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ABSTRACT

During face-to-face meetings, humans use multimodal information, including verbal information,

visual information, body language, facial expressions, and other non-verbal gestures. In contrast,

during computer-mediated-communication (CMC), humans rely either on mono-modal informa-

tion such as text-only, voice-only, or video-only or on bi-modal information by using audiovisual

modalities such as video teleconferencing. Psychologically, the difference between the two lies in

the level of the subjective experience of presence, where people perceive a reduced feeling of pres-

ence in the case of CMC. Despite the current advancements in CMC, it is still far from face-to-face

communication, especially in terms of the experience of presence.

This thesis aims to introduce new concepts, theories, and technologies for presence design

where the core is actions for creating presence. Thus, the contribution of the thesis can be divided

into a technical contribution and a knowledge contribution. Technically, this thesis details novel

technologies for improving presence experience during mediated communication (video telecon-

ferencing). The proposed technologies include action robots (including a telepresence mechatronic

robot (TEBoT) and a face robot), embodied control techniques (head orientation modeling and

virtual reality headset based collaboration), and face reconstruction/retrieval algorithms. The intro-

duced technologies enable action possibilities and embodied interactions that improve the presence

experience between the distantly located participants. The novel setups were put into real experi-

mental scenarios, and the well-known social, spatial, and gaze related problems were analyzed.

The developed technologies and the results of the experiments led to the knowledge contribu-

tion of this thesis. In terms of knowledge contribution, this thesis presents a more general theoretical

conceptual framework for mediated communication technologies. This conceptual framework can

guide telepresence researchers toward the development of appropriate technologies for mediated

communication applications. Furthermore, this thesis also presents a novel strong concept - pres-

ence through actions - that brings in philosophical understandings for developing presence-related

technologies. The strong concept - presence through actions is an intermediate-level knowledge

that proposes a new way of creating and developing future ‘presence artifacts’. Presence-through-

actions is an action-oriented phenomenological approach to presence that differs from traditional

immersive presence approaches that are based (implicitly) on rationalist, internalist views.

Keywords: Presence, Immersion, Computer mediated communication, Strong concept, Phenomenol-

ogy, Philosophy, Biologically inspired system, Neck robot, Head pose estimation, Embodied in-

teraction, Virtual reality headset, Social presence, Spatial presence, Face reconstruction/retrieval,

Telepresence system, Quality of interaction, Embodied telepresence system, Mona-Lisa gaze ef-

fect, eye-contact.



ii



Preface

Part of the work presented in this thesis have passed peer-reviewed journals and confer-
ences. Eight of the publications (one book chapter, three journal papers and four confer-
ence papers) are reproduced in the second part of this thesis.

Main Papers

Journal Papers

. M.S.L. Khan, Haibo Li, Shafiq Ur Rehman, “Telepresence Mechatronic
Robot (TEBoT): Towards the Design and Control of Socially Interactive Bio-
Inspired System” In Journal of Intelligent and Fuzzy Systems (JIFS), 31(5),
2597-2610, 2016.

. M.S.L. Khan, Haibo Li, and Shafiq ur Rehman, “Gaze perception and aware-
ness in smart devices.” In International Journal of Human-Computer Studies
92 (2016): 55-65.

. M.S.L. Khan, Alaa Halawani , Shafiq Ur Réhman and Haibo Li,“Action
Augmented Real Virtuality Design for Presence”, submitted to IEEE Trans-
actions on Cognitive and Developmental Systems, SI: Human Robot Interac-
tion.

Conference Papers

. M.S.L. Khan, Haibo Li, Yongcui Mi and Shafiq Ur Rehman, “Moveable
facial features in a Social Mediator, In 17th International Conference on In-
telligent Virtual Agents (IVA 2017)”.

. M.S.L. Khan, Shafiq Ur Rehman, Zhihan Lv, Haibo Li,“Head Orientation
Modeling: Geometric Head Pose Estimation using Monocular Camera.” In

iii



iv Preface

IEEE/IIAE International Conference on Intelligent Systems and Image Pro-
cessing 2013, (ICISIP 2013), Kitakyushu, Japan, 2013, pp. 149-153.

. M.S.L. Khan, and Shafiq ur Rehman, “TeleImmersion: Virtual Reality based
Collaboration.” In Human Computer Interaction International. CCIS 617, pp
352-357, 2016.

. M.S.L. Khan, Shafiq Ur Réhman, Ulrik Söderström, Alaa Halawani and
Haibo Li, “Face-off: a Face Reconstruction Technique for Virtual Reality
(VR) Scenarios.” In European Conference on Computer Vision (pp. 490-
503). Springer International Publishing, 2016.

Book Chapter

. M.S.L. Khan, Shafiq Ur Réhman,“Distance Communication: Trends and
Challenges and How to Resolve them”. In HCI Collection, Handbook: Strate-
gies for a Creative Future with Computer Science, Quality Design and Com-
municability, ISBN: 978-88-96471-13-5, DOI: 10.978.8896471/135, 2014.

Other Papers

The following additional publications, which have also passed peer review
process, are not included in the thesis for the consistency of the presentation:

. M.S.L. Khan, Haibo Li, Shafiq Ur Rehman, “Embodied tele-presence sys-
tem (ETS): designing tele-presence for video teleconferencing,” in HCI In-
ternational, Design, User Experience, and Usability. User Experience De-
sign for Diverse Interaction Platforms and Environments, (HCII 2014), Crete,
Greece, 2014, pp. 574-585.

. M.S.L. Khan, Shafiq Ur Rehman, Pedro La Hera, Feng Liu, Haibo Li, ,
“A pilot user’s perspective in mobile robotic telepresence system,” in IEEE,
Asia-Pacific Signal and Information Processing Association, 2014 Annual
Summit and Conference (APSIPA 2014), Siem Reap, Cambodia, 2014, pp. 1-
4.

. M.S.L. Khan, Shafiq Ur Rehman, Lu Zhihan, Haibo Li., “Tele-embodied
agent (TEA) for video teleconferencing,” in Proceedings of the 12th Interna-
tional Conference on Mobile and Ubiquitous Multimedia (MUM ’13), ACM,
Luleå, Sweden , 2013.



v

. M.S.L. Khan, and Haibo Li. Expressive multimedia: Bringing action to
physical world by dancing-tablet. Proceedings of the 2nd Workshop on Com-
putational Models of Social Interactions: Human-Computer-Media Commu-
nication. ACM, 2015.

. Zhihan Lv, Alaa Halawani, M.S.L. Khan, Shafiq Ur Rehman, Haibo Li.,
“Finger in Air: Touch-less Interaction on Smartphone,” in 1st ACM Interna-
tional Conference on Multimedia (ACM MM ’13), Barcelona, Spain, 2013.

. Zhihan Lv, M.S.L. Khan, Shafiq Ur Rehman, “Hand and Foot Gesture In-
teraction for Handheld Devices,” in 21st ACM International Conference on
Mobile and Ubiquitous Multimedia (ACM MUM ’13), ACM, Luleå, Sweden
, 2013, pp. 621-624.

. Zhihan Lv, Shengzhong Feng,M.S.L. Khan, Shafiq Ur Rehman and Haibo
Li, “Foot motion sensing: Augmented game interface based on foot interac-
tion for smartphone,” in CHI EA ’14: CHI’ 14 Extended Abstracts on Human
Factors in Computing Systems, New York, NY, USA: ACM, 2014, pp. 293-
296.

. Shafiq Ur Rehman, M.S.L. Khan, Liu Li and Haibo Li, “Vibrotactile TV for
immersive experience,” in Asia-Pacific Signal and Information Processing
Association, 2014 Annual Summit and Conference (APSIPA 2014), Siem
Reap, Cambodia, 2014.



vi Preface



Acknowledgments

No thesis is ever the work of one person alone, whatever the cover says. I owe a great deal
to the various people who helped me, guided me and supported me during my doctoral
studies.

Firstly, I would like to express my sincere gratitude to my advisor Dr. Shafiq Ur
Rehman and co-advisor Prof. Haibo Li for giving me an opportunity to do research studies
under their supervision. Their guidance, motivation and immense knowledge helped me
during my research and writing of this thesis. I am truly indebted and thankful for the
inspirations and encouragements during these years. Without their help and support I had
not been able to pursue my research.

Beside my advisors, I would like to thank my colleagues, Farid, Bo, Alaa, Keni, Per,
Karin, Lu, Shahrouz, and Ulrik. I am also grateful to Linda, Lief, Marie and Mona Lisa for
their help and technical support during my research. Special thanks to all the test-subjects
who participated in our experiments. Thanks to the staff of department of Applied Physics
and Electronics (TFE) for creating an enjoyable and pleasant working environment.

Many thanks to my family: my parents, my brother and sisters for supporting me and
for being there during my hard times. Last but not the least, I would like to thank my
friends who made my stay in Umeå wonderful; Bilal, Salik, Shoaib, Mahmood, Helana,
Iyung, Christian, Ali, Zaid and jonathan.

Thank you everyone.

Muhammad Sikandar Lal Khan
Umeå, Sweden, 2017

vii



viii Acknowledgments



Contents

Abstract i

Preface iii

Acknowledgments vii

1 Introduction 1
1.1 Computer Mediated Communication (CMC) . . . . . . . . . . . . . . 2

1.2 Problem Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Research Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.4 Research Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.6 Contribution of Research Papers . . . . . . . . . . . . . . . . . . . . 22

2 Theoretical Background 37
2.1 Mediated Presence . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1.2 Theories . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.2 Embodiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.3 Actions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.4 Terminologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3 Concept 57
3.1 Presence - “Being there” . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2 Reality in the real world . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2.1 Reality (presence) through sensory-stimulation . . . . . . . 59

3.2.2 Reality (presence) through actions . . . . . . . . . . . . . . 60

ix



x Contents

3.3 Conceptual Framework . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.4 Strong Concept: Presence through Actions . . . . . . . . . . . . . . . 69

3.4.1 Presence through Actions . . . . . . . . . . . . . . . . . . . 71

3.4.2 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4 Actions 81
4.1 Telepresence Mechatronic Robot (TEBoT) . . . . . . . . . . . . . . . 85

4.1.1 Head Motion Analysis . . . . . . . . . . . . . . . . . . . . 85

4.1.2 Real Human Neck . . . . . . . . . . . . . . . . . . . . . . . 86

4.1.3 TEBoT: Mechanical Design . . . . . . . . . . . . . . . . . . 87

4.1.4 Controller Design . . . . . . . . . . . . . . . . . . . . . . . 88

4.1.5 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2 Face Robot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.2.1 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.2.2 Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5 Embodied Control Techniques 95
5.1 Geometric head pose estimation algorithm . . . . . . . . . . . . . . . 96

5.1.1 Face Detection . . . . . . . . . . . . . . . . . . . . . . . . 96

5.1.2 Facial Feature Detection . . . . . . . . . . . . . . . . . . . 96

5.1.3 Pivot Point Estimation . . . . . . . . . . . . . . . . . . . . 97

5.1.4 Head Pose Estimation . . . . . . . . . . . . . . . . . . . . . 98

5.1.5 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.2 Embodiment through VR headset . . . . . . . . . . . . . . . . . . . . 99

5.2.1 WebRTC based audio-video communication . . . . . . . . . 101

5.3 Face Reconstruction algorithm using aPCA . . . . . . . . . . . . . . 104

5.3.1 Training Phase . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.3.2 Testing Phase . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3.3 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.4 Face Retrieval using Search Based Algorithm . . . . . . . . . . . . . 111

5.4.1 Lip tracking algorithm . . . . . . . . . . . . . . . . . . . . 112

5.4.2 Training phase . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.4.3 Testing phase . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.4.4 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . 117



Contents xi

6 Experiments 123
6.1 Embodied Action System . . . . . . . . . . . . . . . . . . . . . . . . 123
6.2 System Deployment . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
6.3 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
6.4 Experiment 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.4.1 Presence Dependent Measures . . . . . . . . . . . . . . . . 127
6.4.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . 128

6.5 Experiment 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.5.1 User Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.5.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . 131

6.6 Experiment 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.6.1 Dependent Measures . . . . . . . . . . . . . . . . . . . . . 136
6.6.2 Results and Discussion . . . . . . . . . . . . . . . . . . . . 137

6.7 Experiment 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.7.1 User Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
6.7.2 Dependent Measures . . . . . . . . . . . . . . . . . . . . . 139
6.7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . 140

6.8 General Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

7 Conclusion 147
7.1 Intermediate Knowledge for Presence Related Technologies . . . . . 148
7.2 Conceptual Framework for Mediated Communication Applications . . 150
7.3 Technical Contributions towards Mediated Communication Technolo-

gies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

Bibliography 156



xii Contents



1 Introduction

In our everyday lives we meet each other in our offices, organizations, schools, homes,
sports facilities, etc. What is the purpose of these meetings? It usually depends on the task
at hand, but the ultimate purpose is to accomplish more than we could as separate individ-
uals; to finish a task together, to make decisions, for social interactions, for creating group
intelligence, etc. We human beings are social animals and we interact and depend on each
other. We multiply our powers (possibility to achieve goals) by performing collaborative
actions, combining our abilities, and pooling our resources, including our knowledge and
intelligence of each other.

These collaborative activities are shaped by the level of ‘trust’ among the group par-
ticipants and greater levels of trust result in better group (organizational) performance and
vice-versa [57]. Trust is defined as;

“an expectation or belief that one can rely on another person’s actions and words

and/or that the person has good intentions toward oneself [42, 58].”

Cuddy, in her book ‘Presence’, says that when people meet, the first question they
ask themselves is “Can I trust this person?” [45]. Trust is usually developed over time,
and several factors, such as shared social norms, repeated interactions, and shared expe-
rience facilitate the development of trust [111]. Trust is directly related to the knowledge
of others’ intentions [87] and these intentions are perceived not just by the verbal infor-
mation, but also by facial expressions, bodily actions, eye gaze, etc. [146, 158]. Hence,
these factors constitute the ‘presence’ of the other being. Caroline Nevejan, in her thesis
‘Presence and the design of trust’ argues that the design of trust is related to the design of
presence [137]. She asserts that presence is one of the primary mechanisms that people
use to establish trust and truth and that the design of presence consequently has a profound
influence on the way we trust and how trust is negotiated. Therefore, my thesis focuses on
the ‘presence design’, where the main goal is to assist distantly located people in holding
collaborative meetings.
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2 1. Introduction

In face-to-face meetings, we experience two types of presence. In the first - social
presence - a person can perceive the presence of other beings by their cognitive and social
actions [170]. In the second - spatial presence - a person considers themself to be present
in an environment if they successfully perform verbal and nonverbal interactions with
objects (people, devices, etc.) [165]. These definitions of presence can be explained by an
example. A person experiences a ‘social presence’ when they can estimate the nonverbal
gestures (e.g. eye gaze) of other person, and a person experiences ‘spatial presence’ when
their bodily actions have an impact on an environment and vice-versa. Spatial and social
presence are key to effectively accomplishing the collaborative work. Figure 1.1 shows
the contributing factors that help human beings to perceive each other’s presence. These
factors play an important role in the process through which trust is negotiated and thus
have an impact on knowledge sharing during collaboration.

An important question is how these two types of presence are sensed when we are
performing collaboration through computer mediated communication (CMC) and if we
experience similar feelings of presence as when we are meeting face to face. To address
this issue, this thesis sought to answer the following research questions:

• What is the significance of CMC?

• Is CMC better than normal face-to-face meeting in terms of experience?

• What are the differences between face-to-face meetings and CMC?

• How can we make CMC more similar to face-to-face interactions in order to expe-
rience similar feelings of presence?

1.1 Computer Mediated Communication (CMC)

Mediated communication such as text, voice, or audio-video involves the use of a techni-
cal medium for transmission across time and space [49]. Mediated communications were
in practice even before the advent of computers. However, with the advent of computer
technologies people began communicating through computers, hence the development of
CMC. CMC can be performed synchronously or non-synchronously using text, voice, and
audio-video communication, and this thesis focuses on real-time audio-video CMC.

The commonly used term for such communication is video teleconferencing and through-
out this thesis CMC is referring to video teleconferencing unless otherwise stated. Video
teleconferencing is when small groups of geographically distantly located people hold
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Fig. 1.1: We perceive the presence of each other by verbal communication, non-verbal gestures and

gaze direction. These presence factors help to negotiate the trust among each other.



4 1. Introduction

discussions in real-time during which they can hear and see each other and share different
types of data. The most common software products for video teleconferencing include
Skype, Google hangouts, Oovoo, Anymeeting, Gotomeeting, etc. These video teleconfer-
encing software systems are used among families, offices, businesses, organizations, etc.
Skype is the most popular among all these software solutions, and according to survey,
1 billion Skype mobile apps have been downloaded, around 5 million users are active
daily, 25% of millennials use Skype globally, and users spend 3 billion minutes per day
on Skype [6].

It is noticed that 87% more people use video conferencing today than two years
ago [5]. In enterprise setups, 87% of people work on distributed teams both domes-
tically or internationally [4], and global business will spend $3.5 billion on live video
teleconferencing and $1 billion on immersive video teleconferencing by the end of year
2016 [2, 7]. A survey recently estimated that the enterprise video market, which includes
video conferencing solutions will reach $35.6 billion in the year 2018 [8]. Furthermore,
up to 50% of conference rooms will be video-enabled by the year 2020 [117]. Finally, the
number of smart devices is increasing exponentially, and these devices are and will be the
most common means of video communication.

These numbers show the significance of CMC and the importance and usefulness of
research in this area.

Is CMC better than face-to-face communication? In some respect, it is better. The
foremost advantage of video teleconferencing is that it saves traveling cost and time [130].
About 70% of people would rather video conference than travel to a meeting [3]. Busi-
nesses using video teleconferencing see a 30% reduction in travel costs [3], and 56% of
global CFOs report that they would invest in video conferencing to reduce travel [3]. Fur-
thermore, video teleconferencing systems give instant access to collaborators and more
opportunities for participation and interaction regardless of location [151]. Research stud-
ies show that video teleconferencing is better and more interactive than voice and text-
based communication [179]; for example the average attention span for a video call is 35
minutes compared to 23 minutes for a regular voice call [3]. Despite many advantages
of current video teleconferencing technologies, research studies show that it still cannot
replace the experience of a face-to-face meeting [27, 151]. Compared to CMC, face-to-
face meetings are associated with higher levels of satisfaction, fast and accurate decision
making, successful task completion, conclusive discussions, trust development and emo-
tional involvement [12, 27, 65, 105]. Forbes surveyed 760 business executives and found
that 84% preferred face-to-face communication because it builds stronger, more mean-



1.1. Computer Mediated Communication (CMC) 5

ingful business relationships [67]. So, in terms of experience, people prefer face-to-face
interactions over video-based interactions.

The distribution of human communication across time and place is shown in Figure
1.2. When human communication occurs at the same time and same place, i.e. face-to-
face communication, then the quality of communication/experience is high. According
to media richness theory (MRT), developed by Daft et al. [47], face-to-face interaction is
the richest of the communication media because of the simultaneity of cues it projects.
Many researchers and theorists suggest that face-to-face interaction is the gold standard
of communication [47,136]. On the other hand, the quality of communication/experience
is low for same-time-different-place (the video teleconferencing scenario), different-time-
same-place (projects/offices), and different-time-different-place (e-mail) communication.
In this thesis, I target same-time-different-place which is the video teleconferencing sce-
nario as shown in figure 1.3. The aim of the thesis is to bring video teleconferencing’s
quality of communication/experience closer to face to face communication.

The above discussion brings us to the question of what the differences are between
face-to-face communication and CMC. To understand the differences between the two,
I start by presenting a philosophical and psychological understanding of human inter-
actions in the real world. This understanding helps us to identify the root problems in
current CMC technology and guide us toward the improvement of CMC. Human inter-
actions in different environments have been studied by many philosophers and psycholo-
gists [55,62,75,192]. The study of the nature of existence in an environment comes under
the field of ontology - the branch of metaphysics dealing with the nature of being [125].
In the literature, the field of ontology occupies two major philosophical positions; the
rationalistic position and the existential position [175]. The rationalistic position is given
by pre-1930 philosophers, from René Descartes (1596 - 1650) to Edmund Husserl (1859
- 1938). Descartes’ famous quote - “I think therefore I am”, i.e. my being is essentially
thinking and it is split from the body - well defines the rationalistic position [54, 56],
which asserts that an understanding of existence rests on an understanding of the mind
and the body does not play much of a role [54]. According to this philosophical view, hu-
mans make an abstract representation of the world in their mind, and their actions in the
world are outcomes of cognitive processes and the body is just an acting device guided by
the mind. However, in opposition to the rationalistic view, the existential position asserts
that an understanding of existence rest in a combination of mind and body together [190].
The interaction with an environment is not just guided by the mind (thoughts), but also
by bodily interactions with the environment. According to this philosophical view, there
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Fig. 1.2: The distribution of human communication across time and space: the same-time-same-

place communication occurs during face to face (F-t-F) communication, the same-time-different-

place communication occurs through video teleconferencing system (VTCS), the different-time-

same-place communication occurs in projects/offices and the different-time-different-place com-

munication occurs in the form of e-mails/offline messages.

Fig. 1.3: The usual one to many video teleconferencing scenario.
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is no need of representation of the world in the mind. They claim instead that no better
representation of the environment exists than the environment itself [196]. The compari-
son between these views is not the debate here, however, the intention is to present both
philosophical views to the reader to help them understand human interactions, cognitive
processes and the role of mind and body in real-world interactions. Below, I further clar-
ify these understandings, and I follow the philosophical views of post-1930 existential
philosophy and psychology, especially given by Martin Heidegger (1889 - 1976), James
Jerome Gibson (1904 - 1979), and Paul Dourish [60].

Human interactions can be divided into interaction with the physical world and inter-
actions with the social world. The physical world refers to the external, tangible surround-
ings in which an organism exists and which can influence its behavior and development.
It includes landforms, soil types, climate, and objects. The social world is the identical
or similar social positions and social roles as a whole that influence the individuals in a
group. The social environment of an individual is the culture that they were educated
and/or live in and the people and institutions the person interacts with. In this world, we
are embodied beings and our interactions and communications are guided by the inter-
play between the mind, body, and everyday objects. Our behaviors are inherently social.
People solve problems together, while the environment helps in solving problems. We act
and make sense through continuous embodied interaction with other people and the envi-
ronment. ‘Embodiment’ is a central concept behind these interactions given by post-1930
philosophers and is defined as follows:

Embodiment refers to the biological and physical presence of our bodies, which are a

necessary pre-condition for subjectivity, emotion, language, thoughts and social interac-

tion [9].

Embodiment is the property of our engagement with the world that allows us to make

it meaningful [60].

Embodied interaction is the creation, manipulation, and sharing of meaning through

engaged interaction with artifacts [60].

The concept of embodiment has its root in phenomenology [129]. According to the
phenomenological view, the source of meaning is not a collection of abstract, idealized
entities (the rationalistic view); instead, it is to be found in the world in which we act
and which acts upon us. These actions, according to Merleau-Ponty, are performed by
the active participation of our body [129]. A number of theorists have recognized the
importance of our embodiment in the world as a central aspect of how we act and re-
act in real-world communication. Compare to real-world communication, CMC lacks
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this property of embodiment. Unfortunately, our current computer devices are designed
according to a rationalistic philosophy, which only values the mind. Our computer de-
vices are made to do things we usually do with our minds, e.g. analytical thinking, intel-
lectual tasks, comparison, remembering, storing, retrieving, searching, decision-making,
etc. [182]. These computer devices are perfectly suitable for high level abstract tasks,
similar to those performed in our mind. However, these devices are not suitable for our
real-world interactions and activities. Current CMC can be seen as a communication be-
tween two disembodied minds where our body does not play much of a role [60]. The
current computer interfaces are not ideally suited for CMC because they do not allow
embodied interactions among the participants.

Human interactions in an environment can also be seen as what Gibson termed as
‘affordance’ (including both physical and social affordances) [78]. Affordance is action-
supportive information about the environment. The actions of a person have consequences
for the environment, and the nature of the environment has consequences for the person.
It is the affordance that the environment provides that guides our actions in this world.
We see everyday objects in a way that they afford our actions. For example, when we
see a chair, we do not measure its length, width, etc.; rather, we see what we can do with
this chair (e.g. sitting). Our everyday physical world is rich in terms of affordance, which
results in rich interactions in our everyday activities.

One sees the environment not just with the eyes but with the eyes in the head on

the shoulders of a body that gets about. We look at details with the eyes, but we also

look around with the mobile head, and we go-and-look with the mobile body (Gibson

1979:222) [72].

Gaver uses the affordance concept of Gibson for analyzing interactive systems and
argues that one failing of video-communication technologies is that they offer no means
for visual exploration (affordance) of the remote scene. Typical arrangements of cameras
and monitors provide only a fixed view of the remote location, and that view is outside
the control of the observer. In contrast, in the everyday world, our field of view is related
to the way we are moving through the environment, and we have the opportunity to stop,
look around, and to build up a better picture of what is around us [71]. Therefore, in
current CMC the distant environments are not rich in terms of affordance.

The affordance of an environment generates action-specific perception. In our real-
world environment, our actions are defined by what we perceive and vice-versa, the
perception-action coupling [140]. The rationalistic view of this coupling is that perception
is a process in a brain whereby the perceptual system constructs an internal representation
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of the world [196]. Heidegger and Gibson reject the rationalistic view, and they argue that
although perception depends on the brain it is not a process only in the brain but is a skill-
ful activity on the part of the human being as a whole [196]. Following Heidegger and
Gibson’s view, my understanding is that we perceive our environment by our movements
and interactions, and we, as an intelligent perceiver, understand the effects of movements
on our sensory stimulation. Our cognition about our environment is not an internal exer-
cise, but it is an emergent result of continuous action-perception cycles between us and
our environment. However, current CMC technologies use 2D computer screens where
most of the actions are embedded in the screens. Hence, a person can not actively perceive
the distant environment and cannot coordinate their actions properly.

The above concepts of affordance and perception-action coupling are tied to the con-
cept of embodiment. The above discussion shows that the current CMC technologies are
not embodied devices because they hardly involve our body during the communication.
Dourish, in his book, ‘Embodied Interaction: Where the action is’ emphasizes the devel-
opment of new interfaces that support or mimic our real-world interactions [60]. His idea
about embodied interaction is that we need interfaces that incorporate our bodies. This
idea is pictorially shown in Figure 1.4, where computers are seen as assistive devices for
our mind, just as a walker is an assistive device for the body. The goal of an embodied
interaction is to develop devices in between the rationalistic splits, as shown on the right
side of the Figure 1.4. What could be the nature of these devices? This can be explained
with the example of the blind man’s stick given by Merleau-Ponty:

The blind man’s stick has ceased to be an object for him and is no longer perceived for

itself; its point has become an area of sensitivity, extending the scope and active radius of

touch and providing a parallel to sight. In the exploration of things, the length of the stick

does not enter expressly as a middle term, as an entity-in-itself; rather, the blind man is

aware of it through the position of objects through it. The position of things is immediately

given through the extent of the reach which carries him to it, which comprises, besides the

arm’s reach, the stick’s range of action [95].

This example shows that the blind person forgets about the role of the device and acts
through the device to perceive the world. Embodiment or bodily intentionality extends
through the device into the environment in a unique technological mediation. However,
during CMC, we do not experience the distant world as the blind person does with his
stick. Our communication setups are static and do not allow us to act through them.
Furthermore, we are always aware of the technology, for example, the computer screen
that divides our physical and virtual world.
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Fig. 1.4: Pictorial Representation of embodied interaction. Left- the Computer devices are made for

the tasks we usually perform with our brains and there are separate devices for our body. Embodied

interaction concept emphasize to develop devices and interfaces which incorporate both mind and

body.

Action is another factor that plays a part in our face-to-face interactions. In our social
interactions, we attempt to imagine and interpret the communicator’s intention by nonver-
bal and para-verbal (tone, pitch, and inflection) actions [98]. These actions give meaning
to the conversation. Participants in a conversation usually pay more attention to the non-
verbal aspects of communication [150], and nonverbal cues control communication flow,
turn-taking, and mind reading [187]. Psychologists and cognitive scientists have esti-
mated that more than 90% of human communications are through non-verbal gestures and
cues such as facial expression, eye gaze, body language, head gesture, etc. [98, 134, 172].
Over the years, researchers have compared CMC with face to face interactions and have
shown that interactions through CMC feel unnatural because they stifle many of the con-
versational cues that are present during face-to-face communication [98, 187]. The more
unnatural a communication is, the more cognitive effort people have to exert and the more
ambiguity arises.

The above discussions and concepts about embodiment, actions, perception, envi-
ronment and affordance are brought under the umbrella term - “Presence” as shown in
Figure 1.5. The psychology of presence is related to the body and to the embodiment
process [22, 24]. The psychology of presence is also related to human actions and their
organization in the environment [120, 153]. The concept of presence will be discussed in
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detail in the next chapter. To summarize, I found the following key differences between
face-to-face communication and CMC, some of which were identified by Bill Buxton and
Charlie Gullström during their research in [34, 83, 168]. Conceptually:

• CMC technologies are not embodied devices in a similar manner as the blind-man’s
stick is.

• CMC technologies are not rich in terms of affordance, as examplified by Gaver’s
analysis of video-communication technologies.

• CMC technologies do not support lawful action-perception coupling.

Technically:

• Distantly located people cannot take turns or engage in side conversation during the
interaction [66].

• Distantly located people cannot express emotions due to a lack of nonverbal modal-
ities [88].

• Distantly located people cannot estimate the gaze of their fellow collaborator [69,
135].

• Distantly located people cannot make eye contact [77].

The concept of presence is central in this thesis and the theories of human cogni-
tion and perception for understanding the individual’s experience of presence are used to
develop technologies that can improve the feeling of presence during distant communi-
cation. In the next sections, I will introduce in detail the problem definition, the research
methodology, and the outlines and contributions of the research papers that make up this
thesis.

1.2 Problem Definition

The research question on which this thesis is built is “How can we bring CMC closer to

face-to-face interaction so as to experience similar feelings of presence?” This research
question lies with in the field of “Presence Design”, more specifically, this thesis explores
presence design for mediated communication.
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Fig. 1.5: Presence involves our active participation(embodiment) in the world (our social and

physical world), where there is a loop between our actions and our perception. The affordance of

the environment facilitate this loop.

Coming to this research question was not straight-forward. In 2012, when I started
my PhD work, human-computer interaction (HCI) research was primarily focused on de-
veloping new interaction techniques with computer systems. This focus was also quite
visible in our research group - Immersive interaction lab and Media group, Umeå Uni-
versity, Sweden. For example, my colleague Shahrouz Yousefi was developing touch-less
interactions for smart mobile devices [195], Farid Abedan Kondori was using interactive
sensors, e.g. MS Kinect, webcams, etc. to interact with computers [10]. However, during
these years, we witnessed the rapid maturation of interactive sensor technology, e.g. MS
Kinect, leap motion, etc. [70]. Furthermore, we saw the development of many promising
interaction algorithms [40]. Therefore, I, my main supervisor Shafiq ur Rehman and my
co-supervisor Haibo Li wanted to take a different research direction for my PhD work. To
determine that direction, we had many long discussions. The result of these discussions
was that we decided to work on “other way around” interaction techniques, where digital
content would be brought into the physical world. Hence, digital multimedia would be
presented in both the digital and physical world. This other-way-around interaction idea
set the scene for my research question.

The first system I planned to design was an interactive-TV. The idea was to design
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Fig. 1.6: The 3-DOF serial robot.

a physical system that reacts according to the digital content played on the TV. To bring
this idea into reality, I started my journey by developing a mechanical prototype. The
prototype has gone through many iterations. The first working prototype was a 3-DOF
serial robot that can mount a tablet-PC or a smart-phone. Figure 1.6 shows the CAD
model of our first electromechanical platform. To prove the concept of an interactive-TV,
I considered an application of audio-video music. I used our system as a dancing-robot
that reacts according to the rhythm of the song. I measured the sound features (tone,
beat, etc.) and controlled the range and speed of the actuators according to these features.
This way the audio-video music was played in both the digital and physical world. The
user study with this prototype showed that participants found this new setup interesting
compared to a static 2D screen. This work was published in ACM MM [99], but is not
included in this thesis.

To find the theoretical basis of our ideas and prototype, I started reading different re-
search articles. Luckily, I came across the book ‘Embodied Interaction: Where the action

is’ by Paul Dourish [60]. The core idea in the book is that the current interactions with
our computer devices do not match with our real-world interactions. Dourish supported
this point by presenting different philosophical views. At the end, he gave some design
principles for future interactive systems. According to him, future interactive systems
should be equivalent to our real-world interactions. Although our prototype and research
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idea were not 100% in line with his theory, his work introduced us to the words action

and embodiment. Our idea for presenting digital content in the physical world was close
to his idea of “action”. But Dourish had more in-depth meanings for these words.

I started exploring these two words and found them used in psychology, especially
in theories of human existence and presence in the world. According to these theories,
we perceive the world and the things in the world by our actions and these actions are
meaningful when we are embodied in an environment. The details of presence, action
and embodiment have been presented above and will be looked at more deeply in Chapter
2.

The journey towards presence began after the above exploration of the literature. I
started exploring applications where presence research can be applied. It did not take me
long to come up with an application of CMC for performing research related to presence.
I found that CMC needs significant tuning because of its inherent problems. Further-
more, the wide applicability of CMC in our everyday lives motivated me to work in this
direction.

The elements brought together in the above discussions led me to the development of
the objective for the work conduced for this thesis:

To develop a presence prototype for CMC by bringing the theoretical concept of action

and embodiment into design practice.

My design considers both the social and spatial perspective of presence. These in-
clude the spatial presence of a person who is attending a meeting remotely and the social
presence of that person among his collaborators in the meeting room.

1.3 Research Strategy

My research strategy focused on designing systems based on the theories of presence. My
engineering knowledge and skills helped me in designing these systems. These systems
and the related algorithms were technically evaluated based on the two parameters; i)
efficiency and ii) accuracy. Efficiency is about how long the system takes to accomplish
a given task [149] and accuracy is about how successful the system is in achieving the
required goal [149]. After the technical evaluation of our prototypes, we conduct user
studies where questions related to presence are asked. In our usability studies, we measure
the quality of communication/experience of our system considering parameters related to
gaze awareness, and the social and spatial presence of remote and local participants. In
most of our user studies, we compare our system against standard video teleconferencing
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Fig. 1.7: Our Presence design cycle consists of, i) theoretical studies, ii) prototype development,

iii) evaluation and iv) user studies.

systems. The four-component cycle for presence design is shown in Figure 1.7.

For the work in this thesis, I have followed the research through engineering approach
in designing my presence prototypes. This approach focuses on developing new concepts
and technologies to improve the quality of user experience during CMC. I find the prob-
lems in CMC and little by little propose solutions to tackle these problems. I consider
the challenges from both design and technical aspects in order to propose new possible
frameworks for effective CMC. I then present the complete design and algorithms for
the proposed frameworks. Describing the engineering-design process in detail serves not
only as a validation for the choices made for the prototypes, but also as guidance and
inspiration for other researchers aiming at prototyping in a similar domain.

My research through engineering approach integrates theories from behavioral sci-
entists with technical opportunities, which is similar to the well-known research through

design approach [198]. Throughout my research, I have been engaged in an active pro-
cess of ideating, iterating and critiquing potential solutions for my presence design re-
search. The outcomes of my research through engineering are the research and design

artifacts, prototypes, and documentation of the design process. One important differ-
ence between research-through-engineering and research-through-design is that research-
through-engineering considers technical evaluations and engineering validations along
with subjective user studies. My research through engineering process is graphically
shown in Figure 1.8.



16 1. Introduction

Fig. 1.8: An illustration of the pathways and deliverables of my presence design research. The

model follows research through engineering approach which is similar to research through de-

sign [198], where behavioral science knowledge is combined with my technical knowledge to design

research and design artifacts. These artifacts are then used for developing prototypes for mediated

communication application and for developing my strong concept-presence through actions. Even-

tually, the outcome of my prototypes and strong concept can be used for technical opportunities for

engineers and theoretical/model gaps for behavioral scientists, respectively.
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1.4 Research Process

The research process for presence-design that was used for this thesis can be divided into
seven parts.

• Part 1: The first part in this process consisted of a background study. In the
background study, as detailed in our book chapter (Paper VIII), I studied differ-
ent software and hardware solutions for improving traditional CMC. The software
solutions use computer graphics and computer vision techniques to improve the
experience of video teleconferencing. The hardware solutions focus on designing
telerobots, ranging from simple robots or 3D masks to complex anthropomorphic
systems. This study showed that hardware solutions are more successful in creating
a feeling of presence compared to software solutions, but the hardware solutions are
bulky, expensive, and hard to control, and thus are not practical to put into everyday
practice. Another important finding, which is largely covered in this thesis is that
there is no theoretical basis or strong concept for these systems. In the future, this
thesis could be used as a theoretical guide and as a strong-concept for designers in
this domain. The details of the background study can be found in Paper VIII.

• Part 2: In part 2, I was concerned with designing systems for actions, and the find-
ings of the above study were considered in the system design. In my background
study, I found out that we need systems that are simple, portable, and can be de-
ployed in our everyday activities. Furthermore, I considered psychological studies
in designing action-prototypes because research in psychology shows that among
all non-verbal modalities during human conversation, facial expressions and head

movements are the most important for the flow of information [1,26]. Therefore, in
this thesis I proposed two novel prototypes for actions. One is a head-neck-robot
(for head gestures) on which a tablet-PC can be mounted. The other is face-robot
that has three mobile-phones mounted for facial expressions. Compared to previ-
ous hardware robots, these system are novel in terms of design and functionality.
Furthermore, these systems complete the family of telepresence robots. The details
of the action prototypes can be found in Chapter 4 and in Papers I and II.

• Part 3: In part 3, I devised a mechanism to control the head-neck robot. Instead of
using a traditional methods, for example, a keyboard, mouse, or joystick, to control
the robot, I proposed an embodied control technique for the head-neck robot. The
embodied control mechanism is based on real human neck movements. To capture
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these head-neck movements, I proposed a single camera-based geometric head pose
estimation algorithm. These head orientations are mapped to the actuators of the
robot. Hence, the perception of the distal environment changes through the embod-
ied actions of a real human neck. The details of the geometric head pose estimation
algorithm can be found in Chapter 5 and Papers I and III.

• Part 4: The fourth part of the research process was user studies to compare the
proposed system with standard CMC in terms of measure of presence. I measured
the feeling of presence of a remote user among local collaborators and measured the
quality of experience of a remote user for the two scenarios; when the remote user
was communicating using a standard video teleconferencing system (e.g. Skype)
and when the remote user was communicating through our system. The findings of
these studies were that, (i) the head gestures along with audio-video communication
enhanced the feeling of presence of a remote person among their collaborators and
(ii) our system helped the remote person explore the distant environment through
their embodied head movements. The details of the user studies are presented in
Chapter 6 and Paper VIII.

• Part 5: The fifth part of the research process considers an important problem in
CMC Gaze perception and awareness. Gaze awareness and perception are often
ambiguous during video teleconferencing through computer-based devices such as
laptops, tablets, and smart-phones because of the camera position relative to the
screen and the 2D rendition of the 3D human face. In other words, the 2D screen
is unable to deliver an accurate gaze during video teleconferencing. I used a head-
neck robot to tackle this problem, and I performed a user study to test our hypothesis
that an accurate gaze perception can be achieved by the 3D embodiment of a remote

user’s head gesture during video teleconferencing. Two important gaze-related is-
sues were considered in our study, namely, (i) Mona-Lisa Gaze Effect - in which
the gaze is always directed at the person independent of their position in the room,
and (ii) Gaze Awareness/Faithfulness - which is the ability to perceive an accurate
spatial relationship between the observing person and the object by an actor. The
results confirmed that the 3D embodiment of a remote user head not only mitigates
the Mona Lisa gaze effect but also supports three levels of gaze faithfulness, and
thus, accurately projects the human gaze in distant space. The details of this study
are presented in Chapter 6 and Paper IV.

• Part 6: The sixth part of the research process introduced the new concept of real
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virtuality in CMC. Real virtuality environments (also known as there-reality) are
true high-fidelity multi-sensory mediated environments that provide the same per-
ceptual response from viewers as if they were actually present, or there in the scene
being portrayed [38]. The main-stream concept of real virtuality calls for develop-
ing new mediated technologies that can incorporate one or more of the five senses

to create perceptually-real sensations [38]. In contrast, our concept of real virtu-
ality focuses on augmented-action based perception where we focus on creating
presence through actions. We proposed a novel action-augmented real virtuality
prototype, where the key element is the embodiment of a remote person. In our
work, we proposed an embodiment of a remote person with a head-mounted dis-
play (HMD) and a TEBoT - to interact with the local environment. In our proposed
design, the technologies that support mediated presence are brought together to
create a feeling of true presence during video teleconferencing. The challenges
related to HMD, head tracking, audio-video communication, and data communica-
tion were all considered in our design. The user study showed that compare to our
previous setup (part 4), the HMD-based video teleconferencing system increased
the immersiveness and feeling-of-presence experience of a remote person at a local
site. The details of the design and user study can be found in Chapter 6 and Papers
V and VI.

• Part 7: During our system design in part 6, we tackled an important problem re-
lated to virtual reality (VR)/HMD users. We found that VR headsets and HMD
occlude a significant portion of the human face, but a real human face is required
in many VR/HMD applications, especially for our video teleconferencing applica-
tion. To reconstruct the face of the wearer, I proposed two wearable camera based
solutions. The first solution is based on an asymmetrical principal component anal-
ysis (aPCA), and the second solution is based on search-based image retrieval. In
both solutions, a user-specific training model is built using full face and half face
information, and during the testing phase, half-face information is used to recon-
struct the wearer’s face. Our proposed approaches were validated with qualitative
and quantitative analyses. The details of these algorithms can be found in Chapter
5 and paper VI and VII.

The research process is shown pictorially in Figure 1.9.
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Fig. 1.9: Our presence design research can be divided into two sub-categories. i) Actions - where we

develop a mechanical platforms for head gestures and facial expression and ii) Embodied Control

Technique - where the control of our action prototypes is done by our geometric head pose algorithm

and VR/HMD based setup. The combination of two help us to achieve embodiment and embodied

interaction.
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1.5 Outline

This thesis presents the results of the research conducted by Muhammad Sikandar
Lal Khan during his PhD studies. The thesis is composed of two parts. Part 1 -
the Introduction - is based on the result of the published papers in the international
conferences and journals. The purpose of the Introduction is to present a coherent
story and to show the progression between the eight papers included in the second
part of the thesis. The outline of the Introduction is as follows.

Part 1 - The Introduction

– Chapter 1 presents and frames the research problem at a high level. It moti-
vates the research and provides a short introduction to the research method by
describing my journey towards presence-design. The individual contribution
of each research paper is also presented in this chapter.

– Chapter 2 provides the theoretical basis to my designs and algorithms pre-
sented in this thesis. It presents the embodiment theories and concepts that
were inspirational in my research work. It also presents the theories, con-
cepts, and definitions related to actions, presence and immersion, which are
important for my presence-design research.

– Chapter 3 presents my conceptual framework for presence-design research.
This chapter also presents the novel strong concept - presence through ac-

tions. This chapter provides the basis for my presence prototype presented in
subsequent chapters.

– Chapter 4 presents our two action prototypes. This chapter illustrates how
the theories, methods, and inspirations were used in designing these action
prototypes, and it summarizes the design details of both action prototypes.

– Chapter 5 presents two embodied control techniques necessary for remote-
person embodiment. In the first technique, the remote person’s head move-
ments are captured by our geometric head-pose estimation algorithm. In the
second technique, we use a VR headset/HMD as an embodied control de-
vice. This chapter provides a summary and technicalities of both techniques,
including the face reconstruction/retrieval algorithms.

– Chapter 6 presents the experimental study regarding issues with current CMC
technologies. These experimental studies were mainly focused on the expe-
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rience of presence. This chapter also presents the discussion on each experi-
mental study.

– Chapter 7 presents the main contribution and the conclusion of the thesis.
It summarizes and discusses the work presented in this thesis and how the
knowledge gained from our designs can be extended for further development
in presence-design research. This chapter also presents my personal reflec-
tions and suggestions regarding the topics discussed in this thesis.

1.6 Contribution of Research Papers

The Part 2-The Papers presents eight selected research papers. These research
papers include 3 journal papers, 4 conference papers and 1 book chapter. In all
selected papers, Muhammad Sikandar Lal Khan (author of this thesis) is the first
author. The other two main authors are my main supervisor Dr. Shafiq Ur Rehman
and co-supervisor Prof. Haibo Li. These papers were an outcome of my discussion
with my supervisors. My supervisors also helped me in the development, experi-
mentation and writing of these papers. The following sections present a contribu-
tion and summary of the eight papers listed in part 2.

Part 2-The Papers

– Paper I

M.S.L. Khan, Haibo Li, Shafiq Ur Rehman, “Telepresence Mechatronic Robot
(TEBoT): Towards the Design and Control of Socially Interactive Bio-Inspired
System” In Journal of Intelligent and Fuzzy Systems (JIFS), 31(5), 2597-
2610, 2016.

The idea of paper I originated from our discussions about action prototype.
In paper I, we present a complete design and control of our first action robot
- TEBoT. The aim behind the design of TEBoT is to present head gestures
(actions) along with audio-video communication. The closest to our system
is from MIT media Lab - named - MEBOT [11]. The problem with MEBOT
is that it does not present an accurate head gestures. This motivate us toward
a design of novel head robot (TEBoT). Furthermore, we propose a simple
webcam based control strategy to present these head gestures. The scientific
problem, contribution and summary of paper I are given below.

Scientific Problem
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The scientific problem we have considered for this work is how to design and

control a socially interactive bio-inspired system? The problem is divided
into two sub-tasks,

∗ Design of a biologically inspired electro-mechanical head-neck robot
which has a similar static and dynamic properties as of a real human
neck.

∗ Devise a computer vision based motion control strategy for electrome-
chanical robot by bringing human-in-the-loop by using a low cost and
low resolution camera.

Summary and Contribution

The main contribution of the work is in the design and control of our head-
neck robot. To design a head-neck robot, which has a similar characteristics
as of a real human neck/head, we started with the head motion analysis. We
invited seven participants to perform certain head movements. The experi-
ment aimed to measure the frequencies, velocities and the angular ranges of
the real head movements. These parameters were used in the design of our
robotic platform. For example, the frequency analysis results were used for
the controller design, the velocity analysis results were used for a motor se-

lection and finally, the angular ranges were used in the mechanical design of
our electro-mechanical head-neck robot.

We have also considered a structure of a real neck in our design process.
Human neck has a complex anatomical structure formed by seven cervical
vertebrae and around twenty main muscles. The main role of the neck is to
keep the human head in balance and perform three basic head movements,
i.e., yaw, pitch and roll movements. The human neck study and head motion

analysis results are combined to construct a stable, reliable and nice look-
ing biologically-inspired neck platform - named - Telepresence Mechatronic

Robot (TEBoT).

For simulation purpose, the CAD model of a TEBoT is imported to simulink/
MATLAB by using a simmechanics library. To simulate the static and dy-
namic properties of a TEBoT we have used a model based design approach
(MBD). MBD approach is a software driven approach which allows us to in-
vestigate our design completely, helps us to find mistakes and assists us to
explore new concepts without the overhead of the extensive hardware. For
controller design, we have solved the inverse kinematic problem of a TEBoT,
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where the input is the desired yaw, pitch and roll angles and the output is the
required torques for three servo motors.

In contrast to traditional motion planning techniques, we have considered a
human-in-the-loop, where real-human movements are mapped to our system.
In literature, the real-human movements are captured by one of the following
approaches; (i) sensor based approach (SBA) and (ii) vision based approach
(VBA). In this article, we have considered the limitations of previously de-
veloped SBA and VBA and proposed a novel vision based system which uses
low cost, low bit rate, low resolution and non-wearable webcam of the com-
puter to capture the real human movements. These head movements are then
mapped to our TEBoT to present the head gestures along with audio-video
communication. We provide results of simulations and a real-time experiment
to validate our approach.

– Paper II

M.S.L. Khan, Haibo Li, Yongcui Mi and Shafiq Ur Rehman, “Moveable fa-
cial features in a Social Mediator, In 17th International Conference on Intelli-
gent Virtual Agents (IVA 2017)”

Many researchers have developed different action robots, for example, MRPs
[104] for mobility and pointing gesture, MEBOT and TEBoT for head ges-
tures [11], eye robot for gaze modeling, 3D facial masks, for example Furhat
[13] and maskbot [106] for facial expression mimic. Compare to 2D computer
screen, face-mask presents the 3D face of a person which helps in presenting
different social cues, for example gaze direction. However, our comparative
experiment shows that compare to 2D computer screen, the 3D face mask does
not help in face recognition due to low resolution display. Face recognition
is a key component of successful social behavior [33]. This motivates us in
designing a new face robot, which not only presents the 3D facial expressions
but also helps in face recognition for its usage in different social settings.

Scientific Problem

The research question for this work is, how to design a face robot which not

only mimics 3D facial expressions but also helps in face recognition?

Summary and Contribution

Face and facial expressions are vital instrument for human communication
[50]. It is argued that the human facial expressions are influenced by amalga-
mations of biological and learned factors to communicate internal emotional
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state. The componential appraisal theory [188] suggests that in certain facial
expressions like raising the eyebrows or opening the mouth can be interpreted
alone that can have an independent meaning and influence. When judging
different expressions of a face, some regions of the face will contain more
information than others, for instance the eyes and the lips movements [167].

The representation of a human face for applications like video teleconfer-
encing is usually done on a 2D computer screen. This 2D computer display
is insufficient to fully express facial expressions and deformations. However,
many researchers have recently developed 3D face masks to counter this prob-
lem. These 3D face masks are successful in presenting different social cues
but these face masks confront problems related to face recognition and uni-

versality. The ability to recognize the identity of individuals from their facial
appearance is a key component of social interaction. Therefore, this paper
contributed in the design of a novel face robot. We have smartly designed
a system which is in between the 2D display and 3D face mask. Our face
robot can represent most important facial feature in 3D for presenting differ-
ent social cues and at the same time have better performance in terms of face

recognition and universality. This paper present a complete design of a face
robot where challenges related to mechanical platform design, vision based
human facial features capturing and control strategy are considered.

We have performed a user study to compare i) 2D computer screen, ii) Furhat
[13] (3D face mask) and iii) our Face robot. The aim of the user study was
to test the performance of three systems in terms of face recognition, i.e. to
find which system is more perfect in recognizing an unknown face. The re-
sults show that 2D screen is much better in face recognition, however, our
face robot got comparable results. The 3D face mask got the least score.
To conclude, we have proposed a face-robot which can mimic 3D facial ex-
pressions/deformations and at the same time this system is successful in face
recognition which is necessary for applications like mediated communication.

– Paper III

M.S.L. Khan, Shafiq Ur Rehman, Zhihan Lv, Haibo Li,“Head Orientation
Modeling: Geometric Head Pose Estimation using Monocular Camera.” In
IEEE/IIAE International Conference on Intelligent Systems and Image Pro-
cessing 2013, (ICISIP 2013), Kitakyushu, Japan, 2013, pp. 149-153.

Once, we have our action robots, the next challenge for us is to control these
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Fig. 1.10: 3-DOF framework for yaw, pitch and roll movements of human head.

systems. To present the head gestures of a person through TEBoT, there is a
need to capture the real human-head gestures. This motivates us toward the
work presented in Paper III. Initially, we have used a wearable sensor (IMU)
to capture the head movements of a person and map them to the TEBoT. How-
ever, due to limitations introduce by a wearable sensors, we plan to propose
a non-wearable solution for our setup. We started exploring camera and 3D
sensors (e.g. MS Kinect) based head-pose estimation algorithms. However,
paper III presents a novel, simple and effective solution of head pose estima-
tion by considering the limitations of previously developed algorithms. The
scientific problem, contribution and summary of paper III are given below.

Scientific Problem

The scientific problem we have considered for this work is how to estimate

the pose angles of the human head using a low-cost web-camera in real-time.
The problem can be explained graphically by figure 1.10, where we have a
human head which can rotate arbitrary around X, Y and Z axis. The goal is to
estimate these rotational movements (yaw (α), pitch (β) and roll (γ) angles)
using just the webcam i.e., 2D video information.

Summary and Contribution

The two discrete contributions of this work are;

∗ Estimation of a Pivot point for the head movement.

∗ Geometric head pose estimation technique for estimating yaw, pitch and
roll angles.
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Biologically, there is no such point as the pivot point for the human head
because the head movements, such as head nod and head shake, etc., involve
all the cervical vertebra and muscles of the neck. For the convenience of the
head modeling, a pivot point (center of the origin) of the head movement is
assumed to be around C2 cervical vertebrae. This point is calculated by using
the eye-separation distance and width and height of the human face.

We have proposed a novel geometric head pose estimation algorithm, which
is the main contribution of this research paper. The algorithm has following
steps to estimate yaw (α), pitch (β) and roll (γ) angles of a human head.

∗ Input: Video from the webcam.

∗ Step 1: Face and eyes region detection using Haar-like feature algorithm.

∗ Step 2: Real time tracking of face and eyes region using Tracking-Learning-
Detection (TLD) frame work.

∗ Step 3: Pivot point estimation using face and eyes region.

∗ Step 4: Geometric analysis for calculating head rotations (yaw (α), pitch
(β) and roll (γ) angles) considering pivot point and eyes region.

∗ Output: yaw (α), pitch (β) and roll (γ) angles of human head.

The proposed algorithm has successfully solved the problem of pose esti-
mation in real-time using only 2D information from normal video camera.
Besides training and learning required by TLD and Haar algorithm, our algo-
rithm does not require offline training session and does not require any prior
knowledge regarding camera parameters and/or distance of the user from the
camera. The technical evaluation shows the validity of the proposed approach.

– Paper IV

M.S.L. Khan, Haibo Li, and Shafiq ur Rehman, “Gaze perception and aware-
ness in smart devices.” In International Journal of Human-Computer Studies
92 (2016): 55-65.

The work presented in paper IV considers an important problem in current
computer mediated communication. The problem is that the participant can-
not estimate the gaze of a remote person. We have proposed to use our TEBoT
setup to solve this problem. The results of the paper IV show that the head ges-
tures of a remote person along with audio-video communication helps local
collaborators to estimate the gaze directions of a remote person. The scientific
problem, contribution and summary of paper IV are given below.
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Scientific Problem
The scientific questions we have considered in this work are;

∗ How to improve gaze awareness/perception during distance communica-
tion?

∗ How to remove mona-lisa gaze effect during video conferencing?

∗ How to achieve gaze faithfulness, i.e., mutual, partial and full gaze faith-
fulness during video conferencing?

Summary and Contribution
The main contribution of the paper is to use our setup to address the issue of
gaze awareness in video teleconferencing. However, to solve the above sci-
entific problems, researchers are employing complex hardware and software
solutions. The most recent solution for accurate gaze perception employs 3D
interfaces such as 3D screens and 3D masks. We argue that due to the popu-
larity of smart devices (tablet-PC, smart phones, ipad, etc.) for distance com-
munication, there is a need to incorporate these devices in the solution of gaze
perception and awareness. Our proposed solution to tackle above scientific
problems is based on 3D embodiment of a remote user head.

The 3D embodiment is achieved by our TEBoT, which can rotate around to
give an accurate gaze perception of a remote person to the local collaborators.
By 3D embodiment we mean that the TEBoT presents the embodied actions
(head gestures) of a remote person at a local site. Therefore, we coined the
name of our setup as - Embodied Telepresence System (ETS). Our hypothesis
for this work is that, “an accurate gaze perception can be achieved in distance
communication by the 3D embodiment of a remote user head”.

An experiment is performed with ETS and the gaze perception results are
compared with standard 2D-screen (2D-SS) based video teleconferencing sys-
tem. Our experiment considered two important gaze-related issues: i) Mona-
Lisa gaze effect in which the gaze is always directed at the person independent
of his position in the room and ii) Gaze Awareness/Faithfulness which is the
ability to perceive an accurate spatial relationship between the observing per-
son and the object, which is being perceived by the actor. To formulate the
results, the following statistical analysis are done on an acquired data;

∗ Regression analysis: to examine which system (either 2D-SS or ETS) is
closer to our expected response, i.e., which system succeed in accurately
presenting the gaze of a remote user to his local collaborators.
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∗ View position analysis: What effect does the local collaborator’s viewing
position play in perceiving the gaze direction of a remote person? To
further study the effect of viewing position on decision making of local
participants, a pair-wise Pearson correlation is performed.

∗ Gaze Modeling: Gaze modeling is done to see which system (either ETS
or 2D-SS) is successful in mitigating the mona-lisa gaze effect in video
conferencing setup.

∗ Gaze awareness: It is important to characterize different types of gaze
information to analyze video conferencing system. There are three types
of gaze information which are used to compare ETS with 2D-SS. 1) mu-
tual gaze or eye-contact is knowing whether someone is looking at you.
2) partial gaze awareness is knowing the general direction someone is
looking and 3) full gaze awareness is knowing what someone is looking
at.

The results of an experiment confirm that the TEBoT by mimicking the em-
bodied head gestures of a remote person not only mitigates the Mona Lisa
gaze effect in 2D contents but also supports the 3 levels of gaze faithfulness,
i.e., mutual, partial and full gaze faithfulness, hence accurately projects the
human gaze in distant space.

– Paper V
M.S.L. Khan, and Shafiq ur Rehman, “TeleImmersion: Virtual Reality based
Collaboration.” In Human Computer Interaction International. CCIS 617, pp
352-357, 2016.

One of the important factors, which affects the mediated communication is
different environmental spaces. However, paper V makes an effort to remove
this difference and to improve the user perception of being present in distant
space. The scientific problem, contribution and summary of paper V are given
below.

Scientific Problem
The research problem we have considered for this work is ‘to design a setup

which mitigates the difference in environmental spaces during mediated col-

laboration’.

Summary and Contribution
The key contribution of this paper is a novel design of a virtual reality (VR)
headset based video teleconferencing setup. In this paper, key considerations
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of complete design are discussed, where solutions to challenges related to
head tracking, audio-video communication and data communication are pre-
sented. The remote person uses a VR headset to participate in a distant meet-
ing. The VR headset displays the meeting room and it’s view changes accord-
ing to the remote person’s head movements. We have deployed our previously
build ETS at a meeting site, to facilitate remote person during collaboration.

A user study was conducted to compare our proposed video teleconferencing
setup (VR-ETS) with our previously developed setup (ETS). The participants
were given a chance to experience both systems. At the end of the experiment,
the participants were asked questions related to presence and immersion pa-
rameters. The results show that compare to simple ETS, the participants felt
more immersed through VR-ETS.

To summarize, we have used a virtual reality (VR) headset in combination
with our previously developed Embodied Telepresence system (ETS) for a
novel video teleconferencing experience. The use of a VR headset disconnects
the remote person from his space and makes him/her feel-like to be present
at the distant space. Furthermore, the ETS facilitates the remote person to
take turns, do side conversation, explore the local environment, specify his
gaze, etc. The user study shows that our setup increases the immersiveness

and feeling-of-presence experience of a remote person.

– Paper VI M.S.L. Khan, Alaa Halawani , Shafiq Ur Réhman and Haibo
Li,“Action Augmented Real Virtuality Design for Presence”, submitted in
IEEE Transactions on Cognitive and Developmental Systems, SI: Human
Robot Interaction.

The work presented in paper VI considers a spatial presence of a remote par-
ticipant. The spatial presence is enhanced by introducing a novel device under
a conceptual framework of real virtuality. Real virtuality is a new concept
which targets applications related to experience of presence. In this paper, we
first propose a novel action augmented real virtuality concept. We then pro-
pose an action augmented real virtuality prototype, which is used to enhance
the spatial presence of a remote person. The scientific problem, contribution
and summary of paper VI are given below.

Scientific Problem

The scientific problem we have considered in this paper is ‘how to increase

the spatial presence of a remote participant during mediated communication’.
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Summary and Contribution

To answer above scientific problem, we have contributed in i) developing
novel real virtuality concept which is based on actions, ii) prototyping our
action augmented real virtuality setup and iii) validating our concept by user
study to evaluate how successful is such concept in increasing the feeling of
presence of a remote participant at distant environment.

We first present our conceptual framework considering presence of a remote
person at local site during video teleconferencing. Previously, researchers and
designers of video teleconferencing focused on creating presence through sen-

sory stimulation [38]. The presence through sensory stimulation has basis in
rationalistic philosophy [56], where it is believed that our mind first takes the
sensory information and through internal processing it perceives the presence
of an environment and later it guides our actions. However, the modern day
philosophers like Alva Noë negate this main stream idea; according to Noë,
perception is not something that happens to us or in us, it is something we

do. Perception depends on capacities for action [140]. According to modern
philosophers, we act first and then we perceive which is opposite to main-
stream philosophical view where we perceive first and then we act. Based on
modern philosophy, we develop our own conceptual framework for presence
design which is focused on creating presence through actions. Using this con-
cept, we proposed an action augmented real virtuality based communication
interface to create a true-presence feeling of being in a mediated environment
for information intensive communication.

The key component of our action augmented real virtuality interface is em-

bodiment which highlights two main design challenges; i) design of an action
prototype and ii) action embodiment through embodied interface. To address
our first challenge, we present a design of TEBoT. The TEBoT is a physi-
cal representation (through electromechanical system) of a remote person’s
actions among local collaborators. For our second challenge - action embod-
iment through embodied interface, we use a HMD at remote site. We couple
the HMD with a remote person to display a real local site in a real time. In
our work, we propose an embodiment of a remote person with a HMD and
TEBoT to interact with the local environment. To complete our application
setup, we also consider a complete face representation of a remote person
to support actions. We propose a computer vision method to remove a face
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occlusion problem originated by HMD. Face and facial expressions are impor-
tant for effective video teleconferencing. This article contributes in presenting
a novel algorithm for retrieving an occluded face, hence providing a full face
to support actions.

Finally, we have performed a user study with our action-augmented real vir-
tuality setup. Our experimental study have compared this novel setup with
our previous ETS on presence and immersion parameters. The results clearly
show that the action augmented real virtuality based video teleconferencing
setup outperformed simple ETS on all dependent measures.The user study
shows that our system was successful in creating a true feeling of presence
for a remote person by different action possibilities, hence increasing remote
person’s perceptions to create a better mental representation of a local site.

This article has twofold contributions. This article present a novel concept
of real virtuality for presence design application. Our real virtuality concept
centers around actions rather than the main-stream real virtuality concept, i.e.
sensory stimulation. Technically, this work is the first which presents the ac-
tion augmented real virtuality based video teleconferencing setup as a proof of
concept. This work also proposes novel techniques for i) face representation
and ii) lip tracking.

– Paper VII

M.S.L. Khan, Shafiq Ur Réhman, Ulrik Söderström, Alaa Halawani and
Haibo Li, “Face-off: a Face Reconstruction Technique for Virtual Reality
(VR) Scenarios.” In European Conference on Computer Vision (pp. 490-
503). Springer International Publishing, 2016.

Our virtual reality (VR) headset based video teleconferencing setup intro-
duced a new problem in our setup, which guided us toward the research con-
ducted in paper VII. The VR headset occludes a significant portion of a human
face and real human face is a must during video teleconferencing. This paper
proposes a solution for this problem. The scientific problem, contribution and
summary of paper VII are given below.

Scientific Problem

The scientific question consider in this paper is, ‘how to reconstruct the face

of a person who is wearing a VR headset?’

Summary and Contribution
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The main contribution of the paper is in providing an optical sensor-based so-
lution to address an issue of face occlusion during VR scenarios. VR headsets
are becoming popular because of cheaper prices, more immersive experience,
high quality, better screen resolution, low latency and better control. These
VR headsets are used in many research and industrial applications, for ex-
ample, medical simulation, gaming, 3D movie experience and scientific visu-
alizations, etc. The research community in wearable virtual reality field has
been developing various hardware and software solutions to solve different
issues related to virtual reality. One of the major issues related to VR head-
sets is that they occlude half of the human face (upper face region) and to
reconstruct the full human face is the main contribution of this research work.

This paper proposes a wearable camera setup-based solution to reconstruct the
real face of a person wearing a VR headset. Our solution lies in the core of
asymmetrical principal component analysis (aPCA). A user-specific training
model is built using aPCA with full face, lips and eye region information.
The lips information is used to estimate the lower facial expression and eye
information is used for the upper facial expression. During testing phase,
lower face region and partial eye information is used to reconstruct the wearer
face. During testing phase, a person wears a VR headset along with a wearable
camera setup. A short calibration step is performed to align test half frames
with trained half frames. When a new half frame is presented to a trained
model, its own weights are found by projecting the new half frames onto
the collection of trained half frame eigen spaces. These new weights with
full-frame, mean face and full-frame eigenspace are used to reconstruct the
original face with all facial deformations (more prominently eyes and mouth
deformations).

The qualitative and quantitative results show the validity of proposed aPCA-
based approach. The qualitative results are presented in the form of recon-
structed face frames, whereas quantitative results yield high PSNR and low
difference in facial feature points. Furthermore, the results show that the fa-
cial mimic of a person can be accurately modeled by the mouth and eye re-
gions. The target application of this contribution is not just limited to VR
based teleconferencing. However, this contribution can be used in other VR
applications, where the real face of a wearer is required.

– Paper VIII
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M.S.L. Khan, Shafiq Ur Réhman,“Distance Communication: Trends and
Challenges and How to Resolve them”. In HCI Collection, Handbook: Strate-
gies for a Creative Future with Computer Science, Quality Design and Com-
municability, ISBN: 978-88-96471-13-5, DOI: 10.978.8896471/135, 2014.

In literature, there is no work which summarizes the previously developed
solutions for improving video teleconferencing experience. This lack of study
motivates us in writing a book chapter presented in paper VIII. The scientific
problem, contribution and summary of the paper VIII are given below.

Scientific Problem

The scientific questions we have considered to understand the current trends
and challenges in video telconferencing are;

∗ What are the factors which make video teleconferencing different from
face to face interactions?

∗ What are the proposed software and hardware solutions?

∗ How to bring computer mediated communication close to face to face
interactions?

Summary and Contribution

The start of the book chapter summarizes the factors which make video tele-
conferencing divergent from face-to-face interaction (some of these differ-
ences are also presented in our introduction section of the thesis). These fac-
tors are;

∗ Lack of an eye-contact during video teleconferencing.

∗ Unable to take turns and/or perform side conversation during video tele-
conferencing.

∗ Ambiguous gaze awareness/perception during video teleconferencing.

∗ Different environment spaces during video teleconferencing.

∗ Lack of emotions and nonverbal gestures during video teleconferencing.

This book chapter provides a detail overview of the hardware and software
solutions proposed by different researchers to solve above mentioned prob-
lems. The software solutions for improving video teleconferencing experi-
ence are based on computer graphics, computer vision, augmented reality and
virtual reality techniques. On the other hand, many hardware designs (non-
anthropomorphic designs and anthropomorphic designs) are presented which
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are used to improve the conferencing experience by using robotics, embedded
system, signal processing and computer vision techniques. This book chapter
also highlights the advantages and disadvantages of the software and hardware
video teleconferencing systems.

Despite these considerable hardware and software improvements, the claim
of the book chapter is that video teleconferencing is still far from face to face
interaction. Though, researchers have developed complex hardware setups but
these systems do not provide positive sensorimotor coordination between the
remote person and the hardware setup. For example MRPs adds the mobile
capability mostly controlled by mouse, keyboard and/or joystick. Do we walk
in a similar fashion in our real world? No, rather, we act through the world to
perceive it. These action capabilities are related to our embodied-being in the
world.

To further facilitate and improve the conferencing experience, this book chap-
ter introduces an embodied interaction concept in distant communication. The
idea is to perform similar interactions during video teleconferencing as we do
in our real world interactions. In our real world, we mostly perform embod-
ied actions, where we interact with the physical world by our sensorimotor
coordination. Furthermore, these interactions involve combination of differ-
ent verbal and non-verbal modalities. So, to bring CMC close to face to face
interaction, there is a need to develop systems which add more and more non-
verbal modalities during CMC. Furthermore, these systems should support
embodied interactions and positive sensorimotor coordination.

In this book chapter, we present an example in which the above embodied
interaction concept is incorporated in video teleconferencing by using our
telepresence mechatronic robot - TEBoT. We named this embodied interac-
tion based video teleconferencing system as Embodied Telepresence System
(ETS). ETS integrates standard audio-video conferencing with mechanical
embodiment of the head gesture of a remote person to enhance the experience
of audio-video conferencing by communicative non-verbal actions (head ges-
tures). An embodied tele-presence system (ETS) is setup in a real scenario
to measure the feeling of presence of a remote user among local collabora-
tors and to measure the quality of experience of a remote user for compara-
tive scenarios; 1) when remote user is communicating using standard video
teleconferencing system (e.g. Skype) 2) when remote user is communicating
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through our embodied interaction based video teleconferencing system (i.e.,
ETS). The result of user study shows that ETS not only helps in increasing the
feeling of presence of remote person at local site but also help remote person
to explore the local environment.



2 Theoretical Background

The aim of this chapter is to go through some of the theoretical underpinnings for
presence design research. This chapter reviews the presence theories and its related
concepts, focusing in particular on the search for modalities that we could use in
our design. Our design stance comes from the modalities of actions and embodi-
ment. In this chapter, I highlight those theories that describe presence, actions and
embodiment as an active interaction with the world and other human beings.

Presence research is a new and fast growing research area. The theories related to
presence are complex and draws upon research in many areas; engineering, phi-
losophy, psychology, communication, neuroscience and other fields. The presence
research deals with the nature of user experience with interactive media technolo-

gies that can be variously described as the sense of being transported to another

place, the sense of immersion in another world and the feeling that the interface
has disappeared [152].

The research work in mediated communication focuses on developing technolo-
gies that enhances the experience of presence of the participants. The concept of
presence is a key in defining mediated communication in terms of human experi-
ence rather than technological hardware [178]. Therefore, the research in mediated

communication can also be termed as research in mediated presence. The term
mediated presence and telepresence are interchangeable used to describe the ex-
perience through mediated communication. The mediated presence refers to the
mediated perception of an environment and the real presence refers to the natural

perception of an environment [110]. The real presence is an evolved process related
to the understanding and management of the casual texture of both the physical and
social worlds [156]. The real presence locates the self in an external physical and/or
cultural space: the self is present in a space if self can act in it [154]. Furthermore,

37
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the real presence provides feedback to the self about the state of its activity: the
self perceive the variations in presence and tunes it activity accordingly [154]. Our
research work towards mediated presence first studies the real presence of human
beings and understands human interactions in the world and with other human be-
ings. These human-interaction understandings are then used to design our systems
which support similar interaction during mediated communications.

In the following sections, I present some theories, definitions and concepts related
to mediated presence, actions and embodiment. These theoretical concepts provide
basis for our presence-prototypes presented in subsequent chapters.

2.1 Mediated Presence

In literature, presence, mediated presence, telepresence, physical presence and spa-
tial presence have been interchangeably used (with similar meaning) for mediated
communication. However, in this chapter we use mediated presence most of the
time. In mediated presence research, several definitions and theories have been
proposed. I will start with the definitions of mediated presence proposed by differ-
ent theorists and researchers.

2.1.1 Definitions

The term mediated presence means using sensors and effects to link the body of
the user via telecommunication channels to a remote environment. The mediated
presence is defined as,

the transportation of senses via telecommunication [22].

the experience of presence in an environment by means of a communication medium

[178].

the extent to which one feels present in the mediated environment rather than in the

immediate physical environment [178].

The feeling, which is described as mediated presence is the feeling of being inside
the mediated world. It is crucial and necessary element, which drives the design
and development of our mediated communication technologies. In the same way
that the feeling of presence in our physical environment is based on the perception,
physical actions and activities in the physical environment [155], we consider the
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feeling of presence in a technologically-mediated environment is a function of the
possibilities for interaction. The higher the possibilities of interactions the more
presence you feel in a mediated environment. Schubert et al. describe this concept
by concretized presence or embodied presence [164]. They suggest that the state
of presence is the result of mental representations of actions that are possible in
an environment (real environments, virtual environments, pictures, movies, books,
and even imagination). A person perceives this mental representation in terms of
the result of an active interpretation of the environment. The full mediated presence
occurs when,

a person cannot distinguish between sensory input from a hardware-mediated envi-

ronment and sensory input from reality, and thus responds to the hardware-mediated

input as though it came from the real world [41].

Presence can also be defined in-terms of psychological state or subjective percep-
tion of being in a mediated environment [176]. Kim et al. suggest that, funda-
mentally, presence is the product of two factors: i) the arrival or the feeling of
being-there in the mediated environment, and (2) the departure or the feeling of
not being there in the physical environment [102]. According to Lombart, the me-
diated presence occurs when a part or a totality of the individual’s perception fails
to recognize the role of technology at the time of the mediated experience [113].
According to Loomis (1992), presence may be described as a basic state of con-
sciousness; the attribution of sensation to some distal stimulus or more broadly to
some environment [115].

Considering above discussion, the mediated presence can be crudely divided into i)
subjective presence and ii) objective presence.

Subjective presence

the subjective sense of being there in an environment [89].

the likelihood that the person judges himself to be physically present in a mediated

environment [163].

Objective presence

the likelihood of successfully completing a task [163].

Presence is tantamount to successfully supported action in the environment [196].

Different researchers and theorists have proposed different types of presence de-
pending on the task and context of their work [166]. However, in this chapter
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we use the division proposed by Heeter [89] and this division is quite prominent
throughout the thesis. According to Heeter, there are three distinct types of pres-
ence that contribute to the experience of being-there, a) personal (spatial) presence,
b) social presence and c) environmental presence [89].

Personal (Spatial) presence - the extent to which the person feels like he or she
is part of the mediated environment. According to Lee et al., personal presence
is a psychological state in which technology users do not notice either the para-
authentic nature of mediated objects or environments and/or the artificial nature of
simulated objects or environments [110].

Social presence - the extent to which other beings also exist during mediated com-
munication. According to Lee et al., social presence is a psychological state in
which technology users do not notice the para-authenticity of mediated humans
and/or the artificiality of simulated nonhuman social actors [110], or simply the
mental simulation of other intelligence [23].

Environmental presence - the extent to which the environment itself acknowl-
edges and reacts to the person during mediated communication.

2.1.2 Theories

There are number of theories that attempt to crudely address the nature of presence
during mediated communication. In this section, I present some of the theories that
are related to the work presented in this thesis.

Social Information Processing (SIP) Theory - is an interpersonal communica-
tion theory presented by Joseph Walther in 1992 [186]. According to SIP the-
ory, the users of mediated communication can adopt to the restriction of nonverbal
cues/gestures and can still develop close relationships [186]. It argues that CMC’s
interpersonal relationships may demonstrate the same relational dimensions and
qualities as face to face relationships. This relationship get stronger by two factors,
i) verbal cues and ii) extended time. The work presented in thesis does not fully
support this theory, although time and verbal-cues help in developing close rela-
tionship, however, this thesis argues that this close relationship flourish more and
faster by adding nonverbal cues and gestures.

Social Presence Theory (SPT) - was developed by John Short, Ederyn Williams
and Bruce Christie in 1976 [170]. The modern definition of SPT states that, ‘the
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degree to which a person is perceived as a real person in a mediated communica-
tion’ [84]. The SPT suggests that current CMC deprives users of the sense that
another actual person is present in the interaction [80]. This is due to lack of two
important social components, i) intimacy [16] and ii) immediacy [191]. This thesis
agrees with the SPT and tries to increase the intimacy and immediacy by actions
and embodiment.

Media Richness Theory (MRT) - was introduced by Richard L. Daft and Robert
H. Lengel in 1986 [47]. MRT compares different communication media and it
states that all communication media vary in their ability to enable users to com-
municate and to change understanding [51]. According to MRT, face to face in-
teraction is richest in-terms of communication and other communication media are
compared against face to face communication. In accordance with MRT, this thesis
aims to provide solution to bring mediated communication as close as possible to
face to face interaction.

Social Identity model of Deindividuation Effects (SIDE) - was developed and
first named in 1991 by Lea and Spears and then later expanded on in 1992 [109].
SIDE theory was developed as a critique to the idea that anonymity and reduced
presence made communication technology socially deindividuated. However, SIDE
theory suggest that communication technology still exhibit social identity depend-
ing upon the possibilities of affordance, media technology provides.

Cluelessness Theory and Cues filtered out Theory - was introduced by Culnan
and Markus in 1987 [46]. Cues filtered out theory is described as verbal and non-
verbal cues being absent in CMC [46]. The absence of cues within CMC makes
the establishment of interpersonal relationships rather difficult. This thesis exten-
sively talks about the absence of nonverbal cues/gestures in our current CMC that
increases the psychological distance which results in more impersonal communica-
tion. Furthermore, reduced social cues makes interactions more difficult, less easily
regulated and more effortful.

The above theories are directly-indirectly related to the theories of mediated pres-
ence. In the following paragraphs, I will present some recent trends and concepts
which help us in our presence design research.

Immersion

Immersion and presence are interchangeably used in the literature. However, in
this thesis, I use the definitions proposed by Wilbur et al. [173]. According to him,
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presence is more subjective measure and immersion is more objective measure. He
defines immersion as,

an objective description of aspects of the system [173].

Immersion is more objective and the result of immersion in a system is successful
task performance. Immersion focuses on the technological aspect of the system,
e.g. screen size, field of view, delay (update rate of a system), animation, quality,
quantity of sensing modalities, consistency, pictorial realism, etc. Immersion is
subject to an objective description and can be quantifiable in terms of what the
system can offer to the user. The two technological dimensions that contribute
to immersion are i) vividness and ii) interactivity. Vividness is the capability of a
system to produce a sensory rich interaction [178]. On the other hand, interactivity

refers to the degree to which users of a system can influence form/content of the
mediated space or digital environment [178].

Distal Attribution is a closely related phenomenon to presence, which has received
much attention by philosophers and perceptionists [115]. It is defined as,

most of our perceptual experience, though originating with stimulation of our sense

organs, is referred to external space beyond the limits of the sensory organs [115].

True mediated presence occurs when the sensory data support only the interpreta-
tion of being somewhere other than where the sense organs are located; whereas,
distal attribution to a remote location occurs when the sensory data represent both
the remote location and that device or linkage that connects the observer with that
remote location [115]. For example, presence is about being in and distal attribu-
tion is about Being in touch with a virtual environment (in case of VR displays)
and remote environment (in case of remote communication). Presence and distal
attribution are different in the level of the awareness of an environment. Most of
our current computer or tele-robotics based mediated communications are distal at-
tribution, where, for example, people control a slave device or robot that is situated
at some remote location. This setup promotes the awareness of both physical and
phenomenal world (remote location). However, in one of our research paper we
propose a system which minimizes distal attribution and increases mediated pres-
ence, i.e., being present in phenomenal world (remote location).

Loomis presents the difference between the physical and phenomenal world. The
physical world, including our nervous system, is not given directly in our experi-
ence but is inferred through observation and critical reasoning [35], whereas, the
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phenomenal world is that of which we are perceptually aware, being a construction
of our senses and nervous system; its high degree of functionality, conceals its very
nature to the unreflective person [115]. In this thesis, I have used this difference for
remote person perception of being either in physical or phenominal world.

Spatial Cognition

The above concept about environment-awareness is closely related to Spatial cog-
nition. Spatial cognition is defined as,

the internalized reflection and reconstruction of an environment in thoughts [121].

Spatial cognition is concerned with the acquisition, organization, utilization and
revision of knowledge about spatial environment. In our work, I have considered to
increase the knowledge about the local environment and make it available to remote
person for better internalized reflections.

Real Virtuality Concept is given by Alan Chalmers, David Howard and Christo-
pher Mior in 2009 [38]. The real virtuality concept is quite new and has it basis in
presence research. It is defined as,

Real virtuality environments (also known as there-reality) are true high-fidelity

multi-sensory virtual environment which provide the same perceptual response from

viewers as if they were actually present, or there in the real scene being por-

trayed [38].

The variables that are critical for real virtuality are (i) sensory engagement: number
and fidelity of sensory channels engaged, (ii) motor engagement: number and reso-
lution of motor channels engaged, and (iii) sensorimotor coordination: the positive
coordination between (i) and (ii). According to Chalmers et al., to achieve total real
virtuality a system should integrate all the human sensors and human motors and
there should be a natural coordination between the two. However, I propose another
dimension of creating/achieving real virtuality, i.e. by actions. As a first prototypic
example of a real virtuality through actions, in this thesis I have (i) embodied two
sensors of a remote person, (ii) head gestures for motor engagement and (iii) a real
time exploration of a local environment as a coordinated sensorimotor actions. Fur-
thermore, in this work, I have deployed a virtual reality headset. Currently, most
of the today’s virtual reality context are computer-generated and/or real’which are
simulated/recorded offline. However, based on the real virtuality concept, we have
developed an online and real content for virtual reality headset. The real virtual-
ity concept guided us to develop a system which helps us to achieve true mediated
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presence compare to previously developed systems.

2.2 Embodiment

René Descartes Philosophy -

I will start the discussion with an opposite concept of embodiment, mostly given by
pre-1930 philosophers. The prominent name among these philosophers was René
Descartes. The famous quote of René Descartes, I think therefore I am (Cogito ergo

sum) summarizes his philosophy [53]. According to him, my being is essentially

thinking and this thinking is separate from the body. He said that the body is not
relevant or important it is just a device for physical contact with the rest of the
world.

On the one hand I have a clear and distinct idea of myself, in so far as I am simply

a thinking, non-extended thing (that is, a mind), and on the other hand I have a

distinct idea of body, in so far as this is simply an extended, non-thinking thing.

And accordingly, it is certain that I am really distinct from my body, and can exist

without it [55].

There is a great difference between the mind and the body, inasmuch as the body is

by its very nature always divisible, while the mind is utterly indivisible. For when I

consider the mind, or myself in so far as I am merely a thinking thing, I am unable

to distinguish any parts within myself; I understand myself to be something quite

single and complete . . . By contrast, there is no corporeal or extended thing that I

can think of which in my thought I cannot easily divide into parts; and this very

fact makes me understand that it is divisible. This one argument would be enough

to show me that the mind is completely different from the body . . . [55].

The core of his idea is that there is a strong split between the mind and the body.
The mind being the software running on a hardware - the brain. It is the software
that matters, not the hardware. Everything interesting about people is happening
in mind; it is the mind that explains behavior, where our body is mere physical
input/output device. The explanation of Winograd et al. [192] further elaborate
René Descartes philosophy. According to Winograd et al., perception is a process
by which facts about the world are registered in our thoughts and feelings and these
thoughts and feelings cause physical motion in our bodies. For example, to perform
any action, one start with making a plan in one’s mind and then the mind gives
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instructions to a body to perform the required action. This classical idea has been
widely adapted to the domains of cognitive and perceptual psychology. In literature,
this classical view is termed as Cartesian or Rationalistic view [55]. Rationalism
is a theory of knowledge acquisition and it asserts that the knowledge is obtained
on the basis of reason or rationality [122]. This is classically opposed to the stance
that knowledge is acquired through experience: the empiricist stance [122].

Phenomenology- Merleau-Ponty Philosophy - In this section, I will present the
idea of embodiment. Embodiment idea critique the above idea given by René
Descartes by finding a way where thinking is not only inside your mind but also
in the rest of your body. Merleau-Ponty was among the first to introduce the idea of
embodiment (as explained by blind man stick example in the introduction chapter).
In contrast to René Descartes, Merleau-Ponty argues that thinking does not occur

separately from being and acting [129]. Merleau-Ponty was a phenomenologist
and phenomenology is the raw experience of being in the world; I am here now
and I experience the world, how do i experience the world? Consequently, phe-
nomenology has attempted to reconstruct the relationship between experience and
action without Descartes separation [129].

The body can no longer be regarded as an entity to be examined in its own right

but has to be placed in the context of a world. Moreover, being-in-the-world can-

not itself be understood as a certain relation that obtains between a central body

and a surrounding world, but has to be understood in terms of tasks, action to be

accomplished, a free space which outlines in advance the possibilities available to

the body at any time [118].

the source of meaning (and meaningfulness) is not a collection of abstract, idealized

entities; instead, it is to be found in the world in which we act, and which acts upon

us. This world is already filled with meaning [60].

Merleau-Ponty Philosophy emphasizes the critical role of the body in mediating
between internal and external experience, it places action and interaction prior to
abstract understanding.

Martin Heidegger Philosophy - The embodiment concept is also related to the
philosophy presented by Martin Heidegger. In contrast to rationalistic view of
Descartes, Heidegger claims that separation between subjectivity and objectivity,
subject and object, mental and physical do not describe our nature of existence in
the world [37].
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Being, in Heideggerian sense, is defined in terms of action with in worldly context.

Existence is action and action is existence [196].

For Heidegger, embodied action is essential to our mode of being and to the ways
in which we encounter the world; being comes first: thinking is derived from being
[60]. According to his philosophy, there are two ways through which we encounter
and act in the world, ready-to-hand (zuhanden) and present-at-hand (vorhanden)

[190].

– ready-to-hand - Heidegger argues that when one is engaged in interaction with
objects, a stable representations of objects as tools and equipment do not exist.

We develop a skillful use of material of the world and in turn we develop tacit,

embodied knowledge or know-how that allows us to cope smoothly with the

world around us [144].

Equipment can genuinely show itself only in dealing cut to its own measure

(hammering with a hammer, for example); but in such dealings an entity of this

kind is not grasped thematically as an occurring Thing, nor is the equipment-

structure known as such even in the using. (Heidegger, 1962, p. 98) [90].

The ready-to-hand is when objects are conceived according to their usefulness
in task being performed. The ‘transparency’ of an equipment is the key in
Heidegger’s ready-to-hand.

– present-at-hand - The opposite of ready-to-hand is present-at-hand, where one
concentrates on objective property of tools and equipment. The tools and
equipment are non-transparent in present-at-hand.

present-at-hand is reflective mode of thinking about the process we are en-

gaged in. Rather mental and internal than physical and active. A second kind

of knowledge: know-that rather than know-how [190].

With the present-at-hand one has (in contrast to ready-to-hand) an attitude

like that of a scientist or theorist, of merely looking at or observing something.

In seeing an entity as present-at-hand, the beholder is concerned only with the

bare facts of a thing or a concept, as they are present and in order to theorize

about it [90].

For Heidegger, present-at-hand is not the way things in the world are usually en-
countered, however, we encounter the things by it usefulness (ready-to-hand).

Embodiment and Computer Mediated Communication
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The presentation of above philosophical view was important to make readers under-
stand the developments of computers and computer mediated communications. Our
current computer devices came along with the history of rationalistic philosophers
(e.g. René Descartes) . The idea of computer development is based on the theory
of mind as a software running on a hardware, where body is not important. Our
computers are mostly thinking machines, which take input, do processing and give
an output. Our current computer devices do not look like embodied being. There-
fore, the current computer interfaces are not fitted for mediated communication,
where body plays an important role. We are partially disembodied when interact-
ing with our current communication media. The current computer based mediated
communication can be seen as a communication between two disembodied brains.
However, Merleau-Ponty and Heidegger philosophies call to develop new inter-
faces which incorporate our bodies and bodily-interactions. This premise draws
heavily on the notion of embodiment. Embodiment offers a way of explaining how
we create meaning from our interactions with the everyday world we inhabit. This
concept of embodiment can be similarly applied to mediated communication where
the bodily interactions affect the mediated environment in a meaningful way.

The above philosophical discussion also helps us in defining embodiment and em-
bodied interaction in terms of technology;

Embodiment is thinking through our technologically extended bodies [22].

Embodiment talks about strong coupling of the body with the interface [60].

Embodied interaction is when people interact mentally and physically with tech-

nology [61].

Embodied interaction is when humans create and communicate meaning through

interaction with the system [60].

In this thesis, we present embodied interfaces which support embodied interac-
tions during mediated communication. These embodied interfaces embody re-
mote person’s body. The local site is viewed through these interfaces and are af-
fected/changed by remote person’s bodily-actions. This affect/change creates an
in-depth sensation in the mind of a remote user. Furthermore, our embodied in-
terfaces are transparent which do not interfere during mediated communication,
Heidegger termed this transparency as ready-to-hand, compare to our current com-
puter mediated communication technologies which are present-at-hand.

I will close the discussion of embodiment by presenting last two important con-
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cepts, i) affordance and ii) action-perception coupling.

Affordance - theory is given by Gibson in 1977 [73], which has profound affect on
the development of HCI.

Affordance theory states that the world is perceived not only in terms of object

shapes and spatial relationships but also in terms of object possibilities for action

(affordances) - perception drives action [73].

The affordance is possibilities/opportunities of actions in an environment [140].

For example, for a human, the ground affords walking, atmosphere at sea level
affords comfortable breathing and the apple afford eating. Gibson notion of affor-
dance has been a very influential concept in mediated presence (see the Gaver’s
example in introduction chapter). Research on the embodied understanding of en-
vironments shows that coding environments in terms of affordance is a common
process, and suggests that this cue might underlie the development of mediated
presence [36, 165]. The combination of bodily-interaction and affordance jointly
lead to an embodied conceptualization based on activated motor representations.
This motor representations during the perception of an environment (e.g., through
manipulations of the body) affect the sense of mediated presence. Our current
computer mediated communication setup does not provide enough affordance to
interact with mediated environment, which in turn effect the mediated presence.
In our work, we propose a setup which helps a remote person to explore the local
environment hence increasing the affordance of a local site for interactions.

Perception-action coupling - The awareness/affordance of an environment is re-
lated to perception-action coupling, defined as,

human perceive environment in terms of its affordance making perception depen-

dent on possible actions [140].

According to embodied interaction understandings, we perceive our physical envi-
ronment by acting in it [60]. Embodied skills depend on a tight coupling between
perception and action. However, our current CMC does not help remote person to
act in a local environment hence does not support a proper perception-action cou-
pling. However, in this thesis, I proposed a system which helps remote person to
navigate around and create a proper perception-action coupling. Applying the con-
cept of perception-action coupling to mediated environment, one can conclude that
the user will perceive the distant environment in terms of what can be done in that
environment. Furthermore, the mediating technology itself will eventually become
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ready-to-hand, invisible to the user.

Lastly, the Embodied presence and embodiment can also be defined according to
perception-action coupling.

Embodied Presence is defined as, a mental representation of an environment is

made in terms of pattern of possible actions, based on perception and memory,

presence is experienced when these actions include the perceived possibilities to

navigate and move your own body in the mediated environment [164].

Progressive embodiment is steadily advancing immersion of sensorimotor (perception-

action) channels of humans to computer interfaces through a tighter and more per-

vasive coupling of the body to interface [22].

2.3 Actions

60% of all human communication is nonverbal bodily actions; 30% is your tone, so

that means 90% of what you’re saying ain’t coming out of your mouth - Alex Hitch

Hitchens.

The most important thing in communication is hearing what isn’t said - Peter F.

Drucker.

Human-human communications depend on how well we communicate our thoughts
and understand the thoughts of others. Psychologists and cognitive scientists refer
to this as the ability to mind read - that is, to interpret what others are thinking [172].
During human communications, the activities (both verbal and nonverbal) are ini-
tiated by the mind of the actor. The intents and goals in the mind are instantiated
through communication cues. However, we cannot directly read the mind of the
person whom we are communicating with, but we can interpret and create under-
standing through communication cues. These communication cues not just depen-
dent on the words being uttered but also on the bodily actions which play an active
role in mind-reading process. The body is an important tool for communication and
interactions.

Non-verbal bodily actions consist of all the messages other than words that are

used in communication.

During human-human conversation, people pay more heed to nonverbal aspects
of communication [19]. We perceive the intentions of others by focusing and in-
terpreting their bodily actions. These bodily actions convey analogous messages,
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have universal meanings, elicit automatic responses and at times occur sponta-
neously [112]. These nonverbal actions give meanings to verbal information and
the combination maintains the flow of conversation. The most common nonver-
bal actions include facial expressions, posture, head gestures, body language, gaze,
eye-contact, etc. [170]. The other components of nonverbal conversation include
time, place, environment, proximity, context, culture, etc. [86].

The nonverbal actions facilitate interaction, foster engagement, and disseminate
information to validate claims, identify priorities, reach consensual decisions and
create collective intelligence. The collective intelligence is a form of intelligence
that emerges from the collaboration of many individuals [74]. This collaboration
involves both verbal and nonverbal interactions. Furthermore, the nonverbal actions
affect how others see you, how well they like and respect you and whether or not
they trust you. The trust increases when your nonverbal signals match up with the
verbal information. So, during human-human communication, our body and bodily
actions play an important role for smooth interaction.

The role of human body is also visible in Activity Theory (AT) [64]. According to
AT, the role of the human body is fundamental to communication in that it serves
to mediate and aid participation in activity. We use bodily movements to perform
actions and employ bodily senses to interpret the bodily actions of others. Thus,
the human body is an instrument through which learning occurs. It is through the
physical body that we represent ourselves to others and our own selves. Activity
theory identifies how we derive meanings during interactions with our environment
through our actions.

Human beings use non-verbal actions to persuade or to control others, to clar-
ify or embellish things, to stress, complement, regulate and repeat verbal expres-
sions [21]. Nonverbal actions can also be used to substitute verbal expression, as
this is the case with several body gestures. Non-verbal communication is emo-
tionally expressive and so any discourse appealing to the receiver’s emotions has a
persuasive impact. Furthermore, human beings observe the nonverbal expressions
of the speaker, trying to make sense of these symbolic messages even before a sen-
tence is uttered. These nonverbal gestures are seem to be trust-able because they are
mostly unconscious and part of every-day behavior. People assume that non-verbal
actions do not lie and therefore they tend to believe the non-verbal message when
a verbal message contradicts it. According to the Edward G. Wertheim, author of
The Importance of Effective Communication [189], there are five main effects of
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nonverbal communications;

– Repetition - They support the verbal content.

– Contradiction - They can contradict with the verbal content and make speaker
untrustful.

– Substitution - They can be used instead of words.

– Complementing - They can enhance the verbal content.

– Accenting - They can be used to emphasize certain content.

The lack of non-verbal actions can result in unregulated and disordered conversa-
tion which can lead to confusion and incoherence [43]. The absence of nonverbal
content make decision-making difficult. The lack of nonverbal content also leads to
untrustful and untruthful conversation. Finally, the lack of actions result in decrease
in feeling of presence of other human beings.

The presence, especially social presence is perceived by the actions of other hu-
man beings. We claim that some one is present and/or sharing your environment
when you can lawfully understand his/her actions. The perceptions of presence and
co-presence are tied to bodily movements. The Embodied Social Presence (ESP)

theory also posits that the body is the nexus of communication [126]. According
to ESP, the process of perceptual focus involved in interpreting others intentions
starts with the recognition of other, which involves the individual engaged in ac-
tivities. Therefore, it is through physical bodily movements and sensory abilities
that we consciously or unconsciously model, perceive, and manipulate others’ rep-
resentations in an environment [126]. Which bodily actions are important and or
give rise to the feeling of presence? The literature on the presence suggests that
a pool of several cues is likely to be responsible. Some of the nonverbal actions
which are relevant to the thesis are presented below. However, I am not covering
the para-language aspect (or aspect of voice), for example pitch, tone, intonation,
speed, etc.

The Role of the Body (Kinesics)

The word ‘kinesics’ means ‘movement’ refers to body movements and gestures
[25]. A body gesture is a movement made by limbs to express, emphasize or backup
the speaker’s attitude or intention. Furthermore, gesture reinforces a verbal mes-
sage and conveys a particular thought or emotion. There are three main types of
gestures, i) adaptors, ii) emblems and iii) illustrators [28]. Adaptors are behaviors
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and movements that indicate internal states typically related to arousal or anxiety.
Emblems are gestures that have a specific agreed on meaning, for example ‘V’ sign
for victory. Illustrators are the most common types of bodily gestures which we use
in parallel with verbal communication to facilitate the verbal information.

Body posture is the position of the speaker’s body. The body posture in combination
with bodily gestures can express many different meanings during communication.
The bodily gestures help to establish a relationship between the communicator.
Furthermore, the gestures regulate the flow of conversation, help in remembering
the communication, clarify and support words, function as visual aid, etc. The
physical body plays an important role in our everyday communication. We, human
being creates an understanding of other beings by their bodily actions. The lack of
these actions can result in disconnected communication. Therefore, it is crucial to
read the bodily gestures to avoid misunderstanding in social interactions.

The Role of Hand Gestures

Most of the people speak with the words and the hands.

You are born to speak with your hands.

The hand is a marvelous tool for communication. During human-human commu-
nication people consciously and unconsciously use their hand movements along
with verbal content. Similarly, the listener relates the hand movements of a speaker
with his verbal content. Hand gestures are sometime used in ‘replacement’ of ver-
bal content, for example, thumb up to say ‘OK’. Hand gestures often signify the
state of well-being of the person making them. Relaxed hands indicate confidence
and self-assurance, while clenched hands may be interpreted as signs of stress or
anger [107]. If a person is wringing his/her hands, this demonstrates nervousness
and anxiety [107].

The advantages of hand gesture is that it makes people to listen and focus on you.
Furthermore, hand gestures increase the understanding. On the other hand, if you
are not using hand gestures so often it means you do not care about what you are
speaking and the importance of content being delivered is also lowered. Further-
more, if hand gestures are hidden then it will be hard for people to trust you.

The Role of Head Gestures

The research in psychology shows that among all nonverbal modalities during hu-
man conversation, facial expressions and head movements are the most important
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for the flow of information [1, 26]. The facial expression is explained in next head-
ing, however, in this section I focus on head gestures. Human head has three basic
head movements, yaw, pitch, and roll [171], which are used to present different
head gestures in our daily life, for example, head nod is used to express agreement
(positive emotion), head shake is used to express disagreement (negative emotion)
and head tilt is used to express surprise or disbelief.

Head gestures have specific meanings in our human conversation. Head gestures
reveal the way we see things and how we feel about them. As the sensory center
of our body, head turns towards the things we like and away from the things we
want to avoid. Head gestures are important tool to enhance the verbal information
of a speaker. Furthermore, the speaker focuses on head gestures of listeners as a
response to his speech. For example, the speaker perceive the validity of his speech
by analyzing the head gestures of listeners. Head gestures play important roles
in face-to-face conversation for both speakers and hearers [124]. The speaker’s
head gestures appear as visible signs of actions such as addressing, questioning,
and stressing. The hearers’ head gestures can be interpreted as signs of listening,
acknowledgment, agreement/disagreement, and the level of understanding. There-
fore, head gestures are considered to be a rich information source for understanding
conversations.

The Role of facial expression

Facial expressions are dynamic features which communicate the person’s attitude,

emotions, state of mind, intentions, and so on [19].

Facial expressions refer to the use of the forehead, brow, and facial muscles around

the nose and mouth to convey meaning.

The face is the primary source of emotions, we interpret changes in facial expres-
sions as reflecting changes in mental states [96]. During human communication,
facial expressions change continually and are constantly monitored and interpreted
by the receiver. The example of facial expressions are smile, frown, raised eyebrow,
yawn, sneer, etc.

Facial expression is often the key determinant of the meaning behind a message.
The face communicates the attitudes, feelings, and emotions more clearly than any
other part of your body. According to behavioral psychologists, people can easily
recognize - simply by observing a speaker’s facial expressions - such distinct feel-
ings as surprise, fear, happiness, confusion, disgust, interest, disbelief, anger, and
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sadness [82].

The Role of Eye

There have been tremendous amount of research focused on the role of eye in hu-
man communication [103, 180].

An eye can threaten like a loaded and leveled gun; or can insult like hissing and

kicking; or in its altered mood, by beams of kindness, make the heart dance with

joy - Ralph Waldo Emerson.

The eye gaze direction (non-mutual looking) and eye-contact (mutual looking) are
important attributes of visual communication. The gaze direction communicates
emotions, expressions, attentions and it regulates the flow of conversation by pro-
viding feedback about what is being discussed [81]. The eye contact modulates the
social cognitive processes during contact with other face, modulating social con-
trol and information [97]. The role of eyes in communication is that they help in
inferring other people’s mental states and intentions, liking and disliking, focus of
attention, affect, cognition, etc. Furthermore, eyes may suggest either interest or
boredom, candour or openness.

The gaze behaviors of humans make a substantial contribution in interpersonal and
social interactions [15]. These gaze behaviors are used for regulating the flow of
conversation by turn taking, side conversation, synchronized verbal and kinaes-
thetic behaviors [159]. The research studies show that these gaze behaviors influ-
ence the evaluation of the attentiveness, competence, dominance, credibility, social
skills, intensity of their feelings, intimacy, etc. [181]. Furthermore, researchers
have also investigated the function of gaze in social control, such as, persuasion
and deception, threat and dominance, escape and avoidance, and ingratiation and
compliance [103]. The findings of these studies advocate a high significance of
gaze in human-human communication. However, the lack of eye information in
communication result in more stilted and labored conversation. Furthermore, the
inability to make an eye contact often gives off the impression that you are not
trustworthy.

The Role of distance (proximity)

The interpersonal distance or proximity is also a form of nonverbal communica-
tion and it is concern with the distance between the interacting bodies [91]. Ed-
ward Hall refers to the ways people perceive and use space as a communicative
device [85]. He considers four distances that humans employ during communi-
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cation; intimate, personal, social and public distance. The proximity concept is
related to co-presence, where social distance is considered; to perceive how close
is other human being. The research studies show that proxemics information is
less pronounced in mediated communication compare to face to face communica-
tion, since mediated communication is conveying only visual proxemics informa-
tion compared to the multi-model face to face interactions.

In this thesis, we deal with three important nonverbal modalities,

– Head gestures

– Facial expressions

– Eyes

In chapter 4, I present the two prototypes for head gestures and facial expressions,
respectively. In chapter 6, I present the experimental studies for measuring;

– Social presence and Co-presence: How my setup increases the social and
co-presence of a remote person among local participants?

– Spatial presence: How my setup increases the spatial presence of a remote
participant?

– Gaze perception and awareness: How my system mitigates a mona-lisa gaze
effect and supports three levels of gaze faithfulness, mutual, partial and full
gaze faithfulness?

2.4 Terminologies

Before presenting a technical aspects of our presence design, it is quite crucial
to provide a definition for technical keywords and expressions that have been fre-
quently used in this thesis.

– Computer Mediated Communication (CMC) - is defined as any human
communication that occurs through the use of two or more electronic de-
vices. The term - CMC has been frequently used in this thesis and in our
research papers. The CMC has a broader definition which includes email,
text-messaging, chat rooms, online forums, audio, video communication, etc.
However, in this thesis, CMC means real-time audio-video communication
using computer based devices.
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– Remote person and remote site - In this thesis, I consider one-to-many video
teleconferencing scenario, most of the time. Here, the one is a remote person,
who is located away (remote location) from his/her local collaborators. The
site where the remote person is located is a remote site.

– Local person and local site - The many in one-to-many video teleconferenc-
ing scenario are local collaborators. The local collaborators are assumed to
be more than one. The site where the local collaborators are sitting is a local
site. Our action robots which represent remote person are also located at local
site.

– Embodied Telepresence System (ETS) - is our real time conferencing setup
which uses our embodied control algorithms and action robot. Our embodied
control algorithm calculates the head gestures of a remote person and maps
it to action robot present at local site. The ‘embodied’ keyword came from
embodied interaction concept.

– Nonverbal communication - is communication other than verbal communi-
cation (words, tone, pitch, voice, etc). Nonverbal communication includes
head gestures, facial expressions, hand gestures, body language, gaze direc-
tion, etc. This thesis focuses on head gestures, gaze directions and facial
expressions.

– Experience - is something that can be articulated, named, and schematized
within a person’s memory [68]. It is an experimental method that assists re-
searchers in describing the typical contents of consciousness; participants are
asked to record what they are feeling and thinking whenever signaled to do so.
In this thesis, experience is used in our user studies to measure the presence-
experience and quality of interaction-experience.

– Perception - is the sensation in the brain in the immediate presence of sen-
sory stimuli, it excludes memory reflection, conscious reasoning, etc. In our
research papers, we measure what participant perceive during collaboration
with our setup.
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In this chapter, I present the conceptual framework of my presence-design research
for mediated communication. This framework was developed based on the avail-
able literature and based on my discussions with my supervisors. To elaborate the
concept thoroughly, this chapter gradually develops the parts of the framework that
lead to the overall concept of this thesis.

This chapter starts with an introduction to the concept of presence, which is an
important concept in mediated communication technologies. Next, it presents a
philosophical explanation of reality in a real world. The concept of reality and
presence share the same dimensions in terms of experience and philosophical un-
derstandings. There are two philosophical school of thoughts that have different
views about the creation of reality (presence).The first is reality (presence) through

sensory-stimulation, and the second is reality (presence) through actions. I present
the details of both schools of thought and back up my arguments with philosophical
discussions. From there, I start developing the conceptual framework that provides
the theoretical basis to the presence-instances outlined in subsequent chapters. My
conceptual framework considers an opposite concept to reality, i.e. virtuality, and
develops a reality-virtuality continuum for mediated communication technologies.
The reality-virtuality continuum is an interplay between the environment (real or
mediated) and the object/person (real or virtual), and it talks about the experience
of being in a real world or a mediated world. This experience is mostly about the
feeling of presence and of being-there. The deep understandings of the reality-
virtuality continuum has helped me to choose technologies that bring the experi-
ence to reality (true presence) for both the remote and local collaborators. Based
on these deep understandings, I developed presence-prototypes as presented in the
next chapters. At the end of this chapter, I propose the strong concept - presence
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through actions for technologies that aim to create the experience of presence.

3.1 Presence - “Being there”

Mediated technologies for connecting distantly located people are aimed at creating
a similar feeling of presence as we experience during face-to-face conversations.
Researchers usually measure the usefulness of a mediated technology by estimat-
ing how successful the technology is in achieving presence (personal, social, and
environmental). Presence is a complex and multidimensional perception formed
through an interplay of multisensory data and various cognitive processes [152].
Presence is defined as the perceptual illusion of non-mediation [108]. The term per-
ception indicates that this phenomenon involves continuous (real time) responses
of the human sensory, cognitive, and affective processing systems to objects and
entities in a person’s environment. The illusion of non-mediation occurs when a
person fails to acknowledge the role of a medium in their communication environ-
ment and responds as if the medium were not there. In the literature, the alternative
names of presence are being-there, reality, etc.

3.2 Reality in the real world

Reality is defined as,

the complete collection of beings as the realm of existence, as the world, or as a

specific realm of beings in the world, which is discovered (or created) by human

senses, emotions, imagination, cognition, manipulation, production, etc. [108].

The term reality has a philosophical basis, and the main aim of many philoso-
phers is to identify and characterize reality. Reality is a subject of ontology, which
deals with the nature of being, existence, and presence. The fundamental goal
of ontology is to define the nature and borders of reality, which differentiate it
from the non-real (the imaginary, simulated, non-existing, etc.). Aristotle pre-
sented the two levels of being as actuality and potentiality [32]. The actuality (or
reality) is a being in full, whereas the potentiality (or virtuality) is lacking this
fullness. Similarly, Plato presented a two worlds model consisting of a perfect
sensual world and an imperfect sensual world [138]. The perfect sensual world
is similar to Aristotle’s actuality, and the imperfect sensual world is similar to
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Aristotle’s potentiality. The actuality/reality/perfect-sensual-world differs from the
potentiality/virtuality/imperfect-sensual-world in the level of presence. Presence
plays a fundamental role in the identification and characterization between real-
ity and virtuality. Reality is where a being experiences true presence. We can
say that reality is an inherent concept of presence in a real world. The real world
is any environment consisting solely of real objects and includes whatever might
be observed when viewing a real world scene [108]. Presence and reality are the
products of many different processes, but the determinative factors of presence are
basically correlated to the creative factors of reality. Important questions related to
the work in this thesis are what creates the experience of reality (presence) in the
real world and what factors contribute to making one feel like they are here. To
explore these questions, I broadly divide the creation of a reality into the following
two sub-categories:

– Reality (presence) through sensory-stimulation.

– Reality (presence) through actions.

3.2.1 Reality (presence) through sensory-stimulation

Sensory stimulation means having activities that challenge or make use of the five
senses (touch, taste, smell, hearing, and sight) [145, 194]. Sensory-perception
has long been a preoccupation of philosophers who believe that we perceive the
presence of an object and an environment by just sensing them using our five
senses [119, 194].

Reality (presence) can be constructed by the coordination of different sensual ex-

periences [157].

Presence produced with the primacy of a sensory processing system constitutes the

necessary condition for the creation of reality by perception [108].

Reality can be based on the testimony of our perception, where the goal is the right

coordination and evaluation of different sensual experience [197].

Perception is the organization, identification, and interpretation of sensory infor-
mation in order to represent and understand the environment [161]. Perception is a
process in the brain whereby the perceptual system constructs an internal represen-
tation of the world. Sense-data theorists also insist that we do not really perceive
objects, what we perceive are sense data [93]. According to sense-data theory, we
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know the world by more basic and more primitive encounters with mental interme-
diaries. The mind then creates an understanding/simulation of the world (objects
and environments) that guides us in our actions.

3.2.2 Reality (presence) through actions

The basic idea of reality through actions is that perception is not simply sensations,
but is the sensations and knowing what to do with them. To perceive is not sim-
ply to sense something but to be able to track patterns in the modulation of one’s
sensations as one moves and performs actions [140].

Perceptual experience is a thoughtful activity. The thoughtfulness of perceptual

experience comes out, first and foremost, in the fact that perceiving is a kind of

knowledgeable or thoughtful exploration of the environment [14].

The idea of embodiment is central to reality through actions as explained by Sheets-
Johnstone [169];

The body is not merely a thing of which we make sense as a functioning unit. Our

bodies, through movement, through what Landgrebe calls ‘kinesthetic motions’, are

the very source of our being in the world - ‘the center of a spontaneous ability to

move’ - and the very condition of our constituting the world - ‘the transcendental

condition of the possibility of each higher level of consciousness and of its reflexive

character’ [169].

Noë presents a similar idea in his book - Action in Perception. The central theme of
Noë’s book is that perception is created by an enactive approach and sensorimotor

knowledge.

Perceptual experience, according to the enactive approach, is an activity of ex-

ploring the environment drawing on knowledge of sensorimotor dependencies and

thoughts [140].

The most fundamental kind of skills enabling perceptual access to the world are
sensorimotor skills. I understand sensorimotor skills to be the way in which sen-
sory stimuli change as a result of movement. Noë’s enactive approach is heir to a
tradition of thinking about perception that emphasizes embodiment. Noë’s claims
that perceptions are actions and that actions are comprised of sensations and sen-
sorimotor skills are akin to existential philosophy. My understanding of Noë’s phi-
losophy is that reality and the perception the world (its objects and environments)
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are based on our knowledge of sensorimotor actions, i.e. activities of exploring the
world that draw on an understanding of the ways in which one’s movements affect
one’s sensory states. This is in contrast to sense-data theory that claims that we first
take the sensual information into our mind and then process it in order to perceive
and understand the world around us.

3.3 Conceptual Framework

The concept of reality has been extensively explored in above section, where it has
been shown to mean absolutely actual. I will start this section with the definition of
an opposite concept to reality, ‘virtuality’. Virtuality is a concept in philosophy that
refers to an aspect of reality that is ideal, but nonetheless real [29]. Virtuality is a
new type of reality that is everything except reality. It can be defined as;

not actually but as if [29].

Imperfect copy of true reality [108].

not physically existing but made to appear by software [108].

The question is how virtuality is related to mediated communication research. It
is logical to see current mediated communication technologies as virtuality tech-

nologies where remote and local participants collaborate virtually using different
hardware and software setups. The word virtual or virtuality is perhaps the most
used and completely abused word in mediated communication. The devices for
mediated communication create a virtual presence of participants in remote com-
munication environments. The aim of researchers is to design devices that take the
experience of presence from the virtual to the real. To further elaborate on the cor-
relation between reality, virtuality, and mediated communication, I have developed
a reality-virtuality continuum for mediated communication applications as shown
in Figure 3.1. The experience is the key in the continuum. The experience is com-
pletely real in reality and at the other end, the experience is completely virtual in
virtuality. This experience is about being-there or presence. The reality-virtuality
continuum framework describes a relation between the feeling of presence, the en-

vironment, and objects (people and things). For mediated communication appli-
cations, the environment can be real, virtual or mediated in which the objects are
humans involved in mediated communication. The objects (humans) involved in
mediated communication can have four levels i) digital, ii) cognition, iii) behavior,
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Fig. 3.1: Reality-Virtuality continuum for mediated communication. The components are real re-

ality (RR), mixed reality (MR), augmented reality (AR), virtual reality (VR), virtual virtuality (VV),

augmented virtuality (AV), mixed virtuality (MV) and real virtuality (RV). The object has four levels

i) digital, ii) cognition, iii) behavior and iv) physical.

and iv) physical denoted by O, O+, O++, and O+++, respectively as shown in Fig-
ure 3.1. In this model, O means a fully digital human, O+ means digital with some
cognition, O++ means digital, cognition, and behavior, and O+++ means digital,
cognition, behavior, and physical. The O+++ adds physicality on top of O++.

The components of my reality-virtuality continuum consist of real reality (RR),
mixed reality (MR), augmented reality (AR), and virtual reality (VR) on the upper
half of the Figure 3.1 and virtual virtuality (VV), augmented virtuality (AV), mixed
virtuality (MV), and real virtuality (RV) on the lower half of the figure 3.1. The
figure 3.1 is an abstract representation of the reality-virtuality continuum. There-
fore, in figure 3.2, I explain these components with a table-cart example, where
‘table’ represents an environment and ‘cart’ represents an object. I will briefly ex-
plain each component of the reality-virtuality continuum with respect to mediated
communication applications and the table-cart example.

– Real Reality (RR) is when the environment is real and the object is O+++. In
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Figure 3.2, RR is when the table is real and the cart is also real (full physically
believable characteristics).

– Mixed Reality (MR) is when the environment is real and the object is O++.
In Figure 3.2, MR is when the table is real and the cart is close to real (some
physically-believable characteristics).

– Augmented Reality (AR) is when the environment is real and the object is
O+. In Figure 3.2, AR is when the table is real and the cart is virtual (few
physically believable characteristics).

– Virtual Reality (VR) is when the environment is virtual and the object is O.
In Figure 3.2, VR is when the table is virtual and the cart is also virtual (no
physically believable characteristics).

– Virtual Virtuality (VV) is when the environment is virtual and the object is
O+. In figure 3.2, VV is when the table is virtual and the cart is also virtual
(few physically-believable characteristics).

– Augmented Virtuality (AV) is when the environment is virtual and the object

is O++. In Figure 3.2, AV is when the table is virtual and the cart is close to
virtual (some physically-believable characteristics).

– Mixed Virtuality (MV) is when the environment is a mediated virtual envi-

ronment (MVE) and the object is O+++. In Figure 3.2, MV is the when cart
is virtual and the cart is real (full physically-believable characteristics).

– Real Virtuality (RV) is when the environment is a mediated real environment

(MRE) and the object is O+++. In Figure 3.2, RV is when the table is close
to real and the cart is real (full physically believable characteristics).

In mediated communication applications, O+++ on the lower half of Figure 3.1
is the real human. Figure 3.3 provides a high-level overview of the classification
of the components of the reality-virtuality continuum against the two dimensions
of reality (presence) experience and the level of interaction with real artifacts. The
figure shows that real reality (RR) and real virtuality (RV) are closest to reality by
involving increased interactions with artifacts and greater reality (presence) experi-
ence.

By way of example, the reality-virtuality continuum can be related with a real video
teleconferencing scenario. Real video teleconferencing involves two collaborating
sites the local site and the remote site. In this thesis, for the local site I am interested
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Fig. 3.2: Table-cart example to explain components of Reality-Virtuality continuum. In real reality

(RR), the table (environment) is real and the cart (object) is also real. In mixed reality (MR), the

table (environment) is real and the cart (object) is between real and virtual. In augmented reality

(AR), the table (environment) is real and the cart (object) is virtual. In virtual reality (VR), the table

(environment) is virtual and the cart (object) is also virtual. In virtual virtuality (VV), the table

(environment) is virtual and the cart (object) is also virtual. In augmented virtuality (AV), the table

(environment) is virtual and the cart (object) is in between real and virtual. In Mixed virtuality

(MV), the table (environment) is virtual and the cart (object) is real. In Real virtuality (RV), the

table (environment) is in between real and virtual and the cart (object) is real. The environment and

object are shown in darker colors in case of real and lighter colors in case of virtual.
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Fig. 3.3: Classification of reality-virtuality concepts according to correlation between reality (pres-

ence) experience and level of interaction.
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in increasing the social presence of a remote person among local collaborators. And
for the remote site, I am interested in increasing the spatial presence of a remote
person at a local site. The relationship between remote site and the local site and
the reality-virtuality continuum can better be understood by modifying Figure 3.1.
The upper half of Figure 3.4 shows the situation at the local site where the aim is
to increase the social presence of a remote participant, and the lower half of the
figure shows the situation at the remote site where the aim is to increase the spatial
presence of a remote person. The feeling of presence increases by developing tech-
nologies that takes the experience from virtual-to-real (right-to-left in Figure 3.4).
In the upper half of Figure 3.4, the local participants perceive less social presence
when a remote person is represented by an avatar (a virtual agent). However, the
social presence increases when the real face of a real person is projected onto a 2D
computer screen. To further increase the social presence, researchers have added
a body by the addition of non-anthropomorphic and anthropomorphic telepresence
agents. The details of these systems are presented in next chapter and in Paper VIII.
Similarly, the lower half of the Figure 3.4 presents the progress in technologies to
increase the spatial presence of a remote person. The spatial presence is much
lower when the local site is shown as a static image. However, by using traditional
audio-video communication the spatial presence increases. This spatial presence
is further increased by distal attribution technologies, for example, by controlling
anthropomorphic and non-anthropomorphic telepresence agents.

The ultimate goal of mediated communication researchers is to develop technolo-
gies that create reality (physical presence) during video teleconferencing. The red
box in Figure 3.4 clearly shows the nature of these technologies. These technolo-
gies center around real reality (RR) and real virtuality (RV) in their attempt to
move closer to reality. Therefore, for the local site the work in this thesis aimed to
develop a RR (real environment (RE) + O+++) system to increase the social pres-
ence of a remote person among local collaborators. The RR system should contain
a real local site (RE) plus a physical representation of a remote person (O+++: dig-
ital, cognition, behavior and physical). This physical representation should have a
physically believable appearance and characteristics. Similarly, for a remote per-
son, the work for this thesis aimed to develop a RV (mediated real environment

(MRE) + O+++) system to increase the spatial presence of a remote person. The
RV system should embody a remote person at the local site such that the remote
person feels a spatial presence at the local site. The RR and RV requirements for
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Fig. 3.4: The relationship between video teleconferencing technologies with my reality-virtuality

continuum. The presence experience increases as we move from virtual to real (from right to left)

where upper half of the figure focuses on social presence and the lower half focuses on spatial

presence.
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Fig. 3.5: The requirements for real reality and real virtuality systems to create social and spatial

presence.

mediated communication applications are shown in Figure 3.5.

The question now is how one achieves reality (presence). As mentioned previously
in section 3.2, there are two philosophical schools of thought that explain the cre-
ation of reality (presence), reality through sensory stimulation and reality through
actions. The former focuses on developing presence technologies that have high
fidelity to reality and become indistinguishable from reality. Researchers and de-
signers following the reality through sensory stimulation philosophical view aim
to create a high-fidelity multi-sensory environment that should have the ability to
compute and deliver all five senses in a physically accurate manner in order to pro-
vide a true real-world experience. The challenge they focus on is how to capture,
model, store, transmit, and deliver real-world modalities in real time. This is the
mainstream idea behind how reality (presence) is perceived. Most researchers have
been following this philosophical view to develop presence-related technologies.
However, a more interesting approach, which I have adopted in this thesis, might
be to use the knowledge of perceptual systems to determine what is important in
our representations of reality (presence), i.e. to deliver a feeling of presence even
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when the level of immersion is low. In this thesis, I have not negated the main-
stream idea, as a great number of philosophers still back the creation of presence
through sensory-stimulation. However, I plan to present an alternative and new way
of creating presence for mediated communication that is based on actions. This
presence through actions is backed by the modern day philosophers as detailed in
section 3.2.2. Using this concept, my aim is to create possibilities of movements,
actions, embodiments, and interactions during mediated communication. I have
chosen reality (presence) through actions as the basis for the development of my
strong concept and my presence prototypes.

3.4 Strong Concept: Presence through Actions

Based on the conceptual framework of the thesis presented above, in this section I
present the more general strong concept of Presence through Actions for presence-
related applications. A strong concept is

middle-territory intermediate-level knowledge that is more abstracted than partic-

ular instances, yet does not aspire to the generality of a theory [92].

A strong concept is generative intermediate-level knowledge that plays a direct role
in the creation of new designs and lies between the theory on the higher level and
design instances on the lower level (Figure 3.6). A strong concept is more specific
than a theory and is usually an essential part of the design. It is used as a way to
illustrate the notion of abstraction and the level of generative knowledge residing
between instances and theories. According to Höök and Löwgren, a strong concept
has following characteristics [92]:

– It concerns the dynamic gestalt of an interaction design, that is, its interactive
behavior rather than its static appearance.

– It resides at the interface between technology and people. It is a design ele-
ment, a potential part of an artifact, and at the same time, it speaks of a use
practice and behavior unfolding over time.

– It carries a core design idea which has the potential to cut across particular
use situations and perhaps even application domains.

– It resides on an abstraction level above particular instances, which means that
it can be realized in many different ways when it comes to interface detailing
(concept design vs. detailed design).
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Fig. 3.6: On the top we have theories; in the middle we have intermediate-level knowledge - strong

concept and at last we have instances based on the strong concept.



3.4. Strong Concept: Presence through Actions 71

Strong concepts are design elements or principles that are generative, that is, they
can be used by other designers and researchers to create instances in different design
situations. Based on these understandings, in the following section I present my
strong concept called presence through actions and its components. At the end, I
evaluate my strong concept.

3.4.1 Presence through Actions

Presence through actions refers to the notion of creating presence (both social and
spatial) by actions. Design for presence is a well-known research problem and is
an aim of many researchers and designers. My strong concept-presence through ac-
tions - directs these researchers and designers into thinking of incorporating actions

in their presence prototypes and examples. At this point, I am not able to specifi-
cally define what the nature of these actions might be, but nature of these actions

depends on the application and/or can be specified through different experiments
and iterative designs.

Presence through actions originated from my research papers, my different designs
and my experiments. In my mediated communication application, I found that
the small number of actions at the remote and local site have a significant effect
on the feeling of presence for both local and remote participants. Previously, re-
searchers and designers were focused on creating presence through high-fidelity
multi-sensory stimulation. This process of perceiving presence through sensory
stimulation is pictorially shown in Figure 3.7. The figure shows how our brain first
receives multi-sensory stimuli as input and through brain processing generates per-
ception and experiences of presence in an environment and then causes actions as
output. Susan Hurley [94] articulates this basic model more fully.

This creation of presence through sensory-stimulation is commonly referred to in
the literature as perception is for action. Furthermore, the basis of presence through
sensory-stimulation can historically be found in rationalistic philosophy as detailed
in Chapter 1 and 2. The rationalistic position asserts that an understanding of pres-
ence rests on an understanding of mind, where the body does not play much of
a role [54]. According to rationalists, humans make an abstract representation of
the world in their mind and their actions in the world are the outcome of cogni-
tive processes, where physical body is just an acting device guided by the rational
mind/brain. My understanding of this rationalistic philosophy is that the human
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Fig. 3.7: Presence through sensory stimulation.

perceives the presence of an environment (objects, people, etc.) through the inter-
nal processing of sensory-data in the mind.

In developing my own strong concept for presence-design, I have deviated from the
above mainstream idea, which emphasizes the creation of presence through sensory
stimulation. I do not try to negate the idea, however, and instead I present another
dimension to create presence. My idea is focused on creating presence through
actions, and this is in line with modern-day philosophy, which posits that, we act

first then we perceive rather we perceive first then we act [140]. This philosophical
view is consistent with phenomenological and action-oriented philosophy, which
sees perception and action as inseparable parts of how humans and other animals
interact with their environments. The notion of presence through actions is picto-
rially shown in Figure 3.8, which shows how action leads to sensory stimulation,
which leads to perception, which leads to action in a cyclical process. Presence
emerges with respect to the processes of perception and action.

The basis of presence through actions can be found in phenomenology, existential
philosophy, and process philosophy as detailed in Chapters 1 and 2. The philoso-
phers Dewey (process philosophy), Heidegger (phenomenology) and Gibson (psy-
chology, phenomenology) all assert that perception and action are interdependent
and part of a process that starts with neither perception nor action. In their views,
the action we take sets up how we perceive the world, and how we perceive the
world sets up how we act in the world. There is no point at which we step out
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Fig. 3.8: Presence through actions.

of the perception-action loop (under normal conditions). In our presence-through-
actions view, we are always in an action-perception process, and we understand
and become present in environments as emergent features of being in an action-

perception process.

My presence through actions concept is easily explained by the well-known blind
man’s stick. The blind man perceives the presence of his environment through a
few simple actions. I want to direct the attention of researchers into developing
technologies that incorporates actions similar to those of blind man’s stick in order
to create the feeling of presence feeling (see Figure 3.9). Compared to Chalmers
et al. [38], who emphasize high-fidelity multi-sensory stimulation, I want to focus
on less by adding the actions that are required to attain a similar presence feeling.
Chalmers et al. go for the maximum to attain a feeling of presence, while my focus
is ongoing for the minimum to attain the same feelings. Similar to how the three
primary colors can be combined to deliver a wide range of spectral information,
presence can be achieved through the interplay of a few primary parts. For exam-
ple, in this thesis, instead of bombarding the system with multi-sensory data, I have
developed embodied control techniques and action prototypes to enable the action

capabilities needed for a feeling of presence. These action capabilities automati-
cally stimulate the human senses, and this creates a perception of presence in the
human mind (similar to Figure 3.8). This presence through actions is a new con-
cept, and in the following I will describe the key components of this strong concept



74 3. Concept

Fig. 3.9: The strong concept proposes to design technologies which adds ‘action capabilities’ sim-

ilar to blind man stick.

that sets it apart from others.

– Actions: The first component of my strong concept is incorporating actions
in some form. Action is used here as a broad term encompassing both bodily

actions and the actions of artifacts. The bodily actions are resources for our
ways of being and thinking and our experience of presence. On the other hand,
the actions of artifacts create affective interactions, eliciting certain emotional
experiences to enhance the presence experience of the users. In specifying the
importance of actions, Merleau-Ponty states:

It is only when the new born baby moves or when there is movement in the en-

vironment that the world becomes accessible and perceivable - as our percep-

tion is geared towards movement, to the extent that we cannot even see that

which is not moving. Our senses are active, not passively receiving stimuli

from the environment. We are in the world, acting in the social and physical

environment with our bodies, not separate from it [128].

A challenge for researchers is to better understand how actions can support
presence, i.e., to understand the design space of presence-through-actions.
How is action manifested in my presence design application? Throughout the
thesis, it is clear that action is a key for both the local and remote participants
to perceive spatial and social presence. In terms of design, the challenges
related to what actions should look like for the local and remote participants
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and how to put these actions into practice are the primary focus.

– Embodiment: A second important quality that is significant for presence

through actions is ‘embodiment’. Playing a central role in phenomenology,
embodiment offers a way of explaining how we create meaning from our
interactions with the everyday world we inhabit. The way we perceive the
world does not reside purely interiorly in our minds nor purely exteriorly to
ourselves. Instead, we are in the world, interacting and creating meaning
through our fundamental, bodily ways of being in the world together with oth-
ers, and we are building meaning from the practices, social encounters, and
tools available in our culture. Presence through actions captures aspects of
how our bodily interactions play a part in creating presence, especially social
presence. The embodied interaction is an important component for technolo-
gies/interfaces that are intended to create a feeling of presence,

Our bodies are ‘our indispensable tool of tools, the necessary medium of our

being, perception, action, and self presentation’ [174]. Our bodies hold sway

over our thoughts and feelings [162], placing them in their physical, social,

and temporal space where they shape and guide everything we experience

[128].

Embodiment is manifested in my presence design application in the sense that
the embodied representation of a remote person at a local site would create a
better perceptual experience for both the remote and local participants. The
challenges this thesis considers is how to achieve embodiment and what tech-
nologies are important for embodied interactions.

– Lawful Action-Perception: A third important component of presence through

actions is lawful action-perception. By lawful, I want to convey that the ac-
tions of a person through or by a presence artifact should generate a perceptual
response that is meaningful, natural, smooth, and as near to a real-world ex-
perience as possible without any cognitive load. My view about lawfulness
can further be elaborated by the blind man’s stick example:

Think of a blind person tap-tapping his or her way around a cluttered space,

perceiving that space by touch, not all at once, but through time, by skillful

probing and movement. This is, or at least ought to be, our paradigm of

what perceiving is. The world makes itself available to the perceiver through

physical movements and interactions (actions) [140].

Lawful action-perception is manifested in my presence design application
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through the embodied control technique for lawful action-perception regard-
ing head gestures instead of using traditional methods such as keyboard, mouse,
or joystick to control a robot. Similar to the real-world experience of our head
movements, I plan to simulate a similar experience during long-distance com-
munication. The proposed embodied control techniques are similar to the
blind-man’s stick, where there is lawfulness between actions and perceptions.
This lawfulness comes when actions and perceptions are positively correlated
as demonstrated by user studies.

– Affordance: The fourth important component of presence through actions

is affordance - the concept given by Gibson in which we feel presence in
an environment through what the environment make possible [73]. My view
on affordance is that in order to design presence-artifacts, researchers and
designers should consider the affordance quality. This affordance quality can
be in the design of environments, objects, and/or artifacts.

When used in this sense, the term affordance refers to the perceived and actual

properties of the thing, primarily those fundamental properties that determine

just how the thing could possibly be used. A chair affords (‘is for’) support,

and, therefore, affords sitting [142].

Affordance is manifested in my presence design application through the pro-
posal of different setups that will help a remote participant to actively explore
the local environment, hence increasing the affordance of a local site for in-
teractions.

– Action in Perception: The fifth important component of presence through ac-

tions is Action in Perception - a theory developed by Alve Noë [140] in which
we perceive our environment based on enactive or sensorimotor knowledge.
My view about action in perception is that the achievement of presence is an
activity of being engaged in the world. I argue that our movements modulate
our relation to the world around us, which is contrary to traditional under-
standings, i.e., we create an internal representation of the world inside our
mind using only our sensory inputs. Instead, we act in the world and create
a perceptual experience. These active movements or skill-based movements,
along with sensory information, create a proper presence and perceptual ex-
perience.

For example, we have a sense of the visual presence of the back of a tomato

when we look at one sitting before us, even though the back of the tomato
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is out of view; and we experience the circularity of a plate, its actual shape,

even when, seen from an angle, the circularity itself can’t be seen. Or consider

your sense of the detail of the scene before your eyes now. You have a sense

of the presence of the detail; the scene is replete with detail. But it is not the

case that you seem to yourself actually to see all the detail; you can no more

see every bit of detail in sharp focus and high resolution than you can see the

tomato from all sides at once. Just as the back of the tomato shows up in your

experience although it is hidden from view, so the detailed scene before you

shows up in your experience, although the detail outstrips by far what can be

taken in at a glance. The world outstrips what we can take in at a glance; but

we are not confined to what is available in a glance [140].

How is action in perception manifested in my presence design application? In
comparison with traditional methods where the remote person is bombarded
with multi-sensory stimulation, the work in this thesis aims to equip the re-
mote person with action capabilities. These action capabilities modulate the
remote person’s relation to the local environment. These action capabilities
help remote person to perceive the distant environment through actions.

3.4.2 Evaluation

Höök and Löwgren propose five steps to identify and validate a strong concept in
an academic sense [92]. First, the concept is identified- which can be from many
different sources such as theory, empirical investigations, or analysis of designed
systems. Second, we engage in horizontal grounding, that is, a comparison to what
other academics have already identified as strong concepts. This tells us whether
we have discovered something new or something that is already known to the com-
munity. Third, vertical grounding entails anchoring the concept in theories explain-
ing why it works and how and why users might engage in the interaction. Fourth,
through building design exemplars or analyzing already existing designs, we in-
stantiate and fill the strong concept with content, while simultaneously providing
an empirical basis for the claim that the concept can generate more than one appli-
cation. The fifth and final step in constructing a strong concept involves validating
whether it is contestable, defensible, and substantive. It brings together all the work
in the prior four steps, showing that the concept is novel (contestable) to our com-
munity, that it is grounded vertically and horizontally (defensible), and that it is
relevant to and can serve a generative role in design practice (substantive).
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– Source of a strong concept: My mediated communication instances are de-
signed based on the theories of embodiment and presence. My strong con-
cept of presence through actions originated from these design instances and
from theories of presence and embodiment. By analyzing my developed tech-
nologies, I found that the core behind my design was actions. These actions
increase the presence experience, hence, presence through actions. Presence
through actions is a solution-oriented piece of generative knowledge residing
on the level of abstraction between instances and theories.It fulfills all of the
criteria of strong concept (see section 3.4), it engages users in particular be-
haviors, it is an important design element of an artifact, and it can generate
more than one specific instance.

– Horizontal grounding: The next step towards making a strong concept into
an academic knowledge contribution is to relate it to similar concepts, fo-
cusing on similarities and differences. The concepts that are closely related
to my concept are presence through sensory stimulation [38], distal attri-

bution [115], action in perception [140], and focal and subsidiary aware-

ness [148]. I will focus on just presence through sensory stimulation and
distal attribution. Presence through sensory stimulation is a mainstream con-
cept for creating presence, where the number and fidelity of sensory channels
are directly proportional to presence. It is different from my concept in the
sense that I focus on actions and actions capabilities to create perception, and
thus presence. The distal attribution concept by Loomis et al. is also a closely
related concept. However, it differentiates at the level of presence where my
focus is on attaining true presence such that the technology itself becomes
invisible. In contrast, distal attribution to a remote location occurs when the
sensory data represents both the remote location and the device/linkage that
connects the observer to the remote location.

– Vertical Grounding: Another step is vertical grounding in which the strong
concept is related to the theories that strong concept is an illustration or con-
cretization of and what the relevant theories say about the strong concept that
would help us provide an even more substantial knowledge contribution to
other designers and researchers. In terms of theory, the strong concept of
presence through actions goes vertically up towards the most basic theories
of ontology, especially theories on the nature of existence and presence as de-
tailed in Chapter 2 [125,170], which deal with questions regarding the nature
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of reality and meaning of being. To get to more specific theories, ‘presence
through actions’ has a direct link to embodiment theories, where embodied
actions are the core requirement for presence [60]. The theories of embodi-
ment explain how we create meaning from our actions/interactions with the
environment we inhabit.

– Exemplars: One property of a strong concept is that it can be applicable to
different variations, applications, and instances. In this thesis, I target me-
diated communication applications as my presence through actions instance.
However, my strong concept can be applied to different applications and sit-
uations, especially those where presence is a central aim of the technology.
The presence through actions concept can be applied to the components of
the reality-virtuality continuum, where different levels of actions specify the
different components of the reality-virtuality continuum. Recently, people
have been developing different virtual reality and mixed-reality devices, and
this strong concept can also be extended in this direction.

– Validation: The final step in assessing an intermediate-level knowledge con-
tribution involves validating whether it is contestable, defensible, and sub-

stantive:

∗ Contestable: A strong concept is contestable if it is novel to the research
community as determined through a comparison with existing knowledge
and the literature. My presence through actions concept is novel and
contestable because I have not found a similar concept in the literature.

∗ Defensible: A strong concept is defensible if it is grounded empirically,
analytically, and theoretically. My presence through actions concept is
grounded empirically and analytically- both through the design of in-
stances embodying the design knowledge and by user studies demon-
strating the role of actions in solving presence-related issues. My strong
concept is also grounded theoretically through its basis in embodiment
and presence theories.

∗ Substantive: A strong concept is substantive if it is expected to generate
new contributions, i.e. its has the potential to be used in designing new
instances. A naive approach to testing the generative strength of a con-
cept is to imagine a design situation to ask if given the design challenge at
hand if the strong concept will spur any relevant design ideas. The sub-
stantiveness of presence through actions will be seen in the future, i.e.
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in how different designers and researchers will use my strong concept in
design practices.

In summary presence through actions is a strong concept that provides a gener-
ative role by opening new design spaces with many different applications where
experience of presence can be enhanced by the inclusion of actions. The subse-
quent chapters and research papers will present the implementation of our presence
prototypes that were developed based on the theories and concepts presented in
Chapters 1, 2, and 3.



4 Actions

The previous chapters were focused on developing theoretical background and con-
cept for my presence design research. From this chapter onwards, I will focus on
technological development based on the theoretical underpinnings of the previous
chapters. As mentioned in previous chapters, my presence design research consists
of two key components, i) actions and ii) embodied control techniques. The em-
bodied techniques will be covered in the next chapter, however, this chapter focuses
on actions, where I present the design of two action prototypes. One prototype is
for presenting the ‘head gestures’ of a remote person and the other prototype is
for presenting the ‘facial expressions’ of a remote person. Conceptually, our two
action prototypes are the prosthesis of a remote person which equip him/her with
the action capability to actively explore the local environment to enhance his/her
visual and auditory stimulation. This action capability of a remote person increases
his/her perceptual information about the local environment.

Action robots are robotic platforms which possess simple to complex human char-
acteristics. These robots vary from non-anthropomorphic to anthropomorphic sys-
tems. The non-anthropomorphic systems are robotic platforms which are not sim-
ilar in appearance and characteristics to a real human. On the other hand, the an-
thropomorphic systems are robotic platforms which are similar in appearance and
characteristics to a real human. The non-anthropomorphic designs are simple and
made from the off-the-shelf components, whereas, the anthropomorphic designs
are complex but they have more human-like appearance and characteristics. The
distribution of these robotic systems can well be explained by the hypothesized
plot of Mori’s as shown in figure 4.1. The plot shows a hypothesized emotional re-
sponse of subjects against anthropomorphism of a robot. Mori’s hypothesis states
that, “as the appearance of a robot is made more human, some observers’ emo-
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tional response to the robot will become increasingly positive and empathic, until a
point is reached beyond which the response quickly becomes that of strong revul-
sion” [133]. I have made some modification in figure 4.1; a cost function denoted
by a dashed-line is added. The cost function is a general term encompassing com-
putational complexity, price, mechanical anatomy, etc. This cost line is directly
proportional to the human likeliness where the most costly is the real human. Fur-
thermore, I divide humanoid robot into non-anthropomorphic robot and anthropo-
morphic robot as shown in figure 4.1. Mori’s definition just contains appearance but
I believe that the appearance and characteristics together constitute observers’ emo-
tional response. The red dots in figure 4.1 show the peaks with maximum emotional
responses. The second dot near real human is costly and hard to achieve. There-
fore, in this thesis, I make an effort to build action prototypes which lie around the
first dot; hybrid systems containing characteristics of anthropomorphic robot and
simplicity of non-anthropomorphic robot.

The research in designing action robots is not new and the researchers have de-
veloped different types of commercial and non-commercial action robots. These
action robots can be broadly categorized in to four sub-categories (see figure 4.2);
i) humanoid robots, ii) head robot, iii) face robot and iv) eye robot. The humanoid
robots can be further divided into non-anthropomorphic robots and anthropomor-
phic robots. However, based on the discussions of the previous chapters which show
the importance of facial expressions and head gestures as two important means of
nonverbal communications [1, 26], in this thesis, I am more focused on the design
of head robot and face robot.

The researchers have developed different types of systems to present head ges-
tures and facial expressions, for example, ASIMO head [160], NAO robot [76],
MERTZ [17], Albert HUBO [143], Mebot [11], Furhat [13], etc. These robots
are mostly non-anthropomorphic and/or representing single person. Furthermore,
these systems are built using complex hardware and does not present accurate head
gestures. The detail of these system can be found in Paper VIII. However, in this
chapter, my aim is to present the design of a general purpose hybrid systems which
can mimic accurate head gestures and present enhanced facial expressions. In our
first prototype, we present the design of our head robot - Telepresence Mechatronic
Robot (TEBoT) - as show in the figure 4.2. In our second prototype, we present the
design for facial expressions - face robot - as shown in figure 4.2. We will start the
discussion with TEBoT.
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Fig. 4.1: Emotional Response of subjects is plotted against anthropomorphism of a robot [133].

The dotted line shows the cost function and the red dots show the peaks with maximum emotional

response. Our TEBoT and Face robot lie on the first dot.
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Fig. 4.2: The distribution of action robots i) humanoid robots, ii) head robots, iii) face robots and

iv) eye robot. The robots with red outline are designed by us. The head robot is a TEBoT and the

other is a face robot.
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Fig. 4.3: Head mounted IMU setup for head motion analysis.

4.1 Telepresence Mechatronic Robot (TEBoT)

Head gestures play an important role in face-to-face communication [132]. How-
ever, our current CMC is abortive in presenting these head gestures during distance
communication. In order to present head gestures along with audio-video commu-
nication we introduced our telepresence mechatronic robot (TEBoT). In this sec-
tion, I present the summary of the design of TEBoT. For further detail, readers are
referred to Paper I.

4.1.1 Head Motion Analysis

My design procedure for TEBoT starts with the analysis of a real human head. We
performed a small experiment with seven participants by mounting an inertial mea-
surement unit (IMU) on participants’ head as shown in figure 4.3. The participants
were asked to perform five small tasks which involve different head orientations.
The angular motions [ψ(t), θ(t), φ(t)] and angular velocities [ψ̇(t), θ̇(t), φ̇(t)] of
participants’ head movements were logged for further post-processing.

I performed a frequency analysis on the logged data to measure the operating
frequency-band of the human head movements. I used fast fourier transform (FFT)
and power spectral density (PSD) for frequency analysis. The detailed results of the
frequency analysis are presented in Paper I. From the results, it is clear that the op-
erating frequency band of the human head movement is between 1 - 11 rad/sec. The
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Table 4.1: Frequency Analysis of Human head movement.

Min-f [rad/sec] Max-f [rad/sec] Mean-f [rad/sec]

0.98 10.80 4.214

Table 4.2: Maximum angular values of (Yaw (ψ), Pitch (θ) and Roll (φ)).

ψ [rad] θ [rad] φ [rad]

0.777 0.642 0.65

Table 4.3: Maximum velocity values of (Yaw (ψ̇), Pitch (θ̇) and Roll (φ̇)).

ψ̇ [rad/sec] θ̇ [rad/sec] φ̇ [rad/sec]

2.75 1.55 1.54

frequency analysis results were used in the design of a robot controller. The gains
of the controller for a given crossover frequencies between 1 and 11 rad/sec were
tuned with the help of optimization methods described in [18] using MATLAB with
minimal loop interaction and adequate MIMO stability margins.

The logged raw data was further post-processed to calculate kinematic constraints.
These quantities gave an information about a range of the head movement and con-
straints in velocities. The results are again presented in Paper I. The head movement
results were used in the design of robot architecture. These results showed that the
average angular values for yaw (ψ), pitch (θ) and roll (φ) head movements are 1.42
rad, 0.642 rad and 0.65 rad, respectively. Based on these result, the TEBoT under-
goes ±1.45 rad for yaw movement, ±0.76 rad for pitch and roll movements. On
the other hand, the velocity constraints indicate the required specifications for the
actuators. The result showed that the maximum speed of the head movement is 2.94
rad/sec (28.074 RPM). The results of frequency analysis and kinematic constraints
are shown in table 4.1, 4.2 and 4.3, respectively.

4.1.2 Real Human Neck

We also considered the biological design of a real human neck in the design of
TEBoT. The real human neck has a complex anatomical structure formed by seven
cervical vertebrae (see Figure 4.4a) and around twenty main muscles (see Figure
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Fig. 4.4: Human neck with (a) seven cervical vertebrae and (b) main muscles showing parallel

configuration.

4.4b). There were three key findings which help us in the design of TEBoT,

– Real human neck has a ‘parallel’ mechanism.

– Real human neck has three basic head movements, i.e. yaw, pitch and roll
movements. All the other head movements are combinations and varying
percentages of these three head movements.

– There is no origin (pivot point) of the real human neck. The different combina-
tion of muscles and cervical vertebrae are responsible for performing different
head movements. However, in this thesis, we use C2 cervical vertebra as the
origin of the human neck.

4.1.3 TEBoT: Mechanical Design

By taking inspiration from the above two studies (‘head motion analysis’ and ‘real
human neck’), in this section, I present the design of our telepresence mechantronic
robot (TEBoT). The CAD model of a TEBoT is shown in figure 4.5(a) and a work-
ing prototype is shown in figure 4.5(b). The TEBoT has two active limbs and one
passive limb. The function of the passive limb is similar to the function of a cervical
vertebrae in human neck and the function of the active limbs resembles the function
of a human neck muscles. The active limbs control the pitch and roll movements,
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whereas, the motion of the yaw is performed by a motor inside the base. Similar
to the human neck anatomy, TEBoT is a 3DOF parallel kinematic system actuated
by three servo motors. TEBoT not only satisfies the mobility properties of a hu-
man neck, but also contains the static and dynamic characteristics of a real human
neck. The results of head motion analysis are used in the mechanical design, motor
selection and controller selection.

4.1.4 Controller Design

For controller design, I first convert the CAD model (as shown in figure 4.5(a))
into a set of differential equations describing the system dynamics and the equation
of motion. I have used the state-of-the-art control engineering design software -
named - simmechanics, a product of mathworks [193], for this purpose. The non-
linear differential equation for pitch and roll movement is given by;

ẋ(t) = f (x(t), u(t))

y(t) = h (x(t), u(t)) ,
(4.1)

To simplify the controller design for pitch and roll movement, we apply a lineariza-
tion of the model using Taylor series [39].

ẋ(t) = Ax(t) +B u(t)

y(t) = C x(t) +Du(t) .
(4.2)

The basic goal of the controller is to specify the torques for two servo motors for the
desired pitch and roll angles. The multiple-input multiple-output (MIMO) closed
loop diagram of a system is shown in Figure 4.6. The multiple inputs are the desired
pitch and roll angles denoted by θd and φd, respectively. The multiple outputs are
the required torques for the left and right servo denoted by τl and τr, respectively.
The G is the plant, which is imported from the solidworks. There are two controllers
used in our system; one main controller denoted by Cm and the low-level controller
denoted by Cs. The low-level controller (Cs) is the PID controller for each servo
motor to follow the given trajectories as given by:

τ = −Kp(q − qref )−Kd(q̇ − q̇ref )−KI

∫
(q − qref ) , (4.3)
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(a) CAD model

(b) Platform

Fig. 4.5: In (a) (1) is tablet PC, (2) is servo motor, (3) is base, (4) is mounting assembly, (5) is ball

joint, (6) is universal joint, (7) is connecting rod and (8) is central rod.
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On the other hand, the main controller Cm maps the desired trajectories of the
TEBoT to the corresponding servo trajectories using the inverse kinematics.

Fig. 4.6: Multiple-Input (pitch (θ) and roll (φ) angles)) Multiple-Output (left (τl) and right (τr)

servo torques) closed loop diagram of the system.

4.1.5 Evaluation

The detailed system evaluation is presented in Paper I. In this section, I present the
part of the evaluation in which the tracking performance of a TEBoT on all three
rotational angles (yaw (ψ), pitch (θ), and roll (φ)) are measured. The ground truth
values are the pose angles (ψ, θ, and φ) of ten different participants. These pose
angles are first filtered through kalman filter [79]. These filtered signals become
an input to the controller that generates the required trajectories. The results are
presented in the form of tracking performance as shown in figure 4.7. The gray
signal shows the filtered input signal and the striped-black signal shows the tracked
trajectories.

4.2 Face Robot

Face and facial expressions are vital instrument for human communication. It is
argued that the human facial expressions are influenced by amalgamations of bio-
logical and learned factors to communicate internal emotional state [63, 123, 147].
The human face is used in many aspects of verbal and non-verbal interactions, such
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Fig. 4.7: Experimental results of tracking performance for yaw (ψ), pitch (θ) and roll (φ) angles.

The gray signals are the filtered pose angles and the striped-black signals are the tracked pose

angles.

as gaze, gestures, speech, etc. Over the years, researchers have developed different
types of face robots for mimicking facial expressions, for example Geminoid [139],
Albert HUBO [143], etc. Compare to 2D computer screen, these face robots present
the 3D face, which helps in communicating different social cues, for example gaze
direction. However, the problem with these face robots is that they represent a gen-
eral face and/or one specific face of a person. To counter this problem, recently re-
searchers have proposed 3D back-projected-masks-based face robots, for example
furhat [13] and maskbot [106]. These systems are successful in presenting different
facial identities. However, our experiment (see Paper II) shows that these systems
are still abortive in face recognition. The above mentioned problem motivates us in
designing a new face robot, which not only presents the 3D facial expressions but
also helps in face recognition for it usage in different social settings.

4.2.1 Design

There are two key aspects of our design;

– Devise a mapping algorithm to map the facial features (eyes and lip regions)
on to the face robot

– and simultaneously displaying these facial regions on to the face robot.
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Fig. 4.8: (a) The CAD model of a face robot. (b) Original platform of a face robot.

I introduce a new face robot in the family of humanoid robots. The CAD model is
shown in figure 4.8a and the original prototype is shown in figure 4.8b. In this work,
I consider the emotional expression based on facial features that mainly focused
on the perceivable facial expressions to be displayed by our agent. This work is
influenced by the results of perceptive experiments about perception of partial facial
expressions [20] which emphasize that eyes and mouth are most deformable and
most important for facial expression presentation. Therefore, our face robot focuses
on the presentation of eyes and mouth regions.

The face robot consists of three actuators which can mount three 2D displays (in this
work we use three smart phones for display) for actuating an presenting eyes and
lip regions as shown in figure 4.8b. The actuators for eyes provide the yaw move-
ment capability and the actuator for lip provides an up-down movement capability.
These movements are synchronized with the eyes and lip movements of a remote
person. To ensure a smooth movements of the eyes and mouth, I use Dynamixel
AX-12a [127], which is smooth, noiseless and quick in response. The dynamixal
motors are controlled by arduino [48] by using a half duplex asynchronous serial
communication protocol.
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Fig. 4.9: (a) CLM [44] on a remote person face. (b) The cropped eye and mouth regions.

4.2.2 Control

To present the facial expressions of a remote person on a face robot, our control
strategy is divided into two tasks,

– to display the facial features (eyes and lip region) of a remote person on smart
phones.

– to develop a mapping strategy to map the facial expressions to actuators.

For the first task, we apply a constrained local model (CLM) [44] on a face of a
remote person to find the facial feature points as shown in figure 4.9a. We post-
process the frames to extract the eyes and lip regions (see figure 4.9b) and transmit
them to our mobile displays.

In our second task, we develop a single camera based non-wearable control strategy
to present the facial expressions of a person via robot’s actuators. We apply a similar
CLM to first extract the facial feature points of a remote person. The feature points
around lip region are used to control the mouth actuator. More specifically, we use
four corner points around the lip region as shown in figure 4.10a. Using these four
points, we calculate the angle θ (see figure 4.10b) as given by,

θ = arccos(a2 + b2 − c2/2ab) (4.4)
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Fig. 4.10: Lips geometric framework, (from left to right) (a) The four corner points, width (w) and

height (h) of the lips. (b) The lips angular geometry (θ) by using points P1, P3 and P4.

The θ is an ideal parameter for our application as it is independent of a camera
position and independent of scale, rotation and translation of a face. The mouth
actuator is then controlled by the parameter θ as given by,

αm = f(θ) (4.5)

Human head has three independent movements, i.e. yaw (ψ), pitch (θ) and roll
(φ). Generally, the eyes movements are synchronous with the yaw (ψ) head move-
ments. So, the yaw (ψ) rotational component of the head is used to estimate the
eyes movements. The yaw angle is than mapped to eyes actuators as given by,

αe = f(ψ) (4.6)



5 Embodied Control
Techniques

The previous chapter presents the hardware design of the action prototypes. This
chapter presents two control strategies for our head robot TEBoT. Compared to the
traditional control strategy, where action robots are explicitly controlled by the key-
board, mouse and other hand-held devices, our control strategy centers around the
embodiment. For accurate head embodiment, I present two software based tech-
niques in the following sections (see figure 5.1);

– Geometric head pose estimation algorithm.

– Embodiment through Virtual Reality headset.

Fig. 5.1: (a) Embodiment through single camera based geometric head pose estimation algorithm.

(b) Embodiment through virtual reality headset.

95
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5.1 Geometric head pose estimation algorithm

I propose a non-wearable single camera based geometric head pose estimation tech-
nique. The detail of this algorithm is presented in Papers I and III. To maintain the
flow of the thesis, in this section, I present the summary of the algorithm. Our al-
gorithm uses the location of facial features, such as eyes, mouth, and nose tip to
determine the pose from their relative configuration. We assume that a human head
is three degrees of freedom rigid object with three basic head movements, yaw (ψ),
pitch (θ) and roll (φ), respectively, as shown in figure 5.2. The following procedure
is used to estimate these pose angles.

Fig. 5.2: The 3-DOF framework for yaw, pitch and roll movements of a human head.

5.1.1 Face Detection

The input to the geometric head pose estimation algorithm is the video frames con-
taining, i) the face of a person and ii) the undesired background. We employ a
Haar-feature based cascade classifiers proposed by Paul Viola and Michael Jones
for human face detection [184] as shown in figure 5.3(a).

5.1.2 Facial Feature Detection

The second step is to find the facial feature points in a detected face. Facial features
include eyes, nose, lips, mouth, eye-brows and facial boundary. We employ a well-
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known Constrained Local Model (CLM) approach [44] for facial feature detection.
The result of CLM is shown in Figure 5.3(b).

(a) (b)

Fig. 5.3: Left-to-right (a) Face detection using Haar (b) Facial feature points detection using CLM.

5.1.3 Pivot Point Estimation

The video is formed by a sequence of consecutive images, and images from stan-
dard camera contains only 2D information, i.e. X and Y coordinates. This infor-
mation can be used to compute a roll angle of a human head. However, it requires
3D information for computing yaw and pitch angles. Hence, this step consists of
estimating the Z coordinates to define a reference point of a human neck. This
reference point is assumed to be at C2 of the spinal column as shown in Figure 5.4,
and it is found by using the location of the eyes and the facial boundaries [171].
These features allow us to compute the width w, height h, and the distance be-
tween the center of the eyes d from the detected face (see Figure 5.4). Given these
quantities, the neck reference frame is given by:

On = (Xn, Yn, Zn) =

(
w

2
,
h

2
,−λ d

)
. (5.1)

This 3D reference point is used to estimate the yaw and pitch angles of the human
head.
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Fig. 5.4: The 3D origin of the human head at C2 of the spinal column.

5.1.4 Head Pose Estimation

In case of the roll angle φ, it is sufficient to know the center of each eye, i.e. El =

(Xl, Yl) for the left eye and Er = (Xr, Yr) for the right eye. Therefore, φ is
computed by right angle triangle as shown in figure 5.5(b):

φ = tan−1
(
Yr − Yl
Xr −Xl

)
. (5.2)

For estimating the yaw ψ and pitch θ angles, we define the vector v ∈ R3 from
On to Oe, where Oe = (Xe, Ye, Ze) is middle point of the center of the eyes (see
figure 5.5(a)). The projections of v onto the planes XZ and Y Z are given by,

a = ProjXZ (v) ,

b = ProjY Z (v) ,
(5.3)

The angles between the projections and the Z-axes give us the yaw ψ and pitch θ
angles of the human head as computed below:

ψ = tan−1
(
Xe −Xn

Ze − Zn

)
, (5.4)

θ = tan−1
(
Ye − Yn
Ze − Zn

)
, (5.5)
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(a) Yaw and pitch geometry (b) Roll geometry

Fig. 5.5: Projections for estimating the pose angles.

Table 5.1: Mean error and Std. dev. for Yaw, Pitch and Roll angles.

Rotation Angles Mean Error Std. Dev.

Yaw 4.11 5.72

Pitch 3.30 5.26

Roll 2.74 4.37

5.1.5 Evaluation

The geometric head pose estimation algorithm is estimated against the inertial mea-
surement unit (IMU) as a ground-truth. The comparative results of IMU data with
geometric head pose algorithm data is presented in the form of mean error and stan-
dard deviation for each yaw, pitch and roll angles as shown in Table 5.1. Some of
the recorded frames for yaw, pitch and roll angles are also shown in Figure 5.6(a,
b, c).

5.2 Embodiment through VR headset

In our second technique, we control the TEBoT by embodying a VR headset with
a remote person. We couple the VR headset with a remote person to display a
real local site in a real time. Currently, people use 2D computer screens to interact
with 3D environment, which creates a lot of problems for the remote and local
collaborators [98]. In our work, we propose an embodiment of a remote person
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Fig. 5.6: From top to bottom- The calculated pose angles of geometric head pose estimation algo-

rithm in comparison with IMU pose angles for (i) yaw (ii) pitch and (iii) roll. Where striped-gray

signal is from our proposed geometric head pose estimation algorithm and the black signal is from

IMU.
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with a VR headset to interact with the local environment. Furthermore, the view
of the local environment is changed according to the head movements of a remote
person. Most of the today’s VR contents are ‘imagined’ and/or ‘real’ which are
recorded/simulated ‘offline’. In this work, we make an effort to develop an ‘online’
and ‘real’ content. According to our best knowledge, we are the first one to consider
a VR headset for video teleconferencing application. The application scenario is
shown in figure 5.7. The detail of this technique is given in Papers V and VI. This
section outlines a brief technical summary of this technique.

Fig. 5.7: Virtual Reality based video teleconferencing setup: On the left, we have a remote site and

on the right we have a local site. The remote person uses a VR headset (in our case Google card-

board with mobile phone). Remote person is represented by our TEBoT at the local site. The TEBoT

presents a head gestures via mechatronic robot where tablet-PC is used for audio-video communi-

cation. The audio-video communication is implemented through WebRTC. The head tracking of a

remote person is done by (i) orientation sensor of mobile phone and/or (ii) external IMU sensor. The

data communication is done through (i) Xbee for short range and/or (ii) client-server application

for long range.

5.2.1 WebRTC based audio-video communication

The current software solutions (e.g. Skype) for audio-video communication are
not compatible with VR based communication. Therefore, we propose a webRTC
based audio-video technique for communication between the binocular VR headset
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Fig. 5.8: The optical model of human eyes.

and TEBoT. This technique consists of two steps:

– Stereoscopic technique.

– Radial distortion compensation.

Stereoscopic Technique

A stereoscopic technique is applied for VR headset to create two images for left and
right eyes. The inspiration of this technique is taken from the real human eyes. The
real human eyes capture two images with slightly different field of view (F.O.V).
The human brain uses this difference in position of corresponding points between
the left and right images to extract the depth information. Figure 5.8 shows the
basic principle of how human eyes extract the depth information from 2D images.
To simulate the similar 3D vision from 2D image, we shift the image to the right
for the left eye, and to the left for the right eye. The amount of shift depends on
the Interpupillary Distance (IPD) [59], which represents the distance between the
centers of the pupils of the two eyes, and also the distance between lenses and eyes.
Thus, these stereoscopic images create 3D depth illusion in human mind.
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Fig. 5.9: (a) The lens of VR headset creates a pincushion distortion, (b) The pincushion distortion

is compensated by the barrel distortion to get rectilinear lines.

Radial Distortion Compensation

For our prototype, we use a pair of biconvex lens to assemble with the simplest
VR device, for example, Google Cardboard. These lenses of VR headsets have
pincushion distortion. We apply a barrel distortion to compensate for pincushion
distortion as shown in figure 5.9. According to Brown-Conrady distortion model,
also known as decentering distortion, these radial distortions can be corrected by
applying suitable transformations to the frames [31].

xd = xu.(1 +K.r2 + k.r4 + . . . )

yd = yu.(1 +K.r2 + k.r4 + . . . )
(5.6)

In above equation, xd and yd are the distorted image points and xu and yu are
undistorted image points, K is the radial distortion coefficient which controls the
amount of distortion. r =

√
(xu − xc)2 + (yu + yc)2 is the radial value, where xc

and yc are the center points of the image. In practice, the radial distortion equation
(equation 5.6) can be simplified by taking only the first two terms of the infinite
series. Figure 5.10 shows the result of stereoscopic lens-corrected image of a web-
cam.

The above VR based embodiment technique introduces a face occlusion problem
in our setup. The real face of a person in must in video teleconferencing scenarios.
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Fig. 5.10: A stereoscopic lens-corrected image of a webcam.

In our work, we propose two computer vision techniques to tackle face occlusion
problems;

– Face reconstruction algorithm using asymmetrical principle component anal-
ysis (aPCA) (Paper VII).

– Face retrieval using search based algorithm (Paper VI).

5.3 Face Reconstruction algorithm using aPCA

In Paper VII, we propose a camera based wearable solution to reconstruct the real
face of a person who is wearing a VR headset. Our solution lies in the core of
asymmetrical principal component analysis (aPCA). The aPCA based algorithm
consists of two phases;

– Training Phase.

– Testing Phase.

5.3.1 Training Phase

A user-specific aPCA based training model is built by using our training setup as
shown in figure 5.11(a). During training phase we train the full face (non-occluded)
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of a person based on eyes and lip information. Let ff, hfl and hfe denote the full
face, lips region and eye region information, respectively. Let, Ie and Il be the
intensity values of the eye and lips regions, respectively. The combined intensity
matrix Ihf is denoted by,

Ihf = [Ie Il] (5.7)

The mean Ihfo is calculated as,

Ihfo =
1

N

N∑
n=1

Ihf(n)
(5.8)

The mean is then subtracted from each basis in the training data, ensuring that the
data is zero-centered.

Îhf = Ihf − Ihfo (5.9)

Mathematically, PCA is an optimal transformation of an input data in the form
of least square error sense. We find the eigen vectors of the covariance matrix
(Îhf ÎThf ). This can be done by singular value decomposition (SVD) [185].

Îhf = UΣV T (5.10)

Where, V = [b1,b2 · · · bN ] is a matrix of an eigen vector and variable bn corre-
sponds to the eigen vector. The eigen space for the half frame φhf =[φ1hf · · ·φNhf ]
is constructed by multiplying V with the Îhf ,

φhf =
∑
i

biÎhf(i) (5.11)

Similarly, for full frame intensity values Iff , we follow equation 5.8 and 5.9 to
zero-center the each full frame. The eigen space for the full frame φff =[φ1ff
· · ·φNff ] is constructed by multiplying the eigen vector from half frame V = [b1,b2
· · · bN ] with the Îff . This eigen space is spanned by half frame components. The
component spanning this space are called pseudo principal components; informa-
tion where not all the data is a principal component. This space has the same size
as of full frame.
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(a) Training Setup (b) Testing Setup

Fig. 5.11: Our Setup: On the left we have a training setup where two cameras are used to capture

full face, eye-region and lips-region. On the right we have a testing setup where we have an attached

VR-headset with wearable setup, two cameras are used to capture eye-region and lips-region.

φff =
∑
i

biÎff(i) (5.12)

The full and half frame Eigen spaces and mean intensities values are saved and are
used in the online testing session.

5.3.2 Testing Phase

In testing phase, a VR display is attached to a wearable camera setup as shown in
figure 5.11(b). The testing phase is sub-divided into calibration and reconstruction
phase.

Calibration Phase:

The camera position during the training phase can be inconsistent with the camera
position during the testing phase. To align test half-frame with trained half-frame,
we propose the calibration step. Figure 5.12 (top row) shows half frames from
the training phase and figure 5.12 (bottom row) shows half frames from the testing
phase. We manually learn the four feature points for the eye and lip regions. We
then calculate the width (w), height (h) and angle (θ) as shown in figure 5.13. These
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Fig. 5.12: The half frames: Top row contains frames from training phase and bottom row contains

frames from testing phase.

parameters are used to calculate scale s, rotation R and translation t between the
trained and test frames;

s = [wtest/wtrain]

R = [θtest − θtrain]

t = [ctest − ctrain] .

(5.13)

Reconstruction Phase:

During the testing phase, half frame information is only available. This half frame
information along with the trained model from training phase are used to recon-
struct the original face of a person with respective facial deformation. The first step
is to adjust the test half frames according to calibration step. Let, Ihfe and Ihfl are
the test half frames for the eye and lip region, respectively, then Īhfe and Īhfl are
calculated as,

Īhfe = seRe Ihfe + te

Īhfl = slRl Ihfl + tl .
(5.14)
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Fig. 5.13: Top row - Lips geometry, Bottom row - Eye Geometry.(a) four feature points, (b) width,

height and center, (c) geometry used for angle calculation.

The coefficients (αthf ) are calculated by using half frame Eigen space φhf (eq.
5.11),

αthf = φhf (Īhf − Ihfo)T (5.15)

The entire frame containing full face information is constructed by using following
equation,

I = Iffo +

M∑
n=1

αthf φff(n)
(5.16)

Where, Iffo is the mean of the full face from training phase, αthf is taken from
eq. 5.15 and φff is taken from eq. 5.12. The M is a selected number of principal
components used for reconstruction (M < N ). TheN is the total number of frames
available for training and M is the number of most significant eigen images. In our
experiment, N is around 1000 frames and M is 25 frames.

The detail of the training and testing phase is given in Paper VII.

5.3.3 Evaluation

Qualitative and Quantitative analysis are performed on our proposed approach. The
qualitative analysis measures the reconstruction quality of a human face, and the
quantitative analysis measures the accuracy of our proposed approach.
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Fig. 5.14: From Left to Right: i) Original Frame. ii) Reconstructed Frame from mouth informa-

tion. iii) Reconstructed Frame from eye information. iv) Reconstructed Frame from eye and mouth

information.

Qualitative Analysis

The data is qualitatively analyzed with three different scenarios; i) When just mouth
information is used as a half frame during training, ii) when just eye information
is used as a half frame during training and iii) when both eye and mouth are used
as a half frame during training. Figure 5.14 shows qualitative results on three users
given the above-mentioned three scenarios. The results clearly show that facial
mimic is not just dependent on the eye or lip region, rather facial mimic of a person
can be accurately modeled by the combined eye and lip information. The qualitative
results on the test data is shown in figure 5.15.
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Fig. 5.15: Reconstruction Results from Test data.

Quantitative Analysis

We have performed two types of quantitative analysis;

– Shape based quantitative analysis.

– Appearance based quantitative analysis.

In shape based quantitative analysis, we have compared the differences between the
original facial feature points and the reconstructed facial feature points. We have
used constrained local model (CLM) [44] to capture these facial feature points. The
shape based analysis is performed on 25% of validation data for each individual and
the results are presented in table 5.2 according to the following equation.

mseshape =

F∑
i=1

1

F
[

N∑
j=1

| (sj − s̄j) |
N

] (5.17)

In appearance based quantitative analysis, we have compared the intensity differ-
ences between the reconstructed face and the original test face using PSNR.
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Table 5.2: Shape based quantitative analysis.

Participants mseshape

Subj. 1 1.4530

Subj. 2 1.1207

Subj. 3 2.023

Subj. 4 0.7285

Subj. 5 2.3383

Table 5.3: Appearance based quantitative analysis.

Participants PSNR[db]

Subj. 1 30.8

Subj. 2 37.5

Subj. 3 24.3

Subj. 4 31.4

Subj. 5 28.04

mseapp =

h∗v∑
j=1

(Ij − Īj)2

h ∗ v
(5.18)

Where, h and v are the horizontal and vertical resolution of the frames, respectively.
Ij is the original test face and Īj is the reconstructed face.

PSNR = 10 ∗ log(
(255)2

mseapp
) (5.19)

Where, 255 is the maximum value for the pixel intensity. The results are presented
in table 5.3.

5.4 Face Retrieval using Search Based Algorithm

The problem with above mentioned aPCA based algorithm is that it is very sen-
sitive to lightening conditions. Furthermore, it requires an extra calibration step.
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Fig. 5.16: A flow diagram of our lip tracking algorithm.

Therefore, in Paper VI, we have revisited the same problem and proposed a novel
and effective solution to retrieve an occluded face using lip-geometric information.
I will start the discussion with our lip tracking algorithm.

5.4.1 Lip tracking algorithm

The lower face information is only available when a person is wearing a VR head-
set. The most important and prominent information in this lower face is a lip region.
We plan to use a lip region information to retrieve the occluded face of a wearer.
For this reason, we need to first localize and track the lip in an image.

We propose a robust dynamic programming (DP) based lip tracking algorithm for
lip localization. The flow diagram of our algorithm is shown in figure 5.16. The
input video sequence is converted into edge frames and send to the DP module
along with the lip contour template. The DP module searches for a best fit for
the template in an edge image and returns a spatial location of a lip. There are
two sub-modules of our algorithm, i) lip template deformation and ii) lip template
matching.

Lip Template Deformation:

We divide the binary template into many segments of 2-pixels as shown in figure
5.17. The left column of the figure shows the original spatial arrangements of
two segments in the original template. By allowing the segments to move one
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Fig. 5.17: (left) Original arrangement of two segments (2 pixels each) in the template. (middle)

Deformation caused by introducing a 1-pixel gap between the segments. (right) Deformation caused

by introducing a 1-pixel overlap between the segments.

Fig. 5.18: A random selection of possible deformation of original lip template (upper left corner).

pixel, a set of deformations can be achieved by introducing a gap (middle column)
or an overlap (right column) between the segments. In this way, lips segments
can move in any position in an image to be searched, provided that the relative
displacement between the two consecutive segments is not greater than one pixel,
i.e., if two consecutive segments are shifted by p1 = (p1x, p1y) and p2 = (p2x, p2y),
respectively, then the relative displacement is governed by;

|p2− p1| = max(|p2x − p1x|, |p2y − p1y|) ≤ 1 (5.20)

Figure 5.18 shows examples of possible deformation of lip’ template with a seg-
ment length of 2 pixels.
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Lip Template Matching:

The Viterbi DP algorithm is used for the matching process [141]. If the process
is viewed as a trellis, each column corresponds to a lip segment, and nodes in that
column correspond to possible shift values of that segment in the image. Arcs
connecting nodes in two consecutive columns are governed by Equation 5.20. We
search for the path through the trellis that maximizes the accumulated score, R. For
lip segment i shifted by p, R is given by:

R(p, i) = max
p′∈σ(p)

{R(p′, i− 1)} + V(p,i)

σ(p) = p′ ∈ Ω : |p′ − p| ≤ 1

(5.21)

Ω is the set of all possible shifts. V (p, i) is the local reward given to node (p, i) and
it is equal to the number of edge pixels segment i would cover, if place at position
p. The R is calculated for each segment and when the last segment is reached, the
algorithm back-tracks the optimal path starting from the node with the highest R
value in the last column. The path with the best search result is returned, showing
the position of lips contour in an image.

5.4.2 Training phase

We use a similar training setup as shown in figure 5.11(a) with only frontal cam-
era. For training our model, we apply a lip tracking algorithm on a recorded video
sequence. The algorithm finds a contour of the lips in each frame. The contour is
post-processed to find the four corner points of the lips as shown in figure 5.19a.
These four points are used to create a lips geometry. For lip geometry, we consider
two variables, i) aspect ratio (r) and ii) angle (θ). The aspect ratio, given by,

r = w/h (5.22)

is a ratio of the width and height of the lip as shown in figure 5.19a. The angle (θ)
shown in figure 5.19b is given by,

θ = arccos(a2 + b2 − c2/2ab) (5.23)
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Fig. 5.19: Lips geometric framework. (from left-to-right) (a) The four corner points and width (w)

and height (h) of the lips. (b) The lips angular geometry (θ) by using points P1, P3 and P4.

These two variables, r and θ cover different lip geometric deformations and ex-
pressions. They are also independent of the camera position. Furthermore, they are
insensitive to scale, rotation and translation of the face.

In our next step, we cluster face images based on aspect-ratio and angle values.
We apply standard K-means algorithm with K being the number of expressions
we want to discover. This results in a partition of the data into K clusters, each
containing Nk face images. The K-mean algorithm also calculates the centroid Ck
for each cluster which represent the average of all the normalized aspect-ratio and
angle values:

Ck =< rk, θk >=
1

Nk
<

Nk∑
n=1

rn,

Nk∑
n=1

θn > (5.24)

Figure 5.20 shows a cluster example of one user, where facial expressions are
mapped against two variables; r on the x-axis and θ on the y-axis. The final trained
model T consists of a library ofK clusters containing full face images and full face
index numbers with corresponding cluster centroids (C), aspect ratio (r) and angle
(θ) values.

T < C, r, θ >=< index, faceimages > (5.25)
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Fig. 5.20: A training data is clustered into 6 clusters as shown with different colors. The face

images are mapped against two variables, aspect ratio (r) on the x-axis and angle (θ) on the y-axis.

5.4.3 Testing phase

For testing phase, we also use a similar setup as shown in figure 5.11(b). For each
test frame, a real-time lip tracking algorithm is applied to find a lip contour in an
image. Similar to the training phase, we estimate the four corner points, aspect ratio
r and angle θ. We then run a search based algorithm to classify the occluded face
as belonging to facial expression cluster (from training) with most similar aspect
ratio and angle values. We compute the distance between the current test variables,
v =<r,θ> and cluster centroid C = <C1,C2, C3 . . .Ck>,

min
k

d(v, Ck) (5.26)

Once an occluded face is classified, we search for the most similar r and θ values
with in that cluster.

min
n

d(v, vn) (5.27)



5.4. Face Retrieval using Search Based Algorithm 117

Table 5.4: mean error in aspect-ratio (r) and angle (θ) (degree) between CLM and DP-LT.

Participants ∆r ∆θ

Subj. 1 1.1184 5.9465

Subj. 2 0.2669 5.7245

Subj. 3 0.3818 4.7731

Subj. 4 0.0342 1.6595

Subj. 5 0.9364 3.2530

The output of the test frame will be an index value and the corresponding image
frame.

5.4.4 Evaluation

Evaluating Lip Tracking Algorithm

We compared our proposed dynamic programing based lip tracking (DP-LT) algo-
rithm with feature based algorithm - constrained local model (CLM) [44]. A data
set containing 5000 frames from five participants are quantitatively evaluated. The
variables, aspect ratio (r) and angle (θ) are used as parameters for comparison. Fig-
ure 5.21 shows a sample frame; on the left DP-LT algorithm is applied and on the
right CLM is applied. The error measure between them is given by,

melip =
1

N
<

N∑
n=1

|rCLM − rDP |,
N∑
n=1

|θCLM − θDP | > (5.28)

The quantitative results for five participants are shown in table 5.4. The average
error in aspect-ratio (r) and angle (θ) is 0.54754 and 4.27132 degree, respectively.
The time taken by DP-LT algorithm is around 0.10 ms for frame size of 320× 240

on Intel (R) Core (TM) i7-2600 CPU @ 3.40 GHz, 16 GB ram. The qualitative
results of our DP-LT algorithm is shown in figure 5.22.

Evaluating Face Retrieval Algorithm

We have performed similar qualitative and quantitative analysis on our search based
algorithm. The quantitative analysis results for five participants are shown in table
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Fig. 5.21: (left) a dynamic programming based lip tracking algorithm on human face, (right) a

constrained local model (CLM) on human face.

Fig. 5.22: A qualitative results of DP based lip tracking algorithm on random lip frames.
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Table 5.5: Shape based quantitative analysis.

Participants meshape (pixels)

Subj. 1 3.4611

Subj. 2 5.5800

Subj. 3 3.8405

Subj. 4 1.5139

Subj. 5 5.7292

Average 4.025

5.5. The shape analysis results show a small difference between the facial points
of original and retrieved face with an average difference of 4.025 pixels. This dif-
ference is not big considering the image size of 320x240. Figure 5.23 shows a
qualitative results comparing the validation frames with the retrieved frames; the
left is the original frame and the right is the retrieved frame. The real qualitative
results when participants were wearing a VR headset is shown in figure 5.24. The
qualitative results show an acceptable quality. From figure 5.23 and 5.24, we can
see that our algorithm is more precise in mimicking lower face region and less
accurate in mimicking upper face region. The reason is that we have trained our
algorithm using only lower face region (lip geometric information). However, if we
train our algorithm using both upper and lower face information, as in above face
reconstruction algorithm, then we can further improve the quality.
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Fig. 5.23: A qualitative results of validation frames; the left column shows the validation frame and

the right column shows the retrieved frames.
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Fig. 5.24: A qualitative results when participants wear a VR headset; the left column shows the

original frame and the right column shows the retrieved frames.
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6 Experiments

This chapter starts by presenting our embodied action system, system deployment
and setup for experimenting our embodied interaction based video teleconferencing
setup. The chapter also presents the summary of four user studies performed to
tackle different problems in standard video teleconferencing setup. The user studies
are performed to measure;

– Social and co-presence of a remote person among local participants.

– Gaze perception and awareness among local participants.

– Spatial presence of a remote person.

– The effect of real virtuality on spatial presence of a remote person.

I end this chapter by presenting a general discussion based on the results from four
experiments.

6.1 Embodied Action System

The chapter 4 presents the action prototype - TEBoT and the chapter 5 presents the
Embodied control techniques to actuate the TEBoT. I combine Embodied control
technique and Action together to propose an Embodied Action System. I named
this combination as “Embodied Telepresence System (ETS)”. Figure 6.1 shows the
TEBoT in combination with our geometric head pose estimation algorithm and fig-
ure 6.2 shows the TEBoT in combination with our virtual reality headset based
setup. The ETS integrates standard audio-video conferencing with mechanical em-
bodiment of the head gesture of a remote person to enhance the experience of audio-
video conferencing by communicative non-verbal actions (head gestures). We have

123
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Fig. 6.1: A geometric head pose estimation algorithm in combination with telepresence mechatronic

robot (TEBoT).

put ETS into different experimental scenarios to estimate how successful is ETS in
solving the technical problems mentioned in the introduction chapter;

– Distantly located people cannot take turns or engage in side conversation dur-
ing the interaction [66].

– Distantly located people cannot express emotions due to a lack of nonverbal
modalities [88].

– Distantly located people cannot estimate the gaze of their fellow collaborator
[69, 135].

– Distantly located people cannot make eye contact [77].

The first two problems are considered in experiment 1 and 3 and the last two prob-
lems are considered in experiment 2.

6.2 System Deployment

The deployment of the ETS in real scenario consists of the following steps:

– Establish an audio-video and data communication between the remote and
local collaborators.
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Fig. 6.2: A virtual reality headset based setup in combination with telepresence mechatronic robot

(TEBoT).

– Estimate the pose angles of a remote person using either geometric head pose
estimation algorithm and/or external IMU sensor for VR headset (see chapter
5).

– Transmit the estimated yaw, pitch and roll angles of a remote person’s head to
TEBoT (placed at local collaborator site).

– The TEBoT’s controller generates the required trajectories for three actuators
based on yaw, pitch and roll angles.

– Face reconstruction/retrieval algorithm is applied if virtual reality headset is
deployed for collaboration.

6.3 Experimental Setup

An embodied telepresence system (ETS) is setup in a real scenario as shown in
figure 6.3 and 6.4. Figure 6.3 is when embodiment is done with our geometric head
pose estimation algorithm and figure 6.4 is when we use virtual reality headset for
head embodiment of a remote person. The left side of the figures are the remote
sites and the right side of the figures are the local collaborators sites. The setup in
figure 6.3 is used for first three experimental studies and the setup in figure 6.4 is
used for the last experimental study.
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Fig. 6.3: A real experimental setup for experiment 1, 2 and 3.

Fig. 6.4: A real experimental setup for experiment 4.
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6.4 Experiment 1

Measuring presence with respect to local collaborators’ perspective

An experiment is conducted to test the hypothesis, i.e. “Embodied Interaction
based video teleconferencing system increases the sense-of-presence and enhance
the quality-of-interaction, thus creating a feeling-of-presence of a remote person
among their local collaborators”.

A user study was conducted in which 20 participants from five different countries
performed an experiment for comparative scenarios; i) when remote user is com-
municating using standard video teleconferencing system (e.g. Skype), ii) when
remote user is communicating through our embodied interaction based video tele-
conferencing system (i.e. ETS). The real experimental setup is similar to what is
shown in figure 6.3.

6.4.1 Presence Dependent Measures

To measure presence, we have adapted Class-A measure for our study to analyze the
perceived presence. Class-A measure involves subjective paper-and-pencil ques-
tionnaire items, based on the dimensions of the presence under study and based on
the hypothesis set before performing an experiment. We have selected ten widely
accepted dependent measures of presence for our experiment [114, 183].

– Realness: The degree to which a medium can produce a seemingly accurate
representation of objects, events and people that look, sound, and/or feel like
the “real” thing.

– Awareness: A feeling of presence of a person in a same space.

– Focus of Attention: A person can perceive the other person’s focus of atten-
tion such as selective attention and gaze direction.

– Cooperation: Cooperation means an active meeting in which collaborators
require complete engagement and participation of each collaborator.

– Enjoyment: A person enjoys the presence of the other person.

– Co-presence: The degree to which the observer believes s/he is not alone and
secluded.
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Dep. Mea. µ(S) σ(S) µ(E) σ(E)

Realness 4.33 0.36 5.54 0.58

Awareness 3.5650 0.40 5.50 0.65

Focus of attention 3.21 0.35 5.95 0.39

Cooperation 3.73 0.36 5.23 0.42

Enjoyment 4.62 0.52 5.77 0.57

Co- presence 4.59 0.46 5.16 0.55

Psy. involvement 3.59 0.53 5.35 0.56

Behavioral engagement 3.33 0.56 5.71 0.46

Mental Immersion 3.57 0.57 5.09 0.54

Active/Passive interpersonal 4.22 0.55 5.19 0.62

Table 6.1: Means and standard deviations for presence dependent measures (S for Skype, E for

ETS, µ for mean and σ for std. dev.)

– Psychological involvement: The degree to which the observer allocates focal
attention to the other, emphatically senses or responds to the emotional states
of the other.

– Behavioral engagement: The degree to which the observer believes his/her
actions are interdependent, connected to, or responsive to the other.

– Mental immersion: Immersion is a psychological state characterized by per-
ceiving oneself to be enveloped by, included in, and interacting with an envi-
ronment.

– Active/Passive interpersonal: Interpersonal focuses on the bond between
two people.

6.4.2 Results and Discussion

The results of perceived presence after experiencing standard video teleconferenc-
ing (Skype) and ETS is shown in Table 6.1. For all questions, a 7-point likert
scale [52] is used to report the answers, where 1 = disagreement (negative) and 7
= agreement (positive). The results are presented in the form of mean and standard
deviation.

It is clear from the results that the participants gave their preference to ETS on
all dependent measures. The participants gave ‘Realness’ and ‘Awareness’ mean
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scores of 5.54 and 5.50, respectively; from this it is clear that the ETS is an accept-
able representation of a remote user in a local environment. Furthermore, the turn
taking capability of an ETS helps local collaborators to identify the ‘gaze direction
and focus of attention’ of a remote person, which cannot be possible with standard
video teleconferencing software. It is also evident from the results that the coop-
eration is realized with side conversation through ETS. The results further indicate
that the ETS creates a feeling of co-presence in a meeting room and give better
understanding, clarity and psychological involvement by its verbal and nonverbal
communication.

Based on our user study we have found some issues. The study shows that despite
achieving focus-of-attention of a remote person, the ETS cannot achieve true eye-
contact with the local collaborators. Furthermore, we have also discovered some
tradeoff between one-to-one interaction and social presenc,e as swiveling (more
than 90 degrees) the ETS toward one specific collaborator exclude other collabo-
rators, resulting in reduced social presence of a remote person among rest of the
group. The detail of this user study can be found in [100] and Paper VIII.

6.5 Experiment 2

Gaze perception and awareness

The two problems, i) distantly located people cannot estimate the gaze of their
fellow collaborator and ii) distantly located people cannot make eye contact, during
standard video teleconferencing are considered in this section.

In face-to-face communication, eye contact and gaze awareness play a significant
role for conveying emotions and intentions, and people perceive each others gaze
quite naturally and accurately. However, the gaze awareness and perception are
ambiguous in distance communication performed by smart devices (such as iPad,
galaxy-tab, smart-phones, etc.). It has been reported that the major causes of this
ambiguity are the camera position relative to the screen and 2D rendition of 3D
human face, i.e., 2D screen is unable to deliver an accurate gaze perception of a
remote person to it users in video conversation (see figure 6.5).

Previously, different hardware setups with complex software algorithms were pro-
posed to solve the problem of gaze awareness and perception. The most recent
solution for accurate gaze perception employs 3D interfaces such as 3D screens
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Fig. 6.5: Standard video conferencing setups, (a) a desktop computer with a webcam mounted on

top of the LCD/LED screen and (b) in case of a smart device, a person holds an iPad for video

conversation.

and 3D masks. However, today, more and more users are using smart devices for
personal distance communications so there is a need to improve gaze awareness and
perception in these smart devices rather than developing new hardware systems or
3D interfaces. In this work, we have considered the problem of gaze awareness and
perception in distance communication performed by smart devices. Our hypothesis
is that, “an accurate gaze perception can be achieved in distance communication by
3D embodiment of a remote-user’s head”. We have used our ETS for 3D embodi-
ment of a remote-user’s head.

6.5.1 User Study

A comparative study is conducted between i) our proposed approach, i.e., ETS and
ii) standard 2D stationary screen (2D-SS) based video conferencing setup. The
study measures the accuracy of both systems in terms of gaze and eye-contact.
Two important gaze related issues are considered in this experiment; i) ‘Mona-Lisa
gaze effect’ in which the gaze is always directed at the person independent of his
position in the room (see figure 6.6) and ii) ‘Gaze Awareness/Faithfulness’ which is
the ability to perceive an accurate spatial relationship between the observing person
and the object, which is being perceived by the actor.

We recruited ten participants from Umeå University. We divided these participants
into two groups of five participants. For each experiment, there were four local col-
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Fig. 6.6: Mona Lisa Gaze Effect: The Mona Lisa is looking directly at you irrespective of your

position (This picture is in the public domain).

laborators and one remote person, and they switch their position for each session
of an experiment. We used a similar setup as in figure 6.3 but this time a remote
person is using a wearable camera setup as shown in figure 6.7. On the other hand,
the local site was divided into 7 positions; 4 positions in which the local collabora-
tors were sitting, and 3 positions were in between these 4 local collaborators. The
schematic of the positioning setup of the local site is shown in figure 6.8.

6.5.2 Results and Discussion

The results of our comparative study were evaluated statistically and presented in
the form of regression analysis, variance analysis, view position analysis, gaze
modeling and gaze awareness/faithfulness. The detail of these analysis are pre-
sented in Paper IV. However, in this section I will focus on;

– Gaze Modeling.

– Gaze Awareness/faithfulness.
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Fig. 6.7: A wearable setup used in our experiment for a remote person.

Fig. 6.8: The sitting position of the local participants during our experimental study.
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(a) 2D-SS (b) ETS

Fig. 6.9: Responses for the 2D-SS and ETS setup, where local participants perceive that a remote

person’s gaze is directed at them.

Gaze Modeling

The raw results are post-processed to take the responses in which the local collab-
orators perceive that the gaze targets are directed at them irrespective of the remote
person’s actual gaze target. The filtered results are shown in Figure 6.9(a) and (b).
The x-axis is the remote person’s actual gaze and the odd positions of the y-axis
are the positions of the four local participants who perceive that the gaze of a re-
mote person is directed at them. In case of the 2D-SS setup, the local participants
wrongly perceives the gaze of a remote person majority of the time. The local col-
laborators were unsure about the gaze of a remote person because of the Mona Lisa
effect created by the 2D stationary screen (2D-SS). However, the Mona Lisa gaze
effect is mitigated by our ETS setup (see Figure 6.9(b)) as the remote person’s gaze
matches the answer of the local collaborators majority of the time, and there is also
less variance observed in the answers as compared with the 2D-SS case.

Gaze Awareness/faithfulness

It is important to characterize different types of gaze perception/awareness infor-
mation for the analysis of a video teleconferencing system. There are three types
of gaze information categorized by Monk and Gale [131]:
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Viewing Pos. 2D-SS ETS
V1 50% 90%

V2 60% 100%

V3 40% 100%

V4 60% 90%

Table 6.2: Mutual Gaze Awareness for both systems.

Accuracy
Viewing Pos. Left Dir. Right Dir.
V2 97% 85%

V3 88% 93%

Table 6.3: Partial Gaze Awareness for the 2D-SS.

Mutual Gaze Awareness

Mutual gaze or an eye contact is when a remote person looks at the local participant
and that local participant perceives that the remote person is looking at him/her.
Table 6.2 shows the mutual gaze responses for the 2D-SS and ETS setup. The
first column of this table shows the 4 viewing positions of the local site and the
next two columns show the percentage of responses for the 2D-SS and ETS setup,
respectively. It is clear from the table that the mutual gaze is more prominent in
case of the ETS setup as compared with the 2D-SS.

Partial Gaze Awareness

Partial gaze awareness is knowing in which direction a remote person is looking (ei-
ther left or right). To measure partial gaze awareness, we have chosen two viewing
positions, i.e., V2 and V3. We have calculated how accurately the local participants
perceive the direction of a remote person’s gaze, and the results are presented in
Tables 6.3 and 6.4. The results show that both systems are successful in achieving
the partial gaze awareness.
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Accuracy
Viewing Pos. Left Dir. Right Dir.
V2 97% 95%

V3 97.5% 93.3%

Table 6.4: Partial Gaze Awareness for our developed ETS setup.

Accuracy
Location 2D-SS ETS
2 30% 82.5%

4 50% 85%

6 27.5% 67.5%

Table 6.5: Full Gaze Awareness for both systems.

Full Gaze Awareness

Full gaze awareness is knowing about the current object of a remote person’s atten-
tion. For this experiment, we have selected 3 vacant positions at the collaborating
site, i.e., 3 positions in between 4 local collaborators. The accuracy measure is
devised to determine how accurately the local collaborators perceive the focus of
attention of a remote person. The accuracy results are presented in Table 6.5. It
can be seen clearly from the results that the local collaborators have accurately per-
ceived the focus of attention of a remote person in case of an ETS setup as compared
with a 2D-SS.

The results confirm that the ETS performs better than the standard video confer-
encing setup. The ETS not only mitigates the Mona Lisa gaze effect in 2D contents
but also supports the 3 levels of gaze faithfulness, i.e., mutual, partial and full gaze
faithfulness. The detail of improving gaze perception in distance communication is
presented in Paper IV.

6.6 Experiment 3

Measuring collaboration experience with respect to remote collaborator’ per-
spective

The experiment 1 measures the quality-of-experience with respect to local col-
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laborators’ perspective. In this section, I present the intuitive scenario to improve
the experience of a remote user during video teleconferencing by tacking first two
problems mentioned above.

A user study was conducted in which 20 participants performed an experiment
for comparative scenarios; i) when remote user is communicating using standard
video teleconferencing system (e.g. Skype) ii) when remote user is communicat-
ing through ETS. We use a similar setup as shown in figure 6.3, but this time the
focus is on the remote person. The system is deployed as explained in the system
deployment section.

6.6.1 Dependent Measures

The remote user collaboration-experience is measured by the User satisfaction

measures.

– Interest: Which teleconferencing system is more interesting, static or ETS?

– Understanding: Compared to Static, does ETS help in understanding the
flow of conversation?

– Comfort: Which system is more comfortable to use?

– Being there: Does ETS create a feeling of physical presence of you in another
environment?

– Quality of Interaction: Does ETS increase the quality of interaction?

The user satisfaction measures are more psychological; in this experiment we have
also considered the common human interaction measures for remote user as given
below.

– Exploring the distant environment: Which system helps you more to ex-
plore the distant environment?

– Side Conversation: Can you do side conversation?

– Focus of attention: Can you focus your attention on one specific thing for
example white board?

– Eye Contact: Can you make an eye contact during distance communication?

– Gaze: Can your collaborator specify your gaze target?



6.6. Experiment 3 137

– Turn taking: Can you take turns during group discussion?

We have compared ETS and Skype on five User Satisfaction measures and six com-
mon interaction measures. We have used likert style 7-point rating system [52],
which scales from 1 to 7. Where, 1 represents strong disagreement (negative) and
7 represents strong agreement (positive).

6.6.2 Results and Discussion

The results of five user satisfaction measures and six common interaction measures
are shown in figure 6.10 and 6.11, respectively.

Fig. 6.10: Comparison of Skype Vs ETS on user satisfaction measures.

The figure 6.10 shows that the participants have considered ETS interesting and
understandable as compared to Skype. The ETS embodies the remote user’s head
gesture; this additive head gesture increases the quality of interaction and enhances
the feeling of presence (being there). The results of figure 6.11 are more interesting.
It is clear from the results that the ETS helps remote participants to explore the
distant environment, to do side conversation and to take turns during fast paced
discussions.

The interesting aspect of this study was that participants considered Skype to be
more comfortable to use. Further investigation shows that ETS requires a bit more
pre-settings before its use. Furthermore, the results show that eye contact was not
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Fig. 6.11: Comparison of Skype Vs ETS on common interaction measures.

made with this setup. The detail of this user study can be found in [101] and Paper
VIII.

6.7 Experiment 4

Measuring presence and immersion experience of a remote collaborator

To further increase the presence and immersion experience of a remote person, we
have proposed a novel real virtuality (RV) based video teleconferencing setup. The
detail of a system-design is presented in chapter 5, Papers V and VI. In this work,
two technologies i) virtual reality (VR) headset and ii) ETS are bring together to
create a feeling of true presence during video teleconferencing. The experimental
setup of our RV-ETS is shown in figure 6.4.

6.7.1 User Study

The aim of the user study is to measure the remote person’s collaboration experi-
ence. We have performed a comparative study to compare our RV-ETS with simple
ETS. In RV-ETS setup, the local environment is presented on a binocular VR head-
set, whereas, in simple ETS setup, the local environment is presented on a 2D
computer screen.
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Twenty able-bodied subjects (12 males and 8 females), ranging in the age from
18 to 45 (with an average age of 26) have participated in our experiment. Each
remote participant was given an opportunity to experience both systems (RV-ETS
and ETS). At the end of the experiment, the participants were given a question-
naire asking question related to presence and immersion dependent measures. Our
subjective questionnaire used likert style 7-point rating system [52], which scales
from 1 to 7. The value 1 represents strong disagreement (negative) and the value 7
represents strong agreement (positive).

6.7.2 Dependent Measures

Immersion and presence are interchangeably used in the literature. Immersion is
defined as, an objective description of aspects of the system. Immersion is more
objective and the result of immersion in a system is successful task performance.
Immersion focuses on the technological aspect of the system, e.g. screen size, field
of view, delay (update rate of a system), animation, quality, quantity of sensing
modalities, consistency, pictorial realism, etc. On the other hand, presence is a psy-
chological state and a subjective phenomenon in which part or all of an individual’s
current experience is generated by human made technology. Presence is sensation
of ‘being-there’, it-is-here’ and/or we-are-together. The dimensions which con-
tribute to presence are more subjective, e.g. subjective sensation of personal, social
and environmental presence [166]. In short, the immersion questions are related to
technology and the presence questions are related to experience.

Immersion Questions

1. Vividness: Is the setup successful in creating a sensory rich environment?

2. Transportation: Is the setup successful in taking you to the new environ-
ment?

3. Interactivity: Can you influence the form and content of the environment?

4. Naturalness: Is the interactive technology smooth and helps you to achieve
real world interactions?

5. Sensorimotor Coordination: Is there a positive coordination between the
human sensors and human actions?

Presence Questions
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Table 6.6: Percentage of success in-terms of Real Virtuality.

Real V irtuality RV ETS ETS

85% 63%

1. Engagement/Involvement: To what extent, a person is involved and engaged
by the system?

2. Spatial Cognition: Does the system decrease the cognitive load?

3. Distal attribution: To what extent, do you feel present in a phenomenal world
compare to the physical world?

4. Exploration: How successful are you in exploring the distant/mediated envi-
ronment?

5. Realness: To what degree, a system produces a seemingly accurate represen-
tation of objects, events and people that look, sound, and/or feel like the real
thing?

6.7.3 Results and Discussion

We present the results of two systems i) RV-ETS and ii) ETS in the form of mean
(µ) values as shown in figure 6.12. We also perform a variance analysis to study
the agreement among the participants in perceiving their responses as shown in
figure 6.13. We further analyze the data to see how close our system gets to real
virtuality. For a complete real virtuality system, the participant should give score of
7 (maximum). In order to find the percentage of success, we take an average on all
dependent measures and divide it by the maximum score. The results are presented
in table 6.6.

Our experimental study have compared RV-ETS and ETS on presence and immer-
sion parameters. The results clearly show that the real virtuality based video tele-
conferencing setup outperformed simple embodied telepresence setup on all de-
pendent measures. In immersion questionnaire, the participants gave a maximum
score to sensorimotor-coordination for RV-ETS. The head-coordinated view chang-
ing capability makes an exciting collaborating experience for the participants. On
the other hand, in presence questionnaire, the participants gave a maximum score
to Engagement/Involvement for RV-ETS. The RV-ETS cuts the remote participants
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Fig. 6.12: Mean questionnaire scores of immersion and presence dependent measures. The red bar

shows the mean score of RV-ETS and the blue bar shows the mean score of ETS. The black line

shows the variance.

Fig. 6.13: Variance Analysis: To measure the agreement between the participants in perceiving

their results.
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from the remote space and takes them to the local environment. This makes them
feel more engaged and involved in collaboration at local site. Furthermore, the
small variance values in case of RV-ETS show that there is a strong agreement
among participants in perceiving the response, as compared to simple ETS. From
the table 6.6, it is also clear that RV-ETS takes us away from the distal attribution
experience and bring us closer to real-virtuality experience. On the other hand,
participants had distal attribution experience from simple ETS.

6.8 General Discussion

The above experiments consider three important factors of presence, social pres-
ence, gaze awareness, and spatial presence. The developed embodied interaction
technologies as detailed in chapter 4 and 5 are combined in different configura-
tions to provide solutions for these factors. Figure 6.14 shows the flow diagram of
how action prototypes and embodied control techniques are combined to present
solutions for these three presence factors.

The action prototypes (TEBoT and Face robot) are the physical manifestation of
a remote person at a local site. The above experiments show that, compare to
2D setup, these action prototypes increase the social presence of a remote person
among local collaborators by non-verbal actions. Furthermore, the action capabili-
ties of a TEBoT helps local collaborators to estimate the gaze directions of a remote
person. Finally, the spatial presence of a remote person, i.e. the feeling of presence
of being-in a meeting room (local site) is increased by combining our TEBoT and
geometric head pose estimation algorithm and by combining TEBoT and VR head-
set. The results of above experiments show that both systems increase the spatial
presence of a remote person. However, experiment 4 shows that the latter setup
results in greater increase in spatial presence as compared to former.

ETS yields improvements over standard CMC in three areas:

– Embodiment: Standard CMC technologies are not designed for embodied
exploration and normally don’t become extensions of our bodies analogous to
the way a white cane becomes an extension of a blind person as in the example
of phenomenologist Merleau-Ponty referred to earlier.

– Lawful Action-Perception coupling: Standard CMC technologies lack law-
ful action-perception couplings that span across remote and local sites and



6.8. General Discussion 143

Fig. 6.14: The flow diagram showing how action prototypes and embodied control techniques are

combined in different configurations to solve social presence, gaze awareness and spatial presence.
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Fig. 6.15: The role of embodied telepresence system (ETS) is similar to Merleau-Ponty’s ‘blind man

stick’.

without such couplings it is difficult or impossible to design CMC technolo-
gies so they offer adequate possibilities for embodied presence.

– Affordances: Standard CMC technologies lack adequately rich affordances
for optimal communication as Gaver has argued. We can support richer affor-
dances however, through mechatronically engineered embodied devices such
as ETS with natural and lawful action-perception couplings.

Let us articulate these three areas of ETS improvements further:

Embodiment: The combination ‘ETS’ of our embodiment-supporting control al-
gorithms and TEBoT functions analogously to Merleau-Ponty’s blind person’s cane

(see figure 6.15). Similar to the cane of a blind person, ETS becomes a transpar-
ent means through which the remote person perceives the local environment. The
remote person’s actions are transparently extended through ETS to the local envi-
ronment through mechatronic mediation. To use Heideggerian phenomenological

terminology, ETS becomes ready-to-hand as the remote person engages in interac-
tion through ETS without thinking about ETS as a tool to cope with or figure out
(present-to-hand). Another way of putting this is to say that with practice, ETS
recedes from the foreground of conscious awareness into the background and be-
comes transparent through engaged action.

Action-perception coupling: We perceive our environment partly by acting in



6.8. General Discussion 145

it [60]. Embodied skills depend on reliable and predictable couplings between per-
ception and action. Standard CMC technologies do not allow a remote person to
engage in embodied action in a local environment because they lack proper support
for reliable and predictable perception-action couplings. However, our experimen-
tal setups do support such lawful perception-action couplings. Head movements of
a remote person are mechatronically coupled so as to support explorative perception
of the local environment in natural ways. In our initial experiments (experiment 1-
3), the local environment was presented through couplings to the remote person’s
head movements on a standard monitor. Then, in a later experiment (experiment 4),
we used a binocular VR headset which immerses the remote person in the local en-
vironment. This yielded an increase in local spatial presence of the remote person.
Furthermore, our VR based collaboration (RV-ETS) setup allows remote persons to
explore the local environment through head movements as if the person was at the
local site. Such mediated embodied exploration yields an action-perception process
that spans across the remote and local environment.

Affordances: Affordance are perceived possibilities of action in an environment
[73]. Traditional CMC setups lack rich affordances for a remote person to actively
explore a local environment and interact with people there. Our ETS setup provide
such affordances through mechatronically coupled head movements that determine
lawfully and in naturally predictable manners what the remote person sees in the
local environment and reveals to others in the local environment what or whom the
remote person is looking at. The affordance capabilities of our system at least par-
tially meets the challenge posed by Gaver [71] of enriching video-communication
technologies with better means of visual exploration (affordance) in remote envi-
ronments. The above experimental studies show that the increase in affordance
provided by our ETS setup yields enhanced mediated presence.
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7 Conclusion

To conclude, I start by specifying the research contribution of this thesis. For that, I
consider five important points specified by John et al. and Löwgren [116,198]; i) in-
vention, ii) relevance, iii) grounded, iv) criticizable, and v) extensibility. Invention
is when researchers demonstrate that they have produced a novel integration of var-
ious subject matters to address a specific situation. In terms of invention, this thesis
considers the latest behavioral science research on how people interact with each
other and with their environment and uses this theoretical knowledge in the cre-
ation of design artifacts. Furthermore, this thesis presents novel mediated commu-
nication prototypes and the strong concept of presence through actions. Relevance

means highlighting the motivation and the detail of how the research contribution
fills the identified knowledge gap. Relevance also means that the research work is
interesting and makes sense to the research community and that it is worth the time
and effort of the researcher to conduct such research and for community members
to engage with it. In terms of relevance, this thesis considers the increasing need
to improve the quality of communication/experience for distance communication.
The relevance of this research work is also clear from its reception at international
conferences and its publication in peer-reviewed journals. Grounded means that the
contribution is built on some theoretical basis and is a contribution to an important
research problem. The contribution of this thesis is to presence-design research,
and the theories of presence, actions, and embodiment are used to design proto-
types and algorithms to improve the feelings of presence during mediated commu-
nication. Criticizable means that the research community is open to forming an
opinion about the contribution, and this opinion can be positive or negative. This
thesis combines different theories, methods, and inspirations that support the pres-
ence design for distantly located people and the strong concept - presence through
actions. The level of details presented throughout the thesis is such that the re-
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search community can build their opinion of the concepts presented here. Finally,
extensibility is defined as the ability to build on the resulting outcomes of the design
research. The work presented in this thesis can be extensible by

– extending this work to further improve distance communication.

– applying the strong concept- presence through actions to other presence ap-
plications.

– engaging in more basic behavioral science research and/or working on differ-
ent technical opportunities.

I will now revisit the research goal outlined in the beginning of this thesis to sum-
marize where the work currently stands.

To develop a presence prototype for CMC by bringing the theoretical concept of

action and embodiment into design practice.

This thesis has focused on presenting the development of presence prototypes for
mediated communication and on relating the developed prototypes to theories of
behavioral science. This thesis also deals with the technical challenges involved in
developing these prototypes. The main research challenge was, “how to generate
an academic knowledge based on the developed prototypes”. The contribution of
this thesis can be divided into three main categories; i) Intermediate Knowledge for
presence-related technologies, ii) a Conceptual Framework for mediated communi-
cation applications, and ii) Technical Contributions towards mediated communica-
tion technologies by designing action prototypes and embodied control techniques.

7.1 Intermediate Knowledge for Presence Related Tech-
nologies

The academic knowledge contribution of my research and my prototypes is in the
form of intermediate knowledge or a strong concept referred to as presence through

actions as detailed in Chapter 3. Presence through actions is an intermediate-level
knowledge that proposes a new way of creating and developing presence artifacts.
The creation and development of presence artifacts has been the aim of many re-
searchers and designers. My strong concept gives a new dimension to these re-
searchers and designers where emphasis is on adding actions and action capabil-
ities in artifacts and/or around the users. These actions then stimulate the human
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senses upon which the mind processes these sensory data to perceive and make
sense of the environment. This process generates an action-perception loop where
perception and action processes are functionally intertwined: perception is a means
to action and action is a means to perception [30].

Researchers planning to use my presence through actions concept should consider
five important components, actions, embodiment, lawful action-perception, affor-

dance and action in perception. Embodiment means the way we exist in the world
and create meaning through our bodily interactions. The embodiment theory pro-
posed by Paul Dourish in his book Embodied Interaction: Where the action is is
a good reference to understand embodiment [60]. Lawful action-perception means
that the perceptual response through actions should be lawful and make sense to
human understanding. The article Neurology and the mind-brain problem by R.W.
Sperry is a good reference for understanding perception-action coupling [177]. Af-
fordance means the allowance or freedom the technology gives to the user to inter-
act with object and environment. The affordance theory proposed by J.J. Gibson

in his book The Ecological Approach to Visual Perception is a good reference to
understand affordance [72]. Lastly, action in perception explains that presence is
not an internal representation or process rather it is an active exploration of an en-
vironment. The book Action in perception by Alva Noë is a good reference for
understanding the lawfulness of action and perception [140]. Philosophically, the
above five components of my strong concept are connected to each other, and each
component emphasizes actions in one form or another.

I have evaluated my strong concept according to the following five parameters as
proposed in [92]: i) identification of the strong concept, ii) horizontal grounding,
iii) vertical grounding, iv) exemplars, and v) validation. My strong concept ‘pres-
ence through actions’ does not directly originate from theories. I developed my
prototypes first and then through experiments and user studies, identified the con-
cept. The central theme of the developed prototypes and the core of the user stud-
ies were the actions. These actions could be in the form of bodily-actions and/or
artifact-actions. The user studies as outlined in Chapter 6 showed that these actions
are directly proportional to presence, and thus the concept was named presence

through actions.

Previously, researchers have proposed different concepts centered around pres-
ence, for example, distal attribution, information processing, presence through sen-
sory stimulation, action in perception, etc. However, my strong concept presence
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through actions differs conceptually from previously described concepts. Further-
more, my concept is supported by behavioral science theories, specifically the the-
ories of existence, presence and embodiment. One of the important features of a
strong concept is that it should be general enough to cover a wide range of ap-
plications and examples. My concept originated from mediated communication
applications, but it can be applied to different other applications, especially those
where presence is the central theme. This concept can also be a great theoretical
support and guide for researchers working towards VR, AR, MR, RV, AV, and MV
applications. The connections of my strong concept to theories, similar-concepts,
and examples are shown in Figure 7.1. Finally, I have validated my strong concept
according to the three parameters of being contestable, defensible, and substan-
tive. The novelty of my strong concept proves it to be contestable. The empirical
grounding in theories makes it defensible. The substantiveness of presence through
actions will be seen in the future, i.e. in how different designers and researchers
will use my strong concept in design practices.

7.2 Conceptual Framework for Mediated Communi-
cation Applications

This thesis and the research papers included within have been mainly focused on de-
veloping technologies to improve the quality of experience/interaction during dis-
tance communication. In order to specify the direction where I must put my effort in
order to improve the quality of experience/interaction, I have developed a concep-
tual framework for mediated communication applications as detailed in Chapter 3.
The development of my conceptual framework took place in steps where I started
with a bigger picture and developed a reality-virtuality continuum that explained
the relations between objects, environments, and reality-virtuality components.

This reality-virtuality continuum is a more general cycle that can be used by other
researchers and/or in other applications. However, I have modified this reality-
virtuality continuum to explain trend in the development of mediated communi-
cation applications when moving from purely virtual to purely real. The ultimate
goal of mediated communication researchers is to reach reality, i.e. to create com-
munication setups that generate interactions similar to face to face interactions. In
order to get closer to reality, I have proposed developing technologies around real
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Fig. 7.1: Connection of ‘Presence through actions’ concept with theories, examples and similar

concepts. The concept goes vertically up towards the theories of presence and embodiment and

vertically down towards design examples including CMC, VR, AR, MR, RR, VV, RV, AV, MV. This

concept has also horizontal neighbors, such as, presence through sensory stimulation, distal attri-

bution, action in perception.
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reality and real virtuality. The real reality technologies seek to increase the social
presence of a remote person among local collaborators, and the real virtuality tech-
nologies seek to increase the spatial presence of a remote person at a local site.
Furthermore, I have proposed adding actions and/or action capabilities to attain
this reality, which diverts from the main-stream idea of creating reality by feed-
ing users with high-fidelity multi-sensory data. Throughout the development of my
conceptual framework, I have backed the arguments presented in Chapter 3 with
philosophical studies; especially the philosophy of creating reality (presence).

This conceptual framework has guided me towards the development of appropri-
ate technologies for mediated communication and this framework can also be used
by other researchers and designers who plan to work towards mediated commu-
nication applications or more generally towards presence design. This conceptual
framework also generated the novel reality-virtuality continuum that explains dif-
ferent components based on environments, objects, and how-real or how-virtual the
experience is. This continuum can be used by researchers involved in developing
applications around VR, AR, MR, RR, RV, MV, AV, and VV.

7.3 Technical Contributions towards Mediated Com-
munication Technologies

In the second half of the thesis, the technical contributions to the presence design
were the main focus. I have presented novel presence setups by using robotics and
computer vision technologies for mediated communication applications. Techni-
cally my contribution consists of the design of action prototypes by using robotics
technologies and the design of embodied control techniques for remote users’ em-
bodiment by using computer vision technologies. The main technical contributions
are listed below.

– Telepresence Mechatronic Robot (TEBoT): Current mediated communi-
cation setups are static, and I have proposed the addition of actions (head
gestures) along with audio-video communication. Technically, I have con-
tributed in developing a reliable and robust biologically-inspired neck plat-
form - TEBoT - using intuitive human-head-motion analysis. The TEBoT is
a compact, self-contained, parallel-setup that fulfills the static and dynamic
performances of a human neck. The human neck has three essential head
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movements, yaw, pitch and roll and all movements are combinations and vary-
ing percentages of these three head movements. Similar to the human neck
anatomy, my TEBoT is a 3DOF parallel kinematic system that can perform
yaw, pitch, and roll movements. Paper I presents the design-details of TEBoT,
which could be a good guide for researchers and designers planning to build
head-neck robots. An important point to consider is that most of the currently
built head/neck systems, including TEBoT, consider one origin point, but in
reality our neck mechanism does not have one origin. The mechanism con-
sists of a complex combination of cervical vertebrae and muscles that are used
in a proper configuration for head movements and head support, and this will
be an important factor in the design of future head-neck robots.

– Face Robot: I have also proposed a design of a novel face robot that com-
pletes the family of action robots. Previously, people have developed dif-
ferent types of action robots, for example, mobile robotic telepresence system
(MRPs) for mobility, MEBoT and TEBoT for head gestures, eye robot for eye
gestures and 3D face masks for face robots. Compared to 3D face masks, my
face robot amplifies the facial expressions and also helps in face recognition
for use in different social settings. I have presented a face recognition exper-
iment by comparing a 3D face mask, my face robot, and a 2D screen. The
results, as presented in Paper II, show that my face robot performs between a
2D screen and a 3D face mask when it comes to face recognition.

– Geometric Head Pose Estimation Algorithm: For head embodiment dur-
ing mediated communication, I have contributed in developing a simple yet
effective non-wearable single camera based geometric head pose estimation
algorithm. I have assumed the human head to be a 3-DOF rigid object with
the three basic head movements of yaw, pitch, and roll. My algorithm ma-
nipulates these geometric features to calculate yaw, pitch, and roll angles.
Compared to other head pose algorithms, my algorithm does not require any
offline training phase. Usually such algorithms are tested against magnetic
sensors that are mounted on top of a human head, but I do not think this is a
pivot point of head movement. The pivot point is somewhere inside the neck,
and this should be considered in future research into robot design.

– VR headset setup for collaboration: To further improve the quality of em-
bodiment and to create the lawful action-perception coupling, I have proposed
the use of recently developed VR headsets for mediated communication. The



154 7. Conclusion

aim is to totally remove the remote person from their physical environment
and transport them to another space. We are the first group to consider a VR
headset for video teleconferencing applications. The problem with VR head-
sets is that there is no solution that can display a real site in real time. There-
fore, I propose a new algorithm to display a real local site in real time inside a
VR headset. My algorithm is based on the recently developed WebRTC from
Google. The algorithm performs two image processing techniques; i) stereo-
scopic technique and ii) radial distortion compensation to display a binocular
video stream of a local environment inside a VR headset. I have used this tech-
nique for a mediated communication application; however, we can extend this
algorithm for other applications, such as, tourism, hazardous environments,
etc.

– Face reconstruction/retrieval: The above VR-based embodiment introduces
a face occlusion problem. I have proposed two novel algorithms to counter
this problem; i) a face reconstruction algorithm using asymmetrical princi-
ple component analysis (aPCA) and ii) a face retrieval system using a search
based algorithm. The former uses machine learning techniques to learn the
full face of a person using half frame intensity values. The latter uses a search
based algorithm to find the most similar frame based on lip geometry. Both
algorithms show promising results, and they can be extended in the future for
better performance. Furthermore, these algorithms have wide variety of ap-
plicability in the computer vision community and the VR community, or more
specifically the face occlusion community.

The other contribution of my work is in user studies. The user studies, as outlined in
Chapter 6 consider; i) social presence, ii) gaze awareness, and iii) spatial presence
to solve the following problems:

– Distantly located people cannot take turns and cannot engage in side conver-
sations during interactions [66].

– Distantly located people cannot express emotions due to a lack of nonverbal
modalities [88].

– Distantly located people cannot estimate the gaze of their fellow collaborators
[69, 135].

– Distantly located people cannot make eye contact [77].
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My reflection about user studies is that the actions are critically important for so-
cial presence, in particular because they help in specifying the gaze direction. In
the experimental studies, I used TEBoT for gaze estimation. However, I believe
that this gaze estimation can be further improved by combining TEBoT with face
robot. I have also noticed during the experimental studies that the noise of a robot
is a form of action and it helps in gaze estimation and social presence. Further-
more, I have noticed that, compared to mobility, head gestures are more important
for social presence. On the other hand, embodiment is a key in spatial presence.
The embodiment by VR headset has a more significant effect on spatial presence
compared to a simple camera based embodiment. Compared to traditional con-
trol based on hand-held devices, the embodied control techniques are better way to
achieve spatial presence.

To sum up, this thesis is a small step forward in creating the experience of presence
similar to face-to-face communication/interaction. This thesis shows that the ac-
tions from robotic platforms can result in a drastic increase in presence. The setups
I propose are simple, cheap, and easy to use. Similar to our smart phones, I believe
that general purpose small robotic platforms will become part of our lives in the
near future, and these robotic platforms will be of great usefulness for mediated
communication applications. Furthermore, this thesis is a blend of behavioral sci-
ence theories and different hardware and software technologies that results in a new
type of intermediate level knowledge, my strong concept -presence through actions

and novel mediated communication setups. This thesis is unique in the sense that
it is an amalgamation of theories and technologies. This amalgamation makes this
thesis more open for criticism from different researchers, and I am looking forward
to comments and criticism on my strong concept and to seeing the applicability of
my strong concept for different applications and designs. Furthermore, this thesis
can be used as a theoretical basis for mediated communication systems. In the fu-
ture, more effort in this field will bring us closer to face-to-face communication,
which will have significant societal benefits in terms of time and monetary savings.
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