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ABSTRACT

Telepresence refers to a set of techniques that creates the illusion of being present
at a remote location to a person. Telepresence may also include the ability
to interact with the remote environment, including communication with people
physically present at the remote location. In this research, the introduction
of a virtual body, which mirrors the user’s own movement in real-time, in a
telepresence scenario and its effect on the illusion of presence is studied. Earlier
research works have shown the effectiveness of having a virtual body in simulated
environments, for example, games. In this study, the user embodies a virtual
body that is present in a simulated environment, surrounded by a sphere where
footage streamed from a 360-degree camera, mounted at a different spot, is being
projected. This gives the user a sense of being present in a real location and having
a body which they can control.

The study is conducted on 20 participants, where the participants put on a
Head-Mounted Display showing live footage from a 360-degree camera while
having a real-time conversation with a confederate present near the camera. They
are then surveyed about their experience, both with and without a virtual body
to determine if having a virtual body yielded any improvement on the illusion
of presence. Although 18 of the 20 participants preferred the experience with
a body, it did not necessarily increase their sense of presence when compared
with the scores given when there is no visible body. These results implicate a low
sample size, not enough to draw any meaningful conclusions.

Keywords: Extended Reality, Telepresent human, Body tracking, Inverse
Kinematics, 360 live streaming
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1. I N T R O D U C TI O N

Virt u al R e alit y ( V R) h as g ai n e d si g ni c a nt li m eli g ht si n c e t h e c o m m e n c e m e nt of t h e
4t h i n d ustri al r e v ol uti o n. As t h e n a m e i m pli es, V R t e c h n ol o g y si m ul at es a n e x p eri e n c e
t h at c orr es p o n ds t o a r e al-lif e e x p eri e n c e. A Virt u al E n vir o n m e nt ( V E) is si m ul at e d
wit h t h e i nt e nti o n of m a ki n g it as i m m ersi v e as p ossi bl e. T h e m ost c o m m o n w a y t o
e x p eri e n c e a n i m m ersi v e V R is t hr o u g h t h e us e of a dis pl a y s yst e m k n o w n as t h e H e a d-
M o u nt e d Dis pl a y ( H M D). At its r o ot, t h e H M D c o nt ai ns a h e a ds et w hi c h is w or n o v er
t h e h e a d, al o n g wit h t w o l e ns es f or e a c h of t h e e y e dis pl a yi n g t h e s c e n e i n t h e V E a n d
i nt er n al s e ns ors w hi c h tr a c k t h e h e a d m o v e m e nt f or u p d ati n g t h e vi e w i n t h e h e a ds et
d e p e n di n g o n t h e h e a d p ositi o n a n d ori e nt ati o n. T his d e c ei v es t h e h u m a n vis u al s yst e m
i nt o b eli e vi n g t h e y ar e pr es e nt i nsi d e t h e V E. A ki n t o V R, t h er e ar e ot h er t e c h n ol o gi es
f or mi xi n g t h e r e al w orl d wit h t h e virt u al w orl d, n a m el y A u g m e nt e d R e alit y ( A R) a n d
Mi x e d R e alit y ( M R). All t h es e t e c h n ol o gi es c oll e cti v el y b el o n g t o a el d k n o w n as
E xt e n d e d R e alit y ( X R).

T h e o n g oi n g r es e ar c h a n d d e v el o p m e nt i n V R ar e w or ki n g t o w ar ds t h e e n d g o al of
t ot al i m m ersi o n i n a V E. M el Sl at er dis c uss es t h e i m p ort a n c e of t h e ill usi o n of pr es e n c e
t o a p arti ci p a nt i n his st u d y [ 1] a n d h o w p arti ci p a nts r es p o n d r e alisti c all y w h e n t h e y ar e
i m m ers e d i nsi d e a V E. H a vi n g t h e us er g et a s e ns e of r e alis m i nsi d e t h e V E is us ef ul i n
s o ci al i nt er a cti o ns a n d a n u m b er of a p pli c ati o ns r a n gi n g fr o m t h er a p y t o r e h a bilit ati o n
as dis c uss e d i n s e cti o n 2. 1. 5. O v er t h e y e ars, s e v er al a p pr o a c h es h a v e b e e n r es e ar c h e d
s u c h as t h e i ntr o d u cti o n of a bi dir e cti o n al tr e a d mill f or all o wi n g n at ur al m o v e m e nt
i n t h e V E [ 2], i ntr o d u cti o n of h a pti c f e e d b a c k fr o m t h e V E o nt o t h e r e al b o d y
[ 3], a n d n all y i ntr o d u cti o n of a virt u al b o d y i n t h e V E. F or e x a m pl e, C as er m a n
et al. c o n d u ct e d a st u d y [ 4] wit h t h e o bj e cti v e of m e as uri n g t h e i m m ersi v e n ess b y
i ntr o d u ci n g a f ull- b o d y m oti o n c a pt ur e s yst e m t h at c o pi es t h e m o v e m e nts of t h e us er's
e ntir e b o d y o nt o a virt u al b o d y, usi n g H T C Vi v e Tr a c k ers a n d o bs er v e d t h at 9 2. 3 % of
t h e p arti ci p a nts w o ul d li k e t o h a v e a visi bl e a n d c o ntr oll a bl e b o d y i n V R g a m es.

As n ot e d b y t h e pr e vi o us e x a m pl es, m ost st u di es f o c us o n i m pr o vi n g t h e us er's
ill usi o n of pr es e n c e i n a V E, o v ers h a d o wi n g t h e p ot e nti al of usi n g V R f or e n h a n ci n g
t h e el d of t el e pr es e n c e. Tel e pr es e n c e r ef ers t o a s et of t e c h ni q u es f or cr e ati n g a n
ill usi o n of b ei n g pr es e nt at a l o c ati o n diff er e nt fr o m t h e a ct u al l o c ati o n of t h e us er.
T his is a c hi e v e d b y d e c ei vi n g o n e or m or e of t h e h u m a n s e ns es s u c h as visi o n, a u di o,
or t o u c h. T h e t er m t el e pr es e n c e w as rst c oi n e d b y M ar vi n Mi ns k y i n 1 9 8 0. H e writ es
a b o ut a s c e n ari o w h er e r o b oti c ar ms ar e b ei n g c o ntr oll e d t hr o u g h y o ur h a n d m o v e m e nt
i n r e al-ti m e at a r e m ot e l o c ati o n [ 5]. O n e of t h e a p pr o a c h es f or d e c ei vi n g t h e s e ns es is
b y m a ki n g us e of V R t e c h n ol o g y as m e nti o n e d a b o v e. I nst e a d of si m ul ati n g a V E, w e
s h o w li v e f o ot a g e str e a m e d fr o m a 3 6 0- d e gr e e c a m er a ar o u n d t h e us er gi vi n g t h e m a n
ill usi o n of b ei n g pr es e nt at t h e l o c ati o n of t h e c a m er a. T his a p pr o a c h is k n o w n as V R
Tel e pr es e n c e.

T his st u d y f o c us es o n t h e l ast af or e m e nti o n e d a p pr o a c h f or i m pr o vi n g t h e us er's
ill usi o n of pr es e n c e i n a V E, pr o bi n g t h e as p e ct of i m pr o vi n g V R Tel e pr es e n c e
e x p eri e n c e b y i ntr o d u ci n g a s elf- a v at ar. T h e s elf- a v at ar r ef ers t o t h e pr o c ess of
c a pt uri n g t h e m oti o n of t h e w h ol e or p arts of a us er's b o d y i n t h e r e al w orl d e ns ui n g
m o v e m e nt of a virt u al b o d y, pr es e nt i nsi d e a V E, w hi c h t h e us er e m b o di es i n a rst-
p ers o n p ers p e cti v e. H a vi n g a s elf- a v at ar r es ult i n a si g ni c a nt i m pr o v e m e nt i n t h e
us er's ill usi o n of pr es e n c e as d e m o nstr at e d b y [ 6]. T his st u d y is b as e d o n a si mil ar
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pri n ci pl e of i ntr o d u ci n g a s elf- a v at ar, b ut t his ti m e i n a r e al e n vir o n m e nt i nst e a d of a
si m ul at e d o n e, a n d t h e eff e cts it h as o n t h e us er's s e ns e of pr es e n c e is st u di e d.

T h e s elf- a v at ar o p er at es b y c a pt uri n g t h e m oti o n of o n e or m or e p arts of t h e us er's
b o d y. I n t his c as e, a t hr e e- p oi nt m oti o n c a pt ur e is us e d w hi c h tr a c ks t h e us er's
h e a d usi n g t h e s e ns ors pr es e nt i nsi d e t h e H M D, a n d t h e us er's wrists usi n g t h e t w o
c o ntr oll ers. We c a n c al c ul at e t h e m oti o n of t h e e ntir e u p p er t ors o b y usi n g j ust t h e d at a
fr o m h e a d a n d t w o wrists b y m a ki n g us e of o n e of t h e Ki n e m ati cs t e c h ni q u es. It is
c o m m o n i n c o m p ut er a ni m ati o ns a n d t h e r o b oti cs i n d ustr y f or t h er e t o b e b o d y p arts
c o n n e ct e d t o e a c h ot h er t hr o u g h j oi nts h a vi n g c o nstr ai n e d m o v e m e nt, f or e x a m pl e,
a h u m a n s k el et o n i n a g a m e t h at n e e ds t o b e a ni m at e d. T h e c al c ul ati o n of t h e
m o v e m e nts is a c hi e v e d m ai nl y usi n g t w o t e c h ni q u es, F or w ar d Ki n e m ati cs ( F K) a n d
I n v ers e Ki n e m ati cs (I K). F K c a n b e d e n e d as " T h e pr o c ess of o bt ai ni n g p ositi o n a n d
v el o cit y of e n d eff e ct or, gi v e n t h e k n o w n j oi nt a n gl es a n d a n g ul ar v el o citi es " [ 7 p. 1 2].
I K c a n b e d e n e d as " T h e pr o c ess of o bt ai ni n g j oi nt a n gl es fr o m k n o w n c o or di n at es
of e n d eff e ct or " [ 7 p. 1 3]. C o nti n ui n g wit h t h e e x a m pl e, s u p p os e w e w a nt t o m o v e
t h e ri g ht wrist of t h e s k el et o n t o a c ert ai n p oi nt. Usi n g F K, w e c a n o nl y c al c ul at e
t h e d esir e d p ositi o n of t h e wrist aft er k n o wi n g all t h e j oi nt r ot ati o ns, i. e. w e n e e d t o
k e e p a dj usti n g t h e s h o ul d er, el b o w a n d wrist r ot ati o ns u ntil t h e wrist is at t h e d esir e d
p ositi o n. I K is a m at h e m ati c al pr o c ess t h at ai ms t o s ol v e t his i n a n o p p osit e m a n n er.
We j ust m o v e t h e wrist t o t h e d esir e d p ositi o n a n d t h e I K al g orit h ms s ol v e f or t h e
r ot ati o n of t h e el b o w a n d s h o ul d er w hil e r es p e cti n g t h e j oi nt c o nstr ai nts. I n t his st u d y,
I K is utili z e d f or tr a c ki n g t h e us er's b o d y.

T his t h esis ai ms t o st u d y t h e eff e ct of s elf- a v at ar o n a us er's s e ns e of pr es e n c e i n
a V R t el e pr es e n c e e x p eri e n c e. T h e V R t el e pr es e n c e e x p eri e n c e is cr e at e d b y li v e-
str e a mi n g fr o m a r e m ot e 3 6 0- d e gr e e c a m er a o nt o a s p h er e i nsi d e a V E s urr o u n di n g
t h e us er's s elf- a v at ar. T h e s elf- a v at ar mirr ors t h e us er's m o v e m e nt b y a t hr e e- p oi nt
tr a c ki n g s yst e m w h er e t h e us er's h e a d a n d b ot h wrists ar e tr a c k e d a n d m oti o n of ot h er
p arts ar e c al c ul at e d t hr o u g h a n I K al g orit h m. H a vi n g a virt u al b o d y i n a t el e pr es e n c e
s c e n ari o c a n i m pr o v e e x p eri e n c e i n c ert ai n s c e n ari os s u c h as c o nf er e n c es, l e ct ur es, or
j ust g e n er al s o ci al i nt er a cti o ns. M o v e m e nts of t h e virt u al b o d y c a n als o b e tr a nsf err e d
t o a n a ct u al r o b ot b o d y as dis c uss e d i n s e cti o n 2. 2. 2.
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2. R E L A T E D W O R K S A N D M O TI V A TI O N

2. 1. Vi rt u al R e alit y

2. 1. 1. G e n er al

Virt u al R e alit y ( V R) c a n b e d e n e d as "I n d u ci n g t ar g et e d b e h a vi o ur i n a n or g a nis m
b y usi n g arti 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 " [ 8 p. 1]. A c o m m er ci all y a v ail a bl e V R s yst e m g e n er all y i n cl u d es
a n H M D w hi c h is str a p p e d t o t h e us er's h e a d wit h s cr e e ns vi e w e d t hr o u g h t w o l e ns es
e a c h p ositi o n e d i n fr o nt of t h e us er's e y es. T h e H M D c o nt ai ns s e ns ors t o d et er mi n e
t h e us er's p ositi o n a n d ori e nt ati o n i n t h e r e al w orl d a n d tr a nsl at es t h at t o t h e V E t o
u p d at e w h at p art of t h e s c e n e g ets r e n d er e d t o t h e s cr e e n b as e d o n w h er e t h e us er
is l o o ki n g. R e n d eri n g r ef ers t o t h e pr o c ess of pr oj e cti n g a 3 D e n vir o n m e nt o nt o a
2 D s cr e e n. Vari o us r e n d eri n g t e c h ni q u es us e d f or V R ar e dis c uss e d i n [ 9]. V Es ar e
si m ul at e d e n vir o n m e nts t h at pr o vi d e a n ill usi o n of b ei n g pr es e nt i nsi d e t h e si m ul at e d
e n vir o n m e nt. [ 1 0] d e n es a V E as "I nt er a cti v e, t h e virt u al i m a g e dis pl a ys e n h a n c e d b y
s p e ci al pr o c essi n g a n d b y n o n- vis u al dis pl a y m o d aliti es, s u c h as a u dit or y a n d h a pti c,
t o c o n vi n c e us ers t h at t h e y ar e i m m ers e d i n a s y nt h eti c s p a c e ".

T h e H M D r e n d ers s e p ar at e i m a g es i nsi d e t h e t w o l e ns es a n d t h er ef or e, r e q uir es m or e
c o m p uti n g p o w er t h a n tr a diti o n al 3 D si m ul ati o ns o n a si n gl e m o nit or. T h e r e as o n
it n e e ds t o r e n d er t w o s e p ar at e i m a g es is t o si m ul at e a st er e os c o pi c eff e ct. M ost
a ni m als, i n cl u di n g h u m a ns, h a v e a p air of e y es t h at e n a bl e t h e br ai n t o c o nstr u ct a
3 D r e pr es e nt ati o n of t h e w orl d. T h e H M D dis pl a ys t w o s e p ar at e i m a g es of t h e s a m e
s c e n e, vi e w e d fr o m t w o p ositi o ns al o n gsi d e e a c h ot h er i n a si mil ar f as hi o n t o t h e
h u m a n e y es. T h e br ai n cr e ati n g a n i nt er n al 3 D m o d el of t h e s c e n e, p air e d wit h t h e
a bilit y of t h e H M D t o bl o c k o ut t h e r e al w orl d fr o m t h e vis u al s yst e m m a k es t h e V E
m or e i m m ersi v e.

T h e dist a n c e b et w e e n t h e c e ntr es of o ur t w o e y es is k n o w n as t h e I nt er- P u pill ar y
Dist a n c e (I P D). T h e I P D of t h e m aj orit y of a d ults li es b et w e e n 5 0- 7 5 m m wit h a
m e a n of ar o u n d 6 3 m m [ 1 1]. T h e l e ns s p a ci n g i n t h e H M D n e e ds t o b e a dj ust a bl e
t o a c c o m m o d at e p e o pl e wit h diff er e nt I P Ds. T h e m aj orit y of t h e m o d er n H M Ds h a v e
o pti o ns t o a dj ust t h e l e ns s p a ci n g f or I P Ds b et w e e n 5 0 m m t o 7 5 m m.

T h e H M D is t h e m ost b asi c e q ui p m e nt n e e d e d f or e x p eri e n ci n g V R. H o w e v er, t h e
V R e x p eri e n c e c a n b e a u g m e nt e d usi n g a d diti o n al a c c ess ori es. T h e m ost c o m m o n
a c c ess or y us e d is t w o c o ntr oll ers f or e a c h h a n d. T h es e ar e us ef ul f or tr a c ki n g t h e
us er's h a n ds as w ell as pr o vi d e m e a ni n gf ul i n p ut fr o m t h e us er t o t h e V E t o m a k e t h e
si m ul ati o n m or e i nt er a cti v e. A n ot h er c o m m o n a c c ess or y is t h e b as e st ati o n i n t h e H T C
Vi v e s et u p. U nli k e t h e O c ul us V R s et u p, w hi c h d o es n ot n e e d a n y e xt er n al s e ns ors t o
tr a c k t h e us er's r e al- w orl d p ositi o n a n d m a p it t o t h e 3 D e n vir o n m e nt i nsi d e t h e V E, t h e
H T C Vi v e s et u p m a k es us e of e xt er n al s e ns ors ( at l e ast t w o of t h e m) t o tr a c k t h e H M D
a n d c o ntr oll ers. T his e xtr a st e p e n a bl es m or e a c c ur at e tr a c ki n g a n d pr e v e nts o c cl usi o n
of t h e c o ntr oll ers w h e n t h e y ar e p ositi o n e d b e hi n d t h e us er. T his als o e n a bl es t h e
us e of a n ot h er a c c ess or y c all e d t h e H T C Vi v e Tr a c k er, w hi c h e n a bl es tr a nsf erri n g a n y
e xt er n al o bj e cts i nsi d e t h e V E b y sti c ki n g t h e m ar k er o nt o a r e al o bj e ct a n d a p pl yi n g
t h e m oti o n of t h e r e al o bj e ct o nt o a virt u al o bj e ct i nsi d e t h e V E. T h er e ar e als o s e v er al
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3r d p art y a c c ess ori es, s u c h as t h e L e a p M oti o n c o ntr oll er f or pr e cis e n g er tr a c ki n g
a n d V R Tr e a d mills, m ai nl y us e d i n r es e ar c h d u e t o t h eir si z e a n d c ost.

Fi g ur e 1. O c ul us Rift S V R s yst e m wit h H M D a n d t w o c o ntr oll ers.

2. 1. 2. Pr es e n c e

Pr es e n c e r ef ers t o t h e us er's s e ns e of b ei n g pr es e nt i nsi d e t h e V E. F or e v al u ati n g t h e
s e ns e of pr es e n c e of t h e us er i nsi d e t h e V E, M el Sl at er pr o p os e d t w o c o nstr u cts i n his
2 0 0 9 arti cl e [ 1], n a m el y, Pl a c e Ill usi o n ( PI) a n d Pl a usi bilit y Ill usi o n ( Psi). H e d e n es
PI as "t h e ill usi o n of b ei n g i n a pl a c e d es pit e t h e s ur e k n o wl e d g e t h at y o u ar e n ot t h er e "
a n d Psi as "t h e ill usi o n t h at w h at is a p p ar e ntl y h a p p e ni n g is r e all y h a p p e ni n g, d es pit e
t h e s ur e k n o wl e d g e t h at it is n ot ". A c c or di n g t o Sl at er, wit h PI, t h e us er f e els li k e
t h e y ar e pr es e nt i nsi d e t h e e n vir o n m e nt, w hil e wit h Psi, t h e e n vir o n m e nt r es p o n ds t o
t h eir a cti o ns. I n t his t h esis, t h e PI is m e as ur e d w hil e t h e us er is i nsi d e a r e al r e m ot e
e n vir o n m e nt.

A n ot h er as p e ct st u di e d i n t his t h esis is t h e s e ns e of C o- Pr es e n c e. Si mil ar t o PI,
C o- Pr es e n c e is t h e ill usi o n of b ei n g pr es e nt wit h s o m e o n e els e. [ 1 2] pr o p os es a
q u esti o n n air e f or m e as uri n g t h e s e ns e of C o- Pr es e n c e. C oll a b or ati v e V E is a m aj or
ar e a t h at b e n e ts fr o m i m pr o vi n g C o- Pr es e n c e.
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2. 1. 3. Hist or y

T h e st u d y of st er e o visi o n, st er e o psis w as rst c o n d u ct e d i n 1 8 3 8 b y Sir C h arl es
W h e atst o n e [ 1 3] w hi c h l e d hi m t o d e v el o p a st er e os c o p e t h at d e m o nstr at e d t h e a bilit y
of t h e h u m a n br ai n t o c o m bi n e t w o 2 D i m a g es fr o m e a c h e y e t o c o nstr u ct a 3 d i m a g e.
T h e S w or d of D a m o cl es d e v el o p e d b y I v a n S ut h erl a n d i n 1 9 6 8 is r e g ar d e d as t h e rst
V R s yst e m wit h a n H M D h a vi n g a st er e o visi o n [ 1 4]. H e pr o p os es t h e i d e a of pl a ci n g
t w o- di m e nsi o n al i m a g es i n fr o nt of t h e us er's r eti n a t o pr o vi d e a n ill usi o n of a t hr e e-
di m e nsi o n al i m a g e.

T h e t er m " Virt u al R e alit y " w as rst us e d b y Fr e n c h pl a y wri g ht A nt o ni n Art a u d i n
his 1 9 3 8 b o o k " T h e T h e at er a n d Its D o u bl e ", tr a nsl at e d fr o m Fr e n c h i n 1 9 5 8 b y M ar y
C ar oli n e Ri c h ar ds [ 1 5 p. 4 9]. It w as l at er p o p ul ari z e d b y J ar o n L a ni er i n 1 9 8 4 w h e n
h e f o u n d e d t h e c o m p a n y V P L R es e ar c h, w hi c h w as o n e of t h e rst c o m p a ni es t h at
m a n uf a ct ur e d c o m m er ci al virt u al r e alit y pr o d u cts [ 1 6]. Si n c e t h e e arl y 1 9 9 0s, V R w as
m ostl y us e d i n V R ar c a d es as a p a y- a n d- pl a y o pti o n a n d i n g o v er n m e nt o p er ati o ns
s u c h as tr ai ni n g N A S A astr o n a uts [ 1 7]. T h e m o d er n V R h e a ds ets t h at c a n b e o w n e d
b y i n di vi d u als e m er g e d aft er t h e pr ot ot y p e of t h e P C- c o n n e ct e d O c ul us Rift i n 2 0 1 0.
Ot h er V R h e a ds ets s o o n f oll o w e d s u c h as H T C Vi v e, S o n y Pl a y St ati o n V R, et c. [ 1 8]
h as a c o m pr e h e nsi v e lit er at ur e r e vi e w o n t h e hist or y of V R.

2. 1. 4. Li mit ati o ns a n d C urr e nt R es e ar c h

E v e n t h o u g h V R is r e a dil y a v ail a bl e i n t h e m ar k et o n t o p of b ei n g r el ati v el y aff or d a bl e
w h e n c o m p ar e d t o e arli er d a ys, it is still c o nsi d er e d a gi m mi c k b y m a n y. O n e of
t h e r e as o ns f or t his pr o bl e m is t h e l a c k of c o nt e nt f or V R. Bi g g a m e c o m p a ni es ar e
still f o c usi n g o n d e v el o pi n g tr a diti o n al g a m es r at h er t h a n e m br a ci n g V R t e c h n ol o g y.
T h e m aj or c a us e of t his iss u e is als o a m aj or dr a w b a c k of t h e c urr e nt V R t e c h n ol o g y,
l o c o m oti o n. H u m a n b ei n gs h a v e a v esti b ul ar s yst e m i nsi d e t h eir e ars t h at pr o vi d es a
s e ns e of ori e nt ati o n a n d b al a n c e t o t h e br ai n. If t h e vis u al s yst e m a n d t h e v esti b ul ar
s yst e m d o n ot a gr e e o n c ert ai n o c c asi o ns, t h e br ai n ass u m es t h at t h e b o d y is i nt o xi c at e d
a n d i n d u c es n a us e a i n t h e b o d y t o g et ri d of t h os e t o xi ns t hr o u g h v o miti n g. If t h e
c a m er a h as m oti o n i nsi d e t h e V E, t h er e is a c o n i ct b et w e e n t h e vis u al s yst e m, w hi c h
is s e ei n g m o v e m e nt i n t h e V E, a n d t h e v esti b ul ar s yst e m, w hi c h d et e cts t h at t h e us er
is st a n di n g still. T his p h e n o m e n o n is c o m m o nl y k n o w n as V R si c k n ess or si m pl y
c y b ersi c k n ess.

E xt e nsi v e r es e ar c h is b ei n g d o n e i n t h e el d of i m pr o vi n g l o c o m oti o n i n V R. O n e
a p pr o a c h is t o us e s oft w ar e t e c h ni q u es f or r e d u ci n g c y b ersi c k n ess, s u c h as usi n g
t el e p ort ati o n t e c h ni q u es i nsi d e V E f or n a vi g ati o n. T his is t h e m ost c o m m o n t e c h ni q u e
us e d i n g a m es w hi c h w or ks b y i nst a ntl y m o vi n g t h e us er t o a p oi nt t h e y c h o os e usi n g
c o ntr oll ers. T his h o w e v er d o es n ot s ol v e c y b ersi c k n ess i n V Es t h at r el y o n m o vi n g
e n vir o n m e nts s u c h as r oll er- c o ast ers. F or t h os e w e us e ot h er t e c h ni q u es s u c h as
n arr o wi n g t h e us er's visi o n t o pr e v e nt t h e m fr o m s e ei n g t o o m u c h of t h e m o vi n g
e n vir o n m e nt w hi c h is t h e m ai n c a us e of c y b ersi c k n ess, h o w e v er, t h at als o d o es n ot
r e m o v e t h e c y b ersi c k n ess c o m pl et el y. A n ot h er t e c h ni q u e pr o p os e d b y C h a n g et al.
r eli es o n r est fr a m es t o r e d u c e c y b ersi c k n ess i n V Es wit h m o vi n g e n vir o n m e nts [ 1 9].
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A n ot h er a p pr o a c h is t o us e h ar d w ar e s ol uti o ns s u c h as bi dir e cti o n al tr e a d mills,
k n o w n as V R tr e a d mills. T h e V R tr e a d mills ar e li k e r e g ul ar tr e a d mills, b ut all o w
m o v e m e nt i n t w o a x es i nst e a d of o n e. T h e us er c a n m o v e i n a n y dir e cti o n o n t h e
tr e a d mill w hil e r e m ai ni n g st ati o n ar y i n t h e r e al w orl d a n d t h e tr e a d mill will tr a nsl at e
t h eir m o v e m e nt i nsi d e t h e V E. T his s ort of m o v e m e nt m ai nt ai ns h ar m o n y b et w e e n t h e
vis u al s yst e m a n d t h e v esti b ul ar s yst e m, r e d u ci n g c h a n c es of n a us e a. A n e x a m pl e of
s u c h a tr e a d mill is pr es e nt e d i n [ 2].

T h er e ar e als o s yst e ms t h at g et ri d of t h e H M D alt o g et h er a n d r el y o n p h ysi c al
m o v e m e nt f or i nt er a cti o ns i nsi d e t h e V E. O n e s u c h e x a m pl e is C a v e A ut o m ati c Virt u al
E n vir o n m e nt ( C A V E) pr o p os e d b a c k i n 1 9 9 2 [ 2 0]. It w or ks b y pr oj e cti n g t h e V E o nt o
t h e w alls of a n e n cl os e d r o o m. T h e us er's p ositi o n a n d ori e nt ati o n ar e tr a c k e d usi n g a
m oti o n c a pt ur e s yst e m a n d t h e V E is u p d at e d wit h r es p e ct t o t h at. T his is i n pri n ci pl e
si mil ar t o a n H M D b ut o n a l ar g er s c al e. St er e os c o p y is a c hi e v e d t hr o u g h t h e us e of
o n e of m a n y t e c h ni q u es f or dis pl a yi n g 3 d i m a g es s u c h as a cti v e s h utt er gl ass es [ 2 1].
A m aj or dr a w b a c k of C A V E is t h at it r e q uir es a n e ntir e r o o m f or it t o f u n cti o n a n d is
r e all y c ostl y t o s et u p.

T h er e h a v e e v e n b e e n st u di es d o n e o n t h e eff e cts of f o o d a n d dri n ks o n c y b ersi c k n ess
i n V R. O n e s u c h e x a m pl e is [ 2 2] w h er e t h e eff e ct of al c o h ol is st u di e d o n
c y b ersi c k n ess. I n t his st u d y, a c o ntr oll e d e x p eri m e nt w as p erf or m e d o n t w o gr o u ps of
p arti ci p a nts, o n e m a d e t o c o ns u m e al c o h ol a n d t h e ot h ers m a d e t o c o ns u m e a pl a c e b o.
W h e n as k e d t o pl a y V R g a m es, r es ults s h o w t h at e v e n 0. 0 7 % of al c o h ol l e v el i n bl o o d
w as e n o u g h t o si g ni c a ntl y r e d u c e c y b ersi c k n ess.

2. 1. 5. F ut ur e Pr os p e cts

S o f ar, t h e o nl y a p pli c ati o ns of V R dis c uss e d i n t his t h esis ar e g a m es h o w e v er, t h er e
ar e a l ot of el ds w h er e V R h as si g ni c a nt p ot e nti al. Si n c e V R f o c us es o n si m ul ati n g
r e alit y, t h er e is a p ossi bilit y of usi n g V R f or t h er a pi es. R o vir a et al. d e m o nstr at e t h at
p e o pl e r es p o n d r e alisti c all y t o e v e nts h a p p e ni n g i n t h e V E w h e n t h e y c o n d u ct e d a st u d y
t o m e as ur e p e o pl e's r es p o ns es t o vi ol e nt i n ci d e nts i nsi d e t h e V E [ 2 3], w hi c h pr o v es
t h at V R is a vi a bl e pl atf or m f or r e h a bilit ati o n a n d t h er a pi es. [ 2 4] c o n d u cts a S W O T
( Str e n gt hs, We a k n ess es, O p p ort u niti es, a n d T hr e ats) a n al ysis f or V R r e h a bilit ati o n a n d
t h er a p y el ds a n d c o n cl u d es t h at t h er e ar e a l ot of str e n gt hs a n d o p p ort u niti es i n usi n g
V R i n t h er a pi es a n d t h e el d is n ot h el d b a c k fr o m t h e f e w w e a k n ess es a n d t hr e ats.

O n a si mil ar n ot e, V R c a n als o b e us e d f or i m pr o vi n g m e nt al h e alt h b y si m ul ati n g
n at ur e as d e m o nstr at e d b y Br o w ni n g et al. i n t h eir st u d y [ 2 5] w h er e a gr o u p of p e o pl e
is e x p os e d t o r e al n at ur e a n d a n ot h er gr o u p t o a 3 6 0- d e gr e e vi d e o of n at ur e i nsi d e
V R. R es ults s h o w t h at b ot h c as es i nsti g at e p ositi v e m o o d l e v els w h e n c o m p ar e d t o
r es ults of a n ot h er gr o u p t h at st a y e d i n d o ors wit h o ut a n y e x p os ur e t o n at ur e. N ot o nl y
m e nt al h e alt h b ut V R c a n als o b e us e d t o all e vi at e t h e p ai ns of p h ysi c al i nj uri es w hi c h
is d e m o nstr at e d b y D as et al. i n t h eir st u d y [ 2 6] w h er e c hil dr e n b et w e e n t h e a g e of
5- 1 8 y e ars wit h a c ut e b ur n i nj uri es t a k e p art i n a c o ntr oll e d e x p eri m e nt f or st u d yi n g
t h e eff e ct of V R g a m es o n t h e p ai n d u e t o t h eir b ur n i nj uri es. R es ults s h o w t h at V R
g a m es d o i n f a ct e as e t h e p ai ns a n d a n xi et y fr o m t h e w o u n ds wit h o ut a n y si d e eff e cts.

V R is n ot li mit e d t o h u m a ns o nl y. St u di es h a v e b e e n c o n d u ct e d w h er e V R is us e d o n
ot h er n o n- h u m a n e ntiti es. [ 2 7] st u di es t h e br ai n a cti vit y of mi c e r u n ni n g o n a s p h eri c al
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tr e a d mill c o nstit uti n g a V R s yst e m. D es ert L o c usts ar e k n o w n t o b e u n pr e di ct a bl e
a n d f at al f or t h e a gri c ult ur e s e ct or. Virt u al R e alit y t e c h n ol o g y is b ei n g us e d t o s u bj e ct
l o c usts t o diff er e nt V E a n d t h eir b e h a vi o ur is o bs er v e d [ 2 8]. T his e n a bl es r es e ar c h ers t o
pr e di ct t h e l o c usts' b e h a vi o ur i n a d v a n c e a n d pr e v e nt dis astr o us f o o d s h ort a g es. T h er e
ar e als o cl ai ms of c o ws pr o d u ci n g m or e mil k w h e n t h e y ar e tt e d wit h V R g o g gl es
[ 2 9]. It d o es n ot h a v e t o b e li vi n g or g a nis ms eit h er as d e m o nstr at e d b y S u o m al ai n e n et
al. i n t h eir st u d y [ 3 0] w h er e t h e i d e a of t et h eri n g a r o b ot wit h a V R h e a ds et t o f o ol t h e
r o b ot's s e ns ors is dis c uss e d w hi c h e n a bl es t esti n g of r o b ots i n t ar g et e d e n vir o n m e nts.

2. 2. Tel e p r es e n c e

2. 2. 1. G e n er al a n d Hist or y

T h e r e c e nt S A R S- C o V- 2 p a n d e mi c h as f or c e d i n p ers o n m e eti n gs a m o n g p e o pl e t o
d wi n dl e, w hil e r e m ot e c o m m u ni c ati o n m et h o ds a n d w or k fr o m h o m e t e c h ni q u es ar e
o uris hi n g. T h e el d of t el e pr es e n c e is g ai ni n g tr a cti o n as o n e of t h e c a n di d at es f or

ai di n g t h e visi o n of visiti n g a n y pl a c e i n t h e w orl d wit h o ut p h ysi c all y g oi n g t h er e.
Tel e pr es e n c e d o es n ot h a v e a w ell-str u ct ur e d d e niti o n y et. It c a n b e r o u g hl y

d es cri b e d as " A t e c h ni q u e f or e m p h asi zi n g t h e i nt er a cti o n b et w e e n p e o pl e a n d r e m ot e
sit es a n d e n a bli n g p e o pl e w h o ar e i m m ers e d i n t el e pr es e n c e s yst e ms t o a ct a n d r e c ei v e
i n p ut as if t h e y w er e at t h e r e m ot e sit e " [ 3 1]. It w as rst i ntr o d u c e d i n a n O m ni
m a g a zi n e arti cl e i n 1 9 8 0 b y Mi ns k y [ 5]. T h e b asi c i d e a of t el e pr es e n c e is t h at a us er
f e els li k e t h e y ar e pr es e nt at a r e m ot e l o c ati o n diff er e nt fr o m t h eir p h ysi c al l o c ati o n.
Tel e pr es e n c e is us u all y c o u pl e d wit h a t el e o p er ati o n s yst e m. A t el e o p er ati o n s yst e m
p erf or ms c ert ai n t as ks at t h e r e m ot e l o c ati o n aft er g etti n g i nt er a ct e d wit h b y t h e us er.
[ 3 2] dis c uss es m e as ur es t o d et er mi n e w h et h er a t el e o p er ati o n s yst e m c a n b e c o nsi d er e d
a t el e pr es e n c e s yst e m a n d w h et h er t h e us er c a n b e l a b ell e d as a t el e pr es e nt h u m a n.
It als o pr es e nts a c o n c e pt f or c o m p ari n g t w o t el e pr es e n c e s yst e ms a n d d et er mi ni n g
w h et h er o n e us er is m or e t el e pr es e nt t h a n a n ot h er.

Tel e pr es e n c e c a n b e c o nsi d er e d a n al o g o us t o e x p eri e n ci n g a V E t hr o u g h V R
t e c h n ol o g y, h o w e v er it d o es n ot n e c ess aril y r e q uir e a V R li k e s yst e m. Si mil ar t o h o w
w e m a k e t h e us er f e el li k e t h e y ar e pr es e nt i nsi d e a V E, w e m a k e t h e us er f e el li k e t h e y
ar e pr es e nt i n a r e al r e m ot e l o c ati o n i n t el e pr es e n c e. F or t his p ur p os e, t el e pr es e n c e
r o b ots ar e us e d [ 3 3] w hi c h ar e m o bil e r o b ots c a p a bl e of b ei n g c o ntr oll e d r e m ot el y a n d
h a vi n g t h e a bilit y t o str e a m y o ur vi d e o t o t h e r e m ot e s cr e e n a n d str e a m vi d e o fr o m t h e
r o b ot's c a m er a t o y o ur d e vi c e. T his t e c h ni q u e us es a r e g ul ar c a m er a m o u nt e d o n t h e
r o b ot str e a mi n g t o a d e vi c e pr es e nt at t h e us er's ori gi n al l o c ati o n t h at c a n als o b e us e d
t o c o ntr ol t h e r o b ot. If w e r e pl a c e t h e m o u nt e d c a m er a wit h a 3 6 0- d e gr e e c a m er a a n d
t h e d e vi c e wit h a V R h e a ds et, w e g et a V R t el e pr es e n c e s yst e m.

I n V R t el e pr es e n c e, t h e ill usi o n of b ei n g pr es e nt at a r e m ot e l o c ati o n is a c hi e v e d
b y utili zi n g t h e alr e a d y w ell- est a blis h e d t e c h ni q u es of V R h e a ds ets. A 3 6 0- d e gr e e
c a m er a str e a ms a vi d e o f e e d aft er p erf or mi n g a p pr o pri at e stit c hi n g o p er ati o ns (s e e
s e cti o n 2. 3. 1) t o a V E w hi c h pr oj e cts it o nt o a s p h er e ar o u n d t h e virt u al c a m er as w hi c h
r e n d ers t h e s c e n e t o t h e H M D. N o w t h e us er c a n s e e t h e r e m ot e l o c ati o n all ar o u n d
t h e m, h o w e v er, it's still n ot e n o u g h t o cr e at e a str o n g Pl a c e Ill usi o n ( PI). G o o d s p ati al
a u di o pl a ys a cr u ci al r ol e as a visi o n i n cr e ati n g a str o n g PI. T his eff e ct is ill ustr at e d b y
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J essi c a J. B al dis i n a st u d y o n t h e eff e cts of s p ati al a u di o o n m e m or y, f o c al ass ur a n c e,
p er c ei v e d c o m pr e h e nsi o n, a n d list e n er pr ef er e n c es [ 3 4]. P arti ci p a nts w er e m a d e t o
list e n t o c o nf er e n c e r e c or di n gs wit h a n d wit h o ut s p ati al a u di o. R es ults pr o v e t h at
h a vi n g s p ati al a u di o i m pr o v es all m etri cs w hi c h is f urt h er c orr o b or at e d b y p arti ci p a nts
pr ef erri n g s p ati al a u di o o v er n o n-s p ati al o n e.

A n e x a m pl e of a V R t el e pr es e n c e s et u p is pr es e nt e d i n [ 3 5]. T h e a ut h ors m a k e us e
of a c o m m er ci all y a v ail a bl e 3 6 0- d e gr e e c a m er a f or str e a mi n g vi d e o f e e d a n d a f ull-
d u pl e x a u di o s yst e m f or s p ati al a u di o t o cr e at e a f ull y f u n cti o ni n g V R t el e pr es e n c e
e x p eri e n c e.

2. 2. 2. C urr e nt R es e ar c h a n d F ut ur e Pr os p e cts

At t h e c or e of t el e pr es e n c e is t h e i d e a of p erf or mi n g s o m e r e m ot e o p er ati o ns.
T h er ef or e, t h er e ar e m yri a d a p pli c ati o ns it c a n b e a p pli e d t o. T h e a d v a n c e m e nts
i n t h es e s yst e ms g o h a n d i n h a n d wit h t h e a d v a n c e m e nts i n t h e el d of r o b oti cs.
M e c h a ni z e d r o b ot p arts ar e n e e d e d w hi c h c a n b e c o ntr oll e d b y t h e us er t o p erf or m
t h e r e m ot e a cti viti es. T h e b est e x a m pl e of t his pr o c ess is i n t h e el d of Tel e m e di ci n e,
w hi c h is t h e d eli v er y of h e alt h s er vi c es r e m ot el y, s u c h as r e m ot e s ur g er y. T h er e ar e
ti m es w h e n p e o pl e ar e n ot a bl e t o r e c ei v e pr o p er s ur g er y d u e t o a s p e ci alist b ei n g
t o o f ar fr o m t h eir l o c ati o n a n d di e. T h us, t h er e h as b e e n e xt e nsi v e r es e ar c h d o n e t o
i m pr o v e t his pr o c ess a n d t h us, s a v e a l ot of li v es. F or e x a m pl e, di giti zi n g m e di c al d at a
a n d cr e ati n g a 3 d vis u ali z ati o n i nsi d e virt u al r e alit y [ 3 6].

Ot h er a p pli c ati o ns w hi c h c a n als o s a v e li v es ar e dis ast er r es c u e, b o m b dis p os als,
e x pl ori n g t o xi c at m os p h er es, a n d e v e n h ost a g e sit u ati o ns. E a c h of t h es e el ds r e q uir es
a s e p ar at e ki n d of r o b ot b uilt s p e ci c all y f or t h at p ur p os e. F or e x a m pl e, a dr o n e mi g ht
w or k i n s c o uti n g fr o m a hi g h gr o u n d b ut mi g ht f ail i n a n i n d o or sit u ati o n. L e a vi n g
b e hi n d i m m e di at e d a n g ers, t el e o p er ati o n s yst e ms c a n als o b e us e d t o pr e v e nt d a m a g es
s u c h as i n s ur v eill a n c e a n d r e pr e v e nti o n s yst e ms [ 3 7].

Tel e pr es e n c e s yst e ms c a n als o i m pr o v e d a y-t o- d a y lif e wit h a p pli c ati o ns i n t h e
t o uris m a n d e nt ert ai n m e nt i n d ustr y. A p ers o n c a n visit a li v e c o n c ert or visit t h eir
dr e a m pl a c e wit h o ut l e a vi n g t h e c o mf ort of t h eir h o m e. W or k c a n als o b e m a d e
e asi er wit h Tel e c o nf er e n ci n g. Wit h t h e c urr e nt p a n d e mi c sit u ati o n a n d w or k fr o m
h o m e o n t h e ris e, t el e c o nf er e n ci n g s yst e ms c a n b e q uit e a us pi ci o us t o b e b a c k i n t h e
of c e e n vir o n m e nt wit h o ut p h ysi c all y b ei n g t h er e. F or t el e c o nf er e n ci n g a n d si mil ar
s o ci al e v e nts, V R Tel e pr es e n c e is a c a p a bl e c a n di d at e. Mi cr os oft's H ol ol e ns is a n M R
t e c h n ol o g y a n d is pri m aril y m ar k et e d t o w ar ds t el e c o nf er e n ci n g o p er ati o ns. A n ot h er
us e c as e w o ul d b e p e o pl e visiti n g t h eir r el ati v es f ar a w a y.

2. 3. 3 6 0 D e g r e e C a m e r as

2. 3. 1. G e n er al

T h e diff er e n c e b et w e e n a r e g ul ar t el e pr es e n c e e x p eri e n c e a n d a V R t el e pr es e n c e
e x p eri e n c e is t h e t y p e of c a m er a pr es e nt at t h e r e m ot e l o c ati o n t h at p erf or ms t h e li v e
str e a mi n g. I n r e g ul ar t el e pr es e n c e, a l o w el d of vi e w c a m er a s uf c es f or t h e r e q uir e d
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o p er ati o n, h o w e v er, i n V R t el e pr es e n c e, w e r e q uir e a p a n or a mi c c a m er a t o b e a bl e t o
j ustif y t h e us e of V R. A p a n or a mi c i m a g e r ef ers t o a n i m a g e t h at h as a hi g h er el d of
vi e w t h a n w h at t h e c a m er a is c a p a bl e of c a pt uri n g. P a n or a mi c c a m er as c a pt ur e m or e
t h a n o n e i m a g e at t h e s a m e ti m e a n d c o m bi n e t h e m usi n g v ari o us stit c hi n g t e c h ni q u es.
A c o m m o nl y us e d p a n or a mi c c a m er a is t h e 3 6 0- d e gr e e c a m er a c a p a bl e of c a pt uri n g
3 6 0 d e gr e es of t h e s urr o u n di n g, i. e. t h e e ntir e s p h er e of vi e w s urr o u n di n g t h e c a m er a.

I m a g e stit c hi n g is t h e pr o c ess of c o m bi ni n g m ulti pl e i m a g es t a k e n fr o m diff er e nt
p oi nts b ut h a vi n g o v erl a p pi n g s e g m e nts t o cr e at e a si n gl e p a n or a mi c i m a g e w hi c h
f e els li k e it w as t a k e n b y a c a m er a h a vi n g a wi d e el d of vi e w. Si n c e a si n gl e l e ns
is i n c a p a bl e of c a pt uri n g t h e i m a g e b e hi n d t h e l e ns, at l e ast t w o l e ns es ar e r e q uir e d
f or cr e ati n g a p a n or a mi c 3 6 0- d e gr e e i m a g e. A c o m pr e h e nsi v e s ur v e y of t e c h ni q u es
us e d f or a c hi e vi n g i m a g e a n d vi d e o stit c hi n g is pr es e nt e d i n [ 3 8]. T h e m ost c o m m o n
c o m m er ci all y a v ail a bl e 3 6 0- d e gr e e c a m er as m a k e us e of t w o s h e y e l e ns es pl a c e d
b a c k t o b a c k c a p a bl e of c a pt uri n g i m a g es sli g htl y wi d er t h a n 1 8 0 d e gr e es. Fi g ur e 2
s h o ws o n e si d e of a 3 6 0 d e gr e e c a m er a wit h s h e y e l e ns. T h e ot h er si d e of t his c a m er a
is e x a ctl y t h e s a m e wit h a n ot h er s h e y e l e ns. H a vi n g t w o l e ns es wit h wi d e el d of
vi e w pr o vi d es t h e n e c ess ar y o v erl a p r e q uir e d b y t h e stit c hi n g al g orit h m t o cr e at e a
3 6 0- d e gr e e p a n or a m a. Si n c e t h er e is o nl y o n e of e a c h l e ns, t h e y ar e i n c a p a bl e of
pr o d u ci n g st er e o i m a g es.

Fi g ur e 2. A Ri c o h T h et a V 3 6 0 d e gr e e C a m er a.

T h e stit c h e d i m a g e is t h e n c o n v ert e d i nt o a n e q uir e ct a n g ul ar f or m at b y a p pl yi n g
v ari o us i m a g e tr a nsf or m ati o ns. T his t y p e of i m a g e pr oj e cti o n is w ell d e n e d a n d
is a st a n d ar d a cr oss m aj or m a n uf a ct ur ers. E q uir e ct a n g ul ar pr oj e cti o n is a pr oj e cti o n
t e c h ni q u e i n w hi c h a s p h eri c al i m a g e is c o n v ert e d i nt o a r e ct a n g ul ar i m a g e. T his



1 6

t e c h ni q u e is c o m m o nl y us e d i n w orl d m a ps. Fi g ur e 3 s h o ws t h e m a p of t h e e art h,
w hi c h h as a s p h eri c al s h a p e, i n e q uir e ct a n g ul ar pr oj e cti o n f or vi e wi n g i n 2 D.

Fi g ur e 3. E q uir e ct a n g ul ar Pr oj e cti o n of t h e E art h. I m a g e u n d er Pi x a b a y Li c e ns e

A dr a w b a c k of e q uir e ct a n g ul ar pr oj e cti o n is t h at o bj e cts n e ar t h e t o p a n d b ott o m of
t h e i m a g e ar e s q u as h e d a n d a p p e ar t h e wr o n g si z e. F or e x a m pl e, i n Fi g ur e 3, Gr e e nl a n d
a p p e ars t o b e r e all y s m all i n si z e, h o w e v er i n r e alit y t h at is n ot t h e c as e. T his li mit ati o n
d o es n ot a p pl y t o V R as t h e e q uir e ct a n g ul ar i m a g e is pr oj e ct e d b a c k o nt o t h e s p h er e
a n d t h e ori gi n al s c al es ar e r est or e d. T h e virt u al c a m er a i nsi d e t h e V E, w hi c h r e n d ers
t h e s c e n e o nt o t h e H M D, sits at t h e c e ntr e of t h e s p h er e a n d is s urr o u n d e d b y t h e 3 6 0-
d e gr e e i m a g e or vi d e o s urr o u n di n g t h e m. T his gi v es t h e ill usi o n of b ei n g pr es e nt at
t h e l o c ati o n of t h e i m a g e or t h e vi d e o, w hi c h c a n b e gr e atl y i m pr o v e d if t h e i m a g e is
st er e os c o pi c.

2. 3. 2. Li mit ati o ns a n d F ut ur e Pr os p e cts

O n e m aj or dr a w b a c k of p a n or a mi c i m a g es is t h e e xtr a st e p r e q uir e d f or stit c hi n g t h e
i m a g es. T his is n e if t h e vi d e o is n ot g oi n g t o b e li v e-str e a m e d or if l at e n c y is
a c c e pt a bl e i n t h e li v e str e a m. H o w e v er, i n t h e c as e of t el e pr es e n c e, a n y s ort of l at e n c y
is n ot a c c e pt a bl e, es p e ci all y i n a t el e o p er ati o n s yst e m w h er e o p er ati o ns n e e d t o b e
p erf or m e d i n r e al-ti m e. If st er e os c o p y is i ntr o d u c e d, t h at w o ul d m e a n t w o i m a g es
t h at n e e d t o b e stit c h e d i nst e a d of o n e a n d t h us, t wi c e t h e ti m e r e q uir e d. T h er ef or e, i n
c o m m er ci all y a v ail a bl e c a m er as, t h er e is a n o pti o n t o r e d u c e vi d e o r es ol uti o n t o e n a bl e
l at e n c y-fr e e li v e str e a mi n g.

R es e ar c h a n d d e v el o p m e nts ar e c urr e ntl y i n pr o gr ess t o o v er c o m e t his li mit ati o n.
T h e m ost o b vi o us s ol uti o n t o t his pr o bl e m is a f ast C P U t o stit c h t h e i m a g es f ast er.
E v e n o n t o d a y's h ar d w ar e, t his li mit ati o n c a n b e o v er c o m e b y i m pr o vi n g u p o n t h e
stit c hi n g al g orit h m us e d. [ 3 9] pr o p os es a f ast stit c hi n g al g orit h m t h at c a n r e d u c e t h e
ti m e s p e nt o n t h at o p er ati o n b y a l ot a n d e n a bl e li v e hi g h- q u alit y vi d e o str e a mi n g wit h
l o w l at e n c y. I nst a 3 6 0 e v e n m a n a g e d t o li v e str e a m a n N F L m at c h i n 8 k usi n g Veri z o n's
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5 G t e c h n ol o g y wit h l o w e n o u g h l at e n c y t o n ot n oti c e a n y l a g b et w e e n t h e a ct u al e v e nt
a n d t h e vi d e o str e a m [ 4 0].

2. 4. B o d y Tr a c ki n g

2. 4. 1. G e n er al a n d Hist or y

B o d y tr a c ki n g, m or e c o m m o nl y k n o w n as m oti o n c a pt ur e t e c h n ol o g y is g e n er all y us e d
i n c o m p ut er a ni m ati o ns t o gi v e r e alisti c m o v e m e nts t o t h e c h ar a ct er. T h e r o ots of
m oti o n c a pt ur e c a n b e tr a c e d b a c k t o t h e i n v e nti o n of r ot os c o pi n g b y M a x Fl eis c h er
f or w hi c h h e g ot a p at e nt i n 1 9 1 7 [ 4 1]. I n r ot os c o pi n g, a li v e a cti o n f o ot a g e w as
r e c or d e d a n d t h e n a ni m ati o n fr a m es w er e dr a w n fr a m e b y fr a m e b y tr a ci n g o v er t h e
li v e a cti o n fr a m es. As t h e c o m p uti n g p o w er i n cr e as e d a n d n e w gr a p hi cs t e c h n ol o gi es
e m er g e d, m o d er n m oti o n c a pt ur e t e c h ni q u es w er e i ntr o d u c e d i n t h e 1 9 8 0s. It w as rst
us e d i n m e di c al el d w h e n C al v ert et al. att a c h e d p ot e nti o m et ers t o a b o d y w hi c h
w as mirr or e d i n a c o m p ut er a ni m ati o n [ 4 2]. T his a ni m ati o n w as t h e n us e d f or cli ni c al
ass ess m e nt of a n y m o v e m e nt a b n or m aliti es. B ef or e l o n g, a s yst e m c all e d " Gr a p hi c al
m ari o n ett e " w as d e v el o p e d at t h e MI T l a bs [ 4 3] w hi c h i ntr o d u c e d t h e i d e a of f ull- b o d y
s uits f or m oti o n c a pt ur e t h at is still a p o p ul ar t e c h ni q u e t o t his d a y. L E D li g hts w er e
att a c h e d t o a n a ct or w hi c h w as tr a c k e d b y c a m er as a n d r e c o nstr u ct e d i n t h e f or m of
2 D a ni m ati o ns.

T h er e ar e t w o m ai n m et h o ds f or b o d y tr a c ki n g, m ar k er- b as e d, a n d m ar k erl ess
m oti o n c a pt ur e. Wit h m ar k er- b as e d t e c h ni q u es, a n a ct or us u all y w e ars a f ull- b o d y
s uit wit h m ar k ers att a c h e d t h at ar e tr a c k e d t o cr e at e a n a ni m ati o n t h at mirr ors t h e
a ct or's a cti o ns. T his s et u p is ti m e- c o ns u mi n g a n d r e q uir es a l ar g e s p a c e t o s et u p t h e
tr a c ki n g c a m er as, t h us it is m ai nl y us e d b y l ar g e m o vi e st u di os f or cr e ati n g C o m p ut er
G e n er at e d I m a g er y ( C GI) i n li v e- a cti o n m o vi es or us e d e ntir el y f or f ull y a ni m at e d
m o vi es. H o w e v er, t his t e c h ni q u e pr o d u c es q uit e a c c ur at e a n d r e alisti c a ni m ati o ns a n d
wit h a d v a n c e m e nts i n c o m p ut er visi o n t e c h ni q u es, it c a n b e a c hi e v e d wit h f ar f e w er
c a m er as t h a n w h at it us e d t o r e q uir e, t h us r e d u ci n g t h e r e q uir e d s p a c e.

S m all s c al e m ar k er- b as e d t e c h ni q u es ar e als o a v ail a bl e f or g e n er al c o ns u m ers t h a n ks
t o g a d g ets li k e t h e H T C Vi v e tr a c k ers [ 4 4]. T h e VI V E tr a c k ers d o n ot r e q uir e a n
i ntri c at e b o d y s uit, b ut o nl y a f e w tr a c k ers, at t h e c ost of r el yi n g o n I K t e c h ni q u es f or
s ol vi n g t h e m o v e m e nts f or r est of t h e b o d y, h e n c e t h e y ar e l ess a c c ur at e. T h e tr a c k ers
c a n b e str a p p e d o nt o t h e us er's w aist a n d b ot h f e et t o cr e at e a si x- p oi nt tr a c ki n g s yst e m.
T h e si x p oi nts r ef er t o 6 it e ms b ei n g tr a c k e d, t h e H M D tr a c ki n g t h e us er's h e a d, t h e
t w o c o ntr oll ers tr a c ki n g t h e h a n ds, t h e w aist tr a c k er f or tr a c ki n g t h e us er's w aist, a n d
t h e t w o tr a c k ers o n t h e f e et f or tr a c ki n g t h e s a m e. T his t e c h ni q u e m a k es us e of I n v ers e
Ki n e m ati cs (I K) t o g e n er at e t h e a ni m ati o n t h er ef or e, w e c a n als o us e o nl y o n e tr a c k er
o n t h e w aist a n d l et t h e I K al g orit h m g ur e o ut t h e l e g m o v e m e nt, or r e m o v e t h e
tr a c k ers alt o g et h er a n d l et t h e I K al g orit h m g ur e o ut t h e e ntir e b o d y m o v e m e nt fr o m
j ust t h e H M D a n d t h e t w o c o ntr oll ers, k n o w n as a t hr e e- p oi nt tr a c ki n g.

T h e I K t e c h ni q u e c a n n ot o nl y b e us e d f or g e n er ati n g a ni m ati o ns b ut c a n als o b e
us e d t o c o ntr ol a n a v at ar i n r e al-ti m e f or us e i nsi d e a V E. H er e, a n a v at ar r ef ers t o a
virt u al b o d y t h at t h e us er c a n c o ntr ol as if it w as t h eir o w n b o d y. A v at ars ar e g e n er all y
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us e d i n a V E w h er e h a vi n g a b o d y i m pr o v es t h e o v er all e x p eri e n c e, s u c h as V R g a m es
wit h s o ci al i nt er a cti o ns.

W hil e m ar k er- b as e d t e c h ni q u es h a v e d o mi n at e d t h e i n d ustr y si n c e t h e i n c e pti o n of
b o d y tr a c ki n g, r e c e ntl y t h er e h a v e b e e n t e c h ni q u es f or m oti o n c a pt ur e wit h o ut usi n g
a n y m ar k ers, c all e d m ar k erl ess tr a c ki n g. I nst e a d of h a vi n g p h ysi c al m ar k ers o n t h e
us er, d e pt h c a m er as m a k e us e of i nfr ar e d li g ht t o pr oj e ct i n visi bl e m ar k ers o nt o t h e us er
a n d tr a c k t h e us er's m o v e m e nt b y d et e cti n g a n y c h a n g es i n t h e dist a n c e of t h e i nfr ar e d
m ar k ers. T h e m ost c o m m o nl y us e d d e vi c e wit h t his c a p a bilit y is t h e Mi cr os oft Ki n e ct.
It w as ori gi n all y r el e as e d as a n a c c ess or y t o Mi cr os oft's X b o x 3 6 0 g a m e c o ns ol e, a n d
l at er Ki n e ct v 2 f or t h e X b o x O n e c o ns ol e, t o e n a bl e t h e a bilit y t o c o ntr ol g a m e el e m e nts
b y m a ki n g us e of h a n d m o v e m e nts a n d g est ur es. H o w e v er, t his i d e a di d n ot t hri v e as it
r e q uir e d d e v el o p ers t o a d d s p e ci al f u n cti o n alit y i n t h e g a m es t o b e a bl e t o m a k e us e of
t h e g est ur es, a n d t h us, m a n y c o ns u m ers o nl y s a w t h e Ki n e ct as a gi m mi c k. It, h o w e v er,
c a u g ht t h e att e nti o n of r es e ar c h ers f or its c h e a p pri c e a n d r e all y a c c ur at e b o d y tr a c ki n g
c a p a biliti es, a n d t h us t h e Ki n e ct v 2 b e c a m e r e all y p o p ul ar i n r es e ar c h es r e q uiri n g a
d e pt h c a m er a.

Fi g ur e 4. B o d y tr a c ki n g usi n g Mi cr os oft Ki n e ct v 2.

Fi g ur e 4 s h o ws h o w t h e Ki n e ct cr e at es a h u m a n oi d s k el et o n b y tr a c ki n g t h e us er
usi n g t h e d e pt h c a m er a. It m a ps t h e d e pt h d at a o nt o a virt u al h u m a n oi d s k el et o n w h os e
m oti o n c a n t h e n b e m a p p e d t o a ni m ati o ns or r e al-ti m e a v at ars.

Wit h t h e c urr e nt a d v a n c e m e nts i n c o m p ut er visi o n a n d d e e p l e ar ni n g m et h o ds f or
i d e ntif yi n g tr a c k a bl e l a n d m ar ks o n a p ers o n, e v e n t h e d e pt h c a m er a c a n b e disr e g ar d e d
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f or m ar k erl ess tr a c ki n g. [ 4 5] d e m o nstr at es a c o n v ol uti o n al n e ur al n et w or k c a p a bl e of
tr a c ki n g m oti o n i n a r e g ul ar vi d e o. T his m e a ns t h at e v e n b y usi n g a r e g ul ar c a m er a,
w e c a n p erf or m m ar k erl ess m oti o n c a pt ur e. M oti o n c a pt ur e fr o m vi d e o c a m er as
c a n b e i m pr o v e d b y att a c hi n g s o m e m ar k ers o n t h e p ers o n w hi c h st a n d o ut i n t h e
vi d e o. A f ull- b o d y s uit si mil ar t o m ar k er- b as e d t e c h ni q u es is n ot n e c ess ar y. T his
is d e m o nstr at e d b y Z ult et al. i n t h eir st u d y [ 4 6] w h er e t h e y c o m p ar e d at a of 3 D
g ait a n al ysis fr o m a 3 D m oti o n c a pt ur e s yst e m a n d a si m pl e 2 D vi d e o c a m er a. T h e
r es ults i n di c at e t h at t h e vi d e o c a m er a pr o d u c es a n al ysis r es ults si mil ar t o a hi g h- c ost
3 D m oti o n c a pt ur e s yst e m. I nst e a d of m ar k ers, diff er e nt c ol o ur e d cl ot h es t h at st a n d
o ut fr o m t h e b a c k gr o u n d, al o n g wit h diff er e nt c ol o ur e d h a n ds a n d f e et ar e als o c a p a bl e
of pr o d u ci n g a c c ur at e tr a c ki n g [ 4 7]. T h er e ar e e v e n m et h o ds f or b o d y tr a c ki n g usi n g
Hi d d e n M ar k o v M o d els [ 4 8]. A c o m pr e h e nsi v e lit er at ur e r e vi e w of v ari o us m et h o ds
f or b o d y tr a c ki n g a n d t h eir p o p ul arit y is pr es e nt e d i n [ 4 9].

2. 4. 2. Av at ar E m b o di m e nt

H a vi n g a n a v at ar, als o k n o w n as a virt u al b o d y, i nsi d e a V E c a n a d d a n e w l a y er of
r e alis m t o t h e V R s yst e m. S k ar b e z et al. p erf or m e d a st u d y [ 6] t o m e as ur e t h e Psi a n d
PI pr o p os e d b y M el Sl at er f or e v al u ati n g a us er's i m m ersi o n i nsi d e a V E [ 1]. T h e y
m e as ur e d w hi c h as p e ct of a V E h a d a n i m p a ct o n Psi t h e m ost, l o o k a n d f e el of t h e
e n vir o n m e nt, p h ysi c al b e h a vi o ur of o bj e cts, or i m pr o v e d b o d y tr a c ki n g. R es ults s h o w
t h at f or m ost p arti ci p a nts, h a vi n g a virt u al b o d y i m p a ct e d Psi t h e m ost.

A v at ar E m b o di m e nt c a n b e a c hi e v e d usi n g v ari o us m et h o ds dis c uss e d i n S e cti o n
2. 4. 1, i n cl u di n g t h e si m pl est t hr e e- p oi nt tr a c ki n g usi n g j ust t h e H M D a n d t h e
c o ntr oll ers a n d l etti n g a g o o d I K al g orit h m c al c ul at e t h e r est of t h e b o d y m o v e m e nt.
T h e Mi cr os oft Ki n e ct is als o a p o p ul ar m et h o d f or l o w- c ost a v at ar e m b o di m e nt w h e n
t h e st u d y i n v ol v es a l ot of m o v e m e nt a n d s ol vi n g f or I K is n ot a c c ur at e e n o u g h.
T h er e ar e e v e n s ol uti o ns a v ail a bl e f or tr a c ki n g i n di vi d u al n g ers, s u c h as L e a p M oti o n
C o ntr oll ers, or t h e b uilt-i n n g er tr a c ki n g i n t h e O c ul us Q u est 2. [ 5 0] d e m o nstr at es a
s yst e m f or cr e ati n g a b o d y usi n g a c o m bi n ati o n of O c ul us Rift f or H M D, Mi cr os oft
Ki n e ct f or b o d y tr a c ki n g a n d L e a p M oti o n f or n g er tr a c ki n g.

H a vi n g a n ill usi o n of virt u al b o d y o w n ers hi p c a n c a us e ps y c h ol o gi c al r e a cti o ns. T h e
m ost f a m o us e x a m pl e of t his is t h e r u b b er h a n d ill usi o n [ 5 1] w hi c h d e m o nstr at es t h e
ill usi o n of o w n ers hi p of a r u b b er h a n d. Sl at er et al. d e m o nstr at e t his eff e ct o n a virt u al
ar m i nsi d e a V E i n t h eir st u d y [ 5 2] i nst e a d of a p h ysi c al r u b b er ar m. T h er e is e v e n a
st u d y t o r e d u c e p e o pl e's f e ar of d e at h t hr o u g h a virt u al O ut- of- B o d y e x p eri e n c e [ 5 3].

Virt u al b o di es c a n gr e atl y e n h a n c e t h e e d u c ati o n el d as w ell. A st u d y b y Mi n a
C. J o h ns o n- Gl e n b er g d e m o nstr at es t h e us e of t h e virt u al b o d y i n e d u c ati o n [ 5 4]. T h e
st u d y d e m o nstr at es t h at h a n d g est ur es f a cilit at e l e ar ni n g. T h er ef or e, h a vi n g a virt u al
b o d y c a n h a v e a si mil ar eff e ct i n r e m ot e t e a c hi n g as i n p h ysi c al t e a c hi n g.

2. 5. M oti v ati o n f o r C u r r e nt St u d y

T h e s e cti o n 2. 2. 1 est a blis h es t h e el d of t el e pr es e n c e a n d t h e S e cti o n 2. 4. 2
d e m o nstr at es t h e b e n e ts of A v at ar E m b o di m e nt i nsi d e V R. T his st u d y c o m bi n es
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t h es e t w o el ds a n d pr o b es t h e as p e ct of i m pr o vi n g V R Tel e pr es e n c e usi n g A v at ar
E m b o di m e nt. T h e us er w e ars t h e H M D dis pl a yi n g a 3 6 0- d e gr e e li v e str e a m fr o m t h e
c a m er a pr es e nt at a r e m ot e l o c ati o n a n d e m b o di es a virt u al a v at ar t h at mirr ors t h eir
h a n d m o v e m e nts. T h e t er m S elf- A v at ar is us e d h er e t o d es cri b e t h e virt u al b o d y t h e
us er is c urr e ntl y e m b o d yi n g.

Pr e vi o us st u di es o n A v at ar E m b o di m e nt h a v e f o c us e d s ol el y o n i m pr o vi n g a V E.
T his st u d y ai ms t o st u d y t h e eff e ct of h a vi n g a virt u al b o d y i n a r e al l o c ati o n. T his
o p e ns a f ut ur e of h a vi n g t el e o p er ati o n s yst e ms wit h r o b oti c ar ms w hi c h t h e us er c a n
c o ntr ol i n r e al-ti m e as e n visi o n e d b y Mi ns k y w h e n h e c oi n e d t h e t er m Tel e pr es e n c e
[ 5].

T h e t el e pr es e n c e s yst e m is a c hi e v e d b y li v e-str e a mi n g fr o m a 3 6 0- d e gr e e c a m er a as
d e m o nstr at e d i n S e cti o n 2. 3. 1. T o a v oi d V R si c k n ess dis c uss e d i n S e cti o n 2. 1. 4, t h e
c a m er a is st ati o n ar y a n d t h e us er is s e at e d o n a c h air. T h e b o d y tr a c ki n g is a c hi e v e d
usi n g a t hr e e- p oi nt tr a c ki n g I K s yst e m w hi c h w as d e m o nstr at e d i n S e cti o n 2. 4. 1.
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3. M E T H O D O L O G Y

T his c h a pt er e x pl ai ns t h e t o ols us e d f or d esi g ni n g t h e V R e n vir o n m e nt t h at e n a bl e d
t h e us er t o e x p eri e n c e t h e t el e pr es e n c e s c e n ari o w hil e e m b o d yi n g a s elf- a v at ar. D at a
p oi nts c oll e ct e d d uri n g t h e us er st u d y ar e als o e x pl ai n e d h er e.

3. 1. D e v el o p m e nt T o ols

T h e s oft w ar e us e d f or t h e t el e pr es e n c e e x p eri e n c e is cr e at e d usi n g t h e U nit y G a m e
E n gi n e v ersi o n 2 0 2 0. 3. 1f 1 L T S ( L o n g Ter m S u p p ort), w hi c h h as a b uilt-i n of ci al
p a c k a g e f or c al c ul ati n g I K c all e d " A ni m ati o n Ri g gi n g " [ 5 5]. Si n c e t h e us er's b o d y
m oti o ns ar e tr a c k e d usi n g a t hr e e- p oi nt tr a c ki n g s yst e m, I K is n e e d e d t o c al c ul at e t h e
m oti o n of t h e r est of t h e b o d y p arts. A n ot h er p o p ul ar p a c k a g e a v ail a bl e f or s ol vi n g I K
i n U nit y is c all e d " Fi n al I K " [ 5 6]. Fi n al I K is a v ail a bl e as a p ai d ass et a n d pr o vi d es
a d v a n c e d f e at ur es a n d, at t h e ti m e of t his writi n g, is o v er all b ett er t h a n t h e i n- b uilt
a ni m ati o n ri g gi n g. H o w e v er, i n t his st u d y t h e s u bj e ct, a n d h e n c e t h e virt u al b o d y
h a v e r estri ct e d m o v e m e nts, t h er ef or e t h e fr e el y a v ail a bl e a ni m ati o n ri g gi n g p a c k a g e is
a m pl e f or t h e j o b.

F or t h e V R s yst e m, O c ul us Rift S is us e d as it b o asts a mi ni m alist s et u p a n d t h e l e ast
n u m b er of a c c ess ori es f or it t o w or k, a n H M D, a n d o n e c o ntr oll er p er h a n d. M or e o v er,
t h e c o ntr oll ers als o pr o vi d e c a p a citi v e t o u c h f u n cti o n alit y f or a r o u g h tr a c ki n g of
n g ers. T h e H M D tr a c ks t h e h e a d m o v e m e nt of t h e virt u al b o d y, w hil e t h e c o ntr oll ers

tr a c k t h e p ositi o n a n d ori e nt ati o n of t h e l eft a n d ri g ht wrist r es p e cti v el y. T his cr e at es
a t hr e e- p oi nt tr a c ki n g s yst e m f or t h e I K al g orit h m t o s ol v e. T h e wrists s ol v e f or t h e
p ositi o n a n d ori e nt ati o n of t h e el b o w a n d s h o ul d er j oi nts, w hil e t h e h e a d d et er mi n es
t h e p ositi o n a n d ori e nt ati o n of t h e c h est. Fi g ur e 5 s h o ws t h e b o d y b ei n g tr a c k e d al o n g
wit h si m pl e n g er a ni m ati o ns c o ntr oll e d b y t h e c o ntr oll ers.
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Figure 5. The Self-Avatar that the user embodies.

Lastly, for the telepresence setup, a Ricoh Theta Z1 360 camera is used. Ricoh
360 cameras are the only cameras commercially available that provide a stitched
equirectangular (see Section 2.3.1) video feed directly as a system webcam with
minimal delay. A caveat for using this camera is that the port for tethering it to the
PC is located at the bottom and most tripods have a broad base to support big cameras
and thus, it obscures the port making the camera impossible to use. To overcome this
challenge, a special monopod is used, namely "Bushman Monopod V2" which has a
narrow base to allow room for the wire to be attached to the base of the camera. Figure
6 shows the camera mounted on top of the monopod.

Figure 6. Camera mounted on the stand.
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Si n c e it w as cr u ci al f or t h e st u d y t h at t h e us er h as a r e al-ti m e c o n v ers ati o n wit h t h e
c o nf e d er at e, t h e str e a mi n g q u alit y w as dr o p p e d t o F ull H D r es ol uti o n t o r e d u c e l at e n c y
t o a l e v el n ot n oti c e a bl e b y t h e us er. T h e c o nf e d er at e is p art of t h e r es e ar c h gr o u p a n d
is r es p o nsi bl e f or h a vi n g a c o n v ers ati o n wit h t h e us er.

3. 2. St u d y S et u p

T his st u d y ai ms t o st u d y t h e eff e ct of s elf- a v at ar i n a t el e pr es e n c e e n vir o n m e nt a n d
n ot i ntr o d u c e n o v el m et h o ds f or l at e n c y-fr e e c o m m u ni c ati o n b et w e e n d e vi c es i n t h e
s yst e m. H e n c e, all c o n n e cti o ns will b e wir e d t o mi ni mi z e a n y p ossi bl e l at e n c y. T h us,
t h e c a m er a w as c h os e n t o b e pl a c e d i n cl os e pr o xi mit y t o t h e us er's a ct u al l o c ati o n
w hi c h r e d u c es l at e n c y i n t h e vi d e o f e e d as w ell as pr o vi d es dir e cti o n al a u di o t o t h e
us er wit h o ut r el yi n g o n a 3 D a u di o t e c h ni q u e.

Fr o m Fi g ur e 5 w e c a n als o o bs er v e t h at t h e b o d y is t h at of a r o b ot. H a vi n g a r e alisti c
h u m a n a p p e ar a n c e m a y cr e at e a bi as a m o n g p e o pl e of diff er e nt g e n d er, r a c e, et c.
[ 5 7] d e m o nstr at es t h at m a c hi n e-li k e a n d c art o o n-li k e a v at ars h a d a str o n g er o w n ers hi p
ill usi o n w h e n c o m p ar e d t o r e alisti c h u m a n a v at ars. We als o o bs er v e t h at t h e a v at ar's
l e gs ar e hi d d e n a n d o nl y t h e t ors o al o n g wit h t h e h e a d a n d h a n ds ar e visi bl e. P a n
et al., i n t h eir st u d y, [ 5 8] c o n cl u d e d t h at t h e i ntr o d u cti o n of f o ot tr a c ki n g h a d n o
si g ni c a nt eff e ct o n t h e o v er all r es ult u nl ess t h e y a n al y z e d t h e p arti ci p a nts' m o v e m e nt
b e h a vi o ur. I n t his st u d y, t h e p arti ci p a nts will n ot b e m o vi n g, h e n c e t h e i ntr o d u cti o n of
f o ot tr a c ki n g is n ot n e c ess ar y.

K es ki n e n et al. ( 2 0 1 9) i n t h eir st u d y [ 5 9] o bs er v e d t h at t h e us er's o w n h ei g ht wit h
r es p e ct t o t h e c a m er a h ei g ht h a d n o eff e ct o n t h e vi e wi n g e x p eri e n c e a n d c o n cl u d e d
t h at a h ei g ht of 1 5 0 c m w as t h e s w e et s p ot f or t h e c a m er a m o u nt irr es p e cti v e of t h e
us er's a ct u al h ei g ht. H o w e v er, d uri n g t h e pil ot st u di es, p arti ci p a nts f elt t o o hi g h at 1 5 0
c m, w hil e sitti n g. Ulti m at el y, t h e c a m er a h ei g ht w as s et t o b e e q u al t o t h e e y e h ei g ht
of t h e c o nf e d er at e w h e n s e at e d, 1 1 7 c m. T h er ef or e, i n t his st u d y, t h e us er w o ul d b e
s e at e d a n d t h e c a m er a w o ul d b e m o u nt e d at a h ei g ht of 1 1 7 c m fr o m t h e gr o u n d.

C ert ai n b e h a vi o ur al m etri cs w er e r e c or d e d d uri n g t h e st u d y. T o sti m ul at e t h e us er,
t w o e v e nts t a k e pl a c e d uri n g t h e s essi o ns. First, a n o bj e ct is t hr o w n t o w ar ds t h e
c a m er a a br u ptl y. S e c o n d, t h e c o nf e d er at e w al ks t o w ar ds t h e c a m er a w hi c h mi g ht
c a us e r e a cti o ns fr o m us ers. T his is d e m o nstr at e d i n [ 5 9], w h er e it is s h o w n t h at t h e
us ers w er e o nl y c o mf ort a bl e w h e n ot h er p e o pl e w er e at l e ast 1 m et er a w a y fr o m t h e
c a m er a.

H a vi n g 3 D a u di o fr o m t h e c o nf e d er at e is als o ess e nti al t o e n h a n c e t h e e x p eri e n c e
[ 6 0]. Si n c e t his st u d y d o es n ot f o c us o n virt u al a u di o t e c h ni q u es a n d si n c e t h e us er
w o ul d b e sitti n g f or t h e e ntir e d ur ati o n of t h e st u d y, r e al-lif e a u di o c a n b e s u bstit ut e d
f or 3 D a u di o t e c h ni q u es. T his is a c hi e v e d b y s e ati n g t h e us er dir e ctl y b e hi n d t h e
c a m er a a n d i nstr u cti n g t h e m n ot t o t ur n t h eir h e a d all t h e w a y b a c k f or t h e d ur ati o n
of t h e st u d y ( S e e Fi g ur e 8). T his w a y t h e us er h e ars t h e a u di o dir e ctl y fr o m t h e s o ur c e
i n a n at ur al f as hi o n. T h er e c o ul d b e s o m e d el a y wit h t h e li p m o v e m e nt i n t h e vi d e o
a n d t h e a u di o, b ut t h at w as r es ol v e d wit h t h e us e of a m as k c o v eri n g t h e c o nf e d er at e's
f a c e ( S e e Fi g ur e 7). T h e ar e a w h er e t h e us er is s e at e d is c o n c e al e d fr o m t h e ar e a w h er e
t h e c a m er a is sit u at e d b y a c urt ai n.

T hr e e cr u ci al f a c ets f or a c hi e vi n g a s e ns e of t el e pr es e n c e ar e pr es e nt e d i n [ 3 1]:
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• T h e us er s h o ul d r e c ei v e t h e s a m e s e ns e of s e ns or y i nf or m ati o n t h at y o u e x p e ct
t h e m t o r e c ei v e h a d t h e y b e e n pr es e nt p h ysi c all y at t h e r e m ot e l o c ati o n.

• T h e us er s h o ul d b e a bl e t o m o v e t h e s e nsi n g d e vi c es (f or e g, t h e H M D a n d
c o ntr oll ers wit h s e ns ors f or c a pt uri n g h e a d a n d h a n d m oti o n) ar o u n d i n t h e
r e m ot e l o c ati o n.

• T h e us er s h o ul d b e a bl e t o m o dif y a n d i nt er a ct wit h t h e r e m ot e l o c ati o n.

I n t his st u d y, t h e us er r e c ei v es a c c ur at e vis u al a n d a u di o i nf or m ati o n wit h n e gli gi bl e
l at e n c y. T h e us er is a bl e t o m o v e ar o u n d t h eir virt u al h a n ds i n o n e p art of t h e st u d y
a n d t h er ef or e, t h e y ar e a bl e t o m o v e t h e s e nsi n g d e vi c e ar o u n d. Fi n all y, t h e us er is
a bl e t o h a v e a li v e c o n v ers ati o n wit h t h e c o nf e d er at e a n d t h us, i nt er a ct wit h t h e r e m ot e
e n vir o n m e nt. T h er ef or e, t h e st u d y t a k es i nt o a c c o u nt all t h e p oi nts m e nti o n e d a b o v e.

3. 3. Us e r St u d y

B ef or e t h e us er arri v es, t h eir I D is d et er mi n e d. T h e st u d y is p erf or m e d i n a
c o u nt er b al a n c e d s c e n ari o w h er e t h e s cri pt is br o k e n i nt o t w o p arts, o n e is e x p eri e n c e d
wit h a b o d y a n d o n e wit h o ut a visi bl e b o d y, i n alt er n at e or d ers f or e a c h us er. F or
e x a m pl e, if t h e rst us er g ot s c e n ari o A ( wit h o ut b o d y) as t h eir rst s c e n ari o, t h e n
t h e n e xt s c e n ari o will b e s c e n ari o B ( wit h t h e b o d y). T h e n t h e s e c o n d us er w o ul d g et
s c e n ari o B as t h eir rst s c e n ari o a n d s c e n ari o A as t h eir s e c o n d. T h e I D h as t h e rst
s c e n ari o e n c o d e d i n n a m e, f or e x a m pl e, 0 1 A, 0 2 B, 0 3 A, et c., t h e l ast l ett ers A a n d B
d et er mi ni n g t h eir rst s c e n ari os. T h e n t h e c o u nt er b al a n ci n g s h e et, q u esti o n n air es, a n d
c o ns e nt f or ms ar e pr e- ll e d wit h t h e r es e ar c h er's d et ails a n d t h e us er I D.

Aft er t h e us er arri v es, t h e y ar e rst as k e d t o sit o n a c h air t h at is x e d at a
pr e d et er mi n e d l o c ati o n. Aft er s e v er al tri al a n d err ors, t h e c h air l o c ati o n w as x e d
s o as t o a v oi d hitti n g a n y o bst a cl es wit h t h e h a n ds w hil e m o vi n g t h e m ar o u n d i nsi d e
t h e V R. T h e y ar e t h e n as k e d f or t h eir c o ns e nt o n h a vi n g t h eir vi d e o r e c or d e d. Aft er
r e a di n g o ut t h e i nstr u cti o ns, e x pl ai ni n g t h e c o ntr ols, a n d l etti n g t h e us er p ut o n t h e
V R h e a ds et, t h e rst s c e n ari o is pl a y e d. If t h e us er h as a b o d y, t h e y ar e i nstr u ct e d t o
pr a cti c e t h e t h u m bs u p a n d p oi nti n g g est ur es at l e ast 3 ti m es. W h e n t h e y ar e r e a d y t o
st art, t h e c o nf e d er at e is si g n all e d t o st art t h e pr o c ess. Aft er t h e c o nf e d er at e e nt ers t h e
r o o m, t h e c urt ai ns w hi c h s e p ar at e t h e us er fr o m t h e l o c ati o n of t h e c a m er a, ar e sli g htl y
m o v e d wit h o ut t h e us er's k n o wl e d g e t o all o w t h e c o nf e d er at e t o s e e t h e us er's g est ur es.

Fi g ur e 7 s h o ws t h e c o nf e d er at e sitti n g at t h eir assi g n e d l o c ati o n. T h e y gi v e a
li v e t o ur of t h e e q ui p m e nt l a b t o t h e us er a n d e x pl ai n v ari o us e q ui p m e nt t o t h e m.
T h e c o nf e d er at e h as a s cri pt wit h t h e m w hi c h t h e y us e t o a ct o ut t h eir p art i n t h e
c o n v ers ati o n ( S e e A p p e n di x 6 f or t h e s cri pt). T h e s cri pt is d esi g n e d i n s u c h a w a y t h at
it d o es n ot r el y o n t h e us er's r es p o ns es t o pr o gr ess. Als o i n t h e s cri pt, t h e us er is as k e d
t o p oi nt o ut v ari o us o bj e cts i n t h e l a b s o as t o m a k e t h e c o n v ers ati o n i nt er a cti v e a n d
t o e n c o ur a g e t h e us er i nt o usi n g t h eir h a n ds m or e. At t h e e n d of t h e rst s c e n ari o, t h e
c o nf e d er at e pi c ks u p a d u m m y r at a n d pr et e n ds t h at t h e r at bit t h e m. T h e r at is t h e n
t hr o w n t o w ar ds t h e c a m er a f or sti m ul ati n g a r e a cti o n fr o m t h e us er. Si mil arl y, at t h e
e n d of t h e s e c o n d s c e n ari o, t h e c o nf e d er at e w al ks t o w ar ds t h e c a m er a f or a c hi e vi n g
t h e s a m e g o al of att e m pti n g t o br e a k t h e pr es e n c e. Aft er t h e c o nf e d er at e l e a v es, t h e
c urt ai ns ar e dr a w n b ef or e as ki n g t h e us er t o r e m o v e t h e h e a ds et. Fi g ur e 9 s h o ws
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the user inside the session and his video being recorded from two angles. The angle
from the back also shows the curtains that separate the user from the supposed remote
location.

Figure 7. The confederate sitting at their assigned position.

Figure 8. The User.
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Fi g ur e 9. T h e Us er i nsi d e t h e s essi o n.

Fi g ur e 8 s h o ws t h e us er w h e n t h e s c e n ari o is u n d er g oi n g. T h e y ar e i nstr u ct e d t o h ol d
t h e c o ntr oll ers r e g ar dl ess of t h e s c e n ari o t o a v oi d cr e ati n g a bi as d u e t o n ot h ol di n g t h e
c o ntr oll ers i n o n e s c e n ari o. T h e y ar e als o i nstr u ct e d t o n ot l o o k t o t h eir b a c k s o as
t o a v oi d h a vi n g t h e m a c ci d e nt all y s e e t h e ms el v es w h e n t h e c urt ai ns ar e o p e n. If t h e y
c o ns e nt e d t o t h e vi d e o r e c or di n g, t h e y ar e als o r e c or d e d fr o m t w o a n gl es, a si d e vi e w,
a n d a b a c k vi e w. T h es e r e c or di n gs ar e f or r e c or di n g t h eir r e a cti o ns t o e v e nts i n t h e
s cri pt w h er e t h e c o nf e d er at e tri es t o sti m ul at e t h e us er's r es p o ns e b y t hr o wi n g st uff
at t h e m or w al ki n g t o w ar ds t h e m. Aft er e a c h s c e n ari o, t h e y ar e rst as k e d t o dr a w
a n d a n n ot at e a gr a p h b as e d o n t h eir e x p eri e n c e ( Fi g ur e 1 0). T h e gr a p h d es cri b es t h e
v ari ati o n i n t h e us er's s e ns e of l o c ati o n, w h et h er t h e y f elt sitti n g wit h t h e c o nf e d er at e
or at t h eir ori gi n al l o c ati o n ( y- a xis) wit h r es p e ct t o t h e d ur ati o n of t h e s essi o n ( x-
a xis). T h e n t h e y ar e as k e d t o ll o ut a q u esti o n n air e wit h a p pr o pri at e q u esti o ns
r e g ar di n g t h eir e x p eri e n c e. Aft er b ot h s c e n ari os ar e d o n e, t h e y ar e pr es e nt e d wit h a
p ost- e x p eri m e nt q u esti o n n air e t h at as ks f or t h eir d e m o gr a p hi cs a n d o v er all o pi ni o ns.

Asi d e fr o m vi d e o d at a, t h e p ositi o n c o or di n at es a n d E ul er a n gl es of t h e H M D a n d
b ot h c o ntr oll ers i n U nit y's w orl d c o or di n at e s yst e m ar e als o r e c or d e d f or e v er y fr a m e.
Fi g ur e 1 1 s h o w t h e r a w p ositi o n a n d r ot ati o n d at a of t h e H M D a n d t h e t w o c o ntr oll ers
pl ott e d usi n g a li n e gr a p h.
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R E M O T E L O C A TI O N

ti m e

O RI GI N A L L O C A TI O N

Us er  I D: _ _ _ _ _ _ _ _ _ _ _ _

Fi g ur e 1 0. Pr es e n c e  Gr a p h.

Fi g ur e 1 1.  R a w p ositi o n a n d r ot ati o n d at a.

3. 4.  Q u esti o n n ai r es

T h er e  w er e t hr e e s ets of q u esti o n n air es pr es e nt e d t o t h e us er.  T w o aft er fi nis hi n g e a c h
of t h e s c e n ari os, a n d o n e p ost- e x p eri m e nt q u esti o n n air e aft er b ot h s c e n ari os ar e o v er
a n d t h eir r es p e cti v e q u esti o n n air es h a v e b e e n s u b mitt e d.  G o o gl e f or ms s er vi c e  w as
us e d t o d esi g n a n d pr es e nt t h e q u esti o n n air es t o t h e us ers.  T h e q u a ntit ati v e q u esti o ns
w er e d esi g n e d usi n g a  Li k ert s c al e [ 6 1]  wit h a r a n g e of 1 t o 7 as it is t h e  m ost p o p ul ar
s c al e us e d i n ot h er st u di es as  w ell,  w h er e 1 r e pr es e nts str o n g dis a gr e e m e nt a n d 7
r e pr es e nts str o n g a gr e e m e nt  wit h t h e st at e m e nt pr o vi d e d i n t h e q u esti o n.
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T h e q u esti o n n air es aft er t h e s c e n ari os w er e us u all y di vi d e d i nt o t hr e e or f o ur
s e cti o ns, d e p e n di n g o n t h e s c e n ari o. T h e rst s e cti o n d et er mi n es t h e us er's s e ns e of
pr es e n c e ( S e e A p p e n di x 1 f or t h e f ull q u esti o n n air e). T his q u esti o n n air e is b as e d o n
t h e w or k of Sl at er a n d his c oll e a g u es a n d is c o m m o nl y k n o w n as Sl at er- Us o h- St e e d
( S U S) q u esti o n n air e as d es cri b e d i n [ 6 2]. T h er e ar e 6 q u esti o ns r e v ol vi n g ar o u n d 3
m ai n t h e m es:

• T h e s e ns e of b ei n g i nsi d e t h e V E.
• T h e d e gr e e at w hi c h t h e V E b e c o m es t h e d o mi n a nt r e alit y.
• T h e d e gr e e at w hi c h t h e V E is r e m e m b er e d as a pl a c e.

T h e q u esti o n n air e us e d h as b e e n m o di e d sli g htl y f or m e as uri n g t h e s e ns e of
pr es e n c e i n a r e m ot e r e al e n vir o n m e nt r at h er t h a n a V E. T h e S U S q u esti o n n air e h as
b e e n a st a n d ar d i n a n u m b er of st u di es t h at m e as ur e PI a n d Psi ( F or e. g. [ 6]). As
d es cri b e d alr e a d y, t h e S U S q u esti o n n air e als o us es t h e Li k ert s c al e i n t h e r a n g e of 1 t o
7.

T h e s e c o n d s e cti o n of t h e q u esti o n n air e w as us e d f or m e as uri n g t h e C o- Pr es e n c e
wit h t h e c o nf e d er at e ( S e e A p p e n di x 2 f or t h e f ull q u esti o n n air e). T h e q u esti o n n air e
is a m o di e d v ersi o n of t h e C o- Pr es e n c e q u esti o n n air e pr es e nt e d b y C as a n u e v a et.
al. i n t h eir st u d y [ 1 2]. T h e y c o n d u ct a st u d y i n w hi c h p arti ci p a nts i nt er a ct wit h e a c h
ot h er, h o w e v er t h at is n ot t h e c as e i n t his st u d y, w h er e t h e p arti ci p a nts i nt er a ct wit h t h e
c o nf e d er at e. H e n c e, t h e q u esti o ns ar e m o di e d t o t t his st u d y.

T h e t hir d s e cti o n of t h e q u esti o n n air e c oll e ct e d q u alit ati v e d at a o n a n y s ort of br e a k
i n t h e us er's pr es e n c e ( S e e A p p e n di x 3 f or t h e f ull q u esti o n n air e). A c c or di n g t o t h e
s cri pt, t h e c o nf e d er at e is s u p p os e d t o t hr o w a n o bj e ct t o w ar ds t h e c a m er a a n d l at er
a p pr o a c h t h e c a m er a t o pi c k it u p. T his is d o n e i nt e nti o n all y t o br e a k t h e us er's s e ns e
of pr es e n c e a n d t h e q u esti o n n air e e xists t o g et t h eir e x p eri e n c e d uri n g t h e sti m ul us a n d
a n y s ort of c h all e n g e t h e y f a c e d w hil e r e c o v eri n g fr o m t h e sti m ul us.

T h e n al s e cti o n is e x cl usi v e t o t h e s c e n ari o w h er e t h e us er h as a visi bl e b o d y. T his
q u esti o n n air e m e as ur es t h e s e ns e of e m b o di m e nt of t h e virt u al a v at ar ( S e e A p p e n di x 4
f or t h e f ull q u esti o n n air e). T h e q u esti o n n air e is pr es e nt e d b y G o n z al e z- Fr a n c o M. a n d
P e c k T. C. i n t h eir st u d y [ 6 3]. T h e y pr es e nt e d a st a n d ar d q u esti o n n air e f or m ost of t h e
e m b o di m e nt r el at e d st u di es w hi c h w er e c o n d u ct e d or c a n b e c o n d u ct e d i n t h e f ut ur e.
O ut of all t h e q u esti o ns pr es e nt, a f e w w er e s el e ct e d t h at m at c h e d wit h t h e c urr e nt
st u d y a n d a n e xtr a q u esti o n w as a d d e d w hi c h as k e d t h e us er w h et h er t h e y a ct u all y f elt
li k e t h e y h a d e m b o di e d a r o b ot (si n c e t h e a v at ar us e d is a r o b ot's b o d y).

Aft er all t h es e q u esti o n n air es h a v e b e e n ll e d i n b ot h s c e n ari os, t h e us er is pr es e nt e d
wit h a p ost- e x p eri m e nt q u esti o n n air e ( S e e A p p e n di x 5 f or t h e f ull q u esti o n n air e). T his
q u esti o n n air e s ur v e y e d t h e us er's pr ef er e n c e o ut of t h e t w o s c e n ari os ( wit h t h e b o d y
or wit h o ut o n e) a n d t h eir d e m o gr a p hi c i nf or m ati o n s u c h as g e n d er, a g e, vi d e o g a mi n g
hist or y, hist or y wit h V R, et c.
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4. R E S U L T S A N D DI S C U S SI O N

T his st u d y i n v ol v e d 2 0 p arti ci p a nts a n d t h e f oll o wi n g d at a is c oll e ct e d fr o m t h e m:

• Vi d e o a n d A u di o D at a i n cl u di n g s cr e e n r e c or di n g of t h e e x p eri e n c e
• P ositi o n a n d R ot ati o n of H M D a n d t w o c o ntr oll ers i n t h e 3 D s p a c e
• Gr a p hs d e pi cti n g t h e v ari ati o ns i n t h eir s e ns e of pr es e n c e t hr o u g h o ut t h e

e x p eri e n c e ( S e e Fi g ur e 1 0)
• Vari o us Q u esti o n n air es

T h e q u esti o n n air e r es ults ar e a n al y z e d usi n g t h e c h arts g e n er at e d a ut o m ati c all y b y
g o o gl e f or ms a n d usi n g t h e S P S S s oft w ar e f or a d v a n c e d a n al ysis. T h e c o or di n at es d at a
is a n al y z e d usi n g t h e P a n d as li br ar y of t h e P yt h o n pr o gr a m mi n g l a n g u a g e.

4. 1. Q u esti o n n ai r es

4. 1. 1. P ost E x p eri m e nt Q u esti o n n air e

T his s e cti o n s ur v e y e d t h e us er's pr ef er e n c e o ut of t h e t w o s c e n ari os w hi c h t h e y
e x p eri e n c e d a n d t h eir d e m o gr a p hi cs. T h e rst q u esti o n as k e d w hi c h of t h e t w o
s c e n ari os t h e y li k e d t h e b est. 1 8 o ut of 2 0 p arti ci p a nts pr ef err e d t h e e x p eri e n c e wit h
t h e b o d y. T h e o p e n- e n d e d q u esti o n t h at f oll o w e d t his q u esti o n as k e d t h e m w h y t h e y
pr ef err e d o n e s c e n ari o o v er t h e ot h er. S o m e p o p ul ar r es p o ns es o n t h eir pr ef er e n c e of
h a vi n g a virt u al b o d y ar e:

• T h e y w er e a bl e t o p oi nt at o bj e cts w h e n t h e c o nf e d er at e as k e d t h e m t o.
• T h e y f elt o w n ers hi p of t h e r o b ot's h a n ds.
• T h e y f elt w eir d w h e n t h e y di d n't h a v e h a n ds a n d w er e t ol d t o p oi nt.
• T h e y w er e a bl e t o us e g est ur es w h e n t al ki n g wit h t h e c o nf e d er at e.
• T h o u g ht it w as c o ol.

T h e us ers w h o pr ef err e d t h e e x p eri e n c e wit h o ut t h e b o d y t h o u g ht t h at t h e r o b ot
h a n ds di d n ot l o o k li k e t h eir h a n ds or t h e y w er e i n t h e w a y.

N e xt, t h e y w er e as k e d if a d di n g t h e virt u al b o d y h a d a n y i m pr o v e m e nt i n t h eir
e x p eri e n c e. 1 6 o ut of 2 0 p arti ci p a nts f elt t h at t h e a d diti o n of a virt u al b o d y i m pr o v e d
t h eir e x p eri e n c e of t al ki n g wit h t h e c o nf e d er at e. T h e r e as o n f or i m pr o v e m e nts, as
a ns w er e d b y t h e us ers, w as m ai nl y d u e t o t h e a bilit y t o us e b o d y l a n g u a g e i n a d diti o n
t o t h e s p e e c h. T his eff e ct is n ot e d b y [ 5 4] w h er e t h e a d diti o n of h a n d g est ur es h a d a
p ositi v e eff e ct o n l e ar ni n g.

F urt h er q u esti o ns w er e o n us er's d e m o gr a p hi cs. T h e r es ults ar e s u m m ari z e d b el o w:

• 6 5 % ( 1 3) of t h e m w er e m al e a n d 3 5 % ( 7) w er e f e m al e.
• M aj orit y of t h e p arti ci p a nts w er e i n t h e a g e gr o u p of 2 4- 2 9.
• M aj orit y of t h e p arti ci p a nts ( 5 5 %) h a v e n e v er pl a y e d vi d e o g a m es or pl a y o n c e

or t wi c e i n a y e ar.
• M aj orit y of t h e p arti ci p a nts ( 7 5 %) h a v e us e d V R at l e ast o n c e i n t h eir lif eti m e.
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4. 1. 2. Pr es e n c e Q u esti o n n air e

T h e S U S q u esti o n n air e (r ef er t o s e cti o n 3. 4 a n d A p p e n di x 1) w as us e d f or m e as uri n g
t h e PI e x p eri e n c e d b y t h e us er i n b ot h s c e n ari os a n d t h e n c o m p ar e d w hi c h of t h e
t w o s c e n ari os yi el d e d m or e s e ns e of pr es e n c e. All q u esti o ns i n t his s e cti o n w er e
q u a ntit ati v e i n n at ur e wit h r es p o ns es i n t h e f or m of a Li k ert s c al e i n t h e r a n g e of 1
t o 7. As i nstr u ct e d i n [ 6 2], a s c or e of 6 or 7 is c o nsi d er e d t o b e 1 a n d a n yt hi n g l ess
t h a n 6 is c o nsi d er e d t o b e a 0. I n t h e s u bs e q u e nt di a gr a ms a n d t a bl es, " A " r ef ers t o t h e
s c e n ari o wit h o ut a b o d y a n d " B " r ef ers t o t h e s c e n ari o wit h a visi bl e b o d y.

Ta bl e 1. S U S D at a D es cri pti o n

S U S A S U S B

M e a n 3. 7 0 3. 1 5

M e di a n 4. 0 0 3. 5 0

St d. D e vi ati o n 1. 8 3 8 2. 2 5 4

S k e w n ess - 0. 8 6 3 - 0. 0 8 4

K urt osis - 0. 2 4 2 - 1. 3 9 7

As s e e n fr o m Ta bl e 1, b ot h t h e s c e n ari os ar e n e g ati v el y s k e w e d. T h e s k e w n ess of
s c e n ari o B is cl os er t o 0 t h a n t h e s k e w n ess of s c e n ari o A, w hi c h i n di c at e a n or m al
distri b uti o n i n B. H a vi n g a n or m al distri b uti o n i m pli es t h at all v al u es ar e cl os e t o t h e
m e a n v al u e. H o w e v er, l o o ki n g at t h e K urt osis v al u e, w e n d t h at B is m or e n e g ati v e
t h a n A w hi c h i n di c at e e xtr e m e v al u es i n d at a a n d p ossi bl e o utli ers. T his eff e ct c a n b e
s e e n w h e n w e pl ot t h e b o x pl ots of i n di vi d u al q u esti o ns i n t h e q u esti o n n air e as s e e n i n
Fi g ur e 1 2. T his pl ot s h o ws a hi g h er m e a n v al u e i n t h e B pl ot, h o w e v er, a c c o m p a ni e d
b y a gr e at n u m b er of o utli ers.

Fi g ur e 1 2. S U S B o x Pl ots ( x- a xis: q u esti o n n u m b er, y- a xis: us er's s c or e).
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Fi g ur e 1 3. S U S D at a Hist o gr a m.

T h e hist o gr a m i n Fi g ur e 1 3 als o s h o ws t h e e xtr e m e v al u es i n t h e B c o n diti o n.
T h es e d at a p oi nts c o n cl u d e t h at t h er e w as a n e xtr e m el y v ari e d s e ns e of pr es e n c e i n
t h e s c e n ari o wit h t h e b o d y. W hil e a hi g h er n u m b er of p e o pl e e x p eri e n c e d a b o ost i n PI
wit h t h e a d diti o n of a virt u al b o d y, a si g ni c a nt n u m b er of p e o pl e e x p eri e n c e d a d e cli n e
i n PI c o m p ar e d t o t h e s c e n ari o wit h o ut a b o d y. T o e x pl or e t his f urt h er, a n al ysis is d o n e
o n w h et h er t h e s c e n ari o or d er h a d a n y eff e ct o n t h es e r es ults. T h e d at a is di vi d e d i nt o
f o ur gr o u ps, s c e n ari o A d at a of us ers t h at b e g a n wit h s c e n ari o A, s c e n ari o A d at a of
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us ers t h at b e g a n wit h s c e n ari o B, s c e n ari o B d at a of us ers t h at b e g a n wit h s c e n ari o
A, a n d s c e n ari o B d at a of us ers t h at b e g a n wit h s c e n ari o B. F or t his, t h e s a m pl es ar e
c o nsi d er e d i n d e p e n d e nt of e a c h ot h er a n d M a n n- W hit n e y U Test is p erf or m e d o n t h e m.

Fi g ur e 1 4. S U S A wit h A rst (l eft) a n d B rst (ri g ht).

I n Fi g ur e 1 4, t h e S U S s c or e f or s c e n ari o A is s h o w n f or us ers wit h s c e n ari o A as
t h eir rst s c e n ari o o n t h e l eft, a n d us ers wit h s c e n ari o B as t h eir rst s c e n ari o o n t h e
ri g ht. Si mil arl y, Fi g ur e 1 5 s h o ws t h e S U S s c or e f or s c e n ari o B f or us ers wit h s c e n ari o
A as t h eir rst s c e n ari o o n t h e l eft a n d s c e n ari o B as t h eir rst s c e n ari o o n t h e ri g ht.
T h es e pl ots s h o w t h at t h e us ers h a d a hi g h er PI i n t h eir s e c o n d s c e n ari o r e g ar dl ess of
w h et h er t h e y st art e d wit h a virt u al b o d y or wit h o ut o n e. H alf of t h e us ers t h at st art e d
wit h a virt u al b o d y di d n ot g et e n o u g h ti m e t o f e el pr es e nt i n t h e r e m ot e e n vir o n m e nt,
h e n c e t h e o utli ers i n t h e s c e n ari o B d at a.
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Fi g ur e 1 5. S U S B wit h A rst (l eft) a n d B rst (ri g ht).

4. 1. 3. C o- Pr es e n c e Q u esti o n n air e

T his q u esti o n n air e d et er mi n e d t h e s e ns e of s o ci al pr es e n c e t h e us er f elt i n t h e r e m ot e
e n vir o n m e nt w h e n t h e y w er e i nt er a cti n g wit h t h e c o nf e d er at e. T h e q u esti o ns i n t his
s e cti o n w er e als o q u a ntit ati v e i n n at ur e wit h r es p o ns e i n t h e f or m of a Li k ert s c al e
fr o m 1 t o 7. Fi g ur e 1 6 a n d Fi g ur e 1 7 s h o ws t h e hist o gr a m of r es p o ns es of s c e n ari o A
a n d B r es p e cti v el y.
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Fi g ur e 1 6. C o- Pr es e n c e hist o gr a m of s c e n ari o A.

T o a n al y z e t his s e cti o n, w e p erf or m a Wil c o x o n Si g n e d R a n ks Test t o d et er mi n e
w h et h er t h er e is a n y diff er e n c e i n a v er a g e v al u es b et w e e n t h e s c e n ari os. Ta bl e 2
s h o ws t h at t h e as y m pt oti c si g ni c a n c e is l ar g er t h a n 0. 0 5, t h us str o n gl y s u g g esti n g
r et e nti o n of t h e n ull h y p ot h esis. T his s h o ws t h at t h er e w as eit h er littl e diff er e n c e i n
t h e C o- Pr es e n c e e x p eri e n c e of t h e us ers, or t h e s a m pl e si z e w as t o o s m all t o m a k e a n y
si g ni c a nt c o n cl usi o ns.

Ta bl e 2. C o- Pr es e n c e Wil c o x o n Si g n e d R a n ks Test A n al ysis

N ull H y p ot h esis Test As y mt oti c Si g.
( 2-si d e d t est)

D e cisi o n

T h e  m e di a n
of diff er e n c es
b et w e e n  C o-
Pr es e n c e A a n d
C o- Pr es e n c e B
e q u als 0.

R el at e d- S a m pl es
Wil c o x o n Si g n e d
R a n k Test

0. 3 3 6 R et ai n t h e n ull
h y p ot h esis
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Fi g ur e 1 7. C o- Pr es e n c e hist o gr a m of s c e n ari o B.

T h e r es ults fr o m M a n n- W hit n e y U Test i n S e cti o n 4. 1. 2 a n d t h e Wil c o x o n Si g n e d
R a n k e d Test i n t his s e cti o n i n di c at e t h at t h e s a m pl e si z e of 2 0 p arti ci p a nts w as t o o
s m all t o dr a w a n y m e a ni n gf ul c o n cl usi o ns. T h er ef or e, t his w or k will s er v e as a pil ot
f or a m or e c o m pr e h e nsi v e st u d y wit h bi g g er s a m pl e si z e.

4. 1. 4. Virt u al B o d y Q u esti o n n air e

T his q u esti o n n air e w as e x cl usi v e t o s c e n ari o B ( wit h a virt u al b o d y) a n d m e as ur e d
t h e s e ns e of e m b o di m e nt t h e us er f elt t o w ar ds a n a v at ar. [ 6 3] pr o p os e d t h at t h e t ot al
e m b o di m e nt is t h e f u n cti o n of 6 v ari a bl es p ert ai ni n g t o t h e A v at ar O w n ers hi p, A g e n c y,
Ta ctil e s e ns ati o ns, L o c ati o n, A p p e ar a n c e, a n d R es p o ns e. T h e t ot al e m b o di m e nt is
c al c ul at e d as f oll o ws:

T ot al E m b o di m e nt = (( O w n ers hi p/ 5) * 2 + ( A g e n c y/ 4) * 2 + ( Ta ctil e S e ns ati o ns/ 4) +
( L o c ati o n/ 3) * 2 + ( A p p e ar a n c e/ 4) + ( R es p o ns e/ 5)) / 9

H o w e v er, i n t his st u d y o nl y a f e w q u esti o ns w er e s el e ct e d o ut of t h e m a n y q u esti o ns
pr o vi d e d i n t h e p a p er as m ost of t h e m di d n ot t i n a t el e pr es e n c e s c e n ari o (f or
e x a m pl e, Ta ctil e S e ns ati o ns). Si n c e t h er e w er e o nl y a f e w q u esti o ns, w e c a n pi c k
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t h e l ast q u esti o n, "I a ct u all y f elt li k e I e m b o di e d t h e r o b ot " as t h e m e as ur e a m o n g
p arti ci p a nts.

Ta bl e 3. R o b ot A v at ar E m b o di m e nt
I a ct u all y f elt li k e I e m b o di e d t h e r o b ot

c o u nt 2 0

m e a n 5. 3 5

st d 1. 3 8

mi n 2. 0 0

2 5 % 4. 7 5

5 0 % 6. 0 0

7 5 % 6. 0 0

m a x 7. 0 0

T h e r es ults s h o w n i n Ta bl e 3 s h o w t h at m or e t h a n 5 0 % of t h e p arti ci p a nts g a v e a
s c or e of at l e ast 6 t o t h e pr es e nt e d q u esti o n. T his s c or e is als o e vi d e nt fr o m t h e r es ults
of t h e rst t w o q u esti o ns i n t h e p ost- e x p eri m e nt q u esti o n n air e ( S e e S e cti o n 4. 1. 1).
T h er ef or e, w e c a n s af el y c o n cl u d e t h at m aj orit y of us ers f elt o w n ers hi p of t h e virt u al
a v at ar.

4. 1. 5. Br e a k i n Pr es e n c e Q u esti o n n air e

T his s e cti o n c o nt ai n e d q u alit ati v e q u esti o ns t h at as k e d f or a n y m o m e nt i n t h e s c e n e
w hi c h c a us e d a br e a k i n t h e us er's s e ns e of pr es e n c e fr o m t h e r e m ot e e n vir o n m e nt.
T h es e q u esti o ns w er e a d d e d i n r es p o ns e t o t h e i nt e nti o n al att e m pts b y t h e c o nf e d er at e
t o br e a k t h e us er's pr es e n c e b y t hr o wi n g a n o bj e ct t o w ar ds t h e c a m er a a n d b y
p h ysi c all y a p pr o a c hi n g t h e c a m er a. T his w as d o n e t o sti m ul at e a r es p o ns e fr o m t h e
us er w hi c h is r e c or d e d b y t h e vi d e o a n d c o or di n at es d at a.

A c c or di n g t o t h e Br e a k i n Pr es e n c e Q u esti o n n air e r es p o ns es a n d t h e v ari ati o n
i n pr es e n c e gr a p hs, t h e m aj orit y of us ers f elt a br e a k i n pr es e n c e w h e n t h e o bj e ct
w as t hr o w n t o w ar ds t h e m, h o w e v er, f e w er us ers f elt a br e a k i n pr es e n c e w h e n t h e
c o nf e d er at e a p pr o a c h e d t h e c a m er a. T h e a p pr o a c h t o w ar ds t h e c a m er a mi g ht b e d u e t o
c ult ur al diff er e n c es fr o m m y p ers o n al o bs er v ati o ns a n d c o ul d b e a s uit a bl e a d diti o n t o
t h e d e m o gr a p hi cs of f ut ur e st u d y.

4. 2. V a ri ati o ns i n P r es e n c e G r a p h

T h e us ers w er e pr es e nt e d wit h a gr a p h (s h o w n i n Fi g ur e 1 0) aft er e a c h s c e n ari o t o
m e as ur e t h eir v ari ati o ns i n pr es e n c e wit h r es p e ct t o t h e d ur ati o n of t h e s essi o n. B as e d
o n t h e r es p o ns es, t h e us ers c a n b e c at e g ori z e d i nt o 4 m ai n c at e g ori es:

• O v er all I n cr e asi n g Pr es e n c e: T h es e us ers h a d a l o w s e ns e of pr es e n c e at t h e
b e gi n ni n g w hi c h i n cr e as e d b y t h e e n d.
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• Overall Decreasing Presence: These users had a high sense of presence at the
beginning which decreased by the end.

• Stable Presence: These users had an almost similar presence throughout the
experience.

• Irregular Presence: These users had a somewhat irregular presence throughout
the experience.

Figure 18. Graph examples of different categories (Top Left: Overall Increasing
Presence, Top Right: Overall Decreasing Presence, Bottom Left: Stable Presence,
Bottom Right: Irregular Presence).

Figure 19. Different variations in response to object being thrown towards them.

Figure 18 shows an example of the aforementioned categories. The graphs were
used as an auxiliary to the Break in Presence Questionnaire (Section 4.1.5). Analysis
of these graphs presented a fascinating data point. While some of the users had a dip
in the graph when the object was thrown towards them, many of the users actually had
an upward trend in the graph when the object was thrown towards them (See Figure
19). This illustrates that some users felt an increase in PI when the object was thrown
towards them.
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4. 3. Vi d e o a n d C o o r di n at es D at a

W hil e t h e s essi o n w as u n d er w a y, t h e us er's vi d e o w as b ei n g r e c or d e d al o n g wit h t h e 3 D
c o or di n at es of t h e H M D a n d t w o c o ntr oll ers ( S e e Fi g ur e 1 1). Aft er tr yi n g o ut diff er e nt
pl otti n g t e c h ni q u es of t h e c o or di n at es, it w as d e ci d e d t o lt er o ut t h e c o or di n at es
d at a r e c or d e d d uri n g t h e t w o sti m ul ati o n e v e nts, w h e n t h e o bj e ct is t hr o w n t o w ar ds
t h e c a m er a, a n d w h e n t h e c o nf e d er at e a p pr o a c h es t h e c a m er a. Si n c e t h e c o or di n at es
a n d t h e vi d e o w er e r e c or d e d i n d e p e n d e ntl y fr o m e a c h ot h er, t h e y w er e s y n c hr o ni z e d
c ar ef ull y a n d t h e n t h e sti m ul us p orti o n w as cr o p p e d o ut. F or t h e o bj e ct t hr o wi n g p art,
2 0 0 fr a m es w er e s el e ct e d a n d f or t h e c o nf e d er at e a p pr o a c hi n g p art, 3 0 0 fr a m es w er e
s el e ct e d. Si n c e, t h e d at a w as r e c or d e d at 6 0 fr a m es p er s e c o n d,
2 0 0 fr a m es = 3 0 0 / 6 0 = 3 ,3 3 s e c o n ds, a n d
3 0 0 fr a m es = 3 0 0 / 6 0 = 5 s e c o n ds.

F or pl otti n g t h e d at a, a v er a g e v e ct or dist a n c es fr o m a b as eli n e w er e c al c ul at e d. F or
t h e b as eli n e, w e c al c ul at e t h e a v er a g e of 1 0 fr a m es pri or t o t h e rst fr a m e of t h e
sti m ul us d at a. Si n c e w e ar e d e ali n g wit h v e ct ors, w e disr e g ar d t h e r ot ati o n d at a a n d
f o c us s ol el y o n t h e p ositi o ns. L e n gt h of a v e ct or fr o m t h e t hr e e p ositi o n c o or di n at es
is c al c ul at e d as |V | = V 2

x + V 2
y + V 2

z , w h er e V x , V y a n d V z ar e t h e t hr e e p ositi o n al
c o or di n at es. T h e diff er e n c e b et w e e n t h es e v e ct ors a n d t h e b as eli n e v e ct or is c al c ul at e d
a n d t h e n all t h e r es ulti n g v e ct or diff er e n c es ar e a v er a g e d o ut. I n t h e gr a p hs b el o w a
hist o gr a m is pl ott e d f or d at a wit h a virt u al b o d y ( or a n g e) a n d wit h o ut a b o d y ( bl u e).
h _ p, l _ p, r _ p ar e t h e v e ct or l e n gt hs of H M D p ositi o n, l eft c o ntr oll er p ositi o n a n d t h e
ri g ht c o ntr oll er p ositi o n r es p e cti v el y.

Fi g ur e 2 0. C o or di n at es D at a w h e n t h e o bj e ct is t hr o w n t o w ar ds t h e c a m er a. ( y- a xis i n
m etr es)
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Fi g ur e 2 0 a n d Fi g ur e 2 1 s h o w si g ni c a ntl y hi g h er m o v e m e nts wit h a b o d y. T his
pr o vi d es a str o n g e vi d e n c e t h at t h e us ers h a d a str o n g er r es p o ns e t o a sti m ul us w h e n
t h e y h a d a virt u al b o d y. H a vi n g a str o n g er r es p o ns e w h e n h a vi n g a virt u al b o d y
c o ul d b e i nt er pr et e d as t h e us er h a vi n g a hi g h er s e ns e of pr es e n c e wit h a virt u al
b o d y. Alt h o u g h ot h er f a ct ors s u c h as us er's o w n p ers o n alit y c o ul d aff e ct t h e r es ults.
T h er ef or e, a hi g h er s a m pl e si z e is n e e d e d t o dr a w a n y m e a ni n gf ul c o n cl usi o n.

Fi g ur e 2 1. C o or di n at es D at a w h e n t h e c o nf e d er at e a p pr o a c h es t h e c a m er a. ( y- a xis i n
m etr es)
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5. C O N C L U SI O N

I n t his t h esis, t h e as p e ct of a u g m e nti n g t h e V R Tel e pr es e n c e e x p eri e n c e usi n g a s elf-
a v at ar is e x pl or e d. T h e st u d y is c o n d u ct e d o n 2 0 p arti ci p a nts, 1 3 m al e a n d 7 f e m al e,
w h er e t h e y e x p eri e n c e a t el e pr es e n c e s c e n ari o usi n g li v e f o ot a g e fr o m a 3 6 0- d e gr e e
c a m er a. T h e s c e n ari o is br o k e n i nt o t w o p arts, o n e w hil e e m b o d yi n g a s elf- a v at ar
a n d o n e wit h o ut a n y visi bl e b o d y. Vi d e o d at a, c o or di n at es d at a, q u esti o n n air es a n d
v ari ati o n i n pr es e n c e gr a p hs ar e t h e diff er e nt d at a p oi nts c oll e ct e d fr o m t h e us ers a n d
c o m p aris o n is m a d e b et w e e n d at a c oll e ct e d w hil e t h e us er h a d a virt u al b o d y, a n d w h e n
t h e us er di d n ot h a v e a n y visi bl e b o d y.

C o m pili n g t h e r es ults fr o m all t h es e d at a p oi nts s h o w t h at t h e m aj orit y of
us ers pr ef err e d t h e e x p eri e n c e wit h a virt u al b o d y, w hi c h w as a n e x p e ct e d r es ult.
U n e x p e ct e dl y, h o w e v er, t h at di d n ot n e c ess aril y i m pr o v e t h eir PI s c or e. A c c or di n g t o
s o m e o p e n- e n d e d a ns w ers, t h e l e n gt h of t h e s essi o n w as t o o s h ort a n d t h e us ers di d n ot
g et e n o u g h ti m e t o f ull y i m m ers e t h e ms el v es i n t h e s essi o n. H e n c e w e c a n s e e o utli ers
i n t h e r es ults of t h e s c e n ari o wit h t h e virt u al b o d y as t h er e w as a c o n i ct of i nt er est
b et w e e n i m pr o v e m e nt of e x p eri e n c e wit h a virt u al b o d y a n d n ot g etti n g e n o u g h ti m e
t o f e el pr es e nt i n t h e r e m ot e e n vir o n m e nt. T his is pr o v e n b y t h e f a ct t h at t h e us ers t e n d
t o gi v e a hi g h er PI s c or e t o t h e s e c o n d s c e n ari o irr es p e cti v e of t h e m h a vi n g a virt u al
b o d y or n ot. R es ults fr o m ot h er q u esti o n n air es i n di c at e t h at t h e s a m pl e si z e w as t o o
s m all t o dr a w a n y m e a ni n gf ul c o n cl usi o ns.

T h e us ers w h o pr ef err e d t h e e x p eri e n c e wit h o ut a n y b o d y f elt li k e t h e h a n ds w er e
n ot r e alisti c e n o u g h or t h e y g ot i n t h e w a y. Vi d e o d at a s h o w t h e m b ei n g u n a bl e t o f or m
g est ur es wit h t h e c o ntr oll er b utt o ns as t h e y w er e n ot us e d t o d oi n g s o. T his dr a w b a c k
is p ossi bl e t o r es ol v e b y tr a c ki n g h a n ds wit h o ut a n y c o ntr oll ers. T h e n e w O c ul us Q u est
2 V R s yst e m h as t h e c a p a bilit y t o tr a c k h a n ds m oti o n a n d n g er m o v e m e nts wit h o ut
n e e di n g a n y c o ntr oll er or m ar k ers. T h us f ut ur e st u di es mi g ht n ot h a v e t o d e al wit h t his
iss u e.

Alt h o u g h t h e h y p ot h esis pr es e nt e d b y t h e t h esis di d n ot r e a c h a c o n cl usi o n, f e e d b a c k
fr o m t h e us ers f a v o urs t o w ar ds h a vi n g a virt u al b o d y. T h e r es ults g ai n e d fr o m t his
st u d y c a n b e us e d t o i m pr o v e t h e f ut ur e st u d y wit h a l ar g er gr o u p of p arti ci p a nts t h at
will c o n c ei v a bl y pr o vi d e m e a ni n gf ul r es ults t o a ns w er t h e h y p ot h esis.

5. 1. F ut u r e W o r k

T h e ori gi n al visi o n of t el e pr es e n c e t h at M ar vi n Mi ns k y pr o p os e d i n 1 9 8 0 w as a s yst e m
w h er e a us er is a bl e t o o p er at e r o b oti c ar ms i n a r e m ot e l o c ati o n t h at mirr ors t h e m oti o n
of t h e us er's h a n ds i n r e al-ti m e. H a vi n g a virt u al b o d y is c ert ai nl y a st e p i n t h e ri g ht
dir e cti o n f or a c hi e vi n g t h at visi o n. A s elf- a v at ar c a n als o h a v e a n i m p a ct o n s o ci al
i nt er a cti o ns as is n ot e d b y t h e r es ults of t h e p ost- e x p eri m e nt q u esti o n n air e. T h e us ers
e nj o y e d b ei n g a bl e t o us e b o d y l a n g u a g e i n c o m m u ni c ati o n al o n g wit h t h e s p e e c h a n d
t h at a d ds a n e xtr a l a y er of f u n cti o n alit y o n t o p of r e g ul ar vi d e o c o nf er e n ci n g.

Si n c e t his st u d y si m ul at es a r e m ot e e n vir o n m e nt, f ut ur e st u di es c a n b e p erf or m e d
o n i ntr o d u ci n g n o v el t e c h ni q u es f or a l at e n c y-fr e e a n d 3 D a u di o s yst e m fr o m a r e m ot e
l o c ati o n. Wit h t h e a d v a n c e m e nts i n t h e 5 G m o bil e n et w or ks, cr e ati n g a s yst e m c a p a bl e
of t his is c ert ai nl y pl a usi bl e. F oll o wi n g Mi ns k y's visi o n a n d m a n y s ci e n c e cti o n
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a ut h or's dr e a ms, f ut ur e w or k i n t h e r o b oti cs el d t h at e n a bl es a r o b ot t o mirr or a
h u m a n's a cti o ns is als o a n a p p e ali n g t o pi c f or f ut ur e st u di es.
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