We note in each section if the log-transformed

dataset resulted in an improved fit. In these cases, the model parameters reported in the tables are appropriate

for predicting a log-transformed outcome, and the figures have been back-transformed into normal space to

aid the interpretation of the model and its effects.
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5.5.1 Gait Before and After Navigating in VR and Across Sessions

To determine how participants’ real-world gait parameters were influenced by their time spent in

VR and if this evolved over time, we fitted linear mixed-effect models for average walking speed, the actual

distance participants walked, and the number of steps taken during each trial. We considered the following

fixed effects and their respective interaction terms: 1) the session number, 2) the locomotion method used in

VR, and 3) the phase (whether the trial took place before or after the VR experience).

5.5.1.1 Average Walking Speed

The final model predicting the log of average walking speed during a trial (in meters/second)

incorporated fixed effects for the variables Session, Locomotion, and Phase, along with interaction terms

between Locomotion and Phase and between Session and Locomotion, as well as the random effects of

individual IDs. The model accounted for a considerable amount of the variability in the data, with a conditional

r2 of 0.398 and a marginal r2 of 0.025. However, it should be noted that the majority of this variability was

explained by the random effects rather than the fixed effects, as indicated by the small marginal r2.

Fixed effects and their respective 95% confidence intervals are summarized in Table 5.1. Significant

main effects for Session and Phase were observed, as well as a significant interaction effect between Locomo-

tion and Phase and Session and Locomotion. These results suggest that both the session number and the phase

significantly influence walking speed, and these effects are moderated by the type of locomotion used. The

random effect of ID accounted for individual variability among the 29 participants, revealing a variance of

0.0152 and a standard deviation of 0.123.

Table 5.1: Fixed Effects Estimates Predicting log(AverageSpeed)

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 0.0685 [0.0022, 0.1349] 0.0338 2.025 0.0521
Session 0.0254 [0.0148, 0.0362] 0.0054 4.659 < 0.001
Phase (Post) -0.0808 [-0.0978, -0.0638] 0.0086 -9.309 < 0.001
Locomotion (Teleportation) -0.0131 [-0.1055, 0.0793] 0.0471 -0.278 0.7831
Phase:Locomotion 0.0699 [0.0465, 0.0933] 0.0119 5.853 < 0.001
Session:Locomotion -0.0323 [-0.0473, -0.0175] 0.0761 -4.253 < 0.001

All model assumptions were verified and were within acceptable parameters. Five-fold cross-

validation confirmed the model generalizes well with a ratio of RMSE to a standard deviation of 0.791. Of the

original 2784 data points, 8 were identified as outliers based on standardized residuals and were removed from
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the analysis. A marginal effects plot further elucidating the impact of the significant predictors is shown in

Figure 5.4.
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Figure 5.3: Marginal effects showing the relationship between Session, Locomotion, and Phase on Average
Walking Speed

5.5.1.2 Distance Walked

The final model predicting the distance participants’ walked during a trial (in meters) incorporated

fixed effects for the variables Session, Locomotion, and Phase, as well as the random effects of individual IDs.

The model accounted for a considerable amount of the variability in the data, with a conditional r2 of 0.206

and a marginal r2 of 0.006. However, it should be noted that the majority of this variability was explained by

the random effects rather than the fixed effects, as indicated by the small marginal r2.

Fixed effects and their respective 95% confidence intervals are summarized in Table 5.1. Significant

main effects for Session and Phase were observed, as well as a significant interaction effect between Locomo-

tion and Phase and Session and Locomotion. These results suggest that both the session number and the phase

significantly influence the distance participants walked during a trial. The random effect of ID accounted for

individual variability among the 29 participants, revealing a variance of 0.0808 and a standard deviation of

0.284.

All model assumptions were verified and were within acceptable parameters. Five-fold cross-

validation confirmed the model generalizes well with a ratio of RMSE to standard deviation of 0.904. Of the
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Table 5.2: Fixed Effects Estimates Predicting Distance Walked

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 6.943 [6.787, 7.099] 0.0795 87.328 < 0.001
Session -0.0442 [-0.0716, -0.0169] 0.0139 -3.171 0.00154
Phase (Post) -0.0604 [-0.1033, -0.0175] 0.0219 -2.762 0.00579
Locomotion (Teleportation) -0.0030 [-0.2147, 0.2087] 0.1080 -0.028 0.97797

original 2784 data points, 91 were identified as outliers based on standardized residuals and were removed

from the analysis. A marginal effects plot further elucidating the impact of the significant predictors is shown

in Figure 5.4.
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Figure 5.4: Marginal effects showing the relationship between Session, Locomotion, and Phase on the distance
walked during a trial.

5.5.1.3 Steps Taken

The final model predicting the number of steps taken during a trial incorporated fixed effects for the

variables Session and Condition, along with an interaction term between Session and Condition, as well as

random effects of individual IDs and random slopes for Session. The model accounted for a considerable

amount of variability in the data, with a conditional r2 of 0.538 and a marginal r2 of 0.011. However, it should

be noted that the majority of this variability was explained by the random effects rather than the fixed effects,

as indicated by the small marginal r2.
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Fixed effects and their respective 95% confidence intervals are summarized in Table 5.3. A significant

main effect for Phase was observed, as well as a significant interaction effect between Session and Phase.

These results suggest that the phase significantly influences the number of steps taken, and the session number

moderates this effect. The random effect of ID accounted for individual variability among the 29 participants,

with random effects revealing a variance of 0.9425 for the intercept and 0.2293 for the Session, along with a

residual variance of 0.8277.

Table 5.3: Fixed Effects Estimates Predicting Number of Steps

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 5.887 [5.525, 6.250] 0.185 31.852 < 0.001
Session -0.00888 [-0.195, 0.177] 0.095 -0.094 0.926
Phase (Post) 0.3686 [0.260, 0.478] 0.056 6.640 < 0.001
Session:Phase (Post) -0.1776 [-0.264, -0.092] 0.044 -4.048 < 0.001

All model assumptions were verified and were within acceptable parameters. The model generalizes

well, as confirmed by a ratio of RMSE to standard deviation of 0.757. Of the original 2693 data points, 145

were identified as outliers based on standardized residuals and were removed from the analysis. Further

elucidation of the impact of the significant predictors will be shown in Figure 5.5.

Joystick Teleportation

1 2 1 2

5.6

6.0

6.4

Session

S
te

ps
 T

ak
en

Phase PreVR PostVR

Figure 5.5: Marginal effects showing the relationship between Session, Locomotion, and Phase on the number
of steps taken during a trial.
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Figure 5.6: All cybersickness factors decreased as additional sessions were completed. This change was most
pronounced for participants who used the joystick locomotion method.

5.5.2 Navigation in VR Across Sessions

5.5.2.1 Cybersickness

The final model predicting the log-transformed SSQ scores incorporated fixed effects for the variables

Session and Locomotion, along with interaction term between Session and Locomotion, as well as the random

effects for individual IDs. The same model structure was used for each of the four SSQ factors: Total Score,

Oculomotor, Disorientation, and Nausea. Summary and diagnostic statistics for each model are reported in

Table 5.4. The conditional and marginal r2 were high in all models, suggesting that each model explained a

large amount of the variance in the data. All model assumptions were verified and were within acceptable

parameters. Five-fold cross-validation confirmed that all models generalize well with ratios of RMSE to

standard deviation that were less than 1. A total of 77 SSQ responses were collected from 29 participants

across 3 sessions.

Table 5.4: Summary and Diagnostic Statistics for SSQ Models

Model RE Var. RE σ Cond. r2 Marg. r2 Outliers RMSE/σ
Total Score 0.213 0.461 0.624 0.329 3 0.788
Oculomotor 0.211 0.459 0.710 0.326 4 0.836
Disorientation 1.213 1.102 0.867 0.207 6 0.905
Nausea 0.935 0.967 0.817 0.294 6 0.864

Fixed effects and their respective 95% confidence intervals are summarized in Table 5.5. Significant

main effects for Session and Locomotion were observed for each SSQ factor, as well as a significant interaction

effect between Session and Locomotion for Total Score and for Oculomotor. These results suggest that both

the session number and the locomotion method significantly influenced reported sickness scores and that the

effect of the session was moderated by the locomotion method for at least some factors.
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Table 5.5: Summary of Fixed Effects for log-transformed SSQ Models

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 4.255 [3.877, 4.633] 0.193 22.078 < 0.001
Session -0.499 [-0.716, -0.282] 0.111 -4.505 < 0.001
Locomotion (Teleportation) -1.179 [-1.698, -0.660] 0.265 -4.449 < 0.001
Session:Locomotion 0.385 [0.088, 0.682] 0.152 2.541 0.0144

a) Total Score Model

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 4.318 [3.987, 4.650] 0.169 25.530 < 0.001
Session -0.544 [-0.712, -0.377] 0.085 -6.371 < 0.001
Locomotion (Teleportation) -0.969 [-1.426, -0.512] 0.233 -4.155 < 0.001
Session:Locomotion 0.401 [0.171, 0.630] 0.117 3.425 0.0013

b) Oculomotor Model

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 4.484 [3.825, 5.142] 0.336 13.350 < 0.001
Session -0.500 [-0.716, -0.284] 0.110 -4.534 < 0.001
Locomotion (Teleportation) -1.353 [-2.267, -0.439] 0.466 -2.901 0.0068
Session:Locomotion 0.284 [-0.017, 0.584] 0.153 1.852 0.0709

c) Disorientation Model

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 4.165 [3.551, 4.778] 0.313 13.307 < 0.001
Session -0.373 [-0.631, -0.115] 0.132 -2.834 0.0069
Locomotion (Teleportation) -1.309 [-2.160, -0.457] 0.434 -3.013 0.0048
Session:Locomotion 0.014 [-0.331, 0.360] 0.176 0.082 0.9351

d) Nausea Model

5.5.2.2 Spatial Memory

The final model predicting the log-transformed absolute angular error during pointing tasks after

navigating a maze incorporated fixed effects for the variables Session, Locomotion, and Disorientation, along

with interaction terms between Session and Locomotion. The model also included nested random effects

for individual IDs, Trial Numbers, and Targets within Trials. The model accounted for a notable amount of

variability in the data, with a conditional r2 of 0.359 and a marginal r2 of 0.076.

Fixed effects and their respective 95% confidence intervals are summarized in Table 5.6. Significant

main effects for Session and Disorientation were observed, as well as a significant interaction effect between

Session and Locomotion. These results suggest that both the session number and the level of disorientation

significantly influenced pointing accuracy, and these effects are moderated by the type of locomotion used.

Of the original 1328 data points, 104 were identified as outliers based on standardized residuals and
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Table 5.6: Fixed Effects Estimates Predicting log(|AngularError|)

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 3.977 [3.552, 4.402] 0.217 18.340 < 0.001
Session -0.353 [-0.474, -0.232] 0.062 -5.714 < 0.001
Locomotion (Teleportation) 0.081 [-0.406, 0.567] 0.248 0.325 0.747
Disorientation -3.643e-3 [-6.52e-3, -0.76e-3] 0.00147 -2.477 0.0135
Session:Locomotion 0.197 [0.054, 0.340] 0.073 2.697 0.0071

were removed from the analysis. All model assumptions were verified and were within acceptable parameters.

The RMSE to standard deviation ratio of 0.8379 indicates that the model has reasonable predictive accuracy

for the observed data. A marginal effects plot further elucidating the impact of the significant predictors is

shown in Figure 5.7.
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Figure 5.7: Marginal effects showing the relationship between Session, Locomotion, and Disorientation on
absolute angular error. The three-way interaction is visualized by showing the two-way effect between Session
and Locomotion at different levels of Disorientation (low, medium, high).

5.5.2.3 Trial Completion Time

The final model predicting the log-transformed time taken to complete a trial incorporated fixed effects

for the variables Session and Locomotion, along with an interaction term between Session and Locomotion, as
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Table 5.7: Fixed Effects Estimates Predicting log(TimeTaken)

Predictor Estimate [95% CI] Std. Err t-value p-value
Intercept 5.096 [4.949, 5.242] 0.0747 68.184 < 0.001
Session -0.166 [-0.239, -0.094] 0.0369 -4.504 < 0.001
Locomotion (Teleportation) -0.227 [-0.425, -0.030] 0.1005 -2.263 0.0284
Session:Locomotion -0.0759 [-0.173, 0.021] 0.0494 -1.536 0.1250

well as the random effects of individual PIDs. The model accounted for a notable amount of variability in the

data, with a conditional r2 of 0.274 and a marginal r2 of 0.152. Both the fixed and random effects contributed

substantially to explaining the variability in our data, as indicated by the relatively large marginal r2.

Fixed effects and their respective 95% confidence intervals are summarized in Table 5.7. Significant

main effects for Session and Locomotion were observed, but the interaction between Session and Locomotion

was not significant. These results suggest that both the session number and the type of locomotion used

significantly influence the time taken to complete a trial. The random effect of PID accounted for individual

variability among the 29 participants, revealing a variance of 0.0391 and a standard deviation of 0.198.
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Figure 5.8: Marginal effects showing the relationship between Session and Locomotion on time taken to
complete each trial.

Of the original 657 data points, 8 were identified as outliers based on standardized residuals and were

excluded from the analysis. All model assumptions were verified and were within acceptable parameters. The
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model’s RMSE to standard deviation ratio was found to be 1.674, exceeding the value of 1. While the RMSE

to standard deviation ratio of 1.674 suggests caution in the model’s predictive applications, the primary focus

of this analysis is on hypothesis testing for the fixed effects. The significant fixed effects are interpreted as

unbiased estimates under the assumption that the model is correctly specified. However, the high RMSE to

standard deviation ratio indicates that further model refinement may be needed to capture the unexplained

variability in the data. A marginal effects plot further elucidating the impact of the significant predictors is

shown in Figure 5.8.

5.6 Discussion

5.6.1 Gait in the Real World

All three gait parameters evaluated were impacted by Session: 1) Session directly impacted the

average speed and also moderated the effect of Locomotion, 2) Session directly impacted distance walked, and

3) Session moderated the effect of Phase on the number of steps taken. While the effect of Session appeared in

all parameters evaluated, all models suggested that the effect size of the fixed effects (including Session) was

small ( r2 was smaller than 0.025 in all models). Thus, while virtual reality may affect a user’s gait in the real

world, this effect is small at the time scale and distances studied in this experiment.

The role of Session as a moderating variable also yielded interesting observations. While not

necessarily the case, it would be reasonable to expect behavior measured in the Pre-VR phase to remain

consistent across all sessions as users would (presumably) simply exhibit their typical gait parameters. This

was observed for the number of steps taken, as Session moderated the effect of Phase such that the number of

steps taken remained consistent during the Pre-VR phase but decreased over time in the Post-VR phase (the

number of steps taken in this phase started out higher in Session 1), approaching the Pre-VR number of steps

by Session 3. A similar effect was observed for average walking speed where Session moderated the effect of

Locomotion. In this case, we saw that average walking speed remained relatively unchanged across Sessions

when using Teleportation but increased across Sessions when using Joystick locomotion. It is not clear why

Session did not moderate Phase for Distance traveled or for Average Speed when using Joystick. This may be

indicative of something akin to learning effects where participants became more confident completing the task

across Sessions.

Locomotion did not directly impact any of the gait parameters evaluated. However, it did moderate the

69



effect of Phase for average walking speed. Average walking speed decreased in the Post-VR phase compared

to the Pre-VR phase. This effect appears to have been more pronounced when using Joystick locomotion.

While the data obtained in this experiment is not sufficient to explain this effect, we suspect that it may be due

to the difference in optic flow experienced when using Joystick locomotion vs. Teleportation.

Phase impacted all three gait parameters. In each case, the effect of phase suggests that participants

were engaged in more cautious gait behavior in Post-VR: participants walked more slowly, took more steps,

and covered a shorter distance (indicating a straighter, more direct path). This effect was largely independent

of Session except for the number of steps taken. Here Session moderated the effect of the Phase such that

the difference between Pre-VR and Post-VR had disappeared by the final Session. This may suggest that

participants’ gait behavior was more confident in the final Session after exiting VR; however, this should be

interpreted cautiously given that this effect was only observed in a single metric.

5.6.2 Locomotion in VR

Session was again observed to effect all measures in VR: simulator sickness, angular error, and trial

completion time. Encouraging, while participants in the joystick condition experienced high levels of sickness

in the first session, this declined until it was roughly equal to the much lower level of sickness experienced by

teleportation participants. Session moderated the effect of locomotion on angular error, such that participants in

the Joystick condition improved their performance more across sessions than participants in the Teleportation

condition did (however, participants in both conditions improved across Session). The effect of Session on

trial completion time may indicate an increased level of comfort with the assigned locomotion system as

participants gained experience. Unfortunately the data collected in this experiment is not sufficient to test this

hypothesis. It may also represent a learning effect, however it is highly unlikely that it represents an effect of

participants learning the individual mazes themselves due to the homogeneity between mazes and the low rate

of maze repetition (no more than twice across all sessions). Thus, any learning effect is most likely associated

with the procedure and the locomotion method.

Locomotion also affected all measures recorded in VR, either directly as a main effect or by moderat-

ing the effect of Session. Participants reported higher levels of sickness when using Joystick locomotion, as

expected from prior work. Locomotion also affected spatial memory, however this manifested as by moderating

the effect of Session on angular error. Angular error was always lower in the Joystick condition, however,

the errors in the first session were relatively close to each other. This gap had widened substantially by the

final session. This effect also aligns with prior work showing that continuous forms of locomotion generally
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result in improved spatial understanding. Locomotion also affected trial completion time, where participants

who used teleportation completed the trials faster. This is unsurprising given the affordances of teleportation

compared to joystick locomotion.

Finally, we tested the Disorientation simulator sickness factor for inclusion in the model predicting

angular error as feelings of disorientation are directly linked to spatial understanding or awareness. While

disorientation did have a significant effect on spatial memory, higher levels of disorientation actually served to

reduce angular error. This effect may have emerged due to behavioral changes produced by increased feelings

of disorientation; it may be that participants who felt more disoriented began paying more conscious attention

to their environment and thus generated stronger spatial encodings of each maze.

5.7 Conclusion

In conclusion, this research has contributed significantly to our understanding of the effects of

locomotion and navigation in virtual reality (VR) on participants’ real-world behaviors and the impact of

different locomotion methods. Through a meticulous longitudinal experiment, we observed that exposure to

VR locomotion does indeed have lasting effects on participants’ walking patterns in the real world. Notably,

the choice of locomotion method, whether joystick-based or teleportation, influenced these effects, like the

joystick leading to slower walking after exiting VR. We also found that VR-induced cybersickness decreased

over time, with joystick locomotion initially causing more discomfort. Additionally, trial completion time and

spatial awareness were influenced by both session and locomotion methods, like teleportation being associated

with shorter completion times. These findings underscore the complex interplay between locomotion and

navigation in VR, real-world gait parameters, and simulator sickness, highlighting the need for further research

in this emerging field. Overall, this study provides valuable insights into the potential consequences of VR

experiences on gait behavior and the nuanced differences between locomotion methods, paving the way for

future investigations and applications in virtual reality.
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Chapter 6

Conclusions and Discussion

The present dissertation explored the critical aspect of locomotion in Virtual Reality and its influence

on users’ gait patterns in both the virtual and real worlds. Through three studies, we investigated various

facets of VR locomotion, navigation, and users’ prior experience with VR effects on them. Also, research

was performed to understand the differences and similarities in gait between VR and the real world and the

potential changes in gait over time as users become more accustomed to walking in VR.

Study 1 highlighted the importance of considering users’ expertise in Virtual Environments when

designing locomotion assets. We found significant differences in gait parameters between novices and experts

while walking in real and virtual conditions. This emphasizes the need to tailor locomotion techniques to

accommodate users’ varying experience levels, ultimately enhancing their overall VR experience.

Study 2 involved a longitudinal experiment exploring participants’ locomotive performance changes

over four weeks. We observed that locomotion methods, such as teleportation and joystick-based locomotion,

influenced users’ performance in VR over time. Understanding these changes is crucial for designing practical

VR applications such as training programs and rehabilitation protocols. Then, Study 3 investigated the

aftereffects of VR locomotion on users’ gait in the real world. We observed alterations in gait parameters like

walking speed, suggesting that VR locomotion experiences impact real-world walking behavior. This finding

has implications for various applications, including training and game design.

Overall, this dissertation contributes to understanding how VR locomotion and navigation affect

users’ gait patterns in both VR and the real world. By exploring the coupling of locomotion and navigation,

we gain insights into how VR experiences influence users’ spatial understanding and sense of presence.

Our findings highlight the significance of adapting VR locomotion techniques to users’ expertise levels and
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designing immersive VR experiences that align with users’ real-world walking dynamics. As VR continues to

revolutionize various sectors, the knowledge gained from this research can inform the development of more

effective and engaging virtual experiences with broad applications in healthcare, education, and entertainment.

The investigation of gait in VR and its relationship with users’ navigation skills paves the way for future

research and advancements in Virtual Reality.

The three conducted studies in this dissertation provide valuable insights into the relationship between

gait parameters, VR locomotion, and navigation over time with improved VR experience. The studies aim

to understand how locomotion techniques in virtual reality environments impact participants’ locomotive

behaviors, spatial memory, and simulator sickness. By investigating these aspects, the research contributes to

the design of more user-friendly and immersive VR experiences.

Study 1 focused on comparing the gait of inexperienced and experienced VR users in both the real

world and virtual reality. The study sought to understand whether prior VR experience influenced locomotive

behaviors. Participants were divided into two groups: novices with little to no VR experience and experts with

substantial prior VR experience. They were asked to walk in controlled environments in both real and virtual

conditions while their gait parameters were measured.

The findings from Study 1 revealed significant differences in walking behavior between novices

and experts. Experienced VR users exhibited faster walking speeds and longer step lengths in the virtual

environment compared to the novices. This suggests that prior VR experience can influence locomotion

in virtual reality, leading to more efficient and comfortable walking patterns. The study emphasized the

importance of considering users’ expertise in VR environments when designing locomotion assets to provide

effective support for both experienced and inexperienced users.

Assessing user experience in locomotion applications can benefit the design or update of VR applica-

tions based on the users’ experiences, capabilities, and needs. It can help with the more naturalness of users’

walking in IVEs and improve user interactions in VR. We compared gait parameters, including speed, step

length, and trunk angle, in VR and the real world. The gait characteristics for two conditions and two classes

of users were analyzed to assess the effect of the prior VR experience. The more people experience VR, their

walking parameters differ in VR and the real room. Our findings demonstrate that the VR experience may

make users self-calibrate and distinguish actions in the two conditions.

Building on the insights from Study 1, Study 2 focused on examining changes in navigation behav-

iors and spatial understanding over time using two locomotion techniques: joystick-based locomotion and

teleportation. Participants engaged in a navigation activity four times over four weeks. They were randomly
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assigned to one of the two locomotion conditions.

The results of Study 2 demonstrated interesting patterns of change in locomotion and navigation

behaviors over time. Participants’ locomotive performance improved as they became more familiar with the

VR environment, regardless of the locomotion technique used. However, the effect of the session on completion

time and spatial memory was more pronounced for participants using teleportation as their locomotion method.

This suggests that teleportation may offer advantages in terms of adaptability and spatial memory retention in

the long term.

Also, the results presented demonstrate that a user’s familiarity with a given locomotion technique

can influence locomotive behaviors and effects. It is particularly interesting how the effect of the session on

completion time was more pronounced in the joystick condition. Similarly, the effect of the session on spatial

memory was more pronounced for the teleportation condition. Cybersickness was a notable exception to this

pattern, as cybersickness generally increased in the joystick condition. More research is needed to understand

better how specific behaviors and effects associated with different locomotion techniques are affected when

users become more familiar with the method.

Furthermore, Study 2 explored the effects of locomotion methods on simulator sickness and presence

over time. The findings showed that cybersickness generally increased in the joystick condition, while

teleportation was associated with lower levels of simulator sickness. This indicates that the choice of

locomotion technique can impact users’ comfort and well-being during VR experiences.

Study 3 built upon the findings from the previous studies and investigated how walking in VR affects

participants’ real-world gait parameters over a three-session period. Participants completed natural walking

trials in a real room, followed by navigation in a virtual maze-like setting using either joystick-based or

teleportation locomotion. Finally, participants completed more natural walking trials in the real world.

In this study, through a meticulous longitudinal experiment, we observed that exposure to VR

locomotion does indeed have lasting effects on participants’ walking patterns in the real world. Notably,

the choice of locomotion method, whether joystick-based or teleportation, influenced these effects, like the

joystick leading to slower walking after exiting VR. We also found that VR-induced cybersickness decreased

over time, with joystick locomotion initially causing more discomfort. Additionally, trial completion time and

spatial awareness were influenced by both session and locomotion methods, like teleportation being associated

with shorter completion times. These findings underscore the complex interplay between locomotion and

navigation in VR, real-world gait parameters, and simulator sickness, highlighting the need for further research

in this emerging field.
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The overall findings from the three studies underscore the importance of considering locomotion

techniques in VR design. Teleportation emerges as a promising locomotion method, offering advantages in

reducing simulator sickness, improving spatial memory, and providing a more comfortable VR experience.

The studies also reveal the presence of a learning effect in VR, where participants’ walking behaviors and

spatial memory improved over sessions.

The link between the three studies lies in their collective focus on understanding the effects of

locomotion techniques on locomotion behaviors, spatial memory, and simulator sickness in VR environments.

Each study contributes a unique perspective to this exploration, with Study 1 establishing the influence of

prior VR experience on gait parameters, Study 2 investigating changes in navigation behaviors over time,

and Study 3 examining the lasting effects of VR locomotion on real-world walking parameters. The findings

from these studies have several practical implications for the design of VR applications. By understanding

how locomotion techniques and VR experience influence user behaviors and outcomes, developers and

designers can create VR experiences that fit users’ needs and preferences. For example, using teleportation

as a locomotion technique may be beneficial for reducing simulator sickness and improving spatial memory,

especially with repeated exposure. Additionally, the studies highlight the importance of considering users’

expertise in VR environments to provide tailored locomotion support.

However, it is important to acknowledge the limitations of the studies. The sample sizes were

relatively small, limiting the generalizability of the findings. Future research with larger and more diverse

participant groups is needed to validate and expand upon these results. Additionally, while the longitudinal

design provides insights into changes over time, it may not fully capture the long-term effects of VR experience

on locomotion behaviors.

In conclusion, the three conducted studies in this dissertation contribute valuable insights into the link

between gait parameters, VR locomotion, and navigation over time with increased VR experience. The research

provides a foundation for designing more user-friendly and immersive VR experiences by understanding the

impact of locomotion techniques on locomotive behaviors, spatial memory, and simulator sickness in VR

environments. The findings offer practical implications for VR application development and pave the way for

further exploration in this evolving field.
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[113] Sina Varmaghani, Zahra Abbasi, Séamas Weech, and Javad Rasti. Spatial and attentional aftereffects of
virtual reality and relations to cybersickness. Virtual Reality, 26(2):659–668, 2022.
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