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Preface

This book is motivated by the rapid advancement in virtual reality (VR)
technologies and the wide array of application areas with different impli-
cations on user experience. This book differs from the other books in this
area with the recentness of its content. Virtual reality technologies advance
with a rapid rate; hence studies have severe implications on the future of this
technology. With this motivation, in this book, only recent academic studies
were included with the hopes of leveraging future research and industry
applications through a deeper understanding of application areas, use cases,
user experience, metrics, and inspiration by the discussed future research
directions.

The covered topics include recent application areas of virtual reality, user
experience measurement in virtual reality, intersection of virtual reality and
other widely adopted domains, such as robotics in virtual reality. Challenges
in the area of virtual reality along with future directions are discussed.
A snapshot of the included chapters are as follows:

Chapter 1 begins with a snapshot of recent application areas of virtual
reality, such as education, training, health and well-being, and entertainment.
Novel interaction techniques and user interfaces are also presented and
discussed.

Chapter 2 includes a discussion of digital and visual literacy, video games,
and virtual reality. The aim of this chapter is to give a deeper understanding
of gamified and immersive learning in today’s world as well as discussing the
capability of video games and virtual reality to enable experiences that had
been previously thought as impossible.

Chapter 3 reviews virtual reality in movement disorders by establishing
and understanding the underlying fluctuations relative to anxiety in human
postural control when they are exposed to immersive virtual conditions.
Effectiveness of virtual reality for evaluating the effects of fear of falling
on balance and gait function is discussed. The chapter concludes with the
examination of the potential of virtual reality in neurorehabilitation that is
aimed at ameliorating fall-related anxiety in adults.

Xiil
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Chapter 4 includes an overview of the utilization of virtual reality in
robotics applications with several recent research studies, such as body-
in-the-loop control of soft robotic exoskeletons during virtual manual
labor tasks, drone positioning training, robot programming, robot trajectory
programming and execution, shared control handheld robotic systems in
augmented reality, and smart devices, such as connected pianos that are
controlled with augmented reality.

Chapter 5 discusses several case studies in developing composition soft-
ware and media systems for enactive steering of computational models with
the use of an enactivist framework to guide the development of simulations in
this area. In particular, this chapter includes a discussion of a media system
known as EMA (i.e., An Experiential Model of the Atmosphere), and the
media composition framework used in its development (i.e., SC).

Chapter 6 provides an overview of recent studies aiming to improve user
experience in virtual reality through novel use-cases, interaction techniques
and user interfaces, and models of performance assessment. The chapter
concludes with a discussion of the emerging challenges for the field of
human-computer interaction with a focus on the use of virtual reality in
education and training.

The book is addressing industry professionals and university audiences
(both researchers and graduate-level college students) who are interested in
the field of virtual reality.

We are grateful for the valuable contributions of the authors and the
publishers and we hope that this collection of recent studies in virtual reality
helps with the advancement of this rapidly evolving field.

Lila Bozgeyikli, PhD
Evren Bozgeyikli, PhD
School of Information, University of Arizona, USA, 2019
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1.1 Introduction

Virtual reality (VR) has been actively used in a wide array of areas in recent
years, thanks to the advancements in hardware which enabled affordable
headsets with high technical capabilities (e.g., 6 degrees of freedom posi-
tion tracking, standalone systems). This chapter aims to give a snapshot of
the recent VR studies with an emphasis on novel system components or
application areas. Mainly, the use of the following topics in VR will be
discussed: education and training, assessment and treatment of cognitive
disorders and eating disorders, increasing empathy, entertainment, interaction
and user interfaces (UIs).

1.2 Education and Training with Virtual Reality
1.2.1 Language Learning in VR

Although people intend to learn languages for many purposes, there is still
much less of them who can sustain the learning path. The current language
learning tools cannot bring the fun part of immersive learning experience
while studying abroad is not a privilege to everyone. The truth is, it is
important to acquire a language in the context within its related culture. In
recent years, the affordable VR tools for immersive experience have arisen
in the application areas of education and tourism. Cheng et al. explored
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teaching language and culture with a VR game [1]. Their work focused on
their design process of a VR game adapted from “Crystallize” by Culbertson
et al. [2], which is a 3D video game for learning the Japanese language. They
built the game in VR with Oculus Rift. Particularly, they investigated the
use of VR in designing the game mechanics for physical cultural interaction
like bowing in Japanese greetings. The authors performed a formative user
study with 68 participants to evaluate the design. Their primary evidence was
that there was a statistically significant increasing sense of Japanese cultural
involvement in the players after they were trained with the VR games on how
and when to bow. For the language learning outcomes, there was no evidence
for statistically significant difference. The user evaluation showed positive
effects of VR even though the VR headset itself caused some cybersickness
in players which had no proved effect on the learning process. In their
paper, it has been demonstrated that the design of language learning and
VR games can to be improved by integrating physical culture learning, such
as bowing. The existing complex confounding variables limited the precise
conclusion of the general effects of VR on this topic. Instead, the authors
analyzed the experiment to assess the design of the game with VR. They also
mentioned that the enthusiasm of the players for VR might have affected their
attitude towards the designed game and may count as a bias. Nevertheless,
the authors concluded that VR can be beneficial for this scenario and provide
motivation for language learners. Future work can be identified by increasing
the sense of presence, such as primarily using speech recognition as an input
mechanism. The authors also planned to test both VR and non-VR game
versions on players to see which version could be preferred. With respect to
literature, further exploration can be done using 3D reconstruction technology
[3] to improve engagement by adding non-player-controlled characters and
interactive scenes to gamify the featured locations for learning experiences.
Embodied learning plays an important role in language acquisition. Pre-
vious studies showed no difference in body expressions between first and
second language [4], although learning the second language was found to be
mainly affected by audiovisual elements [5, 6]. Due to capabilities of stand-
alone tracking, real-time feedback, and immersive virtual environments, VR
has become a preferred tool for kinesthetic language learning. Kinesthetic
language learning refers to learning language through bodily activities con-
necting the mind and the body. With these motives, Vizquez et al. used VR
for kinesthetic language learning with a system named Words in Motion,
which could capture user actions and offer real-time feedback [7]. The
feedback of the study was the word in the aimed second language according
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to its corresponding action implication. Therefore, the Words in Motion VR
system was used for second language vocabulary learning kinesthetically.
A user study with 57 participants was conducted to assess the usefulness of
the developed VR kinesthetic learning system. Participants were randomly
divided into kinesthetic VR, non-kinesthetic VR, and text-only groups. A set
of 20 challenging Spanish transitive verbs were selected for the experiment.
Participants were then evaluated by tests that asked them to translate the
words in English immediately after the training and one week later. The
results indicated that the participants in the text-only group showed better per-
formance at the beginning, which could be explained by the highly immersive
and high-fidelity features of VR as a tool in learning in alignment with the
previous work. Both VR groups showed no difference immediately after the
training. After one week, participants in the VR kinesthetic group had similar
performance as the participants in the text-only condition. They showed
significantly better performance than the participants in the non-kinesthetic
VR group. The retention rate was significantly increased by the included
kinesthetic elements in VR. The authors also found a positive correlation
between the word-action pair execution time and word remembering time,
meaning that VR could positively enhance the language learning process
by providing the kinesthetic aspect. In the end, the authors concluded that
kinesthetic language learning in VR could be an effective language education
tool which adds more exposure.

1.2.2 Learning Physics Concepts in VR

Physics is among the most challenging and important courses for students [8].
Grivokostopoulou et al. explored creating a physics education in VR for
students and teachers of K-12 level [9]. The authors wanted to explore the
innovative instruction approach using 3D nature of VR to better attract and
assist students in deep learning and understanding physics concepts through
virtual experiments, laboratory procedures and physical processes. Pedagog-
ical virtual agents were also created to lead and assist students by analyzing
and explaining the scientific processes in the virtual environment. Spatial
cognition is known to be enhanced with VR [10]. Simulations can induce
better understanding and engagement of students with learning difficultly
to grasp concepts [11]. With these motivations, the authors thought that
virtual laboratories could save expense of purchasing physical instruments
and provide students with remote learning possibilities without time con-
straints. Virtual agents gave the students a higher sense of presence while
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interacting with the virtual world. Analysis on physics topics was conducted
in two stages. The first stage was to specify the content and the second stage
was to specify the difficulty of each topic by analysis. In total, 33 subtopics
were used. Three experienced physics teachers participated in the study to
evaluate the challenges of each topic. The most challenging topic for students
was identified to be electricity and magnetism. The least challenging topic
was found to be the structure of matter. The authors suggested their future
work as gamification in learning, and utilization of feedback sequencing
framework, large scale evaluation, assessment of multiple learning situations,
and data mining to better analyze behavior of students with learning activities
in VR environments.

1.2.3 Learning How to use a Cooking Knife in VR Through
Intuitive Tangible User Interfaces

VR has been an excellent medium for training with high safety, since it
reduces the risks and consequences of mistakes that are made in the virtual
environments compared to real-world places. A recent work that explored
safety and communication issues when teaching children how to use a
cooking knife was carried out by Saito et al. [12]. The authors developed
a VR-based education system that included tangible user interfaces (TUIs) to
see if VR would provide a better training alternative due to increased safety.
The system was named “Kitchen Knife Safety Educator (KKse)” and was
composed of a knife device, a cutting board device, and an ingredient device.
The KKse was a portable device with a haptic force feedback system with
virtual knife and food, aiming to teach children how to use the “thrusting
cut” method with a knife and how to make use of the ingredients. The use
of each device component of the KKse system was described as follows. The
“thrusting cut” was a basic Japanese cutting method, which included cutting
forward with a thrusting motion. This cutting method used less force and
provided more safety in the real world. The knife device in the system gave
haptic feedback from the regulated tension based on the hardness of the cut
ingredient. The ingredient device was made up of four pressure sensors to
receive the force information from the virtual knife, and a conductive sheet to
detect if the knife touched the user’s fingers. A notification sound would be
triggered when the cutting task was successfully finished. The cutting board
device was used to check the stable positioning of the food items to instill
safe cutting practices. The authors pointed out future research directions as
performing user studies to validate the effectiveness of the proposed KKse
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system. This recent work demonstrates the use of highly immersive VR in
conjunction with intuitive TUIs to provide safe training with high transfer
rates to the real-world in daily life activities, such as cooking.

1.3 Assessment and Treatment of Cognitive Disorders
in VR

1.3.1 A Review on Recent Works on the Assessment
and Treatment of Cognitive Disorders in VR

Cognitive health is closely related to an individual’s environment, which
opens up the possibility of novel applications in VR in this area that exploits
the highly engaging and immersive nature of VR. Recently, in their survey
paper on recent works on cognitive health in VR, Freeman et al. conducted a
systematic review of pioneering empirical studies on VR in mental health
[13]. In the paper, the potential application areas of VR in mental health
disorders were described and discussed. The literature review was carried
out using PubMed to search peer-reviewed publications before 2017. The
researchers had come up with their own inclusion and exclusion criteria
for the selection of the identified papers. Overall, they identified 285 stud-
ies including 86 concerning assessment, 45 theory development, and 154
treatment. About 192 studies of anxiety, 44 studies of schizophrenia, 22
studies of substance-related disorders, and 18 studies of eating disorders were
mainly researched. They found out that the studies of VR in mental health
disorders were in an early stage and lacked methodological quality. There
still existed a big gap between useful applications of VR in mental health. As
an effective application area, they found out that anxiety disorders could be
reduced by VR exposure treatment with plenty of methods. Also, the authors
found out that VR had been misused as a term in many fields for experiences
that included no immersive or interactive techniques, which was the reason
why many studies were excluded from their literature review. After their
review, the authors identified the high level of fidelity and high capability of
engaging content delivery in VR as key factors that opened up the possibilities
of psychological treatment in this medium. The authors pointed out that
the recent interest in VR fed interest in neuroimaging as well. In the end,
the authors suggested that VR was a potentially effective medium for the
understanding, treatment, and assessment of cognitive disorders although
being at a relatively early stage. The studies that the authors had reviewed
along with their discussions are included in the following subsections.
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Most VR studies focused on treating anxiety disorders including 127
intervention reports, 46 studies on treatment validation in VR, and 19 studies
that invested the casualty of anxiety. Those studies mainly focused on specific
phobias, social anxiety or post-traumatic stress disorder. Exposure interven-
tion in VR with an accompanying therapist was the most used method. The
authors of those studies mainly used case studies and randomized controlled
experiments, which was found to be poorly designed, in Freeman’s literature
review. VR treatment seemed to have an equal effect on treatment as com-
pared to face-to-face intervention. The treatment effect had been evidenced
to be significantly important and had a high transfer rate to the real world.
The authors pointed out that the drop-out rates were lower when using the VR
method. The specific types of VR techniques that were used in the mentioned
studies were not clearly mentioned. The authors pointed out to increased
sense of presence and immersive audio in VR as the aspects that induced
increased anxiety in users.

Depression: Only two studies that the authors had included in their
review used VR for the treatment of depression. In these studies, VR was
shown to be effective in decreasing the level of depression in participants.

Psychosis: There were several studies about psychosis in VR: 23 studies
of theory development, 15 studies of assessment, and 6 studies of testing.
Psychosis is known to be a complex problem; hence, the use of VR in this area
yielded varying results. In this area, VR was primarily used to understand the
causality by assessing the disorder experiences, which was known to be a safe
approach. VR was suitable for conducting paranoia assessment since neutral
social circumstances made it easier for the users to detect hostility. In an
example, which demonstrates the possibility of implementation of concepts
in VR that could not be implemented in real life, the researchers had created
a VR scenario in which they manipulated the height of people to adjust their
self-esteem and cause paranoia. VR was found to be effective in manipulating
the factors that affected paranoia. As a drawback, the studies in this sub-
domain had small sample sizes and data. In the literature review, mania was
found to be unexplored in VR.

Substance Disorders: VR was used in the literature to simulate cues
that led to substance use disorders, such as alcohol abuse, drug misuse or
excessive gambling. In total, 22 studies were found: 15 in assessment, 5 in
treatment and 2 in theory development. A lot of previous studies had shown
that cravings could be triggered successfully in VR. Misuse of different kinds
of substances was studied vastly in the literature. Most related works were
performed on smoking, where the VR environment could lead to significant
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cravings for cigarettes. Previous studies reported that VR was promising
in decreasing smoking cravings. Randomized controlled experiments for
smoking cessation are currently undergoing to provide scientifically powerful
conclusions.

Eating Disorders: VR was reported to be effective for the treatment of
eating disorders, such as decreased cravings for unnecessary food intake,
altered body image, increased emotions, etc. In their review, the authors found
18 studies in this sub-domain: 10 performed on treatment, 7 on assessment
and 1 on theory development. Early studies in this area lacked scientifically
sound methodology. In the studies, cravings for food in VR were comparable
to real food cravings. Augmented reality has also been an area of interest
for the treatment of eating disorders. A recent study used augmented reality
to present high-calorie food to individuals with under-eating disorders. The
data from this experiment demonstrated that body image could be improved
by VR along with standard cognitive behavioral therapy (CBT). The patients
with anorexia nervosa were exposed to inclusion-body myositis IBM) in VR,
which led them to have normal body estimation for 2 hours. To sum up, VR
was found to be a promising medium, for the treatment of eating disorders,
mainly due to its highly immersive nature.

Other Disorders: Potential areas for using VR were pointed out in
the previous studies, such as therapies of sexual disorders (e.g., desire and
arousal) and treatment of sleeping disorders. Although no studies were found
in these areas, a study that used a VR paradigm to assess the bad effects
of sleeping disorders in children was conducted. These areas constituted
promising future work domains that were identified in the previous studies
by the researchers.

1.3.2 Improving Lives of Individuals with Alzheimer’s Disease
with VR

In an effort to improve the lives of individuals with Alzheimer’s disease,
Giovannetti et al. used VR to collect the finger movement data of patients
who have everyday action impairments (EAI) [14]. The authors pointed out
the promising nature of VR in data visualization for these purposes. Building
upon, other researchers have focused on data mining and therapy of mild
cognitive impairments (MCI) in VR [15]. Bringing this one step further,
Martono et al. wanted to know if the clusters formed by the time series data
mining algorithm would work well with the finger movement data obtained
from VR applications [14]. If so, they could use such an analysis to improve
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the treatment of patients with EAI by clustering those patients using their
symptoms in the future. In their study, the researchers recorded finger position
data from 10 typical participants while they performed everyday tasks in a
virtual kitchen, and then transformed this data into finger acceleration data.
Time series data mining algorithms were used on these data to cluster the
participants and performance-based assessment was performed to validate the
clusters qualitatively. As a result, the clusters were well-formed and displayed
a nice cluster dendrogram even though the authors acknowledged that finer
partitions could have been created to achieve more refined clusters. The
authors also characterized the clusters with prediction density estimates. In
terms of the prediction densities, the dataset for cluster one showed a small
variability while the dataset for cluster three had a high variability. Their cor-
related performance-based measurement showed the length of performance
time, the occurred types and amount of errors made by the participants in
the performed everyday tasks. It turned out that the participants of each
cluster had similar performance time, error types, and numbers. From these
results, the authors concluded that their cluster methods using time series data
mining algorithm could work well with motion data that is collected from
VR-based applications even though they acknowledged that more separation
and participants with real EAI symptoms should be involved in order to
make scientifically stronger conclusions. Possible further improvements to
the study were pointed out as using hand speed or movement data.

1.4 Assessment and Treatment of Eating Disorders
with VR

In recent years, VR has been used as an aiding tool in the assessment
and treatment of over-eating disorders [16—19] and under-eating disorders
[20-23]. This section covers recent noteworthy studies on VR’s use in the
assessment and treatment of eating disorders.

1.4.1 Cue Exposure Therapy in VR for Undereating Disorders

Several previous studies focused on using VR for exposure therapy since
it is a practical way of inducing a wide array of virtual stimuli. In their
recent work, Pla-Sanjuanelo et al. evaluated VR-based software that assisted
people with bulimia nervosa (BN) and binge eating disorder (BED) with cue
exposure therapy (CET) [24]. The authors assessed the software’s capability
in eliciting two responses: food craving and anxiety towards food photos.
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They also probed into which one of the two responses differentiated more
between the two groups. Approximately, 58 outpatients with BN and BED
and 135 healthy undergraduate students were recruited as the clinical group
and the control group, respectively. The frequency and severity of binge
episodes were assessed with the Eating disorder inventory —3 (EDI-3) [25].
This study focused on the effectiveness of non-immersive virtual environ-
ments in a quiet darkened room. All participants rated 30 images in 4
environments (i.e., kitchen, dining room, bedroom, and cafeteria) in terms
of the induced level of craving for food. Each participant’s top 10 rated
images were selected for their own stimuli, and mixed with a neutral one
(i.e., a virtual stapler) randomly. Those 11 images were present in each of
the four environments, thus a total of 44 images were displayed for viewing
and assessment. Once the participants viewed one image for 20 seconds, they
scaled the level of food craving and anxiety on two independent visual analog
scales (VAS) from 0 to 100. The results showed that both groups had higher
levels of food craving and anxiety than being exposed to the neutral cue. The
level of food craving and anxiety were higher in outpatients as compared
to healthy individuals. Cue-elicited anxiety was found to be better than cue-
elicited craving in differentiating the two groups (i.e., clinical and healthy
individuals). The study demonstrated the effectiveness of VR in the treatment
of eating disorders (i.e., binge eating and bulimia). The level of craving and
anxiety were suggested as a design consideration for future CET programs.
The authors had pointed out future research directions as exploring more
immersive virtual environments for the same purpose.

Another notable recent example study was performed by Pla-Sanjuanelo
et al. where they investigated the efficacy of two second-line treatments in
patients with BN and BED who had resistance to CBT: VR-CET alone, and
the combination pf VR-CET and pharmacotherapy [26]. Previous medical
studies had shown that cognitive-behavioral therapy (CBT), the first-choice
treatment for BN and BED had no effect on a considerable portion of the
patients. Antidepressant medication has been recommended as an alternative
to or in combination with CBT for these patients. Cue-exposure therapy
(CET) has been considered as another choice with potentially fewer side
effects. The VR’s value in CET lies in its cost-effectiveness and flexibility
in custom-based scenario creation and alteration. Several previous works
have demonstrated VR-CET’s compatibility with CET in several important
aspects. In this recent study, the authors tried to explore a deeper under-
standing of VR-CET in an experiment that compared VR-CET and VR-CET
combined with antidepressant medicine. 32 BN or BED patients who still
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experienced resistance to CBT were referred by hospitals for participation in
the study. 17 of them took a constant dose of antidepressant medication at
the beginning of each VR-CET session, while 15 individuals did not. Both
groups’ interventions had six individual sessions which tool 60-minutes and
held twice-weekly over three weeks. In the first session, the top ten combina-
tion scenarios (environment and food) that cued a participant’s highest food
craving were selected and used for that specific participant for the rest of the
experiment. During the sessions, craving and anxiety levels were rated by
the participants periodically. When the reported anxiety decreased by 40%,
the session ended. Core behavioral features were collected for assessment
during the two weeks prior to the beginning of the second-line intervention,
during the two weeks after the end of the intervention, and during the two
weeks after the 6-month follow-up. EDI-3 and FCQ-T/S (the State and Trait
Food Craving Questionnaire) were employed at the end of the intervention
and at the follow-up. Results showed a statistically significant difference
in the intervention outcomes tested at the 3-time points in both groups,
but no significant difference between the two groups. Hence, the addition
of antidepressant medicine into VR-CET did not provide any additional
benefit in patients. The study contributed to the existing literature in VR’s
effectiveness in the treatment of eating disorders from a different perspective,
which can save the patients from various side effects that are associated
with the antidepressant medications in cases where these medications do not
contribute to the treatment.

1.4.2 Using VR for Jogging for Exposure to Acute Urge
to be Physically Active in Patients with Eating Disorders

VR has been effectively used in the treatment of eating disorders, mostly with
a focus on cue-exposure therapy and treatment for body image disturbance.
Recently, researchers have started to explore handling implications of eating
disorders with VR. A study in this area was conducted by Paslakis et al.
where they explored the use of VR as a therapeutic tool for patients with
eating disorders who suffer from the acute urge to be physically active
[27]. This phenomenon of engagement in excessive physical activity was
reported by the majority of patients across all types of eating disorders
[28]. Hence, Paslakis et al. designed a pilot study as a proof of concept
to overcome this. Twenty female patients (10 with anorexia nervosa and
10 with bulimia nervosa) participated in this study. All of them wore VR
goggles, watched a jogging video and tried to engage in simple movements.
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During the sessions, the acute state was assessed at 9-time points (0, 4, 8,
12, 16, 20, 24, 28, and 32 minutes) with a 10-item self-report questionnaire
(smQ) assessing the cognitive, emotional, and behavioral aspects. Partici-
pants had the choice to end the session at the 8th, 16th and 24th minutes.
The assessments of the acute urge were collected at the beginning and the
end of the sessions. Besides, other variables, including saliva samples, blood
samples and BMI were collected before and after the exposure. Overall,
there was significant reduction in the scores of smQ from baseline to pos-
texposure, which provided preliminary evidence supporting the feasibility
and benefits of applying VR as a treatment for the acute urge for engaging
in physical activity that is seen in eating disorders. The authors pointed
out the next step as an experiment with a larger sample size to verify the
findings.

1.4.3 Outcome at Six Month Follow Up After VR Therapy
for Undereating Disorders

It has been an ongoing debate whether VR therapy would be sustainable in
the long term or not. As it has been some time now since more accessible
VR systems have been more widely used in different areas, researchers have
started to access follow-up data after VR-based therapies. Such a research
was recently conducted by Ferrer-Garcia et al. where they compared two
second-level treatments for BN and BED: VR-based cue exposure therapy
(VR-CET) versus additional cognitive behavioral therapy (A-CBT) [29].
Previously in 2016, a randomized controlled study was conducted by the
researchers at five clinical sites in three Europen cities [30]. The results in that
study had showed improvements in all patients treated either by VR-CET or
A-CBT. Overall, patients in the VR-CET group had showed better short-term
results, especially, a substantial decrease in the frequency of binge and purge
episodes and self-reported tendency to engage in episodes of overeating, food
craving, and anxiety. In addition, the rates of abstinence from binging and
purging had been also significantly higher in the VR-CET group. The recent
paper investigated whether the outstanding performance of VR-CET could be
maintained in the long-term. Fifty-eight out of 64 patients from the previous
study completed the 6-month follow-up assessment. The results indicated
both treatment effects were maintained at a 6-month follow-up. Similar to the
short-term outcomes, VR-CET showed more promising results in the long-
term, especially for one index: the binge-purging abstinence rate. The authors
pointed out the importance of understanding the underlying conceptual model
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and mechanisms in VR-CET, which calls for further research that will enable
and encouraged researchers for future clinical applications.

Most of the studies thus far have used VR for the assessment and
treatment of eating disorders targeted patients. It has been recently reported
that 117 million American adults (around 50% of the whole American adult
population) have one or more preventable and chronic diseases that is related
to poor quality eating in terms of nutritional variety or number of calories,
and lack of physical activity [31]. Until now the baseline in the area of VR
and eating disorders is mostly established, the possible future work in this
area can include preventive studies, such as instilling healthy eating habits to
individuals to decrease their predisposal to preventable diseases.

1.5 Use of VR for Increasing Empathy and Perspective
Taking Ability

VR has been successfully used as a tool for perspective-taking, helping
individuals to put themselves in other’s shoes or in the shoes of their future
selves through controlling or interacting with virtual avatars that looked
very similar to the individuals’ real selves. These studies were in different
contexts, such as reducing ageism by exposing individuals to self-images
that were made to look aged by image processing [32], reducing public
speaking anxiety by showing individuals their virtual replicas that gave a
public speech successfully [33], improving the sense of empathy towards
challenged populations and increasing their willingness to help others [34],
promoting exercise by showing a virtual avatar that gained weight if the user
stayed inactive and lost weight if the user exercised [35], showing virtual
representations of individuals as exercising [36], and positively influencing
future financial decision making through promoting savings for the future by
showing individuals aged virtual avatars that looked like them [37].

A sense of presence is an important user experience aspect in VR, which
can be described as the sense of being in a virtual world and forgetting
the real-world surroundings. It has been found that individuals identified
themselves more with virtual avatars that looked similar to them as compared
to dissimilar virtual avatars, and it created an increased sense of presence
in individuals [38—41]. Bandura’s social cognitive theory states that greater
similarity and identification with a model causes increased social learning
and imitation of the modeled behaviors [42]. Hence, many of the recent
studies employed virtual avatars that looked similar to the individuals who
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used the system. These studies that were successful in improving behavior
through highly embodied experiences through the use of virtual characters
that looked similar to the individuals in appearance make VR a promising
tool in enhancing individuals’ knowledge on important topics, such as health,
well-being and making conscious decisions regarding the future. Previous
research shows that many individuals are characterized to fail to identify
with their future selves, possibly because of the lack of imagination or
false belief [43, 44]. Moreover, it has been suggested that individuals may
experience empathy gaps and may not judge correctly how they will feel
about the effects of their current decisions on their future selves [45]. It has
been suggested that more vivid the images of a future event, the more intense
the emotions associated with thinking about the outcome and the possibility
of that outcome would be in individuals [46]. As it can be observed through
the mentioned previous studies, VR is a powerful tool in creating a connection
with individuals’ future selves and creating awareness in terms of seriousness
and likeliness of the implications of current choices on their future selves,
which is difficult to achieve through conventional methods in real life.

Due to these powerful embodied experiences it provides, VR was proven
to be more effective in creating improvements in individuals’ habits compared
with traditional methods such as video and print-out information channels. In
a recent study, Ahn et al. found out that individuals who cut a virtual tree in
an immersive virtual environment were observed to consume 20% less paper
than participants who read a print description of the tree cutting process [47].

1.5.1 Preventing Bullying with VR

In most bullying scenarios, intervention by bystanders was found to be a
very effective resolution to stop peer bullying [48]. VR was found to be a
promising medium to provide such an immersiveness and increase in the
feelings of empathy. In their recent research, McEvoy et al. conducted two
studies comparing the effects of interventions in bystander-focused bullying
situations using customized VR, non-customized VR, and video [49]. In
the experiments, 78 participants were randomly distributed to one of the
mentioned conditions. Three conditions used the same campaign video. In the
video environment, the participants could not move or interact with the envi-
ronment. In the customized VR environment, the participants saw the victim
wearing a shirt with the same university logo and color as the participant
wore. However, the victim in the non-customized VR environment wore a
shirt in a different color without a university logo. The researchers measured
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the level of empathy, attitudes on being a victim and bullying, perceptions,
future actions, and presence. The measures on empathy and perception of bul-
lying received the highest scores in the video environment with statistically
significant differences. The authors also performed a follow-up focus group
study with ten participants to investigate the above results and to compile
suggestions on building better VR simulations for this purpose. The factors
to induce higher empathy in VR were identified as photorealistic graphics,
interactive functions, and tailored customization.

1.6 Use of VR for Entertainment-Based Activities

1.6.1 VR as an In-Car Entertainment Medium

VR is known to cause cybersickness when used inside moving vehicles due
to the virtual movement that is based on the sensors of the head-mounted
displays (HMDs) and the real movement that is based on the physical world
as well as information on the simulated visual and vestibular systems are not
congruent. Nowadays, long commute times are very common for everyday
working people, therefore, gaming in mobile VR gets the potential with a
large consumer market to help commuters to spend idle time in an enjoyable
way. With these motivations, Hock et al. developed a prototype that enabled
more comfortable use of mobile VR in moving vehicles through the sub-
traction of the car’s rotation and the mapping of the vehicular movements
with visual information [50]. This provided users a sense of more accurate
kinesthetic forces in the VR environment. The authors designed the vehicle’s
movements and the visual information in VR to eliminate cybersickness
as much as they could, based on previously recommended practices in the
literature. A user study with 21 participants was performed to compare the
user experience in CarVR in moving and static environments. It turned out
that users felt significantly increased enjoyment and immersion with reduced
simulator sickness when using the CarVR in moving environments, as com-
pared to the baseline scenario. The VR condition was found to be more fun by
the users. Simulator sickness, engagement, enjoyment, and immersion were
extracted by SSQ, E”*2 I and a comparative questionnaire. The SSQ score was
found to be inaccurate by the authors, mainly due to the fact that the SSQ was
designed for severe movement conditions (e.g., flight simulators). Hence, the
difference in the SSQ measures was insignificant between the two versions.
Most of the participants found the VR condition to be more exciting and
entertaining compared with the control condition, which was consistent with
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the previous studies which showed that perceptual action that was consistent
with visual information increased immersion [51]. Braking was the most
uncomfortable situation reported from the user questionnaire, which was
expected since braking was not an anticipated action that would increase
simulator sickness in users. The study only used a single type of track. Future
research areas were identified as multiple types of tracks, large sample size,
more diverse major distribution in participants (in the mentioned study, 10
participants out of 21 were students majoring in computer science), exploring
the effects of sear position on the user experience, level design, different types
of force shifts, and exploring a more granular way of detecting simulator
sickness than the SSQ. The authors also investigated the design space of
VR applications with real kinesthetic forces for entertainment in moving
vehicles and gave their design considerations to help future developers. The
study explored the use of VR as an entertainment tool in moving vehicles by
reducing cybersickness, which constitutes the most significant barrier in VR’s
use in such environments. With similar improvements, in the near future,
mobile VR can be the main entertainment tool for commuters to spend time
in an enjoyable way while traveling.

1.6.2 Shopping in VR

Consumer experiences have been transforming into more virtual forms in
recent years. Examples can be given as real estate tours, virtual home con-
struction demonstrations and virtual try-on of various items, such as makeup
and clothing. In their work, Kerrebroeck et al. explored the use of VR in
consumer experiences in a shopping mall, mainly focusing on perceived
crowdedness [52]. In a previous study, smart technologies were demonstrated
to improve shopping experience [53]. This paper introduced the research
of retail atmospherics in VR. It also extended the application of VR in
marketing and retailing by Renko et al. [54]. Escapism can be described
as the tendency to leave the real world and related problems [55]. Building
upon this, the researchers utilized an immersive VR environment to provide
the customers a sense of escapism from the crowd. In this study, a 2 x 2
quasi-experimental between-subjects design was used. The control group had
regular shoppers and the experimental group had shoppers in VR. Participants
were randomly picked, and a questionnaire was completed following the
experiment. Low or high levels of crowdedness were induced in the study.
A Christmas-themed VR experience and related settings were created in a
shopping mall. The Oculus Rift DK2 was used as the VR headset. The regular
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shoppers saw the regular Christmas decoration without any VR experience.
There were 103 VR users and 80 regular shoppers who participated in this
study. To test the hypotheses, the researchers performed two-way analyses of
variance (ANOVA). “Attitude toward the mall”, “approach behavior”, “mall
satisfaction” and “loyalty intentions” were used as the dependent variables.
As a result, participants who were involved in the VR experience showed
more positive reactions. The perceived crowdedness level was higher, the
impact on the mall attitudes, satisfaction and loyalty were greater. Some
limitations of this study were worth to note. Since self-selection bias may
exist in the VR users for data collection, consumers who tend to stay at home
to avoid the crowds at shopping malls should also be included. The exposure
duration of the VR experience in the study was short, and the results were
dependent on the task design. The researchers concluded that relaxing and
pleasant VR applications could be valuable in crowded business places for
improved user experience, similar to shopping malls.

1.6.3 VR for Parasailing

It is known that physical stimuli in VR can improve the sense of self-motion.
However, to date, motion simulator-focused studies were limited to the spe-
cific workspaces and mostly focused on horizontal motion. To address this
gap, Kang et al. studied the stimulation of floating sensation through vertical
movement [56]. The authors created a virtual parasailing system where a VR
headset provided visual stimuli and cable wires provided physical stimuli. A
washout filter was used to depict physical acceleration. Vertical acceleration
and deceleration were included in the virtual parasailing environment to
investigate the natural integration of visual and physical stimuli. The results
were then tested through various full-course virtual parasailing scenarios.
General comments were collected from subjects through interviews. It turned
out that a large range of differences in visual and physical stimuli could be
accepted by the users and the users’ attitudes were crucial in deciding the
amount of gains. The researchers pointed out that the research was appli-
cable to other floatation simulations, such as jumping and free-fall motions.
Future work was pointed out as investigating the applications of free-flying
extreme sports or games in VR using the developed acceleration/deceleration
controls. Haptic cues could be integrated into the system in future versions
to increase the amounts of feedback and visual gains. The study served
as a demonstration of an interesting current application area of VR (i.e.,
parasailing).
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1.7 Interaction and User Interfaces in VR
1.7.1 Touch-Based Ul for Mobile VR

Recently, VR has become much more accessible and affordable through the
emergence of consumer-focused systems by companies such as Oculus and
HTC. There is a great potential for mobile VR to be more prevalently used in
smartphones, increasing the possibilities of experiences for various purposes.
VR is described to be one of the new communication tools in the current age,
which requires new interfaces and meta mediums to be seamlessly integrated
into the existing technological devices [57]. With these motivations, Lee
et al. investigated a new touch-based user interface (UI) device in the form
of a touchpad that was mounted in front of a VR headset [58]. In their
study, the users could intuitively locate and manipulate virtual targets by
seeing through the headset and touching on the front pad precisely and
easily using their sense of proprioception. Other advantages of the proposed
system were identified as no significant monetary, weight and power cost that
was incurred by the inclusion of the touchpad interface on a VR headset,
while the addition of the touch sensing technique providing benefits in user
experience in terms of interaction. After the preliminary investigation on the
users’ intuition and accuracy while using the front touchpad, different VR
UI design options, including a binary selection, a typical menu layout, and a
keyboard, were compared. New front-touch interactions, such as Two-Fingers
for quick selection and Drag-n-Tap for accurate selection, were investigated
in this study. The authors enlarged the interaction space to allow for more
types of interaction techniques using the front touch area. User studies were
performed using the VR keyboard for text-input and menu selection to assess
the usability of the proposed front touch interface. The results demonstrated
improved intuition and performance as well as decreased cybersickness. The
participants stated a preference for the proposed touch interface. The front
touch interaction was proven to be an effective and intuitive extension for the
mobile VR headset. The researchers pointed out future research directions
as improving the interface and discovering more design possibilities for
improved user experience.

1.7.2 Mobile Ungrounded Force Haptic Feedback in VR

Haptic feedback in interaction has been an active research area in VR
for a long time. The majority of the previous research was focused
on utilizing grounded force haptic feedback in stationary environments.
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Recently, researchers have started to explore unique applications of haptic
feedback for improved VR interaction. A notable example is Heo et al.
recent previous work, where they explored a mobile ungrounded force
haptic feedback device that was capable of applying high-magnitude force
in arbitrary directions [59]. To demonstrate this, the authors had created
the Thor’s Hammer, which used propellers to give ungrounded forces in 3
degrees-of-freedom (DOF). The researchers performed a technical evaluation
of the Thor’s Hammer, showing that up to 4 N of force could be applied
on the hammer in arbitrary directions with no more than 0.11 N and 3.9-
degrees of average magnitude and orientation errors. By assessing the force
control accuracy, responsiveness, noise level, and power consumption, the
researchers evaluated and discussed the design suggestions regarding the
prototype. Based on the advantages of the mobile Thor’s Hammer that could
create strong and continuous force-based haptic feedback with high precision,
the researchers had created four VR scenarios to incorporate the use of
Thor’s Hammer. In the “Feeling the water” application, the users used Thor’s
Hammer to feel the water flow with varying strength and magnitude. The
“Herding a sheep” application made the users use the Thor’s Hammer to feel
continuous and precise forces in varying magnitudes and directions while
they were pulling a moving lamb. The “Pushing buttons” application made
the users feel various rigidities of buttons within the scene with the Thor’s
Hammer. The “Simulating different weights” application allows the users
to feel different dynamic forces with various gravity values. The qualitative
user study was then conducted to understand effects of the applications of
the Thor’s Hammer in VR, which induced haptic force feedback, on user
experience. 6 participants were recruited and tested the four VR applications
with or without using the Thor’s Hammer for haptic feedback. After each
test, the participants filled out a questionnaire and, in the end, they picked
their most liked VR application and justified their choices. Overall, the par-
ticipants reported that the force feedback given by Thor’s Hammer made their
experience more immersive and fun. The simulated forces were perceived to
be strong and continuous in various directions, and to have good precision.
However, the participants pointed out that the device’s fan was noisy and dis-
tracting, which reduced their sense of presence. In the future, the researchers
decided to address the shortcomings of the device, such as decreasing the
size and weight to avoid user fatigue, as well as decreasing high latency in
feedback, exploring a 6-DOF force feedback device, comparing the effects of
propeller propulsion with a grounded force feedback device, and investigating
the influence of unintended haptic force feedback.
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1.7.3 Including Virtual Representation of Hands while Typing
in VR with a Physical Keyboard

In recent years, VR has been widely used in entertainment and industry,
thanks to the advancements in the hardware and numerous scientific studies
that investigated novel systems or uses of VR along with user experience
[60, 61]. One caveat in the mass adoption of VR was identified as the
obstructed user view. The occlusive nature of VR headsets made users
frustrated to use a physical keyboard and mouse, which are common fun-
damental interaction devices in human-computer interface [62]. To explore
this, Knierim et al. developed a physical keyboard in VR to help users benefit
from typing with seeing the virtual representation of their hands in the virtual
world [63]. The authors developed an apparatus to track the keyboard and
the fingers of users in real-time to provide a matching visual representation
in VR. A comparative user study evaluated the effects of varying degrees of
transparency of the virtual hand representations on the performance of typing.
Sixteen experienced typists and 16 inexperienced typists were participated in
the text input evaluation study with two conditions. The participants typed
inside the VR, seeing the virtual representation of their hands with different
transparencies or typed outside of VR. Typing experiences were explored
with the assessments of task load and sense of presence. Hand and trans-
parency variables were nested within-subject. The typing experience was the
between-subjects variable. A mixed nested factorial experimental design was
conducted. The text input task consisted of three sets of 10 phrases, to let the
participants input these phrases as fast and accurately as they were asked. The
NASA-TLX [64] and the presence questionnaire (PQ) [65] were then filled
out by the participants after each task. In the end, the participants were asked
to leave their comments on the typing experience. For the experienced typists,
the avatar hands made no difference in their typing speed. The inexperienced
typists typed only 5.6 words-per-minute slower when using semi-transparent
hands. It was considered to be crucial, especially for inexperienced typists, to
see optimized avatar hands in VR to yield better typing performance. Future
work was identified by the researchers as exploring further optimization of the
proposed method for improved user performance. The study demonstrated the
importance of interaction design in VR in performance and user experience.

1.7.4 Haptic Revolver for Haptic Feedback in VR

Whitmire et al. created a Haptic Revolver, which was a reconfigurable hand-
held haptic controller in VR that utilized an actuated wheel under the fingertip
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raising and lowering to render touch contact with a virtual surface [66].
The controller also spun to render the shear forces and motion when fingertip
sliding was performed on the virtual surface. The wheel could be customized
using different physical textures, shapes, edges, and active elements to offer
different sensations on users. The device was spatially tracked to connect
the haptic elements with the virtual world accurately. When the users were
playing in VR, the rendering engine gave them a corresponding haptic
response under their fingers. Two perceptual user studies with 12 participants
were carried out to evaluate the effects of wheel speed and direction on
the perceived realism, which later gave suggestions on the design of the
Haptic Revolver rendering. In the first and the second studies, the users slid
their fingers on a surface horizontally and traced paths. In the third study,
11 participants were recruited, and the user feedback was collected through
semi-structured interviews to help the authors compare the Haptic Revolver
with a standard vibrotactile notification in three sample applications. In the
card table application, the users could touch objects of different textures in
the virtual world by using the rendered wheels. In the painting and sculpting
application, shapes and forces were applied on the wheels. The users could
press on the wheel to use the painting tools. The third keyboard application
made use of the rendered edges and shapes on the wheels to let the users
feel the edges of the keys. There were significantly higher ratings for the
Haptic Revolver than the Vibrotactile form, in all three applications. This
implied that the Haptic Revolver had a higher-fidelity haptic rendering which
would improve user experience. The authors pointed out the following future
research directions: exploring automated switching between the wheels and
the effects of the physical haptic response on task performance and adding a
proximity sensor into the wheel for automated height calibration.

1.7.5 Bimanual Haptic Controlling in VR

A majority of the design of haptic controllers for VR in the literature was for
single-hand interaction [67]. However, bimanual interactions were closer to
users’ needs for rendering forces. Recently, Strasnick et al. proposed a system
named “Haptic Links” that served as electro-mechanical connections between
VR controllers to provide different actuated stiffness [68]. Haptic Links
could be rigidly attached to existing controllers with various configurations,
providing specific DoF or force directions to dynamically create stiffness
in a continuous range. In the Haptic Links, users perceived the forces in
two hands through various forms of interaction and two-handed objects.
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The researchers created and implemented three Haptic Links prototypes to
offer different stiffness feedback. In the “Chain Device” prototype, a cable
was pulled tight through ball-and-socket elements to make the articulated
chain stiffer. The “Layer-Hinge Device” prototype controlled the rotation
by locking ball joints and the distance between controllers by a hinge.
The “Ratchet-Hinge Device” prototype consisted of locking ball joints and
a dual-ratchet hinge, while the directions of motion could be controlled
by unfastening any individual opposing pawls. The researchers conducted
technical and user evaluations to analyze the pros and cons of their design
and the usefulness of the proposed Haptic Links. The technical evaluations
compared the specific techniques and experimented with torque-angle curves
for each prototype. The user study included 12 participants to compare and
rate the perceived object rendering realism in various Haptic Link devices
and unlinked controllers for different object types. Four objects, rifle, bow,
trombone, and pistols were explored by each user using each of the four
devices. These four virtual objects were created to provide a wide range of
stiffness and motion. Based on the results, the usage of different Haptic Links
for various interactions and objects was suggested for the system’s design.
Furthermore, the researchers investigated the usefulness of the Haptic Links
in providing bimanual interaction techniques in VR. Interaction for object
summoning, object retrieval, object grasping, and controller grounding were
explored using the Haptic Links. The Haptic Links was found out to have
advantages and capabilities to provide realistic rendering of various objects
by using inter-controller stiffness feedback. The Haptic Links could provide
increased realism in interaction and two-handed haptic rendering in VR with
various haptic tools and potential prototypes for customized user experience.
The authors pointed out future research directions as improving the devices
and investigating the effects of the Haptic Links on the perception of different
haptic techniques and coordination between hands.

1.7.6 Data Visualization in VR

Millais et al. compared the effects of data visualization in VR with traditional
2D environments through comparative user studies [69]. As VR had started
to become a potential medium for the immersive data visualization and only
a few studies directly weighted the usefulness of data exploration in VR
versus in traditional 2D environments, the authors performed a workload
and insight-based evaluation with a user study to compare data visualization
in those two circumstances. The authors created two VR data visualization
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modes. “Be The Data” was a three-dimensional scatter plot [70] and “Parallel
Planes” was an n-dimensional dataset [71,72]. Both VR visualizations were
developed with the Unity game development engine for Android smartphones
to be used with Google Daydream VR headsets and controllers. Participants
could navigate and explore the VR environment from different perspectives.
The equivalent 2D data visualization modes were also created for compar-
ison. Sixteen participants were included in the study and were randomly
assigned to each of the software modes (VR vs. 2D). The user study included
a training stage and a main stage, which made the users familiar with the data
visualizations and the “think-aloud” protocol to explore different datasets
and report their insights. NASA TLX questionnaires were used to measure
the perceived task workload. Audio recordings were coded to transcripts
according to an existing scheme by Saraiya et al. [73]. Finally, the researchers
compared the frequency of the coded items and the TLX measures between
the two modes. There was no statistically significant difference in the total
task-workload between the compared conditions. Nevertheless, the users in
the VR condition gained more precision and depth in their insights. The
results also implied that VR-based data visualization induced more satis-
faction and confidence in participants. The limitation of this study was the
small sample size. The future work was aimed at including more users in the
study, making stronger conclusions through statistical analysis, and exploring
collaborative data analysis in VR. Overall, the authors demonstrated potential
usefulness of VR in data analysis.

1.7.7 Eyes-Free Object Manipulation in VR

Due to its highly visual-based nature, object manipulation in virtual and
augmented reality has been linked with eye engagement. Recent studies
explored leveraging people’s spatial memory and sense of proprioception to
enable object manipulation without the eyes being actively engaged in the
experience [74,75]. It was pointed out that the users could be more focused
with less fatigue and less cybersickness in immersive VR environments with
reduced head movements and interruptions [76]. Along parallel lines, Yan
et al. designed an eyes-free VR system for target acquisition in VR with
the aim of improved user experience [77]. The authors conducted three user
studies to investigate the implications of eyes-free target acquisition in VR on
user experience. In the first study, 12 participants were asked to report their
acceptance of the proposed eyes-free target acquisition technique. Different
positions and postures were used to decide the comfort level and the minimum
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distance to reach the targets. Twenty-four participants were hired in the
second study, which aimed to understand the accuracy of control in target
acquiring in VR with an eyes-free approach. The acquisition points were used
for comparison with the actual points of the targets. The effects of the rotation
of the user body on accuracy were also investigated. Based on the results of
the first and second studies, the authors made improvements in the design of
their eyes-free target acquisition system in VR. In the third user study, the
improved eyes-free acquisition was compared with the eyes-engaged method
with 16 participants. The acquisition performance and user experience were
explored through an acquisition task with 18 targets. Different fields of
view and the choice of a second task requiring visual focus were utilized
on the comparison, that was based on a within-subject design. Overall, the
eyes-free acquisition was preferred by most of the participants (i.e., 13 out
of 16), especially when the field of view was small and when there was
a second task. The eyes-free method had a higher acquisition speed, less
fatigue and cybersickness, and less distraction although it could require more
mental demand and result in lower accuracy. The future work was pointed
out as investigating the eyes-free target acquisition with body or controller
references.

1.7.8 Breathing-Based Input in VR

Advancements in VR yielded various unconventional forms of input in
search of improved user experience. Very few previous works in VR had
incorporated breathing in user experience and no previous works to date had
utilized breathing as a form of input. Addressing this gap, recently, Sra et al.
explored utilizing breathing signals as a direct controlling interface in VR
games for improved immersiveness [78]. The authors designed four breathing
actions and implemented two related VR games to explore the proposed
input mechanism which was based on breathing. To evaluate the proposed
system, they conducted a user study with 16 participants, to understand and
suggest a better breath-based VR design. In the study, five design strategies
that were proposed along with four breathing actions: gale, waft, gust, and
calm. A Zephyr sensor was connected with the VR system to detect the
users’ inhalation and blowing actions. Those four breathing actions were each
assigned to a corresponding power in the created VR games. To compare
with the traditional hand-held controller input, the relative four areas on the
controller trackpad were also assigned with the same respective power in the
developed VR games. The researchers built the breathing actions into two
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VR games: a single-player first-person shooting (FPS) game and a two-player
ball game. In these games, different actions of breathing represented different
“superpower” actions. For example, in the FPS game, the gale induced fire-
causing bigger damage to the enemies. Within-subjects design was used in
the user study to compare the breath input mechanism with the conventional
controller-based input. Each participant played each game four times, with
and without the breathing input. The results showed that the breathing-
based VR games gave the participants a better sense of presence, more fun
and increased challenges. Based on their study, the authors provided design
suggestions for future breath-based VR designs. Future research directions
were suggested as exploring the effects of action mappings on the dynamics
of direct physiological signals in VR games, comparing performance in
breathing-based input versus non-breathing input in VR games.

1.7.9 360-Degrees Browsing in VR

Virtual and augmented reality is expected to take place of mobile devices
by presenting the users’ practical tools to perform everyday tasks, such as
e-mails and browsing. Recently, user experience in browsing in VR has been
gaining the attention of researchers. It was found that on an average, users
spend at least 57.4% time switching tabs, which is heavily dependent on the
size of the screen [79, 80]. To remedy this time loss, parallel web browsing
may be utilized in VR, because of the advanced interaction and visualization
techniques [81]. To address this, a recent notable study was performed by
Toyoma et al. [82], in which the authors created a VR web browser, named
VRowser. The researchers used the VRowser to provide webpage content
comparisons, allocation, grouping, and retrieval. They kept the metaphors
of web browsing while taking advantage of well-established interaction and
visualization techniques in VR. To evaluate the effectiveness of the proposed
system, the authors performed a user study. In the system, the immersive
VR mode gave an unlimited screen for users and broke the restriction of
screen size in conventional computer displays. 3D UI was also incorporated
to improve user experience in web browsing. Suitable segregated interaction
techniques were used to perform web-related and 3D tasks from the litera-
ture [83]. The authors created a VR Web Workspace for users to navigate
around in a geographic layout to group and transfer webpages. The Web
Page Management was created to perform 3D web-related tasks, such as
selection, position, rotation, and scaling. The Web Tasks were utilized for
input and interaction with the web content. HTC Vive controller was used for
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the interaction. Ten college students participated in the study which aimed
to explore user satisfaction and webpage placement strategies in two VRWs
with different geographical properties. Ten types of webpages were explored
to measure the users’ preference. A questionnaire and a semi-structured
interview were conducted at the end of the study sessions. Data were collected
from the identification of the location of each webpage and the user study.
The results implied that the landmarks were mostly used to place and retrieve
webpages. The locomotion techniques in the prototype were demonstrated to
not be fast enough for smooth switching. The authors pointed out that further
exploration was needed to ensure the creation of efficient virtual workspaces
for 360-browsing in VR.

1.8 Conclusion

As the recent previous studies demonstrated, there are several application
areas where VR can be beneficial, even to the point of eliminating the
boundaries of what is possible to do in real life (e.g., talking with virtual
future self in VR). However, the research in this recently emerging medium
is still in its early stages and several future research questions and unexplored
application areas remain untackled.
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In contemporary society, global digital interaction is more accessible in
leisure activities than in educational contexts. Children are interacting with
one another in digital arenas like social media, fan fiction, and video games;
taking personal responsibility for their learning. They are learning the skills
needed to thrive in this 21st century through their leisure activities and online
gamified contexts, as opposed to academically in the classroom. There are
socioeconomic divides in all facets of learning including the development
of digital and visual literacies, visual stimulation, and immersive interaction.
Unfortunately, most individuals are unaware of the affordances for learning
through video games, let alone virtual reality (VR) settings.

This chapter will discuss the need to research and improve visual and
digital literacies in order to understand the effects of video games and VR
learning in academic settings. First, the lineage of visual literacy growth will
be accessed in light of important literature and advancements of technology.
Second, current research on video gamified learning will be mapped onto the
potential uses for classroom education. Third, this paper will discuss the cur-
rent benefits and applications of VR and immersive learning in contemporary
culture. Finally, the paper will conclude with an educated interpretation of
the possible future interactions of VR learning in both leisure activities and
academic settings. The aim of this paper was to create an encapsulation of
gamified and immersive learning in its current state; with an explanation of
how video games and VR allow humans to access experiences previously
thought impossible.
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2.1 Introduction

Recent figures from the U.S suggest the total market value of the video
game industry in 2014 to be $22.4 billion [1]. Video games are ubiqui-
tous, with four out of five households owning a device used for this digital
interaction [1]. This progression of technology in today’s society has led
to stark differentiating perspectives on academic versus leisure activities.
Throughout history, visual stimulation is more common in leisure activities
than in education. Education has been rooted in reading and writing, with art
analysis in the background. However, leisure activities today focus more on
visual stimulation with minimal reading or very little writing. Children are
developing their visual and digital literacies in these leisure activities through
online gamified contexts, compared to academically in the classroom. This
occurrence is causing cultural and socioeconomic divide in visual stimulation
and development of visual and digital literacies [2]. Unfortunately, most
individuals are unaware of the affordances for learning in digital settings,
especially through video game arenas or VR contexts. Even with the acces-
sibility of communication being digitally exploited there is a lack of focus in
becoming visually and digitally literate in American public schools.

There is a growing body of research and literature centered on digital
tools and the dichotomous nature of leisure and academic activities. While not
widely accepted, video games, VR, and many other out-of-classroom digital
interactions can be utilized for academic purposes and the development of
21st-century skills [3]. It has been found that learning through video games
can have positive effects on attention and focus [4]. Video game players,
compared to non-video game players, show a greater ability to focus on
multiple moving items at once [4]. Coincidentally, playing all types of video
games improves attention and visual working memory, which in turn can have
educational benefits. These benefits could possibly include quicker receptions
of visual information and improvement of visual and digital literacies. Unfor-
tunately, not all games are accessible to all kinds of people and many are not
structured appropriately for educational use [5]. Lack of accessibility of these
learning experiences is increasing the achievement gap and “digital divide”
for digital and visual capabilities [5]. Individuals with language barriers or
sensory impairments will not be able to interact with technological experience
in the same manner an individual without barriers or impairments would.

Children in higher socioeconomic status households will have more expo-
sure to this kind of visual development compared to children growing up in
poverty [5]. The capitalistic nature of the video game industry has increased
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expenses needed to stay on the cutting edge of technological interaction,
creating a divide in digital and visual literacies between groups of people and
different households [5]. More important, only 5% of video game purchases
are made primarily for educational purposes [1]. In my experience working at
the Boys and Girls Club in Tucson, Arizona with an average of 100 attendees
daily for 8 months in 2016, children believe educational video games are
“boring” and unattractive compared to non-educational video games like Call
of Duty, Skyrim, or Grand Theft Auto.

Since the release of Carmen San Diego in 1987, children, parents,
educators, and game distributors have not agreed on a balance between
accessibility, enjoyment, and content within educational video games [6].
This disagreement has led to advocacy for structures designed specifically to
foster learning and accessibility for all kinds of people. To better understand
this phenomenon, this chapter is divided into three main sections: (1) the
growth of visual literacy, (2) video game learning, and (3) VR. The goal is to
highlight the necessity for including video games and VR in the educational
learning process, in order to help narrow the achievement gap and digital
divide between the groups of people and diverse students [5].

2.2 The Growth of Visual Literacy

The concept of thinking visually is something most individuals are familiar
with. The use of graphs to depict data, visually representing emotions, or
sharing artistic skills are considered traits of visual thinkers [7]. The exploita-
tion of this concept is not new to pedagogical practices, however, it has yet
to be applied to the innovative technologies of the 21st century. In today’s
world we use visual skills more intensely than ever before, especially in
contemporary leisure activities like reading graphic novels, playing video
games, and interacting with VR platforms. The rapid growth of technological
devices, video games, and computer-generated imaging (CGI) has heightened
our visual capabilities and changed the way we interpret visual information.
Now more than ever, it is crucial to develop an understanding of what it means
to be visually literate and how this can be taught in education.

The following section will define the concept of visual literacy by provid-
ing a basis for terminology, along with rooting the idea in known literature.
It will focus on what it means to think visually and how this concept can be
trans-mediated into speech or written word. Finally, this section will touch
on why there should be a blending of technologies used in today’s leisure
activities and classroom education.
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2.3 Thinking in Pictures

One of the key researchers and activists for conceptualizing thinking in
pictures is Temple Grandin. Temple is considered an autistic savant, with the
drive to understand how people think and apply her research towards bettering
the education of today’s youth. She argues there are three classifications of
cognition: visual, pattern, and verbal thinkers [7]; each bringing a unique set
of skills that can be used in collective intelligence [8]. Temple Grandin is
known for her unique visual cognition and how she used it to analyze emo-
tional change in cattle being raised for human consumption. In her research,
the books, and movies surrounding Temple’s career, she defines her visual
thinking with specific terminology. The effective use of this terminology is
the missing link for transmediating the concept of visual literacy to a learned
skill.

In Temple’s work, she explains the visual interpretations of her thinking
in the same terminology as an art analyst. Much like the analysis of a
Monet, she uses words like contrast, color, focus, angle, frame, brightness,
saturation, etc. to explain the visual stimulations she is receiving from the
environment [6]. Continuing like an esteemed art critic, Temple applies
this terminology to the interpretation of various visual elements and their
interactions with one another [6]. For example, the color of a flag as it is
swirled by the wind causing stress or balking in cows. Temple used these
stimulations and interpretations to discover how specific visual cues elicit
certain responses [6]. This would imply communication of information using
only images, changing how we conceptualize cognitive experiences.

After dissecting Temple’s work, it is clear that there is a direct connection
to the visual terminology which exists in art and analysis. However, with
any analysis of artwork and creative content, there is a silver lining of
subjectivity. Each individual gains something different from an image and
can gain something new each time they view that image. This subjectiv-
ity makes it difficult to directly show the connection of a specific visual
cue to a specific elicited behavior. For this reason, using eye trackers to
show a connection to a behavior is incomplete [9]. Nonetheless, researchers
have been fascinated with the communication through visual stimulation;
blossoming fields like advertisement analysis, text and visual interactions,
film studies, reality studies, human-computer interaction, and multimodal
research. The focus is to connect these visual stimulations and analyze
communication of ideas, emotions, and to understand its occurrence in
leisure activities. Through heightened visual stimulations, learners received
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through technological devices in the 21st century, understanding this type of
communication is crucial to the concept of visual literacy.

2.4 Comic Books and Film Studies

One of the steppingstones in Temple’s terminology and research into mul-
timodal interactions such as video games and VR are comic books. In the
beginning of comic creation, these books were perceived only for children,
without any regard for the positive affordances they were offering to cognitive
development and visual meaning-making. It was not until the naming of
The Watchmen by Alan Moore, Dave Gibbons, and John Higgins, in the
Time magazine’s top 100 best novels of the 20th century that comic books
were given the equal prestige of written novels. This acceptance cannot be
credited to one book or the winning of a single competition, yet the creation
of an objective structure for analyzing text and visual components in one
location [10]. The comic book analysis is the first blend of leisure activities
and education. This art form blends text and images in one emotional and
thought-provoking arena. Comic books and graphic novels offer a stagnant
context to dissecting specific visual cues and the emotions they elicit.

One of the reasons a blending of leisure activities and education can be
achieved is because of the terminology being used to describe the cognitive
occurrences in these visual interactions. In the same fashion as shown by
Temple Grandin and accredited by art analysts to explain and interpret comic
book visual cues, words like contrast, color, brightness, angle, frame, focus,
etc. are used [7, 10]. For example, the term contrast is rooted in opposition
and is universally seen as an objective concept. Contrast between lighting
spectrums, color choices, or conceptual or artistic ideas is where the sub-
jective variability of opposition occurs. Moreover, imagine a picture of a
sunken ship and a beautiful sunrise. Some individuals will comment on the
contrasting colors of the orange sun and the blue sea, others will comment
the sea is dark and the sun is bright, or some may be more conceptual,
focusing on the contrast between death in a sunken ship and rebirth in a
sunrise. Utilizing the same terminology in a variety of contexts begins to
solidify and objectify the definition of each term being used. The more
objective and universally understood the terminology is, the more likely there
is consensus of interpretation and foundation for the requirements of being
visually literate.

Another arena where these terminology definitions are considered uni-
versal and regularly used is in film studies. As in comic book analysis, film
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analysts use words like frame, angle, contrast, color, lighting, etc. The dif-
ferences between comic book and film analysis is the inclusion of movement
and type multimodal interaction. Adding movement adds visual stimulation
and changes the way information is communicated. In a comic book, the
mind fills in frame gaps (gutters) with the movement of characters yet they
are not physically moving on the page in front of them [10]. This allows
for variability in perception and interpretation of the material [10]. Film
depicts the movement for the viewer, creating a set display of the character’s
interaction. For example, a comic book can have two consecutive frames, one
of a female in the dining room and the other of her in the kitchen. The mind
creates the character walking from the dining room to the kitchen. In a film,
this movement is shown, allowing an analysis of the walking itself. Questions
regarding the emotionality of the walk could be answered quicker and be
more readily seen as an objective experience in a film than in a comic book
from the viewer’s perspective. That being said, the creator of each respective
work holds the discretion to include or exclude any imagery or parts of the
storyline they choose. For example, a comic may include text in the frame
depicting movement like ‘stomp’ near her feet, whereas a movie may show
the woman stomping her feet as she enters the kitchen.

The important distinction between comic books and film is the way
they differ in sensory stimulation. Film creates an auditory and visual
combination in one experience, whereas comic books utilize written word
and imagery. Both are multimodal contexts, yet they drive stimulation very
differently. Further, these different experiences are not accessible to all kinds
of people. Visually impaired individuals will gain much less from a comic
than they will from a film because of the auditory interaction. This would
also hold true for an individual with hearing impairments; they will be
able to interact with a comic book much like someone without a hearing
impairment, however, they will lose part of the experience if the content is
solely visually interpreted. Yet, the utilization of the same terminology in
different contexts supports an objective understanding of what it means to
be visually literate. Following the same concept applied previously, the use
of the same terminology in different contexts, helps refine the definition of
being visually literate term and its meaning universally.

Solidifying universal objective definitions regarding visual cues creates a
framework for teaching visual interpretations and increasing visual literacy
in education. It is possible to come to an understanding of the definitions
themselves as well as design interactive projects analyzing both comic and
film works. Further, the similarity in terminology allows for the comparison
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of comic books and films regarding the same content. For example, a pos-
sible project could be understanding the emotional interpretation differences
between The Watchmen graphic novel and The Watchmen movie. This idea
also helps blend leisure and academic activities while supporting educational
interaction.

2.5 Video Games

Being visually literate is no longer simply being able to interpret the world
and human experience through visual works and define points of sensory
interaction, it has progressed to being able to control the various sensory
stimulations and interpretations in any given environment. Education is just
beginning to include the concept of controlling multimodal sensory interac-
tions and expand the understanding of visual literacy. The best example of
control in a multimodal situation is video games. Almost all video games,
both commercial and educational involve multiple sensory stimulation and
incorporate the interaction of text, image, sounds, and movement in one
location [46]. This being the case, the same terminology in both comic and
film studies could be applied to understanding the stimulation of video games.

The fascinating aspect of video games is the user’s ability to control
the experience itself. Adding this layer of control takes the experience from
observational to participatory, further engaging cognitive interaction with
the stimulations being used. This context fosters motivation, collaboration,
self-regulation, and depicts the learner’s perspective while exhibiting the
emotional regulation of the individual [46]. With the rapid growth of tech-
nology and the video game industry progressing in leisure activities, what
was previously believed to be fictitious forms of learning are now obtainable.
The video game arena is making the impossible, possible through media and
multimodal stimulation. In a digital age that is networked and interwoven,
learning is no longer restricted to classroom settings. This drives the necessity
for understanding how visual stimulation, control, and learning are occurring
in video games and to explore what their application could be in academic
settings.

2.6 Video Game Learning

The structure of video games offers many benefits to the player while being
a favorable context for understanding multimodal learning and intrinsic
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motivation [46]. Regardless of the video game type, there is a positive
relationship between video gameplay and improved attention [4]. Also, the
immediate feedback embedded within video game structure allows the oppor-
tunity for players to monitor and evaluate their own learning while complex
problem solving [11-13]. This, combined with the autonomous structure
of video-game learning, offers an affordance for self-regulated learning
[14-16]. Continuously, role-playing and MMORPGsS structure provides the
opportunity for player collaboration and communication while furthering
gameplay [14, 16,46]. MMORPG’s structure specifically allows players to
be autonomous within an interactive environment [14, 16]. This type of open
communication will foster collaborative independent learning and provide a
potential arena that is beneficial for academic use.

2.7 Pretend Play and Situated Learning

Many educators view ‘play’ as a beneficial activity to foster develop-
ment [17]. During play, individuals observe and collaborate towards a
common goal, while thinking creatively to solve complex problems [18]. One
type of play is imaginative (pretend play), with character roles and emulations
of current world issues [19]. For this type of activity to be considered
pretend play, it must include a mental representation different from reality, a
projection of that mental representation onto reality, and the awareness of the
representation, as well as its projection [20]. These three components allow
participants to include their imagination with their current environment while
engaging in a leisure activity [20]. A non-digital example is using a banana
for a telephone.

Similarly, situated learning is the placement of the learner in a particular
context to drive social, cultural, and academic interaction [21]. Applying
these parameters to the content being learned allows the learner to see how
the information being received is utilized in social settings [21]. This is
beneficial to learning because it allows the participant to think critically about
the information used in each context and how it appropriately interacts with
the respective situation [21, 22]. It is clear this context of situated learning
is embedded in most games, both commercial and educational, available on
the market today. Within the video game industry alone, there is a spectrum
of non-immersive virtually situated contexts ranging from full storyline nar-
ratives to a few details of the situated scenario. Games without any situated
learning context include mini-games or module style games like Candy Crush
or Poker.
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Often, pretend play and situated learning are viewed as more beneficial
for younger participants, however, the benefits can extend to adults if struc-
tured appropriately [21, 23]. For instance, despite common misconceptions,
there are measurable cognitive benefits for play and engaging with video
games at all ages [4, 15,24, 25]. Specifically, role-playing video games allow
users to positively engage in pretend play, situated learning, and collaborative
interactions [15, 21]. Both pretend play and situated learning show positive
effects on creative capacities and fosters innovative, agentive thinking when
utilized in video games [15,21,26]. Video game platforms provide an arena
for participants to observe, interact, and engage with tools beneficial to the
overall learning process [11,27-29].

2.8 Collaboration

Through this type of play and situated learning, video game players benefit
from the opportunity to collaborate with other individuals [11, 15,46]. Much
like physically working with someone to complete a common goal, video
games and the video game community foster communication between players
[28,29]; see also [11,27,46]. For games like Assassin’s Creed (one-player,
narrative role-playing game), players do not directly interact with each other
as they do in massively multiplayer online role-playing games (MMORPGs)
[29]. However, communication is fostered through online chat forums and
discussion boards [28, 29]. In MMORPGs, players must collaborate and
compete to propel gameplay and further game achievement [29]. From a
pedagogical perspective, video game platforms can benefit all types of learn-
ers, especially individuals with language barriers, social, or physical needs
different from the stereotypical player or “the gamer” (i.e. Autism Spectrum
Disorder) [12]. Moreover, in MMORPGs like World of Warcraft, a player’s
age ranges from youth to adult and come from all over the world. This diver-
sity allows for the virtual interaction between populations while fostering the
opportunity for communication and possible language learning [12].

The opportunity for communication in video games and virtual worlds
aids inter-player collaboration and allows for the exchange of multiple
perspectives, yet also promotes competition. The nature of the immediate
statistical feedback within the structures of video games usually fosters more
competition than collaboration, especially in popular commercial games [15].
Most currently available video games log every aspect of the player’s game
usage, including time taken to complete tasks, activity during tasks, and
order of multiple task completion [29, 30]. These statistics are scored by
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the game and placed into an overall player ranking available online to other
players [29, 30]. From a pedagogical perspective, these statistics create a
collection of data encompassing individual learning at arms-length from the
interaction of collaboration [46]. The researcher can see how the individual
is learning from the experience, simultaneous to interpreting their interaction
with other players. More importantly, understanding the differences between
collaboration and competition will provide insights to group decision making,
group strategic planning, and group goal achievement.

2.9 Autonomy

Unfortunately, teachers in traditional classrooms require students to master
certain skills before continuing to the next task. This type of learning is linear
or vertical and not catered to the individual speed or needs of each student,
but the overall needs of all students collectively [8]. By contrast, video games
present a few different task options towards one goal at the same time [11, 16,
28,31]. This forces the player to make thoughtful choices regarding the order
of the task objectives and how they will be reached [28, 31]. This structure
also provides scaffolding and hints for the learner through different stages
of the game [31]. In these video games, players can cater their interests and
instructional path to best fit their needs during gameplay [46]. As players
make choices regarding order of tasks, they are also learning collaborative
strategic planning for solving complex problems [16].

2.10 Self-Regulated Learning

Role-playing games emphasize autonomy for strategic planning, complex
problem solving, and self-regulated learning [14-16,45]. The player is pre-
sented with multiple task options at once, yet it is the player’s choice of
which to engage. This type of environment enables the players to self-regulate
their gameplay and achievement. Self-regulated learning is defined as the
metacognitive process of initiating, guiding, and comparing own performance
to self-set standards [32, 33, 45]. This process begins with self-instruction,
continues into self-monitoring/control, and leads to self-evaluation. This type
of learning is dependent on combinations of situational parameters, self-set
standardized, the learner’s past experiences, and their choice of public versus
private settings. The ability to control these combinations is aided by the
structural advantages and design of video games.
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According to Anderson [34], there are five components of self-regulating
learning: prepping and planning, selection of learning strategy(s), monitoring
strategy implementation, correlating and combining strategies, and evaluating
the effectiveness of implementation. Specifically, first-person shooter RPGs
like Call of Duty II and Elder Scrolls: Skyrim provides supplemental mate-
rials for the player, allowing them to be autonomous and self-regulate their
own learning [44]. These materials include, but are not limited to, progress
bars, in-game player statistics, arena maps, highlighted location destinations
(storyline use), lists of objectives and goal setting, both proximal and distal
goal setting, and collaboration opportunities with other players (both ver-
bally and nonverbal). Continuous use of these supplemental materials and
structural mechanisms allows the player to track and adjust their learning
in a specifically personalized way. This process makes video game playing
individualistic while offering an arena for emotional regulation within a
leisure activity.

The affordability for self-regulated learning is one of the most beneficial
factors of using video games as an instructional method [11-13]. Video
games best highlight the self-regulation process within MMORPGs, how-
ever, this process is true for all role-playing video games whether they are
multiplayer or not [11-13]. During gameplay, players command an avatar
that is representative of the player. The player has control over the avatar’s
physical and cognitive actions, including driving their motivation. Once a task
is instructed, players will monitor game performance and regulate the avatar’s
cognitive and physical activities until the task is complete [12,13]. Finally, the
player will reflect on their overall task performance in conjunction with the
avatar after the task is completed. Video games cannot ensure these judgments
will be made accurately, yet the opportunity for learning is provided [12, 13].

The opportunity for self-regulated learning within video game structure
is the reason they should be utilized as instructional tools. The process of
self-regulated learning is metacognitive, yet fostered by role-playing games.
In these types of games, players must seek a task/activity/objective to com-
plete before receiving a reward (i.e. game currency) [27]. This provides the
opportunity for players to regulate their learning and while showing intrinsic
motivation through game continuation [35, 36]. Players can strategize and
plan the execution of their tasks for efficiency and maximum reward based
on personal interests. Moreover, players can monitor and evaluate the learn-
ing strategies used in current gameplay to further current and future game
achievement [12,13,45].
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2.11 Observational vs. Participatory Learning
and Volitional Control

Whether video game playing is tied to observational learning in non-
immersive reality settings is continuously being debated [34]. Watching a
character or avatar commit action is observable to players without them
physically engaging in that action [27]. However, player action is required for
the avatar to engage in a task [27]. For example, in Sims, a single player role-
playing game, players command their avatars to go swimming. The player is
still sitting in a chair inside, whereas the avatar is swimming laps in the virtual
pool. Moreover, control is still with players outside the game boundaries, yet
action is within [27]. Having this type of control allows partial observational
learning because the player is not immersively engaging physically with the
task in their own reality. Yet, because players have volitional control over the
avatar, direct learning can be illustrated [34].

Volitional control is the decision and action of committing to engage
with a behavior or task [16]. Volitional control in role-playing video games
can have both positive and negative effects on behavior (i.e. Call of Duty,
Grand Theft Auto) [35, 36]. In the most recent analysis of violent video
game effects, an increase in aggression scores and cognition, as well as a
decrease in empathy and sensitization to violence were found [35]. This is
due to both the individual and situation being the input attributions to a
person’s behavior [35]. These attributions create a temporary internal state
that can be appraised, reviewed, and revised for self-regulated learning [35].
For example, volitional control in commercial first-person shooter games
that promote violent imaging and constant death in their internal state will
negatively affect behavior [44].

However, knowingly engaging with volitional control when learning
presents a significant positive cognitive effect compared to automatic cog-
nitive processes like skill acquisition and initial perception [14, 16]. In other
words, the metacognitive awareness of committing the action has benefits in
comparison to committing the action more automatically without metacogni-
tive choice making. Having visual volitional control in video games positively
aids learning, whereas physically having volitional control, like in physically
immersive VR settings during violent role-playing scenarios might not [16].
During VR there is physical volitional control, the players feel they them-
selves are carrying out the actions of the avatar as they happen [16]. When
the player fails to complete a task in VR settings, they allocate the error
to themselves, whereas in non-immersive settings, players allocate some
of the error to the game or avatar [16]. Therefore, it can be concluded
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visually controlling an avatar in role-playing games allows the player to feel
disconnected from the avatar’s actions. [16]. In some of the more violent role-
playing games, it may be important to not associate those actions to reality.
Yet, away from war-like scenarios, the benefits and positive affordances of
VR learning outweigh the negative.

2.12 Current Benefits and Applications of Virtual Reality

The cognitive benefits of video game learning apply to VR settings as well.
This physically engaging arena offers aspects of situated learning, collabora-
tion between users, strategic planning, visual meaning-making, self-regulated
learning, motivation, engagement, and enjoyment. The difference with VR
is that the user is fully immersed in the context, without any information
from the real world around them. The user wears a head-mounted device
(HMD) that only allows them to interact with the virtual world and inhibits
stimulation from the outside world (reality). This context helps the user have
a deeper immersive experience with a situated learning setting and roots their
actions in participation with their surroundings. As the learner engages with
the immersive visualization, they are applying self-regulation techniques to
complete each task [45]. Much like the real world, when an individual makes
a mistake they consider why the error was made and begin to correct it for
future, more effective application. Considering virtual arenas are newer and
users have had less exposure with the device, many VR games are structured
to give multiple opportunities to regulate the effectiveness of a particular
strategy. This style of horizontal learning allows the learner to cater the
experience to their personal needs for learning and monitor effectiveness of
the tool along with game achievement.

The immersive experience of VR allows for a more realistic context than
non-virtual video game interactions by allowing the user to learn with their
entire body in a fully physically inclusive learning experience. This includes
muscle movement memory, coordination, and unconscious reactions [8].
As seen in athletic training, the constant repetition of a movement helps
create an internal muscle remembrance of that movement and makes it
easier to commit that movement in the future. Much like constant repeti-
tion of vocabulary-definition study, VR could increase recall and retrieval
of those movements. This is especially beneficial to an application of VR
learning in work-related settings. For example, a mechanic may want to
learn how to change a transmission but does not want to practice on a
perfectly working car. With VR learning, the mechanic can develop muscle
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memory for changing a transmission before being placed in that situation
in real-life settings.

This is also one of the reasons why VR is being used in the medical field to
train medical students before operating on a cadaver. Cadavers are expensive
and may not be readily available for medical students to practice. Yet, the
students need practice to gain muscle memory of how to proceed with the
surgery. While the virtual setting is going to be very different than a real
cadaver, this arena allows for a steppingstone or checkpoint of knowledge
and skill. Many health professionals will argue this difference is too great to
apply similarity of a virtual setting to the real scenario. However, the use of
virtual reality in medicine is not to replace practice on cadavers yet provide
a scaffolded curriculum incorporating muscle memory before adding higher
expenses and the more emotional stimulations of working with a real corpse.

The most important aspect of VR is its positive affordance for
accessibility. VR is enabling a variety of content to be accessible to multiple
kinds of people all over the globe. Archeologists are able to immerse them-
selves in caves or temples thousands of miles away from the comfort of their
office. Language learners can practice with native speakers through digital
avatars and virtual meeting spots. The average person can visit any museum
or art exhibit in the world. And, psychologist can expose victims to their fears
in safe, forgiving, and flexible environments. VR offers a more controlled
version of the content, yet it allows for immersive interaction, nonetheless.

2.13 Virtual Reality in the Future

VR does more than allow accessibility of a variety of content, it allows all
kinds of individuals to have access to information they were never capable
of before. The latest technological advancement in VR and technology has
altered the structural components of the way the HMD interacts with the
user [37]. Most VR HMDs, both for consoles and mobile devices, operate
using a projection onto a small screen a few inches from the user’s eyes.
The new version of VR projects the imaging directly into the user’s retina
as opposed to on the screen in front of them [37]. These technological
alterations are allowing individuals with visual impairments to experience
virtual settings more clearly than their “real” life interactions. It is not naive to
think of VR as being able to change the lives of visually impaired individuals
and the way people interact with the contemporary world. The impact VR
will have on globalized culture in the very near future will not only drive
technological understanding yet propel accessibility of information for all
kinds of people.
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2.14 Conclusion

The implementation of video games and VR learning in classrooms can
aid in bridging the “digital divide”. Video game-based and VR balance the
interaction of enjoyment as well as intellectual development. By imple-
menting restrictions, these platforms can help alleviate the disagreement
between teachers, students, parents, and game developers regarding the
content and instructional use of video games [6]. Many game genres, like
first-person shooter games, in neither non-virtual nor virtual platforms, are
not structured efficiently for learning due to their emotional interaction
with violent content [44]. Yet, as previously discussed, benefits of video
game playing can include improved attention and visual focus, increased
understanding of executive decision making through strategic planning, and
practice in collaborative contexts. [4,8]. Most commercial role-playing games
are structured to improve attention and visual focus, with the structural
emphasis on autonomy and self-regulated learning [4, 14, 16]. For some
individuals, more autonomy within a game increases player satisfaction and
lends to increased intrinsic motivation [14]. It has been shown, a guided
path is beneficial for scaffolding learning and creating a balance between
educational value and player satisfaction [14, 39—41]. However, it is the
immediate statistical feedback that allows video games to be optimal as
a learning environment. The combination of negative and positive evi-
dence allows the learner to understand their mistake, but focus on game
continuation [38].

The skills a player can acquire through video game and VR learning
can include improved attention, increased executive decision making through
strategic planning, self-regulation of learning, collaboration experience, and
identity formation [4, 8, 34,42, 45,46]. As shown, the video game platform
fosters motivation, effectiveness, and learner satisfaction while developing
visual and digital learning skills [46]. These positive cognitive affordances
are heightened in VR learning, allowing the learner to engage with the
video game environment more critically. Ultimately, VR has the capability
to improve relationships between populations and strengthening worldwide
communication through language development if applied appropriately. More
important, digital and visual literacies are developed through practice and
interaction with these digital interfaces [2]. Utilizing these technologies
primarily used in leisure activities within classroom education will help
bridge the “digital divide” increasing in youth achievement and aide in the
development of 21st century skill needed to thrive in today’s world [3,5].
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Families with more income can consistently buy innovative technolo-
gies and the newest video game consoles. Since not all households possess
computers, internet, video games, let alone the newest VR console, a gap in
digital interaction is established [5]. Children with access to video games
at home will increase their visual and digital literacy skills, while others
will not have this opportunity. This means families struggling financially
cannot offer this type of learning experience to their youth, in turn, limiting
their visual/digital literacies and learning potential [3]. Coincidentally, not
all games are accessible to all types of learners with restrictions to access,
languages used, and content [3].

When in the classroom, these differences in skills and digital liter-
acy development are noted and usually interpreted as an intellectual or
communicative deficit [43]. In other words, teachers are interpreting the
lack of accessibility and development of 21st century skills outside of the
classroom as struggles with general learning [3]. The skills gained from
digital interaction and visual development will be necessary for thriving
in the 21st century [3]. Therefore, implementing this type of learning and
digital interaction in the classroom will aid closing the “digital divide”
increasing in today’s classrooms while providing an enjoyable experience for
contemporary youth [5].
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Falls are one of the prominent reasons inducing accidental fatality and
fractures among the elder population and those with movement disorders.
The proposed work is to study and attempt to alleviate the fear of falling
in humans using experimental setups designed in VR. This chapter is pri-
marily aimed at establishing and understanding the underlying fluctuations
relative to anxiety in human postural control using immersive virtual con-
ditions. We review the utilization of VR for evaluating the effects of fear
of falling on balance and gait function. Further, we examine the poten-
tial for VR neurorehabilitation aimed at ameliorating fall-related anxiety in
adults. We majorly discuss this in the chapter through analyzing real-time
neurological feedback, measured via electroencephalogram (EEG) signals,
in two experimental designs devised at studying neural responses relative
to human postural threats, namely, visual cliffs while walking in a virtual
world and induced randomized height changes and perturbations in a quiet
standing environment. This framework incorporating virtual environments
for understanding postural challenges is a step forward towards a smart and
intuitive brain-computer interface (BCI) system that detects and dynamically
adapts to the environment analogous to the real-time anxiety state of humans.
Furthermore, through the integration of smart and intuitive BCI systems,
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potential breakthroughs in both physical and psychological recovery after
falls may be feasible through greater access to personalized medical treatment
and development of novel neurorehabilitation therapies aimed at treating
excessive fear of falling, and hence, a potential source of fall risks, especially
among older adults and those suffering with movement disorders, such as
Parkinson’s disease.

3.1 Introduction

This chapter seeks to understand individual cognitive and neural process
variations in response to realistic and complex environments and sensorimo-
tor integration alterations under anxiety-inducing conditions via VR-based
frameworks.

3.1.1 Fear of Falling

As 10,000 Americans are turning 65 each day [1] and nearly one in every
five U.S residents is projected to be aged 65 and older in 2030 [2], promoting
well-being and healthy aging in older adults is becoming increasingly crucial
to advance towards a better quality of life. Mobility and in particular fear
of falling (FOF) remains one of the significant issues while trying to progress
towards healthy aging. Several researches have explored interactions between
mobility and healthy aging in the past [3-5]. A study in [6] determined that
aerobic training facilitates clinical and physical improvements in depressive
elderly adults, and hence protecting against a decrease in cortical activity.
Experiments conducted by [7] on 21 elderly subjects aging 67 to 92 years
observed that the margins to the spatial-temporal boundaries of postural sta-
bility decrease with advancing age, which may contribute to the progressive
instability of posture with aging in the elderly. Experiments on 30 older adult
subjects in [8] explored difficulty disengaging from fall-threatening stimuli
among fall-fearful older adults. FOF, known to reduce balance performance
in older adults, is a prominent risk factor for fall risks; which is a leading
cause for injuries and mortality among the elderly [9]. It is often accompanied
by physical and psychological effects that enhance the fall risk. Given this
strong association between the FOF and fall risks [10], description of the
mechanisms that govern anxiety-related changes in postural control is critical.
Understanding these anxiety-related alterations may lay the foundations for
the development of novel therapeutic procedures to help reduce fall risks,
especially among older adults with movement disorders such as Parkinson’s
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disease. FOF might also alter postural control strategies [11], studying
changes in anxiety levels when at different heights and during induced pertur-
bations might further help explain this correlation. Visual stimuli is known to
cause anxiety in patients suffering from acrophobia or pathological phobia
of heights, while they try to manage standing balance [12]. Acrophobia
is one of the most prevalent and severe specific phobias affecting nearly
4.9% of the population [13]. Hence, studying anxiety-related responses to
immersive visual stimuli and induced height and perturbation changes will
aid in further understanding acrophobic responses. Research on Parkinson’s
disease patients have deduced that exposure to elevated heights inclines them
to possibly fall in a backward or medial-lateral direction [14]. Therefore,
understanding responses to height variations is also significant in design-
ing remedial treatments for elderly and patients suffering from Parkinson’s
disease and other movement disorders [15].

3.1.2 Virtual Reality

Virtual reality (VR) is an experience where a person interacts with a con-
trolled or modifiable artificial reality environment emulating the real world,
where the subject responses can be monitored and evaluated [16]. Further, VR
frameworks assist in isolating subjects from non-natural or complex labora-
tory settings [17, 18]. Hence, immersive VR environments, being secure and
practicable to provide representative visual scenarios, have been investigated
broadly by researchers to examine acrophobia and neural training [19, 20].
For people suffering from motor and mental health dysfunctions, VR training
is potentially viable therapy. The underlying idea of VR-based therapeutic
treatments for motor and cognitive disorders is to engage subjects in mul-
tisensory training, and hence aid to enhance neuroplasticity of the human
brain. A comprehensive review of VR as a platform for neuromodulation
and neuroimaging was presented by [21]. To demonstrate that VR can
induce psychological responses analogous to real-world height controls for
studying fall-related anxiety in older adults, a system that records neural,
physiological, and behavioral data in an engaging virtual environment, while
implementing sensory and mechanical perturbations corresponding to high
postural threat conditions in the real world, was introduced in [22]. A realistic
ocular feedback of cliff scenarios in VR has been studied for analyzing
acrophobic responses of the human brain [23]. To understand dynamic
neurological responses to visual cliffs while walking for mitigating FOF,
especially among the elder population and those suffering with movement
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disorders, an experimental setup that monitors a subject’s real-time neural
activity via electroencephalogram (EEG) signals while being immersed in
a virtual world and walking on an instrumented treadmill, was investigated
by [24]. Results in [25] on 10 healthy young adults indicated an influence
of psychological factors related to postural threat on the cortical activity
associated with postural reactions to unpredictable perturbations. Further, a
study conducted by [26] on 10 healthy individuals found insights into links
between cortical and cognitive influences on compensatory balance control.
Fall risk and postural stability experiments in [27] concluded the efficacy of
a short-term VR-based balance training program on the balance ability of
patients suffering from multiple sclerosis. The study concluded that the fall
risk index and overall stability index of the patients significantly improved
after 24 sessions of the VR balance training.

3.1.3 Brain-Computer Interfaces

To investigate anxiety responses and neurological feedback, some researchers
have previously examined experimental setups unifying VR and EEG. Conse-
quences of high heights exposure during beam-walking in a VR environment
on physiological stress and cognitive loading was explored using statistical
analysis on EEG signals in [28]. In experiments conducted by [29], a combi-
nation of VR with robotics-based rehabilitation induced an improvement in
gait and balance among patients suffering from chronic hemiparesis. Statisti-
cal analysis on the EEG data collected during the experiments suggested that
the use of VR may entrain brain areas responsible for motor planning and
learning, and hence may potentially lead to an enhanced motor performance
in humans. Moreover, EEG and VR-based brain-computer interface (BCI)
systems, that allow brain responses to control virtual robots or surroundings,
may serve in further facilitating neural rehabilitation. The work proposed
in [30] concluded that a closed-loop EEG-based BCI-VR system enhances
cortical involvement in human treadmill walking, triggers cortical networks
involved in motor learning, and further enhances voluntary control of human
gait. This study indicates that EEG has the capacity to monitor cortical
activity in treadmill walking, hence enabling EEG-based BCI systems for
walking as a paradigm for improving the rehabilitation adequacy. A few other
VR inspired walking based BCI systems have been examined in the past for
neurorehabilitation [30-32].

This chapter chiefly discusses two reliable and practicable experimen-
tal setups designed using VR essentially focused toward interpreting and
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demonstrating the effects of anxiety variations in postural control. The two
novel experimental setups, primarily configured to inspect neural responses
in postural threat conditions, specifically, the VR walking experiment, where
subjects experience visual cliffs with varying depths while walking in a VR
environment and the VR height control experiment, where subjects undergo
induced randomized height changes and perturbations in a quiet standing
virtual environment were initially proposed in [24] and [33] respectively. The
VR walking experiment is a test setup dynamically modifying the virtual
world using the subject’s estimated neural responses (captured via online
EEG measurements) to visual stimuli. The VR height control experiment is
a VR-based test setup for studying subject’s anxiety state, estimated via the
recorded EEG signals, to randomized height changes (induced in VR) and
mechanical perturbations (induced via tilting force plates) while they stand.
These designed setups aid in better understanding some neural aspects of FOF
via virtual environments resembling the real-world testing scenarios. In these
experimental conditions, the subject’s anxiety states were evaluated using the
frontal alpha asymmetry index (FAA) of the EEG recordings. Comprehensive
experimental validation of these setups may assist in administering VR BCI-
systems to gait therapies and cures, especially for the elderly and those
experiencing movement ailments.

3.2 Goals and Contributions

The major objective of the outlined experimentation is to design strategies
that assist in alleviating the fear of heights and falling in humans. These
systems may facilitate directing the use of VR-based BCI-procedures for clin-
icians and practitioners to prepare strategic gait therapies for motor disorders
affecting human movement. These improvised clinical designs may hopefully
aid in substantially reducing therapy related costs for the movement disorders
in the future.

In this chapter, the experimental setups and major findings from the VR
walking experiment and the VR height control experiment for understand-
ing FOF (via the EEG responses) while walking and height fluctuations,
originally introduced in [24] and [33] respectively, are reviewed. The remain-
der of the chapter is organized as follows. In Section 3.2, the computa-
tional infrastructure for the two reviewed experiments is broadly discussed.
In Section 3.3, the design and data collection methodology of the setups for
the walking (3.4.1) and the height control experiment (3.4.2) is elaborated.
In Section 3.4, EEG data processing performed for both the experimental
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designs is explained. In Section 3.5, major findings and some applications of
the proposed designs are discussed. In Section 3.6, some applications of the
reviewed experimental setups and corresponding effects on the therapy costs
are discussed. In Section 3.7, some of the challenges, open-ended questions
related to the testbeds and proposed methods to progress towards the same
are considered. Finally, in Section 3.8, concluding remarks and several future
directions for the work are highlighted.

3.3 Computational Infrastructure

For the experimental designs, an HTC Vive VR headset [34], a 64 Channel
EEG cap [35] and a wireless heart rate monitor [36] were adopted to ren-
der an immersive virtual world and simultaneously measure the electrical
activity from the brain and the heart respectively. The VR environment
was designed using Unity [37], Vizard [38] and Blender [39] software.
For delivering high resolution and flawless immersive environments for
the VR system, the Nvidia GEFORCE GTX 1070 graphics card [40] was
used. Moreover, a C-MILL treadmill [41] was utilized for the VR walk-
ing experiment to let subjects walk at a self-paced speed while being
immersed in the VR environment while a NeuroCom Clinical Research
System [42] is used in the VR height control experiment to induce pseudo-
randomized perturbations while subjects stood on a pair of force plates.
Two distinct operating systems, connected over a local network, with one
rendering the VR environment for the HTC Vive headset and another cap-
turing the EEG signals for data analysis, were employed. In addition, one
computer connected to the Neurocom was utilized for the VR height con-
trol experiment for inducing perturbations during a subset of trials to the
subjects.

For illustration, Figure 3.1 depicts the data flow across different systems
for the VR walking experiment. Treadmill communication was established
over a TCP network. The coordinates of the virtual world were set up corre-
sponding to the coordinates of the real world and the HTC Vive controllers’
position was calibrated with the positions of the treadmill’s safety rails. More-
over, the wireless heart-rate monitor was connected using multi-threaded C#
and signal processing pipelines for the EEG recordings, to analyze the real-
time anxiety states (Section 3.4.1), were implemented using Python 3.6 [43]
with the support of several open-source libraries (MNE [44], scikit-learn [45],
pandas [46] etc.).
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Figure 3.1 Data flow across different systems for the VR walking experiment.
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3.4 Experimental Setups

In this section, the experimental setups for the VR walking and height control
tests in subsections 3.4.1 and 3.4.2 was first suggested in [24] and [33]
respectively, are summarized.

3.4.1 Visual Cliffs While Walking Experiment

The major goal of the VR walking experiment is to dynamically understand
anxiety responses rendered by the human brain to height changes while
walking in a virtual world via EEG biofeedback analysis. This research
testbed guides the design of a self-regulated VR environment based on the
subject’s real-time anxiety level and allows for the monitoring and potential
alleviation of anxiety during walking situations that necessitate balance and
stability, especially for the elderly with high risks of FOF. The procedures
for the experiment were approved by the University of Illinois Institutional
Review Board. The proposed VR and EEG-based BCI framework consist of
the following:

(1) An HTC Vive VR headset to present the virtual world.

(2) A MotekForceLink C-MILL instrumented treadmill in the self-
paced mode to let subjects walk at an adaptive pace during the exper-
iment. Also, the treadmill acquires online gait data for further analysis
on subject’s motion during the trials.

(3) A Brainvision ActiCHamp EEG System to record the EEG signals
from 64 distinct sections of the brain.

(4) A Zephyr HxM BT wireless heart rate monitor to concurrently note
the subject’s heart rates.
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Figure 3.2 The brain-computer interface setup for the VR walking experiment. All subjects
walk at a comfortable pace on a treadmill adaptive to their speed, while being immersed in a
virtual world. The cliffs in the terrain modify depths to increase or decrease the scariness in
response to the subject’s real-time neural responses.

The BCI setup for the experiment is further illustrated in Figure 3.2.
The designed environment is a terrain with a thin pathway, elapsing over
various cliffs and mountains with varying depths and heights respectively.
An example view of the terrain is shown in Figure 3.3. Corresponding to
the online anxiety responses of the subjects, the terrain adapts to increase
or decrease the scariness of the virtual world by adjusting the depths of
the cliffs in transit. The higher anxiety level of the subject dynamically
decreases the depth of pits and valleys in the virtual world, whereas, a com-
fortable pace hikes the depth of the cliffs in the terrain to appear frightening.
A sample cliff along the pathway is shown in Figures 3.4 and 3.5. In the
environment, a levelled terrain was used as a neutral pathway for baseline
comparisons.

In the constructed terrains, the local minimum of the cliffs is adjusted
along cubic Bézier splines [47,48] (defined below).

Bézier curve of degree 1: A Bézier curve of degree 1 is defined by
the linear interpolation between two points PO and P1 defined in R?
(Equation 3.1).

BY )Y 1-nB +th 3.1)
Py, Py
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Figure 3.3 Left: Setup with a subject walking the treadmill wearing the VR headset and
EEG cap. Right: Virtual world.

Figure 3.5 Sample terrain: Subject view.
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Bézier curve of degree n: A Bézier curve of degree n is defined

recursively by the linear interpolation between BT Y and BUTY.
Py,...;Pp—1 Py,...,Pp

(Equation 3.2) with n points 130, ﬁl, RN 13" defined in R3.

(n) def o (n—1) (n—1)
By p®=Q0-9By "5 O)+tBy 5 (G2
A sequence of cubic Bézier curves joined end-to-end is referred to as
cubic Bézier spline. For further illustration, the path of deformation of the
center of the area which needs to be distorted is depicted in Figure 3.6.

3.4.2 Height Control Experiment

For effectively understanding neural responses of the human brain while
standing still to pseudo-randomized variations in height and depth conditions
and induced perturbations, a VR-based testing setup with an EEG data
collection system was arranged with the following infrastructure:

(1) A safety harness suspended to subjects for additional security during
the experiment.

(2) An HTC Vive VR headset rendering the virtual environment with seven
distinctive height conditions.

(3) ANeuroCom SMART Equitest Clinical Research System (Figure 3.7)
to induce 10-degree toe-down perturbation during the trials.

(4) A Brainvision 64 Channel ActiCHamp EEG system mounted on the
subject’s head to record the electrical activity in the brain.

The data collection setup for the experiment is further illustrated in
Figure 3.8. The protocols for the setup were approved by the Institutional

\

Figure 3.6 Deformation via cubic Bezier spline. This figure is adapted from [24].

)Adjust scariness

W ézier curve
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Figure 3.7 The NeuroCom SMART Equitest Clinical Research System. This figure is
adapted from [33].

Review Board (approval number 17010). All subjects stood still on the
NeuroCom force plate and experienced a podium in the virtual world (through
the HTC Vive headset) aligned with the force place they were bodily standing
on. Before the start of the actual experiment, baseline EEG data was recorded
with subjects standing still and relaxing with eyes open for 90 seconds.
Next, for each trial of the experiment, the virtual podium rose to 2.5 meters,
5 meters, or 7.5 meters for height conditions and the pit around the podium
dropped to 2.5 meters, 5 meters, or 7.5 meters during the depth conditions.
Hence, in total, eight height conditions including the ground level twice
were experienced by all subjects in a single trial. Figure 3.9 illustrates the
environment for two such conditions, namely, the ground level (left) and
7.5-meter height (right). Furthermore, to prevent the sequence of appearance
of VR height and depth conditions biasing the empirical results, they were
presented to the subjects in an anonymous pseudorandomized arrangement.
Moreover, a 10-degree toe-down perturbation (as shown in Figure 3.10) was
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Figure 3.8 EEG data collection setup for the VR height control experiment. All subjects
experience distinct height and depth conditions in a virtual environment in a pseudo-
randomized order while standing on a force plate. Also, 10-degree toe-down perturbation was
induced during half of the trials. This figure is adapted from [33].
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Figure 3.9 VR environment with podium at ground level (left) and at 7.5-meter height
(right). This figure is adapted from [33].

induced at each condition during two of the four such trials that were run,
where the subjects were instructed to sustain their stance while standing
still.

The above-discussed settings were used for data acquisition and testing
of the VR walking and height control experimental designs. Online EEG data
from 64 distinctive sections of the brain were recorded for all subjects during
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Figure 3.10 Subject experiencing a 10-degree toe-down perturbation via the NeuroCom
force plate during the VR height control experiment.

each of the two setups. Next, each subject’s induced anxiety was analyzed
using the EEG analysis pipeline, as discussed further in Section 3.4.1.

3.5 Data Analysis

In this section, the EEG and heartbeat data analysis pipelines to evaluate the
fluctuations in anxiety levels during both the described experimental setups
are discussed.

3.5.1 EEG Processing

Using a 64 electrode EEG head cap, with channels as depicted in
Figure 3.11, EEG signals were recorded from 64 discrete regions of the
subject’s brain. The recorded EEG signals at a 1000 Hz frequency were
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Figure 3.11 Electrodes in the 64 channel EEG head cap (refer [49]). Here, green color
denotes electrode positions for channels 1 to 32, yellow color for channels 33 to 64, blue
electrode depicts the reference channel and black depicts the ground electrode. Also, frontal
channels F3 and F4 are representative of the frontal alpha asymmetry index (FAA).

first processed to time sync with the actual experiment and eliminate
the peripheral signals. The retained 64-dimensional signals {X (”)}24:1 are
refined via a finite impulse response filter (FIR) [50]. Next, Indepen-
dent Component Analysis (ICA) [51] is employed to exclude the arti-
facts or independent components reflecting non-brain segments [52-55]
in the obtained filtered signals {Z (")}24:1. The preserved brain compo-
nents are back-projected to extract the frontal alpha asymmetry index,
representative of anxiety in humans [56, 57]. A detailed EEG anal-
ysis pipeline is further illustrated in Figure 3.12. The major pro-
cedures adopted in the EEG analysis pipeline are further explained
below.

Signal preprocessing: Due to the time lag introduced in the start of
the experiment for providing instructions to the subjects, the recorded EEG
signals {X (™ }N_ are first synced with the start time of VR software and
the actual experiment. Next, additional peripheral signal recordings from the
auxiliary channels are eliminated to refine the EEG.
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Figure 3.12 EEG analysis pipeline.

Signal Filtering: Next, the recorded noisy EEG signals are filtered using
Fast Fourier transforms within the desired range in a feed-forward approach

(Equation 3.3). Define

XM (x ™) By (1) (3.3)
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where B has Fourier transform corresponding to the desired bandpass filter.
In particular, a bandpass finite impulse response filter (FIR) within 1 Hz to
45 Hz with a sampling frequency of 1 kHz, is used to refine the EEG signals.

Finite impulse response: At each value j, output of an Nth order FIR
filter z[j] (Equation 3.4) is a convolution of the N + 1 most recent input
signal values a[j —m],0 < m < N using the impulse response values
cm, as the filter coefficients at each instant 0 < m < N.

N

x[j] = Z cmalj —m] (3.4

m=0

FIR filters are a suggested preference in literature for the EEG signal filtering
process [58].

Artifact Rejection: Given the potential for muscle and movement arti-
facts to introduce large sources of electrical noise in EEG recordings,
it is imperative to carry out artifact removal techniques in EEG anal-
ysis [59]. Typical techniques are primarily focused on reduction, rejec-
tion, and recovery [60]. EEG data, being a statistically linear combina-
tion of cortical signals [61], independent component analysis (ICA) is
executed on the filtered EEG data to extract 64 sub-components maxi-
mizing statistical independence (via entropy methods) and reject ocular,
cardiac, muscle or extrinsic artifacts [52]. In addition to ICA, artifacts
are further rejected using the variance, kurtosis and skewness calculations.
Hence, only independent components (ICs) picking up signals relative to
brain segments are preserved for further analysis to extract human anxiety
state.

Independent Component Analysis: Let [X ("):f]g4, 7 be a matrix of
recorded EEG data, where columns correspond to different channels and rows
correspond to time. ICA is utilized to write the X (n).f>5 as a superposition of
N independent signals. Formally, ICA seeks to write:

X =wly

for an invertible N x N matrix W1, known as mixing matrix, where

X/ = . and Y =
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where the Y (") s are statistically independent ICs reflecting different sources
of the neural activity of interest and other artifactual activities as eye move-
ments, neck muscle activity, sensor noise, and movement-induced artifacts.
The separating weights matrix W is computed such that the statistical
independence between the components of

y = wx/

is maximized, measured by minimizing an entropy with respect to i.i.d.
uniform random variables, overall invertible matrices V.

To retain only the ICs corresponding to brain responses for further
analysis and remove any artifactual components relative to eye, cardiac or
muscular activities, Y(ﬁ*), the “bad” ICs relative to artifacts are detected (via
the IC representation diagram). Next, define II to be the diagonal projection
matrix with

_J1 ifn#n*
H”v”_{o if n = i* (3-5)

Then, Yy = IIY agrees with Y except that the *-th component is removed.
Hence
X =w 'y, =w 'y = w-nw x/ (3.6)

corresponds to reconstructed EEG signals after removing the effect of the
reject-able ICs. The artifact-free remixed signals X g are used to compute the
power spectrum density.

An IC representation diagram supports its classification into an accept-
able or a rejectable IC. It consists of the following elements (refer [62] for a
more descriptive explanation of components of an IC description image).

(1) A scalp topography heat map demonstrating the response of ICA on
each of the EEG electrodes. The columns of mixing matrix W1 are
used to describe the scalp projections. In the diagram (say the top left
image in Figure 3.13), black dots signify the positions of respective
electrodes with red, blue and white colors denoting positive, negative
and null contributions respectively.

(2) An event-related potential (ERP) image reflecting the IC’s activity
over the complete data set.

(3) A time series depicting a segment of the IC’s activity, somewhat similar
to an ERP image.

(4) An activity power spectrum plot displaying the power dispersion of the
IC’s activity with respect to frequencies over the complete data set.
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Figure 3.13 An accepted independent component. The IC representation consists of a scalp
topography image (top left), an event-related potential (ERP) image (top right), a time series
displaying activity from the component (middle right, below the ERP diagram) and an activity
power spectrum plot (bottom). In the scalp projections diagram, red, blue and white colors
denote positive, negative and null contributions respectively. The heat map demonstrates
inputs from multiple electrodes. This figure is adapted from [24].

Figures 3.13-3.15 and 3.16 depict the topographical plots (top left), ERP
image (top right), time series depicting the component activity (middle right,
below the ERP diagram) and power spectrum (bottom) for four different
independent components obtained after performing ICA on the EEG data.

The separated ICs can be classified in the following seven distinct groups
corresponding to the source of the EEG activities (refer [63, 64] for a more
detailed explanation on the distinction of ICs in the EEG data).

(1) The spatially consistent EEG signals originating from the cerebral cor-
tex are classified as brain components. The scalp topography of such
components depicts continuous and wide significant contributions from
multiple channels of the brain [65]. Further, the power spectrum for
these components is inversely proportional to the frequency and com-
monly observes a peak in the aband of frequency (8—12 Hz). Figure 3.13
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Figure 3.14 A rejected independent component representing a muscle artifact from the face
of the subject.

illustrates an example of a brain component with broad contributions in
the scalp topography from more of the channels and power spectrum plot
depicting an increase at 10 Hz, followed by a consistent decline. Hence,
it is labeled as a brain component and included in the computation of
power spectrum density.

(2) The electric signals introduced from the retina, representing vertical
or horizontal eye motion are grouped as eye components. The power
spectrum for these components is usually observed at frequency values
lower than 5 Hz. The time series of components relative to vertical and
horizontal eye movements are likely to involve spikes signifying eye
blinks and steps indicating visual scanning respectively.

(3) The EEG signals generated by muscle activities are classified as mus-
cle components. The power spectrum for these components is usually
observed at frequencies higher than 20 Hz. Figures 3.14 and 3.15 depict
the examples of a muscle component. Figure 3.14 demonstrates a muscle
artifact from the face of the subject, given the spatial distribution of
weights, and a large magnitude of activity found in a single trial, which
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Figure 3.15 A rejected independent component representing a muscle artifact from the side
of the head. The power spectrum plot reflects no apparent peaks in the a-band. This figure is
adapted from [24].

leads to its rejection. Figure 3.15 shows narrow bounded activity in the
scalp topography diagram, indicating a muscle artifact from the side of
the head. Hence, it is excluded from further analysis of the signals.

(4) ICs signifying the electric signals produced from the heart are classi-
fied as heart components. The power spectrum for these components
generally involves no peaks.

(5) ICs generated from external electrical fields such as electronics are
termed as line noise. The power spectrum for these artifacts mostly
involves peaks at 50-60 Hz frequency range.

(6) Artifacts introduced via impaired EEG head cap electrodes or detached
electrode connections at the time of the experiment are referred to as
channel noise. The scalp topography for such components concentrates
most of the focal weight on a single EEG electrode. Figure 3.16 is an
example of a channel noise component as it demonstrates noise from
a single electrode, as indicated by focal weights in the IC and erratic
electrical activity in 1-2 trials. The power spectrum plot has a significant
increase of around 50 Hz, and no evident increases in activity in either
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Figure 3.16 A rejected independent component representing noise or strong weight from a
single electrode.

6(4—8 Hz), a(8—12 Hz), or 3(12—30 Hz) frequency ranges, which
leads to its rejection.

(7) Any other type of ICs that do not confine to above-mentioned classes
but represent a noisy signal are categorized as other artifacts.

Only the brain components are classified as “good” acceptable ICs that
are back-projected to compute the power spectrum density and all the other
classes are grouped as “bad” ICs that are rejected from any further analysis.
Hence, Figure 3.13 represents an acceptable IC and Figures 3.14-3.16 are
examples of rejected components. An overview of the first 32 independent
components is shown in Figure 3.17. The components in green signify
accepted ICs and the red ones are rejected artifacts.

In particular, one big challenge in EEG analysis is automatic IC detec-
tion. To date, research has been focused on automatic identification and
removal of eye movement and blink artifacts from EEG signals [66], auto-
matic and direct identification of blink components from scalp EEG [67],
and automated EEG artifact elimination through the application of machine
learning algorithms to ICA-based features [68]. Building upon blind source
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Figure 3.17 An overview of the first 32 independent components from an EEG analysis
pipeline. The components in green are accepted and the red ones are rejected artifacts. Only
the accepted components relative to capturing brain activities are back-projected to compute
the power spectrum density.

separation techniques, a new ICA-based fingerprint method for the auto-
matic removal of physiological artifacts from EEG recordings has been
recently introduced [69], while crowd labeling latent Dirichlet allocation,
a generalization of latent Dirichlet allocation, has been applied to EEG
IC labeling [64]. Further details regarding the same are discussed later in
Section 3.7.1.

Frontal alpha asymmetry: Power Spectrum Density (PSD) has been
adopted in the past to identify relationships with the drowsiness level, vig-
ilance and sharing behavior via the EEG data [70, 71]. In this work, the
PSD amplitudes in the a-frequency range (8—12 Hz) are used to measure
the frontal alpha asymmetry (FAA), which is observed in the literature to
be a pertinent indicator of anxiety, expressing withdrawal and approach in
humans [56,57,72,73].

Frontal alpha asymmetry: FAA is defined as the difference of natural
log of the PSD amplitudes in the a-frequency range from channels on the left
and right frontal cortex of the brain, namely electrodes F3 and F4 respectively
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(Equation 3.7).

12 12
FAA =1n (Z PZ-F3> —1In <Z PiF4> (3.7
1=8

1=8

where PZ-C denotes the PSD amplitude of the channel C at the i-th frequency
value.

3.5.2 Validation

In order to further validate the practicality of using FAA of the EEG data
for detecting anxiety in humans while being immersed in the discussed
VR-based experimental setups, recorded heart rate variability (HRV), a well-
known biomarker for anxiety and physiologic stress [74] and a self-reported
Acrophobia Questionnaire (AQ) [75] were utilized.

Note that the heart rate recordings during the experiment were normalized
with the baseline values noted before the start of the experiment. Also, each
subject completes an AQ consisting of 17 questions with numerical scores
ranging from O to 6, which are then aggregated to quantify a self-evaluated
anxiety state of the subject.

3.6 Experimental Results

In this section, we review the experimental results from the two discussed test
setups, initially presented in [24] and [33] respectively.

3.6.1 Visual Cliffs While Walking Experiment

For validation of the designed VR-based walking test setup, EEG data from a
healthy young adult (HYA) subject walking the treadmill with the VR headset
on was recorded while being immersed in environments reflecting control
stimuli and anxiety-inducing situations. Computed EEG-based FAA values
for the control stimuli (average = 0.0415 £ 0.0326) and anxiety-inducing
condition (average = 0.07948 £ 0.1577) conclude that variance fluctuations
from a near-zero baseline are noticeably higher in the anxious VR envi-
ronments than the control VR-based circumstances. Figures 3.18 and 3.19
represent the box plots depicting median and variations in FAA obtained
during the control stimuli and anxiety inducing VR environments presented
to the subject respectively. These plots further validate the hypothesis that the
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Figure 3.18 Box plot depicting variations in the FAA obtained while presenting the control
stimuli to the subject.
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Figure 3.19 Box plot depicting variations in the FAA obtained while presenting the anxiety
inducing VR environment to the subject.

FAA values, a potentially promising criterion for interpreting real-time anxi-
ety state in humans, are consistent with the receptive landscapes presented to
the subject in VR.

3.6.2 Height Control Experiment

For validating the VR height control experiment, EEG data (while immersed
in the test environment) was collected via 5 HYA subjects with mean
age = 20.440.80 years (40% females) and 1 male healthy old adult (HOA)
volunteer aged 79 years from the regional neighborhood. Each subject’s
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Figure 3.20 Average of deviations of anxiety levels calculated over each height condition

with respect to the AQ scores. A linear fit with R*> = 0.71 and p = 0.04 is suggested.

This figure is adapted from [33].

real-time anxiety level was calculated via FAA with a moving window of
4 seconds succeeding ahead a second in each computation. As a result, a
linear dependence with coefficient of determination R? = 0.71 and p = 0.04
between the average variations in FAA (calculated over each height condi-
tion over all trials) and self-reported AQ scores were noticed (as depicted
in Figure 3.20), with a further stronger linear dependence with observed
R? = 0.79 and p = 0.01 for trials with induced perturbations. This observed
trend is in agreement with the hypothesis that effort and risk in maintaining
balance is especially heightened during trials with induced perturbations [76].
Moreover, fitting an ANOVA [77-79] further verifies with ' = 7.78 and
p = 0.04 that the standard deviation in FAA experienced during trials with
induced perturbations is correlated with the self-stated AQ scores by the
subjects. Next, categorizing the subjects in three subgroups on the basis
of their AQ scores, namely cohorts with lower, medium and higher AQ
scores, it is observed that the subjects with a higher AQ experience a greater
average deviation in FAA. Also, higher FAA deviation is observed (and
validated via the paired t-test) when the subjects experience 7.5 meters height
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(lower: 0.353, medium: 0.468 and higher: 0.696) than when they experience
7.5 meters depth (lower: 0.259, medium: 0.415 and higher: 0.511). The
above-observed effect may be attributed to neural disruptions caused via
the contradictory indications between optically going up and accelerometry
staying at the ground level [80, 81].

3.7 Discussion

In this section, effects on the therapy costs and some applications of the
discussed VR-based experimental setups are explored.

3.7.1 Medical Care Costs

Fall-related medical treatment among older adults, and especially among
older women, are associated with substantial economic costs [82—84]. In
2000, direct medical costs associated with fall-related injuries in the United
States exceeded 19 billion dollars [82], with most costs associated with
fractures [82-84]. Following a fall, older adults are more likely to suffer
a significant injury such as a hip fracture or head injury [85, 86] that may
require significant clinical intervention, surgery, extended hospital stay, and
significant physical rehab [82]. However, after falling, anxiety about falling
remains, which significantly impacts the quality of life of the individual
[87,88], particularly in persons with Parkinson’s disease [15].

Through the integration of VR and BCI technologies, potential break-
throughs in both physical and psychological recovery may be feasible
through greater access to personalized medical treatment. Currently, VR
technology has been successfully integrated with rehabilitation programs to
provide improvements in both physical and cognitive functioning [89-92],
as well as fear of falling [92-94]. In addition, symptoms arising from anx-
iety disorders such as acrophobia, arachnophobia, aviophobia, and social
phobia have been ameliorated through the use of VR exposure therapies
[95-110], and maybe more effective in some cases than relaxation ther-
apy [111], although further evidence is needed [112-114]. Through the
unification of BCI to VR environments, it has been demonstrated that
kinesthetic motor imagery can be decoded to control the ambulation of
an avatar within a VR environment [32] and maybe feasible in persons
with spinal cord injury [31]. Furthermore, recent work has demonstrated
the feasibility of using a closed-loop EEG-based BCIVR approach for
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controlling a walking avatar, promoting cortical engagement, and moni-
toring cortical activity while walking [30]. Given these observed benefits
in BCI-VR, monitoring anxiety while standing or walking may provide a
breakthrough in the treatment of physical and psychological symptoms in
older adults.

Furthermore, the discussed experimental designs use head-mounted dis-
play (HMD) devices. HMD devices reduce the projected VR setup cost from
millions of dollars to a few thousand [115]. Also, incorporating only the
frontal channels for estimating the anxiety state rather than using all the
electrodes on the EEG head cap considerably reduces cost, decreases burden
on the subject and helps shorten the setup and computation time. Especially
for the testbeds requiring motion (as the discussed VR walking experiment),
wireless and “wearable” transmission systems for the EEG data collection are
preferred and hence reducing the number of channels benefits such wireless
systems [116] and may lead to novel applications in the “wearable” EEG
technologies domain [117].

3.7.2 Clinical Implications of the Experimental Setups

Using the discussed combination of VR and actuated feedback via BCI based
setups, the ultimate goal is to present an instantaneously adaptable scenario
to the brain, focusing on the synthesis of real-time sensing and reaction.
In particular, the considered frameworks have several broad objectives, listed
as follows:

e Develop and validate electrophysical measures of anxiety in a realistic
environment.

e Develop a geometric framework for understanding neural connectivity
in response to anxiety.

e Develop a low-order feedback model that will frame quantitative think-
ing about learning and adaptation with respect to certain types of
anxiety.

Moreover, the VR walking experimental design demonstrates methodolo-
gies for evaluating VR headsets in walking conditions, especially suited for
balance training [28]. BCI setups, in general, have several inherent problems,
namely the placement of the electrodes is imperfect, and the electrodes
sometimes suffer from loss of connectivity. These can be problematic if they
interfere with the rejection of unwanted artifacts. Some of these challenges
and unsolved problems are further discussed in the next section.
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3.8 Challenges, Open-Questions and Proposals

The discussed VR-based framework outlines a number of novel challenges
in applied data analysis. For instance, a tool of dimensional reduction that
identifies robust features of extreme events and further a notion of coarse-
grained connectivity in mobile networks and how it is affected by extreme
events needs to be understood. Some open-ended issues in the framework and
proposed methods to make advancements towards the same are highlighted
in this section.

3.8.1 Procedural Treatment of Artifacts

The EEG analysis pipeline allows us to sequentially remove different
unwanted ICA components corresponding to artifacts, keeping in mind varia-
tions from individual to individual. This motivates defining a procedural way
to formalize Equations (3.5) and (3.6) in removing artifacts. By having the
subject walk in a visually non-threatening environment (no visual cliffs), neck
muscle movements may be determined. After identifying and removing the
neck artifacts, introducing visual cues (e.g., a bird) may identify signatures
of eye movements. Attention to auditory movement could be identified by
doing something like making the bird chirp. Another interesting question
is the best sequence of these signal identification steps. Assuming that the
neck muscle signatures are the strongest, that may be considered for removal
first. To remove the next strongest signal, either Equations (3.5) and (3.6)
could be recalculated using the same transformation matrix W, or infact W
could be recalculated, in which case, N — 1 independent signals would be
created from the N original signals. More generally, a sequence of unde-
termined (sparse) ICA’s may be calculated [118]. The challenge here is to
establish the best sequence and an automated way to eliminate the unwanted
ICA components represented in the EEG signals. Another potential idea to
explore for automatic artifact rejection using the IC representation diagram
is to apply supervised transfer learning [119, 120] based classification using
convolution neural networks (CNN) [121] trained on the scalp topography
plots of the ICs for the same experimental setup all across. This approach
would require constructing an extensive IC image data set and providing
the ground truth labels via experts labeling the IC properties image into
distinct “good” brain and “bad” reject-able components, as categorized in
Section IV-A.3.
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3.8.2 Response of the Brain and Causality

In parallel to extracting independent components from the EEG signals;
to better understand how signals propagate through the brain, observable
signatures of neural connectivity need to be explored. A regression

X/ =~ MX/ +aD(t) +¢ (3.8)

for M € RV*N o € RN, Xfas defined in Equation (3.3), D as the observed
depth of the terrain and { as “noise” may be tried. Then M, ,, explains the
sensitivity of n-th EEG signal to the prior n’-th. In certain regimes, where the
sampling rate is much higher than the rate at which neural activity changes,
Equation (3.8) might be replaced with

X/~ X+ MX/5+aD(t)s + &5, (3.9)
which leads to a stochastic differential equation
dx] = MX/dt + aD(t)dt + d; (3.10)

where &; denotes an appropriate stochastic process.

Models in Equations (3.8) and (3.10) may be combined with the ICA
analysis of subsection IV-A.3 to understand dynamic response to anxiety
(see [122]) and hence may help explain how anxiety propagates through
the brain. By understanding the timescales of anxiety, the timescales at
which the virtual depth should be changed to have different effects can
be better deduced. Further, it would be interesting to study the interaction
between the geometries of the relevant rows of W1, the matrix M, and the
vector a [123].

3.8.3 Response of the Brain and Low-Rank Description

Low-rank factorization can give interesting insight into the complexity of
matrices stemming from data [124]. Starting from Equation (3.8), a lower-
rank description of the 64 x 64-matrix M may be studied. Using either
Equations (3.8) or (3.9), M can be decomposed as

M=WH

or
M=I1+WH6 (3.11)
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where W € RN and H € RN'*64 for some N/ < N this ensures that
M is of rank at most N’. Informally, W captures what parts of the brain are
excited by neural connections, and H captures what information from the past
is used in neural propagation. Mathematically, W and H can be computed by
minimizing

def 1

T
Eo(W,H,0) S 22> |IX[, — {WHX] +aD@}IP  (3.12)
t=1

overall W € RN [ ¢ RN'*64 and o € RY. Next, a penalty to
Equation (3.12) might be added to drive some of the coefficients of H to 0
(i.e., to make H sparse); Lasso penalty [125] gives

T
: 1 f f 2
min {HZ 1X/, — (WHX] + aD®)}] +A||HHL1}
HeRN'x64 t=1

acRN

where || H |11 is the sum of the absolute values of the entries of H. As A > 1,
the L — 1 penalty rewards sparsity of H; as a result, the dynamics of th 1

involve less information from the prior state th . As X is increased, M is
approximated using fewer and fewer columns of W, and the actual error F,
increases. One measure of the complexity of neural interactions is the trade-
off between N, \, and E,,. In particular, for each value € of E,, a curve in
(N, \) space which gives e may be studied for the complexity of regression
in Equation (3.8).

3.8.4 Response of the Brain, Local Causality and Persistent
Homology

Topography of the brain may also be considered in the above calculations.
Matrix M is nonzero only if nodes n and n’ are adjacent to each other, which
enforces the requirement that interactions be local. The local interactions can
be thought of as “paths” through the brain. Starting from local interactions,
methods of topological data analysis can be used to identify robust global
interactions [126]. M, ,,’s can be used to construct a connectivity graph that
can be analyzed via the barcode diagrams. This might be a way to find robust
structures in the presence of cortical noise. By fixing A > 0, a collection of
paths throughout the brain that follow nodes of sensitivity of magnitude at
least A\ may be constructed. Following a similar analysis as to [127], let P())



3.8 Challenges, Open-Questions and Proposals 85

consist of finite sequences 7y aof (n1,n2---ng) such that | M,
If v = (n1,ng -+ - ng), —y can be defined as

>\

kngy

def
—y = (nKanK—l . "I’Ll)

and ify = (n1,n2- - n) and Y’ = (nf,nh -~ ml) with nge = nf, 71 + 72
can be defined as

def / /
11 +92 = (n1,n2- - ng,ny - ng)

If a path « starts at some electrode position n, then v + (—(—7)
also ends an. For each ordered pair (nsiart, Neng) Of nodes, all paths
which begin at ngy¢ and end at ne,q can be considered. Two such
paths 1 and ~2 are equivalent if v1 — 2 is homologous to the zero
path through such paths of sensitivity at least A. Informally, this would
fail if v1 — ~2 encloses an electrode which is connected by surround-
ing nodes with sensitivity less than A. As A 7 oo, the connectiv-
ity decreases. A persistence barcode diagram records how this connec-
tivity fluctuates with A and captures the connectivity which is robust
in A. Prior work in connecting persistent homology to path structure
for understanding the connectivity of traffic congestion via barcode dia-
grams is done in [128]. These ideas may lead to some useful ways to
robustly capture the geometry of interactions between the signals at dif-
ferent electrodes. Robust ways of understanding connectivity could help
reduce noise and might provide ways to overcome problems with sensor
connectivity.

3.8.5 Feedback Signal

Given a way to measure a candidate signal for anxiety, a model to study
feedback needs to be investigated. Letting A be the “anxiety” signal, a naive
model of the form

A(1) = ~L(A(1) ~ A) + B(D(1) ~ D) (3.13)
where

e 7 is a relaxation time constant which captures a person’s adaptability
e A, is a steady-state anxiety level
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e [ is sensitivity to depth
e D is a reference acrophobic depth, may be explored. Visual cliffs that
are shallower than D create no anxiety.

There are a number of aspects of this model that have natural interpre-
tation. Informally, it may be assumed that older people take longer to adapt,
meaning a larger 7. A larger value of D means that a person is less acrophobic.
The baseline value A, of A might be measured in the absence of any stimuli.
D may be used to map out the stability boundaries of Equation (3.13), namely,
setting

D(t) = ¢(A(t)) (3.14)

for some appropriate function ¢ and considering the dynamics

() = —L(AM) ~ A) + BOAWD) - D) (319

The structure of ¢ needs to be determined to most efficiently identify
other parameters in Equation (3.13). A more realistic dynamics might include
another dimension reflecting a “momentum”. Within the proposed frame-
work, it could be understood what aspects of neural signals can be affected
by training and behavioral modification, and which might be intrinsic or
“hard-wired”.

3.8.6 Machine Learning

Given the recent progress of machine learning (ML) and deep learning
algorithms in the medical domain for predicting various disorders [129, 130],
these methods have the potential to analyze and classify real-time anxiety
states. Previous works have explored ML methods to analyze features in
EEG, for instance in stress detection [131] and hypnotic susceptibility clas-
sification [132]. Possible further work may include examination of these
methodologies to validate EEG signals in classifying and predicting the onset
and progression of real-time anxiety states [133], possibly via adopting heart
rate variability (HRV), captured using the electrocardiography (EKG) and
co-contraction index (CCI), extracted from the Electromyography (EMG)
signals as the ground truth predictors for the neural responses in humans.
While using the HRV as the ground truth with EEG data, separation of scales
can be one challenge to further examine into, given the EEG data varying at
a much faster scale than the recorded heartbeats.
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3.9 Conclusions

In this chapter, we review and discuss the effectiveness of using VR-based
BCI setups with FAA neurofeedback (computed via the EEG data) to help
relieve fear of falling and heights in healthy adults while walking or standing
still [72,134,135]. The described experimental and data analysis frameworks
provide insights into neural signal geometry, neural connectivity, adaptation
and noise in the neural signals. These setups in VR may guide clinicians
towards developing novel acrophobia therapies and human postural con-
trol enhancement technologies. Further, these advancements may provide a
breakthrough in the treatment of physical and psychological symptoms in
older adults and those afflicted with Parkinson’s disease and other movement
disorders and impairments. Although, further analysis via accelerometry data
is needed to establish if increased anxiety levels negatively affect postural
control, if postural control impairment boosts anxiety, or if the two stimu-
late each other. These results would encourage clinicians to integrate BCI
methods and neurofeedback to control anxiety and provide a treatment of
acrophobia if the former holds, or practice postural and balance training to
treat anxiety if the latter is valid. Further, using FAA as a marker for anxiety,
and hence lesser number of electrodes in the head cap, helps reduce the setup
related and computational hours. Future work involves verification of the
examined test setups, to mitigate the fears relative to falls and heights, for
elderly cohort and participants suffering from motion-related disorders.
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The combination of real-time sensing of physical and mental stress in humans
during virtual manual labor tasks together with state-of-the-art active soft
robotic exoskeletons holds much promise towards the development of inte-
grated, intuitive, and responsive human-machine systems for use in stressful
industrial work environments. Through the real-time monitoring of neural and
physiological measures of stress arising during virtual manual labor tasks,
identification of the most appropriate sensor suites for identifying mental
and physical stressors is possible. Furthermore, through the integration of a
person’s intent, perception, and behavior in a stressful industrial setting, soft
robotic exoskeletons may successfully act to alleviate physical and mental
stress in a human user. However, further work remains to build an engi-
neered system which can be of real benefit to workers in industrial settings.
This review examines potential applications of integrated virtual reality and
robotics in industrial settings and highlights challenges and opportunities for
future human-machine systems.
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4.1.1 Introduction

Excessive state anxiety or stress has been shown to have detrimental effects
on physical and cognitive performance [1-4]. Even when performance is
maintained, cognitive efficiency is decreased under conditions of high stress
or anxiety [5-7], which increases the sense of effort during a task. While
the inverted U relationship between anxiety or stress and performance has
been well established [1, 2], questions remain about the underlying model
that might best explain how human performance is modulated by high task
accuracy demands and anxiety or stress. The processing efficiency theory
[8,9] and cognitive energetic framework [10] provide a model for understand-
ing the effect of stress on human performance but require further confirmation
in actual or virtual work environments. Increased attentional bias can occur
under the presence of anxiety or psychological stress [11, 12], which may
be maladaptive in complex work environments and lead to an increased
risk of injury. Injury itself can lead to increased stress in the human body
and exacerbate stress or anxiety, which would lead to a downward spiral
(Figure 4.1.1). However, the integration of both virtual reality (VR) and soft
robotic exoskeleton technologies offer the potential for integrated, intuitive,
and responsive human-machine systems for use in stressful industrial work
environments.

Of all occupational injuries and illnesses that require days away from
work in the US, approximately one third are due to work-related muscu-
loskeletal disorders (WMSD) [13]. These WMSD resulted in a moderately
high incidence rate of 29.8 cases per 10,000 full-time workers, with a median

Virtual Reality
|

Stress or anxiety Performance

Soft Robotic Exoskeletons

Figure 4.1.1 Concept map illustrating how stress or anxiety can impact task performance
and injury, and the overlapping contributions of virtual reality or soft robotic exoskeleton
technologies.
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of 12 days away from work [13]. Musculoskeletal disorders are painful
disorders associated with soft tissue (i.e., muscle, tendon, ligament, cartilage,
nerves) [14], that can occur from either an acute bout of excessive physical
effort or prolonged exposure to repetitive stress [15]. WMSD can commonly
manifest as carpal tunnel syndrome, tendonitis of the shoulder, elbow, wrist or
other joints, herniated discs, sciatica, or low back pain [14, 16]. In particular,
occupations that have repetitive motions, high force exertion, awkward body
postures, high impact force, constant vibration, and extreme temperatures
pose a significant risk for WMSD [14]. Some tasks associated with WMSD
are lifting and carrying heavy objects, working overhead, using handheld
power-actuated fastening tools, and using high impact tools such as jack-
hammers or riveters [16, 17]. Thus, devising ways to protect the worker and
mitigate the effect of these risk factors is necessary to prevent WMSD and
improve worker quality of life and quality of work.

Anxiety can be defined as a multi-system response to a perceived threat or
danger. Anxiety brings about a variety of physical symptoms, such as cardiac
acceleration, sweating, and tremors. Physiological changes arise from high
stress and anxiety conditions which can be monitored in real-time [18-21].
Using frequency-specific fluctuations in heart rate dynamics, together with
skin conductance or prefrontal cortical activation levels, changes in stress
and anxiety can be monitored in real-time. In addition, anxiety has been
linked with increased muscle co-contraction and altered body movements
while performing volitional movements [22-26]. Thus, changes in movement
strategies and efficiency of movement may provide mechanically intrinsic
measures of anxiety in adults. However, the sensor suite which provides the
most informative signal for sensing stress changes during the performance of
cognitively and physically demanding tasks in the industry remains an open
question.

The combination of VR and smart and active robotics holds much promise
towards the development of integrated, intuitive, and responsive human-
machine systems for mitigating WMSD risk factors in stressful industrial
work environments. Within this review, we examine the use of robotics in
alleviating WMSD risk factors in industrial settings in Section 4.1.1; the
potential use of VR in evaluating the effect of stress and anxiety in industrial
settings in Section 4.1.2; potential applications of integrated virtual reality
and robotics in industrial settings in Section 4.1.3; and provide concluding
remarks about the challenges and opportunities for future human-machine
systems in Section 4.1.4.
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4.1.2 Use of Robotics to Prevent Injury in Industry

A number of devices and exoskeletons have been explored to assist industrial
workers to prevent injury or to augment workers to allow them to perform
enhanced tasks. Equipois, Lockheed Martin, and EXHAUSS have created
commercially-available passive, unpowered mechanical arms for transferring
the load of heavy tools, up to 16.3 kg, away from the arms through external
support structures that are attached, or not attached to the worker [27-29].
Otherlab (which recently spun off as Roam Robotics) has proposed an inflat-
able pneumatic exoskeleton for knee support during heavy lifting [30, 31].
The devices and exoskeletons are large, heavy, rigid and, if powered, require
complex control for precision movement. All, including the pneumatic knee
support, are quite bulky. Furthermore, it is unclear if any device helps to
mitigate the effects of long-term exposure to tool vibration. Thus, there is
a clear need for wearable smart personal protective equipment designs that
sense when to protect workers from internal injury due to exposure to overex-
ertion, repetitive motions, and vibration, while packaged in a lightweight and
unobtrusive design.

Soft robots have become increasingly popular because of their unique
advantages such as adaptability and safe interactions with the environment
with minimal controls [32-34]. They differ from conventional robots as
they lack rigid and stiff members, actuators and sensors. Soft robots are
usually bioinspired and are comprised of stretchable skins, tendons, pres-
surized fluids, soft muscles, and fibers. Popular actuation schemes of soft
robots include hydraulics and pneumatics [35-37], shape memory alloy
actuation [38], and driving cables using motors [39]. The soft and flexible
nature of these structural and actuation members enable direct translation of
soft robotic technologies to wearable devices [40]. Thus, the combination
of soft robotic exoskeleton technology with real-time monitoring of neural
and physiological measures of stress arising during virtual manual labor
tasks may successfully alleviate stress and anxiety in high demanding work
environments.

4.1.3 Use of Virtual Reality in Evaluating the Effect of Stress
and Anxiety in Industrial Settings

Through the use of VR, individuals can be safely exposed to conditions
of increased threat to examine the role of anxiety [41] or stress [42] and
be presented with precisely timed complex visual stimuli to enhance the
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sensitivity and reliability of experimental results. VR is capable of induc-
ing behavioral, psychological, and electrophysiological effects comparable
to real-world manipulations [26, 42] while avoiding the associated risks to
health and safety. VR provides the ability to recreate training opportunities
that would otherwise be too hazardous [43, 44] or too infrequent [45]. VR
training of demanding tasks in industry have been shown to provide compa-
rable results to real physical training [46] and improvements over traditional
computer simulations [47] in certain conditions. In industry settings, VR
may be used to monitor the behavioral patterns of workers, and identify
behaviors that increase the risk to WMSD [48]. In addition, VR offers an
opportunity to merge the best practices in occupational injury prevention
with human-machine systems during both development or training [49, 50].
In particular, recreating physically demanding manipulation tasks in spatially
complex environments may provide improvements in future deployments
of human-machine systems (See Figure 4.1.2).

Side view

Front view

Figure 4.1.2 Side and front view of VR simulation of the stressful tool handling tasks in
complex environment.
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4.1.4 Applications of Integrated Virtual Reality and Robotics
in Industry

4.1.4.1 Body-in-the-loop control of human-machine systems

The real-time sensing of physical and mental stress in humans during virtual
manual labor tasks using mobile neuroimaging modalities together with state-
of-the-art active soft robotic exoskeletons holds much promise towards the
development of integrated, intuitive, and responsive human-machine sys-
tems for use in stressful industrial work environments. Through the use
of electroencephalography (EEG) or functional near-infrared spectroscopy
(fNIRS), changes in neural activity or oxygenation levels in the cortex can
be monitored during the performance of physical tasks [51-60]. Using a
combination of virtual reality and actuated feedback, instantaneously adapt-
able work-related scenarios may be displayed to further our understanding
of the worker’s response to these stimuli. Given the expected changes in
brain activation patterns due to anxiety and stress, the use of EEG or
fNIRS provides an objective quantification of attentional demands, which
can complement other physiological measures such as skin conductance,
muscle force, and heart rate variability. Together with measurements of
human motion recorded via standard motion capture methods and portable
inertial measurement units, these sensors can be used to provide information
about real-time changes in mental and physical stress in manual labor tasks
in industry [50].

4.1.4.2 Soft robotic exoskeleton actuation

Dr. Krishnan has developed an arsenal of soft fluidic actuators known as
Fiber Reinforced Elastomeric Enclosures (FREEs). FREEs are composite
equivalents of the popular McKibben muscles [36, 61, 62] (Figure 4.1.3(a)),
which are inspired by the structure of muscular hydrostats, trees and
worms [63, 64]. A FREE consists of a core hollow elastomeric cylin-
der reinforced by at least two families of inextensible helical fibers
(Figure 4.1.3(b)). The FREE spatially deforms when the elastomeric core
is pressurized with fluids. By varying the orientation of these fibers,
Dr. Krishnan has reported several modes such as bending (Figure 4.1.3(c)),
axial rotation (Figure 4.1.3(d)), spiral motion (Figure 4.1.3(e)) and other
continuum freeform shapes (Figure 4.1.3(f)) [61, 62, 65]. Most of these
deformation shapes are a result of combining FREEs with asymmet-
ric fiber angle a6 = —0 [65], while typical engineering usage and
available literature has been limited to the McKibben fiber configura-
tions of @« = —p. Ongoing work [66] has resulted in a generalized
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Figure 4.1.3 Fiber Reinforced Elastomeric Enclosures (FREEs) and their spatial deforma-
tion patterns.

virtual work-based formulation to predict exact deformation and actua-
tion forces/torques as a function of applied fluid pressure and hyperelas-
tic material properties. For a contracting McKibben actuator, the analysis
reveals a tradeoff between actuation forces and energy density the for-
mer increasing nonlinearly, while the latter decreasing with FREE diam-
eter. This tradeoff is resonated by existing state-of-the-art wearable suits
[39] which though effective, are too large to be inconspicuous under
clothing.

Novel methods to overcome the loss in performance of FREE-based
actuators when miniaturized are needed. These would benefit from novel
architectures of FREEs, which simultaneously increase actuation stroke and
stiffness in the joint. These would translate to higher load-bearing ability
and larger actuation displacements, beyond those permitted by using minia-
turized FREEs, yet retain the benefits associated with wearability such as
compactness and discreetness.

4.1.4.3 FREE architectures for stiffness modulation

Modulating stiffness increases load-bearing ability by providing support
against an external load. We present architecture of FREEs for increas-
ing the stiffness at joints based on antagonistic muscle activation in
humans. For convenience, we shall demonstrate this on a one-degree
of freedom elbow joint. The architecture aims to conform itself to the
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Figure 4.1.4 (a—c) Preliminary prototype and demonstration of stiffness modulation for a

1-DOF-elbow joint, (d) benchtop stiffness tests on the joint at 0° orientation. (e) benchtop

testing of the joint at 30° orientation.

contours of the human arm around the elbow joint at any joint orienta-
tion. Once confirmed, sufficient external forces are required to deform the
joint.

The architecture consists of two groups of helically wrapped contracting
FREE actuators (Figure 4.1.4(a)). Each group is a double helix, consisting of
equal and opposite wraps. Group 1 (green shown in Figure 4.1.4(a)) wraps
around the anterior end of the joint, while Group 2 (red in Figure 4.1.4(a))
wraps on the posterior end. When not actuated, the FREEs loosely fit on
the arm and do not affect elbow rotation. Now, by rotating the lower arm
by an arbitrary angle (for example, 45° shown in Figure 4.1.4(b) or 90°
in Figure 4.1.4(c)) and then pressurizing the Group 1 family of FREEs
causes them to conform to the shape of the rotating arm, along the anterior
end of the joint. Any joint extension tends to stretch the Group 1 FREEs
and is thus resisted. This resistance is manifested as increased stiffness
or support against the external load. However, joint flexion is unrestricted
as it leads to a decrease in Group 1 FREE length, which is resolved by
buckling. Now, pressurizing Group 2 FREEs (red) conforms them to the pos-
terior end, thus offering stiffness against flexion. Simultaneously pressurizing
both groups will lead to increased stiffness against extension and flexion.

In ongoing work, we proposed a simple analysis method to capture
the increase in stiffness [39] of the sleeve using the force obtained from
a single FREE and modeling the friction between the FREE and the arm.
A 3D printed model of the arm was fabricated for experimental evalua-
tion. The stiffness of the arm was tested by applying an end load leading
to a moment at the joint at two initial orientations of 0° (or straight)
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Figure 4.1.5 Preliminary testing of muscle activation levels (EMG) in biceps, under (b) no
load, and (c) 5 1b load.

arm and a flexion of 30°. Torque vs. deflection were measured and plot-
ted in Figure 4.1.4(d,e) by activating different numbers of muscles per
group (for example, there are two muscles/groups in Figure 4.1.4(a)).
As expected, resistance increased proportionally with number of muscles
actuated.

With benchtop evidence of successfully providing static support, a pre-
liminary wearable prototype was fabricated and customized for an individ-
ual’s arm as shown in Figure 4.1.5(a). EMG electrodes were inserted under
the sleeve for measuring muscle activation levels of the biceps under two
loading conditions (i) no load, (ii) hand holding 5 Ib. For both cases, the
arm was flexed by about 85° about the elbow. The EMG data collected for
the no-load condition (Figure 4.1.5(b)) shows a 70% reduction in the voltage
when wearing the sleeve than without. This implies that the sleeve is clearly
effective in offsetting the muscle power required to overcome the arms inertia.
However, wearing the sleeve showed an improvement of 20% with a weight
of 5 Ibs carried by the hand. Thus, we propose scaling of the present design
coupled with actuation to increase the load-bearing ability of the exoskeleton,
and help reduce physiological effort.

4.1.4.4 Nested FREE architectures for actuating joints

Apart from stiffening, providing even modest actuation forces on the joint
may be beneficial in alleviating physical stress in manual labor tasks. Joint
actuation can be achieved by placing linear actuators such as Mckibben
muscles or FREEs along the forearm and the upper arm as shown in
Figure 4.1.6(b). The linear actuator contracts, which creates a moment about
the joint thus causing it to actuate. The angular displacement of the joint
thus depends on actuator contraction or stroke, which for a FREE muscle is
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directly proportional to its length [67,68]. Our preliminary analysis reveals
the need for a muscle with unusually large contraction ratio (>40% of
its length) to actuate an elbow joint by 900. Furthermore, sufficient forces
(our analysis predicts 40 N) must be produced to lift the arm against its own
weight. This can be difficult to produce with miniaturized FREE muscles
since the elastic energy stored in the bladder limits the obtained stroke, and
forces [69].

4.1.5 Conclusions

In conclusion, we find that virtual reality may offer an opportunity for a
better understanding of physical and mental stress in humans during manual
labor tasks. VR has been used to recreate stressful physical or mental tasks
in industry, which allows for novel training paradigms and real-time sensing
of stress in humans during virtual manual labor tasks. Together with state-of-
the-art active soft robotic exoskeletons these technologies hold much promise
towards development of integrated, intuitive, and responsive human-machine
systems for use in stressful industrial work environments. However, before a
person’s intent, perception, and behavior in a stressful industrial setting can be
integrated with future human-machine systems to create engineered system
which can be of real benefit to workers in industrial settings, further advances
are needed to validate multimodal sensor data and soft robotic exoskeleton
actuation.
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4.2 Towards Mixed Reality System with Quadrotor:
Autonomous Drone Positioning in Real and Virtual

German Espinosa and Michael Rubenstein

Electrical Engineering and Computer Science Department,
Northwestern University, USA

Three-dimensional (3D) positioning in real and virtual spaces is needed for
mixed reality robotic systems. In normal conditions achieving 3D positioning
can be done by using traditional global positioning system (GPS). However,
in confined spaces these systems constraints such as reception dropout to
localization error and noise, make them unpractical or impossible to imple-
ment. We introduce a cheap, high precision, 3D positioning system leveraging
the HTC Vive™ virtual reality (VR) lighthouse that allows a drone to
autonomously fly in real space as well as virtual space. We built and tested
the new system to determine feasibility and accuracy.

4.2.1 Introduction

Interactions between objects in real and virtual spaces are a central piece in
the VR Ecosystem. Having the ability to blend items from the real world
into a virtual environment allows systems to perform more complex and
valuable tasks using VR tools and also to provide a more immersive and
rich experience. To do so, VR systems rely on high accuracy 3D positioning,
without the ability to consistently and accurately locate an object in the real
world it becomes impossible to program any interaction between this object
and a functionality in a virtual environment. This means, the mix of reality
and virtual reality can only be achieved by having detailed information of the
changes in location from every item existing in both ends.

Traditionally 3D positioning has been solved using a wide range of
solutions, from global satellite systems [1] to sound waves [2], WIFI signal
[3], and computer vision techniques [4]. These technologies had allowed
systems with multiple devices to perform synchronized tasks and navigate
complex geometries. However, when applied to reality and VR blend, there
are some constraints that made them unpractical or impossible to implement.
For example: GPS will not perform consistently in indoors settings and the
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standard error margin will prevent any fine interaction from working. Using
WIFI signal and sound waves for positioning works well indoors but accuracy
and external contamination made them impractical and poorly effective. In
the other hand, computational complexity, environment preparation and a
slow refresh rate make using a computer vision system with landmarks
extremely complex to implement in small robotic devices.

We propose the use the HTC Vive Lighthouse [5] on reduced spaces to
obtain consistent and accurate positioning with low processing cost and at
a fast refresh rate. The system relies on infrared laser beams and infrared
sensors to work, which prevents most of the contamination problems and
increase accuracy. We designed and built the necessary electronics to evaluate
the concept and tested the final device on a flying drone holding position
in both, real and virtual spaces.

4.2.2 The Vive System

The HTC Vive Lighthouse [5] contains two sets of IR light emitting devices
(Figure 4.2.1). First, an omnidirectional IR flash used to synchronize all the
devices receiving positioning information and second a high precision IR
laser working together with a high-speed moving mirror to perform scans
in two axes.

A high-level description of the interaction between the lighthouse and
the devices is as follow: The Lighthouse emits a series of omnidirectional

Figure 4.2.1 (A) Vive Lighthouse. (B) Omnidirectional IR Flash. (C) High speed mirror and
laser beam. (D) Y axis value. (E) X axis value. (F) Vive sensor.
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synchronization flashes, then it starts the scan in the x axis using the laser
bean, when it finishes it emits another omnidirectional flash, and to finalize
then proceeds with the y axis. This process is repeated thirty times per second.

In the other end of the HTC Vive system, the device receiving the
localization information waits until a synchronization flash is detected. As the
sensors cannot differentiate the different type of signals, the device measures
the time between signals to determine if it is, in fact, a synchronization pulse
or not. Once a sync flash is detected, the device expects a series of signals
from the lighthouse in a specific order. The resulting 2D position of the sensor
is estimated by computing the time difference between the flashes and the
corresponding laser beam signals. Objects in the real space need to gather
2D information from multiple sensors to avoid ambiguity and effectively
determine their location in a 3D space [6].

4.2.3 The Device

To simplify and encapsulate the complexity of the interaction with the HTC
Vive system, we designed a lightweight and cheap device with four coplanar
HTC Vive sensors, responsible of synchronizing with the lighthouse and
computing the 2D position of each sensor.

The device counts with a PIC32 microcontroller that is interrupted every
time a sensor receives a signal from the lighthouse. Using an 8 MHz crystal
oscillator, the device times the signals received to differentiate sync flashes
from positioning laser beam pulses. Once all the signals from all four sensors
are received and the 2D data decoded (time to Xy axis values), the information
is transmitted using standard UART serial communication.

4.2.4 From 2D to 3D

After the device transmits enough 2D information, it is possible estimate
the 3D pose of the object relative to the lighthouse. To solve the problem,
a computer vision algorithm [7] was used with the 2D location of each
sensor acting as a high precision point in a virtual image. To complete the
necessary information to run the algorithm, we created a 3D model of the
device specifying the location of each one of sensors in it and then computed
its full pose. The implementation resulted it in a C program that reads UART
to receive information from the device and process the pose. We successfully
ran it in a Raspberry PI Zero W, to ensure it could be added to a flying device
later.
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4.2.5 Results

After the device and the program started running together, we tested the
accuracy of the pose estimation using only four degrees of freedom: X, Y, Z
and YAW and computed the results.

To determine yaw accuracy, 2000 measurements were performed on three
different distances, 1000 with the device facing forward and 1000 with the
device rotated 90 degrees. We were able to obtain the device yaw information
within 2 degrees error 99% of the time (Figure 4.2.2).

In terms of 3D Position, as the device was designed in a planar structure,
the accuracy and, specially, the noise of the information originated in the
X and Y axis (plane used to locate the sensors) were significantly better than
the information originated in the Z axis. After performing 1000 measure-
ments on two different distances we were able to obtain Z axis positioning
within a 5 cm error 98% of the time (Figure 4.2.3). However, when obtaining
information on the X and Y axis, the error and noise reduced significantly. On
the same measurements we obtained values within 1 cm error 98.75% of the
time (Figure 4.2.4).

4 - B
2k i "
I

” —_—r - ——

2

)

= T

k= 1

5

E2r 1

=
4+ o
6 F .

100cm 75cm 50cm

Distance from lighthouse

Figure 4.2.2 Yaw error boxplot, by distance. Computed from 6000 measurements, 2000 in
each distance, 50% facing forward (0 degrees) and 50% facing sideways (90 degrees).
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Figure 4.2.3 Z axis error histogram in cm. Computed from 2000 measurements, 50% at
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Figure 4.2.4 X & Y axis error histogram in cm. Computed from 2000 measurements, 50%
at 100 cm and 50% at 75 cm from the lighthouse.
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4.2.6 In Action

Once the preliminary results were satisfactory, the next step was to the test
the sensor on a flying device. To do so, we mounted a Vive lighthouse on the
ceiling facing down and attached the sensor to a quadcopter (Figure 4.2.5).
The goal was to perform a series of autonomous flights simultaneously
computing the position of the device in a virtual space.

To autonomously control the drone effectively, sensor aggregation was
added using higher refresh rate data coming from the quadcopter accelerom-
eter (Figure 4.2.6). This allowed to sense and evaluated speed information (by
integrating accelerations) hundreds of times per seconds, in order of magni-
tude quicker than what our device can do. We used a complementary filter
aggregating both sources, Vive device and IMU, to have current, accurate
and reliable information.

After all positioning and velocity information was obtained, a PID [8]
flight planner processes it and outputs a set of high-level instructions to affect
the drone behavior in four degrees of freedom: roll, pith, yaw and thrust.
After that the drone controller takes over and implements the new flight
parameters.

With this implementation the quadcopter successfully maintained a sta-
tionary position in a virtual box during an autonomously controlled flight
while reporting its 3D positioning.

Figure 4.2.5 Quadcopter drone with the Raspberry PI Zero W board (A), a 500 mAh battery
(B) and the high-resolution 3D positioning device (C) showing the set of four Vive sensors (D).
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Figure 4.2.6 Data gathering and processing flowchart.

4.2.7 Conclusion

In this paper, we tested an approach to effectively perform 3D positioning in
confined spaces at a high refresh rate, using a cheap device and an HTC Vive
Lighthouse. We performed preliminary tests on flying devices to determine
the feasibility and practicality and we showed initial results.

4.2.8 Designs and Source Code

Electronics design blueprints, printable 3D models and source code can
be downloaded and shared freely from: https://github.com/germanespinosa/
vive_device
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4.3 Augmented Reality Interaction vs. Tablet Computer
Control as Intuitive Robot Programming Concept
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Intuitive programming concepts allow non-experts to undertake programming
tasks. They are therefore of interest for small and medium-sized enterprises
(SMEs) to reduce the programming effort required for automation. This
work builds upon an integrated framework for task-level programming and
task execution allowing a non-expert to program robots via a human-robot
interface (HRI) and a graphical user interface (GUI) by defining and parame-
terizing simple program sequences. As an alternative input method to touch, a
novel interaction concept based on augmented reality (AR) and haptic inputs
are developed. The robot to be programmed serves as the input, i.e. one can
push against its end-effector (e.g., from the left or right) to trigger certain
actions. The available haptic input options, which are context-specific, are
superimposed directly at the end-effector using AR glasses. We evaluate
the usability of this interaction concept in comparison to a tablet computer
control in a user study by means of subjective and objective data. The results
indicate that the AR interaction concept can be a useful extension to touch
interfaces in situations where interaction with the robot is required in either
case.

4.3.1 Introduction

Industrial robots for manufacturing allow for an increase in productivity
and a reduction in the price per unit compared to conventional production
processes. However, the usage of such automation solutions is currently
not applicable for small and medium-sized enterprises (SMEs), because
conventional systems cause high programming costs and cannot be adapted
easily to varying tasks. Due to just-in-time production, the increasing number
of varieties and shortened product life cycles, the demand for flexible and
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applicable automation solutions with a high variety of use cases is present
in large companies as well. The replacement of expert systems for robot pro-
gramming by intuitive programming concepts can make the use of industrial
robots interesting for SMEs because non-experts are put in the position to
undertake programming tasks [13].

Such an integrated framework for task-level programming and task execu-
tion using robot skills is developed in [14] and [15] called RAZER. It allows a
non-expert to program a robot via a human-robot interface (HRI). A graphical
user interface (GUI) on a tablet computer is used to parameterize skills,
sequence them to tasks and finally execute and monitor those tasks. Pro-
gramming by Demonstration (PbD) is used to define poses and trajectories.
The user is able to move the robot in gravity compensation mode guided by
dialogs on the GUI to the desired positions.

As all information and instructions are provided by the GUI, problems
arise if the tablet computer is not readily available. While teaching poses and
trajectories, the user has to switch repeatedly between the operation of the
tablet computer and the robot. Alternatively, the robot is moved to the desired
position and the tablet computer is used for confirmation and continuation.
As the tablet computer is put aside, the user has no opportunity to react to
possible error messages appearing on the screen of the tablet computer.

Therefore, a new interaction concept is proposed. The robot to be
programmed acts as a haptic input device. It registers pushes against its end-
effector in different directions by analyzing the external forces working upon
the end effector. The available input options are presented to the user via
augmented reality (AR) glasses, directly superimposing the end-effector of
the robot, comparable to a head-up display. Furthermore, (error) messages
visible on the tablet computer are shown in the field of view (FOV) of the user.
Additionally, head gestures (e.g., nodding) are registered, to enable the user
to confirm a pose or cancel the teaching procedure in gravity compensation
mode, when the robot cannot be used as input device. The interaction concept
in this work is novel in that it provides a way of input and information
provision, where the user does neither have to interrupt the direct physical
interaction with the robot nor have to remember the available commands.

Our hypothesis is that while in general, touch-based interaction has a high
usability, the AR interaction concept can be superior in situations, where the
user is required to operate the robot in either case, for example for PbD. To
test this hypothesis, we conducted a user study, comparing the AR interaction
concept with touch-based interaction on a tablet computer.
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The contribution of this work, therefore, includes (i) the concept of a
novel AR-based interaction concept, (ii) the integration of this concept into
our task-programming framework, and (iii) the comparison of the AR concept
with established touch-based interaction on a tablet. This allows us to evaluate
the suitability of each concept for different situations.

The remainder of this work is structured as follows. The related research
is introduced in Section 4.3.2. After presenting the AR interaction concept
in Section 4.3.3, the implementation is explained in detail in Section 4.3.4.
The usability of the AR interaction concept was evaluated in a user study in
comparison to the usability of a tablet computer control, which is described
in Section 4.3.5. The results of this study are described in Section 4.3.6
and subsequently discussed in Section 4.3.7. The paper concludes with
Section 4.3.8.

4.3.2 Related Work

Robot programming can be divided into manual and automatic programming
[3]. For the former, the desired behavior of the robot is directly specified,
usually using text-based offline programming. On the contrary, automatic
robot programming permits only limited control of the code. PbD is one
form of automatic programming. PbD describes the inference of a program
by recording a sequence of actions from a user [4].

4.3.2.1 User interfaces

For the communication between humans and robots, interfaces are necessary
to translate from human language to language understood by the robot.
Human-robot interfaces (HRIs) can be distinguished in GUIs, tangible user
interfaces (TUIs) and natural user interfaces (NUIs) [5].

GUIs let a system be operable via graphical symbols and control ele-
ments. They are usually displayed on screens and are operated via computer
mice, joysticks or touch.

TUISs allow interactions by means of physical representations. TUIs could
facilitate the programming process, especially for novice users, as suggested
by the findings in [11].

NUIs use natural forms of interactions, e.g., touch, speech or gestures. It
is shown in [17] that natural input methods are more easily understood by
non-experts than conventional input methods.
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4.3.2.2 Augmented reality in human-robot interaction

In this work, AR is used to design an interaction concept used in combi-
nation with a GUI and PbD. AR describes the superimposition of virtual
elements with the real world by means of optical-see-through (OST) or
video-see-trough (VST) devices. OST devices allow the user to see the
physical environment directly while the virtual elements are displayed on
a screen in his FOV, whereas VST devices visualize virtual elements in
combination with the physical environment captured by a camera on a single
screen.

There are several examples, where AR is used for HRI. In [1], the user can
select objects for a pick-and-place task in an AR environment and receives
visual feedback during the procedure. In [6], the user defines a collision-
free workspace as well as the start and target configuration to compute the
path of the robot. An OST device is used in [18], where coordinates for path
planning are defined by the user for paintwork. A graphical representation of
the paintwork is projected directly onto the target object via AR.

The combination of AR with NUIs can be found among others in [7],
where the user can define poses and trajectories via gesture control. The
capture of the gestures as well as the graphical display of the defined
poses and trajectories is done in an AR environment with a VST device.
In [9], a VSTdevice, as well as a 3D-pointing device, is used to define
poses and paths around virtual objects. In [2], a visuohaptic AR sys-
tem for programming tasks by demonstration is developed. A haptic user
interface allows the user to perform manipulation actions within an AR
environment.

The use of AR laser projection is described in [23]. Trajectories and target
coordinates are projected into the direct environment of a robot.

In contrast to the described applications, the new interaction concept has
no need for an additional input device like a handheld or pointing device
but uses the robot to be programmed as an input device. It only requires
AR glasses to be worn, which are equipped with a camera and an inertial
measurement unit (IMU) for localization.

4.3.3 Interaction Concept

The AR interaction concept requires a robot to be equipped with some
kind of force sensor to register the forces working upon the end-effector.
Furthermore, it has to be suitable to work together with humans in direct
physical contact.
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4.3.3.1 Input directions

The robot serves as a haptic input device by registering forces exerted
at its end-effector. In our concept, we focus on pressing the end-effector
down, up, to the right, to the left or to the back, thus five different input
directions can be differentiated. The concept could be extended to include
for example rotations. Depending on the pose of the robot, those directions
are not clearly defined. Two different input concepts were taken into account
(see Figure 4.3.1):

(a) End-effector-centered input concept: The orientation of the end-effector
determines the input direction. Up and down are registered by means of
forces along the z-axis of the end-effector, left and right along the x-axis
and back along the y-axis.

(b) Base-centered input concept: The input directions up and down are
independent of the orientation of the end effector. Down is always a
push in the direction of the gravity vector, up in the opposite direction.
The push from the front points always in the direction of the base on a
plane perpendicular to the gravity vector. Left and right are registered
by pushes in the same plane and perpendicular to the vector determining
pushes to the back.

Figure 4.3.1 Two concepts of input directions: end-effector-centered (left two) and base-
centered (right two). The directions are labeled with R (right), U (up) and B (back), the base
is visualized as square, the end-effector as circle with gripper. The upper two views show into
the back direction (B), note the rotated end-effector in the upper-right view. The lower two
views follow the gravity vector (top-down).
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4.3.3.2 Allocation of input directions

Depending on the state and context of the software, there are different input
options available. The number of input options can vary from zero to several
dozens. Those options have to be allocated to the five input directions of the
new interaction concept, see Figure 4.3.2.

Hereby, often occurring input options are allocated always to the same
input direction for intuitiveness. Close-related actions are always allocated
to the input direction down, whereas input options like Next or Previous are
allocated to the input directions right and left, respectively.

If there are more than five input options available at the same time, one
input direction is used to allocate the next four input options from the list of
all available input options.

4.3.3.3 Design of virtual elements

Virtual elements are needed to display the input options superimposed with
the real world in the FOV of the user. Even though the design of 2D elements
for GUIs is much more established than the design of 3D elements for AR
interfaces, there exist some guidelines [8, 10, 20] for AR which could be
condensed to:

e Present textual information clearly
¢ Ensure a sufficient contrast between virtual elements and the background

Close

More\pptions

—p (%) 44—~

Previous Next

L
Add skill

Figure 4.3.2 The list of options is allocated to possible input directions. Common options
are always assigned to the same direction (such as “Close” to down). If there are more options
than directions, one direction is used to change the allocation.
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B

Figure 4.3.3 Base frame B, joint frame J, marker frame M attached to the robot (left) and
camera frame C attached to the AR glasses (right). The x-axes are marked red.

e Group related elements

e Do not obscure important elements in the real by virtual elements
e Enable the user to identify information which needs attention

e Keep virtual elements simple

4.3.3.4 Display orientation and position

To display the virtual elements with the correct pose into the view of the user,
the transformation from the camera within the AR glasses (frame C) to the
center of the last joint of the robot arm (frame J) §TBC has to be determined.
Figure 4.3.3 shows the frames attached to the robot and the AR glasses.

4.3.3.5 Push detection

F; is the force relative to the center of the last robot joint. If F; exceeds
a certain threshold value in any direction, the interaction is considered as
a valid input and the corresponding input option is triggered. To consider
another interaction as a valid input after the first one, the force has to drop
temporarily below the threshold value.

4.3.3.6 Gesture detection

If the robot is in gravity compensation mode during PbD, the described
input method can no longer be used, because external forces lead to a
movement of the robot. The user typically has two input options available
during gravity compensation mode, i.e., to cancel a (teaching) processor to
confirm (a demonstrated pose or trajectory). Therefore, the IMU of the AR
glasses is used to detect head shakes for cancellation and head nods for
confirmation.
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Figure 4.3.4 Using the proposed AR interaction concept, the operator uses the robot end-
effector as haptic input device. Context-specific input options are superimposed using the AR
glasses.

4.3.4 System Implementation

The new interaction concept is integrated into RAZER [14, 15]. It consists
of a web service that manages the communication between the frontend
of RAZER, the AR glasses, and the robot. In this work, seven degrees of
freedom KUKA lightweight robot (LWR) is used as a robot and an Epson
Moverio BT-200 as AR glasses, see Figure 4.3.4. The application for the
glasses on the Android device is based on the Vuforia software platform.

4.3.4.1 Input directions

As indicated by a first survey, most people seem to find the base cen-
tered input concept more intuitive, which is why it is implemented for the
evaluation of the AR interaction concept.

4.3.4.2 Allocation of input directions

When the robot programming is started, an object is created, which contains
a list of all available input options. Input options are for example Open new
task, Add skill or Set velocity to 0.6 [m/s]. The object is updated, whenever
the available input options change. This happens, when the RAZER frontend
changes its state.
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4.3.4.3 Design of virtual elements

Different designs of the virtual elements were considered under the aspects of
intuitiveness and visibility. The design of the virtual elements is challenging
due to the small FOV, the resolution and the brightness of present AR glasses.
Figure 4.3.5 shows the final design of the virtual elements for five input
options. To achieve maximal contrast between the real world and the virtual
elements, latter is displayed in white.

All input options are displayed by means of a simple geometric shape with
the icon representing the action in the center. The geometric shapes are circles
(for actions), diamonds (for groups) and squares (for navigational actions
such as back or more) respectively. The shapes are flanked by a 3D hand
indicating the pushing from the left, right, top, bottom or front. Shape and
hand are complemented by the name of the input option. Related elements
are grouped together. The black border of the textual information will appear
on the OST devices transparent. It is used to make the textual information
readable if it overlaps other virtual elements.

Figure 4.3.6 shows the display of an error message which can be
confirmed by the user by pushing from the left.

{ 1
bl
O
sl
9
Q

Figure 4.3.5 Virtual elements are superimposed at the end-eftector into the FOV of the user.
Here, five input options are possible.
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Figure 4.3.6 Also messages are displayed using the AR glasses. The image shows an error
message, which can be confirmed by the user.

4.3.4.4 Display orientation and position

Several markers (frames Mi) are attached to the robot joint. These AR tags
with the shape of the German Aerospace Center (DLR) logo can be well
seen in Figure 4.3.4. They have a known orientation and distance to the
robot joint’s center point, such that camera-based tracking can be used to
determine %iT . The transformation from the marker to the center point of the
robot 1}/1’ Tpc depends on the orientation and position of the marker as well
as the pose of the robot from the base (frame B) to the end-effector (frame
E) gT, to take into account the base-centered input concept. The pose of the
robot, as well as its joint configuration, can directly be readout. JMiTBc is
determined via

0
Bp-1

. R Rpc 0 .

YTpe=| 7 B a4 4.3.1)
000 1

where f? R is the transformation between the base and the joint of the robot

and yiT is a constant for each marker M, taking into account its orientation
and the radius of the robot joint. Rp¢ is a rotation of apc about the z-axis
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of the base frame. Apc is determined by means of the position of the joint
relative to the base of the robot Zp via

Bp
apc = arctan ( L y) (4.3.2)
J Pz

for ? p.6 = 0. Rpc can then be determined via

cosagc —sinagc 0
Rpc = | sinagc —cosapc O (4.3.3)
0 0 1

4.3.4.5 Push detection

The external forces Fi,; acting upon the end-effector of the robot are contin-
uously read out. The force F'; relative to the robot joint can be determined
via

Fj = Rpc—1-BER-1 - Feut, 4.3.4)

where gR is the rotation between base and end-effector frame of the robot.

4.3.4.6 Gesture detection

The switch between both modes is indicated by means of a message in
the FOV of the user giving instructions on the available input gestures
(see Figure 4.3.6 for a message in the FOV).

4.3.5 Evaluation

The usability of the AR interaction concept and the tablet computer control
was evaluated in a user study. A standardized questionnaire (QUEAD [12]
was used to assess the subjective rating of usability. The efficiency of the
approaches was measured by means of time to completion and operating
errors of a test task. The test task was first performed using solely the GUI
on the tablet computer and afterward with the AR interaction concept. The
usability questionnaire was answered directly after solving the task with each
system respectively.

Seven test persons participated in the study. All were students working
at the German Aerospace Center (DLR). Five were male, two were female.
They were on average 24.141.9 years old. All were right-handed and needed
glasses for visual aid. Two had never used an AR device before, everybody
else rarely. All test persons were regularly using touch screen devices.
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The study was conducted as follows. After answering a questionnaire
collecting demographic data and past experiences, the AR glasses were
calibrated for each test person to take into account individual facial geometry.
To get the test person used to the systems, step-by-step instructions for a task
were provided, which the test person had to follow for each of the systems
before starting the actual test task.

A test task was defined, in which the test person had to program a
sequence consisting of two skills. Skill 1 involved moving the robot (see
Figure 4.3.4) to a defined pose with a velocity of 0.6 [m/s]. Skill 2 was a
Pick & Place task, in which the robot should be instructed to move an object
from position A to position B. During execution of the test task with the
AR interaction concept, the test person was asked to use the GUI as little as
possible.

4.3.6 Results

Table 4.3.1 and Figure 4.3.7 shows the results of the usability questionnaires.
The usability was rated in the categories Perceived usefulness, Perceived ease
of use, Emotions, Attitude, and Comfort. Perceived usefulness describes the
test person’s subjective perception of the ability of a system to increase the
performance of a given task. The perceived ease of use is the degree to which
the test person perceives the system’s use as free from physical and mental
strain. Attitude toward using technology is defined as the test person’s overall
affective reaction to using the system [19].

Table 4.3.2 and Figure 4.3.8 show the results for the time to completion.
The following operation errors were made while using the AR interaction
concept:

e Two of the test persons did not spend enough force on the robot to trigger
an input

o After the termination of gravity compensation mode, three test persons
tried to confirm a dialog with a head nod

Table 4.3.1 Mean and standard deviation of the ratings of the usability questionnaire from 1
(very poor) to 5 (very good)

GUI AR
Perceived usefulness  4.33 +£0.50 3.10 +0.91
Perceived ease of use  4.41 £0.22 3.27 £ 0.92
Emotions 4.71£0.28 4.05+£0.73
Attitude 4.57+0.32 3.76 £1.07
Comfort 4.76 £0.50 4.194+0.88
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Perceived Usefulness

GUI ' ———
AR O
1 2 3 4 5
Perceived ease of use
Gul ' ' o)
AR ) —:) .
1 2 3 4 5
Emotions
GUI ' ' ' 0o
1 2 3 4 5
Attitude
GUI ' ‘ ' o
AR
1 2 3 4 b
Comfort
GUI O=®
AR i;
1 2 3 4 6

Ratings from 1 (very poor) to 5 (very good)

Figure 4.3.7 Ratings of the usability questionnaire with mean (o), median (®), upper and
lower quartile (W) and range (—).

Table 4.3.2 Mean and standard deviation of time to completion in minutes
GUI AR
Overall time [min] 3.18 =1.24 6.42 + 1.42
Time PbD [min] 1.224+0.53 1.30+0.55

e Two of the test persons tried to push the robot during a gravity
compensation mode to trigger an input

e One test person moved his head during gravity compensation mode, such
that an unintended head nod was registered

4.3.7 Discussion

4.3.7.1 Objective data

The efficiency was evaluated by means of time to completion and user errors.
When looking at the overall time to completion, users took about twice
as long for the AR interaction concept compared to the tablet interface.
The users were prompted to use the GUI as little as possible during use
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Overall time
GUI ©
AR ——
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Time [min]
Time PbD
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AR | —— o e———
0 0.5 1 1:5 2
Time [min]

Figure 4.3.8 Completion times with mean (o), median (®), upper and lower quartile (H)
and range (—).

of the AR interaction concept. Therefore, the parametrization of the skills,
where the user has a huge number of input options, was accomplished solely
by interacting with the robot. However, the interaction concept provides a
maximum of five options at once, thus a lot of time is needed to navigate
to the desired option. The interaction paradigms of GUIs with sliders, text
boxes or drop-down menus are therefore oftentimes superior to the AR inter-
action concept, especially when there are more input options than interaction
options. Focusing only on the time to completion for subtasks involving PbD,
the durations are comparable for the two concepts. In this subtask, the user
had to interact with the robot in either case and the number of input options
was smaller than five, which is both advantageous for the AR interaction
concept.

As mentioned above, the test persons made several user errors while
using the AR interaction concept. The users were able to recognize that
their approach did not lead to the desired results and were nonetheless able
to successfully complete the task. Only in the case where an unintended
head nod was detected, a repetition of the PbD procedure was necessary
to complete the task.

4.3.7.2 Subjective data

The perceived usefulness of the AR interaction concept is rated clearly
worse than for the GUI on the tablet computer. This can be traced back
to the low efficiency of the system for tasks with a lot of input options
(see Section 4.3.7.1). The observations match the findings in [21], where the
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performance in an assembly task using a tablet computer and a head-mounted
display was compared. Results showed a higher performance while working
with the tablet computer. The small FOV of the AR glasses required to display
the virtual elements in minimum space. This causes an overlapping of icons
and text elements, which possibly led to a worse rating of the perceived ease
of use for the AR interaction concept. Another influence on the perceived
ease of use could be the perception of double images, which was reported
by two test persons. The occurrence of double images can be traced back to
an inadequate calibration of the AR glasses. All test persons regularly use
touch screens and are therefore familiar with the interaction paradigms of
GUIs, whereas AR devices are never or seldom used by the test persons. Even
though the test users executed simple tasks with both interaction concepts
before the actual test task, they had to get used to the new technology during
the study. In [21], test users experienced almost no effects of familiarizing
after four hours of using a head-mounted display. The findings suggest that
there is much more time needed to get used to such a new system, which
could have an effect on the perceived ease of use.

Regarding emotions and attitude, AR is also rated worse than the GUI, yet
still positive. In [16], it is shown, that well-designed systems and a smaller
degree of novelty lead to more positive emotions. Again, a more frequent use
of AR devices could, therefore, lead to more positive emotions and a better
attitude.

All test persons needed glasses for vision aid, which have to be worn
in addition to the AR glasses. One of the test persons reported pain during
wearing the AR glasses. In [22], it is reported that a head-mounted display led
to head and neck pain after prolonged use, whereas lighter and more compact
smart glasses did not. The rating of the comfort of the AR interaction concept
could, therefore, be further improved by using lighter and more compact
glasses.

4.3.8 Conclusion

In this paper, we introduced a novel interaction concept using the robot as
haptic input device together with AR to display context-specific input options.
The conducted user study confirmed our hypothesis about its usability for
certain situations. Tablet computer control is generally fast and intuitive.
However, when the user is required to teaching poses or trajectories using
the robot, the tablet is not within reach. Here, the results of the study suggest
that the AR interaction concept can be advantageous. Still, for the maturation
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of the concept, several improvements are required. Especially the used AR
glasses have hardware restrictions limiting the current usability, but also
the overall robustness can further be improved. The AR interaction concept
cannot serve as a replacement to common touch interfaces but promises to be
a useful extension.

For the future, the input options using a robot can further be explored.
On the one hand, the concepts of end-effector centered, and base-centered
inputs need to be investigated further. On the other hand, more input
options should be considered, to e.g., allow for rotations or pushes at the
elbow.
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Existing industrial robot program interfaces, e.g., teach pendants and com-
puter consoles, are often unintuitive, resulting in a slow and tedious teaching
process. While kinesthetic teaching provides an alternative for small robots,
where safe interaction can be guaranteed, for large industrial robots, physical
interaction is not an option. Emerging augmented reality (AR) technology
offers an alternative with the potential for faster, safer, and more intuitive
robot programming as it admits the presence of rich amounts of visual, in-situ
information. However, too much information may also overload the user’s
visual perception capacity, and it may not provide adequate feedback of the
robot state. We present a multimodal system for trajectory programming
and on-line control, merging AR, electromyography reading, gesture control,
speech control, and tactile feedback. We explore how hidden task variables
such as force can be presented and controlled by the user during execution.
Preliminary evaluation of our system where the user specifies in-situ trajec-
tories with various force profiles showed that tactile feedback is favored over
visual feedback or the combination of both.

4.41 Introduction

For decades, teach pendants, augmented with computer consoles, has been
the de facto interface for programming industrial robots. Over time, this
programming modality has seen little change, mainly due to the infre-
quency of robot programming for fully automated tasks once an assembly
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operation is set-up. However, the recent introduction of less expensive and
increasingly interactive robots has allowed for more flexibility in the manu-
facturing process. Thus, the infrequency of programming and reprogramming
expected for traditional robots may not apply. As an example, kinesthetic
teaching of robots such as Baxter, Sawyer, and the KUKA iiwa allows
for easy and frequent reprogramming, permitting these robots to execute
operations for customized products in small lot sizes, thus, enabling auto-
mated processing for a highly variable product mix. This capacity is part
of an overall paradigm shift were industries that traditionally utilized siloed
robotic manufacturing lines are opening up to the utilization of smaller
scale reconfigurable robots and human-robot hybrid collaborative teams to
handle complex production and assembly tasks. This shift also opens up
opportunities for smaller producers with complex operations and/or small lot
sizes [1-3].

With this shift comes new requirements for flexible and intuitive methods
to reprogram and interact with such robots, in order to ensure safety and effi-
ciency. Along with kinesthetic teaching methods, emerging AR technology
provides a promising alternative to traditional teach pendants for addressing
such requirements. With increasing complexity of industrial robotic systems,
which may not be safe for physical interaction, there is a growing demand
for alternative robot programming user interfaces. The alternative should
provide sufficient capacity for communicating all necessary information to
the user, without adding a layer of complexity that distracts the user from
the task [4]. Traditional programming methods lack such capacity and often
result in a cumbersome interaction. AR enables the creation of a rich set of
user interfaces that are co-located with the robot, allowing the user to have
better situational awareness [5]. Furthermore, it permits visualization and
interaction with hidden process variables that are not exposed to the operator
in traditional programming methods (e.g., force, velocity, acceleration). By
improving the quality of shared information between the human and robot,
we can achieve more effective human-robot interaction [6].

With AR devices and development tools such as the Microsoft HoloLens
[7]1, Epson Moverio [8], and Magic Leap [9] increasingly available,
researchers have explored the use of augmented reality for various tasks
including assembly [10], maintenance [11], repair [12], and training [13]
and found positive results. While augmented reality can provide a rich
amount of visual information, too much information can cause perceptual
overload [14]. Multimodal systems have been suggested to be more effi-
cient due to their similarity with daily interactions [15]. Furthermore, not
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all task-relevant information is best communicated visually. For example,
higher-order motions (e.g., accelerations and jerks), as well as forces and
moments (e.g., friction, torsion) can be difficult to visualize. In collaborative
tasks, humans often utilize multiple inputs and communication channels
including haptics, gestures, and gazes, and studies have shown that using a
combination of communication channels for human-robot cooperation can
achieve more effective interaction [16].

In this paper, we extend our recent work in robot programming [17], by
developing a visual-tactile interface utilizing electromyography signals and
vibrotactile feedback. The user specifies a virtual path on a physical surface
and then controls the robot’s end-effector velocity through the path and the
amount of exerted force. We provide a preliminary demonstration of our
interface in which a user is asked to specify a path and follow three different
virtual force profiles.

4.4.2 Related Work

4.4.2.1 Augmented reality

AR technology has shown potential for improving human-robot interactions
[18] and robot programming [19]. Zaeh et al. [20] proposed an indus-
trial robot programming interface. Trajectories and target coordinates are
projected in AR onto the robot’s environment and can be manipulated inter-
actively. A laser projection technique allowed the user to intuitively draw
desired motion path directly on the workpiece. Chong et al. [21] intro-
duced a methodology for planning collision-free paths in AR environment.
In addition, they proposed the usage of a scalable virtual robot that offers
flexibility and adaptability to different environments when an in-situ robot
programming approach is desired. Their system allowed the user to define
the start, intermediate, and end goal configurations, and preview a simulated
path before executing on the real robot. Green et al. [22] proposed an AR
teleoperating system for mobile robots and compared them with traditional
systems using images from a robot-mounted camera for feedback. Their
AR system provides an exocentric view of the robot and allows for gesture
and speech interaction. They showed that the AR system yields better task
completion accuracy and situational awareness.

4.4.2.2 Force feedback
While the uptake for AR-based robot programming systems is growing, most
current AR systems lack a force feedback channel. However, force feedback
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during task execution is important and informative for achieving task success
[23-25]. Force feedback can be provided visually through a virtual gauge or
meter [26], or through an in-hand haptic device [27]. Using a visual gauge
may be unintuitive since it maps a haptic sense to visual input, while using an
in-hand haptic device requires the user to hold on to the device, removing the
opportunity for the user to complete other work and, if the device is large or
tethered, preventing the user from moving around the workspace to observe
the work.

4.4.2.3 Haptics

Tactile displays offer users an unobtrusive method of receiving information
and has been found to be particularly useful during mentally demanding
contexts. Using haptic feedback with, or in lieu of, visual displays have been
shown to reduce overall mental workload relative to using only visual display
of information [28]. Several studies show that tactile information elicits faster
reaction time and reduces mental effort [29].

Much of the early research in tactile displays have been oriented towards
assisting users in navigating real and virtual environments [29]. However,
this effort has since expanded towards providing cues related to timing [30]
or even user psycho-physiological state [31]. With the rise of wearables and
smartwatches within the past few years, the ubiquity of wearable vibrotactile
interfaces has formatively transitioned wearable haptics from a niche research
area into a commonplace feature for smart devices. Within the context of
this work, our goal is to integrate haptics in an AR interaction system as a
low-attention feedback mechanism to allow users more control over a human-
robot interaction.

4.4.2.4 Gestures

Gestures are widely used by humans as a way of communication, and many
researches have found applications to human-robot interaction. Yu et al.
created a system allowing users to carry out the complex task of controlling
multiple drones using gestures along with position and color information
[32]. Pan et al. explored gestures in the context of human-robot handover and
found certain cues exist that are indicative of an impending handover [31].
Similarly, Moon et al. demonstrated that human hesitation gestures can be
applied to robots for achieving more effective human-robot collaboration.
Haddadi et al., also identified and demonstrated human arm gestures that
can be implemented onto a robotic arm for conveying robot intent in a
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collaborative manufacturing setting [33]. Hence, gesture can be used for
effective communication between humans and robots.

To allow users to intuitively program robotic trajectories and execute
force-relevant tasks successfully, we propose a hands-free, untethered system
combining the use of augmented reality with gesture control and tactile and
visual force feedback. Specifically, in this paper, we propose using multi-
modal control and feedback to avoid overloading single communication
channels. Many robotic tasks require the robot to move along a specified
trajectory while applying a specific force profile along the path. Grinding,
polishing, and welding are examples of such tasks. Here, we evaluate the
usage of visual and haptic feedback to help the user maintain the prede-
fined force profile while controlling the robot to move along a specific
trajectory.

4.4.3 System

4.4.3.1 Hardware

Our system is comprised of two main interaction platforms: the Microsoft
HoloLens, the first untethered head-mounted AR system [7], and the Thalmi-
cLabs Myo armband the first portable gesture-based input device using
SEMG [34]. The HoloLens allows us to render 3D virtual objects in the
physical world and provides speech recognition for audio input from the user.
It can also track the user’s gaze. The Myo armband provides muscle activation
levels read from eight sets of electrodes. It also provides recognition of six
simple hand gestures as well as the arm’s acceleration and orientation. The
Myo armband has a vibrator embedded which can be used to provide tactile
feedback. In our current work, we use our system to control a 7 DOF Barrett
Whole Arm Manipulator (WAM) (Figure 4.4.1).

4.4.3.2 Software

We use the Microsoft HoloLens SDK and Unity for developing our aug-
mented reality application. Robot Operating System (ROS) is used for con-
trolling and interfacing with the WAM and the Myo armbands. The software
package rosbridge is used for communication between the HoloLens and
ROS controlling the WAM.

Our software system allows the user to visualize the robot, create trajecto-
ries using gaze and speech, preview the trajectory, execute the trajectory using
gestures, control the trajectory’s force profile online using muscle activation,
and provides tactile and visual force feedback during execution. We describe
each of these components below.
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Hardware 1

Robot Visualization

Trajectory Creation

Trajectory Preview

Trajectory Execution

Force Control

Tactile Force Feedback

Visual Force Feedback

Figure 4.4.1 System diagram.

Robot visualization: Our system creates a kinematic model of the robot
and renders a virtual robot on top of the real robot in physical space. As the
person moves the robot in gravity compensation mode, the joint angles of the
real robot are sent to the virtual robot. The virtual robot moves accordingly to
match those of the real robot, providing an accurate visualization of the real
robot (Figure 4.4.2).

Trajectory creation: The user’s gaze is tracked by tracking the head
orientation. A ray is traced out in the gaze direction and a red circular
visual marker is rendered at its intersection with the environment. The user
creates a trajectory by looking at key points on the surface in front of the
robot and giving the speech command “set point” to set trajectory waypoints
(Figure 4.4.3).

Trajectory preview: After each “set point” command is given, a green
spherical marker with a blue normal arrow is created and rendered onto
the surface to provide a visualization of the trajectory waypoints. When the
user gives a verbal “lock path” command, a trajectory is generated using the
waypoints x1, . . ., X, with a 3"4 degree B-splines [35] in the form of:

Bi(2) = of (@) B (@) + (1= oy (@) B (@) (4.4.1)
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VIRTUAL OBJECTS

ARM ORIENTATION, EMG
TACTILE FEEDBACK

Figure 4.4.2 A user showcases our multimodal system by following a sinusoidal force
pattern (pink line). The user controls the normal force exerted on the surface (blue arrow)
and the end effector linear velocity by moving his forearm and changing his muscle activation
level.

where,

T — x; 1 ifr; <x <z

k _
vi (%) 0 otherwise

Titk — T4

and BY(z) = {

Trajectory execution: During execution of the trajectory, the robot arm
is constrained to the path using a force controller previously developed [36].
Given the end effector’s current location x and the closest point on the path
x4, a restoring force Fj is applied in the direction of § = 7 X f, where 7
is the normal unit vector and 7 is the tangential unit vector of the path at point
x4. Fs is calculated as

Fy = K, ((x —x4) -§) + Kg (% - ) (4.4.2)

where (Kj,;,) and (Kgp,) are the proportional and derivative gains.
The user controls the robot’s movement along the path using the Myo
armband by moving the forearm left and right. The user begins trajectory
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3. Force and Velocity Control

Figure 4.4.3 During our pilot study the user: sets the desired path using both head orientation
and speech; displays the path profile using speech; and controls the robot arm force and
velocity with a pair of MYO bands.

control by holding the right arm out with the forearm parallel to the ground
and making a fist gesture. When the first gesture is first detected, the yaw
orientation of the forearm 0; is recorded. As the user moves the forearm, the
yaw displacement is measured as d0 = 0 — 0;, where 6 is the current yaw
angle measurement. A driving velocity proportional to d@ is then applied in
the 7 direction to move the end effector along the path.

Force control: The user controls the applied force along the n direction
by varying the muscle activation level. When the system initializes, the user
first squeezes their right hand into a fist with maximum force, and a maximum
EMG reading €4, is recorded. The average EMG activation level at time ¢
is computed as:

8
Eavg(t) = D _&i(t) (4.4.3)
=1

where ¢;(t) is the EMG reading of electrode i on the MYO band at time
t. A smoothed average EMG signal is obtained by averaging ¢;(t) over
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a time window:

Eavg (1) = Ze“fb(t_l) (4.4.4)

The maximum EMG reading £, is taken as the £4,4(t) value measured
three seconds after the user was asked to hold a fist with maximum force to
avoid initial spikes in the EMG reading. The force command is computed as:

é:zwg (t) - é:stcw't

Fy = Flimit (4.4.5)

maz — Estart

where Fip;; is set to 30 N, and €444 1S the &4, value measured at the time
when trajectory execution began (i.e., when the MYO band first detected the
fist gesture).

Tactile force feedback: We created a tactile pattern feedback module for
providing force feedback to the user via the vibrators on the MYO bands.
The module allows arbitrary vibration patterns to be sent to the user’s arm
to signal various force events occurring at the robot end effector. Given the
target force F,rq4e¢ at a trajectory point, and a tolerance ¢, if the applied force
Fopplica is lower than Fiurge¢ — 0, a vibration pattern of quick, short pulses
with one-second rest intervals is given. If F,,;cq is higher than Figpger +
0, then a different pattern of longer pulses with one-second rest intervals is
given. In our study, ¢ is set to 10 N.

Visual force feedback: To be able to compare different feedback mecha-
nisms, we also enabled our system to provide visual force feedback. When
the end effector applies a force to the environment, arrows with length
proportional to the applied force magnitudes are rendered at the end effector
to provide a visualization of the forces in the xyz axes.

4.4.4 Pilot

To demonstrate our system’s usability, we piloted an experiment where a
participant used the system to program and execute a trajectory with a
given force profile. We tested three force profiles with different complexities:
constant, ramp, and sinusoidal (Figure 4.4.4). For each of the force profiles,
we also tested three modes of force feedback: tactile pattern, visual display,
and tactile pattern with visual display.

In the pilot, the robot arm is located in front of a table with grid lines
drawn on it, and the user stands across the robot. In each trial, the user
first creates a 2D spatial trajectory on the table by looking at key points
on the table and speaking the command word “set point”. After the key
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Figure 4.4.4 User’s point of view. The pink line indicates force to follow: A. constant force
profile. B. Ramp force profile, C. Sinusoidal force profile.

points have been set, the user then says “lock path” to generate a b-spline
path through the key points and locking the robot’s end-effector to the
generated path, the robot is now constraint to the path but is free to move
in the path direction. The user then says “display force”, and the desired
force profile is displayed above the 2D trajectory. When executing each
trajectory, the user is asked to first keep the robot arm at the starting point
of the trajectory and attain the target force level. Once target force level at
the starting point has been achieved, the user then proceeds to move the
robot along the trajectory, while trying to follow the force profile. Once
the robot has reached the endpoint of the trajectory, the trial is complete
(Figure 4.4.3).
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4.4.5 Analysis

For each trial, we computed the execution time, t.;c., the maximum absolute
force error, |€|,nq2, the average absolute force error, |e|4v4, and the cumulative
absolute force error, /|.|. The execution time is defined as

tezec = tend — tstm*ty (446)

where ts;q¢ 18 the time when the robot first moves away from the starting
point of the trajectory, and ., is the time when the robot first moves past the
endpoint of the trajectory. The maximum absolute force error is defined as

|€’maa: = max{\e|(t)\t € [tstarhtend]}, (447)
|e’(t) = |Fapplied(t) - Fta’/“get(t)‘7 (4.4.8)

while the average absolute force error is defined as

> lterar lel(?)
|€’avg = ot tjt;llnd] , (449)

and the cumulative absolute force error is defined as

Ig= Y lelt)* At (4.4.10)

[tstarhtend]

4.4.6 Result

The execution time, t.zc., maximum absolute force error, |e|,,q,, average
absolute force error, |e|avg, and cumulative absolute force error, le|s measured
in each trial, and the averages, are shown in Tables 4.4.1-4.4.4 respectively.
Preliminary results show that in all conditions, the user was able to complete
the trajectory within 17s. |e|4,y Was within the tolerance § = 10 N for all
trials, and |e|mq, did not exceed 20 N. The tactile case has the smallest
average [e|maz, |€|avg, and Ijo) among all cases, while the visual case has
the smallest average texec, with the f.,.. measured in the tactile case only
0.1 s longer. Second, to the tactile case, the visual case has the next smallest
I\c|, performing better than the tactile and visual case, while the tactile and
visual case has the next smallest |e|,,q, and |e|qy¢, performing better than the
visual case. Figure 4.4.5 shows the plots of position and force error measured
during the pilot, using the trial with tactile and visual feedback executing a
sinusoidal force profile as an example.
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Table 4.4.1 Execution time, tczc., measured in each trial

texec(s) Line Ramp Sin Avg
Tactile 10.5 10.5 10.7 105
Visual 9.6 12.3 9.5 104

Tactile + Visual 11.3 13.2 16.9 13.8

Table 4.4.2 Maximum absolute force error, |€|maqz, measured in each trial

le|maz(N) Line Ramp Sin Avg
Tactile 16.2 6.1 106 11.0
Visual 12.0 19.8 17.8 13.5

Tactile + Visual  10.3 120 155 126

Table 4.4.3 Average absolute force error, |e|q.4, measured in each trial

le]avg(N) Line Ramp Sin Avg
Tactile 8.7 2.3 32 47
Visual 44 4.7 9.1 6.0

Tactile + Visual 54 4.4 7.0 56

Table 4.4.4 Cumulative absolute force error, /||, measured in each trial

1j¢|(Ns) Line Ramp Sin Avg
Tactile 689 243 339 424
Visual 41.8 464 86.7 583

Tactile + Visual  60.7 434 1189 743

4.4.7 Discussion

Our results showed that the user was able to complete all tasks within a
reasonable amount of time and with |e|q, kept below the chosen force
error tolerance. Thus, our pilot study has demonstrated the usability of
our system. In addition, our data revealed some noteworthy observations.
While one might expect that providing both tactile and visual force feedback
should allow the user to perform best, results showed the contrary. Providing
only tactile feedback yielded smaller force errors when compared to pro-
viding visual feedback or both tactile and visual feedback. A few possible
explanations for these observations are discussed below.

Force is a haptic sense. Thus, feeding it back to the user’s haptic sen-
sory input is a closer mapping than converting it to a form for the user’s
visual sensory input. As a result, a haptic feedback signal may be more
easily processed and understood by the user’s sensory and cognitive systems.
Furthermore, the pathways through which haptic and visual inputs are pro-
cessed by humans and converted into a resulting reaction can be different.
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Figure 4.4.5 Example pilot data from the trial with tactile and visual feedback executing a
sinusoidal force profile.

A visual sensory signal needs to first travel to the brain and be processed
by the brain before it is converted to a motor neuron signal and sent to the
target muscle to generate a reaction. A haptic signal may travel through a
different route known as the reflex arc, in which the input signal to the sensory
neurons travels to the spinal cord, gets processed at the spinal cord, where a
motor neuron signal is then sent out to generate the reaction, without the
input signal needs to reach the brain for processing first [37]. The reflex
arc is shorter than the normal pathway through the brain, and thus, it has
shorter reaction times. In our study, force feedback provided as visual arrows
need to be processed by the user’s brain first before motor signals are sent
from the brain to the arm muscles to generate a corrective reaction for the
applied force. A tactile signal may only need to travel through the reflex arc.
Thus, these could be explanations of why haptic feedback produced better
performance than visual feedback. A potential reason why providing visual
feedback in addition to haptic feedback did not improve the performance
could be that the added visual feedback is imposing an additional load on
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the user’s visual sensory input and demanding more cognitive processing
from the user. The system already provides through AR many other visual
information related to trajectory creation and robot preview. Thus, adding
visual force feedback may be overloading the visual channel.

4.4.8 Conclusion and Future Work

We have created a system utilizing augmented reality, gesture control, and
haptic feedback for intuitive and effective robotic trajectory programming
and execution. To our knowledge, this is the first in-situ untethered, handsfree
system providing online control and feedback for both trajectory and force.
We demonstrated the usability of our system showing that the user was able
to program and execute different force profile trajectories. Preliminary results
showed benefits for using haptic force feedback over visual force feedback or
the combination of both.

In our next steps, we will be conducting full user studies to collect more
data for validating our preliminary results. In addition, we will be testing
the different components in a systematic way, including comparing different
methods for trajectory teaching, different forms of robotic input, and overall
performance of the system on executing different tasks. The outcome of
our work will guide the design of human-robot interfaces utilizing the new
technology of augmented reality towards achieving effective human-robot
collaboration.
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4.5 Augmented Reality Instructions for Shared Control
Hand-held Robotic System

Joshua Elsdon and Yiannis Demiris

Personal Robotics Laboratory, Imperial College, London, UK

This work includes two contributions. Firstly, the accuracy of an untrained
human user completing a trajectory with a hand-held robot is characterized.
We found that designers should expect up to 63 mm error in robot position and
0.18 rad (10°) error in orientation when the user is given augmented reality
guidance. Secondly, we have demonstrated that providing augmented reality
guidance can significantly improve the accuracy of speed regulation, position
error and orientation error by 19.3%, 15.5%, and 39.2% respectively. This is
compared to a situation when the user has full knowledge of the trajectory
expected of them, but no substantial visualizations to guide them.

4.5.1 Introduction

Hand-held robotic systems offer a number of advantages over traditional
stationery and mobile robots. Much of the bulk, complexity, and cost of
articulation and mobility can be absorbed by the human user. This shift of
complex tasks away from the robot can allow for the design of the robot to
be more effective at the elements of the task where the robot adds the most
value. For example, in the situation where the task is to apply a liquid coating
to a large complex object. Rather than having a large gantry-based robot, or
a complex and expensive mobile robot, a human can be used to deploy a
hand-held robot to the correct location, and the precise task of application
and measurement can be performed by the robot.

Such a system may be able to fill a niche between highly precise robotic
arm based spraying robots, typically used on production lines, and highly
trained technicians knowledgeable enough to complete one-off task effec-
tively with manual spray equipment. A hand-held system would offer some
of the precision of a robotic system and some of the flexibility of a manual
spraying system.
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However, in order to have a hand-held system work effectively the robot
and the user must have a shared understanding of the task at hand. Head-
mounted augmented reality is a promising technology for communicating
information to a user whilst allowing them to work with as little hindrance
as possible. This is because by default augmented reality systems allow the
user to see the real world, allowing them to see potential hazards in the
work environment, unlike a virtual reality system that must always take into
account such hazards and make them available to the user in the visualizations
shown to them. Additionally, for tasks demanding dexterity and hand-eye
coordination, such as the spraying task we are considering, augmented reality
allows those functions of the user to not be impaired. Allowing the designer
to focus on improving the experience, rather than finding ways to avoid
hindering it.

This work seeks to provide designers of augmented reality systems for
hand-held robots an estimate of what degree of accuracy they can expect from
the user, as well as providing some preliminary demonstration that augmented
reality visualizations can improve the accuracy and quality of movements
over unguided movements. This was achieved by conducting a preliminary
study of 8 people conducting trajectories that were both guided and unguided.
The system details can be seen in Figure 4.5.1.

4.5.1.1 Project background

This work is a continuation of our work on assisted spraying technologies.
Previously we have presented work [1] on how to automate a single axis
hand-held robot using a receding horizon approach. That work put the
decision-making process in the hands of the human user, then the algorithm
presented chose the best actuation strategy to apply the most liquid over a
given time horizon. This approach can be effective, though it has a tendency
to be greedy, making it difficult for the user to plan a global strategy. This
was demonstrated in our recent work [2], where we performed a user study to
measure the effectiveness of the approach. This study provided mixed results,
some users found the assisted system cumbersome and found themselves
fighting with the system. This work aims to provide the groundwork for
shifting the decision-making capability from the user to the robot, with the
expectation that this will cause less disagreement between the user and the
robot. Further, agreeing on a plan of collaboration as presented in this work,
could allow the development of algorithms for the hand-held spraying robot
that takes a global approach to planning, rather than the greedy, receding
horizon approach.
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Figure 4.5.1 This figure shows a 3rd person view of a user performing a trajectory using
the detailed version of the visualization. The hand-held robot and the mannequin are motion
tracked by an infra-red camera system. This image was taken with the Microsoft HoloLens
and would not normally be visible to a 3rd party. The HoloLens has been added into the image
and foreground elements highlighted.

4.5.1.2 Related work

Gregg-Smith et al. [3] presented a range of experiments comparing the
efficacy of various user feedback methods in aiding the user to position a
hand-held robot at a given location. They tested a monocular augmented
reality headset, a virtual reality headset, and a robot-mounted display, as well
as a novel robot gesturing system. They concluded that all visual feedback
methods performed similarly, both in regard to task completion and user task
loading. However, this study also included a robot that could fully solve the
task once in range of the target. This meant that the user was not required to
perform any precise movements whilst using the robot. They did also present
a non-robotic baseline, where the user must align a wand with the target
position to an accuracy of 5mm and 5° for 200 ms, though this stationary
goal is not informative for our problem of tracking set trajectories.
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4.5.2 Experimental Setup

The experiment consists of 8 trajectories that the users were asked to com-
plete with the hand-held robot, both with a detailed visualization and with
a basic one. The visualizations are shown in Figure 4.5.2. The aim of pro-
viding a basic visualization is to get some understanding in which ways a
detailed visualization could detract from the quality of motion, though for
the purposes of making comparisons the users need some confirmation of
the path they are expected to follow. Hence the simple visualization is a
minimalistic description of the direction they should follow. On the other
hand, the detailed visualization shows the user the plane they are supposed
to sweep with the gantry of the hand-held robot, where they should press
and release the trigger and the speed at which they should be traveling. For
all of the experiments the plane that they should sweep is the same distance
from the mannequin. The mannequin is both physically present and rendered
in the augmented reality system to provide confirmation that the calibration
is working as expected. The speed was also the same for all trails, set at
30cm/s. This consistency was designed such that the user can have a full

Figure 4.5.2 This figure shows both the detailed and simple visualizations used in the
experiments. The detailed visualization has bars which move along the graphic at the speed
that the user is expected to emulate. The user should aim to sweep the gantry of the hand-held
spraying robot across the green section of the visualization, whilst maintaining orthogonality
of the robot to the trajectory. The user is expected to do all of the same things with simple
visualization. The simple visualization is only to help the user remember the direction they
are expected to move the robot along. The blue area has no bearing on this work, though is
defined in previous work [1, 2].
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understanding of what trajectory they are expected to complete, even when
there is only the simple visualization indicating the direction of the path to
undertake.

Each of the participants were asked to complete 8 trajectories, where they
completed each twice, alternating between the detailed and simple visual-
izations. Half of the participants undertook each trajectory with the detailed
visualization first, the other half with the simple one. This interleaving of the
two types of trial is to help ensure the user has a very good understanding of
the parameters of the trajectories (speed, height above the mannequin, etc.)
even when they are not shown these in the visualization.

The trajectory of the spraying robot is captured by an infrared camera-
based motion capture system. The mannequin is tracked also so that the
experimental area can be moved conveniently, though the mannequin was
not moved during the trial for each user.

To ensure the visualizations are located accurately, virtual markers were
manually placed on each of the motion tracking cameras. The reported
location of the virtual markers was compared to the calibrated location of
the cameras provided by the motion tracking software in a manner described
by Ho et al. [4]. This method provides a least-squares approximation of
the transform between the augmented reality coordinates and the motion
tracking coordinates. Each of the virtual markers used the spatial anchor
system provided by the Microsoft HoloLens. This ensured that they would
track any changes in the coordinate system of the AR headset. Though not
measured formally for this work, the accuracy of this calibration method is
roughly 1-2 cm.

4.5.3 Results

The participants in this study were all familiar with the hand-held system and
augmented reality headset used in this experiment and consisted of 2 females
and 6 males. There are two categories of results that are of interest: relative
quality measures and absolute quality measures. Relative quality measures
do not reference the set trajectory, and absolute ones do. This distinction
is important because it would be unreasonable to expect users to match
parameters of a trajectory without being shown them, as is the case with the
simple visualization. However, we can still analyze whether the movement
that they did match the general criteria that were asked of them, namely,
the path should be straight, at a constant speed and the robot should be
orthogonal to the direction of travel at all times. These general criteria match
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Table 4.5.1 A summary of the metrics analyzed, their standard deviations, and the p-value
when considering the proposition “the error is lower in the case of the detailed visualization”

Error Metric Units  Detailed SD Simple SD p-value
Abs. Position mm 63.7 28.8 72.0 30.8 0.122
Rel. Position mm 6.42 308 6.43 3.72 0.992
Trajectory Speed mm/s  73.2 38.3 88.8 39.2 0.0255
Instant Speed mm/s 157 51.6 178 62.4 0.0418

Abs. Orientation rad 0.183 0.111 0.238 0.156  0.0265
Rel. Orientation rad 0.314 0.129 0.350 0.146  0.136

the assumptions that our algorithm uses to find paths in our previous work [1].
All of the results here are summarized in Table 4.5.1.

Position Accuracy: The position accuracy was measured by taking the
measured position of the robot and measuring the perpendicular distance
to the trajectory. This is calculation is shown in Equation 4.5.1, where
D is the distance from the line, S is the position vector of the start of
the line, E the end, and P is the point under consideration. The absolute
value of the distance was taken and averaged over the trajectory to arrive
at the mean error from the trajectory. Participants performed better with
the detailed visualization with an average error of 0.0636 m compared to
0.0720m (p = 0.12).

However, if we look at the error from the best-fit straight line of the
user’s trajectory, we see no difference between the visualization types, both
diverting from the best fit line by an average of 6.4 mm. This shows that the
visualization is not helping to keep the users traveling on a straight trajectory,
trough it does help them stay in the vicinity of the target trajectory.

HSE x PﬁSH
p- 1T """l 45.1)

|52

4.5.3.1 Speed regulation

For all trials, the users were required to move the robot at 0.3 m/s. There are
two metrics that are informative here, error in average speed over trajectory
and speed error during trajectory.

The average speed of the robot (Sirajectory) Was significantly more accu-
rate with the detailed visualization, 0.073 m/s error, compared to the simple
visualization, 0.089 m/s error (p = 0.025). During the movement it was
possible to see some variation in the speed as users were trying to match the
moving bars in the visualization. If we look at the average error during the
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trajectory (Sinstant), the detailed visualization performs better with 0.16 m/s
error compared to 0.18 m/s (p = 0.042). The fact that the instantaneous speed
error is significantly larger shows that the users are better at estimating the
speed over the whole trajectory rather than keeping the correct speed at any
given moment. The method of calculating the average speed error (Strajectory)
and instantaneous speed error (Sinstant) is shown in Equations 4.5.2 and 4.5.3
respectively.

N
1
Strajectory = N (Z 81;) — Starget (452)
=0
1 N
Sinstant = N Z HSZ - Starget” (4.5.3)
=0

4.5.3.2 Orientation accuracy

The users were asked to keep the robot orthogonal to the direction of
movement at all times, and in both versions of the visualization, the direc-
tion required is shown. Therefore, we can have two metrics to measure
the performance of the users’ alignment accuracy, the relative orientation
of the robot in regard to its movement direction, and the alignment with
the requested orientation. In both of these metrics the detailed visualization
outperforms the simple visualization, 0.31 rad vs. 0.35 rad (p = 0.13) for
the relative alignment, and 0.18 rad vs. 0.23 rad (p = 0.026) for the absolute
alignment.

4.5.4 Conclusion

It can be seen that the more detailed visualization allowed the users to perform
better in all of the metrics. Though this is not a particularly surprising result,
the users had access to more information from the more detailed visualization.
However, demonstrating the performance of the chosen visualization over
that of a lesser visualization was not the aim of this preliminary work.
Here we have demonstrated a baseline for user movements with the robot
with effectively no guidance and demonstrated that even a somewhat simple
visualization displaying key information helps the user rather than hindering
them. It is hoped that a designer of a similar system can use the data provided
here to allow them to design assistive algorithms that are using assumptions
about the user’s ability to comply with the instructions given. For example,
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an active head on such a spraying robot should be able to account for roughly
63 mm of deviation from the planned path and an orientation error of 0.18 rad
(10 degrees), when the user has detailed information provided via an AR
headset. However, this would increase to 72 mm position error and orientation
error of 0.238 rad (13.6 degrees) error if provided with less convenient spatial
cues.

Most of the remaining error in moving the robot through trajectories is
likely difficulty perceiving depth and obstruction of the real world by the
visualizations. Future work could attempt to provide visualized feedback to
the user regarding their performance, helping to emphasis the mistakes that
they are making. Further, assistive algorithms for hand-held robots can be
improved with realistic knowledge of the capability of the human user to
comply with trajectory requests.
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The chapter describes the proposed implementation of an augmented musical
reality system that will help increase comradery through musical interaction,
with a focus on comradery between people who are separated geographically
and who hold different political, social, and financial backgrounds. Specific
topics covered in this work are: (1) how to measure comradery and other
emotions through musical interaction, (2) methods for audience interaction
through reactive audio and visual feedback mechanisms, and (3) methods for
keeping the real-time control fast enough, and latency low enough, to allow
for musical interaction.

4.6.1 Introduction

Today’s political and economic climate has increased the division between
the “haves” and “have nots” as well as between people with differing polit-
ical/social ways of thinking. These divide typically happen between people
of differing social, racial, political, and/or economic backgrounds. All of the
latter people are typically separated geographically and thus do not interact
with each other on a day to day basis. These separations are typically by city
and/or city section (i.e. center city, west city, suburbs, etc.). The goal of this
project is to get these people interacting with each other using a common
social mechanism, in this case music. This will be done by introducing smart
connected pianos to urban and suburban environments creating an augmented
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musical reality that allows residence to play music with each other even if
they are in different communities. Our hypothesis is that this interaction will
help increase the connected communities’ comradery and empathy for each
other.

Based on the neurological and behavioral science that music is an effec-
tive pathway to impact on mental states [1-4] as well as physical behaviors
[5-7], we plan on developing an inter-city augmented musical reality interac-
tion framework that can affect people’s way of thinking despite ones social,
racial, political, and/or economic background. The combination has both
technological and social dimensions and will help us answer our overarching
question of “can remote physical interaction increase empathy?”

To answer this question, we will place six connected pianos throughout
three distinct cities, Washington, D.C., Philadelphia, PA, and Fairfax, VA.
These pianos will be outfitted with persistent real-time audio, visual, and
haptic feedback via remotely actuated keys. Each smart connected piano will
be connection to multiple other pianos allowing the user to play with people
from other parts of the city and even other cities. In short, when a person
presses a key on a piano in Washington D.C. the same key will move and
play in Philadelphia and/or Fairfax.

This will encourage interaction with people with different backgrounds
and create comradery between people that would not normally interact. To
allow everyone to enjoy the work, the piano’s music will be (1) streamed
live on the internet (2) will have an interactive phone “app” where people
from around the world can participate in playing the pianos, and (3) will
have live interactive visual projections on structures around each piano where
the interaction will affect the music and thus help include the audience in
the collaborative remote music playing. The proposed public and university
locations for the pianos are e 30th street station and the ExCITe Center
at Drexel University in Philadelphia, PA e Union Station and the Autism
& Neurodevelopmental Disorders Institute (ANDI) at George Washington
University in Washington D.C. e as well as Old Town Square and the Mason
Innovation Exchange (MIX) at George Mason University in Fairfax, VA. An
example of the Smart Connected Piano setup can be seen in Figure 4.6.1.

We also hypothesize that when humans work with other humans remotely,
they will perform better at the given task, in this case, play music, and
they feel more connected/empathy with the remote party. Additionally, we
hypothesize that the correctness of the audio/visual feedback will improve the
seamlessness of interaction between users at each piano location. Finally, we
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Figure 4.6.1 Smart connected piano concept. pianos are connected to the smart connected
piano cloud and share key-movements, audio, and visualizations.

also hypothesized that the “better music” two parties play together will be an
indicator of more comradery they feel towards each other.

The metrics and methods to determine the latter performance measures
are stated in II-A. The data used to make the latter determinations will
come from each of the connected pianos and their audience interface during
the public deployment. Data collected will include e raw audio from the
piano e key press note, velocity, and time from the piano’s keyboard and
e motion/input from the crowd interface. The latter data will be recorded and
stored for later analyses on a remote system.

Our participating community stakeholders will help us with community
engagement, event advertising, and smart connected piano location determi-
nation. Our first participating community stakeholder is The Arts Council of
Fairfax, they will focus on the Washington D.C. Metro Area (D.C./Fairfax).
Our second participating community stakeholder is the University City
District (UCD), they will focus on the Philadelphia, PA area.

4.6.2 Methodology

4.6.2.1 Measuring emotion

Psychologically, one crucial aspect of social interactions is “empathizing”
[8]. Empathizing is the capacity to attribute mental states, such as feelings,
thoughts, and intentions to other people, and to respond to their mental states
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with an appropriate emotion [9-11]. A form of auditory stimulus, called
rhythmic auditory stimulation (RAS), is well-established in neurological
rehabilitation and therapy [12-14]. RAS is a method in which the rhythm
functions as a sensory cue to induce temporal stability and enhancement
of movement patterns by providing a temporal constraint for the patient’s
internal optimized path of motion. In this sense, RAS can be an effective
means for inducing social engagement and emotional activities. Neurological
studies [15—17] have shown that activity in the premotor cortex may represent
the integration of auditory information with temporally organized motor
action during rhythmic cueing. Based on this theory, researchers have shown
that rhythmic auditory stimulation can produce significant improvements in
physical activities [14, 18, 19]. However, we believe a higher-level form of
stimulus, such as music, is required to stimulate the premotor cortex where
strong relevance is found between neural domains for music, emotion, and
motor behaviors. Given that music has shown such a long history of therapeu-
tic effects on psychological [20-23] and physical problems [24,25], we aim
to measure the emotional expressions of a player (with musical emotional
measures), remote player (with musical emotional analysis on the remote
site), and the audience (with behavioral measures) to study the dynamics of
social impact of music.

Musical emotion measures: Emotions are expressed through music via
many different musical features, and many studies focused on Music Emo-
tion Recognition (MER) have shown good progress. We aim to improve
the real-time aspects to bring impacts on seamless human-system musical
interactions. Our research focuses on improving prediction time by using
fast and efficient feature extraction and machine learning methods to accu-
rately extract features from live audio samples and classify the levels of
arousal and valence in the signal to determine the emotion being conveyed.
Both openSMILE [26] and Sinusoidal Transform Coding (STC) [27,28] are
being utilized to extract features from the 1000 Song Database and train our
machine learning algorithms with annotated emotion data from the dataset.

Behavioral measures: To evaluate the participants’ physical activities
and social interaction, we will incorporate metrics from physical therapy and
rehabilitation. For assessing the participants’ gestures and small motions, we
have determined from the literature that the best approach for our problem is
to use the following metrics: range of motion (ROM), path length (PATH),
peak angular velocity (PAV), movement time (MT), spatio-temporal variabil-
ity (STV), and movement units (MUs). ROM is defined as the difference
between the maximum and minimum angles during a trajectory and its
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increase is linked to an increase in the functional use of an afflicted arm
[23,29,30]. PATH is defined as the 3-dimensional length of the path traveled
by the hand and is said to reflect straightness of a reaching trajectory [30].
PAV is the maximum angular velocity that occurs during a trajectory. This
is used as an indirect measure of force, of which an increase would be
indicative more confident motion [30]. MT is the time required to move in
one trajectory. STV refers to the variability of motion as it relates to time
of which is comprised of temporal variability and spatial variability when
correlated [23]. MUs defined in [30-32] are the number of peaks in the
trajectory curvature. These metrics will allow us to characterize reaching
movement to determine whether a treatment is effective or not.

Both the behavioral and musical emotion characteristics will be measured
in two domains of activation (A) and valence (V) in Russell’s circumplex
model [33] as shown in Figure 4.6.2. We will incorporate Matlab and the
OpenSmile [26] in the implementation of STC feature extraction and analysis
models for audio (music) signals for emotion estimation and utilize vision
sensors with OpenPose [34-36] to collect robust behavioral parameters and
analyze the proposed parameters.
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Figure 4.6.2 Russell’s circumplex model of affect.
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4.6.2.2 Visual feedback

The responsive visualizations at each city site will be projected onto a surface
near the piano, in most cases the sidewalk or ground. At the first layer of
response, the visualizations will react to the music being played in real-time,
for example flashing or bouncing with each note. At the second layer of
interaction, a camera will capture the projection space and input visual data
into a live Unity environment that will interpret that data in real-time and
then respond by changing the visualization. The effect of this arrangement
will be that participating onlookers can manipulate and change the projection
through their gestures. For example, a wave of the hand might push away
a field of color, or a stomp of the foot will scatter a group of Koi fish
swimming in a pond. Finally, a third layer of interaction is achieved through
real-time emotional analysis of both the musicians and the crowd using
Dr. Park’s research on gestures and human affect, and those variables affect
the visualizations on a global scale, for example, tinting the hue of the entire
visualization red to represent anger or intensity of affect.

Visualizations will be built and coded in Unity, a game design software
and engine that is quickly becoming industry standard for interactive devel-
opment. The program will be a black box that responds to user inputs by
outputting visual and audio elements into a display, in the same way any
game responds to button or touchscreen inputs by outputting visual data
onto a screen. In our case, the output display is a street projection, and the
primary input data is a human gesture collected by a camera mapped to the
projected display. Additional inputs include the piano keys, as well as affect
and emotional data gathered based on the body language of the piano player
and the various onlookers.

4.6.2.3 Real-time control
To achieve persistent real-time low-latency communication we will borrow
from our prior work in cloud-robotics. In previous work we used a geograph-
ically adjacent cloud server to reduce the distance that the data has to travel,
thus reducing latency [37]. The path that the data takes cannot be specifically
defined, therefore we then implemented a bounty hunting methodology where
we would request the same problem to be solved by multiple servers and only
take the first server to response (i.e. the fastest). This resulted in a 99%+
reliability of real-time deadline data delivery when using five or more servers
with between 85% and 90% on-time arrival probability [38].

For the augmented musical reality via smart connected pianos we need
to get the data from point A to point B at 99%+ real-time low-latency
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delivery rate or the interaction will be negatively affected. The maximum
amount of latency that musical participants can tolerate in a collaborative
music task is varied. An experiment by Waldo showed that 60 percent of
participants reached their latency limit at the 40 ms to 60 ms range, while
the other 40 percent went well over the 80 ms range [39]. These findings
coincide with the research of Barbosa and Cordeiro [40], as well as Boley
and Lester [41], as they also established the 40 ms range to be the threshold
for an optimal performance. This also explains Kon and Lago’s [42] findings
that a propagation latency of 30 ms will be unnoticeable to the audience since
this latency amount is still tolerable. The latter gives us our limitations for
round trip latency for our smart connected piano system.

We will reduce latency by (1) reducing the distance the data needs to
travel by “promoting” a desired shortest distance routing path by connecting
through multiple geographically adjacent servers that approximately form a
line between point A (Smart Piano 1) and point B (Smart Piano 2) (simi-
lar to our geographically adjacent server approach); and (2) using multiple
short paths to increase the probability that one will arrive on time (similar
to our bounty-hunting server approach). This will result in a network of
geographically adjacently connected servers see Figure 4.6.3.

Each smart connected piano will connect to its geographically adjacent
servers. The bounty hunting method will be used to transmit the data. This
means that the data will be sent over multiple paths and only the data that
is received first will be used and the rest will be ignored. We expect to see
an in 99%+ reliability of real-time deadline data delivery when using five
or more signal paths when each path has an on-time delivery probability of
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Figure 4.6.3 (LEFT) Geographically adjacent server setup. Smart piano is connected to
servers closest to it. (RIGHT) Geographically adjacently connected bounty hunting server
system shows how each of the geographically adjacent servers are connected to each other
and share information/data with each other. Geographically shortest path shown in RED.
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between 85% and 90%. The latter is based on the results of our prior work
[38]. We also expect to find that our increase in real-time reliability is at the
cost of using more bandwidth.

4.6.3 Conclusion

The work above described the proposed implementation of an augmented
musical reality system that will help increase comradery through musical
interaction, with a focus on comradery between people who are separated
geographically and who hold different political, social, and financial back-
grounds. As stated, this will be done by introducing smart connected pianos to
urban and suburban environments allowing residence to play music with each
other even if they are in different communities. The specific methodologies
proposed in this work were (1) how to measure comradery and other emotions
through musical interaction, (2) methods for audience interaction through
reactive audio and visual feedback mechanisms, and (3) methods for keeping
the real-time control fast enough, and latency low enough, to allow for
musical interaction. As stated, this is the plan for a large scale augmented
musical reality system that will be implemented in the coming years.
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5.1 Introduction

This chapter will discuss several case studies in developing composition
software and media systems for enactive steering of computational models.
Drawing on past works in computational steering, experiential media sys-
tems, and responsive environments, we make use of an enactivist framework
to guide the development of simulations that can be steered in real-time, that
is in parallel with execution, using whole-body movement by both individuals
and ensembles of unbounded size, providing new opportunities for scientific
communication, hypothesis formation, and decision-making.

In particular, we will discuss a media system known as EMA, or An
Experiential Model of the Atmosphere, as well as the media composition
framework used in its development, SC. SC, in addition to being a framework
for composition of responsive media environments, can also be used as a
suite of scientific computing tools to provide real-time mappings between
different computational sensing and immersive feedback modalities and a live
simulation, serving as easily-understood real-time analogs to common data
visualization paradigms. We have developed SC and systems such as EMA
as potential drop-in components of a scientific computing pipeline, where
existing models can be connected to them, ideally making the only work for
investigators that of choosing the appropriate mappings.

EMA is part of a larger research stream on creating computational
platforms for integrated, gestural interaction with complex models via
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multi-modal interfaces that will allow for fluid human-in-the-loop control
of simulated scenarios. The main challenge to developing such a system is
handling new densities of data that approach a continuous distribution. Our
strategy is that an effectively continuous dynamical systems approach can
provide principles for designing a system able to evolve in real-time to non-
discrete, multi-user gestural control of rich experiential scenarios that tap
embodied, human experience [1-6]. Thus, we seek to develop computational
paradigms that will allow designers to leverage the full potential of the
increasing density of sensors and computational media in everyday situations
by providing a wholly experiential means of controlling and interacting with
dense sensors and media. One way to scaffold our technical and design
imaginary is to use the model of the swimming pool in place of the model
of a graph. How does the water coordinate its activity with the activity of its
inhabitants and the wind blowing across its surface? Many forces modulate its
movement and condition. Some forces are due to people swimming through
the water, pushed by and pushing the liquid surrounding them. Others are due
to the waves on its surface, or currents distinguished by momentum, or in the
case of the deep ocean, salinity, and temperature. Still, others are due to the
wind which acts continuously across a continuous surface — the continuously
extended interface between the air and the water. Note that whereas we may
regard a rock thrown into the water or a swimmer as a compact, point-
like source of motive force, aggregates of entities or even more essentially,
extended continuous fields do not fit this model of an atomic agent. Dyadic
(1-1) relational interaction is a small, sparse subset of much richer fields
of experiential dynamics. Thus, we seek a more ample way to conceive
engagement between different fields of media in a responsive environment.
To fit with this paradigm of responsive media, our method of choosing
appropriate simulations has been to look for computational adaptations of
continuous (e.g. differential geometric or topological) models to the scientific
analysis of dense, heterogeneous environments like weather systems and
urban spaces. These continuous models complement discrete models (e.g.,
discrete graphs) of procedural computation processes. We adopt techniques
from signal processing and computer science that are also shared with
machine perception, fault-tolerant systems, or autonomous systems but we do
so with the distinctive intent to keep human-in-the-loop control of the experi-
ence that can give designers computational paradigms leveraging collective,
embodied experience [1, 2, 7-10]. The three classes of continuous models
we investigate are (1) homogeneous generalized computational physics of
materials, (2) continuous evolution of metaphorical states, and (3) heteroge-
neous atmospheric models, such as models that mix for example agent-based
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Figure 5.1 Layered activity tracking and computational media processing for experiential
environments [38].

models of urban dynamics, models of geophysics, or rule-based systems that
model interventions by large scale sociopolitical institutions, that condition
the lattice models of atmosphere itself. Figure 5.1 elaborates on this model of
dense media, demonstrating how discrete and continuous sensing modalities
can contribute to significantly different experiences in media systems.

We first lay the framework for embodied, enactivist [1, 2, 7, 11]
approaches to the design of computer interfaces, and more generally of
responsive environments augmented by computation. In that context, we will
define what we mean by real-time, multimodal, whole-body, gestural and
multi-person engagement with an immersive responsive environment.

5.1.1 Experiential Media Systems

An important motivation and context for our work is the focus on the whole
experience, in the senses of William James [12], contemporary phenomeno-
logical work on experience [10, 13—-17] and movement-based experience
[18-20]. Under these approaches, experience cannot be decomposed into
a finite number of perceptual or functional component dimensions and
reassembled in some linear superposition of independent features. Senses
of rhythm and of mathematical pattern are examples of such apperceptions.
Despite this irreducibility of experience, this non-decomposability of experi-
ence into “independent” sensory dimensions, there are useful means of ascer-
taining accounts of experience that can be shared objectively across instances:
notably methodological and experimental approaches by Petitmengin [21],
Sha [22,23], and Bregman [24].

Francisco Varela, Evan Thompson, and others introduced the notion of
enactive experience to describe how we progressively construct our sense
of, concepts, and know-how about the material world through engagement
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and empirical experience: “We propose the term enactive to emphasize the
growing conviction that cognition is not the representation of a given world
by a pregiven mind but is rather the enactment of a world and a mind on
the basis of a history of the variety of actions that a being in the world per-
forms” [1]. We extend that cognitivist sense of enaction to a more thoroughly
processualist one of how subjects, organisms [25], technical ensembles [26],
more generally any individuals and their environment co-construct each other
[4,27,28] via structural interaction [29, 30].

Experimental platforms scaffolding such whole experiences — experien-
tial systems and responsive environments — have been built by Sundaram
[31, 32], Sha [33], and others (see survey on responsive environments in
[34]). By embodiment we mean sense-making which is conditioned on one’s
corporeal engagement with the material world. By material, we mean the
union of physical, energetic, social, and affective fields [4,35].

Experiential systems, then, are immersive, multimodal, real time, and
multi-person. Immersivity can be more precisely framed in the phenomeno-
logical distinction between acting, being, sensing in the world without any
reflection — thrownness (geworfenheit), versus the state of being reflexively
aware of one’s stance with respect to the world (called “defamiliarization”
or Verfremdungseffekt in some technical contexts [36]). In this more precise
sense, being immersed in a situation is independent of the sensory modalities
that are being most exercised. One can be immersed in reading a book on one
hand, and on the other, be largely “clinically” disengaged even in a full-body,
physical interaction.

Our experiential systems are designed multimodally, that is, the software
framework for our experiential systems, SC, is designed for integrated, ges-
tural interaction with complex models via multi-modal interfaces that allow
fluid human-in-the-loop control of densities of data that approach a continu-
ous distribution. The system evolves in real-time to non-discrete, multi-user
gestural control of rich experiential scenarios, which tap embodied, human
experience [1-6, 37]. Thus, we leverage the full potential of the increasing
density of sensors and computational media in everyday situations by pro-
viding a wholly experiential means of controlling and interacting with dense
models.

Finally, our responsive environments are all designed for multi-person
use, which requires a different sort of design than extrapolating from the
design of “single-user interaction” where a single user is seated in front
of a screen with keyboard and mouse WIMP interfaces that can only
be controlled by one person at a time. This is a concrete setting for
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designing for human-human and human-system interaction based on ensem-
ble experience and on ensemble activity. Concretely, ensemble interaction
concerns situations where there are three or more human participants so that
we do not fall back on social conventions encoded in dyadic interaction. Also,
this sidesteps human-machine interaction design that is implicitly predicated
on single-user WIMP interface design including web document interfaces
and most non-game “applications,” whether on mobile or desktop computers.
A simple example of ensemble engagement is a group walking in a circle
to stir up the atmosphere or the ocean model to form a large vortex, as in
Figure 5.2.

5.1.2 Steerable Scientific Simulations and Abductive Method

Creative experimental scientific work relies on constructing fresh instruments
of observation in tandem with fresh theoretical interpretations of freshly
observed phenomena. We call this on-the-fly co-construction of theory,
instrumentation and observation, which is characteristic of creative work in
science as well as other disciplines, the abductive method [39—41].

Some computational science applications have also adopted human-in-
the- loop modulation of parameters through the use of computational steering.
In computational steering of simulations, investigators change parameters of
computational models on the fly and immediately (or as close to immediately
as possible) receive feedback on the effect, in parallel with the execution
of the simulation. In practice, computational steering allows investigators
to quickly explore alternative paths of evolution of system state, such as
by introducing exogenous changes to boundary conditions or simulation
parameters.

Computational steering has been applied to the real-time control of
scientific simulations, such as fluid dynamics [42] in general, air safety
[43], flood management [44, 45], particle physics [46], astrophysics [47],
and cardiology [48], and several frameworks have been created for inte-
grating the methodology into new and existing simulations deployed on
high-performance computing platforms, including SCIRun [49], RealityGrid
[50], and WorkWays [51].

We conceptually extend the notion of computational steering to real-time
human-in-the-loop modulation of any computationally modulated environ-
ment where the results are immediately perceived, thus minimizing the
time between configuration and analysis of a simulation. With advances in
dense sensing modalities and experiential media, previous responsive media
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(a) A trio forms warm clouds in a simulation mapping optical flow to an
increase in water vapor and temperature. On the scrim, the condensed liquid
water mixing ratio is sonified by segmenting the field into eight vertical
strips and mapping the field averages and differences to amplitudes and filter
properties of a sample-based audio instrument.

(b) A group walks in a ring around a pivot to simulate a hurricane.

Figure 5.2 Ensembles (n > 3) steering a realtime simulation by coordinated whole-body
interaction. B. Mechtley, M. Patzem, and C. Rawls. Synthesis 2018.

systems have expanded upon these primarily screen-based computational
steering interactions in several aspects:

(1) Embodied, enactive environments allow comparatively unconstrained
engagement with the computation, such as through full-body movement
or the use of physical props or other aspects of the environment.
For example, gestural input can afford more degrees of freedom to
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allow multiple parameters to be controlled simultaneously and physical
props can be used to construct detailed geometry for more varied,
non-parametric boundary conditions.

(2) Applications range widely from basic experiential experiments (e.g.
relation between memory and corporeal movement, or rhythmic entrain-
ment of ensembles of people and time-based media processes) to artistic
installations and performance (e.g. Serra [52] and Timelenses [53]).

(3) Designing for whole body and ensemble engagement implies thick
[5], multimodal, analog and digital engagement with the environment
as opposed to interacting along one or a few dimensions of sensory
perception.

In studying the use of responsive media environments for computational
scientific investigation, our key interest lies in observing what types of behav-
iors in these systems could contribute to scientific practice, such as rapidly
“sketching” hypotheses, perhaps in advance of more numerically repro-
ducible studies. With lowering costs and advances in computing resources,
both in HPC systems and desktop hardware, many of the simulations that
now require HPC systems may eventually be able to be steered at responsive
rates, so we study the use of those models which can currently be simulated
at these rates to get an understanding of where responsive interaction can fit
into future computational science workflows.

5.2 EMA: An Experiential Model of the Atmosphere

As an initial exploration, EMA is installed in the Intelligent Stage (“iStage”)
space in Synthesis at the School of Arts, Media, and Engineering at Arizona
State University: a 30 x 30-foot black box space with a sprung dance
floor, theater grid with 16 DMX-controllable RGB LED theatrical lights
and additional floor-mounted lights, 4 K floor and vertical scrim laser pro-
jections, horizontal ceiling-mounted and vertical infrared-filtered cameras,
infrared light emitters, floor-mounted contact, and boundary microphones,
grid-mounted microphones, and 8.2-channel surround audio. The space is
designed to be modular to support multiple responsive environments with
flexible HD video routing and Dante-compatible audio routing hardware.

As a responsive, steerable model of warm cloud physics, EMA satisfies
many of the objectives of dense computational media that can be steered
through collaborative human gesture and physical configuration of the space.
Additionally, using a physical model of atmospheric dynamics allows us to
explore human interaction with a simulated physical model that leverages
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participants’ existing physical intuition of matter, exhibits phase changes,
and can simulate phenomena at different spatial and temporal scales, all
contributing to a rich set of processes and forms that can be studied by
investigators in the space.

EMA implements an incompressible fluid flow model along with addi-
tional computation of buoyancy, condensation, and evaporation of water
vapor, and thermodynamics. During each timestep of the simulation, the
model allows for external video textures to manipulate the simulated fields,
including air velocity, pressure, water vapor, liquid water, temperature, and
viscosity. Global scalar parameters can also be manipulated in real-time,
such as ground pressure and temperature, altitude, spatial and temporal scale,
specific heat capacities of dry air and water vapor, external wind speed
and direction, and gravity magnitude and direction. For mathematical and
implementation details, see [38].

Note that in EMA, it is possible to condition experiments using physical,
“dumb” props: that is, physical materials that are not embedded with any par-
ticular “smart” tracking hardware. Since computer vision is used not to reduce
a scene into a collection of separate objects, but rather to segment it based on
material properties (for example, amount of IR absorption or visual patterns),
people can construct props of any shape and size using everyday materials.
See Figure 5.3 for some examples. Figure 5.4 shows the detailed interface
the investigator can use to parameterize the simulation, including physical
constants, spatial physical properties such as gravity, external sources of
wind, location of the ground plane, and mappings between sensed activity and
simulated fields in the model, such as forcing wind velocity through optical
flow or mapping presence of objects and bodies as sources of air pressure or
water vapor.

5.2.1 Visualization

The simulation’s fields can then be viewed with a number of different visual-
ization modes, including conventional pseudocolor images given a colormap,
particle flow fields, tracer particles, line integral convolution, vector feather
plots, and additional artistic renderings composed of multiple fields, such as
temperature and different phases of water. The base set of visual mappings
has been developed to reflect conventional scientific visualizations from
familiar platforms such as Matplotlib, ParaView, and MATLAB. Each of
these visualization modes can be seamlessly interchanged using a mobile
tablet interface, and EMA supports layering multiple visualizations, such
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(a) A researcher studies flow between multiple low-pressure regions by placing sheets
of paper, whose silhouette is mapped to a constant reduction in pressure. Particles flow
continuously with the velocity field, depicted by a dense pseudocolor plot. Select tracer
particles are sonified as spatialized voices.

(b) Two researchers study changes to a simulated vortex sheet by narrowing a slit
between two poles. The angle of air velocity is mapped to hue, with a constant external
source of wind coming from upstage. Velocity magnitude orthogonal to the wind is
sonified by averaging the velocity field over a coarse grid and spatializing the sound
according to the grid cell centers.

Figure 5.3 Realtime corporeal interaction with dense, high-dimensional, GPU-accelerated
simulation of atmospheric dynamics. On the order of 100 sound processes provide spatialized
sonic textures with a palpable landscape for enactive, embodied engagement.
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as being able to view flow lines or specific tracer particles on top of a
composite rendering of air temperature, water vapor, and condensed liquid
water. The tablet interface also allows viewers to adjust scaling parameters,
color maps, and compositing in situ without the need to return to a desktop
interface in order to encourage all investigative activity to occur embedded
within the simulation environment.
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5.2.2 Sonification

The sonic affordances of the space can also be used to communicate impor-
tant dynamics within the simulation that may be difficult to attend to visually,
such as spatialized activity of airflow or the position and velocity of moving
tracer particles. We have implemented two modes of sonification in the
environment that allow investigators to sonify activity within regions and
particular points in space. In particular, a field-based sonification tool allows
multiple participants to scale a bounding rectangle around their bodies or
static objects to sonify the dynamics of specific regions of space, as in
Figure 5.5. The underlying field is then subdivided into a variable number
of zones, and the average changes of the field within the zones are then
sent through a multi-channel sample player and filterbank and ambisonically
spatialized around the participants [38].

In a separate particle-based sound synthesizer, individual tracer particles
are simulated in the model, which follows the velocity of the air. Each particle
is mapped to a separate voice, and its speed and direction are mapped onto
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Figure 5.5 Input video routed from any computer, including all simulated fields, can be
mapped to a tuneable bank of resonant bandpass filters. In this example, incoming video is split
into eight segments, and their optical flow and intensity are mapped onto center frequencies
and gains for eight banks of filters applied to loop samples, which are then diffused across the
loudspeaker array. Additional properties allow for tuning the pitch and reverberation of each
audio stream.

different aspects of the synthesized sound. To allow designers or investigators
to choose informative sound textures, they are able to select an audio file or
recorded audio sample which is then sampled with a granular synthesizer. The
angle of velocity of each tracer particle is then mapped to the center frequency
of a resonant bandpass filter, and the speed of the particle is mapped to
the particle’s volume. This mapping is particularly effective at sonifying
sudden changes in particle velocity, such as when it enters a vortex or
suddenly encounters a gust of wind. When a particle is in circular motion, for
example, the synthesized voice will make repeating sweeps up and down in
frequency content. Each particle is then ambisonically spatialized within the
space using the SPAT ambisonic spatialization tool [54] to allow participants
to understand whole-field dynamics when they are visually focused on a
particular region of the simulation.
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5.2.3 Enactive Scenarios

The basic dimensions of our enactive scenarios are the number of people and
props (physical manipulates), the weather phenomenon being simulated and
experienced, the tools or instruments for inspecting or modulating the state
of the simulation.

As earlier mentioned, we distinguish between the experience of one, two,
or ensemble (n > 3) of people co-constructing an experience in realtime
with the steerable environment. Thus, the experiments on how the simulation
is experienced are designed differently and accordingly. For each of three
scenarios, we list recorded experimental behavior from open-ended sessions
working with the model as a solo investigator, a pair, a pair using objects
in the lab space to construct experiments, and as a guided ensemble. In the
ensemble scenario, people dispensed with instruments and used their bodies
to walk in a coordinated way to steer the simulation holistically. These
scenarios include:

Cloud formation and airflow on a horizontal plane: a horizontal sim-
ulation with a ceiling-mounted camera is constructed where each square
pixel corresponds to 900 m? of simulated space, the simulated ambient
temperature is 150 Kelvin, and motion of entities in the space is mapped
to an increase in water vapor, which condenses nearly instantaneously.

Cloud formation on a vertical plane: a simulation with a vertically
oriented camera facing an opposing vertical projection surface is con-
structed where each pixel corresponds to 100 m? of simulated space and
the lapse rate of ambient temperature with altitude is 6.5 K/km with a
sea-level temperature of 288.15 K, resulting in a temperature gradient
ranging from 288.15-241.35 K. Presence of bodies and objects in the
space acts as an obstruction to fluid flow, while movement is mapped to
an increase in water vapor and temperature, causing buoyant lift and
eventual condensation, usually slightly above-head when participants
are standing approximately 5 feet from the projection.

Cloud formation and airflow with wind on a vertical plane: a
simulation parameterized similarly to the previous scenario, but an exter-
nal, constant source of downstage velocity (wind) is added, allowing
participants to observe the effects of airflow around themselves and
objects.

Table 5.1 summarizes a sampling of participatory scenarios we have
tested using the system. [55] contains full details of participant observation
trials, where increasing the number of participants in the space was seen to
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increase joint expressive capabilities, such as through actions as coordinated
movement and manipulation of instruments and sharing objects or physical
space in the eye of the camera. Inclusion of physical instruments in the space,
ranging from isolated objects such as pipes and rope to furniture, such as
stools and tables, allows participants to construct stable fluid boundaries or
affect larger and more complex regions of the simulation than they could
with their bodies alone, such as through spinning objects overhead or jointly

moving large objects between each other.

Table 5.1 Observed experimentation strategies in three simulations

Fluid Flow and Cloud Formation
on a Horizontal Plane

Cloud Formation on a
Vertical Place

Cloud Formation and Air
Flow with Wind on a
Vertical Plane

One person

Spinning with arms outstretched
to produce vortices, clouds.

Using sheets of paper, mapped to
low pressure centers, to direct air
flow.

Walking in circles to produce
vortices.

Swaying side-to-side to
introduce buoyant water
vapor and heat and watch
clouds form.

Raising one or both hands
and moving them parallel
to the screen to introduce
water vapor above the
lifted condensation level.

Walking parallel to the
projection to leave a trail
of buoyant water vapor.

Raising one or both hands
to obstruct wind above
lifted condensation level.

Two people

Walking together in circles to
produce more stable vortices

Walking towards each other with
arms outstretched to collide
opposing fronts.

Holdinig or overlapping
hands and moving hands
down to leave a large trail
of buoyant water vapor.

Standing in order of
shortest to tallest or
visversa to observe flow
up or down an irregular
slope.

Using side-by-side hands
at different heights to
create irregular slops.

Two people with instruments

Manipulating pipes to create an
obstruction with a variable-size
slit or channel to observe effects
on vortex sheets.

Rotating and moving a
vertically oriented
foamtube horizontally to
produce large areas of
buoyant water vapor.

Rotating a large foam
rectangle to observe flow
up a straight incline.
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Table 5.1 Continued

Cloud Formation and Air

Fluid Flow and Cloud Formation ~ Cloud Formation on a Flow with Wind on a

on a Horizontal Plane Vertical Place Vertical Plane

Shaping an airfoil with a rope Placing a sheet of dark
and observing effects on fluid paper close to the camera
pressure and velocity on either to observe flow up a
side. straight incline.

Creation different curves and
shapes with a rope at an oblique
angle to simulated wind and
observing fluid flow along their
surface.

Moving circular tables and stools
into the space to observe flow
around many objects.

Spinning a wand overhead to
create vortices.

Ensemble n > 3
Walking together in circle to Producing cloud masses Producing cloud masses
produce a stable vortex. as concurrent effect. as concurrent effect.

Participating in group discussion
and manipulation of several
objects (sheets of blac paper,
rope, metal tubes) to experiment
and discuss results of different
configurations on fluid flow.

5.3 The SC Responsive Media Library

To facilitate the creation of responsive media environments, we have written
a structured set of software abstractions, SC, that simplifies the physical
sensing of environments and control of media instruments within them. It is
intended to allow modular design that enables designers to rapidly pass
signals between sensors, data transformations, and media; manipulation and
production of dense, continuous media that produce a rich palette of possible
media states; continuous evolution of media that can facilitate production of
dynamic, responsive, rather than static or repetitive media environments; and
designing at the level of metaphor that focuses the attention of developers
on the intended effect of media states rather than underlying mathematical
representations.
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SC is designed to be used by event composers or installation artists
who are not software engineers. The scripting language Max/MSP/Jitter, the
lingua franca for live media scripting, permits the blending of decades of
toolkits for live media processing from developers worldwide, such as cvjit
computer vision [56], MuBu multibuffer audio signal processing [57], SPAT
spatialized audio [54], and Wekinator machine learning [58].

5.3.1 Architecture

The SC software frameworks are built around media instruments: code that
transforms a media stream (typically sound, video, or light) into another
media stream at real-time rates under the threshold of perceptible latency.

Media instruments are redefined continuously by parameters that are
functions of features derived from sensor inputs, internal conditions, or the
metaphorical state of the event. In a typical responsive environment, a suite
of instruments process the time-based field media by mapping multimedia
streams to each other.

Within the SC framework, nearly 300 utilities and instruments have
been created to compose responsive environments, consisting of physical
sensing and actuators, acoustic sensing and multi-channel audio, light-
ing arrays, and streaming video capture and visual projections. SC sup-
ports working between real-time media formats by using a standardized
modular architecture whereby messages, including real-time streams of
manipulated media as well as statistical calculations are passed between
components. In this way, media can be easily interchanged or trans-
muted. To support this style of development, SC has been implemented
in the real-time media programming environment Max/MSP/Jitter to make
all layers of control legible in a common scripting language accessi-
ble to composers, designers, and scientists who do not need to be inti-
mately familiar with the software engineering details and wish to work
across all computational media types. In the following sections, we will
describe a few example objects from each category: audio, video, light-
ing, physical, and intermediate simulations. In addition to the media
instruments, SC provides utilities for manipulating data streams, including
objects for scaling, easing, mapping, interpolating, and ramping signals as
well tools for event detection, time-series analysis, and tools for produc-
ing sequences of data, such as Markov random processes and physical
models.
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5.3.2 Audio Instruments

SC’s extensive collection of audio utilities includes several modules for audio
effects and filtering, and reverberation effects to simulate different acoustic
environments, granular synthesis, synthesis of parameter trajectories and
sequences for pitches and frequency bands, a multi-band filterbank instru-
ment that allows movement within a dense stream of video to manipulate
audio streams, and several utilities for producing audio in different multi-
channel setups aided by IRCAM’s SPAT audio spatialization package [54].

5.3.3 Video Instruments

The collection of video utilities and instruments encompass everything from
grabbing video from different sources to computer vision algorithms for fea-
ture extraction and post-processing of graphical output. SC has abstractions
that wrap methods of reading data from cameras, files, and the Syphon [59]
framework. A cornerstone of the SC package is the array of computer vision
abstractions. These patches cover methods of background subtraction, edge
detection, optical flow, and presence detection. All of these techniques have
been built as GLSL fragment shaders to allow for higher resolution tracking
while still increasing performance in comparison to traditional CPU-based
versions. In addition to methods of quantifying video inputs, SC is also
capable of visualizing the results from simulations. Two notable methods are
through the use of particle systems and vector fields. The particles can either
act as tracers, being guided by the output field of a simulation, or behave
as agents, feeding data back into the system that is moving them. Vector
fields reveal trends of change within a simulation’s output by drawing poles
pointing in the direction of the current delta.

SC also provides methods of modifying visualizations through post-
processing effects. The list includes blooms, blurs, palette-based recoloring,
and temporal shifts. A “time-space” effect produces an image consisting of
delays on a per-pixel basis. The system stores incoming frames of video into
a buffer and uses a mask to determine where in the buffer to sample for each
individual pixel. This temporal processing method allows for a visual history
of any video stream and also opens up opportunities for artistic use of delays.

5.3.4 Lighting Instruments

SCs lighting abstractions rationalize accessing and controlling DMX lights
or other hardware via a common messaging protocol. Pre-built abstractions
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handle everything from scaling incoming data along the response curve of
individual lights to communicating the correct DMX address with the chosen
interface. This allows composers to blend in a state-of-the-art professional
theatrical lighting to produce the highest quality visual qualia.

5.3.5 Physical Sensors and Actuators

The library of physical sensing patches supplies methods of reading and
parsing data from different sensor configurations and controlling physical
media. It includes modules for communicating with a network of WiFi-
enabled development boards that control arrays of ultrasonic atomizers,
interface with a custom bend-sensing glove interface, and parse data from
x-io Technologies XOSC I/O board, which transmits IMU data and the state
of up to ten additional sensors wirelessly via UDP bundled in the Open Sound
Control protocol [60].

5.3.6 The SC State Engine: Continuously Evolving Media

To produce continuously evolving behaviors within responsive environments
using the SC instruments, we have created a state engine utility that allows
designers to determine how the environment will evolve in response to the
sensed state of the environment and current state of the media instruments or
underlying simulations. The purpose is to meaningfully evolve the behavior
of the entire ensemble of rich media instruments suggested by a continu-
ous model of state evolution. We use a continuous dynamical system in
place of Boolean, procedural, or stochastic (probabilistic) logics that are
commonly implemented using finite state machines to provide rich behavior
that responds to arbitrary fine nuance, and evolves robustly to arbitrary, even
unanticipated, activity. Figure 5.6 diagrams the difference between responsive
media systems where mappings between sensing (e.g. video, audio, wear-
ables) are mapped directly to media instruments and systems in which a
continuously evolving state engine acts as an intermediary, where sensors
inputs drive the system state, which in turn directs the behavior of the system.

This continuous state evolution model is not a finite state machine,
because the formalism admits continuous ranges of change and unbounded
continua of possible states: a state can be the formal combination of any
number of ingredient states. The state engine does not describe the state
of component code or physical devices, which we call parameterization or
presets. Rather, in our terminology, a state refers to a metaphorical description
of the event as experienced by the inhabitants in the environment during a live
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Figure 5.6 Left: An architecture for an audio-video experiential media system that uses
manual, preprogrammed mappings between sensing modalities and audio and video instru-
ments. Right: In comparison, SC allows for architectures using high-level descriptors for
potentially multi-modal features to drive a state engine that guides transitions between states
in audio and video instruments. As an example, EMA can both guide audiovisual instruments
but also be guided by the state engine.

event. For example the state of an event could be characterized by terms such
as the beginning, nighttime dormancy, people are bored, or stormy, which
are nominally associated by the composer to combinations of features that
can be derived from sensors (cameras, microphones, photocells, piezoelectric
sensors, etc.). This interpolation of a state evolution layer in between the
sensor data and the parameters controlling the software/ hardware media
instruments allows the composer to design rich behavior while at the same
time freeing her/him from locking that behavior design into a particular
technology or particular technical instantiations.

It is also important to emphasize that the behavior is neither a fixed
sequence (fixed tree of locally determined linear sequences of action) nor
random (stochastic). More profoundly, the designer does not determine what
actually happens, but rather the way the environment will tend to evolve
in response to any activity. Thus, the state evolution acts on the space of
potential, not actual activity. Nonetheless, the designer can condition the
behavior as precisely and narrowly as desired. In practice, this system is best
for medium to coarse qualitative changes in the behavior of arbitrarily rich
complex environments, whereas specific action-response logic can be written
using conventional ad-hoc code.

In practice, SC’s state engine is implemented as an interface where
designers can (a) define a number of states, (b) assign nominal sensor values
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to each state, and (c) bind parameters of the media instruments to these states.
The designers can then arrange the states in a simplicial complex, allowing for
both linear movement between fundamental states and more complex regions
in the potential state space where the current state may be a combination
of many fundamental states. (There is nothing sacred about which states
are fundamental and which are (convex) sums of fundamental states). The
systems state evolves as a function of both the incoming sensor features and
an intrinsic dynamic based on minimizing an energy functional.

The vector distance of current sensor data from the nominal sensor vectors
assigned to each fundamental state contributes to the energy of the current
state of the environment. The physical model then evolves so as to minimize
this energy by adjusting the position of the player state. In addition, several
parameters allow designers to give each state a certain amount of static energy
to fine-tune the contribution of the state to the movement of the player state.
An example of state topology leading an environment through different times
of day and seasons is shown in Figure 5.7.

In this topology, the state of the media environment can move between
several metaphorical states associated with different seasons of the year and
times of day. Within each season, the system state can evolve continuously
between the different times of day, but significant seasonal state transitions
will only occur overnight. In this image, the media environment is experienc-
ing an overnight transition between summer and fall. If this topology were to
drive EMA, for example, each state could be associated with different phys-
ical variables, such as average ground temperature or humidity, associated
with different seasonal climates. The state engine is implemented in a graph-
ical interface that makes it easy for designers to arrange the state topology,
name states, and assign sensor data values and media parameters to each state.

5.4 Moving Beyond Point-and-Click Data Visualization

Responsive, enactive steering provides many opportunities for scientific com-
munication, discovery, and decision-making. With the widespread availability
of high-definition room-scale virtual reality platforms, data visualization will
be a natural candidate for these now commonplace immersive media systems.
However, many of these systems still make use of point-and-click metaphors
from traditional graphical user interfaces. What immersive, real-time media
systems afford beyond an extra dimension for visualization, however, are
interactivity, multisensory feedback, and gestural control. Responsive media
environments provide a rich repertoire of strategies for creating immersive
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Figure 5.7 A dynamical state engine allows multiple system states to evolve continuously in
response to activity within an environment. In this example, four state topologies of humidity,
diurnal and seasonal cycles, and emotional states evolve concurrently to modulate different
aspects of a responsive media environment.

environments that can reach beyond more commonly ocular centric notions
of scientific communication. In addition, these environments have been built
to allow for the type of ad hoc, improvisational activity — that is, play — that
is necessary for creating the potential for discovery in computational models
beyond pre-programmed scenarios or other fixed modes of interaction, such
as through virtual cursors or other appropriations of two-dimensional WIMP
metaphors. In the systems presented in this chapter, we have attempted to
illustrate these possibilities. While An Experiential Model of the Atmo-
sphere presents a highly idealized, simplified atmospheric model compared
to global climate models or other HPC simulations, it has provided a suitable
testbed for developing new means of steering, and we hope that it provides
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some inspiration toward future design of steerable simulations and data
visualization systems.
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Serious games that employ virtual environments are increasingly used in
education and training. Presence, the feeling of immersion in a virtual world,
is considered to be an important element of such games. This paper reports
a study that examined whether interface factors that contribute to presence
also affect players’ perceived performance in the TRUST game. It was found
that frustration is correlated to performance, and that ability to manipulate the
interface and ability to focus are in turn, correlated to frustration.

6.1.1 Introduction

Serious games represent the state-of-the-art in the convergence of electronic
gaming technologies with instructional design principles and pedagogies.

By combining the cutting-edge technologies with the sophisticated ped-
agogical models and theories, serious gamers have tackled areas from cor-
porate training and education through to emergency medical response [1].
Many serious games exploit virtual environments which are widely credited
with enhancing the user experience. In this paper, we report an evaluation of
a serious game, TRUST, developed as part of the Voice Your View project
[2] looking at aspects of presence and performance in a game designed to
encourage democratic involvement in the care of urban environments.
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The broadest definition of a serious game is, perhaps, a game played for a pur-
pose other than entertainment. Zyda [3] provides a broad-stroke definition of
a serious game as “a mental contest, played with a computer in accordance
with specific rules that uses entertainment to further government or corpo-
rate training, education, health, public policy, and strategic communication
objectives”. Serious Games are games designed with the purpose not just to
entertain, but to also solve a problem. These games can enhance learning
by creating engaging and highly immersive experiences for the participants
[4,5]. Other benefits of serious games are:

e Scalability of game environments to large global communities

e Adapt to user requirements

e Closer modeling of user behavior

e Behavioral change

e Flow, feedback, visual and actual realism leading to higher levels of
immersion

e Increased motivation and engagement

e Multimodal integration of interfaces and other technologies (e.g. Al,
haptics, biofeedback, sensors networks, etc.) from convergence, mash
ups, and user/community interaction

The key attributes of such games involve rules of motivation, known
as Self-Determination Theory (SDT). SDT focuses on three interrelated
categories: mastery, relatedness, and autonomy, which address the need to
allow innate growth and wellbeing tendencies to flourish [6, 7]. Serious
games come in different forms such as digital games, virtual worlds, board
games, simulations simple web-based solutions, online virtual environments,
mixed reality games, etc.

6.1.2 Examples

The use of virtual worlds, as a component of serious games is well-
established, with flight simulators being the most generally known. In order
to provide context for the TRUST game, this section describes some exam-
ples of serious games that use virtual worlds to teach participants about
environmental issues and behaviors.

6.1.2.1 Ectopia
Ecotopia [8] is a serious game designed for 124 audience funded by the
Conservation International. It is free to play, and it builds on the popular
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city-building simulation model popularized by games such as Sim City.
The game encourages environmentally conscious behavior in-game and links
with Facebook, in order to create a social interaction around environmental
issues. An interesting crossover between game and real-life happens when
gamers send in accounts of real-life green measures. They get rewarded with
in-game points, which also boost their profile in the social community as
green heroes.

6.1.2.2 Anno 2070

Anno 2070 [9] is a city-building and management simulation game developed
by Ubisoft. The game was released in late 2012. Like previous games in Anno
series, players will settle a city and manage series of small islands in a region.
The game presents several elements addressing environmental issues and
raising awareness. There are two factions in Anno 2070. Each faction repre-
sents its own technology and lifestyle. The first faction is called Tycoon. This
faction can be compared to present human population in developed countries.
Tycoon citizens enjoyed luxurious commodities and lifestyle at expense of
the environment. Tycoon’s technology is focused on rapid expansion. Most
of their technologies involve rapid exhaustion of natural resources and have
negative impacts on the environment. The second faction is called Ecos.
This faction can be compared to the environmental conscious population.
Citizens of this faction promote sustenance lifestyle and most of their foods
consist of vegetarian diets (with an exception of milk products). Ecos citizens
emphasized on clean technology such as the use of solar and wind energy to
produce electricity.

6.1.2.3 iSeed

The Living Stories Project (iSeed game) [10] is a social, online, location-
based, alternate reality game, utilizing user-generated content including
photos and stories brought together through mashups, using Facebook, Twit-
ter, Google Maps and Second Life. This game aims to combine the real world
with the online community by using social sites (i.e. Facebook and Twitter)
and the Virtual worlds by using Second Life. The concept behind the game
is to generate an interactive community wherein players share information
and learn from each other, in accordance with social learning principles. By
sharing this information, we aim to highlight the areas of work of the Eden
Project, allowing new revenue to be created, and additionally to increase the
environmental awareness of the players.
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6.1.2.4 The code of everand

Dunwell et al. [11] present an evaluation of a game-based approach seeking to
improve the road safety behavior amongst children aged 9-15 within the UK,
made available outside of a classroom context as an online, browser-based,
free-to-play game. The Code of Everand game was made available from
November 2009 to November 2011, accessible through a player embedded
within a web page. As such, the interface was constructed to be operated
using a mouse on a desktop PC. Prior to launch, it was promoted through
online search and display advertising on child-oriented websites. The game
was played by approx. 100 k players.

6.1.3 TRUST Game

This paper presents an evaluation of the presence in a serious game that uses
a virtual environment. The game studied is the TRUST game developed in
conjunction with the Voice YourView project [2]. The game’s intention was to
create a democratic space, in which citizens could democratically transform a
virtual space (which represents Far Gosford Street, Coventry, UK) to show the
local authority, planners and police, the issues which mattered most to them.
The game is considered suitable to examine the relationship between presence
and performance because the virtual world in the TRUST game represents a
real-world space, and the actions players carry out are real-world actions,
which do not require a high level of skill. Therefore, players can be expected
to have comparable expectations of their performance of the tasks.

The complexity of the policy-making environment requires innovative
solutions, which integrate knowledge from a range of areas, particularly from
the citizens themselves. In most cases, evidence is hard data (facts, trends,
survey information) and secondly the analytical reasoning that sets the hard
data in context. The RCUK funded VoiceYourView [2] project recognized
a gap in knowledge and its throughput into policy. Citizens, the users of
public spaces have more firsthand, tacit knowledge about public spaces than
officials. Yet their voices may never get heard or noticed. Citizen engagement
events tend to be poorly attended or attended by an unrepresentative sample
of the population. Contemporary policy articulation requires an active citizen,
who is the co-designer of the policy and the main evaluator of the policy
changes and decisions, and it needs to be inclusive. A cooperative virtual
environment for the exchange of ideas was conceived as an easier way
for citizens to articulate their concerns and display these concerns next to
the location they related to.
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The TRUST game idea was developed during a two-day hackathon spon-
sored by the VoiceYourView project. Its intention was to create democratic
space, in which citizens (i.e. the users and residents of Far Gosford Street,
Coventry, UK) could democratically transform a virtual space to show the
local authority, planners and police, the issues which mattered most to them.
In doing so, TRUST provided a mechanism for bridging the gap between
citizens and local authorities.

The first stage of development was to create a virtual space that was a
good representation of the real world, physical space. The second stage was
to create a usable, attractive game that could be configured by users and which
they had an incentive for returning to. This was done using Unity 3D [12] due
to its ease of assembling different graphics modules independently, creating
a collaborative environment between different developers.

In terms of awareness of visual and environmental pollution, it was easy
to degrade the virtual Far Gosford Street by adding pollution and showing
how easy it was to effect positive changes, e.g. by picking up litter. As the
game progressed, citizens who completed the tasks were awarded credits that
they could allocate to make changes to the public realm e.g. to improve street
lighting or adding more rubbish bins. Those items attracting most points
(from all users) would be changed in the virtual realm and an automatic
request sent to the local authority requesting areas in which citizens wanted
improvements to be made.

The user interface includes a functional main menu, as a starting point,
and presents the environment in which the game takes place. After connection
to the database, the player is introduced to the 3D representation of the game.
Players can walk around the 3D world, clean graffiti, interact with game
objects, links, as well as interact with other players. An overview of the user
interface is shown in Figure 6.1.1.

Players were also encouraged to tailor their avatars, though in a much
more basic manner. Secondly, players are given an area of the game envi-
ronment in which they can tailor objects and develop them in a manner of
their choosing. Finally, they are encouraged to collaborate and communicate
with each other. To achieve this, a chat mechanism is built into the game and
posts from other players can be pinned to owners’ objects in the freeform
area. This allows players to like or dislike the location, style or the objects
themselves. Besides, two important entities of Trust are considered to be the
teleporting portals. They are outstanding objects (in the current version they
comprise of sculptures) that form a pathway between the virtual and the 3D
representation of the player’s real world. By clicking them, the player issues
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Figure 6.1.1 Screenshot from the user interface of TRUST.

the loading of the other and it is immediately carried to the other world as
requested.

6.1.4 Presence

A key measure of the success of a virtual environment is presented. Presence
is defined by Wiebel et al. [13] as “the subjective feeling of immersion in
a virtual environment”. It’s roots, as a concept are usually traced back to
Minksy’s [14] notion of telepresence, which refers to the feeling of operat-
ing in a remote location. Ijsselsteijn et al. [15], distinguish between social
presence, such as one might feel communicating in a chat room or by video
conferencing, and physical presence, “the sense of being physically located
somewhere”. In computer games, both forms of presence may contribute to
the player experience, through interaction with other remotely located players
or non-player characters, and through the illusion of playing in an imaginary
world or simulated space.

Presence is of interest in the study of games, in part because its impact on
the quality of the user experience, and in part because of the open question of
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its links to other measures, in particular performance. Weibel et al. [13] report
a positive relationship between presence, flow (as defined by Csikszentmihaly
[16]) and enjoyment in games. Schuemie et al. [17], in their review of
investigations of presence in therapeutic applications of virtual reality, note
that, while presence has subjective effects, such as intensifying the emotional
reaction to a virtual experience, evidence of a relationship between presence
and task performance is lacking. Furthermore, Slater [18] makes the case
that there are no logical grounds for presence and performance to be linked
since individuals with different levels of skill perform differently in the real
world.

Applying these findings to the context of serious games, we might expect
that presence would heighten players’ pleasure, or engagement with the
learning experience, but not impact their performance on the task. Although
regular game players report that immersion in virtual words is a pleasurable
experience [19], the players of serious games may be irregular players or non-
players. However, considerable effort is devoted to building virtual worlds
for serious games. In cases such as flight simulators, it seems reasonable
to assume that a high level of presence in the virtual environment will
improve the transfer of learning to the real world. However, there may be
other cases where lower fidelity worlds are sufficient to support learning.
For this reason, we argue that the relationship between presence and task
performance in serious games warrants further investigation. In particular,
we examine whether specific interface factors, which contribute to presence,
also contribute to performance.

The use of questionnaires to measure the subjective experience of pres-
ence is well-established. Works that have introduced measures are sum-
marised in Schuemie et al. [17]. Slater advocates the Immersive Tendencies
Questionnaire (ITQ) [18], Usoh et al. [20] address participants’ sense of
presence, per se. Kim & Biaoca [21] address perceptions of ‘arrival’ in
and ‘departure’ from a virtual world. Witmer & Singers’ [22] Presence
Questionnaire (PQ) asks questions relating to Control factors, Sensory fac-
tors, Distraction factors, and Realism factors. It has been noted, Slater [18],
that the questions of the PQ do not directly address presence. Instead, its
focus is on factors that are believed to influence the user’s perceptions
of presence. As such, it is a relevant instrument for interface design-
ers, as its results point towards elements of the interface which may be
improved.
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6.1.5 Performance

What constitutes the performance of game players is, on one level, dependent
upon the goals and desired outcomes of the game. Connelly et al. [23] identify
a number of typical learning and behavioral outcomes of serious games,
which include acquisition of knowledge and skills, but also motivational
outcomes and behavioral change (it is the latter type to which the TRUST
game belongs). Bellotti et al. [24] review a range of methods for in-game
and post-game performance assessment. However, in the TRUST game, the
activities participants undertake in the virtual world, picking up rubbish,
cleaning graffiti, etc., are of an everyday type, which we would expect people
to be able to do in the real world. Therefore, the performance of players at the
tasks is not especially relevant: we expect all the players to accomplish all the
tasks.

There is another level at which to view performance, which is performed
in the game. For serious games the users may be casual or infrequent gamers,
for whom the approachability of games [25] is more critical than for regular
gamers, who have more familiarity with game mechanics and controls. Any
feeling of presence in the virtual world is liable to be undermined by a player
having to give significant attention to the user interface and its controls.
Therefore, a poor user experience, one which impacts the ability to operate
in the virtual world, could be expected to affect players’ perceptions of their
own performance. It is this aspect of performance that concerns us here.

Performance was measured using the NASA Task Load Index (TLX)
questionnaire, Hart and Staveland [26]. This is a well-established instrument
that has been used in at least 550 published studies in the 20 years since
it was developed [27]. The NASA Task Load Index assesses workload on
six scales: Mental Demand (nl), Physical Demand (n2), Temporal Demand
(n3), Performance (n4), Effort (nS) and Frustration (n6). The scales range
from 1 to 21 where: one to five (1-5) represents a “low” rating, six to eleven
(6-11) represents “normal”, twelve to sixteen (12—16) represents “high”, and
seventeen to twenty-one (17-21) represents a “very high” rating.

The TLX measures are self-reported, subjective evaluation of perfor-
mance and workload. Since the tasks the participants undertook were not
complex (removing graffiti, picking up rubbish) it was expected that most
participants could complete them all in the real world. Subjective reporting
indicates how well the environment supports the participant in carrying out
the simulated task.
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Figure 6.1.2 Overview of the tasks.

6.1.6 Method

The TRUST game was evaluated with 30 healthy participants. Demographic
data collected from the participants included name, age group (minimum of
18 years), gender, current status, educational qualification, extent of daily
computer usage. Participants were asked to read and understand the “Intro-
duction to Task” instruction manual before they performed the eight tasks
specified on the manual whilst thinking out loud. The tasks were ‘real-life’
task scenarios and the tasks were presented in numerical order. Participants
were instructed to stick to the script and could ask questions where necessary.
It was also clearly stated to participants that it was not obligatory to complete
one task before moving on to another, but they could perform all the tasks in
any numerical order, which made them feel comfortable.

The eight tasks (Figure 6.1.2) that were asked from the participants are as
follows: (1) Download the Unity Web Player; (2) Start the game; (3) Navigate
through Far Gosford Road and find the first bin bag; (4) Continue navigation
and empty the second bin bag; (5) Locate the treasure chest and open it;
(6) Locate Graffiti on Far Gosford road; (7) Locate Gogo Pizza; and finally
(8) Navigate through all the way around and clean a different Graffiti on the
wall.

Following completion of the tasks, two different questionnaires were
given to the users. The first one aimed at testing their presence in the game
while the second one measured their cognitive workload while playing the
game.
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The version of the Presence Questionnaire (PQ) used for this study con-
tained twenty-six (26) questions, rated on a scale of 1 (poor) to 7 (excellent).
These were used to assess the users’ opinions and experience with the system
they interacted with. It considers the overall reactions of participants to
the system with specific emphasis on the experience of the serious game,
and usability issues such ease of control. Some of the questions have been
rephrased slightly to make the questions easier to understand and more
specific to the games. For example, the question which in Witmer & Singer
[22] reads “How involved were you in the virtual environment experience?”,
reads “How involved were you with the experience of the game?”.

6.1.7 Results

In this section, we present summary statistics of the results of the two
questionnaires.

6.1.7.1 Presence results

Figure 6.1.3 summarizes the results of the presence questionnaire PQ.
The plot shows question numbers on the x-axis, with average score (orange
bar) and standard deviation (whiskers). Only four of the questions had a
user rating below three (3, which are questions ql5, q19, q20, and q22.
These questions concern delays, interference, and distraction from the task,
therefore low responses are good for these questions.

As mentioned above, most of the questions of the PQ are directed at ele-
ments of the interface, which research has suggested are likely to impact upon
the presence experience. However, some interrogate the presence experience
more directly. The results for those questions are as follows (note that all have
means above 4 and most are above 5).

e ql4 “How involved were you with the experience of the game?”, mean

5.2
e 21 “How completely were your senses engaged in this experience?”
mean 5.53

e 24 “Were you involved in the experimental task to the extent you lost
track of time” mean 4.47

e 25 “Were there moments during the experience when you felt com-
pletely focused on the task or game?” Mean 5.57
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Q1. How much were you able to control events?

Q2. How responsive was the game to actions that you initiated (or performed)?

Q3. How natural did your interaction with the game seem?

Q4. How much did the visual aspects of the game involve you?

Q5. How natural was the mechanism which controlled movement of the game?

Q6. How compelling was your sense of the game moving through space?

Q7. How much did your experienceswith the game seem consistent with your realwaorld experiences?

Q2. Were you able to anticipate what would happen nextin response to the action that you performed?
Q9. How completely were you able to actively survey or search the game?

Q10.How compelling was your sense of moving around the game?

Q11 How closelywere you able to examine the game?

Q12 How well could you examine the game from multiple viewpoints?

Q13 How well could manipulate the game?

Q14 How invalved were you with the experience of the game?

Q15. How much delay did you experience betweenyour actions and expacted cutcomes?

Q16 How quickly did you adjust to the experience?

Q17.How proficientin moving and interacting with the game did youfeel at the end of the experience?
Q18 How much did the visual display quality interfere or distract you from performing the assigned tasks?
Q12 How much did the control devicesinterfere with the performance of assigned tasks or with other activities?
020, How well could you concentrate on the assigned tasks?

Q21 How completely were your senses engaged in this experience?

022.To what extent did external events distract from your experience of the game?

023, overall, how much did you focuson the game?

Q24. Were you involvedin the experimental task to the extent that you lost track of time?

Q25. Were there moments during the experience whenyou felt completely focused on the task ar game?
Q26. How easily did you adjust to the control devicesused to interact with the game?

=]
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Figure 6.1.3 PQ results.

6.1.7.2 NASA TLX results

Figure 6.1.4 illustrates the results of the workload questionnaire TLX. It is
notable that in response to the performance question “How successful were
you in accomplishing what you were asked to do?” sixty-six percent (66%)
of the users rated their performance as low (1-5) range, ten percent (10%)
of users rated their performance as normal (6—11), seventeen percent as high
(12-16) and the remaining seven percent (7%) as very high (17-21).
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Figure 6.1.4 NASA TLX graphical results.

Twenty per cent (20%) of the 30 users who tested the game reported that
the serious game had a low mental demand, forty-three percent (43%) of the
users said the game required a normal mental demand, thirty percent (30%)
of the users tested said the game had a high mental demand and seven percent
(7%) of the users claimed that the game’s mental demand was very high.

The next question related to how physically demanding the tasks were
for the participants. Sixty-four percent (64%) of the participants showed
that the game had low physical demand, twenty-three percent (23%) of the
participants said the game had normal physical demand, thirteen percent of
the users said the game had high physical demand and zero percent (0%)
i.e. none of the participants, said the game had a very high physical demand.
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Next, an assessed measurement of how hurried or rushed the paces of the
tasks were for the participants was quantified. Forty percent (40%) of the
participants mentioned that the game had a low temporal demand, thirty-four
percent (34%) of the users that the temporal demand of the game task was
normal, twenty-three percent (23%) of the users that the game had a high
temporal demand and only three percent (3%) of the users said the task had
a very high mental demand.

‘Effort’, aimed at measuring the amount of hard-work the participants had
to do to achieve their performance level. Thirty percent (30%) of the users
said that the effort required for the task was low, another thirty percent (30%)
claimed that the effort required to accomplish the performance level of the
task was normal. Similarly, yet another thirty percent (30%) of the users said
that the effort required for the task was high and ten percent (10%) of the users
said that the effort required for the tasks was very high. The final question,
“frustration’ aimed at assessing how insecure, discouraged, irritated, stressed
and annoyed the participants were whilst performing the tasks. Sixty percent
(60%) of the users said that the frustration level was low, twenty-three (23%)
of the users said that the frustration level of the tasks was normal, ten percent
(10%) of the users said that the frustration level of the game tasks was high
and seven percent (7%) of the participants expressed a very high frustration
level.

6.1.8 Analysis

The majority of responses to the PQ suggested that the elements of the
interface work well and would be expected to contribute to an experience of
presence. This is supported by the positive responses to questions which more
directly interrogate the experience of presence. The TLX results, however,
demonstrate that the participants’ subjective assessment of their own perfor-
mance is not high, with only twenty-four percent (24%) of users responding
with a high or very high rating. In this section, we analyze the results in
more detail, looking for patterns in the responses to questions that can refine
our understanding of whether specific interface factors, which contribute to
presence, also influence performance. The analytical methods used are a
correlation matrix, used to analyze all the responses, and parallel coordinates
used on responses to questions identified from the correlation matrix for
further visualization.
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6.1.8.1 Correlation

A correlation matrix (r) was produced between user responses to the ques-
tions. All the questions of both questionnaires were included. The correlations
are presented visually (Figure 6.1.5) using a node/edge graph layout, with
questions represented as nodes and r values as edges. The display was
produced using Cytoscape 3.4.0 [27] and uses Prefuse force-directed layout.
Thickness of edges denotes the strength of the correlation between responses
(strong red r > 0.595, medium 0.495 < r < 0.595, weak 0.40 < r < 0.495)
dashed lines denote a negative value of r with strength represented by thick-
ness in the same way. Blue nodes are the PQ questions (q1—q26). Green nodes
are the TLX questions (n1-n6).

Most of the PQ questions are positively correlated to at least two other
PQ questions forming a densely connected network. Of the four questions
which had low responses (mean below 3), three of the questions (q15, q19,
g22) sit on the periphery of the network. Of these q19 and 22 form a pair
with a strong correlation to each other. The remaining question, q20 (“How
well could you concentrate on the assigned tasks or required activities, rather

q24 n2
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Figure 6.1.5 All correlations between questions.
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than on the mechanisms used to perform those task or activities?”), forms
part of a subnetwork of six nodes (ql, g5, q11, q13, q14, q20) which address
aspects of control and the ability to examine and manipulate the game.
The second subnetwork of strongly correlated responses (q3, q4, q7, q9)
concerns naturalness, consistency with the real world, and visual aspects of
the game.

Four of six of the NASA TLX questions form a disconnected clique.
Within this clique Effort (n5) has strong correlations to Mental Demand
(nl) and Temporal Demand (n3). This conforms with wider experience
of the TLX, where the correlation between the TLX measures is com-
monly reported [27]. Intuitively, a connection between demand and effort
seems reasonable. Disconnected from this group, Frustration (n6) and Per-
formance (n4) form a strongly correlated pair. This is counter-intuitive,
as higher levels of performance are accompanying higher levels of frus-
tration, and vice versa. We note that both these were rated low by the
majority of participants, therefore it is not that participants are typically
highly frustrated but performing well. Rather they are relaxed and low
performing.

There are only four correlations between the PQ questions and TLX
questions. All of them are negative correlations and none of them are strong
correlations. Performance (n4) is negatively correlated to one PQ question,
which is q16 “How quickly did you adjust to the experience?”. Participants
who rated their performance high (the minority) tended to report that they
adjusted slowly to the experience (the minority) and vice versa. Frustration
(n6) is weakly negatively correlated to three PQ questions: q1, q13, q23. Both
ql and q13 are in the previously identified subnetwork of strongly correlated
questions concerning control and manipulation of the game: participants
who found the game hard to control or manipulate experienced Frustration.
Frustration is also negatively correlated to q23 “Overall how much did you
focus on the game?”: participants who had low levels of frustration were able
to focus.

From this analysis we identify one region of interest (ROI) which
demands more detailed investigation. This is the part of the correlation matrix
which has correlations between NASA TLX and PQ questions, namely the
nodes n4, n6, ql, q13, q16, and q23. This is the part of the analysis which
links participants’ perceptions of their performance to the game design and
its ability to create Presence.
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6.1.8.2 Parallel coordinates

Parallel coordinates [28] stack multiple vertical axes, each representing a
different dimension of the dataset, in this case a question. Each partici-
pant’s responses are represented as polyline which intersects each axis at
the value of that participant’s response. Vertical axes can be added, removed
and reordered from the analysis in the analytical package (we used HighD
https://www.high-d.com/). The overlay of multiple participants’ responses
across the dimensions produces visual patterns, which allow us to build a
more nuanced view of the data that can be gained from the correlations
alone. We use it here to explore the responses in the ROI identified above.
Figures 6.1.6 and 6.1.7 show the same pattern of polylines, but each is filtered
in a different way, according to responses to the TLX questions, to show
subsets of polylines. An axis shows the full range of the relevant scale (1-7
for PQ, 1-21 for TLX).

We know from the correlation analysis that Performance (n4) has a strong
negative correlation to q16 (How quickly did you adjust to the experience?).
The parallel coordinates visualization (Figure 6.1.6) gives a more detailed
view of this. The upper chart shows the plot lines for participants who rated
their performance above the midpoint of the scale, (24% of responses). While
all the responses are in the upper half of the scale for q16 (indicating no
issue with speed of adjustment), the lines form a clear crossover pattern.
This would imply that the longer they took to adjust the better players rated
their performance. The lower plot, filtered to show for the participants who
rated their performance below the midpoint, shows no crossover pattern, but
we can see that players who rated their performance as low report speed of
adjustment in the same range as those who rate their performance as high.

6.1.9 Discussion and Conclusions

This study had inherent limitations, chiefly that only one game was evaluated
with 30 participants. However, the results were evaluated in a systematic way
using two methods of analysis to probe the data. In this way, we identified
links between interface factors that affect the presence and the Performance
and Frustration factors of the NASA TLX.

Performance and speed of adjustment are negatively correlated, as those
participants who perceived they performed well at the TRUST game, reported
taking longer to adjust to the experience. However, the more detailed visual
analysis suggests that the strong negative correlation may simply result from
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Figure 6.1.6 Parallel coordinates plots, above filtered for high responses on performance
(n4 = 11—21), below low (n4 = 1-10).

the fact that the speed of adjustment of most participants is in the upper half
of the range, whether they rated Performance as high or not.

On the other hand, the strong correlation between Performance and
Frustration was supported by both the analytical approaches. This identifies
high levels of Frustration as a partner, and potentially a cause, of good
perceived Performance. The correlates of Frustration found in this study were
difficulties in manipulating the game, and inability to focus on the game.
These are assumed to operate independently of each other, given they are
only weakly correlated to each other.

This is counter-intuitive: should developers stop trying to help inexperi-
enced and infrequent players, and instead make games hard to manipulate and
distracting? There is an alternative hypothesis: if a player is highly motivated
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Figure 6.1.7 Parallel coordinates plots, above filtered for high responses on Frustration
(n6 = 11-21), below low (n6 = 1—10).

to perform well, they may strive harder and be more inclined to get frustrated.
A player who is comfortable to only achieve moderate performance may
try less hard, and so experience less frustration from imperfections in the
game controls. We cannot test this hypothesis with the data we have available
from this study but would advocate including questions about motivation and
attitude in future studies.

As serious games that employ virtual environments become more
important in training and education, they will increasingly be used by players
who do not regularly play such games for entertainment. However, the
counter-intuitive linkage between Performance and Frustration identified in
this study highlights the importance of user experience design within serious
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games. Helping inexperienced and infrequent players to manipulate the envi-
ronment in the game and to remain focused is an essential part of the game
developers’ task.
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Virtual reality can provide a safe and consequence-free environment to train
persons with cognitive disabilities on job-related tasks. This paper is an
extension of the “Virtual Reality for Vocational Rehabilitation” (VR4VR)
system described in [1]. VR4VR is a virtual reality system that aims to
train and assess individuals with disabilities on vocational skills in several
virtual environments. It has a stationary setup which requires a few hardware
items that can be considered costly for common use and requires dedicated
space for permanent placement of the hardware. It is always a challenge for
individuals who live far from the facility to use such a system when needed.
To overcome these drawbacks, we have developed a “Portable VR4VR”
system that serves the same purpose as the VR4VR but can be carried and
deployed quickly in a small space of 10 by 10 feet. The new portable system
is lower in cost and has minimal hardware requirements, which can be easily
made available. This increases the availability and access to the system. In
this paper, we present the Portable VR4VR system and present new testing
results that include assessment scores of a cohort of 10 individuals with
Autism Spectrum Disorder (ASD) and training scores of an individual with
ASD. individuals with different disabilities. Although comparative statistical
analyses are needed for robust conclusions, we find the results, comments of
the participants and the vocational counselors who accompany participants
throughout the user study sessions promising in the new Portable VR4VR’s
effective use in vocational training of individuals with ASD.

6.2.1 Introduction

About 50 million people in the United States (U.S) live with some form
of disability [2]. The disability statistics in the U.S for 2016 states that
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12.8% of the base population (319,215,200) have some form of disability [3].
Another report shows that out of 20,886,200 individuals who were surveyed,
only 36.1% of the population with disabilities in the age group of 18 to
64 were employed [4]. Having a long or short-term disability or condition
makes it difficult for individuals to get opportunities for employment, as they
may find menial tasks challenging, such as socializing, navigating safely
in an environment, managing time and organizing things. On the other
hand, these challenges may create a prejudice on the employers as they
may have a biased mindset or hesitations about employing individuals with
disabilities. Nonetheless, as they were surveyed, over 66% of unemployed
individuals with disabilities stated that they would like to be working [5].
Being employed is important since it was shown to provide a sense of
self-achievement and economic independence in life [6, 7]. We believe this
calls for endeavors in helping to create more employment opportunities for
individuals with disabilities.

Training may play an important role in eliminating several barriers, such
as prejudice in employers, safety concerns, time and travel-related costs. This
work aims to utilize virtual reality to provide individuals with disabilities easy
access to high-quality job assessment and training, and ultimately help more
individuals with severe disabilities get increased employment opportunities.
The main advantage of the VR4VR system is that it offers individuals
with disabilities training in a controlled environment. This means that all
hazard risks associated with real job places such as moving mechanical
parts and sharp objects are eliminated. As the new version of the VR4VR
system is portable, vocational counselors and job coaches can train and
assess their clients on their premises. The portable system is compact, it
can be transported anywhere and used in any room with an area larger than
10 feet by 10 feet. Individuals can be trained on different skills that are
presented in Section 3: shelving boxes, money management, social skills, job
interview preparation, cleaning, and environmental awareness. The variety of
skills helps job coaches in determining the most suitable job for individuals
by assessing them in different virtual environments.

The reason for using virtual reality (VR) is that it allows accurate
replications of work environments and it offers immersive experiences with
high fidelity visualization and interaction. Our intention is not to replace
real-life vocational training with VR training. After individuals complete
the VR training, it would still be beneficial for them to get real-life
vocational training. However, as they will have then gained the basic skills
within the VR system in a controlled and safe environment, we believe
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that the following real-life vocational training sessions would be more
beneficial and smoother for them.

6.2.2 Related Work

Although there are several studies on VR, few of them focus on using VR
for training individuals with disabilities. A commercial example is Specular
Theory, which is a VR company that developed application that gives virtual
water surfing tours to individuals with disabilities [8]. Users of the system
mentioned that it was one of their best experiences as they could not have
experienced it in real life. Another example is the Astro Jumper, which is a
VR system that aims to encourage children with autism to exercise more [9].
Although this previous work provides motivation for designing beneficial
virtual experiences for individuals with disabilities, its focus is narrowed
down to exergaming and children with autism.

On the vocational side, Horace et al. developed a VR enabled approach
to enhance the emotional and social adaptation skills of children with ASD
[10]. The work portrayed an innovative use of virtual reality for school-aged
children with ASD to assess behavioral changes through psychoeducation.
The children were taught basic tasks such as washing hands, brushing
teeth, etc. The authors used a four-sided Cave Automatic Virtual Environment
(CAVE) to help immersing users in virtual environments. The results showed
improvement in emotional recognition and social-emotional reciprocity of the
participants. Mechling and Ortega-Hurndon utilized computer-based video
instructions for teaching job tasks to individuals with intellectual disabil-
ities [11]. Although it is a conventional and effective way of displaying
instructions to workers, this method lacks interactivity. Another motivation
behind the Portable VR4VR system gives users opportunities to have hands-
on experience performing a wide range of different tasks within realistic
scenarios in virtual environments.

Taking these into consideration, the VR4VR [1] was developed as an
immersive 3D VR system for vocational training of individuals with disabili-
ties. The system had novel components, such as tangible objects that were
mapped into virtual worlds in real-time, with the aim of providing better
user experience through improved interaction and immersion. Developing a
portable version of the VR4VR system was mainly motivated by the follow-
ing two factors: (1) increased accessibility and convenience for individuals
with disabilities and vocational counselors and job coaches, (2) reduced
prices for high accuracy VR systems.
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6.2.3 Design Aspects of the Portable VR4VR

There are several aspects that need to be considered while designing a VR
application for training. A few of these aspects are the complexity of the
tasks, interaction methods, directions, and scenarios. The Portable VR4VR
system provides audio and visual prompts and instructions similar to the
original VR4 VR system [1]. Visual information is known to provide a better
understanding of individuals who are on the autism spectrum as compared to
audio or verbal based instructions [14].

The modules in the Portable VR4VR system were designed similar to a
VR video game. Complexity levels of the tasks increase gradually throughout
the modules. There is also a limit the advanced difficulty stages of some of the
modules. If the user fails to complete a level in a module, the following more
difficult modules are not presented to them. The Portable VR4VR system
includes a variety of virtual environments e.g. virtual warehouse, shopping
mall, interview room, storage room, outdoor parking lot, and a cashier register
in a grocery store. These virtual environments were designed to resemble real-
world environments, to make the transition of the user from the virtual world
to the real world easier.

The Portable VR4 VR system offers seven vocational skill modules. Each
module aims to train individuals on a different skill set and each module takes
place in a different virtual environment. Each module is composed of three
sub-modules with increasing difficulty levels. Each sub-module includes
three levels (tutorial, level without distracters, level with distracters), also
with increasing difficulty level for a balanced user experience.

6.2.3.1 Shelving skill module

This module involves training individuals on managing inventory, organizing
shelves and managing shipping orders. There are different levels of each
subtask which has different objectives i.e. sorting the boxes, order fulfillment
and organizing boxes according to labels.

6.2.3.2 Environmental awareness skill module

This module involves training individuals on cautiously walking and nav-
igating inside a virtual parking lot. The individual walks by performing a
walking-in place gesture by making a marching motion. The user’s move-
ments are captured by the tracking sensors and transferred to the virtual
world. Practicing this skill also helps the individual to train on motor skills.
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6.2.3.3 Money management skill module

This module involves training in a virtual grocery store environment where
the individual works as a cashier providing service to virtual customers. The
objective of this skill is to train individuals on basic monetary mathematical
skills so that they can handle financial transactions precisely in daily life. The
vocational counselors and the participants we have worked with stated that
the Money Management module was especially beneficial for them.

6.2.3.4 Cleaning skill module

In this module, individuals are trained or assessed in a virtual warehouse
environment. The individual collects all the dirt or trash present in the virtual
environment by bending and touching them. As the individual touches the
dirt by bending down physically, the object gets snapped to their hands and it
gets released when they stretch their hand over a virtual trash bin.

6.2.3.5 Loading the back of a truck skill module

In this module, individuals are trained in an outdoor virtual environment
resembling a roadside. This module aims to train users on time and space-
related problem-solving skills. The user uses a haptic device that simulates
weights of objects e.g. if the box is labeled heavy then the stick of the haptic
device becomes heavy and requires more pressure to be moved.

6.2.3.6 Social skills skill module

In this module, individuals get trained on social skills in different virtual
environments. This module aims to train individuals on maintaining the
conversation, focusing on what others say and giving relevant responses.
Virtual characters ask various questions to individuals ranging from the
weather conditions of that day to their opinions on how to improve a certain
environment or how they would cope with an angry manager and so on.

6.2.3.7 Job interview skill module

This module aims to train individuals on job interview skills in a virtual office
environment. Individuals are asked basic questions that prepare them for job
interviews. If the user gives a wrong answer, the right answers are displayed
on the screen, which can be observed by the individual.

6.2.3.8 Distracters
Virtual distracters were included in the third level of each skill module in
the VR4VR. These distracters are in different forms such as audio, visual
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and animation. The aim of the inclusion of these distracters was to repli-
cate common distractions in real workplaces and explore whether or not it
would be possible to train individuals with cognitive disabilities to overcome
them. In our previous user studies, we did not find statistically significant
differences in user performance in levels with distracters compared to levels
without distracters [1]. However, we have received positive feedback from
job trainers indicating that these distractors such as a ringing phone, a
thunderstorm sound or a running and screaming child help participants to
get accustomed to them. In a similar way, job trainers mentioned that these
distracters establish opportunities for them to observe user behavior, which
can be difficult to trigger in real workplaces for training. Hence, the levels
with distracters were included in the updated version of the VR4VR system.

6.2.4 Technical Aspects of the Portable VR4VR

Similar to the stationary VR4 VR system in [1], the Portable VR4VR system
is also designed to be responsive to the varying needs of multiple disability
groups. This section describes the technical components of the Portable
VR4VR system, such as hardware components and implementation.

6.2.4.1 System components

The Portable VR4VR system has four main components: motion tracking,
display, software, and virtual assistive robot. These are described in detail
below.

Motion Tracking: To track movement of individuals in the virtual envi-
ronment, we use HTC Vive wireless trackers. Markers are attached to each
hand and each foot of the individual. They are also attached to the tangible
objects such as cardboard boxes and the stick which appears as the vacuum
cleaner/mop in the virtual world in the Cleaning module. These markers are
continuously tracked by the two HTC Vive base stations.

Display: An HTC Vive Head Mounted Display (HMD) is used to give
the user an immersive experience and accurate tracking in the virtual world.
In case the user gets nauseous or uncomfortable, a large 180-degree curved
screen is used. This curtain screen is also used for outside viewing purposes
such as displaying what a user sees inside the HMD to the vocational
counselors or accompanying job coaches.

Software: The simulated virtual environments were created in the Unity
game engine. The Steam kit was used for making the software compatible
with the HTC Vive virtual reality headset. Scripting was performed in C#.
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Seamless integration between these platforms was the major deciding factor
in the selection of these platforms.

Virtual Assistive Robot: Object manipulation in virtual environment
helps individuals to get a better understanding of the actual work that is
done in a real-life work environment, as they can see functionality, face
complications or severe problematic scenarios beforehand in a controlled
environment. The Baxter robot [12] and a wheelchair mounted robotic arm
[13] were used in the VR system with the aim of training individuals with
physical disabilities on controlling physical robots in real-world. The virtual
Baxter robot offers users practice controlling complex movements, such as
carrying boxes and making a bed, more efficiently with minimal risk. This
component of the VR4VR system is only being used for the assessment and
training of individuals with severe physical disabilities.

A general view of the Portable VR4VR system with HTC Vive motion
trackers and HMD can be seen in Figure 6.2.1. In the figure, the user wears
an HMD to see the virtual environment. Motion tracking with wireless Vive
trackers allows the user to interact with tangible objects in the virtual world
using intuitive movements.

6.2.4.2 Implementation
The Portable VR4VR system is currently in final stage of development.
There are seven modules (three with HMD and four without HMD) that were
developed for the portable system. There is also an application that runs on a
desktop computer independently. This software offers four modules that can
be run offline. These seven modules that work both on the original VR4VR
system and the new Portable VR4VR system were described in detail in [1].
To give users a more immersive experience, Vive trackers were attached
to real boxes. Different textures are projected on these boxes in the virtual
world. One to one motion mapping is applied to the virtual and tangible
objects so that users can interact with tangible objects while they are wearing
an HMD. Figure 6.2.2 shows the shelving module, in which the individual
fulfills tasks by placing boxes on the correct levels of the shelves. This
form of tangible interaction in virtual environments is known to increase
immersion and improve user experience in VR. In Figure 6.2.3, the user
mops the floor using a stick, which is rendered as a virtual mop in the
virtual environment. All the movements in the real world are tracked by
the motion trackers and they are transformed into the virtual environment
in three-dimensions.
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Figure 6.2.1 The user practices shelving tasks in a warehouse environment. The user views
the virtual world through the HMD. The real-world environment is transferred to the virtual
environment accurately. Different textures are projected on tangible objects.

6.2.5 User Study

In this section, we present our recent findings with the Portable VR4VR
system through user studies of assessment and training, which took place
between December 2018 and April 2018. The VR4VR system can be used
for assessment (completion of each level of each subskill of each skill once)
or training (multiple completions for reinforcement of the targeted skills).
A job trainer or vocational counselor accompanies the participant during
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Figure 6.2.2 Left: The user interacts with tangible boxes that are equipped with markers
while seeing identical motions in the virtual world through the HMD. Right: The user interacts
with tangible boxes in the shelving module. The user views the virtual environment inside the
HMD. The user’s view is displayed on a curtain screen for outside viewing purposes.

Figure 6.2.3 The user holds a tangible stick, rendered as a virtual mop. The motion of the
stick is tracked by the detector.
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assessment or testing. These professionals decide on the training program
or the ordering of skill modules in the assessment sessions.

The participant cohort of the assessment user study consisted of 10
individuals with Autism Spectrum Disorder, who were diagnosed by medical
professionals beforehand. Users were aged between 18 and 57 with p = 22.3
and 0 = 12.38. Gender distribution consists of 80% males and 20 % females.
These individuals were assessed using the VR4VR system with the research
team and an accompanying professional job trainer or vocational counselor.
The participants completed all levels of each subskill of six skill modules
once and data was collected in the background. Only the following six skill
modules were included in the user study: Cleaning, Loading the Back of a
Truck, Money Management, Shelving, Environmental Awareness, and Social
Skills. Job trainers or vocational counselors decided on the order of the skills
to be assessed. The success of a participant was measured through level score
and observations of the professional job trainer or vocational counselor. The
level score consisted of a custom algorithm that took into account the errors
and the number of prompts presented to the user, which were dependent on
the time spent in a level without any success instances. The level scores were
calculated out of 100. Deductions were made for the errors and prompts:
—30 points for errors and —20 points for prompts, if any. The possible
errors were as follows: misplacement of boxes in the shelving skill module,
releasing boxes from a height in the loading the back of a truck skill module,
entering wrong amounts in the money management skill module, colliding
into objects, people or cars in the environmental awareness skill module and
giving answers that are irrelevant to the asked questions in the social skills
module. The following equation denotes the calculation of the score, where
« represents the number of errors and [ represents the prompts triggered.

Level Score = 100 — («(30) + 3(20))

In Figure 6.2.4, average level scores of individuals with ASD are pre-
sented for different skills for levels without distracters, levels with distracters
and the overall score, which is the average of the score in the levels without
distracters and the levels with distracters for the corresponding skill. It can
be observed from the chart that scores in the levels without distracters and
with distracters are not considerably different, which aligns with our previous
findings in [1]. To explore the overall data further, means, standard deviations
and the standard error of the means are presented in Table 6.2.1. The par-
ticipants received the highest scores in the Social Skills and the Cleaning
skill module whereas they received the lowest scores in the Loading and
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Figure 6.2.4 Average level scores of individuals with ASD in levels without distracters,
levels with distracters and overall.

Table 6.2.1 Means, standard deviations and errors of the mean for each skill module’s scores

Skill Module Mean o SEM
Cleaning 93.68 22.84 5.24
Loading 56.68 45.70 7.05
Money Management 59.44 46.18 5.87
Shelving 78.21 30.08 4.02
Environmental Awareness 79.77 35.00 7.46
Social Skills 96.42 6.67 0.82

the Money Management skill modules. A common characteristic of Social
Skills and Cleaning Skill modules is that the tasks in these modules are very
straightforward and isolated, not following progression and not requiring a lot
of cognitive effort. On the contrary, Loading and Money Management skills
require cognitive effort in solving analytical problems such as fitting boxes of
different dimensions in a limited space or counting money.

Although comparative user studies are needed to make reliable con-
clusions, based on the scores following a similar trend with our previous
findings in [1] and all scores’ being above average (50%), we interpret that
the accessible and effective design of the VR4 VR system provides promising
and convenient assessment and training opportunities to individuals with
disabilities.

The second user study case includes training individuals with the VR4VR
System. One participant with ASD was trained on different skill modules for
five weeks on the following skill modules: Cleaning, Money Management,



6.2 The Portable VR4VR: A Virtual Reality System 237

Average Scores (Without Distracters)

100 I

80 -

60

40

20 .

0

Cleaning Money Shelving  Environmental Social Skills
Management Awareness
Skill Module

Average Scores (With Distracters)

100 L
80
60 -
40 I
20 .
0 = L____| - - = | L.
Cleaning Money Shelving Environmental Social Skills
Management Awareness
Skill Module

BMWeek ] mWeek2 mWeek3 mWeek4 mWeekS5
Figure 6.2.5 Average level scores of individuals with ASD in levels without distracters,
levels with distracters and overall.

Shelving, Environmental Awareness and Social Skills. Average score data
is presented in Figure 6.2.5 for levels without distracters and levels with
distracters in subsequent weeks. Although there was not enough data to
perform a statistical trend analysis (since the participant did not train on
each module on each week, as per the program designed by the vocational
counselor), it can be observed from the chart that score of the participant
increased with training for the leaning, Shelving and Social Skills modules.
On the contrary, there was some level of decrease in the scores for the Money
Management (for both level types) and the Environmental Awareness (only
for level with distracters) modules. The training with VR4VR is a recent
endeavor. With more data, comparative user studies will be conducted in
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order to shed light on the effects of repetitive training on skill improvement
in the target population. Currently, our interpretation is that the improvement
in scores of some skills is encouraging for exploring this area more.

6.2.6 Conclusion

In this paper, a portable extension to the original VR4VR system was pre-
sented. The long-term goal is to make this affordable and Portable VR4VR
system that is currently in its final stages of development accessible in various
parts of the world. Results from a recent assessment-based user study with
a cohort of 10 individuals with ASD were shared. A training-based user
case study with an individual with ASD was also presented. Although the
amount of data that was collected did not allow for comparative statisti-
cal tests or trend analysis, our indications were that the Portable VR4VR
system is promising for training individuals with ASD on vocational skills.
The Portable VR4VR system provides most of the distinctive features of
the original VR4VR system, which was found to be effective in training
individuals with disabilities on vocational skills by professional vocational
counselors [1]. In addition, this updated VR4VR system is more affordable
and portable. Hence, we believe that the Portable VR4VR system will offer
dispersed, accessible and effective vocational training to individuals with
disabilities throughout the country.

6.2.7 Future Works

Our future plans include comparing participants’ performance throughout
several stages of their training program i.e. initial performance versus per-
formance after multiple training sessions. More virtual environments and
virtual distractors are planned to be added to the existing system, taking
into consideration the input of the professional vocational counselors. More
modules are also planned to be added, that focus on a single specific disability

group.
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In this chapter, we present a work-in-progress about examining the effects
of affective touch in human-virtual robot interaction on user experience
in virtual reality (VR), which is an unexplored area. We introduce related
works, present the design of our system that we named ‘VRTouched’, mention
user study plans, discuss the challenges we have faced so far along with
alternative solutions, and finally conclude with future research plans. The
main motivation behind this chapter is to raise awareness in this unexplored
area of tactile human-virtual robot interaction in VR, to inspire and leverage
future studies in this field.

6.3.1 Introduction

Affective touch has been known for a long time to have a crucial role in
human relationships, which affects several human emotions and reactions
such as mood, motivation and effort facilitation [1,2]. As it can be observed
widely in daily human to human interactions in various forms such as approv-
ing, playful or controlling touches; tactile communication also became an
emerging field in human-robot interaction in recent years [3]. Various studies
have shown that humans react to robot-human touch similarly as they react
to human-human touch [4-9]. This emphasizes the importance of touch in
human-robot interaction design for an improved user experience. With the
prediction of robots to be increasingly prevalent in the near future, and the
significant advancements in robotics; several researchers directed towards
working on making robots socially more intelligent and interactive, and have
been developing novel ways of making robots closer to humans in terms of
touch interaction [10-14]. These studies were in several different domains
such as service [15], health care [16], companionship [17, 18] and all utilized
real (tangible) robots.
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There are also virtual robots that are virtual characters in the shape
of robots. These virtual robots have been used in video games, education
and training applications on different platforms such as computers, game
consoles, and virtual reality. Virtual reality (VR) can be described as a model
of reality that is composed of computer-generated environments that can be
experienced by users through exploration and interaction (usually in three-
dimensions) [19]. VR has been linked to several advantages such as increased
safety as compared with real-world encounters which can sometimes be
dangerous (e.g.: sharp objects, moving heavy machinery parts, traffic acci-
dents), high visualization capabilities and effective training through highly
customizable and automated scenarios with real-time feedback and assistive
prompts [19-22].

Although there have been several researches on human-robot touch inter-
action, effects of tactile communication between humans and virtual robots
in VR has not been explored yet. However, as VR is an emerging area that
is predicted to be increasingly prevalent in the near future and it includes
common use of virtual robots, the intersection of tactile communication
with robots and virtual reality is an important area. The work-in-progress
described in this chapter aims to address this gap.

6.3.2 Background

Although there is no study to our knowledge that explored effects of tactile
communication in virtual reality robotics, several studies have examined
this area with real robots. Huggable was a furry effective robot with the
capability to participate in affective touch-based interactions with people
and was designed as a therapy animal [23]. Cuddlebot was an animal robot
that facilitated gesture aware touch interactions to reduce stress and anxiety
in humans [24]. Haptic Creature was an animal robot that recognized and
reacted to affective touch [25]. As the previous research in VR robotics is
considered, a few studies have examined how humans respond to virtual
robot characters [26-28]. Although these studies’ foci were different, a
common finding throughout them was that VR displays would increase the
perceptual benefits in terms of virtual robots as compared to flat screens such
as monitors.

6.3.3 The VRTouched System

In this study, we present a work-in-progress that aims to explore the effects of
touch in human-virtual robot interaction on user experience in virtual reality.
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For this, a custom VR system is currently being developed at the Extended
Reality and Games Laboratory (XRG Lab) of the School of Information
(iSchool) at the University of Arizona.

6.3.3.1 Design and components of the VRTouched system
The diagram sketch of the proposed VRTouched system is presented in
Figure 6.3.1. An HTC Vive VR system with two motion tracking lighthouses
is used. The user wears a head-mounted display for viewing the virtual world
and converses with a virtual character that can be in the form of either a
robot or virtual human. During these conversations, the virtual character
occasionally touches the virtual avatar of the user in an affirmative way,
which is accompanied by a real-time physical touch in real-world through the
custom-designed tangible system. The location and the timing of the touch is
synchronized with the virtual touch to increase the degree of perceived real-
ism of the touch. This system was designed to be in the form of a wearable
backpack with attached components. The backpack is worn by the user prior
to starting using the VR system.

User studies will be conducted to make comparisons between users’ reac-
tions to the following: (1) virtual versus tactile communication with virtual

N

Touch paddle

Actuator

Microcontroller
Battery

Heart rate sensor

EDA Sensor

Figure 6.3.1 Sketch of the VRTouched. The user wears a backpack with custom built
components attached to it. Touch paddle is rotated to touch the user whenever the virtual
robot touches the virtual character. This gives the user a tactile touch feedback, accompanying
the virtual touch.
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human characters, (2) virtual versus tactile communication with virtual robot
characters, (3) differences between reactions to tactile communication with
virtual human characters versus virtual robot characters. Users’ responses
will be measured using Electrodermal Activity (EDA) and heart rate sensors,
as these two measuring methods have been commonly used in measuring
human responses to the physical touch of real-world robots [29]. Other than
these, user experience metrics that are prevalently used in VR studies [19]
such as level of presence and enjoyment will be collected through question-
naires after the users complete the VR simulation. User studies are planned to
be performed after the development of the system is completed and in-house
testing is performed.

6.3.3.2 Challenges

Challenges associated with the design and development of the VRTouched
system can be listed as follows: (1) a seamless tactile interface that would
give a realistic touch feeling yet would not be noticed by the users;
(2) synchronizing the positions of the touches in the virtual world and the
real world. For the first challenge, we came up with the solution of design-
ing a wearable prototype with a dynamic touch surface that is similar to
a paddle. The prototype caters for different sized human bodies as the touch
paddle’s direction can be adjusted prior to the VR simulation. For the second
challenge, we came up with the solution of getting the position data of the
touch paddle and matching the position of the virtual touch with this data
dynamically.

6.3.4 Conclusion and Future Work

This paper presents a work-in-progress which aims to explore effects of
tactile communication with virtual robots on user experience in virtual reality.
The proposed VRTouched system’s design and current development sta-
tus was described along with user study plans, challenges, and alternative
solutions.
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This chapter considers some of the challenges in providing effective virtual
reality (VR) environments for teaching and training, where users are encour-
aged and enabled to be truly engaged in their learning. One approach is to
use inquiry-based learning, linking that to the use of VR as a vehicle for
education. This chapter introduces the notion of virtual learning spaces in a
more general form and makes the case that a virtual learning space is any
online environment where the learner perceives that they are interacting or
gaming, and thus can be enabled within a virtual environment. Thus, virtual
learning spaces are not limited to bespoke education learning software but can
be considered in any context where the user perceives that they are engaging,
having fun, and exploring, as can be implemented within a VR platform.

Infotainment or gaming is a potential area that we can exploit to improve
the effectiveness of training and learning and is particularly relevant within
VR learning spaces. This chapter considers both synchronous and asyn-
chronous computer-mediated communication and virtual and immersed vir-
tual reality to illustrate potential virtual learning spaces. The chapter presents
some worked illustrations to show how this could be used with the context of
teaching Computer Science.

6.4.1 Introduction

The potential to utilize VR, augmented reality and related technology in
teaching and learning is growing as the cost lowers and the availability
increases. There are several emerging technologies, though these form
a spectrum rather than discrete points as the facilities improve. Display
technologies for VR include headsets and CAVES that immerse users in
computer-generated environments. These can enable immersive training and
education [1]. The availability of domestic mainstream technology means
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that augmented learning is viable [2]. These can be built using bespoke
technologies, though many are now built using game environments, and
utilizing game engines, and thus falls into the area of serious games, with
learning outcomes intended as part of the virtual experience.

This area encompasses the range of technologies, from VR, virtual
worlds, virtual environments, augmented reality through to mixed reality.
The opportunity to present these through mobile devices, bespoke headsets,
as well as interaction through more traditional 2D and 3D computer screens
means the distinction between one and another is decreasing and is reflected
in the umbrella term of extended reality (XR) [3].

6.4.1.1 Virtual reality and education

The growth of virtual augmented and mixed reality in education is growing,
though is still in its early stages in terms of its application and evidence
of its impact on learning itself [4]. As the cost of equipment is coming
down, and with the opportunity for low cost virtual and augmented reality
through mobile devices, the opportunity for the use of this type of equipment
is expanding, and becoming more mainstream, with new build schools now
routinely including virtual reality studios and capacity, whilst solutions such
as Google Cardboard mean that the cost of accessing VR type equipment is
no longer a significant barrier. However, the effective use of these approaches
is also relatively early in its development, with numerous issues in terms of
its usability [5].

VR applications in education encompass the opportunities to place learn-
ers in a variety of scenarios, and in particular to let them experience different
environments whilst situated in the classroom, with tools such as Google
Expeditions enabling that with relatively low-cost equipment [6]. Augmented
Reality can similarly offer tools to situate computer-generated content within
the physical learning space [7].

One of the challenges from a human-computer interaction (HCI) perspec-
tive, is how to effectively design and assess the design of, these learning
environments, and how to effectively utilize them to truly enhance learning.

6.4.1.2 Usability and HCI evaluation

Usability testing approaches for VR and AR are improving, as the field is
maturing [8, 9]. However, as learning environments, a challenge is how to
effectively assess their effectiveness, both from an HCI perspective (i.e. how
usable are they) and from an effectiveness as a learning environment (i.e. how
far do they improve the learner’s knowledge and understanding?)
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Usability testing can encompass a range of approaches that can be applied to
VR and AR systems. When considering their effectiveness as learning and
training environments, this adds further dimensions to consider from an HCI
perspective.

One approach to usability, that can allow for rapid evaluation of a range
of platforms for learning, is heuristic evaluation [10], which has been adapted
and used for the evaluation of learning environments [11], and more latterly
adopted for AR and VR environments [12—-14]. One particular aspect of HCI
and usability testing for VR/AR applications, is the physical side, both in
terms of the interaction, and also in terms of the impact on the user. Side
effects — e.g. nausea and disorientation — in VR affect the planning of usability
testing, and potentially the focus of the users [15]. Aside from the interaction
itself, there is also the issue of how to assess the impact on the learner’s
understanding and knowledge, i.e. what is the learning gain from using such
a platform?

6.4.1.3 Enquiry-based learning

Inquiry-based learning [16—19] aims to place the learner at the center of the
learning process. They learn in a flexible way, at their own pace, in their
own language, following their own paths of exploration and inquiry [20].
In this way, the learner’s models of their domain of inquiry develop as they
discover new things and expand their vocabulary. This approach to learning
does not attempt to impose a set model on the learner but allows them to
explore - although it has been noted that this process may need some guidance
[21, 22]. It thus differs from traditional didactic approaches, as rather than
the learner being a passive receiver, they have autonomy, whilst the instructor
aims to provide a stimulating environment, to enable, foster, stimulate, and
encourage the learner to follow their own learning route. If a learner finds
the learning on their own, as an expansion of their current mental model,
they will understand both the language and context of their new learning,
what it means to them, and what to do with it within their current cognitive
dynamics. A virtual environment — or an augmented real environment — can
provide ways to let learners explore the virtual world/augmented real world,
thus allowing for true and active inquiry style learning.

One of the big issues in education is motivation. How can we persuade
people that learning is important and that it is something in which they
should engage? For this reason, people have sought methods and techniques
to encourage this participation. Now one area where we see high levels of
motivation is computer gaming [23]. There has thus been a great deal of
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work to try and marry these levels of motivation and encouragement to learn
(e.g. WEST [24], Wumpus, WUSOR-II [25-27]. The argument, in essence,
is that if we transfer the levels of engagement and enthusiasm for playing
computer games to learning using a computer we can better deliver education
and the motivation and time spent will deliver better learning outcomes
Again, this is an area where virtual reality can be exploited, particularly with
3D game engines providing the toolset to create worlds and utilize game style
mechanics to motivate the learner/player.

Another area of high motivation is social computing. As people are glued
to games there are also glued to social media with the likes of Facebook, Twit-
ter, WhatsApp, YouTube channels, and other media sharing and broadcasting
applications. In all of these, there is a notion of sharing something. In terms
of sharing a VR this can either be explicit for example in a serious game
where users are embedded in a shared and directly experienced 3D world.
The aim in this type of experience is to mimic the real world as closely
as possible so the result of the simulation and the type of experience you
would have in the real world are a close match. The second type of VR is
where we share the same metaphor of reality although it is actually far from
believable. Second Life [28] is a good example of this. The culture of online
Vloggers is another. Users share the metaphor that this maps onto something
real although it is clearly not. There is an element of play here also, in that
everyone has to indulge in shared beliefs and a made-up reality in order to
make it work. Many VR learning spaces are of this second type. They need
not map closely to reality, but as long as the reality metaphor holds up, or the
common willingness to pretend that this is the case, then we can behave as
if we are in the real thing.

6.4.2 Virtual Learning and Training Spaces

It has been argued elsewhere that humans are fundamentally game players
both in nature and culture [29]. In this chapter, we will argue that what is
a game is very much in the mind of the person engaging in the activity.
Indeed, what is a game that may not be a game to others? Again, we can
make the distinction between environments that try to directly reflect reality.
For example flight simulation games whereby, they are so realistic that you
can actually learn to fly, in contrast many activities may be undertaken and
the participants regard that undertaking as infotainment or a game whether the
designers of that activity originally intended it to be such. For example, one
mental model of the auction house eBay is that of a game that can be played
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night after night. It clearly is not like a virtual reality auction house, but we
can enter into the metaphor and it becomes a virtual one. The gamble is that
you get what you think you have bought. The rewards of the game are to
get a bargain, and the particular extra rewards are if you have used your skill
and domain knowledge to spot something the rest of the world (including
the seller) have not spotted. This activity is often called gamification. This
is taking an existing activity and turning it into a game. As long as the
participants are in a gaming context in their heads then it is a game to them.
In this context many everyday activities can be made to be games. With
virtual, augmented and extended reality, the scope to utilize an immersive
and interactive experience as a way to enable inquiry-based learning, means
that this can be done explicitly. A challenge here is to ensure that the intended
learning is happening and that this is not lost in the experience itself.

So, a challenge is how to ensure a true virtual learning space within a
virtual environment. In some response, any online area that the participants
engage with computer-based collaboration can be seen as a virtual learning
space. The VR learning spaces may be individual or involve others in a
shared experience. If the nature of that shared interaction leads to a learning
experience, then we can talk about collaborative learning in a virtual space.

Note that such learning encompasses training too — so the form of learning
may be more practical and vocational, rather than academic. Indeed, in many
respects, VR/AR/XR is better suited to such vocation focus. Examples of
such training are more common, as the cost savings and impact on safety are
typically more explicit and greater in value. This can include training fire-
fighters [30], wind-turbine engineers [31], as well as pilots [32] as mentioned
above.

6.4.3 Integrating XR into a VLE

Effective use of VR/AR/XR in learning and teaching means managing the
HCT aspects in two distinct — yet complementary — dimensions; in one dimen-
sion, ensuring the HCI in terms of the usability of the virtual environment;
in the other dimension, considering the HCI in terms of the educational
payload. This assessment of the usability and effectiveness of the system is
further complicated by the need to situate it alongside a wider set of tools.
For example, Figure 6.4.1 outlines the way that a VR/AR/XR system would
sit within a wider framework of a learning platform (VLE), and various
functions that support the training/education application context. This can
be considered as several layers, with the need to support the VR display
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Figure 6.4.1 A framework for supporting learning in VR/AR systems. Adapted from [33].

and environment, the need to enable and encourage inquiry and exploration,
and the requirement to track progress and assess the student (testing and
verification).

6.4.4 Conclusions

As discussed in this chapter, inquiry-based learning aims to place the learner
at the center of the learning process. By providing a flexible environment
for learning, learners can study at their own pace, in their own language,
following their own paths of exploration and inquiry. VR and associated
technologies offer the potential to create and enable stimulating environ-
ments for learning, enabling and stimulating the learner so they can follow
their own learning route. Such flexible learning — utilizing game mechan-
ics alongside the immersive/augmented technologies now available — has
significant promise in terms of new learning opportunities. Integrating this
into/alongside existing training and learning platforms would enable greater
use and exploitation of this opportunity. However, ensuring effective design
of such systems, in terms of the user experience as both an immersive experi-
ence, and as a learning instrument, will require the development of effective
HCI techniques to assess both the usability of the virtual environment, as well
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as the impact on the learning offered by the virtual learning environment:
truly immersing VLE into VE.
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