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ABSTRACT

The latest advances of Virtual Reality technologies and-ttireensional graphics, as well
as the developments i@aming Technologiein the recent years, have stemmed the

proliferation of ®riousGamesin a broader speaim of research applications.

Among the most popular areas of application ublic services such d3efenceand

Health where digital technologies reaisiew challenges and opportunities for research

and development of Serious Games and for a vaoietpntexs. As with all games, the

user engagement is elevated and apart from the entertaining aspect, Serious Games serve
as anovel andpromising alternative experience to knowledge trandferthermore,

Serious Games bring to the end user and theabh\seiciety a series of attractive benefits.

These benefits include safety, ceffectiveness, inreased motivation and personatisn.

Hence this Thesis aims to investigatevelapproaches of delaping Serious Games that

utilise the recent advances$ Virtual Reality and Gaming Technology and facilitate the
aforementioned benefits. The procesglesign anddevelopment of the novel tools and

applications follow an iterative manner and are driven by the review chvhidable

literature as well asrd-user feedback.



STATEMENT OF CONTRIBUTION

The constant advances of digital economy, specifically of Virtual Reality and Gaming

technologies, impose new challenges and opportunities in the development of novel

applications for Serious Gamesiéfdomains of Serious Games span in a broad range, with

the public domain services bliealth and Defereeamong the most popular.

The novel platforms, applications and framewoaks presentd in this Thesis, via the

utilisation of the statef-the-art in threedimensional authoring and gaming technologies

that benefit the society in the aspects of sustainable practice in Defence and motor

rehabilitation in Health.

The novelty of the work presented in this Thesis includes:

A bespokevirtual reality simulatin platform that allows the simulation of light
intensity and yield of power generation for military scenarios with sustainability
using photovoltaics as renewable energy sources. The platform is the first to
facilitate the light analysis of a virtual eneirment incorporating movement and
animated virtual avatars. It is alsousable as a prodyds the user can easily
createnew scenarios by importingew virtual environments arghimation clips

into the platformor by adjusting the daylight systemany possiblecondition.

The guidelines for incorporation of the photovoltaic technology on the uniform and
equipment of the modern infantry soldidihese guidelines are produced by the
range of simulations conducted for the evaluation of the simulatidgfoqpraas

well as qualitative data acquired by the liaising with military experts.

A framework for development of games for hebased motor rehabilitation
utilising virtual reality and gaming technologythe system architecture is
implemented in a layeredpproach to facilitate rasability of the developed
components. The system components have beeseckin a variety of case studies

and for different game applications. Furthermone, system proposed is the first

Xi



with the potential toremotely provide accurate biofeedback to the clinician as
shownwith an experimental study.

- The evaluation of the developed games for hdéwaged motor rehabilitation
produced a set of themes and design guidelines for the development of such games.
These guidelines enablieiture game designers to develop games for motor
rehabilitation accommodatirgll the requirements of the targeted cohort of users
and with a patienrtentredapproach

The proposed research is a substantial step forward in the field of Serious Games tha

benefit society in the aspects of sustainable practice in Defence and motor

rehabilitation in Health by offering innovative usesl applicationsf technology

The work conducted for this Thesis is that

Xii



CHAPTER I: INTRODUCTION

Abstract:

This chapter provides a definition tdfrms related to the topic of the Thearwd briefly
presents the potential applicati@tomains of serious gamds offersan overview of the
research background and mation by providing the benefits of serious games to the end
users. Furthermore, the dimensions of serious games and important issues of their
development are discussedndlly, this chapterintroduces the scopef this Thesis by
presenting the overall sicture and brief individual chapter contentée structure of the
chapter is visualised iDiagram 1 below:

Introduction

ADefinitions and Alndustry facts and AChapter organisation
Research Back Benefits
ground APersonal ABrief description of

Alntrodyctlon.to motivation Chapter contents
and Dimensions AAims and AThesis Structure
of Serious Games Objectives Diagram

. W, \ J

Diagram 1 Chapter Structure

1.1 Research Background

Definitions:

fiGame a physical or mental contest, played accordingpecific rules, with the goal of

amusing or rewarding #participant.

Video Game a mental contest, played with a computer according to certain rules for

amusement, recreation, or winning a stake

Serious gamea mental contest, played with a computeaatordancewith specific rules,
that uses entertainmetd further government or corporate training, educatibealth,

public policy, and strategic communicationb j e c f1j ves . 0
AiGamification: is the use of gamdesign elements in nagamecontexts [@]

Serious Ganme(SGs) are being applied with distinction in many disciplines and fields

including services of general interest as Defence, Health and Educaéhenlatest



advances oVirtual Reality (VR technologies anthreedimensional (3D)graphics, as

well as the developments in the game consoles and technologies in the recent years, have
stemmed the proliferation of SG applications in new areas and therefore realising
opportunities for a broader egtrum of research applications. Such advances include the
development of higlend graphic processors with vast computational power and
consequently more robust graphic engines, and novel game sensors such as the Nintendo
Wiimote, Microsoft Kinect, the vgrrecent Leap motion, STE®Msystem by Sixsense and
Google glass or Oculus Rift which enable Virtual Presence. Due to that fact, the prospective
application of SGs for knowledge transfer has expanded to more areas which in the past

seemed to have no connieatwith computer games of any kind.

As the formal definition proposed ] dictates, SG support training and knowledge

transfer in areas as, but not restricted to education, health, engineering, politics oelig

militia. Along the same lines, MichaelandCHghd e f i he SGs as hdvgames t h
entertainment, enj oyment , or fun as their pi
fact only to manifest that there is another aim apart from entertainment in those games.
Additional terminology describing SGs can be found in the literatucduding game

based learning (GBLjmmersive learning, gamreased training, gargased simulation,

exergames or edutainment. Furthermore, SGs are embodied in a variety of types depending

on the form of knowledge to be transferred as well as the partiteldrof interest.

Therefore, within academic principles there are debates on the grasp of SGs and their
taxonomy. Crookal[4], in his article for the 40Anniversary Symposium of Simulation

and Games in 2010, clarifies the definitions that have been used over the years in the field

and attempts to discuss using a philosophical tone, where the line is drawonthesion

of this article is that, Simulation/Gaming or Serious Games (both abbreviated as SG
hereafter), can be proclaimed a scientific discipline on its own entity; not just a research

subject. The author also suggests that the definitions and nicatid® dealt with later as

the potentials are far more important to explore and develop.



An important issue when developing SGs is to consider the aspects and dimensions of them.
As a very sophisticated and highly complex set of games that need to dalwdedge

apart from enjoyment, SGs have other dimensions apart from the technical game
engineering aspect. According to Martens ¢bhl the other aspects of major importance

that needs to be taken into account when developing a SG are the pedagogical dimension
and the game aspect in terms of the game mechanics. According Kethanicsi
Dynamicsi Aesthetics (MDA)game desig framework ofHunicke et a[6], game
mechanics are the formal rules of the game, in other words the set of rules to define the
game or gameplay and are being discussed in more detail iollhweifig chapters. The
underlying didactics of a SG that will serve towards the knowledge transfer are supported
by the technical structure of the game. In the same study, Marten et al. also conclude that
only if all three aspects are present in a gamg thian it can be referred to as gabased
learning system, or SG. Furthermore, they give a schematic diagram (Figure 1) of the
interplay of the three aspects and according to how much these overlap, the SG type is

defined.

Learning

Training Entertainment
Simulations Games

Game
based
Learning

Simulation ) ) Games
Simulation

Games

Figure 1 The overlapping interplay of pedagogy, computer science and gamis

An alternative approach to a SG stratification is th&rehsky[7]. The author in his work

classifies the games accgrdies® tondt t®@imp| € a my



Minigames are very common and trivial whereas complex games require significantly more
time to learn and master. The complexity of the pedagogical and technical aspects, as well

as how these overlap, define the game type of SGs.

1.2 Research Motivation
The pdential applications of SGs have boosted the business sector to which it has been

applied, which according to Ben Sawy8}, cofounder of the Serious Games Initiative,

in 2007 was worth $20 million and according to Mike Hg$9¢sCEO of UK-based Serious
Games International, will worth $2.5bn by 2015. Those figures reflect the manifested
success and exploitation of SGs in such a wide range of applications dadN¥eteover,

the figures suggest the levels of acceptance of SGs hy the targeted groups for each

individual market.

Nevertheless, scientific reseayshich astiat presented in thiBhesis, is not always driven

by the industrial facts and numbers. Thetiwagion for researching in this particular field

lies within another motivation for developing SGs and that is no other than the benefits
they offer to the endsers and the overall society. SGs, apart from their obvious aim to
deliver knowledge transféinrough an enjoyable and motivating manner, provide a number
of other beneficial features. One of them is the replication of a hazardous environment and
the simulation of the desirable tasks. For example, a virtual military training or surgical
training SGs provides a degree of safety in much greater ordmaghitude asompared

with a real scenario environment which would involve very high risks which could even
result in fatalities. This approach also enables the recording, review, analysis and re
enating of the performance of the player even in scenarios of failure without any risk.
Another advantage of SGs is the eeffectiveness of the learning and training procedures.
These are reduced to a minimum due to effective resource management abeahiplis

the use of SGs in terms of manpower hours or consumables. Furthermore, there are no
geographical boundaries and that expands the potentials even more, realising tele
monitoring and hombased solutions or simulations of remote geographical logation

Moreover, high level of fidelity introduced by SGs facilitates transference. This way, the



attachment of the player with the virtual environment is achieved which by turn increases
the engagement and motivation. Another very important aspect of S@¢ ikay can be
modified by making them bespoke according to requirements of each application. This fact
results to maintaining the engagement and motivation always at high levels. A review of
research studies indicates that computer games and SGsdnlpaimcrease engagement

and motivation as well as enhancing learning and skills atiqui$10][11]. Therefore,

SGs are found to be very beneficial ilsh supporting unconventional approaches of
learning and training and increasing motivation. AccordingPtensky[12], game
technology might increase the motivation of oneself as gaased learning systems are at
least more fascinating than thenwentional learning paradigm¥his fact tackles the
negativity that preexisted on the impacts of playing video gamf\éSs) and realised them

as a novel alternative way of learnifig]. In their study, Wouters et al. present extensive
evidence that S§have the potential to keemore effective way to leafi4]. However the

same study indicatabat not all gamespects play significant role in the effectiveness of
the game. Furthermore, this paper proposes that there should be a coordination of the
learring targets with the game typ&.hus, the measures of Séffectiveness depend on
their aim, design and integration as well as the field of applicaonexample, the
measure of effectiveness of an educational SG is in terms of the knowledge trgasfier a
whereasa therapeutic game is effective according to the rehabilitttigetsand so on.

Each application domain will require different methods of design, development and
evaluation. It is, therefore, sadfsident that the range of areas of appiaaprescribes a

diversepalette oimethods antbolsto beutilised for the research and development 0§.SG

Concluding, the motivation behind this research has been made clear by presenting the
benefits of SGs to society. These benefits comprisedd &attors that increase the quality
of life of the people using them by a diversity of means to a variety of ends again depending

on the particular field of application.

The discussion above also raises new challenges and opportunities for development of

novel approaches to SGs in the presence of new platforms, frameworksuac



computer interaction (HCEechniques. The aforementioned advances of VR technologies

and game consoles and sensors demonstrate a series of those new opportunities and are the

cornerstone of the future directions for SGs development.

Motivated and stimulated by tlsamediscussion, this Thesis reports the work conducted

in the boundaries of a number of reseastidies namely, the Solar Soldier project,
ReWiiRe projectand GammdorP ar ki n s o n 0 srehabilitatiengpmject. The Sojar
Soldier project is a project jointly funded by tkinistry of Defence (MoD)f theUnited
Kingdom (UK) and Engineering and Physical Sciences Research Council (EBSRC)

The ReWiiRe projet (which stands for Research on Wii Rehabilitation) is funded by the
National Health System (NH®J UK. Finally, the Games for PD rehabilitation project was
funded by Brunel University and the work

University in Belfast.

All studiesinvestigated the development of novel applications, tools and frameworks of
SGs for each of the corresponding areas of application. The areas of application of the

projects ardefencewith sustainability simulations and dfor rehailitation respectively.

A simulation platform that extends the capabilities of a commercial 3D authoring tool to
simulate the perceived daylight on an animated agent and in a variety of environmental and
lighting conditions for the use of renewable egesgurces irDefenceapplications is the
subject of the Solar Soldier project. The use of gaming seasonstion capture (MoCap)
systems and bespoke SGs in VR rehabilitation of motor impaired persons with
neurodegenerative or neurophysiological cond#jauch as PD or stroke respectively, is

investigated in the ReWiiRe and Games forréBabilitationstudies

More details about the individustudies challenges and research implications can be
found in Chapters Il and V that follow.

1.3 Aims and Objectives
The following sections present the aims and objectives of the Thesis.

1.3.1 Aims

W a ¢



Motivated by the research background and discussions above, the aim of the Thesis can be

summarised into the following:

The overall aim of this Thesis is to invdfgate the use ® VR tools and Game
Technologiedor the development of novel SGs, applications and tools of Defence and

Health applications.

The investigated domains and particular studies, conducted in order to accomplish the
above, involve individual aims that are kngd in the specific chapters for eastudy
domain(Chapters Ill and V). In Chapters Il aM] the reader can find more details about

the challenges, methodologies and implementations of each study.

1.3.2 Objectives
To accomplish the above aim, a seriestaflies were conducted and as a result a number

of SGs were developed and evaluated utilising novel approaches and framéiherks.
specific aims and objectives of these studies are presented in the followapgersh
(Chapters Il and/). However, the neel platforms developed to reach the overall aim of

the Thesis entails the following:

1 Research of the statd-the-art of the field and definition of research challenges.
1 Experimental study of accuracy of the proposed technology application
1 Design and devepment of the systems, applications and tools by utilising existing
VR or VG software, or by extending their capabilities.
I Simulations and pilot testing
1 Formation of recommendations and design guidelines based on the results of the
evaluation through theimulations and pilot testing.
The purpose of the review of the research literature is to define thettateart of the
field and furthermore, define the research challenges and opportunities for further

development.



The purpose of the experimentaldy of accuracys to assess the accuracy and efficacy
of the proposed systems in order to conclude on the feasibility of the technology application

as well as the quality of the results that are collected in a further stage.

The design and development phancludes the design of the system architectures and
frameworks, the development of the SGs and the simulation platforms that have the purpose

of assessing the specific aims of the individual studies.

The purpose of the simulations and pilot testingoisevaluate the proposed system,
applications and tools and to discuss any conclusions that can be drawn by the results of

the evaluation.

Finally, the formation of recommendations and design guidelines collates and summarises
the results and emerging thes into reusable set of guidelines, for each study, that any
professional and practitioner of the field can utilise when designing and developing similar

SGs.

1.4 Thesis Structure
The Thesis has been organisedichapters with a more detailed structure bpmter

content that follows. Chapter | presents a brief introduction of the overall research

background and provides thaotivation, aims and objectives the research.

Chapter Il offers a review of the application of SGs in a series of domains. Fivetly,is

an overview of SGs and their domains as an introduction to the subject, aiming to a general
audience. Following is a more focused review of the available literature, related to the
specific areas of the Thesis which are SGs for Defence withisalstay and SGs for

Motor Rehabilitation.

Chapter Ill provides an insight to the problem description and research challenges,
methodology experimental study of system accuragsyd systemimplementation of the
Solar Soldier project which investigated thee of VRsimulations to produce guidelines

for the ntegration oPV technology on the modern infantryldier.



Chapter IV describes the methods that were utilised to evaluate the VR simulation platform
developed for the Solar Soldier project and descriln Chapter Ill. The results of the

evalwation are discussed and summedign design guidelines.

Chapter V presents the problem description and research challereasdology,
experimental study of system accuraeydsystemimplementation of the SG¥eveloped

for Healthrelated applications, in particular for the SGs for rehabilitation of motor deficits.

Chapter VI describes the methods utilised to evaluate the Serious Games for motor
rehabilitation developed and presented in Chapter V. The redultee user trials are
presented and discussed. Through that discussion, there are emerged themes and design

guidelines for developing games for motor rehabilitation.

Chapter Ml presents a methodological framework for Serious Games design that derives
from the evaluation of all the platforms and games developed for this Thesis. This chapter
also summarises the key observations, challenges and recommendations that were derived

from the applications developed.

That discussion aldonnelsthe conclusion othis Thesis, which is offered by ChapteilVi
as an overarching synthesis. Furthermore fuh&re work that is proposed in the aisa
presentedas well as what is envisaged for the future of the development of SGs in a wider

perspective of applications

Below the reader may find a schematic diag¢@mgraml.1) of the structure of the Thesis
as per visual aid of the workflow. At the beginning of each chapter, there is also a diagram

explaining the contents of thedividual chaptelin more detail
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Summary

Knowledge transfer has besignificantlytransformed in recent years by the introduction

of VGsin learningwhich in this particular embodiment are termed SGs. The benefits of
their use are numerous and very advantaget society. The recent advances of VR and
gaming consoles realise the potentials of further development for SGs with novel
approaches to support new tools and frameworks, or explore new areas of application. The
potentials of the domains undivestigdion of this Thesis arén Defence and Health
areas A number of novel toglapplicationsand framework$or these areas are presented

in the following chaptersThis Chapter also offers the Aims and Objectives of the Thesis
as well as the structure ofdtchapters.
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CHAPTER II: LITERATURE SURVEY ON SERIOUS GAMES

Abstract:

This chapteiintroduces a range of SG domains and presents the ctéite-art in these

areas. This chapter also offers acquaintance to a broader audience by offering essential
grounding and background to a possibly foreign field. A historical background of SGs is
followed by specific sections that focus on the domains related to this Thesis and present
an extended review of the available literature for these domains. SGs have exjpaaded
very broad range of subjects and thus this section does not intend to serve as a
comprehensive text, rather a focused introduction to selected domains relevant to the
Thesis. For further readings the reader is advised to[3eand[8]. The structure of the
chapter is visualised in Diagra@below:

Serious Games (general overview)

ALiterature Review on:
777777777 Virtual Reality Simulations”
The Solar and Guidelines for the
Soldier Integration of Photovoltaic
Technology on the Modern

AHistorical Origins (section 2.1)

Aoverview of the application
domains (section 2.2)
ASGs in Education domain

———————

ASGs forsustainability Project Infantry Soldier
promotion/awareness (I i A ’
oCs in Defence domain | Aiterature Reviewon:

\\

Motor Serious Games for hombased,
Rehabilitation rehabilitation of motor control |
Projects |

\ Joo N )

Diagram 2 Chapter Structure

!
1
1
1
1
1

2.1 Historical origins
The definitions of the SG concept have been presented in the previous chapter. As a

standardised terminology does not exist and there is still debate on the definitions among
scholars of the subject, this Thesis will follow the oxymoron t&emious Games as defined

by [1] and[3]. However what can be realised is a historical retrospect of the concept. A
guestion that rises when one should attempt to historically define the origins of SGs is:
when was the first time that\&G was used for purposes other than merely entertainment
[15]. Nevertheless, a research in the literature indicates that the term SG is useddoang

the evolution olVGs and according t®jaouti and Alvare415] with ameaning close to

the current. The book @lark Abt[16]ent i t | ed fASeri ous Gameso
digital games to be used in education. Another example, again presented in the study of
origins of SGs bypjaouti and Alvare [15], is the book oflansiewic417] where a non

digital game supports the education on the subject of politics. Nevertheless, the current
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trends and penetration of digital technology in the market nowadays has restricted the
definition of SGs to onlyGsand digital forms. Therefore, a historical throwback of SGs,

as defined currently, has to match the moment of time when the first digital game was used
for purposes other than entertainment. Although that can be blurryaashdohdefine, the

work of Djaouti and AlvareZ15] sheds light on the mattenith an extensive presentation

of early originaMGs used for serious applications and for a variety of domains. The reader

is encouraged to refer to that source for more information on the nfatt¢hermore
ZydHdmassively cited publication is titled fAF
to Gameso which outlines the ,hnitsetsamei c al s e
publication, mentions the importance of VR into the games industry and the parallel
relationship of the research fields that influence each other. The author also suggests that
VR researchers should align with the research field of SGs as this interdisciplinary action
will enable a wider audiencélore than 40 years after the initial SGse number of
commercial or researaielated games developed is immense. An inventory of the genre
would even be impossible if would one include all domains and application areas. This is
another indication of the importance of the area and the poputagéyned in the recent

years. As the range of domains and applications is so broad, this Thesis will only present
the stateof-the-art and current trends in the domains closely related to its scope. Those,
namely, are Education, HealthcabBefenceand Eology-Sustainability. Thus, following

is a presentation of the aforementioned domains with a series of examples that illustrate the
conceptual embodiments of SGs for each of those areas.

2.2 Overview of the application domains

SGs have been known for beingry engaging and fun in the process of learning and
knowledge transfer. Therefore, SGs render as a very useful tool to be used in any
educational environments and audiences, varying from a primary school classroom to a
corporate induction training faciitor military training environments. Nevertheless, their
effectiveness is not established, as according to a series of scholars, there is lack of
empirical evidence and consistent research mefi8d$19], [20], [21]. There is a certain

level of agreement irhe literature that this due to philosophical issudsor examplethe
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lack of consensus on terminology and definitions and the overlap of domains or the lack of

a taxonomical stratification of game attributes and their relation with the outcomes of SGs
are some of the reasons of inconsistency in the research area of SGs. Once the outcomes
become measureable and quantified, one would be able to conduct research on the
effectiveness of any type of SG (or gamified experiences in general, as a futuredtep) a
decide as to whether that game or learning experience provides a suitable environment for
knowledge transfer and is worth migrating from conventional types of learning to this novel
approach. However, the theoretical basis of SGs is still in nasces# phd research on

each specific casgtudy of SGs is bringing the field one step forward as the results of each
study expands the knowledge and increases the span of available literature. Although there
is criticism on the extent of empirical evidencelom effectiveness of SGs, there is a range

of studies that demonstrate positive results on the usefulness of SGs in edlitgtid4],

[22], [23], [24]. A very significant factor that affects the acceptance of SGs is the rapid
development ofVGs technologies and multimedia platforms available which have
penetated the market over the last-20 years. This factor is the reason behind the high
computerisation of our world and the exposure of children and young adults to technology
form a very young age. According [tt2], the generations that were borrthiis digitised

era can be referred to as the ANet Generati ol
is only a hint of the success of SGs and does not provide an a priori proof of effectiveness.

It clarifies, though, why the recent generations arey veceptive to SGs as novel
educational tools. Moreover, the growth of the multimedia industry and rapid development

of novel software and hardware tools, enable the customisation of SGs to match each
specific audienceds r eucomes.énmwativte svays of @, ci f i cat
realised by the use of game sensors such as the Nintendo Wii, Microsoft Kinect, Sony
PlayStationMove or Google Glass ardculusRift, outline unprecedented game design
guidelines[20]. These novel approaches to design of SGs and theirctbidstcs[21],

[25] will maximise the effectiveness and facilitate the optimisation of the desired outcomes.
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As mentioned above, this sien presents a series of successful examples aneb$ttite

art for the areas related to the scope of the Thesis. This presestaiien tqrovide a
background presentation to a broader audience and moreover to proceed one step forward
to identifying the overlaps of the area leading to an establishment of SGs as a
scholarly field. The domains examined, as mentioned before, are the ones closely related
to the theme of the Thesis.

2.2.1 SGs as an instructional paradigm in education

SGs suggest an alternagj fun and engaging means of learning and transference.
Therefore, their application in any kind of instructional education is apparent. This section
presents the application of SGs in the instructional paradigm with a series of games for a
variety of stolar subjects. These subjects can range from school modules as Maths,
Science, Language and History to undergraduate modules or even corporate and business

training.

The development and proliferation of 3D multimedia and virtuallds platforms, such as

Active Worlds, has served as an online repository of assets for SGs development in a
number of case studies. Active Worlds is a free VR platform where users can design 3D
worlds collaboratively and are available to any user of the platform. Active Walds h

helped to provide a subjeftee development of immersive games for dagnain. Dickey,

in his researcl6], presents two case studies using Active worlds for distant education of
undergraduate modules. Apart from the use of online virtual worlds, there are a vast number

of custommade games (or custom expansion set for commercial games) for instructional
learningwith the leaders of the field being the educational games. In their recent review of

trends in SGs for educatiofoung et al[20], present a subjetiased metanalysis of the
educational SGs. The studies reviewed includ
of Zoombingd by Harris et al.[27]wher e t he authors concluded
interactions are improved by gdalcused gameplay. Another example is

ADiIi menxi an/ Maywo[28], evmich compared the learning outcomes among

students playing the game against conventional lectures and found that they increased by
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7.2%. Along the same lines, thudy ofKebritchi et al[29], again presented in the review

of Young et al[20], found the maths game ADiIi mensi onMo
performance as compared to conventional educational approaches. Yet another study that
showed better performance among students playing the S@ dami ASTRA EAGLEO
showed improved performance of the gaming groups as compared to i)@ming peers

[30]. Another interesting study is the oneAynetta et al[23], cited by botH19], [20]in

their reviews, where the authors investigate the effectiveness of SGs on learning outcomes

of genetics. The use of the AMEGAO set of
engagement nevertheless it did not show iBggmt improvement in performance.

Therefore, the authors here also suggest a more thorough investigation of isolated aspects

of SGs. A gaméased learning framework is proposed by El Rhalibi §8&l, [32] and

in a paleontological background as an application paradigm. The authors propose a
constructivist theory, model and applion for the design and development of SGs which
introduce dinosaursoé6 science in VR as an apfy
how to respond to current challenges of providing gimgplearning experiences utilig

the technological advance§today.

A biggers cal e project, including 18 <countries &
Atl antisdo as part of the Atlantis Remix Proj
educational taskf33]. The extensive research on that project providédeace of the

usefulness of games in learning. However, the lack of consistent investigation of the matter

on a higger scale and not isolated in thespecific studies renders the evidence insufficient

for one to conclude on the effectiveness of SGsstruational learning.

The conclusion to be drawn by the review in the literature regarding SGs and education is

that although SGs show a tendency to be exceedingly engaging and fun, there is a shortage

in empirical evidence on their effectiveness and ection between the SGs and
performance. This fact can be extrapolated to instructional learning in general as the
principles are similar. In the authoro6s opin

more crucial to that end, as the quantificatioroofcomes cannot be realised unless the
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elements of the game are clearly defined. Another aspect towards a consistent taxonomy is

the stratification of the types of games for education. In their work, Tand&tjapreent

a taxonomy of games for learning. They describe the digital games as an entity and

differentiate them from games for learning in the aspects of rules, gameplay and culture.

Furthermore, they present the existing terms describing games for leandctassify

their relations and scopes in the following Venn diagf@igure?2).

EDUTAINMENT
Research area

. DIGITAL GAME- )
/ BASED LEARNING | (0
i ' SIMULATORS

software
- SERIOUS
GAMES

Figure 2 Venn diagram of types of GameBased Learning[34]

2.2.2 SGs for Sustainability promotion / awareness

Theeved ncr easi ng n e e dendrgystarvingsoceety is widely teavghsed 6 s

nowadays. Nor is the need to seek for alternative and sustainable solutsungoi@ssing

this HAhungero. There is a widespread recogn
sustainable environment. Hendeis an essential requirement to dissemirgtstainable
Development (SD) to all aspects of society. This is becoming more anctraoi@ since
the depletion of fossil energy deposits and

resources.

At this pdnt, the advantages of SGs seem very fitting to the aforementioned scope and

have the potential to become extremely beneficial towards that target. As presented in

Chapter ] the benefits of SGs enumerate among others the increased engagement and fun

elemeants as well as their immersive nature and cost and resources effectiveness. These
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elements enable SGs to play a significant role as a message spreading method to activate
ecological awareness, or to address the development of sustainable practicescgnd poli

strategies through simulations.

The list of customised games for SD, by a quick research on the available literature, is
extremely long which for many observers can be rather surprising. The popularity of such
a genre of games lies beneath the groupdiements of SGs. Games for Good is a term
that is frequently used to refer to SGs with such targets and SGs for SD could not be more

fitting to such a description.

An online search for this genre results in a vast collection of games, either reskedech re

or of a commercial nature. The webstgamer.orglists a huge variety of green games

on subjects ranging from agriculture to energy and conservation or natural disasters and
pollution game$35]. Another online repository that enlists SGs for SD is the inventory of

the Serious Games Association. The online directory stratifies the games according to each
market, with Games for Good being the niche for SD gdB®s In regards to academic
research on the subject, two recent surveys have been identified that classify SGs for SD.
Katsaliaki and Mustafef87] list 35 SGs for SD among which include: Stop Disasters!,
Climate Challenge, Electrocity, EnergyVilléd 8orld Farmer and Catchment Detox. The
games were classified according to the playe
of game, the graph technology utilised, availability and target age. Another
methodological approach towards a taxonomy of SGs for SD is thatrakou and Sakka

[38]. The authors here classified SGs for SD according to the learning and pedagogical
aspects and usability levels. The authors identified 34 SGs (agmap of which also
belonged to the collection of games foundHKatsaliaki & Mustafeg37] and organised

them according to a theme. A subset of 18 games appeared with climate change as their
theme, whereas 10 of them were concénvéh the urban environment. The remaining
gameswere concernedvith other themes such as the issues of the deprived world,

resources and waste management, agriculture and natural disasters.
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An example of the application of the recent trends of gantiificas the MEECO project

of Vara et al.[39] where a social networking platform is utilised tows@h engaging

service for SD. MEECO is a platform where people can interact and share their daily
fifigreendo actions engaging in a sort of <chall
Afgreend actions one perfor ms, poimshd/shedrilng r ecy

gain in a pursuit of sustainable awareness and consciousness.

A further investigation of the available SGs for SD shows that apart from the games to raise
awareness and disseminate SD, there are tools and simulation platforms tal Flasemss

the use of available green technologies. These customised SGs serve towards the
exploitation of sustainable best practices and strategies as well as the familiarisation of the

player with the new green technologies. The repdieih and Labiospt0] for the United

States (U.S.) government presents two cases af simt i ons f or SD, name .|l
Skeltad and the HAAge of E ¢ o tbasgdy simulafida s . Bot h
methodologies to simulate environmental planning, hatural hazards and socioeconomic and
ecological interactions while addressing resoumegagement issues. Another example is

the A3D Wild Land Fire Simulationbo, a fire g
Department of Agriculturg]. The simulator is scenarlmased and is used for training and

prevention planning purposes. Finally, another case of a simulation game is the project
entitled ASol ar S o eddvithinrthe punpbsescoli thisvTdhesis. dleen d u ¢ t
simulation platform developed within the boundaries of shiglyis amilitary simulation

for SD and aims to assess the incorporation of photovoltaictéeihology on the uniform

and equipment of the modern amitry soldier through the use of scenario simulations.

Further details on th&tudyare presented in a following chap{@hapter Ill)of this Thesis.

The aim of such simulations is to form a set of guidelines and provide further insights on
the use, asssment, evaluation or effectiveness of green technologies and sustainable

policies.
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2.2.3 SGs in theDefencedomain
The advantages of the utilisation of SGs for training and gzamed learning could only

be beneficial in the military context and as suctetitmction of SGs in thBefencedomain

is rather prevalent. SGs have been widely used for different reasons in military education,
varying from decision making and battle simulations to military history and business
management. A group of advantages fhailitate and promote the popularity of SGs in

the military domain include:

Cost effectiveness as regarded in consumables and operational manpower, optimised skill
acquisition of personnel, replication of a wider range of scenarios in terms of opérationa
environments, interactions and equipment, recording and assessment of the sessions into
vignettes for further analysis and reference, high level of immersion and operational
security that in some cases could be otherwise realised and the increasetiomaitizad
engaging aspects of SGs that results in more effective trajdibly.[42], [43]. Prensky

[44] also argues thahere is a perfect match between game players and army recruits;
another reason behind the popularity and success behind the military cohort of SGs. The
same author redirects the reader to the webpage of U.S. Military games for over 50
examples of the garmeemployed by U.S. Department of Defeipd®]. Another group of

games used again by the U.S. army can be found on the website of U.§48Inkhe

games presented there, comprise a group of games with various outcomes, from target
practcing to full combat simulations. Among them, the arguably most popular military
SGs ever produced,[3].Atis the offi@aboslinefganme yauntchétA )

2002 by U.S. Army to deliver a training platform reflecting aspects ds,sidthnology

and career development of a U.S. Army soldier but at the same time attract new recruits as
it is publicly available. On the other side of the pond, the U.K. army is not left behind.
According to[42], the UK Ministry of Defence has adopted the use of SGs as an important
asset for training, following the 2008 report on teeategy for simulations. The
modification of commercial games has been taken into account to adapustothise
scenarios on demand. An initially commercialitod-shelf (COTS) gameiamely Harpoon

3, was developed by Australian Defence Departmenuser in naval operational and
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tactical training[3]. Examples of COTS products used for spahposes are the Virtual
BattleSpace 2 (largely used by UK army accordinigfj), and Call of Duty, Delta Force

or expansion packs for Civilization Ill. It is, therefore, made clearly evident that the
parameterisation of the scenarios and the customisation of the VR training environment,
according to the individual case and the #ileequirements, are of essential importance

for the SGs in the military domain. This is facilitated either via the development of bespoke
SGs to match the individual criteria and specifications or by customising COTS games as
mentioned above. The pot@aitdisadvantages on the use of SGs in the military context lie
beneath the high costs of the development phase and the restrictions to simulate physical,
physiological or psychological effects (e.g. praumatic stresetc) [42]. For combat
training related applications, the potential use of game sensors as MS Kimbgie
GlassandOculusRift to facilitate a morémmersive environment takes the military SGs

to the next level. The Dismounted Soldier Training System (DSTS) of the U.S. Army is a
great example of immersive VR platforfior training. Heaemounted displays, wearable
electronics and motion sensor systems, which are technologies directly aligned with the
technology used in modern COTS game sensors, are used to transfer the user to a virtual
environment where everything can happen according to scenario requirements and
operational deploymentgl7]. The U.K. MoD, on a similar project, has launched a VR
platform for the training needs of parachute troops. A fully immersive approach with state
of-the-art equipment, including mock parachute stand aeadmounted displays, is
supposed to bridge the gap between early stage training and live jumps by providing a safer

environment for the operating officg48].

Apart from combat and operational training and as aforementioned, the military interests
extend to other areas; one of which is SD. Hence the project Solar Soldier, pré@sented
more detail in a flowing chaptéChapter I1l) was conducted with the funding of the U.K.
MoD to assess the issue of huge load and bulky equipment that the modern infantry soldier
has to carry in operations, most of which consists of batteries. Tloé iesewable energy

sources and SD is becoming a popular subject and of great interest in modern military.
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2.2.4 SGs in the Healthcare domain
A very promising and significant domain for the utilisation and exploitation of SGs,

commonly admitted, is that of ldihcare. There many potential applications in that
domain, in a great diversity of application types and embodiments. A review in the
available literaturd8] reveals a massive number of research studies employing SGs in
healthrelated applications and it is considered a ¥asy growing and significant area of
research. According to Ben Sawyer, founder of the Serious Games Initiativid] jsthe

domain of Healthcare will be the prevalent subject domain for SGs in the forthcoming
years. In the case of this domain, the popularity and attemetss to researchers and
developers is due to multiple reasons. One of the reasons is that along with the exploitation
of the recent advances in graphics and 3D multimedia, the field of hekgted SGs offers

a perfect opportunity to exploit the utiligzn of the hardwareelated advances such as the
development of innovative game sensors and motion capture devices. As mentioned again
before, among the champions of these developments are the Nintendo WiiM8te
Kinect, Google Glass Oculus Rift, Leap motiod and STEMD systeni by Sixsense. The
reverse engineering of a number of those sensors enabled the customisation and tailoring
of games for individual requirements and specifications, thus aiming to the specific motor

abilities of different patientohorts.

The breadth of the range of categories that SGs are used in the Healthcare domain is another
indication of their success within that field. According to the reviewslicbak[42] and

Susi et al[8] the subject areas of SGs within healthcare can be summarised:

2.2.4.1 Exergames

The term exergames is a portmanteau of the words exercise and gamedt id @hetous

that their aim is to provide a physical exercising environment whilst keeping the player

engaged and entertained. A series of COTS games met huge acceptance and success with

! http://www.nintendo.com/wiiu/accessories
2 http://www.xbox.com/erGB/Kinect

3 https://www.google.com/glass/start/

4 http://www.oculusvr.com/

5 https://www.leapmotion.com/

8 http://sixense.com/wireless
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the most popular being the Wii F[#9], [50] and Dance Dance Revolutfoji0]. The
platform of NIKE+ and the mobile applications that come with the motion sensor is a
recent example of gamified exercising. The term exergame d@&s Used in research
studies regarding rehabilitation of motor degenerative diseases. Nevertheless, these types
of application are included in the context of rehabilitation games in this Thesis. Exergames
are defined as the games to promote the physitigitees and healthy lifestyle and on the

same time entertain and engage the pldgéj.

2.2.4.2 Educational and training simulation and games

The training of personnel in the health care domain can be extremelyeifsttive as

well as hazardous in many cases. The training of new surgeons is a classic example of such
case. The risk of training implications is very high and an immersive environment offers a
great solution to that issue. A systematic review for thiwg®f SGs is the study of
Graafland et a[52] where the authors present in detail 30 games, 17 bespoke @Qirs3

that are supposed to deliver skills relevant to medical personnel. The subjects range from
simulations of training in acute and critical training, to triage training, to training of

operation steps in immersive learning environments.

Nevertheless, # educational SGs iHealthdomain are not restricted to skills training.
There are a considerable number of games in the field that aim to inform the public on
various related issues. Two examples are FatWorld42¢eand Hungry Red Planet (see
[8]), which are games aiming to inform about obesity, malnutrition and healthy eating
styles.

2.2.4.3 SGs used as tdfor diagnosis, management, recovery and rehabilitation of

cognitive and motor impairments
A broader section of Healthcare SGs is dedicated to diagnostic and management tools as

well as training of motor and cognitive skills to overcome the impairmemnised by

different diseases and medical conditions. Examples of such diseases are, in terms of

7 http://wiifit.com/
8 http://www.ddrgame.com/
9 https://securaikeplus.nike.com/plus/
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popularity, stroke, PD,postr aumat i ¢ stress disordehe (PTSD) ,
SGs developed in this category can serve as a training platfornodaitice skills as
memory enhancement or analytical skills development, or for motor skills with provision
of biofeedback to the physician for a more sophisticated management of the therapy. There
are exceedingly too many a game developed within this stitasenevertheless surveys

such a$53] provide a classification and taxonomy of rehabilitation games[a4idvhere

the authors present a methodological review of the bespoke rehabilitation platforms
utilising the Nintendo Wiimote. The use of bekp COTS game sensors and customised
games is common feature in the majority of the studies and SGs presented in both the
review studies. Twetudiesconducted within the scope of this Thesis have utilised bespoke
game sensors and developed customisedf@Qbe rehabilitation of neurodegenerative

(as PD) or neurophysiological (as stroke) conditions. The game sensor used is the Nintendo
Wiimote and a series of migiames are presented in the chapters to follow. Furthermore,

a more elaborate review of thieerature with regards to that specific subject is presented

in section 2.3, Related Work.

Another popular application is the diagnosis of several conditions both cognitive and
motorrelated.Susi et al[8] cite S.M.A.R.T. BrainGames for children with attention deficit
hypemctivity disorder (ADHD) and a COTS game, Full Spectrum WarrioPTt8D.

2.3 Related Work

The aims of this Thesis, as described in Chalpteonsist of the use of bespoke COTS
software and hardware game technologies for the development of SGs in the domain o
Defenceand Health Therefore, this section serves as the elaborate presentation of the
literature related to the aforementioned aim. This is accomplished in order to ensure that
the work carried out for this Thesis is navEhe following subsections f@r an indepth

outline of the work done by other scholars in each of the aspects related to the research
conducted for the accomplishment of this Thesis. As the subjects examined by this Thesis
are related to the researstudiesconducted in its bound&s, the related works are

organised by subject (namdbefencesimulations with sustainability and serious games
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for motor rehabilitation) and a brief presentation of establyis offered before each review
of available literature. More details on teediesand the challenges they are trying to

admnister are offered in Chapters dhdIV .

Defence Simulations with Sustainability:Virtual Reality Simulations
and Guidelines for the Integration of Photovoltaic Technology on the

Modern Infantry Soldier
Thetype of warfare as well as the humanitarian campaigns we are engaged in rrowaday

uses foot soldiers a lot more, resulting in soldiers having to carry equipment that often reach
and sometimes exceed fifty kilos with several of these including bulky angl hetteries

to power several of the electronic equipment that soldiers use. The challenge here is to
reduce this physical burden on the modern infantry soldier moving towards a-frattery
solution. Thus, the power generation assessment is of vitaltamgerand as the physical
environment is not available for evaluation of the technology and its integration on the
uniform and equipment of the soldier, there is the need of using virtual environments to
tackle the aforementioned challenge.

2.3.1 Simulation of product-integrated photovoltaics (PIPV)for Defence

applications
The use of PV technology for the harvesting of renewable energy is a reality and is widely

employed today. However, this is mainly focused towards house and industry energy
harvesting. Recendevelopment in thin and flexible materials mean that photovoltaic
technology can be integrated into wearable computing and expanded to other commercial
as well aDefence applicationg:ollowing recent advances in the field of thin and flexible
materialsthe use of PIPV for light harvesting and electric power generation has received
increased attention todapevertheless, one of the key issues for the adoption of such
technology is the correct placement (this depends on factors such as location, we&gther,

of PVs on buildings, and other infrastructure ali ahumans in order to maximignergy
generation. VR simulations are a very good tool to fill the gap and provide with a solution
by providing guidelines on the assessment of the incorporatiBV ¢ééchnology. As the

area of interest iBefenceapplications, other available simulation platforms in that domain

can provide a valuable insight to the matter. Moreover, simulations of light harvesting as
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well as studies on the incorporation of PV tedbgi®s on commercial products shed light
and provide background research on the same issue.

2.3.1.1 VR in Defence applications

VR can be utilised for military applications to perform a wide range of simulations. These
range from cognitive and behaviour simulatian battle to ergonomic simulations, all
serving the improvement of the welfare of the modern soldier. These simulations have to
be conducted in a virtual framework often consisting of assets that3Wfgraphical
representations of terrains, human aw&tand objects, as well as weather and daylight
augmented systems. All these elements create a Virtual World on a coivgsaedr
simulation environment. This is of significant interest and importance to research, as it
offers a very useful alternative titg, especially for situations such as this where actual
experiments are not feasible or dangerous to conduct in re@8ifg56]. More precisely,
Chryssolouris et §b7] have conducted research in the area of human ergonomics in an
assembly line and Reef®8] has studied the movement behaviour of soldier agents on a
virtual battlefield. Furthermore, the San{68], [60] project offers a virtual platform for
human ergonomics in military environments and Shiau and [&kjgpresent a redime
network VR military simulation system comprisiraf weather, physics and network
communicationsA similar study of Yin et al[62] investigated the use of VR in unmanned
aerial vehicle electronic warfare including functions of data link simulations, environment
electromagnetic simulations and simulatiafigactical exercisesBlount et al.[63] have
introduced the aspect of physical fitness into simulations for infantry soldiers and others,
such as Cioppa et §64] and Bitinas et dl65] have worked with agefiiased simulations

and their military applications, focusing dmman factors in military combat and
noncombat situations, respectively. Apart from these aforementioned articles, there is a
recently published threeolume edition containing extensive literature on VR and
applications: The PSI handbook of virtual enmiment training and education:
developments for the military and beyoj@®]. The second volume of this text contains
subjects such as 6 Mi xed and augment ed reall

environment component technologiesdéd and O6En
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trainingd. The af or e meyadnsimmuatng humantfaetorsaandi r e
ergonomics, either in the production line or in military environments. However, the
applications of VR humanentred simulations are nmtstricted to ergonomics. The aspect

of Humancentred Design (HCD) that this artidgamines is the integration of renewable
energy devices on the human vesture, and in particular the integration of PV technology on
the uniform or equipment of the modern infantry soldier in terms of light capture efficiency.
2.3.1.2 Simulation of solar light hawesting

Currently, the main focus of PV technology and its corresponding simulations has been on
building and infrastructure applications. The recent developments in the area of PV devices,
as described in the reviews of Parida et[@F], and Chaar et al[68] along with the
introduction of thin films and flexible materials for light absorp{ié@], have attracted the

focus of harvesting renewable energy to huoamired applications as well. The study of

the performace of PIPV of Reich et al.[70] is twofold: firstly, to investigate the
performance and electrical chamistics of the PV device itself; secondly, to study the
effectiveness of light harvesting, which is also the main focus and aim of our work. The
effectiveness of light harvesting depends on the interaction of the device with the
environment, as well as dne type of integration of the PV technology on the product (e.g.
attached on clothing, embroidered or wouso the fabric). The environmental conditions
would require the modelling of daylight and shading in a 3D authoring and simulation tool,
whilst the integration guidelines would require simulated scenarios and results that would

infer the most effective method of integration.

i. Daylight and shading modelling.

With regards to daylight modelling, there have been numerous studies on methods to
maximise solar system outputs per the review of Mousazadeh ef#l]. Moreover, there

are studies on the shading effect of the enviemmwhich investigate the effects of
random shading on PV energy product[@&]i [75]. Apart from research studies, there
have been major developments in the corresponding software industryewyiihtelligent

and complex packages developed for daylight simulations, including 3D Studio Max

27

f

ocC



Design (3DSMD) by Autodesk, which is theftware,utilised in this study3aDSMD was
chosen mainly because it comprises a toolset for animation and becawdedes the
feature of light analysis of a 3D scene, which is essential for a HCD project such as this.
3DSMD also offers extension capabilities through its embedded programming language,
Maxscript. It can thus be used to seantomate the proceduresdescribed in the work of
Paraskevopoulos and Tsekleyé8]. The results of the light analysis of 3DSMD have been
validated by Reinhart et dl(7] and Paraskevopoulos and Tsekleji@ and the software

has been used in a number of other studies regarding light harvesting for PV technology

[70], [78]i [81].

The workof Reich et al[70], [81], [82] describes a method to simulateergy yield of PV

cells integrated on consumer products, as for example apsnlaared wireless mouse, in
indoor scenarios. They used a customised model of lighting system with 365 light sources
so they could manipulate the solar position and have ageptative 368 sky zones. The

3D modelled environment and raytracing techniques were employed to export the PV

energy yield.

Reinders et al.78]i [80] have also utilised 3DSMD to develop a tool named VR4PV that
simulated irradiance for PIPV in virtual environments. This tool enables the assessment of
power harvest for PIPVs in indoor andtdoor applications and for complex and tilted

surfaces and taking into account shadows.

Finally, the work of Muller et al[83] is another study that examines indoor irradiance for
PV technologies through simulations. The software packages utilised in this case are
DAYSIM and Radiance for daylight and artificial light measurements correspondingly.
The simulatios were contrasted with actual irradiance measurements and then the both

software were validated. The use of such kind of software that is not CAD derives a

10 Representing the solar days
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restriction of the complexity of the 3D model and thus is not recommend for complex

objects and tied and curved surfaces.

The above studies have attempted to face the challenge of predicting the power yield of
PIPV or building integrated PV (BIPV) technologies for indoor and outdoor applications.
Nevertheless, all of them have focused on simulatidrerethePV device was in a static
position and none of these has used simulation to analyse the effects of movement on PIPV
light harvesting. Furthermore, no previous work has offered any conclusions or guidelines
on the design aspects of wearable PV devin terms of the lighitapturing efficiency of

mobile agents.

ii. Integration of PV technology on commercial products.

Although the integration of PV technology on commercial products is not a new idea, the
emergence of flexible and thiilm materialshas extended the possibilities of integration

into more products with a smaller scale factor, which can be portable. However, until
recently and as stated by Mestre and D[8H], there have been no guidelines for the
integration of PV technolggon products in the context of either human comfort or
efficiency of energy harvestingrhe authors of this study researched on a series of
sustainable technologies, including PV, and their integration into consumer products.
Although they offer a set alesign guidelines, their conclusion is that there is a need to
develop practical knowledge on how to design sustainable prodihetintegration of PV

on garment and clothing goods has been dealt with in the w@&hafber et a[85]. The
authors of this studyxamine the integration of PV technology in terms of deposition,
energy forecast and power management. The energy yield is extensively investigated with
experiments and the data obtained is analysed to derive the extent of areas of PV required
to supply aange of electronic devices with sufficient energy. This cohort of experiments
is not applicable to rediffe scenarios and thus is mostly restricted to indoor applications
and small devicesWith regards to the design aspects of the integration of PVidéady

on clothing, Schubert and Werrn@&6] havealso presented an overview of flexible solar

cell technologies applied to wearable renewable sources. This, howeusedamnly on
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the material aspect of PV technolodyreport authored by Ashok Kumfa7] presents is

work on Powered Clothing and wearable electronics. This study offers a section on the
intricacies of power generation and supply and refers to it as the most significant challenge
of such technologies. It is proposed that various renewable sourcesdnieed to emerge

a novel approach of power generation with a seamless sourcing. The author also suggests
this approach as a recommended solution for the bulk and heavy equipment that the soldiers
have to carry in military operations and usually mostlysesin of batteries. The use of
flexible solar cells in military applications is also suggested with the use of camouflage for

further safety.

Strategies of incorporation of flexible PV have been the subject of the work of Krebs et al.
[88]. The authors point out that the selection and integration of the PV technology is of
paramount importance and directly affects the effectiveneiseoénergy solution. The
authors suggest and investigate two possible integration techniques, one asoan add
substrate and one as texdiéel integration. The evaluation of the techniques is performed
under the standard testing conditions with simalaseinlight. The results of these
experiments were mainly focused on the mechanical properties of the materials. Along the
same lines, the researchSihgh[89] examines the flexible PV textile soluti® for smart
applications. This book chapter presents the stathe-art in flexible PV textiles again in

a mechanical perspective, focusing on the materials and processes of incorporation. An
overview of the emerging technologies of solar powered elgcs is the review article of

Jia et al.[90] summarises the advances of the field and is offeredrafesence to all

practitioners and researchers of the field.

In their research stugychubert and Wern§86] reference Gemmer, who has performed
experimental investigen on light harvesting under different daylight scenarios and has
calcul ated energy yield for various user pro
construction workerd and gresented qtatfollowihgi f t nur
chapter(Chapterlll), it is proposé thatthese profiles can be very easily modelled (3D

avatars and motion capture) and simulated (light analysis tool, 3DSMD) for all various
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light conditions (daylight system, 3DSMD) and encompassing environments (3D terrain
models). The outcomes of such simulations infer the design guidelines of the most efficient

manner of integration of PV on clothing in terms of light harvest.

The work of Reinder§91] examines in depth the options for PV systems and portable
devices and presents their advantages and drawbacks. Among the drawbacks, one indicates
the lack of PV technology penetration in our society and market. This is mainly due to
limited knowledge ofhis technology by product designers and manufacturers, restricting

in turn the extension of applications for this technology.

Thework, conducted in the Solar Soldier project gmdsented in thi$hesis,aims to fill

in this gap by deploying design guities and a simulation platforto ascertairthe
integration of PV technology on military garments or equipment initially and commercial
products in the future. As already mentioned in the introduction offtiésis the use of

VR simulations is a prerecgite for military applicationsmainly due to the hostile and

extremely hazardous environment.

Serious Games for homéased rehabilitation of motor control
The rehabilitation requirements of various motor impairments, due to neurophysiological

and neurodgenerative diseases, are complex and the prescribed exercises depend on the
severity of the condition and the nature of the disease. The length of the rehabilitation
regime is such that the patient has to endeavour to perform the exercise programiong afte
the hospital discharge or even, in some cases, followlolifg duration. A serious issue

that arises in such lorgaul rehabilitation interventions is the issue of abandonment.
People lose their engagement with the regime and their motivation torrmpethe
prescribed physiotherapy. The elements of fun and engagement, that SGs offer, are
elements that realised them as a potential solution for b@®ed rehabilitation tools. The
issues of congested clinics and budget suppressions is another mveaas the home
based SG solutions for mot or rehabilitation
which are the most prevalent motor degenerative diseases among the elderly. This section

will focus on and present the available literature on this Bpemiea. There are two
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subsections; one for neurophysiological diseases such as stroke, and one for
neurodegenerative diseases such as PD. Research studies on the use of game sensors and
bespoke games for rehabilitation of such motor degenerative disgaspesented and

discussed in each section.

2.3.2 Customised Serious Games and game senstws stroke rehabilitation
In recent years a vast number of studies have examined the use of VR in motor

rehabilitation for stroke. Only within the last few years,réhbave been a number of
research reviews that enumerate the wide range of studies dealing with the emerging
treatment approach of SGs for motor rehabilitation specifically on stroke digese

[92]i [97]. One can realise that the volume of research conducted in this ssibjgeinsive

and thus, SGs appear to be a promising intervention alternative which increases the
motivation and engagement of the patient.

2.3.2.1 Reviews on VR for stroke rehabilitation

An extensive, systematic Cochrane review published by Laver &24l.gathered and,

after the exclusion procedures, matalysed a total of 19 studies of VR stroke
rehabilitation interventions summing 565 participants in 11 countries and between 2004
and 2010. The significance of reviewing the available literature liesdble the conclusion

on whether the use of such kind of technologies and interventions are actually effective, to
evaluate that effectiveness and further develop design guidelines for future practitioners
and game designers. Laver et 2] compare R interventions to conventional
physiotherapy or no therapy at all. They primarily focus on upper limb, gait and balance
and global motor rehabilitation. With regards to upper limb function, which is also the main
focus for thestudyconducted for this Tésis, they examine the effects on outcomes for arm
function and activity. They reference 8 studies that involved upper limb training and of the
total studies that were examined, two used the COTyStationEyeToy, one the
Nintendo Wii and three the GestTek IREX which is a COTS interactive rehabilitation

and exercise system. The rest of the studies examined in this review used bespoke VR
platforms. The authors conclude that there is a gap in terms of empirical evidence of the

effectiveness of VR intervdions and more randomised control trials (RCT) should be
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conducted. It is also recommended that researchers and designers should adopt the pilot
testing as their methodology to assess usability and validity of thpreddct. They also

note that most ahe studies so far, although a lot in number, are mostly fmfeodncepts

and feasibility studies. Nevertheless, they state that the field is developing and very
promising.

A review of COTS available gaming systems for the rehabilitation of the uppes Im

stroke was recently published by Thompson €0al. The authos state that the empirical
evidence for gambased rehabilitation alternatives is growing fast and there is a demand
for constant research synthesis and ragtalysis in order to conclude on the effectiveness

of such interventions and consequently mowsatals the commercialisation of such a
genre of SGs. The inclusion criteria of the aforementioned review derived to a sum of 19
studies employing 215 stroke patients. In yet one more review, the authors state that there
is lack of an evidence base on thteefiveness of gamkased interventions. Finally it is
suggested that researchers and designers should account for the complexities of stroke
rehabilitation by incorporating qualitative data in the process of design and
implementation.

The stateof-the-art in the field of VR and motor rehabilitation pesttoke is the subject of

yet another and very recent review by Fluet and Deli&s§hThe review includes studies

that compare the R intervention with the conventional physiothergpscticesas well as
studies comparing VR presentation and for upper limb and gait rehabilitation. They only
included studies since 2010 and the results enumerated 50 studies from which only 10
fulfilled the inclusion criteria. That fact shows that the amount of research in this subject is
vast, yet not empirically supported. The conclusion of the authors is that the studies of this
field should focus on investigating the efficiency of VR intervention imgarison to
conventional rehabilitatiopracticesas well as the comparison of different approaches in
VR interventions between each other. This research direction will lead to the refinement of
the technologies and their application to VR rehabilitatioterventions for stroke

recovery.
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Finally, Virtual Environments and COTS games in stroke rehabilitation, is the review
subject of Lohse et gP4]. The authors of this review study try to review and ragtalyse
studies of the efficiency of bespoke VRdntentions as well as COTS games for post
stroke motor rehabilitation. The assessment of available literature resulted to a total of 24
studies matching their inclusion criteria. This study is the first to compare the outcomes of
the customised interventis to those of COTS games applied to stroke motor
rehabilitation. The results of the metaalysis showed no significant difference between

the bespoke interventions and COTS games, however the authors mention that the studies
employing COTS games were ttew and of very small scale to draw a safe conclusion.
The analysis of this review also concludes that the efficiency of VR interventions is strong
for customised platforms and promising for the COTS games. Finally, it is pointed out that
VR interventionsshowed an initial benefit compared to conventional therapy regimes.

The review article of Pietrzak et #8], questions if COTS games is the future for upper
limb stroke rehabilitation. They include a total of 13 studies where the use of COTS game
consoles as the Nintendo WitJayStationEyeToy and CyWee were used for pssbke
rehabilitaion. They found the Wii to be the most prominent console used and the one to
appear the most beneficial for the patients. The authors conclude that the use of COTS
games for uppéimb rehabilitation, posstroke, is again lacking in evidence of
effectiveness. However the use of COTS game sensors is encouraged as it is a promising
alternative to conventional physiotherapy for stroke rehabilitation.

Therefore, it is made evident, through the aforementioned reviews of the available
literature, that VR tecltologies applied to the rehabilitation of diseases such as stroke is
beneficial and should be further examined as empirical evidence is lacking in the field.
Other work that needs to be performed in the field is, according to Rahman and Shaheen
[99], is the identification of the patients that benefit from each type of VR intervention, or

in other words the personalisation of the VR regime to the individual needs of the each
patient and rehabilitation prescribed. Hence, the use of customised intervestibies i
mostly appropriate solution towards that end. This fact is also supported by the reviews of

Ortiz-Catalan et al[100] and Bleakley et a[101]. In these reviews of VR technologies
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for motor rehabilitation, the authors mention thatteodsed tasks and personalised
experience with adjustable levels of difficulty have been described as advantageous
features by the majority of reviewed studies as they optimise the motivation and
engagement of the patient.

2.3.2.2 Customised Stroke Rehabilitatianterventions

As mentioned in the previous section, a high number of studies have investigated the use
of COTS game consoles in the context of motor rehabilitation for stroke disease. The results
have shown positive indications in terms of motivation amgagement but it is not clear

and there is no evidence on their efficiency. Furthermore, the requirement of adaptation
and personalisation of the game to match the specifications and requirements of the cohort
of players with motor impairments is suggabstoy the majority of the aforementioned
studies and reviews. The predominant game console that has been utilised either as a COTS
machine or bespoke system is the Nintendo Wii and paraphernalia as the Wiimote or the
Balance boardA number or recent litary review surveys have also investigated the
experimental use of the Nintendo Wii in different clinical settings and collected patient and
therapist responses on its 462]i [104]. These highlight the importance of promoting
better accessibility and more widespread use of affordable-based systems, which on

one land motivate clinical users and on the other hand provide the requiredsetiging

fidelity needed to offer VR based rehabilitation. They also indicate a number of issues with
the commercial Nintendo Wii system as well as current-B&fied VR interventins.
According toLange et al]104] accurate tracking of the pamt is one of the primary
challenges for VR based systems and accordirgeiokensmeyer and Boninggr02]

issues of remote progress assessment and remote interaction between therapist and patient
have to be resolved. Also the amount of information, visual/audio feedback, instructions
as well as length and speed of the exercisesofiem inappropriate for the stroke
rehabilitation populatiofilO3]i [1L05]. It was also noted that several patients had difficulty
holding the Wii remot§l04] due to poor distal limb functigi06]. Lewis and Rosi§lL07]

highlight the importancef user control and therapist assistance and the need for supporting

social interaction through the VR intervention.
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The customised Wibased VR interventions and SGs for pstsbke rehabilitation of upper
limbs can be stratified into three categoriepehding on theechnical methodology
employed for customising the Wii remote technology, namely acceleration data from the
Wiimote only, Wiimote and LEDs as dnfra-Redcamera and a hybrid of the twbhe

vast majority of customised Wii remote strokeeinventions employ one or two Wiimotes
with a reverse engineered Application Programming Interface (API) to capture the patient
motion by reading the Wiimote accelerometer data. A number of algorithms have been
suggested and implemented by various resegmmips to filter these data and map them

to motion to drive either a set of exercises or cudioitt gameq108]i [110]. Since all of

these approaches aint the position of the Wiimote in space using the acceleration data
(that is the change in the linear acceleration apatient moves the Wii remote in space)
they suffer from a Degree of Freedom (DdiR)itation. More precisely these solutions
offer accuracy only in 2DoF as the acceleration data can only determine the pitch and roll
movement. Such systems are therefore more appropriate for gesseck interventions
rather than orn#o-one mapping (kinematic animation) of movement onto the VR

environmat.

Another very common approach for the Wiimote customisation is to use a pair of Wiimotes
with thelight-emitting diode LED) sensor bar or custom LEDs adafia-Red(IR) camera

[111]i [115] to build a lowcost motion capture system. Reflective markers or LEDs are
usualy pl aced on patientds arm or hand and
motion is captured and mapped onto the system display. The limitation in this approach is
that each Wiimote can detect up to four LEDs in space, thus restricting the range of
movement(ROM) and set of exercises that the patient can execute. Also care must be
placed on the angle of the Wiimotes to reduce occlusion of LEDs as the patient moves
his/her arm. This approach requires the patient to be seated and in front and ttlese to
computer monitor in order to capture movement. Also the use of LEDs often requires extra

power supply modules to be attached on patients.
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Wilson[116] and MartinMoreno have proposdd17] a hybrid solution that incorporates
the two aforementioned approaches in an effort to increaseaxy and the number of
DoFs. However this approach also suffers from a limited field of view of employing the
Wiimote as aninfrared camera making it unsuitable for tracking larger motions often

required in therapj110].

Williamson et al[105] have proposed a Whiased system that merges acceleration with
gyroscope data and the Wiimotebds | R.-This sy
type of games (American football in this case) and does not need kinematic analysis and
mapping of usemotion on a 3D avatar as for stroke rehabilitation. The acceleration and
gyroscope data fusion algorithm devel oped
compensate for the gyroscope drift and movement corrections. Their results indicate
improved motionrecognition when compared to acceleration data alone but loss of
accuracy when IR is out of sight.

2.3.3 Customised Serious Games and game sensors for PD

The utilisation of SGs for motor rehabilitation is widely investigated and a vast number of
research stilies examine the use ¥fGs and VR for the rehabilitation of motor impaired
individuals suffering from a broad range of diseaseguding PD According to the review

of Holden [118], VR training appears to have a certain number of advantages in contrast
to conventional physical rehabilitation. The same review summarises the studies conducted
in the use of VR for motor rehabilitation in the following points. Firstly, it is eisfabd

by the reviewed literatur¢hat people with disabilities in fact appear able to acquire motor
skills within virtual environments. Moving on, the motor tasks performed in the virtual
world can be transferred to the real world in most cases. VR kadduend benetial with

regards to motor skills when compared to «wafld physiotherapy. Furthermore, there

was no reporting of negative symptoms (i.e. cydiekness) on the patients in any of the
reviewed studies. The potentials of VR have been exaimby Cherniack[119] in a
rehabilitation context for the elderly with cognitive disorders such as PD, stroke or

Al zhei merdés disease. The same study enumer at
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the availab® literature on each of them to conclude that-bé2ed rehabilitation
frameworks for such diseases can offer a more comprehensive, flexible and safer
environment that will increase the engagement of the subjects with the interventions.

More specifically,in the context of PD, the use of customised SGs and commercial off
theshelf (COTS) game sensors is also examined by a number of scholars trying to identify
the effectiveness of this type of interventions. Sensors as the Nintendo Wiimote,
Mi c r o s o ft, SdngPlaySiatioEye and even simple webcams are among the COTS
mostly employed in the aforementioned studies. Among those sensors and game platforms,
the Nintendo Wii is the one that has been predominately used, due to its Wii Fit title
popularity in ehabilitation studies. The study®figumaran & Prakagh20] suggests that

there is astraightforward connection between simply playing games and dopamine release,
as the latter occurs with every kind of physical exercise. Another research [de&digrt
indicates that apart from dopamine release, physical activity is shown to improve the
wellbeing of patients. Some other advantages of using Wii as lailitian platform are

due to the consolebds portability, as the th
comfortable environment (e. g. thewotk$oddurigds h o me
et al.[122] andDhillon et al.[123], the use of Wii promotes the motivation, especially of

the elderly, as wellsaparticipation in physical activities and social interaction.

A more advanced clinical trial ggerformed by Pompeu et 4b0] has shown that PD
patients usig Wii Fit for certain periods of time improved significantly inified

Par ki nsonds Di @QJBERS esectba 2, winich ref€rs ta the Daily Living
Activities outcome measure. Insinglecaseresearch study b¥ettergren et dll24] the

patient showed improvement in gait speed, balance functional mobility as well as cognitive
aspects, such as depression (in all measureggrandgosttest using clinical assessment
scales for each aspect).

2.3.3.1 Review ofCustomised Interventions for PD rehabilitation

Commercially available games and peripherals like the Balance board, the Wiimotes and
MS Kinect have been widely used for the assessraedt rehabilitation of motor

dysfunctions for PD patients and-bbhirgaer been f

38



seen in some of the aforementioned studies. Nevertheless, the usthefsbilve games

has been shown to be limited or completely inajalie when it comes to patients with
severe conditionfl25]. Specifically, the commercial games may be too difficult for the
patient to play with and thus induce frustration and reduce motivation. Furthermore the
therapist has no control on tRE©OM that is appropriate for each PD patient, limiting the
utility and usefulness of such interventions for the purposes of a rehabilitation session.
From a t her apl26]tofetkesheleerganpes lack thesrequired feedback in
order to track performance or customise the set of exercises or level of difficulty required
to match the individual patientdés requireme
presented ithe article of Vong et al[125] for PD. The specific symptoms of the disease

are taken into account as well as the most common and widely accepted protocols of
rehabilitation for PD. The multimedia system, developed in the aforementioned research,
consisted b an infrared welktamera as motion sensor and instructed physiotherapy
exercises assisted by audio and visual cues.

Customised games for PD rehabilitation were designdlaeistudy of Assad et 4l.27],

where the authors present a number of depigmciples for PDR games. Similarly to
Vuong et al.[125], they propose, the combination of
auditory cues, which are correspondingly the most effective physiotherapy and perception
support mechanisms for PD. Thetimodology presented iissad et al[127] is using a
markerbased webcam motion capture approach utilising $tenyStatiorEye camera and

a set of minigames customised according to the PD rehabilitation protocol.

Another research study utilising iveameras as motion tracking systerthiss research of
Cammuri et al[128]. The system presented in this paper sugdbstsise of videdased
analysis for reatime performance of physical exercises. The platform used is an open
source hardware and software platform, namely-BAsb, and the authors propose and
develop a multimedia system for PD rehabilitation using tlEggim and custom games.

In the paper of Lilla et a[129], the authors indicate the effect of synchronised music beats

to the patientsd movement in the attempt to
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games. The sensor utilisedtiis case is MS Kinect. It was found that there was a tendency

to achieve higher scores when the musical cues were on.

The use of Kinect as a support therapy for PD is also examirthd imork of Sanmartin

et al.[130]. This study focuses on the arm reaching movement and the use of motion
sensors to record for further analysis. It is a mabesed solution as the authors propose

the use of coloured gloves and colour based algorithms as a tracking system.

Another study that utilises the Kinect to monitor and analyse the physiotherapy exercises
prescribed to a PD patientttse study of Martingt al.[131]. This research presents a tool

for the analysis of a range ofecises and movements by providing biofeedback in the
essence of range of motion of the specific limbs and speed, acceleration of movement. As
this tool intends to validate the performance of the exercises, it can potentially be used by
both the patient ahthe clinician.

A bigger scale, reaime rehabilitation system is proposed by the authothénwork of

Yu et al.[132]. This approach involves multiple infrar&tbCapcameras, a wall projector

and visual and audio controllers for the awdigual cues. The design of such system
follows the principles set by prior studiess : usability in clinical
protocol, accuracy of motion capturing and measurements, repetitive and variable nature
of exercises, engaging and motivational and performance adaptable. This approach is a
robust and precise solution to RBhabilitation. It nevertheless suffers from portability
issues, as there is the requirement of a dedicated space for the system to be installed
restricting the options only to clinichlased and not horEased solutions.

Finally, Su et a[133] propose another kdion to increase the motion capacities of the
upper limb of PD patients. Their study suggests the use of VR projdasmad system
coupled with an affordable and precise motion capture system (Patriot by Polhemus Inc.)
utilising electromagnetic field ntimn capturing and a Wii Balance board. The use of
polarised glasses supported immersion to improve the VR experience and a customised
game was employed (catching virtual targets). The effects of speed of VR ball catching

were examined and found to be tethto the speed performance of the upper limbs of the
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patient. The manipulation of the speed by the therapist is suggested to be beneficial for the
PD patients.

2.3.3.2 Review ofDesign Guidelines

When designing games for rehabilitation, it is very importaké&p in mind the variations

in patient ability, both cognitive and motor. Not all exergames or cognitive tasks training
platforms are suitable for the scope of PD rehabilitation which is generally the case for all
cohorts of patients and all sorts of disesand disabilities. The studydafs Santos Mendes

et al.[49] confirmedthe hypotheses that PD patients would show deficits in comparison to
healthy elderly depending on the requirements of the game. Among the 10 WiiFit games
tested for the purposes of this study, PD patients had normal learning and retention
compared to theontrol group of the elderly in 7 of them but had lower performance on
five. Furthermore and after some training, PD patients still could not improve in three of
the games tested, whereas the control group showed improvement. These results indicate
the significance of tailoring and customisation of the games and their demands to align with
the requirements of the targeted group. Moreover, the lack of literature on evaluated
guidelines for PD SGs further endorses the need for such guidelines to facihiatiztiad

and personalisation. As statedlire paper of Gobel et 41.34], the main issuexisting in

SGs in ports andHealh is the lack of concepts for personalisation and the strong need of
engagement with and sustainable use of SGs. The need of adaptation and calibration is also
examined byGeurts et al[135] where the authors presents four SGs tailored for patients
with gpasticity and motor degeneration. Their study derived to a series of results which are
translated into game design requirements and guidelines. Apart from the variations between
healthy and impaired players, the authors point out the huge disparity an@ngtor

skills of the patients. Even with the same individual there can be variation of movement
due to fatigue or relapses. Therefore, automatic calibration and dynamic adaptability within
the game is an important aspect of the design. The same isgised in the study of
Palacio et al[136] where the authors present design guidelines for videogames to promote
leisure activities for older adults. They point out the gap in the gaming industry that focuses

on younger populations and the designs are tailored for a younger demograpbiingxcl
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older adults. The design guidelinbatthe same study suggests is the use of big letters and

buttons to accommodate easier interaction with the elderly and the lack of skills evaluation

to avoid the playetsfrustration in case he/shieey cannot ehieve the objective of the

game. The nomeward nature of gameplay and its influence has been studilee work

of Lima et al[137]. The brain activation associated by freward games is hypothesised

to examine the influence in maotability and executive function in PD patients and showed

positive outcomes. It is demonstrated that the winners acutely showed improved memory

and motor skills. Another research article that investigates the development of design
guidelines for SGs in habilitation isthe research of Bouchard et @I38]. The authors

develop a set of guidelines for developing SGs for Alzheimer patients. The main four

aspects of the design are the appropriate choice of challenges within the game, the design

of suitabbe interactions for the cognitively impaired, adoptability and dynamic calibration

of difficulty levels and effective design of visual and auditory cues for the aid of cognitive

training. The same points, individually or in groups, are found as desigeligei in

studies that focus on PD motor rehabilitation as well.

The key design elements for VR games for movement rehabilitation are summarised in the

review ofLewis & Rosie[107]. The review otlines the studies that have developed SGs

for rehabilitation in a user centric manner,
and feedback into a central point. The key patterns found in the reviewed studies (mostly

stroke and cerebral palsyént venti ons) as well as the author
lead to a set of key design suggestions and themes. The sense of control by the player, the
feedback in terms of score and success experience and the element of adoptability to
constantly chilenge the player to reach their maximum capabilities are among the most
dominant themes. The authors mention that although their review is restristezkaand

cerebral palsyt is high likely that the principles will be fit to other cases (e.g. Pi2) a

recommend the further investigation of usee qui r ement s 6 capture toc

maximum effectiveness and engagement with SGs for rehabilitation.
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Summary

The application of SGs knows no restrictions in terms of relevant fields. The most popular
fields of application are presented, as a general overview of the field for a broader
audience, in the first part of this Chapter. Moving on, the literature available related to the
work of this Thesis is presented and orgadifocusing on the specific gatts of this
Thesis. Firstly, the related available work done on VR simulations for sustainability and
PIPV is offered. The works on simulations of sdilgint harvesting, and in particular
daylight modeling and the integration of PV technology Defencebackground and on
commercial products is investigated and asatly Finally, the literature review of SGs
and VR platforms for motor rehabilitation is presented with a focus on the ceatiomi

of interventions for stroke and PD utiliey bespoke gamgensors such as the Nintendo
Wiimote.
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CHAPTER llIl: SERIOUS GAMES AND SIMULATIONS FOR
DEFENCE APPLICATIONS FOR ENERGY SUSTAINABILITY
Problem Description, Proposed Solution and Implementation

Abstract:

This chapter offers a more detailed insightthe subject &erious Games and Simulations
for Defence applicationfor EnergySustainabilitypy presenting the work conducted under
the Solar Soldier project. The project examines how digital economy and in particular
Virtual Reality Simulations acoomodate the development of guidelines for the integration
of photovoltaic technology on the modern infantry soldier. Following the related work of
other researchers from various fields presented in a previous chapierchhpter
particularly emphasiss @ the methodology adopted for the design and development of a
VR simulation platform to assess the aforementioned problleenstructure of the chapter

is visualised in Diagran3 below:

Problem

Implementation
Description

Asimulation
platform
(Section 3.3)

Aintroduction

AViethodology (Section
(Section 3.1) 3.2)

Aexperimental study of
accuracy (Section 3.2.1)

Diagram 3 Chapter Structure

3.1 Challenges ad opportunities for sustainable practice in modern
military
Despite modern advances in military technology, the infantry soldier continues to play a

significant role inDefence In the age of stealth jets, nuclear munitions and guided
weapons, it is stilthe infantry soldier that examines and secures a location to ascertain
whether the target area is cleared and the enemy is defeagethotlern infantry soldier
utilises the electronic technology and resources available today, in order to penetrate into
hostile and difficult terrain, where armoured vehicles cannot penetrate and overcome the
enemy. The power requirements of such electronic technology, critically essential for the
modern soldier, are much higher when compared to the power requiremenisiliira c
counterpart. Furthermore, the environment of operation is far more hostile and challenging
than those of the civilian applications and the loss of power may endanger the infantry
sol dierés |life. That i s t he fbatteiies consgdirgyo n

nearly 25% [139] of the overall equipment load (including lethal, survival and
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communication). Owing tthe aforementioned fact, there is an uncontested restriction of
maneuverabilityand operational range, as well as a significant burden, both physical and
cognitive. The recent advances in the field of sustainable energy, and particularly the
innovative fexible and wearable photovoltaic (PV) technologies, could offer a potential
solution to this issue, by removing, or reducing to a great extent, thef baderies. The

Solar Soldier project, which is partly funded by the Defence Science and Technology
Laboratory (DSTL) of the MoD in th&K and the EPSRC, investigates thesearch
challenge. The work conducted withihe projectis presented in this chapter, which
focuses on how one could igrate the PV technology epitonmig the Solar Soldier
concept fom a human interface and design perspective. The objectives of this challenge

are the following:

1 To assess the incorporation of the PV technology on the uniform and equipment of
the infantry soldier;

1 To accurately measure and evaluate its effectivena@ssufa of light captured
under various scenarios) taking into account usability (human comfort,
intuitiveness).

1 To assess the effectiveness of each area (amount of power generated under various
scenarios) as well as to investigate the areas that yieléthe gower values all

over their extent for further research on usability (human comfort, intuitiveness).

The review of the available related work, presented in Chépteas ascertained that the
abovementioned aims are not fulfilled by any other rebesttady upto-date. Moreover,
there is a need for a cesffective, safe and realistic VR environment for PIPV simulations
that will enable the assessment of that technology in order to determine the best pfacti
integration and thus tackle the problefrthe bulk and heavy equipment that the modern
infantry soldier has to carry. The use of VR simulations for PIPV on the infantry soldier
and for a variety of military scenarios is a novel application of VR simulations and SGs
proposed by this Thesis. Winelesigning PIPVs, the challenges that arise are how and

where to integrate and furthermore how effective the integration will be in terms of energy
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harvest. The proposed platform of this Thesis utilises VR simulations to address the energy
harvest of thé’IPV integrated on the infantry soldier and simulates the power generation
under a variety of operational movement styles (animated avatar) and military
environments. This challenge that has not been investigated by any other research so far

andthisThess i s the first to examine it to the be:

3.2The Simulation Platform
The problem statement presented in section 3.1 requires the employment of a virtual

framework that is able to conduct a number of experiments and collect meassreme
which are impossible to collect due to the hazardous nature of the real environment. Thus,
to enable those experiments a simulation platform is developed with-bysségp wizard

to assist the user to choose between the various options of equiprmpentf landscape

and daylight conditions. The methodology employed for the developmgm simulation

platform, fulfils the requirements set by the objectives is Modelling and Simu(Mi&8)

[140]. The application of M&S presented in this chapter is aimegb@ltying an existing

feature of a 3D authoring commercglo f t wa r e, 3DSMD, bydestsnHirdg Sts
capabilities and applying it to simulation of daylight for sustainable energy applications of
military interest. The lighting analysis system of 3DSMD will be employed in a virtual
military environment framework. Nevertheless, before the development sintiation

platform, the software plugin is validated against real sunlight measurements in order to
facilitate the accuracy required for the purposes and conditions stiidiye Only after the
accuracy has provided proof of concept, was it possible te@ oo with the design of the

light sensors. These are offered in the design assets palette of the software and are attached
to specific areas of the soldierés uniform a
technology. The Block Diagram &figure 3 illustrates theoverall adopted methodology

of the Solar Soldier project.
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Figure 3 Block diagram of the adopted methodology

This chapter, as depicted the Chapter structurecovers the problem description, the
proposed solutin and the implementation of the simulation platform. Within the proposed
solution, theexperimental accuracy studly presented isection 3.2.Jbelow along with

the resits as a proof of concept and an experimental stfdgystemaccuracy. The
evaluation of the simulation platform as well as the results and discussion are described
and offered in a following chaptéChaptenV).

3.2.1 Experimental study of system accuracy

The experimental study of system accurafy the 3DSMD lighting analysis tool,
especidl in outdoor conditions, forms an essential and a significant task in the project,
since the aim is to ascertain how close to the actual condition would be the proposed
simulation platform. As alreadyentionedhe software that fits the requirements aasle

the appropriate extension capabilities are Autodesk 3DS Max and Max Design tools,
especially as the lar offers a builin light analysis tool. The light analysis tool is based

on the ExposureTM plutn and it has been so far mainly employed foeiiiar light
analysis by architects and interior designers. There is also a validation study conducted by

Reinhart and Bretof7 7] at the National Research Council of Canada (NRCC) but this also
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mainly focuses on an interior scenario with a very brief and unsystematic validation in an
external codition/scenario. Thus the utiison of the tool for exterior use haetrbeen
widely used and there is a lack of thorough and systematic validation studies focusing on
outdoor conditions.

3.2.1.1 Experiment Methodology

Theexperimental study of system accuréaythe 3DSMD lighting analysis tool could be
satisfied only by providingwo essential requirements. These are access to light intensity
data measurements (measured in lux) of a particular place, with long time intervals defined
(e.g. days or months) and the precise 3D CAD model of this place. Thankfully for the
purposes of tis study, Brunel University runs two projects unrelated to thisftiidt the
aforementioned requirements. Light intensity data are collected on a daily basis since
October 2006 by the weather station of the SunnyBoy project conducted by Choetdhury
al. [141]. The aim of this project is the data acquisition and performance analysis of a PV

array installed within the Brunel campus asstrated irFigure 4.

Figure 4 3D model of Brunel University with the weather station location

The next element towards this study is the 3D model of the campus. Accurate models of
this are also available from a past project nfri2l University. Therefore, the basic toolset

of the study is acquired and the next step is the modification of the simulation setup.
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3.2.1.2 Simulation Setup
A number of scenarios have been set up for this study. These scenarios cover all the possible

requireddaylight conditions, which are three. Namely a sunny, a partially cloudy and a
cloudy day.For this purpose, three corresponding days to those conditions were chosen.
These days were selected based on weather forecastbserdation and light intensity
values collected with the proper equipment (lux meter) on site duringghdgailar dates.

The investigated scenarios are defined in Table 1.

Table 1 Lighting Simulation Setup Scenarios

] Daylight

Scenario Condition pate
SC1 Sunnyday OEIuneseio
. pama(ljlgycloudy 25-October2010
scs Cloudy day ~ *7NJFomPer

2010

3.2.1.3 Lighting Analysis Rendering Setup
The light analysis system requires a virtual sensor to be designed in the scene in order to

yield results for this sensor. Thesather station is located on the spot indicated by the red
star in Figure 4. Therefore, a lighting analysis sensor (Light Meter) is designedexacthe

same spot with the corresponding area that the measurements were conducted. The lighting
analysis in BSMD uses mentalay to simulate physical lighting, thus the accuracy of the
results lie beneath the precision of the rendering settings. The lighting analysis assistant by
ExposureTM plugn provides a Lighting Analysis Render Preset of adjustments éor th
parametrs of the simulation. It utilss the mentaday raytracer with the method of
backward raytracing and with Raytrace and Final Gather setting enabled as referred in the
Functional overview of mental ray v1.5 by mertahgeg142]. The only modification to

that preset, required for reasons of presentation, is the scaling of theif\mdly&alue

Colour Coding. The minimum illuminance value in lux is O which corresponds to darkness
and the maximum is set to 120,000 lux which is the typical maximum illuminance value
for a clear sky daj143].

3.2.1.4 Lighting System Setup

The lighting system has to be setup too. AlthoBGYsMD as mentioned above utds

ExposureTM plugn for lighting analysis, there have been some studies such as the study
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of Reich,[70] that adopt a different approach, scaling visible light to yield energy levels.

In the case of this study, the lighting system of Exposure islusedploying the Perez

all Weather sky model as mentioned in both the daylight simulation guidelines by Autodesk
[144], [145] The daylight system in the setup is the mr Sun and mr Sky and the longitude
and latitude of the landscape is set tdb3285° and0.47283° respectively, which is the

exact position of Brunel University.

3.2.1.5 Material Adjustments

Another simulation parameter that has to be adjusted, according to the Daylight Simulation
guide provided by Autodegk44], [145] are thematerials of the 3D objects as these define

the optical properties of the objects. The only applicable materials for lighting analysis by
default are the mr Architectur al Design mat e
the study by Reinhalifi77] these materials are complex in terms of parameters whilst
accuracy lies in the detail. In an outdoor scenariothikeone examined in this experiment,

the light values are far higher than an indoor scenario and shading is less, consequently the
accuracy of results is not highly material dependent. Thus, materials that match the optical
properties and colour of thetaal arditectural structures are utidid. These include the
effects of reflectance of solar rays on the surfaces as accurately as possible. Furthermore,
in every scene object a map is assigned, which increases the precision of the optical
properties in omplex materials like the camouflage and vegetation. The map assigned
along with the appropriate shader will provide the object with the optical properties
required.

3.2.1.6 Accuracy StudyResults

The resulting values of light intensity acquired by the individiralulations described in

the sections abowae plotted in graphs and contrasted with the actual values acquired from
the weather station of SunnyBoy project. For the three different scenarios of the study there
are 6 plots compared in pairs resultinghee graphs as illustrated in Figures 5, 6 and 7.
The Y axis represents the illuminance values measured in lux. The higher the lux values
are the higher are the light intensity values that reach the PV panel. The X axis represents

the time of the specifieday. One may niate that across the threigdres(Figures 5, 6, 7)
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the overall time duration varies by a few hours. This is due to the specific date and season
that these measurements took pl&a®. instance the measurement of Figure 5 was taken
placeduring summer, whereas the one in Figure 6 is in winter, where there is light for less
parts of the day. The values demonstrated in the figures are taken on a five minute interval.
The changes seen in the lines (peaks and drops) simply illustrate thet afrain in lux

that the measurement devices record and simulated in 3DSMD. Thus if the sun is on the
middle of the sky with no clouds obstructing it there is a peak (high lux value). If on the
other hand there is a cloud passing between the sun amgdseirement unit the lux level

drops.

The results clearly demonstrate that for any outdoor daylight condition scenario the lighting

analysis tool of the 3D software yields values of light levels extremely close to the actual
measurements. More preciselydafor sunny days as illustrated inigdre 5, the values

generated by 3DSMD and those of the actual measurements are very much the same. In the

case of a partially cloudy day, as illustratedfingur e 6, 3 DSMDO6s values a
the actual measurem¢ s f or the majority of the dayobs
di screpancy during ten to one o6clock betwee
this is in the range of 50lux at its peak and it is thus a negligible amount to take into

consideration.

For applications that require long term analysis of light levels as for example a study of
light levels for PIPV at a particular place and for a given long time interval such as a whole
day, the approach adopted by this study derives to qualitative résulthier words, the

requirements of light level analysis for PIPV
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SC3 - Cloudy Day (17- Nov -2010)
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Figure 7 Scenario 3i Cloudy Day

applications can be substituted by the virtual tool offered by 3DSMD and ExposureTM.
However, the complexity of this tool added by the compound procedures of rendering and
analysis are an obstacle to users or scientists who wish to employ a virtual tioeir i
projects. That is one of the essential aims of the project to which this study is part of.
Utilising the design and development of a Graphical User Interface (GUI) we aretérying
solve this aforementioned issue and santbmating and simplifyinghe procedures of
virtual lighting analysis for outdoor applications of PIPV. The GUI will offer the uset

the capability to synthesisand modify in few simple steps their landscape and weather
conditions and furthermore to ansdyand infer safe, gsoved above, results for further

statistical analysis and planning of the applications.

3.3 Implementation of the light analysis platform
Moving on to the main purpose of this project, the simulation platform is assembled

according to M&S methodology very siarly to theexperimental accuracy stutlyat has
been described in th@recedingsection; however engaging a more complex set of models
and daylight conditions. The software consists of a light analysis plugin, which is the tool

extended tdulfill the equirements of the present study. The main purpose of the light
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analysis plugin of 3DSMD is for building light assessment and is mostly used by civil

engineers. The aim of this study requires light analysis ofstatic sensors attached on

t he

softwarebs

s o hifdrm eanddegjuipment. Therefore, a script was developed using the

APl (Maxscript) that enathd es

diagramof the algorithmwith Top-Down development approach depicting the various

components

Caleulats illuminances for
animatsd scene and stors in
CEV fil=

1
l l

P l l

Export dats to

CSV fil=
Obtair Obtain Obtain Caleulats forrnat
Jumbar o Mumbear of Time snd Lichtmeatars
Framas i1 Lightmatars Diate of the lliminanca
the scans in tha scans sCame valuas

Following is the assembly of the simulation platform. The platform consists of an animated

Figure 8 Top-Down approach diagram of the development

human avatar, namely the UK infantry soldier, various terrain types and a virtughtlayl

system. Thereforethe initial stage of the methodology is to acquire all virtual assets

required for the scope of tineodelingand then the second stage includes the manipulation

of these 3D assets together. These have to be manipulaeeling saling, texturing,

animating) in order to fulfil the requirements of the planned simulation scenarios. Then all

the assets are merged together. The 3DSMD daylight system is set up and the light sensors

are designed. This completes the virtual scenes readgirhulation. The simulations

output raw data is in comma separated value (CSV) form, which then can be easily

transformed to spreadsheets and importéddtiabfor further analysis and presentation.
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3.3.1 Modeling
The final outcome of the modeling processa igirtual military framewaork that includes a

range of virtual terrains, a human avatar afiods (animated clips) combined together

to form each unique military scenario as depicted in the figures below (Figd@sl2):

Figure 10 Forest scene
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Figure 11 Military camp scene

The modeling process involved several stages, as depicted in Figure 3. In the first stage,

the environment models required ftire various scenarios are developed or acquired

through online 3D resources. After all assets have been selected, the separate models of the
human avatar and terrain models are manipulated and merged into unique scenes along

with the daylight system arttie other assets (virtual sensors and animation clips) to form

the unique scenarios. Similarly to the setup ofabeuracy tesexperiment, the modeling

of the simulation platform has to abide with certain technical specifications:

3.3.1.1 The Lighting system

Thelighting system as mentioned in section 3.2.1.4 is the daylight system of 3DSMD. The

daylight system allows the designer to select the date and time as well as the location on

the globe through a selection of cities or latitude and longitude valuepaitisermore, it

provides users with the ability to adjust the sky model by choosing one of the three

following options: the Hazd r i ven model , the Peretze AAIlI w
Commission Internationale de I'Eclairage (CHaydel. The CIE sky supportly the

extreme cases of overcast and clear[§kplwh i | st t he Peredl4dMmAI |l wea:
supports intermediate cases also. Thus, when the weather data are available, it is more
appropriate to use tdh,e whirlegt fivah d n wrealt yniemg m
intensity values CIE offers a more suitable solution. The sky njibdié], [145]chosen for

this case was the Perez nAIll whaitadesk,eand model o
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allows its user to employ ¢hirradiance data provided WBhotovoltaic Geographical
Information System (PVGI$)48]. PVGIS is an online system developled the Joint
ResearciCentrefor Energy and Renewable Energy Units. Among the data available online,
there are specific areas thae af major military interest and thus very valuable for the
purposes of this study. The data utilised include a set of average daily irradiance variations
for the chosen location with time intervals as low as 15 minutes during a typical day of any
given nonth. This approach covers a wider range of variable climates.

3.3.1.2 Rescale of the Analysis Value colour coding

The lighting analysis tool provides the user with an Image overlay to the light meters with
a coloured coded scal&he colour coding uses blue foerp and red for the maximum
valueset by the designer. Once more since it is an outdoor illuminance analysis, the typical
outdoor maximum illuminance value for a clear sky is used, which corresponds to 120,000
lux [143].

3.3.1.3 The Lighting analysis Render settings

The render settings of the lighting analysis are as complex and varying as most rendering
setting for any other 3D application. The setup of the rendering is the same as in section
3.2.1.3 and it follavs the default settings of théghting Analysis Render Preset.

3.3.1.4 Materials

The number of the different material types used in our case is due to the complexity of the
outdoor scenes and the high detail of both the terrain models and the human avaigr. Listin
each material with the corresponding properties is out of the scope of this Thesis.

The approach adopted for the materials accommodates realistic textures mapped on the 3D
objects and optical properties that match the typical optical properties f&pehbific type

of any given object. The reflectivity or transmissivity values for the virtual obgrets
selected according to the Illluminating Engineering Society (IESNA) standard Vafues
building material§149]. The typical wall reflectivity applied is 0.7, floor reflectivity is set

to 0.3, ground reflectivity (albedo) to2D.and window transmissivity to 0.77 (single
glazing) all according to IESNA standafd$0]. The Exposure plug confines the use of

material libraries only to Arch & Design and Praterials. Hence, the materials used for
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the scene setup consist ofchr& Design materials with diffuse and bump maps from
libraries of the 3D models adjusted to the aforementioned optical properties. Another
strategy that could be adopted but is very demanding in terms of equipment is the actual
measurement of the optigahrameters of the objects and the input of those in the virtual
lighting analysis tool. The measurements of reflectivity and transmissivity of the actual
objects lead to qualitative results and it is highly recommended when there is access to the
actual corespondent object of a virtual 3D model plus access to special equipment like a
spectrophotometer. The experimengalcuracy tesof the lighting analysis plugm of
3DSMD employs such an approach as the authors of the study measured the optical
properties of the original room and objects they modelled in the 3D authoring diid@ine
3.3.1.5 The expansion script

Theembedded light analysis tool of 3DSMD does not incorporate a feature for analysing
mobile light sensors as the main application of light analysis is in the area of building
engineering. For that reason, a script was developed to perform an analysisudr vi
scenes containing mobile objects such as the human avatar, in our case. Figure 12 and 13

are the flowchart and a snippet of the aforementioned code correspondingly:
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Figure 12 Flowchart of the developed script




1 f = createfile "Z:\My PhD\Results\Draft v.0.2\Forest\26_10_08_1600.csv"
2 format "21/6/2011\n" to:f
3 format "Frame,L.M. ID, Illuminance, Time,Date,Loc. Latitude,Loc. Longitude\n" to:f
4 startFrame = animationRange.start
5 endFrame = animationRange.end
6
7 Im = lightmetermanager
8 j=o0
9 i = Im.getNumLightMeterHelpers()
10 ifi>0do
11 =
12 arLmObjPointllluminances = =()
13 forj=1toido
14 o (
15
16 for frameNum = startFrame to endFrame by 60 do
17 B (
18 --Frame Number
19 sliderTime = frameNum
20 Im.calculatemeters j false true
21
22 —Lightmeter data (LM ID, Illuminance)
23 Imobj = Im.getNthLightMeterHelperNode ]
24 if (Imobj.active and not Imobj.isHidden) do
25 =]
26
27 ImobjNumPoints = Imobj.width_segs * Imobj.length_segs
28 ImobjPoint = 0
25 ImObjPointIlluminance = 0.0
30
31 for ImobjPoint = 1 to ImObjNumPoints do
32 [ {
33
34 Imobj.getllluminance currentTime ImobjPoint &ImObjPointllluminance
35 append arLmObjPointllluminances ImObjPointIlluminance
3w/ )
37 I )
38
39 --Time
40 solar_time = Sdaviighcol.controller.solar_time.controller.value
41
42 hrs = int selar_time — full hours in the solar_time value
43
44 min = int{(solar_time-hrs)*560.0) -- full minutes in the difference between the full time and the full hours
45
46 sec = int{({solar_time-hrs-min/60.0)*3600 + 0.5) -- full seconds in the rest of the value
47
48 if sec = int(59) do
49 O (
50 sec = int (0)
51 min = int (min+1)
51 min = int {min+1)
52 )
53
54 —-Date
55 sd = 2davlightol.controller.solar_date
56
57
58 —-Latitude
59 lat = fdavylightol.controller.latitude
60
61
62 --Longitude
63 long = £daylightol.controller.longitude
64
65
66 [ format "%, %, %, % :%: %, =A1+%,%,%\n" ({frameNum as integer) /
67 rticksPerFrame) Imobj.name Imobjpointilluminance hrs min sec sd lat long to:f
68 print arlmobjpeintilluminances
69 r )
70
71 - )
72 b}

Figure 13 Code snippetof the script

The script exports light data with a sample rate that the user can choose. For instance for
an animation with a default frame rate of 30 frames per second (fps) and a total of 3000
frames (1 minute and 4&conds), the user can set the sample rate of analysis to 1 second.

In this case the analysed frames will be every 30 frames resulting to 100 measurements.
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The measurements are then exported by the same script to a spreadsheet format and
imported toMatLab for further analysis. Therefore, in this approach, a commercially
available 3D authoring tool is utilised and extended by using its own programming
interface and employing an M&S methodology to an application of military interest. This
methodology enabldake present study to be the first one to analyse mobile light sensors in

a virtual environment.

Summary

The application of SGs for Defence and Sustainability, which was examined in the project,
is presented in this chapter. The Solar Soldier project tigages the incorporation of the

PV technology on the uniform and equipment of the infantry soldier. The aims of the project
include the accurate measurement and evaluation of the effectiveness of the integration
taking into account usability and the assment of the effectiveness of each area (amount

of power generated under various scenarios) as well as to investigate the areas of the body
that yield the best power values for further research on usability (human comfort,
intuitiveness). The developmerfttbe simulation platform is presented as well as the
adopted methodologies ardperimental study of system accuracy
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CHAPTER IV: SERIOUS GAMES AND SIMULATIONS FOR
DEFENCE APPLICATIONS FOR ENERGY SUSTAINABILITY
Evaluation, Results and Disclusis

Abstract:

This chapter constitutes the evaluatiemd resultssection of the&Solar Soldier Projectit
focuses on the research methodologies employeudaioate the implemented simulation
platform presented in the previous chaptéfter the descriptin of the corresponding
evaluation methods, the results are presented. Following the results, tledestgission
of resultsand the themes and design guidelines that emerge from that discudsgon.
structure of the chapter is visualised in Diagrdbelow:

ASection ASection
4.1.2 4.1.3

ASection
41.1

The Solar
Soldier Project

Diagram 4 Chapter Structure

4.1 Serious Games and Simulations for Defence applications with
Sustainability

4.1.1 Simulation Scenarios
The simulation platform aims to assess the incorporation of PV technology on the uniform

and egipment of the modern infantry soldier as described in the Problem description
section of Chapter Ill. A series of simulations is performed to evaluate the platform and
produce quantitative results for a series of scenarios that correspond to realitstry mil
scenariosAfter the modeling of the environment aitsl merging with the other virtual
elements, the simulation procedure is enabled. Apart from the 3D models, every scene
compriseofvi rt ual l ight sensors at tumiformeTdeseon var i c
virtual sensors are the designed light sensmslescribed in the implementation section of
Chapter Il The distribution and positioning of the light sensors on the unififrthe

virtual soldier models based on suggestions and recomdagions after liaising with the
corresponding expert of DSTEor instance, it was noted by the expert liaison officer, that
the helmet is a good candidate for integration as it is worn most of the times and in all
mission types, it has direct exposuréie sunlight, however when soldiers are under shade
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it will not produce the required amount of energy. Another example was the backpack that
the soldiers usually take off during rest periods and thus can be located inexpighéed

area while the soldids resting under the shade of a tiéshould be noted that the total
number of light sensors to be used in a simulation is restricted (this is typically 8 for most
high end computers) due the high computing power requirements of the simulated
scanarios. Figureld and 15 depict the positioning of the selected light sensors on the

sol dierds uniform and hel met :

Right Left
Right Shoulder &) Shoulder
Forearm Middle Middle

Left

Forearm

Figure 15 The positioning of the virtual light sensors (back)
Eight light sensors comprise the collection of sensors, namely:

1 Right Shoulder Middle
63



Left Shoulder Middle
Right Shoulder Back
Left Shoulder Back
Right Forearm

Left Forearm
Helmet

Backpack Top

E R EEEE]

These light sensors aegtached on the geometry of the human avatar, thus they follow
every movemenhattheir parent geometry performghis is a very standard technique for
animation sequences of high complexity as is this present case. The objects are linked into
kinematicchains so that they follow hierarchical links and the workload of the animator is
reduced. Then the parent object dictates, through internal computations, the movement of
the child object in forward or inverse kinematic chains.
Several 3D models have beemployed for the purposes of our simulation. These can be
listed as follows:

1 Terrain:

0 Urban area (Arab city model)

0 Forest scene (Pine creek model)
o Military camp (Base model)

The terrains selected cover the basic landscape of the military deploymenpeeattbos

of the British Army.

1 Human Model:

o Infantry soldieri desert camouflage (Royal Anglian Desert model)

o Infantry soldieni woodland camouflage (Royal Anglian woodland model)
The merging of the models from these two categafiessultswas condatedin complete
sceneswhich include a human model and a terrain. According to the daylight system
adjustments presented earlier the 3ADSMD daylight system is then employed. This system
consists of a sun and a compass that is used to calibrate thepglsitan of the scene.
After the design of the solar systgiime scene is ready to be animated. For the purposes of
this study, the animation clipkat wereselected wrethat of a walkcycle, as the effect of
each parameter is to be analysed one ate fithe walkcycle is one of the most typical
motions that a dismounted infantry soldier performs on average in most missions. Thus, in

the boundaries of this study only the effects of different time, date and global location on

specific landscapes (3 casteidies) and specific movement sgfsimple walk cycle) are
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to be examined. Thamount oflocations to examinglobally isalso limitless. Since the
work conducted is part of a military project of the British Royal Army, a few locations of

interest for lhe purposes of the project were selected.

MAJOR BERITISH TROOP DEPLOYMENTS

NORTHERN Q Click on to
IRELAND L - find out more

I"F! GERMANY i

Lensans], (cEoncis o)
LCrPRus =

[SIERRA LEONE (UN) |

LIBERIA (UN) DIEGO GARCIA

ASCENSION
FALKLAND
ISLANDS o=_ISLAND OTHER

[ Operational 90 Non-operational SOURCE : MoD

Figure 16 Major British troops deployments (Source: British Broadcasting Corporation)

Figurel6illustrates the major deployments of British soldiers around the world:Hdiee
of locdions to examine covers various latitude and longitude ranges. Thus, the following
strategic points of interest are chosen, which offer distinct locations in terms of both
longitude and latitude:

- UK., Catterick Garrison Headquarters, N. Yorkshire (54.3.308)

- Kosovo, Pristina (42.5, 20.9)

- Irag, Baghdad (33.33, 44.44)
The methodology of constructing a complete virtual environment for lighting analysis that
consists of a terrain, a human avatar, animation clips and a daylight system relies on
merging tte single 3D modelisito one scene and adjusting the parameters according to the
above standards. The regulfscenes must be simulated in such a manner that they would

cover a wide range of times and dates. It must be noted that these types of simulations

require high computational time and power due to their high complexity.
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The range of times would have to cover most of the effective time in the day in terms of
lighting; that is some hours before and some hours after midday. The dates would have to

coverall seasons at least. Therefore, $htecteddates and times under examination are:

1 Time:
o 10.00
o 12.00
o 14.00
o 16.00
1 Date:

0 Winter (07 Jan)

0 Spring (16 Apr)

0 Summer (08 Jul)

0 Autumn (26 Oct)
The dates themselves are random but the months are one every feachrtbm every
season. Moving on, as mentioned in the modelling secid@hapter IlI(Chapter I,
section 3.3.1 , t he sky system employed i s t he
accommodates intermediate cases between overcast and clear sky. Thewaide soft
3DSMD, requires an input value of light intensity for the simulation and analysis of light
in a virtual scene employing a Perez sky model. Thus, the input of solar data is required.
These can be taken from existing relevant online sources. As nmezhtibove the PVGIS
project offers valid data online. It covers only the European and Afcoatinents. They
do however cover the requirements of this study. The online calculator provides the user
with monthly average solar irradiance values for a gélepe . The measurements required
for this study must be taken with the panels in 0 degasew/e do not want to test
conventional photovoltaic panels but we need the solar irradiance as the inpuvidgualr
scene. The irradiance data is measured doupto the international system (Swviith watt
per square meter (WAn The software uses illuminance values which are expressed in
Im/m? or lux. The conversion of W/Ato Im/n? is a very complicated and circuitous
mathematical procedure that requires engineer to know the spectral composition of the
source in order to solve the conversion formula. A publication in the scientific disciple of
horticulture, conducted by Thimijan and He[§0] provides a table with measured and

solved conversion faars for different sources including the sun for various spectrum

portions. The conversion factor according to these tables is 0.00804 W/Im. Thus, the
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interconversion of radiometric to photometric units enables the simulation with typical

monthly averageriadiance values as input.

The data can be easily extracted by the tool provided by P¥&ifine, then converted

with the factor mentioned above and finally organised in tables. For the different locations

we have the following resul{3ables 2, 3, 4)

Table 2 U.K., Catterick Garrison Headquarters, N. Yorkshire (54.375,-1.708). Light intensity in Lux

10:00 12:00 14:00 16:00

07 Jan Diffuse!*  6952.2 8582.0 6965.2 1990.0

- Beam' 3358.2 5597.0 3358.2 250.0
16_Apr Diffuse 22823.3 23880.6 22823.3 18470.1
— Beam 22388.0 26119.4 22388.0 12686.6
08 Jul Diffuse 27674.1 28358.2 27674.1 24253.73
- Beam 27674.1 31343.3 27674.1 17972.6

26 Oct Diffuse 13992.5 15671.6 13992.5 8022.4

— Beam 10820.8 14303.5 10820.8 2985.1

Table 3 Kosovo, Pristina (42.5, 20.9). Light intensity in Lux

10:00 12:00 14:00 16:00

07 Jan Diffuse 13557.2 15422.9 13557.2 6592.0
- Beam 11442.8 15298.5 11442.8 2176.6
16_Apr Diffuse 23368.1 26990.0 23368.1 21766.1
- Beam 33519.9 39303.5 33519.9 18532.3
08 Jul Diffuse 27798.5 27985.1 27798.5 24502.5
- Beam 52114.4 59701.5 52114.4 32089.6
26 Oct Diffuse 18781.0 20273.6 18781.0 123134
— Beam 25373.1 31592.0 25373.1 9639.3

Table 4 Iraq, Baghdad (33.33, 44.444). Light irgénsity in Lux

10:00 12:00 14:00 16:00
07 Jan Diffuse 18532.3 20398.0 18532.3 10012.4
- Beam 17786.0 23258.7 17786.0 4664.1
16_Apr Diffuse 27611.9 28233.8 27611.9 22450.2
- Beam 43159.2 51492.5 43159.2 22077.1
08 Jul Diffuse 28171.6 28607.0 28171.6 24129.3
- Beam 57524.9 67288.6 57524.9 32388.3
26 Oct Diffuse 22761.1 24253.7 22761.1 15422.9
— Beam 34519.9 43283.6 34519.9 13059.7

These are the average values for the given days and times for these specific locations. These

average monthly measurementdyoindicate the irradiance value of the given location on

a specific date and time. Therefore, the units of the simulated results conform to the units

11 For more info on how these values were calculated see:
http://re.jrc.ec.europa.eu/gis/index.htm
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of the input values of the simulation. This study approach can derive a set of guidelines of
PV integraton on military garment and equipment to be used by the PIPV designers and
practitioners. How close these values get, can only be validated by a comparison of actual
light intensity measurements and simulated light intensity measurements of a mobile
(animaed) virtual light sensor in a virtual scene shed with the same light intensity as the
real environment.

The derived simulation scenarios after all the configurations and setup are descthieed by

following map (Figurel?):

WO - xW®rTZ2MOWM

Figure 17 The scenarios map

The differences of each terrain development imply various walking distance and angles,
although a general rule was followed; to animate a walk route of a block in order to cover
all orientations. The three route distances varynftbmin and 8sec (forest scene) to 1
minute and 22 seconds (urban area scene). An example rofute®f the walk cycles is

illustrated on the next figure (Figuid):
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