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ABSTRACT

Due to low birth rates and rising life expectantye population ofleveloped countriess agingConcurrently,
physicalinactivity is an identifiednajor health riskand significantly more prevalent in older adults, who
experience theconsequencegelated to inactivity more frequently Exergamesfor the elderly are an
affordableoption to prevent sedentarisnand complementraditional exercise training, which can otherwise
suffer from low adherence and personalization. TFagjlitate moderateintensity physical activity leveéd
positively impactitness health, balancgpostural contro) mobility, and motivationHowever due to the lack
of knowl edge of s e n i oteclnodlogygliteracy theper aeefchallergesio elesigniagn d
exergames thamatchthe users needs and motivators with game elemenighilethere is an extensive lay

of research in this fieldhere are critical gaps: most die research is done in laboratory environments, is
focused on balance and ignore other motor performamitenains, use commercial games which are not
designed for older adults, and fail to esp the longitudinal effects of exergames.

In this thesisthere arethree sequentiatontributions

1) Develop a technology tdacilitate exergaming in the elderly population by integrateagyto-use full-
body interaction with large projection displayResulingin software for lowcost virtual reality surround
screen projection systemsvalidated through user studies and compared with the conventional
alternatives.

2) Leverage the technologgnddesign customized exergames to promote fitness in odakitsby:

a) Evaluae the capability to automate fithess assessmarging gesture detectorsby testingtheir
performance irthe fieldwith 22 elderly enelisers and comparito traditionalmethodsadministered
by an expertResulting ira high accuracy syan, consisten with the traditional fithess assessment
method.

b) Studyo | d e r indedhctibntpreférenceswith floor projection displag bydevelopingand testing
two natural user interfacesvith 19 elderly participantsThe participantspreferencefor a feet-
controlled interfacewas identified wherusability, perceived workloadand performance indicators
were assessed

c) Apply humancentered design methodologies in the gamification of fitness training routlmes
focusng on insights from inquiries to improve gamsements and game iterans based on
playtestingsessiongo produce exergamedResulting ira set of fourexergames created to train the
critical functional fitness areas of older adults.

3) Measure theébenefits n older adultsmotor performancequality of life and physical activity levedsiring

a longitudinaimultidimensional traininggombiningcustommade exergameand traditional exercise in a

complementary fashionAchieved through d2-week longrandomizedcontrolled trial of bi-weekly

exercise sessiongith 31 elderly participants Outcome measures on fithess, balance, and headthted
quality of life were measuredt the start, duringand after the interventionand physical activity levels
were measued at each sessioithis resulted in exergame players having a significant increase in strength
compared to control, and both conditions improvibglanceand the mental component of healthelated
quality of life with improvements in the latter beingreater for exergame players. Additionallguiring

e X er game s partidpanssspentd lass energy but maintained the recommengsd/sical activity

levelsfor more extendedperiods.

Our resultsshowthat integratng personalized exergames designed for multidimensional fitness training in
traditional settings careffectivelye nhance ol der adul t s’ mo t-being. pier f or
technology is a viable lowost option tobe deployed in the context of derly fithess programs

11
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RESUMO

Devido as baixas taxas de natalidade e ao aumento da esperanca meédia de vida a populacdo dos paises
desenvolvidos esta a tornae envelhecida. Ao mesmo tempm faltade atividadefisica esta idetificada

como um importantefator de risco para a saude, com grande prevaléncia em idosos, que também
experienciam as suas consequéncias com maior frequéncia. Os exergames para idosos sdo uma opgao
econdmica para a prevencao de sedentarismo e complemamtoeino fisico tradicional, que pode sofrer de

baixa aderéncia e personalizac&stes jogos promovem niveis moderados de intensidade da atividade fisica

e beneficios ao nivel do fitness, saude, equilibrio, postura, mobilidade e motivagdo. No entaido, ate
desconhecimento sobre as preferéncias de jogos e literacia tecnoldgica dos idosos, ha desafios no desenho de
exergames que se adequem as suas necessidades e motivacdes. Apesar de haveingritgs;ao nesta

area, existem lacunas criticas: aioraparte da investigacao é feita em ambiente laboratorial, feeano
equilibrioe ignora os outros dominios motores, usa jogos comerciais que ndo foram desenhados para esta
populacéo e ndo explora os efeitos longitudinais dos exergames.

Nesta tese, fazemos trés contribuicdes, apresentadas de feagaencial

1) Desenvolvimento de tecnologia para a pratica de exergaming pela populagéo idosa, intégtarat@o
corporal facil de usar corproje¢cfesde grandes dimensfes. Resultando num sofevpara uso em
sistemas de realidade virtual através gejecdode baixo custo, validado através de estudos com
utilizadores e comparado com alternativas convencionais.

2) Uso da tecnologia e design de exergames feitos & medida para a promog¢éao do fitndesasn
a) Apreciacdoda capacidade de automacao da avaliagdo do fitness através do udeteteres de

gestos, testando o seu desempenho no terreno com 22 utilizadores idosos. Resultando num sistema
de elevadaexatidaq consistente com os métodos tradiciorai

b) Estudo das preferéncias de idosos na interacéo pajecdesno solo, através do desenvolvimento e
teste de dois interfaces naturais com 19 participantes idofwemntificada uma preferéncia pelo
interface controlado pelos pés atravélm avaliacdo dausabilidade, carga de trabalho sentida
indicadores de desempenho.

c) Aplicagdo de metodologias de desenho centrado em humanos a gamificagéo de rotinas de treino fisico
através dofoco na compreensao de inquéritos, baseados em sessdes de jogo, aplicados para a
melhoria e iteragdo dos mesmos. Resultando num conjunto de quatro exergames criados para treinar
areas criticas de fitness funcional em idosos.

3) Medicdo do desempenho motor, qualidade de vidatensidadeda atividadefisica de idosos durante
treino longtudinal multidimensional combinando exergames feitos a medida com exercicio tradicional de
forma complementarAlcancada através de um estudo randomizado controlado de 12 semanas, com
sessdes de exercicio fisibssemanaipor parte de 31 participantes ados. Com medicdes de fitness,
equilibrio e qualidade de vida relacionada com a saude medidas no inicio, darapés a intervencao,

e niveis datividadefisica medidos em todas as sessdes. Resultando num aumento significativo de forca

nos jogadores deexergames relativamente ao controlo e numa melhaim ambos 0s grupos no

equilibrio e na componente mental da qualidade de vida, com uma melhoria maior por parte dos
jogadores nesta Ultima. Adicionalmente, registado um menor dispé&rogéticomas umananutencao

mais prolongadaaintensidade datividadefisica recomendaginas sessfes de exergames.

Os nossos resultados mostram que a integracdo de exergames personalizados, desenhados para o treino
multidimensional de fithess, em ambientes tradicionagdmrino podem efetivamente melhoras ganhosle
desempenho motor dem-estarmental. Assim, esta tecnologia é uma opegondmicaviavelpara ser usada

no contexto de programas de fitness para idosos.
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INTRODUCTION

Most developed countries are undergoing a demographic shift towards a more aged population due to low
birth rates and rising life expectanfdj. In 2018the Portuguese population aged over 60 was 282P@and
according to projectionmearly onethird of Europearcitizens will be 65 or over by 2068]. In addition to

this demographic change, physical inactivity is an identified health risk negatively associated with several
health outcomes. While physical activity {R#&recognized as a global public health priority, more than 30%
of the world population is nhot meeting theAs minimum recommended levelSedentarism is the 4th main

risk factor in worldwide mortality, associated with 6% of deajis and 610% of all deaths from nen
communicable diseases may be attributed tfbjt Additionally, it is known that sedentary behaviors are more
prevalent in older adults than any other age group, with888%6 of their awake time spent sittif§]. The
combination of aging with sedentary behaviors is a growing concern@asdyhigh strain on modern societies

and their health systems.

Evidence shows that regular PA produces significant and extensive health benefits, of particular importance
in older adults, as they experience more frequently the outcomes related to ingcii The American
College of Sports and Medicihas madeecommendations and guidelines for physical activity in old[@pe

These guidelines target multidimensional training in aerobic fithess, musculoskeletal furfietilpility, and
balance, aiming to maximiz#hysical activity benefits older adults. Specifically, regarding exercise intensity

for active older adults, the ACSM states that exercising at modeoatégorous PA (MVPA) intensities can
produce greater bnefits than less intense training], [8] and recommend 150 minues per week of
moderateintensity exercise.

Information and communications technologies (ICT) offer us an affordable option for preventing sedentarism
through exercise games (exergames). Exergames are videogames that require physical exercise to,be played
tying PA to game performance. They aim to encourage players to actively move in order to aclgiawe in
success, providing a genuinely fun strategy to promote PA in older d@liitsongitudinal and qualitative
studies have been carried out withder adults revealing important usability patterns such as engagement,
flow, adherence, enjoymentand motivation, demonstrating the effectiveness of exergames to persuade
playersto keepexercising for longeriods[10], [11] Beyond the physical aeify that exergames elicit on its

users, another crucial aspect is the game design itself. A review of past efforts has concluded that the most
effective serious games are the ones that are customized to both the target population and behavior that they
want to promote/change, benefiting from a focus on game theories and behavioral prediction tfejryn
terms of motivati on, mastery over t he [l8,aandenthe s an
elderly, a clear preference for gestubased controllers, such as Kinect, was identified]. The relation
between skill and challenge as a motivating factor hasn proposed15] and extended to exergames by
adding the fitness/intensity dimensidi6]. Other identified factors that improve the engagement in games

are the addition of music, guidance, lack of negative consequencesnfierperformance, multiplayer
cooperation, and adaptive challenge difficulfy7] as well as clear gogktting and progression level§8].

Besides these specific factors, exergames should not be seen as an extraordinary activity but instead offered
as an accessible and enjoyable activity akin to traditional exeft#avhile ensuring they cater to the user
needs with appropriateantent, interface design, and exercise demafts

Given the negative impact of sedentary behaviors in the elderly population, together with the clear potential
benefits that exercise through gaming can deliver, this thegismary goal is © designa set of custom
exergames capable of generating fitness benefits in the elderly. This generas gohleved in three main
steps and sugoals, which can be further divided by their scientific contributions:

1 Develop and evaluate a system for fiaddy interaction with large projection displays
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o Development of a broad scope software, KAVE, for virtual reality (VR) mediation using image
projection and wholebody tracking.
o Evaluation of the system's trackiasginthel i ab
context of immersive VR
91 Create exergames for elderly fithess
o Feasibility assessment of using a commercial body tracking solution in fitness evaluation
o Understand interaction preferences of elderly users with the proposed system on floor
projections
o Design of exergames customized to the Portuguese elderly population
1 Evaluate the effects of the custom exergames in the elderly during prolonged training
o Evaluation of the effectiveness of the games in eliciting desired exertion levels tharmgg
0 Assessment of fitness benefits in a randomized controlled trial

The thesis is organized in thremin sectionseach corresponding to a sigwal, and comprises seven scientific
articles. Five paperthat have beenpublishedand two that are in pressThe firstsection describes the
development and evaluation &R technologwusing projection mapping, where eashbsection corresponds
to an individual paper. The secosdctionfocuses on the design of exergames for the elderly, supgb by
the technology, divided into three sections, each corresponding to a different publication. Theseltidn
evaluates the effecten the elderly fitness of the exergames descrilbedfore. Lastly, there is a sectidor the
conclusion®f the thess.

16



1 DEVELOPMENT ANBWVALUATION OBOFTWARE FABRW-CGOSTVIRTUAL
REALITBJRROUNISCREEIRROJECTICBYSTEMS

This section describes the efforts in developing and evaluating a technology whose initial purpose was to
facilitate exergaming in the elderly population by integrating folbdy interaction with large projection
displays.

While acceptance of new technological systems by the elderly cachbenginga comprehensive meta
analysis on the relation between age aredhnologyacceptancehas shown that its mainly mediatedby the
perceived eas®f-use[19]. In it, the authors point tahe seeminghsocial consensus on the negative attitudes
and adoption resistance towards new technology by the eldéy-{24], for which there are both supportive
and contradictory studiefl9]. By aggregating and metmalyzing the results of 144 studiedatively toa
technology acceptance model (TANB], they provideda cleaer view of the conditions in which age drives
technology adoption.Age ceorelates negatively with perceived eas&use, perceived usefulness, and
intention to use technologyhowever, the last two are fully mediated by the firgt9]. Furthermore, the role

of age was only relevant when the technolodid not address the predominant needs of older adults, social
and emotional19]. This led to three implication¥Vhen using technology to address the prevalent needs of
older adults their age can be a benefitting factor in accepting the technglttyys lowering the need for age
sensitive interventions in this context. Secotitere should be @rioritization ofa technologyperceived ease
of-usein this population to increasis acceptanceDirect experiencgpractical exercisegyradual learning
and using peer trainers should be favor&hally regardless of the first twadnteraction with technology by
this population has specific needs that should be addressed throughcaségred design and usability
considerations, such as larfent sizes, color contrastyisual aids, simple navigation, concise instructiand
avoiding technical terminologj19]. It was therefore our goal to develop aasyto-usetechnology that could
accommodate the exergame design considerations for enhanced elderly usability.

As in anyinteractive systemwe were bound to the design of both input and outpubdalities.We faced a
choice between three main systems, flganel displays, video projectors, or heamunted displays (HMD)
for video output Flatpanel displays were perhaps theost familiar option. In terms dindamentaldisplay
features such as resolutiotbrightnesscontrast display léency[26], their rapidy changingange of products
cangenaally offer better performancethan video projectorsHowever, they represent a physical limitation
in screen size, which scales together with weight and installation workloering that a large image
requires an equally large screen with reduced mgpilue to weight,size,and format. For example
Sams u@Be0T&2 ' T V a 7689x1320pixed iesolution(8K UHD)with a 207cm screendiagonal
lengthh, f or 5000€. H83emwle5cm X 26cimssize amapveightingt1.5kg[27]. In contrast,
the video projectorused in Sectiof of this thesis, the Optoma GT7605 0 0 € jwhile f2abudng 3 lower
resolution,1280x720 pixel resolutiofv20p) can provide much larger images, from 81cm to 773cm diagonal
(at projector distances of .4m to 5n); this, whilehavingonly 10cm x 29cm x 24cnm size and weighting
2.7kg[28]. The major drawbacis that, with 3400 Lumendpw ambient lightisrequiredfor projections bigger
than 5m luminance <75cd/n?. Headmounted displaygepresented the third option for video outpug
wearable technology with significant developments in recent ye@evices such as the Oculus Rift or HTC
Vive can provide highly immersive VR experiences by mateenbiningsixdegreesof-freedom tracking with
video output thus providing a field of regard that completely surrounds the fsethermore, they are easily
portable and have a reduced floor prif#9]. While these devices are made to be small and lightweight, they
still are enambering, uncomfortable to wear, and hard to accommodate eyeglag®s with a weight
around 500gthey canaffecttheu s er s’ p e r c e i[30kAdditiprally, thé lagebétweendrachling
and video ouput is a real concern and a leading cause of cybersicktiess field of view is restrictive, and
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prolonged use can lead to eye str§i#®]. Furthermore, this type of HMDs is occlusive, meaning that it isolates
the user from their surroundings, including other hum#§ss].

Since thetechnologys aimwas exergamindpr fithess user input necessarily need some sort of physical
tracking beyond keys, buttons, or computer mi€@mmon options for interaction in this conteate:

1 Hoor mat or platform game controllere(@.,Power Pacand Dance Dance Revolutior)Provide a
simple 2D board of N buttons to interact with the fettey deliver N degrees of freedom, each with
two discrete values.

1 Force plates (e.g., WiiBalance Board)r ack t he wuser’ s centerwide2f pr e
degrees of freedom, each of continuous input in a range of values (limited to the size of the board).

1 Cameras (e.g., PlayStation Eye Toy, Kinect v1 and ER)st in many distinct formatérom simple
color webcams to more advanc&I5BD or stereaccamerasprovidingsimple motion detection ofull-
body tracking and gesture recognition. For example, the Kineatavibffer continuous inputby
tracking25 body joints, each with 6 degrees of freedom (3 of position and 3 of orientation), of up to
6 players at the same time.

1 Trackedhandcontrollers (e.g., Wii Remote, PlayStation Move, Vawvel Rift controllersy Exist with
different capabilities.From the use of gyros and accelerometers for acceleration and orientation
detection up to precise trackingf 3D position and orientation in spad&henworn in theplayers
hands they can provide buttongpysticksor trackpads for interactionrad haptic output.

1 Infra-Redmarker-basedMotion Capture (e.g., Vico@ptitrack — These systems can track tindnole
body or parts of it by wearing appropriate suits with IR markers attached or by attaching said markers
tothepl ayer’ s body.

1 Exercise equipment (e.g., treadmills, stationary bicycle€ffer interaction through a singkpecific
function and provide the system with inpyor output) concerning that function, e.g., speed,
inclination, pace.

While exercise equipment can provide exertion levels beyond what is achieved through unassisted body
movements or calisthenic exercidheir use would constrict the technology in its usdditionally, any system
using this technology would eughto transport. The combined use of tracked hand controligith floor
matsor force platesvould provide tracking of thapperlimb extremtiesand interaction tlmoughall thelimbs.
However the elderly have showa preference forentirely passive gesture interaction (camdrased)to the
detriment of hand controllers, even when they also provided passive tradiihg Additionally, payers with
mobility disabilitieor decreased hand functiomouldfind themselvesinable touse the system properlyihe

last remaining options were motion capture through eanas with computer vision algorithms or via wearable
IR makers. They are both passive methods but with distinct characteridtiogo-camera Vicon system
provides millimetric accuracy at 12500$ (20132]. Howeverthe multiple-camera setup andhe need to
wear IR markers make it unsuitable for our purpose. MeanwhiteRGBD camera such as the Kinectig2
explicitly designedor exergaming angbrovides 25 bodyjoints tracking with centimeterlevel accuracy at
150€ (Ah Dterésjing parallel can be drawn between video projectors and cam@uss like a small
projector can create a large projection, a small camera caxige a wide tracking area for interactioafter

all, it is just a mattein whichdirection the lightistraveling. This makes such devices very mobile and easy to
setup.In fact, the combination of these small form factor technologies can lead to theentation of whole
rooms to become interactable spagesich as RoomAliy83].

The final choice of technologies fell on videojpctors for imaging output and motiesensing camerafor
input, specificallythe Kinect v2. Further arguments for this choice:dPeojectiors are easilyadaptable to
spaces, can be projected on walls, floors, ceilings, or even objectscahdye madejuite large The Kinect
is perceivedas theeadestof-use by the elderlyelative to other controllerd34], which we already savg
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fundamental inthe intention-to-usetechnologyin this age[19]. The possibility to have automatic fall
detections[35]. Finally surroundscreen projection systemgith passive tracking are cybersickndésese, selt
explanatory and easy to use by senidi6].

In the following twosubsections 1.1and 1.2, we present the technology developed and evaluated using the
chosen input and output modalitiesbwever, given its potentiait goesbeyond simple exergame interaction
and evolved to become an opaource software capable of priging immersive virtual reality experiences.
Thecreation ofexergames for elderly fitness with this technology materialiagss in Section 2.

1.1 DeVELOPMENT OF TKAVEMETHODS FOBJRROUNEECREENPROJECTIOMANAGEMENT
MOTION PARALLAX ANRLIEBODYINTERACTICBUPPORIT

1.1.1 Introduction

In[38], the CAVE (CAVE Automatic Virtual Environment) was described for the first si@ecamultiscreen

virtual reality system where the images are projected on the inside walls and floor of a cubic structure. The
system used heattacking and offaxis projections to simulate visual presence in the virtual world. In their
work, the authas refer to theeightvisual cues that enable us to perceive depth: 1) Occlusion, 2) Perspective
projection, 3) Atmospheric effects, 4) Lighting and Shadows, 5) Binocular disparity, 6) Convergence, 7) Motion
parallax, and 8) Eye Accommodation (eye lendrobmeflex for focusing light from different distances). Of
these, cues 1, 2, 3, and 4 can be provided by conventional displays, 5 and 6 can be achieved with stereo
graphics (such as stereo glasses or Head Mounted Displays (HMD)), and 7 with head #ackitiyg most

Virtual Reality (VR) systems, their systeonld produce all of them except 8.

The possible applications of the CAVE in data visualization were first explored by inviting experts and
professionals from different fields to experience the gyst this included the visualization of architecture,
cosmic, fractal, weather, and molecular dynamics data and models; the visualization of jobs being executed
on the multiple parallel processors of a supercomputer, for algorithm execution optimizatidwjsualization

of realtime brain activity overlaid on a digital head mod&9]. Some othe CAVE systems were used for
visualization of geophysical simulation ddi0], underground cave systemél], comptational fluid
dynamics and neuroscienf#2]. However, the use of CAVES has been mostigtcained to data visualization

roles, in laboratories or companies and their potential to be used in other VR applications such as gaming has
been rarely explored. In this section, we present the specific methods we employed to add a monocular
motion pardlax effect, through head positiedependent perspective projection, to Unity applications using

the Kinect v2 (Microsoft, Redmond, USA) as the head tracking sensor. The addition of these effects to
computer graphics increases the number of depth cueatritgrovide, and it is a fundamental building block

in CAVE systems. These methods were bundled in an-amdance plugin, the KAVE, which represents a
solution, for VR developers and researchers, in the development and conversion of virtual environmgnts (VE
and games to immersive multiple largereen projection systems. Using the KAVE, the presented methods
were employed in severagroof-of-conceptconfigurations to showcase their flexibility, additionally a few
example applications are presented to demtage what a user can expect from an VE powered by this tool.

1.1.2 RelatedWork

The methods for generating the motion parallax effect and head postiependent perspective projection
have been used consistently in computer graphics to design different 4fireensional displays such as
HMDs, head coupledisplays, and CAVES], [43], [44] our technical implementation of these methods can

1 The content of this section has been publishethia proceedings of the ACM on Hum&omputer Interaction-EICS
[37]
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be consulted in sectiori.1.3.1 Although these methods have not changed through the years, many
recreations of the original CAVE have been developed, focusing mainly on technical differences for both
scientific and commercial purposdseverthelessthe costs for such a system remain very high. The (38YE

and CAVERI5] systems are estimated to hagest2,000,000$ and 926,000% respectivel$]. Whie low-cost
solutions exist, implementing a leeost CAVE, including the physical construction and software, can still be
prohi biti M&. In(46],2he\Bcbebtdd)a CryEngine2 game engine mod for games using that same
engine. However, because it lacked user tracking, it assumed a static head position of the user and supported
neither motion parallax nor stereo vision. Another loast CAVE was preseqtin [47], based on rolling
screens suspended from the ceiling with a cost of 9,500%, excluding the computer and the necessary software
for their custom setup. Their configuration is easy to use and does not permanently occupy floor space. For
tracking sitting users, it employed marked glasses and infrared cameras. The immersive virtual content was
provided byadaptingindividual Unity apptations to their visualization paradigm. Unfortunately, the code

was not made available. Another CAVE made usinthef§ hel f har dware and the a
revealed to be an alternative lowost solution for fire brigade training in simulatif48]. This solution was
developed for Unity using a Kinect asensor however, it lacks the desired replicability as it is not clear
whether the software can be used in different setups other than the one for which it was developed.

While building a CAVE, a large part of theldeet is generally allocated to the tracking technology, ranging
from 8,000$ for asixlow-end IR camera motion capture setup, up to 40,000$ for Jeigth cameras, from
suppliers such as NaturalPoint Inc. OptiTrack or Vicon Motion Systems Ltd UK. Adgitioidadleware
software to render across multiple displays, integrate sensors, and applications is complex and must be bought
for several thousands of dollars from specialized companies, such as Midd@\dR custonideveloped in

house. Like the URLAVH50], a plugin for managing surrousgtreen projection in Unity applications, with

the drawbacks of lackinfgll-bodytracking and requiring the CAVE setups to be defined before the VE (Virtual
Environment) compile time.

Beyond CAVE setups, Microsoft Research has consistently used Kinect cameras to implement spatial
augmented reality (SAR) applications throygbjection mapping in arbitrary scenarios. In LightSp&ds,

the authors report their interactive installation that combines multiple depth cameras and projectors
registered to a single 3D space. This unified space across projector/camergottan units enables them

to project graphics into the depth mapped surfaces and the users to interact with the projected elements with
their bodies through the bodies’ 3D me g[82], eostmilaa i n e d
but scaleddown system, single Kinect and projector, added support for-fl@mnsurface projection and head
tracking for head positiclependent perspective projection. In this system, the use of a single Kinect for both
tracking the user, online, and mapping the sugaoffline, requires that during calibration, the Kinect has to

be first installed in a position and orientation that can capture the whole projection surface and then installed

in a way that it can capture both the user and part of the projection. Agd@massingle Kinect and projector,
lllumiRoom[53] shows how the same technology can be used to augment the arbitrary space surrounding a
television using the depth data from a Kinect. Toenbination of these projected to RoomAlivg33]. The
RoomAlivetoolkit joins together tools for the automatic calibrationf procam and tools for authoring
augmented content in Unity. This tool supports-didy tracking for interaction and head positidependent
perspective projection and projection mapping to arbitrary spaces using Kinect sensors. These capabilities
enabledevelopers to create SAR experiences in any space, theoretically in CAVEs also. The system chains
together the information from multiplgorocamunits to automatically calibrate and register the whole setup

in the same 3D space reference frame, requiring Kinect per projector, that their fields of view overlap with

each other and include the intended user tracking area.

The works stated above provide tools to create VR experiences tied to a specific setup since development or
focus on depth mapping of bitrary spaces, which require elaborate setups for calibration and to run. In this
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work, we hope to contribute in a significant way to
contexts[54]in the development and use of VEs for CAVESs. First, our contribution can separate VE developers
from users of a VR CAVE application, creating the $pkbgrammers (tool users) developing VEs (task) for
CAVE users (end users) that will use the VEs for their own purposes (end task). A separation that is hard to
make with the related work tools, where setup configuration must be known at cortipikeor dotained live

from depth mapping. Starting with the second context, concerning CAVE users, when compared with
alternative solutions, the applications built with our tool have the capability of reaching a much larger
population due to the simplicity of theequired setup, as the users do not require access to the source of the
application, therefore taking exclusivity @AVHike system away from large commercial or research
institutions. As foVE developersour contribution gives them the flexibility of developing and compiling an
application that can be deployed to a diverse rangasd#rdependentsetups.

In the following sections, we describe the KAVE, our flexible CAVE software for the Unity 3D giame eng
(Unity Technologies, San Francisco, U8BAjhe form of a Unity plugin, our free, opesource software

supports up to 8 displays (both projectors and screens) in any physical configutatsuersatile regarding
hardware as it supports differenteeens, projectors models, resolutigre aspect ratios at the same time

with arbitrary positions and orientations; and combined with the use of adost tracking sensor makes
entry-level CAVHike systems much more affordable and easy to use by thensonity of game, simulation,

VR developers and researchers. KAVE relies on a 140$ Kinect v2 tracking sensor, which has a remarkable
accuracy of landmark movemertbh] and provides fulbody tracking of up to 6 simultaneous users, enabling
unobtrusive fullbody interaction in VR. Additionally, to complement our Unity plugin, we make available a
versatile tool for the easy setup and calibration of CAVEs and describe our CAVE physical setup.

1.1.3 Methods

1.1.3.1 KAVE Plugin, Adding Motion Parallax and Wihotty Support to Unity Using Kinect

Anessentiafeature of a CAVE is the motion parallax effect produced. This is achiekeeéting continuous
tracking of the wuser’s point of view and automat.
perspective FigurelA & B illustrate the phenomenon in a 2D monocular diagram. By knowing the positions
of the user viewpoint, projection plane, and virtual elements to represBigurelA), we can project images

on that plane coherent with what the user would see if the virtual elements were in the real Vixiglar€1B).

By generalizing this effect to 3D and the use of multiple projection surfaces, we obtain the basic functioning
of a CAVE, ashown in FigurelC where the blue lines represent the walls and floor of a CAVE (projection
surfaces), the orange icon the user head position and the yellow elements represent the virtual objects in their
virtual positions relative to the user. As a result, the CAVE msptagi the green images (planar images on

the projection surfaces) to emulate the virtuatbjects visual effect if they were real.
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Figurel: A) Finding out how virtual objects (colorful squares) should be setbe lger; B) Projecting on the wall what the user should
see. C) Projections (solid green) of virtual elements (yellow) in real surfaces (blue) adjusted to the perspective (@fHrgaseoinof-
view by the CAVE projectors.

The parallaxeffect's creation depends on the precise knowledge about the size, posaiothprientation of

the projection surfaces, body tracking coordinate system, and correct mapping of the CAVE projaetes

to the surfaces. A calibration process must provide thigrinfition, as it is necessary to adel the CAVE in

Unity mathematicail. Hence, the calibration process enables the correct mapping of the projections into the
physical CAVE walls and to get an accurate | ocati

Our calibration process creates a CAVE virtual replica description file with its origin located on the CAVE floor
center. Consistent with this calibration file, the following elements are created at runtime by a Unity
application using our plugirrigure2):

T
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CAVE Kinect v2: A Unity game object with the position and orientation matching the real sensor reads
up to 6 wusers’ 25 | miientdtiens feok ¢he Kined SDKpinoits coordimate s  a
system. It instantiates a transparent (by default) avatar for each user; these avatars can have their
colliders activated, thus allowing wusers to i
simulator;

CAVE Screens or Surfaces: Invisible Unity quads/planes representipgnihtdisplays (such as TVs

or computer screens) or the CAVBEnhdpizeothepsemweaas n s
rectangular reference targets for the User Wi€ameras;

User View Camer as: Unity cameras attached to t
the head position. In the case of multiple users, the closest person to the sensor is chosen. One camera
per CAVE Surface/Screen is created, eatth itgi principal axis perpendicular to that surface/screen.

The camera projection matrix values are calculated in-ties¢ to ensure the amera frustums
coincidencewith the target surface/screen edges, meaning ttieg surface/screen rectangle exactly
frames each camera imagDepending on the target of the camera (screen or projectbe) views

from each camera are either sent directly to thereen displayr turned to render textures and sent

to the corresponding CAVE Projector for further warping;

CAVE Projectors: Unity cameras that receive the images from the User View Cameras and warp them
to achieve a correct mapping into the desired realrld projection surfaces. This warp is done by
mapping each of théour corners of the image to new viewpddcationscorrespondingo the actual
projection wall cornes. This makes possible configurations where the projectorgarely aligned

with the walls, such as when they aaean angle or whetthey project on more than one wall (usual

when the aspect tdos of the projector and wall are different). The projection outside of the new
image boundaries is black, eliminating any overlapping projections between adjacent surfaces. A



projector can receive multiple User View Camegiasultaneoushand apply a dferent warping mask
to each; this enables a projector to display on several surfaces at once. This warping process removes
the burden of physiddy calibrake projectors, replaced by more straightforwardsoftware calibration.

CAVE Prolgztors

S—

Figure2: The virtual KAVE generated at runtime in the Unity editor. CAVE Surfaces are highlighted in green, the virtual equivalents of
four ceiling mounted projectors are seen as cameras on togptivaiser view cameras (and their frustums) centered on tee€sikead,

and the Kinect sensor is seen as a black bar above the central wall. On the left are stfownvibes that the CAVE Projectors display
warped to match the CAVE walls.

While there are multiple ways of setting the User View Camera projeatiatnix to fit our goals, we took
advantage ofJnity's existing camera parameters and functions. At each frame, the User View Cameras
positionis updated per the CAVE Kinect v2 sensor data, while the orientation remains perpendicular to the
corresponding CAVE Surface/Screen. Then, after resetting the camera projection matrix, the vertical field of
view (FOVQ) is calculated perEquatidp f ol | owed by the manipul ation of
by setting the unity camera matrix elemernits; anda f, as described in Equatio2sand 3.

OA Jk| cOATL 1)

]

dy
Figure3: Setting a User View Camera frustum (solid blue) coincident with a CAVE surface (solid black), side view.

Here hand ware the height and width of the surface/screasyis thedistancefrom the camera to it, and/z
anddxarete camera’s principal axis vertical and hori z
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Unity, this results in having a camera frustum that passes through the edges of our projection planes/screens
as shown irFigure3.

Our plugin uses the methods described above to make existing Unity 2017 projects CAVE compatible. The
plugin is versatile regarding the physical setup and hardwadealingwith sets of heterogeneous projectors

or flat screens in arbitrary positions and orientations. Whiiéially developed to create CAVEs, it supports

any other configuration of up to 8 displays, such as interactive walls, floors, or any other flat surfaces
combination, always providing a parallax effect. It works by instantiating at runtime a virtual equivatleat of

real CAVE parameterizedan XMLconfiguration file. The virtual CAVE is compostd set of prefabs from

the types described above. In short, cameras attached taiges head, thanks to the Kinect tracking, view

the virtual world while having the frustum continuously adjusted to match the correspondent CAVE
wall/screen edges. Their images are either streamed directly to display screens or to the virtual CAVE
projectors that warp the images to match the real ones; these warped images are pobjettethe real

world CAVE walls, resulting in the correct perspective projection.

After importing the KAVE plugin into a Unity project, existing camera components should be deactivated and

the prefab “CAVE Manager ” addct Thisgane abjeat Will thkd cae bf t h e
everything, including |l oading the calibration fil
Manager” position inside the game matches the ref.e
floor. It is also possible to customize the camer
View Camera” prefab parameters, such as culling n

possible in any Unity camera. Addithis plugin to an existing unity project to make it CAVE compatible takes
less than five minutes. The KAVE plugin, source code, and demonstration project are fully available in its
developmentrepository athttps://bitbucket.org/neurorehablab/kave

1.1.3.2 KAVE Calibrator

A standalone tool to calibrate the KAVE was developed in Unity. The purpose of this tool is to allow the user
to generate a configuration file that represents the physical CAVE setup, thei&AVE plugin can then load

to recreate it in virtual space. It provides a 3D virtual environment EsgeredA), similar to the Unity editor
where p to 8 surfaces and projectors can be dynamically added, individually adjusted in position and
orientation, and resized to match the reabrld configuration. Surfaces are associateith projectors to
ensure no projection overlaps and to allow a projedtiproject on several walls at once (such as a corner).
The mapping of the projections into the surfaces is dasaallyon the CAVE walls themselves. Each projector
projects a 4sided red polygon over the wall they are facing, and the user then dralyghei mouse each of

the corners of this mask to match the corners of thalwall (seeFigure4B). The viewport coordinates of the

four corners are sed. Once these steps are done, the tracking sensor is added. Its horizontal position and
azimuth angle relative to the CAV&erenceframe are set on the calibrator. The heighd the floor, pitch,
androll angles are automatically obtained from tHeor plane's Kinect SDK estimatiobhe software saves

the information inan XMLfile which is later loaded by the KAVE plugin or by the calibrator again for further
adjustments.
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Figured: A) KAVE Calibrator being used to create a CAVEwetwalls and floor alondour projectors and their projection masks. B)
Using the calibrator to find the wall corner coordinates in the projector viewport reference frame, the bottom rightsstitherissing.

1.1.4 KAVE Configurations and Example Applications

Although the KAVE plugin wastially developed with a CAVE paradigm in mind, its configuration versatility
can support many other setups. This section presents a limited list of example configurations and applications
implemented with the KAVE. The diverse examples of supported configuratiomgase the flexibility of the

tool [54], as the same compiled application can be deployed in a multitude of setups simply by providing the
corresponding calibration file at runtime. The example applications demonstrate the power it provides to the
users, ranging from supporting simple VR vigadbon, by adding motion parallax, to Ul and VR interaction
throughfull-bodytracking.

1.1.4.1 NeuroRehabLab CAVE

The KAVE is currently being used to power applications in our CAVE. The NeuroRehabLab CAVE has ¢
configuration of three adjacent walls at 90 degreath each other and a floor; the walls are 2.8 meters wide

by 2.2 meters tall and the floor 2.8 by 2 meters, allowing up to four projections simultanebiglyeb). The
projectors are four Optoma GT1080, with a 1080p image resolution and throw ratio of 0.5:1. The low throw
ratioreducesu s er shadows inside a CAVE of these di mensi
market values. For tracki it uses a single Kinect v2 sensor located on the top of the center wall. In our effort

to reduce the costs associatedgth CAVE ownership, weeistommade our structure to support the projectors,
sensors, and projection surfaces. The metallic structgranade of galvanized iron, allowsojectors
adjustmens to floor and wall distances through sliding supports and individual orientation. Each wall is made

of 3 wooden sheets (1.2 cm thick), plastered and painted white, while the floor is madegad &hite vinyl

sheet. Besides providing support to the Kinect sensor sthecturalbeams can also support other types of
sensorsA set of two HTC base stations for the HTC Vive-headhted display are also installedhe price of

the CAVE (structure, pegtors,andKi nect ) was j ust under 3,800€ (pr
accompanying computer (Quad Core 3.4GHZ processor, 8GB of RAM, and Radeon RX 580 8GB graphics car
costwasl, 200 €. The calibration of t skribexd inssectiodl 4.3.2iss i n g
straightforward.
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HTC Vive Base stations

Figure5: NeuroRehabLab CAVE.

1.1.4.2 Interactive Floor

A simple configuration of one projector facing a surface can turn it into a tageng/visualization platform
supporting direct interaction and the feeling of depth due to motion parallax. By attaching a projector
vertically to a wall or ceiling, a large projection area can be made. An interactive floor can be implemented in
this fastion by placing the Kinect sensor facing the ub@re6). This configuration has been used to develop

a set of Portuguese themed exergames [39], whind the focus ofection 2.3 and Section 3 of this thesis.
Calibrating a one surface/one projector setup such as this one imdtis¢ straightforwardcalibration possible,
requiring only the floor dimensions and orientation, projectoewport coordinates of thel-floor corner

points, and the Kinect position, all relative to the center of the floor.

Figure6: Interactivefloor being used to play a grape stomping gaB®@] on theNeuroRehabLab CAfl&or.

1.1.4.3 Interactive Wall / PowerWall

Multiple projectors can project over a single large surface (such as a long wall). This is posailde Hez

plugin can seam multiple projections into a single view over adjacent dfgage? shows one example of

such a setup where 2 Acer S5200 (2088, 3000 Lumens) projectors are used to create a 2.84 m + 2 m wide

by 2.6 m tall projection wall. The parallax effect is provided by setting the Kinect sensor behind the user. Having
the Kinect placed behind the user does create a problem for intera@othis sensor is not trained to
recognize people from the back and instead assumes they are facing the sensor. Thus, the accuracy in body
joint estimation is reduced and the body is seen as inverted by the system; still, the head can be tracked.
Alternatively, the Kinect can be placed in a bettesnt-facing position. Up to 8 projectors with arbitrary
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resolutions can create a higlsolution interactive wall with the KAVE plugin in this configuration. The main
calibration problem with this setup concetine precise way in which the user defines the boundaries between
adjacent projections, the seam. First, the user must ensure tivat adjacent projections overlap, then
physically mark the desired cor mmalwall Fndlly, theacalibratare ct a
can be used in the same manner as the previws configurations, including to obtain the position of the
markers in each projector viewport coordinates, just like they would magdhecorners of individual walls

in a CAVE.

Figure7: Interactive Wall, 4.84 m by 2 m of 2 projectors.

1.1.4.4 Corner Projection

A singleprojector can project multiple surfaces simultaneously, such as the corner of a room. This could be
used to create a CAVE usitwgp walls andfloor projections with just one projector. An example of this is
shown inFigure8, where one portable LG Minibeam PW800 (1280x800, 800 Lumens) prajesttes a 1.2

m x 1.2 m, 0.9 m tall CAVE on a corner. The corner CAVE concept can be made larger by simply using a low
throw ratio projector covering a larger area. The main issues regarding this setup are where to place the Kinect
relative to the user ad the reduced brightness and resolution that results from having a projector facing
multiple projection surfaces at high angles. Regarding calibration, as in the previous example, temporary
markers on the walls are needed to serve as reference for eactecof every wall.

Figure8: Improvising a minimal CAVE with a corner projection.

1.1.4.5 Parallax Screens

Since the plugin supports display screend projectors, it can also be used for screlemsed CAVES or even

living room and desktop applications. Here we illustrate ibatesktop screen with parallax effedtigure9).

By using multiple or larger screens, a more immersive setting can be created. Even though the KAVE plugin
supports this configuration, the KAVE calibrator does not yet support scréestead, this calibration was
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achieved by manuly editing the calibration file to match the screen dimensions and orientation and the
Kinect position relative to it.

Figure9: The Parallax Screen acts as a window into a virtual scene, or virtual elements can pop out from it.

1.1.4.6 Exclusive Use of the Plugin for Body Tracking

By creating a calibration file deprived of screens and projectors/surfaces instances, the plugin will only
generate the Kinect v2 interface instance, responsible for avatar creation and control. Althoufygitebises

all the perspective control and projection management that the plugin provides, it cahedpllusers who

have other means of visualization in mind and are only interested in having thebofliks represented or
interacting with a virtual sage through Kinect tracking. An example of such an application would be
integrating with HMD to provide virtual bodies to its users, allowing players to see, wpdirsdn, their VR

bodies and others around themas shown ifrigurel0. This is possible just by making sure that both HMD and
KAVE reference frames are coincident.
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Figure10: The KAVE plugin enabling an HMD wearer to see his own virtual body and others tracked by the KawecteTHéMD view
and perspectie are being exceptionally projected on the front wall.

1.1.4.7 Example Applications

The NeuroRehabLab CAVE powered by the KAMEgpi n gave the authors’ rese
affordable VR system. A simple application was used during the plugin development to test the motion parallax
effect generated. This application consists of a set of static 3D low polygon couts asdehe KAVE plugin
prefab “CAVE Manager” placed among t hem. T-6760 mac h
3.4GHZ, 8GB of RAM, and a Radeon RX 580 8GB graphics card connected5408 G&&t monitoMulti-
StreamTransport (MST) Hub. Thestup achieved a stable performance of 60fps while displaying 8.2944Mp

(4x 1920x1080p), averagingpgcm, and can be seen Figurell.

The KAVE plugivas integrated intdwo already existent games, developed by institute collaborators, and
incorporatedin an embodied interaction course project.
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“Explornesia T h e B a t-time multiplaysr sea battle garne featuring the age of sail ships coadtoll

from a 3% person point of view. The conversion to a CAVE playable version was as easy as replacing the
standard Unity game camesgith the KAVE plugin game objedwo prototypes were made by editing the
KAVE' s position g dysea@rsahsrbthgpayercontrelled the shiprem the deck

in first-person, seeFigure12A, and another maintaining the original third persparspective where the

pl ayer’'s shi p -meteslondship fioatingyoe the CAEE flaor. 1

The second g a miathevwsd an orliteetwnrbased stategy game designed to be plagedc
computer screen with a keyboard and mouse from an angled perspective. The developers modified the game
and added a noiplayable proofof-concept firstperson observer view scene with the KAMEgin Figure

12B). It supports navigation through a handheld thumb joystick. Additiorfaliypodyinteraction with some
elements of the game environment was enabled through physics simulation. The obsanvimteract with

them via body motion, such as kiogvirtual rocks. Development of this scene required: creating a standalone
non-playable scene of the game, where the game characters are in idle animation; aiithbodyand

collider components to& o ¢ k s ; removing the scene original came
scene; activating the Kinect body collideasdadd joystick support.

Figure12: Using the KAVE to visualize games frondtiey & A RS¢Y 10 G9ELIX 2Ny Saalé oSAay3a LI &SR
GYSSLISNA 2F LYGKSNR&E D

Over a college course of embodied interaction, a group of students developexb&of-conceptprototype

for atmospheric and oceanic data visualization. Observing the work and interviewing researchers from the
“Oceanic Observat or y ofdaéas tMadlimte natural ddtaQ/dudl)zation avaspa into
practice with the KAVE. The resulting prototype featured a VR presentation of the topographical data in the
center of the CAVE, which the user could explore by moving arouhkdtinteractim was done on thevall-
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sizedUl, either through buttons or sliders, all activated solely by the hand position of the users provided by
the KAVE.

1.1.5 Discussion

Even though CAVEs have been around for a considerable amount othiggeemain hard (and costlyp
implement and maintain. To this end, we developedanyto usepluginfor Unity developers thaaddsCAVE
support and motion parallax effect to virtual environments across multiple displays. This, together with our
configuration and calibration togbrovides all the required elements for a functional monocular CAVE system.
A summary of strengths, weaknesses, opportunities]threats is presented iablel.

Tablel: SWOT Analysis of our Contribution

Strengths: Weaknesses:
1 Free and opefsource software T Limited tracking accuracy
1 Lowcost tracking 1 Monocular
1 Versatile in multiple hardware and screen 1 Price of the projectors
configurations 1 Tracking area limited to the field of view of

1 Space geometry calibration independent one sensor
from VEdevelopment and compilation, all
KAVE elements created at runtime

1 Unobtrusive interaction

I Software easy and fast to use

Opportunities: Threats:
1 Largecommunity of Unity developers 1 Dependency on Kinect v2 for Windows
1 Very competitive compared to regular CAV 1 High investment in hardware for treverage
cost develqer
1 Emergencef new game modalities 1 Dominanceof immersive VR by Head
supporting fullbody interaction in Mounted Displays
immersive environments 9 Lack of dedicated content for CAVES

9 Alternative middleware solutions for CAVE
are expensive
9 Popularization of VR

Compared to the URCAVH50], noncommercial software with similar goals of powering CAVESs, the KAVE
distinguishes itself from it for supporting fdbdy tracking and interaction, and runtime instantiation of all its
elements. This means that the VE developer can compile a KAVE project independently from its users and their
projection setups. This single built project can be distributed to different users, which only need to add their
calibration files to experience theame VE correctly mapped to their setup. With the KAVE, contrary to the
UnirCAVE, there is no need for the users ever to touch the VE development project or for the developer to
build a custom project for every individual user setup. This difference isp[dable to RoomAlivi83], a

toolkit for SAR, which requires the static room geometry automatically obtained from itsatadibtool to be

loaded into the Unity editor project, thus tying VE development to a specific space geometry. Although
RoomAlive also supports the dynamic surfaces to be obtained online Kioects depth stream, this is
intended for projection mapping ro moving physical objects. In both the W@AVE and RoomAlive, the
application user and the application developer are the same, while with the KWE¥E can remain
independent. Also, to power a CAVE with RoomAlive, multiple sensors (each running ccateddeC) would

be needed to cover the whole projection setup and user interaction space, dramatically increasing the cost
and complexity of what would be otherwisestraightforwardsetup. It is of note that calibrating RoomAlive

for planar surfaces, suds CAVES, requires tpeocamunits to be temporarily oriented towards ngplanar
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surfaces due to their nature autocalibration procedure. Lastly, neither of these two tools support screen
displays.

Some difficulties in the adoption of this system exishohgthem, the Kinect v2 is less accurate than the gold
standard IRmarkdb ased sensors, with a 1 cm mean er 5%.r and
However, the software can be upgradéater to support new sensors, such as the Kinect Azure, as they
become availablelNevertheless, it has been reported that human head movements can average up to 2cm
when standing and looking at static images on scr¢gnp this might indicate that such sensor accuracy can
be acceptable. Regardless of our solution, a CAVE still requirieénaal investment in projectors and physical
structur e, but i t asshawn bytlee NausoRdhablab GA/E. ®ucts®KALE solution
presents a excellentalternative to these systemsraditionally high cost, namely by reducing the tsaire,
hardware, and sensor costs by usiog-costoff-the-shelf equipment. In particular, our solution can have high
acceptance by the industry and academia, as it offers most of the featurkigylwend commercial CAVE
systems with a ready to use softreabundle for Unity. While the chosen platform and the ease of setup
potentiate the adoption by the large community of Unity developers, it will also contribute to the promotion
and growth of CAVEs as research, professional and gaming platforms, anddtierciof novel content
exploiting both fullbody interaction and immersive VR. The fact that the Kinect v2 sensor provides tracking of
25 body joints per user is an additional clear advantage over traditioraakerbasedsystems with the
potential of deeloping new norobtrusive interaction modalities in VR and games.

Finally, alongside CAVEs, the plugin in its more distilled configuration form, of just one projection surface, can
also be used to provide simple interactive experiences for public spaces, such as imaginary windows to virtual
worlds, interactive walls, flars or ceilings, facilitating and opening opportunities to develop applications for
these settings. Thus, thigugin's extreme versatility makes it go beyond the purpose of CAVE creation and
allows both developers and users tgpdore and set up differentrojection mapping scenarios easiBesides

the addition of motion parallax to Unity projects, the mesicting aspect of this plugin is the easgnversion

of a Unity game into an immersive experience with the potentialad@iraluser interaction. By having a virtual
skeleton matching the user’s own body inside the
in Unity. That is the exact scenagagplored in this thesis from Section 2 onwards, wheanenteractivefloor

was used as krge projection display favur exergames

1.1.6 Conclusions

This section presented and describib@ KAVE Unity plugin and the principles that make it work. The plugin
is a publicly available tool for creating surrouscteen projections, suppting up to 8 projectors or screens

in any combination or geometrical arrangement. Motion parallax andbfadly tracking are featured using
affordable offthe-shelf components. It differentiates itself frooommercialrelated work by being free and
opensource, androm academierelatedwork by its versatility. By untying the physical setup calibration phase
from the VE development, we distinguish the KAVE from ghevious software solutions where each
application was tailored before compile time to a sifiedab setup. We provide specific examples of the KAVE
versatility in both applications and screen setups. Two examples of VEs being converted into CAVE compatible
demos are providedand five other variations in terms of hardware elements configuratahof them
accessible without requiring VE source code access. Given its ease to use and low requjirgenerfmect

the plugin to be a valuable tool for research laboratories and VR enthusiasts.
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1.2 BVALUATION OF THRACKINGACCURAGYSENSE OWPRESENGEAND CYBERSICKNESS AOF
SURROUNISCREERROJECTIA®Y STEMBOWERED BY TKAVE

1.2.1 Introduction

Some of the features that make Virtual Reality (MiRxcting tool to tackle the challenges of this thesis is

that it can providecomputergenerated environmerst and digital simulations that provide a reabrid-like
experience, both from the interaction and exploration perspecib®], [59] While there are different ways

to produce VR, each system providés specific level of immersion. According to Slater ef@d], [61]
immersion describes to what degree a system is extensive, surrounding, inclugidgematching, and self
representative. Consequently, immersion is associated with the number of sensory channels involved
(extensive), the directionality of the stimulation and the natural modes such as stereopsis (surrounding), the
number of sensory sysis that are disengaged from reality (inclusive), the variety and richness of information
(vivid), the match between our proprioceptive system and the information provided (matching), and the
provision of a virtual body (setépresentative). While thesee#ftures are objective technological
characteristics of a VR system and contribute to the realism of the expef@2l¢he personal traits can also
modulate how users experience a virtual environment (VE) or a VR system and promote differences among
them. For this reason, it is also essential to measure the subjective perception experienced byhileers
using our KAVE systeltite sense of presence being onetbé most relevant factors. Presence has been
described as the awareness of being immersed in a VE while ignoring the technology that mediates the
experience, a sense of “being th®e” in the VE, i

To produce VR experiences ahigh immersive degree, different displaystemshave been develoed,
including heaemounted displays (HMD$§3] and stationary surround VR displays, such as cave automatic
virtual environments (CAVHSB], [64] HMDs are headsets that provide visual stimulation with eye disparity
and, in the last years, also provide biiiithead trackingln the CAVE and similar systems, screens are fixed in

the physical wrld and surround the user; external optical tracking systems usually provide head tracking.

I nformation about the head pose is used to match t
technological developments and entertainment interasHMDs have facilitated their commercial availability

at reasonable costs, CAVike systems are still costly solutions, both in money and space, for data visualization

in research laboratories and companiésthe previousection(and correspondingaper [37]), we presented

the KAVE software for magang monoscopic surrourscreen projectiorwith motion parallax, which uses the
low-cost RGHD camera Kinect v2 to provide head tracking, inspired by the work of [B3]e€he KAVE aimed

at providing a lowcost alternative and overcome some of the barriers that prevent AVEK e sy st e
widespread use, such as proprietary sadte (and its costs), expensive tracking hardware, and strictness of

the physical and hardware setup.

Although the KAVE software has shown to be a feasible alternative to create an immersive system exclusively
using offthe-shelf, lowcost device$37], t he system’'s capabi liktessremansel i ¢
unexplored, as well as the quantification of the accuracy and precision of its tracking technology. To study
some of the circumstances in which this system could be advantageous or comparable to the competition, we
set out to explore our stem in two controlled experiments, which allowed tasdirectly comparewith a

previous study by Borrego et 466]. I n the first, we measured the he
compared to a laboratorgrade optical tracking system in a controlled static scenario. In the second, we
measured the sense of presence and cybersickness felt by participants. With this, we aimed at answering the
following two research questions: How accat e and precise is the Kinect

2The content of this section has been accepted for publication at the IEEE Transactions on Visualization and Computer
Graphicgournal
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position in our KAVBowered CAVE? And, in a simple VR action space search task, to what extent can the
KAVE induce presence while remaining cybersickineesn a representative sample oéalthy adults?

After occlusion, stereopsis (binocular disparity) and motion parallax are the two most relevant cues when
estimating objects’ depth i n t hwhiledobdsancesdess'than lprer s o
stereopsis outweighs matn parallax, at larger distances, motion perspective due to parallax is a better source

for depth estimation[67]. However, both sources of information decline linearly with distance, and at 30 m

are no longer reliable enough compared to other sosrd@us defining the action space (2 m to 30[67)].

Most competing VR systems feature stereoscopic imaging, and therefore depth perception through
stereopsis. Due to its monoscopic nature, this depth cue is not available in the KAVE. Becaud#feféiise,

we choose a task that does not depend on stereopsis to enable a valid comparison with systems featuring
stereopsis. Thus, we focus our study on a visual search task happening mainly in the action space (slightly
beyond ar m’ s replcatndga)previousesperimgnt thabcgmpared a laboraigrgde CAVE and

an HMD walking VR system, using the KAVE and a modern HMD instead, we could compare the KAVE to three
alternative technologies. Comparing it with a modern HMD is relevant asstigeificant evolution in the past

decade has changed the balance in the relation between presence and VR mediums, which previously favored
CAVE$68]. The comparison with a laborategyr ade CAVE al |l ows examining oL
di sadvantages r el at i v eofartdindllyhthesusetolyapaege aréa walkng VRednaws S
the contrastwith the other three technologies, tested in much more confined interaction areas, and allows

for insight into how this can affect results.

1.2.2 Methodsg Accuracy & Precision of the Head Tracking

To evaluate the accuracy and precision of the Kinediased head tracking, we measured its position error
and jitter in a 2.8 m by 2.8 m area, relative to a linear, fcamera ARTTRACK2 system (Advanced Realtime
Tracking GmbH, Weilheim in Oberbayernyr@any), serving as the gold standard. Since the Kinect tracks
human shapes and the ARTTRACK2 tracks IR markers, a medicddagyparannequin with an IR marker
placed in the space between the eyebrows (glabella) was used to provide a static trackingdatgmh
systems. Measurements were registered by placing the mannequin in twelve intersection points of a 4x3 grid,
with 60 cm x 80 cm spacing, at sitting (1.4 m), and standing height (1.Fignyg13). The Kinect v2 was
positioned 66 cm away from the ARTTRACK2 camera plane, aligned with the center of the grid at 80 cm from
its closest point, at the height of 2.2 m, tilted down 3The two closestarners of the grid were discarded as

the Kinect v2 did not see them.
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Figurel3: Placement of the Kinect v2, its field of view (simplified), the grid positions (1 to 12) and their spacing in meters.

The mannequin was sequentialpsitioned at the different pointsand for each of them, its position was
registered with both tracking systems for 5 seconds at a sampling frequency of 30Hz.

Because the two tracking systems had different reference frames, the transformation matrisigtran and
rotation) between them was estimated using Procrustes analj®®. This process finds the linear
transformation that minimizes the sum of squared errors between twofigurations of pointsvhere there

is a correspondence between points. The transformation was applied to the Kinect v2 data, converting all
measurements to the same reference frame and eliminating any systematic difference (offset) between the
estimatedpositions of the marker attached to the mannequin and the head joint identified by the Kinect v2.

Accuracy of the measurements) (was calculated as the mean difference, duting five seconds between
the mean position of the IR marker estimated by thkoratorygrade tracking systenwj and the position of
the head joint estimated by the Kinect v2 at samifl® ), as pei(4), where N is the total number of samples.
Jitter () wascalculated as the standard deviation of the Kinect v2 measuren{&htsvherewis the mean
value ofc.

QO -B & O (4)

Q B — O ()

1.2.3 Methodsc Sense oPresence & Cybersickness

To determine the sense of presence and cybersickness that could be elicited by a stetoesy projection
system using the KAVE software, we compared the reported experiences of a sample of healthy adults in two
conditions. One fer interacting with a lowcost implementation of a traditional CAVE system powered by the
KAVH37], the other after interacting with a modern HMD, HTC Vive. Additionally, we compared our results
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with the data from a previous study following the same proced66], in which participants interacted with

two other VR setups, a laborategrade CAVE systernd an HMEbased walking system.

1231

Instrumentation

Two experimental setups were used in this study; they are described in sedti2i®¥1.1and 1.2.3.1.2
Additionally, we described the setups tested by Borregal. [66] in sections1.2.3.1.3and 1.2.3.1.4 A
comparison of the four immersive solutidreharacteristics is provided fable 2.

Table2: Immersive characteristics of the four VR systems under study.

Immersive
characteristics

Low-cost CAVE
with KAVE

Head-mounted
display — HTC Vive

Head-mounted
display-based
walking system

Laboratory-grade
CAVE

Extensive Visud, Auditive Visual, Auditive Visual, Auditive Visual, Auditive
Monoscopic, Stereoscopic, Stereoscopic, Stereoscopic,
Surrounding 270 Hx 128V 360 Hx 180V, 360 Hx 180V, 270 Hx 120V
@ center FOV 110 FOV 100 @ center
Inclusive Partially visual Visual, Auditive, Visual, Wearable Partially visual,
y Wearable ’ 3D Glasses
Vivid Ax1120x880, 484, 1200 960 x 1080 4 x 1868 x 1200,
°4 p/cm °5.5 p/cm
Matching Body tracking Head tracking Head tracking Headtracking
Self-representation Full body None None Full body
Cost °5 ., 000! °6 00 € + °200. 00C

1.2.3.1.1 Lowcost CAVE powered by the KAVE software

A practical deployment of the KAVE software was done on ectsiv CAVE37] of standard configuration,
three walls, and floor (shown fRigurel4). Two walls on the sides and one at the front, descriBiidegree
angles between them and with the floor. The walls are 2.8 m wide by 2.1 m tall, and the floor is 2.8 m wide by
2 m long, covering the area up to 2 meters from the front wall. Four Optoma GT1080 projectors (Optoma,
New Taipei, Taiwan), with a 1080mage resolution and throw ratio of 0.5:1, deliver monoscopic front
projection over the four surfaces. The system provides a horizontal FOV cd2d@ vertical FOV of 128t

its center point, and has a resolution of 1120 x 880 pixels per wall wiitkeh density of 4 pixels per cm. A
Kinect v2 is centered over the front wall and tilted at a downward angle ofIBprovides head tracking and
human pose estimation, consisting of 25 joints, at 30 Hz, with an estimated latency of 6d88.ms T h e
head position is used in retime by the KAVE software, whic appl i es
continuously adjusts their projection matrices so that their frusta are perpendicular and framed with the
respective projection surfaces. The projection of the images captured by the virtual cameras on shendall
floor generates motion parallax coherent with what the user would séleeiy were present and moving in
the VE[37]. This sensor has a field of view of &hd can track users up to 4.5 m. The tracking area of this
sensor is presented in gray shadindrigurel3. The summary of the immersive characteristics of this CAVE
KAVE is presented ifable 2. One single computer with a Qu&tbre 3.4GHZ processor, 8GB of RAM, and
Radeon RX 580 8GB graphics card runs the system. For improved reaofathiétyhesis

powered
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Figurel4: Lowcost CAVE powered by the KAdEware

1.2.3.1.2 Commercial heathounted display HTC Vive

The HTC Vivé&igurel5) was considered representative of modern HMD technology. It is ahe#helf HMD

with a 1080 x 1200 per eye pixel resolution and a 1AOV. It provides builh head orientationand head
position tracking through a lasdrased insideout tracking system, called Lighthouse. This tracking technology
has been estimated to have an accuracy ranging from 0.19 cm to 1.22 cm, a position jitter of 0.03 cm,
orientation jitter of 0.02, and latency raging from 4.44 ms to 22 nj83], [71], [72]

In this study, the same computer was used to operate both the HTC Vive and the KAVE.

Figurel5: HTC Vive Head Mounted Display.

1.2.3.1.3 Headmounted displaypased walking system

The system consists of an Oculus DK2 (Oculus VR, Menlo Park, USA), a PlayStation Eye Camera (Sor
Corporation, Tokyo, Japan) attached to it pointing upwards, and a 3.78 m by 5.7t&m md 442 fiducial

markers installed on the ceilir{§6], depicted inFigurel6. The system runs on a laptop with arc8re Intel

Core i7 Haswell 2.50 GHz, 8 GB of RAM, and an NVIDIA GeForce GTX 860M 2GB. It uses the Oculus DK2 HN
native orientation tracking while the position tracking is done ingidé through the camera inpui,e., the

HMD tracks its position relative to the markers. When the user is at standing height, this system has a mean
positional accuracy of 0.94 cm, a mean jitter of 0.10 cm, and a mean latency of 120 ms. The display specs are
the standard for an Oculus DK2FOV of 100 960 x 1080 pixels per eye resolution, and stereoscopy.
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Figurel6: Walking VR System, image adapted fi@®).

1.2.3.1.4 Laboratorygrade CAVE

A CAVE, shown Figurel7, with four projection surfaces (three 3.5 m wide by 2 m high walls and floor), was
used (Barco N.V., Kortrijk, Belgium). Stereo images with an 1868 x 1200 resolution are provided by four
projectors F35 AS3D WUXGA (ProjectionDesign, Fredrikstad, Norway). Images apejeatéd on the
vertical walls and mirreprojected on the floor. Stereoscopic immersion is provided through 3D glasses, the
Crystaleyes 3 (StereoGraphics, San Rafael, USA) e a constellation of infrared reflective markers
attached to its frame. The glassg®sition and orientation are estimated through four infrared ARTTRACK2
tracking cameras (Advanced Realtime Tracking GmbH, Weilheim in Oberbayern, Germany). irheuggste

on five highend graphics computers equipped with Intel Xeon CPR&28 @ 2.00 GHz, 16 GB of RAM, and
NVIDIA Quadro 5000 graphics cards.

Figurel7: Laboratorygrade CAVE, image adapted fr¢&6].

1.2.3.2 Procedure

The virtual environment from Borreget al. [66] was used with some modifications. It consists of a
supermarket aisle with two 4 m long by 2 m high shelves (6 racks) filled with 72 differers soda
corresponding price tags. The distance between shelves was adjusted from 1.5 m to 2.5 m relative to the
original environment so that users could ambulate laterally. This VE provides a surrounding, generic scenario
with lots of information in the participant action space, which was used for a visual search task. Two instances
of the same Unity 3D VE were bdior this study, one with the KAVE plugin that uses the projectors for imaging
and the Kinect for tracking, another with Steam VR that uses the HTC Vive for imaging, together with two
Lighthouse base stations for tracking. Tteysical spacéor both corditions was inside the 2.8 m x 2.8 m
walled KAVETherefore, a 1.5 m x 1 m setransparent blue area with two footprints was added to represent

the area where the user could freely move, as showRigurel4 and Figurel8. This served two purposes,
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ensure the KAVE users would not move forward (outsfdbe Kinect frustum) and avoid HMDs wearers from
bumping into the real walls. Like in the study of Borreg@l. [66], a onehanded controller thumb analog
joystick was used to virtulgl move the participant along (translation only) the longitudinal axis of the 4 m long
supermarket aisle. As the aisle was longer than the experimental space)2tBe abovementioned blue
area virtually moved together with the participant, remainingtst relative to the participant jgoint of view.

The study was designed as a teondition repeated measures experiment where every participant
experimentedonce in each conditignKAVEand HTC ViveParticipants were counterbalanced to avoid the
order dfect; thus, half of them were randomly chosen to experience one condition first and the other on a
later date, the other haléxperiencedhe conditions in the opposite order.

At the beginning of the first session, participants were informed about thequore, provided informed
consent to participate in the study, and answered a brief questionnaire about their age, gender, education
level, and video game experience, the latter in apbint Likert scale. Immediately before the experiment,
they were guidd to the center of the KAVE space. In the HTC Vive condition, they were assisted in setting up
the interpupillary distance and putting the HMD. Then, participants had 5 minutes of free interaction with a
basic version of the virtual environment, where thedas and price tags were removed from the shelves. After
this training time, the experiment started, and participants were asked to find the price of different items in
the complete VE, which had the shelves filled with drinks and the price tags. $lgciparticipants were

given an item name, short description and were asked about its price. Once the correct price was answered,
a new item was named, up to either a maximum of 5 items or 5 minutes had elapsed. Participants could move
naturally inside tle designated tracking area and use the joystick to move further along the aisle.

After the first assigned experimental condition, participants were asked to rate their cybersickness on a 7
point Likert scale. Then reported their sense of presence in tiggnal SlateftUsohSteed Questionnairfr 3]
(SUS), a brief questionnaire with three questions rated opaiiit Likert scale. Finally, participants answered

a modified version of the Presence Questionnfidd (MPQ), a 24tem questionnaire, also rated on apbint

Likert scale, as described previougg]. They were then asked to return on a later date to repeat the same
procedure with the other experimental condition.

Figurel8: The virtual environment used in the study.

1.2.3.3 Participants

Healthy participants over 18 years old with no motor or cognitive impairment were recruited for this study
from the University of Madeira faculty and student body. Thirvo participants were recruited, of which

30 completed the studyT@ble3, Current Study column). All provided informed consent before participation

in the study. To guarantee this samislequivalence with the participasin a previous study &ble3, Previous

Study column), we compared them across their characteristics. There were no significant differences between
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sampes except for the years of schooling, with the participants from this study having slightly less (Median =
19) than the previous (Median = 21), U = 444.0;255, p < .05.

Table3: Characteristics of the participants from eatindy.

Current Study

Previous Study [66]

Gender ratio
Age (years)

Years of Schooling (years)
Experience with videogames [1-10]

141 /161 (0.87)

28.25+5.6
19.83 +3.7
6.83 + 2.8

261 /211 (1.24)

28.1+5.3
22.1+44
5.8+3.3

1.2.3.4 Analysis
Questions of the Presence Questionnaire were divided into four components: visual aspects, interaction,

consistency with the real world, and subjective fact{§].
repeated measures results from the KAVE and HTC Vive conditions, whereas\Kialsgalas used to find

Wi | c-testsowere ssedTto compare the

differences between the independent measures of the KAVE, GiAdBValking VR. The MaiWihitney ' s

t est

wi t h

Bonferroni

S

correction,

wa s

t hen

U
used

two systems. The significant difference level was set at 0.05;téiled. SPSS Statistics, version 22 (IBM®,
Armonk, NY, USA) was used to aralihe data.

1.2.4 Results

1.2.4.1 Accuracy & Precisiai the Head Tracking
The mean, standard deviation, and norm of these values are showabile4 and Tableb.

Table4: Mean + standard deviation valuesaxfcuracy across the ten valid grid positions at the two tested heights for the Kinect v2.

Accuracy error (cm) Kinect v2, Head Kinect v2, Head

@ 140 cm @ 170 cm
X axis 0.73+0.57 0.63 +0.46
Y axis 1.07+0.75 1.16 £+ 0.78
Z axis 1.04+0.71 0.29 +0.18
Norm 1.66 +1.18 1.35+0.92

Table5: Mean + standard deviation values of jitter across the ten valid grid positions at the two tested heights for the Kinect v2.

1.2.4.2 Sense of Presen&LCybersickness

Jitter (cm) Kinect v2, Head Kinect v2, Head

@ 140 cm @ 170 cm
X axis 0.02+0.01 0.02+0.01
Y axis 0.03+0.01 0.02+0.01
Z axis 0.02 £0.02 0.01+£0.00
Norm 0.04 £0.02 0.03+0.01

This section first presentthe experiment results measuring both cybersickness and the elicited sense of
presence in two new conditions, the KAVE and HTC Vive HMD. Then we present the comparison of our results
with the ones obtained by Borreget al.[66], where the conditions CAVE and Walking VR correspond to a
laboratoryg r a d e
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1.2.4.2.1 Comparison between KAVE a#tiCVive

When reporting sickness levels, users felt significantly lessnsibk KAVE (Median = 1) than in the HTC Vive
(Median = 2), T = 22.5, z-2.614, p < 0.05, r =48. Presence SUS levels were 2 points lower in the KAVE
(Median = 14) than in the HTC Vive (Median = 16). This difference was found to be significantzT== 62
3.221, p < 0.05, r =59. Presence Questionnaire levels in the KAVE (Median = 100) did not differ significantly
from those in the HTC Vive (Median = 103), T = 202.5,.325, p = .745. The same was true for all its
components. For comparison withe previous study results, the means, standard deviations, and graphical
representations of the response distributions can be se€hainle6 and Figurel9.

Table6: Mean and SD of the dependent variablesasured in the KAVE and Vive study conditions, significant differences indicated.

Variable KAVE Vive p
Sickness [1-7] 1.73+1.17 247+1.63 p<0.05
Presence SUS [3-21] 13.23x2.75 1573+£290 p<0.05
M. Presence Q. [21-147] 99.30 £0.05 100.73 £9.23 .745

Visual [1-7] 4,47 £0.53 4.47 £ 0.54 .386
Interaction [1-7] 4.19 £ 0.52 4.21 +0.68 .691
Consistency [1-7] 5.17 £0.97 5.44 £+ 0.79 147
Subjective [1-7] 5.47 +0.84 557 +0.63 .897

1.2.4.2.2 Comparison between KAVE &@lVE & Walking VR

The data from the 47 participants of Borregbal. [66] experiment, regarding presence from the SUS and
Modified Presence Questionnaires, were reanalyzed for companisth our experimental data. Their means
and the standard deviation are presentedTiable?.

Table7Y aSty yR {5 2F (GKS &ddzowaSOiA @6]study. NI YSGSNI YSI & dzNJ

Variable Walking VR CAVE
Presence SUS [3-21] 1757 +£2.42 14.61+4.42
M. Presence Q. [21-147] 116.68 + 14.24 104.46 £ 22.74

Presence was significantly affected by the VR system used, as measured both by the SUS H(2) = 29.084, p <
0.05, and the MPQ H(2) = 24.767 p < 0.05. Follow up tests showed that presence SUS levels were significantly
lower inthe KAVE (Median = 14) than in the Walking VR (Median = 18), U = 17457 p < 0.025, r =63.

This was also the case for Presence Questionnaire, where they were significantly lower in the KAVE (Median =

100) than in the Walking VR (Median = 116¥% 200.5, z 6.27, p < 0.025, r =60. Presence SUS levels in the

KAVE (Median = 14) did not differ significantly from those in the CAVE (Median = 15), U =-8532,70—

.106. Neither did the Presence Questionnaire levels, the KAVE (Mediaf ¢id 00t differ significantly from

the CAVE (Median = 102.5), U = 601;.95; p = .344. These differences are showRigurel9.
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Figurel9: The SlatetJsohSteed and Presence questionnaire scores for each of the VR systems used. The asterisk indicates significant
differences between the KAVE and the other systems.

1.2.5 Discussion

1.2.5.1 Accuracy & Precision of the Head Tragkin

The accuracy of the Kinect v2 varied from 1.35 cm to 1.66 cm, slightly worse than the worst reported case for
the HTC Vive, 0.19 cm to 1.22 cm; the same applies to its standard deviation that gives a notion about the
difference of accuracy between positis on the grid (+1.18 cm). Increased accuracy at standing height can be
observed, particularly in head height estimation, which had an average accuracy of approximately 3 mm.
Anterior-posterior accuracy presented the worst results, and the mean accuradyeohorizontal plane (XY)

was at centimetefevel, 0.63 cm to 1.16 cm. The measurements revealed antilliineter level jitter, which
indicates a precise estimation of the head position in our KAVE, similar to the other sy68ini66] The

Kinect head position accuracy results of one to two centimeters are consistent with what wasec:pgrt

Otte et al[55], who evaluated the Kinect v2 sensor tracking accuracy during landmark movementsditn@o
clinical use. Considering that natural human head motion can average 2 cm when standing and looking at static
images[57], the impact of a 2 cm offset and 1 mm jitter iedd position estimation is most likely acceptable

for perspective projection control.

1.2.5.2 Feeling of Cybersickness

Participants reported significantly lower levels of sickness in the KAVE than in the HTC Vive. This difference
can be a consequence of two main characteristics of these systems. First, nausea can result from the latency
between head movement and scene upeldmotion to photon)[29]. Although this was not measured in the

study, in surrounescreen displays such as the KAVE, scessatially do not change due to head rotations,

and they are already projecting close approximations of the next frame around thd2a®4efl his increased
immediacy of the systematéh cost of rendering images that might
for lowering the apparent latency to head rotation and therefore minimizing one of the leading causes of
cybersickness. Second, motion sickness is caused by inconsisteztaiesrbvisual and vestibular stimulation
regarding the existence of movemej&9]. According to the rest frame hypothe$ib], it is provoked when

what i s perceived as a rest frame provides cues tF
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physical inertial environment. Because the KAVE is only partially -iisiloisive in its immersive
characteristicgusud for CAVHike systems), it lets users see part of the real world in their peripheral vision,
such as the top structure, ceiling, and back wall curtain. Hence, allowing participants to use the real world as
a rest frame lowers the amount of visual infortizan that contradicts their vestibular system. This result,
together with the fact that presence was found lower for the KAVE, is consistent with work suggesting that
presence is related to the degree to which a selected rest frame is determined byttied iriterface[75]. In

the KAVE, the reatorld restframe visual cues could have affected both, éoing the feeling of presence and
suppressing sickness.

1.2.5.3 Sense of Presence

During our experiment, participants stated a lower sense of presence with the -Slatd¥Steed
guestionnaire[73] (SUS) in the KAVE system than with the MiMé HMD, with a large effect size being
detected. However, the Presence Questionnaire differences weresigmificant. This could be due to its
guestions being more numerous and broader in scope, leading to finer granularity results in a 21 to 147 score
range than the SUS 3 to 21 score range. These results are consistent with Borref@bgtvahich point to a

lower sense of presence felt by the participants in a laboratpade CXE than in a roorscale tracked HMD.

In their case, this was identified on both questionnaires. In summary, the Walking VR was better than both
CAVE systems, and the HTC Vive better than the KAVE in one of the two questionnaires.

Despite the high levels pfesence promoted by all four systems, the question of why there are differences is
important. Since the experimental task and virtual environment were the same across conditions, differences
in the feel of presence must have originatecesch systeris immersive characteristicand how they relate

with the particular visual search task us@&dble8 summarizes the main differences between systems in terms

of immersive characteristics, where the dark shade represents the better and the lighter the worse.
Considering significant differencésund in this study, we can argue that differences were the cumulative
effect of stereoscopy, full surround, no shadows and visual inclusiveness that the HTC Vive added that made
it superior to the KAVE. Contrasting our experimental data with Borregb &6 allowed the comparison
between aKAVEpowered CAVE system and a professional laboregonge CAVE. The results revealed that

the KAVE was no different from a laboratgmade CANE regarding the participaritéeeling of presence
elicited. Hence, it seems to indicate that just the stereoscopy and lack of shadows (due fordjackion)

that the CAVE provided was not enough to differentiate it from the lower cost KAVE. Whilesthis ® point

that stereopsis was not a significant immersive characteristic driving presence in this task, we must keep in
mind that the task took place outside of the personal space and that beyond the arms teadielative
importance of binocular digrity is diminished. This result is very encouraging as both systems are entirely
different regarding technical specifications and cost. They both extend to the visualiditolry senses (audio

was not included in the experiment) and provide similartéthisurrounding immersion. Their field of view
(FOV) over the VE depends on the tsbead position. Concerning inclusiveness, neither of them completely
shuts down any senses. The KAVE has the rare advantage of not requiring the user to wear any device o
tracker. Matching in the KAVE system is defined by the capability of the Kinect v2 sensor to track 25 joints of
the user’s body, c o ngptesemestioningds thd\JE. Thikineeans that if thed/E afférds

i t, the user twithvisteakdelementa. m this expeeimeatcno interaction other than ambulation

was considered. Hence, if other types of interaction were required, it could positively influend€AME

feeling of presenceThe KAVECAVE <costs ar ouihdcombner€ialyd & dteo hkau idlwd r ve
for the four projectors, 1.200€ the computer, 600F¢€
free and opepsource software, thus avoiding software license costs. Although the estimated cost of tke CAV
used in our study76] ( 200. 000 €) is far from the estimated co
(2.000.000% and 926.00088], [45), it is still considerably above alternative kmast CAVES, such as the
CryVE ([46P H&8eOW@ Eave pushed this limit by presenting an even cheaper solution for CAVEs, and
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despite its lower specifications, it produced comparable subjective responses from the experiment
participants.

Table8: Different immersive characteristics of the systems tested.

Main Low-Cost CAVE Head-mounted Head-mounted display- Laboratory-
Differences with KAVE display - Vive based walking system grade CAVE
Stereo No Yes Yes Yes
Field of view Variable 110 100 Variable
Surround Partial Full Full Partial
Shadows Yes No No Floor

Inclusiveness Partial Yes Yes Partial
Wearable No HMD HMD Glasses
Area 28mx2.8m 2.8mx2.8m 3.78mx5.76 m 3.5mx35
m
Control Controller Controller Ambulation Controller

Given the results, our second research question was answered, and the hypothesis was partially confirmed. In
a simple VR action space visual search task, the KAVE can elicit similar presence levels to traditional CAVEs
while keeping cybersickness low. Hoxee, results are not conclusive when comparing it to HMDs.

It is essential to ground the results and discussion to the task used in this study, as a different task could have
led to different results. The two most important elements that defined the taske: First, the space in which

it took place, virtual elements were always 1 m to 4 m away from the user. We speculate that longer distances
would not produce different results between the systems. Keeping the virtual elements far enough from the
user linmts interaction and how they are perceived, as the binocular disparity is decreased. Secondsthe VE
short and linear nature, a 4 m long narrow aisle, only required exploration of the partisdaid of regard.

Hence, no mental representations of teavironment had to be built, like when navigating a maze.

These results build the knowledge about our KAVE implementation and help us understand under what
conditions the use of this system might be desirable. Our KAVE is an implementation efast@®A/E and
therefore maintains the specific advantages of CAVE systems over HMDs. Some of these advantages are no
encumbrance of wearing a display mounted on the head, the use of peripheral vision due to large FOV, and
the possible addition of real elementsxaid with the virtual, such as a vehicle cockpit or control console of a
maching[77]. Also, in the case of experiments required to be shared by multiple people seeing the same virtual
elements or when wearing an HMD is not practical. The usadf a system is justifiable in the same way a
CAVE is, except for experiences that require virtual elements to be present in tHe pesesonal space.
Meanwhile, in the context of VR, the addition of whdledy tracking offers an increased interaction gtial,

which was not studied in this work. However, we expect these features to be adopted to develop VR
exergames (highly immersive exercise video games) where Hikedensors can be used for its intended
purpose of a game controller and natural uggerface (NUI), such as[ii8], [79]

1.2.6 Conclusions

In this sectionthe results fomtwo experiments involving the KAVE are presented and discussed. We intended
to evaluate a Kinect v2 senssraccuracy in heattacking and validate a KAVE implementation of a CAVE in
eliciting the feeling of presence in a VE exploration task constlainethe action space. This CAVE
implementation was done using the KAVE projection management software introduced Fgfpeand low

cost, commerciagrade hardware. This system uses a Kinect v2 sensor for body tracking, and therefore is non
intrusive, and no equipment needs to be worn by users. In tis¢ éxperiment, we found that the Kinect v2

is accurate enough to provide rei@ine head position estimation to the KAVE software, with a 1.66 cm average
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error, and it can be used to track the usehead while driving a VR experience. In the second study, the KAVE
was tested for its cybersickness and presemziicing capability directly against an HTC Vive in a repeated
measures experiment and indirectly against a laboratgngde CAVE and a roesnale Oculus DK2 in an
independent samples study. The experimental task consisted of a local visual search of the VEat 1 mto 4 m
distances, where the importance of binocular vision is reduced and featured no interaction. Results show that,
while both CAVE produced lower feelings of presence than HMDs, the KAVE was no different from a
laboratory-grade CAVE. Together with the lower cybersickness produced, this result shows that our immersive
surroundscreen VR system solution (KAVE) is a feasible altegrtatihe traditional CAVES in research when
dealing with similar conditions. Without losing the feel of presence, relatively to other CAVEs, it adds three
main advantages: it provides an opportunity to the budgenstrained scientific community due to thew
implementation cost, the user does not have to wear any apparatus, and it suppoitefiylitrackingWhile

the first advantage isonvenient the other two can be instrumental ifurther loweringthe easeof-use of

such system§36], an essential aspect déchnology adoption in the elderfl9]. Beyond those advantages,

its verstility to other configurations besides CAVES, such as interactive VR walls, floors, and screens, makes it
a tool that facilitates access, prototyping, trial, and improvisation of what are traditionally permanent and
complex installations.

In this thesiss context, thesetwo experimentsprovided us withvaluabledata concerning the use of this
technologyto developexergames. Firsexergames powered by the KAVE, using the Kinect v2 sensor for
tracking can provide accurate and precise head position estiomst Information that can be used for real

time posture evaluationand opens the possibility of developirfgghly immersive interactive experiences
featuring motion parallax, although this might not be desired with an elderly populatioall\s visuai}f
setting the games in the player s’ actdpromatethe fealicge s e €
of presence an@voidcybersickness.

1.2.7 Limitations

The KAVE software evaluation was limited by being tested in only one setup,-@doMLAVE nue of
consumer electronics grade and gaming devices. The same software could have achieved better results if used
in the laboratorygrade CAVE (retfprojection with higher resolution projectors) or used the ARTTRACK2
system instead of the Kinect v2 camefasimilar limitation is valid for the HTC Vive HMD, which was not used

up to its full potential. The HTC Vive affords much larger tracking spaces than what was used and can be made
wireless since the Vive Wireless Adapter is available. Given this wimgpability and a tracking space large
enough to accommodate the whole VE, to not depend on a joystick for navigation along the aisle, we speculate
that a higher level of presence, comparable to or higher than those of the-bi\dBd walking VR system,

coud be achieved.

Concerning the study design, using two samples of users for four systems, one sample for each pair of systems,
is a limiting factor. In ideal conditions, either one sample per system should have been used, or one sample
should have tested lasystems. However, that was not possible, and the data analysis was performed to
minimize interference. The differences between KAVE and HTC Vive were analyzed first in a classical within
subjects study. However, in comparing the KAVE with existingfidatathe CAVE and Walking VR HMD, the
latter two shared the same participants, which could have had an effect. The randomization of conditions
mitigated the order effect that could have been present in comparing the KAVE to the CAVE, given that half
the paticipants only experimented with HMDs afteAdditionally, ths experiment's participantsare
representative ok healthy young adult population, limiting our conclusions from generalizations to the target
population of this thesis.
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2 DESIGNINGLARGE PROJECTIONEXERGAMES FOR.DERLYHTNESS(C
GCOMPUTERIZATION BFNESASSESSMENE/ALUATION ARTERACTION
ANDCONTENPREFERENCES

This section leveragethe technology forfull-body interaction withlarge projectiondisplaysto design
customizedexergamesto promote fitness in older adults.It is comprised of three main steps, with
corresponding subsections. First, we evaluate ittmst motion capture with the Kinect v2roara can deliver
reliable evaluations of senior fithesa contribution for automateditness assessmengnd validate this
sensots viability in capturing critical motions, later used in our exergansezond, we study our target
populationpreferencesn interacting with an instance of our technology, a large floor projectiastly we
descrile a detailed use case of applying huraantered design methodologies in the gamification of fithess
training routines from which the resulting exergames arealiated in thesubsequensection of tle thesis.

2.1 AUTOMATINGENIOHHTNESSESTING THROUGESTURBETECTION W|ﬂ|EPT|-8£NSOR"s

2.1.1 Introduction

The older adult population is diverse, with a broad range of nedd8cits and cemorbidities This makes
exergame customization to each individual a fundamental strategy in maximizing their health benefits, in
opposition to ageneric and poorly personalized experierig [81H84]. When =tting up preventive and
rehabilitation exercise programst becomesessentialto assesphysical fithes$85]. Physical performance
testing provides baseline datavhicheducates participants on their statuslative to their cohorts helps
developindividual exercise prescriptisiby targeting the identified functional limitains associated with poor
health; allows the evaluation of progress and monitorimmnd motivates participants by setting reasonable
goals[85]. In older adults, the assessment of multiple physical function dimensions is commonly done using
Senior Fitness Tests (SEBB). These tests assess several physical parameters such as muscle strength, agility
and dynamic balance, andda obi ¢ endur ance. Parameters that hav
independent !l y, whi c hsdependentrladgelynog the noainterlareeyof sufficierat herobic
capacity and strength to perform daily activitig87]. The admiistration of SFT requirgsarticulartraining

and elevated levels of concentration by a single test administrator who needs to simultaneously guide the
elderly through the tests, evaluate the quality of their movements, keepdestesand ensure safety

Advancesn information and communication technologies (ICT), specifically in the area of affordable and
reliable motion tracking technology based on depth sensors, create new opportunities in the field of
kinematicbhased assessment such as SHiese systems can now be adapted to assess the quality of
movement execution and measure task performance in a-ineasive manner dlowing novement
kinematics and their qualitio be quantified objectively and reliably through machinesed metricsSuchan
approach reduces the workload from the health and fitness professionals, but it also allows administration by
non-experts and increases thresults' accuracgywith apotential for home and autonomoususe.Thissection
presents a system for the automateadministration of SFT that us#s Kinect v2 sensor for body tracking

and gesture detectors to evaluate lower body strength, agility and dynamic balance, and aerobic endurance.

3 The content of this section has been publishethi proceedings of the IET International Conference on Technologies
for Active and Assisted Living (TechAAL 2(8)
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2.1.2 Related Work

In human body motion tracking, the most relevant sensing tetdgies are markebased optical systems,

inertial and magnetic systems, and martess infrared systems. Markéased optical systems are the most
precise, with most otheir usage being in motion capture applications. However, the requirement of an
elabaate and expensive muitamera setup plus the use of markers distributed over the body makes them
impracticalfor domestic or lowcost applications. Motion sensing through inertial or magnetic systems uses
accelerometers, gyroscopgsr magnetometers attehed to the body. These systems have the advantage of
being able to work independently from an external setup. However, their main disadvantages are the presence
of drift errors in the measurements andwhdheanleact
cumbersome orimpractical. These systems were used88], who developed a novel automatic tracking
device for weight training and calisthenics. The system usesvds3accelerometer and-&is gyroscope
installed in an armband. It automatlly segments periods of activity, recognizes the exercise, and counts the
repetitions, presenting high accuracy rates for both offline and online feedback. A different study compared
the adhesion othe elderly to a fall prevention program when it wasrgothrough wearable sensor exergames
instead of the traditional instructional booklet approach; results suggested that adherence is improved in
exergames through increased levels of engagenj@dl In[90] the authors presented the lessons learned
from devel oping games for stroke rehabilitation u
makes games playable, fun, challengeugd useful from a therapeutically perspeati However, the body of
research on assessing fithess indicators themselves is much more reduced than for exergames. One exception
is evaluating standing balance using the Wii Balance B{&i}§92]. Compamg BalanceBoardbased
exergames’ scor es [93]lbwed significans correlatiorts ibetveeénoganse scores and
aerobic fitness.

Markerless infrared systems present the lostecost alternatives. The adoption by Microsoft of this
technology in their masproduced motion controller Kinect has contributed to the widespread availability of
such sensors. These specific devices can estimate the human body poses by analyzingdéph3D
information from a scene, also requiring minimal setup and no markers. The main disadvantage is the lower
accuracy of the measurements when compared with the mahbesed optical systems. Still, Kinect v1 is
accurate enough to be used in rehabilitaii[94], and improved accuracy has been shown for Kin2¢95].
These devices have been widely used in research, for example, for designibgdfulinteractions in
exergaming for older adul{®6]; for motion tracking in gait evaluatid@71{99]; as guidance, correction and
scoring prototype for shodkr abduction exercisgd00]; for gesture detection associated with muscle and
joint pain, common in older adulfd01], or as a tool to assist in the medical diagnosis and monitoring of
Parkinson’s disease [10Blrough movement analysis

There is, howevelljttle work on the assistance or automation of SFT. To our knowledge, only one case has
used such an approag¢h03], exploring the feasibility of a hordgased solubn through the combined use of

a Kinect and inertial sensors to detect the correct performance of the SFTs. Hence, this gap in the application
to fitness assessment in the elderly combined with éixéestanceo f hi gher resol uti on de
v2) which provide a more accurate estimation of 25 skeleton jo[@t, offers new opportunities for
innovation.

2.1.3 Methods

2.1.3.1 Fitness Tests

The Senior Fitness Test (SPBB) is a valuable tool for evaluating and identifying risk factors, planning and
assessing training programeducating setting goalsand motivating clients to be more active. The SFT is
designed to be easy to administer by health and fitness professionals in standard community settings without
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extensive time (2680 minutes), equipmenbr space requirementsn this study, we considered the following
domains and subtests of the SFT:

1. Lower body strengtis anessentialspect of muscular fithess concerning health, namely, in retaining
proficient functioning in most daily activities, especially with advancirgy #gcan be measured
through the 30second Chaistand Test consisting of counting the number of times a participant can
fully stand and sit from a chair, with the arms crossed, during a 30 seconds ifig&jval

2. Aerobic endurancer Cardierespiratory Fitnes@CRF) is anotheariticalcomponent of healtkrelated
fithess. Low levels of CRF have been associated with a markedly increased risk of premature death,
while high levels are associated with higher levels of habitual physical activity and many health
benefits[85]. This fithess component is assessed with thmi@ute Step TeqB86]. The test consists of
having the participant step in place for 2 minutes, raising the knees&igint marker placed halfway
between the knee and hip levels. The number of times each knee reaches the target height is the score
of the test.

3. Augility (the ability to move the body and change direction quickly) dypdamic balancémaintaining
postural sability while moving) are good predictors of recurrent falls and independent I[Tiody. It
can be measured with the-®ot Up-and-go Tes{86]. In this test, starting from a seated position, the
user stands on a “go” signal, walks 2.4 m, tur:!
practices onceand then perform two trials. The score is the fastest time to the nearest tenth of a
second of the two trials.

2.1.3.2 Setup

Our system was developed using the Unity 3D game engine (Unity Technologies, San Francisco, USA), using
Kinect’'s v2 pltugsi,affKksR. THe Kinectyan R&BDapth sensor capable of tracking

25 body joints, per person, of up to 6 people simultaneously at a frequency of-3@&kzplaced horizontally

(no tilt angle) at the height of 0.74 m and facing a wall at 4.2@istance Figure20). The Visual Gesture
Builder from Kinect's SDK, which uses AdaBoost Tri
train gesture detection databases.

Figure20Y ¢2LJ @ASgs 2F YAYySOGQa @n (GNI OlAy3a I NBI Ay 3IANBSy

2.1.3.3 Gesture Detection Based Assisted SFT
In total, five gesture detectors were traed to compute the scores of the 3 SFT previously descrtiaed,
discrete andhree continuous detectors, as follows:
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1. For the 3Gsecond Chaistand Testiwo gesture detectors were trainegkd i scr et e detect o
crossed” to moniptocre tame ¢ dhrer € onstt@aanmad’u sd eptreocgtr cers
the counting of full stands.

2. To measure the -Minute Step Test scor&woc ont i nuous
used, 1 for each leg, to monitor and count the numbestefps.

3. The8footUpandgo Test timing was attained atiiggerohe “ ¢
start and stop.

step” progress

2.1.3.3.1 Discrete Detectors

The discrete gesture detectors use Adaptive Boosting (AdaBd@&i)t o construct a “stro
|l i near combination of “weak” <c¢classifiers. The <cl a
confidence level. For our system, two of these detectors were built:

1. “ Arms c¢r os s ed?”(igmbeny thecldwer bady: kneeankles and feet) with 12 videos of
3 different people. Totaling 34658 labeled frames (obtained at 30 Hz) with a ratio of 1:1.132 positives
to negatives.

2."Sit” detector, tr ai nvrists,ahd hgnipusingrightvideds ef 1 persors : el
Totaling 21300 labeled frames aadatio of 1:0.319 positives to negatives.

2.1.3.3.2 Continuous Detectors

Built with Random Forest Regressidi®6], the continuous detectds output is a continuous measure of
progress according to a regression mbdenstructed from training data. For our systetinee continuous
detectors were built:

1. “Ssttand” progress detector, t r ai threegeorfle. Totalmg i n g
36126 labeled exampleames.

2. Two “step” pr ogorealslegymth gaineddignsring the arms) Wiblr videos of
3 people. Totaling 10974 and 10976 labeled examples for the left and right steps, respectively.

2.1.3.3.3 Automated SFT Score Computation

2-minute Step Test Automated Scorifigne system compares dastegs progress with two thresholds, one

for detecting the knee raised to the target height, the other for detecting the foot on the ground. It requires
the alternate triggering of right/left steps. Every time the right knee is detected above the tephbld and

the opposite foot below the bottom threshold, the step count is incremented. From visual inspection of
training data, the detection thresholds were set to tk#uations mentioned above' regression vaue
respectively 0.8 and 0.1.

30-second Chastand Test Automated Scorinfthe out pusstafhdt herbgress det e
against two thresholds, a bottom one representing the regression output of a seating pose and a top one
representing the output of a standing pose. Every time dieéector outputs alternate from sit to stand, the

stand count is incremented. For this test, two different sets of thresholds were established. The first, 0.25 and
0.7, set according tot arhd” vddtuecst gri vvemsidergd tdteh s U Lsji €
the limit of being correctly seated/standing (by SFT definition) using the training data. The second set, 0.584
and 0.8, was defined after the experiment using an exXpegwvaluation as ground truth for what were
considered valid sit/stashposes.

8-foot Up-and-go Testin this chronometry test, our system measures the time a subject takes to get up, walk
2.4 m forth and back, and sit. With the user seated, the timer starts counting as soon as the sit gesture is no
longer detected (user gatp from the chair), the system then tracks the subjgataist and once it detects

that the user walked at least 2.4 m forward, a validity variable is activated. The timer is stopped when sitting
is once again detected if the 2.4 m walk was considerdid.va
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2.1.3.4 Participants

This study included 22 volunteers (15 females), 65+5.6 years old, who gave their informed consent.
Participants were recruited from a physical activity program in a senior center in Funchal, Portugal. The
inclusion criteria were: (1) toeba communitydwelling older adult, aged 60 to 85 years old; (2) being able to
walk independently and autonomy to perform everyday activities; and (3) absence of reported medical
problems considered contraindications to exercise.

2.1.3.5 Experimental Protocol

Paricipants answered demographic and fitness questionnaitefore the experimental session.
Subsequently, they executed thigree previously described SFT in the following orders86ond Chaistand
Test; 8foot Up-andgo Test; and ninute Step Test. Theswere administered and scored in ramhe as
follows:

1 For the 3Gsecond Chair stand test, a chair was placed against a wall facing the Kinect in the center of
its FOV.

1 The 2minutes Step test was performed with the participant stepping in place ceniened Ki nect
of view at a distance of around 3 m from the sensor.

1 Inthe 8foot Up-and-go test, a chair was placed as in theséftond Chair stand test. A cone was placed
2.4 m from the chair’s front edge. bylhis/eer sscdd mi ni
through the trial to ensure his/her safety but without getting between him/her and the sensor.

In this study, to maximize the assessment proceducessistency, all the assessments were performed by
the same trained fitness professional.

S

2.1.3.6 Data Analysis

Collected SFT score data consistéthreed at as et s : (-the standardasbéssmierd donel by the
professional liveos i t e ; ( 2) —a‘p&steropassessmegt sidhe by the same professitiveilveeks

later by carefully refaying the Kinect recorded data (in a blinded and randomized fashion); and (3)
“ Aut o mahe asdessment done by our proposed system when replaying the Kinect recordings (emulated
as realtime data). The expert tagged video dafar positives (correct mvement patterns) and negatives
(incorrect movement patterns). These data were then compared using Mathworks software MatLab R2013b,
with the automated system's detection outputs

A within-subjects design was used to compare the conditions. Normalityeofiibtributions of differences

was assessed using a Kolmoge8mirnov test. Because data deviated from normality, nonparametric
statistical tests were used. For assessing the overall difference between assessments, a Friedman test was
used on each dependé variable. For further pairwise comparisons, the Wilcdgoh matchegpairs signed

ranks test was used. For all pairwise comparisons, a Bonferroni correction was used to account for the number
of comparisons. Additionally, the inteater reliability wasneasured via Intraclass Correlation. All statistical
testing was done using IBM software SPSS Statistics 22.

2.14 Results

Here we present a comparative analysis, including the overall scoring performance medrecs@mparison
between automated movement dettion and expert tagged data. The later comparison resulted in the
identification of correct detections (True PositivesTP), correct nowletections (True Negatives TN),
incorrect detections (False PositiveBP), and incorrect nedetections (False Nmtives—FN). The TP and TN
detection rates represent the ratio of correct detections to the respective total number of positives or
negatives. FP and FN detection rates are the ratios of incorrect detections to the total number of both positives
and negéves.
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2.1.4.1 30-second Chastand Test

In the 30second Chaistand Test case, the system was exceptionally tested twith different sets of
parameters. Here, “Laboratory trained system” ref e
and “Expert trained system” to the thresholds deri
in section2.1.3.3.3

The scores, assessed as the number of repetitions, are preserifedlied. The number of counted full stands

did not differ across assessments (Traditional: 18; Recordings: 19; Laboratory Trained System: 18.5; Expert
Trained Sy’ t&n3p>1L0.)The Intraclass Correlation Cmaédht, for absolute agreement
definition, was ICC(3,1) = 0.858 and ICC(3,4) = 0.960, high values meaning that the different measurement
methods agree and are reliable between themselves.

Table9: 30-second Chaistand Test scorinfpr the different assessment methods.

Method Median Percentile 25 Percentile 75
Recordings 19.00 15.75 24.00
Traditional 18.00 16.00 21.00

Lab. Trained Sys. 18.50 15.75 20.50
Exp. Trained Sys. 19.00 15.75 23.25

For gesture detection, the positive gestures were fully seated and fully standing. Negatives were all other
gestures, including positives of the opposite deteci@r.,a positive sit is a negative stand, and a positive stand

is a negative sit. Results détection rates for both the Laboratory Trained System and the Expert Trained
System show a high detection performance, above 95% for the Laboratory Trained and 98% for the Expert
Trained, with false detections never exceeding Z#b(e10).

Tablel0: 30-second Chaistand Test detection rates for both the Laboratory Trained and Expert Trained systems.

Lab. Trained Sys. Exp. Trained Sys.

True % False % True % False %
Positive 98.39 0.45 98.62 0.45
Negative 95.16 0.78 98.90 0.67
Positive 95.98 0.45 99.55 0.45
Negative 97.50 2.01 97.73 0.22

Stand

Sit

2.1.4.2 2-minute Step Test

The next results encompass data from 21 (oW2)fsubjects as one dataset was corrupted and excluded from

the analysis. For this test, the number of counted complete steps differed significantly between methods used
for counting (Traditional : aX%13.19peE<cl(fadleld).inerestinglg, 1 ; A
pairwise comparisons showed that the number of counted complete steps was significantly higher in the
recordings than in th traditional measurementsy = 0.001,T = 8.50, effect size = -0.498. However, no
significant differences between the recordings and our automated system were fpun@,109,T= 15 =-

0.248, as well as between the traditional and the system metipod 0.359,T = 64.501 =-0.142. Average
differences of aboutour steps (3.9%) can be seen between assessment methods. For the absolute agreement
definition, Intraclass Correlation was measured at ICC(3,1) = 0.790 and ICC(3,3) = 0.919, indicating an
ageement between the measuring methods.

For individual detector performance, positive gestures consisted of detecting knee elevation (one detector for
each leg) up to the target height, and negatives all remaining cases. Step detection performance was above
95%, with less than 2% false detectiomalfle12).
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Tablell: Descriptive statistics for the different assessment methodgldfetent tests.

2-minute Step Test (nr rep) 8-foot Up-and-go (all Trials) (s) 8-foot Up-and-go (Score) (s)

. Percentile Percentile . Percentile Percentile . Percentile Percentile
Method Median 25 75 Median 25 75 Median 25 75
Recordings 101.00 91.50 116.50 4.70 4.13 5.10 4.65 4.08 5.03
Traditional 97.00 88.50 112.50 4.80 4.20 5.10 4.75 4.15 5.00
Automated 96.00 87.00 112.00 3.95 3.53 4.48 3.90 3.30 4.40

Tablel2: 2-minute Step Test detection rates for the automasgdtem.

Step True % False %
Positive 98.67 0.16
Negative 95.85 0.66
Positive 96.15 0.55
Negative 97.60 1.90

Right

Left

2.1.4.3 8-foot Upandgo Test

As explained in sectighl1.3.], the 8foot Up-and-go Test requires the execution of two individual timed trials,
where only the fastest is considered for the assessment. This enables us to analyze the resultsffarew

ways. One where all the 44 timed trials for the 22 participants are considered. The second where only the
fastest trial per subject is considered.

2.1.4.3.1 All trials

Measurements of execution time for each trial of thdo®t Up-and-go Test differed sigficantly with the

met hod used for timing (Tradition%2)=71.268p8005TaBlecor d
11). The average diffences between traditional and computarediated assessment amount to approx. 0.7

sec., which represents a 15% difference. Time measured did not significantly differ between the traditional
measurements in situ and the one performed by inspection of thenadings,p = 0.077,T= 173,r =-0.188.
However, both “traditional?” and “recmp<ro@01mgOr=wer e
0.619, ang< 0.001,T=0,r =-0.618 respectively. The Intraclass Correlation for absolute agreenadinittbn

was ICC(3,1) = 0.661 and ICC(3,4) = 0.854, whereas using the consistency definition was ICC(3,1) = 0.957 an
ICC(3,4) = 0.985. The low correlation values for the absolute agreement definition indicate that timing
methods did not provide reliabl@bsolute measures between themselves. However, according to the
consistency definition, very high Intraclass correlation values indicate that the methods were precise, although

i naccurate due to the system's del ay.

2.1.4.3.2 Fastest trial

The fastest measured timeif performing both trials (for each participant) of the@t Up-and-go Test also
differed significantly with the method used for timing (Traditional: 4.75 s; Recordings: 4.65 s; Automated: 3.90
s ) %2) =x35.877p < .05 Tablell). The measured time did not significantly differ between the traditional
measurements in situ and the one performed by inspection of the recordirg4,000,T= 60,r = 0.However,

and consi stent wi t h t he previous dat a, ti me wa s
“traditional” met ho ¢gs0.00hTe A,r=b0y622dnbath casgss Ihtracass Covrrelatibn

for the absolute agreement defition was ICC(3,1) = 0.674 and ICC(3,4) = 0.861, when calculated using the
consistency definition was ICC(3,1) = 0.962 and ICC(3,4) = 0.987. Values are identical to the previous case.

2.1.5 Discussion and Conclusions

In thissection we developed and evaluated@wv-cost system to support health and fithess professionals in
assessinghysical function in the eldrpopulation, with the potential to be used autonomously and at home
by nonexperts. Not many researchers have addressed this issue, particular scenarios and with erd
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users[103]. We presented a comparative study with 22 elderly commudityelling participants usinthree
standard SFT performed in a reabrld scenario. The results confirmed that the proposed system could score

as accurately as an experttino of the three tests. Tle 8foot Up-and-go Test presented a systematic error,
underestimating time due to our experimental setup. Our system would only measure the time to perform
the actions and not the instructiohseaction time. Thus, this error would not exist if the systéself had

given the go signal. Low Intraclass Correlation for the absolute agreement but very high consistency values
support the possibility of a systematic delay. The sy&emuerall performance in gesture detection was very
high, with TP and TN rateser 95%. This individual gesture detection results are bettéf43 than what was
presented irf101], and while the comparison is hard to make, for exercise repetition counting, thejraitar

to what was presented if88].

In the case of the 38econd Chair Stand Test, we observed that despite very aigh for TP and TN with the
Laboratory Trained Systeim95%), results were further improved with the Expert Trained Syst@®26). This
sensitivity of score accuracy relative to the threshold values, confirmed by our data, shows the importance of
using traning data collected in realistic settings instead of laboratory conditions. This adaptation can be done
by a large enough training sample in real scenarios (which is very demanding andotisugning) or
alternatively by introducing a system calibratiorhgse immediately before each individual subject
assessment. Our systésrscores were not significantly different from the traditional assessment done in situ
or by inspecting the recordings. This was corroborated by a high Intraclass Correlation Co¢ffici¢s,4) =
0.960), indicating a high absolute agreement.

We identified a higlr rate of FN for the left step detector in therlinute Step Test. The main contributor to

this asymmetry wasghe occlusion introduced by a height marker the test administrateed in front of the
subjects’ l eft knee. A significant di fference was
recordings. This could be attributed to the high attention levels this test requires from the administrator when
performed live without a tally counter. It is challenging for a test administrator to evaluate every single step
validity correctly (at rates sometimes over 2Hz), count them mentally, and ensure the partisipafuty,

further supportingthe need for a system such #ee one proposed here. In fact, our system produced scores

that did not differ from those of the expert, indicating an accuracy equivalent to that of theg@ysis of

the video recordings.

Our results support the use of th proposedtechnology and mdtods for automating senior fithness
assessment. This can be viewssth asa standalone contributiomnd a proof of concept for its integration in
exergamesdevelopment In the first casethese methods couldssist intraditional SFT assessmestoring

as they were in this sectioffaken a step furtheby enhancing them with guidance, there is potentialise
them in remote andcompletelyautomatic assessment of seniouch as ahome scenariosAlternatively,
the high accuracy obtained ihe detection ofrepeated fundamentabody movementsan established form
to evaluate fitness, confirmihat these methodsire a viable option to be integrated into the development of
exergames, as games could use the validated detectors to mediate exeigsmaction, or possibly to
evaluate fitness parameters during gameplay.
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2.2 BVALUATINGBODYTRACKINANTERACTION ILOORPROJECTIOMISPLAYS WITH ANDERLY
POPULATION

2.2.1 Introduction

With older age, visalperception is commonly negatively affecteld8], and the effects of sedentary lifestyles
become more prominent. A computer system thatuld alleviate such problems through large dimension
displays and motion tracking interfaces could prove advantageous. More concretely, applications targeting
physical fitness would provide extensive health benefits in older afiL08]. In this contextfloor projections
facilitate matchingbetweenthe physical activitymechanicsandthe display One ofits main advantagefor
interaction is the possibility to use largistingsurfaces, thus, avoiding spatial constraifit®7] and the
limitations of using a screen in terms of image size and interaction modalities. Also, by using a floor projection
with a oneto-one mapping, we can guarantee that playemiention is focused on the same spatiey
interact with. This is important as it lowers the need for spatial awareness that other means, such as wall
projection or TV would create and splitting attention between those displays and the play area would
increase the risk of fall or collision with obstacles

Low-cost bodytracking sensors for gaming consolesdmade it possible for gesture detection to be present

in millions of homes. Sensors like the Kinect v1, of which more than 24 million units were sold by Feb. 2014
[110], and Kinect v2, having 3.9 million units bundled and sold along with Xbox One consoles by Jan. 2014
[111, p. 2] The widespread access to this technology opens the way for usermatural ways of interacting

with computing systems. Natural user interfaces (NUI), where users act with and é&ehtikals aim to

reflect user skills and take full advantage of their capacities to fit their task and context demandstesm

they start interactingj112]. As shown in the previous sectole body tracking sensor
capabilities also provide exciting possibilitiestfar automatic monitoring of healtkrelated problems through
kinematic data analysis. For example, automated systems for assessing fitness indicators if80Id§ty3]

automatic exercise rehabilitation guidanf0], or di agnosi s and mombD2 . ori ng

The coupling of body tracking depth sensors, sagkinect and projectorenables systems to track the user
movements relative to the sensor and the mapping of the projection surfaces. In -galiblated system,

where the transformation between the sensor and projector is known, this allows for inveesssgmented

reality experiences, such as the capability of augmenting a whole room with interactive projg88gns

Thissection presents the combination of floor projection mapping with whbledy tracking to provide two
modalities of body gesture NUIs in controlling a cursor. One modality is basi &eet position over the
display, while the other uses forearm orientatigpointing). We assessed the interfaces with an abstraction
of two common interaction tasks, the pohaind-click and dragand-drop, on an elderly population sample.
The differentiation was done by evaluating the systems in terms of usability, perceivadoad and
performance. This work was an initial and essential step in developisgldesystem designetbr the elderly

to keep an active lifestyle through adaptable exergamess €hperiment's resulthelp to understand best
practices for gesture ietface in such system and exergame interaction design.

2.2.2 Related Work
While gesturebased interaction is not a requirement for a NUI, it is an evident candidate for developing such
an interface.

An area where several-@ir gesture interfaces have been prggaul is in parand-zoom navigation control. In
[113], the authors investigated the impact three interaction variables loadtask completion time and

4 The contenbof this section has been published in theogeedings of the 3rd International Conference on Physiological
Computing Systemsvolume 1: PhyC[307]
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navigation overshoots when interacting with a wsilted display. The variables werai-ws. bt manual, linear

vs. circular movements, and the number of spatial dimensions for gesture guidance (in zooming). Panning was
controlled by ray casting the dominant hand into the screen and activated by device clicking. Results showed
that performance was significantly better when participants controlled the system bimanuallydoamimant

hand zooming), with linear control and 1D guidance (mouse scroll wheel for zooming). A NUI for controlling
virtual globes is introduced [i114]. The system uses a Kinect sensor to provide pan, zoom, rotation, and street
view navigation commands to Google Earth. The system presents an interesting possibility for a Mlifl as in
gesures follow the same logic as common miittiich gestures. Hand poses (open/close) are used to activate
commands while the handsrelative positioncontrols the virtual globe. For street view control, it uses
gestures that mimic human walkwinging armsnakes the poinbf-view move forward while twisting the
shoulders rotates it. The use of metaphors that make computer controls relate to other known controls is not
uncommon. If115], two different approaches for interfacing with Bing Maps were tested for their usability,
presence, and immersion. Using a Wiimote, the authors built a navigatenfdoe inspired by the motorcycle
metaphor. Ahandlebarlike motioncontrolled turning and righhand tilting acted as the throttle. Additionally

to the metaphor, altitude over the map was controlled by leéind tilting. The alternative approach used the
Kinect to provide control and feedback inspired by the bird metaphor. Raising the arms asymmetrically enables
turning, both arms equally raised or lowered from a neutral position control altitude, and moving the hands
forward makes the user advance; thentrols are enhanced by providing feedback in the form of a
bird/airplane avatar. Descriptive statistic results showed high usability and presence for both systems, with
higher values for the latter. The use of torso angle to control an avatar in a vietlitly city and how this
control method affected the user understanding of size proportions in the virtual world was investigated in
[116]. The system uses forward/backward leaning and shoulder turning to move and turn in the respective
direction. It was tested on participants chosen for their knowledge in urban planningualdihg design, and
compared to the common firgbersonshooter mouse/keyboard interface. The results show that the system
navigation was perceived as both easier and less demanding than the mouse/keyboard, and that it gave a
better understanding of progrtions in the modelled world.

Beyond navigation interface, gesture NUIs have been studied in the context of controlling computerized
medical systems. This is particularly important in the surgery room, where doctors must maintain a sterile field
while interacting with medical computers. I[117], the authors present their Kinetiased system for
touchless radiology imaging control. It replaces the mouse/keyboard commands with hand tracking controls
where theright-hand controls the cursor, and the left hand is used for clicking. The activatibie gf/stem

was done by standing in front of the Kinect and waving. Tested for its qualitative rating with radiologists, 69%
considered that the system would beelpful in interventional radiology. The majority also found it easy to
moderately challengingo accomplish the tasks. Similarly, [itil8], the authors introduced a solution for
interaction with these systems using inertial sensors. Here the activation of the gesture detection was made
by using a physical switch or voice commands.

Severalkexploratory research studies have been made to find the common gestures that naive users would
naturally perform. In[119], the authors found that by running an experiment in a Wizard of Oaset
participants would adopt the poirtind-click mouse metaphor when asked to perform tasks in a large display
In[120], participants were asked to propose gestures for standard TV functibegg&sture agreement was
assessed for each command, and a set of guideli@sproposed. Contrary to what was shown[i13] for

pan and zoom gestussone hand gesturing was preferred. Hand posture naturally emerged as a way of
communicating the intention for gesture interaction.

When designing a NUI that supportsén r gestures, one must be aware o
is always listening, if not mitigated, this can lead to fgdesitive errorg[112]. Effective ways of countering
the “ 1 i ve mioaéservp specliid aetions torrirgeraction or reserve a clutching mechanism that
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will disengage the gesture interpretation. The review made by Golod §t2i] suggests @edure phrase
sequence of gestures to define one command, where the first phase is the activation. The activation serves as
the segmentation cue to separate casual from command gestures. Some example guidelines are the definition
of activation zones or dwellased interactions. 1fil22], from a Wizard of Oz design, the authors tried to
identify pan, zoom, rotate, and tilt control gestures. More importantly, by doing so, they identified the natural
clutching gestures fatdirect analog input, a subtle change from opagind to semiopen. Similarly, the system
proposed in[123] used the hand palm facing the screen for activating cursor corjtt@a4] proposed two
activation techniques: holding a remote trigger and activation through gaze estimation. These two activating
techniques plus the control (trigger gesture of showing the palms to the screer)tested for their hedonic

and pragmatic qualities. Results showed that both the trigger gesture and remote trigger scored neutral on
their hedonic and pragmatic scales. However, gaze activation scoredriigp t h s cal es, achi ev
rating.

Although much less common than vertical displays, interactive floors and floor projected interfaces possess
unique features. 1§125], the authors describe an interactive floor prototype controlled by body movement
and mobile phones seip on a large public library hall. This arrangement enabled tleetake advantage of

the open space, filled by the large projected interface, praiote social interaction from its public fation.

These interfaces were proposed as an alternative to interactive tablefp®8], useful for not beingas
spatially restraining as the lattefhe authors also explored the preferred methods of activation for buttons

on these floors in their studybeing feettap their final design choice.

Even though the NUI literature is extensive, our review shows thadtmesearch has been made with
exploratory or pilot design and could be advanced by validation studies. Furthermore, while most studies
target the general population, their samples are usually not representative of the eldeuly ignoringheir
specift impairments and need8Ve focused our research on large interactive floors to generally address their
visual perception impairments and support their physical activity and engagemensnkedrder to better
understand how this population can interacttlwvsuch an interface, we proposed the following question:

1 When designing a NUI to be used by an elderly population in floor projection displays, what interaction
is best?

This was narrowed down by limiting the answers to two types of interface controlray casting, commonly
studied for vertical displays, andtauch screerdike control, where the user activates interaction through
stepping on the virtual elements. Considering tikerface goalswe chose three elements to be rated:
usability, workload and performance. As one method would provide clear mapping at the expense of
increased physical activity (stepping), the other would free the user from such movements while requiring
them to project their arm into the floor mentallyTherefore, wehypothesized that differenceis each of the
three evaluation elements would exist when considering the two NUIs proposed. To test this hypothesis, the
two proposed modes of interface control were developed and tested on an elderly population sample for tw
types of tasks that were evaluated in terms of usability, perceived workload, and performance. We expected
that ray casting would provide better results as it is more widely used for interaction with large displays and
requires little physical effort bthe user.

2.2.3 Methods

2.2.3.1 Modes of Interacting

Two modes of interacting with the computer were developed based on the kinematic information provided
by a Kinect v2 sensor and a display prfeef’ecttihen can
postion is controlled by the average position of both feet on the floor plane; activation upon the virtual
elements by the cursor is performed by placing the feet less than 20cm apart. For the second mode of

i nt er act iaom fthe foreamepdsitidn anarientation is treated as a vector (from elbow to wrist)
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and ray cast onto the floor plane, the cast controls the position of the cursor (as schematkEigdre21),

while activation is done by closing the hand. Due to the Kinect v2 sergarreliability in detecting the closed
hand pose, during the experiment, this automatic detection was replaced by the visual detection done by the
researcher in &Vizard of Oz like experiment.

Figure21: Controlling the cursor position through forearm ray casting.
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The interfaces were tested in two different tasks to give a broader insight into what kintecddtions with
computers our two systems would impact. A task to mimic the traditional gamakclick and another the
common dragand-drop.

In both tasks, the participant controls a circular cursor (g 17 cm) witeexdnd activation duration, meaning

that the activation gesture (feet together or hand closed) must be sustained for 1 second for the cursor to
interact with the virtual element it is positioned on. This activation is represented on the cursor itself, which
changes color in a circular wayoportionally to the gestures duration.

2.2.3.2.1 Pointand-Click Task

In the pointand-click task, a set of 9 rectangles (40 cm x 25 cm) are projected on the flooth@e-dy-three
configuration, separated 12 cm laterally and 8 cm vertically, as shoRigume22. Out of theninerectangles,

8 are distractors (blugand one is the target (green). Every time the target is selected, it trades places with a
distractor chosen on a random sequence (the same random sequence was used for all participants). The
purpose of the task is to activate the target repeatedly whileiding activating the distractors. Performance

is recorded in this task as a list of events and their time tags, the possible events being: target click (correct
click), background click (neutral clickand distractor click (incorrect click). In this kagnaintaining the
activation pose while moving the cursor from inside a rectangle to outside, or vice versa resets the activation
timer.

Live feedback is given by drawing different colored frames around the rectangles. An orange frame is drawn
around the rectangle over which the cursor is located. Upon activation, the frame changes color to red if the
rectangle was a distractor or green if it was the target. This frame remains until the cursor is moved off the
rectangle.
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Figure22: PointandOf A 01 Gl a1 o0SAy3a LISNF2NN¥SR sAGK (GKS 4TS¢

2.2.3.2.2 DragandDrop Task

In the dragand-drop task,four rectangles (40 cm x 25 cm) are projected on the ground, spaced 70 cm
horizontally and 40 cm verticallihree of which are blualistractors and one is the target (green). A movable

yellow rectangle (30 cm x 19 cm) is initially shown in the center, as preserft@gLiie23. Theparticipant can

“grab® t he yellow rectangl e bgyabbaedtt i ¥ atciamg biet drOpee di
again (joining the feet or closing the hand, depending onrteraction modg. Thetasls pur p ol i s t
the yellowrectag | e damop’d i“t onto the target repeatedly. Ever
rectangle is reset to the center, and the target changes places with one of the distractors in a random sequence
(the sequence was kept constant across all participantsjofeance is recorded as a list of events and their

time tags. The possible events for this task are: grab yellow (correct, gitsdanpt to grab anything else

(neutral grab)drop yellow on target (correct droplirop yellow on the background (neutral dippnd drop

yellow on distractors (incorrect drop). As before, maintaining the activation pose while moving the cursor from

a rectangle to outside, or vice versa resets the activation timer. Likewise, a set of colored frames are used to
give live feedbacko the users. An orange frame highlights any rectangle under the cursor. Once activated,
the yellow objects frame changes to green, indicating that the cursor is dragging it. Dropping it on a distractor
will create a red frame around the distractarppostely, dropping it on a target will show a green frame
around it.

Figure23: DragandR N2 LJ (I a1 o0SAy3 LISNF2NN¥SR 6A0GK (GKS aFSS(
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2.2.3.3 Technical setup

The hardware was set up in a dimly illuminated room, and a white plastias was placed on the floor to
enhance the reflectivity of projection. A Hitachi-B®/100N projector was positioned vertically to face the
floor. This arrangement enabled a high contrast of the virtual elements being projected and an area of
projection geater than what our tasks needed (150 cm x 90 cm). A Microsoft Kinect v2 was placed horizontally
next to the projector, facing the projection aregigure24).

< Kinect

Figure24: Experimental setup diagram.

2.2.3.4 Participants
The target population of the study was communrityelling elderly. A seelecting sample of this population
was recruited at Func hal thedolld®vimqinclasiodaniteri@ni o ci vi ¢ ce

1. Being more than 60 years old;

2. Do not present cognitive impairments (assessed by the -Mamtal State Examination Teft27],
MMSE > 22);

3. Do not present low physical functioning (assessed by the Composite Physical Functifit?8fale

The experiment took place ovéwo days at the facilities of the civic center municipal gymnasium for the
elderly. Nineteen participants (ages: M = 70.2 SD = 5.3) volwettemrd provided written informed consent,

3 males and 16 females. The patrticipants were randomly allocated to each contditidsging assigned to

t héteet* and @armt ocomei ti on of interaction.

2.2.3.5 Experimental Protocol

The experiment followed a bewen-subjects design. The participants were asked to answer questionnaires
regarding identification, demographical information, and level of computer use experience. They were
evaluated with the Composite Physical Function Scale andN#intal State Examation Test. During each
participant trial, the pointand-click task was explained and shown being performed through example,
according to the participaht experimental condition. This was followed by a training period and then by a 2
mi nut es’ esperfermancemmetich wele recorded. Lastly, the participant was asked to fill the System
Usability Scale (SUZP9]and NASATLX (TLX)30]questionnaires. After it, the same procedure was followe

for the dragand-drop task.

2.2.3.6 Analysis

For each participant, data consisted of SUS score and TLX index (both measured from O to 100} and task
related performance, as described in ssé#ctions2.2.3.2.1and 2.2.3.2.2 The normality of the data
distributions was assessed using the Kolmoge3oirnov test for measurements concerning foemance.

The variables that showed such a distribution are highlightdablel3and Tablel4. For the pairs (between
conditions) of measurements that fitted theormality assumption parametric ttests were usegdwhen
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significant differences in the pai,equavanaacesivararote s w
assumed. All the other pairs were tested withMawh i t ney’ s U test. Di fference
(ordinal variables) between conditions were also testedwithM#ini t ney’' s U test . Al |l
done usig 2tailed testing aia .05 with the IBM software SPSS Statistics 22.

2.2.4 Results

2.2.4.1 PointandClick Task

For feetie condi t i o-angclidk tasktthe descpiptivie statistics are presentediablel3, where

we can observe very low values of incorrect clafg high median scores for the SUS, which is considered to

be a good value when over 6a8n Theddésoni priabeal sba
13. Higher values of neutral and incorrect clicks are visible compared to the previous condition. Similarly, a
decrease in the median of the SUS usability score and an indretieTLX workload index can be seen.

Tablel3: Descriptive statistics of the measurements for the pamd-click task.

“Feet” Interface “Arm” Interface
Variable Median Interquartile Median Interquartile

Range Range

Sus 91.25 21.25 72.50 25.00

TLX 23.75 27.71 40.83 18.33
Correct 29.50 10 28.00 15
Neutral 1.00 2 4.00 7
Incorrect  0.00 1 2.00° 3

" Normally distributed

Results revealed significdythigher System Usability Scale scores for the participants interfacing with their
feet than the participants interfacing with their dominant arm, U = 18.5, p < .05, with effect sizd997.

The Task Load Index scores were not significantly differeridth interfaces, U = 24.5, p > .(05dure25).

The number of correct and neutral clicks was not significantly different for intéinfaces, U = 40.5 and U =
29.0, p > .05, respectively. However, it was found that there was a lower number of incorrect clicks for the
participants interfacing with their feet compared to the participants interfacing with the arm, U = 15.0, p <
.05, r =.5863 Figure26, where circles represent outliers and stars extreme outliers).
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Figure25: System Usability Scale and Ndsak Load Index scores for the peamid-click task.
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2.2.4.2 Dragand-Drop Task
The descri pti vfeet's tcatnids tt ii manddiiopitask dréeprestnted ghableld, where

we can observe low values of incorrect drops and no neutral drops (accidenpa)dfithe values of usability

are very high, and worakn' oadn tho t e andkd®g tysk, Wwescandseehig t h |
Tablel4, amarginally good value for the SUS usability score, barely over 68. The TLX workload has relative
medium levels, and neutral drops (accidental) are present.

Tablel4: Descriptive statistics of the measurements for the érad-drop task.

“Feet” Interface “Arm” Interface
Variable Median Interquartile Median Interquartile
Range Range
Sus 93.75 16.25 70.00 21.25
TLX 22.50 16.46 41.67 22.50
Correct Grab  14.50 8 11.00 9
Neutral Grab  13.50 4 10.00 9
Correct Drop  14.00 7 10.00 10
Neutral Drop 0 0 1.00° 3
Incorrect Drop 0.00 0 0.00 0

" Normally distributed

The results indicated again a significantly higher System Usability Scale score and lower Task Load Index score
for the Feetinteraction condition, with U =9 and U = 17, p < .05, effect sizé&7#7 and r =.5247 respectively
(Figure27). There were no significant differences for the normally distributed data with correct grabs, neutral
grabs, and correct drops, t(17) = .565, t(17) = .863 and t(17) = 1.336, p > .05, regpddtutral drops were
significantamg hiingtheerracitni otnh ec 0“n d45%5iamd there Wwere no sigiiificantp <
differences between the number of incorrect drops, U = 44.5, p >Fighife28).
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2.2.5 Discussion

For both the pointand-click and dragand-drop tasks, it was found that there is a significant impact on system
usabilityfeet béinng@rtacéi Bn met hod pr efeed r arbiydeghieving b ot I
high usability | evehbrs hsabltykewlaround?l, vayxlpse tothe dtaedard he
lower limit of good, 68. In the case of perceived workload indette=re were no significant differences
between the conditiongor the pointand-click While for dragandd r o p ,feett hent er f ace was

|l ess demanding to use by the participants. I n bot
for atmiet'he val ues wer e shi tiunatteerdf aacreoatntisdi nméi 1l haord | thoa voau
the focus of previous resear¢h13], [123]Jand shown to be a method that participants naturally disgplay9],

[120], [122] in our experimentwe found sufficient evidence thatlder people prefer an alternative way of
interacting with projected fl oor el feethe Briace mighflhei s p1
linked to the more straightforward mapping of the cursor control provided, which is known to have a lowering
effect on cognitive loafiL16], [131] Finallyjn terms of performancethe point-and-click taskobserved very

l ow numbers of neutral and incorr eam )clainaddk sa (caolniph
number of correct clicks. Similar results were found in the dnagidrop task, withlow numbers of neutral

and incorrect drops for both methods atdenticalvalues of correct grabs, neutral gralasd correct drops.

Stil feet" tihrnet €r f ace was again better, with the numbe
t h arm™interface. Albeit these differences, the remaining performance indicators were shown not to be
significantly different. Therefore, caution is advised to interpret these results as proof of a clear performance
advantage provided by any of the interfaces.
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2.2.6 Caclusions

Due to the increasing number ofder adultsin developed countries and i populations specific needswe

tried to understand the desirability of different modes of controlling interaction in interactive fl&yrbeing

easily scaledthis medium can mitigate the visual perception deficits associated with old age and promote
physical activity. Thus, ihis section, two methods of interacting with virtual elements projected on the floor
were developed and tested for differences in their usability, perceived workload, and performance ratings by
an elderly population. The interfaces consisted of either malhihg the cursor with the direct mapping of feet
position onto the projection surface o-{astbdyforearmp pi n (
on the surface. These interfaces were tested on two different tasks, one mimicking aapdiolick
interaction, the other a dragnd-drop. Although the NUI research field is extensive, there is a lack of studies
that approach the floor projected interfaceand studies with the elderly are even rarer. This study gives a
successful insight into ehpreferred modes of interaction for this eldgpopulation.

Contrary to our initial guess, the results showec
measured from the two proposed methods. It was shown that this method was perceivadrasusable in

both tested tasks and at least less demanding in terms of workload for theash@ddrop task. In terms of
performance, a marginal a deeta n ma gheiimkightcontabutesatoHEIh 0 w n
knowledgeand is of general sefulnessin developingsystems aimed at providing full body Nfdl this
population. Moreoverit informed usthat to design easyo use and less tiresome floor projected exergames

that meet older adultsneeds and expectations, a direct mapping of thetf® the projection should be used
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2.3 LESSONSEARNED FRABMAMIFYINGUNCTIONAHTNESTRAINING THROUBHMAN-CENTERED
DESIGEMMETHODS IRORTUGUESR DERADULTS

2.3.1 Introduction

Information and Communication Technologies (ICT) show the potential to imgselaavioral change
concerning physical activity through global positioning systems, wearable dep@rssasiveechnologies,

and interactive video game§l32]. Combining gametechnologies,applied research, and healthcare
professionals allow the extension of | CTs’ applic
disease prevention, andging According to Deterding et al., gamification uses gateeents to motivate

and engage people in negame contextq133]. Inthis regard, the saalled exergames aim tgromote
physical activity by enhancing the experience via gamification of elements that engage players through
interactivity, game challenges, points, rewardsdentertainment. This engagement may enable lortgm
adoption and better adherence to the training program than conventional metHaa4], [135] In fact,
exergames have been under investigation in recent years and show a high potential to promote physical
activity in multiple environments and populatiofs32]. Research has shown encouraging findings for their
role in motivation for exercising83], improvements in cognitive functiofl36], [137] and physiological
energy expenditurd138]. Interestingly the use ofexergaming in the older population has showikely
positive impacs on physical and mental healfh39]. Physical, balance and postural control benefits have
been widely reporteds critical areag/here exergaming practice hascdearpositive impac{81], [140], [141]

Other functional fithess domains, such as cardiorespiratory or muscle strength, have been less g9jplored
[81]. Neverthelesssome studies reported significant increases in physical agtiaitycipation[142], overall
functionalfitness function (e.gflexibility, strength, endurance) as measured by standardized {@dl3] and
motivational aspectq83] in older adults under multidimensional training progrardslivered through
exergames Regardingcognitive improvement,exergames have shown positive results in selective
attention[144], visuospatial skill§145], executive functios, and processing spedl36]. Only one study
reported cognitive benefits of multidimensional physical training veitergames specifically in older adults;
improvemers in shifting attention, working memory, and lotgrm visual memory after a -6onth
intervention were demonstratefil46]. Other mental dects ofexergaming interventions have been observed,
including differences across interventions in enjoyment, immersang flow [147], critical game user
experience variables that reinforce the fun aspect of plagkgrgames. Fundamentajlgxergaming aims at
overcoming some of the previously identifig48], [149]common barriers for PA by i) providing a raaie
feedback of u 4187, E50], [A5]hi)fallowimga more appealing and engaging way to carry
out exercise while avoiding monotonous pexiences[140], [152] iii) recording the progress, providing
measurable and quantifiable effects of working ¢L563], [154] iv) remotely connecting health professionals
with patients to facilitate supervised activities and promoting telerehabilitation programs, thus solving issues
of transportation for older adults with limited mobilif], [143], [155]

Still, several reviews in the field point out the need for additional research on thetéwnmgadherence to
exergames specifically designed for the older populaf@jn [156], [157] A crucial aspect of ensuring both
adherence toexergames and their effectiveness in producing health benefits is a proper design process.
Researchers frequently use commeroisiergames to explore multiple effects ekergaming programgl8],

[158], but t his repurposing approach rai ses concer
requirements for user interfaces, exercisaadgame design that argenerallynot considered in commercial
exergamesthus limiting the impact of such interventiofis59]. Besides since the older adult population is

very heterogeneous in terms of needs, deficits andrawbidities,exergames need to be specifically tailored

to each individuato maximize the impact on their hehl[9], [81H84]. Research imexergaming for older

5 The content of this section lsabeen published in th&ames for Health journ§r9]
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adults which demonstrates clear and measurable social wellbeing benefits is still lacking, due to the absence
of experiments that compare the effects efergame against conventional approaches, lack of strictness in
research protocols and evidence of long term adoption as well as limitations in the sample sizes of the
experiments[160]. Particularly, mor e resear chcomextrpériormede d di
with a more careful observation process of the s e everyday lives and social interactiorfsas been
suggestedn multiple metareviews[84], [160], [161]

2.3.1.1 The rapid contextual design approach

In the HumanrComputer Interaction (HCI) field, one of the most used methods for designing highly
contextualized, personalized, usable, and useful interactive systems is the feentared design approach

[162). Through this method, the sy ofthedesignarddidevelodpments er s
process, thus supporting a solid wunderstanding o
possibility of keeping the solutions in a constant state of dynamic iteration. The research presented here
adopted the cotextual design process, a popular huraaentered design method that focuses collecting

data about users in the field to drive the creation of a technical profiL&3]. This method has been adapted

to exergaming by following a structured participatory design process, where the creation of more contextually
enriched experiences might enhance the final impact of the developed technoldgiéf Ttis method has

been simplified and restructured in what is called the Rapid Contextual Design[{B&]@nd carbe divided

into three main stages:

1 Requirements gathering: the target ussrcharacterizethrougha field data gathering process aimed
at finding population needs, habits, issues, activitigsgd potential opportunities. Here, specific
surveys and questionnaires must be designed to collect as much relevant information as possible.
9 Activity redesign: after being processed, the above data is used to introduce technology that supports,
complemaents, or replaces the existing activities to redesign life practiéssis donethrough several
data interpretation sessiont® identify and characterize each of the interviewed users and capture
patterns, tasks, and needs. A work modeling process is tised to investigate the structure of the
user’s routine tasks by repr esentactvitysequenses.r i pt i
Finally, an affinity diagram is used to gather and organize all the information collected from users,
depicting alissues and insights using a hierarchical logic. Affinity diagrams simplify the data clustering
processthrought hei r natur al rel at i o3 sHesopas, repraserdirigyesli s .
users, are created antodeled
9 User experience desigthe new technological componerig refinedthrough iterative testing with
users.
In thissection we used RCD to create an integrative model of our physically active older adults as the target
populationand applied this moddb develop highly engagingkergames for exercise promotion and fitness
training. Mainly, we used apecific RCD process called focuB¥tDwhich is intended to be carried out in 6
to 10 weeks with a sample of 8 to 12 usfi€5].

2.3.1.2 Recommendatiorfer Physical Activity in @dr Adults

The American College of Sports and Medicine (ACSM) and the American Heart Association (AHA) established
a set of general recommendations for physical activity which describe the amounts and types of physical
activity that promote health and prent diseases and functional limitations in older ad{ifs The training

areas should include aerobic fitness (cardiorespiratory), musculoskeletal function, flexibility, and balance (or
neuromotor) to deliver sufficient and efficient physical activithe recommended exercise features are
typically described using the FITT (Frequency, Intensity, Time, Type) model. For inftencdder
population's recommended activity intensiig moderate (5% in a 010 physical effort scale), with an
accumulated itme of 150 minutes per wedk 66]. These guidelines apply to all adults aged 65+ years as well

as to adults aged 564. It is worth mentioning that liteture reviews in the domain a@xergames for older
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adults highlighted the importance of including multiple physical functions in a structured way that follows
health standards and wetlefined protocolq9], [18]. Past investigations with a large group of oldeulssl

(n=802) established a positive association between functional fithess and physical activity, allowing a
preliminary identification of the dimensions that shoddd trainedthrough exergaming167]. Thereforewe

aim to provide specific examples of the development procesxefgames for functional fitness training in

older adults and guidelines that express the lessons learned along the process. Our goal was to create a set of
exergameshat can meet the ACSMcommendations in the different fithess domains by offering a high level

of training personalization with a fingrainedgame parametrization.

2.3.1.3 Our approach

This section describes our effort to introduce a structured and systematic methodologgetignimy
exergamedstargeted at Portuguese older adults. We designed and developed a sstenfiames which
combine standardized fitness training programs and a contextually richnuséelingprocess to overcome
current limitations in usingexergamesby older adlts. We introduce a design framework that addresses
critical aspects of the process, such as:

I Humancentered approaches in different stages of the game design process;
1 Emphasis on fun experiences through playful interaction and gamificalgmnents (story, aesthetics,
mechanics, and technology);
1 Integration of health professionals in the design process to identify healtted standards to be
incorporated in theexergames
1 Rapid prototyping and fast iteration with eagsers.
This section esents the whole design process from the definition of the health requirements to the final
polishing stage of the proposexxergamesOur experimental scenario is a senior gymnasium frequently used
by active adults to exercise who socialize with thengeand participate in several cultural activitidée aim
at inquiringinto methodologies for designingnjoyableand scientifically valiéxergameswhich promote
exercise in older adults by adopting humeentered design processes. Specifically, we a@mnbd answer the
following research guestion: how should humeentered design methods and insights be used to design
highly contextualizedcexergamesfor exercise promotion in older adults (aged 55+)? By answering this
guestion, we wilhelp adoptexergamingtechnologies that might enhance the quality and quantity of physical
activity, improve training personalization, and diversify wotk practices[168], [169] Additionally, we
wanted to assess the feasibility of combining iterative game design with hwew@tered desig
methodologiedo designa fitness training program based erergamesdor older adults.

The following subsection briefly describes the statd-the-art in the use of humaicentered design
approaches foexergame designral existent guidelines foexergaminglesign.

2.3.2 Related Work

2.3.2.1 HumanQenteredDesign andexergames

Humancentereddesign has been used iaquire about the benefits and barriers to older adults playiideo
games[170], gaming preferences, personalitieand motivators [171], [172] the design of useoriented
exergamedor fitnesspromotion[173], gami fying systems for chi[l74ren’ s
and entertainmen{175]. Research shows that older adults are widely different from younger cotmotheir

game preferences in terms of playability, challenges motivators[148], [176] Moreover, methods such as

focus groups have highlighted the importance of perceived benefits, difficulty, and relevance for engaging
with new technologie$177]. Since the personalization ekergamesasbeen reportedas one of the major
bottlenecks in probing tis technology's effectivenesghen applied to seniorgl78], the use of participatory

and inclusive design methodologies can facilitate technology adoption by them. Indeed, multiple researchers
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have identified the humaitentered design approach as adequate and preferable in designing compelling,
useful, and usablexergamedgor exercise promotiofl73], [179] For instance, Uzor et al. demonstrated how
empowering seniors with design tools and techniquesild boost the likelihood of creating enjoyable
rehabilitation tools for fall preventiofil80]. Participants have been modeled using Personas, facilitating the
understanding and communication of their characteristics and ned@], [181] The fact that senior adults
tend to showdifferenttechnological literacy levels anitleo gameexperience mst also be considerdd82],
[183]. Thispresents arexcitingchallenge and opportunity to develop novel assistive technology for the older
populaion [184]. Because the current Portuguese elder population has little to no experienceviditio
games starting a design process by inquiring about preferredeo gamemechanics, aesthetics or
technologies is noadequate Multifaceted and participatory approaches have been widely recommended by
physicians andgports scientists, stressing the neddr clearly defining an appropriate fit of game design
elements for each target groyi57].

2.3.2.2 Guidelines anBrameworks foExergameDesign

Exergaming research is growing fastdresults from several studies have defineduaddle design guidelines.
Tablel5 shows five different sets of design guidelinesdgergamedound in the literature, each created for
specific goals and populationhe guidelines included in the table were chosen considering four criteria: i)
beingexergame design guidelines, as opposed to recommendations for development or validationiy ii) the
previous or potential use with older adults, iii) their origin in field studies instead of theoretical approaches,
and iv) their clarity in defining comprehensible items that could be easily transformed into actionable items.

These guidelines provide teelpful starting point for the development of nove&lxergames Nevertheless,
practical examples on how to incorporate wusers
from humancentered inquiries to improve igame elements, such as mecties or aesthetics, and provide
valuable recommendations for such process are still scarce.
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Tablel5: Design guidelines for the developmenerérgames

Name

Goal

Population

Guidelines

Designing for
movement quality
in exergame$175].

Guidelines for the
design of
movementbased
gameq176].

A methodology for Therapeutic (balance and Poststroke

the design of
effective and safe
therapeutic
exergamegl77].

Fall prevention exercises Senior
citizens

Entertainment Overall

posture, neglect
rehabilitation)

patients

1.

Weight shift: Elicit weight shift in
players by motivating them to mowt
around a larger physical area and
displace their center of mass.
Temporal variation: Provide
temporal variation in meements by
offering adaptive changes-ifame
speed.
Step length variation: Promote stej
length variation by offering
variation in exergame tasks.
Visual independence: Elicit variatic
in movement direction during
gameplay.
Movement requires special
feedback: *“ ..
remove this (the movement)
ambiguity, work with it: players
enjoy surfing uncertainty antlying
to figure out optimal strategies in a
somewhat messy ¢
a. Embrace ambiguity
b. Celebrate movement articulatiol
c. Consider the m
cognitive load
d. Focus on the body
Movement leads to bodily
chall enges: ..
using it as a game alenge but
avoid it when it is not part of the
game. "’
e. Intend fatigue
f. Exploit risk
g. Map imaginatively
The movement emphasizes certair
kinds of fun: “1
easier with a beat, so support
players in identifying a rhythm to
their movements.
h. Highlidht rhythm
i. Support seHexpression
“A clear identif
exercise requirements, not only in
terms of goals of the therapy but
also in terms of additional
constraints.”
“..Di scussion
ICT (Information and
Communication Technologies)

nst

bet
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Exergame design
guidelines for
elderly[178].

FitForAll approach
[142]

Enhance physical and soci Elderly
activities

Exercise and Senior
maintenance/advancemen citizens
of healthy physical status

and wellbeing

=k ow

o 0

teams allows maximizing the
effectiveness of exergames

i mpl ementati on.
“The fi nal alieged byr ¢
introducing on top of the exercise
all the game elements suggested t
good game design to maximize
entertainment.”
Mi nd the physicze
consider the physicabndition of
elderly, since ageelated processes
may have an impact on the ability
to move."’”

Use appropriate
not be required that the players
have to perform a gesture to trigge
another action.”’
Avoid small objects.

Give visual and alitory feedback.
Physical condition considerations.
The range of motion, adaptability.
Continuous player support.

Avoid small/fastmoving objects.
Clean, attractive, and friendly user
interface.

Suitable topics. Provide audiovisue
feedback. Provide opportune
feedback.

Adjustable difficulty. Exertion
management . Recc
past behavior.

Encourage social interaction.
Simple setup.

2.3.3 Procedure

2.3.3.1 Exergame®esign anddevelopment

We started the process by designing a seéxdrgamesased on the examination of health requirements. A
complete process diagram cdre seenin Figure29, which depicts all the conceptualization steps until the

polishing stage.
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Figure29: The flowchart diagram of the design proces
describing people involved, inputs, deliverables, a
design stages. Thgrocess's durationvas 19 weeks,
divided into four main stages: conceptualizatior
initial development, rapid contextual design an
iteration, and polishing.
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2.3.3.1.1 Exergames Conceptualization, Requirements, and Input from Experts

Two different sources of informationvere usedfor the health requirements analysis: a) population
characteristics (health screening) and b) assessment of functional fitness [@f@flsWe identified that the

relevant components to be trained and measured throwgtergamingvere: motor ability (balance, agility,
andflexibility), aerobic endurance, and muscular strength (lower and upper limbs and trunk). Additionally, we
identified three levels of training profiles: low, moderate, and high functioning. These profiles allow for
balancingthe intensity of trainingtoser s’ fi tness | evel s, also called
model [16]. We included sport science professiamal wi t h experience in ol der
assessment for the video game design process. They were encouraged to illustrate several exercises,
movements and activities that users need to perform to train each of the different training pgbfiemairs.

Thegame design processhiggest challengsas in the ideation of aaxergame universe that would embrace
the specified health requirements. How can we degshgroughlyfun exergamesstarting from predefined
fithess/exercise recommendatioravoiding the chocolateovered broccoli effedtl85]?

2.3.3.1.1.1 Technology selection

First, we gathered witlthree senior researchers of games for health to defineiaitial set of candidate
technologies that would be adequate for a training program basecdexgrgaming Motion tracking and
physiological computing technologies were considered for designing an integrated solution thabemsied

in both controlled €.g, laboratory) and norcontrolled (e.g, senior gymnasiums) environments. The Kinect
v2 motion tracking controller was chosdrecause of both its heimvasiveness and its low cost. Additionally,
the Kinect v2 sensor allows an accuracy sufficient focthieent applicatiorj55], tracking 25 joints distributed
along the whole body for standing and sitting poswf@5], and accuracy in detecting key motioisection
2.1. Theuseof floor projectiors facilitates game mechanics and physical activity matchothe displayin all

the exergamesit alsoavoids spatial constraint@and povides a sizeabé interactable projection The setup
includes a PC, a projector, a white PVC surface (2.5m m x 3.0 m), and the Kinect v2 sens8i3ocatéatnt

of the usersigure30). To facilitak interaction, we also explorezpatial augmentedeality, which allows the
augmentation ofealworld objects and spaces using simple projections insteathisfuedisplayq186]. With
this technology, users can physically interact with the objects placed in virtual environments and projected on

the real scale floor.

Projector

Kinect v2

PVC Floor Surface

Figure30: Setup for theexergamesonsisting of a Kinect v2 sensor and a virtual environment projected on a floor surface. PVC,
polyvinyl chloride.
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2.3.3.1.1.2 Game ideation

For theexergamesdeation stage, we used brairmgming[187]. We focused on creating multipledeo game
stories enclosed in imagined virtual scenari os i
exercises. These scenarios would define a narrativka universe for thexergamesAfter approximately ten

short (20 min) brainstorming sessions involving game designersaorts professionals, we came out with

five categories of activities, each with multiple possible scenarios, as follows:

i Fantasyspace exploration, medievhie, maritime activitiesandaviation.

9 Sports: Olympic Games, traditional Portuguese garuedmartial arts.

1 Professional manual labor: agriculture, food preparation, animal care, mineral exploration, gardening,

hospital activities, automotive mechanic, chddre, and construction work.

1 Worldtraveling: continental or national tourism.

1 Creative oriented activities: painting, sculpting, dancing and fashion design.
These ideasvere combinedwith the pre-defined execises for physical trainingnd, ultimately we decided
to choose theworld-traveling category to develop a virtual tour in Portugal. We based our choice on the
hypothesis thatcomputerilliterate users would feel more identified and engaged with the rgame
experiences via culturspecific elemers. Preliminary ideas involved developiegergamesthat would
feature iconic activities specific to Portuguese culture. The wigsthen presentedo and discussed with a
fithess trainer in a local senior gymsium, and the concept was refined by identifyexgitingplaces and
activities that could engage thegedaudience (se€oncept Presentatioand Concept Refinemeri Figure
29). A gamedesign and a specification documemére produceddetailing initial ideas for possible exercises
taking place in the imagined virtual universe (as recommended by game design framfl88ik§189). Once
the core of the story componemwas establishedwe engaged in developing the game mechanics in a game
jam[190].

2.3.3.1.2 Exergame®evelopment Jam

After the conceptualization, we used a rapid iterative prototyping appr¢&8fi], whichwas implementedn

a local game jam. The jam was carried out in a research laboratory facility and lasted about 40 hours along five
consecutive days. THist activity completed was a visit to the local senior gymnasium wiparticipants

could observeconventional exercise sessiomsth a group of around 30 senior adults. Thrédeo game
designers, three graphical artists, two psychologist®, sport science professionals, five programmers and
three gamedor-health expers participated actively. The jam teams were divided and given different fitness
domains to cover, following the health requirements described previously. We emphasized and prioritized the
importance of makingxergamesappealing, meaningfutégardingheath and social benefits), and playable

for older people with different preferencd491]. Since this population is very heterogeneous, developing
generic and poorly personalized experieng# end upasa minimalsolution for exercise promotiof9].

Three different presentations of playable demos took place duringeeegame jam for evaluation of the
prototypes. Two health professionals from a senior gymnasium and three games for health experts evaluated
the video gamesn different stages. At the end of the development jam, the first versions oeieegames
prototypes had a high percentage of the game story completed while a moderate percentage of the game
mechanics and a low percentage of the game aesthetics were completed. At this stage, we had a set of virtual
experiences coverinfpur different places in Portugdhat addressed all fithess domains. Prototypes were
further developed (seeE SNH I YS Q& LINE (i aniFigure29) ardi@ratédaimtiviHey wiere robust
enough to carry out a field test in a local senior gymnasium in Madeira, Portugal.

2.3.3.1.3 An Exergaming Experience through Portuguese Traditions
At the end of theone-week jam, our vision to create a virtual tour in Portugahterializedin a set of
exergamegovering several touristic activities in different placesg(re31, Tablel6).
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Figure31: Screenshots of the initial prototyprergames (A) Grape stomping, (B) Rabelos, (C) Exerfado, and (D) Toboggan Ride.

Tablel6: Description of each individual exergame, Portuguese tradition, goal, fithess domains addresseldtethdie/ements

Exergame  (Portuguese Goal and score Fitness domain and movements
Region) description

Grape Stomping (Douro Goal: Grape maceration t«c Cardiorespiratory training: Flexieaxtension

Region): winemaking produce wine by stepping arm movements are needed to drag the grag
through crushing grapes on virtual grapes placed into the tanks. Then, the stomping process
barefoot to release the  into open tanks. starts, requiring users to raise the knees
juice. Score: liters of wine repeatedly.After filling up one tank, users car
produced. move to the others to continue the exercise.

Rabelos (Porto City): wint Goal: Transport barrels of Upper limb muscular strength: Perform circul
barrel transport in cargo  wine along the Douro rive arm movements simulating rowing gestures 1

boats navigating in the by rowing in a boat, move the boat forward. For lateral

Douro river. avoidingrocks and displacements of the boat, standingars can
collecting more barrels in use either lateral movements or trunk leaning
the riverbanks. or they can be seated and use trunk leaning
Score: Quantity of barrels only. To navigate the rapids, users must avol
collected. rocks by rapid lateral movements. To pick ug

the barrels, users must turn the trunk to the
dock and make an &nsion/flexion
movement of the elbow.
Exerfado (Lisbon City):  Goal: Catch the correct  Lower limb flexibility: Players collect notes by
Fado music playing by a notes by selecting of the performing rapid lateral movements to select
melodic guitar frets in a virtual guitar the correct guitar’s
soundtrack. (GuitarHeralike game). their entire bodies to collect the musical note
since the paddle reflects the hip moventen
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Score: Number of Once empty, the music score can be refilled

successfullgollected usinga“turn the pagé or swipe gesture with
musical notes. the left hand extended.
Toboggan Ride (Madeira Goal: Control the directior Balance, trunk muscular strength: The sled
Island): a downhill and acceleration of the ca direction is controlled through trunk lateral
journey in a stling sled  to collect tems placed on flexions while the acceleration is controlled
the street. through trunk flexion/hyperextension
Score: Number of movements. Flexion movements are used to
successfully collected increase thevehicle's acceleratigrwhile
banana bunches. hyperextensions are used to deaccelerate it.

2.3.3.2 ApplyingHumanCentered DesignMethods forinquiring aboutExergamingPreferences: Hanesn
with the RCD Process

After the game jam, thesubsequenefforts focusedon testing the second version of the prototypes with end

users and collecting structured feedback. Following the focused RCD process, we ddwigaelifferent

surveys: a demographics form,viadleo gameexperiencequestionnaire, and a final survey from which we

collected feedback relateth the exergamingexperience.

2.3.3.2.1 Demographics

Participants for this study were selected from the older adult population exercising (at least two hours per
week) in the senior gymnasiurhhe gym trainers invited participato collaborate in a structured interview,
which included interaction with a gaing system under development that would potentially be used to
complement their exercise routines. Volunteers included nine (9) older adults (8 females, Me&&s3ld
SD=6.2ears old 1 male) Tablel?). Participants signeitiformed consentbefore participation.

Tablel7: Characteristics of the participants

Subject Gender Age Schooling Previousor current Timeinthe Hours of physical

(years) occupation gym (years)  activity (weekly)
1 Male 56 12 Accountant 3 3
2 Female 57 9 Homemaker 7 2
3 Female 56 12 Homemaker 15 8
4 Female 67 0 Homemaker 9 7
5 Female 70 0 Homemaker 2 4
6 Female 57 9 Factory worker 7 4
7 Female 67 4 Telephone operator 5 10
8 Female 59 4 Cleaning services 10 5
9 Female 72 9 Retired 2 3
Tablel8: Sport andeisuretime indexescomputed from the Modified Baecke Questionnaire
Subject No. 1 2 3 4 5 6 7 8 9
Sport Index (min 1-max 4) 3.3 3.0 3.3 2.3 2.8 3.0 3.3 3.5 3.0

Leisure Time Index (min 1-max4) 2.9 2.9 2.7 2.6 3.1 2.3 3.1 3.4 2.7

We useda modified version of the Baecke questionndit®2] to query users about #ir physical activity
levels The Baeckguestionnaire is a tool that assesses qualitative and quantitative indices of dimensions such
as weekly physical exercise practice and leisure time activities during the last 12 months. ThHeehowrek
estimate br the different activitieds multiplied by the respective metabolic rates (expressed as metabolic
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equivalent MET$ to obtainenergy expenditure during sporésd active leisure time. From that, we computed
the Sportindex- which is a global measure ekercise practice embracing frequency and intensénd the
Leisure Time Index. Both indexes are descriptive ofpmticipants activity leveland are expresseih MET
values Tablel8).

2.3.3.2.2 Contextuainquiry

Since attitudes, behaviorsand personal opinions aresually challengingo capture, observation and
shadowing of user$l193] during the workout time was performed ondifferent days of thetwo weeks

preceding the data collection process. We conducted informal conversations witlusatd toidentify

relevantcontextual information the data was used to complement the user modeling process.

Thevideo gameexperience questionnaire was used to investigate two main topics:

9 Patterns of digital gameplay: frequency, intenshistory, social aspeciandg a mepl ay’' s per
skillfulness

1 Motivators to play: how they started to play, favorite games &itleo gamegattractive elements for
video gamesinterest to start/continue playing.

The interviews were senrstructured questionnaires with one interviewer and one ntdger presentA pre-
determined set of questionwere askedandthe inquirieswere tailored with followup questions based on
each interviewee’' s samadeveansuragelihtérnviewesstto expaedgoy theiv énitial
comments. Datavere collectedin individual sessions lasting around 1 hour per participant in a designated
room at the senior gymnasiunwhere the system was set up. After a complete explanatioin® procedure,
participants signed the consent fornand the demographic informatiomvas collected Posteriorly, the
videogame experience questionnaire was used to collect game literacy information. The system setup and
exergame prototypesvere introducel to participants who had the opportunity to interact individually with
them and provide feedback right after each playtest.

23323/ 2y SEldza t AYyGSNBASEG AyGiSNILINBGFGA2Y | YR dzaSNA
Following the focused RCD methodology, we conducted:

1 Contextual interviewinterpretation we analyzed theexerciseroutines of the older adults in the
gymnasium, their socializatiomnd their relationship with colleagues and fithess instructors. We
focused on identifying intrinsic motivators, main barrigaad possible facilitators for exergamiagr
local population in their gymnasium.

1 Workmodeling we focused omevelopingmultiple sequence models of daily exercise practice in the
gymnasium representingthe ordered steps in which a senior performs theegrribed activities.
Subsequentlywe designed possiblateraction scenariosvith the exergamesnside the gymnasium
and represented them as sequence models of activifibsshelped us envision future user experience
issues and contrast them with theformation collected from the real interaction using the digital
prototypes(see section 3.3.2).

9 Affinity diagram during the observation and shadowing processes, detailed field notes were taken,
coded and subsequently merged with the notes from the cotiteal inquiry andexergaming
experience Since we were interested in viewing the opportunities to integetergamingoractices
in the senior gymnasium, an affinity diagramas usedas a starting point for constructing design
considerations. We coded thenf or mati on based on eaxeyosingatthepr ef e
gymnasium and behaviors that might reflect barriers to integrathgexergamesn their daily life
activities. Also, we clustered some definitions used by participants to describe th@nsa@bout
videogames. Finallyhé diagram revealed information regarding thisers habits and behaviors
during exercise practice in the gymnasium as well as connections betee®mcalelements and the
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u s eperseptionof video gamesThe affinity tagram was usetb a) categorize older adults, bearing
in mind their opinions and experiences with technolpgyd b) compile a list of insights and design
ideas to modify theexergamegonsidering the feedback gathered from the users and instructors.

 User Personasiser s’ archetypes f or werehmodeladadcardingto the ni or
treated information.We focusedon their willingness to integrateideo gamesnto their lives. We
identifiedtwomai n types of i nformation to create our

o Personal habits and physical activity practice: information related to the activities during the
leisure time, ways ofexercising, preferences regarding activities of dailytifeariers.

0 Technology literacy and game experience: information regarding past experiences with
gaming devices such afleo gameconsoles, PCsnd mobile devices were considered in
order to create a technological curriculuior the seniors. We focuseoh the motivators for
playingexergamesuch as social elemenits94], health issuesandcuriosity levels.

The models for the user’'s Personas contained the

1 Basic information: a picture of the processed archetype, a small quote reflecting a personal opinion
aboutvideo gameshobbies and preferred activities (suchtesveling exercising and having fun with
children).

9 Personalinformation:ashelii ogr aphy descri bing some characte
as preferences and habits, together with the physiadlvity agenda and representative goals and
frustrations.

1 Technology literacy and gaming willingness: technology litésgagimarily expresseish terms of past
experiences with computers, mobile phones, tabjetsdvideo gameconsoles. Six bar scoresnide
specific motivations to plagxergames fun and pleasure, escapeom the daily routine, social
interaction, physical health, mental heal@dnd curiosity about new experiences.

Two realistic and one ideal user Persomae modeled The realistic moels are a Skeptic and a Curious
archetype (seé-igure32 andFigure33) |, referring to t heidesgamdsnatheirdailywi | | i
routines.A profound mistrustover the possible health and social benefits of usiitiggo games characterizes

the skeptic personaThis viewis firmly basecn the limited past experiences some older adults have with
gaming technologies, which is reflected as a simphssion of playingrideo gamesa waste of time. More

than half of the interviewed usemsere identifiedas Skeptic users.
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Maria Manuela Pereira

Skeptic

Age: 64

Occupation: Housewife

Family: Married, Son, Grandchildren
Location; Santo Antonio, Funchal
Time in the gym: 8 years

Health: Stroke, past heart failure

Hobbies

= Gardening
* Walking
* Embroidery

Bio

Maria is a housewife who has been involved in the senior
gymnasium in the last five years. She enjoys the social activities
organized by the institution such as walks and cultural
presentations. She has a garden in her house and work on it every
day since she loves to keep fresh flowers in the house. After the
work-out, before heading home, she enjoys going for a coffee
downtown with some friends. At home, she has to take care of her
grandchild who lives in the same neighborhood. Maria has some
movement limitations due to a stroke that happened 4-y=ars ago.

Videogames have never been part of her life and she has no
interest in playing them since she believes that is a waste of time.

Physical Activity

* 3 hours of weekly exercise in the senior gymnasium.
® 45 minutes (@pprox.) of walking per day.

* 7 hours of sleep per day.

Goals

* Spend more time with her local family.
* Visit again her family in Porto city.
* Improve body's mobility.

Frustrations

* The motor impairments limit her in doing some fun activities.
* Toc many dietary restrictions.

* Working out in the gymnasium is repetitive

* Too many housewife's tasks to do.

Technology
Computers

|

Mobile Phones & Tablets
]

Videogams Conscles

Gaming Perception

* Games thatare played ina TV screen
+ ltiza te of ima.

* Videocgames are for children.

* Never plays videogames

Games/Videogames Experience

Domino Cards Hide and seek

Motivations to Play Exergames

Fun & Pleasure

Escape for daily routine

Social Interaction

UI

hysical Health

Mental Health

Curiosity & Try new experiences

Figure32: Model ofthe realistic senior Skeptic Persona.

Curious

Age: 57

Occupation: Telephenist

Family: Diverced, Son, Grandchildren
Location: Santo Antonio, Funchal
Time in the gym: 4 years

Health: Diabsetes type 2

Hobbies

s Travelling

* Watching TV shows

® Talkwith family via internet

Pa

Bio

Teresa has retired 5-years ago from her work at a
telecommunications company in a main city. She enjoys very much
sharing experiences in the senior gymnasium where she
considers having a family instead of colleagues. She has a passion
for cake-baking and she spends more than 1 hour per day
watching TV. Although she has a son and a grandchild in England
she can communicate with them through Skype using her iPad.

As for more than 10 years she worked with computers, she had
experience with some free videogames (such as Solitaire) which
were available to play in the spare time with her co-workers.

Physical Activity

* 4 hours of weekly exercise in the senior gymnasium.
* 15 minutes (approx.) of walking per day.
* g hours of sleep per day.

Goals

Qvercome diabetes limitations.
Annual family Christmas visit..

Learn maore caks-baking recipes.

Frustrations

Family does not live close her.

Economic restrictions for travelling.

Exercize in the gymnasium should demand higher levels
physical effort.

Having usability iIssuss with the Ipad.

Mobile Phones & Tablets

Videogame Consoles

Gaming Perception

Games that use technology.

Enjoyed playing videogames with colleagues in
spare time.

Interesting for keeping the mind busy. Why not?
Occasionally plays videogames.

Games/Videogames Experience

Domino Rope Jump

Cards (Bisca) Solitarie

Motivations to Play Exergames

Fun & Pleasure

Escape for daily routine

Social Interaction

Physical Health

Mental Health

Curiosity & Try new experiences
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Figure33: Model of therealistic senior Curious Persona.




The Curious Persona is not indifferent to the incorporatiotechnology intoher daily life activities. She has
had some previous experiences witideo gamesand it had a positive impacbn the perceptionof how
helpful video gamegan beconcerningsocial interaction and fun. Curious users are more prone to accept the
use ofexergamedor exercising.

Finally, the ideal user is the Enthusiasfithoughwe did not find active senior gamers in this reseansh
wanted to model the ideal user to understand the conditions for liveg-term adoption ofexergaming The
Enthusiastic archetype has a meditmgh ability to interact withcomputers mobile devicesor video game
consoles. This user usageo game her dily life routinesfirmly believing in their health and social benefits
(seeFigure34).

Margarida Batista Enthusiastic
- Bio Technology
Computers

Margarida is & retired history i2acher from a local schoal wha is

passionate about discovering new ways 1o spend the spare time.
She has been inmvolved in the gymnasium in the lest 2 years and
now she is an active member of this Institution. She loves to dance

Wobilz Phones & Tablets

with her colleagues and play videogames at home since she Videhoams Conadles
believes they can help to maintain the brain active. In the
gymnasium she spends one hour per week playing Exgrgames
with friands after her gymnastic workout session.

Ga ming Pe rceptiaon
: fideogames nelp t inta valg of
Margaride has a mobile phona which she uses daily for % et oroiisin g hien b
communication with family and friends as well as to check
Facebook and sclve Sudoku puzzles svery day.

mental wellbeing.

Physical Activity Bictames:

* 3 hours of w

eakly exercisa in the senier gymnasium. GamesNideogames Experience

Tncredibly, ideogameos are now part

of my life, | have fun during my spare 8 hours of sieep per cay.
rme® Domiro Cards Farm Ville
J S 1 B Joe
Age: 57 Goals Sudoku Candy Crush Wi Fit
Qecupation: schocl teacher « Travel sround Asia and learn of s cutture

Family: Marriag,
Location: San

Daughter, Grancchid
0, Funchal

share win frienas Motivations to Play Exergames

* Learn new Incredibl

* Maximize the health bensfits of working-eut in the gym Fun & Bleacure
Time in the gym _—
Health: Back pain problems =, R N
Frustrations Escapa for daily routing
|
Hohbbies = Having to stog the warkout dus to intense back pain. Social interaction

- i ; * Mot being able to spend more Ime with her grangehild [ ]
. tha beach and enjoy th
Going 1o the beach and enjoy the o Gotstuck in game ievels Physical Heaith
sun
I

* Popular music dance group 3
* Online cammunities for recipes Memal Haalin

¢ Faccbook
Curiosity & Try new axpetiences

h b i
K

A ¢

The consolidated models and the revealed affinities were evocative representations of the interviewed older
adults, covering an amalgam of elements such as fithess habits and characterization, social behthgors i
gymnasium, personal perception about the use of technology for exersiskecharacteristics of senior needs

in terms of engagement and motivation to make exercise routines.

Figure34: Model ofthe idealistic senior Enthusiastic Persona.

2.3.3.3 Iterations andeedback

2.3.3.3.1 Playtesting with th@argetPopulation

With the second version of thexergamesprototypes, we conducted a first playtest with the target population
at the senior gymnasium with the same users vplaeticipated in the contextual inquiry (s€&ym Playtesting
in Figure29). The interaction with eaclexergame took about 5 minutesand then users were asked to
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enumerate: a) threevideo gameelements they liked, b) threeideo gameslements they didhot like, and c)
three things they would like to add/remove from eaekergame. Finally, we asked their opinion on how to
integrate the exergamesin the gymnasium. Videokom the experiencewere recorded to be analyzed
afterward (seeFeedback Datin Figure29) . P a r interactiomsawith tkeéxergameswere recorded to
be analyzed by the principal investigators and game programmers to identifyepmeblith the game
mechanics, particularly the gesture interactidgrigure35 shows the playtesting scenario with thechnical
setup.

Figure35: Playtesting scenario depicting a user playing Grape Stomping.

We also onductedinformal interviews with two exercise instructors from the gymnasium to understand their
needs and reactions to thexergames They supported theexergames mechani cs, the st
provided specific requirements such as:

1 Include strategies to teach movements gradually, ona tie: for instance, while interacting with
the Rabelogx er game, one of the user s diodtngtheeodements hav:
and understanding the movements s u g g e s t fomre explieit feedbackifor learning.

1 Increase the challenge to enhance workout effects: for instance, while interacting with the Exerfado
exergame, one of the users statedwis ng f or “more rhythmic music”
gameplay experience. Additionally, while playing the Toboggan €&ieyame one of the users
claimed to need “more obstacles” to increase t

91 Allow broader customization of thédeo game parameters to facilitate difficulty adjustment and the
inclusion of seniors with movement limitations: for instance, while interacting with the Grape
Stompingex e r g a me one of the wusers claimed thsat i n
since the movement can be bad for the shouldéftustrating how game difficulty perception may
vary between subjects.

After gathering the feedback from the users and instructors, we carried out multiple development iterations
on the prototypes aimingo improve the mechanics and aesthetics ahe usability of the systemsée
exergamegnechanicsaesthetics andisabilityrevisionin Figure29). A list of improvements was merged with
the users’ P e r s ROD precesminsdyles to genaratedthe Br generation of tlexergames
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Final polishing tasksere donein the reseach laboratory before releasing thexergamesfinal versionafter

19 weeks.

Merging the information from both RCD aadergamingdeedback, we observed:

9 Social aspect: older adults enjoy playing mainly for two reasons, they like to win competitions, and
they find it to be an opportunity to socialize (skills and experiences). Multiplayer playabilityuisia

factorin improvingtechnology adoption.

1 Intime feedback: for both the skeptic and curious profiles, the lack of past experiences with gaming
techrologies hinders a fluid interaction in different stagesslimperative to have high quality and
frequent feedback in the video game to facilitate the understanding of what to do, how tq aodit

when.

9 Customization of movementgersonalization optioamust includeclear strategies to facilitate the
interaction for people with diverse motor abilities. Since eaxérgame includes a set of various body
movements (e.g drag and step, row and navigate), health professionals should be able to
activate/dexc t i vat e i ndi

1 Cognitive tasks: the inclusion of more cognitively demanding activities in conjunction with physical
exertion might enhance health benefits and increase engagement, and consequkatlikeihood
of longterm adoption of this technologjl 36].

1 Parametrization: the multiple game parameters facilitate the personalization of activégesding
fitness domains and training dimensions. By defining a set of game parameters, the difficulty will be
controllable, allowing a more precise adaptation k& specificmotor andcognitive skills.

2.3.3.3.2 Modifications to theExergames
Several changesere maden eachexergame whichaimedto incorporate both theRCD insights and Personas
as well as the feedback data obtained from the playtests. The most relevangeh are the addition of
multiplayer optionsjnstructionalvideos for intime feedback, and the parameterization of each gairetle
19 summarizes the changes madesimch game after the iteration process.

vidual body gestures dependin

Tablel9: Changes carried out along the iteration process with the Portugakt@migames

Exergames First implementation Implementation after iterations
Grape a) Single player. a) Single and multiplayer (collaborative or competitive
Stomping b) Noinstructions supplied. Users are situated in different tanks.

¢) Pull and step. b) A tutorial providing irtime videos for feedback in the

d) Only physical challenge. drag, stepping and lateral movements.

e) Nonparameterized ¢) Pull and/or step.

winemaking process. d) Physical and cognitive challenges. Cognitive
challenges were added using wine recipes.

e) The treadmill velocity and the number of steps for
winemaking parameters were added for difficulty
modulation.

Rabelos a) Single player. a) Single and multiplayer (collaborative or competitive
b) Instructions used images Users embody different boats.
and were displayed at the b) A tutorial providing iftime video feedback for the
beginning. rowing, lateral displacementand barrels pick up
¢) Rowing and boat lateral gestures.
displacement. c) Optional rowing and/or boat direction. Either can be
d) Nonparameterized course automated by the system.
e) Predefined calibration for d) Docks and rocks separatidistance was added as

the floor.

game parameters for difficulty modulation.
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e) A calibration module was added to the project
allowing an initial configuration of the spatial
parameters for the position tracking

Exerfado a) Single joint interaction. a) Waist and feet tracking.
b) Only one song was used b) MIDI files can be added.
¢) Nonparameterized ¢) Four parameters addressing arm extension, the tim
gestures and songacks. between notes, note sliding tim@nd song track can
d) No clear audiovisual be used to personalize the experience.
feedback supplied. d) A swipe gesture visual feedback was added in
conjunction with audio feedback for punishment an
reward.
Toboggan a) Single player. a) Single and multiplayer (collaborative or competitive
Ride b) No instructions supplied. Users placed in different toboggans.
c) Direction control only with b) A tutorial providing istime videos foifeedback on the
trunk lateral flexions. car’'s acceleration and
d) Nonparameterized course the car’s direction.
Only objects to collect. ¢) Lateral displacements were added to control the
e) Predefined calibration for direction of the car.
the floor. d) We added elements to avoid in the scene and a
f) Male avatar. control parameter for the distance between the

objects to collect.

e) A calibration module was addedllowing an initial
configuration of the spatial parameters for the
position tracking.

f) Male and female avatars.

After this iteration process, thgraphicalelements of eaclexergamewere improved The GUivas made
uniform across all the menus, including thetime feedback for gesture guidance and a panel for text and
video instructions. We included English and Portuguese languages for the initial configuration menu, a tutorial,
in-time instructions (theyappear sequentially to support users alaihg experience)and a final screen with

the game metricskigure36 shows screenshots of the final version of eaghrgame.
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Figure36: Screenshots of the finekergames. (A) Grape Stomping, (B) Rabelos, (C) Exerfado, and (D) Toboggan Ride

Finally, Table 20 summarizes theexergame parameters that can be set to adjust tlimess training
dimensions' difficulty The table shows how specific sets of game parametrer all fithness domains

Table20: Summary of theompleteset of exergameparameterswhichcan be modified tocover themotor ability, cardiorespiratory,
and muscularstrength fithessdomains

Motor Ability Muscular Strength
Exergame Balance Agility Flexibility Cardio- Upper Lower Trunk
respiratory
Grape Pose, Treadmill Pose, step Duration, pose, Dragging Pose, number of None
Stomping  stepping, step velocity, height stepping, step stepsfor bunch
height, side  recipes, height,
movements  distractors (%) dragging
Rabelos Pose, boat Pose, Pose, boat Duration, boat Rowing Pose, boat Pose,
direction separation of  direction, direction, mode, direction, separatio
rocks rowing mode, rowing mode, separation separation rocks. n of the
separation of separation of  of docks rocks
docks rocks
Exerfado Tracking Time between Arm Duration, boat Arm Tracking mode None
mode notes, note extension, direction, extension
sliding time tracking rowing mode,
mode separation of
rocks
Toboggan  Posecar Pose, objects Pose, objects Duration, car None Pose, car direction Pose, car
Ride direction separation separation direction mode, objects direction
mode mode, objects separation mode
separation
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The following is a summary description of the fimatsion of the games:

1 Grape Stomping: replicates the ancient traditional methods of grape pressing used in wine production,
where people repeatedly tread the grapes with their bare feet to extract the juice that will be
fermented to produce wine. This gamaresents three half barrels and a conveyor belt that
continuously brings new grape bunches into the play g§eaFigure36A). The player must physically
step into the projection and chose a barrel where to stand, then, by flexxtension of the arms
they pull the grapes from the conveyor into their barrel. Once there are grapes in the baneels
player can step on them to tread the grapes, which are convertedantsing level of juice contained
on the barrel. Each grape bunch has a limit of steps it takes to be successfully pro€ssethat
that limit has been reachednore grape bunches are needed to be pulled from the conveyor belt into
the barrel to raie the juice level higher. As soon as the grape juice hits the top, that barrel starts
emptying its contents through a channel and becomes unavailable to play for the duration, forcing
players to move laterally into another barrel. The grape bunches cae aothree kinds, green, red,
and rotten (distractors). The game can be configured to have an extra cognitive difficulty layer by
having each barrel require specific amounts of red and green grape burichese limits are broken
that barrel becomes yplayable for some seconds. Pulling rotten grapes into any barrel has the same
consequence. Theagn€s goalis to produce as much grape juice as possible, which elicits a stepping
in-place exercise, typically used in aerobic trainiftgs is combined witlthe arm pulling motion for
extra variety. The height that the feet must be raised from the ground to stomp a grape successfully
can be configured at startup, together withe percentage of rotten grapes (distractors), the grape
type requirements per barteand the time between new grape bunches on the belt, this allows an
adjustment of the exercisdifficulty.

1 RabelosFor centuriesthe Douro river valley has been a wipeoducing region of Portugal, famous
for the port wine. In the past, to transport ¢hwine barrels downstream, from the vineyards to the
city’s cellarswooden cargo boats named Rabelos were ushis Jame replicates those voyages. The
player is in charge of navigating a Rablet@mt downriver, avoiding obstacleand docking on the
margins to collect barrels. The game takes a Hpedson perspective from behind the boathere
the riverbanksare aligned with therojection's lateral edgeseeFigure36B. The lateral boat position
on the river is controlled through the player waist position, which is directly mapped to the projection
or alternatively by leaning of the trunkilo move the boaforward, an arm rotation gesture that
replicates the rowing activity is requireth this manner, this exergame aims at exercising the upper
limbs. As the players row the boat downriver, they encounter rocks that they have to avoid through
lateral movemenandbarrekf i | | ed docks at the river’s margin:
their barrels collected via an elbow extensifixion motion. The goal of the game is to collect as
many barrels as possible while avoiding the river rocks. The diffisidet by adjustinghe rowing
mode (light or hard)the distance between dockand the number of rocks on théver.

1 Exefado: this game reproduces the environment of a typical Fado house from Lisbon, Portugal, where
people go at night to eat, drinland listen to live musidnspiredby the Guitar Hero videgame, the
Exerfado resorts to musg potentialas aphysical activity stimulatorThe projection renders a
keyboard on the floor witlsevenkeys aligned with thprojection's bottom seeFigure36C The player
stands at the bottom of the projectigrand both feet control which key they want to activate.
Vertically aligned with each key is a colored krawer which musical notes travel downwards. The
goal is to have the correct key activatetiena musical note hits it. Therefore, the playaust play
the piano with their feet in synchrony with the visual cues. Over which track each note appears
dependson the pitch of the music being played, with low pitlaking notes spawn at the keyboard's
left keysand high pitch at the right. Additional to this, there are special notes that can be activated by
an arm “swiping”™ movVv e me rrain agilityhn bsth upmet andvioweryimbs.s i n
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2.3.4

Missed musical notes lead to distortiohthe song being played, producing negative audio feedback.
The music to be played can be chosen from an extensive list of midi files, eadiffergnt durations

By ®tting, at startup, thefalling notes' speednd the time between consecutive notes, the difficulty
iscontrolled.

Toboggan: on the island of Madeira, Portugal, a uniqgue way of transportation was used in the past.
Wicker toboggans, driven by two people, wd carry passengers downhill, from the hills to the city
center. This tradition is now kept alive as a touristic activity. In the game, this activity is recreated
virtually. The toboggan and player are presented in the center of the screen from aptngadn
perspective as seen irFigure36D. Lateral movement is controlled just like Rabelos, by moving
sideways along the bottom edge of the projection. The speed is tadjubrough trunk inclination
leaning the trunk forward accelerates the toboggan while leaning backward deaccelerates it. Over the
path, there are pedestrian crossings and car intersections to force the gagw down. While the
games goals to drive as far as possible in the allotted time, there are also obstacles to avoid, bonuses
to collect, and speed limits to keep.

Guidelines fofontextAware ExergameDesign

Past paradigms fodevelopingfully engagingvideo gamesimed at exercise promotion and rehabilitation
failed to provide clear elements for sustainable motivatj@i8]. They failed at both system personalization
[83] and contextual information integratiof195], thus limitingexergamesimpact Our study emphasizes the
needfor a paradigm shift thatvill generate exergames for older adult populations that are more engaging
and usable through the combination of multiple HCI techniques

After analyzing our main results in designiegergames through humancentered design and iterative
approaches, we propose a set of guidelines that intend to summarize our efforts in constructing a
methodology forexergame design and development for exercise promotion in older adults.

a) Focus on humawgenterad approaches

1

)l
)l
)l

Use agile software development and standardized methodologies ROp).

Create user models to aid the communication process,(@agsonas).

Go for the short and frequent field inquiries instead of a long and single interview.

Investigate the target populationgame preferences and interaction limitations to enrich the game
design procesfequently.

b) Increase emphasis on fun experiences through gamification elements

1
)l
)l

Balance attractiveness and effectiveness by interweaving t&iting with game mechanid496].

Exploit the familiarity of contextualized activities and factors.(¢hg wine industry in Portugal).
Consider elaborating a game design and specifications document before starting the development
process.

c) Improve collaboration with sprts and healthcare professionals

)l
il
T

1

Include professionals actively in each project stage.

Ask healthcare professionals to summarize and listiath requirements for the gamified system.
Promote spaces and situations that boost interactions between rteldygists and sports and
healthcare professionals (e,game jams).

Include strategies to integrate technology in sports facilities and healthcare institutions beyond the
research phase.

d) Rapid digital prototyping and fast iteration

1

Investigate existing $tware and methodological tools to accelerate the prototyping process before
starting a development process from scratch.
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1 Include multiple playtesting sessions to evaluate game design elements withsemsl before the
research trials.
1 Contemplate at leaghree generations of prototypes in the project timeline.
2.3.5 Discussion
Transversal inquiries that consult wusers about

enough to effectively modedeniors personalities. Researatentered approaches conventionally start from
an extensive scientifigrounded review of the@vidence moving to system developmerand finishing with a
strict evaluation process with eagsers. On the contrary, an immersion intailg routines and preferences of
end-users is usually the first step in a huraeantered intervention (also known as empathizift7], [198]
User models of behaviors, preferences, hal@itgjneeds may help reve@sues such as intrinsic (vs. ixsic)
motivations in using games as exercise aadditions, preferred timeand intensitied157]. Due to thevast
heterogeneity of the elderly population, the design of highly personalierergamedor exercise promotion
or rehabilitation must include rich contextual information obtained directly from-fiéalscenarios. Balancing
researchcentered approaches with humaserntered methods might enhance the design of the interventions.
The development of three different user Personas from our study confirms the need to increasmthat's
personalization, targeting a broader set of alternatives et satisfy specific users  nregardingpersonal
preferences and health requirements. Since studies reflecting attitudes towextelggamingtechnologies
adoption and gaming affinities in our targeted population (Portuguese older adults) are $t403e[199]

we decided to create our own modeto covemparticularaspects such as willingness to péxgergamesn the
gymnasium, personal predispositions with gaming technologies and motivators beyond pure enjoyment or
novelty of theexergames

Moreover, dynamic modifications efdeo gamemechanis and aesthetics based on playtesting insights with
final users might increase familiarity with the storyline, facilitating the recognition of speaito game
elements (such as places and activitieg)ich can elucidate memories of personal experienoe transport

users to dreamed situations. Therefore, favoring user experiences for the elderly and increasing the possibility

of longterm technology adoption. Concerning the adoption aspect, we ensured that alextkegames
developed had flexibilityegardinggame parametrization, thus reinforcing the possibitifycreatinga more
personalized game experience.

The convergence of both components from the dual flow model, effectiveamsigttractiveness, seems to
be a dependable method for avoiding thdevelopment ofexergameswith high health demands andferior

engagement levels. Attractiveness has been demonstrated to be a bottleneck factor in the popularization of
exergamesamong several populationf200]. The gamification of specific exercisetivities demands

strategies to overcome stuck points in the design and development process. Following some of the guidelines

presented inTablel5 for exergame desigfR01], [202] our efforts to gamify touristic activities and recreate
Portuguese spaces incle:
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Embracing the variabilitgf movements established in the health requirements matkesn a part of

the story instead of disconnected and isolated actions.

Showing reatime feedback on movement quality in order to help senior users learn about
movemeris and coordination.

Designing theexergamesas virtual visits to different Portuguese regiofagilitates an imaginary
journey, avoidingthe classic static scenes for physical activity experiences. Alsexéngamesvere
designedunder a narrative umbié that canenhance motivation and increase engagemgifi6]
during gameplay.

Enrichinghe video gameexperience via multimodal stimulation using thematic soundtracks for some
exergamesas well as using the music itself agideo gamemechanic (Exerfado). Furthermorhe

t
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spatial augmentedeality used in the Grape Stompimxergame promises to become axciting
mediator between natural movements and tivedeo gamerules and goals. Past research with this
technology shows how promising it is in assistive technologiaghabilitation purposefl86], [203]

The conceptualization of the video game design stage as a collaborative and interdisciplinary process is
required to guaranteea balance between engagement and video game effectiveness. We decided to use a
robust theoretical basis in exercise prescription for our target population, the ACSM guidelines, which are the
most widely used exercise guidelines for fitness trairfjifj]g Theoretical notions such as defining exercise
training in terms of specialized fithess domains, such as cardiorespiratory and muscular strength, as well as
pre-defining exercise intensities and movemeraowed us tadefine the gamification strategies tier from

the beginning Furthermore, these exercise guidelines weiicalcommon point between game designers,
researchers, and sport science professionals, facilitating communication and workflow in general. Although
current approaches in games foealth development are mainly driven by the research commygiv], we

believe that a closer relationship between sports and health professionals working in the field and experienced
video game designers/developers might make the difference for technology adofthis.intersectoral
collaboration with health stakeholders shoutdcurin a continuous timeline, transversally to the inquiry,
design and development process¢74], [205] Video game designers must be sure to fully understand the
health requirements to provide benefits through playful digital experience. On the other side, health
professionals must be aware of technological constraints to gamifying training or fiekdtbd activities. This
reciprocal knowledge provides a rich scenario to balance both components in thelauaiodel [16].
Ironically, after research trials, many video games developed do not become available, thus impeding their
integration into healthcare units. Nevertheless, new wWedsed platforms have been promoting the sharing

of novel serious games developed for health purposes, helping in more widespread use and adoption of these
interactive technologies. Considering physie@ n s ' , , tahdespasbpir otf s s skieptiaisin llesels
regarding the use ofideo gamedor well-being purposeg206], a collaborative approach might hetpe
adoption of these technologies in their daily work routines.

The fast pace of technology development has created tensions in serious gaming research due to the risk that
the hardware/software used in theideo gamewill becomeoutdated before its evalation [207]. Typically
healthcare interventias using serious gamease developedafter strictliterature review processegrotocol
assessmentand short pilot studies with a small number of users and experts. Althexglgame design
requires developers tde familiarwith motion tracking sensorsna game engines, novel software and
hardware tools have been developed to accelerate the creation of playable digital protdhgiesin be used

for initial tests[208], [209] Then, as described §210], healthcare interventions using information and
communication technologies can utilize approaches focusegvaiuatingspecific working mechanisms (such
asvideo gameanmechanics) rather than theomplete system's operabilityideo gameplaytesting can be used

to iterate over concrete elements, which will strongly affect the user experience. Agile software development
methods such as Scrum dam appliedo game developmen211]. Here video gamesire continuously tested

with final users providing valuable feedback that dsithe next steps This iterative process requirestive
collaboration between health professionalsdeo gamedesignersdevelopers, and final usergv/e focused

on testing several video game mechanics for the development of our exesjaméch wasiselul to find a

good match between the required movements, the story propgosedl the affordable gestures for the Kinect
sensor. Moreover, the@xergame jam provided an optimal scenario to exchange ideas between the different
actors and foster cohesivenesstiveen the teams. Interestingly, past investigations have shown how game
jam events are viable approaches to rapideo gameprototyping and generate interest irhealth-related
issueqd212]. Finally, we highlight as strengths of our research approach: i) the active participation of final users
during design stages, ii) game design decisions baiseedal insights and data from the field, iii) the use of an
iterative refinement process which avoids the chocolete ver ed br occol i effect e
parameters to improve training’'s personalization
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2.3.6 Limitations

Despite the already mentionedrsngths of the research carried out, it is evident that due to the several
challenges faced and the dimension of our highly multidisciplinary approach, several limitations can be
identified: i) time-demanding procedure, ii) input from several sources.(egpearchers, designers, health
professionalsfan be challenging to manage, iii) the lack of a consistent, conclusive, fully reproducible, and
straightforward method for contextually rickkergame design, v) the absence of clear theoretical frameworks

for adopting humarcenteredexergame design and)\a gender bias in our sample which might have impacted

on the design decisions made. The gendergynmagens ar i s
where we conducted the study are predominantly females, which resulted in a heterogesampe in terms

of gender.

2.3.7 Conclusion

Digital gameplayhrough exergamingcan enhance the motivation for doing physical activity by providing
enjoyment and fun andtimulating physical and cognitive capacities. Traditi@xakrgame design processes
often fail in systematically includingends er s’ g a me p | aprimaymetiva®rns,ehnscrexdscingg n d
their likelihood of being adopted and extensively uséikq practical examples dhtegratingendu s er s’
feedback and contextual factors to enhance g@ation strategies forexergamingare scarce. Here, we
demonstrated thatusinghumancentered design methods for creating contextually rctergamesllows a

better understanding of underlying motivators and preferences for playrgrgamesin older adilts.
Specifically, we illustrated how these methods and the produced insights were rigorously useeXartieme

design process, thus answering our main research question: how should leentared design methods and
insights be used to design highlyntextualizedexergamedor exercise promotion in older adults? Firstly, we
showed that together with health profess,anodnal s’
systematic iteration process, the contextual information could be effectively itseatate more personalized

and highly enjoyablexergames Secondly, we demonstrated how specific insights such as preferred social
aspects, feedback modalities, cognitively demanding mechanics, and system customization features could be
successfully intgrated into the arduous task of generating pleasurable and gamified exercise experiences.
Finally,Figure29 showsconcreteexamples of which techniquesere used in eacliesign process stage
allowingidentifyinginputs, processesand deliverables. For instance, from the conceptualization stinge

game design specification document waial to facilitate communication with the game developers.
Furthermore, from iterations with playable prototypes in euasers, a significant amount of feedback data
was collected and processed tdentify improvements in the game elements. After almost 20 weeks, we
passed hrough many stages using several methodologies, which channeled our desire to bring a realistic and
complementary view of how to gamify fithess training beyond points, leaderboarithadges. Contextual
factors should be continuously inquired to move s a harmonious balance between effectiveness and
attractiveness. We demonstrated the feasibility of combingmme design methodologieand human
centered design to produce a complete seesbrgamedo supports e ni or s ' f.Toconelws, et r ai r
believe that dudo its diverse nature and flexibilityegardinggame parameters, this set ekergamesan be

used to create training programs that can meet and exceed the physical activity guidelines proposed by the
ACSM for older adults. There is aatouous need for more extensive research to disentangle the impact of
novelexergame design methodologies fostering health and webeing in aged populations.
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3 BEVALUATIN OF QUSTOMLARGEPROJECTIOBXERGAMES FGRDERLY
RTNES

3.1 INTRODUCTION

In the precedingsection we presented four exergames for the elderly, intended to train several key functional
fitness dimensionsThe game design was steered by what was learned from the literature on serious games
for health andmade to the target population via a useentered design approadi9]. A Kinect2 is used as
agame controller, this provides loaost handdree interaction, and with the help of sports professionéte
games’' di f énmetenizédtoyallow @Eayerspvihra wide range of functionality to remain competitive.
Thissection of the thesis focuses on investigating the lelegm effects on elderly functional fithess and
health-related quality of life thabur custommade exergameproduce in a continuous training program and

the PA patterns associated with muitimensional training programs withese games

Results from reviews on the quantification of PA dugrgrgamindhave exposed the potential of using active
playing strateggs to elicit physiological responses, as measured by heart rate (HR), oxygen consumptipn (VO2)
and energy expenditure (E[BW¥], [161], [213], [214]Most of the studies with healthy older adults have used
commerciallyavaibble exergamese(g.,Nintendo Wii, PlayStation Move, Xbox 360 with Kinfi8), [156]

For instance, energy expenditure in a group of 19 older adults was measured during boxing and bowling
exergamingessions (Nintendo \WWand Xbox 360 with Kinedf)38]and comparegainstest. Three differat
measurements were used to quantify the energy expenditure: indirect calorimetry (respiratory gas exchange),
two dualaxial accelerometers worn on the right hip and dominant wrist, and rating of perceived exertion
using a €20 scale. Results revealed thhose offthe-shelf exergames provided lighttensity exercises and
elicited significantlyhigher energy expenditure compared to rest. Reported physical exertion (RPE) values
were not significantly different betweeaquivalentexergames played duringrBinutes intervals. Cardiac and
electrodermal activitieswere also measurediuring an exergaming session that exhibited greater HR
modulation (as measured through heart rate variability) and arousal responses compared to taetiven
version of the sameagne[182]. Other studies compared exergaming training with closely matching exercises,
showing,for instance, lower EE and HR responisesxergames when compared to aerobic exercise on a
treadmill [215] and lower perceived exertion levels for exergaming conditions againsgaoiified exercises

[216]. No studiesvere foundto report the effects of multidimensional trainirig the quality and quantity of
movement measured duringxergamingnterventions whichis necessary to enabla more comprehensive
interpretation of the benefits of training multiple physical functigh8]. One study concluded that exergames

are a feasible alternative to traditional aerobic exercises for older adults, however, without comparing to other
exercise modalitiesr resting statg217].

In longitudinal interventions, preand posttest methodologies have been used to investigate the physical
effects of exergamdased training programs in older adults, quantifying the longitudinal physical effects of
such exercisesn a 24session intervention (1 hour per session, 14 wedWs)jlot and colleagues measured

the fitness responses in a group of older adults while playing with the Wii Fit game. Cardiovascular responses
measured through the mean HR, maximum HR, and HRvedid not show significant differences eithier

the second, twelfth, or twentieth sessiof$3]. The HR levels measured fell within moderate (and below)
intensity rangesdr older adult7]. Using a more immersive, adaptive, and interactive setup, older adhtis
survived a coronary artery bypass grafting interventicgre evaluatedn a submaximal endurance training

6 This section includes contehbth published in The Visual Computer jourfié#] andaccepted for publicatioon the
Games for Health journal.
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program with a controlled exergame played on a tradltl Participants were subject to twenty training
sessions (30 minutes per sessiden weeks) and were evaluated for maximum load, target oxygen
consumption, and target HiRuringthe intervention. Results revealed that by the end of the twentieth trajnin
session, 9 of 10 subjects that played the exergame had reached the recommended targéord®ver, all
players also achieved their targeted metabolic costs after training session$218]. In another study,
wearable activity trackeraere usedn investigatinghe longterm use of a custoamade exergame targeting

the improvement of balance skills in older adults. The average walking speed was tieekiasmatiaonarker

to measurean exergaming training progrdmeffectivenesshat lasted 12 weeks. On average, there was an
improvement in the walking speed (5%) in the older adults that used the exergame compared against a
reduction in the same variable with those who did [©8@].

Similarly, functional fitness tests V& been used to quantify the effects of R&ingexergames in senior
players, demonstrating significant differences in fithess domains such as balance, muscle strength, flexibility,
and other important mobility factors[143], [158], [219] It has been observed that exergames can be as
effective or more than conventional exercif] with small but significantlimical effects outcome§l2],

several studies reporting particular improvements in gait, balance, and cognitive funf@iiy, [221]
Previous studies on the effects of exergaming have shown a positive impact on physical fitness and health in
general[9], [12], [18], [81], [83], [84], [139], [140], [143], [161], [2X#23]. Aswell astraditional exercise,
exergaming requires mie energy expenditure compared to restif#20] and facilitates moderaténtensity
physical activity level$84], [161] Also, exergaing has been shown to be as effective or more than
conventional exercisg18]. Regarding clinical effects, the outcomes hdezn shown to be small but
significant12], with several studies reporting particular improvements in gait, balance, and cognitive function
[220], [221] Exergames have also been found to reduce depressive symptoms while improving the quality of
life [220] and positively affectinchealthy lifesyles[12]. In the particular cge of exergames fahe elderly, it
showed positive impacts on physical and mental hefl89], with benefits on balance and posal control

[81], [140], [222] and balance and mobili})d]. Increases to overall figss[143] and motivation aspecti83]

were observed with older adults participating in multidimensional training with exergames. Additionally,
participants have reported forgetting time, place, and pain to a cedeigree, which can bhefite x e r g a me s
immersive naturg223].

Although there is an extensive body of research in this field and increasing efforts in assessing the effectiveness
of exergamesas a complementary (or alternative) way to deliver exercise training programs to the older
population[156], there are still considable efforts to be done if exergames are to become a scientifically
proven modality for exercisdlost literature reviews point to a lack of methodologliexcellence in this field.
According to a review of 149 publications, the average particip@mngsergames studies are teenage boys,

with 40% of the research focusing on 10 to 20 years [@8RH]. This review also concluded that the
demographics should be widened to include the elderly temdalesunderrepresented. It was also observed

that almost threequarters of the studies were being conductedaifaboratory environment, which reduces

the generalizability of results and feasibility in field settings. When focusing on exergames for older adults, a
review of thirty articles showed that twthirds of the studies targeted balance or fall prevention ampry
outcomes[221], with a lack of studiesoveringother motor performance domainsA review of 60 studies
targeting otler adults only found that over twthirds of them used commercial exergamé§$3].
Unfortunately, these games tend to be designed with other populations in mind and overldek adults
specific need, having manyinappropriate design choice®r this population. Additionally, they never
capitalize on the potential that personalization to goals and performance levels bring, which emstden
games can deliver. Other reviews into this subject also reptatk of devotion and studies explorihg long

term effect of exergamef0], [18]. Also, bgond the clear potential in elderly physical health improvement
provided by exergamef®], many approaches fail in the quantification of the fRfough accurate metrics

[161], where the use of fulbbody tracking sensors further expands the possibilities of gathering quantitative
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data relative to rehabildtion progress, caloric expenditure, and aerobic actif2B5], [226] To guarantee
effectiveness in PA promotion through exergam@sovement quantification, via activity trackers and
specialized toolsaccurately characterizes the exercise and defithesr suitability tobe usedin the older
population. However, the usefdhese technologies hakeen limited,and the investigation of the body
responses during lontgrm interventions with exergames is still a warkprogresg227].

There is a need for comparative and descriptive studies tiyabrt the differences irolder adults physical

and perceived responseio custoramade exergames ancbnventionalexercises as these data might reveal
critical elements for the design afenuinelyeffective exergame§l6]. The related wek introduced above

points to lowerEE and RPE valuegxergames sessionemparedo conventional exercise sessions. Different
studies measuring HR during exergaming have shown conflicting results, either failing or meeting the target
HR. Thisleadstiso expect that exergames’ training session
way to achievanefficient MVPA level while having a lower EE and RPE. Themferefthi s secti on’ s
is to demonstrate the effectiveness of such trainsegsions in eliciting recommended levels of PA in older
adults, measured by golstandard activity trackers and RPE, and to assert if such sessions have an impact on
the behavior of participants in loagrm multidimensional trainingl he other goal is tealidate thelong-term

effectsof using these games in a continuous training progoemelderly functional fithess and heailtklated

quality of life

To evaluatethd our exer games’ e & forahe eldedyeresentedin therpkviohsection f 1t
[56], we performed a threemonth-long study. It comprised a combined exercise program (exergames and
conventional training) and an equieait conventional exercise training program, actingasntrol condition.

With this desighwe wanted to address some of the above limitations and answer the following qu&stion

1) What are the older adults’ mo t o btainechy tomplemantinge an
custommade (multidimensional) exergames with traditional exercise during longitudinal training
compared to traditional training alorre

2) Can custormmade exergamede as effective as conventional exercise in achieving MVPA levétg dur
elderly multidimensional training sessions? And if so,

a) Willthe EEn exergamede lowerthan in conventional exercige
b) Willthe RPEN exergamede lower than in conventional exercizde

3) Does exergaming, used as a complement to exercise intéwngmutidimensional training affect how

the elderly perform when exercising?

3.2 METHODS

3.2.1 Experimental Desigh Study Protocol

We designed a 12 week lomgndomized controlled trial, where participants were randomly allocated to an
experimental or control group. Both groups underwemio sessions per week consisting of warmup (10
minutes, stretching, muscular preparation), multidimensional physical trgi@0 minutes, intense exercise),

and cooldown (10 minutes, muscle relaxation). Two sports professionals alternately led the sessions that were
designed to be equivalent in Frequency, Intensity, Time, and Type [EBE])The training was structured
following ACSM recommendations for multidimensional training for older adults50% of aerobic training,

30% upper and lower limb strength, and 20% motor ability training. The difference between the groups lay in
the exercise modality which was practiced ag¢ $essions.

1 Exergames group- Combined exergames and conventional training: Engaged once a week in
individual exergames sessions. The other weekly sessioa e@s/entional grougexercise.
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1 Control group-Conventional training: Engaged in conventionalretse group sessions two times per
week.

Thet wo condi t i o iors'wereecarded out i a sugables reom of the local senior gymnasium
Conventional training sessions were based onghg m’ s e X e r,cdverieg marahtng ie plates step
touches, stepping on pads, squats, and oth@dd-numbered sessions (1 to 23) of both groups were always
conventional exercise, while the even sessions (2 to 24) were conventional forotiteol group and
exergames for thexergamesgroup.

PA levelof participantswere measured at each sessjand participants wore accelerometers that were
configured consideringtheir age, gender, and weight. A first session was performed one week before the
study to familiarize users with the exercise routines.

Participants were assessed for functional fithess and headthted quality of life at four different moments:
Preintervention (0" week), midintervention (8" week), postintervention (12" week), and imonth follow
up (16" week).

As the research quesins demand, this experimental design was done so that the-temg impact of
complementing traditional exercise witbxergames could be measuresthd comparedto an equivalent
training modality. More specifically, it enabled us to measure benefits owes of fitness, balance, and
health-related quality of life for both exergames and traditional training, which we could compare. Moreover,
measuring the same data at themonth follow-up enables us to assess if the effect of such an intervention
would last

3.2.2 System Setup

The system that was used to play the exergames consisted of a modern gaming computer wigilLa i3

CPU, 4 GB of RAMINd an Nvidia GTX 1050 2 GB graphics card (Nvidia, California, USA); an Optoma GT760
projector (Optoma, New Taipei, Taiwathat was oriented to project the games on the floor, and a Kin2ct
sensor that was mounted under t halregoysegnédhe previouso t r
sectionFigure30. A whi te PVC (PolyVinyl Chloride) floor s
and facilitate the interaction. The 2.5m by 3.0m floor projection acted as a digital playground large enough to
be able todemand measurable amounts of exertion in older users. The system was installed injaurmdse

exercise room at théocal senior gymnasium facilitidghting conditions and privacy were controlled.

3.2.3 Exergames

Five custorrmade exergames were usedthme intervention the four games presenteih Sction 2.3 of this
thesis (Grape Stomping, Rabelos, ExerFado, and ToboggafoR]dgj9] and Exerpong, all shown kigure
37.

ExerpongFigure37E, is an exergame adaptation of the classic games of Pong or Breakout, used to provide a
fastpaced game experience aimed at train aerobic endurgb82]. In this game, the playeontrolsa virtual

paddle through lateral movements while a ball bounces around the walls. The player, who stands along the
bottom of the projection, has his or her waist tracked, and the ganad¢ches the paddle location on the
screen with it so that both player and paddle are always aligned. The ball bounces around the other three
edges of the screen which are covered by walls; the player must then use the paddle by moving laterally along
the bottom of the projection to prevent the ball from going through the lowest edge. A pattern of colorful
bricks is represented at the center of the screen; these bricks get destroyed whenever the ball passes over
them twice The gamés goalis to clear theséricks without letting balls pass through the bottom of the screen.

The game difficulty can be adjusted by varyingghddlés widthand theball's size and velocitlternatively,

the game can be set to adjust its own difficulty accordingtogHeay er ' s per f or mance by
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width by a small amount every time a ball is lost, making it easier, and increasing the ball velocity when the
player successfully hits it, making it harder.

All the exergames, except Grape Stomping, are platedg the bottom edge of the projection, but with

players far enough from it so they are not forced to look directly down to the floor in what could be an
unnatural pose. By contrast, in Grape Stomping, where the player needs to stand over the prdection
interact with it, its immersivenesss alvantageous o pl ayer s’ perception and e
games are played through fddbdied interactions, enabled by a natural user interface that relies on simplified
motions and gestures, the need acquirecompetencies before interaction and engagememnnigimad.

The exergames’ sessions were defined according to
intensities) and characteristics from each game, as follows: i) Exerpong (aerobimjnl@es, ii) Rabelos
(strength) 7 minutes, iii) Grape Stomping (aerobic) 10 minutes, ivfdeeor Toboggan (motor ability) 7
minutes. Breaks of 2 minutes were used for the transition between each exergame.

Figure37: The sebf exergames used in the Combined group. Grape stomping (A) and Exerpong (E) train aerobic fitness. Rabelos (B)
trains upper and lower limbs strength while the Exerfado (C) and Toboggan Ride (D) train motor ability.

3.2.4 Measurements

To assess fitness, we amglithe Senior Fitness Test (SFT) batf86]. The SFT & reliable and valid fithess
assessment tool for older adults, designed to be easy to administgeringthe majorfitness componerg
needed to perform everyday activities in this population. The fithess domains that were covered were: lower
body strengh, upperbody strength, lowetbody flexibility, shoulder range of motion, agility and dynamic
balance, and aerobic endurance. The six tests used, their respective domains, and scores are as follows:

1 30-s Chair Stand Test (CSTowerbody strength, number of complete sib-stand repetitions in 30
seconds.

1 30-s Arm Curl Test (ACFUpperbody strength, number of bicep curl repetitions with a weight in 30
seconds.

1 Chair Si&-Reach (CSAR)Lowerbody flexibility, centimeters that the fingps go past the toes
when reaching the toes from a leggtended sitting position.

1 Back Scratch Test (BST3houlder range of motion, hand overlap (or distance) in centimeters when
meeting them behind the back.
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1 8-Feet Up&-Go (8FUG} Agility and dynana balance, time to stand, walk 2.4 meters, return, and sit.
A higherscore means lower performance.
1 6-Minute Walk Test (6MWB Aerobic endurance, distance, in meters, walked in 6 minutes.

To quantifyfall risk,we used the Short Form Fullerton Advanced Balance Scale (FAB), which consists of 4 tasks
that test static and dynamic balan¢228]. Each item is scored on ag®int ordinal scale (@); the sum of all

item scores is the total FAB, rated O to 16. Finally, thétedr ShortForm Health Survey (8R) was used to
evaluate the quality of pearspeetivd220}] Theosore of thik tesbismatiehok p a1
two components, mental and physical.

Finally, © quantify PA levels, we fietl on both objective (measured) and subjective (RPE) data.
Accelerometers quantified PA: thesearchgrade threeaxial accelerometer ActiGraph WGTBK (Actigraph,

Florida, USA) was usedto monitbep | ay er ' s RvArn seristr vas wed to egister the complete
routines of 40 minutes at 30 Hz sampling frequency and using epochs of 30 sdd¢endsn g t he manuf
standalone softwardActilife 6.10), we computed the time people spent in MVPA (in minutes). Besides, the
software provides the EE (metabolic equivaleMETSs). This sensor has been widely used and is considered a
gold-standard tool to quantify PA in different populatiof230] due to its accuraciyn characterizinghe human
movemaent effectively To collect subjective data of the levels of reported physical exertion after each exercise
routine, we used a pictorial version of thelO rating of RPE scale OMR]. The final OMNI score for the
exergaming sessions was the averageaifh gamés reported valuegn that session.

3.2,5 Participants

The study was reviewed by the ethical council of the Faculty of Human Motricity, University of Lisbon (Review
14/2017) which confirmed it to comply with the national and international guidelines for scientific research
with humans. Itook place in a loal (Madeira, Portugal) senior gymnasium where active commuhvitgiling

older adults were recruited. The inclusion criteria were: 50 to 75 years old, able to read and write, members
of the gymnasium fothree or more months, able to understand the procedure, game rules and goals, no
severe visual impairments, no impediment to exercise practice, no severe or unstable heart diseases, a FAB
score higher than 9, and no falls over the pastmonths. A total of 3A/olunteers were gathered, two
volunteers did not receive the intervention, and four failed to show at follmvThe remaining 31 completed

the study Figure38). Sixtea participants were assigned to tleentrolgroup (12 females, age avg. 69.1 SD
4.4), and 15 to thexergamegroup (10 females, age avg. 67.6 SDAB}the participants gave their informed
written consent.
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Enrollment Assessed foeligibility (n=233)

Excluded (n=196)

1 Not meeting inclusion criteria (n=3
1 Declined to participate (n=190)

9 Other reasons (n=3)

A 4

Randomizedn=37)

Allocation
Allocated toExergamegn=19) Allocated toCorirol (n=18)
1 Received allocated intervention (n=18) 1 Received allocated intervention (n=17)
9 Did not receive allocated interventiqf lost 9 Did not receive allocated intervention (1 ill)
interest) (n=1) (n=1)
FollowUp

Lost to followup (2 ill; 1 fall) (n=3)
Discontinued intervention (n=0)

Lost to followup (1 fall) (n=1)
Discontinued intervention (n=0)

Analysis

Analyzed (n=15)
9 Excluded from analysis (n=0)

Analyzed (n=16)
9 Excluded from analysis (n=0)

Figure38: Participants flow through the phases of the randomized controlled trial.

Thepre-intervention assessment of the participahfanctional fithess tirough the SFT was used to confirm
both groups equivalency No significant differences were found between the groups in any of the. t8ss
Figure39for more details
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3.2.6 Data Analysis

Given the different nature of our datave set up two differenfinalysesoneconcerning thdour assessments
done during the interventionthe otherfor the data originating from the individual PA measured at each
session

For the data relative to the four assessment moments of functional fitness and kreddtied quality of life,
non-parametric tests were used due to either noaormal distributions or thed at a’ s o r.dlhen a | N
normality of distributions was assessed using the Kolmog&mirnov test. The Friedman test was used to
detect significant withirgroup differences ovetime. The analysis focused on finding which variables had
significantly improved during the intervention and which decreased from end to faljpwFor pairwise
comparisons, the unidirectional Wilcoxon test was used to find if the increase from standt¢0é to 12"
week) and decrease from end to follawp (12" to 16" week) were significant. Next, a betwegnoup analysis
was done to understand if thexergamescondition had significantly larger performance gains in each
measurementthan control from start to end and lower losses from end to follay. The difference in
differencesmethod was used231], first calculéing the differences between the"0and 12" weeks, and 192

and 16" week, for both conditions. Then, using the unidirectional MaMhitney test to check for higher
exergamegains from the t to 12" week and highecontrollosses from the 12to 16" week.

Concerning PA, evdivided the data into two, the odd sessions consisting of the conventional sessions of both
conditions and the even sessiofw both conventional and exergames. This allowed us to run the same
analysis tdl) compare the difference between conventional exercise and exergamess e ,<sasdi2)sae &

the training program affected tdfthesadst®e atesdwayrMixedp on s e
MANOVA was used. The betwesubjects factor was the training program each participant was allocated to

(2 levels), and the withisubjects factor was program progression (session number). The dependent variables
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were RPE on the OMNI seaMETs spent, and minutes of MVPA. Separate ANOVAs were run for each
dependent variable to ascertain whicmeswere genuinely affected by the training program.

There was incomplete data from accelerometry on the 1st, 2nd, 6th, 7th, 9th, and 11th wetkles sitidy.

Thus, as the twavay mixed MANOVA requires complete data, we removed those weeks from the analysis.
Additionally, data from the 5 and 8" weeks were also excluded becausdailedL evene’' s t est
variance.The remaining weeks, 34", 10", and 12' were analyzed using the MANOVA with four levels of
within-subjects factor.

The significance |La&wveél Bausfeer rnoansi '.s T odr@sti on was:¢
comparisonsAll analysis was done using IBM SPSS Stafi2tigBM, New York, USA).

3.3 RESULTS

3.3.1 Senior Fitness Test

As mentioned in SectioB.2.4 to show the impact of exergames in elderly fithess, the Senior Fithess Test
battery was used to evaluate the changes in seviira¢ss dimensioa over time. Each condition results are
presented separately to determine which dimensions were influenced over time bycaaxtiion. This is
followed by the difference between the impact lodth interventions.
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Figure40: Results of the 6 SFTs over time for both conditions, significant differences highlightad asterisk.

3.3.1.1 Difference®ver Time

3.3.1.1.1 Exergames

There were significant differences over time,<p05, in lowerbody strength,c(3) = 8.127, uppetbody
strength,c?(3) = 11.553, shoulder range of motion?(3) = 18.103, and agility and dynamic balancgg3) =
14.534. Post hoc analysis testing after Bonferroni correction showed a significant inqgrea8e)5/2, of
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lower-body, T=6, r=-.44, and uppebody strength, E14.5, r=-.474, from @' to 12" week, and a significant
decrease of shoulder range of motion=T4, r=-.441, from 12 to 16" week Figure40). The agility and
dynamic balance results were significant but did not validate our hypothesis due to the directionality of the
differences

3.3.1.1.2 Cortrol

Only the shoulder range of motioo?(3)=25.591, and agility and dynamic balanc&3)=32.758, were found
to be significantly different over time. Post hoc analysis showed a significant decrease in shoulder range of
motion between the end of the intervention and follemp, T=11, r=-.508 Figure40).

3.3.1.2 DifferenceBetweenConditions ofGainsLosseBetweenMoments

When checking the difference in differences of the evolution of fitness fibto @2" and 12" to 16" between
conditions, we found that uppebody strength and shoulder range of motion had significantly higher
developments in thexergamesgroup as compared toontrol, U=76, r=315, and U=67.5, =373, from §' to

12" week (Table21).

Table21: Descriptive statistics of the differences over time from pre to-jmstvention and posintervention to followup of both
conditiors for the SFTs and-$Z results, and MariiVhitney sig. differences of differences between conditions

Exergames Control
Measurement Evaluation Dif. Interzltf;\rtile Dif. Interzlt:;\rtile Mann-Whitney
Week Median Median Sig. Dif. in Dif.
Range Range
30s Chair Stand 0" to 121 1 5 1 3| No (p=.235)
(reps) 12 to 16" 1 5 1 4| No (p = .256)
Arm Curl 0" to 121 3 4 1 5| Yes(p=.043)
(reps) 12 to 16" 1 4 0 3| No (p =.357)
Chair Sit & Reach 0" to 120 .90 7.0 -4 8.6] No (p =286)
(cm) 12" t0 16" 1.35 9.7 2.8 9.2 No (p = .357)
Back Scratch 0" to 121 1.00 2.5 -1.3 7.7| Yes(p=.019)
(cm) 1210 16|  -4.15 8.6 8.6 10.6] No (p = .153)
8ft Up & Go 0" to 120 73 1.36 .89 56/ No (p = .150)
(sec) 12" t0 16" -.50 32 -41 42| No (p =.372)
6 min Walk 0" to 120 25 55 5 45/ No (p = .097)
(m) 12" t0 16" 25 59 5 60| No (p = .326)
SF-12 oM to 12 11.91 28.57 2.38 22.63 Yes(p=.021)
Mental 12" to 16" 0.00 15.47 -2.38 17.86| No (p =.157)
SF-12 oM to 12 4.67 41.67 6.66 13.33) No (p =.327)
Physical 12" to 16" 0.00 25.33 0.00 14.67| No (p =. 066)

3.3.2 Short Form Fullerton Advanced Balance Scale

3.3.2.1 Difference®ver Time

3.3.2.1.1 Exergames

As measured by the FAB scale score, balance and risk of fall were found to have significant differences over
time during the exergames intervention?(3) = 14.026. The post hoc analysis showed that the FAB score
increased significantly during the intervign, T=2.5, r=-.499., but decreased in the following monthzT

3.5, r=-.488 Figure4l).
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Figure4l: Results of the FAB and-EFevaluations over time for both conditions, significant differences highlightechwékterisk.

3.3.2.1.2 Control

The FAB score was significantly different dontrolas well,c?(3) = 17.837, revealing the effect of time in
balance. The post hoc analysis showed that the FAB score increased significantly during the intervention, T
0, r=-.497, and had significantjecreased one month after the intervention=b.5, r=-.562 Figure4l).

3.3.2.2 Difference®etweenConditions ofGainsLossesBetweenMoments
There were no significant differences between both conditions in their differences over time.

3.3.3 12-ltem Short Form Health Sur¥$fF12)
3.3.3.1 Difference®ver Time

3.3.3.1.1 Exergames

When considering the healttelated quality of life in theexergamegparticipants, the mental component
measured by the SE2 questionnaire was found to have been significantly affected by taf(8) = 8.366.

Post toc analysis testing showed a significant increase between the start of the intervention and the=end, T
10.5, r=-.515 Figure4l). No effect was detected on the phgal component

3.3.3.1.2 Control
Neither the mental nor the physical components showed an effect during the intervention aoittelgroup.

3.3.3.2 DifferenceBetweenConditions ofGainsLosseBetweenMoments
When comparing conditions, only the ment@imponent showed significant differences, with theesegames
having a significantly higher improvement (Mdn 11.91) than control (Mdn 2.3858.b, r=-.367 (Table21).
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3.3.4 Physical Activitg ComparisorBetweenDifferent ProgramSessions

When the conventional exercise sessions ofabetrol group were compared with the corresponding weekly
exergame sessions of thexergamesprogram group, a statistically significanfexdt of the type of training
program was identified, F(3, 27) =27.958, p<.05;Wilks= . 244. The univariate
differences on all three outcomes, with more METs spentamirol sessios (M = 2.976, SD = .106) than
exergamegM = 2.046, SD = .110), F(1) = 37.138, p <Figbire42A); but, on the other hand, MVPA, F(1) =
11.044, p < .05, and OMNI1F = 7.977, p < .05, had higher marginal means foexeegamegprogram (M =
36.183, SF = .545; M = 3.767, SD = .271)dtwatrol (M = 33.664, SD =.527; M = 2.703, SD = (E&R)re42B

andFigure43A).
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Figure42: Total METsspentand nminutesof MVPAduring conventional sessions by participants indbitrol program and exergame
sessions by the subjects in #ergamesexercise program, at weeks 3, 4, 10 and 12
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Figure43: Selfreported exertion, on the OMNicale weeks 3, 4, 10 and 12\) at the end of the conventional exercise sessions by
subjects in theontrol program and the end of the exergames sessions by the subjectsaereifgmmesprogram B)at the end of the
conventional exercise sessiongayticipants of both the Conventional and Combined exercise program

Al

There was not a statistically significant interaction effect between the type of training program and time, F(9,
21)=2.106,p=.077;Wilks = . 526. The uni v anevaaables prashied Aosigndidantt h e

differences for OMNI, F(2.517) = 1.253, p = .296, METSs, F(3.000) = 1.733, p = .166, and MVPA, F(2.911) = 1.19¢

p = .315.
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3.3.5 Physical Activitg ComparisorBetweenQnventionalSessions of thdrainingPrograms

The compason between conventional exercise sessions of participants itesgamesexercise program

with the equivalent (conventional) session by ttmatrol group revealed a statistically significant effect of the

type of training program on the dependent valles, F(3, 27) = 3.444, p < .05; Wiks = . 72 3. Se|
univariate ANOVAs on the outcomes did not show significant differences in both spent METs, F(1) = 2.280, p
=.142, and MVPA, F(1) = .041, p = .841. However significant differences were obstry&NNI scale, F(1)

= 6.119, p < 0.05, with higher score of RPE (M = 4.117, SD = .302) drerdpmesexercise program than

control group (M = 3.078 SD = .298)qure43B).

There was not a statistically significant interaction effect between the type of training program and time, F(9,
21) = 1.810, p = .126; Wilk& = . 56 3. Univariate analysis of the
difference in METs, F(2.220) = 2.905, p = .057, MVPA, F(2.260) = .805, p = .465, and OMNI, F(2.596) = .830, p
A467.

3.4 DiscussION

This study aimed to determine the effect of egames irfunctional fitness (e.g., balance, strength, flexibility)
and healthrelated quality of life of older adultsA secondary goalvas to investigate the PA patterns
associated with multidimensional training programs with exergarfesthat effect, astomrmadeexergames
were used together with conventional exercise to createombinedmultidimensional fithess training for
healthy older adults. The equivalent conventional exercise was usedrdasol. The study comprised a 3
months training interventin and a Imonth follow-up. In both conditions, we observed a global and positive
change of the variables assessed in the participants.

3.4.1 Benefitson Strength

The functional fithess effects of commercial, Acustomizable, exergames (e.g., Wii, Kinectpimgitudinal
interventions with older adults have been widely questioned since those games have not been created
considering the capabilities and limitations of aged players; tthesy likely fail in eliciting the desired
responseg161]. Theresults obtained from our multidimensional training program with exengs revealed
significant increases over time in loweody and uppetbody strength. No significant improvements were
detected in thecontrol group. Improvements of specific functional fithess domains such as strength in the
upper and lower limbs casignficantly impacte | der s’ d a i[167), ad wiellfas an assdciation witi e s
decreased physical impairments and functional limitatif2®2]. Only the upper bodyléxibility domain did

not reveal sustained effects after folleup for theexergamesondition. The same was observed in toatrol
condition. The reason for these results may be that the exergames used in this research involvinibser

in a more consitent and transversal fashion than upgdéanbs. Thus, more features that encourage upper
limb movements, and training of other aspects besides strength, such as flexibility, should be incorporated in
the next generation of these exergames. Research usmdas methods with different training program
duration and frequency showesimilarresults in the overall strength componeji43].

3.4.2 Benefits on Balance

The FAB test was used to quantifgihing programs' effestono | d e r  a df eXpdrientindnjuiries #ue

to falls. Static and dynamic balance was assessed using the FABw$teale covers aspects such e
participant’ s cenplagmandirdachfomvard td retriesetaa objdsttb theexergamesand
control groups showed significant improvements in balance, revealing the importance of physical activity in
supporting balance skillg]. These findings are essential since imgmoents in balance can significantly
reduce longterm functional impairments due to falls. Also, reducing the risk of falls has been associated with
decreased mortality233] and independence to perform daily life activitigg34]. However, the positive
effects were not mainteed one month after the intervention. This can be due to the training program length,
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which limits a sustained impa[g]. These results support the idea that there is a continuous need for exercises
that target this domain for maintaining a lowkisf falls in older age.

3.4.3 Benefits on HealtiRelated Quality of Life

We observed improvements in perceived quality of life, particularly inetkergamegroup who showed a
significant improvement in theuality-of-life mental component. These results arbgaed with what was
reported in exergames reviews: improvements in balance, cognitive function, quality of life, and [$alth
[145], [220], [221] So far, the relationship between exergaming traniprograms and perceived quality of
life in older adults has not been wastablished, and the existing literature does not provide conclusive
insights[235]. This finding isital for improving our understanding of the specific domains in which exergaming
programs are better than conventional exerci$235].

3.4.4 Exergames & Conventional versus Conventional

Our exergamescondition offered a complementary training of exergames and conventional exercise, in line
with what is recommended236], which was comparm to an equivalent training of conventional exercise

al one. The combined approach contrasts with the
conventional training, and the alternative approach, training with exergames only, predominantly studied

the literature. The results revealed that uppleody strength improvements in thexergamegondition were
significantly higher than those obtained for tlkentrol This allows us to extract an important finding of this
research: combining exergames witonventional exercises was more effective in impacting functional fitness
compared with conventional exercises alone. Integrating exergames to the already existing conventional
exercise programs seems to be a feasible and effective strategy to extengs¢hef these technologies
beyond research trials in senior care facilifi2g87] and at home. Besides, one of the strengths of this study is
the carefullyselectedcontrol condition, which allowed us to carry out a fair comparison between conditions.
Since past literature reviews of Rdmeluding exergames have pointed out the limitations of using-non
equivalent control conditions, our decision taclude conventional multidimensional training with a sports
science coach allowed a more reliable scientific evidence towards defining specific and quantifiable effects of
longitudinal exergamin{235].

3.4.5 Effects of Physical Activity

The resultoncerning PAhow thatolder adults can use exergames to perform exercise sessions that meet
the international recommendations of MVPA without altering their behavior, relativ@twentional exercise,
during a threemonth training program.

As was hypothesized, thex e r g a me s’ sessions were able to meet
surpassed the minutes of MVPA spent during conventional exercise. Differences between MVMETs
reflect the need to interpret data of the activity trackers carefully. For example, more energy expenditure does
not necessarily mean greater health benefits in the older populdtl@2]. Having more time spent in MVPA
and lower METs during thexergaming might be interpreted as participants in thenventionalworkout
exercised with higher intensities but spent less time within the recommended levels when compared with
exergaming Therefore, participants during thexergamingwvere able to exercise witlower intensity levels

but, at the same time exercising within the recommended levels for longer, being more efficient in their
training, which answered owecondresearch question. One possible explanation of why the participants
spent more time in MVPAuring exergames sessions than traditional exercise is that the games can keep
players engaged with the activity, as the participants get absorbed by the individual stimulation of a game that
reacts to them, which in conventional training would equate &gonal training. In this sense, it could have
also been the higher individualization of exercise through gaming that motivated people to engageréor
extendedperiods. This might have meaningful impacts on the {mmgh adoption ofexergamingechnology

in the older population, producing a firm notion of a safe environment for exerdis8jgNevertheless, having
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avery similar MVPA in both multidimensional exergaming and conventional exercise illustrates how combined
strategies can create enjoyable routines without losing efficiency in the PA. This study used rgsadech
activity trackers and perceived exertionades in quantifying the PA levels of older adults with training that
use custorrmade exergames. Subjective data from the OMNI goes against what was expected, showing higher
perceived exertion in the Exergames condition tltantrol. However, it never exegled the hardntensity

(score = 8), which successfully meets the ACSM guid¢liagk

The fact that, over three months, there were no differences in the objective measurements of Wéebet
conventional sessions of both training programs answerdltra research question. Exposure to exergames
had the same effect on PA as conventional exercise. Mainl§jpeused on researching the longrm effects

of engaging with custormade exergares andheir effects on PA measured and perceived levetdthough
some studies have reported the impactefergamingn the time players spent exercising at MVPA levels in
young adult§239] and children[240], to our knowledge, this is the first study reporting MVPA exertion in the
older population.

Results emphasize the importance of accurately quantifying the PA and characterizing human movement
during inerventions with exergames to exploit theas an attractive option to promote exercise aad
effective training modality for older adulfd6]. While in our study the difficulty of the games was set by a
trainer, given the player capabilities and needs, we envision that they can have specific difficulty levels for
each fithess domain that would be set automatically accordinfjthess evaluations and live physiological
monitoring of the player. Further studies comparing exergames with standardized training routines in older
adults should reveal the guantitative differences of PA, leading to a more objective, consastéit-depth
discussion about the real impact of playing while exercising beyond motivation and enjoyment.

We highlight the importance of using custemade exergames rather than commerciajiade consoles to
promote exercise in older adults. This has been nua@d as one of the most renowned limitations of
exergames since the older population is diverse and coniplex18]. Our approach included a set of highly
personalized exergames especially designed to cover multidimensional training in older adults.

Besides the positive results that we found in this study, a highlight is that we focused on the shortcomings
referred inreviews of this research field by running a randomized controlled trial with a sample of our target
population in field conditions, being evaluated by validated scales on a longitudinal fashion. This will positively
help in building the argument on the befits ofexergaming

3.5 (CONCLUSIONS

Modern societies face both the demographic challenge of population aging and the health risk posed by
increasing sedentary behavigexergames can be used to tackle these issudightingelderly sedentarism.
Therefore there were twoaimsin this section the first was to determine the benefits of exergaming in the
functional fitness, and healtrelated quality of life of older adulfgandsecondto measurethe PA intensities
achieved duringessions with ouexergamesTo that effectthe custommadeexergames were used together

with conventional exercise to create a multidimensional fithess training for healthy older adults that was
compared to conventional exercise. In both conditions, we observed a global and/@aditinge of the
variables assessed in the participamtdditionally, the exergames were shown to be an effective complement
to training programs for the el derly, with the e
spent in MVPA than convéanal exercise, which is a benefit for growth and preservation of functional
aptitude. From the significant improvements observed in several of the dimensions measured in the
exergamegondition participants, we conclude thatder adults physical training bendf can be enhanced
when the training includes exergames. Integrating carefully designed and highly persoeaézgdmes in
multidimensional fitness training can latractive (e.g., more engaging and fun) for older adults arale
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effective in eliciting the desired physical improvemeritbe higher RPE by the participants while playing
exergames shows that greater care to workload monitorization is required, strengtir@ need for better
sensor integration with the games.

Our research adds to the body of literature in exergaming for older adults by 1) showing results of a
longitudinal intervention where custormadeexergames, instead of commercial, are used 2) providing data
collected in a realorld setting through a randomizkecontrolled 3month longitudinal intervention, 3) using

a quantifiable and multidimensional evaluation methodology to validate the use of exergames-lifereal
scenarios, using widely validated and accessible physical fitness tools and questionnaited) an
demonstrating the benefits of using exergames as complement to conventional exercise instead of as a
supplement, as recommended by previous review pajp2ss].

3.6 LIMITATIONS

Despite the positive results, some limitations should be acknowaddiglentifying the multidimensional
fitness training program’'s specific benefits’ or |
exercise is impogfde. Some of the combined training program gains declined one month after the
intervention, showing the need for lasting exercise programs to provide durable benefits in older adults.
Although the activity tracker used in this study is considered a vecyrate and trustable device for PA
guantification, studies have suggested that the -points which define the light, moderate and vigorous
thresholds are dependent on the units of analysis (30 epochs aaditii in our case) and subjects variability
[241]. However, there is still no consensus on the values for these cut points for the older pop{24&n

[243]. We adopted a wide range of ages {BB) in our sample; related literature typically reports studies with
participants over 65 years of age, making it somewhat difficult topgare results. Additionally, our inclusion
criteria guaranteed a healthy sample of participants, not representative of the general older adult population.
We suggest following up this research with validation on frailer population, usually instituticchalizber

senior care, given our positive results. Finally, a technical limitation is the setup used, making this intervention
hard to adopt in senior care facilities. For this
f or t he deplogaurcusiorimadeexergameg244].

104



4 (CONCLUSIONSMAINANDINGS ANGONTRIBUTIONS

As was pointed outhroughoutthis thesisthere is a growing body of evidence thetercise through gaming
can deliverseveral health benefitgarticularlyto older adults This thesiss main goalasto capitalizeon this
potential by developngexergamesnd then validanhg the hypothesis that they could be used, in complement
with traditional exercise, to generate sificantfitness benefits in elderlglayersduring longitudinal training

The process described in the thesis consisted of three main.gkéss, we developed eomprehensiveand
flexible lowcosttechnology for fulbody interaction with large projean displayswhichwe validated in user
studiesshowing that it performed at a comparable levelaboratory-gradeimmersive technologiesSecond,

we validatel automatic methods to assess senior fithess and used the technology to study user preferences
in interaction with floor projections. The knowledge gathered was complemented by a participatory design
procesghat resulted in a set of exergamés promote elderly fitness. Labt, the exergames were put to the

test, in the field, in dongitudinal randomized control trial of 3 month&hichrevealed specific benefits in
favor of the exergames group.

This thesis represents the culmination o& lengthy processalongside theseven papers adapted and
presented,sevenothers were written ad published during its progress, see ApperflixCurriculum Vitae
Publications. The work presented hénzolved 111 participants in total, from the development of patien
technology, exerganse design and finallyto their validation.Perhaps the most significant testament its
relevance ighat the exergames developed already crossed into-academic scenarios are currently being
used in elderly homes by private@ public entities.

Further details on the specifmontributionsmade at each step of this thesis are presented in the following
subsections.

4.1 MIRTUAREALIT8JRROUNISCREEIRROJECTICBYSTEMS

In our effort to design exergames that would positively afféne fithess of elderly players, we started by
developing the technology that would enable large interactive projections. This led to one of the main
technical contributions of this thesis, the KAVE openrce software. While its versatility is sufficidot
implementing floor projection exergamesychas used in this thesig, affords much more complex setups
and immersive experiencefis main advantage lies in managing VR experienc@soimoscopicsurround
screen systems such as CAHgdatively to the standard CAVEDffers three main advantages. First, it is a
free and opersource software with low hardware requirements and cost, which enabled us to auild
surrounds cr een proj ection syst e m-bbdytracking, raecaring thattBedhaleo n d , i
body acts as a controlleinstead ofhand controllers Finally, it isentirely wearablefree, requiring neither
glasses, wands, or markdmstrackthe human head and limbs.

Weevaluakdour technologyby using it in a C¥E system and conducting two tests, daevaluate objective
characteristics and another for subjective. In the objective evaluati@nwanted to answer the following
research questonHow accurate and precise i s ¢adpositknineuct v 2
KAVEpowered CAVERor this we measured the accuracy and precision of the Kinect v2 selmstire worst
conditions measured, the sensor had an average error norinG§ + 1.1&m and0.04 + 0.0Zm jitter. We

found this accurate enogh for reaitime head position estimation, which is otherwise a limitfagtor for
immersive VR experiencel evaluatingsubjectivecharacteristics, we asked the following questiom:al

simple VR action space search task, to what extent can the KAMEeirpresence while remaining
cybersicknesfree in a representative sample of healthy aduless? this we measured the feeling of presence
(through the SlaterUsohSteed Questionnaireand Presence Questionnaire) and cybersickness of 31
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participants who interacted with our syster/e thencomparedour results with the reports from interaction
with a laboratorygrade CAVE arvo HMDs The KAVE was no differefibm a laboratorygrade CXE in
induced presencehowever, it had significantly lower performance than HMDs. The KAVE produced
significantly lower cybersickness than the HMD alternatder. systemwas deemedo produce sufficient
presencgas a CAVHj) tasks locatedh theu s eactiorsspace.

4.2 DEVELOPMENT BRERGAMES FOR ELDERLY

After developing the appropriate projection technology for our needs,l@fdrethe design of the exergames
themselves, we had to ensure two main elements: that the sensor intended to be used withrites geas

good enough to assess fitness accurately and reliably, and that we would be using the most effective way for
elderly players to interact with a floor projection

In the context of the firselement,we developed an automated version of three senior fithess t(3f3[86]),

the 2-minute step test, the 3&econd chaistand test, and the & Up-and-Go test The validation of such a
system would ensure that it could quantify users
metrics.Therefore, ve asked the question: Can a computerized tool be used to score specificlisBTser

test with 22elderlyparticipants(avg. age 65)ur systenwas shown to bao differentfrom the ground truth,

a sports science professional, scoringthe 30-secondChairstand Testand 2minute Step Test. provided

very high rates of true detections of key body movememscoring the8-foot Up-and-go Testthe score was
deemed precise but inaccurate due to an offset, which can be contrdlleliectively, thiensured that we

could design exergames relying on the correct detection of such body movements while using this sensor as a
game controller.

Regarding the second element, we were able to contribute to’Nkibdy of knowledge by studyinge
performance and preferences of the elderly in interacting with floor projections, a population often
overlooked.The research question asked waghen designing a NUI to be used by an elderly population in
floor projection displays, what interactionbigst?In an experiment with 19 elderly participants (avg. age 70.2),
when measuring usabilit§fsystem Usability Scale) and workload (NAEX), &lear preference for the direct
mapping of the feet to the display was observeglative to pointing. Theseesults conditioned the
development ofour exergames.

Finallywe asked ourselves:dw should humarcentered design methods and insights be used to design highly
contextualized exergames for exercise promotion in older adults (aged %8e)@sedthose methods to
understand betteolder adults underlying motivatorspreferencesand needs foplayingexergamesDespite

the low interestfor this modality ofexercisen the elderlypopulation we found strategies to raise it, suels

promoting competition,use of reaktime feedback to mitigate lack of experience, contextualization of the
games’ themes to familiar places and activities, f
limitations and performance, and inclusion of cognitive tasksnduplay The designeffort under those
guidelinesresulted in a set of four exergamesach representing a region and a distinguished cultural activity

from it, under the context of a national touwhile each game is aimed at a particular fithess dimension, their
difficulty and exertion demands can be adapted to miet playets needs. This is done by controlling which
gamemechanics are needed to play or are automated for players with disahiltiee the difficulty is
controlled by the virtual el ements’ speed and di s

4.3 BEFFECT OF CUSTOMIEEPRGAMES ON ELDERLY FITNESS

Asthe final contribution of this thesis, we aimed to quantify the impattisingour custommade exergames
for fitness training in elderly playera population often overlooked in this field/e asked a set of three main
guestions:
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- Can custormmade exergames be as effective as conventional exercise in achieving MVPA lengls duri
elderly multidimensional training sessions?

- What are the older adults’ motor performance
custommade (multidimensional) exergames with traditional exercise during longitudinal training
compared to taditional training alon@

- Does exergaming, used as a complement to exercise intémymultidimensional training, affect
how the elderly perform when exercising?

After a 3month long randomized controlled trial with 31 elderly participants, we obsethatl exergame
sessions successfully met the moderstevigorous intensity goal of exercise recommended by ACSM to this
age group, keeping them engaged longer than in traditional exercise sedRegerding the second question
the use of exergames in cdrimation with traditional training was not only beneficial to motor performance,
such as balancéassessed by the FAB sci28]) but alsoproduced benefits in dimensions that traditional
training alone failed to affect, namely on lower and uppedy strength(assessed through the SFBB]). This

is valuable information as domains other than balance and fall prevention are not often studied in this
population. Additionally, aositive evolution in the mental component of the quality of life, measured through
the validated questionnair&F12[229], was greater in th@articipants who played our exergames than those
who solely engaged in traditional exerciserthermore regarding the third question, wieundno differences

in objective measurements of PA between conventional sessions of both training pragrams

In addtion to the positive outcomes, it isssentiato note that a substantial effort wasade to avoid previous
researchs methodological pitfallefforts such asonductngour study in field conditionghe use of validated
tests for senior fithess assesent, and accurate metrics for PA quantificati@and the use ofjames purposely
developed for elderly training’ hesesupport the feasibility of adopting this practice in senior gyitsgesults
generalizability andstrengthen our conclusions.

4.4 RUTURBNVORK

The KAVE software supports hetadcking throughboth the Kinect v2 SDK arahy system sending UDP
messages in the ARTTRACK2 foriatvever, he discontinuation of the Kinect wW&merais an obstacle to
the adoptionof our software For it to compete or be relevant, its future development should address this
tracking limitation. Adding support for new eifie-shelf solutions such as Azure Kinect (Microsoft, Redmond,
USA) or Intel RealSense cameras (Intel, Santa Clara, Califoraid)prnavide an immediate solution with a
possible but uncertain increased performan@45H247]. Alternately, creating an abstract layer between
the software and the sensor could make it sensor agnostic. Nevertheless, thesopsse nature of the KAVE
makes it easily accessible and modifiable byatemunity.

Qurrent and wuture uses of theresearch presented in this thesase being developednd planned. Some of
the exergames have been adapted to have dynadifficulty, which changesluring play according to the
player biephysiological signajsresulting in a closed loop control paradigiBesides exergameshere is
ongoing development of virtual environmenter functional fithess assessment aimed at the elderly
population They benefit from thescological valitly of VR experiencely creatinga high sense of presence
increasinghe transfer of skills to the real worl@énd take the form o¥irtual bus rides to assess balance and
nature treks to assess cardiespiratory enduranc¢248], [249]
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Computer Skills

Programming: Extensive experience with C#, C++, CNMatab. Experience with Pytho®@penGL, OpenCV
and Arduino
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Portuguese: Native Language

English: Proficient (C2) Listening, Reading, Speaking and @/ritin
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