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Samenvatting

De gezondheidszorg wordt steeds complexer. Dit heeft te maken met de stijgende
vraag naar consultaties, het vaker voorkomen van multimorbiditeit, en de gelijktij-
dige daling van de zorgcapaciteit. Met andere woorden, casussen worden complexer
waardoor ze meer tijd vragen terwijl er steeds minder tijd voorzien kan worden per
patiént. Gelukkig zorgde de digitale evolutie in de gezondheidszorg voor efficiéntere,
betere en soms zelfs kostenbesparende zorg. Dit heeft geleid tot de introductie van de
term eHealth, of elektronische gezondheidszorg, wat verwijst naar het gebruik van in-
formatietechnologie ter ondersteuning van toepassingen in de gezondheidszorg. Eén
van die digitale technologieén is Virtual Reality (VR) waarmee gebruikers een virtu-
ele wereld kunnen ervaren en daarbij het gevoel krijgen zich werkelijk in die wereld
te bevinden. Meestal wordt hier een Head Mounted Display (HMD) voor gebruikt,
waarbij kleine schermpjes voor de ogen van de gebruiker worden geplaatst zodat die
enkel nog de virtuele beelden kan zien. De voordelen van VR zitten voornamelijk in
de flexibiliteit van de technologie, een alternatieve wereld kan namelijk gecreéerd wor-
den waarin elk aspect aanpasbaar en aanstuurbaar is. Zo kunnen gebruikers situaties
ervaren die in werkelijkheid zeer moeilijk of helemaal onmogelijk te realiseren zijn.

De elektronische gezondheidszorg haalt voordelen uit deze VR technologie door
ze toe te passen bij behandelingen of therapieén waarbij de patiént leert hoe die kan
handelen in een zeer specificke situatie. De vaardigheden die in VR omgevingen
worden aangeleerd, kunnen nadien toegepast worden in het dagelijkse leven. On-
der andere twee specificke domeinen in de gezondheidszorg die dit soort therapie
gebruiken, zijn de behandelingen van angststoornissen, als onderdeel van de mentale
gezondheidszorg, en cognitieve of fysicke revalidatie. Dit zijn tevens de twee domei-
nen die aan bod komen in dit proefschrift. Maar het toepassen van VR technologie
ter bevordering van de efficiéntie en doeltreffendheid van de gezondheidszorg is niet
vanzelfsprekend. We moeten er ook op toezien dat we VR technologie niet zomaar
gebruiken om technologie te gebruiken, maar dat ze effectief ook meerwaarde biedt.
Hiervoor dienen we ons voornamelijk te laten leiden door de kennis en de vraag uit elk
specifieck domein van de gezondheidszorg en moeten we weerstaan aan de verleiding
om steeds de laatste technologische innovaties toe te passen.

Eén van de uitdagingen bij het creéren van geavanceerde VR toepassingen is de
nood aan gepersonaliseerde omgevingen. Het is al langer gekend dat gepersonali-
seerde zorg veel efficiénter is omdat ze doelgericht inspeelt op de noden van de spe-
cifieke patiént. Het spreekt voor zich dat een uniforme aanpak (one-size-fits-all) niet
altijd als doeltreffend ervaren wordt omdat iedere persoon anders is. De uitdaging zit
hem net in het zoeken naar oplossingen om de noden van de patiént te identificeren
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en er vervolgens naar te handelen. Daarvoor zijn enerzijds algoritmen nodig, die aan
de hand van data kunnen achterhalen hoe de patiént evolueert, hoe die reageert op
de behandeling en hoe die specificke opdrachten uitvoert. Anderzijds zijn ook sys-
temen nodig die aan de hand van deze inschatting van de patiént, het vervolg van
de behandeling kunnen bijsturen. Voor deze algoritmen is er voldoende data nodig
om betrouwbare beslissingen te maken. Met VR technologie is het echter mogelijk
om zeer veel data van de gebruiker te verzamelen terwijl die zich in een virtuele we-
reld bevindt. Dit kan bijvoorbeeld door data van sensoren in de VR hardware op te
vangen, door gebeurtenissen in de virtuele omgeving te registeren, of zelfs door ex-
terne meetapparatuur te gebruiken. Deze data kan vervolgens gebruikt worden om
gedragspatronen van de patiént te analyseren. De systemen die vervolgens de be-
handeling personaliseren kunnen gebruik maken van de eerder vermelde eigenschap
dat met VR technologie eender welke virtuele omgeving gecreéerd kan worden. Per-
sonalisatie kan er bijvoorbeeld voor zorgen dat bepaalde aspecten van die omgeving
aangepast worden om de doeltreffendheid van de behandeling te optimaliseren.

Een volgende uitdaging is de ontwikkeling van een platform voor patiéntgerichte
zorg waarbij VR centraal wordt geplaatst. Hierbij dient het platform de behandeling
van de patiént te bevorderen en de relatie tussen de patiént en de zorgverlener te on-
dersteunen. Dit kan gerealiseerd worden door de patiént hulpmiddelen aan te reiken
ter zelfbekrachtiging van diens behandeling, vooral buiten de consultaties, en door het
uitwisselen van informatie te vereenvoudigen. Als het platform de informatie die het
ter beschikking heeft kan analyseren, kan die analyse ofwel gebruikt worden in algo-
ritmen, bijvoorbeeld voor personalisatie, ofwel kunnen er inzichten uit gedestilleerd
worden voor de zorgverlener. Om dit soort platformen te ontwikkelen, dienen de
noden en wensen van alle betrokken partijen voldoende gehoord te worden. De co-
design technick, waarbij iedere stem aan bod komt tijdens de ontwerpfase, is hierbij
cruciaal. Daarnaast moet er ook rekening gehouden worden met de technische kennis
van de gebruikers. Als een systeem te complex is en het gebruik ervan bijkomende
kennis vereist, zal het in praktijk weinig meerwaarde kunnen bieden.

In dit proefschrift wordt antwoord geboden op deze uitdagingen door drie toepas-
singen van VR technologie te ontwerpen, te ontwikkelen en te testen. Iedere toepas-
sing evalueert een combinatie van technologieén, waarbij VR centraal staat. De eerste
toepassing past muziektherapie toe in een VR omgeving ter revalidatie van patiénten
met een hemispatieel neglect. De combinatie van meerdere sensorische modaliteiten,
visueel en auditief, biedt een voordeel bij de behandeling van deze patiénten. Boven-
dien wordt sensor data van de VR hardware gebruikt om de graad van het neglect in te
schatten. Alle informatie wordt weergegeven aan de zorgverlener via een dashboard-
applicatie van waaruit de therapie ook aangestuurd kan worden.De tweede toepassing
betreft virtuele omgevingen voor het behandelen van mentale stress in een thuissi-
tuatie. De omgevingen worden aan de hand van een initiéle vragenlijst opgebouwd
volgens de wensen van de gebruiker. Vervolgens zal een personalisatiealgoritme aan-
passingen doen aan de omgeving op basis van de emotionele toestand van de gebrui-
ker. Uniek aan deze uitwerking is dat die emotionele toestand berekend wordt aan
de hand van een mathematisch model dat het effect van veranderingen in de omge-
ving berekent. Aanpassingen aan de virtuele omgeving gebeuren automatisch zodat
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deze toepassing gebruikt kan worden zonder bijstand van een getrainde therapeut.
Ten slotte, de derde toepassing bekijkt de toepassing van VR voor de behandeling
van angststoornissen. Momenteel is de meest doeltreffende behandeling voor angst-
stoornissen blootstellingstherapie (Exposure Therapy (ET)). Hierbij wordt de patiént
geconfronteerd met het onderwerp van hun angst. Een nieuw gebied in onderzoek
is geinteresseerd in het toepassen van ET via VR, of Virtual Reality Exposure The-
rapy (VRET), om twee redenen. Kostelijke scenarios kunnen goedkoop gesimuleerd
worden en er is zeer fijner controle over de scenarios mogelijk waardoor die beter
afgesteld kunnen worden op de noden van de patiént. Voor deze derde toepassing
werd een patiéntgericht platform voor VRET ontwikkeld voor blended care, dat is
een combinatie van traditionele zorg tijdens consultaties in persoon en oefeningen
voor thuis. Het platform biedt verschillende scenarios aan waarin ET kan gegeven
worden die elk tot in detail geconfigureerd moeten worden naar de noden van de
patiént. Ter ondersteuning van de therapeut is een algoritme ontwikkeld dat geper-
sonaliseerde suggesties kan doen voor nieuwe therapie-oefeningen. Daarnaast is er
ook een smartphoneapplicatiec verbonden aan het platform waarmee patiénten thuis
VR oefeningen kunnen doen en gebeurtenissen kunnen registreren in hun dagelijks
leven. Via een dashboardapplicatie kan de therapeut alle informatie over de patiént
raadplegen, en de VR oefeningen configureren.

Deze drie toepassingen van VR technologie, in context van de digitale gezond-
heidszorg, dragen bij aan het onderzock naar betere, kostenbesparende en efficiéntere
zorg. Door de implementatie van deze casussen werden nieuwe technieken verkend,
en nieuwe inzichten vergaard. De elektronische gezondheidszorg kent nog steeds
verschillende uitdagingen wat de ingebruikname van innovatie in de praktijk soms be-
moeilijkt. Maar met gericht onderzoek kunnen we bijdragen aan een beter toekomst.






Summary

The complexity of healthcare is ever increasing. This can be linked to the rising de-
mand for consultations, the increasing prevalence of multimorbidity, and the simul-
taneous decreasing capacity of our healthcare capacity. In other words, cases are be-
coming more complex, causing them to take more time to process and leaving less
time per patient. Fortunately, the digital evolution in healthcare has improved effi-
ciency and quality, and in some cases even reduced the cost of healthcare. This lead
to the introduction of eHealth which refers to the use of information technology to
support applications in healthcare. One of those digital technologies is Virtual Re-
ality (VR), a technology that allows users to experience a virtual world giving them
the impression to be truly present in that world. Most commonly, VR uses a Head
Mounted Display (HMD), a device that positions miniature displays in front of the
user’s eyes thus filling their field of view. The main advantage of VR is the flexibility
of the technology, allowing an alternative world to be created in which every aspect
is adaptable and controllable. This allows the user to experience situations that are
difficult or even entirely impossible to recreate in the real world.

eHealth benefits from VR technology by applying it in treatments or therapies
that teach patients how to handle very specific situations. The skills learned in the VR
environment can then be applied in daily life. Among others, two specific domains
in healthcare that apply this kind of therapy are the treatment of anxiety disorders as
part of mental healthcare, and cognitive and physical rehabilitation. These are indeed
the two domains that are discussed in this dissertation. However, the application of
VR technology to improve efficiency and effectiveness of healthcare is not without
hurdles. We also have to carefully validate that VR technology is not merely being
used for the sake of technology, but indeed has its own added value. To achieve this,
we should listen to the expertise and needs of each specific domain of healthcare, and
we need to resist the temptation to focus on merely applying the latest technological
innovations.

One of the challenges in creating advanced VR applications is the need for person-
alised environments. It has been proven that personalised care is much more effective
because it is tailored to the needs of the specific patient. It is self-explanatory that a
one-size-fits-all solution is not always experienced as effective because every person
is unique. The challenge lies in finding a way to identify the needs of the patient, and
act on this information. On the one hand, this requires algorithms that can, based
on data, determine how a patient progresses, how they respond to the treatment and
how they execute specific tasks. On the other hand, we need systems that can use this
information to adapt and tune the successive treatments. These algorithms require
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sufficient amounts of data to be able to make reliable decisions. With VR technology,
it is possible to collect a lot of data about the user while they are in a virtual envi-
ronment. This can be achieved by capturing data from sensors in the VR hardware,
by registering events in the virtual environment, or even by using external measure-
ment instruments. This data can subsequently be used to analyse behavioural patterns
of the patient. Systems for the personalisation of treatments can use the previously
described property of VR which allows the creation of any imaginable virtual environ-
ment. Personalisation can entail for instance that certain aspects of the environment
are adapted to optimise the effectiveness of the treatment.

A next challenge is the development of VR-enabled patient-centred platforms.
The goal of the platform is to improve the patient’s treatment and support the re-
lation between patient and caregiver. This can be achieved by supplying the patient
with tools that encourage self-empowerment and self-management of their treatment
in between consultations, and by facilitating the exchange of information. If the plat-
form can analyse the information at its disposal, these analyses could be used to steer
algorithms, e.g. for personalisation, or insights could be extracted from them that
can help the caregiver. To successfully develop this kind of platform, the needs and
wishes of all stakeholders have to be taken into account. The co-design technique,
which involves considering all stakeholders in the design of a system, is essential to
achieve this. Moreover, the technological proficiency of the users need to be taken
into account. When a system is too complex and its use requires additional training,
it will be off little value in practice.

In this dissertation, these challenges are tackled through the design, development
and testing of three VR-enabled applications. Every application is an evaluation of a
combination of technologies, with VR at its centre-point. The first is an application
of music therapy in a VR environment for the rehabilitation of patients with spatial
neglect. The combination of the visual and auditive modalities is an advantage for
treating this type of patient. Additionally, sensor data from the VR hardware is used
to estimate the degree of neglect. All this information is presented to the caregiver
through a dashboard application that also can be used to control the therapy. The
second application concerns a virtual environment for treating mental stress in home
situations. The environment is constructed based on an initial questionnaire to de-
termine the preferences of the user. A personalisation algorithm will subsequently
modify the environment based on the emotional state of the user. Unique to this
solution is how the emotional state is calculated by using a mathematical model that
calculates the effects of adaptation in the environment. Changes to the VR environ-
ment are automatically applied to allow the application to be used without intervention
by a trained therapist. Finally, a third application considers the application of VR to
treat anxiety disorders. Currently, the most effective therapy for anxiety disorders is
Exposure Therapy (ET). This involves confronting the individual with the subject of
their fear. A new area of research is interested in the application of ET through VR,
or Virtual Reality Exposure Therapy (VRET), for two reasons. Expensive scenatios
can be simulated at low cost and a fine degree of control over the scenarios is pos-
sible, allowing them to be better tailored to the needs of the patient. For this third
application, a patient-centred platform for VRET was developed for blended care,



Summary XXXi

a combination of face-to-face consults and home exercises. The platform offers a
number of scenarios for ET in which each detail needs to be configured to match
the needs of the patient. An algorithm was developed to support the psychotherapist
in the configuration of new therapy exercises by generating personalised suggestions.
Moreover, a smartphone application was created that is connected to the platform
to allows patients to do VR exercises at home and register events in their daily lives.
The psychotherapist can pull up all information about the patient, and configure VR
exercises through a dashboard application.

The above three applications of VR technology, in the context of eHealth, con-
tribute to the research towards better, cheaper and more efficient care. The imple-
mentation of these cases allowed new techniques to be explored, and new insights to
be gained. eHealth still has many challenges ahead that may hinder the use of these
innovations in practice. But through targeted research, we can contribute to a better
future.






Introduction

“But what is reality?’ asked the gnomelike man. He gestured at the tall banks of buildings that
loomed aronnd Central Park, with their countless windows glowing like the cave fires of a city of
Cro-Magnon people. ‘Al is dream, all is illusion; I am your vision, as you are mine’”

—Stanley G. Weinbaum (1902 - 1935)

11 Virtual Reality Throughout History

The first to read about the wondrous potential of Virtual Reality (VR) must have been
the fans of science fiction author Stanley G. Weinbaum. In 1935, he wrote the short
story Pygmalion’s spectacles (Fig. 1.1) in which the main character meets a professor who
invented a pair of goggles that creates an experience described as “a movie that gives
one sight and sound [...] taste, smell, and touch. [...] and instead of being on a screen,
the story is all about you, and you are in it” [1]. It only took 27 years for this fiction
to turn into science when, in 1962, Morton Heilig invented the Sensorama [2]. As a
cinematographer, Heilig wanted to create an experience of being “in” the movie. The
Sensorama (Fig. 1.2) was a device that stimulated various senses of the viewer such
as sight, sound, touch and even smell. It took until 1987 before the term “Virtual
Reality” was coined by Jaron Lanier, a computer scientist, researcher and artist [3]. At
that time, many researchers and companies had already designed and manufactured
various devices to experience VR. The most promising was a Head Mounted Display
(HMD) of which the first was introduced in 1968 by Ivan Sutherland [4]. A HMD
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Figure 1.1: The first reference to a device capable of producing an immersive virtual experience is found in the
science fiction short story Pygmalions Spectacles, by Stanley G. Weinbaum from 1935.

significantly increased the sense of immersion as visual images are projected straight
onto the eyes of the wearer, no matter which direction they look.

VR has known many definitions and interpretations depending on its context of
use. Still, many agreed that it was a new medium, just like the telephone or the televi-
sion [5]. In this dissertation, we will settle on the definition without reference to any

of the hardware involved:

“A Virtual Reality is defined as a real or simulated environment in which

a perceiver experiences telepresence.” [5]

New ideas and technologies emerged that did not exactly fit with existing definitions.
They were so fundamentally different that they were labeled with new names such as
Augmented Reality (AR) and Mixed Reality (MR), yet so similar that it warranted the
introduction of a spectrum on which they can be placed alongside VR. Milgram and
Kishino developed the reality-virtuality continnum which they first introduced in 1994 [6]
as a theory to explain AR, MR and VR, and their relationship to each other. The
continuum, visualised in Figure 1.3, shows two extrema, the real world, where nothing
is virtual or augmented and everything is “real”, and the virtual world, i.e. VR, where
the inverse is true and everything is virtual. In between, they placed Augmented Reality
as the real world to which virtual aspects are added, and Augmented Virtuality (AV)
as the virtual world to which real aspects are added. Everything between the real
wortld and VR, excluding those, is called MR. This definition states that “VR is not
part of MR and AR is only a subset of MR” [7]. These definitions formulated by this
continuum have been questioned in other papers [7]. More recently, eXtended Reality
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Figure 1.2: The Sensorama, invented by Morton Heilig in 1957, is considered as the first actual device to offer
an immersive experience. It was designed to create the sensation of being “in” a movie while

watching it.
Mixed Reality
| |
[ |
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Figure 1.3: The mixed reality continuum, presented by Milgram, provides definition for AR, AV, and MR [6].

(XR) emerged as an umbrella term covering all of these technologies [8].

Currently, VR technology may refer to a wide range technologies that providea VR
experience. A first distinction can be made between the use of dedicated VR goggles
(cfr. HMD) or more traditional displays and projectors. A VR CAVE [9] is such
an example of VR without goggles in which virtual imagery is projected on the wall
of a room, possibly with image transformation to account for the users position. A
second distinction is made in the capturing, and delivery of the VR content. The most
traditional VR content are Computer-Generated Imagery (CGI), a computer system
will render all content in realtime. Another, well established media type is 360 degree
video [10]. A special camera which captures images in every direction of its position is
used to record video. This video can be viewed using HMDs by projecting the content
on the inside of a virtual sphere. Other, more advanced methods, to capture more
information from the surrounding in order to provide more realistic representations
in VR. For example, 3D-cameras and LIDAR capture volumetric media, often in the
form of point clouds [11], which preserve the positional information of objects as
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Figure 1.4: The number of publications found on Web of Science on the topics of VR and VR in combination
with health, training, or industry, have seen an exponential increase in the last decade.

well, or light field technology [12] which captures light rays in a similar way as they are
captured in the human eye.

Throughout the years, it was mainly the entertainment industry that brought the
concept of VR to the wider public, with movies such as Tron and The Matrix, and
gaming companies like Sega and Nintendo. However, it is clear that even from the
beginning of the VR research atea, also other industries and sector were interested in
the technology. Research was done on military applications [13—15] and healthcare
applications [16, 17] and even NASA conducted research with the technology [18].

The interest in VR technology is cleatly visible when considering the number of
publications on the topic. Since the early 1990s, publication on Virtual Reality have
started to appear in increasing numbers. Around 2013, this turned into an exponen-
tial trend with the release of the first affordable, consumer grade HMD, the Oculus
Rift [19]. These trends are also noticeable in many domains that have tried to incorpo-
rate VR such as health, training and industry. The findings are visualised in Figure 1.4
based on the number of publications found on Web of Science for the search query
“virtual reality”, “virtual reality AND health”, “virtual reality AND training”, and “vir-
tual reality AND industry”. It is assumed that in general this trend is mainly driven by

the reduction in cost and the progress in innovation of the hardware.

1.2 Attributes of Virtual Reality

The attention for VR technology is not surprising considering what it has to offer. Its
most important attributes are the immersion and sense of presence it provides, the
ability to learn in VR environments, the flexibility of and control over the environ-
ments, the ability to collect data of the user and the enjoyment it can bring.

The first aspect, is the direct consequence of the technology that VR is build on,
namely the immersion that it provides. Immersion is rather a technology based term

and is defined as: “the use of immersive technologies”. In this definition, immersive
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technologies are anything that stimulates the human sensory system in an artificial
manner. The level of immersion is thus influenced by the realism of the stimulation
and the range of sensor modalities that are stimulated. The HMD used for VR pro-
vides significant immersion focussed on the vision system [20, 21].

A second property of VR that is often falsely interchanged for immersion is pres-
ence. A sense of presence occurs in an immersive VR environment when the brain and
nervous system of the user behave in a similar way as in the same situation in the real
world. The brain gets tricked just enough into thinking that the environment is real.
An extension to this is Zelepresence, in which the user has an experience as if they were
in a different location. This ability to virtual transport to different locations is perhaps
the essence of VR [20, 21].

Because of the sense of presence, and because the brain reacts in a similar way
as in the real world, we can /arm in VR. Skills can be acquired and refined through
repetition of examples, guidance and feedback on their actions just as in real life,
and sometimes even better. The aim is of course that skill acquisition in VR can be
transferred to real world situations, i.e. skills taught in VR can be used and applied in
the real world [20, 22].

The environment that a user sees when they enter a VR wotld is called the Virtual
Environment (VE). It is created by the designer of the environment, and VR tech-
nology allows the user to see and experience it. The content of a VE is created with
modern tools for 3D-modelling, animating and scripting. This offers a great flexzbility
to VR, as anything can be created within the constraints of the tools. This still means
that even situations that are not possible in the real world can be created in the virtual
world. Additionally, environments do not have to be static, but can be dynamically
manipulated while the users are in them. There is, at all times, fu// control over the
behaviour and shape of the virtual world [21].

VR technology is very flexible which makes it possible to combine it with a plethora
of (external) instruments for measuring and recording data of the user. Current VR tech-
nology even already includes sensors that can be exploited to record behaviour of the
users, e.g. gyroscope, accelerometer and eye tracking in a HMD. By collecting as
much data about the users while in a VE, more insigths can be gathered of the users
behaviour to better understand and help them [21].

Finally, it cannot be underestimated that VR adds an element of enjoyment. Because
of the great freedom and flexibility, boring and uninteresting task can be transformed
into engaging and enjoyable activities. This eventually leads to increased attention

21, 23].

1.3 Virtual Reality in Healthcare

Many have tried to give one complete and general definition of health [24, 25], none
have really succeeded [26]. Each definition has at one point been criticised, includ-
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ing the definition proposed by the World Health Organisation (WHO), or as Daniel
Callahan puts it so beautifully, “[...] one of the grandest games is that version of king-
of-the-hill where the aim of all players is to upset the WHO definition of bealth” [26].
That definition is: “Health is a state of complete physical, mental, and social well-being
and not merely the absence of disease or infirmity”. The WHO definition does make
clear that health is about more than just curing diseases, it encompasses well-being of
individuals on physical, mental and social aspects as well. Tools and methods to im-
prove this well-being have been widely researched, and with the increasing popularity
of digitalisation the domain of eHealth has emerged from this. eHealth, or electronic
healthcare, can be defined as the use of digital innovation and information technology
in healthcare application [27].

Electronic healthcare is a very relevant application domain with high societal im-
pact. However, to better understand why it was chosen as the main application do-
main in this PhD, first its needs and challenges need to be investigated. Next, the
characteristics of VR can be discussed in the context of eHealth.

1.31 The Needs of eHealth

In 2019, the propottion of people on a waiting lists in the European Union was 19.4%
of the people in need of health care [28]. At the same time, studies are reporting an
increasing number of medical consultations and a decreasing in clinical capacity [27].
Furthermore, the number of patients presented with multimorbidity is also increas-
ing [29]. It is needless to state that providing qualitative healthcare is getting more
complex every year. eHealth solutions are attempting to support Health Care Pro-
fessionals (HCPs) in more efficient ways than was possible before, for example, by
presenting data in ways that makes it easier to interpret. Clearly, new opportunities,
challenges and needs arise.

Creating useful and usable applications is not a trivial task, especially in healthcare
which is a complex and fragile environment. Some of the challenges involved are the
wide range of actors, the complexity of healthcare ecosystems and the cultural back-
ground and context in which the eHealth solution needs to operate. Health care is an
activity involving multiple stakeholders. The patient is of course at the centre, which
is accompanied by a HCP. However, the patient is also surrounded by friends and
family, which sometimes take up the role as informal caregiver [30]. Each one is an
actor in the envisioned eHealth application and everyone of them serves an impor-
tant role in the treatment process. Therefore, it is necessary to understand the role
and function of each actor and the interactions between them. The functionality of
the solution should be tailored to the needs and wished of each actor in the system.
This leads to another challenge, an eHealth system entails more than one single appli-
cation, in most cases it is an ecosystem of multiple applications, for multiple actors,

interacting with multiple instance [31]. All of these applications are interconnected by
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exchanging information. In some cases, an ecosystem already exists for which a new
eHealth application needs to be designed and integrated, e.g. when a new digital tool
is being designed to support with an existing treatment. In each case, understanding
the ecosystem is very important to design appropriate eHealth solutions that can be
put in practice. Also cultural and contextual differences, e.g. religion, language, and
perception of emotions [32], play an important factor in the design process [33]. What
works in one context might not work in another. The organisation of healthcare dif-
fers from region to region, therefore, the design of eHealth applications or ecosystems
should be appropriately adapted. Identifying this context and understanding what it

means for the eHealth solution in necessaty.

These challenges indicated that a plethora of knowledge about the domain and
context of the system and the needs of the end users is needed to achieve good eHealth
solutions. However, this knowledge is seldom readily available to the designers of the
system. In some cases, findings from literature can be used but in most cases it are
the end users that hold the required knowledge. That is why researchers in the 70s
already started investigating the role of end users in the design process [34]. In the
United States, user-centred design was introduced, which focussed primarily on observing
end users in their current activities and asking them for feedback on concepts created
by the designer [34]. Simultaneously, researchers in Northern European countries
recognised the role of the end user in the early design phases as well and included
them in the ideation and conceptualisation of new products along side the designer.
This approach is termed participatory design and motivates end users to participate in the
creation process as opposed to merely being observed by the researchers, i.e. user-
centred design [34]. In the last decades, interactions between these two approaches
have been explored resulting in a landscape with many design approaches involving
the end users. Sanders visualised the landscape of human-centred design research in
Figure 1.5 [35]. The characterising factors of each method are the roles of the user,
the researcher and the designer, these are projected on two axes. On one end, the user
is a subject which is observed by the designer of the researcher. On the other end, the
user is actively participating in the process. Approaches driven by researchers rely on
techniques and tools introduced from research while approaches driven by designers
rely on design techniques from their perspective.

As the eHealth systems become more complex, it is of utmost importance to have
a vast understanding of their objective. Participatory design approaches are crucial for
this [36]. The co-design method can be of great value, as it engages the end users and
other actors, e.g. family and friends, in the design process [37]. By allowing every
stakeholder to contribute to the requirements of a system, we can focus on building

the system that they would actually use.

Studies have shown that personalised treatments are more effective than one-size-
fits-all approaches [38]. Personalisation is aimed at better understanding how an indi-

vidual responds to treatment and providing a tailored plan based on that understand-
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Figure 1.5: The landscape of human-centred design research. Image used from [35]

ing. Important for this approach is to have good models of treatment which often
rely on a lot of data and/or knowledge. The application of petsonalised treatment
goes hand in hand with the patient-centred philosophy.

Research has provided evidence that self-management and patient empowerment
have a positive impact on care practices [39-41]. This is done by providing patients
the tools to make informed decisions about their own treatment and to apply what
they have learned in sessions with medical professionals. Therefore, self-management
goes well with a blended-care approach, this method combines face-to-face sessions
with eHealth tools [42] that can be used at home.

To accomplish personalised treatments and enable patient empowerment, fine
grained feedback is required. The HCP should know how the patient is progressing,
for example by knowing which aspects are going well and which are not. That way, an
individualised approach to the treatment becomes possible. To the patient, detailed
feedback is also relevant. They can learn from their own behaviour by understanding
what they are doing right. Therefore, it can provide them with the right motivation
to stay engaged with their treatment.

To conclude, when creating new eHealth solutions, extra attention should be given
to a few aspects. First, new solutions should be created in close collaboration with the

end users of the system. They help in generating new ideas that are in line with their
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expectations and the needs of the context in which they operate. Second, there does
not exist a one-size-fits-all approach in healthcare. Therefore, personalised treatments
should be explored as much as possible in new eHealth solutions. Third, eHealth
should empower patients to invest the required time and effort into their treatment
and provide the tools for self-management wherever it is possible. Forth, fine grained
feedback of how the patient is doing is required to enable a personalised treatment
and provide patients with the insights to self-manage their treatment. eHealth should
facilitate this feedback collection as mush as possible.

1.3.2  Virtual Reality in Mental Health and Rehabilitation

Anxiety disorders are ranked 6 on the list of largest contributors to global disability
by WHO [43]. Together with depression, it is one of the most prevalent health issues
in the world. Anxiety disorders are a collection of mental disorders in which feelings
of anxiety and fear are the main characteristics [43]. Mental disorders can, amongst
others, be treated with various forms of Cognitive Behavioural Therapy (CBT).

For many other health conditions such as diseases, injuries and traumas, reha-
bilitation is part of the advised treatment. Rehabilitation aims at reducing disability
in patients in interacting with their environment [44]. This can be for disability in,
amongst others, mobility, vision or cognition. As stated by the WHO [45], 75% of
the Years Lived with Disability (YLDs) of the wotldwide population are caused by
health conditions which can be treated with rehabilitation. Furthermore, as the popu-
lation is ageing and the prevalence of noncommunicable diseases increases, the need
for rehabilitation close to home will rise [44].

It has been shown that VR technology can be of great value in mental health ther-
apy [46] and rehabilitation [47]. Specifically, many mental disorders rely on therapy
that involves cognitive behavioural change. This means that new behaviour needs to
be learned by the patient. Also rehabilitation therapy consists of learning and training
of sensory-motor skills. It is exactly for learning in specific situations that VR tech-
nology shows a lot of potential. The main benefits of VR for mental health treatment
and rehabilitation are time and cost efficiency, the possibility for treatment at home,
extensive personalisation opportunities and easier feedback collection.

The immersion and sense of presence of VR allows the user to be completely
submerged in an environment that is designed for treatment. The immersive tech-
nology allows to control which stimuli the user is exposed to, by blocking out reality
and simulating a controllable virtual world. Due to the sense of presence, the users
can learn in VR, by mimicking real life situations. The user can then transfer the skills
they learned in VR to real life situations, e.g. certain motions with their upper limbs
or specific behaviour in stressful situations.

The flexibility of VEs allows for situations to be created that are dangerous, ex-

pensive, uncommon ot even impossible in real life [21]. The configuration of these
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situations is paramount for the therapy. Without the flexibility to virtually recreate
situations, some therapies would be overly expensive, e.g. chartering a plane to over-
come a fear of flying, or impossible, e.g. exercising upper limbs by playing a game in
which mini dragons are caught. Furthermore, situations that are rare in real life but
require to be experienced repeatedly by the patient can easily be created. Because of
the flexibility, treatment in VR can be made more time and cost efficient, especially as
every treatment scenario can be created at the office of HCP. This aspect also enables
treatment at home as the patient can take the VR googles with them and experience
the same VE from anywhere.

The full control over the VE at all times, means that the situation can be adapted to
the needs of the user. This allows for real-time personalisation of VEs. Personalised
treatment is important in mental health, e.g. in the treatment of anxiety disorders [48],
as well as for rehabilitation [49]. Personalisation depends on a fine-grained feedback
of how the patient is responding to the treatment. Collecting this feedback becomes
easier with to VR technology. Information about the users behaviour in VR can be
extract from the VR hardware itself. It can also be extended with external instruments

to collect even more information of the patient’s response to the treatment.

1.4 Pitfalls of Virtual Reality

For all the benefits that VR has to offer in eHealth applications, there are also a few
risks involved in using the technology. The main pitfalls to look out for are, cyber-
sickness, potential high cost of specialist hardware, and complexity of tools that could
required high proficiency with digital technology.

A commonly known side effect of using VR is cybersickness, which is motion
sickness induced by VR. Some earlier studies showed that 30-80% of the population
was affected by it [50, 51]. More recent results indicate that 25-60% get cybersickness
in VR. This led to the conclusion that improvements in hardware already reduce its
impact [52]. At the same time much research is going on to reduce cybersickness [53—
55]. However, the issue still remains significant, especially in the context of healthcare,
where treatment should be safe and effective.

Second, while VR technology has seen a significant reduction in cost in recent
years [50], the total cost of a consumer system still cannot be overlooked. In the early
1990s a HMD was commercially available for §$49K [57]. Today, high-end HMDs can
be bought for prices starting at $599'. However, the use of the goggles still requires
an investment of approximately $1K for a capable computer system. For home use,
this investment is a significant threshold which could prevent the technology from
being adopted. The introduction of cheaper, low-end VR hardware has tried tackling

1 https:/ /www.theverge.com/a/best-vr-headset-oculus-rift-samsung-gear-htc-vive-virtual-reality, accessed
on 01/03/2022
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this problem by making a tradeoff between price and the quality of the technology
(e.g. smaller field of view, less accurate tracking, or lower display resolutions).

Third, using eHealth applications often requires some degree of proficiency with
digital technology [27]. For example, the design and configuration of a VE can be
complex without the appropriate tools. Both for patient and HCP it can be a signif-
icant threshold to incorporate overly complex eHealth solutions into the treatment.
However, reviews suggest that eHealth has the potential to both increase and decrease
health inequality [27]. By including the most vulnerable groups in the co-design pro-
cess, applications can be tailored to their level of proficiency. Likewise, by listening to
what HCPs need for their practice, solutions can be developed that actually support
them without requiring extensive technical expertise of how to use the system.

These risks warrant extra careful consideration when researching the application
of VR technology in healthcare.

1.5 Open Challenges & Overall Goal

From the previous sections, it should be clear that there are still many open chal-
lenges in the application of VR in the eHealth domain. Some of these challenges are

summarised below:

Challenge 1: Assessment Personalisation depends on a good understanding of
how the patient responds to the treatment, regardless of whether the personalisation
is provided by the HCP or an intelligent system [58]. Therefore, automatic assessment
of tasks and learning can be a very effective first step in reaching personalisation.
However, it has not been fully exploited yet in many studies. Automatic assessment
has the advantages that it can perform quantitative and standardised tests, it has the
possibility of measuring parameters currently left uncollected, and the assessment can

be performed on a much higher resolution leading to more fine-grained insights [47].

Challenge 2: Personalisation While the advantages of, and need for personali-
sation of VEs are well established and agreed upon [38, 48, 49, 59], it has trouble
getting adopted in mainstream applications. In part this is due to the high complexity
of the situations in which personalisation is most beneficial. Research is needed on
personalisation techniques for various applications domains in eHealth, with a focus

on complex systems and more robustness.

Challenge 3: Patient-centred platforms There is a need for large scale, patient-
centred platforms, providing VR-based treatment in which all stakeholders are in-
cluded. However, the role of stakeholders, such as the health care providers, also
needs to be considered in the design of such platforms. The purpose of such platforms
should be to connect the stakeholders (e.g. patient and therapist) without becoming
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a barrier that separates them. Thus, for VR to be really included in existing protocols
and treatment, we need studies of good examples where the platform provides the
required support to all stakeholders and assists them in their tasks.

Challenge 4: Expertise driven development Because the VR domain is currently
seeing significant technological innovations in terms of hardware and software, many
of the recent studies with VR have been driven by the technology [60]. Instead we need
to focus more on an expertise driven design for new systems and studies where the
VR technology is viewed as the provider of the medium and the tools. This requires
co-design processes in which the goals and knowledge of health care domain experts
is used as drivers for the design of new system. The focus should be on applying
existing, evidence-based treatments in VR environments and exploring new ways of

treatment that were not possible before.

Challenge 5: Co-design The collaboration of computer scientists and experts
from different domains such as healthcare can only be encouraged. However, the
technical expertise and proficiency of HCPs and end users has to be considered as
well in order for VR technology to be adopted in large scale studies and mainstream
therapy [60]. When the required technical knowledge supersedes the capabilities of the
target group, the VR solutions become obsolete. Therefore, the technology should

always be easy to use and support the user in their task.

The overall goal of this dissertation is to investigate how VR technology can be applied
in eHealth applications, beyond the naive and straightforward translation of existing
solutions to VR. The aim is to enhance eHealth solutions by using VR as a tool.

16  Main Research Contributions

This PhD dissertation contributes to the research domains of VR technology, eHealth,
and personalisation. The use cases in this research are chosen from the mental health
and rehabilitation domains. The presented research challenges and goals in Section 1.5
are tackled in the following three contributions:

Contribution 1: The design, development and testing of a new therapy tool for
Unilateral Spatial Neglect (USN) with VR. This new approach improves on existing
therapy by incorporating multiple sensory modalities. In addition to the visual aspects
of CGI VR content, also spatial audio is included. This is done by applying Music
Neglect Therapy (MNT), an approach that has seen positive effects in other forms of
therapy. This research is the first documented case in which music therapy is used
in VR. The use of VR is very important because of its immersive characteristics, it

is able to stimulate the patient on the visual and auditory spectrum while blocking
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them from other external, non-intended, distractions. Furthermore, in this research,
continuous automatic assessment is performed by making use of sensor data from
internal sensors of the HMD hardware, specifically head movement, and feeding it
back to the therapist. This approach allows for a cheap way of extracting new insights

on the patients behaviour that would otherwise be much more complicated.

Contribution 2: The design, development and testing of relaxation therapy in VR
including automatic adaptations to the emotional state of the user. The use of VR
technology and CGI content allows the user to be completely submerge in a tranquil
and relaxing environment, away from real world distractions. Additionally, total con-
trol of the VE is required in order to adapt it to the current needs of the user. The
personalisation of the therapy relies on the emotional state of the user. The challenges
of detecting or measuring emotional conditions is mitigated by following a predictive
approach through a mathematical model built on theoretical foundations. The model
assumes user profile and changes in the environment to update the predictions of
the emotional state. Eventually, the VE is adapted using a heuristic optimiser for
determining the appropriate environment changes based on the emotional condition.
Furthermore, this research aims to empower users by giving them the tools to support
their own health through a VR application. The user is put at the centre of the design
process and the resulting application by alleviating the need for a trained therapist
therapist.

Contribution 3: The design, development and testing of a patient-centred platform
for Virtual Reality Exposure Therapy (VRET) with longitudinal follow up and home-
work exercises through a mobile coaching app. This research was part of an interdisci-
plinary project, called PATRONUS, involving psychotherapists, computer scientists,
communication scientists, VR developers and secure cloud system specialists. The
platform developed in the PATRONUS project formed the central support tool for
psychotherapists to provide gradual exposure therapy to patients in VR, through CGI
content, and in vivo, through real life situations. The support to the therapists was
enhanced by incorporating an intelligent system that provided suggestions for person-
alised configurations of the VE used for the therapy. Specifically, the configurations
are adapted to the therapeutic needs of the patients and aim to maximise the learn-
ing of the patient in the VE. By providing this support to the therapist, no extended
technical proficiency is required to use the VR tool. The knowledge used to power
the adaptions is managed through semantic technology.

1.7 Outline

This dissertation is composed of a number of publications that were realised within
the scope of this PhD. The selected publications provide an integral and consistent
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Figure 1.6: Schematic position of the different chapters in this dissertation.

overview of the work performed. The complete list of peer-reviewed publications
that resulted from this work is presented in Section 1.8.

Within this section we give an overview of the remainder of this dissertation and
explain how the different chapters are linked together. Figure 1.6 positions the differ-
ent contributions that are presented in each chapter (Chpt) and appendix (App).

In Chapter 2 a VR application is presented for the treatment of spatial neglect
through music therapy. The patient, wearing an HMD experiences exercises in the VE
developed for this use case. An assessment module performs continuous evaluation
of the user by recording head rotation from the internal sensors of the HMD. The
information from this assessment is presented on a dashboard application for the
HCP providing the therapy. The presented approach provides a tool that aims to
improve on existing therapy by using VR and by giving more insights to the health
care practitioner.

In Chapter 3 a VR application is presented focussed on providing relaxation ther-
apy. This application presents a method of personalising the relaxation experience
based on the emotional state of the user. To make the personalisation possible, a
mathematical model is designed and implemented that makes an assessment of the
cutrent emotional state by making prediction based on user profile and changes in the

VE. This application provides a self-management tool for the user as the system is
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semi-autonomous and intended for use at home.

The platform introduced in Chapter 4 is the result of the PATRONUS project
in which a patient-centred blended care solution for VRET is designed, developed
and tested. The project was an interdisciplinary endeavour between psychotherapists,
computer scientists, communication scientists, VR developers and secure cloud sys-
tem specialists. In this chapter the architecture of this platform is described, it in-
cludes: a VR system for the presentation of two VE scenarios, personalised adaptation
to these VEs based on the needs of the patient, a central system for data management
and control, a coaching app for the patient through which longitudinal follow-ups
and homework exercises are possible, and a dashboard application for the therapist
through which they can monitor and manage VR session. The adaptation algorithm
that enables the personalisation of the VE for VRET is discussed in detail in Chap-
ter 5. The personalisation algorithm provides support to the therapist by presenting
suggestions for the next exercise on the dashboard. The therapist can then choose
which suggestion of the algorithm to use. The information used by the algorithm is a
combination of self-assessments of the patient and domain knowledge. In Chapter 5,
the use of semantic technology is described for the management of this knowledge
and information.

Appendix A presents an extension to the coaching app in the PATRONUS plat-
form. This extensions analyses usage data of the mobile app to gain better understand-
ing of the patient. By identifying patterns, different types of usages were distinguished
that help therapists in providing better follow-up treatment.

Finally, Appendix B investigates, on a more technical level, how VR experiences
can be delivered with higher quality. Specifically, this research focuses on the chal-
lenge of viewport prediction for streaming VR content. By predicting the direction a
user will look at, streaming protocols can be optimised to provide better Quality of
Experience (QoE). Multi-armed bandits were used to learn the behaviour of users and
make better predictions.

Every VR application and intelligent component is designed with the input of
domain experts and/or domain knowledge. Wherever possible, an inclusive approach
was followed where input from patients and HCPs was taken into account.

Table 1.1 shows the challenges that were highlighted in Section 1.5 and indicates
which were targeted per chapter.

1.8 Publications

The research results obtained during this PhD research have been published in scien-
tific journals and presented at a series of international conferences. The following list

provides an overview of the publications during my PhD research.
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Table 1.1: An overview of the challenges tackled per chapter in this dissertation.

Chpt. 2 Chpt. 3 Chpt. 4 Chpt. 5

Challenge 1 °

Challenge 2 ° °
Challenge 3

Challenge 4

Challenge 5

Publications in International Journals
(listed in the Science Citation Index ?)

. Joris Heyse, Maria Torres Vega, Thomas De Jonge, Femke De Backere, and

Filip De Turck, A Personalised Emotion-Based Model for Relaxation in Virtual Reality,
Published in Applied Sciences, Volume 10, Issue 17, September 2020.

. Sam Van Damme, Maria Torres Vega, Joris Heyse, Femke De Backere, and

Filip De Turck, A low-complexity psychometric curve-fitting approach for the objective qual-
ity assessment of streamed game videos, Published in Signal Processing: Image Com-
munication, Volume 88, Issue 1, October 2020.

. Joris Heyse’, Stéphanie Carlier’, Ewoud Verhelst, Catharine Vander Linden,

Femke De Backere, and Filip De Turck, From Patient to Musician: A Multi-Sensory
Viirtual Reality Rebabilitation Tool for Spatial Neglect, Published in Applied Sciences,
Volume 12, Issue 3, January 2022.

. Joris Heyse, Barbara Depreeuw, Tom Van Daele, Tine Daeseleire, Femke On-

genae, Femke De Backere, and Filip De Turck, An Adaptation Algorithm for Per-
sonalised Virtual Reality Exposure Therapy, Revision submitted to Computer Meth-
ods and Programs in Biomedicine, March 2022.

. Joris Heyse, Klaas Bombeke, Anissa All, Bernard Francois, Steven Thys, Pat

Van Roey, Michael Van der Vloedt, Barbara Depreecuw, Tom Van Daele, Tine
Daeseleire, Femke Ongenae, Femke De Backere, and Filip De Turck, PA-
TRONUS: Towards an Architecture for Personalised Virtual Reality Exposure Therapy,
Manuscript submitted to Expert Systems with Applications, April 2022.

2The publications listed are recognised as ‘A1 publications’, according to the following definition used by
Ghent University: Al publications are articles listed in the Science Citation Index Expanded, the Social
Science Citation Index or the Arts and Humanities Citation Index of the IST Web of Science, restricted to
contributions listed as article, review, letter, note or proceedings paper.

¥The first two authors share co-first authorship of this work.
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1.8.2 Publications in International Conferences
(listed in the Science Citation Index 4)

1. Joris Heyse, Maria Torres Vega, Tim Wauters, Femke De Backere, and Filip
De Turck, Effects of Adaptive Streaming Optimizations on the Perception of 360° 1Vir-
tual Reality V'ideo, Published in proceedings of the 30th International Teletraffic
Congtress (ITC 30), IEEE, Vienna, Austria, pages 89-92, September 2018.

2. Joris Heyse, /DC] Self-Adaptive Technologies for Immersive Trainings, Published in
proceedings of the IEEE Conference on Virtual Reality and 3D User Interfaces
(VR), IEEE, Osaka, Japan, pages 1381-1382, March 2019.

3. Joris Heyse, Maria Torres Vega, Femke De Backere, and Filip De Turck, Con-
texctual Bandit 1earning-Based Viewport Prediction for 360 Video, Published in pro-
ceedings of the IEEE Conference on Virtual Reality and 3D User Interfaces
(VR), IEEE, Osaka, Japan, pages 972-973, March 2019.

4. Joris Heyse, Thomas De Jonge, Maria Torres Vega, Femke De Backere, and
Filip De Turck, A personalized Virtual Reality Experience for Relaxation Therapy,
Published in proceedings of the Eleventh International Conference on Quality
of Multimedia Experience (QoMEX), IEEE, Berlin, Germany, June 2019.

5. Maria Torres Vega, Jeroen van der Hooft, Joris Heyse, Femke De Backere,
Tim Wauters, Filip De Turck, and Stefano Petrangeli, Exploring New York in
8K: an adaptive tile-based virtual reality video streaming experience, Published in pro-
ceedings of the 10th ACM Multimedia Systems Conference, ACM, Amherst,
Massachusetts, USA, pages 330-333, June 2019.

6. Sam Van Damme, Joris Heyse, Femke De Backere, Maria Torres Vega and
Filip De Turck. Effects of Haptic Feedback on User Perception and Performance
in Projected Augmented Reality, Submitted to the 14th International Conference
on Quality of Multimedia Experience (QoMEX), IEEE, Lippstadt, Germany,
September 2022.

1.8.3 Publications in other International Conferences

1. Joris Heyse, Femke Ongenae, Femke De Backere, and Filip De Turck, Personal-
isation of Exxercises in IVRET, Published in proceeding of the Artificial Intelligence
Applied to Assistive Technologies and Smart Environments Workshop at the

4The publications listed are recognised as ‘P1 publications’, according to the following definition used by
Ghent University: P1 publications are proceedings listed in the Conference Proceedings Citation Index
- Science or Conference Proceedings Citation Index - Social Science and Humanities of the IST Web of
Science, restricted to contributions listed as article, review, letter, note or proceedings paper, except for
publications that are classified as Al.
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Thirty-Second AAAI Conference on Artificial Intelligence, AAAIL New Ot-
leans, USA, pages 141-144, February 2018.

2. Joris Heyse, Femke Ongenae, Jolien De Letter, Anissa All, Femke De Backere,
and Filip De Turck, Design of an Ontology for Decision Support in 'R Exposure Ther-
apy, Published in proceedings of the 13th EAI International Conference on
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From Patient to Musician: A Multi-Sensory
Virtual Reality Rehabilitation Tool for Spatial
Neglect

The first advanced virtual reality application of this dissertation is a rehabilitation tool for the
treatment of patients with spatial neglect. The main advancements in this application are the use
of music therapy as a multi-modal treatment together with vision stimuli, and the use of internal
sensors of the head mounted display for automated assessment. In this chapter, three of the
challenges presented in Section 1.5 are tackled. Specifically, the following challenges: (i) the use
of automated assessment to extract insights of the patient’s behaviour that is presented to the
health care professional on a dashboard, (ii) the need for expertise-driven instead of technology-
driven applications, and (iii) application design that takes into account the technical proficiency
of the users.
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Abstract Unilateral Spatial Neglect (USN) commonly results from a stroke or ac-
quired brain injury. USN affects multiple modalities and results in failure to respond
to stimuli on the contralesional side of space. Although USN is a heterogeneous syn-
drome, present-day therapy methods often fail to consider multiple modalities. Music
Neglect Therapy (MNT) is a therapy method that succeeds in incorporating multi-
ple modalities by asking patients to make music. This research aimed to exploit the
immersive and modifiable aspect of Virtual Reality (VR) to translate MNT to a VR
therapy tool. The tool was evaluated in a 2-week pilot study with four clinical users.
These results are compared to a control group of four non-clinical users. Results indi-
cated that patients responded to triggers in their entire environment and performance
results could be cleatly differentiated between clinical and non-clinical users. More-
over, patients increasingly corrected their head direction towards their neglected side.
Patients stated that the use of VR increased their enjoyment of the therapy. This study
contributes to the current research on rehabilitation for USN by proposing the first
system to apply MNT in a VR environment. The tool shows promise as an addition
to currently used rehabilitation methods. However, results are limited to a small sam-
ple size and performance metrics. Future work will focus on validating these results
with a larger sample over a longer period. Moreover, future efforts should explore

personalisation and gamification to tailor to the heterogeneity of the condition.

2.1 Introduction

Approximately 25 to 30% of all stroke individuals suffer from Unilateral Spatial Ne-
glect (USN) [1]. Moreover, USN is a syndrome that is systematically under-diagnosed
due to a lack of sensitivity in the used assessment methods [2]. Stroke is the lead-
ing cause of disability according to the World Health Organisation (WHO), and ne-
glect predicts poor outcomes in functional recovery, leading to longer hospitalisations,
functional dependency or long-term disability in everyday activities. Therefore, USN
is an important syndrome that requires careful diagnosis and treatment [1, 3].

USN is a syndrome that is commonly caused by unilateral brain injury, most often
a stroke [4]. It is defined as the failure to report, respond or orient to meaningful or
novel stimuli that occur on the side contralateral to the hemispheric lesion, where this
failure cannot be attributed to either an elemental sensory or motor deficit [5]. The
different modalities in which this lack of awareness manifests itself are manifold, and
its presence severely hinders functional recovery after brain injury [6].

Moreover, USN is considered to be a heterogeneous syndrome, which means that
the disorder can affect various modalities [7]. The most prevalent ones are the visual,
auditory and motor modality [8]. Although it is crucial for a rehabilitation method
to include all the affected modalities, more often than not, solely the visual modality
receives attention in current treatments [9]. Visual Scanning Training (VST), for ex-

ample, is a technique that enjoys a high adoption rate in clinical practice but fails to
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incorporate other sensory modalities [10]. However, Music Neglect Therapy (MNT)
is a therapy method based on active music-making that shows potential for the multi-
sensory rehabilitation of USN [11].

The aim of this paper is to research the feasibility of translating MNT to a Virtual
Reality (VR) environment for the rehabilitation of patients with USN, exploiting the
immersive power and versatility of VR to provide a multi-sensory experience. For
the design of this VR therapy tool, an interdisciplinary approach is taken in close
cooperation with experts from the Ghent University Hospital. The resulting proof
of concept is evaluated in a pilot study with four individuals suffering from USN and
four non-neglect individuals.

The remainder of this paper is structured as follows. First, relevant related re-
search is discussed in Section 2.2, followed by the vision of the therapy tool for USN
in Section 2.3. Hereafter, the materials and methods will be discussed, subdivided
into Section 2.4, which elaborates on the design of the proposed therapy tool, and
Section 2.5, which discusses the implementation of the system. Next, Section 2.6
presents the setup of the performed pilot study. We follow with Sections 2.7 and 2.8,
which present and discuss the findings of the pilot study. Finally, a concise conclusion
will be given in Section 2.9.

2.2 Background

This section will discuss relevant background information and related work concern-
ing the classification of spatial neglect, followed by the assessment and existing reha-
bilitation techniques for USN. Finally, musical therapy and the use of VR for patients
with USN will be covered in depth.

2.21 C(lassification of Spatial Neglect

USN is relatively common and has many causes, including neurodegenerative diseases,
neoplasm, aneurysm, traumatic brain injury after the surgical resection of a brain tu-
mour and stroke, where stroke is by far the most prevalent cause [4, 12-14]. Left-sided
neglect is more common than right-sided neglect, as it is mostly linked to damage to
the right hemisphere of the brain [15, 16]. The brain has an asymmetric attention
mechanism, where the left hemisphere is responsible for processing input originating
from the right side of space, whereas the right hemisphere is responsible for stimuli
from both the left and partly the right. When damage occurs at the left hemisphere,
the right hemisphere can partially compensate for it. However, when the right hemi-
sphere is damaged, no compensation is possible.

Although the existing literature is not consistent on the classification of the types
of USN, two categories exist. The first categorises neglect based on the affected

modality, including sensory, motor or representation neglect. Patients with sensory
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Figure 2.1: When patients with representational neglect are asked to draw an analogue clock from memory,
the numbers are placed in their non-neglected side of the clock (a-g). Image used from [21].

neglect experience a disordered awareness of sensory inputs originating from their
contralesional side of space. They lack the ability to bring their attention to this side
of space in the presence of external stimuli [12, 15]. This type of neglect can be further
specified by the sensory modality in which it manifests itself, such as visual, auditory
and tactile neglect [8]. An example of sensory neglect is when the patient only eats
half the plate of food, despite still being hungry [17]. Next, motor neglect is defined
as a failure to generate the desired movement in response to observed stimuli, where
this failure cannot be ascribed to a primary sensor or motor deficit [8, 18]. Multiple
sub-types of this type of neglect exist, such as the under-utilisation of a limb opposite
to the brain lesion [19]. A final type of modality-based neglect is representation ne-
glect or imagery neglect, where a person ignores the contralesional side of images that
were internally generated, such as mental representations of a task, action or move-
ment [8, 20]. An example of this type of neglect can be seen when a patient is asked
to draw an analogue clock from memory, in which the patient places all the numbers
on their non-neglected side of the clock [21]. An example of this experiment is shown
in Figure 2.1.

The second method classifies neglect according to the distribution of abnormal
behaviour in space, e.g. personal and spatial neglect [22]. Personal neglect is the
lack of exploration of half of the body contralateral to the damaged hemisphere [23].
An example of personal neglect is only shaving half of their face, or putting on only
one shoe. Personal neglect differs from sensory neglect as it is characterised by an
unawareness of the body part itself, whereas sensory neglect refers to an unawareness
of external stimuli, e.g. vision or touch [8]. Spatial neglect is defined as neglect where
the abnormal behaviour is not located in personal space; this thus refers to failure

to acknowledge stimuli on the contralesional side of space [23]. Spatial neglect is
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often used as a synonym for the neglect syndrome as a whole. Two sub-types of
spatial neglect can be discerned. Peripersonal or near-space neglect is when symptoms
manifest in the reaching distance of the patient, e.g. the example of eating half a
plate of food. When symptoms occur in the space beyond reaching distance, e.g.
inadvertently bumping into obstacles while walking, it is classified as extrapersonal or
far-space neglect.

Although these categories exist, USN remains an inherently heterogeneous syn-

drome, meaning that patients often experience multiple types of neglect simultane-

ously [7].

2.2.2 Assessment of USN

To assess the degree and nature of the spatial neglect, several assessment methods are
available today that try to measure a potential bias towards the non-neglected side of
space. These assessment tests can be categorised into the so-called paper-and-pencil
tests, which are often tools for quickly screening patients, and the behavioural tests,
which aspire to assess spatial neglect based on everyday tasks [8, 24, 25].

Examples of paper-and-pencil tests are the line bisection test and the cancellation
test. During the line bisection test?, patients are asked to indicate the horizontal centre
of a simple straight line. A bias towards the right or left can then indicate USN, as
shown in Figure 2.2 [26-28]. For the cancellation test, the patient has to cross out
certain symbols on a sheet of paper, often ignoring other distraction symbols. One
example of such a cancellation test is the star cancellation test’, shown in Figure 2.3, in
which all small stars need to be indicated, ignoring the random distraction words. The
quantification of USN is then the difference between the missed stars on the left versus
the right side [28-31]. An example of a digital paper-and-pencil test is the neglect test
of the Test for Attention Performance (TAP). The neglect test is a subtest of the TAP
test suite*, during which the patient needs to respond to a flickering stimulus on the
screen by pressing a button [32]. These paper-and-pencil tests are simple and quick
to set up. However, they should only be used for initial screening and not for clinical
diagnosis as they cannot discriminate between sensory and motor neglect.

Examples of behavioural tests are the Behavioural Inattention Test (BIT), the
Semi-Structured Scale for Functional Evaluation of Hemi-Inattention and the Cather-
ine Bergego Scale (CBS). The BIT consists of conventional pen-and-paper tests as well
as practical tests such as reading a menu or sorting coins [8, 28, 33]. Similarly, for the

Semi-Structured Scale for Functional Evaluation of Hemi-Inattention®, the patient

zhttps://www‘strokengine.ca/en/assessments/line—bisection—test, accessed on 21/01/2022

3ht'cps://strokcnginc.czt/cn/asscssmcnts/smrfcanccllzmtionftcst, accessed on 21/01/2022

4https://\mvw‘psytest.net/en/tcst—batteries/tap/subtests#Visual_ﬁeld_examination, accessed on
21/01/2022

5 https://strokengine.ca/en/assessments/semi-structured-scale-for-the-functional-evaluation-of-hemi-
inattention, accessed on 21/01,/2022
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Figure 2.2 For the line bisection test, the middle of the line has to be indicated (A). A bias towards one of the
extremities of the line can be an indication of USN (B).

Figure 2.3: For the star cancellation test, all the stars have to be indicated. The difference in missed stars
between the left and right side indicates potential USN.

has to perform functional tasks such as combing their hair or serving tea [8, 28, 34].
Finally, the CBS® is a standardised checklist for the detection and degree of unilat-
eral neglect during the observation of everyday life situations. Moreover, the scale
also measures the self-awareness of behavioural neglect. Examples are grooming and
paying attention to people talking to the patient from one side of their field of view.
The disadvantage of these behavioural tests is that they often focus on visually based
functional tasks and do not differentiate between sensory and motor neglect [8, 28].

2.2.3 Rehabilitation Techniques for USN

Many interventions for the rehabilitation of spatial neglect have been proposed; how-
ever, there is a need for more evidence regarding their effectiveness. Consequently,
no standardised set of rehabilitation methods for USN exists [30]. The existing ap-
proaches can be categorised into top-down methods, bottom-up methods, modula-
tion of inhibitory processes and increasing arousal.

Top-down methods aim to stimulate the voluntary attention gaze of the patient
towards the neglected side of space. This stimulation consists of cues and instructions
from the therapist. VST is the most used form of top-down rehabilitation technique.

VST aims to orientate the visual scanning of the patient back towards the neglected

(’https://strokengine.ca/en/assessments/catherine—bergego—scale—cbs, accessed on 21/01/2022
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Figure 2.4: The four phases of the Prism Adaptation rehabilitation method. (A) Pre-test, (B) the perception
of visual error signal, (C) the adaptation and (D) the after-effect. Image used from [41].

side by giving explicit instructions on where to look, e.g. asking them to locate the
left-hand margin of the page before reading the next line [10]. Top-down methods
are often criticised for their lack of specificity, as not all neglect symptoms seem to
improve and non-visual sensory neglect is not addressed [35, 36]. Nevertheless, top-

down approaches, and specifically VST, are still mainly used in clinical practice [37].

In an attempt to address the shortcomings of top-down methods, bottom-up
methods were developed. A deficit in processing the sensory information of one
side of space creates an unbalance in the patient’s representation of space. Bottom-
up methods aim to trestore this balance by manipulating the patient’s sensory en-
vironment [25, 38]. Sensory Stimulation is an example of such a method, which
uses sensory input from different modalities, thereby addressing the multi-sensory
aspect of USN, to eliminate this orientation bias towards the neglected side. The
most well-known implementations of Sensory Stimulation are Optokinetic Stimula-
tion (OKS), Neck-Muscle Vibration (NVM), Caloric Vestibular Stimulation (CVS)
and Galvanic Vestibular Stimulation (GVS) [35]. Another well-known bottom-up
technique is Prism Adaptation (PA), where patients wear prisms that shift their vision
towards their non-neglected side. For left-sided neglect, the prism introduces an op-
tical shift of several degrees to the right. At the start of the adaptation process, this
leads to a right-sided error signal, as shown in Figure 2.4. After several iterations, com-
pensation of the behaviour kicks in, and this error is corrected. When these prisms
are then removed, a consistent deviation to the left occurs when pointing to a visual
target, called the after-effect [39, 40].

A final example of a bottom-up technique is Limb Activation (LA), whete patients
are asked to make voluntary contralesional limb movements in their affected side of
space. This, in turn, activates the corresponding areas of the brain dealing with extra-
and peripersonal space [42]. Studies regarding LA show interesting results; however,
long-term functional effectiveness has yet to be determined [306].

The next category are methods that address the modulation of inhibitory pro-
cesses, such as Transcranial Magnetic Stimulation (TMS) and transcranial Direct Cut-

rent Stimulation (tDCS). These techniques use non-invasive brain stimulation to re-
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duce the activity of the contralesional hemisphere or increase the activity of the ipsile-
sional hemisphere [43].

The final category of techniques for the rehabilitation of USN includes methods
that focus on the stimulation of arousal, such as Sustained Attention Training (SAT)
[7]. USN has been linked with a non-lateralised attention deficit, i.e. patients often
struggle to keep their attention focused for a longer time petiod, even in their non-
affected side of space [44]. These techniques aim to stimulate sustained attention to
improve associated neglect symptoms. SAT does this by first pointing out the spatial
errors that the patients makes during the executing of a certain task. The patient
then has to repeat this task, while the trainer provides a reminder, every 20 to 40 s,
to remain attentive, teaching the patient to “self-alert” while completing this task on
their own [7].

2.2.4 Music Therapy and USN

Music therapy has shown great potential as a therapy method for multiple syndromes
[45—47]. The act of playing an instrument provides a patient with the opportunity
to train multiple sensory modalities simultaneously, such as hearing, vision, touch,
motor and cognitive skills [48, 49]. Motreover, music-making taps into the emotion and
reward system of the human brain, making a music therapy intervention intrinsically
rewarding and engaging [50].

Neurologic Music Therapy (NMT) is a neuroscientifically motivated model of mu-
sic practice and consists of 20 research-based music therapy techniques. One of these
techniques is MNT, a music-making spatial neglect therapy. In this model, MNT is
described as a technique that “includes active performance exercises on musical in-
struments that are structured in time, tempo and rhythm, and is in appropriate spatial
configurations, to focus the attention to a neglected or unattended visual field” [11].

The use of music in spatial neglect therapy has additional benefits, such as the
Mozart effect. This effect states that one has better spatial-temporal reasoning when
listening to a certain Mozart sonata [51], indicating that music and space are closely
linked. It has been shown that, for people with spatial neglect, listening to classi-
cal music, or pleasant music in general, increases their spatial awareness and boosts
arousal [52, 53]. Second, people have a tendency to spatially represent ordinal se-
quences, such as numbers or tones. Even non-musicians have a so-called “piano in
the head”, where notes are arranged from left to right, low to high, on a horizon-
tal axis. This neurological trick can thus be applied in a spatial neglect intervention
method [54, 55].

For these aforementioned reasons, musical practice is considered a promising tool
for the rehabilitation of USN [49]. However, to date, only a few studies exist on the
use of MNT [17, 56-58]. These studies use a horizontally aligned instrument, such

as a piano, with the objective to increase the active exploration towards the neglected
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side of the patient. Overall, results were positive, observing significant improvements
in the visual exploration of patients, with both short- and long-term effects. One
case studied the influence of the congruence of the sound feedback design on the
performance of the patient, by comparing multiple sound feedback options, such as
congruent sound feedback, i.e. the pitches of the notes are horizontally aligned similar
to the keys on a piano, random sound feedback and no feedback, i.e. silence [17]. The
researchers observed that the spatial exploration of patients with left-sided neglect
was superior in the case of congruent sound feedback and that the use of a musical
scale may trigger the preserved auditory and spatial multi-sensory representation of

successive sounds.

2.2.5 VR for Rehabilitation

In Virtual Reality, the user is placed in a completely computer-generated three-dimensional
simulation, where they can look around and interact with their environment using de-
vices such as a Head Mounted Display (HMD) and gloves or controllers, to create

an immersive experience. VR has long since found its place in the world of gaming
and entertainment. Nevertheless, VR is increasing in popularity in a clinical setting.

A tool for the rehabilitation of children with dystonic cerebral palsy [59], limb pain
alleviation [60] and VR exposure therapy for anxiety disorders [61] are just a few ex-
amples of the clinical applications of VR [62-67]. Other mixed reality tools, such

as Augmented Reality (AR), have also found their way into clinical applications, e.g.
neurosurgery [68, 69]

VR has many advantages over traditional rehabilitation techniques. First, VR sys-
tems can augment and manipulate the interaction of the user with the environment and
can quantitatively monitor it, promoting the functional recovery of the patient [70].
Second, opposed to traditional treatment options, VR is modular, enabling the tai-
loring of the treatment to the patient’s needs and physical or cognitive capabilities.
Third, there is no need for a clinician as the system can monitor the performance of
the patient and quantify how well a task is being performed and give feedback accord-
ingly. This consequently increases the potential for at-home rehabilitation. Lastly, the
virtual environment is often more immersive and enjoyable than conventional treat-
ments, which leads to the patient more actively participating and an increased positive
attitude towards the treatment, which increases the overall quality of life of the pa-
tient [71].

However, the use of VR introduces several disadvantages as well. First, the im-
mersion aspect can provoke cyber sickness in some, leading to the incompletion of the
treatment or an unenjoyable experience. Nevertheless, a large portion of these side
effects can be managed by taking appropriate precautions, such as excluding patients
prone to motion sickness and following post-immersion procedures [72]. Second,

there are studies investigating the spatial perception of distance [73, 74] and orienta-
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tion [75] in VR environments. These studies have found that subjects perceive dis-
tances differently in VR than in real life, while the perception of orientation remains
the same in VR. This should be carefully considered in therapy use cases where the
perception of the user is important. Third, the design of a new VR tool for a clinical
setting should always be based on an informed theoretical foundation [76]. Finally,
although the cost of VR devices has decreased in recent years, the initial equipment
cost is still far greater than traditional pen-and-paper tools, which can be a batrier to

their adaption in a clinical setting, especially in lower-income countries [77, 78].

As mentioned, VR is becoming more and more present in healthcare applications.
On of these applications is the rehabilitation of spatial neglect [79-83]. As there is
currently no gold standard for the rehabilitation of USN, new VR interventions can
flourish. Moreover, VR provides the opportunity to address and support the multi-
sensory characteristics of the syndrome as it incorporates not only visual but also other
sensory stimuli. Tactile feedback can be provided using haptic feedback through con-
trollers, and the headphones integrated in a HMD provide auditory stimuli. Moreover,
three-dimensional sound can be simulated such that sound is linked to a certain lo-
cation in space. The use of VR in rehabilitation for USN can hereby accommodate
the demand for multi-sensory intervention techniques. Next, clear visual and audi-
tory progress markers motivate the user and help the rehabilitation process. Further-
more, the use of VR provides more enjoyment of the therapy and increases overall
motivation. Patients that have suffered from a stroke experience often suffer from
post-stroke depressions, originating from the feeling of loss of independence [37].
Self-administering rehabilitation can restore the sense of self-ownership by enabling
patients to carry out the rehabilitation independently. Finally, the option for at-home
rehabilitation is beneficial for those with mobility issues, often the case for post-stroke
patients [84, 85].

A variety of studies regarding the use of VR for the rehabilitation of USN exist,
such as the grabbing and placing of sushi on a virtual sushi bar [79], following a vir-
tual moving ball with their eyes [80], a rehabilitation tool that offers extra-personal and
peripersonal training by performing several tasks in the VR environment [81], a virtual
translation of the CBS [82] and a virtual environment based on the PA method, where
the HMD emulates the prism [83]. However, no studies have been found that com-
bine music therapy and VR into a rehabilitation tool for USN. Nonetheless, studies
combining musical therapy and VR exist, such as a VR system to train everyday hand
movements using musical exercises for post-stroke patients [86] or a virtual musical
theatre for people suffering from Alzheimer’s disease, where patients are immersed in

a musical experience among the audience [87].
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2.3 Vision and Objectives

The previous section indicates a lack of therapy tools for USN that include multiple
modalities, despite the consideration of USN as a multi-sensory deficit. MNT exploits
these multiple modalities and is therefore considered to be a promising tool for the
rehabilitation of USN patients [49]. The use of VR for the rehabilitation of USN offers
the advantage of not limiting the therapy to visual stimuli due to the easy integration
of auditory, tactile and motor stimuli. A VR environment facilitates the creation of an
immersive expetience that can be adapted to the needs of the patient. Moreover, the
use of a digital tool, as opposed to manual assessment, provides the opportunity for
more unbiased data collection during therapy. Information, such as head direction or
responses to stimuli in the VR environment, can be tracked to evaluate progression
over time.

The objective of this research is to investigate whether MNT for USN can be suc-
cessfully translated to an immersive VR environment and whether the data collected
during the immersive training can be used for the assessment and thus evaluation
of the progress of patients affected by USN. To achieve this, a digital tool has been
designed that includes an immersive VR environment in which the patient has to
perform several musical exercises, tracking and displaying session data on a therapist
dashboard.

To ensure that this tool achieves its objective, expert knowledge about the needs of
the target audience and offered therapy is necessary. An iterative participatory design
approach has been taken, involving experts and patients in the design process. This
research has been established in close co-operation with specialists and therapists from
the Rehabilitation Department of the Ghent University Hospital. To evaluate the
resulting system, a pilot study, approved by the ethics committee, has been conducted
involving several patients who were currently undergoing treatment for USN at the
Rehabilitation Department of the Ghent University Hospital.

Three research questions have been investigated:
1. Can MNT be effectively translated into a VR environment?

2. Can the newly designed VR system be used for the treatment of adults with
USN with an acquired brain injury?

3. Will the spatial performance of the patient with an acquired brain injury evolve
positively after treatment with the VR system?

2.4 Design of the VR Therapy for USN

The multi-sensory VR rehabilitation tool enables the user to perform several musical

exercises on a virtual xylophone, while incorporating three sensory modalities, namely
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Figure 2.5: The designed VR therapy tool for USN consists of two modules: the VR therapy module, for the
patient, who has to wear a HMD and use controllers, and the dashboard, accessible on a computer,
where the therapist can control and oversee the session.

auditory, visual and motor. During these exercises, patients ate triggered to explore
their neglected side.

To ensure that a therapist can guide and follow an ongoing session, the designed
platform consists of two modules, one for the patient and one for the therapist, as
shown in Figure 2.5. For the therapist, there is a dashboard, accessible on a computer,
to oversee and control the therapy as it is in progress. For the second module, the VR
therapy, the patient has to wear a HMD and use two controllers, representing mallets,
to stroke the keys of the virtual xylophone.

The following sections will first elaborate on the designed VR therapy module and
its four tasks, followed by an explanation of the designed therapist dashboard.

241 VR Therapy Module

During a VR therapy session, the patient will see an arrangement of several musical
keys, similar to a xylophone, aligned in a semi-circle around them, as shown in Fig-
ure 2.5. Using the controllers, notes can be played by hitting a key with a percussion
mallet, i.e. the motor modality of the therapy. The notes produced by the keystrokes
are spatial sounds, i.e. originating from their location in space, where its pitch also
depends on its location in the virtual environment, i.e. the auditory modality. Finally,
when hit, the keys light up in a different colour for approximately 1 s before turning
back to their original colour, corresponding to the visual modality.

The VR therapy module contains four tasks, called Assessment, Scales, Memory
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Figure 2.6: General setup of the symmetrical setup of the Assessment task in schematic (left) and virtual
environment (right).

and Free-to-Play. The Assessment task aims to assess the severity of the spatial neglect
of the patient and their progress in the rehabilitation process. The other three tasks
aim to change the behaviour of the patient by training them to respond to triggers in
their environment, a top-down approach.

The use of a VR environment enables us to adapt the setup of the xylophone to
the current task and difficulty level. More specifically, the number of keys of the in-
strument and their location in space can instantly be changed to meet therapy needs.
The location of the keys changes based on the objective of the task. Since the As-
sessment task aims to assess progress, the keys will be symmetrically spaced on the
semi-circle, as shown in Figure 2.6. However, for the three training tasks, the keys
will be located off-centre towards the neglected side of the patients’ environment, as
shown in Figure 2.7, a bottom-up approach. More specifically, two keys will always
be located on the ipsilesional side, while the other keys are situated in the neglected
side of the environment. In this setup, the key at the extremity of the instrument is
an extra key, producing a special sound. This modification is necessary as people with
USN benefit from these anchor points in their neglected side of space. Moreover, a
red target will occasionally appear during these training tasks. The users are required
to look directly at this target for a few seconds, before continuing with the task. This
addition is necessary to keep the patient aware of the location of their mid-line. Fi-
nally, the difficulty level of each task is reflected in the number of keys shown, namely
difficulty 1 to 4, which corresponds to 6 to 9 keys, respectively. Each task, except
the Assessment, consists of several of these levels, and thus a different number of keys
based on the set difficulty level, as shown in Figure 2.8.

Next, each task will be discussed in motre detail.

2.411 Assessment Task

The Assessment task is the only task that does not use difficulty levels and should not
be played each session. The objective of this task is to assess the progress of the
patient during their rehabilitation and can be performed whenever the therapist deems
it necessary. For this task, the instrument keys are set up symmetrically (cf. Figure 2.6),
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Figure 2.7: General setup of the asymmetrical setup of the three rehabilitation tasks in schematic (left) and
virtual environment (right).

Figure 2.8: Setup of instrument during the rehabilitation tasks. Difficulty One (left) and difficulty Four (right).

regardless of their neglected side, assuming that the head direction of a patient with
USN will indicate a bias towards their non-neglected side.

During this task, the patient is asked to freely play the instrument. However, test
runs and feedback from the experts indicated the need to incentivize patients to con-
tinue playing different notes. Therefore, each key is supported by a small ball, that
starts up in the air and slowly falls towards the keys. Patients are instructed to avoid
letting the balls touch the keys. When a ball is close to the surface of a key, it turns
green, indicating that the patient can then hit the corresponding key to send the ball
back up into the air. When the ball touches the key, it turns red (cf. Figure 2.6 right).
This gamified element triggers the active exploration of their entire environment dut-

ing the Assessment.

2.41.2 Scales Task

The Scales task is the first training task. In this task, the patient has to play scales
on the xylophone, i.e. the patient has to sequentially hit each key in order, starting
from their non-neglected side towards their neglected side. For left-sided neglect,
this corresponds to playing the keys from right to left. This task familiarises the user
with the off-centre layout of the instrument (cf. Figure 2.7) and explores whether the
patient has a certain threshold for which they believe it is the last key on the instrument.
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2413 Memory Task

The Memory task asks the patient to memorise a sequence of notes that is shown to
them and then repeat this sequence. This task starts from the lowest difficulty level,
showing a sequence of one note, each time increasing the difficulty, i.e. the length of
the sequence or the number of keys on the virtual xylophone. When the patient plays
an incorrect key, the sequence is shown again; when they play the correct key, positive
feedback is given. This process is repeated with increasing difficulty until the patient
errs too often.

The cues that are given to indicate the sequence to be memorised ate the same as
when a key is hit, i.e. the key changes colour and an animation is played, accompanied
by the spatial sound of the note.

The Memory task urges the patient to actively explore their entire environment and
respond to both visual and auditory stimuli. Since the entire instrument is not visible
in one glance, the patient has to move their head to locate and react to the spatial
audio. This thus aims to improve the ability to respond to external multi-sensory

triggers, located in the contralesional side of space.

2414  Free-to-Play Task

The final task is the Free-to-play task. In this task, the objective was to provide the
patient with some ‘cognitive downtime” by letting them play freely. However, similar
to the Assessment task, to motivate the patients to keep on playing during this task, the
same game mechanics have been included. The use of small balls falling to the surface
of the keys again triggers the active exploration of the patient, urging them to explore

their entire environment to avoid any balls hitting the keys.

2.4.2 Therapist Dashboard

The second module is the therapist dashboard, aimed to oversee and control the ongo-
ing session. The dashboard shows the head direction of the patient over time and the
keys that are played during a session, as shown in Figure 2.9. Using the head direction
information of previous sessions, the therapist can see if improvements are noticeable
and the patient gives more attention to their neglected side. Via the dashboard, the
therapist can start or pause the therapy and select which task at which difficulty level
is started next.

2.5 Implementation Details

Based on the functional requirements presented in Section 2.4, a working prototype
has been developed for the pilot study. However, as the resulting system is used in a

research track, some additional non-functional requirements need to be considered.
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Figure 2.9: Therapist dashboard to control and oversee the therapy.

Specifically, the modifiability of the system is quite essential. Firstly, the system’s
dashboard needs to be interchangeable with different implementations. Future re-
search might focus on different dashboard designs and their usability, which requires
new implementations. Secondly, the system’s data storage needs to be as flexible as
possible. Legal, ethical or General Data Protection Regulation (GDPR)-related issues
might require changes to the data storage deployment, for which it might be neces-
sary to opt for either a local or server-based solution. Furthermore, future research
will consider integrating the system with existing data stores—for example, for patient
data records.

The remainder of this section discusses the decomposition of the system into
individual components connected by interfaces between them. This is followed by an
overview of the technologies used and, finally, a discussion of the deployment of the
test setup.

2.51 Design Overview

Based on the functional and non-functional requirements, the system is decomposed
into three separate components. Figure 2.10 shows the system’s decomposition into
a /R gystem, a data storage and a dashboard. The 17K system is responsible for managing
and displaying the VR environments to the patient and collecting the data from the
therapy sessions and the HMD. The data storage component stores and delivers the data
displayed on the dashboard. The dashboard component is a stand-alone dashboard
application that requests the data from the data storage to display them in graphs on
the screen. The dashboard also issues control requests to the VR systen to control the

therapy and configure the exercise.



A Multi-Sensory VR Rehabilitation Tool for Spatial Neglect 43

DASHBOARD control session VR SYSTEM 7"

v & unity © oculus

L IP/TCP @
store and request dme store data

DATA STORAGE

PostgreSQL
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252 Interfaces

In order to allow easy modifiability with little constraint on the data storage and dash-
board components, the technologies for the interfaces between the components are
based on the TCP/IP protocol stack. Figure 2.10 shows the intetfaces between the
identified components. Both interfaces between the IR gystens and the dashboard and
the IR systems and the data storage use a network-based message queue. The communi-
cation between the dashboard and the data storage happens over the database’s TCP/IP
communication protocol.

2.5.3 Technologies

The VR gystem component was entirely developed in Unity3D’. This is a game engine
with broad support for VR development. The data store is a PostgreSQL® database
with a Python script to handle the communication with the V'R system. The dashboard
is a vue.js application. For the message bus, ZeroMQ’ is used. It is an open-source
universal messaging library with support for TCP transport. Finally, the HMD is an
Oculus Quest 2! connected with a link cable to a gaming laptop featuring an off-
the-shelf VR-ready Graphics Processing Unit (GPU). The technologies used in each
component are indicted in Figure 2.10.

2.54 Deployment

For the implementation of the proof of concept used in this study, all components
are deployed on a single machine. There are two primary motivators for this. Firstly,

security is needed due to the sensitive nature of the data. Secondly, the availability of

"https:/ /www.unity.com, accessed on 21/01/2022

8https:/ /www.postgresql.org, accessed on 21/01/2022
ghttps://zeromq.org, accessed on 21/01/2022
1Ohttps://www.oculus.com/quest—Z, accessed on 21/01/2022
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the system is required due to the sensitive nature of the therapy. The most afford-
able tactic to achieve both is restricting the entire software stack to one system and
eliminating all external communication. Therefore, the implementation also needs
no internet connection. The only external hardware required is the HMD and the

controllers connected to the PC, which directly communicate with the VR systen.

2.6 Evaluation Set-Up

This research aimed to evaluate the proposed VR therapy in practice. Therefore,
therapy sessions were performed with diagnosed USN patients. A control group of
users without USN also performed the therapy exercises using the VR system. This
study was performed at the Ghent University Hospital with clinical patients and in
the offices of the IDLab researchers of this work with non-clinical users. Ethical
approval was obtained for the study and all participants signed an informed consent
form before participating. The study was approved by the Medical Ethics Committee
of Ghent University Hospital on 19 March 2021 [B6702021000166].

This section will discuss the test methodology that was adopted, and the timeline
of the pilot study. An overview of the participating individuals and the recruitment

process is given. Finally, the data collection during the study is discussed.

261 Method

The clinically diagnosed patients with USN received VR-based therapy for two weeks
as part of their rehabilitation program at the hospital. During the two-week period,
sessions took place on Monday, Wednesday and Friday in the presence of a therapist.
Each session had a duration of approximately 30 min, in which, first, the Assessment
took place, followed by the Scales, Memory and Free-to-Play tasks. On four occasions
during these two weeks, the Assessment task of the therapy tool was performed. During
each session, all other VR rehabilitation tasks were performed. Figure 2.11 shows a
timeline of the two-week test period, on which the tasks for each session are indicated.
At the end of the two-week period, an interview with the patients collected additional
feedback and impressions.

As a baseline to compare the performance of the clinical patients with, the same
therapy sessions were performed with test users without USN. These test users would
each perform a single therapy session of around 20 min. The test conditions mimicked
as closely as possible the pilot study with the patients. However, these tests were

performed at our computer science lab instead of the hospital.
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Figure 2.11: The timeline of the clinical study with patients indicates 6 sessions during 2 weeks. Each session

consisted of a few tasks and data collection. Green markers indicate the available data; red mark-
ers indicate unavailable data.

2.6.2 Recruitment and Participants

The Rehabilitation Centre of the Ghent University Hospital selected four participants
for this study. These 4 patients were undergoing rehabilitation therapy for USN at
the moment of recruitment and all patients received their first VR therapy session
on 19th April 2021 and their last session on 30th April 2021. The participants were
all older than 12 years, suffered from an acquired brain injury with USN and were at
least six months post-injury. Of the four participating patients, three had left-sided
neglect, and one had right-sided neglect. Furthermore, every patient was assessed with
standardised USN assessment tests prior to the study. These assessments showed that
Patients 1 and 3 had significantly more severe neglect than Patients 2 and 4. Moreover,
Patient 4 had Apraxia, i.e. a neurological disorder characterised by the inability to
perform familiar movements on command, and a language disorder.

The leading researchers recruited the non-diagnosed test users of this study them-
selves. In total, four test users participated. Each user was also assessed using the CBS
to confirm that they did not have USN. The TAP neglect test was not performed on
these test users.

The information for each participant is summarised in Table 2.1. The first column
is the pseudonym of the individual used in this paper. The second column indicates
the participant’s side of the neglect. The third and fourth columns present the CBS
and TAP score. For Patient 4 and all test users, the results of the TAP assessment are

not available.

2.6.3 Data Collection

The CBS and TAP scores, as discussed above, were collected at the start of the
study. During the VR therapy, data about the user’s interactions with the system
were recorded. Specifically, the head direction of the user and the played notes were
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Table 2.1: A table summarising the neglect assessments executed by the clinic. A higher CBS score indicates
more severe neglect. More omissions and a higher reaction time on one side in the TAP test indicate
neglect towards that same side.

TAP
Users Neglect  CBS Score
Left Right
. reaction: 481 ms reaction: 719 ms
Patient 1 left 19/30 omissions: 15/22  omissions: 2/22
. reaction: 1074 ms  reaction: 834 ms
Patient 2 left 8/30 omissions: 5/22 omissions: 1/22
. reaction: 1234 ms  reaction: 799 ms
Patient 3 left 19/30 omissions: 18/22  omissions: 2/22
Patient 4 right 7/30 - -
Test user 5 none 0/30 — -
Test user 6 none 0/30 - -
Test user 7 none 0/30 - -
Test user 8 none 0/30 — -

registered in the VR application. Additionally, the time between each played note was
also measured during the Scales task. For the Memory task, the instruction sequence,
each played key and whether the key was correct were saved. The Free-to-Play task
also recorded how long each ball rested on the surface of the key before it was hit.
Finally, after all the VR therapy sessions were finished, the patients were interviewed
to collect their impressions of the system. The medical experts were also interviewed
to learn their findings of the proposed system and therapy. Figure 2.11 indicates the
collected data for each session in the clinical pilot study. The green markers indicate
the performed tasks for which data were available. The red markers show for which
performed tasks data were not available. During the tests with test users, all the above

mentioned data were collected for each user.

2.7 Results

The following section presents all results of the two-week pilot study with patients and
the tests with non-clinical test users. All data that include a Euclidean angle have been
standardised as follows. A positive angle means a rotation towards the neglected side
of the patient, regardless of the neglect type of the patient. This allows the compari-
son of patients with left and right neglect in an equal manner. Furthermore, whenever
applicable, the names of the keys and their positions are indicated on the axis of the
graph, i.e. the angle between the note and the centre of the VR environment. How-
ever, the name of the key is less significant than the position with respect to its impact
on USN.
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Figure 2.12: The average head direction of the first 60 s of all the Assessment tasks is aggregated and plotted
for the clinical patients (blue) and the non-clinical test users (pink). The patients indicate a bias
of around 20 degrees towards their non-neglected side for the first 11s, the average time until the
first key is played (green). This bias is corrected after this first stimulus, resulting in an average
head direction fluctuating around the middle for the remainder of the 60 s.

2.71  Assessment Task

During the Assessment, the head direction of the users is recorded, resulting in traces
for each user of each session. The average of all traces is calculated and compared
for patients and test users. Figure 2.12 shows the first 60 s of the aggregations. The
patients show a consistent bias of 20 to 30 degrees towards the non-neglected side
during the first 11 s of each Assessment. After these 11 s, it appears that the average
resides much closer to the centre of the playing area, albeit with a more significant
standard deviation. This means that there is a large consensus among all patients to
look at the non-neglected side during the first 11 s. The test users do not show this
behaviour. Their average head direction is close to 0 degrees throughout the entire
session. The standard deviation for the test users remains relatively consistent and is
similar to that of the patients after the first 11 s. Figure 2.12 also indicates that, on
average, the first key was played after approximately 11 s following the beginning of
the traces.

The bias of the head direction duting the Assessment task is further investigated.
As the purpose of the Assessment task is to assess the severity of the USN in a patient,
it is interesting to compare it to the CBS scores of the patients. Figure 2.13 shows
how the CBS score correlates to the average head direction during the first 11 s (left)
and the remainder of the task (right). Participants with a CBS score close to zero
consistently have an average head direction close to zero. As the CBS score increases,
bias in the average head direction can be observed. During the first 11 s, all patients
with CBS > 0 have a bias towards the non-neglected side. For the remainder of the
task, patients with CBS <= 8 show no bias any more, and they position their head in
the centre, while patients with CBS > 8 show a bias towards the neglected side.

However, when observing the difference between the averages during the first
11 s of the Assessment and the rest of the task, a more significant correlation with
the CBS score becomes appatent. In Figure 2.14, this difference is calculated and
plotted against the CBS score. Indeed, the correlation appears linear within the range
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Figure 213: (Left) Users with a higher CBS score indicate a higher bias towards their non-neglected side
compared to the users with a CBS score of 0. Within the patient sample, no significant difference
in head direction can be observed based on the CBS score for the first 11's. (Right) The (BS
scores of all participants are plotted against the average head direction during the remainder
of the Assessment. These show that the bias of the head direction has shifted towards the non-
neglected side for users with a higher CBS score.
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Figure 214: The CBS scores of all participants are plotted against the difference between average head direc-
tion during the first 11s and the remainder of the Assessment. These indicate a linear correlation
with a bias towards the neglected side. The higher the CBS score, the greater the bias towards
the neglected side of space.

of CBS scores of 0 to 19. More specifically, users with a CBS score of 0 show minimal
differences during the first 11 s and the remainder of the Assessment task. The larger
the CBS score, the more significant this difference in bias becomes. The patients
appear to apply a correction to their head direction in order to observe more of the

environment.

2.72 Scales Task

The time to play the following key in the scale is extracted during the Scaes task.
Figure 2.15 shows the aggregated values of all sessions for patients and test users.
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Figure 215: The median of the time it took to hit the required note during the Scales task for patients and
test users. Quartiles Q1and Q3 are indicated by the horizontal lines. Patient 1required more time
to hit the final key at the extreme end of their neglected side, whereas, for all patients, the time
to hit the next key reduced gradually as they moved along the scale. The test users indicated a
significantly faster response time compared to the clinical users.

The data in the graphs are the median time it took to play each key for all sessions,
regardless of the difficulty level and the Q1 and Q3 quartiles. The time to play the first
note on the scale is omitted in these figures. The value of this first keystroke represents
the reaction time to the presentation of the visual stimulus on the first key, while all
other values represent the time in between two keys being played. Leaving out the
first key allows for a better comparison of the data. Patient 1 had difficulties with the
last note in the sequence. It took them significantly longer to play that note than any
other note. Moreover, the spread of the time values for this key is significantly wider;
this suggests that they were not consistent in the time to play this key. For all patients,
except Patient 1, the time to play the following key on the scale gradually reduces as
they move further towards the neglected side. The time needed by the test user to
play each key is significantly lower than that of the patients. In addition, the spread
of the time values is much narrower for the test users compared to the patients.

2.1.3  Memory Task

For the Memory task, the correctly played keys and the mistakes are recorded. Firstly,
the success rate of correctly repeating a sequence of notes is shown in Table 2.2 for
all participants. This measure represents the fraction of correctly played sequences
of all sequences played, including every retry of a sequence until they succeeded. In
general, the non-clinical test users made fewer mistakes across the board than the
clinical patients. Moreover, there are significant differences in success rates between

the different patients. Patient 2 played the most erroneous sequences, while Patient 4
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Table 2.2: The success rate for replaying sequences correctly during the Memory task for each patient. Patient
2 had the lowest success rate, while the success rate of Patient 4 approached that of the non-
clinical users.

User Success Rate
Patient 1 0.62
Patient 2 0.35
Patient 3 0.60
Patient 4 0.85

Test user 1 0.83
Test user 2 0.92
Test user 3 0.94
Test user 4 1.00

had a success rate approaching that of the non-clinical test users. Test user 4 did not
make any mistakes.

Figure 2.16 shows the distributions of the notes in the instruction sequences and
the played sequences for patients and test users. The size of the marker indicates the
relative frequency of that note in both distributions. For all participants, most keys
were played correctly, which can be seen by the large values on the diagonals of the
graphs. However, the patients made significantly more mistakes than the test users.
In particular, Patient 2 made many mistakes on individual keystrokes. Remarkably,
Patient 2 confused almost each key for every other key at least once. A higher con-
centration can be seen towards the neglected side. This indicates that keys in the
instruction sequence on the neglected side were often confused for another key. The
data of Patient 3 show a similar pattern, where some keys in the far neglected side
are more confused for other keys. The mistakes made by the other users are situated
more closely to the instructed keys. In other words, the mistakes by the other users
meant that they played a key only a few keys apart from the instructed key. The test

users made minimal mistakes, which resulted in a sparse plot.

2.74  Free-to-Play Task

During the Free-to-Play task, the time for which each ball was resting on the surface
was measured. Figure 2.17 presents these data for patients and test users. The data
are the median time each key was not played while it should be played, as well as the
Q1 and Q3 quartiles to indicate the spread of the timing values. For Patients 1, 2
and 3, an increase in time could be seen for the keys on the far most neglected side.
Patients 2 and 4 also showed a significant increase for some keys in the centre of the
playing area. Furthermore, in Patients 1 and 3, it was most apparent how keys up
until 30 degrees toward the neglected side were played the quickest, while, beyond
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Figure 2.16: The distribution of the notes in the example sequence. The keys that should have been played,
the played sequences and the keys that were played indicate that, overall, most keys were played
correctly. Nonetheless, patients indicated a higher concentration of mistakes in general, mostly
situated in their neglected side.

this angle, they were left unplayed for longer. Moreover, the spread of the timing
values increased the further the key was to the neglected side. Finally, the test users
left far fewer keys unplayed, and when they did, the duration was always considerably

lower compared to the patients.

2.75 Evolution

Because the purpose of the rehabilitation tasks was to motivate patients to explore
the entire playing area and pay attention to their neglected side, it was reasonable
to investigate whether any evolution was noticeable across the two-week period. In
particular, the Memory and Free-to-Play tasks were most interesting to investigate as
these two tasks motivated the patient to explore the entire environment to notice
stimuli and respond to them. The tasks themselves did not force the participant to
look in a particular direction. Figure 2.18 plots the evolution of average head direction
for the Memory and Free-fo-Play tasks. The data of all six sessions are used. A slight
gradual transition of the average head direction is visible across the two-week period
for all patients.

2.76 Interviews

The feedback from the questioned patients suggests that they perceived the therapy
as neither too complex nor too simple. Nevertheless, according to the participants, a
high concentration level was required, which sometimes made it tiring. Two patients
mentioned that their performance on the different tasks improved during the two

weeks. One patient anecdotally said that now she was more inclined to look towards
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Figure 217: The median of the time for which a ball was lying on the surface for each key during the Free-to-
Play task is remarkably higher for the patients than for the test users. Moreover, the spread of
the values is wider, as seen by the quartiles Q1 and Q3, indicated by the horizontal lines. For most
patients, keys on the extremity of the instrument in their neglected side remained unplayed for
the longest. Patients 2 and 4 showed a somewhat similar increase for keys in the middle.
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Figure 218: (Left) The average head direction for the Memory task for each patient during all 6 sessions in-
dicates a gradually increasing correction towards their neglected side. (Right) The average head
direction for the Free-to-Play task for each patient during all 6 sessions indicates a gradually
increasing correction towards their neglected side.
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her neglected side while sitting in the car. However, the other two patients mentioned
no noticeable differences in real life. Finally, all three questioned patients would be
willing to receive this therapy as part of their current treatment.

The medically trained therapists that supervised the VR sessions and who admin-
istered regular therapy believed that the proposed therapy tool could treat neglect at an
early rehabilitation stage. Training three modalities, visual, auditory and motor, posed
a significant advantage for using VR in USN therapy. Moreover, the increased inde-
pendence and immersion of the therapy were considered beneficial. Motion sickness,
epilepsy and the inability to visually explain things were reported as disadvantages of
VR in USN therapy. Lastly, it is believed that the proposed tool would be a meaningful
addition to the other therapy methods of the clinic.

2.8 Discussion

A thorough discussion of the results and an investigation of the study’s limitations
are provided in this section. Firstly, the most interesting and notable findings of the
different therapy tasks are presented. Next, based on these findings, the research
questions atre revisited and discussed. Finally, the limitations of the study and the
resulting data are investigated and discussed.

2.81 Findings

All patients could perform all tasks with sufficient proficiency. However, in all cases,
their performance of the tasks was significantly lower than that of the test users. This
may indicate the sufficient motor and cognitive challenges that the tasks present. It
could also indicate that the tasks do not sufficiently act on the USN, and additional
challenges can be added in future iterations. The diagnosed USN did not prohibit any
of the patients to perform a task, nor did their diagnosis lead them to completely ignore
part of virtual instrument. However, the results of the VR rehabilitation show some
patterns that suggest that the USN has an impact on the patients’ performance and
that they need to adapt their behaviour to perform them successfully. These patterns

in behaviour are discussed in detail below, and possible interpretations are presented.

2.811 Assessment Task

The data of the Assessment show a clear and interesting phenomenon. During the first
11 s of the Assessment, all patients are biased on the average head direction towards
their non-neglected side. The assumption is that this is their natural behaviour, i.e. the
patients tend to look and explore their non-neglected side when no stimuli are pre-
sented. However, after approximately 11 s, when, on average, the first key is played,
the average head direction shifts towards the centre and sometimes even towards the

neglected side. Itis assumed that this is taught behaviour of the patients, i.e. whenever
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external stimuli are presented, they shift their attention to the neglected side. Patients
1 and 3 corrected their head direction more severely compared to Patients 2 and 4.
This is most likely related to the significantly higher CBS scores of Patients 1 and 3.
As they had more severe neglect, a more significant correction to their head direction
is warranted, to obsetrve the entire environment successfully. This correlation is evi-
dent in Figure 2.14 for the available data. Ultimately, the Assessment task should result
in a metric that accurately predicts the degree of USN in a patient. Additional data
points of more patients would be needed to further investigate this behaviour and the

correlation with the CBS score.

2.81.2 Scales Task

For the Scales task, two patterns are observed. First, for all patients, except Patient
1, the time to play a key gradually decreased the further it was towards the neglected
side. Second, Patient 1 needed significantly more time to play the ultimate key. The
reduction in the time to play the following key can be explained by the cognitive effort
required to play the first key compared to the keys following it. Once the participant
has found the pattern, i.e. playing one key after the other, this action can be performed
faster and with less cognitive effort. This behaviour can most clearly be seen for
Patients 2 and 4. The other patients and the test users also had the same pattern but
less pronounced. A possible explanation for the second pattern is that the different
nature of the ultimate key impacts the perception of the users on the neglected side.
Specifically, the last keys play a sound that is not congruent in pitch compared to
the other keys. The patient could be conditioned not to play the last note as it does
not belong to the scale. However, this appears to only happen for tasks of the highest
difficulty (nine keys). This explanation is in line with the findings of Bernardi etal. [17],
which stated that individuals performed better under conditions with congruent sound
feedback compared to random sound feedback. In this case, patients needed more
time to play the last key, which is the only key to produce a sound not part of the
musical scale, i.e. random sound feedback, compared to the rest of the keys, which

each produce a pitch part of the musical scale, i.e. congruent sound feedback.

2.81.3 Memory Task

In the data of the Memory task, there are also two patterns. The first pattern can be
seen for all participants. They mistakenly play a key very close to the instructed key,
e.g. when the instruction sequence shows an Fa, but the user plays an Mi or a Sol, both
adjacent to Fa. This is expected behaviour and can be classified as a consequence of
the participants’ cognitive capacity, specifically memory. The number of mistakes of
this type is relatively low. The second pattern can mainly be seen in Patient 2 and to a
lesser extent in Patient 3. These patients make another mistake with a relatively higher

occurrence than the former type. When playing a sequence, they make more mistakes
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when the instruction key is in the most peripheral area of their neglect than closer to
the centre, e.g. Patient 2 often plays the first or second key when the eighth or ninth
are instructed. Furthermore, Patients 2 and 3 have the lowest success rates for playing
a correct sequence. Exploration and reaction to visual and auditory stimuli are crucial
in this task. The users can respond to the auditory stimulus to get a general idea of
the location of the key, but they usually need to look for the visual cue to observe the
exact key to play. The assumption is made that the average head direction during a
task is a good indicator of exploration. That is, the greater the deviation of the average
head direction from the centre of the playing area, the better the user is exploring that
peripheral area. When looking at the evolution of the average head direction during
the Memory task, a gradual shift can be seen moving away from the centre. This could
indicate that the participants perform better exploration as the rehabilitation sessions
progress. Thus, it could be taught behaviour from the tasks that persists in between
sessions. The test users made very few mistakes in general. Therefore, minimal data
on their behaviour are available, and an insightful comparison is infeasible.

2814 Free-to-Play Task

In the Free-to-Play task, some behaviour is visible in the data of Patients 1, 2 and 3.
Specifically, the more towards the neglected side it is, the more likely a key will be left
unplayed for longer. This behaviour is unmistakable evidence of USN. This task has
no limited exploration phase as with the Memory task; the cues appear continuously
and thus exploration is required continuously. An action also did not lead to a pre-
dictable next stimulus as with the Scales task. Indeed, for the Free-zo-Play task, stimuli
could appear at random times and in random order. Furthermore, the stimuli are only
visual (the ball turning green and then red while resting on a key). Therefore, the user
must continuously scan the playing area for visual cues, and the incentive to do so
depends entirely on the user’s ability. This can explain why the centre of the playing
area is explored the most while the peripheral area is the least. Therefore, it can also
explain why the keys in the centre are left unplayed for the shortest time on average.
Moreover, also for this task, a noteworthy evolution is visible in the pattern of the
average head direction of the different sessions. The patients appear to be exploring
more as sessions in VR progress, as is the case for the Memory task. This can also
indicate that some behaviour is taught to explore the neglected side. This behaviour
provides additional evidence that the presented VR system contributes to the rehabil-
itation of patients with USN. Moreover, for this task, minimal mistakes were made by
the test users, meaning that they rarely let a ball touch a key, and therefore, not a lot
of data are available. This makes a comparison infeasible. This task aims explicitly to
encourage patients to explore their neglected peripheral area. This was the reason for
placing most keys on the neglected side instead of distributing them evenly as for the
Assessment task. Comparable data from the Assessment would provide more insights
into the behaviour of the patients and the impact of the VR tasks. Unfortunately,
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these data are not available from this study.

2.8.2 Research Questions

With the available information and insights, answers can be formulated to the research
questions first presented in Section 2.3.

* “Can MNT be effectively translated in a VR environment?”

The tests show promising results to support the application of MNT in VR. As
indicated by the medical experts in the interviews, the combination of visual
and auditory stimuli is beneficial. Combining both triggers and training the
patients on both modalities teaches them connections between the two. The
results also show some evidence that the addition of auditory stimuli impacts
the performance of the exercises. On the one hand, in the Memory task, where
users also respond to sound cues, half of the patients show some difference
in performance based on where the stimuli are shown. That is, they perform
worse for stimuli presented in the far most neglected side. On the other hand,
in the Free-to-Play task, where users only respond to visual stimuli, 3 out of 4
patients show significantly worse performance, which can be linked to the USN.
However, precaution is warranted with respect to the adoption of the proposed
VR system for individuals susceptible to motion sickness and epilepsy in VR.

* “Can the newly designed VR system be used for the treatment of adults
with USN with an acquired brain injury?”
For the Scales task, not enough evidence is obtained that the mistakes made by
the patient are the result of their USN. However, this does not mean that the
task serves no purpose or does not train the patients in any way. The patients’
attention is gradually guided towards the peripheral area on the neglected side.
The data show that all patients successfully form this motion, and by doing
so, they are urged to obsetve their neglected side as well. The patients per-
formed quite differently in the Memory and Free-to-Play tasks. The results of these
tasks do show the influence of the USN. In general, they performed worse on
their neglected side. This provides sufficient evidence for the assumption that
the patients were trained to perform better despite their USN, thereby treat-
ing the disorder. Furthermore, two of the patients were reported to perceive
improvements in their performance of the different tasks. In conclusion, all pa-
tients could perform the exercises and no problems arose in the pilot study that
would prevent this solution from being researched further. There is evidence
to support the notion that the rehabilitation tasks have some effect on the USN
disorder in the patients. However, additional studies are needed to investigate

the significance and persistence of these effects.

* “Will the spatial performance of the patient with an acquired brain injury
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evolve positively after treatment with the VR system?”

The two-week limitation of this study prohibits a conclusive answer to this
question. However, there is some evidence that suggests intra-session improve-
ments in the exploration of the participants for the Memory and Free-to-Play tasks.
Unfortunately, no insights are gathered on the persistence of this effect towards
everyday life situations in the long term. One patient did report that they expe-
rienced improvements in daily life during the two-week period. It is also crucial
to discuss what else could influence the apparent evolution of the head direction
during sessions. Indeed, the gradual increase in the average head direction may
result from taught behaviour during previous VR exercises. However, it is also
possible that the change in the average head direction is the direct consequence
of the different sessions themselves. Specifically, as the sessions progressed,
the task’s difficulty was often increased. A greater difficulty always meant that
more notes were presented, and therefore a larger area of the playing area was
needed. Thus, stimuli were presented in a larger area, which inherently would
force users to explore more towards the neglected side as well. This would also
result in an increase in the average head direction. Finally, it is also possible
that the evolution of the behaviour in between sessions is not a result of the
VR rehabilitation itself but of the rehabilitation the patients received in between

VR sessions. Of course, a combination of any explanations is still possible.

2.8.3 Limitations

To perform a good analysis of the result in Section 2.7, it is important to understand
the limitations and shortcomings of the study. Firstly, the sample size of n = 8 partic-
ipants, of which four were clinically diagnosed USN patients, is relatively small. The
statistical relevance of the results and the conclusions arising from them should be
interpreted with a critical mind. Additional tests with clinical patients and non-clinical
test users are required to further support the findings presented in this section. Sec-
ondly, the data collected during the tests solely focus on measuring the head direction
and the task performance. Thirdly, the VR environment and the xylophone are cur-
rently abstract visualisations and can be extended in the future to create a more realistic
experience. Furthermore, general prior knowledge of the participants is limited to the
severity of USN. Therefore, recognising whether the recorded behaviour is induced by
the USN or another undetlying condition is impossible, e.g. the diagnosis of apraxia
in Patient 4 could also impact the collected data. In this discussion, the assumption
is adopted that any behaviour found in a patient is mainly the result of their USN

diagnosis.
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2.9 Conclusions

Currently used rehabilitation methods for USN often fail to take into account the
heterogeneity of the syndrome by solely focusing on the visual modality. MNT shows
great potential to bridge this gap, incorporating multiple modalities in the training
process. The use of VR in rehabilitation has shown many advantages over traditional
methods as it facilitates the modification of the therapy and allows for increased data

collection regarding therapy progress.

Therefore, the authors designed, developed and evaluated a novel VR therapy tool
for MNT. This paper investigated the feasibility of the tool for the rehabilitation of
patients diagnosed with USN. The resulting proof of concept was evaluated during a
two-week pilot study with four clinical patients and compared to the results of four

non-clinical test users.

The results of the study indicated that the patients with USN were capable of
performing the four rehabilitation tasks and indicated increased enjoyment. Next, the
results showed that non-clinical test users performed significantly better than clinical
users with respect to task performance, which indicates that the system is able to
discern between users with USN and users without USN. Furthermore, this result
indicates that the tasks were challenging the patients. Nonetheless, for each task, the
patients were able to respond to their entire environment and the presented triggers
successfully. Over the course of 2 weeks, patients were shown to increasingly adjust
their head direction towards their neglected side for the Memory and Free-to-Play tasks,
presumably to improve their task performance. These results indicate that the VR
tool managed to successfully translate MNT to a virtual environment and that the
tool shows promise for the rehabilitation of USN. Moreover, the participating medical
experts of this study responded positively to the developed tool. They believe that it
will be a useful tool at an early rehabilitation stage. However, it should be noted that
the sample size was limited to four clinical patients and four non-clinical test users.
Additionally, the measures used in this study were solely focused on head rotation and

task performance.

In conclusion, the tool developed by the authors is a valuable contribution to the
current research on rehabilitation for USN as it is the first system to apply MNT in
a VR environment. The promising results show increased enjoyment in the patients
and sufficient challenges in the tasks. However, the tool and the evaluation have their
limitations, specifically the limited sample size and limited metrics. With the enthusi-
asm to continue the research, future work should, therefore, focus on validating these
results over a longer rehabilitation period with a larger sample. Moreover, due to the
heterogeneity of the syndrome, future work should explore the incorporation of per-
sonalisation and gamification to fulfil the needs of the patients and further increase

enjoyment during the rehabilitation process.
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A Personalised Emotion-Based Model for
Relaxation in Virtual Reality

The system presented in this chapter builds further on the concept of Chapter 2, in that it uses
information from an assessment to drive a personalisation algorithm. The virtual reality appli-
cation is designed and developed for relaxation therapy, mainly for the patient to use at home.
Relaxing virtual environments are tailored to the preferences of the user and adapt to changes
in their emotional state. In contrast to the more common approach in which information of the
user is collected through intrusive measurement instruments or disturbing verbal/textual queries,
this work employs a predictive model for emotional state. It avoid the interruption of users which
can break their sense of presence. By investigation a new approach for personalisation of Virtual
Environment (VE) in a complex system, this chapter contributes specifically to challenge 2 of Sec-
tion 1.5. As for all the research in this dissertation, the design of the VE and the predictive model
are driven by expertise knowledge as prescribed by challenge 4. The proposed system is designed
for use at home which requires it to be easy to operate without technological knowledge, as is
required for challenge 5.
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Abstract One of the most frequent health problems is stress. It has been linked to
negative effects on employee well-being in many occupations, and it is considered
responsible for many physical and psychological problems. Traditional in-person re-
laxation therapy has proven to be effective in reducing stress. However, it has some
drawbacks such as high cost, required infrastructure and the need for qualified trainers.
Relaxation therapy in Virtual Reality (VR) tries to solve these problems. However, one
aspect has received little attention, that is personalised therapy. Indeed, while many
studies show the need for patient-tailored relaxation exercises, little existing work fo-
cuses on personalised VR content. One reason for this is the complexity of recog-
nising emotions, which is required for emotion-based adaptive VR. In this work, a
method for adapting VR content to the emotional state of the user is presented. This
model has been applied in a VR relaxation therapy application, which adapts to the
user’s emotional state utilising a heuristic optimiser. Simulations have proven the per-
formance and usability of the emotion model. Additionally, this paper explores the
impact of the order in which adaptations are performed on the effectiveness of the

relaxation experience.

31 Introduction

According to the World Health Organisation (WHO), stress, especially relating to
work activities, is the second most frequent health problem, impacting one-third of
employed people in the European Union [1-3]. It has been widely linked with ad-
verse effects on employees, their psychological and physical well-being in many occu-
pations, with teaching and educational professionals at particular risk [4, 5]. Excess
of stress contributes to the development of physical ailments such as hypertension,
ulcers, skin disorders, headaches, arteriosclerosis, cardiovascular diseases, and other
life-threatening diseases [6, 7]. Due to the prevalence of these stress-related health
conditions, the cost to a nation’s health care system, and the loss of quality of life
for individuals, concerns over the effects of stress are increasing among public health
professionals [8].

Given the impact of stress, research has focused on means to reduce stress through
relaxation therapy [2]. Relaxation therapy resorts to certain stress management tech-
niques which have proven to help in allowing the body to cope with stress. Some
of these techniques ate biofeedback training to increase heart rate variability, paced
breathing, muscle relaxation, or mental imaging and music [1]. While research has
shown their effectiveness, most techniques require perseverance and focus of the pa-
tient which is difficult to maintain. Exercises can be perceived to be boring, tedious or
impractical. Furthermore, escaping to a different environment is not always possible.

Virtual Reality (VR) can provide the required effectiveness for various kinds of
therapy [9]. By fully immersing the user in a new environment, they can virtually tele-

port to a more suited location for relaxation. This immersion eliminates the many
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distracting factors of the real environment. Furthermore, it reduces costs, as the user
only requires a Head Mounted Display (HMD) and an Internet connection, instead
of the dedicated trainers and infrastructures of traditional relaxation therapy. Finally,
where real-life relaxation therapy adopts a personally tailored approach, the VR coun-
terpart should follow in this path. Indeed, given its individualistic essence, VR has the
potential to provide personalised solutions to the users. However, due to the absence
of a trainer or therapist, the personalisation needs to be automated by a computer
system.

In previous research, the potential of personalised VR for relaxation have been
explored. For example, Pizzoli et al. [10] proposed a user-centered VR experience
for general relaxation. However, current solutions are either too tailored for a very
particular user-type or very generic thus decreasing their effectiveness. Furthermore,
they tend to rely fully on sensor data and subjective user evaluations. While employing
user data aids to tailor and adapt the applications, the variability makes it difficult to
create models that could be utilised for a broad range of users. For such cases, there
is a need for objectively driven models able to fit a broad range of users.

This work proposes a personalised and adaptive VR model for relaxation therapy
in VR. Employing a broad set of possible adaptations in a Virtual Environment (VE),
our approach models relaxation as a function of three other emotions, namely stress,
arousal and fear. We have evaluated our approach both for relaxation indoor and
outdoor environments and for a wide range of users. Our results illustrate the potential
of employing objective models for personalisation approaches in VR.

The remainder of this paper is structured as follows. Section 3.2 describes the
state of the art on VR for relaxation therapy. Section 3.3 introduces our method pro-
viding all the equations and theoretical reasoning behind the definition of the model.
Sections 3.4 and 3.5 present the evaluation setup details and evaluation results. Finally,
Section 3.6 concludes this paper.

3.2 Related Work

VR has been used in clinical settings to treat a range of cognitive, emotional and motor
problems in various psychological and psychiatric disorders [9, 11-16]. Many stud-
ies have shown that the VR-based therapy is as effective as their in-vivo (traditional)
counterpart [13, 17, 18].

Shah et al. [19], Soyka et al. [20], Gerber et al. [21] and Anderson et al. [22] per-
formed studies providing empirical evidence for the effect of using VR for reducing
stress in various domains of application. Indeed, the study by Shah et al. reported pos-
itive results on stress reduction and/or anxiety through exposure to natural imagery in
VR. Additionally, the authors employed abdominal breathing and muscle relaxation as
well as psycho-education in their study. Their tests were focused on people with mood
disorders who had been submitted to a hospital. Gerber et al. restricted themselves
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to patients in an intensive care unit (ICU) while Anderson et al. explored the effect
on people living and working in isolated and confined environments (e.g. submarines,
space). Whereas, Soyka et al. did not envision a particular target group but focused
on underwater scene imagery. Additionally, Anderson et al. discussed the need for a
personalised experience in relaxation VR. They suggest that the effect of natural im-
agery on stress reduction depends on personal preference. Many of the existing work
focuses on (personalised) relaxation in the context of a specific condition (e.g. cancer
treatment, ICU) and not for general relaxation or de-stressing. This work focuses on
the latter.

It has been suggested in previous research that providing a personalised treatment
would indeed improve the therapy, either in effectiveness or in user satisfaction [23].
In 1987, Graffam and Johnson [24] already did a comparative study between two re-
laxation strategies. Their finding was that both strategies were equally effective while
one was more preferred than the other by patients. Hyland et al. [25] came to sim-
ilar conclusions as well when performing a study comparing six different relaxation
techniques. This shows there is a definite and clear need for personalised relaxation
therapy. However, most studies on VR based relaxation lack this personalised and
adaptive approach [26]. Only a few papers in literature make contributions to this
specific domain. In their paper [10], Pizzoli et al. propose a VR experience with
personalised content as an alternative to generic story-telling or guided activities for

regulating emotions in VR.

Personalised systems need input to adapt to the user. For real-time adaptations,
continuous data streams are preferred to estimate a certain state of the user, e.g. pre-
dicting the emotional state for biofeedback. Substantial research has been done on
detecting this emotional state from various sensor data [27, 28]. Healey et al. [29]
developed a system for predicting stress while driving based on heart rate and skin
conductance data. Miranda et al. [30] also used heart rate but in combination with
spontaneous blink rate to detect anxiety. They did, however, find that heart rate was
the most prominent predictor.

Other work researches the use of machine learning techniques such as Convolu-
tional Neural Network (CNN) [31] and Support Vector Machine (SVM) [32] in de-
tecting emotions. These algorithms are often very complex and need large amounts of
computing power and expensive wearables. In some cases, they are designed for one
particular setting without proof for application to other settings [29]. For many use
cases, aimed at relaxation, these are unacceptable requirements. These use cases re-
quire simple usage, non-intrusive and non-obstructing sensors, and preferably cheap
hardware. Therefore, there is a need for simpler models predicting the emotional state
of a person. Developing such a model needs a deep understanding of emotions on a

biological and physiological level [33].
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3.3 Methodology

This section presents the methodology employed on the design of the adaptive and
personalised VR approach to relaxation therapy. The high-level overview of the sys-
tem is illustrated in Figure 3.1. At the start of the session, the user provides data
regarding their personality and their initial emotional state. Based on both types of in-
formation, a virtual environment is created. To provide smooth transitions to the user
and not to disturb the immersiveness, radical changes in the environment ate avoided.
Therefore, first, a blueprint of the environment is chosen based solely on the person-
ality of the user and independent of the emotional state of the user. Choosing this
blueprint is done by the environment selector, resulting in a raw environment to ren-
der. Next, the blueprint is enhanced to create the final environment that is shown to
the user, this enhancement is done by the adaptor component. Subsequently, the VE
can be shown to the user. This is done by the VR render component. Visualising the
environment will trigger an emotional reaction in the user, which is simulated by the
emotional model, resulting in new emotional data. This data is then returned to the
adaptor, completing the cycle. In a hybrid approach, the estimation of the emotional
state could be improved by incorporating biofeedback from the user. However, this
is outside the scope of this paper. Next, further details are given on the personality
and emotional models as well as on the heuristic adaptor.

3.31 Personality Model

The environment selector is responsible for generating a raw environment based on
the personality of the user. To achieve this, it uses decision trees. The decisions taken

at every decision node depend solely on the uset’s personality data and each outcome
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represents a different raw environment. The set of possible raw environments is fixed
and thus the same for every user. Therefore, users with similar personalities could
generate the same raw environment. However, their final environments may still show
significant differences as the environment details get decided upon later, as they are
based on the user’s emotional status. The decision tree will be modified depending

on the available virtual environments and options.

3.3.2 Emotional Model

The main purpose of the emotional model is to estimate the level of relaxation, or
rather the state of relaxation S,am, Of the user based on the current settings of
the environment. Relaxation has been shown to be influenced by stress, fear and
arousal [33]. Therefore, the model estimates relaxation from the three latent variables
(Ssiress> Sfiars ANA Sumucar). At the most abstract level, relaxation can be expressed as a
function of the three other emotional states and the preference of the user on the

adaptations in the environment. This is formalised in Equations (3.1)—(3.4), where

a = (ag,,...,az, ) is the vector representing the values of all adaptations z;,7 €
{1,...,n} in the environment.

S vulacation = relaxation (S/éa;«, Sstresss Saronsals PTEf (a)) (3.1)

Stur = far (a) (32)

St = Stress (@) (3.3)

Sarousal = aronsal () (3.4

Adaptations can influence the model either by the preference for the adaptation
or directly by its value. Given the large variety of options and the variability of users,
when the user first starts the system, they will answer questions regarding their pref-
erences on some of the adaptations. In that way, for example, if the user is afraid of
darkness, the created environment will be made in a manner that it maintains light
throughout the session. Therefore, a preference function pref (az) for each adap-
tation @; is defined according to Equation (3.5) which determines the impact of the
individual adaptations on the user’s emotional state. Human perception has been
deemed to be highly nonlinear, following more the shape of a sigmoid or a Gaussian
curve [34]. Therefore, a Gaussian function is used. The Gaussian has a maximum
value of 1, centred around the adaptation’s optimal intensity (Zop¢). This optimal in-
tensity is a fixed value detived from the questionnaire data. The range of the pref  (a..)
function is between 0 and 1, where 0 indicates that the user does not like the adap-
tation and 1 that the user likes it very much. As can be seen in Figure 3.2, the more
the optimal intensity leans towards 0.5, the more the user feels indifferent about the
adaptation, thus the flatter the Gaussian becomes. In other words, large changes in

the adaptation intensity have little effect on the preference function’s outcome. The
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Figure 3.2: Plots showing different preference functions for different optimal values.

more the optimal intensity reaches 0 or 1, the stronger the user feels about the adapta-
tion, thus the more narrow the bell shape becomes. Meaning that small changes in the

adaptation intensity already have a big impact on the preference function’s outcome.

- (%p; - a$)2

2 (1.075 — 2 (|0.5 — 20]))

prf p(az) = exp ; (55)

With the definitions for the adaptations and preferences, the three emotion models
will be explained. Since some of the adaptations in the system could potentially induce
fear on the user, these are called (fear) inductors. For example, a user can be afraid of
darkness, fire or animals. Therefore, in this model fear is calculated as a weighted sum
of the possible fear inductors independently (Equation (3.6)). The weights (Fy,) can
be chosen based on the user’s personality. Each inductor is modeled by a function
based on the user profile’s optimal value () as in Equation (3.7). The fear inductor
function, f(ay), is a linear function based on the adaptation’s current intensity and
the fixed optimal intensity. This is plotted in Figure 3.3 for different values of optimal
intensity. This plot shows that if the adaptation has an optimal intensity value below
0.5, it frightens the user, thus contributing to a positive impact on the overall fear. An
optimal intensity above 0.5 indicates comfort, thus contributing to a negative impact
on the overall fear. The magnitude of fear or comfort depends on how much the
value leans towards 0 or 1 respectively. As fear(a) is a linear combination of instances
of f(ay), it also is a linear function similar to Figure 3.3. The resulting function for
fear always provides an output value between —1 and 1. Negative fear indicates that
the user is not afraid and feels comfortable, whilst positive fear indicates the user is
afraid.
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Figure 3.3: Plots showing different fear inductor functions for different optimal values.

Faz . x
Spur = fear (a) = ZZE Ff (02) (3.6)

azEa” Az

flaz) = (1 =2-2,) - a; 3.7)

The second emotion is stress. In Equation (3.8), it is formulated as a max-function
of three arguments.The first element is the value of Sg,,, as the level of fear will directly
translate into stress. The second is a new candidate value for S, which depends on
the preference functions of adaptations that can induce stress. As the adaptations
current values approach the optimal preference, the stress decreases (Equation (3.9)).

Lastly, the value of S, at the previous time step is considered.

Stress = SITESS (a)
(3.8)

= max ( Sfoar y SIVESS yew (a) s xz‘reﬁp,e,,)

ZQIGa Spaw .Prej[am (aw) + EaIGa Saw “Ag
ZaI,Ea Sflm + ZQIEa Spam

The final emotion is arousal (Equation (3.10)). Much like stress arousal is non-

m’eum,(a) =1-

(3.9)

linear and formulated as a max function with three arguments. The first is the emo-
tional state of fear (Sz,), with high fear comes high arousal. The second is the emo-
tional state of stress (Syy), analogous to fear, with high stress comes high arousal.
The last argument is the minimum of a new candidate value for arousal and the value
Of 8,puusa 2t the previous time step. The candidate value of arousal is based on the
preference of some adaptations and the direct effect of others. For example, users
have a preference for music. Therefore, based on their preference for this adaptation,

the user will feel more or less aroused. On the other hand, other adaptations, such
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as the presence of light, has been shown to increase arousal in all users [35]. Thus,
their effect needs to be directly added to the arousal calculation. The value of arousal

always lies between 0 and 1.

Saromsal = arousal (a) (3.10)

= max (84, Soyess, min(arousal,,, (a), aronsalyy,))

Zamea Apﬂ? prg[,z(al’) + ZaJEa AT T Qg
ZazEa Apz + ZawEa Af

Based on the preferences of the users and the latent emotional states, S,aign Can

aronsal ,,y(2) = 1 —

(3.11)

be expressed. Equation (3.12) shows relaxation as a combination of the adaptation
preferences which directly affect relaxation, the adaptations that affect the relaxation
independent from the user preference, the stress, arousal and fear values. It is impoz-
tant to note that adaptations will either affect as a preference or directly as an adapta-
tion. Therefore for an adaptation a,, either Rp,, or R, will be set to a value higher
than zero. To keep the value of relaxation between 0 and 1, relaxation is divided by
the sum of the weights of the elements.

ZaIGa Rpaw pref(aw) + Zaz Ca Raw N Rﬁ"”" . Sﬁ’”’"
_ RJ ress " Ostress Ramﬂm " aronsa
tress * Stress /S / (.12)
anEa Rpuw + Zaw Ca Raz + R.rtrm + Rammﬂ/ + Rfear

relaxation =

3.3.3  Heuristic Adaptor

The adaptor is the component in charge of updating the adaptation intensities in real-
time. It observes the current state of the VE and the user’s emotional data. Based on
this, it decides which adaptation intensity should be changed next. The adaptor up-
dates one adaptation each time step. It calculates which action is best, performs this
action, and waits for the user’s emotional state to update. This process is repeated
until the user reaches his optimal emotional state, at which point no more adaptations
are necessary. Finding this optimal state and the maximal relaxation linked to it can
be formulated as an optimisation problem. The emotional model is non-linear and
can be solved using Mixed Integer Non-Linear Programming (MINLP). As MINLP
problems are not easy to solve, the problem (and thus, the model) need to be lin-
earised. This results in a linear problem that can be solved using Mixed Integer Linear
Programming (MILP) [36]. However, this optimisation problem cannot be solved in
real-time. Therefore, a heuristic approach is used.

The heuristic approach first determines the absolute maximum achievable relax-
ation for the environment and user profile. It achieves this by sampling the adaptation

intensities and comparing all possible combinations, i.e. a brute force approach. The
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Figure 3.4: The two types of indoor environment. (a) Lake house, (b) Forest cabin.

combination that leads to the maximal relaxation value is the combination the heuris-
tic optimiser should work towards. As it can only change one adaptation intensity per

step, it should choose an order in which to change the intensities.

34 Use Case Implementation

This section discusses the use case implemented to test our model and algorithm.
Two different VE settings have been designed, one is for indoor environments and
the other for outdoor environments. For each, two different types are provided. The
indoor settings resemble a living room of a house either near a lake (Figure 3.4a) or
in a forest (Figure 3.4b), while the outdoor setting replicates a cosy camp spot around
a campfire either near a lake (Figure 3.5a) or in the mountains (Figure 3.5b). These
two VEs have been chosen as they are very different from each other as well as offer
different possibilities for adaptations which could influence relaxation. All adaptations
which are implemented for this use case are listed in Table 3.1 with a short description.
The second and third columns indicate whether they are implemented for indoor or
outdoor environments. The VEs are implemented in Unity3D, it provides an easy to
use framework for VR content. These environments have been designed for use with
the HT'C Vive HMD. The emotional model and heuristic optimiser runs as a separate
Java application which can communicate with the VR application.

341 Personalisation Model and Environment Selector

A questionnaire is used to gather both the personality data and the initial emotional
data. Questions one through nine in Table 3.2 are designed specifically for the de-
veloped VE to gather the personality data of the user. This data consists of optimal
intensities (used by the emotional model) and binary variables (used by the environ-

ment selector). Based on the chosen optimal intensity for each adaptation, the system
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Figure 3.5: The two types of outdoor environment. (a) Lake camp, (b) Mountain camp.

may decide to remove that adaptation from the environment. e.g. for a very low op-
timal intensity for dog it is better not to show the dog at all. The threshold value is
chosen at 0.25, anything below this value will remove the adaptation. It was observed
that any value bellow 0.25 had little effect on the users. The questions asked to gather
the initial emotional data are given by questions ten to twelve. Based on this data, a
rough estimate of the initial adaptation intensities is derived. Afterwards, the initial
state of S,/ 18 computed using the emotional model.

The environment selector uses the personality data and transforms it into a raw
environment using a decision tree. This tree is given in Figure 3.6. Based on three
decision nodes in the tree, four different outcomes are possible. The first node deter-
mines whether to select an indoor or outdoor environment, which are fundamentally
different from each other. As mentioned before, each indoor and outdoor environ-
ment has 2 variations. For the indoot, the second decision checks whether a view
over the water is preferred. For the outdoor, the second decision checks whether a
view from a height is preferred. For every possible outcome, a raw VE is prepared.
The decision tree decides which VE to load.

342 Emotional Model

The emotional model is implemented for the presented VEs. Based on the adaptations
found in Table 3.1 the formulas in Section 3.3.2 are completed. Table 3.3 shows the
range of values for each adaptation as well as the weights they are given for each of
the formulas. The adaptations are discussed in more detail. First, artificial light (al)
cotresponds to light artificially produced, e.g. a light bulb. The light intensity scales
linearly between 0 and 1, where 0 is no light and 1 is maximum light. This artificial
light will only be present for indoor environments. Second, natural light (nl) denotes
naturally produced light, such as the sun. The light intensity scales linearly between
0 and 1, where 0 is late at night (low light) and 1 is around noon (maximum light).
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Water?
yes
Forest Cabin
Mountain camp
no
Heights?

Figure 3.6: Decision tree used by the environment selector.

Indoors?

Light has a significant impact on arousal [35]. Therefore, the system has to control
the parameters for light. Third, it has been shown that the colour of artificially created
light has a strong influence on the relaxation of the user [37]. Therefore, we defined
the adaptation light colour (I¢). If attificial light is activated, the colour of the light
can be set. The colour of the lights scales linearly between white and blue light, where
0 is with white light and 1 is blue light. The fourth adaptation is the fire (py). It
has been shown that a source of fire, such as a fireplace or an outdoor campfire, can
be relaxing for some users [38], while at the same time fire can distress people with
pyrophobia. The intensity of the fire scales linearly between 0 and 1, where 0 is no fire
and 1 is a large fire. The fire adaptation is only defined for the outdoor environment.
Fifth, for both the indoor and outdoor environments, it is possible to add a dog. The
dog adaptation (dg) activates a dog playing atound unless the user prefers otherwise.
Dogs have proven to provide comfort and reduce stress in patients [39]. The distance
of the dog to the user can be controlled choosing from three values, where for 0 the
dog is far away, for 1/2 the dog is closer and for 1 the dog is very close. Music has
shown very good results to induce relaxation. Therefore, music is also set as a part of
the adaptation set. When music (ms) is selected, relaxation music (indoor) or sounds
(outdoor) are playing in the background, e.g. birds. The music can be turned on (1) or
off (0). Finally, control breathing (cb) provides a visual aid for a controlled breathing
exercise. This visualisation is either turned on (1) or off (0).

Based on the adaptations, for this use case, we defined three sources of fear which
are modelled with the f(a;) function defined in Equation (3.7). These ate pyropho-
bia, cynophobia [40] and nyctophobia [41]. Pyrophobia is the fear of fire. It is there-
fore induced by the fire adaptation (f (apy)). Cynophobia, or fear of dogs, is induced
by the dog adaptation (f (aqg)). Finally, to model the fear of darkness ot nyctophobia
(f (@aart)), we modelled it by the combination of the fite, natural light, and artificial
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Table 3.3: Summary of all possible adaptations used by the emotional model. For each of the adaptations,
the value of the constants defines the presence of the emotions in the equation.

Ay Rangea, F,, Spa, Saz APa, Aa, Rpa, Ra

x

al [0,1] 1 0 0 0 1 1 0
nl [0,1] 1 0 0 0 1 1 0
le [0,1] 0 0 0 0 0 1 0
Py [0,1] 1 1 0 0 0 0 0
dg  {0,1/2,1} 1 1 0 0 0 0 0
ms  {0,1} 0 0 0 1 0 1 0
b {0,1} 0 0 1 0 0 0 1
1.00
075
0.50
0.25 —— dQopt = 0.0
% —— dgop =02
%’ 0.00 —— dgopt = 0.5
& dgopt = 0.8
-0.25 dgopt = 1.0
-0.50
-0.75
L% 02 04 06 08 1.0

adg

Figure 3.7: The progression of the fear function f(;r) for a changing intensity of dg and different values for
dgop, Where apy = G = 0.5 and py,, = dark,, = 0 are fixed.

light adaptations. The adaptation intensity of dark is give by Equation (3.13) and de-
fines how dark the environment is. In this equation, D, Dy and Dy, are weights

for each adaptation, indicating their significance to the overall darkness intensity.

Dal “Qql + Dnl “Qpl + Dpy * Upy
Dal + Dnl + Dpy

Ot = 1 — (3.13)

Figure 3.7 illustrates the behaviour of the fear functions for changing intensities of
an adaptation. In this case sg,, is plotted out in function of a4y where the intensities
of fire (apy) and darkness (@4.¢) equal 0.5 and their optimal values py,,, and dark,,
respectively, equal 0. Different plots show a different optimal intensity for dog (dg,).

Regarding stress, as explained in Section 3.3, it is modelled as a non-linear max
function of the current fear, the possible new stress and the stress of the previous
interval if the controlled breathing was enabled. Taking into account the possible
adaptations, and the defined formulas in the methodology, the possible new stress
has been set to be influenced by the fire (py) and the dog (dg) as formulated in Equa-
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Figure 3.8: Plots showing the calculation of stress as it depends on other functions. Each plot shows stress
in function of a different adaptation.

tion (3.9). Figure 3.8 illustrates an example of the calculation of stress. The figure
shows stress as a function of three different adaptations: dog, fire and darkness. Each
plot shows the three arguments of the maximisation function from Equation (3.8) and
the resulting value of stress. As can be seen from the figure, in each case stress takes
the greatest value of all other functions. Moreover, note how the candidate value for
stress is constant in the third plot as it does not depend on the intensity of darkness.
However, fear does depend on darkness in the emotional model and can overtake the
candidate value resulting in an increased level of stress.

The arousal is again a max function of the current values of stress, fear and the
new candidate values of arousal. The candidate new arousal is based on the prefer-
ence towards music, the intensity of natural light and the intensity of artificial light as
defined in Equation (3.11). In short, arousal will only increase when fear or stress in-
creases, and it will only decrease when the music is optimal and/or the environment is
bright. Figure 3.9 shows the evaluation of arousal as an example. The three plots show
arousal in function of music, artificial light and dog respectively. Each plot shows the
4 arguments of the maximisation and minimisation functions from Equation (3.10)
as well as arousal itself. The plots clearly show how arousal takes the maximum of
fear and stress but the minimum of the candidate arousal and previous arousal values.
Indeed, as explained before, arousal decreases as music approaches the optimal value
(0.8 in this case) or as the environment gets brighter. Additionally, arousal increases
as fear or stress increase.

Finally, the preferences of music, light colout, natural light and artificial light, the
adaptation values of controlled breathing and the latent emotional states Sz, Sy
and S, conform the relaxation model.

As the heuristic optimiser, which takes care of applying the appropriate adapta-
tions based on the output of the emotional model, can only change one adaptation
intensity per step, it should choose an order in which to apply the adaptations. The
order the heuristic optimiser applies is fixed as follows:

1. dog
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Figure 3.9: Plots showing the calculation of arousal as it depends on other functions. Each plot shows arousal
in function of a different adaptation.

2. fire

3. natural lighting

4. artificial lighting

5. controlled breathing on
6. controlled breathing off
7. music

8. light colour

This order is chosen as the default order for the heuristic optimiser based on logical
reasoning, e.g. “controlled breathing on” should come before “controlled breathing
off”. However, there is no proof yet this order is the optimal approach. This will be
analysed in detail in Section 3.5.

3.5 Experimental Evaluation

This section presents the experimental evaluation of the personalised adaptive emo-
tion system for relaxation therapy in VR. Given the broad range of users and per-
sonalisation options, an approach with simulated users was opted for. Through this
approach, the performance of the system can be assessed in a controlled environment
and for iterations. Section 3.5.1 presents the simulation approach and the user profiles
employed in the analysis. These users have been put through the system to evaluate
its performance, the results of these experiments are presented in Section 3.5. Finally,

further analysis and lessons learned are provided in Section 3.5.3.
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3.51 Simulating Users

To fully analyse the performance of the system, it needs to be evaluated on a wide
range of user profiles. To this end, user profiles have been created and the outcome
is analysed in an offline simulation for evaluation of the system. The output of the
simulation shows the evolution of the adaptions and the effect on the emotional state.

In a real setup, the user profiles would be defined by the information that is pro-
vided through the questionnaire in Table 3.2. One possibility would be to generate
every combination of answers to the questions and perform a simulation for every
possible profile. However, doing this is computationally infeasible as some ques-
tions from the questionnaire accept continuous values which would result in an infi-
nite amount of user profiles. While at the same time many combinations of answers
would lead to the same decisions and therefore the same results or very similar results.
Therefore, a less naive approach is adopted by creating 12 user profiles with very dif-
ferent characteristics. These 12 profiles are sufficient to cover all edge cases and some
average users for both indoor and outdoor environments.

The 12 profiles are constructed by specifying the seven parameters which are nor-
mally derived from the questionnaire, these are preferred environment and the optimal
intensity of the six adaptations (dog, fire, natural light, artificial light, light colour and
music). The 12 selected profiles with their values for these parameters are listed in
Table 3.4.

The first six profiles are extreme cases used for observing general trends and com-
paring adaptations objectively. This is because the optimal intensity of all adaptations
is the same, and thus they will have the same impact on the model. The six last pro-
files are average users. Users 7 and 8 prefer a dark environment with a fire or blue
lights. They also prefer music when relaxing and dislike dogs. Users 9 and 10 are the
opposite, they like dogs and bright environments but dislike fire, blue light, and music.
Lastly, users 11 and 12 are somewhat in between. They are quite neutral towards a dog
and darkness, dislike music, and like fire and blue light. The environment parameter
has only two possibilities, either an indoor or an outdoor environment. Therefore, six
profiles are created for each. Finally, we note that the initial emotional state should
also be set and has an infinite amount of possible combinations. However, a sim-
ulation with a mild initial emotional state (already high relaxation) does not provide
many insights. It would merely result in fewer adaptations to reach optimal relaxation.
Therefore, the initial state for each simulation is set to be the most severe, that is high

fear, high stress and high arousal which leads to low relaxation.

3.5.2 Results

In this section, the results of the evaluation of the two tests ate discussed. First, the
performance of the heuristic optimiser, as described before, is evaluated on the 12

generated users. Second, the impact of order in which the adaptations are applied is
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Figure 3.10: Plots showing the evolution of the emotional states at each time step for the outdoor environ-
ment. The heuristic optimiser applies the adaptations in the same order for each user.

observed.

3521 Performance Analysis

The purpose of this first analysis is to assess the performance of the personalised
relaxation model. For this, the default heuristic order configuration (dog, fire, natural
lighting, artificial lighting, controlled breathing on, controlled breathing off, music,
light colour) is taken and we evaluate the 12 user profiles.

The evolution of the emotional state in the simulations for the outdoor and indoor
environments are shown in Figures 3.10 and 3.11 respectively. The plots show the
evolution of the different emotional parameters with every adaptation in the environ-
ment. The adaptations are shown on the x-axis while the four emotions are presented
on the y-axis. While the most important emotion is relaxation (which needs to be
maximised), the other parameters, fear, stress and arousal are also interesting to the
observer as these need to decrease. For some of the users, not all possible adaptations
appear. This is due to the profile of these users which prevents these adaptations form

being used.
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Figure 3.11: Plots showing the evolution of the emotional states at each time step for the indoor environment.
The heuristic optimiser applies the adaptations in the same order for each user.
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The initial emotion state is observed at init and is the same for every user. The
emotional state at time step start depends on the user itself. At this time step envi-
ronment is generated and initial values for the adaptations are calculated, these have
an impact on the emotional state already as shown in each plot. In the case where the
user has the dog adaptation, this will be activated at time step start, this is indicated in
the plots as well.

For every simulated user in the outdoor environment the maximum relaxation
of 1 is reached. While the stress parameter disappears (value of 0) in every simula-
tion as well, the others, fear and arousal, do not always reach their minimum. Fear
never reaches —1. Similatly, arousal is also never completely gone. However, these
sub-optimal final emotional parameters do not have an impact on the final relaxation
parameter as they are counteracted by the high evaluation of the preference functions.

In the case of the indoor environments, for every user, the relaxation increases
significantly over the duration of the simulation. However, in many cases, the optimal
value of 1 is not reached. In those cases, the arousal value does not approach 0 which
could be the reason for the sub-optimal result. In some cases (Users 24, 3in, 4in
and 6;y,) fear does not reach its minimal value of —1, however, this does not seem
to impact the final relaxation too much either. Finally, the relaxation curve shows
slight reductions for users 3, 5 and 7 suggesting relaxation cannot be reached through
a greedy approach, in other words, local optima in the curve are not to be considered
as a global optimum.

These simulations indeed show how, even with a fixed order for activating the
adaptations, near-optimal relaxation can be researched. Additionally, the heuristic
optimiser can find a solution which leads to an acceptable final relaxation. However,
it is also clear that maximising relaxation is not sufficient in every case. The other
emotions should be minimised as much as possible to reach perfect relaxation. This

could potentially be achieved by changing the order of the adaptations.

3.5.2.2 Adaptation Order

As seen in the previous evaluation, the order in which adaptations occur could have an
impact on the effectiveness of the adaptations and, thus, the final emotional state. To
evaluate this, tests are performed which change this order. Every time interval, exactly
one adaptation takes place, which leads to a change of emotional values. Eight adap-
tations occut (dg, fr, nl, al, cb on, cb off, ms, and lc). Thetefore, 40.320 possible
permutations of these adaptations exist, however, as “cb off” will only happen after
“cb on”, only 20.160 permutations are valid. Fortunately, some more redundancies
can be removed to reduce the number of permutations further down. While in indoor
environments the fire (fr) adaptation is not present, outdoor environments do not
contain artificial light (al), controlled breathing (cb), and light colour (Ic). Therefore,
the number of permutations for indoor environments is reduced to 5040 possible pet-

mutations and for outdoor to 24. To further reduce the number of permutation of
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Figure 3.12: The average relaxation over all simulations plotted for every permutation of adaptations for the
outdoor environment. The adaptation sequences are sorted according to decreasing final and
average relaxation.

indoor environments, the actions ”cb on” and ”cb off” are combined into one, lower-
ing the number of valid permutations to 720. This leads to a simulation run time of a
maximum of 12 minutes for indoor environments and around 25 seconds for outdoor

environments. In total, simulating the twelve users takes approximately 45 minutes.

The results of the simulations on the effect of changing the order in which adap-
tations occur are shown in Figures 3.12 and 3.13 for the outdoor and indoor envi-
ronments respectively. These plots show the relaxation, averaged over all sessions of
every simulated user, and the relaxation at the end of each session averaged over all
users. The different sequences (x-axis) are first sorted by decreasing final relaxation
than by decreasing average relaxation. In these plots, a relaxation value of 1 corre-
sponds to the maximum relaxation achievable for that particular environment and
user profile. This normalisation is performed to enable a proper comparison of the
different user profiles. Tables 3.5 and 3.6 show the same sequences with the actual
values for the averaged and final relaxation. The following sections discuss the results
in more detail.

The first thing to notice for the outdoor environment in Figures 3.12 is that for
the outdoor environment every sequence of adaptations the maximum relaxation is
achieved. This implies that the order of the adaptations has no impact on the final

relaxation for this set of adaptations. However, the order does have an impact on
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the average relaxation over each session. A higher average relaxation means that eatly
on in the session a higher relaxation is obtained. This translates into first applying
adaptions with a big impact and finishing with the lower impact adaptations. Reaching
high relaxation as soon as possible is the desired outcome. Interestingly, three groups
of users are observed in terms of average relaxation. Users 1444 and 544 have a
relaxation below the average (orange) for every permutation of the adaptations, users
2out and 3oyt are always above the average relaxation, while users 45y¢ and Goys
perform around the average for each sequence. This could be partially explained by
the profile of the simulated users in Section 3.5.1. The first three user profiles are
extreme cases, resulting in above or below average results. The last three are rather
average users resulting in average relaxation except for user 54y¢. This user shows a
rather low average relaxation with little variation for different sequences. This could
be explained by the fact that this user has many restrictions which resulted in only two
effective adaptation. These same applies for user 344+ which has only one effective
adaptation.

In Table 3.5 the 24 permutations of the adaptions are listed with the average re-
laxation over every user. This list is also sorted according to this relaxation metric.
Sequences 1, 2, 3 and 5 have in common that the first two adaptation are dog (dg)
and natural light (nl) while the last two adaptation in the sequence ate music (ms) and
fire (py) which is not the case for any of the other sequences. The highlighted row in
Table 3.5 indicates the sequence which is used by the heuristic optimiser. Indeed this

sequence is not the optimal order.

Now we can consider the indoor environments in Figure 3.13 for which Table 3.6
shows some of the most interesting sequences. These are also indicated on the plots.
The order of the adaptations does have an impact on the final relaxation. Certain
permutations are sub-optimal in the sense that they do not guarantee maximal relax-
ation. Furthermore, the order also has an impact on the average relaxation per user
and the average relaxation overall. Interestingly, the same three groups of users can
be identified for the indoor environments as for the outdoor. Namely, users 1;,, and
din achieve below average relaxation for every permutation, users 2;,, and 3;, achieve

above-average relaxation, while users 4;,, and 6;,, petform on average.

Figure 3.13 and Table 3.6 indicate that from sequence 360 to 361 a big decrease
in final and average relaxation occurs. Evety sequence before 361 has the dog (dg)
adaptation before the controlled breathing (cb).

Next, out of all 720 sequences, exactly 72 achieve maximal final relaxation for all
users. These 72 sequences turn out not to be random. As indicated earlier, in all 72
sequences dg occurs before cb. For 60 of the 72 best sequences, the sequence ends
with attificial light (al). The other 12 sequences end with the al adaptation immedi-
ately followed by the light colour (I¢) adaptation. When inspecting the plots, it can be
observed that for all users, except 3;,, and 4;y,, the optimal sequence is within the first
72 sequences. Users 3;p, and 4,5, have the combination of a low optimal al and dg
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Table 3.5: Effect of different adaptation sequences on the average relaxation for outdoor environments. The
list is ordered according to decreasing final and average relaxation. The highlighted sequence is
the order used in the heuristic implementation.

No. Sequence Average Relaxation  Final Relaxation
1 dg  nl  ms  py 0.894 1.000
2 dg nl  py s 0.890 1.000
3 nldg ms  py 0.884 1.000
4 dg  ms nl Py 0.881 1.000
5 nldg py s 0.880 1.000
6 ms dg nl py 0.875 1.000
7 nl o ms dg py 0.874 1.000
8 nl py dg s 0.865 1.000
9 dg py  nl s 0.864 1.000
10 ms nl dg py 0.861 1.000
11 dg  ms  py ol 0.856 1.000
12 nl o oms  py  dg 0.855 1.000
13 nl py  oms  dg 0.855 1.000
14  de py ms  ul 0.850 1.000
15 py dg nl s 0.850 1.000
16 ms do py nl 0.850 1.000
17  py nl  dg s 0.844 1.000
18 ms nl  py dg 0.842 1.000
19 p de ms  nl 0.836 1.000

20 ms py dg nl 0.836 1.000

21 py nl oms dg 0.834 1.000

22 py ms dg  nl 0.831 1.000

23 ms  py onl  dg 0.825 1.000

24 py oms nl  dg 0.820 1.000
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Table 3.6: Effect of different adaptation sequences on the final and average relaxation for indoor environ-
ments. The list is ordered according to decreasing final and average relaxation. The highlighted
sequence is the order used in the heuristic implementation.

No. Sequence Average Relaxation  Final Relaxation
1 ke dg ms b nl  al 0.782 1.000
72 ms nl dg b ke al 0.736 1.000
73 ke dg ms b al  wl 0.793 0.996
221 dg nl  al b ms ke 0.759 0.982
276 ms  al  wl o dg bk 0.751 0.982
277 dg oal ke oms b ol 0.793 0.972
360 al ms wl dg bk 0.745 0.972
361 Lk nl ms al b dg 0.719 0.858
528 b ms al  nl dg ke 0.622 0.858
529 &k wul  al b dg s 0.720 0.848
660 b al ms nl dg Ik 0.621 0.848
661 al ke nwl oms b dg 0.719 0.838
720 al b oms ul  dg ke 0.044 0.838
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Figure 313: The average relaxation over all simulations plotted for every permutation of adaptations for
the indoor environment. The adaptation sequences are sorted according to decreasing final and
average relaxation.

intensity. A low optimal dg intensity deactivates the dg adaptation, and thus the oc-
currence of dg before cb does not make a difference. Furthermore, the absence of the
dg adaptation means that fear and stress need to be decteased by another adaptation
before activating ¢b, i.e. by nl and al. The highlighted row in Table 3.6 indicates the
sequence which is used by the heuristic optimiser. As for the outdoor environment

this sequence is also not the optimal order in this case.

3.5.3 Discussion

The results on the order of the adaptations have indicated that each user has an optimal
order for the adaptations to occur in, this order depends entirely on the profile of the
user. In fact, an algorithm in the form of a decision tree can be constructed which
selects the optimal order. Before constructing this decision tree, the findings which
lead to the algorithm are summarised. For the outdoor environment it was observed
that natural light and dog should occur eatly in the sequence and music and fire can
occur near the end. However, when natural light has a low optimal value, and therefore
had little impact, the optimal sequences would end with natural light instead. More
specifically, the set of optimal sequences are dg, nl, py, ms; dg, nl, ms, py; nl, dg,
py, ms; and nl, dg, ms, py. Expect if natural light has a low optimal value, than the
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Any sequence ending with a/

yes where dg occurs before ch.
nl and dg
enabled?
yes no ) )
Any sequence ending with cb.
Indoors
environment?
«dg, nl, py, ms
*dg, nl, ms, py
o « nl, dg, py, ms
« nl, dg, ms, py
nl enabled?

no « dg, py, ms, nl
*dg, ms, py, nl

Figure 3.14: Visualisation of the decision process that leads to an optimal sequence.

optimal sequences are dg, py, ms, nl; and dg, ms, py, nl.

Since the indoor environments contain other adaptations as well, different rules
apply. It was observed that every sequence should end with artificial light and that dog
should also come before controlled breathing. However, when artificial light and dog
are not enabled because their optimal value is too low, the sequence should simply
end with controlled breathing.

Structuring this logic into a decision tree results in Figure 3.14. This tree can be
used to reduce the set of all possible permutation of adaptions to a small set of se-
quences which are guaranteed to perform better than any other sequence. Depending
on the available computing power, a simulation can be run to select the very best

sequence from this reduced set, or a random sequence can be selected.

This result, which shows that different sequences result in a different outcome,
indeed proves that personalisation is needed. Additionally, it is shown that through
the described algorithms this personalisation can be achieved. More complex algo-
rithms and more data could potentially further improve the benefits of a personalised
approach. For example, the addition of biofeedback could ensure a quicker and more

accurate response to changes in emotion and behaviour of the patient.

At this stage, the focus of the research is on simulated users as they provide full
control over the users. In a next stage, these tests will be extended to real human
users. A demo application was already developed for these VE and the proposed
model and algorithm. This demo application was presented in [42]. The response
to this demo during its presentation at the conference was very positive. However,
no formal subjective study was conducted. In future work, structured tests will be
performed with this demo application to evaluate the relevance of the model on real

users.
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3.6 Conclusion and Future Work

In this work, a mathematical model for simulating emotional response for VR-based
relaxation therapy is presented. The model makes use of both a personality profile as
well as the user’s emotional state to create a fully adaptive and personalised relaxation
environment for the user. This is a simple yet effective model that does not need more
complication as only a limited set of base environments are possible. To illustrate its
potential, it has been implemented and used in a system that provides a personalised
VR experience for relaxation therapy. The system selects an environment based on
a decision tree. The information for evaluating the decision tree is collected through
a short list of questions. From these base environments, small adaptations are made
through adaptation parameters, to personalise the environment and thus maximise
the relaxation.

In this paper, the potential of the emotional model has been shown through pre-
liminary results from simulations. Furthermore, this work shows the capability of
personalised, adaptive applications in VR, not only for relaxation therapy but also for
other exposure therapy applications.

As future work, we aim to further tune the emotional model by incorporating
biofeedback. This biofeedback could insure that the estimated emotional state is in
sync with the user’s actual state. Moreover, it could make it possible to react on small,
sudden changes in the uset’s state, which are not caused by the environment or are
not captured explicitly in the mathematical model. Additionally, tests with actual users
will be performed to collect further evidence for the effectiveness of this approach.
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PATRONUS: Towards an Architecture for
Personalised Virtual Reality Exposure Therapy

In this chapter, the PATRONUS platform is presented. It takes the research presented in Chap-
ters 2 and 3 even further by incorporating the Virtual Reality (VR) system in a patient-centred
blended care platform. Thereby, contributing to the third challenge in Section 1.5. PATRONUS pro-
vides a platform composed of various tools to help psychotherapists in providing better care and
treatment for patients with anxiety disorders. The main functionality of the system are, (i) Virtual
Environment (VE) for specific scenarios in which patients are exposed to their anxiety, (ii) support
in personalising these VE through automatic suggestion generation based on history context of
the patient, (iii) a mobile coaching app for the patient to perform VR and in vivo exposure exercises
at home and to register relevant events in their daily lives, (iv) support for psychotherapists in the
assessment of patients through the automated analysis of physiological data, and (v) a centralised
information system with a dashboard interface through which the psychotherapist can consult all
information of a patient and manage therapy sessions. The personalisation algorithm is discussed
in more detail in Chapter 5. This chapter further contributes to challenge 4 and 5 in Section 1.5 by
adopting an inclusive design process.
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Abstract Exposure therapy in virtual reality has increasingly been investigated as treat-
ment for anxiety disorders. However, most of studies do not yet research the integra-
tion of virtual reality exposure therapy as part of a blended care solution. Therefore,
no studies are available that present such a platform. In this paper, the PATRONUS
platform is presented as a patient-centred blended care solution for virtual reality ex-
posure therapy. The methodology for the design of the platform focusses on the
incorporation of needs and wishes of patients and psychotherapists which have been
collected through focus groups and workshops. The result is a system that enables
exposure therapy in virtual reality for specific and generalised anxiety disorders. The
virtual environments can be tailored to the needs of the patient, either manually or
through an intelligent adaptation algorithm. Furthermore, the patient is empowered
to perform virtual reality exposure exercises at home through a mobile application. A
preliminary effectiveness study shows potential for this platform. However, extensive
user studies with large populations are needed to further prove its effectiveness.

41 Introduction

Anxiety disorders are extremely common in the world population. According to
World Health Organisation (WHO), it is the 6™ largest contributor to global dis-
ability [1]. The most effective treatment for anxiety disorders is Exposutre Therapy
(ET) [2]. By confronting an individual with the source of their anxiety, they learn to
control their fear instead of letting it control them. In recent years, there has been
an increasing interest in Virtual Reality Exposure Therapy (VRET), an approach in
which ET is provided in Virtual Reality (VR). VR allows for much more control over
the environment in which exposure happens which allows for better patient-centred
therapy. Meanwhile, plenty of studies show evidence that VRET is at least as effective
as regular in vivo ET [3-5].

However, most research focuses solely on the ET in VR itself and not on its
integration in a patient-centred or blended care solution. Blended care is the combi-
nation of regular face-to-face care with technology assisted tools for individual self-
management. Blended care is relatively new and requires more research but early
studies show promising results [6]. Its benefit is that treatment can be much more
effective in the long term if patients are stimulated to follow up on their treatment
by themselves. To the authors’ knowledge, there are currently no publications that
discuss an architecture for a patient-centred, blended care platform for VRET. This
paper aims to fill this gap by discussing the design, and implementation of such a
platform.

PATRONUS is an interdisciplinary effort between psychotherapist, scientists and
IT experts to design, develop and evaluate an advanced system for VRET. The key fea-
tures that characterise PATRONUS and make it unique are: (1) configurable Virtual
Environment (VE) for various scenarios, (2) a support algorithm for personalised VE
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tailored to the needs of the patient, (3) automatic analysis of physiological data from a
wearable device for presentation of an objective metric for anxiety, (4) VRET home-
work exercises through a mobile app, (5) longitudinal follow-up by self-reporting in
a mobile app, (6) a centralised system for patient and therapy session management.
Because PATRONUS aims to provide better care for the patient and the proper tools
for the psychotherapist to deliver this, both their needs and wishes need to be carefully
considered in the creation of this platform. Co-design is the process of creating a so-
lution in close collaboration with the end users during the entire design process. This
approach ensures that the product meets the expectations of the end users. Therefore,
it has been rigorously applied in the design process of PATRONUS.

The remainder of this paper is structured as follows. First related work regard-
ing co-design techniques is covered in Section 4.2. In Section 4.3, the methodologies
for extracting the requirements for the presented platform through focus groups and
workshops are discussed. This is followed by a hypothetical script of an VRET pro-
cedure to illustrate what patients and psychotherapists expect of the system in Sec-
tion 4.4. Next, these expectations are formally summarised in Section 4.5, this is the
result of the focus groups and workshops with end users. Based on these require-
ments, Section 4.6 introduces the design of the architecture. The specifications of the
implementation are formulated in Section 4.7. Finally, a pilot study with patients and

a conclusion are presented in Sections 4.8 and 4.9 respectively.

4.2 Related Work

Co-design approaches have many benefits for the development of eHealth solutions [7,
8]. In fact, one could argue that it is a necessity for creating useful solutions of high
quality as it ensures that the needs, wishes and insights of the end users are incorpo-
rated in the design process. However, co-design refers to the process of including end
users in the entire design process [9]. Some examples of these methods are observa-
tion sessions, questionnaires and surveys [10], interviews [11], focus groups [12] and
interactive workshops [13]. The methods differ in the amount of engagement with
the end users, the level of detail that can be discussed and the interaction between the
different participators (end users, researchers, designers or other stakeholders) [14].
Each approach has its benefits and challenges. For example, observation sessions are
interesting for researchers and designers to understand context and test the imple-
mentation of new concepts. However, the inclusion of the end user in the creation
itself is limited. Questionnaires can provide large amounts of data from a wide range
of different end users to steer the creation process, but the set of questions is the
same for every end user, therefore in-depth discussions are not possible. Interviews
do allow for an in-depth discussion as the researcher or designer can ask follow-up
questions to the end users, but this makes them quite time consuming. Focus groups,

then again, are more efficient as they bring together multiple stakeholders, which, in
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turn, encourages interactions and discussions. Interactive workshops are perhaps the
least formal and because of this can result in the most out of the box and tangible
concepts. This method encourages creation through brainstorming, storytelling, wall
storms and other techniques. Many different interactive workshops formats exist such
as hackathons [15], design jams [10] or design charrettes [10]. As the available tech-
nologies keep evolving, the co-design techniques that put them into practice will keep
evolving as well [16].

Many studies and use cases have been documented that incorporate any of the
previously mentioned techniques or adaptation thereof. For example, co-design has
lead to the development of a self-monitoring app for young people during treatment
of depression [17]. They used co-design workshops to develop the app to the young
people’s needs. By developing prototypes and mock-ups of the app, peers could eval-
uated each others ideas. Also for less tangible but more technical problems have
co-design approaches been used. For example, Ongenae et al. developed a co-design
framework for constructing detailed semantic ontologies containing highly specific
domain knowledge in the context of health [18]. The approach consists of workshop
sessions in which discussion are engaged with health domain experts to extract the
knowledge they employ during their professional activities. This knowledge is struc-
tured on large canvases during the workshops which are then used to construct the
ontology containing the extracted knowledge. These workshops are mostly focussed

on uncovering tacit knowledge of the domain experts.

4.3 Methodology

The design of a platform such as PATRONUS is complex because of the different
stakeholders involved. A combination of methods such as focus groups, workshops
and brainstorm sessions were used to gather the required information to build the
system and iteratively work towards a final proof of concept. In this section, these

methods and their application for this work are discussed.

431 Focus groups

Designing a new application requires to understand the needs and wishes of the end
users of the product. Especially in research, this is important because those needs and
wishes might not be very clear from the beginning. For example, when exploring a
new technology, there is no precedent for it, therefore, it is important to investigate
how end users want to use it. Furthermore, if the goals is to innovate by incorporating
new technology, caution is warranted in making sure that the technology contributes
to the problem to be solved. An inclusive design process in which various stakehold-
ers, including the end users, are involved from the beginning of the process is also

referred to as co-creation design [19]. This approach is also followed for the design
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and development of the PATRONUS platform.

In an early stage of the project, focus groups were organised with potential pa-
tients and psychotherapists. Two sessions with each four participants were held with
patients diagnosed with an anxiety disorder, while one session was held with six psy-
chotherapists who had experience with ET. During these sessions the patients were
asked about their own experiences with regular ET and possible experiences with
technology in support of their anxiety disorder. The patients also focussed on ideas
they might have that would be beneficial to them. In general they were asked what
the system should be able to do. The psychotherapists were asked the same question,
but from the perspective of their profession. Furthermore, features were prioritised
in functionality the system should definitely have and functionality that would be nice
to have. These psychotherapists were also asked about their concerns and limitations
of the technology.

The findings and ideas of these focus groups were gathered and prioritised based
on the input of the participants. Next, a list of requirements was created which could
be discussed with the other stakeholders of the project such as the developers and
researchers.

432 VR Prototyping

Developing a VR environment is complex and time consuming. This can pose a prob-
lem when the requirements of the VE are not yet known at the beginning of a project.
This was the case for this research where novel VEs needed to be created. Uncovering
the requirements for these VEs was an iterative process in which intermediate results
were tested and evaluated. Traditional software development approaches, in which
the VE are designed from an agreed upon set of requirements, are not suitable for
developing VR environments. Therefore, a rapid game prototyping technique was
used that had been tested before on VR environments. This technique employs a
workflow that allows multiple iterations and easy experimentation with various pro-
totypes. The findings of the experiments are taken into account for the next iteration
and thus, gradually the desired result is obtained. The prototyping process results in
the delivery of clear requirements and recommendations for the final product. Below,
the methodology of the process is discussed in more detail.

Based on the ideas from the focus groups described in Section 4.3.1, several pro-
totypes were developed. Each prototype starts with an in-depth analysis to make sure
all information to create the prototype is available. This analysis results in a Proto-
type Design Document (PDD) containing the structure and features of the prototype.
The features are divided into “must have” features for the first prototype iteration and
“nice to have” features for possible later iterations. This distinction can be made based
on the prioritisation of ideas of the focus groups. The PDD requires final approval

of the domain experts before implementation can start. If needed, changes can still
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be made to the PDD before approval.

Multiple first-iteration prototypes are created to compare concepts and ideas. By
using the iterative approach, prototypes can be adjusted and improved to fine-tune the
concepts into a satisfactory result. With each iteration, new features and adjustments
are defined which are documented in the PDD. The prototypes were built with a pa-
rameter tuning system in place. This means that certain properties of the VE, e.g. the
size of a room or the appearance of objects, could be changed through simple config-
uration and this without requiring additional modeling or programming. This allows
to quickly change the behaviour of the prototype and enables easy experimentation
with variations of a prototype without requiring programming knowledge.

For every prototype, design recommendations are added to the documentation.
These recommendations include various insights and ideas that came forward during
the development and testing of the prototype that could be relevant for the imple-
mentation of the final product.

433 Expert Knowledge Workshops

The intelligent algorithm for the adaptation of exposure environments was also de-
veloped in close collaboration with domain experts. Workshops were organised to
uncover the knowledge that needs to be incorporated in those algorithms. Specifi-
cally, these workshops were designed to understand the decision making process of
the psychotherapists in detail such that part of these processes could be digitised to use
them in intelligent algorithms such as the adaptation algorithm. The result of these
workshops is a knowledge model containing the most important concepts used by
the psychotherapists and information on how they were used to make decisions. This
knowledge model was formalised into a semantic ontology, which is a formalised de-
scription of concepts, relation between them and logical rules which are interpretable
by a computer system. The advantage of such an ontology is that reasoning can be
used to process data using the knowledge in this ontology.

Two workshop sessions were organised with psychotherapists who had experience
with regular in vivo ET. One sessions had four participants, the other three. The
results of the workshops were processed and combined afterwards. This approach
ensures that the results are not limited to the view of one group of people and it
enables covering a broader section of the domain. The psychotherapists participating
in the workshops had no prior knowledge of the PATRONUS project itself. This
is to prevent biased decisions on the design of the system. The workshops were
led by a moderator which asks follow-up question when clarification is needed or
when the discussion runs silent. An ontology engineer writes down, on large sheets of
paper, the concepts and relations mentioned by the psychotherapists and the decision
steps which will be processed and formalised after the workshop. Finally, an observer

transcribes the sessions. Ongenae et al. [18] discusses the general approach of the
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Figure 4.1: Pictures of the workshops showing one person writing down on large sheets of paper while the
psychotherapists are discussing the therapy workflow.

workshop in more detail.

The workshop starts with a warm-up exercise through which the psychotherapists
experience a therapy scenario in VR to get them familiar with the technology and allow
them to better understand its potential and limitations. Next, each participant is asked
to describe a particular therapy session from their own experience. These are used dur-
ing the workshop as use cases to validate the decision processes the psychotherapists
are explaining. After that, the discussion is initiated by having the psychotherapists
explain how they think a VRET system could automatically adapt to the needs of the
patient and which information it needs to have for this. Every major decision step is
challenged during the discussion to filter out the most relevant ones and reduce them
to their essence. Figure 4.1 gives an impression of one of the workshops.

4.4 Exposure Therapy Script

Based on the findings of the focus groups with users and psychotherapists the fol-
lowing fictitious scenario can be created which illustrates the goal and vision of the
PATRONUS platform.

A patient, called Alice, experiences severe anxiety any time she needs to drive in a
car as a passenget. It has reached a point where she cannot get in a car with someone
else if she is not driving herself. To find a solution for her problem, Alice decides to
go to a psychotherapist for help, his name is Bob.

During her first appointment, Bob does an intake interview with Alice. He asks
her question about her anxiety and avoidance behaviour to get a clear view of the
problem. Bob also checks for some criteria to make sure Alice is eligible for ET in
VR. Once Bob verifies that VRET can be part of Alice’s treatment, he asks her to
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fill in some questionnaires. This includes a questionnaire that will be used by the
PATRONUS platform to understand how the patient can be treated.

In between the first and the second appointment, Bob uses a dashboard applica-
tion to creates a patient account for Alice to which he uploads the questionnaires that
Alice filled in. On her second appointment, Alice receives psycho-education about
anxiety and avoidance behaviour and Bob explains to her how the therapy works.
During this appointment, Bob logs in on the PATRONUS platform through the
dashboard application and starts a new session for Alice. Before any exercises can
be performed, a baseline measurement needs to be taken of Alice’s physiological pa-
rameters. She is asked to strap a wearable device on her wrist which contains sensors
that can measure various physiological parameters. During a 10 minute period, data
is collected and stored on the PATRONUS platform.

When the baseline measurement is finished and Alice is ready, a first exposure
exercise in VR can be performed. When Alice puts on the VR headset, she first sees
a quiet and neutral environment. It represents some kind of lounge area in which she
is seated on a couch. In the meantime, Bob is creating a new VR exercise for the
current session on the dashboard of the PATRONUS platform. He chooses a VR
exercises set in a car scenario. The scenatio still needs to be configured to the specific
requirements of Alice at that time. The dashboard shows a list of parameters that Bob
can change based on his expertise. Each parameter changes something about the VR
environment. Bob configures the exercise such that Alice is sitting in the passenger
seat of a car, driving at low speed, on a road with little traffic. Before Alice can start
the exercise, she first needs to answer a few questions about her expectations, Bob
writes down the answers to these questions in the dashboard.

It is time for Alice to start her first VRET exercise which Bob initiates through
the dashboard. Immediately, Alice is transitioned to virtual car according to the con-
figuration chosen by Bob. At regular time intervals Bob asks Alice to say how much
discomfort she is experiencing on a scale of 0 to 100 which he enters in the dashboard.
When Alice is suddenly overtaken by a lorry, Bob notice on the screen that an algo-
rithm predicts a very high anxiety level in Alice. The algorithm is able to make this
prediction based on the wearable device collecting physiological data that Alice is still
wearing. Bob decides to ask Alice about this and writes down his observations. He
can also register other specific observations such as when Alice is showing avoidance

behaviour during an exercise.

After a predetermined time, the exercises is terminated by Bob. Alice can keep
the Head Mounted Display (HMD) on while she is transitioned back to the relaxing
lounge. After each exercise, Bob will ask her again a few questions about the exercise
to which he will enter the answers in the dashboard. In agreement with Alice a new
exercise will be started. This time Bob decides to let the system make suggestions
on what a good configuration would be for the next exercise. It does this based on

information that was provided for previous exercises. Based on his expertise and



PATRONUS: Towards an Architecture for Personalised VRET n3

knowledge of Alice’s case, Bob chooses one of the suggestions but tweaks it a little
but further before saving it. He then starts the new exercise in the same way as the
previous one.

At the end of the session, Alice can take of the HMD again. Because Bob felt
that the exercises went very well, he proposes that Alice does some of the exposure
exercises at home on her own. Bob creates a new homework exercises for Alice based
on the configuration of the first VR exercise they did together. Now Alice can also
see this exercise in the coaching application she had to install on her smartphone.

The next day, when Alice is at home, she decides to do her homework exercise.
She navigates to the exercise in the application and is instructed to put her smart-
phone in a mobile VR headset. This way she can perform the VR exercise on her
mobile phone. Sometime later that day, Alice is presented with a real life situation in
which she has the opportunity to get in a car with someone else. Afterwards, she logs
her experience in the coaching app because Bob has asked her to keep a journal of
noteworthy moments throughout the day. This information then becomes available
to Bob.

45 Requirements Analysis

Based on conversations during the focus groups, the needs and wishes of all stake-
holders were uncovered. This led to the formulation of the requirements for the PA-
TRONUS platform. Domain experts and potential users of the system explained what
they expect to be able to do with the system. This includes general functionality to
support regular therapy and specific functionality for VRET. These are the functional
requirements of PATRONUS. Additionally, a certain level of quality is expected of
a software system. This is captured in the non-functional requirements. These were
also discussed during focus groups with the stakeholders. Lastly, there are constraints
on the system that need to be taken into account during the design of the system.
These constraints are the result of limitations imposed by the stakeholders. In this
section, all major requirements and constraints of the proposed PATRONUS system
are discussed in detail.

451 Functional Requirements

There are two groups of users of the proposed system, psychotherapists that adminis-
ter the therapy, and patients that undergo the therapy. Both user groups have a set of
functionalities that need to be implemented by the system to support therapy sessions
in VR and in vivo. The remainder of this subsection provides a summary of these
functionalities in the form of use cases. Each use cases is described in detail.

The system should have three different user interfaces. Thete is a dashboard ap-

plication which is the main interface for most administration and configuration tasks,



N4 Chapter 4

this is only used by the psychotherapist. A mobile application which is used by the
patient at home and the VR headset through which the patient interacts with the VR
environments.

4511 Manage users

Psychotherapists should be able to manage users within the system. A patient’s ac-
count first needs to be linked to a psychotherapist’s account. The psychotherapist
also needs to provide information to the system about the patient. This information
includes answers to questions collected through external questionnaire systems such
as Qualtrics'. The results of these questionnaires can be uploaded into the system by
the users through the dashboard application.

4512 Manage Scenarios and Exercises

A scenario describes the general setting of a VE for exposure exercises. It defines
the appearance of the VE and possible events and actions that may occur during the
exercise. Most scenarios will have some variable parameters to further specify the ex-
ercises, these can be controlled by the psychotherapists. The ranges of possible values
of these variables parameters are also defined by the scenario description. Scenatios
can be divided into two groups, in vivo scenarios and VR scenarios. In vivo scenatios
are very versatile and can be anything the psychotherapists wishes to describe. VR
scenarios are much more constraint but offer more fine grained control. These sce-
narios need to be implemented as VR environments by developers. A VR scenario
is defined by the look and feel of the virtual environment, the actions the user can
perform, events that can happen in the scenario and the set of parameters that can be
configured. In vivo scenarios can be created and managed by the psychotherapists.
VR scenarios cannot be created by the psychotherapist themselves as they require 3D-
modeling and programming. A team of VR developers could create new scenarios for
the system.

An exercise is an instantiation of a scenario. Within the constraints described by a
scenario, an exercise can be created which adheres to these constraints and configures
the values for the variable parameters of the scenario. In vivo exercises follow in
vivo scenarios while VR exercises originate from VR scenarios. Psychotherapists can
create and manage exercises as they see fit.

Specifically for VR exercises, each parameter of the VR scenario will need to be
set to a specific value. The psychotherapist can do this manually for each parameter of
each exercise. They can also copy the configuration of a previous exercise and change
only a few parameters if needed. Furthermore, the proposed system is able to support
the psychotherapist during the configuration of new VR exercises. The system will
analyse previous exercises of a patient together with available prior information of the

1https://W\xrw.qualtrics.com, accessed on 16/03/2022
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patient. Based on this, four suggestions are generated from which the psychothera-
pists can choose the most appropriate one. The psychotherapist can further modify
a generated configuration if they wish.

4513 Manage Sessions

A session is a period of time during which a patient performs a number of exposure
exercises. The psychotherapist should start and stop a session manually when a patient
is with them. First, sessions needs to be created and managed. It is usually created be-
forehand such that the psychotherapist can do some administrative tasks, e.g. linking
it to the patients account, providing notes and descriptions. The psychotherapist can
create one or more exercises beforehand and add them to the session. Exercises can
also be created during the session. Information of the exercises during a session are
linked to this session. A psychotherapists can consult a session afterwards and get an
overview of all the information of that session.

4514 Conducting Sessions at the Therapy Office

A psychotherapist should be able to given the actual therapy. Therefore, they begin
by select a session that has created before, and start it. Next, a baseline measurement
of the patient’s physiological parameters is taken with a wearable device. The device
needs to be worn by the patient and data should be gathered over a period of time
while the patient is not engaged in any particular therapy. The baseline measures are
used by the fear registration algorithm to predict the perceived level of fear by the
patient.

During this time, the psychotherapist can create an exercise or select one that
has already been made beforehand. At the start of each exercise, a pre-exposure log is
filled in by the patient. This form contains a few questions that gauge the expectations
of the patient. The answers to these questions can be filled in through the dashboard
application.

Once this information is provided to the system, the exercise can be started. For
VR exercises, the patient would put on the HMD at this point. During an exercise
there is a lot of information that a psychotherapist might want to write down to re-
view later. This can all be done through the dashboard. The most prominent and
important metric used during an exposure exercise is the Subjective Units of Distress
Scale (SUDS) score which registers the perceived level of fear in the patient [20]. At
regular intervals the psychotherapist will ask the patient to state their current SUDS
score and input it into the system. A psychotherapist might also recognise specific
behaviours that need to be recorded. The system provides a predefined list of com-
mon behaviours from which the psychotherapist can easily pick one and tag it with
a timestamp. These ate mostly avoidance behaviour. Of course, the psychotherapist

can at all times make free text notes in the dashboard as well.
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In case the current exercise is a VR exercise, the system will provide some ad-
ditional features. While a VR exercise is completely configured beforehand, certain
parameters can still be tweaked during the exercise. This ensures that the psychother-
apist is in full control of the therapy. Should the patient respond too violently or too
mildly to the environment, the parameters can be changed appropriately. Of course,
the psychotherapist can also follow along with what the patient is seeing in the VR
environment.

When the exercise is finished, the psychotherapist indicates so in the dashboard
and a post-exposure log is presented. Similar to the pre-exposure log, the post-
exposure log gauge about the perceived experience of the patient during the exer-
cise. This information will be used by the adaptation algorithm to generate possible
configuration for future exercises.

A session can contain any number of exercises. After the last exercise, the psy-
chotherapist should indicate the session has ended.

4515  Fear Algorithm
To help the psychotherapist, and avoid disturbing the patient by probing them for a

SUDS score, and experimental algorithm will show the estimated current fear level
of the patient based on the current psychological data collected through the wearable
device in realtime. This estimation is presented as a label with three possible values:
low, medium and high level of fear.

The system should support two wearable device. The firstis the Chillband+ devel-
oped by imec?, a member of the project consortium. The second is the Empatica E4
wristband®, 2 commercially available wearable device that allows real time streaming

of raw data at acceptable sample rates.

4516 Adaptation Algorithm

Psychotherapists need to receive suggestions for VR exercise configurations based
on what happened in past sessions. An intelligent adaptation algorithm will need
knowledge of the patient and its therapy history. Based on this information it can
suggest four configurations for a new VR exercise. The psychotherapist can select
one or modify it if needed. The psychotherapist always makes the final decision of
what is presented to the patient. The algorithm will never steer the therapy directly

and unsupervised.

4517 Mobile Coaching App

The patient can install an app on their smartphone as a support tool for their therapy.
The app has three functions, (1) providing homework exercises, (2) acting as a journal

Zhttps:/ /www.imec-int.com/en/chill, accessed on 16/03/2022
Shttps://www.empatica.com/en»gb/research/e4, accessed on 16/03/2022
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in which daily life events can be logged, (3) allowing data collection from the wearable
device.

A homework exercise is like a therapy session but that can be performed by the
patient on its own. The exercises can be in vivo or in VR. The exercises are created
beforehand by the psychotherapist and cannot be changed by the patient themselves.

The journal functionality of the app is aimed at collecting information of the pa-
tient during daily life activities. This information can help the psychotherapist to better
understand the disorder and allows them to tailor the therapy better to the needs of
the patient. Patients can log situations of panic throughout the day. A log record con-
tains a SUDS score, a description and a timestamp. Also avoidance behaviout can be
logged by the patient in a similar way. Lastly, physical complaints can be logged, e.g.
heart palpitations or difficulty breathing. The patients selects a symptom and assigns
a score to it between 0 and 100.

During exposure exercises with the psychotherapist, the patient can wear a weat-
able device which collects physiological data. Based on this data, an algorithms will
predict the level of fear in the patient and present it to the psychotherapist. The data
for this algorithm is streamed from the wearable device, to the coaching app on the

smartphone which relays it to the backend system where the algorithm can process it.

452 Non-Functional Requirements

The proposed PATRONUS system not only sets goals for the functionality it provides
butit also makes assumptions on the operation of the system. These assumptions need
to be met by the design of the system to ensure effective adoption of the system in
extensive testing settings with actual clinical end users. The assumptions translate in

non-functional requirements and are presented in this section.

4521 Usability

As a patient-centred rehabilitation system that supports the psychotherapists in per-
forming therapy, the usability of the system is paramount. For the patients and the
psychotherapists, the system has to be easy to use and intuitive. Psychotherapists need
to be able to operate the system with minimal technical knowledge or training.

4522 Security and Privacy

Due to the delicate nature of the proposed system, strict security requirements are im-
posed with a specific focus on privacy of user data. The guidelines set by the General
Data Protection Regulation (GDPR) need to be followed as well.
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4523 Modifiability

Certain subsystems of the VRET system need to be interchangeable for different im-
plementation if the need arises. Especially since the system is primarily designed as
a proof of concept and the subject of a research project, multiple implementation of
various subsystems will need to be tested. Other subsystems can also require multiple
iterations in which they are adapted and updated based on user feedback. Examples
are the potential use and support of different wearable devices and iterations of the

adaptation algorithm.

453 Constraints and Limitations

Some requitements of the system are the result of constraints or limitation imposed
by the environment in which it will be deployed. Specifically, the design phase needs
to take into account the existing situation and ensure it can operate in that environ-
ment. Firstly, the psychotherapists requested that the system could be used on a single
monitor. This was to avoid requiring additional investments for secondary monitors
in each psychotherapist’s office. Secondly, after a technical analysis it was revealed
that the supported wearable devices are most reliable when streaming to an Android
smartphone. Therefore, the constraints was set that the streaming of the wearable
data to the backend system should happen through the mobile coaching app running
on the Android smartphone. Lastly, as certain parts of the system rely on continuous
data streams, it is expected that the Android application and Dashboard application

have a stable and permanent internet connectivity available.

46 The PATRONUS Software Design

In this section, the design of the PATRONUS system that fulfils the requirements is
described in detail. The system has been decomposed into several components based
on their functionality and software patterns that are used in the design. Figure 4.2
shows an overview of the architecture of the system. The first things to notice are that
the system offers two points of entry for user interaction with the system, the system
contains two algorithms that rely on realtime data streams and security is baked into
the architecture. Each component, its responsibilities, and the interfaces between the
components are discussed in the remainder of this section.

The PATRONUS system contains a web app (Figure 4.3) which hosts the dash-
board for the psychotherapist and a mobile app (Figure 4.4) which provides access to
homework exercises and the journal log for patients but also enables real time stream-
ing of data from the wearable device. The patients experience the VE through an
HMD connected to the IR systerz. This system will communicate with the web app
directly to allow control and configuration of the VR environments. Events from the
IR system ate also relayed thought the web app to the rest of the system. The APl app
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Figure 4.3: The web application is a dashboard through which the psychotherapists can control the therapy.

service is the request handler of the system. It deploys an API to which frontend ap-
plications can send request for user, scenario, exercise and session management and
control of the adaptation algorithm. The API app service itself is responsible for the
management task by reading and writing the data to the appropriate data store in the
patient data storage. 'The web app, mobile app, and the API app service require the identity
service for authentication and authorisation of their request. Only psychotherapists
are able to perform management tasks and patients are limited to reading their own
data. The API app service is the only component through which data can leave the
the backend system, this single point of entry creates an additional security bartier.
The decoupling of the frontend application allows for cheap adaptations to the UI
elements of the dashboard and the mobile app. This enables experimentation with
different Ul configurations which is fitting for this research project.

The algorithms rely on a lot of data, sometimes coming from different sources,
and they are controlled from the web application. Therefore, a message bus is used as
part of the publish subscribe pattern. Messages indicating data changes and messages
relaying requests from the frontend are pushed on this bus. The relevant algorithms
subscribe to the data and control messages they rely on.

The message handler of the API service injects messages on the message bus whenever
a request for an algorithm is sent from a frontend application. These messages are
picked up by cither the adaptation algorithm ot the fear algorithm. The adaptation algorithm
will listen for messages that request new configuration suggestions. This message will
contain some information regarding the location of the patient, session and exercise
data for which suggestions need to be generated. The algorithm will produce sugges-

tions in response to this message by collected the data from the specified location in
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Figure 4.4: The app is used by the patient, (a) to perform their exposure exercises at home, and (b) to record
self-reports of their mental state.

the patient data storage. Next the algorithm will publish a new message on the message bus
containing the suggestions which are picked up by the message handler and forwarded
to the dashboard application. The message handler will also make sure the suggestions
are permanently stored in the patient data storage. This process is illustrated by means
of a sequence diagram in Figure 4.5. When the fear algorithm receives a message to
start predicting the fear levels, it acts in a similar way. The main difference is that this
algorithm relies on a semi-real-time stream of datapoints of physiology data. This data
originates from a wearable device which is connected to the mobile app. This application
is able to stream data to an event hub in the backend. Next, this data is passed to a
stream analytics component. This component does two things, it stores the streamed
data in a stream data storage, and it prepares the data for the fear algorithm. This data
preparation consists of filtering, grouping and buffering the data stream and sending
itin 5 s segments to the wessage bus. The fear algorithm can then fetch the data messages
from the bus and use them in its prediction algorithm. Each time the algorithm pro-
duces a new fear level, this is published on the message bus. The message handler picks
this up, and forward these values to the dashboard application. It will also store the
predicted value in the stream data storage. Figure 4.6 further details this process with a
sequence diagram.

This loose coupling of the algorithms with the rest of the system enables easy
modifiability of the algorithms, easy deployment and scalability, as multiple copies of
the same algorithms or different variations of the algorithms can simultaneously be
deployed. Furthermore, by eliminating write operations by the algorithms to a com-
plex and delicate database, the implementation of these algorithms requires very little
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knowledge of the rest of the system. They simply need to listen to certain topics on
the message bus. This was a requirement to enable rapid prototyping of the algorithms.

As can be seen in this design, it heavily relies on internet communication between
the frontend and backend systems for reliable operation. There are no mechanisms
installed to cope with loss of connection, e.g. buffering of the data stream in the
mobile app. This design decision is acceptable as this was included in the business

constraints of the requirements.

4.7 Implementation Details

The platform presented in the previous sections is further discussed in this section.
The focus is on the most prominent technologies that were use to implement the
system. Additionally, details about the VE and intelligent algorithms are discussed.
Finally, the approach for the deployment of the system is described.

471 Azure

The backend system is developed and deployed on the Microsoft Azure Cloud Plat-
form*. This platform was chosen for its inherent flexibility, scalability and security.
Microsoft Azure provides confidentiality, integrity, and availability of customer data,

*https:/ /azure.microsoft.com, accessed on 16/03/2022
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while also enabling transparent accountability. It offers a lot of tools and featutes to
manage resources and enforce certain policies to access resources. Through the Azure
portal it was made sute that only a select number of people have access to the neces-
sary resources. Certain resources are not available from the outside or are limited to be
accessed via certain IP ranges for any outside access. The resources inside the portal
itself can have access to each other without having to be exposed to outside parties.
Connection strings and service URL’s are stored in Azure in environment variables
and are injected during the continuous integration and continuous delivery pipelines,
such that these are not accessible by unauthorised resources and this sensitive data is
not available in source control for non-development environments. Source control
access is also limited to only those who need access for development.

One of the useful features offered by Azure is the ability to easily scale to the
demands of the application usage. Both scaling out and scaling up is relatively simple.
Scaling out means adding extra instances of a specific service to offload parts of the
traffic to the other instance. Scaling up means adding extra hardware resources to
a service, e.g. more CPU power or additional RAM. One of the main benefits over

traditional hosting is that in most cases the system does not need to go offline.

472 Docker

The algorithms in the presented system have specific software, operating system and
dependency requirements, furthermore, these are developed by the researchers con-
tributing to the project which belong to a separate team developing the rest of the
backend. Containerisation through Docker enables to easily deploy the custom en-
vironments needed for the algorithms without introducing much dependencies. The
Azure platform contains docker registries with images that can be instantiated as con-
tainers in the Azure container instance service. These containers can be run when
needed and scaled both horizontally and vertically without the need to change the

container image itself.

473 ldentity Server 4

For authentication, Identity Server 4 is used as the Azure Active Directory was not
entirely mature at the start of the project. Implementations of identity provider are eas-
ily switchable, and the setup of the project allows for interchanging identity providers
with a relatively small effort.

Identity Server 4 is an OpenlD Connect and OAuth 2.0 framework for ASP.NET
Core. For PATRONUS it enables authentication as a service with a centralised au-
thentication workflow for both the therapy dashboard and the mobile coaching ap-
plication.
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4.7.4  Virtual Environments for Exposure Exercises

The VE are developed using the Unity 3D° game engine. It provides an easy to use
workflow to create VR applications and deploy them on various platforms. This was
a requirement for this project as the VE need to run on a high-end computer system
for use in the psychotherapist’s office, and on mobile devices for homework exercises.

It was decided to implement two distinct VR scenarios for ET. Each had a specific
focus but both could be used for generalised anxiety disorders such as a panic disorder.
One VR scenario presents an elevator environment. In this VE the patient can freely
walk around in a lobby area by physically walking around. The lobby gives access to
an elevator, the patient needs to physically enter the elevator in order to use it. Inside
the elevator are buttons to choose the floor to go to. Just like in a real elevator the
patient selects a floor by pressing the buttons. Visual effects give the sensation that
the elevator is moving. Elements such as the size and look of the elevator can be
configured by the psychotherapist. Other events like flickering elevator lights, the
elevator getting stuck and noises can also be controlled. This environment can be
used for specific phobias including fear of elevators and claustrophobia.

The other VR scenario is a car driving on a straight road. The patient has no con-
trol over the movement of the car but the psychotherapist can control many elements
of the car and its surrounding, including traffic. The patient is seated in one of the
positions of a car, e.g. behind the wheel or in the back, and can look around. The
speed of the patient’s car and of the other cars on the road can be changed in realtime,
this allows for creating queues of traffic as well. Additionally, sound can be generated,
e.g. the radio in the car, sirens, or engine sounds. This environment is designed for
fear of driving and claustrophobia.

Both VR scenarios allow the introduction of environment independent stimuli.
These are simulations of interoceptive sensations. For example, common triggers for
panic attacks are hearing ones own heartbeat. This sound can be simulated with the
PATRONUS platform. Also tunnel vision, blurred vision, and light flickers are some
of the other interoceptive stimuli.

One last VR environment has been implemented with the purpose of being a
neutral environment in which no stimuli are present that could trigger the patient’s
anxiety. The lounge environment is the first environment patient enter when putting
on the HMD. In between exercises, it is also the environment they return to.

More details of these environments and the controllable parameters can be found
in [21].

4.15 Intelligent Algorithms

The intelligent algorithms are the personalised adaptation algorithm for VEs and the

fear algorithm which provides an objective measure of anxiety.

5https://W\xrw.uni'fy.com, accessed on 16/03/2022
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The purpose of the adaptation algorithm is to support the psychotherapist in con-
figuring new exercises because it is a tedious and sometimes complex process. There-
fore, the algorithm suggests four configurations based on the information is has on the
patient and previous exercises performed by the patient. Because this algorithm needs
to process the available information in a similar way as a psychotherapist would, it
requires quite some knowledge. This knowledge, collected during the domain knowl-
edge workshops, is captured in a semantic ontology. It allows the algorithm to under-
stand which information new data hold. The implementation of the algorithm utilises
the Rescorla-Wanger model [22] to predict which stimuli the patient requires. The
model, presented by Rescorla and Wagner, provides a mathematical foundation that
describes learning for ET. The objective of the adaptation algorithm then becomes to
maximise the learning of the patient by selecting the appropriate stimuli. The algo-
rithm is described in much more detail in [21].

For the development of the fear algorithm, it quickly became clear that SUDS
scores are not the most appropriate metric to evaluate objective levels of anxiety.
Therefore, they could not be used as target value to train an artificial intelligence sys-
tem. Further experimentation made clear that deriving anxiety level from physiological
data is extremely complex and very much depends on personal and contextual char-
acteristics, e.g. caffeine intake, amount of sleep or resting heart rate. Eventually, the
chosen approach is to use a Gaussian mixture model [23] to predict the likelihood that
the physiological data of a patient is indicating a low, medium or high level of anxiety.
This approach allowed to take the personal and contextual characteristics into account
by comparing the data during the exposure exercises against a baseline measurement

of the same patient.

476 Deployment

Several environments were set up to either be able to separate concerns and have the
ability to offer certain environments to certain stakeholders without having to worry
about downtime or impacting stakeholders when changes needed to be deployed. For
example, while end users had to do effectivity tests with real clients, they might also
have to test new features for an upcoming release, while third party integrators needed
to test certain integrations, while a local development team had to be able to develop
and test daily work. To make sure these processes could happen smoothly the follow-

ing environments were setup:

* DEV (development environment): used for daily development, this environ-
ment can contain bugs and unfinished work and has no availability guarantee.
This is to be used only by the parties developing the PATRONUS software.

* TEST (test environment): used to test features in development teams with-
out having to affect development environments. This environment serves no

availability guarantees.



PATRONUS: Towards an Architecture for Personalised VRET 127

* ACC (acceptance environment): used to test features by stakeholders, this envi-
ronment is used to deploy finished work, and have it tested by the actual users of
the product. Before anything ships to production, stakeholders must give their
approval by validating the requested functionality on the ACC environment.
This environment will be available according to agreements. In practice this
environment will always be available except for times when a new deployment

is done, these always happen during a short time-window.

* PROD (production environment): used in production, this environment is the
actual environment that serves the finished and approved product and can be
used by the stakeholder for the effectivity study. Real patients data should only
use this environment. Deployments are schedules according to agreement with

minimal downtime.

4.8 User study

Though there is strong evidence for the effectiveness of VRET, the focus lies on
specific phobias (ise., fear of small animals, flying, etc.). Studies on the effectiveness of
more general phobias are scarce and mainly focus on social phobia and Post Traumatic
Stress Disorder (PTSD). Moreover, most studies are focused on VR therapy at the
psychotherapist’s office, while previous research has shown that exercises at home
are an important aspect of the treatment. Therefore, a user study was set up that
aims to investigate the effectiveness of VRET for claustrophobia and panic disorder
with the PATRONUS blended care platform that also includes a coaching app with
homework exercises.

Randomised controlled trials ask for a significant amount of participants and ad-
ministering a therapy to a large amount of people is not possible to integrate in the
daily operations of a psychotherapist organisation. Moreover, administration of a
therapy to a large amount of people that has not yet been proven to be effective,
might be unethical. Single case intervention research is becoming increasingly promi-
nent across multiple fields in the behavioural sciences and is considered a valuable
research method for evidence based practices in clinical psychology [24]. In single
case intervention research, the focus lies on repeated measurements before and after
the introduction of one or several manipulations. To provide more research support
for potential findings, a multiple baseline single case study was applied. In multiple
baseline design, several patients that have started treatment at a different time are in-
vestigated.

In close collaboration with the psychotherapists, six people with different types
of anxiety issues were selected, of which three were given VRET and three followed
the regular in-vivo ET. The anxiety disorders in the selected participants ranged from
claustrophobia and panic disorder to driving anxiety. The study was divided in to
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three phases, a baseline phase in which not treatment was given, a psycho-education
phase consisting of one therapy session, and the ET phase in which between three
to five ET sessions with the psychotherapist and homework exercises were given.
Of the six participants, three received blended care using the PATRONUS platform,
while three received regular treatment involving in vivo exposure therapy. Data was
collected through questionnaires in a pre test, a post test and daily measurements.
Standardised and validated questionnaires were used such as the Panic Opinion List
(POL) [25], the Overall Anxiety Severity and Impairment Scale (OASIS) [26] and the
Insomnia Severity Index (ISI) [27].

Based on the collected data during the user test, a reliable conclusion on the ef-
fectiveness of PATRONUS blended care cannot be made. A clearly distinguishable,
uniformly decreasing trend in the daily anxiety measurements could not be observed
for participants receiving the PATRONUS VRET. However, such a trend was also
not observed for participants receiving the traditional in vivo treatment. It is clear
that three exposure sessions are not sufficient to reliably detect a decrease in anxiety

levels. Nevertheless, some important insights were found with this user study:

* The initial reported anxiety was much lower than expected. It is likely that a
more significant decrease in anxiety would be observed with people with more
severe anxiety issues, this is referred to as the floor effect. This might indicate
that the PATRONUS blended care solution should be further optimised in
order to also be effective in helping people with mild anxiety disorders.

* An interesting trend was observed in the daily measurements regarding the
homework exercises for both in vivo and VR. More specifically, initial home-
work exercises elicit a peak in self-reported anxiety scores, followed by a de-
crease. It is thus important to take this homework assignment aspect of ET
into account in design and research of VRET. This merits further investiga-
tion.

* Depending on the nature of the anxiety disorder, e.g. general panic vs. specific
fear of driving a car, the variability of the reported daily anxiety measurements
could vary significantly. Therefore, with this limited number of patients, it is

hard to detect meaningful patterns in the data.

* The therapist’s dashboard has proven to be a reliable research tool to get a deep
understanding of what occurred during sessions both at the psychotherapist and
at home.

* The psychotherapists had the feeling that the best flow of therapy was obtained
with a combination of in vivo and VRET. This is reflected in the homework
exercises that combined the two. Unfortunately, VR in combination with in

vivo was not a formal condition in this user study, therefore and a systematic
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comparison between VR, in vivo or a combination of both was not possible.

Further research should focus on this combined approach.

49 (Conclusion

Anxiety disorders are extremely common but the can be treated with ET. In recent
years, the interest to move ET to VR has increased significantly. However, most re-
search focuses on specific case studies with VRET without considering the integration
of VRET in a blended care treatment procedure. Furthermore, the advantages of VR
for ET ate barely exploited, e.g. semi-automated personalisation of ET environments.
In this paper, an architecture for the PATRONUS platform is presented, an effort to
create a platform for patient-centred blended care for VRET with the incorporation
of advanced support systems. The methodology used in this work focusses on the
inclusion of patients and psychotherapists during the design process. Their needs and
knowledge is the driver for the decision made in the development of the PATRONUS
platform. This led the design of two configurable exposure environments, an elevator
and a car scenario. The configuration of these environments is supported by an intelli-
gent algorithm which makes suggestions for new configurations based on prior knowl-
edge about the patient. Furthermore, based on physiological data collected through
a wearable device, an objective measure of anxiety is shown to the psychotherapist.
To support the patients at home, a mobile applications provides them the opportu-
nity to also experience the VR exposure exercises in their own home. Additionally,
a journal in the mobile app allows them to register noteworthy events in their daily
live which become available to their psychotherapist. Finally, the effectiveness of the
PATRONUS blended care solution was tested during a pilot effectiveness study. The
results show that homework exercises appear to have a positive effect. However, the
limited data made clear that additional tests over longer periods of time with a larger
population are needed to form clear conclusions on the effectiveness of the system.
Therefore, future studies will further investigate the effectiveness and usability of PA-
TRONUS.
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An Adaptation Algorithm for Personalised
Virtual Reality Exposure Therapy

The PATRONUS platform presented in Chapter 4 relies on personalised suggestions for new virtual
reality exposure therapy exercises. These suggestions are generated by an intelligent algorithm
that uses profile and history data of a patient to find possible configurations for new exposure
exercises. This chapter will discuss the design, implementation and evaluation of this algorithm
in detail. It is an interesting case study for the use of personalisation in extremely complex sys-
tems. This work is a further exploration of personalisation techniques as set out by challenge 3
in Section 1.5. Additionally, the system is designed in close collaboration with psychotherapists,
leveraging their domain expertise on this subject and thereby contributing to challenge 4 and 5.
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Abstract

Background: Anxiety disorders are highly prevalent in mental health problems. The
lives of people suffering from an anxiety disorder can be severely impaired. Virtual
Reality Exposure Therapy (VRET) is an effective treatment, which immerses patients
in a controlled Virtual Environment (VE). This creates the opportunity to confront
feared stimuli and learn how to deal with them, which may result in the reduction
of anxiety. The configuration of these VEs requitres extensive effort to maximise the
potential of Virtual Reality (VR) and the effectiveness of the therapy. Manual config-
uration becomes infeasible when the number of possible virtual stimuli combinations
is infinite. Due to the growing complexity, acquiring the skills to truly master a VR
system is difficult and it increases the threshold for psychotherapists to use such useful
systems. We therefore developed a prototype of a supportive algorithm to facilitate
the use of VRET in a clinical setting. This automatised system assists psychothera-
pists to use the wide range of functionalities without burdening them with technical
challenges. Thus, psychotherapists can focus their attention on the patient.

Methods: In this paper both the prototype of the algorithm and a first proof of
concept are described. The algorithm suggests environment configurations for VRET,
tailored to the individual therapeutic needs of each patient. The system aims to max-
imise learning during exposure therapy for different combinations of stimuli by using
the Rescorla-Wagner model as a predictor for learning. In a first proof of concept, the
VE configurations suggested by the algorithm for three anonymised clinical vignettes
were compared with prior manual configurations by two psychotherapists.

Results: The prototype of the algorithm and a first proof of concept are described.
The first proof of concept demonstrated the relevance and potential of the proposed
system, as it managed to propose similar configurations for the clinical vignettes com-
pared to those made by therapists. Nonetheless, because of the exploratory nature of
the study, no claims can yet be made about its efficacy.

Conclusions: With the increasing ubiquity of immersive technologies, this tech-
nology for assisted configuration of VEs could make VRET a valuable tool for psy-
chotherapists.

51 Introduction

Anxiety disorders are highly prevalent, often chronic, mental health disorders. On
average, one in four individuals in the United States and Europe suffer from such a
condition across their lifetime [1, 2]. Specific phobias, panic disorders, and Post Trau-
matic Stress Disorders (PTSDs) are examples of anxiety and trauma-related disorders
that can severely impact disability and impairment. Fortunately, effective treatments
exist, like Exposure Therapy (ET), which is grounded in Cognitive Behavioural Ther-
apy (CBT) [3, 4]. During ET, the patient is repeatedly and systematically exposed to

a feared stimulus in a safe context. For example, patients with arachnophobia are ex-
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posed to spiders and gradually learn to deal with the elicited fear. ET tends to make a
patient less anxious or makes the anxiety less debilitating for specific stimuli, although
this is not a necessity [5]. Understanding what makes the patient anxious is essential
to create a proper exposure exercise. If a patient is afraid of an external cue, e.g. driv-
ing a car on a freeway or in a tunnel or taking an elevator, they should be exposed to
similar contexts. Complementary, interoceptive cues, e.g. feeling one’s heartbeat or
experiencing blurred vision, are often both the object of a patient’s fears and essential
symptoms of their condition. Therefore, elicitation of these cues is fundamental to
conduct the proper exposure exercise. With these requirements, different forms of
ET are possible, e.g. in vivo (in real life), imaginary, or in Virtual Reality (VR) [0, 7].
To augment both the reach and effectiveness of existing treatments and services, this
latter form of Virtual Reality Exposure Therapy (VRET), in which VR technology en-
hances exposure treatment, is increasingly being explored [8]. With VR technology, it
is possible to simulate almost any scenario. This creates the opportunity for fine-tuned
personalised VR environments for ET. However, configuring these environments is
not trivial and introduces an additional workload for the psychotherapist.

This manuscript is the product of interdisciplinary research between psychother-
apists and computer scientists. The main objective of this paper is the presentation of
a prototype of a novel adaptation algorithm for VRET which generates personalised
VR environments to treat patients with anxiety. The scalability of the algorithm is
investigated in terms of execution time relative to the amount of input data. Further-
more, a proof of concept VRET application called PATRONUS has been designed
and implemented in which the algorithm is integrated. The proof of concept focusses
on fear of driving a car, claustrophobia, and panic disorders. In this proof of concept,
data of three prior anonymised clinical vignettes are used to generate suggestions with
the adaptation algorithm. These suggestions are compared with the manual configu-
rations of two psychotherapists. The adaptation algorithm was not used in a clinical
setting to steer the patients’ therapy.

This paper presents the algorithm by describing the underlying theory and tech-
niques from both the psychological and computer science point of view, making it
relevant for experts from both domains. The remainder of the paper is structured as
follows. Section 5.2 gives a theoretical foundation of the psychological learning mech-
anisms that are relevant for ET. Section 5.3 continues with the methodology for the
design of the presented adaptation algorithm and proof of concept application. This
section covers the outline of the system in which the adaptation algorithm is integrated
as well as the knowledge and data management techniques used. In Section 5.3.4, the
PATRONUS proof of concept, a VRET system that integrates the adaptation algo-
rithm, is described in detail. The prototype of the adaptation algorithm is presented
in 5.4.1, the technical details of the implementation are explained in Section 5.4.2. A
scalability test on the execution time of the algorithm is presented in Section 5.4.3.

The results of the comparison between the generated suggestions on three clinical vi-
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gnettes are presented in Section 5.4.4. Finally, a discussion and conclusion is given in
Section 5.5.

5.2 Related Work

VR has a proven track record. Contrary to common belief, it has effectively been used
in clinical practice for over two decades [9-11]. The therapeutic approach relying on
VR, known as VRET, was initially primarily offered in specialised settings, i.e. treat-
ment centres for war veterans in the United States suffering from PTSD [12]. One
of the main advantages of VRET, compared to conventional ET, is the possibility
to immerse patients in Virtual Environments (VEs) that are highly controllable and
customisable. This is particularly interesting for the treatment of anxiety disorders.
Despite the common ground of anxiety disorders, each patient is still unique. Across
patients, there may not only be subtle differences between feared stimuli but also in
terms of the pace at which the patient progresses. Determining when a patient is ready
for the next step is therefore individually determined. Optimising VE and the pace at
which they evolve and tailoring that to individual patients is therefore necessary. Per-
sonalised VEs tend to increase the potential of creating a sense of presence, offering
patients the idea of really being in a different place than where they physically are [13].
To some extent, the technology itself can facilitate this by creating a highly immersive
experience, e.g. accommodating a wide field of view in the virtual world or offering
highly realistic VE [14]. However, research indicates that creating a feeling of being a
part of a VE is not only a characteristic of the technology itself. Tailoring the VE to
the particular fears of individual patients can play an important role as well [15].
Although found to be clinically effective, the technical nature of VRET and the
associated costs did not allow this treatment form to become widely available yet. In
recent years, VR systems’ ongoing commercialisation has opened up possibilities for
more widespread use beyond these settings [16]. A lower hardware cost and increased
accessibility of relevant software applications and platforms hold promise. Alongside
established, extensive VRET platforms, e.g. Oxford VR! and Psious?, a low-cost
stand-alone VRET-app with demonstrated clinical effectiveness has also made its way
to market [17]. Nevertheless, this does not imply that no challenges remain for psy-
chotherapists to implement VRET. Psychotherapists are not necessarily tech-savvy or
are insufficiently familiar with the wide range of possibilities and features that broadly
available VR systems increasingly support [18]. The current solutions are either very
static with predefined environments or are dynamic with an overload of manually con-
figurable options. The static environments are easy to use but lack the possibility to
personalise the therapy to the patient’s needs completely. The dynamic environments

allow this personalisation at the cost of increased complexity, hindering psychothera-

https:/ /ovrhealth.com, accessed on 20/10/2021
thtps://psious.com, accessed on 20/10/2021
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pists from using these tools effectively. The latter can, in part, be overcome through
vocational training, in which psychotherapists are informed and trained in interacting
with VRET — and other — technological extensions to conventional practice [19]. As
possibilities of VE are steadily increasing in number, so do the possibilities for tailor-
ing these environments. The growing complexity implies that truly mastering a system
will also require increasing and ongoing amounts of training, which introduces a novel
threshold and limits the full potential for clinical practice. Furthermore, a VRET sys-
tem should be easy to use, and the psychotherapist should possess the required knowl-
edge to adopt a VR tool in therapy effortlessly. Otherwise, the VR system draws the
psychotherapist’s focus away from the patient, damaging the patient-therapist bond.

One way to deal with this challenge is through the development of supportive
algorithms. Such algorithms could facilitate VR systems to consider clinical expertise
without requiring psychotherapists to grasp the technical nuances fully. Nor do they
need to know by heart the wide range of functionalities available in a system. More
specifically, adaptation algorithms are needed to automatise this translation from ex-
pert observations and insights to environmental adaptations in VR. This will take away
the burden of requiring psychotherapists to manually create the tailored environment
they consider most suitable for each step of a VRET. At the same time, it can help

them keep their focus during sessions to where it matters the most: on their patients.

A vast amount of lab research aims at uncovering the learning processes under-
lying ET. For this purpose, psychotherapists often use a Pavlovian fear condition
paradigm to model the pathogenesis of anxiety disorders and ET [5, 20, 21]. This
procedure consists of two parts, starting with the fear acquisition to mimic the de-
velopment of an anxiety disorder and then followed by fear extinction as a model
for ET. In the fear acquisition, a neutral stimulus (Conditioned Stimulus (CS)) is re-
peatedly presented to the subject, followed by an aversive stimulus (Unconditioned
Stimulus (US)). As a result, the CS acquires a dangerous meaning and starts eliciting
fear reactions in anticipation of the US (routinely measured as enhanced physiological
arousal, US-expectancy and increased negative valence of the CS). This is commonly
termed the Conditioned Response (CR). The current dominant view is that during
conditioning, the person forms a mental association between representations of the
CS and the US [22]. Novel confrontations with the CS will thereby activate the rep-
resentation of the US as well, which produces fear reactions. Subsequently, in fear
extinction, the subject is repeatedly exposed to this CS in the absence of the US, and
the conditioned fear reactions decrease. This fear extinction procedure is similar to

what happens in ET. However, what drives this fear reduction?

A rationale why fear declines during extinction is that the US is expected but
not delivered whenever the CS appears. This violates a patient’s expectancy, which
drives new learning to update false expectations. Violations of these false expectations
of danger are therefore vital in extinction learning. Researchers have formalised this

notion in formulas that stipulate how expectations are updated after each violation. As
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in the influential theory of Rescorla and Wagner (1972) [23], the standard approach
is to calculate the difference between what a patient expects and what has actually
happened. This allows evaluating the amount of learning on any given extinction
trial.

Furthermore, the Rescorla-Wagner (RW) model allows for an idiosyncratic for-
malisation per patient per exposure exercise. In theory, such an approach would allow
to personalise and optimise VEs. A therapist, however, cannot perform the calcula-
tions of the RW model to determine the amount of learning in real-time during VRET.
Therefore, this paper presents an algorithm that uses the RW model that will play an
essential role in supporting a therapist to maximise potential learning during exposure
exercises. The algorithm suggests VEs that are personalised and optimised for each
individual patient at every step during the therapy process.

53 Methods

In this work, a prototype of an algorithm for adapting VR environments is presented,
specifically for VRET. The adaptations aim to optimise the configuration of these VEs
to match the patient’s needs in each therapy exercise, as indicated by their psychothera-
pist. The adaptations are performed based on profile information of the patient, which
describes characteristics of the phobia, and context information, which desctibes what
happens during exposure exercises. The presented adaptation algorithm is to be inte-
grated in a system for administering VRET. In this study the PATRONUS application
is designed as a proof of concept in which the adaptation algorithm is implemented.
This section describes this system and the proof of concept in detail.

5.31 System Overview

The adaptation system for VR content in ET consists of multiple software and hard-
ware components. Figure 5.1 gives a high-level overview of the system. The per-
sonalised adaptations are calculated in the Adapfor component, which uses data about
the patient and the exercises they performed. All the data is gathered and stored in
a Knowledge base that combines that data with prior knowledge from domain experts,
e.g. the knowledge introduced in the background section of this work. The Knowl/-
edge base offers an access point for the Adaptor to get the information needed to make
adaptations. The output of the Adaptor is a set of suggestions for new environments.
The psychotherapist then selects one of these suggestions. Before presenting the en-
vironment to the patient through the "R system, the psychotherapist can still manually
change the configuration. By generating multiple suggestions, the psychotherapist can
still decide how to advance the therapy as there often is not only one single solution

in exposure therapy but multiple valid approaches.



An Adaptation Algorithm for Personalised VRET 141

User profile
Therapy context

Knowledge
base

Adaptor

[ 3
[ [
Patient Therapist

VR
system

Figure 5.1: Overview of the adaption system for VRET

Because the psychotherapist has, at all times, complete control over what the pa-
tient sees, the adaptation system is a Decision Support System (DSS) [24]. It presents
the information in an easy to digest format while leaving the final decision to a human
expert. Before, during and after each exposure exercise, information is collected from

the patient and stored in the Knowledge base for configuration of the next exercise.

53.2 Knowledge Base

The Knowledge base is a collection point for all information and knowledge. This section
describes which data is used, how data is modelled and how knowledge is extracted
from that data.

5321 Data

Data is fed to the adaptation algorithm to generate new personalised adaptations for
the VE. On the one hand, the user’s profile information identifies the characteristics
of their anxiety, e.g. the patient is uncomfortable in busy places and apprehensive
of bright lights. On the other hand, the used context data is the level of anxiety
during exposure which aids in understanding the effect of the performed exercises.
The patients express their level of anxiety using the Subjective Units of Distress Scale
(SUDS). It expresses the patient’s perception of discomfort as a number between 0
and 10, which is widely used for ET [25]. The context data allows designing exercises
tailored to the patient’s phobia at each step throughout the therapy.

The profile information is collected by having the patient fill out a VR parameter
questionnaire. This questionnaire is specifically constructed for this work and depends
entirely on the specific environments supported by the system. The questionnaire in-
quires the patient about their expected reactions to the set of stimuli in the VR system.
All these questions have the following format: “What effect do you expect [parameter
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confignration of the 1’E| has on you?”. Each question is answered with “Anxious”, “Not

anxious”, or “I don’t know”. Examples are:
* “What effect do you expect driving through a tunnel has on you?”
* “What effect do you expect standing in a crowded elevator has on your”
* “What effect do you expect hearing your own heartbeat has on you?”

The context information about the progress during exercises is collected through
exposure logs which are commonly used in ET [6]. In these exposure logs, the patient

answers a few questions after each exercise:
* “How afraid are you immediately after the exposure exercise?” (SUDS)
* “What was your peak anxiety level during the exposure exercise?” (SUDS)

* “Did that what you feared the most actually happen during the exposure exer-
cise?” [Yes/No]

These questions have been designed to precisely extract the information needed to
evaluate the RW model used by the adaptation algorithm.

53.2.2 Ontology

Data in itself has little meaning. Only when adding context about the data, the in-
formation it holds becomes clear. Expert knowledge is required to add and inter-
pret the context. The merger of these types of data and knowledge can ideally be
performed through Semantic Web technologies [26], i.e. semantic ontologies, which
provide formal descriptions of concepts, their properties and relationships between
those concepts. These ontologies are built with domain experts through a co-design
approach [27]. Instances of the defined concepts are created from raw data, thereby
mapping the data on the ontology. These are called individuals.

For this research, a new ontology has been developed specifically for VRET. To
the authors’ knowledge, no ontologies yet exist that describe the domain of CBT in
general and VRET in specific. The ontology is split up into three logical layers, each
modelling a different level of specificity. The top layer contains a general upper on-
tology, which defines concepts relevant to ET in general. The layer below consists
of a VRET-ontology, which extends the upper ontology with concepts specific for
ET in VR. The bottom layer contains several ontologies, each corresponding to a
specific VE. The presented ontologies in each layer are publicly accessible from our
repository® and are discussed in more detail below.

The upper ontology is modelled around the concept of hypotheses about the pa-
tient’s fear and is shown in Figure 5.2. These hypotheses model a relationship between

3https://github.com/IBCNServices/PATRONUS»ontology, accessed on 20/10/2021
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a set of fear stimuli and responses, e.g. a tiny elevator with no windows and no alarm
button elicits high anxiety in the patient. A hypothesis is tested through an exposure
exercise. Doing the exercise reveals the actual response of the user. One target hy-
pothesis is defined. Itis a translation of one of the patient’s goals into a configuration
for the system. The Adaptor will generate intermediate hypotheses based on this tar-
get hypothesis that is used for new exercises. The ontology models both internal and
external stimuli. These are properties of the environment or events happening during
the exercise. The patient’s responses to the exercise can be modelled as either be-
haviour characteristics, e.g. avoidance, panic and freezing up, or a SUDS. Figure 5.2
shows some examples of individuals created for some of these classes in green. This

represents instantiations of these concepts based on input data.

The VRET-ontology extends the upper ontology by providing VRET specific def-
initions for general concepts and introducing some new ones. The ontology is graph-
ically presented in Figure 5.3. A 1VRScenario embodies the hypothesis in VR. There-
fore, it is a subtype of Hypothesis. A scenario is an entire configuration of a VE with
all its properties and events that can occur. Exervise, Stimulus and EnvironmentProperty
from the upper ontology have a VRET equivalent prefixed by the acronym “I”R”. The
equivalents of InternalEvent and ExternalEvent are 1" RlnteroceptiveStimulus and V'REvent,
respectively. These sub-classes are needed and used in this system because potentially
other ontologies on the same level as the VRET-ontology, e.g. an ontology for in
vivo ET, could extend these super-classes as well. In addition, the VRET-ontology
contains a classification for stimuli based on the datatype of the stimulus parameter.
The Adaptor requires this classification to query the Knowledge base about the stimuli
present in each VE and how they can be configured. The main two classes are I”RDis-
creteStimnlus for stimuli with discrete values and V"RContinnonsStinmius for stimuli with

an infinite range of values. Both have some subtypes as well.

The ontologies in the lower layer depend entirely on the design of the VEs. They
classify the stimuli used in each VE based on the types defined in the VRET-ontology.
In essence, each ontology in the lower layer describes one type of VE and corresponds
to one specific phobia to be treated with the system. Through this approach, the
system is agnostic to the specific phobias it can treat. Thus, to support more types
of VE, only the Knowledge base needs to be extended with a description of those VEs,
while the rest of the system remains untouched. The adaptation algorithm is build to
work with the classes in the upper layers. Thus, through inheritance, the adaptation
algorithm works with any VE ontology that extends the upper layers with sub-classes.
Figure 5.4 shows an example of an ontology for a VE of a driving car. The concepts
of the VRET-ontology, shown in grey, are extended to describe the specific attributes
of the car VE.
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xsd:integer expectedDiscomfort———

xsd:integer experiencedDiscomfort.

xsd:integer peakedDiscomfort:

xsd:integer associationChange———————

xsd:integer likelihoodOccuringDiscomfort———

xsd:integer likelihoodRe curringDiscomfort
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Figure 5.2: This graphical presentation of the upper ontology shows the concepts (black boxes) and the relations between them (black arrows). The green boxes represent examples
of individuals created for the corresponding classes.
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VRCarEngineSound

VRCarRadio

VRCarWeather

VRCarPeopleCount

Figure 5.4: An example of a small ontology that describes a VE of a driving car. The environment has four
parameters that can be configured (CS). They extend the VRET-ontology concepts (grey).

5323 Semantic Reasoning

Semantic reasoning allows deriving logical consequences from the data and knowledge
inside a Knowledge base |28, 29]. There are two types of information that can be derived.
On the one hand, ontology reasoning is used to infer to which classes an individual
belongs. On the other hand, user-defined reasoning extracts high-level insights from
low-level data. This is called user-defined reasoning, as the rules which dictate the rea-
soner are formulated by the end-user. In other words, the domain experts’ knowledge
is translated into rules such that the computer system can replicate part of its thought
process.

The Knowledge base contains two user-defined rules, but it can easily be extended
with more rules or more complex rules. The first rule is a simple rule used to define the
property basTargetHypothesis. This relation holds when a patient has some hypothesis
(hasHypothesis), and that hypothesis is marked as the target hypothesis (zsTargetHypoth-
esis). 'The second rule calculates the value of the association change defined by the
RW model, which is needed in the Adaptor and is discussed in more detail in the next
section. This value can be calculated from data collected through the exposure log.
This is an excellent example of how the Knowledge base contains expert knowledge. The
Knowledge base knows how to calculate the association change based on the available
data.

5.3.3 Adaptor

The Adaptor is the component that contains the actual adaptation algorithm for per-
sonalising the environment. It collects the required data from the Knowledge base and
provides four suggested configurations for the following exercises to the psychother-
apist. The choice for four configurations is primarily pragmatic: it creates sufficiently

distinct environments while keeping the choice for a specific environment manage-
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able for the psychotherapist. The Adaptor employs the theory and model proposed by
Rescorla and Wagner [23] for calculating the explicit configurations. The mechanisms
of the algorithm are discussed in detail in Section 5.4.1

5.3.4 Proof of Concept

The VE for which the adaptation algorithm is generating suggestions are part of the
IR system. 1In this work, a proof of concept application for VRET has been developed
which fulfils the role of the "R system. This proof on concept application is called PA-
TRONUS* and is the product of an interdisciplinary collaboration between computer
science engineers, user researchers, I'T experts and psychotherapists. The proof of
concept application with which the adaptation algorithm is interacting is further dis-
cussed in this subsection. Special attention is given to the virtual environments of the

proof of concept.

53.41 PATRONUS System

The PATRONUS system aims to create a patient-centric blended healthcare solution
for anxiety treatment through ET. The approach consists of therapy at the psychother-
apist’s office and longitudinal follow-ups through homework exercises on a mobile
coaching app, as presented in Figure 5.5. During the face-to-face sessions, the patient
receives ET through the use of VR. The VE ate personalised to the specific needs
of the patient. In between sessions, the patient can continue exposing themselves to
anxiety-inducing environments through homework exercises on their mobile phone.
The patient always plans the homework exercises in consultation with the psychother-
apist. These homework exercises are instructions to experience real-life situations or
VRET exercises similar to those performed during the face-to-face sessions.

At the centre of the PATRONUS system is a dashboard application, as shown
in Figure 5.6. Through this dashboard, the psychotherapist can record information
about the patient, configure and start VR exercises for ET and create homework exer-
cises that synchronise with a mobile application on the patient’s smartphone. The psy-
chotherapist can also consult the progress of the patient from the dashboard. When
configuring a VR exposure exercise, the psychotherapist can either manually config-
ure a new environment or have the adaptation algorithm generate four suggestions
for the patient.

5.3.4.2 The Virtual Environments

The VEs are designed to make them easily adaptable, either manually or through an
algorithm. Fach environment has some base elements and characteristics which can-

not be changed. These define the overall purpose of the environment. For each

*https:/ /www.imec-int.com/en/what-we-offer/research-portfolio/patronus, accessed on 20/10/2021
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Figure 5.5: The PATRONUS system is a patient-centred blended care solution for anxiety treatment through
VRET with the psychotherapist and at home.
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Figure 5.6: The dashboard application is the interface for the psychotherapists to use the entire PATRONUS
system.
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environment, a set of parameters is defined, which further refines the elements and
characteristics of the environment. These parameters are configurable and allow the
environment to be adapted. In this implementation, each parameter is considered
a potential stimulus that elicits fear, i.e. CS. The following sections discuss specific
configurable parameters.

The PATRONUS system incorporates two distinct environments. There is an
elevator environment and a car environment. Both environments can be used for
people with panic disorder and claustrophobia. The car environment also focuses on
fear of driving.

Apart from the environment-specific parameters, a small set of general adaptation
parameters are provided. These are the so-called znzeroceptive parameters. These do not
change anything about the environment itself. They are designed to elicit a specific
interoceptive sensation in the patient by modifying the perception of the environment.

The elevator and car environments, and znteroceptive parameters are discussed in more

detail in the following sections.

Elevator environment The user can interact with the elevator environment by
walking around freely and pressing the buttons in the elevator. In this scenario, the
user controls what happens as they decide to enter the elevator or go to a specific
floor. Interaction happens through hand-held controllers, which are represented by
hands in the VE. The look and feel of the elevator are crucial because this can influ-
ence the patient’s anxiety level. Therefore, three base types of elevators are supported,
a modern-looking elevator (Fig. 5.7a), an old elevator (Fig. 5.7b) and a setvice eleva-
tor (Fig. 5.7c). They can then be further tailored by choosing a type of door from
a one-sided sliding door (Fig. 5.7¢), a two-sided sliding door (Fig. 5.7a), or a hinged
door (Fig. 5.7b), adding windows (Fig. 5.7b), and changing the size of the elevator.
Also, more subtle elements can be configured, such as whether the floor buttons are
inside or outside the elevator, whether an alarm button is present or how much noise
the elevator makes. The number of people in the elevator can be changed to simulate
a crowded space. To further enhance the sense of presence, subtle visual cues are
incorporated for the elevator’s speed through moving light streaks around the doors
and the sensation of the elevator starting and stopping through some camera shake.
Lastly, three parameters simulate defects in the elevator as these are essential stimuli
for some patients. Random shaking of the elevator is simulated through camera shak-
ing, the lights in the cabin can dim at random moments, and the elevator could get
stuck while moving between floors.

Car environment The patientis seated in a virtual car on the freeway. There is little
interaction possible from the user with the VE. The user can only look around while
being submitted to what is going on in the environment. To provide a better sense of

presence in the environment, the patient holds two controllers matched to hands on
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]

Figure 5.7: The look and feel of the elevator depends on the combination of many parameters such as the
elevator interior, the door type, and the buttons' position. (a) Modern elevator with two-sided
sliding doors, (b) Old elevator with a hinged door featuring a window, the buttons are located on
the outside, (c) Service elevator with a one-sided sliding door.

the steering wheel. In this car environment, many parameters can be altered to increase
or decrease the patient’s level of anxiety. The first is the type of freeway: an open
freeway (Fig. 5.8a), a tunnel (Fig. 5.8b) or a bridge (Fig. 5.8c). The traffic on the road is
configurable as well: the amount of traffic, the speed level, the presence of motorcycles
(Fig. 5.8a), and the lane in which the car is driving. Also, the time of day and the
weather conditions can be altered. In this VE, it can be nighttime or daytime, and it can
be sunny or rainy and clear or foggy. A set of parameters focuses on the situation in the
car itself and discerns between visual and auditive stimuli. For the visual parameters,
the patient can be seated behind the steering wheel or sit in the passenget’s seat in
the front or the back. Additionally, the number of passengers in the car can also
be modified. There is also an option for enabling a blinking warning light on the
dashboard to signal a defect. Finally, four more parameters provide acoustic stimuli to
increase or decrease the patient’s level of anxiety, as some patients are more susceptible
to sounds. The patient can hear a car horn, wailing sirens and engine sounds. Also, the
radio can be turned on and off, either broadcasting traffic information or instrumental

music.

Interoceptive parameters Dizziness is achieved by applying motion on the camera
view of the virtual environment, which causes a misalignhment between the physical
position of the uset’s head and the position in the virtual environment. A filter on the
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Figure 5.8: The combination of parameters such as the road type, the seating position and the time of day
influence the representation of the car environment. (a) A busy freeway while a motorcycle over-
takes the car, (b) A tunnel road while sitting in the backseat, () A road across a bridge by night.

visual feed applies a blur to simulate a sudden vision blur for the user. Tunnel vision
is also a filter applied on the visual feed. This filter narrows down the field of vision
resulting in a small area through which can be seen, while the rest is black. Another
effect causes light flickers which create short bursts in which the view turns completely
white. These flickers happen at random points in time. The last two are based on an
acoustic cue. The sound of a heartbeat can be simulated. This creates the illusion
that the patients hear their heartbeat. Lastly, intentionally causing hyperventilation is
a common exercise in ET and elicits interoceptive sensations. Hyperventilation can
be triggered by letting the patient breathe deeply in and out at a steady and fast pace.
In the VE, a beeping sound indicates the pace. All interoceptive parameters can be
set in the dashboard, see Figure 5.9, through a toggle button and a slider indicating
the intensity.

5.4 Results

The primary result presented by this paper is the prototype of an adaptation algorithm
for VRET. The algorithm creates four suggestions for possible new configurations of
VE based on the needs of the patient by relying on the theoretical foundation pro-
vided by the RW model and data of the patient and prior exercises. This prototype
is further described in this section. Furthermore, a scalability test on the execution

time of the algorithm is performed in the next part of the section. Finally, the sug-
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Figure 5.9: The interoceptive stimuli are adjustable in the dashboard view during an exposure exercise.

gestions resulting from this algorithm are compared to prior manual configuration of
two psychotherapists from three anonymised clinical vignettes.

541 Adaptation Algorithm

The adaptation algorithm relies on a plethora of heterogenous data of the patient,
its history and the available VE for the VRET. This information is consolidated in a
knowledge base as discussed in Section 5.3. This knowledge base is critical for the
adaptation algorithm. Figure 5.10 presents the process of the adaptation algorithm to

generated the four suggestions based on the information it has available.

The process starts by querying the knowledge base for the target hypothesis and a
base hypothesis. The target hypothesis has been constructed from the VR parameter
questionnaire. The base hypothesis corresponds to the hypothesis that was used in
the last exercise. It is called the base hypothesis or configuration because it forms the
starting point for the suggestions of the next exercise, i.e. for each new exercise, the
configuration of the previous exercise is altered. If no target or base hypothesis exists,
default suggestions will be provided to the psychotherapist as there is not enough data

available to construct sensible suggestions. In this case, the process terminates eatly.

The next step is updating the RW model [23]. The following two formulas describe
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Figure 510: Flow diagram of the adaptive algorithm based on the Rescorla-Wagner model

the model.

Vit =axB(A=> Vi, (5.1)
ses

Vet = v+ vt (.2)

Equation 5.1 models the change in association, AVx for trial n + 1 between
the CS X and the US whereas, Equation 5.2 expresses the total association strength
between CS X and the US after n + 1 trials. In Equation 5.1, aix is the salience of
X, [ is the rate parameter for the US, A is the maximum association possible for X,
and S is the collection of all stimuli presented during the trial.

The knowledge base provides the information needed to perform the update step.
Specifically, it provides estimations for the values of ax, 8, A and V,,;. The theory of
Rescorla and Wagner states that oy and 3 need to remain the same for each exetcise.
The parameter 3 denotes the rate at which a patient forms new associations. There-
fore, the value of /3 is associated with the number of exposure exercises needed before
the patient shows a reduced SUDS for a particular stimulus. For the construction of
this algorithm, we assume a value of 0.2 for the product of aux and 3 in Equation 5.1.
Finding the optimal values for aux and 3 is outside the scope of this research. This
work uses an estimated value as a default. The value for A can be extracted from the

exposure log directly. The answer to the question “Did that what you feared the most
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actually happen during the exposure exercise?” is either yes or 7o, which translates to a
value of 1 or 0, respectively, for A. Lastly, V,,, is the fear association of the patient for
the combination of all stimuli in the current exercise. This value can also be directly
obtained from the exposure log. The observed peak discomfort provides this value.

With the updated RW model, the four suggestions can be calculated. Each sug-
gestion has an estimated difficulty as a number between 0 and 1 denoted difficulty_level.
An even distribution of difficulties ranging from 0.5 to 0.95 is chosen, resulting in a
diverse range of suggestions that are not too simple but still challenge the patient. Ad-
justing the difficulty level for each of the four suggestions can result in more diverse
configurations if needed.

The difficulty value influences the number of stimuli for which a new value is
chosen and the value of the new stimulus itself. As mentioned before, a new config-
uration is created by changing the configuration of the previous exercise, which was
called the base hypothesis. Each stimulus from the base configuration changes with
a probability p, as defined in Equation 5.3, and stays the same with a probability of
1 — p. Therefore, a higher difficulty value leads to more stimuli with a new value,
while a higher association with the previous exercise leads to fewer stimuli with a new
value.

p = difficulty_level % (1 — V) (5.3)

The new value of a stimulus is based on s, according to Equation 5.4. This value
indicates the distance between the value of the stimulus and the target value of that
stimulus. A value of 1 results in precisely the target value, while 0 results in the value

furthest away from the target.
s = difficulty_level | Vx 5.4

The target value ¢ is the value given to a stimulus in the target hypothesis. The
method for calculating the exact new value u of a stimulus depends on the datatype
of its parameter and the target value of the stimulus. The four supported types are
parameters with boolean values, parameters with an ordered set of possible values,
parameters with an unordered set of possible values and parameters with continuous
values.

For stimuli with boolean parameters, the value of u is calculated as Equation 5.5

formulates.

y— { true 5>0.5 (5.5)

false 5<0.5

If the parameter can take a value from a set of ordered options, s is first trans-
formed to match the range between 0 and ¢, and then the value is rounded to the
nearest integer number. This value then represents the selected option from the set
as Equation 5.6 states.

u = round(s - t) (5.6)
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When the set of options is unordered, the value of s has little significance. There-
fore, the algorithm always selects the exact target value.

Finally, for continuous values, the new setting is calculated by multiplying s by the
target value and adjusting for the minimum value of the range as stated in Equation 5.7.

w= (s (t — valne,;,)) + value,,;, (5.7

As mentioned before, the value of s indicates the relative difference between t and
u. When s = 0, the difference should be maximal. In these formulas, the assumption
was made that the target value is always close to 1, indicating a high intensity. There-
fore, the opposite would be 0, indicating a low intensity. In practice, this assumption
does not always hold as the target could also be exposed to a low-intensity stimulus
because it elicits fear. If the target is close to 0, the new value of the stimulus can be
calculated using the previous formulas as 1 — u.

5.4.2 Implementation

The system in which the adaptation algorithm gets integrated is responsible for collect-
ing data from different sources (e.g. manual input, questionnaires, previous exercises)
and rendering the VE based on the configuration. Therefore, the algorithm and the
knowledge base need to interact with the system to use the collected data and instruct
it how to configure the VEs. The technical implementation details of the interaction
with the system are discussed here.

Figure 5.11 illustrates the three components that enable the integration of the
adaptation algorithm. These components communicate with any other part of the
system through a message bus. A continuously running listener process written in
Python monitors the bus for new incoming messages for the adaptions system. The
message on the bus contains an identifier indicating for which patient the adaptations
should be calculated. The message also contains the locations of the relevant data for
that patient. For every incoming message, a new process is started which performs the
calculations for the adaptions. The control flow is driven by the .Adapfor component
as depicted in Figure 5.1, which is also implemented in Python and interacts with a
Java-based semantic reasoner called Pellet [30]. Once the suggestions are generated,
these are pushed back on the message bus for the following components to handle
them.

5421 Ontology Representation and Reasoning

Ontologies need a formal description for a computer system to be able to interpret it.
The ontology description uses OWL 2 [31], the most recent version of Web Ontology
Language (OWL). OWL is a recommendation of the W3C. The Adaptor uses OWL
API [32] for handling the OWL ontologies at runtime, while SPARQL is used to query
the information from the ontologies. The Protégé [33] editor software was used to
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Figure 511: The implementation overview of the different components of the adaptation system and how the
message bus is used for communication with any other part of the system.

create the OWL ontologies. Listing 5.1 presents a fragment of the VRET-ontology
using OWL.

The user-defined rules also need a formal definition for the reasoner to interpret
them. The Semantic Web Rule Language (SWRL) [34, 35] can be used for this. It
makes it possible to describe logical rules for OWL ontologies. An example of a
SWRL rule is as follows:

Excposurelog(?e) N experiencedDiscomfort(Te, 72) N expectedDiscomfort(e, Ty)

A swrlb « subtract(?z, ?x, 7y) — associationChange(?e, 7 z)

5.4.2.2 Data Mapping

Raw incoming data is mapped onto the ontology. This means creating instances of
the concepts defined in the ontology and assigning relationships between these in-
stances based on the incoming data. Figure 5.12 depicts this data mapping process.
The raw data enters the adaptation system in a semi-structured format, namely JSON.
The result of this data mapping is a set of Resource Description Framework (RDF)
triples. A triple consists of a subject, a predicate and an object, e.g. patient (sub-
ject) hasHypothesis (predicate) hypothesis (object). In this way, every relation
of every instance can be defined. The data in semi-structured JSON format can be
automatically mapped using a tool called RMLwzapper, which uses the RDF Mapping
Language (RML) [36] to define rules for mapping from one structure to another.
The RML syntax is rather complex. Therefore, an additional tool is used for gen-
erating these rules from a much simpler syntax. YARRRML [37] is an application that
accepts mapping rules in YAML syntax and outputs the corresponding RML rules.
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Semi-structured
data

RMLmapper

RDF triples

Figure 512: Overview of the data mapping process showing the two processor units (squares) and the data
objects (ovals) that flow through it. The orange process is only executed once before execution
time. Similarly, the orange data objects are created once at design time. The black process is
executed repeatedly at runtime resulting in new data objects.

Constructing the RML rules using YARRRML is only performed once during im-
plementation. The mapping into RDF triples using RMLmapper is performed for
every new data entering the system. This is illustrated by the orange and black com-
ponents, respectively, in Figure 5.12.

To illustrate this process, the following example is presented. The input is the
JSON-file in Listing 5.1, which contains only an ID of the patient. The input data
is mapped according to the mapping rules defined in Listing 5.2. These rules are in
YAML syntax. Therefore, they are first translated into RML syntax, which results in
the rules shown in Listing 5.3. The output of the process for this example is two triples
shown in Listing 5.2. The first triple states that there is some entity which is of type
Patient. The second triple indicates that this new entity has the property hasPatientID,
which provides it with an ID.

{

"ClientId": "f21a3f6d4d"
}

Listing 5.1: This is an example of a possible input JSON file. It only contains an ID of a patient.

base:patient_f21a3f6d a uet:Patient.
base:patient_f21a3f6d uet:hasPatientID "f21a3f6d"""xsd:string.

Listing 5.2: The output of the mapping process are two triples.

5.4.3 Evaluation of the Execution Time

It is hardly feasible to collect large amounts of data from real-life experiments with
actual patients for evaluating computational complexity and performance, nor would
it be ethically appropriate to do so with a first protoype of the algorithm. Therefore,
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Figure 513: The majority of the total execution time of the algorithm, namely, 99%, is accounted for by four
steps of the algorithm: RML-mapping step (14%), reasoning step (39%), updating step of the RW
model (7%) and the suggestion generation step (40%) for 50 exercises. Pre-processing and the
‘other processing’ category are almost negligible, making up the final 1%.

these tests ran in a simulated environment with randomised data. Specifically, the
execution time of the algorithm for an increasing amount of input data is evaluated.
The amount of input data directly correlates to the number of previous exercises.
Therefore, the tests are evaluated as a function of the number of previous exercises
directly. The content of the processed data does not influence the execution time,
thus, randomised data is used.

The number of input exercises for the simulation range from 1 to 50. The execu-
tion metrics presented are averaged over 50 repetitions. All simulations ran on a 2,4
GHz Dual-Core Intel Core i5 with 8GB of memory. The code is written in Python
without any parallel computing.

The execution of the entire algorithm is divided into five steps, the pre-processing
step, the RMI-mapping step, the reasoning step, the updating step of the RW model and
the suggestion generation step. The execution time for each step is reported individually.
A category is added for other processing, including downloading data and querying
the knowledge base to ensure the sum of all steps equals the overall execution time.
Figure 5.13 shows the stack plot of the execution time as a function of the number of
previous exercises. Table 5.1 presents the exact values of each step’s average execution
time and standard deviation for 1, 10, 20, 40 and 50 previous exercises.

Every step of the algorithm scales linearly with the number of previous exercises.
The pre-processing step and the other processing take up the least amount of time and
are almost negligible compared to the other four classes. For an input of 50 exercises,
these four classes account for 99.2% of the total execution time. In total, 14.07% of
the execution time is spent on data mapping, 38.54% is spent on reasoning, 6.62%
is spent on updating the RW model, and 39.98% is spent on generating suggestions.
All steps together scale at a rate of 0.27 seconds per additional previous exercise. The
standard deviations are reasonably low for each step. The reasoning step does show
the most deviation at max 953 ms.

Figure 5.14 compares the slope of each of these four dominating computation
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Figure 5.14: For each step, the average execution times (faded colours) are shown to which a linear function
is fit (bright colours). Every step of the algorithm scales approximately linearly with the number
of previous exercises. However, the reasoning and generation steps are the most affected by
the amount of input data, as the execution time increases significantly more than the other two
dominating computation steps with increased input data.

steps against each other. The RW updating step is the least affected by the amount
of input data, while the reasoning and suggestion generation steps are affected the most.
The reasoning step has a very high initial overhead. However, it has a relatively small
slope. After approximately 39 exercises, the execution time of the generation step will
dominate over that of the reasoning step. The high initial overhead of the reasoner is
due to the slow startup time of the reasoning process, which is performed at the start
of each simulation run. OWL-DL reasoning is a slow process that scales pootly for
large amounts of data [38].

In the presented system, the ~Adaptor component lacks the capability of persistent
storage. This has an impact on the data mapping step and the calculations for updating
the RW model. Specifically, intermediate results of both steps cannot be stored. By
introducing persistent storage and storing intermediate results, these two steps can be
optimised. Since only new information from the last exercise needs processing, the
mapping step would reduce to mapping the data of the last exercises. The execution
time would be constant at approximately 800ms, as can be deduced from Figure 5.14.
The same applies to the update step of the RW model. The time needed for this
step would be constant at approximately 20ms, as shown in Figure 5.13. Assuming
these optimisations are applied, the execution times can be estimated to be reduced by
15.8% for 50 previous exercises. This results in a scaling factor of 0.22 seconds per
previous exercises. Additionally, the reasoning process would benefit from storing
intermediate results. The reasoning would be limited to data from new exercises by
storing the materialised ontology for each patient. Therefore, the gain in execution
time is more challenging to estimate and is therefore not included in the presented

time estimation above.
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5.4.4  Clinical Vignettes

Through tests on data of clinical vignettes, the overall quality of the generated sug-
gestions is evaluated. Specifically, VRET therapy sessions were held with clinical pa-
tients without the use of the adaptation algorithm. The data of these therapy ses-
sions was collected as part of a study, for which the protocol was approved by the
Medical Ethical Committee of Ghent University Hospital [EC/2019/0893]. Duting
these sessions, three patients suffering from panic disorder or specific phobia — fear
of driving diagnosed via a structured interview, Mini International Neuropsychiatric
Interview (MINI) [39] — received ET with manually configured VR exposure exercises
on the PATRONUS system. These patients had the following characteristics: Patient
1, male, 34 years, diagnosed with panic disorder; Patient 2, male, 68 years, diagnosed
with specific phobia and fear of driving; Patient 3, female, 55 years, diagnosed with
specific phobia. The two psychotherapists performing the therapy are experienced in
their domain and well familiar with the PATRONUS system (psychotherapist 1, 38
year old, psychotherapist 2, 31 years, with experience between 10 and 15 years of pro-
fessional experience). This experience provides them with good knowledge of how
to create the best VE for the patients manually. During a post-therapy evaluation,
the psychotherapists were presented with multiple sets of four suggestions for each
exercise they actually performed with the patient during the therapy sessions. In other
words, each set of suggestions was calculated with the data which would be available
at that time to simulate the actual setting.

On the one hand, these suggestions are compared with the manual configurations
of the psychotherapists from the actual exercise. On the other hand, the psychother-
apists were asked to indicate the most appropriate suggestions. This approach was
chosen to prevent the algorithm from influencing the psychotherapist, thereby in-
troducing bias into the results. All tests from this evaluation are applied to the car
environment because none of the participating patients required therapy using the el-
evator environment. However, environment design should not significantly impact
the results as the algorithm is environment agnostic. In other words, the algorithm
should adapt the values of any VR parameter or combination of parameters.

The similarity of the two configurations increases with the number of parameters
with the same value between these two. For this evaluation, this similarity is expressed
as a number between 0 and 1, where a value of 0 means two configurations are as dis-
similar as possible while a value of 1 denotes two identical configurations. Table 5.2
presents the similarity of the four suggestions generated by the adaptation algorithm
against the manual configuration of each exercise. For each row, the suggestion with
the highest similarity is indicated in bold. In most cases, the highest similarity is be-
tween 0.6 and 0.8. This result indicates that the suggestions are indeed close to what
the psychotherapist would do. For some configurations, the similarity is the same
compared to two different suggestions. That is because the actual configuration was

equally similar to both, not because both suggestions are identical. This occurs for
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Table 5.2: The similarity of each generated suggestion compared to the used configurations. The bold cells
indicate the highest similarity for each configuration. The grey cells indicate the choice of the
psychotherapist during the post-study.

Exercise Suggestions
1 2 3 4
1 0.53 0.66 0.53 0.50
2 0.81 0.83 0.62 0.82
3 077 078 0.77 0.79
4 0.81 079 078 0.77
5 0.58 0.60 055 049
6 046 046 044 0.38
7 045 0.45 040 0.34
8 083 0.79 075 0.81
9 0.66 0.65 0.60 0.62

exercises that have relatively low similarity to all suggestions. It suggests that the
presented suggestions are not in line with the psychotherapists’ approach during the
therapy.

The results in Table 5.2 present the similarity scores of the environment param-
eters and interoceptive parameters combined for nine different exposure exercises
covering three patients. Each exercise was assessed by one of the two psychothera-
pists. The tests show a significant difference in the average similarity for interoceptive
parameters and environmental parameters. The similarity is 0.88 on average for the
interoceptive parameters, while for the environmental parameters, it is 0.58. For spe-
cific suggested configurations, the similarity on the interoceptive parameters equals
1, meaning the configurations are identical. It is clear that appropriate personalised
interoceptive parameter values are much easier to predict. However, if this increased
accuracy is due to the smaller configuration space of these parameters compated to the
environment parameters or better predictability of interoceptive parameters is unclear
from the data.

The cells with a grey background in Table 5.2 indicate the suggestions the psy-
chotherapist assessed as the most appropriate during the post-therapy evaluation. As
can be seen, for some exercises, the psychotherapist decided that none of the sugges-
tions was good enough (Ex. 3, 4 and 9). For other exercises (Ex. 1 and 2), the choice
of the psychotherapist matched the suggestion with the highest similarity. In all other
cases, the choice of the psychotherapist during the post-study did not match with the
highest similarity suggestion of the actual therapy sessions. However, in those cases,
the difference in similarity to the actual configuration between the psychotherapist’s
choice and the closes matching suggestion is minor. On average, a difference of 0.09

in similarity, with a minimum of 0.02 and a maximum of 0.21, was obtained.
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5.5 Discussion and Conclusion

This work presents a prototype of an adaptation algorithm for personalised VE in
VRET. A proof of concept application for VRET enabled the integration of the al-
gorithm. Data from three clinical vignettes enabled the comparison of the manually
configured environments and the generated suggestions. The results of this compar-
ison indicate that the proposed system has merit, as therapists choose similar con-
figurations to at least one generated suggestion. Indeed, the results suggest that the
output of the adaptation algorithm is valuable to the experienced psychotherapists in
this study. However, future studies are needed to discover if less experienced psy-
chotherapists would benefit even more from the algorithm.

From a computational point of view, the tests showed that the system scales lin-
early with the number of previous exercises with a factor of 0.22 seconds per exercise.
Although this is quite steep, the computation for 50 previous exercises is below 15 sec-
onds. The domain experts estimate that the actual required number of VR exercises
can vary but rarely exceed 50. Therefore, the execution time measured for 50 exercises
can be considered an upper bound, which is acceptable for therapy application.

The relevance for potential application in clinical practice has also been a key focus
throughout this work. Researching this relevance required a multidisciplinary mindset
and resulted in continuous collaboration with psychotherapists. They provided a the-
oretically sound foundation for the resulting adaptation algorithm and implemented
a proof of concept in practice. This helped to demonstrate the algorithm’s potential
better and pushed this research further than mere theoretical conceptualisation.

Nonetheless, further improvements are required to unlock the full potential. The
application of the RW model should be further investigated. Specifically, research on
the optimal values for a,; and [ is needed. As o, depends on the impact of stimu-
lus @ on each uset, this value could potentially be calculated for each uset/stimulus
pair individually. Analogously, the parameter 5 models a property of the uset itself,
namely, the rate at which patients form new associations. Both parameters could be
calculated from the personality treats of the patients.

Furthermore, no claims can be made concerning effectiveness or efficacy at this
point. Future studies should be set up with large samples of participants, both psy-
chotherapists and clients, and with a rigorous methodology. The development and
evaluation methodology proposed by Birckhead et al. [40] can serve as an excellent
framework to further iterate on the design of this algorithm and its VR application.

Itis clear from the results that the therapist makes different decisions in some cases
than those suggested by the adaptation algorithm. On the one hand, fully quantifying
and automating the complex process of ET is probably not possible nor feasible. This
is why the adaptation algorithm should primarily be considered as a decision support
system to help guide psychotherapists. On the other hand, many solutions proposed

by the system could have been proven to be televant, as it is unlikely that only a
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single perfect configuration of the VR environment can be made at any given time.
Nevertheless, the quality of the system can be further improved by learning from
the decisions made by psychotherapists, especially as they also become increasingly
familiar with VRET, the functionalities and the potential. Through self-learning tech-
nologies, the system would learn to adapt to the intentions of the therapist as well.
Furthermore, with more qualitative input data for the algorithm, better suggestions
become possible. Where a discrete expectancy violation metric is used in the current
design of the algorithm, a continuous expectancy rating can provide a quantitative and
qualitative improvement in future studies.

As immersive technology is becoming increasingly accessible, it is bound to spark
the interest of psychotherapists as well. One particular technique that has already
been proven valuable and effective in research is VRET. We expect that - with further
research - adaptation algorithms like the one described in this paper will play a vital
role in facilitating successful uptake in clinical practice. These algorithms have the
potential to reduce the challenge for psychotherapists to master the operation of the
systems fully and to make use of technology for its primary purpose: to facilitate
offering high-quality and effective care to those in need of support.
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Appendix

<?7xml version="1.0"7>
<rdf :RDF
xmlns="http://idlab.ugent.be/ontology/VRETPatronus.owl#"


https://github.com/IBCNServices/PATRONUS-ontology
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xml:base="http://idlab.ugent.be/ontology/VRETPatronus.owl"
xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf -syntax-ns#"
xmlns:owl="http://www.w3.0rg/2002/07/owl#"
xmlns:rdfs="http://www.w3.0rg/2000/01/rdf -schema#">
<owl:0Ontology rdf:about="http://idlab.ugent.be/ontology/
VRETPatronus.owl">
<owl:imports rdf:resource="http://idlab.ugent.be/ontology/
UpperET.owl"/>
</owl:0Ontology>

<owl:0ObjectProperty rdf:about="http://idlab.ugent.be/ontology/
VRETPatronus.owl#hasVREvent">
<rdfs:domain rdf:resource="http://idlab.ugent.be/ontology/
VRETPatronus.owl#VRScenario"/>
<rdfs:range rdf:resource="http://idlab.ugent.be/ontology/
VRETPatronus.owl#VREvent"/>
<rdfs:range rdf:resource="http://idlab.ugent.be/ontology/
VRETPatronus.owl#VRInteroceptiveStimulus"/>
</owl:0bjectProperty>

<owl:Class rdf:about="http://idlab.ugent.be/ontology/VRETPatronus.
owl#InternalEvent">
<rdfs:subClass0f rdf:resource="http://idlab.ugent.be/ontology/
UpperET.owl#InternalStimulus"/>
</owl:Class>

</rdf:RDF>

Listing 5.1: Fragment of the VRET-ontology.

prefixes:
base: "http://idlab.ugent.be/ontology/Patronus/individual/"
uet: "http://idlab.ugent.be/ontology/UpperET.owl#"

mappings:
patient:
sources:
- ['data.json~jsonpath', '$']
s: base:patient_$(ClientId)
po:
- [a, uet:Patient]
- [uet:hasPatientID, $(ClientId), xsd:string]

Listing 5.2: The mapping rules in YAML syntax instruct to create a new invidual of type Patient and give it an
ID.

@prefix rr: <http://www.w3.org/ms/r2rml#>.

@prefix rml: <http://semweb.mmlab.be/ns/rml#>.

@prefix rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#>.

@prefix rdfs: <http://www.w3.org/2000/01/rdf-schema#>.

@prefix ql: <http:// semweb.mmlab.be/ns/ql#>.

@prefix map: <http://mapping.example.com/>.

@prefix uet: <http://idlab.ugent.be/ontology/UpperET.owl#>.

@prefix base: <http://idlab.ugent.be/ontology/Patronus/individual/>.
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map:map_patient_O rml:logicalSource map:source_O;
a rr:TriplesMap;
rdfs:label "patient";
rr:subjectMap map:s_O;
rr:predicateObjectMap map:pom_O, map:pom_1.
map:om_O a rr:0ObjectMap;
rr:constant uet:Patient;
rr:termType rr:IRI.
map:om_1 a rr:0bjectMap;
rml:reference "ClientId";
rr:termType rr:Literal;
rr:datatype <http://www.w3.org/2001/XMLSchema#string>.
map:pm_O a rr:PredicateMap;
rr:constant rdf:type.
map:pm_1 a rr:PredicateMap;
rr:constant uet:hasPatientID.
map:pom_0O a rr:PredicateObjectMap;
rr:predicateMap map:pm_O;
rr:objectMap map:om_O.
map:pom_1 a rr:PredicateObjectMap;
rr:predicateMap map:pm_1;
rr:objectMap map:om_1.
map:s_0 a rr:SubjectMap;
rr:template base:patient_{ClientId}.
map:source_0 a rml:LogicalSource;
rml:source "config_report. json";
rml:iterator "$";
rml:referenceFormulation ql:JSONPath.

Listing 5.3: These RML-mapping rules describe the same as the mapping rules in YAML syntax.
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Conclusion

“He put on the glasses, and fell in love with a dream.”
—Stanley G. Weinbaum (1902 - 1935)

Healthcare is an ever-changing domain because our health needs keep changing
as well. The number of consultations increases while the healthcare capacity is reduc-
ing [1] and the number of people on waiting lists seeking medical help is significant [2].
The introduction of eHealth has been an attempt at making certain processes in health-
care more time and cost efficient. eHealth focusses on capturing and processing data
and information through information and communication technology [1]. One of the
technologies receiving increasingly more attention is Virtual Reality (VR). Through
the use of VR, users feel as if they are in a completely different world, a virtual world
in which every aspect can be designed to the liking of the creator. Immersive technol-
ogy, such as Head Mounted Display (HMD), make it possible that users get a sense of
presence in these virtual worlds by stimulating their senses with artificial input [3, 4].
Originally, VR hardware was extremely expensive and therefore research on the ap-
plication of the technology was limited. However, the interest in VR technology was
significantly boosted in 2013 with the introduction of cheaper, consumer-grade VR
hardware. With the rise of eHealth and VR new challenges emerged in the areas of
self-management and patient empowerment, patient-centred platforms, and person-
alised treatment [1].

This dissertation proposes several contributions to eHealth and VR for more ef-
fective treatment methods. First, VR applications were designed, developed and eval-

uated for three use cases as a tool to provide therapy: an application for treatment
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of Unilateral Spatial Neglect (USN) through Music Neglect Therapy (MNT), an ap-
plication providing relaxation therapy in soothing environments, and a Virtual Reality
Exposure Therapy (VRET) system for the treatment of anxiety disorders through
gradual exposure. Second, two methods for personalising the Virtual Environment
(VE) to the needs of the patient and the treatment were presented. In the relaxation
therapy, personalisation is used to gradually adapt the VE to the preferences of the
user in a home setting. The VRET application used personalisation as a support tool
for therapists by providing suggestions for new exercises based on the input of the
user during previous exercises. The therapist could choose a suggestion or create their
own configuration. Third, an architecture for a patient-centred blended care platform
is presented which supports the administering of VR-based therapy, the integration of
a coaching app for the patient, and a dashboard application for the therapist through
which they receive insights in the user’s behaviour. The main advantages of this plat-
form is how all tools are built to improve the treatment of the patient in face-to-face
sessions and at home. By providing these supportive tools for the health care provider
in which all information is centralised, they are better able to help the patient.

In the remainder of this section, the contributions to the open challenges from
Section 1.5 are discussed in Section 6.1. Followed by a discussion of the remaining
challenges and future directions in Section 6.2. Finally, this chapter and this disserta-
tion will be concluded with some final closing words in Section 6.3.

6.1 Review of the Open Challenges

In Section 1.5, the open challenges in eHealth and VR were presented. In this section,

the contributions to these challenges are reviewed.

Challenge 1: Assessment The first challenge states the need for automated as-
sessment in VR. These assessments can support Health Care Professionals (HCPs)
in making informed decisions as they are presented with recent information of the
patient. But it can also be used to feed personalisation algorithms such that they can
adapt to the needs of the patient. Furthermore, automated assessment can provide
information on parameters that were previously left untouched. In Chapter 2, the
VR application for the treatment of USN uses sensor data from HMD’s internals
sensors as a measure for assessment. This data was displayed on a dashboard applica-
tion, which the HCP could monitor. During post-analysis, there was indeed evidence
found that this measure provided insights in the behaviour of the patient that was
linked to the severity of the USN. Furthermore, in Chapter 3, a mathematical model
is presented for the prediction of the emotional state of the user. These predictions
are used to drive a personalisation algorithm through heuristic optimisation. The ap-
proach in Chapter 3 is rather unique in the sense that it avoids the use of intrusive

sensors for the assessment. Instead the model uses initial self-reports of the user and
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registers changes in the VE to make new predictions.

Challenge 2: Personalisation This challenge points out the need for additional
techniques to provide personalisation in complex use cases. Personalisation improves
the effectiveness of treatment in many cases because a one-size-fits-all approach is
often not inclusive to all patients. However, personalising VEs is not straightforward.
For HCP, on the one hand, it can be time consuming and infeasible when the amount
of data and information is too large. Patients, on the other hand, often do not know
exactly what they need. Therefore, personalisation algorithms can be a support tool
for a HCP to make decisions more effectively, and a self-management tool for pa-
tients in between consultations with a HCP. Chapter 3 presents the personalisation
algorithm as an example of self-management, where the algorithm provides changes
to the VE with minimal input and minimal supervision. The algorithm is able to
adapt the VE based on the emotional state of the user to maximise relaxation. The
second application of personalisation in this dissertation is found in Chapter 5, were
personalisation is used as a tool to support the therapist. The algorithm makes sug-
gestions for new VE configurations that maximise the effectiveness of the Exposure
Therapy (ET). It uses information from the patient’s history to make new sugges-
tions. The main contribution of this chapter is the integration of domain knowledge
through semantic technology and the application of the Rescorla-Wagner (RW) model

as foundation of an algorithm to maximise learning.

Challenge 3: Patient-centred platforms The need for large scale, patient-centred
platforms, which incorporate the tools to provide treatment, and make information
exchange and interpretation easier, is identified. For the design of these platforms the
collaboration of all stakeholders is required to understand their needs. The purpose
of such a platform is to provide better care for the patient in face-to-face sessions and
at home. This is achieved by empowering the patient to continue practising outside
of consultations, e.g. through a mobile app, and by providing the HCP with as much
information as possible in an easy to comprehend format, e.g. on a dashboard appli-
cation. One approach to collect additional information is by having the patient record
events through the platform, that the HCP can use to improve the treatment. HCP
also use the platform to manage the treatment itself, e.g. by creating new exercises
that appear on the patients mobile app. In Chapter 4, a patient-centred, blended care
platform is developed for VRET. It provides a good example of co-design in which
the stakeholders are included in the design of the system. Furthermore, an architec-
ture is presented that incorporates a VR system. The architecture makes it easy to
develop intelligent algorithms, e.g. for personalisation, that require data from various

sources.
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Challenge 4: Expertise driven development Every contribution in this disserta-
tion has kept the fourth challenge in mind. Research on the applications of VR in
healthcare should be driven by the expertise of the health care domain experts and
not by the VR technology. Indeed, the design of each VR application was driven by
previous evidence or expertise from domain experts. The VR technology was mainly
used as a tool to accomplish what was previously infeasible. However, innovation
requires searching for new approaches and new solutions to existing problems that
use new technologies. In that sense, the contributions in this dissertation have tried

to use the latest finding in VR technology to improve on existing treatments.

Challenge 5: Co-design 'This challenge focusses on the need for co-design method-
ologies in the design of new VR applications. Specifically, the digital proficiency of
patients and HCP needs to be considered. The aim of digital technology should be
to help and support in complex tasks by removing that complexity. If new tools add
additional complexity to use them, then the tool is rendered useless. To this end, the
contributions in Chapters 2, 3,4 and 5 have been designed to simplify the problem and
support the user by requiring as little technical knowledge as possible. Specifically, this
is accomplished through simple to use dashboard applications, and supportive systems

for personalisation that operate autonomous with minimal input.

6.2 Remaining Challenges and Future Directions

This dissertation focussed on only a few of the challenges of VR in healthcare. There
are of course still other challenges that remain to be researched. In this section the

most prominent challenges for the adoption of VR in eHealth practice are listed.

6.21 Standardised Implementation

VR technology is still in full development. New innovations in hardware and software
follow each other in quick succession. This has led to the situation in which studies
and results of studies quickly become obsolete or comparison is made impossible.
Even for studies only a few years apart, the availability of hardware and software will
have changed completely [5]. In order to enable research to build further on existing
applications in specific use cases, there is a need for standardised implementation
guidelines. These should specify the characteristics of VR hardware and software
ensuring that follow-up studies can use similar equipment. However, to make this
possible, research is needed on the effects of hardware and software on the user. This

will enable to account for changes in characteristics when interpreting test results.
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6.2.2 Large Scale Effectiveness Studies

We still do not yet fully understand what the effect of VR is on patients and whether
every form of personalisation is as effective. There is sometimes contradicting evi-
dence found in literature. One of the most frequent shortcomings of current studies
is the limited scope of user tests. These tests are fundamental to understand the cir-
cumstances in which VR technology is most effective in healthcare. Future studies
need to focus on organising large scale randomised controlled trails. These should
extend over large periods of time, with large populations to establish statistically sig-
nificant results. Comparison against non-VR equivalents is also essential for compar-
ative studies. Standardised implementation guidelines will help in this endeavour but
do not suffice on their own. The lack of large scale studies is also a limitation of this

research to be addressed in future projects.

6.2.3 Generalised Personalisation Framework

In literature, solutions for personalisation are designed only for very specific use cases,
which makes it often infeasible to translate their findings to other use cases. There is
a lack of frameworks that enable personalisation in a use case agnostic manner. Such
a framework would be highly relevant as it will enable easier transfer of knowledge
and techniques between use cases. One possibility to approach this problem is con-
structing an abstraction layer on top of use case specific personalisation requirements.
With this abstracted definition, personalisation could be approached as an optimi-
sation problem in which the objective is to maximise a combination of parameters,
e.g. treatment progress, uset enjoyment, or learning potential. Therefore, a thorough

analysis of the requirements of personalisation in various use cases is first needed.

6.2.4 Gamification

VR technology already provides an intrinsic quality of enjoyment to otherwise bland
treatment exercises. However, further investment on the enjoyment factor of eHealth
applications, especially with VR, would not be in vain. Adopting gamification ele-
ments in the design of new VR therapy tools shows a lot of potential, especially in
combination with personalisation of the gamification tactics. Furthermore, VR, with
its background in the entertainment segment, is an ideal medium to apply this in.
Increased enjoyment has shown to improve engagement, user retention and effective-

ness.

6.2.5 Low Latency Deliver of Virtual Reality Content

To further reduce the cost of VR applications, more interest might go towards network
delivered VR content, i.e. streaming of VR content. This would eliminate the need for
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high-end computer systems at the client side because content is created and processed
on efficient large-scale servers. However, for this approach to be successful, additional
research is needed on low latency delivery of this content over unstable networks such
as the internet. There are multiple possible avenues in applications optimisation to
further explore. Encoding strategies need further optimisation focused on tiled video,
point clouds and light fields. Furthermore, techniques such as viewport prediction and

content prefetching could be very beneficial for high quality and low latency delivery.

6.3 Closing Words

This dissertation presents the design and evaluation of 3 advanced VR-based appli-
cations for healthcare. Each presents an innovative contribution to the use of VR by
tackling several challenges. I hope this dissertation will help in making VR technol-
ogy become part of the everyday set of tools available to health care providers around
the world. At the very least, may I inspire fellow researchers in pursuing VR and its
applications in future studies. Because, I believe what we have seen so far, is just the
tip of the iceberg,.
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How do Users Interact with Mobile Health
Apps? A Markov Chain Analysis

The mobile coaching app, introduced for the PATRONUS platform in Chapter 4, is a tool to sup-
port the patient in between therapy sessions. Through the app they can feel self-empowered
because they have the means to perform their exercises at home, they can keep track of their per-
sonal goals and they can collect information which can, eventually, help their treatment. However,
there is much more information about the patient's behaviour that could be relevant to improve
the treatment. Obviously it is unfeasible for the patient to register all its behaviour manually.
Therefore, it is most interesting to extract insights of the user by observing and analysing data
that can be cheaply and autonomously collected. An example of this is the interactions of a pa-
tient with a mobile app, e.g. the coaching app in PATRONUS. Information such as the app pages
they consult, the exercises they perform or the frequency at which they log new events can tell a
lot. This research explored the use of Markov chains to analyse and detect patterns in the inter-
action of a patient with the app. These patterns could be used in future research to inform the
psychotherapist, or to drive personalisation algorithms that can suggest appropriate content to
the patient.

* % Kk

J. Heyse, G. Vandewiele, F. Ongenae, F. De Backere, and F. De
Turck.

Published in proceedings of the 14th EAI International Conference on Perva-
sive Computing Technologies for Healthcare (PervasiveHealth), May 2020.



182 Appendix A

Abstract Intelligent virtual coaches for healthcare require sufficient insights about
the user. Data from interactions with a mobile health app have previously been over-
looked as a source of valuable insights. In this paper, traces of interaction with a
mobile app are analysed to identify the needs and goals of the user. The mobile app is
part of a blended care solution for anxiety therapy. The paper illustrates how Markov
Chain analysis proves to be a useful tool in classifying user interaction based on the

user’s goal.

Al Introduction

A virtual coach can only be as smart as the data it has available and the insights it can
extract from that data. Fortunately, these days there is a lot of data easily accessible.
There is a plethora of wearables that measure everything from heart rate, galvanic
skin response and temperature, to activities, sleep quality and posture [1]. Due to
the digitisation of files and tools, much more information than before is becoming
available in digital form. One less obvious source of data is mobile app interaction, but
because of their ease of access and wide applications in healthcare, they are certainly
worth looking into [2—4]. How the user interacts with the app can provide useful
insights into the needs and wellbeing of the user. Typically, these apps server multiple
purposes. Observing which goal or purpose the user wants to server with this app
could indicate the needs of that user.

In this paper, we explore which insights can be extracted in terms of goal identifi-
cation from data which is collected from users interacting with a mobile application.
The application is designed specifically as a complementary tool for anxiety Virtual Re-
ality Exposure Therapy (VRET). We focus on searching techniques that are scalable

to large amounts of data.

A.2 Mobile Application Data

The analysis in this paper is based on data collected from a mobile app designed as
part of a blended care solution for exposure therapy.

A21 Mobile Application Design

The mobile application is developed as part of a project called PATRONUS! in which
a blended-care solution is created for VRET. Two of the goals of the project are to
enable longitudinal follow-up of patients and provide homework exercises in between
sessions for the patient to practice in real life and a virtual environment. The home-

work exercises are created by a therapist and become available to the user on its device

L www.imec-int.com/en/what-we-offer/ research-portfolio/patronus, accessed on 01/05/2020
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after the therapy session. Physiological data was collected through one of two weat-
ables, the Empatica E4? or the Chill+>.

A selection of screenshot of different view in the mobile application are shown in
Figure A.1. The start view of the application shows an overview of all the exercises of
the user (Figure A.1a). This view lists all the exercises which are available to the patient.
The list contains a combination of exercise in real life and exercises in Virtual Reality
(VR) on the mobile device. When selecting an exercise the user gets forwarded to a
detailed view of that exercise which in the case of VR exercises will forward them to
the VR environment (Figure A.1b). The goals view (Figure A.1c) lists goals which have
been defined in consultation with his/her therapist. These goals serve a motivational
purpose as patients can reach intermediate goals that can help them towards coping
with anxiety. Next, there is a screen which allows users to input information about
their current state (Figure A.1d). Through this feature, the patient keeps a record of
his/her emotional state in difficult situations. These records can later be reviewed with
a therapist. Another screen provides an overview in the form of a timeline which lists
all the exercises and goals in chronological order (Figure A.1e). This view has no other
functionality otherwise. There is also a view with account settings and information
which rarely needs to be accessed by the user. The account view is also used for
connecting a wearable device. The application contains a few other screens which are
not discussed in more detail as the name of the screen provides enough explanation

about their purpose or the screen has no significance to this paper.

A.2.2 Data Collection

To analyse how the users are interacting with the app, data needs to be collected
which represents this interaction. Specifically, the pages of the application the user is
visiting, the order in which these are visited and for how long they are visited. All this
information can be extracted when storing one data record each time the user sees
a new view in the app together with a timestamp of when this view is shown. This
kind of information can easily be recorded through the use of the Google Firebase
platform®.

In this study, data has been collected from 3 clients using the application to obtain
a small dataset. For each user, the application was populated with some exercises, both
VR and in vivo, and some goals were specifically set for those users. The activity in
the app was recorded over a period of two weeks.

waw.empatica.com/research/e4, accessed on 01/05/2020

3www.imec-int.com/nl/chill, accessed on 01/05/2020
*https:/ /firebase.google.com, accessed on 01/05/2020
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Figure A1: Screenshots of the different views in the PATRONUS mobile application. (a) List of all exercises
with a short description, due date and image for each, (b) VR view rendered on screen (landscape
mode) for a VR headset, (c) List of all goals with a short description for each, (d) Journalinput page
for a rating (0-100), additional text and a timestamp, (e) Timeline overview showing the planned
exercises in the future and a list of goals.
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Figure A.2: Distribution plot of page visit frequency.

A.3  Data Analysis

The methodology of the data analysis is split up in two phases. First, the data is
analysed from a static perspective in which only the visits to each page are considered.
Second, the dynamic characteristics of the collected data are analysed. In other words,
the transitions between pages are investigated. This section discusses the analysis and
results in detail.

A.31 Static Analysis: Page Visit Analysis

The first and simplest analysis consists of looking at the distribution of the page vis-
its for every user individually. In Figure A.2 the distributions of visits to each page
are plotted per user. The plot is generated by summing the visits to each page and
normalising it by the total of visits to each page per user. These results show slight
differences between users, even though the instructions given to them were the same.
This indicates that the user behaviour is different for each person, which hints at the
different intentions of each user with the app which lead to different goals per user.
Some pages are less important than others. For example, transition pages which
are visited only briefly to transition on to a next page typically have less importance.
However, the visit distribution in Figure A.2 does not reflect this because it counts
every visit to every page as equally important. This can be mitigated by taking the time
on each page into account. Figure A.3 shows the same distribution when page visits
are weighted by the time spend on that page. This plot shows a distribution of time
spent on each page describing a more realistic view of which pages must be important
to the user as they spent the most time on them. It can be seen that more than 10%
of the time is spent on 5 of the screens: Exervise list, Exercise details, Wearable, 1R view
and Login. The two most interesting ones are the Exervise details and the T7R view pages
as they relate to performing exercises and the application. The challenge now is to try

and understand why a person spends more time on one page than another.
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Figure A.4: Visualisation of the trace of the three users, each row represents a trace, each cell represents a
page in that trace, the colour of the trace indicates which page it was.

A.3.2 Dynamic Analysis: Page Transition Analysis

The frequency of page visits only gives a few insights. In what follows, traces of
page visits are considered as well. A trace is a sequence of consecutive page visits.
It starts when the user opens the app and stops when he/she closes the app. These
traces are visualised in Figure A.4 where each cell represents a page visit and its colour
indicates which page it was. Every trace is different, they contain different colours
and have different lengths. Some contain visits to pages which do not occur in other
traces. This indicates that the colours/pages have specific goals that the users visit
to complete a certain task. By tracking which traces contain which page visits, and in
which order, more insights can be gathered about the needs and goals of the users.
For example, frequent visits to the Journal page could indicate insecurity and frequent
visits to the exercise page could indicate motivation to practice.

This initial visual inspection of the data is only possible for small amounts of data
is in this case. However, typically the size of the dataset is too large to apply a visual
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analysis. Therefore, the focus is moved onto a scalable technique which could give
similar insights. This is where Markov Chains come into play [5].

Markov Chains (MCs) are used for the analysis of many applications involving
time series, they describe the stochastic behaviour of a sequence of events [6]. A page
transition leads to a new state and the Markov property requires that the probability
of the event leading to that state only depends on the previous state. An MC can be
formalised by a state space S, a transition matrix P and an initial state disttibution
mo. Applied on the app usage data, a sequence of events is interpreted as a sequence
of transitions between the pages of the application. Specifically, this means that the
state space S is given by the finite collection of all pages of the mobile app, S =
{50, 51,--.,5n}. The probability of transitioning from page 4 to page j is given by
pij and can be stored in a transition matrix P on row ¢ and column j.

The aim is to be able to classify app sessions based on the traces created by in-
teracting with the app. Having this classification could indicate the intention of the
user navigating the app by linking page visits to a goal of the users. MCs can be used
to classify these traces. Two approaches are discussed. In the first approach, do-
main knowledge is used to construct an MC manually based on what are known to
be important pages to visit when trying to reach a goal. For every goal, and therefore
corresponding class, an MC is created. One of the properties of a MC is that the
likelihood for any trace to be generated by a certain MC can be calculated. This is
done by multiplying the transition probabilities for all transition in the trace. In other
words, the probability of a trace being generated by a MC which models a certain goal
can be calculated, and therefore the probability of the goal of that trace as well. When
calculating this probability for every hand-modelled MC, a probability for each goal is
obtained that can be used for classifying the traces based on a threshold value. Equa-
tion A.1 formalises this classification function ¢, where trace t; belongs to class 7 if
the probability of that trace belonging to the MC with transition matrix P; is strictly
larger than o

: A1)
0 otherwise.

1 ifPr(t;, P) > a,
c(z‘,m{ ot ) = o

In fact, this allows for multi-label classification as a certain trace could contain multiple
goals. This approach is feasible when the required domain knowledge is available to
manually create MCs and when the correlation between goals and page visits is not
too complex.

However, when this is not the case, a different technique is needed which could
help in generating the MCs. This second approach will construct MCs and corre-
sponding clusters of traces simultaneously in an iterative manner. The different steps

of this procedure are as follows:

1. Evenly distribute all traces into 1 random clusters.
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2. For each set, construct the MC.

3. Calculate for each trace the probability that this trace was generated by every
MC of each cluster.

4. Assign each trace to the cluster for which it has the highest probability.

5. Repeat steps 2-4 until convergence is reached when no trace changes to a dif-
ferent cluster.

With this algorithm, 1 clusters with a corresponding MC are obtained for which n
is selected manually. The algorithm is applied to our dataset with n = 3 because of the
3 main purposes of the app. To understand the classification, these MCs need to be
analysed to identify which goals they detect in the traces. With this information, each
new trace can be classified and labelled with a certain goal based on the probability of
it being generated by each MC as in Equation A.1. The analysis of the MCs shows that
one cluster reveals traces in which the wearable got connected to the app followed by
exercises in VR. Another cluster reveals traces which interacted a lot with the journal

page while the third cluster contains traces where the personal goals were consulted.

A.4  Conclusion

To make virtual coaches for healthcare more intelligent they need to have access to
as many insights as possible from different sources of data. User interaction with a
mobile health app produces valuable insights into the needs of the user. MCs have
been proposed to cluster traces of interactions. By analysing the MC, the intentions
and goals of each cluster of traces can be revealed. This showed how interaction with
different parts of the application got identified and classified automatically. Thus, this
paper illustrates how MC analysis can be used to extract insights about users which
can be used by virtual coaches to support the user’s needs. For example, repetitive
consultation of health info in an app might trigger a virtual intervention. In another
example, procrastination of exercises might be an incentive for the virtual coach to

motivate the user.
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Contextual Bandit Learning-Based Viewport
Prediction for 360 Video

The sense of presence can easily be disturbed by bad quality of the Virtual Reality (VR), e.g. delays,
low resolution, and other visual artefact. Especially in scenarios where VR content is delivered
through the internet, this is a significant challenge. Streaming of 360 degree video to a head
mounted display is an example of this. Because 360 degree video requires much more bandwidth
thanregular video, a technique for dynamic adaptive stream is used which can reduce the required
bandwidth by encoding spatial video tiles at different qualities for a specified time segment. In an
ideal scenario, only the video tiles in the centre of the user’s field of view need to be encoded and
transmitted in the highest quality. However, users keeps changing the direction they are watching,
therefore, the encoding of the tiles need to change as well. In order to optimise the delivery of the
360 degree video, the user’s view direction needs to be predicted in advance for the correct tiles to
be encoded in the correct quality. This work presents an approach using self-learning contextual
bandits, that make this prediction based on prior training data. This technique is not limited to
360 degree video but could also be extremely important for streaming computer generated virtual
environments to low-cost VR hardware systems.
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Abstract Accurately predicting where the user of a Virtual Environment (VE) applica-
tion will be looking at in the near future improves the perceive quality of services, such
as adaptive tile-based streaming or personalised online training. However, because of
the unpredictability and dissimilarity of user behaviour it is still a big challenge. In this
work, we propose to use reinforcement learning, in particular contextual bandits, to
solve this problem. The proposed solution tackles the prediction in two stages: (1)
detection of movement; (2) prediction of direction. In order to prove its potential
for VR services, the method was deployed on an adaptive tile-based VR streaming
testbed, for benchmarking against a 3D trajectory extrapolation approach. Our re-
sults showed a significant improvement in terms of prediction error compared to the
benchmark. This reduced prediction error also resulted in an enhancement on the

perceived video quality.

B.1 Introduction

With the increase in cheap Head Mounted Display (HMD), the demand for immersive
content and Virtual Reality (VR) applications is also tising. In such applications, ac-
curate predictions of the behaviour of users within the omnidirectional environment
allows to improve the perceived quality. One prominent example is adaptive tile-based
360° video streaming. Adaptive tile-based streaming exploits the fact that at any given
moment the user can only observe a small portion of the entire panoramic video, “e.,
the viewport. It encodes the videos at different quality levels, splits the streams into
temporal segments and divides these segments into spatial tiles. During streaming,
tiles within the viewport are delivered in high quality while the others are in low qual-
ity [1]. In order to ensure a good experience, the system needs accurate predictions of
the viewed viewport for the next segment. However, because of the unpredictability
of head movement, this is currently a big challenge.

Existing solutions are either content-aware or content agnostic. Most content-
aware approaches require preprocessing of the video content and thus, are too com-
putationally intensive for real-time predictions and unfit for live VR video streaming
(e.g, Pano2vid [2]). Content agnostic solutions, in contrast, are much more light-
weight as they only require the HMD sensor data. These approaches tend to assume
linear motion for the viewing behaviour, such as the linear regression approach of
Qian et al. [3]. Recently, Xie et al. [4] presented a Machine Learning (ML) approach
based on pre-clustering users and multi-user regions of interest. However, their so-
lution requires a lot of training data, while each video needs its individually trained
model.

As many users do not move very often, existing general solutions are often biased
towards predicting that the user never moves at all. However, other users, in contrast,
might move very much and erratically, resulting in bad predictions for these users. An
ML model, that first predicts the likelihood of the user moving significantly and next
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predicts how they move, could improve the performance, while avoiding per-video
preprocessing. Furthermore, since each user produces a unique trajectory by watching
a video, the model needs to adapt to new data and become more personalised over
time.

Reinforcement Learning (RL) models can provide the required personalisation
and per-stage learning. Their general principle is that the agents selects an action
according to some trained policy based on some state that is presented to it (7e. the
context). In response to choosing an action, the agent receives a reward to reinforce
good decisions and penalise bad ones. A well known subclass of RL are the Contextual
Bandit (CB) agents, in which the chosen action has no influence on the next state. This
characteristic makes CB agents the best fit for viewport prediction as the predicted

location has no influence on where the user will actually look next.

In this paper, we present a novel CB learning-based viewport prediction approach
for 360° video, which by only using the HMD sensor data, is able to accurately predict
the trajectories of different types of users. The method has been evaluated on an
adaptive tile-based streaming setup for 360° video, and has been benchmarked against
a 3-dimensional extrapolation method [1].

B.2 Approach

In general, the system (Figure B.1) takes in a set of previous orientations of the HMD
and feeds this to a 2D CB agent bank, which predicts, in two stages, if the user is
bound to move and in which direction. The outcome of the agents results in the final
prediction.

The 3D data [x, yt, 2¢] from the HMD orientation is first processed and projected
onto the 2D space, providing the longitudinal ; and the latitudinal ¢, coordinates on
the 2D equirectangular projection of the sphere. Because of the wraparound of the
projection in the longitudinal dimension, ze. values pi and —pi correspond to the
same position on the sphere, @ is first converted to the unit vector (cosine and sine
of the angle) befote being put in the CB bank. A sliding window provides the last k
samples to the CB bank. In order to simplify the prediction of the next position, the
state space is discretised. Specifically, each position sample [0, ¢¢] on the video is
mapped to a cell [0, qﬁ% ] of a grid with dimensions n X m, where ¢ and j are the tow
and column of the cell closest to the actual position. The CB bank consists of four
Contextual bandits, one per dimension and decision (either motion or direction). The
predicted actions of the four CB agents [ f’_‘;fi , Af’fl, A;”j_’f , Af’ﬁl] are subsequently
used in the following algorithmic block to obtain the discretised predicted decisions

[éi+17 (Z)iJrl]'
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Figure B.1: Block diagram of the contextual bandit learning based viewport prediction algorithm.

B.3 Results on an Adaptive Tile-Based Virtual Reality
Video Streaming System

A testbed was developed for the adaptive tile-based streaming use case of 360° video
[5]. A mobile HMD is wirelessly connected to a VR content server that performs
all predictions, stitching and encoding of the tiles before streaming the video to the
HMD.

The study of the performance of the CB learning system was done with 5 users,
while watching the Spotlight Stories Video: HELP, produced by Google!. The first
three users were given no instructions except for watching the video as they normally
would for the first time. The last two users were given instructions to move very
erratic and to move continuously at a constant speed, respectively. The video was
encoded with two qualities (full quality and low quality) and a 4 x 4 tiling scheme.
Video segments were 1000 ms so predictions were also done over 1000 ms, while
sensor samples were collected every 200 ms. Regarding the CB approach, the sliding
window was set to hold 5 samples and the entire input space was discretised in 16 x 32
cells for the prediction. The system was trained on the data from users 1 and 3, and the
evaluation was performed on all users. The proposed approach was compared with
a 3-dimensional extrapolation method consisting of extrapolating the current sample
based on the speed estimate obtained from the last two samples in the 3D Cartesian
space [1]. Both prediction algorithms were evaluated according to two metrics, namely
the prediction error and the relative quality. The error was defined as the angular
difference between the prediction and the actual label sample for each time step. The
quality was calculated as the percentage of the viewport that overlaps with the surface
of the predicted tile. Since the predicted tile is streamed at the highest quality and the

1https://www.youtube.com/watch?v:G»XZthQAHU, accessed on 01,/03/2019
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Table B.1: The average prediction error of the algorithms expressed in radians (lower is better).

user 1 user2 wuser3 user4 user5

Bandit  0.454 0.308 0.383 0.696 0.342
3D-Extr.  0.627 0393 0552 0992 0.568

Table B.2: The percentage of overlap between the viewport and the predicted tile, giving the quality of the
viewport (higher is better).

user 1 user2  wuser3 user4d userb

Bandit  0.842 0.835 0.845 0.855 0.858
3D-Extr.  0.7417 0.781  0.763 0.647  0.804

rest at the lowest quality, this metric gives an indication of the relative quality of the

perceived video.

Table B.1 shows the average prediction errors for all 5 users. The average error
was calculated for both the bandit model predictions and the extrapolations. From
this Table, it is clear that the bandit learning approach results in much better perfor-
mance in terms of prediction error. As it could be expected, the extrapolation method
performs worse for user 4, because the extrapolation is based on the heuristic that mo-
tion in one direction will continue in that direction at the same speed. However, the
bandit approach, which was trained on users that did not show abnormal viewing be-
haviour, performs significantly better in this case. This suggests that the bandit agent

is able to learn to anticipate certain motion.

Prediction error only gives half of the view on the performance and effectiveness
of using a bandit agent to predict viewing behaviour for adaptive 360° video stream-
ing. The quality of the video within the viewport is the most interesting outcome.
Table B.2 shows the average relative quality within the viewport over the entire video
for each user. The Table shows that the bandit agent approach performs better than
the extrapolation method for all users. This means that even if there are errors in the
prediction, due to the fact that the CB learning model is able to learn patterns, they
are less noticeable for the quality.

To further illustrate, Figure B.2 plots out the prediction error and perceived quality
of users 2 and 4 over a 10 seconds time window. These plots show that indeed,
our approach does not only perform better on average, but persistently outperforms
the extrapolation method. This is clear from the two rightmost plots, where the CB
method avoids the quality to drop to 0%.
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Figure B.2: Plots for the prediction error (top) and relative viewport quality (bottom) of users 2 (left) and 4
(right) over a time window of 10 seconds.

B.4 Conclusion

This paper presents a novel CB learning based approach to viewport prediction for
360° video. The proposed solution tackles the problem with layered self-learning com-
ponents. The algorithm was applied on an adaptive tile-based streaming use case. The
results have shown that our method results in better viewport prediction in compar-
ison with a 3-dimensional extrapolation method. This reduced prediction error also
results in improved, perceived video quality by the users. Future research will inves-
tigate the possibility of personalised and individual models for improved predictions,

based on specific user behaviour.
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