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ABSTRACT

In this work, we present a data-gathering tool for virtual reality human-
robot interaction focusing on the trajectories of the participants. Unity, Robot
Operating System, Photon PUN, and Oculus were utilized to create a lightweight
multiplayer environment for various studies. The system supports various
amounts of humans and autonomous as well as teleoperated robots. The data
from these interactions can be collected and further analysed to find possible
differences in human behaviour. Positional and orientational data proved to be
accurate. Measured latency of 200ms was found to be sufficient for the trajectory
collection.

Human-robot interaction studies are often restricted because of the challenges
regarding large datasets, time, and financial matters. With the implementation of
virtual reality, many of these challenges can be addressed. Virtual reality offers
safe and easier ways to research situations that could be dangerous or impossible
to produce in real life.

Keywords: virtual reality, VR, HRI, human-robot interaction, VR headset, data-
gathering, teleoperation, autonomous, robotics
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TIIVISTELMÄ

Tässä työssä esittelemme tiedonkeruutyökalun ihmisten ja robottien välisen
vuorovaikutuksen tutkimiseen virtuaalisessa todellisuudessa. Työkalu on kevyt
moninpeli alusta, joka hyödyntää Unity-, Robot Operating System-, Photon
PUN-, sekä Oculus-teknologioita. Järjestelmä tukee yhtä aikaisesti useita
osallistujia, ihmisiä sekä teleoperoituja tai autonomisia robotteja. Ihmisten
ja robottien välisistä kanssakäymisistä saatua dataa voidaan analysoida ja
pyrkiä selvittämään mahdollisia muutoksia ihmisen käyttäytymisessä erilaisissa
tilanteissa. Sijainti- ja orientaatiodata osoittautui tarkaksi. Mitattu 200ms viive
on riittävä liikeratojen seuraamiseen.

Ihmisten ja robottien vuorovaikutusta tutkivia tutkimuksia kuitenkin usein
rajoittaa useat tekijät, kuten suuret tietoaineistot, pitkät tutkimusten kestot ja
suuret kulut. Virtuaalisen todellisuuden hyödyntäminen tutkimuksissa voi auttaa
näiden ongelmien ratkaisemisessa. Se tarjoaa myös turvallisempia ja helpompia
vaihtoehtoja mahdollisesti vaarallisten tai muuten mahdottomien oikean elämän
tilanteiden toistamiseen.

Avainsanat: virtuaalitodellisuus, VR, ihmisten ja robottien välinen
vuorovaikutus, tiedonkeruu, autonominen, robotiikka
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1. I N T R O D U C TI O N

H u m a n- R o b ot I nt er a cti o n ( H RI) is oft e n mist a k e nl y s e e n as a n e w a n d e m er gi n g fl el d,
b ut t h e c o n c e pt h as b e e n ar o u n d as l o n g as t h er e h as b e e n t h e c o n c e pt of r o b ots
t h e ms el v es. T h e m a n w h o c a m e u p wit h t h e t er m r o b oti cs i n t h e 1 9 4 0s, Is a a c Asi m o v,
w as alr e a d y as ki n g q u esti o ns s u c h as “ W h at ki n d of r el ati o ns hi p c a n a p ers o n h a v e
wit h a r o b ot ? ” w hi c h is a q u esti o n at t h e v er y c or e of all H RI r es e ar c h t o d at e [ 1].
Alt h o u g h t h es e q u esti o ns w er e m or e s ci e n c e fi cti o n t h a n r e alit y b a c k t h e n, it i n di c at es
t h at t h er e alr e a d y w as a diff er e n c e b et w e e n r o b oti cs a n d H RI.

E v e n t h o u g h H RI as a fi el d is n ot n e w a n d e m er gi n g, it is e v ol vi n g r a pi dl y.
H u n dr e ds of p a p ers ar e p u blis h e d e a c h y e ar b y t h o us a n ds of c o ntri b ut ors a n d b y m a n y
diff er e nt pr of essi o n al s o ci eti es. Wit hi n a s p a n of 8 0 y e ars, a p pli c ati o ns h a v e e v ol v e d
fr o m m ast er-sl a v e r e m ot e it e m h a n dli n g d e vi c es t o g est ur e- o p er at e d m o bil e r o b ots
p erf or mi n g a n i nt er a cti v e cl e a n- u p t as k i n c h a n gi n g li g ht c o n diti o ns [ 2]. First r o b ot
a p pli c ati o ns w er e a ct u all y d esi g n e d t o h a n dl e r el ati v el y si m pl e t as ks s u c h as h a n dli n g
r a di o a cti v e o bj e cts t o a v oi d e x p osi n g h u m a ns t o r a di ati o n. T o d a y, s ci e ntists ar e l o o ki n g
t o s ol v e gl o b al iss u es li k e a gi n g s o ci eti es wit h t h e us a g e of r o b ots, f or e x a m pl e, el d erl y
a n d h e alt h c ar e. S u c h t as ks ar e dif fi c ult t o b e a ut o m at e d p erf e ctl y, h o w e v er, t h e y c o ul d
b e e x e c ut e d i n c o o p er ati o n wit h h u m a ns a n d r o b ots.

T h er e ar e m ulti pl e c h all e n g es r e g ar di n g tr a diti o n al H RI r es e ar c h. F or e x a m pl e, t h e
c oll e cti o n of t h e d at as ets f or l at er us e i n m a c hi n e l e ar ni n g h as pr o v e n t o b e a si g ni fi c a nt
li mit ati o n its elf w hi c h c a n t a k e u p t o t w o m o nt hs [ 3]. Ot h er c h all e n g es r e g ar di n g H RI
r es e ar c h ar e t h e si g ni fi c a nt a m o u nt of ti m e t o pr a cti c e t h e s u bj e ct e x p eri m e nt a n d t h e
s u bst a nti al c o nsi d er ati o n of a n e x p eri m e nt al d esi g n its elf [ 4]. T h e fi el d h as n o w st art e d
t o s e e k s ol uti o ns fr o m Virt u al R e alit y ( V R) a p pli c ati o ns a n d si m ul ati o ns t o r e d u c e t h e
c ost of t h e pr oj e cts. O n e d e fi niti o n f or V R c o ul d b e: I n d u ci n g t ar g et e d b e h a vi or i n
a n or g a nis m b y usi n g arti fi ci al s e ns or y sti m ul ati o n, w hil e t h e or g a nis m h as littl e or
n o a w ar e n ess of t h e i nt erf er e n c e [ 5]. A n d i n t er ms of t his pr oj e ct, t h e i m m ersi o n is
t h e m ai n c o m p o n e nt of t h at d e fi niti o n. I m m ersi o n is a c hi e v e d wit h a virt u al r e alit y
h e a ds et. H e a ds ets r e pl a c e all of t h e r e al w orl d i n t h e fi el d of vi e w wit h vis u als fr o m
virt u al r e alit y. V R pr o vi d es t h e eff e cts of a c o n cr et e e xist e n c e wit h o ut a ct u all y h a vi n g
a c o n cr et e e xist e n c e. O n a c o m p ut er, virt u al r e alit y is pri m aril y e x p eri e n c e d t hr o u g h
t w o of t h e fi v e s e ns es: si g ht a n d s o u n d.

T h e i ntr o d u cti o n of V R t o H RI r es e ar c h h as m a n y a d v a nt a g es. Firstl y, it c a n h el p
t o r e d u c e t h e c ost of t h e r es e ar c h, as e x p eri m e nt al f a ciliti es ar e n ot r e q uir e d i n a r e al
e n vir o n m e nt. S e c o n dl y, t h e vis u ali z ati o n of ar bitr ar y i nf or m ati o n a n d sit u ati o ns t h at
ar e n ot p ossi bl e i n r e alit y or ar e ot h er wis e h a z ar d o us or d a n g er o us t o r e pr o d u c e, s u c h
as t h e pl a y b a c k of p ast e x p eri e n c es c a n b e a c hi e v e d, a n d t hir dl y, it pr o vi d es a c c ess t o
m ulti pl e i m m ersi v e a n d n at ur al i nt erf a c es f or r o b ot/ a v at ar t el e o p er ati o n s yst e ms [ 4].
T h e virt u al r e alit y s yst e m pr es e nt e d i n t his w or k pr o vi d es, f or e x a m pl e, a s ol uti o n t o
st u d y t h e i nt er a cti o ns b et w e e n h u m a ns a n d m ulti pl e r o b ots wit h o ut t h e n e e d t o i n v est
i n m ulti pl e a ct u al r o b ots.

T h e m oti v ati o n of t his pr oj e ct is t o cr e at e a virt u al m ulti pl a y er e n vir o n m e nt t o t est
t h e i nt er a cti o ns b et w e e n h u m a ns a n d m o bil e r o b ots i n s h ar e d e n vir o n m e nts. T h e
s yst e m is r e q uir e d t o utili z e R o b ot O p er ati n g S yst e m 2 ( R O S) a n d U nit y t o pr o vi d e
a n e n vir o n m e nt f or m ulti pl e h u m a ns a n d r o b ots t o i nt er a ct. It is r e q uir e d t o s u p p ort
t el e o p er at e d a n d a ut o n o m o us r o b ots t h at ar e c o n n e ct e d t o U nit y vi a R O S as w ell as
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us ers wit h O c ul us V R h e a ds ets. H u m a ns a n d r o b ots n e e d t o b e a bl e t o m o v e ar o u n d
i n t h e e n vir o n m e nt fr e el y. T h e s yst e m is als o r e q uir e d t o b e c a p a bl e of c oll e cti n g
d at a of t h e h u m a n a n d r o b ot tr aj e ct ori es. T h e d at a c oll e ct e d fr o m t h es e i nt er a cti o ns
c a n b e us e d i n f urt h er r es e ar c h r e g ar di n g t h e p ossi bl e diff er e n c es i n h u m a n b e h a vi o ur
w h e n i nt er a cti n g wit h t el e o p er at e d a n d a ut o n o m o us r o b ots; f or i nst a n c e, pr o x e mi cs
(t h e st u d y of s p ati al dist a n c es b et w e e n i n di vi d u als), a cti vit y, s p e e d, a n d m o v e m e nt
p att er ns.

I n t his pr oj e ct r e p ort, w e flrst dis c uss r el at e d w or k a n d t e c h n ol o gi es i n C h a pt er 2.
I n C h a pt er 3 a n d C h a pt er 4 w e e x pl ai n t h e d esi g n a n d i m pl e m e nt ati o n r es p e cti v el y.
E v al u ati o n a n d dis c ussi o n ar e i n C h a pt er 5, a n d t h e c o n cl usi o n of t h e pr oj e ct will b e i n
C h a pt er 7.



9

2. R E L A T E D W O R K

T his s e cti o n pr es e nts a bri ef o v er vi e w of pr e vi o us H RI st u di es. We r e vi e w t h e r es e ar c h
e n vir o n m e nts a n d t e c h n ol o gi es r el at e d t o t h e s yst e m cr e at e d i n t his w or k. T his s e cti o n
als o i ntr o d u c es t e c h n ol o gi es r e q uir e d i n t h e i m pl e m e nt ati o n.

2. 1. V R i n H RI R es e a r c h

Virt u al r e alit y h as b e e n utili z e d i n v ari o us H RI st u di es. It all o ws e asi er d at a c oll e cti o n
a n d a c c ess t o e n vir o n m e nts t h at c a n b e h ar d t o a c c ess ot h er wis e. Li et al. [ 6] as w ell as
Ya n g et al. [ 7] st u di e d pr o x e mi cs a n d s o ci al dist a n c es i n virt u al e n vir o n m e nts. B ot h
of t h es e st u di es als o i n cl u d e d a r o b ot a p pr o a c hi n g a h u m a n or a gr o u p of h u m a ns.
B esi d es h u m a n-r o b ot i nt er a cti o n, V R is us e d i n ot h er s u b fl el ds of r o b oti cs f or d at a
g at h eri n g. I n t h e r es e ar c h d o n e b y K oll er et al. [ 8] d at a w as g at h er e d fr o m a h u m a n
m o v e m e nt i n a virt u al r e alit y kit c h e n t o t h e n tr ai n t h e r o b ot l at er o n. E v e n t h o u g h t h e
us a g e of virt u al r e alit y c a n bri n g s o m e r e al b e n e fits t o t h e st u di es, s o m e r es e ar c h ers
still pr ef er d oi n g t hi n gs t h e ol d w a y. F or e x a m pl e, M a vr o gi a n nis et al. [ 9] f o c us e d o n
h o w h u m a ns w o ul d r e a ct t o diff er e nt b e h a vi o ur p att er ns of a r o b ot a n d w h at eff e ct t h at
w o ul d h a v e o n o v er all p erf or m a n c e f or b ot h h u m a ns a n d t h e r o b ot, i n a tr a diti o n al l a b
e n vir o n m e nt. H a d t his st u d y b e e n e x e c ut e d i n a virt u al r e alit y e n vir o n m e nt, i nst e a d of
p ost-it n ot es a n d m ar k ers, t h e e n vir o n m e nt c o ul d h a v e b e e n m or e i m m ersi v e a n d t h e
t as ks m or e a ut h e nti c.

T h e r es e ar c h w as li mit e d t o t h e c o m pl e xit y of t h e r e al- w orl d p e d estri a n e n vir o n m e nt
b e c a us e t h e st u d y w as d o n e i n l a b c o n diti o ns. Diff er e nt t o o ur st u d y, t his r es e ar c h di d
n ot i n cl u d e virt u al r e alit y. T h e p arti ci p a nts h a d t o i m a gi n e b ei n g i n a f a ct or y e v e n
t h o u g h t h e y w er e i nsi d e a cl assr o o m. A n e as el w as r e pr es e nti n g a m a c hi n e wit h sti c k y
n ot es a n d a m ar k er p e n r e pr es e nt e d t h e m ai nt e n a n c e t as ks. T h e m e as ur e m e nts w er e
d o n e b ot h o bj e cti v el y a n d s u bj e cti v el y. O bj e cti v e m e as ur es ar e i n t his c as e all t h e
tr a c k e d h u m a n a n d r o b ot tr aj e ct ori es r e c or d e d t hr o u g h a n o v er h e a d m oti o n c a pt ur e
s yst e m. S u bj e cti v e m e as ur es ar e q u esti o n n air es a b o ut r ati n gs of p arti ci p a nts, a n d
i m pr essi o ns of t h e r o b ot’s i nt elli g e n c e, s af et y, a n d p ers o n alit y. M a vr o gi a n nis et al. [ 9]
f o u n d e vi d e n c e t h at h u m a n a c c el er ati o n is l o w er a n d t h eir m o v e m e nt is n ot as irr e g ul ar
w h e n t h e y ar e n a vi g ati n g ar o u n d a n a ut o n o m o us r o b ot, c o m p ar e d t o a t el e o p er at e d
o n e. T h e y als o f o u n d o ut, a g ai nst t h eir pr e di cti o ns, t h at t h er e w as a l a c k of s u p p ort
t o c o n fir m t h at t h e t el e o p er ati o n str at e g y o n t h e r o b ot w o ul d b e h u m a ns’ pr ef err e d
c h oi c e. T h e m o v e m e nts of t h e p arti ci p a nts a n d t h e r o b ot w er e c a pt ur e d wit h a n
o v er h e a d m oti o n c a pt ur e s yst e m a n d a vi d e ot a p e if t h e p arti ci p a nts h a d gi v e n c o ns e nt.
Si x hi g h- a c c ur a c y a n d hi g h- fi d elit y c a m er as tr a c k e d t h e r e fi e cti v e m ar k ers att a c h e d t o
t h e c o nstr u cti o n h el m ets w or n b y t h e p arti ci p a nts. Wit h t h e i m pl e m e nt ati o n of virt u al
r e alit y, t h er e w o ul d h a v e n ot b e e n a n e e d t o i m a gi n e t h e f a ct or y as a r e alisti c virt u al
r e alit y f a ct or y c o ul d h a v e b e e n cr e at e d. Als o, t h e d at a c oll e cti o n c o ul d h a v e b e e n d o n e
wit h t h e d at a fr o m t h e V R h e a ds et, a n d c o ns e nt of a p arti ci p a nt w o ul d n ot h a v e b e e n
n e e d e d, si n c e a vi d e o of a r e al h u m a n b ei n g w o ul d n ot b e n e e d e d. P ossi bl e d a n g er o us
r e al- w orl d sit u ati o ns c a n b e a v oi d e d as w ell.

Li et al. [ 6] dis c o v er e d t h at p e o pl e t e n d t o pr ef er a l o n g er dist a n c e a n d p ers o n al s p a c e
b et w e e n t h e r o b ot i n virt u al r e alit y t h a n i n t h e r e al w orl d. T h e diff er e n c e i n pr o x e mi cs
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c o ul d b e c a us e d b y t h e e g o- c e ntri c dist a n c es t h at ar e p er c ei v e d as c o m pr ess e d i n virt u al
r e alit y [ 1 0, 1 1]. P arti ci p a nts als o p er c ei v e d t h e virt u al r o b ot t o b e r e m ar k a bl y m or e
dis c o mf orti n g a n d h a v e a l o w er f e eli n g of pr es e n c e i n virt u al r e alit y. T h e r e as o n f or
t his mi g ht b e t h e q u alit y of t h e 3 D m o d el r o b ot w as n ot g o o d e n o u g h or as g o o d
as i n t h e r e al w orl d. T h e r es ults als o s h o w e d t h at t h e a d diti o n of s p ati al s o u n d di d
n ot i n cr e as e t h e s e ns e of pr es e n c e i n V R a n d t h e r e as o n f or t h at c o ul d b e t h e s o ci al
pr es e n c e of t h e r es e ar c h er w h o g a v e i nstr u cti o ns n o w a n d t h e n t o p arti ci p a nts o utsi d e
of virt u al r e alit y.

T h e r es e ar c h d o n e b y Li et al. [ 6] h a d t hr e e diff er e nt m a ni p ul ati o ns: t h e pr es e nt ati o n
m et h o ds m e a ni n g of c o m p ari n g r e al- w orl d a n d virt u al r e alit y pr o x e mi cs, t h e vis u al
f a mili arit y of t h e p h ysi c al e n vir o n m e nt i n V R, a n d s p ati al s o u n d. T h eir fl n al s a m pl e
i n cl u d e d 6 0 p arti ci p a nts a n d t h e y w er e e x p os e d t o t w o tri als, o n e r e al- w orl d tri al,
a n d o n e V R tri al. I n V R tri als t h e y w er e alt er e d t o e x pl or e t h e i n fi u e n c e of vis u al
f a mili arit y a n d s p ati al s o u n d. I n t h e e x p eri m e nt, p arti ci p a nts w er e h ol di n g a n H T C
Vi v e c o ntr oll er t o e n a bl e t h e r o b ot t o m o v e f or w ar d t o w ar d t h e us er w h e n pr essi n g t h e
tri g g er b utt o n. Aft er t h e us ers’ mi ni m u m c o mf ort dist a n c e w as e x c e e d e d, m e a ni n g t h at
t h e us er w as f e eli n g u n c o mf ort a bl e, t h e tri g g er b utt o n w o ul d b e r el e as e d a n d r o b ot’s
a p pr o a c h w o ul d st o p a n d t h e pr o x e mi cs c o ul d b e m e as ur e d. H T C Vi v e c o ntr oll ers
a n d H T C Vi v e Tr a c k er w er e als o us e d t o g at h er t h e d at a fr o m t h e pr o x e mi cs of H RI.
H T C Vi v e Tr a c k er w as pl a c e d i n t h e b a c k of t h e r o b ot a n d t h e c o ntr oll er w as i n t h e
us er’s h a n d. U nli k e o ur st u d y, t h e e n vir o n m e nt is n ot as i m m ersi v e b e c a us e t h er e is
o nl y o n e r o b ot a n d o n e h u m a n p arti ci p a nt w h o c o ul d o nl y s e e t h e r o b ot. T h er e w as
als o n o m o v e m e nt i n cl u d e d i n t h e e n vir o n m e nt e x c e pt o nl y f or t h e r o b ot w hi c h m o v e d
t o w ar ds t h e us er w h e n pr essi n g t h e b utt o n i n di c ati n g t el e o p er ati o n. C o m p ar e d t o o ur
w or k, t h er e ar e n o t ests wit h a ut o n o m o us r o b ots w hi c h c o ul d h a v e m a d e a diff er e n c e
i n t his st u d y aff e cti n g t h e pr o x e mi cs, b e c a us e a r o b ot m o vi n g a ut o n o m o usl y t o w ar ds
t h e us er mi g ht cr e at e m or e u n c o mf ort a bl e f e eli n gs.

Si mil ar t o t h e st u d y d o n e b y M a vr o gi a n nis et al. [ 9] t h e st u d y d o n e b y Li et
al. [ 6] als o i n cl u d e d s u bj e cti v e m e as ur es s u c h as t h e R o b oti cs S o ci al Attri b ut es S c al e
( R o S A S) a n d Sl at er- Us o h- St e e d ( S U S) q u esti o n n air e [ 1 2, 1 3]. R o S A S w as us e d t o
e v al u at e t h e p er c e pti o n of t h e r o b ot. It is a n e m piri c all y v ali d at e d m et h o d of m e as uri n g
t h e p er c e pti o n of t h e r o b ot. I n t his st u d y, t h e y us e d t w o o ut of t hr e e f a ct ors t h at ar e
c o m p et e n c e a n d dis c o mf ort b e c a us e t h e w ar mt h f a ct or is n ot r el at e d t o t h e t as k. T h e
ot h er q u esti o n n air e S U S c o m pris es si x q u esti o ns t h at w er e us e d t o m e as ur e t h e f e eli n g
of pr es e n c e i n t his st u d y.

K oll er et al. [ 8] cr e at e d a n o p e n-s o ur c e virt u al r e alit y si m ul at or c all e d Virt u al
A n n ot at e d C o o ki n g E n vir o n m e nt ( V A C E) f or o bj e ct i nt er a cti o n t as ks i n a ri c hl y
f ur nis h e d, i nt er a ct a bl e virt u al kit c h e n e n vir o n m e nt. T his pr oj e ct w as d o n e usi n g U nit y.
T h e V R si m ul at or cr e at es t h or o u g hl y a n n ot at e d vi d e o s e q u e n c es of a virt u al h u m a n
a v at ar. T h es e h u m a n a v at ars ar e c o ntr oll e d b y r e al h u m a ns wit h a H T C VI V E h e a ds et,
c h est tr a c k er, a n d c o ntr oll ers. T h e b o d y of t h e a v at ar is a ni m at e d t hr o u g h a n i n v ers e
ki n e m ati c s yst e m t o g e n er at e r e alisti c ar m, l e g, a n d t ors o b e h a vi or. Wit h t his h ar d w ar e,
us ers’ m o v e m e nt is tr a c k e d a n d t h e tr aj e ct or y d at a is m a d e i nt o d at as ets. I n a d diti o n
t o r e al li v e r e c or di n gs, K oll er et al. [ 8] s a y d at as ets g e n er at e d i n virt u al e n vir o n m e nts
ar e v al u a bl e f or a cti vit y a n d pl a n r e c o g niti o n, r ei nf or c e m e nt l e ar ni n g, l e ar ni n g fr o m
d e m o nstr ati o n, a n d s e m a nti c s e g m e nt ati o n r es e ar c h. Wit h t his si m ul at or a n d d at a
g at h er e d fr o m t h e si m ul ati o n, m a c hi n e l e ar ni n g c a n b e utili z e d a n d a g e nts c a n b e m a d e
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t o cr e at e f ut ur e s er vi c e r o b ots i n h u m a n h o m es w hi c h c a n p erf or m d ail y t as ks i n t h e
kit c h e n a n d c o o p er at e wit h t h eir h u m a n p art n ers.

Si mil ar t o o ur st u d y, t his r es e ar c h us es U nit y t o cr e at e t h e virt u al e n vir o n m e nt.
I n a d diti o n, t his pr oj e ct c oll e cts d at a fr o m t h e V R h ar d w ar e f or f ut ur e H RI st u di es.
Diff er e nt t o o ur st u d y, t his pr oj e ct d o es n ot i n cl u d e t el e o p er at e d or a ut o n o m o us
r o b ots i nt er a cti n g wit h h u m a ns or a n y ki n d of h u m a n-r o b ot i nt er a cti o n i n t h e virt u al
e n vir o n m e nt. Si mil ar t o o ur pr oj e ct, Ya n g et al. [ 7] us e d a virt u al r e alit y e n vir o n m e nt
a n d virt u al r e alit y h e a ds et t o g at h er t h e d at a w hi c h p e o pl e i n r e al lif e w er e usi n g.
T h e y us e d h u m a n oi d c h ar a ct ers t o r e pr es e nt h u m a ns i n a virt u al w orl d. I n t h e
r es e ar c h pr o c e d ur e, a gr o u p w as f or m e d, w hi c h w as t h e n a p pr o a c h e d b y a t el e o p er at e d
c h ar a ct er. Fr o m t h es e i nt er a cti o ns, t h e y att e m pt e d t o fl g ur e o ut w hi c h w as t h e m ost
s o ci all y a c c e pt a bl e m a n n er t o m a k e i n di vi d u als i n t h e gr o u p f e el c o mf ort a bl e usi n g
att e nti o n- a n d gr a p h- b as e d n e ur al n et w or ks fr o m t h e g at h er e d tr aj e ct or y d at a.

2. 2. R es e a r c h E n vi r o n m e nts

Vari o us t y p es of virt u al r es e ar c h pl atf or ms h a v e b e e n utili z e d i n t h e p ast, fr o m
o n es b uilt o n g a m e e n gi n es t o r e alisti c V R m o d els of r e al- w orl d e n vir o n m e nts. F or
e x a m pl e, t h e M al m o Pr oj e ct us es Mi n e cr aft w orl d t o g e n er at e c o m pl e x a n d i nt uiti v e
3 D w orl ds f or Arti fi ci al I nt elli g e n c e ( AI) a n d r o b oti cs r es e ar c h [ 1 4]. T h es e ki n ds of
w orl ds f o c us m or e o n t h e d e v el o p m e nt a n d t h e st u d yi n g of t h e a g e nts. T h e n a g ai n,
Pr oj e ct M al m o r e pr es e nts a m or e u n us u al a p pr o a c h t o e x p osi n g a g e nts t o a r a n g e of
e n vir o n m e nts. W orl ds’ b uilt-i n virt u al r e alit y off ers m a n y p ossi biliti es f or g at h eri n g
d at a fr o m v ers atil e a n d ar bitr ar y sit u ati o ns a n d e n vir o n m e nts. T h e y es p e ci all y off er
n e w w a ys t o o bs er v e r e alisti c i nt er a cti o ns b et w e e n h u m a ns a n d r o b ots. SI G V E R S E
is a n e x a m pl e of t his ki n d of pl atf or m t h at s p e ci ali z es i n d at a c oll e cti o n fr o m v ari o us
i nt er a cti o ns [ 4].

SI G V E R S E s h ar es a l ot of t h e s a m e t e c h n ol o gi es wit h o ur pl atf or m. B ot h us e U nit y
as a g a m e e n gi n e, wit h P h ot o n P U N n et w or ki n g t o pr o vi d e m ulti pl a y er f u n cti o n aliti es.
B ot h als o us e R O S , i ntr o d u c e d i n c h a pt er 2. 3, as a bri d g e b et w e e n t h e r o b ots
a n d U nit y. I n o ur pl atf or m R O S 2 is i m pl e m e nt e d r at h er t h a n t h e ol d er R O S 1 i n
SI G V E R S E. T h e m ai n diff er e n c es b et w e e n t h es e t w o v ersi o ns ar e t h at R O S us es
P yt h o n 2 w h er e as R O S 2 us es P yt h o n 3, R O S o nl y s u p p orts U b u nt u w h er e as R O S 2
is s u p p os e d t o s u p p ort Wi n d o ws 1 0 as w ell, a n d i n R O S 2 ot h er t h a n C M a k e pr oj e cts
c a n als o b e us e d. T h es e c h a n g es m a k e R O S 2 a m or e c o m p ati bl e a n d s ust ai n a bl e
c h oi c e[ 1 5]. T h e m ai n diff er e n c e b et w e e n o ur pl atf or m a n d SI G V E R S E is t h at
SI G V E R S E s u p p orts a wi d er r a n g e of a cti o ns a n d c oll e cts a m ultit u d e of d at a fr o m
t h e m s u c h as m oti o n g est ur es, pi ct ur es, s p ati al i nf or m ati o n, a n d a u di o. O ur pl atf or m
is m or e li g ht w ei g ht a n d f o c us es s ol el y o n c oll e cti n g s p ati al d at a of o bj e cts [ 4].

A n ot h er i nt er esti n g e n vir o n m e nt w as us e d b y Li et al. [ 6] i n a st u d y f o c us e d o n
pr o x e mi cs b et w e e n virt u al r e alit y a n d t h e r e al w orl d. Alt h o u g h U nit y w as als o us e d,
t h e s yst e m i n q u esti o n h as s o m e m aj or diff er e n c es. U nli k e pr e vi o usl y m e nti o n e d
s yst e ms t his o n e d o es n ot s u p p ort m ulti pl a y er a cti viti es at all. T h er e is o nl y o n e r o b ot
a n d o n e h u m a n i n t h e s c e n e at o n c e. T h e r o b ot d o es n ot h a v e t h e p ossi bilit y t o m o v e
fr e el y or a ut o n o m o usl y as it is c o ntr oll e d b y t h e p arti ci p a nt i n t h e virt u al e n vir o n m e nt
w h o c a n m o v e t h e r o b ot o nl y t o w ar ds t h e ms el v es b y p ulli n g a tri g g er o n t h eir V R
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c o ntr oll er. E v e n t h o u g h t h e s etti n g is q uit e diff er e nt, t h e p ur p os e is q uit e si mil ar; t o
c oll e ct pr o xi mit y d at a of r o b ots a n d h u m a ns. I n a d diti o n, o ur s yst e m als o c oll e cts t h e
dir e cti o n a n d s p e e d of t h e o bj e cts. O ur pl atf or m a n d SI G V E R S E h a v e s u p p ort o nl y
f or O c ul us V R h e a ds ets, w hil e t h e s yst e m i n t his st u d y s u p p orts o nl y H T C Vi v e V R
h e a ds ets. T his all o ws t h e s yst e m t o s y n c t h e l o c ati o n of t h e r o b ot wit h t h e H T C Vi v e
tr a c k er, t h at w as pl a c e d o n t h e p h ysi c al r o b ot f or m or e a c c ur at e r es ults.

2. 3. R O S ( R o b ot O p e r ati n g S yst e m)

R O S is a fr e e, o p e n-s o ur c e c oll e cti o n of h ar d w ar e dri v ers, al g orit h ms, n et w or ki n g
m o d els, a n d ot h er t o ols us e d i n r o b oti cs. T h e c or e i d e a of R O S is t o m a k e t h e
e xisti n g s oft w ar e t e c h n ol o g y a v ail a bl e a n d e asil y a c c essi bl e f or r o b oti cs st u d y a n d
d e v el o p m e nt. E v e n t h o u g h t h e n a m e s u g g ests s o, R O S is n ot a tr a diti o n al o p er ati n g
s yst e m. It is a mi d dl e w ar e t h at r u ns i nsi d e a h ost o p er ati n g s yst e m off eri n g f u n cti o ns
t h at ar e s u c hli k e a tr a diti o n al o p er ati n g s yst e m pr o vi d es [ 1 5, 1 6].

T his w or k i m pl e m e nts R O S 2. Ori gi n al R O S 1 s yst e m cr e at es a n et w or k m ai nt ai n e d
b y R O S m ast er, t h at k e e ps tr a c k of all a cti viti es i n t h e n et w or k. N e w er R O S 2 us es
D at a Distri b uti o n S er vi c e ( D D S) t e c h n ol o g y [ 1 7]. D at a Distri b uti o n S er vi c e i nt e gr at es
n o d es i n t h e n et w or k i nt o a si n gl e s yst e m, l o w eri n g l at e n c y a n d e n h a n ci n g r eli a bilit y
a n d s c al a bilit y. Ess e nti all y it is a mi d dl e w ar e pr ot o c ol a n d A PI-st a n d ar d [ 1 8]. R O S
2 D D S n et w or k is f or m e d fr o m s e v er al R O S 2 n o d es pr o c essi n g d at a j oi ntl y a n d
c o n c urr e ntl y a n d it d o es n ot i n cl u d e a m ast er [ 1 5, 1 7].

A n o d e i n a R O S 2 n et w or k is a pi e c e of s oft w ar e t h at h as its o w n m o d ul ar f u n cti o n
t o t a k e c ar e of. T his f u n cti o n c a n b e r ot ati n g a w h e el or s e nsi n g t e m p er at ur e t hr o u g h a
s e ns or, f or e x a m pl e. D at a is tr a ns mitt e d b et w e e n t h e n o d es i n t h e n et w or k usi n g t o pi cs,
s er vi c es, a cti o ns, a n d p ar a m et ers. T h es e c o m m u ni c ati o n fr a m e w or ks off er a v ers atil e
pl a y b o o k of t e c h ni q u es f or s h ari n g d at a ef fl ci e ntl y wit hi n t h e n et w or k. E v e nt-tri g g er e d
d at a s h ari n g (t o pi cs), r e q u est- b as e d c all- a n d-r es p o ns e c o m m u ni c ati o n (s er vi c es), a n d
c o nti n u o us c o m m u ni c ati o n t hr o u g h a cti o ns, w hi c h ar e c o nstr u ct e d b y c o m bi ni n g t o pi c
a n d s er vi c e c o m m u ni c ati o n l o gi c. P ar a m et ers ar e a s et of u ni q u e s etti n gs f or e a c h n o d e
a n d ar e us e d t o c o n fi g ur e t h e n et w or k [ 1 5].

2. 4. U nit y

U nit y is a 3 D r e al-ti m e si m ul ati o n pl atf or m t h at c o nsists of m ulti pl e r e n d er ers, p h ysi cs
e n gi n es, a n d U nit y E dit or w hi c h is a gr a p hi c al us er i nt erf a c e. It w as d e v el o p e d b y
U nit y Te c h n ol o gi es i n 2 0 0 5 a n d is c o m m o nl y k n o w n e n gi n e f or t h e d e v el o p m e nt a n d
cr e ati o n of g a m es [ 1 9]. B esi d es g a m es, U nit y c a n als o b e us e d t o cr e at e virt u al r e alit y
a p pli c ati o ns. A pr oj e ct i n U nit y c o nsists of m ulti pl e wi n d o ws i n cl u di n g s c e n e, g a m e,
hi er ar c h y, pr oj e ct, a n d i ns p e ct or. I n s c e n es, y o u c a n str u ct ur e a n d d e b u g t h e pr oj e ct i n a
l o gi c al a n d m o d ul ar m a n n er. I n t h e hi er ar c h y a n d s c e n es, y o u c a n a d d v ari o us t y p es of
g a m e o bj e cts, w hi c h t h e ms el v es c o nt ai n diff er e nt t y p es of c o m p o n e nts. C o m p o n e nts
i n cl u d e d i n a g a m e o bj e ct will d et er mi n e t h e o bj e ct’s f u n cti o n a n d b e h a vi o ur. F or
e x a m pl e, c o m p o n e nts c a n b e m es h filt ers, r e n d er ers, c olli d ers, or j oi nts. Usi n g
c o m p o n e nts will m a k e t h e g a m e o bj e ct eit h er st ati c or d y n a mi c. T h e d esi g n er c a n
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c h a n g e t h e s c e n e wi n d o w t o s e e t h e pr o gr ess of t h e pr oj e ct fr o m diff er e nt p ers p e cti v es
a n d s e e h o w diff er e nt g a m e o bj e cts b e h a v e [ 2 0].

U nit y us es a n o bj e ct- ori e nt e d fr a m e w or k f or r u nti m e a n d d esi g n-ti m e s cri pti n g i n
t hr e e l a n g u a g es: B o o ( B y U nit y), J a v a S cri pt, a n d C #. I n a d diti o n t o t h os e t hr e e
pr o gr a m mi n g l a n g u a g es, ot h er . N et l a n g u a g es c a n b e us e d wit h U nit y u n d er c ert ai n
pr er e q uisit es [ 2 0]. R u nti m e a n d E dit or ar e t h e t w o t y p es of o bj e ct cl ass es us e d i n
U nit y. R u nti m e cl ass es c o nt ai n us er- writt e n s cri pts t h at ar e us e d i n- g a m e o bj e cts. O n e
or m ulti pl e of t h e s cri pts c a n b e att a c h e d t o o n e or m ulti pl e g a m e o bj e cts a n d c h a n g e
t h e b e h a vi o ur of t h e o bj e ct. Us ers c a n us e s cri pts i n E dit or cl ass es t o a d d m e n u it e ms
t o t h e d ef a ult U nit y m e n u s yst e m [ 2 1].

A n y it e m t h at c a n b e us e d wit hi n a pr oj e ct, n o m att er if it is a s c e n e, a g a m e o bj e ct,
or a c o m p o n e nt, c a n b e t ur n e d i nt o a n ass et. A n ass et is a r e pr es e nt ati o n of t h at it e m.
It c a n b e eit h er i m p ort e d fr o m o utsi d e of U nit y or m a d e i nsi d e of U nit y. Fil es fr o m
c o m m o n C o m p ut er- Ai d e d D esi g n ( C A D) s oft w ar e c a n b e i m p ort e d i nt o U nit y a n d b e
m a d e a n ass et. Ass ets c a n als o b e p ur c h as e d or d o w nl o a d e d f or fr e e fr o m U nit y Ass et
St or e. Ass ets c a n b e r e us e d wit hi n o n e pr oj e ct a n d b e c o pi e d i nt o ot h er pr oj e cts [ 2 0].

2. 5. O c ul us

O c ul us V R I n c. w as f o u n d e d i n 2 0 1 2 b y P al m er L u c k e y, Br e n d a n Iri b e, Mi c h a el
A nt o n o v, a n d N at e Mit c h ell t o d e v el o p a V R h e a ds et f or vi d e o g a mi n g k n o w n as
O c ul us Rift. I n 2 0 1 4, F a c e b o o k I n c., n o w a d a ys k n o w n as M et a Pl atf or ms, b o u g ht
O c ul us f or 2, 3 billi o n d oll ars i n c as h a n d st o c k [ 2 2]. O c ul us pr o d u c es virt u al r e alit y
h e a ds ets i n cl u di n g h e a d- m o u nt e d dis pl a ys ( H M D) a n d O c ul us T o u c h c o ntr oll ers. Its
b ests elli n g pr o d u cts i n cl u d e t h e O c ul us Rift a n d O c ul us Q u est li n es [ 2 3].

T h e O c ul us Q u est c o m es u p wit h t w o diff er e nt m o d els: O c ul us Q u est a n d O c ul us
Q u est 2. T h e y c a n r u n g a m es a n d s oft w ar e als o wir el essl y b e c a us e t h e y h a v e i nt e gr at e d
c o m p ut ers i nsi d e t h e H M D. T h e H M Ds ar e p o w er e d b y Q u al c o m m S n a p dr a g o n m o bil e
pr o c ess or pl atf or m a n d t h e o p er ati n g s yst e m is O c ul us Q u est s yst e m s oft w ar e, b as e d
o n A n dr oi d s o ur c e c o d e [ 2 3].

T h e O c ul us Q u est s u p p orts b ot h ori e nt ati o n a n d p ositi o n tr a c ki n g wit h t w o si x
d e gr e es of fr e e d o m ( 6 D O F) c o ntr oll ers a n d a h e a ds et, usi n g i nt er n al s e ns ors a n d a n
arr a y of c a m er as i n t h e fr o nt of t h e h e a ds et r at h er t h a n e xt er n al s e ns ors. T h er ef or e, t h e
p os e ( of a us er’s h e a d a n d h a n ds) i n 3 D c a n b e tr a c k e d, t h at is t h e c o or di n at es al o n g t h e
x ( h ori z o nt al), y ( v erti c al), a n d z ( d e pt h) a x es, w hi c h d et er mi n e t h e p ositi o n, i n a d diti o n
t o t h e pit c h, y a w, a n d r oll, w hi c h d et er mi n e t h e ori e nt ati o n. T h e 6 D O F m o v e m e nt
all o w us er t o i nt e gr at e virt u al h a n ds t o i nt er a ct wit h V R e n vir o n m e nts [ 2 4, 2 3]. T h e
Q u est li n es ar e als o c a p a bl e of r u n ni n g wit h O c ul us- c o m p ati bl e V R s oft w ar e r u n ni n g
o n a d es kt o p c o m p ut er w h e n c o n n e ct e d o v er U S B [ 2 3].
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3. D E SI G N

T h e p ur p os e of t h e pr oj e ct is t o cr e at e a c o m p ar a bl y li g ht w ei g ht d at a g at h eri n g t o ol
f or H RI r es e ar c h f o c usi n g o n t h e tr aj e ct ori es of h u m a ns a n d r o b ots wit hi n i nt er a cti o n
sit u ati o ns. T h e s yst e m n e e ds t o f ul fll t h e gi v e n r e q uir e m e nts t o g at h er d at a i n a w a nt e d
f or m at i n a c o ntr oll e d s etti n g. M ulti pl a y er f u n cti o n aliti es m ust b e s u p p ort e d. M ulti pl e
p arti ci p a nts n e e d t o b e a bl e t o j oi n a r o o m a n d i nt er a ct wit h e a c h ot h er as pl a y ers
pl a yi n g t h e g a m e. R o o ms ar e s e p ar at e i nst a n c es of a c ert ai n l e v el or m a p i nsi d e a
g a m e or a p pli c ati o n wit hi n a s er v er. M ulti pl e i nst a n c es of a si n gl e m a p c a n e xist
si m ult a n e o usl y a n d e a c h of t h es e i nst a n c es is a s e p ar at e r o o m. A p arti ci p a nt j oi ni n g
t h e r o o m h as t o h a v e a c h oi c e t o j oi n i n as a h u m a n or as a r o b ot. H u m a n i n p uts
ar e gi v e n t hr o u g h O c ul us h e a ds et a n d h a n d h el d c o ntr oll ers. R o b ot i n p uts ar e s e nt as
Tr a ns missi o n C o ntr ol Pr ot o c ol ( T C P) m ess a g es fr o m R O S. T h e c o ntr oll er gi vi n g t h e
i nstr u cti o ns t hr o u g h R O S c a n b e a p arti ci p a nt usi n g a k e y b o ar d (t el e o p er ati o n m o d e) or
a n a ut o n o m o us s cri pt ( a ut o n o m o us m o d e). All us ef ul d at a fr o m t h e i nt er a cti o ns m ust
b e r e c or d e d. I n o ur c as e, t his c orr es p o n ds t o r e c or di n g t h e p ositi o ns a n d ori e nt ati o ns of
t h e g a m e o bj e cts a n d t h e dir e cti o ns t h at t h e y ar e l o o ki n g at, at dis cr et e ti m e i nst a n c es.

T h e r e q uir e m e nts s et f or t his pr oj e ct s et s o m e c o nstr ai nts f or t h e d esi g n a n d
ar c hit e ct ur e of t his pr oj e ct. T his c h a pt er gi v es i nsi g ht i nt o t h e ar c hit e ct ur al a n d
d esi g n f e at ur es i m pl e m e nt e d t h at ar e a dir e ct or i n dir e ct r es ult of t h e r e q uir e m e nts
a n d s p e ci fi c ati o ns gi v e n.

3. 1. Us e C as e

T his pl atf or m is cr e at e d t o o bs er v e t h e b e h a vi o ur of p arti ci p a nts i n a c o ntr oll e d
e n vir o n m e nt. M ultit u d e v ari a nts of e x p eri m e nts c a n b e cr e at e d t o r es e ar c h t h e eff e cts
of c h a n gi n g c ert ai n v ari a bl es a n d/ or v ari a bl e c o m bi n ati o ns o n t h e b e h a vi o ur of t h e
s u bj e ct. Cr e ati n g a virt u al r e alit y t o ol f or t his p ur p os e c uts c osts a n d s a v es ti m e f or t h e
r es e ar c h ers.

B y c h a n gi n g t h e m et h o d t h e r o b ots ar e c o ntr oll e d ( a ut o n o m o us/t el e o p er at e d), t h e
i nt er a cti o n b e h a vi o ur c a n b e a n al ys e d fr o m t h e c oll e ct e d d at a. H u m a n a v at ars ar e
al w a ys c o ntr oll e d b y a h u m a n s o t h e y c a n b e us e d as a r ef er e n c e p oi nt. T h er e is n o
w a y t o t ell i n- g a m e if a r o b ot is a ut o n o m o us or t el e o p er at e d. T his u n c ert ai nt y c a n b e
l e v er a g e d a n d us e d t o o bs er v e if t h er e ar e a n y diff er e n c es or p att er ns i n t h e i nt er a cti o ns
of t h e o bj e cts w h o ar e t h e s a m e or diff er e nt i n- g a m e. Als o, t h e s etti n g c a n b e s wit c h e d
o n its h e a d b y t elli n g or l yi n g t o t h e s u bj e ct a b o ut t h e st at us of t h e r o b ot(s) a n d s e ei n g
if it h as a n y eff e cts. T h es e as p e cts c a n b e r e pli c at e d wit h m a n y diff er e nt c o m bi n ati o ns
or n u m b er of s u bj e cts, c h ar a ct ers, a n d s etti n gs w hi c h m a k es t his pl atf or m us ef ul f or
m a n y p ur p os es. Ot h er f e at ur es c a n als o b e c h a n g e d wit hi n t h e s c e n e e dit or wit h o ut
br e a ki n g t h e g a m e, f or e x a m pl e, t h e m a p or r el ati o n al si z es of t h e c h ar a ct ers c a n b e
c h a n g e d if n e e d e d t o t est a n e v e n l ar g er a m o u nt of v ari a bl es a n d diff er e nt p ar a m et ers.
P ossi bl e us e c as es ar e dis c uss e d m or e s p e ci fi c all y i n F ut ur e W or k i n C h a pt er 6. 2.
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3. 2. M o d els

T h er e ar e t w o t y p es of c h ar a ct er m o d els i n o ur e n vir o n m e nt, t h e r o b ot m o d el i n Fi g ur e
1 a n d t h e h u m a n pr ef a bs i n Fi g ur e 3. T h e m o d el of t h e r o b ot is m a d e b y t h e U BI C O M P
t e a m at t h e U ni v ersit y of O ul u a n d t h e h u m a n pr ef a bs, m a d e b y I R O N H E A D G a m es,
w er e a c q uir e d w hil e att e n di n g a V R m ulti pl a y er c o urs e 1 . T h e r o b ot is a diff er e nti al
dri v e s yst e m wit h t h e dri vi n g w h e els hi d d e n u n d er t h e c h assis. T h e w h e els ar e
c o ntr oll e d wit h a n A G V C o ntr oll er. cs s cri pt w hi c h c al c ul at es t h e t or q u e i n p ut f or e a c h
w h e el t o tr a c k t h e c o ntr ol c o m m a n ds (li n e ar a n d a n g ul ar v el o citi es of t h e r o b ot). T h e
w h e els t h e n m o v e t h e r o b ot usi n g g a m e e n gi n e p h ysi cs w hi c h t a k e i nt o a c c o u nt as p e cts
s u c h as fri cti o n. T his s cri pt all o ws t h e r o b ot t o m o v e f or w ar ds a n d b a c k w ar d, t ur n l eft
a n d ri g ht, a n d a dj ust t h e s p e e d of t h e r o b ot. T h e r o b ot als o h as a L as er S c a n S e ns or. cs
s cri pt w hi c h is us e d f or n a vi g ati o n a n d c ollisi o n a v oi d a n c e of t h e a ut o n o m o us r o b ot.
S c a n ni n g is vis u alis e d b y t h e pi n k m ar k ers o n t h e gr o u n d, s e e n i n Fi g ur e 2.

Fi g ur e 1. R o b ot pr ef a b ass et

T h e r o b ot is a n a c c ur at e r e pli c a of t h e p h ysi c al r o b ot at t h e U BI C O M P of fl c e. T h e
o nl y diff er e n c es ar e t h at i n t h e U nit y v ersi o n, t h e s cri pt A G V C o ntr oll er. cs is si m ul ati n g
t h e a ct u at or t h at dri v es t h e w h e els, a n d t h e m o d el of t h e r o b ot w as missi n g t h e r o d
w hi c h is h ol di n g t h e c a m er a, b ut w e a d d e d it. T h e c a m er a of t h e r o b ot is pl a c e d
a p pr o xi m at el y at t h e e y e l e v el of a n a v er a g e p ers o n t o m a k e t h e i nt er a cti o ns f e el m or e
r e al. Tel e o p er at e d a n d a ut o n o m o us r o b ots ar e i d e nti c al, O c ul us us ers or e v e n U nit y
c a n n ot disti n g uis h t h e diff er e n c e b et w e e n t el e o p er at e d a n d a ut o n o m o us r o b ots b as e d
o n t h eir i n p uts or a p p e ar a n c es. O nl y t h e m o v e m e nt p att er ns m a y diff er.

T o e asil y s e p ar at e r o b ots fr o m h u m a n p arti ci p a nts h u m a n a v at ars n e e d e d t o b e
a d d e d. F or t his pr oj e ct, w e att e n d e d a V R m ulti pl a y er c o urs e, w hi c h g a v e us a c c ess
t o I R O N H E A D G a m es’ m ulti pl a y er V R ass ets. T h es e ass ets i n cl u d e d h u m a n pr ef a bs
i n Fi g ur e 3. Alt h o u g h t h e y ar e v er y si m plisti c t h e y h a v e m a n y g o o d attri b ut es w hi c h
m a d e us c h o os e t h e m. Pr ef a bs d o n ot h a v e ar ms or l e gs. T h e y h a v e t h e s a m e b o d y p arts
as O c ul us V R h e a ds et tr a c ks: p ositi o n a n d ori e nt ati o n f or b ot h h a n ds fr o m c o ntr oll ers

1 M ulti pl a y er Virt u al R e alit y ( V R) D e v el o p m e nt Wit h U nit y b y Te v fi k Uf u k D E M İ R B A Ş
a n d I R O N H E A D  G a m es,  U R L: htt ps:// w w w. u d e m y. c o m/ c o urs e/ m ulti pl a y er- virt u al-r e alit y- vr-
d e v el o p m e nt- wit h- u nit y/
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Fi g ur e 2. R o b ots s c a n ni n g m ar k ers.

Fi g ur e 3. I R O N H E A D G a m es h u m a n a v at ar pr ef a bs i n i dl e p os es.

a n d t h e s a m e i nf or m ati o n f or t h e h e a d fr o m H M D. H e a d r ot ati o n is a p pli e d t o t h e b o d y
as t h er e is n o s e p ar at e s e ns or t o r e a d b o d y ori e nt ati o n. H a n ds c a n m o v e fr e el y. T his
all o ws fl u e nt m o v e m e nts a n d e as y g est ur e e x pr essi o ns. We b eli e v e t his e n c o ur a g es
p arti ci p a nts t o a ct m or e n at ur all y ar o u n d e a c h ot h er as t h er e ar e n o stiff st at u e-li k e
c h ar a ct ers or u n n at ur al cl u n k y a ni m ati o ns.

3. 3. Ve rs atil e E n vi r o n m e nt

O n e of t h e m aj or b e n e fits of t h e s yst e m is its m o d ul arit y. Diff er e nt m o d ul es a n d
f u n cti o n aliti es of t h e s yst e m ar e k e pt a p art fr o m e a c h ot h er. T his m e a ns t h at
m o dif yi n g or e ntir el y alt eri n g o n e f u n cti o n alit y d o es n ot al w a ys aff e ct or br e a k t h e
ot h er f u n cti o n aliti es of t h e s yst e m. T his all o ws e as y a c c ess t o di v ers e e n vir o n m e nts
a n d r es e ar c h s etti n gs.

T h e w h ol e b uil di n g a n d all of its c o m p o n e nts c a n b e f o u n d u n d er o n e si n gl e
G a m e O bj e ct. It d o es n ot c o nt ai n a n y s cri pts or ot h er c o n n e ct e d f u n cti o n aliti es, o nl y
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mesh to avoid objects moving through the structures. This means that changing the
room or the building in practice can be done by simply deleting the old object and
importing a new one to the project. Changing the avatar requires a bit more work
compared to the room. It requires the corresponding GameObjects such as the body,
hands, and the head to be reconnected to the scripts that handle the movement and
synchronization of the human.

Figure 4. Tellus environment used in development phase.

In the development phase of the project, we used a model of the Tellus, found in the
Linnanmaa campus of the University of Oulu. It is a precise 3D model of the Tellus,
made with Blender, by the UBICOMP team. A picture of the environment can be seen
in Figure 4.

3.4. Risks

Figure 5. Risk assessment.
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T h er e ar e a f e w f a ct ors t h at c o ul d p ossi bl y t hr e at e n t h e fl n ali z ati o n of o ur pr oj e ct.
Firstl y, a f a ct or t h at is i n v ol v e d wit h e v er y pr oj e ct, is t h e s c h e d ul e. As w e d o n’t
r e all y h a v e pr e vi o us e x p eri e n c e wit h t h e i n v ol v e d t e c h n ol o gi es, t h er e is a r e as o n a bl e
pr o b a bilit y t h at w e e n c o u nt er s o m e iss u es t h at t a k e a l ot of ti m e t o o v er c o m e a n d it
c o ul d p ossi bl y p ut t h e s c h e d ul e at ris k. T h e n t h er e ar e ris ks i n v ol v e d e v er y ti m e a
t hir d- p art y s oft w ar e is i n v ol v e d. F or o ur pr oj e ct, it m e a ns t h at w e ar e m or e or l ess
d e p e n d e nt o n U nit y, P h ot o n P U N, O c ul us, a n d R O S. Ris ks a n d t h eir attri b ut es c a n b e
f o u n d i n t h e Fi g ur e 5. T h e ris k li k eli h o o ds a n d i m p a cts ar e ass ess e d b as e d o n if e v e nts
o c c ur d uri n g t h e pr oj e ct d e v el o p m e nt p h as e.
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4. I M P L E M E N T A TI O N

E v e n t h o u g h t h e d esi g n is q uit e pr e d et er mi n e d i n t er ms of t h e dir e ct a n d i n dir e ct
r e q uir e m e nts of t h e s yst e m, t h e y d o n ot c o v er all t h e f u n cti o n aliti es. F or e x a m pl e, t h e
i m pl e m e nt ati o n of m ulti pl a y er f u n cti o n alit y a n d d at a c oll e cti o n ar e n ot s p e ci fl e d b y
t h e r e q uir e m e nts or t h e s u bj e ct. T h e c o n fi g ur ati o n r e g ar di n g w h et h er t o us e a virt u al
m a c hi n e or t w o c o m p ut ers is als o j ust a pr ef er e n c e. I n t his s e cti o n, w e e x pl ai n t h e
c h oi c es w e m a d e r e g ar di n g t h os e f u n cti o n aliti es a n d t h e i m pl e m e nt ati o n of t h e m.

4. 1. M ulti pl a y e r

M ulti pl a y er f u n cti o n alit y is i m pl e m e nt e d i n t his pr oj e ct t o all o w m ulti pl e pl a y ers t o
i nt er a ct a n d c oll a b or at e i n t h e s a m e virt u al s p a c e si m ult a n e o usl y. T his is d o n e usi n g
P h ot o n P U N. P U N ( P h ot o n U nit y N et w or ki n g) is a n e xt e nsi o n ass et f or U nit y cr e at e d
b y P h ot o n. It off ers cr oss- pl atf or m b a c k e n d f u n cti o n aliti es f or r o o m- b as e d U nit y
m ulti pl a y er g a m es. It utili z es cli e nt t o s er v er ar c hit e ct ur e Fi g ur e 6. Us ers c a n c o n n e ct
t o P h ot o n Cl o u d t hr o u g h a p pli c ati o ns a n d g a m es t o i nt er a ct wit h e a c h ot h er i n r e al-
ti m e. P h ot o n Cl o u d is a gl o b all y c o m p art m e nt ali z e d c oll e cti o n of s er v ers r u n ni n g
P h ot o n S er v er - a p pli c ati o n m ai nt ai n e d b y E xit G a m es. As a s er vi c e P h ot o n Cl o u d
t a k es c ar e of s er v er o p er ati o ns, h osti n g, a n d s c ali n g s o t h e d e v el o p ers c a n c o n c e ntr at e
o n t h eir a p pli c ati o n [ 2 5].

Fi g ur e 6. C o m m u ni c ati o n b et w e e n cli e nts a n d P h ot o n Cl o u d.

P U N p a c k a g e f or ms fr o m A PI of t hr e e l a y ers. T h e first l e v el c o nt ai ns t h e c o d e,
h a n dli n g of n et w or k o bj e cts a n d m et h o d c alls wit h r e m ot e cli e nts, et c. T h e s e c o n d
l a y er h a n dl es s er v er l e v el: c o n n e cti o ns, m at c h m a ki n g, c all b a c ks, a n d s o o n. T h e
l o w est l e v el i m pl e m e nts d y n a mi c li n k li br ari es ( D L Ls) [ 2 0]. D L Ls c o nt ai n pr o gr a m
c o d e a n d i nf or m ati o n t h at ar e m e a nt t o b e us e d b y m ulti pl e pr o gr a ms c o n c urr e ntl y, f or
e x a m pl e, s eri ali z ati o n a n d d es eri ali z ati o n l o gi c a n d pr ot o c ols [ 2 5, 2 6].

We c h os e P U N b e c a us e of t h e hi g h l e v el of s er vi c e it off ers. It e xt e n ds t h e
b uilt-i n n et w or ki n g of U nit y a n d t h er ef or e, t h e A PIs ar e v er y si mil ar. P h ot o n
P U N d o c u m e nt ati o n [ 2 5] i n cl u d es a l ot of pr e- b uilt m et h o ds a n d i nf or m ati o n a b o ut
t h eir f u n cti o n alit y t o m a k e d e v el o pi n g a m ulti pl a y er g a m e e asi er a n d f ast er. A



2 0

l ot of d o c u m e nt ati o n a n d i nstr u cti o n al m at eri al ar e a v ail a bl e o nli n e. Als o, t h e
c o urs e w e b o u g ht, M ulti pl a y er Virt u al R e alit y ( V R) D e v el o p m e nt Wit h U nit y,
utili z e d P h ot o n P U N s er vi c es. T his all o w e d us t o s a v e ti m e b y utili zi n g t h e s cri pt
M ulti pl a y er S y n c hr o ni z ati o n. cs a n d t h e pr e b uilt c h ar a ct ers t h at w er e pr es e nt e d i n
C h a pt er 3.

T h e g a m e r e a ds i n p uts, eit h er fr o m t h e V R h e a ds et a n d c o ntr oll ers or c o m m a n ds
fr o m R O S (i n c as e t h e c h ar a ct er is a r o b ot). A c c or di n g t o t h e i n p ut, t h e g a m e l o c all y
u p d at es t h e r ot ati o n a n d p ositi o n of t h e c h ar a ct er. P U N c oll e cts t his i nf or m ati o n a n d
s e n ds it fr o m all p arti ci p a nts t o all p arti ci p a nts. T his i nf or m ati o n is us e d t o m o v e a n d
r ot at e t h e c orr es p o n di n g c h ar a ct ers e q ui v al e ntl y o n all pl a y ers’ s cr e e ns i n t h e r o o m.
A cti o ns ar e s y n c e d o nl y b et w e e n pl a y ers wit hi n t h e s a m e r o o m. T his cr e at es t h e
ill usi o n of s h ar e d s p a c e.

4. 2. I n p ut M et h o ds

W h e n c o n n e ct e d t o a r o o m as a h u m a n a v at ar, us ers h a v e t w o w a ys of m o vi n g ar o u n d.
T h e pri m ar y m et h o d of c o ntr ol is j ust t o m o v e ar o u n d p h ysi c all y i n t h e r e al w orl d wit h
t h e h e a ds et. T h e m o v e m e nts ar e t h e n r e pr o d u c e d i n t h e virt u al e n vir o n m e nt b y t h e
h u m a n a v at ar. As a s e c o n d ar y m et h o d of c o ntr ol, us ers c a n w al k ar o u n d as a n a v at ar
b y usi n g t h e O c ul us T o u c h c o ntr oll er j o ysti c k. T his m et h o d is n ot i d e al i n t er ms of
r es e ar c h a n al ysis as it is n ot as n at ur al w a y of m o vi n g f or h u m a n b ei n gs, a n d it c a n
c a us e m oti o n si c k n ess, b ut it c a n b e us ef ul f or e x a m pl e i n c ert ai n sit u ati o ns w h er e t h er e
ar e e xt er n al c o nstr ai nts s u c h as i ns uf fl ci e nt a m o u nt of s p a c e t o m o v e ar o u n d i n.

Fi g ur e 7. T hr e e o pti o ns f or m o v e m e nt i n p uts.

As f or t h e r o b ots, t h er e ar e als o t w o w a ys t o m o v e ar o u n d, w hi c h b ot h a p p e ar
i d e nti c al fr o m U nit y’s p oi nt of vi e w: t el e o p er ati o n a n d a ut o n o m o us n a vi g ati o n. T h e



2 1

i n p uts t h at R O S s e n ds c a n b e fr o m a n a ut o n o m o us n a vi g ati o n s yst e m or fr o m t h e
us er’s k e ystr o k es a n d t h e y ar e i n disti n g uis h a bl e f or U nit y. Tel e o p er at e d r o b ots ar e
c o ntr oll e d wit h a k e y b o ar d a n d a ut o n o m o us r o b ots n a vi g at e usi n g a pr e d et er mi n e d m a p
or s e p ar at e r u nti m e w a y p oi nts al o n g wit h c ollisi o n a v oi d a n c e. B ot h c o ntr ol m et h o ds
als o s u p p ort l o o ki n g ar o u n d fr e el y wit h a n O c ul us V R h e a ds et w hi c h si m ul at es a 3 6 0 °
c a m er a.

Fi g ur e 8. S cr e e ns h ot of t h e m ai n m e n u

W h e n a us er st arts t h e pr o gr a m, t h e y ar e flrst br o u g ht t o t h e m ai n m e n u, Fi g ur e 8.
I n t h e m e n u, t h e us er h as t h e o pti o n t o c h o os e w h et h er t o j oi n t h e s essi o n as a h u m a n
or a r o b ot a v at ar a n d w h et h er t o c oll e ct t h e d at a l o c all y or n ot. T h e m ai n m e n u is
o nl y visi bl e o n t h e c o m p ut er m o nit or, n ot o n t h e V R h e a ds et a n d it is o p er at e d wit h a
m o us e. Us ers c a n cli c k t h e d at a c oll e cti o n b utt o n t o s et it O N or O F F a n d t h e n cli c k
t h e H U M A N or R O B O T b utt o n t o s p a w n i n as o n e. It is n e c ess ar y t o as k t h e us er’s
c h oi c e f or t h es e o pti o ns a n d t h e m ai n m e n u is a si m pl e a n d eff e cti v e w a y t o d o s o.

4. 3. D at a C oll e cti o n

As st at e d b ef or e, t h e d at a c oll e ct e d b y t h e s yst e m c o nsists of p ositi o n a n d t h e
ori e nt ati o n of t h e pl a y ers. M or e pr e cis el y, t h e s yst e m tr a c ks t h e c o or di n at es al o n g t h e
x a n d z a x es, a n d t h e r ot ati o n a b o ut t h e y- a xis f or h u m a n a v at ars. Diff er e nt t o m a n y
ot h er s yst e ms, t h e y- a xis is t h e v erti c al a xis i n U nit y Fi g ur e 9. If n e c ess ar y, missi n g
d at a fi el ds c a n e asil y b e c oll e ct e d as w ell, b ut t o k e e p t h e s yst e m as li g ht w ei g ht as
p ossi bl e a n d t o a v oi d c oll e cti n g irr el e v a nt d at a, t h os e fi el ds ar e n ot i n cl u d e d ori gi n all y.
F or e x a m pl e, t h e y- c o or di n at e is e x cl u d e d fr o m t h e d at a b e c a us e, i n t h e c urr e nt m a p,
all m o v e m e nt h a p p e ns at t h e s a m e l e v el v erti c all y. A d at a s a m pl e c a n b e s e e n i n t h e
Fi g ur e 1 0. T h er e it c a n b e s e e n t h at t h e s yst e m c oll e cts d at a fr o m si x d at a fi el ds.
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Fi g ur e 9. C o or di n at es i n U nit y.

Fi g ur e 1 0. D at a s a m pl e.

M et a d at a c o nsists of t h e t w o flrst c ol u m ns. T h e ti m est a m p is P h ot o n n et w or k ti m e
w hi c h is s y n c hr o ni z e d wit h t h e s er v er. T h e ti m e c a n v ar y b et w e e n s er v ers, b ut i nsi d e
a r o o m, all cli e nts h a v e t h e s a m e v al u e. T h e ti m er st arts fr o m a r a n d o m p ositi v e v al u e
b et w e e n 0 a n d 4 2 9 4 9 6 7. 2 9 5 s e c o n ds a n d wr a ps ar o u n d w h e n t h e m a xi m u m v al u e is
r e a c h e d. T h e m a xi m u m v al u e e q u als al m ost 5 0 d a ys s o t h e li k eli h o o d of d u pli c at e
ti m est a m ps is n e gli gi bl e. T h e s yst e m c oll e cts d at a o n c e e v er y h alf a s e c o n d b y d ef a ult.
If n e e d e d, t his v al u e c a n b e c h a n g e d fr o m t h e Tr aj e ct or y C oll e ct or. cs s cri pt. T h e I D
fi el d c o nsists of t hr e e c o m p o n e nts s e p ar at e d b y u n d ers c or es: t h e first p art is a st ati c
t e xt “ pl a y er ”, t h e s e c o n d p art is t h e A ct orI D of t h e P h ot o n s essi o n, a n d t h e t hir d p art
is a r o b ot or h u m a n k e y w or d a c c or di n gl y. T h e A ct orI D pr o vi d es a u ni q u e i d e nti fi er
f or e a c h pl a y er t h at h as c o n n e ct e d t o t h e s essi o n. N ot e, if a pl a y er w h o l ast j oi n e d
dis c o n n e cts, t h e n j oi ns a g ai n, t h eir A ct orI D is i n cr e m e nt e d b y 1. T h e p os X a n d p os Z
d at a fi el ds c o nt ai n v al u es of t h e x a n d z c o or di n at es f or b ot h h u m a n a n d r o b ot g a m e
o bj e cts. T h e r ot Y v al u e r e pr es e nts t h e dir e cti o n of t h e b o d y. H u m a n ori e nt ati o n is
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tr a c k e d fr o m t h e  V R h e a ds et s o it is als o t h e dir e cti o n t h e o bj e ct is  w at c hi n g.  T h e
r o b ot’s 3 6 0 ° c a m er a c a n  w at c h i n a diff er e nt dir e cti o n t h a n t h e b o d y is h e a di n g a n d
t h er ef or e r o b ot C a m Y v al u e is c oll e ct e d s e p ar at el y t o s a v e t h e dir e cti o n t h e r o b ot us er
is l o o ki n g f or t h e l o c al r o b ot.  R o b ot c a m er a ori e nt ati o n is n ot s y n c e d o v er t h e n et w or k
as it d o es n ot aff e ct t h e a p p e ar a n c e of t h e r o b ot.  T his is  w h y r o b ot c a m er a r ot ati o n
c a n o nl y b e s a v e d fr o m t h e l o c al o bj e ct.  T h e s cri pt it er at es t hr o u g h all t h e pl a y ers a n d
writ es t h eir d at a at t h e  m o m e nt of t h e e x e c uti o n.

W h e n t h e d at a c oll e cti o n is e n a bl e d, t h e p at h  w h er e t h e tr aj e ct or y _ d at a.ss v
fi l e is l o c at e d is pri nt e d t o t h e d e b u g l o g. It is i n t h e p ersist e nt
p at h of  U nit y,  w hi c h us u all y is C : \ U s e r s \ < u s e r p r o f i l e > \ A p p D a t a \
L o c a l L o w \ < c o m p a n y n a m e > \ < p r o d u c t n a m e > . I n t h e d e v el o p m e nt st a g e, t h e
c o m p a n y n a m e  w as  D ef a ult C o m p a n y a n d pr o d u ct n a m e  A C P 1.

4. 4.  U nit y- R O S  C o n n e cti o n

I n t h e d e v el o p m e nt st a g e of t his s yst e m, a virt u al  m a c hi n e  w as utili z e d t o r u n t h e
Li n u x distri b uti o n. Pr a cti c all y s p e a ki n g, t his  m e a ns t h at  R O S  w as r u n ni n g o n t h e
virt u al  m a c hi n e  Li n u x, a n d t h e  U nit y pr oj e ct  w as r u n ni n g o n n ati v e  Wi n d o ws 1 0.  As
f or t h e  Li n u x distri b uti o n,  U b u nt u  w as us e d  w hil e d e v el o pi n g t h e s yst e m.  T his  w a y t h e
c o m m u ni c ati o n b et w e e n t h e t w o o p er ati n g s yst e ms  w as d o n e  wit h  T C P (tr a ns missi o n
c o ntr ol pr ot o c ol) c o n n e cti o n t hr o u g h t h e l o o p b a c k c o n n e cti o n. Fi g ur e 1 1 vis u ali z es
t his c o n n e cti o n.

Fi g ur e 1 1.  Bri d g e d c o n n e cti o n b et w e e n h ost  m a c hi n e a n d virt u al  m a c hi n e
2

T h er e ar e a f e w r e as o ns  w h y  w e o pt e d f or t his virt u al  m a c hi n e c o n fl g ur ati o n.  T h e
m ai n r e as o n is t h at t his  w a y t h e  w h ol e s yst e m c a n b e r u n o n a si n gl e d e vi c e i nst e a d of
t w o.  R O S c a n b e r u n eit h er o n a n ati v e  Li n u x o p er ati n g s yst e m or a virt u al  m a c hi n e,
w hi c h e v er  w a y is pr ef err e d.  T h e r e as o n t h er e e v e n is a n e e d f or t w o o p er ati n g s yst e m
c o n fi g ur ati o n c o m es d o w n t o t h e t e c h n ol o g y c h oi c es t h at h a v e b e e n  m a d e pr e vi o usl y:
O c ul us a n d  R O S.  O c ul us c a n n ot b e r eli a bl y us e d  wit h  Li n u x si n c e it is n ot f ull y
s u p p ort e d, a n d t h e s a m e t hi n g g o es f or  R O S  wit h  Wi n d o ws.  T his ess e nti all y  m e a nt
t h at  w e  w er e f or c e d t o us e t w o s e p ar at e o p er ati n g s yst e ms t o j oi n t h e s essi o n  wit h a
r o b ot.

2 Pi ct ur e: S art h a k  Vars h n e y, 2 0 2 0,  N V C _ 4. 1- 1, P N G, a c c ess e d 1 9. 2. 2 0 2 2,  U R L: htt ps:// w w w. c-
s h ar p c or n er. c o m/ arti cl e/ w h at-is- virt u al- n et w or ki n g 2/
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5. E V A L U A TI O N

Si n c e o ur pr oj e ct di d n ot i n cl u d e d esi g ni n g a n d c o n d u cti n g a n a ct u al H RI st u d y, t h e
e v al u ati o n of t his pr oj e ct will f o c us o n s oft w ar e t esti n g, t h e t o ol a n d its f e at ur es, a n d
its d e v el o p m e nt pr o c ess. I n t his s e cti o n w e will e x pl ai n t h e e v al u ati o n pl a n al o n g wit h
t h e m et h o ds a n d r es ults of t h e t ests.

5. 1. E v al u ati o n Pl a n

T his pr oj e ct d o es n ot c arr y o ut a n y d at a g at h eri n g or r es e ar c h its elf, b ut cr e at es a t o ol
a n d m e a ns f or it t o b e d o n e i n t h e f ut ur e i n ot h er r es e ar c h pr oj e cts. T h e e v al u ati o n
f or t his i m pl e m e nt ati o n will b e m ai nl y d o n e t hr o u g h t h e m e a ns of s oft w ar e q u alit y
a n d t esti n g. It er ati v e p e er t esti n g h as b e e n d o n e si n c e t h e st art of t h e pr oj e ct f or
e a c h i m pl e m e nt e d f e at ur e. At t his st a g e, t h e pl a n is t o c arr y o ut t h or o u g h t esti n g t o
t est m ulti pl e f u n cti o n aliti es si m ult a n e o usl y t o e ns ur e t h e w a nt e d f u n cti o n aliti es of t h e
pr oj e ct w or k as i n d e nt e d t o g et h er o n a l ar g er s c al e.

Testi n g will i n cl u d e t w o bl a c k- b o x t esti n g s c e n ari os a n d o n e l at e n c y m e as ur e m e nt.
Bl a c k- b o x t esti n g m e a ns e v al u ati n g a s yst e m b as e d o n i n p uts a n d o ut p uts, r at h er
t h a n f o c usi n g o n t h e i nt er n al str u ct ur es. I n t h e flrst t est, t h e g o al is t o c o n fir m t h e
f u n cti o n alit y of t h e m o v e m e nt s yst e m a n d t h e d at a g at h eri n g s yst e m. T h e t est i n v ol v es
o n e r o b ot a v at ar a n d o n e h u m a n a v at ar. T h e r o b ot st arts fr o m p ositi o n 1 a n d t h e h u m a n
fr o m p ositi o n 2. G o al is t o s wit c h pl a c es b et w e e n p arti ci p a nts b y m o vi n g t h e c h ar a ct er.
D at a is c oll e ct e d fr o m t his o p er ati o n a n d t h e d at a p oi nts of st art a n d e n d p ositi o ns al o n g
wit h t h e r o ut e t a k e n ar e c h e c k e d s o t h at t h e p at h is l o gi c al a n d t h e st art/ e n d p oi nts m at c h
e a c h ot h er r es p e cti v el y. T h e s e c o n d s c e n ari o ai ms t o f urt h er e ns ur e t h e d at a v ali dit y
wit h a pl a n n e d p at h t est. A p arti ci p a nt is s h o w n a pi ct ur e of a p at h t hr o u g h t h e Tell us.
T h eir t as k is t o f oll o w t his p at h. Aft er w ar d, t h e p at h t a k e n b y t h e p arti ci p a nt is pl ott e d
a n d c o m p ar e d t o t h e ori gi n al. If t h e us er m a k es n o mist a k es, t h e pl ott e d p at h s h o ul d
r es e m bl e t h e pl a n n e d p at h. T h e t hir d t est f o c us es o n l at e n c y. L at e n c y m e as ur e m e nt
is d o n e b y writi n g a s e p ar at e t est f u n cti o n t o c o m p ar e ti m est a m p v al u es b et w e e n l o c al
a n d r e m ot e c h ar a ct ers.

5. 2. D at a V ali dit y

T h e v ali dit y of t h e g at h er e d d at a w as d et er mi n e d wit h t w o t ests. T h e first t est w as a
p ositi o n e x c h a n g e t est s h o w n i n Fi g ur e 1 3. T h e g o al w as t o cr e at e a n e m piri c al t est
t o e v al u at e s y n c hr o n o us m o v e m e nt a n d t h e f e asi bilit y of t h e d at a fr o m t h e i nt er a cti o n
m a n u all y. I n t h e t est, r o b ot a n d h u m a n a v at ars st art e d b y f a ci n g e a c h ot h er i n fr o nt
of t h e p ol es s e e n i n Fi g ur e 1 3 a. T h e t as k w as t o c h a n g e t h e p ositi o ns t o m at c h t h e
sit u ati o n i n Fi g ur e 1 3 b. T his a cti o n s h all b e i nt er pr et a bl e fr o m t h e d at as et. I n t h e
g at h er e d d at a i n Fi g ur e 1 3 c, t h e t est s u bj e cts ar e hi g hli g ht e d i n bl u e at st arti n g p ositi o ns
a n d i n or a n g e at fi n al p ositi o ns. T h e h u m a n a v at ar hi g hli g ht e d i n w hit e is a n o bs er v er
w h o is n ot p art of t h e t est. As s e e n fr o m t h e d at a, t h e h u m a n st art p ositi o n a n d t h e
r o b ot e n d p ositi o n ar e n e arl y t h e s a m e as i n t h e pi ct ur e, a n d vi c e v ers a. P at hs ar e als o
pl ott e d wit h E x c el usi n g t h e g at h er e d d at a i n Fi g ur e 1 2. T h e h u m a n’s p at h is pl ott e d
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i n bl u e a n d t h e r o b ot’s p at h is i n or a n g e. T h e r o b ot’s st art p ositi o n a n d h u m a n e n d
p ositi o n diff er b y a s m all m ar gi n d u e t o t h e f a ct t h at t h e r o b ot’s m o v e m e nt is cl u n ki er
a n d t h er ef or e it c a n n ot g et as cl os e t o t h e p ol e as a h u m a n a v at ar.

Fi g ur e 1 2. P ositi o n s w a p t est. R o b ot’s p at h pl ott e d i n or a n g e, h u m a n i n bl u e.
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(a) Starting positions.

(b) Ending positions.

(c) Data snippets from start and end of the test.

Figure 13. Simple position swap -test scheme for testing the movement and data
collection system.
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I n t h e s e c o n d t est, t h e pl a n n e d p at h t est, a p arti ci p a nt w as pr es e nt e d wit h a m a p
c o nt ai ni n g a p at h. T h e p arti ci p a nt’s t as k w as t h e n t o w al k al o n g t his p at h i n t h e
virt u al r e alit y e n vir o n m e nt. T h e p at h t a k e n b y t h e p arti ci p a nt w as t h e n pl ott e d i n
E x c el usi n g t h e g at h er e d d at a t o c o m p ar e t h e p at h t o t h e pl a n. T h e pl ott e d p at h s h o ul d
r es e m bl e t h e ori gi n al if t h er e ar e n o us er err ors. All t his is d e m o nstr at e d i n t h e Fi g ur e
1 4. As s e e n fr o m t h e pi ct ur e, t h e pl ott e d p at h r es e m bl es t h e ori gi n al gr e atl y, w hi c h
f urt h er i m pli c at es t h at t h e d at a g at h eri n g f u n cti o n aliti es ar e w or ki n g as i nt e n d e d. T h e
diff er e n c es b et w e e n t h e pl ott e d a n d t h e pl a n n e d p at hs ar e mi ni m al a n d t h e o ut c o m e of
n at ur al us er err ors. T his is a r e as o n a bl e i n di c at or t h at t h e d at a c oll e cti o n f u n cti o n aliti es
ar e v ali d i n t er ms of tr a c ki n g t h e p arti ci p a nts’ m o v e m e nts i n t h e virt u al e n vir o n m e nt.

Fi g ur e 1 4. Pl a n n e d t est r o ut e dr a w n i n r e d. A ct u al tr a v ell e d r o ut e vis u ali z e d wit h bl u e
d ots. P at h pl ott e d fr o m t h e c oll e ct e d d at a usi n g E x c el.

5. 3. L at e n c y

T h e R o u n d- Tri p- Ti m e ( R T T) o ut p utt e d b y t h e P h ot o n P U Ns E ur o p e a n s er v ers o utsi d e
t h e g a m e i n U nit y E dit or is b et w e e n 3 4 ms a n d 5 4 ms o n d e v el o p m e nt m a c hi n es.
As t h er e is n o dir e ct c o m m u ni c ati o n b et w e e n t h e cli e nts d u e t o t h e cli e nt-t o-s er v er
ar c hit e ct ur e, t h e a ct u al l at e n ci es i n- g a m e ar e aff e ct e d b y pr o c essi n g d el a ys b et w e e n
s e n d er, s er v er, a n d r e c ei v ers. T h e i n- g a m e l at e n ci es w er e d et er mi n e d b y a d di n g a s h ort
s u p p orti n g t est f u n cti o n alit y t o t h e Tr aj e ct or y C oll e ct or. cs -s cri pt. T h e t est c o n diti o n
w as s et t o b e tri g g er e d w h e n t h e t hr es h ol d c o or di n at e v al u e is e x c e e d e d b y a pl a y er.
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W h e n t his h a p p e ns, t h e t est writ es t h e e x a ct ti m est a m p of t his a cti o n fr o m e a c h cli e nt’s
p oi nt of vi e w t o t h eir r es p e cti v e l o c al d esti n ati o n fll e. B y c o m p ari n g t h es e ti m est a m p
v al u es, t h e l at e n ci es b et w e e n l o c al a n d r e m ot e cli e nts c a n b e d et er mi n e d i n Ta bl e 1.

T h e t est w as i m pl e m e nt e d usi n g t hr e e p arti ci p a nts a n d t hr e e it er ati o ns, e a c h
p arti ci p a nt b ei n g i n o n e r ol e o n c e. T h e t est er- c ol u m n r ef ers t o t h e c h ar a ct er tri g g eri n g
t h e t est c o n diti o n. T his is a l o c al a cti o n f or t h e t est er a n d t h er ef or e t h e ti m est a m p,
r ef err e d t o as ts i n t h e c h art, is t h e l o w est i n t h e t est er c ol u m n. T h e ti m est a m p v al u e is
f urt h er e x pl ai n e d i n C h a pt er 4. 3 D at a C oll e cti o n. T h e vi e w er a n d r ef er e n c e c ol u m ns
r e pr es e nt r e m ot e cli e nts wit hi n t h e s a m e s essi o n. B ot h c ol u m ns c o nt ai n t h e s a m e d at a:
t h e ti m e t h e i nf or m ati o n arri v e d at t h e r e c ei vi n g e n d. Fr o m t his, t h e l at e n c y b et w e e n
l o c al a n d r e m ot e a cti o ns c a n b e c al c ul at e d. T h e l at e n c y is c al c ul at e d i n t h e ∆ t est er-
vi e w er c ol u m n. T h e diff er e n c e b et w e e n t h e t w o r e m ot e cli e nts is gi v e n i n t h e ∆ vi e w er-
r ef er e n c e - c ol u m n.

Ta bl e 1. L at e n ci es
t est er ts(s) vi e w er ts(s) r ef er e n c e

ts(s)
∆ vi e w er-
t est er( ms)

∆ vi e w er-
r ef er e n c e( ms)

1 1 4 0 3 7 4 2, 9 6 5 1 4 0 3 7 4 3, 1 6 3 1 4 0 3 7 4 3, 1 6 6 1 9 8, 0 - 3, 0
2 2 2 6 9 0, 7 6 9 2 2 6 9 0, 9 4 5 2 2 6 9 0, 9 3 7 1 7 6, 0 8, 0
3 3 5 6 3 0 1 2, 0 2 2 3 5 6 3 0 1 2, 1 9 9 3 5 6 3 0 1 2, 1 9 5 1 7 7, 0 4, 0

A c c or di n g t o t h e r es ults i n Ta bl e 1, t h e i n- g a m e l at e n ci es s ettl e b et w e e n 1 7 5 ms
a n d 2 0 0 ms. T his is n e arl y o n e-t hir d of t h e d ef a ult s a m pl e ti m e of 5 0 0 ms. I n a st u d y
c o m pl et e d b y B a k er et al. [ 2 7], a d el a y of o n e s e c o n d as a v ari a bl e w as us e d t o a c c o u nt
f or c o m m u ni c ati o n d el a ys. T h e y c h os e o n e s e c o n d as t h e d el a y b e c a us e d el a ys l o n g er
t h a n t h at c a n m a k e t h e c o ntr ol p erf or m a n c e si g ni fi c a ntl y d e gr a d e d [ 2 8], a n d it is als o
i n ali g n m e nt wit h t h e d el a y d ur ati o n t h at w as us e d i n a st u d y b y L u c k et al. [ 2 9]. Fr o m
t h e p ers p e cti v e of p ositi o n al tr a c ki n g, t h e l at e n c y of t his s yst e m is s uf fi ci e nt. T h e
dist a n c e i n- g a m e a c h ar a ct er c a n tr a v el i n 2 0 0 ms is s o s h ort t h at it d o es n ot h a v e a
n oti c e a bl e eff e ct. 2 0 0 ms is als o si g ni fi c a ntl y l ess t h a n t h e fi x e d d el a y of 1 0 0 0 ms us e d
b y B a k er et al. [ 2 7]. Ori e nt ati o n al tr a c ki n g is m or e ti m e-s e nsiti v e. A p ers o n c a n r ot at e
t h eir h e a d a n d h a n ds at a gr e at er p a c e t h a n t h e y c a n m o v e ar o u n d. Virt u al r e alit y g e ar
m a k es t h e m o v e m e nt a n d r ot ati o ns sl o w er a n d m or e i n c o n v e ni e nt. F or t his t o ol, t h e
l at e n c y b et w e e n cli e nts is u p t o d at e wit h t h e r e q uir e d r efr es h r at es a n d t h e l at e n c y
is n ot n oti c e a bl e f or t h e a v er a g e p arti ci p a nt. T h e ∆ vi e w er-r ef er e n c e - c ol u m n gi v es
i nsi g ht i nt o h o w m u c h v ari ati o n t h er e is b et w e e n t h e r e m ot e cli e nt ti m est a m ps. T h e y
s h o ul d b e a b o ut t h e s a m e, t h e d at a tr a v els t hr o u g h t h e s a m e c o m p o n e nts t o r e a c h e a c h
o n e. Diff er e n c es m a y b e c a us e d b y t h e n et w or k e n vir o n m e nt a n d t h e p erf or m a n c e of
t h e m a c hi n e its elf. T h e a bs ol ut e v al u es v ar y b et w e e n 3 ms a n d 8 ms, v al u es ar e s m all
a n d wit hi n n or m al li mits.
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6. DI S C U S SI O N

M ulti pl e diff er e nt ki n ds of t o ols h a v e b e e n cr e at e d f or H RI r es e ar c h i n t h e p ast. M a n y
of t h os e t o ols ar e s p e ci fl c t o a c ert ai n t as k s u c h as c o o ki n g or fi n di n g t h e o pti m al
dist a n c e b et w e e n h u m a n a n d r o b ot i nt er a cti o n. T h e d at a g at h eri n g s yst e m cr e at e d i n
t his w or k f o c us es o n t h e m o v e m e nts a n d i nt er a cti o ns of h u m a ns a n d r o b ots.

Us a g e of V R off ers n e arl y u nli mit e d p ossi biliti es i n t er ms of r es e ar c h e n vir o n m e nts.
It all o ws t h e cr e ati o n of sit u ati o ns a n d e n vir o n m e nts t h at ar e i n a c c essi bl e i n t h e r e al
w orl d. It als o pr o vi d es a n e as y a n d l o w- c ost s ol uti o n f or d at a g at h eri n g. O n t h e ot h er
h a n d, virt u al r e alit y a p pli c ati o ns c a n n e v er b e as i m m ersi v e a n d a ut h e nti c as r e al-lif e
e x p eri e n c es. I n V R t h e e x p eri e n c e is oft e n l o w er q u alit y, dist ort e d, a n d s u p pr ess e d
w hi c h c a n r es ult i n a l o w er f e eli n g of pr es e n c e a n d c o m pli c at e h u m a n p er c e pti o n. T h e
c h ar a ct ers ar e als o r es p o nsi bl e f or a gr e at p orti o n of t h e r e alit y of t h e e n vir o n m e nt. T h e
h u m a n c h ar a ct ers h a v e a c art o o n-li k e a p p e ar a n c e t o all o w r e alisti c m o v e m e nts wit h o ut
h e a v y a ni m ati o ns. T h e r o b ot is a n a c c ur at e r e pli c a of t h e r e al-lif e v ersi o n, e x cl u di n g
t h e st a n d. O n e dr a w b a c k r el at e d t o t h e r o b ot is t h at t h e r ot ati o n al Y d at a of t h e c a m er a
is o nl y visi bl e l o c all y. If t h e r ot ati o n of t h e c a m er a n e e ds t o b e c oll e ct e d, t h e d at a
c oll e cti o n m ust b e e n a bl e d o n all r o b ot cli e nts t o c oll e ct t h e d at a s e p ar at el y fr o m e a c h
us er a n d t h e n c o m bi n e d aft er w ar d. T h es e f a ct ors ar e t o b e c o nsi d er e d w h e n a n al ysi n g
t h e pr o x e mi cs a n d tr aj e ct ori es g at h er e d wit h t h e s yst e m.

T h e m ulti pl a y er f u n cti o n aliti es i m pl e m e nt e d i n t his s yst e m all o w a l ot of v ari et y
a n d diff er e nt c o n fi g ur ati o ns wit h h u m a ns a n d r o b ots. T h e s yst e m is s o- c all e d m a n y-
t o- m a n y, w hi c h m e a ns t h at t h e n u m b er of r o b ots a n d h u m a ns is n ot r estri ct e d e x c e pt
f or t h e m a xi m u m p arti ci p a nt c o u nt of t h e fr e e v ersi o n of P h ot o n P U N w hi c h is 2 0. T his
m e a ns t h at t h e n u m b er of r o b ots i n a n e x p eri m e nt f or e x a m pl e c a n r a n g e fr o m 0 t o 2 0
a n d t h e s a m e g o es f or h u m a ns. T h e u n c ert ai nt y of w h et h er t h e r o b ot is a ut o n o m o us or
t el e o p er at e d all o ws r es e ar c h ers t o cr e at e m ulti pl e diff er e nt t y p es of r es e ar c h sit u ati o ns
a n d r es e ar c h diff er e nt as p e cts of h u m a n b e h a vi o ur.

T h e us a g e of t hir d- p art y s oft w ar e a n d h ar d w ar e h as b ot h a d v a nt a g es a n d
dis a d v a nt a g es. If t h e s u p p ort f or a t hir d- p art y s oft w ar e is t er mi n at e d, it c a n b e dr asti c
f or t h e us a bilit y of o ur s yst e m a n d it mi g ht r e q uir e m aj or r e b uil di n g. T h e n a g ai n, t h e
t hir d- p art y o w n ers hi p pr o vi d es o uts o ur c e d m ai nt e n a n c e f or it. O c ul us c o m p ati bilit y
w as a r e q uir e m e nt f or t his pr oj e ct a n d t o k e e p t h e s yst e m as li g ht w ei g ht as p ossi bl e w e
o nl y b uil d s u p p ort f or O c ul us h e a ds ets. At t h e ti m e of writi n g t his r e p ort, O c ul us Li n k
r e q uir es a wir e d U S B- C c o n n e cti o n f or a c erti fi e d c o n n e cti o n. T his ess e nti all y m e a ns
t h at t h e wir e d c o n n e cti o n r estri cts t h e m o v e m e nt q uit e a l ot, w hi c h is w h y m o v e m e nt
wit h a j o ysti c k w as als o e n a bl e d f or h u m a n a v at ars. T his w e a k e ns t h e f e eli n g of
a ut h e nti c m o v e m e nt b ut is n e c ess ar y t o all o w fr e e d o m of m o v e m e nt. O c ul us Air Li n k
s e e ms pr o misi n g t o s ol v e t h e iss u es i n v ol v e d wit h a wir e d c o n n e cti o n, b ut it is still i n
d e v el o p m e nt.

O c ul us is n ot f ull y s u p p ort e d wit h Li n u x a n d R O S 2 r e q uir es a Li n u x- b as e d
o p er ati n g s yst e m w hi c h m e a ns t h at w h e n usi n g O c ul us t h e s yst e m r e q uir es t w o
o p er ati n g s yst e ms. T o a v oi d usi n g t w o c o m p ut ers, a virt u al m a c hi n e c o n fi g ur ati o n w as
us e d t o r u n t h e R O S fr o m a n ati v e Wi n d o ws 1 0. T his w a y w e w er e a bl e t o mi ni mi z e
t h e n e e d f or h ar d w ar e. R e g ar dl ess of all t h e c h all e n g es, t h e s yst e m c a n b e c o nsi d er e d
li g ht w ei g ht c o m p ar e d t o s o m e ot h er t o ols us e d i n H RI r es e ar c h.
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6. 1. R e fl e cti o n

I n r el ati o n t o t h e i niti al t ar g et s etti n g, t h e s yst e m m e ets all t h e r e q uir e m e nts a n d n o
c o m pr o mis es h a d t o b e m a d e d uri n g t h e d esi g n or t h e i m pl e m e nt ati o n. T h e s yst e m
s u p p orts virt u al r e alit y, m ulti pl a y er, R O S, a n d d at a g at h eri n g. It is li g ht w ei g ht a n d
m o d ul ar t o a c ert ai n e xt e nt. L at e n ci es a n d d at a a c c ur a c y ar e at a l e v el at w hi c h a ct u al
H RI r es e ar c h c a n b e c o n d u ct e d. O n e of t h e m aj or d e cisi o ns m a d e i n t h e d esi g n w as t h e
i ntr o d u cti o n of P h ot o n P U N as t h e s er vi c e pr o vi d er f or t h e m ulti pl a y er f u n cti o n aliti es.
Ot h er i m p ort a nt d e cisi o ns i n cl u d e d t h e g at h eri n g of t h e d at a t o a l o c al fll e a n d t h e
utili z ati o n of a virt u al m a c hi n e t o r u n t h e R O S o n. A n y of t h es e d e cisi o ns c o ul d h a v e
b e e n a d e al- br e a k er i n t er ms of t h e us a bilit y or f u n cti o n alit y of t h e s yst e m, b ut e v e n
aft er t h e e v al u ati o n a n d t esti n g, t h e y c a n still all b e j usti fi e d gi v e n t h e r e q uir e m e nts.

I n r el ati o n t o t h e st at e- of-t h e- art pr oj e cts, o ur s yst e m h as a l ot i n c o m m o n wit h
SI G V E R S E, w hi c h is a st at e- of-t h e- art pl atf or m cl os el y r el at e d t o o urs, as st at e d i n
2. 2. T h e y b ot h s h ar e m a n y of t h e m ai n t e c h n ol o gi es s u c h as U nit y a n d R O S, o nl y t h e
v ersi o ns m a y diff er. T h e m ai n diff er e n c e b et w e e n t h e t w o pl atf or ms is t h at SI G V E R S E
h as a l ot m or e f e at ur es a n d m or e di v ers e d at a, w h er e as o ur s yst e m is f o c us e d o n t h e
tr aj e ct ori es a n d ori e nt ati o ns of h u m a ns a n d r o b ots, w hi c h m a k es it m or e li g ht w ei g ht as
w ell. T his ess e nti all y m e a ns t h at t h e s yst e ms h a v e q uit e diff er e nt us e c as es i n t er ms of
t h e st u di es t h at c a n or ar e r e as o n a bl e t o b e c o n d u ct e d. T h e st u di es t h at ar e c o n d u ct e d
o n SI G V E R S E ar e m or e c o m pl e x a n d di v ers e, c o m p ar e d t o t h e o n es c o n d u ct e d o n o ur
s yst e m.

6. 2. F ut u r e W o r k

T h e n e xt st e p f or t his t o ol is t o st art d oi n g H RI e x p eri m e nts. St u di es c a n b e d o n e t o
r es e ar c h t h e i nt er a cti o ns of h u m a ns a n d r o b ots i n m ulti pl a y er sit u ati o ns. As c h a n gi n g
t h e e x p eri m e nt e n vir o n m e nt or d e pl o yi n g m ulti pl e a ut o n o m o us r o b ots d o es n ot r e q uir e
a gr e at w or kl o a d, t h er e ar e m ulti pl e p ossi biliti es w h e n it c o m es t o diff er e nt e x p eri m e nt
c o n fi g ur ati o ns. F or e x a m pl e, o n e i nt er esti n g st u d y c o ul d b e w h er e m ulti pl e r o b ots a n d
h u m a ns p erf or m s o m e t as ks t h at r e q uir e m o vi n g a cr oss a r o o m a n d t h e s u bj e ct w as t o
m a k e t h eir w a y fr o m o n e si d e of t h e r o o m t o a n ot h er w hilst t h e r o b ots a n d h u m a ns ar e
m o vi n g as w ell. I n t his sit u ati o n, s o m e of t h e r o b ots c o ul d b e a ut o n o m o us a n d s o m e
t el e o p er at e d a n d t h at i nf or m ati o n c a n b e us e d t o a n al ys e if t h e s u bj e ct’s b e h a vi o ur
c h a n g es d e p e n di n g o n w h o is c o ntr olli n g t h e r o b ots. A n ot h er p ossi bl e st u d y t h at c o ul d
b e or g a ni z e d c o ul d b e as d es cri b e d: A n e g g h u nt wit h r o b ots a n d h u m a ns, t h e first o n e
t o fi n d all X, wi ns. I n t his sit u ati o n, b ot h t el e o p er at e d a n d a ut o n o m o us r o b ots c o ul d
b e us e d t o fi n d diff er e n c es i n h u m a n b e h a vi o ur w h e n c o m p eti n g a g ai nst h u m a ns a n d
t el e o p er at e d a n d a ut o n o m o us r o b ots.

S o m e i m pr o v e m e nts f or t h e s yst e m t h at c o ul d b e c o nsi d er e d ar e a r e m ot e d at a b as e
t o c oll e ct t h e d at a, t h e a d diti o n of s p ati al s o u n d, s e n di n g t h e ori e nt ati o n al i nf or m ati o n
a b o ut t h e t el e o p er at e d r o b ot’s V R h e a ds et o v er t h e n et w or k, a n d t h e a d diti o n of m or e
r e alisti c h u m a n a v at ars. T h e a d diti o n of t h e d at a b as e w o ul d m a k e t h e d at a t o b e m or e
u nif or m as all t h e d at a w o ul d b e fr o m r e m ot e cli e nts a n d t h e l at e n ci es w o ul d all b e
si mil ar. T h e s p ati al s o u n d, i n t er ms of o bj e cts m a ki n g s o u n ds w h e n t h e y ar e dr o p p e d,
f or e x a m pl e, w o ul d m a k e t h e e n vir o n m e nt m or e i m m ersi v e b ut it c a n b e a l a b ori o us
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t as k t o i m pl e m e nt. T h e a d diti o n of t h e t al ki n g f u n cti o n aliti es w o ul d als o all o w a
dir e cti o n al s o u n d t o e a c h p arti ci p a nt w hi c h c o ul d e n h a n c e t h e e x p eri e n c e i n gr o u p
dis c ussi o ns, b ut it d o es n ot s ol v e all pr a cti c al iss u es r e g ar di n g c o m m u ni c ati o ns. If t h e
p arti ci p a nts ar e j oi ni n g t h e e x p eri m e nt r e m ot el y, a t hir d- p art y c o m m u ni c ati o n s oft w ar e
is still r e q uir e d t o gi v e t h e p arti ci p a nt i nstr u cti o ns, et c. A n d if all t h e p arti ci p a nts
ar e i n t h e s a m e r o o m, t h e n t h er e is n o n e e d f or c o m m u ni c ati o n f u n cti o n aliti es i n t h e
flrst pl a c e. M a ki n g t h e a v at ars t o b e m or e r e alisti c, m e a ni n g t h at t h e y w o ul d h a v e
l e gs a n d ar ms a n d b e g e n er all y m or e lif e-li k e, h as its dr a w b a c ks as w ell. M a ki n g t h e
m or e r e alisti c a v at ars l o o k n at ur al w hil e m o vi n g r e q uir es a l ot of a ni m ati n g a n d t h os e
a ni m ati o ns c a n r e d u c e t h e p erf or m a n c e of t h e s yst e m. Diff er e nt ki n ds of r o b ots c o ul d
als o b e a d d e d t o t h e s yst e m if n e e d e d. I n t er ms of m ulti pl a y er s c al a bilit y, a n ot h er
s er vi c e pr o vi d er or a p ai d v ersi o n of P h ot o n P U N is n e e d e d if e x p eri m e nts of o v er 2 0
p arti ci p a nts o n t h e s er v er si m ult a n e o usl y ar e t o b e or g a ni z e d.

Fr o m a t e c h ni c al a n d t hir d- p art y s oft w ar e p oi nt of vi e w, t h e f ut ur e of t h e t o ol l o o ks
pr o misi n g. O c ul us Air Li n k a n d R O S 2 f or Wi n d o ws ar e b ot h l o n g i n d e v el o p m e nt
a n d b ot h c o ul d bri n g gr e at q u alit y- of-lif e as w ell as a ct u al p erf or m a n c e i m pr o v e m e nts.
Wir el ess hi g h-s p e e d c o n n e cti o n t o a P C fr o m t h e V R h e a ds et is es p e ci all y s o m et hi n g
t h at h as a n eff e ct o n w h at st u di es c a n b e or g a ni z e d. R O S 2 f or Wi n d o ws j ust m e a ns
t h at t h er e is n o n e e d f or t w o o p er ati n g s yst e ms a n y m or e w hi c h i m pr o v es p erf or m a n c e
b y m a ki n g t h e t o ol e v e n m or e li g ht w ei g ht.
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7. C O N C L U SI O N

I n t his w or k, a h u m a n-r o b ot i nt er a cti o n r es e ar c h d at a- g at h eri n g t o ol w as pr es e nt e d.
T h e pl atf or m is i m pl e m e nt e d as a virt u al r e alit y m ulti pl a y er g a m e. T h e pl atf or m
i n cl u d es h u m a n a n d r o b ot c h ar a ct ers. H u m a n a v at ars ar e c o ntr oll e d usi n g O c ul us
virt u al r e alit y g e ar.  T h e r o b ot a v at ar is a di git al v ersi o n of a r e al-lif e r o b ot
a n d is c o ntr oll e d si mil arl y t o its c o u nt er p art usi n g R O S- mi d dl e w ar e. T h e g o al is
t o cr e at e a t o ol f or st u d yi n g t h e diff er e n c es i n t h e p arti ci p a nts’ b e h a vi o ur w h e n
e x p os e d t o s c e n ari os w h er e v ari o us a m o u nts of h u m a ns, h u m a n- c o ntr oll e d r o b ots, a n d
a ut o n o m o usl y c o ntr oll e d r o b ots n a vi g at e ar o u n d e a c h ot h er. T h e b e h a vi o ur al a n al ysis
f o c us es o n t h e tr aj e ct ori es c h os e n b y t h e p arti ci p a nts a n d h o w t h e st at us es, h u m a n or
r o b ot a n d t el e o p er at e d or a ut o n o m o us, aff e ct t h e b e h a vi o ur. T h e m ai n c h ar a ct eristi c
t h at s ets t his t o ol a p art fr o m t h e ot h er pl atf or ms is its li g ht w ei g ht n ess i n a d diti o n t o t h e
p ossi bilit y of h a vi n g m ulti pl e r o b ots wit hi n t h e s a m e s essi o n. T h er e ar e n o li mit ati o ns
f or t h e c o m bi n ati o ns of t h e st at us es of t h e p arti ci p a nts as l o n g as t h e t ot al a m o u nt is
u n d er t h e m a xi m u m a m o u nt s u p p ort e d b y t h e fr e e pl a n of P h ot o n P U N, 2 0.

7. 1. C o nt ri b uti o ns

As J u h o h a d a bit m or e e x p eri e n c e wit h w or ki n g wit h U nit y t h a n t h e r est of
t h e gr o u p m e m b ers h e w as r es p o nsi bl e f or t h e i niti al st e ps of t h e U nit y pr oj e ct
i n cl u di n g s etti n g u p t h e e n vir o n m e nt a n d w or ki n g wit h V R e q ui p m e nt. D uri n g t h e
d esi g n a n d i m pl e m e nt ati o n st a g es, J er e mi as w as m ai n r es p o nsi bl e f or t h e m ulti pl a y er
f u n cti o n aliti es a n d K all e w as m ai n r es p o nsi bl e f or R O S f u n cti o n aliti es. All t h e gr o u p
m e m b ers h a d e q u al r es p o nsi biliti es i n writi n g t h e t h esis. T ot al h o urs a n d p er c e nt a g es
c a n b e s e e n i n Fi g ur e 1 5 b el o w.

Fi g ur e 1 5. T ot al h o urs.
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